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Reactivity of Trivalent Phosphorus Derivatives

B.E.lvanov and V.F.Zheltukhin

The review deals with the most important features of phosphorus(I11) derivatives, which determine their chemical properties.
These are the biphilicity of the phosphorus atoms due to the presence of a free electron pair and unfilled d orbitals and the
ambidentate properties of phosphorus(l11) derivatives determined by the specific contribution of both nucleophilic elements
(O, N, S) and elements with vacant d orbitals {Si, Sn) directly linked to the phosphorus atom. Certain limits and character-
istics of this contribution have been elucidated and the mechanism of the relevant reactions has been discussed.

The last section deals with the specificity of the behaviour of phosphorus(111) compounds with a phosphorus-halogen bond.
The significant role of the d orbitals of the phosphorus atom in its chemical reactivity is discussed.

The bibliography comprises 196 references.
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of phosphorus(111) derivatives

I. INTRODUCTION

Considerable advances in the practical applications of
organophosphorus derivatives and the important role of
phosphorus compounds in vital processes are responsible
for the considerable interest in the chemistry of these
compounds. During the last 15—20 years the preparative
chemistry of organophosphorus compounds has been
congiderably developed and an enormous amount of experi-
mental data have accumulated, systematic and general
accounts of which have been published in numerous reviews
and monographs. Theoretical studies have also been
pursued, but the theoretical approach to problems of the
reaction mechanism and reactivity of organophosphorus
compounds proved to be more difficult, particularly for
phosphorus(IlI) derivatives, and the results obtained have
been less significant compared with advances in classical
organic chemistry.

This review was undertaken to examine the chemical
properties of phosphorus(IIl) derivatives. It does not
give an exhaustive compilation of studies on definite types
of reaction but an attempt is made to establish certain
relations which determine the chemical behaviour of
phosphorus(Il) derivatives in reactions. Hudson, Kirby,
and others partially dealt with some of these problems in
their monographs or reviews. Other problems have been
formulated in a definitive form only very recently.

II. THE CONCEPT OF “BIPHILICITY” FOR PHOS-
PHORUS(ITI) DERIVATIVES

Phosphorus(Il) compounds are very reactive and can
enter into a wide variety of reactions. The phosphorus
atom can behave either as a nucleophilic or an electro-
philic centre. There are also a number of reactions in
which the nucleophilic and the electrophilic properties of
phosphorus are shown simultaneously.

Thus the nucleophilic properties of phosphines are well
known!,%:

+
RsP + R'I — RyPR'I »

but in the presence of powerful nucleophilic agents phos-
phines are also capable of substitution reactions $:

R;P—R+Na — RyPNa -+ NaR.

A dual reactivity is characteristic also of many other
phosphorus(Ill) compounds, for example?,5:

+ -
(RO)sP + R'I — [(RO)4PR’]I - (RO):P (O) R’ 4RI,
(RO)4P + nR'MglI — (RO),_ PR, -+ nROMgl .

The capacity of phosphorus(IIl) compounds to behave both
as electron donors and electron-acceptors has been
reflected also in the formation of complexes. Kirby?®
concluded that tertiary phosphines can behave as electron-
donating species (as a result of the free electron pair of
the phosphorus atom) in complex-formation reactions with
metal cations, forming complexes similar to those which
metals form with amines. The stability of the phosphine
complexes is lower than that of the corresponding amine
complexes.

However, the formation of complexes with cations such
as Ag’, Pt?*, and certain others takes place via the inter-
action of their d electrons with the vacant d orbitals of the
phosphorus atom. This is confirmed by the finding”
that the introduction of strong electron-accepting groups
into the phosphine molecule, for example CF,, entails an
increase in the stability of the complex with Pt?* and by
the fact that phosphorus trichloride can be displaced from
the complex Ni(PCL;), by phosphorus tribromide or
trifluoride but not by triphenylphosphine?,

The dependence of the electron-donating or electron-
accepting capacity of phosphorus(III) compounds on the
substituents at the phosphorus atom has been clearly
revealed by the stability of the complexes formed. Thus
the stability of phosphorus(IIl) complexes with boranes
(substances with markedly electron-accepting properties)
increases in the series?®

RsP> (>N)sP >(RO)sP>> PCly ,

The introduction of electron-accepting substituents,
for example, halogens, sharply reduces the electron
density at the phosphorus atom, with a corresponding
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increase of the capacity of such compounds to behave as
electron acceptors. Phosphorus(Il) halides form com-
plexes with electron donors such as amines!9,'!, phos-
phines!2, and arsines!3, Phosphorus-containing ligands
can be arranged in the following sequence in terms of the
stability of the complexes which they form :

PClg> PBrg>> RPCly>>> R,PCl

Evidently the stability of the two types of phosphorus(II)
complexes described above varies with the type of substit-
uent in the opposite sense.

There are many examples of reactions in which
phosphorus(II) compounds can behave as nucleophilic or
electrophilic agents depending on the type of substituent or
the second reactant. Such dual reactivity is one of the
specific features of phosphorus(IIl) atoms. It can be
explained by a combination of two factors: the presence at
the phosphorus atom of both a free electron pair and
vacant d orbitals. A characteristic feature of the phos-
phorus atom is that the participation of its d orbitals in
the formation of new bonds requires a considerable
positive charge, under the influence of which the levels of
the d orbitals are lowered and their participation in the
formation of new bonds becomes energetically favourable!5.
The origin of the positive charge at the phosphorus atom
is apparently insignificant. It can be induced by electron-
accepting substituents in the initial phosphorus(IIl) com-
pounds or it can arise as a result of attack of an electro-
philic agent on the phosphorus atom.

The presence of vacant d orbitals determines the
capacity of phosphorus(IIl) compounds to behave as
electron acceptors. The specificity of such involvement
of d orbitals of the phosphorus atom is clearly illustrated
by an example such as the hydrolysis of halogeno-
derivatives of nitrogen and phosphorus!8:

NCl; + H,0 - NH, + HOCl
0

7/
PCl, + H,0 — (HO),P 4 HCI .
\H

In 1962 Syrkin!? formulated the following postulate:
“All outer electrons and all outer orbitals participate in
the simultaneous general lowering of the energy of the
molecule formed”. The application of this principle in
the discussion of the reactivity of phosphorus(III) com-
pounds can explain many important features of their
behaviour in numerous reactions. Indeed all reactions of
phosphorus(Ill) derivatives involving an increase in
valence are based on the participation of both the free
electron pair and the vacant d orbitals. One of the best
investigated examples of this reaction is the Arbuzov
rearrangement:

N N _ S
R —O—P:4CH,Hal - [R—O—P—CH,] Hal - R—Hal 4+- O=P—CH,R’,
2 2 \

Within the framework of the electronic theory, this
reaction may be described as follows. The process
begins with the nucleophilic attack of the free electron
pair of the phosphorus atom on the electrophilic carbon
atom by an SN2 bimolecular substitution mechanism. The
positive charge at the phosphorus atom in the quasiphos-
phonium cation thus produced makes its d orbitals available
for reaction. This increases the degree of interaction of
the p electrons of the oxygen atom with the d orbitals of
the phosphorus atom and leads to the formation of a new
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7 bond. Probably this process may involve an inter-
mediate stage with formation of an oxonium cation and
subsequent elimination of a carbonium cation:

oy +/ + / /
R—0<P= —» R—0=P— —R* + O=p- .,
AN AN

Analysis of extensive experimental data shows that
the decomposition of the intermediate quasiphosphonium
salt probably takes place by a unimolecular mechanism?!8-%,
Moreover, depending on the environment of the phosphorus
atom, processes involving a nucleophilic transfer of the
electron pair of the phosphorus atom and the interaction of
the oxygen p electrons with the 4 orbitals in the course of
the Arbuzov rearrangement can occur either at different
times or synchronously:

R—6>p=/\
/

N ./ _
CH,—Hal —> er-—-07p---c|H2 Hal] —> R" + O~—P<CH,— + Hal™,

Theoretical examination of the possibility of the
participation of the phosphorus d orbitals in the formation
of additional bonds showed that the formation of fairly
strong bonds via the d orbitals is possible only when the
electron density at the phosphorus atom is reduced?s.

This in fact is the reason for the occurrence of two types
of reactions, leading to an increase of the valence of
trivalent phosphorus.

For compounds where the substituents can increase the
electron density at the phosphorus atom, the rate-limiting
process is the nucleophilic attack by the free electron pair
on the electrophilic centre of the second reactant. When
the free electron pair is transferred, the electron density
at the phosphorus atom is reduced synchronously and
conditions are created for the formation of additional
o and 7 bonds via the d orbitals, as shown above for
Arbuzov rearrangement. This is satisfactorily consistent
with data on the oxidation of phosphorus(III) derivatives by
oxygen, peroxides, and peracids ?? and also on their inter-
action with sulphur 2. For derivatives where the trivalent
phosphorus atom has a reduced electron density, the rate~
limiting process is the interaction of the reaction centre
having an enhanced electron density with the vacant d
orbitals of phosphorus. An example of such interaction
is that of phosphorus trichloride with amine N-oxides ?
and sulphoxides?. In this case the process begins with
nucleophilic attack by oxygen on the vacant d orbitals of
the phosphorus atom:

RyN - O + PCly - RyN—O—PClg — RN + O=PCl, .

In this connection the intramolecular rearrangement of
the allyl and propargyl esters of acids derived from
trivalent phosphorus, investigated in detail by Pudovik
et al?, is also of interest. The authors suggest that the
processbegins by attack by the free electron pair of the phos-
phorus atom on the unsaturated centre. However, in this
case there is a possibility of a primary interactionbetween
the 7 electrons of the olefin and the vacant d orbitals of
the phosphorus atom:

(o}

)

NprON p?

4 CH: —~ /" N\CH,—CH=CH,
CH,—CH,

\p/O\CH Ses°

4 /27 “NCH=C=CH,.
HC=C

As a result of a synchronous cyclic electron transfer,
phosphite is also converted into phosphonate in this case.
The concept of the simultaneous utilisation of the free
electron pair and the vacant d orbitals accounts also for
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the possibility of the participation of various acids derived
from trivalent phosphorus in reactions with diketones,
af-unsaturated carbonyl compounds, and diene hydro-
carbons:

8~ d- orbitals
A
X o N
p —
—u Y P
7 \# 'd

Depending on the electron density of the phosphorus
atom, the rate-limiting step in this reaction can be either
the transfer of the free electron pair of the phosphorus
atom to the electrophilic centre or, conversely, the
nucleophilic interaction of the conjugated system with the
d orbitals of the phosphorus atom #.

In reactions of af-dicarbonyl compounds with esters,
ester-amides, and amides of acids derived from phos-
phorus(I), the nucleophilic properties of which have been
revealed in a number of interactions, the rate-limiting
process is most likely nucleophilic attack by the free
electron pair of the phosphorus atom on the electrophilic
centre of the conjugated system and conversely:

-
A)
\,(O\c'/ e
LT

C

where X, Y, Z = OR or NR,. The electrophilic behaviour
of phosphorus in various acid chlorides derived from
phosphorus(III) suggests that in this case the rate~limiting
process is the interaction of the vacant d orbitals of
phosphorus with the 7-electrons of the conjugated system.
Arbuzov and coworkers and also Petrov and Razumova
showed that the reactivity of dienes in interactions with
trivalent phosphorus compounds increases in the sequence
dimethylbutadiene < isoprene < butadiene < piperylene 28-33,
The ease of the interaction of phosphorus(IIl) acid deriva-
tives of the type RPX, and R,PX with diene systems
increases in the sequence where R has the following
gignificance: NCS < C1 <SR < F < OR < NR,. %,% All
these findings convincingly demonstrate that in these cases
the rate-limiting step is the interaction of the 7-electrons
of the diene system with the vacant d orbitals of the phos-
phorus atom followed by the involvement of the free
electron pair in the formation of a pentacovalent adduct:

:/PK:E—PY/P/\r

Therefore all the factors favouring an increase in the
electron-donating capacity of the conjugated diene and
reducing the electron density of the phosphorus atom tend
to increase the rate of such processes.

Heteroconjugated systems, which are readily polarised
or already have both nucleophilic and electrophilic centres,
are capable of interacting at a fairly high rate with any
derivatives of phosphorus(IIl) acids. Depending on the
type of the substituents at the phosphorus atom, the rate-
limiting step may be the interaction of the free electron
pair with an electrophilic centre, or of the 7 electrons of

the heteroconjugated systems with the vacant d orbitals 3¢,

It is quite logical to postulate that the interaction in the
system (X, Y, Z,)P: +? = (IZ—C = B involves synchronous

formation of the P—A and P—B bonds (at least for the
cis-form of the conjugated system), since any transition,
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having once begun, induces the next. By the term

“synchronous” we imply that the structures >P—A —-C| —(IJ -
—_— -— +

B and A—(IL‘ = (ll‘—B—P< are not formed as kinetically
independent species or there is no minimum corresponding
to them in the energy diagram for the reaction. Such
treatment is not of course correct in all cases. Thus it
is known % that in the interaction of phosphorous triamide
with benzil the dipolar form is fairly stable and one cannot
of course exclude the possibility that in certain cases it
can exist also as a kinetically independent structure,
particularly since the contribution of the trarns-forms of the
conjugated systems to the formation of pentacovalent
adducts has not so far been accurately established. How-
ever, one must always distinguish whether the P—-A or the
P—B bond is formed faster, i.e. whether the process
begins with nucleophilic attack by the free electron pair of
phosphorus or with the interaction of the vacant d orbitals
with the 7 electrons of the conjugated system—one of these
processes will be rate-limiting for the reaction as a whole.

Kirby and Warren (Ref. 6, p.22) suggested the term
biphilicity for the capacity of the trivalent phosphorous
atom to donate both an electron pair and d orbitals in a
single process involving the formation of a new compound
and defined it as follows: “A biphilic compound can donate
electrons to the substrate to form a o bond and also to
accept electrons at the same centre, which results in the
formation of a second ¢ or 7 bond”.

The definition of “biphilicity” as the capacity of the
same reaction centre (in this case the phosphorous atom)
to function consecutively or synchronously as an electron
donor or acceptor in an interaction with another reactant,
involving the formation of two new bonds, differs funda-
mentally from concepts such as ambidentate properties,
dual reactivity, and amphoteric properties; as a concept
defining the properties of the reaction centre, it merits
recognition.

II. AMBIDENTATE PROPERTIES OF PHOSPHORUS(III)
DERIVATIVES (DUAL REACTIVITY)

In an estimation of the nucleophilic properties of
phosphorus(III) derivatives account must also be taken of
the fact that many of these have two nucleophilic centres.
Phosphorus(III) compounds with substituents of the type
RS RO and RQN may be included among systems of this
kind. Although the ambidentate nature of many phos-
phorus(IIl) compounds has been known for a long time and
was demonstrated for the first time by A.E, and B.A,Arbu-
zov 39,40 jn 1932 in the interaction of dialkyl phosphite salts
with phosphorus-containing acid chlorides and by Kabach-
nik# and Michaelig4? in the interaction of thiophosphites
[phosphorothi-ites] with alkyl halides, these data have not
been reviewed systematically and have been inadequately
taken into account in the assessment of the occurrence of
particular processes with participation of esters, thio-
esters, and amides of acids derived from phosphorus(III).

>P O<->>P 0 are

possible for an anion of the type >P =0. Depending on

Two mesomeric forms,

the type of substituents at the phosphorus atom, the reac-
tion conditions, and the second reactant, the nucleophilic

_centre can be either the oxygen or the phosphorus atom.
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In the interaction with alkyl halides and carboxylic acid
halides ® and in reactions involving addition to an activated
C=C double bond, a carbonyl group, and a C=N bond, *
the phosphorus atom behaves as the nucleophilic centre in
the anion

Npriog
v O .

In the reaction of dialkyl phosphite salts with phos-
phorus(V) chlorides %3 both possible reaction products are
formed, the yield of product (I) reaching 90%:

0 OO 0

\bp. YIRN! Np /
P=0 + Hal— P\ /P +/P O—P

M In

However, in reactions with phosphorus(III) acid chlorides4¢
or with chlorosilanes7-4? the oxygen atom behaves as the
nucleophilic centre and trivalent phosphorus compounds are
formed preferentially:

N

NP e N u -
PO+ Hal—h /P——O—P\+ Hal™

AN e
p—0 + Cl=Si— —
e N

\ii-—o—-sii + Hal™
s N

Until recently it was believed that esters of phosphinous
and phosphorous acids interact in all reactions with electro-
philic reagents with participation of the free electron pair
of the phosphorus atom. Aksnes and Aksnes°, who
investigated the kinetics of the neutral hydrolysis of phos-
phites by water with labelled oxygen and analysed the
hydrolysis products by infrared spectroscopy, showed that
the alkoxy-radical is exchanged for the hydroxy-group
with labelled oxygen. On this basis, they concluded that
the oxygen of the ester group is protonated in an inter-
mediate stage and the hydrolysis is described by the equa-
tion

R
B Ro_ o
\P/ AN R0>P/ “H
A
Ro/ 7‘ dow W o —ROH _,
NN H” T“H/ NH
1
RO\P 150H fast _fast RO\P/ 30.
R0/ RO” “H

It is now generally accepted that the hydrolysis of
phosphites in an acid medium ® involves the protonation of
the phosphorus atom in the phosphite with subsequent
decomposition of the intermediate complex to dialkylphos-
phorous acid:

0
(RO)P + T& — [(RO)PHIA — (RO),p/ +R-A |
“H

Transesterification of phosphorus(III) acids is analogous
to neutral hydrolysis in many of its details. By analogy
with the acid hydrolysis of phosphites, some workers
believe 52-5¢ that in this case the phosphorus atom is also
protonated and the breakdown of the intermediate complex
is accompanied by the exchange of the alkoxy-groups:

H
(RO);P + HOR’ — [(RO)31I>—-OR' ]— (RO),P—OR’+ROH .«
Grechkin and also Burgada and coworkers -5 gshowed
that the transesterification of the esters and amides of

trivalent phosphorus acids with ethanolamine or glycol
involves the formation of a pentacovalent product with a
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spiro-structure and, what is most interesting, there is a
possibility of an interconversion of the pentacovalent and
trivalent forms:

X H X X
Nos 12 Npox_,
[Y/L\Y](—[Y/P X—CH,CH,YH .

The isolation of the pentacovalent spiro-product with
a phosphorus —hydrogen bond and the demonstration of the
interconversions of the trivalent and pentacovalent forms
constitutes unquestionable proof of the possible occurrence
of transesterification with participation of the free electron
pair of the phosphorus atom.

In a study of the kinetics of the transesterification of
phosphinic and phosphinous acids with alcohols of different
structures, Pudovik and Evstaf'ev showed that the rate of
transesterification varies with the pK of the alcohol in the
opposite sense for trivalent and pentavalent phosphorus
acid esters %762, The rate of transesterification of
pentavalent phosphorus acid esters, which is a nucleo-
philic substitution reaction at the tetrahedral phosphorus
atom, falls with increase of the acid properties and with
decrease of the basic properties of the alcohol. For
trivalent phosphorus acid esters, the opposite relation
holds. This enabled the authors to suggest that, like
neutral hydrolysis, the transesterification involves the
initial protonation of the oxygen atom of the alkoxy-group
of the phosphinite:

EN R f‘/’

P— H—0—R' —»
OR + O0—R R/ ‘ 7
T .
|
{UN
— R\ii’/‘( \1(—> R\b'Ame' + HOR,
RN R’
R'

The formation of an 'onium' oxygen atom gives rise to
a change in both the bonding pair and in the type of d—p
interaction of the oxygen—phosphorus bond. This leads to
a reduced electron density at the phosphorus atom and
gives rise to the possibility of a nucleophilic interaction
between the free electrons of the oxygen atom of the
alcohol and the vacant d orbitals of the phosphorus atom.
Such cyclic synchronous electron transfer results in the
formation of a “new” phosphinite and a “new” alcohol
molecule.

Although these data are apparently in conflict with the
results of Grechkin and Burgada, the two sets are in fact
complementary rather than mutually exclusive. It may
be supposed that, while the initial reversible transition
involving the protonation of the phosphorus atom is most
likely to be determined by steric factors, in transesterifi-
cation with alcohols the conditions for thermodynamic
equilibrium constitute the decisive factor.

The possibility of the protonation of oxygen is confirmed
by data®® on the transesterification of a cyclic phosphite
with alcohols:

o 07 RO
R—0-p( ] FHOR — ROf ]—» RO>P—CH2CH,0H.
o] No

R—0n_ |
Nk
In conclusion it should be noted, however, that, in

reactions between phosphorus(IIl) compounds and substances
containing a mobile hydrogen atom, the species responsible
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for the reaction may not be the trivalent phosphorus com-
pound itself but its complex with a proton donor HA, in
which the phosphorus atom behaves as the reactive electro-
philic centre:

3" + - .
X,P + H—A —>-[X3P---H---A <> X,P—H A] He K —>

Py
V. H A
— X,P ..A—H—> xsp\A + Ji — X,P—A + HX,
The ambidentate properties of trivalent phosphorus
acid esters have been reflected also in the formation of
complexes with a number of elements. The formation of
a copper(l) complex was suggested by A. E, Arbuzov® as
a typical reaction of phosphorus(IIl) acid esters. Later
investigations %5,%¢ permitted a more detailed study of the
metal — phosphorus bond formed.
A number of investigators showed that interaction of
phosphorus(Ill) acid esters with halogeno-compounds of
gilicon and tin takes place according to the equation® ~™:

R ,
. Np—o—
(RO),P+Hal—MR,—>RO/£ O—MRs,

where M = Si or Sn.

Malatesta % suggested that the reaction with alkyl
halides initially involves the isomerisation of trialkyl
phosphite to alkyl phosphonate, which gives rise to the
final product by reacting with the halogeno-derivatives of
gilicon and tin.

However, Pudovik and Muratova’? showed that esters of
dialkylphosphinous acid can react with halogeno-derivatives
of silicon and tin to form stable intermediate complexes.
They believe that the complexes are formed as a result of
a donor —acceptor interaction between the free electron
pair of the phosphorus or oxygen atom and the vacant d
orbitals of the silicon or tin atom:

RO Hal R Hal
() R,P..\J giR; an R,P—O:vsma' .

If the complex formation involves the participation of
the free electron pair of the phosphorus atom and the
vacant d orbitals of silicon or tin, then the available date
on the behaviour of compounds of this kind would lead to
the expectation that the breakdown of this complex would
result either in the initial materials or compounds with a
phosphorus —silicon bond:

O
R,p0R+R,s.c1._[ \P—51R }m R,P —Siky+ Rl «
R

Alkylation of the phosphorus atom is quite unlikely, since
this would involve the interaction of the carbonium ion
formed with the positively charged phosphorus atom.

On the other hand, if the complex is formed as a result
of a donor—acceptor interaction between the free electron
pair of the oxygen atom in the alkoxy-radical of the
phosphinite and the vacant d orbitals of the silicon or tin
atom, then the remaining free electron pair of phosphorus
in the intermediate complex would interact with the result-
ing carbonium ion with formation of a phosphorus—carbon
bond:

R R
R—O—/P—(I): +CI—SiR; — R07i5 —é—SiR;Cl - [Ro-—ii—?—sm;,‘c: ]

R R

| . | , " .
Ro—/p=o+c1suz3 « ROP+—O—SR,CI~ RO F—OSiR; +RCl.
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In such donor —acceptor interaction the carbonium ion
formed can interact also with the halide anion, as a result
>'1':—o—sms
is formed.

The formation of such a compound has been reported*®,
confirming the validity of the mechanism discussed above.
It may be supposed that a similar mechanism obtains also
in the reaction of triethyl phosphite with a phosphorochlo-
ridate ester 45,7%,74:

of which a phosphorus(III) compound of the type

o} o o o
I I RO | I

(RO);P + CIP (OR), > (RO),P—O—P (OR); + _ >P—0~—P (OR), +RCl.
(111 (V)

The authors do not discuss the possible pathways in the
formation of subphosphoric acid esters (II), while the
formation of compound (IV) is accounted for by the isomer-
isation of (III) under the influence of the alkyl halide formed.
However, the specificity of the structure of the product
formed suggests that in this case also the participation of
the oxygen atom of the alkoxy-group of the phosphite as a
nucleophilic species in the primary step of the interaction
is most likely:

i I i

+ -

IRO)7P—(|J=\(1-;P( OR}, —“b“(R OhP—i}-—P(OR )J:| @]
R

(A}

R o [oF

\Il Il —-RC1 [ il . 1l
P—0—P(OR), ~—— (RO),P0— P(OR), G {RO),P—O—P(OR), + RCI,
RO
vy (B) am

The carbonium ion R is eliminated from the inter-
mediate complex A and interacts with the free electron
pair of the trivalent phosphorus atom, which leads to the
formation of a quasiphosphonium salt B, or with the
chloride ion to form an alkyl halide and compound (III).

The decomposition of the salt B yields the product (IV).

It is noteworthy that the examination of the ambidentate
properties of trivalent phosphorus acid esters is made very
difficult by the fact that few data characterising their
behaviour with different reagents are available; the data
on the structure of the products formed are not in most
cases sufficient to arrive at a conclusion concerning the
participation of the phosphorus or oxygen atom in the initial
reaction steps, since the structure of the final products
may not depend on the mode of attack.

The opposite behaviour is observed for compounds with
the bond>'1')—i(1< or>15—S—for the vast majority of reac-

tions, the structure of the final product permits a fairly
reliable conclusion concerning the participation of the free
electron pair of a particular atom in the initial reaction
steps. This has been shown in greatest detail for the
amides and amido-esters of trivalent phosphorus acids.
There exists also the view that in trivalent phosphorus

acid amides the nucleophilic properties of the nitrogen
atoms are reduced and those of the phosphorus atom are
enhanced. This is attributed to the occurrence of intense

—p interaction’s. However, only a few reactions of the
amido-esters and amides of phosphorus(IIl) acids take
place with participation of the free electron pair of the
phosphorus atom, for example reactions with alkyl
halides "6,

NpN¢ - | SP—N¢ |Hal-
pP—N{ +RHal [/17 N ]Hal
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It is interesting to note that the formation of phosphonium
salts is observed for both f-aminoethylphosphine’® and for
p-aminophenylphosphines 7°:

o - +
R,N—CH,CH,PR,+ R’'Hal — [ReN—CH,CH, —PP,P’} Hal~,
— — _
RZN—-»< >—PR2 +R'Hal — [RQN—{ >—PR,R’] Hal

To account for the formation of an epoxide in the inter-
action of phosphorous triamides with aldehydes, Mark
suggested the following reaction mechanism 8°;

-0
(MeyN),P + PhCH:=0 — (MezN);ﬁ—ICth PhCH=0 |

0—CHPh AN
- (MezN)3P<CH cl) — (MegN)jP=0 + Ph—CH—CH—Ph.

|
Ph

The phosphorus atom behaves as a nucleophilic centre
in this reaction. The mechanism is confirmed by mea-
surements of phosphorus-31 chemical shifts and the
changes in the PMR spectra of the reaction mixtures.

Hudson and coworkers 8 -83 also believe that the phos-
phorus atom behaves as a nucleophilic centre in the
interaction of phosphorous triamides with carbon tetra-
chloride, which they believe to involve a mechanism with
participation of a “positively charged” halogen:

+ = + =
(Me:N);P + CL,C — [(Me;N)sPCICCI; — (Me,N);PCCI,Cl]
+ +
(MegN);P—CCly + (MegN)sP — (MezN)gP—Cl + (MeyN)gP=CCl,.

According to their data, in the interaction of N-phenyl
diphenylphosphinous amide with carbon tetrachloride
proton exchange in the ion pair formed leads to the forma-
tion of a phosphinimine and chloroform:

NHPh
RoP—NH-—Ph + CCl, — R,P CCly — R,P
i N

N—Ph
4+ HCCl,.

The interaction of phosphorus(IIl) compounds having a
P—N bond with hydrogen halides #4-%¢ differs fundamentally
in the reaction products from the analogous reactions of
phosphites:

B R HHal [Nt THE > P ¢ HESLL NN
B~ +HHal [ >F N\]Hal P—Hal+ HN( NH-HHal

The formation of acid halides with retention of the
valence of phosphorus shows that the nitrogen atom behaves
as a nucleophilic centre. The interaction of aminophos-
phines with secondary phosphines takes place similarly®":

(CH;),P—N (CH,), + HP (CHy), —> (CH3)sP—P (CHy)s + HN (CHy),-

The appreciably greater basicity of the nitrogen atom
compared with phosphorus is indicated by the interaction
of dialkyl-(a@-aminomethyl)phosphine with secondary
phosphines 88;

R;P—CH,NR, + HPPh, — R;P—CH,—PPh, - HNR,.

These data and also the fact that the valence of phos-
phorus remains unchanged suggest that the phenolysis,
alcoholysis, and amidolysis reactions of phosphorus(II)
acid amides take place with participation of the free
electron pair of the nitrogen atom 8 -9,

The study of the reactions of alcohols with phosphorous
tri(dialkyl amides) showed that the dialkylamine hydro-
chloride present as an impurity in the triamide has a
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considerable influence on the rate of the process®. The
influence of impurities on the rate and also on the mode of
reaction has been demonstrated for the interaction of
phosphorous triamides with phenolic Mannich bases 25-97,

It is noteworthy that virtually all the reactions investi-
gated with amido-esters and amides of trivalent phos-
phorus acids were carried out in the presence of appre-
ciable amounts of amine hydrochlorides as impurities.
Such acid impurities may lead to the formation either of an
activated complex or a phosphonium salt, which probably
accelerates the transesterification. This hinders the
interpretation of the interaction between trivalent phos-
phorus acid amides and compounds with a mobile hydrogen
atom as a reaction involving the initial protonation of the
nitrogen atom.

The complexity of this problem is not restricted to the
effects of impurities. In the reactions of trivalent phos-
phorus acetamides with compounds having a mobile hydro-
gen atom an activated complex may be formed initially and
then react with a second reactant molecule having a
mobile hydrogen atom. It is quite likely that the interac-
tion of the amides with hydrogen halides and acetic acid
takes place in this way*2,18,%9:

- . 4+ =
>P——NEt2 + 2HOCOCH, - >p—oc0cn.+Et,NH,ococu,.

An interesting example of catalysis by compounds with
a “hydrogen atom” is the interaction of trivalent phospho-
rous acid amides with carboxylic acid esters %:

o
R—COOR' +>N_1'5 < - R-—(Il,—N<+R'OﬂP< .
These reactions hardly occur with benzoate and acetate
esters. However, phenylacetamide and malonamide are
formed in high yields.

The examples of reactions of trivalent phosphorus
acetamides with compounds containing a carbonyl group
quoted below show that here too the nitrogen atom is the
nucleophilic centre: these are reactions with carboxylic
acid halides 120192 and anhydrides 198-108;

[ 9 .
>P—-N<+ alw — \B—T/ — >p—<'.| + R—irl.N/\ ,
D
o
O; /
N\, P
C—R Np—N —
N s FNSED Ses N\
P—N. + O — 6) C — /| + N—C—R
- e Vo R o—¢=0 /
—R C—0
o R J R

The main products of the reactions of trivalent phos-
phorus acid amides with aldehydes and ketones are deriva-

|
tives with the group >P(0) —(IJ —N, 107-110 the formation of

which has been explained as follows:

s
N .

Ne L\ DN N

AN /\i ™ \*
7

However, Hudson showed?!!! that in the reaction between
diethyl N-phenylphosphoramidite and benzaldehyde,
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diethylphosphorous acid and the corresponding Schiff base
may be isolated as the main products in the initial period:

(E{0),P—NHPh + O=CHph 2281,

[o]
/0 Ph
5 stage 2 [} /7
———— (EtO),P +Ph—N=CH—Ph -+ ——— (Et0),P—CH .
“H “\NHPh

This was confirmed by following the reaction by infrared
spectroscopy and kinetic measurements. As a result,
Hudson proposed the following mechanism for the interac-
tion of trivalent phosphorus acid amides with aldehydes:

=0 —» N P—0—-C—N
s NG s N
N V)
N

7 0.
~ KON [\ | /J
P C — -—

N, 7
P—N_ +
7N

Hudson explains the possibility of the rearrangement of
the intermediate compound (V) by the high stability of the
ion formed on its decomposition:

A A A
0T _p=o0 and e /c—N< .

This hypothesis does not contradict the literature data
on the dependence of the stability of phosphites on their
structure. Thus attempts to obtain phosphites by the
interaction of trivalent phosphorus acid chlorides with
hydroxymethyl derivatives of various kindg!!2-!!5 always
resulted in the formation of the corresponding phosphonates
and not esters of phosphorus(IIl) acids.

Even earlier than Hudson, the idea of resonance-
stabilised ions,

— + / +
Cl,P—0~ CL,P=0 and CH,—N<~»CH,=N<

was employed by Rumpf!!® to explain the rearrangement
o

o N I s
Cl,P—O—CH, N\H CIEP—CHﬂ—N\y

which takes place readily in the interaction between
trivalent phosphorus and hydroxymethylamides.

Similar reactions were observed by A. E. Arbuzov and
Nikonorov!!? between dialkyl phosphorochloridodithi-ite
and benzyl alcohol:

//_\
(RS),PCI + HOCH)-—Q — ®ep—o—CH L D ——

— [ms),ﬁi'o-+ EH.;O]—— tns),p(o,)cug—@-

The capacity of phosphites for thermal rearrangement
to phosphonates was demonstrated by Rizpolozhenskii and
Mukhametov in the reaction with a y-oxoalkoxy-radical!!8:

I
R—CO—CH—CH,—O—P (OR); — R—CO—(I.'.H—CH,P (OR)g»
I

B. A. Arbuzov and coworkers!1? believe that the
rearrangement of the phosphite R—CONHCH,OP(OR), to
the phosphonate R—CONHCH, - P(O)(OR), can occur also
in the interaction of hydroxymethylamides with triethyl
phosphite.

The study of the reactions of phosphoramidites and
aminophosphines with carbon disulphide, carbon dioxide,
and isocyanates confirms the validity of Hudson's ceaction
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mechanism. Thus in the reaction of carbon disulphide*?¢
or carbon dioxide!® with trivalent phosphorus acid amides
the process stops at the stage involving the formation of

a new phosphorus(IIl) derivative, the stability of which can
probably be explained by the conjugation in the thioamide
group:

+ 7
N
/ ANIEAN\N AN P d
—N, - . - YN «
PN+ €8y — /P“\ \c— - P s——<|:l) s
N S

Interesting features of the rearrangement in the
intermediate complex were observed in the study of the
reaction of diethyl N-phenyl phosphoramidite and diphenyl-
phosphinous anilide with isocyanates 122,!23;

N—Ph
(Et0),P—NHPh4-Ph—N=C=0 — (EtO),P (0)—C s
“\NH—Ph
0
Ph,P—NHPh + Ph—N=C=0 — PhP—N—C
by “NHPh

The authors explained the difference by the fact that in the
intermediate complex A the alkoxy-groups make the phos-
phorus atom selective with respect to oxygen as a nucleo-
philic centre, while phenyl groups favour the interaction
with the less powerful nucleophilic centre—the nitrogen
atom (intermediate complex B):

ph,—e-NH—Ph

(A) - B .
PhN—C=0

(RO),P—>NH—Ph

=N—Ph

Finally, in contrast to dialkyl N-phenylphosphoramidite,
dialkyl NN-diethylphosphoramidite causes only the dimer-
isation of the isocyanate:

+ Ph—N=C=0
(Et0),P—NEt, + Ph—N=C=0 — (E{0),P—NEt, —_—

~—N~-—Ph
.
(Et0),P—NEL,
— 0=C—N—Ph —» (EtO),P—NEt, + 0=(|2—N—Ph
Ph—N—C=0 Ph—N—C==0

Kabachnik and Gilyarov suggested that, like dialkyl-
phosphorous acids, N-phenylphosphoramidites can exist
in two tautomeric forms!# and found that the anion formed
after the elimination of a proton from the aniline-nitrogen
constitutes an ambidentate system like the anion of
dialkylphosphorous acid:

>P~N—Ph - >F—N_ph .

In reactions with alkyl halides the phosphorus atom is

the nucleophilic centre in this anion:

R—Hal +>F=N—Ph - >P=N——Ph+Hal' .

In the reaction of N-phenylphosphoramidites with
af-conjugated systems in the presence of basic cata-
lysts?5 the electrophilic centre is also attacked by the
phosphorus atom:

o N—Ph N po_aiHPh
>§=N—Pn +CH=CcH—C - e -4,
“OR \CHy—CH=C
“oR
N—Ph
- >pf O | SP=N—Ph-
Mewenld T/

NoRr
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N-phenylphosphoramidites react with Schiff bases
similarly26,:%7;
I\‘lPh
(C3H;0);P—NHPh - PhCH=NPh —» (C;H,0),P--CHPh—NHPh +

N-Phenylphosphoramidite reacts somewhat differently!%
with a@B-unsaturated carboxylic acids. In this case the
ambidentate properties of both reactants are revealed:
either the free electron pair of the phosphorus atom reacts
with the electrophilic terminal carbon atom of the conju-
gated C=C double bond (pathway A) or the free electron pair
of the nitrogen atom attacks the carbonyl carbon atom of
the unsaturated acid (pathway B):

PhNH, 2o
S
\ou

v

PhNH o Q or
' ™
— (RO) p—( = —=ro—b——cu—c
! by \OH ! ' \O ’
R PhNH R
+
9 oH (RO),P—=NHPh
AN }) g A°
— HO--C—CH=CH, — (RO),P
| 1 \u
Ph  CH=CH, )

+ PhNHﬁCH-—‘——CH? (B)e

The second pathway begins to predominate when the steric
hindrance at the terminal C=C bond increases. Thus the
interaction of N-phenylphosphoramidite with cinnamic acid
leads to the formation of diethyl phosphite and cinnamic
acid anilide only.

>i’—SR have been investi-

gated in less detail than other types of phosphorus(III)
compounds and their chemical behaviour is not known as

completely as that of compounds with the >P—N< bond.

It has been established that the thioesters of trivalent
phosphorus acids are oxidised by hydrogen peroxide and
peracids with formation of compounds having the

Compounds with the bond

>P=O group and combine with sulphur to form compounds

containing the >P=S group'®,'30,  Interaction of the thio-

esters with alkyl halides leads to products other than those
obtained in the reactions of alkyl halides with esters,
ester-amides, and amides of acids with phosphorus(III).
The esters of dlalkyl- alkyl" and diaryl-phosphinothious
acids react with alkyl halides only via the free electron
pair at the phosphorus atom?!3!,!32;

R'\-E/R’”

*N PSR4+ R7—Hal
-P—SR + R”—Hal — r PSR

} - R
Hal—» >P—R” + R—Hal,
R

R/

The interaction of esters of alkyl- and phenyl- phos-
phonodithious acids with alkyl halides also leads to the
alkylation of the phosphorus atom?!33,!3¢, The instability
and the capacity for intermolecular rearrangement to
phosphonothioates characteristic of the esters of phenyl-
phosphonodithious acid should be noted!3. Mixed O,
S-esters of phosphorous acid interact in two ways: both
the phosphorus and the sulphur atoms behave as nucleo-
philic centres35-137;

/[(RO)J;(R” ]HSI» Ro-b(" 4 Rt
(RO),P—SR’ -+ R"—Hal SR’ SR’
[(RO)QP——Ig—R’] Hal — (RO),P—Hal4-R'—S—R"
R
Phosphorotrithioites react with alkyl halides only via
the sulphur atom*:

(RS)sP + 3P’ —Hal — [(RS),P—gk] Hal — (RS);P—Hal + RSR’".
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i
Triphenyl phosphorotrithioites reacts similarly with
alkyl halides !¢, However, it is striking that, in contrast
to triphenyl phosphite, its intermediate product cannot be
isolated:

(PhS)sP -+ 3CH,l — 3 PhSCH; + Pl,,

The nucleophilic interaction of phosphorus(Il) thioesters
with an unsaturated electrophilic carbon centre has been
investigated only in reactions with acid halides. It was
shown 187,139,140 that in phosphorotrithioites and in alkyl-
(aryl)-phosphonothioites and -phosphonodithioites the
nucleophilic centre is the sulphur atom:

p—3—
N COC l P—Cl + R'COSR,
p—SR + R'coCl — —
P ‘\_
|
o}

r

It is remarkable that even in the molecule of phosphoro-
trithiolic acid the sulphur atoms can participate in reac-
tions with carboxylic acid halides:

SR
[ 58 g
R'COCI —>| O==P | —> (RS),PClI + RSCR,
- Il
| s 3

O=P(SR), +

One of the most interesting problems which follow from
the examination of the above experimental data is the
discovery of the factors which control the selectivity in
ambidentate phosphorus —element systems. Although the
available experimental data do not provide an exhaustive
solution of the problem in many of its aspects, certain
relations are revealed quite clearly.

In the first place a fairly sharp difference in selectivity
when the P—E gystem reacts with an electrophilic centre
at a saturated and an unsaturated carbon atom is striking.
While in the first case the phosphorus atom behaves as the
nucleophilic centre of the system, in the second case
attack by the free electron pair of the second element
(particularly nitrogen and sulphur) is most typical.

If the phosphorus atom is the nucleophilic centre, aquasi-
phosphonium complex is formed and the final product is always
aderivative of tetracoordinate phosphorus, which depends on
the nature of the substituent. Onthe other hand, when the
nucleophilic centre is not the phosphorus atom but another
element (O, S, N)directly linked to it, the structure of the
final product as a rule indicates anumber of rearrangements
of the reaction complex formed initially. The specificity of
the properties of the phosphorus atom—the presence of
both a free electron pair and vacant d orbitals—is
responsible for the possibility of rearrangements of this
kind.

Indeed, when E behaves as the nucleophilic centre in
the reaction of the system P—-E (E = O, N, or S) with an
unsaturated electrophilic carbon atom, an intermediate
reaction complex is formed. The reduction of electron
density at the atom (the formation of a positive charge) is
compensated both by a shift of the binding electron pair of
the P -+ E bond and a change in the type of d—p interaction
(it disappears). An increase in electron density at the
Z atom may be compensated by interaction with the
vacant d orbitals of the phosphorus atom, which becomes
possible only after the reduction of electron density of the
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latter due to the shift of the binding electron pair of the
P-E bond in the initial nucleophilic attack by E:

e
. X, A | 4 M
Jh-E >cTz — |~Y /6,
v B N A
X /P—X + /C—-E-
My

Further reaction of the intermediate reaction complex
is determined mainly by the nature of the substituents X
and Y. If they are electron-donating, then pathway A will
predominate via the stabilisation of the intermediate com-
plex. Electron-accepting substituents X and Y (X = Cl or
Br) most often lead to the stabilisation of the intermediate
complex via pathway B. This explanation is confirmed
both by the experimental data described above and the
results obtained in the study of the interaction of com-
pounds of the type R;Si—PPh, and RySn—PPh, with carbon
disulphide, isocyanates, and many other electrophilic
agents'4-144¢,  Tin and silicon have only vacant d orbitals.
Therefore in their compounds with trivalent phosphorus
the latter is the only nucleophilic centre and their inter-
action with an unsaturated electrophilic centre leads to a
situation opposite to that described above:

N, oS \g 7 N, | /
/E—g‘;( + CSy—» /F|’<-——°S:< —>/P—C—S—S-< ’
C
N5
N\ - —N=C= \5 sl ——\P—@—N—S Z.
/P—Sn< + Ph—N=C=0 —» /I<. Sn\ Y ‘Lh n\
C
07 “\N—ph

It is striking that the mechanism discussed is essen-
tially analogous to the mechanism proposed to account for
the Wittig reaction 45:

9 AN
e, + o=0 —> N 7 -»Fﬁ—"@—'-ﬂ:{l ——-\/—P=0 + JC=CHys
/

Examination of a wide range of examples of the
ambidentate behaviour of derivatives of acids with phos-
phorus(II) shows that the nucleophilic properties of E in
the system P—E diminish in the sequence S>N>O0.
There is no doubt that this problem is directly linked to
the nature of the d—p interaction in the P—E system. The
changes in nucleophilic properties in the series O, N, and
S should be reflected appreciably also in the type of
interaction between phosphorus(IIl) derivatives and
heteroconjugated systems. The first studies on these
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lines, by Pudovik and coworkers 48, led to the discovery
of the characteristic features of the behaviour of these
systems.

Apparently the concept of the ambidentate properties of
phosphorus(Ill) compounds can significantly facilitate the
theoretical analysis of the possible reaction mechanisms
in the reaction system and can give a fairly correct indica-
tion of the structure of the final reaction products.
Therefore it is both urgent and necessary that attention be
drawn to the assessment of the ambidentate property as a
real property of phosphorus(IIl) derivatives.

IV. SUBSTITUTION REACTIONS AND CHARACTERISTICS
OF SYSTEMS WITH A PHOSPHORUS ~HALOGEN BOND IN
A SERIES OF PHOSPHORUS(III) DERIVATIVES

Substitution reactions are most common for phos-
phorus(IIl) compounds. They are characteristic of both
primary and secondary phosphines as well as the amides,
esters, and halides of acids containing phosphorus(III).
They frequently take place at very high rates.

Substitution reactions in phosphorus(III) compounds in
which the electron density at the phosphorus atom is
enhanced and it behaves as a typical nucleophilic centre
were analysed in detail in the previous section. A reduced
electron density at the phosphorus atom, as a necessary
condition for the interaction between a nucleophilic agent
and a d orbital of phosphorus, arises via the primary
attack by the free electron pair of E on the electrophilic
centre of the second reactant:

A second type of substitution reaction involves the
usual nucleophilic substitution at the phosphorus atom as
an electrophilic centre. The introduction of a chlorine
(bromine or iodine) atom into any derivative of phos-
phorus(IIl) is known to reduce sharply its nucleophilic
properties. For example, even powerful nucleophilic

agents such as AlksP and ( >N)3P can react with only the

most reactive compounds after the replacement of the
alkyl or amino-group by chlorine 4”50, while RPC], and

>NPC12 are incapable of alkylation by alkyl halides. The

nucleophilic properties of PCl; are not revealed in any
reaction and the study of PCl, complexes have shown that
the phosphorus atom exhibits distinct electron-accepting
properties =14,

Substitution reactions are most typical for trivalent
phosphorus acid chlorides. These reactions take place
extremely readily with the majority of the usual nucleo-
philic agents: alcohols!5!, mercaptans!®?, phenols!5%, and
amines!®, It is noteworthy that the ease of reaction of
phosphorus(IO) acid chlorides and compounds of the type
P-E (where E = N, O, or S) varies in the opposite sense
as a function of the nucleophilic properties of the nucleo-
philic agent. Similar reactions take place with activated
benzene derivatives 155,156 (with formation of a P—C bond).

a2 == e

A7\ 0N
LI | [+pes-

(7 (]
N/ N/ N/ \p /k/
|
a
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or compounds having a mobile H—C bond, such as aceto-
acetic ester, the product containing an enol ester bond!%":

CH,
|
(Et0),P—0—C=CH—COOEt.

(E{0),PCl + CH{C—CH—COOEt ~F 2
bk

Many substitution reactions, which are of the exchange
type in a wider sense than the usual nucleophilic substitu-
tion, are known at present. Frequently these reactions
constitute the first step in multistage processes leading
to the formation of phosphorus(V) derivatives. In many
cases these stages can be separated. Thus, while
formals do not react with phosphorus(IIl) derivatives with-
out a catalyst, in its presence the reaction takes place
readily!58:

)
) 1
SB—Cl4 HC (OR), Zcl, ~P—OR+CICH,OR -+ \,P—CH,OR-+RCI

The replacement in the formal of even one alkoxy-group
by an amino-group leads to a sharp increase of the rate of

reaction:
o

NPl £ NN . \p_ VAN /
DP—Cl+ »N—CH,0R » »P—OR+Cl [CH,_N ] /P-——CH,N +R—Cl.
The reactions with di{(dialkylamino)methane take place
even more readily!%e:
o

RO— ||>c1 + (>N) CH,— RO—FJ’——N\ +c [cu,_N/ ] = \P—CH,— +Ral.

In the orthoesters of carboxylic acid the replacement of
an alkoxy-group does not require any catalyst, unlike
formalg 160-188;

R, PCly_yrHHC (OR)yRP (ORyy+CICH (OR')s R, (RO), P—CH (R +RCI .

These reactions can be carried out in stages until the
substitution of the last halogen at the phosphorus atom.
However, in the case of pyrocatecholphosphorous acid
chloride [phenylene phosphorochloridite] the reaction
ceases after the exchange of one alkoxy-group!62,:63:

0.

P—OR+CICH (OR), -

AN
L H —C1+HC (OR)s — l ”
No

It is remarkable that Si(OR), does not undergo a
similar interaction with PCl; under mild conditions.
However, the reaction with PBry and P takes place
vigorously with formation of an alkyl halide and resinous
products of unknown structure!®t. The reaction between
alkoxytrimethylsilane and PCl, takes place in stages !5,
While in the system (H,;Si),0 + PCL no interaction is
observed, when there is even only one methoxy-group at
the silicon atom the reaction takes place according to the
mechanism 188

H,SiOCH; -+ PCly — H,SiCl ++ CHsCPCl,.

The author suggests that the initial stage includes the
formation of a four-centre transition complex and the
decisive factor is the electron-donating capacity of the
oxygen in the Si—O bond:

CHy0—SiH; CH,0

— L + CISiH;.
cl,p—czl <

In agreement with this, the exchange reactions of
compounds containing an amino-group (which has more
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pronounced electron-donating properties) and an Si—N bond
take place more readily and proceed to higher degrees of
substitution 167,188;
L RN—PCi,
RyN—Si (CH,); + PCly —|*2— (R;N);PCI + CISi (CHy)s .
o RN)P

PhPCl,, Ph,PCl,, and O—-PC], react in exactly the same
way. This reaction is typical not only for phosphorus(IIl)
halides but also for halogeno-derivatives of sulphur:
S,Cl,, SOCl,, RSO,Cl.'% Probably many other reactions
also involve the same mechanism !70,171;

PCl, 4 PhS—Sn (CHy)s — CISn (CHy)s -+ (PhS)sP,
|—-» CI,PCH,COOR’
—[—~ CIP (CH,COOR’); -+ RySnCl.
—— P(CH,COOR')

However, with analogous a-ketone or aldehyde deriva-
tives the mode of reaction depends on the substituent at
the phosphorus atom!72:

R4SnCH,COOR’ + PCly

CH,

' |
RySnCH,COCH, + (RO),PCl,_, — (RO),P (0—C=CHy),_, + R;SnCl

and at the same time
o)

1l
RaSnCH,COCH, + Alk,PCl — Alk,P—CH,CCH; + RySnCl.

A difference between phosphorochlorodites 173175 and
phosphites17® is observed also in reactions with a-(halo-
genomercuri)carbonyl compounds:

,}.
(RO),PCl,_, 4+ CIHgCH,COR’ — (RO) P (OC=CHy),_,.,

wheren =1 -2 and R’ = H or CH,, and
o)
[
(E10)sP+CIHgCH,CH==0 ~ (Et0),POCH=CH, -+EtCl.

There is also a wide variety of reactions of halogeno-
derivatives of phosphorus(IIl) with other derivatives of
trivalent and quinquevalent phosphorus. These are
primarily disproportionation reactions in the series of
phosphorus(Ill) derivatives, a typical feature of which is
the formation of equilibrium systems!77-180;

PhPCl, — Ph,PCl + RClgy
PCl; + P (OEt); 2 CIP (OEt), + Cl,POEt,
PClg + P (OPh); 2 CIP (OPh), + Cl,POPh,
PCl; + P (NRy)s = CIP (NRy), 4 CL;PNR,»

and many others!®~183,  The rate of reaction increases
in the sequence Ph < PhO < AlkO > R,N. All these
findings suggest that the exchange reactions involve a
cyclic mechanism:

AN
A /T+C'
NE S l/
AN p\ > AN

Moreover, the capacity of phosphorus(II) derivatives
for such cyclic interactions may be the cause of the forma-
tion of relatively stable association complexes. Recently
Evdakov and coworkers !# showed that the rate of oxidation
of dialkylaminodiphenylphosphine without solvent or in
polar solvents is relatively low, but increases sharply in
non-polar solvents. They explain the relatively low
capacity of this compound for oxidation in a free state by
the formation of association complexes:

th,P—':}{lE"z

E‘;&\j‘éph,
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In a non-polar solvent this substance is present in the
form of “free” molecules more available for chemical
interaction with other reactants.

While the exchange reactions in the series of acid
halides derived from phosphorous acid do not lead to a
change in the valence of phosphorus, the reactions of
halogenophosphines have a mechanism involving the
Arbuzov rearrangement!%5;

o

1
Ph,PCI + (RO),PPh,_,, — Ph,P—P (OR),_, (Ph),_, -+ RCI

or
1 b0
|
PhPCl, + P (OR); — PhP—P (OR), 2 2R%_, (RO),P—P—ll»‘ (OR); .
& Ph
While the reaction between a secondary phosphine and a
halogeno-derivative of trivalent phosphorus takes place
according to the equation'8¢

Np_ _p/ o Np_p/
OP—H+ Hal—P{_ — 5P—P{ + HHal,

in the case of tertiary phosphines the reaction takes place
in quite a different way!®":
(C4Hg)sP + PhPCl, — (C,H,)sPCl; -+ (PhP), ,
(CaH)sP + PhyPCl — (C,H,);PCl; + Ph,P—PPh,+
Substitution reactions can take place with phosphorus(V)

derivatives as nucleophilic agents and the nature of the
nucleophilic centre may be various887192;

(RO)PZ0 + CIP(OR), — (RO),P—O—P(OR), + Cly

(RO):ﬁ—O_ + CIP(OR)—> (RO),P(0)—0—P(OR), + Cly

- +* .- -
IPhP=CHR ——> Ph;ﬁ—ch + CIPPh, — [Ph,P—CHR—PPn,lCly

R R\, O Ry
\P/O + PCl —> \/l;/ \PCla"Cl— e
W R N R’

P—Cl + [HOPCLj,

R\p/o
n’ \on

The fact that in the last two reactions!9!,!92 the
decisive factor is the nucleophilic properties of the oxygen
atom in the P = O group and not a tautomeric equilibrium
between the quinquevalent and trivalent forms of phosphorus
is confirmed by the finding that!93

SiHal, - nO=PPhy — Hal,_Si {[—O—PPhs] CT}, (=2, 4).

+ PCl; ~—=> R—PC,

This structure of the adducts was based on infrared
spectroscopic and conductimetric data.

The examples of substitution or exchange reactions
with participation of a phosphorus —halogen bond quoted
above fall far short of exhausting the available literature
data. Nevertheless they are extremely typical and are
adequate for the discussion of certain problems of the
mechanism of those reactions. With the usual nucleo-
philic agents, substitution reactions at an electrophilic
phosphorus atom can take place via a classical SN2 bimo-
lecular nucleophilic substitution mechanism:

' "

R '
1t R R
RS .

Ni—=

However, so far there are no quantitative data in the
literature concerning the true mechanism of the substitu-
tion reaction or the elucidation of the role and contribution
of the phosphorus d orbitals in this mechanism. Never-
theless, the numerous examples quoted, mainly of exchange
reactions, can be very readily explained qualitatively if
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one takes into account the significant contribution of the

a orbitals of the trivalent phosphorus atom as an electro-
philic centre in the substitution reactions. The involve-
ment of the d orbitals should alter significantly the type of
reaction as a whole.

In the nucleophilic attack by the second reactant on the
phosphorus atom a free electron pair of the nucleophilic
agent is transferred to the d orbitals of the phosphorus
atom. According to quantum-chemical concepts, such
interaction can be favourable only in the presence of a
reduced electron density at the phosphorus atom !5,
Therefore, with increasing electronegativity of the sub-
stituent or the number of substituents at the phosphorus
atom, its positive charge increases also, which facilitates,
owing to the energy factor, the participation of the phos-
phorus d orbitals in the nucleophilic substitution reaction.
The involvement of the d orbitals of the phosphorus atom
makes possible electron transfer via a four-centre cyclic
mechanism:

e N N
i peeng poz
A X

A----X

In those cases where the group Z can be readily
eliminated in the form of an anion and the process is
facilitated by its additional interaction with the electro-

philic centre of the second reactant (X =H, — Si{ , ete.),

a process of this kind takes place without a change in the
valence of the phosphorus atom, i.e. a substitution reaction
occurs. Therefore the group Z need not necessarily be
eliminated in the form of an anion, since the possibility of
a synchronous cyclic electron transfer eliminates the
necessity for charge separation both in the transition
complex and in the final product, in contrast to classical
nucleophilic substitution of type SN1 or Sy2.

Thus the primary interaction between the electrons of
the nucleophilic agent and d orbitals of the phosphorus
atom leads in the first ingtants essentially to an increase
of coordination and of the valence of the phosphorus atom,
but cyclic electron transfer can reduce them both in the
final reaction product. Such stabilisation is not the only
one possible, One of the other pathways may be a further
increase of the valence with retention or increase of the
degree of coordination of the phosphorus atom in the final
reaction products—these are examples of the reactions
mentioned above in which the phosphorus atom exhibits
biphilic properties.

The examples of substitution reactions quoted above
for the series of phosphorus(Ill) derivatives reveal a
considerable role of the phosphorus d orbitals in chemical
reactions. Even a purely qualitative hypothesis of this
kind can serve as a firm basis for the understanding of the
behaviour of phosphorus as a biphilic reagent in an even
greater range of chemical reactions.

To estimate the role and contribution of the d orbitals
of phosphorus in any of its reactions, it is necessary to
know at least its relative electron density. On the other
hand, a knowledge of this quantity is necessary for the
estimation of the nucleophilic properties of the free
electron pair of the phosphorus atom. Depending on the
nature of the substituent, the charge at the phosphorus
atom may change due to the inductive effect of the added
group and its capacity for conjugation with the phosphorus d
orbitals. It is interesting that the r-electron systems of
substituents are incapable of p —7 conjugation with the
unshared electron pair of phosphorus, which is explained
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by the enhanced s-character of the pair!®t, The determi-
nation of the contribution of conjugation with the d orbitals
to the overall electron density at the phosphorus atom as
well as the determination of the latter are undoubtedly
some of the most difficult and urgent problems in the
chemistry of phosphorus(III) derivatives.

The attempts by Van Wazer and coworkers 195,198 to
determine the conjugation effect for phosphorus(III)
derivatives by comparing the calculated 3!P chemical
shifts with the experimental values cannot be regarded as
satisfactory because their conclusions concerning the
electron density at the phosphorus atom are difficult to
reconcile with the chemical properties of the correspond-
ing derivatives. Moreover, the theoretical principles of
the calculation of the 3!P chemical shifts have been
seriously criticised'®’. Thus it might have been expected
that dialkylchlorophosphine should be more nucleophilic
than trialkyl phosphites. However, the former is much
less reactive in classical substitution reactions with
alkyl halides 47"'4?,  On the other hand, the phosphine is
incomparably more reactive than phosphites in substitution
reactions where the phosphorus atom exhibits its biphilic
properties.

---00o0--~

Explanations without internal contradictions are at
present possible for only a few reactions of trivalent
phosphorus. We have attempted to assess on the basis of
the chemical properties of phosphorus(Ill) derivatives the
role of the free electron pair and the d orbitals of the
phosphorus atom and the effect of substituents and their
nature in various reactions. In view of the complexity
and the controversial nature of the problems discussed,
the specific views expressed cannot be regarded as
definitive. The principal aim of the present review was
to reveal the many-sided nature of the reaction mecha-
nisms of trivalent phosphorus and to draw attention to the
most important problems.

REFERENCES

1. W.C,Davies and W. P. G. Lewis, J.Chem. Soc.,
1599 (1934).

2. W.A.Henderson and S. A. Buckler, J.Amer, Chem.
Soc., 82, 5795 (1960).

3. K.Issleib and A, Tzschach, Chem. Ber., 92, 1118
(1959).

4. B.A.Arbuzov, “Reaktsii i Metody Issledovaniya
Organicheskikh Soedinenii” (Reactions of and Methods
for the Investigation of Organic Compounds), Izd.
Khimiya, Moscow, 1954, No.3, p."T.

5. K.D.Berlin, T.H. Austin, and L. K. Stone, J. Amer.
Chem. Soc., 86, 11787 (1964).

6. A.J.Kirby and S. G. Warren, “The Organic Chemistry
of Phosphorus”, Elsevier Publishing Co., Amsterdam,
1961,

7. M.A.Beg and H. C. Clark, Canad. J. Chem., 38, 119
(1960).

8. G.Wilkinson, J. Amer.Chem. Soc., 73, 5501 (1951).

9. H.H.H6th and H. J. Vetter, Chem. Ber., 96, 1298
(1963).

10. R.R.Holmes, J.Phys.Chem., 64, 1295 (1960).

11.
12.

13.
14,

15,

16.
11.
18.
19.
20.
21.

22.
23.

24.
25.

26.

21.
28.

29.

30.
31.
32.

33.

34.

35.

36.

31.

369

R.R.Holmes, J.Amer.Chem.Soc., 82, 5285 (1960).
R.R.Holmes and E. F. Bertaut, J. Amer. Chem. Soc.,
80, 2980 (1958).

R.R.Holmes and E. F. Bertaut, J. Amer. Chem. Soc.,
80, 2983 (1958).

R.R.Holmes and R. P, Wagner, Inorg.Chem., 2, 384
(1963).

R. F.Hudson, “The Structure and Mechanism of
Reactions of Organophosphorus Compounds”
(Translated into Russian), Izd. Mir., Moscow, 1967,
p. 9.

G. Chimicescu, Rev, fiz.si chim., A2, 201 (1965);
Ref. Zhur, Khim., 6B, 759 (1966).

Ya. K. Syrkin, Zhur. Vses. Khim. Obshch.im Men-
deleeva, 7, 401 (1962).

A.I Razumov and N. N, Bankovskaya, Zhur. Obshch.
Khim., 34, 3243 (1964).

D.B. Denney and H. M. Rells, Tetrahedron Letters,
573 (1964).

R. F.Hudson, P.A. Chopard, and G.Solvadori, Helv.
Chim. Acta, 47, 632 (1964).

L. V.Nesterov, N.E.Krepysheva, and R.I. Mutala-
pova, Zhur. Obshch. Khim.; 35, 2050 (1965).

J. 1. Cadogan, Quart.Rev., 16, 208 (1962).

G. M. Kosolapoff, Organophosphorus Compounds”,
Wiley, New York, 1950.

E. Ochiai, J.Org.Chem., 18, 534 (1953).

E.H. Amonoo-Neizer, S.K.Ray, R.A.Shaw, and

B. C.Smith, J.Chem.Soc., 4296 (1965).

A.N. Pudovik, I V.Konovalova, and I. M. Aladzheva,
Symposium, ‘“Nekotorye Voprosy Organicheskoi
Khimii” (Some Problems of Organic Chemistry),

Izd. Kazan. Inst., 1964, p.49.

A.Bond, M. Green, and S. C. Pearson, J.Chem.

Soc. (B), 929 (1968).

B.A.Arbuzov and L. A. Shapshinskaya, Izv.Akad.Nauk
SSSR, Otd.Khim. Nauk, 65 (1962).

B.A. Arbuzov, L.A.Shapshinskaya, and V. M. Ero-
l({hina, Izv. Akad. Nauk SSSR, Otd.Khim. Nauk, 2074
1962).

N.A.Razumova and A. A. Petrov, Zhur. Obshch. Khim.,
33, 783 (1963).

N.A.Razumova and A. A. Petrov, Zhur.Obshch.Khim.,
34, 356 (1964).

B.A.Arbuzov and A. O. Vizel', Dokl. Akad. Nauk
SSSR, 158, 1105 (1964).

B.A.Arbuzov, A.O. Vizel', Yu, Yu. Samitov, and

K. M. Ivanovskaya, Dokl.Akad. Nauk SSSR, 159, 582
(1964).

Zh. L. Evtikhov, “Vzaimodeistvie Ftorangidridov,
Efirov, Tioefirov, i Izotiotsianatov Glikol'fosforis-
tykh Kislot s 1,3-Dienovymi Uglevodorodami”
(Reaction of the Fluorides, Esters, Thioesters, and
Isothiocyanates of Glycolphosphorous Acids with
1,3-Diene Hydrocarbons), Candidate's Thesis,
Lensovet Leningrad Institute of Technology, 1968.
L.S.Kovalev, “Vzaimodeistvie Khlorangidridov i
Efirov Mono- i Ditioetilenglikol'fosforistykh Kislot s
1,3-Dienovymi Uglevodorodami i @8-nepredel'nymi
Ketonami” (Interaction of the Chlorides and Esters
of Mono- and Di-thioethyleneglycolphosphorous Acids
with 1,3-Diene Hydrocarbons and af-Unsaturated
Ketones), Candidate's Thesis, Lensovet Leningrad
Institute of Technology, 1968.

L.D.Quin, in “1,4-Cyclo Addition Reaction”, Acad.
Press, New York—London, 1967, p. 47.

L. P. Gozman and V. A. Kukhtin, Zhur. Obshch. Khim.,
37, 881 (1967).



370

38.
39.
40.
41,
42,

43.

44.

45.
46.

41.
48.

49.
50.

51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.

63.

65.

66.

61.

68.
69.

10.

F.Ramirez, A.V. Pafwardhan, M, J. Kugler, and

C. P.Smith, Tetrahedron Letters, 3053 (1966).

A.E.Arbuzov and B. A, Arbuzov, Zhur. Obshch.

Khim., 2, 371 (1932).

B. A.Arbuzov, N.I. Rizpolozhenskii, and M, A, Zver-

eva,Izv. Akad, Nauk SSSR, Otd. Khim. Nauk, 706 (1958).

A.F.Divinskii, M. I Kabachnik, and V. V. Sidorenko,

Dokl. Akad. Nauk SSSR, 60, 999 (1948).

a. Mi;:haelis and G. L. Linke, Chem. Ber., 40, 3419
907).

A.F.Grapov, “Reaktsii i Metody Issledovaniya

Organicheskikh Soedinenii” (Reactions and Methods

of Investigation of Organic Compounds), Izd.

Khimiya, Moscow, 1966, No. 15, p. 44.

A.N. Pudovik, I. V.Gur'yanova, and E. A. Ishmaeva,

“Reaktsii i Metody Issledovaniya Organicheskikh

Soedinenii” (Reactions and Methods of Investigation

of Organic Compounds), Izd.Khimiya, Moscow, 1968,

Vol.19, p. 1.

M. Baudler, Z.anorg.Chem., 288, 171 (1958).

J. Michalski, T.Modro, and A.Zwierax, J.Chem.

Soc., 4904 (1961).

E. A, Chernyshev and E. F. Bugerenko, Izv.Akad.

Nauk SSSR, Otd.Khim. Nauk, 769 (1963).

E.F.Bugerenko, E. A. Chernyshev, and Ev. Popov,

Izv. Akad. Nauk SSSR, Otd. Khim. Nauk, 1391 (1966).

L.N. Volodina, Zhur. Obshch. Khim., 38, 200 (1968).

G. Aksnes and D. Aksnes, Acta Chem.Scand., 18,

1623 (1964).

K. Dimroth and A. Nurrenbach, Angew. Chem., 10,

26 (1958).

F.W.Hoffmann, R. J.Ess, and R. P. Usinger, J. Amer.

Chem. Soc., 78, 5817 (1956).

K.A. Petrov, E. A.Nifant'ev, and R. G. Gol'tsova,
Zhur. Obshch. Khim., 31, 2367 (1961).

K. A. Petrov, E.A. Nifant'ev, and R. G. Gol'tsova,
Zhur. Obshch. Khim., 32, 3716 (1962).

N. P. Grechkin, R.R.Shagidullin, and L. N. Grishina,
Dokl. Akad. Nauk SSSR, 161, 115 (1965).

R. Burgada, D.Honalla, and R. Wolf, Compt. rend.,
C 264, 356 (1967).

R. Burgada, M. Bon, and M. F. Mathis, Compt. rend.,
C 265, 1499 (1967).

N. P.Grechkin, R.R.Shagidullin, and G. S. Gubanova,
Izv. Akad. Nauk SSSR, Ser.Khim., 1797 (1968).

A.N. Pudovik and G. 1. Evstaf'ev, Vysokomol. Soed.,
6, 2139 (1964).

A.N. Pudovik and G.I. Evstaf'ev, Vysokomol. Soed.,
5, 886 (1963).

A.N. Pudovik and G.I. Evstaf'ev, Dokl. Akad. Nauk
SSSR, 164, 1331 (1965).

A.N. Pudovik and G. 1. Evstaf'ev, Dokl. Akad, Nauk
SSSR, 183, 842 (1968).

E. L. Gefter, Zhur.Obshch. Khim., 26, 1440 (1956).
A.E.Arbuzov, “Izbrannye Trudy” (Selected Works),
Izd. Akad. Nauk SSSR, Moscow, 1952, p. 88.

J.G. Verkade, R.E.McCarley, D.G. Hendricker, and
R.W.King, Inorg.Chem., 4, 228 (1965).

G.A. Levshina, A.D. Troitskaya, and R. R. Shagidul-
lin, Zhur. Neorg. Khim., 11, 1846 (1966) [Russ. J.
Inorg. Chem., No.8 (1966)].

M. Baudler and W. Giese, Z.anorg.Chem., 290, 258
(1957).

L. Malatesta, Gazzetta, 80, 527 (1950).
B.A.Arbuzov and N. P. Grechkin, Izv. Akad. Nauk
SSSR, Otd. Khim. Nauk, 440 (1956).

A. N, Pudovik and A.A. Muratova, Dokl. Akad. Nauk
SSSR, 158, 419 (1964).

1.

12.

13.
4.
15.
76.

1.

18.
9.

80.
8l.

82.

92.
93.
94.
95.
96.

1.

98.
99.
100.
101.

102.

103.

Russian Chemical Reviews, 39 (5), 1970

B.A. Arbuzov and N. P. Grechkin, Zhur. Obshch.
Khim., 20, 107 (1950).

A.N, Pudovik, A.A.Muratova, E.G. Yarkova, and
V.N. Marsheva, Zhur. Obshch. Khim., 38, 2522
(1968).

J.Michalski and A. Zvirsac, Bul. Acad. polon, Ser.
Sci. chim., geol., geog., 2, 253 (1965).

K.A. Petrov, N.K.Bliznyuk, and V. E. Burygin, Zhur.
Obshch. Khim., 29, 1486 (1959).

W.A.Hart and H. H. Sisley, Inorg.Chem., 3, 617
(1964).

R. Greenhalgh and R. F.Hudson, Chem. Comm.,

1300 (1968),

I.I. Mel'nikov, Ya.A.Mandel'baum, V.I. Lomakina,
a(md V) E. Lifshits, Zhur. Obshch. Khim., 31, 3949
1961).

K. Issleib and R. Reischel, Chem. Ber., 98, 2086
(1965).

?. Trippett and D. M. Wolker, J.Chem.Soc., 2130
1961).

V.Mark, J.Amer.Chem. Soc., 85, 1884 (1963).
R.F.Hudson and R.J.G.Searle, Chimia (Switz.), 20,

117 (19686). : T

W. Reid and H. Appel, Annalen, 679, 51

(1964).

J. M. Downie, J.B. Lee, and M. F.S. Matough,

Chem. Comm., 1350 (1968).

H. Noth and H. J. Vetter, Chem. Ber., 94, 1505 (1961).
K.Issleib and W, Siedel, Chem. Ber., 92, 2681 (1959).
J. E. Nixon and R. G. Cavell, J.Chem. Soc., 5983
(1964).

A.B.Burg, J. Amer.Chem:Soc., 83, 2226 (1961).

L. Maier, Helv.Chim. Acta, 48, 1034 (1965).
R.Burgada, Ann. chim. (France), 8, 347 (1963).

R. Burgada, G.Martin, and G. Mavel, Bull.Soc.
chim. France, 2154 (1963).

K. A. Petrov, V. P.Evdakov, K. A.Bilevich,

V. P. Radchenko, and E. E. Nifant'ev, Zhur. Obshch.
Khim., 32, 920 (1962).

K. A. Petrov, V.P.Evdakov, K. A.Bilevich, and

V.1 Chernykh, Zhur.Obshch.Khim., 32, 3065 (1962).
E.E. Nifant'ev and N. L. Ivanova, Vestnik Moskov.
Univ., Khimiya, No.5, 82 (1965).

E.E. Nifant'ev, N. L. Ivanova, and N. K, Bliznyuk,
Zhur. Obshch. Khim., 36, 765 (1966).

B.E. Ivanov, A.B.Ageeva, and Yu. Yu. Samitov,
Dokl. Akad. Nauk SSSR, 174, 846 (1967).

B.E, Ivanov, A.B.Ageeva, and R, R. Shagidullin,

Izv. Akad. Nauk SSSR, Ser.Khim., 1994 (1967).

A, G, Ageev, “O Vzaimodeistvii o-Oksibenzil'nykh
Soedinenii s Proizvodnymi 3-Valentnogo Fosfora”
(The Interaction of o-Hydroxybenzyl Compounds with
Trivalent Phosphorus Derivatives), Candidate's
Thesis, Kirov Kazan Ingtitute of Chemical Engineer-
ing, 1968.

N. P. Grechkin and L.I. Grishina, Izv.Akad. Nauk
SSSR, Ser. Khim., 1502 (1965).

1. B. Fursenko, G.T.Bakhvalov, and E. T. Nifant'ev,
Zhur. Obshch. Khim., 38, 1299 (1968).

B. W. Fitzsimmons, C.Hewlett, and R. A, Shaw,

J. Chem. Soc., 4799 (1965).

P.I. Alimov and L. A. Antokhina, Izv.Akad.Nauk
SSSR, Ser.Khim., 1486 (1966).

N. P. Grechkin, N. A, Buina, L. A, Nuretdinov, and

S. G.Salikhov, Izv.Akad.Nauk SSSR, Ser.Khim.,
2131 (1968).

M. I. Kabachnik, T.A.Mastryukova, and A. E. Shipov,
Zhur. Obshch. Khim., 33, 320 (1963).



Russian Chemical Reviews, 39 (b), 1970

104.
105.
106.

107.

108.
109.
110.
111,
112.
113.
114.
115.

116.
117,

118.
119.

120.

121.
122.

123.
124.

125.
126.

127,

128.

129.
130.
131.
132.
133.
134.
135.
136.

131.

K. A. Bilevich and V. P. Evdakov, Zhur. Obshch.
Khim., 35, 365 (1965).

V. P. Evdakov and E. K. Shlenkova, Zhur.Obshch.
Khim., 35, 739 (1965).

D. Houalla, R.Wolf, and F. Mathis, Bull.Soc. chim.
France, 2751 (1964).

V.S.Abranov and N. A. Il'ina, Symposium,
“Nekotorye Voprosy Organicheskoi Khimii” (Some
Problems of Organic Chemistry), Izd. Kazan.
Univ., 1965, p. 256.

V.S.Abramov and N. A. I1'ina, Dokl. Akad. Nauk
SSSR, 125, 1027 (1959).

V. P.Evdakov, L.I Mizrakh, and L. Yu.Sandalova,
Dokl. Akad. Nauk SSSR, 162, 573 (1965).

L. Yu. Sandalova, L.I.Mizrakh, and V, P. Evdakov,
Zhur. Obshch. Khim., 35, 1314 (1965).

R. F. Hudson, R.J.G.Searle, and F. H. Devitt,

J. Chem. Soc. (B), 789 (1966).

J. Pikl, US P. 2328358; Chem.Abs., 38, 754
(1944).

M. Engelmann and J. Pikl, US P. 2304156 (1942);
Chem. Abs., 37, 3262 (1943).

A.B.Ageeva and B. E. Ivanov, Izv. Akad. Nauk SSSR,
Ser.Khim., 1494 (1967).

B.E. Ivanov, S.S.Krokhina, and A. V. Chernova,
Izv. Akad. Nauk SSSR, Ser.Khim., 606 (1968).

P. Rumpf, Bull.Soc. chim. France, 130 (1951).

A.E. Arbuzov and K. V. Nikonorov, Zhur. Obshch.
Khim., 18, 2008 (1948).

N. L. Rizpolozhenskii and F. S. Mukhametov, Izv.
Akad. Nauk SSSR, Ser.Khim., 2163 (1968).

B. A. Arbuzov, V.S. Vinogradova, and A. D. Novo-
sel'skaya, Zhur.Obshch. Khim., 37, 2061 (1967).
H. J. Vetter and H. N6th, Chem. Ber., 96, 1308 (1963).
G. Qertel, H. Malz, and H. Holtschmidt, Chem. Ber.,
97, 891 (1964).

R.H. Cragg and M. F. Lappert, J.Chem. Soc. (A),

82 (1966).

R.H. Cragg, Chem.Ind., 1751 (1967).

M. I. Kabachnik and V.N. Gilyarov, Dokl. Akad. Nauk
SSSR, 96, 991 (1954).

A. N, Pudovik and G. P. Krupnov, Zhur. Obshch.
Khim., 34, 1157 (1964).

A. N, Pudovik and G. P. Krupnov, Zhur. Obshch.
Khim., 35, 1503 (1965).

A.N. Pudovik and E. S. Batyeva, Zhur. Obshch.
Khim., 38, 285 (1968).

A.N. Pudovik, E.S.Batyeva, M. A. Pudovik, and
A.S.Andreeva, Dokl. Akad. Nauk SSSR, 183, 126
(1968).

C. Stuebe, W. M. Le Suez, and G. R, Norman,

J. Amer. Chem. Soc., 17, 3526 (1955).
G.Schrader, BRD P. 1127892 (1962);
57, 8504 (1962).

A.E.Arbuzov, Zhur. Russ, Fiz,-khim. Obshch., 42,
549 (1910).

V.D. Akamsin and N. L. Rizpolozhenskii, Dokl.Akad.
Nauk SSSR, 168, 807 (1966).

B. A. Arbuzov, N.I. Rizpolozhenskii, and M. A. Zve-
reva, Izv. Akad. Nauk SSSR, Ser.Khim., 179 (1957).
A. E. Arbuzov and G. Kh. Kamai, Zhur. Russ. Fiz.-
khim. Obshch., 61, 2037 (1929).

A.B. Arbuzov and K. V. Nikonorov, Dokl. Akad. Nauk
SSSR, 62, 75 (1948).

G.Schrader, BRD P. 949650 (1956); Chem. Abs.,
51, 12957 (1957).

A.E. Arbuzov and V. M. Zoroastrova, Izv. Akad. Nauk
SSSR, Otd. Khim. Nauk, 453 (1952).

Chem. Abs.,

138.
139.
140.
141,
142.
143.
144.
145,
146.
1417,
148.
149.
150.

151.

152.

153.
154,

155.
156.

1517.

158.
159.
160.
161.
162.
163.
164.
165.
166.
167.
168.
169.
170.

171,

371

U.S. Tosker and H. O. Jones, J.Chem.Soc., 95,
1910 (1909).

V.D. Akamsin and N. L. Rizpolozhenskii, Izv. Akad.
Nauk SSSR, Ser.Khim., 493 (1966).

D. Minich, N.I, Rizpolozhenskii, and V.D. Akamsin,
Izv, Akad, Nauk SSSR, Ser.Khim., 1793 (1968).
E.W. Abel and J. H, Sabherwal, J, Chem. Soc. (A),
1105 (1968).

E.W. Abel, R.A.N.McLean, and I. H, Sabherwal,
J. Chem. Soc. (A), 2371 (1968).

H.Schumann, P, Jutzi, and M.Schmidt, Angew
Chem., 11, 812 (1965).

H, Schumann, P. Jutzi, and M.Schmidt, Angew
Chem., 117, 912 (1965).

A, Maercker, Organicheskie Reaktsii, 14, 287
(19617).

A.N. Pudovik and E. S. Batyeva, Izv.Akad.Nauk
SSSR, Ser.Khim., 2391 (1968).

V.S. Tsivunin, G.Kh.Kamai, and V. V.Kormachev,
Zhur. Obshch. Khim., 35, 1819 (1965).

V.S. Tsivunin, G.Kh.Kamai, and V. V. Kormachev,
Zhur. Obshch. Khim., 36, 27 (1966).

V.S. Tsivunin, L. N, Krutskii, and G.Kh. Kamai,
Zhur, Obshch. Khim., 37, 2752 (1967).

H.N&th and H. J. Vetter, Chem. Ber., 96, 1109
(1963).

A H. Ford-Moore and B. J. Perry, “Organic
Syntheses” (Translated into Russian), Inostr, Lit.,
Moscow, 1953, p.492.

A. Lippert and E, E. Reid, J. Amer. Chem. Soc., 60,
23170 (1938).

E.N. Walsh, J. Amer.Chem. Soc., 81, 3023 (1959).
A. Michaelis and K. Luxembourg, Chem. Ber., 28,
2205 (1895).

M. Bourneuf, Chem. Ber., 60, 743 (1927).

L.D. Freedman, G. O.Doak, and J. R. Edmisten,
J.Org. Chem., 26, 284 (1961).

M. I. Kabachnik, P.A. Rossiiskaya, M. 1. Shabanova,
D. M. Paikin, L. F, Efimova, and N, M. Gamper,
Zhur. Obshch. Khim., 30, 2218 {1960).

N. Kreutzkamp and E. M. Gensez, Arch. Pharm.,
295, 185 (1962).

H.B.Bo6hme, L.Koch, and E. Kohler, Chem. Ber.,
95, 1849 (1962).

H. B. Béhme and K. H. Meyer-Dulheuer, Annalen,
688, 78 (1965).

V.V. Moskva, A.I. Maikova, and A.I Razumov,
Zhur, Obshch. Khim., 38, 198 (1968).

S. S. Krokhina, R.IL Pyrkin, Ya. A. Levin, and
B.E. Ivanov, Izv, Akad. Nauk SSSR, Ser.Khim.,
1420 (1968).

W. Dietsche, Annalen, 712, 21 (1968).

R. Piekos and A. Radecki, Roczniki Chem., 39,
967 (1965).

F. Feher, G.Kiihlborsch, A.Bliimcke, H.Keller,
and K. Lippert, Chem. Ber., 90, 134 (1957).

G. H. Van Dyke, J.Inorg.Nuclear Chem., 30, 81
(1968).

E.W. Abel, D.A. Armitage, and G. R. Willey,

J. Chem. Soc., 57 (1965).

H. NGth and L. Meinel, Z.anorg. Chem., 349, 225
(1967).

E.W.Abel and D. A, Armitage, J.Chem.Soc., 3122
(1964).

E. W. Abel and D. B. Brady, J.Chem. Soc., 1192
(1965).

M. V. Proskurina, Z.S.Novikova, and I. F, Lutsenko,
Dokl. Akad. Nauk SSSR, 159, 619 (1964).



372

172.

1173.

114.

175.

1176.
171,
1178,
119.
180.
181.
182.

183.
184.

185.

Z.S.Novikova, M. V. Proskurnina, L.I. Petrovskaya,

I. V.Bogdanova, N. P, Galitskova, and I. F. Lutsenko,
Zhur. Obshch. Khim., 37, 2080 (1967).

A.M. Nesmeyanov, I V. Lutsenko, Z.S.Kraits, and

?. P. ;3okovoi, Doki. Akad. Nauk SSSR, 124, 1251
1959).

L F. Lutsenko and Z. S. Kraits, Zhur. Obshch. Khim.,

32, 1663 (1962).

Z.8S.Novikova, A.G. Golyadkina, M. V. Proskurnina,

and L. F. Lutsenko, in “Problemny Organicheskogo

Sinteza” (Problems of Organic Synthesis), Izd.

Nauka, Moscow— Leningrad, 1965, p.302.

P.S. Magee, Tetrahedron Letters, 3995 (1965).

M. P. Brown and H. B. Silver, Chem. Ind., 24 (1961).
J.R. Van Wazer and E. Fluck, J.Amer. Chem. Soc.,

81, 6360 (1959).

E. Fluck, J.R. Van Wazer, and L. Groenweghe,

J. Amer. Chem. Soc., 81, 6363 (1959).

J.R. Van Wazer and L. Maier, J. Amer, Chem. Soc.,

86, 811 (1964).

E. Fluck, F.L.Goldman, and K. D. Rumpler,

Z.anorg. Chem., 338, 52 (1965).

R. Moedritzer, G. M. Burch, and J. R. Van Wazer,

Inorg. Chem., 2, 1152 (1963).

M. Sander, Chem. Ber., 93, 1220 (1960).

A.E. Myshkin and V. P. Evdakov, Zhur. Obshch.

Khim., 38, 1776 (1968).

E. Fluck and H. Binder, Inorg.a Nuclear Chem.

Letters, 3, 307 (1967).

Russian Chemical Reviews, 39 (5), 1970

186. P.C.Crofts, Quart. Rev., 12, 341 (1958).

187. S.E.Frazier, R. P.Nielsen, and H. H. Sisler, Inorg.
Chem., 3, 292 (1964).

188. B.A.Arbuzov, K. V. Nikonorov, O.N. Fedorova,
G. M. Vinokurova, and Z.G. Shishova, Dokl. Akad.
Nauk SSSR, 91, 817 (1963).

189. J.Michalski, T.Modro, and A. Zweizak, J.Chem.
Soc., 4904 (1961).

190. K.Issleib and R. Lindner, Annalen, 699, 40 (1966).

191. R.E. Montgomery and L. D, Quin, J.Org. Chem.,
30, 2393 (1965).

192. G. P.Sollott and E. J. Howard, J.Org. Chem., 29,
2451 (1964).

193. 1. R.Beattie and M. Webster, J. Chem.Soc., 3672
(1965).

194. E.N. Tsvetkov, D.I. Lobanov, N. M. Makhamat-
khanov, and M. I. Kabachnik, Tetrahedron, vol. 25.

195. J.H.Letcher and J. R. Van Wazer, “Topics in
Phosphorus Chemistry””, Intern. Publ., New York,
1967, Vol.5, p."5.

196. J.R.Van Wazer and J. H. Letcher, “Topics in
Phosphorus Chemistry”, Intern. Publ., New York,
1967, Vol.5, p.169.

197. B.LIonin, Zhur.Obshch.Khim., 38, 1659 (1968).

Arbuzov Institute of Organic
and Physical Chemistry,
USSR Academy of Sciences,
Kazan



