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I. INTRODUCTION 
The general features of bonding to phosphorus have been discussed in the first two 
volumes of this series1'2, including likely bonding schemes1, the strengths of single and 
double bonds to phosphorus1 and the non-involvement of virtual d orbitals in any of the 
three possible current descriptions of the phosphoryl bond2. This latter point is also 
relevant for the systems discussed here and, once again, as we shall see, there are more 
powerful alternative descriptions of the bonding than those involving d orbitals. Because 
there is a strong similarity between the structure and bonding in tertiary phosphine oxides 
and phosphonium ylides, the latter are discussed first here, followed by the less controver
sial salts and finally the pentacoordinate phosphoranes. 

II. PHOSPHONIUM YLIDES 
In phosphonium ylides, as we shall see in Section II.A, the phosphorus atom is tetracoordi-
nate and the unique (anionic) carbon is tricoordinate. For exactly the same reasons as in 
the oxides2, all previous discussions3"14 of the Ρ—C bond have been in terms of a 
resonance hybrid between a dipolar form 1A and a double bond form IB: 

R3P—CR2 < • R 3 P=CR 2 

(1A) (IB) 
For the purposes of chemical reactivity, the dipolar form 1A is considered the more 

important3. Structure IB is meant to indicate dTr-ρπ bonding involving back-donation of 
electron density from a doubly occupied 2p orbital of the ylidic (anionic) carbon into 
vacant phosphorus 3d orbitals in an overlap scheme such as that in Figure 1. This dTi-ρπ 
bonding has been invoked to explain a number of the properties of phosphonium ylides 
(see Section II.B.l), particularly the fact that they are more stable than their nitrogen 
analogues, for which such a stabilizing interaction is not possible, nitrogen not having the 
requisite low-energy vacant orbitals315. Contrariwise, many authors have also taken 
these properties as evidence for dTr-ρπ bonding so that the structure and bonding of 
phosphonium ylides are part of the general controversy about dTr-ρπ bonding (see ref. 2 
for a more general discussion). For these reasons, many studies in the past 20 years have 
addressed the two fundamental problems associated with phosphonium ylides, namely the 
extent (if any) of the contribution of structure IB and the related question of the geometry 
(i.e. configuration) at phosphorus and the anionic carbon. 

As discussed in detail in Volume 22, it is now known that d orbitals are not involved in 
bonding in Main Group compounds. In particular, it is now clear that the requirement for 

FIGURE 1. The obsolete view of the p-type overlap in phosphonium ylides 
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I. PROPERTIES OF PHOSPHONIUM SALTS 

A. Introduction 
Phosphonium salts discussed in this chapter are represented by the general formula 

R 4 P + X", derived from the tetrahedral phosphonium ion PH4
 + , where: 

— R may be a radical linked to phosphorus by a carbon or another atom and can 
be simple or functional, cyclic or acyclic substituent and even a part of a polymeric 
structure; 
- X may be an anionic structure, simple or complex, inorganic or organic. 

Since 1972, methods for the synthesis of phosphonium salts have been reviewed 
exhaustively in various treatises, particularly by Beck1 and later by Jodden2". Various 
reviews covering restricted aspects of the synthesis and/or reactivity of phosphonium 
salts have also appeared3-8. In addition, material since 1969 has been reviewed on a 
yearly basis in the Specialist Periodical Reports of the Royal Society of Chemistry 
entitled Organophosphorus Chemistry, successively by Trippett (Vol. I)9, then by Smith 
(Vols 2-7)10 and lastly by Allen (Vols. 8-22)11. 

This chapter is organized in three parts. 
The first part covers general, theoretical and structural aspects: analysis, purification, 

spectroscopy, thermo-, photo- and electro-chemistry and stereochemical and biochemical 
aspects. 

In the second part, the synthetic routes to phosphonium salts are organized according 
to the nature of the substituents which are introduced on the phosphorus atom: carbon 
substituents (alkyl, aryl, unsaturated, functional or polyvalent groups), heteroatomic 
groups, followed by synthesis in which the phosphorus is introduced into a cyclic 
structure. Finally, synthesis in which the phosphonium cation is not altered but the 
associated anion is exchanged or modified are covered. 

In the third and last section, the main reactivities described are the acidity, the 
behaviour toward organometallic reagents, the alkaline hydrolysis, the reductions and 
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I. INTRODUCTION 
The developments in the chemistry of pentacoordinated phosphorus have been so 
considerable during the last 35 years as to be truly exceptional in the history of chemistry. 
This is due to the combination of a number of factors, the first of course being the natural 
growth of chemical research, resulting in the synthesis by Wittig and Reiber1 in 1959 of 
PPh5, the first organic phosphorane, whose trigonal bipyramid (TBP) structure was only 
determined 15 years later by Wheatley2. The same period also witnessed the synthesis of 
monocyclic oxyphosphoranes by Ramirez3 and of acyclic pentaoxyphosphoranes by 
Denney and Relies4, in addition to the tremendous acceleration of phosphorane chemistry 
due to the results obtained using NMR. 

Even more fundamental, to our mind, are the following three factors: 

1. Phosphoranes represented a new domain of phosphorus chemistry, rich in possibili
ties from the fundamental and the practical points of view. The discovery of their 
stereochemical non-rigidity, i.e. the exchange of axial and equatorial positions in a 
TBP structure without bond cleavage, found to occur in PF5 at a frequency of 
108-109 Hz, led Berry5 to suggest the presence of an interconversion mechanism. The 
fact that this is a general property of phosphoranes immediately set the fascinating 
and complex challenge of the synthesis of enantiomeric phosphoranes with optical 
activity depending solely on the Ρ atoms. 

2. The equilibria P(III) ^ P(V), P(IV) — P(V) and P(VI)^P(V) show that phos
phoranes constitute 'pivots', allowing pentacoordinated phosphorus to be reached 
from any other coordination number, as probably postulated for the first time in 
1929 by Fenton and Ingold6, and later observed many times experimentally. 

3. Lastly, the finding by Westheimer7 of considerable differences in the rates of 
hydrolysis of five-membered cyclic and acyclic phosphates also led him to postulate 
the existence of a pentacoordinated intermediate likely to undergo the stereomuta-
tions described Berry5. This threw new light on the mechanism of nucleophilic 
substitution at tetracoordinated Ρ atoms, which is at the heart of a large number of 
reactions occurring in living organisms and in more formal chemistry. 

II. STRUCTURES AND GEOMETRIES ASSOCIATED WITH THE 
PENTACOVALENT PHOSPHORUS ATOM 

A. The Pentacovalent Phosphorus Atom 
Before proceeding to the preparation and reactions of phosphoranes, it is important to 

recall some of the fundamental properties of the pentacoordinated Ρ atom, but since this 
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I. INTRODUCTION 
There has been a long-standing controversy regarding the nature of the bonding in 
phosphonium ylides (phosphoranes), centred about the relative contributions of the two 
resonance structures A, the ylide form, and B, the ylene form1. The ylene form includes a 
formal Ρ = C double bond, which implies the participation of the d orbitals of phosphorus 
in the π bond with the carbon ρ orbital. The ylide form possesses a carbanion with an 
adjacent phosphonium centre. In this chapter, we shall address the bonding question by 
examining recent structural, spectroscopic and theoretical studies of phosphonium ylides. 
We shall limit our discussion to free ylides; Schmidbaur2 has recently reviewed the 
structures and chemistry of metal-complexed phosphonium ylides. 

—P— C<* • - 7 P = C 
(A) ^ (Β) ^ 

A number of structural questions will be addressed. What is the range of typical P = C 
bond lengths and how does this vary with substituent? Is the C planar or pyramidal, and 
does this depend on substituents? What is the geometry about P? The answers to these 
questions will determine the hybridization of the Ρ and C atoms. We shall also examine 
the density distribution to determine the charges on the atoms and the degree of d 
orbital participation. 

In Section II, we survey the structural analyses of ylides, summarizing the reported 
X-ray crystal structures, electron diffraction studies and calculational determinations. In 
Section III, we present spectroscopic data (primarily UV, NMR, ESCA and EPR) that 
pertain to characterizing the bonding in the ylides. Finally, we attempt in Section IV to 
bring together all the summarized evidence to present a cogent and coherent picture of the 
bonding in the ylides. 

II. STRUCTURES OF PHOSPHONIUM YLIDES 
A large effort has been expended in order to determine accurately the structures of the 
ylides using a variety of techniques. Single-crystal X-ray structures of over 40 ylides have 
been reported. Three small ylides have been characterized in the gas phase using electron 
diffraction techniques. While theoretical chemists had restricted their studies to methyl-
enephosphorane, recent advances in computational techniques3 and computer hardware 
have allowed for the geometry optimization of larger ylides. 

A. X-ray Structures 
Even though phosphonium ylides were first prepared in the 1890s4,5 and had garnered 

widespread synthetic use with the discovery of the Wittig reaction in 19536, the first X-ray 
characterization of ylides did not appear until 1965, when Stephens reported the structures 
of 17 and 28 and Mak and Trotter9 published the structure of 3. These ylides are stabilized 
by conjugation with the carbonyl group. The first reported crystal structure of a 
non-stabilized ylide was of triphenyl(methylene)phosphorane (4) ( P h 3 P = C H 2 ) by Bart10 

in 1969. Since then, over 40 other structures have been published. 
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I. INTRODUCTION 
The synthesis of alkenes through the Wittig reaction has generated an impressive 
understanding of the chemistry of organophosphorus compounds. The generated car-
banions stabilized by a phosphoryl moiety can be considered as ylide anions, and the 
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I. INTRODUCTION 

During the last 40 years, the number of reports in the area of preparative photochemistry 
has increased considerably. Schonberg wrote one of the first systematic reviews on the 
topic in 1958, updated in 19681. A number of important papers are now currently surveyed 
annually2 and some selected results on the photochemistry of organophosphorus com
pounds3 are presented in an annual publication4. Recent reviews dealing with the 
irradiation of organophosphorus(III) compounds and the photochemistry of phosphine 
chalcogenides by Dankowski appeared in Volumes 15 and 26 of this series. In this chapter, 
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Alkenylphosphonium salts, cycloaddition 
reactions of 152 

α-Alkenylphosphonium salts, 
addition reactions of 84, 85 
synthesis of 73-79 

α-Alkoxyalkylphosphonium salts, synthesis of 
79,81 

Alkoxyphosphonium salts — see also 
Thioalkoxyphosphonium salts 

dealkylation of 142, 145 
synthesis of 98, 99, 101, 146 
thermal stability of 96 

Alkyl(oxyalkyl)phosphonium salts, reactions of 
155 

Alkylphosphonium salts — see also 
α-Acyloxyalkylphosphonium salts, 
α-Alkoxyalkylphosphonium salts, 
Alkyl(oxyalkyl)phosphonium salts, 

Alkyl(thioalkyl)phosphonium salts, 
Carbalkoxyalkylphosphonium 
salts, Haloalkylphosphonium salts, 
Hydroxyalkylphosphonium salts, 
Oxoalkylphosphonium salts, a-
Silyloxyalkylphosphonium salts 

elimination reactions of 77, 78 
Alkyl(thioalkyl)phosphonium salts, reactions of 

155 
Alkynyliodonium salts, reactions with 

phosphines 75 
Alkynylphosphonium salts, cycloaddition 

reactions of 152 
a -Alkynylphosphonium salts, 

reactions of 91, 92 
with nucleophiles 77, 84, 85 

synthesis of, 
by direct alkynylation of phosphines 73, 

75 
from ^-ketoylides 77, 78 

Allenylphosphine oxides, reactions of 103 
Allenylphosphonium salts, 

as reaction intermediates 76, 77 
reactions with nucleophiles 151 
synthesis of 75 

Allylphosphonium salts, isomerization of 75 
Aminophosphonium salts — see also N-

Arylaminophosphonium salts, N-
Silylaminophosphonium salts 

NMR spectra of 49, 57 
reactions of 147, 156 
synthesis of 82, 83, 99, 102, 104, 105 
thermal stability of 102 
X-ray studies of 61 

Aminophosphorane-iminophosphane equilibria 
223-231 

Aminophosphoranes — see 
Tetraaminophosphoranes 

Anion-exchange extraction 68 
Anionotropic migration 129 
Anomeric effects, in phosphonium salts 25 
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Anticholinesterase activity, of phosphonium 
salts 67 

Apicophilicity 189 
in phosphoranes 30, 35, 36 
scale of 188 

Arbuzov-type reactions 96 
Arsonium salts, ESR spectra of 331 
JV-Arylaminophosphonium salts, NMR spectra 

of 52 
Aryloxyphosphonium salts — see also 

Benzotriazolyloxyphosphonium salts 
dearylation of 146 
synthesis of 102 

Arylphosphinyl radicals 326 
Arylphosphonium salts, Friedel-Crafts reaction 

of 94, 95 
Ate complexes, formation of 107 
Atomic absorption spectrometry 347 

in determination of phosphorus 356, 357 
Aza crown ethers, phosphonium derivatives of, 

analgesic properties of 68 
Azidophosphoranes 227 

photolysis of 332 
Azines, photo-oxygenation of 339 

Back-bonding, in phosphonium ylides 3, 10, 
11,22,23 

Banana bonds, in phosphonium ylides 23, 24 
Benzotriazolyloxyphosphonium salts, synthesis 

of 99 
Benzoylcarbene intermediates 337 
2-Benzylideneoxazolidine-4,5-diones, reactions 

with phosphoranes 305 
Berry pseudorotation 30, 36, 118, 197, 201, 211 

comparison with turnstile rotation 203 
Bicyclic phosphoranes, P(III)-P(V) equilibria 

in 215, 217 
Binding energies, for phosphonium ylides 13, 

19 
Bisphosphonium salts — see also Buta-1,4-

dienylenebisphosphonium salts, 1,2-
Vinylenebisphosphonium salts 

alkaline hydrolysis of 122-127 
configuration of 61 
cyclic — see Cyclic bisphosphonium salts 
Friedel-Crafts reaction of 94, 96 
NMR spectra of 53, 54 
reduction of 139 
synthesis of 71, 76, 88-92 
thermal stability of 63 
unsaturated — see Unsaturated 

bisphosphonium salts 
X-ray studies of 61 

Bond angles, 
in phosphonium salts 25, 26, 61 
in phosphonium ylides 4, 5, 10 
in phosphoranes 30 

Bond dissociation energies, for phosphonium 
ylides 13 

Bonding, 
dTT-ρπ 2, 13, 14, 51 
three-centre, four-electron 24, 32, 35 
σ 23, 24 
τ 23, 24 

Bond lengths, 
in phosphonium salts 25, 26, 60 
in phosphonium ylides 4, 5, 8-10 
in phosphoranes 30, 34, 35 

Buta-1,4-dienylenebisphosphonium salts, 
reactions of 85 
synthesis of 90 

Butadienylphosphonium salts, reactions of 150 

Carbalkoxyalkylphosphonium salts, thermal 
stability of 63 

Carbazoles, synthesis of 331 
Carbenes — see also a-Sulphanylcarbenes 

as photolytic intermediates 337 
as photolytic products 335, 338 

Carbodiphosphoranes, structure of 12 
Charge transfer, intramolecular 336 
Charge-transfer complexes, formation of 108 
Chemical ionization, in MS of 

organophosphorus compounds 377, 378 
Chemical shifts, 

for phosphonium salts, 
α-carbon 55-57 
^-carbon 57 
31Ρ 49-52 

for phosphonium ylides 296-298 
Chemiluminescent light emission 338 
Chiral phosphonium salts, enantiomeric 

separation of 105 
Chiral phosphoranes 203-211 

stereoisomerism in 208-211 
synthesis of 204, 205 

Cholinesterase inhibition 380 
Chromogenic reagents, in analysis of 

organophosphorus compounds 365-367, 
374, 380 

Chronoamperometry 65, 110 
CNDO calculations, for phosphonium ylides 

340 
Colorimetric techniques, in detection of 

organophosphorus compounds 365, 366, 
374 

Conductivity detection, in analysis of nerve 
gases 381 

Configuration, absolute 207, 210 
Conformational transmission effect 192 
Coupling constants, 

P-C 57, 58, 296, 297 
P-H53 
P-P53 
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Coupling tensors, 31P 340 
Cumulenes, X-ray structure of 286-288 
Curtius-type reaction 332 
Cyclamphosphoranes, 

chain-ring equilibria in 214, 215 
reactions of 261 

Cycle effect, on P(IV)-P(V) equilibria 227 
Cyclenphosphoranes, reactions of 241, 261 
Cyclic bisphosphonium salts, 

alkaline hydrolysis of 125-127 
synthesis of 90, 91 

Cyclic phosphonium salts — see also 
Heterocyclic phosphonium salts 

alkaline hydrolysis of 120-122 
synthesis of 93-96 

Cyclic phosphoranes — see also Bicyclic 
phosphoranes, Tricyclic phosphoranes 

conformation of 189, 192, 194 
examples of 189-192 
stability of 195, 243 

Cyclic voltammetry, 
of phosphonium salts 308, 314—316, 321 
of phosphonium ylides 304, 321 
of phosphoranyl tetracobaltcarbonyl clusters 

310,311 
of probases 305 

Cyclopropanation, of alkenes 337 
Cyclopropylphosphonium salts, 

NMR spectra of 57 
reactions of 151, 152 

Deprotection, of 7-thioacetalated phosphonium 
nitrates 66 

Desargues-Levi graph 118 
Diarylphosphinyl radicals 326 
Diazaiminophosphanes, hydrogen bonding with 

MeOH 231 
Diazaphospholanes, equilibria in 228 
Diazaphosphorinanes, conformation of 189 
Diazo compounds, adducts with phosphines 

329 
Diazonium enolates 329 
Diazophosphonium salts, photolysis of 328, 

329 
Diazo valence resonance 328 
Diels-Alder reaction 159 
Dienylphosphonium salts — see 

also Allenylphosphonium salts, 
Butadienylphosphonium salts 

synthesis of 76 
Dioxaphospholanes, 

equilibria in 228 
photolysis of 334 

Dioxaphospholes, photolysis of 333, 334 
Dioxaphosphorinanes, conformation of 189, 

193 
Diphenylbutadienes, synthesis of 306 

Diphosphazanes, formation of 223 
Diphosphines, reactions of 90, 91 
Dipole moments, for phosphonium ylides 14 
Disproportionation equilibria 52 
Dithiaphosphorinanes, conformation of 189, 

193 

Electrochemical methods, 
in analysis of organophosphorus compounds 

372, 374 
in determination of orthophosphates 355, 

356, 359 
Electron-capture detection, in analysis of 

organophosphorus compounds 369 
Electron diffraction studies, of phosphonium 

ylides 289 
Electron impact ionization, in MS of 

organophosphorus compounds 377, 378 
Electron spin resonance spectroscopy, 

of arsonium salts 331 
of phosphonium salts 318, 319, 331 
of phosphonium ylides 340 

Electroreduction, of phosphonium salts 64-66, 
141-143 

Enaminophosphonium salts, synthesis of 86, 
100 

Enoxyphosphonium salts, synthesis of 99, 
100 

Enthalpies, 
for phosphonium salts 62 
for phosphonium ylides 13 

Enzymatic techniques, in detection of 
organophosphorus compounds 366, 367 

Enzyme inhibition 366, 374, 376 
EPR spectroscopy, of phosphonium ylides 294 
Equatoriphilicity, in phosphoranes 36 
ESCA studies, of phosphonium salts 62 
α,/3-Ethylenic ketones, synthesis of 316, 317 

Fast atom bombardment mass spectrometry, of 
phosphonium salts 60 

Ferrioxalate actinometry 336 
Field-desorption mass spectrometry, of 

phosphonium salts 60 
Flame ionization detection, in analysis of 

organophosphorus compounds 369, 370 
Flame photometry 347 

in detection of organophosphorus 
compounds 370, 375, 376 

in determination of orthophosphates 359 
in total phosphorus determination 357, 358 

Flow-injection techniques, 
in analysis of organophosphorus compounds 

359, 360, 376 
in analysis of phosphates 359, 360 

Fluoren-9-ylidenemethanes, as probases 304, 
305 
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Fluorimetric techniques, in analysis of 
organophosphorus compounds 365-367, 
374 

Fluorogenic labelling, in analysis of 
organophosphorus compounds 366, 367, 
374, 375 

Fluorophosphoranes, reactions of 97, 98 
Friedel-Crafts reaction 94-96 
α-Functionalized phosphonium salts, synthesis 

of 79-84 
/5-Functionalized phosphonium salts, synthesis 

of 84-86 
7-Functionalized phosphonium salts, synthesis 

of 87, 88 
w-Functionalized phosphonium salts, synthesis 

of 87 

Gas chromatography, in analysis of 
organophosphorus compounds 48, 368-
372, 381 

Gel-permeation chromatography, in clean-up of 
organophosphorus compounds 362, 363 

Generalized valence bond calculations 23 
Graebe-Ullmann reaction 331 

Haloalkylphosphonium salts, reactions of 154, 
155 

α-Haloalkylphosphonium salts, 
alkaline hydrolysis of 127-130 
synthesis of 83 

Halophosphines, 
alkylation of 102, 103 
biphilic character of 93 
reactions with dienes or alkynes 93, 94, 103 

Halophosphonium salts, 
NMR spectra of 52 
synthesis of 97, 102-104 

Heats of combustion, for phosphonium ylides 
13 

Heteroarylphosphonium salts, reduction of 139 
Heterocyclic compounds, synthesis of 150, 151 
Heterocyclic phosphonium salts, X-ray studies 

of 60, 61 
Heterophosphonium salts, 

heteroatomic ligand exchange in 99-101 
NMR spectra of 52 
reduction of 140 
synthesis of 96-105 

Hexaphenylcarbodiphosphorane, X-ray 
structure of 286, 287 

High performance liquid chromatography, in 
analysis of organophosphorus compounds 
48, 361, 372-376 

Hofmann elimination reactions, in alkaline 
hydrolysis of phosphonium salts 132-137 

HOMO energies, for phosphonium ylides 22 
HSAB theory 232 

Hydrazinophosphonium salts, reactions of 156 
Hydroxyalkylphosphonium salts — see also 

Tetrakishydroxyalkylphosphonium salts 
reactions of 154 

α-Hydroxyalkylphosphonium salts, 
alkaline hydrolysis of 134 
rearrangement of 147 
synthesis of 79, 81 

/3-Hydroxyalkylphosphonium salts, synthesis of 
85 

7-Hydroxyalkylphosphonium salts, synthesis of 
87 

Hydroxyphosphoranes, 
as intermediates in hydrolysis of 

phosphonium salts 117, 118 
tautomeric equilibria involving 218-223 

Hyperconjugation, negative, in phosphonium 
ylides 10, 23 

Iminophosphane-aminophosphorane equilibria 
223-231 

Iminophosphenium salts, synthesis of 330 
Iminophospholanes 227 

reactions of 231 
Iminophosphonium salts, synthesis of 82, 83 
Iminophosphoranes, formation of 330 
Inductively coupled plasma atomic emission 

spectrometry 347 
in total phosphorus determination 

357-359 
Infrared spectroscopy, 

of phosphonium salts 58, 59 
of phosphonium ylides 14, 294, 295 

Interactions, d-π 59 
Ion-associate formation, in determination of 

orthophosphates 354, 355 
Ion-pair chromatography, in separation of 

phosphonium salts 48 
Ion pairs, redistribution of 105 
Isomerism, 

permutational, of phosphoranes 196-203 
phosphonium salt-phosphorane 29 

Ketophosphonium salts, reactions of 
152-154 

/3-Ketophosphonium salts, 
pK.a values for 109 
reactions with nucleophiles 147 
synthesis of 85, 86, 150 

7-Keto α,/3-unsaturated phosphonium salts, 
electrical conductivities for 66 

Liquid chromatography — see also High 
performance liquid chromatography 

in analysis of organophosphorus compounds 
372 

in purification of phosphonium salts 48 
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Mass spectrometry, 
in analysis of organophosphorus compounds 

375-381 
of phosphonium salts 60 
of phosphonium ylides 309 

Membrane potentials 319, 320 
Methylenephosphorane, theoretical structure of 

290 
Michael addition 87 
Michaelis-Arbuzov reaction 101, 103, 142 
Microanalysis 348 
MIS devices 311 
Mitsunobu reagent 101 
Molar volumes, of phosphonium salts 62 
Molybdenum blue 351, 352, 359, 360, 364, 

366, 372 
Molybdivanadophosphates, in determination of 

orthophosphates 354, 355, 359 
Molybdophosphates, in determination of 

orthophosphates 349, 351-356, 359 
Molybdophosphoric acid, partial reduction of 

352, 353 
Mulliken populations, in phosphonium ylides 

22 
Multiphosphonium salts, synthesis of 88-92 

Nerve gases, analysis of 381 
Nitrile ylides 334, 335 
Nuclear magnetic resonance spectroscopy, 

13C 54-58, 296-298 
JH 53, 54 
of phosphonium salts 25, 29, 48-58, 110 
of phosphonium ylides 15, 19, 296-298, 

308 
31Ρ 48-53, 296-298 

Optically active phosphonium salts, reduction 
of 140 

Orbitals, d, involvement in bonding 2, 19, 20, 
22, 30, 32 

Organophosphorus compounds, 
analysis of, 

by gas chromatography 368-372 
by liquid chromatography 372-376 
by mass spectrometry 376-380 
by paper chromatography 363, 364 
by thin-layer chromatography 364-368 
decomposition and oxidation methods in 

347-349 
extraction and clean-up in 360-363, 371, 

372 
enzyme-inhibiting properties of 366, 374 
tricoordinated — see Tricoordinated 

organophosphorus compounds 
Orthophosphates, determination of, 

atomic absorption spectrometric techniques 
for 356 

colorimetric and fluorimetric techniques for 
352-355 

electrochemical techniques for 355, 356 
precipitation and titration techniques for 

349-352 
Oxaphosphetanes, 

formation of 309 
theoretical studies of 36 

Oxazaphospholanes, equilibria in 228 
Oxazaphospholenes, photolysis of 334 
Oxazaphospholes, thermolysis of 334, 335 
Oxazaphosphoranes, photolysis of 331 
Oxazaphosphorinanes, conformation of 189 
/9-Oxoalkylphosphonium salts, 

reactions of 152, 153 
synthesis of 86 

Oxyphosphonium salts — see also 
Acyloxyphosphonium salts, 
Aryloxyphosphonium salts, 
Silyloxyphosphonium salts 

NMR spectra of 52 
synthesis of 103 

Paper chromatography, in analysis of 
organophosphorus compounds 363, 364 

P—C bond, 
electrochemical cleavage of 65, 141 
photochemical cleavage of 326, 327, 335 
thermal cleavage of 63 

Peptidic coupling agents 99 
Perkow reaction 100 
Peroxides, as phosphazine photolytic products 

339 
Phase-transfer catalysts, phosphonium salts as 

138,157-160 
Phosphabetaine radical cation 331 
Phosphadiazines, in photo-oxygenation of 

phosphazines 339 
Phosphadioxetanes, in photo-oxygenation of 

phosphazines 339 
Phosphaseamidine-type rearrangement 102 
Phosphates, 

analysis of 347-356 
hydrolysis of 218 

Phosphazene bond, 
dimerization of 236 
formation of 223 
polarization of 227 

Phosphazenes 225, 226 
Phosphazines, 

photoreactions of 338, 339 
resonance structures of 338 

Phosphenium salts — see Iminophosphenium 
salts 

Phosphetanes — see Oxaphosphetanes 
Phosphetanium salts, alkaline hydrolysis of 

120 
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Phosphine oxides — see also Allenylphosphine 
oxides 

reactions of 103, 104 
synthesis of 112-138 

Phosphines — see also Diphosphines, 
Halophosphines, Polyphosphines 

addition reactions of 79 
alkenylation of 73-75 
alkylationof 69-71, 84, 87 
alkynylation of 73, 75 
arylation of 71-73, 89 
electroformation of 64, 65 
photolysis of 326 
reactions of 90 

with di-/poly-halo compounds 88, 89 
with heteroatomic oxidizing agents 97-99 
with poly(chloromethylstyrene)s 92 

synthesis of 139, 141 
α,/3-unsaturated — see α,/3-Unsaturated 

phosphines. 
vinylation of 89 

Phosphinimines, alkylation of 104, 105 
Phosphinyl radicals — see Arylphosphinyl 

radicals, Diarylphosphinyl radicals 
Phosphiranium salts, alkaline hydrolysis of 120 
Phosphirenes, geometry of 195 
Phosphirenium salts, 

hydrolysis of 147 
NMR spectra of 57, 58 

Phosphiric acids 335 
Phosphites, reactions with halogens 97, 98 
Phospholanes — see Diazaphospholanes, 

Dioxaphospholanes, Iminophospholanes, 
Oxazaphospholanes 

Phospholanium salts, 
alkaline hydrolysis of 120 
conformation of 60 

Phospholenes — see Oxazaphospholenes 
Phospholenium salts, synthesis of 103 
Phospholes — see Dioxaphospholes, 

Oxazaphospholes 
Phosphonium anhydrides, reactivity of 146 
Phosphonium anhydride inflates 104 
Phosphonium azides, reactions of 162 
Phosphonium cascade molecules 89 
Phosphonium chlorometallates, reactions of 

163 
Phosphonium cyclopropylide, theoretical 

structure of 293, 294 
Phosphonium dendrites 155 
Phosphonium dichromates, reactions of 163 
Phosphonium diylides, 

acylation of 86 
dialkylation of 94, 95 

Phosphonium ketene acetals, reactions of 155, 
156 

Phosphonium nitrites, reactions of 162 

Phosphonium permanganates, reactions of 163 
Phosphonium salt-phosphorane equilibria 59, 

236-240 
Phosphonium salts — see also 

/3-Acetalphosphonium salts, 
Alkenylphosphonium salts, 
Alkoxyphosphonium salts, 
Alkylphosphonium salts, 
Alkynylphosphonium salts, 
Allenylphosphonium salts, 
Allylphosphonium salts, 
Aminophosphonium salts, 
Arylphosphonium salts, 
Bisphosphonium salts, 
Cyclopropylphosphonium salts, 
Diazophosphonium salts, 
Dienylphosphonium salts, 
Enaminophosphonium salts, 
Enoxyphosphonium salts, 
Heteroarylphosphonium salts, 
Heterophosphonium salts, 
Hydrazinophosphonium 
salts, Iminophosphonium 
salts, Ketophosphonium 
salts, Multiphosphonium 
salts, Oxyphosphonium salts, 
Propargylphosphonium salts, 
Selenophosphonium salts, 
Spirophosphonium salts, 
Tellurophosphonium salts, 
Thiophosphonium salts, 
Vinylphosphonium salts 

acidity of 108-110 
alkaline hydrolysis of 111-138 

application of 137, 138 
elimination reactions in 132-137 
kinetic characteristics of main reaction 

115-117 
mechanisms in 112 
nature of leaving group in main reaction 

113-115 
secondary reactions in 122-137 
SN(P) reaction in 113-122 
stereochemistry of main reaction 117-122 
with migration 127-132 

analysis of 48 
anionic counterparts of, 

exchange of 105-107 
geometry of 61, 62 
hazards of 63 
modification of 107, 108 
reactivity of 160-163 

as inhibitors of electrode reactions 320 
as phase-transfer catalysts 138, 157-160 
as probes for membrane studies 318-320 
biochemistry of 67, 68 
bond angles in 25, 26, 61 
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bonding in 25, 29 
bond lengths in 25, 26, 60 
chiral — see Chiral phosphonium salts 
core ionization potentials for 15, 19 
cyclic — see Cyclic phosphonium salts 
electrochemistry of 64-66, 141-143, 308, 

314-316, 321 
elimination reactions of 148, 149 
ESCA studies of 62 
ESR spectra of 318, 319, 331 
functionalized — see Functionalized 

phosphonium salts 
half-wave potentials of 317 
industrial uses of 68, 69 
infrared spectra of 58, 59 
mass spectra of 60 
metal-bridged 321 
NMR spectra of 25, 29, 48-58, 110 
optically active — see Optically active 

phosphonium salts 
PE spectra of 29, 62 
photochemistry of 63, 64, 326-330 
polymeric — see Polymeric phosphonium 

salts 
purification of 48 
radiolysis of 330, 331 
Raman spectra of 62 
reactions with organolithiums 110, 111, 331 
reactivity of functional chains in, 

consistent with phosphonio group 152-157 
induced by phosphonio group 142-152 

reduction of 138-142 
using hydrides 138-140 
using metals 140, 141 

reductive cleavage of 312-317 
substituent effect on 317, 318 

seleniated 79, 82 
stereochemistry of 66, 67 
structure of 25, 26 
sulphurated 79, 82 
synthesis of 69-108 

by alkylation of phosphines 69-71 
by anion exchange or modification 105-

108 
by arylation of phosphines 71-73 

theoretical calculations for 27, 28 
thermochemistry of 62, 63 
7-thioacetalated, deprotection of 316 
unsaturated — see Unsaturated 

phosphonium salts 
UV-visible spectra of 59, 60 
X-ray studies of 60-62 

Phosphonium selenolates, reactions of 162, 163 
Phosphonium sulphamides, antimicrobial 

properties of 68 
Phosphonium thiocyanates, reactions of 162 
Phosphonium thiolates, reactions of 162, 163 

Phosphonium tribromides, reactions of 162 
Phosphonium ylides — see also Phosphonium 

diylides 
acylation of 85, 86 
C-alkylation of 94 
binding energies for 13, 19 
bond angles in 4, 5, 10 
bond dissociation energies for 13 
bonding in 2, 3, 10, 13-24, 298, 299 
bond lengths in 4, 5, 8-10 

comparison of stabilized and non-
stabilized 9 

conformation of 10-12, 20, 23, 24 
core ionization potentials for 15, 19 
dipole moments for 14 
electrochemistry of 304-309, 321 
electron diffraction structures of 289 
electronic transitions of 308, 309 
EPR spectra of 294 
ESR spectra of 340 
halogenation of 83 
heats of combustion for 13 
IR spectra of 14, 294, 295 
mass spectra of 309 
NMR spectra of 15, 19, 296-298, 308 
PE spectra of 19, 295, 296, 340 
photolysis of 335-338 
proton transfer isomerization in 3, 8 
reactions of 79 

with carbonyls 85, 305-307 
with electrophiles 79, 80 
with N-methylnitrilium 86 
with oxiranes 87 

resonance forms of 274 
sulphuration/seleniation of 79, 82 
synthesis of 91, 92, 109-111, 304, 305, 320, 

321 
theoretical calculations for 16-22, 289-294 
UV spectra of 14, 15, 294, 295 
X-ray studies of 37, 274-289, 298, 308 

Phosphorane-phosphonium salt equilibria 236-
240 

Phosphoranes — see also Azidophosphoranes, 
Carbodiphosphoranes, 
Cyclamphosphoranes, 
Cyclenphosphoranes, 
Fluorophosphoranes, 
Hydroxyphosphoranes, 
Oxazaphosphoranes, Spirophosphoranes, 
Vinylphosphoranes 

bond angles in 30 
bonding in 24, 31-37 
bond lengths in 30, 34, 35 
chiral — see Chiral phosphoranes 
conductivity of 310, 311 
cyclic — see Cyclic phosphoranes 
electrochemistry of 309-311 
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Phosphoranes (cont.) 
nucleophilic substitution on 242 
permutational isomerism in 196-203 
PE spectra of 32 
photolysis of 331 
synthesis of 110, 251-262 
theoretical calculations for 32, 34-36 

Phosphorane-ylide equilibria 231-236 
Phosphoranyl radicals 310, 331 

stereoisomerization of 335 
Phosphoranyl tetracobaltcarbonyl clusters, 

cyclic voltammetry of 310, 311 
Phosphorate anion 110 
Phosphorinanes — see Diazaphosphorinanes, 

Dioxaphosphorinanes, 
Dithiaphosphorinanes, 
Oxazaphosphorinanes 

Phosphorus, 
inorganic, analysis of 347-356 
total determination of 357, 358 

Phosphorus atom, pentacovalent, structures and 
geometries associated with 186-196 

Phosphorus azides, photolysis of 332 
Phosphorus onium centre 299 
Phosphoryl formation 96 
Photoelectron spectroscopy, 

of phosphonium salts 29, 62 
of phosphonium ylides 19, 295, 296, 340 
of phosphoranes 32 

Photo-oxygenation, 
of azines 339 
of phosphonium ylides 337 

PKa values, for phosphonium salts 109, 110 
determination of 65, 109 

P = N bond, formation of 147 
Polarization functions, for phosphonium ylides 

290, 298 
Polarographic methods, 

in analysis of organophosphorus compounds 
372 

in determination of orthophosphates 352 
Polyethylene glycol phosphonium salts, as 

phase-transfer catalysts 159, 160 
Polyhalomethyltris(dimethylamino)phosphonium 

salts, synthesis of 102 
Polymeric phosphonium salts, 

anionic reactivity of 162 
as phase-transfer catalysts 159, 160 
synthesis of 71, 92, 93 

Polyphosphines, alkylation of 90 
Population analysis, for phosphonium salts 29 
Potentiometric titration, 

of phosphates 350, 351 
of phosphoranes 218 

P(III)-P(V) equilibria 212-218 
chain-ring 214 
thermal variation of 212 

P(IV)-P(V) equilibria 218-240 
P(V)-P(V) equilibria 240, 241 
P(V)-P(VI) equilibria 242-250 
Probases 304, 321 

cyclic voltammetry of 305 
Propargylphosphonium salts, 

isomerization of 75-77 
reactions with nucleophiles 151 

Pseudophosphonium salts — see 
Heterophosphonium salts 

Pseudorotation, in phosphoranes 30, 36, 118, 
197,201,203,211 

Pyramidalization, in phosphonium ylides 276 

Quasi-phosphonium salts — see also 
Heterophosphonium salts 

electrochemistry of 64, 65 
Quinoline molybdate, in determination of 

orthophosphates 351, 352 

Radiometric techniques, in detection of 
organophosphorus compounds 367 

Raman spectroscopy, of phosphonium salts 62 
Ring effect, on P(IV)-P(V) equilibria 228, 232 
Ring strain, in phosphonium ylides 278, 298 
Rose Bengal, in photolysis of phosphonium 

ylides 338 

Secondary ion mass spectrometry, of 
phosphonium salts 60 

Selenophosphonium salts, synthesis of 104 
N-Silylaminophosphines, alkylation of 102 
N-Silylaminophosphonium salts, synthesis of 

102 
α-Silyloxyalkylphosphonium salts, synthesis of 

79 
Silyloxyphosphonium salts, synthesis of 104 
Size-exclusion chromatography, in clean-up of 

organophosphorus compounds 362 
Solvatochromic shifts 60 
Spectrophotometry, in determination of 

orthophosphates 359 
Spirocycle phosphoranes, synthesis of 332 
Spirophosphonium salts, synthesis of 94, 95 
Spirophosphoranes 226, 233, 234 

hexacoordinated complexes of 244-246 
hydrolysis of 238 
stereoisomerism in 208, 209 
synthesis of 204 

Stability, thermal, of phosphonium salts 62, 63, 
96, 102, 157 

Stereomutation, in phosphoranes 197, 205, 206 
mechanism of 200-203, 249 

Steric strain, in phosphoranes 189 
Stevens rearrangement 14 
Stilbene, synthesis of 306 
a-Sulphanylcarbenes 337 
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Sweep co-distillation, in clean-up of 
organophosphorus compounds 362, 363 

Symbiotic effect 232 

Tellurophosphonium salts, synthesis of 104 
Tetraaminophosphoranes, chain-ring equilibria 

in 214, 215 
Tetrakishydroxyalkylphosphonium salts, 

as flame retardants 68 
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organophosphorus compounds 375, 376 
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organophosphorus compounds 377-379 
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organophosphorus compounds 364-368 
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23,24 
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P(III)-P(V) equilibria in 218 
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X-ray structure of 280, 283, 285 
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structure of 275, 277, 278 
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Turnstile rotation 30, 36, 118, 202, 212 
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Ultrasonic studies 340 
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reduction potentials of 66 
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79 
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Vinylphosphonium salts 

addition reactions of 84, 85, 149-152 
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synthesis of 73-79 
thermal stability of 62 
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Valence molecular orbitals, in phosphoranes 
32,33 

1,2-Vinylenebisphosphonium salts, 
reactions of 77, 85 
synthesis of 90, 91 

Vinyl halides, reactions with phosphines 
74 

Vinylphosphonium salts — see also 
Triphenylvinylphosphonium salts 

alkaline hydrolysis of 130-132 
reactions with organolithiums 111 
synthesis of 137 

Vinylphosphoranes 233, 234 
Vitamin A acetate, synthesis of 305-307 
VSEPR calculations, 

for carbanions 10 
for pentacovalent phosphorus 187 
for phosphonium salts 29 
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Wittig reaction 36, 110, 111, 149, 158, 303, 
305-308 

energy profile for 309 
Wolff rearrangement 328 

X-ray studies, 
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X-ray studies (cont.) 
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308 
of phosphoranes 274, 275, 277, 286, 287 

Ylide anions 303 
Ylide-phosphorane equilibria 231-236 
Ylides — see also Nitrile ylides, Phosphonium 
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bond lengths in 9 
structure of 275-280 

phosphino-substituted, conformation of 
11 

sp, structure of 12, 13 
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structure of 280-285 
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