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Foreword

The Chemistry of Organophosphorus Compounds is a multi-volume work within the well
established series of books covering The Chemistry of Functional Groups. It is proposed
to cover the extensive subject matter in four volumes.

Volume 1 covers primary, secondary and tertiary phosphines (PR;H;_,,n=1-3),
polyphosphines [both P(C),P and R(P),R’, n>1) and heterocyclic
compounds containing phosphorus.

Volume 2 covers phosphine oxides, sulphides, selenides and tellurides.

Volume 3 will cover phosphonium salts, phosphonium ylides and phosphoranes.

Volume 4 will cover phosphinous, phosphonous, phosphinic and phosphonic acid
compounds and their halogen derivatives R,PY, RPY, and R,P(X)Y,,
where Y = halogen and X = O, S or Se.

For many years the nomenclature used in organophosphorus chemistry was extremely
frustrating, with different compounds being given the same name by different authors.
The nomenclature has, however, now been rationalized and is summarized in Volume 1,
Chapter 1, Section IV.

In common with other volumes in The Chemistry of the Functional Groups series, the
emphasis is laid on the functional group treated and on the effects which it exerts on
the chemical and physical properties, primarily in the immediate vicinity of the group
in question, and secondarily on the behaviour of the whole molecule. The coverage is
restricted in that material included in easily and generally available secondary or tertiary
sources, such as Chemical Reviews and various ‘Advances’ and ‘Progress’ series, as well
as textbooks (i.e. in books which are usually found in the chemical libraries of universities
and research institutes) is not as a rule repeated in detail, unless it is necessary for the
balanced treatment of the subject. Therefore, each of the authors has been asked not to
give an encyclopaedic coverage of his or her subject, but to concentrate on the most
important recent developments and mainly on material that has not been adequately
covered by reviews or other secondary sources by the time of writing of the chapter,
and to address himself or herself to a reader who is assumed to be at a fairly advanced
postgraduate level. With these restrictions, it is realised that no plan can be devised for
a volume that would give a complete coverage of the subject with no overlap between
the chapters, while at the same time preserving the readability of the text.

The publication of the Functional Group Series would never had started without the
support of many people. This volume would never have reached fruition witheut the
help of Mr Mitchell and Mrs Perkins with typing and the efficient and patient cooperation
of several staff members of the Publisher. Many of my colleagues in England, Israel and
elsewhere gave help in solving many problems, especially Professor Saul Patai, without
whose continual support and encouragement this work would never have been attempted.

X



X Foreword

Finally, that the project ever reached completion is due to the essential support and
partnership of my wife and family, amongst whom my eldest daughter provided both
moral support and chemical understanding in the more difficult areas of the subject.

Cranfield, England FRANK HARTLEY
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Structure and bonding in tertiary
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1. INTRODUCTION

The general features of bonding to phosphorus were discussed in Volume 1, including
likely bonding schemes and the strengths of single and double bonds to phosphorus.
Using these, the gross features of the structure and bonding of phosphine chalcogenides
are readily predicted and understood. Taking the oxides as an example, phosphorus has
five electrons available for bonding, so five bonds to phosphorus are possible, while
oxygen is normally divalent and double bonds are allowed. Hence, if we ignore the octet
rule, there is no problem in predicting the correct structure: phosphorus will have four
ligands via three single bonds and one double bond to oxygen, with all electrons used.
From the recently rehabilitated? valence shell electron pair repuslion (VSEPR) theory,
the four ligands are expected to have tetrahedral geometry with the bond to oxygen
being stronger than the others and rather polar because of the difference in electro-
negativity between oxygen and phosphorus. These predictions are borne out completely
by measurement of the bond lengths and angles (detailed in Section III), vibration
frequencies and dipole moment (Section 1V.A). The strength of the PO bond is illustrated
by the experience of practical chemists that its formation drives the very useful Wittig
and Arbusov reactions and the reactions of life itself.

Of course, it is not that simple. First, there is the problem of the octet rule, and second,
on the LCAO-MO model there are, at first sight, not enough orbitals on phosphorus.
Indeed, much of the previous discussion of the bonding in phosphine oxides, (and
sulphides and selenides) has centred on how to overcome these difficulties, in particular
with respect to the nature of the PO bond. Thus the standard discussion of the PO
bond in previous reviews of this topic®~!* has been in terms of a combination of two
different descriptions, often via a resonance between structures 1A and 1B:

P*—0O «—P=0
1A 1B

Structure 1A avoids the problem of violation of the octet rule, but there is evidence
(Section TV.A) that there is not a full positive charge on phosphorus or negative charge
on oxygen, so structure 1B is allowed to contribute. In this case the number-of-orbitals
problem is overcome by invoking a suitable virtual d orbital on phosphorus in an overlap
scheme such as that in Figure 1. The conventional phrase is often used~!3 that ‘there
is expansion of the octet on phosphorus to allow backbonding from oxygen lone pairs
into low-lying empty d orbitals’. In turn, this explains the difference between phosphine
oxides and amine oxides in that the first-row element does not have easily accessible d
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FIGURE 1. The now outdated and misleading view of the n-type orbital
overlap in phosphine oxides

orbitals. Hence a discussion of the bonding in phosphine oxides leads on to the differences
between the first and subsequent rows of the Periodic Table.

It is shown below that work over the last 10—15 years has rendered this description
untenable!*. First the d-orbitals concept is now redundant at best, and inaccurate and
misleading at worst, because d orbitals are not required for there to be backbonding.
As described in Section 11, it has recently been confirmed beyond doubt by Magnusson!>
that the importance of d functions in ab initio calculations on these systems does not
mean that they have a valence role. Second, at a deeper level, doubt has been cast on the
description of the PO bond as a single bond with some backbonding, the rival description
being a formal triple bond. As we shall see in Section IV, this latter issue is not yet
settled and is part of a developing general controversy about the nature of multiple
bonding.

Hence the investigation of the bonding in phosphine oxides (and sulphides and
selenides) calls for an examination of some the most basic concepts in valency and
bonding theory in the context of one of the most important bonds in practical chemistry
and the processes of life. The following quotations are from two recent papers which
are discussed in Section TV.D.3 and illustrate the controversial nature of the subject:

‘These studies emphasize the importance of partial ionic bonding in second row
hypervalent species... Due to the ionic character of the bonding, the electronic octet
rule is far from being violated. This emphasizes the robustness of the Lewis octet
concept’.

A. E. Reed and P. v. R. Schleyer'®

‘Contrary to much previous experience based on molecular orbital calculations,
generalized valence bond calculations exhibit six bonds to P and S atoms in the
presence of electronegative ligands. One must conclude that this is strong evidence
that such molecules violate the Lewis—Langmuir octet rule’.

R. Messmer!”’

Even the representation of the bond from oxygen to phosphorus in tertiary phosphine
oxides is contentious. Practical chemists usually just write a double bond, R;P=0, but
a number of other descriptions and representations have been advocated as the following
chronological list illustrates: ‘somewhere between a single and triple and only by chance
it happens to be a double bond’*8; ‘a partial triple bond’!?; ‘a resonance between single
and triple bond structures, the double bond being rejected on symmetry grounds’?°; ‘the
dipolar structure dominates and the double bond structure contributes but little’?!; ‘a
formal triple bond’*”. In Section IV.F, we discuss the representation of the PO bond
and argue that the continued use of the double bond formula is perfectly reasonable
and unrelated to the controversy as to where exactly the bonding electrons are.

1. NON-INVOLVEMENT OF d ORBITALS

The description of the structure and bonding in phosphine oxides has been connected
intimately with the concept of virtual d-orbital involvement in bonding in the Main
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Group of the Periodic Table. Since, as we shall see, it is only recently that this concept
has been discredited, a short overview of the subject is warranted.

The elegance, economy and widespread applicability of the valence bond (VB) and
molecular orbital (MO) methods have made them nearly universal in both the qualitative
and quantitative discussion of bonding and other molecular properties?2. In particular,
a version of the MO method, the linear combination of atomic orbitals (LCAO) scheme??,
provides the most commonly used framework for the discussion and interpretation of
the bonding. In these methods atoms are considered to offer, for bond formation, the
outermost valence orbitals (those which are occupied in the atom). Thus hydrogen has
one atomic orbital (AO) available for bonding, the first-row elements boron to neon
have four, the transition metals six, and so on. In this way, early explanations were
provided for s and p bonds in the first row of the Periodic Table from lithium to fluorine.
In 1931 Pauling?3 showed how, by introducing appropriate hybrids of s and p orbitals,
the characteristic valence angles and bond lengths in compounds of carbon, oxygen and
nitrogen could be explained. Although the rough qualitative picture obtained by bonding
with these orbitals was satisfactory in most cases, some important difficulties arose.

A particular qualitative difficulty concerned the existence of the so-called ‘hypervalent
molecules’. In these there seem to be more bonds from the central atom than would be
permitted on the basis of Langmuir’s octet rule. Thus, in the valence bond picture of,
for example, the SF4 molecule, sulphur forms six ¢ bonds using six equivalent d?sp?
hybrids?*. However, the d functions used are virtual, not being occupied in the aufbau
description of the ground-state sulphur atom. It is then said® that SF is characterized
by ‘outer d-orbital participation in the bond’ or that there is an ‘expansion of the
valence shell of sulphur by promotion of an electron(s) into a low-lying vacant d orbital(s)’.
Similar considerations applied to PFs. The concept of d orbitals was then found
convenient to describe two other n-type phenomena exemplified in phosphorus
chemistry® by (i) the structure and stability of phosphine oxides and ylides (especially
compared with their nitrogen analogues) and (ii) the shortening of formally single bonds
such as the PO bonds in phosphates. These latter two phenomena involve d orbitals in
n-type overlap with adjacent p orbitals®.

In this way, the possession of ‘low-lying’ d-orbitals came to be seen as a fundamental
difference between first- and second-row elements of the Periodic Table, explaining, for
example, why silicon tetrafluoride hydrolyses readily whereas carbon tetrafluoride does
not?3. Since the work of Pauling??, there have been many papers dealing with the
participation of d-orbital basis functions in molecular orbitals for systems containing
non-transition elements. Because of their more elaborate symmetry, d orbitals may form
more kinds of bonds than can s and p orbitals and detailed and elaborate schemes were
built up to use d orbitals to explain the various phenomena?®~3°, This early work is
well summarized in a number of reviews>3!733 the most useful of which is that of
Mitchell®.

At the outset, a distinction has to be made between inner and outer d orbitals®**. This
refers to the principal quantum number of the d orbital in relation to that of the other
valence electrons. Inner d orbitals have a principal quantum number one less than that
of the other valence electrons. Thus, in the first transition metal series it is the 3d, 4s
and 4p orbitals that are involved and the charge cloud for these d electrons lies mostly
within that of the s and p electrons. Since these d orbitals are occupied in the ground-state
atom, they are clearly required for description of the molecular wavefunction, and the
question of their inclusion does not arise. This is the case for bonding in the transition
metals33 and will not be discussed further. Outer d orbitals, on the other hand, have the
same principal quantum number as that of the other valence shell electrons. The question
of their involvement in bonding is much more problematic since they are not occupied
in the ground state of the atom under consideration. Indeed, the concept was never fully
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accepted by the chemical community, including Pauling®4, and, from an initially small
group of dissenters*¢~*3 among whom it is probably fair to single out Rundle3®, the
concept has now become redundant, at least among theoretical chemists. Its popularity
probably peaked around about 1970 with the review by Mitchell® and the advent of
the first ab initio calculations on these systems (see Section I1.B).

A. Alternative Models

The first reservation that has to be entered about virtual d-orbital involvement in
bonding is that there are alternative explanations of all the phenomena involved. One
of the initial successes of the hybridization theory of bonding as proposed by Pauling?3-24
was the prediction of molecular stereochemistry in that bond directions are determined
by the relative orientations of a set of hybrid orbitals on the central atom which are used
to form bonds to the ligand atoms and to hold unshared electron pairs. However, during
the 1950s it was shown by Gillespie that the successful prediction of molecular geometry
does not require explicit reference to the bonding involved because the well known and
useful VSEPR model®5#* explains the geometry of most molecules. Also, at about the
same time, a simple and reasonably easily understood model was developed which
explains the bonding in non-octet (hypervalent) compounds and which does not require
the use of d orbitals. This is the three-centre bond model proposed at various times
by Pimental®*®37, Rundle3®-3°, Havinga and Wiebenga*®#!, Pitzer*> and Musher** and
their coworkers and developed in detail by Rundle® and Musher*?. Bonding is envisaged
as partly ionic, which removes the need to involve the d orbitals and explains why fluorine
is a crucial ligand in hypervalence. Better still, this model explains well the bonding in
other systems where the d orbital concept is lacking, e.g. noble gas derivatives*>*® and
the interhalogen compounds*!. As we shall see in Section IV, there is also a simple
alternative to the d orbital concept as applied to dn—pn systems.

Second, from the 1950s to 1970s there were a multitude of experimental and theoretical
investigations, none of which confirmed unequivocally the validity of the concept of
d-orbital involvement. This is well documented in the book by Kwart and King*’, the
problem being that no study could distinguish d-orbital involvement from an alternative
explanation. Indeed, it appeared that the d orbital theory might fit into Popper’s category
of an unfalsifiable theory*®. Examples of phenomena which were investigated without
definitive results are (i) bond length data in the series of ions XO};™ (X = Si, P,S and Cl),
which are all short relative to values reasonably expected for single bonds3?354°, and
(ii) the planarity of trisilylamines®®~33. Probably the last example where a determined
effort was made to prove d orbital involvement is the detailed study of a cyclic conjugated
sulphone by Fraenkel and coworkers®*. Even in 1986, after all the work that had gone
before*’, these workers felt able to claim that their study implicated p—d bonding
‘unequivocally and for the first time’>*. However, in the light of the results discussed
below, it seems likely that all they did, which was still significant, was to show that
cyclic conjugation occurred in their system.

B. Theoretical Studies

Since the experimental work had been so very contradictory, it was hoped that
calculations might lead to a more definitive answer. Indeed, the early theoretical work
was encouraging because it had concentrated on certain issues concerning the suitability
of the valence atomic d orbitals for their task®>~¢3. Two issues of concern were the size
and energy of the d orbitals. First, the d orbitals are too large to overlap effectively with
their potential s and p partners®*6, By consideration of the factors affecting the size®’,
namely unpaired electron spin assignments**3%3° the number of promoted
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electrons*39-6° and the formal charge on the central atom®®, it was shown that this

objection could be overcome. In particular, the contraction of the d orbitals in a field
of strongly electronegative ligands provided a neat explanation of why fluorine is able
to induce the largest valence of a central atom. As regards the energies of the d orbitals,
which are too high in the isolated atom for effective hybridization with s and p orbitals®,
it was also shown that a field of electronegative ligands could reduce the energies to
reasonable values®7-62:63,

In about 1970, with the advent of full ab initio calculations on these molecular systems,
more detailed investigation of the bonding became possible. For example, early
descriptions of the bonding in phosphine oxides (see Section I) involved either semipolar
bonds without reference to d orbitals or ordinary covalent bonds constructed from
appropriate hybrids that involve d orbitals. Since the former corresponds to a zero
population of d orbitals and the latter to a population of unity, it was expected that an
analysis of the d populations of the calculated wavefunctions would indicate which was
correct. Indeed, the first calculations appeared to confirm the importance of d orbitals
because, when d functions were left out, very inaccurate results were obtained and also
their addition caused very large energy decreases. Certain calculations in particular had
a very strong influence, at least on the community of practical phosphorus chemists®,
e.g. the extended Huckel studies of ylides and phosphoranes by Hoffmann and
coworkers®37%7 and the ab initio STO-3G studies by Van Wazer and coworkers on
ylides and phosphine oxides®®¢°. This despite the specific warning of Hoffmann and
coworkers®’ on the deus ex machina aspect of d orbitals.

However, there were two problems which confused the theoretical analysis of these
systems, namely the incompleteness of most of the basis sets used and the requirement
for polarization functions. Initially it was not well recognized that if the s and p basis
sets used in the calculations were not saturated, that is, addition of further s and p basis
functions still gave energy lowering, then the added d functions would make up the
difference and lead to an overestimation of the importance of d orbitals. Differences in
the basis set then lead to large differences in the importance of d orbitals from populations
of 0.3 to greater than 1. Although the evidence for this was present from the start (see
Section IV.D.2), it was only later that it was stated explicitly!®. The difficulties were
further compounded by the well known dependence of population analysis on basis set!®.

However, even if the sp basis is saturated and the population analysis is foolproof,
there is still a crucial role for d functions in the calculation of molecular properties and
most calculations, especially on second-row elements, will require their inclusion!-13-70773,
This is because they act as polarization functions '*-3*7! Early in the development of
quantum chemistry it was known’# that a proper description of the ¢ bond in H,
requires the use of a po basis function on the proton. The purpose of this function is
to polarize the wavefunction (see below) and thus permit the charge distribution to
change shape, becoming more localized along the bond axis. This requirement is now
routine’® and for first-and second-row elements the polarization functions needed are
d functions. To illustrate the effect of these polarisation functions, consider an electron
in a 2p state of a fixed hydrogen atom3* (Figure 2a). Application of a steady fixed electric
field in the z-direction would polarize the charge and pull it in the z-direction. The final
perturbed shape is shown in Figure 2c. It can be seen that the charge cloud, and hence
the wavefunction, of the perturbed state can be approximated by a superposition
(Figure 2b), of some amount, 2 of d orbital character on the original p orbital®*4. Hybrids
of this kind, involving a small amount of d character, will often be the easiest way of
expressing perturbations or polarizations of p orbitals, for example in molecules
containing a large dipole moment or in strained-ring compounds’'. The d orbitals mixed
in by this process are not suggested to have any independent existence. In fact, it can
be shown!>3* that the d contribution which expresses the polarization of a 2p orbital
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A=
SO O

(a) (b) (c)

FIGURE 2. Polarization of a p orbital. (a) + A(b) = (c)

is a 2d orbital and its function is merely to be of about the same size as the orbital it
perturbs and to have the appropriate symmetry to provide the angular flexibility needed
to direct the electron density efficiently into regions between bonded atoms.!571,

Needless to say, many theoretical workers were uneasy about ascribing a valence role
to such polarization functions. During the 1970s there were a number of attempts to
define circumstances in which one could say which role was taken by the d functions.
For example, Coulson* distinguished between polarisation (d population < 0.1) and
participation of d orbitals in bonding, where one or more complete d orbitals are used,
and Ratner and coworkers’®77 drew a similar distinction between the qualitative and
quantitative necessity for d orbital inclusion in a basis set, while noting that the whole
question is to some extent an artifact of the very convenient atom-centred LCAO method.
Then, during the 1980s, it gradually became clear to the majority of theoretical workers
that the maximum d population was about 0.3 in most cases and that it has no valence
role. Examples of this conclusion are in calculations on, among many others, oxy- and
thio-carbanions’®7°, sulphur tetrafluoride®®-#! and, especially significant, the volte-face
of Cruickshank*® on the oxyanions of second-row atoms. There was a minor
renaissance®2 784, but it is now clear beyond doubt through the very recent work of
Magnusson, discussed below, that the d orbital concept is redundant. Good recent leading
references to this literature are the paper by Magnusson'3, that of Reed and Schleyer!®
which, since they treat phosphine oxides, is discussed in detail in Section IV.D.3.a, and
the general review by Kutzelnigg'* on bonding in Main Group compounds, which is
indispensable.

C. Calculations by Magnusson

Many workers have studied the variation of the use of d functions in a calculation
in order to determine their valence role and concluded that it was not large®>. For
example, Grein and Lawlor®® showed that the use of bond functions®’ replicated the
beneficial effect of d functions in calculations on H;NO. However, the recent study by
Magnusson!® is so comprehensive and gives such an unequivocal conclusion that it
surely must be the final word on the subject. Therefore, we reproduce below the main
conclusions in some detail.

Magnusson!® reported calculations for a very large number of compounds of first- and
second-row elements, both normal valent and hypervalent, all at a comparable level.
The basis set was of double zeta quality and the experimental geometries were used.
Single and multiple sets of five Gaussian d functions were added to the basis sets of all
atoms except hydrogen (p function). The exponents of the d functions on the central
atom were optimized in all cases, as were those on selected peripheral atoms. The
possibility of basis set superposition error was checked and avoided and also the results
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were compared with those obtained by adding Slater-type functions. The results are
given below.

i. The most important observation is that the optimum d function exponent for any
element changes very little from one compound to another, even those as different as
H,S and SF¢. Hence there is no support for the view that diffuse d orbitals on the central
atom take part in bonding after being contracted by an electronegative ligand field; for
example, there is no sign of any progressive contraction across the SF,, SF,, SFg
sequence!®,

il. There are large energy depressions for many other types of molecule than the
allegedly hypervalent species and there is no clear demarcation between them and the
normal-valent compounds. In fact, when the energy depressions are measured per
bond they show only limited variation. This suggests that the involvement of d functions
is characteristic of the bond rather than the compound that contains it, and that the
extra ilr;volvement of d functions in hypervalent molecules is because they have more
bonds*>.

iii. There are also energy depressions on the addition of d functions to the basis sets of
peripheral atoms. The energy increment per added function is much greater for the
central atom but per bond there is no difference!>.

iv. There are also energy depressions in compounds of first-row elements and when the
results are obtained at the same basis set level the contrast between second- and third-shell
behaviour is less spectacular than usually reported!>.

v. There is a strong response in the optimum exponent and d function energy
increment to change in bond length. The optimum d function exponent on the peripheral
atom also changes'>.

vi. Finally, there is no difference in the role of d functions between normal-valent and
hypervalent compounds. They facilitate the transfer of electronic charge into the
internuclear bonding region at the expense of the outer parts of the valence wavefunction.
Hence the occupations of the higher order functions are strongly dependent on the
degree of charge transfer from the central atom and the number of electron pairs formally
arranged around the central atom. In short, their purpose is to respond to the rapidly
varying molecular potential in the space between the nuclei'®.

We also leave the final word on this with Magnusson'?: ‘accordingly, any resem-
blance between d functions in molecular wavefunctions and the valence d orbitals of
excited second-row atoms is an artifact of the electronic structure model; they should
not be called d orbitals’.

ll. STRUCTURE

Structure in organophosphorus chemistry was last reviewed comprehensively in 1974
by Corbridge®, but work on tertiary (and other) phosphine chalcogenides was not well
developed at that time. Thus the material presented below is mostly from the intervening
period. The usual general publications®®~°! also give some relevant data but, again, the
coverage is not complete. The structures of tertiary phosphine oxides, sulphides, selenides
and the few tellurides are first discussed using the data in Tables 1-3. Then these
compounds are compared and contrasted with other phosphorus derivatives and
non-phosphorus compounds not strictly relevant to this chapter, in particular the parent
tertiary phosphines, halogenophosphoryl derivatives and amine and arsine chalcogenides
using the data in Tables 4 and 5.

Although a high proportion of available structures are included in Tables 1-3, they
are not comprehensive and readers requiring data on particular compounds should also
refer to Chemical Abstracts. Readers should also refer to the original publications for



1. Structure and bonding in tertiary phosphine chalcogenides 9

detail of the structural determinations, error limits and the other molecular dimensions
of the compounds quoted.

A. Bond Length-Bond Angle Relationships

The idea that bond length and bond angle are related can be helpful in the analysis
of trends in the structures of molecules. It is especially useful in the case of a tetrahedral
disposition of ligands around a central atom where most of the space around that atom
is occupied. Then the introduction of either bulky or more electronegative groups will
lead to a change in both bond angle and bond length. Thus, for example, the bond
angle between bulky groups will have to be larger, so all ligand(s) will not be able to
approach as close to the central atom and their bond length will be larger. On the other
hand, a more electronegative group will require a shorter bond length to the central
atom, forcing the other ligand(s) closer together and reducing their bond angle. The
structure of the molecule then reflects the balance between these two effects.

Used carefully, the concept can reduce the number of experimental correlations that
have to be explained. Obviously there are limitations on its use, e.g. (i) if the space
around the central atom is not fully occupied, then bond angle can increase while
maintaining bond lengths, for example in the tricoordinate phosphines! and perhaps in
the later rows of the Periodic Table where the central atom is relatively large, and (ii)
if the space around the central atom is already very crowded, as in tetrahedral derivatives
of the small first-row atoms, then the size effect may be more dominant.

B. Phosphine Oxides

Table 1 gives some structural data for tertiary phosphine oxides, mostly determined
using X-ray diffraction. As befits such an easily crystallized and thereby useful'“®
compound, there are no less than eight reported X-ray crystal structure determinations
on triphenylphosphine oxide®®~%%14° most of which are detailed in Table 1. This is
because there are at least two crystal modifications and there have been temperature
variation studies. Note the fairly large changes in structural parameters as the R value
falls from 7.8 to 3.5. Only in one case, trimethylphosphine oxide, were both X-ray and
electron diffraction used, with only moderate agreement between the methods (the
difference was not caused by intermolecular contacts in the crystal®3). A number of
useful generalizations may be made from Table 1.

The PO bond length is usually in the range 147.5-149.0 pm (the figure of 146 pm,
derived from the first study®® on triphenylphosphine oxide, which was widely quoted®?°4
into the mid-1980s, is clearly in error). This PO distance is almost insensitive to molecular
environment. It increases by only 1pm on metal complexation of the triphenyl
derivative!®® (Table 1) or on hydrogen bonding®!3°, although the trialkyl derivatives
are affected by a larger amount by the latter change®. Similarly, the PO length is little
changed by electronegative substituents, «,f-unsaturation or inclusion in a tricyclic ring
structure (Table 1). It is possible that alkyl-substituted phosphine oxides have a PO
bond length marginally shorter than aryl analogues, which could be due to a bond
length—bond angle relationship, but there are not enough data to be sure. This PO bond
length may be compared with those in HPO®! (151.2 pm), diatomic PO®! (147.6 pm)
and a typical PO single bond (160 pm; bridging bond in P,O,,%°). Clearly the PO bond
has high multiple character.

The PC bond length is normally in the range 179-181 pm. From the limited data
available, there is a strong effect of electronegative substituents to increase the PC
distance, the extreme example being the tris(trifluoromethyl)-substituted case. Also, it is
possible that P—C(alkyl) is less than P—C(aryl) by about 1pm but, again, there are
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TABLE 1. Structural data® for some tertiary phosphine oxides

Molecule Method® r(P=—0O) rP—C) ,LOPC LCPC R Ref
Me,P=0 E 147.6 180.9 114.4 104.1 5.2 92
X 148.9 177.1 113.1 105.9 6.5 93
Bu,P=0 E 159.0 188.8 106.1 1129 9.7 94
(CF;);P=0 E 147.6 189.7 114.2 104.3 — 95
Ph,;P=0 X4 148.3 179.2 1123 106.5 6.0 96
Xe 148.4 180.3 112.3 106.6 4.5 97
X/ 146 176 111.7 107.1 7.8 98
X/ 149.1 180.3 1124 — 35 99
X9 149.4 180.0 112.4 — 3.6 99
Ph;P=0 complexes X" 150 179 111 - — 100
(2-MeC4¢H,);P=0 X 147.4 181.0 1129 106.0 7.5 101
(4-CIC¢H,)Ph,P=0 X 148.5 180.5 111.9 107.0 4.7 102
(4-BrC H,)Ph,P—0 X 1497 1808 1120 1069 64 103
(C¢F5)Ph,P=0 X 1474 1796 — — — 104
Me,PhP=0 X 147.4 178.9 113.9 105.5 43 105
181.5° 1119
CICH,Ph,P—0 X 1493 183.2 1139 105.6 53 106
180.4 112.6/
Ph,P(O)CH,P(O)Ph, X 14991 1819 1120 1068 63 107
179.4'
Ph,P(O)C=CP(O)Ph, X 148.1 1794 1144 1037 39 108

180.8° 11297  108.5*
PhZP(({) CHCI

/C:C\ X 148.5 184.3 112.5 106.3 33 109
CICH, P(O)Ph, 180.0¢
7-Phosphanorbornene X 148 186.7 116.8 84.3 7.0 110
derivative' 181.1° 11110 112.9™
1-Phosphanorbornane X 148.7 178.3 — 96.2 54 111
derivative”

H(P—X) =bond length in pm; / XPY =bond angle in degrees; mean values are quoted, unless indicated
otherwise.

PE = electron diffraction; X = X-ray crystallography at room temperature, unless indicated otherwise.
“Reliability index = 100 x conventional R for both X and E, except where indicated otherwise; see original papers
for definitions.

4Monoclinic, space group P2,/a.

¢Monoclinic, space group P2/c.

/Orthorhombic, space group Phca.

9Performed at 100K.

 Average of 62 fragments from the Cambridge Crystallography Database.

P—Cp,

10— P —Cpy,

“Cp—P—Cpy.

!5-Cyano-1,4,7-triphenyl-7-phosphabicyclo[ 2,2.1 Thept-2-ene-7-oxide.

"Cpp— P—Cppe

"1-Phosphabicyclo[2.2.1]heptane-1-oxide.

not enough data to be sure. There is a small but definite decrease in PC length (1 pm)
on metal complexation at oxygen. There is a consistent deviation of the bond angles
from the tetrahedral values with CPO higher (112-114°) and CPC lower (104—107°).
This is consistent with the shorter PO distance relative to the PC distance.

Note the totally anomalous nature of the structure of tri(tert-butyl)phosphine oxide.
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The remarkable features of the structure of BujPO are (i) the much greater length of
the PO bond (159.0 pm) compared with all other oxides, making it essentially a single
bond length, (ii) the greater length of the PC bond (188.8pm) and (iii) the reversal of
the angle deviation from tetrahedral (CPC is greater). Obviously the great bulk of the
tert-butyl groups must be at least partly responsible for this anomalous structure. For
example, the CPC angles in the parent phosphine!3¢ (109.9°) are already one of the
highest known and could hardly be expected to decrease on oxidation. However, it
should be pointed out that there is no steric requirement for the PO bond to be so long
because the oxygen atom is well separated from its neighbouring carbon atoms and
from the methyl group atoms®*. The long PO bond length has therefore also been
attributed®* partly to the electron-releasing properties of the tert-butyl groups. In any
event, it seems reasonable to regard the bonding in the molecule as purely Bu,P*—O ™.

Brock and coworkers®® made a very careful study of both forms (monoclinic and
orthorhombic) of triphenylphosphine oxide at low temperature. They found that there
do not appear to be any important differences between the molecular dimensions in the
two crystals. Even some small structural trends are shared by the two molecules; for
example, of the three PC distances, 179.8, 180.3, 180.8 pm in the orthorhombic and 179.7,
180.2, 180.2 pm in the monoclinic structure, the smallest is to the phenyl ring whose
plane is most nearly perpendicular to the PO bond (see also Section V).

C. Phosphine Sulphides

Table 2 gives some structural data for tertiary phosphine sulphides. Only in the case
of trimethylphosphine sulphide was more than one method used to study the structure

TABLE 2. Structural data® for some tertiary phosphine sulphides

Molecule Method® #P=S) rP—C) ,LSPC L CPC R¢ Ref.
Me;P=S M 193.6 181.4 1144 — <02 112
E 194.0 181.8 114.1 104.5 48 92
X 195.9 179.8 113.2 — 5.0 113
[(Me;P=S8),Cu]CIO, X 199.4 179.3 111.6 — 11 113
(Me;P=S)Cr(CO); X 199.0 179.2 1124 106.4 6.5 114
(cyclohexyl);P=8 X 196.6 183.9 110.9 108.0 58 115
(cyclopropyl);P=S X 1939 1785 1134 104.9 60 116
Ph,P=S X 195.0 181.7 113.1 105.7 46 117
(2-MeCgH,),P=5 X 1948  181.9¢ 1126 106.1°¢ 90 101
(3-MeC4H,);P=S X 193.6 181.5 1123 106.5 8.0 118,119
(4-CIC¢H,)Ph,P—=S X 194.9 180.7 1129 105.9 52 120
(4-BrC4H,)Ph,P=S X 195.0 181.6 113.1 105.7 5.1 121
(4-CH;C4H,)Ph,P=S X 194.8 179.4 113.7 105.2 6.7 122
Ph,P(S)C=CP(S)Ph, X 1923 176.3 1138 101.8 40 123

179.5f 11499 108.3"

(P —X) = bond length in pm; 2 XPY: bond angle in degrees, mean values are quoted, unless otherwise noted.

YE = electron diffraction; X = X-ray crystallography at room temperature.

‘R = reliability index = 100 x conventional R for both X and E, except where indicated otherwise; see original
papers for definitions; percentage error for M.

4d(P = C) range = 177.3-187.0 pm.

¢/ CPC range = 101.5-110.6°.
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and, again, agreement was only moderate, although the gas-phase methods are in good
agreement.

The PS bond length is in the range 194—195 pm. However, unlike the oxide, this shows
variation with environment. Metal complexation causes it to increase by about 5pm
while conjugation appears to cause a decrease of about 2 pm. Again, it may be that
P—C(alkyl) is less than P—C(aryl), but there are not enough data. This PS bond length
may be compared with that of a typical PS single bond of about 208-210 pm (208.5 pm
for bridging bond in P,S,,%°°°). Hence the PS bond also has high multiple character.

The PC bond length in phosphine sulphides is in the range 181-182 pm, somewhat
longer than in the oxides. Once again there is a more noticeable change (decrease of
2pm) on metal complexation at oxygen. The deviation of the bond angles from the
tetrahedral values is similar to that in the oxides (CPS, 112-114°; CPC, 104-107°). The
structure of the fairly bulky tricyclohexylphosphine sulphide shows, to a lesser extent,
the same trends as tri(tert-butyl)phosphine oxide of longer bond lengths and equalization
of bond angles.

D. Phosphine Selenides

Table 3 shows data from nearly all structural studies of tertiary phosphine selenides.
Again, X-ray crystallography has been the method of choice and, again, only the trimethyl
derivative has been studied by other methods with only slightly better agreement between
them than for the oxides and sulphides.

The PSe bond length is normally in the range 209-211 pm. However, there is not
enough variation in the groups attached to phosphorus to make generalizations on
trends in the PSe bond length, although it is noticeable that, as usual, bulky groups
increase it. Other discernible trends (e.g. shortening of PSe with electronegative
substituents) may not be crystallographically significant. This PSe bond length may be
compared with the PSe single bond length of 224 pm (bridging bond in P,Se;8%) and
again it is apparent that the PSe bond has high multiple character.

The PC bond length in phosphine selenides is variable, covering the range 178—185 pm
with more values in the upper part of the range (181-184 pm). Comparison of the
trimethyl and triphenyl derivatives strongly suggests that P—C(alkyl) is less (by 4 pm)
than P—C(aryl), but other data in Table 3 contradict this. The deviation of the bond
angles from the tetrahedral values is similar to that in the oxides and sulphides
(CPSe, 112-114°, CPC, 104-107°). Again, the structure of the fairly bulky tris(2,4-
dimethoxyphenyl)phosphine selenide shows, to a lesser extent, the same trends as tri(tert-
butyl)phosphine oxide of longer bond lengths and equalization of bond angles. However,
the tris(trimethoxyphenyl) derivative is anomalous in this respect in that crowding is
avoided by a marked asymmetry of the substituents!3°.

Allen and coworkers'?® advanced two arguments for the shortening of the P—C
bond in the 2-furyl derivative; a n-type interaction with the substituent or the lower
steric demand of the 2-furyl group. Given that the CPC angle is also narrowed (a bond
length—bond angle relationship), it seems more reasonable to prefer the steric argument.

E. Phosphine Tellurides

To date there appear to be structural data for only one tertiary phosphine telluride!3”.
Unfortunately, this is the tri(tert-butyl) case (included in Table 4). We have already noted
the totally anomalous nature of the structure of tri(tert-butyl)phosphine oxide.
Comparison of these (Table 4) shows that the same unusual structural characteristics
are present in the telluride as in the oxide. Thus the CPC angle is greater than the TePC
angle and the PC bond length is very long (same length as in the oxide), in contrast to
all other tertiary phosphine chalcogenides. There must therefore be a strong suspicion
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TABLE 3. Structural data® for some tertiary phosphine selenides

Molecule Method® r(P=Se) r(P—C) ~SePC (. CPC R Ref.
Me,P—Se E 209.1 181.6 113.8 104.8 9.1 124
X 211.1 178.6 113.1 105.7 48 125
N — — — 1050 +£0.2 126
Ph;P=Se X 210.6 183.0 113.1 106.0 7.0¢ 127
(2-MeC¢H,);P—=Se X 211.6 183.4 112.7% 106.4 6.7 101
(3-MeCg¢H,);P=Se X 2109 182 112.3 106.7 11 119
(3-CF;C¢H,);P=Se X 209.4 181.5 113.1 105.6 54 128
(2-furyl);P=Se X 209.4 177.8 115.0 103.5 38 129
(2,4-(Me0O),CcH3); P—=Se X 213.5 184.3 111.1¢ 107.9/ 5.2 130
(2,4,6-(Me0O);CcH,); P=Se X 2119 182.7¢ 112.8" 106.2 64 130
Ph,P(Se)CH,P(Se)Ph, X 210.0 184.3 1149 104.6 44 131
181.17 113.1% 105.5
Ph,PCH,P(Se)Ph, X 210.3 182.6 113.6 105.0 39 132
181.3/
PhMePrP=Se X 211.9 182.3 113.1 105.7 48 133
180.07
185.4™
Ph,P(Se)C=CP(Se)Ph, X 209.7" 178.3 112.7 102.6 6.3 134

183.2/ 114.5% 108.8

“r(P—X) = bond length in pm; 2 XPY = bond angle in degrees; mean values are quoted, unless indicated otherwise.
YE = electron diffraction; X = X-ray crystallography at room temperature; N = NMR in liquid crystal (nematic)
phase.

‘R = reliability index = 100 x conventional R for both X and E, except where indicated otherwise; see original
papers for definitions.

‘R=R,,

¢/ SePC = average of 106.2, 110.0 and 117.0°.

/£ CPC = average of 102.1, 110.5 and 111.0°.

9r(P—C) = average of 180, 182 and 186 pm.

"/ SeCP = average of 103.6, 116.3 and 118.5°.

i/ CPC = average of 97.8, 108.7 and 112.0°.

JP—Cpy,

kSe P Cpy.

"P-—Cp,.
"r(P—C) = average of 212.4 and 206.9 pm.

that the PTe bond length of 236.8 pm is not typical of tertiary phosphine tellurides. In
fact, analogy with tri(tert-butyl)phosphine oxide suggests that it is significantly too long.
If it were too long by the same percentage as in the oxide (6.7%), then the true length
would be about 222 pm.

Against this it must be said that the PTe distance found in the other phosphine tellurides
examined is, in some cases, of the same order of magnitude as this. There have been
four other crystal structures reported, yielding five phosphine telluride PTe distance
measurements!>! 7153 of 228.8, 232.2, 232.7, 235.4 and 235.6 pm. The 235.6 pm value is for
the trismorpholino derivative, which, it could be argued, is crowded, leading to longer
bond lengths. On the other hand, the trismorpholinophosphine selenide analogue had
a normal PSe bond length!%4, The other reported structures all involve phosphorus with
two nitrogen ligands in a four-membered ring; again, it could be argued that this is an
unusual situation. It would be helpful to know if tri(tert-butyl)phosphine selenide has a
longer than usual PSe bond. Even with this uncertainty, it should be noted that a PTe
bond length of 236.8 pm corresponds to a bond order of 1.5 calculated?*!37 using the
covalent radii of Schomaker and Stevenson.
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TABLE 4. Comparison of structural data® for some tertiary phosphine chalcogenides R;P=Y

Molecule Method® r(P=Y) r(P—C) LYPC ,LCPC K Ref.
Me,P — 184.7 — 98.6 - 135
Me;P=0 147.6 180.9 1144 104.1 5.2 92
Me,P=—S 194.0 181.8 114.1 104.5 4.8 92
Me,;P=—Se 209.1 181.6 113.8 104.8 9.1 124
BuP — 191.9 — 109.9 — 136
BuiPZO 159.0 188.8 106.1 1129 9.7 94
Bu‘3P=Te 236.8 189.6 108.7 110.2 6.9 137
Ph,P - 182.8 — 103.0 — 138
Ph,P=0 1484 180.3 1123 106.6 45 97
Ph,P=S 195.0 181.7 113.1 105.7 46 117
Ph;P=Se 210.6 183.0 113.1 106.0 70 127

(2-MeC4H,),P
(2-MeC,H,),P=0
(2-MeCgH,),P=S
(2-MeC¢H,),P=Se
(3-MeCgH,),P
(3-MeC(H,),P=S$
(3-MeCH,),P=Se
(4-CIC4H,)Ph,P=0
(4-CIC(H,)Ph,P=S
(4-BrC¢H,)Ph,P=0
(4-BrC4H,)Ph,P=S

— 183.5 — 101.7 45 101
1474 181.0 112.9 106.0 7.5 101
194.8 181.9¢ 112.6 106.1¢ 9.0 101
211.6 1834 112.7 106.4 6.7 101

— 183.5 — 101.7 10.7 119
193.6 181.5 1123 106.5 8.0 118,119
2109 182 112.3 106.7 11 119
148.5 180.5 1119 107.0 47 102
1949 180.7 1129 105.9 52 120
149.7 180.8 112.0 106.9 64 103
195.0 181.6 113.1 105.7 5.1 121

P - e i e i S ST e i e S i el il e B e e e

Ph,P(O)CH,P(O)Ph, 149.1 1819 1120 106.8 63 107
179.47

Ph,P(Se)CH,P(Se)Ph, 210.0 184.3 1149 104.6 44 131
181.17 11319 105.5"

Ph,PC=CPPh, — 176.5 — 100.2 61 139
18327 102.8*

Ph,P(0)C=CP(0)Ph, X 148.1 179.4 114.4 103.7 39 108
180.87 11299  108.5"

Ph,P(S)C=CP(S)Ph, X 192.3 176.3 1138 101.8 40 123
179.57 11499  108.3"

Ph,P(Se)C=CP(Se)Ph, X 2097 1783 1127 102.6 63 134

183.2/ 114.5¢ 108.8"

“r(P—X)=bond length in pm; . XPY =bond angle in degrees; mean values are quoted, unless indicated
otherwise.

PE = electron diffraction; X = X-ray crystallography at room temperature.

‘R = reliability index = 100 x conventional R for both X and E, except where indicated otherwise; see original
papers for definitions.

4d(P-—C) range = 177.3-187.0 pm.

¢/ CPC range = 101.5-110.6°.

TP Cy,.

Y P-—Cpy.

"Cpp—P —Cpy.

{d(P-—Se) = average of 212.4 and 206.9 pm.

F. Comparison of Phosphine Chalcogenides

First, from the discussions in the previous sections, the contraction in PY distance
from a standard single bond to that in R, PY is similar for oxides, sulphides and selenides,
being in the range 6.5-7.5%,. Within that range, the oxides have the largest contraction
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(7.5%), sulphides are next (7.2%) and selenides have least (6.7%). Hence the three types
of compound probably have similar PY bond orders with minor differences in the order
O>S>Se.

Tables 4 and 5 show comparisons of the structures of phosphine chalcogenides with
the parent phosphines and other pnictogen chalcogenides. A number of interesting trends
may be gleaned from these comparisons. As mentioned in previous sections, there is
little variation in either CPY or CPC angles in the chalcogenides and it can be seen from
Table 4 that all are larger than in the parent phosphines. This is attributed in the valence
shell electron pair repulsion (VSEPR) theory to greater repulsion from the lone pair
than from the oxo, sulphido or seleno ligand.

The PC bond length calculated®* by the Schomaker—Stevenson equation is 184 pm,
which, not surprisingly, is the typical PC bond length in tertiary phosphines. Also in
tertiary phosphines P—C(alkyl) is slightly larger than P—C(aryl), which is probably a
bond length—bond angle relationship since alkyl CPC angles are less than aryl CPC
angles'. The following related observations were taken from Tables 4 and 5:

(i) The PC bond length decreases on formation of the chalcogenide. However, it can
also be seen that the fall is greatest for oxides (— 4 pm), is less for sulphides (— 2.5 pm)
and may be less again for the selenides (— 1 pm, although this is not consistent). From
Table 5, it can be seen that there are similar decreases in the PF and PCI bond lengths
in the series F3P > F;PS > F;PO and CI3P > CI;PS > CI;PO. These decreases may
attributed to the increase in the effective electronegativity of the phosphorus atom due
to its extra positive charge in the chalcogenides which is in the order O > S > Se (see
Section TV.A). The detailed differences in the lengths of the PA bond in A;PY molecules

TABLE 5. Comparison of structural data” for some pnictogen chalcogenides A;Pn=Y

Molecule Method® r(Pn=Y) r(Pn—A) L YPnA / APnA Ref.
Me,P—0 E 147.6 180.9 1144 104.1 92
F,P—=0 E 143.6 1524 — 101.3 140
Cl,P=0 E 144.9 199.3 — 103.3 140
(MeO),P—=0 E 147.7 158.0 — 105 141
Me,P=S E 194.0 181.8 114.1 104.5 92
F;P—S E 186.6 153.8 117.9 99.6 142
Cl,P=S E 188.5 201.1 —— 101.8 140
Me;N M 145.1 110.9 91
Me,NT O~ X 138.8 147.7 143
Fi;N M 136.5 1024 91
F;N=0 E/M 1159 143.2 1174 100.5 144
F;P E 157.0 97.8 145
F;P=0 E 143.6 152.4 - 101.3 140
F;P=S E 186.6 153.8 1179 99.6 142
Cl,P E 203.9 100.3 146
Cl,P—=0 E 144.9 199.3 — 103.3 140
Cl,P=S E 188.5 201.1 — 101.8 140
Me;As E 196.4 96.0 124,147
Me;As=—0O E 163.1 193.7 112.6 -— 92
Me;As=S E 205.9 194.0 1134 — 92

“¢(Pn—A) = bond length in pm; / APnA =bond angle in degrees.
PE = electron diffraction; X = X-ray crystallography at room temperature; M = microwave spectroscopy.
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have Beien interpreted as evidence of strengthening by a n-bonding component in some
cases'*%.

(i)) Most interestingly, the only exception to (i) (Which is strongly in the other direction)
is for the PC bond to an alkyne carbon. This is difficult to explain.

(iii) Also difficult to explain is that P—C(alkyl) is probably less than P—C(aryl) for
all the chalcogenides although, as noted above, there are not enough data to be sure.
There is no apparent bond length—bond angle relationship in this case.

(iv) There is a consistent variation in PO and PS bond lengths in that they decrease
over the series Me; PO > CI;PO > F;PO and Me;PS > C1;PS > F;PS. These shorten-
ings again suggest a polarity effect which may be discussed in terms of the VSEPR
theory; with more electronegative groups the electron pairs of the bonds are displaced
away from phosphorus allowing the oxo or sulphido ligand to approach closer!*%!33,
However, an exception may be trimethylphosphate, which has the same PO bond length
as trimethylphosphine oxide, although this may be a steric effect since the terminal PO
bond length in P,O,,%® is 139 pm.

For the nitrogen analogues the following comments and comparisons are derived
from Table 5:

(i) The NO bond length in trimethylamine oxide is close to the NO single bond length
in hydroxylamine (145.3 pm)®!, while the NO length in trifluoroamine oxide is very
significantly shorter and must be accorded the status of a double bond.

(ii) There is a much larger decrease in the NO distance from the trimethyl to the
trifluoro compound than in the analogous PO distance. Undoubtedly this is due both
to the increased electronegativity and a strong steric effect at the small nitrogen atom.

(iii) There is an increase in both NC and NF bond lengths on formation of the oxide.
This is the opposite of the trend noted above for the phosphine oxides. However, again,
the extra factor is the small size of the first-row atom so that the ligands are already
close together and the additional oxygen means they have to move apart.

IV. BONDING

For the reasons outlined in the Introduction (Section I), studies of the bonding in
phosphine oxides, sulphides and selenides have concentrated on the nature of the PO
bond, and to a lesser extent the PS and PSe bonds. Particular issues which have been
of concern are (i) the great strength of the PO bond, (ii) the exact distribution of the
electron density in the PO bond, (iii) the difference between the PO bond in phosphine
oxides and the NO bond in amine oxides and (iv) the difference between the oxides and
the sulphides and selenides.

A. Other Experimental Observations

From the bond lengths reported in Section III, it is clear that the phosphoryl (and
thio- and seleno-phosphoryl) bond has high multiple character. In the case of the oxides,
since the bond length is shorter than in HPO and of the same order as diatomic PO,
the bond order lies between double and triple. Some other physical measurements support
this conclusion and provide further insights.

1. Bond energies

Strong multiple character is also suggested by the paltry number of bond energies
that are available for phosphine oxides and sulphides, a selection of which are given in
Table 6. It can be seen that the PO bond dissociation energy is usually in the range
536-577kJ mol~*(128-139 kcalmol ™ ') with the electronegatively substituted com-
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TABLE 6. Bond dissociation energies® and stretching frequencies® in some phosphine chalcogenides
AP=Y

Molecule D(P=0) y(P=0) Molecule DP=S) v(P==S) Molecule vw(P=Se)
H,PO 464¢ 12404

Me, PO 582 1170 Me,PS 567/ Me,PSe 4414
Pr;PO 577 1166 PryPS 383 550

Ph;PO 536 1195 Ph;PS 6379 Ph,PSe 5614
F,PO 540" 14187

Cl;PO 510" 12987 Cl,PS 293¢

P,O,0 577 1400

P,Oq 3607

(EtO);PO 619* 1272 (EtO);PS 379 608

(EtO),P 3857

PO diatomic 586F 1218/

“D(P=Y) in kJmol ™! (kcalmol ™), from ref. 156 unless indicated otherwise.
by(P=Y) in cm !, from ref. 156 unless indicated otherwise.
‘Calculated, from ref. 14.

¢Matrix isolated species from ref. 157.

¢Actually 1169-1180 cm ™ *.

JFrom refs 158 and 159.

9From ref. 7.

"From ref. 14.

iQuoted in ref. 3.

/Dissociation energy of PO single bond.

k+84 kJmol ™',

pounds at the higher end of the range. In agreement with chemical experience, however,
both methyl and halogen substituents have a higher bond energy than unsubstituted
phosphine oxide.

In general, these bond energies are of the same order as that in diatomic PO while a
PO single bond energy is about 360-385 kJ mol ™! (86-92 kcal mol ~ ). The difference of
about 200 +20kJmol ™! can be taken as an indication of the extra energy in the
phosphoryl bond over that in a PO single bond.

In a useful exercise, Kutzelnigg!* developed a series of ¢ and « ‘increments’ for various
multiple bonds which were derived by a combination of calculation and the limited
experimental results. His value for the n increment of the PO bond (155kJmol 1) is in
rough agreement with the figure of 200 + 20kJ mol ™! derived above, given the many
approximations that have to be made and the limited experimental data. The ¢ increment
for the PO bond was given as 335kImol ! whereas for the NO bond the ¢ increment
was 188kJ mol !, with a 7 increment of 368 kI mol ~!. Note that, as expected’, = bonds
formed by the second-row element are weaker than its ¢ bonds whereas it is the opposite
for the corresponding first-row element.

Kutzelnigg'* also calculated the bond dissociation energy for H;PO (464 kJ mol ~ 1),
H,FPO (531 mol™!) and H;NO (222kJmol ') and, while obviously subject to some
calculational inaccuracy (see Section IV.C.1), they can be helpful for comparison.
Unfortunately, the experimental results for amine oxides are almost non-existent with
the only reasonably reliable one!* being a bond dissociation energy of 276 kJ mol ™! for
the NO bond in F;NO.

Based on these limited comparisons, it can be seen that the NO bond energy in
trifluoroamine oxide is larger than the corresponding single bond whereas the strength
of the PO bond lies between those for a double and a triple bond. Also, the bond energy
of the PS bond is noticeably less than that of the PO bond, but a suitable single PS
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bond energy does not appear to be in the literature. It should be noted that the PO
bond energy is expected to be greater than the NO bond energy. This is because in
structure 1A (see Section I) an electron is removed from phosphorus and the ionization
potentials of RyP are lower than those of R;N. In addition, there will be interelectronic
repulsions of the valence electrons around the small first-row atom.

2. Infrared spectroscopy

The strength and polarity of the PO bond in phosphine oxides is attested to by the
very strong and diagnostic PO stretching frequency which occurs in the range
1100-1400cm !, usually near 1200cm !, and Table 6 includes the values for some
representative compounds. These frequencies and the derived force constants have been
used®16° to derive bond orders of about two for the PO bond, although this is variable
for reasons discussed below. The PS stretching frequency is much lower than that of
the oxide, as are the PSe frequencies’ !®!, possibly indicating lower bond orders.

Other useful information can also be derived from infrared spectroscopy®'%2. Indeed
the only experimental study of unsubstituted phosphine oxide is an infrared spectrum
of the matrix isolated species'®” which is discussed in Section I'V.C.2. The value found
in this study for the PO stretch (1240cm ™) is included in Table 6. There is a well
established?®1%8:162 " approximately linear!®?, relationship between PO stretching
frequency and electronegativity of substituent, which can be seen qualitatively in Table 6.
The more electronegative the substituent, the higher is the wavenumber and the higher
is the PO bond force constant, in qualitative agreement with the trend of the bond
energies.

There is one other interesting observation in Table 6. As mentioned in the previous
section the bond energies of both methyl- and halogen-substituted phosphine oxides are
higher than that of the unsubstituted compound. However, the PO stretching frequencies
of alkyl- and aryl-substituted phosphine oxides are lower than that in the unsubstituted
molecule whereas the halogen- and oxygen-substituted cases are higher. This suggests
that the methyl group stabilizes the phosphoryl bond while decreasing its force constant
and leads to the difficulties in assigning bond orders from infrared spectra, referred to
above. This observation is in agreement with the theoretical studies of substituted
phosphine oxides and is discussed further in Section IV.D.5.

3. Dipole moments

Phosphine chalcogenides have significant dipole moments, some of which are given
in Table 7. As can be seen, for the tertiary derivatives the polarity increases in the series
oxide < sulphide < selenide. However, when this is converted into charge separation
across the PY bond the order becomes®?'!'®* oxide > sulphide ~ selenide, in line with

TABLE 7. Dipole moments® of some tertiary phosphine
chalcogenides

Molecule u(P=0) w(P=S8)  w(P==Se)
Me,P=Y 429 473

Ph,P=Y 4.51 4.88 5.17
F,P=Y 1.74 0.63

Cl,P=Y 242 1.42

2w in D, from refs 164 and 165 and references cited therein.
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electronegativity considerations. As might be expected, dipole moments show an inverse
relationship with substituent electronegativity'®#1¢. The reduced charge separation
found for the trihalo derivatives has been taken as evidence of increased backbonding!%4.
The fact that substituent electronegativity has a greater effect on the charge separation
in sulphides than in oxides suggests that there is less multiple character in the PS bond 154,

It has long been argued®?'!°7 that the PO bond moment is smaller than expected for
the purely coordinate structure 1A. Thus, if the structure were 1A, then the expected
bond moment should be

electronic charge x bond length = (1.602 x 10~ '° C) x (1.49 x 107 m)
=239%x107*Cm=7.15D

However, the actual bond moment, derived by measurement on the triphenyl derivative
at the time of the original discussion!®’, was 3.5D, only about 50% of the theory, so a
full electron has not been transferred from phosphorus to oxygen. A similar calculation
for the NO bond, using available data from trimethylamine oxide, gave 6.66 D as the
maximum theoretical value while the actual value was 4.3 D, 65% of the theory. This
was then be taken as evidence of a greater amount of backbonding of electron density
from oxygen to phosphorus than from oxygen to nitrogen. However, this argument can
be criticized?!-!®® because any two charges as near as a bond length will be polarized
towards each other and the bond moment will be less. In fact, this may well be the case
for the amine oxides and it is possible that the difference between them and the phosphine
oxides is just the greater polarizability of phosphorus. Indeed, the reduction in expected
bond moment for phosphine sulphides is greater again (abut 30%; of the theory), in line
with the greater polarizability of sulphur. Recent, more sophisticated, measurements
and calculations'®® gave the limits for the PO bond moment as 3.26-4.72 D and the PS
moment as 3.65-4.85D. Hence the issue remains unclear.

4. Magnetic resonance spectroscopy

Nuclear magnetic resonance (*!P,'H and '3C) confirms that there is a high degree
of positive charge at phosphorus in the tertiary chalcogenides and that there is multiple
binding!61:1707173 Thus, in the 3'P spectra of the oxides, the phosphorus atom is
strongly deshielded relative to the parent phosphine, typically by about 30-40 ppm, but
it can be much more!’%; for example, for the triphenyl case A ~ 37 ppm whereas for
the trimethyl case Ad =~ 100ppm. In a comparison of a number of bisphosphine
chalcogenides, Grim and Walton'®! found that the charge developed at the phosphorus
atom increased in the order oxide (+ 0.29) < sulphide (+ 0.47) < selenide (+ 0.52), in
agreement with the dipole moments. Since this is not the order expected on the basis
of the electronegativity of the chalcogens, they concluded that there was more
backbonding for the oxide than the sulphide or selenide.

Other evidence for multiple bonding is provided by, among others, (i) 3'P chemical
shift anisotropies, which show stronger shielding in the direction of the P=X
bond!74717¢ (ii) *' P-77Se coupling constants'”” and (iii) ' 7O nuclear quadrupole double
resonance'’8,

5. Photoelectron spectroscopy

The core and valence ionization potentials of some phosphine chalcogenides are given
in Table 8. From the core values we expect information on the degree of charge on the
atom concerned!8°, whereas the first ionization potential in these molecules corresponds
to the loss of an electron from a chalcogenide lone pair!®:68:69:179.184.185 Fqr oyr
purposes it is unfortunate that core potentials tend to be large and show only a small
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TABLE 8. Core® and valence® ionization potentials® for some phosphine chalcogens and related
molecules

Molecule P(2p) O(ls) S(2p) Se(3p) Ist IP
Me,P 1359

Me,;PO 137.8 536.1 9.9
Me,PS 137.5 166.9 8.48
F,P 141.8

F;PO 143.0 539.1 13.52
F,PS 11.05
Me;NO 537.7 8.43
F;NO 542.0 14.11
H,O 539.8 1291
CL,P 139.6

Cl;PO 140.9 537.8 11.93
CL,PS 140.5

Ph,P 131.1

Ph;PO 132.8 531.1

Ph,PS 1326 162.0

Ph;PSe 132.6 160.8

Ph,PBF, 1322

Ph,P*Cl™ 1330

?From refs 179-183; more accurate comparisons of molecules would be possible using data from one source
only, but no one source covers the full range of molecules given.

?From refs 179 and 184.

‘In eV; although some of these values are very precise, the accuracy is ca +0.3eV.

variation with environment. Also, although there are valence ionization energies for a
good number of phosphoryl derivatives in the literature!86~ 188 the data for tertiary
phosphine oxides are sparse. However, some useful trends can be discerned from Table 8.

As expected, phosphorus core ionization energies in the chalcogenide derivatives are
higher than those for the parent phosphine, reflecting a high positive charge at
phosphorus!8919°_ Conversely, in most cases, the oxygen core potentials are lower than
that for water, for example, with the striking exception of F;NO. The elevation of the
phosphorus value for the triphenylphosphine chalcogenides is about half that in
tetraphenylphosphonium salts, indicating that there is not as great a positive charge at
phosphorus in the former. In the few cases where comparison of chalcogenides is possible,
the elevation for the sulphides and selenides is similar and less than that in the oxide,
indicating a greater charge at phosphorus in the latter, as expected. Comparison of
analogous phosphine and amine oxides shows that there is a larger negative charge on
oxygen in the former, in agreement with electronegativity predictions. The same trends
as these were found in the X-ray K emission spectra of triphenylphosphine and its
oxide!®%1°!, Finally, there is a change of about 2eV in the P(2p) core potential on
formation of phosphine oxides but the analogous change in N(1s) for amine oxides is
much larger (4eV), which could be taken to indicate backbonding in the phosphorus
derivatives!'®!.

Similar conclusions can be drawn from the valence ionization potentials. First,
although not shown in Table 8, there is an overall stabilization of orbital energies in
the X;P moiety in X3PY compared with those in the parent X3P species'®*. This
corresponds to a charge transfer from the X;P group to the Y atom'®*. From Table 8,
the first ionization potential of tertiary phosphine oxides and amine oxides is less than
that in water. This is consistent with an increased negative charge at oxygen. The
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exceptions are the trifluoro derivatives, which may be taken as evidence of extensive
backbonding or may be solely due to electronegativity'®®. Also, the first ionization
potential of trimethylphosphine oxide is greater than that in trimethylamine oxide,
indicating a lesser charge at oxygen in the phosphine oxide. Finally, the first ionization
potential of sulphides is less than that of the analogous oxide, in line with
electronegativity.

B. Qualitative Considerations

To summarize the experimental observations so far: the phosphoryl bond is strong,
short and polar and, whereas the sulphur and selenium analogues are similar, they are
not quite as strong and are more polar. Most estimates of bond order give the PO bond
as greater than two and the PS and PSe bonds as less than two. As mentioned in the
Introduction (Section I), the standard description of the PO bond to account for these
observations has been in terms of a resonance hybrid of structures 1A and 1B. The extra
bond in the case of 1B is formed by backbonding of lone-pair electron density from
oxygen into suitable acceptor orbitals on phosphorus. Qualitatively, there are some
obvious problems with this description.

First, the double bond formalism clashes with the octet rule. Until fairly recently, it
was usual3™13192 tg sidestep this issue by saying that this indicated that ‘an expansion
of the octet is required’, which is a euphemism for saying that the octet rule is broken
by these compounds. Also, until recently, there was a smoothly made connection®~13-192
that this indicated that ‘the low-lying atomic d orbitals are involved in hybridization at
phosphorus’. We now know (Section II) that there is no role for valence d orbitals in
bonding within the Main Group of the Periodic Table.

Second, the structures 1A and 1B are not mutually exclusive. For example, consider
the overlap of oxygen lone pairs with suitable receiving orbitals on phosphorus. No
matter what receiving orbitals are envisaged (either the d orbitals or some other
combination—see below), the overlap would be highly unsymmetric with most of the
electron density near oxygen?°. Hence the double bond structure 1B would necessarily
lead to a polar molecule anyway. Alternatively, one could consider that the PO bond
is a pure ¢ single bond formed by donation of the phosphine lone pair into a vacant p
orbital on O (preserving the octet at phosphorus). Then the phosphorus carries a full
positive charge and the oxygen a full negative change. The proximity of these two
opposite charges must surely lead to a strengthening of the PO link via an ionic type
of attraction. It has been often implied?!, but has not been shown explicity, that this does
not account fully for the shortened PO distance and the increased bond strength.

A final difficulty is that there may be more than one way of having a n-type
backbonding interaction from oxygen to phosphorus. In the case of d orbitals it was
always recognized that this was the case!*!°1°3 because there are two d orbitals of
appropriate symmetry which could overlap with two oxygen lone pairs. This is obscured
by the double bond formula 1B and so a triple bond formula naturally arises'®. An
alternative description is as a resonance between structure 1A and a triple bond?°. The
description ‘partial triple bond’ is also reasonable!*!° on the basis that the bond order
is between two and three. This latter view involves one ¢ bond and two half = bonds
and has become common recently'#!®. Note that a formal triple bond from oxygen to
phosphorus in these compounds would imply that phosphorus carries a negative charge
and oxygen a positive charge, perhaps providing a qualitative rationalisation of the
reduced PO bond moment discussed in Section IV.A.3, if indeed it really is reduced.

Of these difficulties the d orbital issue is easiest to deal with qualitatively. This is
because there is available a perfectly reasonable alternative set of acceptor orbitals on
phosphorus. We have already described' the backbonding in transition metal phosphine
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FIGURE 3. View of the bonding in phosphine oxide, showing one of
the 7 backbonds formed by overlap of a lone pair on oxygen with an

antibonding orbital of e symmetry on the H;P moiety

complexes which is not into phosphine d orbitals but into the phosphine LUMO which
is of o* type'®*~1°7. The backbonding in phosphine chalcogenides can be considered
to be exactly analogous. In an AH; moiety there is a set of two antibonding orbitals
with the e symmetry required to accept electron density from the oxygen lone pairs.
These are the orbitals labelled 2e in Figure 3 in ref. 1 or Figure 9.6 in ref. 198. In the
case of Me;PO, H3;PO and F;PO these are the 7e, 3e and 7e sets, respectively (see
Figure 5 in ref. 1). This alternative to d orbital involvement in the backbonding in
phosphine oxides is shown in Figure 3. Some additional useful insights are provided by
this analysis.

The structure of F;NO was always very inconvenient for those who advocated the
involvement of d orbitals to explain the structure of phosphine oxides. It will be recalled
from Section IILF (Table 5) that the NO distance in this molecule is extremely short
and must be accorded the status of a double bond and ‘rightly or wrongly, few chemists
would invoke the 3d-orbitals of nitrogen to explain the bonding’!?°. Thus its stability
was ‘somewhat surprising’2°?. Now that backbonding does not have to be into d orbitals
there is no problem. Indeed, the NF bond is lengthened (see Table 5), consistent with
population of the antibonding orbitals. The orbitals of F;NO were analysed in detail
by Grein and Lawlor®®, who concluded that the 3e orbital of NF; was the suitable
acceptor orbital.

The energies of these antibonding acceptor orbitals are also interesting and those
derived from a SCM-Xa-DV calculation'®? are detailed in ref. 1 (Figure 5 and Table 13
therein). In H;P the 3e orbital is the LUMO at 0.88¢V whereas in F5P the 7e orbital
is the LUMO at —1.05¢eV, but in Me;P the lowest unoccupied orbital of e symmetry
is the 7e orbital which is the NLUMO at 0.85¢V, the LUMO being 9a, at 0.43¢V. Thus
the appropriate acceptor orbital for the F;P moiety of F;PO is at significantly lower
energy than that in H;PO and Me; PO, in agreement with greater backbonding leading
to a stronger PO bond in F;PO.

It should be noted that the idea of backbonding into antibonding orbitals to explain
the bonding in phosphine oxides has been around for a long time. It is essentially the
same as the concept of hyperconjugation or ‘double-bond/no bond resonance’* 80199,

For the other qualitative difficulties with the description of the PO bond, we must
hope that they will be answered by accurate calculation. However, as we shall see, they
have not yet been satisfactorily resolved.

There is one further qualitative insight which is of value. There is a formal analogy
between the semipolar bond, e.g, in H3;PO, and the bonding situation in phosphoranes
such as H,PF,, just as H,CO and H,CF, are formally related'#'!°. In this way the PO
bond can be viewed as analogous to the three-centre, two-electron bond developed by
Rundle®® to explain the bonding in phosphoranes. Note that this three-centre, two-
electron bond model is not incompatible with some degree of backbonding.

C. Survey of Ab Initio Calculations on Phosphine Chalcogenides

At the outset, it is important to delineate what useful results should be expected from
calculations on phosphine chalcogenides. Two objectives may be identified: (i) an
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understanding of the nature of the PO bond and (ii) predictions of the structure and
properties of those members of the series which are not yet known molecules. It can
be seen that these are much more ambitious objectives than in the case of, for example,
calculations on the parent phosphines’.

We have already discussed extensively! how calculations on phosphines have become
reliable only in the last few years. The factors responsible for this (e.g. basis set inadequacy
and lack of geometry optimization) apply with increased force to calculations on
phosphine chalcogenides. Thus, for example, a calculation on phosphine oxide is likely
to be at least 509, more difficult than phosphine owing to the increase in the number
of electrons. However, an additional consideration for the chalcogenides is the increased
need for polarization functions, due to the charge differences within the molecule, so
that the actual increase in difficulty is even greater. Given the increased expectations
for such calculations, we should not be too disappointed if they do not fulfil one or
other of the objectives set out above.

1. Survey of calculations

Table 9 gives the results (total energy, geometry and dipole moment) of selected
calculations on phosphine chalcogens (mainly oxides). It also includes amine oxides for
comparison. The literature has been surveyed as far as the end of 1990. Owing to the
extra computation required, the total number of calculations is less than for the
phosphines but the quality is better. This is probably because investigators undertook
studies only if they had the facilities to do so; for example, most workers took care to
include polarization functions. Nevertheless, even for H;PO, only a limited number
include correlation corrections in MO treatments.

It is very difficult to assess the usefulness of the calculations whose results are reported
in Table 9. In such an assessment, it is usual to examine the accuracy of predicted
geometric, or other, parameters and whether the total energy has been minimized. Neither
procedure is foolproof; sometimes geometry is predicted well at basis set levels which
give poor results for other properties and the energy test must be carefully applied
because, for example, augmenting the basis set for the inner shells has a significant effect
on the total energy without improving the properties associated with the valence shell'8,
However, in this case, these difficulties are compounded by the fact that the most studied
molecule, H;PO, was unknown until recently and is very unstable. Hence its geometry
is not available for comparison and the only information to date is the infrared spectrum
of the matrix-isolated species'®”. This problem is discussed in detail in Section IV.C.2.
It is appropriate to discuss separately the usefulness of the calculations for the two
objectives mentioned above.

a. Prediction of unknown species. As regards the prediction of the structure and
properties of unknown species, we may be fairly confident of reasonable accuracy in
some of the latest calculations. Even so, perusal of Table 9 shows that the agreement
of theory and experiment can, at best, only be described as modest. This is not surprising
because it is expected! that basis sets of at least double zeta quality with polarization
terms, full geometry optimization and some form of electron correlation will be necessary
for the detailed description of compounds of third-row elements, and very few such
calculations have been reported for phosphine oxides. It can be seen from Table 9 that
the best split-valence and double zeta calculations are only just about adequate to
describe consistently the geometric parameters of these molecules. Even then there
are some worrying basis set effects; for example, the difference in predicted dipole moment
for phosphine oxide between the 6-31G* and DZ + P basis sets?°! which are normally
of comparable quality?2. Basis set effects on the structure of phosphine oxide and
fluorophosphine oxide have been studied in detail by two groups?®!-2°7. Also, there is
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no consistent trend in the errors in the prediction of geometric parameters, except of
course the dramatic increase in bond lengths for both second- and third-row elements
if polarization functions are omitted.

Notwithstanding the above comments, we may say with reasonable confidence that
if the structure of phosphine oxide is determined in the future, the values will be
r(PO)=146.0+0.5pm, r(PH)=1394+02pm and ¢/ HPO=116.5+0.5°. Similar
predictions can be made for other unknown species in Table 9. The bond length of
146 pm may be compared with those in HPO®! (151.2 pm), diatomic PO®! (147.6 pm)
and a typical single PO bond (160 pm; bridging bond in P,O,,®°). Also, the PO length
in H;PO is about 2pm shorter than in substituted phosphine oxides (Section III,
Table 1) which is almost certainly a bond length—bond angle effect wherein oxygen can
approach closer to phosphorus as the angle between the other ligands decreases. A
similar effect is probably responsible for the shortening of the PH bond length from
that in parent phosphine' (PH = 142 pm, HPH = 93.5°).

b. Nature of the PO bond. In this case we must be less sanguine. The results in Table 9
do not lead to total confidence in the usefulness of the calculations for the elucidation
of the nature of the PO bond, a problem which has already proved intractable. They
are only just about able to predict geometries with confidence, so we may feel legitimately
mistrustful of their ability to describe the distribution of electron density in the region
of the PO bond. More seriously, all theoretical studies so far on the nature of the PO
bond have used either the 6-31G*, DZ + P or inferior levels of calculation and most
have been on phosphine oxide. From Table 9 it can be seen that the lowest energy
achieved so far for phosphine oxide is about 0.4 hartree below that at the 6-31G* or
DZ + P levels. This is about twice the energy of the PO bond and was achieved by
electron correlation. Hence, again, it is perfectly legitimate to feel uneasy as to whether
the electron distribution in the PO region can be adequately described at these levels.
Even with correlation, the computed PO strengths are significantly low; for example,
Schmidt and Gordon?? estimated the PO bond strength in F;PO to be 467 kcal mol *
(at the 6-31G* level with correlation by third-order Mgller—Plesset theory using the
6-31G* geometry) whereas the experimental value!>® is 542 kJ mol !, an error of about
14%;.

A further point is that the problem is made extra difficult by not being a comparative
one. Often it is possible to obtain useful results at modest levels of calculation by
comparing sets of molecules. In the determination of the PO bond, however, an absolute
result is sought, namely its electron distribution. Even comparison with amine oxides
may not be real since they may very well be different entities.

2. Infrared spectrum of phosphine oxide

As mentioned above, unlike the situation in the parent phosphines’, there is a problem
with comparison of theory and experiment for phosphine oxides. This is because it is
only recently that good calculations could be done on anything other than H;P—0O
and, unfortunately, until recently this was an unknown molecule. Even now the only
experimental study that has been reported is the infrared spectrum of the matrix-
isolated species!®’. Two groups have attempted to calibrate the theory with this
experimental?®4+~2%6, However, this is more problematic than, for example, comparison
of computed and measured molecular geometry data because of the extra step involved
in computing the infrared spectrum.

Table 10 shows the comparison of experimental and calculated wavenumbers in the
infrared spectrum of H;P==0. Usually computed wavenumbers are considerably higher
(10-15%) than experimental values and this can be seen clearly in Table 10 at all the
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levels of theory studied. Traditionally this difficulty has been addressed by using a scaling
procedure; theoretical and experimental values are compared for related species for
which data is available (e.g., PH; and F;P==0 in this case) and scale factors are computed
to adjust the theoretical wavenumbers for the unknown species. Scaling procedures
attempt to remove systematic errors which may be due, for example, to basis set
incompleteness, neglect of electron correlation or neglect of anharmonicity consi-
derations??%-218:219 Table 10 includes scaled values for two of the theory levels.

Returning to the question of the quality of the calculations, as can be seen from
Table 10, after scaling, the predicted frequencies are accurate to about 20cm ™! in most
cases. Schneider and coworkers?%* were non-committal about the quality of the scaled
6-31G* results, being fairly content with the PO modes but less than satisfied with the
PH stretching modes (2359 and 2372cm™!), whereas Person and coworkers?®’
considered that the scaled 6-31G** results were spectacularly good. However, it can
also be seen from Table 10 that there is still a substantial difference in absolute terms
between theory and experiment because, even after including a correction for
anharmonicity, the calculated wavenumbers at the triple zeta plus polarization level are
still approximately 5-10%; higher than the experimental values. This reviewer concludes
that better than TZ + P and substantial consideration of correlation effects will be
necessary for satisfactory agreement between experiment and theory for the infrared
spectrum of H;P==0. This reinforces the conclusions of the previous section on the
usefulness of these calculations for determining the nature of the PO bond.

A subsidiary, but significant, issue is that there is inevitable uncertainty as to the
frequency of the PO stretch in H;PO due to strong mode mixing from the H;P bending
mode?®3. For consistency because of this, in the 3-21G# column in Table 10, the values
for PO stretch (1437cm ™ ') and HPH bend (1287 cm ™ ') (both a; modes) are the reverse
of those in the original work. Incidently, and ironically, Schmidt and coworkers!°? used
this calculated value of 1287 cm ™! to argue that the PO bond fell far short of a double
bond in comparison with the calculated value of 1498cm ™! for the PO bond in the
HPO molecule. With the revised assignments, this argument would lead to the opposite
conclusion.

The PO force constant derived from the infrared spectrum!®7 is 9.53 x 10> Nm ™.
This may be compared with the force constants for the PO bonds in'37 H,POH
(4.39 x 102 Nm™!), HPO (8.67 x 102 N m ™ !) and diatomic PO (9.24 x 102 Nm " !). This
confirms that the PO bond in stronger than a single or double bond and is comparable
to, or greater than, the bond strength in diatomic PO.

3. Population analyses

A widely used device in the analysis of wavefunctions is population analysis?2. This
seeks to find, among other properties, regions of charge build-up, orbital occupancy and
bond order. There are a number of methods available for this purpose?®?, that of Mullikan
being the most commonly used for phosphorus compounds. Others used have been that
of Ahlrichs and coworkers?2%-22! and the natural population analysis??2 based on the
natural bond orbitals (see Section IV.D.1). A slightly different approach is the calculation
of integrated spatial electron populations (ISEP) for regions bounded by minima in the
projected electron density functions®!. These methods were developed later than the
Mulliken method and all claim to be better.

Table 11 gives a comparison of some results from the various population analyses
which have been applied to phosphine oxides and related molecules. Population analysis,
especially the Mulliken method, has been subject to much criticism!*16-22:222 35 being
basis set dependent and giving unphysical results. In fact, as noted by Kutzelnigg'4, a
difficulty with most population analyses of this kind (based on the LCAO method) is
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TABLE 11. Population analyses® from ab initio studies of A;E=Y compounds and related
molecules

Molecule Method® Calculation® qE qY gqA PEY Ref.
H,P—=0 M 6-31G* 092 —072 —0.07 0.56 203
M >DZ+P 133 —-097 0.71 19
M TZ+P 0.84 —097 0.04 208
M TZ+P+C 072 —0.86 0.05 208
H >DZ+P .12 —0.78 1.78 19
N 6—-31G* .51 —1.16 —0.12 0.73 16
I 3-21G* 1.83  —1.53 —0.10 201
I 6-31G* —1.53 201
I DZ +P —1.58 201
H,POH M >DZ+P 058 —0.56 0.35 19
H;NO M >DZ+P 039 -0.76 0.35 19
N 6-31G* —046 —0.74 0.40 0.84 16
H,NOH M >DZ +P 0.08 —048 0.60 19
H,FP=0 M STO-2G# 124 —0.65 —040F 209
M >DZ+P 182 —1.01 0.80 19
H >DZ+ P 140  —0.77 1.94 19
I 3-21G —1.23 —081F 201
1 3-21G* —1.51 —0.86F 201
MeH,P=0 M STO-2G# .03 —0.69 —0.78C 209

“qE/Y/A = net atomic charge on E/Y/A; H, C or F identifies A atom; pEY = overlap population of EY bond.
*Type of population analysis: M = Mulliken, H = Heinzmann—Ahrichs, N = natural population, I = ISEP; see
text for explanations.

‘see footnote a in Table 9.

that any resolution of the charge density in a molecule into atomic contributions is not
unique. Thus one seeks not to analyse the population of an individual molecule (which
is not very meaningful) but to compare different molecules with the same or comparable
AO basis sets and, so long as the basis sets are balanced'#, one hopes that reliable results
may be obtained.

Examination of Table 11 shows the expected strong dependence on basis set of
Mulliken populations. Note, for example, the variation for H; PO even among the higher
quality basis sets. Also, as expected, there is wide variation among the different methods
of population analysis, both for atomic charges and overlap populations. However, it is
clear that the PO bond is strongly polarized, phosphorus having a net charge near 1.0
whereas oxygen has charge of about — 1.0. It should be emphasized that the absolute
values in Table 11 have no useful meaning, especially the overlap populations, but
comparisons may be valid. Thus, with care, other conclusions can be drawn from Table 11
which will be discussed in the following sections.

D. Detailed Ab Initio Studies of the Bonding

Given the comments in Section IV.C.1 on the usefulness of the calculations reported
so far, the reader will not be surprised that a single picture has not yet emerged of the
nature of the PO bond. That is not to say, however, that there are no definite statements
in the literature on this topic. In fact, as intimated in Section I, the debate on the nature
of the PO bond has recently been vigorous with two apparently contradictory viewpoints
being proposed. These may be termed the o/m-bond description and the Q-bond
description, neither of which, of course, involves much discussion of the involvement of



1. Structure and bonding in tertiary phosphine chalcogenides 31

d orbitals. These two alternatives are described below, but first it is necessary to fill in
some background for readers who are not theoreticians and to dispose of the d orbital
issue.

1. Localization procedures

Before we can describe the studies which have been done on the PO bond, it is
necessary to mention the concept of delocalized and localized MOs. The LCAO-MO
description of chemical bonding?? leads to a set of molecular orbitals formed by the
overlap of atomic orbitals centred at different atoms. These MOs are then classified as
bonding, non-bonding or antibonding, depending on whether their energy is less than,
equal to or greater than that of the constituent AOs. Each of the MOs is completely
delocalized about all the constituent atoms and may only be occupied by two electrons
of opposite spin. To express this, the ground-state wavefunction is described by a Slater
determinant of the MOs. From this wavefunction can be calculated the properties of
the molecule, e.g. electron probability density, dipole moment and geometry. However,
this description is significantly deficient in one very important respect: as its stands, it
is inconsistent with the existence of individual bonds in the molecule. The idea of a
chemical bond between a pair of atoms in a molecule, which is approximately
transferable between molecules, is fundamental to chemistry, so this is a grave deficiency
indeed.

However, it is possible to reconcile the MO method with reality. This is because it is
possible to convert the Slater determinant of MOs, by a unitary transformation, into
another Slater determinant containing a set of MOs corresponding to localized bonds.
These are the localized MOs as opposed to the original canonical MOs from the
LCAO-MO method. Although this transformation does not change the value of the
total electronic ground-state energy, the orbital energy values are shifted. In fact, there
are an infinite number of such transformations possible??, many of them corresponding
to localized MOs, so that one needs a procedure or criterion for generating them
consistently. Three such procedures are:

(i) that which generates the energy-localized MOs, originally suggested by
Lennard-Jones and Pople?2® and developed by Edmiston and Reudenberg??#; the
LMOs are defined as that set of orbitals which minimizes inter-orbital repulsion and
exhange energy;

(ii) that which generates the exclusive MOs due to Foster and Boys , usually
called the Boys LMOs, defined as that set which maximizes the sum of the squares
of the distances between the orbital centroids;

(iii) a more recent method is that of the natural localized molecular orbitals developed
by Reed and Weinhold?27, which are derived from a natural bond-orbital analysis
proposed by Foster and Weinhold??®, The natural bond orbitals correspond more closely
to the picture of localized bonds and lone pairs as basic units of molecular structure,
are much easier to calculate and give results usually in good agreement with the other
LMO methods??°,

Of these methods, that of Boys probably has been in greater use especially for systems
containing second-row atoms because of its ease of computation. All three methods have
been applied to phosphine oxides, more commonly that of Boys. Normally the different
localization methods give similar results but not in the case of phosphine oxide, as we
shall see.

An interesting point about these localization methods is that they sometimes lead to
‘banana bonds’. For example, the energy-localized MOs for N, are three equivalent
curved bond orbitals spaced 120° apart from one another, the ‘banana bonds’, whereas

225,226
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the canonical MOs are the familiar ¢ bond and two = bonds??. A similar result may
be obtained for the alkene and carbonyl groups using the Boys method'® Thus
localization procedures tend to obscure o/n separability, which has also been a useful
concept in chemistry. This aspect is often avoided by a preliminary examination of the
canonical orbitals, especially the HOMO, to see if it has n properties and is already
strongly localized; if it has, it is then excluded for the localization procedure. For example,
the HOMO of ethylene is excluded in the localization procedure to preserve the familiar
o/n description of the carbon—carbon double bond?2.

Note that both these difficulties (absence of identifiable bonds and then loss of o/n
separability) are artifacts of the framework chosen for solution of the Schodinger
equation—the LCAO-MO method.

2. Insignificance of d orbitals

Phosphine oxide calculations are a very good example of the trend mentioned in
Section II whereby the significance of d orbitals appeared to change during the 1970s.
In 1970 three sets of calculations indicated that d orbitals were significant in the electronic
description of phosphine oxide®®185*230 This was on the basis that leaving out the d
functions leads to large energy increases for the species. Although all groups reported
that d orbitals were important there were, with hindsight, significant differences in the
degree of importance. Thus, for example, Hillier and Saunders!®5? found a d population
of > 1 for H;PO at the STO-3G* level, while Demuynck and Veillard?3° found that it
was 0.36 at > DZ + P. Also, Marsmann and coworkers®® noted that the d-orbital radii
found, by optimization, were similar to those of the s and p orbitals but, in their opinion
at that time, this merely showed that there was no problem involved in achieving good
overlap of these orbitals. This bias towards one viewpoint at the time is not surprising,
given the preconditioning towards it that had occurred in the previous two decades and
the apparent confirmation of it in the calculations.

By 1979 the situation had changed, even though the calculations were similar. Thus,
in the course of a comprehensive study, discussed further below, Wallmeier and
Kutzelnigg!® repeated the observation of Demuynck and Veillard?3° that the d
population in HyPO is 0.3 at the > DZ + P level. However, they showed (convincingly
by both Mulliken and Heinzmann—Ahlrichs population analysis) that the d functions
used were not true valence orbitals. For example, the Mulliken d population with a
saturated sp basis is 0.3, which is comparable to that found in H3PF, (0.2), but the d
population in H,POH is only smaller by a factor of 2. Further, the energy lowering due
to the presence of d functions is roughly proportional to the d population (in line with
the considerations of Section II above). They concluded!® that ‘the traditional valence
AOs of s and p type are, when appropriately deformed, able to describe the bonding in
all molecules in this paper. They are slightly poorer for the electron-rich molecules but
even for them there is no indication of a valence extension’.

Wallmeier and Kutzelnigg'® also demonstrated that phosphine oxides are a good
example of d functions making up any deficiencies in the s and p basis and that, to
obtain consistency in d function contribution, basis sets must be used which are saturated
for s and p basis functions (i.e. there should be no further energy lowering on adding
more s and p basis functions). However, in retrospect, their more important finding was
that the use of d functions is essential to obtain an accurate description of these molecules.
For example, they found for H;PO that, on addition of d functions, there was a strong
energy lowering, amounting to 218 kJ mol ! (52 kcal mol ~!). Also, the PO bond length
optimized without d functions (160 pm) was close to that of a single bond (calculated
as 167 pm in H,POH), while the optimized bond length with d functions (147 pm) was
in good agreement with experimental values'® (see Table 9). As discussed in Section II,
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this need for d functions in phosphine oxide calculations is because the PO bond is
very polar so that there is a rapidly varying potential between the nuclei, which cannot
be described accurately by a wavefunction which includes only atom-centred s and p
functions.

These early conclusions by Wallmeier and Kutzelnigg!® have been confirmed in detail
by the later studies, two of which deserve mention. Magnusson'® included calculations
on phosphine oxides in his general study of hypercoordinate molecules (described in
Section II) and they followed the same general pattern whereby there is no role for valence
d orbitals. Reed and Schleyer'® addressed the same problem in their recent study of
hypervalent molecules (discussed further in Section IV.D.3.a). They showed that the
depletion of the Y lone-pair orbital population in A;XY systems was not matched by a
corresponding increase in the central atom d orbital population.

Finally, an interesting psychological observation can be made about the influential
paper by Wallmeier and Kutzelnigg'®. Although they demonstrated that there is no
valence role for d orbitals in phosphine oxides, nevertheless they used arguments based
on them, in the same paper, to explain several aspects of the bonding. This reluctance
on their part to abandon the concept, even though they had disproved it, shows how
convenient the idea had been up to that time.

3. The two alternative views of the bonding in phosphine oxide

All of the detailed theoretical studies of the PO bond to date show, in agreement with
experimental observation, that the PO bond has high multiple bond character and is
highly polarized!6-17:19721.68.69.185.192,201,203.230.231 'From Table 9, the optimized PO
bond length for H;PO (146 pm) is in good agreement with the experimental value for
the substituted compounds. From Section III this is less than the bond length in the
PO molecule (147.6 pm) or the HPO molecule (151.2 pm), both of which must have
multiple character, and is distinctly shorter than a PO single bond (160 pm).

The results of population analyses (Table 11) are consistent with the picture that about
one electron is transferred from phosphorus to oxygen. The polarity of the PO bond is
significantly larger in H;PO than in H,POH, where it is only determined by the difference
in electronegativity. Also, there is significant PO overlap as measured by overlap
populations. There is no problem in reconciling these population results because if there
was overlap of oxygen lone pairs with suitable receiving orbitals on phosphorus it would
be highly unsymmetrical with most of the electron density near oxygen, as discussed in
Section IV.B. In fact, the detailed studies (see the references at the start of this section)
show that the presence of backbonding does not attenuate the charge-transfer
characteristic of a semipolar bond and that backbonding means that the 7 AOs of oxygen
are strongly polarized towards the H;P moiety!¢-!7-19721.68.69.185,192,201.203.230.231

Although we know that the PO bond is multiple and highly polar, there is still strong
disagreement about the exact electron distribution in it. As mentioned above, there are
two viewpoints, described below. It turns out that phosphine oxides are part of the
overall dichotomy between the o/n and bent bond descriptions of multiple bonds?2.

a. One ¢ bond and two half © bonds (backbonding/negative hyperconjugation). This
might now be described as the traditional view, having become so over about the last
30 years with the dominance of the molecular orbital method. It has been discussed
qualitatively in Section IV.B. The bond can be viewed?®'°? as a donor-acceptor or
Lewis acid—base interaction with backbonding superimposed. The lone pair of electrons
from phosphorus forms a ¢ bond to oxygen which completes its octet. Then there are
two possibilities. The resulting extra charge density on oxygen may go into suitable
acceptor orbitals on phosphorus, forming a double bond (or rather a partial triple bond)
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by a n—type interaction called backbonding'#''6'°, as shown in Figure 3. The suitable
orbitals are now known ' not to be d orbitals but a set of antibonding orbitals of
e symmetry on the R;P moiety (see Section IV.B). This can be viewed as a resonance
between single and triply bound structures®. The alternative possibility?!2°! is that the
two opposite charges on adjacent atoms interact in an ionic bond and strengthen the
PO link so that it is multiple (essentially structure 1A with some polarization of the
charges towards each other).

There has never been any doubt, from the earliest to the most recent calculations,
that there is a polarization of the charge at oxygen (the lone pairs) towards
phosphorus'#16:19721.69 ¢ i5 the interpretation of this polarization which has proved
difficult because, as already pointed out, any double bond between phosphorus and
oxygen must be highly polar, so that it is difficult to distinguish between ionic and
covalent bonding here. Most workers have interpreted the polarization as indicating
backbonding, but, for example, Streitwieser and coworkers?!'-2°! took the view that it
is nothing more than the polarization of the charges in an ionic bond. They asserted,
but did not show, that this view was consistent with the reduced dipole moment because
the charges are not spherically symmetric about the nuclei?’!. Similar sentiments were
raised by Wallmeier and Kutzelnigg'® who stated at one point in their paper, but again
did not show, that the polarity of the PO bond was inconsistent with double bond
character. However, later in the paper, they invoked backbonding to form a partial
triple bond.

Most recently, Reed and Schleyer'® did a very useful broad general study of the
bonding in A;XY species. They used calculations at the 6-31G* level and population
analyses using the natural population method. They formalized the view that the
backbonding is into empty ¢* orbitals on the R;P moiety and placed the phenomenon
in the context of the more general idea of negative hyperconjugation. Hyperconjugation
is the interaction of filled ¢ orbitals and empty n* orbitals, e.g. the ooy bonds of the
CH, group of cyclopentadiene with the n* orbitals of the diene. Negative hyper-
conjugation is then the converse, i.c. electron donation from n to ¢* orbitals as in
e to g, donation in the FCH,CH; anion®*?,

There was one irritating difficulty with Reed and Schleyer’s results'®. A consequence
of negative hyperconjugation in A;XY should be relatively increased XA bond lengths.
This is indeed found to be the case for, for example, F;CO™ and in F;NO. However,
the PF bonds are shortened in F;PO and F;PS and in most tertiary phosphine oxides
relative to the parent phosphine (see Section II). Therefore, Reed and Schleyer had to
look for other factors which influence PA bond lengths and they proceeded to invoke
the greater importance of d orbitals(!) for second- as opposed to first-row atoms. They
then attempted to measure the relative importance of negative hyperconjugation and
d orbital involvement by examining the ratio between the depletion of the lone-pair
occupancy and the d orbital population on the central atom. They found that the
depletion was relatively high and the d orbital population low. They therefore concluded
that the bonding was a partially ionic ¢ bond and partial = bonding which occurs mainly
through negative hyperconjugation and only secondarily through overlap with extra
valence shell d orbitals.

This reviewer was surprised by the readiness of Reed and Schleyer'® to invoke valence
d orbitals as an explanation for the bond length contraction in phosphine oxides relative
to the parent phosphines, especially since one of the thrusts of their paper was that the
traditional dsp* and d*sp*® models are now invalid. Also, as they pointed out, d functions
serve to polarize existing valence orbitals to lead to a better wavefunction for the system.
This is equivalent to saying that if negative hyperconjugation occurs then d functions
will be required in the LCAO-MO calculation. In fact, it is just as reasonable to argue
that the need for d functions in the LCAO-MO treatment indicates that negative
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hyperconjugation is occurring. Hence it cannot be strictly valid to compare the amount
of negative hyperconjugation with the d population since they are already related.

There are other explanations which can be resorted to before valence d orbitals need
to be invoked. One such is the bond length—bond angle relationship. Thus unsubstituted
and both fluoro- and methyl-substituted phosphine oxides have decreased P-—Iligand
bond lengths compared with their parent phosphines but all also have increased bond
angles, and all of the variation is of the same order (about 5pm and 5-6°; compare
Tables 4 and 5 with Tables 2-4 in ref. 1). It is commonplace to argue!, in the case of
Main Group compounds, that an increase in bond angle is related to a decrease in bond
length, because as the ligands move apart from each other (bond angle increases from
90° towards 109.5°) they can approach closer to the central atom (see also Section II1.A)
That the first-row compounds do not follow the same pattern can be ascribed to the
already crowded environment around the small central atom.

b. Three Q bonds (banana bonds/bent multiple bonds). This might be termed the
unorthodox view, the valence bond method having been somewhat in disuse until
recently. There is neither a ¢ nor a = bond. The PO bond is a formal triple bond with
the three curved regions of electron density disposed between P and O in a symmetrical
fashion (at 120° to each other in Newmann projection along the PO coordinate,
Figure 4A). This description arises in both the MO and VB theoretical analyses of
phosphine oxides described below. In both cases the electron density of the bonds is
found to be strongly displaced towards oxygen and the remaining lone pair on the
oxygen atom is found to be directed away from phosphorus along the PO axis.

These curved bonds have been termed ‘bent multiple’ bonds?# and ‘banana’ bonds??,
while more recently the terms ‘¢ bond’ and ‘Q bond” have been coined by VB
workers?33:234_ Since the term Q bond has been used in connection with phosphine
oxides already, and since the Greek letter is reminiscent of their shape, we shall use it
in the following discussion. The term 7 bond has been used for the specific case where
the banana bonds occur in pairs, as in alkenes?? and phosphorus ylides?**.

i. Boys localization. In SCF-HF/LCAO-MO calculations, the Boys localization
procedure for phosphine oxides gives the Q-bond description, shown as a contour plot
in Figure 5, at all levels of theory studied. Guest and coworkers?3! were the first to
describe banana bonds for H;PO, Me; PO, F;PO, CI;PO and F;PS at the STO-3G*
level. Then Wallmeier and Kutzelnigg!® found the same at the > DZ + P level, after

FIGURE 4A. The Qbond model of thebonding  FIGURE 4B. The triple backbond model of the

in phosphine oxides, A;PO. Adapted from bonding in phosphine oxides, A;PO. Adapted

Messmer!’ from Messmer!”. The backbonds are shown by
the arrows
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(a)
@ (b) ()

FIGURE 5. Contour plots of the Boys localized bonding orbitals of H;PO. (a) One of three
PH bonds; (b) one of three banana bonds (note that it is strongly polarized towards oxygen);
and (c) the single oxygen lone pair. At the 3-21 G# level, one phase only shown, increment
between all contours is 0.05 bohr~%2. Adapted from Schmidt and coworkers!®?

(a)

FIGURE 6. Contour plots of the energy-localized bonding orbitals of H;PO. (a) One of three PH
bonds; (b) the PO ¢ bond; and (c) one of three oxygen lone pairs (note the backbonding towards
phosphorus, shown by the arrow). At the 3-21 G# level, one phase only shown, increment between
all contours is 0.05 bohr ~%2. Adapted from Schmidt and coworkers!®?

noting that there was no natural choice of a plane of symmetry to impose a a/n
separability. Recently, Molina and coworkers2°3 found the same result at the 6-31G*
level.

Schmidt and coworkers'®? found an even more interesting result. This was that, for
H;PO, the energy localization procedure gave a different result from the Boys procedure.
The energy localized orbitals at the 3-21G# level for H;PO are shown in Figures 4B
and 6. They are three equivalent PH bond, one strong PO ¢ bond and three equivalent
orbitals on oxygen whose character is principally lone pair. This is similar to a
representation using structure 1A except that each of the lone pairs possesses some
tendency to back-donate electron density to phosphorus. This result is different!®? from
the Boys result at the same level of theory, which is in terms of banana bonds as shown
in Figures 4A and 5, whereas usually the two procedures give similar results. Even
starting each procedure with the localized orbitals from other procedure gave the same
end result!®2. The energy-localized result described above is in accord with the picture
of the PO bond as arising from strong ¢ donation enhanced by some degree of n
backbonding, except that the back-donating lone pairs are staggered with respect to the
PH bonds, which would be inimical to negative hyperconjugation.

It is noticeable that whenever a localization procedure gives banana bonds, the result
is not taken seriously?2. This is not reasonable, since it has the same energy as a o/n
description, but it is understandable, because it is outside the familiar realm of textbook
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chemistry. In just the same way, those workers who obtained this result for phosphine
oxide were often reluctant to take it fully on board; some comments were: ‘should not
be taken too literally’'®, ‘overly complicated’'®?, ‘a very peculiar electronic dis-
tribution’?°3, Most notable was the reaction of Schmidt and coworkers!®? who had
performed both localization procedures and chose to reject the banana bond description
without any justification other than to say that they favoured the alternative. This was
in spite of the fact that on increasing fluorine substitution the energy-localized orbitals
reverted to the banana bond description (see Section IV.D.5).

ii. Generalized valence bond calculations. Very recently a new approach to the bonding
in these compounds has been published!” based on the generalized valence bond (GVB)
method.

The GVB method was developed from about 1970 by Goddard and coworkers?35.
The GVB wavefunction is much simpler than a VB wavefunction and so easier to
calculate. However, it is still computationally difficult and, as usual, approximations
have to be made. There are two such approximations, called the strong orthogonality
(SO) and the perfect pairing (PP) restrictions, first proposed by Hurley and coworkers?3°
and developed by Goddard and coworkers?33, Usually they are both applied (SOPP).
The method is claimed to be a substantial improvement beyond Hartree—Fock theory
in that it is the most general independent particle model and provides a unique set of
localized orbitals with which to interpret the bonding!”-23%, There are very few
valence bond studies of hypervalent molecules®!-8!:234,

During the late 1980s Messmer and coworkers?33:237723% started to explore the utility
of GVB methods on simple systems, both with and without the SOPP restrictions. In
most cases they found that the description of multiple bonds is in terms of Q bonds.
For example, in the description of difluoroacetylene the three Q bonds may be thought
of as the overlap of three sp> hybrids on each of the carbons?*”. These Q bonds are very
similar to the banana bonds often given by localization procedures in MO theory, except
that in this case they are the only result which minimises the energy of the system. One
interesting aspect of these studies was that the GVB-SOPP results may give different
results from the full GVB method. For example, tetrafluoroethylene is described by the
traditional o/n representation in GVB—SOPP but by a two Q-bond representation (¢
bond) in the full GVB treatment?3°, Schulz and Messmer?3° have tried to develop
guidelines on when the full GVB will give the same results as GVB-SOPP.

Very recently, these studies using the GVB-SOPP method have been applied to Main
Group (N, S, and P) oxides!”-2#°, It is found that in F3;PO the oxygen forms a triple
bond to the phosphorus atom using three Q bonds, very similar to the Boys localization
results from MO theory shown in Figures 4A and 5. The phosphorus atom assumes a
pseudo-octahedral distribution of orbitals about its core and the orbitals are strongly
polarized towards the surrounding atoms.

It should be noted that, although the idea of Q bonds now appears unorthodox, it is
not at all new. In fact, Pauling introduced it in 1931%3 to explain E/Z isomerism in
alkenes in the same paper which developed the sp* model and it is discussed at length
in the third edition®** of The Nature of the Chemical Bond, where he notes that the
description was used by nineteenth century chemists to explain why the carbon—carbon
double bond is not fully twice the energy of the single bond. However, the a/n
representation predominated later because it could be quantified fairly easily through
MO theory??2.

Although this reviewer finds the triple bond description for the PO bond to be fairly
convincing and appealing, some reservations do have to be entered about the GVB-
SOPP results reported above. First, full GVB gives Q bonds for F,C=CF, whereas
GVB-SOPP gives a o/n description, so it is just conceivable that it could be other way
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around for F;PO. Messmer!” has argued against this possibility but he cannot yet rule
it out completely. Also, many of the systems reported so far have fluorine as ligands
(e.g. FC=CF, F,C—=CF,, F;NO, F;PO) and in the case of the amine oxides the result
was different with hydrogen ligands (see Section TV.D.4). Hence there is the possibility
that the result will be different for phosphine oxide or tertiary phosphine oxides. Again
Schulz and Messmer?*° have indicated that change in ligand is not important, but only
in references to unpublished material. More seriously, an examination of Table 9 shows
that the few results available from GVB-SOPP calculations do not compare favourably
with those from other calculational methods. For example, for F;PO, the predicted PO
bond length is 147 pm compared with the experimental result of 143.6 pm while the
6-31G* value was 142.5 pm.

A final point is that both the Boys localization results and the GVB-SOPP results
for F;PO are inconsistent with negative hyperconjugation. Examination of Figure 5
shows that the three Q bonds are staggered with respect to the other phosphorus—Iligand
bonds, giving an octahedral disposition of electron pairs around phosphorus. This is
the arrangement expected on the basis of the Pauli exclusion principle, but it would
minimize the overlap of the orbital interaction required for negative hyperconjugation.

4. Comparison of phosphine oxides and amine oxides

Tables 9 and 11 also include for comparison results from calculations on ammonia
oxide and other amine oxides. It is to be expected that differences between these results
and those for phosphine oxides should reflect fundamental differences between first- and
second-row elements. There are some anomalous results reported in Table 9. Note, for
example, that most of the calculations on F;NO are hopelessly inaccurate with the single
GVB-SOPP result being particularly bad. The worst predictions are for the NF bond
length and the dipole moment and only when correlation is included are the results
reasonable, although the NO bond length is still overestimated. Indeed, we can be much
less confident in predicting the geometry of ammonia oxide than we were above for
phosphine oxide.

The observations to be explained, which may or may not be related, include:

(i) the lower dipole moment of phosphine oxides compared with amine oxides;

(i) the PO bond in H;PO and R;PO is stronger and shorter than a PO single bond
whergzﬁ in H;NO and R3;NO the NO bond (length ca. 140 pm) is like an NO single
bond**!;

(ii)) the PO bond in F;PO is qualitatively similar to that in H;PO whereas the NO
bond in F;NO is a double bond on the criteria of length and strength;

(iv) the PA bond lengths in A;PO are all shorter than those in A;P whereas the NA
lengths in A;NO are longer than in A;N, with the contrast being especially marked
for the fluoro derivatives (compare Tables 4 and 5 with Tables 2-4 in ref. 1).

Many of the theoretical studies of phosphine oxides also include comparison with
amine oxides!®17:19:203.242 4n( there is greater unanimity about the bonding in amine
oxides. All find that the NO bond in amine oxides is weaker than in phosphine oxides,
in agreement with the chemical experience that amine oxides are oxidizing agents and
phosphines are reducing agents. There is a general picture from population
analyses'#!%242 (Table 11) that ammonia oxide and tertiary amine oxides are singly
bound with a semipolar bond and no backbonding, equivalent to the representation
R;N*—O". The presence of backbonding in the phosphine oxides and its absence in
the amine oxides then explains the lower than expected dipole moment in phosphine
oxides.

The difference between R3;NO and F3NO is also explained because it is found that
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there is backbonding in the fluorine derivative. As observed in Section IV.B, now that
backbonding does not have to be into d orbitals there is no problem about it for nitrogen
compounds. The likely acceptor orbitals for back-donation in F;NO were analysed by
Grein and Lawlor®®, who concluded that the 3e orbital of NF; was the most suitable.
A similar picture was found in the Boys localized molecular orbitals of H;NO at the
6-31 G* level?°3, which were found to be composed of one centroid along the NO bond
with the remaining ones around oxygen, in contrast to the result found by the same
workers??? for phosphine oxide outlined in the previous section.

Also similar were the GVB-SOPP calculations!” on F;NO and H3;NO, which gave
results different from each other and from F3;PO. We have seen in Section IV.D.3.b that
the result for F;PO was three Q bonds. The result for F;NO was different. In this case
there is a ¢ bond from nitrogen to oxygen and the three lone-pair orbitals on oxygen are
strongly polarized towards nitrogen as in Figures 4B and 6, yielding three equivalent
backbonds, amounting overall to a second bond between oxygen and nitrogen in accord
with the short length (116 pm) of the NO bond in F3;NO. The result for H;NO was
different again. This time there is again a ¢ bond but the lone pairs on oxygen are not
polarized towards nitrogen; there is no backbonding, in agreement with the longer bond
lengths in substituted amine oxides. It should be mentioned that the concept of
backbonding used here is different from the same idea in MO theory, because it is not
based on atomic orbitals. Therefore, in order for electrons on one atom to backbond
to another atom there is no need to invoke vacant atomic orbitals on the acceptor atom.
The only reguirement, for example for the oxygen lone pairs in F;NO to backbond to
nitrogen, is that there be sufficient space for them, provided by the polarization of the
NF bond orbitals towards fluorine. In the case of H;NO the NH bond orbitals are not
polarized towards the ligands as in F;NO and so there is no room for backbonding
electron density.

Messmer!” contended that the fundamental difference between first- and second-row
atoms is reflected in these different results from the GVB-SOPP calculations on F;PO
and F;NO, described above. The nitrogen atom in F;NO prefers to form four primary
bonds (the backbonding is regarded as secondary) whereas the phosphorus atom in
F;PO forms six. This is a direct consequence of the greater core size in the second row.

There is one point where the unanimity breaks down, namely on the issue of where
the backbonding is directed in F;NO. What we have referred to as the traditional view
would see it as going into suitable acceptor orbitals on nitrogen, the most likely being
the o* NF antibonding orbitals. This is negative hyperconjugation and is consistent
with the increased length of the NF bonds relative to F;N. However, this agreement
with the NF bond length may be coincidental, as pointed out in Section IV.D.3.a, because
there is not a similar lengthening in F ;PO relative to F;P. On the other hand, examination
of the GVB-SOPP version of the backbonding in F;NO, shown in Figures 4B and 6,
shows that it is inconsistent with negative hyperconjugation. This is for just the same
reasons as in F3;PO discussed in the previous section; the donating oxygen lone pairs
are staggered with respect to the NF bonds.

In addition, Messmer!” offered a simple and reasonable explanation of the trends in
bond lengths found to the other ligand, i.e. the lengthening of the NF bonds in F;NO
relative to F;N and the shortening of the PF bonds in F3PO relative to F;P. This is
based on the bond length—bond angle relationship referred to in the previous section
and on the small size of first-row elements. Thus, in going from F;N to F;NO the added
oxygen contributes polarizable lone pairs which may contribute electron density to
screen the nitrogen core. When the lone pairs approach closer to the small core, the
resulting increased Pauli repulsions with the NF bonds produce a lengthening in these
bonds. In the case of F3P and F; PO, the difference lies in the larger size of the phosphorus
core, which means that it can form more bonds because there is more room. Then,
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because the oxygen polarizes orbitals away from P there is a reduction in Pauli repulsions
with the PF bonds resulting in the shortening of these bonds.

5. Bonding in substituted phosphine oxides

Parent phosphine oxide is known only in matrix isolation experiments'®” and yet the
formation of the PO bond drives the synthetically useful Wittig and Arbusov reactions
and some of the processes of life itself. The most obvious question to be answered here
then is why carbon, oxygen and fluorine substituents all stabilize phosphine oxide. The
obvious answer is that decomposition by tautomerism of a hydrogen atom is prevented
by any substitution. However, calculations have shown that the answer is more subtle
than that, because there is a general effect of substitution to increase the PO bond
strength14.l9,20,204,210.213.

Schmidt and Gordon?? quantified this effect in detail in a comparison of substituent
effects on the PO bond and some of their results are given in Table 12. They found both
an increase in bond strength and a decrease in bond length on substitution (except for
an Si substituent) at all levels of theory studied, including calculations with electron
correlation. The effect increases with increasing electronegativity of the substituent but
there is a limit to the ability of increasing electronegativity to increase bond strength.
For example, from Table 12 it can be seen that in the series H, CH;, NH, the bond
strength increases significantly but remains nearly constant for OH and falls off slightly
for F. There is a similar pattern with multiple substitution. Note that the experimental
bond energy of F3PO is 542kJmol ™!, so these computed bond strengths are too low;
however, it is assumed that the calculated values are internally consistent.

Schmidt and Gordon?° also compared the effect of substitution on H;PO with respect
to a Mulliken population analysis. They found that the substituents withdrew elec-
tron density from phosphorus, the amount of the withdrawal being consistent with
electronegativity (F > OH > NH, > CH,). The charge at oxygen was also reduced by a
smaller amount. Even so, there was still a large positive charge on phosphorus and
negative on oxygen. They also derived the PO bond order by Mulliken population
analysis for some of the substituted phosphine oxides given in Table 12. It can be seen
that the bond orders increase roughly as the computed bond strengths, i.e. with increasing

TABLE 12. Effect of substitution on PO bond lengths and strengths and orders at various basis
set levels”

Molecule d(P=0) Bond strength® Bond order?

3-21G# 6-31G* MP3/6-31 G*

H;PO 1423 377 423 531 1.58
H,(CH;)PO 141.7 423 460 565 1.66
H,(NH,)PO 142.0 494 519 628
H,(OH)PO 141.8 485 527 640 1.69
H,FPO 141.1 481 515 628 1.74
HF,PO 141.0 540 565 686
F,PO 140.9 523 540 657

“All at STO-2 G# geometry from ref. 20; see Table 9, footnote a, for terminology.

»STO-2 G# computed bond lengths in pm.

“Energy for the dissociation of the phosphine oxide to phosphine and 'D oxygen in kJ mol ™! using the indicated
calculation; 'D oxygen is about 190kJ mol ™! above the triplet ground state.

“Derived from a Mulliken population analysis at the 3-21 G# level.
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electronegativity of the substituent. This was found to be due to an increased amount
of backbonding?°.

Two groups have argued that the stabilizations by fluoro and methyl substituents are
caused by different mechanisms. Schneider and coworkers?®* studied a series of A;P=Y
molecules (A = H,CH;, F; Y = O, S) at the 6-31 G* level, the results of which are shown
in Table 13. It can be seen that the substitution of H by both F and Me causes an
increase in the P==Y bond energy but only F substitution causes an increase in stretching
force constant. As noted in Section IV.A.2, this is confirmed by experimental observations.
They say that this shows that methyl stabilization is by a different mechanism, because
the higher P—=0 and P==S bond strengths in the trimethyl compounds are shown by
this to be not directly related to inherent properties of the PO and PS bonds, but must
rather be caused by changes in the R;P moiety. Wallmeier and Kutzelnigg!® studied
fluorine substitution in detail, using the population analyses shown in Table 11. They
found that the binding energy of the PO bond in H,P(O)F is larger than that in H;PO.
Also, the overlap population or bond order is significantly (25%) larger in H,P(O)F
than in H3;PO, which confirms that fluorine substitution stabilizes the PO bond. A
similar result was found for double fluorine substitution and they noted that both were
in line with the results for the triply substituted compound reported by Serafini and
coworkers®!'3.

Both Schneider and coworkers?®* and Wallmeier and Kutzelnigg!® advanced the
same mechanisms for the different ways that fluorine and methyl substituents stabilize
the PO bond. Thus fluorine increases m backbonding by electron withdrawal from
phosphorus, which becomes more positive, giving more opportunity for electron donation
from oxygen lone pairs. On the other hand, methyl groups stabilize the partial positive
charge on phosphorus in R;PY so we must look for another effect. A possibility is that
steric hindrance destabilizes Me;P relative to H3P to a greater extent than Me;PY
relative to H;PY, because of the change in the angles at phosphorus (see Table 4 and
Table 2 in ref. 1). Hence, since PO bond dissociation in R;PO leads to R;P, this gives
a higher bond dissociation energy for the methyl-substituted compound.

Von Carlowitz and coworkers?!® compared bond lengths in methylphosphine and
methylphosphine oxide and the effect of fluoro substitution thereupon, and some of the
results are shown in Table 14. They found that there was a remarkably large variation
(decrease of 10 pm) in PC bond length from methylphosphine to difluoromethylphosphine

4

TABLE 13. Calculated and experimental bond energies and
calculated force constants for P=7Y in A;P=Y compounds

Molecule Dy(P=Y)" Dy(P=Y)® fe
H,P=0 426 9.423
F,P=0 539 540 11.812
Me,P=0 537 582 9.144
H,P=S 226 4.210¢
F,P=S 269 293¢ 6.093¢
Me,P=S 324 383/ 3917¢

“In kJmol ™! at 6-31 G*, from ref. 204.

bBest available experimental comparison from Table 6.

“Scaled stretching force constant in mdyn A~!, using scale factors
optimized for PH; and F,P—0.

“These are not directly comparable, see ref. 204.

¢Do(P==9) in Cl;P—S.

IDo(P=8) in (C3H,),P=S.
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TABLE 14. Effect of fluoro substitution on calculated bond lengths in
methylphosphine and methylphosphine oxide?

Bond length? CH,PH, CH,PF, CH,POH, CH,POF,
P—C 185.3 179.9 178.9 175.3
P=0 146.5 143.1
P—F 157.8 153.9

“From ref. 210.
"In pm, using 3-21 G* basis set.

oxide. This was made up from two increments. There was the fall (5pm) in PC on change
from phosphine to the oxide explained by the bond length—bond angle relationship (see
Section III.A), but there was also a decrease of about 5 pm on substitution of two fluorines
for two hydrogens. They commented?'? that ‘these extremely large structural variations
are presumably due to the withdrawal of negative charge from the phosphorus atom
and the consequent shrinkage of bonds to other electronegative substituents’. Thus, in
all cases, replacement of one substituent by a more electronegative one results in a
shortening of all of the other P—X bonds.

Finally, Schmidt and Gordon?? found a very interesting result of substitution on the
derived energy-localized orbitals. Methyl and silyl phosphine oxides still have the three
lone-pair orbitals on oxygen and one PO ¢ bonding orbital as described in Sec-
tion IV.D.3.b for parent phosphine oxide, Figures 4B and 6. For hydroxy and fluoro
phosphine oxides, the lone-pair orbital trans to the substituent becomes so involved in
backbonding that it tips inward and the localization procedure leads to the formation
of two banana bonds from it and the ¢ bond. For the trifluoro compound two lone
pairs tip in, leading to three banana bonds, Figures 4A and 5.

6. Bonding in phosphine sulphides

Some of the studies of phosphine oxides have included phosphine sulphides for
comparison!®29:23! Tt is found that the sulphides are qualitatively similar to the oxides,
except that they have a relatively weaker PS bond and are less polar. Schmidt and
Gordon?° studied H;PS and derived a bond order (from Mulliken population analysis)
of 1.32 for H3;PS compared with 1.58 for H;PO. As in the oxide, electronegative
substituents act to increase the PS bond strength. One additional result was that the
weakness of the thiphosphoryl bond was also due to a weakening of the PS ¢ bond.
This was derived from Mulliken population analysis of atomic charges, P = 0.481 and
S = —0.457, compared with P=—0.922 and O = —0.719. They commented?® that
‘sulphur’s diminished ability relative to oxygen to hold a large negative charge has
decreased the charge separation in the PX bond considerably and thus weakened the
formally ionic donor ¢ bond’.

Guest and coworkers?3! did an STO-3G* calculation at assumed geometry on F3PS
with Boys transformation of the resulting canonical orbitals. They found essentially the
same features for the PS bond as for the PO bond, including banana bonds. The PS
bond polarity was slightly less and the phosphorus component to the bond involved
slightly smaller 3d and 3p contributions.

E. Empirical Calculations

Since the initial study of Wagner'®? there have been only a few empirical or
semi-empirical studies of phosphine oxides. The earlier ones reported detailed
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examinations of the bonding!¢2199:2437245 and concluded that the PO bond is multiple
and polar, but were much taken with the influence (or lack thereof) of d orbitals. Later
studies?#°~2°2 mainly by Soviet workers, used these methods (HMO, CNDO) to predict
atomic charges and dipole moments, in some cases to explain or predict extractive
capability or donation ability. The SINDO method was applied to phosphine oxide
by Jug and Schulz?3? in their general study but gave poor results (PO = 149 pm,
PH = 142 pm).

F. Summary of Bonding and Comments on the Formula of Phosphine Oxides
Previous general discussions® '3 of the bonding in phosphine oxides have been
couched in terms of a resonance between two possible limiting structures H;P=0 and
H;P*—O". This view will have to be given up. It is too simplistic because, as we have
seen, the presence of a multiple bond between phosphorus and oxygen is not inconsistent
with a high degree of polarity. More important, this view reduces the significance of the
P—=0 formulation without conveying in return the true complexity of the bonding. A
subsidiary point is that if the Q bond description (Section TV.D.3.b) turns out to be the
correct one, the formula R;P*—O~ would be misleading because it implies that there
is a ¢ bond between P and O.

The satisfactory formulation of the PO bond is difficult because we are accustomed
to formulae from the first row of the Periodic Table. In the first row there is a fortuitous
correspondence between bond strength, number of electron pairs and valence. This is
one of the indirect consequences of the small size of these elements. Thus, for the common
multiple bonds of organic chemistry, C=C, C=C and C=0, the two (or three) lines
carry three different implications at the same time: (i) that the bond is twice (or three
times) the strength of a single bond between the elements concerned, (ii) that there are
two (or three) electron pairs in the region between the elements and (iii) that it is possible
to have an addition reaction wherein one (or two) ligand(s) is (are) added to each of the
atoms involved in the bond.

This all breaks down in the second and higher rows. In the case of PO, we have a
double-strength, highly polar bond composed of three (or more) electron pairs (by both
of the descriptions in Section IV.D.3). Hence the PO bond can be viewed as either a
double bond P==0 or a triple bond P==0. If we wish to have one formula to represent
the PO bond, we must choose which information is the most important to convey. If
we consider that it is more important to convey the information that the PO bond
contains three electron pairs then we should use the P=0 formula, but if we consider
that it is more important that the strength of the bond be specified then we should use
the P=0 formula.

This reviewer proposes that a utilitarian view be taken. Strength and, especially,
valence are the things that matter in practical chemistry (i.e. how much energy will be
required for the bond to react and how many things can be attached to it in an addition
reaction). Hence the formula X;P=0 is the most useful. In addition, it also has the
merit that it is currently in common use. However, until now, practical chemists have
been made to feel uneasy about its correctness. The above analysis shows that their
instincts were correct.

Sometime in the future, better calculations will determine the electronic distribution
in the PO bond. For now, the best we can say is that the nature of the PO bond will
probably be one of the following:

either

‘The PO bond is a double strength bond, formulated as P=0. This representation
also implies (i) that there are three electron pairs between P and O composed of a ¢
bond between P and O and two 7 backbonds between lone pairs on O and acceptor
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orbitals on P which are antibonding in character with respect to the other ligands on
P as shown in Figure 3 and (ii) that the electron density of the bonds is strongly skewed
towards O so that there is a high degree of positive charge on P and negative on O’.

or

‘The PO bond is a double strength bond, formulated as P=0. This representation
also implies (i) that there are three electron pairs between P and O composed of three
Q bonds from P to O as shown in Figure 4A and (ii) that the electron density of the
bonds is strongly skewed towards O so that there is a high degree of positive charge
on P and negative on O’.

or

‘The PO bond is a double strength bond, formulated as P==0. This representation
also implies (i) that there are four electron pairs between P and O composed of a ¢
bond between P and O and three backbonds from lone pairs on O to the P atom as
shown in Figure 4B and (ii) that the electron density of the bonds is strongly skewed
towards O so that there is a high degree of positive charge on P and negative on O’.

Finally, is the octet rule broken by phosphine oxides? As the quotations in the
Introduction imply, the answer is yes and no. This reviewer would argue that it may not
be broken technically because the electron density is skewed towards O so that P is not
receiving a full half share of each electron pair. Reed and Schleyer!®, for example, are
careful to say that the electronic octet rule is not broken. However, there is a strong
case that it is broken in spirit because phosphorus is participating in more than four
electron pair bonds.

V. CONFORMATION

There have been a number of studies, both experimental and theoretical, on the
conformations of tertiary phosphine oxides. Of particular concern have been the
trans/gauche ratio (see Figure 7) about the PC bond and the orientation of the aromatic
rings in the triaryl derivatives.

A number of workers have examined the conformations about the PC bond of
trialkylphosphine chalcogenides using various physical techniques, including infrared
spectroscopy, dipole moments, Kerr effects and NMR?%472%9 The conclusion is that in
solution there is a mixture of the trans and gauche forms with the gauche form usually
preferred, the ratio depending on the substituents and the solvent, while only the gauche
form remains in the solid state, at least in the case of ethyldimethylphosphine sulphide?°*.

For the triaryl derivatives, the most detailed study was that of Brock and coworkers®®
at low temperatures on both forms of triphenylphosphine oxide (monoclinic and

0
X
R R R R
X
frans gauche

FIGURE 7. The trans and gauche confor-
mers of a tertiary phosphine oxide
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orthorhombic). In both structures the normal to one phenyl ring (A) is roughly (within
30°) parallel to the PO bond while the other two ring normals (B and C) are roughly
perpendicular to this bond. A similar observation was made for triphenylphosphine
sulphide!!”. As already noted in Section I11.B, the smallest PC bond in both structures
is the one to ring A, perhaps an indication of delocalization of the aromatic © system
into the PO ©* orbital®®-2%°. In solution, however, no difference has been found in the
orientation of the phenyl rings by a variety of methods, including infrared and ultravio-
let spectroscopy, dipole moment and Kerr constant*®'~2%%. The introduction of
ortho-substituents on the aryl rings causes some minor changes in conformation!©!:266-268
and, as expected, rotation of the rings is slowed on the nmr time scale?67-268,

In a particularly careful and interesting study of a very large number of published
X-ray crystal structures, Bye and coworkers'®® mapped the reaction path for stereo-
isomerization of triphenylphosphine oxide derivatives. Their description of the
interconversion is repeated here. The equilibrium structure of an isolated Ph;PO—X
fragment is close to a symmetric propeller shape with all three phenyl rings rotated from
the respective CPX planes in the same sense and by approximately the same amount,
about 40°. Then, starting with a molecule with positive torsion angles, the
stereoisomerization path begins by rotation of one ring, say A, toward 90° (perpendicular
to its CPX plane) coupled with a rotation of the other two rings in the opposite sense
(toward 0°) and by half the amount of ring A. As the reaction proceeds, the rotation of
the other two rings B and C becomes out of step, with one, say B, rotating less, leading
to a mirror-symmetric structure with torsion angles of ca 90°, 10° and — 10°. At this
point ring A has rotated by + 50°, ring B by — 30° and ring C by — 50°. In the second
part of the path, the roles of rings B and C are interchanged, so the path ends at the
enantiomorphic structure with torsion angles of 140°, —40° and —40° equivalent to
—40°, 40° and 40°.

The more complicated cases of mixed alkyl and aryl phosphine chalcogenides have
also been studied by many workers. The orientation of the aryl ring(s) follows the same
trends as in the triaryl compounds mentioned above. In the solid phase one aryl ring
is usually roughly parallel with the PO bond!®>1°6122 whereas in solution the
non-coplanarity increases®®%-27°. As regards the trans/gauche ratio, the same results
were found as above, namely that the gauche conformer is the preferred form in solution,
the preference increasing with increasing size of the substituent groups, and the preference
becomes total in the solid state!®6:2717274,

Theoretical methods have also been applied in the study of the conformations of
phosphine oxides, mainly of the molecular mechanics type2°®-2757278 The results
generally agree with the experimental work and there have been a number of predictions
of a similar nature for species previously not studied experimentally. It is considered that
in the gauche/trans equilibrium (Figure 7), the trans form is favoured by dipole—dipole
interactions and the gauche form by steric considerations?33:272:278,

In studies of the conformations of 2-(diphenylphosphinoyl)-[ 1,3]-dithiane, Juaristi and
coworkers?7°7 28! discovered the existence of a strong S—C—P anomeric effect. This
is shown by the predominance of the conformer of the dithiane ring, which places the
phosphinoyl group in the axial orientation. The analogous diphenylthiophosphinoyl
derivative also shows the same effect to a lesser extent?82. Similar observations on this
system and on the 1,3,5-trithiane derivatives were made by Mikolajczyk and
coworkers?837287,
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. INTRODUCTION

The stereochemistry of phosphorus chalcogenides, and of phosphorus compounds in
general, is a subject that is essentially only 30 years old. This is despite the fact that
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methylethylphenylphosphine oxide was first resolved by Meisenheimer! in 1911 using
(+)-bromocamphorsulphonic acid as the resolving agent. He subsequently resolved
benzylmethylphenylphosphine oxide in the same way in 192622 but it was to be many
years before another phosphine oxide, the dibenzphosphole 1 was resolved?®. In 1944
Davies and Mann® resolved the sulphide 2. These isolated instances apart, it was generally
held that the stereochemistry of phosphorus (and arsenic, antimony and bismuth) would
be uninteresting, since any conversion to the trivalent form would result in racemization
owing to inversion in the same way as was known to occur for nitrogen. It was further
held that the equilibrium (equation 1) was a mobile one and would prevent any useful
stereochemical studies of quaternary compounds. Although ample evidence to the
contrary existed, the notion persisted until it was demolished entirely by Horner’s
isolation of stable enantiomeric phosphines by the electrolytic cleavage of resolved
quaternary salts. This discovery stimulated an enormous amount of interest in the
stereochemistry not only of phosphorus, but also of many other elements, and the field
is now so large that it is doubtful if it could be usefully reviewed as a whole.

R,P*X =R,P+RX (1

This chapter is restricted to a consideration of the stereochemistry of chalcogenides of
tertiary and secondary phosphines. It will be very largely concerned with oxides and
sulphides, since very little work has appeared on selenides and tellurides*®. Indeed, simple
tellurides, R3PTe, are unstable compounds and decompose at room temperature unless
kinetically stabilized by bulky groups, such as tert-butyl*®.

Strictly, there are three classes of phosphine chalcogenides, primary, RP(X)H,,
secondary, R,P(X)H, and tertiary, RyPX, in addition to the parent compounds H;PX.
These last are unknown, although H;PO and its tautomer H,POH have been detected
as reaction products in an argon matrix®®. Theoretical considerations indicate
they should be stable, probably in the tautomeric form H,PXH?>®. Phosphine oxide
has been suggested® to account for the formation of tertiary phosphine oxides in the
attempted base-catalysed alkylation of alkyl phosphinates, ROP(O)H,. Primary
phosphine chalcogenides, although known, have been little studied and no stereochemical
or structural information is available.

In the stereochemical discussion which follows, the terms inversion and retention of
configuration refer only to the non-chalcogen atoms on phosphorus in order to avoid
the confusion which may arise in discussion if the Cahn-Ingold-Prelog nomenclature
is strictly adhered to. Put another way, the chalcogen atom is considered always to be
the atom of lowest priority in the RS system when discussing configurational changes
(or lack of them) at phosphorus.

Il. SECONDARY PHOSPHINE CHALCOGENIDES R'R?P(X)H (X = O, S, Se)

A. Preparation

Secondary phosphine chalcogenides are reasonably well known, although little structural
information is available. Methods for their preparation are limited and most do not
lend themselves to resolution. Nevertheless, secondary phosphine oxides and sulphides
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have been obtained in optically active form. The first example’, benzylphenylphosphine
oxide (3; R = PhCH,), was obtained by lithium aluminium hydride reduction of one
enantiomer of (—)-menthyl benzylphenylphosphinate (equation 2). Shortly after, f-
naphthylphenylphosphine oxide (3, R =2-naphthyl) was similarly obtained®. Both
compounds had extremely low rotations (xp —0.52° and —0.59°, respectively) and
nothing is known of the optical purity of either sample.

However, Campbell and Way?® and Mislow and coworkers (3)° had found that lithium
aluminium hydride causes racemization of tertiary phosphine oxides, so it must be
considered unlikely that a high degree of stereoselectivity would be obtained in the
reduction of the esters. Both groups presented evidence that the observed rotation was
in fact due to chiral phosphorus, but the subsequent preparation of (—)-phenyl-tert-
butylphosphine oxide!®* (3; R =t-Bu, «p— 28.8) suggests that optical purities for
1 (R =PhCH, or 2-naphthyl) were low. Michalski and Skrzypzynski!®® obtained 3
(R =t-Bu) by two routes (equation 3) and assigned absolute stereochemistry on the basis
of its stereospecific alkylation to give the tertiary oxide, whose absolute stereochemistry
had previously been established by correlation!®.

(— }-Ph(R)P(O)O-Menthol — 1, (_}-Ph(R)P(O)H )
3

The sequence shown in equation 3 also serves to establish the stereochemistry of the
addition of S and Se to secondary phosphine oxides as proceeding with
retention. It is notable that the anion formed from 3 (R = ¢-Bu) retains its stereochemical
integrity. This fact, together with the general observation that thiophosphinic acids are
readily synthesized and usually readily resolvable, suggests that desulphurization of
resolved thiophosphinates followed by base-catalysed alkylation or Michael-type
addition reactions may well prove a useful general route to chiral tertiary phosphine
oxides.

t t t
Bu Se Bu 0 Bu s
N e N\ i N\
Z, iii 2 i Z,
Ph/ “on Ph/(s;”’H Ph/ “on

l ®

(i)Raney Ni; (ii)Sg; (iii) Se,; (iv)NaH; (v) Mel

The same Polish workers!®® prepared the sulphur analogue, 5, by reduction of a

mixed anhydride (equation 4): Only the mixed anhydride with trifluoromethanesulphonic
acid gave chiral products, presumably because the triflate anion is an excellent leaving
group and substantially reduced the risk of stereomutation of the intermediate. Both

Bu'PPh(S)0SO,CF; — 2%, BuPPh(S)H (@)
(+)or(—) (=)or(+)
5)
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enantiomers were obtained with apparently good optical purity. There is good evidence
that the reduction step proceeds with inversion in an S\2 type of reaction. A cyclic
secondary phosphine oxide, 6, has been prepared as part of a phosphasugar study'!. Its
synthesis is shown in reaction 5. The stereochemistry at phosphorus was not assigned
and some doubts have been cast on its homogeneity.

B. Reaction Stereochemistry

Like other classes of phosphorus compounds containing the structural feature P(X)H,
secondary phosphine chalcogenides exist in a tautomeric equilibrium (equation 6):
although, in general, evidence for the phosphorus(ITI) form is indirect and little is known

R,R,P(X)H=R,R,PXH (6)

of the factors influencing the equilibrium. However, the small amount of chemical
evidence available suggests that the conversion does not alter the stereochemistry. Thus,
deuterium exchange is rapid even with the absence of a catalyst and produces no evidence
of racemization. The same behaviour has been observed!? with isopropyl
methylphosphinate, MeP(O)(H)OPr'. Similarly, deprotonation of 3 (R = ¢-Bu) does not
afford a racemic product although this is reported for base treatment of 3 (R = PhCH,).
Both 3 (R =¢-Bu) and 5 may be converted to the corresponding halides or thiomethyl
compounds with retention of stereochemistry and 3 (R = t-Bu) reacts with sulphur or
selenium also with retention. Equation 7 summarizes the known transformations, all of
which proceed with retention of configuration.

Conditions for racemization are unclear. Emmick and Letsinger’ reported that both
acids and bases racemized 1 (R =PhCH,), although the related isopropyl
methylphosphinate is stable to acids and not to bases!?. Since tertiary phosphine oxides
are stable to alkali and the secondary phosphine chalcogen anions retain their
stereochemistry, base-catalysed inversion seems unlikely. Acids, however, do isomerize
tertiary phosphine oxides, presumably via a phosphorus(v) intermediate, and this type
of reaction seems more likely for the secondary analogues also, although it does not
appear to have been reported, except indirectly in the preparations of 3 (R = PhCH, or
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Ph(R)P(X)CI Ph(R)P(X)Me
Iv Tii,x:o
Ph(R)P(Z)OH <Y Ph(R)P(X)H ———» Ph(R)P====== (7
(3)
liv liii
Ph(R)P(X)D Ph(R)P(X)SMe

(i) NaH; (ii) Mel; (i) MeSSMe; (iv) ROD;
(v) RzN —CCl,or NV—halosuccinimide; (vi) Sgor Se,,

2-naphthyl). The stereochemistry of the reversible addition of ethylphenylphosphine
oxide to carbonyl compounds has been described!?, but otherwise the use of secondary
phosphine chalcogenides in synthesis has been little studied.

lil. TERTIARY PHOSPHINE CHALCOGENIDES, R'R?R*P(X) (X =0, S, Se)

A. Structure

Because of their chemical stability and the fact that they are usually crystalline solids,
this class of organophosphorus compounds has received much stereochemical attention.
There is a wealth of structural data available, both in the solid state (in 1990 the
Cambridge Crystallographic Data Base contained more than 250 structures of tertiary
phosphine chalcogenides) and in solution, for oxides, sulphides and selenides, but very
little for tellurides. Cyclic and acyclic compounds are well represented. Solid-state
structures show a tetrahedral geometry at phosphorus with the XPC angle greater than
for a regular tetrahedron, possibly owing to a repulsive interaction between the P = X and
P—C bonds.

B. Preparation

1. Cyclic compounds

Although stereoisomerism arising from cyclic phosphine chalcogenides was not
reported until the early 1960s'#, it rapidly became commonplace and cis—trans isomers
have been observed and characterized for oxides and sulphides of cyclic phosphines of
virtually every ring size that has been studied!>. Nowadays failure to observe this type
of stereoisomerism in cyclic systems would require comment. The preparative heterocyclic
chemistry of tertiary phosphine chalcogenides is very extensive and cannot be surveyed
here. A good book!® is available and cyclic phosphines have been reviewed in Volume 1
of this work'®. In general, oxidation or sulphuration of cyclic phosphines affords the
corresponding chalcogenides in a stereospecific manner with retention and with the
number and ratio of isomers formed being the same as are present due to the pyramidal
phosphine. The diastereoisomers are usually readily separated by normal techniques.
Many X-ray structures have been determined!®.

Chiral cyclic phosphine oxides are rare, the major examples being phosphinoyl
sugars, which have been studied largely by Inokawa and coworkers!’. Several X-ray
structures of these have been determined!® and, since, the absolute stereochemistry of
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the carbocyclic portion of the ring is known, these constitute determinations of absolute
stereochemistry at phosphorus, independent of correlation. Equation 8 shows one such
route to this class of compounds. Another chiral cyclic phosphine oxide, 3-oxo-1-phenyl-
2-phospholene-1-oxide 10, was obtained by Bodalski and coworkers'® from the readily
accessible 1-phenyl-3-phospholene-1-oxide (7) (reaction 9). Stereospecific epoxidation
followed by base-catalysed rearrangement gave the (+)-alcohol 9 which was resolved
using camphanyl chloride to give the (+ )-isomer, whose absolute configuration was
determined by X-ray diffraction as SpRc. Oxidation afforded the chiral ketone, 10, stable
under the reaction conditions and hence probably of high optical purity.
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2. Acyclic compounds

a. Resolution methods. Chiral phosphine oxides were first obtained by resolution using
(4 )-bromocamphorsulphonic acid'?, a method relying on protonation of the
phosphoryl oxygen and separation of the salts by recrystallization. Tartaric acids and
their derivatives have also been used?°. The method can be, and usually is, extremely
tedious and very laborious, but in Meisenheimer’s hands it yielded ethylmethylphenyl-
and benzylmethylphenyl-phosphine oxides of good optical purity. Part of the difficulty
is that phosphines oxides are not very basic and the position of the equilibrium
(equation 10) under normal circumstances would lie predominantly on the phosphine

RIRZR?P—O0 + H* =R!R2R*P=OH R 'R*R’POH (10)

oxide side. Nevertheless, the method is occasionally useful and has been used by Nyori
and coworkers?! for the resolution of 2,2"-bisdiphenylphosphino-1,1’-dinaphthyl (11). The
related compound, ( + )- or (—)-2,2’-dihydroxy-1,1"-dinaphthyl (12), has been successful
in the resolution of phosphine oxides by diastereoisomeric complex formation?2
Although simple and giving excellent yields and purity, the method appears extremely
sensitive to spatial factors. Thus, it resolved EtMePhP(O) but not MePrPhP(O). Tartaric
acid has also been used successfully in the resolution of phosphine oxides. Very high
yields and virtually complete enantiomeric separations have been obtained
chromatographically for phosphine oxides using a column with a bonded stationary
phase of 3,5-(NO,),C¢H,CONHCHPhCONH(CH,);2%*, with normal stationary phases
on a cyclodextrin column?3® or using Pirkle’s chiral stationary phase?3°. A range of
organophosphorus compounds can be resolved on a column of optically active poly(trityl
methacrylate)?*. In view of the present availability of very efficient chromatographic
processes, the development of a range of columns would seems to be the most hopeful area
for convenient resolutions in the future.

©© P(0)Ph, ©© OH
: : P(0)Ph, : : OH

(11) (12)

Although Davies and Mann® resolved the phosphine sulphide 2 nearly 50 years
ago, there has been no reported interest since then. Sulphides are much weaker protic
bases than oxides and the acid—base approach will not be successful here. No reso-
lution of a selenide has been described. The sulphur chalcogenides are commonly
obtained by stereospecific synthesis from the phosphine?® using a range of reagents;
selenides are similarly prepared. Sulphides may also be prepared from the oxides
with predominant (acyclic) or complete (cyclic) retention of configuration using
B,S; as a reagent?®.

b. Synthesis. McEwen and coworkers?” resolved the first acyclic phosphonium salt
(benzylethylmethylphenyl) using the dibenzoyl hydrogentartrate anion and converted
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+ i
R(R,RzPCHPh ———— RyRyRzP=0
(+) (+)

RRyRzP=0 <+———— R RyRzPCH2Ph
(=) (=)
(i) Wittig reaction; (ii) OH™—H,0—ROH

the enantiomeric salts into the corresponding oxides by either alkaline hydrolysis
(inversion) or the Wittig olefination reaction (retention) (equation 11). As a general
method this is restricted by the stereochemical complications which can arise in the
alkaline hydrolyses of phosphonium salts?8, the fact that the benzyl group will not
necessarily be the only group participating in the Wittig reaction and by difficulties in
the preparation and resolution of the phosphonium salts.

R,R,P(0)CI ————» R.R,P(0)0O—(=)—menth
R,S Rpand Sp

lﬁ (12)

R,R,R5P(0)
Spand Rp

(i) (=)-menthol—R3N; (ii) RzMgX

Mislow and coworkers?® separated the diastereoisomeric esters of phosphinic acids
and ( —)-menthol, in itself a difficult and low-yielding process, and converted them into
phosphine oxides by stereospecific Grignard reactions (equation 12). The reaction is
believed to proceed with inversion since Hudson and Green3° had earlier shown that
transesterification of phosphinate proceeds with inversion. Until recently, this method
was the most widely used, despite the practical difficulties. (—)-Menthol is almost
invariably the resolving agent, although cholesterol was briefly tried®!. The use of
organolithiums in place of Grignards does not produce any great improvement and
often gives products of lower optical purity. If the chiral starting ester is a resolved cyclic
phosphonate, then the reaction has the advantage that by altering the sequence of the
two Grignard displacements enantiomeric phosphine oxides may be obtained from the
same starting material®2 e.g. by interchanging steps ii and iii in equation 13.

Inch and coworkers®? successfully used carbohydrate diols as the asymmetric unit
(equation 13) and noted that the cyclic phosphonate was readily separated into its
diastereoisomers, which is often not the case for acyclic phosphinates. Further, the
assignment of absolute configuration to the starting phosphonate is more straightforward
in view of the well established correlations in the carbohydrate field. However, the
reaction suffers from the same disadvantages as the phosphinate method in terms of
sluggish reactions and low yields.

Some variations on this theme have appeared in recent years which seek to overcome
some of the problems by using other stereospecific reactions. Kato and coworkers??
began with the isomerically pure diol 13 and prepared the cyclic phosphonates (14),
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which underwent the Michaelis—Arbuzov reaction (retention) to give the benzyl
phosphonate (15), which was then subjected to a Grignard reaction (reaction 14).
However, the optical purities of the products were not high. Similarly, Juge and Genet3*
opened the ring of the readily accessible chiral 1,3,2-dioxaphospholan 17 by Arbuzov
alkylation and, after transesterification, Grignard reaction gave the phosphine oxides
(18) (reaction 15). By varying the order of addition of the substituents they obtained
either enantiomer with good enantiomeric excesses.

A variation of this approach (reaction 16) utilizes the readily resolvable O-alkyl
monoesters of alkylphosphonothioic acids (19). The stereochemical consequences here
are less certain, particularly as displacement of the thiolo group may be sensitive to
subtle variations of reaction conditions and structure>>; generally, however, displacement
of a thiolate group at phosphorus proceeds with retention, not inversion as is the case
for alkoxy groups.

An alternative approach avoids the often vexatious Grignard reaction altogether
(reaction 17). Alkylation of the secondary phosphine oxide (29) with (—)-menthyl
chloroacetate, separation of the diastereoisomers, hydrolysis and decarboxylation afford

CHyAr

R R 0P(0)
O. .
PPh — & Nen
(0] \} OH
R R

(14) (15)

Ii liii (14)
R OH
\C ArCHzP(0)(R')Ph
R \\\\\\\ OH (16)

(13) 2.4—45%ce
(i) PhPCl,—Py; (i) ArCH,CI; (iii) R'MgX
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the chiral methyl oxides (21) with essentially 1009, enantiomeric excess. Provided that
the secondary phosphine oxide is available, this seems a general and useful route to a
range of compounds of good chiral purity.

In an alternative approach, two groups have prepared diastereoisomeric phosphines
by the reaction of alkali metal phosphides with optically active halides (reaction 18)
followed by oxidation and separation of the mixtures®*®-*”. Elimination was a serious
side reaction with the substitution procedure. A variant is to prepare the phosphines
from diphenyl phosphide and then to quaternize and hydrolyse the salts with alkali®®.
Crystal structures have established the absolute stereochemistry at phosphorus in the
menthylmethylphenylphosphine oxides (22)37+38.

o]

PhMePMet ———» PhMePR' ——— % PhMePR’

oo S e
iv l (18)
Me
Rpand Sp

PhoPR' ——» Ph,PRI"

(i)(=)—menthyl chloride; (ii) HyOp; (iii) Mel
(iv) HOT —Hy0— MeOH; (v) recrystallization

All the foregoing syntheses involve a separation of diastereoisomers, and this is very
often tedious, difficult and, worse still, unpredictable. An alternative approach is to start
from a phosphine oxide already resolved and to elaborate it further using reactions
which do not affect the stereochemistry at phosphorus. An initial step in this direction
was taken by Mislow and coworkers*®, who showed first that deprotonation of carbon
attached to chiral phosphorus left the stereochemistry there unaffected and used this
reaction to prepare and oxidatively couple the anions to make chiral diphosphine dioxides
(reaction 19). This reaction is important since it provides a route to chiral diphosphines*°,
which are very valuable as chelating agents in homogeneous transition metal
catalysis.

o
[ y
R'R?PMe — R!'R2P(O)CH, —“ ,R'R2P(0)CH,CH,P(O)R,R, (19)

(+)or(—) (+)(+)or(—)(—)

A much more flexible approach, however, has been developed recently by Pietrusiewicz
and coworkers*!. They have established a good preparative route (reaction 20) to
(—)-(S)-methylphenylvinylphosphine oxide (23) of high optical purity. Unlike most other
oxides, 23 contains a reactive site at which a great deal of chemistry can be carried out
without affecting the stereochemistry at phosphorus. Vinyl phosphine oxides,
particularly those unsubstituted at the f-carbon, are excellent Michael acceptors and 23
readily adds alcohols*?, amines*3*#, alkyl groups*>*° (as the cuprates), thiols*> and
secondary phosphine oxides*’. The alkene will undergo Diels—Alder*> and related*®
cycloaddition reactions. By halogenation and dehydrohalogenation, 23 is converted to
the a-halovinyl oxide (24), which will in turn undergo a number of addition—elimination
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(i) CICH2COp=(—)=menth; (ii) LiCl, Hy0, Me»SO

reactions as well as cycloadditions*®; some of these transformations are summarized in
equations 21. The addition of secondary phosphine oxides is of particular interest since
it results in diastereoisomer formation if the secondary oxide is chiral and hence the
effective resolution of another tertiary oxide. Similarly, the a-halovinylphosphine oxide
24 affords chiral trans-ethene-1,2-bisphosphine oxides*°. It is clear that this approach
is versatile and flexible and represents the first systematic development of an active
chemistry of this class of compounds as distinct from preparing examples.

Much less work has been done with chiral sulphides and selenides. However, a method
exists for converting oxides to sulphides stereoselectively with retention using boron
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Me/ \\\O Me/ \\\O
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(i) RXH; (ii) BuyCuli; (iii) CH;==CHCH==CHy; (iv) RR'P(0)H;

(v) Xy, base; (vi) 2,3 -dimethylbutadiene; (vi) RR'P(O)H, base;
(viii) RSH, base
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sulphide, B,S;°°. The more commonly used phosphorus pentasulphide causes
racemization®!.

The simplest and most straightforward method of obtaining isomerically pure
chalcogenides is to treat the corresponding phosphine with an oxidising agent or with
sulphur or selenium reagents. These last two methods work well, the reaction proceeding
cleanly and essentially stereospecifically with retention at phosphorus. A common method
of determining stereoisomer distribution in mixtures of diastereoisomeric phosphines is
to convert them to their sulphides, which are air stable and usually crystalline. Oxidation,
however, is not so straightforward and stereochemical integrity can easily be lost.
Stereochemical results can vary with the reagent3?~°° and solvent®?*® and may
depend on whether the phosphine is cyclic or not. Retention, inversion and racemiza-
tion have all been observed in the formation of phosphine oxides from phosphines.
In particular, any reaction proceeding via a phosphorane can lead to partial or com-
plete racemization because of ligand reorganization in the intermediate. This process
does not require a symmetrical intermediate and is normally very rapid at ambient
temperature. Halogens®®, pseudo-halogens®>, ‘positive’ halogen compounds®' and
mono- or dialkyl-peroxides®® will, in general, give either racemization via a phosphorus(V)
intermediate (26) or inversion [via displacement on an initially formed phosphorus(I'V)
(25)], depending on whether a nucleophilic solvent is absent or present. Polar solvents
will usually favour polar intermediates such as 25 and hence are less likely to lead to
loss of optical activity, although this can be brought about by a reversible Sy2 processes.
Bistrimethylsilyl peroxide oxidizes phosphines to their oxides cleanly and with
retention”®.

_ =~ + - ——————
RzP + X, === RzPX + X~ T=== R4PX,

(25) (26)
retention racemization
22
lnzo lnzo 22
R3P(0) R3P(0)
inversion

Perhaps the most general oxidant is aqueous hydrogen peroxide, which affords the
oxide with retention and relatively few side-reactions®*>7. It is occasionally difficult,
however, to separate unreacted peroxide from the product. Aerial oxidation, although
sometimes very clean, can result in P-——C bond cleavage and should be avoided. Polish
workers have used an unusual class of reagents, the selenoxides, RR’SeO, which convert
phosphines, their sulphides or their selenides, into the corresponding oxides with variable
stereochemical results®®. For Me,SeO, the reaction proceeds with inversion for acyclic
compounds and retention for cyclic compounds, but other selenoxides are less specific
and the steric result may also vary with the solvent. Oxides may also be obtained from
the other chalcogenides by oxidation, but the stereochemical results are not promising.
For example. N,0,, a reagent widely used for oxidizing phosphites to phosphates,
converts sulphides to oxides with overall retention but partial racemization®®. This
reagent will even induce racemization in phosphine oxides, e.g., 27, and hence its value
as an oxidant in stereochemical work is dubious. Other oxidants, e.g. KMnO,, do not
look much more promising, retention with partial racemization being the general rule342,
These results presumably reflect the formation of pentacovalent species from the
chalcogenide and oxidant with the degree of racemization being a function of the lifetime
of the intermediate. Enantiospecific oxidation of phosphenes has been reported to be
unsuccessful*®.
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In general, claims in the literature for oxidation with complete retention or inversion
should be treated with caution since, though this may well be the case in the quoted
examples, it would be unwise to assume that the statement is generally true.

C. Determination of Stereochemistry

1. Cyclic compounds

This is a large field and a great deal of principally spectroscopic work has been
done to elucidate diastereoisomerism and conformation. Much of this relates to oxa-,
thia- or aza-heterocycles and is outside the scope of this chapter. Rings which are
carbocyclic, except for the phosphorus atom, are less amenable to 'H NMR for reasons
of spectral complexity®®®. Lanthanide shift reagents can sometimes simplify the spectra
sufficiently for them to be useful, although several instances are known of conformational
equilibria being disturbed by the reagent. Lanthanides complex at the phosphoryl oxygen
even when alternatives sites, such as carbonyl, are available. These reagents have been
used successfully for rigid systems such as phosphetane oxides®! or bicyclic oxides®?:¢3.
Sulphur and selenium complex poorly with lanthanides, making the shift reagents of
little use in stereochemical assignments for these chalcogenides.

The principal spectroscopic tool is 3C NMR, for which well established Karplus-type
angular dependencies, "Jpc(n = 1,2 and 3) are available'3:°%2, Such relationships do not,
however, establish the geometry at phosphorus and for this reliance must be placed on
chemical shift trends and X-ray analysis. However, for those cyclic oxides where the
proton spectra are resolved, 2Jpcy is related to the dihedral angle OPCH with the anti
orientation having a smaller magnitude than the gauche orientation'”. This appears to
be reliable since, although relatively few examples have been reported, they are mainly
from the well established carbohydrate field. The range of values for 2Jp¢y is considerable
and it would be unwise to make an assignment without having both isomers at hand.

Since the steric (or volume) requirements of oxygen, sulphur, and selenium at
phosphorus are not large and since the increased length of the phosphorus—carbon
bonds (compared with carbon—carbon bonds) diminishes non-bonded interactions
further, influences on the carbon chemical shift are usually related to the orientation of
the exocyclic carbon substituent at phosphorus. In general, the carbon substituent on
phosphorus of the more crowded isomer (usually the axial substituent in phosphinanes)
absorbs upfield of its less crowded partner. This effect is independent of ring size, although
the magnitude may vary considerably and would be expected to diminish in
large rings. No consistent variation is observed in *Jp for axial or equatorial disposition
of the substituent. There is no useful correlation between ring geometry and phosphorus
chemical shift, although in restricted classes of compounds a correlation may be observed.
There are differences in both chemical shifts and coupling constants for axial and
equatorial selenium®® and the developing field of 'O spectroscopy appears very
promising, since both chemical shift and 'J,,, seems very sensitive to geometry®%d.
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Dipole moments have also been used, particularly for rings with more than one
phosphinyl group, and the technique is one of the few methods available for isomer
determination in large rings®. Generally, conformational bias in phosphorus
heterocycles is considerably less than is found in their carbocyclic analogues, presumably
because of the increased bond lengths to phosphorus in comparison with the same
distances to carbon. These resulting small energy differences are reflected in at least one
instance!® of both conformers being found in the same crystal and in conformational
preferences in solution varying with solvent.

In phosphinane chalcogens the chalcogen atom will normally occupy the axial
position!*5 unless steric factors elsewhere on the ring dictate otherwise.- Strongly
electronegative groups on phosphorus may alter this preference. There is no reason to
suppose that the rings do not undergo rapid flipping, however, the cis-diphosphinane
28 shows only a single absorption in its 3P NMR spectrum®® and, in general, separate
peaks for conformers are only seen as low temperatures. Absolute configurations at
phosphorus have been assigned in the phosphasugar series and substantiated by X-ray
structures'”-'®, The only other example is compound 10, whose conﬁguratlon
was also established by X-ray techniques!®

2. Acyclic compounds

The initial steps in this field were taken by McEwen and coworkers2?, who first resolved
an acyclic phosphonium salt and, with both enantiomers available, were able to construct
the simple cycle (equation 11) which established that alkaline hydrolysis and the Wittig
reaction proceeded with opposite stereochemistries. Since it was very likely that the
Wittig olefination proceeded with retention, they suggested that alkaline hydrolysis went
with inversion. Shortly thereafter, Horner and coworkers® established the basic
principles on which assignments of the steric consequence of reaction now depend, using
resolved tertiary phosphines as the starting point. Benzylation of a phosphine and its
regeneration by electrolytic cleavage proceed without affecting the stereochemistry at
phosphorus; similarly, allylation of a phosphine and its regeneration by removing the
allyl group with cyanide ion leave the configuration at phosphorus unaffected. Since
the latter reaction, in particular, proceeds by reaction remote from phosphorus, it is
overwhelmingly probable that alkylation proceeds with retention. Oxidation and
sulphuration are similar to alkylation in involving the lone pair on phosphorus, and it
follows that they too should proceed with retention; hence the steric course of alkaline
hydrolysis and the Wittig reaction of phosphonium salts are as proposed by McEwen
and coworkers. Sulphides may be converted to oxides with inversion by alkylation at
sulphur, which necessarily proceeds with retention at phosphorus, followed by hydrolysis,
hence adddition of sulphur to a phosphine proceeds with retention as expected.
Benzylmethylphenylphosphine oxide undergoes a Wittig—-Horner reaction with
benzaldehyde-N-phenylimine to give N-phenylmethylphenylphosphinamide, whose
optical rotatory dispersion curve had the same sign as the starting oxide, thus lending
strong support to the notion that the Wittig reaction proceeds with retention. Most
Wittig reactions are now believed to proceed via a phosphorane and should theoretically
be capable of stereomutation at phosphorus; such a process might result in racemization,
but it is difficult to see the net steric result being inversion. These reactions and a number
of others shown in equations 23 (largely due to Horner and coworkers) are used to
establish the stereochemistry of phosphine chalcogenides in general. It would be
unwise, however, to assume that these reactions always apply, and there are many
instances of reversal of the expected results. Thus the stereochemical consequence of the
alkaline hydrolysis of a phosphonium salt is sensitive to the nature of the leaving group,
and the size and nature of the substituents?8:5776° Small or strained rings may give
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unexpected results; phosphetanes, for example, react predominantly with retention at
phosphorus’® and the 7-phosphanorbornene system undergoes a range of reactions
unprecedented in less strained or acyclic systems’!. The stereochemistry of none
of these pathways can be assumed on the basis of results with unrelated systems.

The ability to determine absolute stereochemistry spectroscopically would be
very desirable but has attracted relatively little attention. Small chemical shift
differences have been observed for enantiomeric phosphine oxides in both *'P
and 'H NMR spectra when they are in the presence of a chiral solvent; thus
Mislow and coworkers®® used (4 )-1-phenyl-2,2,2-trifluoroethanol (Pirkle’s reagent) to
determine the optical purity of tert-butylmethylphenylphosphine oxide. The same group
established the absolute configuration at phosphorus in the diastereoisomerically pure
methyl phosphinates from their proton spectra’> and hence, by inference, the
configurations of the phosphine oxides prepared from them by Grignard reaction?®.
Pirkle and coworkers”? found small differences (1.4-3.2 Hz at 100 MHz) in the chemical
shift of the methyl group of the enantiomers of three phosphine oxides using
(+)-1-phenyl-2,2,2-trifluoroethanol as cosolvent. With more modern higher field
instruments, these differences will be amplified considerably. More recently,
Moriyama and Bentrude®® have shown that tert-butylphenylthiophosphinic acid gives
better separation (3.0-10.6 Hz at 90 MHz) of enantiomeric groups in the proton NMR
and suggest it may be generally useful for this purpose. Two groups have used chiral
shift reagents, (R)-(—)-N-3,5-dinitrobenzyl-1-phenylethylamine and (+)- or (—)-1-
phenylethylamino-3,5-dinitrobenzamide, to determine stereochemical purity by proton
NMR on the basis of chemical shift differences, usually of a methyl group’7>. These
differences are not large, however, typically only 0.01-0.02 ppm. It might be expected
that ' P NMR differences would be greater and, although they have been observed’® with
lanthanide shift reagents, no stereochemical use of them has been described, possibly
because of difficulties in quantifying the peak heights.
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Other physical methods have not been much used, although diarylmethylphosphine
oxides have been correlated with sulphoxides by circular dichroism. The method is
limited by the need for an appropriate chromophore’’. Chemical methods of configu-
rational correlation are uncommon, largely as a consequence of the limited chemistry
that has been studied for groups attached to phosphorus. Conversion of methylphenyl-
vinylphosphine oxide to ethylmethylphenylphosphine oxide by hydrogenation is one
example*'. By utilizing relay compounds, Lewis and Mislow’® ingeniously
correlated trialkyl- and triaryl-phosphine oxides (equation 24). Conformational analysis
of acyclic compounds has received a reasonable amount of attention primarily for
phosphine oxides. Normal methods for study are dipole moment variation and proton
NMR spectroscopy. The subject has been reviewed’®.

D. Reaction Stereochemistry

1. Oxides

The phosphoryl group is normally regarded as being particularly stable and its
formation is believed to constitute a strong driving force for a reaction. In fact, its
dissociation energy does not differ all that greatly from that of a carbonyl group and
its apparent lack of reactivity seems more a reflection of its reduced polarity, generally
attributed to backbonding between oxygen and phosphorus, than any inherent great
stability. The oxygen is sufficiently basic to allow its protonation with reasonably strong
acids which, if they are chiral, will allow resolution. Whether a hydroxy phosphonium
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salt exists under these conditions or a strongly hydrogen-bonded complex is not known.
With sufficiently powerful alkylating agents, usually trialkyloxonium salts, alkoxyphos-
phonium salts are formed with, of course, retention of configuration at phosphorus®°.
These salts, like their sulphur analogues, undergo alkaline hydrolysis with complete
inversion of configuration; attack at carbon does not seem to occur and has been excluded
by isotopic experiments. Under vigorous acid conditions such as refluxing aqueous
hydrochloric acid, racemization at phosphorus in phosphine oxides occurs, accompanied
by 80 exchange®!-82. This suggests the formation of a pentacovalent species 30, which
is essentially symmetrical under aqueous conditions. A similar result is obtained by
heating the phosphine oxide with a carboxylic acid anhydride to give, presumably, the
diacycloxyphosphorane 31. However, a symmetrical intermediate is not essential for
racemization of a pentacovalent species as ligand reorganization can produce inversion
without bond breaking, as is evidenced by obtaining the same result with hydrogen
chloride in dry dioxane®2. Racemization may also be brought about by N,0,°°, a
reaction whose mechanism is not obvious but which presumably also involves reversible
formation of a phosphorane.

Stereomutation also occurs with Lewis acids, e.g. phosphine oxides are racemized by
lithium aluminium hydride®, presumably via reversible formation of a phosphorus(V)
species. This accounts for the failure of Campbell and Way?® to reduce their resolved
phosphine oxide (equation 26) to an optically active phosphine and the general failure
of this reducing agent to give stereospecific reduction of phosphine oxides. However,
like most reactions of phosphorus compounds, stereochemical generalizations are difficult
to maintain. Thus, the resolution of 1 involved the preparation and separation by
crystallization of the diastereoisomeric amides of the acid with (— )-phenylethylamine.
The enantiomers were regenerated by vigorous acid hydrolysis, which appears to have
had no effect on the optical purity since both enantiomers were obtained with equal
and opposite rotations?®. Further, phosphine oxides with tert-butyl substituents have
been reduced by lithium aluminium hydride with overall retention®3. These reactions

@ @ CONHCH,CH(CH3z)Ph
P i
O/ Nen \

Rand S
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P
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suggest that the racemization process may be subject to both ring and substituent
effects. The combination of lithium aluminium hydride and cerium(III) chloride reduces
phosphine oxides readily but non-stereoselectively®*.

Reduction of phosphine oxides proceeds fairly readily with a variety of silanes
containing a silicon—hydrogen bond under mild conditions unlikely to produce thermal
epimerization of the product phosphine. The inexpensive and readily available
trichlorosilane converts phosphine oxides to phosphines with different stereochemical
consequences, depending on the presence or absence of amines in the reaction mixture®>.
In the absence of an amine the reaction proceeds with predominant retention, as it does
also in the presence of pyridine; in the presence of triethylamine, inversion is observed.
It was soon realized®® that the steric result was affected by the base strength of the
amine used and that with strong bases reduction was being brought about by de-
composition products of the trichlorosilane. This observation led to the introduction
of hexachlorodisilane as a reducing agent®® and this was found to reduce phosphine
oxides to phosphines of good optical purity with inversion at phosphorus. Experimental
conditions are critical with hexachlorodisilane, however, since extended reaction times
beyond that necessary for reduction may result in extensive racemization of the product
phosphine. Some racemization of the phosphine oxide may occur; both processes may
result from the reversible formation of pentacovalent phosphorus species or alternatively
via reversible substitutions on an intermediate phosphonium salt. The latter proposal
is supported by the fact that phosphine oxides may be racemized by silicon tetrachloride,
acetyl chloride, or phosphorus trichloride when the solvent acetonitrile is used, which
should favour polar intermediates. Suggested mechanisms for silane reductions and
racemizations are outlined in Scheme 1. Other silanes, such as phenyl- or diphenyl-silane,

R R R
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are also commonly used and, as would be expected from the initial studies on
trichlorosilane, these reductions also proceed with retention. All silane reductions are
frequently non-stereospecific and varying degrees of racemization are observed. It seems
that a general principle where maximum stereoselectivity is important is to minimize
exposure of the product phosphine to the reducing agents and their oxidation products.
Phosphetane oxides are reduced with retention, regardless of the silane used, reflecting
the constraints imposed by the four-membered ring on the intermediates. Initial reaction
of a phosphetane oxide will give a phosphonium cation (32), particularly susceptible to
further attack to give a phosphorane (33) because of the relief of the severe angular
distortion at phosphorus (ca 20° from tetrahedral) in the four-membered ring when it
is incorporated into trigonal bipyramidal geometry. Permutational isomerisation of such
an intermediate is blocked by the inability of the four-membered ring to lie in the
equatorial plane, since the four-membered ring could not accommodate a 120° angle at
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phosphorus (equation 27). Similarly, phosphetane oxides alkylated at oxygen undergo
hydrolysis with retention rather than inversion and this has been shown by isotopic
techniques to proceed via attack at phosphorus®’. This type of behaviour is common
with phosphetanes and reflects a generally increased reactivity of the phosphoryl group
as a consequence of ring strain. All phosphetane oxides currently available have their
reactivity masked by heavy substitution on the ring, a consequence of the limited methods
of preparation available, and a simpler, less crowded system, should display a diverse
and interesting chemistry. The bicyclic phosphine oxides, e.g. 34 (equation 28), readily
available by either dimerization or Diels—Alder cycloaddition of intermediate phosphole
oxides, possess a severely strained bridging phosphorus which exhibits a remarkable
range of reactions many of which are often unprecedented, and usually unexpected, on
the basis of less strained derivatives’!. Angular distortion in these structures is of the
same order as in phosphetanes, i.e. about 20 ° from the tetrahedral. Attempted oxidation
of the double bond in the ring resulted in oxygen insertion in to the P—C bond®8, a
reaction analogous to the Bayer—Villiger reaction, which is general for strained bicyclic
systems’! and also occurs with phosphetanes®®. The phosphorus may be epimerized by
the action of water or amines, a reaction in striking contrast to the otherwise inert
behaviour of the phosphoryl group towards nucleophiles in unstrained systems. For
example, prolonged refluxing with aqueous alkali or alcoholic alkoxides does not affect
the stereochemistry at phosphorus®? in acyclic systems. It does not follow, however, that
nucleophilic attack has not occurred under those conditions, since in the expected
intermediate (35, equation 29) the oxygen ligand may be effectively locked in the radial
plane of the pentacovalent species.
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Nuc
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Apart from the foregoing, relatively few reactions of the phosphoryl group are known
whose stereochemical consequences have been examined. Allylic optically active
phosphine oxides are thermally stable, unlike the sulphides, e.g. resolved allylmethyl-
phenylphosphine oxide showed no loss of optical activity after 12h at 200°C°°. The
phosphoryl group may be converted to thiophosphoryl, B,S; giving retention and P,S;
racemization®'; removal of proton from carbon adjacent to phosphorus does not affect
the stereochemistry there®°. When a chiral phosphinoyl group migrates in a carbonium
ion rearrangement, it does so with retention of configuration at phosphorus®!.

2. Sulphides and selenides

Little chemistry has been done with selenides and even less of stereochemical interest.
Like sulphides, they are converted by selenoxides into phosphine oxides with a
stereochemical result depending on the selenoxide and the reaction conditions>8,

Sulphides are much less basic towards protons than oxides, but since they are softer
bases they alkylate more readily and alkaline hydrolysis of the resulting thioalkyl-
phosphonium salts affords the oxides with inversion at phosphorus3#*79, Reduction of
sulphides with hexachlorodisilane proceeds, unexpectedly, with high retention of
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stereochemistry at phosphorus’®, in marked contrast to the behaviour of oxides. The
reason for this difference is obscure and, as in the case of phosphine oxide reduction, a
clearer understanding is hampered by difficulties in identifying the silicon by-products.
Once again, in contrast to phosphine oxides, optically active sulphides are reduced to
the phosphine by lithium aluminium hydride with retention of configuration®?.

Allylic phosphine sulphides may be racemized thermally, presumably via allylic
rearrangement to a trivalent thiophosphinite which then undergoes thermal inversion®3
(equation 30). This is supported by the facts that the activation energy of the process is

S
I s/\\
Ph/’:(lu,/\ _ 'L l
Me Ph/ \Me
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3
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similar to the activation energies for the thermal inversion of phosphines and also that
allylic thiophosphinites are known to undergo thermal allylic rearrangement to the
corresponding sulphides®3-°*. Conversion of phosphine sulphides to oxides is brought
about by a range of oxidizing agents and with variable stereochemical results, but usually
overall retention is observed.
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. INTRODUCTION

The pivotal role played by electrochemistry in unravelling the chemistry of reactive
phosphorus intermediates of organophosphorus(V) compounds is discussed in this
chapter.These intermediates are either free radical anions or cations undergoing cleavage
reactions or geometrical isomerizations or biochemical energy transductions. In several
ways the cleavage reactions are similar to the phosphorus(ITI) compounds discussed in
the earlier volume of this series'; P-—C bond cleavage is observed after adding one
electron (le) to the organophosphorus compound. By contrast, the P—O bond in
phosphorus(V) compounds is remarkably stable and is useful in generating reactive
species for initiating redox reactions. One example of this kind is the energy transduction
in biochemical reactions occurring through the phosphate bond of adenosine
triphosphate (ATP); the high-energy phosphate bond (ca 33 kJ mol ™ ')? usefully converts
the reduced or oxidized form of 1e transducing systems. Examples of transducing systems
are pyruvate—acetate, CO,; pyruvate CoA—acetyl CoA*, CO,; a-ketoglutarate—succinate,
CO,; and acetaldehyde—acetate. The phosphate bond has the potential to increase the
concentration of the unenergized form 10°-fold by changing the Nernstian voltage by
350mV.

These results have led to the introduction of energy coupling schemes in biological
chemistry3. An important transduction of the phosphate bond energy into redox energy
is the ATP-dependent reduction by dihydronicotinamide adenine dinucleotide (DPNH)
of 3-phosphoglycerate* via 1,3-diphosphoglycerate to glyceraldehyde-3-phosphate. By
this mechanism uphill reactions proceed at the expense of the high-energy phosphate
bond of ATP. Consequently, there has been growing interest in the redox reactions of
organophosphorus(V) compounds in the last two decades. This quest has led to the
synthesis and characterization of phosphorus(V) liganded complexes using electro-
chemical techniques. Of greater importance is the chemistry of the geometrical
isomerization of metal-phosphido complexes®.

The electrochemistry of diphosphonucleotides has evoked detailed investigations for
more than a decade into understanding the reduction mechanisms of these compounds.
Does the chemical or biochemical reduction occur through a hydride ion or an electron—
proton—electron transfer scheme? This question led to analogues of phosphonucleotides
being synthesized for electrochemical studies to obtain an answer.

The interfacial phenomena at the electrode/solution interface such as adsorption of
organics, in general, and more specifically organophosphorus(V) compounds, has



3. Electrochemistry of organophosphorus(V) compounds 79

generated an interest in understanding the geometry of these molecules in the adsorbed
state in addition to the adsorption kinetics. Theoretical models proposed by Frumkin®,
Langmuir’ and others® have been tested by using the interfacial adsorption of
phosphorus compounds.

This review discusses the mechanisms and reactivities of organophosphorus(V)
compounds during and after the charge transfer at the electrode.

Il. PHOSPHINE OXIDES
A. Triphenylphosphine Oxide: Ph;PO

1. Polarographic characteristics

The electrochemistry of Ph;PO is of interest in relation to Ph;P for the mechanistic
changes occurring in the valence transformation of phosphorus(III) to phosphorus(V)°~'4.
The polarographic characteristics have been examined in solvents such as
N,N-dimethylformamide (DMF), acetonitrile (MeCN) and hexamethyl phosphoramide
(HMPA); the two waves appearing for Ph;PO in these solvents are identified as due
to successive le additions occurring with E'l/2 = —251 V and E'II/2 = —284V vs SCE.
Figure 1 shows a typical polarogram of 1.32mMm Ph3;PO. The wave nature defined by

3.3uA

ol PO |

_,Mul““ N

1.6 2.0 2.4 2.8
—E/V vs SCE

FIGURE 1. Polarogram of triphenylphosphine oxide
from a solution containing 1.32 mM triphenylphos-
phine oxide and 0.1 M tetrabutylammonium iodide in
DMEF. Taken from ref. 11. Copyright (1968) American
Chemical Society.
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E5 . — E 4 for the first wave has a value of 60 mV and for the second wave about 62mV.
The diffusion coefficient of (Ph;);PO is estimated to be 2.35 x 10 >cm?s ™! in DMF.
The polarographic wave of this compound is shifted in the positive direction with respect
to Ph;P, which shows E,,, = —2.70 V vs SCE. Both the polarographic waves of Ph;PO
are diffusion controlled in the above solvents.

2. Cyclic voltammetric characteristics

Cyclic voltammetric experiments at a hanging mercury drop electrode (HMDE) also
exhibit two cathodic peaks at E = —2.52V and E| = —2.88V, corresponding to two
successive le transfers; the first peak is reversible, exhlbltmg a complementary anodic
pcak The constancy of the current function of the first peak and the peak current ratio

/1 ~ 1.0 suggests high stability of the radical anion and the absence of any prlor
reactlon of Ph;PO and DMF!!. However, at very low scan rates, below 0067Vs
the anion radlcal of Ph;PO produced at —2.52V undergoes a catalytic reaction®?
solvents such as MeCN and HMPA; the catalytic reaction is faster in MeCN. This
catalytic reaction is attributed to the electrophilic attack by the solvent on the radical
anion or impurities in the solvent. This interpretation is supported by the observation
of the ESR spectrum of the free radical anion of Ph;PO in DMF by Illyasov et al.'*
with 3!P coupling to the protons of the ring. However, the radical anion decomposes
during longer periods of storage.

The solvent- dependent feature of cyclic voltammetric behaviour was reported by
Santhanam and Bard'!; in DMSO containing Bu,NI two peaks at E,,= —2.44V and
E,. = — 251V were observed at a slower scan rate of 0.15Vs™. The two peaks merged
into one broad peak at higher sweep rates. Both peaks are irreversible in nature. These
peaks are shifted to negative potentials in DMF.

b}

3. Controlled potential electrolysis

The long-term stability of the 1e reduction product of Ph;PO has been investigated by
controlled potential electrolysis'!-*3. Exhaustive reduction in DMF at —2.60V
invariably resulted in a higher steady-state current than the background current
electrolysis. The current—time decay features and cyclic voltammetric analysis after the
electrolysis were indicative of a Ph;PO radical anion reacting with the medium to
regenerate Phy;PO. Saveant and Binh!'® proposed an electrophilic addition by the
supporting electrolyte.

4. ESR features

The electrochemically generated Ph;PO radical anion produces an ESR
spectrum!?'# with fine structure arising from 3!'P coupling with the ring protons.
Chemical reduction using metallic potassium resulted in the radical anion spectrum of
Ph;PO K™, with the spectrum containing potassium ion hyperfine splittings.

5. Redox reaction scheme

The first step in the electrochemical reduction of Ph;PO produces the anion by
reaction 11113,

Ph,PO + e = Ph,PO " (1)

The radical anion reacts with the supporting electrolyte, Bu,N*, as indicated by
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reactions 2—4.

Ph,PO " + Bu,N* —* Ph,POBu + NBu, )
Ph,POBu —% Ph* + Ph,POBu 3)
Ph,POBu —2 Bu’ + Ph,PO @)
An alternative mechanism depicted by reactions 5-7 has also been proposed'?.
Ph’ + Ph,PO " — Ph,PO + Ph~ 5)
Bu’ + Ph,PO " — Ph,PO + Bu~ (6)
2Bu’ — CgH, g or C,H,, %)

The alkylation reactions in DMF and HMPA proceed with rate constants
k;=0.14mol 'Is™! and k,=005mol 'Is™!'3 suggesting that the alkylation
reaction 3 is 20 times slower in HMPA. The cleavage of the P—C bond in reaction 3
is dependent on the dielectric constant; it appears to be facilitated by the alkylation
reaction 2.

Ill. PHOSPHATES
A. Nitrophenyl Phosphates

1. Polarographic characteristics

A large number of nitro-substituted phenyl phosphates have characteristic
polarographic reductions3~!7. The characteristic constants are listed in Table 1. The
diffusion current constant values indicate that these nitro compounds undergo le
reductions with the exception of multi-nitro-substituted compounds. This class of
compounds show multiple reductions as each nitro group is susceptible to reduction
[see tris(p-nitrophenyl) phosphate], provided that geometrical considerations allow
sufficient electron density for the electron transfer. The le reduction produces a stable
radical anion of nitrophenyl phosphates; these behavioural patterns are comparable to
those of the well studied nitrobenzenes!824,

A general feature of nitro compounds is their affinity for adsorption on a mercury
surface; this adsorption results in the appearance of polarographic pre-waves. In a few
cases these waves have been identified and distinguished from the diffusion-limited waves.
Thus p-nitrophenyl phosphate exhibits a well defined adsorption wave (see Table 2)25:2°,
The E, , of diphenyl-4-nitrobenzyl phosphate is shifted in the positive direction owing
to its adsorption on mercury; this feature is also observed with tris(p-nitrophenyl)
phosphate'*?*. The polarographic characteristics such as E, , and |E, , — E, ,| are not
significantly altered by the solvent; the values in MeCN and DMF are nearly the same!>.

2. Cyclic voltammetric patterns

In-depth studies of nitro-substituted phosphates have been carried out using
tris(p-nitrophenyl) phosphate, bis(p-nitrophenyl) phosphate and mono(p-nitrophenyl)
phosphate as model compounds for the phosphates?®2®. Typical cyclic voltammetric
curves of tris(p-nitrophenyl) phosphate and bis(p-nitrophenyl) phosphate are depicted
in Figure 2. The five well defined peaks of tris(p-nitrophenyl) phosphate in the cyclic
voltammogram are reduced to three for bis(p-nitrophenyl) phosphate. This difference
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TABLE 2. Relative changes in the polarographic reduction of
tris(p-nitrophenyl)phosphate®

Height of Wave I, Wave 11,
mercury g ign'?
column (cm) (rAcm™?) (uA cm™1/2)
110.9 0.0139 0.86
100.9 0.0139 0.87
90.9 0.0137 0.83
70.9 0.0127 0.92

“Medium: DMF containingl.47mMm tris(p-nitrophenyl) phosphate and
0.1M Bu,NL. m=1.70mgs™'; t = 2.4s. Reprinted with permission from
ref. 25. Copyright (1967) American Chemical Society.

appears to arise from the complex chemical reactions that occur with the multiple
charge-transfer schemes on attachment of more nitrophenyl groups to phosphate. Table 3
gives cyclic voltammetric data for the three nitro compounds; these features are indicative
of chemical reactions accompanying the charge-transfer process?>. The peak current
increases directly with increasing scan rate.

3. ESR features

The nitrophenyl phosphates produce ESR spectra on electrochemical reduction on
the first wave. Mononitrophenyl phosphates of the type listed in Table 4 show ESR
spectra with characteristic coupling constants arising from nitrogen, protons and
phosphorus!3. The anion radical of diphenyl-4-nitrobenzyl phosphate is unstable and
hence produces no ESR signal. An interesting feature of the ESR of nitrophenyl
phosphates is their close resemblence to those of the nitrophenyl group. The nitrogen
coupling constants of nitrobenzene can be matched with those of nitrophenyl phosphates;
Ay, and Ay, are identical for the two compounds. The conclusion one can draw from
the data is tl?lat the introduction of the phosphate moiety into the nitrobenzene ring
does not perturb the m-electron density distribution in the ring. Further, as the
phosphorus coupling to the electron is observed, there is no steric hindrance offered by
the phosphate. The characteristic ESR patterns of a variety of phosphates are shown in
Figure 3.

The mechanism of the spin density transmission to phosphorus in anion radicals is
fascinating from a geometrical point of view. If the geometry of the neutral molecule
persists even after the le reduction, then the P—O bond length in POi‘ will be 1.54 A
(shorter by 0.19 A from covalent radii) with a bond order of 1.70. It is altered in esters
and phosphoryl oxygens to 1.63 and 1.43A. As the O—P—O and P—O—C angles
were determined by Davies and Stanley?” from crystallographic data as 117° and 122°,
the nitrophenyl phosphates with the above parameters have tetrahedral geometry. The
situation changes with diethyl-4-nitrobenzyl phosphonate; the P—CH,—C angle is
estimated to be 109°. The spin density transmission would depend on the position of
the C—Y—P plane with respect to the plane of the nitrophenyl group (C and Y refer
to the ring carbon atom and oxygen or carbon atom). When a group such as
—CH,PO(OEY), is coupled to the nitrophenyl ring, the phosphorus atom is pushed out
of the plane of the aromatic ring!5. This understanding is supported by the value of
methylene proton coupling constant (2.70 G), which is far from that of the 4-nitrotoluene
anion radical (3.92 G). Further, this non-planarity has reduced a, in comparison with
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FIGURE 2. Top: cyclic voltammetric curve of tris(p-nitro-
phenyl) phosphate from a solution containing 0.1 M tetra-n-
butylammonium iodide and 2.85mM tris(p-nitrophenyl)
phosphate in DMF. Numbers on the recording represent the
number of peaks observed. Sweep rate, 153ms~!; working
electrode, platinum (area =0.031 cm?). Taken from ref. 16.
Bottom: cyclic voltammetric curve of bis(p-nitrophenyl)
phosphate from a solution containing 0.1 M tetra-n-butylam-
monium iodide and 0.3 mMm bis(p-nitrophenyl) phosphate. Sweep
rate, 153mVs~ ' Inset: repetitive cycling of the electrode
potential between —0.83 and —1.25V. Working electrode,
hanging mercury drop electrode (area: 0.022cm?). The
oscillations on the anodic scan are due to oscillation of the
mercury drop due to the ‘stirring phenomenon’. Reprinted with
permission from ref. 17. Copyright (1969) American Chemical
Society.

the planar structure that exists in the semiquinone phosphates?® which have values in
the range 17.2-20 G. Hence the mechanism of spin transmission appear to be based on
C—P hyperconjugation.

The bis- and tris-(p-nitrophenyl) phosphates produce radical anions that can be



T-SAW L9 Jo k1 doomg
1S AW EP6 18 198 SIY) 10§ 2161 doomsg,
S AW 6 I® 198 Sy} 10§ o1er doomg,

;S AW ZZT 18 198 SIy) 10j 2jel doomg,
TS AW [°L9 I 138 s1y) 10] el doomg,
"HDS 01 10adsa1 YIIm a1 S[ENUNOJ 97 PUE GT SJOI WOIJ Udye] ,

[ - /81— areydsoyd [Auayd-onN

0s°C LLT— $9°0 WLET— areydsoyd

- - - - oy 123% €L0 oSET — (1Auaydoniu-d)sig

86’1 65T — Ly'T yeT— £€6'1 66'1 — 96'C P — oreydsoyd

19 17— 180 vTT— e 96’1 — LTE €T — (1Kusydonru-djsui,

(err-AW (zyr AW (g1 - AW (g - AW

N\_w <§v \— /T <§v A\/v N:m<3& A>v N\_w <3.v A\/v

N\~>\Q.~ on_m N:>\Q.N oum N\~>\Q.~ onm N:\»\ﬁ—.~ unm —UEﬂOQEOU

S Jead ¥ ead € ead C Yead

86

»Seydsoyd [Auaydoniu Jo soNsLISIORILYD OLIJAUIWE}OA OIPAD) '€ ATGV.L



3. Electrochemistry of organophosphorus(V) compounds 87

TABLE 4. Electron spin resonance data for nitrophenyl phosphates®

Compound® Parameter Acetonitrile DMF

1 ay 10.43 +0.06 9.93 +0.03
Ay 3641004 3441004
Ay 113£002  LI13£002
a 7.05 +0.06 7.28 +0.02

2 ay 1027 £0.04  9.71 £0.03
347+£0.02  3.46+0.02
1.13+0.02 1.12 +£0.01

1029 +£0.04 10.84 +0.02

3 ay 1026 £0.26  9.61 +0.19

Oy 3334005  3.38+0.02
Ay 1104002 108 +0.05
By 2704002 2814002
a 13.59£023  17.51+0.24

4 ay 9.96+0.03  9.50+0.03

Ay 3424002 3474002
Ay 1124001 112001
a 7924002  8.35+0.02

5 ay 10.50 £0.04  9.75+0.19

Oy 3394001 3.40+0.01
g 103+001 1024001
X 10.50 £0.04  11.06 +0.06
6 ay 10.14£004  9.89+0.03
Oy 346 £002  345+0.02
Ay 1124001 112+001
a, 790002 800+ 0.03
7 ay 10.154+0.06  9.87+0.03
Oy 346 £001  3.46+0.04
Ay 1124002 1124002
X 8274006  8.39+003
8 ay 1032 9.83
g 339 332
a o 1.09 1.09
ag 397 397

“Absolute values of coupling constants are given in gauss, and standard
deviations from the mean are indicated. Proton positions are labelled with
respect to the nitro group. All the radicals in both solvents had a g factor
close 2. Reprinted with permission from ref. 15. Copyright (1966) American
Chemical Society.

b1 = Diethyl-4-nitrophenyl phosphate; 2 = 0,0-diethyl-O-4-nitro- phenyl
thio-phosphate; 3 = diethyl-4-nitrobenzyl phosphonate; 4 = diphenyl-4-nitro-
phenyl phosphonate; 5 = diphenyl-2,6-dimethyl-4-nitrophenyl phosphate;
6 = di(4-methylphenyl)4-nitrophenyl phosphate; 7 = di(2-methylphenyl)-4-
nitrophenyl phosphate; 8 = nitro-benzene.

explained as being due to secondary products such as 4,4-dinitrobiphenyl anion radical
with coupling constants ay =2.96G, a;; = 1.21 G and ay =0.21 G. The ESR spectra of
these radicals are shown in Figure 4. The 4-nitrophenyl phosphate group can be identified
in the spectral recordings®.
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FIGURE 3. 1. (a) First-derivative ESR spectrum of the anion radical of diphenyl-2,6-dimethyl-4-
nitrophenyl phosphate in DMF. Low-field half of the spectrum. (b) Computed spectrum using
ay=9.71G, a; =3.395G, ay = 1.02 G and ap = 11.06 G. Line width: 0.125 G. IL. (a) ESR spectrum
of diphenyl-4-nitrophenyl phosphate anion radical in DMF. Low-field half of the spectrum. (b)
Computed spectrum using ay=9.46G, ay=346G, a,;,=1.12G and a,=8.31G. Line width,
0.125 G. 111 (a) ESR spectrum of diethyl-4-nitrophenyl phosphate anion radical in DMF. Low-field
half of the spectrum. (b) Computed spectrum using ay = 9.93 G, a, = 3.47 G and ap = 7.28 G. Line
width, 0.23 G. IV. (a) ESR spectrum of diethyl-4-nitrobenzyl phosphonate in DMF. Slightly more
than the low-field half of the spectrum. (b) Computed spectrum using ay=9.70 G, ay = 3.34 G,
ay = 1.08 G, a;; = 2.79 G and ap = 17.60 G. Line width, 0.140 G. Reprinted with permission from ref.
15. Copyright (1986) American Chemical Society.
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FIGURE 4. (A) Derivative ESR spectrum of 4,4'-dinitrobiphenyl anion
radical obtained by electroreduction of 2.38 mMm tris(p-nitrophenyl)
phosphate in DMF. (B) Computed spectrum with ay =2.62 G, ay = 121G
and ay =0.21 G. (C) Derivative ESR spectrum of nitrophenyl phosphate
anion radical during reduction of tris(p-nitrophenyl) phosphate in DMF.
(D) Computed spectrum with ay=33G, a;=0.83G and ap,=114G.
Reprinted with permission from ref. 16. Copyright (1969) American

Chemical Society.

4. Redox mechanisms

A strong resonance interaction between the nitro group and other substituents has
been observed in the series of compounds listed in Table 1. The half-wave potentials for
compounds with reference to nitrobenzene shift in the direction predicted by Hammett’s
constant. ¢. This shift also correlates with the observed shift in the values of a,'>'°.

With only one p-nitrophenyl substituent attached to phosphate, the reduction proceeds
as in equation 8, where X and Y represent the substituent groups listed in Table 1,
such as phenyl, methyl, ethyl or benzyl. When two p-nitrophenyl substituents are attached
to phosphate, the radical anion produced is unstable and decomposes by the pathway
in reactions 9—11, where SH represents DMF. The 4,4'-dinitrobiphenyl is further reduced
at —2.54V and appears as the third peak in the cyclic voltammetric patterns. Cleavage
of the C—O bond has been observed by Santhanam and Bard?® followed by coupling
of the radicals to produce 4,4'-dinitrobiphenyl. This molecule is easier to reduce than
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bis(p-nitrophenyl) phosphate and hence the electron spin resonance spectrum of
4,4'-dinitrobiphenyl is observed.

0
NO,CgH 0 !:! +—‘“NOCH 0—P~ (8)
2beMa— YV ~ 264 VT
: /\
X Y X Y

(NO,CeHy—0—),—P—O0H + 2e == [(NO,CgH,—0—),—P—O0H]*~ (9)

SH
0

NO,CgH4CgH4NO, + HO—P—OH + 25~ (10)

OH

NOpCgHaCgHaNO, + 6 === [NO,CgH4CgH4NO, ]~ (11)

The introduction of third nitrophenyl group into phosphate produces more complexity
but nevertheless cleavage of the C—O bond is observed. The reaction scheme during
reduction is depicted by equations 12—15. With this series of molecules the energy-rich
P—O bond remains intact; cleavage of the C—O bond takes place with ease; a similar
phenomenon is observed with diphenylphosphate on reduction.

0
(NOyCgHy—O0—)3—P + 2¢ —» [(N02C6H4—O—-)3—'|F|>]2" (12)
o
[(NopCeHa—O0—)3—P)?™ + 25H —» N02C6H4———O—Ll
OH OH

4+ 25~ + NO,CgH4CgH4aNOp (13)

0 o}

NO,CgHq—O0—P + e — NOxCgH4g—0O—P—OH™" (14)
OH OH OH

NO,C¢H,CcH,NO, + ¢ — NO,C4(H,C,H,NO, ™" (15)

B. Nitrophenyl Thiophosphate

0,0-Diethyl 0-4-nitrophenyl thiophosphate generates a polarographic wave in MeCN
with a half-wave potential at E,;, = — 1.16 V vs SCE, with a wave slope of |E;,4 — E 4|
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FIGURE 5. (a) Derivative ESR spectrum of the anion radical of
0,0-diethyl-0,4-nitrophenyl thiophosphate in DMF. (b) Computed
spectrum using ay =9.68 G, a;;=3.46 G a;; = 1.135G and 4, =10.82 G.
Line width, 0.185 G. Reprinted with permission from ref. 15.
Copyright (1966) American Chemical Society.

~53mV. This wave is due to a le reduction of this molecule’ and the free radical
anion produces an ESR spectrum as shown in Figure 5. The spectrum shows the following
coupling constants in DMF: ay=9.68 G, ayo, = 3.46 ay(, = 1.13G and a, = 10.82G.
The coupling constants are slightly shifted in MeCN: ay=1027G, aye,= 347G,
Aym = 1.13 and a,=10.29 G. Replacement of the phosphoryl oxygen by sulphur (see
Section 3.) produces ay and ring proton coupling constants that are virtually unchanged,
but results in an increase in a, by about 45%,. This feature of incresing a, has also been
observed for the radical produced by dehydrogenation of diphenyl(4-hydroxy-3,5-di-
tert-butylphenyl)phosphine oxide; a change in a, from 14.7 to 15.4 G is observed with
the analogous phosphine sulphide®®. As oxygen is more electronegative than sulphur,
it does not attract the electron towards itself.

C. Quinol Phosphates—Biological Significance

1. Oxidative phosphorylation

Oxidative phosphorylation plays a role in energy transfer schemes in biological
processes. Quinol phosphates possesses the potential for understanding the energy
transduction in biological mechanisms3!. The pioneering work in understanding the
phosphorylating agent stems from a series of publications by Todd and co-workers32733,
Phosphorylating agents such as phosphonic anhydrides on reaction with quinol
phosphate expel an anion as in equation 16.
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o—P O——P< 0
o o~
—2e _
— — + PO3 (16)
OH +0 0

Several studies®?'3> have been carried out on the initiation of the P—O and C—O
bond fission processes. Lapidot and Samuel®®37 indicated that both fission processes
operate in the oxidation schemes. The implication of this finding is that the P—O bond
fission will produce a metaphosphate intermediate for the phosphorylation. Todd’s
group3? has demonstrated metaphosphate generation, but could not find support for
phosphoryl cation formation during the oxidation of quinol diphosphates by a number
of oxidizing agents. The product of these oxidations is quinone; a qualitative correlation
between the redox potential of the quinone—quinol system and the efficiency of quinone
formation has been observed*2. Further support for the finding that P—O bond fission
is susceptible to metaphosphate intermediate formation during phosphorylation has
been arrived at through cyclic voltammetric studies on 2-methyl-1,4-naphthoquinol
1-phosphate?®

2. Cyclic voltammetric pattern

Quinol phosphate (2-methyl-1,4-naphthoquinol 1-phosphate) oxidation at an electrode
takes place over a wide pH range from 2.50 to 10.39°®. The 2¢ oxidation occurs in acidic
solutions at E,=0.60V vs SCE. The product undergoes fast hydrolysis to produce a
semiquinone. The oxidation process occurring at different pH values is depicted in
Figure 6. The anodic peak current decreases with increasing pH, which is attributed to
the equilibrium that exists between the ionized and non-ionized forms. A complete
reaction scheme is shown in Figure 7. The oxidized product is unstable and decomposes
to form the quinone, which is easily identified by its characteristic cyclic voltammetric
features. The cyclic voltammetric parameters are listed in Table 5. The |E, — E | value
is close to the 2e irreversible peak hdvmg a transfer coefficient of 0.53%; the increase in
the |E,—E,,| value with increasing pH is consistent with the complexity of the
mechanism and changes in the transfer coefficient. The current function also decreases
with increasing pH and is a characteristic feature of this oxidation.

— k
0 0—P0z2” ——» 0 0™ + P05~ (17)

In basic media le oxidation of quinol phosphate followed by further oxidation and
cleavage of the P—O bond is observed. The rate constant for the process in equation 17
is controlled by the prior equilibrium that exists which depends on the hydroxide ion
concentration (pH of the medium and pK,). It is considered to be composed of

ki =k, + k,[OH™] (18)

with k; =0.2+0.1 s7! and k, =700 4+ 4001 mol~'s~'. Using equation 18, an estimate
of k¢ in any basic solution can be determined.
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E/V vs. SCE
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FIGURE 6. Top: current-voltage curves for 2-methyl-1,4-naphthoquinol 1-
phosphate in acetate, phosphate and borate buffers. (1) 1M H,SO,; (2) pH 2.50;
(3) pH 4.04; (4) pH 5.63; (5) pH 6.32; (6) pH 7.44; (7) pH 8.38; (8) pH 9.27; (9) pH
11.18; (10) pH 11.87. Bottom: cyclic voltammetric curve for 0.53 mm
2-methyl-1,4-naphthoquinol 1-phosphate in 1M H,SO,. Sweep rate for both
recordings, 60 mV s~ '. The reversible couple at 0.20 V is due to the quinone formed
after the electrochemical oxidation of the electroactive species at +0.58 V.
Working electrode, carbon paste (Nujol). Reprinted with permission from ref. 38.
Copyright (1966) American Chemical Society.
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FIGURE 7. Reaction mechanism for quinol phosphate oxidation.

3. Electron spin resonance features

The ESR spectral features of the oxidized product of quinol phosphate (2-methyl-
1,4-naphthaquinol 1-phosphate) are identified as arising from the substituted quinone
(product IT in Figure 7)*%. Allen and Bond*°, however, generated the following
semiquinone phosphate radical:

. 2_
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TABLE 5. Cyclic voltammetric parameters 2-methyl-
1,4-naphthoquinol 1-phosphate®

pH E,—E,, i/ACV'/?
(mV) (Acm™2Imol 'V~ 1/281/2)
0.59 26.5 2.18
1.44 30.5 1.89
2.50 30 1.84
3.48 36 1.86
4.04 40 1.55
4.48 46 1.38
5.63 49 1.41
6.32 55 1.35

“Sweep rate 0.10 Vs~ '. Reprinted with permission from ref. 38.
Copyright (1966) American Chemical Society.

by chemical oxidation using permanganate at high pH (11.7). The electrolytic oxidation
of quinol phosphate at this pH value can only generate a weak, unresolved signal,
indicating the instability of the radical.

The phosphorylation reaction in biological systems has been of importance in arriving
at the bioenergetics. The nature of the phosphorylating agent is speculative3!4%#1; is
there a reactive intermediate in phosphorylation reactions*?**3? The electrochemical
data together with ESR results for quinol phosphate suggest that the semiquinone

phosphate radical is the phosphorylating agent8.

D. S-(1,2-Dicarbethoxyethyl)-0,O0-dimethyl Dithiophosphate or
0,0-Dimethyl S-(1,2-dicarbethoxyethyl Phosphorodithioate)
(Malathion): (CH;0),P(S)SCH(COO C,H;)CH,COOC H;

The electrochemical reduction of malathion occurs at E, = —0.21V vs SCE at a DME
in ethanol-HCl medium. The second peak is observed at E,= —0.80V vs SCE. In
alkaline medium (NaOH), only one reduction peak at E, = —0.80V is observed**.

E. Nicotinamide Ribose Monophosphate

The redox chemistry of the most familiar form of f-nicotinamide ribose mono-
phosphate (NMN) has been investigated extensively by Schmakel et al.**, using this as
a model compound to understand several nucleotides, such as nicotinamide adenine
dinucloetide (NAD™) and nicotinamide adenine dinulceotide phosphate (NADP™).
NMN exhibits a half-wave potential which is independent of pH up to 5, becomes more
negative between pH 5.0 and 7.5 and then remains constant up to pH 12. These shifts
occur as a result of secondary phosphate dissociation. While the first well defined wave
of NMN™ is observed at E, 2= —090Vvs SCE, the second wave which appears at
E,,=—160V vs SCE is not visible in solutions of pH 5 owing to the background
electrolysis setting in earlier. Both the waves are well defined in solutions of pH 9.6. A.c.
polarographic measurements conclusively establish the first wave as being due to a
reversible le process. The reversibility of the electron transfer reaction has been confirmed
by fast-sweep cyclic voltammetric studies. Table 6 provides the data for NMN™ at
pH 5-9. The first le reduction produces a neutral radical which dimerizes rapidly with
a rate constant of 1.5 x 10°1mol~'s™'. The dimer has been identified by spectral and
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TABLE 6. Dimerization rates of the free radicals derived from
NMN™*, DPN* and TPN*

Parent Solvent pH ky Temperature
compound (Imol~'s™ 1) 0
NMN™* H,0 5-9 1.5 x 106 30
DPN* H,O 5 2.2 % 108 30
7 8.49 x 10°
8 > 10°
9 2.4 % 10°
DMSO 9.0 x 10° 40
TPN* H,0 5 4.3 x 10° 30
7 545 x 101°"
9 1.6 x 10° 30
DMSO 5% 10° 40

“Taken from ref. 58. Measurements using peak current ratio.
Cyclic voltammetric peak potential method.

C//O
\NHZ
(19)
H H o)
dimer C//
\NH2

(I)—Hzc
—O—T=O
OH

OH OH

(1,6 or 1,4)



3. Electrochemistry of organophosphorus(V) compounds 97

NMR studies as a mixture of isomers of 4,4"-, 4,2~ and 6,6'-dimers*>~*7. The activation
energy for the dimerization process has been estimated at 3.6 kcal mol ™ '. The oxidation
of the dimer at —0.28 V produces the monomer*>-46.

The second electron reduction process produces 1,6-dihydro-NMN (NMNH) as the
major product; the other product is 1,4-dihydro-NMN (NMNH). The characteristic
features of the absorption spectra are NMN* in unreduced form having a peak at
265nm; in the reduced form 1,2-species, i.e. 1,2-NMNH, has a maximum at 400 nm.
1,4-NMNH has maximum at 340 nm and 1,6-NMNH shows maxima at 270 and 350 nm.
The features for the dimers of NMN are that the 4,4'-dimer absorbs at 340 nm and the
6,6'-dimer at 260 and 345 nm.

The electrochemical redox pattern in DMSO for NMN™ provides strong support for
the mechanism postulated in aqueous media. It is reduced at E,;, = — 0.99 V with a wave
slope of 45mV. By detailed analysis of the polarographic, cyclic voltammetric and a.c.
polarographic data, the reduction is attributed to the nicotinamide moiety*®. NMN is
strongly adsorbed on mercury and exhibits a pre-wave at —0.38 V. The diffusion-
controlled process occurs at —0.99V and a wave slope of 45mV is indicative of a
dimerization process accompanying the le reduction.

The controlled potential electrolysis of NMN™ in both aqueous and non-aqueous
media supports the le reduction process producing the dimer at the first polarographic
wave. The electrolysis at the second polarographic wave results in the consumption of
2e per mole of NMN ™. The dihydro product has been identified by several physical
techniques*>*®. The reaction mechanism postulated for NMNY is as shown in
equation 19.

1. Oxidation of NMNH

The electrochemical oxidation of NMNH in DMSO proceeds at E, = 0.84 V vs SCE
and based on the data obtained through cyclic voltammetry and chronoamperometry
the process responsible for this wave is estimated to be 2e. The 2e oxidation produces
NMN* and has been identified by the characteristic cathodic peak at —0.97 V vs SCE.
Interestingly, the exhaustive electrolysis of NMNH does not produce NMN™ due to

the following reaction scheme*®~52;
NMNH — NMN* +H* 4 2¢ (20)
NMNH + H* —» H(NMNH)* @1)

H(NMNH)* — decomposition products absorbing at 280-290 nm (22)

The source of the proton in large-scale electrolysis is attributed to the first step (i.e.
reaction 20) or impurities of H,O in the solvent. The absorption arising at 280 nm is
due to the chromophore 1*°. The pseudo-first-order rate constant for this decomposition
is 8.2 x 107*s~ ! at pH 7.1. The decomposition reaction is given in equation 23.

—N—C=—C—C—

(I
(1

The redox patterns of NMN* and NMNH discussed in this section are very similar to
that of 1-methylnicotinamide; the E, , of 1-methylnicotinamide is — 1.03V and that of
NMN® is —0.99Vvs SCE. The charge-transfer schemes are identical with these
molecules, as the nicotinamide ring is reduced during electrochemical reduction.
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F. Diphosphopyridine Nucleotide (DPN*)—Redox Scheme

The electrochemical reduction of DPN* at low pH (< 2) is hampered by catalytic
evolution of hydrogen®®**. If the medium provides a large potential window, such as
—2.0V vs SCE, then DPN* undergoes two successive le reductions. Under other
conditions, it undergoes only one le reduction. For example, at pH4-5, a le reduction
is generally observed at a mercury electrode, whereas between pH 8 and 10 two successive
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FIGURE 8. D.c. and a.c. polarograms of DPN* (0.31 mmM) in pH 9.3 KCl-carbonate
buffer. D.c. polarograms shown with and without the electroactive species (oscillatory
curve and the one below it, respectively). A.c. polarograms: solid lines represent in-phase
(lower set) and quadrature (upper set) components of total a.c. current. Dashed lines
represent corresponding background current. Reprinted with permission from ref. 53.
Copyright (1975) American Chemical Society.
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le reductions are observed. Above pH 10, DPN™ undergoes hydrolysis to produce
nicotinamide and a wave due to the reduction of this species is observed by both
polarography and cyclic voltammetry. The decomposition rate is a function of pH; at
pH9.6 it is 1.99 decomposed and at pH 11.8 it is 88%, decomposed during the same
period of time33. As a result of these investigations, an electrochemical redox pattern is
evolved at pH 9.6 where it is less decomposed.

The characteristic d.c. and a.c. polarograms of DPN™ are shown in Figure 8. Note
that the d.c. polarogram, which exhibits a maximum, is of the first kind. This can be
suppressed by 0.0008% Triton or 5mwm Et,NCl. The a.c. polarogram shows a faradaic
peak (in phase component) at —0.97V (wave I process, quadrature component at
—1.04V) and a barely discernible peak at — 1.65V; this is due to the wave Il process
capturing 2¢ by DPN" at the electrode. The adsorption—desorption phenomena are
well depicted in Figure 8. A significant depression of the differential double layer capacity
is observed at —0.65V due to the above process.

The first 1e reduction of DPN* produces a neutral radical which dimerizes to produce
an a.c. polarogram as shown in Figure 9; the dimer surface activity shifts the tensammetric
peak (E, = — 1.27V) in the negative direction. The formation of a DPN free radical, its
dimerization rate and the redox characteristics of the dimer have been investigated in
detail*®:33:34_ As it is coenzyme I in several biological reactions, the redox characteristics
have been examined in the pH range 0-12. The lack of a potential window up to pH 2
restricts the study of DPN™ above pH 2. From pH 2.0 to 9.3, it undergoes a well defined
1e reduction. Above this pH, DPN™ undergoes two successive cyclic voltammetric le
reductions at E; = —0.90Vand EL’ = — 1.16 V. None of the peaks shows complementary

0.6

04

o2

A.c.current/p A rms

o) 1 ! 1 L ! 1 1 L I
0 -0.4 -0.8 -1.2 —-1.6

Potential/V

FIGURE 9. Effect of DPN* concentration on the adsorption-desorption behaviour of
the DPN dimeric reduction product. Quadrature components of a.c. polarograms for
solutions of 1.50 M in KCI and 0.25 M in carbonate buffer (pH 9.9). DPN concentration:
(A) 0.04; (B) 0.12; (C) 0.34; (D) 0.88; (E) 1.26; (F) 1.76 mMm.
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anodic peaks at sweep rates of < 10 Vs~ . This sweep rate dependence on the appearance
of anodic peak (> 10 Vs™!) has been used to obtain the dimerization rate constant for
DPN™ and the activation energy for this process. Table 6 summarizes the data for the
dimerization reaction.

Controlled potential coulometry of DPN* at —1.20V consumes le per mole,
producing a dimer with E,;, = — 0.25V (the process is due to oxidation of the dimer to
DPN™). The effect of pH on the stability of the DPN dimer is shown in Figure 10. The
nature of the dimer has been identified*®-**~57 by absorption spectroscopy to be a
mixture of dimers linked in the 4,4-and 6,6'-positions. As it was not possible to isolate
the products®8, subsequent studies®” using reversed-phase HPLC and gel filtration on
Sephadex G-15 and NMR spectra identified the dimer as the 4,4’-isomer. Small
amounts( < 10%) of other isomers were also isolated. Electrolysis at — 1.60 V produced
a mixture of 1,4- and 1,6-dihydro isomers of DPN™. The 1,4-dihydro isomer is 54%
enzymatically active®”-*%; the 4,5-C=C bond of the 1,6-isomer has enamic nucleophilicity
and exhibits a UV absorption maximum at 340 nm; conjugation with the 3,4-double
bond of the pyridinium ring is removed by protonation.

The electrochemical behaviour of diphosphopyridine nucleotide in non-aqueous media
was first studied by Santhanam and Elving*®. This study established the need to have

Absorbance at 340 nm/%

1 1 1 I
0 16 32

Time/h

FIGURE 10. Effect of pH on stability of the DPN dimer. Buffer solutions
and dimer concentrations above pH 9, carbonate buffer and 2.16 x 107° M;
below pH 9, Mcllvaine buffer and 1.89 x 10~ ° m; all solutions stored under
air at room temperature.
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a proton environment for the reduction scheme. The reduction of DPN* in DMSO
occurs at E;, = —0.98V, with the polarographic wave having a slope of 46mV. The
diffusion coefficient of DPN* in DMSO is evaluated as 0.28 x 10" 3 cm?s ™!, which is
considerably lower than in aqueous media. The cyclic voltammetric pattern is well
defined with a peak at E,, = —1.03Vvs SCE which is irreversible at slow sweep rates
of <6.0Vs™!, consuming le; the neutral radical of DPN dimerizes with a rate constant
of 9x10°Imol 's~!. Based on quantum mechanical calculations, the site of
dimerization is predicted to be either the 4,4'- or the 6,6’-position. A clear demonstration
of the stability of the dimer in DMSO compared with aqueous media shows the proton
involvement in its decomposition reaction. As the instability is due to the pyridine-derived
species having a chromophore of the type 2:

I
—NH—C= C—C=0
)

the ring structure is removed by the proton addition. The low proton activity of DMSO
explains the greater stability of the dimer. Based on the results obtained in aqueous*?+57-5°
and non-aqueous media*®:%%-®! the redox scheme shown in equation 24 has been
proposed for DPN™.

0 )
i i
= “NNH, = “SNNH,
| + e —= |
R+ N
0—CHp o N 0—CHp o I
I | -
0—P=0 “0—P=0
| H H H H
o OH OH NH, OH OH NH,
HO—P==0 N X HO—P =0 N X
T e
0—=CHy, N7 N\F O—CHp N N
o o
HoH HoH
H H H H
OH OH +e HE OH OH
dihydro l
compound dimer

(24)

1. Oxidation of DPNH

The electrochemical oxidation of DPNH at solid electrodes such as a glassy carbon or
platinum exhibits a cyclic voltammetric oxidation peak at E,,=0.67V and a
complementary cathodic peak at E,,= —1.13V in aqueous media*®:>°. The cyclic
voltammetric features are ratio of the peak currents =0.25, (E,, — E,, ;) =80mV and
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(Epa— E, ;)=TmV at pH7.1. The value of an, (where « is the transfer coefficient and
n, is the number of electrons involved in the rate-determining steps) is 0.46. The above
features in solvents such as DMSO are E,, =089V, E, .= —095V, i,/i,, =0.26 and
n=2. The effect of added bases such as pyridine or tri-n-butylamine is to increase the
peak current in acetonitrile®®, but no effect is observed in DMSO. This is probably
caused by oxidation of the base taking place at the potential of DPNH. The presence
of dissolved oxygen in the medium did not affect the anodic peak but it significantly
shifted the cathodic process*® as oxygen is reduced in this region. The
chronoamperometric data of DPNH in the absence of a base gives an estimate of n = 2.

Controlled potential coulometric oxidation of DPNH yields a non-integral
electron-transfer process (n = 1.5)*°. This lower value has been ascribed to protonation
of DPNH by the protons generated during electrochemical oxidation; this process is
similar to acid-catalysed decomposition of DPNH. The process rate constant is measured
as 8.5 x 107*s~ 1, The decomposition product absorbs at 280-290nm with no peak
characteristic of DPNH being present. As this reaction is slow, Jaegfeldt et al.5? coupled
a coulometric oxidation of DPNH to a continuous flow reactor system where the 2e
product of DPNH is enzymatically reduced. By this method, the coulometric value of
n=2 was obtained. However, to achieve this n value, a special electrode treatment is
necessary*’. At the glassy carbon electrode very little adsorption of the final product,
DPN, has been observed*®®35% very significant adsorption and passivation of the
electrode process have been observed on a clean platinum electrode®®.

The electrochemical oxidation of DPNH has also been carried out at chemically
modified electrodes®®:®”. The catechols 4-[2-(2-naphthyl) vinyl catechol](NSCH,) and
4-[2(9,10-ethano-anthracene-9-yl)vinyl catechol (ASCH,) are adsorbed on a graphite
electrode. The catechol moiety was tailored to move in and out of the solution, whereas
the naphthalene and ethane—anthracene ring systems were attached to the electrode.
The catalytic oxidation of DPNH decreased from 410 to 185mV vs SCE at the
NSCH,-covered electrode in aqueous medium of pH 7.0%7. The catalytic oxidation of
the NSCH, and ASCH, electrodes between DPNH and the mediating group is much
faster for the NSCH, electrode. A similar catalytic process has been observed with a
4-[2-(1-pyrenyl) vinyl catechol](PSCH,) modified electrode. The reaction scheme is
shown in equations 25-27.

PSCH, —> PSC + 2H* + 2¢ (25)
PSC+DPNH + H* -, PSCH, + DPN* (26)

Overall reaction:
DPNH — DPN* + H* + 2¢e 27

k, is estimated to be 1 x 10*Imol™*s™ ! %8779 The reaction pathway of DPNH was
unravelled in several investigations’'~73. Of these the catalytic oxidation of DPNH
through electrogenerated diimines is an interesting model system’?.

An interesting experiment on phosphorylationn coupled to DPNH oxidation was
performed by combining two galvanic DPNH oxidation cells with a galvanic—electrolytic
phosphorylation cell’*. This scheme is depicted in Figure 11. The four galvanic cells of
DPNH oxidation are

DPNH —> DPN* + H* + 2 (28)
2H* + %Oz +2e — H,0 (29)
and the overall reaction is

DPNH + H* + 10, — DPN* + H,0 (30)
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FIGURE 11. Phosphorylation set-up: Electrolytic cell (A) and galvanic cell (B). 1,
Voltmeter; 2, potentiostat and coulometer; 3, anode of titanium nitroxicarbide base
ceramic; 4, salt bridge; 55, saturated calomel electrode; 6, cathode (iron wire); 7, pH
meter; 8, KCl aqueous solution (40 ml) containing 1-3 mm ADP and 2-6 mMm acetyl
phosphate for ADP phosphorylation + 1.1 mM DPNH for DPNH oxidation; 9, 0.1 M
HCl (40ml); 10, coulometer; 11, resistance (1.0Q); 12, cathode (platinum
plate); 13, 2.8 M HCI (40 ml); 14, magnetic stirrer. Copyright (1989) Electrochemical
Society.

The electrolytic cell for DPNH oxidation occurs as

DPNH — DPN* + H* + 2¢ (31)
The overall reaction is represented by
DPNH +H* +10, — DPN* + H,0 (32)
The galvanic cell for phosphorylation follows the reaction
ADP + H;PO, — ATP+H,O0 +2e+2H"* (33)
2H* +10, +2¢ — H,0 (34)
and the overall reaction is represented by
ADP + H,PO, + 10, — ATP +2H,0 (39
The electrolytic phosphorylation cell is depicted as
ADP + H,PO, —> ATP + H,0 +2e+2H" (36)

A comparison of the electrochemical with a non-electrochemical method, such as
DPNH oxidation by a titanium-nitroxide based ceramic board, shows that the velocity
of phosphorylation in the former method is faster’*. The mechanism of oxidation of
DPNH to DPN* and the reverse reduction reaction involving a one-step hydride transfer
or a stepwise electron—proton—electron transfer has been investigated’>'7® by using DPN
analogues.

G. Other Diphosphonucleotides

Triphosphopyridine nucleotide (TPN*, coenzyme II) shows characteristic features
with E;, = —0.95V having a wave slope of 60mV?>>. It is strongly adsorbed at the
electrode/solution interface; this feature is observed with DDPN* (deamino



104 K. S. V. Santhanam

diphosphopyridine nucleotide). An adsorption well or depression prior to the appearance
of the first polarographic wave I is striking with DDPN* 33, The general features of all
these compounds are very similar with 1e reductions to form neutral radicals followed
by their dimerization. The dimerization rate for TPN is 4.3 x 1061mol~'s™! (pH 5.0)
and 1.6 x 10°1mol~'s™! (pH 9.0) and for DDPN* 1.7 x 10°1mol~'s~!%3, The
activation energy for the dimerization process is estimated to be 9.0 kcal mol~! for TPN.
The electrochemical behaviour of DDPN™ and TPN™* in a non-aqueous solvent indicates
E,, = —1.00V and — 1.06 V vs SCE with diffusion coefficient values of 0.08 x 10~ > and
0.14 x 1073 cm? s~ 148,

The synthesis of the DPN* analogue having ¢-adenine (etheno bridge between exocylic
amine group and the N(6) atom of adenosine) instead of adenine and its electrochemical
properties have been reported’”. It gives rise to two polarographic waves in the pH
range 2—-12, but the mechanisms involved in acidic and alkaline media are different. The
acidic medium produces the first le reduction of the nicotinamide ring, which is
subsequently followed by reduction of the E-adenine moiety of the f-DPN* molecule.
This one-step successive le reduction is changed to two one-electron reduction steps in
alkaline media as observed with DPN ™.

One of the important questions that is addressed in DPN ™ redox chemistry concerns
the mechanism by which it is converted into the reduced form, DPNH’8. There are two
ways by which a chemical reductant can bring out this process. One is to transfer an
electron, then a proton and finally another electron®®7°, and the other is to transfer a
hydride directly’®. The discussion in the literature is oriented towards high-energy
intermediates. A recent study’® of measurements of 35 rate constants for hydride transfer
in DPN™ analogues, and application of Marcus theory by utilizing structure-sensitive
solvent reorganisation parameter, A, overwhelmingly supports the second way. The
electrochemical reduction of DPN™ follows a different route, however, as discussed
earlier.

Pyridoxal-5'-phosphate and n-hexylamine form a Schiff’s base, which has been
investigated in detail in the pH range 2-13. Two waves were observed in d.c.
polarography; the first is due to the reduction of the —CH=N— bond and the second
to the reduction of pyridoxal-5-phosphate®®. Pyridoxal-5-phosphate has been
investigated polarographically®!. The hydration and dehydration of pyridoxal-5-
phosphate over a wide pH range has been determined experimentally; the reaction is
centred on the carbonyl group®!. The polarographic and voltammetric data indicate
that the currents are kinetically controlled.

Cytidine monophosphate exhibits a reduction at E;;, = —1.45V in acetate buffer
(pH 4.1)32 and the reaction mechanism is kinetically controlled.

H. Flavin-5'-phosphoric acid

Flavin mononucleotide (riboflavin-5'-phosphoric acid) (FMN) and flavin adenine
dinucleotide (FAD) are strongly adsorbed on electrodes, especially mercury electrodes®>.
The molecular orientation in the adsorbed state has been probed; FAD occupies a
geometrical area of 280 A2 corresponding to the molecular model.

The electrochemistry of FMN is very similar to that of riboflavin in both aqueous®#-8°
and non-aqueous media®; it exhibits a prewave. Riboflavin also has similar prewave.
It undergoes le reduction to form the riboflavin anion with Epc= —0.78V vs SCE
followed by its decomposition to give two products with one of the products undergoing
reduction at — 1.07 V. In aqueous media FMN reduction to an FMNH:FMNH, complex
which is not further reduced is suggested®®. The reversible reduction of FAD and
FMN has been conclusively shown by impulse polarization; the maximum height is
proportional to the concentration of prosthetic group®”’.
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TABLE 7. Product yields from f-dicarbonyl enol phosphate electrolysis®

Compound

Product

Yield (%)

OPO(OE),

Jot

COLEt

OPO(OEt),

Jot

COMe

OPO(OE1),

ISh

COEY

7 NCO,Et

bR

OPO(OEt),

7 NCoLEt

<2

OPO(OEt),

7 "NCO,Et

e

OPO(OEt),

77N C0,Et

3L

OPO(OE1),

=

OPO(OEt),

)Q?

CO,Et

" 4

Wi,
11,
“"Me

CO,Et

iy,
“H
i,
o
e

T

o
CH,COLEt

i,
g ” Me

i,
/CH,COLE!

Ry Rz

1,
om

2
CH,COLEt

Re_-R2

o
CH,CO,Et

58

55

38

63

53

51R, =H,
R,=Me

10R; = Me,
R,=H

41R, =H,
R, =Me

18R = Me,
R,=H

26R, = CO,Et
R,=H

22R; =H,

R, =CO,Et

“Reprinted with permission from ref. 88a. Copyright (1990) American Chemical Society.
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The electrochemluminescence of the FMN anion and the 9,10-diphenylanthracene
(DPA) cation has been investigated®®. The reaction mechanism for the production of
the excited state has been proposed as in equations 37 and 38. This conclusion is
supported by the effect of a magnetic field on the electroluminescence intensity. This
reaction is an example of an intermolecular electron transfer between FMN~ and an
acceptor to produce the triplet state.

FMN™ + DPA* — 'FMN + *DPA (37)
3DPA + *DPA — 'DPA* + 'DPA (38)

The electrolysis of f-dicarbonyl enol phosphates in DMF produces o,f-unsaturated
carbonyl compounds via the attack of vinyl radical produced during the electrolysis®®.
Table 7 gives the yields obtained with various f-dicarbonyl enol phosphates. The results
are indication of a double intramolecular cyclization of initially formed vinyl radicals.

IV. PHOSPHAAZENES

A. Phospha-)5-azenes: pn—dn double bonded systems

Phospha-43-azene systems of type 3, where R = p-NO,, p-CN, m-NO,, p-CF5, p-Cl,
p-F, H, p-Me, p-OMe and p-NMe, are unique in that they have the resonance forms

(C6H5 )3P=N ‘@
R

(3)
R,P*—N—R'&R,P=N—R'&R;P* —N=R’ (39)

TABLE 8. Polarographic and cyclic voltammetric characteristics of phosphonitriles®

N Lifetime of
Compound Structure (\/) radical (s)°

I. Hexaphenyl [NPPh,], —2.65 <1
cyclotriphosphazene

II. Octaphenyl [NPPh,], —2.67 <1
cyclotetraphosphazene

III. Tris(2,3-dioxy- [NP(2,3-0,C,Hg) 15 —-1.24 >10
naphthyl)cyclo-

triphosphazene

IV. Tris(1,8-dioxy- [NP(1,8-O,C,oH¢) 15 —1.83 >10
naphthyl)cyclo-

triphosphazene

V. Tris(2,2'-dioxy- [NP(2,2-0,C;,Hg)]5 —2.33 —
biphenyl)cyclotri-

phosphazene

VI. Tris(1,3,5-triphenyl)- [NPPh(OCH,CF,)]; —245 <1
tris(1,3,5-trifluoroethoxy)-

cyclotriphosphazne

“Potentials are referred to SCE. Reprinted with permission from ref. 100. Copyright (1969) American Chemical
Society.

*From polarographic data.

‘Cyclic voltammetric method.
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TABLE 9. Cyclic voltammetric data for reduction of azenes®

Scan rate E, E, D x 1073
Compound (VS™ (V) ) il (cm?s™1)
Ph,P=NCH,NO,-p 0.02 —1.728 —1.660 0.95 1.34
0.05 —1.730 —1.658 0.96
0.10 —1.732 —1.655 0.97
0.20 —1.734 —1.652 0.99
Ph,P=NC4H,NO,-m 0.02 —~1.601 ~1.535 0.99 1.50
0.05 —1.603 —1.532 0.99
0.10 —1.606 —1.529 0.98
0.20 —1.610 —1.528 0.97

“Medium, acetonitrile; carbon working electrode. Potentials are referred to Ag/AgNO . Reprinted with permission
from ref. 103. Copyright (1986) American Chemical Society.

which involve pn—dn double bonds. The resonance forms and the electronic structures
of the above systems have been probed®®-?° by electrochemistry and spectroscopy to
gain an insight into the phosphorus—nitrogen coupling®!~°°. Phosphazines of the type
[NP(OPh),15, [NP(OPh),],, [NP(NHPh),];, [NP(OCH,CF;),]; and [NP(O,CcH,) 15,
where n= 15000, have been investigated by electrochemical and ESR methods!?® to
obtain structural parameters. The cyclic voltammetric characteristics are given in Table 8.

Controlled potential electrolysis of the compounds listed in Table 8 have generated
ESR spectra indicating that the reduction is a simple le process. The ESR spectra of
radical anions of I and Il produced an unresolved spectrum with g =2, with a total
spectral line width of 20-30 G. The ESR spectra of III, IV and V showed 13-15, 5 and
15-20 lines, respectively. The delocalization of the unpaired electron in Ph,P is indicated
in the above radicals.

N-Phenyltriphenylphospha-4°-azene has been examined polarographically in DMF!°!
and acetonitrile!®2. The anion radical formed by le reduction is accompanied by proto-
nation and further reduction. In-depth studies by Pomerantz et al.'®® led to the
characterization of electrochemical process. Tables 9-11 summarize the cyclic
voltammetric characteristics for the above compounds and m-NO,-substituted azene.
The mechanism for the reversible cyclic voltammetric peak is represented by equation 40.
The anion radical undergoes hydrogen abstraction and a further electron transfer
resulting in the formation of aniline derivatives. The characteristic diffusion coefficients
of azenes are given in Table 9.

ph3p=N—@——N02 te ==— Ph3P=NN02

(40)

1. Oxidative patterns

The azenes exhibit irreversible peaks in cyclic voltammetric experiments, the location
of the peak potential being dependent on the nature of the substituent R*°3. Table 10
gives the characteristic peak potentials for a large number of azenes. With p-OMe and
p-NMe, as substituents, the anodic peaks are partially reversible at a slow rate of
0.10 Vs~ ! and tend towards complete reversibility at 10 Vs~!. The cyclic voltammetric
patterns suggest an initial electron transfer followed by a chemical reaction. The stability
of the one-electron oxidation product can be correlated with the lowering of the charge
density on the substituted aryl ring by the substituent.
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TABLE 10. Oxidative peak potentials of azenes®

R® E, (V) R’ E_.(V)
p-NO, 0.844 p-F 0.480
p-CN 0.741 H 0.465
m-NO, 0.752 p-CH, 0.371
p-CF, 0.740 p-OCH, 0.210
p-Cl 0.512 p-N(CH3), —0.195

“Potentials are with respect to Ag/AgNO,. Medium, acetonitrile; working
clectrode platinum. Reprinted with permission from ref. 103. Copyright
(1986) American Chemical Society.

¥Basic structure
— Y
R

The effect of the substituent on the primary oxidation wave for phospha-4°-azenes
has also been successfully correlated with the ionization potential (energy of the highest
occupied molecular orbital, E, ). The observed trend is an indication of the site of
electron abstraction in the azenes as the lone pair on nitrogen which is delocalized into
the aromatic ring'®%; the plot of E, , of anilines with the same substituents and E_ of
phospha-/43-azenes yields a straight line.

The electronic properties of phosphazenes are of importance in understanding the
electron-withdrawing power®!-93:1007105 of these molecules. The redox potentials of
phosphazenes bonded to ferrocene have been measured; the trans annular linked

1
0.0 0.4 0.8 1.2
E/Vvs Ag

| T S Y N S

FIGURE 12. Cyclic voltammetry of 1mM solutions of ferrocene
(Fer) and XIII = [N;P;F(n-CsH,)Fe(n-CsHs) ], 1L =[NP F (n-
CsH,),Fe] and II=[1,5-N,P,Fq(n-CsH,),Fe] in acetonitrile
containing 0.1 M tetracthylammonium perchlorate. Sweep rate,
0.10 Vs~ !. Reprinted with permission from ref. 106. Copyright
(1988) American Chemical Society.
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ferrocenyl phosphazenes have potentials shifted twice as much as those of the pendent
analogues. The structures of a few ferrocene-substituted phosphazenes (4-7) are shown.

N
e P l
g \N/ NF F—T-——N:T_F
F F
(4) (5)
Cl cl
c P—N_ CI Cl N—P—CI
e
Fe P\ /N
C|-—\P= N=T_Cl
Cl (6) Cl
TI @Fe@ C|l
Ci—P—N N—PR—ClI
7\ 7\
N pP— P N
/
Cl—P=N N=—P —ClI
(of] Ci

(7)

The oxidation potentials are dependent on the non-geminal site substituent. The cyclic
voltammetric reversibility of phosphazenes is well defined in Figure 12.

The eletronic properties and redox conduction of ferrocene-substituted high polymeric
phosphazenes!®” are markedly different from the solution behaviour of the monomers.
Surface-immobilized films of [N;P;F4(#-CsH,),Fe)], in CH,Cl, exhibit a large difference
in their oxidation and reduction peak potentldls (AE,=0.26 V For [N;P5(OCH,CF3);-
(n-CsH,)Fe(y-CsHs),], the separation is neghg1ble showmg a symmetrlc pattern. A
similar pattern was noticed for [N;P;(OCH,CF;),(#-CsH,),Fe],. The mechanism of
charge transport in these polymeric films has been probed and the charge transport
rates are given in Table 12. The structure of polyphosphazene (shown in Figure 13)
together with the data in Table 12 suggests that the charge transport rate depends on
the mobility of the ferrocene. The greater rate of charge transport observed with the
rigid bridged ferrocene polymer [N;P3(OCH, CF3)4(11 C sH,Fe),], suggests a metal-like
conduction occurring in the partially oxidized form!°®



110

‘191008 [ed1WAY ) urdLIdWY (886 1)1yS11Ado)y L] o1 wouj uoissiuniad yim parunday Sy 01 paliajal sjenualod,
€01 Jo1 woly uae ] “*ONSY/3V 0} paiidjel s[enuslod,
“3[LI}IUOI0E [WNIPIJA "9POIIOYR SuIyIom 14,

SLO [CH D-WeA("H D-W)*(F IO HDO) d*N]
680 [CH O-WeA("H D) 1"d"N]
98°0 [CH D" A("H D) 45 d°N]
¥6°0 [RA*("H O-W)"(*H’D0)*d*N] S61°0— d-5ONN"H ON=d*ud
860 [A*("H*O-l)°(FAD*HOO) d"N-€°1] 010 d-9NOYH°ON=dfud
901 (A% ("H O~ W°(FADTHOO) d*N-¢1] 1LE°0 d-ON"H°ON=Jd*ud
48! BA"H O-W(H®DO) A d N] S9%°0 UdN=d*ud
€Il [A4("H O~ 1)° (FAD*HOO0)’d°N] 08+°0 d-J"H°ON=d*ud
28! A "H O W(FHO'HDOO) 1°d N] TIS0 d-1D"H°ON=dyd
8I'1 [AX"H O~ 1)F10°d°N] 0vL0 d-* JDYH°ON=d%ud
8I'1 A CH DO W A5 dN] L0 w-*ON"H®°ON=d*ud
171 LA ("H O U)° A*d*N-5T] 19L°0 d-ND"H°ON=d*ud
ST1 A ("H O 1D°d°N] ¥+8°0 d-*ON"H°ON=d"ud
W ,souazeydsoyd paninsqns-a0uad01Id,] NN Souaze- y-eydsoydiAusydin-4‘q‘d-[£1y

ysauazeydsoyd jo srenjuajod yead WOTIBPIXO SLOWIWIEI[OA JIPAD "TT ITIVL



3. Electrochemistry of organophosphorus(V) compounds 111

TABLE 12. Charge transport rates of ferrocene-substituted polyphosphazenes®

POIymer (D:l/l C)anod. (Dcll/Z C)calh.
(10" #molcm™?) (10”8 molcm ™ ?2)
[N3P,F,(4-CsH,),Fel, 141 +0.15 1.52 +0.24
[N3P3(OCH,CF3)(n-CsH,)Fe(7-CsH,) 1, 1.96 +0.18 1.81+0.44
[N,P(OCH,CF),(1-C.H,),Fe], 320+ 0.20 6.19 £ 1.65

“Measurements were made on potential step transients. Reprinted with permission from ref. 107. Copyright (1988)
American Chemical Society.

RARRAAARLR

I—P—N——P— —p =N—P=N—||—P=N—P=N—P=N—P=N—P=N— pP==N—

l I | |

OR OR OR OR OR OR OR OR OR OR OR OR
R=CH,CF3

FIGURE 13. Structure of polyphosphazene. The numbers represent the number of anchored units.

V. PHOSPHORUS-BRIDGED METALLICS

A. Rhodium Phosphido-bridged Complexes

The electronic effects in phosphido-bridged complexes of transition metals have evoked
a number of studies! 87113, The electrochemistry of the Rh—Rh double bond and the
isomerization of the rhodium(I) system on electrochemical reduction and reoxidation
have been of interest in determining the electronic effects. A series of metal carbonyl
complexes (phosphido-bridged complexes) were investigated by Winner et al.'** and
Dessy and coworkers!!>™*17, The carbonyl complexes of rhodium provide a case for
reversible geometrical isomerization!!8, Figure 14 depicts such an isomerization for a
di-tert-butyl phosphido-bridged complex on reduction. This scheme is a typical case of
electron transfer followed by chemical reaction followed by further chemical reaction
(ECE), where the chemical reaction is a geometrical isomerization producing an isomer
which is more easily reduced than the parent compound. The rate constant for this
isomerization is estimated to be about 600s~! 118 Interestingly, the reoxidation at an
electrode produces the parent species through the steps shown in Figure 15; the original
geometry of the metal is restored. The cyclic voltammetric features interestingly provide
a model for understanding this isomerization (see Figure 16) a typical cathodic peak
followed by two anodic peaks representing an ECE process. The X-ray crystallographic
structure of the dianion shows an imposed inversion centre at the middle of the Rh—Rh
vector. The structure of [Rh(u-t-Bu,P)(CO), ], shown in Figure 17 indicates the possibility
of three isomers with metal bonds of order 0,1 and 2 extremely close in energy''®; the
square-planar—tetrahedral and square-planar—square-planar isomers are the only ones
actually observed.

The electrochemical reduction of rhodium phosphido-bridged complexes places the
added electron on a n*-antibonding orbital of the metal-metal doubly bonded isomer.
Further reduction of this system requires 2e to be accommodated, which forces the
tetrahedral-tetrahedral configuration.

The cyclic voltammetric pattern of [Rh(PPhj);]( DME)(CIO4) correlates well with
the rhodium phosphido-bridged complexes!!®~ 12 2, it is reduced in two le reversible
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FIGURE 14. Reaction mechanism. Geometrical isomerization following
the reduction of rhodium phosphido-bridged complexes. Representation
of ECE mechanism is indicated. The abbreviations for each species describe
the approximate geometry of the metals (T = tetrahedral, P = planar) and
the charge on the complex (N =neutral, A =anion, D = dianion).
Reprinted with permission from ref. 118. Copyright (1985) American
Chemical Society.

steps (equations 41-44). The first reduction has E°= —120V and the second
E5=—1.73V''"®. The above reaction scheme is sensitive to the excess PPh;
concentration. The kinetic parameter for reaction*? has been evaluated from the
dependence of the scan rate on the half-wave potential; it is given in Table 13.

[Rh(PPhy)]7 == Rh(PPh), (41)
k
Rh(PPh,), + PPh, :k’: Rh(PPh,), 42)
b
Rh(PPh,), = [Rh(PPh,),]~ (43)
2Rh(PPh;), — [Rh(PPh;),], (44)

The effect of PPh; concentration on the kinetic parameter is also revealed by the data
in Table 13. The ESR spectrum of [Rh(PPh;),] obtained by controlled potential le
reduction of [Rh(PPh;);]" shows anisotropy (Figure 18) with g, =2.22, g, =2.10 and
g5 = 1.99. The interaction of the metal with one phosphorus ligand is revealed by the
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FIGURE 15. Reaction mechanism of geometrical isomerisation (reverse
of that shown in Figure 14) on oxidation of the final product. The last step
is a chemical step. Abbreviations as in Figure 14. Reprinted with permission
from ref. 118. Copyright (1985) American Chemical Society.
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FIGURE 16. Cyclic voltammogram of [Rh(u-Bu,P)(CO),],
in THF. Sweep rate, 0.20 Vs~ !; working electrode, platinum
disc; reference electrode, Ag wire (potential with respect to
SCE, — 0.36 V). Copyright (1985) American Chemical Society.
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FIGURE 17. Structural view of [Rh(u-t-Bu,P)CO,)],%". Methyl
groups on the tert-butyls are represented by sticks. Reprinted with
permission from ref. 118. Copyright (1985) American Chemical Society.

g,=2.10

93=1'99

/

30 H/KG /

FIGURE 18. ESR spectrum of [Rh(PPh;),] in DME at 120K. Reproduced by
permission of Elsevier Publishers from ref. 120.
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TABLE 13. Kinetics of triphenylphosphine addition to Rh(PPh,)*

PPh, Sweep rate E, E,,—-E, K(ke + ky) =2
concentration (Vs V) V) (s~ 1?)
M)
0.01 0.02 —1.233 0 -
0.20 —1.239 0.006 -
0.50 —1.245 0.013 0.23
1.00 —1.253 0.020 0.27
2.00 —1.258 0.023 0.24
5.00 —1.270 0.035 0.30
0.016 0.078
0.030 0.15
0.100 0.26

“Concentration of [Rh(PPh;);]* =1mM in DME; supporting electrolyte, 0.2M tetra-n-butylammonium
perchlorate; temperature of the experiment, 25°C. Potentials are with respect to Ag/AgClO,.

spectrum. It appears to have a distorted tetrahedral geometry. The electrochemical redox
pattern of [Rh(PPh;);]1* is shown in Scheme 1.

[Rn(PPhg),] ™ [Rh(PPh),]~
y
Rh(PPhy),

PPhy

\ A
f

(PPhg),+ Rh(PPhy), [Rh(PPh,),] == Rh(PPh,),

NS

[Rh(PPh3),], [Rh(PPhZ),],
SCHEME 1

The second-order rate constant for the formation of [Rh(PPh;),] is estimated to be
1.4 x 10"1mol ~!s™!; ligand redistribution competes with this with a rate constant of
3001mol~!'s~!, which forces us to conclude that the former process of forming
[Rh(PPh);),] is complete on the time scale of typical cyclic voltammetric experiments
(ms to s). The second wave is well developed as the ligand addition is faster; this is
depicted in Figure 19. It is possible to prepare the d° complex [Rh(PPh,),] by the
electrochemical method*2°.

B. Nickel Complexes with Triphenylphosphine and Ethylene

Nickel exhibits a pattern similar to rhodium in its reaction with PPh;!22. The redox
reactions may be represented as equations 45 and 46, where X=Cl", Br™ or I and
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FIGURE 19. Cyclic voltammograms of
ImM [Rh(PPh,);]* in DME containing
0.2M tetra-n-butylammonium perchlorate.
(a) PPh; = 1072 M; sweep rate, 5.0 Vs.”! (b)
in the presence of PPhy=10""'M. Repro-
duced by permission of Elsevier Publishers.

L = PPh;; [Ni'XL,] is yellow and [Ni°XL,]" is red. These nickel(0) and Nickel(I)
complexes can be oxidized as equations 47-49.
[Ni"X,L]" + e+ 2L — [Ni'XL,] +2X"~ (45)
[Ni'XL,] +e — [Ni°XL;]"~ (46)
[Ni°XL,;]™ = [Ni°XL;] +e 47)
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[Ni°XL,] —— [Ni'XL,]+e (48)
[Ni'XL, —— e + [Ni"XL,]* % [NiX,L]~ (49)

These redox processes have been confirmed using N-methylpyrrolidinone as the
solvent. When ethylene is introduced into the medium before initiating the
electrochemical step, the reaction scheme is modified as in equations 50 or 51, where E
represents ethylene. [Ni°L,E] is oxidized at 0.16 V. Now,

[Ni°L,X]™ +E — [Ni°L,EX]" + L (50)
[Ni°XL,]™ + E —> [Ni°XL,E]~ + L
[Ni°L,] + E —> [Ni°L,E] + L (51)
[Ni°L,EX]~ — Nill + 2¢ (52)
[Ni°L,E] — Ni" + 2¢ (53)

Steps 52 and 53 occur at —0.40 and OV, respectively. The current—voltage curves
depicting the above processes are shown in Figure 20.

1. Nickel bis-1,2-diphenylphosphinoethane

The existence of the complexes [NiD,]?*, [NiD,X]* and [NiX,D], where X is C1~
or Br™ and D = bis-1,2-diphenylphosphinoethane, were established by electrochemical
work!23:124 Using N-methylpyrrolidine as solvent, the electrochemical reduction
produces nickel(I) or nickel(0) complexes. At a mole ratio of 1D per Ni the zerovalent

v

E/N
20

60

FIGURE 20. Cyclic voltammetric curves curves of NiX,L, (X=Br")
in N-methylpyrrolidone solutions at a gold micro electrode. The dashed
line shows the curve in the presence of ethylene. Sweep rate, 0.1 Vs~ 1.
Note the absence of an anodic peak in the presence of ethylene.
Reproduced by permission of Elsevier Publishers from ref. 122.
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FIGURE 21. UV absorption spectrum of 2mM
[NiClO,D,] in N-methylpyrrolidone.

complex reacts rapidly with organic halides (RX). The electrocatalytic reduction of halide
is proposed which has a hypothetical intermediate [RNiXD]**®:12%, The establishment of
an equilibrium for D:Ni ratios of > 2 is to produce [NiD,]?* through the equations 54
and 55.

[Ni(Cl0,),D,] — 2Cl0, ™ +[NiD,]** == Ni** + 2D~ (54)
[Ni"D,]?* == [Ni'D,]*" == [Ni’D,] (55)

The species [Ni'D,]2" is yellow and shows the absorption spectrum as shown in
Figure 21. Nickel(IT) species disproportionate more in acetonitrile than in N-methyl-
pyrrolidinone. The disproportionation reaction leads to nickel(0) species via reaction 56.
The pK of disproportionation = AE,,/0.06 ~ 2. The reactivity of [Ni"D,]** towards
halides has been examined!?®; when the ratio Br :[Ni"D,]?* =10, a 2e reversible
reduction is observed (equation 57). As this ratio increases and reaches an excess in Br ™,
an irreversible 2e reduction process is observed due to reaction 58. Notice that the end
products of reactions 57 and 58 are the same except for the higher numbered moles of
Br~ generated in reaction 61. The corresponding reaction for Cl~ (in place of Br™) is
shown in equation 59.

[2Ni'D,]* = [Ni"D,]?* + [Ni°D,] (56)
[NiD,Br]* + 2¢ = [Ni°D,] + Br~ (57)
[NiBr,D] + D + 2¢ — [Ni°D,] + 2Br~ (58)

[NiC1,D] + D + 2e — [Ni’D,] + 2C1~ (59)
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Dessy and coworkers!*>'17 arrived at an interesting generalization based on the

electrochemical patterns of nickel carbonyl complexes, namely that a reversible electron
transfer requires a metal—metal bond to exist in the complex to obtain a stable radical
anion. For example, [(z-CsHs)NiPPh,], (8) produces a stable radical anion on
electrochemical reduction at —2.30V vs a Ag/AgClO, electrode, giving an ESR
spectrum of 10 G wide with a g value of 2.060. The nickel carbonyl species 9 also produces
a reversible cyclic voltammetric wave at — 1.75V; an exhaustive electrochemical
reduction at this potential generates an ESR spectrum of a purple anion radical with a
total width of 6 G having a characteristic g = 1.979*6. On the other hand, a species
without a metal—metal bond having structure 10, where the nickel atoms are separated
by phosphorus, produces an irreversible wave at —2.40V; in this case the anion could
not be generated!!® for this compound. Popdoko et al’s 126 results on nickel(II)
complexes with diphenylphosphine are in parallel with those for the above-mentioned
carbonyl complexes.

\/ Ph\ /Ph
\ / 4‘@ (0C) —Ni Ni—(C0)5
/ \ \P/
ph” Nph
(8) (9)

I |
(CO),Ni «— P — P — Ni(CO),
| I
(10)

C. Chromium Carbonyls Bound to Phosphorus

Dessy et al.!'® suggested the formation of a metal—metal bond in chromium
complexes of the type [Cr(CO),PMe,],. The structure is visualized as 11, where the
metal—metal bond is shown by the dashed line. The electrochemical reduction of 11

Ph Ph
\./
P _CO
oC— Cr-—=------- cr
N
~co
oC——— p
co / \ co
Ph Ph
(11)
occurs at E, , = — 1.85V; the wave is reversible owing to the presence of the metal-metal

bond. The 2e reduction product gives an ESR spectrum havinga 1:2:1 triplet arising from
the interaction of the odd electron with both phosphorus nucleii; a phosphorus splitting
constant of 13 G and a proton splitting constant of 12 G are observed in the spectrum.
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This spectrum is attributed to reactions 60 and 61, where X represents 11. The radical
anion shows an infrared stretching frequency which is shifted by 100cm ™! relative to
the neutral species!!®. This arises from the interaction of dn orbitals of the metal with
the carbonyl antibonding 27* orbitals. The chromium carbonyl complex containing
phosphorus ligands has an octahedral configuration about each chromium with the two
octahedra sharing an edge which is occupied by PMe, bridges. Metal—metal bond
formation is indicated by the diamagnetism studies''®.

X + 2 = X2~ (60)
X274 X — 22X~ (61)

The redox chemistry of tricarbonyl derivatives of chromium complexed with polycyclic
tridentates shows'277132 two reversible le oxidation processes. Bond et al.!*2 observed
isomerization, cross-redox and self-exchange reactions in [Cr(CO);P;]'°*, where P
represents monodentate phosphorus ligands P(OMe);, P(OPh);, P(OMe),Ph and
PMe,Ph. The electrochemical data are summarized in Table 14 and indicate
quasi-reversible electron transfer processes. The stereochemistry in the facial (fac) and
meridional (mer) forms forces the following redox equilibria in [Cr(CO);P;]*°*:

fac® = fac* +e¢ (62)

(.

mer® = mer* + ¢

The electrochemical characteristics indicate a cross-redox reaction (63).
fact + mer® = fac® + mer* (63)

The controlled potential oxidation of fac® generates mer-[Cr(CO);P,]. It is represented
by the above reaction®3, A cyclic voltammetric study shows (see Table 15) that at — 57°C,
the isomerization of fac* to mer? is inhibited. The isomerization of fac* to mer?® is extremely
slow in dichloromethane, but the conversion of mer* to fac™ is very fast. The ESR
spectra of mer-[Cr(CO);(PMe,Ph);]* at 273 and 213K and of mer-[Cr(CO);(P(OMe),-
Ph),]" at 298, 273 and 213K are depicted in Figure 22. The spectral features include
a doublet of triplets due to *!'P hyperfine coupling, which is consistent with meridional
form of the chromium(I) cation. These spectra show no hyperfine splitting due to >3Cr
(I = 3/2). The spectrum of mer-[Cr(CO);(P(OMe),Ph);]" is broad at room temperature
owing to fast exchange between the cation and the netural species. In both 18- and

TABLE 14. Electrochemical data for the oxidation of [Cr(CO);P;] complexes”

Compound E,, E,,—E,, EX Ere
(V) (V) V) v)
mer-[Cr(CO);(P(OMe););] 0.356 0.056 0.400 0.322
mer-[Cr(CO)5(P(OPh)5)s] 0.732 0.0555 0.784 0.674
mer-[ Cr(CO);(P(OMe),Ph),] 0.287 0.070 0.347 0.237
fac-[Cr(CO);(P(OMe),)s ] 0456 0057 0.561 0475
fac-[Cr(CO)5(PMe,Ph), ] 0219 0.062 0.290 0.205
mer-[Cr(CO)5(PMe,Ph), ] —0.067 0.060 0005  —0.100

“Solvent, CH,Cl,; working electrode, Hg electrode; E,, values recorded at 500 mV s~ }; reference electrode, Ag/AgCl.
Taken from ref. 132. Copyright American Chemical Society.
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A

R

_—_—
3.15 3.35
Gauss=10%

FIGURE 22. ESR spectra of (A) mer-
[Cr(CO);(PMe,Ph,]* at (a) 273K and (b)
213K and (B) mer-[Cr(CO)5(POMe),Ph,]*
at(a) 298 K, (b) 273 K and (¢) 213 K. Abscissa
in gauss; 1 = unit = 10* G. Solvent CH,CL,,.
—_—_ Reprinted with permission from ref. 132.
3.2 3.4 Copyright (1984) American Chemical Society.

=

17-electron complexes, the mer-isomer is favoured and the line broadening occurs due
to reaction 64.

mer* + mer® = mer® + mer™ (64)

Chromium tricarbonyl bis[bis(diphenylphosphino)] methane and bis[ 1,2-bis(diphenyl-
phosphino) Jethane complexes are susceptible to le redox reactions. The electrochemical
characteristics of meridional and facial forms are given in Table 16. The stepwise
conversion processes are shown in reaction 65. The second electron step occurring at
positive potentials, close to the solvent (CH,Cl,) limit, results in the generation of
chromium (reaction 66), where dppm = Ph,PCH,PPh, and dppe = Ph,PCH,CH,PPh,.
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TABLE 15. Cyclic voltammetric oxidation of fac-[Cr(CO);(PMe,Ph);]*

Temperature Sweep rate EX Ex® EX  Ep®
W) (mVs™) V) V) v) V)
18 500 0.34 0.18 0.00 —-0.13
50 0.26 d —-0.03 -0.10
—15 500 0.36 0.15 0.01 -0.15
50 0.30 0.17 —0.03 -0.09
—43 500 0.40 0.13 0.03 —-0.17
50 0.30 0.17 d 4
—-57 500 0.46 0.09 a ¢
50 0.31 0.15 d 4

“Working electrode, Pt electrode; medium, CH,Cl, containing 0.1M Bu,NCIO,.
Potentials are vs Ag/AgCl. Reprinted with permission from ref. 132. Copyright (1984)

American Chemical Society.
bFor process fac —— fac* +e
!
mer™®
“For process mer — mer™* +e.
“No peak observed.

TABLE 16. Electrochemical data for the [Cr(CO),(n'-PP) (72-PP)] complexes®

Compound Solvent EX E;‘d E° T
V) V) (\%] V)
mer-[Cr(CO)5(n*-dppm)(n*-dppm)] CH,Cl, 0.15 0.02 0.09 20
Acetone 0.08 —0.00 0.04 20
mer-[Cr(CO),(n*-dppm)(n>-dppm)] * CH,Cl, 1.27 20
Acetone 1.00
fac-[Cr(CO)4(n*-dppe)(n*-dppe)] CH,Cl, 047 038 043 —78
CH,CI, 043 - - 20
mer-[Cr(CO),(n*-dppe)(n2-dppe)] CH,Cl, 0.22 0.13 0.18 20
mer-[Cr(CO),(n'-dppe)(n2-dppe)]* CH,Cl, 1.24 - - 20

“Potentials are referred to Ag/AgCl. Reprinted with permission from ref. 131. Copyright (1986) American Chemical

Society.

The facial form of [Cr(CO),(n*-dppe) (n*-dppe)] shows a similar le oxidation wave but

the product decomposes to chromium(II). The cation is more stable at — 78 °C.

mer-[Cr(CO);(n*-dppm) (#*-dppm)] == mer-[Cr(CO);(n*-dppm) (y>-dppm)]* + ?65

mer-[Cr(CO)(n"-dppm) (>-dppm)]*

!

mer-[Cr(CO);(n"-dppm) (n*-dppm)]** + e

Cr" + 2dppm + 3CO

!

(66)

Bis-(u-phosphido)dichromium species exhibit reversible voltammetric waves with
n=2'3% The resulting dianion disproportionates to give a monoanion and the ESR
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spectrum of the anion radical shows hyperfine couplings with two identical phosphorus
atoms and the triplet split into a 13-fold multiplet due to Me groups of the compound (12).

NN

OC/ \ e \CO

D. Iron Carbonyls and Nitrosyl Complexed to Diphenylphosphine

Iron derivatives are useful in understanding metal—metal bond interactions!® in

compounds such as 13-15. The octahedral configuration around the metal in
[(n-CsHs)Fe(CO)PPh,], shows essentially two octahedral sharing an edge; this
compound exhibits a polarographic wave at —0.20Vvs Ag/AgClO,, oxidizing to a
deep-blue radical cation. The wave is reversible and on exhaustive electrolysis the product
shows a featureless ESR spectrum which is 12.5 G wide. The second polarographic wave
is located at — 0.50 V; this wave is attributed to dication formation'!%. When an Fe—Fe
bond exists in the complex, such as in [(CO);FePMe,],, the structure is octahedral
around each iron, with the octahedral sharing a face; the metal—metal bond occupies
one of the ligand positions. It undergoes a 2e reduction with E, , = —2.10V. The dianion
shows no ESR signal but on addition of the parent produces a radical anion exhibiting
a line width of 75G, which is difficult to resolve further. The radical anion has
g=1977116,

M M oc Me Me
NS j' \P/ i ‘
N @——Fe Fed
NN ! P |
ON 2N NO oc /\ co
Me Me Me Me
(13) (14) 15)

The tetrahedral configuration that exists in the nitroso compound [(NO),FePPh,],
has E , = — 1.70V Ag/AgClO, and Ef , = —2.19V vs Ag/AgCIlO,. The formation of
a radical anion and dianion is confirmed by ESR studies. The anion gives a phosphorus
triplet (1:2:1) with AH, =20G with g =1.937.

Several dialkylamino phosphorus iron carbonyls have been synthesized from
bis(diisopropylamino)phosphine with iron carbonyls by King and Fu!31. These carbonyl
complexes have an unusual property of rapid and selective cleavage of one diiso-
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propylamino group on reaction with hydrogen halides; this selective cleavage might be
caused by radical cation formation.

E. Molybdenum Carbonyl Bond to Phosphorus

The molybdenum cluster system [PhMoPPh,(CO)]; produces an ill-defined
irreversible polarographic wave. It does not produce a radical species on exhaustive
reduction in DME!!®, at the first polarographic wave. Complexes of the type
[Mo(CO),R,P(CH,);PR,], where R=F, Cl, C;F5, MeO, Ph, Me or CcH,; show
characteristic quasi-reversible oxidations as in reaction 67.

[M(CO),L] ==[M(CO),L]" +e 67)

The effectiveness of the phosphorus ligands to remove a charge from the metal follows
qualitatively the order of electronegativity of the substituent on the donor phosphorus
atom, ie. F > Cl> C¢Fs; C¢FHs > Me > C¢H, 133, The cyclic voltammetric data for
the above complexes are given in Table 17. For comparison, data for the corresponding
chromium complexes are also included. The E, s of the two series correlate very well,
as shown by Figure 23.

The complexes of [Mo(CO);P;], where P is a monodentate phosphorus ligand,
undergo oxidation by the scheme in equation 68. The fac-form undergoes oxidation in
CH,Cl, with E}*=0.68V and the mer-form at E , =0.42V.

fac-[Mo(CO)s(n'-dppe)(n*-dppe)] —> fac[Mo(CO),(n'-dppe)(n*-dppe)]” +e
l
mer-[Mo(CO)s(n"-dppe)(n*-dppe)] * (68)

!
mer-[Mo(CO);(n'-dppe)(n>-dppe)1** +e¢

l
[Mo(CO),)(n*-dppe),]**

TABLE 17. Electrochemical data for [M(CO)s] and [M(CO),R,P]JCH,PR, complexes in CH,Cl,
and acetonitrile®

Solvent R M = Mo M=Cr
v) v) V) (V) V) (\4]
CH,(Cl, CeFs 1.46 1.10 1.28 1.235 0.860 1.05
MeO 1.38 1.04 1.21 1.15 0.840 0.995
Ph 1.24 0.86 1.05 1.025 0.690 0.860
Me 0.710 0.470 0.530 0.560 0.260 0.410
MeCN M(CO), 1.65 1.49 1.320 1.410
F 1.37 1.32 1.18 1.250
CeFs 1.23 1.01 0.87 0.940
MeO 1.18 0.96 0.82 0.890
Me 0.46 0.35 0.19 0.270

“Voltages are vs SCE. Working electrode, glassy carbon; supporting electrolyte, BuyNCIO,; E, , = (E, + E/)/2.
Reprinted with permission from ref. 133. Copyright (1984) American Chemical Society.



3. Electrochemistry of organophosphorus(V) compounds 125

E,/2(Mo series)/V

0.4 0.8 1.2
E4/2(Cr series)/V

FIGURE 23. Correlation of half-wave potentials for [M(CO),-
R,PCH,PR,] complexes in CH,Cl,. Reprinted with permission
from ref. 133. Copyright (1984) American Chemical Society.

VI. PHOSPHONIUM SALTS

By oxidation of Ph;P using ferricinium ion in a nitrogen atmosphere, a phosphonium
salt. Ph,P*, has been prepared!*>. This oxidation produces ferrocene in 100% yield.
Schiavon et al.'3® proposed the oxidation scheme shown in equations 6971 and the
overall reaction 72. The reduction of Ph;P™* is observed at —2.20 V.

Ph,P — Ph,P* +e (69)

Ph,P* 4+ PhPPh, —»PhyPC,H,PPh, + H* +¢ (70)
H* + Ph,P — Ph,PH"* 1)

3Ph,P —— Ph,PC¢H,PPh, + PhyPH* + 2¢ (72)

Cycloalk-1-enyl phosphonium salts are prepared in reasonable yields by a
constant-current electrolysis of PhyP in dichloromethane at a graphite anode in the
presence of cycloalkenes by reaction 73'37. The phosphonium salts are converted to the

PhgP + R('

corresponding phosphine oxide by treatment with NaOH dissolved in aqueous
ethanol'38. The oxides have structure 16. The yields and the melting point of

;/Ph
—2e \Ph _
_
2 6tutiginiom =~ R Clo4 (73)

perchlorate
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<

(16)

P(0)(CgHs5)2

phosphonium salts are given in Table 18. The oxidation of triphenylphosphine at a
controlled potential at 1.40V vs silver wire results in the formation of cycloalk-1-enyl
phosphonium salts (equation 74).

Ph
+ /
PhyP —_ PhsP —» R P—Ph

1-.,,.# (74)

/Ph

<
The charge-transfer salt formed by reaction of tetracyanoquinodimethane (TCNQ)
and diphosphonium iodide undergoes a 2e oxidation at a carbon paste electrode!3;

reactions 75 and 76 occur in acetonitrile. Similar schemes can be generated for D'P2*,
where D'P?* = PhMeP*CH=CHP *MePh,!3°.

DPI, + 4TCNQ —> DP(TCNQ), +1, (75)
DP(TCNQ), —> DP2* + 4TCNQ + 2¢ (76)

The phosphonium salts are electrochemically reduced to phosphines'#® through
reactions 77 and 78, but the neutral radial R" is electrochemically active and undergoes
reactions 79-81.

R,P* +e — R,P'+e —> R,P~ a7
R,P" — R,P+ R’ (78)

TABLE 18. Electrochemical preparation of cycloalk-
1-enyl phosphonium salts®

Cycloalkene Yield M.p.
(%) 0
Cyclopentene 53 277-279
Cyclohexene 53 290-291
Cycloheptene 56 214-216
Cyclooctene 53 197-199
Norbornene 66 192-104

“3mmol of Ph;P and 15mmol of cycloalkene in CH,Cl,
containing 0.2 M 2,6-lutidinium perchlorate at 1.07 mA cm~2.
Electrolysis is carried out for 8 h.
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R'+e— R~ (79)
2R~ —> 1/2 (R—R) (80)
R+H* — RH* ®81)

Table 19 gives the half-wave potentials, diffusion currents and the number of electrons
consumed in the reaction for different substituents. The half-wave potentials for
[Ph;P(CH,),PPh;]Br, for n = 1-12 show the trend represented in Figure 24. Cleavage
of the phosphorus—-carbon bond occurs in all the phosphonium salts*#°. This can be
used successfully in the analytical determination of phosphonium salts (phenyltrimethyl-
phosphonium iodide and tetra-O-tolyphosphonium iodide) in the range 0.001-0.005 M***;
the reductions consist of two successive 1e steps.

The electrolytic reductive cleavage of cyanoalkyl phosphonium compounds of the
type Ph;P*(CH,),CNX~, where n = 1-4, has been demonstrated by Wagenknecht and
Baizer'#? through polarographic and controlled potential electrolysis. The anion X

TABLE 19. Electrochemical characteristics of phosphonium compounds®

Phosphonium bromide —E, iy n, n,
v (1A)

Methyltriphenyl- 1.862 2.60 2.7 1.1
Cyclohexyltriphenyl- 1.859 2.94 1.6

2.092 0.28 1.2
Ethyltriphenyl- 1.837 1.79 3.1

1.970 0.80 1.7
Isopropyltriphenyl- 1.833 1.56 9.1 1.2

2.092 2.14 0.7
n-Propyltriphenyl- 1.822 1.36 2.3

1.962 0.72 1.4

2.075 0.14 22
n-Butyltriphenyl- 1.802 1.16 2.1

1.984 1.22 1.2
2-Butyltriphenyl- 1.709 1.38 6.3

2.686 1.20 1.0
Isobutyltriphenyl- 1.720 1.26 2.4

2.039 1.28 0.6
tert-Butyltriphenyl- 1.657 0.86 2.0

2.041 0.54 22
Allyltriphenyl- 1.626 2.10 1.4

1.775 0.20 0.9

2.065 0.45 22

2.468 1.35 2.1
Benzyltriphenyl-* 1.552 2.80 1.3
Cyanomethyltriphenyl-* 1.301 1.62 0.9

2.051 0.84 0.9
Benzhydryltriphenyl- 1.271 0.58 1.3

2.067 0.13 2.2
Dimethyldiphenyl- 2.087 4.38 13
Trimethylphenyl- 2.271 5.10 0.9
Diethyldiphenyl- 2.031 2.58 21 0.7
4-Bromo-n-butyltriphenyl- 1.160 0.46 0.4

1.766 225 34

2.151 1.25 0.6
Methylenebistriphenyl- 1.195 2.50 0.8

1.817 0.95 1.7

(continued)
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Phosphonium bromide

—E, iq ny n,
V) (nA)

1.932 1.19 2.7
Dimethylbistriphenyl- 1.475 2.50 1.9

2.064 2.70 22
Trimethylbistriphenyl- 1.307 0.40 2.7

1.712 5.40 2.1

2.054 1.00 20
Tetramethylenebistriphenyl- 1.798 8.80 1.8

2.058 0.90 2.1
Pentamethylenebistriphenyl- 1.807 5.04 3.6
Hexmethylenebistriphenyl- 1.822 4.75 1.8

2.000 1.10 0.8
Octamethylenebistriphenyl- 1.732 3.70 2.3

1.971 1.50 1.2
Decamethylenebistriphenyl- 1.715 1.25 t0.9

1916 0.65 22

2.073 0.45 -
Dodecamethylenebistriphenyl- 1.664 1.50 2.7

1.944 2.50 0.9
n-Propyltri-p-anisyl- 1.934 0.68 0.7

2.109 1.12 0.9

2.364 0.90 0.7
Methyltrisdimethylamino- 1.642 0.31 0.3

2.098 0.64 0.7
Benzyltrisdimethylamino- 1.637 0.17 0.5

2.230 2.65 6.3
Benzyltris-N-trimorpholino- 1.627 0.31 -

2.206 6.40 0.4
Methyltris-p-dimethylaminophyenyl- 1.697 0.17 -
Benzyltris-p-dimethylaminophenyl- 1.279 0.36 0.8

1.886 0.21 -
p-Hydroxyphenyitriphenyl-® 1.000 2.40 0.7

2.046 0.50 3.0
p-Anisyltriphenyl- 1.835 1.26 14

1.988 0.26 1.8

2.128 0.56 1.9
p-Aminophenyltriphenyl- 1.801 0.88 20

1.916 0.34 1.3

2.144 0.30 23

2473 1.56 1.2
p-Dimethylaminophenyltriphenyl- 1.777 2.60 2.1 0.7

2.091 0.41 1.1
p-Tolyltriphenyl- 1.692 2.50 20 0.8

2.073 0.26 1.7
m-Tolyltriphenyl- 1.684 2.28 20 0.7

2.066 0.46 1.9
Tetraphenyl- 1.680 2.80 2.1 0.6

2.068 0.15 1.5
o-Tolyltriphenyl- 1.678 2.12 20 0.3

2.061 0.21 1.8
p-Benzhydrylphenyltriphenyl- 1.668 0.60 1.0 0.6
p-Cumyltriphenyl- 1.654 2.78 1.7 0.7

2.056 0.40 1.3

(continued)
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TABLE 19. (continued)

Phosphonium bromide —E, ig ny n,
) (HA)

p-Carbohydroxyphenyltriphenyl- 1.630 1.10 0.6 0.2

2.346 2.70 0.6
1-Naphthyltriphenyl- 1.439 0.88 35 11

1.781 0.50 0.9

2.054 0.45 1.9

2.326 1.70 0.8

2.488 1.30 20
2-Naphthyltriphenyl- 1.554 1.80 2.0

1.653 0.75 1.4

2.049 0.44 1.4

2.207 1.00 1.1

2.325 2.20 1.0

2.494 1.65 14
p-Biphenylytriphenyl- 1.527 1.70 2.4 0.9

1.655 0.35 1.1

2.076 0.29 1.6

2.279 1.30 1.0

2.490 4.70 1.2
p-Nitrophenyltriphenyl- 0.454 2.90 3.1 1.5

1.502 1.35 1.1

1.831 0.65 20

2.118 0.50 1.8
p-Phenylenebistriphenyl- 1.155 0.40 1.6

1.269 0.08 L5

1.477 1.24 1.2

1.667 248 1.6

2.069 0.24 1.5

2.435 4.70 3.1
p-Trifluoromethylphenyltriphenyl- 1.410 7.85 1.1

2.077 0.35 2.2

2.323 7.90 0.7

2482 1.20 33
p-Phenylsulphophenyltriphenyl- 1.227 2.06 1.8

1.677 0.65 3.1

1.954 1.15 1.3

2.083 0.17 1.3

2.350 1.65 14

2.490 1.05 2.0
Di-p-tolyldiphenyl- 1.695 2.48 1.5 0.9

2.092 1.18 0.9
Tri-p-tolylphenyl- 1.727 2.60 2.1 12

2.071 0.32 3.0
Di-p-anisyldiphenyl- 1.790 0.908 1.3

1.954 3.12 -
Tri-p-anisylphenyl- 1.848 1.30 1.2

2.006 0.22 2.1

2.128 0.74 29
Tri-p-toly-p-cumyl- 1.713 2.50 22 0.6

2.004 0.46 2.5

2.455 0.28 1.6

“Concentration of phosphonium salt: 1073 M. Potentials are vs SCE. Reproduced by permission of Elsevier
Publishers from ref. 140.
®Phosphonium chloride.
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generally represents a halide or p-toluenesulphonate. The compounds produce three or
four polarographic waves depending on the value of n. The first wave is attributed to
reactions 82—84. The second wave appears to be due to the reduction of 19, represented
by reaction 85. Species 18 decomposes by reaction 86. The third wave is observed due
to the reduction of Ph,P formed in reaction 86'. The electrolytic reductive coupling has
been demonstrated by the isolation of the products. Table 20 gives the yields of the
products obtained in electroreduction of [PhyP*(CH,),CN] in the presence of styrene;
styrene captures the carbonion formed in the reductive cleavage. Ph;PO is formed due

TABLE 20. Yields of products in the reduction of [Ph;P*(CH,),CN]X ~ in the presence of styrene®

K. S. V. Santhanam

15

16

E1/2/V

17+

18

T
(o]

19 1 1 ] 1 1 1
0O 2 4 6 8 10 12

FIGURE 24. Half-wave potentials of Ph;-
P(CH,),PPh;Br, vs the number of CH,
groups. Reproduced by permission of Elsevier
Publishers from ref. 140.

Yield (%)

Product

n=1,X=Br n=2X=T°¢ n=3,X=Br

n=4,X=Br

Ph,P

Ph,PO
Me(CH,),CN
CeHs
[CN(CH,),],Hg
CH,=CHCN
CN(CH,),CN
CN(CH,),CHPh

|
CN(CH,),CHPh

264 58-74 825
23.6 - -
b

b

Cd

- 14 -
_ b b

- b -

57
b
10
b

“The data are for the passage of 1 faraday per mole. Reprinted with permission from ref. 142. Copyright (1966)

American Chemical Society.

®Product isolated, but yield not determined.

T = Tolyl.
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to reaction of Ph;P==CHCN with water during the isolation of the products. Pardini
et al.'*? have investigated benzyl cinnamyl polyenylphosphonium salts in a similar way.

Ph;P*(CH,),CN % Ph,;P(CH,),CN/Hg (82)
3
7)
17 — Ph,P(CH,),CN + Hg (83)
(18) (in solution)
17 — Ph;P(Hg(CH,),CN] (84)
19)
19 +e—Hg+(CH,),CN~ (85)
18 — Ph,P + (CH,),CN (86)
(in solution)
420- T
o0~ *~e.
Ao~e *~e Ne
410 TN N N
-1 e, o N\, © .
/ \.\.\.\::.:.\.2 \.
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400- /A“'\-\ RN N
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FIGURE 25. Electrocapillary curves of phosphine oxides at various concentrations in 0.1M
H,S0,: (1) 0; (2) 2 x 1074 (3) 498 x 107%; (4) 9.9 x 1074 (5) 1.96 x 1073; (6) 1 x 1072; (7)
2 x 1072 (8) 5 x 10”2 M. Reproduced by permission of Elsevier Publishers.
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Vil. INTERFACIAL ADSORPTION BEHAVIOUR OF PHOSPHORUS(V) COMPOUNDS

The adsorption of phosphine oxides of the type dialkyl-, phenyl-, alkyldimethyl- and
alkyldiethyl-phosphine oxides at the mercury/electrolyte solution interface is a common
feature’** with the extent of adsorption controlled by the composition of the medium
and the structure of phosphine oxides. The interaction constant of the oxide is also
dependent on its nature. The electrocapillary curves of phosphine oxides are shown in
Figure 25. The surface tension, y, values in the presence of CsH,,(C,H;),PO
systematically decrease as the bulk concentration of the oxide increases. An increase in
chain length by one CH, group causes a decrease in y by about 7mNm ™. This effect
is observed for the homologous dialkylphenylphosphine oxides. The adsorption of the
phosphine oxides is analysed through the Frumkin isotherm defined by equation 87,
where b is the adsorption coefficient and a is the lateral interaction constant; 6 is the
degree of coverage, defined by (C, — C)/(C, — C,), where C, is the differential capacity
of the supporting electrolyte, C is the differential capacity for the phosphine oxide at
any concentration and C; is the saturation differential capacity. Table 21 gives estimates
of the adsorption parameters of phosphine oxides. The parameters a and b increase by
an order of magnitude on increasing the chain length.

be(1 — 0) = Oexp (— 2ab) 87)

The areas occupied by adsorbed phosphine oxides in aqueous solutions were
experimentally evaluated at 0.63,0.57 and 0.52 nm? for Ph; PO, EtPh,PO and MePh,PO,
respectively. The calculated area values based on structural considerations for these
three molecules are 0.71, 0.63 and 0.57 nm?, respectively. The lower experimental values
are attributed to multi-layer adsorption!*>:146,

Adsorption of phosphine oxides influences the rate of electrochemical reductions!4”-148,
The three homologous dialkylphenylphosphine oxides PhR,PO, where R = Et, Pr and
Bu, influences the reduction of Cu?* with the rate being proportional to the adsorbed

TABLE 21. Interfacial adsorption characteristics of phosphine oxides”

Molecule® E_. M s x 10'° a b —AGY
(V)  (uccm~2) (molcm™?) (103dm3*mol~') (kJ.mol 1)
Et,PhPO —0.80 - 2.7 1.3+0.2 4.00 30
Pr,PhPO —0.75 - 2.6 1.5+03 38.66 36
Bu,PhPO - - 2.5 1.7+0.5 43.0 43
BuPh,PO - - - 1.3+0.1 4.31 30
PeMe,PO —-0.75 - 29 1.0 +0.1 0.92 26
HxMe, PO —-0.75 - 2.8 1.4+0.2 4.16 30
HxEt,PO —0.73 - 24 1.2+03 1204 38
Ph,PO —-0.72 —5.85 2.65 - - -
EtPh,PO —0.75 —5.95 293 - - -
MePh, PO —0.76 —6.00 322 - - -
Ph,PO¢ —0.90 —6.40 2.36 - - -
EtPh,PO¢ —-0.95 —6.90 2.66 - - -
MePh,PO* —-1.02 —-17.50 291 - - -

?Aqueous solution. Adsorption on Hg surface.
?Pe = pentyl; Hx = hexyl.

“Methanolic solution.

oM = Electrode change.

¢AG = Adsorption free energy change.

Reproduced by permission of Elsevier Publishers from refs. 144 and 145.
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film pressure. There appears to be a surface reaction between adsorbed reactant and the
electroactive species. Electrosorption of tri-n-octylphosphine oxide in methanol and
methanol-water solutions has been examined at a polarized mercury electrode!3 151,

Several dithiophosphates and bis(diphenyldithiophosphine) disulphides exhibit
catalytic currents due to their adsorption on mercury!®! 7153, Trialkyl phosphine oxides,
on the other hand, inhibit non-metallic reactions at the electrode!>*.
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I. INTRODUCTION

The number of publications in the field of preparative photochemistry has increased
continuously. In 1958 Schonberg wrote one of the first systematic reviews on this topic,
which was revised in 1968!. The most important publications since then have been
reviewed?. The photochemistry of phosphine chalcogenides® had its beginnings with
the investigations of Niebergall* concerning the addition of phosphine sulphides and
allylsilanes. Selected results are published annually®. A recent review dealing with
irradiation of organophosphorus(III) compounds by Dankowski appeared in Volume 1
of this series®. This chapter covers the photochemical reactions of phosphine chalco-
genides, mainly the preparative aspects. Reactions concerning stabilizers, polymers and
complexes are excluded.

Il. PHOSPHINE DERIVATIVES

A. Molecular Reactions

1.

Oxides

Photolysis of bridged phosphine oxide 1 in benzene through Pyrex glass yields,
presumably by an intermediate 2, the phosphine oxide 3 and some cyclooctatetraene.
A similar result has been achieved by irradiation in acetone. Irradiation of a mixture of
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Ph

0]
N N NN

(1) (2) (3) (4)

1,2 and 4 in benzene-acetone through Corex glass also gives the oxide 37. The difference
in mechanism between this reaction and that of the corresponding phosphines lies in
the singlet character of the former® and the triplet character of the latter®, and naturally
leads to different products.

Irradiation of 5-diphenylphosphoryl-3H-pyrazoles (5) generates the phosphorylated
cyclopropenes 6 via ring fissure and N, loss, yielding as an intermediate the corresponding
(diphenylphosphorylvinyl)carbene. The use of the 4,5-isomer results in a similar product!®
(equation 1).

0
1 I ! L!Ph

R PPhy R 2

2 N
R — 2 . (1)

N benzene

3/ N7

R RZ R®
(5) (6)
R'=H, Me,Ph

RZ=R®=Me or Ph

Photolysis of a 3H-pyrazole with a phenyl group in the C; position leads to the
indene derivative 7°. 4,5-Bis(diphenylphosphoryl)-3H-pyrazoles [R! = P(O)Ph,] not
only give the cyclopropene derivative but also a corresponding allene with geminal PO
substituents (8). When R!=Me and R?=Ph, the acetylene 9 is available by a
1,3-sigmatropic shift!®. The fact that the allene 8 is equally produced by irradiation of
the cyclopropene 6 proves that the mechanism involves ring fissure and a 1,2-shift of
the diphenylphosphoryl group!®.
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0
R‘\ /F!th ﬁ Te ﬁ
c=—=c=—=c PhyP—C—C==C—FPPh
Rz \PPh2 2
“ Me
o)
(9)

R‘=R2=Me or Ph

(8)

On irradiation of various pyridazines 10 in benzene or pentane, the extremely
thermostable 1,2-dewar pyridazines 11 are formed by an electrocyclic ring closure
between N, and C,'! (equation 2). In the presence of Hg and UV light dimerization of
phosphine oxide is observed!2. Measurements of the kinetics and quantum yield of the
photoisomerization reaction have been performed with 4-diphenylphosphorylstilbenes
using different substituents at the second aromatic ring!®. UV irradiation of tris-
(trifluoromethyl)phosphine oxide for 200 h yields a mixture of carbonyl fluoride, hexa-
fluoroethane and phosphorus trifluoride in addition to tris(trifluoromethyl)phosphine
and some uncondensable material and the educt'*.

NN )
R‘l
L
ZTN 2
1_p2 0 R
R'=R%=Ph,0Me, -Bu
R'=0Me, R®=Ph
(10) (1)

2. Sulphides

Investigations of the photochemical degradation of phenyl(diphenylthiophosphoryl)-
methyl azide (12) showed that the formation of N, followed by benzylideneamino-
diphenylthiophosphorane (13) and aminodiphenylthiophosphorane (14) takes place,
analogous to the thermally induced reaction (equation 3). This reaction is the first example
of a thiophosphorus group migration'®. Photolysis of 5-diphenylthiophosphoryl-3H-
pyrazoles leads, like the oxophosphoranes, to the corresponding thiophosphoryl
cyclopropenes (15) via ring fissure, N, elimination and ring closure of the resulting
carbene!®.

s s
Ph S

\p/ LI thuN:‘CHPh + th!:I’NHz )
e |

PhCHN3

(12) (13) (14)
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R'=H, Me, Ph
R2=R3=Me or Ph

(15)

B. Reactions with Carbonyl Compounds

1. Oxides

Diphenylphosphine oxide, formed by photolysis of benzoyldiphenylphosphines,
generates the corresponding alcohols 16 and 17 by addition of a carbonyl'®!”. The
reaction with phenanthrene quinone takes place analogously'®. Formation of the reactive
OPR, radicals is realized by H-abstraction from the corresponding phosphine oxides'®.
Irradiation of the entirely substituted phosphine oxide, however, leads to the phosphino
radical PPh,2°. These intermediates may be trapped by reactions with carbonyl
compounds, e.g. quinones?®2!.

H OH TH ﬁ
Ph Ph
p” Me—c—p
||\Ph | ph
0] Me
(16) an

2. Sulphides

1,2-Dicarbonyl compounds, e.g. quinones and benzoin, sensitize the photooxidation
of pentacovalent phosphine sulphides. Hence, photooxidative desulphurization of tri-
phenylphosphine sulphide in the presence of benzil, biacetyl, acenaphthaquinone, pyruvic
acid, methyl pyruvate, butyl pyruvate, benzoin, 2,3-dichloro-5,6-dicyano benzoquinone
or 2,3,5,6-tetrachlorobenzoquinone results in conversion of the P=S group to a P—=0
group??. Whereas irradiation of phosphine sulphides in oxygenated solution in the
presence of singlet oxygen sensitizers such as Rose Bengal and Methylene Blue does not
lead to a reaction, the 1,2-dicarbonyl compounds do give the expected result?2
1,4-Quinone react with oxygen to form 1,4-biradicals which can be trapped by olefins?*23,
The reactivity of some phosphorus compounds with regard to this reaction increases in
the following series®?:

S S

Ph,P=S$ > Ph,POEt > PhP(OEY), > (Et0),P=S

UV irradiation of benzoin (18) in the presence of oxygen leads via a Norrish type I
fission process to give the corresponding peroxy radical. The latter reacts with triphenyl-
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Ph (0]

./ 0 phgp=s 0
T p PhLOO' N P/T — % Ph,p=0
3 P=
CH O2 No| S
on” ok
(18) (20)

(4)

phosphine sulphide (19) with desulphurization to generate triphenylphosphine oxide
(20)and sulphur?2:242% (equation 4). Further investigations have led to similar results
concerning the irradiation of acylphosphine oxides and acylphosphonates in the presence
of triphenylphosphine sulphide as a photoinitiator?®.

C. Reactions with Unsaturated Compounds

1. Oxides

Phosphine oxides are easily and quantitatively added to vinyl- or allyl-silanes in a
photochemical reaction. Polyvinylsiloxanes may be employed in the same way. For
example, dibutylphosphine oxide reacts with divinyldichlorosiloxane in its hydrolysed
and polycondensed form to give poly{bis-[2-(dibutylphosphonyl)ethyl]siloxane}*. Irradi-
ation of the phosphorylated cyclopropene 21 in the presence of diphenylisobenzofuran
(22) as a 1,3-diene leads to a Diels—Alder reaction forming the exo-configured adduct
2310 (equation 5).

i
Ph [0}
H PPho Ph Me
/
E \; + o - (5)
S Me
|
Me Me Bh - PPhy
I
(o}
(1) (22) (23)

Whereas the reaction of tris(trifluoromethyl)phosphine oxide with ethylene does not
result in a well characterized product, the use of tetrafluoroethylene yields a mixture of
carbonyl fluoride, phosphorus trifluoride and hexafluoroethane in addition to recovered
educt and polytetrafluoroethylene!*.

2. Sulphides

On irradiation, diethylphosphine sulphide (24) easily adds to the olefinic bond of
triethoxyvinylsilane (25), generating 1-diethylthiophosphoryl-2-triethoxysilyl ethane (26)*
(equation 6). Photoreaction of diethylphosphine sulphide with acrylonitrile results quan-
titatively in the formation of cyanoethyldiphenylphosphine sulphide?’. Diphosphine
sulphides of the general formulae 27 and 28 react in the same way. While experiments
trying to add sec-phosphine sulphides to isocyanates or activated olefins under alkaline
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conditions failed, this reaction proceeds well under UV irradiation?®.

S S
I I
Et,PH + H,C=CHSI(OEt), > Et,PCH,CH,Si(OEt), (6)

(24) (25) (26)
S S
1 o,

H—P—P—H H—P—R®—P—H

bk Lok
@7 (28)

R1=olkyl or alkenyl, cycloalkyl or cyclolalkenyl or
aryl group

R2=alkylene or arylene group

D. Reactions with Other Compounds

1. Oxides

Using chlorine as a radical initiator, cyclohexane reacts with phosphorus compounds
having a coordination number of four and a H-substituent to yield the corresponding
phosphoryl compounds?®. In a similar manner this reaction proceeds using phosphonic
acid and phosphinic acid derivatives. Chlorohexane is formed as a by-product in all cases.
An explanation is to be found on the one hand in the low selectivity of the chlorine atom
and on the other in the similarity of the bond energies of the cyclohexyl C—H bond?3°
and the P—H bond?".

sec-Phosphine oxide Phosphine oxide Yield (%)

Et,P(O)H Et,(C¢H,,)PO 84
(CeHy4),P(O)H (CeH,41)sPO 80
Ph,P(O)H Ph,(C¢H,,)PO 30

2. Sulphides

UV-irradiation of tetraphenyldiphosphine disulphide (29) in the presence of methanol
(30) under a nitrogen atmosphere using a mercury lamp leads to diphenylphosphine
sulphide (31) and O-methyl diphenylphosphinothioate (32). The reaction mechanism
is explained by a homolytic fission of the P(S)—P(S) bond?3? (equation 7). A similar reac-
tion of tetraphenyldiphosphine in alcohols is reported to occur both photolytically and
thermolytically respectively®?).

S S weorr S S
[ Go) | ||

Ph,P—PPh, —— [2Ph,P—=S] ——2» Ph,PH + Ph,POMe 0
(29) 31) 32)

While the irradiation of tetracthyldisphosphine disulphide in carbon disulphide or
methanol in the presence of Rose Bengal as a sensitizer and oxygen does not lead to the
insertion product 33, reaction in benzene does produce this product, sulphur and
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S S

[l
Et,POPEL,

33)

diethylphosphinic acid. The last is generated by oxidative desulphurization of the P=S
group?2. Photoreaction of tetraethyldiphosphine disulphide with a,x’-azobisisobutyro-
nitrile in benzene solution only yields IR and mass spectroscopically determined amounts
of diethyl-1-cyano-1-methylethylphosphine sulphides (34)*2.

SMe
Et,PCCN

Me
(34)

Investigations of the photochemically induced transfer of oxygen atoms of heterocyclic
N-oxides to phosphine sulphides have primarily been undertaken with P-substituted
phosphine sulphides (35) and 3-methylpyridazine-2-oxides (36) yielding the corresponding
P-oxides (37) and the pyridazine 38 (equation 8).

s 0
p/ Me P/ Me
N hv
+ I + + QN
N
N A N/
R 8 N o R 3
(35) (36) (37) (38)

R=Me, MeO,H,Cl,Me05C
®)

On photolysis of pyridazine oxides in the presence of para-substituted triarylphosphine
sulphides, no significant dependence on substitution is shown in the formation of the
resulting phosphine oxides®>. The lack of a substitution effect implies either that the
oxygenating species is not a strong electrophile or, being an electrophile, that the reactivity
towards thiophosphoryl species is very high and, therefore, the selectivity is low. A
similar effect is known in carbene chemistry®®. Such oxidation reactions are presumably
of high ecological importance for the use of organophosphorus insecticides in
agriculture®”+38,

Photooxidation of dialkyl sulphides leads to the corresponding sulphur peroxidic
species, which react with phosphine sulphides to give dialkyl sulphoxides>°.

3. Selenides

The oxidation desulphurization at pentacovalent phosphorus by photogenerated
peroxidic species also proceeds as a deselenation, similar to the reaction of sulphides
already described. The reaction mechanisms in equations 9 and 10 have been proposed>®.
The reaction is not restricted to dialkyl sulphides but also finds applications in the
photooxidation of diphenyldiazomethane with benzophenone as product instead of
sulphoxides®®.
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o
st/r/_Se\———PR'g, — RpS—0—Se
\O

L\

o~ PR3
RS0
st +
rp i
[¢] T , 3 N
Rpts™™ o~ se==PR3 — Rots£ 00— PRY Se
./
“Se 9)
0
R'3P/| — R3P—O0 + Se (10)
\Se

Photooxidation of triphenylphosphine selenide in the presence of Rose Bengal or
polystyrene- and silica gel-supported Rose Bengal exhibits different reactivities in the
formation of triphenylphosphine oxide in different solutes*’:

RB Me,C=0 < MeCN < MeOH < MeOH-CHCl,
MeOH < MeCN < benzene < CCl, <

CH2———RB benzene—MeOH < CH,Cl, < CHCI, <
CH,Cl,-MeOH

MeOH < MeCN < benzene < CH,Cl,-MeOH
< CHCI; < CH,Cl, < CCl,

RB = Rose Bengal, @ = polystyrene copolymer; @ = silica gel

(® —(CH,),—RB

The formation of phosphine oxides is inhibited by the addition of a typical singlet oxygen
quencher, 1,4-diazobicyclo[2.2.2]octane (dabco), especially in non-polar solvents*°.

E. Radiolysis

1. Oxides

Tetraphenylmethylenediphosphine dioxide (39) in CHCI; shows high stability to
y-radiation*!,
[0]
Ph\ucH A P
2
pn" ”\Ph
o]
(39)

F. Miscellaneous

1. Oxides

Numerous EPR-investigations have been performed concerning the formation of
radicals, e.g. photochemical reactions of quinonoid compounds!®, carbenes and ketones??,
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3-methyl-3-nitrosobutan-2-one, nitroso-tert-butane, nitrosobenzene and «-phenyl-N-
tert-butylnitrone*? with phosphine oxides. These have involved kinetic and spectro-
scopic characterization of the diarylphosphonyl radical*?. X-irradiation of phosphine
oxides leads to phosphino radicals** or to phosphonyl radicals?’, whereas on using
(chloromethyl)diphenylphosphine oxide at 3K the chloro-anion 40 is formed, although
the C-radical 41 is formed at 70K** Formation of the corresponding radicals on
y-irradiation has been investigated using the following substrates: triamylphosphine
oxide*?, tri-n-butylphosphine oxide*®, trimethylphosphine oxide*’ and triphenylphos-
phine oxide*®.

0 0
Ph\L'CH c Ph\PéH
2 2
pn" "
(40) (41)

2. Sulphides

Numerous EPR investigations provide proof of radical formation, e.g. diphenylphos-
phino radicals are generated on X-irradiation of single crystals of triphenylphosphine
sulphide?®#*, Diphenylphosphine sulphide gives the thiophosphonyl radical*® and
tert-phosphine sulphides yield thiophosphonyl radicals instead of the corresponding
phosphoranyl radicals®°. Quantum chemical computations have been performed for the
dialkylphosphine sulphide®! and the trialkylphosphine sulphide’? systems. Investiga-
tions have been published describing the generation of radicals by y-irradiation of
triphenylphosphine sulphide*3->3 and tetramethyldiphosphine disulphide®*.

3. Selenides

Radical formation has been identified by single crystal EPR measurement, e.g.
methylphenylpropylphosphine selenide gives a ¢* radical anion®°. The measurements
provide detailed information about its geometric and electronic structure. After X-
irradiation of trimethylphosphine selenide, two different phosphorus-centred radicals are
observed in the EPR experiment®2, similarly to the photolysis of tricyclohexylphos-
phine selenide®?.

lll. ACYLPHOSPHINE DERIVATIVES

A. Molecular Reactions

1. Oxides
Photolysis of acylphosphine oxides yields radicals via type I fission of their triplet
states®>.

B. Reactions with Other Compounds

1. Oxides

Photoinduced a-fission of acylphosphine oxide 42 leads to the adducts 43 and 44 by
radical intermediates which can be scavenged using 2,2,6,6-tetramethylpiperidine-1-oxyl
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(tmpo)*® (equation 11). Chemical trapping experiments using tmpo have proved to be a
valuable means for the elucidation of reaction mechanisms®’~%°. Irradiation of
trimethylbenzoyldiphenylphosphine oxide leads, in the presence of N-methyldiethanol-
amine, to the corresponding ester and diphenylphosphinous acid®®. This can be explained
by attack of the amino alcohol on the electron-deficient carbonyl group. The pentavalent
form of the tautomeric pair diphenylphosphine oxide—diphenylphosphinous acid prevails
because of the possibility of dn—pn bond formation. Nevertheless, the nucleophilic
character of the phosphinous acid 45 is revealed by the Michael addition of methyl
methacrylate (46) yielding 47°° (equation 12).

i IR
RCPPh; — |RC® °*PPh | ———— RCO—N + PhZPO—N
(42) (43)

(44)
Me MeO
R= @—Me, , —CMeg (1)
Me MeO
OH Me Ph Me

PhaPi\ _FHe==C—COMe —» Ph—*P—CHy —C™—COMe

|
OH

(45) (46)
l (12)

Ph Me Ph CH Me
\P-——CHg—(IZH -— \*'P/,\Z\ <
o P o /\COMe

0 COMe

0
47)

The phosphonyl radicals 48 show high reactivity towards olefins such as methacrylo-
nitrile, styrene, methyl methacrylate, acrylonitrile, methyl acrylate, butyl vinyl ether and
vinyl acetate®!. This can be ascribed to their tetrahedral structure. In the presence of

0o R',R®=Ph,Ph
Ph,OCHMez
/ Me,OMe
OMe, OMe
(48) OEt,OEt
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oxygen the radicals formed by a Norrish type I cleavage process cause oxidative
desulphurization at pentacovalent phosphorus.

2. Sulphides

Acylphosphine sulphides react in a similar manner to their oxygen analogues. Com-
pared with the phosphine oxides their reactivity towards olefins is about one order
of magnitude lowerS2. Here, the reactive agent is the thiophosphonyl radical 49.

C. Use as Polymerization Initiators

1. Oxides

The results of the investigations described in the last section point to the most
important application of acylphosphine oxides as photoinitiators®®. Compared with
acetophenones they show a red shift of the UV absorption maximum of about 50 nm%*.
The first species to be investigated which were stable against solvolysis were phosphine
oxides (50-53) prepared by Arbuzov synthesis®*~ 66

] Me (0]
) P/Ph P/Ph
[ [ e
o] o}
(50) (51)
Me 0 o
Ph
P< Me C/U\P/Ph
|| >pn 3 ||\Ph
Me Me 0
(52) (53)

Reactions of acylphosphine oxides and also other photoinitiators are described
phenomenologically®”’. Trimethylbenzoyldiphenylphosphine oxide promotes the cationic
polymerization of butyl vinyl ether in the presence of diphenyliodonium ions. The
reaction mechanism shown in equation 13 is proposed®®.

Although stable onium salts have been shown to be good photoinitiators for cationic
polymerization®?, it has to be admitted that in the absence of acylphosphine oxide the
reaction described above does not yield the polymer. Investigations of the mechanism
have been performed similarly using tetrahydrofuran®®’° and (3,4-epoxycyclohexyl-
methyl)-3’, 4’ -epoxycyclohexane carboxylate”*. The reactivity of several acylphosphine
oxides is comparable to that of the corresponding acetophenone derivatives®®.
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Me 0]

Arct + PRI+ PR

l,, BVE lsvg Ph,PCH,CHO(CH ) sMe
polym. PhCH,CHO(CH,) sMe -
(13)
lopx*
+ +
PhCH,CHO(CH,)zMe PhoPCH,CHO(CH, )gMe
ln BVE ln BVE
polym. polym.
polym. = (l:H—CHz
O—(CHp)aMe |,
BVE = butyl vinyl ether
DPI* = diphenyliodonium ion

Photochemical polymerization yielding copolymers containing isocyanate groups can
be achieved with acylphosphine oxides. For example, reaction of vinyl isocyanate, 2-
ethylhexyl acrylate, methyl acrylate, methyl acetate and tert-butyl chloride in the presence
of 2,4,6-trimethylbenzoyldiphenylphosphine oxide all lead to the corresponding poly-
mers®3. Photopolymerization of acrylates is enhanced by the addition of a leuco dyestuff
such as triphenylmethane rosaniline’?. Photoinitiators are used in the production of
acrylic resins in both non-pigmented’?® and TiO,-pigmented systems’#. Different P—=0
and C==0 units containing initiators have been compared by the method of thin-film
polymerization of acrylates®® and unsaturated polyesters’” using laser nephelometry.

Acylphosphine oxides can be used as photoinitiators for unsaturated polyesters
with?376:77 and without”® 78 using solvents. For example, a hardened film is developed
by irradiation of a TiO, containing styrene solution of the unsaturated polyesters derived
from tetrahydrophthalic anhydride, maleiic anhydride and diethylene glycol’®. Various
useful phosphine oxides (54-70) have been synthesized and characterized’®7°8°, The
sunlight-induced photohardening of some polymer systems can be achieved by using
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additional initiators such as benzil dialkyl ketals and/or methylthioxanthone together

with phosphine oxides®!.
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2. Sulphides

In the presence of acylphosphine oxides or sulphides, photopolymerization can be
induced of oligomeric epoxyacrylates such as bisphenol A diglycidyl ether, trimethyl-
propane triacrylate, Michler’s ketone (tetramethyl-p,p-diaminobenzophenone) and
Victoria Blue’2. The exposure times are as follows:

Initiator Irradiation cycle
2,4,6-Trimethylbenzoyldiphenylphosphine oxide 5
2,4,6-Trimethylbenzoyldiphenylphosphine sulphide 5
2,4,6-Trimethylbenzoylditolylphosphine oxide 5
2,4,6-Trimethylbenzoylditolylphosphine sulphide 7

The time of exposure required to obtain a sufficient degree of polymerization is extended
in the absence of a sensitizer, e.g. Michler’s ketone’2. Acylphosphine sulphides can also
be used as initiators in the polymerization of unsaturated polyesters’”.
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D. Miscellaneous

1. Oxides

Kinetic and mechanistic aspects concerning the initiation of free radical polymerization
by acylphosphine oxides have been reported®*#3, These compounds show relatively
strong absorptions at 350-400nm®¢. Flash photolysis of o-methylbenzoyldiphenyl-
phosphine oxide indicates that a-fission competes with enolization (triplet state). A high
quantum yield is found for the formation of the diphenylphosphonyl radical®?83. The
bimolecular rate constants for the reaction of phosphonyl radicals with several monomers
in cyclohexane have been reported®3.

Absorption measurements of 2,4,6-trimethylbenzoyldiphenylphosphine oxide in dilute
solutions of benzene, methanol and dichloromethane using 20-ns flashes of 347 nm
radiation indicate the formation of phosphonyl radicals. The singlet and triplet lifetimes
were estimated as t < 1-ns, the singlet energy being around 288 kJ mol ~ 1. Rate constants
for the reaction with olefinic compounds are 6.0 x 107 (styrene and methyl methacrylate),
2.7 x 107 (methylcrylate), 1.8 x 107 (acrylonitrile), 5.0 x 10° (tert-butyl vinyl ether) and
2.0 x 10° (vsiglyl acetate). The quantum yield of radical formation lies in the range
¢ =0.5-0.7%.

The influence of methyl substitution in benzoyldiphenylphosphine oxides has been
investigated under flash photolytic conditions®® in addition to reactions of pivaloyldi-
phenylphosphine oxide®”. The use of Fourier transform infrared (FTIR) spectroscopy
gave helpful hints in the determination of the photoinitiative efficiencies of acylphosphine
oxides, e.g. 2,4,6-trimethylbenzoyldiphenylphosphine oxide®®. The flash photolysis ESR
method together with chemically induced dynamic electron polarization (CIDEP) allowed
the mechanism of photochemical reactions leading to the formation of radicals to be
explained®®-°°. After photolysis of 2,6-dimethoxybenzoylphosphine oxide (71) with a
308-nr§1 laser, the ESR signals have been evaluated by time integration spectroscopy
(TIS)®!.

MeO o]

(71)

IV. PHOSPHENE DERIVATIVES
A. Sulphides

Reactions of phosphorus (III) compounds with pr—pn double bonds have occasionally
been investigated®?:°3. The sterically stable educt (E)-bis(2,4,6-tri-tert-butylphenyl)-
diphosphene (72) readily reacts with elemental sulphur to give the monosulphide 73.

Ar Ar Al’// Ar
pmmp MESLL Neo M % g (14)
\Af O// \Ar \S/
(72) (73) (74)

Ar=2,4,6-tri-f-BuCgHy



4. Photochemistry of phosphine chalcogenides 153
After UV irradiation in toluene solution, (E)-2,3-bis(2,4,6-tri-tert-butylphenyl)-1,2,3-

thiadiphosphirane (74) is formed quickly®* (equation 14). Even in the solid state the
sulphide 73 after irradiation gives the isomeric diphosphirane 74.

V. DIAZOPHOSPHINE DERIVATIVES
A. Molecular Reactions

1. Oxides

Diazo compounds produced in an aldol-like reaction of (diazomethyl)diphenyl-
phosphine oxide with aldehydes show two competing reaction pathways after UV
irradiation: H- and R-migration. For example, photolysis of (1-diazo-2-hydroxypropyl)-
diphenylphosphine oxide (75) yields the carbene 76 which undergoes H-shift predomi-
nantly to form (2-oxopropyl)diphenylphosphine oxide (77). In other cases the carbenes
are less reactive and undergo R-migration to form (2-hydroxyvinyl)diphenylphosphine
oxide (78)°5 (equation 15). This reaction occurs similarly to the copper(I) acetylacetonate-

catalysed thermolysis®®.
0 0]
H—shift )j\/”
—— PPh,
R
HO OH 0
[o] B H (77)
v
R l - PPhy — (15)
PPhy R R
N2
H%Pth
(75) (76) T [l
e
o

R—shift

(78)
R = Me, 4-MeC¢H,, Ph, 4-NCC¢H,, 2-naphthenyl, 2-thienyl

After irradiation of (diazomethyl)cyclopropene (79), the carbene 80 is obtained, which
decays to give the acetylenes 81 and 82 in a sort of chelatropic reaction, whereas by
widening of the ring the phosphorylated cyclobutadiene 83 is formed, which in turn
dimerizes to give 84°¢ (equation 16).

N2
Ph o Th Th
PPy — & pn PPh, —> C  + ¢
Ph I I l Il
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(79) (80) (81) (82)

(16)
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B. Reactions with Carbonyl Compounds

1. Oxides

After irradiation with UV light (diazobenzyl)diphenylphosphine oxide yields the
phosphorylcarbene with N, loss, showing a 1,2-phenyl shift from phosphorus to the
carbene carbon atom®’°8. A short-lived intermediate is (diphenylmethylene)phenyl-
phosphine oxide with the rare coordination number of 3. Isolation of the reactive
‘phosphene’ species has not been achieved in this system®®. With carbonyl compounds
trapping of these phosphines is possible. For example, irradiation of (diazobenzyl)-
diphenylphosphine oxide in the presence of benzaldehyde or 1-naphthaldehyde
in benzene yields the corresponding 1,2-oxaphosphetanes 85 and 86 in addition to
the cyclopropanated solvent by [2+ 2]-cycloaddition of the carbene with the
aldehydes!©°.

Th Ph Th Ph
O=T——-—Ph o=T——Ph
0o—Lt—R o—Ak—Rr
H H
R=Ph R=0-naphthyl
(85) (86)

Irradiation of the (diazo)phosphine oxide 87 in the presence of a,f-unsaturated carbonyl
compounds 88 yields 2-0xo-2,3,3-triphenyl-4-vinyl-1,2-oxaphosphetanes (89) via the
intermediates described above. A subsequent cycloreversible reaction, such as an
olefination, leads to butadienes or hexatrienes (90), respectively and dioxophenyl-
phosphorane (91)'°171%3 (equation 17). The carbene PhP(O)CPhBz, produced photo-
chemically from the corresponding diazo compound, undergoes [4 + 2]-cycloaddition
with aldehydes and ketons, e.g. BzPh, p-RPhBz (R = OMe, Me, Cl), AcMe, AcPh,
cyclohexanone, AcCMe;, AcH, BzH, Cl;CCHO, crotonaldehyde and cinnamaldehyde.
In the case of BzPh the heterocyclic 91-94 are obtained'°*.

Triphenylphosphene 95, produced in a photoreaction, reacts with tropone®® in an
[8 + 2]-cycloaddition reaction to give 3,3a-dihydro-2,3,3-triphenyl-2H-cyclohept[d]-
1,2-oxaphosphole-2-oxide (97) (equation 18). The [2 + 2]-adduct is not obtained!®>.
Comparisons with the C-analogue diphenyl ketene have been published!°®. The reaction
of the carbene with tetracyclone yields the [6 + 2]-adduct 98 and the [12 + 2]-adduct
99195; the structure of 98 is known from X-ray analysis.
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C. Reactions with Other Compounds

1. Oxides

Photolysis of (diazobenzyl)diphenylphosphine oxide in benzene yields 7-(exo-
diphenylphosphoryl)-7-endo-phenylnorcaradiene as the adduct of the carbene with the
solvent!99:191 After reaction of (diazomethyl)diphenylphosphine oxide (100) with ketene
101 in the presence of benzophenone in CH,Cl, under nitrogen, two products showing
a spiro structure are obtained, i.e. (E)-1-(diphenylphosphinyl)-5-oxo0-4-oxaspiro[2.3]-
hexane (102) and the corresponding Z-isomer 103'°7 (equation 19). In a similar manner

diketene reacts with a-diazoketones!?87 119,
i i
PPho PPho
I
Ph
CH )
S o+ 2 LI + 0
Ph/ ” O PhaCO 7, (0] 4 %O
N2 K9 K
(100) (101) (102) (103)

(19)

The carbene reactions of substituted (diazomethyl)diphenylphosphine oxide 104 in
methanol proceed in a complex sequence. At the carbene stage (105), P/C—Ph shift
competes with formation of the phosphinic ester 110 via the intermediate 106 and with

N
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(20
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formation of the carboxylic ester 111 via C/C—R shift and the ketenes 109. OH-insertion
yields the methoxy compound 107 and the acyl methane 109 is formed via reductive
N, elimination'!! (equation 20). The methoxy compound 107 may undergo cyclomeri-
zation to the corresponding oxetanes by intramolecular reduction of the carbonyl
group!!!. This reaction should proceed via the diradical similarly to the formation of
cyclobutanol!!?:'13, Presumably for steric reasons, only the trans isomers (P—/acyl
group) of the resultant oxetanes could be detected'!!.
(Diazobenzyl)diphenylphosphine oxide reacts with H,O with OH insertion and via a
Wolff rearrangement with H,O addition to give the a-hydroxyphosphine oxide and the
diphenylmethyl phenylphosphinic acid!'#. Using (diazomethyl)diphenylphosphine oxide
it could be shown that the P/C-—Ph shift product also reacts with other protic nucleo-
philes than H,O and methanol, e.g. with isopropanol, morpholine and aniline''".
Photolysis of the (diazo)phosphine oxides 112 in dimethyl sulphide leads to a reaction
similar to a radical trap reaction to form dimethylsulphonio methanides 113 and,
sometimes, the methylene compounds 114' '3 (equation 21). The first ylide syntheses were

performed using bis(phenylsulphono)diazomethane!!®, tetraphenydiazocyclopenta-

diene'!” and diazomalonic esters!'8.
Nz
Ph Ph Ph
h
>P——C——C—-R —“ﬁ» >P——C'—C~—R >P—CH2—C——-R
e
P | I 2 g Ph ||
o] 0 —N2 o] /s o] 0 o]
Me Me
(112) (113) (114)
R=Me,Ph, p-BrPh, p-MesNPh, OEt, NHp (21
2. Sulphides

UV irradiation of benzoyldiphenylthiophosphoranyldiazomethane (115) in methanol
yields the thiophosphinate 116 and the sulphides 117 and 118. In methanol-benzene
mixtures also the phosphinate 119 and the thiophosphinate 120 are formed!!®
(equation 22).
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Sulphur migration is observed in the photolysis of (diazobenzyl)diphenylphosphine
sulphide in alcoholic solution'2°. The mechanism can be explained by the formation of
a three-membered ring intermediate. These thiirenes are found to be very reactive!2':122,
The last step can be viewed as an intramolecular Arbuzov-type reaction. Analogously,
N-methylanilinophosphonium iodide reacts with alkoxide and thiol'?3. Consequently,
in dioxane—water a-mercaptobenzyldiphenylphosphine oxide (121) is obtained whereas in
methanol-xylene a-methylthiobenzyldiphenylphosphine oxide (122) is formed ! 2°. Irradi-
ation in pure xylene leads only to the carbene dimer!?°. Analogously to the phosphine
oxides, a 1,2-phenyl migration occurs, and phosphine sulphides yield the corresponding
products to the oxides!2°.

0
PhaP—CHPh thlll——CHPh
SH SMe
(121) (122)

VIl. PHOSPHOLE DERIVATIVES
A. Molecular Reactions

1. Oxides

When a solution of 3,4,5-triphenyl-4-phosphabicyclo[3.1.0]hex-2-ene-4-oxide in dry
peroxide-free tetrahydrofuran is photolysed under a nitrogen atmosphere, orange crystals
of 3,3',4,4',5,5-hexaphenyl-4,4’ -diphosphabi(cyclohexyl-2,5-dienylidene)-4,4'-dioxide are
obtained in good yield'?#. Irradiation of the structurally similar pyrazoline 123 leads
to the same reaction product 124'%4. Analytical data for the product 124 are similar to
those of Mirkl’s compound!?°.

N

P
Ph
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(123) (124)

Sensitized irradiation of 1-phenyl-3-phospholene oxide dimer (125) led to the cage
product 126 in nearly quantitative yield'2® (equation 23). Analytical investigation of this
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structure indicates a cage structure obtained by intramolecular [2 + 2]-cycloaddition of
the endo-Diels—Alder product 125'27.

Photolysis of 3-phospholene-1-oxides yields stereoisomeric dienes depending on the
substituents used only if the phenylphosphinidene oxide that is formed simultaneously
is trapped!28:12°, Reaction of buta-1,3-diene with phenyldibromophosphine followed by
bromination, dehydrobromination with triethylamine and [2 + 4]-addition with cyclo-
pentadiene leads to the Diels—Alder adduct 127. Reacting as a dienophile, the cage
product 128 is formed with photochemical initiation in acetone!3® (equation 24).

hv
(24)

/ acetone

P
V7 P
o7\, o o

(127) (128)

2. Sulphides

Irradiation of 3,4-dimethyl-1-phenyl-3-phospholene-1-sulphide in solutions of
acetonitrile, diethyl ether, tetrahydrofuran or dioxane yields a polymer and the basic
material. If, however, precautions are taken to ensure that the reactive phenylphosphino-
thiolidene intermediate is fully consumed, the corresponding dienes are obtained'?8.

B. Reactions with Alcohols

1. Oxides

2-Phospholene oxide (129) is photochemically reduced in the presence of isopropyl
alcohol to yield a mixture of isomeric phospholanes (130)!3!'132 (equation 25). After
irradiation of 129 in methanol-xylene, the possible ROH adducts are not
obtained!3!'!32, Photolysis of 1-phenyl-3-methyl-3-phospholene oxide in methanol yields
methyl phenylphosphinate as the only isolable products, whereas some isoprene is
detected in the reaction mixture!33. The existence of the presumed intermediate
phosphinidene oxide is proved by the following method: photolysis of phospholene oxide
in benzene, addition of methanol as a trapping agent in the dark and detection of 10%
methyl phenylphosphinate!33. The reaction is assumed to proceed via a poly(phosphini-
dene oxide) intermediate!3*.

Me Me
hv
[ l] i=PrOH ! ! (25)

P P
N\
o’ N, BN
(129) (130)
Photolysis of 1-phenyl-3-phosphole oxide dimer (131) in methanol yields methyl

phenylphosphinate (132); the expected dihydrophosphindole product 133 could
not be isolated!?® (equation 26). However, after irradiation in methanol solution, the
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adduct 134 from triphenylphosphole oxide!3 and cyclopentadiene leads to the
phosphinate 135 and the dihydroindene derivative 136'3° (equation 27).
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I
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Photolysis of 2-diazo-4,4-dimethyl-1-phenyl-43-phospholane-1,3-diene (137) in meth-
anol does not show a phosphorylcarbene-methyleneoxophosphorane rearrangement®®
but formation of the carboxylic ester 138, presumably by solvolysis and Wolff
rearrangement. Further, the cyclic a-oxophosphine oxide 139 is formed by reductive
nitrogen elimination!3® and the 1,2,A%-oxaphosphorinane 140 by O/H insertion, ether
cleavage and isomerization' 3’ (equation 28). This isomerization to 140 corresponds to the
‘diphenyl reduction’ of 2,3-dihydroxy-1,3-diphenylprop-2-en-1-one! 3%,
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2. Sulphides

UV irradiation of 3,4-dimethyl-1-phenyl-3-phospholene-1-sulphide in methanol
yields 2,3-dimethylbuta-1,3-diene, O-methyl phenylphosphinothioate and 0,0-dimethyl
phenylphosphonothioate. The product ratio depends on the length of irradiation!?®.
Several methyl-substituted 3-phospholene sulphides have been investigated to
determine their ability to generate dienes!2®,

Different species 141-143 have been probed in relation to photofission of 7-phos-
phanorbornene in methanol'3°. Likewise, investigation were undertaken to determine
whether the very high strain existing in the 3-phospholene ring would improve the yield
of the photoreaction. Thermolysis, however, shows loss to the RP=S bridge'4°~142,

R S R S R S
N N\ \/
Me Me Me
Me Me Me CO2R
0 (0]
o 0 o N CO2R
Ph
R=Ph, n-Bu R=Ph, n-Bu R=Me, H
(141) (142) (143)

For example, photolysis of 7-(4-bromobutyl)-7-phosphanorbornene (144) leads to
O-methyl (4-bromobutyl)phosphinothioate (145) in good yield, reacting after treatment
with NaH-thf to give an interesting carbon phosphorus heterocyclic 1-methoxyphos-
pholane sulphide (146)'3° (equation 29). This reaction sequence is also applicable to the
production of ring systems such as phosphorinanes and phosphepanes'®. After irradi-
ation in methanol, the adduct from triphenylphosphole sulphide and cyclopentadiene
generates the corresponding thiophosphinate and diphenyldihydroindene!3°.

Br(CH,) s
24\P/
Me
P BricHpPH  — 29
Me MeOH riha 4| thf . (29)
0 M Y
N OMe S/ \OMe
]
Ph
(144) (145) (146)
3. Selenides

After UV irradiation in methanol, the phosphine selenide 147 reacts to give the
selenophosphinate 148 via the intermediate phenyl selenoxophosphine PhP=Se!3°.
Photolysis of 5,6-dimethyl-8-anti-phenyl-3a,4,7,7a-tetrahydro-4,7-phosphinideneiso-
benzofuran-1,3-dione-8-selenide (149) in the presence of methanol leads, after a sufficient
irradiation time, to the product 0,0-dimethylphenylselenophosphinate (150) via the cor-
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responding phosphinate!43:'44 (equation 30). A similar mechanism is shown by 5,6-di-
methyl-2, 8-anti-diphenyl-3a, 4, 7, 7a-tetrahydro-4, 7-phosphinideneisoindole-1, 3-dione-
8-selenide'#*. The central point of the reactions described above is the intermediate
PhP=X (X =Se, S, O) as a typical example of the very interesting comp