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I. INTRODUCTION fleets the monobasic character of the phosphonous 

A GENERAL a c ^ s a n c* *s a D e t t e r representation of the free acids than 

The phosphonous acids (RPO2H2) are the organo- ' 0 H 0 

phosphorus members of the group of substances known / / 
as the lower acids of phosphorus. They contain one ~~ \ ~ \ 
carbon-phosphorus bond and occupy a position inter- OH H 
mediate between the phosphonic acids (RPO3H2), in * J I 

which the phosphorus is fully oxidized, and the primary The derivatives of the phosphonous acids, however, 
phosphines (RPH2), in which it is fully reduced. may be subdivided into two broad classes: derivatives 

A characteristic feature of the lower acids of phos- based on the trivalent structure (I) and derivatives 
phorus is their tendency to assume whenever possible a based on the tetravalent structure (II). Derivatives in 
form in which the phosphorus is tetravalent and to ex- which both hydroxyl groups have been replaced con-
hibit one less acidic function than might be expected. tain trivalent phosphorus, whereas derivatives in which 
The phosphonous acids also show this behavior. Of only one hydroxyl group has been replaced exhibit the 
the tautomeric structures that can be written, II re- behavior of compounds in which the phosphorus is 
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tetravalent. Their chemistry is quite different, as will 
be seen in this review. 

B. SCOPE AND LIMITATIONS OF PRESENT REVIEW 

The literature on the phosphonous acids has not pre
viously been explicitly reviewed. Surveys of work done 
prior to 1950 may be found in texts by Kosolapoff 
(175), Fox and Lockhart (81), Goddard (98), and 
Plets (272). Related topics appearing more recently in 
reviews are the phosphonic and secondary phosphinic 
acids by Kosolapoff (176), the phosphonic acids by 
Freedman and Doak (86), and the secondary and 
tertiary phosphine oxides by Berlin and Butler (36). 

The present review covers the synthesis and reactions 
of the phosphonous acids from their discovery through 
1959. Following the section dealing with the phosphon
ous acids themselves are separate sections on their acid 
chlorides, esters, thio esters, amides, and anhydrides. 
Looked at in another way, the review covers all of the 
organophosphorus compounds that contain a single 
phosphorus-carbon bond with the exception of the 
primary phosphines (RPH2), the phosphonic acids 
(RPO8Hj), and the newly discovered primary phos
phine oxides (RPOH2). 

The basic plan of this review may be briefly outlined 
as follows: Synthetic methods used to prepare the phos
phonous acids and their derivatives are described in de
tail. Syntheses in which a carbon-phosphorus bond 
is formed are described first, followed by syntheses from 
compounds which already contain a carbon-phosphorus 
bond. Syntheses in which a second carbon-phosphorus 
bond is ruptured are described last. All of the phos
phorus compounds (of which the author is aware) 
known to have been synthesized by each method have 
been included in the text or listed separately in tables, 
depending on their number. Reactions of the phosphon
ous acids and their derivatives are described only in 
general terms, but an effort has been made to provide a 
complete list of references for each reaction. The order 
of presentation follows the same rule as given above for 
the syntheses, with the added proviso that reactions 
involving no valence change of phosphorus are described 
first. 

C. NOMENCLATURE 

The nomenclature of the organophosphorus com
pounds described in this review follows in general the 
system adopted by the American Chemical Society's 
Committee on the Nomenclature of Organic Phos
phorus Compounds (7). Unfortunately, this report 
does not state whether compounds containing the 
P—OH ^ P(O)H system should be named as com
pounds of trivalent or of tetravalent phosphorus, i.e., 
whether they should be named as derivatives of phos
phonous acid, (HO)2PH, or as derivatives of phosphinic 
acid, HOP(O)H2. The author has arbitrarily selected the 

former because "phosphonous" unambiguously denotes 
a single class of substances, whereas "phosphinic" is 
more often associated with secondary organophos
phorus compounds than with primary compounds. 
However, the use of "primary phosphinic" is also con
sidered correct. 

The use of the phosphonous nomenclature should not, 
of course, be construed as a plea for the adoption of the 
trivalent form for the phosphonous acids or their de
rivatives. It is used simply to avoid ambiguity. 

II. PHOSPHONOUS ACIDS 

The phosphonous acids are monobasic acids of the 
formula RPH(O)OH. Most of the aromatic members 
are crystalline and are easily characterized by their 
melting points. The aliphatic members, however, are 
usually liquid, and since they easily undergo dispro-
portionation on heating cannot be purified by distilla
tion. Only one phosphonous acid, CsF7PH(O)OH, has a 
recorded boiling point (table 3). Many of the liquid 
phosphonous acids for which no data are given in the 
tables have been characterized instead by refractive 
index or density. 

A. SYNTHESIS OF PHOSPHONOUS ACIDS 

1. From elemental phosphorus 

(a) With acetone 

In 1864 it was reported that the distillation of acetone 
with iodine and elemental phosphorus gave an oily 
phosphonous acid believed to be 2-oxopropylphosphon-
ous acid (263). The acid formed an amorphous barium 
salt, soluble in water and insoluble in ethanol. No work 
has been done since to verify this reaction. 

(b) With olefins and oxygen 

Solutions of olefins and white phosphorus in benzene 
or petroleum ether rapidly absorb oxygen and deposit 
crystalline "phosphorates," which contain phosphorus 
and oxygen in a 2:4 ratio (258, 289, 333, 350, 351, 352). 
These, on treatment with water, are hydrolyzed to /S-
hydroxyalkylphosphonous acids (258, 351, 352). The 
intermediate esters can be isolated by salting out with 
ammonium chloride (351). 

RCH=CH, + JP4 + 20, -• RCH CH, 

O O 

P P=O 
H 
o 

2 HiO H1O 
• RCHCH2PO2H, —* R C H O H C H 2 P O J H , + H,PO, 

OP(O)(OH), 

Willstatter claimed that he had prepared an inter
mediate "phosphorite" having one less oxygen atom 
than the phosphorate, but later work has not sub
stantiated this (333). However, olefins whose phos-
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phorates are not insoluble absorb one more atom of 
oxygen, giving compounds of the formula RP2Os (333). 

Few phosphonous acids have actually been prepared 
and characterized by this method. The phosphorates 
have generally been characterized by oxidation with 
nitric acid to the phosphonic acids. 

The "phosphorates" and "phosphorites" described in 
this work are apparently identical to those prepared by 
the reaction of olefins with phosphorus trichloride and 
acetic anhydride (Section II,A,2), though the proposed 
structures are different. A new polymeric structure has 
recently been proposed (333). 

2. From phosphorus trichloride, olefins, and 
acetic anhydride 

Olefins react with phosphorus trichloride and acetic 
anhydride giving crystalline "phosphorites," which are 
converted to a,/3-unsaturated phosphonous acids on 
hydrolysis (320, 321). Overall yields are in the order of 
50-60 per cent. 

RCH=CH, + 2PCl, + 3(CH5CO)2O - RCH CH1 

i o4 
W 

2H,0 
• RCH=CHPO2H, + H.PO, 

If oxygen or air is passed into the reaction mixture the 
phosphorite redissolves and is oxidized to a "phospho
rate," but the product of hydrolysis is the same phos
phonous acid. In this case the by-product is phosphoric 
acid. Both intermediates react with alcohols, giving es
ter derivatives which still contain two phosphorus atoms 
(320, 321). 

These "phosphorites" and "phosphorates" are ap
parently the same intermediates as those obtained in 
the reaction of elemental phosphorus with olefins (Sec
tion H1A1I), though the structures given are different. 

The corresponding <*,/3-unsaturated phosphonous di-
chlorides (RCH=CHPCl2) can be prepared by a dif
ferent method (Section III,A,9). 

S. From hypophosphorous acid or its salts 

(a) With olefins 

Sodium hypophosphite adds to olefins in the presence 
of free-radical initiators, giving sodium salts of phos
phonous acids (316, 325). Initiators that have been used 
are di-<ert-butyl peroxide and 2,2-bis(terf-butylperoxy)-
butane (325). 

RCH=CH, + H2P(O)ONa -* RCH2CH2PH(O)ONa 

Products of this type have been prepared from 1-hex-
ene, 1-octene, 1-tetradecene, diallyl sulfide, and divinyl 
sulfide (325). The yields from the first two were quanti
tative. 

Hydroxy-substituted olefins, such as 3-buten-l-ol or 
methallyl alcohol, yield phosphonous acids which can be 

dehydrated on heating to cyclic esters called phostones 
(316). 

(b) With secondary or tertiary alcohols 

Hypophosphorous acid reacts with certain secondary 
and tertiary alcohols to give phosphonous acids (78, 
79, 111, 323). The mechanism of this reaction is not 
clear. The reaction may proceed through the isomeriza-
tion of an initially formed hypophosphite ester, but the 
presence of triphenylmethyl chloride as a by-product in 
the reaction of hypophosphorous acid with triphenyl-
carbinol makes a carbonium-ion mechanism more 
likely (111). The overall reaction is written as follows: 

(C,H6),COH + H2P(O)OH -+ (C,H6),CPH(0)OH + H1O 

Substantial amounts of the corresponding hydro
carbons may also be formed, depending on the reaction 
conditions (78, 79). 

The phosphonous acids that have been prepared by 
this method are (C6Hs)3CPO2H2, m.p. 245-2480C, from 
triphenylcarbinol (78, 111, 323), and [p-(CH,),NC«H4]»-
CHPO2H2, m.p. 9O0C, from Michler's hydrol (78). A 
crystalline phosphonous acid was also prepared from 
1,2,7,8-dibenzoxanthol and hypophosphorous acid (79). 

(c) With carbonyl compounds 

Crystalline hypophosphorous acid adds to aldehydes 
or ketones when the reactants are heated together on 
the water bath for prolonged periods of time, forming 
a-hydroxyalkylphosphonous acids: 

RR'CO + H2P(O)OH -» RR'C(0H)PH(0)0H 

Since the products still contain a replaceable hydrogen 
attached to phosphorus, care must be taken to prevent 
further reaction with the aldehyde or ketone. This is 
done by keeping the hypophosphorous acid in excess 
(328). This precaution is not necessary with ketones 
higher than acetone, since they do not form disubstitu-
tion products (213, 214). 

A list of the compounds that have been prepared by 
this method is given in table 1. 

(d) With Schiff bases 

Hypophosphorous acid adds to the C=N bond in 
Schiff bases in a manner similar to the reaction with 
carbonyl compounds described above. In practice it is 
not necessary to prepare and isolate the Schiff base; a 
mixture of hypophosphorous acid, an amine, and a car
bonyl compound (often used in excess as the solvent) is 
heated for a few hours on a water bath, and the product 
usually separates in crystalline form. Only primary 
amines undergo this reaction. 

CH1 NHR 

(CHa)2CO + H1P(O)OH + RNH1 -» C 

CH, PH(O)OH 
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TABLE 1 

Phosphonous acids prepared from carbonyl compounds 

Phosphonous Acid 

(HOCHiPO.H).Ca 
CH.CHOHPO.H, 
iso-CH.CHOHPO,H, 
n-C.H11CHOHPO.H1 

<^ NcHOHPO.HNa. 

C.H.CHOHPO.Hi 
4-iso-CHtCHtCHOHPO.H. 
1,3-CHi(CHOHPO1HNa),.. 
2-HOC.H4CHOHPO.H) 
Camphor-3-CHOHPO.HNa. 

( C H I ) 1 C O H P O I H . 
CiH,(CH»)COHPOiHi 
( C H I ) . C O H P O J H J 

C I H 7 ( C H I ) C O H P O I H I 
C.Hi(CHi)C0HP0.Hj 
( C H O 1 C O H P O J H . 

C I H I C O H P O 1 H . 

I 
C.H.CH. 
C.H.COHPO.H. 

I 
C.H.CHOH 
4-BrCH4COHPOjH. 

I 
4-BrCH(CHOH 
2-CHiOCH.COHPO.H. 

I 
2-CHiOCHtCH. 
3-CHiOCH.COHPO.Hi. . . . 

I 
3-CH.0CH.CH0H 

* No melting point given. 

Carbonyl Compound 

Trioxymethylene 
Acetaldebyde 
Isovaleraldehyde 
Enanthaldehyde 

1,2,5,6-TetrahydrobeniaIdehyde 

Benialdebyde 
Cumaldehyde 
Isophthalaldehyde 
Salicylaldebyde 
(Hydroxymethylene)camphor 

Aoetone 
Ethyl methyl ketone 
Diethyl ketone 
2-Butanone 
Acetophenone 
Bensophenone 
Deoxybensoin 

Benioin or bensil 

4,4'-Dibromobeniil 

o-Anlsoin, o-anlsil, or o-deoxyanlsoin 

m-Anisil 

Yield 

per c$nl 

71 

68 

61 

Melting 
Point 

"C. 

Crystalline* 

55-67 

236 (d.) 

108 
105 
Crystalline* 

Crystalline* 

52 

85 
150-161 
135-137 

150 (d.) 

126 (d.) 

180 (d.) 

References 

(315) 
(212, 329) 
(212, 329) 
(114, 329) 

(301) 

(114, 217, 328, 329, 330) 
(329) 
(114) 
(329) 
(114) 

(208, 209, 217) 
(213, 217) 
(216, 217) 
(214, 217) 
(216, 217) 
(214, 217) 
(274) 

(274) 

(274) 

(274) 

(274) 

Reactions of this type are listed in table 2. The react-
ants are listed instead of the products because of the 
complexity of many of the amines employed. Those 
amines noted more for their physiological activity than 
for their chemical behavior have been given their trivial 
names. 

4- From phosphonous dichlorides 

Phosphonous dichlorides are readily hydrolyzed to 
phosphonous acids. Uusually dropwise addition to 
water followed by refluxing for a few minutes is suf
ficient. 

RPCl, + 2H8O RPH(O)OH + 2HCl 

Concentrated hydrochloric acid has also been recom
mended (335). For compounds which suffer scission of 
the carbon-phosphorus bond in acid solution, such as 
triphenylmethylphosphonous dichloride (111) and p-
dimethylaminophenylphosphonous dichloride (33, 40, 
290, 307), aqueous alkali may be used. Perfiuorinated 
alkylphosphonous dichlorides suffer scission of the 
carbon-phosphorus bond in alkaline solution but can be 
hydrolyzed with water (35, 73, 74). 

While seemingly straightforward, the hydrolysis of 
phosphonous dichlorides with water does not proceed 
entirely in accordance with the equation above. The 

phosphonous acids, themselves odorless, are contami
nated by an intense phosphine-like odor, and the yields 
(none given for any of the compounds in table 3) are 
less than quantitative. 

Hydrolysis with ethanol and water, though men
tioned in the early literature (169, 251), has been little 
used until recently (71, 180). The products obtained by 
this method are odorless and the yields are improved. 
The method is made possible by the ease of hydrolysis 
of the partial esters initially formed in the reaction. 

RPH(O)OC1Hi + CH5Cl + HCl 
HCl 

RPH(O)OH + CtHtOH 

RPCl, + 2C1H5OH -> 

RPH(O)OCH5 + H,0 

The phosphonous acids prepared from phosphonous di
chlorides by hydrolysis are given in table 3. 

5. From phosphonous esters 

The first ester group in phosphonous diesters is 
cleaved by a trace of mineral acid, but the second ester 
group is much more resistant to hydrolysis (305). 
Phosphonous acids may be prepared from phosphonous 
diesters or phosphonous monoesters by hydrolysis with 
concentrated acid or base (193, 305). For a resume* of 
older work on the hydrolysis of phosphonous monoesters 
see Section VIII. 

n-C.H11CHOHPO.H1
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TABLE 2 

Phosphonous acids prepared from Sckiff bases 

Phosphonous AoId Prepared from Scblff Base of 

Amine 

Aniline 
Aniline 
Bensylamlne 
Aminoguanidine carbonate 
4-NHiSO1C1HiCHiNHt 
4,4'-Diaminodiphenyl sulfone 

Propylamine 
Isohexylamine 
Cyelohexylamine 
Stearylamine 
Aniline 
Bemylamine 
A'.iV-Diethyl-p-phenylenediamrae 
.Af.iV-Diethyl-p-pheaylenediamine 
iV.AT-Diethyl-p-phenylenediamine 
iV-Ethyl-JV-^-hydroxyethylJ-p-pbenylenediamlne 
p-Phenetidine 
p-Phenetidine 
p-Diethylamino-o-phenetidine 
p-Aminophenol 
p-Aminoacetanilide 
p-Aminoacetanilide 
4-Amino-2-chloroacetanilide 
p-Aminophenyl-1-pyrrolldine 
Aminoguanidine carbonate 
Fhenylhydraiine 
Amino&ntipyrine 
p-Aminobenienesulfonamide 
4 - N H I S O I C . H . C H I N H , 
4,4'-Diaminodiphenyl sulfone 
4,4'-CHICONHCiHiSOtCiHiNHi 
Sulfapyridine 
Sulfathiazole 

Carbonyl Compound 

Paraldehyde 
Benialdehyde 
Salicylaldehyde 
Benialdehyde 
Salicylaldehyde 
Paraldehyde 

Acetone 
Acetone 
Acetone 
Acetone 
Acetone 
Aoetone 
Acetone 
Ethyl methyl ketone 
Diacetone aloohol 
Acetone 
Acetone 
Aoetophenone 
Acetone 
Acetone 
Acetone 
Ethyl methyl ketone 
Acetone 
Acetone 
Acetone 
Acetone 
Acetone 
Acetone 
Acetone 
Acetone 
Aoetone 
Acetone 
Acetone 

Yield 

per cent 

47 
56 

Good 
100 

71 

71 
03 

04 
Good 

Good 

Good 
03 

87 
Good 

86 

Melting 
Point 

"C. 

100 (d.) 
ISO 
225 
152 
190 (d.) 

227 (d.) 
217 
217 (d.) 
208 
214 (d.) 
220 (d.) 
218 
208 
210 
210 
189 (d.) 
187 (d.) 

20S 
210 (d.) 
142 fd.) 
200 (d.) 
198 
180 
105 
185 (d.) 
200 (d.) 
332 (d.) 
204 (d.) 
193 (d.) 
180 (d.) 
184 (d.) 

References 

(309, 311) 
(309, 811) 
(809) 
(311) 
(311) 
(309) 

(309, 310) 
(810) 
(309, 310) 
(810) 
(309, 310) 
(310) 
(349) 
(349) 
(349) 
(349) 
(309, 310) 
(309, 310) 
(349) 
(349) 
(309, 310) 
(309, 310) 
(309, 310) 
(349) 
(309, 310) 
(309, 310) 
(310) 
(309, 310) 
(309, 310) 
(310) 
(310) 
(310) 
(309, 310) 

6. From primary phosphines 

Phosphonous acids may be prepared from primary 
organophospbines by carefully controlled oxidation. 
More vigorous oxidants, such as nitric acid, yield only 
phosphonic acids (104, 119). In most cases air, oxygen, 
or hydrogen peroxide is sufficient. Phosphonous acids 
prepared from alkylphosphines are partially oxidized 
to the phosphonic acids during the oxidation, more so 
with nitrogen dioxide than with oxygen or 30 per cent 
hydrogen peroxide (44). Hydrogen peroxide at 80-
1000C. does not readily effect the oxidation. The use of 
acetic acid as a solvent and molybdenum oxide as a 
promoter is beneficial (44). The oxidation of alkylphos
phines with air or oxygen yields phosphoric acid, the 
phosphonous acid, and the phosphonic acid in 3:6:1 
ratio regardless of the temperature or the concentration 
of oxygen (44). 

EPH, % H1PO4 + RPH(O)OH + RP(O)(OH), 

An attempted carbylamine reaction with phenyl-
phosphine, chloroform, and alcoholic potassium hy
droxide gave instead phenylphosphonous acid (242). 
An alternative route to the direct oxidation of primary 
phosphines is halogenation to the phosphonous dihalide, 
followed by hydrolysis (Section III,A,8). 

A list of the phosphonous acids prepared by the oxi

dation of phosphines is given in table 4. 

7. From higher organophosphorus compounds 

Reactions of this type are known only in the tri-
fluoromethyl series, and are due to the ease with which 
compounds containing the CF»—P system liberate 
fluoroform on aqueous or alkaline hydrolysis. Tri-
fluoromethylphosphonous acid is obtained by the fol
lowing reactions (35, 73): 

(CF,),P + NaOH + H1O -» CF,PH(0)ONa + 2CHF, 

(CF1J1P(O)H + H,0 -> CF,PH(0)OH + CHF1 

B. REACTIONS OP PHOSPHONOUS ACIDS 

The reactions of phosphonous acids which yield de
rivatives described in detail in other sections of this re
view are not considered here. These include the reaction 
with phosphorus trichloride to form phosphonous di-
chlorides (Section III,A,5) and the reaction with alco
hols or with phosphonous diesters to form phosphonous 
monoesters (Section VIII,A,4). 

1. Disproportionation 

The phosphonous acids, in common with other 
lower acids of phosphorus containing the tautomeric 
P—OH ;=i P(O)H system, undergo a characteristic dis
proportionation reaction when heated by themselves to 
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TABLE 3 
Phosphonmw acids prepared from phosphonous dichlorides 

Phosphonous Aoid 

CFiPOiH, 
C H 1 P O J H 1 

C H T P O I H I 

CiFiPOiH, 
ISO-CIHTPOIH 1 

iso-CHiPOiHi 
iso-C.HnPOiHi 
CHuPO 1 H, 
iso-CHnPOiHi 
CH.CH.POiH. 
(CHi)iCPO.H, 
C B H I C H = C H P O 1 H , 

CHiPOiH, 

4 - C I C H . P O I H I 

4-BrC.H<P0,Hi 
2-CH.CH,POiHi 
3-CH.CH.PO.H. 
4-CHiCHiPO1H. 
3-01-4-CH1CHiPOiH, 
4 - C H . C H , P 0 , H i 
2,3-(CH,),CHiPOiHi 
2,4-(CH,),CHiPO,H, 
2 , 5 - ( C H I ) 1 C H I P O I H , 

4 - O S O - C H T ) C H I P O I H . 

2 , 4 , 5 - ( C H I ) I C H , P O I H . 

2 , 4 , 6 - ( C H I ) I C H , P O , H 

2,5(or 5,2)-CHi(i90-CHT)CHiP0,H. 
4-CHiCH 4 POiH, 
4-CHiCH,CH4PO,H 
4-CH.CH1CH1CH4PO.H1 
I-C10H7PO1H1 
2-CIOHTPOIHI 

4-CHiOCHiPOiHi 
4 - C H . 0 C H . P 0 , H , 
Dibenzofuran-3-POiHi 
Thiophene-2-PO.H. 
4-(CH,).NCH4PO.H, 
4 - ( C I H J ) 1 N C H I P C H , 

4-CH.(CHi)NCH.PO.H, . 
4 -CH.CH,(CHi)NCH,P0iHi 
2-CH.-4-(CH.).NCHiPO.H 
2-CHi-4-(CHi)iNCH,PO.H. 

Phosphonous 
Dicbloride 

CF.PC1. 
CHiPCl . 
C I H T P C I . 

CFiPCIi or C I F I P I . 
iB0-CiH7PCl. 
iso-CHiPCli 
iso-CHuPCli 
CH11PCIi 
iso-CHiiPCli 
C H I C H I P C I I 

( C H I ) I C P C I I 

C H I C H = C H P Q I 

C H I P C I I 

4 - C I C H I P C I I 

4-BrCH.PCl. 
2-CHiCH1PCl1 

3-CH1CH4PCI1 
4-CHiCHiPCli 
3 - C 1 - 4 - C H I C H I P C 1 I 

4-CH.CH«PCl, 
2 , 3 - ( C H I ) I C H I P C 1 I 

2 , 4 - ( C H I ) 1 C H I P C I . 

2 , 5 - ( C H I ) 1 C H I P C I . 

4 - ( 1 8 0 - C H T ) C H I P C I . 

2 , 4 , 5 - ( C H I ) I C H . P C 1 I 

2 , 4 , 6 - ( C H I ) I C . H I P C 1 I 

CHi(iso-CHT)CHiPCU 
4-CH.CH.PCl i 
4-CH1CH1CH4PCI1 
4-CH.CH.CH.CH4PCT. 
1-CwH7Pa. 
2-CiOH7PCl, 
4-CHiOCHiPCl, 
4 - C H . 0 C H . P C 1 , 
Dibensofuran-3-PCli 
C H i S P C 
4-(CHi)iNCH4PCli 
4 - ( C 1 H I ) 1 N C H I P C I 1 

4 - C H I ( C H I ) NCHiPCl . 
4-CH.CH.(CH,)NCH»PCli 
2-CHi-4-(CHi)iNCHiPCli 
2-CHi-4-(CHi) 1NCH.PCI. 

Yield 

per cent 

72 

Melting 
Point 

'C. 

71/0.7 mm. (b.p.) 

245-248 
74-75 
70,86 

131 
143 

104-105 
70 
63-«4 
43 
100 
CrystalHn** 

128 
147 

Crystalline* 
84 
159-167 
125-126 
138 
114-114.5 
115 
125 
70 
162 

150.5 
96 

Reference 

III sllllll 

(111) 
(335) 
(160, 180, 230, 240, 840, 

341, 342) 
(28, 234) 
(163, 234, 342, 361, 362) 
(235, 251, 342) 
(286) 
(232, 250, 251, 323, 342) 
(225) 
(235, 342) 
(236) 
(235) 
(235, 344) 
(236) 
(236) 
(236) 
(236) 
(238) 
(238) 
(238) 
(153, 342) 
(IBl, 342) 
(128, 142, 284) 
(234) 
(86) 
(304) 
(33, 40, 252, 280, 307) 
(40) 
(252) 
(252) 
(33) 
(33) 

* No melting point given. 

about 15O0C. (35, 73, 104, 169, 188, 189, 202, 228, 230, 
234, 235, 236, 238, 240, 251, 305). One mole of a primary 
phosphine is produced for every two moles of phos-
phonic acid: 

heat 
3RPH(O)OH —-> RPH, + 2RP(0)(OH)s 

Until recently it was believed that aliphatic phos-
phonous acids began to undergo disproportionation at a 
lower temperature than aromatic phosphonous acids, 
possibly as low as 6O0C. (104), but this is not the case 
(305). 

TABLE 4 
Phosphonous acids prepared from primary phosphines 

Phosphonous Acid 

n-CHnPOiH, 
n-CHnPO,Hi 
fcrf-CiiHnPO.H, 
C H I C H S P O . H I 

CHiPOiHt 
4-C H I C H I P O I H 1 

2,4,5-(CHi)iCH,PO,H,. . 
2,4,0-(CHi)ICn1PO1Hi. . 
2 - C I C H I O C H 1 P O 1 H 1 . . . . 

4 - C I C I H I O C H 1 P O , ! ! , . . . . 

2 , 4 - C I J C H I O C H 1 P O 1 H 1 . . 

2 , 4 , 5 - C I I C H 1 O C H 1 P O 1 Hi 

Primary 
Phosphine 

TI-CTHUP Hi 

n-CiHnPH. 
«er(-CiiHuPH, 
CHsCH1PHi 
C H 1 P H 1 

4 - C H I C I H I P H I 
2 , 4 , 5 - ( C H 1 ) I C H 1 P H I 

2,4,6-(CHi)ICH1PH1 

2-ClCmOCH 1 PH, 
4-ClC.HiOCH.PHi 
2,4-CIiCHiOCHiPH. 
2 , 4 , 5 - C I I C H 1 O C H I P H I 

Yield 

per cent 

77 

Melting 
Point 

'C. 

70 
104-105 

122-124 
100-101 
129-130 

References 

(338) 
(282) 
(44) 
(189) 
(84, 169, 242) 
(251) 
(236) 
(238) 
(194) 
(194) 
(194) 
(194) 

CH.CH.POiH
4-CH.CH1CH1CH4PO.H1
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When used for the synthesis of an organophosphine, 
the phosphonous acid is usually heated rapidly to 
25O0C, at which temperature the organophosphine 
distils. The phosphonous acid may be generated in situ 
by treatment of a phosphonous dihalide with ethanol, 
and converted directly to the phosphine by distilling to 
dryness (169, 188, 202, 228, 230, 246, 251). It is ad
vantageous to add sodium carbonate to trap the phos-
phonic acid, which might otherwise break down to meta-
phosphoric acid and the hydrocarbon (202). 

Kosolapoff and Powell (180) suggested, on the basis 
of molecular-weight determinations on phosphonous 
acids which showed that they were in a state of tri-
meric aggregation, that disproportionation may be the 
result of a rearrangement of the protons and oxygen 
atoms within the cyclic trimer in such a way as to 
produce the maximum concentration of oxygen at two 
of the three phosphorus atoms. 

The only known exceptions to this disproportionation 
are acids which break down in other ways at tempera
tures below the disproportionation temperature, such 
as the p-dialkylaminophenylphosphonous acids (307) 
or the a-hydroxyalkylphosphonous acids (209, 328), 
which suffer scission of the carbon-phosphorus bond. 

2. Scission of the carbon-^phosphorus bond 

Some phosphonous acids undergo scission of the 
carbon-phosphorus bond at temperatures below the 
disproportionation temperature. p-Dialkylaminophen-
ylphosphonous acids, alone among the aromatic mem
bers, break down when heated in neutral or acid solution 
as follows (207, 307): 

p-(CH8)8NC,H<P03H, + H3O ^* (CH,)3NC,H, + H1PO, 

The acids, however, are stable to alkaline or alcoholic 
solution (307). When heated by itself p-dimethylamino-
phenylphosphonous acid yields a variety of decomposi
tion products including dimethylaniline, metaphos-
phoric acid, phosphine, and elemental phosphorus 
(307). The a-hydroxyalkylphosphonous acids as a class 
undergo scission of the carbon-phosphorus bond under 
relatively mild conditions (209, 328). On stronger heat
ing, phosphine is evolved and metaphosphoric acid is 
left (328). Triphenylmethylphosphonous acid suffers 
scission of the carbon-phosphorus bond in acid solu
tion giving triphenylcarbinol, and in alcoholic sodium 
ethoxide giving triphenylmethane (111). The acid is 
stable, however, to aqueous alkali. Phosphonous acids 
containing fluoroalkyl substituents are unstable to hot 
water or aqueous alkali (34, 35, 73, 74, 195). 

S. Oxidation 

The reducing power of phosphonous acids is charac
teristic of compounds containing the P—H group. 
Phosphonous acids reduce ammoniacal silver nitrate to 
metallic silver (209, 230, 240, 328), cupric salts to metal

lic copper (209), ferric salts to ferrous (209), mercuric 
chloride to calomel (73, 74, 209, 210, 230, 240, 251, 252, 
307, 328), and sulfur dioxide to elemental sulfur (230, 
240); they react with metallic zinc and iron, evolving 
hydrogen (230, 240, 328). The phosphonous acids are 
oxidized in the process to phosphonic acids. 

Oxidant systems which have been found useful in 
preparative work are iodine/acetic acid (111), iodine/ 
sodium bicarbonate (74), mercuric chloride (210, 213, 
214, 215, 217), alkaline permanganate (111), 50 per cent 
hydrogen peroxide (74), bromine water (211, 212, 213, 
214, 215, 217), and nitric acid. The use of more dilute 
hydrogen peroxide for the synthesis of phosphonous 
acids from organophosphines was noted in Section 
II,A,6. Nitric acid has been found useful with aliphatic 
phosphonous acids because of the high stability of the 
products toward oxidation (44, 104, 233), but aromatic 
phosphonous acids may suffer nitration of the ring in 
the process (28, 251). Electrolytic oxidation has been 
attempted unsuccessfully (210). 

4- Reduction 

Phosphonous acids are not readily reduced to the 
primary phosphines. The classical reducing agents, such 
as sodium/alcohol, zinc dust/alkali, amalgamated 
zinc/hydrochloric acid, red phosphorus/iodine, etc., 
are ineffective (84). The reduction has, however, re
cently been accomplished with lithium aluminum hy
dride, phenylphosphine being obtained from phenyl-
phosphonous acid in 13 per cent yield (341). 

5. Reaction with halogens 

Phosphonous acids do not react with chlorine in the 
cold, but on warming a violent reaction takes place 
with evolution of clouds of hydrogen chloride and 
bursts of flame (230, 240, 251). The residue is a mixture 
of charcoal and phosphonic anhydride. These phe
nomena are probably the result of reaction of the chlo
rine with primary organophosphines produced from the 
phosphonous acids by disproportionation (230, 240). 

The use of bromine water for the oxidation of a phos
phonous acid has already been described (Section 
II,B,3). 

6. Condensation reactions 

The phosphonous acids contain a reactive hydrogen 
attached to phosphorus which can be replaced by alkyl 
groups in reactions similar to those used to prepare the 
acids themselves. One such reaction is the free-radical-
initiated reaction of sodium n-hexylphosphonite with 1-
hexene (325): 

C6H18PH(O)ONa + C1H8CH=CH3 -» (C«Hi8)3P(0)ONa 

Secondary phosphinic acids are also formed in the re
action of a-hydroxyalkylphosphonous acids with alde
hydes or acetone (209, 216), but not with ketones 
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higher than acetone (213, 214, 216): 

(CH,)sCOH 

(CH„)sC(OH)PH(0)OH + CH6CHO -» P(O)OH 

CH.COH 

7. Reactions not involving the phosphorus atom 

Few reactions of phosphonous acids are known which 
do not involve the phosphorus atom. p-Bromophenyl-
phosphonous acid when heated with ammonium hy
droxide and cuprous oxide in a sealed tube at 15O0C. 
gives p-aminophenylphosphonous acid, m.p. 1690C, 
in 54 per cent yield (163, 164). The yield drops to 40 
per cent if p-chlorophenylphosphonous acid is used 
(164). The hydroxy 1 groups in a-hydroxyalkylphos-
phonous acids (328) or /3-hydroxyalkylphosphonous 
acids (258) can be acetylated without affecting the acid 
groups. 

III . PHOSPHONOUS DIHALIDES 

The lower alkyl phosphonous dihalides are water-
white liquids with obnoxious odors; they rapidly de
posit amorphous yellow solids on exposure to air (80, 
158), but can be stored indefinitely in an inert atmos
phere (80). The tendency to form a yellow solid de
creases with increasing chain length. 

Phosphonous dibromides are unstable to sunlight 
(246). 

A. SYNTHESIS OF PHOSPHONOUS DIHALIDES 

/ . From aromatic hydrocarbons 

(a) With Friedel-Crafts catalysts 

The Friedel-Crafts reaction has been used exten
sively for the synthesis of organophosphorous com
pounds for over eighty years and is still one of the best 
methods for preparing the aromatic compounds. The 
catalyst usually employed is anhydrous aluminum 
chloride, though ferric chloride has been found to be 
effective with phenolic ethers (330, 331). 

RH 4- PCl8 

AlCl. 
RPCl2 + HCl 

For best results the aluminum chloride should be pres
ent in slight molar excess over the aromatic hydrocar
bon (45). The yield falls sharply if the amount of 
aluminum chloride present is less than one-third of the 
molar amount of the aromatic hydrocarbon (175, p. 
44). This, together with the stability of the complex 
formed between the aluminum chloride and the product, 
made the reaction a very inefficient one until recently; 
yields reported in all of the earlier work are low be
cause most of the product was tied up as the complex. 

This problem has been solved by the addition of 
phosphorus oxychloride to the reaction mixture at the 
end of the reaction (45, 71, 72). The phosphorus oxy
chloride forms a granular complex, AICl3-POCl3, with 

the catalyst which can easily be removed by filtration. 
With this technique 64-78 per cent yields of phosphon
ous dihalides are common (45, 46). The only known 
failure has been with naphthalene, which forms too 
stable a complex. The complexes may also be decom
posed with water (in sufficient amount to break the 
complex but not to hydrolyze the phosphonous di-
halide) (71, 72) or with pyridine (71, 91, 92). If the 
phosphonous dihalide is to be used for the synthesis of 
phosphonous or phosphonic esters, the complex may be 
decomposed with an alcohol or phenol (353) or with 
chlorine followed by an alcohol or phenol (178, 179). 

If the reaction is carried out in the presence of an 
aliphatic hydrocarbon containing a tertiary carbon 
atom, such as methylcyclohexane or isopentane, the 
phosphonous dihalide is found to be reduced to the 
primary phosphine (308). The reaction of benzene with 
phosphorus trichloride and aluminum chloride, for 
example, yields phenylphosphine when the reaction is 
carried out in the presence of methylcyclohexane. 

The use of prolonged refluxing periods as described in 
the early literature is not necessary except in the case of 
sluggishly reacting compounds, such as the halogenated 
aromatic hydrocarbons, and may lead to the production 
of substantial amounts of phosphinous halides as by
products. With aromatic hydrocarbons containing 
several alkyl substituents the diaryl compounds con
stitute the major (235, 236) or only (82) reaction prod
ucts. In one case a triarylphosphine was found (252). 

A serious disadvantage of the Friedel-Crafts method 
is that mixtures of isomers are often obtained. For 
example, In toluene the o:m:p orientation of substitu
tion was found to be 10:27:63 (177). Another disad
vantage is the well-known tendency of aluminum chlo
ride to isomerize aromatic hydrocarbons. The reaction of 
n-amylbenzene with phosphorus trichloride and alumi
num chloride gave 5 per cent of fert-butylphenylphos-
phonous dichloride in addition to the normal product 
(45). In other reactions the alkyl substituent has been 
split off (45). 

Other variations of the Friedel-Crafts reaction in
volve the use of aliphatic hydrocarbons containing six 
carbon atoms or more (353) (those with less than six 
carbon atoms tend to deposit large amounts of free 
phosphorus) and the use of phosphorus tribromide in
stead of phosphorus trichloride (190, 191). 

Phenolic ethers such as anisole or phenetole are 
cleaved by strictly anhydrous aluminum chloride, but 
not by ordinary anhydrous aluminum chloride (184). 
The cleavage products are arylphosphorodichloridites, 
ArOPCl2. 

Failure to take part in the Friedel-Crafts reaction 
has been reported with stilbene (238), anthracene (257), 
ethyl a-naphthyl ether (184), acetophenone (234), 
benzophenone (234), ethyl benzoate (234), dibenzyl-
aniline (330), phthalanil (330), benzonitrile (234), 
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iodobcnzene (234), and trichlorobenzene (179). A list 
of the successful reactions is given in table 5. 

(b) With no catalysts 
Certain aromatic hydrocarbons can be made to react 

with phosphorus trichloride in the absence of a catalyst. 
Dimethylaniline, for example, is sufficiently reactive to 
condense with phosphorus trichloride at the reflux 
temperature (33, 40, 290, 330), giving p-dimethylamino-
phenylphosphonous dichloride in 60-65 per cent yield. 
The dimethylaniline is used in sufficient excess to trap 
the hydrogen chloride produced. 

2(CH,)!NC,HS + PCl, - • 
P-(CHj)8NCH4PCl, + (CH,)SNC,H,-HC1 

Other dialkylanilines have been used, including two 
iV-alkylcarbazoles (33, 50). 

Benzene reacts with phosphorus trichloride when a 
mixture of the two substances is passed through a hot 
tube at 6000C. (226, 230). The mixture is recycled for 
several hours and the heavier phenylphosphonous di
chloride is drawn off from time to time. Small amounts 
of phosphorus and biphenyl are obtained as by-products 
(166). Numerous improvements on the original proce
dure of Michaelis have been described (8, 41, 71, 188, 
192, 224, 274), dealing principally with the design of the 
apparatus. Yields are of the order of 50 per cent (230). 

Other than benzene, the only aromatic hydrocarbon 

TABLE 5 
Phosphonous dihalides prepared from aromatic hydrocarbons with Friedel-Crafts catalysts 

Phosphonous Dihalide 

CH1PCIt 

4-ClC.H.PCli 

4-BrC.H.PCl. 

2-CHiCiH1PCl) 
3-CHiC.HiPCl. 
4-CHiCHiPCh 

4-CHiCH«PB« 
3-Cl-4-CHiCiHiPCl. 
4-CiHiCHiPCli 

2 , 3 - ( C H I ) 1 C H I P C I , 

2,4-(CHi)1CH1PaI 
2,5-(CH.)iCHiPCli 
3 , 5 - ( C H I ) 1 C H I P C I I 
4-CiH»CHiPCli 
4-(iso-CH7)CH4PCli 

2,4,6-(CHi)iCHiPCli 
2,4 ,6- (CHI)IC«HIPC1I 
4-CH.CH.PCli 
4-(«»CH.)CHiPCIi 
2-CHi-5-(iso-CiHi)CHiPCU 
4-CHuCHiPCli 
4-(«ec-CHn)CHiPCli 
(CH.OiCHiPCli 
4-(Ti-CH1I)CHiPCIi 
2-C10H7PCI1 
2-CiOH7PBn 
4-CHsCHiPCh 
4-CH.CHiCH.PCU 
4-CHiCHiCHiCH.PCh. . . 
4-CHiOCH.PCli 

4-CiHiOCH.PCl: 
2,4-(CH,0)iCHiPCh 
4-CHiOC.H.PCli 
Dibenzofuran-3-PCli 
4-(CHi)iNCH,PCli 
4-(CHi)iNCH.PCli 
4-CHi(CHi) NCH 1PCl. . . . . 
4-CH6CH,(CHi)NCHiPCli 
4-CHiC Hi(CiHi) NCHiPCli 
Tbiophene-2-PCli 

Preparation from 

Aromatio 
hydrocarbon 

Beniene 

Cblorobeoiene 

Bromobeniene 

Toluene 
Toluene 
Toluene 

Toluene 
o-Cblorotoluene 
Ethylbenzene 

o-Xylene 
m-Xylene 
7> Xylene 
m-Xylene 
n-Propylbenzene 
Cumene 

Pseudocumene 
Mesitylene 
n-Butylbenzene 
sec-Butylbenzene 
7>Cymene 
n-Araylbenzene 
aec-Amylbenzene 
Diamylbenzene 
n-Hexylbenzene 
Naphthalene 
Naphthalene 
Biphenyl 
Diphenyl methane 
Bibenzyl 
Anisole 

Phenetole 
1,3-Dimethoxybenzene 
Phenyl ether 
Diphcnylene oxide 
Dimethylaniline 
Diethylaniline 
JV-Methyidiphenylamine 
JV-Benzyl-Ar-methylaniline 
JV-Benzyl-JV-ethylaniline 
Thiophene 

PX, 

PCIi 

PCIi 

PCIi 

pen 
PCIi 
PCIi 

PBn 
PCIi 
PCIi 

PCIi 
PCIi 
PCIi 
PCIi 
PCIi 
PCIi 

PCIi 
PCIi 
PCIi 
PCIi 
PCIi 
PCl1 

PCIi 
PCl, 
PCh 
PCIi 
PBr1 

PCIi 
PCIi 
PCIi 
PCIi 

PCIi 
PCIi 
PCIi 
PCIi 
PCIi 
PCh 
PCh 
PCIi 
PCh 
PCIi 

Yield 

per cent 

80 

72 

25 

20 
66 

15 
70 

30 
30 

47 
64 

30 
8 

39 
33 

7 

22 

50 
15 

6 
15 
20 
35 

27 
14 
7 

25 

32 

Low 

Melting 
Point 

0 C 

25 

160-161 

- 3 0 

35-37 

58-59 
65-68 
5 

2 

147 

66 

Boiling 
Point 

0C. 

90-92/10 mm. 

253-255 

271-272 

244 
235 
245 

265-266 
250-252 

278 
257 
253-254 

127-131/5 mm. 
268-270 

279-280 
273-275 
116-119/1.0 mm. 
116-120/1.5 mm. 
275-278 
130-210/20 mm. 
118-121/1.0 mm. 
160-250/20 mm. 
146-149/1.5 mm. 
180/10 mm. 

200-220 
221/20 mm. 
250/60 mm. 
140-140.5/11 mm. 

266 (d.) 
175-180/12-15 mm. 
200/12 mm. 
245-250/25 mm. 
158-160/0.6 mm. 

References 

(45, 46, 71, 72, 92, 
103, 134, 141, 
174,179,201,232, 
234,330,363,36B) 

(28, 30, 173, 179, 
234, 236, 265) 

(63, 134, 234, 236, 
330) 

(177, 234) 
(177, 234) 
(45, 46, 103, 134, 

161, 177, 179, 
190, 201, 204, 
232, 234, 247, 
250,251,287,337) 

(190) 
(225) 
(45, 46, 128, 134, 

235, 348) 
(235, 343) 
(234, 250, 343) 
(130, 134, 234, 344) 
(343, 344) 
(45) 
(45, 46, 134, 175, 

234, 236) 
(234, 236) 
(60, 234, 236) 
(45) 
(45) 
(234, 236, 251) 
(133) 
(45) 
(133) 
(45) 
(191, 342) 
(191) 
(192, 238) 
(234, 238) 
(234, 238) 
(63, 128, 134, 142, 

184, 234, 330) 
(234) 
(331) 
(84, 134) 
(66) 
(57, 101, 252, 307) 
(252) 
(252) 
(252) 
(252) 
(304) 
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to which this procedure has been successfully applied is 
thiophene (304). 2-Thienylphosphonous dichloride, 
b.p. 2180C, was obtained in 6 per cent yield. Toluene 
gave, in addition to much bibenzyl, stilbene, and phos
phorus, a trace of a tolylphosphonous dichloride be
lieved to be the meta isomer (235, 247). 

2. From organometallic reagents 

Grignard reagents and organolithium compounds re
act with phosphorus trichloride, giving exclusively 
tertiary phosphines (80, 340). Even under the most 
favorable conditions it has not been found possible to 
prepare phosphonous dichlorides by this method. One 
must therefore have recourse to milder organometallic 
reagents. 

In recent patents, however, the use of a complex of 
the Grignard reagent with an oxygen or nitrogen hetero-
cycle was said to give a phosphonous dichloride with 
phosphorus trichloride (288). The syntheses of C8Hn-
PCl2 and 2J-Ci8H37CeH4PCl2 were cited as examples. 

Historically, the oldest and most important of these 
are the organomercury compounds. Michaelis used this 
method to synthesize aromatic phosphonous dichlorides 
of unambiguous structure for comparison with the prod
ucts obtained from the Friedel-Crafts reaction. I t was 
also until recently the only method available for the 
synthesis of aliphatic phosphonous dihalides. The reac
tion is usually carried out in sealed tubes at high 
temperatures (230-2500C.) to destroy the unreactive 
RHgCl by-product which might otherwise contaminate 
the product (104, 233). 

R2Hg + PCl3 -+ RPCl2 + RHgCl 

In a few cases the mercury in the organomercury com
pound was entirely converted to mercuric chloride (234, 
251). The method does not work well with phosphorus 
tribromide because of the difficulties of purifying the 
phosphonous dibromide (104). 

Grignard reagents may be used if they are first con
verted to organocadmium compounds (R2Cd) or to 
organozinc compounds (RZnBr) by reaction with cad
mium chloride or zinc chloride. Fox (80) prepared a 
series of n-alkylphosphonous dichlorides in 26^47 per 
cent yields by the reaction of phosphorus trichloride 
with dialkylcadmium compounds at -2O 0C. 

R2Cd + 2PCl3 -* 2RPCl2 + CdCl2 

This reaction, however, gives satisfactory yields only 
with aliphatic compounds (340). The organozinc 
bromides, on the other hand, are useful for the synthe
sis of both aliphatic and aromatic phosphonous di
chlorides (340). 

RZnBr + PCl3 -* RPCl2 + ZnBrCl 

The organozinc compound is added in the form of a 
slurry to the phosphorus trichloride in boiling ether. 
The compound is used in the form of RZnBr rather than 

R2Zn, because the latter compounds are much more re
active and give exclusively tertiary phosphines (233, 
340). A parallel can be drawn with the organomercury 
compounds, which are reactive in the form R2Hg and 
unreactive in the form RHgCl. 

A newer method which gives excellent yields (73-
85 per cent) of aromatic phosphonous dichlorides is the 
reaction of an aryltrichlorosilane (or diaryldichloro-
silane) with aluminum chloride at room temperature, 
followed by reaction of the arylaluminum halide with 
phosphorus trichloride (360, 361, 362). 

RSiCl3 + AlCl, -> RAlCl2 + SiCU 

RAlCl2 + PCIa -> RPCl2 + AlCl, 

The aluminum chloride is separated from the product in 
the usual manner by complexing with phosphorus oxy-
chloride, as done in the Friedel-Crafts reaction (Sec
tion III,A,l,(a)). 

Another method involving organoaluminum com
pounds is the reaction of an aluminum trialkyl with 
phosphorus trichloride (267, 363, 364). The yield is 
much improved if the aluminum trialkyl is first com-
plexed with ether or pyridine (267). 

R3Al + 3PCl3 -> 3RPCI2 + AlCl3 

The alkyl radical is not isomerized in the reaction. 
The method failed with the lowest alkyl member, 
aluminum trimethyl, as the methylphosphonous di
chloride could not be separated from the reaction prod
ucts (267). 

Ethylphosphonous dichloride may be conveniently 
prepared by the reaction of an organolead compound, 
tetraethyllead, with phosphorus trichloride (158, 159, 
160). The reagents are heated under reflux for 30 hr., 
and the yields are quantitative. 

(C2He)4Pb + 3PCl3 -» 3C2H5PCl2 + PbCl2 + C2H6Cl 

No reaction occurs with tetraphenyllead (51). 
Syntheses of a few phosphonous dibromides have 

been reported in which phosphorus tribromide was sub
stituted for the trichloride in reactions with organo
mercury compounds (104, 246) or organolead com
pounds (302). Furthermore, a reaction of phosphorus 
tribromide with an organotin compound was reported 
(302) which failed to take place when phosphorus tri
chloride was used. 

(C2Hs)4Sn + PBr3 -> C2H6PBr2 + (C2H6)2SnBr 

In addition to the reactions described, displacement 
reactions with phosphorus trihalides also occur with 
the more metallic elements of the phosphorus subgroup. 
Phosphorus trichloride will abstract a phenyl group 
from triphenylbismuthine and from triphenylstibine, 
but not from triphenylarsine (51, 52). 

The phosphonous dihalides prepared by the reaction 
of phosphorus trihalides with organometallic reagents 
are listed in table 6. 
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TABLE 6 

Phosphonous dihalides prepared from organometallic reagents 

Phosphonoua Dihalide 

Preparation from 

Organometallic 
reagent PX, 

Yield 
Melting 

Point 
Boiling 
Point 

Ref erenow 

Orgaoomeroury method 

C H I P C I I 
CHi=CHPCl. 
C I H T P Q I 
iso-CiHjPClt 
CIHIPCII 
iao-C«HiPCli 
lao-CiHuPCli 
CiHiCHiPCli 
CiHiPCIi 
CiHiPBn 
3-ClCiHiPCli 
2-CHiCiH»PCli 
3-CHiCiHiPCli 
4-CHiCHiPCl. 
2 , 4 - ( C H I ) I C I H I P C I . . . . . 
2,4,B-(CHi)iCiHiPCi,... 
1-CIOHTPCTI 
2-C10H7PCI1 
4-CH1OC1H4PCI1 
4-C,HiOC.H(Pai 
4-(CHi)iNC.H4PCli. . . . 
4-CiHi(CHi)NC«H«PCli 

( C H O i H g 
( C H i = C HIiHg 
(CiHr)iHg 
(ieo-CiH7)iHg 
(CiHi)»Hg 
(ISO-CiHi)1Hg 

( ieo-CiHn)iHg 
(CiHiCHi) iHg 
(CiHi) 1 Hg 
(CiHi) iHg 
(3-ClCiH.) iHg 
(2-CHiCiHi)«Hg 

(3-CHiCeHi) tHg 
(4 -CHiC.H. ) iHg 
[2 ,4- (CHi) iCiHi] iHg 
[2,4,5-(CHi)iC«Hi],Hg 
( l-CioHOiHg 
(2-CwHOiHg 
(4-CHiOCiHi) iHg 
(4-C,HiOC.Hi) iHg 
[4- (CHi) iNCiHi] iHg 
[4 -CiHi (CHi )NCiHi ) ,Hg 

PCIi 
PCIi 
PCTi 
P C h 
PCTi 
PCIi 

P C h 
PCIi 
PCIi 
P B n 
PCTi 
PCTi 
PCIi 
PCTi 
PCIi 
PCIi 
PCTi 
PCTi 
PCTi 
PCIi 
PCIi 
PCIi 

Mr cent 

SO 

61 

31 
16 

Low 

78 

88 
50 

°C. 

25 

88 

°C. 
114-117 
104 /760 mm. 
140-143 
135-138 
1 5 7 - 1 5 0 / 7 5 0 mm. 
155-157 
180-183 
1 1 0 - 1 1 1 / 1 2 mm. 
220 
255-257 
1 0 1 - 1 0 3 / 5 mm. 
244 

236 
245 
256-258 
280 
250 
180 /10 mm. 

2 5 0 / 1 2 5 m m . 

(104, 233) 

(31, 140) 
(104) 
(104, 233) 

(70) 
(104) 
(104) 
(132) 
(230, 245) 
(246) 
(355) 
(235. 251) 
(235) 
(234, 251) 
(56, 343) 
(236) 
(152) III 

(252, 307) 
(234) 

Organooadmium method 

CiHiPCIi. . . 
CIHTPCII. : . 
i»o-CiHjPCTi 
CIHIPCTI. . . 
i»o-C«HiPCTi 
CiHuPCl.... 
n-CiHiiPCTi. 
!I-C7H11PCI1. 

. n-CiHnPCTi. 
I-CIOHTPCII. 

(CiHi) iCd 
(CiH1)ICd 
(leo-CiH7)iCd 
( C H O i C d 
(iao-CiHf)iCd 
(CiHn)iCd 
(n-CiHn)iCd 
(n-C7Hii)iCd 
(n-CiHi7)iCd 
(1-CmHT)ICd 

PCTi 
PCTi 
PCTi 
PCIi 
PCIi 
PCIi 
PCIi 
PCTi 
PCIi 
PCIi 

26 
44 

47 
26 
4 0 
41 
42 
33 
25 54 

112 
1 3 4 . 5 
4 1 - 4 2 / 1 7 mm. 
6 8 - 6 0 / 2 2 m m . 
4 8 . 6 - 4 9 / 1 2 mm. 
184 
208 
2 2 8 . 5 
247 
1 1 8 - 1 2 0 / 0 . 5 m m . 

(80, 147) 
(80, 147) 
(298) 
(80, 147, 148, 297) 
(297) 
(80) 
(80) 
(80) 
(80) 
(101) 

Organozinc method 

CiHiPCIi 
C1H11PCI1 
C1H1CH1PCI1... 
CIHIPCII 
4-BrCiHiPCIi.. 
2-CHiCiH»PCli. 
4-CHiCiHiPCli. 
4-CIHICIHIPCTI 
I-C10H7PCT1 
2-CIOHTPCTJ 

CiHiZnBr 
CiHnZnBr 
CiHiCHjZnBr 
CiHiZnBr 
4-BrCiHiZnBr 
2-CHiCiHiZnBr 
4-CHiCiHiZnBr 
4-CiHiCiHiZnBr 
l -Cio&ZnBr 
2-C]OH1ZnBr 

P C h 
PCh 
P C h 
P C h 
PCTi 
PCIi 
PCIi 
PCIi 
P C h 
P C h 

44 
34 
42 
32 

8 
38 
23 
17 
17 

9 

6 5 - 6 0 

24 

55 
4 1 - 4 5 

7 4 / 3 3 mm. 
9 3 - 9 4 . 5 / 1 2 mm. 
1 1 8 - 1 1 9 / 1 2 mm. 
9 9 - 1 0 1 / 1 1 mm. 
6 5 / 0 . 8 mm. 
1 2 7 - 1 2 9 / 1 2 mm. 
1 1 8 . 5 / 1 1 mm. 
8 5 / 0 . 4 mm. 
1 3 6 - 1 3 7 / 0 . 5 mm. 
1 1 0 / 0 . 2 mm. 

(342) 
(342) 
(342) 
(340, 342) 
(342) 
(342) 
(340, 342) 
(342) 
(342) 
(342) 

Organosilieon method 

CiHiPCl 
C1H1PCI1 
4-ClCiHiPCli.. 
4-BrCiHiPCIi.. 
4-CHICIHIPCTI 

CiHiSiCTi 
(CiHi)iSiCli 
4-ClCiHiSiCTi 
4-BrCiHiSiCIi 
4-CHiCiHiSldi 

PCh (AICTI) 
PCTi (AlCTi) 
PCh (AlCh) 
PCIi (AlCIi) 
PCTi (AlCIi) 

83 

80 

77 

73 

85 24.5 

140-141/57 mm. 

138-139/55 mm. 

252-253 

270 

243-244 

(360, 361. 362) 

(361, 362) 

(173, 360, 361, 362) 

(360, 381, 9»2) 
(361, »62) 

Organoaluminum method 

C1H1PCI1. . . 
CiH7PCl».. . 
ISO-CIH1PCII 
CIHIPCII . . . 
UO-CIHIPCII 

n-CiHiiPCh. 

(CiHi)iAl 
(CiH1)IAl 
(iso-CiHOiAl 
(CiH.)iAl 
(iso-CiHi)iAl 

(n-CiHii)iAl 

PCIi [ ( C I H I ) I O ] 
PCTi [ ( C I H I ) I O ) 
P C h [ ( C I H I ) I O J 

P C T I [ ( C I H I N ) 

P C h ( ( C I H I ) 1 O or 

C I H I N ] 

PCIi 

62 
51 
43 
57 
36 

42 

112 
133 
130 /745 mm. 
3 8 . 5 - 3 9 / 9 mm. 
1 4 8 - 1 4 9 / 7 4 0 mm. 

8 3 - 8 4 / 9 mm. 

(367) 
(267) 
(267) 
(267) 
(267, 363) 

(267) 
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CIHIPCII 

C«HI"PC1I 
CiHiPBr, 

CiHiPBr. 

(CiHi)(Pb 

(C,H,)iPb 
(CsH.)iPb 

(CHi)1Sn 

TABLE 6 (Continued) 

Organolead method 

PCIi 

"PCl, 
PBn 

96 

99 
78 

113-116 

161 

Organotin method 

PBr, I 67 160-164 

(32, 84, 158, 159, 
160, 264, 297) 

(306) 
(302) 

(302) 

8. From phosphorus trihalides 

(a) With olefins 

Phosphorus trichloride can be made to add to olefins 
under free-radical conditions. The products are /3-
chloroalkylphosphonous dichlorides: 

RCH=CH2 + PCl3 -* R C H C I C H J P C I J 

The free radicals may be generated by the thermal de
composition of acetyl peroxide (155, 156) or azobisiso-
butyronitrile (366), by ultraviolet irradiation (157, 
186), or by subjecting high-molecular-weight linear 
polymers to shear stresses (266). For effective propaga
tion of the chain reaction, the group R should be ali
phatic and the carbon atom to which it is attached 
should carry a hydrogen atom (156). 

Only two compounds have been prepared by this 
method. 2-Chlorooctylphosphonous dichloride, b.p. 
85-88°C./0.5 mm., was obtained from 1-octene and 
phosphorus trichloride in 38 per cent yield (155, 156), 
and 2-chloro-2-(3-cyclohexen-l-yl)ethylphosphonous di
chloride, b.p. 99-1020O./1 mm., was obtained from 4-
vinylcyclohexene and phosphorus trichloride in 17 per 
cent yield (186). 

For another reaction of olefins with phosphorus tri
chloride see Section II,A,2. 

(b) With diazo compounds 

At temperatures low enough to moderate the violence 
of the reaction (—50° to - 6 O 0 C ) , phosphorus tri
chloride reacts with diazoalkanes giving a-chloroalkyl-
phosphonous dichlorides in 35-50 per cent yields 
(357, 359). 

RCHN^ + PCl3 - RCHCIPCl2 + N2 

Equally satisfactory results are obtained with phos
phorus tribromide (357, 359). Phosphonous dihalides 

prepared by this method are given in table 7. 

4. From elemental phosphorus with alkyl halides 

Elemental phosphorus reacts with alkyl halides at 
elevated temperatures to give mixtures of organophos-
phorus compounds. If the conditions are suitable, pri
mary phosphonous dihalides can be made the predomi
nant products. The perfluoroalkyl iodides may be made 
to give the desired products simply by adjusting the 
proportions of the reagents (34, 49, 74): 

CF3I + P -» CF3PI2 

Rigorous exclusion of atmospheric contaminants is 
necessary if good yields are to be attained (49). When 
white phosphorus is used, iodine should be added as a 
catalyst (49). 

Red phosphorus reacts with alkyl halides in the pres
ence of copper powder at 280-4400C, giving phosphon
ous dihalides as the principal products (196). Small 
amounts of phosphinous halides and phosphorus tri
halides are obtained as by-products. 

The phosphonous dihalides prepared by this method 
are listed in table 8. 

5. From phosphonous acids 

Although the phosphonous dichlorides may be con
sidered to be acid chlorides of the phosphonous acids, 
few attempts have been made to prepare them by the 
usual methods. Phosphorus pentachloride gives the 
phosphonic dichloride, owing to oxidation (230, 240), 
but phosphorus trichloride gives the phosphonous di
chloride (111). Only one reaction of this type is known. 
Prolonged refluxing of triphenylmethylphosphonous 
acid with phosphorus trichloride gave an unstated yield 
of triphenylmethylphosphonous dichloride, m.p. 138-
14O0C, together with much phosphorous acid and free 
phosphorus (111). 

TABLE 7 

Phosphonous dihalides prepared from diazo compounds 

Phosphonous Dihalide 

ClCH1PCl, 
BrCHiPBr1. . . . 
CH1CHClPCl1. 
C I H 1 C H C I P C I 1 

Preparation from 

Diazo 
compound 

CH1N1 

CH1N, 
C H I C H N , 
C I H T C H N , 

PX, 

PCh 
PBn 
PCIi 
PCIi 

Yield 

per cent 
40 
50 
35 

Boiling Point 

0C. 
80-81/140 mm. 
70/4 mm. 
63.5-64.5/50 mm. 

References 

(357, 359) 
(357, 359) 
(357, 359) 
(357) 
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TABLE 8 
Phosphonmw dihalides prepared from elemental phosphorus with alkyl halides 

Phosphonous Dihalide 

CHiPCIi.. 
CHiPBr.. . 
CHiPI, . . . . 
CFiPIi.. . . 
C H i P B n . . 
CiFiPIi . . . 

Preparation from 

Alkyl halide 

CHiCl 
CH.Br 
CH1I 
CF.I 
CiH.Br 
CiF1I 

Catalyst 

Cu 
Cu 
Cu 

Cu 

Yield 

per cent 

42 

18 

Boiling Point 

0C. 
78 
139-141 
73-75/5 mm. 
69/29 mm. 
161 
190 

References 

(196) 
(196) 
(196) 
(34, 49) 
(196) 
(74) 

6. From phosphonous diesters 

Treatment of phosphonous diesters with phosphorus 
trichloride at 50C. in ether solution gives phosphonous 
dichlorides in 50-60 per cent yield (305): 

RP(OR)8 + PCl, -» RPCl2 + (RO)2PCl 

If excess phosphorus trichloride is added, the by-product 
is an alkylphosphorodichloridite, ROPCl, (305). The 
phosphonous dichlorides which have been prepared by 
this method are butylphosphonous dichloride, b.p. 
60-65°C./17 mm., and phenylphosphonous dichloride, 
b.p. 82-85°C./5 mm., both prepared from the corre
sponding diethyl ester (305). 

7. From phosphorobenzene and related compounds 

Treatment of phosphorobenzene (see Section III,B,3) 
with bromine in carbon tetrachloride gave phenylphos
phonous dibromide, b.p. 132°C./14 mm., 93°C./2 mm., 
in quantitative yield (182, 183). 

(CH6P)4 4- 4Br2 -• 4CJI6PBr2 

A similar reaction with chlorine gave phenylphosphon
ous dichloride (169). Tetrakis(trifluoromethyl)cyclo-
tetraphosphine, another compound with a P« ring 
structure, reacts with iodine at room temperature giv
ing a quantitative yield of trifluoromethylphosphonous 
diiodide, but chlorine gives only the tetrachlorophos-
phorane, CF3PCh (195). 

8. From primary phosphines 

Treatment with a halogen converts primary phos
phines to the phosphonous dihalides (332). 

RPH2 + 2X2 -• RPX2 + 2HX 

The halogen is added gradually to a dilute solution of 
the phosphine at 200C. until a precipitate of the tetra-
halophosphorane appears. Further addition would, of 
course, convert all of the dihalide to the tetrahalophos-
phorane. Butylphosphonous dibromide, b.p. 80-95 0 C/ 
10 mm., was thus obtained in 44 per cent yield (332). 

Treatment of phenylphosphine with phosgene gives 
phenylphosphonous dichloride according to the follow
ing equation (242): 

9. From tetrahalophosphoranes 

Elemental phosphorus reduces alkyl- or aryltetra-
halophosphoranes (RPX4) to the phosphonous di
halides (96, 97, 335): 

3RPCl4 + 2P -» 3RPCl2 + 2PCl, 

Iodine may be added as a catalyst, but its presence is 
not essential (96). The tetrachlorophosphoranes are 
prepared by the addition of chlorine to phosphonous 
dichlorides or by the addition of phosphorus penta-
chloride to olefins. The latter reaction gives /S-chloro-
alkyltetrachlorophosphoranes, which when reduced lose 
the'elements of hydrogen chloride, giving a,j9-unsatu-
rated phosphonous dichlorides (335, 354): 

3RCHCICH2PCU + 2P 3RCH=CHPCl, + 2PCl, + 3HCl 

A new reducing agent, useful because it yields vola
tile by-products, is methylphosphorodichloridite (285). 
The reduction of methyltetrachlorophosphorane pro
ceeds as follows: 

CH,PCU + CH8OPCl2 CH8PCl2 + POCl, + CH3Cl 

The complexes obtained in the Kinnear-Perren syn
thesis are complexes of aluminum chloride with tetra
chlorophosphoranes. They may be reduced to the 
phosphonous dichlorides by elemental phosphorus 
(172, 327), aluminum (118, 172), or sodium (172). 
Freshly calcined potassium chloride is used to bind the 
aluminum chloride, except when sodium is used as the 
reducing agent, as the sodium chloride produced serves 
the same purpose (172). 

3[RPCl,] [AlCl4] + 2P + 3KCl 
3RPCl2 + 2PQl, + 3K2AlCl4 

The phosphonous dihalides prepared by these 
methods are given in table 9. 

10. From other phosphonous dihalides 

Phosphonous dibromides can be prepared by treat
ment of phosphonous dichlorides with dry hydrogen 
bromide at the reflux temperature until no more is ab
sorbed (246). 

CH6PH2 + 2COC1, -• COIiPCl, + 2CO + 2HCl RPCl, + 2HBr -» RPBr1 + 2HCl 
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TABLE 9 

Phosphonous dihalides prepared from letrahahphosphoranes 

Phosphonous Dihalide 

CHiPCIi 
CHiPIi 
CFiPCIi 
CCliPClt 
CCIiPCIi 
CiHiPCIi 

C1H7PCI1 
C1H1PCI1 
CtHiiPCli 
CiHiCH^CHPCli 
CiH1PCIi 

CHiPCU 
CCI1PCI1 
C1H1PCI1 

Preparation from 

Tetrahalc-
phosphorane 

CHiPCIt 
CHiPIt 
CF.PC1. 
CCIiPCIi 
CCIiPCl. 
CHiPCl. 

Reducing 
agent 

CH1OPCI1 
P 
Hg 
OHiOPCIi 
P, PIi 
P 

Olefin-PCli method 

2-Methylpropene, PCIi 
1-Pentene, PCIi 
Diisobutylene, PCIi 
Styrene, PCIi 
Indene, PCIi 

P 
P 
P 
P 
P 

Kinnear-Perren method 

CHiCl, PCIi, AlCIi 
CCU, PCIi, AlCIi 
CiHiCl, PCh, AlCIi 

Al, ECl 
P 
P, KCl 

Yield 

per cent 
77 
43 
99 

60 
96 

68 

66 
54 
28 

72 
61 
70 

Melting 
Point 

0C. 

47 
50-52 

40 

Boiling Point 

"C. 
81-82 
68-70/2 mm. 

69-70/23 mm. 
82-83/7 mm. 
91-93/6 mm. 

98-104/100 mm. 
100-102/100 mm. 
70-72/3 mm. 
135-138/8 mm. 
104-105/1 mm. 

81-82 
67/20 mm. 
113-114/752 mm. 

References 

(285) 
(96) 
(195) 
(285) 
(97) 
(335) 

(335, 354) 
(354) 
(335, 354) 
(335, 354) 
(335) 

(118, 172) 
(327) 
(172) 

The reactions are far from simple however, as benzene, 
bromobenzene, phosphorus, phosphorus trichloride, 
and phosphorus tribromide have been isolated as by
products (246). 

A similar treatment of phosphonous dichlorides with 
hydrogen iodide at elevated temperatures yields the 
hydriodic acid salts of the phosphonous diiodides (96, 
188, 230). These are dark-colored compounds which re
semble iodine in appearance and which evolve hydrogen 
iodide on heating. 

Conversely, phosphonous dichlorides may be pre
pared from the diiodides (and probably also from the 
dibromides) by treatment with silver chloride (34, 74). 

According to Anderson (6), exchange reactions with 
other covalent halides occur whenever a more volatile 
component can be distilled from the reaction medium. 
Thus, phenylphosphonous dichloride reacts with silicon 
and germanium tetrabromides to give phenylphos
phonous dibromide, and with propyltriiodosilane to 
give phenylphosphonous diiodide (6). 

2CH1PCl8 + GeBr4 

3C6H6PCl, + 2C1H7SiI, 

2C6H6PBr, + GeCl4 

3C6H6PI, + 2C1H7SiCl, 

The same principle is used in exchanging chloride groups 
for isocyanate and isothiocyanate groups (see Section 
III,B,4). 

The phosphonous dihalides that have been prepared 
by these methods are listed in table 10. 

11. From higher organophosphorus compounds 

No method has yet been devised for converting 
secondary or tertiary phosphorus compounds to pri
mary phosphonous dichlorides. The thermal decomposi
tion of tertiary phosphine dihalides (R3PX2) gives 
secondary phosphinous halides (R2PX) with the elimi
nation of alkyl halide, but attempts to extend this reac
tion to the synthesis of primary phosphonous dihalides 
have not been successful. Likewise, attempts to induce 
trivinylphosphine or dibutyldivinyltin to undergo re
distribution reactions with phosphorus trichloride gave 
only black solids, despite the success of these reactions 
with arsenic and antimony analogs (140). 

B. REACTIONS OF PHOSPHONOUS DIHALIDES 

The reactions of phosphonous dihalides which yield 
derivatives described in detail in other sections of this 

TABLE 10 

Phosphonous dihalides prepared by halogen exchange 

Phosphonous Dihalide 

CHiPIi-HI 
CF1PCI1 
CIFTPCU 
CiHiPBn 
CiHiPIi. HI 

Preparation from 

Phosphonous 
dihalide 

CH1PCI1 
CF1PI1 
C1F7PI1 
CiHiPCIi 
C1H1PCI1 

Reagent 

HI 
AgCl 
AgCl 
HBr 
HI 

Yield 

per cent 
75 
82 
98 

Melting 
Point 

0C. 
85-87 

Boiling 
Point 

°C. 

37 
86.4 
255-257 

References 

(96) 
(34, 195) 
(74) 
(246) 
(188, 230) 



404 ARLEN W, FRANK 

review are not considered here. These include hydroly
sis to phosphonous acids (Section TI,A,4); esterification 
to phosphonous monoesters (Section VIII,A,2), to 
phosphonous diesters (Section IV,A,3), to phosphono-
chloridous esters (Section VII,A) or to phosphonodi-
thious esters (Section V,A); amidation to phosphonous 
diamides or iminophosphines (Section VI,A) or to 
phosphonamidous chlorides (Section VII,B); synthesis 
of mixed anhydrides with dialkyl phosphites (Section 
X,A,1) or with phosphonous monoesters (Section 
X,A,2); and exchange reactions with other halides to 
form different phosphonous dihalides (Section III,A,10). 

/. Scission of the carbon-phosphorus bond 

A few phosphonous dichlorides have been observed 
to undergo scission of the carbon-phosphorus bond 
under conditions where most such compounds are 
stable. Phosphonous dichlorides which contain strongly 
electronegative substituents on the carbon atom at
tached to the phosphorus atom are the most suscepti
ble. Trichloromethylphosphonous dichloride, for exam
ple, suffers scission of the carbon-phosphorus bond on 
treatment with oxygen-free boiling water (97): 

CCl1PCl5 + 3H2O — CHCl5 + H3PO, + 2HCl 

Triphenylmethylphosphonous dichloride, (C6H6) 3-
CPCl3, undergoes cleavage when subjected to the 
oxidizing treatments usually employed to convert 
phosphonous dichlorides to phosphonic acids, such as 
chlorination and hydrolysis or chlorination and treat
ment with sulfur dioxide (111). The same result is ob
tained on shaking with iodine and sodium bicarbonate 
(111). 

Another class of sensitive compounds comprises the 
p-dialkylaminophenylphosphonous dichlorides (252). 
The p-dimethylamino derivative in dry ether absorbs 
anhydrous hydrogen chloride, giving a white precipitate 
which redissolves and then deposits dimethylaniline 
hydrochloride: 

P-(CHj)2NCH1PCl, + 2HCl -» (CHa)2NCH6-HCl + PCl, 

The chlorination of methylphosphonous dichloride in 
concentrated solution or at temperatures above 40°C. 
is accompanied by some cleavage of the carbon-phos
phorus bond (285). 

2. Reduction 

Phosphonous dihalides may be reduced to primary 
phosphines with lithium aluminum hydride (35, 123, 
124, 182, 183, 268, 299, 339). If an excess of the dihalide 
is present in the reaction mixture, as it usually is, the 
yield of phosphine cannot be greater than 50 per cent 
because the product reacts with the starting material 
forming a compound with a phosphorus-phosphorus 
bond. Phenylphosphonous dichloride, for example, 
forms "phosphorobenzene" (see Section III,B,3). Sub

sequent aqueous treatment of the reaction mixture to 
decompose the hydride converts the phosphorobenzene 
to equal parts of phenylphosphine and phenylphos-
phonic acid (123). 

Phenylphosphonous dichloride can also be reduced to 
phenylphosphine by lithium hydride (123), by sodium 
hydride (123), and by a finely divided dispersion of so
dium in toluene followed by water (122, 123, 268). Potas
sium borohydride is said to be unreactive (123), but 
lithium borohydride reduces phenylphosphonous di
chloride to a crystalline borine adduct, CeH6PH2-BHn 
(347). A deficiency of the reducing agent in the latter 
reaction yields an unstable adduct, C6H6PHCl-BH3, 
which gradually loses hydrogen chloride and hydrogen 
forming a high-molecular-weight polymer, (C6H6-
PBH)1 (347). 

Other reducing agents have been tried without suc
cess (35, 228, 230). Some yielded traces of phenylphos
phine, detected by its odor. Two-step reduction via the 
phosphonous acid is discussed in Section II,B,1. 

3. Phosphorobenzene and related compounds 

Phosphorobenzene, as described in the preceding sec
tion, is bbtained when phenylphosphonous dichloride is 
reduced with lithium aluminum hydride (123, 268, 299). 
It may also be prepared by the reaction of equal parts of 
phenylphosphine and phenylphosphonous dichloride in 
ether solution (169, 182, 183, 268, 339). The product is a 
colorless, crystalline compound, m.p. 149-15O0C. Most 
texts give its structure as a dimer (I), but measurements 
of the molecular weight of phosphorobenzene in numer
ous solvents show that it is actually a tetramer, (C6-
H6P)4. Recent investigators have suggested that it con
tains a cyclic structure (II) and have renamed it tetra-
phenylcyclotetraphosphine (182, 183, 195, 268). 

C6H8P-PC8H6 

CH6P=PC6H6 CH6P-PC6H6 

I II 

In addition to this compound, which melts at 149-
15O0C, higher-melting solids have been isolated, melt
ing at 1710C. (339) and 188-1920C. (299). The struc
tural relationship of these compounds to the cyclic 
tetramer has not been definitely established, but they 
appear to be oligomers of higher molecular weight 
(299). 

Other aromatic compounds related to phosphoro
benzene have also been prepared. The product from p-
chlorophenylphosphine and p-chlorophenylphosphonous 
dichloride was found to be resinous (234). The conden
sation of phenylphosphonous dichloride with phenyl-
arsine gives a phosphoarsenobenzene, designated as 
C6H6P=AsC6H6 (322), which easily undergoes dismuta-
tion to arsenobenzene and phosphorobenzene, even on 
recrystallization from benzene. 

The only other four-membered cyclic organophos-
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phorus compound to have been investigated in detail is 
tetrakis(trifluoromethyl)cyclotetraphosphine, m.p. 
66.3-66.40C, b.p. 145° (48, 195). This compound is 
prepared by shaking trifluoromethylphosphonous di-
iodide with a large volume of mercury at room tempera
ture. 

4CF3PI, + 4Hg - (CFaP)4 + 4HgI2 

In addition to the tetramer a cyclic pentamer, m.p. 
- 3 3 0 C , b.p. 19O0C, is produced in this reaction (195). 

Several reactions are recorded in the early literature 
on organophosphorus chemistry which gave ill-defined 
products apparently related to those described above. 

The reaction of phenylphosphonous dichloride with 
phosphine gave hydrogen chloride and a yellow viscous 
solution which was believed to contain the following 
product (229): 

CH6PCl2 + PH3 -» C6H6P=PH + 2HCl 

The structure of the product follows from its oxidation 
with nitric acid to give phenylphosphonic acid and 
phosphoric acid. 

Similar substances are apparently formed by the ac
tion of moisture on phenylphosphonous dichloride (99, 
253). The reaction of phenylphosphonous dichloride 
with one mole of water commences at 100°C, with the 
copious evolution of hydrogen chloride, and is complete 
at 26O0C On cooling there is obtained a bright yellow 
mass from which phenylphosphonous acid, phenylphos
phonic acid, and diphenylphosphinic acid are extracted 
with water. The residue contains the yellow compounds 
C6H6P4H and C6H6P4H-C6H5PO2, separated by their 
difference in solubility in carbon disulfide. The com
pound C6H5P4H yields the same products on chlorina-
tion or oxidation as would be expected from the com
pound C6H6P=PH (99). The same results are obtained 
in the reaction of phenylphosphonous dichloride with 
phenylphosphonous acid (99). Larger amounts of water, 
of course, hydrolyze phosphonous dichlorides to the 
corresponding acids (see Section II,A,4). 

Phenylphosphonous dichloride reacts with hydrogen 
sulfide when heated near its boiling point, evolving hy
drogen chloride (170). The phosphonous dichloride is 
believed to suffer initially a dismutation, since the sul
fur-containing products yield diphenylphosphinic acid 
and not phenylphosphonic acid on oxidation. 

4- Reaction with pseudohalogen compounds 

Phosphonous dihalides react with silver cyanide 
(234), silver cyanate (112, 113, 196), and silver thio-
cyanate (234), giving products with properties similar 
to those of the phosphonous dihalides themselves. The 
preparation of phenylphosphonous diisothiocyanate is 
given as an example: 

C6H6PCl2 + 2AgSCN -> C2H6P(NCS)2 + 2AgCl 

These compounds can also be prepared by exchange 

reactions with other covalent isocyanates or isothio-
cyanates, if conditions are such that the halide which is 
produced in the exchange can be'distilled from the reac
tion mixture (6): 

C6H5PCl2 + (C2Hs)2Si(NCS)2 - C6H6P(NCS)2+(C2H6)2SiCl, 

The dicyanides, RP(CN)2, are stable to water but 
are hydrolyzed by dilute sodium hydroxide solution to 
sodium cyanide and the sodium salt of the phosphonous 
acid (234). They form adducts with chlorine, but subse
quent treatment with sulfur dioxide gives no homoge
neous product. The diisothiocyanates are decomposed by 
water and give organophosphorus tetrachlorides with 
chlorine (234): 

RP(NCS)2 + 3Cl2 -> RPCl4 + S, 4- 2C1CN 

The diisocyanates form the expected urethan and urea 
derivatives with alcohols and amines (112, 113). 

5. Addition of oxygen, sulfur, or selenium 
As compounds of trivalent phosphorus, the phos

phonous halides are capable of adding oxygen (97, 111), 
sulfur (19, 22, 80, 104, 118, 131,168, 196, 267, 297, 335), 
or selenium (196) to form the corresponding phos-
phonic, phosphonothionic, or phosphonoselenonic di
halides. 

The direct oxidation of phosphonous dihalides is 
seldom if ever used as a preparative method, but the 
addition of sulfur is well known. A catalyst such as 
aluminum chloride is required (19, 131); in its absence, 
sulfur is precipitated unchanged even after heating to 
114°C (19). At higher temperatures phosphonous di
chlorides and sulfur react with violence (168). 

AlCl. 

RPCl2 + S -—> RP(S)Cl2 

For best results, the sulfur should be added to a mixture 
of the phosphonous dichloride and aluminum chloride 
(118). Thiophosphoryl chloride (100, 131) or phos
phorus pentasulfide (131) may be used in place of ele
mental sulfur. 

6. Addition of halogens 
Phosphonous dichlorides react vigorously with chlo

rine giving yellow crystalline adducts resembling phos^ 
phorus pentachloride in appearance (64, 92, 104, 190, 

RPCl2 H-Cl2 -> • RPCl4 

191, 192, 195, 223, 225, 227, 230, 233, 234, 235, 236, 238, 
250, 251, 252, 265, 304, 343, 344, 348, 355, 357). Ad
ducts with bromine have also been prepared (186, 190, 
230, 234, 246). 

Methylphosphonous dichloride, CH3PCI2, absorbs 
more than the theoretical amount of halogen, owing to 
halogenation of the alkyl group (285, 358, 366). The 
intermediates can be isolated if the calculated amount 
of halogen is used. Chlorination of the aromatic ring in 
arylphosphonous dichlorides has also been observed 
(331). 
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If phosphorus pentoxide is present in the slurry dur
ing halogenation, the product is converted to a phos-
phonic dichloride (326). Sulfuryl chloride also oxidizes 
phosphonous dichlorides to phosphonic dichlorides 
(264, 306). Sulfur monochloride, however, produces a 
mixture of phosphonothionic dichloride and tetra-
chlorophosphorane in 2:1 ratio (131, 165, 198): 

3RPC1, + S2Cl, -> 2RP(S)Cl, + RPCl4 

Phosphonous dichlorides undergo a redox reaction 
with antimony pentachloride (167). The products are 
complexes: 

RPCl8 + 2SbCl, -• RPCl4 SbCl, + SbCl, 

No reaction is observed with silicon tetrachloride, zinc 
chloride, or titanium tetrachloride (167). Antimony 
pentafluoride gives the tetrafluorophosphorane (318), 
replacement of the chlorine atoms occurring simulta
neously with the redox reaction. The same results are 
achieved with a mixture of phosphorus pentachloride 
and antimony trifluoride (318). 

7. Other addition reactions 

Methylphosphonous dihalides react with metallic 
nickel under mild conditions giving complexes such as 
Ni(CH3PCIj)4 in high yield (196, 284). Phenylphos-
phonous dichloride does not react with nickel under the 
same conditions, but the complex Ni(CjH6PCIa)4 can be 
made by the reaction of phenylphosphonous dichloride 
with nickel carbonyl (199) or by an exchange reaction 
with tetrakis(dichloromethylphosphine) nickel (284). 
Cobalt carbonyl gave a product which could not be 
characterized (303). 

Phenylphosphonous dichloride reacts with the sodium 
salts of chloroamides of aromatic sulfonic acids, forming 
dichlorophenylphosphazosulfonaryls (314): 

CeH6PCl8 + ArSO8NNaCl -• CH»P(=NS08Ar)Cl8 + NaCI 

The same products can be prepared by the reaction of 
CjH6PCl4 with aromatic sulfonamides (314). 

Phenylphosphonous dichloride forms an equimolecu-
lar adduct, m.p. 16O0C, with dimethylphenylphos-
phine (169), the identity of which has not been clearly 
established. 

8. Condensations in which one new carbon-^phosphorus 
bond is formed 

Phosphonous dihalides take part in condensation re
actions with replacement of one or both of the halogen 
atoms. The former will be discussed first. 

(a) Phosphinous compounds 

Phosphinous halides are often by-products of the 
synthesis of phosphonous dihalides. With the use of 
more severe reaction conditions it is possible to convert 
phosphonous dichlorides to phosphinous chlorides in 
good yield, as in the reaction with organolead com

pounds (32), organozinc compounds (338), or organc-
mercury compounds (63, 109, 206, 224, 231, 238, 248, 
274,287,337): 

CeH,PCl, + R2Hg -» C8H4RPCl + RHgCl 

An attempt to use an organolithium reagent failed 
because even when the lithium compound was added 
slowly to a large excess of the phosphonous dichloride in 
ether solution, the only products were the tertiary 
phosphine and unreacted dichloride (109). 

Phosphinous halides are also obtained, albeit in low 
yield, when phosphonous dihalides are heated for pro
longed periods at 3000C. (17, 34, 43, 69, 74, 94). This 
method has been used with phenylphosphonous di
chloride and two fluoroalkylphosphonous diiodides 
(RPI2: R = CF8 or C0F7), but does not work with the 
tolyl or higher aryl homologs (238). 

2C6H6PCl8 -* (CH,),PC1 + PCl, 

In these reactions the trivalency of the phosphorus 
atom is preserved. 

(b) Secondary phosphinic compounds 

The use of a phosphonous dihalide as the phosphorus 
component in several well-known reactions of phos
phorus trichloride gives rise to compounds with one new 
carbon-phosphorus bond. In the Kinnear-Perren reac
tion, a crystalline ternary complex is formed from a 
phosphonous dichloride, aluminum chloride, and an 
alkyl halide, and is then decomposed by the addition of 
enough water to break up the complex (37, 126, 162): 

RPCl8 + AlCl, + R'Cl - [RRTCl8] [AlCl4] ™ RRT(O)Cl 

If the complex is decomposed with sulfur or a sulfide (of 
aluminum, phosphorus, arsenic, or antimony) instead 
of water, the product is a phosphinothionic chloride 
(126). 

In the oxidative phosphonation method, gaseous 
oxygen is passed into a solution of a phosphonous di
halide in an aliphatic hydrocarbon such as cyclohexane 
until no more heat is evolved (319, 367): 

2RPC1, -I- O, + C6H1, -» RC6H11P(O)Cl + RP(O)Cl8 + HCl 

If the aliphatic hydrocarbon is an unsaturated one, 
such as propylene, the product will contain a chloro-
alkyl group (367). 

In the diazonium fluoborate method, a phosphonous 
dihalide is treated with an aromatic diazonium fluo
borate in the presence of cuprous bromide (83, 85, 87, 
88): 

CiiiBr. 

RPCl, + R'N.BF, ——» RRT(O)OH 

Unlike the products obtained in reactions of diazonium 
fluoborates with phosphorus trichloride, the secondary 
phosphinic acids are not contaminated with higher 
condensation products; no tertiary phosphine oxides 
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are produced (83). The yields are somewhat low, how
ever, owing to difficulties in removing small amounts of 
symmetrical secondary phosphinic acids which arise 
from redistribution reactions (83). 

Equally good results are obtained with diazonium 
fluosilicates (85). The fmosilicates have the advantage 
of being more stable and easy to isolate than the fluo-
borates, and react with less violence (85). 

Phosphonous dihalides react with aldehydes under 
mild conditions, giving «-hydroxyalkylphosphinates 
(234). 

RPCl, + CH1CHO -» R(CH,CHOH)P(0)OH 

This reaction takes a different course in the presence of a 
tertiary nitrogen base. The product is a vinyl ester of a 
phosphonic acid, probably resulting from the formation 
and dehydrohalogenation of an intermediate a-chloro-
ethyl ester (93, 271). No new carbon-phosphorus bond 
is formed. 

RPCl8 + CH1CHO - ^ RP(O)(OCH=CH1)J 

At higher temperatures phosphonous dichlorides re
act with aldehydes, giving a-chloroalkylphosphinates 
(137). 

RPCl, + HCHO -• R(C1CH,)P(0)C1 

Phosphonous dihalides react with a,j9-unsaturated 
ketones giving cyclic adducts which yield y-ketophos-
phinic acids on hydrolysis (55). If acetic anhydride is 
added to the reaction mixture, the intermediate is a 
cyclic anhydride (55, 70). 

(CHICO)IO 

CH6PCl, + CH6CH=CHCOCH, • 

CH6CHCH=CCeH, 

CH6P O 

I 
Glacial acetic acid gives the 7-ketophosphinic acid 
directly (54). 

9. Condensations in which two new carbon-phosphorus 
bonds are formed 

Of the reactions which proceed with replacement of 
both the halogen atoms in phosphonous dihalides, the 
best known is- the reaction with Grignard reagents (29, 
30, 53, 59, 60, 61, 62, 63, 64, 65, 67, 89, 94, 102, 103, 
125, 128, 129, 130, 132, 134, 140, 141, 148,196, 197, 201, 
203, 205, 206, 224, 274, 288). A typical example is the 
following (201): 

CJH6PCl, + 2CH6MgI -+ (CHj)2PC6H6 + 2MgClI 

Secondary alkyl bromides do not give the expected 
products (67) unless the Grignard reagent is used in 
large excess (59). 

The use of organozinc compounds is commonly found 
in the older literature (56, 58, 153, 230, 234, 235, 236, 
238, 240, 241, 252, 304): 

R'PCl, + R,Zn -> R'R,P + ZnCl3 

In one instance the use of metallic zinc with an alkyl 
halide was recorded (244). The product was actually 
the tertiary phosphine oxide (203) and probably arose 
from oxidation during the reaction or later. The organo
zinc compounds have been superseded by the Grignard 
reagents. 

Tertiary phosphines may also be prepared with 
organolithium compounds (95, 109, 187). The novel 
heterocyclic compound "pentaphenylphosphole" was 
prepared by this method, using a dilithium compound 
derived from diphenylacetylene (187). The phosphole 
was also prepared from the iron tricarbonyl derivative 
of diphenylacetylene (42). 

Phosphonous dihalides react with alkyl or aryl halides 
in the presence of sodium, forming tertiary phosphines 
(69, 120, 121, 200, 203, 238, 243, 252, 307, 313). This 
reaction has been used to synthesize several five- and 
six-membered heterocyclic phosphorus compounds. 
Ethyl acetate is added as a catalyst (120, 203). The 
yields are much poorer than the yields of the corre
sponding arsenic analogs (49, 121), probably because of 
formation of quaternary salt with the excess alkyl 
halide (122). 

The reaction of chloromethylphosphonous dichloride 
with diazomethane does not give secondary or tertiary 
phosphines (97). Instead, there is obtained a homo
geneous, amorphous substance with the empirical com
position C4H9P2CI3O2. One possible formula for this sub
stance is the following (97): 

(C1CHS)2PCH,P(0)(CH,C1)0H 

Phosphonous dihalides react with a wide variety of 
Diels-Alder type dienes, giving 1-substituted 1-phos-
pha-3-cyclopentene P,P-dihalides, which are readily 
converted to the phosphine oxides by hydrolysis (221). 
A typical example is the reaction of phenylphosphonouB 
dichloride with isoprene (221): 

C6H6PCl2 + CH2=CHC=CH, - I | C H s 

CH6 0 

An inhibitor is added to prevent polymerization of the 
dierie (221). The initially formed dichloride may also 
bo converted to the phosphine sulfide by treatment with 
hydrogen sulfide (222), or to the phospholene by re
duction with lithium aluminum hydride (29). 

IV. PHOSPHONOUS DIESTERS 

The phosphonous diesters are colorless liquids with 
characteristic unpleasant odors. They are easily oxidized 
and arc best handled in an inert atmosphere. The lower 
alkyl members burst into flame when poured onto 
filter paper (19). 
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A. SYNTHESIS OF PHOSPHONOUS DIESTERS 

1. From phosphorochloridites 

(a) With Grignard reagents 

Dialkyl (138, 305) and diaryl (146, 305) phosphoro
chloridites react with Grignard reagents, giving phos
phonous diesters in 45-70 per cent yields. Trialkyl 
phosphites are unexplained by-products (305). 

(RO)1PCl + R'MgCl - • R'P(OR), + MgCl, 

If the reaction is run at a low temperature, the chlorine 
atom is selectively replaced without contamination by 
alkoxy group substitution (138). Such contamination 
may account for the differences in physical properties 
observed (19) between esters prepared by this method 
and those prepared by the phosphonous dichloride/ 
alcohol/amine method described in the following sec
tion. 

Other organometallic compounds have been used in 
place of Grignard reagents, but they have not been as 
successful. Cadmium alkyls give lower yields, and lith
ium alkyls attack the alkoxy groups as well as the halo
gen (305). 

A list of the phosphonous diesters prepared by this 
method is given in table 11. 

(b) With alkyl halides and sodium 

Phosphonous diesters, especially the aromatic dies
ters, mav be prepared by the reaction of phosphoro
chloridites with alkyl halides in the presence of sodium 
(75). 

(RO)8PCl + R'Cl + 2Na -• R'P(OR), + 2NaCI 

The reaction is carried out in a finely divided dispersion 

of sodium in xylene at 260-2800C. (75). The patent in 
which this reaction is described does not describe the 
products in detail. They were produced by the reaction 
of diarylphosphorochloridites with chlorinated esters of 
abietic acid and may have contained other by-products 
such as the products of self-coupling of the halides. 

2. From trialkyl phosphites with Grignard reagents 

Under carefully controlled conditions Grignard re
agents react with trialkyl phosphites to give phosphon
ous diesters, together with small amounts of the unre-
acted phosphite (305): 

(RO)1P -I- R'MgX -> R'P(OR), + Mg(OR)X 

More stringent reaction conditions yield higher substi
tution products (193, 305). The temperature at which 
reaction takes place depends on the Grignard reagent. 

This method is more convenient to use than the re
action of Grignard reagents with phosphorochlori
dites, because the phosphorochloridites are more diffi
cult to obtain in a pure state (305). 

The reaction of tributyl phosphite with butylmagne-
sium chloride gave dibutyl butylphosphonite, b.p. 109-
112°C./13 mm., in 69 per cent yield (305). Other phos
phonous diesters have been prepared by the reaction of 
trimethyl phosphite with ethylmagnesium chloride, 
butylmagnesium bromide, benzylmagnesium chloride, 
and phenylmagnesium chloride in 30-54 per cent yields 
(193, 305). 

S. From phosphonous dichlorides 

Phosphonous diesters may also be prepared by the re
action of a phosphonous dihalide with (a) an alkoxide or 
(b) an alcohol in the presence of a tertiary amine. In the 

TABLE 11 
Phosphonous diesters prepared from phosphorochloridites 

Phosphonous Diester 

CHiP(OCHt) i . . . . 
C H I P ( O C H I ) I . . . . 
C I H I P ( O C I H I ) I . . . . 
CiHiP(OCiHr)I.... 
C I H , P ( O C . H I ) I . . . 
C H I P ( O C I H . ) I . . . . 
C H T P ( O C H I ) I . . . 
LsO-CiHiP(OCtHi)I. 
C H 1 P ( O C H I ) . 
CHtP(OC1Hi)!.. . 
C(HiP(OCHi).. . . 

>P(OCH.)i. 

CiHiiP(OCiHi)i. . . 
CtHiCHiP(OCiH,)! 
CH,CH,P(OCHi)i 
CtHiP(OCHi)!.. . . 
CHiP(OCHr)! . . . . 
CHiP(OCtHt)! 
CiHiP(OCHi)!. . . . 
1-CHrP(OCHi).. . 

Preparation from 

Phosphoro-
ohloridite 

(CHtO)iPCl 
(CHiO)iPCl 
(CH.O)iPCl 
(CHrO)iPCl 
(CHiO) iPCl 
(CHiO)iPCl 
(CHiO)iPCl 
(CH,0)iPCl 
(CHiO).PCl 
(CHiO)iPCI 
(CtHiO)1PCl 

(CH.O)iPCl 

(CH,0)iPCl 
( C H 1 O I I P C I 
( C H I O ) I P C I 
(CHiO)iPCl 
(CHrO)iPCl 
(CHiO)iPCl 
(CHiO)iPCl 
(CH,0)iPCl 

Qrignard 
reagent 

CHiMgCl 
CHiMgI 
CHiMgCl 
CH1MgCl 
CHiMgCl 
CHiMgBr 
CHrMgCl 
i»o-CHrMgBr 
CHtMgCl 
CHiMgCl 
CHtMgBr 

J ^ > M K C 1 
CHnMgBr 
CHiCHiMgCl 
CHiCHiMgCl 
CH1MgCl 
CtHiMgCl 
CHiMgCl 
CHiMgBr 
1-CnHrMgBr 

Yield 

per cent 

70 
45 
57 
84 
70 
67 
70 

63 
68 

49 
50 
54 
63 
62 
63 
75 

Boiling Point 

0C. 
39-40/1 mm. 
212-213/10 mm. 
53/30 mm. 
56-56.5/7 mm. 
47-48/1 mm. 
223-225/11 mm. 
59.8-60.3/1 mm. 
212-214/11 mm. 
78/20 mm. 
68-69/1 mm. 
225-228/8 mm. 

81.5-83/2 mm. 

233-235/10 mm. 
88-90/3 mm. 
103-104/1 mm. 
100/5 mm. 
73-74/1 mm. 
97.5-98.5/1 mm. 
223-224/10 mm. 
245-247/10 mm. 
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older alkoxide method, the phosphonous dihalide is 
added to a dry alkoxide under ether (9, 251): 

RPCl2 + 2R'ONa -+ RP(OR')a + 2NaCl 

The alcohol/tertiary amine method is now preferred. 
The amine is added as an acid acceptor; in its absence 
the phosphonous diester is converted to the monoester 
with the loss of one mole of alkyl halide (see Section 
VIII1 A,2). The tertiary amines most commonly used 
have been pyridine, dimethylaniline, diethylaniline, 
and triethylamine. Diethylaniline has an advantage in 
forming an easily filtered, nonhygroscopic hydrochlo
ride (77). Other amines such as anhydrous ammonia 
may be used if they are added at a rate just sufficient to 
neutralize the hydrogen chloride as it is formed (108). 
The esterification is usually run in ether solution at 
room temperature or below, and in an inert atmosphere, 
as the products are easily oxidized. 

RPCl, + 2R'OH + 2 amine -> RP(OR')* + 2 amine HCl 

The tertiary amine can be omitted in the esterification 
of phosphonous dichlorides with phenols, as the aro
matic esters are not attacked by acids (15, 220), and in 
the esterification of phosphonous dichlorides with oxi-
ranes, as no hydrogen chloride is liberated (270). 

The phosphonous diesters that have been prepared 
by these methods are listed in table 12. 

4- From other phosphonous diesters 

Treatment of a phosphonous diester with an alcohol 
results in a random redistribution reaction giving a mix
ture of esters, the proportions depending on the original 
ratio of diester to alcohol (117). For example, the trans
esterification of diethyl methylphosphonite (one mole) 
with n-octyl alcohol (three moles) gives on careful 
fractionation one mole of the diethyl ester, one mole of 
the ethyl n-octyl ester, and one mole of the di-n-octyl 
ester (117): 

CH8P(OCHs)2 + CH,P(OC,Hlrn)2 ;=± 
2CH3P(OC2H6)(OC8H17-H) 

A list of the phosphonous diesters that have been 
prepared by this method is given in table 13. These 
phosphonous diesters, unlike the corresponding tri-
alkyl phosphites, require no sodium catalyst for trans
esterification (115). 

B. REACTIONS OF PHOSPHONOUS DIESTERS 

The reactions of phosphonous diesters which yield 
derivatives of phosphonous acids described in detail in 
other sections of this review are not considered here. 
These include the hydrolysis to phosphonous acids 
(Section II,A,5) or to phosphonous monoesters (Section 
II,A,5; Section VIII,A,3); the reaction with phosphon
ous acids to form phosphonous monoesters (Section 
VIII,A,4); the reaction with phosphorus trichloride 
giving phosphonous dichlorides (Section III,A,6); and 

the transesterification with alcohols to form other phos
phonous diesters (Section IV,A,4). 

The phosphonous diesters undergo most of the reac
tions known for the trialkyl phosphites. Moreover, the 
reactions usually occur more readily and under milder 
conditions. The order of reactivity increases as follows 
(297) : 

(RO)8P < RT(OR)2 < R3TOR < R8P 

Aromatic phosphonites are, of course, less reactive 
than aliphatic phosphonites, for the presence of the 
aromatic ring decreases the availability of the unshared 
electrons on the phosphorus atom (297). 

1. Reduction 

The reduction of diethyl phenylphosphonite with 
lithium aluminum hydride gives phenylphosphine in 
62 per cent yield (305). 

2. Addition of oxygen, sulfur, or selenium 

Phosphonous diesters, especially the lower alkyl 
members, readily add oxygen (21, 147, 295, 296, 297), 
sulfur (19, 21, 104, 115, 116, 138, 220, 270, 295, 297, 
298), or selenium (295, 297), giving the corresponding 
phosphonic esters. No catalyst is required. The products 
of oxidation have seldom been characterized, as they 
are more easily synthesized by other methods. Oxidants 
other than atmospheric oxygen have not been de
scribed. The addition of sulfur to phosphonous diesters 
gives phosphonothionates in 70-80 per cent yields ac
cording to the following equation: 

RT(OR)2 + S - * RT(S)(OR)2 

The phosphonothionic diesters are fuming liquids of 
characteristic unpleasant odor (19, 297). The ethyl 
esters, however, possess a pleasant and refreshing 
grassy odor (295). The selenium adducts of phosphon
ous diesters are refractive liquids of weak odor; they 
deposit selenium on standing in the air but can be 
stored indefinitely under carbon dioxide (295). 

S. Other addition reactions 

Phosphonous diesters, in common with other triva-
lent phosphorus compounds, react with copper mono-
halides to give adducts which are usually crystalline 
(9, 15, 19, 21, 138, 146, 147, 161, 295, 297). These ad
ducts are often used for the characterization of the es
ters. 

The reaction of diethyl ethylphosphonite with 
phenyl azide gives JV-phenyl 0,0-diethyl ethylphos-
phonimidate (135): 

C2H6P(OC2H6)2 + COI1N8 -» 
C,H5P(=NC,H,)(OC,H,), + N, 

With carbon disulfide the phosphonous diesters form 
deep red solutions and differ therefore from the tertiary 
phosphines, which form crystalline adducts with car-
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TABLE 12 

Phosphonous dieatera prepared from photphonou* dichloridet 

Phosphonoue Diester 

Preparation from 

Phosphonoue 
diohloride 

Alkoxide or 
alcohol 

Yield Melting 
Point 

Boiling Point References 

Alkoxide method 

CH1P(OCHi)I 
C H I P ( O C I H I ) I 
CH,P(0CHi-i8o). 
4 - C H I C H I P ( O C H I ) I 

2,4,8-(CHi)iCHiP(OCHi). 
2 , 4 , 5 - ( C H I ) I C H I P ( O C H « ) , 
4 - ( C H I ) I N C H I P ( 0 C H I ) I . . . 

CHiPCIi 
CHiPCU 
CHiPCU 
4-CHiCH4PCU 
2,4,S-(CHi) iCHiPCU 
2,4,5-(CHi)iCHiPClt 
4-(CHi).NCHiPCU 

CHiONa 
CHiONa 
IsO-CH1ONa 
CHiONa 
CHiONa 
CHiONa 
CHiONa 

ptrctnt 

4« 
SS 

101-102/18 mm. 
23S 
134.8/7 mm. 
280 
232-233/100 mm. 
283 (d.)/40 mm. 
119-120/0.8 mm. 

(9) 
(8, 171) 
(10) 
(281) 
(236) 
(236) 
(87, 101) 

Aleohol/amine method 

C H I P ( O C H I ) I 

CHiP(OCiHf). 
CHiP(OCHT-iso). 
CH1P(OCH1). 
CHiP(OCH.). 

C H I P ( O C H T ) . 
C H I P ( O C H T - U O ) . 
C H I P ( O C H 1 C H = C H . ) , . . . . 

C.HiP(0CH.C=CH). 
CH1P(OCH.). 
C.H.P(0CHu). 
CHiP(OCHii). 
C H I P ( O C H I T ) . 
CH,P(0CH.CHi) . 
CH1P(OCH.). 
C H 1 P ( O C H I ) . 

C H T P ( O C H T ) . 

C H T P ( O C H 1 C S = C H ) . 
i»o-CHTP(0CHT-i»o). 
CH1P(OCHi). 
C H 1 P ( O C H T ) 1 

CH1P(OCH1CH=CH1)1 . . . . 
CH1P(OCH1C=^CH). 
CH1P(OCH1)! 
ieo-C«H1P(OCH1-i»o)1 

C H I T P ( O C . H I ) . 
C H I P ( O C H I ) . 

C H I P ( O C H I ) 1 

C H I P ( O C H T ) . 
C H I P ( O C H I C H = C H . ) . . . . . 

I 1 
C H I P ( O C H 1 C H C H 1 O ) . . . . . 
CHiP(OCHT-iso). 
CHiPfOCH.-iBo)! 
C H I P ( O C H I I ) 1 

C H I P ( O C H ) C H I ) 1 

C H I P ( O C H I ) 1 

C H I P ( O C H I C H I - O ) 1 

CHiPIOCHiNfCHOr-mU. . 
4-ClCH.P(OCH.CH=CH.>. 
4 - C H I C H I P ( O C H I ) 1 

4 - C H I C H I P ( O C H I ) 1 

4 - C H I C H I P ( O C H T ) . 
4 - C H I C H I P ( O C H . ) . 
4-CHiCHiP(OCH1-iso)1.... 
4 - C H « 0 C H I P ( 0 C H I ) . 
I-CIOHTP(OCHI). 

C H I P ( O C H . C H C I C H I ) I 
C H I P ( O C H . C H C 1 C H . ) . . . . . 
C H I P ( O C H 1 ) . 

C H 1 P ( O C H I C I - P ) . 
C H I P ( O C H I C H M ) . 
CH1P(OCiHi(CHiI-JiTO-PJt 

CHiPCU 
C H I P C U 
CHiPCU 
CHiPCl1 

C I H I P C U 

CHiPCl. 
CHiPCU 
C H I P C U 

C.H.PCU 
CHiPCU 
C.H.PCI. 
CHiPCl1 

CHiPCU 
CHiPCU 
CHiPCl. 
CIHTPCU 
CIHTPCU 
C H T P C U 

iso-CHiPCU 
CH1PCl1 

CH1PCU 
CH1PCl1 

CH1PCU 
CH1PCl1 

lso-CH.PCU 
C H I T P C U 

C I H I P C U 

CHiPCI. 
CHiPCl1 

CHiPCU 

CHiPCU 
CHiPCU 
CHiPCU 
CHiPCl. 
CHiPCU 
CHiPCU 
C H I P C I . 
CHiPCU 
4-ClCHiPC!. 
4 - C H I C H I P C U 
4 - C H I C H I P C I . 

4-CH.CHiPCl. 
4-CHiCHiPCIt 
4-CHiCH.PCU 
4-CHK)CHiPCU 
1-COHTPCI. 

CHiOH 
CHiOH 
ISO-CHTOH 

CH1OH 
C H I O H 

CIHTOH 

iso-CHiOH 
C H F = C H C H 1 O H 

C H = C C H J O H 

C H . 0 H 
CHuOH 
n-CHiiOH 
n-CHiiOH 
CHiCH1OH 
CHiOH 
CHiOH 
C H T O H 
CH=SCCH1OH 
! 8 0 - C H T O H 

CHiOH 
C H T O H 
C H I = C H C H 1 O H 
CH=CCH1OH 
CiH1OH 
iso-CH.OH 
C1HiOH 
CH1OH 

CHiOH 
CIHTOH 
CH1=CHCH1OH 

Glycidol 
iao-CHiOH 
iso-CH.OH 
CHiiOH 
CHiCH1OH 
CHiOH 
0-CHiCHiOH 
Tn-(CHO1NCHiOH 
C H F = C H C H J O H 
CH.0H 
CHiOH 
C H T O H 

CH.OH 
!SO-CH1OH 
C H I O H 
CHiOH 

82 
78 
80 
38 
66 

64 
40 

80 

92 
90 

72 
64 
74 

60 
64 
70 
64 

64 
88 
31 
70 

81 
76 
43 

60 
77 
46 
74 
48 
42 

86 
82 
60 
82 
89 
77 

47/50 mm. 
76/33 mm. 
55/36 mm. 
73,S-74.S/228mm. 
60/38 mm. 

85-66.8/11 mm. 
73.8-74.5/38 mm. 
65-67/11 mm. 
126-127/6 mm. 
63-64/3 mm. 
81-82/2 mm. 
100-101/2 mm. 
142-144/3 mm. 
140-141/1.5 mm. 
115-115.6/1 mm. 
52-53/12 mm. 
81-82/11 mm. 
136-136.5/6 mm. 
59.5-60.5/14 mm. 
68-70/12 mm. 
99.5-101/14 mm. 
98-100/11 mm. 
146-147/6 mm. 
116.5-118.5/10 mm. 
105.5-107.5/12.5 mm. 
58-60/0.12 mm. 
94.5/13 mm. 

70/0.8 mm. 
137/18 mm. 
100/0.3 mm. 

89/0.5 mm. 
121-122/10 mm. 
104/0.8 mm. 
123-126/0.3 mm. 
68-70/0.1 mm. 
230/14 mm. 
228-231/10 mm. 

126-127/3 mm. 
107-108/14 mm. 
123-128/9 mm. 
128-130/6 mm. 
170-171/13 mm. 
168-156/13 mm. 
136-138/13 mm. 
101/0.15 mm. 

(108, 115, 117) 
(115) 
(118) 
(18, 21) 
(18, 21, 117, 

281, 287) 
(18, 21) 
(18, 21) 
(300) 
(147) 
(18, 21) 
(300) 
(19, 21) 
(19, 21, 108) 
(300) 
(19) 
(284) 
(284) 
(147) 
(298) 
(294) 
(294) 
(147) 
(147) 
(284) 
(297) 
(108) 
(16, 57, 110, 

144) 
(16, 144, 181) 
(16, 144) 
(107, 149, 150, 

259) 
(317) 
(14) 
(144, 181) 
(108) 
(5) 
(16) 
(18) 
(76) 
(148, 150) 
(161) 
(161) 
(161) 
(161) 
(161) 
(148) 
(101) 

Alcohol/no acid aoceptor method 

CH1PCU 
CHiPCl1 

CHiPCU 
CHiPCl1 

CHiPCU 
C H I P O . 

Propylene oxide 
Propylene oxide 
C H I O H 
P-ClCHiOH 
e-Cresol 
p- (<w/-CHn) CBiOH 

100 
100 
40 

38 

222-223/12 mm. 
223.5-226/1 mm. 
228-231/10 mm. 
225-228/3 mm. 

(270) 
(270) 
(18) 
(220) 
(18) 
(220) 
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TABLE 13 

Phosphonous diesters prepared by transesterification 

Phosphonous Diester 

C H I P ( O C H I C H , S C . H , ) I 

CHiP(OCiHi7-n)i 
CHiP(OCioHu-n)i 
CiH.P(OCiHiT-n). 
C»HiP(OCi.Hn-n), 
C I H 1 P ( O C H I ) , 
CHiP(OCHi)OCHiCHtSCHi 
CHiP(OCtHi)OCHtCH1SCHi.... 
CHiP(OCiHr)OCHiCH.SCtHi.... 
CHiP(OCiHt-i«o)OCHiCHiSCiHi 
CHiP(OCtH,) OCHir-n 
CHiP(OCHi)OCioHti-n 
CtHiP(OCtHi)OCtHir-n 
CiHiP(OCtHi)OCiiiH.i-n 
CtH1P(OCtHi)OCHi 

Preparation from 

Phosphonous diester 

CHiP(OR)I (R - CHi, 
CIHT, or iso-CHr) 

CHiP(OCtHi)I 
CHiP(OCHi)I 
CtH,P(OCH«)i 
CtHiP(OCHi)I 
CH,P(OCtH.)t 
CHiP(OCHi)I 
CHiP(OCHi)I 
C H I P ( O C H T ) I 

CHiP(0CH7-iso)t 
CHiP(OCHi)t 
CHiP(OCHi)I 
CiHiP(OCHiJt 
CH,P(OCHi)i 
CH,P(OCHi)i 

Alcohol 

CH1SCHiCHtOH 

n-CHirOH 
n-CioHiiOH 
n-CH.iOH 
n-CoHiiOH 
CHiOH (Ns) 
CH1SCHiCHtOH 
CtHiSCHiCHiOH 
CHiSCHiCHtOH 
CiHiSCHiCHtOH 
n-CHuOH 
n-CoHnOH 
TVCHITOH 
n-CioHnOH 
CHiOH 

Yield 

Vtt cent 

30 

73 
34 
34 
24 
4« 

Boiling Point 

0C. 
80-84/0.025 mm. 

125-130/0.3 mm. 
138/0.075 mm. 
123/0.05 mm. 
150/0.05 mm. 
125-128/15 ram. 
42-43/0.04 mm. 
40/0.04 mm. 
53-56/0.025 mm. 
42-46/0.1 mm. 
65/0.1 mm. 
85/0.25 mm. 
72/0.3 mm. 
100/0.06 mm. 
51/0.08 mm. 

References 

(115) 

(U7> 
(117> 
(117)' 
(U7> 
(305) 
(115) 
(116) 
(115, 116)" 
(115, 116) 
(117) 
(117) 
(117) 
(117) 
(117) 

bon disulfide, and from the tertiary phosphites, which 
give no color with carbon disulfide (305). 

4. Reaction with halogens 

Phosphonous diesters react quantitatively with bro
mine (297), giving products of unspecified structure. 
By analogy with the phosphites, however, these prod
ucts are probably phosphonobromidic esters: 

R'P(OR), + Br, - • RT(O)(OR)Br + RBr 

5. The Arbuzov reaction 

Phosphonous diesters undergo the Arbuzov rearrange
ment with a wide variety of organic halides, giving es
ters of secondary phosphinic acids: 

RP(OR)3 + R'X RR'P(0)0R + RX 

The organic halides may be simple alkyl halides (8, 
11, 14, 16, 19, 21, 57, 101, 107, 110, 149, 150, 161, 219, 
260, 291, 294, 295, 297, 305, 316, 324), triphenylmethyl 
bromide (11), carbon tetrahalides (19, 143, 144, 145, 
147, 161), a-halo esters (10, 19, 38), chloromethyl 
methyl ether (16), 2-chloroethyl ethyl ether (16), 
chloromethyl ethyl sulfide (181), 2-bromoethyl acetate 
(110), glycol bis(chloroformates) or their thio analogs 
(106), a-halo malonates (13), /3-bromo nitriles (38), 
carbamoyl chlorides (19), octachlorocyclohexa-1,4-
diene (286), bis(/3-bromoalkyl) phosphonates (47), C-
chloro-P,P-diphenoxyisophosphazoacyls (68), or cer
tain a-halo ketones (277). Alkyl tin halides were at first 
believed to give products containing phosphorus-tin 
bonds (17), but are now known to give products with 
P—0—Sn bonds (18), probably owing to self-isomeri-
zation before reaction with the alkyltin halide. 

The reaction with alkyl halides is usually complete in 
2-3 hr. at 100-1200C, compared to the 5-6 hr. at 
1600C. required for trialkyl phosphites. The use of the 
higher temperature is sometimes deleterious, as the 
product may break down to a free phosphinic acid and 

an alkene (11, 14, 295). In these cases the rearrange
ment may be carried out at a lower temperature, using 
a dialkylaniline as a catalyst (14, 181). 

The increased ease of reaction of phosphonous di
esters is also manifested in the partial isomerization of 
some esters during their preparation. Dimethyl phenyl-
phosphonite, for example, undergoes extensive isom
erization on heating, and a mixture of products is ob
tained whether the ester is prepared by the alkoxide 
method (9) or by the alcohol/tertiary amine method 
(14, 16, 150). 

Alkylene dihalides [X(CH2)„X, where n = 3 to 5] 
react with phosphonous diesters giving secondary phos
phinic acid phostones (compare phosphonous acid 
phostones, Section VIII,A,4). Both ester groups are 
split out (90): 

CjH6P(OC2H6), -f Br(CH,),Br -» 

CH6P(O)CHjCH2CH2O + 2CH6Br 

Phenolic esters of phosphonous acids, as might be 
expected, do not undergo the Arbuzov rearrangement 
except on drastic heating (15, 145, 146). The alkyl 
halide adducts can, however, be decomposed with alco
hols (the Landauer-Rydon reaction), giving secondary 
phosphinic esters (15): 

C6H6P(OC6H6)J-CH3I + CH6OH -• 

CH6P(O)OCJH, + C6H6OH + CH6I 

CH, 

or with sodium hydroxide (238): 

CH3C6H4P (OC6H6),-CH6CH2Cl + NaOH -
CH8CHiP(O)OC6H6 + NaCl + CH6OH 

CH2C6H6 

Phosphonous diesters react with a,/9-unsaturated 
acids, giving saturated esters. The reaction probably 
proceeds through an Arbuzov-type mechanism, in 
which the anionic end of the molecule in the quasi-
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phosphonium intermediate assumes the function of the 
halide ion (151). 

C6H6P(OR)2 + CHi1=CHCOOH -» 
C,H5P(0)(OR)CH,CH,COOR 

A similar reaction occurs with a,/3-unsaturated alde
hydes, such as acrolein (151). The products are distil-
lable with difficulty, and only the ethyl ester given be
low has been isolated in pure form. 

CH6P(OCjH6), + CH2=CHCHO -
CHSP(O)(OC 2 H 6 )CH 8 CH=CHOCH 6 

Phosphonous diesters react with sultones in the fol
lowing manner (105): 

CH6P(OCH,), + OCH2CH2CH2SOJ -» 
CH 6 P(O)(OCH 9 )CH 2 CH 2 CHJSO 1 CH, 

6. Anomalous Arbuzov reactions 

Phosphonous diesters undergo several so-called 
"anomalous" Arbuzov reactions, which are anomalous 
in that no new carbon-phosphorus bond is formed. 
Vinyl esters of phosphonic acids are formed in the reac
tion of phosphonous diesters with a-halo aldehydes 
(4, 185,300,312,345,346): 

RP(OR'), + CC1.CH0 - RP(0)(0R')0CH=CC12 + R'Cl 

a-Halo ketones may give either the anomalous prod
uct as in the equation above, or the normal product of 
an Arbuzov rearrangement, or a mixture of both, de
pending on the halogen employed and the temperature 
of the reaction (277, 345, 346). The formation of the 
normal product is more favorable, however, for phos
phonous diesters than for phosphites, because of the 
greater ease with which the phosphonites undergo the 
Arbuzov rearrangement. 

Diethyl phenylphosphonite reacts with 2-bromo-2-
nitropropane giving an isopropylideneamino phospho-
nate (3): 

2CH6P(OCH6), + (CH,)2C(N0,)Br -
CH 6 P(O)(OCH 6 )ON=C(CHJ) 2 + CH6P(O)(OCH8), + C2H6Br 

This may be considered to be an anomalous Arbuzov 
reaction complicated by an additional redox reaction 
between the nitro group and the phosphonite. 

7. Related reactions 

Reactions which are closely related to the Arbuzov 
reaction in that they appear to proceed by a common 
mechanism occur when phosphonous diesters are 
treated with isothiocyanates (255), disulfides (256), or 
sulfenyl chlorides (261): 

CH6P(OCH6)2 + RNCS -* CH6P(O)(OCH6)SR + C2H6CN 

CH6P(OCH6), + RSSR -> CH6P(O)(OCH6)SR + CH6SR 

CH6P(OCH6), + RSCl - CH6P(O)(OCH6)SR + C2H6Cl 

between the dialkyl phosphonites and the much better 
known trialkyl phosphites. 

V. PHOSPHONODITHIOUS ESTERS 

The phosphonodithious esters, RT(SR)2 , are liquids 
with unpleasant odors, but unlike their oxygen counter
parts are not appreciably oxidized in air (26). 

A. SYNTHESIS 

The methods used for preparing phosphonous di
esters from phosphonous dihalides may also be applied 
to their sulfur analogs. The phosphonous dihalide can 
be added to an ether solution containing sodium and a 
mercaptan (12) or to an ether solution containing a 
mercaptan and a tertiary amine (26). The former 
method was used to prepare diethyl phenylphosphono-
dithioite, b.p. 143-144°C./3.5 mm., and diisobutyl 
phenylphosphonodithioite, b.p. 191-192°C./12.5 mm., 
from phenylphosphonous dichloride and the appropriate 
mercaptide (12); the latter method was used to prepare 
diethyl ethylphosphonodithioite, b.p. 98-100°C./10 
mm., from ethylphosphonous dichloride, ethyl mer
captan, and pyridine in 74 per cent yield (26). 

The synthesis of phosphonous diesters from trialkyl 
phosphites and Grignard reagents has also been ap
plied to the dithious esters. Dipropyl butylphosphono-
dithioite, b.p. 110-112°C./2.5 mm., was prepared from 
(C 3HTS) 3P and butylmagnesium chloride in 25 per cent 
yield (305). 

B. REACTIONS 

The phosphonodithioites undergo many of the reac
tions characteristic of the phosphonous diesters. They 
combine readily with sulfur in the absence of a cat
alyst, and form sirupy complexes with copper mono-
halides (12, 26). The Arbuzov rearrangement with 
alkyl halides (12), a- or /3-halo esters (12), or glycol 
chloroformates (106) proceeds normally, giving esters 
of phosphinothionic acids. In some cases the second 
thioester group is also eliminated as alkylsulfenyl 
halide (26). The phosphonodithious esters differ in this 
respect from the trithiophosphites, (RS)3P, which give 
only the products of addition to sulfur, not to phos
phorus, under the conditions of the Arbuzov reaction. 

VI. PHOSPHONOUS DIAMIDES AND IMINOPHOSPHINES 

Phosphonous dihalides react readily with primary 
and secondary amines giving compounds containing 
phosphorus-nitrogen bonds. The literature contains few 
references to substances of this type despite their ease 
of preparation and their demonstrated usefulness as in
termediates in the Arbuzov reaction (Michaelis, 1892-
1903). 

A. SYNTHESIS 

In all of these reactions a close analogy may be drawn The reaction of phosphonous dichlorides with pri-
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mary or secondary amines is violent if the reagents are 
simply mixed together. In practice a solvent such as 
ether is used, and the amine is added in sufficient excess 
to bind the hydrogen chloride that is evolved. With 
phenylhydrazine the reaction is vigorous at the start 
but requires long standing at room temperature for 
completion (234): 

RPCI, + 3C1H1NHNH, -+ 
RP=NNHC6H6 + 2CH5NHNH, HCl 

The products are iminophosphines. In one case a small 
amount of the dihydrazide, C«BUP(NHNHC»Hi)j, was 
also isolated (249). 

Secondary amines such as piperidine or tetrahydro-
quinoline give phosphonous diamides: 

RPCl, + 4CH10NH RP(NC6H10), + 2C6Hi0NH HCl 

Phosphonous dichlorides do not form cyclic phos
phorus-nitrogen compounds with amine hydrochlo-
ides (239). 

A list of the known phosphonous diamides and 
iminophosphines is given in table 14. 

B. REACTIONS 

Little is known of the chemistry of iminophosphines 
and phosphonous diamides. The iminophosphines are 
converted to salts of the corresponding phosphonous 
acids by boiling water (234, 235, 236, 249). 

heat 
RP=NNHCH 6 + 2H,0 RPH(O)OH • NH.NHCH, 

Phosphonous diamides are stable to boiling water but 
are hydrolyzed by dilute acids (237). Treatment with 
anhydrous hydrogen chloride in benzene solution pre

cipitates the amine hydrochloride (237). In other reac
tions the phosphonous diamides behave as typical com
pounds of trivalent phosphorus. They add sulfur at 
1300C. giving phosphonothioic diamides, form adducts 
with carbon disulfide, and react with chlorine giving 
dichlorides which may be hydrolyzed to phosphonic 
diamides (237). They form quaternary salts with alkyl 
halides (237) in which the alkyl group is attached to 
phosphorus, not nitrogen. 

A reaction peculiar to the phosphonous diamides 
constitutes a variant of the well-known Arbuzov reac
tion. The quaternary salts formed by the action of 
alkyl halides on the phosphonous diamides may be 
transformed into the quaternary hydroxides by treat
ment with silver oxide. These, on heating, split out the 
amine, giving secondary phosphinic acids (237): 

[RP(NC6H1O)4CH,]+OH- + H1O -+ 
R(CH6)P(O)OH + 2C6H10NH 

VII. PHOSPHONOUS ESTER CHLORIDES, 

AMIDE CHLORIDES, AND ESTER AMIDES 

The presence of two replaceable hydroxyl functions 
in the phosphonous acids (as written in the form con
taining trivalent phosphorus) makes possible the exist
ence of mixed ester chlorides, amide chlorides, and ester 
amides which have no counterparts in the carboxylic 
acids. The chemistry of this singularly interesting 
group of substances has not, however, been adequately 
studied. 

A. PHOSPHONOCHLORIDOUS ESTERS 

The reaction of a phosphonous dichloride with an 
alcohol and a tertiary amine in equimolar proportions 

TABLE 14 

Phosphonous diamides and iminophosphines 

Produot 

Preparation from 

Phosphonous 
dichloride 

Amine 

Melting 
Point 

Boiling 
Point 

References 

Iminophosphines (from primary amines) 

CiH6P-NNHCtH6 

C H j P = N N H C H 4 C H r P 
C H 6 P = N N ( C H I ) C H I C H I . . . 
4 - C I C H I P = N N H C H I 
4-BrCHiP=NNHCH 6 

4 - C H I C H I P = N N H C H 1 

2 , 4 . 0 - ( C H , ) I C H . P = N N H C H I 

CHiP[N(CHi)i]. 
CH»P(NCHi»). 

CH.P(NC.Hi»). 
4-ClC.H,P(NCH„). 
4-CHiCH1P(MCHi.). 
4 - C H I C H I P ( N C H 1 . ) . 
4 - C H 6 O C H I P ( N C H I 6 ) . 
4-C.HiOC6HiP(NCHii). 

CiHiPCl. 
CHiPCl. 
CHiPCl. 
4-C1CH.PC1. 
4-BrCH.PCU 
4-CH6CiHiPCl, 
2,4,6-(CH.).CH.PCU 

Phenylhydrazine 
r'-Tolylhydrasdne 
CH6CH1(C6H6)NNH, 
Phenylhydrazine 
I1 heny !hydrazine 
Phenylhydrazine 
Phenylhydrazine 

°C. 
152 

162 

141 

lfil (d.) 

lf,0 

139 

135 

0C. 
(249) 
(249) 
(249) 
(234) 
(234) 
(235) 
(236) 

Phosphonous diamides (from secondary amines) 

CHiPBn 
CHiPCl, 

CHiPCl. 
4-ClCH6PCIi 
4-CH.CHiPCl. 
4-CHiC.HiPCl. 
4-CHiOCHiPCl. 
4-CH.OCHiPCl. 

Dimethylamine 
Piperidine 

Tetrahvdroquinoline 
Piperidine 
Piperidine 
Tetrahydrorpiinoline 
Piperidine 
Piperidine 

78 

150 
95 
85 

140 
09 
84 

137-141 (190) 
(71, 237. 

340) 
(237) 
(237) 
(237, 340) 
(237) 
(237) 
(237) 
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at 10-200C. leads to the replacement of one of the 
chlorine atoms, forming a phosphonochloridous ester 
(118). 

RPCl, + R'OH + (CH6).N RP(OR')CI + (CSH6),NHC1 

Treatment of this product directly in solution with 
sulfur flowers gives a phosphonochloridothionate in 
25-28 per cent overall yield (118). The intermediate 
phosphonochloridous esters have not been isolated. 

RP(OR')Cl + S - + RP(S)(0R')C1 

Interestingly, the addition of sulfur to the phos-
phonochloridite proceeds readily at 25-350C. in the 
absence of a catalyst (118). Phosphonous dichlorides 
require a catalyst (aluminum chloride), but phos
phonous diesters do not (see Sections III,B,5 and 
IV,B,2). 

B. PHOSPHONAMIDOUS CHLORIDES 

Phosphonamidous chlorides may be synthesized by 
the reaction of a phosphonous dichloride with two 
equivalents of a secondary amine (25): 

CH8PCl. + 2(C,H6),NH -> 
C,HSP[N(CH,),]C1 + (C,H6),NHHC1 

These amide chlorides react with water with bursts 
of flame and are rapidly decomposed in air with the 
separation of the amine hydrochloride (25). Treatment 
with an alcohol gives diethylamine hydrochloride and a 
phosphonous diester (25). 

CHiP(N(C.H,)i]Cl + 2C2H6OH -> 
CH6P(OCHi)J + (C8H6J8NH HCl 

In the presence of a tertiary amine only the halogen 
atom is replaced (see Section VII1C). 

Phosphonamidous chlorides combine with sulfur in 

the presence of aluminum chloride, giving phosphonami-
dothioic chlorides (25). No reaction occurs in the ab
sence of the catalyst. 

CH6P[N(CH6),]CI + S 
AlCIi 

CH6P(S)[N(CH1)J]Cl 

The known phosphonamidous chlorides are listed in 
table 15. 

C. PHOSPHONAMIDOUS ESTERS 

Phosphonamidous esters are prepared by the action 
of alcohols on phosphonamidous chlorides in the pres
ence of a tertiary amine (25). The yields for the lower 
alkyl members range from 60 to 70 per cent. The ester 
amides are colorless mobile liquids with unpleasant 
odors. 

C.H,P[N(CH,),]C1 + CH9OH CH6P[N(CH6),]OCH, 

In the absence of the tertiary amine the amide group 
is cleaved and the product is a phosphonous diester 
(see preceding section). 

The phosphonamidous esters combine readily with 
sulfur, giving esters of phosphonamidothionic acids 
(25), and take part in the so-called "anomalous" Arbu-
zov reaction in a manner similar to the phosphonous di
esters (300, 312, 346). The reaction with chloral (300) 
proceeds as follows: 

CH6P(NR,)OCHriso + CCl.CHO -• 
CH 6 P(OXNRJ)OCH=CCI , + iso-C,H7Cl 

The known phosphonamidous esters are listed in 
table 15. 

VIII. PHOSPHONOUS MONOESTERS 

The partial esters of phosphonous acids are relative 
newcomers to the family of organophosphorus com
pounds, owing perhaps to indications in the early litera-

TABLE 15 

Phosphonous amide chlorides and ester amides 

Produot 
Preparation from 

Chloride Amino or aloohol 
Yield Boiling Point Reference 

Amide ohlorides (phosphonamidous chlorides) 

CiHiP[N(CHi)i]Cl. 
C I H I P [ N ( C I H I ) I ] C 1 . 

CiHiPCIi 
CiHiPCIi 

(CHi)iNH 
(CiHi)iNH 

per cent 

77 
61-52/16 mm. 
52-53/3 mm. 

(300) 
(25) 

Ester amides (phosphonamidous esters) 

CiHiP [N(CHi)I ]OCiHr-iso 
CiHiP[N(CiHi)i)OCHi 
CiHiP[N(CiHi)i]OCiHi 
CiHiP [N(CiHi)I]OCiHi 
CiHiP [N(CiHi)i]OCiHT-iso 
C I H I P [ N ( C I H I ) I ] O C I H I 
CiHiP[N(CiHi)i]OCiHi-iso 
CiHiP [N(CiHi)i]OCiHi»-n 
CIHIP[N(CIHI)I]OCTHII-7I 
CiHiP[N(CiHi)i]OCiHn-n 
CiHiP[N(CiHi)i]OCiHit-n 

CiHiP [N(CHi)i]Cl 
CiHiP [N(CiHi)i]Cl 
CiHiP [N(CiHi)i]Cl 
CiHiP [N(CiHi)i]Cl 
CiHiP [N(CiHi)i]Cl 
CiHiP [N(CiHi)i]Cl 
CiHiP[N(CiHi)i]Cl 
CiHiP [N(CiH,),]Cl 
CiHiP[N(CiHi)i]Cl 
CiHiP [N(CiH.)i]Cl 
C I H I P [ N ( C I H I ) I ] C 1 
C I H I P [N(CiHi)i]Cl 

ISo-CiH1OH 
CHiOH 
CiHiOH 
CiH7OH 
JSO-CIHTOH 
C I H I O H 
iso-CiHiOH 
n-CtHiiOH 
n-CiHuOH 
FI-CIH11OH 
n-CiHiiOH 
n-CiiHnOH 

72 
63 
66 
61 
62 
71 
61 
40 
30 
27 
22 

71-73/27 mm. 
49-50/10 mm. 
53-54/9 mm. 
73-74/10 mm. 
63-65/10 mm. 
88-89/10 mm. 
79-80/10 mm. 
80-81/1 mm. 
101-102/1 mm. 
115-116/2 mm. 
121-122/2 mm. 
134-135/2 mm. 

(300) 
(25) 
(25) 
(25) 
(25) 
(25) 
(25) 
(25) 
(25) 
(25) 
(25) 
(25) 
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ture that they were unstable. In 1877 Kohler and 
Michaelis (171) observed that diethyl phenylphospho-
nite, though not soluble in water, was gradually decom
posed by it to a partial ester which was identified by 
analysis as ethyl hydrogen phenylphosphonite. On 
further contact with water this ester formed an un
stable crystalline hydrate and in time was converted 
to the acid, phenylphosphonous acid. 

RT(OR)2 + HCl RTH(O)OR + RCl 

C6H6P(OCH6)J C8H6PH(O)OC2H, C6H6PH(O)OH 

Kosolapoff (174) prepared this same ester by the 
method described in Section VIII,A,2 and noted that it 
developed an extremely foul phosphine-like odor on 
distillation. However, there is some question as to 
whether the ethyl ester differs in this respect from 
other members of the series (71, 281, 305). 

The partial esters of alkylphosphonous acids are for 
the most part colorless, mobile, evil-smelling liquids 
(20). The higher alkyl esters (C4 to C10) do not wet 
glass (20). 

A. SYNTHESIS OF PHOSPHONOUS MONOESTERS 

1. From phosphorochloridites with Grignard reagents 

The synthesis of phosphonous diesters by the reac
tion of Grignard reagents with dialkyl phosphoro
chloridites was described in a previous section (Section 
IV,A,1). Direct hydrolysis of the reaction mixture 
with 5 per cent aqueous ammonium chloride yields the 
monoesters instead of the diesters (139). The products 
are described in table 16. 

(RO)1PCl + R'MgX RT(OR)2 + MgXCl 
NH.C1 

R'P(OR)s + H2O > RTH(O)OR + ROH 

2. From phosphonous dichlorides 

Partial esters of phosphonous acids are formed 
when a phosphonous dichloride is added to an alcohol 
at ice-cold temperatures (20, 174, 275, 281). In the ab
sence of a tertiary amine, the phosphonous diester 
initially formed is attacked by the hydrogen chloride, 
generating the monoester and liberating alkyl chloride: 

RTCl, + 2ROH -» RT(OR)2 + 2HCl 

If the temperature is allowed to rise, the second ester 
group may also be split out; it will be remembered that 
alcoholysis of phosphonous dichlorides is a good 
method of preparing phosphonous acids (see Section 
n,A,4). 

A better technique for preparing monoesters is to 
add the alcohol in a slow stream under the surface of 
the phosphonous dichloride while keeping the system 
under slightly reduced pressure to draw off the hydro
gen chloride as it is formed (20, 281). 

Acid-sensitive monoesters may be prepared by the 
reaction of phosphonous dichlorides with alcohols in 
the presence of one equivalent of a tertiary amine such 
as pyridine (107, 269). 

The phosphonous monoesters prepared by this 
method are given in table 17. 

3. From phosphonous diesters 

The partial hydrolysis of phosphonous diesters takes 
place slowly in neutral (171) or basic medium, but with 
a trace of acid the partial esters are instantly produced 
in almost quantitative yield (305): 

RT(OR)2 + H2O 
H + 

RTH(O)OR + ROH 

The removal of one of the benzyl groups in dibenzyl 
esters can be accomplished with lithium chloride in 2-
ethoxyethanol (5). 

Phosphonous acid esters prepared by these methods 
are listed in table 18. The preparation of partial esters 
by the reaction of a phosphonous diester with the cor
responding phosphonous acid is described in Section 
VIII,A,4. 

4. From phosphonous acids 

A variety of methods have been described for pre
paring partial esters of phosphonous acids from the 
acids themselves. A classical method is the reaction of a 
silver salt of a phosphonous acid with an alkyl halide 
(111,209,217): 

RPH(O)OAg + RI RPH(O)OR + AgI 

TABLE 16 
Phosphonous monoesters prepared from phosphorochloridites 

Phosphonous Monoester 

CHiPH(O)OC1H, 
C H 1 PH(O)OCH, . . . . 
CiHiPH(O)OCH.. . . . 
U O - C I H T P H ( O ) O C H I . 
C H I P H ( O ) O C H 1 . . . . 
I S O - C H I P H ( O ) O C H , . 
C H I C H I P H ( O ) O C H , 
C J i P H ( O ) O C H , . . . . 

Preparation from 

Phosphorochloridite 

(CHiO)iPCl 
(C.H.O).PCl 
(CH,0),PC1 
(CHiO)iPCl 
(CH,0),PC1 
(CHiO)iPCl 
(C1HiO)4PCl 
(CH,0)iPCl 

Grignard reagent 

CH.MgX 
CH1MgX 
CH1MgX 
iso-CHrMgX 
C1HiMgX 
iso-CiH>MgX 
CHiCHiMgX 
CHiMgX 

Yield 

per cent 
65 
53 
60 
59 
55 
54 
68 
58 

Boiling Point 

0C. 
47-48/2 mm. 
94-96/10 mm. 
67-67.6/2 mm. 
58.5-60.2/2 .5 mm. 
49-49.6/1.6 mm. 
79-77/6 mm. 
113-115.5/2 mm. 
99.2-100/1 mm. 

Referenoe 

(139) 
(139) 
(139) 
(139) 
(139) 
(139) 
(139) 
(139) 
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TABLE 17 

Phosphonous monoesters prepared from phosphonous dichloridet 

Phosphonous Monoeater 

C I H I P H ( O ) O C H I 

C I H I P H ( 0 ) O C I H I 
CiHiPH(O)OCiHr 
CIHIPH(0)0CIHT-18O 

C I H I P H ( 0 ) 0 C I H I 
CiHiPH(0)OC<Hi-ieo 
CiHiPH(0)OCiHii-n 
CiHiPH(0)OCtHii-t>. 
CiHiPH(0)OC»HiT-n 
C I H I P H ( 0 ) O C I H I I - B 
CiHiPH(0)OCioH«-n 
CiHiPH(O) OCHiCiHi 
C I H I P H ( O ) O C H I 

CiHiPH (O) OCiHi 
CiHiPH(O) OCiHr-iao 
CiHiPH(0)OCHiCH—CHi 
C I H I P H ( 0 ) O C I H I 
CiHiPH(0)0C«Hi-iB0 
CiHiPH(O)OCiHn-It 
CiHiPH(0)OCrHii-n 
CiHiPH(0)OCiHiT-n 
CiHiPH(0)OCiHii-n 
CiHiPH(0)OCHiCiHi 
CiHiPH(0)0(CHi)iSi(CHi)i 

Preparation from 

Phosphonous 
diohloride 

CiHiPCIi 
CiHiPCIi 
CiHiPCIi 
CiHiPCIi 
CiHiPCIi 
C1H.PCI1 
CiHiPCIi 
CiHiPCIi 
CiHiPCIi 
CiHiPCIi 
CiHiPCIi 
CiHiPCIi 
CiHiPCIi 
CiHiPCIi 
CiHiPCIi 
CiHiPCIi 
CIHIPCII 
CiHiPCIi 
CiHiPCli 
CiHiPCIi 
CIHIPCII 
CiHiPCli 
CiHiPCli 
CiHiPCli 

Alcohol 

CHiOH 
CiHiOH 
C1H7OH 
IBO-CIHTOH 
CiHiOH 
i»o-C<HiOH 
n-CiHiiOH 
n-CjHuOH 
n-CiH,TOH 
n-CiHiiOH 
n-CioHiiOH 
CiHiCHiOH 
CHiOH 
CiHiOH 
IBO-CIHTOH 
C H I = C H C H I O H 

CiHiOH 
iso-CiHiOH 
n-CiHiiOH 
n-CrHnOH 
n-C.HnOH 
n-CiHuOH 
CiHiCHiOH 
(CH.).Si(CHi).OH 

Yield 

percent 
20 
31 
47 
42 
57 
56 
54 
42 
62 
69 
49 
85 
66 
84 
70 

80 
88 
60 
80 
78 
57 
93 

Boiling Point 

"C. 
65-66/11 mm. 
68-69/9 mm. 
81-82/10 mm. 
69-70/10 mm. 
92-93/9 mm. 
86-87/9 mm. 
87-88/1.5 mm. 
99-100/4 mm. 
102-103/1 mm. 
122-123/4 mm. 
129-130/1.5 mm. 
90-95/0.1 mm. 
91-93/1 mm. 
94-95/1 mm. 
106-107/1 mm. 
121-123/1,5 mm. 
90.5-92/0.12 mm. 
112-113/1 mm. 
139/1 mm. 
150/1 mm. 
155/1 mm. 
158-160/1 mm. 
90-95/0.05 mm. 
142-148/1 mm. 

Reference* 

(20) 
(20) 
(20) 
(20) 
(20) 
(20) 
(20) 
(20) 
(20) 
(20) 
(20) 
(5) 
(275, 281) 
(71, 174, 275, 281) 
(275, 281) 
(107) 
(127, 174) 
(275, 281) 
(276, 281) 
(275, 281) 
(275, 281) 
(275, 281) 
(S) 
(154) 

Acid- or base-catalyzed esterifications with alcohols 
have been described in a few instances. AHyI hydrogen 
octylphosphonite was prepared by esterification of 
octylphosphonous acid with allyl alcohol in the pres
ence of a catalytic amount of p-toluenesulfonic acid, 
with azeotropic removal of the water (107). Esters of 
triphenylmethylphosphonous acid have been prepared 
by alkylation with dialkyl sulfates and potassium car
bonate (111). Glycol esters of phosphonous acids were 
prepared by treatment with ethylene oxide in the pres
ence of catalysts such as sodium hydroxide or silica gel 
(320, 321). 

Aliphatic phosphonous acids which contain a hy-
droxyl group in the 3- or 4-position form cyclic esters on 
mild heating (316). The products are called "phos-
tones," by analogy with the lactones of the carboxylic 
acid series. 

Partial esters of phosphonous acids may also be 
prepared by heating the acids with the corresponding 
phosphonous diesters (334): 

CJIJH(O)OH + CH1P(OR), 
heat 

2CHJH(O)OR 

This reaction takes place at 100-1600C. and the yield 
is quantitative. 

Partial esters prepared by these methods are listed 
in table 19, together with the method of preparation. 

B. REACTIONS OF PHOSPHONOUS MONOESTERS 

The hydrolysis of phosphonous monoesters to phos
phonous acids is described in Sections II,A,5 and II,A,4 
and discussed in the introduction to Section VIII. 
Reactions of phosphonous monoesters with phosphon
ous dichlorides or phosphinous chlorides to form mixed 
anhydrides are described in Section X. 

Phosphonous monoesters react with oxygen, sulfur, 
halogens, etc., giving phosphonic acids or their deriva
tives. These reactions are formally regarded in the fol
lowing discussion as addition reactions to the esters in 
the tautomeric form containing trivalent phosphorus 
[i.e., as RP(OR')OH], but alternative mechanisms in
volving direct displacement of the hydrogen attached 
to phosphorus should not be considered ruled out. 

TABLE 18 

Phosphonous monoesters prepared from phosphonous diesters 

Phoaphonoua Monoeater 

C I H I P H ( O ) O C I H I 
CiHtCHiPH(O)OCiHi 
C I H I P H ( O ) O C I H I 
C I H I P H ( 0 ) O C H I C « H I 

Phoaphonoua Dieater 

CIHIP(OCIHI) I 
CIHICHIP(OCIHI)I 
C I H I P ( O C I H I ) . 
CIHIP(OCHICIHI) I (LiCl) 

Yield 

par cent 
85 

68 

Boiling Point 

•c. 
105/15 mm. 
119/3 mm. 
119-121/4 mm. 

Reference 

(305) 
(305) 
(305) 
(5) 
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TABLE 19 

Phosphonous monoesters prepared from phosphonous acids 

Phosphonous Monoester 

(CHi)iCOHPH(0)OCHi 
( C H J ) I C O H P H ( 0 ) O C I H I 
C«HiCHOHPH(0)OCHi 
(OHi)iCPH(0)OCHi 
n-CiHi7PH(0)OCH«CH—CHi 
(CHOiCPH(O)OCHi 
(CHi) iCPH(0)0CHi 

1 I 
CHiCH(CHi)CHiPH(0)0 
n-GoHuCH—CHPH(O) (OCHiCHi)iOH 
n - C u H n C H — C H P H ( O ) ( O C H 1 C H I ) 1 O H 
CHiPH(0)OCHiCHiCl 
CiIIiPH(0)OCiHi7-iso 
C1HiPH(O)OCH. 

Reactants Used 

(CH»)iCOHPH(0)OAg, CH.I 
(CIWiCOHPH(O)OAg, CiH1I 
CHiCHOHPH(O)OAg, CHiI 
(CHi)1CPH(O)OAg, CH1I 
It-CsHi1POiHi, C H I = C H C H I O H 
( C H I ) I C P O I H I , (CH.)iSO. 
( C H . ) , C P O I H I , (CiH.)iS04 

H O C H I C H ( C H I ) C H I P O I H I (heat) 
CnHijPOiHi, ethylene oxide 
CiiHuPOiHi, ethylene oxide 
CeHiPOiH., CH.P(OCHiCHiCl)i 
CHiPOiHi, CH,P(OCH,7-iso)i 
CHiPOiHi, C.HiP(OCH.)i 

Yield 

per cent 

100 
100 

Melting 
Point 

°C. 

99 
118-121.5 

163-184 
118-121.6 

Boiling 
Point 

"C. 

134/1 mm. 

100-104/0.2 mm. 

References 

(209) 
(209) 
(217) 
(111) 
(107) 
(111) 
(111) 

(316) 
(320, 321) 
(320, 321) 
(334) 
(334) 
(334) 

1. Addition of sulfur 

The base-catalyzed addition of sulfur to phosphonous 
monoesters gives monoesters of phosphonothionic acids 
(39): 

RPH(O)OC4H, + S '" ' N? RP(S)(OCH9)OH 

2. Reaction with halogens 

Phosphonous monoesters react with halogens, giving 
alkyl phosphonochloridates (5, 127, 292, 334) : 

C2H6PH(O)OR + Cl, -+ C2H5P(O)(OR)Cl + HCl 

8. Reaction with amines and carbon tetrachloride 

Phosphonous monoesters react with amines and car
bon tetrachloride in the following manner (5): 

CH6PH(O)OCH8CH, + CCl1 + 2CHnNH2 -> 
C H 6 P ( O ) ( O C H 2 C H 6 ) N H C H 1 1 + CH11NH2 HCl + CHCIi 

The product is a phosphonamidate. 

4- Condensation reactions 

Condensation reactions of phosphonous monoesters 
have been studied rather extensively in recent years, 
since reliable methods for their synthesis have been de
veloped. 

Phosphonous monoesters undergo base-catalyzed 
condensation reactions with a wide variety of (^-un
saturated compounds. As an example may be given the 
reaction with a,|8-unsaturated esters (38, 275, 281, 
282): 

CHiONa 
CH6PH(O)OR + CH2=CHCOOCH, > 

CH 5P(O)(OR)CH 2CH 2COOCH 3 

With esters of aliphatic phosphonous acids it is neces
sary to use the same alkyl radical in the alkoxide as in 
the ester (281). This is not the case with esters of aro
matic phosphonous acids (281). 

Phosphonous acid esters also react with a,^-unsatu
rated ketones (280), a,/S-unsaturated nitriles (38, 
279), a,/3-unsaturated phosphonic esters (279, 283), 

vinyl acetate (278), and 2-vinylpyridine (218). The 
mechanism of these reactions is presumed to be a nu-
cleophilic attack on the polarized olefinic double bond, 
resembling the Michael addition (38). Proof that the 
addition takes place in this manner (in the opposite 
sense to Markownikov's rule) has been given in one 
instance (38). 

The reaction of alkyl halides with the sodium de
rivatives of phosphonous acid esters provides a useful 
method for the synthesis of secondary phosphinic esters 
(24, 139, 174). A molar amount of sodium is necessary. 

Na R'X 
C6H6PH(O)OR -» CH6P(O)(OR)Na —> C,H6R'P(0)OR 

When diethylcarbamoyl chloride is used in this reaction, 
the product is an ester of diethylamidoformylphos-
phonic acid (23). 

a-Hydroxy- and a-aminoalkylphosphinic acids may 
be prepared by the reaction of ketones (2, 136) or 
Schiff bases (136, 276) with phosphonous monoesters, 
in a manner similar to the reactions with hypophos-
phorous acid (Section II,A,3). A basic catalyst is used. 

CH6PH(O)OC2H6 + CH3COCH, -+ 
(CHj)2C(OH)P(O)(OCH6)CH6 

C1H6PH(O)OC2H, + CH6CH=NHCH6 -> 
C6H6CHNHCH, 

P(O)(OC2H6)C6H6 

The Schiff base may be formed in situ, as in the reac
tion of ethyl hydrogen phenylphosphonite with acetone 
and ammonia (136). The yields are poor in this case, 
owing to side reactions. A reaction with ethyl isocya-
nate has also been described, addition taking place 
across the C = N bond (278). 

Phosphonous monoesters add also to the C = S bond 
in thiourea (1). 

C6H6PH(O)OR + SC(NH2)^ (NH2)2CP(0) (OR)CH6 

SH 

Phosphonous monoesters add to olefins in the pres
ence of free-radical initiators such as di-tert-butyl per-
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oxide, giving esters of secondary phosphinic acids 
(325). For example, ethyl hydrogen phenylphosphonite 
reacts with 1-octene, giving ethyl octylphenylphosphi-
nate in 19 per cent yield: 

CHsPH(O)OC2H6 + C6H13CH=CH, -• C1H11P(O)OC2H, 

JtHt 

C2HtPCl, + 2(RO)1P(O)Na CHtP[OP(OR),], + 2NaCl 

J ' * \ 

Cl 

The polymerization of allyl hydrogen octylphosphonite 
with di-ierf-butyl peroxide takes place at 12O0C. to give 
a product which is probably a mixture of PH/olefin 
polymer and allyl homopolymer (107). The extent of 
each is not known. Copolymers with diallyl phthalate 
have also been described (107). 

IX. PHOSPHONOTHIOUS ESTERS 

Only one compound of this type is known. The reac
tion of butyl ethylphosphonochloridite with hydrogen 
sulfide gives butyl ethylphosphonothioite, b.p. 107-
108°C./15 mm., in 50 per cent yield (254). 

CH5P(OC4H9)Cl + H8S -» C2HJH(S)OC1H, + HCl 

X. PHOSPHONOUS ANHYDRIDES 

Three classes of phosphonous anhydrides are known: 
(1) mixed anhydrides of phosphonous and phosphorous 
acids, (2) true anhydrides of phosphonous acids, and 
(S) mixed anhydrides of phosphonous and phosphinous 
acids. The anhydrides of low molecular weight are 
distillable liquids of unpleasant odor which react with 
moisture and oxygen of the air, and which cause cotton 
to smolder. 

A. SYNTHESIS OF PHOSPHONOUS ANHYDRIDES 

1. From phosphonous dichlorides with 
dialkyl phosphites 

Mixed anhydrides of phosphonous and phosphorous 
acids are obtained when ethylphosphonous dichloride 
is treated with a dialkyl phosphite under conditions 
normally used for esterification, i.e., employing the 
sodium derivative of the phosphite or a tertiary amine 
as an acid acceptor (2(5): 

CH1PCl, + 2(RO)1P(O)H + (CH,),N -
C2HJ[OP(OR),], + 2(CH,),N-HC1 

Reactions of this type are listed in table 20. The first 
member of the series, the dimethyl ester, was ap
parently produced in the reaction but exploded on at
tempted ditsillation. 

2. From phosphonous dichlorides with 
phosphonous monoesters 

A reaction analogous to the above, using a phos
phonous monoester, isopropyl hydrogen ethylphospho-
nite, instead of a dialkyl phosphite, gave in the pres
ence of triethylamine an unstated yield of anhydride, 
b.p. 144-146°C./1 mm. (26). 

(CtHi)1N 

CH1PCl, + CHtPH(0)OC,Hriso > 
CHJ[OP(CHtXOCHT-ISo)I, 

S. From phosphonous monoesters with 
phosphinous chlorides 

Mixed anhydrides of phosphonous and phosphinous 
acids are prepared by the same methods as given above 
for other anhydrides. Only one such compound is 
knowYi, obtained in 62 per cent yield, b.p. 91-93"C./1.5 
mm., by the following reaction (27): 

CHJ(O)(0CH,)Na + (CEU)1PCl -• 
CHJ(OCHt)OP(CH1), + NaCl 

The product ignites in air. 

B. REACTIONS OF PHOSPHONOUS ANHYDRIDES 

The phosphonous anhydrides are sensitive to mois
ture and oxygen, and must be handled in a dry, inert 
atmosphere. They react vigorously with alkyl halides, 
giving quaternary phosphonium halides (26, 27): 

CHJ[OP(OCHt)2], + C2HJr (CH5)JBr 

The reaction is not a simple Arbuzov rearrangement, 
since the product is not one which would be expected of 
such a rearrangement. The following mechanism for the 

TABLE 20 
Phosphonous anhydrides 

Product 

Preparation from 

Phosphonous 
dichloride 

Dialkyl phosphite 
or sodium phosphite 

Yield Boiling Point Reference 

Dialkyl phosphite/amine method 

CtHtPlOP(OCH,),] , . . . . 
CHtP[OP(OCH,) , ] , . . . . 
CHtP[OP(OCHWaO),],. 

CH,P(OP(OCHi)t] , . . . . 
CHtP(OP(OCHT),], 
C H , P [ O P ( O C H M S O ) , ] I . 

CHtPCl, 
CHtPCIt 
CHtPCl, 

(CHiO)1PHO 
(CH,0),PHO 
(iso-C.HtO)iPHO 

per cent 

51 
44 

0C. 

128-130/1 mm. 
165-167/2 mm. 

(26) 
(26) 
(26) 

Sodium phosphite method 

CHtPCIi 
CHtPCIi 
CHiPCl, 

(CHtO)iPONa 
(CtHiO),PONa 
(iso-CHrOJ.PONa 

48 

40 

52 

128-128/0.5 mm. 

145-147/1 mm. 

130-132/1 mm. 

(26) 

(26) 

(26) 
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progressive displacement of phosphite groups has been 
suggested (26): 

C,H,P[OP(OC sH,) a] , + C H 6 I -> 

(CH 6 ) ,POP(OCH 6 ) , + ( C H , 0 ) J P ( 0 ) I 

(CHe) 1 POP(OCH 6 ) , + C H 6 I - ( C H , ) , P + (CH 6O) 8P(O)I 

( C H 6 ) , P + C H 6 I - (CH 6 J 4 PI 

It will be noted that the first phosphorus atom, being 
the more easily quatemized, is the one that appears in 
the tetraethylphosphonium iodide. In mixed phosphi-
nous-phosphonous anhydrides the phosphorus atom in 
the phosphinous portion is the more easily quatemized. 
The product of the reaction of C2H6P(OCsH6)OP(CaHj)8 

with butyl bromide, then, is (02H6)S(CiHj)2PBr and not 
C2He(C«H9)3PBr (27). 
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