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Abstract

Reaction mechanisms of phosphorus fluorides may be analyzed on the basis of the coordination model of reaction mechanisms. Some of
the intermediates and mechanistic details arising out of such an analysis have been investigated by ab initio molecular orbital calculations.
The rapid equilibrium between five- and six-coordinate phosphorus fluorides, and exchange of axial and equatorial fluorines in PFs, is
investigated by calculating the structures of adducts of phosphorus pentafluoride, i.e. D-PF5 where D = NH,, H,0, CH;F, HF, PF; and PFg .
Bond cleavage in phosphorus fluorides is investigated by calculating the structure of a fluorine-bridged anion P,F;;. A reaction pathway is
proposed for the fluoride-catalyzed oxidation of phosphorus(III) to phosphorus(V) fluorides which involves the known species PF;, PF,,

PF," and PF;. © Elsevier Science S.A.
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1. Introduction

Reaction mechanisms may be analyzed on the basis of the
coordination model of reaction mechanisms [ 1]. This model
emphasizes the discrete variables of coordination number and
electron count, as well as the connectivity of atoms along a
reaction pathway, and classifies the elementary steps of reac-
tions as +C, —C, +C°, —C° Reaction pathways may be
tested by ab initio molecular orbital calculations, e.g. the
mechanism of cleavage of Si—F and Si—C bonds in fluorosil-
icates [2], or oxidative fluorination of sulfur(IV) to sul-
fur(VI) compounds [3]. Other reaction pathways have been
tested by kinetic simulation, e.g. the BF;-base system [4].
Calculations have now been carried out for phosphorus flu-
orides, and these results are related to mechanistic details
such as rapid equilibria between five- and six-coordinate
phosphorus compounds, exchange of axial and equatorial
fluorines in PFs, the cleavage of P-F bonds in phosphorus
compounds, and the mechanism of oxidation of phospho-
rus(IIT) to phosphorus(V) fluorides.

2. Results and discussion

In order to test the statement that trigonal bipyramidal
molecules are among the most sensitive indicators of bond

2 Dedicated to Professor Alois Haas on the occasion of his 65th birthday.

formation, + C, because of the change in symmetry and NMR
spin pattern that accompanies the formation of six-coordinate
adducts or intermediates [1], we studied the interaction of
PF; with Lewis bases of widely differing basicity (Eq. (1)),
and calculated the structures of adducts 1-6.

+C
PF + D = D-PF; (1)
-C
D=INH,, 2H,0; 3CHF;
4 HF,; 5 PFg; 6 PFg

As a six-coordinate adduct such as H;N-PF; 1 is formed,
the coordination number of phosphorus is increased from 5
to 6, and nitrogen from 3 to 4, i.e. +Cp(s)n(3y- Cleavage of
a P-N bond in adduct 1 is denoted as — Cp(syne3y. If the
calculated structures confirm that four basal fluorines in
adducts 1-6 are essentially equivalent, then it is reasonable
to assume that an equilibrium between five- and six-coordi-
nate phosphorus species (Eq. (1)), can provide a pathway
for the exchange of axial and equatorial fluorines in PFs. Our
criterion for evaluating the equivalence of four basal P-F°
bonds is based on a qualitative comparison of P-F® bond
lengths and 2~ F°PF® bond angles. Other means of estimating
the distortion from Dj, or C,, symmetry in phosphorus or
silicon fluorides have been proposed by Holmes [5].
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Of adducts 1-6, only 1 is sufficiently inert to allow char-
acterization by NMR and X-ray crystallography [6], but
there is some indirect support for the existence of 2—-6. For
example, adduct 2 has not been characterized, but the closely
related adduct Et,0-F; is stable below — 65 °C [7]. Fur-
thermore, the deprotonated anion FsPO?~ [8], and related
species FsAsOH™ [9] and H,0-GeF; [10], have been
described in the literature. The adducts H;N-Fs 1 and H,O-
PFs 2 are reasonable intermediates of ammonolysis and
hydrolysis reactions, respectively [6,7]. Adducts CH;F-PF;
3 and HF-PF; 4 are unknown, but related adducts with some-
what stronger Lewis acids have been identified by NMR at
low temperature, e.g. CH;F-AsFs and CH,F-SbF [11].
Suggestions have been made that dimeric PF, § [12], or
dimeric SiF; [13],might contribute to axial-equatorial
ligand exchange. NMR studies on the PFs—PF, [14] and
PhPF,~PhPF; [15] systems confirm that rapid P-F bond
cleavage occurs in these systems, and a bridged intermediate,
e.g. P,F[; 6, can account for the NMR results.

Calculations were carried out with several basis sets and
they confirm that four basal fluorines in adduct H;N-PF; 1
are essentially equivalent. With the 6-311G* (2d,2p) basis
set, the four basal P-F* bond lengths in 1 are in the range
157.5-157.7 pm, and the four angles between the apical and
basal fluorines, 2 F°PF®, are all 93.3°, With the 3-21G* basis
set, very similar results were obtained, namely, four basal P—
F®bond lengths in the range 158.1-158.2 pm, and four angles
£F°PF® in the range 94.5-94.6°. Calculations therefore show
that all basal P-F® bonds in adduct 1 are essentially equiva-
lent. These results may be compared with experimental P-F®
bond lengths in the solid state, which are in the range 158.9-
160.0 pm, and ZF*PF® in the range 90.8-92.3° [6].

The calculated lengths of the P-N bond in 1 are 192.7 pm
[6-311G* (2d,2p)], 193.1 pm (3-21G*), and 195.1 pm
(MINI-1). In the solid state, the experimental P-N bond
length is 184.2 pm [6].

Calculations with the 6-311G* (2d,2p) basis set also show
that adduct H,O—PF; 2 has four essentially equivalent basal
fluorines, with P-F* bond lengths in the range 154.3-
155.5 pm, and bond angles 2 F°PF" in the range 97.7-99.6°.
It was suggested some time ago that the rapid formation and
dissociation of adduct 2 can lead to exchange of axial and
equatorial fluorines in PF; [7].

Adduct CH,F-PF, 3 was selected to test the hypothesis
that ““inert’’ solvents may bring about axial-equatorial ligand
exchange in PFs without participating in further chemical
reactions [1]. Calculations with the 6-31G* basis set show
four basal P-F* bond lengths in the range 155.6-156.3 pm,
and ZF°PF® in the range 100.6-101.2°. These results strongly
imply that axial and equatorial fluorines in PFs can be
exchanged as a result of interaction with a solvent such as
CH,F. A similar conclusion is reached on the basis of 3-21G*
calculations, which show four basal P-F° bond lengths in the
range 155.9-157.4 pm, and four bond angles 2 F*PF® in the
range 97.0-98.0°.

It is uncertain from our calculation of 4 or § whether inter-
action with HF, or with another PFs molecule, leads to
exchange of axial and equatorial fluorines in PFs. Adduct 4
(6-31G**) shows arelatively large variation in P~F® and P-
F° bond lengths in the range of 153.2-156.8 pm, and bond
angles ZF°PF® and ZF°PF° in the range 91.0-117.0°. The
long bond between HF and PFs, namely, 311.2 pm (6-
31G**), or 211.1 pm (3-21G*), implies that 4 is a very
weakly bound adduct in which the PF5 moiety is only slightly
distorted. Similar comments can be made about the PF dimer
§, where calculation (6-31G*) shows relatively large varia-
tion in basal P—F bond lengths 153.3-156.8 pm, and Z F°PF®
and £F°PF° bond angles, 90.4-118.9°.

Calculation (6-31G*) of the fluorine-bridged anion
P,F[; 6 shows four basal P-F® bond lengths in the range
157.4-158.0 pm, and ZF°PF® in the range 94.0-94.3°, indi-
cating that 6 has essentially equivalent basal fluorines.

In summary, the calculations described above are in agree-
ment with the view that axial and equatorial fluorines in PF;
undergo intramolecular ligand exchange as a result of bond
formation, +C, whenever PF; interacts with a donor mole-
cule such as NH;, OH,, CH;F and PFg, to give adducts 1-
3,6 (Eq. (1)). The calculated structures of adducts 4-5, how-
ever, suggest that interaction with HF, or with another PF;
molecule, probably does not bring about exchange of axial
and equatorial fluorines in PF,.

Turning to the question of bond cleavage, —C, in phos-
phorus fluorides, NMR studies show clearly that rapid bond
cleavage occurs in the PFs—PFg [14] and PhPF,~PhPFs
[15] systems. The calculated structure of intermediate 6
shows a substantially longer/ weaker P---F bridging bond of
183.5 pm, as compared to the terminal P-F bond lengths of
157.4-158.0 pm. This calculated (6-31G*) bridge bond of
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183.5 pm may be compared with a previous calculation of
183.1pm [16]. An analogously bridged intermediate
Si,F;; can account for rapid intermolecular fluorine
exchange in the SiFs —SiFz ~ system [13]. As the strength of
the bridging bond increases in related anions such as As,F;
or Sb,F;;, the bridged species can be identified in solution,
or isolated [17].

NMR experiments show that P-F coupling is retained in
purified samples of PFs, or when PF; is dissolved in solvents
such as CH;F [1]. Furthermore, PF; is a nonelectrolyte and
has a small solubility in hydrogen fluoride [18]. Based on
the calculated structures of 3-5, only cleavage of the weak-
est/longest P-F bridge bond in 3-5 is expected, which leaves
the original PFs molecule intact. For example, the calculated
long/weak bridging P-F bond in 3, namely, 245.7 pm (6-
31G*) or 196.5 (3-21G*), may be compared to the shorter/
stronger terminal P-F bonds of 152.9-156.3 pm (6-31G*),
or 154.1-157.4 pm (3-21G*). Only a simple dissociation of
adduct CH,F-PFjs 3 is thus expected, with no further chemical
reaction, and this result is consistent with the known stability
of PF; in hydrocarbon and halogenated solvents.

Similar arguments can be applied to 4 and 5 to account for
the chemical stability of PF; in the presence of HF, or in the
presence of other PFs molecules.

To test for the possibility that hydrogen bonding might
lead to P-F bond cleavage, the calculation (6-31G**) of 7
and 8 was carried out. Other than a small lengthening of the
axial or equatorial P-F bond, however, no significantchanges
are evident in the PFs moiety. The trigonal bipyramidal geom-
etry of PF; is not significantly distorted, therefore, neither
chemical reaction nor axial-equatorial fluorine exchange is
expected as a result of the formation of hydrogen-bridged
intermediates 7-8.
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Finally, a mechanism of oxidation of phosphorus(III) to
phosphorus(V) fluorides is proposed (Scheme 1) which is
based on the mechanism of oxidation of sulfur(IV) to sul-
fur(VI) fluorides in the presence of fluoride ion [3]. The

latter mechanism postulates initial attack of F~ on sulfur(IV)
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Scheme 1. Proposed mechanism of oxidation of P(III) to P(V) fluorides in
the presence of F~.

compounds, followed by oxidation to a fluorosulfur radical
and, lastly, reaction with a suitable fluorine atom donor to
give the sulfur(VI) product. The N-X-L notation of Perkins
etal. [19] is used in Scheme 1 to specify the valence electron
count (N) and coordination number (L) of phosphorus (X).
Calculations for 9-12 were not carried out in this study
because both calculated and experimental results have been
reported by others [20-23].

The fact that F~ adds readily to PF; to give anion PF; | in
solution [21] or in the gas phase [24], is in agreement with
the first step of the proposed mechanism (Scheme 1). In the
absence of F~ (and PF; ), the mechanism of oxidation is
presumably simplified to PF; — PF,” — PFj, as suggested for
the free-radical addition of fluorine atoms to PF; [25]. In
principle, there is a sharp distinction between an oxidation
that occurs in the presence of F~, and a free-radical oxidation
that occurs in the absence of F~, but this distinction may be
difficult to observe in practice because of the inadvertent
introduction of fluoride ion during the course of typical oxi-
dative fluorinations. The finding that the rate of oxidative
chlorination of PF; is photosensitive, but also catalyzed by
glass surfaces [26], hints at experimental difficulties.

Scheme 1 does not identify the electron acceptor that con-
verts anion PF; 10 toradical PF, 11. However, for the related
anion-to-radical oxidation of PhSiF5~ to PhSiFs - , numer-
ous one-electron acceptors can be used, including metal ions,
halogen compounds, tetracyanoethylene, etc. [27].

The last step of Scheme 1 involves the interaction of PF,’
with a fluorine atom donor to give the product PFs. For typical
oxidative fluorinating agents such as F,, CIF or XeF,, we
postulate that rapid bond cleavage occurs as a result of the
formation of intermediates F,P-F---F- , F,P-F---Cl- or F,P-
F---XeF- , respectively. An explanation for the catalytic role
of F~ is then apparent, because the presence of F~ allows
bond cleavage of very weakly bound intermediates, e.g., F,P—
F---F- - PFs+F- , however, in the absence of F~ the oxi-
dizing agents themselves must undergo bond cleavage to give
radical intermediates, e.g. F-F—= 2F - .

It is interesting to speculate whether the catalytic role of
F~ (Scheme 1) applies to less electronegative anions such
as C17, and the X-ray structure of anion PCl;" provides some
insight into this question. There are nonequivalent axial P—
Cl bonds in PCl;, 211.8 and 285.0 pm [28], and the sub-
stantial lengthening of one of the axial P-Cl bonds
(285.0 pm) raises the possibility that the lifetime of anion
PCl; in solution might be relatively short, as compared to
that of anion PF; . This suggests that electronegative anions
such as F~, and perhaps HO ™ ,are suitable catalysts for oxi-
dation of phosphorus(IlI) compounds, whereas larger and
less electronegative anions such as C1~ or Br™ are less effec-
tive. Without a catalyst, oxidation may follow a free-radical
pathway and, indeed, radical PCl," is a known species [29].

3. Methods

The GAUSSIAN 92 system of programs [ 30] was used for
all ab initio molecular orbital calculations. Interacting mole-
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cules and ions were treated as one large system and were fully
optimized with analytical gradient method at restricted Har-
tree~Fock level, using basis sets 3-21* and 6-31G*. Polari-
zation basis sets, 6-31G**, with p orbitals for each hydrogen,
were used for hydrogen-bond structures 4, 7 and 8, and triple
split-valence orbital basis set 6-31G* (2d,2p) were used for
structure 1 and 2.

For the MINI-1 calculations, Huzinaga’s minimal basis set
[31] was used with the atomic scaling factors of Deisz [32].
Binding energies were determined by the supermolecule
approach with the full counterpoise correction of Boys and
Bernardi [33].
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