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Phosphinylazines, Cl D(O)NPR (R = ¥e, Et and Ph), were
obtained by the reaction of amine hydrochlorides,-RNHa.HCl,
with phosp c%;l chloride, P(O)Clﬁ. Fluorination of these
derivatives by sodium fluoride produced the compounds FaP(O)HHR.
Bis(dichlorophosphinyl)anines, EClEP(O)JZKR, and their fluoro-
derivatives were synthesised by the condensaticn of the
phosphiny ylamines with vhosthoryl halides, P(O>FnC13~n’ in
~the presence of a tertiary amine. The difluoro- derivative,
{f01?(0)] Nie, was obtained as a mixture of diastereoisonmers
from the reaction of heptamethyldisilazane, (uchi)aﬂMe, with
P(C)FCIZ. Attenpts to synzbe51se the difluore- compounds,

ClEP(O)NmP(O)FE, from ¥, P(O)IHR andP(O)Sl3 resulted in the

oruation of impure products. Possible reasons for this are

s

discussed. The trifluoro- conpounds, FEP(C)NRP(O)FCI, were
1 15, R . :
not prepared. H, F and P nom.r. data are given for the

diphosphinylamines syrnthesised, together with their infrared
and mass spectra. The spectra are compared with those obtainred
from the phosphinylamines.

Eeptanethyldisilazane, (HeBSi)ZNMe,'and tungsten hexafluoride,
WF6, reacted in the absence of a solvent tc produce a white
solid férmulated as WFQNNe and in the presence of MeCN to
vroduce the complex WFAKhe lieCHe The coordinated MeCN cculd
5}5 (py) forming the complex JFqNMe.py. The

adducts were characterised by elemental analyses and by n.m.r.

be displaced Ey c

and mass spectroscony. Their srpectra, tcgether with those of

& I-‘L;.I\ e .CDBCH and WFQIH“}@.C5D51\ are presented and disct ede

Possible structures for both W Kile and.kallﬂw;,LcCN are

L



A prelimipary investigeticn into the chemistry of WE M-
showed that the fluorine. atoms could be revlaced but that the

compound did not react with

R0 SO or CS5,
501 2 Pac
Hex 1hyid1 ilazane, (HeBSi)ZNH, and WFg reacted in the

_ presence of MeCN to produce a solid whese elemental analysis,

infrared and n.m.r. spectra suggest that it has the composition
NH WO, e CH.
47775

A reaction carried out between MoFy and (Messi)ZNMe in MeCK
ksuggests that‘NoF6 reacts in a menner similar to that described
for WF6 but that the reaction products are more susceptible to
'hydrolysiso

Sulphur chloride pentafluoride, -SF.Cl, reacted exothermically

5
with the chlorophcesphines PhP012 and Ph?PCl to produce the
corresponding fluorophosphoranes LP“L and PhaPr3 along with
8012 and ClZ' When SFSCl reacted with NePClz, although the

osphorane MePF, was formed, the major product wes a whlt solid

L. :
which analysed as CH2 BUESPD but which was not further characterisede.
The reactions between SEBCl and the halogen free derivatives

P(Me,)., and P(OMe). produced SF,, Cl, and other products
2°3 3 2

L

which were not completely identified but for which structures

are suggested. SF501»did not rezct with either PPh3 or PCl3.

.

Rezction schemes for these oxidative fluorinations by SF5C1
are présented ahd discussed,

A detaiied analysis of the vibraﬁional spectra of CFBSF#CI
was carried out., This confirmed the evidence from n.m.r.

spectroscopy that only the trans isomer of the compound is

3
A
o
[b]

obtained frem the synthesis involving CFBSFS’ 012 and. CsF.
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INTR

CDUCTION

The chenistry of fluorine and its derivatives reflects

almost two hundred years of chemical research and incorporates

rmuch of the Periodic Table. Therc are three main factors which

explain why the chemistry of fluorine is different from that

of the other halogens. These have been discussed many times

[1,2] but can be summarised as:-
i)

FZ ClZ Br2
58.2 46471

377
ii) The relatively smalllsiZe of
fluoride icna

? cl Br  I 0
0.6k 0.99 1.14 1.33 0.66
1,36 1.81 1.95 2.16 1.40
iii) The relatively high strength

. fluorine and other elements [3].

Comgpound Bond
HF H-F
ECL H-CL
HBr H;Br
PF3 P-F
PCl3 P-CL
SiF%, Si~-F
SiClq 85i~C1l
S:F_B:cl+ Si-Br

The low dissociation erergy of the fluorine molecule.

I

[© XN}

o Keal mole™ ! [3]

Z
-

the flvorine atom and the

S
1.04 covalent radius in E
1.84 ionic radius in £ [4]

of bonds formed between

Bond Strength (Kcal mole™ ')

135.8
103.3
87.5
119.0
79.0
143.0
96.0
790

Some consequences of these physical properties are the high

reactivity of the element resulting in combinations with almost



~

every lmown zlement, the ability of fluorine to stabilice hirgh

“exidation states and the fermotion of volatile inocvganic

“

.Research into the chemistry of fluorine derivatives had
been hindered by the difficulty of handling them; a problen
which has been largely overcome with the use of, for example,
suitable glass high-vacuum systems, materials such as "teflon
and all-metal apparatns.. These developments,Atogether with
some econowic factors, resulted in a rapid growth of the subjeci.

The development df spectroscopy, in particular high~fesolution
nucléar magnetic resonance spectroscopy,greatly helped investigations
.into the structure of fluorine compounds. Four factors are
considered necessaﬁy for the successful study of a nucleus by
N.M.Ye Spectroscopy:=
i) The magnetic moment of the nucleus must be large because
the natural sensitivity of a nucleus to n.m.r, detection at
constant field strength is proportiomal to the cube of thé
magnetic moment,

19g g Ty

2.627 O 2.793 0. 404 - nuclear magnetons [5]
ii) The isotope should have a high natural abundance, again
hecause of the problem of sensitivily,

19}? : C .

F is 100% abundant.

iii) The isotope should have a spin guantum number of I =%
since higher spin quantum numbers have gquadrupole moments
associated with them which in turn can interact with fluctuating
electric field gradients leading to line broadening,

195 I=13
iv) The nucleus must possess a short relazation tine to avoid

saturation of the signal which causes it tc Lroaden
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and decrease in size. Relavation times fcer " nuvclel are
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. 1. A
longer than those for H nuclei but are
allow the nucleus to be easily studied.

19

"Thus the nuclear properties of ¥y similar to those

of ﬁH,make'it ideal for study by high-resolution ne.m.r.
spectroscopy. 19F spectra have the added advantage that the
renge of chemical shifts and coupling constants is large
éompared with those obtained from 1H spectra, which means that
any changes in the magnetic or electrcnic environment around
the nuclei are usually easily observed.

Vikratiopal spectrosccopy has been used in recent yearé
a5 a tool in structure elucidation. Its usefulness-as a tool
is that both Raman and infrared svectroscopy are readily
gpplicable to all three states; solid, liquid and gas. A
éreat deal of assistanée, in the determination of molecular
synmetry, may be gained frcm a study of the Raman spectrum
of a sﬁbstance-since itbis cften simpler then the infrared
spectrun. Thebdifficulty of handling inorganic flucrine
compounds is reflected in the relatively small volume of work
publiéhed on the vibrational spectra of such derivatives.’
compared with the vast amount of literature on vibrational
spectroscopy as a whole., 4 recent review article summarises
the work carried out, so far, on inorganic fluorides [6].

Mass spectrometry is the most recent spectroscopic
technigue to be ntilised widely by inorganic chemists [7].
'While it has a general applicability, its uvse in inorganic
fluorine chemistry has been limited but the wider availability

of instruments should lead to a develcpment of its use in

this subject.



The development of advanced instruventation in sypcctroaocory,

together with the wider availability of X-ray crystallography,

as led to a shift in emphasis in fluorine chemistry research.
Previously effcrts have béén concentrated on the preparation
of new types of compounds whereas now the enmphasls seems to lie
on structure elucidatioﬁ, determination of bond encrgies etce.
and the theoretical and pbysicochemical aspects ¢f the element.
This trend in research can be seen from a study of recent
feview articles. A summary of the lower sulphur fluorides, by
Seel rBJ includes, as a major part of the work, molecular
and structural daté in contrast to earlier reviews of sulphur
fluocrine compounds where the enmphasis has been on the preparation
of the derivatives. Also a paper on the dissociation energy
of fluorine starts by summarising older experimental work and
concludes with a review of recent various theoretical evaluations
cf the disscciation energy presenting in sowme depth the results
of new calculations [9].

The work described in this thesis is concerned with some
substituted derivatives of main-group and transition-metal
halides, mainly fluorides. Ne.m.r. vibrational spectroscopy and
mass spectrométry‘are used extensively in the study of these

derivatives,
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In recent years ropid progress has been made in the study
of the chexistry of phosphorus-fluorine-nitrogen compoundsa.
The subject has been discussed in several extensive reviews
on phosphorus filuvorine chemistry [10~12]. However,vfelatively
few fluoro- compounds containing P-N-P linkages have been
prepared.

The firzt examples of phosphorus fluorine compounds
containing P=N~F bonds to Ee discevered were fluorocyclow-
phosphazenes and recently there has been a considerable
development of their chemistry [13]1. Thesé compounds have the

general formulas-

X =%, CL, alkyl, aryl,

L
Pq =g~ I
it
=
{

n anino etce
The resulés of single-crystal studies confirm that those compounds
ﬁhich have the formula (NP22)3_8 are cyciic, while other studies
indicate that materials having the formula (NPRz)n>8 are long~
chain poljmeric species.

Cyclic phosphazenes are found with both planar and
puckeréd phosphorus nitrogen rings. (NPF2>3_[ﬁ4]’ (NPClZ)3 [15]

and NBPEFCI [16] have planar or nearly planar rings, while

5

the majérity of higher cyclic species examined are pon-planar.
The first fluorine conteiring dighosphorus compound with

" formally seturated P-N-P bridges was fluoro-H,N'-dimethyl-

1,3;2,4~diazadiphosphetidine,

T, Pomenu Nl

|

Me Newmwn PR

3
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This was produced by the resction of heptamethyldisilazone
with phosphorus pentafluoride [17]. 4n electron diffraction
»study of this compound demonstrated that the ring is planar
with the methyl carbons in the plane of tﬁe ring [18]. Other

routes to this type of derivative, including P(III) aralogues,

were later devised . A&n example of such a route is &~

019—_n?t3u FfaﬂmftBu
3 + 25T —y 3 +  25bCL.
b e PCL > b il EF 3

The first reported acyclic fluorine compounds contairing
P~-N-P linkages were the alkylaminobisdifluorophosphines, RN(PFQ)Z

{201, These were prepared by the series of reactionsi-

Fand ' e sawoupesle 25 D T,

NRBCl + EPuIB e RN(PClE)a + 3HC1L )
EST g T ( PT , . 1
jnﬂ(PClZ)a + QobFB —c JJH(PFa)a + L,«Sb(}..3

R = Me ’Et L)

Bis(difluorophosphinyl)unethylamine and its fhiOn
analogue, [FaP(X)ElzNMe (X = O or 8), were among the first acyclic
penﬁévalent phosphorus compéunds with P-N-~P bridges to be synthesised
L21]. They were madelby a condensation reactioﬁ of the types:-

EPF,NER  + EPF,CL e FZP(E)NRP(E}FE + amine salt
tertiary amife
- (i3)

E = 048; R = Me

~Re§ent studies have produced a series of such derivatives
including some chlorofluoro~ compounds [22]. These were also
. made by a reaction of type (ii).
The compounds F,PIfliePF, and F,PNMeP(C)F, have also been
.. synthesised [23]. They were prepared by another route, namely
cleavage of a silicon nitrogen bond, for examp}e:;

FE.NMeSiMe3 + PF5 <) FePNMePF4 + MeBSiF

These acyclic P-N-P comgcurnds were all found to be velatile

moisture-sensitive liquids. They are of interest for the
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¥ n provide a compariscon of the way in whick the
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¥
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nitrogen bridge is effeétive in transmitting electronic effects
relative,for example, to the oxygén atom in pyrophosphoryl halides,
(x,P(0)1,0 (X = F,C1).
ii)} They can provide direct comparisons of the propertics
0f P=N-P linkages by reféreﬂce'ﬁé’spectroscoéic préperties.
iii) A comparison can be made between the products of fluorination
cf EClaP(O)lzNR and, for example, those of N5P3016 where
fluorination by potassium fluoride in sulphur dioxide takes
place by a geminal pathway [24].

With studies of this type in mind, a series of compounds
of the type XaP(O)NRP(O)XZ where X = F,Cl and R = Me,Et,Ph
were prepared. Investigation into chloro~ and chlorofluoro-
dérivatives made available information about the electronic
eﬁvironment at phosphorus conferred by fluorine as compared

with chlorine.
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— C1,¥{0) ke

1.  FelNH, HC1 + r(0)C1, N
2 ~2HCL :

2

2.  EtNE,.HCL  +  P(0)CL, ~—3  C1,P(O)NHE%
~ 2 ~2HC1 2

-
go]
N
O
s
Q
=

3 — C1,P(0)NHPh
-2HC1

3.  PhNH,.HC1
b ClZP(O)NHMe C xsllap —p FZP(O)NHMe + WaCl
S5e ClZP(O)NHEt + xsHaF —p F2P(O)NHEt + ¥aCl
6. ClaP(O)NHPh + xeNal ———) FZP(O)NHPh + NaCl
7o 012P(0)N5Me 4 P(0)CL — [012P(o)]2NMe
8. CL.P(O)NEEt +  P(0)CL e [C1.P(0)].NEL
2 ' 3 ~5C1 2 e
9 ClZP(O)NHPh + P(O)Cl3 —— ECl?P(O)]2NPh
40, ClZP(O)NHMe + P(O)F012 i ClzP(O)KMeP(O)F01

1 ClaP(O)NHEt + P(O)FC]_’2 s CJ,ZP(O)i‘TEtI’(O)FCl

i * ClaP(O)NPhP(O)FCl

12, C1,P(0)NHPh + P(0)FCL,

13, '012?(0)NBMe' +  P(O)F,CL — ¢1,2(0)M1eP(0)F,
1, 012P(O)NHEt + P(O)FZCl : -3 Cl?P(O)NEtP(O)Fz

15. ClZP(O)NHPh + P(O)cml ClzP(O)NPhP(O)F

2
=‘16. FZP(O)NHMe + P(O)FZCI -3 EF2P(0)]2NMe

17. FZP(Q)NHEt + P(O)F201 -§ EFZP(O)]ZNEt

18; FP(O)NHPE  +  P(O)F,CL —h [F,P(0)], NFh
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fFZP(O)NHMe

(Ke

+

351)2EMe

FZP(O)NHMe +

+

[qlzp(d)]émﬁe +

P(O)Cl3

ZP(O)F012

P(O)Fc;z‘

NaF etce.
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an unidentified mixture

of products

an unidentified mirture

of products

LF,P(0)1,NMe
products
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HOMERCLATURE

A summary of the nomenclature used in describing the phosizorus
nitregen counpounds discussed in fhis chapter is given below;-
i)  Phosphinylamines “ ' : compounds containing one
' SP(0)~Ne linkage

compeunds containing a

ii) Diphosphinylamines

>P(0)~§-P(0)< linkage

as

iii) Big(dikalogenophosphinyl)anines compounds of the type
xap(o)nmnfp(o)xz where
X = F,Cl; R = Me,Et,Ph.
eg. bis(dichlorophosphinyl)methylamine: [CléP(O)]zNMe and

dichlorophosphinyl(difluorophosphinyl)methylamine: ClZP(O)NMeP(O)F2



T’ rv Y7 ("
RES I
mm-.-cu;.-:

Chloro- and fluorcphosphinvleanines. The phesphinylamines, X,'(v,LKL

1

X = CL¢F; R = He,Et and Ph, were prepared with the intention o
using then as precursors for the syntiheses of the diphosphinyl--
amines, [XzP(O)]aNR. In view of the fact that, of.%he serics
of compounds, only the nmethyl derivetives had previously heen
prepared, they were studied in detail to see if any information
could be derived from them concerning both the relationship

Q
‘between the chemical shifts of the 1’F and 51P nuclei and the
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o
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Q

s, and possibly about the nature

Preparation of Xq*(O)HP“. The chlorophosphinylamines are

prepared in an analogous manner ¢ dichlerophosphinylmethylamine
according to the following equationte

RNHé,HCl +- POCJ.3 ) ClZP(O)NHR + lZHC; [25]
The fluoro- compounds, FZP(O)NHR, are made by fluorinaticn of
the chlore-~ derivatives with sodium fluoride in a suitable
solvent. Full details are given in the Experimental section.
Methyl and ethyl dichloro- and difluorophosphinylamines 'are
colourless liguids and the phenyl derivatives are crystalline
s0lidse, All the compounds hydrolyse slowly in air.‘

Characterisation of X P{Q)NIR,
(4

’1)v N.M.R. Spectra.

15 Spectra. Details are given in Table 1.1. These can all be
interpreted on a first order basis. The Tu spectra of C1,P(0)NH{e
and FZP(O)NHMe have been published several times [25,26] and

the results here are in gemeral agreement with those already

found, The spectrum of Cl P(O)x Lt is more complex and it



TABLE 4.7
1H KoMoRe Spectra of XEP(O)NHR
| ©ox o, . 33 (prcy) sz
012P(O)NHMe 2.77 195
- C1,P(0)NHEL 1.78 2.68 6.6 . 22.0
F,P(0)NHHe =~ 3.02 | 5.85 1.3
F,F(0)NHEL 1,43 3.30 5.80 13.7

* Throughout this thesis positive values of & represent downfield

shifts from an external reference.

proved difficult tc obtain accurate values for some of the
coupling constants. In particular, the signal due to the methylene
protons is coﬁplex sinceicqupling can take place Between these
protons and the methyl protons, the proton on the nitrogen
atom and the phosphorus atom., The spectrum is reproduced in
Figure 1.1. | A

FIGURE 1.1

J(CH,=N~P) = 22Hz
- = 7.21
J(CH,~CH,) = 7.20z

LO Hz

With F,P(0)NEE further coupling of the methylene protonms to

+he fluorine atoms is observed. There may be coupling between



compounds but this was not casily established. Coupling

. 31 . . . . . -
between ~ P muclei and protons has Leen observed in P-phenyl
compounds such as triphenylphosphine and sowme.of its derivatives

[27]. With these compounds the coupling vas resolved using egin
decoupling and solvent shift techniquese.

& signal due to the I-H proton is observed in the spectra
of these- phosphinylamines but only in ClZP(O)NHEt does any
fine structuté appear. Here the sigunal is a doublet of triplcte
which is due to coupling between the préton on the nitrogen

atoem and the phospherus atom, plus further coupling to the

methylene protons of the ethyl group (See Figure 1.2).

FIGURE 1.2

J(NHE~P) = 16.2Hz

J(WH-CH,) = 7.0z

4O Hz

19F ana 37p Spectra. Details are given in Table 1.2. The - 'P

spectra of the chlorcphosphinylemines consist of a singlet

with fine siructure, while those of the fluorophosphinylamines
~all exhibit a triplet. Again, some fine structure is observed.
The 19F spectra consist of a simple doublet with the long range
coupling Eonstant J(FPNCH) being small and not resolved. There

is a shift to high field of the qu resonance when R = Me,Et is

replaced bty R = Ph, ané when Cl is replaced by F.



19, 21
‘F and 7 '? N.4.R. Specira of X, P(O)IHR
o5 6 J(F-F)Hz

CleP(O)NHMe 18.4

012P(oijEt 15.6

ClzP(O)NHPh 9.0

FZP(O)NHMe , ~0.2 -80.0 1015
FaP(O)NHEt  =3.8 -82.5 1015
sz(o)mnph -85 -75.0 1021

To facilitate physical or chemical undérstamding of the

cbserveé trends in chemical shifts nuclear shielding can be
ivided into a number of physically distinct contributions, an

approximation first made by Saika and Slichter [28]. This
approach, however, prevents any exact interpretation of observed
values of chemical shifts. Nuclear shielding is regarded as
being composed of the fcllowing contributions:~
L) Magnetic fields arising from local diamagnetic currents.
'B) Magnetic fields arising from local paramagnetic currents.
c) Magnetic fields due to induced currents in distant electrons,.

It is generally believed that differences in A are responsible
‘for'proton chemical shifts while for all other nuclei changes in
B are the dominant cause of observed chemical shifts.

Tﬁe mechanisms contributing to A and B have been classified
into through-bond and through-space effects and have been
divided into the seven categories:i-

i) Tpduciive and resonznce effects.
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Aii) Magnetic anisotropy effects.
1ii) Electric field effects,
iv) Ring current effects.
v)  Van der Waals and steric effectse
vi) Intramolecular hydrogen bonding.
vii) Isotope shifts. .
These effects have been reviewed recentiy [29]. The difficulty
in iﬁterpretation of data arises when more than one mechanism
is operating at any one time,

Shielding changes of 19F nuclei in different compounds
are generally regarded as béing almost entirely due to changes
in B, the factor affecting B being changes in the p-electron
distribution around the fluorine nucleus; for example, compared

5+~‘ F&T, in

with a conventional X~F bond, structures such as X
which the electrcnic distribution about the 19F nucleus
apprgximates rore to that of the F iomn, are thought to have
a more shielded nucleus.

Recent work, however, has shown this to be a possible

over-simplification. De Marco and Gatti have observed that

"substitution of bremine for chlorine at X in CFBCFXCFZX

produces a deshielding of the fluorines [30]. This is a

through-space effect, the importance of which has been discussed

elsewhere [31]e

Nevertheless, using the approximations described above

a good attempt can be made to interpret observed experimental

data.

The. theory of 31P chemical shifts has been discussed by
Van Wazer and‘Letcher [32]. They concluded that nuclear

shielding is again affected by changes in B vhich are caused
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prhosphiorus and other atoms, and the amouut of K-bonding which

is present,

The spectra cbserved in this work have been interpreted in
The shift to higher field of the resonance of the 31P nuclei
in the phosphinylamines, X, P(O)NIR, as detailed in Table 1.2,
=
can therefore be interpreted as being due to an increase in the
y e . 31 . .l —
shielding of the - P nuclei as R changes from R = Me and Et to

31 .
2'P nuclei

R = Phg The difference in the chemical shift of the
a3 R changes from Me to Et is smali, however, Zn the phenyl
compounds it is possible that the spatial arrangement of the
phenyl group relative o the nitrogen atom pre?ents any
delocalisation ¢f the lene pair of electrons on the nitrogen aton,
ihis would have the eilfect of increasing the electron density
around the phosphorus nucleus resulting in an increase iﬁ the

3Vp chemical shift.

Replacemént of chlorine attached to phosphorus by fluorine
also cauges the 31? signal to move upfield. The greater
electronegativity of fluorine increases the double bond
character of the phosphorus halogen bond thereby increasing

Z
the shielding of the J1P nucleus,

(R

2) Infrered Spectrae, The infraved specira were recorded

either as liquid filme or, in the cese of the phenyl ccmpouncs,
as mulls using both nujol and fluorolube as nulling agents.

| There is a certain amount of controversy in the literature

about the assignment of phespborus nitrogen stretching

frequencies, especia

11y in fluorine derivatives. This is due

to the fact that both phosphorus fluerine and cerbon nitrogen
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stretching frequenciez occeur in zbout the same region of the
spectrunr as thait expected for phosphorus nitrogen frequencies.
Chittenden and Thomas recommended identification of the peaks
due to‘P«N vibrations by indirect correlations mainly arising
frem the perturhlng effects of P«N bonrds on the vibrational
frequencies of other bonds in the molecules, such as N-H, P=0
etce [33]. Nyquist &t al., however, made the obeervation that
organophusphorus compcunds containing the CLB ~NH~P group showed
strong bands néar 1400 cm:1 which they assigned to asymmetric
and symmetric P~NeC stretching modes [34]. In view of the fact
a mixing of the P-lf and C-N vibrations almost certainly occurs,
the assignment of peaks to v E(P~N~C) and vS(P—N~C) seems the

3

best way of interpreting the spectra reporiced here.
A pummary of these bandu, together w;th the assignments
made for v(P-F) and v(P=Cl) is given in Taeble 1.3. The complete

spectra are detailed in the Experimental section.

as

Bands assigied to v (P=K~C) are shifted to a higher
fieqﬁency cn the‘subshitution o chlorine by fluorine possibly
because the increased electronegativity of fluorine causes {he
lone pair of electrons on the nitrogen atom to be drawn into the
P-N bond, thus strengthening the linkage,

Studies have shown that, whiie v(P=0) depends on the

electronegativity of the substituents attached to phosphorus,

(23

his cerrelation breaks deva when there are alkylamino groups,
WER, present [35]. Thie is due to the tendency of intra-
molecular hydrogen bonding to lower the value of v(P=0),

L band at 1260 cm:1 in each of the chlorophosphipylamines
can be readily assigned to v(P=0), This compares with 1275 cm:"‘l

in ClzP(O)NK 5 [35]. The frequency is unaffected by the nature

that



Summary of Infrared Svecira of X TF(0)WHI
[
* . w

v(P=0) v(ERa)" v(PF) v(PC1l) om’
czzp(o)zmze 1260 100,855 ’ 580 vbr
C1,P(0)NEEL 1260 1080,852 _ 580 vbr
C1,P(O)THPR 1260 1105, 840 560
F,P(0)WHife 1327 1125,915 934
FEP(O)HHEt 1312 1122,900 hr €00
F,P(O)KEPh 1300 , 1140,910 930

* These values correspond to v(P-N-C) asymmetric and symmetric
stretching vibrations; the asymmetric being at the higher

frequency.

of the substituenis on the nitrogen atom but is increased by v60 cm:1
when the chlorine atoms attached to phosrhorus are replaced by

fluorine. 4gain, the frequency is lower than in the corresponding

dialkylamino derivatives. In FzP(O)NHMe v{(P=0) occurs at 1325 cm:1

while in FEP(O)NMe it is at 1365 cm:1 [36]. This suggests

2

that there is a strong degree of intramolecular hydrogen bonding

in the compounds, of the typei-

O=weH
t t
> Peemma =R
The bands which are assigned to v(N-H) in the spectra of

i XaP(O)NHR, which were recorded in the liquid phase, occur at wIizC0 cmf1

and are broad and unresolved. The relatively low frequency

and the brozdness of the bands again indicate the presence

of intremolecular hydrogen bonding.



Pealks duc to the phosphorus flucrine strceiching
ere ¢ifficult to essipgn unasmbiguously, as there is almost
certainly coupling of the vibrations with the Pm“~C stretching

reklem has been encountered with cother derivatives

=1
[&]
)
)
-]
=3
£
]_I
0
3

2714 but the fregquency of the Fol' asymustric stretching
vibration'probably occurs at «910 cqu. Pands duve to P-Cl stroilcies,
observed at 580~56C cm:1, are readily identifiable, being ﬁery
" strong and broad. Their frequency varies slightly from
compound to cempound but no un 1wderlying trend in the shift is
apparent,

3) Mass Spectra. Only those of the difluorophosphinylaminec,

\l;
m

FEP(O)HHR, were recorded. The specitra cf FZP(O)NHEt and FZP( YNHPh,
since 1 they are relatively simple, are given in detail in Table T.k.
The spectrum of F P(O)NHMe has been published several tines
[38,39], but is discussed for compariscn.

The most intense peak in each swvectrum corresponds to a

different type of ion in each case, With F,P(O)NHMe it is the

2
icn _ZP(O) In the publicshed spectrum of this compound, the
most abundant peak corresponds to the molecular ion, FEP(O)NH i;

(FZP(O)NHCH; o 237%; FZP(O)+, 8.25%. Intensities are measured
here relative to the total ionisation defined as Zn(intensity)
for all ions with mess greater than 30 whose intensity is greater
than 2% of the base peak ) [39], It is possible that the
spectrim o P(O)Nuhe described in this work is unusual. It

may have been recorded at a higher temperature or a different

onising voltage from the previously recorded spectrum thus

fu>

causing the molecule to frazpgment more easily.
The strongest peak in the spectrunm of FZP(O)NHEt corresponds

of a methyl grcup, F,P(0)ICH,; & not uncommon process

ct
o
I_.l
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¥zes Spectra of FZP(G}Iw_
F,P(O)NERE F,P(O)NHPR
z/e Assignment Intensity n/e Assignment Injensity
129 F2P(O)N30520H; 20 178 F,P(O)FH,Cgtid 0
ik FZP(Q)NHCHg 100 177 FEP(O)NHCGH; 1C0
112 FEPNCHZCHg 5 176 sz(o)wc6ng 5
110 FP(O)HHCHZCH; 5 158 Fv(o)uxcsﬁg L
109 FP(O)ﬂCHECHg 5 157 FP(Q)NCGH; o5
101 FEP(O)HHg 10
ST FP(O)HCHE 5 93 06H5NH; 10
92 CgHNH" 10
91 06H5N+ &0
86  F,P(O)H' 6
85 F2P(0)+ B 10 85 F2P(O)+ 25
82 FP(O)NH, 5
69 EpY i 69  Fp* 20
66  Fp(0)* 80
s0 ¥t 8 50  FPT 12
57 PO 5 47 PO 8
42 C H, N 25
41 62H3N+ 20
40 02H2N+ 20
39 023N+ 8
28 o’ 5 31 p 2

continved



TR(C)EEMe

/e Assignment Intensity
115 - FEP(O)HHCH; 10
114 - Fap(o)xcﬁg 5
101 : FZP(O)NHE . 140
98 . F,ENC ; , "
85 F,P(0)7 .300
66 FP(0)™* 3
50 ot 2
vy RO _ 5
30 CH4N+ : ' 36
29 CH3N+ | 28
28 CH2H+ 50

[

Votegt=

i) Intensities are measured as fractions of the most abundant
vhosphorus containing pealk.

ii) Only thosevpeaks >1% relative intensity above m/e = 28

are detailed.
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in organic molecules [4CJ. The moleculer icn is the wost
‘uthha’”t peal in tke spectrum of *qr(O;uhTh. 1t smeens likely
that the delocalisation of electrens which can take placé in
this iozn nake it relatively stable.

Peaks corresponding to the loss of OH® are observed in the

spectra of P(O)NHLe and F P(O)z HEt but not in that of F p(o\v"ph’

- ‘

his suggests that the hydrogen which is transferred to the oxygen
- cones from the alkyl group and not from ithe nitrogen atom.

Diphosvhinvlamines. This work was undertalzen with the aim

[}

~

of preparipg a series of derivatives of nmono~, di~, tri-
and tetrafluoro-. substituted derivatives of the tefrachloro-
diphosphinylanmines, [012P(o)]2NR, R = Me, Et and Pha

Preparation of Diphosphinylaminec. The bis(dichlerophosphinyl)-

_amines, EClQP(O)]aﬂR, are prepared according to the following

equationi=
Bt N
C1_P(O)NER + P(0)C1 - [C1,P(C)] IR
2 > .l g e
This route has been used previously to synthesise the Nemethyl

derivative, [C1,P(0)] MHe [16]. The condensation of C1,P(0)NEEL

with P(0)Cl, does not readily go to completion alithough no

3
difficulty is experienced in the preparation of the Nephenyl
derivative.

The syntheses of nenos and gem difluwore~ derivatives of

‘CClD“(O)] KR can be accomplished by the route:=
Et W
CL,P(O)NIR  + P(0)C1; n-;ii _ ClZP(O)NRP‘O)ClawnEn

-y

There is 1o n.m.r. evidence that the difluoro- derivative

vndergoes a rearrangerient of the type.

c1, P(O)NRF (O)F ‘ —— [ClFP(O)]2NR

at rocm temperature.



PAELE 1.5

_ Ty
PF? J(FF)iiz

~55.6 , 208.5 (i)
~65.0 921.0 - (11)
~73.0 1015.0 (iii)
=76.5 : 1021.0 (iv)

Attenmpts to synthesise the sare difluoro-~ derivative bv
¥ Y

the alternative route,
_ Et N
F.P(O)UHR . + P(0O)CL —y AP(C)NRD(O)CT
2 > me1 2

were less successful in that the desired products could not

be obtained pure. The impurities consisted of the starting
materials and other products, some of which may have been

adducts formed between.EtBﬁ and “\U)C¢3 or hetween “tBN and F (u) HR.
Attelpts to prove the existence of an addvct between P(O)Cl3

and Et_ N by n.n.r. snectrOCﬁfpy were unsuccessiul. The slow

3
“addition at 0°C of Et_H to P(O)’7 produces a dark red liquid

)

but the 1H n.m.re spectrum of the Et}N remains unchanged.
Even whken the methyl protons are decoupled from the nethylene
ones in an attempt to observe coupling to the phosphorus
nucleus, no splitting or even brecadening of ihe signal is
observe&.

Vhen F,P(O)NHMe is mixed with bl at 0% in chloroforam,
" and allowed tc warm to room temperature, the 19F N.ne.rs« spectrum
of the mixture shows.three doublets in addition to one due to

FZP(O)N7{e¢ Table 1.5 gives details of the complete spectrunm.

. . . o X
When the mizture is refluxed at 60°C for two hours, the



sppearance of the gpectrum changes, there belnpg an incresse in

I

the intensity of (iv) while (iii) decreases. A possible

interpretation is to propose the self condensation of F_ P(0)HI,

2

Such & condensation would give rise to the following type of

reaction:-
Et W ‘ :
F,P(0)NHle S F,P(0)NifeP(0)FLHMe .
~HF

=
et

1

“ther condensation could then take place leading to polymeric
species.

 This difference in mode of activity of ClQP(O)N*me and

F2P(O)KHHe with P{0)Cl., can be explained in terms of the

3
difference in electronegativity between the chlorine and
fluorine atoms. The greater electronegativity of the fluorine
atom should make the phosphorus atom in FZP(O)NHMe more
susceptible’to nucleophilic attack than the omne in ClZP(O)NHMe,
and the;efore the fluorine derivative should be able to form a
Astronger adduct with EtEN.

Because of the complex nature of the reactions involving
FEP(O)NHMe, the trifluoro- derivative FZP(O)NRP(O)FCI could
‘not_be prepared by the route:-

Et N
F.P(0)NHMe + P(O)FC1l, -=&  F.P(0)EMeP(0)FCl
2 2 T 2

When this reaction was carried out only an unidentified
mixture of products was obtained, It could be seen from the

194

N.m.Tre spectrum of the reacticn mixture that at least
seven different species containing P-F bonds were present,
twe of which had similar chemical shifts and coupling constants

to {ii) @nd (iv) in Table 1.5, that is. products of the

]

T,

reaction between iaP(O)ane and EtEN.

A vossible way of preparing the trifluoro- derivatives

may be via the series of reactionsi-



RUK., .HCL .+ P(O)FCL ey FCLE(O)NHR
< 2 meLw
FC1P(O)IER =+ P(OYF.CI iy FOLP(OYRRE{C)F
2 ~TclL 2

These were not. however. investicated. L.
=mploying the route alrezdy known for LFEP\O)JqNLe:—
Bt N .
- ; - ad
FZP(O)HHR_ + P(O)F201 2\ [F2P(O)]2NR
TIJLXLJ_LUJ' .LLJ".:') LT LUuULT CIJ.J.'Ul.'iU.‘)‘ .:LLLU\“JJ.? Ll ‘;.J.‘af AN JZJ‘Z'A": :“
F_P(O)WHR  + P(O)F,CL —y L7
2 - 2 e 2
: ~ECL
. It is found that better yields are obtained when the reactions

P(O)]ZHR [21]

are carried out under nitrogen in the presence -of a solvent
rather than, as previously described, without solvents.
&n isomer of ClaP(O)NMeP(O)FZ can be obtained as a

mizxture of diesterecisomers from the reactioni-

2P(0)FCL, +  (Me,Si),Me —» [FCIP(0)] NMe + 2Me 5iCl
o 2 e 2 >

A pure semple of this compound could not be obtained. It was
identified solely from its n.m.r. spectra, which are, however,
characteristic and ére described in detail later.

A1l the combcunds-[XZP(O)]zHR are moisture-sensitive
ligquids or solids and, with the exceﬁtionAof the fluoro-
phosphinylaniline compounds, readily scluble in non-polar
sclvents.

Characterisation of the Diphosvhinylemines. It proved

A

difficult to obtain pure samples of all the diphosphinyl-

amines. This is attributed to twec main reasonsi=

p

) The difficulty of removing all the triethylamine
hydrochloride which is a by-product in the reactions and
which seems to be slightly soluvble in the diphosphinylamines.
ii) The formation of adducts of the type X2P(O)NHR.Et3N or
P(O)CljmnFn‘EtEN' which occurs to a greater or lesser extent
in every reaction.

The bis(diphosphinyl)aniline compounds are particularly
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TABLE

tra of Diphosvhinylamines

e

6

e

)

33 (PNCH) =

CHy CH,
C1,F(0)MeP(0)FCL 5?37 14.1 or 12.1
ClZP(O)NEtP(O)FCl 2.03 L.37 4.5
C12P(O)HHeP(o)F2 3,87 11.6,11.0
czZP(o)HEtP(o)F2 2.00 4,28 18.0
F2P(O)NHeP(O)F2 342 10.8
FEP(O)NEtP(O)FE 1.70 4415 15.0

difficult to isolate since they polymerise if heated above w180%¢

under reduced pressure. They could not therefore be distilled

from the reaction mixtures.

1) N’ol‘IoRo SDG’C‘tI‘a°

1H Snectra., All the diphosphinylémines give proton spectra

which are first order, although weak qJCg?LCQ) coupling

sometimes makes it difficult to determine

3J(_I}_I‘ECE). Since several of the compounds

eaccurate values of

contain phosphorus

" in two magnetically different environments, it should be

possible to differentiate between the two different values

°f43J<£KC§)° Only in the cases of FZP(O)ZSI-IeP(O)Cl2 and

PClP(O)NMeP(O)ClZ is it possible to do so. Details of the

spectra are given in Table 1.6,

The results in Table 1.6 reveal that there is an increase

in the coupling constant

by ethyl i.c.

3

>

%3 (EC)

J(PKCE) on the replacement of methyl
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TADLE 1.7
Sl el

34
“'P W.M.R., Spectra of Dipkeosphinylamines
) ‘5 ) 2J(PNP)Hv
p(0)FCL  PP(0)CL, “P(O)F, I Hm
C1,P(0)iMeP(0)FC1 1.3 10.5 . 21.0
C1,P(0)IELP(0)FC1 0.6 9.0 -  21.0
Clzp(O)FPhP(O)FCl -2.5 7.6 L1.,0 .
ClZP(O)NNeP(O)FZ ' 1.5 A
C1,P(0)HELP(O)F, ' 10.5 -15,0
: . . *
3, P(0)IP F : .O. . Neo.
szi(o)-,nP(O)rz v n.o N0
Fap(o}ﬁMeP(o)Fz , . T w140 3242
FzP(O)NEtP(O)Fz : ' -1443 34.0
FEP(O)HPhP(O)Fa , . =20.,0 54.0
FC1P(C)KMeP(0)FCL : 2842,2645

* not observed

The nafure of the halogen atonm atteched to phosphorus makes
little difference to the magnitude of the coupling constant
b;t it does affect the chemical shift of the protonéa They
move to 1owervfield'being less shielded with increasing
electronegativily. of . the substiituverts.on the_ phosphorus atom,
With the phosphinylamines, XZP(O)ﬁHR, BJ(ENCE) decreases when
¥ = Cl is replaced by X = F, therefore the protons in the
phosphinylamines are more susceptible to variations in the
substituerts on phosphorus than are the protons in the
diphosphinylamines.

brd

. . e . 1,
)1P Spectra. Deiails are given in Table 1.7. The 5 P spectra



of the methyl and ethyl dichlorophosphinylenines are relatively
sirple to interpret. The resonances due to the two different
phosphorus nuclei, when present, are readily distinguishable.,

The one with the greater number of fluorine atoms attached

always oceurs at the higher field, since the more fluorine atons
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he phosphorus can
take Dart in nwbon'i, ~leading to a greater shieliding of the
31? nucleus.

The phenyl deri?atives have more complicated spectra,
probably due to a greater degree of CFuDl_ng between the
various nuclei., However, they still appecar to be first order

315

spectra and a good estlmate of the chemicsl shifts of the
nuclei can be made. The spectrum of [FClP(O)]QNMe was not
recorded because of an 1nsufflclcnt zmount of sample.

31
with the phosphinylamines, the “'P resonances are

-shifted' upfield when R = Me is replaced by ? = It and Pﬁ

for presumably similar reasons although in this case the
changes in chemiqal shift are not as la roe.

19? Sncct&u0 Details of the spectra are given in Table 1.8.
Three types of spectra are observed. Those of the mono- and
gem .- diflvorophosphinylamines are simple first order spectra.

The mono- substituted compounds, FCLP(0)¥RP(0)C1l,, each have

N

a doublet centred al 4 -3Cppm from C CLBL. Thie is in the_region
expected for a P(O)FCL group, intermediate between P(O)F201 at

2

6 = ~48ppm and P(O)FCL, at & = -8ppm. The chemical shift of
this group is affected only slightly by thé sﬁbstituent on the
nitrogen atom, whereas the coupling constant 13(PF) is affected
rather more, there being a small increase on going from R = le

to R = Et and Ph.
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“E W.ileRa Spectra of Divhospbinvliamines

X 1T o 1

CPCLE 5?3? J(PFCL)Hz  J(EE,)
C1,E(0)HHeP(0)FC1 ~31,0 1106
ClEP(O)NEtP(O)FCI “30.,0 1128
C1,P(0)HPRP(0)FOL «5700 : 1128
C1,P(0)NHeP(0)T, ~68.9 - 1059
ClZP(O)NEtP(O)FE -66.5 : 1053
C1,P(O)RPRP(O)F, =701 - 1090
F,P(0)MieF(0)F, ~7243 1053
F,P(0)NELP(O)F, - ' -72.0 1054
F,P(0O)NPLP(O)F, - =76.0 ‘ - 1072
FC1P(0) MieP(0)CLF ~30.8,-31.9 1156

With the gém difluorophosphinylamines, FZP(O)NRP(O)CIE, the
doublet due to P-F ceupling occuré in the region expected for
a -P(O)Fzrgroup,vv~70ppm from CC13F. There is a large increace
in qJ(PF) on going from R = Me, Et to R = Ph, This iﬁcréase
in eoupling constant is observed in the syectra of all the
diphosphinylamines and is parallelled by an increase in ZJ(ENE).
This contrasts with the P(III) analogues (FaP)ZNR where the
magnitudes of 1J(PF) and ZJ(ENE) decrease on going from R = le
and Bt to R = Ph.[41]. This increase in ZJ(QHE) is difficult
to explain satisfacterily. A pessible explanation is that

there is a greater degree of m-bonding beiween the nitrogen
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avorn and the pheayl grouvp than beitween the nlivogen and the
alkyl groups. Yhis seecms wnlilkely, houever, in view of tle
cryvstal structure carried ocut on & related compound Cl?P(O)KPhFu

Cred Whluh shows little N~phen

y1w-bonding,
~ 3 0 oo 4 L N o T
group is at ~807 to the P-NeP ploane.
The spectrum of his{chlorofluorcphesp
Lreair(o)] oMile, was analysed by the subw-s
exzmple of an AAYXX' system (neglect

pretons) [4%]. This method of

because the phenyl

vinyl)methylaniae,

ectral rethecd as an

ing coupling to the allkyl

;ris assures that the systemn

studied concists of a number of simple systems which contribute

© indepsndently to the overall spectirun.
described in detail in reference L3, T

consists of a doublet of s
less intense lines (gee Figure 1.3).

FIGURE 1.3

The procedure is

e

5001

The p051t10ns of these lines give

1J(P}?‘) andé J(gﬂ-g) are of different relative

’.

Do

) IR

analogous P(IIT) compounds,(?z

two iscmers is detected by the occurrence cf two

decublets with the seame {ine siructure,

at a elishtly higher field than the oth

gifferent values of J(rT“)are obteained for the rniceo and

25(PNP) and

11.

one

ex.,

spectrun of [FCIP(0)], 11l

paration %J(LF)vd(gNPW)l flanked by

ST T —

W

indicate that
gcign as in the
ThLe presence of

sets of

set of which occurs
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crder  TF nem.r. spectra. They can be analryzsd as enmanples
of an AX A'YZ, ! system as has been carried out for [F (O)]aﬂﬁe
L4k], The spectra are similar in appearance to that of C“bl“(v,]ﬁbje

nlied by wealler lines.

Ul

consisting of an intense doublet fi
Broadening effects, including these caused by coupling of the
19 . . e s e s . .
¥ nuclei to the protons present, nake it difficult to obtain
3. - .

values for “J(FNPF) and J(“ 1PE) although these were observed
s s . . . 2 N
in the sypectrun of P( ZLAe. The ccupling constant J(u {P)

3 spe

in EFEP(O)] IWle decreased slightly with decreasing temperature
(~10Ez from +40°C to -50°C) [L4l. The spectrun of EFZP(O)]ENEt
wzs recorded at various temperatures down to ~60°C to see if

a2 similar change occurred, but the spectrun remained unchanged.

A possible way of compariﬁg the effectiveness of the
nitrogen bridge in transmitiing electronic effects compared
with oxygen or sulphur is to look at the size of the coupling

constant 2 (‘XP} " This coupling constant has been shown to
.be sensitive to details of molecular structure and the
electronegativity of stbstituents [45], but the factors
determining its magnitude are noct comrletely understood.

Few fluorine derivatives containing P=-0-P linkages have
been synthesised and n.m.r. data are not available for all of
these. labTe 1.9 lists the aveilable data.

A study has been made of the coupling constant ZJ(BOE) in
<vnon fluorine containing molecules [49]. The magnitﬁde of the
coupling constant has been found to lie between 12 and 22 Hz.
Substitution by flueri into a molecule has been observed to

lower the magnitude of J(EOV) vbstantially. In [EP(0), OJ(O) T"L"

J(F0Z) = 47Hz (501, while in [FP(0) Cr\O)ET] it is 2.5Hz,



ZJ(_};O}Z)HZ
FZP(O)OP(O)Fa 0 L4617
FC1P(0)OP(0)C1F 21.0 71
[FP_(O)EOP(O)zF]g" 2.5 £xd1
FZP(S}OP(S)FE 8aoly L4k ]

TABLE 1,10 |

2J(_E"1:‘_)Hz
.FEP(S)SP(S)F.Z 2541 Cauyd
RFP(S)SP(S)FR 13-18 ' C45]

(R = Me,Et and Ph)

‘From the information available it seems likely that the
magnitude of ZJ(EQE) in any molecule containing fluorine will
be small, although perhaps substituents such as —NMe2 pn
phésphbrus might raise it somewhat. |

| There are even fewer examples available of acyclic
fluorine compounds containing P-S5-~P bridges. A few are listed
in Tab1e 1.70.

Cbvicusly there is not encugh information available to

effectively compare the P-S-P bridge with F-0-FP and P=N-P in

" transnitting electronic effects. Iowever, by comparing the
magnitude of SJ(PCP) with those of “J(PHP) in Table 1.7,
where there is a range of 21-54Hz, it is apparent that nitrogen

is a much nmore effective bridge than oxygen in transmitting-
g & g



(P=0) v (P1P) v (PF) v(P21)  eml
ClZP(O)NMeP(O)ClZ 1310,1290 912 600
ClZP(O)NEtP(O)Cl2 1312,1290,1280 926
ClaP(O)NPhP(O)Clz 1290
FClP(O)HPhP(O)ClZ 1323,1298 935 900 509
FC1P(O)NELP(0)CL,  1325,1298 958 895 598
FG1P(0)KPRP(0)C1, 1310,1295 960 2 5622
F,P(0)MeP(0)C1, 1353,1298 . o8 905 601
F,P(0)NEEP(0)CL, 1347,1295 952 912,895 603
F2P(O)NPhP(O)Clz 1327,1295 850 ? 598
F P(O)IHeP(0)F,  1387,1368 945 938,877
F,P(0)FELP(O)F, 1378 br 960 - 905,898
F,P(0)NPRP(0)F, 1350 940 915,820

- spin coupling effectse.

2) Infrared Spectra of Diphosphinylamines. The complete

spectra are given in the IExperimental section. DBearing in
rmind that the frequencies of C-N ard P-F stretching vibrations
occur inbthe same region of the spectrum as those of P-N, it

" is possible, by comparing a series of analogous compounds, to
extract iéntative values for the asyummetric stretching mode of
the P-N-P unit. A summary of these, together with assignments

made for the P=F, P-Cl ard P=0 stretching vibrations are given
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1 i. Since the velues assig

the sare region of the sypectrunm as

i

it is difficult to attach nmuch significance to any observed
veriation in frequency. The values of v(FC1l) are relatively
easy to assign in mest of the compounds. They kave a very
short frequency‘réngec Varying the other substituents on the
vrhosphorus aton appears to have little effect on the P-Cl bond.
Two peaks are assigned in most spectra to v(P=0) although
some splitting of the‘peaﬂs is obecerved. The eplitting may
be due to coupling between the two P=0 stretching vibrations
such as is found in dicerbonyl compounds [51]. The lower peak
at w1295 cme can be related to the chloroc- part of the
nolecule in dhlorofluorow derivatives since it is at a comparable
frequency to v(P=0) in [CL,P(0)],Me ard is absent in [F,P(0)],Fite.
Iike v(PCl) it is unaffected by cther substituvents on the
molecule‘whereas v(P=0) relaﬁéd to the fluorc- part of the

molecule varies guite significantly as the substituents around

3) Mass Spectra of Diphosphinylamines. IMass spectroscopy

proved to be a useful tool in the identification of the
vhosphinylamines., It was‘neceséary to use this technique

because of the gifficulty of obtaining a reasonable guantity

of pure material suitable for elemental analysess Any

impurities in the samples appeared to catalyse their polymerisation
and their mass spectra contained pesks with m/e values up to

nv500.  Tc overcome this the samples were redistilled immediately
hefore their spectra were recorded and the probe temperature

was kept as low as possible, usually m100°C, in case yvolymerisation

of the compounds was taking place in the spectrometer.



the spectra exhibited sﬁraigb%fo rd craching mati

either the molecular ion or F P the rnest zbundant ions in

A similar pattern of behaviour is found here. A molecular

on is observed for every compound except ﬂFQP(O)]aﬁEt where

p

. .. R R - gy
the icn of highest m/e corresponds to LFEP(O)]?LLHZ. The

complete spectra are given in the =Zxperimental section,

¥

together with the assignments mede for the observed peaks,

Three breskdown patterns emergey a distinct one for each
of the metbyl, ethyl and phenyl series of compounds. Again,
no metastable.trénsitions are observed. The patterns suggested,
vtherefore,aré based only on the nature of the ions observed,

The first stage in the fragmentation of the diphosphinyl-
methylamines involves either the loss of a nrcton or the cleavage

of a phosphorus halogen bond. In compounds containing both

hlorine and fluorine it is zlways a P~CLl bond which is broken

(o)

"first; a fact consistent with the weaker bond strength of P-CL

[
~s

as compared with P~F., This is followed by the cleavage of a
Pl bond and the subsequent brealtdown of the individual
fragments. The peak corresponding to the icn XaP(O)NR+
almost alweys the most abundent ion in the spectra, suggesting
that it is a relaﬁively stable ion.

With the ethyl derivatives the first step in the
udecompo ition is always the loss of & methyl group. This is
a common process in organic rnolecules [40] and not unexpected
in this case.- The next peeks of highest m/e values correspond

to ions of the gereral formula [X2;\O)J?JH; of ~10% relative



where X nay be Cl, ¥ or a mixturc of both. The
decomposition of theée ious appecars to involve the elimination
of BCL when a chlorine atom is present, followed by the cleavage
cf a PN ﬁond and the_subsequent decomposition of the P-N
fragments, These two latter steps appear to be thehmodé of
deccuposition of [sz(o)JzNﬂg also,.

In the case of the phenyl derivatives the spectra are
relatively simple. With the exception of [F. PkO)] KPh, the
cracking pattern appears to be cleavage of a P-Cl bond followed

by the breaking of a P-N bond. [FZP(O)]ZNTh hes a very simple

spectrum., The only ions containing P >70% relative intensity correspond
J ng ! I

to [F_P(O)1 NPnY 10%, and [F ?(o)] "3, 1u0m,and FEP(O)T 805

Discussion of Reactions., The syntheses of the diphosphinyl-

mﬂnes involves the cleavage of @ phosphorus halogen bond in

phosphoryl halide, P(O)Fnleun‘ When the phosvhoryl halide
centains both chlorine and fluorine atoms the chlorine atom is
exclusively displaced, consistent with the better leaving
properties of the chloride ion relative to the fluoride ion,
and the weaker bond strength of P~Cl as compared with P-F,
Similar observations have been made durihg the syntheses of
other pﬁosphorus(v) derivatives [39].

AttE¢PuS mede to partially fluvorinate the tetrachloro-
phosphinylamines, [Cl r(0)] JHR, with a view to obtaining mono-,
Qi-, tri- and tetrafluoro- substituted dreivatives;bwere not
wholly successful. Caesium fluoride, CsF, sodium fluoride, NaF,
and antimony trifluoride, SbFi,were 2ll tried as fluorinating
agents. Only with SbF ( with a few drops of SbCl3 added as a

cztelyct) were any fluorinated prcducts. cbtained. These were



rely the fully fluorinsted derivatives [P . T(0)1. ¥R walch

were formed along with other P-F species wihich cevld rot be

This difficulty in fluorination is surprising since the

has said that the rezction of ECIZP(O)]BNHe with SbF at roonm

31
temperature, gives fluoro- derivatives [52]. The difficulty
of fluorination, bowe?er, has been observed previocusly with
other diphosphorus compouads. Attempts to fluorinate

C1L.P(0) ?(O)Cl with KSO,F gave orly preoducts involving P-O-P

.zi.“' L

bond cleavage [53], snd fluorination of C1_PrHeP(0)C1, with
MaF in svulpholane produced a low yield of FEPNHeP(O)FZ but
blarge quantities of P.F3 (38]. Tluorination of (ClZP)éNMe,
however, tock placevreadily with good yields of (“ )2

F;ing obtained [20], It is therefore the P(V) atonm which

is difficult to fluorinate. This méy be due to the increased
coordinaticn number of the phospherus making the formation of
an adduct between it and the fluorinati agent more difficult.

1

In a2d8dition it has heen suggested that the fluorination of

N

P N,Fl {ﬂ ), by SbF, involves the coordination of the fluorine

"33 Heal2 3
to the phosphonitrile by it accepting an electron pair from
a ring nitrogen [54]. In compounds containing a ClaP(O)N-
linkage it is possible that SbF3 could coordinate to the
oxygzen atom as well as to the nitrogen malking chlorine-
fluorine exchange wore difficult. It was not possible to
compare the products of fluorination of [C1,P(0)],KR with
those of L§'3C16 beCPuce of th difficulty of fluorinating
LC1,P(0)] IR,



Reagents cd were cbitained from the sources incicated in
Table 1.12 and théir purity was checked before use by BP ané/or
infrared spectrosbopy. Solvents were dried by coenventional means
. P(O}Cl3 was purified by distillation. ZﬁBN was distilled

from sodium before use. 411 operations were carried out under

<t

rogen oxr on connections to & conventional vacuum line.

31

H, “F and © P n.m.r. epectra were measured on a Jeol CH0 FL
spectrometer operating at €0, 56.4 and 24.3 Mz respectively.

The spectra were recorded without usiag a solvent where possible.
CHCIL,, CDCl, and C, H, were used as sclvents when recessary. UNe,Si,
3 3 6%6 4

CCL_F and 85% H3P04 were used as external references. NMass

spectra viere recorded on an A.E.I. XS 12 spectrometer operating

at 70 ¥Mev. Infreared spectra vere obtained as either gas, liquid

or mull spectra, as appropriate, on a Perkin-Tlmer 457 spectrometer.

Elemental analyses were performed by Bernhardt or the analytical

labvoratories if this uuniversity.

Fhosphinvlamines. Iull experimental details and analytical data

for new compounds are given in Tables 1.13 and 1.1L.

Preparation of Chlorophosphinrylamines. In a typical reaction

50 g of anmine hydrochloride, RNHZ.HCl (R = Me, Et and Ph); were
refluxe& with a 3:1 mole excess of P(O)Cl3 until all the salt

hed dissolved (about two days)e Diohlorophosphinylmethyiamine,
ClaP( JNHMe and dich léroruo,phanlethw nine, ClZP(O)NHEt viere
collected by distillation under reduced pressure; dichloro-
phosphinylaniline, C J(O)NhPh was crystallised from the reaction
mixture and purified by recrystallisation from C6H6'

Preparation of Fivorophosvhinylamines. Typically a slurry of-

-




TABLE 1.12

Startings Material Source Infrared
?(0)615 B.D.H. [s6]
EtBH Koch-Light £57]
?(O)FClZ | Pc15/32P04F (s8] L5
P(O)FCL, o PCLg/HPO,F, [58)] 591
(MeESi)ZNMe ’ 'HeBSiCI/MeNHZ L6003} [61]
MeTH,, HCL o B.D.H. [62]
EENH, . HCL B.D.H. ' [63]
PHITE JHC1 B.D.H. Ley]
NaF | ' | B.D.H.

Cs¥F : Ozark-Mahoning

HaF in C6H6 was stirred for about 15 minutes, cooled to OOC, then
the chlorophosphinylamine added slowly. The mixture was allowed
to warm up slowly then refiuxed for abcut 3 hours and filtered.

Difluocrophosphinylmethylamine, Fa?(O)NEMo and difluorophosphinyl-

oD

thylamine, FBP(O)EHEt were collected by distillation under
reduced pressure; difluorophosphinyleniline, FzP(O)ﬁHPh wos
crystallieed from solution and purified by recrystallisation

‘ from C6H6°

DinhOSphinylamines. The condensation of phosphoryl halides
with dihalcogenophosphinylamines was accomplished in diethyl
ether solution at 0% using a 1 mole eguivalent of Et3N. The
. reaction mixture was allowed to warm to room temperature, then

-refluxed for about 2 hours, cooled and filtered to remove the

Tt N EC1l formed. The diphcsphinylamines wvere collected, where

3

possible, by distillation under reduced pressure. rull



rrevarative Details for Fhosphinviamines

snte {mmol) §ciment Product MP/EP (mm Hg) Yield (%)
MelH,.BC1  P(0)C1, C1,P(0)IHe 120°(0,01) 95 [25]
(7L0) (2220)
BUIH,LHCL P(0)CL C1,P(0)KEES 125%(0.01 95
(500) {1500)
PRI, HCL  P(0)Cly €1,P(C)HEPh 92° 50
(70) (220)
C1,P(0)NHlle NaF ‘MeCN F,P(0) e 110°(0.01) 90
(500) .(2000)
C1,P(O)NHEt NaF Cgle F,P(0)NEEt  85°(0.01) 95
(1C0) (300)
C1,P(O)NHPh NaF ' A r,P(O)WHPR  45° 75
(7 (140) '
TABLE 1.1k
Eiemental Analyses for Phosphinvlamines
Compound Calculated round,
c mE % F% % - WL W W
CLP(OINEEL 4.8 3.7 8.6 14.6 3.6 8.k
CLP(O)NHPh  3he3 2.9 6.7 33.6 2.4 6.1
- F,P(O)NEEE  18.6 k4.6 10.8 - 29.45 18.7 ko7 10.7  29.6
F,P(O)NHPh  40.7 3eh 7.9 27.47 39.8 3.25 7.5 214




-
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zhles .15 and 1.16; mass and infrared spectra are tebuloted
below. Mass specira are presented in the form: w/e, ascignment,
relative intensity. Relative intensities are cxpressed as

ractions of the most sbundant.phosphorus containing ion. Only

ki
o)

those ions of relative intensity >»1% with m/e 30 are detailed.

Bis{dichlerovhosphinyl)methylamine, [c1.»(0)] NHe. As complete
(A . -

:ral data have not been published for
this cempound they are detailed below,

Infrared Stectrum. 2900-2600 vhr W, 1455 s 1310 5, 1290 g,

1200 m, 1040 m, 912 s, 670 m, 600 s, 542 m, 505 w, 480 w s

. . * t T, + ~ ™ R AT +
laeg Spectrum. 262, [ClZP(O)]ahCHZ, 103 228, blzi(O)HLHBr(O)Cl .

1003 212, CL,FNCEP(0)C1", 8; 199, P,0,013, 10; 192, [C1P(0)1 ew,
103 178, [ClP(O)]2N+, 6; 146, 012P(O)NCH?, 100; 131, 012p(o)N+, 503

4
2 2*

66, c1p*, 255 60, PECH;, 355 47, P(0)F, 903 37, C1

117, Cl?P(O)+, 403 101, Ci.P*, 65; 94, CLPNCHY, 30; 82, C1P(0)", 70;

*, 10; 36, mClY,
60335, c1t, 30; 31, P7, 8,

. . . 35,
* Ions are assigned using ‘501.

Bis(dichlorophosphinyl)ethylamine, [ClzP(O)]zNEt.

Infrared Spectrum., 2932 5, 2940 m, 2895 w, 1462 m, 1420 w, 1385 &5,

1358 w, 1320 w, 1312 sh, 1290 s, 1198 5, 1168 m, 1115 br,w, 1020 g,
-1
952 s, 920 5, 773 8, 668 5, 605 ¥s, 550 ¥s, 507 m, 362 5 cm.

T e —_— . r A + V.
Mass Spectrum. 277, [CIZP(O)JZnCHchB, 13 262, LClaP(O)]2NCH2, iy

i i + -
250, [ClaP(O)39NH;, 8; 242, C1,P(0)FCH,CH,P(0)CLT, 105 227,
Clzp(o)Ncﬁap(O)C1+, 35 214, 012P(O)KHP(O)C1+, 8; 192, [cir(0)l reis,
.A 7, + H b5 n'-'+ el
25 178, [CLP(O)I,N', 4 160, (C1P) NCH,, 555 146, CL,I(0)NCH;, 30;
+ . + “’
117, CL,P(0)*, 705 101, CL,P", 255 82, CIP(0)7, 25; 66, CIPT, 15;

+ -+ : + . + o
47, P(O)+, 1003 37, €17, 20; 36, HC1™, €03 35, c17, €0; 31, P, 1°.



TAPLE 1,15
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hinvlomines

Reactants (mmol) Progduct(s) MP/EP (zm Hg) ¥icld ()
.ClBP(O)HENe P(O)Cl3 [ClZP(O)]ZNMe - 65-70°%(0.01) 60 L5
(200) (200.5)
CLP(C)NEEE  P(0)C1,  [C1,2(0)1,xmt 120°(0.01) 30
(50) (50,05)
GIZP(O)NHPh :(0)013 [ClZP(O)]ZNPh 48-99° L5
(45.24) (L5.3L)
Cle(O)NEMe P(0)FCL, ClZP(O)NMeP(O)FCl A 60-62°(0.1) &o
(24) (24) |
ClaP(O)EHEt P(0)FCL, ClzP(O)NEtP(O)FCl 1089(0.01) 20
(16.6) (16.8) '
C1,P(C)NHFh  P(O)FC1, C1,P(0)IFRP(0)FC1L viscous oil 80
(53) (53)
F?F(O)NEMe P(O)Cls ClZP(O)NMeP(O)F? - not purified
(17.38) (17e45) + other products
. IR Q
C1,P(0)NEMe P(0)F,CL ClaP(O)NheP(O)FZ 55 (0.01) 10
(31.3) (33.5)
C1,P(0)WHEt ~ P(0)F,CL  CL,P(O)NELP(O)F, 60°(0.01) 8
(3l .4) (34.6)
ClzP(O}NHPh P(O)F?Cl ClZP(O NPhP(O)FZ - 18
(20.43) (20.54)
F,P(0)Nike P(0)F,C1 [F,P(0)] Nie 65~70°(0.01) 70 [24]
(13.92) (14.05)
FP(O)KEEt  P(O)F,CL  [F,P(0)],NEt 65°(0.01) 25
(39.57) (39.68)
¥, P(C)KHPh P(0)F,CL [F,P(0) 1 IPh - 5
(30) (30.3)




Zlemental Analyses for Diphosphinylamines

gggﬁpund gglculated Found
C%  HY% s, C1Y%. T o C%  H% N5 ClL v

. er — N * EY
FClP(O)ﬂﬁef(O}ClE 5.1 0.9 42.7 2L.8 5.0 1.2 L2.7 24.0
FClP(O)HPhP(O)Cla 23.2 1.6 L 22,4 1.9
[ClZP(O)]zﬁEt 8.6 1.8 ' 8.0 1.9
E012?(o)32NPh 22,0 1.5 4.3 21.9 1.6 4.2
[szco)j NE% 11.3 2.3 6.6 35.7 . M1 2.4 6.5 55,6

' Bis(dichlorophosphinyl)aniline.

=4

nfrared Spectrum. A satisfactory infyared spectrum could

rnot be obtained either as a mull or discj; only very broad

I

unresolved bands are observed,.

lass Spectrum. 325, [ClP(O)];NC6H+, 1003 230, ClaP(O)NC6H5P(O)Cl+,

€
ttroy 17t

25; 25h, [019(0)]2N06H;, 303 209, ClaP(Q)k;u6d5’ 205 191, 012Pncéﬁz,

173, CLP(0)KCGHE, 355 117, c1,P(0)*, 95; 101, CL,P", 30;

n

0

e

O
-

o HS, 853 82, c1p(0)*, 255 77, Cgls, 903 47, P(O)7, 855

- + < - +
7, cit, 5; 36, BC1T, 95; 35, C1,

k]

e o+
153 31, P, 3.

AN

Fluorochloronhosphingl(dichlorophogphjngl)methylamine, FCIP(0) e (00T ...

8

]

12

<
0]

2

?

l

Infrared Spectrum. 2965 w, 1460 w,14L0 w, 1325 vs,

1210 m, 1050 s, 935 ys, 900 sh,u, 684 s, 598 vs, 540 u, 518 u,

482 w, bS5 m, 426 u oml

Mass Spectrum. 247, FClP(O)NCHBP(O)Clg, 105 212, FCIP(O)NCHBP(C)21+,

+ s RN
50; 183, Fc12p202‘ 5; 176, F?(O)NCHEP(O)CI , 23 1€2 rP(O)hP{U/Cl )




Flucrﬁchlorombosnhinyl(dichloronhcsnhinvl)ethylamine‘ FCLD(O) e =00,

Ty Pyoon g « - - ' N
Infrared Spectrum. 2990 w, 2945 vi7, 2900 v, 1460 br,w, 1390 w,

A

1325 8, 1295 g, 1173 m, 1035 m, 985 g, 892 m, 780 u, 675 m,

—

~a S -1
5%6 vs, 515 w, 432 W, 412 w cm,.

lass Spectrum. 261, FClP(O)NCHECHEP(O)Clg, 103 246, FCIP(O)ECHZP(O}CJ:

1005 234, FC1rP(0)WE_ P(0)C1l

: 4 103 198, FP(O)HHP(O)Clg, 55; 160,
C1.t

RIOL: ;C £ . . .: (o)tchs, 805 117, €1 P(0)™, 85;
1 6, cip*, 123 47, P(O)Y, 30; 37, cit, 2;

PN
<
-
=}
2]
Q
'.J
[P
\.
O
v
P 1)
ON

Fluorcchlorophosphinyl(dichlorophosphinyl)aniline, FCIP(0)FFRP(0)CY .

Infrared Spectrum. 3100 w, 2570 w, 2800 vw, 1603 m, 1495 m,

510 m, 1310 sh,m, 1295 m, 1260 m, 1220 w, 1100 br,w, 1030 w,

m, 750 m, 650 m, 615 w, 560 m, 545 m cm, 1

0
[oa)
(»]
=

-3
oo
-
@]

ig

lMass Spectrum. 309, I ClD(O)NCC 5 (crei, ?9 3C; 274, FCLP(OJH ”GHBP(O)Cch

~ / ! .T+ W z €7 1 X ut
53 208, C1,P{0)KC.H,, 25 192, FC1F(0)1 06H5’ 83 173, CLr(O)KC Uy
905 117, C1,P(0)*, 100; 101, 1P, 80; 91, C H, 605 82, C1P(0)",

20; 77, CgHg, 155 65, C5H;’ 305 47, P(O)Y, 905 37, C17, 25 36,
scx*, 8o; 35, c1t, 65 31, P*, 10.

Difluorophosphinyl(dichlorophoschinyl)methylanine, FZP(O)HMeP(C)CJ_.

Lo

Infrared Spectrum. 2980 w, 2275 w, 1353 5, 1298 g, 1220 ¥, 107C 1,

948 s, 905 br,m, 820 w, 733 m, 680 w, 670 w, 650 w, 602 m, 558 w,

542w, L78 §~cm71

Mass Spectrum. 237, T, P(C)HCH P(O)Cl2, 5; 196, F,P(0)WC 73D<O>Cl+: g

. - + m.r - v
117, C2,P(0 0)*, 100; 11k, F,P(0)ECHS, 855 85, F,P(0)7, 225 69, F 1",



- L5 -

- e 2 .
o’ RER=E ‘ W™ + -~ - - er . e e e .
Gy CLE, 105 47, P(0) LOy 27, C1, 2y Z&, TCL, U5, 36, o1, L.

Diflvorcyiosshinyl(dichlerorhosphi nvllethvionmine, 1-.‘2’?’( OYISE (G0

: o S -, - . ~ b e
1298 s, 1180 m, 1095 w, 1060 m, 975 s, 932 5, 915 s, 004 m, 75

b} b
755 8, 670 w, 665 w, 655 w, 603 s, 362 m, 542 m, 510 &, 475 n,
450 w, 420 w, 380 w emy ]
Nass_Spectirum. 2L5, F,P(o) OH_”LB*( c1 s 13 230, F (D)M\b r)(igg
80y 218, F.P(O)EH z(o)uiﬁ, 503 182, F P(0)? np(o)cz*, 303 146,
o~ ) b '7+ « ey TN TT fa . - « + £ o
cl P(O)’CLE, 15; 128, fZH(O)NCn20h3,.1OO, 117, CL,P(0)7, 155 85,
+ + ¥ oLl - -
F,P(0)F, 253 69, F,PT, 755 66, 1%, 55 47, P(O)', 35; 37, c1', 3;
36, HoLY, 753 35, €17, 9.
Difluon ophornrrln*fl(d.,.c,hloronbo phinyl)aniline, F P(O)HPhP(0;Cl. .

Tnfrared Spectrum. 3075 w, 2900 w, 2890 w, 1605 w, 1600 m, 1503 ch,

1490 m, 146C w, 1415 m, 1350 m, 1320 s, 1226 m, 1188 m, 1115 w,

1050-1030 bhzr,s, $50 br,m, 835 m, 820 m, 753 m, 692 s, 620 m,

is

598 vs, 532 g e’

e

- o T (o + Fe . Endl bl e +
Mass Spectrum. 293, LBP(O)kC6n5P(O)012, 9535 258, F,PO)HCH-P(C)CL,
103 241, FR(O)IC H*P(O)Cl+, 123 208, ClaP(O)NCGH;, 355 177,

; _ . .
¥ “(o)sﬁc6ﬁg, 10; 157, FP(O)HC,; 5, 905 117, C1,P(0)", 1003

-L _ 4
91, CH,, 753 85, F,2(0)%, 255 77, CgHg, 203 69, FP7, 605
65, Colls, 125 47, p(0)*, 60; 37, c1¥, L; 36, HC1T, 75; 35, ciY, 1z2.

Bis(difluorophosnhinyl)othylamine, EFEP(O)lzNEt.

Infrared Specirum. 2980 br,w, 1378 s, 1188 m, 10638 m, 1C05 s,

260 s, 955 m, 910 u, 375 o, 820 vy 790 w, €52 Wy 552 U, 510 s,

430 w ez
Mase Spectrum. 198, [r P(0O)] hCHZ, 153 186, LF P(O)]aNqa, 53

155, 2, 12; 128, FEP(O)NCHECHB, 123 114, FZP(O)ﬂuHB, 165 10k,
(0

55 85, F,P(0), 1005 47, =(0)*, &; 31, 27,



Tufrered Svectrum. 3090 w, 2980 w, 292C wvir, 1605 w, 15C2 n

1L2s we 1255 m, 1272 m, 1232 E,A1130 br,w, 1075 br,m, S0 n»

- v - ——

PR g Q- o - |
212 m, &75 w, 820 m, 740 m, €95 m, 650 w, 540 W, 526 w, 45C = on.

103 184, EFEP(C)]ENHE, 160

ot nopt o
o, 10; 69, F.P7, &
D a8

50, FP', &3 47, P(O)7, 8.

Preparation of Bis(chlorofluorophosphinyl)methylamine, [FCLE(C)]

-1

,,.\
-
3
(o)

4 g, 12.92 mnol) was added to a stirred solution

195

the reactican mixture had been refluxed for ~2 hours, the B

s &

n

n.m.¥re Specirum showed, in sddition to unreacted P(O)FCL
doublet centred at & = ~3Lppn, J(FF) = 113LHz., After refluxing
for 2 days this doublet had decreased in intensity and two

)

other se

ot

s of doubletb, flanked by weszker lines, had appecared.
Thege latter doublets were assigned to the two diastercoiconmers
of [FC1P(0)] Me. The initial onc is thought to be due to an
intermediate such as FC1P(0)NMeSil 30 The reaction did not go
to completion even when the reaction mixture was refluxed for

a week and more P(O)FCl2 was added therefore a pure sample could
not be obtained.

Peaction between F.P(0)UHMe and P(O)FClZ. When a 1:1:1 mixture
e

of,FZP(O)NHMe,.P(O)F012 and EL_N in CHC1. was refluxed at 40°¢
for 2 hours a complex mixture of products was formed. These
were not identified but a 19F Nnen.r. spectrum showed thg
following sets of doublets attributed to phosphorus fluorine
speciesie § = ~78.3, J = 10215 & = =73.5, J = 1060; 6 = -71,

J = 10343 & = ~66, J = 92536 = =645, J = 9975 b = -k3, J = 104

& = =35.6ppn, J = 1109Hz.

te_Si). Wde (1.13 g, 6.46 mmol) in diethyl ether at 0°C. Uhen




CHAPTER II

THE SYNTHESIS AND PROPERTIES OF SOME NITROGEN

" DERIVATIVES OF TUNGSTEN HEYAFLUORIDE.



There zre now two well established general trends
concerning the thermodynamic stability, and hence the reactivity,
of transition-metal halides:-

i) In any row of the Periodic Teble there is a decrease in the
stability of the highestvoxidatibn states with increase in atomic
number.'

ii) Within any one group of transition~metals the stability of
the highest oxidation state increases with increasing atomic
number.

These trends have been siudied extensively using fluorine x
derivatives. Since fluorine stebilises higher ocxidation states‘
it is pessible tovobtain, for one metal,'a range of compounds
each containing the metal in a different oxidation state.

The hexafluorides illustrate the overall trends well. Thus
chromiuvm is the only first row metal to form a hexafluoride - and
CrF6 is thermodyramically unstéble. In the second row the hexa-~
fluorides from molybdenun to rhodiuwm show decreasing stabiliily and
no hexafluoride of palladium has been prepared. In the third row,
however, with the synthesis in 1972 of Aqu L 651, the hexaflvorides
of all the elements from tungsten to gold have been isclated [ 66 ],

The trio of compounds CrF6, M0F6 and WF6 provide a series
of compounds on which comparative studies may be carried out, but
in bractioe work has been concentrated on MoF, and WF6 since they
are relatively stéble. The physicalbproperties of the latter arec
well established [ 671. They are both volatile compounds ard

i 1 T 27 e Loy 1G22 =
are monomeric in the vapour phase. The apparently anoualcu

-, 0 e ar 4O
order of their boiling voints (M0F6, B.Pt. 34 C5 WFgy BaPte 17.7 C)



ariges vecauvse the intermoleculsr forces are canect identicel
orn the periphery of the molecules, and it is the entrony term
which becomes predomlranc at elevated temperatures. It'is z

feature ol the hexafluorides in general that %the conpounds of

e
e

gseccnd row hexafluorides,

MOF6 and WF6 had long been regarded as being chemically

the third row elements are all more volatile than the correspordisg

very reactive and possessing almost identical chemical properiiec.

Fowever, this assumption was largely bascd on the fact that they
both hydrolyse rapidly and O'Donneil and Stewart have since

is a marked difference in their rezctitivitics.

ﬁ
&
o
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o
o
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shown th
WFS is virtually inexrt both as a'fluoriﬁating agent and in
Lalogen exchange reactions, while M0F6, #lthough‘shown to be a
mild fluorinating agent, readily exchanges its fluorine for
chlorine in reactions with, among others, PCl3 and AsCl3 [6817.
1th0ubh Ruff and his co-workers studied some transition-
metal hexafluorides in the first third of this century [ 69,707,
the first investigation of the chemical properties cof HF6
under Strl’tlj anhydrous conditions was carried out by Clark
and Emeléus [71]. They studied reactions between WFe and
various types of compounds. Neither alkali metal fluorides
ncf uulphur dioxide were Lound to react with WFc 5 although
ofher workers have prepared and characterised salts of The
type RiF, (R = K, Rb, cs) [ 72, 7% 1. Sulphur trioxide, however,
did react to give an involatile viscous liquid formvlated as
the fluorosulphate WFZ(SOBF)u‘ Reactions with various nitrogen
ccmpounds pfoducea the following resultsi-~
i)  With ammonia. An orange-brown solid, (HHB)hhr6.

s s ~roscopic 501id S )
ii) With pyridine. & white hygroscopic solid, (CgH Iy
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iii) With rethylamine. A white unstzable hygroscopic gelid,
eTow I
\Ul;.r)-l Y

5773776
i) ven - s ] 1
The products of these reacticns were identified fronm analytical

N

results: these indicate that ﬂ?6 deoes not undergo substitution
rezctions with amines but instead forms stable adductis. Adductes
have also been isolated with sulyhur and selenium donors L[ 74 ]
However, reactions between JT6 eand oxygen donors are more

comnplex, YeZO, EtZO and (M635i>20 react with WFs to produce

HOF, Clle, wanb Lt and wopq respectively [ 75 1. The formation
of this type of complex demonstrates the great stability of a

multiple tungsten .oxygen bond.

Charge ﬁransfer interactions have been observed between
WFé and both the group(IV) compounds MXQ (M = Si, Ge, Sn, X = alkyl;
M =C, 8i, Sn, X =C1l) and various organic solvents [ 76~79],

‘The study of the chemistry of substituted derivatives of
WF6, indeed of all transition-metal halides, has procecded
slowly. Some fﬁlly substituted derivatives such as W(NH62)6,
We, and W(OM@)6 have been prepared [ €0-832 1 although only W(Cﬁe}a
can be synt hesxsed 10rom WFG, the others are prepared by & reaction
| of the type:-~

LiX o+ | UCl, - | WK+ LiCl (X = Ile,, lie)

The mono-substituted derivative WF5Cl’ prepared by an exchange
reaction between Ticlq and WE6, was first reported in 1965 [83 1,
but it ié only since the introduction of a type of reaction
invelving the cleavage of a W-F bond by a Si-X bond (X = €1, Ole,
: OPh), tha£ the series WF6-an Las been extended. Spectroscopic
studies on these compounds suggest that they are monomeric in
solution with, in some cases, geometric isomers being prescat.

Recent worlk, also involving organosilicon conpounds as Precursore,
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has produced a series of dialkylamine derivatives Wi, ('R,)
Gen A
e e - A T3 oo . - ~
(A = I.t,,_\ = oy Moo= T.,gn = 1,2 &x ) L-Sl;]a T ch(-_“..'lbuI‘V of

tlhese derivatives, in particular their reactions with MeBSiCl.
Me_SiOMe and (MeO)ESO, has been studied. In each case further
stituticn of flucrine atoms is achicved. The physical

properties of both WF.NR, aud WF4 HEt are cohsistent with

550
n

their being associated i

2)2

solution, while Hfa(NEtZ)L appears to

PN

be monomerics

It was the aim of uhe work described in this chapter to

extend uh" chemistry of WF6 with a view to synthesising W=

or WeN~W linkages as there'are few examples in transition-

metal chemistry of compounds containing these kinds of bonds.,
The compounds prepared from the reaction of tungsten

oxide tetrachloride, WOCL, , with primary amines were found by

L
enalyses to have the composition WCCINR.NHR (R = Me,Bt,Ph) [ 85 1,
These are red-brown crystalline solids. Evidence from proton
magnetic resonance (P.M.R.) and infrared spectra suggested

that two different types of tungste nitrogen boqu were preegent.
The existence of four resonance signals in the P.l.R. spectrum

’

of WOCLNEL . NFEL, which was recorded zs a 5% solution in chloroforu,
indicated that the ccmﬁound contained two non-eguivalent
methylene groups and hence‘two non~equivalent tungsten nitrogen
bonds. LSee Teble 2.1] In the infrared spectra of all the
compounds, WOCINR.WHR, a band was observed in the 970-950 cm:1

range. The authors assigned this band to the W=N stretching

frequency.

ot
ct
H
O
o]
(D
jmd

b seccnd type of compound containing a metal -ni

double bond was prepared from the reaction

VOClB . (MGBSi)aﬂR s VClBNR + (Me_Si)ZO
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TLELE 2.7
S

P.M.R. of WOCIWEL . NEEL -

Group. : & (ppr)
~CH : 1.1
(vE) ~C§2 249
~IVE- | 4.6
=NWC-I.§2 7 -3

These compoundse are also crystaliine solids. In this case
v(V=H) was assigned to a band at 985 éﬁ:1 L 861,
A compound containing a V=N waé also obtained from the
following reaétion;—
’ ~2NH

TH {8 M =5 We_ 81 T=NS5 Me
Nn4V03 + 2&J(Slhe§ 5 5 3 (neBSLO)BK Sile,

v(V=N) was assigned to a band at 990 ez [ 877,

elkylamido~trisdialkylamino tantalum compounds, RN

N

(R = Et,nPr and PBu) [ 881. They assigned bands in the 620-58C cx. '

renge to Ta-N stretching vibraticns bult were unable to assign
any bands to v(Ta=N). They suggested that these might be

“in the 1ZOO;?OOO cqu region and so be obscured by the carbon
nitrogen stretches of the ligands. However, the presence .of
two non-eguivalent R groups, =NR and -NRZ, was confirmed by
the'n.m.r. spectravof the compounds, two different signals
being obtained for the methylene protons. In EtN:Ta(HEtZ)B, for
example, the ethylimido methylene quartef was resolved 328.5c/zcc
downfield from the methylene guartet of the diethylaricdo grours.

£}
¥

The two methyl triplets were also resolved but were tco cloze
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.7c/sec) ito be ceparated,
IT ™
The ccipled [Re(hle)blj(r LtPh ,3] has been shown by X-ray

ertQTlog anhy to have the following structure [89] :-

Me
1!: | <Re=N-ile = 173.4(1¢)°
PhaEtP\ c1(1) Re~CL(1) = 2.428(6.%
. RS Re=C1(2) = 2.408(6)%
‘ci.(a)/ \PEtPhZ Re-CL(3) = 2.411(6)5
C1(3) ' - Re=N = 1.685(11)2

The hatable features of its structure are an almost linear Rewli-lic
linkage and a short Re=N bond length. Again the M:N stretching
fréquenCy could not be assigned with certainty because the
aryl-phosphine ligands absorbed in the same region but a band

at ~10380 cm:j was tentatively assigned to v{(Re=N).

The oxidation of tungsten(V) chloride by trichleroecetonitrile
produced on slow recrystellisaticon from dichloromethane an
orange-yellow crystalline solid which analysed as WCl6.CCl3CN¢
An eréy stﬁdy of this compound showed it to have the following

structure [G0] =

.o:=’C§;,—JP——]k

0o 0
T—""‘}\ /



t

;ae tungesten nitrogen bond length was fournd to be 1.712»
i¢ shorter than those found for tungsten(¥I) CXygen mul
bond lengths which li in the range 1.8-1.98, and shorter
than W~N single bond lengths which are estimated to lie in

the range 2.04-2.07% [80 1. Because of the short W-N distance
vmnq the almost linear W-N-C skeleton (the angle = 17?0), the
tungeten nitrogen linkage was described as WEN with (p-d)n
bonding incorporating the nitrogen lone pair.
A Further crystal structure was later carried out on the
508 [911. The

structure showed that this compound cocntains both trichlorcacetc-

rrecursor of WC 6‘C017CNzwhich is w016.2001
3 (

I
=N
o
H

e

le and pentachlorcethylnitride grouns. The tungsten
nitrogen linkage was again proposed as a W=N since it hed the
very short bend length of 1.7020

Although complete infrared data on the compounds HClG.CCl

52
3

and ¥C1L 6°2CCIBCN were not published, a bard occurring in the
spectrum of each at 1286 crﬂ:1 was assigned as v(WsH),
It can be seen from the examples described above fhat HelieT o
axd infrared spectroscopy are important tools in the chara
of compounds containing transition metal nitrogen multiple bonds,
They are used extensively, together with mass spectrometry, to

identify the compounds prepared in this worke

cterisati

Qi
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18,

N?é + (MeBSi)ENﬂe »wé
— ) ) 1 week
hr6 + EZPNMe81Me3 —
WF6 + MeHSFa ),
4 . 1 veek
MFG + (rEPmMe)2 ——d
W L}NHe + MeCHN o)
MeCH
WF + (heBSl)aﬁke‘ :~?
immediately
CD§CN
1, ) I 3 i Peve,
JFG‘ + (heasl)ZNMe :
WF, Hife JeCN  + 05H5N’ —
) ) . ) ry
th + .(Le381)2Nhe ——
' CoDeN
wFs + (M6581)2NMe i
;eCN
‘ WFQNMe,MeCN + MeBSiC1 vy
WF4NM6,MeCN + MeBSiOhe —
o MeCN
WF, Nide JfeCN + SF.C1 ey
L 5 hy
WF, Me leC  + 80, —
WF QI\’MG JeCN + C8S > e
: -80°%¢
WFe o+ (MeBSl)ZNH —
MeCN
WFe  + (Me Si)ZNH —
‘ 3 immediately
CD,CH
WFg (MeBSl)aNH ——%

WF, Nile +

L
no reaction
WF L}NMe «JMeCHN

WF, N1
L

MeCH
WP, Nle .CD,CH
ey
WEF, RMe«.py +

L
WF, NMe.py +
A
WE Iie .C.D.N
s s
WC1_ INle .MeClT
X
W(OMe)qﬁMe ?
no reaction

no reaction

no reaction

peach coloured solid + 2!l

NHZWOF;.MeCN

NHZWOF”.CD CHN

57773

e S1F

2

SiF + PF
3 3

polymerisation of MeHSFZ

MeCN

. ZMeBSiF

+

Me LiTF
2

+ 2ile.5i¥
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SeMeCN 4+ c5}_£5n — 1:3;1':0?;:1? +  leCH
mec;m 5 053}5N —) 1-.':*1““15 CgDgll +  HeGlH
N Celg |
JeCH  + “Buld == 1o reaction
‘ MeCW |
«MMeCH + Me_S8iCl NH WOC1L .MMeCN
3 ——)y 4 Cl5 e
+ (IvzeBSi)Zm»ie ——p "Mcl«‘l*m\fe"_ + ZMeBSiF
MeCHN
+- (Messi)aNMe ———) “MOFQNMB.IeCN" + 2ﬂe35iF
. 05351 '
+ (MgSSi)ZIMe "Mqumvze.py" + 21\16385.1?
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rreveration of WEF IMe, Tungsten hexafluoride and heptomethyl

1y J
digilazane react together over a period of a week, in the absence
of a solvent, according to equation (1)

11‘ ) . e > - N - .
B + Fe, S g - - 3 e Sil
WEe ( e3‘4)2uﬂe > cream solid + Le38¢1

‘The elemental analyses on the solid were not consistent
but suggest that it has the compesition V“A'“H~, In an effort

4

to obtain consistent analytical data for the compound poscible

precursors cenbaining an -IMe group were substituted for (Me,8i).10.-
“

3

MeNSY¥, and hr6 react below room temperature to produce an

a

orange viscous ligquid. This resembles the procduct formed wvhen
eTSrZ polymerises on stanalng at room temperature for geveral
bours [ 62 1. It seems likely, therefore,that WF6 catalyses the
polymerisatioﬁ before the reaction
WF6 + MeNSF2 ‘ — WFANﬁe + :SFL+
can takevplace.

No reaction occurs between (FBPUhe) and WF6 even in the
presence of MeCN as a solvent.

Eyeand I / Vi Pr

WFg v (F5PNIe), 28 VF, e + .

FZPHMeSiMe5 and WF6 react over the period of a week

according to equation (4);:

WF6 + FEPNMeSiM 3 — yellow eolid + PF3 + Me3°i?

It seems likely that this reaction proceeds via an intermediste -
possibly FﬁPNMeWF5 or WF5NMeSiMe3. An intermediate of this

~
type was isolated when FZPNMeSiMe3 reacted with PF5 in the

following way L 23]:

2 WMie 51k F,FlliePF
PF5 + FZP.\.eolle3 -} | 12 Ille L +

. - o S
However, FZPNMePF dimerised on heating to 80  %to prcduce \szmmﬁ,

L

—
Ut
N

()



and FI',. Attempts were made to establish the prescnce of an
e

"

foto

intermediate in reaction (4) by studying by infrared srecivoscony
at various times during the week the composition of the volatiie

preducts. At all times there appeared to be a ~1:1 riixture

of FFB and Me,SiF and, thkerefore, it can be assumed that if

én iﬁtermedigte-is formed it is unstable and not isolable. The

analyses of the yellow solid formed in (L) corresponded rore

closely with WP NCH, than that formed via equation (1) (see Experir vtanl).

y¥CH; than that formed via equation (1) (see Experir:rtal

Characterisation of UF, IMe.
L=

1) lMass Spectrum. The mass spectrum has provided valuable

evidence in the characterisation of the compound (see Table 2.2).
The tungsten atom has four naturally occurring isctopes

which have relative abundances of over 1% as shown below:~

S . ‘Relative Intensity
1e8 B S
20
10
182 183 18y 185 186 0/e ——3

This pattern is readily identifiable in a mass spectrum and mekes
analysis of any spectrum which contains tungsten relatively simple.
Identical speqtra are obtained from the samples of WFhNﬁe
 prepared from WFé/(MEBSi)ZNMe and WF6/F2PNMe81Me3. The spectrim

Although not confirmed by metastable transitions,

. Te o
i t alkdown patterus, loss of the Ile group
there appears tobe two bre ) ’



TABLE 2,2

Mags Spectrum of WF, Nie

n/e | Assignment Relative Intensity
291 ‘ WF4NCH; 27
272 - WF,NCEH 100
262 ‘ WFZ L
| 2Lk E;3H+ 5
23 WF; 36
224 wyg 27
205 WE+ 15
29 , NCH;’ 48
.Notes:-

i) Intensities are measured as fractions of the most &abundant
tungsten containing peak.

ii) Only those peaks »> 1% relative intensity above m/e = 238
are detailed.

N . " 186

iii) m/e values are given for Ve

iv) The spectrum was recorded at 250°C. No spectrum was

observed if temperatures below this were used.
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ccessive loss of fluorine atous from the molecular ion

The observetion of an dicn corresyending to Wi NLIEL sup
the evidence from the elemental analyveses that the comnocund is

2) Structure and Infrared Svectrum. Assuming that the

molecular formula of the compound is WFQHHe séveral structures
are possible. '*6 has been shown to be only a weak oxidant [ 68
so it seems likely that during the reactions undertalen the
tungsten atom will retain an oxidation number of six., Some

cf the possible structures are:-

M .
!\T | L F F
/ \, F 2] /‘\1!, _nide
F Heli* s
.*\’f{/%‘ TING )
He
I IT
?e‘ Me
: i
2 F
AN 1
F F F
IIT v

Varistions of I and II such as trimeric or tetrameric moleculcs

- are also possible. A fluorine-bridged structure would not be

be surprising in view of the structures determined for analogour

apparently five coordinate trancsition-metal compounds such as

L NbF5 was the first compecund of this structural
type to be studied. In the sclicd phase it has been entablished

EbFs and WOF



etrameric molecule with fluorine

therc hos been some controversy alicut the siructure of WO, it

xygen) bridged tetrameric species [ 94,5 ].

]
i3
b
o
o]

£
ct
&
€]

which have been determined for both trancition-metal pentafiunoride:

&)
e

and five coordinate fluorine containing ivatives of
trensiticn-metals in a +6 oxidation state have shown them zll
to be bridged species. This suggests that structures IIT and
IV a2bove are unlikely. The infrared spectrum of WE, Nie ie

eipful both in eliminating III and IV as possibilities and deciding

rD"

which of I or II is the more likely structurc.

The complete infrared spectrum is given in Tahle 2.3.

-

There are relatively few bands present suggesting a simple slructure.

The spectrum is reproducible from semple to sample but in view

sy

of the inconsistent analytical data, and hence the possible
impurity of the sample, any aSulUHEPHCQ must be tentative,

- It has been suggested from a study of transition~metal
flvoride spectra that there are three distinct regions in the
spectra dve to metal fluorine vibrations:-

i) A metal terminal fiuorine stretching region, 800-600 e,

i) A metal bridging fluorine stretching region, 550wA50 caTt.

bt

'iiij 4 metal fluorine bending regién, 350-~50 cm:1 L96 7.

Thus the very strong band at 7C0-650 cm:1 cbserved 1in the
spectrum of WF;NMe is assigned to a tungsten terminal fluorine
stretching mode. However, this is also the region where v(W=-17),

_if present, would be expected te occur and its preseuncc may
be hidden by the strong v(W-F). The bard at 540-310 cm?lx is
in the region expected for a metal bridging fluorine stretch,

and is assigned as such. This assignument is confirmed by the



WF%NMe(chT) Assignrent

312 w

1325 n v(C~N) in secondary
amine

1260 w possibly NGBSi Frmpuniior

890 m v (W=I0)

855 m possibly MeBSi impurity

682 s v(W-F) termival

643 s v (WeT") "

540510 m,bx

v (W/-F) bridging

The spectrum was recorded in the solid phase using both nujol

and fluorolube as mulling agents;

3T

fact that there is no corresponding bend in WFuﬁMe.Me ¥ which

hos been ascribed a non-bridging siructure (vide infra)e

L. C=1 7T ot . s .
o bands at ~3000 cm, due to HC-E vibrations are discernible,

. . ; -1 A
There is, however, a medium intensity bard at 890 cm, This is

ot

8]
Hs

‘d

n the range corresponding to any C~H, C~H or H-F

jbretion (M = transiticn metal), por is it in the region

expecied for M-H stretching vibrations which should occur from

760-~500 cme [88]. 4 possible impurity in the compound is

unrezcted (MeBSi)Zﬁﬁe but its spectrum does not have & peal at

8go cm:1 {61 1. By comparison with the spectra of the transitlicn-

metzal compounds containing metal pitrogen multiplic bonds

described in the Introduction,

this band at 89C cme)

iz ascipgred



1T et . . . - .
to a M=H stretching vibration. It cccurs 80~100 cn. lower

than other values of v{}=N) wnick have been cbeerved. 7Whis is

attrivbuted To the greater electronegavivity of the fluorire
atems compared with the alkyl and chloro groups present in

the other derivatives.

" The assignment of bands to bridging fluorine atoms and
' & W=l bond implies that II is the most likely structure for
WFQNMe, However, no decision can be nade about the degree of

polymerisation of the molecule.

- .e . o« 3
Z) N.M.R. Svectra and Molecular Weight. N.m.r. specira

cculd rot be cktained as WF Il4e is only soluble in polar solvents

with which it reacts. IHoleculer weight studies, which would
have given an indication of the degree of polymerisation,

‘were also ruled out because of the lack of a suitable sclvent.

Preparation of WF#NMe.HeCNo Since WFQNMe reacted with MeCN

it was thought that the addition of MeCN to the reaction
.mizéure of WF6 and. (MeéSijZNMé m;ght produce an adduct for
which it would be possible to obtain good elemental analyses
and which could be studied by n.m.r. spectroscopy. This proved

t0 be the casee.

The adduct WFANMe.MeGN'may be prepared in two ways:-

WF, MMe  + xsMeCN - WFL}NI‘»Ee.MeCN
(Me_Si). lMe + WF MeQN WF, Me . MeCN  + 2Me_SiF
VRS 6 4 3

Reaction (7) takes place immediately on warming the rcactants
nfroﬁ --'196000 It appears to proceed via a purple intermediate
which changes atw-BOOC to form zn corange crystalline sclid.

19

On one occasion a “F n.m.r. spectrum was cbtained of the purple

solution. It consisted of a singlet which had a ckemical shift



of =Y92.5pmm g (CCZBF vas wsed as an cxternral reference). Thic
value of chenical shift is intermedicte betveen that of VI

o)
{+165ppr) aod that recorded elsevherc IR
Moreover, it is ia the same region as WE H?.a
(+728ﬁpm} [8: 1. However, this intermediate species could not
be isclated and was not studied further but it
its chemical shift that it is a compocund such a
which elimiunates MeESiF to form the crystalline compound
Characterisation of WE, Bie lieCN.

)

1) Elemental fAnalvsis. Although agreement between the anelysis
eylecteﬁ for MFLN? e.MeCH and that found experimentally is

f

cr WF, I}

A

for carbon end nitrogen (see
xplanation for this is that
period of time, resulting ih

) .

2 Mass Spectrum. The mass

probe temperatures from 110°¢
spectrum of Ne N is observed.

the temperature reaches 250 C

A
At

is recorded. this tempera

differs from that of

Me, consiste

WF L}I‘S‘Me in

ntly low vealues were chtailned

Experimental section)e. A bossible

the adduct dissociates over a

the loss of MeCN.

recorcded at various
At 110°%C

to ZSOOCf only the

scen until

when a spectrum due to

et

r‘r?Lr

cdditional frag

ture the spectrum of Nie [MeCN

that nent icns

of the WF, Nife enti v are observed and a peak due toc the tungsten
L’_ =]
ion W' is recorded. Table 2.L gives the complete spectrum.
The most abundant ion is that duve to CHBCN while the mcst
ebundant tungsten containing icn is tne same as with u_kh“e,
- +
T WF_NCH, .
33
2) l.reRe Smectra. The adduct WFAEHG.MGCN is moderately
. ¢ aa - . .19, 1.
soluble in both MeCH and CD,CI g0 a study of its T and H
-
n.m.r. spectra can be made. Table 2.5 gives details of the

'\‘!Fl{ Ne JieCld



TABLE 2.4

Mase Spectrum of Wr, ki

[P —

e LieCll

-

Relative Intensitiy

*

r/e 'Assignment

291 WF, NCHT
i C 5 28

272 WF_NCcrY
I 5 NCE, 100
262 U_{?:; Ll

. SN
52 WF,NCH} 5
243 'WF; 33
225 WFZ 22
205 WEY 5
186 Wt 2
77 ? 8

+

11 CH,ON 150
40 CHZCN+ 100
39 cuen™* 50
38 cent L5

* See notes iw-iii in Table 2.2

n.m.r. spectra obtained using CDBCN as a solvent.

‘19F Spectrum. This consists of a strong single peak with

satellites. The distance between these satellites correspcnds

+o the tungsten fluorine coupling constant.

183

~ from the fact that the

a spin of 4 and so coupling between the

9 .
?°3w nucleus gives rise to

W nucleus, which is 14% abundant, hac

z coublet.

19F

nucleus and the

Table 2.6 liets

. : 2irm . .
examples of the coupling constant “J(F-W) found in related

W(VI) fluorine compouncse

This coupling is not obs

crved with

The coupling aricces



l
{J
1

1

+3
e
{<
3
)
5

N R, Svectra of WF Ihle.leCl]
by

A

_ Vg ‘ op +35 . Lppm 17 (uer) 561z
1a | b 2
_ CHBCN 2.1ppn J (HeIV) 2,88z
6 4 . .
NCH3 5+75ppn J (H~F) 1 o382z
TABLE 2.6
‘Compound 1J (F~W)Ez
WFg Ll L9711
WFBOMe 43 L7s ]
' WOF), 6L £97 1
»WOFL}.OMeZF, 68 C 7§ ]
. m‘sc:t : 25 s8]
X'JF4612 (trans) 20 [s81
WF, NMe .MeCN 56




the tungsten niftrogen derivatives cdescribed in reference [ 847

the coupling constant J(F-W) is lavrer in comypounde where the
tungsten atom forms a multiple bond to a ligznd compared wit
those_compounds where only single bonds are present. Apart
from this, however, there is no trend discernible in the
magnitude of éhe coupling constants measured so far.

[t was thought that any splitting of the singlet observed

19 9.,

in the “F spectrum might indicate coupling of the P nuclei
to the protons. However, no coupling is observed even when

the sample of UF, Nlle,o,ifeCN in CD.CN is cooled to~n—50°C where

} L 3

. ’ (e}
The value of the chemical shift observed for the 1’F

. nuclei is considerably upfield from those recorded for W

=
(&)Y
o
jal
I

. - 1 I .
its complexes [ 97 ] suggesting that the 9F nuclel are in &

9]

much more shielded enviromment,.

1H Spectrum, This was recorded in both MeCN and CDBCN colutions.
The spectrum in CDBGN usually consists of a sharp singlet at

6 = 2.1ppm, due to MeCN, and a multiplet centred at 0 = 5.75ppm
due to the -NMe group. However, on some occasions a broad
signal is obtained for the MeCll group. A possible explanation
for this broadening is that MeCH is alfernatively coordinating
with and dissociating from the WFQNMe part of the molecule at
a speed which is detectable on the n.m.r. time scale. It is
possible that the dissociation prccess is catalysed by treaces
of moisture in the solvent. The chemical shift obeerved for
the MeCN (2,0ppm) is almost identical to that recorded

for the free MeCN (2.05ppm) [ 99l

“The multivlet due to the Klie protons when expanded shows

[a]

a group of seven pesks in the ratio 1:2:2:1.,5:2:2:1 caveged
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TARIE 2,7
e A

il Ay
——————

NoHulle Spectra of Some Isconitriles

O] 1 2., T\ T
Compound S.u or CE {ppm) J(H=I)Ex
CH, ), CI Te 3.5
( ;)30 c | Ly | | 3e5
CHBNC 2.85 : 2.7
PhCHZNC Lo28 T2

by coupling of the protons to both the nitroger and fluorine
nuclei. The signal can be simplified by decoupling the proton
and fluorine nuclei. If this is done the signal appears as 2

. . , . 1L
1:1:1 triplet (see Figure 2.2). The nitrogen nucleus, ",
has & nuclesr spin of 1 so the signal corresponds to coupling

; 1L -

of the protoms to N. The presence of the nuclear quadrupole

. - - 14,
moment associated with the N nucleus usually relaxes the

. 1 . . . X
coupling of qN nvclei to other nuclei. Coupling of thc type

. 1.
J(H~N) has been observed in the H spectra of soze other
- '{' “ -

compourds such as those containing the ammonium loxn hHh [1c0o],
amides [101] and dry ammonia [1021. The only long range
14?-1H coupling observed until now has been in the spectirs of
- some isonitriles, RNC (see Table 2.7).[103],. The fact that
coupling is observed with these compounds indicates that the
electric field gradient is unusually small and that the spin
- - 3 11‘{'\.7 - i -
-lattice relaxation time of the ¥ nucleus must be comparable
to the coupling constant. It is thought that the low electric

field gradient must be due to the axial syuzmetry of the electren

density mear the nitrogen atom. Thus observation of this type



FIGURE 2,2
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of couvpling “J(H~N) in WF#NXeEHecN is an unusuval feature of

the spectrun, The size cof the coupling constant is simil

r oTo

M

those obszerved for the isonitriles. The fact that the coupling
is observed suggests that there must be a symmetrical electric
field gradient around the nitrogen atom,
- . . . .

When the N nucleus is decoupled from the protons a guintet

ig observed. This corresponds to coupling of the protons to
19, .

the four I nuclei..

Thus the n.m.r. spectra of NFANMe.MeCN provide evidence
that the compound has the following monomeric structure in
sclution:-~

Me

N
E\\\&///F
gl
i
l
c .
I
He
19

The existence of‘Only one signal for the F nuclei and their

19—‘

coupling to 185w suggests that the four ¥ nuclei are eguivalent.

Thisimeané that the =-NMe group and MeCN are tramns to one another.

L) Infrared Spectrum. Since pure samples of WFgNMe.HeCN
could be obtained its infrared spectrum was studied in more
detail than that of WF#NMe. To help with the assignment of the

épectrum a sample of WFQNMe.CDBCN was prepared. It can be

- synthesised in two ways:-~

WF, MMe.MeCN  + x5 CD,CH — WF) e CDLCN  + MeCH (8)
(Meg8i),MMe  + WFg ~  WF Ne.CD;0N + 2le SiF {9l
When WT, KMe.CD.CH is prepared as in equation (8) its infrared

b 3

spectrum shows no peaks attributable to MeCii either frec or



3 et m A A e et o w ] o .
coordinated indicating that complete estchange betwcen MeCl and

Vi O vekes place. Heowever, the samples of WP, Wie .CD_CH which

were used in the study of its infrared spectrum were cblained
according to eqguation (9) since this method of prewhratLon
elipinates the possibility of contamination by MeCN,

Teble 2.8 gives details of the observed spectra. The
assignmentsAare made by comparison of the spectra with those
of free MeCH, CD CN [104] and coordinated lMeCN [105]3

There are fairly large shifts in the frequency of the
bands obhserved in the spectrum of XFQHMe.MeCN conpared with
those for WF Nde suggesting that the ccordimation of Melll te
HFQNMe involves & structural change. 4 significant difference
between the spectra of WFQNHG and 1 F hieeheCI is the ebsernce of
the broad bkand at 540-510 cqu in the spectrum of the ccordinated
wolecule., DBecause of this it was assigned as a bridging W-¥
stretching mede in Wr4L“ « There is a shift to higher freguency
of ~L0 cm':1 in the C=I stretching fregquency of WFQNMG,MeCN
compared with thet of free MeCN. This is chdracter;wtﬂc ol
nitriles which are coordinated via the nitrogen atom althouvgh
studies with other donor molecules might have led one to
expect a shift in the oppcosite direction. This apparvently
anomalous shift in frequenéy bas been discussed many times
before [106,107j. Purcell and Drago concluded that the increace
in the frequency of v(C=ll) upon coordination must be duec to
an increase in the C=N force constante. Purcell further went
on to prdpose [108] that all nitriles coordinated to Lewis
2cids show this increase in force constant due to a strengthening
of the o bonding between carbon aud nitrogen. He sugieetecd th

iti tc its 's' charscter the nitrogen lone pair orbital

e
[o R
I
d—
P}
[}
B
cf
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TARLE 2.8
LEELS co

o

infraved Spectra of VP, e, lcCl and Wi Biie .CD.CH
54 Q.i.

WF@NMe.MeCN(cm:q) WFQNMe.CDBCN(cm:1) ASSignments
3010 m . v(cnﬂ) in MeCl
2980 wvw
2943 n
2930 sh 2930 w
2858 W 2858 w v(C=H) in -«NCH3
2320 m . | combination
2318 m v(C=H
2295 m N "
2262 w v(C=D)
410 w W5 w
1337 s | 1334 5 5(CHy) in -NCH,
1038 u . 1028 m N v(C-N) or v(W=K) o
| v(Cellnii,
1025 wysh o 856 ﬁ : f(CHj) and f(CDBJ
947 m v(C=C)in MeCH
720 w 720 w
701 w 700 w
>658 m : 658 m v(W~F) terminal
630-6ob,s 630-600 & o "

- These spectra were recorded in the solid phase using both

nujol and fluorolube as mulling agents,



v{(M-F) in HF_ (cms ') v{(F=F) din ¥ el (cm::
5 5
W L6 KbF MeCN 710
Ta¢5 757 TaF5¢ﬁeCN 712
i 3 MOF . . MeCl 703
s 763 HOF 5 MeCN 703

acquires an amount of 'p! character on coordination which
means an incressing amount of 's' character in the CEN bond
resulting in an increased force constante.
- The strong band in the spectrum of WFANMe.MeGN at
S L . . . :
660~600 cm. is assigned to metzl fluorine stretching vibraticns.
g &
s s 2 -1 ' . -
. This is a decrease of ~30 cn. from v . (W-F) in VWF, Fle.
terminal L
A sinilar decrease in the vibrational Irequency of terminal
metal fluorine bonds has been observed with some transition-
metal pentafluorides and their complexes [ 961 (see Table 2.9),
where the cocordination number of the central metal atom alsc did
not change on adduct formation.
The assignment of a metal nitrogen stretching frequency
is more difficult in the spectra of WF#NMe.MeCN and VFqNMe.CDECN
than with the uncoordinated mclecule WF4NMe. There are no
-1 . .
bands directly comparable to that at 890 cn, in WF4hMe
which was tentztively assigned to vw(¥W=KN). The carbon nitrogen

stretching frequency in aliphatic amines is said to cccur in the

‘range 1230-1030 cm:1 [109]. Therefore, the bands occurring

may be due to v(W=l) or v(C~H). However, it is likely that since

these two vibrations are expected to have similar energics
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coupling of the vibrations occurs and the peals may correspond

Preparation of WF, KMe.py. In an attempt to replace the [eCH

(23
g

in Jﬁghue <IMeCN by another ligand the following reacticns
were carried out:~
WF, Nle ,MeCH + =sC.H. N (py) — WF, NHMe.py + lieCN
4 575 N
= x . g ‘.D‘. : - N
WF, + (Me_Si) Me L WF WMe.py + 2He SiF
9] > o . L*' 3
The reactions take place immediately on allowing the nixtures
tc warm to room temperature. On removal of the volatile
products and excess solvent a black crystalline compound is
obtained in each case., The solid obtained from reaction (11)
analyses as WF, NCH 30 5H5W {(written as NFMNMe.py).

i

Characterisaticn of WFQNMeqpy.

1) Mass Spectrum. This was recorded at a probe tenperature

of 110°C. The complete spectrum is given in Table 2.70. The
most significant feature of the spectrum is the appearance of
a peak corresponding to the ion WF F(“ﬂ.C £5N in contrast

to the spectrum of WFQNMequCN where =z molecular ion is nct

observed. (¢ _H_N has teen shown teo form stronger conpnlexes with

55

‘metals in high oxidation states than 1eCH [110], and

-

e observ

-
Lu

of the ion WF NCH ﬁ.C5F5N is attributed to this. The difference

in the spectra of WF N‘V.LeCP and UFAI*e.py is not accounted
for by a difference in the temperatures at which they were

recorded since attempts to record the spectrum of VV Hiie 1ieCH

n

e . .
at a probe temperature of ~110°C procduced only the spectrum of

MeCN. The tungsten containing fregment ions observed in the

spectrun cf WFqN%e.py are similar to those obtained for

UPQLhe and HFQNMe.MeCN indiceting a similar breal:down patiern.

The most intense peskx in all {these spectra {zrart Irocwm thooe

atis

ok

~A
-\

St



TADLL 2.10

lass Spectrum of Wi, I .DVe

L

4
m/é* - Assignment Relative Intensity*
370 - WF4NCHB.CSH5N+ 29
351 | .WFBNCH3.05H5N+ - 100
341 | WF4w95H5N+ 72
322 . WF3.05H5N%j 10
321 WF3.0534N+ . 20
272 WFBNCH; e 95
262 WFZ 82
243 WF; , 66
224 | WFZ . 66
93 2 - 100
g 0555N+ v' 250
78 | 05541\1+ 100
52 o "043; ' | 200
51 - CAH; | 150
50 G#HE’ . 100
Lk , 2. : 80
38 o - o

* See notes i~iii in Table 2.2
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TABID 2,11
TR S

NeHMoRo Spectra of WE Wie.ny

194

; £ ) b 7 +36 . GPPm
1
R - o] ,
. H Lo75ppm - . ~NMe
65 4
695 pyridine
8.1

1

~due to the ligands) corresponds to the loss of one fluorine
atom from the molecular ion.

2) N.M.R, Spectra. Details of the spectra are precented in

Table 2.17,

19

F Spectrume. This consists of a singlet wiih no resolvable

fine structure., It was expected that satellites due to coupling

between the 19F and 183W nuclel would be observed as with

WF#NMeGMeCN. The fact that these additional péaks were not
recorded is possibly due to the spectrum being recorded on
sclutions of insufficient concentration.

1H Spectrum. ‘A study of this spectrum shows that the moiecule
contains pyridine and an -Nie group in a 1:1 ratio. The -Nie
signal at 0 = L.75ppm is broad with some fine structure visible
but due to lack of time no attempt was made to simplify the
;1signal in a mannper similar tc that achieved for WTQEMG.HeCN.

'1-1
‘Il spectra

Apart from that of [Re(hﬁe)ClB(PEtPh2)2], the
which have been published for compounds containing r-wW-I or

M=N linkages (M = transition~-metal) are all for compounds vhere

the alkyl group is ethyl or a higher alkyl. Thus comparicon



Compound & PP 6., Tpm
CEZ 043
WFSNEtz - 57 101 -onl
ERe(NNe/ClB(PEtPhZ)E] 0.8 L 89 ]
H_=Ta(1 . 58
CH3052~_ (NEt2)3 Lo Oly L6881

between the chemical shifts observed here for the methyl protons
and ﬁhdse found for analogous compounds is difficult. However,
an estimate of the likely chemical shift of the -Fife group

can be made. Table 2,12 gives defails»of analogous conpounds.
Nermally methyiene protons are shifte&'VO.Bppm downfield from
T.M.S. compared with methyl protous in a similar electronic
environment [111]. Thus cne might expect the methyl nrotons
~in WF4KMe.MeCN or WFQNMe.py tq have a chemical shift of about
L,5ppm. The fact that it is found at 4.75ppm in WFQNMe,py and
S5.75ppm in WFaFMeaMeCN is indicative of the elecironegativity
of the fluorine atoms which reduce the electron density around
the methyl group. Thé differcnce in‘chemical shift of 1ppm
between the acetonitrile and pyridine complexes is accounted
fof byAthe greater electron donating power of pyridine as
compared to acetonitrilg.

3) . Tnfrared Spectrum. To aid the assignment of bands in

- the infrarec¢ spectrum of WFANMe.py the compound with the deuter~ted
ligand was prepared as in equation (12):-
C5D5N
WP + (MeBSi)ZNMe - WF, Tie .CoDgl - 2le, SiF (1)
The complete spectra of both WFQNMe.py and WFqﬂﬁe.CsD5N arc detailed

in Table 2.13.



TABLE 2.13

Infrarsd Specira of HFAKKG.Ey and WFQ336~CSEE§
' WF#NMe.py(cm.~1) WFANMe.CSDSN(cm."1) Assignments
3080 brew v(C=H) in pyridine
2960 br.w v(CwH) in -lMe
1615 m 1575 m in-plane ring
vdeformations
490 w 1420 br,w "
1452‘m u
1350 w "
1320 m 1325 m
1224 w | 6(6#&) in-plane
1158 m "
1070 m
1017 m 1025=1015 br,w v(W=l) or v _(C-1t=17)
- 980 m - | | 6(C~§) out~of-plaxns
956 br,n 960 sh,w "
898 brm 898 w "
» 830 m n
760 br,n 740-720 w "
688 m
653 m 651 m‘ v(W-F) terminal.
600 br,s 600 br,s "
536 m

These spectra were recorded in the solid phase using both

nujol and fluorelube as mulling agentse.

*® e . . .
H corresponds to either H in Csdsh or D in C5D5N.
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The infrared spectrum of the pyridine molccule is

considerebly modified on ccocrdination. Detailed studies have

nace

o
[
-~

Lc

(1\

he gpectrum of pyricdine [112] and of its nmetal

&

}

complexes [113,11

e
1

o Assigunments made in these studies have
o

i

W
(9]

been used here to identify tke bands due to pyridine and deuteric-
pyridine. This means that the bands due to the WF [ie part
the complex can be identified and any change in their
frequencies from those in Uthxec feCl can be observed.

There is a small decrease in the WF4 stretching freguencies

o]
]

ing from the acetonitrile adduct to the pyridine adduct.

1
£
@

other bands corresponding to the VF NNe nart of the comple:x

are similar to those found in the acetonitrile adduct.
Consequenﬁly the bands observed at 1017 and 1025 cqu in the
pyridine and deuteriopyridine zdducts respectively are tentatively

assigned as v(W=W) or more likely v_ (C~N=W). A more definite

S

0

zssignment Cannot be made in view of the occurrence in this
region of pyridine bands which may pcssibly obscure any bu

due to the M=N vibratione.

Digcussion of Reaction Mechanisms for the Formation of WFQNHGQ

W, Nue MeCN and WF#HMe.py.

1) hP Nife. The good acceptor properties of WF6 illustrated
by the formation of complexes between it and N-donors [ 97 ]
suggest that a reaction between WF6 and (MeBSi)aNMe is likely

to proceed via a seven coordinate intermediate of the type

Me,Si
93 "\
NI—UWF

Me—;7
Me ., Si
2

(i) can then eliminate MGBSiF with the formation of the strong

6

Si-F bond acting as a driving force for the reesction., /A wrcocecs

(i)

7
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cculd then rearrange either inter-

to the forme

of Wr_ iileSdilie_

5

ation

eliminating ancther molecule of Ne_8iT. A poscible rmccha.iom
3 ¢
for an intermolecular rearrangement is:-
I’i’;e Me
I
Ne-51Me T F
Z
o F/ r 7 | 5 “ (
T
B \‘,,',r/ \‘ (g /_L‘\ /I‘ ~ oo
i) e ™ W - ”JT 1’ le.S:
.:.’/ \f . I‘/’/"l\:g. > .L‘/I\F/” F + o _)n.»
F ?—Ie_ 54 F
> l
I\Ie Me
For convenience thismechanism bas been illustrated using only
two molecules but more may be involved. A rearrangenent of
the

described could also lead to the formation cf a nitrogen-

bridged polymer but a fluorine-bridged species seems the more

likely from infrared evidence.
The reaction beiween WF 6 and (Ne381) Nie is very slow,
much slower than, for example, that between'WF6 and le. SlKEtZ

which goes to completion within 30 minutes. There are three

tages in the suggested process which could determine the

rate of reaction:-

i) The nucleophilic attack on tungsten by the nitrogen

lone pair of electrons.

ii) The decomposition of the adduct (he)ul) IMe NF6 with

elimination of MeBSiF
iii) The intramoleculér rearrangement of WF5NMeSiMe5.

Since no evidence is found for the existence of WF5NMeSiHGB
if it is formed it must rearrange quickly indicating that @if)

fast process. Complexes of WP6 previously prepared hav

“is a

been found to be reactive species Lo71, and the

skift of the WF6 has been found to change on coordination

(by 3-30ppz depending on the solvent used). Therefore, if

decomposition of the species (I 35 )2 10 s the rote

,
o\
]

o
I
!
[8)N
e



- &0 -

should be possible to detect its presence in the reaciion mixture

by H.m.Te Speciroscopy. (MeBSi)zNHe is a poorer nuclecphile

TS T, w3 A b N 3 + <

then 05M5H, MesN or MezczﬁEtZ all of which react quickly witl
-

WF6. This is because the lone pair of electrons on the nitr men
aton in (MeBSi)ZNMe telkes part in (p~d) v-bonding between the
nitrbgen and silicon atoms and it has been found that thoe

extent of this bonding increases with the number of silicon atous
bound to nitrogen [115]. Because of this it seens likely

that the rate determining‘step in the reaction between WF6

and (MeBSi)aﬂﬁé is stage (i), the nucleophilic attack of the
nitrogen atom on fungsten.

2) WF, Niie ,MeCN and WFABHetpy. The reaction between WF6 and

1

(MeBSi)ZNMe takes place immediately in the presence of either

MeCH oxr C5H5N which suggests that the solvents are concerned

in the raté determining step of the reaction in such a way that
‘they speed it up considerably. WF6 is known to be monomeric in
the liquid phase [116] so the solvent is not breaking up a
polymeric strpcture. In the reaction between WF6 and (MeBSi)gﬁne
some evidence was found for the existence of an intermediate

such as WF5NMeSiMe (see Results section). The use of MeCH as

3
a solvent and the mechanism of reaction of donor solvents in
general have been reviewed several times [116,117,118]. From
these discussionslit seems likely that the first stage in the
reaction between WF6/(MeBSi)2€Me/MeCN will be the formation of
“an zdduct WF¢ «MeCN which can react more easily with (MeBSi)ZNMe

than can WFé, This could be because:~

i)  The geomeiry of the seven coordirate adduct is more

suitable for the approach of the lone pair of electrens on the

nitrogen aton.
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i1 The flvrorine =i :
s Ahe ziuorine zteoms become mere lsbile on coordinntion

thus faciliteating fhe formation of Ne_Lip

|.

Rezc

]

ions of NF4NMG.MeCN. A preliminary investigatiocn was
made ¢f the chemical reactions of VFAKHe JeCN with & view to

substituting the fluerine atoms by other groups.

L) Feaction of WF+PNe¢heCN with Trimethylchlorosilane. Ko

reaction occurs between excess Me_S8iCl and WF Kile .MeCN in

3 4

the absence of a solvent. However, the additicn of 1eCN to

4

.on mixture containing Me,S8iCl and WF, Nife.lieCH procduces

2 b4

a dark red solution from which a brown crystalline sclid, 'af,

k‘ .

ct

{1,

& rec

can be isolated. Me,SiF is
» >

dentified as a volatile product

W%

50 replacement of fluorine by chlorine is thought to have tzken
place.
WF#NMO.HGCN + ste38101 b YA + e, SiF
~

Characterisation of Brown Crystallinre Solid, 'A'.

: . o . .
1) Mass Spectrum. This was recorded at €0°C and details of

the spectrum are given in the Experimental zection. A complex

pattern is observed for the highest set of pezks in the spectrum.

rises from the fact that, as well as observing the pattern

o
I
juy
0
o

due éo the four isotopes of tungsten, there is superimposed

on this a pattern due to the two naturally occurring isoctones
cf chlorine, 35Cl and 3701. This mekes assignment of the set

of pveaks unambiguous. They correspond to 140131\*01{;. Even though
these are the strongest peaks due to tungsten containing ions
ui the spectrum they are not very strong and it is poseible that
a set of peaks corresponding to W314NCH; could be obscrved if =
spectrum were recorded at an even lower temperaturc or a smaller

ionieing voltage. The fragment iones cbserved are of a similar



¥ird To those observed for VP Luc cerresponding te loos of

re -Idie group and successive loss of chlerine atoms.

\ .. S e e R 5
2 Infrered Specirume. This was recorded over the range

“ _ :
O 5¢ ==t o ~ 3 3 3 -

4000-250 ¢me  and the complete spectrum is given in the Experiment:

sectiocn. It is a simple spectrum similar in vattern to that

recorded for WFhNie.MePN It confirms that MeCl is still

coo:dinated to the tungsten atom in 'A' but a significant differenc.

tetween its spectrum and that of EF“‘UL.LCCN is the zbsence

of the broad band at NGOO»cm:'1 which was assigned to tungeten

fluorine stretching frequencies in WF, NMe.MeCHN. This is

L

v

replaced in the spectrum of '4A' by a very strong peak at 335 cn.
which is assigned to tungsten chlcorine stretching modes by
comparison with the spectra of WCl. and WFSCl L119,120] .

3) H.M.R, Spnectrae.

1E Spectrum. This was recorded in a solution of CDBCN. it
consists of imo broad unresolved pealks of equal intensity which
from their chemical shifts of & = 1.9 and 6.8ppm are assipgned
to MeCN and -llie protons respectively. The chemical shift

observed for the -NMe protouns is downfield from that recorded

is8

%]

for the -Nie protons in ¥ JFthe.IeCN (6 = 5.75ppm)e. Thi
consistent with the reduced electronegativity of chlorine
compared with fluorine in that the chlorine atoms will not

attract the lone pair on the nitrogen atom as much as the

fluorine atoms leaving a greater electron density around the

~-Kie protons.

19

T Spectrum., None was cbserved as expected.

L) Summary . Unfortunately an insufficient quantity of
material wes obtained to enable an elementsl analysis of the

compound to be carried out and time did not permit further
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study of the compound, but from the informetion availcble it
seems likely that the product of reacticn {(13) e either

IMe ,MelCl or WG, k“v,“ch The fac

<t

that all tke fluorine
atoms in HFQHEQ;MeCN are replaced by chlorine is deduced from

the infrared spectrum, and the presence of at least three
éhlorine atoms attached to tungsten can be assumed from the

mass spectrums. If the compound is wClsNMe.MeCN it is a derivative
éf W(V) and therefore paramagnetic., However, no signel was
‘obtained when an e.s.r. spectrum was recorded (in a chloroforn

selution) which suggests that the compound is VWC1, Mle.leCH,

4“
An additional reason for assuming that the compound still
contains W(VI) is that MeBSiCl reagts with HFé without reducing
it, compounds of the type WFnCI6~n being‘obtained £120]. 2n
elemental analysis of 'A' should confirm its composition as
”ClqueuMeCN.

B) Reaction of WF NHe.MeCN with Trimethylmethoxysilane.
Iy

Wheh WFqNMeeﬂeCN and a large excess of le SiOMe are sheken
together for 24 hours in a solution of HeCH, an orange
erystalline solid is obtained. Both the elemental analysis
and the mass spectrum of the solid are difficult to interpret .
suggesting that instead éf simple réplacement of the fluorine
atoms in quNMeGMeCH by -OMe, extensive rearrangement tekes
place possibly with the formatiocn of tungsfen oxygen double
bonds. Details of the elemental analysis and the mass and
infrared spectra of the orange solid are given in the Experimental
sectién.

The infrared spectrum of the compound has no bands in
the region 2500-2300 cul] implying that this compound has ro

) 3 T '
COOranatEd MeCN - unlike the other compounds examined. Therc



ere, however, two streng bands at 570 and 540 cqua The laticr
is in the range of & bridging Wel stretching mode while the

former may corresvond to a tungsten ovygen stretching vibration,

@
§od
o+
oy
e]
e

ugh these occur over a wide range of frequenciez (700-300 cm. )
f124]. WMedium 1nten°1ty peaks at 1065 and 1025 cm:1 indicate
thie presence of W=0 bonds.

sts

}Jn

COnly a 1H n.m.r. spectrum could be observed. This cons
of a broad singlet at 60 = 3.5ppm and a complex multiplet at
& = L.8ppm. These signals have a ratio of intensities of ~t ol
and from their chemical shifts are assigned to ~Nie and -Clie
protons respectively.

Chbviously this reaction between WF4L“e.IeCN and Me ; 1014
"will bhave to be investigated much mcore thoroughly before an
attempt can be made to identify the reaction product. All
that can be said at this stage is that it contains W-F, W-0OlMe
and possibly W=0 groups. A possible way to Study the reaction
would be to vary the amount of MeBSiOMe added to WFQGMeQMeCN
and measure how much MeBSiF is produced, This weculd indicate
how many fluorine atoms are being replaced.

c) Reactions of WF FMe.MeCN with Carbon Disulphide, Sulphur
g "

a

(‘\

Dioxidé and Sulphur Chloride Pentafluoride. These were investigat

in an attempt to carry out addition or insertion reacticns

eacross the W=N bond.

Both CS2 and SO2 were distilled onto~WF4NMe.MeCN and the

mlxtures shaken together for several days but WFuF] JeCN did

inot react with either of these compoundse.

A solution of WF;NMeoMeCN in lMeCH and 5F5Cl were lrrediated by
ulira-violet light for 24 hours but again no rezction tcok

pleace.



1as been suggested, at least with S0, [122]
-

process into an MeX bond (X = €, ¥ etc.) proceeds by an

U eyt T v e e - . 4 s X -
eiectrophilic atiack on the !M~Y bond and that the more nelar

P
et
¢
Il
=
!
&
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ond is the more easily the insertion process can take
place. Therefore, it is not surprising that there is no

reaction between WFQHMe.MeCN and either CS2 or'SOZ. The lack

of reaction between WF, NMe.lieCN and SF.Cl cen be attribuied to

4 5

on process being carried out i

}—‘

the drradist:

o]

the liquid yphare.

This would tend to suppress the formation of SFI and C1°

o

radicals from SF_Cl,

-

Rezciicn between Tungsten Hexafluoride and Hexamethyldisilaze

”5

1€ o

The reaction beiween WF6 and (le Si)zNH was studied with the

3

ainm of preducing another compound in the series WFLPNR° WF6

and (Me Si)2NH react excthermicaelly in the absence of a solvent

3
to produce a peach coloured solid and MeBSiF. Anzlytical
studies 6n this solid gave varying results. The golid is
insoluble in crganic solvents. It seems likely tha t since
the reaction is so vigorous, the N-H bond in (Me38i)2NH is beirg
broken with the probable formation of HF followed by decomposition
or polymeriséfion of the reaction products.

When WF, and (MeBSi)zﬂﬁ are mixed together in the presence
-of MeCN a more moderate reaction takes place and a brown
crystalline solid is formed, An elemental analysis of this
s0lid shows that it has the composition CZH5 ' BJ (WF HFE.HeCH)
instead of the expected WFhNH.MeCN. (No oxygen snalysis wes
performed,)

Characterisation of solid.

1) N.M.R. Spectra. No 19? spectrum could be observed althoush




T Spectruws of Wi, /(e 8i). 17 /i7eCl_ Product
G .

-

Sppm

2.1 O, in lieCN

5.2

61 © by T3a-n)  suEm
70

infrered and analytical evidence show that the molecuvle contains
fluorine atoms. The H spectrum was recorded in CDBCR.
Details of the spectrum are given in Table 2,14. The size of
the coupling constant measured [100] and the chemical shift

et . 14 s X Ao

cbtained for the N nucleus by decoupling studies [123]

suggest that the compound contaings the ammonium ion, NH

2) Infrared Spectrum. To help with the assignment of the

spectrum the reaction between WF6 and (MeBSi)ZNH wes carried
cut in the presence of CDBCN and once again a brown crystalline
sqlid was obtained., Details of the spectra of the compounds
prepared in both MeCNjand CDBCN are given in Table 2.15. The
presence of coordinated MeCN and CDBCN can be readily seen,
while tﬁe presence of the ﬁHZ ion is indicated by the bands

at 5270, 1680 and 1425 cm:1 21l of which are characteristic of
NHZ [109]. . The remainder of the spectrum is assigned by
comparison with the spectra of ’.'-IOFbr {94 ] and KO* WOFg [124].
These two compounds have bands at 1055 and 1005 om:'1 respectively
which are assigned as v(W=0)., Thus the medium intencity bands
at 1060 cm” with shoulder peaks at 1020 cns ! in both the

compounds rrepared here can be assigned es v(W=0), The ion
P rrep
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TAELL 2.15

Infrared Specira of NETWOPD.Melil and 1T WOFL.CD..CH
b J ¢t " T
NHlWOFE.MeCN NHZHOF;.CDBCN(cm:1) Assignments
3270 br,s 3270 br,s v(N-H) in HHZ
3020 w 3100 w
2942 m 2920 w
2850 w
2310 n combination
2300 m v(CEN)
2288 m "
2265 w v(C~D)
2115 w
1680 vbr,m 1680 br,w 6 (N=-H) in NHZ
1425 br,m 1425 br,n "
1362 w
1130 w 1130 w
1100 n 1100 sh,w
1060 br,m 1060 br,n v(W=0)
1020 sh,w 1020 br,m p (CH,)
940 m v(C=C)
850 m f(CDB)
700 s 700 s

650-600 br,vs

650-600 brevs

v(W=F) terminal

These spectra were recorded in the solid phase using both

nujol and fluorolube as mulling agents.



thus the presence in the specira here of very bread

given in the Experimental section, shows peaks which can he
attributed fo both WF and WOF species. The highest clLeerved

ion, wkich is also the most abundant tungsten containing ion,

-+ . 3 N
cerresponds to WFL.. In this spectrum there are several sets

5
of peaks having the tungsten isotope pattern which occur below
m/e = 186 (the atomic weight of tungsten = 183.86). These
have been assigned as doubly charged ions.

To determine whether the reaction product of WFG/(NQ2Si)2L;
° ~

contained an acidic N-HE linkage a reaction was carried out
between it and n-butyl lithium. No reaction occurs between
them, identical infrared spectra being obtained for the solid
before and after the reaction.

From spectral date and elemental analyses the rroduct

obtzined from the reaction of Wiy with (MGBSi)ZKE in the prescrce
of MeClN is formulated as the salt NHZ WDF;.MGCN.

The formation of the compound NHZ WOF;.MeCN rust have
arisen from impurities in the starting materials (MeBSi)ZHH

or MeCN. (MeBSi)EO is the most likely impurity in (MGBSi)?NH
and this has been shown to react with WF6 to form WOFI+ and &z
brown unidentified solid [126]. WOI"I+ reacts with the fluoride

ion, F~, to produce WOF; L97]1. It is possible, thercefore,

that moisture in the starting materials ceuld both convert

(MeBSi)ZKH to (Me,Si)ZO and react with WFg to form HF with thece
>
o
products further rezcting to foru NH# WCFE.heuN. Lncther

. + -, ~ s NtT R .
possibility for the formation of qu wOFS.meCN is that the
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expected product cf the reaction between VI, and (Le.3i) NI
g <«

]

in eCH, namely Wfqhi,MaCN, is indeed foried but that it

Aithough some salts of the anion WOF. kave been prepared
5 prel
previously there do not appear to be any examples where the

ien is coordinated to another ligand.

Leactions with Molvbdenum Hexafluoride., Reactions between HoF

and (le Si)zjﬁe in both MeCN and C.H_N were studied briefly

3 55

to find out if they proceeded in a manner analogous to those

between WF and (Me Si)aﬂﬁe. Preliminary results indicate

5
that MGF6 reacts in the same way as WF6 but that the golid
products of the reactions are more susceptible to hydrolysis
thzn those from WFG. The mess spectra of the solids show only
peaks corresponding to Mo-0O fragments but elemental analyses
suggest thai compounds MOFQNHG, M0F4Nﬁe.ﬂeCN and MOFANHe.py

are produced. Details of the analyses are given in the Experiment:.l

section. This greater susceptibility to hydrolysis is nct

surprising since M0F6 itself hydrolyses mcre readily than NF6 Lev .



It is obvious from the reacticns described in this chanpier
that a great desl of work remains to be done in this field of
chemistry. In particular the section of work which necd further

investigation are;=

1) EBesctions of WF Mdc.MoCH. It has been shown that the
filvorine atoms in WFqNﬁe.MeCN can ke readily réplaced by

other atcems or groups. A systematic replacement of the fluorine
atoms should produce a series of compounds from which geometric
isomers could be isolated and frem which it nizht be possible

to obtain moré'information avout the frequency of the {tungsten

nitrogen stretching vibration.

2) Preparation of NFMNRcMeCN. Cnly the compound where R = le
kas been isolated in this work., It sbould be possible by
using the appropriate starting materiols to extend the serics
to R = H, Et, Ph,

possible that as

o8

3) Other Transition-Metal Helides. It

well as M0F6 reacting with (MeBSi)zNMe in a menner analogous

WF6; other transition-metal halides such as KbF 5 and TaV5 night

do so0 as well,

L) Structural Investipations. 211 the compounds prepared in

this chapter are crystalline solids and although they are
susceptible tc hydrolysis X-ray studies on them should be
ﬁoasible. These would be interesting in that they would
'confirm the structures of WFQNMe and h-khﬂe JieCl giving the
degree of polymerigation in WF4KKQ and provide information

sbout the length of the W=l bond.



The solvents used, acetenitrile, pyridine znd carbon

o~

iigulphide were dried by standard methods [ 55 ] and stored

ﬂo

cver activated molecular sieves. Other starting naterials
were prepared or obtained as detailed in Table 2.16. Their
urity was checked before use by infrared spectroscopye.

T P PO R | - . . - - L e . ol
crences o tne E_-}&C'SI«'.{ are &lgo L,‘.n”l an deapnle 00,

1l

»

o)
o

Spectra and elemental analyses were obtained as in Chapter 1.
Tungsten was determined as tungsten triocxicde with cinchonine
Lydrochloride [127]1. Reactions were carried out in anhydrous
cenditions using glass reaction vessels with side-arms and

equipped with "teflon" stop~cocks. Solids were handled in a

1)  Preparation of WE, Rle.

(i) (MGBSi)ENMe (1.109 g, 6.33 mmol) was condensed into a
reaction vessel with WF, (2.195 g, 7.36 mmol) at -196°C end the

rezctanits were allowed tc warm to ambient temperature. 4 cream
coloured soclid was deﬁosited over a period of a week, The
volatile products were removed and separated by fractionzl
distillation into two preducts identified by their irnfrared
spectra as F6 [128] and 1.06 g (11.52 mrol) of heB ir [130].
The cream solid weighed 1.93 g. The theoretical amount
calculated for WFANMe is 1.82 g. Infrared and mass specira

"are tzbulated in tkhe Results section. Elemental analyses arc

)

given in Table 2.17.

(ii) F, PRl iIe3 (Ca?78 gy 4456 mmol) and Vig (1.40 gy L4.69 mncl

0 ] .
were condensed together at ~196°C and left to warm up to room



5

Starting MHaterial Sourge
WFé Allied Chemical Co. [128]
NGFG Canbrian Chenicals.. 1287
(MeBSi)zﬂH : Hopkins and Williams Litd. £611
(Me,Si), Nee Me.SiC1/MeNH, [ 61 ] £61 1
> 2 ) 2
CDBCN Prochem Ltd. icy ]
C_D_. B.D.H, - (1291
55
“puis Alpha Inorganic Ince
vMeSSiCl TaCels [1301]
. MeBSiOEe Pierce Chemicals L1311
1eNS MeNH,. / 32 2
MeNSF,, M vHZ/SFh L92] Loz ]
PNM 3 M E M 3 . " 2 E
FZ_ Nnesme3 .FZPC]_/ (he351)2me [28] 381
(FBP-NMe)z- FSP/(he351)2NMe L1711 L1321
SF._CL Peninsular Chemicals,

{1331




cé 5% % F% W4

1015 1,04 1485 26.30 63,66 - HFQNKe requires

508 1.71 L .83 2529 HFG/F??NxcsiMez rrcduct
6.57 T.43 5.36 24.9G WFg/ (Me5S1) Jife product
5.82 2¢13 27.93 "

temperature. They were left for one week, by which tiuc a
vellow solid had heen deposited. This solid had an infrared
spectrun identical to that obtained for WFQNMG prepared as in
(i). Details of an elemental analysis are given in Table 2.17.
The volatile products were not separated but were identified
from their infrared spectra as PF3 L1247, MeBSiF and-WF6i
their total weight waes 0,81k g compared with a theoretical
weight of 0.862 g based on a 1:1 molar reaction.

(iii) MelST, (0.67 g, 6076 mmol) and WF (2e3C g, 7477 mnol)
rescted helow room temperature to produce an crange viséous

iguid for which no 19F ne.m.r. spectrum could be cbtained and

=

+

which was assuméd‘to be the product of the polymerisation of
HeNSF2 -
(iv) (PFBNMe)2 (0.50 g, 2.15 mmol) and WF6 (0,77 g, 2,60 nrmol)
were condensed together and the reaction ﬁixture allowed to
stand at room temperature for eight days. An ezamiration

of the reaction mixture by infrared spectroscopy ghowed it

to consist only of the starting materials. An excess ol HeCl

was then sdded to the reaction mixture but again no reacticn

cecurred.
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TABLE 2.18
- Elemental fnalyses of N?qﬁﬁc¢ﬁeCN

o HS% N F% W

10.91 1.82 . 8.48 23,03 55.75 WFane~Mecu requires

10.70  1.89  B8.2L  22.79 WE /T, PiMeSilies then + MeCH
7092 2.5G  7.12 22,03 57.00 on

.71 C.79 7.65 30.95 WF6/(MeBSi)2HHe/MeCN

10,12  1.87  7.88  26.88 oo

8.66 1.88 7.97  27.46 n

Si)?l‘n‘ie (0056 Es 3-20 mﬂol)

2)  Preparation of UF, Mo leCl.  (ley
and WF6.(1.22 [ 4.09 nmol) were condensed together with an

excess of ¥MeCN., They were allowed to warm uwp slowly and atfn—hboc

a reaction téok place with the formation cof an orange solid,

The mixture was shakeh for one day to ensure complete reaction
whereupon 1,08 g of WFQNMe;MeCN and 0.51 g (5.90 mmol) of MessiF

were obtained. Infrared, ﬁ.m.r.‘and nass spectra are tabulated

in the Results section. Results of elemental analyses on MLAT_. LeCl
p;epared in this way and by adding MeCN to WFQEMe prepared

as in 1 (i) and 1 (ii) are given in Table 2.18.

3)  Preparstion of UF Nfe.uy. (MeBSi)ZNMe (0.62 gy 3.54 mrol)

and WF6 (1.13 g, 382 mnol) were condensed into a reaction
vessel together with a large excess cf 05H5N. The reaction
mlxture‘was allowéd to warm up elowly and tben shalien to
ensure complete reaction. When the volatile products, M SiF,
excess WF6 and C5H5N, were removed 1.20 g (3.30 0 mmol) of &«

black solid was obtained. This analysed as Fh‘”H,.CSH H



[ PR ~t ~ - . —_ - ~ PP S v .
(round: C, 19.71: K, 2,56; T, 7a77: F, 20.3%. O, FHoF 0.V rtecvires

» ¢ a [SI R P
Cy 19.507 I, 24175 L, 7.61; F, 20.650) Infrared, n.u.r. and
mazse speciral data are tebulated in the Results secticn,
L) Reactions of WF IlMe.leCN,
‘ —Lf

(i) With Trimethylchlorosilane¢ TeBSiCl was distilled onto a

PR S T N P AR YN e~ - PR [ BTN K PR LI
mighty vtien the volatile productc were rencvad aend ildeniificd

o
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nirared spectra as Me,SiCl and lMe_,SiF., The nmixture

3

of these two could not be separated satisfactorily. 4n orange
crystalline solid formulated as WClhﬁﬁe,HeCN was left in the
reaction vessel, It melbted with zpparent decomposiition at

18CG7°C, Its n.m.r. spectrum ic given in the Resulis ssction.

Mass Spectrum of WC1, NLP.lCCh (1z/e, assignment, relative

intensity) 326, WC1,NCH, 100; 297, wcil, 4O; 250~255 (complex

, 3 3?
multiplet), 2, 5; 260, w01;, 403 237, weant, 103 223, weit, 30;
140~160 (compiex multiplet), ?, 205 128, 2, 20; 127, 2, 163

41, uHBCh , 2003 LO, CHZCN+, 100; 39, CHCH™, 65; 37, ci¥, 4o;

+ . ; . L ~

25, C1", 120. These are the only peaks present with >1%
. - 186, .
relative intensity of /e >28. m/e values are given for 9]

Infrared Spectrum of WCL, NMe.MeCN. 2315 s, 2290 s, 1310 s,
“* — — —

-1
1030 w, 950 m, 400 w, 335 ¥s cu. .

e

N

ii) With Trimethylmethoxysilane. HFQNMe.HeCN was shaiten

with a Larae excess of hcj“*Oue in a eolution of MeCN. The
vclatile products were identified from their infrared spectra

" as NeBSiF and MeBSiOHe while an orange crystalline solild
remained in the reaction vescsel. An elemental analysic of this
orange solid gave the following resulis:- C, 14.57; L,l.223

4,993 F, 10.14%. This is & retio of atoms of C
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Izss Specirum of Sclid, 329, H(QE@)AJCHW, 751 517, MF2(Ohe)f, 1CC
5 4 )

and Nt g e\ s s ,

298, HF(OL@)B, Loy 283, hUF(ume)q, 1005 271, WOT, (Clie &), L2

- ST e NCF - .+ . e ey +

237, WO F", 305 147 iOra(Cme)zT, /03 31, Cke”, 60; 29, W Ciiy, 160,

Cther ions of 1«5% relative intensity are visible from m/e = C0
to w/e = 45. However, the spectrun of the came sanple was
recorded several times but consistent m/e values were not
obtzined for these additional pealis,

infrared Spectrum of folid. 2930 m, 2822 w, 11460 w, 1438 w,

1315 m, 1168 @, 1090 sh, 1065 m, 1025 m, 605 w, 570 m, 540 m,
503 w oms

5)  Reaction beiween WF, and (Me_.Si) NH. When (HeESi)aﬁﬁ and
- ) e

WF6 were mixed together in the zbsence of a solvent an exothermic

. ' o .
reaction took place «=40 C to produce a peach coloured solid,
which was insoluble in organic solvents, and MeasiF.

Infrared Spectirum of Solid. 3280 m, 1620 W, 1420 br,s, 1260 n,

1175 m, 1100 br,m, 1020 w, 8390 sh.w, 850 s, 760 m, 660-600 vs,

4L50~430 W cms

6) Prevparation c¢f HﬁfUOT: 1eClis (MGBSi>ZNH (0.57 gy Je34 mmol)
T - .

and WF6 (1.187 g, 3.98 mmol) were condensed together with MeCN

and allowed to warm to ambient temperature. 0.57 g (6.25 mmol)

of MeBSiF and 1.08 g of an orange solid, formulated as NH;WOFE.MQCN,
were obtained. The solid melﬁed with decompesition at 114000

The infrared and n.m.r. spectra are given in the Results section.

St . -
Mass Spectrum of Pn,WOFc.Me Neo 281, WFs, 100; 262, nb;, 50;

259, WOFY, 50; 243, WFB, 485 22k, WF,, 503 221, WOF", Lj

5 3
' ) . 2
205, WFT, 30; 186, W', 5; 132, LL4+, 105 12145, W', k;

41, CHEC” , 3003 4O, CHZCN+, 200; 39, €HCHY, 200.

S . .
Results of elemental analyses on Lh4w0r5.keCH are piven in

Table 2.19,



Zlemental inalyses of ‘ﬂfFuF:.VeCY
% 1% o % o
6.78 1.97 791 26.64 NH;WOF;.MeCN requires
6.60 1.48 6.98 = 23.25 Found
6.9 1.6 8.19 27,80 "
645 1.21 750 25469 ”v
7«20 23.20 i

N - 4. -
7) Reactions of NH'WOF..MeCH,.
P

by

jode

n-butyl lithium was carried out in a specially constructed

reaction vessel (sce Figure 2.3).

FIGURE 2.3

Sintered glass filter

n-Butyl lithium in hexane wés put into one side of the reaction

~

vessel which was then taken into a 'dry-box' and EHZWJPE,MeCN

put in the cther side. The n-~butyl lithium golution wie jouured

the s0lid and the reaction vessel shaken for 24 hours. The

licuid wes then separated from the solid using the sintered

(1) With n-buiyl lithium., The reaction between NHZWOF;.MeCN and

O



gless fulter and the infrared syectyum of the sciid was recorded

M

This proved to be identical to thet of the starting eolid
NE WOTL W MeCH,
k75
(41} With pyridine. thuOFB MeCN (1.1 g, 3.10 mmol) was condenced

with excess pyridire and the reaction mixture shalen at roem
temperature overnight whereupon 1.13 g (2.95 mmol) of a dark
L . N S .
gsrey solid, formulated as NHQWOFU»py, were obtained. The
>

reaction was repeated using deuteriopyridine in place of

pyridine.

3 N wter - '-
Infrered Svectrum of NthOFB"Q" 3100-3CC0 br,w, 2150 br,w,
1608 m,; 1550 br,w, 1490 m, 1450 w, 1220 m, 10%0 m, 1065 n,

1040 m, 1005 1, 890-860 br,m, 750 s, 650 s, 68O s €40 s,
595 vg cm':1

In rared Spectrum of NH %UE

52CsDoN.  3100-2900 bryw, 2100 w,

1570 br.m, 1450-1420 br,w, 1350 w, 1025-1015 br.m, 895 w, 830 w,

740-720 br,m, €38 s, 595 s, 540 1 cm.

7~
;...

ii) With trimethvlchlorosilanca. NHZWOFggMeCN (0.203 gy 0.57 rmcl)

ras condensed with excess MezSiCl and the reaction nixture

7
shaken at room temperature overnight. An infrared spectrum of

the solid meterial in the reaction vessel was identical to

tﬁat of the starting material, NHZWOF;.MeCN, indicating that

no reaction had occurred. When eCil was added to the reasction
mixtvre and it was again shaken 0.81 g of a dark brown crystallirc
was obtained. On the basis of infrared and n.m.r. spectral

data the solid was formilated as HEWOCLZ.lieCK.

Infrared Spectrum of NH;WOCl;.MeCN. 2200 w, 2930 w, 2508 m,

2280 m, 1680 br,w, 1405 br.m, 1080 8, 1030 v, 975 w, 25 n,

-1
850 vbr,m, 338 br,vs cim.



TS o crr e bl - 1 - e
MRy Spectrun of NH'WOCIT MeCl, 'K &, = 2.1 iZeCHN
e ) st
5.2
1. o+
S{H~N) = 5LHz 6.1 iTH,
1
7.0

8)  Reactions with MoFsu

(i) (HeBSi)ENMe (0.40 g, 2.29 mmol) and MoF (0.70 g4 3.30 mmolﬁ
were condensed together and allowed to warm to ambient temperaturc
whereupon a dark brown solid was deposited. An elemental
arnalysis of the solid gave the following results:~ C, 7.58;

H, 1.55; N, 5.92: F, 35.i8. CH3F4NM0 requires: C, 5.95; H, 1..9;

I, 6.963 P, 37.81%.

Infrared Swpectrum of "MOFQNMGE’ 2920 vw, 1530 w, 1265 Wy, 1020 nm,
-

950 w, 630-610 br,s, 520 br,m cn

(ii) wWhen (e Si)ZNHe (0.59 g, 3.37 mmol) and M0F6 (0.8 g, 3.81 mmocl)

3
were condensed together in the presence of MeCN 0.77 g (3.2 nmol)
of a dark brown solid were obtained. Axn elementzl amalyeis of

the golid gave the following resulis:~ C, 17.33; H, 2.99;

M, 11.65; F, 28.03. C,E.TF

QHZHO recuires: ¢, 14.88; E, 2,48;

N, 11.573 F, 31.41%.

Infrared Spectrum of ”MOFANEG,MeCNQ 3015 w, 2950 W, 2317 m,

-1
2297 m, 1410 w, 1360 w, 1021 w, 940 w, 718 w, 590 vs cu.
(iii) Excess pyridine was distilled onto "NOF), MMe .KeCI" and
the reaction mixture shaken overnight. A black solid was
ocbtained which had the following elemental analysie:- C, 34.50;
H, 3.61; Ny, 11.00; F, 25.07. C6H8F4N2Mo requires: C,25.71;

H, 2.86; N, 10.00; F, 27.140.



CHAPTER IIIX

THE REACTIONS AND VIBRATIONAL SPECTRA OF SCME

DERIVATIVES OF SULPEUR HEXAFLUORIDE.
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IETRODUCTION

The sulphur flucrides which are thermodynanically stable
with respect fto the elements sulphur and fluorine are those
found for sulphur in the valency states of six or four while
divalent sulphur fluorides readily disproportionate. For other
sulphur halides,.unless other ligand atoms such as oxygen are
present, the stable valency state is two. The only birary
halide of tetravalent sulphur is sulphur tetrafluoride, SFH'
This is a very reactive gas, the chemistry of which has heen

studied extensively and has been summarised in several review

)

rticles [135,136].  Sulphur hexefluoride, SF¢ and disulphur

decafliuoride, 82'10 are the two binary fluorides of hexavalent
sulphur. They can both be preparcd by the fluorination of
sulphur under.varying conditions and were thought initially to
have similar chemical properties.  However, SQF1O was found

to be a powerful oxidising agent and it undergoes reactions

Ll

with halogens and unsaturated hydrccarbons [135,1371, SF¢»
on the other hand, has been found to be almost chemically
inert., Its reluctance %o undergo chemical reactions has been

explained in terms of kinetic rather than thermodynamic factors,

since, for example, the free energy of hydrolysis of SF6 is

favourable:=- . i

SF¢ (&) +  3H,0 ~» 80, &+  6HF 26° = -48 Kcal mole™
The reaction, however, does not take place. Direct attack

of nucleophiles, such as the hydroxyl jon, on the sulpbur aton

on’covalently saturated SF6 éould only take place by extensive

electronic rearrangement and may be expected to be difficult.

This means that substituted derivatives of SF6 cannot be meade fron
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SF6sother routes to them have had 1o be devised. Lower fluorides
cen be attacked and are reactive. Similaerly, exchange of

~

1

luorine occurs readily between SFQ molecules but not at all
between those of SF, [138]. SFg does undergo reactions with

eiectrophiles, of the type:-~

2c0% g
SF + Alcl, - I ALF + C1 + S.CL
3
6 4 2L hr 3 2 2772

and it has been possible under extreme conditions to accomplish
rezctions between SF6 and nmetals [1407.

A considerable effort has been made to prcduce substituted
devivatives of SF6 with a view to exploiting its stability for
industrial purposes. This has resulted in. the syntheses of many
perflucroalkyl derivatives of SF6, the properties cf which have
been reviewed several times [141,142]. Since SF6 itself was of
little use in syhthesising them most were made by the oxidative

fluorination of aliphatic thiols and disulphides. These

L1391

perfluorcalkyl compounds, R_.SF., turned out to be rather unreactive

57
ron-toxic liquids and gases. A study of their n.m.r. speétra
showed that the SFS group contained two different types of
fluorine atoms with the stereochemistry based on a pyramid
having‘four equatorially and one axially substituted fluorine

atoms, as shown in Figure 3.1

FIGURE 3.7
F

l:}?e\ls//l e

The synthesis of the compound sulphur chloride pentafluoride,
SFﬁCl, meant that a precursor was available for the preparation

of inorganic and organic sulphur pentafluorides. SF5C1 was

first reported by George and Cotton in 1959 [1L3]. They passed
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o &nd Clz through a menel tube at 35C7°C and
venteziively identified their product, on the Lasis of mass

sreciral evidence, as S5F_.Cl. Roberis reported in 1960, as a

2
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reacticn involving the fluorination
of SC1, [144]. This was characterised by infrared spectroscopy
as 5¥.Cl and proved to be the same compound as that reported

by CGeorge and Cotton. Since then the most succeusful routes

to SF.C1 are those discovered by MHuetterties and co-workers:-

aF, + c1 + CsF —— SF_CL + CsCl [145]

2 5

end a revised method by Roherts et ale:~

SF. + C1F oy 3F_Cl L1144

& 5
SF_CL is a colourless gas (B.Pt. = —2100) and its structure,

which hes been established from a study of its microwave spectrun
{1471, is that of a monosubstituted octahedron.

ability

[0

The chemistry of SF501 has been dominated by it
to form, with ease, the SF5 radical. This can be achieved
3ither itherrelly or photechemically. It bhas been found that
although SF5Cl does not react with saturated hydrocarbons
it sdds across multiple bonds in unsaturated systems such as
clefins or acetylenes in reactions of the type:-

s“5c1 - RCH=CH, H, 5T,
The products obtained in these reactions with olefins or fluoro-
olefins are generally those expected if SJBCl reacts by a free
radical mechanism. Isomers can be obtained and separated by
gas chromatogfaphy but so far no compounds have been synthesised
containing two -SF5 EroupSe

Tvidence for thc existence of the
discussed by Muetterties et al.[451. £

Ca

SFL gave o white powder which analysed as 5;45. They concluded

w—3  RCEC1-CH. SF L1548,

i .‘ ‘:,'—!
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hat the compound wae a salt containing the anicn SFL. Cl.,
L,
¢

ok

converted this sali to SFL.CL at 607C; a femperwture much lcwer

than that reguired for the synthesis involving S¥ CeF end Ci..
o

L{_S

+ . R . .
is an internmediate in

Trey therefore suggested that Cs™8

o
5

this synthesis and that the rate determining step is the absorption

of SFQ by CsF:~
Cel  « ST, - CS+SF;

Trhe anion SF; has also been made by the reaction:=-
] LT ' X \+- - -
SF, +  He,IF — e, ISFy [150]

Several reactions have been reported where it is not clear
whether SFSCI was reaclting as SF; and Cl°® radicals, although

in some cases it seems likely that it was. These reactions

care described below:=-

i) With CO and Fe(CO)E. Attempts to prepare iron carbonyl
derivatives ccnta#ning —SFS groups by the reaction of SF5Cl
‘with Fe(CO)5 were‘unsuccessful. The only producte isolated
were brown solids containing terminal CO groups but no S-F bonds.

When CO was reacted with SFBCl, COFC1L was the predominant

product [151],

ii) With BE(NHealz. Fluorination of BZ(N}iea)2 with an excess
of SFSCl geve BF}’ C12 and SFq [152].

i

iii) With PhFC:CHPh.P%(PPhBl . Vhen PhHC:CHPh.Pt(PPh3)2 and

SP_C1 were mixed together a high yield of an orange solid,

5

PtCl(SFS)(PPhS)E, was isolated [153].
iv) With Amines. SFSCl and MeBN reacted in the following way:-
SF.CL + 2MMe, ‘ :;go SF501.2NMe3 (vhite solid) [an]
25
SF, 4 (e 1), CLF

o2

It was suggested that the white solid had the formula
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e = M S S o P T ™ N PRI
L.,zl.fhwz) Cl CF_, anzlogous to Cs SF_ and Ke.N+bJ . viith
. o ~ 2 7 & 5
& primary amine the reaction wac as follous:-
257 0 Melid Mel=N 01,1 reli
25F_CL + LiteNH -3  lel=Rc JICLEF + MelH, .TICL +

2
MeXN SF2

F3

he compound SFEBr has also been prepared and rezcticns

similar to those of SF.CL can be carried out using it [154].

5
SFBI nas nct been isolated,
' The synthesis, in 1969, of CFBSFqu by the following
reaction,
CF,8F, + Cl, + Cs ) CF,SF 155
3SF3 > F > FSF, C1 £155]
made availszble the grouping -SF, ClL which could be introduced

Tk
into organic derivativese. Keactions similar to those carried
out for SF501 Lave been studied using CFBSFQCl [156].
It was the aim of the work described in this chapter to

extend the chemistir 8% ' wdyid its reactions wit
ternd th h try of Q"501 by studying its reactions wit

scne phosphorus(III) derivativese. These were chosen, rg a

&

preliminary investigation in this department of a reaction
between &iphenylchlo?ophosphine, PhaPCl; and SF5C1 suggested
thet thé oxidation of P(III) to P(V) was teking place [157].
It was thought that such an oxidation process could tzke place
by the addition of SF% and C1°® radicals to the lone pair cf
elecirons cn P(III) and night lead to P-S-~F linkages.

When this work was started little informatioen had keen
published ebout the infrared and Raman spectra of substituted
SF6 derivatives. Detailed studies were confined to SFECl [1%33] and
CF_SF {1582159]. Therefore, the vibratiocnal spectre of a

3775

series of substituted SF6 conpounds have been ¢

L
ot
1
Ce
)
(e
jo9
L]
_;
oy
o
o)
iy

- : B_GF CF_CT v+ h wrhi T
chosen were CFBSFécl, LFB ;hurauFZCl, beth of vhich were

: in this Gepartn SF_CF.CF snd ST _CH=CH.. Sinc
prepared in this gepartment, uF5C~2Lf201 nd _BVL Cla Since
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the commencement of this work two papers have appesred containing

3]
O

n similar S(II), S(IV) and S{VI)
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FhPCl

MePC 12

P(OMé)é..

_P(NMeZ)B

PPh., -
3

BC1

$ ol

N

L A

St i)
Me PF1+ + SC...Z

(MeO)ZPonn“ (OMe)a? + SF

Pr
2

+ C1 + S +

bZP(Nl‘-Iea)3 s SFQ +

no reaction

no reaction

L+ 012 + white soliid

b

white solid

brown colic
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FesULLE

Rezetions of Sulrinr Chioride Pentafline e
A) With Phenvl- and Divhenvichloronhosvhine. 5Cl rcacts

with phenyldichlorophosphine, PhP012 and diphenylchlorophosyhine,
thFCl in a 1:1 molar ratio below rocm temperature Lo produce

the fluorcphosphoranes PhPFLXr and-Ph,PF3 respectively., In

zddition to the r(V) fluorides, SCL SF.CL and & trace

2? 5
amcunt of 012 are observed as volatile products in each cacse.

It has been noted that when a large excess of PhZPCl is reascted

with SFSCI some SFLP is formed [157],
t

Methyldichlorophosphine, UWhen 0“50 reacts with

s

s
o

o

methyldichlorophosphine, EePClz,%he phosphorane MePF& is
observed as a volatile product along with SClZ, Cl? and excess
SF_Cl. However, the major procduct is a white solid soluble

DA
>
in MeCN which analyses as CH Cl_.FP.  Tts infrared spectrum

243775

indicates the presence of P-Cl and P-F bonds. The complete
pectrum is given in the Experimentzl eection., When the 1H
and 19? n.m.r. spectra were recorded in CDBCN, no 1917‘ signal
wes obtained and the 1H spectrum consisted of a single peak
2t & = 2.72upite This is a rather low chemical shift and may
correspond to a grouping such as ClCHa-. It is thought that
this compound is a salt but further investigations of its

properties are necessary before it can be identified.

) With Trimethylphosthitee. SFBCI and trimethylphosphite,

: P(OM8)3’ react exothermically below room temperature to
produce a complex mixture of products. The volatile products

consist of SFA' S(O)F2 (2. trace zmount), Cl, and a colourleos

liquid which is not very volatile. Two solidr are forized; &
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te so0lid soluble in MelW and & trace amcunt of a vellow

whi
sciid which Is scluble in C3, and is assused to be sulphur. The

white solid was not identified. The n.m.r. spectra of the

cclourless liguid sre given below:-
1. - ; :
H b = 3,55 doublet J(FE) = 14.,7¥z
19 . , i o
F b = =62,2 doublet J(PF) = 733Hz

The 1H cherical shift suggeéts tﬁe presencebof a methyl gioup
attached to oxygen while the coupling constant is consistent with
the presence of P-OMe linkage., The existence cf P-F bonds in the
compound is confirmed by its,19F n.m.r. spectrum which is a
~doublet, There are no peaks.in the infrared spectrum of the
cormpound (detailed in the Experimental section) in the region
1%50-1250 cmtq,‘which eliminates fhe presence of a P=0 bond
in the molecule., The n.m.r. parameters obtained here are
identical to those observed for a product of a reacticn between
SFqland P(OMe)3 whigh occurred at;»-100°C when the reactants
were allowed to warm uﬁ from =196°C [162]. The product was
not identified but was postulated as (MeO)ZPFZOPFZ(OMe)a formed
byi=-

2(Meo)5PF2 ' ---> (11e0) ,PF,OPF, (Ciie) , + 2Me,0

Dimethylether was identified as a prcduct., If the compound

Wefe’(MeO)zPF OPFZ(OMe)2 it would be the first example of two

27
five coordinate P(V) atoms linked by an oxygen bricge. However,
it seems probable that it would rearrange and more likely

structures for the unidentified phosrhorus compound are:-

Mw))?—--—-o | ey g
1| coe)
Fe!;—-éfome or L 2
\F hea

2



Phese are censistent with the infrored and num.r. srectra
p

ctserved but the reaction will Lave to be studied in nore

il vefore an unambiguous identification can be made.

D) With Trisdimethylzmirovhosthinre. The reacition between

<

eminophosphine, P(NHeZ)T,and SF-Cl was only studied
J .

briefly as they react explosively in glass reaction vessels.

men the reaction is carried out in a monel bomb a mixture of

three volatile products is obtained, SF 'S(O)FZ’(a trace amount)

41
anrd & colouriess liguid ullch has an infrared spectrum very
similar to that of FZP(NHeZ)5 [163]. 4 yellow-brown unidentified

solid dis left in the bonb.

) Other Reactions. SF_Cl does nct react with either PCl3 or

5

PPh., .
: 2

Discussion of Reactions. SFECl does not add to the lone pair

of electrons on P(IIIL) as SF; and C1* radicals but does act
&5 an oxidative fluorinating agent. This oxidation of F(III)
to P(V) takes place under very mild cenditions. Similar
vidative fluorinations of the type,

3‘?13012’ + LM ﬁB — s'qu + 2N+ 21-:(:15 M= Sbhyhe
take placew50°C over a period of two hours [1643. These reactions
were investigated by Schmutzler who also studied reactions
between chlorophosphites, (RO)nPClB-n’ dialkyleminodichloro-
phosphines, (-‘2-1) 01-, o and Group(V) fluorides [165,166]. e
found no evidence. in these latter reactions for ozidation-
reduction processes leading to fluorophosphoranes. Some
reaction, however, was cbserved between (nBu)BP and .'SbF3 but
| icentified [167i. Schmutzler

the products could not be ice

concluded that for cxidation to teke place it was necessary



te have electron denating substituents and at leasi ere chlorine
citached to phosphorus. The mechazism for the oxidative
fluverination process is thought to be via an adduci oi the tyye
ol ??QHFB followed by fluorine chlorine exchange.

. Ir view of the fact that the reaction between 5F_CL and

5

P(CKe)B produces the same product as that between SF, aund P(OMG)B,

- - . L‘F
it scems likely that SF, is an intermediate in the fluorination

Iy
reactions described in this work,

SJ& has been found to function as an oxidative fluorinating

agent towards phosphines of various kinds to produce fluoro-

T + o . o P—u "'
PPhB UFQ J—, Ph3 F, {1681

Fairly stringent conditions were required for PPh5 {(v»10 hours

at 100—15000)'but PMe3 was readily converted at room temperature

Some SF501 was recovered in most of the reactions here
withlphosphines which suggests thait they do not react in an exactly
1:1 molar ratioc.

A possible reaction scheme for these oxidative fluorinations

is the addition of the radical. F® to the phosphorus atomsi-

- . . " ™ q . oTe

thQlZ + SF5C'1 — PhPF 2012 + SE L + pClz + &F
L nhd PR ’

APh:FZQlZ + SF4 + ¥ —— Phi L + SClZ + Cl2

The addition step (i) could take place with each of the phosphorus
compounds. -The intermediate formed by the addition of 2F° to
P(OHe)3 would be thé alkoxyfluorophosphorane FZP(OMe)3. Compounds
' 0f this type have been shown to be thermodynemically unstable [170]
and it is likely that FEP(OMe)E, if forred, would rearrange

to form a cyclic compound. The reazction schene would stop at
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white golid in the resction of SFECl with I-;?ePCl2 riey be duve to
the *rie“méuvate reactlvg with the chlorine produced it is
possible that the methyl group is c!? lorlndted.

An alternative reaction scheme is possible. The radicals
F°and C1° could 2dd to the P(III) atoms:-

Ph_PCL + ‘ SF501 — PhZPFFIZ + SFQ (i)

Ph,PFCL, '+‘ SF,, — Ph, Py + oSCl, (i
A reaction scheme of this type would explain why no 8012 is
cbserved when SF5Cl reacts with P(OMe)30 FCl’P(OMe)3 could also
réarrange to form a cyclic compound, therefore, the‘reaction.
wouid again stop at (i). Iu is posegible that both reaction
schemes can and do take place.

The fact that no reaction is obscrved with PC l3 suggests
that, as with the chlorophosphites, (HO)HPClB“n, studied by
Schmutzler, tﬁevphosphprus atom nmust have at least one electron
donating substituent before it can be oxidatively fluorinated.
Presumably the electron donating group is necessary to increase

the basicity of the P(III) etom. It is probkable that the

bulkiness of the three phenyl groups around phosphorus in PPh3

o

is responsible foxr the lack of reazction between SF5Cl and PPh3.

Perhaps the use of more stringent conditions, such as those

used in the reaction of SFI1L with PPhB, might cause them to

reacto.

The mechanisms proposcd above may be checked in several



- 112 -

wayge The rearrangerent of the intervediate, either ¥ F ¥ (Obe\
<o

. YOI - : 3 s
er FCLF(Oe) ., to forw a cyclic compound should Le accemvanied
. =z - !

+h

by the elimination o

either IeF or FeCl. The presence of ihese
could be detected by infrared spectroscepy.

PJPCNP and SF501 were condensed into an n.m.r. tube and

allowed to warm up slowly in the n.m.r. spectrometer from -?800
220n . : . - . .

te +357C in an attempt to identify any of the intermedisate

pecies postulated, from their n.m.r. specira. However, only

o

2

F5Cl and Phin.were observed, but a reiﬁvestigation of this

and the other reactions, under more controlled conditious,

perhaps enmploying a solvent to moderate the speed of the reactions,

might produce some evidence for the existence of the intermediates,
The reactions described here involving SF5Cl as an

oxidative fluorinating agent certainly suggest that the chemistry

of SF5Cl is not confined to that of the SF% radical arnd it may

prove useful as a fluorinating agent when very mild conditions

are required,

Infrareé and Raman Spectra of CF3§§¢§£.

When the compound CF38F4C1 is prepared from CFBSF3’ CsF and
there is the possibility of the formation of both cis and
trans‘isomérs. Trans isomers have becn reported for XSFAY,
where X and Y were two perfluorcalkyl groeups £171,172,1731, but
N.m.r. spectra of disubstituted derivatives containing 5-0
 lirkages (X,Y = 0S0,F L1743, 0S¥ L1751 and OCF, [1761), showed
the presence of only the cis isomers. The only revort~d casc in

wnich both of the poéulb] omers of a compound XHTAY brve beocn

isolated is that of (CFB)ZCFSFqN_ST (177) where the iscmers



were seperated by gas chromateprarhy ioed by
s 1O
n.mer. spectroscepy Yne F n.m.r,

is

only the trans isomer was found, that the cis isomer was fermed
butvits presence was not detected by n.m.r. spectroccopy. The
~SF4~ group of the cis isomers c;ntain three magnetically different
types of fluorine atoms resulting in second order spectra which
have a greater number of lines than the first order spectra of the
trans isomers and therefore are more difficult to detect [177].

3 4 1 were exzmined to

confirm the structuvre of trans CF bhq

The vibrational Qpectra of CF_8

The trans isomer can be treated as a molecule possecsing qu
symmetry (cee below) while the point group for the cis isomer

is C - TUnder C

o b syrmetry three of the fundamental frequencies
v

(b1 and b,) are Reman active but infrared inactive, and one (aP)
<

is inactive 1n boith. For Cs symmetry all the fundamentals are

both Reman and infrared active. The nunber of polaricsed Raman

lines also differ significantly; fifteen for CS and six for Chv'

Experimentally, therefore, the two point groups qu and C_ are

readily distinguishablee

inalysis of Spectra. To find out the number and kind of vibration:sl

modes expected for trans CFBSFLCI the molecule can be coansidered
1S '

as counsisting of two parts, XSFucl and CF3. A similar analysis

has been carried out for CFBSF5 [159] where the assumption made,

that the CF,- group is free to rotate about the C~3 bond and can

3

. r~‘-' 4 o 7 Db Oieks ~ . -
therefore be considered as a single substituent, woo rhovin to

be justified. XSF,Cl can then be expected to obey the celection

i v tle
rules for a molecule of qu symmetry and the CF, ., C?v

gyrmelry,



Ite irreducible representation of internal woifion Tor

an(QQntIH} + ag(inactive) + 2b,(R,dp) + b, {,an) o+ Ye(,dn
Thiz dincludes three modes arising from the interaction oflCFB'and
The 1“reaU01olo representation
is worked out‘in detall in Appendix 1.

Table 3.1 lists theAcompleﬁé'spectra observed for CTB”FQCl

while Teable 3.2 gives a list of the fundamental frequencies. The

fundamental frequencies o CFj i5 and SF Cl are presented in Tables
3«3 anc 3.4 as they are used to @ssign the spectra of CF, brACl

and are referred to frequently.
Frem the irreducible representation it can be seen that only

the a, and e modes are both infrared and Raman active, vwhich.

Ii
enables them to be distinguished from the remaining modes, The
number of bands coincident in the infrared and Raman should
therefore be thirteen; only ten of these are observed over the

. . -1

range scanned in the infrared, 4000-200 cm.

There is no band in the Ramen spectrum cerrespeonding to the

-1 - e
very stroug infrared peak at 867 cm. . By comparison with the
spectra of CFySFg, SFCL and SF.0" [178] this strong band is
-~

48°1gned to the asymmetric stretching vibration of the »QPQ—
sroup. Since there is little change in the polarise ability of the

molecule during this vibration it is expected that the band due

to it would be weak in the Raman. This was the case with both

=1 . .
A bard occurring at 420 cm. in the Ramzn speclrum, which

. . - . - Ll —ye it -
is assigned to an in-plare deformation of the ~Lrh— oroup, should

s

have a corresponding infrared band but this is not choorved; the

other —SF#- in-plane defcrmaticn iz only wezkly sctive in the infrez

e

I



Vibrational Spectra cof
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Kumber Sypecies Assignment (cm._j)
Te a, ‘ CF3 sym. stretch ' 1160
2o ~ CFy sym. deformation 790
_5- ‘ SF4 square stretch 685
L , ' SF4 out~of~plane deformation  £51
Se _ 'SC1 stretch 425

- 6o CS stretch . 296
7e e, . inactive

8. . by SF, square stretch - 620
e ' ‘ SFQ out~-of~plane deformation , 275
104 : by SF4 in-plane deformation 533
e e CF3 antisym. stretch 1255
12; - ' SF4 antisym. square stretch 867
13, | ' S SF wagging 610
e ) CFs antisym. deformation 570
15. | o SF4 in~plane deformation 420
16. SF, C1 rocking 386
17 _ CFZ' rocking ' 170




Kumber Species Assignment - (cm.fﬂ)
1o a, CF3 sym. stretch 1168,7
2. SF sxial stretch 883.3
3 CF3 sym. deformation 754 .8
Ly SF!+ square stretch €91.9
Se SF,+ out-of~plane deforration 6124
Ge CS stretch 224.5

- Te ay torsion
8. b, Slf’l+ square stretch 627
9. SFu'out—of—plane deformation 262
10. b2 g SF4 in-plane deformation 501
M. e CFB antisym. stretch 1256
12« SF4 sguare stretch 502
13. SF wagging 590
14, CF3 antisym. deformation 558
15.,‘ SF4 in-plane deformation 42k .5
16 SF5 rocking 2197
17. CF; rocking 219.6




-1

Fumber Species Assigrment (cm? ')
Te a, SF axial stretch 854
2a SF# sguare stretch 707.1
3 SF& out-of-plane Geformation 6€01.9
Lo SC1 stretch 401.7
Se b1 SF, square stretch 625
6. SFq cut-cf-plane deformation 271
7e - » b2 ' SF4 in-plane deformation 505
8. e ,'SF}+ square stretch 909
9. SFL vagging 579
10 SF# in-plane deformation Li1
11. SF_ rocking 298.5

\n
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The Anfrrred maond i - A v~ - - .
L6 1Hirired srvectrum was not recorded below 260 c:.). There

1 a mediun intensity peak in the Raman. pectrum at 170 cm:1

M W s vl
a CF, rocling node.

distinguishable as a, and e modes since the a, mnoces are polarisable
while the e modes are depolarised, Moét of the assiénments nade

for these fundamentals are very’éimilar to the corresponding

modes in CF5 Fr and SVECl. Two observations require further
conuient s~

i) The small increase in.the frequency of the S-Cl stretching
vibration cn going from SF5Cl to CFBSFhCl.

- -1 . .
he decrease cf w30 cm. . in the frequency of the C-S stretchiing

[EN
I-h
~
-3

.vibraﬁion on going from CP SF. to CF Cl.
_ 375 3 T

The frequencies of these vibrations will depend on the masses
of the atoms involved i the bond, the force constant of the
bend and any ccupling of vibrations which may occur,

Since the increase in mass when a fluorine atom is replaced
by a CF3~ group should decrease v(5-C1), the shift in frequency
in (i) cannot be due solely to the mass effect.e The increase mey
be cauced by the difference in electronegativity petween the
Fband CF3 entities. The CFS— group, being less electronegative
than F, should cause en increase in the electron density in the
S-C1l bond resultiﬁg in an increased force constant, which would
be reflected in a greater vibrational frecquency.

In (ii) the force constant of the C-$ bond is likely to
increase when I is replaced by Cl, which should rezult in an

increase in v(C-S). The mass effect shouvld be emaller than in

Y . , sith P reple y CF,), therefore
(i) (F replaced by Cl as compared with & rep: ced by C g)’ herefore
the decrease observed in v(C=3) mey be cauvsed by tbhe courling of



Compound v{(C=8) (cmzq)
CFBSIIC]. - 1468 (1791
o I L
CF 5"~ SCF, 447 (1791
L G II
CF4S""CFy 480 [1611]
CFBSIV( 0)CF, 468 [161]
o VI A
CF3S 5 | 32l [(15¢]
VI ’
(cars)s FL} €95 [180 ]
CFSF C1 296

vibrations of similar energies. However, a decrease of w30 cm:1
is small in comp#rison with the ranée of freguencies quoted for
v(C=8) in other derivatives, Table 3.5 lists some of these valies.
From the infofmation available it appears that w(C~3) depends a
great deal on the the nature of the substituents attached to the
‘éﬁl?ﬁﬁi atom and very little on the oxidation state of the sulphur.

nge of «Z00 cm:1 quoted for v(C-8) may be indicative of the

The rang

N

difficulty in assigning bands to (-5 stretching vibrationsa

(=5

The assignments made for the remaining fundamental frequencies,

-’ 4 o - < 1 i ‘4 1 &
b1 and b2, are again very similar to those in CTBSFE. here are

very wezk bands in the infrared spectrun corresponding to vg and

Va0 which should be Raman active only. Their observation nay
indicate a lowering of the symmetry of the molecule but cnly

six polarised Ramen bands are observed which indicates that the

- 1 2, Lo - + x R I o
molecule is of qu synmetry and that the smectrum represente orly

the trans isomer of CFﬁsFucl.

' grments of the fundamental frecuencics leuves

1th! . 4
ihese agclF
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bands unassigned. They are assured to he due to overtones and
combinations and, with one exception, are assigred as such. TUader

C, . symneiry no combinations of b, and b. with a., fundamentals are

4]
allowed end none are observed. The exception is the weak band
+ 1GON [ 1 3 1 A . 2 - 3
at «1120 cm.  in both the Raman and infrared spectra, which remains

unassigned.

Vibrational Spectra of CF 3: CﬁZwaCIz SF CFzCﬁzﬁl and. SFECHch.

These vibretional spectra are presented in full but they have

not bkeen anal )scd in cetail. They were chosen for study since,

together with BB”FQCI, they provide a series of compounds where
a comparison may be made of the effect on the _SFA_ group of

varying the substituents around sulphur. They can be prepared
in the following ways L156,148,149]:=

CF,SF,C1l' + CF CF — -CF SF CF CF,Cl + higher polyrers

3k . 2 L
S ; ’ S v - + Lgh lyriers
57501 + CF,CF, =3 SFCF,CF,01 higher polymer:
F5Cl + CHECE2 — SFBVHzchzcl + higher polymecrs
.-HCllbase
SFSCHCB2

The spectra are assigned by comparison with those of CF3SF5’ SFBCl

andkpentaflucroethylhalides [(181].

A) CF,CF,CL. Tzble 3.6 gives details of the observed

R
infrared alid Raman spectra. In the spectra of 0“3"“4 FZCF201
2lmost all of the bands occur in both the infrared and Raman
specfra indicating the low symmetry of the molecule. Bands which
can be assigned to vibrations of the CFB— and -SF4~ greups occur

at similér frequencies to the corresponding vibrations in CP75F”01.
Hovever, because of the greater nuﬁber of hands present, there is
more ambiguity about the assignment of some bands; v(CF,-5) on

Y

- . [alN F.5 an CP.Z are
v(CF,-5) in particular. Since the masses of CFy5 wnd OFLE ax



Vibrationol Spectra of CF_SF CF.CF.CL
:}-—..L;_—-.(_a s D e

Irfrered (omy')  Ramen (ems!) pol  Assigmments
1259 vs 1260 > “(CF3) antisymie
1222 m ' , v(gpa)
1156 m - 1150 3 v(CFs) Syma -
1058 w 1065 . W _ap 2
960 w |
g2 w 92 1 v(ce1)
855 v : 850 1 v(SF,)
801 w o 792 . 3
780 v o 5 6(cFy)
760 v (70 A
{» ooy o w(ce)
I - A .
702 m“ | 707 3% p . ‘u(SFh)
680 @ f ',' 674 2 ‘ v(SFu)
€0s ‘ | 5(SF4)~out-;f-plane
650 9
635 vu 655 100 p  v(SF,)
605 m | 601;, | 14 d§ | 6(SF4) out-of-plane
570 m o 570 | 1 _ 6(CF3)
548 2 6(5F4) in-plane
470 w o ’486 9 - p  o(ccl)
| '440 26 5(5F,) in-plane
380 5 5(CF,)
328 9 v(CF58)
289 11 , v(CF,8)
2,2 21 | Cr, rocking
196 65 D CF,C1 rocking




hicher frequency than v(CF. =5)
[

Pt ~ o D Ak Ny . N N see =0V
view OX tihis V(in—b/ and v(CFZ-u) - asgigned to bands et #538

s agie -1 .
and «¢9 cm. respectively although, becausze of the number of bands

in this region, these assignmentc must be tentative. Risgin

and T“y*or, in their discussion of the spbctra of ertafluorottuvl~
nalides [181] , decided that there was probably a considerable mixing
of the C-Cl, C-I' and C-C siretching vibrations. It is reasonable
to assume that this probably occurs in the CFECFECl rart of

Cr.Cl, therefore the assignments made are unlikely to
cerrespond to pure vibrations.

B)  SF.CF.CF.Cl. Details of the spectra are given in Table 3.7.

N

e no unusual features in the spectra of this compound.
‘The freguencies of thg vibrations associated with the CFZCFZCl
part of the molecule'occur at slightly higher freguencies than
those in CFBS CI 20'201 vhich nmay reflect the grcater electro-
of

negativity

v

L
F as compared with CF3 in an analogous nmanner to

«

the increase in v(8~Cl) observed on going fron oF5Cl to C?~b‘ACl.

SF5CH:CH2° Details of the spectra are given in Table 3.8,

This was chosen for study as it provides an exempnle of an electron
Gonating group attached to sulphur. The infrared épcctrum 128
previously been published [149]. is might be expected the
vibrations associated with the -SF4~ group occur at a much

or CF SF,Cl reflecting

L

the greater electron demsity in the S-T bonds due to the -CH:CH2

higher frequency than those in SF501, F35F5

. L . L ued-
group. The axial S~F bond is not affected to the same cxtent.

Tt is difficult to assign any band to the C-5 stretcling

: . B . at it will be at @ higher irecuency
vibration. It is expected tha it will be at a hig ; :

(
I
o

S
fex
Q

$ ) studied hercfore it
than in any of the other compouvnds studied, therc



/ibrational Spectrz of 27

““5922

2

-
- . -7
Infrared {ecme')

Raman (cm:1) pol

Lesigoments

1129C m
1145 s
1078 m 1080
1052
¢48 s
396 vs 200
835 m - 825 -
790 vs _
630 m S 694
600 n 12
580 w |
550
490
445
§18
369
320
268
o2

14ﬂ

17 dp

100

13

12

14
30 a P
10

10

27 dp
12

46
31

v(CFé)

Q(CFa) |

v(CF2Cl)
V(SFA)

v(8F) axial

v(SFA)

6(SF#) out-of-plane

SF4 wagging

SF& vagging

5(SF4) in-plane

8(CC1L) or 6(SF4) in-plone
SF5 rocking

6(CF,)

v(CFZS)

' 6(SF4) out-of~plane

' CFZCl rocking
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TABLE 3,8

Yibretional Spectra of SF.CH=CH_
- 2

- ~ r bl 1 -
Infrared (cme ) Raman (cm.?) pol

0 20

3100 vw ' ) ‘ - v(CH) antisym. in CE,
3060 w | - v(CE), antieym. in CHR
2980 sh,w | v(CH) eym. in CHZ‘
2940 w v(CH) sym. in CER
2880 vw - 2820 33
1920 sh,w | ' ‘
1905w 1836 25
| 1610 8 v(C=C)
1560 w | |
1460 w
1390 m 6(Cﬁ2) in-plane
1365 sh,w | |
1335 7
1280 vw R 6(CH) in-plane
1242 vw 6(CH) in-plane
1130 br,w 6(CH) in~plane
040 m b(CHZ) out-of-plane
960 vs" v(SF4) or &(CH) out-of-plcne
870 vvs v(SF) axial
70m g0 6 v(SF,)
655 m e v(sF,)
590 s SF wagging
562 s 6(SF4) in-plane
héé T 450 43 6(SF4) in-plane
365 vw ?




Compouxnd Vos (5F,) v, (5F,) v(Cs) o™
CI’BJFQCE_ 867 685 206
kil fakn) *

F,5F, C¥,CF,C1 855 680 325,989

F.CF,CF
SI‘B(‘_ZC 5C1 | 896 o ' 694 220
SF CH=CH, 960 790 -

7 .
CF35F5 902 . 691.9 324 Liz9)
SF5CL 909 707 1 - £133]

, R ) - -1 . . . L .
art of the band at 450 cm. assigned to an in~plane deformation

"d‘

of the »SF4~ group, but without data‘from analogous cempounds it
is impossible to assigh it unambiguously.

There is no absorption in the infrared spectirum corresponding
to the Raman peak at 1610 emy assigned to v(C=C). This is not
surprising since C=C bonds usually abscrb only very weakly in
the infﬁared region-of the spectrum.

Most of the remaining bands can be assigned to C~H stretches

and deformations.

Discussion of Spectra. The analyses of the spectra obtained here

show how sensitive the -SFQ— is to changes in the other substituents

around the central sulphur atom, Table 3.9 lists the observed
frequencies Tor v__(SF, ) and v_(S8F, ). There is a variation of
= as 4 s L
w00 cr~1 in the value of v (SFh)' Since this is usually a very
e as
" ) . ,-.-.g«' _:'.‘ L.
strong peak in the infrared spectrum and easily icen

nay be possible to use this band as & guide to tne naturc
substituents in unknown derivatives.

In addition to information about S~1 stretching vibrations,



- 127

1

o

se spectra siudied in this work provide a series of vw(C-3), few

exenples of which, in flucrine compounds, have previously been

ahlisheda ‘7;'101;19'\-'81‘, vecause of the difficul-{;y of ag;sj_gn_’}_ng e

to C=3 stretching vibraticns, it is not pessible to sveculate, with

ény degree of certainty, about the factors which affect its .freguency.




411 compounds were redistilled several times before use and

their purity was che;ked by infrared spectroscopy. Reactions

were carried out in glass reaction vessels on a conventional
S 1 19 -

vacvun line.  H and “F n.n.r. spectra were recorded cn a

Perkin-Llmer R10 spectrometer operating at 60 and 56.41Hz

respectively. Routine infrared spectra were recorded on a

erkin-Elmer 457 spectrometer, while the spectra used in the

f SF6 derivatives were obtained from a

<
’-J
o’
H
o
(-1.
[
Q
=}
Y
—
(523
rl.
[
joh)
’»J
(0]
n
o

Perkin~Elmer 225 spectrometer. Polarised Raman spectra were
. o .
recorded using a 90 scattering geometry on a Spex Ramalog L4
' . -1 .

spectrophotometer at a resolution of 2 cme « The instrument
' o N + -1 . J . L
was calibrated to =1 cm, using the plasma lines of an argon
lager, The 488.0 nm line of a Coherent Radiation 52G argen
icn laser was used as the exciting source.

Reaction between 8PC1 and PhPCL,. FHPCL, (1.37 g, 7.6 miol)

and SFBCI (1.24 g, 7.65 mmol) were condcneed together at -196°%¢

. ] o,
and allowed to warm up slowly. 4 reaction took place »~-207C

: ) o o
to produce PhPF, , identified by its n.m.r. spectrum £186]

L

and SC1, identified by infrared spectroscopy [187]1. Traces

of a greenish-yellow gas which reacted with mercury were

observed. This was presumed to be chlorine.

Reaction between SF ¢l and PhﬁPCl. Ph Pcl (0.78 g, 3.53 mmol)

and SF501 (0‘58 g, 3 5: mmol) reaf'tedv‘\—zo C bo T)I‘Oduce Db p..;,

identified by n.m.r. spectroscopy [166] and analysis (Found:-
- ' P D couires:

C, 59.45; H, 2.25; F, 22,985 Py 1175 Cqpfiqpfy® reauires:

C, 59.38; H, 1.74; F, 23,563 P, 12815 ) o 8012 and Cl2 viere



Source

Infrared

SFBCl I.d.I. (ond Division) £133]
- {a’ gift) |
MePCL, Albright and Wilson [182]
‘ (a gift)

PHFCL, B.D.H. (1831
Ph,PC1 B.D.H. [182]
p(ome)3 ‘ Hopkins and Williams Ltd. E1843
P(NMe,)., Aldrich Chemicals [1851
CF5SF),C1L chsFB/c;F/CIE L1551

{1 nl T H
“EBSEACFZGFECl

SE\ I'Fl
5C.ZCFZCl

| SFCH=CH,

(prepared by G.Haran)

CF SF401/0F20F2 [156]

3
(prepared by G.Haran)

I.C.I. {(Mond Division)

(a gift)

 I.C.I. (Mond Division)

(a gift)




agaln observed.,

’T‘?

3 S o T T T e Ty )
ction between SF.CI and hefClaﬂ HeFCl, {0.67 g, 5.7 rmol)

> 2
né SF;C1 (.93 g, 5.75 mmol) reacted -50°C to produce LeFT, ,
icentified by infrared and n.m.r. spectroscopy [188,186] and SC1

and 8%5”1 identified by infrared spectroscopy. Cl, vas also
produced. The mzin pvodact of che reaction was a white solid
(0.25 é) which had the following elemental analfs1s.~ C, 4.81;
E, 0.97; C1, 75.3; F, 8.02; P, 13.04%. This corresponds i
the atomic ratioc Ulz 3015FP.

Infrared Svectrum of Solid. 3010 w, 2980 w, 2520 w, 2895 Wy

905 br,m, 380 gh, 840 brys, 795 w, 563 m, 535 ®, 495 W, 450 br,m cml

Reaction between SF,‘I and P(OMe)B. P(OI‘-ie)3 (0.61 gy 4497 mmol)

and SFECl (0.81 g, 5.00 mmol)‘reacted at »=-70°C %o prbduce SF,
and S(O)F2 (a trace amount) as volatile products. Both were
identified by infrared spectroscopy E189,i903. Trace amounts

of 0_2 and S were also observed. Two other products Qere formed: =
i) A white solid soluble in CDZCN which had the fpllowing

Ty N.m.r. spectrum:- & = 2,54 bry & = 2.85 brj 6 = 3.64 singlet;

& = 3.82 singlet ppm.

ii) A colourless not very volatile liquid which had the

following spectra:-

1H N.}M.R. Spectrum & = 3,55 doublet J(PH) = 14.7Hz; & = 3.88 br.

195 K,M.R. Spectrum 6 = -62.2 doublet J(PF) = 733Hz.

Infrared Spectrum. 3020 w, 2980 w, 2870 w, 1190 m, 1110 s,

1060 m, 850 m, 825 m, 460 ¥ ons

Reaction between SF C1l and P(mze,_)_ . P(Imc ) (0.53 g, Z.27 mzcl)

and. SFSCl (054 gy 3.31 mmol) reacted explosively in gloss.

In a monel reactor they nroﬂuce& Sbh’ o(O)F (a2 trcce awoapf)

and a colourless which had an infrared spectrum similar to
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2010 sh, 2%60 m, 2220 sh, 2895 s,

2840 w, 1460 br.m, 1300 br,s, 1230~1200 br,w, 1020 vs, 990 sh,

950 m, 875 vs, 825 ¥S, 775 vs, 700 _v‘{,.S'IS br,n, 430-420 br cm:1

vellow=~brown solid was left in the reaction vessel.

=S




Determination of the Irreducible Ravreserntation Tor O o

LPPENDIY 1
St O

0y C,n

"The molecule

and CFBQ and
i) X8F Cl.

capn be found
which do not

in the point

D T

can be considered as censisting of two parts, XSF#CI
the irreducible representation found for each parte
This has qu symmetry. The reducible representation
by considering the cartesian displacement vectors

change positions as a result of the symmetry operations

group.Chv. The character table for qu is reproduced

belowe
E , o
.C4v 204 'CZ Zdv _2¢d
> “
A1 1 1 1 1 1 z x"e 3o,
A2 j 1 1 -1 -1 Rz
B, |1 - 11 - | xCa y°
B2 1 ~j ‘1 -1 1 . xy
E |2 0 =2 0 0 | Goy)(Ry, Ry | (zz, y2)
’X 
T
F

By inspection the reducible representation for CFBSFACl isc~
‘g 20, 'C 20 20,
21 3 -3 5 3
’The number and kind bf irreducible representations which mzke
;;up this reducible one can be found ‘using the formula:~
| ay = 1/g 2 n X(RIX(R)
where aj = the number of times the jth irrecu

occurs in the reducible representation.

cible representalicn
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35 -

24
—~
jv]

H

- the reducible representation.

ARY = tre 4 a4 - . N
/%\n) = ihe dirreducible representation (from the charzcier
table)
e e ' <y :
A, o= the number cf elements in the class.
g = the number of symmeiry overations in the 5T0UPe
Using this, the irreducible representation for XSF4C1 iste

5&1 + A2 + 2B1 + B, + OGE

2

However, this includes transletional and rotational as well as
vibrational modes. From the character table the translational
and rotational modes have the symmetry:-

A1, + A2 + 2B

Therefore, the irreducible representation for the vibrational
medes  of XSFQCI iss=

LA, -+ 2B, + B, +

1 2 hE

1

id)  CF..

CF3 can be worked out. The CF3_group has C3v symmetryes The

In a similar way, the irreducible representation for

is given below.

character table for C
Co3v
CBV E 203 36&
i 2 2 2
A1 1 1 1 Z X4y 4 2
A2 1 1 -1 Rz
2 2 .
E |2 - 0. I(x, (R, Ry> (x"- 57, xy)(xz, yz)
e
/\ F
Fogp

The reducible representation, by inspection, is:i~-

This cen be reduced giving an 1

B

12

ZC3

0

30,

v

2

rreducible representation:-—



3A1 + A + 4B
Those correspending to translations and rotations are:-

™o

A . . o '

*1 =4 AZ + 25
This leaves the irreducible representation for the vibrational
o

mcédes cf CF, asie

3

0

251v + 2k

The total number of vibrational modes expected for any meclecule

is %n=-6, where n = the number of atoms in the moleculece. Therefore,

the number expected for CFBSFLCl is 24« The irreducible representaticu:s
calculated above give only 21. The three missing nodes musf be

due to the interaction_of'the CF3 and SFQCl parts of the molecule,
y'ﬁith CFBSF5 the interactions have the symmetry Ag

(inactive) and E. Again, by analogy with CFBSF5 [1591, the
irreducible'fepresentation fof the whole molecule can be written

as the sam éf the individual compqnents:-A

.AA1 + 2B + 32 + LE + 2A + 2E + A2 + I

64




8 “‘ » strong

m ‘ - medium

w o v‘ Weék

brfi' ‘ ’M"broad»

'sh , :  shoulder

v oo - | very | /
,vvs | ' Symmetric stretch

yéé : B _  asymmetric stretcﬁ
6 bend

Q‘- ' © rock

mmol millimoles
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