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ABSTRACT

The reactions between primary amines and phosphorus penta-
fluoride were complex and yielded alkylammonium hexafluorophosphates,
RNH; PFE (R = Me, Et, But), and bis(alkylamino)trifluorophos~

phoranes, (IEH)EPF (R = le, Et, But). In addition a 2:1 adduct,

3

2MeNH, .PF_, was formed in the reaction with methylamine whereas

27775

1:1 adducts, RNH .PF5 (R = Et, But), were produced with ethyl-

2
amine and t-butylamine. The preparation of alkylaminotetrafluoro-
phosvhoranes, RNHPF4 (R = Et, But), by the thermal decomposition
of the 1:1 adducts was studied. Methylaminotetrafluorophosphorane
could be prepared by the reaction between methylaminotrimethyl-

silane, Me_SiNHMe, and phosphorus pentafluoride.

3
The formation of diazafluorodiphosphetidines from alkylamino-
fluorophosphoranes was studied. Phosphorus pentafluoride and

phenyltetrafluorophosphorane reacted with (MeNH)ZPF3 to give

(F PNI-Ie)2 and PhF(F,PNie), respectively, but the yield of these

3
products was low.

The reaction between primary amines and phosphorus trifluoride
proceeded by a two step vrocess., Alkylaminodifluorophosphines,
RNHPT, (R = Me, Et, But, Bu"), were formed in the initial step.

The nature of the subsequent step is believed to depend on the

steric properties of the attacking amine. Bis(alkylamino)difluoro-

phosphoranes, (RNH)aPFZH (R = Me, Et, Bu'), were usually isolated,



but the bulky t-butylamine produced bis(t-butylamino)fluoro-
phosphine, (ButNH)ZPF

The compounds isolated above were characterised by their
n.m.r., i.r. and mass spectra. Several fragmentation modes for
molecules of the type RNHP(F) are discussed. Infra-red correlations
for the RHH-P group are also made. The bulk of the evidence
suggests that the extra molecule of amine in ZMeNHz.PF5 is
co-ordinated to the 1:1 adduct by means of N----H hydrogén-bonding.

Several routes to prbduce PNP bridges were investigated.
Difluorophosphino(tetrafluorophosphoranyl)methylamine, PFZNMePFq,
was best prepared from the reaction between phosphorus penta-
fluoride and difluorophosphino(trimethylsilyl)methylamine,
MeBSiNMePFZ, which was itself prepared from the reaction between
heptamethyldisilazane and chlorodifluorophosphine. A similar
reaction between POF_, and MeBSiNMePF

3 2
difluorophosphino(difluorophosvhoryl)methylamine, PF,MMePOF, «

only gave low yields of

The latter was more conveniently synthesized from chlorodifluoro
phosphine and methylaminophosphoryl difluoride, MeNHPOFZ. The
ease of reaction between MeBSiNHeX X = P(F), SiMeB) and a
phosphorus-fluoride could be correlated with the Lewis basicity
of the former and the Lewis acidity of the latter. The spectro-
scopic properties of the bridged compounds produced were examined.
Attempts to prepare PNS Bridges by the above routes failed,

and possible reasons for this are discussed. The products isolated



from the reaction of SOF2 with either MeNHPF2 or MeBSiNMePF2
included methylaminothiophosphoryl difluoride, MeNHPSFz, and
MeNHPOFZ, which were fully characterisgd.

The addition of HPSF2 to alkenes took place at room temperature
under the influence of U.V. light to give alkylphosphonothioic

difluorides, RPSF, (R = Et, Pr", Bu" ), which were fully charact-

2
erised. Evidence is presented which suggests that the ease of
the U.V. induced addition of a phosphorus-halide to an alkene
depends on the strength of the P-X (X = F, Cl, Br) bonds in the
latter compound. It proved possible to isolate and characterise
2=bromoethylphosphonic difluoride, Br02H4POF2, from the reaction
between etﬁylene and bromophosphoryl difluoride.
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CHAPTER I

THE REACTIONS OF PHOSPHORUS~-FLUORIDES

WITH AMINES.



INTRODUCTION

‘ The’preparation and characterisation of phosphorus-
fluorine-nitrogen compounds has been the subject of much
work in recent years. The first summary of this research
is included in the comprehensive review on the fluorides
of phosphorus written by Schmutzler in 1965 [1]. Since
then, a sufficiently rapid growth has been experienced in
the study of F=-P-N compounds to warrant a new review [2],
which has emphasized the swing in interest away from work
on the derivétives of the more stablg four co~ordinated
phosphorus. The main new developments listed were, (a)
the increased use of fluorophosphines as ligands in transition
metal chemistry and (b)the preparation of pentaco-ordinated
compounds,mainly with a view to examining thei: structure [3].

The chemistry of phosphorus pentafluoride is dominated

by its behaviour as a lLewis acid, and many examples of
1:1 adducts are known [1]. The stability of the latter indicate
- that PFS is a slightly weaker Lewis acid than BF,, probébly
because of crowding around the phosphorus atom in the hexa-
co-ordinated state [1]. Adducts of PF5 and nitrogen-containing
Lewis bases were first studied stoichiometrically by
Johnson [4] who found, on the basis of manometric measurements,

that adducts of the type nNH,.PF (n=1-4) existed in the

3775
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NHB-PF5 system. A very recent study has indicated that

(NH2)2PF can also be isolated from this system; no evidence

3
for the formation of NH,PF, was given [5]. The adduct formed

2774
between PF5 and trimethylamine has been confirmed to be a
1:1 adduct both in the solid state and in acetonitfile
solution by ebulliometric.and n.m.r. studies [6,7], despite
allegations, on the basis of conductivity data and hydrolysis
studies, that these adducts existed as ions in solutioﬁ £8,91.
Dimethylamine likewise has been shown to form a 1:1 complex
with PF5 in toluene solution [10,11]; it is thermally stable
at room temperature but decomposes when heated to 100-1200,
forming diﬁethylaminotetrafluorophosphorane and dimethyl-
ammonium hexafluorophosphate,

A

A _ +
2 MeaNH.PFs — MeZNPF4 + MeaNH2

Bis(dimethylamino)trifluorophosphorane can be prepared from

PF6

the reaction of excess amine with either PF_. or MeaNPFh; the

5

latter reaction is thought to proceed via the unstable

complex MeaNH.MeZNPFu,
RT
2 MeaNPF# —_— (MezN)zPF3 + PF5
l Me2NH
MeZNH.PF5

Further reaction between (MeaN)ZPF3 and dimethylamine did
not take place [11].

Sulphur tetrafluoride, which is iscelectronic with
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phosphorus pentafluoride, was found to reéct with dimethyl-
amine to giv; maiﬁly 0ils and solid products [12,13] from
which none of the expected dimethylaminosulphur trifluoride,
MeZNSF3’ could be isolated. On the other hand SF’I+ has been
shown to react with methylamine to eliminate two moles of

HF and form methyliminosulphur difluoride, MeN:SF2 [14].

The reaction between PF5 and methylamine in the presence of
trimethylamine has been studied [15]; 24242444, 4~hexafluoro-
143~dimethyl-1,3~-diaza=-2,4~diphosphacyclobutane (henceforth
referred to as diazafluorodiphosphetidine)'was isolated,

6 PPy + 2 MelE, + 4 MNesN—— (FyPNMe), + 4 ﬁeB

During the course of the work presented here, Harris

0): PFg

and Rudner published the results of their observations on

the reactions of PF5 with primary amines (aniline, 2,4-dimethy1-‘
aniline, 2,6-dimethylaniline, 2,6-diethylaniline, o-phenylene-
diamine, n-propylamine, i-propylamine and t-butylamine) [16].

A wide range of products were formed under a variety of reaction
conditions., Reactions were performed both in the presence

and absence of solvents and/or triethylamine. They presented
positive proof for the existence of diazadiflubrodiphosphetidines,
alkyl(aryl)aminotetrafluorophosphoranes (RNHPF“), 1:1 alkyl(aryl)-

amine-phosphorus pentafluoride adducts (RNH .PFs), and

2
alkyl(aryl)ammonium hexafluorophosphate salts»(RNH; PFE), but

only slight evidence for the existence of the further substituted
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fluorophosphoranes ,(RNH)nPF and alkylammonium salts of the

5~n
monosubstituted hexafluorophosphate anion, (RNHPFB)-., Since

then, further reactions have been performed between mono-
alkylamines and fluorophosphoranes. The latter include dialkyl=-
trifluorophosphoranes [17,18], phenyltetrafluorophosphorane [19,20]
and dialkylaminotetrafluorophosphoranes [21] which are found

to undergo replacement of one fluorine atom by an amino group.
Alkyltetrafluorophosphoranes lose either one or two fluérine

atoms [17,18,22].

In contrast to PF_, phosphorus trifluoride is only a very

5

weak Lewis acid and it is the donor properties of this compound
which are bést known, especially where it is co-ordinated to

a transition metal [1,23]. However, a study of the PFB-Me3N

system has revealed that a 1:1 adduct, stable only in the
non-gaseous state below room temperature, was formed [24].
It has been assumed that similar adducts were intermediates in
the reaction of PF3 with Me,NH [25-?]. Both gas and liquid
phase reactions have indicated that the main reaction is
represented by the equation:

2 PPy + 3 Me,N ———> MNe,NPF, + Me NE; HF
The dimethylaminodifluorophosphine formed was less susceptible
to substitution than PF3 and the temperature had to be raised
to 50° to produce bis(dimethylamino)fluorophosphine [25]. The

only published work dealing with the reaction of PF3 and primary
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amines is that by Drozd and his co-workers [28]. They claim
that alkylaminodifluorophosphines, RNHPF2 (R:Prn, Pr;), are
among the products formed but evidence, to be presented later,
tends to disagree with their conclusions. Nixon has invest-
igated a route to MeHHPF2 which involves cleavage of the P-C
bond in trichloromethyldifluorophosphine with methylamine [29]:

MeNH + CCl,PF —> MeNHPF

> 3P, s>+ CCl_H

3

An alternative synthesis involved the cleavage of the P=-N

bond in bis(difluorophosphino)methylamine with methylamine [29]:
‘MeNHZ +

Methylamine was found to be capable of replacing all the

(PFa)ZNMe —— 2 MeNHFF,

fluorine atoms attached to phosphorus in PF3.BH3 according

to the equation [30]:

T - + o=
2 MeNH + BHB.(MeLH)xPF _x'-?—-—§ MeNH, F + BHB.(MeNH)x+1PF

3 3 2e-x
(x = 0-2)

2

The actual extent to which this took place depended on the
experimental conditions employed. Reaction of the adduct formed
with trimethylamine resulted in the formation of the adduct

BHB.Me N for x=0, but not for x=1; the MeNHPF., thus displaced

3 2

was not characterised.

The reactions of primary amines with.alkoxyfluorophosphines[313,
dialkylaminodifluorophosphines [31] and alkyl(aryl)difluoro=-
phosphines [32-5] have been studied. Methyldifluorophosphine

reacted with primary amines to produce low or non-existent
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yields of methyl(alkylamino)fluorophosphine, MePFNHR

(R = CH2=CHCH2), algng with the main product which was
methyl(alkylamino)difluorophosphorane, MePFZ(NHR)H (R = Pri,
Bui, CH,=CHCH,, cyclohexyl). Alkoxyfluorophosphines and
dialkylaminodifluorophosphines react similarly. On prolonged
heating at 70° in the presence of a base, MePFa(NHR)H (R = Pri,
Bul) dehydrofluorinated to MePF(NHR) [28]. In the reaction
between phenyldifluorophosphine and isobutylamine, PhPF(NHBui)

was produced together with a distillable not very well

characterised adduct, PhPF(NHBu').HF [35].
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RESULTS

REACTIONS BETWEEN PHOSPHORUS PENTAFLUORIDE AND PRIMARY AMINES.

Phosphorus pentafluoride reacts with methylamine in the
liquid phase below room temperature to give a volatile liquid
bis(methylamino)trifluorophosphorane, (MeNH)aPFB, and a solid
mixture consisting of bis(methylamine)-phosphorus pentafluoride
adduct, 2MeNH .PF5, and methylammonium hexafluorophospﬁate,

2
MeNH; PFE, which can be separated by sublimation. With
ethylamine and t-butylamine a similar mixture of reaction
products is obtained, from which di(alkylamino)trifluorophos-
phoranes, (RNH)ZPF3 (R = Et, But), alkylamine-phosphorus

pentafluoride adducts, RNH .PF5 (R = Et, But), and alkylammonium

2
hexafluorophosphates, RNH; PFg (R = Et, But), are isolated.
Several primary amine adducts of PF5 were reported to act as

curing agents for epoxy resins, but synthetic and structural
details were not given [36]; amines studied included ethylamine,
isopropylamine, butylamine and benzylamine. Adducts reported
by Harris et al. were isolated in some cases (with aniline,
2,6~dimethylaniline, and n-propylamine) but not in others (with
2,6~diethylaniline and isopropylamine) [16]. Evidence, to be
prresented later, suggests that 2MeNH2.PF5 is the first authentic

2:1 adduct in which the PF_. entity has been proved to remain intact.

5

While amine salts of hexafluorophosphoric acid are well known,

few reports of salts of primary amines existed prior to Harris'
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work., Ethylammonium hexafluorophosphate is mentioned in the
patent literature as a herbicide [37] and t-butylammoniﬁm
hexafluorophosphate has been reported by Harris et al. [16]
and had its infra-red spectrum catalogued [38]. However, details
concerning the preparative conditions were not reported for
either compound. Harris has also cited tentative evidence
for the existence of bis(arylamino)trifluorophosphoranes, but
made little attémpt to characterise them. |

Thermal decomposition of the 1:1 adducts of ethylamine
and t-butylamine with PF5 gives a mixture of alkylaminotgtra-
fluorophosphorane, RNHPFA (R = Et, But), and alkylammonium
hexafluoroﬁhosphate:

2 RNEH,.PF, £ RNEPF,  + RNH; 2 (R = Et, Bu®)
Harris reported that the compounds RNHPFQ (R = 2,4—Me206H ’
2,6-Me206H3, 2,6-Et206H ’ Pri) were among the reaction products
of PF5 and the appropriate primary amine.

The isolation of MeNHPFh by an analogous route is not
possible, since the extra molecule 6f methylamine in the
bis(methylamine)-phosphorus pentafluoride adduct reacts with the
methylaminotetrafluorophosphorane immediately it is formed.
Methylamine and bis(methylamino)trifluorophosphorane are,
therefore, the only volatile adducts isolatéd. Thermal
decomposition is in accordance with the eguation:

CA

+ - L
3 ZMeNHZ.PF5 -———)(MeNH)aPF3 + 2 MeNH3 PF6 + 2 heNH2
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The mass spectrum obtained by placing the adduct directly on
the instrument's probe is that of the products obtained by
thermal decomposition. The spectrum shows that the high mass
portion is almost identical with that of MeNHPFh, while the low
mass region (reproduced in Fig. 1.1) arises from the super-

Iy and MeNHZ. The

line diagram for the methylamine spectrum is obtained from the

positioning of the mass spectra of MeNHPF

data given by Gohlke et al. [39]. The preparation of MeNHPFh
will be dealt with in Chapter 2, and its mass spectrum will
be discussed in detail at the end of this chapter.

The alkylaminotetrafluorophosphoranes prepared are colourless
liquids wifh an appreciable vapour pressure at room temperature.
If stored over a long period, they decompose to form colourless
crystals. The infra-red speétum of the volatile material, which
remains after leaving MeNHPF4 in a sealed tube for six months,
reveals that some (FBPNMe)2 is also formed. Harris reported
that arylaminotetrafluorophosphoranes, with their bulkier
substituents, were more stable than alkylaminotetrafluorophos-
‘phoranes at room temperature [16]. No other evidence was found
in the work presented above for the production of diazafluor-
diphosphetidines, (F PNR)a, or alkylammonium alkylamino-

3
pentafluorophosphate salts, RNH; (RNHPFB)’.
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MECHANISM FOR REACTIONS.

On the basis of the previous work reported for the reactions
of amines with phosphorus pentafluoride it is reasonable to
assume that the amine initially interacts with the PF. to form

5

an adduct:

o)
.__-.Zg__.>
n RNH2 + PF5 nRNHZ.PF5

In view of the discrepancy between the temperature at which

the reaction is performed, and the much higher temperatures (~140°)
required to thermally decompose these adducts, the next step is
unlikely to jnvolve simple disproportionation of the adduct., By

the very nature of the manner in which the reaction is performed,
amine is pfesent in excess for most of the reaction; thus it
appears likely that amine attack on the adduct constitutes the
second stage of the reaction. Separate experiments were performed
to see if these reactions would take place.

It is indeed found that methylamine reacts with the
bis(methylamine)-phosphorus pentafluoride adduct to produce
bis(methylamino)trifluorophosphorane. However, interaction of
"the ethylamine-phosphorus pentafluoride adduct with methylamine
produces a mixture of the two compounds, bis(methylamino)tri-
fluorophosphorane and bis(ethylamino)trifluorophosphorane, and
not the mixed product (EtNH)(MeNH)PF3 which is expected if the
P-N bond remained intact. From steric considerations, nucleophilic

attack on the adduct by free amine seems more likely to take place



at the amino-protan than at the phosphorus atom. A concerted

mechanism can be written:

~-PF + PFg + RNH,

L

o R
m\';\ BANSPF -F NPP_.RNH —>erEt  +
2 D 502 3

-2

The alkylaminotetrafluorophoséhoranes thus forméd will be further
attacked by another molecule of amine unless this is sterically
impossible. A separate experiment shows that t-butylamine
will react with t-butylaminotetrafluorophosphorane in agreement
with the equation:

3 RNHPFk 3

This reaction is likely to proceed via a 1:1 adduct of amine

+ 2 RNH,—>2 (RNH),PF + RNH; PFg
and alkylaminotetrafluorophosphorane. These adducts are expected
to be considerably less stable than those formed with PF5 on
account of the poor Lewis acidity of the fluorophosphorane.

This reduction in Lewis acidity has previously been demonstrated
for a series arylfluorophosphoranes [40].

Trans-amination reactions have been reported before [41],
and it is probably at this stage of the reaction that they are
most likely to occur. Work has shown that a strongly basic
amine and electron-withdrawing substituents on phosphorus, i.e.
conditions promoting adduct formation, enhanced trans-amination
rates in P(III)-N systems [41]. Thus it would prove instructive
to observe if the product distribution could be predicted on

the basis of the amine and the alkylaminotetrafluorophosphorane
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employed. While bis(alkylamino)trifluorophosphoranes were
observed not.to undergo further displacement of fluorine - é
similar state of affairs to that noted for bis(dialkylamino)tri-
fluorophosphoranes [10] - it has not yet been demonstrated
whether or not trans~amination reactions involving trifluoroc-
phosphoranes are feasible.

The work reported by Harris et al. fits in well with the
above general reaction scheme. Large yields of the 1:1 adduct
were isolated by using a solvent, low reaction temperatures @“Oo),
and short reaction times, in order to minimize the contact
between the adduct and the excess starting material. It appears
that a high yield of adduct in the absence of a solvent could
best be obtained by performing a gas phase reaction, in which

the amine is added to the phosphorus pentafluoride.

DIAZAFLUORODIPHOSPHETIDINE FORMATION.

Harris et al. found that reactions carried out in the
presence of excess PF5 and a tertiary amine promoted the form-
ation of diazafluorodiphosphetidine [16]. It is found that
phosphorus pentafluoride reacts with methylaminotetrafluoro-
phosphorane both in the presence and absencé of triethylamine
to form (FBPNMe)a. t-Butylaminotetrafluorophosphorane is more
stable in the presence of PF. than the methylamino analogue

5

and even at uo° this reaction is slow. Examination of the solid
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products showed no indication for the formation of (F PNBut)Z,

3

which was isolated as a solid in the reaction between PF_. and

5

t-butylamine only when excess Et.N was present [16].

3

In the reaction between bis(methylamino)trifluorophos-
phorane and PF5 a small amount of MeNHPF4 is isolated along with

some solid products, showing that a methylamino group can exchange

with a fluorine atom ?ossiblg'via.the intermediate adduct:

Me f Ne ?
Nl Ne~ p L
Tl 7ot T
F F

‘A small amount of (FBPHMe)2 and some MeHHPF4 are also isolated
on heating up the solid formed.

The prﬁducts obtained from the reaction between bis(methylamino)-
trifluorophosphorane and an approximately equimolar quantity of
phenyltetrafluorophosphorane similarly show evidence for
exchange processes occurring. Phenyl(methylamino)trifluorophos-
phorane, PhPFs(NHMe), and diazafluorodiphosphetidine, (FBPNMe)a,
are both identified among the volatile products. Diphenyldiaza-
fluorodiphosphetidine, (PhFaPNMe)Z, is found along with MeNH; PFg

and some nMeKH,.PF_. (n = 1 or 2) in the solid residue. A ligquid

2°7°5
which moves with difficulty under vacuum was identified as
monophenyldiazafluorodiphosphetidine, PhF(FZPNMe)Z, contaminated
with PhPFs(NHMe). These products can be visualized as being

derived via a series of loose adducts which are capable of

eliminating HF and exchanging methylamino groups. The reactions
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are summarized by the following equations:=-

2 PhPF, + 2 (MeNH),PF, — PhPFB(NHMe) + PhF(F,PlMe), + MeNH; PFE

L 3
2 PhPFl} + 2  (MeNH) 2PF3 —_— ( Pthprme)?_ + 2 MeNHz.PFS
¥ + -
3 PhPFl+ + 3 (MeNH)ZPF3 — (PthPNMe)Z + PhF(FZPIuIe)Z + 2 MeNH3 PF6

Note that all the above equations require that the reactants -
are present in the ratio 1:1. Evideﬁce for the existence of
PhF(FzPNMe)2 is based on the following facts:-

(i) The volatility of the compound is intermediate between that
of (F,PNMe), (m.p. =10°, bup. 91.6°/757 mn. [42]) and (PhF,PNMe),
(m.p. 162° [42]).

(ii) The 1 n.mer. spectrum (Fig. 1.2) shows (in addition to
resonances aue to the phenyl group) a doublet of doublets which
is present in the region characteristic of MeNP groups, and is
superimposed upon the N~-methyl resonance of PhPFB(NHMe), a

major impurity in the sample. The two coupling constants are
14.7 ¢/s and 12.0 ¢/s, close to those observed for 3J(PH) in
(FBPNMe)2 and (PhFaPNMe)2 respectively (see Table 1.1) indicating
the existence of one kind of methyl group bonded to two phosphorus
nuclei in different magretic environments. For a cyclic

compound this limits the ring size to one containing four atoms.
(iii) From the 7F n.m.r. spectrum (Fig 1.3) two sets of
resonances are picked out which are not related to PhPFB(NHMe).
The chemical shifts nearly coincidg with those found for the

diphenyl- and non-substituted diazafluorodiphosphetidines
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Table 1.1

7 Compound 6033 6Ph GF 6P
Found * =2, dd =7.3 64.0,77.2
(FBPNMe)Z* [43] -2.83 t | 80.7 69.5
(PhF,PNMe) S [3,42] 2.6t | =7.7 634 56.1
Compound ‘ser) | J(pm) s(em | Faem) | 29(ep) |
Found 885,914 | 14.7,12.0

(F3PNMe)2 922 | 14.1 32 8.7 * 210
(PhF,PNMe), [+900% 12.5

a Obtained from 31

P n.m.r. spectrume.

respectively. Integration shows that the areas are in the raﬁio /
2:3. The 19F N.M.T. spectruﬁ is then in agreement with that
expected for a four-membered (PN)2 ring containing one phosphorus
atom which is connected to three fluorine atonms, and a second
phosphorus atom which is connected to two fluorine atoms. The
spectrum is not in agreement with that expected for a 1inear
compound of the type XZPFZ-NMe-PFBX.' (X,X' = Ph and NHMe) [3].
High resolution studies show thatvthe two main resorances,

which are associated with a particular fluorine atom environment,
are further associated with smaller bands of peaks placed sym-
metrically about the midpoint between them. A further splitting

of the two main resonances is also observed. This situation is

reminiscent of that reported for (F:,)PNMe)2 Cy3].
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The fluorine spectrum is then interpreted on the basis
of the idealized structure given below:=

1
Me By
=
Fh-., P—N,
Fo~ i
F

The room temperature 191“ spectra for the symmetrical molecules

2

fluorine atoms are indistinguishable on the n.m.r. time scale;

(FBPNMe)2 and (PhF PNMe)2 indicated that the axial and equatorial

mechanisms for this exchange process were considered by Harris
and Woodman [43]. The same mechanism presumably operates for
PhF(FZPNMe)Z. On the basis of a first order treatment both

sets of fluorine atoms should be coupled to two phosphorus atonms,
and in addition both resonances should further be split by
long-range F-F coupling. In PhF(FZPNMe)2 the 223 group is split
into a triplet (with the distance between the resonances, 7.6 ¢/s,
being close to that anticipated for 4J(FF)) while the PhPF,
group is split into a distorted quartet. While a first order
spectrum would be predicted from the fluorine spectrum parameters,

since v (6PF PhPEZ) is large compared with uJ(FF), those

=3
31P n

parameters that would be expected from the «M.T. Spectrum

(using the data of Table 1.1) would 1ndlcate that Vo ¢} )

-5
Py~ TFF,

is comparable with J(PP),and this would produce an overall
second order spectrum. As a result only approximate data for

coupling constants in PhF(FZPNMe)_2 are available,



While the evidence presented above is overwhelmingly in
favour of the existence of PhF(FZPNMe)Z, a 31P n.m.r. spectrum
of the products is obviously desirable., This is only the second
monosubstituted derivative of diazafluorodiphosphetidine
reported. Fluorination of’UI%PNMe)Z gave a mixture of compounds
ClnFs_n(PNMe)2 (n = 1-5), from which pure components have been
isolated and characterised by means of analytical and i.r.
studies [44]. Structural data for (FBPNMe)2 -comprising
n.m.r. [43], i.r. [45-6] and an electron diffraction study [47]-
and the crystal structure for (PhFZPNMe)2 [48] are all in good
agreement with diazafluorodiphosphetidines possessing a similar
stereochemistry, in which two slightly distorted trigonal
bipyramids are linked together by means of a planar (PN)a ring.

The phenyl group in (PhF PNMe)a'occupies an equatorial site in -

2
the trigonal bipyramid [48]. The structure which has been
proposed for PhF(FaPNMe)Z, and has provided a satisfactory basis
for explaining its n.m.r. spectra,Ais that which would be
anticipated from the above structural data.
00o

These results together with those of Harris et al. [16]
emphasize that several competing reactions are taking place.
For reactions in which steric effects are not of prime impdrtance,

the results of the reaction between primary amines and fluoro-

phosphoranes (including PFS) can be summarized:



(i) In the presence of excess primary amine, products are those

resulting from the replacement of the maximum possible number

of fluorine atoms by alkylamino groups. Dimers are not formed,

(ii) In the presence either of a tertiary base or excess fluoro-
phosphorane, the products isolated are predominantly those

resulting from intermolecular dehydrofluorination reactions.

REACTIONS BETWEEN PHOSPHORUS TRIFLUORIDE AND PRIMARY AMINES.,

The reaction of PF3 with methylamine at or below room
temperature is found to be a two step process. In the first
stage one fluorine atom is replaced by a methylamino groupvto
form methylaminodifiuorophosphige, MeNHPFa, which possesses
almost identical properties with those réported for the compound
by Barlow et al. [29]. This is also the initial stage in the
reaction of the other amines studied (ethylamine, n- and t-butyl-
amine). The low stéhility reported for MeNHPF2 at room
temperature is confifmed and a mass spectrometrically pure

compound was never obtained; (FZP)ZNMe is not however found to

be present as an impurity, which indicates that there is no
substantial equilibrium

2 MeNHPF,, = (PFZ)ZNMe + MeNH,

as previously suggested [29]. An increase in the molecular
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weight of the alkylamino function is found to confer an
increased stability on the molecule. The formation of a "pure"
prodﬁct is achieved only by using reaction conditions which
favour minimum contact of the product with excess amine, i.e.
gas or solution phase reactions are preferred.

In the presence of exéess amine the reaction can follow two
alternative pathways depending on the amine employed. Bis(alkylamino)-
difluorophosphoranes, (RNH)ZPFZH (R = Me, Et, Bun), are
obtained with methylamine, ethylamine and n-butylamine. The
infra-red spectrum of (MeNH)aPFzﬂ is identical with that reported
for a by-product in the initial synthesis of MéNHPF2 £29]. The
only other.well authenticated difluorophosphorane containing
two nitrogen ligands is MeZN(BuiNH)PFZH [31]. The thermal
stability of these difluorophosphoranes with respect tp the
re-formation of alkylaminodifluorophosphines is low, and again
found qualitatively to be a function of their molecular weight.
The stability of (MeNH)aPFZH is such that no decomposition was
recorded during the period required to take an n.m.r. spectrum
but solids were found to precipitate in less than a day. Its
stability is lower in the vapour phase; i.r. studies indicate
the formation of MeNHPF2 and a small quantify of PF3 (vide infra).
H are, therefore, only characterised

Both (MeNH)aPF H and (EtNH)ZPF

2 2

by means of their i.r., n.m.r. and mass spectra. The reaction

of t-butylaminodifluorophosphine with excess t-butylamine is
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found to be much slower than the analogous reaction with
n-butylaminodifluorophosphine; bis(t-butylamino)fluorophosphine,

(But

NH)aPF, is isolated from the reaction productiand characterised
as a low melting, easily sublimed solid, with a considerably
greater thermal stability than the bis(alkylamino)difluoro-
phosphoranes.

Alkyltrifluorophosphoranes were observed [32] to react

with tertiary amines in accordance with the scheme:-

RPF;H + RIN ——> [R(HF,)P&NR{] —— RINE' F~ + RPF

3 3 3 2
l-r3PF3H
RINH® (RPF, H)™
A SNH ( " )
While (MeNH)aPF3 is stable in pyridine at room temperature

(pyridine is used as a solvent for n.m.r. spéctra) it is found

to react slowly with methylamine to precipitate solid products.
On heating (MeNH)zPFZH with Et3N there is no evidence for
dehydrofluorination to produce (MeNH)ZPF.

The products formed from the reaction of MePF2 with alcohols
are very similar to those formed from the reactions of MePF2
'with primary amines (vide supra) [49-51],
ROH + MePF, — MePF,(OR)H
No previous reports related to the reaction of PF3 with methanol

exist, although PF, was observed by Moissan to react exotherm-

3
ally with ethanol [52]. The replacement of fluorine by alkoxy
groups was later assumed to take place in these reactions [53].

Methanolysis of trifluorophosphine in iron carbonyl complexes
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gave a mixture of products, suggesting retention of P-Fe bonds
and replacemént of fluorine atoms by methoxy groups one at a
time [54].

In the absence of a tertiary amine, methanol is found
not to react with PF,. 1In the presence of a tertiary amine,

3

almost complete substitution of the fluorine atoms in PF3 is
found to take place, and none of the desired (MeO)aPFzH can

be isolatéd.

MECHANISM FOR REACTIONS.

Nucleophilic attack on P(III) ié particularly facile
compared with attack on a saturated carbon atom [55]. Presumably
this is the iﬁitial step in all reactions between amines and
tervalent phosphorus compounds. The transition state is formulated
as a trigonal bipyramid in which the amine molecule and the
lone pair of electrons attached to phospho:us both occupy
equatorial positions (by analogy with the structures of other
pentaco-ordinated compounds [56]). The stability of these
complexes is low, and decomposition takes place‘either (a) to
re-form the reactants (as was observed fof the reaction between
Me3N and PF3 L24]), or (b) to form new products by way of HF

elimination. Hydrogen fluoride elimination can be visualized

as taking place through two possible intermediates, I or II:-
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RNH, + PF, &= Hfe ¢ (1) &= N,)IF-—H (11)
(a) .
-HF\ () /HF

RNHPF
I will pfobably be dehydrofluorinated by means of nucleophilic
attack by a second amine molecule on the co-ordinated amine
molecule, with displacement of F~ from the axial position (as
postulated in other nucleophilic substitution reactions at

phosphorus [57]):-

R HF“.}IFJ . )
BN g™ ¢ (1) —m— RNH + RNHPF, + F
F .

Loss of HF from II probably takes place spontaneously, since
a recent study by Goodrich et al. of the reaction between MeZNPFl+

and MeBSnH showed that dimethylaminotrifluorophosphorane,
MezNPFBH, was unstable at room temperature and readily decomposed
to form MeaNPF2 as the only identifiable volatile product [58].‘
The similar postulation of five co-ordinate intermediates has
recently played an important role in the rationalization of
'the hydrolysis rates of esters of phosphoric acid which‘contain
five-membered rings [59].

The solids formed in these reactions were found to be
insufficiently soluble in any normal solvent for their n.m.r.

spectra to be recorded. By analogy with the reaction of

dimethylamine and phosphorus trifluoride, which was followed
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stoichiometrically and produced only one volatile product, the
majority of this solid product is assumed to be alkylammonium
bifluoride [25],

3 RNH2 + 2 PF3 > 2 RNHPF2

However, more recent studies have indicated that some of the

+ -

Me,NPF, or PF, reacted further with the bifluoride ion to

2 2 3
form the hydridopentafluorophosphate anion, (HPFE)-, [60]:-

AN + -
MeZNPF2 + 2 BHF —> PF3 + MeZNH2 F

PFS + HF, - (HPF5)

The second stage of the reaction between primary amines

and PF3 is also postulated to proceed via a trigohal bipyramidal
intermediafe which can decompose in three ways, (a) to reform the
starting materials, (b) by means of an amino-proton migration

to the phosphorus atom, or (c¢c) by eliminating a molecule of HF.

These routes are depicted below:=
H H

R-I. T RN T
M - \\ o ..ﬁ_bl\ ) \\'__ - M n
RNHZ + RNHPFZ——, HéV’%’ — R-r,:/f H R = Me, E’g, Bu
R F H F
(c)\ /(c) &
(RNH)ZPF ‘R = Bu

Similar types of transition states have been used to rationalize
fhe hydrolysis of PF3 to form the unexpected h&dridophosphoryl
difluoride; HPOF2 [61]. Effects controlling the direction of
this reaction will now be considered. A

Besides the previously mentioned reactions of alkyl(aryl)-

difluorophosphines to produce fluorophosphoranes [32-5], a
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substantial body of work has been recorded [62] on the preparation

of spirophosphoranes with the general structure
o’\ ~ 2
H—P X = =0, -I‘\T-

9

These were synthesized from Me N-P’O by displacement of the
~X

2
dimethylamino group by an amino-alcohol. It appeared that the
alcoholic end of the molecule was the better nucleophile. The

P(III) compound so formed was then studied to examine the equilibrium
P(III)=2P(V) [63]. The large difference in the 31p chemical

shifts of the P(III) and the P(V) states permitted an estimate

of the equiiibrium constant for the following two reactions:=-
H _ B o

Ig>P—O-CH2-CH2—NH2 = [:N‘ ’N] (111

100 % 6P +57

H Me
EL\P-O-CH ,-CH,-NEMe === EN\P\O] (IV)
90 % 6p =137 10 % by +63
The results shown are in agreement with the differences
‘observed for the reaction of aminophosphines with amines, in
that the P(V) state is favoured more for a primary than for a
secondary amine, A general preference for a five as against a
three co-ordinated compound can be justified by calculating
the enthalpy changes in the above two equations. Bond energy

data [Appendix 2] indicate that D(P-N) + D(P-H) > D(N-H). If

the energy required to re-hybridize the phosphorus atom is
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ignored, then the enthalpy for the reaction is found to be
favourable. In going from methylamine to dimethylamine the

N-H bond energy decreases, while the P-N bond energy only changes
marginally on the introduction of more electron-donating groups
onto the nitrogen atom. Since bond energy factors would appear,
if anything, to favour stabilization of a pentaco-ordinated
product containing a dialkylamino as against an alkylamino
substituent some other factor must be operating which destabilizes
this compound. Steric crowding is an important factor in
determining the stability of pentaco-~ordinated phosphorus derivatives.
Thus spirophosphoranes are found to be more stable than their
non-spiro énalogues. While several factors will ultimately
control the stability of the pentaco-ordinated molecule, it seems
that the difference in stability between III and IV stems
primarily from the large steric requirements of tﬁe methyl:

group as compared to the simple hydrogen atom. A similar
reasoning will reconcile the diffe:ent paths followed in the

with PF,. The different steric

2 3
requirements of the ButNH- and the Bu'NH- group are best

reaction of ButNH2 and BunNH

emphasized by building Stuart models for the two possible

pentaco-ordinated molecules, (RNH) ,PF,H.
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COMPARISON OF REACTIONS BETWEEN PRIMARY AMINES AND NON-METAL HALIDES.

The foregoing discussion has presented data to suggest that
the RWHP grouping possesses considerable stability in some
compounds where the phosphorus atom is bonded to fluorine. Thus
alkylaminofluorophosphoranes are readily isolated under favourable

reaction conditions. Disproportionation of MeNHPF, only takes

L

place over a period of months (this may in fact be due to either
kinetic or thermodynamic effects); while the solid product was
not examined, a suitable equation for this process would be:-
3 MeNHPF, ~ ———  (F,PNMe), + MeNH; PFy
These_results should be contrasted with those appertaining
to the reactions of primary amines with other P(V) compounds,
which contain a variety of ligands attached to the phosphorus
atom [64-5]. A considerable bulk of work has indicated that

the intermediate compounds RNHPX, are unstable with respect to

N

disproportionation:-

RNHPX —_— 1/n ()(3131\nv1e)n + HX

L
The diazadiphosphetidines formed exist either as monomers or
'dimers,with electron-donating substituents attached to nitrogen
and electron-withdrawing substituents attached to phosphorus
favouring the latter species. It is found that a similar role

is played by substituents attached to phosphorus in the analogous

diazafluorodiphosphetidines,for an increase of m in (thF mPNMe)n

B

from one to two takes the structure from being a dimer to a
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monomer [42]. The reaction of PCl, with primary amines

3
emphasizes the more facile cleavage of a P-Cl bond than a P-F

bond, since in most reactions complete substitution of-chlorine

by nitrogen containing ligands has been reported [65]. It has,
however, proved possible to isolate some compounds as representatives
of RNHPClZ, and it has recently been demonstrated that the

latter is readily dehydrochlorinated by a tertiary amine at

ambient temperatures [66],

t

Bubympo1, —=HCl

, —== 3 (ciPNmu®),
Attempts to dehydrofluorinate MeNHPF2 and produce an analogous
product were reported to be fruitless [67].

One cén apply a simplified, purely tﬁermodynamic approach
to explain the different stabilities found for these two systems.
Both disproportionation reactions involve the cleavage of a
P-X (X=F, Cl) bond and formation of a molecule of HX:-

RN-H + P-X ~-~—————3) RN=P '+ H=X
Bond strength data [Appendix 2] indicate that the difference
between P-F and P-Cl bond energies (46 kcal.) is larger than the
difference between the H~F and the H-Cl bond energies (33 kcal.),
which favours the elimination of a molecule of HCl more than a
molecule of HF., There are several important assumptions which
have been made in this approach:-

(i) Thermodynamic control for the system has been assumed and

the possibility of kinetic control has so far not been considered.
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The decomposition of MeNHPFk may be thermodynamically controlled,
with the rate determining step in the decomposition process

being that in which the ad@uct-PquNdMeH.PaFA
This will not only be weaker than the simple alkylamine-phosphorus

NaHMe is formed.

pentafluoride adduct, due to (a) the decreased Lewis acidity
of the phosphorus atom, Pa’ due to electron donation by nitrogen, Na’
and (b) the decreased basicity at nitrogen, Ng» due to the
electron withdrawal by Pd’ but its formation will be hindered
by steric interactions.
(ii) While HCl1l is liberated as a gas in the reactions of amines
with PCl_, alternative mechanisms for aiding the removal of HX
are possibie. Thus, in the decomposition of MeNHPFu, the HF
formed is probably removed by means of the reaction:-

MeNHPF, + 2 HF —— MeNH; PFy
Thermodynamic data are not available to estimate a value for
the enthalpy change in such a reaction but there is no doubt that,
in this particular instance, such an interactioﬁ would tend to
aid the dehydrofluorination step.
(iii) Factors such as variations in P-N bond strengths have been
ignored. The wide spread of values for this particular bond
energy [Appendix 2] indicate that this is unlikely to be a
correct assumption. 1In (XBPNMe)2 (X = F, C1) the two P-N bonds
possess different bond lengths [47,68] and presumably also different

bond energies. In addition, a certain degree of (p-d)n-bonding
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in these systems has been postulated [69], and is likely to be.
more predominant in the fluoro- than the chloro-derivative.
Small changes in bond energy may well play an important part
in promoting particular break-down paths where overall enthalpy
changes are small.
(iv) As an extension to the above topic, the nature of the
products formed also has to be considered. This point will
be illustrated by reference to other related systems. Alkylamino-
borondifluoride, RNHBFZ, can decompose as shown:-

2 RNHBF, — 3% (FBNR), + RNH, .BFy
The extent to which this reaction proceeds is governed by the
stability of the borazine that can be formed. For bulky alkyl
groups (e.ge R = But) the borazine has not been identified and
hence the parent cbmpdund is stable. On the ofher hahd‘
RNHBF,, (R = Me, Et) have so far not been isolated [70], in
spite of the great stability of the B-F bond. In sulphur~fluorine
chemistrjffhere is a dearth of compounds containing the unit
RNH-S(F), which are spontaneously converted to RN=S groups [71].
'While this reaction is aided by the weak S-F bond, there appears
to be a particular stability for isolated multiple sulphur nitrqgen
bonds; thiazyl fluorides are less stable than phosphazenes and
this is probably related to the inability of the formér to

delocalize charge throughout the ring.

These observations emphasize the wide rangé of factors
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that are responsible for variations in the reactions of amines
with non-metal halides. . It appears that until the kinetic and
thermodynamic aspects of these reactions have received greater
attention, the chemist will have to refrain from his continual
desire to systematize related topics, and be forced to treat

each individual system separately.

STRUCTURES OF PHOSPHORUS-FLUORIDES.

The evidence presented here in the form of n.m.r., i.r.
and mass spectral data suggests that the structures of all the
molecules encountered with in this chapter are normal, i.e.
fluorophosphines are three co-ordinated, fluorophosphoranes
are five co-ordinated, and adduets and anions are six co-ordinated.
There is some difficulty in completely assigning the structure

of 2MeNH2.PF but the bulk of the evidence suggests that the

5’
extra molecule of amine is co-ordinated to the 1:1 adduct by

means of N----H hydrogen-bonding.

PENTACO-ORDINATION.

In the past ten years or so, much work has been carried out
in order to determine the stereochemistry of fluorophosphoranes.
The two idealized geometries for a five co-ordinated species are

trigonal bipyramidal and square pyramidal. It has been pointed
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out that these geometries are strikingly similar [56], as can
be shown by iooking at the former down the 02 axis, and the

latter down the C4 axis,

@
X i c
. . .
C '{}‘Xf—Y<;, Y,
2 X 4
- ¥ & \x

The energy difference between the two structures is likely
to be small compared with lattice energy parameters and
solvation energies in solution, and comparable with association
energies in the liquid state. Structural discussions concerning
‘pentaco-ordinated species must clearly be referred to a
particular physical state [56].

Fluoréphosphoranes are usually either gases or volatile
liquids, and are ideal for structural studies. Up until now
all evidence has been in agreement with (a) all these molecules
adopting trigonal bipyramidal structures and (b) where more
than one type of substituent islpresent, the least electronegative
groups generally occupying the equatorial sites [3,72]. Griffiths
has concluded from the different results found from electron
diffraction and infra-red studies on CFBPF4 that at low pressures
it possesses an axial CF‘3 group, but that at high pressures (>3 torr)
a configuration with an equatorial CF3 group is favoured [73].
Another contradiction to this general rule is observed where
steric factors dictate the geometry of fluorophosphoranes; two

four~ or five-membered heterocycles containing the same phosphorus

atom as one of the hetero atoms force the fluorine atom in the
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tetra~-substituted fluorophosphoranes to occupy an equatorial
site [?4-5] ’

F—P

This general concept has been extended té include phosphoranes
containing no fluorine atoms; where five-membered rings are
involved, they are bhest piaced so as to span one equatorial
and one apical position with the more electronegative atom
in the ring occupying the latter site [59,76].

While gaseous electron diffraction studies [77] and infra-
red studies [78] indicated that PF5 possesses D3h symmetry,
the original n.m.r. studies on the pure liquid showed two lines
indicating that all fluorine atoms are magnetically equivalent
and remain coupled to the central phosphorus atom [79]. These
apparently conflicting results are explained by mnoting the

20, 10-13

different time scales for these techniques: 10 and

1.107? sec. respectively [80]. Berry suggested that the

10”
fluorine atoms exchange at a rate slow compared with the time
.necessary to establish sharp vibrational levels and fast
compared with the inverse line width associated with n.m.r.
measurements [81]. There are four routes by which fluorine
exchange can take place‘in PF5:-

(i) Intermolecular exchange;

(ii) Exchange via bond cleavage (e.g; radical formation);

(iii) Intramolecular exchange;

(iv) Quantum mechanical tunnelling.
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The first two mechanisms are ruled out in this particular

case since PF coupling is maintained. Of the possible intra-
molecular exchange routes, Berry proposed that the most probable
one on energy grounds, was thatvin which "internal pseudorotation®

was involved; this mode is depicted below:-

JI’?. . =
B —_— W
:/:' :gp.\}}?) ?\, {‘?, gF"
R %
AR

The mechanism involves small shifts of F1 and F2, and F3 and F4
away from their equilibrium positions, with the pivot fluorine-
atom not moving at all; this proceeds via a tetragonal pyramidal
intermediate state. The final route, that of quantum mechanical
tunnelling; is a device for traversing potential energy barriers
(in this case the energy required to produce the tetragdnal
pyramid) when the system does not possess enough kinetic energy
to do this.

This work has been extended to‘explain how exchange takes
place within other fluorophosphoranes, and at the same time
more quantitative work has been performed,chiefly by.Holmes et al.,
"to evaluate the heights of the energy barriers involved [82-3].
More detailed vibrational potential functions based on normal
co-ordinate analysis results have confirmed that Berry's
mechanism represents the lowest energy path leading to exchange.
In the specific_case of PF_., the most favourable exchange

5

co~ordinate approximates one normal mode, the axial bending
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mode (v7), which was assigned in a recent gas phase Raman
study to a peak occurring at 175 el (84]. Consideration of
rates of tunnelling through the barrier and reaction over the
barrier lead to the conclusion that the latter process assumes
importance at all but the lowest temperatures. The results
showed that pseudorotation is possible only when the co-ordinate
governing exchange has a low frequency and a large amplitude
motion, and hence a correspondingly small force constant,
associated with a molecule of comparatively low reduced mass.
In the condensed state there is evidence that intermolecular
interactions serve to lower the barrier by allowing weakly
held short-lived solvation complexes or specifically oriented
collisional complexes to be formed [83].

Pseudorotation rates are generally obtained experimentally
by performing a variable temperature n.m.r. study on the compound
in question. The temperature at which n.m.r. ﬁ}gnals for the
individual axial and equatorial substituents begin to appear
determines the activation energy for this process. These studies
have ranged over a wide variety of pentaco-ordinated compounds
and the effect of bulky groups, small rings and electronegativities
on these rates has been examined [85-6]. Of special interest,
is the generalisation that the activation energy increases
with the increasing number of substituents in place of fluorine

in fluorophosphofanes [72]. An activation energy for fluorine
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exchange in EtaNPFh, where equivalent fluorine atoms were
observed at 25° and two sets of fluorine atoms were observed

at -85°, was evaluated as lying in the range 6-12 kcal./mole [87].
A more recent study of the low temperature 31? n.m.r. spectrum

of MeaNPF4, which involved a detailed examination of line widths,

indicated that the Berry mechanism, with simultaneous interchange

of both axial and equatorial fluorine atoms rather than inter-
change of only one pair of axial and eQuatorial fluorine atoms,

was operating [88].

N.M.R. SPECTRA OF RNHP(F) COMPOUNDS.

The existence of three nuclei, each of which posseéses a
nuclear spin quantum number, I, value equal to % in RNHP(F)
containing compounds usually results in sufficiently characteristic
n.m.r. spectra to make identification of unknown compounds
by this technique almost unambiguous. In addition, the nitrogen
nucleus with spin I = 1 also possesses an electric quadrupole
‘moment, which can interact with the fluctuating electric field
gradients produced at the nucleus by other molecular degrees
of freedom. In the absence of quadrupole relaxation, coupling
of 14N to nuclei of spin % produces spectra for both sorts of
nuclei which consist of simple multiplets. The electric quadrupole

1

relaxation mechanism will only operate on the 'N nucleus, and
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will affect the multiplets in two different wayé [89]. 4s
the relaxation rate increases the spectrum of the 14N nucleus
will broaden proportionately, and at high rates the multinlet
will coalesce into a broad signal. The spectrum of the spin-%
nuclei will also reveal broadening of its multiplét which
will finally coalesce into a broad signal, but at a faster
relaxation rate this further sharpens into a single line. At
intermediate relaxation rates theory shows that individual
components of the multiplet in the spectrumrof the spin-%
nuclei are broadened to different extents [89]. 1In the absence
of broadening due to exchange effects, it has been shown that
slow molecﬁlar motions are most effective for quadrupole
relaxation [90]. Quadrupole relaxation rates depend to a large
extent on the influence that the substituents attached to nitrozen
have on the symmetry of the electron cloud at the 14N nucleus;
a high degree of asymmetry leads to complete decoupling of
the '*N nucleus [91l.

In the compounds studied quadrupole relaxation most affects
'the appearance of the amino-proton's resonance, which in some
cases cannot be detected. In view of work previously performed,
an increase in temperature should reveal coupling between the
amino-proton and the nitrogen nucleus [90]. A generalibroadening
of peaks arising from alkyl-protons is also noted. The same
phenomenon has also been observed in compounds with nitrogen

bonded to phosphorus previously; no broadening of the analogous
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compounds, containing oxygen in place of nitrogen, was found [92].

N.M.R. SPECTRA OF ALKYLAMINOTETRAFLUOROPHOSPHORANES (Table 1.2).

19F nem.r. spectra of ButNHPF and

4

EtNHPF, both show two broad resonances indicating that the axial

I

and equatorial fluorine atoms are exchanging on the n.m.r. time

The room temperature

scale by means of pseudorotation. The same explanation. accounts

19

for the absence of peaks in the F nem.r. spectrum of MeNHPF

L*
. These results show that the energy barrier for pseudorotation
is increased in going from the t-butylamino- or ethylamino- to
the methylamino-~ derivative of phosphorus pentafluoride. 1H
n.m.r. spectra show complex multiplets due to coupling with

more than one nucleus., In EtNHPF, the methylene resonance shows

I
a septet of broad lines which is attributed to the near coincidence
of the values for %J(PCHZ), J(HZCCHB) and J(H,CNH);further coup-
ling with fluorine is not resolved. The band heights agree
well with the required 1:4:7:8:7:4:1 intensity ratio. A similar
explanation has been put forward fo account for the methylene
multiplet in PhP(NHEt)a; justification for these assignments |
was then obtained from homonuclear double-resonance experiments [93].
The two multiplets for the methyl resonance in MeNHPFh can-be
similarly rationalized.

ihe resonance arising from the methyl group in EtNHPF, is

4
split into a triblet due to coupling with the methylene group;
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each peak is then further split into a doublet. The resonance
due to the methyl group in ButNHPF4 is also split into a
doublet. This additional splitting could be ascribed to either
(a) long-range coupling with the phosphorus atom, (b) long-range
coupling with the amino-proton or (c) some mechanism which
makes the methyl group magnetically nonequivalent. The first
suggestion is favoured since results, both presented here and
obtained from other sources [94-5] (one of which also showed
evidence for additional splitting due to magnetic nonequivalence),
suggest that long-range coupling over four bonds is possible in,
these systems. Provided that this assumption is correct, the
following effects should be observed:-
(i) Irradiation at the phosphorus resonance should remove the
double degeneracy of the methyl resonance. |
(ii) Deuteration of the amino-proton should not effect the
appearance of the methyl resonance.
(iii) No alteration in the appearance of the methyl resonance
should be produced by using a 100 MHz n.m.r. machine, unless
magnetic nonequivalence is the cause of the splitting.

The further long-range HF coupling observed for the methyl

group in ButNHPF is unusual since it appears thét coupling through

L

five bonds has not previously been reported for analogous systems.
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VARIABLE TEMPERATURE N.M.R. STUDIES OF MeNHPFh AND ButNHPFu.

Since the room temperature n.m.r. svectrum of MeNHPF

L

shows no signals, a variable tenmperature n.m.r. study was
performed. Figse. 1.4 and 1.5 show how the 19F NeM.r. spectrum
depends on the temperature of the system (+70 - -80°). At

the highest temperature studied, the spectrum of the neat
liquid resembles that obtained for the other two tetrafluoro-
rhosphoranes at room temperature. On lowering the temperature
. to --l+0o three fluorine atom environments in the ratio 1:1:2
are produced. The spectrum remains essentially unchanged down
to -800, and its appearance does not depend on whether it is
run as a neat liquid or in solution, which indicates that the
nonequivalence of the fluorine atoms arise from some intra-

19

molecular process. A room temperature F n.m.r. spectrum
showing three fluorine atom environments was briefly mentioned
for 2,6-EtZC6H3hHPFu [16].

Nonequivalence of axial fluorine atoms was first reported

to occur in RPF,NHR' [18,96-7], and has since been found to

3
be present in R,PF_NHR' [18], RPFZ(NHR')H £1831, RaN(R'NH)PF3 [98-9]

2" 72
and several alkylthio- and arylthio-substituted fluorophos-
phoranes [100]. 1In all cases the asymmetry arises from a slowing
down of free rotation about the P-N or P-~S bond with respect

to the n.m.r. time scale. The spectrum for MeaNPF4 was reported

to show separate resonances for axial and equatorial fluorine



+70

+30

-10

Fige 1.4 19F n.m.r. spectrum of MeNHPF4 +70 - -10°
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atoms only below -800; nonequivalence of the individual axial
fluorine atoms was not observed [3].

The ne.m.r. spectrum of MeNHPF, is interpreted by assuming

L

that the compound can adopt a structure in which one of the

fluorine atoms, Fa" preferentially interacts with the

amino-proton,
F H
F, 2|
F P—-1NMe
e |
Fa

The changes in the appearance of the spectrum foundron lowering
the temperature thus arise from a combihation of two effects,

(a) slowing down of fluorine exchange processes and (b) an
increased importance attached to hindered rotation about the

P-N bond. Let us assume first that the nitrogen atom is hybridized
in such a way that the C-NH~-P skeleton is planar, as has

been observed for the C_N-P skeleton in MeZNPF2 (101]. Then,

2
at temperatures where rotation around the P-N bond is slow,
the two axial fluorine atoms will both bekmagnetically non~
equivalent and the two equatorial fluorine atoms will be

magnetically equivélent. The two axial fluorine atoms thus

produce two different sets of resonances. In common with all

and 6F. are both less
a al

fluorophosphoranes the values of GF

than that obtained for 6F -
e
It appears that hydrogen-bonding between the amino-proton

and Fa' increases the energy required for both rotation about
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the P-N bond and pseudorotation. The pseudorotation rate has
been shown earlier to depend on the ease with which axial
fluorine atoms can be deformed from their equilibrium positions.

The diagram below shows that both these processes are severely

restricted:=-
¢F---H F---H
1| L
?1;— NR F>1|3GNR
xF F

It is somewhat Surprising that in EtNHPFh and'ButNHPFA, where
larger alkyl groups are involved, that these effects are less
pronounced; this anomaly may be due to a chanée in the acidity

of the amino-proton, which would be expected to decrease on
replacing fhe methyl group by a more electron-donating alkyl
group. It would be interesting to see whether the inclusion

of a group in the alkyl substituent to which the amino-proton
could also hydrogen-bond (e.g. a carbonyl group) would appreciably
affect the appearance of the n.m.r. spectrun.

Since the axial fluorine atom at higher field is further
split into a doublet by coupling with the amino-proton, it is
tempting to assign these resonances to the fluorine atom to
which it is closest alligned. The value of 3J(Fa,NH) (27.6 c¢/s)
is larger than that generally observed for coupling through
three bonds, and its increased magnitude may be a direct result
of through-space coupling. The amino=-proton produces a broad

triplet in the low temperature1Hn4m.r.dueto almost equal
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coupling of the proton with both the phosphorus atom and Fa"
In (NH,),PF; the values for 23(F, WH) and J(PNH) were both
reported to be ~20 ¢/s while that for 3J(FeNH) was only 1.7 ¢/s [5].
Coupling of the methyl group with Fa' but not with Fa is
observed in the 19F spectrum of MeNHPF4. Similar coupling
between only one of the axial fluorine atoms and the protons

on the alkylthio group was observed in alkylthiotetrafluoro-
phosphoranes [100]. A recent study of OH---F hydrogen-bonding
(in this case no direct H---F coupling was observed) in ortho-
trifluoromethylphenol indicated that the resonance due to the
co-ordinated CF3 group lay to a lower field than that due to

the unco-ofdinated CF3 group [102]. The direction and magnitude
of the shift was shown to be that expected on the basis of

the Karplus and Das theory for chemical shifts [103], in which
only the p orbitals on fluorine are considered to affect the
value of 6F. Both NH---F and OH----F bonding should result in

a decrease in fluorine p orbital symmetry, as the result of
the 2p orbital on fluorine overlapping with the 1s orbital on
hydrogen which will affect the fluorine paramagnetic screening
term. Since the shift of electrons is in the same direction
in both cases, one might expect a similar direction of shift
between the hydrogen~-bonded and nonhydrogen-bonded £luorine
atoms. That this is not so may simply be a consequence of

the fact that changes of electron density within the P=F bond

have been overlooked.
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A closer examination of the 19F spectrun of MeNHPF4
reveals thaf the fine structure associated with the two outside
bands is different from that associated with the middle band

of all the triplet reéonances; the left-hand triplet arising
from Fa' is reproduced in Fig. 1.6. There are two explanations
for this phenomenon:-

(i) If the C-NH-P skeleton is not completely planar, as
previously assumed, then both equatorial fluorine atoms will

be magnetically nonequivalent. While different chemical shifts
are not observed for these two fluorine atoms, they do appear‘
to couple to the other magnetic nuclei to different extents.

The contenf of Fig. 1.6 shows how the resonance for Fa' can be
interpreted as arising from two different values for J(FafFe)‘
The triplet resonance due to the equatorial fluorine atoms
(after coupling to the phosphorus atom) shows a broad central
band and two outer bands, which are further split into sextets.
Coupling with protons is indicated, but it is not pésSible to
decide Qhether the peaks are produced from one or two types

of equatorial fluorine atome. HF coupling constants derived from

both the 19F and 1

H nem.r. spectra are self-consistent. Coupling
constants calculated on the assumption of nonequivalent
equatorial fluorine atoms are given in Table 1.2.

It was hoped that the low temperature study of ButIQTHPFI+

would reveal a simpler 19F n.m.r. spectrum since long-range
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hydrogen fluorine coupling should not be resolvable. However,
even at the lowest temperature obtained (-500, the m.p. of the
compound) a slight broadening was observed due to fluorine
exchange; a suitable solvent (e.g. toluene) for studies at lower
temperatures was not found. The low temperature spectrum of
ButNHPF4 indicates that there are three fluorine atom environments,
as was observed for MeNHPFA; one notable difference between
these two spectra is the dissimilar magnitude of (6Fa' - op ).
(ii) The fine structure can alternatively be explained as :
arising from a second order effect. The A32 spin system has
been analysed [104]. For small values of J/vob (i.e. for situations
which can closely be represented by an AX2 spin system) both
the central line of the 'A' triplet and the two lines associated
with the B nucleus are split to different extents into douflets.
The two outside lines of the triplet also possess different
intensities. The equatorial fluorine resonance in the spectrum
of (NH2)2PF3, examined by Lustig et al. [5], showed a central
band which was split into a doublet by means of the above effect,
Methylaminotetrafluorophosphorang (which can either be
considered to represent an ABCDX or an ABCZX spin system, depending
on whether or not the C-NH-P grouping is planar) might
similarly be expected to produce a splitting in the central

band of the triplet resonances. Lustig et al. were able to

produce a partial computer calculated spectrum which indicated
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a splitting similar to that obtained in practice,by employing
the coupling constants calculated on the basis of a first ofder
analysis L5].

Without similarly using a computer it is not possible té
state categorically whether or not the equatorial fluorine
atoms are magnetically equivalent in MeI\THPFl+ on the basis of
the work presented here. Since it is regarded as somewhat
strange that the equatorial fluorine atoms should possess

different values of J(FF) but possess the same chemical shift,

the second explanation is favoured.

N.M.R. SPECTRA OF BIS(ALKYLAMINO)TRIFLUOROPHOSPHORANES (Table 143).

The 19F n.m.r. spectra of these compounds indicate that

all the fluorophosphoranes studied here have the structure:-

i1
HeN--..
H_w,,»? F
R F

There is evidence for restricted rotation around the P=N bonds

in both (MeNH).,PF., and (EtNIH) since the axial fluorine atoms

2FF5 2PF3
produce two peaks which are very broad at room temperature. As
the equatorial fluorine atom produces sharp peaks this phenpmenon
cannot be associated with a pseudorotational process.' On the
other hand in (ButNH)ZPF3 the axial fluorine atoms produce much

sharper peaks which indicate that coupling to the equatorial

fluorine atom and both amino-protons takes place. The 1H-n.m.r.



- 53 =

Table 1.3

Compound 5;3 5;6 J(PFa) J(PFe) J(FaFe)
(HeNH) ,PF, Gl 62bra 78 703 868 41.2
(ENE) ,PF PYe2bra 76 694 875 417
(ButNH)zpF3 ol 47 br aat '69 726 897 47.7
ompound J(FaCH) J(FeCH) J(FaPNH) 68H3 65H2
(MeNH)ZPF3 1.6h 1.6h,1.9f NeOe ~2.6 ddgq
(EtNH)ZPF3 Ner. N.O0. N.0. -1.2 t ~3.1 y
(ButNH)ZPF3 16.72,16.15-1.1 s

ompound R J(H2CCH3) J (PHCH) J (HNCH) J(PNH)
(MeNH)ZPF3 ~3.6 br 13.7 4.8 N.0.
(EtNH) ,PT, n.o. 6.8 13.6 6.8 n.o.
(ButNH)zpF3 -2.5 br dt 13.3
2 In MeSN. P Neat. D Obtained from 'H n.m.r. © Obtained from

19F NeMeT,

spectrum also indicates that the amino-protons are coupled

equally to both axial fluorine atoms in (ButNH)aPFS, i.e. free

rotation around the P-N bonds is present in this compound.

A variable temperature n.m.r. study was performed on

(MeNH)aPF3 (Fig. 1+7). The high temperature spectrum shows that

the resonances due to the axial fluorine atoms become much
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+60
Fa _ Fe
| o - - " 2
-5°
Y
-80°

oMM .l

Fig. 1.7 Op nem.r. spectrum of (MeNH)ZPF3 +60 - =80°
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sharper, i.e. rotation around the P=-11 bond becomes ea51er,

and the appearance of these resonances approaches that expected
for a compound in which rotation around all bonds is unhindered.
On reducing the temperature, the broad doublet divides into

more than one set of peaks. One might have expected that at

low temperatures (MeHH)aPF3 would adopt a structure in which

each amino-proton is hydrogen-bonded to a different axial fluorine

atom (I), which would render both axial fluorine atoms magnetically

equivalent:-
Tor r-E EoF
MeN~, . MeN~. = Mel~ 4 .Me
(1) s (1m) g /P Hite (rin g Tl
Fe--H ' F

The spectrﬁm shows that no such simple state of affairs exists
since a change in the appearance of the equatorial fluorine

atom resonance is also observed. As there is only one equatorial
fluorine atom in each molecule this suggests that at low

temperatures (MeNH)_ PF, may exist in more than one configuration,
2 Y

3
Both equatorial fluorine atoms in I and II, for example, exist
in different magnetic environments and a mixture of these two
species would produce a complex fluorine spectrum. In both of
these configurations hydrogen-bonding to axial fluorine atoms
only is considered. Different configurations in which hydrogen-
bonding to equatorial fluorine atoms takes place can be envisaged

(eegs III). Although experiments were not carried out to study

solvent effects, it might prove possible to alter the ratio of
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molecules in these various configurations by a suitable choice
of solvent.

In the presence of a base (Me,N or pyridine) the peaks

3
in both the fluorine and proton spectra of (RNH)ZPF are found

3
to sharpen considerably. In (MeNH)ZPFB,for example,the methyl
resonance changes from being two broad peaks (in which only
coupling with phosphorus can be resolved) in the liquid state
to one which reveals further coupling with the amino-protons and
the fluorine atoms; at the same time the equatorial fluorine atom
resonance exhibits a further septet fine structure due to
coupling with the protons in the two methyl groups. This effect,
also observed in the other RNHP(F) compounds, may be ascribed
to a reduction in the rate of amino-proton exchange. The septet

fine structure for the methyl resonance in(EtNH)ZPF3 arises from

multiple overlap as explained for EtNHPFu.

N.M.R. SPECTRA OF BIS(ALKYLAMINO)DIFLUOROPHOSPHORANES (Table 1.4).

Nemer. studies show that these molecules contain one hydrogen
and two fluorine atoms, since their 19? NeM.T. spectfa consist
of two sets of doublets, with the smaller coupling constant
corresponding to the separation between the triplets in the
doublet of triplets, arising from the proton that is directly

bonded to phosphorus, in the T n.om.r. spectra. Fige 1.8,
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Table 1.&
C d *
ompoun % J(PF) 5% 6§CH 5¢cy
3 2 2
(MeNH)ZPFzH 62 br dd 655 ~2.3 ddt
(EtNH)zPFaH 60 br dd 660 -1.1 ¢t -3.0 ¥y
n... ) '
(Bu hH)aPFZH 59 br dd 658 =0.9 compe. =2.9 x "=1.l4 comp.
* T 7o
Compound Chn 5;2 J(FPHCH) J(Hacch) J(PHCH)
(MeNH) ,PF.,H =3.2 br  =6.5 dt 1.5 ° 13.9
(EtNH) PF,H -2.5 br -6.7 At~ n.r. 7.1 14.2
(Bu"NH),PFH | n.o. -6.7 dt  n.r. ~12.2
Compound J(HNCH) J(PH) J(FPH) J(HchHZ)
(MeNH) ,PF_H 5.0 837 118 B
(ENH) P, H 7.1 845 117 B
(Bu"NH) PP H | 6.1 8il 118 B ~6.1

h Obtained from 1H n.n.r. spectrum.
showing both the 1H and 19F spectra for (MeNH)ZPFZH,'clarifies

the point. The structure of these molecules is then represented

by:-
i
MeN-< P—H
Meﬁf’n
H F
The broadening of the axial fluorine atom resonance is likely

to be due to the onset of hindered rotation around the P=N bonds.



Z

eIjo0eds *x°w*u {

(umoys jou) sutptafd utr H mmmAmz@E. Io pue g Q°L °3Td
, L 6L
Alu...lvm 2 : 1 1 } ]
AANRRNA I i ™S R A v
L ’ N (Hdd)r o m :
Hd
ﬁm¢Ammov uwotsuedxy
5o
1 cI*m u j
© L
N
]
«—H
CIIAN"HD
(Hd4) e : Q
‘X*wW*u
I¢1 | ]
!
124a% (En*H0)



- 59 =

The variablg temperature n.m.r. spectra were not studied but
those for MeZPFzNHMe and MePFZ(NHiPr)H revealed that this process
did take place at low temperatures [18].

The fine structure for the methyl resonance in (MeNH)ZPFZH
is revealed by dissolving the compound in pyridine. The septet
for the methylene resonance in (EtNH)aPFZH and the sextet for
the N-methylene resonance in (BunNH)aPFZH arise from multiple
peak overlap as explained previously. The remainder of’the alkyl
group in'(BunNH)zPFEH gives a complex proton resonance.

While little interpretation has been given to the type of
coupling involved in directly bonded PH systems [105], some data
have been collected which suggest that the value of J(PH) depends
on both the oxidation state of phosphorus and the electronegativities
of the elements to which the phosphorus atom is attached [51,62].
These workers have suggested, with the aid of Bent's hypothesis [106]
that the s orbital of an atom is concentrated into the hybrid
orbitals which are directed towards the least electronegative
substituent, that an increase in the value of J(PH) may be
connected with an increase in the s-nature of the P-H bond,

Table 1.5 gives a list of J(PH) values for various phosphoranes,
which emphésizes that the trend holds for a wide range of
compounds. A scattering associated with the differing inductive

effects of the substituents attached to N,C and O, and anisotropic

effects associated with the aromatic rings is also evident. A
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Table 1.5

Compound 1J(PH) 1J(PFa) sx 2 References
HPF, 1075 neoe 15.92 [107]
ArPFH ~900 - ~820 154450 £87,108]
RPFBH - ~860 ~800 a1L4450 58]
(RNE) (R'0) PF,H " ~820 ~660 b bl [31]
H,PF; 841-908  n.o. ° U1l £107]
(Me N)(BuiNH)PFZH e T2 TN [31]
(RNH) ,PF, B w840 ~660 14,0k

RPF, (OR")E ~850 ~750 .00 [51]

H c-o\ 0-CH '

Hgé-O’P‘O-Cﬁg 829 ~13.76 | [62]
RPF, (NHR')H : ~750 ~620 'A13.50 £18,33,35]

H ~ '
-o\g,h— Me
(:) osPLy gﬂaa 830 ~13.36 [62]
H
i

H.C=0_t_N-CH ~13.36 [62]
Hié-o’P\o gﬁg 780 '

Meanzﬁ 733 | 535 ~13.06 L135]
'Hzg'n\p'N‘CH 732 ~12.96 [62]

HSC=07 \O-CH

2 V i
z ¥ I 482 ~10.20 [109]

Zx,Sum of electronegativities of groups bonded to phosphorus

(not hydrogen) use Pauling-type values [110]. Unobserved because

of pseudorotation. ¢ Not given.
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rough correlation between J(PFa) and the electronegativities

of the atoms attached to phosphorus has also been noted [51]."

It has been reported that the increasing value of J(PFa) may
reflect changes in the P-F bond distance or an increased
s-character of the axial phosphorus orbital [72]. Since the
s-characters of both the P-H and P-F bonds are unlikely to
increase simultaneously, the former explanation seems more valid;
The contents of Table 1.5 show that the values of J(PH) and J(PFa)
for the compounds with general formula (RNH)ZPFZH follow the

general trends.

N.M.R. SPECTRA OF ALKYLAMINE-PHOSPHORUS PENTAFLUORIDE ADDUCTS(Thble 16) .

The n.m.r. spectra of the alkylamine-phosphorus pentafluoride
adducts were obtained in deuteriocacetonitrile solutions. The
19 _ t
F n.m.r. spectra of ZMeNﬁa.PFs, EtNHa.PF5 and Bu NH2.PF5

indicate that all adducts have the same structure in soiution:-'
R
H-N-H

Fu Y ¥
e e
F/}I)\F
e F e
a

While 6F is larger than 6F for all the adducts considered,
a e

the closeness of these two values produces second order effects

in the 19F n.m.r. spectra, which makes further coupling between

the equatorial fluorine atoms and the other magnetic nuclei on

the organic residue impossible to resolve. An analysis for the
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Table 1.6
Compound ox* ox* J(PF ) J(PF ) J(F F_)
Fa Fe a e e a
2MeNH2.PF5a 80 64 759 780 .55
EtHHZ.PFBa 79 62 758 785 56
ButNﬂa.PFsa 78 51 758 802 55
- a .
PFy 72 710
Compound 33 55% oxy J(PNCH) J(HCNP%) J(HECCHB}
2tieNH., . PF -2.6 dp - =6.3 12.5 1.1h
275 —2.5 & :
EtN.HZQPF5 -1.2 -3.0X “5.8 11—}.6 NeTe 703
t
Bu“NH,, .PF -1.3 ~5.9
MeNH; PFy -2.6 -6.0
EtNH; PFy -1.2t =3.0q =6.0 C 7.3
tomt po—
BuNH; Prg -1.2 -5.8

&cp CN solution. h Observed from QH n.m.r. spectrun.

3

AB X system is given in Appendix 3 together with a diagram which

L
reproduces part of a typical n.m.r. spectrum. While J(FeFa)
remains constant, the value of (6F - 85 ) is found to be both

a e
solvent and concentration dependent. In common with work performed

on XSF. derivatives [111], J(FeFa) remains practically constant

5
and bF is found to be less dependent than 6F on the nature of
a e
the complexed amine. The values of 6F and 6F lie on either side
e a

of the reported chemical shift of PFg (1]; however, evidence from
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many sources suggests that this cannot be reliably correlated
with changes in the electronegativity of the substituents
attached to the central atom [104].

The methyl groups in the 1H neme.r. spectrum for ZMeNHE.PF5
show two sets of resonances; one, a doublet of quintets, is
due to the co~ordinated methylamine and the other, a singlet of
variable intensity, which is situated to slightly higher field
arises from the free methylamine molecule; this chemical shift
difference is as predicted for complexed and uncomplexed amine,
The addition of -excess methylamine led to an increase in the
height of the singlet - which confirms this assignment. If the
solvent is pumped off the acetonitrile solution of the 2:1 adduct,
then some excess methylamine can be detected in the vclatile
material by its vapour phase i.r. spectrum [112]. The 1H but
not the 19F n.m.r. spectrum is consistent with the alternative
formulation MeNH; (MeNHPF5)— for this compound. Evidence thus

suggests that, in solution, 2MeNH2.PF5 contains one labile and

one complexed amine molecule.

N.M.R. SPECTRA OF ALKYLAMMONIUM HEXAFLUOROPHOSPHATES (Table 1.6).

The 'H spectra of RNH; PFg (R = Me, Et, Bu®) are identical

with those obtained for other alkylammonium salts [113]. The OF

n.m.r. spectra show that the PFg anion is present and its



- 6l -

chemical shift is independent of the nature of the cation [1].

N.M.R. SPECTRA OF ALKYLAMINOFLUOROPHOSPHINES (Table 1.7).

The room temperature 1H and 19F n.n.r. spectra of MeNHPF2
are essentially in agreement with those reported previously [29].
At -80° an improved resolution is obtained for the 19F NeMeXe
spectrum (Fig. 1.9) and the broad resonance due to the methyl
protons in the 1H spectrum is resolved into a triplet of
triplets (Fig. 1.9), resulting from almost identical values for
J(HNCH) and J(PNCH), and further splitting arisingvfrpm long-range
HF coupling. In addition, the amino-proton in the low temperature
spectrum appears as a broad ill-resolved doublet downf;eld of
the methyl resonance., The room temperature spectrum for fhe
amino-proton only shows a broad resonance (not observed in [29]),
which is slightly closer to the methyl resonance than in the
low temperature spectrum; there is some slight evidencg for this
being further coupled to the phosphorus and nitrogen nuclei.
An explanation is required for the appearance of the methyl
resonance -
(i) Restricted rotation around the P-N bond can surely be ruled
out as taking place at room temperature, since it has recently
been shown that very low temperatures were required to "freeze

out'" the two possible rotational isomers in the closely related
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Table 1.7

Compound o J(PF) J (FENH) 6CH3 5ym
MeNHPTé:*a 71 1193 10,47 -2.6 ~4,0 br
EtNHPF,** 67 1195 10.8%- 1.1t  n.o.
Bu”NHPF " * 67 1193 10.9% -0.9 n.o.
ButNprz** 61 1195 12.4F -1.3 ~4.1 br
(ButNH)aPF P Sk 1013 y.6% -1.3° -2.8
{Compound P T e

E &NCH2 6CH2 J(PNH) J(HZCCHB) J (HNCH)
Y O T O e £ P A N S i TSI L IRy
EMeNHPFZ 46 5.8
ELNHPT, -2.9 x n.o. 7.1 71

n

Bu ImPFZ "3.0 P ‘\'-1 03 NeOo . 609
Bu“NHPF, n.0.
(ButNH)apF N.0e
FSompound J(PNCH) J (PHCCH) J(HZCCHZ) J(FPNCH)
MeNHPF,, 5.8 2.0%,2.1%
BNHPF,, 7.1 2.0t
Bu"NHPF, 6.9 6.9 1.8%,1.9f
ButNHPFZ 0.5
(ButNH)ZPF 0.9
a -800. b +60°. ¢ Further fine structure discernible. h Obtained

from 1H n.m.r. spectrum.

£ Obtained from

19

F ne.m.r. spectrum.,
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compound MeNHP(CF3)2 [114]. The room temperature n.m.r. spectrum
then does not show the existence of two isomers whose population
is temperature dependent, such that only one of these is favoured
at low temperatures.
(ii) A second order effect due to the closer proximity of the
amino-proton resonance in the room temperature n.m.r. spectrum
would lead to a more complicated methyl signal than would be
expected for a first order analysis. Distortions of the methyl
signal for MeNHP(CF3)2 were shown to depend on this effect [114].
The appearance of the signal should then depend on the 0perating
frequency of the n.m.r. machine. Deuteration of fhe.amino-proton
should simplify the methyl signal which would be expected to
appear as a doublet of triplets. This will also remove any
broadening of the methyl signal which is due to amino=-proton
exchange. |
(iii) As explained earlier, high temperatures favour coupling
of the nitrogen nucleus to other magnetiC‘nuclei; the nitrogen
nucleus is observed to broaden the amino-proton signal and might
also significantly broaden the methyl signal. Heteronuclear
decoupling of the 14N nucleus would eradicate all such effects
if they are present. ‘

The '9F n.m.r. spectra of EtNHPF,, Bu'NHPF, and Bu INHPF,
as well as MeNHPF, show coupling to both the phosphorus nucleus

2
and the amino—prSton. It should be noticed that the products of
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the reaction between PF, and isopropylamine or n-propylamine,

3
reported by Drozd et al. [28], have values of 1280 and 1247 c/s

for J(FF), and +69 and +67 p.p.m. for b, respectively; these

values do not coincide with those found here for either RNHPF2

or (RHH)EPFZH. The_1H n.m.r. spectra of RNHPF2 (R = Et, But, Bu™)

are assigned as for the other alkylamino derivatives of phosphorus.
A solution of EtNHPF2 in pyridine reveals a complex structure
for each component of the sextet arising from multiple overlap

of lines due to near coincidence of J-values.

It is of interest to note that studies of the 'JF n.m.r.

spectra of RNHPF RHHPFLF, (RNH)EPF s (RNH)ZPF H and RNH,.PF

2 2 5
decreases along the series:=
t

2
show that the value of 6F
Me > Et = Bu" > Bu

This is in the opposite direction to that expected if GF were
determined purely on the basis of the inductive effect of the
group attached to fluorine [115], and is presumably a consequence
of a greater degree of (p-d)m-bonding in the P-F bonds when
the phosphorus atom is attached to electron-donating groups.

Both the 1H and 19p ne.m.r. spectra of (ButNH)ZPF are determined
at 60° and confirm the absence of any P-H bond. On the basis
of previous work, the value observed for GF‘ is unexpectedly low;

the anticipated drop in the value of J(PF) on substituting a

ButNH group for a fluorine atom in ButNHPF2 is, however, observed [92].
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INFRA~RED SPECTRA OF ALKYLAMINOFLUOROPHOSPHINES (Table 1.8 and Fige1.10).

The infra-red spectrum of MeNHPF2 agrees well with that.
originally reported for this compound [29], except that the peak
at 892 cm._1, which was assigned to the P-N stretching mode, is
not reproduced and presumably owes its existence to the presence

of an impurity; PF3 {1161 ana (PF2 NMe [117] both produce intense

)2
peaks in this region. This leaves no obvious candidate for the
P-N stretching mode, which was revorted to produce a band of

medium intensity in Me,NPF, at 704 cm.™ [27] and in MeNHP(CF [118]

2 3?2
at ~790 cm.-1, and a band of low intensity at 853 cm."1 in
MeNHP(CF3)Cl [119]. The assignment of phosphorus-nitrogen
stretching frequencies is notoriously unsuccessful; the difficulty
in obtaining satisfactory correlations stems from the. large
degree to which these modes are coupled with other ones [120=1].
It is, however, possible that this mode is obscured by the very
intense absorptions arising from the symﬂetric and asymmetric
stretching modes. The two absorptions are also very intense in
the spectra of the other alkylaminodifluorophosphines, and remain
substantially unaffected by changes in the nature of the alkyl
group attached to nitrogen.

The PFé bending mode in RNHPF2 is shifted from ~550 cm.'1
for R = Me, Et, Bu® to 585 cm.™| for R = Bu'; this is in line with

shifts observed elsewhere (vide infra) for PF bending modes where

t
the phosphorus atom is attached to a Bu NH group.
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Fig. 1.10 I.r. spectral5$kylaminofluorophosphines 500-1600 cm.

1

In the region 3367-3465 cm._1 there are two peaks associated

with the N-H stretching mode while only ore is expected. The

highest N-H stretching frequency is observed in -the methyl analogue

a successive lowering of the frequency, as the alkyl group

becomes more branched at the %-carbon atom, is noted (Me, 3465;

Et, 3440; Bu®, 34423 But, 3406 cm.-1). The second peak, which is

considerably less intense, is always at a frequency ~4O che

1

-

4
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(ButNH)ZPF ButNHPF2 BunI-IHPF2 EtNHPF2 MeNHPF2 Assignments
3342 w 3406 w 3442 w 3440 w 3465 m YNE
3278 w,br {3367 vw 3412 vw,sh| 34,00 vw,sh|3425 w,sh
2968 vs 2975 s 2973 n 2975 m 3022 w,sh | v
2905 m 2920 m 20L% m 2940 w 2973 s e
2870 m 2888 m 2889 m 2890 w,sh |2925 sh
2830 wvw 2840 m
1467 1479 1468 1440 sh 1460 ®,s.cH
1364 1387 br* |1410 14,04 1382 g
1217 br 1228 1346 1271
1297
1256
1219
1120
1030 sh 1027 1089 1113 1095 Vo
979 br 868 sh 1039 1066
920 845 sh 980 940
369 890
ggg 817 817 813 823 ”as.PFa
1 782 777 775 789 v
670 br 739 sh {638 sym.PF,
497 br 585 550 Skl 548 6sym.PF2
* Three
bands in
liguid.

Table 1.8 (All frequencies in em.™ 1) Assignments for MeNHPF,.

lower than the main peak.

Nyquist has made an extensive study of

compounds in which the RNHP(X) (X = S,0) group was present over the

region associated with the N-H stretching mode [122]. 'He found

that two peaks were present in these analogues which, he concluded,

were associated with two configurations resulting from restricted
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rotation around the P-N bond. A dependence of peak frequency

on the natufe of R was also observed, and is identical with that
reported here. A thorough study in this region of the i.r. spectrum
of DIeNHP(CFB)a has shown peaks to be present at 3465 and 3430 cm.-1,
with the peak at the higher frequency possessing the lower

intensity; hydrogen~bonding and combination band effects have

been considered, and rejected, as explanations for this effect [118].

In the light of the n.m.r. studies on the latter compound (vide

supra) two isomers seem to be present in RNHPF, : =

Q@ @
R H
R

H
Rotational barriers in analogous compounds of ~9 kcal./mole were

calculated for this process [114]. It has been suggested that
the main contributing cause to the rotational barrier is that due
to (p-d)x-bonding [123]. The relative intensity data would tend
to suggest that either (a) different isomers predominate in the
fluorophosphine and trifluoromethylphosphine derivative, or (b)
the effect that fluorine atoms have in the above two isomers of
MeNHPF, on the value of v

2 NH
CF3 groups exert on vy in the two isomers of'MeNHP(CFB)a.

is opposite to the effect that the

In a recent i.r. study of HeNHPSCl2 and its deuterated
analogues [124], bands at 1465 and 1455 (w), 1428 (vw) and
1370 cm.”" (m) were assigned to b .CH.* 6sym.CH3 and &y

3
-1 7
respectively. The bands at 1460 and 1382 cm. ~ in MeNHPF, are
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therefore assigned to 6as.CH3 and 5NH respectivelyy in contrast
to the previous assignments by Barlow et al. [29]. A band in the
2760~-2820 cm.-1 region, which is considered to result from an
overtone of 65 m.CH in Fermi resonance with one of the CH stretching
modes, has previousiy been correlated with the presence of an
unéhared pair of electrons on nitrogen [125]. A similar prominent
band is also observed in the spectra of (MeNH)B_nPFn (n =3, 4)
and (MeNH)ZPFzH, while this region is virtually devoid of peaks
for compounds in which no -NMe- group is present.

Peaks are observed in the spectra of EtNHPF2 and ButNHPFé
close to 1095 cm.-1, which is the C~ll stretching frequency for

MeNHPF,. However, a similar peak is absent in the spectrum of

2
ButNHPFa. Similar differences between the methyl and ethyl, and
t-butyl analogues of (RNH)XPF5-X (x = 1, 2) are observed in this

region. Since the C-N stretching frequency for primary amines
drops by about 50 cm.-1 in going from compounds containing a

-CH,N group to those containing a >CN group 1261, the strong band

1

at 1027 cm.”! in Bu'NHPF, is assigned to v, . Strong peaks,

2

similar to the omne at 1228 cm.-1 for ButNHPFa, are also present

t
in this region for (Bu'NH) PF,__ (x = 1, 2) and (Bu'NH),PF, and

5
are generally considered characteristic of a t-butyl group [127].
Similar comparisons between the i.r. spectra of phosphorus-fluorides
containing the same alkylamino group reveal skeletal modes

belonging to the EtNH and Bu"NH groups.

The i.r. spectrum of (ButNH)ZPF bears a resemblance to that
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of ButNHPFz. The two peaks at 817 ana 782 cm.-1, associated
with the two-PF2 stretching modes in the latter compound, are
replaced by one broad band at 670 cm.-1. A value of 745 cm.-1
was assigned to Vpp in a gaseous sanmple of (Mezﬁ)ZPF .26]. The
large discrepancy in these values compared with the close relation-
ship found for the stretching modes in the difluorophosphines is
vartly explained by a substantial shift in frequencies between

the liquid and vapour state for certain modes, which has been
previocusly observed for fluorophosphines (26~7); a liquid phase
i.r. spectrum was recorded for ButNHPFz, and significant changes
were found in the positions of the VPFZ and Vg modes. The
frequency of the symmetric and asymmetric PF2 stretching modes
drop by 35 and 21 cm.-1 respectively (and so turn the shoulder

at 845 cm.-1in the gas phase spectrum into a prominent peak).

Only the peak associated with VNE? due to the rotational isomer
which absorbs at a higher frequency, is shifted to lower frequency
(by 16 cm.-1). The relative abundance of the two isomers

(based on peak heights) becomes almost equal. There are also

two bands in the v . region for (ButNH)ZPF, but these are of a
completely different nature and are reminiscent of ‘band shapes

associated with a moderate degree of intermolecular hydrogen-

bonding [122].



- 75 =

INFRA-RED SPECTRA OF FLUOROPHOSPHORAFES.

Since the evidence for fluorophosphoranes adovting a trigonal
bipyramidal structure, in which the equatorial sites are
occupied by the least electronegative substituents, is overwhelm-
ing [3], assignments will be made by assuming that this state
of affairs still prevails.

One strong narrow peak is present for all compounds in the
H-H stretching region. Its exact position is dependent more on
the nature of the alkyl group to which the nitrogen atom is
attached than the nature of the fluorophosphorane. Since, even
where restricted rotation around the P-N bond is present, the
environment of the amino~proton is the same for each isomer, no
splitting of this peak would be expected. Restricted rotation
has been shown earlier to be enhanced by intramolecular hydrogen-
bonding. Since this effect would increase the non-linearity of
the PF,(a) unit, the intensity of the i.r. band arising from the
symmetric stretching mode of this group should be greater than
that expected. This mode is i.r. forbidden for FPFg (78], but a
weak band assigned to this mode has been reported in the spectra
of MePFLI_ (128] and I~Ie2PF3 [129]. The axial bending mode, which
has been assigned to a weak band at 175 em.” " in the Raman spectrum
of PF5 (841, would be expected to occur at a higher frequency
for molecules in which internal hydrogen-bonding is present.

Other effects shbuld be less noticeable.

The major changes between the i.r. spectra of gaseous and
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liquid samples of methylfluorophosphoranes were reported to occur
in the position of the PF stretching frequencies [3]; the axial
stretching frequencies being lowered by as much as 60 c::m."1 in
the liquid state. In alkylaminofluorophosphoranes a slight
lowering in the frequency of the NH and PF stretching modes is

n drops from 3480 cm. " to

noted. For example, in (EtNH)zPF3 vy

3460 cm.”! (and no change which can be associated with intermol-
ecular hydrogen-bonding is found) and the bands at 891 and 797 cm.-1

shift to 878 and 785 c:m.-1 respectively.

INFRA-RED SPECTRA OF ALKYLAMINOTETRAFLUOROPHOSPHORANES (Table 1.9

and Fi)’;. 1011).

. -1
The i.r. spectrum of MelHPF, 1is very simple. The 450-1000 cn.

L
region is reproduced in Fig. 1.712. Assignments for the peaks
in this spectrum have been made on the basis of the complete
analyses for HePF, £128] and C1PF, [(130] and the partial analysis
for MeZNPF4 (10,12]. Many of these bands show a pronounced fine
structure. However, without an exact knowledge of the principal
moments of inertia for this molecule, which control the contours
of these bands, previous work has indicated that little knowledge
can be gleaned from this extra information [130].

Two bands occur in the 1400-1500 om.” range for MeNHPF4
as well as for (MeNH),PF; and (MeNH),PFH. That at 1478 em.” ]

has a counterpart in Me, NPF) at 1464 cm.=1 and is assigned to the
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Fige 1.11 I.r. spectra of alkylaminotetrafluofOphosphoranes
450~1600 em.” 1.
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. . ¥ g
asymmetric deformation mode of the methyl group. The symmetric

deformation mode occurs at 1300 em.” | in Me,NPF, so that the band

1

at 1440 cm.” ' in MeNHPF, is assigned to the NH deformation mode

(although some coupling with other modes is to be expected [124])
in spite of the fact that this is 60 cm."1 higher than the
corresponding mode for MeNHPFa. Increases are also found in

the values for v The assignment for d.. could be

Ny and voye

confirmed by a deuteration study; a large drop in frequency

would be expected for CHBNDPFI+ but not CDBNHPFu.

Only two peaks are found in the PF stretching region

(700-1000 cm.-1) for MeNHPFu. Three PF stretching modes are

expected: these are the asymmetric and symmetric PFZ(e) and the
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| ButNHPFq }'-J'l‘,I'H-IPFL+ MeNHPF ) Assignments
3468 w 3479 m 3495 m Yum
3016 m 2986 m 3003 w Ve
2982 m 2942 m 2960 w H
2933 w 2918 w . 2921 vw
2892 w 2895 w,sh 2855 vw
1476 1478 6as.CH‘
1450 1442 1440 by
1403 1390
1378 1356
1238 1300
1214
1127 1161 1171 Yoy
1098 1088
1044 986
956 959 962 v .
978 500 oon {vgﬁ.PFa(e) & ?
875 R Vas.PF.(a) &
863 865 867 Q {vas‘ o2
815 815 860 P sym'sz(e)
760 626 |
573 R v ‘
631, 567 567 Q sym.PFZ(a)
582 560 P
561 541 R )
520 533 533 Q 0+0.p.NPF,(e)
525, P
513 R 5. ‘
500 sh 504 Q 1-pPFy(e)
496 P
475 Q ter,,
466 P

Table 1.9 (All frequencies in cm.~1) Assignments for MeNHPF,
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Fig, 1.12 I.r. spectrum MeNHPF, 4,50-1000 cm.
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asymmetric PF, (a) stretching modes. All three modes give strong
peaks in pr4 (1024,1016; 880 em.~ £1311), C1PF, (921,895;903 cm.-1),
MePF4 (1009,932; 843 cm.'1), CFBPF4 (986,909;892 cm.” [132]), and
MeSPF, (960,899;874 cm.”" [133]1). Hence the band centred at

958 cm.-1.is assigned to the asymmetric PF2 (e) stretching mode

and that at 867 cm."1 to both the symmetric PF, (e) and ésymmetric
Pﬁé(a) stretching modes. 1In MeZNPFq there are similarly two

strong bands at §50 cm.-1 and 882 cm.-1, and one set of workers

has reported that the latter band is a doublet [10], which
encourages the assignments given here. There is disagreement over
the assignment of VpN in MeaNPF4 which is reported as a weak peak

at either 817 em.”" [10] or 703 em.” ' [12]. There is no peak in

this region of the spectrum for MeNHPFI+ which could cqrrespond

to this mode, but the slight asymmetry of the band centred at

958 cm.”" (see Fige 1.12) suggests that this might arise from

the juxtapositioning of two peaks of almost equal intensity.

The corresponding PC stretching mode in MePFl+ produces a weak
“band in the i.r. but an intense band in its Raman spectrum [128].
Bands close to 960 and 870 cm.-1 are also obtained for ButNHPF

L

and EtNHPFu.

There are four bands in the 450-600 cm.”) region which is
reminiscent of the same region in HePFh and very similar to that
in MezNPFu. The PF, (a) symmetric stretching vibration was
assigned to the band at 701 cm._1 in MeZNPF4 [11]; this seems
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unlikely in view of assignments for other molecules. ‘The most

likely band to be associated with this mode in MeNHPF

4
1 691 cm.”1; HPF

is that at

1

567 cm. = (cf. PF., 640 cme™ ] [781; Ci1PF 640 cm.”

L’ !
[131]; MePFQ, 596 cm.-1). The remaining three bands must arise
from bending modes of the NPFQ skeleton; they are tentatively

assigned on the basis of the i.r. study for MePF

l‘,.

INFRA-RED SPECTRA OF BIS(ALKYLAMINO)TRIFLUOROPHOSPHORANES (Table 1.10

and Fige 1.13) »

The i.r. spectrum for (MeNH)ZPF shows only a few strong

>

peaks, which exhibit a much less pronounced fine structure than

those obtained in the spectrum of MeNHPF The peaks in (MeNH)ZP“

4 ‘3
above 10000:11."1 are assigned as for MeNHPF4 and those below

1000 <:m."1 on the basis of the complete analyses for MezPF3 [129]

and ClaPF3 £78,84,134]. There are three strong bands in the .
700-1000 cm.™ region for (MeZN)EPF3 (at 870,830 and 755 cm.‘1)[1o,11]
and only two for (MeNH)ZPF3 (at 905 and 807 cm._1). Two bands

are expected to arise in this region from the PF3 stretching modes:
these are the PF (e) stretching and asymmetric PF, (a) stretching
modes., The band at 905 cm.-1 in (MeNH)ZPF3 is then assigned to

1

the former and that at 807 cm.” ' to the latter mode. In (MeZN)EP“

'3

the band at 870 cm.'1 is then unémbiguously assigned to the

PF (e) stretching mode. This leaves one of the two bands at 830

-
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" Fig. 1.13 I.r spectra of bis(alkylamino)trifluorophosphoranes
450-1600 cm.™ . '

or 775 em.~1 to be associated with the asymmetric PF, (a)‘stretching
mode. By analogy with the PC2 grouping in MeaPF s two bands are
expected which mainly originaté from the PN2 grbuping. The other
band in (MeZN)aPF3 is then assigned to the asymmetric PN2 stretching
mode. A band of considerable intensity would be predicted to be
‘present in the Raman spectrum at a lower frequency corresponding

to the symmetric PN2 stretching mode.

In (MeNH)ZPF the band at 905 cm._1 is about twice as

3

broad as that at 807 cm.'1, which in turn possesses a similar

band width to the three bands obtained for (MeZN)ZPFB‘ It seens

likely then that this band also includes a peak due to the
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(ButNH)ZPF3 (EtNH)aPF3 (MeNH)ZPF3 Assignments
3459 m 3480 w 3499 m VNH
3003 m 2980 m 2961 m,sh Ven
2966 s 2938 w 2950 m,sh
2934 n 2905 w 2910 w,sh
2869 m 2840 w
1468 1481 15
1450 as.CH3
1436 : .
1392 1441 B I PYAN oy
1367 1384
1235 1296
1206
1094 1157 1162 Vo
1053 1084
1037 sh 1018 sh
990
960 .
882 891 : 905 br v
812 861 {VPF(e)
PN
282 o} 797 807 Yas.PF, (a)
19 593 540 v
587 502 br 507 sym.PFa(a)
532 485 {fkeletal modes
508 450
472

Table 1.10 (All frequencies in cm.'1) Assignments for (MeNH)ZPFB.

asymmetric PN2 stretching mode. It might prove possible to

detect a splitting of this band by running i.r. spectra in

various solvents since, as mentioned previously, the PF stretching
modes are moreAdependent than the others on their physical state.

and (Bu'NH),PF modes,

In (EtNH)aPF the peaks due to the PF

3 3 3

which are clearly visible in this region, possess similar band
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widths. It seems reasonable to assign the peak at 864 en.”t in
(E£NH) ,PF; and at 812 cm.”V in (ButNH)ZPF3 to the PN, asymmetric
stretching mode. In (EtZN)ZPF3 a new peak appears in this region
at 730 cm.”! [11]. The band at 775 cm.”! in (MeaN)ZPF3 {111 is
then assigned to the asymmetric PN2 stretching mode and that at

830 cm.-1 to the asymmetric PF2 (a) stretching mode, which makes
the drop in frequency of the former band for both alkylamino and
dialkylamino derivatives very similar on changing the nature of

the alkyl groups attached to nitrogen. The dependence of thevvalue
for the asymmetric PF2 (a) stretching mode in XnPFB-n on both

X and n is presented in Table 1.11.

The i.r. spectrum of (MeNH)ZPF3 shows one band at 540 cm.-1,
assigned to the symmetric PT, (a) stretching mode, and a further
broad band at ~500 cm.'1 which is partially resolved into three
Peaks, but it is possible that more are in fact present, No

confident assignments can, therefore, be made in this region.

Table 1.11 Asymmetric and symmetric PFa(sO stretching modes (cu.™T)

* gi. syme Z:; sSym. 52?2 Sy gﬁ?H sym

xrpfbr 903 691 843 596 800 580 * 867 567

X,PF, 925 665 755 540 830 b 807 540

XPF, 867 633 ° 670 500 ° 70t P 5540 ©
690 T 513 £

& Assigned here. ® 1ot given. ° Raman. d t136]. © (MeNH)aPFaH.
b
Me2PF2H (135].
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Fige 1.14 I.r. Spectra of bis(alkylamino)difluorophosphoranes
500-1600 cm.” . '

INFRA-RED SPECTRA OF BIS(ALKYLAMINO)DIFLUOROPHOSPHORANES (Table 1.12

and Fig, 1.14).

Owing to the low stability of these compounds, i.r. spectra

could only be obtained from impure gaseous samples of (MeNH)ZPFaH

and (EtNH)ZPFZH; band intensities are thus unreliable and weak

bands might well have been missed. Fige. 1.15 shows the difference

recorded in the i.r. spectrum of (MeNB)zPFzﬂ in the 700-1500 cma”

range over a 15 minute period. Peak intensities for the liquid

&

film spectrum of (BunNH)apF H, which is more stable with respect

2
to decomposition, are more reliable
Two peaks are observed in the PH stretching region, while

only one peak is expected. Previous work has similarly shown two
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(ﬁ;nNH)zPFZH (EtNH)aPFZH (MeNH)EPFEH Assignments
3495 m 3475 m £3493 m VNE
2958 s 2975 s 2959 s Vor
2933 s 2895 m 2838 m '
2875 m
2740 vw
2496 w 2502 w 2502 w
2414 m 242% m 2429 s - fvpg
1455 ' . 1480 A 6as.CH3
1432 1435 1430 ) 6NH
1381
{1343
1311
1300 1296
1262
1224 :
1148 1154 1150 Yoy
1109 11080 1090 ? imp.
1045 ‘ :
955 978 -
939 925 ouh vas.PNZ
830 815 1826 X
773 775 786 o imp.
718 737 745 "as.PF2 (a)
552 br 545 540 vsym.ITé(a)

Table 1,12 (All frequencies in cm.-1) Assignments for (MeNH)aPFaH.

‘bands in Me ,PF,H {135] and MePr3

lower more intense peak was always assigned to Vpy® The band at

H [58] as well as HPFh £131]; the

the higher frequency, which is about one fifth as intense as
that at the lower frequency, is presumably due to a combination
band, whose intensity is enhanced by Fermi resonance with VpR?

since this area is usually devoid of any other peaks. The value
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of VPR alters to a small extent on changing the nature of the
substituents in the pentaco-ordinated derivatives, but there is
no direct dependence ofvPH on the electronegativities of the
substituents, which is in line with work reported for other
series of PH derivatives [120].
The strong band at 745 cm.™ ! in (MeNH) ,PF,H which rapidly
decreases in intensity on standing is assigned to the asymmetric
PF, (a) stretching mode. The two bands at 826 and 786 ém.-1
which increase in intensity on standing along with that at
1090 cm._1 are the positions of the most prominent bands in tﬂe
spectrum of MeNHPFZ. It is, however, uncertain whether less

‘ intense bands may in fact be present near these positions. Since

2772

studies on the gas phase would be impracticable but one on the

(MeNH) ,PF_H only possesses a small vapour pressure, low temperature

liquid phase might clear up this point.
A very intense band at 944 cn.” is at a slightly higher

frequency than the asymmetric PN, stretching mode in (MeNH)zPF .

2
Little change is reported in the values of the corresponding
asymmetric PC2 stretching mode on replacing one fluorine atom
in MeaPF3 by a hydrogeg atom [135]. This leaves no band which
can be definitely assigned to a PH deformation mode, which is
expected to fall in the 800-1150 el range [120]; no previous
assignments have been made for this mode in other molecules of

the type HPX In order to establish whether such a band does

40
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exist, an infra-red study on (MeND)zPFaD should be performed.

It is quite probable that this mode will not be a pure bending
mode, but will also to some extent involve motion of nearby atoms
in the molecule.

The band at 540 en.”V is assigned to the PF, (a) stretching
mode although other skeletal deformation modes will also be
present in this region. The assignment is supported by the
corresponding values found for the same mode in similar compounds

(see Table 1.11).

INFRA-RED SPECTRA OF ALKYLAMMONIUM HEXAFLUOROPHOSPHATES.

The major i.r. absorptions observed in the spectra of the

alkylammonium hexafluorophosphate salts are given in Table 1.13.

+

3

catalogued elsewhere [38]; the peak positions are totally incon-

;The infra-red spectrum for a KBr wafer of ButNH PFg has been
sistent with the values presented here. In a totally symmetric
environment the hexafluorophosphate anion possesses only two
‘infra-red active fundamentals; both gave rise to strong absorption
bands at 830 + 10 and 550 & 2 cm.-1 in alkali metal salts, which also
exhibited feeble peaks arising from some of the "forbidden"
fundamentals [137].

A11 three salts studied here exhibit very strong absorptions

. . . -1
in these two regions. In addition the band at ~745 cm. nay
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MeNH; PFg EtNH; PFy Bu NHY PFy
3415 ms 3386 w 3286 s
3315 s 3306 s 3249 m
3265 ms 3257 m 3215 n
3208 vw 3206 -1 3182 m |
3010 vw 2997 w 2980 w
2890 w

A1l spectra show weak bands down to 2400 cm.-1.
1610 m 1607 ms 1612 . s
1506 ms 1500 s 1498 s

1479 m 1482 nms

1466 w
1437 ms 1406 m 1415 ms
1378 ms 1388 s
1306 wvw 1340 w 1300 s
1262 w 1220 m 1215 w

1191 ms

1123 w
1100 w 1104 w 1088 w

1045 m

960 s 969 m

949 m

830 vs br . 830 vs br 830 vs br
742 w sh 750 m sh 749 mn
563 vs 563 vs 550 vs

Table 1.13 Major bands in i.r. spectra of alkylammonium hexafluor-

phosphates (all frequencies in cm.™ ).

‘correspond to one of the i.r. inactive fundamentals. The bands

at ~3300 and ~1600 cm.-1 are characteristic of the NH; stretching

and the NH; asymmetric bending modes respectively [127]. Bands

below the 1380-1510 cm.” | region, which is the characteristic
bending and the KHT symmetric bending modes,

3 3

either arise from overtones of the PFg anion or skeletal modes

region for the CH

) of the catione. ‘ .
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INFRA-RED SPECTRA OF ALKYLAMINE-PHOSPHORUS PENTAFLUORIDE

ADDUCTS (Table 1.14).

Large differences are observed between the infra-red spectra

of 2MelH,.PF; and RNE,.PF; (R = Et, Bu®) in the region associated

with the NH2 stretching and bending modes. Both EtNHZ.PF5 and

ButNHa.PF5 show two sharp peaks centred at ~3270 cm."1 , as has
been observed in the i.r. spectra of other alkylami ne-phosphorus

pentafluoride adducts [16]. However, in 2MeNH2.PF5 there is only

one intense peak in this region, while there are also several
‘medium to weak peaks extending down to 2500 cm."1 which are not

-associated with CH stretching modes. The NHY stretching modes

3

‘and the NH} bending modes for HeNHY F~ occur at a lower frequency

3 3
(200-400 cm.-1) and a higher frequency (~100 cm._1) respectively

than those for the other alkylammonium salts, as the result of

the appreciably greater degree of hydrogen-bonding (N-H---F) present
in the former compound [138]. The frequency difference between
-the strong peaks which are present in the NH deformation region

1

for ZMeNHE.PF5 and RNH2

There is thus substantial evidence for the presence of hydrogen-

.PF5 (R = Et, But) amounts to about 50 cm.

bonding in ZMeNHZ,PFs.
The PF bending and stretching modes occur at about the same
frequency as for the hexafluorophosphate salts; however, the

lower symmetry of these adducts produces several bands in both

regions. Since the P-N stretching mode is also likely to fall
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ZMeNHZ.PF5 EtNHa.PF5 ButHH2.PF5
2332 ms 3306 s 3287 s
3294 vw 3266 s z248 s
3138 vw 3117 w
3023 vw 3036 m
2988 w 3014 w 2989 m
2858 w 2967 vw 2964 m
2740 m  br 2926 vw 2899 m
2588 w 290% vw :
2504 m
2103 w
1655 w 1640 w 1645 vw
1613 s
1545 w 1574 s 1565 s
1516 vw 1483 m
1477 m 474 m 1475 w  sh
1455 w 1450 w
1433 w 1400 s 1415 w
» 1388 s 1384 s
1370 s
1292 ww 1317 m
: 1223 m
1207 m
1150 vw 1197 m
1137 w 1112 o
1099 m .
1024 w 1030 w 1048 w
1003 n
994 m
9%3 m 934 w
866 vs 880 vs br 875 vs
845 vs 830 ws br . 835 s
833 vs : 819 s
803 vs 787 s
755 VW 761 vw
704 w 716 m 708 w
« 620 w 637 w
547 s 548 m
537 m S5kl vs 533 m
523 m 520 vs 525 m

Table 1.14 Infra-red spectra of alkylamine-phosphorus pentafluoride

adducts (all frequencies in em." 1y,
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ir the region associated with the PF stretching modes, it is not
possible to make any definite statement ;bout changes.in symmetry
in the 1:1 and 2:1 adducts. The spectra indicate that the differences
between EtNHz.PF5 and ButNHZ.PF5 are as large as those between
the 1:1 and the 2:1 adducts in this particﬁlar region.
There are four structures which the 2:1 adduct can be
considered to adopt in the solid state:-
(i) A seven co-ordinated structure (I).
(ii) A salt-like structure, MeNH; (Mermst)" (11).

(iii) A structure in which hydrogen-bonding is through the

nitrogen atom,

noH
Me~1is---H-Jo4PF (I11)
H R

(Note that this is the transition state previously postulated to be
formed in the reaction between the 1:1 adducts and excess amine.)
(iv) A structure in which hydrogen-bonding is through the

fluorine atoms,

H . ~
Me=N$~—PFz----H_ N-Me (IV)
H 5 2

Heptaco~ordinated phosphorus is unknown and exceedingly ﬁnlikely
to be formed. If structure II is present, hydrogen~bonding would

be through either (a) the NH, or (b) the NH hydrogen atoms

3 .
interacting with the fluorine atoms or (c) the nitrogen atom on
the MeNH group interacting with the protons on the cation. Since

there is no substantial evidence for hydrogen-bonding in MeNH; PFg,
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the first type of interaction (type (a)) can be ruled out. The
type of interéction represented by (b) seems unlikely since, if

it ‘were present, appreciable hydrogen-bonding would be expected
to be present in the 1:1 adducts. The magnitude of this type

of hydrogen-~bonding could be studied by preparing a series of
salts containing the (MeNHPFB)- anion. The third type of inter=-
action (type (c)) in its extreme form leads to III, which contains
the type of bonding which was postulated to be present in boroh
trifluoride adducts with the general formula 2L.BF3 £139].

There is some evidence that hydrogen-bonding through a
fluorine atom has a greater effect on the NH fundamentals than
when it is through a nitrogen atom [140]. However, the number
of molecules studied was small, and the valﬁes of the NH modes do
not appear to discriminate between these two types of bonding.

If hydrogen~bonding were through H---F bonds, as in IV, one would
'expect (a) two strong peaks in the 3270 c:m."'1 region due to

the unaffected co-ordinated amine, (b) some influence on the
vositions of the PF

5

and (¢) the larger number of available sites for hydrogen-bonding

stretching and bending modes to be.apparent,

to produce adducts containing more than two methylamine molecules.

I.r. evidence is thus compatible with a structure:-

H i
Mel---H--1: , PFg
H Me

but it does not appear to be possible to define exactly where H*

lies, Both n.m.r. evidence, which shows that in solution dissociation



- 05 -

takes place to form a free molecule of amine and the 1:1 adduct,

and mass spectral evidence, which indicates that methylamine is
easily lost, are in agreement with a structure as indicated in III.
However, this evidence does not completely rule out structure IIc

as being that adopted by 2MeNH2.PF5 in the solid state; only a
neutron diffraction study on a single crystal of the compound

could positively identify the position of H* and give an unambiguous

structural assignment.

MASS SPECTRA OF RNHP(F) COMPOUNDS.

Major fragments iﬁ mass spectra are best rationalized by ‘
bearing in mind that the most stable ion products are those which
are formed by the most favourable reaction pathways [141]. The .
abundance of a particular ion will depend, not only on the rates
of all reactions producing this ion, but also on the rates of
all its decomposition reactions. It is the relative stability
of the ionic rather than the radical species formed which controls
the fragmentation pattern for a particular species and hence the
ion product distribution obiained. Initial ionisation of organic
molecules preferentially proceeds through the loss of an electron
from a heteroatom containing non-bonding outer shell electrons;

if no heterocatom is present then the electron has to be removed
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from a particular bond [142]. Djerassi has found that the best
way of rationalizing bond cleavages is to assume preferential
localization of the charge at specific sites in the molecular ion
as well as fragment ions which are undergoing decomposition [142].
This is despite the very high energies used in mass spectrometers
(70 eV v ~15 eV for ionizing an atom) which might lead one to
expect an indiscriminate cleavage of bonds. In fact relative
abundances of particular ions correlate well with those factors
which control common ground-state reactions [141].

While organic compounds decompose almost exclusively to form
fragments bearing positive charges, the high electronegativityl‘
of fluorine and.the other halogen atoms, which leads to the
ready formation of stable complex anions, could also lead to the
possible formation of stable negatively charged species in the
mass spectrometer. Negative ion mass spectrometric studies have

shown that inorganic halides do indeed produce a range of anions

of varying stability [143]. Without recourse to a mass spectrometer

which is capable of detecting negative ions, it is not possible
to estimate the extent to which such species are formed in the
break-down of the phosphorus-fluorides studied here.

Table 1.15 lists all the ions that were mass measured, and
Table 1.16 gives all the metastable transitions observed in the

mass spectra of RNHP(F) compounds.
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Table 1.15 Mass measurements of ions obtained from RNHP(F) compounds.
ButNHPFuz- BunHHPFa:-
Mass Mass

Found Calc.- Ton Found Calc. Ion
165.0285  165.0286 C213CH7NPFZ 126.0285  126.028 CH,NPF}
164.,0250  164.0252 CBH7NPF+ 124.,0251  124.0253 04H7PF5
44,0188 144.0190 C H,NPFY

135.9941  135.9939 CHBNPFZ

127.9883  127.9877 CZHZNPF; (MeNH) ,PF; :

118.0033  118.0033 CHANPFE Mass

115.9872  115.9877 CH,NPFy Found Calc. Ion |
103.9876  103.9877 H2NPF; 148.0371  148.0377 CEHSNZPF;
102.,9792  102.9799 HNPF; 129.0388  129.0393 C,HgN,PF,
84.9653  84.9655 POF; 118.0031  118.0033 CHQNPF;
(Mel¥H) ,PF H: - (Bu*wH) PF:-

Mass Mass

Found Calc. Ion Found Calc. Ion
130.0498  130.0462 C,HN,PF, 195.1376  195.1382 C71BCH20N2PF+
129.0396  129.0384 CZH8N2PFZ 19441351 1941348 CgH, N PF*
127.0243  127.0237 CZH6N2PF; 179.1114  179.1113 C7H17N2PF+
111.0456  111.0487 CZH9N2PF+ 83.0178 83.0174 HSNZPF+
110.0367  110.0409 02H8N2PF+ 65.9910  65.9909 H2NPF+
100.0119  100.0128 CHsNPFg 65.9672  65.9671 POF' *
80.0048 80.0065 CHuNPF+ * Less intense peak

77.9891 77.9909 CH2NPF*

60.0016 60,0003 CH3NP+

50.9803  50.9800 HPF'




Table 1.16 Metastable transitions obtained

8q

137
118

164
16

126
41

106
57

126

141

+
CH, NPF
W

CH NPFT
L NP

+ A
CBH7NPF4

. + A
CBH7NPF4

+

H_NPF

03 7IPr2

+

or{CBHS +
CBHBN

r CBH6NPF

R
C,H- N
ord 3 Z

Cqu

H_NPF!
CH NPF

-+
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Transition
MeNHPF,
+
—> CH,NPF
3
+
—>  CH,NPF}
t
NHPF
Bu 4
+
—>  CZHNPFy
_+ A
ButNHPFz
— 03H6NPF+
— gt
C3t5
—> C.HN
2
+
—> G H,N
: %
— c
35
+
N
—_ 03H7
BuPNHPFZ
+ A
—> G HPF;
- CHZNPFf
+
—> CaHzN
—> C.H
35
- CZHN+
+
7 CsH;

A

+

+

+

+

+

HF

C3H5F

CH

o
N le\)m

=

136
116

sl
104

106

39

56
31

57

124
78
51

39

135.0
11440

12645
66.0

371

29.6

29.5

25.8

109.1

62.1

39.0

for RNHP(F) compounds.

135.0
11461

126.5

6640

89.1
371

29.5

25.8

109.0

62.1

39.1

37.1
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Table 1.16 (cont.)

21 Transition QZI B*
calc. found
( But NH) 2_3_3_:
194 08H20N2PF+A — C7H17N2PF+A+ CH, 179 165.4 16543
+ +
151 or C6H15NPF . -_ C4H1ONPF + C2H5 122  98.6 98.5
or C5H13N2PF —_ 04H1ONPF+ " CH,N
05H13N2PF+ —_> 03H8N2PF+ + CoHg
123 ,C3H9N2PF+ — 03H6NPF+ + NH, 106 91.4 91.3
7 + +
122 or{chn10LPF+ —_— 0457PF + NH3 105 904 | 90.4
CHGN,PF"  —> 03H5NPF+ + NH;
41 or{CZHéN+ — CZH§+ + H, 39 37.1  37.2
C,H, —> C,H; + H,
+ ot
57 or{CBHZN —> CZHéN E CH,, 41 29.5 29.5
- c N
4H9 03H5 + CH4
123 03H9N2PF+ SN 03H8N+ + HNPF 58 274 27.3
(MeNH)ag§3
+A +
118 CH, NPF —> CHNPFy  + H, 116 114.0 11441
118 CHQNPF;A —> CHNPF, + HF 98 815 814
- (EtNH) PF_H )
114 02H7NPF§ —_ HBNPF; + CH, 86 64.9  64.9
98 CHBNPF; —> CHNPFT  + HF 78  62.1 62.2
+ + =
86 HBNPFZ —> PF, + NH3 69 553 55.3
I 02H6NPF* —> HZNPF+ + CH . 66 46k 46.3

Confirmed by mass measurement (Table 1.15).
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MASS SPECTRUM OF METHYLAMINOTETRAFLUOROPHOSPHORANE (Table 1.17

and Firc. 1.16).

n

The mass spectrum of MellHDE

i

pattern with little evidence for any rearrangement processes

shows a simple break-down

taking place. The ionization step is most likely to involve
the removal of an electron from the nitrogen lone pair,
+

Me-g-PF4 + e — Me-g-PFu + 2e”

since fluorine is the only other atom present whichipossesses
any non-bonding electrons and its ionization potential is a
lot higher than that of nitrogen (see Appendix 2 for values of
ionization potentials).
Cleavage of the molecular ion can take place at the nitrogen

atom, either with charge retention on the nitrogen atom,

+
Me-N-H + PFL (1)
+ +
Me~N-PF Me=N-PF + H* (2)
ﬁ [+ e L',
+
H-Z‘{-PF4 + Me® (3)
or charge transfer to one of the other atoms,
+ .
PF + Me-N-H (4)
+ I+ (1]
* + . L]
N Me~-N-PF
Me-lj-PF, ‘EEEEE i + Me-f-PF, (5)
Me* + H-N-PF, (6)

Rearrangement processes will be favoured if the energy
required for the above cleavage reactions is large. In fact
fragments corresponding to all these processes except (3) and

(5) are noted (H' is not seen because mass spectra are seldom
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Table 1.17 Mass spectra alkylaminotetrafluorophosphoranes (m/e value,

relative abundance, ion - respectively)

MelNHPE, :
0 /‘ 3 '\ +

137, 27, CHAIPEM, 136, 8, HBNPF4, 118, 37, CH4NPr3, 117, 2, CH,NPF}

116, 6, CHaNPF3 107, 100, PFQ 104, 2, POF3 and H NPFB, 103, 2,

HNPFB, 98, tr, CHBHPF 89, 1, HPV3 88, 9, PF3 85, 2, POF2 and
H NPFZ; 84, 2, ?PPF ; 69, 10, PFZ, 5845, 2, CHBNPFB ;s 51, tr, HPF';

50, 2, PF*; 30, 2, CHQN 29, 9, CHBN ; 28, 19, CHN'; 27, 1, cEN®

19, tr, F+; 15, 2, CH3 and HN'.

EtNHPF, :

.lL___4

151, 1, C H6NPF4, 150, 1, CZFBNPFh, 137, 1, CHuNPFq, 136, 33, CHBNPFQ
132, 11, C,HNPF;; 131, tr, C hBVPFB, 130, tr, C HQNPFB, 118, 2,
CH&NPF3, 117, tr, CHBNPFB, 116, 5, CHZNPFB M4, 1, CNPrB; 107, 100,

PF,; 104, 25, B NPFB 103, 3, HNPrB' 89, 1, HPF; 88, 6, PFB, 85, 2

HZNPFE, 84, 2, HNPF,; 69, 6, PF. 33 58.5, tr, CHBNDrB ; 58, 1, CHZNP,:3
and CHNPY; 57.5, tr, CHNP“;+ 50, 1, PF'; 43, 3, 02H5N s L2, 3, Caﬂqh

41, 2, C,H,N*; 40, 3, C H.NT; 39, 1, CZHN+~ 29, 8, C,H; and CH,N'

273, 272 275 3
28, 21, Cqu and Cth 27, 6, C H3 and CHN' ; 26, 2, C2P2N and CN™
15, &4, CH3 and HN'.
ButNHPqu
165, 2, C2130H7NPFZA; 164, 67, CBH7NPF4 ; 160, tr, C H,NPFI; 145, 1,

A +A
: 136, H_NPF

03H7NPF3, 14y, 18, 03H6HPr3 ; 1421A1, CBHuNPFB, 36, 2, 063 L, 3
130, 1, canl+1n>Fq72 128, 1, 02H2NPF3 s 118, 1, cnqnpp3 ; 11+A 2, CH NP‘B,

1My, 1, 02H7NPF2 and CNPF3 107, 100, PFQ; 104, 5ly HyNPFZ"; 103, 2,
ENPE*A gg, 2,pp 85, 1, porl; 8y, 1, HNPFE; 715, 1, 03H5NPF3 ;

69, 2, PF3; 61, 11, CH, HgF'3e0.. peaks mainly due to

2 ’

NPt and 03

organic re51due.

Confirmed by mass measurement (Table 1.15).
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scanned down to m/e = 1, due to the inevitability that ' will
be present). It is not, however, possible to state positively
that these ions are derived from the processes given above without
some more definite proof. The most conclusive evidence that a
particular fragment ion is at least partially derived by means
of a particular path, is that furnished by the observation of a
metastable ion; these are ions which decompose after nearly
complete gcceleration from the ion source but before complete
mass analysis (i.e. ions having a life time v\:10-6 sec.). One
metastable ion found in the mass spectrum of MeNHPFA corresponds
to the loss of a hydrogen atom from the molecular ion. In view
of previous work reported on the mass svectra of amines [39], it
is proposed that [M-H]# is not formed by cleavage of a N—H‘bond,

as depicted in equation (2) but through cleavage of a C-H bond:-

+ +
=N- C=N=-PF H*
Hz(‘illf PFI* —_— H, I P, + (7)
HH H

A similar process to that given above is found for other methyl-
amino derivatives, and has also been repérted to occur onvelectron
 bombardment of MeaNPF4 C144] and He ,NPF, [144-5] (where no amino-
protons are present). A comparison of the maés spectra of

Me,NPX, (X = F, C1, Br) indicated that this was not a favoured
process for other halophosphines (X = C1, Br) due to the decreased
stability of the P-N bond in these compounds (145). Cleavage of
the N-H rather than a C-H bond would be predicted on the basis of

bond energy data, but the latter process is favoured because
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the cation so formed contaiﬁs an additional bond to nitrogen.
Cleavagé of the C~N bond in amines has been observed not
to take place to any significant degree [39] which is in agreement
with the non-production of the HNPFZ ion in the mass spectrum
of methylaminotetrafluorophosphorane.
The most abundant peak in this mass spectrum is that due
to PFZ, which is presumably formed by means of process (4). This
ion was also found to be the most abundant one in the spectra of
a number of tetrafluorophosphoranes [146]. Its high stability

is anticipated since the analogous PClZ ion is a chemically

stable entity. The relatively low P-N bond energy also favours

+

L
McLafferty has found that many of the most prominent peaks

the formation of a PF, ion.

in the mass svectra of organic compounds are generally derived

from ions which possess no unpaired electrons [141]. Those
odd-electron ions which are. present in high abundance are generally
‘formed by particularly favourable fragmentation paths. Other

PF; ions (n = 1-3) are also formed in the mass spectrum of

MeNHPF, and other tetrafluorophosphoranes, and it is apparent that

I

the abundance of PFg is larger than that of both PF;'

relative abundance of doubly charged species is often

and PF'*. The

F™t and prit

3
is favoured with respect to PF;+° formation. In general, multiply

found to follow the reverse trend, i.e. formation of P

charged ions are infrequently observed and only found for highly
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stabilized molecules [141]. The particularly intense peak at
m/e = 58.5 is assigned to the species (FBPNH-CH2)++ rather than
(FBPNCH3)+* because of the greater chance of stabilizing the

charge on the former species:-

++ + + + +
P-— 1 i o Y= -
F3 g CH —> F3P g CH2 “— FBP g CH2

Multiply charged ions were also reported to be particularly
prevalent in the break-down of phosphoronitrilic fluorides [147].
An alternative route by which the molecular ion can break
down involves cleavage of bonds not directly attached to nitrogen.
That involving C-H bond cleavage has already been mentioned. The
high intensity of the peak corresponding to cleavage of a P~F bond

is explained by the stablllty of the ion so formed,

+
HBC-%-fFB —_— HBC-IFPF3 + F (8)
HF - H

Charge retention on the fluorine atom is not favoured due to its
high ionization potential. The peak at m/e = 19 in the spectra
of fluorine containing compounds is always of low intensity. A
metastable ion shows that the CHBNHPF;

‘0of losing a molecule of hydrogen. The most likely mechanism for

ion so formed is capable

this process is:-

+ +
H, c\.lsz_pF3 — HZC=N=PF3 + H, (9)
H'H

If this mechanism is correct, loss of HD, and not HZ’ from
MeNDPFu would be anticipated.

Ions in which the P-N-C skeleton remains intact but contain
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fewer than three fluorine at;ms attached to the phosphorus atom
are only observed in low abundance. The small peak at m/e = 89
is due to HPF;. HPF; ions are also present in the mass spectra
of MeaNP(F) compounds [144-5]. Crosbie has suggested that these

rearrangements proceed by means of a four-membered ring intermediate,

+

F_P—N-H : Fpat =X

3P _ 3 + Hyc=HH (10)
HACH

MASS SPECTRA OF ALKYLAMINOTETRAFLUOROPHOSPHORANES (Table 1.17A

and Fig. 1.16).

Both EtNHPFh and ButNHPFu in many ways show similar mass spectra
to that obtained for MeNHPFu. The major peakvis due to PFZ; peaks

due to PNCDH; and PNH; fragments are in very low abundance, while
those due to CnH; are quite intense. Gradual changes in the

nature of the spectra are however apparent. The abundance of

PF; (x = 1-3) decreases with the increasing size of the alkyl
group. The same trend is indicated for the abundance of the
'molecular ion. Both molecular ions can decompose by a route
analogous to that given in equation (7). Peak heights suggest

that (EtNHPF4)+' loses a methyl radical more easily than a hydrogen
atom; this reflects both the greater stability of the methyl
radical and the lower energy of the bond to be broken. For

(ButNHPF4)+§ only one possible route to produce a C=N bond exists:-
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+ - +
(HBC)Z?-?—PFA —_— (H30)2C=I|I-PF4 + CHéA (11
HBC H H

The positive ion so formed is able to stabilize itself, thr&ugh
the electron-donating effect of the methyl groups, to a greater
degree than is possible for RNHPFh (R =ie, Et). The greater

» stability of the daughter ion is reflected in the abundance of
the molecular ion. No molecular ion is found for ButNHPF#, even

when employing a reduced ionizing potential. This fragmentation

pattern is the same as that observed for the parent amines, although

a molecular ion was found in the mass spectrum of ButNH2 [39]1.

The increased abundance of [M-CH3]+ in RNHPF’+ (R = Et, But)
is parallelled by a decreased abundance of (M-F17 as compared to

t

that found for MeNHPF, ; only a very weak peak due to Bu NHPF; is,

4
in fact, registered.

A major trend in these spectra is indicated by the increased
importance of the fragment with m/e = 104, with the increasing
molecular weight of the group attached to nitrogen. The relative
heights of this peak and that at m/e = 85 indicate that the
former does not arise from any POF3 impurity in the sample (pure
phosphoryl fluoride produces peaks at these two positions in

approximately equal abundance). A mass measurement confirms that

this peak in ButNHPFl+ is due to HZNPFg. A metastable ion indicates

that this ion is in fact derived from [M-CH3]+ by loss of a

molecule of C_H_F which is assumed to possess the structure

35
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Me(F)C:CHz, since this involves no unnecessary hydrogen rearrangement
processes. The elimination of 03H5F can best be visualized as
a two stage vrocess although a concerted mechanism is in fact

more likely. In the first step a fluorine atom is transferred

from the phosphorus atom to the carbon atom,

+ +

H-—=PF — HeN=P . (12a)
e wods”

e2 'ieaC--F

Previous work has shown that extensive transfer of fluorine
atoms from a carbon to a phosphorus atom take place in the mass
spectra of perfluérophosphines (with the primary driving force
for this process being attributed to the interaction of the p orbitals
on fluorine with the unoccupied d orbitals on phosphorus [148])

but the opposite process does not appear to have been observed
before., The almost identical values of the P-F and the C-F bond
energies must surely also contribute to the ease of these rearrange-
ment processes, since they will be entropy favoured and the
re-organisation energies for these excited ions will be small.

The ion so formed can then further rearrange via either a five-
membered ring intermediate to transfer arhydrogén atom to the

phosphorus atom,

+ + H,Cyp, H
N e H-N-PF + 3-C= (12b)
ey — w2
3F’Q$EVH H
A Y
HEH

or via a four-membered ring intermediate to transfer the same

hydrogen atom to the electron-deficient nitrogen atom,
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H_C< $+ +$ H,C, H
BF/?FN::PFB —_— i:;:]?F3 + BFE)=CH (12¢)
H.C=H
2

It is not possible to decide which mechanism operates although
Crosbie has suggested that four-centred intermediatec were favoured
over five-centred intermediates in other rearrangement reactions

involving aminophosphines [144]}. The product formed by equation
+

(12b) is likely to rearrange to H2H=PF3 because of the additional

stability which the P=N bond endows upon this ion.:

An analogous reaction with RNHPF# (R = Me, Et) can be
visualized as taking place, although no metastable ions were
observed for this process. The intermediate formed after fluorine

rearrangement is
F o+

X-¢-N=PF, (R =Me, X = H; R = Et, X = Me, H)
in 2

Cleavage of a C-H bond can take place either at the ¥~ or g-carbon
atom. Since only the latter method produces an alkene, which
is much more stable than a carbene, C-H bond fission will be

more favoured for EtNHPF, than MeNHPFh, and so result in the much

L

lower abundance of the peak at m/e = 104 found for MeNHPFh than

for the other two fluorophosphoranes. Reactions involving the
elimination of a molecule of ethylene frequently occur in the
mass spectré of organic molecules [142] and are also prevalent

in the mass spectrum of (EtNH)ZPFZH.

No ion corresponding to CBH5F+ is observed in the mass spectrum

t

of Bu NHPFu, but an intense peak at m/e = 61 could be due to
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03H6F formed by the break-down of the ion produced in equation (12a):-

+ +
HN=PF _— Me CF + H-N=PF, . (13)
Me C-F 7 | 2 3

Ions containing P=N bonds gre again found to be stable. The

peak at m/e = 116 in the mass spectrum of EtNHPFh is attributed
+

to H2C=N=PF3. This ion cannot be obtained from ButNHPF but a

L

metastable ion shows that a similar type of ion is derived from

[M—CH3]+ by loss of HF,
+
(H,C). C=lI-PF
372 P%

HF

+
—_ (H30)20=N=PF + HF (14)

3 3

There are also weak peaks at half integral masses corresponding
to doubly charged ions containing the N:PF3 unit in both the

mass spectra of EtNHPF, and ButNHPFh; peaks of integral mass in

L

the same vicinity also probébly arise from doubly charged ions.

There is evidence for the formation.oflg?NPF;+ (x = 1=3) ffom
’ ++ t o
EtNHPFq, and CBHBNPFB and H;f%EPF3 (x = 5=7) from Bu NhPFq.

Evidence for rearrangement products is also furnished by
weak peaks at m/e = 118 and 137 in EtNHPFq, which are attributed

to CH NPFY and CH NPFZrespectively. Mass measurements confirm.

3 I
that CHBNPFq, CH NP 3, and CHENPF; are all present in the mass
spectrum of ButNHPFh. No metastable ions are obtained corresponding
to the formation of these ions but their formulation suggests
that a methyl group migrates to the electron-deficient nitrogen

atom (rather than to the phosphorus atom).




- 111 -

MASS SPECTRA OF ALKYLAMINODIFLUOROPHOSPHINES (Fig. 1.17).

Ionization of tetrafluorophosphoranes was understood to
involve the removal of an electron from the lone pair on nitrogen.
However, removal of an electron from the lone pair on either the
nitrogen or phosphorus atom is possible for alkylaminodifluoro-
phosphines. While the ionization potential of a nitrogen atom is
greater than that of a phosphorus atom, these values are appreciably
changed on incorporating these atoms into a molecule. The
ionizatioﬁ potentials of methylamine and phosphorus trifluoride
are 9.41 eV [149] and 9.71 eV [150] respectively; these values
are sufficiently close to make removal of an electron from an
orbital on phosphorus or nitrogen almost equally probable.

Unfortunately a pure sample of MeNHPF2 could not be obtained,
so a direct comparison of its mass spectrum with that of MeNHPFh
or MeZNPF2 [145] could not be pérformed. A strong peak due to ’
the molecular ion and intense peaks corresponding to loss of a
hydrogen or a fluorine atom or a methylamino group from the
molecular ion are all observed, as'for MeNHPFh. There is a slightly
greater abundance of the ions PNCH; and PNH;, which is as
expected since fewer fluorine atoms have to be lost before they
are produced.,.

Mass spectra were, however, obtained for ButNHPF2 and BunNHPFZ.
No molecular ion is present in the mass spectrum of ButNHPF2 but

a weak one is présent in that of BunNHPFZ. -The most abundant
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Fig. 1.17 Mass spectra of ButNHPF2 and BunNHPFa.

ions in the mass spectra of ButNHPF2 and BunNHPF2 are those correspond-

ing to loss of CH; and CBH,}

molecular ion. These are precisely the decomposition modes

respectively, from the appropriate

responsible for the most abundant ion in the mass spectra of

the parent amines [39], i.e. the most favoured mode for stabilizing
the positive charge on a nitrogen containing ion is the same as
that employed for stabilizing the positive charge on an ion

derived from an alkylaminophosphine. This then tends to suggest
that the positive charge in aminophosphines is mainly localized

on the nitrogen atom. While the molecular ion of ButNHPF2 loses

& methyl radical in an analogous way to that. previously considered
t

NHPF4 (see equation (11)), BunNHPF2 breaks up as follows:-
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+ +

CHB.CHz.CHZ-CHa-g-PFa e — Hac..g-PF2 + C3H7 (15)

There is also evidence for alternative routes of fragmentation,
as depicted in equations (1)-(6). While PFZ carries the
majority of the positive ion current for tetraflporophosphoranes,
PF; is not such an important charge carrier for difluorophos-
rhines, presumably because four fluorine atoms are better than
two in delocalizing the positive charge over the phosphorus
containing cation. It appears that as (1) becomes a less popular
fragmentation path the importance of (4) increases, for peaks
at lower m/e values, which are derived from CnH; or CnHmN+, are

more prominent in the spectra of difluorophosphines than in

tetrafluorophosphoranes. ButNHPF

5 shows a larger variety of low

mass ions than does BunNHPFZ, which is the same as was observed
for the parent amines [39].

A metastable ion indicates that the [M-CH3]+ ion from ButNHPF2

can decompose with charge retention on the nitrogen atom,
-+

+
C),C=N~PF — (H30)20=11§. + PF (16)

(H
3772 T2

2

Note that this is usually considered to be an unfavourable
fragmentation pattern: an even-electron species seldom fragments
to form two radicals [141]. Another metastable ion shows that
[M-CH3]+ can alternatively eliminate a molecule of HF (R = Me)
(cf. equation 14),

+ + :
R20=1;T-&I|’F —  R,C=N=PF + HF (17)

HYF
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The ion (HBCNHPFZ)+ derived from BunNHPF2 can also eliminate a
molecule of ﬁF (equation(17), R = H).

A peak due to'HzNPF+, corresponding to the HENPF; ion derived
from tetrafluorophosphoranes, is only found in low abundance,
The larger chain length of the alkyl group in BunNHPF2 leads to
a greater opportunity for intramolecular rearrangement processes
taking place than for the other amino derivatives of difluorophos-
phine. Rearrangements of secondary amines with hydrogen migration
(often from the p-carbon atom) to nitrogen are common [39]. A
metastable ion indicates that elimination of a molecule of amﬁonia
from the molecular ion of BunNHPF2 can occur., This requires

the migration of two hydrogen atoms; the initial step can be

regarded as hydrogen migration from a p-carbon atom:=-

H H
Nt -t
Hz? /I\ PF, —— H,§ 1'1 PF, (18a)
Et-C=H Et-C- H
H H

The radical so produced is then suggested to form a bond
with the phosphorus atom and, after a further hydrogen aton
has migrated from the g-carbon atom, then eliminate a molecule

of ammonia:-

+ +
3213‘151?2 —_— HyC=0-PF, NH, (18b)
H,CRC~C 8, CoHy

It should be emphasized that this reaction scheme is only
speculative. While hydrogen abstraction is less likely to take
place from a terminal methyl group, since primary radicals are

not as stable as secondary radicals, abstraction from the ¥ -carbon
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atom with a subsequent five-membered intermediate being formed
seems just as vrobeble. Deuteration studies are required to
substantiate this mechanism. Without accurate mass measurement
studies it is not possible to determine how prevaleni other
related rearrangement processes are; loss of methylamine in
place of ammonia can readily be visualiied. A peak at m/e = 51,
corresponding to HPF+, indicates that hydrogen migration to
phosphorus also takes place (see equation (10)).

Rearrangement products are also suggested in the mass spectrum
of-ButNHPFz. The peak at m/e = 98 corresponds to an ion CHBNPFE,
with a suggested structure HZC=§HPF2, but no metastable ion is

present which would correspond to the formation of this ion and

support this formulism.

MASS SPECTRUM OF BIS(t-BUTYLAMINO)FLUOROPHOSPHINE (Fig. 1.18).

On replacing one of the fluorine afoms in ButNHPFz by another
ButNH group, the percentage of the positive charge carried by
PF containing species is reduced. (Fig. 1.718 only shows the high
mass region of the mass spectrum of (ButNH)ZPF;) While (ButNH)ZPF
only produces a small peak corresponding to PF' it does prqduce a
fairly intense peak for the molecular ion, which can lose one
but not two methyl groups. The former fragmentation is confirmed

by a metastable ion.
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Fig. 1.18. Mass spectrum of (BuNH),PF (n/e > 60).

The appearance of an appreciable concentration of M1* is
surprising in view of the non-apvearance of molecular ions for
ButNHPF2 and ButNHPF4 and the very small peak for (ButNH)aPFB.
This can be rationalized by considering the process:-
I-IeBC-g-l;;:(-——) I-iesc-gi-i‘:: —_ I'ieaczl};-‘};: + Me®

Ia Ib II
As the charge is localized on the nitrogen atom to a greater
extent for II than for I, inductive effects will play a larger
part in stabilizing the positive charge on I. Since alkylamino
groups, but not a fluorine atom, will successfully delocalize
the charge, the stability of [M]+: will depend on the relative
lnumber of these two species in the molecule. Another means of
stabilizing the molecule is to share the charge between the
Phosphorus and nitrogen atoms (as in the resonance hybrids, Ia
and Ib); this method is available for fluorophosphines‘but not

for fluorophosphoranes.

Extensive rearrangement processes take place in the mass
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spectrum of (ButNH)ZPF. The fairly intense peak at m/e = 83,
which is shdwn by an accurate mass measurement to arise from

H +

H5NPF s is probably represented as (H N)FP_’\T'I2 rather than
+

(HZN)FP—NHB. Rearrangements are difficult to pin-point since
hydrogen atoms can migrate between two alkylamino groups as well
as to the phosphorus atom. In addition, it is not possible to
unambiguously decide upon the empirical formula for a particular
ion since (as was shown conclusively for BunHHPFZ) rearrangement
processes with P-C bond formation are possible. This makes a
detailed analysis of the metastable transitions dubious in the
absence of accurate mass measurements. However, two processes

which are fairly unambiguous involve elimination of either

NH, or HNPF from the ion with m/e = 123:-

BT B GO i
ﬁ}%‘?j'é 5 7 \CHE + I\TH}F (19)
H
H ‘ + “
F-P;—N-CMea  — H,N=CHMe,, + F-P=NH (20)
u-1-Lu '

+
Since the [M-43]" ion in ButNHPF2 is assumed to be due to FZP(H)N=CH2

the corresponding peak at m/e = 151 in (ButNH)éPF is tentatively

+
formulated as F—P(NHBut)(H)N=CH which decomposes as follows ( a

2
metastable ion is obtained for this process):-
+ -"-. .
Bu“wh-Bv=ci, — 5  BubNE-PF + Ho=NH (21)

FH
The ion thus formed (m/e = 122) then loses a molecule of NH3 as .
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discussed for BunNHPFa. Loss of HZC=NMe is a common process in

the mass speétra of dimethylamino derivatives of phosphorus [144].

MASS SPECTRA OF BIS(ALKYLAMINO)TRIFLUOROPHOSPHORANES AND BIS-

(ALKYLAMINO) DIFLUOROPHOSPHORANES (Fig. 1.19).

(MeNH)aPF3 shows a fragmentation pattern very similar to

that observed for both MeNHPFh and (MeZN)2PF3 [146]1. For both

compounds the most abundant fragment is that obtained by loss

of a methylamino group from the molecular ion. For (MeNH)aPF3

the fragment so formed (which also figures in the mass spectrum
of MeNHPFq) has additional means of stabilizing its charge over
that available to PFZ, and this accounts for its even greater

significance in the mass spectrum,
% W t

MeN=PF > MeN-PF

i B2

Ions closely related to the above have been isolated where chlorine
rather than fluorine atoms were attached to the phosphorus atom [64].
There is no peak corresponding to [H-H]* in the mass spectrum

of (MeNH)ZPF but there is a large peak derived from [M-F]*.

3

Bis(ethylamino)trifluorophosphorane produces only a weak molecular
ion but an intense peak for (EtNHPF3)+.
The [M]1** and [M-F]* ions are the only species containing

two nitrogen atoms which produce peaks of aﬁy significant intensity

in the mass spectrum of (MeNH)aPFB. The spectrum of (NH2)2PF3
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did not even show these two ions [5]. All other ions can be
considered as being formed by fragmentation of MeNHPF;. Two
metastable ions indicate that this ion is capable of losing a
molecule of hydrogen (cf. equation (9)) or a molecule of hydrogen

2

than that of PF;, which seems to be a general feature for

fluoride (cf. equation (14)). The abundance of PF. is larger

trifluorophosphoranes. The peak due to HPF' has the same intensity

as that due to PF+; this is probably formed from MeNHPF* by the
process depicted in equation (10).

Fige 1.19 shows the mass spectrum of (MeNH)ZPFZH; the peaks
present show that a small quantity of MeNHPF2 may be present
as an impurity. However, there is no mass spectral evidence‘
for PFB’ which was characterised in some i.r. spectra. There
is only a small molecular ion present, while previous work has

shown that HPF4 (131], MePF_H [58] and Me ,PF H £135] produced

3
no molecular ion. Amino groups have been reported to stabilize
molecular ions [146]. The increased stability of [M]™* can

best be explained by examining how ionization takes place. For
-amino compounds an electron is assumed to be removed from the
non~bonding electrons on the nitrogen atom while the electron
which is removed from the other fluorophosphoranes is a bonding
electron. An electron will preferentially be removed from one
of the more diffuse bonding orbitals, and for fluorophosphoranes

containing a P-H bond that orbital is likely to be the one which

is concentrated between the phosphorus and the hydrogen atoms.
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Fig. 1.19 Mass spectra of (hehh) 3 SPF,

Phosphorus hydrogen bond energies are not high, and this further

destabilizing influence will lead to the ready cleavage of a

P-H bond. ‘
The mass spectrum of (HeNH)ZPFzH shows that, as for (vaeNH)2 31

P-N bond cleavage is more readily achieved than P-F bond cleavage.

However the ion formed in the former case, (MeNHPFZH)+, does

not éppear to possess quite the enhanced stability of (MeNHPF3)+

(which accounts for the larger number of ions appearing in the

spectrum). [M-H]Y may have been produced either by P-H bond

fission or by removal of a hydrogen atom from the methyl group



- 121 -

attached to nitrogen. Since no_CM-H]+ ion is found for (MeNH)aPF

3

the former process seems more probable; this could easily be

checked by observing the mass spectrum of (MeND)aPFzD.

The peak due to [M-HF]™ is larger than that due to [M-F]'
for (MeNH)ZPFZH. This is not observed for other RNHP(F) compounds,
and may result from a certain degree of dehydrofluorination of

(MeNH)zPFZH to form (MeNH)aPF. The formation of ions such as

+, CH HP+ and CH NP+, which are not observed in the spectrunm

3 b

of (MeNH)ZPFB, reflects the lower number of fluorine atoms in

HNP

the parent fluorophosphorane.

The mass spectrum of (EtNH)ZPF H, like that of (MeNH)aPF H,

2

indicates a weak molecular ion which can lose H, F, HF and EtNH

2

- fragments as well as a methyl radical. HMetastable peaks also
indicate that the EtNH-P entity is capable of eliminating a

molecule of ethylene:-

H O +
i — N
FapzNania —_— Fa._g H + Cqu (22)
M H . ;
H--CH2

The ion so formed then further eliminates a molecule of ammonia

(as indicated by the presence of a metastable ion):-

+ + .
F T iE —  F,P: + NH (23)
2 2 2 3
H .
Another metastable ion shows that the ion with m/e = 98, probably

+
due to F P-N:CHZ, can also eliminate a molecule of HF (cf. equation

2
(1)),
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EXPERIMENTAL

Reagents were obtained from the sources indicafed in
Table 1.18. Phosphorus pentafluoride was purified by low
temperature distillation (although its i.r. spectrum always
showed traces of POF3 to be present). Amines were distilled
onto sodium wire. Acetonitrile and deuteriocacetonitrile were
dried with P205 and distilled onto molecular sieves,

In order to avoid excessive repetition Table 1.18 lists
the i.r. and n.m.r. references for both the starting materials
and those products identified by these techniques.

Practical techniques employed in the preparation and
characterisation of compounds dealt with in this section are

discussed in Appendix 1.

All analytical results are given in Table 1.19.

Reaction between phosphorus pentafluoride and methylamine.-

Excess phosphorus pentafluoride was condensed onto methylamine
(5.9 mmoles), and the temperature increased to»-78°. White solids
were dePOSitéd in an exothermic reaction. When no more absorption
of PF5 was apparent the excess was pumped off; 3.2 mmoles of
phosphorus pentafluoride had reacted (reaction ratio 1:1.8). The

reaction mixture was warmed to room temperature and the volatile

products pumped off. These were passed through a -860 trap to remove



OMPOUND

F

F
PF;

POF
>3

HPF6

PhPF
hPF),

MeNH2 and EtNH

2
n t
Bu NHZ and Bu NH2

- Et_N
3

Me_N
3

MeOH
(MeO)BP
(MeO)aPF

MeOPF2

(POF2)20
(FSPNMe)a

(PhF

2PNMe)2

SiFh

Isopentane

Measo, MeCN and 06H6

cDh,CcM
3 i
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Table 1.18

SOURCE

Matheson Co.
PC1

3/SbF3 (c)
Ozark-Mahoning
Ozark-~Mahoning
PhPClZ/SbF3 (e)
B.D.H.
Koch-Light
Koch=-Light

Matheson Co.

B.D.H.

PFS/(MeBSi)aNMe (o)

B.D.H.
B.D.H.

C.I.B.A.

i
o
o]
.

ll

(a)
(a)
(a)

(£,g)
(g)

(1)

(£)
(£)
(3)
(k)

(m)
(n) ©

(p)
(r)
(t)

(v)

(h)
(h)
(1)
(1)

(q)
(b,s)
(w)
(h)
(h)



(a)
(b)
(¢)
(a)
(e)
(£)
(g)
(h)
(1)
(3
(x)
(1)

(m)

(n)
(o)
(p)
(q)
(r)
(s)
(t)
(u)
(v)
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Table 1.18 (cont.)

[116].
[31.
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[112].

[126].

L113].

Sadtler Research Labs., Standard Grating Spectra.

C.W. Heitsch and J.G. Verkade, Inorg. Chem., 1962, 1, 863.

AM. Noble, private communication. 4

D.H. Brown, X.D. Crosbie, G.W. Fraser, and D.¥W.A. Sharp,
J. Chem. Soc. (A4), 1969, 872.

G.I. Drozd, 0.G. Strukov, E.P. Sergeeva, S.Z. Ivin, and
S.S. Dubov, J. Gen. Chem. (U.S.S.R.), 1969, 39, 907.

T.L. Charlton and R.G. Cavell, Inorg. Chem., 1970, 9, 379.

[12]. '

L45,46].

[y3].

R. Schmutzler, D.M.S. Card A 0599, Butterworths, London.

Ly2]. '

F. Seel and R. Budenz, Chem. Ber., 1965, 98, 251.

C1o4]. '

R.S.Rasmussen, J. Chem. Phys., 1948, 16, 712.

4751,
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slight traces of the more volatile methylamine (identified by i.r.)
and retain colourless BIS(METHYLAMINO)TRIFLUOROPHOSPHORANE (vep.

9 mm. Hg at 25% M found (mass spec.), 148; M calc., 148].

The solid products from this reaction were transferred in a dry
box into a subliming apparatus, and then sublimed in vacuo at

600; pure BIS(METHYLAMINE)-PHOSPHORUS PENTAFLUORIDE was collected
on the cold finger and METHYLAMMONIUM HEXAFLUOROPHOSPHATE was
retained in the bottom of the flask. The lafter was heated to

140° to remove final traces of the adduct.

Reaction between phosphorus pentafluoride and ethylamine .-

‘The procedure was similar to that for the methylamine reaction.
Phosphorus pentafluoride reacted with ethylamine in the ratio
1:01.5 to produce a rather mushy mixture of ETHYLAMINE-~-PHOSPHORUS
PENTAFLUORIDE and ETHYLAMIMONIUM HEXAFLUCROPHOSPHATE (separa£ed

by sublimation), and BIS(ETHYLAﬁIRO)TRIFLUOROPHOSPHORANE [ M found
(mass spec.), 176; I calc.,176].

Reaction between vhosvhorus pentafluoride and t-butylamine.-

The reaction between phosphorus peﬁtafluoride (0.95 mmoles) and
f-butylamine (1.24 mmoles) was carried out employing the same
procedure as that used in the methylamine reaction. Since
BIS(t~-BUTYLAMINO)TRIFLUOROPHOSPHORANE [m.p. 3122°] was found

to be only slightly volatile the reaction products were pumped

on for a considerable time to ensure its complete removal and

thus avoid any contamination of the adduct which would result
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when it was sublimed. Sublimation of the residue produced
t-BUTYLAMINE~PHOSPHORUS PENTAFLUORIDE and t-BUTYLAMMONIUM HEXA-
FLUOROPHOSPHATE.

Thermal decomposition of bis(methylamine)-phosphorus penta-

fluoride adduct.- The adduct (0.120 g., 0.64 mmoles) was heated

in an ampoule up to 1400, and the volatile products were removed

as they were formed by condensing them in a -196o trape The

ampoule was re-weighed, and indicated that 0.013 g. volatile
material had been formed. However, sublimation of some of the
adduct out of the ampoule render these results non-quantitati#e.

The volatile products were identified,by i.r. as MeNH2 and (MeNH)aPFB.
The i.r. spectrum of the solid product showed undecomposed adduct

along with methylammonium hexafluorophosphate.

Thermal decomposition of ethylamine-phosphorus pentafluoride

adduct.- The above procedure was repeated. The adduct was

observed first to melt and then decompose. As decomposition
progressed a white solid was formed which was identified, on cooling,
by its i.r. as ethylammonium hexafluorophosphate. The
ETHYLAMINOTETRAFLUOROPHOSPHORANE [M found (vapour density), 1523

M calc., 151] formed is just trapped by passage through a bath

held at -100°.

Thermal decomposition of t-butylamine=-phosvhorus pentafluoride

adduct.- t-BUTYLAMINOTETRAFLUOROPHOSPHORANE [M found (vapour

' ' o
density), 178; M calc., 179;v.p. 32 mzn. Hg at 23 ] and
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ButNH; PFg were prepared from the thermal decomposition of
ButNHz.PF5 by an analogous route to that employed above.

Reaction between alkylamine-vhosphorus ventafluoride adducts

and free amines.- These reactions were carried out by condensing

excess amine onto the adduct and setting the system aside at a
temperature below the boiling point of the amine for several
hours. The mixture was then allowed to warmAup and the volatile
components distilled off. The identities of the volatile products

are given below:-

MeNH,, / 2.MeNH_2.PF5 — (r«ielvh)ZPF3 (i.re)e
tT\_ N ™
EtNH2 / Bu AIH2¢PF5 (EtLIlL)zpd.B (n.m.r.)o
MeNH, / EtNHZ.PFs — (MeuH)ZPF3 and (EtNH)ZPr3 (n.m.r.),

ratio varies in different reactions.

Reaction between t-butylaminotetrafluorovhosnhorane and

t-butylamine.— Excess Bu'NH, reacted with ButNHPFbr to give (Bu'lH) PF

2 3
along with excess starting material as volatile products and a
mixture of ButNH2.PF5 and a trace of ButNH; PFE as solid products

(all identified by i.r. and n.m.r. spectroscopy).

Reaction between hexafluorophosphoric acid and amines.~ The

appropriate amine was condensed onto an agueous solution of hexa-
fluorophosphoric acid. On warming up to room temperature and
pumping off the volatiles, colourless salts were obtained.

Reaction between phosphorus pentafluoride and methylamino-

tetrafluorophosphorane.~ Excess PF_. and MeNHPF4 were warmed up

5
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slowly in an ampoule from -780 to room temperature. A white
solid was formed, and passage of the volatile products through
a =95° bath trapped out (FBPN}Ie)2 from the excess of phosphorus
pentafluoride. The solia decomposed on heating to 1400 under
vacuun; MeNHPFl+ and traces of Sin and POF3 were identified by
i.r. as comprising the volatile material. The solid still
remaining was not examined.

In the presence of Et3N’ the above reactants gave (FBPNMe)2
(i.r. identification) and a white solid, which was found to be
stable up to 140° (at which temperature it was a liquid) and

was presumably Et_ NH® PFg.

3

Reaction betweern nhosvhorus pentafluoride and t-butylamino-

tetrafluorovhosphorane.- t-Butylaminotetrafluorophosphorane did

not react with phosphorus pentafluoride at room temperature. On
heating the mixture for one hour at 400, a small amount of solid
was deposited. An 19F n.m.r. of a solution of this product in
acetonitrile indicated that this was a mixture of ButNHa.PF5 and
ButNH; PFg, but gave no evidence for (FBPNBut)2 which was reported
"to be a solid [16].

rl

Reaction between phosvhorus ventafluoride and bis(methylamino)-

trifluorophosphorane.- The two reactants were condensed together

at -196° and allowed to warm slowly up to room temperature. A
. White solid was deposited. The volatile products were pumped off

the so0lid and fractionally distilled. Products identified by i.r.
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(in approximate order of their volatility) were SiFh, excess of

PF5, POF3’ traces of (POF,),0, and MeNHPF The solid was

L*'.
heated under vacuum and shown by i.r. to decompose to give a

small quantity of (FSPNMe)2 and'MeNHPF#. A deuteriocacetonitrile

solution of the solid remaining gave a complex n.m.r. spectrum,

which indicated the absence of any ZMeNHZ.PFS or MeNH% PFg. A

dowblet of doublets of triplets could be distinguished from the E

1H nem.r. L6X*, =2,9 ddt; J-values, 15.1, 5.5, 2.2 ¢/sl, and .

there was a strong doublet in the 9% n.m.r. [6;*, +81; J(PF), 1031c¢/sl.

Reaction between phenyltetrafluorophosvhorane and bis-

(methylamino)trifluorophosphorane.~ Phenyltetrafluorophosphorane

(0.753 ge, L.14 mmoles) was condensed with (MeHH)ZPF3 (0.635 goy
4.28 mmoles), and the mixture left at 30° for two hours. The
volatile products were then pumped off the solids formed. The
former were then pumped on under vacuum, while they were held

at -100; at this temperature the slight excess of (I-‘IeNH)ZPF3
could be removed. The product remaining was examined by n.m.r.
(see Fig. 1.2 and Fig. 1.3) and was interpreted (on the basis of
integration) as an approximately 1:2 mixture of PhPFBNMeH (see
Table 1.,20) and 2,2,4,44,4~PENTAFLUORO-1,3~-DIMETHYL=~2~PHENYL~1, 5~
DIAZA~2,4-DIPEOSPHACYCLOBUTANE. Analytical results obtained

are in agreement with this., The values for PhPFBNMeH, the mixture
and PhF(FZPNMe)z are given: C, 32.9, 36.0, 43.2%; H, 3.8, 3.8, 4.60%;

F, 32.6, 31.1; 29.2%; N, 9.6, 7.8, 7.2%; P, 21.2, 17.2, 15.9%.
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Table 1.20

J(PF)

J(FH5

Compound 6CH3 éPh 6F J(PH) 1
a * % * ¥ * % T h
Found ~2.32%* £t =7,6 62.3 ~ 880 12.8 0.7
(PhFaPNMe)213[3gk2] ~2.46* ¢ -7.7* 634 ~900 P 12.5
= C c - -
Compound bp op : op J(Pba) J(PF_,) J(PF ) J(Faﬂg
a a e
Found wo* 51t 72x 776 ¢ 813 970 56
PhPF, Nillie ® [20] 39.7 71.8 770 953 52
PhPF, NHHe [181] &1 52 72 745 775 932 5
Benzene or CDBCN solution. CDC1l, solutione. Difference
in J(PF ) and J(P“ ) is very temperature dependent [20]. ¢ purther
coupllng with amlno-proton is discernible (BJ(F H) =13 ¢/s).
Nonequivalence axial fluorlne atoms not reported. Obtained

from 19F NeMeTe

Obtained from

from 31P n.n.r. spectrume.

The solid formed was examined by sublimation at.70°.

diazafluorodiphosphetidine was collected on the cold finger

(confirmed by n.m.r.(Table 1.20) and i.r. spectra).

The residue

1H NeMe.Ts Spectrum. P Obtained

Diphenyl-

was shown by n.m.r. (acetonitrile solution) and i.r. spectroscopy

to be composed of MeNH; PFg and a small concentration of impurities

containing N-methyl groups.

On repeating this reaction a small quantity of (FBPNMe)2

was

found in the volatile fraction (i.r. and 1H‘n.m.r. identification).
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A solid giving an identical 19F n.m.r. to 2MeNH2.PF was also

5
found to be present in small guantities in some samples of the
sublimable product; the i.r. spectrum showed two intense peaks
at 3317 and 3230 cn.” (characteristic of 1:1 adducts) which
suggests that MeNHa.PF5 might well have been present in the

reaction product.

Reaction between phosphorus trifluoride and methylamine.-

In a typical experiment PF3 (0.8399 g., 10.2 mmoles) and methylamine
(0.961 g., 31 mmoles) were condensed together into an ampoule.
The mixture was warmed up slowly and left for two hours at
room temperaturee. fhe volatile products were pumped off to leave
white solids, .and a trace of the more volatile PF3 (0.2 mmoles)
was removed from the bulk of the material (0.735 g.) by passage
through a -160° trap. The n.m.r. spectrum showed that this was
predominantly BIS(METHYLAMINO)DIFLUOROPHOSPHORANE [M found (vapour
density), 132; M calc., 131; vep. 14 mm. Hg at 27°] with traces
of MeNHPFa,indicating an overall yield of about 55%. The majority of
the MeNHPF2 could be removed from the main product by repeated
passage through a -60° bath, at which temperature (MeNH)aPFzH
was trapped out.

In order to obtain respectable yields of,MeNHPFZ, methylamine
was added to excess phosphorus trifluoride in the gas phase. The

volatile products were pumped off and the excess of PF3 was

removed by distillation throughza-160° trap.
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Reaction between methylaminodifluorophosphine and methylamine.-

Excess of methylamine (0.108 g., 3.48 mmoles) was condensed onto
MeNHPF2 (0.215 gey 2417 mmoles) in an ampoule. The system was |
shaken up and, as it attained room temperature, the initially

clear liquid deposited a white solid (in contrast to what would

be expected for a simple addition reaction). The volatile materials
were separated by fractional distillation and identified as

MeNIL, (O.QEO gey 1.61 mmoles) (by i.r.) and 0.214 g. of a less
volatile portion of almost pure (MeNH)ZPFaH (by nem.r.), leaving
0.059 g. solids in the reaction vessel or precipitated in the

traps; this indicates an overall yield of 75% for (MeNH)ZPF

PLE

based on the expected 1:1 addition.

Reaction between phosvhorus trifluoride and ethylamine.-

ETHYLAMINODIFLUOROPHOSPHINE [M found (vapour density),112; M calc.,
1133 v.p. 69 mm. Hg at 27°] and BIS(ETHYLAMINO)DIFLUOROPHOSPHORANE
[M found (mass spec.), 158; M calc., 158; v.p. 2 mm. Hg at 25%]

were isolated from the volatile reaction products, formed from

the liquid phase reaction between PF3 and EtNHZ.

Reaction between phosphorus trifluoride and n-butylamine.-

The previously employed liquid phase technique was used to produce
reasonable yields of BIS(n-BUTYLAMINO)DIFLUOROPHOSPHORANE, an
involatile liquid moving with difficulty on the vacuum line.

Owing to the low volatility of n-butylamine, a more convenient

method for the pfeparation of BunNHPF2 than the gas phase
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reaction was employed. This involved shaking an isopentane

solution of BunNHanth excess ofPF3 in a closed ampoule. Fractional
distillation through a -86° trap removed the more volatile

components and left n~BUTYLAMINODIFLUOROPHOSPHINE [M found (vapour
density), 141; M calc., 141; v.p. 12 mn. Hg at 2503.

Reaction between phosvhorus trifluoride and t-butylamine.-

t-Butylamine was shaken with excess phosphorus trifluoride in

an ampoule to produce white solids and a mixture of volatile
components. Separation on the vacuum line produced PF3 (identified
by i.r.), t-BUTYLAMINODIFLUOROPHOSPHINE [M found (vapour density),
141; M calce, 141; v.p. 38 mm. Hg at 250] (which just passed a

-400 trap) and a small amount of sublimable white solid, which

was trapped at -400. Yields of the latter were increased by .

shaking ButNHPF with excess amine in an ampoule held at 500; the

2
reaction was incomplete, but the product could be easily sublined
out of the reaction vessel to leave behind some involatile

white solids. The volatile solid was freed from starting materials
and identified as BIS(t-BUTYLAMINO)FLUOROPHOSPHINE [M found

(mass spece), 194.1351; M calce, 194.1348; m.p. 39 =z 3°].

Reaction between bis(methylaminc)difluorovhosphorane and

anines.- A sample of (HeNH)ZPFZH slowly deposited white solids
on being shaken with excess methylamine.
A mixture of (HeNH)2PF2H and triethylamine was heated for

three hours at 700. Brown solids were précipitated. 4n i.r.
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examination of the volatile products indicated that (MeNH)ZPFzH,
MeNHPF2 and PF3 were present but gave no evidence for a compound

corresponding to (MeNH)ZPF.

Reaction between vnhosphorus trifluoride and methanol.-

A 2:1 molar ratio of PF3 and MeOHd were condensed together. Ko
reaction was indicated on warming the mixture up to room temperature.
Addition of two parts of triethylamine to this mixture led to

the precipitation of white solids at -700. An l.r. and n.m.r.

study of the volatile components showed that all the PF3 had

reacted and that no PH species were presénf; (MeO)BP and (MeO)ZPF

were identified along with excess triethylamine.



"CHAPTER II

THE PREPARATION OF P-N(Me)-X BRIDGES

(X =P, S, Si).
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INTRODUCTION

In Chapter I it was shown to be possible to form diazafluoro-
diphosphetidines from the reaction between bis(methylamino)trifluoro-
phosphorane and phenyltetraflucrophosphorane or phosphorus penta-
fluoride. The general applicability of this type of reaction
for the production of P=l}fe-X bridges, where X = P, S and Si, has
been tested. The results obtained both from these experiments
and others, that have been aimed towards producing similar bridged
systems, are presented in this chapter.

A method which has assumed considerable importance in the
preparation of P-N bonds involves the cleavage of Si-N bonds with
phosphorus-halides. Reactions in which cleavage of silicon-nitrogen
bonds has been achieved by means of compounds from Groups IIIb - VIb
have recently been reviewed [151]. The first application of this
reaction to synthesize a phosphorus-fluoride derivative was that
used to prepare dimethylaminotetrafluorophosphorane [12,152],

Me331NMe2 + PF5 —_ Me381F + MeZNPF#

With heptamethyldisilazane, phosphorus pentafluoride formed
diazafluorodiphosphetidine [12,42,152],

2 (Me Si)ZNMe + 2 PF, —=>L4 Me

3 5 3

These reactions have been extended by employing other silicon-

SiF + ( FBPNHe ) 5

nitrogen compounds and derivatives of phosphorus pentafluoride as

starting materials [3,42,152-4]. 1In this.way it has proved possible
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to isolate a monofluorophosphorane [75]:-

MeF Me
: - N W
PF3012 + 2 (Me331NMe)Zsoz—-+ oas\N,P\S,D 5

Me MNe

+ 2 MeBSiX (X = F, C1)

Few studies concerning analogous reactions with phosphorus(III)-.
fluorides have appeared in the literature. It has been reported
that heptamethyldisilazane did not react with phosphorus trifluoride,
but no-reaction conditions were given [42]. However, all the
fluorine atoms in PF, were replaced in the reaction with dimethyl-

3

aminotrimethylstannane, Me SnNMe2 (155].

3

(Thio)phosphoryl fluorides and fluorohalides have been
reacted with hexamethyldisilazane to yield compounds with the
general formula MeBSiHHP(X)FZ_nCIn (X =58, 0 n =0, 1) [156-7].
Similar reactions with heptamethyldisilazane were later found
to take place [158].

Since all these reactions theoretically produce no solid
by-products, this procedure for introducing a P-N bond into a
molecule constitutes a much ‘"cleaner'" alternative to that given
above. The exploitation of this method to éroduce.phosphorus-
fluorides containing a nitrogen-bridge relies only on the avail-
ability of compounds of the type MeBSiNRP(F).

An alternative method by which the desired bridged compounds
can be produced involves the fluorination of the appropriate

chloro-compounds where these are available. Good yields of MeaNPF2

have been obtained from the fluorination of'MeZNPCIZ; no evidence
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for the formation of fluorophosphorane by-products was reported [159].
A sinmilar roﬁte has been used to prepare phosphoryl-_and thiophosphoryl
fluorides [1,2] and has also been employed in the preparation of
(PF,) Mie [117].

Many compounds are known in which two phosphorus atoms are
linked by a nitrogen-bridge [65,160] but these phosphorus atoms
were further linked to fluorine atoms in only a few instances.
Fluorophosphazenes have been known for some time [1] and several
(F)P-N=P(F) systems have recently been examined [2,161]. Compounds
containing trico-~ordinated nitrogen linking phosphorus-fluorine
units are limited in number; these include diazafluorodiphosphetidines,

POF,-NH-POCL,, (1621, (POF,NH), L1631, (PXF,), iMe (X = 8, 0) [164],

2)211
and (PF,),NMe [117]. It should be noted that in nome of these
compounds does the nitrogen atom join two phosphorus nuclei in
different oxidation states; the only compounds known to date which
contain two fully fluorinated phosphorus atoms in different oxidation
states are P(O)Fa-O-PF2 and P(S)F2~S-—PF2 [165-61, neither of which
is  very stable at room temperature. Recently the first examples
of chloro~derivatives of phosphorus in two different oxidation
states bridged by a N-methyl group have been prepared in these
laboratories [167].

Very little work has been performed in elucidating the chemistry

of these systems. In contrast to Ne,NPF,, (PF2)2NMe will not

form a complex with BF3 {1171 but it has been found to co-ordinate
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to a transition metal through both phosphorus atoms [168]. While
(PFz)ZNMe is cleaved by HCl at room temperature [117], (PXFZ)ZNMe
(X = 8, 0) required a much higher temperature for partial
decomposition [164]. This enhanced stability was attributed to
a reduction in the size of the d orbitals on phosphorus through
electron withdrawal by the fluorine atoms; this makes them more
suited to overlap with the p orbitalé on pitrogen and hence énhances
the (p-d)w-bonding in the PHP bridge, and at the same time reduces
the basicity of the nitrogen atom. The compound POFZNHPOCI2 was
reported to be only moderately stable to decomposition [162],
presumably bvecause of the lack of these stabilizing influences.
The reduced basicity of the nitrogen atom was also apparent
in the preparation of (PXFZ)ZNH (X = 8, 0); the product was formed

N, and an adduct (PXF,) NH.Me,N was isolated [164]]

3 a2’z 3

In view of the formula given for a similar product obtained from

in the presence of Me

(P(CF3)2)2NH and Me,N by Burg [169] - as part of his contribution

3
to the elucidation of the influence of perfluorocarbon groups on

the chemistry of the phosphorus atom to which they are attached
[170] - this is probably best regarded as a salt. Burg has provided
further proof for the stabilizing influence of electronegative
groups on P-N bonds, and his results suggested that this was due

to even more enhanced w-bonding in these bonds than was prorosed

for the -Si-N bonds in (SiHB)BN [119, 169]. DMNucleophilic attack

can still take place at these phosphorus nuclei, for both (PFZ)ZNMe

[29] and (P(CFB)a)aNMe [169] were cleaved by MeNH,.
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RESULTS

REACTIONS BETWEEN RNH~-P(F) AND PHOSPHORUS-HALIDES.

Since compounds containing the RNH-P(F) unit are stable
with respect to self-condensation for fairly long periods it seems
wisest, if one is attempting fo prepare a P-KR-P derivative, to
use the most reactive phosphorus-flu§ride available. A combination
of bond energy data [Appendix 2 presents data that is germane to
all discussions in this chapter concerning bond energies] and
previous chemical knowledge [1-3] suggest that phésphgrus pent;-
fluoride is the phosphorus-fluoride which is most prone to
nucleophilic attack.

Reaction between phosphorus pentafluoride and methylaminodifluoro-

phosphine.

The reaction between excess PF5 and MeNHPF2 takes plaée below

room temperature to give a mixture of volatile products, comnsisting

-

of PF (pF NHe, PFle‘fiePFL+ and POF3 (impurity in starting

3t 2)2
material), along with some solid products. The reaction is
6bviously complex and any mechanism proposed can .only be of a
tentative nature.

In view of the work published on the reaction between phosphorus
pentafluoride and aminophosphines [171] it seems almost certain

that the first stage in this reaction involves nucleophilic attack

by MeNHPF, on PF5 to form a 1:1 adduct (I). The mode of co-ordination
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is, however, uncertain. A P-P bond was believed to be present in
(MeZN%I{PFS [171]. The bulk of the evidence suggests that Me ,NEFF,
co-ordinates to transition metals through its phosphorus atom,

with the decreased basicity of nitrogen and the increased co-ordin-
ating power of phoéphorus being a direct result of (p=-d)r-bonding,
which is promoted by the electronegative fluorine atoms [29]. While
the crystal structure of the adduct of B

H8 and Me NPF2 conclusively

I 2

showed that a P-B bond was present [172] and the properties of
MeNHPFZ.BH3 were consistent with the same type of bonding [29,30],
i.r. and n.m.r. evidence both favoured the presence of a N-B bond
in MeaNPFa.BF3 [26]. The reaction between Me,NPF, and hydrogen
halides likewise involved attack of the proton at the nitrogen
atom [25]. It thus appears that the phosphorus atom will act as the
donor atom only when there is a chance to form o~bonds which are
further stabilized through w-bonding.

Both the similarity between the Lewis acid properties of
BF3 and PF5 [1] and the nature of the products (especially PFaNMePFq
in which the PNP entity remains intact) are taken to suggest that
" bonding takes place through the nitrogen atom in I. The reaction
is then assumed to proceed by means of further nucleophilic

attack by another molecule of MeNHPF2 on the amino-proton of I,

which should be more acidic than it is in the unco-ordinated
ligand as it is now coupled to two electron-withdrawing species,

with displacement of a fluoride ion,






















































































































































































































































































































































































































