
Abstract. The principal achievements and themodern trends in theThe principal achievements and themodern trends in the
development of the chemistry of elemental phosphorus aredevelopment of the chemistry of elemental phosphorus are
analysed, described systematically and generalised. The possibil-analysed, described systematically and generalised. The possibil-
ities and advantages of the preparation of organophosphorusities and advantages of the preparation of organophosphorus
compounds directly from white phosphorus are demonstrated.compounds directly from white phosphorus are demonstrated.
Attention is focused on the activation and transformation ofAttention is focused on the activation and transformation of
elemental phosphorus in the coordination sphere of transitionelemental phosphorus in the coordination sphere of transition
metal complexes. The mechanisms of the reactions of whitemetal complexes. The mechanisms of the reactions of white
phosphorus with nucleophilic and electrophilic reagents are dis-phosphorus with nucleophilic and electrophilic reagents are dis-
cussed. Electrochemical approaches to the synthesis of organiccussed. Electrochemical approaches to the synthesis of organic
phosphorus derivatives based on white phosphorus are consid-phosphorus derivatives based on white phosphorus are consid-
ered. The bibliography includes 251 referencesered. The bibliography includes 251 references..

I. Introduction

The extensive use of organic derivatives of phosphorus in various
branches of industry imposes certain requirements on themethods
of their preparation. Until recently, phosphorus chlorides and
their derivatives (oxy- and thiochlorides) have served as the main
starting reagents for the synthesis of compounds containing an
organic substituent at a phosphorus atom. Industrial methods for
the production of organophosphorus compounds (OPC) by direct
chlorination of white phosphorus and by substitution of organic
ligands for the chlorine atoms suffer from a number of serious
drawbacks. The first one is evolution of large amounts of hazard-
ous and corrosive wastes (hydrogen chloride, alkyl halides, etc.),
which damage the process equipment and are harmful for the
environment. Modern requirements for environmental safety of
industrial plants dictate the need to develop OPC production
processes free from the chlorination stage. This has attracted
attention to the chemistry of elemental phosphorus.

The search for highly efficient methods for the synthesis of
OPC from elemental phosphorus, long carried out in scientific
centres of the world, has resulted in the discovery of a large

number of new reactions. The chemical behaviour of phosphorus
with respect to reagents of different nature was investigated.

Elemental phosphorus has two allotropes, white and red
phosphorus. The white phosphorus molecule is a P4 tetrahedron
with a P7P bond length of 2.21�A. The ring strain and the
presence of vacant p orbitals and a lone pair at each P atom
account for its high reactivity. Red phosphorus has a planar
layered polymeric structure; therefore, it is chemically more inert
than white phosphorus.

In many cases, reactions involving white and red phosphorus
are of the same type, although they differ in their rates and
conditions of conduction. For this reason, we consider them in
the same review. It should be noted, however, that irregularities in
the polymeric structure of red phosphorus hamper investigation
of the mechanisms of its reactions and identification of intermedi-
ates, whereas the molecular structure of white phosphorus unam-
biguously indicates that its reactions would require cleavage of the
P4 tetrahedron. This permits one to predict the structures of
intermediates and to control the process.

In the last 15 years, phosphorus chemistry has undergone a
qualitative change. The line of research dealing with methods for
activatiing white phosphorus in the coordination sphere of
transition metal complexes has been developed most appreciably.
Meanwhile, the existing reviews dealing with the chemistry of
elemental phosphorus 1 ± 12 consider only particular aspects and
give no general view of the new trends in this field of chemistry.We
have attempted to generalise and analyse the information on the
chemistry of elemental phosphorus published in recent years from
modern standpoint.

This review considers the reactions of elemental phosphorus
that take place under relativelymild conditions. In these reactions,
intermediates can be detected and, in some cases, even isolated,
which provides information on the reaction mechanisms. Atten-
tion is concentrated on the chemical behaviour of white phospho-
rus towards organic transition metal complexes. This is one of the
most convenient and promising approaches to investigatiing the
transformation routes of the P4 molecule. Determination of the
structures of the intermediates underlies the development of new
catalytic processes for the preparation of organophosphorus
compounds directly from white phosphorus. This study considers
the reactions of white phosphorus with organic and organo-
metallic compounds from a unified standpoint, which clearly
demonstrates the relationship between various fields of chemistry.
A special section is devoted to reactions of white phosphorus with
organic substrates under electrochemical activation, which is a
promising method for the preparation of organophosphorus
compounds from elemental phosphorus under mild conditions.
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II. Activation and transformations of a white
phosphorus molecule in a metal coordination
sphere
Despite certain progress in the study of the mechanisms of OPC
formation from white phosphorus, these reactions have not been
fully investigated as yet. The search for and the development of
new methods for the preparation of phosphorus-containing
derivatives are based on the elucidation of the rules of cleavage
of the P4 molecule and the factors governing the formation of new
compounds (including the structures and transformation path-
ways of the intermediates). This task is complicated by the high
reactivity of white phosphorus and the instability of intermediates
formed. In addition, the transformations of P4 into the target
products require fairly drastic conditions.

For the correct interpretation of data on the structures and
chemical properties of phosphorus intermediates, one can use the
isolobal analogy principle,13 which is the key link 14 and a sort of
`bridge between organic and inorganic chemistry and, hence,
supports the continuity of chemistry as a whole'.15 According to
this principle, `two fragments are isolobal if the number, symme-
try properties, approximate energy and shape of the frontier
orbitals, and the number of electrons in them are similar Ð not
identical but similar.'13 Thus, the phosphorus atom is isolobal to
the CH fragment, which allows one to draw analogies between the
usual organic compounds and the phosphorus fragments formed
upon transformation of a white phosphorus molecule.

Study of the behaviour of the white phosphorus molecule in
the coordination sphere of transition metal complexes is a
promising approach that allows one to clarify the complex
processes of opening of the initial P4 molecule and OPC forma-
tion. The transition metal atom acts as a sort of stabiliser for all
phosphorus intermediates, ranging from the simple phosphide
anion to complex phosphorus oligomers Pn containing up to 14
phosphorus atoms. The reactions of these complexes with other
transition metal derivatives and with organic compounds may
underlie the design of production processes of organic and
organoelement phosphorus compounds directly from elemental
phosphorus.7, 8

Researchers who try to classify the reactions of white phos-
phorus with transition metal complexes are faced with the prob-
lem of identification of the diverse products formed in this
seemingly simple reaction. Here we try to avoid the classifications
used previously. Cleavage of the P4 tetrahedron is considered from
the standpoint of a relationship between the structures of the
initial complex (the electronic structure of the metal, the presence
of vacant and latent coordination sites, and the ligand nature and
stereochemistry) and the phosphorus intermediates stabilised in
the metal coordination sphere. In our opinion, by using this
approach, one can consider more comprehensively the activation
of white phosphorus in themetal coordination sphere and identify
the factors that determine the structure of the phosphorus frag-
ment in the metal complex formed.

1. Derivatives of Group IVB metals (Ti, Zr, Hf)
The chemical behaviour of white phosphorus towards Group IVB
metal derivatives has been little studied. A probable reason for this
is the low stability of the complexes formed, which can be
attributed, from the standpoint of the hard and soft acid ± base
(HSAB) theory,16 to the low affinity of the phosphorus atom (soft
base) for Group IVB metal atoms (soft acids).

The reaction of white phosphorus with zirconium or hafnium
bis(cyclopentadienyl)dicarbonyl complexes occurs via elimination
of two carbonyl ligands, giving rise to bicyclo[1.1.0]tetraphospha-
butane 1 stabilised in the metal coordination sphere.17 The yields
of complexes 1 are nearly quantitative.

In the case of the bis(pentamethylcyclopentadienyl) titanium
derivative, the reaction requires more drastic conditions.18 Elim-
ination of not only the CO groups but also one pentamethylcy-
clopentadienyl ring takes place. This gives a triple-decker
compound of titanium 2 containing a m,Z3,Z3-distorted hexaphos-
phacyclohexane in the chair conformation (yield 19%). Note that
the change in the structure of the phosphorus ligand is directly
related to the change in the titanium coordination number.

The structure of the phosphorus fragment also depends on the
coordination environment of the metal. The replacement of the
carbonyl groups in the zirconium dicyclopentadienyl complex by
phosphide groups switches the route of reactions with white
phosphorus, which now give under mild conditions, instead of
complexes 1, metal complexes 3 with basically different phospho-
rus ligands.19 The reaction pathway considered by the authors
includes the activation of white phosphorus via complexation to a
coordinatively unsaturated zirconium atom and the subsequent
double intramolecular rearrangement.

An X-ray diffraction study has shown that the P7P bond
length in the cyclo-P3-fragment of complex 3, equal to 2.213�A,
differs little from the bond length in the P4 molecule.

Thus, it can be seen from the above examples that in the
reactions of white phosphorus with transition metal complexes,
the nature of the ligands has a substantial influence on the
structure of the phosphorus fragment formed.

2. Derivatives of Group VB metals (V, Nb, Ta)
The outcome of the reactions of white phosphorus with (cyclo-
pentadienyl)carbonyl derivatives of vanadium group metals is a
vivid example demonstrating the dependence of the structure of
the polyphosphorus fragments stabilised in the metal coordina-
tion sphere on the process conditions.20 ± 22 For example, photo-
chemical substitution of the carbonyl groups in compounds 4a ± c
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by a white phosphorus molecule yielded a product mixture which
was separated by column chromatography to give organometallic
tetraphosphacyclobutane derivatives 5a ± c. In the case of vana-
dium, the reaction did not stop at this stage but proceeded to give
binuclear complex 6a. It is of interest that the reaction of P4 with
tantalum 1,3-di-tert-butylcyclopentadienyl complex followed a
more complicated route, resulting in a polynuclear complex
[(Cp00Ta)3(m3-P4)(m3-P2)] (Cp00, 1,3-di-tert-butylcyclopenta-
dienyl).22

According to X-ray diffraction, the phosphorus atom in
niobium complex 5b is slightly disordered; this should be consid-
ered as the initial stage of decomposition of the P4-ring into P3-
and P1-fragments.

The same reactions carried out under thermolysis conditions
(refluxing in xylene, 16 h) result in a different structure of the
phosphorus ligands formed. The triple-decker compounds 7a,b
containing cyclo-P6, isolobal to benzene, as the central fragment
were formed as the major products in the reaction of complexes
4a,b with white phosphorus.15, 17, 20, 23

The 51V NMR spectrum of vanadium derivative 7a exhibits a
septet with the spin ± spin coupling constant 1J(51V31P)=56 Hz,
which confirms the structure of the complex.

3. Derivatives of Group VIB metals (Cr, Mo, W)
The reactions of cyclopentadienylcarbonyl complexes formed by
chromium group metals with white phosphorus are most studied.
A number of research groups have detected various phosphorus
intermediates stabilised in the metal coordination sphere. For
example, the reaction of organometallic compounds 8 with white
phosphorus yields a mixture of transition metal complexes 9 and
10, containing m,Z2-diphosphorus and m3-triphosphacyclopro-
pane ligands, respectively.23 ± 25

According to the isolobal analogy theory, both compounds
represent a P4 molecule in which one or two phosphorus atoms

have been replaced by a 15-electron organometallic fragment
[P$M(CO)3]. The tungsten alkoxide complex 11, containing a
m,Z2-coordinated diphosphine as an additional ligand, was pre-
pared using diphosphine transfer from cobalt derivative 12. The
reaction takes place under mild conditions to give the target
product in a high yield.26

However, the direct introduction of white phosphorus into the
reaction with tungsten alkoxide results in metal complex 13,
containing a Z3-triphosphacyclopropane fragment.27, 28

The change in the electronic state of tungsten on passing from
cationic to neutral complexes and the appearance of bulky ligands
both influence the structure of the phosphorus fragment formed.
At low temperatures, coordinatively unsaturated tungsten and
molybdenum complexes 14 form derivatives 15 containing an
intact molecule of white phosphorus.29

The structure of complexes 15 has only been proved 29 by
31PNMR spectroscopy as these compounds are stable only in
toluene at a temperature below740 8C.

Thermolysis of white phosphorus in the presence of bis(cyclo-
pentadienyl)dicarbonyldichromium 16a affords a 27-electron tri-
ple-decker paramagnetic (m=2.07 mB) chromium complex 17,
containing a m,Z5-pentaphosphacyclopentadienyl ligand.30

A cyclic voltammetry study of the electrochemical properties
of compounds 17 has shown that they can be either reversibly
reduced (Ered=70.97V) or reversibly oxidised (Eox=0.07V).
For preparative purposes, ferrocenium derivatives [Cp2Fe]+ have
been proposed as the oxidants.31

Thermolysis of white phosphorus in the presence of similar
molybdenum and tungsten derivatives 16b,c is also accompanied
by the elimination of all carbonyl groups, and gives 28-electron
triple-decker complexes 18, containing hexaphosphabenzene as a
ligand.23, 32 ± 34

Me5 Me5

M= V (a), Nb (b), Ta (c).

MOC

OC CO

CO

4a ± c

P4, hn

MOC

P P

CO

P P

Cp*V(CO)4

VOC

P P

CO

P P V

OC
CO

CO5a ± c

M=V Me5

6a

MeMe

Me Me

Me

M= V (a), Nb (b).

4a,b
P4, xylene

D, 16 h

M

M

Me5

Me5

P P
P

PP
P

7a,b

n= 4: M=Mo, W; n= 6: M= Cr, Mo, W.

M

OC

OC

P

P

M

CO

CO

[Cp2(CO)nM2]
P4 MOC CO

P P

P

+

8

9 (53%)

10 (40%)

Py is pyridine.

CoOC

OC

OC

P

P

Co CO

CO

CO

12

[W2(OPri)6(Py)2]
WPriO

P

P

W OPri

OPri

OPriPriO

PriO

11

P

P

P P+W2(OCH2But)6(HNMe2)2

W

P

P P

OCH2But
OCH2ButMe2NH

ButCH2O

13

M=W: R= cyclo-C6H11 (Cy), Pri; M=Mo: R= Cy.

M

PR3

CO

PR3

OC

OC

14

P4

PhMe, 778 8C
M

PR3

CO

PR3

OC

OC

P
P

P
P

15

Rn =Me5, But.

Cr Cr

CO
CO

CO
OC

Rn

Rn

16a

P4, D

Rn

Cr

Cr
PP

P
P

P

17

Rn

Organic chemistry of elemental phosphorus 783



According to quantum-chemical data obtained for the model
compound [CpMoP6MoCp],35 the optimal number of valence
electrons for this complex is 28. For this reason, complexes 18 are
distinguished by high thermal stability and resistance against
oxidation by air oxygen.

Scheer et al.36 have proposed amethod for investigation of the
mechanism of P4 cleavage. The method consists of conducting the
reactions with organometallic compounds in the presence of labile
metal complexes [as a rule, Cr(CO)5(THF)]. This method was
successfully used to study the reactions of white phosphorus with
the molybdenum dimer [CpRMo(CO)3]2 (16c) (hereinafter CpR

designates a cyclopentadienyl fragment containing an R substitu-
ent).36 Heating a mixture of reactants in THF affords polynuclear
complex 19a, containing a distorted tetraphosphacyclobutane
fragment. It is noteworthy that this complex and similar tungsten
derivative 19b were prepared previously by the photolysis of a
mixture of white phosphorus and metal hexacarbonyl (of chro-
mium or tungsten, respectively).37, 38

The photochemical reaction of dimer 16c with white phos-
phorus in the presence of Cr(CO)5(THF) (UV irradiation) yielded
compound 20, containing a P2 fragment, and unusual complex 21.
The formation of the P7H bond in the latter compound was
interpreted 36 as being due to hydrolysis of the Mo7P bond by
traces of water. Themodelling of the last-mentioned reaction for a
white phosphorus molecule and chromium compound 16a
(R=H) in the absence of other chromium derivatives resulted in
the formation of two tetrahedral chromium complexes, 22 (with
the composition [{CpCr(CO)2}2(m,Z2:2-P2)] similar to molybde-
num derivative 20) and 23 ([CpCr(CO)2(Z3-P3)] with the cyclo-P3

fragment as the ligand), and polynuclear phosphorus-containing
complex 24.24, 39

Thermolysis of this mixture furnished a triple-decker chro-
mium complex 17 (R=H), containing a pentaphosphacyclopen-
tadienyl ligand.30 This reaction clearly demonstrates the ability of
the phosphorus atom to form complex oligomers. Also note-
worthy are the difficulties that arise in the studies of multi-
component reaction mixtures formed in the reactions of white
phosphorus with transition metal derivatives.

4. Derivatives of group VIIB metals (Mn, Re)
The chemical transformations of white phosphorus under the
action of manganese group metal derivatives have been little
studied. Only two examples have been described in the litera-
ture.40, 41 The rhenium carbonyl complex 25 with a bulky 1,1,1-
tris(diphenylphosphinomethyl)ethane (triphos) ligand reacts with
white phosphorus under mild conditions to give charged rhenium
compound 26, containing an intact P4 molecule as a ligand. The
properties of the molecule are typical of trivalent phosphorus
derivatives.40 The P4 ligand in complex 26 is coordinated by
rhenium and ruthenium derivatives under mild conditions, giving
rise to homo- and heterobinuclear complexes 27a ± c,41 which also
contain a P4 ligand.

The formation of binuclear complexes 27 was demonstrated
by 31P NMR spectroscopy. Indeed, without additional splitting
from NMR-active phosphorus or metal nuclei, complexes with a
P4 ligand exhibit a well-resolved AB3-system. The signal of the Pa

atom shifts by 200 ± 250 ppm, whereas the position of the signal
from Pb almost coincides with that for the free white phosphorus
molecule.
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It has been suggested 42 that transition metal complexes
containing an intact P4 molecule as a ligand are stable only when
bulky ligands are present near the metal atom. The change in the
ligand environment of rhenium changes the structure of the final
reaction products. The reaction of white phosphorus with the 16-
electron intermediate Cp*Re(CO)2, generated from the corre-
sponding dimer 28, gives a mixture of rhenium complexes 29 and
30, differing in coordination number and, hence, in the type of
coordination of the P2 ligand.43, 44

Thus, these examples demonstrate the important role of steric
factors for realising of a particular route of transformation of
white phosphorus in the presence of transition metal complexes.

5. Derivatives of Group VIIIB metals
Published data on the reactions of white phosphorus with group
VIIIB metal derivatives are very abundant. The ready availability
of the initial compounds, the ease of processing and the stability of
the final products are the factors that lead to success in these
studies. Almost all types of phosphorus intermediates resulting
from cleavage of the P4 tetrahedron followed by aggregation of
the phosphorus species have been stabilised in the coordination
sphere of Group VIIIBmetals. These complexes were isolated and
characterised by various physicochemical methods. In addition,
Group VIIIB metals allowed researchers to demonstrate the
relationship between the structure of the starting metal complexes
(the presence of vacant coordination sites, steric and electronic
characteristics of the ligands) and the structure of the metal-
coordinated phosphorus fragments.

a. Iron group metal derivatives
As noted above, the P4molecule can act as aZ1-ligandwhen bulky
ligands are present in the metal atom environment.41 The first
binuclear complex 31, containing a Z1-P4 ligand, has been
prepared 45 in a study of the hydrogenation of white phosphorus
in the presence of a homogeneous catalyst, bis(triphenylphosphi-
ne)ruthenium(II) chloride.

The poor solubility and the low stability of compound 31
precluded 45 its full characterisation; only its 31PNMR spectrum
was reported.

Thermolysis of a mixture of white phosphorus and iron
carbonyl Fe2(CO)9 results in partial decarbonylation. Four phos-
phorus ± phosphorus bonds are cleaved during the reaction. This
gives cluster 32 containing two separated P2 fragments.46

The most important and interesting results were obtained for
the reactions of white phosphorus with cyclopentadienylcarbonyl
complexes of iron group metals. The study by Scherer et al.47 made
a significant contribution to investigations of the activation ofwhite
phosphorus in the coordination sphere of transition metals and the
mechanism of P4 cleavage. This study is devoted to the trans-
formations of white phosphorus under the action of binuclear
(cyclopentadienyl)carbonyliron complexes [CpRFe(CO)2]2, which
contain sterically crowded ligands. It was shown that photolysis of
[Cp00Fe(CO)2]2 (Cp

00 is 1,3-di-tert-butylcyclopentadienyl) yields two
17-electron Cp00Fe(CO)2 fragments, and one P7P bond in the P4
molecule is cleaved to give complex 33a with the composition
[Cp00Fe(CO)2]2(m,Z4:1-P4). This complex loses one carbonyl group
under the reaction conditions, being converted into the binuclear
adduct 34a, whose formula is {Cp00Fe(CO)2}[{Cp

00Fe(CO)}(m,Z1:2-
P4)] and in which the geometry of the P4 ligand is essentially
preserved. The subsequent photochemical elimination of CO
affords a 13-electron iron complex 35a, in which the metal atom is
easily inserted into the phosphorus ± phosphorus bond to give a
sandwich type complex 36a with an almost planar five-membered
P4Fe ring. The elimination of a CO ligand from complex 36a
induces an intramolecular rearrangement of the FeP4 ring into
triple-decker complex 37a, [{Cp00Fe}2(m,Z4:4-P4)], in which the
tetraphosphabutane fragment is connected to two equivalent
{Cp00Fe} residues.
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The structure of the binuclear complex 33, containing bicy-
clo[1.1.0]tetraphosphabutane as the ligand and first proposed on
the basis of spectroscopic data,47 ± 49 was recently proved by the
X-ray diffraction of 33b (Rn=1,2,4-But3). It has been shown 50

that the process considered above can be terminated after the
formation of compound 33 by introducing one more tert-butyl
substituent into the cyclopentadienyl ring of the initial complex.
In this case, the reaction with white phosphorus proceeds in
toluene on heating to 110 8C over a period of 2 min. The resulting
binuclear complex 33b can react with excess white phosphorus at
190 8C to give 1,2,4-tri-tert-butylpentaphosphaferrocene 38b.51

Under these conditions, compound 33b and diplenylacetylene
form sandwich iron complex 39, in which one ligand is 4,5-
diphenyl-1,2,3-triphosphacyclopentadiene, an isolobal analogue
of the cyclo-P5 ligand. In the last-mentioned reaction, polynuclear
phosphorus-containing complex 40 was also isolated as a side
product.

The introduction of five methyl substituents instead of the
tert-butyl groups into the cyclopentadienyl ring of the initial Fe
complex changes crucially the process route. Thermolysis of a
mixture of white phosphorus and bis(pentamethylcyclopenta-
dienyl)dicarbonyliron [Cp*Fe(CO)2]2 in xylene affords penta-
methylpentaphosphaferrocene Cp*FeP5 in *15% yield. This
reaction has become an important stage of development of the
organometallic chemistry of highly reactive phosphorus inter-
mediates.52, 53

Raising the reaction temperature to 190 8C increased the yield
of the target product 38c to 80%.54 The ruthenium and osmium
sandwich compounds containing a pentaphosphacyclopenta-
dienyl fragment were obtained in moderate yields on heating
complex 38c with bis(pentamethylcyclopentadienyl)dicarbonyl-
metals [Cp*M(CO)2]2 (M=Ru, Os) at 220 ± 250 8C.55

b. Derivatives of cobalt group metals
As shown above, transition metal complexes containing an intact
P4 molecule are stable only in the presence of bulky ligands at the
metal atom.42 Derivatives of cobalt and rhodium hydrides with
the tris[2-(diphenylphosphino)ethyl]phosphine ligand are conven-
ient starting compounds for the preparation of complexes con-
taining a P4molecule. The reductive elimination of the hydride ion
on treatment with methyltrifluoromethanesulfonate (MeOTf)
affords a coordinatively unsaturated intermediate, which coordi-
nates white phosphorus under mild conditions giving rise to
cationic complexes 41a,b, containing an intact P4 molecule.56, 57

LikeWandModerivatives, complexes 41a,b are stable only at low
temperatures (<740 8C).

The use of transition metal complexes containing other
phosphines as ligands in reactions with white phosphorus results
in the generation of diverse phosphorus fragments which can be
stabilised in a metal coordination sphere. For example, in the
presence of bis(diphenylphosphino)methane, the aqua complexes
of Co(BF4)2 are converted into mononuclear complex 42, con-
taining an unusual P6 ligand formed by four phosphorus atoms of
the P4 molecule and two phosphorus atoms of the phosphine.58

An X-ray diffraction study of complex 42 has shown that all
atoms of the P4 fragment are coordinated to cobalt. The phos-
phorus ± phosphorus bond lengths are 2.17 ± 2.19�A, i.e., they are
shorter than the bond length in P4 (2.21�A).

The introduction of 1,1,1-tris(diphenylphosphinomethyl)-
ethane into this reaction results in cobalt compounds 43, contain-
ing a cyclo-P3 fragment.59

Cobalt complexes containing similar phosphorus ligands are
also formed on treatment of white phosphorus with dicobalt
octacarbonyl.60, 61

Using complex 43, it has been demonstrated that a phosphor-
us ± carbon bond can be formed in these systems by treatment with
trimethyloxonium tetrafluoroborate, resulting in the methylation
of one phosphorus atom; the structure of the triphosphacyclopro-
pane fragment remains unchanged.62

R = 1,2,4-But3.
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A scheme for the formation of the cyclo-P3 fragment upon the
destruction of P4 has been proposed after an investigation of the
reaction of white phosphorus with rhodium and cobalt com-
pounds.63, 64 It was shown that on treatment with rhodium
complexes 44a,b under mild conditions, the P4 tetrahedron is
converted into an unusual Z2:1-P4R ligand, which is stabilised in
the coordination sphere of the metal. A similar Rh complex 45c
has been obtained from hydride derivative 44c. The same trans-
formations are known for iridium.

These reactions are among the first examples of the formation
of compounds with P7C bonds from white phosphorus by the
participation of a metal complex; they also represent the first
examples ofmetal-mediated direct transfer of an organic fragment
to phosphorus coordinated as a tetrahedron.Hydrogenation of 45
yields alkylphosphine PH2R and a stable non-reactive compound
46 containing the cyclo-P3 ligand.42

The generation of a highly reactive bicyclo[1.1.0]tetraphos-
phabutane and its subsequent stabilisation in a metal coordina-
tion sphere is observed in the reaction of P4 with Wilkinson's
catalyst or other square planar Rh(I) or Ir(I) complexes.65, 66 At
low temperatures, one triphenylphosphine molecule is eliminated
to give rhodium complex 47 containing a Z2-P4 fragment.

This reaction can formally be considered as an oxidative addition
of a white phosphorus molecule with a simultaneous increase in
the rhodium coordination number.

The structure of (bicyclo[1.1.0]tetraphosphabutane)bis(tri-
phenylphosphine)rhodium 47 was proved by X-ray diffraction.
The Z2-coordination of the P4 fragment results in an increase in
the Pa7Pa bond length to 2.4616�A. This type of coordination was
previously predicted theoretically by Albright et al.67 for the
model complex [(PH3)2ClRhP4], in which the Z2-coordination of

the P4 fragment proved to be 15 kcal mol71 more favourable than
the Z1-coordination.67 However, the computation data do not
provide an unambiguous answer to the question of whether or not
the structure of the white phosphorus molecule is retained or
whether the oxidative addition takes place due to cleavage of the
phosphorus ± phosphorus bond.

On the basis of experimental data, one can conclude that the
initial formation of bicyclo[1.1.0]tetraphosphabutane fragment is
a general step in the opening of the white phosphorus molecule on
treatment with transition metal derivatives. The formation of
metal complexes is the result of the subsequent transformation of
this intermediate and depends on the reaction conditions (first of
all, on the reactant ratio). TheZ2-coordination of the P4 fragment,
arising from the cleavage of one P7P bond in the P4 tetrahedron
of metal complex 48, is observed upon reaction of the white
phosphorus with (pentamethylcyclopentadienyl)carbonylcobalt
[Cp*(CO)2]2(Co=Co).68 This reaction may also involve the
simultaneous cleavage of two P7P bonds, giving rise to complex
49 with a bridging m,Z2:2-tetraphosphacyclobutane ligand. Note
that complex 49 was obtained in 30% yield on treatment of
compound 48 with an excess of the initial metal complex.68

On introduction of a similarmononuclear cobalt complex into
the reaction with P4, complete decarbonylation of the metal atom
takes place, ultimately giving a series of compounds. The reaction
affords both the complexes 50 ± 53, with highly reactive phospho-
rus ligands, and products of their further transformations con-
taining P8, P10 and P12 type polyphosphorus fragments as ligands,
compounds 54, 55 and 56, respectively (Scheme 1).69, 70 The latter
were isolated from the reaction mixture in low yields (<5%).

A similar chemical behaviour for white phosphorus was found
in its joint thermolysis with rhodium and iridium complexes
[{Cp*M(CO)n}m] (m+ n=3; M=Rh, Ir).17, 68, 71 ± 76

A study of the reaction of P4 with rhodium derivatives has
provided one more step towards understanding the cleavage of
P7P bonds in metal coordination spheres and elucidating the
relationship between the structures of the resulting phosphorus
ligands and the initial metal complexes.17 The thermolysis of white
phosphorus in the presence of (tetramethylethylcyclopentadie-
nyl)dicarbonylrhodium was found to give complex 57, containing
two non-equivalent rhodium atoms. The long-term heating of
compound 57 induces the loss of CO, resulting in binuclear
complex 58, in which the P4 fragment splits into two P2 fragments
stabilised by two rhodium atoms.
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Fuller information on the pathways of cleavage of the P4

molecule, resulting in one or another phosphorus ligand, has been
gained from a study of the reaction of the cyclopentadienylcar-

bonyl complexes of cobalt group metals with white phosphorus in
the presence of Cr(CO)5(THF). It has been found 74, 77, 78 that the
process starts with the generation of bicyclo[1.1.0]tetraphospha-
butane, which forms heteropolynuclear complexes of type 59a,b
with transition metal compounds. Analogous cobalt complexes
have also been isolated in the absence of Cr(CO)5(THF).68

The decarbonylation of polynuclear complexes 59a,b gives
four types of coordination compound with a planar tetraphos-
phacyclobutane fragment, which has not been observed previ-
ously for cobalt group metals (Scheme 2). The product of the
coordination of four Cr(CO)5 molecules is the predominant
product.

In complex 59a, the bicyclo[1.1.0]tetraphosphabutane frag-
ment is a 10-electron-donor ligand, which is its maximumvalue. In
the case of iridium derivatives, in addition to complex 60, the
product of inserting the carbonyl group into the metal ± phospho-
rus bond, compound 61, was isolated quite unexpectedly (yield
58%).79
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c. Derivatives of nickel group metals (Ni, Pd, Pt)
Derivatives of nickel group metals containing a white phosphorus
molecule as a ligand were the first representatives of metal
complexes of this class.6, 7, 15, 80 ± 85 The [(NR3)M(Z1-P4)] com-
plexes, where NR3 is tris(2-diphenylphosphinoethyl)amine,
M=Ni (62a) 86 or Pd (62b),87 were obtained in the late 1970s by
Sacconi and co-workers, who studied the reactions of white
phosphorus with nickel and palladium derivatives, [(NR3)M],
which are strong Lewis acids.

The structure of nickel complex 62a, relatively insensitive to
oxidation in the solid state, was proved by X-ray diffraction,86

which confirmed the presence ofZ1-coordination of a phosphorus
molecule to the metal. Due to coordination of only one phospho-
rus atom, the P4 tetrahedron is converted into a trigonal pyramid,
which shows itself as a change in the Pa7Pb and Pb7Pb bond
lengths (see below).

Changes in the steric and electronic parameters of ligands
surrounding the nickel atom influence the route of the reaction
between nickel complexes and white phosphorus. The reaction of
P4 with nickel tetrafluoroborate in the presence of 1,1,1-tris(di-
phenylphosphinomethyl)ethane results in a cationic complex
containing a cyclo-P3 ligand.59

The transformation of a P4 molecule in the coordination
sphere of a metal with a 15-electron configuration has been
studied in relation to nickel (cyclopentadienyl)carbonyl com-
plexes. Thermal activation of white phosphorus under the action
of (cyclopentadienyl)carbonylnickel dimer results in the forma-
tion of a mixture of products containing sandwich-type 18-elec-
tron complex 63, binuclear complex 64 with an open-chain P4

fragment, and two organometallic `cubanes': 65with separated P4

and P1 fragments and 66 with four P1 fragments.88, 89 Complex 65
is the major product of this reaction (yield 58%).

In order to elucidate the mechanism of complexation of
[CpRNi(CO)]2, this reaction was investigated in the presence of a
pentacarbonyl chromium complex. Exposure of the reaction
mixture to the UV light afforded complex 67, containing the
tetraphosphacyclobutane ligand in an unusual distorted square
conformation (Scheme 3).90, 91 Owing to the additional stabilisa-
tion by bulky Cr(CO)5 fragments, intermediate 67 was isolated
and studied.90

It was found that further photolysis of complex 67 was
accompanied by elimination of chromium hexacarbonyl and the
simultaneous rupture of one P7P bond of the tetraphosphacy-
clobutane fragment, giving rise to complex 68 with an open-chain
P4 substituent. Heteropolynuclear nickel complexes 69 and 70,
containing cyclo-P3 and P2 ligands, respectively, were isolated as
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the minor products. The formation of complex 70 was attrib-
uted 90 to the dimerisation of the highly reactive intermediate
[Cp*Ni:P!Cr(CO)5].

Thermolysis of complex 67 can also yield compound 68. This
rearranges at high temperature to cubane 71 with separated m3-P
and tridentate P4 ligands.90

It has been noted above that the stabilisation of P3 or P4

fragments in the coordination sphere of transition metals is
possible only in the presence of bulky ligands (e.g., triphos) at
the metal atom. The stabilising role of the Cr(CO)5 group has also
been found for platinum derivatives containing a P4 ligand in the
coordination sphere.

The oxidative addition of white phosphorus to platinum(0)
complexes in the presence of Cr(CO)5(THF) allowed the prepara-
tion of compound 72, in which the bicyclo[1.1.0]tetraphosphabu-
tane fragment acts as a P2ÿ

4 ligand, stabilised via coordination to
two [Cr(CO)5] groups.92

Thus, the route of cleavage of the P4 tetrahedron has been
elucidated as a result of studies into the transformations of a white
phosphorus molecule under the action of transition metal com-
plexes, and into the structures of phosphorus intermediates thus
generated and stabilised in metal coordination spheres (Table 1).
In addition, factors responsible for the formation of particular
types of phosphorus species were revealed.

In summary, one can represent the general scheme of cleavage
and subsequent transformation of the white phosphorus molecule
in the coordination sphere of a transition metal. The presence of
four lone electron pairs (LEP) in the initial molecule accounts for
the formation of complexes containing a P4 fragment at the metal
atom. When additional bulky ligands (for example, triphos) are
present, these complexes can be isolated in a pure state. A small
steric bulk of ligands and additional vacant coordination sites at
the metal atom dictate the pathway of P7P bond cleavage in P4

during its coordination to transition metal complexes, accompa-
nied by the formation of bicyclo[1.1.0]tetraphosphabutane stabi-
lised in the metal coordination sphere. The cleavage of the P7P
bond in this product furnishes two types of phosphorus species,
tetraphosphacyclobutadiene and triphosphacyclopropane. The
rupture of P7P bonds in these intermediates yield a series of
highly reactive phosphorus-containing fragments, many of which
have also been stabilised in a metal coordination sphere. This
pathway is simplified, as it does not include the aggregation
processes of phosphorus intermediates. These processes afford
complex polyphosphorus ligands Pn (n<14), which can also be
isolated as complexes with transition metals.

The reactions of organic compounds with transition metal
complexes containing Pn species (n4 4) with unsubstituted phos-
phorus atoms as ligands have been barely studied as yet. These
reactions result in P7C and P7E bonds (where E=O, S, N,
etc.). This is undoubtedly a topical problem. The fact is that all
complexes described in this Section are relatively stable. The use of
these compounds as efficient catalysts of the reactions of white
phosphorus with organic substrates implies the presence of
coordinative or electronic unsaturation of the metal atom.
Hence, less stable transition metal complexes with phosphorus
intermediates should become objects of investigation. These
complexes are expected to be highly reactive towards organic
and organoelement substrates used for the synthesis of organo-
phosphorus compounds directly from white phosphorus.

III. Reactions of white phosphorus with
nucleophilic and electrophilic reagents

The reactions of elemental phosphorus with nucleophilic reagents
have been studied in the most detail. Relying on abundant
experimental data, Brown and Hudson 93 ± 97 considered some
theoretical aspects and rules for these processes. The phosphorus
atoms in the P4 tetrahedron are known to exhibit weak nucleo-
philic properties, as was confirmed by quantum-chemical calcu-
lations.98 This is attributable to the fact that the electron pair of
each phosphorus atom is localised, in the first approximation, in
the 3s orbital, i.e., it is arranged as a sphere around the nucleus. In
the partially opened P4 structure, the phosphorus atoms become
more nucleophilic. However, due to ring strain and the instability
of the P7P bond, the atoms possess strong electrophilic proper-
ties. Attack at the P4 molecule by a nucleophilic reagent (Nu7)
yields the phosphide anion 73, which is both a strong nucleophile
and strong base:93
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In the absence of electrophilic reagents, the equilibrium of this
reaction is shifted towards the starting compounds for almost all
types of nucleophiles, except for the very strong ones, such as
carbanions. Due to its basic properties (pKa of the corresponding
acid is about 29), the phosphide anion 73 is rapidly protonated in a
proton-donating medium, giving rise to an unstable intermediate.
For example, if a hydroxide or alkoxide anion is used as the
nucleophile, this intermediate spontaneously decomposes with
evolution of hydrogen, phosphine, hypophosphite anions and
phosphite anions.99 In order to eliminate this undesirable process,
it is necessary to use an electophilic reagent capable of competing
with the proton. This was attained in the reactions of P4 with
organometallic compounds in the presence of alkyl halides;100

with the hydroxide ion in the presence of aldehydes,101 with
acrylonitrile and other a,b-unsaturated compounds;102 with disul-
fides;103 and with alkoxide ions in a mixture of an alcohol and
tetrachloromethane.93 ± 96, 104 Repeated nucleophilic attack fol-
lowed by the capture of the phosphide anion by an electrophilic
reagent allows one to obtain diverse products under mild con-
ditions.

It is noteworthy that in the vast majority of cases, the rupture
of the P7P bonds in P4 proceeds by a pattern much more
complicated than merely the successive addition of nucleophilic
and electrophilic reagents (the latter may be represented by the
white phosphorus itself). It was shown 105, 106 that the formation
of oligomeric phosphides is a general process accompanying the
cleavage of the P4 molecule. The negative charge on the phospho-
rus atom, which results from rupture of the first P7P bond on
treatment with a nucleophilic reagent, can be stabilised due to fast
interaction with the second P4 molecule, etc. The formation of
dark solid precipitates with a high content of phosphorus has been
observed in the reaction of P4 with disulfides,103 phenyllithium
and other reagents.102, 107

The earliest attempts 100 to determine the structure of the
intermediate phosphorus oligomers resulting from the attack by
carbanions on P4 suggest that these polyphosphides have a cross-
linked structure. More recent studies attest to even more complex
reaction pathways, involving opening of the P4molecule under the
action of nucleophilic reagents 108 followed by disproportionation
and elimination of polyphosphide residues.

These transformations have been studied, taking reactions of
P4 with the CN7 and Ph2P7 anions and other nucleophiles as
examples, in order to elucidate the factors that would suppress
disproportionation.108 The selection of the optimal conditions
ensures, in some cases, the selective formation of the target
products from the intermediate phosphorus oligomers.

1. Reactions of white phosphorus with alkali metals and
magnesium
Studies of the reactions between white phosphorus and alkali
metals and magnesium clearly demonstrated the difficulties faced
when conducting these seemingly simple reactions. As in the case
of transition metal complexes, the product structure is determined
by a number of factors, first of all, reactant ratio.

Thus heating a mixture of white phosphorus and sodium
(atomic ratio 3 : 1) in THFor dimethoxyethane in the presence of a

phase transfer catalyst, 18-crown-6 ether, resulted in a mixture of
compounds, from which disodium hexadecaphosphide Na2P16

was isolated by partial crystallisation.105 A detailed investigation
of the reaction mixture showed the formation of an isolobal
analogue of sodium cyclopentadienide (NaCp), namely, sodium
pentaphosphacyclopentadienide NaP5,109 stable only in solution.
An alternative method for the preparation of alkali metal penta-
phosphacyclopentadienides MP5 consists of the reaction of white
or red phosphorus with alkali metal dihydrophosphidesMPH2 (in
5 : 1 molar ratio).110, 111 The reaction of white phosphorus with
sodium in the presence of catalytic amounts of dibenzo-18-
crown-6 ether is a convenient method for the synthesis of
NaP5.112 Note that the pentaphosphacyclopentadienide anion
Pÿ5 is a new and promising ligand in organometallic chemis-
try,109, 113 as has been mentioned in a previous subsection.

The formation of a series of polyphosphides in the reactions of
white phosphorus with alkali metals is a general process and
depends on many factors, in particular, the boiling point of the
solvent. The use of solvents with boiling points lower than the
melting point of the alkali metal facilitates the formation of
polyphosphides.114 In particular, the fraction of polyphosphides
can be reduced and, hence, the yields of the target products
increased by using a Na ±K alloy, the melting point of which is
lower than the melting points of the pure metals.

For example, white phosphorus reacts with the Na ±K alloy
(1 : 3) or with Li metal in the presence of naphthalene to give
bicyclo[1.1.0]tetraphosphine salts 74.106

Phosphine 75, having a nortricyclane structure, has been
isolated 115 in a study of the reaction of P4 with a Na ±K alloy in
the presence of 1,3-dibromo-2-bromomethyl-2-methylpropane
MeC(CH2Br)3. Note that phosphine 75 reacts with metal carbon-
yls M(CO)5(THF) (M=Cr, W) under mild conditions to form
metal complexes in which the metal is coordinated to one, two, or
three phosphorus atoms MeC(CH2P)3[M(CO)5]n (n=1, 2, 3).

The reaction ofwhite phosphoruswith aNa ±Kalloy has been
successfully used to prepare silylphosphines, which are basic
reagents for the preparation of diverse derivatives of trivalent
phosphorus. Thus treatment of the reaction mixture with chloro-
trimethylsilane resulted in the isolation of tris(trimethylsilyl)phos-
phine, which is widely used in the chemistry of low-coordinate
phosphorus compounds.116 The replacement of chlorotrimethyl-
silane in this reaction by dichlorodimethylsilane allowed the
preparation of silylphosphine (Me2Si)3P4 (yield *1%) with a
nortricycyclane structure. Optimisation of the reaction condi-
tions, first of all, changing the reactant ratio, markedly increased
the yield of the target silylphosphine. The introduction of aNa ±K
alloy into the reaction with white phosphorus in a 1 : 3 atomic
ratio and subsequent treatment of the reaction mixture with
R1R2SiCl2 at 778 8C opened up the way to the synthesis of
silylphosphines having the adamantane structure (R1R2Si)6P4 (see
Ref. 117).

This method was successfully used for the preparation of both
the silicon analogues of adamantane, such as [R(Me)Si]6P4,
containing diverse functional groups (for example, R=
CH2=CH), mixed silylphosphines (MeHSi)(Et2Si)5P4.118
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However, due to steric and electronic factors, this approach
cannot be applied to the synthesis of silaphosphaadamantanes
containing tert-butyl and phenyl groups at the silicon atom.118

The reactions of white phosphorus with sodium tris(tert-
butyl)silicide (But3SiNa) and hexakis(tert-butyl)disilane have
been proposed 119 as an alternative pathway to silylphosphines
containing a bulky tert-butyl group. These reactions furnish a
number of silylphosphines containing a tris(tert-butyl)silyl group:
Na2P4(SiBu

t
3)2, NaP3(SiBu

t
3)2, Na2P5(SiBu

t
3)2 (compound 76,

R=But) and Na2P7SiBu
t
3.

The reaction of P4 with hexakis(tert-butyl)disilane presum-
ably proceeds by a free-radical mechanism. The But3Si radical is
generated on thermal decomposition of (But3Si)2 (T>100 8C)
and reacts with white phosphorus, giving rise to silylphosphines
(But3Si)2P4 and (But3Si)3P7 (compounds 77 and 78, respec-
tively).119 Heptaphosphine 78 has a nortricyclane structure and
is distinguished by a high thermal stability. The steric crowding of
the But3Si groups results in an increase in the exocyclic angles at
the equatorial phosphorus atoms but scarcely influences the
structure of the phosphorus P7-skeleton of the molecule. On
treatment with chlorine or bromine at 70 8C, heptaphosphine 78
decomposes to give phosphorus trihalides and halosilanes.119

Yet another method for decreasing the fraction of polyphos-
phides in the reaction products and increasing the yield of the
target compounds in the reaction of white phosphorus with alkali
metals is to conduct the process in liquid ammonia.120 A good
solubility of both reactants in liquid ammonia is favourable for
high product yields. It was shown 121 that the reaction of white
phosphorus with sodium metal in liquid ammonia yields the
previously unknown 1,3-diaminotriphosphine H2NPH.
.PHPHNH2, which is stable only in solution. Of the three possible
diastereomers, only the erythro,erythro-isomer, with the transoid
arrangement of the NH2 groups, was isolated. The reduction of
white phosphorus with lithium metal in liquid ammonia results in
a complex mixture of polyphosphides. On treatment of red
phosphorus with lithium under these conditions, phosphide
anion 79 is generated in situ. This anion is a convenient reagent
for the synthesis of diverse compounds of trivalent phosphorus.122

When the phosphide anion 79 reacts with alkyl halides,
primary phosphines are formed in high yields,123 while the
reaction with alkyl fluorides gives symmetric triarylphosphines
(yields 36%± 60%).124 Note that the latter can contain functional

substituents, including phosphonodiimide, sulfonamide, 2-oxa-
zole and nitrile groups.

Phosphine HOCH2CH2PH2 was isolated in 27% yield from
the reaction of the phosphide anion 79with oxirane at733 8C.125

With a sterically crowded oxirane, 7-oxabicyclo[4.1.0]heptane, a
good yield of the target phosphinoethanol (60%) was attained
when the reaction was carried out at high temperature (40 8C).126

An interesting version of the activation of elemental phospho-
rus has been reported by Bornancini et al.127 They proposed using
radiation for initiating the reactions of sodium phosphides and
aryl halides. A series of symmetrical and asymmetrical triaryl-
phosphines were prepared in good yields using this approach.

The development of methods for the synthesis of polycyclic
organophosphines 128, 129 has resulted in the synthesis of the first
representative of this class of compound, tetraisopropyltetrade-
caphosphine P14Pr

i
4. It is formed in the reaction of white phos-

phorus with magnesium metal in the presence of PriPCl2.130 The
first stage of the process affords a mixture of polyphosphines
P9Pr

i
5 and P7Pr

i
5, and isopropylphosphines with high phosphorus

contents. Further thermolysis of the reaction mixture gives, in
addition to P9Pr

i
3 and P7Pr

i
3, a substantial amount of less alkylated

phosphorus derivatives containing more than 9 phosphorus
atoms in each molecule (including P14Pr

i
4). As a result of system-

atic research, both stages were optimised. This unusual synthetic
approach has been successfully used for the synthesis of a number
of polycyclic organophosphines such as P11Pr

i
3 (see Ref. 131),

P11Pr
i
5, (see Refs 132, 133), P12Pr

i
4 (see Refs 134, 135), P13Pr

i
5 (see

Ref. 136), P18Pr
i
6 (see Ref. 137), P18Pr

i
4 (see Ref. 138), P20Pr

i
6 (see

Ref. 139) and P14Pr
i
4 (see Ref. 131). The reaction of PEt5 with PCl3

in the presence of magnesium metal can be used as an alternative
method for the preparation of compounds of this class.140

Thus, the reaction of white phosphorus with alkali metals,
magnesium and C-electrophiles can be used to prepare OPCs with
different oxidation states of phosphorus. However, the scope of
this method is limited due to oxidative elimination processes.
Metal phosphides formed upon interaction of white or red
phosphorus with alkali metals react with alkyl (or aryl) halides
to give not only compounds with the P7C bonds, but also
polyphosphines, which reduces the yield of the target product.

The oxidative elimination and formation of polyphosphines
can be suppressed by using organic derivatives of alkali and
alkaline earth metals as nucleophilic agents.

2. The reactions of white phosphorus with organolithium and
organomagnesium compounds
The use of organolithium compounds ensured the first synthesis of
organophosphorus derivatives with P7C bonds directly from
white phosphorus.100 It was suggested that the reaction yields a
mixture of alkali metal phosphides and triphenylphosphine:

However, only traces of triphenylphosphine Ph3P and diphe-
nylphosphine were isolated after hydrolysis of the reaction mix-
ture, unsubstituted phosphine was not even detected, while
phenylphosphine was formed as the major product. The yields of
primary phosphines in the reaction of P4 with BunLi and PhLi
were 9% and 40%, respectively, while those for reactions with
BunMgBr and PhMgBr were 5%± 7%.100

The use of a combination of reactantsÐ carbanions generated
from organometallic compounds and electrophiles (for example,
alkyl halides) Ð increased the overall yield of organophosphorus
compounds to 70%±80%.100 The reaction of white phosphorus
with phenyllithium in the presence of alkyl halides affords, after
hydrolysis, a mixture of tertiary phosphines and their oxides.
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This reaction gives organopolyphosphines as intermediates;
most likely, these are cross-linked polymeric phosphorus frag-
ments. Their composition is determined by the reactant ratio.
Hydrolysis of these polyphosphines proceeds much more readily
than the decomposition of lithium phenyl polyphosphide; there-
fore, the total yield of OPCs does not depend on the nature of the
alkali metal. On changing the reactant ratio (increasing in the
proportion of phosphorus), the reaction gives tetrabutylcyclote-
traphosphine, resulting from the rupture of two P7P bonds in the
P4 tetrahedron100

The introduction of sterically hindered 2,4,6-tri-tert-butylphe-
nyllithium and 2-bromo-1,3,5-tri-tert-butylbenzene into the reac-
tion with phosphorus affords a mixture of bis(2,4,6-tri-tert-
butylphenyl)bicyclotetraphosphine (80) and bis(2,4,6-tri-tert-
butylphenyl)diphosphene (81) in moderate yields.107

Compound 80 is unstable in air and decomposes in chlori-
nated hydrocarbons. Attempts to convert it into stable com-
pounds of four-coordinate phosphorus by treatment with
elemental sulfur or trimethylsilyl azide failed.

It was found 141, 142 that the but-1-ynylphosphide and di(but-
1-ynyl)phosphide anions were generated in the reaction of white
phosphorus with but-1-ynyllithium in liquid ammonia; these
anions reacted with alkyl halides RHal (R=Et, Prn) to give
mixtures of approximately equal amounts of but-1-ynyldialkyl-
phosphines EtC:CPR2 and alkyldi(but-1-ynyl)phosphines
(EtC:C)2PR.141, 142 The overall yield of phosphines was
15%±20%.

The discovery of pentaphosphaferrocenes 83 and the develop-
ment of methods for the preparation of the pentaphosphacyclo-
pentadienide ion 109, 111 have stimulated research into the
transformation processes of white phosphorus aimed at the
construction of new ligands containing several phosphorus
atoms in the molecule. It was suggested that the carbene anion
RC7 can be inserted into a P4 molecule, yielding directly the
[RCP4]7 ion, owing to stabilisation of the aromatic phosphorus-
containing heterocycle.143 This was confirmed in a study of the
reaction of white phosphorus with lithium (trimethylsilyl)diazo-
methanide. The salt with the previously unknown 1,2,3,4-diaza-
phospholide anion 82a, formed during the formal [3+2]-
cycloaddition of the P:P fragment to the diazomethyl anion,
was isolated as the only reaction product.

The protonation of lithium salt 82awith trifluoroacetic acid at
low temperature produces stable 2H-1,2,3,4-diazadiphosphole 83,
which was converted into Na salt 82b.143

The use of dialkylamines as nucleophilic reagents in the
reaction of white phosphorus with BunLi results in a mixture of
equimolar amounts of lithium dialkylaminphosphide and dili-
thioalkylaminophosphide.144

In this case, amine is probably first deprotonated to the amide
anion, which then attacks the white phosphorus molecule. The
formation of a mixture of two products is attributable to different
extents of nucleophilic attack.

3. The reactions of white phosphorus with electrophilic
reagents in the presence of hydroxide ions
The reactions of elemental phosphorus with electrophiles in the
presence of the hydroxide anion are well studied processes. The
simple procedures, mild conditions, ready availability of the initial
reactants and the easy isolation and identification of products are
the reasons for the fast progress in this field of chemistry of
elemental phosphorus.

As shown above, the first stage in the cleavage of the P4

molecule under the action of nucleophilic reagents gives bicy-
clo[1.1.0]tetraphosphabutane derivatives; in the absence of elec-
trophiles, the equilibrium is shifted towards the starting
compounds. In the presence of the hydroxide ion, this equilibrium
can be represented as follows:

In our opinion, the prototropic tautomerism inherent in the
P(III) intermediates generated in situ predetermines the formation
of four-coordinate phosphorus compounds in this process. Simul-
taneously, the tautomeric equilibrium is favourable for the
stabilisation of bicyclo[1.1.0]tetraphosphabutane derivatives,
which makes it possible to accomplish the reactions of white
phosphorus with nucleophilic reagents in the presence of electro-
philes under relatively mild conditions.

The combined action of nucleophilic and electrophilic
reagents on white phosphorus often allows one to accomplish
the consecutive rupture of all P7P bonds and to obtain the target
product. However, nucleophilic cleavage of the P4 tetrahedron in
the absence of electrophiles specially added to the reaction
mixture is also of interest in itself, and deserves special consid-
eration. These reactions may underlie the synthesis of unknown
polyphosphorus structures thus providing new information on the
reactivity of white phosphorus.

The nucleophilic cleavage of white phosphorus on treatment
with NaOH in water (or in a high-molecular-weight alcohol with
surfactant additives) results in the formation of high-purity
phosphine PH3.145 ± 147

The reaction of white phosphorus with H2O in the presence of
HI proceeds with PH3 evolution to give phosphorous acid
H3PO3.148 Recall that disproportionation of phosphorous acid
to phosphine PH3 and phosphoric acid is a well-known reac-
tion.149

The reaction of elemental phosphorus with electrophilic
agents in the presence of strong alkalis (so-called superbasic
media) is a convenient way for the preparation of OPCs.1, 150 ± 160

The most important work on the arylation and alkylation of
elemental phosphorus was carried out by Trofimov and co-work-
ers.150 ± 159 As a rule, these reactions are carried out in the presence
of alkali metal hydroxides in aprotic solvents (HMPTA, DMSO)
or under phase transfer catalysis conditions. Tertiary phosphines
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and phosphine oxides are formed as major products in total yields
of 40%. Note that trialkylphosphines cannot be isolated, even
when the process is conducted under conditions that absolutely
rule out contact with atmospheric oxygen.

On heating a suspension of red phosphorus in the
KOH±DMSO (or HMPTA) system in the presence of benzyl
chloride to 70 ± 80 8C, tribenzylphosphine oxide is formed as the
major product (yield 65%). Small amounts of tribenzylphosphine
and tetrabenzylphosphonium chloride were also isolated.151 Since
the phosphonium salt and toluene were detected in the reaction
mixture, the known decomposition of phosphonium hydroxide
could from an alternative route to phosphine oxide.151

Allyl halides react with red phosphorus at elevated temper-
atures in a similar way, resulting in tris(prop-1-enyl)phosphine
oxide and tris(prop-2-enyl)phosphine oxide in 35% and 30%
yields, respectively.152, 153

The simultaneous phosphorylation of alkyl bromides and
benzyl chloride with red phosphorus was carried out in the
development of a one-step method for the synthesis of asym-
metrical tertiary phosphine oxides, which are difficult to obtain by
other methods. The yield of these products was found to depend,
first of all, on the ratio of the initial organyl halides.161

Since alkyl bromides are subject to side dehydrobromination
and hydrolysis under these conditions, and are less reactive than
benzyl chloride, the use of a two- to three-fold excess of RBr has
been proposed for increasing the yield of asymmetric tertiary
phosphine oxides.

In superbasic media KOH±HMPTA(DMSO), unsaturated
compounds, namely acrylonitrile, acrylamide, ethyl acrylate,
vinylphosphonate, styrene, 4-vinylpyridine and acetylene
derivatives, can be used as electrophilic reagents (Refs 125, 141,
144, 155 ± 159, 162 ± 164). For example, the reaction of phospho-
rus with styrene gave tris(2-phenylethyl)phosphine oxide (yield
60%) with bis(2-phenylethyl)phosphinous acid as the minor
product.155

In the case of phenylacetylene, in conformity with the rule for
addition of nucleophiles to alkynes,165 tris[(Z)-styryl]phosphine is
formed stereoselectively in 55%yield.156 ± 158 Tris[(Z)-styryl]phos-
phine oxide was obtained as a by-product.

To increase the yield of the target products, it has been
proposed to carry out additional activation of elemental phos-
phorus by using ionising radiation (X-ray or g electromagnetic
radiation); the degree of conversion of red phosphorus reached
97%.166, 167 The researchers believe that on irradiation, non-
paramagnetic cationic and anionic defects appear in the Pred

layered polymeric structure; these are converted into radical
paramagnetic defects,168 which are responsible for the high
activity of elemental phosphorus.

The introduction of 2-vinylnaphthalene into the reaction with
elemental phosphorus allows one to synthesise previously
unknown phosphines and phosphine oxides with bulky radicals
that are promising ligands for metal complex catalysts. In the case
of red phosphorus, the reaction takes place on heating of the
reactants to 90 ± 96 8C in a superbasic medium, KOH±DMSO.
The reaction yields a mixture of compounds: primary and
secondary phosphines, phosphinic acid and phosphine oxide, in
a total yield of up to 40%.169

The degree of conversion of white phosphorus in this reaction
is twice as high as the degree of conversion of Pred.. In addition, an
increase in the content of 2-vinylnaphthalene in the initial mixture
results in a higher reaction selectivity, and in the formation of
tertiary phosphine 84 and phosphine oxide 85 in a 1 : 5 ratio as the
major products (total yield 63%). After treatment of the reaction
mixture with atmospheric oxygen, phosphine oxide 85 was iso-
lated in 58% yield.169

A convenient method for the preparation of phosphinous
acids has been developed on the basis of reactions of red
phosphorus with arylalkenes in aprotic solvents in the presence
of strong bases.162 This reaction with styrenes affords tris- and
bis(2-phenylethyl)phosphine oxides in yields of up to 20%.

Under similar conditions, tris(2,2-dialkoxyethyl)phosphine
oxides [(RO)2CHCH2]3PO were obtained from red phosphorus
and 1,1-dialkoxy-2-bromoethanes (RO)2CHCH2Br (R=Et,
Bun), the product yields being moderate (15% and 8%, respec-
tively).163

R = Et, Prn, Bun, n-C5H11, n-C8H17; X = Cl, Br, I.

RX+ Pred

1) KOH

2) H2O
R3P O+ R2P(O)H

Pred + PhCH2Cl

[(PhCH2)4P+]Cl7
KOH

7KCl,7PhMe
(PhCH2)3P O

(PhCH2)3P
PhCH2Cl

Pred + CH2

(MeCH CH)3P O+ (CH2 CHCH2)3P O

CHCH2Br
2) H2O

1) KOH

R= Alk.

Pred + RBr + PhCH2Cl
1) KOH

2) H2O

O+ R2PCH2Ph + (PhCH2)2PR+ (PhCH2)3P O

O

R3P

O

CH2

1) KOH

2) H2O
Pred (or P4)+ PhCH

(PhCH2CH2)3P O+ (PhCH2CH2)2P(O)H

(PhCH CH)3P + (PhCH CH)3P O

Pred (or P4) + PhC CH
1) KOH

2) H2O

Naph is 2-naphthyl.

+ Pred

+ (NaphCH2CH2)2PH+NaphCH2CH2P
OH

H
+

O

+ (NaphCH2CH2)2PH+ (NaphCH2CH2)3P

O

O

1) KOH±DMSO

2) H2O

90 ± 96 8C
+NaphCH2CH2PH2

+ P4

1) KOH

2) H2O

+(NaphCH2CH2)3P (NaphCH2CH2)3P O

O2

84 85

R=H, Me.

CH2 + Pkp.

R

Ph

P
O

H

R Ph

R Ph

+ (PhCH2CH2)3P O

1) KOH, DMSO

2) H2O

794 V AMilyukov, Yu H Budnikova, O G Sinyashin



The use of formaldehyde as an electrophilic reagent in the
reaction with white phosphorus results in a mixture of bis(hy-
droxymethyl)phosphinic (86), hydroxymethylphosphonic (87)
and methyl(hydroxymethyl)phosphinic (88) acids.101, 144

A method for the preparation of methylphosphonic acids,
which have found wide use as fire retardants, has been developed
on the basis of the reaction of white phosphorus with methyl
chloride in the presence of KOH. Phosphonium salts were
employed as phase transfer catalysts.170

By using organic bases (first of all, primary and secondary
amines), one can prepare a series of organic phosphorus deriva-
tives under mild conditions. For instance, white phosphorus
reacts with formaldehyde in the presence of piperidine, giving
rise to a mixture of tris(piperidinomethyl)phosphine oxide (89),
bis(piperidinomethyl)phosphinic acid (90) and piperidinomethyl-
phosphonic acid (91).171, 172

When linear amines, for example, Me2NH and Et2NH, are
used, the reaction affords also tertiary phosphine.102 The product
yields depend on the starting reactant ratio, the nature of the
solvent and the pH of the medium. It was found 102 that P4 reacts
with N-hydroxymethyldialkylamine, formed in the primary reac-
tion between amine and aldehyde. The process starts with nucleo-
philic attack by the R2NCH2O on the white phosphorus molecule,
and is accelerated by the presence of basic catalysts.

This hypothesis has been confirmed in a study of the chemical
behaviour of white phosphorus towards alcohol ± oxirane mix-
tures in the presence of inorganic and organic bases.173 ± 176 The
reactions of oxiranes (in particular, ethylene oxide) with N,N-di-
methylethanolamine were found to afford betaine 92, which can
react with white phosphorus.

b-Hydroxyethyltrimethylammonium hydroxide (choline) was
used as the model compound in the reaction with P4; this gave
b-hydroxyethyltrimethylammonium hypophosphite.177

If ethylene oxide and trimethylamine are added consecutively
to white phosphorus, the same products are formed as in the
reaction with choline.177

4. Reactions of white phosphorus with alkyl halides
Since elemental phosphorus has weak nucleophilic properties, the
reaction of both of its allotropes with organic halides usually take
place under drastic conditions.

White phosphorus reacts with alkyl or aryl halides at a
temperature of >250 8C to give phosphorus halides and phos-
phonium salts.178

The introduction of alkyl iodides into this reaction, or
conducting the process in the presence of elemental iodine,
increases the yield of the target products.

Heating red phosphorus and lower alkyl iodides RI (R=Me,
Et, Bun) in an autoclave at 200 8C in the presence of traces of
iodine or diphosphorus tetraiodide, followed by treatment of the
reaction mixture with dilute nitric acid, affords tertiary phosphine
oxides: Me3PO (yield 54%), Et3PO (56%) and Bu3PO
(66%).179 ± 181 The separation of this process into two steps, that
is, heating of catalytic amounts of alkyl iodide with red phospho-
rus in the presence of I2 or the salt [IR3PP+R3]I

ÿ
5 to 180 ± 230 8C

and the subsequent addition of excess alkyl iodide, increases the
yield of trialkylphosphine oxides.179 For example, the yield of
triethylphosphine oxide reaches 88%. The researchers believe that
the process follows an ionic mechanism as no free radicals were
detected during the reaction andUV irradiation or the addition of
benzoyl peroxide did not influence the reaction rate.

Alcohols are suitable as alkylating agents for red phosphorus.
The reaction occurs in the presence of iodine under drastic
conditions. After treatment of the reaction mixture with an
aqueous solution of sodium sulfite, the yield of phosphine oxide
reaches 80%.182

Under alternative conditions, for example, refluxing the
reaction mixture in aqueous alkali, phosphinic and phosphonic
acids are formed together with phosphine oxides.183

A similar reaction carried out using unsaturated compounds
(fluorinated acetylene and ethylene derivatives) as the alkylating
agents affords tertiary phosphines Ð diphosphabicycloocta-
trienes (yields <30%).183

In the presence of catalysts (aluminium halides), the reactions
between alkyl halides and white phosphorus can be carried out
under mild conditions.184 For example, white phosphorus dis-
solved in carbon disulfide reacts with tert-butyl chloride in the
presence of Lewis acids, even at 710 8C. After hydrolysis of the
reaction mixture, di(tert-butyl)phosphine oxide and di(tert-
butyl)phosphinic acid chloride were isolated.

Other alkyl chlorides have also been used in this reaction. It
has been suggested 184 that aluminium chloride polarises the
C7Cl bond leading to the formation of a carbocation. The
addition of the carbocation to a white phosphorus molecule
results in a new cation, in which the phosphorus ± phosphorus
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bond is polarised and capable of adding chloride ions. Repetition
of these steps would be expected to yield a mixture of tertiary
phosphine, dialkylchlorophosphine, alkyldichlorophosphine and
phosphorus trichloride.

However, only products containing alkyl groups at phosphorus
were isolated from the reaction mixture,184 which is inconsistent
with this hypothesis.

Nickel bromide has been studied as the catalyst of reaction of
alkyl (or aryl) halides with red phosphorus. It was shown 185 that
the reaction of red phosphorus with the aromatic derivatives takes
place at 200 8C and affords a mixture of arylation products. In the
researchers' opinion, nickel bromide activates both red phospho-
rus and the aryl halide, the overall process being a redox reaction.
If the molar ratio [phosphorus] : [aryl halide]>6, free halogen is
formed.

In the case of iodobenzene, mild hydrolysis afforded amixture
of the corresponding phosphonium salt and triphenylphosphine
oxide.

On hydrolysis of the reaction mixture in the presence of an
alkali, the yield of Ph3PO reaches 95%.185

Dialkyl sulfides can be used as alkylating reagents. They react
with red phosphorus at 200 ± 400 8C, giving rise to tertiary
phosphine sulfides R3PS (R=Me, Et, Bun, Ph).186 Dimethyl
ether Me2O enters into a similar reaction, resulting in trimethyl-
phosphine oxide Me3PO.186

Several other synthetic approaches to the formation of P7C
bonds based on chemical transformations of the phosphorus
molecule deserve attention. A simple one-step method for the
preparation of isophosphindolines by the reduction of aromatic
aldehydes under the action of white phosphorus has been
reported.187 Thus the reaction of P4 with benzaldehyde in the
presence of potassium iodide in concentrated phosphoric acid
gave 1-phenyl-1,3-dihydro-2l5-benzophospholine acid (93) and a
small amount of dibenzylphosphinic acid (94).

1,2-Bis(dichlorophosphino)ethane, an important precursor of
chelating diphosphines, has been prepared by the reaction ofwhite
phosphorus with ethylene and PCl3.188, 189 This method has been
successfully used to prepare 1,2-bis(dichlorophosphino)cyclopen-
tane, which is a basic reagent in the synthesis of chiral chelating
ligands.190

5. Free-radical alkylation of white phosphorus
The reactions of white phosphorus with alkyl halides occurring via
a free-radical mechanism have scarcely been studied. Only two
reactions of carbon-centred radicals with elemental phosphorus
resulting in organophosphorus compounds are known to date.

For instance, white phosphorus is smoothly alkylated on
treatment with the radicals generated by photolysis of activated
carboxylic acid esters.191 The process is initiated by traces of
oxygen and results in phosphonic acids.

Organic complexes of cobalt(III) with either dimethylglyoxime
(dmgH) [EtCo(dmgH)2(Py)], or a tridentate ligand [EtCo(7-Me-
salen)(quil)] (quil is 8-hydroxyquinoline) were used as sources of
C-radicals.192 On exposure to visible light or on treatment with
acids, these complexes effectively generate carbon-centred free
radicals. After acid hydrolysis of the reaction mixtures, it is
possible to identify the alkylation products containing one or
two ethyl groups at the phosphorus atom: ethylphosphonic,
ethylphosphinous, diethylphosphonic and diethylphosphinous
acids (overall yields 30%± 70%). The researchers assume the
formation of new cobalt complexes containing unknown poly-
phosphorus fragments which are relatively stable under the
reaction conditions, but which decompose during hydrolysis.

6. The synthesis of compounds with a P7heteroatom bond
Phosphorus derivatives containing a P±heteroatom (O, S,N)
bond are the most important reagents in the chemistry of
phosphorus. They are intermediates for the preparation of a
broad range of substances possessing practically useful properties.
For this reason, the development of methods for the preparation
of these compounds directly from white phosphorus to avoid the
step of phosphorus chlorination is a topical subject.

A study of the reaction of white phosphorus with disulfides
has shown 103 that they proceed only at high temperatures and
follow a free-radical mechanism. Mixtures of trithiophosphites
and tetrathiophosphates are formed. A change in the reaction
conditions, in particular, using aprotic solvents and basic catalysts
(hydroxides, mercaptides, amides or hydrides), sharply increases
the process efficiency and selectivity. Indeed, the reaction of white
phosphorus with diethyl disulfide in acetone in the presence of a
catalytic amount of aqueous alkali affords triethyl thiophosphite
in almost quantitative yield.103

This reaction was successfully used to prepare phosphorous
thioesters containing an organometallic fragment (ferrocenyl or
cymantrenyl).193 The products represent a convenient model for
the synthesis of polynuclear complexes and various clusters.

The formation of trithiophosphites can be interpreted as being
due to bimolecular nucleophilic substitution at phosphorus and
sulfur atoms proceeding in the following steps:
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Amore efficient procedure for the preparation of phosphorus
derivatives with P7heteroatom bonds has been proposed by
Lemann 194 and by Brown and Hudson.93 ± 96 It is based on the
assumption that the reaction of white phosphorus with disulfides
can be considered as a redox process. Since the forward reaction of
white phosphorus with disulfides takes place only under drastic
conditions, the reaction is carried out in CCl4 in the presence of
strong nucleophiles. Tetrachloromethane is known to form charge
transfer complexes (CTC) with nucleophiles. White phosphorus
possesses weak nucleophilic properties; therefore, before intro-
duction into the reaction with CCl4, it was converted into a rather
stronger nucleophile 194 by treatment with, for example, alkoxide
anions. The bicyclotetraphosphide type anion 73, formed during
this process, forms a CTC with CCl4. On treatment with protic
reagents, this complex decomposes to give chloroform and
bicyclotetraphosphine.

By repeating this process several times, consecutive rupture of
all P7P bonds in the P4 tetrahedron can be attained to give
trivalent phosphorus derivatives.

If the PNu3 derivatives are relatively strong nucleophiles, they
can be oxidised by CCl4 in the presence of protic reagents to give
four-coordinate phosphorus compounds.194

The side reactions in the synthesis of trialkyl phosphites or
trialkyl trithiophosphites can be suppressed by using a two-fold
excess of alkoxide or thiolate ionwith respect to the stoichiometric
amount. The use of an equivalent amount of alkoxide decreases
the yields of trialkyl phosphite due to the formation of dialkyl
phosphite (RO)2PHO. The formation of dialkyl phosphite can be
attributed to either protonation of the initial phosphide anion or
cleavage of trialkyl phosphite to dialkyl phosphite and alkyl halide
on treatment with acids.96 The optimal reaction conditions are as
follows: a large excess of CCl4, a two-fold amount of the alkoxide,
room temperature, vigorous stirring and a short residence time.

The key problem faced by this procedure is related to the
purification of trialkyl phosphites, which form stable azeotropic
mixtures with excess alcohol and CCl4. On repeated distillation of
these mixtures, products of decomposition of trialkyl phosphites
are formed.

An increase in the residence time results in the formation of
trialkyl phosphate via the reaction of phosphite and CCl4 in
alcohol.96

Under similar conditions, P4 does not react with phenoxide
and thiophenoxide ions. Relying on this fact, Brown et al. 93 ± 96

made an unreasonable assumption that transformations of white
phosphorus could be induced only by highly basic nucleophiles.
Lemann and co-workers 194 demonstrated that it is nucleophilicity
of the PhO7 and PhS7 anions rather than their basicity that plays
the crucial role, the variation in the anion concentration having

only a minor influence on the reaction rate. The use of bipolar
aprotic solvents and a base (for example, Et3N) to increase the
nucleophilicity of these anions allowed the researchers to synthe-
sise triphenyl phosphite (yield <50%) and triphenyl trithiophos-
phite (<80%).194

Despite the formal resemblance of the reactions giving trialkyl
phosphite and its thio analogue in the P4 ±CCl4 ±RXH±NEt3
system (X=O, S), these reactions were found to be quite differ-
ent,194, 195 the rate of reaction of P4 with thiols proving to be much
higher. The difference between the reaction mechanisms is due to
the fact that thiol can be rapidly oxidised to form disulfide. This
species is not nucleophilic enough to cleave the P7P bond but it
can be involved in the acid ± base reaction with triethylamine to
generate thiolate ions, which initiate the decomposition of P4.

The method based on the reaction of white phosphorus with
proton-containing compounds in the presence of CCl4 and a
nucleophilic reagent has been successfully used to prepare triami-
nophosphines. A secondary amine functions as both a proton-
donating reagent and a base.194

The target product, tris(dialkylamino)phosphine, is a strong
base and can form stable quasi-phosphonium salts with
[(R2N)3PCl]+ and [(R2N)3PCCl3]+ cations.

Phosphoramidates were prepared by the reaction of white
phosphorus with a mixture of dialkylamine and alcohol.194

Due to the formation of by-products (R2N)2P(O)(OR),
(RO)3PO and (R2N)3PO, the yield of the target phosphoramidates
did not exceed 50%.194

An original method has been proposed for the preparation of
phosphorus derivatives with P7X bonds (X=S, O and N) using
transition metal, first of all copper(II), salts as oxidants.196 ± 206

As shown above (see Section II), the white phosphorus
molecule can be either a Z1- or Z2 ligand. In the former case, the
P4 tetrahedron is converted into a trigonal pyramid arranged with
its vertex towards the metal atom, which is manifested by an
increase in the Pa7Pb bond length to 2.20�A compared to the
Pb7Pb bond lengths (2.09�A). In the latter case, the length of the
P7P bond that is coordinated to the metal atom (2.46�A)
increases to a greater extent than the bond length in the free
phosphorus molecule, thus providing more appreciable loosening
of the orbitals of the P4 molecule. It has been suggested 2 that
coordinatively saturated Cu(II) compounds containing donor
ligands such as Cl7, Br7, SO2ÿ

4 and RCOÿ2 , incapable of the
Z2-coordination of tetraphosphorus, possess lower catalytic activ-
ities than the coordinatively unsaturated complexes that display
Z1- andZ2-binding modes.196 ± 199 This hypothesis is confirmed by
the fact that the addition of pyridine to the former compounds
sharply increases the reaction rate.

It was found 196 ± 199 that the reaction of white phosphorus
with alcohols proceeds selectively. The reaction takes place in the
presence of copper(II) salts on moderate heating of the reactants
dissolved in an aromatic hydrocarbon under an O2 atmosphere.
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(R2 =Me, Prn, n-C17H35, Ar).
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The reaction products depend on the copper(II) salt used. In
the case of halides, phosphates and dialkyl (or diaryl) phosphites
are mainly formed, while in the case of sulfates or carboxylates,
the reaction gives trialkyl (or triaryl) phosphites.200

Under an inert atmosphere, copper(II) compounds react with
white phosphorus in arene ± alcohol solutions and are reduced to
copper(I) salts or copper metal, which, in turn, can be oxidised by
air oxygen to divalent copper.

Copper(II) complexes exhibit high catalytic activities in the
oxidative coupling of P4 with primary and secondary
amines 201, 202 to give phosphaazo compounds. Amines react
with P4 one or two orders of magnitude faster than alcohols.
Under an argon atmosphere, white phosphorus reduces Cu(II) to
Cu(0).

The reactions of red phosphorus with alcohols in the presence
of copper(II) salts afford trialkyl phosphates and dialkyl phos-
phates.202 ± 205 The process is carried out either under an inert gas
or in the presence of atmospheric oxygen. In the latter case,
oxygen and red phosphorus are consumed only by the formation
of organic phosphates, whose yields based on the reactants are
*100%. The oxidative P7O coupling of red phosphorus with
glycols in dioxane results in linear and cyclic alkylene phosphates.

Subsequently, other procedures for oxidative alkoxylation of
white phosphorus have been proposed.206 In these reactions, a co-
oxidant and a catalyst are used in addition to the oxidant (oxygen
or NaBrO3).

The oxidation of elemental phosphorus with oxygen in the
presence of organic compounds yields a number of derivatives. In
a study of the oxidation mechanism of white phosphorus in the
presence of phenol in water, 17 reaction products have been
detected, phosphonic acids being the major components.206, 207

In some cases, the researchers were able to attain selectivity in the
formation of particular compounds. For example, white phos-
phorus is rapidly and selectively oxidised by air oxygen to give
trialkyl phosphate from benzene ± alcohol mixtures in the pres-
ence of iodine and sodium nitrite at 20 ± 60 8C.208

Slow oxidation of white phosphorus with oxygen in ethyl-
enediamine results in ethylenediammonium monophosphite
[H3NCH2CH2NH3]+[PHO3]7 (see Ref. 209).

Benzoquinones can be used as oxidants in the synthesis of
phosphoranes. For example, phosphoranes P(O2C6R)2X
(R=Cl4, Br4, Bun2H2; X=Br, SePh) were formed as the major
products in the reaction of white phosphorus with o-benzoqui-
nones, performed in the presence of bromine or diphenyl disele-
nide.210 Studies of these reactions by EPR spectroscopy showed
the presence of o-semiquinone radicals. Exposure toUV radiation

or thermolysis of a mixture of white phosphorus and substituted
o-benzoquinone in the presence of catechol derivatives also
yielded phosphoranes.211

The addition of anhydrous copper(II) chloride substantially
accelerates this reaction and increases the yield of phosphoranes
to 40%±60%; copper(II) being reduced to copper(I).

IV. Electrochemical methods for the synthesis of
organophosphorus compounds from elemental
phosphorus

Studies of the electrochemical behaviour of white phosphorus and
the scope of applicability of electrochemistry for the synthesis of
OPCs are in their infancy; therefore, the number of relevant
papers is relatively small. The major contribution to the develop-
ment of this line of chemistry was made by the Russian scientific
groups headed by A P Tomilov and Yu M Kargin.

It has been shown 212 that electrochemical reduction of white
phosphorus in an aproticmedium at amercury dropping electrode
is irreversible (half-wave potential E1/2=71.55 V vs. mercury
pool in DMF). The calculated number of accepted electrons
depends on the concentration of P4. It was suggested that the
first stage of reduction is a one-electron transfer to give a radical
anion:

In the presence of active proton donors, which rapidly proto-
nate the intermediate anions, all P7P bonds in the white
phosphorus molecule are cleaved to give phosphine.

In alcohol solutions, white phosphorus is reduced via the
intermediate chemisorbed product P4/(Hg)x.213

The electrochemical hydrogenation of white phosphorus is of
practical interest as a method for the synthesis of phosphine. This
process has been studied in detail using a lead cathode.214, 215 The
results of the study initiated an important field of OPC electro-
synthesis, namely reduction of white phosphorus in a proton-
donating medium at a cathode with high hydrogen overvoltage (a
mercury or lead cathode). The process consists of a number of
successive steps giving highly reactive phosphorus hydrides of
type (PH)x (see Ref. 214). The final phosphine and intermediate
phosphorus hydrides can react with various compounds that have
been added to the electrolyte and are electrochemically inactive in
the potential region of the working electrodes; these include
alkenes,216 carbonyl compounds,217, 218 alkyl halides 219 and so
on. These reactions yield mixtures of phosphines or individual
phosphine oxides. Lower alkyl halides react with P4 to give
quaternary phosphonium salts.

R1=H: R2 = Et, Cy, PhCH2; R1=R2=Et, Cy, PhCH2.
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The electrolysis of an emulsion of P4 in DMF in the presence
of n-butyl bromide 220 furnishes a complex mixture of organic
phosphines and phosphine oxides with an overall yield of 29%. At
the cathode, hydrogen is apparently evolved and phosphorus and
BunBr are reduced.

In the above reactions, a substantial portion of elemental
phosphorus polymerises and alkylation proceeds only partially
(by 20%±50%). The low yields and the complex compositions of
the mixtures hamper the separation and purification of the
products.

Electrochemical reduction of red phosphorus in alkaline
solutions has been proposed for the synthesis of phosphine. It
was found 221 that 15%± 25% solutions of NaOH and a temper-
ature range of 70 ± 100 8C were the conditions of choice for the
synthesis of PH3. In more concentrated solutions, phosphorous
and hypophosphorous acids were mainly formed. When a lead
cathode was used, the yield of phosphine varied from 60% to
83%.221

The electrochemical oxidation of white phosphorus supported
on porous conductive substrates in neutral or acidic media results
in phosphoric and phosphorous acids.222 It has been suggested
that the reaction is accompanied by oxidation of phosphine
formed upon disproportionation of white phosphorus.

In aqueous solutions of hydrogen halides 223, 224 (in some
cases, with the addition of the organic solvents, benzene or
chloroform 224), indirect electrochemical oxidation of white phos-
phorus to phosphorous acid takes place. Apparently, in the first
stage, phosphorus is oxidised by the elemental halogen evolved at
the anode; this gives phosphorus halides, which are hydrolysed to
give H3PO3.

The synthesis of phosphorous and hypophosphorous acids
was performed by electrolysis of a suspension of red phosphorus
in the presence of organic bases, ethylenediamine and triethyl-
amine.224 The influence of a number of parameters on the yield
and product ratio, which depend on the amount of electricity
passed, was studied. The process was intensive only at a temper-
ature of >70 8C, the degree of conversion of phosphorus being
40%±45%.

Of interest from both theoretical and practical standpoints
was a study of the anodic oxidation of a suspension of red
phosphorus in alcohols in the presence of hydrogen chloride.225

In these experiments, electrolysis was carried out in an undivided
cell; hydrogen being evolved at the cathode, and trialkyl phos-
phate and alkyl chloride at the anode. The process can be
represented as follows:

Chlorine evolved at the anode reacts with phosphorus and
alcohol, giving the final products in 40%±70% yields. This

method is applicable only to primary aliphatic alcohols in an
excess of hydrogen chloride; in other cases, the anodic process
appears to yield compounds that cannot be isolated or identified.

An electrochemical procedure for the synthesis of OPCs from
white phosphorus in an undivided cell was developed in the
USA.226, 227 The process is carried out in solutions of alcohols,
phenols or mercaptans in the presence of nitrates, bicarbonates,
etc. as the supporting electrolytes, and using either a mercury 226

or ferrophosphorus anode.227 Hydrogen is evolved at the cathode,
and the metal cation formed upon anode dissolution serves as the
oxidant. However, the yields of triorganyl phosphates are rela-
tively low (45%±50%). In addition, this method is environ-
mentally unsafe due to its use of large amounts of mercury. No
data on the mechanism of formation of the products have been
reported in the publications cited.

In recent years, new approaches to the synthesis of OPCs have
been developed. They combine the advantages of conventional
(homogeneous) chemistry in solution with electrochemistry, in
which the reagents are generated at the electrodes directly in the
reaction system.228 ± 241

The following processes occur in an undivided cell: the
formation of nucleophiles (alkoxide, hydroxide, phenoxide,
amide or other anion) at the cathode and oxidation of halide
ions (e.g., iodide to iodine) at the anode.228 ± 238, 240 ± 243 The
halogen, together with the nucleophile, reacts with the P4molecule
to give various phosphorus compounds depending on the con-
ditions of electrolysis. The general pattern of electrosynthesis of
trialkyl phosphate fromwhite phosphorus in anhydrous alcohol is
as follows:

In the presence of water, optimal conditions are ensured and
the yield of trialkyl phosphate becomes nearly quantita-
tive.231, 233, 235 ± 238

The proposed method for the electrosynthesis of trialkyl
phosphates is almost waste-free. By varying the electrolysis
conditions, the process can be directed towards the formation of
other products, for example, tetraalkyl pyrophos-
phates.230, 232, 236 ± 238 The yield of these products depends on the
structure of the aliphatic alcohol and the reactant ratio. In the case
of linear aliphatic alcohols, a mixture of trialkyl phosphate and
tetraalkyl pyrophosphate in*2 : 3 ratio is formed, while the use of
branched alcohols results in a similar mixture, but in a 1 : 9 ratio.

These studies provided an understanding of the mechanism of
transformation of white phosphorus during the electrolysis of its
solutions in aqueous alcohols in the presence of Et4NI, and also
made it possible to control this complex process. In the systems in
question, cathodically generated nucleophile initiates the opening
of the phosphorus rings, while halogen resulting fromoxidation of
the halide ion facilitates the replacement of the proton of the P7H
bond. The halogen is regenerated during the electrolysis, and thus
the cycle is completed. Owing to the high selectivity and rate of
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these processes, phosphorus can be transformed into organo-
phosphorus compoundswith a high degree of conversion. Varying
of the pH of the alcohol- and water-containing electrolyte can
result in a substantial change in the composition of the cathodi-
cally generated species and, hence, in the routes of transformation
of white phosphorus into target products.236, 237 For example, in
acidic solutions, hydrogen ions are reduced at the cathode instead
of alcohol; therefore, no opening of the phosphorus rings induced
by nucleophiles (alkoxide ions) takes place. In addition, deal-
kylation of the esters of trivalent phosphorus acids readily occurs
under these conditions. Indeed, electrolysis of aqueous alcohol
solutions of HBr (or HI) over a broad concentration range in the
presence of an emulsion of white phosphorus gives dialkyl
phosphite as the major product (yield 70%).

It was found that anodically generated phenothiazine and
triarylamine radical cations can be used to cleave P4 in alcohol
solutions.234

Thus, using the simple phosphorus ± alcohol ±water system as
an example, a number of essential advantages of electrochemical
methods over classical approaches of organic chemistry have been
demonstrated. The use of electrochemistry allows one to synthe-
sise OPCs from white phosphorus in high yields under mild
conditions. This opens up the way to almost waste-free environ-
mentally safe processes, allowing one to design a controlled
chemical system in which the desired products can be obtained
specifically by varying the conditions.

The oxidation of Cu(I) catalyst to Cu(II) during the prepara-
tion of trialkyl phosphates from white phosphorus,196 ± 206 con-
sidered above, can be carried out by an electrochemical process,239

which would eliminate the explosion-prone oxidant O2. The
important advantages of the electrochemical regeneration of the
catalyst include a decrease in the number of components to the
reaction system, the elimination of side reactions and an increase
in the yield of the target products. Studies of the Cu ±ROH±P4

ternary system revealed an analogy with the behaviour of white
phosphorus in the coordination sphere of copper or nickel. The
redox properties of copper catalysts were found to change in the
presence of white phosphorus: the CuI/Cu0 reduction wave shift-
ing towards more positive potentials. The CuI ± P4 complex is
characterised by a smaller electrochemical gap, i.e., it is more
polarisable and reactive than the initial Cu(I) compound. The
possibility of electrosynthesis of phosphorus-containing acid
derivatives from P4 and alcohol, promoted by copper(II) com-
pounds which serve as charge transferring catalysts, was also
demonstrated.

The use of electrochemical methods has extended the range of
compounds that can be prepared directly from white phosphorus.
For example, aromatic esters of phosphorus acids have been
synthesised in good yields.237 ± 242 By varying the conditions of
electrolysis, one can obtain either triaryl phosphites (by adding
pyridine to the electrolyte) or triaryl phosphates in nearly quanti-
tative yields.

A study 237, 240 of the decomposition routes of white phospho-
rus during the electrolysis of phenol solutions of Et4NI has
confirmed the general rules of behaviour of P4 molecule in alcohol
media. Characteristic features of the subsequent transformations
of the organophosphorus intermediates were also elucidated. It
was found that rupture of all the P7P bonds in phosphorus
oligomers produced the phosphite (PhO)3P. It was the first
product formed in the reaction of white phosphorus with nucle-
ophilic and electrophilic reagents generated at the electrodes.

It was shown experimentally for the first time 237, 240 that
pentaphenoxyphosphorane formed at intermediate stages of the
process undergoes cathodic reduction to triphenyl phosphate.
This accounts for the quantitative transformation of triphenyl
phosphite into the corresponding phosphate.

This accumulated experience has been used to develop a
procedure for the electrosynthesis of phosphorotriamidates and
thiophosphorotriamidates from white phosphorus under the
action of amide anions R2N7, generated by the reduction of
amines at the cathode with a low hydrogen overvoltage.237, 242, 243

The electrolysis of amine in the presence of an emulsion of white
phosphorus gave the corresponding phosphorotriamidate; the
yields in DMF (62%) were substantially higher than those in
acetonitrile (12%). Presumably, phosphorotriamidate is formed
by hydrolysis of the intermediate triamidoiodophosphor-
anes.237, 243

Yet another route of transformation of (R2N)3P formed
initially has been accomplished by conducting the electrolysis in
the presence of carbon disulfide. This compound acts as a sulfur
donor, the reaction yielding thiophosphorotriamidate
(R2N)3P=S (major product) and thioformamide (minor prod-
uct).237, 243

The methods described above are based on the combined
treatment of white phosphorus with nucleophilic and electrophilic
reagents in an undivided cell. In these reactions, one can obtain
only esters or amides of phosphorus acids but not compounds
with P7C bonds.

In recent years, a new efficient method for the selective
electrosynthesis of compounds with P7C bonds from white
phosphorus, using metal complexes as catalysts, has been devel-
oped.244 ± 249 The activation of white phosphorus followed by
rupturing of the P7P bonds takes place in a system that ensures
cyclic regeneration of the catalyst at an electrode. It was shown
that by treatment with organic halides in the presence of electro-
chemically generated catalysts, namely Ni(0) complexes with 2,20-
bipyridine (bipy) ligands, white phosphorus can be converted into
organic phosphines and phosphine oxides. The process scheme is
as follows:246 ± 249

The electrocatalytic arylation of white phosphorus has been
studied using preparative electrolysis and cyclic voltamme-
try.246 ± 248 Some stages of the catalytic cycle were simulated and
studied separately. Cathodically generated Ni(0) complexes were
found to react with organic halides to give nickel organyl-s-
complexes, which are involved in the functionalisation of white
phosphorus. The reaction of organonickel compound, RNiIIXLm

with white phosphorus is the key step of the process.

R = Alk.

P4 + 20CuX2 + 16ROH 4 (RO)3PO+ 20CuX+ 4RX+ 16HX

Anode

P4 + 12PhOH
20 e7

4 (PhO)3P + 6H2"

(PhO)3PI2
PhOH

7HI
(PhO)5P

e7, H+

(PhO)3PO+ PhH+ PhO7

R=Alk.

P4 + 12R2NH
12 e7

4 (R2N)3P + 6H2"

I2

[(R2N)3PI2]
H2O

(R2N)3PO

P4 + 16R2NH+ 4CS2
20 e7

4 (R2N)3P=S+ 4R2NC(S)H + 6H2"

n= 2, 3; M=Mg, Zn, Al; L=bipy, Ph3P.

Cathode: NiIIL3 + 2 e7

Anode: M7 n e7

P4 + RX
Ni0L2

P R,

Ni0L2 + L,

Mn+,
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The reaction route and the yields of the final products of the
electrochemical phosphorylation of organic halides with white
phosphorus are considerably affected by the sacrificial anode
material. The use of a zinc anode results in the synthesis of three-
coordinate phosphorus compounds, triorganylphosphines, an
aluminium anode stipulates the formation of triorganylphosphine
oxides, and the presence of Mg(II) ions in the reaction mixture
ensures the transformation of P4 into cyclic polyphosphines
(PhP)5.

To elucidate the pathways leading to the formation of P7C
bonds, an attempt has been made to cleave the white phosphorus
molecule directly using Ni(II) and Ni(0) complexes.246 ± 248 Metal-
coordinated white phosphorus becomes a stronger electron
acceptor and is more readily reduced on treatment with Ni(0)
complexes. A voltammetric study of the behaviour of Ni(II)
complexes with bipyridine in the presence of white phosphorus
has shown that the latter forms a more stable complex with Ni(0)
than with Ni(II). The process irreversibility and the shift of the
potential from the equilibrium value to less negative values are due
to the subsequent fast chemical reduction of the P4 molecule with
the Ni0 complex.

It was found that Ni0(bipy) reacts with white phosphorus to
give a binuclear complex with a cyclo-P3 fragment. The arylation
of the phosphorus fragment with aromatic halides results in a
mononuclear complex with Ph3P3 ligand.

Among the numerous catalysts of OPC electrosynthesis,
primary attention is attracted by samarium(II) derivatives, which
possess strong reducing properties.243 Electrochemical generation
of these compounds from stable samarium(III) salts, in the
presence of an emulsion containing amixture of white phosphorus
and iodobenzene, gives rise to products containing phosphorus ±
carbon bonds. If the hydrate SmCl3 . 5H2O is used, a mixture of
phosphines, PhPH2, Ph2PH and Ph3P, is formed predominantly,
together with the phosphonium salt Ph4PI. The anhydrous salt
SmCl3 catalyses the predominant formation of PhPI2; some Ph4PI

was also isolated as a minor product.244 The following scheme for
the catalytic process was proposed:

Different routes for the activation of white phosphorus in the
coordination sphere of nickel complexes, depending on the nature
of the ligands, have been considered.250 The first route is based on
coordination of the P4 molecule to the metal, resulting in a
deformation of the tetrahedron without its destruction. This is
the case with the NiX2L complexes [where X=BF4, Br, Cl;
L=bipy (the solvents are DMF, MeCN, acetone); L=2,9-
dimethyl-1,10-phenanthroline (phen) or PPh3 (the solvents are
DMF or acetone)], which are reduced at the most negative
potentials, |Ered|>70.9V. To cleave the P7P bonds in the
complex formed, its electrochemical reduction is required.

The second route is oxidation of white phosphorus in the
coordination sphere of a Ni(II) complex. This method is used
when the NiX2L complex exhibits relatively strong oxidative
properties and is reduced readily (|Ered|<70.9V). When
X=BF4 and L=triphos, the reaction is carried out in acetone;
for L=1,10,5,50-bis[methylenedi(p-phenylene)]di(3,7-diphenyl-
1,5-diaza-3,7-diphosphacyclooctane) (n2p2), the reaction is car-
ried out in DMF; for L=phen or PPh3, the process is conducted
inMeCN. In these cases, cleavage of the P4molecule affords a new
Ni(I) complex, containing a P3 fragment, for example, [(triphos)-
Ni(P3)Ni(triphos)](BF4)2.

The reduction of white phosphorus in the coordination sphere
of the electrochemically produced nickel(0) complex with a
s-donor ligand results in previously unknown nickel phosphides.

A relatively high reactivity of these complexes, compared to the
known nickel phosphides, has been demonstrated.251

To conclude this Section, it should be noted that electro-
chemical methods can be successfully used to synthesise a wide
range of compounds containing P7O, P7N, P7C and P7S
bonds from white phosphorus. These reactions usually proceed
under mild conditions, at high rates and with high selectivities,
providing a good base for consideration at an industrial level.

* * *

The information on the chemical properties of elemental phos-
phorus considered in this review is indicative of the keen attention
given by researchers to this line of investigation, situated at the
junction of different fields of chemistry. This is reflected in
numerous publications on the subject. An important reason for
this interest is the demand for new highly effective industrial
processes for the production, direct from white phosphorus, of
organophosphorus compoundswhich possess diverse useful prop-
erties. These compounds have found extensive use in various fields
of human activity. Study of the chemical behaviour of white
phosphorus with respect to transition metal complexes is the most
convenient technique for investigation of the mechanisms of
cleavage of the P4 molecule and the stabilisation of the phospho-
rus-containing intermediates thus formed.

n= 1, 2.

Ni0(bipy)n +RX RNiII(bipy)n71X
1/4 P4

P R +NiII(bipy)

P

P

P

P

Ph3P
Zn2+ or Zn anode

PhBr, e7

Al anode

PhBr, e7
Ph3PO

Mg2+ or Mg anode

PhBr, e7 P P

P
P

P Ph

PhPh

Ph

Ph

Ni0(P4)(bipy) Nin+(P4)n7(bipy)

P4 + Ni0(bipy)
Br7

N N

Ni

P P

Ni

P

Br2

PhI

N N

Ni

P P
P

PhPh

Ph

n+

SmCl3 + e7 SmCl2 + Cl7

SmCl2 + RX RX SmCl2 1/2R2 + SmCl2X

e7

SmCl2

SmCl2 + P4 [Pÿ4 SmCl�2 ]
Cl7

P4
7 + SmCl3

mixture of phosphines

L = bipy, phen.

6Ni0L + P4 2Ni3P2L
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