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The results of studies of reactions involving the exchange of alkoxy-, aryloxy-, acyloxy-, phosphorus-containing, amino-,
alkylthio-, arylthio-, and hydrocarbon groups between phosphorus compounds are surveyed. The influence of the structure of
the organophosphorus compounds, the role of catalysis, and the available information about the mechanisms of these reactions

are considered.,
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I. INTRODUCTION

Exchange reactions are important in the chemistry of
organophosphorus compounds (OPC). Some of them serve as
a basis for convenient methods of synthesis of OPC, while
others occur in side processes during the preparation,
isolation, and storage of OPC. The exchange reactions
assume particular importance as a procedure for the intro-
duction of a radioactive label into physiologically active OPC.
The study of exchange reactions is also of interest from the
standpoint of estimating the stability of OPC and of dis-
covering the pathways in their chemical and metabolic
transformations. The exchange reactions with participation
of OPC are also of interest from the theoretical standpoint.

The study of exchange reactions involving OPC was
developed greatly particularly during recent years, which
has been partly reflected in a monograph®. However, the
reviews on the exchange reactions of OPC 2% cover the
literature only up to 1968 and are not exhaustive. The
intramolecular exchange reactions involving OPC, induced
by the migration of substituents in molecular rearrangements,
have been adequately surveyed in a number of communica-
tions*" 7,

This review deals with intermolecular exchange reactions
at the phosphorus atom which proceed without a change in
its coordination number.

II. INTERMOLECULAR EXCHANGE OF ORGANIC SUBSTITU-
ENTS IN PHOSPHORUS COMPOUNDS

The tendency of organophosphorus compounds to undergo
exchenge reactions is determined primarily by the mobility
of the bond between phosphorus and the exchanging group,
which depends both on the environment of the phosphorus
atom and on the structure of the exchanging group; organic
substituents linked to phosphorus via heteroatoms exchange
more readily. Accordingly, it is useful to consider the
OPC exchange reactions after subdividing them in terms of
the types of exchanging groups.

1. Exchange of Alkoxy- and Aryloxy-Groups

The reactions involving the exchange of alkoxy-groups
between phosphorus compounds and the isotypical reactions
in which aryloxy-groups are exchanged have been subjected
to most fundamental investigations in the series of derivatives
of tricoordinate phosphorus. With rare exceptions, the

alkoxy-groups in isotypical OPC exchange more readily than
the aryloxy-groups.

Trialkyl phosphites enter into exchange reactions with PCl,
merely on mixing the reactants®. In a mixture of triethyl
phosphite with PCl; at 20°C, equilibrium is established
after two days and faster on heating®:

(CH;0)3P -+ PCl, 22 (CoH50),PCl + CoH;OPCly ,

The kinetic characteristics of this and other exchange reac-
tions of OPC have been published in a review?.

Alkyl phosphorodichloridites, formed in the reaction of tri-
alkyl phosphites with PCl,, interact under similar conditions
with the initial trialkyl phosphites to form dialkyl phosphoro-
chloridites®®:

(C3sH;0)3P 4 C3H,0PCl, 2 2(C3H,0),PClI ,

The composition of the products of the exchange reactions
between trialkyl phosphites and phosphorus trihalides
therefore depends on the ratio of the initial reactants. The
main products of the reactions of trialkyl phosphites with
PCl,, taken in molar proportions of 2: 1, are dialkyl phos-
phorochloridites, which are in fact mainly obtained by this
procedure!™1%:
2 (RO)sP + PCl; — 3 (RO)4PCI ;
R=CHj, C,Hs, C;H,, CH,, CgHys,
CygHas, CH;0C(O)CH, ,

The composition of the exchange products and the rate
of reaction depend to some extent also on the electron density
at the phosphorus atom and on the structure of the ester
groups. In the series of trialkyl phosphites the rate of
exchange depends little on the length of the alkoxy-groups.
Thus the reactions of the lowest trialkyl phosphites with
PCl; reach completion comparatively rapidly at 20 °C, while
the analogous reaction of tridodecyl phosphite is rapidly
completed at 50 °C. 15

The introduction of electron-accepting substituents into
the alkoxy-group of the trialkyl phosphite lowers its reac-
tivity in the exchange reactions with PCl;. The dispropor-
tionation of the chloro-substituted phosphites has been noted
only on heating?®. The exchange between tris(perfluoro-
alkyl) phosphites and PCl; is in general difficult?*. The
exchange between tris(trifluoroethyl) phosphites and PCl,
at 90 °C reaches completion in 4 h:?2?

(CF3CH,0)sP 4 PCl; 2 (CF3CH;0),PC! + CF3CHZOPCl; .
Triaryl phosphites enter into exchange reactions with

phosphorus trihalides with much more difficulty than trialkyl
phosphites. The reactions of triphenyl phosphite with PCl,
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and PBr; take place on heating above 150 °C and mixtures of
diphenyl phosphorohalidites and phenyl phosphorodihalidites
are then formed?®»2*. According to NMR data, the half-
exchange period at 160 °C in the reaction of triphenyl phos-
phite with PCl, is 15 h:1°

(CeH;0)P -+ PCls — (CyH;0),PCl + C4HsOPCly .

In the reaction between triphenyl phosphite and PCl, at
180 °C, equilibrium is established in 60 h between the initial
reactants, diphenyl phosphorochloridite and phenyl phos-
phorodichloridite?*, but, on raising the temperature to 200°
to 230 °C and using an excess of PCl;, the triaryl phosphites
can be fully converted into aryl phosphorodichloridites?®:

(ArO},;P + 2PCl; 2 3ArOPCI; .
5
Ar = CgH;, p-CH;CeH,y, m-CHyCoHy,
2, 4-(CHg)oCeHj ©

The nature of phosphorus halides exerts a significant
influence on the direction and rate of the exchange reactions.
Phosphorus trihalides undergo exchange reactions with tri-
alkyl phosphites most vigorously and in terms of their reac-
tivity can be arranged in the sequence®’ PF, < PCl, < PBr,.

The interaction of trialkyl phosphites with phosphorus
iodides leads to the formation of a complete mixture of prod-
ucts even under the conditions of intense cooling. The
reactions of trialkyl phosphites with PBr; proceed exo-
thermically and, like those with PCl,, are completed by the
formation of exchange products*®

2(C4H,0)4P - PBr; 22 3 (CgH,0),PBr ,

The reactions between trialkyl phosphites and phosphorus
trifluoride proceed with greater difficulty. The reaction
between (CH;0),;P and PF; is completed in 40 h at 80 °C but
at a higher temperature it is complicated by the formation of
phosphorus(V) derivatives?2®

Trialkyl phosphites react with alkyl phosphorochloridites
more slowly than PCl;, but the reactions with ethylene
phosphorochloridite and phenylene phosphorochloridite,
like those with PCl,, proceed with evolution of heat, which
can be accounted for by the favourable conditions for the
formation of the intermediate complex?’

HoC—0\ H
[ DPCI+ (C:H:0nP
H,C—-O H

1C—0y
R SPOCSH; + (C:H:0):PCl .
4C—

An increase of electron density at the phosphorus atom in
phosphorus acid esters increases their reactivity in exchange
reactions. Dialkyl phosphonites are more reactive than tri-
alkyl phosphites; the interaction of dialkyl phosphonites
with PCl; is exothermic and leads to the complete exchange of
the alkoxy-groups and the formation of dichlorophosphines?®

RP (OR’); + PCl; — RPCl, 4 (R'0),PCl .

The analogous reaction with PBr, leads to a complex mix-
ture of products?®; the reaction with phosphorochloridites
is slower and the ester-chlorides of alkylphosphonous acids
are formed?®:

N 7N\
| |\"8>PC1+CH3P (OCH, > | ﬂ:g>POCH3 +CH3P<
N N/ C

The reactions of dialkyl phosphonites with dichlorophos-
phines can serve as a convenient method of synthesis of the
ester~chlorides of alkyl- and aryl-phosphonous acids®’:%!:
/OCgHa
\Cl .

The esters of phosphinous acids react with phosphorus
halides even more vigorously. The reactions of dialkyl
phosphinites with PCl; give rise to a complex mixture of

RP(OC,;Hs); + RPCl, - 2R—P
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products'®?®, but the reaction with phenylene phosphoro-

chloridite results in the formation of exchange products?®

N\ g
| u PC\+(c H;),POCH, — [ || S /POCH3+(CGH5)2PCI
\\/_

Rapid exchange has also been observed in the reaction of
butyl dibutylphosphinite with dipropyl phosphorochloridite!®

(C,Hy);POC,H, + (CsH,0):PC1 — (C4H;) PCl + (C5H,0);POC,H, |

In the reaction of ethyl ethylphenylphosphinite with diethyl
phosphorochloridite the products formed initially subse~
quently condense to form a P—P bond with alteration of the
coordination number of one of the phosphorus atoms®?:33:

H:C» H;,C,\
™ POC,H; + (C;H;0),PCl — DPCl (CHO)P |
Hs C.;/ HsCq

HiCay
- SP—P(OCsHy)s + CHiCl .
C i

H;Cq

This competing reaction occurs in almost all cases when
acid esters of tervalent phosphorus interact with phosphorus
chlorides and, depending on the structure of the initial
compounds and the exchange products, lead to the formation
(in greater or smaller amounts) of side products containing
a P—P bond. When trialkyl phosphites react with PCl;, the
exchange reaction is mainly observed and condensation prod-
ucts are formed in insignificant amounts®. However, in the
reactions of trialkyl phosphites with certain chlorophos-
phines?%3%3 and iodophosphines®%:*¢, the latter pathway
becomes the main one, which can be used to synthesise com-
pounds containing a P—P bond?¥>~*?,

The formation of compounds with a P—P bond can be a
result of an alternative pathway to the decomposition of the
intermediate complex formed in the reaction of phosphorus
acid esters with phosphorus chlorides®®
_PX +ROPX,

\p—px. +RX .

R —-R
R
SPOR"+PXs— | R Dp.px, |— I
R’ s w7
i

RO

The available information about the structure of the inter-
mediate complex in the reactions of trialkyl phosphites with
phosphorus chlorides is inadequate. The question of the
mechanism of these exchange reactions is complicated by
catalysis. Both acids and bases have a catalytic effect in
reactions involving the exchange of alkoxy- and aryloxy-
groups between tricoordinate phosphorus compounds. HCl
is a powerful catalyst in the reactions of trialkyl phosphite
with PCl; and it is extremely difficult to eliminate admixtures
of this acid*®’. The acid esters of tervalent phosphorus,
which can be formed when the neutral esters are acted upon
by HCI or traces of H,0, are also effective catalysts in these
reactions!?., Boron trichloride and triethylamine have like-
wise been found to be catalytically active in the exchange
reactions of neutral phosphites with phosphorus chlorides?’
It has been shown by 3'P NMR that exchange between tri-
coordinate phosphorus esters and chlorides catalysed by HCl1
is preceded by the formation of compounds with a P—P
bond®?,

Catalysis can be observed even when the reaction mixture
is insufficiently protected from atmospheric moisture. Thus
it has been shown that the reaction of phenylene phosphite
with PCl;, which proceeds under mild conditions, is catalysed
by atmospheric moisture*!:

o
{ '\"—O\P_o_ o P\o—l u 4 PCly
/

—0/ K |

_,3r) Sear
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The disproportionation of phenyl phosphorodichloridite
when the latter is stored for a month can be accounted for
by the catalytic effect of HCl or traces of water"?:

3C,H;OPCl, — (CeH:0)5P + 2PCl, |

The isotope exchange between phenyl phosphorodichloridite
and the radioactive *?PCl; at 20 °C is apparently induced by
the same factors"*®:

C4H;0PCl, -+ 2PCl,, 22 CuH,0%PCl, -+ PCl, ,

Nor can one rule out the phenomenon of autocatalysis in
reactions involving the exchange of ester groups at the
phosphorus atom. Thus aryl phosphorodi-iodites undergo
symmetrisation to triaryl phosphites and phosphorus tri-
iodide on storage, the symmetrisation reaction being acceler-
ated by the addition of PI,:"**

3 ArOPIl, — [(ArO)sP — 2Plg] — (ArO),Pl, -+ Pyl .
Ar = Cg4H;, 0-CH4CgH,, m-CH3CgH,,
Pp-CH,CsH,, 0-CICsH,, p-CICH, .

Acids and bases can also catalyse the exchange of ester
groups between neutral phosphites. In the presence of HCI
the reaction between triethyl and trimethylphosphites takes
place in 2 h at 20 °C with formation of mixed phosphites*®

HCl
(C,H;0)3P 4+ (CH30)3P 2= (CH;0),POCH; + (CH30),POC,H;

This reaction is apparently reversible because in the pres-
ence of acid reagents, for example, trifluoroacetic acid, rapid
symmetrisation of the mixed neutral phosphites is observed
at the same temperature“®. It has been suggested that HCl
protonates the oxygen of the alkoxy-group of the phosphite
with its subsequent cleavage to dialkyl phosphorochloridite,
which then interacts with another phosphite molecule to form
the exchange products®?"5,

Under the condition of base catalysis, the exchange of
ester groups between neutral phosphites proceeds under
much more severe conditions. According to NMR data, the
exchange between triethyl and tributyl phosphite is com~
pleted in 4 h at 170—180 °C:*7

C4HONa

(C,11;0),P + (C,H,0),P > (C,H;0),POC,H, 4 (C;H,0),POCeHs |

An interesting process involving the exchange of alkoxy-
groups for aryloxy-groups has been observed in the pres-
ence of alkyl halides. The exchange is accompanied by the
Arbuzov reaction, which results in the formation of mixed
esters of alkylphosphonic acids"®:*°.

The redistribution of ester groups with participation of
trialkyl phosphites, triphenyl phosphite, and phosphorous
acid takes place at 80—100 °C with formation of mixed acid
esters of phosphorous acid®’:

RO\
(CsH;0),P + (RO)3P + H;PO; —» 3 /P OH .
CsH;0

The marked acidophilic properties of both aliphatic and
aromatic neutral esters of tervalent phosphorus promote their
involvement in exchange reactions with various phosphorus
acids. Neutral phosphites interact with phosphorous acid at
20 °C to form mixtures of acid phosphites®!:

(RO)sP - H3PO; — (RO),P(O)H + ROP(O)H
on
The composition of the products of this reaction depends on
its conditions and on the ratio of the initial reactants. When
a mixture of neutral phosphites and phosphorous acid taken
in proportions of 2: 1 is heated at 100 °C for 2 h, dialkyl or
diaryl phosphites are formed as the main products®>75%:
2 (RO)sP 4 HyPO; — 3 (RO),P(O)H ;
R = CH,, C,Hs, C;Hy, C,Hy, GsHui, CeHys,
CsH:CH;, C¢H;, p-CH;3CgH,, 0-CH;CsH,,
m-CH,CsH,, p-CICsH,, 0-CICsH,
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Under the same conditions, neutral phosphites interact
also with acid phosphites, which can result in the formation
of mixed acid phosphites. This reaction is particularly
convenient for the synthesis of mixed acid phosphites con-
taining alkoxy- and aryloxy-groups®’:%¢:

SOH

RO)3;P + R'OP
®O):P +ROPL

RO\

JP(O)H + (RO)PO)H .
RO

The exchange reactions of triaryl phosphites with phos-
phorous acid are apparently reversible, because diaryl
phosphites are symmetrised on slow vacuum distillation to
triaryl phosphites. This process is accelerated in the pres-
ence of bases®’>°%:

3 (CsH;0),P (O)H -» 2 (CH;50) 4P - H PO, .

Such symmetrisation is not characteristic of dialkyl phos-
phites, but sodium dialkyl phosphorothioites undergo sym-
metrisation on heating®®:

2(RO),PSNa -> (RO)3P -+ ROP (SNa), .

When salts of dialkyl phosphites are heated, the products
of the Arbuzov rearrangement are usually formed®’, but,
when a mixture of di(s-butyl) phosphite was heated with its
sodium salt, the exchange products were obtained, which
was apparently caused by the steric hindrance to the
Arbuzov rearrangement®!:

{ -CH0)PO)H+ (s-C,Hy0),PONa
= (- CHO0)P (s C4H901|’ (O)H

ONa

It is noteworthy that in the reactiors of mixed neutral alkyl
aryl phosphites with phosphorous acid, the alkoxy-group is
more mobile®®:

C,HsO
(C,H;0) POC; H + H;PO;— SPO)H + C;HOP (O H .
CoHs0 dy

The reactions of neutral phosphites with phosphorous acid
take place stepwise. The dialkyl phosphite formed initially
interacts at a higher temperature with phosphorous acid to
form monoalkyl phosphites®2:8%;

(RO):P(O) H - H,PO; -» 2ROPO)H.
OH

Neutral phosphites esterify phosphonous acids at 20 °C
with formation of acid phosphonite esters®*:

(RO)4P +- CaHsIP(O)H - (RO)P (O)H + CaH:JT (O)H;

OH OR
R = CH;, CHs, C;H,, C,H,, iso-C,H, .

Further esterification of phosphonous acid by neutral phos-
phites takes place at a higher temperature and is complicated
by the rearrangement of the neutral phosphonite to the
phosphinate®®. Like phosphites, neutral phosphonites interact
with phosphonous acids to form acid phosphonites®®:¢7:

GsH;P(OR), + CaHslT(O)H -2 Csz,El’(O)H H

OH OR
R = CgHs, is0-CgHyq, CICH,CH, ,

Alkoxy-groups can be exchanged also between acid phos-
phites. When a mixture of symmetrical dialkyl phosphites is
heated for 15 h at 100—150 °C, asymmetric dialkyl phosphites
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are formed in yields from 30 to 70%.°%7°%® It has been demon-
strated by gas—liquid chromatography (GLC) that the
exchange takes place even at 24 °C: 8%

N
N SPOH ;

R = CH,, GHy; R’ = CyHs, CoHy, CiH,
CsHu, CeHis, CgHyr, CICH,CH,,
(CICHy),CH .
This reaction is reversible and mixed dialkyl phosphites are
gradually symmetrised during storage’®’!. The symmetrisa-
tion is accelerated on distillation”? and in the presence of
bases’®,

RO
(RO),P(O)H + (R'O),P(O)H 22 2 o

Alkylene diphosphites are symmetrised on heating’?:

RO OR
Sporop

SR OSP4+ ROWPOH .
H©)” N©O)H No”

Under the influence of the full esters of tervalent phos-
phorus acids, the acids of quinquevalent phosphorus are
also readily esterified. Thus triethyl phosphite is cleaved
by phosphoric acid with the simultaneous formation of mono-
ethyl phosphate’%:7:

o]

Ii
(G4H,0)5P + HyPO, — (CH;0)4P(O)H + C,H,0P (OH),

The esterification of phosphoric acid by trialkyl phosphites
takes place stepwise. Depending on the ratio of the initial
reactants, mono-, di-, and tri-alkyl phosphates can be
formed on heating in nitromethane’®’®. The reaction of tri-
phenyl phosphite with phosphoric acid also takes place step-
wise under the same conditions: 7778

—1 ROP(0) (OH), + (RO),P(0) H
21, (RO),P(0) OH +-2(RO),P(O)H
—*1, (RO),PO + 3 (RO),PO) H .

(RO)sP - HyPO,—

The esterification of phosphoric acid by neutral phosphites
is a complex process. The study of the mechanism of the
esterification of diethyl phosphate showed that the process
involves a stage in which the neutral phosphate is protonated
and a mixed anhydride is formed’®:

2 (RO),PHOP (0) (OC,Hy),
(RONP - (CaH:O)1P(O)OH— |22 (RO)sP—O—P(0) (OCHy)s —

H
= (RO):P(O)P(0)(OC;H), +-ROH

-

o
i
- (C2H;0);POR + (RO),PHO .

The reactions of neutral phosphites with phosphonic acids
apparently proceed in accordance with an analogous mech-
anism and here too neutral acid phosphonates can be
obtained depending on the reactant ratio®’:

O
OC,H;
) R caHECHJl{ * 4 (CHORPOH
1 OH
(CaH50)3P -+ Cal,CHyP(OH) y— o

. il
2, CoH,CH,P(OC,Hy)2 -+ 2(C;H:0),PO)H -«

The thioacids of quinquevalent phosphorus are readily
esterified by the full esters of tervalent phosphorus acids.
The reactions of trialkyl phosphites, dialkyl phosphonites,
or alkyl phosphinites with dialkyl phosphorodithioates take
place with evolution of much heat and trialkyl phosphoro-
dithioates are formed. It has been suggested that the
protonation of the tricoordinate phosphorus is an intermediate
stage81,%2:
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R
Nt
R\POR"—i—(R’”O)EPSH | r-PHZP (OR™), | - (R”0),PSR" + R\p(o)u .
R/ ! o 1 R/

Neutral phosphites and phosphonites react less vigorously
with the acid esters of phosphoromonothioic acids. The
esterification of 0,0-dialkylphosphoromonothioic acid by
trialkyl phosphites proceeds with evolution of a small amount
of heat and is completed by the formation of thiono-isomers®:

R
(R'0),PR + (R"0); POSH — (R"0),POR’ + >P(O)H
| RO

We may note that the analogous reaction of triphenyl phos-
phite with diethylphosphorothioic acid stops at the stage
involving the formation of the mixed anhydride®®:

S
i
(CsH30)4P -+ (CgH;0),POSH — (CsH;0),POP (OC,Hy), - CeH;OH

Neutral esters of tricoordinate phosphorus acids also
esterify phosphonodithioic acids and the completion of the
reaction then requires heating for 1 h at 40—50 °C: %"

S
| ,OCsHy

(CH;0):P ~+ CoHCH,P{

s
] 0CH,
> CaH;CH,P{ - (CHy0),P(O) H .
NsH NSCH,

The esters of quinquevalent phosphorus acids are much
more inert in the exchange reactions, which can be explained
by their coordination unsaturation, which hinders the forma-
tion of the intermediate reaction complex from the exchanging
reactants. A competing pathway involving the formation of
pyrophosphates occurs preferentially in the reactions of
esters of phosphorus(V) acids with phosphorochloridites
Pyrophosphoryl compounds are formed preferentially also in
the reactions of neutral phosphates with phosphoramido-
chloridates®®~®!, phosphorochlorothioates®?, thiophosphoryl
trichloride®®, and phosphorus pentoxide®. Only the reaction
of phosphorus trichloride with the chloroalkyl esters of
phosphonic acids, which may be formed when aldehydes inter-
act with PCl; in accordance with the scheme

85—88

o

1
3RCHO -} PClg - [(RCHCIO);P > RCHCIP(OCHCIR),] — =

~ RCHCIPCI, ,
1

is an exception 5797,

In contrast to triaryl phosphates®®, trialkyl phosphates®®
undergo the exchange reaction with phosphoric acid, which
is catalysed by stronger acids®®:

2(RO)sPO -+ H3PO, -~ 3 (RO),P (O)OH .

Acid catalysis can also explain the incorporation of the
radioactive *2P label into neutral phosphates on interaction
with labelled iron phosphate®®?:

200°C

(RO)sPO + Fe?2PO,- 2H,0 — (RO)2PO .

The incorporation of radioactive phosphorus has been
observed also on heating tributyl phosphate with radioactive
phosphoric acid!®!:

2 (C4H0)3PO + H; PO, 2 (C,H;0)5 2P0 -
o o

i |l
+ (C4H,0),POH + C,H,OP(OH), .
It is noteworthy that the enzyme-catalysed exchange reac-

tions of monophosphates with radioactive phosphoric acid are
faster and proceed under milder conditions!??,
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2. The Exchange of Acyloxy-Groups

O-Acyl derivatives of phosphorus acids constitute a broad
class of mixed anhydrides. Among them, acylphosphites
have been studied in greatest detail (the bibliography
includes more than 100 items!°®). It has been shown by 3!
NMR that, when acetyl diethyl phosphite is heated with the
diethylamide of ethylphenylphosphinous acid at 50 °C, a
mobile equilibrium is established between these compounds

and the exchange products®®*:
o
i H;Cy CaHs C.Hs HsCs i
NpnS . 7 N
C,H;0),POCCH; + PN 2 (CHs0)4PN -+ POCCH
(C,H;0), 3 H_r,Ca/ \CzHﬁ 57) 2 \CQH:) Hscg/ 3

When these reagents are heated at a higher temperature,
diphosphine oxide and acetic anhydride are formed. Their
formation is most probably associated with the symmetrisa-
tion and isomerisation reactions of the mixed anhydrides.
There are no data in the literature on the symmetrisation of
acyl phosphites, but the formation of pyrophosphites when
dialkyl phosphites interact with isocyanates can serve as
direct confirmation of the possibility of the occurrence of
such reactions!’®. The formation of pyrophosphorous acid
derivatives has been observed also in the reactions of acyl
phosphites with phosphorous acid triamides'*1°¢, It was
shown by NMR that under these conditions the formation of
pyrophosphoryl compounds is preceded by the exchange of
the acyloxy-group between the phosphorus compounds'®":

o]
1 /H.
GHonpotcH, + [N b 2
H< /s

3!

CH; H,C. ]
z(c,ﬂ50),PN<CHa+ ( 'C>N)ﬂ POCCH,

O-Acyl derivatives of phosphorus(V) acids readily undergo
symmetrisation as a consequence of their high reactivity.
Thus the mixed anhydride of O, O-diethylphosphoric and
trifluoroacetic acids is wholly converted into tetraethyl
pyrophosphate and trifluoroacetic acid anhydride after 24 h
at 20 °C:1%7

‘O o] O O o
.l il I
2 (C:H;0),POCCFy — (C-;HsO):Fl’OP(OQHs)rI- (CFC)0 -

Ethoxycarbonyl diethyl phosphate, which persists for
several months, is very stable!’’”. The tendency towards
analogous reactions has been noted also for O-acyl deriva-
tives of phosphoromonothioic acid*’®:

S o] s O

[ i [
2 (CaHy0),PCl + 2CF,COAg — 2 (C;H;0),POCCF; —
Ss 0

i Il
— (C,H;0),POP (OC,Hs)z + (CF30)20

The tendency of the acyloxy-derivatives of phosphorus
towards symmetrisation can be used to synthesise pyro-
phosphoryl compounds which are difficult to obtain. Thus
disubstituted pyrophosphates have been prepared by the
interaction of phosphoric acid monoesters with butyl iso-
cyanatel??:

i o

| LOCNHC,H RO of

9ROP (0) (OH); 4 2C,H,NCO —> 2[120;"/ ¢ ”] - o>l! O “/ R
\Ho H Pou

The exchange of the acyloxy-groups is promoted by acids
and is catalysed by enzymes1®~112;
oo o

I I
CH,COP (OH); + H, 3P0, 32 CH,COMP (OH); + HsPO,
i

- diphosphine oxides.
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3. The Exchange of Phosphorus-Containing Groups

The exchange of phosphorus-containing groups in pyro-
phosphoryl compounds is formally analogous to the reactions
described above. Like the acyloxy-derivatives of phos-
phorus, mixed pyrophosphoryl compounds readily undergo
symmetrisation. In many instances symmetrisation takes
place even during the preparation of the mixed anhydrides,
for example, the anhydride of O,0-diethylphosphoric and
0, 0-diethylphosphorous acids1?7115;

2(CH;0)3 P (0) C1 + 2(CoHs0)2 P(O)H + 2 (CoHy)s N —
o o
— 2(C,H:0)y ‘1‘)()]:! (OC,;Hs)a — {(Caﬂso)z P’LO + [(C,H:0):Pl, 0
Only the symmetrical anhydrides have been obtained in
the reaction of diethyl phosphite with dimethyl propylene
phosphorochloridate!!®:
o

H,
H,;C Cc—0
4 \Pc1 + (CaHs0),P (O)H + (CoH)N -
H,C C
2

CH;

H;C C—O || ||

NS Npo / \

ch/\c—o/ Mo—c H/\CH +[(GH:0): PLO -
2 2

116,117 18

The interaction of acid phosphites and phosphonites!
as well as phosphinous acids!!®1?? yith the chlorides of ter-
valent phosphorus acid in the absence of hydrogen chloride
acceptors leads to the exchange of the hydroxy-group for
chlorine and, in the presence of bases, results in the forma-
tion of mixed anhydrides, which then undergo symmetrisa-
tion121—123:

R\ /R
(CsHs0), PCL + R’/P (OH + (CHy)aN — (C;H;0), POP\R’ i

— [(CH;0)2PL; O + ( >P)
2

Symmetrical phosphorus acid anhydrides can be obtained also
directly by treating the mixed anhydrides of phosphorus
acids with the acids themselves!2*125,

We may note that the symmetrisation of the mixed
anhydrides of phosphinous and O-alkylphosphinous acids
is reversible!??:

LN
HC,” \c H,

LOCH, H

=

9C4\ /C4Ho

H,C,0. OC.H
> < 0y \POP/ 4y
HoCy CyH,

HC”  NCH,

The interaction of tetrabutyl pyrophosphite with phos-
phorous acid tris(diethylamide) leads to the formation of the
diethylamide of O, O-dibutylphosphorous acid and dibutyl
N,N,N',N'-tetraethylpyrophosphorodiamidite, which is in
tautomeric equilibrium with diphosphine monoxide!?¢:

H,C C,Hs
[(C:H:0),P1; O +( ’ ’\,N) P 2 (CH;0) PN
HG /, C

52 atls

H
(C,H,0), P—P (N/ * 5)
. -

(C,H:0); POP (\1/ C2HS)
)
+ G 2 \Csz . O‘ \C.H5

This reaction is of interest also because the exchange of the
phosphorus-containing groups proceeds with the cleavage
of not only the P—O but also the P~P bonds!?’. Instances
of the tautomeric transformation of diphosphine oxides into
anhydrides have been examined!?®. A similar preliminary
isomerisation has also been postulated in the exchange reac-
tion of diphosphine disulphides with phosphorus-acid chlo-
rides'?®. However, the exchange involving the P—P bond
can proceed also without the preliminary isomerisation of
Thus dialkyldiphenoxydiphosphine and
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dialkyl phosphorochloridite have been obtained by the reac-
tion of diphenyl phosphorochloridite with dialkoxydialkyldi-
phosphinel?®,

The exchange reactions involving the cleavage of the P—P
bond have been examined in reviews!3%:132,

4. The Exchange of Amino-Groups

Phosphorus acid amides are more reactive in exchange
reactions than their esters. The reaction of phosphorous
tris(diethylamide) with PCl; takes place almost instantane-
ously with evolution of much heat and is accompanied by the
redistribution of the substituents®:

HC HC HiC
( i ’>N) P - PCly 2 ( ”>N) PCi+  UNNPCI, |
HiC” /, C. . HiC,”

2

By altering the ratio of the initial reactants, the reaction
can be directed towards the preferential formation of phos-
phorodiamidous chlorides®337138;

2 (RaN); P + PCly 2 3 (RN),PCl ;
R=CH,, CgHs, CsH,, C4H, .
The half-life of this reaction at 20 °C is 30 s.%%” The
N,N,N' /N'-tetra-alkylphosphorodiamidous chlorides formed
react in their turn with PCl; to produce N, N-~dialkylphos-
phoramidous dichlorides®®:
HC\

By
N) PCI 4 PCl, — 2
( )2 T e

NPCI, .
Hoe”

\

Phosphorus triamides react extremely vigorously also with
PBr;, but the N,N,N', N'-tetra-alkylphosphorodiamidous
bromides formed are unstable and disproportionate to the
initial compounds even on vacuum distillation3*:

H,C H,C H,C
\N) P + PBr :( \N) PB \NpPB
(ch/ )a " e ), e

N,N,N!',N'-Tetra-alkylphosphorodiamidous chlorides,
which disproportionate to the extent of 15% with formation of
phosphorous triamides and phosphoramidous dichlorides after
storage for 1 month at 20 °C, are also relatively unstable!®®:

R R R
2( \N) PCI z( \N) P+ OSNPCL .
\R'/ 2 R'/ 3 R// 2
N,N,N',N'-Tetra-alkylphosphorodiamidous fluorides dis-
proportionate even faster and for this reason it is difficult
to isolate them in a pure form®*’:

HiC " (G ) HyC
2( 3 /N)’pF = (HEC/N}EP N

The amino-group attached to the tervalent phosphorus atom
is readily exchanged in the reactions of a wide variety of OPC
with phosphorus chlorides?”,137:241,142  The reactions of bis-
(dialkylamino)phosphorines with dichloro- and dibromo-
phosphines take place at high rates?®7:1%2:

CH;P (NR CHPHaly — 20
a Ed
ﬂ)B + 3! 2 '3 \Hal
N,N,N',N'-Tetra-alkylphosphorodiamidous chiorides react
with alkyldichlorophosphines under mild conditions!®’:

/CgHﬁ

HyCa /N
N | PCl + CHgPCl, - CHP H,
( C / )ﬂ + '3 2 3 \Cl cﬂ 5

52’

H
+ °C“\Npc1, )
J

C
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The exchange between phosphorous triamide and diethyl
phosphorochloridodithioite is rapid**!:
2H5

HC HC ¢
( ? ”\N) P - (CHsS); PCI — ( z>\r> PCI 4 (CoH;), PN
He” /, HC /, c

LRI
The N,N,N',N'-tetra-alkylphosphorodiamidous chloride formed
in this reaction reacts under the same conditions with the
excess of diethyl phosphorochloridodithioite and N, N-diethyl-
phosphoramidous dichloride is formed!*!:

HC, Gy HCy
SN PCI A (CH;S)oPCL = GH:S), PN " SNPCI,
HG” /, CoHy  HiCy

N, N-Diethylphosphoramidous dichloride can also be
obtained by the reaction of phosphorous tris(diethylamide)
with ethyl phosphorodichloridothioite®*!:

CHs
Hg,cz\l\\ HsCan. AN
N| P - 2C,H,SPCl, — SNPCI, - 2C,H;SPY H; *
. ‘)3 - 9C,H;$PCl, Hacz/wuz - 2GH:SPL C.Hs

The exchange of the amino-group for chlorine is also
observed in the interaction of the ester-amides of phos-
phorous acid with phosphorochloridites. Ethylene N,N-
diethylphosphoramidite and diethyl phosphorochloridite have
been obtained by the reaction of diethyl N,N-diethylphos-~
phoramidite with ethylene phosphorochloridite, which takes
place with spontaneous heating?’:

C—O.

Gy HC—O 3 H,
(C;H;0), PN PCl — (C,H;0), PCl 4 " (y:

HC N CiHs
N\ /
CHs  H,C—0

07 NCH,

&)

Diethyl N, N-diethylphosphoramidite interacts less vigo-
rously with phenylene phosphorochloridite. The catalytic
effect of HCI was noted in this reaction®’:

~ o Y
+ ] ” Spei -2 (c,1,0), PO+ |
o” N

S Vi

CaHly

N
(CHOLPN |

0 C,H
o -
0 C,Hs

The exchange of a nitrogen-containing functional group in
phosphoramidites and phosphonamidites for chlorine goes to
completion and the formation of only a small amount of red
condensed products, tentatively assumed to be monomers with
a P—P bond, is observed!®. However, the final product of
the reaction of ethylphenylphosphinous diethylamide with
diethyl phosphorochloridite is a compound with a P—P bond,
which is formed after the completion of the exchange reac-
tion?7:

HC C.H. H,C CoH;
TENPNC T L (CyHs0), PCI 7>[ C2>PCI + (CH;0), PN C* ) R
5 _H;Cq -

HC”  NCH Hs
o
il rll/oczgsn L CH
HHC/ ’\N/zs L C,H:Cl
56 . \
C:Hs

The amides of phosphorus(V) acids enter into exchange
reactions with phosphorus chloride under more severe con-
ditions than the analogous derivatives of tervalent phos-
phorus. Phosphoric triamides react with POCl; to form
stable complexes which withstand heating to 150 °C. At a
higher temperature they decompose with formation of phos-
phoromonoamidic dichloride and phosphorodiamidic chloride,
i.e. an exchange reaction takes place!*®!%":

H,C H,C
( : >N) PO + P(O)cnn_)[( ’ >N) po-p(O)c13}~
HyC e’ /,

3 3

H,C P ouc q

. It .

a( : >N) pcl+ >Npc1z
HC H,C

/e
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Phosphoryl bromide reacts similarly**:

( 3C\N> PO-P(0) BrSJ—>
. \Hy 3

HyC
( : \N) PO + P (0)Br; — >
. C

c

H,C7-

e 0 0
5 | H,C Il
“\NFBr ( \N) PBr
Tl e .
Phosphoric tris(dimethylamide) reacts with N,N-dimethyl-
phosphoramidic chloride!**:

| HaC.
: \N) PO
HC /,

3]

H,C H,C
+ 0 \NPC12—>2( NN
H, ¢ i H,C”

) PCl
b

It is noteworthy that the thicamides of phosphorus acids
undergo the exchange reaction under milder conditions.
Phosphorothioic tris(dimethylamide) reacts with PSCl; and
PSBr; on refluxing in toluene. The formation of a complex
was not observed in these reactions and N,N,N',N'-tetra-
methylphosphorodiamidothioic halides were obtained in high
yields*":

HC, HC 3\ |
2( ’ \NJ PSP (S Haly > 3( ° SN| PHal
Hc /, H;C

3L /g

Instead of exchange products, pyrophosphoryl compounds
and an alkyl halide are formed in the reactions of phos-
phorus(V) acid chlorides with the ester-amides of the same
acids containing at least one alkoxy-group at the phosphorus
atom®®7%2, However, in the series of aryloxyamides there is
a possibility of the exchange of the amino-groups for chlorine
and even for an aryloxy-group. When a mixture of phos-
phorous tris(diethylamide) is heated with triphenyl phosphite
for 5 days at 100 °C, complete exchange takes place with
formation of diphenyl N, N-diethylphosphoramidite in 93%
yiel@®%s: 7

H;C. C,H;
( ’>N) P L 2(CH:O); P — S(CGH50)2PN<
\HsCy 3 CH;

In the presence of an excess of phosphorous tris(diethyl-
amide), phenyl N,N,N' N'-tetra-alkylphosphorodiamidite was
obtained under the same conditions*¢:

H;C, CoHg
2( 2>N) P + (CH:O); P — 3C,H,OP (N( * 5)
H;C, 3 ~CpHs 2 "

5\
The occurrence of this reaction shows that diaryl phosphor-
amidites can undergo a reaction involving a redistribution of
the amido- and aryloxy-groups at 100 °C and above®*S.

The presence of the nitrogen atom in phosphorus acid
amides promotes the formation of complexes with proton-
donating reagents?’>'*771*% and hence the occurrence of
exchange reactions between phosphorus acids and their
amides. The exchange between phosphorous triamides and
phosphorous acid is observed even at 20 °C and at 60 °C is
completed in 1 h: %!

2(R;N)s P + HsPO3 — 3 (R,N),P(O)H ;
R=CHj;, C;Hs, C;H;, CHy .

Although the yields of this reaction are approximately 60%, it
nevertheless constitutes the most convenient method of syn-
thesis of phosphoramidites!®®!%1, On heating for 6 h at

100 °C, the exchange between phosphorous tris(diethylamide)
and di-isobutyl phosphite is observed*®?:

HiCr_ " _ s
(l—M:, /N)3P + (i50/CH4,0), P (O)H — (mo-C.H,O),PN<C.Hs )
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The analogous reaction of butyl N,N,N',N'-tetraethyl-
phosphorodiamidite with an acid phosphite stops at the stage
involving the formation of a mixed anhydride®®?:

H,r,Cg\

HCn) POC,H, -+ (CLH,0), P (O) H— SN—POP (OC,Hu); + (HiC)y NH -
&’ HeC OH,C
£t Y

50y 2 2

The interaction of tervalent phosphorus acid amides with
quinquevalent phosphorus acids is more complex. Together
with exchange reactions, pyrophosphoryl compounds are
formed and a free amine is liberated in this instance*®; by
removing the amine from the reaction mass, it is possible to
drive the reaction fully towards the formation of pyrophos-
phates and their thio-analogues®®®™15%:

X

RO HC, RO_ | A C,Hs

R>P (X)OH 4 (HE 2>N)2 PA - N >POP<N <c2na + CZH5>NH ;

CHs o i .

X=0, S; A=0C,H;, N\C,‘! -; R=CHj, C,H;; R’=C,H;, iso-C;H;, C;H, .

The reactions of phosphorus(V) acids with their amides
stop at the stage involving the formation of only pyrophos-
phoryl compounds and ammonium salts of phosphorus
acids?®®¥%7  which is apparently associated with the high
stability of these salts. In this connection it is of interest
to note that, when phosphoric acid triamides react with
carboxylic acid salts, an amino-group is exchanged for a
hydroxy-group %%,

5. The Exchange of Alkylthio- and Arylthio-Groups

As regards their chemical properties, phosphorus acid
thioesters differ significantly from their oxygen analogues.
The thioesters show a smaller tendency towards being
protonated, but their molecules are more polarisable. The
sulphur atom in the thioesters of phosphorus(III) acids is
capable of competing effectively with the phosphorus atom
in reactions with electrophiles!®®, The thiophosphoryl group
dissociates more readily than the phosphoryl group. These
features have a significant influence on reactions involving
phosphorus acid thiocesters.

The reaction of trialkyl phosphorotrithioites with PCl,
proceeds without the liberation of heat, but its completion
requires heating!®’:

(CaH,S); P + PCly — (C,H,S), PCI -+ C,HySPCl, .

Since the equilibrium in this reaction is established slowly,
the exchange products can be separated by vacuum distilla-
tion, which makes it possible to use the reaction for the
synthesis of dialkyl phosphorochloridodithioites. Thus
diethy! phosphorochloridodithioite has been obtained in 74%
yield by heating a mixture of triethyl phosphorothioite with
a stoichiometric amount of PCl; at 110—130 °C for 4 h:!*!

2(CHsS)s P + PCly, — 3 (C,H;8), PCI .

Diethyl phosphorobromidodithiocite has been obtained in 70%
yield under the same conditions by the reaction of triethyl-
phosphorotrithioite with PBr,. 1*!

With increase of electron density at the phosphorus atom in
the thioesters, the exchange of thiol groups is accelerated.
The reactions of alkyl phosphonodithioites with dichloro-
phosphines are completed in 1 h at 100 °C and constitute a
convenient method of synthesising the ester-chlorides of
alkylphosphonothious acids 61:162;
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/SR
C,HsP (SR), + GHPCly — 2C,HsP\C‘

R=C1H6: C,H-,, iW'C:Hv.
C.Hy, is0-CiH, -

However, with increase of electron density at the phos-
phorus atom, the mobility of the equilibrium also increases,
which can hinder the isolation of the reaction products by
distillation. The yield of the ester-bromides obtained by
the reaction of the full esters of alkylphosphonodithious acids
with alkyldibromophosphines is only 30—60%: 163164

SR
CoHiP (SR)y -+ GHsPBr, = 2GH;P{
~Br
R=CyH;, C3H7- CAHDr CsHyy,

iso-CsHyy, CeHsCH, .

The equilibrium involving chlorophosphines is even more
mobile. The reaction of chloroethylphenylphosphine with
trialkylphosphorotrithioites is fully reversible and the
attempts to isolate the exchange products by vacuum distil-
lations were therefore unsuccessfull*!:

HCas e bz Nps $), PC
CoPCHE ®SP - PDPSR 4 R, PCI ;

5\6 1
R-=CHg, CH;, C;H; .

A mobile equilibrium is also established in the interaction
of ethyl phosphorodichloridothioite with phosphoramidites;
according to NMR data, the reaction of ethyl phosphorodi-

" chloridothioite with phosphorous tris(diethylamide) results
in the formation of ethyl N, N-diethylphosphoramidochlorido-
thioite, but vacuum distillation led to the isolation of only
its disproportionation products'*!:

H SC,H. HiC,
2 C'>Np< B L (CHsS), PCI - ( ° ’>N) PCl .
HiCy cl HG” /,

The exchange of alkylthio~groups is observed also in the
reactions of dialkyl ethylphosphonodithioites with ethyl-
phosphonothioic dichloride®s:

S

! nb >R o acupd ™
CyHyPCl, + 2C,H,P (SR); ~ C,yHsl \SR+ G, EP\Cl H

R=C,H;, C;H, .

In contrast to their oxygen analogues, the thioesters of
phosphorus(V) acids can enter into an exchange interaction
with phosphorus halides. The exchange of the thiol group
for a halogen then proceeds smoothly only in sulphur-con-
taining compounds without an oxygen atom attached to the
phosphorus atom. The exchange between phosphinodithioates
and phosphorus chlorides proceeds under the mildest condi-
tions. In a mixture of ethyl diethylphosphinodithioate and
the ester-chloride of ethylphosphonothioic acid, the exchange
is completed in 3 h at 100 °C. However, the exchange prod-
ucts have been isolated in a low yield apparently owing to the
high mobility of the equilibrium*®¢:

S S

N SSGHs  HiCay | SGiH,
PSC,H, H;P. 2 Cl 4+ C,H;P

H_,,C,/ SC,Hs + C;Hs \C] HﬁCﬂ/ + C.Hjl \SC,H, .

An analogous reaction with chlorodiethylphosphine has
been observed on heating in a sealed tube at 140 °C, but the
separation of the exchange products by distillation proved to
be difficult!®’:

S

S
HCr ) EONSI SN N
PSC,H, PCl 2 Cl PSC,Hs
me? e e/ e, O T me
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When butyl ethylmethylphosphinodithioate was allowed to
react with butyl ethylphosphonobromidothioite, only dibutyl
ethylphosphonotrithicate was isolated (in a low yield)!®®:

S S
HC /SCH, [Hsc\ M /SC.H.] . G,
H&)lﬁscm, + GHp T [ Db ared | GHEC
S

The thiol groups are exchanged for chlorine under more
severe conditions in the interaction between the esters and
chlorides of phosphorothioic and phosphonothioic acids. The
isotope exchange between methyl phosphorodichloridodithioate
and *2PSCl, proceeds at an appreciable rate on heating to a
temperature above 150 °C and at 200 °C is 50% complete after
5 h. The isotope exchange takes place as a result of the
exchange of the methylthio-group for Cl and apparently
involves an associative mechanism"*®:

S

I CH,S——P(S) Cl,
CHSPCl, + #P(S)Cly = |
sSPCh + HPG) Gy cl b (5) €l

2 CH,S%PCl, + P (S)Cly
I
Phosphorotetrathioates react with PSCl; under the same
conditions. Dialkyl phosphorochloridotrithioates have been
obtained in 60—70% yield from trialkyl phosphorotetrathioates
after 4 h at 180-200 °C: *®°

24RS)s PS + P (S)Cls — 3 (RS),P(5)Cl ;
R:CHIh C5H5, CaH'l, CAHBc C5H13 .

This reaction always results in the formation also of small
amounts of alkyl phosphorodichloridodithioates, which become
the main reaction products when an excess of thiophosphoryl
chloride is used. Triphenyl phosphorotetrathioate has been
converted into phenyl phosphorodichloridodithioate by an
analogous procedurel®®17%:
s
(RS)s PS + 2P (S) Clg — 3Rsxyc1, 5
R=CHj, CyH;, CsHz, CyHy, CoHys,
CqHs, CgHyCH, -

Dialkyl phosphorochloridotrithioates react with PSCli; under
the same conditions to form phosphorodichloridodithicates?”®:

S s
1 i
(RS), PCI -+ P (S) Cly - 2RSPCI, .

Like the phosphorotetrathioates, phosphonotrithioates
react with alkyl- or aryl-phosphonothioic dichlorides, but
the completion of the reaction requires in this case heating
for ~12 h at 180—200 °C:'7?

’

RP (SR'); + RPCl, — 2RPL SR
TN T T N

S
R=CHj;, CeH;CH,; R'=C,H;, C;Hy, CeHys .

Thioesters of phosphorus acids containing an oxygen atom
attached to the phosphorus atom form as a rule pyrophos-
phoryl compounds and not exchange products in the reaction
with phosphorus chlorides. The exchange products have
been obtained only from certain phosphorodichloridothioates
and PSCl,:1737178

CH;SPCl, + P (8) Cly — C,HsSPCl, + P(O)Cly
I I

cﬁﬂsoxacxx + P(S)Cly — c,HsspIm, + P(O)Cl; .
i
s

The thioesters of phosphorus acids also enter into a reac-
tion with thioanhydrides in which the thiol groups are
redistributed. When a mixture of phosphorotetrathioates is
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heated with P,S;, at 150 °C, an equilibrium is established
between the initial compounds and the redistribution prod-
ucts!??:

2(RS); PS + P,S1o = 3 (RSPSg);

A redistribution of alkylthio-groups is observed also in the
interaction between unlike trialkyl phosphorotrithioites, the
reaction being accelerated by HC1. Heating of a mixture of
trimethyl and tributyl phosphorotrithioites in the presence
of traces of HCI leads to rapid exchange of the alkylthio-
groups’®?:

(CHS)s P + (CHiS): P —3 (CH,$), PSC,Hy + (CiHeS), PSCH, .

However, phosphorotrithioites and phosphonodithioites are
not quite so highly acidophilic as their oxygen analogues
and instances of the exchange of thiol groups between phos-
phorus thioesters and acids have not been described in the
literature. It is only known that the acid phosphorus thio-
esters readily disproportionate. Thus S, S-dialkyl phos-
phorodithioites disproportionate even at room temperature or
on slight heating into trialkyl phosphorotrithioites and
S-alkyl phosphorothioites78~18%;

O)H
2(RS)sP(O)H 2 (RS)sP + Rsp<OH .

The monothiol esters of phosphorus acids are unstable in a
free state and decompose with liberation of a thiol and phos-
phorus compounds!®-182,

6. The Exchange of Hydrocarbon Groups

The phosphorus—carbon bond is very strong. Until
recently, it was believed that reactions accompanied by the
cleavage of the P—C bond are rather anomalous in phosphorus
chemistry!®® and that radioactive phosphorus attached to a
carbon atom is not involved in isotope exchange®. However,
careful studies have been carried out recently on a series of
OPC with a P—C bond and resulted in the discovery of a
number of new reactions involving the cleavage of the P—C
bond"?®s18%71%0 gand indicating the possibility of the exchange
of organic substituents between phosphorus compounds.

The conversion of dichlorophenylphosphine into chloro-
diphenylphosphine has been known since the previous
century %:

2C,HPCl, = B pey + PCl
{] 8 €~ HBQ/ '3 .

In the absence of a catalyst, this reaction takes place at
300 °C under pressure '*! or on pyrolysis in a quartz tube
Under the catalytic influence of AlCl;, the reaction is com-
pleted faster at & lower temperature and in the absence of
pressure’®. Zinc chloride, tin tetrachloride, slightly
moistened AlCl;, and other transition metal chlorides have
also been proposed as catalysts of the symmetrisation of
aryldichlorophosphines to diarylchlorophosphines!®*™2%6;

192

2arPCl, —22» ArBCl + PO
Ar=CoHs, 0-CIG,H,, n-CICqH, .

We may note that benzyldihalogenophosphines dispropor-
tionate to dibenzylhalogenophosphines more specifically in
the absence of catalysts and that this process is apparently
reversible, since the removal of phosphorus trihalide from
the reaction sphere is accompanied by an increase of the
yield of the dibenzylhalogenophosphine’®’:

2C,H;CHyPHal, — (CeH;CH,), PHal -+ PHal; .
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It was found that AICl, catalyses also the reverse reaction
involving the redistribution of phenyl groups between the
phosphorus compounds; thus ethylenebisdichlorophosphine
has been obtained by the reaction of ethylenebisdiphenyl-
phosphine with PCl; in the presence of AICl, in a closed
system at 280 °C:1%®

AICI
(CeHs); PCH,CH,P (CsHy)g + 2PCly ———— CI,PCH,CH,PCls .

The interaction of phosphines with phosphorus chlorides is
a complex process. In the initial stage of the reaction, the
C—P bond is not involved and adducts are formed which
undergo various reactions depending on the conditions. In
the reactions of tertiary phosphines with phosphorus(V)
chlorides under mild conditions, dichlorophosphoranes and
polymeric products are formed®®*~2°%; on further heating to
180—200 °C, the initial tertiary phosphines and phosphorus
chlorides are reformed?’*2°S, Heating of the same reactants
at still higher temperatures (220-260 °C) is accompanied by
the cleavage of the C—P bond and the exchange of the hydro-
carbon groups for CI: 2%

{CHy)s P 4 PCly — (CgHy). PCI 4 C,HPCly o

The complete conversion of trialkylphosphines into alkyl-
dichlorophosphines requires heating to 280—350 °C and the
use of an excess of PCl,: 2%®

(CiHo)s P - 2PCls — 3C,H,PCl, .

Tertiary phosphines interact with PBr, under similar
conditions, which leads to the formation of dibromophos-
phines?°7;

(CeHs)s P -+ 2PBrg — 3C,HsPBr, «

The interaction of primary and secondary phosphines with
PCl; under conditions where the mixture is cooled or slightly
heated also does not involve the phosphorus—carbon bond2°®~
219 but at a higher temperature (~200 °C and above) the
phosphorus—carbon bond is ruptured. This has been con-
firmed by the isotope exchange between alkyl- or aryl-
dichlorophosphines and 3*?PCl, at 200—250 °C:*%,2%!

RPCl, + #PCly 2 R®PCl, + PCly .

The reaction is bimolecular, which indicates an associative
mechanism, and proceeds at a fairly high rate; at 250 °C
the degree of exchange reaches 50% after 5 h.
Isotope exchange has been observed also for phosphono-
thioic dichlorides?!:
S S

f |
C4H;CH,PCl, + %2PCl; 2 CgH;CHa®PCl; + PCls .

It is noteworthy that phosphonothioic dichlorides are
involved in isotope exchange also with the radioactive
32PSCl, under the same conditions?!:

S S
il !
CeHsCH,PCly + P (S) Cl; — CyH;CH,3*PCly 4 P (S)Cly -

The oxygen analogues do not enter into a similar reaction
apparently because the formation of an intermediate complex .
is difficult for compounds of tetracoordinate phosphorus.

The exception, which is observed for phosphonothioic
dichlorides, can be accounted for by the fact that on heating
they are capable of dissociating into sulphur and tricoor-
dinate dichlorophosphines, which readily enter into an
exchange reaction with PCl; or PSCl,. This reaction consti-
tutes a convenient method for the introduction of the radio-
active 3?P label into pesticidal OPC. 212

The exchange of hydrocarbon groups with phosphoryl
chloride is also not observed in the series of oxygen-contain-
ing compounds of tetracoordinate phosphorus. Tertiary
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phosphine oxides react with POCl, to form salt-like adducts
which dissociate into the initial reactants on heating above
the melting point and undergo pyrolytic decomposition?!37216,
The exchange of phenyl groups for Cl has also not been
observed in the reaction of triphenylphosphine oxide with
PCl;, but this reaction was carried out under comparatively
mild conditions?}77219%,

The presence of a hydroxy-group in the hydrocarbon
substituent in the a-position relative to the phosphorus atom
increases significantly the lability of the phosphorus—carbon
bond1%%22°, The exchange reactions involving a series of
substituted OPC can also be facilitated in this way. Indeed
tetra(hydroxymethyl)phosphonium hydroxide reacts with PH,
under mild conditions to form tri(hydroxymethyl)phosphine®?!:

3 (HOCHy), BOH + HgP — 4 (HOCH;)gP + 3H,0 .

The high reactivity of the hydroxymethyl derivatives of
phosphorus is also manifested in the exchange reactions of
hydroxymethylphosphonium salts with tertiary phosphines,
which results in the transfer of the hydroxymethyl group
from the less nucleophilic to the more nucleophilic phosphorus
centrel®2-195;

(HOCH,), PCI + (C,Hy)gP — (HOCHy)3P -+ (C;Hy)sP—CH,OHCI™ .

The exchange of hydrocarbon groups between OPC can be
catalysed by alkali metals??®

+ -
(CsHs)4 PBr -+ (P£H£5H4)z PK — (C4Hs)s P - (p-CH3GeH,) PCeHs .

-——000---

Analysis of published data has shown that organophos-
phorus compounds can enter into numerous reactions involv-
ing the intermolecular exchange of organic substituents at
the phosphorus atom. The ability of OPC to participate in
these reactions depends significantly on the coordination
number of the phosphorus atom. Substituents bound to a
tricoordinate phosphorus atom via N, O, and S atoms
exchange most readily. The exchange of hydrocarbon groups
at the C—P bond (including those at a tricoordinate phos-
phorus atom) proceeds with much more difficulty. Com-
pounds of tetracoordinate phosphorus enter into exchange
reactions under more severe conditions than the analogous
derivatives of tricoordinate phosphorus.

There are no literature data concerning the exchange reac-
tions of organic substituents attached to dicoordinate and
pentacoordinate phosphorus atoms. Nor have there been any
communications about the exchange of substituents bound to
phosphorus via heteroatoms such as Se and Si. The exchange
reactions of phosphorus isotopes, which are of interest from
both practical and theoretical points of view, have been little
studied.

It has been shown that the exchange reactions of organic
substituents attached to the phosphorus atom can be greatly
influenced by acid and basic catalysts; however, the role of
the catalysis has been studied thoroughly only in reactions
involving compounds of tricoordinate phosphorus*!:*5:160,226,227

Study of the mechanisms of reactions involving the inter-
molecular exchange of organic substituents attached to the
phosphorus atom show that these reactions proceed via stages
in which intermediates are produced®%:’®, The formation of
an unstable intermediate has been established by 3P NMR in
reactions involving compounds of both tricoordinate??® and
tetracoordinate??® phosphorus. Further development of this
branch of the chemistry of OPC will be associated with a more
profound study of the mechanisms and characteristic features
of the exchange reactions.
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