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ADSTRACT

The original-aim of this investigation of the virtually
unexplored chemistry of tungsten lexafluoride, WF6, was to assess
its usefulness as a fluorinating agent towards organic coupounds,
It is shown that HF6 is a mild,selecti#e fluorinating agent, limited
in its applications. The work includes a study of the properties
of derivatives of WFG, and 19F nuclear magnetic resonance spectroscopy
has been used extensively.

A Raman spectroscopic study of the coloured soluticns of WF6
in the donor solvents benzene and acetonitrile indicates that the
octahedral symmetry of NF% is preserved and that the cxtent of donor-
acceptor interaction is small, Nitromethane was found to be a
convenicnt solvent for the preparation of the cﬁmplcx fluorides
‘R4N+WFE- (R = ™Bu, "Pr) by rcaction of "WFe with the appropriate
tetraalkyl amronium iodide. Attempts to isolate a solid donor-zcceptor
complex of HF6 with a polycyeclic aromatic hydrocarbon were unsuccessful,

Oxotetrafluoro(dimetlyl ether)tungsten(VI), U0F4.Gﬂe2, was
obtained in good yield from the reaction of WFG with dinmethyl ether
under forcing conditions, and it is forrmulated as a monomeric,
octahedral complex on the basis of its spectroscopic pronerties. The

analogous complex UOFh.OEt decomposcs readily. The interaction of

2

WFh with thioethers and selenoethers has been studiecd, and the complexes



1 5 W I 1 waracteri 19«
WIh(dt2S)2 and JTB(LtQSe)2 have been characterised, I n.n.r,

evidence has becen obtained for the formation of the dimeric fluorine-
bridged anion W202F9_ as a hydrolysis product of WF6 derivatives.,

The fluorirnation of some oxygen—containing coripounds of sulphur
and phosphorus by WFE has been studied. The reaction of HFG with
dimethyl sulphoxide is complicated by the formation of I, and one
of the products is formmlated as bis(monofluoromcthyl)ether. WF6
undergoes substituent-exchange reactions with sulphite csters to
yield alkoxy and phenoxy tungsten{VI) pentalluorides, WF5OR,(R=H9,Eb,Ph) and
fluorosulphite esters, ROS(0)¥. The properties of these products
are described, Tyrosulphuryl fluoride, 8205F2, is formed in the
reaction of WF6 with sulphur trioxide. The reaction of NF% with
trimethyl phosphite gives initially WFsOMe and PF(OHe)Q, but subsequent
reactions occur to give (MeO)zP(O)Me, MeP(0)(F)Cie, (MeO)BPMe+WOF5_
and WOFh.CP(CHe)QMe. The products obtained depend on the rcaction
conditicns, PF3 is formed in the reaction of WF6 with dimethyl
phosphite, and '.'!FsCMe, ‘.JOFq.OP(OMe)é-Ie and leP(0)(F)Cie are the
products of the reaction of WF6 with (MeO)zP(O)He. The reactions
of WFsoMe with dimethyl sulpﬂite, trimethyl phosphite, benzene,
pyridine and dialkyl ethers are described.

The fluorination of methylall:oxysilanes and trimethylphenoxysilane

with WF6 has yielded a series of methoxy and phenoxy tungsten(VI)

fluorides, X'6_n(0R)n , n=1-4 (Me), n=1, 2 (Ph), and some evidence



for the formation of WFQ(OEt)Q and WFB(OPh)3 has been obtained,
1 s e ..
9F n.n,r, spectra indicate that these compounds are mononeric in
solution, and gecometrical isomers have been distinguished in some

19

cases., The ~“F resonances are all to high field of WF6, and the

effects of Cile and CPh substitucnts on the chemical shifts are

approximately additive. ".'.’Fq(OMe)2 isonmerises to WOFh.OHeQ, and

thernal decompositions of methoxy tungsten(VI) fluorides yield

Me20 or MeI’ with some reduction of the tungsten. WCF4 is formed

in low yield in the reaction of WF6 with hexamethyldisiloxane; the

other products are MeBSiF and reduced tungsten species, Cleava_e

of the Si-N bond in dimethylaninotrimethylsilanc with WF6 was

observed, but dimethylamino derivatives of WF6 wvere not isolated.
Some of the factors which méy determine thie 19F clienical shifts

and stereochenistry of the tungsten fluoro-complexes prepared in this

work are discussed. The 183W chenical shifts of some of the complexes

have been obtained by heteronuclear magnetic double resonesnce

techniques, and these are all to low field of WF6°
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INTRCDUCTION

It is widely recognised that the last two decades have
witnessed a renaissance in Inorganic Chemistry, and not least
among the many expanding fields of study is the chemistry of
fluorine and its compounds. Fluorine has been long recoznised
as the nost reactive of the elements, combining with almost all
the others, usually at rioderate temperatures and with great
vigour, The high reactivity of fluorine anidl the attendant
difficulties of handling delayed a systematic study of its chenistry
for many years. However, the demands of the nuclear programme
towards the end of the Second ‘/orld War and, more récently, the
search for efficient rocket fuel oxidants have provided the impetus
for a thorough and systematic study of the chemistry of fluorine
and its compounts., The advent of the medium-terperature electrolytic
cell for the production of fluorine on a laboratory.scale, the
development of suitable corrosion-resistant materials for the
construction of apparatus, and the increasing commercial availabhility
of many fluorine compounds have greatly reduced tiie experimental
difficulties., The field affords many interesting and stimulating
research problems, and the great effort which has been channelled

into it has been rewarded by the discovery of a wide variety of



useful fluorine-containing compounds with properties ranging from
the extreme fluorinating power of some binary fluorides to the
almost‘complete inertness of perfluorinated-polymers. |

The high reactivity of fluorine is undoubtedly associated with
the low dissociation energy of the F2 molecule, The most recent
determination, by photoionisation nethods, gives a value of
30.9 ¥ 0.7 kcal/mole.l ?revious determinations gave values around
37 kcal/mole. The dissociation energies of the other halogens are:

012, 58.2; DBr,, 46,1; 12, 56.1 kcal/mole.2 ilepulsion between

2’
non-bonding electrons and the absence of suitable d-orbitals for
maltiple bonding have been forwarded as explanations for the weakness
of the bond in F2.

Fluorine is the most electronegative of the elements, and its
high ionisation potential precludes the possibility of positive
oxidation states. The fluorine compounds of the elements are of two
main types, ionic and covalent, in all of which fluorine has a
conplete octet. Ionic fluorides contain the I ion, and in the
numerous covalent fluorides the bonds have considerible ionic
character as a result of the high electronegativity of fluorine.

The coordination number of fluorine in covalent fluorides is usually
one, but an increasing number of compounds are being shown to contain

bridging fluorine atoms (e.g. refs. 3, 4j, It is also currently

suggested that the filled 2p orbitals of fluorine can engage in



w-bonding where suitable orbitals exist in the heteroaton
(e.g. refs. 5, 6), but.in most cases the evidence is largely
circunstantial,

Fluorine-19 is the only naturally-occurring isotope of the
element, It has a nuclear spin of %, and is an ideal nucleus
for nuclear magnetic resonance (n.m.r.) spectroscopic investizations,
as it has a favorable spin-lattice relaxation time and a gyromagnetic
ratioﬂclose to that of the hydrogen nucleus. The ranges of 19F
chemical shifts and coupling constants are large compared with
those obtained from 1H n.n,r, spectra, and first-order 19F N.NL.T,
spectra, which yield nuch information about nolecular structure,
are generally obtained. Although the theoretical Preatmcnt of
19F chemical shifts and coupling constants is not well developed,
empirical correlations are very useful (clapter 4). In this study
of some fluorine compounis of tungsten, considerable dependence
has been put on 19F n,n.r, spectroscopy for the characterisation
of reaction products., The identification of tungsten-fluorine
compounds is gencrally straightforward, as the resonances of
fluorine atoms directly bonded to tungsten have satellite peaks
arising from spin-spin coupling with the tungzsten-183 isotope
(1 = 4, natural abundance ca, 14%).

Among the many knowvn binary fluorides the hLexafluorides form

an interestingz and, in some respects, an unusual class of compouncs.



Hexafluorides are inown for the group VI elements sulphur, eclenium,
tellurium and polonium, the rare gas xenon, chromiun, and some of
the socond- and third-row transition and actinide metals, The
physical and cuemical properties of these highly symmetrical

5,6, 7, 8 Much of this

molecules have been extensively reviewed,
material has appeared since the commencement of the work described

in this thesis (October 1966) and provides some perspective for

the present study of some of the chemical properties of tungsten
hexafluoride.

The hexafluorides display a complete range of chemical behaviour,
from inertness to remarkable reactivity., In general, the non-metal
hexafluorides are less reactive than the metal hexafluorides, which
show varying degrees of reactivity. Within the group of the second-
and third-row metal hexafluorides, systematic variations in physical
properties can be correlated satisfactorily wita differences in
chemical reactivity.

The most distinctive physical properties of the hexafluorides,
and particularly of the metal hexafluorides, are their high
volatilities and extremely short liquid ranges. High volatility is
unexpected in view of the high molecular weights involved, and this

is thought to arise from the absence of strong intermolecular forces

between electronegative fluorinc atoms. An unusual feature is that

the hexafluorides of the third transition series are more volatile



than the corresponding hexafluorides of the second transition series,
This phenomenon is inexplicable in terms of the conventional concept
of an inverse relationship between niolecular weight and volatility,
and itvhas been suggested that, since the intermolecular forces are
almost identical on the periphery of the molecules, entropy consider-
ations are important.9 0f the transition metal hexafluorides,
tungsten hexafluoride, a colourless liquid, m.pt. 2.00, b.pt. 17.1o
(ref. 10), is the most'volatile, and this property allows it to be
handled by conventional vacuum-line techniques.

The infrared and Raman spectra of the hexafluorides of the
second and third transition series have been interpreted on the
basis of octahedral symnetry, and in some cases there is evidence
of Jahn-Teller distortion.11 Electron diffractioﬂ experinents
also indicate octahedral syrnmetry and approxiniately constant metal-

12, 13

fluorine bond lengths (1.83 2 )in tie third-row series. Force
constants derived from vibrational spectra provide a convenient
measure of the strength of chemical bonds, anis a recent calculation
of the sfretching force constants for the nietal-fluorine bonds of
transition metal hexafluorides in the gaseous state gzives the highest
value for HF6,14 suggesting that it should be the nost stable and
therefore the least reactive chenically, The same conclusion might

be drawvn from the observation that the totally symetric, . mode,
]

which is closcst to a measure of the bond strength, has tie highest



value for WF6 and decreases along the series.5 The frequencies
of the alg modes for the third-row hexafluorides are higher than
for the corresr;onding members of the second-row, The enthalpics
of formation of molyhdenum and tungsten hexafluorides have been

15, 16 and averagze bond

determined by fluorine borib calorimetry,
energics of 107 and 121 Lcal/mole res-ectively can be derived.
These values are much higher tlan those of sulphur, selenium and
tellurium hexafluorides, which are 79, 73, and 81 kcal/mole
respectively.6’ 17

The availahle comparative studies of the chemical reactivities
of the transition nietal hexafluorides confirm the above predicticns,
Tunzsten hexafluoride is the least reactive, and has been used as a
solvent for n.m,r, studies of other fluorides.18 Platinun
hexafluoride, on the other hand, is extremely reactive, It can

19

oxidise molecular oxyzen ” and xenon,20 and can fluorinale bromine
trifluoride to bromine pcntafluoridc.21 From a study of the
oxidative reactions of tiie hexafluorides of the third transiticn
series with nitric oxide and nitrosyl fluoride, Bartlett and co-

9 <

workers concluded that the clectron affinities are in the order
'.‘.’F6< L’.eF6 < CsF6 < IrF6 <PtF6. They observed, however, that the

ability of the hexafluorides tc accept fluoride ion to give MNF.

7

9~ 3
and MFS' species decreases along this series, and they attributed

the effect to a sharp increase in lizend crowding from UPG to PtF6.



In order to acccunt for the trends in the stahility and
reactivity of the metal hexarflucrides, it has been suggested that
there is fluorine-to-metal m-bondin;, and that the contribution of
w-bonding to the total bonding decreases as the number of electrons
in the metal t2g orbitals increases, resulting in decreasing
stability and consequently increasing reactivity from left to right

2y

across the series, It is expected that ®-bonding will be
greater in the hexafluorides of the third transiticn series than
in those of the sccond transition series because of the greater
nuclear charges ol the centircl atoms of the fornmer. Bartlett6 has
suggested that the constancy of the l-F bond lenzgths in the third
12, 13

mey result froi: a coincidental matching of

row hexafluorides
the lengthening from loss of multiple-bond character with the
shortening from the transition series contracticn,

Tungsten hexafluoride was prepared by Ruffl and co-workers in

1905 by rnicans of the reaction,
WCl + 6HF —» 6ICL + WF (-2° to 20°, in platinum) ,

and they made the first qualitative investizutions of its chemical

23, 24 The direct action of fluorine on powdered tungsten

25, 26

behaviour,
is now preferred for the preparation of WF6, Although the
preparation, purification and physical characterisation of NFB is

well documented, tlhere have been, in cormon with the other metal

hexafluorides, few investizations of itls chemistry.



Molybdenum and tungsten hexafluorides were long rezarded as
very reactive compounls, and very similar in physical and chemical

27

properties, The assumpticn that their chenical properties are
very similar apjears to have been bascd on the similarity of their
hydrolysis reactions. lore recent work, howvever, indicates that
there are considerable differences in chemical reactivity. O0'Donnell
and Stewart28 have studied oxidation-reduction and halogen-cxchange
reactions of tlie higher fluorides of chromium, tiolybdenum and
tungsten with lower fluorides of sone non-metals and sowme non-metal
chlorides, and have found that the order of reactivity is CrF5>
NoF6> WFG, .EOF() is a weak fluorinating agent towards PI-‘.)., 052 and
WFQ, yielding PF5

in each case being lol

’ (CF3)282 and WF6 respectively, the other product

hnl

Halogen-exchanse occurs between ilo¥, and
=) 6

5°

PCl;, AsClg, SBCLg, TiCl,, CCl,, SiCl,, BCly and PDry, WF, is

3’ 4’ 3

virtually inert as a fluorinating agent, only reacting slowly with

PF3: =

WFB undergoes halogen—-exchange reactions with TiClQ and BCl, to

3

yield ‘w'Cl6 and w013F3 respectively., A slow reaction also occurs

between UFG and PBr, yielding WBr5 and PF_, The reactions of the

37 3
kexafluorides of molybdenum, tungsten and uranium with binary ionic
chlorides have been studied by 0'Donnell and Uilson29, and these

provide further evidcence of the relatively inert nature of WF6



compared with MoF, and UF,_, lialogen exchange was observed between

6 6
WFE and BeCl2 to yield .'JCl6 and BeF2.
Tungsten hexafluoride forms intensely coloured solutions in

organic donor solvents, indicating that weal riolecular corplexes

30, 51, 32 and isolable adducts are obtained with amines,

31, 33, 3%, 35

are formed,
amides and phosphines, The adduct WFB’4'5503 is
formulated as the fluorosulphate ”FQ(SO3F)4 from which excess
sulphur trioxide has not been removed, but the compound is not
well characterised.33 Reaction of WFG with benzene at 110° (7
days) yields tungsten tetrafluoride, ﬁF4,36 and a recent report
describes the cleavaze of Si~0 bonds in hexamethyldisiloxane and
alkylalkoxysilanes by WF6, but no tungsten—containi?g nroducts
were identified.37

Substituted derivatives of WF6 are limited to the recently
reported chlorofluorides NF6_nCI#, n = 1-5, which are prepared

8 28
43 » 39 or BC13, or by the

38, 39, 40 g, 19

either by exchange reactions with TiCl

controlled fluorination of WC16. F n,m,r, spectrum

of liquid WF.Cl is consistent with the C&v syrummetry expected for a

5

) 3 41 . 1
mononier, and both the vibrational™™ and mlcrowavella spectra are
in accord witih this conclusion., A number of ccomplex fluorotun;zstates

derived from WF6 containing the anions WFG-, WFGQ-, WF., and WF 2-

7 8
have been described.6’ 42-45, 83, 84

The earlier literature on other tungsten fluorides and
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oxofluorides has been recently reviewed.5 Tungsten pentafluoride

has recently been prepared by reaction of WF6 with a tungsten wire at

46 I
500-700°, * 7

and has been shown, from crystallographic powder data,
to be isomorphous with molybdenum, niobium and tantalum pentafluorides
which have a tetrameric unit in the solid state, the four metal atoms
being linked by approximately linear bridging fluorine atoms, and

each metal atom having a distorted octahedral coordination completed

3, &4

by four terminal fluorine atoms, The only other known fluoride

of tungsten is the tetrafluoride, WFq, which has Dbeen obtained from
from the reaction of WF6 with benzene?

!
at 50°-70°.%0 Tungsten

the reaction of-WF6 with PF3’2

and from the disproportionation of WF

5

tetrafluoride is not well characterised.

Several oxofluorides of tungsten have been deséribed. The best
known is the oxotetrafluoride, WOFQ, but there is some controversy
about the structure of this compound, Blanchard48 has interpreted
the infrared spectrum of gaseous WOFQ in terms of a monomeric unit

syumetry, and has assigned a band at 1055 cm-1 to a W=0
49

with Czlv

stretching mode. Ward and Stafford ~ have also published vapour
phase infrared spectral data for WGOF,, but their values are
significantly different from those of Blanchard. Edwards and co-
workerss0 have interpreted the data from a crystal structure analysis

of WOF4 in terms of a tetrameric molecular unit with tungsten atons

at the cornersof a square, linked by nearly linear bridging oxygen



atoms. TIluorine atoms complete the slightly distorted octahedral
coordination about each tungsten atom, This structure is simnilar

3

to those of niohium, tantalum3 and molybdenum4 pentafluorides, but
is different from that of molybdenum oxotetrafluoride, which has an
infinite chain arrangement with cis-bridging fluorine atoms and
terminal oxygen atoms.sl Edwvards and coworl-:ers50 have interpreted the
infrared spectrum of W0F4 in the solid state on the basis of their
crystal structure analysis, and assign a prominent absorption at

1050 cm-1 (in the region normally associated with metal-oxygen
double-bond stretching frequencies52) to a W=F stretching frequency
associated with a short bond of 1.65 R, and part of the band system
at 650 cm-1 to the stretching vibrations of the W-0-Y bond system,

Beattie and Reynoldss3

have examined the laman spectrum of WOF,
in the solid state and in the melt, and they disagree with the
conclusions of Edwards and co-wofkers. They assign an intense band
at 1058 cm.1 in botih the solid state and the melt to a terminal W=0
stretching mode, and bands in the region of 700 cm_1 to terminal
fluorine stretching modes. They point out that the assignment of
the atomic positions of light atoms in a crystal structure determin-
ation in cases where there is one very heavy atom (W) and two closely
similar light atoms (0, F) is, at best, tenuous, and suggest that

the correct placing of the tungsten atoms with oxygen or fluorine atoms

in any of the "correct" light atom positions would provide a "solution”



of the structure. They conclude that ‘»'IOFZ1 is a fluorine-bridged

polymer in the solid state and in the melt, Tebbe and Muetterti9535

19

Al

have observed a single line F n.m.r. resonance for WOF, in sulphur

dioxide solution, and have prepared and characterised salts containing
the WOF. ion.

5

Tungsten dioxodifluoride, WO,I

oF has becen reported as a

2’
. 54 N 24 .
hydrolysis product of WF6 and dOFa, and recently, mass spectroscopic
29
evidence for its existence in the vapour phase has been published.)5

The chemistry of WGQF

5 is, however, unexplored, Tungsten oxo-

difluoride, WOFQ, has been described as a stable, grey, grarhite-like
povder obtained from the reaction of tungsten dioxide with HF at

36

300-8000, but recent Russian work casts considerable douht on the

existence of the compound.

Binary fluorides have been widely used as fluorinating agents,
particularly in orzanic chemistry (e.g. sulphur tetrafluorid957),
and tungsten hexafluoride has been described both as a powerful
fluorinating agent27 and as having no fluorinating action.58 Both
of these conclusions are based on few experimental observations,
The more recent experimental wori outlined above leads to the
conclusion that WF6 is the least reactive of the transition metal
hexafluorides, and is less easily reduced than H0F6 or UF6. The
present work was undertaken with a view to extending the extremely

limited chemistry of WFG' The reactions of WFE with benzene at



32

elevated tcn@eratures,36 with acetonejl and diethyl ether”  at

ambient temperatures, although incompletely described, suggested
that.WFé might act as a mild, selective fluorinating agent. A

further aim of this study was the preparation of derivatives of

WF6, and an investigation of their physical and chemical properties,
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CHAPTER ONE

SOME MOLECULAR COMPLIXES OF TUNGSTIN HEXAFLUGRIDE AND ITS
REACTICNS WITH ETIfIRS, THIOLTIERS AND SiLENODTIEL

Introduction

There is no rigorous definition of the term "molecular
(or additicn) complex", and it is used both in inorganic and
organic chemistry to describe the products of a wide variety
of types of association between two or more molecules., It has
been applied both to stable isolable complexes, such as those
formed between binary halides and strong Lewis bases, and to a
large class of complexes formed by the wealk interaction of
certain organic donor molecules with a wide variety of Lewis
“acids, which, although their compositions can be represented by
integral mole ratios of components, are generally so unstable that
they exist only in solution or in the gas phase in equilibrium with
their components, The formation of this latter type of complex
is generally attended by the development of very intense colours,
Molecular complexes are to be distinguished, however, from clathrate
or occlusion compounds, in which there is no interaction between the

two components. As the nature of the intermolecular forces in



molecular complexes is still the subject of considerable controversy,
it is convenient to use the label "donor-acceptor complex", and thus
circunvent the difficulty of specifying the nature of the bonding
involved. Molecular complexes and methods of studying them have
been extensively reviewed,??? 60, 61
A prerequisite of the formation of a donor-acceptor complex

between two molecules wiose valencies are already satisfied is the
presence of energetically suitable orbitals in both the donor and the
acceptor. A bond is formed when there is electron transfer from a
filled orbital of the donor to a vacant orbital of the acceptor,
Mulliken has classified donor-acceptor complexes on the basis of
the types of orbitals used in bond formation.62 Donor molecules
are considered asn, g, or waccording to whether the electrons
available for donation are non-bonded electrons (i.e. lone pairs),
-electrons in g-bonds, or electrons in w-molecular orbitals respectively.
Acceptor molecules are similarly classified as vy 0 or m according
to whether the electrons are accepted into vacant valency orbhitals,
non-bonding g-orbitals,or a system of w-bonds respectively. 1In
principle any donor can combine with any acceptor, and the complexes
are denoted by the combination of the appropriaie symbols.

WF% hés vacant 5d-orbitals, and is a wacceptor. Complexes of WF6

30-35

with a variety of n- and w-donors have been reported. Priest

and Schumb were able to make an approximate correlation of the colours



of solutions of HF6 in various organic n- and g-donor solvents with
. . 0 .

the presence of certain functional groups.3 Solutions of%fF6

in benzene and of WF6 and benzene in carbon tetrachloride were

found to obey Beer's Law, and the formation of a 1:1 WFG.C6H6

1l 19

complex is postulated., Winfield has examined the “H and "“F n.m.r.

spectra of solutions of 6 in benzene, toluene, hexafluorohenzene
and carbon tetrachloride, but did not find any correlation between

the donating power of the organic molecule and the chemical shift

19

of the "“F nuclei in WFG, small shifts in the positions of the

resonances being attributed to solvent effects.32 A slow reaction

occurs between NF6 and diethyl ether with the deposition of a
19

brown solid, and the "“F n.m.r. spectrum of a freshly‘prepared solution
of WF6 in diethyl ether shows a broadened featureless signal of low
intensity, 1 p.pem. upfield from pure WF6. This is accounted for in

‘terms of either the presence of a paramagnetic species from reduction

of WF6, or an equilibrium between uncorplexed and complexed WFG:

WFe + xEt,0 == ! 6.(omt2)x

WF6, like PF563

The visible spectra of solutions of HF6 in benzene, hexafluoro-

31

polymerises tetrahydrofuran,

benzene and pentafluorobromobenzene have been recorded by lercer,
The value of )(wavelength) for the absorption associated with the
formation of the complex increases with increasing electron-donating

powver of the donor,



In his original study of the complexes of WFB with amines,

amides and phosphines, Muetterties postulated the structure
[WFs.base]+ F for the complexes on the basis of their 19p N M,T,

spectra which consisted of a doublet, a quintet and a singlet in the

required intensity r.:\.t:io.jl1 Ilowvever a further report by Tebbe

and uetterties on the nature of adducts of ! 6 shows that the

original structural churacterisation of these complexes is in error

35

because of hydrolysis. The complex WF6.PMe3 in sulphur dioxide

solution decomposes by reaction either with the solvent or with
trace amounts of water to give the WOFS- ion as one of the products,

and the spectral parameters originally assigned to [WF .base]+ ¥

5

structures are identical with those of the UOF5 ion in authentic
samples (see below under "Hydrolysis Products of Tungsten Ilexafluoride
berivatives"). The singlet originally assigned to the fluoride ion

19

is not reproducible in the "“F n.m,r. spectra of WF6 complexes,

The 19F n.m.r, spectrun of WF6.PMe3 provides a fairly rigorous
demonstration of seven-coordination for tungsten.35 The spectrum in
sulpbur dioxide and acctonitrile consisis of a doublet arising from

31 _19 185,19

F coupling, with satellite doublets from F coupling,
The signal is unperturbed down to -850. It is suggested that since
strict equivalence of fluorine atoms in any of the idealised seven-

coordinate geometries is not possible, spectroscopic equivalence

results from a rapid intramoleculaer rearrengement through which



fluorine atom environments are averaged, N.m.r., spectroscopic
equivalence of ligand atoms has been observed for the seven~
6k

coordinate molecules IF_ and ReF_,

7 7

The complexes of WFB with nitrogen bases

35

also show
spectroscopic equivalence of fluorine atoms, but in this case the

possibility of equivalence ariéing from the fast dissociation process,
WF6.NRB;£-WF6 + NR3

cannot be eliminated, as there is no observable spin-spin coupling

between the fluorine and the nitrogen nuclei. Both the 1:1 and 1:2

adducts of WFB with pyridine show single-line 19F n.m,r, resonances,

that of the 1:2 adduct being at higher field to tha? of the 1:1 adduct,

The resonance of the 1:2 adduct moves to higher field as the temperature

is lowered consistent with the equilibrium:
WF6-py2?—* WFeoPy + PY
Several workers have observed the cleavage of dialkyl ethers by
transition metal halides. Fowles and Frost have obtained WOC13,2C4H80
from the reaction of tungsten hexachloride with tetrahydirofuran,
a process which evidently involves bcth reduction of the tungsten and
oxygen abstraction from excess 1igand.65 Complexes of molybdenum

oxotrichloride, MoOClS, have been prepared by reaction of molybdenum

pentachloride with a variety of ethers.66’ 67 The reaction of MoCl5



with dioxane yields 2,2 dichloroethyl ether in addition to a
MoOCl3 complex.67

The pentahalides of niobium and tantalum form stable adducts
with ethers and thioethers. The pentafluorides form stable 1:1
adducts with dimethyl and diethyl ethers and thioethers, all of
which can be distilled unchanged at low pressures with only slight
dissociaticn into the pentafluoride and ligand. The pentafluorides
form 1:2 adducts with tetrahydrothiophen, dimethyl ether and dimethyl
sulphide, though in the latter two cases the adducts are stablé only
at low temperatures.68 The pentachlorides form stable 1:1 complexes
with dimethyl,69 diethyl,70 and di—n—propyl69 ethers, and 1,4
71, 72

dioxane; smaller-ringed cyclic ethers such as tetrahydrofuran

72

and propylene oxide are broken and polymerise, The diethyl ether
and di-n-propyl ether adducts of @he peniachlorides decompose below
100° to give the metal oxotrichlorides and alkyl chlorides.‘70 Stable
1:1 complexes are also formed between the pentachlorides and dimethyl

73 and di-n-propyl sulphide,®® and there is

sulphide, diethyl sulphide
sone evidence for the formation of TaCls,QMe2S.

The complexes of niobium and tantalum pentachlorides with diethyl
sulphide are thermally more stable than those formed with diethyl
ether, and diethyl ether is readily displaced from a complex by diethyl
sulphide., Dimethyl ether, however,is not displaced by dimethyl
sulphide from its complexes with niobium(V) and tantalum(V) chlorides,
nor is Me2S displaced by le

0 from the complex TaCl ,Me2S. The

2 5



greater strength of the metal-sulphur as compared with the metal-
oxygen bond in the case of the Et2S and Et20 complexes of the
pentachlorides has been attributed to the greater polarisability
of the sulphur atom, and the greater dipole moment of the sulphur-
containing 1igand.69 A similar example of the same effect has been
found in the thioxane conplexes, MCIB,CQHBOS, (M = Nb,Ta), where
infrared and n.m,r. spectral data indicate that the ligand
coordinates via sulphur and not oxygen.71

Niobium and tantalum pentabromides form stable 1:1 complexes
with diethyl ether and with 1,4 dioxane,70 and molecular weights for
the latter are close to the values expected for monoreric Species.71
The diethyl ether adducts of the pentabromides decompose on warming
to yield ethyl bromide and the corresponding metal oxotribromide.
Stable 1:1 complexes are also formed between the pentabromides and
dimnethyl and diethyl Sulphides,73 and the bonding in the thioxane
complexes is via the sulphur aton,

The work described in this chapter was undertaken with a number
of objectives. Firstly, a Raman spectroscopic examinaticn of solutions
of WF6 in organic donor solvents was undertaken with a view to
obtaining information about the nature of the species in solution,
Infrared and Raman spectroscopy have been widely used in the study of

molecular complexes.59 Complex formation is usually accompanied by

significant shifts in the positions of absorptions characteristic of
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the donor and the acceptor, and the appearance of new absorptions
as a result of the lowering of the total symmetry of the system.
For example, it has recently been shown by Xlaboe that the Raman
frequencies of iodine, bromine and iodine monochloride in n- and
- organic donor solvents are at considerably lower enerzy than the

74

corresponding gas values. The formation of a 1:1 complex between

WF6 and benzene30 should result in some distortion of the 0h syrme try
9

of WF6. Although this distortion is not observed by 1 F n.m,r,
spectroscopy,32 it was thought that it might be detectable by
vibrational spectroscopic techniques which have a considerably

13 1 _ 1079 see.).

shorter time scale (10~ sec.) than n.m.r. (10~ sec.

Raman spectroscopy was chosen in preference to infrared speciroscopy

as all-glass equipment can be used, thus rendering the technique less

difficult experimentally for these extremely hygroscopic solutions.
Secondly, the preparation of a solid complex of WF% with a

polycyclic aromatic hydrocarhon was atterpted. Such a conmplex

would be useful for further physical studies of the nature of the

interaction., 1l-methylnaphthalene and 9-methylanthracene were chosen

as donors, thé former because it is a liquid at ambient temperatures,

the latter because of its hizh solubility in suitable solvents,
Thirdly, the high solubility of HF6 in organic donor solvents

suggested that they might provide useful media for the preparation of

hexafluoride complexes and their spectroscopic study in solution.



Complex fluorotungstates were chosen for study, and nitromethane
was selected as a suitable solvent. Previous workers have used
iodine pentafluoride, arsenic trifluoride and sulphur dioxide as
reaction media for the preparation of fluorotungstates.43 This
section of the work is largely of a preliminary nature,

Fourthly, it was felt that further examination of the reduction
of WF6 to WF4 by benzene at elevated temperatures30 was necessary.
It was hoped to identify the organic products of this reaction, and
some investigation of the physical and chemical properties of ﬂFQ
seemed desirable.

Fifthly, as previous investigationsBO’ 32 had indicated that
a slow reaction occurs betwecn HF6 and dialkyl ethers, the reactions
of WFG with dimethyl and diethyl ethers under forcing conditions were
examined., This work was extended to include reactions of WF6 with
. thioethers, selenoethers and dimethyl disulphide. It was of some
interest to cowpare the behaviour of HF6 towards these reagents with
that of other similar transition metal halides.,

Preliminary accounts of some of the worlz described in this

chapter have been published.76’ 7



The Nature of Tungsten liexafluoride in Soluticn

An octahedral rniolecules has six normal niodes of vibration,

Vv

of which two, V3 and Vs are infrared active, and three, vl, N
=

N . 11 . .
and V5, are Raman active. The Raman spectra of JFG in benzene
( mw-donor), acctonitrile ( n-donor), and cyclopentane are sunitarised

in Table 1.1,

TABLE 1,1

Raman spectra of HF6 in various solvents

Solution Vibrational frequencies (cm-l)a

Solvent Colour Vi v2 \% v4 v5 Ref.
Wfb colourless 769 670 - - 322 78

772 672 - - 516 79 -
C6H6 red 770 670 - 261 326

(vs.p) (w.dp) (vwedp) (m.dp)
CH3CN yeliow 773 677 707 269 328

(vs)  (w) (vr)  (vw) (m)
cyclo CSHIO colourless 772 676 - 266 326

(vs)  (w) (vw) (m)
WF6, gas phase 771 671 711 258 3;9 80

a , + -1
Values for tite present work are — 2 cm
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No donor-acceptor interaction is expected in cyclopentane, and it
can be secn that, within experimental error, there are no significant
shifts of the Raman active vibrations of WF6 in the coloured

solutions.,. The Roman forbidden vibrations V, and V4 are weakly

3
observed in acetonitrile, and \h in benzene, Jlowever \Z is also
weakly observed in cyclopentiane, and is clearly visible in the

79

published sjectrum of HFG by Burke and co-worlkers, These forbidden
bands could arise from weak intermolecular interactions in the liquid
phase.

The experiments indicate that the extent of donor-acceptor
interaction in these intensely coloured solutions in small, and that
the octahedral symmetry of WF6 is maintained. Hamjond and Lake
have recently stated that the colours of solutions of the highest
valency halides, including W?é, in aromatic hydrocarbons and fluoro-
carbons disapjpear on freezing, and conclude that all donor-acceptor
interactions are very weak and have near zero equilibrium consf.ants.s1
Studies of the u.,v. and visible spectra of weak molecular couplexes
of WF6 in the gas phase, carricd out in these lahoratories by IicLear_l,e2
have led to the same conclusion.

The colourcd solutions of WF6 in n- and m~donor solvents provide
exariples of systems where there are "charge transfer" interactions,

It is envisaged62a that a photon is absorbed by the weak complex

between the electron donor (D) and the electron acceptor (A), with



the consequent transfer of an clectron from the donor to the

acceptor, The complex is considered toc be stahilised by the small
interaction of a no-bond ground state (D, A) with a polar excited

state (D+ A”), to give two electronic states which can be approxirately

described by the wavefunctions:

Ground state, ¥ ¥Y(D, A) + ¥ (D' A7)

N

Excited state, Y Y (0" A7) - p¥(D, A)

E
where A and p are suall compared with unity. The ahsorption spectrun

is then associated with the electronic transitlion tha Yb?

The Interaction of Tungsten ilexafluoride with Aromatic liydrocarbons

A soluticn of TFG in l-methylnaphtlalenc is dark red, and a
solution of WF6 and 9-methylanthracene in carbon tetrachlorice is
dark green. In both cases coloured solids are formed, hut these have
‘not been characterised. The dark creen solid formed from the inter-
action of WFG with 9-methylanthracene in CCl4 does not give consistent
elemental analyses, and has a very low fluorine content. No definite
conclusicns can be drawn about thie nature of these products.

Several a%tcmpts were rade to repeat the reduction of TF6 with

o 36

benzzne at 110 ,”" but no reaction was observed, This reaction ray be

sensitive to the umounts of rcactants used, or may have been catalysed

originally by trace amounts of moisture.



The Preparaticn of Tetraalliyl Arx oniwn lexafluorotun:states

Tungsten hexafluoride dissolves readily in nitromethane to
yicld a pale yellow solution, and reascnebly purc sawples of the

. + -
tetraalkyl ammoniwa hexafluorotungsstates N WF R = nBu nPr are
{y 13 6 ] y 9

R

by IN &
k

ohtained by reaction of HF6 with the aupropriate tetraalkyl amuonium

iodide in nitromethane according to the equation:
o _ T 1
RNI + WF, = RNATe + 31, . (1.1)

The compounis are clirracterised by elemenial analyses, in’rared
spectroscopy, and conductivity measurcnents, There are significant
splittings of both of the i.r. active vibrations of the WF6 ion in these

compounds (Table 1.2 ,and these splitiings are thoujzht te arise from

the effect of the large cation on the lattice structure. The egquivalent

TABLE 1.2

Infrared spectra of some hexafluorotungstates .

Infrared aclive vibraticns (cm_l)

Cornipound v3 \ Ref.
nBul*NrJFG 650, 615 on8?

nPrl*N';.rF6 625, 605 250, 236

CsilF, 590 249, 230 83
KifF, 594 249, 230 83

Lower absorption not observed in this case,



conductivity of nBu4NVF6 in nitromethene ( A = 90-100 ohnrl cm 2)

is in the range fou.nd for 1:1 electrolytes in this solvent,85 but

the value in acctonitrile is low for a 1:1 electrolyte. The ultra-
violet spectra ol solutions of nBquWF6 and nPr4NNF6 in CHSCN showed
absorptions at 31750 and 32}70 cm_l respectively, with extinction
coefficients ( € = 100-130) of the order expected for d-d transitions,
These values agree well with the published value for the d-d transition
of the Wi,  ion (32,400 cm-l) obtained from ultraviolet reflectance

spectra.b' The present worlt indicates that the WF6~ ion is stable

= N

in acetonitrile and nitromethane solution,

The Reactions of Tungsten Ilexafluoride with ITthers, Preparation and

Properties of Oxotetrafluoro(dircthyl ether)tunssten(VI)

The reactions of WF6 with dimethyl and diethyl ethers are complex,

.and the froducts depend on the conditicns used, The major product

of the prolonzed reaction of HFE with excess dimethyl ether -in a
stainless—-steel vessel at 110° is a colourless, volatile liquid, m.p.
ca., 10°, formulated as oxotetrafluoro(dimethyl ether)tungsten(VvI),
WOFq.OHeQ, on the basis of analytical and spectral data., Zeactien of
WFb with excess diethyl ether under sinilar conditicns yiclds a
colourless, volatile liquid, thouzht to he WOF4.OEt2 as its infrared

spectrum and propertics are similar to those of WGFé.OHe Howvever

20

WOFk.OEt2 is not well characterised, as it decouposes readily during

the reacticn work-up., The other volatile rroducts of the rcaction of



WF6 with Me20 are small quantities of niethyl fluoride and SiFl. The
latter indicetes the formation of a small guantity of IIF, either as a
reaction product or as a product of some hydrolysis during the work-

up. Under all conditions used, some reduction of NFG occurs to yield
black, lustrous solids of variable composition (W:F = %.6:1 — 1:b,4),
which contain some carbon and hydrogen, These have not been identified,
but peaks in their infrared spectra in the regions 30(60-2850, 1025-920,
énd 710-600 cm_l are not inconsistent with a mixture of lower tlungsten
oxofluorides and organic naterial, The reaction of NT6 with direthyl

ether is therefore consistent with:
110°

WF, + excess Ne,0 —— UCT,.0Me, + DMNeF + IF(?) + lower

2 4
65hrs oxofluorides + polymers (1.2)

The yield of HOFh.OMe in 1.2 is 60%, but is sensitive to reaction

2

time and condivions,

The mass spectrum of the liquid product forrmlated as N0F4

consists of peaks arising from WF40+, C2H60+ and their fragments, but

.0‘192

does not show a parcnt ion, consistent with the lability of ﬂe20 in

19

F n.m.r. spectra {Table 1.3) both consist

183, _

the complex. The 'H and
19

of a sin;le peak, the

19

F siznal having satellite peaks from
. 19 ) . . . .
F coupling. The "“F n.n.r. spectrun is consistent with a monomeric,

octahedral structure (I) in which the ether 1li_.and occupies a position



(1)

trans to the termninal W=0 bond, but it is not definitive, as a single

line resonance with lb)w - 19F satellite peaks could also result from

rapid rearrangernent of a polymeric structure in whicli no tungsten-

183, _ 19

. 19 . .
fluorine bonds are broken. The 9F chemical shift and P

counling constant are similar to those re:orted for WC&, in SO and
S S i Ii 2’

for the equatorial fluorine atoms in the WOF. anion.3

5

TABLE 1.3

Nem.r. spectra of tungsten(VI) oxofluoride complexes

Spectrun GF, DeDelle 6 JNF JFF
_ Compound Solvent Type (rel.CClBF) T Oz 1z Ref,
single
WOF .O}Ie2 neat line -62,8 6.31 68
WO, F, in WCF,.Cle AX -60.3 (F 71 58
2729 2 +146.0 25’5 51
sinyle
WOF, s0,, line -73.9 64 35
n Hrop = \ =594 (T 5
Pr&N WO~ CH,CN AX, 0 i (rx) 70 53 35
+82.8 (FA)
S &) =
nPréN HOF, S0, AX, 54.5 (Fy) 71 52 35

+71.9 (FA)




The ambiguity which exists in the assipgnment of infrared

absorptions to =0 (terminal), W-0-i, W-F (terminal) anid W-F-i

50, 55

stretching modes in relatively simple molecules prevents

a definite assigmuent of the infrared spectrum of WOFQ.OMG Lowcver

2.
the assignments in Table l.4 are consistent with the structure (I).
Terminal metal-oxygen groups generally give rise to a strong hand

ca, 1000 cnrl,SQ and the assignment of a strong band

TABLE 1.4

Infrared Spectrum of WOFQ.OMe2

86
. \ T -
WOF) . Olle,, Me20(1n 061{6)
cm-1 Assignments cm-l

1255, 1156 8(ctl) 1470, 1456, 1164
1045 v(C0C) asyrm 1093
1025 v(z-f:o)
883 v(COC) syrm 918
853, 815 v(woc) (?)
700, 667, 640 v(/F)
456 8(coc) 42k

at 1025 cu™l to a =0 stretching mode is consistent with this., A

prominent shoulder at 1045 cm_1 is assigned to the C-0 (asymm) stretch

of coordinated He20. The antisyrmetric and symmetric ether C-0

stretching modes show characteristic shifts to lower energy of 48 and



-1 . . . .
35 em © respectively on coordination, The assignment of the banis

. . \ -1 . S .
in the region 853-640 cm = is less convincing, as the absorptions of

59

a W-0-YY group would occur in this region.,”” Assignnients similar

to those in Table 1,4 have been made for the infrared spectra of ether

86, 88 65, 66
3 37

The spectra and volatility of JUFA.ONeQ sugzest that it is

conplexes of BF ,87 Al1C1 and tungsten oxohalides.

monomeric, though a polymeric structure camnnot be excluded completely.

. v . . .. 65

A similar compound, ﬂCulh.leCN, is monoweric in benzene solution,
. . o .

WOFh.OMe2 dissociates to a small extent at 20, and decomposes rapidly

in the presence of trace amounts of moisture or impurities, depositing

white solids. It reacts vigorously with sodium fluoride and

tetraethylarmoniwn chloride with evolution of Me,0, to yield white

2
and yellow solids respectively, These products have not been

characterised, but contain tungsten and fluorine., It is possible that

ligand replacement reactions occur:

WOF,, .Olie, + X — tzoxvl‘x" + Me,0 , X=T,Cl (1.3)
L. B . . 35, 89
Compounds containin; the WOF. anion have been described, but

5

WGFACI- is unlmown. These reactions provide scope for future wori.

Althoush complexes of WGCl, and WOqu with ethers, alkyl cyanides

4
and pyridine have been described,65 the oﬂly adducts of '..’OFL1 which

~. 24
P S s BT =T WopR P of Sel ]
have been reported are UOF&,O.DAHB, WG 4.Irs, JOFé.ueCP2 and

WUFQ.SeFl‘.89 fiowever, the foruulation of these coupounds as adducts

of WOF4 is based orly on analytical data, and no szectroscopic



properties are described.

Pentafluoromethoxotungsten(?l), WF50Me, has been prepared in this
work (chapter 2), and it deconiposes, slowly at ambient temperatures
and rapidly above lCOO, to yield 's'IOFIJt and methyl fluoride. It also
reacts with dialliyl ethers to yield products similar te those obtained
from the reacticns of WF6 with dialkyl ethers, The following uvrocesses
involving the initial formation of a donor-acceptor complex, can thus

be visualised for the reactions of JF6 with He20:

h M UT_OF }eF -1 )2
WFg + xlle0 — ,.T6.(C ez)x——) W50te + leT + (x 1)he20

wsoue + Me,0 —> UCT, (Ole, + MNeT (1.4)

Similar processes have been observed in the cleavege of dialkyl
ethers with boron trihalides.90 )

The formaticn of a WOF4 complex in the reaction of WF6 ith dimethyl
ether dcronstrates the great stability of a tungsten-oxyzen multiple

" bond, and this reaction 18 the first exsmple of oxygen abstraction

from an ether by a transition netal fluoride.,

The Neactions of Tunzsten Hexaflucride with Thioethers and Celenoethers

WFB is reédily miscible with 1iallzyl sulphides forming intensely
brovn (Me, Tt) or purple (1Pr) solutions, A solution of iFg in
dimethyl disulphide is also dark browm. WFB and diethyl sulphide
react slowly at 20° to yield a yellow viscous liquid, forrulated as
hexafluorobis(diethyl sulphide)tungsten(”I), '..TF6(L'tQS)2, on the basis

of full elemental analysis. This complex dissociates slightly atl 20°



in vacuo, and can he distilled slowly at 500. It deconposes at
100° to a black intractuble tar, and does not dissolve in or recact
with diéfhyl ether, WFG and diethyl selenide react vigorously at
200 to yield an orange viscous liguid, forimlated as hexafluoro-
bis(diethyl selenicde)tungsten(VI), WFG(EtQSe)Q, on the basis of
elenental analysis. This complex dissociates slightly at 200, and
is involatile. Heactions of HTB with dimethyl sulphide and éimethyl
selenide give ill-defined solids which deconpose readily at aubient
temperatures., ileaction of WF6 with dimetl;yl disulphide yields a
brown solid, for which elemental analysis suguests the foruulation
(WF6)2(Me2S2)3. There is some evidence for the formaticn of a
colourless liquid coriplex of WF6 with diisopropyl sg}phide, but its
rate of formation at 20° is extremely slow, and it has not been
charecterised.

A monomeric, non-ionic formulation of the complexes E‘JFé(EtQS)2
and WFB(Etzse)Q requires coordination numbers of eight for tungsten,
and it is expected that rapid intramolecular rearranzements will
produce n.m.r. spectroscopic equivalence of fluorine atoms as observed
for similar complexes of WF6 with amines and phosphines.35 The 19F
and 1H n.,u.r. data for these coniplexes are listed in Table 1.5.
Considerable difficulty was experienced in ohiaining 19F n.n.r. signals
for WFG(EtQS)z and WF6(Et2Se)2, and the values in Table 1.5 were

obtained for only one sa2mple of each coriplex, These resonances were
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broadened sinzle lines, and Wi satellite peclts were not observed,

In other atteunts 19F n.n.r. signals could not be detected
either for the neat liquids or for acetonitrile solutions, and the
possibility of the revorted resonances arising from hydrolysis
products is not excluded.:

The 1H n.r.r., spectra of neat WF6(Et25)2 and ﬂF6(Et25e)2 are
reproducible, and the signals show small dowvnfield shifts from the
free ligands, The spectra do not show the exnected triplet—guartet
structure, but consist of two complex rultiplets with intensities in
the ratio 3:2. Examination of the spectra at two frequencies (60 and
100 MHz) does not yield evidence of chemically shifted ethyl groups,
and it is thought that the complexity of the spectra‘arises from
magnetic non-ecquivalence of the methylcne protons in the ethyl groups,91
rather than from non-equivalence of ligzand sites. }agnetic non-
equivalence of methylene protons in coordinated thioether and seleno-
ether li:ands arises from coor:dination in the directicn of one of the

lone pairs of the donor atom, and this effect has been invoued to

9 93

. 1 my o o 92
explain the "I n.m.r, spectra of It,S.H;”" and [(PhCH2)2S ] oPtCl,e
The 1H n.n.r. spectrum of WF6(Et2Se)2 does not simplify to a triplet-
quartet up to its decomposition point (1000), suzsesting that the rate

of exchange between the two possible selenium coordination sites is

slow at this teunerature.



Hydrolysis Frocucts of Tun:sten Yexafluoride Derivatives. The W.0,F. icn
Tl

Since WF6 and its dcrivativeé hydrolyse extreriely readily, great
care must be taken to exclude trace amounts of moisture from all
reaction systems., HI' is a product of hydrolysis, and it attacks
glass, initiating a hydrolytic cycle which can lead to coriplete loss

of product:

e.g.  2MF, + 6H20 = 2~.-Jo3 + 12HF
121 + 38102 = )SlFL + 6H20

In practice it is seldom pos:ible to exclude moisture completely,
particularly from n.m,r. tubes, which deform easily when subjected to
high tenperatures, and in some cases swmall amounts of tungsten-containing
hydrolysis products are observed. The extent of hydrolysis in any
reaction can be assessed from the amount of SiF4 in the volatile
fractions, and, nrovided that tungsten-fluorine reaction products are
"stored at low temperatures, hydrolysis is generally negzligible. In
gore cases, however, IIF is a reacticn product (cf. WF6 and dinmethyl
sulphoxide, cliapter 2), and considerable hydrolysis occurs, It is
desirable, therefore tc characterise hydrolysis products to avoid
confusion with reaction products,

The controlled hydrolysis of YFG in IF has been studied by

54’ 94

conductivity and isothermal solubility'methods, and the products

are forrmlated as W02F2 and W02F42_. The equilibrium constant for

the reaction,

'.A 144 N 7 a ean
&h + 2420 = JOQFQ + MIT



is given as 6 x 102.

35 19

readily to yield the WOFS— ion, The "“F nem.r. spectrun of a

sample of WFG.PMe in sulphur dioxide solution indicates that an

3
irreversible reaction occurs above -200, either with the solvent or ;
with trace amounts of moisture, to produce a sample with major peaks
at -147.4 p.pem, (rel. to CCIBF, multiplicity of this siznal is not
given) and -6%.3 p.p.ri. (doublet, J = 63 liz, Iyp = 74 Iz) and peaks

of small intensity at +128.5 pepers. (multiplet, with a mininum of

four lines, J = 12 Iz) and +145.%4 p.pem. (multiplet, with a minizmm
of five lines, J = 13 Iz), in additicn to lines characteristic of
WOF.~ (Wable 1.3). At room temperature, the intensity of the signals

5
attributed to NOFS— increases as the intensity of the doublet at
-64.3 p.p.n. diminishes.  Decorposition of HF6.P303 does not occur
.as repidly in acetonitrile as in sulphur dioxide.

Sone of the 19

F n.m.r. spectra of the derivatives of HFG described
in this chapter contain minor siznals which increase in intensity when
the samples are stored at ambient temperatures. These signals are
attributed to hydrolysis products., A doublet and a multiplet in the
ranges =02 Io pPepem. and +145 o Pep.nte respectively (rel. to CCISF),
both with coupling constants of 58 Iz and satcllite eais from

183W - 19F coupling of 70 f1 and 50 1112 respectively, are the nost

proninent of these signals, The rultiplet at +145 p.p.n. consists of



nine lines with the correct binomial intensity distributicn for a
nonet, viz. 1:7:28:56:70:55:28:7:1, and the doubhlct-nonet intensity

]

ratio is ca. 8.5:1.(These observations were made by Dr. Wm. McFarlane,
Sir John Cass Colleze, London, using a sumple prepared in this work.95)
Ilowever, in most of the spectra containing this multiplet only five or
seven of the main lines are resolved. These paraneters are similar

to those of the unidentified deconposition products of complexes of

WF6 reported by Tebbe and Muetterties,35 though there are some dis-
crepancies in the values of the coupling constants.

The signals described in tlie preceeding paragraph are characteristic
of an AXB spin system, and could arise from the dimeric species
(OF4N-—-F-——WFAO)—, in which there is a bridging fluorine atomi. The
species is tentatively formulated as the P—fluorobis[oxotctrafluoro—

tungstate(VI)] anion (II):

i | Fx 1-

(11)



The ion (II) with octahedral coorcdination around the tungsten atons,
and a linear W-F-/ system, has fluorine atoms in two environnents,

The bridzing fluorine aton, FA’ is spin-coupled equally with the eight
terminal fluorine atows, FX’ giving rise to a nonet, and the eisht
terminal fluorine atoms are spin-coupled with the bridgzin: fluorine
atori, giving rise to a doublet. The resonance of the bridzing fluorine
atom is at ruch hicher field than that of the terminal fluorine atons.
The present work has yielded no information about the nature of the
cationic species, which will vary according to the nature of the
derivative of WFB from which it is formed, and about the extent of
cation-anion association.

—

The following observation93 is consistent with the above formulation

183, _ 19

of this hydrolysis product. The F satellite peeks of the

doublet show guintet fine structure, but the mzin linecs do not. The

fine structure of the satellite pecks arises from long range EX - Eé

coupling in the ion (111):

’
B Fx -
’
Fx Fx (o)
W *
Fx , / j
'“V'I FA{ Fx * isotogg}othe{
(o) Fx F,X than W

Fx

(111)



The presence of only one 183W isotope in (III) produccs a X42AXi
system (Z = 183W) and renders the terminal fluorines magnetically
non-—eguivalent, The main lines arise mainly from magnetically
equivalent sets of termirnal fluorine atoms in inns which contain

183

tungsten isotopes other thun S The lines of the E£ doublet

from: ion (III), however, are ex_ected to show fine structure from
’
Fx -

of (I11) is low, and tlie lines are obscured by the more intense lincs

coupling, but this is not resolved as the relative abundance

from the ions which do nnot centain 183W isotopes. The 19F n.m.r,

spectrun of ~ is further discussed in chapter 4, and the species

0,F
27279
appears as a product in sonie of the reactions described in chapter 2,

. - 6
The analogous fluorine-bridged, dimeric anions Sb2F11 9 and

A 7 have been so formulated on the basis of 19F n.n.r. spectra

Sofyy
which are sinmilar to that of N202F9-. Crystal structure w~nalyses

bave confirmed the prescnce of fluorine bridges in the Nb2F11 and

units of the compounds SeF 2NbF598 and XeFQ,QSbFs,99

4’
19F n.m.r, spectra of the adducts of WF6 showed

Sb2F11
In sone cases the
. single line resonances in the range -565 : 5 p.p.n. (rel. to CCIBF),
with satellite peaks from 183w - 19F coupling of 70 I Hz, and these
are also assizned to hydrolysis products. The sinilarity of the

spectral parameters to those of WCF, and i/CF,.CMe, (Table 1.3) indicates

that these signals arise from"r.’OFlJk specics,

The present work and that of luetterties and I’ebbe35 indicate that



derivatives of UF6 reeet with trace amounts of moisture to yield WOFk,

WOF. and W200F9 . The origin of VWV 0,1, is uncertain, but a reaction

5 2°2°9

between '-.-.-'OF5 and ‘-..“UFIi seems feasible:

WOF.~ + WCF, == W0, T (1.5)

5 229
This is formulated as a reversible process, as the products obtained
appear to depend on the solvent in which the hydrolysis is taking place,
In acetonitrile and sulphur dioxide, the position of the equilibrium
may lie to the left bhand side of 1.5. A reaction similar to 1.5 has
- 97

been ohserved between AsF_ and ASF6_ yielding As2F11 .

5

Conclusions

The Raman spectroscopic study of coloured solutigns of WF6 in
benzene and acetonitrile leads to the conclusion that the octahedral
syrmetry of ¥*6 is preserved and that the extent of donor-acceptor
interaction is small, The experiments aimed at the preparation of a
‘solid donor-acceptor complex of WF% with l-methylnaphthalene and
9-methylanthracene are inconclusive, and further study of these systems
seems desirable, Further study of the reaction'conditions necessary
for the reducticn of WFB to WF4 by benzene is also necessary,

Nitromethane is a convenient solvent for the preparation of the
complex fluorides REN+WFB- (R = "Bu, "Pr) by the reaction of WFg with
the appropriate tetraalkyl armonium iodide., The large splittings of

the infrared-active vibrations of the UF% ion in these coriplex fluorides

provides an interesting spectroscopic problem for future worl,
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The formation of complexes of WOF4 in the reactions of WF6 with
dialkyl ethers is to be contrasted with the formation of donor-acceptor
complexes of WF6 with thioethers and sclenoethers, and gives some
indication of the stability associated with a tungsten-oxygen nultiple
bond. Spectroscopic evidence points to a monomeric, octahedral

structure for WCILQOMeQ with the dimelhyl ether ligand in a position

trans to the terminal oxygen atom, WOF"*.OMe2 nay be a useful starting

material for explorations of the chemistry of WOFQ.

A product of the hydrolysis of WFE derivatives is formulated as
the W202F9— anion, and this is thought to arise from the reaction of
WOF.™ with WOF,. Ixperiments airmed at the preparation of authentic

5 L

sanples containing ¥, 02F ~ might be undertaken (e.g. the reaction of

2°2°9
nPrk‘*WOF ~ with VIOF .GMe2) with a view to obtaining more information

5

about this species, The possibility of the preparation of higher

polymeric ions ought to be examined.



EXPERIMINTAL SECTION

Chenicals

5 9
WFB, prepared by reaction of tungsten with fluorine,2)’ 26

or obtained from Allied Chemical Co,, was purified by trap to trap
distillation at -80° over NaF. Analar or spectroscopic grade
solvents and reactants were used where available; others were
purified by literature methods. 100 Dimethyl ether (Air Froducts),
diethyl ether, cyclopentane (B.D.I.), and benzene were dried over
sodium wire, and vacuun distilled at low temperatures. Direthyl
sulphide, diethyl sulyhide (B.D.H.), dimetliyl selenide, diethyl
selenide (Emanuel) and diisopropyl sulphide (Aldrich) were dried
over lithium aluminium hydride, degasscd, and vacuum distilled at
lov temperatures, Deuteroacetonitrile, deuterochloroform (Ciba),
dimethyl disulphide (B.D.H.), acefonitrile, carbon tetrachloride,
and nitromethane were dried over P205, degassed, and vacuuﬁ distilled
at low tenperatures. l-methylnaphthalene was distilled from sodiun
wire at 70° (10_1 m). All solvents were stored over activated
Linde LA molecular sieves., 9-nmethylanthracene, tetra-n-butyl
armonium iodide, and tetlra-n-propyl amrionium iodide were degassed
for several hours (10—4 rm) before use, Tetraethyl arz:onium

chloride (monohydrate, 2.D.I.) was heated in vacuum at 180° (& hours)

to remove water of crystailisation.



Exnerinental nrocedures

A1l manipulations were carried out under high vacuun, and
great precautions were taken to exclude trace amounts of moisture.

Samples for luman spectra were sealed in home-made pyrex cells.
Two models - L and T shaped - were used. Both had volumes ca, 0.5 ml,
and had near optically flat windows. The T shaped model gave belter
spectra., The spectra were recorded on a Coderg PH 1 spectrometer
with a 50 m/ Le-Ne laser by Dr. H.J., Clase, formerly of the University
of Sussex.

Glass vessels or stainless—steel bombs as appropriate were
used for reactions of WF,. Reactants were condensed into the vessels
cooled in liquid nitrogen. Involatile reactants and precducts were
handled in a dry-box.

Details of apparatus and instrumcentation are given in the

Appendix,

Ilaman Spectra of WI'e in benzene, acetonitrile and cyclopentane

The concentrations of the solutions were not deteriiined
accurately, but were approximately 1 M w.r.t. WF6. The resu}ts are

summarised in Table 1.1.

Tunzsten hexafluoride and l-methylnaphthalene

A bright red solution was obtained vhen WFB (& g) dissolved
in l-methylnaphthalene (20 ml) at 20°., A small quantity of a dark

red solid separated after several days, but could not be isolated
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because of the involatility of l-methylnaphthalene at 20°, hen
the solution was heated to 800, a blacl: sticky solid, wvhich

contained tungsten, was obtained,

Tungsten hexafluoride and 9-nethylanthracene

WE, (2 g, 6.7 nmoles) and 9-methylanthracene (0.7 g, 3.6 rmoles)
in CC14 (10 ml) produced a dark green solution at 20°, On removal
of the solvent and unreacted HF6 a dark green solid was obteined,
Elemental analysis (two samples, from scparate experiments). Found:
c, 89.9, 75.7; H, 6.1, 5.44; T, 0,0, 1.74%. 9-methylanthraccne,
C15H12, requires: C, 93.7; H, 6.3%.

The solid fumed slightly in air, but did not react with water.
It was cxtracted into CClh, and a yellow soluticn was oblained.
The infrared spectrum of the yellow solid recovered after reroval

of the CCl, was identical to that of 9-methylanthracene, and t.l.c,

4

analysis showed that only one compound was present. The infrared

spectrun of the dark green solid (nujol rmll) conicined an

absorption at 7062 cm-l in addition to tliose characteristic of

9-methylanthracene,

Tunegsten hexafluoride and benzcne

WF6 (5 g, 17 rmoles) and C6H6 (4 g, 51 rroles) were allowed
to react in a stainless-steel bomb at 115o for 10 days. The volatile

material was identified from its infrared spectrum as a nmixture of
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101 102 .., 103
WFE, 06H6, and SIFL (trace). There was no solid

residue in the bomb.

Tungsten hexafluoride and tetra-n-butyl amionium iodide

WFE formed a pale yellow, stable solution in nitromethane.
WFE (% g, 13.5 nmoles) was condensed into a glass reaction vessel
containing nBu4NI (1.4 g, 3.8 mmoles) in nitromethane (20ml).
Reaction occured at 200, and iodine was released. After 12 hours
the volatile materials (unreacted WF6, CH3N02 and 12) were renoved
at 20°, and the reaction flask was heated to 70° (24 hours) to
ensure complete removal of 12. The unreacted WF6 in the volatile
materials was hydrolysed to WO3 by addition of H20. The 12 was

extracted into CCl,, and titrated with standard Na The amount

4

of 12 recovered was 0.45 g, 1.8 mmoles, indicating that reaction

28203.

had gone to coupletion.

A golden brown solid (2.3 g) remained in the reaction flask,
Elemental analysis. Found: C, 31.0; H, 5.56; F, 24.,8; N, 3.29;
W, 35.19, 016H36F6Nw requires: C, 35.6; H, 6.71; F, 21.1;

N, 2.60; W, 34.0%.

The infrared spectrum of this product was recorded from

4000 - 100 cmfl. Absorptions characteristic of the nBu4N+ ion were

n
assigned by comparison with the spectrum of BquI. The following

additional absorptions were observed: 700w, 675w, 650s, 615s, 518m,

285wbr, 248m em™?. Conductivity data was obtained as follows:



") - -
in CHNO, A = 99.8 (8 x 107'M), 89.8 (3 x 107M) o™ em 2
in CHBCN, A =13123,6 (4 x IO—SM) ohm™ emZ. The equivalent

n - -
conductivity of Bu,NI in CHCN was, A = 181 obm boem? (4 x 1070M).

The u.v, spectrum of the product (800-300mp) was recorded in
CHBCN (% x IO-BM), and consisted of an absorption of low intensity
(€=100) at 315myp (31,750 cm‘l).

The concentrations of the solutions for conductivity mecasurements

104
and u,v, spectra were determined spectrophotometrically,

Tungsten hexafluoride and tetra-n-propyl ammonium iodide

The experimental procedure was the same as for WF6 and nBu4NI.
(4 g, 13.5 mmoles) and Pr NI (1.1 g, 3.5 mmoles) in

nitromethane (15 ml) yielded I (0.4k g, 1.7 mmoles) and a golden
brown solid (2.0 g).
Elemental analysis. Found: C, 26.0; H, 5.40; F, 23.7; N, 3.36;
. Wy 37.54, 12H28F6VW requires: C, 29.8; H, 5.83; F, 23.5;
N, 2.89; W, 38.0%.

The infrared spectrum of the product (4000 - 100 cm-l)
contained the following absorptions in addition to those characteristic

of the %Pr,N* ion: 1018sh, 1016m, 70lm, 678m, 625s, 605s, 513m,

Pr4
-1

330m, 284m, 275sh, 250s, 236m cm .

The u.v. spectrum of the product (800-300mp ) was recorded in

CECN (6.5 x 10‘4M), and consisted of an absorption at 308mp

(32470 cm ) (¢ = 130).
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Tungsten hexafluoride and dimethyl ether

(a) WF% (4.0 g, 13 rmoles) and Me20 (3.3 g, 72 nmoles) were
allowed to react in a stainless-steel bomb at 110° for 65 hours.,
The volatile products were two iimiscible,colourless liquids at
20? and the absence of the characteristic yellow colour of a

WFB - Me,0 mixture indicated that.the reaction had gone to

2
completion.
The fraction volatile at -80° was identified from its infrared
spectrum as a mixture of Me20,l05 MeF,105 and SiF4103 (trace).
The fraction volatile at 252 a colourless liquid, m.p.
ca, 1003 was identified as oxotetrafluoro(dimethyl ether)tungsten(VI),
WOF, . OMe,,, (2.5 g, 8 nmole, yield 60%).
Elemental analysis. Found: C, 7.55; H, 2.18; F, 23.5; W, 54.4%,
C2H6F402W requires: C, 7.46; I, 1.88; F, 23.6; W, 57.1%.
Infrared spectrum (liquid film, 4000 - 400 cm-l): 2950m, 2890sh,
2845m, 2035w, 1530mbr, 1450m, 1320sh, 1255m, 1156s, 1045sh, 1025s,
883s, 853m, 815s, 700s, 667sh, 640s, 456m cm L.
Mass spectrum (electron beam 70 eV, cold inlet; m/e values corres_ond
to the 180 isotope): " /e = 278, WF40+; 259, WF30+; on3, ‘»VF3+;
240, '.m2o*; 204, wF.*; 221, wro*; 205, WF'; 202, wot; 186, w*;
and other ions characteristic of Me20. The tungsten-containing ions
were identified by their characteristic isotope pattierns, though in

some cases these overlapyed.



The 19F n.m.r. spectrum (neat liquid,CClsF ref.) consisted of
a major signal at -62.8 p.p.m. (single line, Jp = 68 Ilz) and signals

of less intensity (5% of total) at -60.3 p.p.m. (doublet, Jpp = 58 Hz,

JWF

Ipr

72 Hz) and +146.0 p.p.m. (multiplet, minimum of 7 lines,

58 Hz, JWF

= 51 Hg). The doublet and multiplet had relative
intensities ca. 8:1, and the intensity of these signals had increased
greatly (to 50% of total) in a spectrum re-run after 7 days. The

1H n,m,r, spectrum consisted of a major signal at 6.31 T(single

line) and a weak signal at 6.41 T (single line).,

This product reacted vigorously with NaF and Et4N01 with
evolution of Me20, and formation of a white and a pale yellow solid
respectively.

The involatile product, a small quantity of black lustrous

solid, was not investigated, and was identical in appearance to the

. involatile product in (c).

(b) lleaction of WF6 (15 g, 50 nmole) and Me20 (2 g, 4h mmoles) in
a stainless-steel bomb at 120° (110 hours) gave as a major product
a brown involatile solid, which hydrolysed rapidly on exposure to

the atimosphere. Elemental analysis gave, W, 38.2%.

(¢) WF6 (3 g, 10 mmoles) and Me20 (5 g, 110 nmoles) were allowed

to react in a stainless-stecl bomb at 250 for 48 hours. The volatile

material was a mixture of Me20, WF6 and SiFk (trace) (identified

105, 101, 103
by i.r. 7 ’ )e



The involatile product was a black lustrous solid.
Elemental analysis. Found: C, %,28; I, 2.55; F, 1.19; W, 53.8%.
Infrared spectrum (nujol and florube mulls, 4000 - 400 cm-l): 3058w,
2930w, 2850w, 1460m, 1255w, 1160wbr, 1075m, 1025s, 980w, 956m, 924s,
870w, 845w, 850w, 770sh, 745m, 734sh, 704s, 670sh, 639sh, G40s,
592sh cm L.

Oxidation state determinations on this product using FeSOQ
and K Cr207 did not give reproducible results, but indicated that

the oxidation number of tungsten was less than 6.

107
Tungsten hexafluoride and diethyl ether

(a) A solution of 6 (% g, 13.5 muoles) in Lt,0 (7 g 9% muoles)
was yellow when freshly prepared. After several hours a small
quantity of black solid had separated, and after several weeks a
few drops of a colourless, viscous liquid had also separated,

WF6 and Et20 were removed at -20°. The colourless liquid
product was volatile at 250, but elemental analysecs performed on
several samples prepared in this way did not give consistent results
(e.g. found: C, 30.7; H, 3.37; F, 15.9, 21.0; W, 42.5, 52.5%.
WOF, .0Bt, requires: C, 13.7; I, 2.88; F, 21,7; W, 52.5%). Its
infrared spectrum (liquid film, 4000 - 400 cmfl) was similar to that
of MOFA.OJe and was as follows: 2985m, 2940m, 2910m, 1520m, 1%442m,
1387m, 1192m, 1107w, 1012s, 940w, 897m, 750m, 698m, 642s, 609sh cm-l.

Elemental analyses performed on samples of the black, involatile



solid residue from separate preparations did not give consistent
results (e.g. found: F, 21.6; W, 48.8, 52.5, 48,1%),
Infrared spectrum (nujol and florube mulls, 4000 - 400 cm-l):
2920w, 1014m, 970s, 858s, 795s, 723m, 645s, 60Gs cm™)

Oxidation state titrations using Fe804 and K20r207 indicated
that the oxidation state of tungsten was less than 6,
(v) WF% (4 g, 13.5 mmoles) and Et20 (3.6 g, 48 mmoles) were
allowed to react in a stainless-stecl bomb at 80° for 12 days. The
volatile products were two irmiscible liquids at 200, and the absence
of the characteristic yellow colour of a WF6 - Et20 mixture
indicated that the reaction had gone to completion,

The infrared spectrum of the fruction volatile gt -20° was
identical to that of Et20 .102

The fraction volatile at 250 was a colourless liquid (1 ml),
m.p., ca. 200, which rapidly decomposed at 200, depositing a
white solid. It reacted vigorously with NaF with cvolution of
Et20. Llemental analysis of a partially decomposed sample gave:
¢, 17.9; H, 6.89; F, 16.6%. The infrared spectrum was very
similar to that of the liquid product obtained in (a).

The involatile product was a small quantity of black lustrous
solid, Elemental analysis gave: F, 15,2; W, 66.4%

Tungsten hexafluoride and dimethyl sulphide

A mixture of iF (1 g, 3.4 mmoles) and Me,S (1.7 g, 27 mmoles)
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was allowed to react at 20° in a glass vessel, The mixture was
dark brown, and after 24 hours some pale yellow solid had
separated. This solid sublimed slowly at 700, with some

101, 106
decomposition to WF6 and MeQS (identified by i.r. !

)e

The sublimate, a white solid, decomposed on standing for several
hours, yielding a dark brown solid, which was not characterised,
The 19F n.m,r, spectrum (CHSCN solution, CC13F ref.) consisted
of a single line at -142.3 p.p.m.

The yellow-brown, involatile residue left after sublimation
of the solid obtained origzinally was not identified. Partial
elemental analysis gave: C, 8.77; H, 2.58; S, $¢.06; F, 8.43%.
Infrared Spectrum (nujol and florube mulls, 4000 - AQO cm-l):
3030w, 2945w, 1048m, 1022s, 980m, 942w, 702m, 078sh, 669sh, 638sbr,

590sbr, 502ubr. cm—l.

. Tungsten hexafluoride and diethyl sulphide

A mixture of WF6 (4 g, 13.5 mnoles) and EtQS (8.4 g, 93 mmoles)
o . .
was allowed to react at 20 in a glass vessel. The mixture was
initially dark brown. Reaction was complete after 20 days, yielding
two immiscible layers. The colourless upper layer was volatile at

106
).

The lower layer was a pale yellow, viscous liquid, involatile

200, and was identified as unreacted Et2S (by i.r.

at 20°, It distilled slowly at 500, with some decomposition into

101, 106 . ‘o
WF¢ and Et,S (identified by i.r. ' ), and was identified as



hexafluorobis(diethyl sulphide)tungsten(VI), ‘.‘.’F6(Et25)2. This
product dissociated slightly at 200, and hydrolysed inmediately

in water producing a transient purple colour and NOB.

Elemental analysis, Found: C, 19,7; H, 3.76; F, 23.5; S, 13.3;
W, 38.2%. CSHQO
S, 13.4; W, 38,5%.

F6SQW requires: C, 20,1; H, 4.,22; F, 23.8;

Infrared spectrum (liquid film,4000 - 600 cm—l): 2980s, 2935m,
2870w, 1465sh, 1455s, 1425s, 1390s, 1280s, 1260sh, 1087m, 1045w,
1020s, 975s, 790m, 765sh, 698m, 672sh, 648s, 613s cm L,

The 9F n.m.r. spectrum (neat liquid, CC13F ref.) consisted
of a single resonance at -70,8 p.p.nm. (% height width = 12 Hz).
No 183w - 19F satellite peaks were observed. The 1H n.m,r,
spectrum (externally referenced; chemical shifts, * 0,17, are
mid-points of resonances) consisted of two multiplets at 6.8T
(minimum of %4 lines, J = 7 Hz) and 8,57 (minimum of 5 lines) with
relative intensities 2:3. A similar 1H n.m,r, spectrum was
19

obtained at 100 MAz. After several days the "“F n.m.r. spectrum

contained an additional signal at -62.1 p.p.m. (doublet, JFF = 57 liz,

Iy = 72 Hz)..

The 19F n.m.r. spectrum of the complex in CECN (CCIBF ref.)
consisted of signals at -67.3 p.p.m. (single line) and -62,0 p.p.m.

(doublet, J_, = 59 Hz).

Fr
Reproducible 19F n.m.r. resonances which could be assigned to



[
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the complex were not obtained. Insome experiments, particularly
with neat liquid samples, no resonances were observed; in others,
only those characteristic of the hydrolysis products WOFh and
W202F9 (Table 1.3) were observed.

WFb(EtQS)2 was insoluble in Et,0, and decomposed ca. 100°

yielding a black intractable tar,

. Tungsten hexafluoride and diisopropyl sulvhide

WF, (3 g, 10 nmoles) and iPrQS (3 g, 25.5 mmoles) were
allowed to react at 20° for 12 days in a glass vessel., The mixture
was initially purple. After removal of unreacted NFB and iPr2S at
200, a few drops of a colourless, involatile liquid remained. This
product was soluble in CDBCN yvielding a purple solution, and the 19F
n.m,r, spectrum (CC13F ref,) consisted of signals at -66.6 p.p.m.

(single line, J, = 69 Hz), -61l.4 p.p.m. (doublet, Jpp = 99 Hz,

WF
72 I1z) and +145.0 p.pem. (multiplet, minimum of 5 lines,

<y
1

= 59 Hz, JWF = 49 Hz). The relative intensities of the doublet

and nultiplet were ca. 8:1.

Tungsten hexafluoride and dimethyl disulphide

WF6 (& g, 13.5 mmolcs) and Me252 (% g, 42.5 mmoles) were
allowed to react at 20° for 5 days in a glass vessel. The mixture
was initially dark brown. After removal of unreacted th and Me252
at 200, a pale brown, involatile solid remained.

Elemental analysis (F not obtained). Found: C, 8.04; H, 1.71;



S, 21.7; W, 43.8%. WFE,I.B He,S, requires: C, 8.29; H, 1.04;
S, 22,1; W, 42,3%,

This product was sparingly soluble in CDCIB, and the 19F n.n.r,
spectrum (CC13F ref.) consisted of signals at -85.0 p.p.m. (broad
resonance, % height width ca, 100 Hz), -63.7 p.p.r. (doublet,

Jpp = 58 Nz, Iyp = 72 Hz), -1.0 p.p.m. (single line), +1%4,1 p.p.m,

(multiplet, minimum of 7 lines, JFF = 59 Hz)..

Tungzsten hexafluoride and dimethyl selenide

WF, (5 g, 17 mmoles) and Me,Se (5 g, 46 mmoles) were allowed
to react at 20° for 2 hours in a glass vessel., A red solid was
formed initially,and after removal of unreacted WF6 and MeQSe at
200, a yellow solid remained, which darkened rapidl} and was not

identified.

Tunosten hexafluoride and diethyl selenide

WFB (2 g, 6.7 mmoles) and EtQSe (3 g, 22 mmoles) reacted
vigorously at 20° to yield two immiscible liquids. The reaction
was complete in 10 minutes. The upper layer was colourless, and
was identified as unreacted Et2Se (by i.r, ). The lower layer
was a bright orange, involatile, viscous liquid, identified as
hexafluorobis(diethyl selenide)tungsten(vl), WFB(Et2Se)2.

Elemental analysis. Found: C, 16.7; H, 3.42; F, 19.6; ¥, 32.80.
5 o

CBH20F6Se2N requires: C, 16.8; 0, 3.52; F, 19.9; ¥, 52.2b .

-1 -
Infrared spectrum (liquid film, 4000 - 400 cm "):  2983s, 2540m,



2880m, 1450s, 1425s, 1390s, 1260s, 1250sbr, 1057m, 10105; 970s,
760n, 703s, 680w, 669m, 615s, 570s, %490:br cm_l, Raman spectrum
(neat liquid): 2980w, 2963w, 294lm, 2884w, 2830w, 2757w, 1452w,
1422w, 1386w, 1969wsh, 1452m, 1420m, 1386w, 1269w, 1241lm, 1065m,
1650w, 1021w, 962m, 589s, 571sh, 54ls, 300m, 28lw, 253m, 207w,
159w cm_1 (all the lines were polarised).

WF‘6(EtQSe)2 dissociated slightly on standing at 20°,

The 19F n.m,r. spectrum (neat liquid, CCIBF ref.) consisted

of a major signal at -143.6 p.p.m. (single line, 4 height width

183

8 1z, W - 19F satellite peaks not observed) and minor signals
at -64,1 p.p.m. (doﬁblet, J = 54 Ilz) and -61.6 p.p.m. (doublet,
J = 57 Hz). The 1H n.m.r. spectrun (externally referenced; chemical
shifts, ha 0.17, are mid-points of resonances) consis%ed of two
multiplefs at 0,87 (minimum 7 lines) and 8.5T (mininum 5 lines) with
relative intensities 2:3. A similar spectrum was obtained at 1GO
’ MHz, and the spectrum did not simplyfy to that of an A3B2 system
at 100°, |

The 19F n.m,r. spectrum of a solution of NF6(Et25e)2 in
CHSCN(CCISF ref.) consisted of a doublet at 63,9 p.p.m. (J = 58 Hz),

iy s 1
Similar difficulties of reproducibility of the 9F n.m,r. spectra

were encountered as for WFG(Et23)2.



CIIAPTER TWO

THE FLUORINATION OF SCME OXYGEN-CONTAINING CCMPOUNDS OF SULPIUR

AND PiIOSIUORUS WITII TUNGSTEN HEXAFLUCRIDZI.

PREPAZATICN AND IACTICNS OF ALKOXY AND PEINCXY TUNGSTEN(VI)

PENTAYLUGRIDES

Introduction

The interaction of WI% with oxygen~containing compounds of
sulphur and phosphorus.has received little attention. Clark and
Emeldus > observed a slow reaction between WFB and sulphur dioxide
aﬁ ambient teuperatures, yieclding thionyl fluoride and tungsten
oxotetrafluoride, With WFé and sulphur trioxide they obtained

“the involatile compound /F ,4.5803, forrmlated as the fluorosulphate
WF2(SO3F)4, the discrepancy in the analytical figures being attributed
to the difficulty of rei:oving excess 503. Prelininary investigations
carried out in these laboratories indicated that WF% reacts at ambient
temperatures with dimethiyl sulphoxide and cimethyl sulphite, but not
with dimethyl sulpbate up to 600,108 and thet a complex reaction,
involving substituent exchange, occurs between WF6 and trimethyl

phosphite at low temperatures.lo9



- This chapter describes a detailed investigation of the interaction
of WF6 with dimethyl sulphoxide, dimethyl, diethyl and diphenyl
sulphites, dimethyl sulphone, sulphur trioxide, trimethyl phosphite,
dimethyl phosphite and dimethyl metiylphosphonate. These reactions
were undertaken with a view to examining the action of WF6 on
S-0, S=0, P-0 and P=0 bonds, and the nature of the tungsten-containing
species formed. The reinvestigation of the reaction of HF% with
SO, was undertalen with a view to the preparation and 19F n.Mm.r.

3

spectral characterisation of the series of fluorosulphates WF6 n(SOBF)n'

Such compounds are of interest as their physical and chemnical

properties are usually very different from those of the binary fluorides

110
from which they are derived. Preliminary accounts of some of the
) 111, 112
work described in this chapter have becn published, and the

work has recently been extended to rcactions of WF6 with cyelic sulphite

113
esters and sultones,

Related systems have received some attention. Clark and
Emelelis have studied the interaction of the Group Va pentafluorides
114
with 30 and SO,. At ambient termperatures VF_ reacts

2 3 5
quantitatively with SO2 to yield SOFQ, and reacts readily with

SO3 to yield pyrosulphuryl fluoride:
VF5 + 802 —_— 'V0F3. + SOF2
F S, O_F
VF% + QSO3 — VO 3 + 520%5%9

NbF5 does not react with SO,, but both NbF5 and TaF5 react with SO3

to yicld the compounds XbF5,2.1503 and Tan,Q.GSO3 respectively,



These are formulated as the fluorosulphates NbF3(SO3F)o and
TaF3(SOBF)”’ from which excess SO3 has not been completely renoved,

Thermal decomposition of the niobium and tantalum compounds yields,

: 1 ide
unexpectedly, sulphuryl fluoride, SO2F2, not 520521'
A large number of sulphoxide adducts of both metal and non-
115
metal halides have been described, and among the binary fluorides

for which dimethyl sulphoxide (DMSO) adducts have been prepared are

BE, 116, 117 o 34 ;p 118, 119, 120G9F4’ 119 sur, 119 1iF,, 119

39 L
11 1 121
ZrFé, 9 M0F4,1 9 NbFS’ " and Tan.IQlA. sulphoxide can co-
ordinate either via the sulphur or the oxygen atom, Cotton and

6. 12
116, 122 have suggested that these possibilities can be

co-workers
distinguished by the direction of the shift of the SO stretching
frequency of the sulphoxide on coordination, Coordination via

the oxygen atom is expccted to decrezse the SO bond order, and cause
the SO stretching frequency to shift to lower energy, whereas
coordination via the sulphur atom is expected to have the opposite
effect., In an infrared study of a number of complexes containing
DMSO, they observed shifts of the SO stretching frequency in both
directions. In most cases the shifts were to lower frequency,
implying coordination via oxygen. OCnly for platinum(II) and
palladium(iI) complexes were shifts of the SO stretching frequency
to higher energy recorded, implying céordination via sulphur.

dw- dm back-bonding from filled metal d-orbitals to vacant sulphur



d-orbitals may be a factor influencing this arrangement,

Drago and Meekl“) have also observed shifts of the SO
stretching frequency to lower energy in complexes containing DMSO,
but they disagree with Cotton and co-workers as to the assignments
of the SO stretch and the methyl rocking frequency. Similar results

have been obtained for complexes containing tetraliydrothiophene

L. 128 .. 125, 126 )
oxide, diphenyl sulphoxide, and mixed alkyl-aryl

127

sulphoxides.,
Several crystal structure determinations of complexes with
sulphoxide ligands have been carried out, and these confirm the

general conclusions drawn from infrared studies. It has been

115
23))
5.Ph2SO, SnCl, «2DMS0, and
28 '
trans-[FeCl2(DMSO)4] [:FeCILJ1 coordination of the sulphoxides
128
is via oxygen, whereas in PdCl2.2D}£SO coordination is via sulphur,

Cotton and co-workers 116weré unable to isolate an adduct of

demonstrated that in BFB.DMSO, ShCl

boron trichloride with DMSO, and Lappert and SmitthO later showved
that reaction occurs to yield a chloro-substituted sulphide, the
oxygen of the sulphoxide group being abstracted by boron to form
the unstable boron oxochloride, BOCL (foruulated as the boroxole,

(0130)3129). The reaction is formulated as:

Me,SO + BCl —— _ MeS.CH,Cl + —3-(13001)3 + HC1

2 3
MeS.CH,C1 + -;;—(130(:1)3 — MeS.CH,C1,B0Cl
MeS.CHyCl + BCl; —— MeS.CH,C1,BCly .
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Similar rcactions are rcported for silicon tetrachloride with
dimethyl and diphenyl sulphoxides.

Oxygen abstration from DNMSO by molybdenum pentachloride
and vanadium trichloride131 has been reported. 1In the former case,

the complex MoOC1.,.2DMSO is formed; in the latter, vanadium is

3
oxidised to the +IV state to yield VOCIQ.BDMSO. Niobium and

tantalum pentachlorides and pentabromides abstract the oxygen
atom from dimethyl and diphenyl sulphoxides to yield the corresponding

polymeric oxohalide and halogen substituted sulphide, togzether with
132
coordination of further molecules of sulphoxide to the oxohalide.

In the case of NbCl_, the process is limited to the substitution

5’
of two of the halogen atoms of the halide:

NbCl. + 3Me2SO — NbOC1

M ; jt
5 .2“e250 + LeQSCl2

3

‘ T °SM
Me25012—9 ClChQSue + HC1 .,

Further substitution of halogen by oxygen occurs with NbDBr

5’
TaCl. and TaBrs, with attendant increase of polymerisation through

5
oxygen-bridging to yield species with the empirical formulae,
Ta304C17(Me2SO)5, NblkBr806(Me2SO)8, Nb43r306(ne2so)6, TaQBroﬁ(L-IeQSO)B,

and TaOQBr.Ph2SO. This behaviour is in contrast to that of
)
NbF5 and TaF5 which yield stable 1:2 adducts with DMSO.

There are few reﬁorts of complexes with sulphite esters and

sulphones as ligands. From a study of the relative stabilities of
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11
1:1 adducts of BF3, Laughlin 7 has obtained evidence that in the

series R-S-R, R.SO.R and R.S0,.R (R =nC R = Me, Et) the

127257
sulphoxide is considerably more basic than either the sulphide or

the sulphone. These results are in agreement with the earlier

observation of Wimer that diethyl sulphite is ruch less basic

133

than a sulphoxide,

134
Gutmann and Scherhaufer have recently suggested that

ethylene sulphite is a weak donor to cobalt(II). Van Lecewen and
=4
J
Groeneveld have prepared complexes of nickel(II) and cobalt(II)

with trimethylene sulphite, and fcund that the latter is readily
displaced by other ligands., They also conclude that sulphites are
much weaker donors than sulphoxides,

Complexes with phosphite esters as ligands are well

136

documented, and the formation of a 1:1 complex is the first step
in the complex reaction between trimethyl phosphite and phosphorus

pentafluoride.137 Phosphorus(III) compounds con:iaining >POR groups

-

158
readily undergo Michaelis-Arbusov rearrangements % to phosphorus(V)

compounds containing >P(0)R groups, and the reaction of P(OI-Ie)3 with

137
PF5

fluorination of P=0 bonds with sulphur tetrafluoride have been

139

reported.

has been rationalised on this basis. Some examples of the



The Reaction of Tun:isten Ilexafluoride with Dimethyl Sulphoxide

WF% and dimethyl sulphoxide react exothermically at 0° to yield
19

a pale yellow viscous oil whose "“F n.m,r, specirum in CDBCN

(Table 2.6, eipcrimental section) indicates that the W2 " anion

02F9
is a major Qroduct. Cther signals are assigned to W0F5_ and a
complex of WFb,possibly WFG.OSMeQ, these assignments being made on
the basis of the similarity of the spectral parameters to an
authentic sample of HOFB— (Table 1.3) and other HF6.donor conplexes
(Table 1.5) respectively. If the reaction is carried out in glass,
a considerable quantity of Sin is produced, suggesting that IF is
a reaction product, and extensive hydrolysis complicates the reaction
products., )

A ninor product of reactions in which the mole ratio
DMSO : WFB,) 2 is a colourless, volatile liquid, which decocmposes
slowly in glass at ambient temperatures. Iigh resolution mass
measurernicnts have established the presence of the ions C2H3F20+,
02H4F0+, CH2F+ and CH3O+ in the mass spectrum of this material,
and the product is formulated as bis(monofluoromethyl)ether. The
IH n.m.,r, spectrw: is consistent with the second-order pattern
calculéted for the X2X£ part of an AA/XZXE system (where JXX’ = 0)
by Harris,lqo and analysis of the 1H n.m.r. spectrum by this method

yields the following values for the coupling constants: JHF = 54,

JHF’ = 0.8, JFT/ = 11, JHH/ = 0 Hz. These values are reasonable



for CH2F0CH2F by analogy with other hydrofluorocarbon compounﬁs.141
The 1H and 19F chemical shifts are 4,887 and +156.6 p.p.n. (rel. to
CCIBF) resnectively, and the spectra indicate that the wolecule is
symnmetrical, A complete analysis of both spectra is being under-
taken by Dr. N.,M.D. Brown, New University of Ulster, and will be
published elsewhere. The infrared spectrum in thc region 4000 -

%00 cm—1 contains absorpticns which can be assizned to, VCII
(3010-2860), 5@112 (1438), drcr (1268), vcoc (1192, 118%, 1090) and
WF (1013, 1005).142 However the ready decomposition of the product
at ambient temperatures and its contaminaticn by trace amounts of
other unidentified rcacticn products precludes an unambiguous
identification,

CH,FOCIL,F bas been prepared by the reaction of'SFA with a-
polyoxomethylene, (CH2O)X,57 syu-trioxane, (CH20)3, and D}ISO.I43
The physical and spectral properties cf these samples are identical
to those described above. Lawless and Hennonllil1 have reported that
the rain product from the reaction of IF5 with DMSO is CHQFS(O)H.

The formulation of this compound is based largely on low-resolution
mass spectrometric mcasurements and assignments of infrared and n.n.r,
spectra, The physical and spectral data are almost identical to

those obtained in the nresent work, and the fornmulation of this

product as CH2FS(O)H is open to question,
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Reactions of Tunzsten TTexafluoride with Sulnhite Isters

WF6 and sulphite esters (RO)QSO, R} = Ye, Et, Ph react with
‘exchange of 110 and F substituents. Iquimolar quentities yield the
corresponding alkoxy or phenoxy tunssten(VI) pentafluoride and

fluorosulphite ester (fluorosulphinate):

(R0)280 + WF = ROS(C)F + WF50R (2.1)

The reactions are rapid at -50° (Me, EBt) or 20° (Ph), and product
yields of 90% or higher are oblained.

Metal salts of the unknown fluorosulphurous acid HSGQF are
well known,l45 but only a few esters derived from this acid had been

146, 147

reported at the coumencement of this work, A very recent

report dcals with the preparation and properties of a series of

alkyl fluorosulpiites, including }eGS(C)F and EtOS(O)F.lIIS The prep-
arative methods are swsmarised in Table 2.1, and the yields of
fluorosulphites obtained in the present worlk corpare favourably with
those obtained by other methods. The compounds 20s(0)F, R = Me, ot,
Ph are colourless, volatile liquids, which hydrolyse readily in

moist air producing HF. The alkylfluorosulphites (R = e, Et)
decompqse slowly when hecated to yield 502 and the corresponding

alkyl flu(;ride,l43 and PhCS(0)T decomposes slowly at ambient temper-
atures.147

The infrared and p.m.r. spectra of the fluorosulphites are

summarised in Table 2.2, and these are consistent with their
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TADLE 2,1

The Preparation of Fluorosulphite Isters

Method of Yield of
R Preparation ROS(0)F Ref.
“Bu; i1, C11, 0CiL ROS(0)CL + ESC,F (100°) 70-80% 146
Ph Ros(c)C1 + NaF/CﬂBCN 85% 147
Me; Tt; ™Pr; ™bu;  mos(o)cl + KSO,F (10°) 50-754 148
"Bu; $%Cou,
Me; Lt; Ph (RG)280 + ST, (13¢-17:0°) 905 111

Me; Et; Ph

(R0) 50 + 7F, (-10°- 25°)

85-1005°

a . . .
The value of %0% given in ref, 111 for this reaction is based

on a two-fold excess of sulphite initially used.



TABLE 2.2

Infrared and N,m.r., spectra of Fluorosulphite Estersand related Cmpds.,

by 8% (rel.cc1F) Jip w(s0) v (zD) v(C c5)
.Compound T poveme 7 g e~ cn Ref.
Me0S(0)F 6.15 -55.6 1.3 1266 700
(neat liquid)
MeOS(0)F 6.17 -5%,7 1.2 1250 680 148
£t0S(0)F 8.65(ic) _ =59.8 1.3 1260 696
(neat liquid) 5.65 ch)
Et0S(0)F 8.65 -58.6 1.0, 1,5 1250 675 148
5,60, 5.69
PLOS(0)F 2,9° -64,5° 1265
(neat liquid)
PhoS(6)7 -62,5 1263 1183 147
(Me0)280 1208 150
(Et0),50 o . 1206 150
(Ph0)280 1245 150
SOF, 1312 150
Me SO 1055 151
Two overlapping quartets, seperation~1 Iz, each peck further split

1 ’ C rm . s .
by "H - 19F counling. b Average value, The signals showed fine

structure, but were not analysed.



formulation, being in good agreement with published values., The

S=0 stretching modes are readily distinguished, but assignmentsof
the SF stretching nodes are less clear as scveral absorptions occur
in this region. The values of the S=O.strctching frequencies of
the fluorosulphites are apnroxirntely midway betwecen those of the
corresponding sulphite ester and SOFQ, consistent with the greater
electronegativity of fluorine. Correlations of the S=0 stretching
frequencies in sulphinyl compounds with the electronegativities of
substituents have not been as successful as similar corrclations

149, 150 . .

for C=0 stretching freguencies in carbonyl conipounds, 1is
may be accounted for in terms of the non-planarity of sulphkinyl
compounds, interaction between the p- or m—orbitals of the
substitueht group and tﬁe d-orbitals of sulphur, ormcoupling of

the vibrations. D}agnetic non-oquivalence of the nethylene protons
in Et0S(O)F results from the lack of symmetry around tlie pyramidal
sulphur atomr with respect to internal rotation about the C-0-S
linkage (I), and accounts for the complexity of the 1H n.N,.T,

spectrum. A similar effect is observed in dicthyl sulphite.152

'S'
°/'|<|>\F
\>>>:£)
H* A\Me
H

(1)



3

Pentafluoromethoxotungsten(VI), WF5OHe, is a white, crystalline
solid, which sublimes readily at 20° (10"’*mm). It hydrolyses
readily in moist air, bu; not as rapidly as UF6, and decomnoses
slowly at 20° to give W0F4 and lle¥, significant amounts being formed
after seven days. The conpound melts ca. 850, and sonie decomposition
occurs at this teuperature, At 1350 decomposition is rapid and
conplete, It is advisable to store UFSOMe at low temperatures to
avoid decomposition, |

Pentafluoroethoxotunzsten(VI), WF5OEt, is a pale yellow solid,
and is thermally less stable than NF50M9. It decomposes ranidly
at ambient temperatﬁres to yield ethyl fluoride and presumably UOFQ

by analogy with the decomposition of WF.Olie, '/F.0TZt has not been

5 5

isolated pure. PentafluoroPhenoxotungsten(VI), WF50Ph, is a dark

red solid, m.pt. ca. 800, which sublimes slowly at 20° and readily
) ' :

at 60° (10 me) without decomposition. It is stable up to 1800,

at vhich temperature it attacks glass. Iis colour is sinilar to

153

tungsten hexaphenoxide, W(OPh)6, and its ring substituted derivatives.

It does not hydrolyse in moist air as rapidly as WIi.CMe.

5

Both WF_OlMe and WI.CPh are soluble in hexafluorobenzene giving

5 5
pale yellow and dark red solutions respectively. WF50Me is also
soluble in WF., and sparingly soluble in CCI3F’ but reactions occur
19T n

with benzene and acetonitrile (see below); Typical IH and ' NeTleTe

spectral parameters for WFSOHe and WFSOPh are saown in Table 2,3,



though large solvent shifts were ohserved. Typical s ectra are

shown in Figures 2.1 ani 2,2,

TABLE 2.3
Nem,r. spectra of WFsoﬁe and WFsoPh
8 a
: F (rel.CC1.F)JrF Jyp & J J_.
Conmpound Solvent PePelte 3 Hz iz éI HgF TEC 8
(o]
n 1 O - n | YN Z_&
WEOMe CeFy 118.5 (F,) 66 40(T,) 4,40 1 0.,0%0
-89.5 (F,) 33(%,)
b ]
Y'- n - n 2 2Q n
TF5CPh CeTe 131.9 (:X) 64 39(F,) 2.50 1 0.088

-118,6 (FA)

8 Mid-point of complex multiplet

b . . .
Values are fron first-order AX4 analysis.,

1 . - R o
The 9F n.m,r, spcctrum of HFSGhe-ls characteristic of an AXQ

system, and that of WF_.CPh of an AB& system which approximates to a

5
first-order AX4 systen, Figure 2.3 shows calculated ABQ spectfa,
and the spectra of WFBCHe an: WF50Ph natch these for the appropriate
values of JEF/u & The 1H and 19F signals show complex fine
(o) .

structure from IH - 19F coupling,

d

/ Figures 2,1 - 2.3
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The simplest interpretation of the 19F n,r.r, spectra of
WF5OMe and WFBOPh is that the compounds are monomeric in solution
with an octahedral arrangement of ligands around tungsten (structure
11). Because of the hygsroscopic nature of these compounds it has
not been possible to obtain moleccular weight data. TIlowever W(OPh)6
and some related chlorophenoxides of tungsten(VI) are nonorieric in

153

benzene,

F
F F i
4///r w J//;7
F F
OR

(11)

Assignments of the infrared spectca of UFSOhe and WFSCPh in the region
1000 ~ 400 cm—l are not entirely satisfactory because of the difficulty
of distinguishinz the bands associated with ¥W-0, ¥/-F and C-G
stretching frequencies (cf.refs. 11, 50, 53). The Raman spectrum
of WF50Me in C6F6 is similar to that qf the solid, but the solu?ion
was too dilute for definite assignments to be made,
In reactions of WF6 with sulphite esters only ome of the fluorine

atoms in 2‘6 is substituted for an OR group, and the reaction 2,2

does not occur.

WE + (30)250 'A§re ',‘rli(oa)2 + SOF, (2.2)



The volatile products of reactions of WF6 with excess dinmethyl and
diethyl sulphites (i.e. ratio (RO)QSO:WF62.2) are the corresponding
alkylfluorosulphite and small amounts of the corresponding allyl
fluoride. The arounts of ROS(O)F formed require the stoichiometry
6f equation 2.1, but WF50R compoun:s are not isolated, The amounts
of unreacted (RO)QSO recovered when the ratio of reactants (RO)QSO:
WF6) 2 indicate that two nioles of (RD)QSO react per mole of JF6. The

19

involatile products are straw-coloured liquids whose "“F n.m.r, snectra
indicate thatl at least two tungsten-fluorine compounds are present,

The major signals are those characteristic of the W202F9— ion (Table
1.3 ). Single resonances of much less intensity at -65 p.p.m. from
CC1F (R = Me) and =66 p.p.m. (R = BEt), with satellite peaks from

183W - 19F coupling of 69 Iz resolved only in the létter casc, are
also observed. Although there is considerable uncertainty in the
assignment of single line n.m,r. resonances, these are assigned to
WOFI1 species on the basis of the similarity of the spectral parameters
to those of WOFQ and WOFI*.OMe2 (Table 1.3). The species are
tentatively formulated as W0F4.OS(OR)2. The 1H n.,n,r, spectra of .
these products indicate that there are alloxyl groups in at least

two environments, and elemental analyses confirm the presence of
carbon, hydrogen, fluorine, sulphur and tungsten,

Similar products are obtained from the reaction of WFsﬁMe with

dimethyl sulphite. WFSOMe dissolves slowly in (MeO)QSO yielding



a colourless solution, The 1 F and 1H n.m,r. spectra of this
solution after 30 ninutes and after 12 days are shown in Figures
2,4 and 2.5. Signals A and J are characteristic of UFsGMe (ct.
Table 2.3), the signal from the axial fluorine being too weak

for detection. Signals C, F and K are characteristic of cis
1vF4(or-'xe)2 (Table 3.2) and E and G of MeCS(0)F(Table 2.2); H, L and
L/ are characteristic of methyl fluoride,154 although the latter
signal is partially obscured by the doublet O of 1e0S(0)F. The

183, _ 1%,

major 19F signals B and D show satellite peaks from
coupling, and arise from tungsten-fluorine species, The doublet
D and the multiplet G have the same coupling constant of 59 Ilz, and
are characteristic of the w202Fb- ion (Table 1.2 ; the parameters
for the singlet B (8 rel. CC1;F = =66 popeme, I = 68 Hz) are
similar to tiose of WOFL and WOF4.OMe2 (Table 1,3), the chemical
shift being close to those assigned to YGFZ!.OS(CR)2 species above,
Further support for the assignment of B to a WOFQ specics cones from
183W n.m.r, neasurcrents (chapter 4). The singlet P at 6,417 in
the 1H n.m.r, spectra has the same chemical shift as (Me0)280,155
and is assigned to both bulk and coordinated (MeO)2SO.

The 19F nem,r. spectrun recorded after 12 days shows a substantial
increase in the intensity of the signals of the W202F9- ion. The

absence of signals characteristic of WF50He indicates that the reaction

has gone to completion. The 1H n.,nm,r. spectrum after 12 days shows
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Figure 2,k: 19F n.n.r, spectra of_UF5OMe in (MeO)QSO

(spectral parameters are given in the experimental section)
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Figure 2.5: JH n.m.r. spectra of WF_OMe in (MeC) SO

(SPectral parameters are given in the experimental secticn)



an intense signal at 5,627 which does not exactly coincide with
either M or N, but is assigned as N. It is possible that this
signal arises from the cation associated with the W202F9— anion,
and it is tentatively formulated as the trimethoxysulphonium cation,
(MeO)BS+. The disappcarance of signal M is not understood.

The reaction of WF50Me with (McO)2SO is consistent with

equations 2.3 - 2,6:

WEOMe + (Me0),S0 —— (neo)js*woa"s' (2.3)
WF50Me + (MeO)QSO _ ’.10}?4.os(m-;e)2 + MeF (2.4)
\ r toram = 11 + . N

WOFI‘.OS(Oﬂe)2 + (heo)Bs 10Fs~ — (heO)SS 1505T
+ (}Ie0)280 (2.5)

WFOlle + (ueo)Qso — %=m4(01.1e)2 + Me0OS(0)FP  (2.6)

These reactions, and the analagous reactions for VF_0:t, also

5
account for the »roducts obtained from the reactions of NFG'with
excess dimethyl and diethyl sulphites.

The disappcarance after 12 days of the signals characteristic

of U 4(0Me)0 suzgests that the further reaction 2,7 may occur,

WFz*(OMe)Q + (Me0),S0 — \~m6_n(ome)n (n) 3) + MeOS(O)F (2.7)

The weak 1H n.n,r. signalQ is not inconsistent with the species
¥'6-n(°“e)n’I*>3' (Table 3.2 2  There is, hovever, no significant

increase in the intensity of the signalsE and 0 from MeOS(0)F,



The Reaction of Tunssten Hexafluoride with Sulphur Trioxide

Pyrosulphuryl fluoride, 8205Fé, is formed in the reaction
of WFB with sulphur trioxide, and a reaction similar to that

between VI, and sulphur trioxidelll1 may be visualised:

5

; TT R
WE, + SO — wr6_n(503F)n———a OF

3 y * S0cF (2.8)

52

The 19F n.n,r, spectra of the tungsten-containing products are
complex, and it is not possible to niake definite assignments of

the peals. The complexity of these spectra may arise from exchange
processes, second-order splittings for UFG—n(SOBF)n compounds, or
the presence of polymeric species, In the absence of information
about the nature of the tungsten-containing products the origin of
820

F2 cannot be stated with certainty.

5

The Reactions of Tunzsten lexafluoride with some Thosvhorus Isters

This section describes the reactions of WF6 with trimethyl
phosphite, dimethyl phosphite and dimethyl methylphosphonate, and

of WF_OMe with trimethyl phosphite.,  The products from these reactions

5

. . . 1
are surmarised in Table 2.4, and Table 2,5 summarises the "H and

19

F n.n.r. s;ectral data for some of the products and analogous

conpounds,

v



TABLE 2,%4

Reactants ‘Reaction

(mmoles) Conditions Products

WF, (2.4) 0% % nr. WFOMe; WOF, .OP(F)(0Me)Me (2); YeF;

1>(0Me)3 (2.1) + invol. white solid.,

WF (4.5) <0°, 12 hr. (Me0) PF; (Me0),P(0)Me;

P(()Me)3 (15) MeP(0)(F)Cile; WOF .CP(CI—Ie)2I-Ee;
(Me0) .Ple™ WOF_~; + unreacted P(CMe)

3 5 3

WE¢ (3.7) 25%, 1 hr.  MeP(0)(F)OMe; WEOtie

(Me0)2P(0)Ne (6.5) WOFlL.OP(GMe)QMQ; MeF

W OMe (1.1) 0°, 1 br. (Me0) ,P(0)Me; ZJqu.OP(O}Ie) JMes

1'(0Me)3 (1.5)

(MeO)BPMe" WOFS—

WF6 reacts vigorously with trimethyl phosphite above 00, and

explosions may occur if equimolar quantities of reactants are used,

Reactions with an excess of trimethyl phosphiite are more moderate.

The compounds are miscible at -800,

forming an intensely yellow

solution, which, on warming slowly to 00, yields a deep-orange oil,

This decomposes rapidly above 0° to yield a variety of products,

which depend on the stoichiometry and the conditions of the reaction.
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A reasonably pure sample of trimethoxymethyl oxopentafluoro-

tungstate(VI), (MeO)BPMe+ WOFs-, a white solid, can be obtained from

the reaction of WF50Me with P(OMe)3 if the temperature is carefully

1 .
controlled. The "H n.m.r. spectral parameters are very similar to

137 19

and the "“F n.m.r, spectral parameters

35

those of (MeO)BPMe+ PF,

are almost identical to those of the WOF_ ion.

5
109 1ot (MeO)BPMe+ w0F5' in the mixture

of involatile products from the reaction of WFG with excess P(OMe)3

It has been observed

decomposes at 90O to yield an analytically pure sample of oxotetra-
fluoro(dimethyl methylphosphonate)tungsten(VI), WOFQ.OP(OMe)2Me and

methyl fluoride (2.9).

(Me0)3PMe+ WOFS- — WOF4.0P(0MQ)2Me + MeF (2.9)

WOFA,OP(OMe)2Me is a colourless liquid which can be distilled very

slowly at 250 in vacuo. The 1H n.m.r, signals show small downfield

' Shifts_from uncomplexed (MeO)2P(O)Me, and there is good agreement

31 19

between the 1H - “7P coupling constants. The "“F n.m.r. spectrum

19 31

consists of a main doublet from "“F - “"P coupling, and doublet

19 183w

sidebands from ~“F - coupling., The spectral parameters are

similar to those of WOFl1 and WOFLI.OMe2 (Table 1.3), The inherent
ambiguity of n.m.r. spectroscopic equivalence of 19F nuclei precludes
a definite assignment of the structure of this complex. If monomeric,

an octahedral structure with the dimethyl methylphosplionate ligand

in a site trans to the terminal oxygen is required (111).



OP (OMe ), Me

(111)

The alternative structure is a polymer with a coordination number

for tungsten of greater than six, in which n.m.r. spectroscopic

19

equivalence of the "“F nuclei results from a fast exchange process

in which the Z>WF40P(OMe)OMe bond arrangement is preserved., The

31, _ 19

magnitude of the F coupling constant (1.7 Hz) suggests

that dimethyl methylphosphonate coordinates via oxygen rather than
phospliorus, as P - F coupling over 1 or 2 bonds gives nuch larger

' , 35
values of J. (cf. WEe .PMes, Jpn = 73 Hz ). Crystal structure

3’
determinations show that oxygen is the donor atom in SbCl_.Me_PO,

53
) 115
SbC1_.POC .P0C1 d TaCl_..POCl,. .
15 0 13, NbCl5 3 and Ta 5 3

A reaction scheme can be devised to account for the observed

products. An initial reaction involving substituent exchange between



- 85 .-

WF6 and P(OMe)3 provides a route to dimethyl fluorophosphite and

pentafluoromethoxotungsten(VI):

P(OMe)3 + WFg — PF(OMe)2 + WF50Me (2.10)

With equimolar quantities of reactants the yield of WF_OMe is not

5

quantitative, and PF(QMe)2 is not isolated., With an excess of
P(OMe)B, PF(OMe)2 is isolated, but WF50Me is not. In both cases
there is no evidence for the formation of methyl difluorophosphite,
PF20Me, or phosphorus trifluoride,

The further reaction of WF_OMe can be explained in terms of

5

its participation in the Michaelis—Arbusov138 rearrangement of

trimethyl phosphite (2.11).
P(OMe)3 + X& [(Meo)BPMe+ ] — RP(O)(mxe)2 + MeX . (2.11)

. The Michaelis-Arbusov rearrangement occurs in the presence of not
only simple zllkyl halides, but also organic'polyhalides such as
methylene bromide or carbon tetrackloride, haloethers, haloketones,
and halocarboxylic acids and their derivatives. The phosphonium

intermediate has been isolated in the reaction between triphenyl

phosphite and methyl iodide.158 (MeO)BPMe+W0F " is the intermediate

5

required in 2,11 if RX = WF.OMe, and since R = Me, the reaction is a

5

true isomerization (2.12).

P(OMe) + WF OMe — (MeO)SPMe+WOF OMe . (2.12)

= P i
5 5 ——)(Me0)2 (0)Me + WF

5



Direct confirmation for the first stage of 2.12 comes from the

+ -
reaction of WFOMe with P(one)3 (Table 2.4) which gives (MeO)jPMe w0F5

in high yield, A similar Michaelis-Arbusov intermediate,
y
(Me0)3PMe+PF6‘, has been isolated from the reaction of PF5 with
137

P(0OMe) . The second stage of 2,12 (i.e. the rearrangement of
3

(Me0) .PMe"'WOF_~ to yield (Me0).P(0)Me)is slower than for
3 5 0¥ 2

(MeO PMetPF,~ 159 and in one reaction unreacted P{QOMe)., was recovered,
3 6’ 5
The products of the decomposition of (MeO)BPMe+WGF5- at 90° and

at ambient temperatures (the latter, in CD_CN solution and followed

3
by 19F n.m.r. spectroscopy, requires several months for completion)

are WOFk.OP(OMe)QMe and MeF. There is, therefore, no direct evidence

that WF_OMe is regenerated as required by the second stogze of 2.12,

5
WOFA.OP(OMe)2Me may be formed either by the decomposition of

regenerated WF_OMe in the presence of (Me0)2P(O)Me (cf. 2.14 below),

5
or directly from the decomposition of (MeG)BPMe+WOF5_.

The products of the reaction of WF6 with dimethyl methyl-
19

phosphonate at 250 were identified by 1H and “F n.n.r. spectroscopy,

and the reaction is consistent with:

(Me0)2P(0)Me + wFG —— MeP(0)(F)OMe + WF5OMe (2.13)
(Me0),P(0)Me + WF50Me-a\JUF4.OP(OMe)2Me + MeF (2.1%)

It is likely that the origin of methyl methylphosphonofluoridate,

MeP(0)(F)OMe, in the reactions of WFB with P(OMe)3 is in the process



2,13, It has been suggested137 that PF(OMe)2 might undergo a

Michaelis—Arbusov rearrangement to yield MeP(0)(F)OMe:

PF(OMe)Q——-) MeP(0)(F)OMe | (2.15)

Such a process could also explain the formation of MeP(0) (F)Chie
in the reactions of WF6 and P(0M8)3.

In some of the reactions described above there were small
amounts of unidentified volatile products, and it is likely that
other complex side-reactions are involved.

The major product of the reaction of HF6 with dimethyl phosphite
is phosphorus trifluoride. SiF4 is produced, and extensive hydrolysis
occurs, suggesting that IIF is a reaction product. In gencral a
hydroxyl group‘bonded to trivalent phosphiorus is un;table with respect

160
to the pentavalent phosphorus compound containing a phosphoryl group:

MeO \ OMe
/P -OH p— H—f|> =0
MeO |

OMe

(v) | v)



- 88 =

Substituent exchange between WFB and IV would yield PF_, and IV

F,
3
would be generated from V as the reaction proceeded. The other
product then is formally WFB(GMe)QOH, and the F—VW— 00 systenm is

likely to be unstable with respect to W=0 and IF.

Reactions of }Methoxy and Phenoxy Tungsten(VI) Pentafluorides

The reactions of WF5OMe and—NF§OPb-with dialkyl sulphites

and trimethyl phiosplhiite have been described above,

WFSOMe and WF50Ph form adducts with nitrogen bases, but these

have not been characterised. A dark brown solid which analyses as

WF50Me,1.3py results from the reaction of WF50Me with pyridine, but

the present work has not distinguished between its formulation as an

5

amine and WFSOPh react to form a red involatile solid which was not

adduct of NF5OMe or the methylpyridinium salt, pyMe+WOF Trimethyl-

investigated in detail, but was used to remove small amounts of
WFBOPh from Fh0S(0)F.

Acetonitrile is not a suitable solvent for WF5ONe as a vigorous

19

reaction occurs, yielding a bright yellow solution whose ' n.m.r.

spectrum indicates the presence of WOF ~ and W.0_F = A slow

5 27279 °

reaction also occurs between NF5OMe and benzene, and a small quantity

of toluene is formed, consistent with:

¥
Celig + W'F50Me — CelMe + WOF, + HF , (2.16)



However, as HF is produced extensive hydrolysis ocecurs, and, while
tungsten—-fluorine compounds are present in the reaction mixturé,
a pure sample of ‘-.»IOF[l is not obtained.

It was thought that reaction of WF5OMe with dialkyl ethers
would provide a convenient route to W0F4-—-ether complexes according

to:

WF5OMe + R0 — WOF,.0R, + MeF (2.17)

WFOMe reacts with dimethyl ether at 135° with evolution of

methyl fluoride, but the reaction is not a convenient route to
WOF&.OMe2, a brown oil being obtained. With diethyl ether reaction
occurs at 20° to yield methyl fluoride and an involatile liquid
which solidifies after several hours, The major signals in the
19F n.m,r. spectrum of this liquid are those characteristic of the
Wé02F9- ion (Table 1.3), and a weak singlet at -65.5 p.p.r. from

CC1_.F is consistent with the presence of the species WOF, ,0Zt

3 4 2
(cf. data for WDFQ.OMe2 in Table 1.3). Some evidence for the
formation of WOFQ.OEt2 in the reaction of WF6 with diethyl ether

has already been obtained (chapter 1).

The data for the reaction of WFBOMe with diethyl ether are not

inconsistent with the initial formation of WOF5- and WOFA.OEtQ,

Y + - : '\ + 5
wsol-xe + EBt0 — X WOF5 (x = Bt 0te” ?2)  (2.18)

WFCMe + Dt,0 — YOF,.0Dt, + MeF , (2.19)



followed by the further slower reaction:

WOF, .0Et, + WOF,™ — Wp0oFg  + Et,0 . (2.20)

Discussion of the Reactions

~

The reactions of WF6 with dimethyl sulphoxide, sulphite esters,
phosphite esters and dimethyl methylphosphonate probably proceed
via the initial formation of a donor-acceptor complex, similar to
those of WFG with other donor molecules in which the coordination

number of tungsten is greater than six (chapter 1). The WF, - DMNSO

6

adduct may undergo an oxygen abstraction reaction yielding tungsten

oxotetrafluoride:
1
WFe + O0SMe, —— WOF, + F,SMe, . (2.21)
MeQSBr2 is stable, but MeOSCIQdecomposes to CH2CISMe and HCl.132
Me28F2 is unstable,161 and the expected decomposition products are
CH2FSMe and IF:
Me,SF, —p CFSMe + HF , (2.22)

The analogous compound Me2SeF2 is, howvever, stable.162 o-Fluorosul phides
are unstable at ambient temperatures,163 and further decomposition of
CH2FSMe might occur, with evolution of IiF. The origin of CH2FOCH2F
is not clear, and, as IIF is formed, other reactions in additicn to

those described may occur. CHQFOCH2F could result from a reaction

involving attack on the glass, WOFB- and WOFQ are hydrolysis products

of WFE and its derivatives (chapter 1), and it is thought that these



react to yield N202F9- (cf. equation 1.5) which is a major product
in the reaction of WFB with DHMSO,

The exchange reaction between WFG and sulphite esters can be
visualised as proceeding via a weak donor-acceptor complex (VI) in
which the oxygen of an OR group is bonded to the tungsten atom of

WF6. Similar intermediates can be invoked for tle reactions of WFh

(v1)

with phosphite esters and dimethyl methylphosphonate,
Part of the energy change in a substituent-exchange reaction of
WF6 arises from the difference in the bond energy terms for

W—F 4+ X~—0R —» W—OR + XF , (X=S58,P)

and a large difference in the sum of the bond energy terms of the

products and the reactants will favour the reaction. The average



nz St
P—TF and P—0 bond energies in PF; and P(one)3 are 93 and HF

kcal/mole reSpectively.166 The average bond cnergies of ”03(g)
and WF6(g) are 151 and 122 kcal/mole reSpectively,165 giving some
indication that the difference in W— OR and W— F bond energy terms
will favour the reaction.
| pr—dw Bonding in RO— S bonds is greater in sulphur(VI) than
in sulphur(IV) esters, and is increased by the presence of electro-
negative substituents.168 This may account for the lack of reaction
between WF6 and dimethyl sulphate108 and alkylfluorosulphites. It is
thought that WF, fluorinates the S=0 bond in DNSO (2.21), but it does
not fluorinate the S=0 bond in sulphite esters and dimethyl sulphone
consistent with the higher bond orders of the latter.

The thermal stabilities of WF_OR compounds are in the order

5

PhdMedEt, and are intermediate between methoxofluorides of non-metals,

- e.g. PFQOMe,169 170

niobium and tantalum.171 The order of thermal stabilities can be

and the polymeric ethoxofluorides of titanium,

related to the inductive properties of R. The electron releasing
methyl and ethyl groups will increase the tendency towards the

formation of a tungsten-oxygen multiple bond:

F4 /"
R%-OQ—W—F _ O=WF, + RF

This process need not be intramolecular, The electron



withdrawing phenyl group on the other hand will stabilise the R— Q=1
bond system,
The thermal decomposition of WFsoMe at 1350 affords a convenient

route to tungsten oxotetrafluoride, WOF , in high yield ( »75%). WOF

L
has been prepared by the action of anhydrous hydrogen fluoride on

\1]0014,21i by the action of an oxygen-fluorine mixture on tungsten metal

4

at elevated temperatures,172 by the action of dichlorodifluoromethane

o
on w02 at 525 ,173 and by the reaction of WF, with WO, at 4000.35 It

6 3
has also been obtained from a fused mixture of an alkali metal halide

and w03.49

WFEOMe and WF5OPh, like WF6 behave as Lewis acids, and the yellow

colours of solutions of WFSOMe in C6H6 and C6F6 probably arise from

intermolecular "charge-transfer" interaction similar to that observed

2
between WF6 and organic donor solvents (chapter 1). McLeans“ has

_recorded the u.v,-visible spectra of WF_CMe and WFsoPh in several

5

donor solvents, and found solvent depcndence of the spectra only for

WF_OMe. Intramolecular'"charge-transfer'"between the m-system of the phenyl

5

group and the vacant 5d orbitals of the tungsten atom probably accounts

for the colour of WF_OPh and its solutions,

5
WF5OMe is an interesting molecule. Its chemical reactivity is
associated with its ability to lose a methyl group either as Met (which
combines with a suitable substrate) to yield WOFs-,or MeF to yield

WOF40 It is potentially useful for the preparation of other oxofluoro-



derivatives of tungsten and the methylation of unsaturated organic
molecules. Neither of these possibilities was systematically examined,

and they provide scope for future work.
Conclusions

The reactions of WFB with sulphite esters, phosphite esters and
dimethyl methylphosphonate involve the exchange of F and OR substituents,

and further reaction of the WF.OR species formed (R = }Me, Et) occurs in

5

some cases., The thermal stabilities of WF_OR compounds are in the

5

order Ph led It, The reactions of WI' Clle are consistent with its

5

ability to lose Me* yielding WOF5— or leX yielding WOF4.

The reaction of WFE with dimethyl sulphoxide is complicated by
the formation of IF and may involve the fluorination of the sulphur-

oxygen bond. One of the products of the reaction is formulated as

bis(monoflubromethyl)ethcr, CH2F00H2F. Pyrosulphuryl fluoride,

‘S2O5F2, is formed in the reaction of WFG with sulphur trioxide, but

its origin cannot be stated with certainty as the nature of the tungsten-

containing products has not been elucidated.



EXPERIMENTAL SECTICN

Chemicals

WFE was purified as descrihed previously (chapter 1), and
Qhere necessary, reactants and solvents were purified by literature
methods. 100 Dimethyl sulphoxide (B.D.II., spectroscopic grade)
was refluxed for several hours over CaHQ, and fractionally distilled
under vacuum before use., Dimethyl sulphite, diethyl sulphite,
dimethyl methylpliosphonate (Aldrich), dimethyl phosphite (Lmanuel)
and pyridine (3.D.II., anhydrous grade) were degassed, storcd over
activated Linde %A molecular sieves, and vacuum distilled before use,
Diphenyl sulphite was prepared from PhCIl and 80012,174 and stored over
'activated nolecular sieves. Trimethyl phosphite (B.D.il.) and
hexafluorobenzene (Imperial Smelting Co.) were degassed, stored over
sodium wire, and vacuum distilled before use, Sulphur trioxide
(Hardman and Holden) was vacuum distilled and used without further

" )

purification, and dimethyl sulphone (¥ranuecl) was degassed (10~
for several hours before use. Trimethylamine was vacuum distilled
twice through —780. Benzene, deuteroacetonitrile, dimethyl ether

and diethbyl ether were dried as described previously (chapter 1).

Experimental procedure

The reactions were performed in a high vacuum system; glass

reaction vessels fitted with teflon stopcocks and stainless-steel



or monel-metal bhombs fitted with Iioke vdlves were used as
ap;ropriate (see Appendix). Rigorous precautions were taken.to
exclude trace amounts of moisture. NF6 and volatile reactants were
condensed together into the reaction vessels, which were cooled with
liquid nitrogen, and the mixture was allowed to warm slowly until
reaction occurred. Dimethyl sulphoxide was distilled directly
(3d°, 1072 mm) into a reaction flask. Diphenyl sulphite, dimethyl
sulphone and involatile reaction products were handled in a dry-box,
WF50Ph, and in some cases WFSOMe, were prepared in situ by reaction
of WF6 with the appropriate sulphite ester.

The reactions of WF6 and WF50He with the phosphorus esters
were complex, and yielded mixtures of products whicy could not be
easily separated. The Ligh toxicit;' of some of these products
made it desirable to contain them within closed systems, and, since
most were known compounds, identification by comparison of their lﬂ
and 19F n.m.r, spectral parameters with those of authentiic samples
(Table 2.5) was generally satisfactory. One limitation of this
method is that products present in trace amounts are not detected.
All the n.m.r, spectra gave first-order patterns, with signals in the
correct intensity ratios, Small discrepancies, particularly in
chemical shifts, between published and observed values were presuned

to arise from solvent effects and/or small errors in referencing

techniques. 19]5‘ n.m,r, spectra were not always recorded on maximum



scale expansion, and smaller splittings were not always resolved,
s . . + e
In some cases the compositions of mixtures were estimated (= 5%)

from the intensity of n.m.r. signals.,

Reactions of Tungsten Hexafluoride

1) Tungsten hexafluoride and dimethyl sulphoxide
g Y

Several reactions were carried out with the mole ratio of
reactants DMSO:§F6 varied from 1:1 to 4:1, and the products were
similar in each case. Unreaccted NFB was recovered only with DHSO:wEB'<1,
and with DESO:HF%),2 significant quantities of volatile products were
obtained.
(a) WF (6.0 g, 20 nmoles) and DMSO (1.3 g, 17 mioles) gave a
transient yellow colour at Oo, followed by a vigorous exotheruic
reaction. After 30 minutes the temperature was raised to 200, and
. a pale yellow viscous lijuid was obtained, There was considerable
_etching of the glass reaction vessel,

The fraction volatile at -78o was a nixture of WF6 and SiF4

(identified by i.r. 101, IO%.

Elemental analysis of the involatile product gave: C, 6.85;
H, 1,79; S, 9.22; F, 16;3; W, 49.35% (atomic ratio, F:W = 3.2:1),
Infrared spectrun (liquid film, 4000 - 400 em ') : 3016s, 2935s, 1425s,
1335m, 1319sh, 1164sh, 1153m, 1068sh, 1045sh, 1022sbr, 988br, 945s,

874m, 756m, 702s, 670-625sbr ew L,



The 19F n.m.r. spectrum of the involatile product in CDBCN
(CCIBF ref.) consisted of a major signal at -62,6 p.p.me (doublet,

= 58 Hz, J, = 71 Hz), and signals of less intensity at

JFF WF

- 144,2 p,pem, (singlet, J,

gp» Partially resolved, = 40 Hz), -52.1 pop.m.

(doublet, JFF = 49 Iz), +144.8 p.p.m, (multiplet, minirum of 7 lines,
JFF = 58 Hz, JWF = 50 Hz) and +17.2 pepem. (multiplet, minimum of

3 lines, J = 50 Hz). Some of the peaks of the latter two multiplets
overlapped, The 1H n.,m.,r, spectrum consisted of major singlets at
6,90T andA7.19T, and minor singlets at 6.077 and 7.657. With the
exception of the last value, these are all to low field of D:SO

5

1
(7.577 7). On the basis of the similarity of the 19F Dem,.T,

spectral parameters to those in Tables 1.3 and 1.5, a partial

assignment was made (Table 2.6).

TABLE 2,6
6}\’ PepPo.m, JFF JEIF
Product (rel. 0013F) Hz Hz
WF¢.0SMe,, -144,2 40
W202F9 -62.6 (EX) 58 71
+144.8 (EA) 58 50
WOF .~ -52.12 (Fy) | 49
- (FA)
a

Weak signal, FA not observed.



(v) WFB (38.8 g, 130 mmoles) and D.'SO (23.3 =, 298 rmoles) reacted
at 0° yielding, in addition to products similar to tliose described
above, a liquid volatile at 0° (1.0 g) which slowly attacked glass
depositing white solids., This product was examined as follows:

Mass spectrum (scurce 2000, el, bean 70 eV, prominent pezks only
with relative intensities in brackets): m/e, 111(3); 98(1); 94(2);
93(1); 89(1); 85(3); 83(2); 82(2); 81(35); 79(1); 75(1);
64(%); 63(15); 62(2); 61(%); 60(4); 53(10); 49(3); 47(2);
46(1); 45(3); 35(2); 34(2); 33(100); 32(4); 31(18); 30(7);
29(43).

Some of the ions were identified by mass measurement (Tzble 2.7).

TABLE 2.7

m

/e Ion Mass Theory
111 ? 111.02571

+

81 ColisF,0 81.,01514 81.01518

63 C2H40F+ 63.02427 63.02460

33 CH2F+ 33.01398 33.01404

31 CH30+ 31.01833 31.01838

Infrared spectrum (vapour phase, 10 rm, 4000 - 400 cm—l) : 3021sh,

3010m, 2982w, 2964m, 2938m, 2924sh, 2917m, 2860w, 1850w, 1837w, 1820,
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1747w, 14hhw, 1438w, 1436w, 1310w, 1275w, 1268w, 1260w, 1192s,
1184s, 1102-1070wbr, 1013s, 1005s, 997s e L.

The 1F n.m.r. spectrun (neat liquid, CC1;F ref.) consisted of
a nultiplet at +156.6 p.p.m. (mininum of 9 lines, scparations 55 and
6 Hz, see Figure 2.6). fThe 1y n.n,r, spectrum consisted of two
identical multiplets at 4,42Tand 5.34T each with a minimum of 4
lines (see Figure 2.7). In some samples a singlet was observed at

3
7.987, which may have arisen from MeQS (7.927 ). The 1H N,M,T,

140

spectrum was analysed by the metiiod of Ilarris for an XQAA/Xé

system (X = H, A = F) where Jygs = 0, and the following coupling

constants were obtained: =54, J

b - = 0e8s  Jpp,= 11 Ha.

(2) Tungsten hexafluoride and dimethyl sulvhite

Several ratios of reactants were used to establish the

- stoiciiiometry of the reactions of WF6 with sulphite esters and these

are summarised in Table 2.8

/ Figures 2.6, 2.7
Table 2,8
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TABLE 2.8
Ratio & Ratio®

R (R0)2SO:UF6 ROS(0)F:¥Ty

Me 0.95 - P

‘Me 1.0 1.0

Me 2.4 0,8 °©

Me 3.3 1.3 °

Et _ 0,8 _ P

Et : 2.3 0.9 ©

Ph 0.7 0.6 P

a
WF6 in the ratio is the initial amount used. b All the WF%

did not react. ° Ixcess (RO)QSO observed in the products.

Some typical reactions are described below.

. (a) WFG (3.4 g, 12 mioles) dissolved in (NeO)280 (1.3 g, 12 mmoles)
at -60° giving a pale yellow solution. A smooth reaction occurred
at -410° and was complete within 10 minuies giving a white crystalline
solid and a colourless supernatant liquid. The latter was removed at
-300, purified by vacuum distillation several times at this temperature,
and identified as methyl fluorosulpliite, MeCS(C)F (1.1 g, 12 umoles,

yield 100%).
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Elemental analysis. Found: C, 12,9; H, 2,8; F, 20,1; S, 32,7%.
CH3F02S rejuires: C, 12.2; H, 3.1; F, 19.4; S, 33.7%,

lolecular weight. Found, 98.5. 1e0S(C)F requires, 95.1.

Mass spectrum (source 200°, el. beam 70 eV, relative intensities are

in brackets and possible assignments are given in some cases):

3+,

"/e, 100(3), cugro,'s*; 99(4), cgro,Ysts 98(57), CILFO,S*;
97(57) CI,F0,S™; 81(4); 80(2); 79(75), Cu;0,8™; 76(k); 70(3);
69(27); 68(70); 67(100) Tes™; 66(2); 65(k); 6u(48), 0,8
51(4); 50(3); 49(7); 48(36), 0*; 46(2); 45(2). A fragment
at m/e, 110(12) was assigned to (CH30)2SO,possib1y present as an
inpurity in this sample, Infrared spectrum (vapour phase, 10 mm,
4000 - 400 cm‘l): 3020w, 2960m, 2945w, 1464w, 1266s, 995sh, 986s,
754m, 701s, 590w cmfl. |
The 17F n.m.r. spectrum of the neat liquid (CCIBF ref.) consisted
of a quartet (JHF = 1,3 Iiz) at 55,6 pPepPem., and the 10 nomer.
spectrum consisted of a doublet (JHF = 1,3 Hz) at 6,157,
The solid product was purified by vacuum sublimation at 250,
and identified as pentafluoromethoxotungsten(VI), WFsoMe (3.5 g,
11 rmoles, yield 92%).
Elemental analysis., Found: C, 3.7; H, 1.1§ F, 29.3; W, 59.0%,
CHBF50N requires: C, 3.9; L, 1.0; F, 30.7; ﬁ, 59.3%.
Infrared spectrum (nujol and florube mulls, %000 - 400»cm-1):
3025w, 2950w, 2825w, 1430m, 1295m, 1110m, 1049m, 1040m, $92s, 680s,

620s, 490s oY,
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Raman spectra: (solid) 2959w, 2889s, 144lw, 111l4sh, 1093s, 708s,
626w, 563m, 363w, 295w cmfl; (in C6F6) 2914m, 1165n, 1120w, 724m,
569s, 512w, 485m, 447s, 373s, 302w cm_l. The banis at 373 and 447
cm'"1 in the latter spectrun may arise from C6F6.176

WFBGMe dissolved in C6F6 forring a pale yellow solution. N.m.r.
spectrzl data for WF5

decorposed melt are swaarised in Table2.9. The

Oiie in several solvents and in a partially-
19F n.m.r, spectrum
consisted of a doublet and a quintet with relative intensities 4:1,

19

characteristic of an AX4 spin systen. The "“F n.m.r., signals showed
further complex splittinzs (J~1 Ilz) on an expanded scale. The 1H
n.m,r., spectrum contained a rmltiplet with a minimum of 5 lines,

approximating to a quintet., IReactions occurred when WF50Me was

dissolved in CH3CN and C6F6(see below).

/Table 2,9
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TABLE 2.9

1H and 19F n.m.,r, spectra of WF5OMe

8%, pop.m. Jpp g, '\ g g

R WE FF/,

Solvent (rel.buljr) Iz  Hz T Hz voé

- )]
CcFg 118.5 (EX) 66 40 (FX) 4,50 1 0,040

- 89.5 (FA) 33 (F,)
WF¢ -123.5 (FX) 66 41 (EX) 0,032

- ! !
CC1F 121.8a(Ex) 64 k54 1
melt® -115.8 (EX) 67 42 (F,) 4.8 1 0.031

2 Dilute solution, F, not observed. b Partially decomposed, and

A
g n.m,r. spectrum also containcd a singlet at -67.2 p.p.m. (J

wE
68 Hz) and a quartet at +270 p.p.m. (JHF = 46 Hz) assigned to
35 154

WOF4 and MeF respectively,
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(b) WFg (1o gy 4.7 moles) and (MeO)QSO (1.2 g, 11 muoles) reacted
under similar conditions to give MeOS(O)F (0.4 g, %.5 rmoles),
unreacted (Me0)280 (0.2 g, 1.5 mmoles) and methyl fluoride (trace,
identified by i.r. )e The involatile residue was a pale orange

liquid, which did not contain WF_CMe. Elemental analysis gave:

5
C, 7.26; H, 1,00; S, 2,66; F, 28.1; W, 58,3% (ratio, F:W = 4,7:1),
(A sample of the same product from another reaction, using similar
quantities of reactants, gave: C, 6.65; H, 1.78; S, 0.24; F, 20.9%)
The 19F n.n.,r, spectrum of the ncat liquid (CCl3F ref.) consisted of

a major signal at -60.8 p.p.m. (doublet, J_. = 59 Hz, Jyp = 90 Iiz)

F¥

and signals of less intensity at +145.6 p.p.m, (rultiplet, minimum

of 7 lines, Jg, = 59 Hz, I, = 50 Hz) and -65.2 p.p.n. (singlet,

Fr
broadened), The doublet and rultiplet had relative intensities

ca, 8:1, The 1H n.n.r, spectrum consisted of a major singlet at 5.657

and minor singlets at 4.60T, 4,777 and 5.71T,

(3) Tungsten hexafluoride and diethyl sulohite

(a) A vigorous reaction occurred between WF6 (3.6 g, 12 mmoles) and
diethyl sulphite (1.% g, 10 nmoles) at -40°, After 30 minutes the
temperature was raised to 20° to ensure complete reaction. The
products were a pale yellow solid zund a colourless liquid.
The small quantity of material volatile at -60° was identified
101 177 . 102
by i.r. as a mixture of WFG, EtF and 502. The fraction

volatile at 250 was a colourless liquid identified as ethyl
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fluorosulphite, EtCS(C)F (1.0 g, S.1 rmoles, yicld 91%).

Molecular weight. Found, 111,8. Bt03(0)F requires, 112,1,

Mass spectrun (source 200°, el. beam 70 eV, prominent pecks only,
with relative intensities in brackets): /e 115(1), impurity?;
113(0,5); C2H4F023hs+; 112(0.5), 02H4F0233s+ and 02H5F0232S+;
11(9), € B,T0,7°8; 110(1); 99(5); 98(2); 97(11); Ci,Eo,s*;
93(3); 92(4); 85(11); 83(5), F0,87; 82(8); 80(1); 78(6);
76(7); 78(3); 71(2); 69(5); 68(11); 67(17), Tos*; 66(9);
65(8); 64(19), 0,875 59(6); 51(5); 50(6); 49(7); 48(100), 05™;
47(5); 46(4); 45(17); 43(9); %2(7); %1(2); 40(%). Some of

the assignments were confirmed by mass measurements (Table 2,10),

TABLE 2,10

m/e Ion Mass Theory
113 C,H,Fo, st 112,95788 112,98739
112 021141?02335+ 111,99144 111.95099
02H5F02325+ 111.9990% 111.99942
111 C2H4F00328+ 110,99161 110.99160

Infrared spectrum (vapour phase, 5 nm, 4000 - 400 cm_l): 2992n,
2970sh, 2958sh, 2910sh, 1442w, 1400w, 1390w, 1372w, 1260s, 1110w,
1062sh, 1055m, 1044m, 1000sh, 994s, 910s, 875w, 860w, 735sh, 690s,

590w cm‘l.



The '%F n.m.r. spectrum of the ncat liquid (CCL,F ref.)

3
consisted of a multiplet with a minirum of 3 lines (J~1,3 Hz) at
~59.8 p.pems, and the 1H ne.n.r, spectrum consisted of two multiplets
at 5.65T and 8,65T (J1= 7 Hz, J2'V1.3 Hz) with relative intensities
2:3.

The solid product decomposed at 200, with the evolution of

1
EtP (identified by i.r. '')

Elemental anélysis. Found VW, 62,45%. HF5OEt requires ¥, 56,8;

WOF, recuires ¥, 66.6% , )
(b) WFG (4.6 g, 15 nmoles) and (EtO)2SO (4.8 g, 3% rmoles) reacted
under similar conditions to give Et0S(0)F (1.5 g, 13 mmoles), LtF
(trace), unrcacted (Et0)280 (0.4 g, 3.2 mmoles) and a viscous orange

liquid. The 19

F n.m,r. spectrum of a neat sample of the latter

(CC13F ref.) consisted of a major siznal at -~61.2 p.p.m. (doublet,

« dpp = 58 Hzy Jyp = 72 Lz) and signals of less intensity at —-65,1 p.p.m.
(broadened singlet, % height width = 19 Hz, J.m = 09 Hz), +11;4.9 Pepom,

(multiplet, pinimum of 7 lines, JFF = 58 Hz, JWF = 50 Hz) and

+210 p.p.m, (rultiplet, minimum of 8 lines, J~25 ilz), The doublet
and multiplet at +144,9 p.p.m. had relative intensities ca, 8:1., The
1H n.m,r. spectrunm consisted of signals at 4,707 (broadened rultiplet,
minirnm of 5 lines, J = 7 Hz), 5.607 (multiplet, minirun of 8 lines,
J = 7 Hz), and 8,76 7 (multiplet, minirum of 8 lines). Elemental
analysis gave: C, 9.76; L, 1-945 Fy, 17.75 S, 12,5; ./, 51.9%

(ratio F:if = 3,3:1).
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'(4) Tungsten hexafluoride and diphenyl sulphite

A dry reaction flask was charged with (PhO)QSO (2.7 g,
11.5 nmoles) in a dry-box, evacuated, and WF6 (&.8 g, 16 rmoles)
was added. A smooth reaction occurred at 20° and appeared to be
complete after 15 minutes, yielding a dark red solution from which
a dark red solid separated.

The fréction volatile at-80° was identified from its infrared
spectrum as a mixture of SinlO} (trace) and ¥F6.101 Unreacted
WFE (1e% g, 4.5 rmoles) was completely renoved at —250, and after
renoval of the material volatile at 200, a dark red solid remained,
This was purified by vacuum sublimation at 60° (10'_!i rm), and
identified as pentafluorophenoxotungsten(VI), WFSCPh (4.1 g, 11,0
muoles, yield 96%).
Elemental analysis. TFound: C, 21.,1; H, 1.68; F, 24.9; W, 48.5%.
C6H5F50W rejuires: C, 19.%, H, 1.35; F, 25.5; W, 49,45,
* Infrared spectrum (flarube and nujol mulls, 4000 — 400 cm ):
3102w, 3070w, 1875w, 1590w, 1481m, 1462w, 1290w, 1205m, 1155w,
1090w, 1065w, 1018w, 940m, 915w, 75ls, 712s, 605s, 640s, 512w, 48%m
en L,

The l9F n.m.r, spectrun (Fig. 2.2) was cheracteristic of an
ABQ systemlélnhich approximated to AXQ (the signals from Feq and

F__ bad, hovever, relative intcnsities ca. 5:1), and a first-order
ax '

analysis gave the following parameters (C6F6 solution, CCl3F ref.):
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) = =13 = 6!
EX 131.9 Dpeperie, JFF 64 1z, JWF

J/v & = 0,088, All the signals showed further complex splittings
o

= 39 HZ; 5FA = "11806 PeDelle )

(J~1 0z) on an expanded scale, The 1H n.n.re. spectrun consisted of
a complex pattern of 6 lines, 2,15-2.8571, each of which showed further
splittiﬁgs on an expanded scale,

The product volatile at 20° contained a small amount of
WFBOPh. The addition of a small quantity of trimethylemine yielded
an involatile red solid (probably a WFBOPh—HeBN adduct) and a
colourless liquid. The latter was identified as phenyl fluorosulphite,
PhOS(0)F (1.6 g, 10 muoles, yield 88%),
Elemental analysis. Found, C, 40,7; K, 4,92; F, 11,3; S, 21.03.
C6H5F02S requires, C, 45.,0; H, 3.15; F, 11,9; S, 20,07,
Infrared spectrum (liquid film, 4000 - 400 cm_l): 3065w, 3045sh,
1945w, 1872w, 1785w, 1730w, 1597sh, 1589m, 1489s, 1456m, 1308w,
1276sh, 1265s, 1180s, 1144s, 1072m, 1025m, 912m, 855s, 825sh, 7806s,
) 721s, 74hm, 717s, 687s, 622m, 599w, 510m, 487w, 455m, 405m cmfl.
The 19F n.m,r. spectrum of the ncat liquid (CCI3F ref.) consisted of
a single resonance at -64,5 p.p.m. which showed complex splittings
on an expanded scale. The 1H n.mn.,r, spectrum consisted of a multiplet
at 2,871, The n.m.r., and i.r. spectra of this product are in good
agreement with previously reported values for PhOS(0)F. 147

Its slov decomposition at 20° may account for the discrepancies in

the analytical data.
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(5) Tungsten hexafluoride and sulvhur trioxide

(a) WF (2.7 g, 9.2 rmoles) and SO3 (0.52 g, 6.5 rmoles) reacted
moderately at 20° to give a pale yellow viscous liquid. The 19F
n,m,r, spectrum (CCIBF ref.,) of a sample of the reaction mixture
after 2 hours consisted of a major signal characteristic of WF6
(JWF = L4 Hy,cf. Table 1.5) and signals of much less intensity

at -181 p;p.m. (broad, unresolved, 5 height width approx. 100 Iz),
50,9, -50.%, =49, -45.4k, -44,3 and -24.,5 p.p.n. (all singlets),
From the remainder of the reaction mixture the fraction volatile

at 250 (nainly HF6,'identified by i.r.lo1 ) was removed, yielding

a pale yellow viscous liquid. Partial elemental analysis gave:

F, 21,1, S, 11,45 . This product hydrolyscd readily, yielding HOB,
but tunssten analyses were not performed,

WF5SO3F requires, T, 30.2; S, 8.49; W, 48,7%.

Ty 4(5031?)2 requires, F, 24.9; S, 1%,0; ¥, 40,2%.

WF3(803F)3 requires, F, 21.2; S, 17.9; W, 34.29,

WI"Q(SOSF)4 requires, F, 18.4; S, 20.8; W, 29.8%.

(v) NF6 (7.4 g, 25 nmoles) and sulphur trioxide (4.9 g, 61 rmoles)
reacted vigorously at 20° to give a pale yellow viscous liquid. The
19F n,m,r, spectrum (CC13F ref,) of a sample of the reaction mixture
after 2 hours consisted of a major signal characteristic ofX{F6
(Table 1.5), and less intense signals at -180.2 p.p.m. (broad,

oy

unresolvcd), -122.7 pepemte (broad, unresolved, % height width approx.
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100 Hz), -50.4 p.p.n. (multiplet minimum of 3 lines), =50 PeDeoll,
(singlet), -48.6 p.p.n. (singlet), and -42.5 p.p.m. (multiplet with
minimum of 8 lines, and structure similar to the calculated second
order AB4 spectrum with J/voé in the range 1.00-5.00, see figure
2.3).

The fraction volctile at 250 (2’5) was a colourless liquid,

101
and was identified from its infrared spectrum as a mixture of WFG

114
and pyrosulphuryl fluoride, S,0_.F The19F n.o.r. spectrum

275 2°
(CCIBF ref,) contained a major signal characteristic of WFG
(Table 1.5) and signals of less intensity at -49.6, -%8,2 and 23,5 p.p.m.
(a1 singlets). The identification of pyrosulphuryl fluoride is
suwmarised in Table 2,11,

The involatile product was a pale yellow viscous liquid.

Clemental analysis gave: F, 19,7; S, 8.88; W, 45,0%,

TABLE 2,11
F p.p.m.
(rel. cc139) V(S=0) V(S-F) Ref,
S,0-F, -48,8 1513 872 11%
1248 824
product ~48,2 1515 875

1248 830
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(6) Tungsten hexafluoride and ¢imethyl sulphone

Dimethyl sulphone did not dissolve in WF6, and no reaction

was observed at 75° (60 hours).

(7) Tungsten hexafluoride and trimethyl phosphite

These reactions were extremely vigorous, and careful
temperature control was necessary. Explosions occurred in sone

reactions where equinolar quantities of reactants were used.

(a) WFe (1.3 g, 4.5 mmoles) and P(Ol-ie)3 (1.8 g, 15 mmoles) forried
a bright yellow solution at -80°, The reaction mixture was allowed
to warm from -50° to 0° over 12 hours, and the yellow colour was
discharged, yiclding a colourless liquid. The identification of
the products is surmarised in Table 2,12,

Fraction (i), vblatile at -25°, was a mixture of dimethyl
fluorophosphite, PF(OHe)2 (4.5 mmoles) and unreacted P(O}Ie)3 (2.%
mmoles)., These were not separated, and the composition of the
mixture was estimated from the intensities of the 1H n.m.,r. signals,

Fraction (ii), volatile at 250, was identified as dimethyl
methylphosphonate, (HeO)2P(O)He, with small anounts of oxotetra-
fluoro(dimethyl methylphosphonate)tunysten(VI), ﬁOFQ.OP(OMe)QHe, and
methyl methylphosphonofluoridate, MeP(O)(F)OMe. The 1H NG, T,
signals of the latter product were not resolved.

Fraction (iii), an involatile liquid, contained (Me0)2P(O)Me

- phosphoniumw
(5572), WOFQ.OP(OMe)2Me (25%), and trimethoxymethyﬁ(oxopentafluoro-
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tungstate(VI), (Meo)jpne*' {CF ~ (20%) (the quintet of the AX,

19F n.m.r. spectrun was too weak to be detectcd). Dimethyl
methylphosphonate could not be completely removed from the products
by vacuum cdistillation, On heating this fraction to 160° (12 hours)

105)

methyl fluoride was evolved (identified by i.r.

(b) A large reaction vessel (200 ml) was used to avoid explosion.,
A mixture of HF6 (0.72 &, 2.4 mmoles) and P(OMe)3 (0.26 g, 2.1 mmoles)
was bright yellow at -80°, At 0° an orange 0il was formed, and this
decomposed rapidly yielding a colourless liquid and a white solid,
The reacticn was complete in 15 minutes. The identificaticn of the
products is summmarised in Table 2,13,

The fraction volatile at 250 (0.12 ¢) containe& MeF, WF_QOlie

5

(only the doublet of the AK4 19F n.nm.r, spectrum was observed, the
quintet being too weak for detection), and unreacted ¥ (trace).
The 19F n.n.r, spectrum also contained a signal in the region
characteristic of WOFQ and its complexes (cf. Table 1.3). The 1H

n.m,r, spectrum contained signals whose splittings and intensity ratios
were consistent with }eP{0)(F)0ile, but the chemical shift of the 19 n.o.r,
signals in the P-F region (doublet, J = 965 Hz, each peak showing

further, unresolved splittings) was 16.2 p.p.m. downfield from the
literature value for eP(0)(F)CMe, and JPF was 74 Hz less than

137

that of MeP(0)(T)Cle. These discrepancies might be accounted for

by the presence of the complex oxotetrafluoro(metiyl methylphosphono-
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fluoridate)tungsten(VI), YOFq.OP(F)(OHe)ﬁe, but the evidence for
this is not conclusive.
Other volatile products giving rise to weak 1H n.m.,r., sicnals
at 2,747, 2,901 , 7.727 , 8.5671 (all single lines), 8.73T (rultiplet)
and 9.09 ¢ (multiplet) were not identified.
The involatile solid-liquid product was not investigated, but

was similar in appearance to that obtained in (a).

(8) Tungsten hexafluoride and dimethyl methylphos:honate

WF6 (1.1 g, 3.7 rmoles) and (MeO)QP(O)Me (0.81 g, 6.5 rmoles)
reacted vigorouzly at 250, yielding a white solid and 2 colourless
viscous liquid. The identification of tlie ;roducts is swuiarised
in Table 2,14,

The fraction volatile at 20° (0,05 g) contained HeP(0)(F)0e
and unreacted (HeO)zP(O)Me. Otﬁer sroducts giving rise to L1 nenr.
signals at 9.037 (singlet) and 9.267 (multiplet) were not identified.

The involatile solid-liquid residue was sparingly soluble in
C6F6. The 1H n.m.r, spectrum contained signels characteristic of

19

free and coordinated (MeO)QP(O)Me, and the ~°F n.m.r. spectrum
contained a major signal assigned to WOFA.QP(UNe)QMe, and weaker
unassigned singlets at -63.2 and -50.2 p.p.m. (CC13F ref.).

In a separate experiment with similar quantities of reactants

the IH n.m.r. spectruan of the volatile fraction contained signals

characteristic of NF5OMe and MeF in addition to those described above,
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but the solution was too dilute for satisfactory resolution of the

19

F nem.r. signals,

(9) Tungsten hexafluoride and dimethyl phosohite

WF6 (2.3 g, 7.8 mmolces) and dimethyl phosphite (0.93 g,
8.5 rmoles) formed a yellow soluticn at —800, and after several
minutes a vigorous reacticn occurred. Cn warning to 20° two
colourless irmiscible liquids were obtained. The infrared spectrum
of the fraction volatile at -120° (0.5 g) consisted of absorptions
178

and SiF4103 (trace).

Molecular weight: found, 91.8. PF3 requires, 88,03 SiF4 reqguires

characteristic of plosphorus trifluoride

104.1.,
The less volatile fractions rapidly turned blue, and were not

exanined. Some etching of the glassware was observed.

Thernal decorposition of Pentafluoronethoxotunisten{VI)

(a) Methyl fluoride (identified by i.r.105) wvas evolved from
WF O at 20° (7 days).
(b) wr.oMe (2.5 g, 7.6 mnmoles) melted at 85°, and began to decowpose

5
at 1200, turning pale yellow. The tenperature was allowed to rise to
150° (2 hours). The volatile material (methyl fluoride, identified
by i.r.los) was reroved from time to tire to avoid excessive pressure .
in the reaction vessel, and some WFBOMe was lost by sublimation. OCn

cooling the contents of the reaction vessel to 20° a white solid was

obtained. This was identified as predominantly tungsten oxotetra-
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fluoride, WUF, (1.6 g, 5.8 rmoles, yield 76%). No attempt was made

to purify the prcduct by sublimation.

Elemental Analysis., Found: C, 0,2; 1, 0.2; F, 26.6; VY, 65.8%.
WOF, requires, F, 27.5; Y, 66.6%.

The infrared spectrum (nujol rmll, 4000-400 cm-l) conlained absovptions
at 1045s, 1628sh, 715s, 660s, 6285, 550s, 462s and 398w -~

50

characteristic of NOFq. The following absorptions were attributed
to impu;ities: 2096, 1538w, 1253w, 1165w, 997sh (WFSOHe?), 988m

WF_Qie?), 919m, 90Osh, §33wbr, 798w cm L.
5

Therral decomvosition of pentafluorophenoxotun isten(VI)

5

WF_0Ph melted at 800, and after 30 hours at 180° a brovn solid
was obtained, There was considerable etching of the glass veasel.

The infrared spectrum of the volatile material consisted of absorptiocns

103

characteristic of SiFé, and weak unassigned abserptions at 1515n,
1470sh, 145%5s, 1385w and 1365w en L,

Molecular weight: found, 103.6. SiF, requires, 10%4,1.

Reactions of Pentafluoronethoxotunrsten(VI)

(1) with dimethyl sulshite.

WF 5 Obie (1.0 g, 3.1 rmoles) dissolved slovly in (Me0)280 (0.5 g,
19

4,5 mmoles) yielding a colourless liquid vhose "“F n.nm.r. spectrum

after 30 minutes (CCl F ref., lettering as in figure 2.4) consisted

3
of signals at -115.8 p.p.n. (A, doublet, JFF = 67 Hz), -65.8 p.p.m.

(B, single line, Jp= 68 Iz), -63.2 p.pem. (C, triplet, Jpp = 66 Hz),



- 121 -

-61.5 p.p.rt. (D, doublet, Jpp = 99 1z, J = 71 I'z)y, =55.6 pep.ri

(E, quartet, J =1 Iiz), -43.0 p.p.n. (F, triplet, Tp 65 Hz),

+ 145.8 p.pente (G, multiplet, minirum of 5 lines, JFF = 59 H,) and
+ 271.3 p.perte (I, quartet, J = 45 I1z). Siznals C and F were of
equal intensity, and D and G had relative intensities ca. 8.5:1.
The 1H n.n.r, spectrum (figure 2.5) contained siznals at %.19 T
(J, rultiplet, minimun of 5 lines, J = 1 Ii;), 4.537 (X, rultiplet,
minim of 5 lines, J = 1.2 Iz), 5.397 (L, single line), 5.37T
(M, single line), 5.69T (N, single line), 6.1% T (rmltiplet, which,
on an expanded scale, shoved a doublet, 0, J = 1,5 Iz, superinrposed
on a single line of less intensity) and 6.41 T (P, singlet).
The 19F ner.r, spectrun after 1 hour showed a siznificant decrease
in intensity of signal A, and after 12 days siznals A, C and F were
absent, while D and G had increased in intensity. The IH n.n,r,
spectrum after 12 days also showed ninor changes. Siznal J was
absent, X showved a significant reduction in intensity, a new signal
had appearcd at 5,037 (Q, broadened multiplet), and M and N were
replaced by a major signal at 5.02 T (single line).

It is possible that some of the increase in intensity of the

signals characteristic of W202Fb- (i.e. D and G) was due to hydrolysis,

though there was no evidence of this,

(2) with trimethyl »hosphite

WFBQMe (0.34 g, 1.1 mmoles) and P(O}Ie)3 (0.19 g, 1.5 mmoles)



initially formed a pale yellow solution. IReaction was rapid at 20°
yielding a white solid and a colourless liquid. The identification
of the products is swwarised in Table 2.15.

The fraction volatile at 25° (0.28 g) contained dimethyl
methylphosphonaite, A major vclatile product, giving a singlet in
the 1H n.n.r. spectrun at 6,82 T, may have been dimethyl ether (MeQO,-

6.76 7 155). This fraction did not show any 19

F n.m.,r. siznals,

The involatile 0ily solid dissolved readily in éDSCN and was a
mixture of trimethoxymetiiylphosphonium oxopentafluorotungstate(VI),
(MeO)BPMe + WOFS_, (95%), and oxotetrafluoro(direthyl methylphosphonate)-
tungsten(VI), a.'chlk.op(one) oe, (55).

Elenmental analysis. Found: C, 10.9;. o, 2.95; F, 19.5; P, 7.93;
W, 37.3%. (}Ie0)3H1e+ H0F;”  (C,H, )0, FoPY) requires: C, 11.1;
H, 2,79; F, 21.9; P, 7.14: W, 42,45,

The 19F n.m,r, spectrum of (MeO)BPMe+ H0F5- conzisted of a
doublet and a quintet with relative intensities 4:1, characteristic
of an AX4 systen, and the parameters were very similar to those reported

35

—_— . . + oo
for the WOLS anion in PrhN JOP5 o

consisted of two doublets (relative intensities 3:1), whose chemical

1
The "H n,m.,r, spectrum

shifts were characteristic of MeO and }e groups respectively, the

spectral paranmeters being very similar to those reported for the

) - 137.
(MeO)SP}-Ie"' cation in (HeC)y et PFy . 37

The 19F n.m.r. spectrua of the involatile product in CD.CN was

3
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re-run after 2 nonths at 20°, The same signals were observed, but
the composition of the mixture was, (MeO)SPNe+ NOFS- (20%),
WOF4.0P(OMe)2Me (80%).

In a separate experiment in which the termperature of the reaction
was not carefully controlled, WF5OMe (2.3 g, 7.6 mmuoles) and P(OI-{e)3
(1.4 g, 11.5 mmoles) gave a mixture of (MeO)BPMe+ JGFB- (35%) and

WOFq.OP(CHe)QMe (65%) as the involatile products.

(3) with oyridine

Reaction of WFSOMe (6 g, 19 uroles) and pyridine (5 ml) in C6F6
(10 m1) at 20° yielded, after rewmoval of the unreacted pyridine and
C6F6, a dark brown solid (8,2 g) which analysed as WF50He,1.3py.
Elemental analysis. Found: C, 21.2; H, 2,22; F, 21.9; N, %,29;

W, 44,6%. WF_Clle,l.3py requires: C, 21.8; I, 2.32; T, :

]

[

5 5.0;

N, 4,40; W, 44.55. I,r.spec. (nujol and florube mulls, 4000-400 cm-1 ):
3240w, 3170sh, 3140m, 3080s, 2980w, 2860w, 1945w, 1855w, 1638s, 1612nm,
1589w, 1488s, 1462sh, 1453s, 1245w, 121%m, 1193s, 1166m, 1138w, 1070m,

1060sh, 1050m, 1030w, 1020m, 975s, 925m, 800w, 765s, 678s, 585s cmfl.

(&) with benzenc

WF50Me was soluble in C6H6 to yield a pale yvellow solution which

darkened after 30 minutes, forming eventually a green oil and a blue
solid., Considerable etching of lhe glass vessel was observed, and the
infrared spectrum of the volatile materials consisted of absorpti:ns

102a
characteristic of SiF4,103 benzenelo2 and toluene (?), A signal
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at7.83T in the IH ne.ri.r., spectrun of the volatile naterials

155)

suggested the prescnce of toluene (reported at 7.67¢
The 19F n.n.r, s;pectrun of the green oil consisted of a single

broad resonance at ~68 p.pems (CCLLF ref.) with satellite peaks from

19F

3
- ID)W coupling of 70 Hz,

(5) With dimethyl cther

WF OHe and le,0 did not react at 25°,

WFSOMe (7.% g, 24 mumoles) and He20 (1.% g, 30 rmoles) were

allowed to react at 1350 for 12 hLours in a stainless-steel bomb.

The fraction volatile at —-80° was identified by its infrared spectrun

105

as methyl fluoride. The fraction volatile at 20° was a small

quantity of colourless liquid which hydrolysed rapidly in H20 to give

B[] A brown oil remained in the bomb,

5

(6) with diethyl ether

WF50Me (3.8 g, 12 rmoles) and Et,0 (0.9 g, 12 umoles) reacted
at 250, slowly at first, and then vigorously, yielding two irmiscible,
colourless liquids. The reaction was corplcte after 1 hour,

The fractions volatile at -100° and 0% were identified by their
infrared spectra as methyl fluoride105 (% rmoles) and Et20102 (7.2
mmoles) respectively. |

The involatile product was a colourless liquid which solidified

after several hours at 250} Llemental analysis gave (two samples,

fron separate reacticns): C, 9.83, 9.28; H, 2,37, 2.,21; T, 21.6, 21.7;
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W, 5k.3, 54.3% (ratic C:il:F:W = 5:15:8:2), Infrared spectrum (nujol
and florube rulls, £000-400 cm-l): 5078w, 3000s, 2300w, Z045m,
1462sh, 1450s, 1392s, 1308m, 1242w, 1210w, 1187m, 116&m, 1150w,
1130v, 1090m, 1029sh, 1013s, 969s, 938n, 925m, 86G0m, 830m, 796m,
716s, 650, 630m, 460s, 435s cmfl.

The 19F n.n.r. spectrum of this product (neat liquid, spectrum
obtained before sample had solidified, CClBF ref.) consisted of a
minor signal at —-65.5 p.p.n. (single line) and mnajor signals at
62,5 p.p.n. (doublet, Jgp = 59 Iz, I, =72 liz) and +147,6 p.p.m.
(zmltiplet, mininum of 7 lines, JFF = 59 Hz JWF = 50 Hz) with
relative intensities ca. 8:1, The 1H n.n.r. spectrum consisted of
major signals at 5.387 (rultiplet, minirum of 8 1in§s,wa7proximating
to a quartet of doublets, J = 7.4 and 2;6 Tz) and 8.467 (cultiplet,
minimum of 6 lines, aproximating to a triplet of doublets, d = 7.4
and 1.2 Hz), with relative intensities 2:3, and ozher signals at 5,757
5.8% 71, 6,757 (all single lines), and 8.877 (rmltiplet, minivum of 6
lines approximating to a triplet of doublets, J = 7.1 and 1.8 Hz).

(7) with acetonitrile

WF_OMe dissolved readily in dcuteroacctonitrile with evolution

5
of heat yielding a bright yellow solution whose 19F n.m.r, spectrum

(CCIBF ref,) consisted of signals at -02,5 p.p.m. (doublet, Jym = 00 Hz,

dp = 08 Hz) and -47.3 p.p.m. (doublet, Jyp = 53 Iz, 3= 7 11z)

caaracteristic of ICF5 and J202F9 (Table 1.3) the quintet of WOF_~
D



and the nonet of ‘-‘JQOQF B beinz too weak to be detected,

9
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CHAPTER THREE

THE FLUORINATION OF SCME ORGANOSILICON COMPOUNDS WITH
TUNGSTEN HEXAFLUORIDE

THE PREPARATICN AND PROPERTILS OF ALLKOXY AND PIENOXY
TUNGSTEN(VI) FLUORIDES

Introduction

The reactions of alkoxysilanes and siloxanes with Lewis acids
179
are very different from their reactions with Lewis bases, With
typical Lewis acids, such as boron, aluminium and phosphorus trihalides,

cleavage of the silicon oxygen-bond occurs:

oZe i0M BF H,SiF leOr
e.g H3810}e + 3 - 3 iF + Me BF2

Disiloxane reacts in a similar manner:
(311{3)20 + BFg — H;SiF + H;SiODF,
. 180 . .
In this case H3810BF2 decomposes appreciably:
3H351OBF2-——9 3H5$1F + BF3 + B203
In the presence of typical Lewis bases, such as amrmonia and
trimethylamine, both (SiH3)2O and H3SiGMe undergo condensation and
redistribution reactions respectively in the liquid phase:
2(Sﬂ!3)20 —_ (51330)251H2 + SiH,

2H3810Me —_ (Me0)2SiH2 + SiH, .
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The fluorination of organosilicon compounds with sulphur
tetrafluoride has received some attenticn. The Si-0-Si bridges in
siloxanes are cleaved with the formation of Si-F bonds, and from
silanols and silanediols, fluorosilanes and difluorosilanes

respectively are obtained. Alkoxysilanes yield the corresponding

181
fluorosilane, alkyl fluoride and dialkyl sulphite:
20°
e.g. MeQSi(OEt)Q + 2SF, —— Me,SiF, + 2S0F, + 2GtT
P (o1 “ VMo SiT I 3
heQSl(Out)2 + SOF, —— DMNeySiF, + (“t0)250 .

Confirmation of tiie latter reaction comes from a separate study of
the reactions of thionyl fluoride with alkoxysilanes.182 The
Si-0H groups of silanols and silandiols react readily with SOF2
yielding fluorosilanes and difluorosilanes respectively, but there
is no reaction of the Si-0-Si bridge of hexamethyldisiloxane with
SOF2. Very recently it has been shown that SF4 reacts with

- trimethylphenoxysilane to yigld PhOSF, (PhO)QSFQ, (PhO)SSF and
(Ph0)48.143

The reactions of fluorophosphoranes with disiloxanes and

trialkylalkoxysilanes were originally studied with a view to preparing

: 183
pentacoordinate corpounds of the type RPF3OR”. The following
types of reaction were observed:
Joimasinl /c-
I RPCF, .+ 2R_SiF
RPFA + R38105113 — o 3

lo:np? ’S‘ ' A
RPF4 + n_jslon . RPOF2 + 33 iF + R77F.
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It is suggestod that the instability of the pentacoordinate
compounds and the formation of the tetracoordinate compounds
RPOF2 is associated with the stability of the strongly polar
phosphoryl group. ‘tiore recent report5184 show that the reaction

of fluorophosphoranes with trinethyl;henoxysilane provides a

route to stable fluorophosphorancs containing an aryloxy group:

n s » <K
e.g. PhPRy + MesSiOPh — Ph,PF,0Ph + MesSiF

The interaction of tungsten hexafluoride with alkoxysilanes
and hexamethyldisiloxane has recently heen studied.37 The
Si-0 bonds in hexamethyldisiloxane, trimethylmethoxysilane and
dimethylnethoxysilane are cleaved by WFB at 0° to yield the
corresponding alkyliluorosilane, There is no evidence for the
cleavage of the C-0 bond in‘MeSSiOHe and HeQSiH Me, but the Si-II
bond is attacked to a small extent. None of the tungsten
containing products were characterisecd, brown or black intractable
solids being obtained, The reactions of WFG with (Me351)20 and
MeBSiOMe were carried out with several different ratios of reactants,

and the anount of HeBSiF formed in each case was accurztely measured,

From this data it is su:gested that the main overall reaction
- . . iss
between MF6 and (Je381)20 is
2(Me381)20 + WE, —> e SiF + UO,F,
Additional amounts of HeBSiF formed in some reactions are accounted

for by the slow recaction:



(MeSSi)QO + WO,T, —)a}{eBSiFA + U0y

In reactions with MeBSiGHe up to four, but not necessarily all
four, fluorine atous of HF6 are replaced.

The isolation of alkoxy and phenoxy tungsten(vI) fluorides
from the reactions of WF% with sulphite esters (chapter 2)
prompted an investigation of the reactions of WF6 with alkylalkoxy-
silanes and trimethylphenoxysilane as routes to the hitherto
unreported alkoxy and phenoxy tungéten(VI) fluorides. The formation
of tungsten oxotetrailuoride complexes in the reacticns of WF6 with
dialkyl ethers (chapter 1) led to a reinvestigation of the reaction
of WF6 with (MeSSi)QO as a possible route to '.'.’CF4 and ‘.'.'OQF2 and
their complexes. This was of particular interest in that the
chemical behaviour of W02F2‘has not been investizated. | The cleavage
of the Si-Cl bond in MeSSiCI by WFG to yield '-.V'Cl6 and MeBSiF has
. been reportcd?gand it was hoped that the interaction of WFB with
dimethylaminotrimecthylsilane would provide a route to dimethylaniino
derivatives of HFE.

There have been few reports of fluorine derivatives of transition
metal allkoxides. Some alkoxy titanium(IV) fluorides (R = It, “Bu)
have been reported briefly;170’ 185 the preparation and properties
of the series of ethoxy niobiun(V) and tantalum(V) fluorides have been

171, 186, 187 : tv
described; and some metlioxy platinum(¥;9 fluorides

188 :
have recently been obtained. A number of alkoxy tungsten(V)



189 153

chlorides and phenoxy tungsten(VI) chlorides have been described.
This chapter describes the reactions of NFG with dimethyl-

dimethoxysilane, methyltrimnethoxysilane, trimethylplenoxysilane,

hexamethyldisiloxane and dimethylaminosilane. These reagents were

chosen because of their ready availability or ease of preparation.

The Rleactions of Tunssten Texafluoride with lethylalkoxysilanes
& 3 Xy

and Trimetliylnhenoxysilane

WF6 reacts smoothly with methylalkoxysilanes and trimethyl-
phenoxysilane at 20° or below with cleavage of the silicon-oxygen
bonds. The products are the corresponding methylfluorosilanes
and alkoxy- or phenoxy- tungsten(VI) fluorides. Up to four, but
not necessarily all four, fluorine atoms of HF6 are renlace’, in

37

accord with previous observations. The reactions are surmarised

in Table 3.1, and are described by equations 3.1 to 3.9:

WFe  + Me,Si(Oe), — 20Fs0Me + MNe,SiF, (3.1)
WFe + Me,Si(OMe),—> il (Oe), +Me SiF, (3.2)
WEg + 3MeySi(Cile), —> WFB(CHe)3+ Ste,SiF, (3.3)
WE.  + 2Me2Si(OI-Ie)2 — ‘.'11*‘2(01‘-Zq) y * e SiT, (3.%)
WFg + MeSi(Ge); — "T5(Ctle) 5 + Me€iFy (3.5)
WEg  + 43-1e51(oue)3 — 3T (0Me); + KeSiFs (3.6)
WE, + Mezsi(OEt)2—> WF, (0Et), + Me,SiT, (5.7)
WFg + SiCPh  ——> T,CPh  + }Ne,SiF (5.8)

3
WEg +2MesSi0Ph  ——» ), (OPh),, + DMe SiF (3.9)



*pguod/

m.omﬁpmovvhs
@Ao.ﬁﬁv argCon sanoy g ¢ 08- (0°¢1) NA»movﬂmNas + (0°V1) 9
] PaI2A0DdI mvﬁozcvm&a
(1°8) “(°W0)TseN PajoueIun g.omaﬂmmz samoy 6 {0 (0°Lg) mAmsovﬂmms + (0°VT) “am
o (om0 ) Zan
. p . LV wmﬁmzovmma
= Amzovmmg” (en0)“dm otywy @Am.mﬁv mmﬁmmz sanoy g ¢ 0 (e 21) mﬁwzovﬂmms + (0°11) an
I ERCYEEY ovﬁmsovmhg
Z
(£°¢)" (omo) T5%em pegozerup L(1721) atsen smoy g £.0  (0°9T) °(emo)sCem + (1°9) “am
omﬁmsovmma
n GLi8 (a0 am
mAUEOVm_m:.N 5 1 . é c ¢ o é 4 9
_ W ©(oW0) "dn oTIEY @Ao 81) “dTs“en samoy g ¢ 0 (0°61T) “(°WO)TS”eW + (0°6T) “dm
AT _2(on0)"an
= %(on0) ansenotan oty owzommg
*DPOIBA0DDT Ty PotOBAIU( pm&ﬁmwwz sanoy ¢ ¢ 0 (¢°8) Nﬁosovﬁmmos + (6°61) dan
('soTouur) SUOT] TPUOD (soToum)
POTJTIUSPT §30NPOI] ; uoT3owey §1UB}OBIY

mmzmﬁﬂmAhxonosmvhxoxﬁdﬁhnpos Y3IM 9pTIOnN{Jex9y uolssung JO SUOT}OBOY

1°¢ ATIVL

.



134

*90UBUOSAI *JWU mmH dUT] oTdUTS JO JUaWUITESE® U0 PIseq UOT3BOTJITIUSPT

mwmomeoommm sumIqoads *x*wu &mﬂ ut juesaxd &mﬁoscvﬁmmz I0 N&Amsovﬁmoz 03 anp TBUGTS 3Ea]

y. o002 3® Arptdex

OQOHN
J . L amﬁ

pue stsfTeu®R £q POTJTUD] *1ySTOM IBTNOSTOW PU®B *I°T £q POTJTQUSPI. °*Ju’u g,  £q PoTITauap
°T d P 61 Io

*x*1 £q POTITIUSPT a *oqvuTx0oxdde AI0A axe pur BIZ09ds °I*w'u mmH 3y} WOIJ DPOUTWAL}OD SOTIBY

omAsmovqaa
SUdO ™M
@Am.mv ATS™ I

LR eY

é mﬁgmovm@z

& (ud0)"an

(0°81) atsen

S
o,Ud0”dn

¢
9
qIFS o

Y

q

sanoy g ¢ 02 (0°22) udots®en + (LeL) an

,samoy g1 { 02 (9°61) udors<em + (v°8) Jan

sxnoy 9 ¢ 02 (6°21) smoﬁmmmz + (6°21) S

.



- 135 -

Tetrafluorodimethoxotungsten(VI), WF4(0He)2, is a liquid, m.p. ca. 100;
the other allioxy and phenoxy tungzsten(VI) fluorides are solids at
ambient temperatures, The methoxy derivatives are colourlesss

the phenoxy derivatives are dark red. Apart from WF.Ole and NFsoPh,

5
these compounds are involatile at 20°,  The product from the reaction
of WF¢ with MeQSi(OEt)Q is a pale yellow liquid which decomposes at
20°, Its 19F n,n,r, spectrum is almost identical with that of
cis-i'rF4(G}Ie)2,and it is fornulated as cis-—'.‘v'Fl‘(OEt)Q. The decouposition

of this compound is not as rapid as VFP.O0Ct (chapter 2).

5
The allioxy- and phenoxy- tungsten{VI) fluorides have been

m

characterised by lgr n.m.r. spectroscopy (Table 3.2 gives average
values of the spectral parameters), and elemental analyses have been
obtained in most cases, The 19F resonances of these conipounds occur
to higher fields of WFé with increasing substitution of T by 0O
groups, and the simplest interpretation of the spectra is that the
compoun&s are mononeric (as liquids or in solutiocn as appropriate),
~with octahedral coordination about tun;sten as previously sugzested
for WF5 e and WF50Ph (chapter 2). Molecular weight determinations
were not performed because of the hygroézgpic nature of the cowpounds,
and the assigned structures are not unambiguous in every case,
In the serjes of monorieric, octzhedral compounds ?rﬁ_n(ﬁn)n,

geometrical isomerism is possible where n = 2, 3 and 4. The possible

geometrical isomers of WFQ(OR)Q, WF3(03)3 and WFz(OR)4 are shown inv
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Figure 3.1. Since octahedral structurcs are stereochemically rigid

in the context of virtually all experimental observations,73 these

19

isoriers will liave characteristic "°F n.m.r, spectra, provided that

intermolecular exchange processcs do not occur., TIor the conpounds

19

WF6_n(OR)n, n = 1-5, 2 = lle, Bt or Ph, the expected ~’F n.m.r,
spectra, assuming that spin-spin coupling between the fluorine nuclei

and the protons of the CR groups is small and does not significantly

affect the spectra, are:

1 I AT
MF50J - AX4 or .—ABI1
cis—WFI*(OR) o - AX, or AB,
trans—WFa(OR)2 - - single line
cis—‘».'.’FS(GR)B - single line
\§ 3] - AT
trans—..’Fj(GA)3 AX2 or nBQ
CIS—WFQ(Oh)4 - single line
trans-F,(02) - single line
2 L
: ?
WF(OR)5 - ~ single line

19

The observed ~“F nem.r. shectra are consistent with the above

predictions for monomeric octahedral compounds, Figures 3.2 and 3.3
provide examples of the observed spectra of WF, (CMe), and '-,'JFS(OMe)3
and these agree with the calculated A282 and A52 spectra for the

of J/

gsimilar values voé (Figures 3.4 and 3.5). Coupling bhetwcen
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Geometrical Isomerism in WFé rfOR)n

F OR
RO F F F
2 ) i
W
RO { F./ 1 {
_ F OR
cis WF4 (OR) 5 trans
OR F
RO E RO OR
v/ !
RO I -~ F, RO F,
E F
cis 2 tr.an"s
\:\H‘-‘z,(OR)3
OR F
RO F, RO_| OR
roL—Y /, RO ‘i’ 4
OR F
cis trans
WF,(OR) ,




onN.HonE./ 1eou Jo umiioods *Icweu hm._” $2°C MINnHTd

R —

__ A (i ([ e
4990
/

¢ (amo) “an-sto

139

ol




949 ut

“(o10)"

90

JL Jo umnagoads

cTu'u

r_HmH

a4

AHNDT

Q:ov JJ~suely

=

umuu

A

OH




- 141 -

| 3
304
1 , | 1 1+33
FI Y- 5
! l 1 [
E— 2 34 s 6 76 0-86
| '
L l| I ! 4' l 1 17 037
It II |ﬂ | R
1,46 7 C-20
235

N i

5 .
.20 -10 o) i0 20
Cycles sec™

Az By type theoretical spectra or o chemical shift ditlerence (")
of 10 cycles sec 1. ’

Figure Jok (ref. 141)



- 142 -

3042

I [
333

R I | B
. 0652
IIIIITT

] ]' 0204

I

] Q-100
| ﬂr

0000 °

~a0 =20 0 22 40

Cycles sec’

AB, theoretical spectra for nuclei of spin 4 and a chemical shift
difference 7,6 of 10 cycles sec™!

Figure 3.5 (ref. 141)



- 143 -

the protons of the CIl grouns and the fluorine atoms in WF6 n(OR)n is

of the order of 1 Hz, and does not significantly a{fect the first-—

19

order structure of the "“F n.a.r. spectra.

In the alkoxy- and phenoxy- tunzsten(VI) fluorides tlLere are
fwo possible enviromments for the fluorine atoms, viz trans to
another fluorine (Fl), and trans to an OR group (F2). In WF5DHe,
WFsOPh and trans-»’:‘JFB(OHe)3 there are unequal numbers of fluorine

atoms in two environments, gziving rise to AB4 and AB, spectra

19

2

respectively, and assignment of the "“F resonances can be made with

complete certainty. F1 nuclei recsonate to lower field of F2 nuclei,
In cis—YFq(Oﬁ)2 (2 = Me, xut, Ph) there are equal numbers of fluorine
atoizs in two enviromments, giving rise to A2B2 spectra, and

assignments of the resonances cannot bhe made with complete certainty.

It is assumed in this case that the Fl nuclei resonate at lower field

than the F2 nuclei.

19

Assignments of single line "“F n.m.r. spectra are much less

. iy i . . 19
certain, as the possibility of spectroscopic equivalance of ““F
nuclei arising from fast exchange processes in polymeric structures
cannot be eliminated. Both isoners of’WFQ(OHe)q give single lincs,
and the resonance at lower field is assigned to the trans isomer
(F1 nuclei). There are no resonances which can be assigned to trans
xm4(03)2 species.

It has recently been shown190 that the chemical shifts of the
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19F nuclei in substituted hexafluorostannates of the type

[San-n Xn]2_, relative to SnF62-, are given to a good approximation
by &= pC + qT, where C and T are constants characteristic of the
ligand X, and p and q are the nuribers of substituents cis and trans

to the fluorine atoms respectively. Tiiis empiricel relationship can
be applied with equal success to conpounds in the series E‘G—n(OR)n’
and lendg sonie weizht to the assignmonts given above. Table 3.3 lists
the observed and calculated valucs of the 19F chenical shifts ;sing
C=145,5 T = 74,3 for R = e, and C = 36.0, T = 55.0 for R = Ih.

The agreerient is not perfect, but no correction has been made for
solvent effects. These are considerable, and, for example, there is

19

9 p.p.m. difference between the ~°F chemical shift of cis—WFB(GHe)

3

in WFL(OQe)Q and in C6F6. The average discrepancy between calculated
and observed 19F chemical shifts is 6.2 p.p.m. for R = Me (9 values

_ over 158 p.p.m.) and 6.0 p.p.m. for R = Fh (5 values over 64 DeDPell. ).
The lH n.n.r, spectra of the methoxy tungsten(VI) fluorides are

reproducible, but are not first-order. The rcsonances from non-

equivalent OR groups are not resolved, and the values of the 1H

N

chemical shifts in Table 3.2 are the mid-points of complex nultiplets,
The 1H n.m.r. signals are found at higher fields with increasing
substitution by (Me groupns. In all cases exccpt WFQ(OMe)4 assignment
of the 1H n.m,r, signals to a particuler isomer is possible by

197‘\

corparison of the relative intensities with those of the "“F n.nm.r,
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TABLE 3.3

Comparison of experimental with calculated 19F chemical shifts.

Experimental chemical Calculated chenical
Compound shifts (p.p.m./2 shifts (p.p.m,)P

F F, Fy F,
WF 5 Olfe 46 75 44 74
cis=WP,(Olte), 101 121 87 ' 118
trans-?zFB(QMe)5 128 152 131 161
cis-WFB(OMe)5 : | 146 161
cis-WFz(QMe}4 204 205
trans-WFz(OMe)4 182 175
WP S0P 39 53 36 . 55
cis-WF4(0Ph§2 81 | 89 72 91
cis-WFB(OPh)B 113 - | 127

a . . b .
From VWF¢, using the relationship 6WF6 = 60013F + 165 p.p.m, Using

6(F) =pC + qT and C = 43,5, T = 74.3 for Ole and C = 36,0, T = 55,0

hN

for OPn.
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. 1 . . .
signals., The "H nem.r. spectrun of JFQ(OMC)Q consists of 4 groups of
siznals, a triple:, a doublet, a single line and a doublet, with
relative intensities 5:2:3:5 which do not agree with tliose of the
19 :

““F nem.,r, signals, The possibility of the presence of another

compound containing Cle but not fluorine cannot be excluded.

The Reactions of Tunzsten Hexaflluoride with liexamethiyldisiloxane

and Dimethylanminotrinecthylsilane

A slow reacticn occurs between WF6 and hexamethyldisiloxane
at 20° to yield WOFQ (10% yield) and trimethylfluorosilane:

(M9351)20 + WFg —> 2 SiF + YOF, . (3.10)
There is no evidence for the formation of J02F2 as previously

37

suggested, but some reduction of WF6 also occurs,

The reaction betwecn UF6 and dimethylaminotrimethylsilane is
. vigorous at low temperatures, and trimethylfluorosilane is formed.
The tungsten-containing product is a brown oil which has not been

characterised.

The Thermal Deconposition of Alkoxy Tungsten(VI) Fluorides

It has heen shown previously (chapter 2) that thermal
decouposition of NF5OMe yields WOFQ and methyl fluoride, and that
WF50Ph is stable up to 180°.  Thermal deconposition of WF6_n(OMe)n
at 80° ( n = 2), 100° (n = 3) and 145° (n = 4) yields dimetlyl ether

and small amounts of methyl fluoride (n =3, 4). Some reduction of

the tungsten occurs in each case. The thermal decomposition of
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WF4(OMe)2 at 80° yields HOFA.CHeQ (40%), and isomerisation of

cis—‘.'IFll(OMe)2 to WOI', .0Olle, occurs slowly at ambient temperatures,

4
Thermal decomposition of WF2(ONe)4 at 145° yields a blue solid with

2

a W:F ratio of 1.5:1. Thermal decomposition of the unstable

compound WF4(GEt)2 ai,50° does not yield YOF

4.Out2.

Discussion

In the reactions of WF6 with metiylalkoxysilanes and trimethyl-
phenoxysilane, successive replacement of up to four fluorine atoms
of WF6 by allkoxyl groups occurs, Although substitution beyond four
(OMe) or threce (OPh) was not observed, therc appears to be no reason
why the remaining memhers of the series should not be stable as

153

W(OPh)6;is known, In each of the reactions in Table 3.1 the
expecfcd products are obtained, except in one case where the ratio
of reactunts WF6:I'~IeQSi(C‘He)Qis >2:1, The presence of cis—‘.-:T‘li(CMe)2
in the products of this latter reaction in addition to the expected
WF50Me suggests that cis—NFQ(CMe)2 is readily formed, and that the

reverse reaction,

WFp + 11F4(01~Ie)2 —H— 2’.*1F501=Ze ,
does not occur at - the tempefature of the reaction (Oo). Consistent
with the ready formation of cis—‘.a’Fl*(CMe)2 is the observation that
WFSOMe is not present in the products of'the reaction of ?r6 (1 mole)
with MeQSi(OMe)2 (2 mole) after 30 minutes, while cis—WFQ(OHe)2 and

higher substituted products are present.
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It has been proposedlso’ 191

that cleavage of silicon-oxygen
bonds by Lewis acids proceeds via a weak four-centre transition

state, TIor the reactions involving WF6 the followingz transition

state can be visualised:

R iR 3-N (()F!) N

S
)
i
|
F

o
|
|
'
| | J—
Fy

The ability of MFG to form such weak donor-acceptor conmplexes is
well established (chenter 1), and the difference in Si~-F and Si-0
bond cnergy terms (e.s. D(Si-F) in SiF, = 135 kcal/mole; D(8i-C)
in silica = 103 kc;l/m018167) contributes to the thermodynamic
feasibility of the reactions. The rate of substitution of the
fluorine atoms of WF6 by CR groups alpears to decrease with
increasing numbers of O groups bound to tungsten, and to be faster
for O}e than for OPh. There is, howvever, no direct evidence, e.g.
kinetic data, for this,

The cleavage of the Si-0-Si bridge in hexametiiyldisiloxane by
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WF6 may procced by a pathway sinilar to that proposed for the

cleavage of dialkyl ethers by ° ,* (chapter 1):

2
ICT g Sim
-ﬁ uOI‘l‘ + 21183u1.~

WF + (MeBSi) 0 — [Fg 0(51-1e-) 1- [T oslxte3]+ MeBSiF

Siloxancs are nmuch weaker donors than dialiyl ethers, and this has
been explained on the basis of oxygen-to-silicon px - di bonding in

192

the forner. This may account in part for the slow reaction

between NF6 and (MeBSi)QO, and preclude the formation of a '.:'OFZi -
(MeBSi)QO conplex, Alkoxysilanes should be stronger donors than
siloxanes as there is only one silicon aton to encourage oxygen—to-

193

- silicon gx-bonding, and it is interesting that the reactions of WF
with alk oxyqll mes ere ruch more rapid than with hexamethyldisiloxane,
The failure of Visvanathan and Van Dyke37 to isclate the alkoxy
tungsten(VI) fluorides described here from the reacticn of WFB with
trirethylmethoxysilane is not understood. Incomplete removal of
water from their reaction systerns may have causcd extensive hydrolysis
of the tungsten-containing products, It is also pessible that
MeBSiOMe behaves as a reducing agent towards JF6.
The mechanisms of the thermal decorpositions of methoxy tHHVQEOP(dI)
fluorides probably involve the initial formation of a stable W=0 bond,

with the elimination of Me® (cf. behaviour of WFsOHe, chapter 2), and

the subsequent formaticn of dimethyl ether:



>Sw > — W= 0 + MeO
' \ , 2
O —Me

\//

Buslaev and co-worliers have slicvn that niobium(V) and tantaluwn(V)
alkoxyfluorides rcact with ionic fluorides to yield oxo-conmpounils
with the elinination of the corresgoniing dizlkyl ether, and a

86
mechanisn involving alkyl cations is proposed. The study of
the riechanisns of the thermal decompositions of methoxy tungsten(VI)

o . 18 . - .
fluorides, possibly by ~ F tracer studies, affords scope for future
work. It was hoped thuat the thermal decompositicns of cis—h14(02t)n
and WVF_(GCiie), would yield WOF, .0ilt, and WC,F, respectively., If

2 4 4 2 272
W02F2 is formed in the latter case, it mey be reduced under the
conditions of the rcacticn.

WFE readily cleaves the Si-N bend in HeSSiNHe2, but the failure
to isolate dimethylamino derivatives of WF6 is not understood,
especially in light of the recent report of the preparaticn of
w(Nie, ) . 19% : on tl trol ceti itions i

Nile,) e Turther work on the control of recction conditions is
necessary.

The 19F n.m,r. spectra and the preferred stereocheniistrics of

WFh-n(GR)n compounds are discussed in chapter 4.
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Conclusions

The fluorination of methylalkoxysilanes and trimethylphenoxysilane
with WF¢ provides a route to the compounds ¥F6_n(OR)n, n = 1-4(Me),
n = 1,2(Ph). Futurce work might be directed towards the preparation
of the remaining members of these series. The simplest interpretation
of the 19F n.n.r. spectra of these compounds is that they have monomeric,
octahedral structures, displaying geometrical isomerism in some cases.
The 19F resonances are all to high field of WF6, and the effects of
Olle and OPh substituents on the chemical shifts are approximately
additive, .
WFI*(OI-Ie)2 isomerises to WOFq.GMeQ, and thermal decompositions of
W};-’3(o:~1e)3 and 'vaz(oz»xe) , vield He 0 and XeF. Further work on the control
of these decompositions is necessary as they may provide routes to
other oxofluoro-complexes of tungsten.
The data for the reactions of WF6 with hexamethyldisiloxanc and
dinethylaninotrimethylsilane are incomplete, but establish that 5i-0
and Si-N bond cleavage occurs. In the former case UOF4 is obtained

in low yield.
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DRIMENTAL SECTICN

Chemicals

Dimethyldimethoxysilane, methyl trimethoxysilane,
hexamethyldisiloxane, dimethylaminotrimethylsilane (Aldrich), and

trimethylphenoxysilane (preparcd from Me,.SiCl and PhOH,195) were

3
dried over activated Linde 4A molecular sieves and degassed before
use,, WF6 and solvents were purified as described previously

(chapters 1, 2).

Experimental procedure

Reactions were carried out in a high-vacuum system, and rigorous
precautions were taken to exclude moisture. DReactants were condensed
together into glass reaction vessels cooled in liquid nitrogen, and
allowed to warm slowly until reaction occurred. Involatile jroducts
-were handled in a dry-box. A description of the reacticn vessels and
instrumentation is given in the JAppendix.

Reactinns of tungsten hexafluoride.

The conditions and products of the reactions of WFB with the
methylalkoxysilanes and with trimethylphenoxysilane are summarised
in Table 3.1. The num.r. spectra of 6_n(0R)n compounds (R= ie,Et,Ph)
are summarised in Table 3.2.  The 19F n.m.r, signals of WF6_n(0R)n

1 1 . . .
showed complex splittings from H - 9Fsp1n—sp1n coupling (J*ﬂle),
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but these were only resolved on maximum scale expansion, and are not

19

included in descriptions of the "“F n.m.r. spectra given in subsecquent

sections,

(1) Tungsten hexafluoride and dimethyldimethoxysilane

(a) WF (5.8 g, 19.5 nmoles) and NeQSi(OMe)Q (1.0 g, 8.3 mmoles)
gave a yellow solution at -80%, Reaction occugég’slowly at this
temperature, and became vigorous as the temperature was raised to
0°. The reaction was coriplete in 2 hours, yielding a white solid
and a colourless supernatanf liquid. The latter was volatile at
-800, and was identified from its infrared spectrum as a mixture

6 101
of dimethyldiﬂuorosilane19 and WF6. Separation of these

compounds was not attenpted.,
p T

The 19F n.m.r. spectrum of the solid product in CeF (CCLF ref.)

5
contained signals at -116.9 p.p.m. (doublet, Jop = 67 Hz, Iy = 45 Hz)
‘and -80.4 p.p.m. (quintet, JFF:=67 lz)with relative intensities 4:1,
characteristic of pentafluoromethoxotungsten(VI), (Table 2.3 ),

and signals of equal intensity at -64.0 p.p.n. and -46.0 p.p.m,
(triplets, JFT;67 Hz),ypharacteristic of cis-tetrafluorodi-
metboxotungsten(VI) W§ (0Me)2 (ef.b below). From the intensities

4
of the signals the ratio of the products was estimated as WFBOMe:

wF,*(OMe)2 z 2:1,
(b) WFB (5.3 g, 18 rmoles) and Me2Si(0Me)2 (2.3 g, 19 mmoles) reacted

at 0o (2 hours) to give two colourless immiscible liquids. The
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fraction volatile at -20° was identified from its infrared spectrum196
and molecular weight as dimetlhyldifluorosilane (1.7 g, 18 mmoles).
Molecular weight: found, 95.7; MeQSiF2 requires, 95.2.

A colourless, viscous liquid (5.9 g, m.pt.**lOo), involatile
at 200, remained. The 19F n.m.r. spectrun (neat liquid, CC13F ref,)
contained major signals of equal intensity at -63.5 p.p.m. and

-43,9 p.pem. (triplets, J_, = 67 Hz) assigned to cis-tetrafluoro-

FF
dimethoxotungsten(VI), '.fFll(oue)2. Signals of less intensity (97 of

total) at -12.8 p.p.r. (single line) and -3%.5 p.p.r. (doublet,

m‘

(cf. 2a, below). The 1H n.n.r, spectrum contained a major signal

J_. . = 62 Iiz) were assigned to cis-and trans—‘.'-JF’B(OIZe)3 respectively

at 4,647 (multiplet, minitum of 5 lines, J~1 Yz), and weak multiplets
at 4,967 and 5.02 T, Decause of the extremely hyzroscopic nature
of WF’*(OMe)2 and WFB(OHe)j, separation of the involatile products

.was not attempted.

Elemental Analysis. Found: C, 8,06; 1, 2,07; F, 23.3; 3/, 56.0%.

02H6F402W requires: C, 7.%6; H, 1.88; F, 23.6; ¥, 57.1%7.

(c) WF6 (1.8 g, 6.1 moles) and HeQSi(CMe)2 (1.9 g, 16 rmoles)
reacted at 0° (8 hours) to give a white crystalline solid and a
colourless supernatant liquid. The latter was volatile at ~40°

196

and was identified from its infrared spectrum and molecular weight
as Me,SiF, (1.2 g, 12.1 rmoles).

Molecular weight: found, 96.8; MeQSin requires, 96.2.



The fraction volatile at 20° was unreacted IIeQSi(GMe)2
(0.4 g, 3.3 rmoles).,

The solid product (2.1 g) was sparingly soluble in C6F6' The
19F n.n.r. spectrum (0013F ref.) contained signals at + 16,7 PePoil,
and + 35 p.p.m. (single lines) with relative intensities 3:1,
assigned to trans- and cis-difluorotetramethoxotungsten(VI),
WFé(GMe)4,respectively (cf. 2b, below). The 1H n.m.r, spectrum
contained signals at 5.18T (triplet, J=1.2 Zz), 5.257 (doublet,
J=1.9 Iiz), 5.33T (single line), and 5.45 1 (doublet, J=0,7 :iz)
with relative intensities 5:2:3:5.

Anal, Founl: U, 53.5%. WFz(OHe)& requires: J, 53.1%.

(2) Tungsten hexafluoride and methyltrimethoxysilane
(a) WFe (3.5 g, 11 rmoles) and MeSi(cne)3 (1.7 g, 12.5 rmoles)
reacted vigorously at 0°. The reaction was conplete after 2 hours,
.yielding a white solid and a colourless supernatant liquid. The
latter was volatile at 250, and was identified from its infrared
spectrum 197and molecular weight as methyltrifluorosilane (1.3 g,
12.5'mm01es). Molecular weight: found, 100,1; MeSiF3 requires, 160.1.
The residue was a ﬁhite,involatile solid (3.7 g) Qhose 19F N.M.T,
- spectrum in CGFG (CC13F ref.) contained a major signal at -18,7 p.p.m.
(single line, JWF’ partially resolved = 18 1Iz) assigned to
cis-trifluorotrimethoxotungsten(VIl), WFB(GMe)3; signals at =37.1 p.p.m,
(doublet, JFF=62HZ) and -12,9 p.p.n. (triplet, Jop = 62 Hz) with

relative intensities 2:1, assigned to trans-trifluorotrimethoxo-
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tungsten(VI), WF3(OHQ)5; and a single line (18% of total signal
intensity) at + 16.6 p.p.m. assigned to trans—WFQ(OMe)h. The ratio
of isomers, cis—WFB(CMe)S :trans—’.‘.’Fj(O}Ie)3 was 2:1. The 'H n.m.r.
spectrum contained major signals at 4,887 (multiplet, minimum of

6 lines, J~ 0.8 !iz) and 5.007 (multiplet, minirmum of 3 lines,

J~1 liz) with relative intensities 2:1, and multiplets of less
. intensity at 4.72 Tand 5.167,

Anal. Found: C, 11.2; I, 2.94; F, 16,17, 03H9F303w requires:

c, 10.8;' i, 2.71; F, 17.1%.

(b) WF%(&.I g, 14 mmoles) and MeSi(OMe)3 (3.7 g, 27 mmoles) reacted
at 0° (5 hours), yielding a white solid and a supernatant colourless
liquid. The latter was volatile at —700 (1.7 2) and was identified
from it; infrared spectrum197 as MeSiFB.

Molecular weight: found, 102.1. MeSiFy requires, 100.1. Tue 19p
_Bem.T. spectrum of this fraction (CC13F ref.,) contained a major
signal at + 139.7 p.p.nm. (quartet, Iygp = 4Kz, with satellite peaks,

J = 270I'z)characteristic of MeSiF3197 s and a signal of less

SiF
intensity (7% of total) at + 141,53 p.p.m. (quartet, J = 4 Hz) which
méy have been due to MeSiFQ(OMe) or MeSiF(OMe)2. The molecular
weight of the fraction was consistent with this.

The fraction volatile at 25° was unreacted }IeSi(OMe)3 (1.1 g,
8.1 mmoles).

The solid product was identified as difluorotetrametioxo-
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tungsten(VI), ‘:.’FQ(G'}{e)4 (5.0 g, 14 rmoles).

Anal. Found: C, 1%.5; I, 3.68; F, 10.0; W, 53.4%.
CAH12F204W reguires: C, 13.9; i, 3.50; F, 11.0; ¥, 53.1%,
The 19F n.m.r, spectrum in CGFG (CC13F ref.) contained signals at
+ 15.1 p.p.m. (single line, JNF’ partially resolved, = 14 ilz) and

+ 40,1 p.p.m. (single line) with relative intensities 3:1 assigned
to trané; and cis—WFQ(OMe)4 respectively. The lﬂ n.m.,r, spectrun
contained signals at 5.197 (triplet, J=1.3 'z), 5.26 71 (doublet,
J=2 lz), 5.387 (single line) and 5.4871 (doublet, J = 0,7 Hz), with
relative intensities 5:2:3:5,

(3) Tungsten hexafluoride and dimethyldietlioxysilane,

WE (4.2 g, 14 mmoles) and MeQSi(OE )2 (1.9 g, 13 mmoles)
reacted slowly at -80° (2 hours), yielding a pale yellow liquid.

The fraction volatile at -809 was identified from its infrared
‘spectrum196 as dimethyldifluorosilane (1.1 g, 11 rmoles).

Molecular weight: found, 97.5; HeQSiF2 requires, 96,2.

The other product was a pale-yellow, involatile, viscous liquid,
whose 19F n.m.r, spectrum (neat liquid, CCIBF ref.) contained two
triplets of equal intensity (JFT”=68HZ) at -60,6 p.p.m. and -4%.4 p.p.nm.
assigned to cis-tetrafluorodietioxotungsten(VI), WFh(OEt)Q, and a
single line of mmuch less intensity (2% of total) at -63.0 p.p.m.

The 1H n.m,r, spectrum contained major siénals at 4,357 (broad

mltiplet, minimum of & lines, J=7 I1z) and 8.48 7 (multiplet,



minimum of 6 lines, J=7 Iiz) with relative intensities 2:3, and
signals of less intensity at 4,627 (single line), 5.14 T (quartect,
J=7 iz), 5.9471 (quartet, J=7 lz), 8,207 (triplet, J=7 Iiz) and
9.70 v (triplet, J=7 Lz). The 19F n.n.r. spectrum was re-run after
1 hour, and consisted of a broad singlet at -66,7 p.p.n.

(&) Tungsten hexafluoride and triimetiylnhenoxysilane

(a) WFg (3.7 g, 12.5 mmoles) and Me,SiOPh (2.1 g, 12.5 mmoles)

3

reacted vigorously at 200, yielding a deep red soluvion., The
reaction was complete after 6 hours.

The fraction veclatile at -20° was identified from its infrared

198

spectrum as trimetaylfluorosilane,

The other product was a dark red crystalline solid, which

19

sublimed slowly at 25°, The ~°F n.m.r. spectrum in CeFy (0013F ref.)

was characteristic of an 'A‘B4 system, which could be analysed as
AX4 to a first approximation, and contained sigznals at -126.5 p.p.n.

(doublet, J g = 668z, =38Hz) and -112,1 p.p.m. (multiplet,

Yur

FF=66Hz), characteristic of pentafluoro-

phenoxotungsten(VI) (Table 2.3 ).

minirum of 5 lines, J

(n) WE (2.5 g, 8.4 mmoles) and Me,SiOPh (3.1 g, 18.6 mnoles)

3
reacted at 20° (12 hours) yielding MeBSiF (1.7 g, 18 mmoles) and

a dark red, involatile solid (3.9 g). The latter was sparingly

soluble in CEBCN, and the solutions were too dilute for good

1 19

resolution of "H and 19F n.n,r, spectra, The "°F n.m.r, spectrum
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(CC13F ref.) was characteristic of an A232 systen, which could be
analysed as an A2K2 gspectrum to a first approximation, and contained
signals of equal intensity at —83.8 p.p.m. and =75.8 p.penie
(triplets, Tpp
WFQ(OPh)Q. A weak single line in the

= 68Hz)assigned to cis-tetrafluorodiphenoxotungsten(VI),
19F n.,nm.,r, spectrum at -52.4
p.p.m. (5% of total intensity) was tentatively assizned to cis-
trifluorotriphenoxotungsten(VI), WFB(OPh)B, by analogy with
cis-'.-fF3(0Me)3.
Anal. Found: C, 32.8; H, 2.40;  F, 16.0; i/, 39.7%.
Cyoff) oF, 0o requires: C, 32.3; H, 2.26; F, 17.0; - W, 41.2%.
Infrared spectrum (nujol mull, 1200-4C0 cm-l): 1198m, 1150w, 1064w,
1013w, 935sh, 929m, ¢O4w, 754s, 715w, 671m, 662m, 650s, 618m, 596m
em T,
(e) WFe (2.5 g, 7.7 mmoles) and HeSSiOPh (3.7 2, 22 rmoles) reacted
smoothly at 20° (2 hours).

The fraction volatile at -60° was identified from its infrared
spectrum as MeBSiFl98 (0.9 g, 9.5 mmoles).
Molecular weight: found, 94.,1; HeBSiF requires 92.1.

A dark-red solid remained after removal of all the volatile
material, and elemental analysis gave: C, 31.1; I, 2,34; F, 17.5%,
WFh(OPh)2 requires: C, 32.3; I, 2.,26; F, 17.0%, This product was

sparingly soluble in benzene, and the 19 n.a.r. spectrum (CC1,F ref.)

3
contained signals at -126.7 p.p.m. (doublet, JEF= 65 Iz) and



-112.0 p.p.m. (multiplet, minimum of 5 lines) characteristic of

WF;0Ph (Table 2.3 ), and a multiplet with a mininum of 9 lines

at -86.5 p.p.m., typical of an AQB system, assigned to cis-

2
WFA(OPh)Q.

(5) Tungsten hexafluoride and hexametityldisiloxane

WF6 (3.1 g, 10.5 rmoles) and (MeBSi)zo (1.7 g, 10.5 mroles)
were aliowéd to react at 20°. The mixture was initially deep orange,
but darkgned after approx. 10 minutes, depositinz a black solid,
After 24 hours the reaction mixture had scparated into two layers;
the upper layer ﬁas pale yellow, and the lower, blue-black,

The fraction volatile at -80° (2.2 g) was identified from its
infrared spectrum as a mixture of M0381F198 and WFG,;OIand separation
of these was not atterpted,

Molecular weight: found, 107.7; Me.SiF reguires, 92,2; WF6 reguires,

3
.297.9.

The fraction volatile at 20° vas unreacted (MeBSi)QO (0.9 g,
5.5 rmoles).

The involatile product was a dark brown solid (1.7 g), from
which a white solid (0.3 g) was sublined (25% over 30 hours), and
identified as tungsten oxotetrafluoride, WOF4 (yield 10%). Its
infrared spectrum contained absorptions characteristic of HCF450
at 1048s, 730m, 650s cm_l, and additionai absorptions at 1242w
and 1158s cm—l.

Anal, Found: F, 27.6%. WCF, requires: F, 27.5,'5:
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(6) Tungsten hexafluoride and dinethylaninotrinethylsilane

WFg (2 g, 6.7 rmoles) and HeBSiNMeQ (0.6 g, 5 mmoles) were
allowed to react at -60°.,  The mixture was initially bricht red.
A vigorous reaction occurred after a few minutes, and was couplete
in 30 minutes.

The fraction volatile at -80° was identified from its infrared
spectrumt as le SiF198 , but the yield was not measured. The

3

involatile residue was a brown o0il which was not investigzated.
" (-]

Thermal decompositicn of alkoxytungsten(VI) fluorides

The thermal decompositions were carried out in large glass
vessels (volume 200 ml) fitted with teflon stopcocks, and the prozress
of the decorpositions was observed by nonitoring changes in pressure.
WFh(OMe)Q, '-.V'FS(OI{e)3 and ‘.'!FQ(OMe)4 wvere prepared in situ from WF6
and the appropriate alkylalkoxysilane., OSmall quantities of other
‘members of the series may have been present in each case., Careful

regulation of the temperature of the decomposition was necessary as

explosions occurred in some experiments,

(1) Tetrafluorodinethoxotungsten(VI)

WFI*(OMe)2 (5.6 g, 17 rmoles) was heated to 80° for 19 hours,
and yielded a blue-green liquid with some black solid.

The fraction volatile at —60° (0.3 g) was identified as Me20
and SiF, (trace) (by i.r. 109 105).

The fraction volatile at 20° was a colourless liquid identified
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as oxotetrafluoro(direthyl ether)tunssten(VI), 0T, o Clie (-.

6.8 mmoles, yield 403),

Anal. Found: C, 7.38; H, 1.,90; F, 23.3; Y, 56.5%. CHF, 0.4
requires: C, 7.46; 1, 1.88; TF, 23.6; W, 57.1%. The 194 N.m.T,
spectrum (neat liquid, CCIBF ref.) contained a major siznal at

~63.4 p.pent. (single line, JWFF67 Iiz), and a weak sigznal (25 of
total i}itensity) at =60.8 p.p.ri. (doublet, I =28 Ez) (cf.Table 1.3 ).
ThéNIH n.,m,r, spectrum contained a major siznal at 6.34T (single
line), aﬁd a single line of less intensity (59 of total) at 6.527
assigned to lle,0 (6.761155 )e

The residue (3.1 g), a blue-black solid, was not investigated.

(2) Trifluorotrimethoxotunesten(VI)

JF'3(OMe)3 (7.2 g) was heated to 100°, Deconnosition began
after 30 minutes, and was conplete after 12 hours.
The fraction volatile at -60° (1.7 g) was identified as a

105, 103y g,

mixture of }e,0, SiF,, and MeT (trace) (by i.r.
absorptions from lcF were largely obscured by those of Me20.
Molecular weight: found, 56.%4; Me,0 requires, 46.1; SiF, requires
104,1; MeF recuires, 34,0,

The fraction volatile at 20° (0.2 g), a colourless liquid
which hydrolysed rapidly in water to give WOB, was not identified,

The involatile residue (5.3 g), a blue o0il, was not investigated

as extensive hydrolysis had occurred.



(3) Difluorotetrarethoxotunasten(VI)

WF2(OMe)lt (6.9 g, 20 mmoles) melted ca. 80°; no decomposition
occurred below 1000, but was complete after 18 hours at 1450.
The fraction volatile at -40° (1.9 g) was identified (by i.r.los)
as Me20 and MeF (trace) (1.9 g=41 moles I~Ie20).
Molecular weight: found, 45.1; Me20 requires, 46.1.
The involatile residue was a blue powder.,
Anal, Found: C, 2,92; I, 0,86; F, 10.5; ¥, 67.1%; ratio
Wi:F = 1:1.5.
Infrared spectrum (nujol mmll, 1800 - 4CO cm‘l) : 1530m, 1010w,
995m, 950 ~ 700sbr cm .

(&) Tetrafluorodiethoxotungsten(VI)

It was not possible to perform the decompositioﬁ quantitatively,
but a sample of ?tq(OEt)Q heated to 500 (2.5 hours) turned black,
The "molecular weight" of the fraction volatile at -40° was 49,8
.EtF requires, 48,1, The infrared spectrum contained absorptions

103 177

characteristic of SiFk s but absorptions characteristic of EtF

were not well resolved,

Reactions followed by N,M.R. spectroscopy

(1) Tungsten hexafluoride and dinethyldimethoxysilane

Fron a rcaction of WFB with a two-fold excess of MeQSi(OHe)2,

a sample of the mixture was removed after'30 minutes, The 19F and

g nomer. spectra (CClBF and T.M.S, ref.) contained signals
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characteristic of HeQSiF2

Y, triplet, 9.687, J =7 Hz), cis=7F, (0tle), (P7F, two triplets,

199 19
(*’F, rmltiplet, + 130.3 p.p.m.;

JFF=65sz, of equal intensity at -64.0 and -45,4 p.p.m,; IH,
multiplet, 4,65 ), cis- and trens—F (One)~ (19F, singlet at
-14.8 p.pents, doublei-triplet, J 62 iz at =-35,7 and-10,7 p.p.n.
resp.; IH, rultiplet, 5,07), and trans—WFg(OHe)4 ( F, singlet at
+ 18,2 pe.p.m.; IH, miltiplet at 5.,157), The latter signals were
Qeak, and signals from cis-‘.'IFQ(CMe)ll were not observed.

The n.m.r, tube was heated to 60° (15 hours) ahd the colour of
the sample changed from colourless to blue., The signals from
MezsiFé were unchanged, but no siznals arising from 6_n(OMe)n

19

species were observed, The "“F n.,m.r. spectrun contained signals

at -60,8 p.p.m. (doublet, J 5 Iiz, characteristic of /.0, F.~

27279’

cf. Table 1,3 ) and -5.% p.pem. (broad multiplet, minirwm of % lines).

FIT2

The 1H n.m.r. spectrum contained signals at 4.987 (nultiplet),
5.64 7 (single line) and 6,447 (single line),

(2) Isonerisation of tetrafluorodimethoxotuncsten(VI)

A sample of cis—WF4(0H0)2 containing ca. 10% ’.a’F':,’(OMe)3 was
set aside at 20° for 5 months. The colour became dark grcen and

the 19F and IH n.n.r. spectra did not contain signals characteristic

st ¥ ‘. o 1
of cis-!fF, (Ge), and /Fy(Ole)s.  The Y9F n.m.r. spectrum (CCL.F ref.)

3

contained a major signal at -63.6 p.p.m. (single line, J _ =68 Hz)
¥

characteristic of oxotetrafluoro(dimethyl etue:)tun"sten(VI),



WOF, .Olie,, and signals of less intensity (55) at =60.9 pepem.
(doublet, I 729 Tz, J, =72 Hz) and + 144.9 p.p.m. (multiplet,
minimum of 7 lines, J =58 IiZ) characteristic of 24202:99’ (Table 1.3 ).
The 1H n.m.r. spectrum contained a major signal at 6,32 7 (single line)

and signals of less intensity at 5.597 (single line) and 4,917

(multiplet).,
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CUAPTER FCUR

19 183

THE ““F AND = ~W NUCLLAR MAGNETIC RESONANCE SPECTRA OF TUNGSTIN(VI)

FLUCRO-COMPLEXES

Introduction

This chapter presents a further discussion of the 19F n.n,r,
spectra and the stereochemistry of the tungsten(VI) fluoro-complexes
prepared in this work., The 183w chemical shifts of some of these
complexes have been obtained by double resonance techniques in
collaboration with Dr, Wm, McFarlane, Sir Joln Cass College, London.

Chemical Shifts

The frequency at which a magnetic nucleus absorbs energy when

placed in a magnetic field is given by

v = Hy/QW
where H is the magnetic field strength at the nucleus, and yis the
magnetogyric ratio of the nucleus. The great importance of the nuclear
magnetic resonance phenomenon to the chemist stems from the fact that
nuclear magnetic resonance frequencies are'dependent to a small extent
on the molecular envirenment of the nucleus, The applied macnetic field

induces circulations of the electrons surrounding the magnetic nucleus



which is thereby shielded to some extent from the applied field. The
shielding of a nucleus is the difference, H’, between the effective

magnetic field, H, at the nucleus, and the applied magnetic field,

Ho’ and is given by

- H’
o

(1 -0) H ,

H

n
s

where 0is a dimensionless number known as the shielding constant,
The chemical shift difference, Bij’ between two nuclei of the same
isotopic species in environments i and j and with shielding constants

Oi and 05 for the same applied field is

For a particular isotopic species the magnitude of Bij depends on the
atomic number, The observed rangé of 1H chemical shifts is ruch
smaller than that of 19F chemical shifts. The chemical shift, 8, of

a nucleus referred to an internal reference compound is given by

where 0is the shielding constant of the nucleus, and GR is that of the

reference compound.

Approximate calculations of the shielding constants for complex

molecular systems have been made by dividing the shielding constants
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into contributions from electrons localised on atoms and in chemical
. 141 .
bonds. The induced current model for calculating o regards the

shielding constant O, of nucleus A in a molecule as arising from

A
induced electronic currents in the atoms and bonds, and, provided
the electrons localised on atom A do not overlap appreciably with

those on aton B, gives

dia para deloc
=0 o Lo o
s s T Y % Y % -
BxA
dia . . . .
GAA arises from induced diamagnetic currents on the atom A, and is

dependent on the electron density around nucleus A, which, in turn,

is dependent upon the electronegativities of the groups attached to

para
Oan

result from the mixing of the ground and excited electronic states by

A, arises from induced paramagnetic currents on A, which

the applied magnetic field. It has been shown that cjﬁzra is zero

when the electrons localised on A are in pure S-states. arises

O AB
from local induced currents on the atoms in the molecule other than 4,

and may be positive or negative according to whether the induced currents
Y P g

. . .. deloc .
are dimagnctic or paramagnetic in character. (’A arises from
induced currents involving delocalised electrons, and is particularly

important in aromatic hydrocarbons.

When A is a hydregen nucleus (jgzra is small compared with cg;a,
since the p~character of the hydrogen bonding orbital is small, and IH

chemical shifts are determined almost entirely by the diamagnetic



contribution arising from the magnetic field set up by the extranuclear

electrons opposing the applied field. When A is a fluorine nucleus
cﬁzra is the domirant term. The importance of ljﬁzra in the treatment

19 . . .
of "“F chenical shifts arises from the presence of valency p-clectrons
in the fluorine atom, which, in a molecule, can depart considerably

from spherical syrmetry.

19F Chenical shifts of Tunssten(VI) Fluoro-conplexes

. . . . 19
Figure 4.1 is a schematic diagram of the "“F n.m.,r, spectra of
some of the tungsten(VI) fluorocomplexes prepared in this work., The
spectral paramcters for these compounds are listed in Table 4.1, and

the chemical shifts are given relative to WF6 using the relationship

s F - &F + 165 p.p.m. Substitution of one or more of
WF6 CCIBF
the fluorines of WFé by a less electronegative O-donor ligand results
19

F resonance to higher applied fields, The direction
00

in a shift of the
;f this shift is that predicted by the theory of Saika and Slichter2
which attributes 19F chemical shifts mainly to changes in the para-
magnetic contribution to nuclear screening. This contribution, which
results in a shift to low field, should be zero for the spherically
syrmetrical fluoride ion, and large, i.e. inducing a greater shift to
low field, in the fluorine molecule. In accord with this reasoning is

the observation that the resonance of F_ is 5%3 p.p.m. to low field of

2
that of the fluoride iono201 It is expected, therefore, that there

will be a shift to high field as the iomic character of the bond to
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TABLE 4.1
19 chemical shift? 3 5
(p.p.m. from WF6)b FF W
Complex __ Solvent F1 F2 Hz Hz Ref.
WF Olte CeFye 46 5 66 43(F;)
33(F,)
cis-WF4(OMe)2 neat 101 121 66 46(F,)
25(F,)
trans-WFB(OMe)B CeFe 128 152 62
. o c
c1s-WF3(Ome)3 CcFe 146 18
trans-F, (Ote) , CeFe 182 14°
cis-WFZ(OMe)4 CcFe 204
¥TF  OPh CeFe 39 55 65 - 39(F;)
cis-7F,(OPh), CHBCN 81 89 68
(MeO)BPMe+WOF5- CDBCN 115 249 52 7O(F1)
57(F,)
W,0,F - in 105 311 58 71
9 HOF, . Ote, 51
: 8
WOF4.OMe2 neat 102 6
WOF, S0, 91 64 35
a b
I PeDoMo Fl trans to F, F2 trans to other ligand, where

&ppropriate,

cIncompletely resolved.
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fluorine increases, i,ec. as the electronecgativity of the attached atom
or group decreases., Correlations of the 19F chemical shifts with the
Pauling electronegativities of the heteroatoms have been successful for
sorie binary fluorides, 20t

However, the direction of the shifts of the 19F resonances of
tungsten(VI) chlorofluorides (Table 4,2) and of'the majority of
substituted ﬁexafluorostannateslgo on replacement of a fluorine by a
less electronegative lizand is the reverse to that observed for the
tungsten(VI) fluoro-complexes described above. Other factors rmst
therefore influence the 19F chemical shifts in these cases, and it has
been suggested (e.g. ref. 190 and refs. therein) that these may include
n-bonding, presence of low-lying excited states, and intramdlecular
field effects., In pafticular it has been suggested that intramolecﬁlar
van der Waals interactions involving cis substituents may be important
‘in determining the 19F chemical shifts in [SnFG—n Xn ]2—,
(x = c1, Br, 1).190

In WFSOR (R = Me, Ph), WOF_ , w202F9‘ and tmns-'-.-mj(one)3 fluorine
nuclei trans to fluorine (Fl) arc less shielded than those trans to
other ligands (F2), and assignment of the 19 resonances of cis-UFA(OR)2
(R = Me, Ph) and WFE(OMe)h bave been made on the reasonable assuription
that the same situation obtains (chapters 2,3). This situation is also
observed in tungsten(VI) chlorofluorides (Table %4.2) and in ReOF5%8
In the latter case the axial (i.e. F2) and equatorial (i.e, Fl)
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TABLE 4.2

9% nomr. spectra of tungsten(VI) chlorofluorides,

38-40

19F chemical shift

(p.pom. from ¥F,)_ Ipp Tup

Complex F1 F2 Hz Hz
WF501 -16 +39 73 25
trans-JF4012 =25 20
01s-ﬂF4C12 -33 +30 66
trans-WF3C13 -43% +27 62

cis-TF, C1l +22

B M i

trans-.'!F2C14 =54

cis-F,C1 4 +14
WF015 +8

% F. trans to F, F

1

trans to Cl.

2
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resonances are widely separated, and an explanation has been given in
terms of fluorine-to-rhenium pw-dw bonding.

There are three metal d-orbitals of proper symmetry for w-bonding
in octahedral complexes.202 In ReC-F5 it is supposedls that the presence
of vacant 5d-orbitals on the rhenium atom encourages supplementation of
the o-bonding of the ligands by pn-dx bonding, and that fluorine-to-
rhenium w-bonding reduces the ionic character of the bond, thus causing
the 19F resonance to shift to lower field. The oxygen ligand in ReCF5
is less electronegative than the fluoriné ligands, and rultiple bonding
by the oxygen will considerably diminish the amount of multiple bonding
by the axial fluorine as both ligands compete for the same‘metal d-orbitals,
The equatorial fluorines, however, have access to a d-orbital not available
to the oxygen. The axial Re-F bond is thus expected éo be more polar
than the equatorial Re-F bonds, and this can be correlated with the
observation that the axial 19F resonance is to high field of the
equatorial resonance, Interestingly in IOF

5

resumed to be absent, the axial and equatorial resonances are not
P ’ i

s where wm-bonding is

videly separated, and the former is to lower field.

Although the 19F chemical shifts of the fluoro-complexes in T'igure
4,1 do not give any direct evidence of the presence of fluorine-to-
tungsten pw-dw bonding in the ground or excited states, it is possible
to rationalise the variation in the chemical shifts by considering that

the ability of the ligands to donate electrons to the tungsten t20
o
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orbitals is in the order 0> Oile Y0Ph > F, Thus an oxygen ligand
produces a larger high field shift than OMe which, in turn, produces

a larger high field shift than OPh, the effect being greater in the
19

trans position. Ixplanations of the variation of "“F chemical shifts

in terms of w-bonding do not necessarily reguire additivity of

substituent effects, and tliis may account for the fact that the

19

relations between substituent effects and F chemical shifts for

WFb-n (OR)n‘(Table 3.3) are only approximately linear,
2- 190

19 . . . ,
F nuclei trans to other ligands in [Sth_n(OMe)n] ’

2]
TiF, , 2D, 203

ligand) are less shielded than tlose trans to fluorine, the reverse

e )= 204
and (TlrsD) (D = a neutrzl, monodentate, O donor

situation to that observed for the tungsten fluoro-comploxes described
above. Fluorine-to-metal gx-bonding is unlikely to be of great
importance in the fluorostannate complexes as the metal atom has a
4d10 configuration. Self-consistent arguments involving fluorine-to-
getal x-bonding have been invoked to account for the.lgF chemical
shifts of the titanium (4d°) conplexes, It is necesscry in this case
to postulate that fluorine~to-titanium w-bonding is greater than
oxygen-to-titanium w-bonding from the ligands H20, ROl (R = Me,Et,iPr),

substituted pyridine oxides, and substituted amides,

Stereochenistry of Tungsten{VI) Fluoro-corplexes

205

Dyer and Ragsdale have considered steric repulsion, syrmetry

effects and pmw-dw bonding as factors which might be expected to



influence the stereochemistry of HF4.2D (M = Ti, Sn) éomplexes in
solution, and it is interesting to apply their arguments to the
conpounds WF4(02)2 (R = Me, Et, Ph), %OF, ,Ole,, and HOFé.OP(OHe)QMe.
As the fluorine ligands arc relatively small only the steric inter-
actions befween the other larger donors need be considered. Steric
interference between two large donor nolecules favours a trans con-
figuration. The syrmetry of a trans—MFa.QD complex is higher than

that of a cis—HF4.2D complex, and entropy considerations lead to the
conclusion that a cis configuration is favoured as the temperature is
increcased., Ligands capable of w-bonding will compete for the
available metal d-orbitals, and this also favours a cis configuration,
For TiFh.QD compléxes (e.ge where D is a substituted pyridine oxide)
it is concluded that a trans configurétion is adopted only when therc
is sufficient steric interaction to overcome symmetry effects and the
‘tendency to maximise w-bonding.
Steric considerations are not likely to be of great importance

in the complexes WFQ(OR)Q, (R = Me, Et, Ph) WOT, .Oie,, and ﬁOFQ.OP(OMe)zMe.
The preferred cis configuration of WF4(OR)2 can be rationalised on the
basis that (OR) is a better w-donor than fluorine., It is interesting
that both cis and trans isomers of WF4012 have been observed, and that
the 19 chemical shifts of the tungsten chlorofluorides suggest that

T -bonding may be less important than in the complexcs with O-donor

ligands. The trans configurations of ‘-.‘IOFA.O}Ee2 and WOFQ.OP(OMe)2Me
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can be explained in terns of m-bonding if tie order of the gx-bonding
ability of the ligands is taken as 0> F)e,0, (Meo)2p(0)ne.

It has been suggested206 that oxygen-to-netal g-bonding favours
a cis configuration for d° trioxo-species, and it is noteworthy that
the cis/trans ratio for WFB(OMe)3 is 2:1 (chapter 3). The cis/trans
ratio for ‘f.'!FQ(GI-Ie)lt is 1:3, and this is less easily rationalised as

w-bonding considerations in a° tetraoxo-species are said to favour

the cis configuration.206

It must be noted, however, that discussions of the preferred
stereochenistry of WOF,.Ole,, i'IOFlk.OP(OIAEe)zMe and ‘.'TF2(OI-Ze) , are subject
to a measure qf uncertointy as the structures of these complexes have

19

been assigned on the basis of single line "“F resonances.

183W Cheniical Shifts

Heteronuclear magnetic double resonance has becen used to determine
<chemical shifts which can:ot be conveniently obtained by single

resonance nethods, The technique has becen recently reviewed by

207

McFarlene. If the nucleus of interzst is spin coupled to a 1H

or 19F nucleus, it is possible to use the inherent sensitivities and
favourable relaxation times of the latter to obtain the heteronuclear

19

paraneters, The metiiod consists of observing the 1H or T n.n.r,
spectrum of the compound and sirultaneously irradiating at the resonant
frequency of the nucleus under investigation. From the perturbation

or disappearance of spin-spin coupling on application of the appropriate
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second frequency, the chemical shift of the nucleus of interest can
be obtained., The chemical shifts of the ISJW nuclei (I = 3, natural

abundance 14,28%) in the compounds listed in Table 4.3 were obtained

19

from double resonance experiments on their "“I n.m.r. svectra.

183

i
In common with other heavy nucle:il‘1 the W chemical shifts

are very substantial and the technique is of potential value for
studying these systems. In heteronuclear double resonance experinments
these large chemical shifts may involve a lengthy initial search
procedure, particularly for nuclei for which accurate values of the
magnetogyric ratios are not known. Solvent effeccts for heavier nuclei

are large, and neasurenent of chemical shifts to closer than 1 p.p.mn.
ovy

183

is probably unwarranted. It is interesting that the W resonance

of the coloured solution of WF6 in benzene is 10 p.p.me dovnfield from

that of HF6 in cyclo-C This technique may provide a sensitive

5H10.
tool for the investigation of weak donor-acceptor complexes of WF6
(cf. chapter 1).

The data in Table 4,3 have provided some confirmation of the

formulation of sore of the complexes prepared in this work, The
F prex

183

similarity of the W chenical shift of the coupound formulated as

WOF&QOS(0H9)2 (chapter 2) to those of WOF .OP(OMe)QMe and '/OF, .Cle,)

4 4
lends weight to previous assignments, and the similarity of the 183W

chemical shifts of WOF5- and W202F9- is expected.
183

The W resonances are all to low field of WF6, and those of the



183W

- 179

TABLE 4.3

chemical shifts of some tungsten(VI) fluoro-complexes

183W Chemical Shift

Ja

Compound Solvent (p.p.m. from neat WF6) Hz Ref,
W lo C.E n? 82

6 eyeso L5to -

a
WF, CcHe -21 82
WF Otle CeFyg =40
cis-wF4(0Me)2 neat -160
WFOPh CcFg -190
cis-WF4(0Ph)2 CH,CN -257
W0F4.0Me2 neat -565
. b
WOF4.OP(OMe)2Le CD5CN -533 Jyp = 4.5 = 0.2
w0F4.os(ome)2 (?) (Me0), S0 =529
= b

b Nie" v CD,CN =60
(IeO)BP' JOF5 3 5
W202F9 ,(Meo)2so -617
WP C1 -665 208
trans-WF4012 -1235 208
cis-IF,C1, -1335 208

a Assuming negligible 19F chemical shift change.

L\

31P double resonance

experiment on the o spectrum confirmed the presence of (i) free

(Meo)zP(O)Me (ii) coordinated (MeO)zP(O)Me and (iii) (Meo)3PMe+.
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fluoro-complexes with O-donor ligands are in the opposite direction
to their 19F chemical shifts. A Saika-Slichter type correlation of

183

the W chemical shifts with the electronegativities of the substituents

is inadequate, and clearly other factors are involved.

Conelusions

19

The ’F chemical shifts and the stereochemistry of the tungsten(VI)
fluorocomplexes prepared in the present work can, in general, be
explained in terms of the varying abilities of the ligands to engage

in ligand-to-mectal w-bonding. IJowever, there is no direct evidence

of such w-bonding. A simple explanation cannot be forwarded to

account for the 183w chemical shifts of the complexes.

Experimental

183

The W chemical shifts were obtained by Dr. YWm. }cFarlane

using a modified JEOL-C-60-H spectrbmeter operating at 56,4512,
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APPINDIX

Apparatus and Instrumentation

Standard vacuum techniques were used througaout, and rigorous

precautions were taken to exclude moisture from all systems. A vacuum
line was constructed from siiort Pyrex—glass manifolds, and was designed
to enable the separation of mixtures of volatile compoﬁnds, the
determination of molecular weights by the vapour density method, and
the preparation of samples for gas infrared specﬁroscopy and liquid
n.n.r, spectroscopy. Standard ground glass joints greased or waxed
with Apiceson or polychlorofluorocarbon (32 or Dupont) products,
magnetic breakseals, and Teflon,glass stop-cocks (Fisher Porter Co.,
Ace Glass Inc., Quickfit "Rotaflo") were used where required. It was
necessary to compromise between an all-glass system affording a higher
vacuum and a system which could be easily dismantled for cleaning after
a reaction. All glassware was "flamed out" ﬁnder vacuunt before use,
and with a rotary oil pump and a mercury diffusion pump in series a
vacuum of 10i4 rm or better could be obtained. Involatile compounds

were handled in a dry-box using P2O5 as dessicant,

Reaction vessels were of Pyrex—glass (volume ca, 25 ml), and were fitted

with Teflon,glass stop-cocks or magnetic breakseals. N.m.r, and sample

tubes were attached to sidearms when required for involatile products.
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Typical glass reaction vessels are shown in Figures 1 and 2,

Metal vessels were of stainless-steel (Hoke) or !lonel-metal (home made),

and were fitted with Iloke ncedle valves and Swagelok couplings. }Metal
cones were made to fit into standard ground glass joints. These vessels
(volume ca. 25 ml) were used for reactions involving high temperatures

and pressures,

Infrared spectra of gases were taken in 5 or 10 cm gas cells with KBr

windows, and pressures were mecasured with a mercury manometer. Solid
samples were run as nujol or florube mulls using NaCl, AgCl, KDBr and

CsI plates as appropriate or as Rigidex discs., The following instruments
were used according to the range required: Perkin-Ilmer 225, 237, 257

and 457; Unicam SP. 100 and SP. 200; FS, 720 RIC Interferometer,

N.M.R. Snectra were obtained using a Perkin-Ilmer R.10 spectrometer

operating at 60,00 }Miz for 14 and 56,46 Mz for 19F, with a probe
temperature of 33.50, Volatile samples were distilled into pyrex tubes
sealed to the vacuum line. Involatile samples were also prepared under
vacuum by tipping a portion into an n.m.r. tube attached to a glass
vessel, (Figure 1). Solvents and internal references were distilled
into the sample tubes under vacuun. Fluorine spectra were measured
in p.p.n. relative to trichlorofluoromethéne, CC13F, and proton spectra
were refercnced with tetramethylsilane (T.M.S.), (CH3)4Si°

(1H chemical shifts are expressed as T(tau) values throughout).
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Figure 2 ;
p@ Breakseagal flask,

/N |
Ground glass

cone

Teflon,glass
stop-cock.

Nem.Tr. tuve,

\

g

Sample tube,
v ./

Figure 1.
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Mass snectra were recorded at 70 e.,V. using A.E.I. M.S.9 and A.E.I,

M.S.12 spectrometers.

Ultra-violet snectra were recorded on Unicam SP 800 and Beckmann

D.,K.=2A instruments,

Elemental Analyses. Tungsten was determined gravimetrically as WO

3’

using cinchonine hydrocliloride to facilitate precipitation. Analyses
for other elements were performed by Beller (Gottingen, W. Germany)

Bernhardt (Muhlheim, W. Germany) and Yarsley (Surrey, England).
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