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HOMENCTATURE.

The nomenclature used throughout the thesis is in
general that which is in common use, and in some cases,
the familiar rather than the systematic method is used.
Tertiary substituted Group Vb compounds are named by the
- accepted use of the suffixz "-ine", e.g. PhBAs 1s named
triphenylarsine. Compounds formed by the additlon of a
halogen molecule to, say, triphenylarsine ~ of composition
PhsAsxz - were formerly described as triphenylarsine
dihalides, but in this thesis this has been altered slightly.
For example, the compound PthsBrz is now named triphenyl-
arsenic dibromlde. Similarly, PhzSbClg, which was formerly
called triphenylstibine dichloride ~ and even triphenyl-
stibonium dichloride(a) - is named triphenylantimony dichlorice.
That is, the suffix "~ine" is retained for tervaleab compounds
onlye. This nomenclature has also been used by Kosolapoffgb)

These names are intended to give only the stolchio-
metry of the compound,'and when the structure of a particular
dihalide is known, and it is desired to describe the compound
in terms of fhe structure, the name is accordingly altered
to a more systematic form. Thus the ionic triphenyl-
phosphorus dibromide, (PhzPBr)* Br~, would be called bromo-
triphenylphosphoniur bromide.

The tetrahalides, e.g.FPhglisXy are named in a manner

similar to that used for dihalides. For example, ?h5&sI4
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and PhﬁASIgBrz are called triphenylarsenic tetraiodide
and triphenylarsenic diiododibromide respectively. The
former of these could also be described as iodotriphenyl-

arsonium triodide in terms of its true nature (thAsI+I Ye

3

In the case of simple inorganic compounds and ions,
the familiar and not necessarily the most systematic nomen-
clature is adhered to. Cations of the type Ral™
(M = N, P, As, Sb or Bi) are regarded as .... onium ions,
e.g.’PhSAsBI'+ is called the bromotriph@nylarsonium cation,
and anions of the type ng— are regarded in the systematic
way as substituted + «osate ions, e.g.(PhsPBrB)' ig called
the tribromotriphenylphosphate (V) anion.

The trihalide ions could also be described by this
system, so bthat, for example, IBré and I; would be the
dibromoiodate (I) and diiodoiodate (I) ions respectively.
Since, however, this nomenclature is not yet the common
usage for trihalide ions, the older description is retained.
That is, the above-mentioned ions are called the dibromo-

lodide and triiodide ions respectively.

(a) Rao et al., Nature, 1959, 183, 1475.

———

Cane. Je Chem" 1961’ é_g_, 1710

(b) Kosolapoff, "Organophosphorus Compounds®,
Wiley, New York, 1950, p.4.




FOREWORD

Whereas many phosphorus-containing organic compounds
are essentlal constituents of living organisms, there are
no organic derivatives of arsenic, antimony or bismuth
which play a similar role. Indeed such compounds do not
even appear to occur in nature, perhaps with the exception
of trimethyl arsine, which is produced by the action of
living organisms on arsenic containing compounds. (1)

The first synthetic organoarsenic compound was made
in 1760 by Cadet (2) who isolated a fuming liquid from the
products obtained by heating a mixture of white arsenic
and potassium acetate. The liquid, which ignited sponta-
neously in the air, and which was subsequently known &as
"Cadet's fuming liquid", was examined by Bunsen from 1837-
43. It was a mixture of compounds, one of the main compo-
nents belng an oxygen-containing organocarsenic compound.
The oxygen was replaceable by halogens, sulphur and cyanide.

Berzelius likened the compound to the alkali oxides,
the alkali metal being replaced by an arsenic-containing
organic radical, which he named 'Cacodyl', on account of
the disagreeable smell of its compounds, (Gr. kakodes: 1l1ll-
smelling). Franklend (3), in 1849, recognised the radical
as a methyl-arsenic deriwvative, and the compound 'cacodyl!'

was shown in 1854, by Cahours and Riehe (4) to be M%As-Ashké
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that is, the union of two cacodyl radicals. %“Cadet's
fuming liquid" was shown to consist of 56% "Cacodyl", 40%
"Cacodyl" oxide (M%ZAS (o) As (o) Meg) and 4% other pro-
ducts. (5)'

In 1850, Lowlg and Schweltzer (6) in Zurich, synthe=-
sised the first organic derivatives of antimony (triethyl-
stibine) and bismuth (triethylbismuthine). An aromatic
arsenic compound was prepared by Bébhamp (7) in 1860.

Some twelve years after Bébhamp's discovery, Michaelis set
up three large schools of chemistry at Karlsruhe, Aachen
and Restock, to study the organic derivatives of phophorus, .
arsenic and antimony. Michaelis' synthetic contribution to
this field was most extensive.

Whilst research into these compounds up to the turn of
the century was largely academic, thereafter, interest was
aroused in their possible value as chemotherapeutic agents.
Using the knowledge that arsenic compounds are toxic to
animal organisms, Ehrlich investigated the bilological effect
of over six hundred organocarsenic compounds, and in 1909,
found one which cured a parasitic disease., The compound was
"salvarsan" (3.3' diamino, 4.4' dihydroxy arsenobenzene) and
was found to be particularly effective against "spirochetes"
which cause syphilis and "trypanosomes" which are responsible

for sleeping sickness and related diseases. Compounds such
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as "salvarsan" and its sodium methylene sulphinate deriv-
ati&e, "neosaivarsan”, were wldely used in chemotherapy
for many years, and have only recently been superceded by
antibiotics.

During the 1914-18 war, organocarsenic compounds were
introduced as chemical warfare agents. Such usage might
be described as negative chemotherapy, and the compounds
were directed predominantly against the skin, eyes and
respiratory organs. Organoarsenic compounds used as war
| gases were based mainly on arsenic in the tervalent state.
For example, phenyl dichlcroarsine and phenyl dibromoarsine
were employed as lung injurants; diphenyl chloroarsine and
diphenyl cyancarsine as lung irritants, and lewisite or
chlorovinyldichloroarsine as a vesicant.

Ag a result of advances in the techniques of modern
warfare, the potential of organo-arsenicels as chemical
warfare agents has been reduced, and the increasing use of
antibiotics in medicine has shifted the value of organo-
arsenic compounds frqm the predominantly medicinal applica-
tion as germicides to agricultural uses as pesticides.

The considerable research and development in the pract-

ical fields indicated, has resulted in the synthesis of an
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impressive number and varlety of organo-arsenic compounds,
and their physical and chemical properties have been ex-
tensively studied. In the case of certain groups of com-
pounds, however, there are gaps in our knowledge, partic-
ularly concerning their physical nature, about which com-
paratively little 1s known, or the available evidence 1is
elther contradictory or not strongly based.

A similar but less extensive history may be traced
for the organic derivatives of antimony and bismuth.

This thesis is concerned with an investigation into
the nature of two such groups of compounds, of empirical

formulae (CgHg)sAs Hajz and (CgHg)zAs Haly (Hal - Halogen),

along with their phosphorus and antimony analogues.




INTRODUCTTION.

Compounds of the composition stmé (R = alkyl or
aryl group; M = P, As, Sb or Bi; X = Cl, Br or I)
may conveniently be consldered as organosubstituted penta-
halides of the element M. The rangs of such compounds may
be formally represented:

R M, R MK, R MX R_MX RMX .
52 "4 52’23’and MX4

Unlike most organic compounds, whose molecular struc-
ture is usually unique énd independent of phase and envir-
omment, 1t is often desirable and frequently essential when
discussing the structure of an inorganic compound, to spec-
ify its physical state. Thils is particularly true among the
pentahalides of the Group Vb elements, and clearly may also
be of iImportance with respect to the organosubstituted penta-
halides. Thus, before discussing the structures of the sub-
stituted pentahalides, it 1s clearly advantageous to consider
the nature of the pentahalides themselves.

While the elements of the nitrogen group (Group Vb) form
compounds which mainly fall into two series based on the MIII
and MV states, nitrogen shows substantlal differences from

the other elements, arising from 1ts ability to fill only the
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second quantum shell. Consequently, there is no chemistry
of pentavalent nitrogen, and hence no nitrogen pentahalides.

Bismuth forms only a pentafluoride, but there are
many examples of simple and mixed pentahalg@®ides of phosphor-
us, arsenic and antimony (8), among which are found an unex-
pected variety of structural types, which illustrate well
the dependence of physical nature on physical state.

For example, phosphorus pentachloride possesses the ex-
pected features of a trigonal bipyramid, both in the vapour
phase (9), and in solution in non-polar solvents (10) but in
the crystalline state, exists as an ionic lattice, (PCl4)+
(Pc1,)” (11). The fons (PC1,)" and (PCl;) have also been
identified in solution in the polar solvent acetonitrile (10).
Antimony pentachloride, on the other hand, is molecular in
the vapour phase (9), in the solid (12) and in solution in
non-polar solvents. Ionisation to (Sb61,)" and (SbClg)
occurs, however, in acetonitrile (13).

An even more complex structural variation is exhibited
by phosphorus pentabromide, in which phosphorus shows a mark-
ed reluctance to take up the co-ordination number five. This
pentahalide has an ionic lattice (PBr4fP Br ,(14) but is
dissociated to phosphorus tribromide and bromine in the vap-

our phase, and the ions (PBr4)+'and (PBr6)_' are formed
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in acetonitrile solutions. (15)
Ionic -covalent isomerism is also found among the
rentahalides of phosphorus. For example, the compound of

composition PF301 may be isolated as a gas containing

2
trigonal bipyramidal PFSCl molecules, (16} or as an ion-

2
ic solid (P014)+ (PF6)‘, (17) depending on the method of
preparation. The compound PFSBI-2 is similarly dimorphic.(18)
It is thus apparent that the representation of the penta=-

halides as MX_, and the substlbuted pentahalides as, for

52
example, R5M and R4MX, is merely a formal indication of
their stolchiometry. ‘

Comparatively few fully substituted pentahalides have
been reported. Two apparently pentasubstituted nitrogen
compounds have, in fact, been shown to be tetramethyl ammon-
ium salts of the carbanions benzyl and trityl, (19) and the
first true example of this type of compound wis pentaphenyl-
phosphorus, (20) prepared in 1949 by the reaction of phenyl-
lithium on tetraphenylphosphonium iodide. Similarly, the
pentaphenyl derivatives of arsenic, (21) antimony (21) and
bismuth (22) have been subsequently prepared. A penba-alkyl,
pentamethyl antimony, has also4been reported. (23)

The physical and chemical properties of these compounds

show that they are not salts of quaternary cationsand carban-

ions, but are covalently bonded. A structural analysis has
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been made of pentaphenyl phosphorus, pentaphenyl arsenic
and pentaphenyl antimony by Wittig and Wheakley, who found
that the phosphorus and arsenic compounds were isomorphous,
with a lattise of trigonal bipyramidal molecules. (24) 1In
contrast, however, pentaphenyl antimony was found to possess
a molecular lattice of square pyramidal units, unlike other
five = co=-ordinated antimony compounds. (25)

- The pentasubstituted pentahalides do not appear to ex=-
hibit a change in structure with changes of phase and envir-
onment, and a similar situation is also generally accepted
with respect to the quaternary substituted pentahalides.

Quaternary substituted compounds (R4MX) are known
for all of the Group Vb elements. The nitrogen compounds
are unambiguously ionic (e.g. Me4N'+ I°) and although the
other elements of the group have d orbitals available for
bonding, thelr physical and chemical properties suggest that
they too are ionic, both In the solid state and in solution.
The compounds are comparatively high melting crystalline
solids, insoluble in non-polar but soluble in polar solvents,
in which they give highly conducting solutions, and they
readily form double salts with heavy metal halides and the

halogens. (ee.ge Me4A§*I forms Me4Aé*Hg I, and Me As'I,

with Hg 12 and 12 respectively).




-0 -

While such evidence is not unambiguous, it is gen-
erally accepted, howsever, that quaternary compounds adopt
the ionlic form, although it is not improbable that with
sultable substituents and a suitable enviromment, a coval-
ent form would be capable of existence.

The bonding in the primary, secondary and tertiary
compounds (RMX4, RQMX5’ RSMX2) is not so clearly estab-
lished as in the classes of compounds so far discussed.
Available evidence concerning the primary and secondary de=-
rivatives 1s sparse and conflicting. From their melting
points, and solubility in organic solvents, Rochew, Hurd
and Lewis (26) adopt the view that such compounds are co-
valent, but specifically with respect to the phosphorus
compounds, Van Wazer (27) - by analogy with the penta-
halides of phosphorus - suggests that the primary and sec-

ondary derivatives are ionic, with the organic group(s) in

the cation:

+
e.gs RPCl = (RP CL,) +« C1

Van Wazer does point out, however, that their structures
have not been investigated by any physical techniques which
would demonstrate such an ionisation. Xosolapoff (28)

agrees with Van Wazer's views, and asserts that there is




1little doubt that one of the halogen atoms is in the ionic
state,

Some experimental results could be cited in support
of these views, in that the compound Ph P Br, adds bromine

4

to form Ph P Br6, (29) and likewise Ph Plhb 012 adds

bromine to form Ph P Bp4 012. (30) This 1s analogous bo
the formation of a double salt between the ilonic quaternary
salts and the halogens, which is generally assumed to be
characteristic of halides of this type. Also, Kuchen and
Strolenberg reported in 1962, that diethyl and dipropyl phos-

phorustribromide add bromine to form thé disubstituted phos-

phorus pentabromides,

R P Br + Br ——> R P Br
2 3 2 = 2 5

and that both pentabromides, and also disubstituted phosphor-
us trichlorides give conducting solutions in polar solvents.

Conductance values were not given, but the structures
* Br, were assigned

(RgP C1,)* (RyP C1,)” amd (R,P Bry)* Br
to the trichlorides and pentabromldes respectively. (31)

It would therefore seem that primary and secondary sub-
stituted phosphorus pentahalides ionise in polar solvents,

but their structure in the solid state is not certain. Thus,
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the suggestion of Rochow et al., that primary and secondary
Group Vb halides are covalent, would séem to be of doubtful
validity with respect to phosphorus.

Tertiary compounds (RSNMé) are known for each of the
Group Vb elements except nitrogen, and agaln, conflicting
reports about their nature have appeared in the literature
from time to time.

Trimethylantimony dichloride, - dibromide and - di-
iodide are the only Group Vb dihalides whose crystal struc-
tures have been determined by X~ray methods. (32) Wells, in
1938, féund that they had molecular lattices, the units being
trigonal bipyramidal molecules in which the methyl groups
occupied equatorial and the halogen atoms axial positions.
The two Sb - Hal bond lengths are equal in each molecule,

but greater than expected for a covalent bond.

Sb - Hal Sb - Hal Sb - Hal
Hal in sum of in
MeSSbHal2 Ionic Radii Sb Hal3
C1 2449. .Re35 237
Br 2463 2447 2.52
I | 2.88 2.64 2,75




- 12 -

Wells suggests that the structures are best represent=-

ed as a resonance hybrid.

X X
_ : l .M , ++ __.-Ne
Me .S|b ;\\Me > Me Sb/\\Me
-
(1) (11)

It haé been suggested by Mann that the Sb - Hal bond order
is about one half. (33)

Conductance studies on trimethyl antimony dihalides
have shown them to be only very weak electrolytes in polar
solvents like acetonitrile, (34), (35) and both this, and
the formation of a hexa-iodide by trimethyl antimony diiodide
are explained by structure (ii). (32)

The molecular polarisations of triphenyl antimony di-
chloride and its bismuth analogue, in benzene, were shown by
Jensen to be independent of temperature, and thus the comp=-
ounds have a zero dipole moment in accordance with the assum-
ption. of a trigonal bipyramid. (36) Since the atomlc polar-
isation was very large, howsver, it was assumed that the bond
between the central atom and the halogen atoms was strongly

polar, and Jensen suggested the resonance structure:




c1 c1 cl
Ph Slb - © Ph— 8o TR Ph —8b-~""
— Sb* — So- > —8b-"
~~rn | ~~-Ph + SPh
c1l c1 c1

The avallable evidence has led Rochow et al,to state
that "covalency is indicated for the (tertiary) antimony
compounds", (37) but Coates is more precise, and regards
the tertiary antimony dihalides as appearing to be covalent-
ly constituted in the solid, but apparently ionising

+
<= R,SbX + X

R, SbX 3

32

"when dissolved in water and other polar solvents". (38)
There 1s some confirmation for a halotriphenylstibonium cat-

ion, in that complexes of the type PthbCl Sb015 (39)

20
(presumably PhSSbCi+ Sbcié - c¢f Issleib et al.) (40)
have been prepared, but 1n water, the hydroxyhalides must

almost certainly account for high coﬁductance values.

H,0 +
B_SDX, —25 R,Sb(OH)X =% R, SbOH + X

Thus, there are divergent views on the true nature of

tertiary antimony dihalides,in both the solid state and in
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gsolution, and it is not clear where contributbting resonance
structures end, and unique ionic species begin.

The situation with respect to the tertiary phosphorus
dihalides in the solid state is more clear cut. Although
Mann suggests that tertiary phosphorus dibromides are coval-

ent, and certainly not salts of the type (RsP Br)+ Br ,
(41) +the opposite view has been given by Kosolapoff, who
says that one of the halogen atoms is in the ionlc state "to
all purposes, although the weight of this structure is prob-
ably less than it is in the pentahalideﬁ. (28) Jensen (36)
and Van Wazer (27) also propose an lonlic structure (RSEX§+ Xj
and =such a structure has beenzconfirmed for trimethylphos-~
phorus dichloride, - dibromide and-diiodide, by vibrational
spectral studies. (42)

Issleib and Seidel (40) have made a comprehensive study
of tertiary phosphorus dihalides, and have proved by conduct-
ance measurements in nitrobenzene that they behave as electro-
lytes. The halotriorgano phosphonium cation was identified
by double salt formetion with antimony and mercury halides,

+
and an ionic structure (RSPX) X was also proposed for

the solld state.
The preparation of two tetrahalides of tricyclohexyl
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phosphine have also been reported.

The arsenic analogues have also been discussed at
some length by varlous authors. Jensen (36) found that
triphenylarsenic dichloride had a zero dipole moment in
benzene, and hence deduced that it has a covalent trigonal
bilpyramidal structure. Mann's (33) views are more or less
in accordance with this, and he suggests that there is a
high probability of thelr structures resembling those of the
trimethylantimony dihalides, in which the As - Cl Dbonds
have 50% covalent and 50% electrovalent character. He adds,
however, that even if the tertiary arsenlic dihalides do

have a resemance structure of this type:

cl c1 - cl
R R R
/,/ /// +,/
R—AsS <« R—As ¢« R—As .
+
\R \R | \R
c1 c1 c1i

they do apparently revert to an ionic form

Cl

As *t cl

R///é \\\R

when undergoing certain reactions. This latter conclusion
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ils based on the fact that one of the chlorine atoms in
the compounds SSAS C12 is easily replaced by a hydroxyl
group. to give a hydroxychloride. Recently, arsenic hy-
droxyhalides have been shown to be of the form RSAS (OH)+
X . (43)

This 1is a modification of Mann's earlier views ex~
pressed in the Tilden lecture of 1945, when following a
discussion of the hydrolysis of tertiary arsenic (and phos-
phorus) dihalides to hydroxyhalides, he stated that the
physical and chemical properties of the dihalides showed
that they were truly covalent compounds, and not salts. (41)

Rochow et al. (37) have made the general statement
that one of the halogens in the teriary arsenic dihalides
appears to be ionic, since "halogens convert the dihalides
to tetrahalides; for example, triphenylarsine tetraiodide,
probably Ph.As i %;‘ﬂ Such evidence for an ionic struc-
ture for the tertiary arsenic dihalides, however, would
seem to be of a very doubtful nature, since the tetraiodide
seems likely to have been formed not by the direct addition
of iodine to the anion of the diiodide, but by molecular
disproportionation of the diiodide. (44) (45) Hence, tetra-

halide formation cannot be cited as proef of an ionic struc-

ture (Ph,As I)" I  for triphenylarsenic diiodide. In
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addition, there is no reason why an ionic tetrahalide should
not be formed from a covalent dihalide, on the addition of
halogen, particularly in cases where the metal - halogen

bond has a high degree of ionic character.

X Ag X + X — as?t + X~
| 2 . /{ 3
Ph Ph Ph Ph

It is therefore clear that the conclusions of some of
the earlier workers are often contradictory or weakly based.
This is due in part to the use of potentially ambiguous evi-
dence for structural type, such as comparison of melting
points, degree of solubility in polar and non-polar solvents
and double salt formation. There is also insufficient defin-
itlon of the‘physical state of the compounds in these cases
where structures are assigned, and both Van Wazer and Coates
have recorded the need to examine these compounds by appro-
priate physical techniques.

‘ Iséleib and Seidel, in 1956, made the first detailed
study of the solution chemistry of tertiary phosphorus di-
halides, and Harris, in 1961, initiated an investigation into
the nature of tertiary arsine halogen adducts 1n acetonitrile.

(46)
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Molar conductances of triphenylarsenic dichloride, - di-
bromide, = tetraiodide and - tetrabromide were measured,
and while each compound gave solutions which were good
electrolytic conductors, the molar conductance values of
the tetrahalides were considerably higher than those of
the dihalides. The structures Ph,As Fal’ Hal and
PhsAs Hal+ Halg' were suggested for the dihalides and
tetrahalides respectively, in solution.

The work deséribed in this thesis represents a seguel
to Harris' conductance studies, to obtain a clearer picture
of the nature of the dihalides and tetrahalides of triphenyl=-
arsine in solution. The preparation and study of inter-hal-
ogen addition compounds of triphenylarsine have also been
undertaken, and similar studies have been extended to the
halogen addition compounds of triphenyl phosphine and tri--
phenylstibine. In this way, much of the uncertalinty con-

cerning the nature of these compounds in solution has been

resolvede
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RESULTS AND DISCUSSION.

PREPARATION AND STABILITY OF TRIPHENYLARSENIC DIHALIDES.

Dihalldes of triphenylarsine may be prepared by
direct addition of halogen to triphenylarsine in a suitable
solvent. Using carbon tetrachloride and chloroform, lichael-
is prepared triphenylarsenic dichloride and dibromide, but
was unable to isolate triphenylarsenic diiodide and iodo-
bromide in this way. Instead, he obtained triphenylarsenic
tetraiodide and triphenylarsenic diiododibromide (PhSAsIQBrz)
respectively. (44)

The diiodide was prepared, however, by Steinkopf and
Schwen in 1921, from anhydrous petroleum ether (45) and the
preparation of triphenylarsenic iodobromide is reported in
this thesis.

The dihalides are solids at room temperature, and on
account of their susceptibility to hydrolysis, they must be
handled in the absence of moisture: thus, a drybox (Appendix
1) was used, and solvents were of a very high purity and
thoroughly dry. Cdntact of solutions with tap grease and
moisture has been minimised by specially deslgned apparatus,

which. before use was baked in an oven for several hours.



ELECTROLYTIC CONDUCTANCE OF TRIPHENYLARSENIC DIHALIDES

IN ACETONITRILE AT 25°C.

Acetonitrile was chosen for conductance measurements
since it has very favourable dielectric properties (dielec-
tric constant 36.7 at 25°C.) and its ability to act as a
Lewis base frequently results in ion stabilisation.

Solutions of each dihalide were prepared in the con-
ductance cell, and the conductance measured immediately. A
slight change in conductance occurred as the solutions warm-
ed to the temperature of the thermostat, but thereafter, a
steady value was obtained, and thls was used to calculate
molar conductance. In each case, the molar conductance de-
creased with increasing concentration. Values of conduct-
ance at 25°C. are shown in Table 1. (on page 21)

While the molar conductance values can only be explain-
ed in terms of electrolytic behaviour of the dihalides, 1t is
clear from Table 1 that the compounds fall into two groups -
one of high conductance values, and one of low values.

The values of the dichloride and dibromide are consider-
ably lower than is usually found in acetonlitrile for strong
1:1 electrolytes of similar concentration, (A, ~~ 100 ohm':1

e~ molgl) (47), which suggests that the dichloride and
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Table 1. Electrolytic conductance of triphenylarsenic

dihalides in acetonitrile at 25°G.

' 4
Cn 10" & A m
Compound - -1 -1 -1 2 -1
mole litre ohm. cm. ohm. cm. mole
PhsAs012 0.0016 0.18 11.0
0.0033 0.24 7ed
0.0120 0.47 39
PhSAsBr2 0,025 4,14 17.0
0030 4,70 ' 15.5
0.036 4.56 _ 12.5
PhsAsIBr 0.0094 6.06 ' 64,5
04020 9.31 46,5
0.029 12.0 41.5
PhBAsIz 0.,0048 304 64.0
‘ 0.0068 4,01 59.5
0.011 6,13 558.8

dibromide should bhe regarded as weak electrolytes in aceton-

itrile..
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FhahsXy —— FhzbsX* + X~

The substantially higher conductance values for
triphenylarsenlc diiodide and iodobromide indicate that
these compounds behave differently in acetonitrile, and
subsequent experiments (conductometric analyses) suggested
that ionic species of the composition Ph5A3.12 and FPhzis.IBr
do not exist in acetonitrile. The ultraviolet spectrum of
acetonitrile solutions of the diiodide and iodobromide showed
the presence of trihalide ions (Table 2), and the molar
extinction values calculated from a concentration based on
the amount of dihalide dissolved were in keeping with the

following behaviour:-

2Ph5ASIZ ;'_'—::.'_"f Ph-sAS + /‘5ASI4 essso e 4 1
{
|

PhsASI + + Ig

1l

PhsAsBr+ + IgBr~

That is, disproportionation of a mole of Ph5A8X2 gives

half a mole of PhSAsX . Compounds of this type (which will

4
be discussed in later chapters) are strong l:l electrolytes

in acetonitrile, ionising as indicated in 1 and 2.




TABLE 2. Ultraviolet spectra of ThzAsTs

and PhSAsIBr in acetonitrile.

Species ) (m) s A (mp) 5
PhzAsT, 292 28,930 | 362 15,300
-
I 292 57,680 | 362 31,090
Ph,ASIBr 2175 22,580 | 353 4,490
IBr & 275 44,550 | 351 9,670

&SIEBrz in acetonitrile.

Efrom PhzAsI, and Ph5

There 1s no evidence for this type of reaction in the
case of triphenylarsenic dibromide, since no tribromide ion
is detectable in the ultraviolet spectrum of 1its acetonitrile
solutions, and is extremely unlikely in the case of the
dichloride, since the trichloride ion is a rare entity.

The disproportionation of triphenylarsenic diiodide
and lodobromide thus seems to account adequately for their

higher molar conductance values.




QUANTITATIVE ELECTROLYSIS OF TRIPHENYLARSENIC DICHLORIDE

AND - DIBROMIDE IN ACETONITRILE.

Consideration of compounds of Group Vb elements ana-~
logous to the triphenylarsenic dihalides (10)(15)(40)(42),
suggests that there are two probable modes of ionisation

differing in the nature of the anion.

+
Ph_AsX — Ph_AsX : X esessed
3As g = 3 s +

+ -
Ph AsX === 1Ph AsX 1 Ph AsX ceceeed
- S ="z ' RNASA,

It should be possible to distinguish these by electrolysing
a solutlon of the dihalide in a Hittorf cell, (Appendix 3)
and measuring the chahges in composition of the solution
near the electrodes, after the passage of a known amount of
current. These changes can then be compared with changes
calculated for the possible values of transport numbers for
each ionisation scheme, and the transport number can thus
be obtained. In this type of system, in which the passage
of current does not occur by a chain transfer process, it
1s usual for enion and cation to carry current about equally,
so that transport numbers in the range 0.35 - 0.65 are

expected.
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If /A Hal = change in gram atoms of Hal at the
electrode;

‘b+

= transport number of the cation;
X = Quantlty of electricity passed (Faradays)
then provided no halogen is lost from the solution during

electrolysls, the following relationships hold.

For scheme 3.

Cx(1 - 2th)
x(2t" - 1)

at anode: A\ Hal
at cathode:AHal

For scheme 4.

at anode: AHal = x(3 = 4t")
at cathode:AHal = x(4t5 - 3)

When x = 1 Faraday, these expressions glve rise to
the following values of A Hal, for values of t' between

0 and 1.

Table 3. Ionisation scheme 3.

$* | O [C.l| 0.2] 0.3] 0.4] 0.5| 0.6] 0.7| 0.8] 0.9] 1.0

0
+AH°| 1.0 6.8 0.6 Oe¢d] 0.2 0 =0e2| =0ed|=0:6|=0.8|=1C
0

H‘, "'1.0"0.8 "006 ""004 "‘002 0.2 004 006 008 1.0




Table 4. lonisation scheme 4.

t¥| O] 0¢1| 0.2 043 | 0e4|0.5] 046 |0.7]0.8][0.9] 1.0

+ AH.' 5 2.6 202 1.8 1.4: 100 006 002 "002 "006 "100

""A!‘l&‘ -3 "206 -2 e "'108 '1-4 -1.0 =06 |-0.2 0.2 0.6 1.0

Table 5 contains the results of a quantitative elec-
trolysis of an acetonitrile solution of triphenylarsenic di-

chloride.,

Table 5. Electrolysis of PhzAsCly in acetonitrile.

AcCl t*
Electrode
ge.atoms/F | acheme 3 scheme 4
anode 0.848 0.075 0.54
cathode 0.857 0.075 O0.54

The numerical values of the transport number (t+)
show that the nature of the ionic system must be that of
scheme 4, being thus analogous to the nature of phosphor-
us pentachloride (10) and phosphorus pentabromide (15) in

acetonitrile. That is, in acetonitrile, triphenylarsenic

dichloride ionises?
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2Ph AsCl. ===  Ph AsCl P -
. g = 58 + PR ASCL,  eveed5

The mode of ionisation thus differs from that pro-
posed by Mann (33), Harris (46) and also Rochow et al. (26)
who suggested lonisationscheme 3. The trichlorotriphenyl-
, arsenahe&?anion is thus an example of a partially organo-
substituted hexahalogenoarsenatdv)anion, which is a rather
uncormon species.

During elsctrolysis, the following processes are

likely to be occurring at the electrodes.

At cathode:

2 PhsAscl"' + 2" —> (2Ph AsCl)

Ph_As + PhSAsC1

3 2

At anode:

2 Pn AsCl ~ 28 —> (2Ph As C1 )
3 3 3 3

!

Ph AsCl + C1

Quantitative electrolyses of solutions of triphenyl-

arsenic dibromide in acetonitrile were similarly carried out,
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and a deep yellow colour developed in the hitherto colour-
less solution at the anode. Values of (t') were calculated

from Tables 3 and 4, and the results of an experiment are

shown 1n Table 6. .

Table 6. Electrolysis of PhsAsBrz in acetonitrile.

A\ Br tt
Electrode
g.atoms/F scheme 3 scheme 4
anode 0.142 0425 0.715
cathode no change 0.5 0.75

Again on the basis that in such a system the trans-
port numbers will be about 0.5, triphenylarsenic dibromide
ionises by scheme 3. |

-—

i.e.  PhAsBr, === PhsAsBr"- 4 BI  eeeeesb

The following electrode processes are suggested.

At cathode:

+ -
2 PhSAsBr + 2e —>» (2Ph3AsBr)

l

Ph5As + Rhs.AsBr2

colourless mixture.
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At anode:

—

2Br — 20 — Brg

yellow soiution.

It is interesting that the modes of ionisation of
triphenylarsenic dichloride and dibromide differ in a
manner analogous to phosphorus pentachioride and penta-
bromide in the solld state, (although not in acetonitrile
solution),.

While caution must be exercised in extending solu-
tion data to the solid state, it is concluded that both
triphenylarsenic dichloride and dibromide are likely to
be covalent solids which lonise partially, only under
the influence of the polar solvent. (The dichloride is
in fact covalent in benzene). (36) That the triphenyl-
tribromoarsenate(Vanion is not formed, could be attrib-
uted to steric factors.

Since the dichloride and dibromide ionise by react-
ions 5 and 6 respectively, then for steric reasons, the
diiodide and iodobromide would also be expected to ionise
by scheme.3. The pregence of the trihallde ion, however,
can only be explained by the presence of molecular as

well as ionic dissociation, the free halogen then combining

with the halide ion.
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The production of the trihalide ion in acetonitrile
solutions of triphenylarsenic diiodide will thus follow

the course

RhSAslz
! N,
PhgAs + I, = PhAsI + I

j 3

P + -
hsAs + PhSAsI + I3

ey

and similarly for triphenylarsenic iodobromide

PhsAsIBr

A N

PhsAs-+ IBr Ph AsB£+ + I

. )
P

thAs + PhSAsBr -+ IzBr

The significance of the formation in the latter case
of bromotriphenylarsonium diiodobromide and not iodotri-
phenylarsonium dibromoiodide, is discussed in a later chap-
ter. These disproportionation equilibria are very mobile,
since the unchanged dihalides may be recovered from solut-
ion by freeze=-drying.

Equilibria of this type, involving dual molecular
and ionic dissociation, would also give a feasible explan-

ation for Zingaro and Meyers'! observation that the dibromo-
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iodide ion 1s formed in solutions of PhzPS.IBr. (48)
Therefore, the four dihalides of triphenylarsine
examined, form conducting solutions in acetonitrile by
three di§t1not means, and the surprising variety in ionic
types; found among so few compounds, emphasises the import-
ance of determining experimentally the mode of ionisation
of individual compounds of this type. It is possible that
the mode of ionlsation might also depend on the nature of

the organic groupe.
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CONDUCTOMETRIC ANALYSES OF THE SYSTEMS HALOGEN = TRIPHENYL-

ARSINE o

A convenient way of studying the reaction between
halogen and triphenyl arsine in an ionising solvent is by
conductometric titration. This technique has been widely
used in the present work since it offers an alternative
approach to the study of the dihalides, and has often yield-
ed useful additional information.

Harris has reported conductometric analyses of the
systems bromine -~ triphenylarsine and iodine - triphenyl-
arsine. (46) 1In the former system, the conductance-compo-
sltion graph showed two distinct discontinuities corres-
ponding to the compositions PhsAs.Brz and Ph5As.Br4,
but in the latisr system the only detectable conducting
species was triphenylarsenic tetraiodide. The structure
PhSAsX4' Xé- was suggested for the tetrahalide adducts.

Trihalide ions, if they are produced in acetonitrile,
should be identifiable by their absorptions in the ultra-
violet reglon of the spectrum. (49) Therefore, spectro-
photometric examination of the solutiom before, at, and
after breaks in the conductance-composition graph should
yield more detailed information about the nature of the

species in solution. In this way, and from our knowledge
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of the nature of the dihalides of triphenylarsine, it has
been possible to establish the nature of the resctions
which glve rise to the two types of titration graphs re-

ported by Harris.
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REACTION OF BROMINE WITH TRIPHENYLARSINE IN ACETONITRILE.

The regults of a conductometric titration in aceton-
itrile of bromine against triphenylarsine are recorded in

Table 7 and illustrated graphically in fig. L.

Table 7. Titration of Brg vs., PhzAs in acetonitrile.

Mole ratio 103i< Mole ratio 103K
Bry: PhsAs obml emtl Brg: PhgAs ohmsl em3d
0.00 0.00 1.46 1.26
0.21 0.21 1.67 1.60
0442 0.31 1.88 1.94
0.63 0432 1.98 2406
0.85 | 043 209 2418
0.94 045 2430 2428
1.04 0,47 2.50 2.28
1.25 0.88 300 2.14

Since triphenylarsine and bromine are effectively

non-conductors in acetonitrile (FPhzhs s\, = 0.004

-1 2 -1

ohmT cm® mole™ at cp = 0.055; Brg :flp = 0.22

ohm:l cmg mole"l at cp = 0.033) the conductance values

obtained during titration show that the interaction of

bromine and triphenylarsine is an ion forming process, and



103K (Dhm™ Cm”)

: |
L

© Il 2L

MoLe Rario  Br, . Ph,As.

fig. 1. Conductometric titration of Bro vs. PhsAs

2
(>

in acetonitrile.
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the discontinuities in conductance at the Br2: PhSAs
the discontinuities in conductance at the Brzz PhSAs
= 1:1 and 2:1 ratios are good evidence for the exist-
ence in solution of lonlc complexes of composition
PhsAs.Brz and PhaAs.Br4 respectively.

The solution was colourless up to the 1l:1 ratio, but
thersafter became yellow, and the tribromide ion was observe-
ed (U.V. spectrum; \ = 269 mu: for Brz,A= 269 mp) after
the 1:1 ratio only.

Therefore, the reaction of bromine with triphenyl-
arsine takes place in two distinct stages, the first being
the formation of triphenylarsenic dibromide, which was, in
fact, isolated at the 1l:1 ratio. The molar conductance'val-
ue at this ratio wasqum =15 ohm:l cm® mole™t at Cp =
0.03, which is wholly compatible with the weak electrolytic
properties of the dibromide.

Triphenylarsenic tetrabromide was isolated at the 2:1

-1
ratio, at which the molar conductance was./Lrn= 104 ohm.
Gm% moleél at c. = 0,02. This value is of the order of

m
megnitude of a strong 1l:1 electrolyte in acetonitrile (47)

and the two stages of the reaction may be written

PhSAs

Br

VT2
PhsAsBr2 <= PhsAst* + Br (colourless solution).

wBl“g

Ph.SAsBr4 P PhsAsBrf + Bré— (yellow solution).
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Further addition of bromine (beyond the 2:1 ratio)
slmply dilutes the conducting solution, causing the slight
decrease in specific conductances

The production of the tribromide ion in this system
accords with the findings of Popov and Skelly (50) who have
drawn attentlon to the tendency of halides to form trihal-
ides in acetonitrile, and to the conductance of the result-
ing solutions.

Harris! view as to the nature of triphenylarsenic
tetrabromide is therefore correct, and received additional
support from the electrolysis of acetonitrile solutions of

the compound.

Electrolysis of PhzAsBry 1in acetonitrile.

The electrolysis was carried out as described in
Appendix 3, and during the reaction, the colour of the orig-
inally yellow solution became less intense at the cathode, and

deep orange at the anode.

For the equation

+ _ .
_— k BI’ o--onooonoo‘-ouos
Ph.sAsBr4 = PhSAsBr + 3

and using the same symbols as before, the relation between

t* and /\ Br (geatoms/F) is that given in Table 4 (page 26).
Application of experimentally determined values of /\Br,
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gave values of t* of 0.53 and 0.63, which are reasonably
consistent, and of an acceptable order of magnitude for
such systems. Thus, equation 8 is confirmed as the mode of
ionisation of triphenylarsenic tetrabromide, and hence the

likely reactions at the electrodes will be

At cathode:

+ -
2 PhSAsBr + 28 — (2PhSAsBr)

PhsAs + PhBAsBrz

colourless colution.

At anode:

2 Br_ - 2¢° —» 3Br

3 2

orange solution.

The result of this electrolysis experiment confirms
the uséfulmess and validity of the spectrophqtometric meth-
od in elucidating the mode of ionisation of a triphenyl-
arsenic tetrahalide dissolved in acetonitrile.
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REACTION OF TODINE WITH TRIPHENYLARSINE IN ACETOWITRILE.,

In contrast to the bromine - triphenylarsine system,

a conductometric titration of iodine versus triphenylarsine

gave the results shown in Table 9, and illustrated in fig.

2
Table 9. Titration of Io vs. PhzAs in acetonitrile.
Mole ratio 104K Mole ratio 104K
) -1 =1 ) -1 -1
12 .:H%AS ohm.™ cm, 12 : PhSAs ohm.~ cm.
0.00 0,00 1.29 754
0.18 1.47 1.48 8.48
0.27 2.04 1.67 9.47
0.37 2.64 1.84 10.5
0.55 3,72 2.02 11.4
0.73 4,43 2.21 11.7
0.93 556 238 11.8
1.03 6,08 2457 11.9
1.25 7,02 2.75 11.9

The originally colourless solution became red after

the first addition of 1lodinse, and the conductance rose

steadily up to the mole ratio I, : PhSAs

2:1 corresg-

ponding to the formation in solution of an ionic complex




10°K [Ohm™ (m™)

-

o K 2 3

Moe Ratio L ’ﬁ%3Hs

Titratlion of I, against Ph.As in acetonitrile.

fig.2.
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of composition PhSAs.I4. There was no change in slope
at L : PhsAs = 1:1 which would have indicated the ex-
istence in solution of the diiodide.

The ultraviolet spectrum of the solution from just
beyond the zero mole ratio, showed that the triiodide ion
was formed immediately in the titration ( )\ = 291 and
360 mn; for Iz, A = 291 and 360 mp), suggesting that
the tetralodide, unlike the tetrabromide, is formed straight

away,
PhSAs + 2I2 _ PhSAsI4

without the formation of the intermediate diiodide as a
stable entity in solution. This accords with the fact that
the ultraviolet spectrum of the solution obtained when tri-
phenylarsenic diiodide is dissolved in acetonitrile, has
shown that the equllibriunm

+
2P AsL, == PhAs + PhAsT + I,

lay well to the right hand side (Table 2, page 23).
Triphenylarsenlc tetraiodide crystallised as purple

needles m.p. 138-90, from an acetonitrile solution contain-

ing iodine and triphenylarsine in a 2:1 ratio. Its prepar-

ation by this method has already been reported by Michaelis,{44)

and Harris. (46) Zingaro and Meyers (48) obtained the comp-

ound from the reaction of triphenylarsinesulphide, and iod~

ine




—> Ph AsI. + (8)

PhsAsS + 212 3 4

Triphenylarsenic tetraiodide behaves as a strong
1:1 electrolyte in acetonitrile (JALm = 100 ohmTt cm?
mole™T at Cy = 0.011), and the U.V spectrum of its acete-

nitrile solutions confirm the lonisation

—
<----

~+ -—
PhSASI4 Pk].sASI + 13 .Q................g

(Table 2, page 23).




REACTION OF IODINE BROMIDE WITH TRIPHENYLARSINE IN ACETON-

ITRILE.

Michaelis (44) hes reported that the reaction of iod-
inebromide and triphenylarsine in chloroform, yielded only
triphenylarsenic diilododibromide (Ph5AsIZBr2). However,
he gave no analytical figures in support of the postulated
composition, and the only subsequent attempt to prepare
this compound wgs unsuccessful. (51)

The queztion of the existence of this tetrahalide is
not, however, only of synthetic interest. By analogy with
the tetralodide and tetrabromide, it would be expected to
behave as a halotriphenylarsonium trihalide in acetonitrile,

for which there are two possible modes of ionisation,

+ -
V—/PhASBI‘ + IBI' .........-.....10
PhAsI Br, = O, &
\/Ph.SASI + IBI'2 ooooootaocooocoll

and it would clearly be of interest to relate the mode of
ionisation with the stabilities of the trihalide ions.

These latter ions, constitute the largest class of the lon-~
ic polyhalide species. (52) Both unipositive and uninegative
ions containing three halogen atoms are known, although the

latter are much more common, and are formed by all of the




halogens, including astatine. (53) Structural analyses
of mixed trihalides have been few (52), but it appears
that the halogen of highest atomic weight occupies the
central position of a linear arrangment.

Trihalides are not stable with respect to dissociat~
lon into halogen and halide, and the tendency for this to
occur has been determined by dissociation pressure experi-
ments on the solid compounds (54), and also by measuring
the degree of dissociation in aqueous (55) and nbn—aqueous
(56) solvents. These have led to the general conclusion
that the most symmetrical trihalides are also the least
dissociated., Thus, the dibromoiodide ion (Br-I-Br) is
more stable than the diiodobromide ion (I-I-Br) ; the
dichlorobromide ion (Cl-Br-Cl)  is more stable than the
dibromochloride ion (Br-Br-Cl) et cetera. Also, the
iodine-centred dibromolodide ion is more stable than the
tribromide ion. Further, the stability of a trihalide 1is
greater when the cation is large and symmetrical. Hence,
since the cations PhsAsBr+ and Ph5AsI+ are of similar

size and symmetry, it would be expected that triphenyl-

arsenic diiododromide, if it existed, would ionise by equat-

fon 11.




Conductometric titration of iodinebromide against triphenyl~

arsine in acetonitrile.,

To iInvestigate the possible existence of triphenyl-
arsenlc dilododibromide in acotonitrile, iodinebromide was
titrated conductometrically against triphenylarsine. The

results are recorded in Table 11 and illustrated in fig. 3.

Table 11, Titration of IBr vs. PhzAs in acetonitrile.

Mole ratio 10° K Mole ratio 10° K
. -1 -1 . "1 -1

IBr .EhaAs ohme™ Cme IBr .PhsAs ohm.~ cm.
0.00 000 1.48 758
0.21 1.08 1.68 8.90
0.42 2,02 1.89 10.4
0.63 34058 200 11.33
0.84 396 210 11.73
1.05 4,96 2431 11.78
1.27 6,12 253 11.75

The shape of the graph was similar to that of the
lodine-triphenylarsine system. That is, there was no
break at the IBr: PhsAs = 1:1 ratio, thus indicating that
the dihalide triphenylarsenic iodobromide does not exist
as a stable entity in this solvent. The break at IBr:PhSAs =




o

~J

[

0

0k (Dhm™ Cm™).

i 1

o H] 2% 3]

‘More Ramo  TBr @ PhA:

Note very slight upward curve.

fig.3. Titration of IBr against Ph-As in acetonitrile.
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2:1, however, 1is good evidence for the formation in sol-
ution of an ionic complex of composition PhsAs,(IBr)z.

| The solution became red as soon as iodine bromide
was added, and the ultraviolet spectrum showed that the diicic-
ébrémiéeion was formed immediately in the titration

( A= 275 and 351 mu; for IgBr , )\ = 280 and 351 mp

(49) ), and up to the conductance break at the 2:1 ratio.
Thereafter, the peak at 351 mp gradually disappeared, and
the one at 275 mp appeared to move to successively lower
wavelengths until it remained steady at 257 mp. This
latter peak is characteristic of the dibromeiodide ion, and
its appearance coincided with the addition of three moles
of iodinebromide to triphenylarsine.

In parallel with this transformation of trihalide
ion, the colour of the solution changed from red at the
2:1 ratio, to orange at the 3:1 ratio.

Therefore, triphenylarsenic diliododibromide (1like
the tetraiodide) is formed immediately in the reaction,

and the overall reaction up to the 2:1 ratio is

‘ A Br
PhSAS + 2IBr —> ]E"}::.3 s;z

i
'
!

+ + I Br~
PhsAsBr 2

2




Thus, triphenylarsenic diiododibromide forms the
less stable dilodobromide ion, and the ultraviolet studies
indicate that beyond the 2:1 ratio, a second reaction
occurs in which iodine bromide converts this to the dibromo-

iodide ion

IBr + IBr —=1IBr + I ceecssssccnssceanseall
2 2 2

That is, the less stable trihalide ion is converted to the
more stable one by a halogen containing a more electroneg-
ative halogen atom. (57)

The occurrence of this reaction was confirmed by
following the changes in the ultraviolet spectrum of an
acetonitrile solution of tetramethylammonium diiodobromide,
during the addition of an equimolar solution of ilodinebrom-
1de. The results exactly parallelled those given on page
47. It should be noted, however, that although reaction
12 can be explained in terms of trihalide ion stabilities,
the relative stabilities of the halogen molecules will
also affect the course of the reaction, and in the present
situation, these must be less important.

The observed intermediate peaks in the ultraviolet
spectra between the 2:1 and 3:1 ratios, arise from overlap

of the broad and not widely separated maxima at 275 mu
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(IzBr_) and 257 mp (IBr;) giving an apparent meximum
which reflects the relative concentrations of the two
anions. |

If this last stage in the reactlon between iodine-
bromide and triphenylarsine is as postulated, then a new
tetrahalide of triphenylarsine - bromotriphenylarsonium
dibromoiodide = is indicated in acetonitrile. It is not
surprising that this compound was not detected by a break
in the conductance~composition graph, since it is formed
by changing one trihalide ilon into another of closely
gimilar type, and a significant change in conductance
would not be expected.

Three solid compounds have, in fact, been 1solated
from concentrated acetonitrile solutions of 1odinebromide
and triphenylarsine in the ratios 1:1, 2:1,43:1.

Triphenylarsenic iodobromide crystallised in a yield
of 95% on mixing saturated equimolar solutions, thus 1ll-

ustrating well, the mobility of the equilibrium.

2Ph _AsIBr(s) <5 2Ph3AsIBr(soln.)

1l

+ -—
PhsAs + PhSAsBr + IzBr

which 1s pulled to the left hand side when the solution

is sufficiently concentrated to induce precipitation.
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Therefore, triphenylarsenic iodobromide, whick lNichaelis
had failed to prepare, has been successfully isolated.

Triphenylarsenic diiododibromide was readily obtained
as a red crystalline solid, m.p. 104°C., by adding ether
to the solution at the 2:1 ratio. Both the melting point
and colour of this compound are significant, since the
compound described by lMichaelis as having the composition
PhBAsIzBr:3 was an orange=-red solid, m.pe. 120-1°¢.

This disparity was resolved when triphenylarsenic
iodotribromide, isolated by ether precipitation at the 3:1
ratio, was found to be an orange solid, m.De. 120-1°C.
Therefore,liichaelis! claim to have isolated triphenylarsenic
diiododibromide from the reaction between lodinebromide and
triphenylarsine must be viewed doubtfully, and it appesars
that the compound which he isolated was, in fact, triphenyl-

arsenic iodotribromide.
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REACTION OF TODINE BROMIDE AND IODINE WITH TRIPHENYLARSENIG

DIBROMIDE IN ACETONITRILE.

An alternative approach to triphenylarsenic diiodo~
dibromide and-iodotribromide is the reaction of iodine and
iodinebromide with triphenylarsenic dibromide in aceto=-

nitrile.

I}/y Ph.sAS IBBI"Z

Br
c PhAsIBr

PhSAsBr2

3
The graphs obtained in conductometric analyses of
these systems were similar, and the results for ilodine

bromide against triphenylarsenic dibromide, are recorded

in Table 12, and illustrated in fig. 4.

Table 12. Titration of IBr vs. PhSAsBrp in acetonitrile.

lole ratio 10° K Mole ratio 10° K
IBr:PhAsSBry o=t em:t IBr: PhoAsBry o=t em?t
0.00 0.73 0494 3454
0.15 1.22 1.09 3499
0.31 1.75 1.25 3¢90
047 2425 . le4l 3.87
0.63 2475 1.57 3e74
0.78 | 308 1.73 371




52w

W

10K Dhm™" Cm™')

'y L

) - B 2!

MorLe Raro 1B+ Ph,As Br,

fige4. Conducbomebric Titration of IBr against FhAsBr.

in acetonitrile.




The formation of triphenylarsenic iodotribromide in

solution, is shown by the break at IBr & Ph AsBrz = 1:1,

3
and the'solid tetrahalide was isolated from concentrated
solutions in this ratio. Since the dibromoiodide ion was
present in solution beyond the zero mole ratio, (U.V.

spectrum : A = 257 mp), and the molar conductance at the

1 1

1:1 ratio was/\ = 97 ohm& cme mole™t at c_= 0.04 mole

=
1itre-% it is concluded that triphenylarsenic iodotri-

bromide 1s a strong electrolyte in acetonitrile, ionising

R + -~
Ph»SASIBrs T‘_-_ PhSASBr + IBI‘2 ..C..........Q..]-S

and the reactions in solution leading to its formation

must be:

Ph AsBr <= Ph AsBr' + Br~
3 2 3
IBr
Ph AsIBr_ ¢==>Ph AsBr*+ IBr_
3 ] ) 2

An analogous result for the titration of iodine
against triphenylarsenic dibromide, leads to triphenyl-
arsenic diiododibromide.

f+ + Br

3

— + 4+ I Br~
Ph5A312Br2<- PhSAsBr 5

PhASBr, === PhASB
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THE NATURE OF TRIPHENYLARSENIC DITODODIEBRCKIDSE AND TRIPHANYI -

ARSENIC TODOTRIBROMIDE IN ACETOMIRILE AND IN THE SOQLID STATE.

Both triphenylarsenic diiododibromide and iodotribrom-
ide were readily soluble in acetonitrile, in which they gave
conducting solutions. Following a slight change while the
solutions attained the temperature of the thermostat, the
conduétance values were stable over twenty four hours. Val-
ues of conductance are given in Table 13.

Table 13, Electrolytlic conductance of Ph-AsIoBro and

Ph_AsIBr_  in acetonitrile at 25°C.
J [»]

: i
Cpy 10% K /\ m }
Compound . " i
mole 1litreTl | ohmTt emTt | ohmTl cm® moleTl |
PhSAsIZBrz 0.0042 0.54 129.0
0.016 1.80 112.0
PhsAsIBrs 0.0028 035 125.0
0.0098 1.08 110.0
0.016 1.66 97.0

The molar conductance increased with increasing dilut-

ion, and bore a linear relationship to the square root of

the concentration over the range studied (0.002-0.03 M) und




their magnitude indicate that these tetrahalides hehave as
strong 1l:1 electrolytes in acetonitrile.
The U.V. spectra recorded during the conductometric

titrations, have shown that these compounds must ionise

Ph AaT Br _—_\ Ph + - $esseccccrens e
3As o°Tg v 3AsBr + IzBr 10

Ph AsIBr, == RhSAsBr*' + IBP, teeescrceveneasld

3 2

respectively in acetonitrile, and this has been confirmed
from the ultraviolet spectra of solutions of the solid com=-

pounds dissolved in the same solvent. (Table 14).

Table 14. UsVe spectra of PhzAsIoBro and PhzAsIBrz in

acetonitrile.

Compound . A (mpu) s A (mp) <

PhsﬂslzBr P 275 44,550 351 9,670

Me, N. I,Br~ | 280 40,600 351 | 11,600
(49)

PhsASIBI'3 257 53,130 - -

Me4 Na IBré‘ 256 54,000 370 606
(49)

That triphenylarsenic diiododibromide ionis-
es by equation 10, is not what was predicted, since if the

stability of the trihalide lon controlled the course of
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ionisation, the possible alternative

+ _
PhcsA.ssIsz'2 ;——A___ PhSAsI + I,‘ Br'z

..l.....‘."...lll

would have been expected. Therefore, the factor controlling
the mode of lonisation must be the nature of the cation.

On the one hand, the cation contains an As-Br bond,
and on the other, an As-I bond. Otherwise, they are pre-
sumably of a similar size and symmetry, and since in gener-
al, the As-Br bond energy is greater than the 4As~I bond
energy (58k.cals/mole in AsBrz as opposed to 43k.cals./mole
in ASIS), it 1s clear that the bromotriphenylarsonium cat-
ilon is the more favourable species. Thus, the greater
strength of the As-Br bond is the critical factor in
determining the mode of ionisation of triphenylarsenic di-
iocdodibromide in acetonitrile.

The mode of ionisation of triphenylarsenic ilodotri-

bromide is that of equation 13, and not the alternative

T + -
PhsAsIBr5 = FPhgAsI™ + Br,

and this accords with the behaviour of the diiododibromide,
in that ionisation occurs to give the cation containing the

As-Hal bond of greatest strength.
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Structural analysis of triphenylarsenic diiododibromide

and ilodotribromide.

X~-ray structural analyses of triphenylarsenic diiodo-
dibromide and-lodotribromide (by lr. R.S. McEwan and Dr.
G.A. Sim, (58) ) show that they are isomorphous. Triphen-
ylarsenic iodotribromide crystallises as orange monoclinic
needles (space group P21l/c) with the cell dimensions a =
19.48 &, b = 12.00 £, and ¢ = 18.47 &, B = 107°36”. Thers
are eight formulae units per unit cell, the calculated dens~
ity being 2.17g./c.c. The structure has been solved in
three dimensions and the agreement factor over some 4,500
independent reflections 1s 0.25.

The structure consists of the separate entities,
tetrahedral bromotriphenylarsonium cations and linear di~-
bromoiodide anions, Ltheir closest approach being 3.5 ﬁ
between the cationic bromine and a bromine in the trihalide
ion. The As=Br......Br angle is 76°.

' The linear dibromoiodide ion is symmetrical and the
I-Br bond length is 2.75% 0,05 &, compared with 2.5 A cal-
culated from the sum of the ionic radii. The As-Br bond
distance is 2.25 A which is in good agreement with other
As-Br bond lengths.

Projection data of triphenylarsenic diiododibromide
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i1s sufficlent to indicate that the structure is built up
from PhghsBr and I-I-BFf 1lons. Refinement of both
ccmpoﬁnds is being carried out.

The results are of particﬁlar interest from two re-
lated points of view. They directly establish the struc~
ture of the dibromoicdide and dliodobromide ions for the
first time, and also, they show that the ions present in
the solid state of these compounds are the same as those
present in solution. Thus it is again shown that of the
two possible ionic systems in these compounds, the fav-
oured one is that in which the éation contains the halogen

of lowest atomic number.



THE REACTION OF TODINE BROMIDE WITH TRIPHENYLARSENIC DIIODIDE

IN ACETONITRILE.

Since conductometric analyses have indicated the exist-
ence In solution of the tetrahalides PhsAsBr4, PhaAsIBrB,
PhSAsIBBrz, and PhSAsI4, all of which were subsequently nre-
pared as crystalline solids, the existence of triphenylarsen-
ic triiodobromide is of interest because its preparation
would cpmp;ete the series PbBAsI(4;n§Bn,,

The stoichiometry of the compound suggested that con-
ductometric titrations of iodine agaihst triphenylarsenic

~lodobromide, or lodinebromide against triphenylarsenic diiod-

ide in acetonitrile,

PhzAsIy + IBr
«— %
PhzAsIzBr R

PthsIBr + 12
might yield useful information. The graphic results of these
experiments were simllar, and the results from the addition
of iodine bromide to triphenylarsenic diiodide in acetonitrile,
are recorded in Table 15 (page 61) and.illustrated graphic-
ally in fig. 5.

The solution of the diiodide was prepared by adding
lodine up to the ratio I,: PhBAs = 1:1, following which, iod-
inebromide was the titrant. There was no change in slope,
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10°k (ohm™ e¢m™)

11 2:1 31

MoLe Rario IBe: PhyAs I,

fig. 5. Conductometric Titration of IBr against Ph.AsI,

in acetonitrile.
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Lable 15. Titration of IBr vs. Ph AsI in acetonitrile.
) 2

Mole ratio 10% k Mole ratio 10% K

I Br:PhBAsI2 ohmTt cm7l IBr:Ph AsI, ohmt em7l
0.00 11.7 0.89. 22 44
0.17 13.8 1.04 ‘ 2349
0.42 15.9 1.23 24.2
0.52 18.1 1.45 2445
0.73 19.8 1.80 24.9

on changing the titrant.

The discontinuity in conductance at IBr: PhzAsIy =
1:1 indicates that an ionic specles of composition
PhzAsIo.IBr 1is farmed in acetonitrile, but it has been
impossible to isolate a solid of t his composition from
concentrated solutions at the 1:1 ratio. The compounds
obtained were, in fact, tetrahalides, from total halogen
analyses, but of bromine content too low for FPhzAsI Br.
(Found: Br, 2-3%. Ph,ASI Br requires Br, 10.4% ). Inter-
pretation of the reactions in solution leading the break
at the 1:1 ratio are complex, since the dilodide is large-
ly disproportionated in acetonitrile to triphenylarsine

amd triphenylarsenic tetraiodide.
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- -
2Ph3AsIz;:7ﬁ PhSAs + PhSAs; + I,

Iodinebromide added to the solution of "triphenyl-
argenic diiodide" would therefore be expected to react
with the triphenylarsine to form triphenylarseénic diiodo-
dibromide. This leads to the reaction sequence shown in
Table 16,

From previous discussions of the mode of ionisation
of triphenylarsenic tetrahalides, it is clear that although
triphenylarsenic triiodobromide could, in principie® ionise

in two ways

-

+
/, P ASBI‘ + I esssesssesescsseld
HlsASIsBI' < h5 5 :

™~
\ PhsASI+ + IzBI,— ‘Q.O'.l..lo.o..lls

equation 14 would be expected.

Thus, when the situation arises as at (ii) (Table 16)
in which the four possibie ions of the PhzAsIzBr are sim-
ultaneously present in solution, the two least stable (equa=-
tion 15) must undergo a process of halogen exchange to form
the more stable ions.

This process is illustrated in reactions (il) and (iii)
in Table 16, (page 63). That this occurs, is supported by
the presence in the U.V. épectrum of only the trilodide ion,
at all points throughout the addition of iodinebromide.

( X =289 and 360 mp).




Table 16, Suggested reaction sequence for the addition of

IBr to a solution of PhsAslg in acetonitrile.

(1) PhgAs  +  PhgAsI, == PhsAsI” + I,

3
lZIBr

(11)  PhAs(IBr),+ Ph AsI, = PhSAsBr++ I

rer I

— + -
5Br + PhSAsISBr — 2Ph3AsBr + 215

2Bf-+ thAsf++ I;

(111) Ph,AsI

It is thus claimed with certainty that the break at
IBr: FPhzAsIp = 1:1 is caused byt he formation of triphenyl-
arsenic triiodobromide, which lonises as indicated (iii).
Thus, in solution, the equilibrium between stages (ii) and
(1i1) in Table 16 must lie far to the side of (iii). |

The difficulty is isolating a solid compound of the
required composition mey be explained by the much greater
insolubility of the tebtraiodide, leading to its preferential
precipitation when conditions for isolating solid products
are established. That is, the equilibrium between (ii) and
(111) will then be on the side of (ii).

Since the bromotriphenylarsonium cation is of a similar
size, symmetry and charge to the iodotriphenylarsonium cation,

then it 1s 1likely that some of the bromo - cations will be




incorporated into the lattice of the tetraiodide, thus,giving
a non~-stoichiometric composition ©eZe {(PhsAsBr)o.3
(PnzhsI)) " I | This is supported by the triiodide fon
being the only s?ecies;identified in the ultrawviolet spec~
trum of such solids ineacetonitrile.

The isolation of triphenylarsenic triiodobromide was
only achieved by shaking a suspension of triphenylarsenic
iodobromide in carbon tetrachloride, with an equimolar sol-
ution of iodine in the same solvent. The preparation of
triphenylarsenic triiodobromide in this way, is presumably
accounted for by the absence of mobile equilibria involv-
lng lonic species in this solvent.

Therefore, each member of the series Ph3AsI{4;h>f
Br,, 1s now known, and the ultraviolet spectrum of tri-
phenylarsenic triiodobromide in acetonitrile, ( A = 289
and 360 mpn : for I;", X =291 and 360 mp ), confirms that
the mode of ionisation is the expected one.

— + - .uoo.oocon-ooooo.14
PhSAsIBBr T PhsAsBr + I5

Some properties of members of the tetrahalide series
are summerised in Table 17.

These foregoing experiments show the usefulness of the
conductometric titration technique in providing information

about the stoichiometry of ions in solution, but also ill-




ustrate the limitation that it i1s not always safe to con-
clude from a discontinuity in conductance at a particular
composition, that there exists a solid compound of the
same composition.

The reactions in solution giving a conductance-compo-
sition graph with breaks at simple ratios, may, in fact,
be more complex than is apparent. Hence conclusions about
compositions of species in solution ?ased purely on these
data must be treated cautiously, and direct identification
(ee.ge spectrophotometric) of the species is very desirable.
The reaction of iodinebromide with triphenylarsenic diiod=-
ide illustrates well the latter point,which was found to
assume éven greater importance when the halogen/triphenyl-

arsenic dichloride system was studied.

Table 17. Series PhzAsI(,_n) Bry.

COMPOUND COLOUR. M.P. IONS in CHsCN.
. o) + -
L] I
PhSAsI4 Purple 139=-40 PthsI 3
o + -
I
PhsAsISBr Red 115 PhsAsBr 3
, + _
PhgAsIBr, | Red 104° PhASBr  IoBr
o + -
thAsIBrS Orange | 120-1 FhAsBr'  IBry
+ -
Ph AsBr, Yellow 88® PhzAsBr  Brg

(See also Appendix 4.)
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REACTTION OI' THE HALOGINS WITH TRIPHENYL ARSENIC
DICHLORIDE IN ACHETONITRILAE.,

To investigate the possible existence of tetrainter-
halides of triphenylarsine of type PthsHale4_n) Hal"n
involving chlorine atoms, conductometric titrations of
iodine, lodinebromide and iodine chloride against triphenyl-
arsenlc dichloride were carried out. The nature of the
results was similar in each case, and is exemplified in

Table 18 and fig.6 for the addition of lodine bromide.

TABLE 18.

Titration of IBr vs. PhzAsClo in acetonitrile.

mole ratio 103 K moie ratio 10° K

IBr : PhzAsClg | ohmilemsl | IBr : PhzAsClg | ohmTlemtd

0 0.12 0.94 3496
0.13 0.90 1.00 4,02
0«25 1.57 l.12 4.08
0.44 2.42 1.25 4.05
0.62 3.12 1.37 4.05
0.81 3463 1.50 4.02

The discontinuity in conductance at the mole ratio

IBr : PhsAsClg 7 1:1 indicates the formation in solution
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fig.6. Conductometric titration of IBr against Ph AsCly

in acetonitrile.
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of an ionic complex of composition PhzAsCls . IBr, and likewise
the formation in solution of FhzAsCly.Ip and PhzAsCl,.I01
was also indicated.

The ultraviolet absorptibn spectra of the respective
solutions were recorded at the 1:1 ratio, and gave the
results shown in Table 19.

TABLE 19.
U.Ve Spectra of Halo : FPhzAsCls = 1:1 in

acetonitrile.

3

Hals, X mp Trihalide l Hal; 1in
indicated cetonitrile(49)
I Br 235 IBrCl” 237
I¢1 227 1012_ 227
- %
12 227 IClz 227
265 IoC1” 261 *
- *
292, 360 | I 288,360
‘ S -

¥ The presence of three trihalide ions is explained by
disproportionation of the diiodochloride ion (49)

2 1,017 == ICly * Iz
These conductometric titrations therefore constitute
good evidence for the existence of Ph3Ast' IBrcl-™,
PhsAsCl' 1017, and PhghsCl  Ip017 in solution, but
solid compounds izoleted from concentrated equimolar aceto~-

nitrile solutions of halogen and triphenylarsenic dichloride,
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have the compositions Ph4As+ IBfCl—, PhQAs+ IClg and
PhyhAs I5017 respectively. That is, the products possess
.the same anion as was indicated in solution, but the cation
is now the tetraphenyl arsonium ion.

The formation of tetraphenyl arsonium trihalides also
occurs in the direct addition of tWo‘and three moles of
‘lodine chloride respectively to triphenyl arsine, giving
the products tetraphenylarsonium diiodochloride and dichloro=
iodide.. The preparetion of the latter is another example of
the conversion of a less stable to a more stable trihalide ion.

I-I=-Cl"+ ICl1Z5 Cl~-1I=~C1l + Ig,

That the anions of these solid tetraphenylarsonium salts
were the same as those vresent in the PhSAsCI+ Halg solution,
follows from the'Pthsi(4_n)Brn series, in which the most
electronegative halogen was incorporated into the cation.
While the chlorotriphenylarsonium cation may be stable in
.8olutionyshowever, it must disproportionate during isolation
presumably,

+ + +
<Ph AsCl - Fhyds + PhodsClo
to give initially the tetraphenylarsonium and dichloro-
diphenylarsonium cations. The latter must undergo further
disproportionation, however, since the yields of tetraphenyl-
arsonium diiodochloride and dichloroiodide were both greater

than 50% (61% and 56% respectively).
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Therefore there is no evidence for solids which
contain chlorine and are members of the series Phzhs
I(4-1n)Cl,, since triphenylarsenic dichloride does not
add chlorine to form a tetrachloride, and the attempted
preparations of triphenylarsenic iodotrichloride and
diiododichloride have yielded tetraphenylarsonium salts.

Also, it has not been possible to prepare triphenyl
argenic triiodochloride; the products isclated from

the reaction of iodine chloride with triphenylarsenic
diiodide in acetonitrile were in fact triphenylarsenic
tetraiodide and tetraphenylarsonium diiodochloride = the
former arising from disproportionation of the triphenyl
arsenic diiodide in acetonitrile, and the latter from the
reaction of iodinechloride with the triphenylarsine.

2PhzAsI, == PhzAs + PhzAsI,

l?ICl

PhyAst IoC1™ + other products.

The addition of halogens to triphenylarsenic dihalides
to form tetrahalides is thus not as general as the prepar-
ation of the PhGAsI(4_n)Brn series would suggest, and the
situation is complicated by ready phenyl migration.
Clearly further work must be done on these systems

involving halogeﬁs other than iodine and bromilne.
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SUMMARY @

The conductance values of the triphenylarsenic
dihalides studlied in acetonitrile show two types of
behaviour. Triphenylarsenic dichloride and dibromide
behave as weak.electrolytes, and transport experiments
show that the nature of their anions différ,

PhzhsCly === PhzAsCl® + PhzhsCl;

PhzAsBry == PhgAsBr® + Br

Triphenylarsenic diiodide and the novel triphenylarsenic
lodobromide form conducting solutions by their quantitative
disproportionation to triphenylarsine and a triphenylarsenic
tetrahalide (strong eleétrolyte). That these four dihalides
form conducting solutions in three different ways demonstrates
the need to determine experimentally the mode of ionisation
of such compounds.

Conductometric analyses have indicated the exlstence
in acetonitrile of a tetrahalide series PhSAsI(é_n)Brn,
and all members of this series have been prepared as cryst-
alline solids. The nature of the reactions in solution
during halogen addition to triphenylarsine or triphenyl-
arsenic dihalides (Hal. = Br,I) has been discussed. 1In
many cases, mobile equilibria are involved, and halogen
exchange between anion and cation has been demonstrated.
The tetrahalides behave as halotriphenylarsonium trihalides

in acetonitrile, and the mode of ionisation of the tetra-




interhalides is dependent on the cation and not on the
relative trihalide ion stabilities. The bromotriphenyl
arsonium cation is more favourable on account of the
greater strength of the As - Br bond compared to the

As - I bond.

The existence in acebonlitrils of triphenylarsenic
tetrahalides containing chlorine atoms was indicated
conductometrically by halogen addition to triphenylarsenic
dichloride. The crystalline compounds isolated, howevsr,
proved to be tetraphenylarsonium trihalides. The rapid
phenyl migration in this system is an unexpected feature,
and aptly illustrates the caution which must be exercised

in relating solution data to the sollid state.
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EXPERIMENTAL PART

PREPARATION OF TRIPHENYLARSINE-FALOGEN ADDUCTS.

1) TRIPHENYL ARSENIC DIFALIDES.

Preparation of triphenylarsenic dichloride.

Triphenylarsine was dissolved in a suitable solvent
(e.g; chloroform or carbon tetrachloride), and dry chlorine
gas was bubbled Into the solution in a stream of dry
nitrogen. White crystals of triphenylarsenic dichloride
preclpitated and the solution turned green when the reaction
was complete, due to the presence of free chlorine. It was
necessary to cool the reaction flask from time to time,
since the reaction was strongly exothermic. The hygro-
scopic dichloride was filtered in the drybox, washed with
anhydrous ether, and stored in a sealed tube in a desmiccator.
(mep. 204-5°.  (Found : C1,19.1. Calc. for CjgHyshsClp,
C1l,18.8%;m.p. 204-5°.)

Preparation of triphenylarsenic dibromide.
A sblution of bromine (1.809 g., 0.0113 mole)

dissolved in acetonitrile (30 ml.) was added to a solution

of triphenylarsine (3.468 g., 0.0113 mole) dissolved in
acetonitrile (20 ml.). Heat was eyolved, and white crystals
- precipitated. They were filteredjin the drybox, washed with

0
anhydrous ether, and stored in a sealed tube, m.p. 2157 .

(for PhzAsBry, m.p. 215°) (44).
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The dibromide is hygroscopic and turns yellow on
the surface on standing. Any reactions in which it
was used were carried out in the drybox on a freshly

prepared sample.

Preparation of triphenylarsenic iodobromide.

A solution of jodinebromide (0.0251 mole) in aceto-
nitrile (15 ml.) was added to a saturated acetonitrile
solution of triphenylarsine (3.85 g., 0.0251 mole).

Heat was evolved, the solution turned orange-yellow, and
yellow crystals precipitated. These were filtered in

the drybox, washed with anhydrous ether, and dried in vacuo,
m.p. 154-5°C., yield 95%. (Found: C,42.1; H,2.9; Br,15.1;
I,24.2. C1gHysASBrI requires C,42.2; H,2.9; Br,15.6;
I1,24.8%).

Preparation of triphenylarsenic diiodide.

Triphenylarsenic diiodide was prepared as described
by Steinkopf and Schwen (45). A saturated solution of
iodine (2.500 g., 0.00985 mole) in anhydrous petroleum
ether (100°-120°) was added to a saturated solution of
triphenylarsine (3.014 g., 0.00985 mole) in the same solvent.
Heat was evolved and crystals of triphenylarsenic tetra-
iodide precipitated. The solution was decanted to another

flask and the addition of iodine continued. Yellow crystals




preclplitated. These were filtered in the drybox, washed

wlth anhydrous ether, and dried in vacuo, m.p. 130-140°,
(Found: 1I,45.4; Calc. for CygH,chsI, : I,45.4%;
m.p. 130-140°.)

o) IRIPHENYTARSENIC TETRAHALIDES:

Preparation of triphenylarsenic tetraiodide.

A solution of iodine (5 g., 0.0197 mole) dissolved
in acetonitrile (50 ml.) was added to a solution of
triphenylarsine (3.019 g., 0.00987 mole) dissolved in
acetonitrile (20 ml.). Heat was evolved and purple
needle crystals precipitated almost immediately. The
needles were filtered off in the drybox, washed with
anhydrous ethef,@nd dried in vacuo. m.pe 139-140°.
(Found: 1I,62.1; Calc. for CigHjsAsIs: I,62.3%;
mepe. 142-4°C,)

Preparation of triphenylarsenic triiodobromide.

A solution of iodine (0.992 g., 0.00391 mole) in
carbon tetrachloride (200 ml.) was added to a suspension

of triphenylarsenic lodobromide (2.005 g., 0.00391 mole)

in carbon tetrachloride (50 ml.)e. The solution was shaken

for twenty four hours and a red crystalline solid formed,

which was filtered off in the drybox, washed with anhydrous

ether, and dried in vacuo. m.p. 115-1169 yield 81%
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(Found: Br,10.8; 1I,49.1; ClBHlsAsBrI3 requires
Br,10.4: 1,49.7%).

Attempted preparations have included the addition
of a solution of iodinebromide (0.0154 mole) in aceto-
nitrile (40 ml.) to triphenylarsine (4.706 g., 0.0154 mole)
in acetonitrile (30 ml.), followed by the addition of
lodine (3.913 g., 0.0154 mole) in acetonitrile (100 ml.)

- to the resultant red solution. Purple crystals separated
on shaking, m.p. 129°. (Found: C,27.0; H,1.9; Br,2.8.
C1gH1gASBrIz requires C,28.2; H,2.0; Br,10.4%).

Also, a solutlon of iodinebromide (0.00358 mole) in
acetonitrile (15 ml.) was added to triphenylarsenic
diiodide (2 g., 0.00358 mole) dissolved in acetonitrile
(20 ml.). Purple crystals precipitated shortly after
mixing, m.p. 138-9°C. (Found: C,27.3; H,l.8; Br,3.4.
C1gHy5AsBrIz requires C,28.2; H,2.0; Br,10.4%).

Preparation of triphenylarsenic diiododibromide.

A solution of iodinebromide (0.0175 mole) dissolved
in acetonitrile (50 ml.) was added to a solution of
triphenylarsine (2.683 g., 0.00877 mole) in acetonitrile
(30 ml.). Heat was evolved, and the addition of anhydrous
ether (200 ml.) precipitated red needle crystals which were
filtered in the drybox, washed with anhydrous ether, and

dried in vacuo. m.p. 104°. (Found: C,30.9; H,2.2;
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As, 10.2; Br,22.1; I,35.0. 018H15A8Br2I2 requires
€,30.0; H,2.1; 4As,10.4; Br,22.2; I,35.3%).

An alternative route to this compound is the addition
of iodine in acetonitrile to triphenylarsenic dibromide
in acetonitrile. The compound may be isolated either by

freeze-drying or by ether precipitation.

Preparation of triphenylarsenic iédotribromide.

A solution of iodinebromide (0.0114 mole) dissolved
in acetonitrile (20 ml.) was added to a suspension of
triphenylarsenic dibromide (5.291 g., 0.0114 mole) in
acetonitrile (50 ml.). Heat was evolved, the colourless
solution became orange, and the dibromide dissolved.
Anhydrous ether was added to the solution until orange
crystals precipitated. These were filtered in the drybox,
washed with anhydrous ether and dried in vacuo. m.p.120-103.
(Found: ©,32.4; H,2.4; 4&s, 11.1; Br,35.4; I,18.7.
ClSHISASBrSI requires: C,32.1; H,2.2; A4s,ll.l;
Br,35.7; I,18.9%).

An alternative route to this compound is the addition
of three moles of iodinebromide in acetonitrile to
triphenylarsine in the same solvent. Again, the compound
may be isolated either by freeze-~drying or by ether

Precipitation.
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Preparation of triphenvlarsenic tetrabromide.

A solution of bromine (3.501 g., 0.0219 mole) in
acetonitrile (20 ml.) was added to a solution of tri-
phenylarsine (3.36 g., 0.0110 mole) in acetonitrile
(30 ml.). Heat was evolved and triphenylarsenic
dibromide firstly precipitated but redissolved as
addition continued, and the solution became yellow.
Anhydrous ether was added to the solution until an orange
0ll separated. When the oil was shaken with ether
hygroscopic orange crystals formed. These were filtered
in the drybox, washed with anhydrous ether, dried in vacuo
and stored over phosphorus pentoxide. m.p. 88°.

(Found: C,34.9; H,2.8; Br,5l.6. Calc. for
CygHy5ASBry, C,34.5; H,2.4; Br,5l.1%; m.p. 89°). (46)

3) TETRAPHENYLARSONIUNM TRIHALIDES;:

Preparation of tetraphenylarsonium diiodochloride.

Iodine {1.365 g., 0.00538 mole) dissolved in aceto-
nitrile (30 ml.) was added to a suspension of triphenyl-
arsenic dichloride (2.026 g., 0.00538 mole) in acetonitrile
(20 m1l.). Heat was evolved, the solution turned red, and
the dichloride dissolved. The solution was freeze-dried
and the resultant red mass extracted with anhydrous ether

and carbon tetrachloride. The resultant red crystallines
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solld was filtered in the drybox, washed with ether,
and dried in vacuo. m.p. 93°. Yield, 61%.
(Found: C,43.8; H,3.4; As,11.0; C1,5.3; 1I,36.5.
CogHoAsClIy requires C,42.8; H,3.0; As,11.1;
Cl, 5.3; TI,37.9%).

The compound may also be isolated from an aceto=-
nitrile solution containing ilodine chloride and triphenyl~-

arsine in a 2:1 mole ratio. -

Preparation of tetraphenvlarsonium dichloroiodide.

Iodine chloride (0.00497 mole) dissolved in aceto-
nitrile (15 ml.) was added to a suspension of triphenyl=-
arsenic dichloride (1.866 g., 0.00497 mole) in acetonitrile
(20 ml.). Heat was evolved, the solution became yellow
and the dichloride dissolved. The solution was freecze=
dried, and the resultant yellow mass shaken with ether.

The insoluble yellow crystals were filtered in the drybox,
washed with anhydrous ether and dried in vacuo. m.p. 84-59.
Yield, 56%. (Found: C,49.7; H,3.7; As,12.8; CL,12.1;
I,21.7. CoyHopAsClol requires C,49.7; H,3.5; 4s,12.9;
Cl,12.1; 1I,21.9%).

An alternative route to this compound is the reaction
of three moles of iodine chloride with triphenylarsine in
acetonitrile. The isolation procedure is similar to

that described above.
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Preparation of tetraphenylarsonium iodobromochloride.

Iodinebromide (0.00984 mole) dissolved in aceto-
nitrile (15 ml.) was added to a suspension of triphenyl-
arsenic dichloride (3.695 g., 0.00984 mole) in acetonitrile
(25 ml.). Heat was evolved, the solution became orange,
and the dichloride dissolved. Anhydrous ether was added
to the solution until orange crystals precipitated. These

were fliltered in the drybox, washed with anhydrous ether,
and dried in vacuo, m.p. 104°, (Found: C,46.2; H,3.3;
¢cl,7.0; Br,10.8; 1I,18.4. CoyHopAsBrCll requires
C,46.1; H,3.2; Cl,5.7; Br,12.7; 1I,20.3%).

Crystal size.

The rate of formation of the crystalline addition
compounds, and the size of the crystals obtained, depends
largely on the concentrations used in those cases where the
compound precipitates on mixing and on the amount of ether
added where the compound is isolated by ether precipit-
ation. The largest crystals were obtained by the latter
method when ether was added until a slight cloudiness
appeared and the flask was allowed to stand overnight
at 0°C,.
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PURIFICATION OF MATERIALS:

Triphenylarsine halogen adducts.

Purification was accomplished by repeated re-
dissolution in acetonitrile, followed by reprecipitation
with ether until crystals of constant melting point were
obtained.

Acetonitrile.

The most satisfactory starting material was found
to be the product of B.D.H. Ltd. This material was
further purified by a modification of the procedure
degscribed by Smith and Witten (59). The crude material
was left standing over AnalaR potassium hydroxide pellets
for seven days. It was then filtered and distilled
directly into a flask contalning calcium chloride (14 - 20
mesh), over which it was allowed to stand for a further »
period of several days. The liquid was then again filtered
and distilled onto phosphorus pentoxide, and this procedure
was repeated until the phosphorus pentoxide in the receiving
flask did not remain bound to the flask when the latter was
swirled. At this sbage too, the distillate did not produce
8 yellow colour in the desiccant,. The acetonitrile was
then stored in a glass stoppered flask over the phosphorus
bPentoxide until it was required for use. The acetonitrile

was then distilled from the storage flask, and the distillate
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(which was very slightly cloudy) was distilled in vacuo
from ca. 0°C. to -80°C. This removed traces of phosphorus
pentoxide which otherwise sublimed over during distillation
from the desiccating agent at ordinary pressures.
beps = 81 - 82°C. (760 mm.) A
K = ca 1077 ommil cmtl at 25°%.
(impure material, K = 3.5 x 10~° ohmTl em=l)

Carbon Tetrachloride.

AnalaR grade carbon tetrachloride was used directly

without further purification.

Diethyl Ether.

The "anhydrous ether®" of M. and B. Ltd. was thoroughly

dried with sodium wire and_used without further purification.

Bromine.

AnalaR bromine (B.D.H.) was placed in a small flask
attached to the vacuum system and pumped to remove the
more volatile impurities. The bromine was then cooled
to 0°C. and distilled in vacuo into ampoules cooled to
-35°%. (acetone-Drikold mixture). The ampoules had been
weighed empty and were joined to the vacuum system by B7
cones., When filled, the ampoules were sealed off at
the narrow neck. The detached cone was then carefully
freed from tap grease and weighed along with the bulb

Plus its contents.
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Welghed samples of bromine were thus stored.

Todine.
Commercial (Whiffen) resublimed iodine was used

without further purification.

lodine Bromide.

Iodine bromide was prepared in situ by mixing
equimolar solutions of purified iodine and bromine in

acetonitrile.

Todine Chloride.

Iodine chloride was prepared by the method of
Cornog and Karges (60). Liquid chlorine (100 ml.)
was collected under anhydrous conditions in a weighed
glass tube of 300 ml. capacity, cooled in an acetone/
Drikold slurry (ca. =80°). Todine (235 g., ca. & molar
equivalent) was added to the 1liquid chlorine. It was
found more convenient to cool the iodine in solid carbon
dloxide before addition, to reduce the violent reaction
with chlorine, and also to add the iodine via a wide-
necked funnel.

The mixture became initially yellow, due %o formation

of iodine trichloride, but latterly turned deep red.

ICly + Io T 3 ICl

- --
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The tube was warmed to room temperature, when most
of the excess chlorine evaporated. The tube and its
contents were then weighed, the weight of unreacted
chlorine still remaining calculated, and the required
quantity of iodine added to satisfy the formula ICl.
The mixture was melted by warming to almost 30-35°C., and
after standing overnight crystals of o« -iodine chloride
formed., These were recrystallised by successively melting,
cooling and discarding the liquid fraction. m.p. 28°.

(o4 ~iodine chloride requires m.p. 28°,)

Chlorine.

A commercial chlorine cylinder was used and the gas
was dried by bubbling through concentrated sulphuric acid.
It was diluted in a stream of dry nitrogen for synthetic

reactions.

Triphenyl arsine.

Triphenylarsine was prepared by the Wurtz reactlon,
betwsen arsenic trichloride and chlorobenzene (61), and
the crude product was recrystallised from 95% ethanol %o

constant melting point (61°C.).

PREPARATION OF WEIGHED SAMPLES OF LIQUIDS:

In the work leading to this part and the other .

parts of the thesis it was often necessary to add a known
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weisht of a liqﬁid compound to a systém. The most
convenient way of doing this was to introduce the‘known
welght of material enclosed in a bulb ampoule, and then

to break the bulb. ‘

NOASURBMENT OF CONDUCTANCE.

The conductance cell was of the dipping electrode
type (see below), and therelectrodes of the cell consisted
of smooth platinum discs each of radius O.4 cm. The cell
constant was 0.528,cm:1 (Found by using standard potassium
chloride soluticns (62).) Conductance measurements were
made in a thermostat bath at 250C. using a Phillips Resistance
Bridge (type GM 4249).

to  Conducionce
'bmdge

MC(’ Cury -—

Swiosth  Plafinam
Elecfrodes

Conductance Cell.
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A specimen tube filled with solute and stoppered
in the drybox was weighed. The solute was then trans-
ferred to the conductance cell in the drybox and the
specimen tube was stoppered and rewelighed. The cell was
also stoppered in the drybox and welghed. Approximately
10 ml. of dry acetonitrile were added to the cell, again
in the drybox, and the cell was reweighed. The concentr-
ation of the solution could then be calculated from the
welght of solute in the known weight of acetonitrile.
The cell was then finally placed in the thermostat, and

the conductance measurements begun.

ELECTROLYSIS EXPERIMENTS:

The electrolysis cell used in these experiments is
described in Appendix 3. Results were considered valid
only if the middle solution varied negligibly in concentr-
ation after the experiment from the concentration in the
original solution. Solutions were prepared in the drybox,
as described under “conductance measurements®. The method
of determining halogen content is described in the section

entitled "methods of analysis™.

A3SORPTION SPECTRA:

Absorption spectra were recorded using a Perkin-Elmer

lodel 137 U.V. - vis Spectrophotometer, and a Hitachi-Perkin-~
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Llmer Model 139 U.V.-vis Spectrophotometer. The solutions
were prepared in 25 ml. standard flasks and the measurements
were made in O.2 cm. and 0.5 cm. stoppered quartz cells.

lleasurements were made at 20°C. (room temperature).

CONDUCTOMETRIC TITRATIONS:

The apparatus used in this method of analysis is
described in Appendix 2, where the procedure is given in
some detail. The concentrations of the solutions used
were carefully prearranged so that the desired range of
mole ratio would be covered. Solutions of bromine and
iodine bromine were prepared in the drybox by breaking
ampoules of bromine under known amounts of solvent. Solid
solutes were weighed by difference, as described under
"conductance measurements®. In all cases the halogen was
employed as titrant, and the experiments were declared
invalid if a solid phase separated at any stage.

Halogen vs,btriphenylarsenic diiodide, =-iodobromide,
~dibromide.

In each case, the dihalides were fomed in situ by
adding a molar equivalent of the requisite halogen to
triphenylarsine and subsequently changing the titrant.

The conductance-composition relationships for the
systems ilodine against triphenylarsenic iodobromide, -
and iodine against triphenylarsenic dibromide are given

in Tables 19 and 20.
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TABLE 19,

Titration of 12 VED Phsgngr in acetonitrile.

mole ratio }OS‘il mole ratio 103 «
Ip:Ph AsIBr. | ohm:lem. I,:Ph ASIBr | ohm:leml
0.00 1.62 0.88 2484
0422 2.00 0.99 2.98
0.44 2430 1.21 2.95
0.66 2.53 1.43 2.96
TABLE 20,

Titration of 12 VS e PhﬁAsBrg in acetonitrile.

mole ratio 10° K mole ratio 105 K
Tz :PhsAsBr, ohm."temsl| I :PhsAsBry orm=tem=t
0.00 0.41 0.,91 1.75
0.18 0.87 1.02 1.87
0.36 1.15 1.19 1.95
0.55 l.34 1.46 1.91
C.73 l.51 1.64 1.91

Halogen against triphenylarsenic dichloride.

Solutions of the dichloride were prepared in the drybox

and halogen was titrated against these in the normal way.
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The results of the titrations of iodine chloride

and iodine versus triphenylarséntc dichloride are recorded

belows=
TABLE 21.

Titration of ICl vs. Ph7A3012in acetonitrile.
‘mole ratio 105 K mole rétio 10° K
IC1:PhzAsCly ohm=Lem:t IC1:PhzAsCl, otm:iem?t

0.00 0.05 0.92 1.30

0.20 0.30 1.10 1.45

0.41 0.55 1.30 1l.44

0.60 0.80 1.50 . 1.43

0.78 1l.12 1.70 l.42

TABLE 22.

Titration of I, vs. Ph-AsCls in acetonitrile.

3 . 3
mole ratio 10 K mole ratio 101F< L
TpiPhghsCly | opyilontt | T23Fhghslly orm=tom?

0.00 0.10 0.98 2423

0.20 0.80 1l.15 2.38

0.40 1.40 1.30 2.42

0.60 1.80 1.53 2450

0.78 2.06 1.77 2453
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LMETHCDS CF ANALYSIS:

Simnle halosen adducts.

Halogen adducts containing ohly a single halogen wers
accurately weighed and added to a 50 ml. flask? 10-25 ml.
2Y sodium hydroxide { & large excess) were added in an
enclosed system, such that volatile hydrolysis products
could not escape into the atmosphere. The solution was
boiled to ensure ccmplete hydrolyses, acidified with conc.
sulphuric acid, and any hypohalite formed was reduced with
sulphur dioxide. The excess sulphur dioxide was boiled off
and the solution made alkaline with concentrated ammonium
hydroxide. The solution was made wp in a standard flask,
and aliguot portions were analysed for halide ion by

Volhard's method.

I"ixed halogen adducts (iodine and bromine).

Such adducts were hydrolysed as described under
"simple halogen adducts®. The sclutions were analysed
for total Ealogen by Volhard's methcd and for bemide and
lodide in the presence of each other, by a modification of
Jannasch's method of selective oxidation (63). 25 ml. of
the soclution were treated with 3 ml. glacial acetic acid
and & ml. 20 vol. hydrogen peroxide. The selectively

Oxilised iodine was sbteam distilled in an all-glass apparatus
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into ammonlacal hydrazine, and the resultant iodide ion
determined by Volhard's method, after acidification with
nitric acid.

The residual solution was neutralised with ammonium
hydroxide, and 256 ml. sulphuric acid, 15 ml. water and
30 ml. hydrogen peroxide were added. The liberated
bromine was distilled into alkaline hydrazine and deter-
mined by Volhard's method after acidification with nitric
acide. Equally sound results were obtained by destroying
the excess hydrogen peroxide by boiling, neutralising the
residual solution with ammonium hydroxide, and analysing

directly for bromine, as described above.

Transport experiments.

After electrolysis, the contents of the middle,
cathode and anode compartments were removed in standard
Tlasks (100 cc.) for analysis. Distilled water was added
to each solution until the water insoluble product of the
hydrolysis (triphenylarsine oxide) was just about to come
out of solution. The solutions were then made up to the
mark with an acetone-water mixture. Aligquot portions of
these solutions were then hydrolysed as described under
Teinple halogen adducts®, with excess sodilum hydroxide
and sulphur dioxide reduction. The halide lon was agai.

determined by Volhard's method.
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RESULIS AND DISCUSSION.

PREPARATION AND STABILITY OF TRIPHENYL PHOSPHORUS DIHALIDES.

Compounds of pentavalent phosphorus of the general
formula RzPXo (R = alkyl or aryl group; X = Cl, Br or I)
have been prepared by a variety of methods. For example,
triphenylphosphorus dichloride has been formed by the

reactions:

(1) PhgP + Cly — PhgPCly (36)
(11) PhgPO + PClg —» PhsPCl, + POClg (64)
(111)3PhMgX + PClg —> Ph, PCl, + 3MMgClX (65)

Thus, two general methods of preparing tertiary
phosphorus dihalides are available. On the one hand, the
phosphorus atom is initially in the pentavalent state and
the reaction involves the replacement of substituents on
the phosphorus ((ii) and (iii)), whereas the second general
method (1) utilises the ability of the halogens to take
part in an addition reaction with tertiary phosghines, in
which the halogen oxidises the phosphorus from the tervalent
to the pentavalent state. Hence elementary chlorine,
bromine and iodine react under suitable conditions with
tertiary aliphatic, cycloaliphatic and aromatic vhosphines
in the mole ratio Xo : RgP = 1 1, and such reactions have

been reported by many authors. In some cases the addition
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compounds were reported as olls, and in others as solids.

For example, triphenylphosphorus dichloride is described

by Michaelis (66) as a green syrup but by Jensen (36) as

a white crystalline solild. Contradictory evidence of

this type induced Issleib and Seidel (40) to reinvestigate
the reactions of tertiary phosphines with chlorine, bromine
and iodine, and they too prepared many new addition compounds
in the course of their studles.

Triphenylphosphorus dichloride was prepared as described
by Jensen; the dibromide (67) and diiodide (40) were readily
obtained by mixing saturated acetonitrile solutions of
halogen and triphenylphosphine. Triphenylphosphorus iodo-
bromide could not be prepared by mixing equimolar aceto-
nitrile solutions of lodinebromide and triphenylphosphine:
instead, a yellow crystalline dihalide of novel composition
PhsPIl.5Bro.5 precipitated. There 1is, however, evidence
from the conductometric titrations described in the next
section that the lodobromide does exlst in solution, and
that the isolation of PhzPI; sBrg,s may be directly due
to crystal lattice stabilities.

The triphenylphosphorus dilhalides are all sollds at
room temperature. Both the dibromide and dichloride are
very hygroscoplc, and preceautions as detalled in Part 1

were at all times observed. The diiodide and PhzPI4 gBrg.s
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are much less hygroscopic, but when stored for a long
period, even over phosphorus pentoxide in an inert
atmosphere, they appear to decompose to some extent.
As an alternative method of storage, the latter dihalides
were kept under annydrous ether in which they are effectively
insoluble, but after a period of time a red crystalline
solid began to form among the yellow dihalide crystals.
In the case of the diiodide, this so0lid has the composition
PhoPI, but is unlike diphenyliodophosphine, which has been
reported as a red oil (68). Also, the red solid gives a
conducting solution in acetonitrile, in which the triiodice
ion has been identified. The red solids have not been
further investigated and offer an interesting topic for
future research.

On account of the instability of the dihalides, it is

desirable they should be prepared immediately before use.
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ELECULOLYTIC COMLUCLANCL CH TRIPHENYI PHOSFHORUS
DIHATIDES IN ACETONITRILE.

The solvent chosen for the conductance measurements
was acetonitrile for the reasons given in Part I of the
thesis, and in order to compare directly the behaviour of
the triphenylphosphorus dihalides with the corresponding
arsenic compounds in a polar solvent. Values of conduct-

ance at 25°C. are given in Table 23.

TABLE 23.

Electrolytic conductance of triphenyl phosphorus
dihalides in acetonitrile at 25°C.

Compound Cm 104 K £\ )
mole 1litre™i ohm?lcmfl ohm.lcg.zmole.1
PhzPC1g 0.027 1.76 x10 65.0
00040 2 020 " 55.0
0-056 2.82 hd 50.0
FPhzFBr 0.030 1.84 » 61.5
00042 2.37 L] 5005
000'76 5058 " 4:4:-5
FhsPIy, 5BT0, 5 0.0087 6,06 70.0
0.011 6.93 65.0
0.016 9.27 58.0
PhyPI, 0.005% 4.78 88.5
0.0069 5.05 7% .0
0.012 1 7.67 64.0
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The conductance values clearly establish. the
electrolytic behaviour of the dihalides in this solvent.
The values decrease with increasing concentration over
the range studied, but below 0.009 M the results for the
dibromide and dlchloride were not reproducible, perhaps
due to traces of impurity in the solvent.

The conductance values of the dibromide and dichloride
are conslderably higher than their arsenic analogues, and
this is in keeping with their structure in the solid state,
which is thought to be ionic. The behaviour of these
dihalides in acetonitrile, however, differs from that
found in nitrobenzene by Issleib and Seidel (40). These
authors repofted that the conductance decreased with
dilution, due to the formation of neutral molecules, but
no conductance or concentration valueswere given.

For triphenyl phosphorus diiodide the results in
acetonitrile parallel those in nitrobenzene, in so far as
the conductance of the diiodide increases with dilution
but the ions present in acetonitrile are not only those

arising from the simple dissoclations

+ L]
PhSPIZ = Ph5PI + 1
Proposed by Issleib and Seidel. The ultraviolet

Spectrum of triphenylphosphorus diiodide in acetonitrile

showed not only characteristic absorptions of the poly-
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phenyl derivatives of pentavalent phosphorus at 262,
266 and 273 mu (69), but also a weak characteristic
absorption of the triiodide ion at 293 and 362 mu.
Therefore, some disproportionation must take place,

presumably.

8PhzPly —= PhzP + PhzPI” + I3 eeeusss 17

The ultraviolet spectrum of ?h3P11.5BrO.5 in
acetonitrile was almost identical to the diiocdide, with
absorptions at 268 and 275 mu, and at 293 and 362 m u.
Both the diiodide and ThzPIj, sBrg,s had a peak at 247 mp
which has not been characterised. |

The ultraviolet spectrum of the dibromide shows no
evidence of trihalide formation, and thus does not
disproportionate, and the same is probably true for the
dichloride, since the trichloride ion is a rare specles.

It has not been possible to determine & values for
the triiodide ions, and hence the extent of the dispropor-
tionation of the diiodide and PhzPIy sBrg,s5, since it
appears that a photochemical decomposition occurs in
ultraviolet light, the triiodide ion extinction coefficient
decreasing to zero. The evidence of conductometric
analyses however suggests that the disproportionation is

much lesé than was found for triphenylarsenic diiodide and

lodobromide.
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ELECTROLYSES OF TRIPHENYI, FHOSPHORUS DIHALIDES
IN ACETONITRILE.

Since Issleib and Seidel (40) have identified the
chlorotriphenylphosphonium cation in solutions of the
dichloride, then by analogy with the dihalides of tri-
phenylarsine,the ionisation of the triphenylphosphorus
dihalides is likely to comply with one of the following

schemes

PhzPXo — PhzPX* + X~ ....... 18
2Ph3PXy == Fh,PX" + PhgPXz «... 19

Provided there 1s no loss of products from solution
via deposition on the electrodes or evolution as a gas,
i1t should be possible to distinguish these schemes by
noting the electrolyte changes occurring at the electrodes
on electrolysise.

Using the same symbols as defined on page 25, the

transport number (t*)/AHal relationships will be as given

in Tables 3 and 4 (pages 25 and 26).

Electrolysis of triphenylphosphorus dichloride in acetonitrile.

Acetonitrile solutions of triphenylphosphorus di-
chloride (ca. 0.05M) were electrolysed and, substituting
the values of A ¢l into Tables 3 and 4, the average

transport numbers (t*) obtained were :
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scheme 18, t* = 0419 and 0.17
scheme 19, t* =2 0.59 and 0.55
Therefore, like 1ts arsenic analogue, triphenyl-
phosphorus dichloride ionises in acetonitrile by scheme

19, to form the hexasubstituted anion,

i.6s  2Ph PCLly = PhzPCI" + PhgPC1I ..... 20

and it is suggested that the processes occurring at the
electrodes are g¢-
at cathode:

2PhzPC1" + 2¢~ —(2PhgPCl)
Y
PhyP + Ph,FCL,

at anode:

2Ph,PC1; - 2e ,——>(2~Ph51>013)
¥
2Ph,PCl, + Cly

Electrolysis of triphenylphosphorus dibromide in acetonitrile.

Electrolysis of acetonitrile solutions of triphenyl-
phosphorus dibromide in acetonitrile, like those of tri-
Phenyl arsenic dibromideswere accompanied by a yellow
colouration in the originally colourless solution at the
énode.’” Substituting the experimental values of A Br

~into Tables 3 and 4, the average transport number (%)
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from scheme 18, was 0.48, and from scheme 19, 0.74.

Thus, the numerical value of the transport number strongly
indicates that the ionlic system must be described in terms
of scheme 18. That is, triphenylphosphorus dibromide

jonises in acebonitriles
Pb.SPBl"z :—- PhSPBI'* + BI'— ®essse v 21

Thus, like the dichloride, the mode of ionisation parallels
that of its arsenic analogue, and the non-formation of the tri-
bromotriphenylphosphate (V) ion may be attributed to steric
factors. The following electrode processes are suggested:
at cathode
2Ph,PBr* + 26~ — (2PhgPBr)
Phy P f PhsPBrz
colourless mixture
at _anode
2BrT - 287 —_) Br2
yellow solution
The disproportionation of the diiodide and PhzPIq 5Brg g
to give the triiodide ion in addition to the ions from
simple ionisation,complicates these systems and makes the
interpretation of electrolysis experiments difficult.
“herefore it has not been possible to determine the mode

of ionisation of these dihalides in acetonitrile by this
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method. However, 1t seems most likely from the trend.
shown by the dichloride and dibromide that the diiodide

will ionises

PhePL, T FhgPI" + I7 .e..een.. 22

and this does receive some support from the conducto-
metric titrations discussed in the next section. The

obvious mode of ionisation of PhzPI, gBrgy g, would then be:

PhzPIq_5Brg,5 +— #PhazPBr’ + $PhgPI’+ I
o o0 PO O ODS 25
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CONDUCTOMETRIC ANALYSES OF THE SYSTENS
Halp versus PhsP AND Haly versus FhzPHals in
ACETONITRILE (Hal = Br,I.

Since triphenylphosphorus dihalides form highly
conducting solutions containing halide ions in acetonitrile,
by analogy with the triphenylarsenic dihalides it would be
expected that they should form tetrahalide adducts by the
addition of a mole of halogen.

The existence of such tetrahalides was investigated
conductometrically by examlning the systems Hal, vs. FhsP
and Halp vs. PhgPHal, (Hal = Br,I), and the salient features
of these systems are recorded in Table 24.

Nine experiments were carried out, and conductance~
composition graphs of different shapes were found (fige7).
The stoichiometry of the reactions, ,deduced from the ratio
at which conductance breaks occurred, combined with the
conductance values and spectral data, constitutes strong
evidence for the existence in solution of the dihalides
PAgPL(, .y Bry, and of the tetrahalides PhgPly pnBry.
These compositions are analogous to the triphenylarsine-
halogen adducts discussed in Part I.

A significant difference from the conductometric
analyses involving triphenylarsine, however, is that in

every case,. triphenylphosphorus dihalides appear to be

’

|
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Conductometric analyses of

Halzragainst Phaf

Expt. Reactants Shape | Ratio of |Colour of |[Composition
No. of conduct~|soclution |of species
graph ance before indicated.
fige.7 break. |break.
1 Ig vs. PhgP 7 A 1:1 |yellow PhzP.I,
2 s 1 red Pth.I4
2 IBr vs.PhgPI, | 7 C 1 :1 |red PhzPIy.IBr
4 IBr vs. Ph;P 7 A 1 :1 |yellow PhsP.I Br
2 :+ 1 |red PhzPIBr.IBr
5 I vs. PhzPIBr| 7 C 1l :1 |red PhSPIBr.Iz
6 Bry, vs.PhzPIBr| 7 C 1:1 orange PhzPIBr.Bry
7 Brg vs.PhgP 7B 1:1 colourless PhSP.Brz
' 2 :1 |yellow PhSP.Br4.
8 Io vs. PhgPBrg| 7 D 1:1 |red PhSPBrz.I2
9 IBr vs«PhzPBro| 7 D 1: 1 |orange Ph3PBr2.IBr
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and Hals vs. PhzPHals in acetonitrile.

P

Expt. 4/\1n Cm | U.Veabsorption U.V. Composition
No. | at at at break indicates| of compound
break| break Mme 1 isolated.
1 38 | 0.047 | ¥291(w),360(w) I, (w) Ph,PI,
% -
96 0.036 | ¥201, 360. Iz PhoPT,
2 | 101 | 0.039| %291, 360 Iz Ph,PI.Br
3 64 0.054| 275, 351 I,Br”
4 40 0.035| ®#.. = - Ph,PI; ghrgs
103 0.034| 275, 351 I,Br~ PhzPIgBrg
5 93 0.030 | ®291, 360 1;
6 103 0.030| 257 IBr, Ph,PIBrz
7 ¥ - - Ph, PBr,
84 0.022| 267, 273 Bry Ph PBr,
8 94 0.038| 275, 351 IBr” Ph,PI Br,
9 98 | 0.021| 257 IBr Ph,PIBr,

® T addition to the peaks shown, the characteristic

absorptions of polyphenylphosphorus (V)
observed at 262, 266 and 273 mu.

(69).

compounds were
In the other

systems, these were presumably maske@ by the’more
adjacent broad peaks of the other trihalide ions.
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formed as stable entities in solutlon before tetrahalide
formation commences. That is, without exception, the
triphenylphosphorus dihalides may be considered to be
intermediates in the formation of the triphenylphosphorus
tetrahalides.

It 1s also interesting to note the absence of a break
at Halz : PhzP = 1:2 in experiments 1, 4 and 7 in Table 24.
A break at this ratio might have been expected in support
of Issleib and Seidel's view that the formation of tertiary
phosphorus dihalides occurs through an intermediate of
composition RzFX,

~ 1l.e.  2RgP + X; —> 2Rz

CRzPX + X5 — ZRSPX2

Ryden and Tonge have proved the existence of an inter-
mediate stage in the formation of dihalides by addition of
halogens to tertiary phosphites (70) and, independently,
Harris and Payne made a similar suggestion on account of a
break ét Brg (PhO)SP = 1:2, in the conductometric analysls
of the reaction between bromine and triphenylphosphite in
acetonitrile. The possible nature of Issleib and Seidel's
intermediate is discussed in a later chapter.

The more important features of the individual

experiments swmmarised in Table 24 are now discussed.



-107-

Lxperiment l. Reaction of iodine with
triphenylphosphine in acetonitrile.

This reaction, unlike the reaction of iodine with
triphenylakrsine. .. occurs in two stages. The weak triiodide
absorption observed at the 1l:1 ratio suggests the occurrence

of the equilibrium

2Ph,PI, &= Ph, P + PhgPI"+ I3

the products of which must contribute to the conductance at
this pointe. However, the break at almost exactly the 1:1
ratio, coupled with the weakness of the triiodide absorption,
indicates that the extent of the disproportionation 1is only
glight, and the equilibrium lies well to the left hand side.

Since the presence of a strong triiodide absorption
at the break at the 2:1 ratio is good confirmation for a

tetraiodide, the reactions in solution giving fig.7 A must

be
PhzP
llz
//’ \\,\
PhPI* + I PhzP + Ig
. llz
H15P1+ + Ig
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There is no evidence for an intermediate "PhPI"
in the preparation of the dihalide, and on mixing
concentrated solutions of lodine and triphenylphosphine in
the ratios 0.5:1 and l:l,btriphenylphosphorus diiodide
precipitated in both cases. On mixing in a 2:1 ratio,

triphenylphosphorus tetraiodide precipitated.

Experiments 2 and 3. Reaction of iodine bromlde and
bromine with triphenvlphosphorus diiodide in acetonitrile.

In these experiments triphenylphosphorus diiodide was
prepared in situ by adding iodine to triphenyl phosphine as
far as the 1l:1 ratio. The interesting feature of these
reactions is that the formation of the tetrahalides must be
accompanied by a ﬁery rapid halogen exchange between the
cation and anion formed initially in each case. The change
of slope when halogen was added to the diiodide solution again
' shows that the diiodide reacts predominantly as iodotriphenyl-
phosphonium lodide.

For the additon of iodinebromide, assuming trihalide
formation to occur by normal halogen-halide ion addition,

the reaction in solution must initially be:

PhzPI, Ph,PI" + IT

—
—

PhoPIzBr > PhzgPI’ + IgBr-
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Since the only trihalide species observed in solution was

the trilodide ion, however, the rearrangement

PhgPI* + IgBr~ ——> PhyPBr’ + I "

-

must occur. The driving force for this will be twofold
since 1t involves formation of the more stable triiodide
ion, and the phosphonium cation containing the more stable
P - Hal bonde.

Triphenylphosphorus triiodobromide was isolatea by
adding ether to a mixture of equimolar concentrated solutions
of iodinebromide and triphenylphosphorus diiodide in aceto-
nitrile. Thus, the tetrahalide indicated conductometrically
and spectrophotometrically is in fact readily isolated, unlike
the corresponding arsenic system, in which the tetraiodide
precipitated on account of its low solubility.

In the reaction with bromine, the presence of the diiodo-
bromide ion before the break at Bry : PhSPIZ = 1:1 must also
be due to a rearrangement of halogen atoms between the anion

and cation.

PhPIp —— Ph,PI* + I”

N
lBrg

+ -
PhSPBr + IzBr
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The conversion of the more stable to the less stable

trihalide ion suggests that the mode of ionisation parallels

that of its arsenic analogue, and is dependent on the nature

of the cation.

Experiment 4. Reaction of iodinebromide with triphenyl

phosphine in acetonitrile.

This system differs from the iodinebromide/triphenyl-
arsine system, in that triphenylphosphorus iodobromide is
indicated as a stable species in solution. The diiodobromide
ion is present from the 1:1 up to the 2:1 ratio. After the
2:1 ratio, lodinebromide converts this to the dibromoiodice
ion, and at the 3:1 ratio conversion 1is complete. The ultra-
violet spectrum and colour of the solution changed in the same
way as indicated on page 47, for the arsenic system.

The reactions in solution can therefore be written

Ph5P

IBr
Vv

PhgzPIBr — Ph,PBr" + I”
IBr

N

PhsPIzBrz —— PhsPBI"+ + IBBI’-

IBr

N

PhsPIBr, == PhPBr' + IBry + I,

¥ The formulation of the ionisation of the iodobromide as
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(PhSPBr)+ I™ and not (PhSPI)+ Br~ = was suggested by the
stronger P-Hal bond in the bromotriphenylphosphonium cation.
Solid products were isolated by mixing concentrated

acetonitrile solutions of iodinebromide and triphenyl-
phosphine in the mole ratios 1:1, 2:1 and 3:1. The dihalide
isolated at the l:1 ratio was not triphenylphosphorus iodo-
bromide, but had in fact the unexpected composition
Ph5PI1.5BrO.5, whrich 1s an entirely novel stoichiometry for

a tertiary Group Vb dihalide. This unusual stoichiometry
must be related to the crystal structure, about which little
can be sald in the absence of an X-ray structural analysis.
The electrolytic behaviour of this dihalide has been mentioned
earliér. A somewhat sinilar situvation has been found by
Zingaro and Meyers, who established the existence of

Ph5P8.12 in sélution, yet isolated a solld of composition

2 ThzPS.3I, (48). Therefore once again it has been aptly
demonstrated that the composition of a compound which cryst-
allises from solution at a stoichiometric mole ratio need not
reflect the composition of the solution.

Yet it seems certain that triphenylphosphorus iocdo-
bromide must exist in solution, to account for the nature of
the graph and the formation of triphenylphosphorus diiododi-
bromide by the addition of another mole of iodinebromide.

Unlike its arsenic analogue, trivhenylphosphorus dilododibromilde
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is very unstable, and decomposed in the drybox within a
few hours of filtration. Triphenylphosphorus iodotri-
bromide was isolated at the 3:1 ratio and it too was very
unstable. The instability of these adducts is discussed

in a later chapter.

Experiments 5 and 6. Reaction of jiodine and bromine

with triphenylphosphorus lodobromide in acetonitrile.

The data given in Tablé 24 for the respective additions
cf iodine and bromine to a solution of ccmposition PhBP.IBr
further confirn the existence in solution of triphenyl-
rhosphorus iodobromide as a stable entity. The breaks,
conductance values and solution colours are further evidence
for the formation of triphenylphosphorus triiodobromide and
tribhenylphosphOrus iodotribromide in solution, and the
spectral data confirm: their modesof ionlisation as deduced

from experiments 2 and 4.

The solution reactions are, as expected:

Phs PIBr p— PhSPBr+ + I

=
PhzPBr* + Ig PhSPBr+1.+ IBr;:
1, »
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Experiment 7. Reaction of bromine with triphenyl-

phosphine in acetonitrile.

Again in this reaction there is no break in conductance
below the 1l:1 mole ratio, which would have indicated an
intermediate "PhgPBr" in the formation of the dihalide, aud
Table 24 shows that the reaction of bromine with triphenyl
phosphine occurs in two stages. Firstly, bromotriphenyl-
phosphonium bromide (transport experiments) is formed,which
must add bromine by the normal halogen/halide ion addition
to form bromotriphenylphosphonium tribromide.

Pth
Bry

<

PhSPBrz —~> Ph. PBrt + A Br™

Brg
Ph.\:,)P'Br4 — PhgPBr”* + Bry

The reason for the splitting of the tribromide peak in the
ultraviolet spectrum from 269 mm to 267 and 273 mpu 1is not
known. A similar effect has also been found in bis (diphenyl-
rhosphine) methylamine hexabromide (71), presumably
{thP?Br)N(Me)ﬁ(Br)th} Br"Br5 .
(cfe. Z(MGSNH)+ Br- Brg) (72

Triphenylphosphorus dibromide precipitated on mixing
concentrated equirolar solubions of bromine and triphenyl-
rhosphine, end triphenylphosphorus tetrabromice was isclated
by ether precipitation from a solution containing bromine

end triphenylphosphine in a 2:1 ratio.
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Experiments 8 and 9. Reaction of iodine and iodine

bromide with triphenylphosphorus dibromide in acetonitrile.

The reaction of iodine and lodinebromide with triphenyl
phosphorus dibromide followed the normal course of halogen/
halide ion addition, to form triphenylphosphorus diiododi=-
bromide and triphenylphosphorus iodotribromide respectively
at the 1:1 ratios.

The reactions in solution may be represented

PhFBr* + IpBr PhgPBr’ + IBry
(. [
Phz PI Bry Fh,PIBr,

A tetrahalide series has therefore been prepared as
predicted by adding two moles of halogen to a tertiary
phosphine. It is interesting to note that in spite of
the many preparations of tertiary phosphorus dihalides by
direct halogen addition, only two examples of this type of
compound = tricyclohexylphosphorus tetrabromide and

tetraiodide - have been reported (40).
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ELECTROLYTIC CONDUCTANCE OF TRIPHENYLPHOSPHORUS

TETRAHALIDES IN ACETONITRILE,

The electrolytic conductance of the triphenylphosphorus
tetrahalides was determined on freshly prepared samples.

Values are given in Table 25.

TABLE 25.

Electrolﬁtic conductance of triphenylphosphorus

tetrahalides in acetonitrile at 25°C.

Compound cme 103 K AN
PhsPI, 0.0086 1.15 | 133
0.014 1.67 118
0,017 1.76 103
Phy PIzBr 0.00%6 0.85 112
0.013 1l.34 103
0,025 8.10 8§.0
PhyPI Br, 0.006 0.72 | 120
0.010 1.04 104
0.021 1.85 88
0.013 1.3S 107
0.022 l1.81 82.5
PhzPBry 0.612 1.32 110
0,020 2.04 102
0.033 2.91 1$32)
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The conductance values show that the trivhenylphosyhci s
tetrahalides behave as strong electrolytes in acetonitrile,
and for each compound the molar conductance values decreasc
with increasing concentration, and over the concentration
range studied (0.003 - 0.04 M) bear a linear relationship
to the square root of the concentration.

Not only do the conductance values of the triphenyl-
rhosphorus tetrahalides parallel those of the triphenyl-
arsenic series, but also the modes of ionisation are sinilar.
The ultraviolet spectra of conductance solutions showed
unamblguously that the anions indicated for the tetrahalides
in Table 24 are exactly those found when the solid tetrahalides
are dissélved in acetonitrile. These U.V. maxims ars given
in Table 26, along with the colour and melting points of the
compounds. (See also Appendix 4 for infrared spectra.)

TABLE 26. Trivhenylphosphorus tetrahalides.

TU.V. . Mode of
Compound | Colour MeDe (m ) & Ionisation
291 60,120 |y, pT + T
O L J.I .L’?
PhzPl, | purple 1325 | z61 0,400 |5 2

600 o, F -
PhsPIzBr | purple-red | 127° %2% g%izoo PhgPBr* 17

Th 273 45,700 et T .
0 4 Ph.PBr" I,Br
1 Tt b -

PhzPIBr; | orange 101° 257 53,900 | PhzPBr IBrg
o 267 57,300 + -

PhSP Br4 orange 117 oY) 57,300




-117=-

That is, the mode of ionisation of each triphenyl=-
phosphorus tetrahalide, exactly parallels its triphenyl-
arsenic analogue, and the critical mode of ionisation of
the diiododibromide to form the less stable trihalide ion
shows that the greater stability of the bromotriphenyl-
phosphonium cation over the iodotriphenylphosphonium cation
controls the ionisation of the series. This also explains

the halogen migration found in experiments 2 and 3, Table 24.

The nature of the triphenylphosphorus tetrahalides
in the solid state.

Although the triphenylphosphorus tetrahalides behave

in solution exactly as the triphenylarsenic tetrahalides,
they are much less stable in the solid state, and readily
dissoclate to dihalide plus halogen. This tendency to
dissociate made charaecterisation of these compounds difficult,
for with the exception of the tetraiodide,analyses of the
compounds at first showed a deficiency of halogen. Their
handling is also complicated by a strong susceptibility to
hydrolysis by moist air.

| The diiododibromide is isolated as red translucent needles
but these decompose within hours of filtration even in an inert
atmosphere in a drybox. They may be stored up to several
days under anhydrous ether but finally decompose to a purple
oil. Analyses have confirmed that the solid decomposition

product is Ph3P11_5Bro'5-
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The decomposition of the iodotribromide is also rapid
and 1t has been impossible to obtain accurate analytical
figures for the compound unless the analyses were carried
out immediately after its isolation. = After standing for
several days, analyses (by Bernhardt in Germany) indicated
the composition Ph3?10.67Br1‘55. Thet is,triphenylphos-
phorus iodotribromide dissoclates to form another dihalide
of novel stoichiometry, whose formation presumably must again
be related to crystal structure effects.

Triphenylphosphorus tetrabromide readily loses a mole
of bromine to form the dibromide, but the dissociation
product of the triiodobromide had a non-stoichiometric
composition (Ph3PI2.7)'

The instability of these compounds therefore mekes their
structural analysis rather difficult and even the tetraiodide
- which appears least prone to dissociation ~ decomposed in
the X-ray beams.

The - resultant decrease in stability on replacing the
arsonium ion by the smaller phosphonium ion closely follows
the stability trends inother trihalide compounds contalning
the same anion but different cations, in which the stability
in each case increased with the increasing size and symmetry

of the cation (52). Therefore, since the halotriphenyl-
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phosphonium ions are presumably of the same symmetry as
the halotriphenylarsonium ions, but are of a lesser gize,
the stabllity trend of the tetrahalides is exactly what
would be predicted in termé of the behaviour of other

compounds containing trihalide ions.
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REACTION OF THE HALOGENS WITH TRIPHENYLPHOSPEINE
IN MOIST ACETONITRILE.

The importance of using thoroughly dried solvent in
the addition of halogen to triphenylphosphine in acetonitrile
was well 1llustrated when either iodine, iodinebromide or
bromine were added to triphenylphosphine in molst aceto-
nitrile.

In each case, the course of the reaction differed from
that in pure solvent, in that monohalides of triphenyl-
phosphine were isolated. The relative yields of dihalide
and monohalide were dependent on the amount of water in the
solvent, and if sufficient was present, no dihalide was
formed.

The monohalides are in fact triphenylphosphonium salts,
and were identified as such by their infra-red spectra, wiich
have a band at~2,200 cm:1 corresponding to the P - H
stretching frequency. The spectra of such compounds have
been discussed by Sheldon and Tyree (73). (See Lppendix 4.)
| The products isolated from each reaction are summar-
ised in Table 27. Triphenylphosphonium iodicde is a well
defined compound and was prepared by Michaelis in 1885 (6G).
The stoichiomstry of PhsPHf(Io.ggBr0.67)' is entirely novel

in such a compound, and as in the dihalide PhzPI3 sBro,s



-121~

TABLE 27. Products from Pth + Ho(¥ = I,Br,)

in moist acetonitrile.

Triphenyl=-

Halogen| Dihalide phos phonium Colour MePo
monohalide
I Ph,PI, Phg PH. I white 2e7°
- . =0
IBr Ph5P11_5Br0J5PhsPH.IO.SsBrO'67wh1te 205
BTy PhzPBr, Ph5PH.Br white 1630

(produced by ilodinebromide addition to triphenylphosphine
in anhydrous acetonitrile) is aésumed to be due to crystal
lattice effects. Triphénylphosphonium bromide had not
previouslylbeeﬂ well characterised (73) (74), although an
alternative preparation hag been reported at the time
of writing this thesis.

To investigate the existence of triphenylphosphonium
triiodide, equimolar solutions of iodine and triphenyl-
phosphonium iodide in dry acetonitrile were mixed. The
reaction, however, produced triphenylphosphorus diiodide

and hydrogen iodide only.

PhSPHI + 12 "‘,__—'—"5 PhsPIz + HI ooocooou-.24:

This reaction is of interest for two reasons. Firstly,
it clearly has some potentlial as a new synthetic route to

dinalides, and secondly it assumes significance when
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considdring Issleib and Seidel's claim to have isolated
monohalidé intermediates in the preparation of triphenyl-
phosphorus dihalides. These authors have rescorded that
such intermediates had the form RzPX, and were different-
lated from the dihalldes by "their insolubility in organic
solvents, mélting points, cohductivities, and in the case
of the lodine compounds, by their colour”, but the compounds
have received no further mention in subsequent publications.
The differences in properties of the monchalides and
dihalides mentioned by Issleib and Seidel (who gave no
supporting experimental data) are those to be expected
between, say, trivhenylphosphonium iodide (white solid,
mep. 207°, A m = 120 ohmTl cm2 mole™T at om = 0.012)
and triphenylphosphorus diiodide (yellow solid, m.p. 172°
AN\m = 84 ohmTl cm% mole™t at cm = 0.011). Further,

the analytical figures of Ph.PHI and a compound PhzPI, arc

3
too close to be accurately distinguishable, and equation 4
shows that triphenylvhosphonium iodide can, under certain
circumstances, behave as an intermediate in the formation
of the diiodide.

Therefore, it can be claimed with a fair degree of
certainty that Issleib and Seldel's intermediates are in

fact tertiary phosphonium halides produced by traces of

water in the solvent.
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Thus, In contradiction to Issleib and Seidel, it
is suggested that triphenylphosphorus dihalides are formed
directly by halogen addition to triphenylphosphine, if the
solvent is free from moisture. If this is not so, the
halogen reacts firstly with the water, and the products of
this reaction add to triphienylphosphine, producing
PhzPHX and perhaps FPhzPHOX.

1.e. I, M0, mr . mor
PhoP + HI — PhSPHI‘

Only when all of the water has reacted with the iodine
wlll the dihallide be formed either by reaction 24, or

directly.

io.'eoPhsy.HI + I _‘> Ph5P12 + H-I

2
FhsP + I —— PhgPIy
The mode of halogen addition to triphenylphosphine
in moist acetonitrile is a good illustration of the statement:
WA number of reactions of phosphorus derivatives are
épparently catalysed or modified by traces of moisture;
the entire course of such reactions may be significantly

altered unless moisture is rigorously excluded."

- Kosolapoff.
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SUMMARY 2

The triphenylphosphorus dihalides studied,dissolve
in acetonitrile to form highly conducting solutions.
Values of molar conductance indicate that triphenylphos-
phorus dichloride and dibromide are‘stronger electrolytes
in acetonitrile than their arsenic analogues, but their

modes of ionisation are parallel,

—_ + =
Ph,PBry, == FhzPBr' + Br~

The existence of triphenylphosphorus iodobromide was
indicated in solution, but it could not be isolated as a
solid. Instead, a dihalide of novel stoichiometry,
ThzPI sBry 5 » was obtalned. Both PhzPIy gBrgy, s and
triphenylphosphorus diiodide form conducting solutions in
acetonitrile. The triiodide ion is present in these
solutions, which indicates that these dihalides must
disproportionate to some extent.

A series of tetrahalides Ph5P1(4_n)Brn has been
indicated conductometrically, and each member subsegquently
prepared by halogen addition to triphenylphosphine, the
dihalides being intermediates in each case. The tetra-
halides behave as halotriphenylphosphonium trihalides in

acetonitrile, and their mode of ionisation parallels that
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of the PhSAsI(4;n)Brn series. That is, ionisation occurs
to glve the PhsPBr+ cation rather than the PhSPI+ ion, and
is not affected by trihalide ion stabilities. In the
solid state, the tetrahalides are much less stable than
the arsenic compounds, and readily decompose to dihalide
and halogen. This instability is attributed to the
smaller cation, and is in keeping with the behaviour of
other series of ilonlc trihalide compounds. Triphenyl-
phosphorus iodotribromide decomposes to another dihalide
of novel stoichiometry, PhSPIO.6VBr1.33'

In moist acetonitrile, the course of halogen addition %o
triphenylphosphine is altered, and triphenylphosphonium salts
SPH I7,

PhgPHY (I, 33Brg,e7)”s and Ph PH'Br=. It is suggested that

are isolated. These have the composition Th

such compounds are the "monohalide adducts® (RzPX) reported
by Issleib and Seidel as being possible intermediates in

the formation of triphenylphosphbrus dihalldes.
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EXPERIMENTAL PART.

PREPARATION OF TRIPHENYLPHOSPHORUS - HALOGEN ADDUCTS.

(i) TRIPHENYLPHOSPHORUS DIHALIDES.

Preparation of triphenylphosphorus dichloride.

A stream of dry chlorine in nitrogen was bubbled into
a solution of triphenylphosphine in anhydrous petroleum
ether at -80°. White crystals of the dichloride precip-
itated, and the solution became green due to the presence
of free chlorine. The hygroscopic crystals were filtered
in the drybox, washed with anhydrous ether, and dried in

VaCUOe They were used immediately.

Preparation cf triphenylphosphorus dibromide.

Bromine (1.072 g. 0.00670 mole) dissolved in aceto-
nitrile (15 ml.) was added to triphenylphosphine (2.560 g.
0.00670 mole) suspended in acetonitrile (40 ml.). Heat
was evolved, the triphenylphosphine dissolved, and the sclubion
remained colourless. White crystals precipitated, and a
further crop was obtailned by the addition of anhydrous ether
(60 ml.)e The crystals were filtered in the drybox, washed
with anhydrous ether, and dried in vacuo. (Found: Br, 37.7.
Calc. for GCygHysBrgP; Br, 37.9%).
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Preparation of Ph5P11.5BrO.5.

Iodine bromide (0.0147 mole) in acetonitrile (20 ml.)
was added to a suspension of triphenylphosphine (3.842 ge
0.0147 mole) in acetonitrile (40 ml.). Heat was evolved,
the triphenylphosphine dissolved, and the solution became
yellow. Yellow crystals precipitated. These were filtered
in the drybox, washed with anhydrous ether and dried in vacuo,
mepe. 244-5°. (Found: C,43.8; H,3.l; Br,8.6; I,38.4;
P,6.0. Cq1gH15Brg,5I1,5F requires 0,43.7; H,3.13
Br,8.3; I,38.7; P,8.3%.)

Preparation of triphenvlphosphorus diiodide.

Iodine (1.733 g. 0.00683 mole) dissolved in aceto-
nitrile (50 ml.) was added to triphenylphosphine (1.789 g.,
0.00683 mole) suspended in acetonitrile (30 ml.). The
solutlon became yellow, heat was evolved, and the triphenyl-
phosphine dissolved. Yellow crystals precipitated, which
were filtered in the drybox, washed with anhydrous ether,
and dried in vacuo, m.p. 173-4°. (Found: C,41.7; H,3.1;
I,49.0; P,5.9. Calc. for C, H-.I,P: C,41.9; H,2.9;

181572
1,49.2; P,6.0%; m.p. 148° (40)).

(2) PREPARATION OF TRIPHENYL-PHOSPHORUS TETRAHALIDES.

Sreparation of triphenvlphosphorus tetraiodide.

Todine (4.594 g., 0.0181 mole) dissolved in aceto-

nitrile (60 ml.) was added slowly to triphenylphosphine
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(2.374 ge, 0.00905 mole) suspended in acetonitrile (20 ml.)
The solution firstly became yellow, heat waé evolved, and
yellow crystals of triphenylphosphorus diiodide precipitated.
As addition of the iodine solution continued, the diiodide
crystals dissolved and the solution became red. After
being kept for a few moments at room temperature, purple
needles precipitated and were filtered in the drybox, washed
with anhydrous ether, and dried in vacuo, m.p. 132°C.

(Found: ©€,28.4; H,2.2; I1,65.7; P,4.1. CrgH15I4P
requires C,28.1; H,2.0; I1,66.0; P,4.0%.)

Preparation of triphenylphosphorus triiodobromide.

Todine (3.957 g., 0.0156 mole) dissolved in aceto-
nitrile (50 ml.) was added to triphenylphosphine (4.087 g.,
0.0156 mole) suspended in acetonitrile (30 ml,) The
solution became yellow, and triphenylphosphorus diilodide
precipitated.

Todinebromide (0.0156 mole) dissolved in acetonitrile
(30 ml.) was added to the suspension of triphenylphosphorus
diiodide (0.0156 mole) in acetonitrile. The precipitated
dihalide dissolved and the solution became red. On the
addition of anhydrous ether (400 ml.), red crystals precipi-
tated which weére filtered in the drybox,&washed with
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anhydrous ether, which was removed under slightly reduced
pressure, m.p. 127°C. (Found: @,29.9; H,2.0; Br,10.9;
I,52.9; P,4.2. CqgHy1sBrIzP requires C,29.9; H,2.1;
Br,1l.1l; I,52.7; P,4.3%.)

Preparaetion of triphenylvhosphorus diiododibronide.

TIodinebromide (0.,0162 mole) dissolved in acetonitrile
(20 ml.) was added slowly to triphenylphosphine (2.121 g.,
0.0182 mole) suspended in acetonitrile (25 ml.). The
solution initially became yellow, and the yellow dihalide
PhSPII.BBrO.S precipitated, but redissolved as addition of
iodinebromide continued. Anhydrous ether (200 ml.) was
added to the finally clear red solution and after being
kept overnight at ca. =5°C. long translucent red needles
crystallised. These were filtered in the drybox and washed
with anhydfous ether, which was removed under slightly
reduced pressure, m.p. 79°C. (Found: C,32.4; H,2.4;
Br, 22.8; I,37.8; DP,4.6. 018H15Br212P2 requires
€,32.0; H,2.2; Br,23.6; 1I,37.6; P,4.6%.)

The diiododibromide is not stable in the solld state
after filtration and decomposes in a matter of hours even
in a nitrogen-filled drybox. It may be stored under
anhydrous ether for several weeks, but finally decomposes

to a red oil.
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A possible clue to the mode of dissociation was found
in the first analysis of the compound: (Found: C,42.1;
H,3.1; Br,8.2; 1,40.0; P,6.5.‘ Cygt15Brg, 511, 5F requires
C,43.7; H,3.l; Br,8.3; I,38.7; P,6.3%), which gave the
composition PhSPIl.SBrO.S’ and suggested that the decomp-
osition was the loss of a mole of halogen to form a dihalidec,
For this reason, solvent is rembved from the crystals by
slightly réduced pressure only, to avoid pumping off halogen.

The method of isolation of triphenylphosphorus dilodo-
dibromide by the addition of iodine dissolved in aceto-
nitrile to an equimolar solution of triphenylphosphorus

dibromide in acetonitrile is similar to that described above.

Preparation of triphenylphosphorus iodotribromide.

Bromine (1.081 g., 0.00676 mole) dissolved in aceto-
nitrile (20 ml.) was added to triphenylphosphine (l.773 g.,
0.00676 mole) suspended in acetonitrile (30 ml.). Heat
was evolved, and white crystals of triphenylphosphorus
dibromide precipitated. Iodine bromide (0.00676 mole)
dissolved in acetonitrile (15 ml.) was added to the triphenyl-
phosphorus dibromide (0.00676 mole), which dissolved and the
solution became orange. Anhydrous ether (250 ml.) was
added to the aoetonitrile solution and orange crystals

Precipitated. They were filtered in the drybox, washed
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with anhydrous ether, and dried under slightly reduced
pressure, m.p. 101°G. (Found: Br, 37.9; I,20.2.
G1gH,5BrzIP requires Br,38.1; I,20.2%.)

Triphenylphosphorus iodotribromide is hydrolytically
unstable and also readily loses a mole of halogen on
standing to form a dihalide of novel stoichiometry.
(Found: ©,47.2; H,3.5; Br,23.4; I,18.5; P,7.3.
CigH15Br7,.3310.67F requires C,47.7; H,3.3; Br,25.5;
1,18.6; P,6.8%.) | The analysis given, therefore, shows
un&mbiguously that the dihalide PhzPIy gpBry zz 1s formed
by loss of a mole of halogen from FPhzPIBrz.

The iodotribromide may also be isolated as described
above, by the addition of three moles of ilodinebromide in
acetonitrile to a solution in acetonitrile of triphenyl-
rhosphine.

In every case, however, analysis by Bernhardt
(Mulheim, Germany) gave the composition PhaPIO.GVBrl.BB end
the composition PhaPIBr5 was only established by a mixzed
ralogen analysis performed immediately after isolation of
the compound.

Preparation of triphenylphosphorus tetrabromide.

Bromine (2.235 g., 0.0140 mole) dissolved in acsto~
nitrile (20 ml.) was added to triphenylphosphine (1.834 ..,

0.070 mole) suspended in acetonitrile (20 ml.). Heat wes



-132~

evolved, and triphenylphosphorus dibromide precipitated,
but subsequently dissolved, such that a clear orange
solution remained. The addition of anhydrous ether
(150 ml.) precipitated orange crystals, which were filtered
in the drybox, washed with anhydrous ether, and dried under
slightly reduced pressure, m.p. 117°C. (Found: C,37.4;
Hy2.7; Br, 54.9; P,5.5. 018H15Br4P requires C,37.2;
H,2.6; Br, 54.9; P,5.3%.)

This tetrahalide is hydrolitically unstable, and
readily loses a mole of halogen to form triphenylphosphorus

dibromide.

3) TRIPHENYLPHOSPHONIUNM HALIDES.

Triphenylphosphonium Ipdide.

Todine (1.129 g., 0.00354 mole) dissolved in aceto-
nitrile (20 ml.) was added slowly; with constant swirling,
to triphenylphosphine (0.928 g., 0.00354 mole) dissolved in
acebonitrile (30 ml.) and water (0.2 ml.). The solution
remained colourless throughout almost the entire addition,
and the addition of ether (60 ml.) precipitated white needles.
These were filtered in the drybox, washed with anhﬁdrous
ether, and dried in vacuo, m.p. 207°. (Found: C,55.3;
H,3.9; I,32.5; P,8.2. Calc. for CigHygIP;  C,55.6;

B,3.9; I,32.7; P,7.9%; mep. 217°).
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Iodinebromide (0.00662 mole) dissolved in aceto-
nitrile (10 ml.) was added slowly, wlth constant swirling,
to triphenylphosphine (1.735 g. 0.00662 mole) dissolved in
acetonitrile (50 ml.) and water (0.2 ml.)e. The solutiocn
remained colourless throughout the addition, and anhydrous
ether (200 ml.) was added. VWhite crystals precipitated,
mep. 2079, (Found: C,59.1; H,4.8; Br,15.4; I,12.0;
P,8.6. 018H16Br0.6710.35P requires C,59.9; H,4.5; Br,
14.8; 1I1,11.8; P,8.6%.)

Triphenylphosphonium bromide.

Bromine (2.07 g. 0.0129 mole) dissolved in aceto-
nitrile (15 ml.) was added to triphenylphosphine (3.389 g.
0.012¢ mole) suspended in acetonitrile (40 ml.) and water
(0s2 mla)e The solution remained colourless throughout
the addition, the triphenylphosphine dissolved, and some
triphenylphosphorus dibromide precipitated. The flask was
left overnight at 0°C. to ensure guantitative precipitation
of the dihalide. The dihalide was flltered in the drybox,
and anhydrous ether (80 ml.) added to the filtrate. White
crystals precipitated, which were washed with ether, filtered
and dried in vacuo, m.p. 163°. (Found: C,62.93 H,4.9;
Br,23.3; P,8.9. CqgH1eBrP requires C,62.7; MH,4.7;

Br’zs’s; P,gtl‘;}go)
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4) OTHER PREPARATIONS.

Triphenylphosphorus dijiodide in reaction 24.

Iodine (0.722 g., 0.00285 mole) dissolved in aceto-
nitrile (20 ml.) was added to triphenylphosphonium lodice
(1,110 g., 0.00285 mole) suspended in acetonitrile (20 ml.).
The triphenylphosphonium iodide dissolved, and the solution
became rede. On standing, yellow crystals precipitated,
which were filtered in the drybox, washed with anhydrous
ether and dried in vacuo, m.p. 172°. (Found: 1I,49.0.

Calc. for CogHisTo P I,49.2%. mep. 173-4°.)  Also, the
I.Re spectrum of the yellow compound was identical to that

of triphenylphosphorus diiocdidee.

Red solid from triphenylphosphorus diiodide.

On standing triphenylphosphorus diiodide under anhydrous
ether, red crystals began to form among the yellow dihalide
crystals, After several weeks, the conversion to the red
solid appeared complete. The red solid was filtered in
the drybox, washed with anhydrous ether, and dried in vacuo,
m.ps 111°., (Found: C,45.0; H,3.0; I,40.5; P,10.0.
CoH1oIP requires 0,46.2; H,4.0; I,40.7; P,10.0%.)

When dissolved in acetonitrile, the compound gave a
conducting solution containing the triiodide ion, with a

halogen ratio of anionication = 3:1 (transport experiments,

t¥ & 0.5.).
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PURIFICATION OF MATERIALS:

The purification of acetonitrile, chlorine, bromine,
iodinebromide, iodine and ether have been described in

part 1 of the thesis.

Triphenylphosphine.

The triphenylphosphine of E.D.H.Ltd. was recryst-
allised from 95% ethanol until constant melting-point

was obtained. m.p.79%%

Triphenylohosphorus dihalides and tetrahalides.
The triphenylphosphorus halogen adducts were purified

as described for their arsenic analogues in Part 1.

CCHNDUCTANCE MEASUREMENTS.

These were carried out in a dipping electrode cell,
ag described in Part 1. The compounds were used within

wminutes of filtration in the drybox.

TLICTHOLYSIS EXPERIMENTS.

These were carried out as described in Part 1, and

COIDUCTOMETRIC TITRATTIONS.

Conductometric titrations were carried out as described
in Appendix 2. At all times, halogen was used as titrant,

end the dihalides were prepared in situ by mixing equimclar
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solutions of halogen and triphenylphosphine. The
experiments were deemed invalid if a solid phase
separated at any stage.

The results for the experiments 1 - 9, in Table 24,
are given below:-

(1) Iodine vs. triphenylphosphine.

Mole ratio 105 K Mole ratio 109K

Ip : PP | omttemtl | Ip i PhgP | obnid omil
0 0.001 1.56 2.76
0.29 1.34 1.70 2.98
0.50 1.57 1.83 5.23
0.71 1.67 1.98 5.47
0.99 1.81 2.26 5.54
1.27 2.25 2.54 3.54

(2) Iodinebromide vs. triphenylphosthorus diiodide.

Mole ratio 109k Mole ratio 10%k
IBr : PhgPI, |obmiTemT' | IBr : PhgPIp | okm:lem:?
0 2.10 0.96 3463
0.19 2450 1.15 3.87
0.38 - 2.69  1.34 3.3
0.58 2.96 1.54 | 3413

0.77 3415 1.73 3466
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(3) Bromine vs. triphenylphosphorus diiodide.

(5)

Mole ratio 105 « Mole ratio 10° k
Br2 : PhSPIZ ohm?lcm71 Br8 : Ph3P12 ohmzYemst
(o] 1.77 0.80 2.95
0.16 2.10 0.96 3e4%7
032 2029 1.33 3e0d
0.48 2450 1.52 363
Ol.64 2463 ledd 3.66

(4) Iodinebromine vs. triphenylphosphine.

IBr : PhgP  |ohmTlem:® | IBr : Ph,P ohm>tem Tt
0 0.001 1.12 235
.14 1.37 1.40 290
0.36 1.60 1.68 325
0.49 1.79 1.96 361
077 1l.95 2.10 4,46
0.98 2.04 2.38 4,34
1.09 2.18 252 4,31

Iodine vs. triphenylphosphorus lodobromide.

Mole ratio 10° K Mole ratio lO5K
12 : PhsPIBr ohmflomrl 12 : PhBPIBr ohmjlom:
0 1l.82 0.86 2.65
0.16 1.94 1.02 2.93
0.31 2011 1.17 3.08
C.47 2429 1.33 3 .09

0,70 2053
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(6) Bromine vs. triphenylvhosphorus iodobromide.

Mole ratio ;Qélg Mole ratio ;955;
Br, : PhzPIBr ohm=tenm7t Br2‘§ PhzPIBr ohm=lemsl
0 l.62 0.77 2.38
0.19 1.98 0.97 2 .64
0.39 2.1? 1.16 2.68
0.59 2420 1.36 2.61

(7) Bromine vs. triphenylphosphine.

Mole ratio ;&Eﬁ& Mole ratio 109K
Brg : PhsP ohmTlemst Brg : PhgP obm=TemTt
0 0.001 .55 1.31
0.25 0.72 1.81 1.40
0.52 1.00 2.06 1.67
0.77 1.19 2.32 1.82
1.03 1.29 2.58 1.83
1.29 1.29 2.84 1.85

(8) Iodine vs. triphenylphosphorus dibromide.

Mole ratio 105k Mole ratio ;gfjg

I> : PhyPBrp obm’emst I, : PhgPBry ohmtemst
0 2,57 1.02 3e44
0.29 2.57 1.16 3.58
0.58 2.65 1.31 3.63
0.72 2.80 1.60 3404
0.87 3.03 1.75 34958
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(9) Iodinebromide vs. triphenylphosphorus dibromide.

Mole ratio 109 K Mole ratio 10% &
IBr : PhgTFBr, ohm=YemTt | IBr PhzPBry orm>tem Tt
0 1.96 0.90 2430
0.33 1.96 1.03 2.50
0.48 1.99 1.09 2.65
0.68 220 l.22 274
0.78 2.14 l.42 2.78

METHODS OF ANALYSIS.

These have been described in Part 1.

U.V.-Vis SPECTROSCOPY.

This was carried out as described in Part 1.
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TRIPHENYLSTIBINE-HALOGEN ADDUCTS.
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RESULTS AND DISCUSSICH.

PREPARATTION AND STABILITY OF TERTIARY STIBINE DIHALIDES.

The dihalides of tertiary stibines are very easily
formed, either by direct combination of a halogen with a

tertiary stibine

or by the action of a Grignard reagent on an antimony

pentahalide

el SbGl5 + 3PhMgBr —— Ph.SbCl, + 3MgClEr.

The diiodide, dibromide and dichloride of triphenyl-
stibine have been prepared by halogen addition in a suitable
solvent (76} and the preparation of triphenylantimony iodc-
bromide is reported in this thesis.

Unlike their phosphorus and arsenic analogues, the
tertiary antimony dihalides are not hygroscopic, and no

special precautions are required in handling them.

ELECTROLYTIC CONDUCTANCE OF TRIPHENYLANTIMONY DIHALIDES
IN ACETCNITRILE.

Acetonitrile was chosen as solvent for the conductance
measurements for the reasons given in Part 1 of the thesis,

and also in order that the behaviour of the triphenylanti.ony
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dihalides and the dihalides of triphenylphosphine and
triphenylarsine in a polar solvent might be directly
compared. '

Solutions were made up in the conductance cell, and
the conductance immedlately determined. Two types of
behaviour were apparent. The solutions of triphenylant-
imony dichloride and dibromide showed a slight change in
conductance as they warmed to the temperature of the
thermostat, but thereafter gave values which were unchanged
over twentyfour hours (Table 28). The molar conductance
values, which decreased wlth increasing concentration,were of
such a small magnitude that these compounds are virtually
non-electrolytes in acetonitrile.

- TABLE 28. Conductance of Ph58b012 and PhssbBrz

in acetonitrile at 25°C.

' 4

Cm 10K Amn
Compound mole 11tre"1 ohmflcmfl Ohmzlcmg mole~t
PhgSbCl, 0.022 0.65 0.0

0,080 1.8 0.22

0.11 23 0.21
PhzSbBry 0.0081 4.6 0.61

0.016 5.9 0.38

0.033 BB 0«25
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In contrast, the pale yellow acetonitrile solubions

of triphenylantimony diiodide and iodobromide slowly turned
red, the conductance increased with time, and the trilodide
ion was present finally in solutions of both dihalides.

The triphenylantimony dihalides therefore seem to follow

the pattern of their phosphorus and arsenic analogues, in
that the additlon products with iodine and lodinebromids
both disproportionate in acetonitrile to form products
conbtaining trihalide ions, but the rate of disproportionution

is slow, causing the observed conductance drift.

3!
_..- Phy8bIBr(-033m)

2' ‘¢-a"’—.’.

PPt PhaShlI, (0-ouim)
I} “’o"'

"
-
"
“
“
o 2 % 4 % o 7 8 %
Time th&)

fig.8.

Conductance drift of Ph«Sblo and

Ph SbhbIBr.
—.‘-5—-—“-
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To introduce uniformity into the choice of specific
conductance (K ) used to calculate molar conductance (An),
the specific conductance was plotted against time (fiz.8)
and extrapolated to t = 0 (ie. the time when the solutior
was prepared), and the value of specific conductance ak

this point was used. Values are givea in Table 29.

IABLE 29. Conductance of Ph3zSbIg and PhzSbIlr

in acetonitrile at 25°9C.

Compound Cn 104K Amn
bou mole litre‘l ohm'.'lomT1 ohmtt cm% mole~1
PhzSbIs 0.041 0.12 0.29
0.095 0.22 0.23
PhssbIBr C.012 , 0.10 0.88
0.033 0.16 0.49

These values show,therefore,that these dihalides are
also effectively non-electrolytes in acetonitrile, prior
to disproportionation. |

Conductance drifts have also been observed by Harris
during a study of phosphorus pentabromide in acetonitrile
(76) end by Popov and Skelly in acetonltrile solutions of
interhalogen compounds (7%7}. The latter attributed the

steady rise of specific conductance with time to a slow
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ionisation of the type:

2 11 —= 1% . 1013

The disproportionations of triphenylantimony diiodide
and iodobromlde,however,appear to be more complex and also
irreversible. After several days, brown crystals formed
on the walls of the cell containing the diiodide solution;
these had the composition PhQSbIz, indicating the occurrsuce
of phenyl migration, and representing a novel class of
organoantimony halide. The simplest formulation of such

a compound is one containing both I~ and Ig ions, of formula

2 (PngSb)*. IIZ (of. 2 (MeyNH)". Br7Brz),

but it has not been possible to obtaln more information
since no éolvent could be found for the solid, and an X-ray
investigation has hot yet been attempted.

A substance which crystallised by partial evaporation
of acetonitrile solutionékof triphenylantimony iodobromide
had an unexpected C:Sb ratio (22:1) and an I:Br ratio of
1:2, as opposed to 1l:1 in the original dihalide. It has

not been possible to assign a structure to this compound.

The conductance of trimethylantimony dichloride,
dibromide and diiodide in acetonitrile, reported by Hantzsch

and Hibbert (34) and Lowry and Simons (35) closely parallels
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that of the triphenylantimony dihalides. Trimethyl
antimony dichloride and dibromide form effectively non-
electrolytic solutions in acetonitrile, whereas the diiodide
solution showed a conductance drift and contained the
triiodide ion. The natures of both the tertiary alkyl
and aryl stibines in acetonitrile,therefore appear to be
similar.

Jensen has proposed a resonance structure for tri-

phenylantimony dichloride

Cl Cﬁ Cl
_.——Fh __—-Ph - -Ph
Ph'""ﬁb:\-Ph > Eh”“’“%?“-?h <> Ph ﬁb‘\\~Ph
Cl cl- Ccl

and Wells suggests that trimethylantimony dihalides have a

structure intermediate between

X X

I _.—Ne ___—Me
Me — Sb gy e <> Me —— Sb o

X X"

Coates, however, states that these dihalides will
dissociate to halotrialkyl(aryl)stibonium halides in water

and other polar solvents (38).
X %
|
R—Slb"\"R f— /S{b*\ v X
R~ R R

X
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The foregoing conductance values of the triphenyl
antimony dihalides and their trimethyl analogues, however,
indicate that an ionic form (RSSbX)*X_ in acetonitrile is
negligible, and Coates!' view that a similar ionic dissoc-
iation occurs in water 1is surprising, since Lowry and Simons
have attributed the high conductance values in this solvent
to the presence of ionic hydroxyhalides (and also, presumably,

hydrogen halides).

Hg0
RzSbXy —=— R,Sb(0H) X + KX

1 \
RgSb(OH)" + X~ HY + X7
Thus it may be concluded that the dichlorides and

dibromides exist aslstable covalent species in acetonitrile,
whereas the diiodides. (and triphenylantimony lodobromide)

are not stable in acetonitrile, tending to disproportionate
slowly. There is no evidence of simple ionic dissoclation
of the type suggested by Coates. The significance of thess

different stabilities is seen in the next section.
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REACTION OF HALOGENS WITH TRIPHENYL ANTIMONY
DIHALIDES IN ACETONITRILE.

Triphenylphosphorus and triphenylarsenic dihalides
form conducting solutions in acetonitrile, and each
dihalide studied has been shown to react with a mole of
halogen to form compounds containing a trihalide anion.
In contrast, triphenylantimony dichloride and dibromide
do not form conducting solutions in acetonitrile, and the
diiodide and iodobromide do so only on standing by a slow
and apparently complex disproportionation.

Therefore, it was of interest to study the reactions
of triphenylantiiony dihalides with halogens, since their
mode of reaction might well differ from that so far found.
For contlinuity, acetonitrile was again chosen as solvent
and conductance methods proved very useful in following the

reactions in solution.

REACTION OF HALOGENS WITH TRIPHENYLANTINONY
DIBROMIDE IN ACETONITRILE.

If the reaction of bromine with triphenylantimony
dibromide is accompanied by the formation of a tetrahalide
compound, PhSSsz* Br;, then this should be detectable by
conductometric titration since a marked increase in con-
ductance would be expected. The results of a titration of

bromine against triphenylantimony dibromide are set out in

Table 30.
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TABLE 30. Titration of Bry vs. PhzSbBro

in acetonitrile.

Mole ratio 104« lMlole ratio 10%k
Bry & PhzSbBry ohm=tem:t Bry : PhzSbBrg ohm>ten Tt
0.00 0.04 1.06 034
0.16 0.14 1.31 0.39
0.32 0.19 1.48 0.41
0.57 0.25 1.64 0.45
0.81 0.29 1.72 0.47

The initially colourless solutlon of dibromide became
yellow as soon as bromine was added, and the conductance
rose slightly. The increase corresponded to the addition
of bromine to acetonitrile containing no solute. Therefore
there is no evidencefor triphenylantimony dibromide and
bromine reacting to give a compound containing the tribromide
ion.

Triphenylantimony dibromide alone was isolated from
concentrated acetonitrile solutions containing bromine and
triphenylstibine in the ratio 1:1 and also 2:1 (equlvalent

to PhsSbBry, + Brp), and this confirms that no higher bromide

is formed.




-149 =

In the same way there is no apparent reaction between
the dibromide, and iodine or iodinebromide, and the curves
obtained in conductometric titrations, parallel the addition
of the halogen to pure acetonitrile. Therefore, there is
no evidence for the existence in solution of Ph5SbBr4,

PhBSbIBrS and PhESblzBrz.
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REACTION OF IODINE WITH TRIPHENYISTIRINE IN ACETONTTRILE.

A conductometric titration of iodine against triphenyl
stibine was carried out with the object of determining
whether the diiodide, formed at the 1:1 ratio, would react
further with iodine to form a higher iodide. The results

are shown in Table 31 and illustrated in fig.9.

Table 31. Titration of Io vs. Ph,.Sb in acetonitrile.

Mole ratio 10% K Mole ratio 104 k
I, : PhzSb ohm:temT? Io : PhzSb otm Yo st
10.00 0.001 1.33 11.5
0.24 0.18 1.58 15.3
0.49 0.24 1.81 18.0
0.72 0.31 | 2.05 19.4
0.96 0.64 2.10 20.2
1.10 4.90 2.30 20 .4

2.53 20.4

The solution was pale yellow up to Iz s PhSSb = 1:1,
and thereafter became red. The shape of the graph shows
two important points. Firstly, there was no rise in
conductance, and the triiodide ion was not observed until
the 1:1 ratio had been exceeded. Thus it can be concluded
that triphenylantimony diiodide does not disproportionate

appreciably during its formation in the conductometric
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titration. (c¢fe. triphenylarsenic diiodide). Secondly,
the rise in conductance after the 1:1 ratio and the break
at Iy PhSSb = 2:1 suggests the formation in solution of
triphenylantimony tetraiodide. The triiodide ion was
identified at the 2:1 ratio (U.V. spectrum A = 291,360 mu)

and it indicates that the tetrahalide jionises

, + -
PhzSbI, —— PhzSbI™ + Ig

seeessss 25,

Since a compound containing a triiodide ion is formed
from triphenylantimony diiodide, which is essentially
covalent in acetonitrile, the question of the mechanism
of this reaction is important. Two possible schemes are
suggested.

If there is very slight ionisation to iodotriphenyl-

stibonium iodide, then a trihalide ion would be formed Dy

normal halogen/halide ion addition,

1.4 PhpSbI, == PhzSbI* + I-
T

FgSbl, &= FMgSel™ + L e

or alternatively, one of the Sb-I bonds of the diiodide
(which have a high degree of ionic character) may be

broken under the influence of iodine molecules.
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I}h : Ph
- l
I -1+ I /Sp I = I—--I——--—I———/Sb-__I,
Ph Ph Ph Ph
I
N ot
I -I-I"+ PhouSh—=T
7
€9 8000 2’7

" Scheme 27 appears more likely in view of the cond-
uctance values of the diiodide. That 1s, a covalent
tertiary Group Vb dihalide may in fact form an ionic
tetrahalide if it contains a sufficiently polar bond.

(See pages 16 and 17).
Schemes 26 or 27 could also account for the formation
of the triiodide ion in acetonitrile solutions of the

diiodide, if the first step is molecular dissociation

Ph3Sb12 — FhzSb + I,

Although triphenylarsenic tetralodide and triphenyl
phosphorus tetraiodide weré indicated conductometrically
and readily isolated as crystalline sdlids, it was not
posgible to isolate triphenylantimony tetraiodide. The
s0lid which crystallised after standing, from an aceto-

nitrile solution containing iodine and triphenylstibine in

. L a & 2 3 Tr;, b
a 2:1 ratio, was tetraphenylstibonium triiodide. When,
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however, an attempt was made to isolate a product from
such solutions immediately after mixing the reagents, the
only solids obtained were the starting materials. From
this i1t would appear that phenyl migration occurs slowly
in this system, unlike the triphenylarsenic dichloride/

halogen systems, in which it was practically instantaneous.

REACTTION OF TODINE WITH TRIPHENYLANT IMONY IODOBRCMIDE
IN ACETONITRILE.

Since iodine reacts with triphenylantimony diilodide
to form triphenylantimony tetraiodide, (PhSSbI)+ Ig, in
acetonitrile, it seemed likely that triphenylantimony
triiodobromide (PhzSbIzBr) would exist: to investigate
this, the reaction of iodine with triphenylantimony iodo-
bromide was studied conductometrically in acetonitrile.

In practice, triphenylstibine was titrated to the
1:1 ratio with iodinebromide, which was then replaced by
iodine as titrant.

The result was a conductance - composition graph
similar to that in fig.8, from which the existence of
triphenylantimony triiodobromide in solution is supported.
It is presumably formed by mechanisms similar to schemes 26
or 27, since the triiodide ion was observed in solution

only beyond the zero mole ratio of I, : PhzSbIBr. The
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triiodide ion must therefore (by analogy with the arsenic

and phosphorus triiodobromides) arise from the dissociations:

+ -
PhSSblsBr v'_.:\, th)SbBI‘ + 15 ®eso000cee 28

and not from the slow disproportion of the iodobromide
(page 142).

Again 1t was not possible to isolate the triphenyl-
antimony tetrahalide in solid form, the product which:

crystallised on standing, having an I:Br ratio of 1:2.

Therefore it has not been possible to prepare any
members of the series PhSSbI(é_n)Brn, although Ph58b14
and PhSSbIBBr have been indicated in solution. The
importance of their existence in solution is well illust-

rated in the following studies of other systems.
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REACTION OF TODINEBROMIDE WITH TRIPHENYLANTIL.CNY
DIIODIDE IN ACETONITRILE.

As an alternative approach to triphenylantimony
triiodobromide, the reaction of iodinebromide with
triphenylantimony diiodide was studied, and the results
of a conductometrlc analysis (Table 32, fig.l0) differed
from any systems previously examined.

TABLE 32. Titration of IBr vs. PhzSbl, in acetonitril:.

L

l'ole rabio 10% | lole ratio 10% K
IBr : PhgSbIp | ohmilemsd|I3r : PhsSbI, | ohmtlemt!
0.00 . 0.90 1.63 17.6
0.25 15.2 1.86 12.0
0.47 21.5 2.12 5.80
0470 24.3 2.33 6.20
0.94 25.4 2.56 8.60
1.05 24.9 2.79 10.6
1.41 21.0 3.03 12.4

1

The shape of the curve up to the maximum at IBr : Fozob

i

I\

= 1:1 exactly parallels the systems Ig/PhSSbIBr, and
IZ/PhgsbIz (fig.2), and the maximum supports the formetion

in solution of triphenylantimony triiodobromide.
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fig.1l0. Conductometric titration of IBr vs. Phssbl2
in acetonitrile.
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The novel feature of this system is the rapid fall
in conductance after the maximum at the 1:1 ratio, and the
production of a minimum at IBr : Ph58b12 = 2:1.

The ultraviolet and visible spectra of the solution
were recorded at different compositions during the titration

and are given in Table 33.

TABIE 33. Solution spectra of the system IBr vs.PhzSbIs.

{ L P
" Composn. of U.Ve UaVe Vigible | Visible
solugion maxime indicates | maxima indicates
IBr: PhzShIg mm v mp
. 23 62 I~ (a) e
0.0 : 1 02,362 3 - no %o
11 292,362 Iz - no Xy
1.5 5 1 202,362 | I, s60(w) | I, ()
21 - no Xg ( 462 I, (@)
. - (b) | band a)
3 :1 y 256 IBr, shondec  |Te,IBr
(a) for Iz , \ = 201,360 mu
(b) for IBrg, A= 256 mp
(¢) for Ip, A= 465mp
(d) for IBr, A= 420mp

Although it was not possible to isolate a stoichiometric

compound at IBr : Ph SbIl, = 1:1, triphenylantimony dibromide

was isolated at the 2:1 mole ratio.

Therefore, the isolation of the dibromide combined with
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the spectral informetion, show that the reactions in

solution must be :

PhSbI,
IBr

Ph5SbIEBr "_\ PIISSbBI'+ + Ig eesssscoe 29

l;Br

PhSSbBI'E - 2 Iz LN IR B N R N RS 50-

That 1is, triphenylantimony diliodide is ultimately
converted to the more stable triphenylaptimony dibromide,
via the intermediate formation of triphenylantimony triiodo~
bromide, which is unstable in the presence of excess iodine
bromide. |

The low but measurable conductance at the 2:1 ratio

is due to ionisation of the iodine in acetonitrile,

RI; — I'+ 12
and beyond this ratio to the increasing concentration of the
more highly conducting lodinebromide. The gféph beyond the
2:1 ratio was indeed similar to thet observed in the addition

of iodinebromide to triphenylantimony dibromide in aceto-

nitrile (see page 149).
The strong tendency for the dibromide to be formed

appears to control the course of the reaction, and this 1is
a feature not previously observed in the arsenic and

Phosphorus systems.
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REACTION OF IODINE BROMIDE WITH TRIPHENYLANTINMONY
IODOBROMIDE TN ACETONITRILE.

Since ilodine does not react with triphenylantimony
dibromide, there is no evidence for PhSSbIZBrg, but an
alternative approach to this compound is the reaction of
iodine bromide with triphénylantimony iodobromide, and
this reaction was studied since it has already been shown
that iodine reacts with the iodobromide to form triphenyl-
antimony triiodobromide.in acetonitrile solution. The
reaction of iodinebromide with triphenjlantimony iodo-
bromide was studied corductometrically, and the graphic
results (fig.ll) gave a curve of shape similar to that of
£ig.10, (IBr/PhgSbIp). In this case, howsver, the maximuun
in conductance occurs at IBr : FhgSbIBr = 0.5:1, and the
minimum at IBr : PhssbIBr = 1:1, as opposed to IBr : Ph58b12
= 1:1 and 2:1 in fig.lC.

The changes in the U.V. and visible spectra with
respect to the different portions of the graph were the
same as given in Table 33. That 1s, the conductance
maximum concurs with the maximum concentration of triiodide
ion, which is converted into the molecular iodine at the
minimum retio. Also at the minimum, triphenylanbimony

dibromide was isolated.
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fig.ll. Conductometric titration of IBr vs. PhzSbIBr
in acetonitrile.
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Therefore, triphenylantimony iodobromide must resct

with a mole of iodine bromide thus :

PhsSbIBr + IBr — Ph,sSbBrz + Iz ereessse Ol

.in contrast with the reaction of the phosphorus and

arsenic analogues =

PhzP(As)IBr + IBr = P’hﬁP(As)IQBr2
That is, the ilodobromide is converted to the more
stable dibromide by the addition of a bromine-containing
halogen.
The conductance maximum at IBr : Ph 3bIBr = 0.5:1 can
be explained in terms of the lodine produced as reaction 31
proceeds, reacting immediately with unreacted triphenyl-

antimony ifodobromide

PhsSbIBI’ -+ 12 ;:—:-_5 PhSSbISBI‘ FEEEEXEKX] 52
)
|
Ph.sSbBr++ Ig YEXEERR] 28
since there is no molecular iodine in solution before the
conductance maximum. Two processes are thus occurring
simultaneously, and on adding reactions 31 and 32, the

overall equation for the reaction up to the maximum becomes

2 PhzSbIBr + IBr —> PhzSbBrg + PhzSbBris
eseac st e 35
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Thus, half a mole of lodinebromide converts the
covalent triphenylantimony iodobromide to the covalent
dibromide and the highly conducting triphenylantimony
triiodobromids. Hence the conductance rises as reaction
33 proceeds, but this must reach a maximum when all of

the ilodobromide has reascted. The reaction will then be

and therefore equation 31 represents the overall reaction,
which 1s to produce triphenylantimony dibromide and

iodine only.

Disproportionation of triphenylantimony ilodobromide.

This is too slow to interfere with the conductometric
studies. If the first step of the disproportionation is
molecular dissociation to triphenylstibiné and iodinebromice,
then the latter would react as in 31, and the iodine so
formed could then react further with the iodobromide to
form bromotriphenylstibonium triiodide. This would account
for the formationvof the triiodide ion in solutions of the

iodobromide.
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BREACTION OF BROMINE WITH TRIPHENYLANT IMONY DIIODIDE
AND TRIPHENYLANT IMONY TODOBROMIDE TN ACETONITRILI.

The reaction between bromine and triphenylantimony
diiodide gives a conductance graph similar to fig.ll, but
in addition there is a break at Brg : Ph58b12 = 2:1,
instead of a regular rise in conductancé beyond the 1:1
ratio (fig.1l2). The composition of the solution, measured
spectrophotometrically at various stages, again shows that
the maximum in conductance 1s parallelled by the maximum
concentration of triilodide ion, and triphenylantimony
dibremlde was isolated at the conductance minimum at
Bry : PhzSbly = 1l:l, at which molecular iodine is also
rresent.

Thus the overall reaction of bromine with triphenyl-
antimony diiodide is

PhSSbI + BI'Z — PhSSbBrz -+ 12 esscsses B34

2
and the rise in conductance up to the 2:1 ratio is due to
reaction of the bromine with ilodine from reaction 34 to
produce iodinebromide, which forms conducting solutions

in acetonitrile.

Iz + BI‘2 F—_—\ 21IBr ‘F-.-—\-— I+ + IBré' esescace 39

This latter reaction has been confirmed by titrating

bromine against lodine in acetonitrile, when a graph of
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similar shape was obtained. Also, the spectrophotometric
changes in the U.V. and visible spectra were similar to

those in the Bry/Ph Sbl, system.

TABLE 34. U.V. and Visible spectra of Br,/Ph;SbIy

and Brg/Ig in acetonitrile.

Composn. Visible| U.V. Composn. | Visible U.V.
Brg:PhSSbIQ maxima | maxima Br2 : 12 maxima mexima
(mm) | (om) (m ) (mp )
. 293 (w) . 293(wr)
1l:1 465 360 (w) O:1 465 360 (w)
2:1 425 256 1:1 420 256

(See Table 33, page 158.)

In thils system, the highly conducting intermediate 1is
triphenylantimony tetraiodide, and the reactions may be
represented

to maximum (Ce5:l)

meximum to minimum (1:1)

%5Sb]:4: - BI‘2 —_— Ph3SbBr2 + 212 eseeancae 37
overall reaction to minimum (0sl- 1:1l)

beyvond minimum (2:1)

12+Br2 —_ ZIBI' TEEEEX] 55
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Similarly, the overall reaction of bromine and triphenyl-
antimony iodobromide is

FhzSbIBr + 3Br, — PhsSbBry, + ZIg  eeevees 38

and in this system a maximum occurs due to the formation
of highly conducting triphenylantimony triiodobromide,
arising from the reaction of iodine formed in 38, with
unreacted iodobromicde. From equation 39 it is clear
that the maximum should occur at~Br2 : PhSSbIBr = 0.35:1,
but in fact it was found at ca. 0.28:1.

The reactions may be written:

to maximum (0e33:1)

5Ph55bIBr + Br2 —_— ZPhSSbBrz + PhSSbIBBr
L I B 3N BN BN N ) 59

maximum to minimum (0.5:1)

hoSbIzBr + 38r, —> PhySbBry + 13Tp «..... 40

overall to minimum (0.5 & 1)

5Ph,SDIBr + 13Brp —> 3PhgSbBro + 131, «eceee 38

beyond minimum to break at 1:1

FIp + %Brz —> IBr
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SUMMARY

Conductance measurements show that triphenylantimony
dichloride and dibromide form stable effectively non-cond-
ucting solutions in acetonitrile. The diiodide and iodo-
bromide, however, although initially forming non-conducting
solutions in acetonitrile, undergo a slow disproportionation
reaction which produces ions and causes a conductance drift.
The triiodide ion was finally present in both solutions.

An organoantimony halide of novel stoichiometry, Ph4Sb12,
precipitated on standing,from acetonitrile solutions of the
diiodide, showing that phenyl migration also occurs in
this system.

The conductance values of the triphenylantimony dihalides
are of the same order of magnitude as those reported for
trimethylantimony dichloride, dibromide and diiodide.

The nature of the addition of the halogens to the
dihalides differs from that found for the triphenylphos=
phorus and arsenic dihalides. Triphenylantimony dibromide
does not combine with the halogens to form higher halides,
and of the tetrahalide series Ph58b1(4_n)3rn, only Ph5SbI4
and PhBSbISBr were indicated by conductometric analyses.
(Brealrs in conductance-composition graphs at IZ:PhSSb12= 1:1;
I5:FPhzSbIBr = 1:1; IBr:PhzSblp = 1:1.) Ultraviolet spectra

suggested the ionisations Ph58b1+15 and PhSSbBF Ig. Solids
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of these compositions could not be prepared, and in an
attempt to'prepare-PhssbI4, the solid isolated wes
Phésﬁ+lg » which again showg the presence of chenyl

migration.

3
and PhgSbBF' I7 is perhaps the first instance of formation

It is suggested that the formation of Ph58b1+I

of tetrahalides by halogen addition to covalent dihalides,
and occurs because of the high degree of ionic character
of the Sb-I bond.

Conductometric analyses of certain systems showed
maxima coinciding with the formation of the triiodide ion
at fractional ratios, (eg. Brg:PhzSbIBr = 0.28:1;
BrB:PhSSbIZ = C.5:1; IBr:PhBSbIBr = 0.,5:1), followed by
minima (eg. Brz:PhSSbIBr = 0.5:1; Brg:PhgSbI, = 1l:1;
IBr:PhSSbIBr = 1:1) at which only triphenylantimony
dibromide and iodine were present. The reactions in solu-~
tion leading to such results have been discussed at some
length, and the general conclusion is that Phz3bI, and
PhSSbIBr are converted to the more stable PhzSbBrg by the
addition of IBr and Bry, and that the conversion proceeds
through the intermediate formation of the highly conducting

tetrahalides iodotriphenylstibonium triiodide and

bromotriphenylstibonium triiodide.
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EXPERINENTAL PART.

PREPARATTIOCI OF TRIIPHENYTANTIMNONY-HALOGEN ADDUCTS

1) Triphenylantimony dihalides.

Preparation of triphenylantimony dichloride.

Trighenylstibine was dissolved in chloroform, and
chlorine in a nitrogen stream was bubbled through the
solution. White crystals precipitated and free chlorine
coloured the solution green when the reaction was complete.
The crystals were filtered in the drybox, washed with
petroleum ether, and dried in vacuo, m.p.143°.

(Found: C1,16.9. Calc. for GygH; C1ySb, C1, 164655,

m.D. 143°.)

Preparation of triphenylantimony dibromide.

Bromine (1.617 g., 0.0101 mole) dissolved in aceto-
nitrile (15 ml.) was added to btriphenylstibine (3.569 g.,
0.0101 mole) dissolved in acetonitrile (40 ml.). The
bromine solution decolourised, and white crystals precip-
itated. They were filtered in the drybox, washed with
petroleum ether, and dried in vacuo. m.p.215°%. (Found:

o 90,0
Br, 30.7. Calc. for 018H15Br25b’ Br, 31.2%. m.p. 216%)

Prevaration of triphenyvlantimony iodobromide.

Todinebromide (0.00920 mole) dissolved in aceto-

nitrile (15 ml.) was added to triphenylstibine (3.245 z.,
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0.00920 mole) dissolved in acetonitrile (50 ml.). Mg
solution became very pale yellow,’énd crystals of the same
colour precipitated. These were filtered in the drybox,
washed with petroleum ether, and dried in vacuo. m.p. 186°,
(Found: €,38.3; H,2.8; Br,14.4; 1I,22.8, Sb,21.7.
C1gH15PrISb requires €,38.6; H,2.7; Br,14.3; I,22.6;
Sb,21.8%. )

Preparation of triphenvlantimony diiodide.

Todine (1.805 g., 0.00712 mole) in acetonitrile (40 ml.)
was added to triphenylstibine (2.516 g., 0.00712 mole)
dissolved in acetonitrile. The solution became pale yellow,
and pale yellow crystals precipitated. These were filtered
in the drybox, washed with petroleum ether; and dried in
vacuo. m.p. 1869, (Found: 1I,41.9. Calc. for 018H15128b:
T,41.8% m.p. 153°,)

Other Preparations.

Attempted preparation of triphenylantimony tetraiodide.

Todine (4.486 g., 0.0177 mole) dissolved in acetonitrile
was added to triphenylstibine (3.118 g., 0.00885 mole)
dissolved in acetonitrile. Pale yellow crystals precipitated
but as addition continued, these dissolved and when adddition

was complete a clear red solution remained. Cn standing

overnight, orange crystals precipitated. These were [iltsrod
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in the drybox, washed with anhydrous ether, and dried in
vacuo, m.p. 176°. (Found: C€,36.3; H,2.5; I,47.6.
Calcs for CpylgnIzSb, C,35.5; H,2.5; I,47.0. m.n. 175°.)
That 1s, the ciystals which precipitated are tetraphenyl-
stibonium trilodide.

On freeze dryiﬁg equimolar solutions of iodine and
triphenylantimony dilodide immediately after mixing, and
extracting the resultant solid mass with carbon tetrachloride,
the solvent became purple, due to free iodine and the resulbt-
ant solid was identified as the diiodide. (Found: 1I,41.7;

Calc. for CqgHy5Ig50s 1,41.8%.)

Abtempted preparation of triphenylantimony triiodobromide.

Iodinebromide (0.00932 mole) in acetonitrile (15 ml.)
was added to triphenylstibine (3.288 g., 0.00932 mole) in
acetonitrile (40 ml.). Triphenylantimony iodobromide
precipitated. Todine (2.367 Z., 0.00932 mole) was added to
the suspension of triphenylantimony lodobromide, which rediss-~
olved, leaving a clear red soluﬁion. On standing overnight,
orange/red crystals precipitated. These were filtered in
the drybox, washed with anhydrous ether, and dried in vacuo,
MmePe 200°, (Found: €,40.6; H,2.9; Br,2l.4; I,16.3%.)
These figures give an empirical composition of Cgog zHos 25byoIBrs.
No trihalide ion was observed in the U.V. spectrum of aceto-

nitrile solutions of the compound.
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Preparation of PhQSbIg.

Trivhenylantimony diiodide dissolved in acetonitrile
forms a pale yellow solution which latterly becomes red as
the compound disproportionates. After 1 - 3 days, yellow/
brown crystals form on the walls of the cell. These were
filtered off in the drybox, washed with anhydrous ether, and
dried in vacuo, m.p. 206-8°, (Found: €,41.9; H,3.0;
I,37.4. CoyllopIaSh requires C,42.1; H,2.9; I1,37.1%.)

A solution of triphenylantimony iodobromide in acetc-
nitrile similarly became red and on partial evaporation,
yellow crystals precipitated which were filtered, washed
and dried as above. (Found: C,41l.9; H,2.8; Br,21.5;
1,19.8%.)  This gives an empirical formula of CgoHigSbe i

13ry .7+

Triphenylantimony dibromide from conductometric titrations.

"
)

In those titrations where minima were found, concentrated
solutions were made up in the same ratlo, and the dibromils
precipitated on partial evaporation of the solution. It was
filtered and identified by melting point and analysis. The
presence of iodine in solution at the minima was shown
spectroscopically, and i1t was also identified by freeze-

drying the solutions and extracting the solid with carbon

tetrachloride, which became purple.
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PURTFICATION OF MATHKRIALS:

The purification of acetonitrile, chlorine, bromine,
lodinebromide, and iodine have been detailed in Part 1.
The halogen adducts were not further purified.

Triphenylstibine.

Triphenylstibine was prepared by the Grignard reaction
of phenylmagnesiuwmbromide and antimony trichloride.(78)
It was recrystallised from 40-50 petroleum ether to constant

melting point.(m.p. 50°).

CCNDUCTOMETRIC TITRATIONS:

Conductometric titrations were carried out as described
in Appendix 2. Where halogen was titrated against dihalide
the dihalide was prepared in situ. The results of some
experiments whose results were not tabulated in the

"Results and Discussion™ section are given below.
Titration of Io vs. Ph=SbBro.

Mole ratio 104 & Mole ratio 104 Kk
: - - -1 =1
0 0.04 1.02 1l.42
0.29 l.22 1.30 1.49
0.58 -1.28 1.60 1.55
0.73 1.33 1.88 1.62 _j
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Titration of IBr vs. Ph.SbBr

2!

Mole ratio 104 i |Mole ratio 10% K

IBr :PhaShBry ohm:lcmTlIBr:PhSSbBrz ohmzdems]
0 0.035 0.87 8.84
0.21 3.48 1.06 9,97
0.43 5461 1.28 11.2
0.67 7.39 1.49 12.3

Titration of Iy vs., PhzSbIBr.

Mole ratio 103 K Mole ratio 10% K

I,:PhzSbIBr | olmilemsl | Ip:PhgSbIBr| ohmilemsl
0 0.03 0.84 1.69
0.15 0.87 0.98 1.71
0.30 1.25 1.05 1.73
0.45 1l.44 1.21 1.75
0.61 1.57 1.30 1.75
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Titration of IBr vs. Ph.3bIBr.

Mole ratio 10% K Mole ratio 10%
IBr:Ph,SbIBr |ohmslemT! | IBr:Ph,SbIBr | ohmTlem:l

0 0.24 1.00 2.32
0.15 5.00 1.13 0.92
0.26 4,75 1.26 1.48
0.38 5.15 1.51 2.13
. 0.51 4,96 1.78 2.65
0.76 3.21 2,00 2.95

Titration of ‘Brg vs. Ph.SbIs.

Mole ratio 104 K Mole ratio 104 K

Bry:Ph,SbI, | ommilomsl | Brg:Ph SbI, | ommitemit

0 04200 1.05 2.49
0.12 7.14 1.18 4.69
0.24 11.7 1.40 7452
0.35 13.6 l.64 9.42
0.47 14.3 1.87 11.0
0.58 1345 1.99 11.7
0.71 12.1 2.10 11.6

0.93 5015 2.22 11.5
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Tltration of Br, vs. Ph.SbIBr.

Mole ratio 104 Kk Mole ratio , 104

Brg:PhsSbIBr | olmslemst|Br, :PhsSbIBr | ohmslemsl

0 0.35 0.70 4.46

0.10 5.16 0490 6490
0.20 6.48 1.00 7.52
0.30 6.16 1.20 7.45
0440 4,35 1.50 - 7.08
0450 1.23

CCNDUCTANCE MEASUREWMENTS:

These were carried out in a dipping electrode cell
as described in part 1. In the cases of the diiodide and
iodobromide, the conductance drift was measured and At
plotted against;ﬁ& Ke The graph was extrapolated

to t = 0, and a valve for K  thus deduced.

U.Ve = Vis SPECTROSCOTFY.

LETHODS OF ANALYSIS. *

These were carried out as described in Part 1.



PART 4.

NOTE ON (1) TRIPHENYILAMINE-HALOGEN REACTIONS.

(11) TRIPHENYL BISMUTHINE-HALOGEN REACTIONS.

GENERAL CONCLUSIONS.
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NOTHE ON TIE REACTICHS CF HALOGENS WITH TRIPIEITYLANIIE
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The main topic of this research has been a study
trivhenylarsine~halogen adducts, and the adducts of tri-
phenylphosphine and triphenylstibine have also been invest-
igated for comparison. For completeness, the reactions of
the halogens with triphenylamine and triphenylbismuthine were
briefly examined, and the findings of these experiments are
now discussed.

(1) Triphenylamine-halogen systems.

Triphenylamine does not appear to form addition compounds
with the halogens On mixing equimolar acetonlitrile solutilons
of bromine and triphenylamine under conditions which give, for

inle, triphenylarsine-halogen adducts, neither triphenyl-

nitro en dibromide nor triphenylnitrogen tetrabromide were
Tormed. Instead, tri-p-bromophenylamine precipitated

(Founds C,45.0; H,2.8; Br,50.0; N,3.2. Calc. for

2

CqgflygBrglls  C,44.9; H,2.5; Br,49.8; N,2.9%) and on
freezedrying the solution, p-bromophenyl diphenylamine wes
ctteiied. (Found: C,866.1; H,4.3; Br,24.3; N,4.3. Calc.
for GqgHq,Bril: C,66.7; H,4.5; Br,24.7; N,4.3%.) On
addition of more than a mole of bromilne, tri-p-bromophenyl-

ariine only was obtained. The siting of the bromine on the

benzene ring in the para position was deduced from the infra-

A

red spectra of the comvounds. (Appendix 4.)
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Thus, the reaction of bromine with triphenylanine
produces ring substitution and not addition. This 1s in
keeping with the inabllity of the nitrogen atom to form
pentacovalent compounds, but although an ionic ammonium
salt, PhSNHal+ Hal™, is possible in principle, guaternary
compounds derived from triphenylamine are not common, the
only known examples being triphenylammonium salbts (79).

The reaction of triphenylamine with iodinebromide
ylelded red viscous oils, and with lodine, solids of non-
stoichlometric composition were obtained. Since it was

clear that these reactlions were not proceeding by halogen

©

ddition analogzous to the arsenic, phosphorus and antimony

systems, they were not further studied.

(i1} Triphenylbismuthine-halogen reactions.

The reactions of triphenylbismuthine with the halogens
have been studied by Challenger and Allpress (80) and more
recently by Harris and Inglis (81). Triphenylbismuth
dichloride and dibromide were readily prepared by normal
halogen addition to triphenylbismuthine, and both were non-
conductors in acetonitrile. (PhsBiCl2 :lflln= 0.01 ohm".'1
cm mole T at cm. = 0.024. PhzBiBry /\m = 0.04 otm??

2

cme mole’l at em = 0.011.)



Triphenylbismuth dilodide and iodobromide ars nob
stable at room temperature, and break down to bismuthinss
(ITT) (PhpBiHal(z_,)) end phenylhalides (80)(81). This
break down may be attributed to the "inert pair® of 6 s
electrons of bismuth (52)(83)(84), which causes the Bil -+

state to be much morejﬁfevalent than the BiV

state. Indeed
triphenylbismuth dichloride and dibromide are among the
relatively few 31V compounds known. The lower stability of
the diiodide and iodobromide can be attributed to the weakness
of the Bi-I bond, compared to the Bl - C1 and 21 ~ Br bonds,
and S0 the effect of the lower electronegativity of the
lodine on the 4 sp5 hybridisation of the bismuth.

This is, as might be expected, the only instance in the
studiss of triphenylsubstituted Group Vb halogen adducts
in wnich the inertness of a pair of s electrons appears %o

aszsume imporitance. There is no evidence for tetrahalides

of the type PhgBiHal, (81).
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GENERAL CONCLUSIONS.

Triphenylamine does not form halogen addition compounds,
and instead, ring substitution reactions occur. Under

suitable conditions, halogen addition (C1 Brg,I Br and I.,)

X
to triphenylphosphine, triphenylarsine, triphenylstibine
and triphenylbismuthine, produces dihalides at room temper-
ature, with the exception of triphenjlbismuth dilodide and
iodobromide (p.180). If the solvent 1s moist acetonitrile
then in the case of triphenylphosphine, triphenylphosphonium
halides are isolated.

The electrolytic properties of the dihalides have been
studied in acetonitrile. The molar conductance values of
the dichlorides and dibromides decrease with the increasing
atomic number of the Group Vb element, (Anm P,zﬂym.As,
Am b, Am Bi ~ 60, 15, <1, &1 ohm:t onf mole™t
respechtively, at cp ~ 0.03) suggesting the increasing stability
of the pentacovalent state. The antimony and bismuth
compounds are effectively covalent, but the modes of ionis-

ation of the arsenic and phosphorus compounds have been deter-

mined by transport experiments. They are

2 PhaAs(P)Cl, = PhAs(P)C1" + PhiAs(P)Cly

2 v

~—

Ph As(P)Br. = TFh,as(P)Brf + Br-
3 2 3

The conductance values for the i1odinebromide adducts
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and the diiodides, do not show such a marked periodic trend,
since The values for the phosphorus and arsenic compounds

are simllar, although the corresponding antimony compounds

are initially non-electrolytes (,AmP,_/\.mAs, Ame ~ 70,

70, < 1 ommTl cm? mole™t respectively at ¢, ~ 0.01), These
results arise from the tendency of these compounds to dis-
proportioﬁate'in acetonitrile, to form among others, compounds

conbaining trihalide ions,

Cefle HISASIz ('_-::" Ph.SAS + Ph'SASIé
P
L

PhgAsI” + I

Zince such compounds are strong electrélytes, the elect-
rolytic behaviour of these dihalides ia affected to a degree
dependent on the extent and rate of the disproportionation.
On dissolving the solids in acetonitrile, the dispro-
portionations of PhzPIq sBrg.5 and PhSPI2 are partial and
immediate; of Ph5A312 and PhzAsIBr are complete and immediate;
and of covalent FPhzSbIBr and FhzSbIy are very slow. In
consequence, the high conductance values of the phosphorus
compounds are due in part to disproportionation and in part
to direct ionisation, whereas those of the arsenic compounds
are due solely to the products of disproportionation. The

slow disproportionation of the initlally non-slectrolytic
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antimony compounds causes a slow drift in conductance
to higher values.

It 1s Interesting that this type of behaviour is found
only among compounds contalning M-I bonds. These are much
weaker than M-Br or M-=Cl bonds (85), and the first step in
the disproportionations is believed to be molecular diss-
oclation.

The course of halogen addition to the dihalides in
acetonitrile Varies greatly, and depends on the nature of
the dihalides themselves in this solvent. Halogen (12, IBr
or Brz) addition to the triphenylphosphorus dihalides
(PhsPI(g,n)Brn), which exist largely as halotriphenyl-
phosphoniuvum halides in acetonitrile, produces tetrahalides
PhSPI(4_m)Brm. The halogen molecule adds to the halide
ion, and the tetrahalides are consequently halotriphenyl-
phosphonium trihalides in acetonitrile. They may also be
isolated as unstable crystalline solids. By the same
mechanism, halogen (Ig, IBr or Brg) addition %o triphenyl-
arsenic dibromide in acetonitrile forms three tetrahalides

in solution, PhzAsT (n =4, 3 0r2)e The course

Br
(4=n)""n
of halogen addition to triphenylarsenic dilodide and iodo-
bromide in acetonitrile is more complex than halogen/halide
ion addition, since these dihalides are essentially completely

disproportionated to triphenylarsine and a triphenylarsenic

tetrahalide. Consequently, although the remaining members
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of the series PhSAsI(é_n)Brn were indicated conducto-
metrically in acetonitrile, the mobile equilibria and rapid
halogen exchange between anion and cation which were set up,
made impossible the isolation of Ph3AsISBr from aceto-
nitrile. Finally, however, the compound was isolated

from carbon tetrachloride to complete the series of solid
tetrahalides.

Halogen (12, IBr or ICl) addition to triphenylarsenic
dichloride forms tetrahalldes in solution, but these cannot
be isolated as crystalline solids. The products obtained
were tetraphenylarsonium trihalides, indicating that phenyl
migration had occurred.

Of the covalent dihalides, triphenylantimony- and
sriphenylbismuth dichloride and dibromide do not react with
the halogens (Ig, IBr or Brg) in acetonitrile, but triphenyl
antimony diiodide and iodobromide do so on account of the
high degree of ionic character of the Sb-I bond. Only two
tetrahalides were indicated in solution by conductometric
titrations - triphenylantimony tetraiodide (FhzSbIs + I,),
and triphenylantimony trilodobromide (PhSSbIBr + Ip) - but
They cannot be isolated in the solid state. In the former
case, tetraphenylstibonium trilodide is formed. In the other
additions, (IBr + Ph,SbIBr,-Ig ; Brg + FhzSbldr,-Ig) each
dihalide is converted to the more stable triphenylantimony
dibromide, and the two above-mentioned tetrahalldes have

been shown to be formed as intermedistes in this conversion.
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Therefore, 1t is generally concluded that the driving
force of halogen addition to the phosphorus and arsenic
dihalides 1s trihalide ion formation, whereas that of the
antimony system 1s formation of the most stable dihalide.
Thus the increasing prevalence of the pentacovalent state,
with increasing atomic number, is again illustrated.

In the preparation of the tetrahalides in solubion,
the occurrence of halogen exchange between anion and cation,

and anion and halogen molecules has been noted.

e+ge PhgPIgBrg —= PhgPI' + I Br;
’
il
Ph5PBr+ + IzBr' (page 109)

and €.g.
‘ I -I-Br "+ IBr — Br - I - Br~ + Iy (page 48)

Thé latter may be explained in terms of the relative
stabilitles of trihalide ions, and the former in terms of the
most favoured mode of lonisation of the tetrahalides. The
tetrahalides are all halotriphenyl .... onium trihalides,
and consequently are strong electrolytes iﬁ acetonitrile.
(Agy ~ 100 ohm:l em? mole~l at oy ~ 0.01).  In the tetra-
halides containing only one halogen, the mode of ionisation
is unambiguous, bubt in the tetrainterhalides where amblgulty
arises, Cege |

1 B T
- DALY

P 4AsT Br <7 or
IB J? 2 T
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1t 1s controlled by the relative stabilities of the pozsibls
cations. The cation stabllity is presumably directly rel-
ated to the strength of the II-Hal bond, and the bond diss-
ociation energies of M-Hal bonds in trihaloarsines and phos-
phines (P(AS)KS, X =Cl, Br or I), follow the trend

M-Cl > M-Br > M-I (85) suggesting, for example, the trend of
cation stabilities PhyasCl's Ph AsBr’> PhsasI?, and this
agrees with the results of the solution studies,

Therefore, it can be stated with certainty that in
solution, the mode of ionisation of a triphenylsubstituted
Group Vb tetrahalide, is such that the most electronegative
halogen atom 1s incorporated into the cation, and the others
form the trihalide anion.

This explains the halogen exchanges between anion and
stbion noted above. These results for the behaviour of
conpounds in solution cannot be generally applied to the solid
®Sate.  Triphenylarsenic diiododibromide does in fact have
“he same struchbure in the solid state as in acetonitriie solu-
tlon, but, for example, the chlorotriphenylarsonium cation
present during the formation of, say, triphenylarsenic diiodo-

dichloride in solution (Phg.AsCl+ IoC17) is not present in

5. . ‘\,+ -
the solid isolated from solution, which is FPhgds ICl .

The work described in this thesis is considered by ths

author to represent only an introduction to the study of the
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nature of organosubstituted Group Vb pentahalides, Tor
while the original aim of the work - to discover the nsture
of triphenyl-substituted Group Vb dihalides and tetrahalides
in solution - has been achieved, it seems likely that by using
other organic substituents and perhaps fluorine or halogén—
fluorides, different modes of lonisation misht be found. A
comprehensive study would also include primary and secondary
substituted derivatives, for there 1s evidence that they too
are lonic, and react with the halogens to form higher halides
(Introduction, p.10). Also, many interesting topics ~ not
directly related to the malnstream of the work - have been

K
N

Tound, bubt not extensively studied. These include the

ral
A

Termatlon of triphenylphosphonium halides by halogen additlion
So triphenylphosphine in moist acetonitrile, the phenyl
nigration which leads to a simple synthetic route to some
etraphenylarsonium trihalides, and the preparation of
compounds of novél stoichiometry = PhSPIl.5BrO.5,
ThzPIy,s7Br1.33, FPhgPH. I9.33870,67 @nd Ph,Sbl, - whose
structures would be of great interest.

The most essential follow-up to the main work descrived,

however, must be thermodynamical and kinetic studies of the

systems, particularly those in which moblle equilibria are
involved, for only in this way will these reactions become

fully understood.
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APPENDIX I.

THE DRY-BOX.

Throughout the research, the transfer of easily hydro-
lysable materlals was carried out in the dry-box. This
piece of equipment consisted of a large box (capacity ca.
100 litres) which contained an efficient desiccating agent
(phosphorus pentoxide). To eliminate the risk of oxidation
of material from the air, the pressure within the box was
made slightly greater than atmospheric by passing a stream
of dry nitrogen through the box.

The top surface of the box was made of perspex, and
the manipulation of apparatus and materials inside the box
was carried out through a pair of rubber gloves sealed into
the wall of the box. The introduction of apparatus, etc.
to the box from the outside and vice versa was achieved
through a transfer<~box which possessed a double door system.

The interior of the box was. therefore isolated from
the external atmosphere, and the intrusion of atmospheric
moisture was impossible. In this way hygroscopic compounds

could be handled in a dry atmosphere without hydrolysing.



CONDUCTOLIETRIC TITRATION APPARATUS.

The apparatus illustrated in fi1g.l3 permits continuous
conductometric titrations of anhydrous solutions to be
carried out without coming into contact with atmospheric
moisture. Also, the solutions do not come into direct
contact with tap lubricants.

The procedure employed in a conductometric titration
was as follows. Before use the apparatus was baked at
1209 for four hours. The titrant of known concentration
was prepared in a separate flask. To this, the burette
F (capacity 25 cc.) was attached, and filled by gentle
application of reduced pressure through tap T4 (tap T3 was
opened to a system of drying tubes). Tap 'I‘4 was then
closed and the burette attached to the main system, which
was arranged as shown in the dilagram.

Flask C (capacity 50 cc.) initially contained a known
volume (ca. 25 cc.) of the solution of known concentration
to be titrated. During titration, tap T3 was permenently
closed, and tap To permanently open. Small additions of
the titrant were made by opening tap T, (the flow of liquid
was conveniently "damped" by the very fine constriction I).
Complete mixing was ensured by the use of a magnetic stirrer

o on
[= SN

A
b

Do To measure the conductance of the solution at each s



silica
gel E
£ guard —=
tubes =x;| B

Conductometric Titration Apparatus .

Figel3.
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in the titration, a sample was introduced through the
capillary tube into the electrode chamber B by gently
applying reduced pressure through tap Tl. The sample
was held there by closing T,. After noting the cond-
uctance, the sample was reburned to the titrating flask.
A standard palr of smooth platinium dipping elect-
rodes, A, (see "Conductance measurements™, Part 1) were
used. The conductance was measured with a Phillips
resistance bridge,l(GM 4249) when equilibrium had been

attained after each addition of the titrant.
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APPARATUS FOR TEZ DETERMINATION OF TRANSPORT NUMBERS.

The determination of transport numbers by the Hittorf
method involves the measurement of small changes in the
amount of electrolyte which take place in the solution in
the vicinity of theelectrodes when the solution is electro-
lysed. Although the method is straightforward in theory,
there are several experimental difficulties to be overcome,
and this is reflected in the variety of forms of apparatus
described in the literature for the determination of transport
numbers by this method.

Since thé concentration changes to be measured are
usually small, it is important that mixing of the anode and
cathode solutions is minimised. Mixing of the solutions
within the apparatus may be brought about by diffusion,
cenvection or vibration. Attempts to reduce these errors
vy, for example, interposing a partition of sintered glass,
or lengthening the column of the solution, only results in
an increased resistance of the system, and consequently
smaller concentration changes. Conversely, attempts to
increase the concenbration changes by prolonged electrolysis
or increased currents, results in an enbancement of the

above errors. Therefore, the apparstus must have optimum



fige 14, Electrolysis Cell.
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imensions, resulting in a maximum current, with miniium
diffusione. Also, contact of anhydrous solutions with btap
grease and moisture has been minimised.

The electrolysis cell was of the H~ type with a middle

(U~ shaped) compartment as shown in fig.l4. The inner

O

iameter of the tubing was 14 mm. and at each electrode,
the width was enlarged. This 1s reported to reduce the
resistance of the filled cell. (86) Instead of using
taps to empty each compartment of the cell, fine easily-
broken spindles were drawn outb. This had the two-fold
advantage of eliminating the use of tap grease, and enabling

ne

ot
(@)

ell to be immersed in a thermostat, thus dissipating

ct

he effect of local heating. The electrodes consisted of
smooth platinum foil (coiled) and each had a total surface
area of 37.5 cm@; their separation was about 40 cm.

The remainder of the apparatus was designed such that
the solutions could be manipulated by pressure difference
in a closed circuit. The fbllowing proéedure was adopted
in vsing the cell.

The apparatus was attached at joint E to the vacuum
system, and before use it was flamed out in vacuc. Following
this, dry air was allowed into the system. Flask D was then
detached and the openings stoppered. The sclution to be

electrolysed was prepared, and transferred to flask B in
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the drybox, and B was rejoined to the apparatus. Taps
T, and T2 were closed at this stage, and the main line
evacuated. The solution was then transferred to flask 4
by rotating B about the throughjoint F. The cell was
filled by suction to the level C - D (by opening tap Tq)
and dry ailr was then admitted to the system (via the main
line) by careful adjustment of taps Tq and T, (after this
the delivery tube contained no solution and the pressure
above the éolution was atmospheric). The E-cell was then
immersed in a well stirred thermostat (at room temperaturec)
and the solution electrolyéed by the passage of direct
current supplied by "Ever-Ready" dry batteries (up to 240 V).
After electrolysis, the compartments were emptied
(middle first) and the separate solutions analysed (Part 1,
"llethods of Analysis®)., The amount of current passed was
determined from the increase in weight of a silver coulo-

meter ®

incorporated in the circuit. A sensitive millia-
meter was also included in the circuit, and during electro-

lysis the current was adjusted to about 1 m.Amp.

Design of silver coulometer.

A sintered glass crucible (H 3) was placed on a glass
tripod in a beaker (150 cc.), and the beaker filled with

silver nitrate solution (10%) so that the crucible was aboutb
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three~quarters filled with solution. The anode consisted

of a cylinder of silver foil interposed between the ouber

wall of the crucible and the inner wall of the beaker.

The cathode was a platinum electrode (area 1 cm%) immersed

in the solution within the crucible. The crucible served

to trap any silver which became disengaged from the cathode.
The cathode and crucible were welighed before the

experiment., After the current had passed, cathode and

crucible were washed with distilled water, then acetone,

and finally dried in an air oven at 120°. Reweighing

enabled the welght of silver deposited to be calculated.
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ADIENDIX 4,

INFRARTD SPECTRA.

The infrared spectra of the halogen adducts preparsd
In the course of the work have been recorded, and the
important features which have emerged are now discussed.

The adducts are all solids, and they were mulled with
nujol in the drybox immediately after isolation of the
compounds. The spectrometers used in the course of the
work have been a Perkin-~Elmer Direct Ratio Infrared Spectro=-
photometer, Model 13, Serial 4; a Perkin-Elwer 237 Infra-
red Spectrophotometer; and a Umnicam S.P. 100 dGouble beam
Infrared Spectrophotometer, equippred with an S.P.130 sodium
chloride prism=-grating double monochromator operated undef
a vaccuume ‘

The abbreviations used in the recording of the spectra
are: s, strong; m, medium; w, weak; v, very; bf, broad;

%, shoulder; ( ) or~*, split peaks.

1o Triphenvlamine-bromine compounds.

Triphenylamine did not react with the halogens in
acetonitrile. to form dihalides and tetrahalides, like those
Tormed by the other triphenylsubstituted Group Vb elements;.
the approximate empirical composition of the products from
the reaction with bromine were FPhN.Br and PhgN.Brgz. The

infrared spectra of these compounds, along with that of
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triphenylamine were studied in the hope of elucidating

structural details, and are recorded below.

ggsg ¢ 13587 m, 1481 s, 1327 m, 1310 w, 1277 s, 1136 W,
1152 w, 1076 w, 1030 w, 1038 w, 747 s, 696 s.

Ph,N.Br : 1587 m, 1480 s, 1327 m, 1309 w, 1279 s, 1171 w,
1152 w, 1073 m, 1030 w, 1008 w, 894 w, 820 m,

756 s, 696 s.

£E3N.Br5: 1590 m, 1495 s, 1322 s, 1293 s, 1277 m, 1188 m,
1110 w, 1082 m, 1076 w, 1015 w, 1010 w, 840 w,

825 s, 818 m, 715 w, 720 w, 670 w.

The focal point of interest in these spectra is found
to be in the 600-900 cmit region. The triphenylamine
absorptions at 747 cmil and 696 cm. are the characteristic
C-H out-of-plane deformation frequencies for a monosubstit-
uted benzene (770-730 &, 710-590 &) (87). For FPhzii.Br the
critical absorptions in this region are at 820, 756, and
596 cm:1 The latter peaks are again those of a monosub-
stituted benzene, but that at 820 emsl is characteristic of
a 1:4 disubstituted benzene (860-800 x). | 1li2 disubstituted
benzene, 770-735 s; 1:3 disubstituted benzene, 900-860 m,
810-750 s._](87). That is,Fh,N.Br is p-bromophenyldiphenyl-
amine. For Ph;N.Brs the occurrence of only one strong bond

3—'
in this region at 825 cmi' shows that the compound is

tri-p-bromophenylamine.
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2 Drivhenviphcsonorus Tetrahalides.

The infrared spectra of the triphenylphos phorns

tetrahalides from 1600-830 cmTl are recorded in Table 35.

TABLE 35. I.R. spectra of Triphenylphosvhorus
Tetrahalides.

1 Ph5P14 1580 w1430 s 1332 w 1310 w 1156 w
2 PhSPIBBr 1578 w 1430 s 1334 w 1312 w 1160 w

3 PhsPIBBrz 1583 w 1430 s 1336 w 1310 w 1156 w
4 PhSPIBrg 1585 w 1430 s 1338 w 1312 w 1154 w

5 PhSPBr4 1585 w 1430 s 1340 w 1310 w 1154 w

1| 1118 vw 1006 8 1067 w 1026 w 994 m

2| 1118 s 1098 s 1069 w 1026 w 994 m

3 1118 = 1098 s 1068 w 1030 w 988 m

4| 1118 s 1009 s 1068 w 1032 w 998 m

5| 1118 s 1098 s 1069 w 1030 w 1000 m

1| 933 w 923 w 836 w 756 m 744 s 720 vs 684 s

728

2 933 w 920 w 839 w 750 m 738 s {;Zz%nuvs 684 s
3| (930, 891 832 )m.br 750 m 738 ms 726 ve 684 s
41 (930 888 834 m.br 750 m 74C ms 725 vs €81 s

5| (930 888 834 )m.br.750 m 740 ms 724 vs  CG&2 s
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The vibrational assignments shown below are made by
comrarison with the studies of Deacon, Jones and Rogasch (&0)

on quaternary ‘'onlum cations, including the tetraphenyl,

triphenylmethyl and triphenylethylphosphonium ions.

VYC - C: 1581 % 4, 1430. (a band at ca.l470 is masked
by Nujol).

AC - H: (1336 £ 4), (1311 * 1), 1157 £ 3, 1068 ¢ 1, 1029 * 3.
¥C - E: 850 % 940, w735 %t 760.
ring breatbing: 096 ¥ 4,
ring deformation: 680 # 691
X =sensitive: 1118, 1098 * 2,
X -sensitive: 724 ¥ 4,
The ¥ C~C assignments are C~C stretching modes; the
A C-H are C-H in-plane deformation modes; theY C-H are
G-I out-of-plane deformation modes. The X ~sensitive modes
2ie planar ring vibrational modes, and are dependent on the
nature of the monophenyl substituent. (89) (88). The higher
"requency set has been discussed at length by Kross and
I'assel (89) who show that i1t moves to a lower frequency as
the electromegativity of the substituent decreases.
In general, the spectra of the PhSPI(4_n)Brn compounds
are alilke, but there are small but reproducible differences
between the spectra of triphenylphosphorus tetraiodide and

the other tetrahalides in three regions of the spectrum:
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thesc are the two X -sensitive bands, (1070-1130, 720 % 10)
and the C-T "umbrella® out-of-plane deformation band,
(735-770 omfl).

In the latter case, the tetraiodide absorbs at 756 cm:l
and 744 cm?l, which are higher frequenciés than the other
tetrahalides. (750 emT¥, 739 % 1 emTl). In the case of
the lower X -sensitive band the tetraiodide absorbbtion at
720 cmil is lower than that of the others (725 % 1 cmil:
split to 728, 722 cmTt in the spectrum of PhzPIzBr). The
tetraiodide absorption of 1096 cm:l at the higher X -sensitive
band is also lower than that of the other tetrahalides
(1089 cm:l), and in addition, the peak at 1118 emst is very
weak in the spectrum of the tetraiodide, but strong in those
of the others. |

In assigning vibrations it has been assumed that the
triphenylphosphorus tetrahalides are halotriphenylphosphonium
trihalides in the solid state, and it is suggested that the
differences between the tetraiodide spectrum on the one hand

and those of the bromine-containing tetrahalides on the other

might arise from the different nature of the cation in the

two cases, since by analogy with the behaviour of the compounds

tning ali ikely
in solution, the bromine-contelning tetrahalides are likely

1 1m 101 hereas the
to contain the bromotriphenylphosphonum.u cation, whereas UI

s od 3 - ] i atlon.,
tetraiodide contains the iodotriphenylphospnonium Cab
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The I.R. spectrum of ¢h5PII.59rO.5 showed no significant
differences from that of PhSPIQ‘ Both spectra are reccrded

below, along with that of PhSPBrZ.

Ph5P12 : 1580 w, 1434 s, 1332 w, 1310 w 1178 w, 1164 w,
1152 w, 1118 w, 1096 s, 1070 w, 1026 w 998 m,
974 w, 967 w, 933 w, 843 w, 752 m, 747 s, 740 m,
721 vs, 686 vs.

Ph5PIl.5Br 1580 w, 1432 vs, 1334 w, 1312 w, 1178 w,

0.5°
1164 w, 1152 w, 1120 w, 1098 vs, 1072 vw, 1026 w,
996 m, 978 w, 970 w, 933 w, 843 w, 747 vs, 740 =,

721 vs, 688 vs.

PhzPBro: 1588 w, 1474 m, 1434 s, 1338 w, 1309 w, 1276 w,
1182 w, 1160 w, 1120 vs, 1033 w, 1008 m, 982 s,
843 w, 782 w, 752 m, 732 vs, 690 vs.

4 .,Triphenylphosphonium halides.

Initially, the triphenylphosphonium halides were
considered, from analyses, to be novel triphenylphosphorus
monohalides and their true nature was not discovered until
the infrared spectra of these compounds were closely examined.
The spectra are recorded below

PhBPHI : 2200 w, 1586 w, 1484 m, 1440 vs, 1150 w, 1118 s,

1105 m, 1071 w, 1029 w, 998 w, 930 m-w, 870 nw,
762 s, 748 m, 738 vs, 725 mw, 715 s, 698 s, £90 s,

680 s




FhgPH.I) 52BPq ant 2195 w, 1586 w, 1481 m, 1439 vs, 1180 vw,
1160 w, 1120 s, 1105 m, 1070 w, 1029 w, 999 w,
931 w, 871 w, 765 =, 748 w, 738 vs, 722 w, 717 s,

699 s, 681 m.

PhzPHBr : 2119 w, 1580 w, 1481 m, 1435 vs, 1325 w, 1310 VW,
1177 w, 1150 w, 1116 vs, 1100 m, 1070 w, 1030 w,
995 w,980 w, 939 m, 884 mw, 830 w, 762 vs, 748 m,
733 vs, 721 m, 711 vs, 690 s, 680 s.

The assigmment of the band at 2100~2200 om:l to the
P-H stretching frequency was the only feature of the spectrum

which unambiguously confirmed that these compounds were tri-

phenylphosphonium salts. (Cross gives V P-H at 2440-2350 cmfl.

Sheldon and Tyree (73) assign a lone intense band at 1120~
1118 cm:1 and two moderately strong bands between 940 and
870 cmfl specifically to triphenylphosphonium salts. These
specific assignments, however, are by themselves valueless
for unambiguous identification, since similar bands are
present in other P-Ph compounds. For example, triphenyl-
phosphorus dibromide has a strong band at llZchmTl, and
triphenylphosphonium bromide a strong band at 1116 emTt

By comparison with the results of Deacon et al. (88), the
band at 1120-1116 cmfl is likely to be an X-sensitive mode,

and the others ¥ C-H modes.

)

i
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In the case of the halides shown above, there is
extensive splitting of the bands in the 680~770C et
region, which makes thelr assignment difficult, but
could in itself - along with a P-H absorpticn band and
perhaps Sheldon and Tyree's bands - agsist in character-
ising such compounds as substituted phosphonium salts.

The spectrum of PhsPH.IO.SsBrO.67sheds no light

on the possible structure of the compound.
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The infrared spectra of the triphenylarsenic tetra-

halides in the range 16008680 cm. are recorded in Table 35.

TABLE 36. I.R. Spectra of Triphenylarsenic Tetrahzlices
1 Eh3AsI4 1870 w 1430 s 1332 w 1308 w 1272 w
2. PhgﬁsIsBr 1570 w 1438 s 1333 w 1308 w 1274 w
3 PhsﬁsIzBrz 1570 w 1438 s 1330 w 1309 w 1276 vw
4 PthsIBrS 1570 w 1438 s 1332 w 1309 w 1277 w
5 PhSAsBr4 1570 w 1434 s 1332 w 1310 w 1279 vw
11178 w 1156 w - 1072 m 1024 w 994 m
21 1178 w 1158 w 1084 m 1074 m 1022 w 998 m
3| 1178 w 1156 w 1084 m 1078 s 1024 w 996 m
4] 1179 w 1156 w 1085 m 1079 m 1025 w 996 m
511180 w 1155 w 1084 m 1078 8 1022 w 995 m
1 920 w 847 w 840 w 750 m 737 va 682 s
761 748 m 4

2 920 w 850 w 839 w 967 m {;38 vs 84 s
3| ol8w 848w 836w 765 m 735y 682 s

754 m
4 016 w 847 w 838 w 763 m {%32 vs 682 s
5| olew 849w 838w 763 m J/*0 S 680 vs

735 vs

1D e
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Sy comparison with the results of Deacon et al.,
vibrational assignments may be made %o many of the bands
ir the spectra of the triphenylarsenic tetrahalides. Those
at 1570 and 1435 * 5 cntt may be assigned to Y C-C modes;
at 1352 ¥ 2 and 1309 % 1 cm:® probably to B C-H modes; ab
1179 * 1, 1156 * 2 and 1024 ¥ 2 omi® to 4 C-H modes; at

I+

1084 £ 1 and 1075 * 4 omil to X-sensitive modes; at

996 % 2 cmTl to ring breathing; at 918 * 2, 848 ¥ 2 and
838 * 2 cmTt to ¥ C-H modes; and at 682 * 2 emil to ring
deformation.

The interest in these spectra - assuming the tetra-
halides to be halotriphenylarsonium trihalides in the solid
state (see p.57) - is to determine whether there are differ-
ences between the spectrum of the tetraiodide (PhSAs f‘Ig)
and that of the tetrabromide (PhSAst+Br5) which could be
compared with the spectra of the other tetrahalides of the
series, and which might lead to their assignment as bromo-
triphenylarsonium or iodotriphenylarsonium trihalidese.

The two regions of the spectra in which significant
changes are observed (Table 36) are the (presumed) X-sensitive
band(s) at 1050-1120 cm:' and the ¥ C-H umbrella band at
735 = 760 cm?l The 1050-1120 cm=l bands are at a lower
frequency in the arsenic compounds compared to the phosphorus
compounds, and the fact that these frequencies decrease with
the increasing atomic number in a periodic group is apparently
a general trend related to the partial ionic character of the

¥M-C bond (89).
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Like their phosphorus analogues, the spectra of the
bromine~containing tetrahalides have a double peak in the
1050-1120 emT+ X-sensitive region, whereas the higher
frequency band of the doublet is absent in that of the
tetraiodide, which has only a single band occurring at a
lower frequency than the corresponding band in the other
tetrahalides. The spectrum of the tetralodide is also
distinguished from those of the other compounds by the
absence of a medium peak at 763 em=!  (In the spectrum of
PhzAsIzBr, this is split to 761 and 767 em=l.)  There are
no other significant changes which are common to the four
bromine-containing tetrahalides, and different from the
tetraiodide, but those discussed strongly suggest that the
tetralodide does differ from the others in the solid state.
This may be attributed to the different cation, which there-
fore suggests that the triphenylarsenic tetrahalides which
contain bromine are bromotriphenylarsonium trihalides in the
solid state as well as in solution. This agrees with the
results of the X-ray structural analyses of triphenylarsenic
diiododibromide and iodotribromide.

Attempts to detectlthe As-Br and As-I frequencles in

the far-infrared reglon 500-200 cm?l were unsuccessful, due

to poor resolution.
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Other spectra recorced are given below.

6. Triphenylarsenic dilhalides.

PhzAsI, : 1580 w, 1489 s, 1440 s, 1335 w, 1315 s, 1282 w,
1167 s, 1172 w, 1080 s, 1030 w, 1050 s, 855 w,
750 s, 738 s, 690 s.

PhSAsIBr : 1580 w, 1478 s, 1435 s, 1380 w, 1304 w, 1271 w,
1175 m, 11C4 w, 1064 s, 1080 w, 998 vs, 922 w,
834 w, 755 s, 740 vs, 682 vs.

V.Tetraphenylarsonium.trihalides.

PhyAsICly: 1575 w, 1474 m, 1439 s, 1339 w, 1310 w, 1200 w,
1180 w, 1082 s, 1018 w, 990 m, 920 w, 840 w,
760 m, 741 vs, 735 vs, 680 s.

PhyAsIgCl: 1570 w, 1475 m, 1449 s, 1432 s, 1338 w, 1305 w,
1195 w, 1178 w, 1080 s, 1060 w, 1015 w, 990 s,
920 w, 84C w, 760 vs, 740 vs, 680 vs.

PhyAsIBrCl: 1575 m, 1478 m, 1436 s, 1332 w, 1308 w, 1200 w,
1180 w, 1080 s, 1018 m, 998 m, 920 w, 760 vs,
740 vs, 725 vs, 680 vs.

8.Triphenylantimony dihalides.

PhsSbI, : 1565 w, 1430 s, 1327 w, 1300 w, 1264 w, 1180 w,

1154 w, 1088 w, 1057 w, 1017 w, 994 m, 960 w,

901 w, 832 w, 724 vs, 682 vs.




PhSSbeg

1570 w,
1156 w,
726 vs,

1570 w,
1090 w,

49]
O

0
i

1430 s, 1327 w,
1060 w, 1019 w,
682 s.

1430 s, 1327 w,
1062 w, 1021 w,

130C w, 1258 w, 1186 w,
994 m, 963 w, 901 w,

1302 w, 1156 w, 1174 w,
994 m, 901 w, 727 vs, 682
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