1042

Translated from Uspekhi Khimii, 55, 1834-1853 (1986)

Russian Chemical Reviews, 55 (11), 1986

U.D.C. 547:241

Methods of Synthesis of Arylphosphonic and Arylphosphonothioic Acids

and Their Derivatives

K.A.Petrov, V.M.Chizhov, V.P.Pokatun, and S.V.Agafonov

A systematic account is given of data on the synthesis of arylphosphonic and arylphosphonothioic acids and their derivatives by
the addition of oxygen or sulphur to arylphosphonous acids, their esters, amides, and dihalides, by treating phosphory!
chloride, dialky! phosphorochloridates, and phosphorodiamidic chlorides with aryl-substituted organometailic compounds, by
the reaction of benzene and its derivatives containing various substituents in the ring with phosphorus pentoxide, phosphorus
sulphide halides, phosphorus sulphides, and esters of phosphorous and phosphorothious acids, and by other less familiar
methods. The methods of synthesis of aryldihalogenophosphines, which are important intermediates in the synthesis of

arylphosphonic acids and their derivatives, are described.
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I. INTRODUCTION

By virtue of the wide variety of their properties due to
the presence of two reaction centres, namely the aromatic
ring and the phosphono-group, and also as a consequence
of the various aspects of their possible practical applica-
tions which have been discovered, aryl phosphonic acids
and their derivatives have been the subject of numerous
investigations. At present there exist extensive data
on this question in both Soviet and foreign literature, but
there have been no surveys with the exception of two
published in 1957—1958 in which the data accumulated were
only partly utilised.’»?> This review deals with data on the
methods of synthesis of arylphosphonic and arylphosphono-
thioic acids and their derivatives which have been published
up to the middle of 1984.

I1. METHODS OF SYNTHESIS OF ARYLPHOSPHONIC ACIDS
AND THEIR DERIVATIVES

Arylphosphonic acids and their derivatives are obtained by
various procedures which can be divided into two groups.
The first group includes methods based on the oxidation of
arylphosphonous acids and their derivatives and the second
includes methods which lead to the formation of a phospho-
rus—carbon bond.

1. Oxidation of Arylphosphonous Acids and Their Derivatives

Apart from the oxidation of arylphosphonous acids and
their salts, esters, amides, and chlorides, this Section also
includes the reactions of a-chlorocarbonyl compounds with
arylphosphonites. Arylphosphonous acids and their salts,
esters, and amides are oxidised by oxygen,’ > hydrogen
peroxide,* manganese dioxide,’ calomel,® nitric acid,®*°
and chlorine!!»!? to phosphonic acids and their derivatives.
The reaction of the esters and ester imides of arylphos-
phonous acids with chloral leads to derivatives of arylphos-
phonic acids containing the dichlorovinyl group in the ester
moiety in yields up to 79.5%:1371°

RIC,H,P (OR?) (XR?) + OCHCCl, — RICiH, (O) P (OCH=CCl,) XR® ;
Ri=H, Cl; R2=C,-C,alkyl, {(CH,CH,0),CH,; X=0, NCH, .

Various derivatives of chloroacetoacetic acid react similarly
with arylphosphonites:®

RIC,H,P (OR), + R*C(0) CHCICOOC,H, —
- RIC,H, (0) P (OCR*=CHCOOC,H,) OR® ;
R!=H, CH,, C,H;, N(CHy), N (CH,)GH,, NO,; R? = C,-C, alkyl.

Aryldihalogenophosphines are oxidised by oxygen,*’"1°

chlorine or bromine in t-butyl alcohol,?’ chlorine with sub-
sequent treatment of the reaction mixture with sulphur
dioxide,*!~%® acetals?” or ketones,?® chlorine in the presence
of phosphorus pentoxide,?®”3! and sulphuryl chloride?®®2~35
with formation of arylphosphonic acid dichlorides in yields
of 70—98%. Aryl dihalogenophosphines in the form of
aluminium chloride complexes can be used in the oxidation
reaction. In certain cases the oxidised complex is esterified
with an excess of alecohol and then subjected to acid hydro-
lysis.?*"%’

The dichloride of phenylphosphonic acid is obtained also
by the reaction of the thioanhydride of phenylphosphono-
thious acid with sulphuryl chloride*® or by the successive
treatment of phenylphosphonothioic dichloride (and also its
mixture with phenylphosphonic acid) with chlorine and
sulphur dioxide.**"®

2. Methods of Synthesis of Aryldihalogenophosphines

All the derivatives of arylphosphorous acids enumerated
in the previous Section are usually obtained from aryldihalo-
genophosphines,’ the main methods of synthesis of which are
considered in this Section.

(a) Arylation of Phosphorus Halides by Aromatic Hydro-
carbons

At a temperature above 550 °C benzene interacts with
phosphorus pentachloride, the degree of conversion of
which into dichlorophenylphosphine for a phosphorus penta-
chloride : benzene molar ratio of 1: 14 reaches 8%.!° Dichloro-
phenyl- and dichlorotolyl-phosphines are formed when ben-
zene or toluene interacts with phosphorus trichloride at
500—600 °C.**~52  The yield of dichlorophosphines reaches
70—99% when the reaction is carried out in the presence of
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catalysts: oxygen,®® alkyl halides,™ phosgene,®® or zeo-
lites.**”%®  When anhydrous aluminium chloride is used as
the catalyst, the phosphorylation temperature is reduced to
60—80°C. Aryl dichlorophosphines with a small admixture
of diarylchlorophosphines are obtained in the form of com-

plexes with aluminium chloride:3,%%-5!

ArH+PCl,+AICl—ArPCl,- AICL,+ HCI .

Equimolar ratios of the aromatic hydrocarbon and aluminium
chloride are usually employed with a not less than a three-
fold excess of phosphorus trichloride, because otherwise
the amount of the diarylchlorophosphine impurity increases
sharply. The reaction time varies from 1 to 8 h. After
more prolonged refluxing (36 and more hours), the content
of diarylchlorophosphines rises to 30% and more.*®

Aryldichlorophosphines are isolated from the complex by
treatment with phosphoryl chloride,?-%27%* pyridine ,*%:%¢
phosphoric acid, tri(2-chloroethyl)phosphate,®’ ¢° ethers
and esters, ketones,’® or the calculated amount of water.®*7!
After the decomposition of the complex, the aryldichlorophos-
phine is extracted with benzene,®” petroleum ether,®:%*72 or
phosphorus trichloride®®”? and is isolated by distillation.

The method is convenient in laboratory practice and has
been tested on an experimental apparatus in the synthesis
of dichlorophenyl- or dichloro-4-tolyl-phosphines.” It
makes it possible to obtain aryldichlorophosphines containing
one or several substituents in the ring. Thus, when phos-
phorus trichloride interacts with benzene, toluene, ethyl-
benzene, xylene, 1,2-diphenylethane, and diphenylmethane,
dichlorophenyl- ,3:10,21,23,36,63=70,74=79 dichlorotolyl- ,21,40,73,
7,88 gichloroethylphenyl-,?!:4%82,81,82 §ichloroxylyl-,”"»7%:8%
81,83,6% dichloro(4-phenylethylphenyl)-,%® and 4-benzyl-
phenyldichloro-phosphines®®:#%8¢ are formed respectively.
When biphenyl and bidenzofuran are used, the corresponding
mono- and bis-dichlorophosphines are formed depending on
the reactant ratio.®.867%®

When alkylbenzenes (RCg¢Hs) are phosphorylated, the yield
of aryldichlorophosphines (RC;H,PCl;) diminishes with
increase of the length of the alkyl group from 60—89% for
R = CH; or C,H; to 33—39% for R = C,H,.>> The phos-
phorylation of monoalkylbenzenes always leads to a mixture
of isomeric dichlorophosphines. For example, dichlorotolyl-
phosphine is a mixture of the 4-, 3-, and 2-isomers in pro-
portions of 63:27:10 and dichloroethylphenylphosphine is
a mixture of the 4- and 3-isomers.*”®* The methyl groups
in the dichlorophosphine prepared from p-xylene are in
the 2- and 5-positions,?! while in the case of o-xylene the
product is dichloro- 3, 4-dimethylphenylphosphine.®* When
trifluoromethanesulphonic acid is used instead of aluminium
trichloride, the yield of dichloro-3,4-dimethylphenylphos-
phine is 33%.%° The phosphorylation of pseudocumene and
mesitylene leads to the formation of the corresponding
dichlorophosphines in 45% yield,®%*! while phosphorylation
of the symmetrical tri-t-butylbenzene gives rise to the
corresponding phosphines in 71% yield.®? Alkylbenzenes
containing a silicon atom in the side chain are phosphorylated
to aryldichlorophosphines, the yield of the mixture of 4- and
2-isomers amounting to 32—52%:°%%

Cly (CHg)pn Si (CHy)m CeH; + PCly —2% . Cl, (CH,)s—n Si (CH,)m C4H4PCly;
nm=1—3 .

Aryl halides are also phosphorylated: on being refluxed
with phosphorus trichloride and aluminium chloride, fluoro-
benzene affords dichloro-4-fluorophenylphosphine in 45 to
65% yield,2**>~% while chlorobenzene gives rise to a mixture
of the isomeric chlorophenyldichlorophosphines in yields up
to 80%,36,63,73,82,98-100 the 4-jsomer predominating.®*,7,1%!
When bromobenzene is phosphorylated, the yield of 4-bromo-
phenyldichlorophosphine varied from 14 to 51%, depending
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on the reaction conditions,?%7%7%%7 while the yield of the
2-bromoisomer is 41.5%.32 3-Chloro-4-tolyldichlorophos-
phine has been obtained from 2-chlorotoluene in 10—-15%
yield.??

After 1,2- and 1,4-dichlorobenzenes have been refluxed
for a long time with phosphorus trichloride and aluminium
chloride, the products are respectively 3,4- and 2,5-di-
chlorophenyldichlorophosphines which were identified in the
form of arylphosphonic acids; the yield of products is then
appreciably lower than in the case of chlorobenzene, while
trichlorobenzenes do not undergo the phosphorylation reac-
tion at all.®

The polyfluorobenzenes C;HF,R with R = NO; and CH,S80,
do not undergo the phosphorylation reaction, the phos-
phorylation of derivatives with R = OCH; and SCH; is
accompanied by the dissolution of the ester linkage, while
compounds with R = H, F, or CF; produce dichlorophos-
phines in yields of 37—53%.1%?

The alkyl esters or thioethers of monohydric and dihydric
phenols are phosphorylated by phosphorus trichloride in the
presence of aluminium, iron, and zinc chlorides with forma-
tion of 4-alkoxyphenyldichlorophosphines in yields not
exceeding 39%,2%7%8%193719 yhile in the presence of stannic
chloride the yield is 26—91%:197:108

R'‘R*R’C,H,+PCl—+R'R*R*C,H,PCl,
R'=H.C,~C,alkyl: R*=OR*, SCH,; R®*=1l. CH,, OCH, .

When the dimethyl ether of resorcinal was phosphorylated
in the presence of iron(III) chloride, dichloro-2,4~dimethoxy-
phenylphosphine was obtained in 27% yield,'’® when zinc
chloride in a proportion not more than 0.06 mol per mole of
the ether was used, the yield of the aryldichlorophosphine
was 69%, while in the presence of an equimolar amount of
zine chloride only tris(2,4-dimethoxyphenyl)phosphine was
formed in 14% yield.3%:30?

Diphenyl ether reacts with phosphorus trichloride and
aluminium chloride, taken in molar proportions of 1:1:0.15,
and gives rise to dichloro-4-phenoxyphenylphosphine in
13.7% yiela.*?

When 2,3-benzo-1,4-dioxan is heated with phosphorus tri-
chloride and a catalytic amount of zinc chloride, the aromatic
ring is phosphorylated in the meta-position, the yield of the
corresponding dichlorophosphine being 50%.**!

The phosphorylation of NN-dialkylanilines with phosphorus
trichloride takes place in the absence of a catalyst, the yield
of 4-NN-dialkylaminophenyldichlorophosphines amounting to
60—97%.2%:11%113  The presence of aluminium chloride reduces
the yield to 36%.%11%:113

Aryldibromophosphines are obtained by heating aryldi-
chlorophosphines with phosphorus tribromide or with gaseous
hydrogen bromide.®’

Dichlorophenylphosphine is obtained by heating a mixture
of chlorodiphenyl- or triphenylphosphine with phosphorus
trichloride to 350 °C.116:117

(b) Arylation of Phosphorus Trihalides by Organometallic
Compounds

Various aryldichlorophosphines have been synthesised by
this method from diarylmercury;®*®:"%8%% for example,
dichloro-2-tolylphosphine has been obtained in 78% yield:

Hg (CoH,R), + 2PCl, 1322239, 9R¢,H,PCl, + HeCl,
R=Hr Ci, CH:h OCH:n N (CH:;)z .
Dichlorophenyl-, dichloro-2-tolyl-, dichloro-4-tolyl-, and

dichloro-4-ethylphenyl-phosphines have been obtained by
heating phosphorus trichloride with the corresponding aryl—
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zinc bromide (yields up to 32%) and 4-bromophenyldichloro-
phosphine has been obtained in a yield of 8%.1*%2° Dichloro-
4-trifluoromethylphenylphosphine has been synthesised
analogously.?®> When tetraphenyl-lead or tetraphenyl—tin is
heated for a long time (180 h) with phosphorus trihalide,
the yield of the dihalogenophenylphosphines reaches 93%,%1,12?
while in the case where triphenyl—antimony and bismuth are
used the yield is much lower 12%12

Aryldichlorophosphines, aminoarylchlorophosphines, and
arylphosphonous acid amides have been obtained in yields
of 32—-85% by the reaction of arylmagnesium bromides with
phosphorus trichloride.!%%1257127  Qn treatment with hydro-
gen chloride, the amides of arylphosphorous acids are readily

converted into aryldichlorophosphines:*?

(RIN), PCl,_, + ArMgBr — (R'N). P (Ar) Cl._, —2%—, ArPCl, ;
R!'=CH,, C,H,: Ar=2-BrC,H,CH.C,H;, 2-, 3- or 4-FCH,,
4-R*C,F,; R*=MH, F, Cl, CF,, OCHy; n=0—2 .

o-Phenylenebis(tetramethyldiaminophosphine) has been
obtained in 84% yield by the reaction of (tetramethyldiamino)-
2-lithiophenylphosphine with chloro(tetramethyldiamino)phos-
phine; on treatment with hydrogen chloride, the product is
converted into o-phenylenebis(dichlorophosphine).'?®

Arylchlorosilanes are also used in the synthesis of dichloro-
phosphines. The reaction takes place only in the presence
of aluminium chloride, which cleaves the silicon—carbon bond
under mild conditions with formation of the corresponding
organoaluminium compounds. The latter react with phos-
phorus trichloride and afford aryldichlorophosphines in yields
Of 77_85%:130,131,132

(RaCsH;-1) mSiCli—m+mAICl, + mPCl—»mR,C,H;_,PCl,- AICl,
R=H,Cl Br,C,-Cgalkyl: n=0-5;m=1-4.

{c) Arylation of White Phosphorus by Aryl Halides

Aryl halides arylate white phosphorus at 250—-450 °C in the
presence of catalytic amounts of Lewis acids,'**~?% metal
powders (Cu, Ag, and Zn),*%!% or in the absence of a
catalyst'3®~1* with formation of a mixture of aryldihalogeno-
and diarylhalogenophosphines, with the former predominating:

3RnCaH5—-nHal+l/zp&‘*RnCsHs-analz‘{' (RucoHS~n)2PHal H
R=H, Cl, CH;; Hal=Cl, Br; n=1.2 .

When the reaction is carried out in phosphorus trihalide,
the yield of aryldihalogenophosphines increases greatly,
particularly in the presence of catalysts—sulphur, jodine,
and halogeno-compounds. Thus dichlorophenylphosphine
is obtained in 90% yield,***™**?® dibromo- 2-tolylphosphine in
50.21% yield, and dichloro-4-fluorophenylphosphine in 73%
yield.'** Dichloro-2,4,5-trichlorophenylphosphine has been
isolated in the form of a phosphonous acid in 57% yield.!*®
The interaction of 1,4-dichlorobenzene with white phosphorus
and PCl; leads to a mixture of 4-chlorophenyldichlorophos-
phine (I) and 1,4-bis(dichlorophosphino)benzene (II):

1.4-Cl,C,H, 4 /,P, + 2PCl3 — 4-CICeH,PCl, 4 1,4-(Cl,P), CeH, i
Y] (11

The main reaction products are compound (I) at 290—300 °C
and compound (II), in 38.4% yield, at 340°C. Compound (I)
is also converted into compound (II) on heating with white
phosphorus and phosphorus dichloride, the yield being
24.7%-1'66,1'07
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(d) Other Methods

Aryldichlorophosphines are obtained when complexes
synthesised from arenediazonium fluoroborates and phos-
phorus trichloride are reduced with magnesium or alumin-
ium:lb&—lSS

RC,H,N,BF; —ES, RC,H,PCIBET —Y— RCH,PCl, |
R=4-CH,, 2-C;H,CH,, 2, 3- or 4-Cl, 3-Br, 2-CH,0,
2-(4-CIC,H,S), 3- or 4-COOC,H,, 3- or 4CN: M=Mg, Al.

The reaction is exothermic, but can be readily controlled.
Arylhydrazines and their hydrochlorides give rise to
aryldichlorophosphines in 45—65% yield on refluxing with

phosphorus pentachloride in benzene:*%®
4-RCeH,NHNH, + PCl; — 4-RCH,PCl, + N, + 3HCl ;
R=CH,, C}, Br .

Dihalogenophenylphosphines are formed in 8.5—-11.5%
yields when a mixture of iodobenzene, phosphorus trihalide,
and powdered silver is irradiated with UV light.!5?

Thus aryldichlorophosphines are usually obtained by the
Friedel—-Crafts reaction, which has in fact been more
thoroughly investigated than other methods. The reac-
tion is simple to carry out, the initial rectants are readily
available, and the dichlorophosphines are obtained in
satisfactory yields. Significant disadvantages of the method
are the formation of a mixture of the 2-, 3-, and 4-isomers
of aryldichlorophosphines, which are difficult to separate,

a large amount of industrial waste, and a limited selection of
substituents in the aromatic ring.

3. Arylation of Phosphorus Trihalides by Arenediazonium
Fluoroborates

A large number of different arylphosphonic acids have
been synthesised by this method, although the first attempts
to employ arenediazonium salts for the synthesis of aryl-
phosphonic acids were unsuccessful.23110:158,15%  y4tep
arylphosphonic acids were synthesised by the reactions of
fluoroborates with phosphorus trichloride in the presence
of powdered copper bronze or univalent copper halides:

Cu or CuyCly

+ + H:O
ArN,BF_ + PCl4 —~> ArPCLBF, > ArPOsH, .

The reaction is carried out in an anhydrous organic solvent,
mainly ethyl and isopropyl acetate or dioxan, at room tem-
perature of 50—60 °C. The reactants are taken in equimolar
proportions. Phosphorus tribromide is rarely used.'®° 6%
Apart from arenediazonium fluoroborates, the diazonium
chlorozincate and fluorosilicate salts are used. It has been
noted that diazonium fluorosilicates are more stable and
more convenient to handle.’®® The required compounds are
isolated from concentrated aqueous solutions in the form of
monosodium (monopotassium’) salts of the free acids and are
purified by recrystallisation, usually from 6 N HCl. The
yields of arylphosphonic acids normally vary in the range
10—50% and rarely exceed 70%. Diarylphosphinic acids are
formed as side products in yields up to 15%.
Phenylphosphonic acid is formed from benzenediazonium
fluoroborate and phosphorus trichloride in 17% yield.!®!
3~ and 4-Tolylphosphonic acids have been prepared in
yields of 69.8 and 60% respectively’®® and all the isomers
of ethylphenylphosphonic acid have been obtained in yields
of 11-18%.2%¢  4-(B-Bromoethyl)phenylphosphonic and

+Between 2.2 and 2.5 kg of solid waste and resins are
obtained per kilogram of aryldichlorophosphine.”
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4-(t-butyl)phenylphosphonic acids have been synthesised
in yields of 36% '®” and 55% *° respectively, while 2- and
4-biphenylylphosphonic acids have been obtained in yields
of 9 and 40%.%® (2,5-Diphenyl)phenylphosphonic acid is
formed in 17% yield.!®®

Almost all the possible isomeric monohalogenophenylphos-
phonic acids, other than 3-bromo- and 4-iodo-substituted
derivatives, have been synthesised in yields of 20—60%.
They have been identified in a free state, with the exception
of the 4-fluoro-derivative, which has been isolated in the
form of the 4-toluidine salt. Iodobenzenediazonium salts
react with phosphorus halides with greater difficulty and
the yields of iodophenylphosphonic acids do not exceed
22%'161,163,169,170—17‘0

When benzene-1,3- and benzene-1,4-disdiazonium fluoro-
borates are treated with phosphorus trichloride, only one
diazo-group is phosphorylated, while the second is sub-
stituted by chlorine and partly by flucrine.’’® Di- and tri-
halogenobenzenediazonium fluoroborates react with phos-
phorus trichloride and tribromide under the same conditions
to form di- and tri-halogenophenylphosphonic acids in yields
up to 32%.26%17® The isomeric 2-chloro-5-methyl-, 3-chloro-
4-methyl~, and 4-chloro-3-methyl-phosphonic acids have also
been obtained by this method in yields of 36, 50, and 15%
respectively, 182,17

3(4)-Nitrophenyl- and 4(5)-nitro-2(3)-tolyl-phosphonic
acids are obtained by the diazo-method in yields of 37 to
55%,16%,16%,17%,177 9 Nitrophenyl- and dinitrophenyl-phos-
phonic acids could not be obtained by this method.®*'7°
The interaction of 2-nitrobenzenediazonium fluoroborate
with phosphorus trichloride is accompanied not only by the
substitution of the diazo-group by the dichlorophosphonyl
group but also by the reduction of the nitro-group to the
amino-group and by the chlorination of the aromatic ring.
2- Amino-4-chlorophenylphosphonic acid and 4,4'-dichloro-
2,2'-diphosphonoazobenzene were isolated in low yields from

the reaction mixture:'”?

BRI
2 - z S

D C1-\=< P (0) (OH), +

NO, NH,

+a-d S—nN=N—{ M-

<;\—N,BF. + PCly

AN /
O=P(OH), O=P (OH),

The catalyst is used in an equivalent amount and the
ArN,BF,: PCl; ratio is 1: 3.5. In the presence of a smaller
excess of the phosphorus halide, the yield of the arylphos-
phonic acid is appreciably reduced. Chloroaminophenyl-
phosphonic acid is isolated from its complex with a copper
salt on treatment with hydrochioric acid in a yield up to
15%.17°7181  The phosphorylation of monohalogeno-derivatives
of 2-nitrobenzenediazonium fluoroborates proceeds without
the halogenation of the aromatic ring but with reduction of
the nitro-group regardless of the position of the halogen
atom.'®? The use of reductants, for example, of powdered
iron in hydrochloric acid, makes it possible to raise the
yield of 2-amino-4-halogenophenylphosphonic acids to 33%.1%2
2-Hydroxyphenylphosphonic acid cannot be synthesised by
this method; only the products of its coupling with 4-nitro-
benzenediazonium chloride were isolated from the reaction
mixture in a small amount,”%83

Alkoxyphenyl-, benzyloxyphenyl-, 3,4-di(hydroxymethyl)-
phenyl-, and alkylthiophenyl-phosphonic acids have been
synthesised from the corresponding diazonium salts and
phosphorus trichloride in yields of 18—61% 173174184185 gng
2-phenoxyphenylphosphonic acid has been obtained in 63%
yield,1®®
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Arylphosphonic acids containing the carbonyl, sulphon-
amido-, and cyano-substituents, which are difficult to
obtain by other methods, can be synthesised by the diazo-
method in yields of 27—50%.6%,173,187

Thus 2-carboxyphenylphosphonic acid has been obtained
from the diazonium salt of anthranilic acid and phosphorus
trichloride in one stage in a yield of 37%; previously its
synthesis involved several stages.!”® The corresponding
arylphosphonic acids have been synthesised in yields of
12—44% by this procedure from arenediazonium salts con-
taining several different functional groups in the ring—one
or two halogen (F, Cl, Br) atoms and the nitro-group,i®®!7%
184,188 5 chlorine atom and the hydroxy-group*®® or the
methoxy-group,186 and the nitro and methoxy- or carboxy-
groups.'’®'’7  For example, 2-methoxy-4-nitrophenylphos-
phonic acid has been obtained in 31% yield and used to syn-
thesise 4-amino-2-hydroxyphenylphosphonic acid—the
phosphorus analogue of 4-amino-salicyclic acid.!”?

It follows from the foregoing that the diazotisation method
is simple to carry out and makes it possible to obtain aryl-
phosphonic acids with a wide range of substituents in the
aromatic ring, which are either difficult to obtain or cannot
be obtained at all by other procedures. The disadvantages of
the method include a comparatively low yield of the required
substances, which rarely exceeds 50%, and its unsuitability
for the synthesis of 2-nitro- and 2-hydroxy-phenylphos-
phonic acids as well as a number of other substituted aryl-
phosphonic acids.

4. Arylation of Phosphorus Pentoxide and Pentasulphide

Aromatic compounds with hydroxy-, awino-, nitro-, and
other groups which can undergo any kind of changes under
the conditions of the synthesis are used as arylating agents
in this procedure. The reaction is carried out in an auto-
clave at 150—225 °C using phosphorus pentasulphide and at
250—325 °C with phosphorus pentoxide, the reaction time
being 5—-25 h. The aromatic compound is taken in a large
excess. The reaction products are hydrolysed with water
to arylphosphonic acids. Thus, when anisole and phos-
phorus pentasulphide were used, 4-methoxyphenylphos-
phonic acid was obtained in 80% yield:!8°~1%

RCeH, + PX;o —-222:2 5 RC,H,P (0) OH), 5
R==H, CH,, Cl, OCH,, OC,H;; X==0, S .

The reaction proceeds with the preliminary dissociation of
one bond in the hexagonal form of the phosphorus penta-
chalcogenide and the formation of a biradical or a dipolar ion,
which then reacts with the aromatic compound to form the
polymeric anhydrides of arylphosphonic or arylphosphono-
thioic acids.’®® Treatment of the anhydrides, thioanhydrides,
and mixed thioanhydrides of the arylphosphonic acids with
sulphuryl chloride, phosphorus pentachloride, or chlorine
and then with sulphur dioxide leads to the dichlorides of
arylphosphonic acids.®%191%-1%8  Tpe jatter can also be
obtained by heating the aryl halides 4-RC H,Hal (R = H,
C,—~C, alkyl or Cl and Hal = Cl, Br) directly with phos-
phorus pentoxide and phosphorus trihalide at 200—450 °C.*°°

When tetra-aryloxysilanes and triphenyl borate react with
phosphorus pentasulphide, compounds (III) are formed and
are then hydrolysed with water to hydroxyarylphosphonic
acid in yields up to 40%:2°%,20!

o { ) ¥
r_, {[—s—p (R) CanOJ 7l s
’ d e

(RCgH,0),, Z + PS8y

(1
— 4-HO (R) CH,POH, 5
R=H, 3-CHy; n =3, Z=B; n=4, Z-Si _
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As a result of limitations in the choice of substituents in
the benzene ring and preparative difficulties, the above
procedure has not received extensive recognition.

5. Arylation of Phosphite Esters by Aryl Halides

This Section describes the methods of synthesis of neutral
esters of arylphosphonic acids with different substituents in
the ring by arylating the esters of phosphorous acids by
aromatic halides or nitro-compounds.

(a) Arylation without Initiators

4-Substituted tetrafluorophenylphosphonates have been
obtained in 25—30% yields by the prolonged (16 h) heating
(to 150 °C) in an autoclave of substituted pentafluoro-
benzenes (RC¢Fs, where R = H, CF3;, CN, NO,, or C.Fs)
and triethyl phosphite.?'?2°®  When nitro-groups are
present in the benzene ring in addition to the halogen atom,
the reaction takes place at low temperatures (60-120°C) with
retention of the nitro-group and yields of the phosphonate
up to 95%;204-208

2 2
R R0
{ —< /
R— S—CI+PORY, = R‘—<==<,——-P(OR=}, ;
\. .
NO, NO,

R'=H, CF;, Cl, CN, NO,, C,H;S0,, CH,COO; R?=H, Cl, NO,; R3 = C,-C, alkyl.

o-Dinitrobenzenes without a halogen arylate trialkyl phos-
phites in acetonitrile with formation of o-nitrophenylphos-
phonate in yields of 50-80%:209-21%

; N, . /N0,
RI=¢ SN0, P (OR)s » R= =P (0)(OR?), +R*ONO 3
e’ R

Ri=H, ArO; R®*=H; RIR®*=NHCH,CH,: R® = C,-C,alkyl.

The nitro-group in 5(6)-nitrobenzimidazole is readily
substituted by the phosphoryl group on heating with dialkyl
phosphites.?*®

(b) Arylation in the Presence of Catalysts

Various arylphosphonates have been obtained in yields up
to 90% by heating dialkyl phosphites®**~2!° or trialkyl phos-
phites??9™2%* with aryl halides in the presence of catalysts:

(R'0), PONa + R*Hal <, R*p(0) (ORY), :
R'=C,H;, CeHg R*=CH,, 4-CH,CH,, 4-NH,CH,,
2, 4, 6-(CH,); CgH,, (CHy);C,; Hal=Br, I .

The best catalysts are nickel halides, used in an amount of
0.1-20 mole %,%2°7225 and palladium chloride or acetate—0.01
0.01—0.05 mole $.22%:22° Copper bronze and copper(l) chlo-
ride give poorer results even when a threeefold excess of
the phosphite is employed,????*! while alkylation in the
presence of copper(l) iodide or copper acetate proceeds at
comparatively low temperatures (0—115°C) in a solvent, the
yield of the phosphonates reaching 85%.226,217,232-234
complex of palladium halide with triphenylphosphine is also
used as the catalyst,?'%,2!®

On heating to 250—340 °C in the presence of catalytic
amounts of iodobenzene and nickel or copper halides, tri-
phenyl phospite isomerises to dipheny! phenylphosphonate
in yields up to 90%. In the presence of iron(III) chloride,
less satisfactory results were obtained.??®
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The interaction of the sodium salts of dialkyl or diaryl
phosphites with aryl halides takes place in the presence of
copper(l) jodide or magnesium iodide. The yields of the
arylphosphonates are 54—81%:227,2%5

RiCyH,-oHal + R2OP (OR%), — RCyHsP (O) (OR%), -+ ReHal;
n=1, Ri=H, Cl, F, CH,, CyyHy, OH, OCH,, OC,H,, SCH,, COCH,,
COOCH,, COOC,H,, N (CHy),, CH;NH,, NO,, CN; n =3, Ri—H, CH,,
(CH,),C, OH, NH,, HNCOCH,, N (C,Hy),, N=NC,H, (RY N (C,Hy)s:
R*=H, R% R’=CH,, C,H;,, uso-C;H; R'=H, CH,, C,H;, NO,: Hal=C(l, Br, I.

(c) Arylation under Ultraviolet Irradiation

When a mixture of an aryl halide with a three-fivefold
excess of trimethyl or triethyl phosphite is irradiated for a
long time, dialkyl arylphosphonates are formed in a satis-
factory yield. The optimum reaction temperature ranges
from —5° to —-25°C. Aryl iodides or bromides are best as
arylating agents. The dimethyl esters of phenyl-, tolyl-,
and xylyl-phosphonic acids are obtained in yields of 50 to
100%. When triethyl phosphite is arylated, a more prolonged
irradiation is required than in the arylation of trimethyl
phosphite; with increase of the length of the group R in the
phosphites (RO;)P, the yield of aryl phosphonates is sharply
reduced. Thus when tri~isopropyl phosphite and iodoben-
zene are used, the yield of di-isopropyl phenylphosphonate
is only 26%.236-242

The reaction of dihalogenobenzenes and trimethyl phosphite
affords dimethylhalogenophenyl phosphonates, the best yields
(39-92%) having been achieved using 1,3- and 1,4-isomers
and a combination of halogens: 1 and Cl or Br; Br and F.
The side products of the reaction are phenylenediphos-
phonates, whose yield depends on the nature and positions
of the halogen atoms in the dihalogenobenzene, reaching 87%
when 1,2-bromoiodobenzene is employed and 10—39% in the
case of the 1,3- and 1,4-isomers.??*»?*® pentafluoro- and
pentachloro-pyridines interact with the lowest phosphites to
form tetrahalogenopyridylphosphonates.?*!

Various isomers of methoxy- and dimethoxy-phenylphos-
phonic acids,?®®2%%2*3 hydroxyphenylphosphonic acid,?38:24?
aminophenylphosphonic acid,?** formylphenylphosphonic
acid,?*® and ethoxycarbonylphenylphosphonic acid?*® have
been obtained by the reaction of substituted iodobenzenes
with lower trialkyl phosphites in 34—92% yields. This method
proved to be unsuitable for the synthesis of nitrophenylphos-
phonates because of the occurrence of oxidation-reduction
processes in the interaction of nitrobenzene with phosphites.?*

The sodium or potassium salts of dialkyl phosphites and
NNN'N'-tetra-alkylphosphorodiamidous acids interact with
aryl bromides or, better, iodides in liquid ammonia on
irradiation with UV light with formation of phosphonates in
87—96% yield. Without illumination, the yield of the required
compound is very low (0~—7%):2467252

RiCeH;.Hal + MOPR; — RiC;H,_.P (O)R; ;
n=1, R'=H, CH,, CF,, F, Cl, Br, I, OH, NH,, CONH,,
OCH,, COOC,H;; n==2, R'=CH,; R2=0CH,, OC,H;,,
N (CH,),; Hal=Cl, Br; M=K, Na .

Under the same conditions, 1,3-dibromo- and 1, 3-chloroiodo-
benzenes react with alkali metal salts of dialkyl phosphites,
forming preferentially the tetra-alkyl esters of 1,3-phenyl-
enebisphosphonic acids.?**2** Instead of liquid ammonia, it
is also possible to use other solvents (dimethyl sulphoxide,
dimethyl formamide, t-butyl alcohol, and acetonitrile).2%®
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6. Other Methods

In the first communication?°® on the interaction of p-qui-
nones with dialkyl phosphites in the presence of bases, it
was suggested that the reaction product has the phosphonate
structure (IV):

6] OH
Il |
+ (R°0), POH ———
R \7/ Rz \\\I/ i
o] OH
(1v)

RI=R¥=H; RIR?=(CH);; R3= C,-C,qalkyl.

In subsequent studies?®’ 2! evidence was obtained showing

that the product of this reaction is the phosphate (V):

(o] OH
i ]
RNAR wona AN
| | + ®RO)POH ——— ;
RN/ \Rs Rz/\/\RA
0 OP (0) (OR®),
V)

R1=R?=R>=R*=H, Cl; R'=R2=H; R'R¥=(CH),; R®=CH;, C,;ti; .

The interaction of dimethyl phosphite with p-benzoquinone,
which leads to the formation of a mixture of 55% of the phos-
phonate (IV, R! = R?2 = H, R® = CH;), 10% of the phosphate
(V, R* = R? =R® = H, R® = CHj), and 8% of the bisphos-
phonate [IV, R = H, R? = P(0)(OCH;),] was later
described.?®? The interaction of p-benzoquinone-bisben-
zenesulphonyl imide with lower dialkyl phosphites also leads
to a mixture of a phosphonate and a phosphoramidate whose
ratio varies with the reaction conditions.?®® 3-Hydroxyaryl-
phosphonates have been obtained in yields up to 40% by the
reaction of substituted 2-acetoxy-2-methyleyclohexa-3,5-
dienones with diethyl phosphite:2°*

o 0it

i
0CCH; iy
Cty  + (CyH50);POH—
(C3H50),(0) i .

“CHy CHj

In the study of the interaction of p-quinones with lower
trialkyl phosphites, different workers also obtained contra-
dictory data. Thus it has been claimed?®:%%° that the
products of this reaction are 2-alkoxy-5-hydroxyphenyl-
phosphonates, in other investigations?®’~2%° the products
were believed to be 4-alkoxyphenyl phosphates, while in yet
another study?’? they were said to be 4-alkoxypheny! phos-
phates with an admixture of 2,5-dihydroxyphenylphos-
phonate (up to 2%). The reaction of triethyl phosphite
with benzoquinone and hydrogen chloride in ether at ~70°C
leads to a 1:1 mixture of the phosphate and phosphonate.?’!

When aryl 4-bromophenyl sulphides or aryl 4-bromophenyl
ethers are heated with equimolar amounts of phosphorus tri-
chloride and aluminium chloride with subsequent alkaline
hydrolysis, the phosphonic acids ArXC¢H,PO;H,-4 are formed
in 75—90% yields for X = O and 12.5—67% yields for X = S
and Ar = C¢H,R*>-4; R? = CH,, F, CI, or Br.*"%*®

The electrochemical oxidation of a mixture of trialkyl phos-
phite and an 18-25-fold excess of an aromatic hydrocarbon in
acetonitrile at room temperature results in the formation of

dialkyl arylphosphonates in 14—66% yields:272727¢

(R'O), P + R:Cch-n — (R10), P(0) COHHR:! B
R!'=C,-Cjalkyl; R*=Hor C,-C,alkyl; n=1, 2.
When banzene or chlorobenzene was heated with phosphorus
trichloride and benzoyl peroxide, the dichlorides of phenyl-

and chlorophenylphosphonic acids were obtained respec-
tively.?”” The interaction of dialkyl phosphites with benzoyl
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peroxide leads to the formation of 4-carboxypheny! phos-
phonates in 55% yield.?’®»2’* In the presence of t-butyl
peroxide, dialkyl phosphites react with aromatic hydro-
carbons. After the acid hydrolysis of the reaction products,
aryl phosphoric acids are obtained in yields up to 65%:28%28!

R'C,H,R? + (R°0), POH 1S40l , R (R?) C,H,P (0) (OH); ;

1A 2) HCY

R'=H, CH,, CH,0, Br, CH,00C; R*==H, CH;; RIR*=(CH),; R*=CH,, C,H;.

In the presence of strong bases, for example, lithium
di-isopropylamide, dialkyl phenyl phosphate rearranges to
2-hydroxyphenylphosphonate in yields up to 98%.2°2 The
diethyl esters, ester-amides, and diamides of arylphosphonic
acids, containing various substituents have been synthesised
by the reaction of aryl-lithium or arylmagnesium halides
with dialkyl phosphorochloridates in yields of 5.7—65.4%
243,289-293 gnd with phosphorodiamidic chlorides in yields of
18—175.2%.2°%2%1 2 5-Dichlorophenyl (N-isopropyl)phenyl-
phosphonamidate has been obtained in 26.6% yield.?°? The
reaction is carried out in absolute ether or tetrahydrofuran:

225,

RyP (0) Cl + RICH,. ;M ~ RiP (0) CiHy R ;
R!=CH;0, C,H,;O, NHCgH;, NCsHyp: R2=H, CH,, CH,0, Cl,
Br, CHy, (CHy); SiCH,, (CHy)sSi, CHoSCHy; = 1. 2:
M==Li, MgCl, MgBr .
Bisphosphorylated siloxanes have been obtained in this way
from diphenyl phosphorochloridate in siloxanes containing
two phenylmagnesium bromide groups at different silicon
atoms:293,2910
y—

(R'0),P (0)—< T\ SiR2—O—{SiR? (CgHy) Ol,, siRg—
Ri=CgHs; RI=CHy; n=0, 4, 10, 20 .

—P (0) (ORY),

Tetraphenyl-lead or tetraphenyl—tin arylate phosphoryl
chloride on prolonged (130—180 h) heating (to 180°C) with
formation of phenylphosphonic dichloride in yields up to
58%.121’122

The diene synthesis reaction is sometimes used to obtain
the esters of arylphosphonic acids. Thus arylphosphonates
have been obtained in yields up to 68% from diethyl vinyl-
phosphonate and substituted butadienes with subsequent
dehydrogenation of the reaction products.?®®

CH,=CHP (0) (ORY), - CH,=CR2CR=CHRs — 2 _,

. S CoHyNOs, A L

- =/ 3-P(0) (ORY, —=22 R \p (0) (ORY), ;
/7 N\ / — .
R3 R‘ Rs R(

R!=C,Hs; R?, R%=H, CHj Ri=R?, CH,O .

2-Substituted dimethyl arylphosphonates are obtained from
cyclohexadiene and dimethyl chloroethynylphosphonate or
tetramethyl ethynylenediphosphonate. The reaction involves
the formation of a bicyclic phosphonate which splits off
ethylene at a high temperature and affords the ary! phos-

phonate:2%

CgHg + RC=CP(OXOCH );~5 o p(OXOCH 5)3———(911 o—RCzH,PO)OCHY);
=Gty

R

R=Cl, P(ONOCH3);

2, 5-Diphenylphenylphosphonic acid is obtained from maleic
anhydride and 3-(2,5-diphenylfuryl)phenylphosphonic acid
in 10—15% yield.'”® Dialkyl 5-acyl-2-isopropyl-4-methyl-
phenylphosphonate has been obtained by heating dialkyl

3, 3-dimethyl-1-vinylallenylphosphonate and acetylacetone
in the presence of sodium ethoxide.2*’
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111. METHODS OF SYNTHESIS OF ARYLPHOSPHONOTHIOIC
ACIDS AND THEIR DERIVATIVES

Few methods are available for the synthesis of arylphos-
phonothioic acids and their derivatives and the choice of
substituents in the aromatic ring (namely alkyl, alkoxy-,
or halogeno-groups) is limited.

The dichlorides of arylphosphonothioic acids R,Ce¢Hs_p .
.P(S)Cl; (R = C,—Cy alkyl, F, Cl, Br, or CFyand n =1
or 2) are obtained by adding sulphur to the aluminium chlo-
ride complex of an aryldichlorophosphine?®*:2°47300 or to free
aryldihalogenophosphines in the presence of catalytic amounts
of aluminium chloride?®:**! and ammonium or phosphonium
salts.’%2

Successive treatment of dichlorophenyl- or chlorophenyl-
dichlorophosphines with sulphur monochloride and sulphur
dioxide or phosphorus pentoxide yields a mixture of the

" dichlorides of the corresponding arylphosphonic and aryl-
phosphonothioic acids with the latter predominating.3°® On
heating with thiophosphoryl chloride, 4-chlorophenyldichloro-
phosphine is converted into the dichloride of 4-chlorophenyl-
phosphonothioic acid in 93.1% yield.’** The esters, amides,
and anhydrides of arylphosphonothioic acids are obtained
by adding sulphur to the corresponding derivatives of aryl-
phosphonous acids in yields up to 90% °:3%,43,104,304-306 oy 1y
oxidising the esters of arylphosphonothious acids with
hydrogen peroxide.?®® The dihalides of arylphosphono-
thioic acids are obtained in yields of 10—~79% on heating thio-
phosphoryl halide and an aromatic hydrocarbon with alumin-
ium and aluminium chloride®"’~%! or by heating an aromatic
hydrocarbon with aluminium chloride, phosphorus trihalide,
and phosphorus pentasulphide:3°%,310,312-31¢

RC,Hs - PSHal, —2<h22, Re 1P (S) Hal, ;

R=H, CH,, F, Cl; Hal=Cl, Br

When aluminium chloride is used, the PSHal;: AICl;: ArH
reactant molar ratios are 1:2-2.5:1-1.1. The side products
are the halides of diarylphosphinothioic acids and triaryl-
phosphine sulphides, whose amount increases with increase
of the reaction time as the reactant ratio is altered. Thus,
after the reactant mixture had been refluxed for 4 h, the
above two impurities were isolated in yields of 30 and 70%
(Ar = C4H,,CH,).3%318

The phosphorylation of aromatic hydrocarbons by thiophos-
phoryl halides®7~32° or by a mixture of phosphorus trihalide
and sulphur®? as well as the phosphorylation of aryl halides
by phosphorus sulphide (P,S;) *?? or mixtures of phosphorus
sulphide (P,S;,) with phosphorus trihalides!%%%?% containing
red phosphorus,®?* thiophosphoryl halides,*?® or thiophos-
phory! halides and red phosphorus®?® as additives leads to
the formation of the dihalides of arylphosphonothioic acids
RnC ¢Hs-nP(S)Hal, (R = H, C,;—C, alkyl, F,or Cl; n =1
or 2; Hal = Cl or Br). The same products have been
obtained by phosphorylating aryl halides with a mixture of
thiophosphoryl halide with white or red phosphorus®?’,*?® or
a mixture of phosphorus trihalide with phosphorus and
sulphur.®?® The yield of the products is 35—87%. All
these reactions take place at 200—450°C. The reaction tem-
perature falls following the addition of iodine, metal iodides,
and alky) iodides in an amount equivalent to 0.01-0.1% of
the weights of the reaction mass.’***?’ The phosphorylation
of toluene affords a mixture containing equal amounts of the
dihalides of 4-tolylphosphonothioic and benzylphosphono-
thioic acids.37-31°

The tetrachlorides of 1,4-arylenebis(phosphonothioic)
acids are formed in 60~66% yield when 1, 4-dichlorobenzene
is heated with phosphorus trichloride and pentasulphide or

with thiophosphoryl chloride and white phosphorus.’?%32*
327,329
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The dihalides of arylphosphonothioic acids are obtained in
30—91.2% yields when an excess of phosphorus trihalide is
heated with di- and tri-aryl phosphorothioites,?**™3*2 triaryl
phosphorotetrathioates,®*® and diaryl sulphides?®**:*** and
disulphides®®® at 250—600 °C in the presence of catalytic
amounts of halogens, halogeno-containing heterocarbons,
metal halides, or without a catalyst. The halides of diaryl-
phosphinothioic acids are formed as side products. For
example:

(RuC,H;_»S), P + PHal, > R,C,H,_,P (S) Hal, + (R.C,H,_,), P (S) Hal ;
n=l, R=CH,, (CH,),C, C,Hy: n=2, R=Hal; Hal—Cl, Br ;

(RiCyHy-n)y S + PHaly = R,CyH,_nP (S) Hal, 4 (R.C,H=",)P () Hal 5
R=CH,, C,H,, n=1-—3; Hal=F, Cl, Br .

A mixture of phosphorus trihalide with white phosphorus®3’®?®
or with thiophosphoryl halide and phosphorus sulphides (of
the type P,S,,, where n = 3, 5, 7, or 10) has been intro-
duced into the reaction with diaryl sulphides and disul-
phides.®3® The dichlorides of arylphosphonothioic acids
are also formed in 65—90% yield when phosphorus trichloride
is heated with arenethiols at 250—320°C, but this requires
the preliminary refluxing of the mixture of the initial
reactants at atmospheric pressure:®*?

R.C,H,_,SH+PCl,~R,C,H,_,P($)Cl, ;
R=H, Cl, (CH,),C: n=1—5

The thioanhydrides of arylphosphonothioic acids are
obtained in 53.2—99% yield when a tenfold excess of o-xylene,
anisole, and phenetole is heated with phosphorus pentasul-
phide??1»18%:201,341,342 oy with a mixture of phosphorus (white

or red) and sulphur:3373%5

RiCeHin + P,Syy AT (RnCaHn—np52)z H
n=1, R=CH,0, C,H;0; n=2, R=CH, .

The dihalides of arylphosphonothioic acids are formed in
73—90% yield when the thioanhydrides of arylphosphonothioic
and arylphosphonothious acids are treated with halogens and
phosphorus pentachloride.?»1%4,198

On heating with thiophosphoryl halide, phosphorus penta-
sulphide,®*5:%%7 white phosphorus, and sulphur,3*® the
dihalides of arylphosphonic acids are converted into the
dihalides of arylphosphonothioic acids.

The ester-halides of arylphosphonodithioic acids are formed
when aryldihalogenophosphines react with sulphenyl chloride

and hydrogen sulphide:393%°
ll CISCH,CH,OR
ArpHal, —2H5 . ArP(S)(SCH,CH,OR) Hal .

They are also formed when the above compounds are heated
with sulphenyl chloride in liquid sulphur dioxide or glacial
acetic acid in the absence or presence of an inert solvent
(methylene chloride or chloroform) at temperatures between
-40° and 35 °C:3%17 %

R!C;H,PCl, + R2SCI —HCCM_, puc H P (0) (SR?)CI
Rl=F, Cl; R?=alkyl, CH,CH=CH,, CH,C.H;,
CH,CH,0CH,, CH,CH,OAr .

The ester-chlorides are usually not isolated but are con-
verted into esters and ester-amides of arylphosphonothiolic
and arylphosphonodithioic acids in 70—90% yield by reactions
with alcohols, mercaptans, and amines. The simultaneous
addition of dichlorophosphine and sulphenyl chloride to an
excess of the alcohol in the solvent leads to OS-dialkyl (or
alkyl aryl) arylphosphonothiolates in 66—99% yield:**

RIC4H,PCl, + R*SCI 4+ RPOH —£€, RIC,H,P (0) (SR?) (OR?) ;
1=F, Cl; R?=C,-C;alkyl. CH;; R*=CH,, (CH,),CH .
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The diethyl esters of 2,3,5,6-tetrafluoroarylphosphono-
thioic acids are formed in 37-41% yield when pentafluoro-
benzene derivatives are heated with sodium diethyl phos-
phorothioite in tetrahydrofuran.®3®
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