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I. INTRODUCTION

A. GENERAL

The phosphonous acids (RPO,H,) are the organo-
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-
mediate between the phosphonic acids (RPO;H,), in
which the phosphorus is fully oxidized, and the primary
phosphines (RPH,), in which it is fully reduced.

A characteristic feature of the lower acids of phos-
phorus is their tendency to assume whenever possible a
form in which the phosphorus is tetravalent and to ex-
hibit one less acidic function than might be expected.
The phosphonous acids also show this behavior. Of
the tautomeric structures that can be written, II re-

flects the monobasic character of the phosphonous
acids and is a better representation of the free acids than
I

OH 0
4 7
R—P\ R—P—OH
OH H
I I

The derivatives of the phosphonous acids, however,
may be subdivided into two broad classes: derivatives
based on the trivalent structure (I) and derivatives
based on the tetravalent structure (II). Derivatives in
which both hydroxyl groups have been replaced con-
tain trivalent phosphorus, whereas derivatives in which
only one hydroxyl group has been replaced exhibit the
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. S8COPE 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 (RPH.), the phosphonic acids
(RPO;H;), and the newly discovered primary phos-
phine oxides (RPOH,).

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, (FO),PH, or as derivatives of phosphinic
acid, HOP(O)H;. 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. PuospHoNOUS 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, C;F,PH(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 8-
hydroxyalkylphosphonous acids (258, 351, 352). The
intermediate esters can be isolated by salting out with
ammonium chloride (351).

RCH=CH; + 1P, 4+ 20, — RCI,H-——CHg

0O o
AN
. p—0
i
0
H,0 H,0
20 RCHCOH,POH, —5 RCHOHCH,PO:H; + H,PO,

P(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 RP,05 (333).

Few phosphonous acids have actually been prepared
and characterized by this method. The phosphorates
have generally been characterized by oxidation with
nitrie 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,f-unsaturated phosphonous acids on
hydrolysis (320, 321). Overall yields are in the order of
50-60 per cent.

RCH=CH, -+ 2PC}, + 3(CH,C0),0 — RCH——CH,

O—

\Péo/
2 RCH=CHPO.H, + 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 I11,A,1), though the structures given are different.

The corresponding a,8-unsaturated phosphonous di-
chlorides (RCH=CHPCl,) can be prepared by a dif-
ferent method (Section IIT,A,9).

3. From hypophosphorous actd or tls salls

(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-teri-butyl peroxide and 2,2-bis(tert-butylperoxy)-
butane (325).

RCH==CH, 4 H;P(O)ONa — RCH,CH,PH(O)ONa

Products of this type have been prepared from 1-hex-
ene, l-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-1-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 triphenylmethy! 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:

(CeH;);,COH + H,P(O)OH — (C¢H;):CPH(0)OH + H,0

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 (CsHs);CPO.Hs, m.p. 245-248°C., from
triphenylearbinol (78, 111, 323), and [p-(CHj)eNCeH, )]s
CHPO.H,, m.p. 90°C., from Michler’s hydrol (78). A
crystalline phosphonous acid was also prepared from
1,2,7,8-dibenzoxanthol and hypophosphorous acid (79).

(c) With carbony!l 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 + H.P(O)OH — RR’'C(OH)PH(O)OH

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.

CH;\ /NHR
(CH,),CO + H,P(O)OH + RNH, — A
CH;, PH(O)OH
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TABLE 1
Phosphonous acids prepared from carbonyl compounds
Phosphonous Acid Carbonyl Compound Yield L:f::::‘ References
per cent °C.
(HOCHsPOsH)aCa., .. ... oo Trioxymethylene Crystalline® (315)
CH/CHOHPOsH:. ........ooii e Acetaldehyde (212, 329)
iso-CL«CHOHPOHs., . ... ..o Isovaleraldehyde (212, 329)
n-CeHuCHOHPO:sH:. ..........o i Enanthaldebyde 55-57 (114, 329)
</ CHOHPOsHNa. ..................... 1,2,5,8-Tetrahydrobenzaldehyde 71 236 (d.) {301)
CoHsCHOHPOsHy. . .o vvie e Benzaldehyde 108 (114, 217, 328, 329, 330)
4-is0-CiHICsHCHOHPOHs. ... ...... ..o Cumaldehyde 105 (329)
1,3-CeH(CHOHPOsHNB) 1. .. ovev e Isophthalaldehyde Crystalline® (114)
2-HOCWHCHOHBPOsHs. . ... .. .o Salicylaldehyde (320)
Camphor-3-CHOHPOsHNa. . ............covtt (Hydroxymethylene) camphor Crystalline®* (114)
(CHa)sCOHPOsH. ..o Acetone 58 52 (208, 209, 217)
CtHs(CH)COHPOsHy. ... ... s Ethyl methyl ketone (213, 217)
(CrHGCOHPOsHs, . ... oo Diethyl ketone (215, 217)
CiH(CH;))COHPOsHy, . . ... 2-Butanone (214, 217)
CsH(CH)COHPOsHs. ... .....ov e Acetophenone 85 (2185, 217)
(CeH)sCOHPOsHs. .. ... Bensophenone 61 150-151 (214, 217)
Can?OIlPO:H: ............................... Deoxybenzoin 135-137 (274)
CeHyCH:
CeHsCOHPOHs. . ...t Bensgoin or bensil 150 (d.) (274)
CiHiCHOH
4-BrCaH4(|JOHPOaH| ........................... 4,4’-Dibromobensil 125 (d.) (274)
4-BrCsH(CHOH
2-CH OCsHCOHPOsHs. . . ... o-Anpisoin, o-anisil, or o-deoxyanisoin 180 (d.) (274)
2-CH,OCsH(CH,
8-CHyOC'HCOBPOsHy. ... ... v m-Anisil 274)
3-CH\OCsH(CHOH

* No melting point given.

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; + 2H,0O — RPH(0)OH 4 2HCI

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. Perfluorinated
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.

RPCl + 2C.HiOH - RPH(0)OC,H; 4- C:HsCl + HCl

HCI
RPH(0)OC.H; + H:0 — RPH(0)OH + CH,OH

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

6. 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 résumé of
older work on the hydrolysis of phosphonous monoesters
see Section VIII.
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TABLE 2
Phosphonouk acids prepared from Schiff bases

Phosphonous Acid Prepared from Schiff Base of Melting
Yield Point References
Amine Carbonyl Corapound
per coent °C.
Aniline Paraldehyde 100 (d.) (309, 311)
Aniline Bensaldehyde 47 150 (309, 311)
Bensylamine Salicylaldehyde 56 225 (309)
Aminoguanidine carbonate Bensgaldehyde 152 (311)
4-NH:80:C4HiCH:NHs Balicylaldehyde Good 190 (d.) (311)
4,4’-Diaminodiphenyl sulfone Paraldehyde 100 (309)
Propylamine Acetone 71 227 (d.) (309, 310)
Isobexylamine Acetone 217 (810)
Cyclohexylamine Aocetone 217 (d.) (309, 310)
Stearylamine Acetone 71 208 (310)
Aniline Acetone [}] 214 (d.) (309, 310)
Bensylamine Aoetone 220 (d.) (310)
N,N-Diethyl-p-phanylenediamine Acetone 218 (349)
N,N-Diethyl-p-phenylenediamine Ethyl methyl ketone 208 (349)
N,N-Diethyl-p-phenylenediamine Diacetone aloohol 210 (349)
N-Ethyl-N-(2-hydroxyethyl)-p-phenylenediamine Acetone 216 (349)
p-Phenetidine ' Acetone 188 (d.) (309, 310)
p-Phenetidine Acetophenone 167 (d.) (309, 310)
p-Diethylamino-o-phenetidine Acetone (349)
p-Aminophenol Acetons 208 (349)
p-Aminoacetanilide Acetone 64 216 (d.) {309, 310)
p-Aminoacetanilide Ethy! methyl ketone Good 142 (d.) (309, 310)
4-Amino-2-chloroacetanilide Acetone 200 (d.) (309, 310)
p-Aminophenyl-1-pyrrolidine Acetone 198 (349)
Aminoguanidine carbonate Aocetone Good 186 (309, 310)
Phenylhydrasine Acetone 165 (309, 310)
Aminoantipyrine Acetone Good 188 (d.) (310)
p-Aminobenszenesulfonamide Acstone 63 200 (d.) (309, 310)
4-NH80,CoH«CH:N Hs Acetone 233 (d.) (309, 310)
4,4’-Diaminodiphenyl sulfone Acetons 87 204 (d.) (310)
4,4’-CHiCONHCHS0:CsHiNHs Aocetone Good 192 (d.) (310)
Sulfapyridine Acetone 85 180 (d.) (310)
Bulfathiazole Acetone 184 (d.) (308, 310)

6. From primary phosphines

Phosphonous acids may be prepared from primary
organophosphines by carefully controlled oxidation.
More vigorous oxidants, such as nitrie 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-
100°C. 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).

RPH, 3 H,PO, + 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 I1I,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-
fluoromethy! 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):

(CFa)4P + NaOH + HO — CF,PH(O)ONa + 2CHF;
(CF;4P(O)H + H,0 — CF,PH(O)OH + CHF,

B. REACTIONS OF 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 = P(O)H system, undergo a characteriatic dis-
proportionation reaction when heated by themselves to
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TABLE 3
Phosphonous acids prepared from phosphonous dichlorides
Phosphonous ’ Meltin
Phosphonous Acid Dichloride Yield Pointg References
per cent °C.
CFiPOsH:z. .. o e e s CFPCly (38)
CiHsPOtHy. .. o e e e e Ci1HiPCls (104)
CaH PO H s, o e e CiH:PCls (104)
CiFtPOsHa. . .. . e e e CiF1PCly or CiF1PIy 72 71/0.7 mm. (b.p.) (74)
180-CaH7POsHz. .. ..o i i e e igo-CsHrPCls (104)
i80-CaHoPOsHe. ... ..o e iso-C(H,PCly (104)
180-CsHn POt Hs. .. o e e e i80-CyHnPCls (104)
CoHuPO . ..ot e e e CeHy1PCls (342)
i80-CoHuPOsHs. . ... i e iso-CsHuPCls (338)
CeHiCHIPOtH. ... CsHiCH,PCly (342)
(CoHMCPOH. . ..o e e i i (CsHiZaCPCly 245-248 (111)
CeHWCH=CHPOsHs. ... ... ... ... i CsHiCH=CHPCl, 7475 (335)
CeHRPOSH . . e nev ettt e, CVHiPCly 70, 86 (169, 180, 230, 240, 840,
341, 342)
4-CICeHWPOsHS. . . . 0t iiiiiii i i 4-CICsH4PCls 131 (28, 234)
4-BrCoHAPOIH . ..o oottt 4-BrCeH(PCl2 143 (163, 234, 343, 361, 363)
2-CHiCoHPOH . . oot e 2-CH;CsH4PCly (235, 251, 342)
3-CH;CsH(POsHs. . .. ....... e 3-CHyCsH(PCls (235)
4-CHuCsHPOtHs. . . ..ot iiie et v 4-CH\CyH\PCl: 104-105 (232, 260, 251, 328, 342)
3-Cl-4-CHsCeHaPOsHs. . ... ... 3-Cl-4-CHsCsHyPCly 70 (225)
4eCaHsCoHPOsHS. .« . .ot i i e e e 4-CsHCeHPCl, 6364 (285, 342)
2,3-(CH3)sCoeHaPOsHs. .. .. ..o oo 2,3-(CHi)1CsHPCls 43 (235)
2,4~(CH)aCsHaPOsHa. .. .. ..ot 2,4-(CH1)2CsH4PCls 100 (235)
2,5-(CH)CeHsPOsHs. .. .. . i i i i 2,5-(CH:):CsHUaPCly Crystalline* (235, 344)
4-(is0-CyH)CoHuPOsHs. . . ... . e 4-(iso-CiHr) CeHUPCly (236)
2,4,5-(CH)CsHaPOsHs, . ... .. voii it ei e 2,4,5-(CHi)yCsHaPCly 128 (236)
2,4,6-(CHp)sCeHePOsHa, . ..o i 2,4,6-(CH):CsH1PCly 147 (238)
2,6(or 5,2)-CHa(iso-CsHy)CeHyPOsHs. . .. .......... oot CHi(iso-CsH1)CsHaPCla (236)
4-CaHeCoHPOsH. .« vt vvvivieniar o it inaie s 4-CeHsCsH4PCly Crystalline* (238)
4.-CoHsCHyCeHPOsHs. ... ... e e e 4-CeHyCH:CeH(PCly 84 (238)
4-CeHsCHiCHICeHPOHa. . ..ot ii e i e 4-CeHiCHsCH:CeH(PCly 156-187 (238)
1-CroHrPOsHs. . . v i e 1-C1eH1PCly 125-126 (153, 342)
2-C1oHIPOsH . . ..o e 2-C1oHsPCly 138 (101, 342)
4-CHiOCHPOIH. . . oottt et e i e 4-CHyOCHAPCl: 114-114.8 (128, 142, 234)
4-CsHUOCSHPOHs. .. ... o e 4-CyHisOCsHPCly 118 (234)
Dibenzofuran-3-POsHa... .. .. ...ovviiiiriiienreraaniins Dibengofuran-3-PCly 125 (86)
Thiophene-2-POsHs. . .......... ..o i CdLS8PCls 70 (304)
4-(CH)sNCeH®POsH . ... ..o 4-(CH1):NCsH4PCls 162 (33, 40, 252, 290, 307)
4-(C:Hs) e NCsHPO:sHs. .. ..o ooiieaianiinnaninennnns 4-(C3H;3)sNCsH4PCly (40)
4-CoHs{CH)INCsHPOtHs. . ..o .o cei e e 4-CsHs(CH1) NCsH(PCls 150.5 (252)
4-CsHsCHy(CHy))NCeHPOsHa. . .. ..o ovv i 4-CsHiCHy(CH) NCsH(PCly 28 (252)
2-CHs-4-(CH3)sNCsHaPOsHa. ... ... 2-CHi-4-(CHi)sNCsHiPCly (33)
2-CH3-4-(CaHp)saNCeHsPOsHs. . .. .. ..ot 2-CH4-4-(CiH;):NCosH(PCls (33)

® No melting point given,

about 150°C. (35, 73, 104, 169, 188, 189, 202, 228, 230, Until recently it was believed that aliphatic phos-
234, 235, 236, 238, 240, 251, 305). One mole of a primary ~ phonous acids began to undergo disproportionation at a
phosphine is produced for every two moles of phos-  lower temperature than aromatic phosphonous acids,

phonic acid: possibly as low as 60°C. (104), but this is not the case
heat
3RPH(O)OH — RPH, + 2RP(0)(OH), (305).
TABLE 4
Phosphonous acids prepared from primary phosphines
. Pri . ti
Phosphonous Acid Phx;:;l::li.ie Yield Lg:{;:' References
per cent °C.
n-CVH"PO;Hg .................................................. ﬂ-C7HuPH1 (336)
n-CoH PO . . . e n-CsHnPH: (262)
tert-CiaHasPOsHe. . ... tert-CraHasPHy 7 (44)
CeHsCHLPOsHs. . ..o i e e i CsHsCH:PH; (189)
[0 & 15 26 2% 5 O P CeHiPH; 70 (84, 1689, 242)
4-CHCeHPOH . . o i i e e it e e 4-CH.GCsHUPH: 104-105 (251)
2,4,5-(CH)CsHaPOsHs. .. ... ..o e 2,4,6-(CH3)iCsH:PHy (2386)
2,4,6-(CHMCeHPOa s, .. ... 2,4,6-(CH1)sCsHePHs (238)
2-CICeHAOCHPOsHa. . .. ... i i 2-CICsHsOCH:PH, (194)
4-ClCHOCH PO H . . .. vt e i i 4-CICsHi«OCH:PH}: 122-124 (194)
24-ClCeHsOCHPOsHs . ... ..o it i 2,4-ClsCyH1OCH P Hy 100-101 (194)
2,4,5-CliCeHAOCHs POt Hs. . . ... 2,4,5-ClyCyH:OCHsPHy 129-130 (194)




396 ARLEN W. FRANK

When used for the synthesis of an organophosphine,
the phosphonous acid is usually heated rapidly to
250°C., 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 o-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):

heat
p-(CH;:NCHPOH, + H,0 — (CH;)NCsH; + H,PO,

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
(807). 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 triphenylecarbinol, 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).

8. Ozidation

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
I1,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, zine 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).

6. 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
1L,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):

CsH,;PH(O)ONa + CH,CH=CH, - (CsH13)P(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,);COH
P(O)OH
C.H:COH

(CH,),C(OH)PH(O)OH + CH,CHO —

?. Reactions not tnvolving 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 150°C.
gives p-aminophenylphosphonous acid, m.p. 169°C.,
in 54 per cent yield (163, 164). The yield drops to 40
per cent if p-chlorophenylphosphonous acid is used
(164)., The hydroxyl groups in a-hydroxyalkylphos-
phonous acids (328) or B-hydroxyalkylphosphonous
acids (258) can be acetylated without affecting the acid
groups.

111. ProsraONOUS 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

1. From aromatic hydrocarbons

(a) With Friedel-Crafts catalysts

The Friedel-Crafts reaction has been used exten-
sively for the synthesis of organophosphorus 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).

AICl
RH + PCly; —> RPCL + 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, AlCl;-POCI;, 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 aleohol or phenol (353) or with
chiorine 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,
ArOPClL,.

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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iodobenzene (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;)NCsH; + PCl,

—

p-(CH;):NCH,PC}y + (CH,),NCsH;-HC]

ARLEN W. FRANK

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

Benzene reacts with phosphorus trichloride when a
mixture of the two substances is passed through a hot
tube at 600°C. (226, 230). The mixture is recycled for
geveral 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
Preparation from "
Phosphonous Dihalide Aromatic X Yield l\z,e;::;g Blfoﬂi:;g References
)
hydrocarbon
per cent °C. °C.
CeHsPCls. . . ..o iiie s Bentzene PClL 80 90-92/10 mm, (45, 46, 71, 72, 93,
103, 134, 141,
174,179,201, 233,
234, 330, 353, 368)
4CICeHPCls. ... ... oo Chlorobenzene PCls 72 253~255 (28, 30, 173, 179,
: 234, 236, 265)
4-BrCHPCls. . ... Bromobensene PChL 25 271-272 (63, 134, 234, 236,
330)
2-CHCoHPPCls. .. ... viia Toluene PCh 244 (177, 234)
3-CHyCeHPCly. .. ... Toluene PCly 20 235 (177, 234)
4-CHiCeHPCls. . . ...t iiinn Toluens PCh 66 25 245 (453, 48, 103, 134,
181, 177, 179,
180, 201, 204,
232, 234, 247,
250,251, 287, 337)
4-CHiCOHPBra .o oo Toluene PBn 1680-161 (190)
3-Cl-4-CHsCsHyPCla. ... ... v 0-Chlorotoluene PCl 15 265~266 (225)
4eCyHCsHPCla. .o oo Ethylbenzene PCly 70 250-252 (46, 46, 128, 134,
235, 348)
23-(CHOCsHsPCls. . ..... ... 0-Xylene PCh 278 (235, 343)
2,4-(CH)sCeHaPCly. . . ..o m-Xylene PClL 30 257 (234, 250, 343)
2,5-(CHa)sCeHsPCly. . ..o p-Xylene PCls 30 -30 253-254 (130, 134, 234, 344)
3,6-(CH1)sCsHsPCla. . ........... e m-Xylene PCls (343, 344)
4-CiHZCoHPCla o n-Propylbenzene PCL 47 127-131/5 mm. (45)
4-(igo-CaHnCeHPCla. ... ... ... Cumene PCls 64 288-270 (45, 46, 134, 175,
234, 236)
2,4, 5-(CHMWCeHPCly. oo Pseudocumene PCly 30 279280 (234, 236)
2,4,6-(CHs)iCelsPCls. . .. ... ... Mesitylene PChL 8 35-37 273-275 (80, 234, 236)
4-CaHsCsHPCle, v oo n-Butylbenzene PCls 39 116-119/1.0 mm, (45)
4-(8ec-CaH)CILPCly. . ... .. oo sec-Butylbengzene PCls 33 116-120/1.5 mm. (45)
2-CHj-5-(iso-CsH)CsHaPCla. . ..o oo p-Cymene PCh 7 275-278 (234, 236, 251)
4-CsHuCsHPCla. ... oovvee o n-Amylbenzene PCls 130~-210/20 mm. (133)
4-(gee-CsHn)CeHPCla. .o ... ool sec-Amylbenzene PCls 22 118-121/1.0 mm. (45)
(CsHi)sCellaPCla. .. ... Diamylbenzene PCYL 160~-250/20 mm. (133)
4-(n-CeHu)CetLPCly. .. .. ...ttt n-Hexylbenzene PCl 50 146-149/1.5 mm. (45)
2-CroHiPCla. .o Naphthalene PCh 15 58-59 180/10 mom, (191, 342)
2-CooHiPBra. ... .o Naphthalene PBny 65—68 (191)
4-CsHgCel4PCls, . .. ... Biphenyl PCls 6 5 200220 (182, 238)
4.-CeHWCHsCsH4PCle. ... ... .. ... .. ... ... Diphenylmethane PCly 15 . 221/20 mm. (234, 238)
4-CoHsCH CH:CeHuPCly . . .. ... o Bibenzyl PChL 20 2 250/60 mm. (234, 238)
4-CHOCsHPCls. ... Anisole PCh 35 140-140.5/11 mm. (63, 128, 134, 142,
7 184, 234, 330)
4-CsHiOCsHPCla. ... .. oo Phenectole PCh 266 (d.) (234)
2,4-(CH;0):CeHsPCla. . . ... .. oo 1,3-Dimethoxybenzene PCls 27 147 175~180/12-15 mm., (331)
4-CoIiOCeH/PCla. ... Phenyl ether PCl 14 200/12 mm, (84, 134)
Dihenzofuran-3-PCly. . ....... ........... Diphenylene oxide PCls 7 245-250/25 mm, (66)
4-(CHMNCsHPCle. . ... ... ... Dimethylaniline PChL 25 66 158-160/0.6 mm. (57, 101, 252, 307)
4-(CitHy:!NCsHWPCla. . ... ...... ...l .. Diethylaniline PCls (252)
4-CsHs(CH)NCsHPCls...................| N-Methyldiphenylamine PCls 32 (252)
4-CeHyCH{CHINCeH(PCls. ... . .......... N-Benzyl-N-methylaniline PCls (252)
4-CeHyCHs(C:Hy)NCsH4PCly. . ... ... . ..., N-Benzyl-N-ethylaniline PCly (252)
Thiophene~2-PCls. .. ................... .. Thiophene PCla Low (304)
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to which this procedure has been successfully applied is
thiophene (304). 2-Thienylphosphonous dichloride,
b.p. 218°C., 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 CgHjr-
PCl; and p-CisH3CeHPCl; 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. It 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 (230-250°C.) to destroy the unreactive
RHgCl by-product which might otherwise contaminate
the product (104, 233).

R.Hg + PCl;

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 (R.Cd) or to
organozine compounds (RZnBr) by reaction with cad-
mium chloride or zinc chloride. Fox (80) prepared a
series of n-alkylphosphonous dichlorides in 2647 per
cent yields by the reaction of phosphorus trichloride
with dialkyleadmium compounds at —20°C.

R.Cd 4 2PCl; — 2RPClL + CdClL

— RPCl, 4 RHgCl

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 + PCl; — RPCl, + 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

R.Zn, 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 R,Hg and
unreactive in the form RHgCI.

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).

RSiCl; + AICL, — RAICl; 4+ SiCL
RAICI; + PCly — RPCL + AICL

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 IIL,A,1,(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).

R:Al + 3PCl; — 3RPCl, + AICL,

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.

(C.Hs)Pb + 3PCl; — 3CH:PCl; + PhCL + C.HCl

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.

(C:Hs)Sn + PBr; — C:H:PBr; + (C:H;).SnBr

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
Preparation from
Phosphonous Dibalide Organometallie PX, Yield h::;;;:‘ B;;i;n: Referdnces
reagent '
Organomercury method
per cent °C. °C.
CaHyPCla. . oo (CyHs)sHg PCly 114-117 (104, 233)
CHy=CHPClz.................. (CHy»=CH)Hg PCh 50 104/760 mm. (31, 140)
GHPCla. ..o (CyHr):Hg PCls 140143 (104)
iso~CsHIPCls. . ...t (iso-ChH1)sHg PCl 135-138 (104, 233)
CaHwPCls. ..o (C4Hy)sHg PCly 61 157-150/750 mm. (70)
i80-CeHsPCls. ..o (iso-C(H»)sHg PCh 155-157 (104)
180-CsHuPCls. ... ...t (iso-CsHn)sHg PCh 180-183 (104)
CHCHyPCls. ... ovoveee e (CeHiCH,)sHg PCh 31 110-111/12 mm. (132)
CHPCla, . ...ovi i (CeHs):Hg PCly 16 220 (230, 245)
CiHsPBre. . ....ovvivveiiiinny (CeHi)1Hg PBny Low 255-257 (248)
8-ClCsHPCla.. .. ..o (3-ClCsH4)1Hg PCL 101-103/5 mm. (355)
2-CHiCoHPCls. . ... (2-CH1CeHo)sHg PCl 78 244 (235, 251)
3-CHCeHPCly. ... .... .o vnnn. (3-CH\CesHy)1Hg PCl: 235 (235)
4-CH:CHiPCls, ... e (4-CHyCeH()sHg PCly a6 25 245 (234, 251)
2,4-(CHy)sCeHsPCls. . .. .. ... ..., {2,4-(CHs)1CaHs}sHg PClL, 50 256-258 (58, 343)
2,4,6-(CH1)sCeHaPCls.. ... .. ..... {2,4,5-(CHs)sCeHsJsHg PCh 280 (236)
1-CoB/PCla. . .....vv i (1-CiwHr)sHg PClh 250 (152)
2-CroH:PCla oo oo (2-C1oHr)sHg PCls 180/10 mm. (191)
4-CHOCHPCl. ..o (4-CHyOCeHy)sHg PCl (234)
4-CaHOCHPCly. . ..o (4-C:HsOCeHo)1Hg PChy (234)
4-(CHWNCHPCls. ..o [4-(CH)1NCsH.1Hg PClh 66 250/125 mm. (252, 307)
4-CsHi(CH))NCeHPCly. ... ... [4-CsHs(CH)) NCeH(}sHg PCh (234)
Organocadmium method
CHPCls, . .oovvov i (CiHi)aCd PCL 26 112 (80, 147}
CeHrPCla. .o ovvi i (CsH1)sCd PCL 44 134.5 (80, 147)
i50-CaHiPCly. ... ovveve i (is0-CsH7):Cd PCLy 41-42/17 mm, (298)
(0712 1) o; (CeH)»)sCd PCly 47 58-60/22 mm. (80, 147, 148, 297)
i80-CaHPCly. . ...ovvvvvvinnnnn (is0-CiH9):Cd PCh 26 48.6-49/12 mm, (297
CsHuPCls... ..o e (CsHi)aCd PCls 40 184 . (80)
n-CeHyPCli. .. ......ccovvt (n-CsH1):Cd PCh 41 208 (80)
n-CBuPCly. . .........c. L (n-CrHus)sCd PChL 42 228.5 (80)
 mCHiPCla, .o (n~CsHin)2sCd PCh a3 247 (80)
1-CooBHiPCls. .. ovove v (1-CioHy):Cd PCl 25 54 118-120/0.5 mm. (101)
Organozino method
CeHiPCl. v ciiiei i CiHiZoBr PClL 44 74/33 mm. (342)
CHuPCla.........coovvvinn, CeH1nZnBr PClh 34 93-94.5/12 mm. (342)
CHWCHPCla. ... oo CeHiCH1ZnBr PClhy 42 118-119/12 ram. (342)
CHsPCls. ..o oo CsHsZnBr PCly 32 99-101/11 mm. (340, 342)
&BrCeHPCly. . ....... ... 4-BrCsHiZnBr PCl 8 55-60 65/0.8 mm., (342)
2-CHiCsHPCly. . ............... 2-CHCeHiZnBr PCh 38 127-129/12 mm, (342)
4-CH:CsHPCls. ... ... ... a e 4-CH,CiH(ZnBr PChL 23 24 116.5/11 mm, (340, 342)
4-CiHiCHPCls. .. ......... ..., 4-CsHCsHiZnBr PCl: 17 85/0.4 mm. (342)
1-C1oHPCls. . ..o 1-C10H1ZnBr PCly 17 55 135-137/0.5 mm. (342)
2-CyoHPCly. . ... 2-CyoH1ZnBr PCly 9 4145 110/0.2 mm. (342)
Organosilicon method
CiHPCla. ..o CeHsSiCly PCl (AICL) 83 140-141/57 mm. (360, 381, 362)
CHPCls. .........ovvivinnnn (CsHs)sSiCly PCly (AlCls) 80 138-139/55 mm, {381, 362)
4-ClICHPCls. ... ...........00t 4-CICsH4BiCls PCls (AICL) 77 252~253 (173, 360, 361, 362)
4-BrCeHPCly, . . . ... ... 4-BrCsH8iCl: PCly (AICL) 73 270 {360, 361, 362)
4-CHCHPCls. . ............... 4-CH CsH{SIClh PCl (AICL) 83 24.5 243-244 (381, 382)
Organoaluminum method
CiHPCls. . .....ooviviiee e (CsHs)aAl PCl [(C1HW)1O) 62 113 (%7)
CiHPCls. . ... (CiH1)sAl PClL [(CsHi)sO} 51 133 (267)
iso-CsHiPCly. . . ............. ... (iso-CiHr)rAl PCls ((C:1Hi)sO} 43 130/745 mm. (267)
CHPCls. oo (CsHs)aAl PCl [(CyHIN) 57 38.5-39/9 mm. (267)
iso-CcHPCls. .................. (iso-CiHi)sAl PCh [(CsHs)1O or 36 148-140/740 mm. (267, 363)
CsHsN])
n-CeHuPCly. . .................. (n-CeHus)sAl PCls 42 83-84/9 mm. (267)




THE PHOSPHONOUS ACIDS AND THEIR DERIVATIVES 401

TABLE 6 (Continued)

Organolead method

CHiPCly. . ..ot ee, (CiHi)4Pb PCls 06 113-118 (32, 84, 158, 159,
160, 264, 297}
CaHWPCly. ... ocvev it (CsHs)4Pb 1pCl, 99 (306)
CsHsPBrs. .......ovvvvvn v, (CsH) 4P PBr; 78 161 (302)
Organotin method
CHUPBr. ..o | Hen | PBn | e | | 160-164 | o)

3. From phosphorus trihalides

(a) With olefins

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

RCH=CH, + PCl; — RCHCICH,PC],

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-Chlorosctylphosphonous dichloride, b.p.
85-88°C./0.5 mm., was obtained from 1l-octene and
phosphorus trichloride in 38 per cent yield (155, 156),
and 2-chloro-2-(3-cyclohexen-1-yl)ethylphosphonous di-
chloride, b.p. 99-102°C./1 mm., was obtained from 4-
vinyleyclohexene and phosphorus trichloride in 17 per
cent, yield (186).

For another reaction of olefins with phosphorus tri-
chloride see Section I1,A,2.

(b) With diazo compounds

At temperatures low enough to moderate the violence
of the reaction (—50° to —60°C.), phosphorus tri-
chloride reacts with diazoalkanes giving a-chloroalkyl-
phosphonous dichlorides in 35-50 per cent yields

(357, 359).
RCHN. + PCl; — RCHCIPCL + N,

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):

CF;I + P had CF;PI:

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 280-440°C., 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.

6. 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-
140°C., together with much phosphorous acid and free
phosphorus (111).

TABLE 7

Phosphonous dihalides prepared from diazo compounds

Preparation from
Phosphonous Dihalide Diazo Yield Boiling Point References
comapound PX
per cent °C.

ClCHIPC s, v v vt iv e e CH:N, PClL; 40 80-81/140 mm. (357, 359)
BrCHsPBra. ... i CH:N, PBn 50 70/4 mm. (357, 359)
CHaCHCIPClz. .o CHi:CHN, PCly 35 63.5-64.5/50 mm. (357, 359)
CiHICHCIPCla. ..o C:H:CHN: PCh (357)
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TABLE 8
Phosphonous dihalides prepared from elemental phosphorus with alkyl halides

Preparation from
Phosphonous Dihalide Yield Boiling Point References
Alky! halide Catalyst
per cent °C.

CHPCly. .o CH,Cl1 Cu 78 (196)
CHaPBre. ... i CH:Br Cu 139141 (198)
CHiPla.. oo i e CHil Cu 73-75/5 mm. (198)
CRiPIa. oo CFl 42 69/29 mm. (34, 49)
CetHuPBra........ oo CaHiBr Cu 161 (196)
CaF P e, e e CiFyl 18 180 (74)

8. From phosphonous diesters

Treatment of phosphonous diesters with phosphorus
trichloride at 5°C. in ether solution gives phosphonous
dichlorides in 50-60 per cent yield (305):

RP(OR), + PCl; — RPCl + (RO)PCl

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 I111,B,3)
with bromine in carbon tetrachloride gave phenyiphos-
phonous dibromide, b.p. 132°C./14 mm., 93°C./2 mm.,
in quantitative yield (182, 183).

(CgHsP); + 4BI‘2 b d 4CQH5PBI'2

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, CT,PCl, (195).

8. From primary phosphines

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

RPH; + 2X;, — RPX,; 4+ 2HX

The halogen is added gradually to a dilute solution of
the phosphine at 20°C. 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°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):

CHPH, + 2COCly — CH,PCL 4+ 2CO + 2HC1

9. From tetrahalophosphoranes

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

3RPCL + 2P — 3RPCL + 2PCl,

Todine 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 «,8-unsatu-
rated phosphonous dichlorides (335, 354):

Is
3RCHCICH,PCL + 2P — 3RCH=CHPCI + 2PC}, + 3HC!

A new reducing agent, useful because it yields vola-

* tile by-products, is methylphosphorodichloridite (285).

The reduction of methyltetrachlorophosphorane pro-
ceeds as follows:

CH,PC|, + CH;0PCl, — CH,PCL + POCl; 4+ CH,Cl

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(RPClL}[AICL) + 2P + 3KCl —
3RPCl; + 2PClL + 3K.AICL

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).

RPCl; 4 2HBr — RPBr 4 2HCI



THE PHOSPHONOUS ACIDS AND THEIR DERIVATIVES

403

TABLE 9
Phosphonous dihalides prepared from tetrahalophosphoranes

Preparation from
e . Melting . .
Phosphonous Dihalide Tetrahalo- Reducing Yield Point Boiling Point References
phosphorane agent
per cent °C. °C.
CH,PCl CH;OPCl, 77 81-82 (285)
CH,PI4 P 43 68-70/2 mm. (98)
CF,PCl¢ Hg 99 (195)
CCLPCl OH,OPCls 47 69-70/23 mm. (285)
CClsPCl P, PLy 60 50-52 82-83/7 mm. (97)
CeHsPCls P 96 91-93/8 mm. (335)
Olefin~PCls method
CHIPCls. . ... i 2-Methylpropene, PCls P 68 98-104/100 mm. (335, 354)
CiHaPCls. ... .. 1-Pentene, PCls P 100-102/100 mm. (354)
CiHuPCls. ... Diisobutylene, PCls P 88 70-72/3 mm. (335, 354)
CsHiCH=CHPCls. ............cc..iii i, Styrene, PCly P 54 135-138/8 mm. (335, 354)
CHGPCls. ... Indene, PCls P 28 104-105/1 mm. (335)
Kinnear~Perren method
CHIPCls. o\ oo e e CH:Cl, PCh, AlCh Al, KC1 72 81-82 (118, 172)
[0 0) 1) o) 1P CClL, PCly, AlClL P 81 40 67/20 mm. (327)
CeHsPCls. . . C:HiCl, PCls, AlCh P, KCl 70 113-114/752 mm. (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).

203H5PCI; + GeBn b d ZCoHsPBI'g + GGCL
303H5PCI; + 2CaH7SiIQ - 300H5PI, + ZC.H-,SiCl.

The same principle is used in exchanging chloride groups
for isocyanate and isothiocyanate groups. (see Section
II1,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 (R.,PX;) gives
secondary phosphinous halides (R,PX) 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

Preparation from Meltin Boilin
a1 ; elting g
Phoaphonous Dihalide Phosphonous Res Yield Point Point References
P gent
dihalide
per cent °C. °C.
CHWwPIL-HI................ CH,PCly HI 75 85-87 (96)
CFRPCly..........covvvnn. CF,PI: AgCl 82 37 (34, 195)
CiFiPCls.............ovv CiFiPI: AgCl 98 86.4 (74)
CHPBre......occvvvvnnnss CyH,PCl2 HBr 255-257 (246)
CHPIL-HI................ CsHsPCls HI (188, 230)
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review are not considered here. These include hydroly-
sis to phosphonous acids (Section 11,A,4); esterification
to phosphonous monoesters (Section VII[ 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 I11,A,10).

1. 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):

CCLPCl, + 3H.0 -— CHCL + H,PO, + 2HCI

Triphenylmethylphosphonous dichloride, (CsHg)s-
CPCl;, 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-(CH,).NCH,PCl; + 2HCl — (CH,),NC,H;-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, CsH;PH,-BH;
(347). A deficiency of the reducing agent in the latter
reaction yields an unstable adduet, C:H,PHCI-BH,,
which gradually loses hydrogen chloride and hydrogen
forming a high-molecular-weight polymer, (CsH;-
PBH), (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 1I,B,1.

3. Phosphorobenzene and related compounds

Phosphorobenzene, as described in the preceding sec-
tion, is obtained when phenylphosphonous dichloride is
reduced with lithium aluminum hydride (123, 268, 299).
1t 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 isa
colorless, crystalline compound, m.p. 149-150°C. 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, (Ce-
H;P),. Recent investigators have suggested that it con-
tains a cyclic structure (I1I) and have renamed it tetra-
phenylcyclotetraphosphine (182, 183, 195, 268).

CsH;P—PCyHs

CoH:P=PCH; CsHP—PC,l;
I II

In addition to this compound, which melts at 149~
150°C., higher-melting solids have been isolated, melt-
ing at 171°C. (339) and 188-192°C. (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 phenyi-
arsine gives a phosphoarsenobenzene, designated as
CeHP=AsC,H; (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.
66.3-66.4°C., b.p. 145° (48, 195). This compound is
prepared by shaking trifluoromethylphosphonous di-
iodide with a large volume of mercury at room tempera-
ture.

In addition to the tetramer a eyclic pentamer, m.p.
—33°C., b.p. 190°C,, 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):

CHPCl, + PH; — CeH,P=PH + 2HCI

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 260°C. 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
CeH;P.H and CH:P,H CsH:PO,, separated by their
difference in solubility in carbon disulfide. The com-
pound C¢H;P.H yields the same products on chlorina-
tion or oxidation as would be expected from the com-
pound C:H;P=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 I1,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:

C.H,PCl; + 2AgSCN  — C,H,P(NCS), + 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):

CeHPCl; + (CoH;)SYNCS), —  CiHsP(NCS); + (CoH,).S8iCh

The dicyanides, RP(CN),, 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), 4+ 3Cl; — RPCl + 8, 4 2CICN

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).

AICI
RPCl, + 8 — RP(S)Cl

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 erystalline adducts resembling phos-
phorus pentachloride in appearance (64, 92, 104, 190,

RPCL; + Cl, — RPClL

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, CH3PCl;, 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):

3RPCl; 4 8,Cls — 2RP(S)Cl; + RPClL

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

RPCl; + 28bCly, — RPCL,-SbCls + 8bCl;

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 triftuoride (318).

7. Other addition reactions

Methylphosphonous dihalides react with metallic
nickel under mild conditions giving complexes such as
Ni(CH;PCl;), in high yield (196, 284). Phenylphos-
phonous dichloride does not react with nickel under the
same conditions, but the complex Ni(CsHsPCly), 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):

CeHPC); + ArSO,NNaCl — CyH,;P(=NB80,Ar)Cl; + NaCl

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

Phenylphosphonous dichloride forms an equimolecu-
lar adduct, m.p. 160°C., with dimethylphenylphos-
phine (169), the identity of which has not been clearly
established.

8. Condensations in which one new carbon—phosphorus
bond 13 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 organo-
mercury compounds (63, 109, 206, 224, 231, 238, 248,
274, 287, 337):

CsHPCl; + R.Hg — CH;RPCI 4 RHgCI

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 300°C. (17, 34, 43, 69, 74, 94). This
method has been used with phenylphosphonous di-
chloride and two fluoroalkylphosphonous diiodides
(RPIL:: R = CF; or C,Fy), but does not work with the
tolyl or higher aryl homologs (238).

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 s
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):

H.0
RPCl; + AICL 4 R'Cl — [RR'PClL][AIC]L] = RR'P(0)CI

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):

2RPCl; 4 O; + CeHiy — RCHuP(0)Cl + RP(O)Cls + HC1

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):

CusBrs
RPCl; + R'N,BF, —— RR’'P(0)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
gymmetrical secondary phosphinic acids which arise
from redistribution reactions (83).

Equally good results are obtained with diazonium
fluosilicates (85). The fluosilicates 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 e-hydroxyalkylphosphinates
(234).

RPCL + CH,CHO — R(CH,CHOH)P(O)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.

b
RPClL + CH,CHO —s RP(O)OCH=CH,),

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

RPCly 4+ HCHO — R(CICH,)P(0)Cl

Phosphonous dihalides react with «,f-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 (565, 70).

(CHiCO)sO
CHsPCly + CH,CH=CHCOCH, ——
CsH;CHCH=—=CC,H,

CH

Glacial acetic acid gives the y-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):

CcHaPClg + 2CzH5MgI b d (Csz)zPCJ:I; + 2MgClI

Secondary alkyl bromides do not give the expected
produects (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; 4+ ReZn — R'R;P + ZnCl

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 alky! 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
gix-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 Cy;HyPyCl;0,. One possible formula for this sub-
stance is the following (97):

(CICH,),PCH,P(O X CH,C1)OH

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 phenylphosphonous
dichloride with isoprene (221):

CyH:PCls + CHy=CHC—CH, — L )CH’

H, P
C.Hs/ \O
An inhibitor is added to prevent polymerization of the
diene (221). The initially formed dichloride may also
be converted to the phosphine sulfide by treatment with
hydrogen sulfide (222), or to the phospholene by re-
duction with lithium aluminum hydride (29).

1V. PHospuoNoOUS DIESTERS

I'he 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).

(ROXPCl + 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 e prepared by the reaction of phosphoro-
chloridites with alkyl halides in the presence of sodium
(75).

(RO)PCl + R'Cl 4 2Na — R'P(OR), + 2NaCl

The reaction is carried out in a finely divided dispersion

of sodium in xylene at 260-280°C. (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 Qrignard 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)P + 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 chioride,
and phenylmagnesium chloride in 30-54 per cent yields
(193, 305).

3. From phosphonous dichlorides

Phosphonous diesters may also be prepared by the re-
action of a phosphonous dihalide with (4) an alkoxide or
(b) an alcohol in the presence of a tertiary amine. In the

TABLE 11
Phosphonous diesters prepared from phosphorochloridites
Preparation from
Phosphonous Diester Phosphoro- Orignard Yield Boiling Point References
chloridite reagent
per cent °C.

CHWPOCH)s. ... oo (C«Hy0)1PC1 CH,MgCl 70 39-40/1 mm, (138)
CHP(OCH)s. . ..o (CsH;0)3PCl CH:iMgl 45 212-213/10 mm. (146)
CiHyP(OCH)s. .. ..o (CsH;0)sPCl CiHiMgCl 57 53/30 mm. (303)
CHsP(OCIHN . ... ..o i (CaH:0):PC1 C:HsMgCl 64 56-56.5/7 mm, (138)
CsHGP(OCH). . oo (C«HO):PCl CaHsMgCl 70 47-48/1 mm. (138)
CtHsP(OCeHMr. ..o oo (CsHsO)sPCL C:HsMgBr 87 223~225/11 mm. (146)
GCiHtP(OCH)s. .. oo {CiH,0)sPCl CiH:MgCl 70 50.8-60.3/1 mm. (138, 219)
iso-CYH/P(OCeH)e. ... ... (CsH;0)sPC1 iso-CyH:MgBr 212~214/11 mm. (148)
CiHPOCIH) . . oo vt e e (C1H0O)1PCl CyHMgCl 63 78/20 mm. (305)
(073 2 £) (0 T0 7% - 1) P Y (C«H;30)1PCI CiHiMgCl a8 68-68/1 mm, (138)
CHPOCH):. . ... e (CsH:0):PCl C(HsMgBr 225-226/8 mm. (146)
| DPOCH® . ..o (C4sHy0)1PCl >Mgcl 81.5-83/2 mm, (138)
CeHuP(OCsH)s. . .......... ... ... ... . ... (CeHsO):PC1 CsHuuMgBr 49 233-235/10 mm. (148)
CeHsCHsP(OCsHs)s. .. oo (C:Hy0):PC1 CsHsCH:MgCl 50 88-50/3 mm. (305)
CsHsCHeP(OC«Hor. ... ........... it (C«H,0)sPCI1 CeHsCH:MgCl 54 103-104/1 mm, (138)
CeHUP(OCsH ). ... .o (C:H0):PCI CeHsMgCl 63 100/5 mm. (138, 305)
CoHsP(OCsHDs .o (CiH;0):PCl CeHsMgCl 62 73-74/1 mam. (138)
CeHsP(OCiHo)s. . . ..o (CiH,0):PCl CeHsMgCl 63 97.5-98.5/1 mm, (138)
CHsP(OCeH) s, ... oo e (CsH0)sPCl CsHsMgBr 75 223~224/10 mm. (146)
1-CioHP(OCsHu)e. .. ... e {CeHs0)sPC1 1-CioHrMgBr 245-247/10 mm. (148)
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older alkoxide method, the phosphonous dihalide is
added to a dry alkoxide under ether (9, 251):

RPCL + 2R'ONa — RP(OR'); + 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
VIII,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,
a8 the products are edsily oxidized.

RPClL + 2R'OH + 2 amine — RP(OR’); 4+ 2 amine-HCI

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 chioride 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 m-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):

CH,P(OC.H;); + CH;P(OCsHir-n), =
2CH,P(OC.H;)(OCsHirn)

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 aecids
(Section II,A,5) or to phosphonous monoesters (Section
IT,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 1I1,A,6); and

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

The phosphonous diesters uridergo 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)P < R'P(OR); < R,POR < R,P

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 selentum

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:

R'P(OR); + 8 — R'P(S)OR).

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 selentum 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).

3. 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 N-phenyl O,0-diethyl ethylphos-
phonimidate (135):

C;HP(OC:H;), + CeHiNy —
C;H;P (=NCQH§)<OC’H‘)’ + Na

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 diesters prepared from phosphonous dichlorides
reparation from
Phosphonous Diester Yield Moelting Boiling Point References
Phosphonous Alkoxide or Point
diohloride aloohol
Alkoxide method
per cont °C. °C.
CHGP(OCH)s. . ... v iens CdH4PCls CHiONa 101-102/15 mm, 9)
CeHgP(OCsHi)s. ..o vvven e CdHyPCls CiHiONa 235 (8, 171)
CsHiP(OCHy-i80)s. ............ CsHsPCh is0-C(HsONa 134.6/7 mm, (10)
4-CH,CeH\P(OCsHg)s. .. ...l 4-CHCH/PCl2 CiHONa 280 (251)
2,4,8-(CH)1CyHsP(OCsHa)s. . . . . 2,4,5-(CH¥)sCeHaPCly CiH;ONa 232-233/100 mm, (236)
2,4,5-(CH)sCeHaP(OCsHy)s. . . . . 2,4,5-(CH»)2CiHsPCly C¢HiONa 59 283 (d.)/40 mm. (236)
4-(CH»)sNCsHP(OCHi)s........ 4-(CH)WINCH(PCly CHiONa 46 119-120/0.8 mm, (57, 101)
Alcohol/amine method
CHWPOCHy)s......ooveivvn it CHPCla CiHWOH 832 47/50 mm, (108, 118, 117)
CH«#P(OCHDs.................| CH:PCh C:H)OH 78 76/33 mm. (115)
CHLP(OC)Hr-i80)s. .. .o vv i v CHPCla iso-CiH;OH 80 55/36 mm. (115)
C:HyP(OCH)s oot vivevvnn CiHyPCls CH;OH 35 73.5-74.5/225 mm. (19, 31)
CGHP(OCsHi)s. . ..o e CsHPCls C:HiOH 66 60/35 mm. (19, 21, 117,
291, 207)
CsHiP(OCsHDs. ..ot CsH,PCls CiH:0H 64 65-66.5/11 mm., (19, 21)
CYH;P(OCsHri80)s. ..o viv e C:HsPCls iso-CiH:OH 40 73.5-74.5/35 mm. (19, 21)
CiHyP(OCH:CH=CHu)s........ CsHiPCls CH»=CHCH\:0H 85-87/11 mm. (300)
Ci:H(P(OCH:C=CH)s.......... CsH;PCls CH=CCH:OH 126-127/6 mm. (147)
CsHyP(OCHos. ... CiHiPCls CHOH 80 63-64/3 mm. (19, 21)
C:HysP(OCsHuds. . oo vvvin CiHyPCls CsHuOH 81-82/2 mm. (300)
CiHyP(OCeHide. ... cvvenv s C:HiPCly n-CsHLWOH 92 '100-101/2 mm. (19, 31)
CaHyP(OCeHu)s. . .. oot CsHyPCls n-CoH;OH 20 142-144/3 mm, (19, 21, 108)
CiH;P(OCH:CeHi)s. . . ......... CsHsPCls CHiCH:OH 140-141/1,5 mm. (300)
C:HP(OCeHo)s. ......oovvvees CsH;PCls C:HiOH 72 115-115.5/1 mm, (19)
[973 2 £3 (e 103 : ) 7 YN CsHyPCl Ci:HsOH 64 52-53/12 mm. (294)
CHyP(OCsH):. . ..o cv i ine C:H:PCh CyH:OH 74 81-82/11 mm. (294)
CiHsP(OCH:C=CH)s ......... C:H;PCly CH=CCH:OH 136-136.5/6 mm. (147)
is0-CsH1P(OCsHr-is0)s. ... ...... iso-CsHiPCly iso-C3HsOH 60 59.5-60.5/14 mm. (298)
CHWyPOCH)s. . ...t C.HyPCls CisHyOH 64 68-70/12 mm. (294)
CHyPOCH). ......vviie C«HsPCls CH,OH 70 99.5-101/14 mm. (294)
CHP(OCH:CH=CHs)s........ CHPCls CH:==CHCH\0OH 64 98-100/11 mm. (147)
CHYP(OCHiC==CH)s.......... CHPCls CH=CCH;:0H 146-147/6 mm. (147)
CHyP(OCH®)s. .o vvvevnnes C(HsPCls C«H.OH 64 116.5-118.5/10 mm., (294)
iso-C«HysP(OCHys-is0)s. . ........ iso-C«HsPCly is0-C4HOH 85 105.5-107.5/12.5 mm, (297)
CsHpyP(OCsHa)s. ..o vvvvvnun e CsHui/PCls CiH:OH 31 58-680/0.12 mm. (108)
CoHyP(OCH)1. .. ooovvvvenen e CiHiPCls CH,OH 70 94.5/13 mm, (18, 57, 110,
144)
CsHP(OC:He)s. . ..o v vcve vt . CHPCla C:HiOHR 81 70/0.5 mm. (16, 144, 181)
CHWPOCHD:. ......eiitn CsHsPCls CiH:0H 75 137/15 mm, (18, 144)
C\HiP(OCHsCH=CHy)s........ CiH,PCla CHy=CHCH\OH 43 100/0.3 mm. (107, 149, 150,
— 259)
CiHiP(OCHsCHCH:O)s. .. ..... CeHsPCly Glycidol 96/0.5 mm. 317
CeH;P(OC:His0)s. ... ..uvn e CsHiPCls iso-CsH:OH 80 121-122/10 mm, (14)
CeHiP(OCHs-i80)2. .. ..o ot CiHyPCla iso-C.HsOH 77 104/0.8 mm. (144, 181)
CHiP(OCeHig)s. . oo oveevvvnnns CsHyPCls CdHuOH 45 123-126/0.3 mm. (108)
CeH;P(OCHsCosHsds. . . v vvve e CiHsPCls C:HiCH:OH 74 85-70/0.1 mm. (5)
CeHzP(OCeHa)s. ..o vvvvevevvnes CoH4PCls CdHiOH 45 230/14 mm, (15)
CeHyP(OCsHWCHr0)1 o oo vt CedHiPCls 0-CHiCsHWOH 42 229-231/10 mm. (18)
CiH;P[OCsH(N(CHy)e-m)s. .. ... CsHyPCls m-(CHy)s:NC:H.OH (76)
4-CICHP(OCHsCH==CHe}s. ... 4-CIC:H:PCh CH»=CHCH;0H 58 126-127/3 mm. (149, 150)
4-CHyCeHWP(OCHs. ... ... 0 4-CH;CsHAPCly CH:OH 53 107-100/14 mm. (161)
4-CHi.CsH(P(OC:H)s. . ... ... .. 4-CH\CsH{PCls CHiOH 50 123-125/9 mm. (161)
4-CHy,CeHP(OCsH)s . . ... .. .. 4-CH;CsH(PCls CiH;OH 82 120-130/6 mm. (181)
4-CHsCeHP(OCiHs . . ..o 4-CH\CH(PCly CHOH 89 170-171/13 mm. (161)
4-CHsC\H(P(OCiHy-ig0)s. .. .. ... 4-CHiCsH(PCls is0-C(H»OH 77 166-156/13 mm. (181)
4-CHyOCHP(OCiHu)s. . .. ..... 4-CH:OCsH/PCls CiHiOH 136-138/13 mm. (145)
1-CyoH/P(OCHMs. . v veivvvvann s 1-C1oH1PCly CH:OH 101/0.18 mm., (101)
Alcohol/no acid acceptor method
CH;P(OCH:CHCICH))s. .. .. ...| CH:PCh Propylene oxide 100 (270)
CsH;P(OCH:CHCICHY)s. .. ..... C«H(PCly Propylene oxide 100 (270)
COHPOCsH)s. ..o vvnvennnn CsHsPCly CiHsOH 40 223-223/13 mm, (15)
CeHLP(OCHICLD)y. . ool CiHiPCls p-CICsHOH 223.5-226/1 mm. (220)
CHELP(OCHCHr0)s. .o oo CeHiPCls 0-Cresol 20 2290-231/10 mm, {18)
CeHyP{OCsH((CsHu-tert)-ph .. ..] CdH;PCh p-(tert-CsH1u) CoHOH 225-228/3 mm, (220)
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TABLE 13
Phosphonous diesters prepared by lransesterification
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Preparation from
Phosphonous Diester Yield Boiling Point References
Phosphonous diester Alcohol
per cent °C.
CHiP(OCHsCHSCsHi) 1. .. .o cvvvve v i eisan i iionas CHiP(OR)1 (R = CH,, C:H8CH,CH:OH a0 80-84/0.025 mm. (1185)
Cally, or iso-CsHy)

0] £ 0) (070 5 (T S 7Y AP CHP(OC:Hy)s n-CyHi:OH 125-130/0.3 mm, 17y
CHaPOCHHI M. v et evv e iie i iienr e srunarsnen CH;P(OCiHas)s n-CroHuOH 138/0.075 mm. (117)
(073 : 15 2 (0 0f) (1 ) P PN ....] CiHiP(OCsH:)s n-CyHiyOH 123/0.05 mm, (117>
CiHiP(OCioHu-n)2. oo oot C1HiP(OCsHi)s n-CioHuOH 160/0.05 mm. (117>
C\HyP(OCiH®)s. . oo ovvvvvne C«HsP(OC2Hs)s C(H.OH (Na) 73 125-128/15 mm. (305)
CHyP(OCHs) OCHsCHsB8CaHi . CH P(OCH))s CiHs8CH:CH:OH 34 42-43/0.04 ram. (116)
CHaP(QC:Hi ) OCH:CH:8CaHy CHP(OC:Hy)y C:HsSCH:CHsOH 34 40/0.04 mm, (116)
CH:P(OC:H7)OCH;CH38CsH; CH, P(OCsHn)s C:Hi8CH:CHsOH 24 53-56/0.025 mm. (115, 118}
CHIP(OCiHr-is0)OCHsCHSCsHs. ... ... vv v ivivren e s CHP(OCH-is0)s CiHsBCH;CHsOH 45 42-46/0.1 mm., (115, 116)
CHIP(OCIH)OCsH mn. . oo c v viveiicnisnecarrnnas CHyP(OCsHy)s n-CsHi1OH 65/0.1 mm. (117
CHiP(OCYH)OCoHn-n. . o v ooii it ieiii e CH;:P(OC:Hs): n-CroHuOH 85/0.25 mm. (117)
CiHuP(OCIH)OCIHIT . oot iiie i iinaanienss CsH;P(OCsHyi)s n-CyHiyO H 72/0.3 mm, (117)
CHHLP(OCH)OCkHan. ... ..o C:H,P(OCsHy)s n-CioHnOH 100/0.08 mm. (117)
CeHaP(OCHH)OC HS. . . . e vvii v iiie i iieinnainnns CiHyP(OCaHs)s CeHs0H 51/0.08 mm, (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; — R’P(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); + R'’X — RR'’P(O)OR + 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), o-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), o-halo malonates (13), B-bromo nitriles (38),
carbamoyl chlorides (19), octachlorocyclohexa-1,4-
diene (286), bis(8-bromoalkyl) phosphonates (47), C-
chloro-P, P-diphenoxyisophosphazoacyls (68), or cer-
tain a-halo ketones (277). Alkyltin halides were at first
believed to give products containing phosphorus—tin
bonds (17), but are now known to give products with
P-—0—8n 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 100-120°C., compared to the 5-6 hr. at
160°C. 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, 18, 150).

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

C.H;P(0C,H;); + Br(CH;);Br —
e
CgHsP(O)CHgCHqCHzO + 2C,H5Br

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):

CgHsP(OCsHs)z‘CHaI + CGH:QH —
CoHP(0)OCeH;s + CeH:;O0H + C;H,lI

H,
or with sodium hydroxide (238):

CH,CsH,P(OCsHs);- CsHsCH,Cl 4+ NaOH —
CH,C:H,P(0)OC:H; + NaCl + CH;0H

H,CeHs
Phosphonous diesters react with a,f-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).

C:H;P(OR); + CH=CHCOOH -
C+HP(O)(OR)CH,CH,COOR

A similar reaction occurs with a,8-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.

CgHsP(OCsz)z + CH?ZCHCHO —
CeH:P(O)(OC.H;)CH;CH=CHOC,H,

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

F 1
CQHBP(OC‘HQ)'} + OCH:CHuCHzS(); baad
CeH,P(O)(OCH,)CH,CH.,CH,;S0,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'), + CCLCHO — RP(O)}OR)OCH=CCl, 4 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):

2CH:P(OCsH;): + (CH;).C(NO;)Br —
CsH;sP(O )X OC:H;)ON=C(CH,;); + CsH;P(O)}(OC;H;); 4 C;H:Br

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):

CsHP(OC,H;): + RNCS8 — C,HP(O)}OC:H;)SR + C,H,CN
CeHsP(OC,Hs): + RSSR — C H;P(O)(OC;H;)SR + C:HsSR
CH:P(OC,H;): + RSCl — CH,P(O)OC.H;)SR + C.H;Cl

In all of these reactions a close analogy may be drawn

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

V. PaospHONODITHIOUS ESTERS

The phosphonodithious esters, R’P(SR),, 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 phenyiphosphono-
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. Dipropy! butylphosphono-
dithioite, b.p. 110-112°C./2.5 mm., was prepared from
(C;H:S),P 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 $-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);P, which give
only the products of addition to sulfur, not to phos-
phorus, under the conditions of the Arbuzov reaction.

VI. PrOospHONOUS 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, BYNTHESIS

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: + 3C|H|NHNH: —
RP=NNHCH; + 2CH;NHNH,-HCI

The products are iminophosphines. In one case a small
amount of the dihydrazide, C.Hi:P(NHNHC,H;)s, was
also isolated (249).

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

RPCI, + 4C§H10NH d RP(NCsHm), + 205H10NHHCI

Phosphonous dichlorides do not form eyclic 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, + 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
130°C. 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(NC:Hy0)sCH,] t*OH~ + H,O —

R(CH,)P(0)OH + 2C;H,,NH

VII. PaosproNous Esrer CHLORIDES,
AMipE 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
aleohol and a tertiary amine in equimolar proportions

TABLE 14
Phosphonous diamides and iminophosphines
Preparation from
Melting Boiling
Produet Phosphonous Ami Point Point References
X " mine
dichloride
Iminophosphines (from primary amines)
°C. °C.
CoHsP-=NNHCsH;. ............ .... CsHyPCle Phenylhydrazine 152 (249)
CsHsP=NNHCH«CHsyp............ CsHsPCly pr-Tolylhydrazine 162 (249)
CeHiP=NN(CsHs)CH1CeHs. .. ... ... CsHWyPCls CslNCHa(CeHy) NNHy 141 (249)
4-CIC4IliP=NNHCsH;. .. . ......... 4-CICsH(PCle Phenylhydrazine 161 (d.) (234)
4-BrCeH«P=NNHC¢H:. . ........... 4-BrCyHPCla Ihenylhydrazine 180 (234)
4-CeHyCsHyP=NNHCH;. . . ... ... .. 4-CeHsCsH,PCl2 Phenylhydrazine 139 (235)
2,4,6-(CH3)CsH:P=NNHCH;....... 2,4,6-(CH»)aCsH:PCls Phenylhydrazine 135 (236)
Phosphonous diamides (from secondary amines)
CHyP[N(CHely. .. ................ CH;PBn Dimethylamine 137-141 (196)
CsHWP(NCsHuode. . . ................. CeHsPCls Piperidine 78 (71, 237.
340)

CoHsP(NColdi)e. ... ... .o CsHsPCly Tetrahydroquinoline 150 (237)
4-CICsH/P(NCsHiode. . . ............. 4-CICeH(PCl2 Piperidine 95 (237)
4-CHaCsHWP(NCsHuods. . ... ...... ... 4-CHyCsH4PCle Piperidine 85 (237, 340)
4-CHiCsHP(NCsHuo)e. . . . .......... 4-CHsCH(PCls Tetrnhydroquinoline 140 (237)
4-CHyOCH\P(NCiHinds. ... ... 4-CH,OCH.PCl: Piperidine 69 (237)
4-CaHsOCoH4P(NCsH|o)| 4-C:H, OCH PCls Piperidine 84 (237
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at 10-20°C. leads to the replacement of one of the
chlorine atoms, forming a phosphonochloridous ester
(118).

RPChL + R'OH + (C;HghN — RP(OR’)CI 4 (C,H, )N -HCI

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 +8 — RP(S)OR’)Cl

Interestingly, the addition of sulfur to the phos-
phonochloridite proceeds readily at 25-35°C. 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
1V,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):

C2H5P011 + 2(01H5)1NH band
C:H:;PIN(C:H,)]Cl + (CsH,).NH -HC!

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).

CHP{N(C:H;)]Cl + 2C,H;OH —
C;H,P(OC;H;): 4 (C.H,).NH-HCL
In the presence of a tertiary amine only the halogen

atom is replaced (see Section VII,C).
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.

CHPN(CHNMC! + 8 =5 CHP(8)[N(C:HMICL

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:HP[N(C:H;),]C1 + CHOH — C,H;P[N(C:H;)]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 & manner similar to the phosphonous di-
esters (300, 312, 346). The reaction with chloral (300)
proceeds as follows:

C.H:P(NR,)OC,Hriso 4+ CC;CHO —
C;HP(O)} NR,)OCH=CClI, + iso-C;H,C1
The known phosphonamidous esters are listed in
table 15.
VIII. PuospHONOUS 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
Preparation from
Produot Yield Boiling Point Reference
Chloride Amine or aleohol
Amide chlorides (phosphonamidous chlorides)
per cent °C.
CHsPIN(CHMICL. ..ot CiHiPCly (CHa)21NH 51-52/16 mm. (300)
CiHsPIN(CsH)sICL. . .. i iiineiienns C:HyPCla (CiHy)1NH 77 52-53/3 mm. (25)
Ester amides (phosphonamidous esters)
CsHLP[N(CHi)1JOCHy-i80.. . . .................... CsHyP[N(CHg)1]Cl iso-CaH;OH 71-73/27 mm. (300)
C:HPINCHMIOCH ..., CsHiP [N(CyHu)s]Cl CH:OH 72 49-50/10 mm. (28
CtHiP[N(CsHs)2]OC:Hs. . C:HiP [N(C:Hi):]Cl C:HiOH 63 53-54/9 mm. (23)
C:HWP[N(CsHy)sJOCsHy. . CsHiP[N(CsHi)aICl CiH,0H 85 73-74/10 mm. (25)
CtHsP[N(C:Hi)2]OCiHr-is0 . . . . CsHsP [N(CsHy)1]Cl iso-CaH/OH 81 83-65/10 mm. (26)
C:HsPIN(CaHe)1JOCHs. . ... ..o CyHyP [N(CsHy)31CL C«H.OH 82 88-89/10 mm. (25)
CiHiP[N(CsHy)s]JOCiHs-i80. . .. ... 0o vvinnennn. C1HiP[N(CiHy):1C1 iso-C.H:OH 71 76-80/10 mm. (25)
CiHGP[N(CaHg)1JOCHrn. ... ...t C:HLP [N(CsHy)s)Cl n-CeHuOH 61 80-81/1 mm. (25)
CtHyP[N(CsH)$JOCIH AN . . o e ereeeieeen s CsHiP[N(C:H)s]C1 n-CtHuOH 40 101-102/1 mm. (25)
[N :8 20 008 : AT o1} : (T T CsHyP [N(C:Hi)1]Cl n-CsH1i;OH 30 115-116/2 mm. (25)
CiHyPIN(CsHs)s1OCH o R o oo vee e CiHyP [N (CsHy)s]C1 n-CyH1sOH 27 121-122/2 mm, (285)
CsHRPIN(C:H)SJOCHNM . . o vv s, C:EWP [N(GiHi)]C1 n-CieHuOH 22 134-135/2 mm. (28




THE PHOSPHONQUS ACIDS AND THEIR DERIVATIVES

ture that they were unstable. In 1877 Koéhler 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.

CH:P(0C:H;) — CH,PH(O)OC,Hy — CJH,PH(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 (C, to Cy) 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)XPCl + R'MgX — R'P(OR): + MgXCl
NH.(CL
R'P(OR): + H,0O —— R'PH(O)OR +4 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:

R'’PCly + 2ROH — R’P(OR); + 2HCI

415

R’P(OR), + HCI — R'PH(O)OR + RCl

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
. ILA4).

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
8, trace of acid the partial esters are instantly produced
in almost quantitative yield (305):

H*
R'P(OR). + H.0O — R'PH(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
VIILA 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
gilver salt of a phosphonous acid with an alkyl halide
(111, 209, 217):

RPH(O)OAg + RI — RPH(O)OR + Agl

TABLE 16
Phosphonous monoesters prepared from phosphorochloridites
Preparation from
Phosphonous Monoester Yield Boiling Point Reference
Phosphorochloridite Grignard reagent
per cent °C.

CHPH(O)OCHY. ......oov e (C4H30)sPCl CH:MgX 55 47-48/2 mm. (139)
CHPH(O)OCH. . ... ciiii i (C4H»0)sPCl CsHiMgX 53 94-95/10 mm. (139)
CIH/PH(O)OCHs. .. ...t i iiie s (C4H0)sPCl CiH:MgX 60 67-67.5/2 mm. (139)
i80-CtHIPH(O)OCHS. .. ... oo viiviiie e (C4H40):PCl iro-ChHiMegX 59 58.5-60.2/2.5 mm. (139)
CHPH(O)OC Hs. ... .o it ciieenns (CsHiQ)+PCl CiHoMgX 55 40-49.6/1.6 mm. (139)
iso-C4HyPH(O)OCsH;. (C1Hs0)1PCl iso-CiHsMgX 54 76-77/6 mm. (139)
CdHiCHsPH(O)OCH) . (C4H10)2PCl CeHiCHsMgX 58 113-115.5/2 mm. (139)
CHWPH(O)OCH . .ot (CHy0)sPCl CiHsMgX 58 99.2-100/1 mm. (139)
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TABLE 17
Phosphonous monoesters prepared from phosphonous dichlorides
Preparation from
Phosphonous Monoester Phosphonous A Yield Boiling Point References
dichloride leohol
per cent °C.
CsHyPH(O)OCHs. ..o CiHyPCly CH:OH 20 65-66/11 mm, (20)
CiHiPH(O)OCsHs. ... vvvv e C:HsPCls CsHiOH 31 68-69/9 mm. (20)
C:HyPH(O)OCiHy. ... occvvi e C:HyPCh CiH,0H 47 81-82/10 mm. (20)
CsHiPH(O)OCsHris0. ... ............. CsHsPCly iso-C:H-OH 42 89-70/10 mm. (20)
CsHPH(O)OCHy. ... vevn e C:HiPCls CH OH 57 92-03/9 mm. (20)
CsHiPH(O)OC(Hy-ig0.. . .............. C:H\PCly iso-CsHyOH 56 86-87/9 mm., (20)
C:H/PH(O)OCHirn. ...t e CiHiPClr n-CsH1:OH 54 87-88/1.5 mm. (20)
CiHyPH(O)OCH-n.................. C:HiPCly n-CyHyOH 42 99-100/4 mm. (20)
C:HyPH(O)OCsHirn. .. ... CiHiPCly n-CsHiyOH 52 102-103/1 mm. (20)
CiH,PH(O)OCHi-n. ... .o CitHsPCla n-CeHiyOH 59 122-123/4 mm. (20)
CiHiPH(O)OCwHyn. . ............... CiHiPCly n-CrHuOH 49 120-130/1.6 mm. (20)
CsHiPH(0)OCHCyHs CiHiPCly CsHsCH1OH 85 $0-95/0.1 mm. (6)
CsHsPH(O)OCHs,. ... . ... . CiHyPCly CH;OH 66 91-93/1 mm. (275, 281)
CeHsPH(O)OCsHs. . ........oovevenss CsHiPCls C:HsOH 84 94-95/1 mm. (71, 174, 275, 281)
CsHyPH(O)OCsH-is0. . ............... CdHyPCla iso-C1H,0H 70 106-107/1 mm. (275, 281)
CsHsPH(O)OCHsCH=CHs............ CisHiPCh CHe==CHCH:OH 121-123/1.5 mm, (107)
CJLPH(O)OCHy. .......... R, CisHsPCly C.H,OH 80 90.5-92/0.12 mm, (127, 174)
CiHyPH(O)OCHg-imo. . ............... CsHyPCly iso-C«HyOH 88 112-113/t mm. (275, 281)
CLPH(O)OCeHirn. .. ..o v e CeHyPCla n-CeHuwOH 80 139/1 mm, (278, 281)
CHPH(O)OC:Hun........ovvvevnt CeHiPCly n-C:HwOH 80 150/1 mm. (275, 281)
CsHiPH(O)OCsHir-n. . . . . CsHyPCla n-CoHiyOH 78 1565/1 mm. (275, 281)
CiHyPH(O)OCsHip-n. . .. ... A CsHsPCly n-CyH1yOH 57 158-160/1 mm. (275, 281)
CHsPH(O)OCHsCeHy. . . .......... ... CsHiPCly C«HiCHsOH 93 90-95/0.05 mm., (5)
CHiPH(O)O(CH)«SI(CH)s. . ......... CsHsPCla (CHMSi(CH»)OH 142-148/1 mm. (184)

Acid- or base-catalyzed esterifications with alcohols
have been described in a few instances. Allyl 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):

CHPH(O)OH + CHP(OR) =5 2CHPH(0)OR

This reaction takes place at 100-160°C. 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 IT,A,5 and I1,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
Phosphonous Monoester Phosphonous Diester Yield Boiling Point Reference
per cent °C.
CHyPHO)OCHs. ... . ..o ivveeiniiin s C/HWP(OC:Hia 85 105/158 mm. 305
CHsCHiWPH(O)OC:Hs. . ......ovve v CsHsCH:P(OC:Hs)s 119/8 mm, (305)
CHWPHO)OCsHs. .. ........oovt e CsHsP(OC:Hy)s 68 119~121/4 mm., (305)
CHPH(O)OCH Cals. . ...t CHyP(OCHsCuHs)s (LiCl) 5
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TABLE 19
Phosphonous monoesters prepared from phosphonous acids
Phosphonous Monoester Renctants Used Yield I\;egit‘i‘:g BPO;::;,Z References
per cent °C. °cC.

(CH)sCOHPH(O)OCH:. . ... oot (CHy)1COHPH(0)QAg, CH)I (209)
(CH3)sCOHPH(O)OC:Hs. . ..... ... ...t (CH:)1COHPH(0)OAg, CiH,I (209)
CeHiCHOHPH(O)OCHs...... ... . i CsHiCHOHPH(0)OAg, CHul 99 217)
(CeH)sCPH(O)OCsHs .. ... ... oo {CeHs)sCPH(O)OAg, CiHsl 118-121.5 (11n
2-CeHpyPH(O)OCHyCH=CHs..................... n-CsH)yPOsHy, CH=CHCH,;0OH 134/1 mm. (107)
(CeH))sCPH(O)OCH), .. ..ot (CeHs)aCPO:Ha, (CH:)sS04 163-184 (111)
(CeHg)sCPH(O)OCeHs. .. .. ... (CsH;s):CPOsHs, (CaHi)1S04 118-121.5 (111)
1

CH:CH(CHy)CH:PH(O)O. . ........ . e HOCH;CH(CH)CHsPO:H; (heat) 100~104/0.2 mm. (318)
n-CioHyCH=CHPH(0)(OCHiCH1»),OH............ C12¥13:POsHs, ethylene oxide 100 (320, 321)
n-CisHyCH=CHPH(0)(OCH1CH):OH............ CuHyPOsHse, ethylene oxide 100 (320, 321)
CoHsPH(O)OCHsCHCl. . ... CsHiPOsHs, CsHiP(OCH;CH:Cl)s (334)
CelliPH(O)OCsHy7-i80. ... . ... .. v CosHiPO:2Hs, CeHiP(OCyHir-i80)s (334)
CeHsPH(O)OCsHs. . . ..o ooo i CsHiPO:Hs, CeHyP(OCoHs)s (334)

1. Addition of sulfur

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

CsHiONa
RPH(O)OCH, + 8 —— RP(S)0C,H,)0H

2. Reaction with halogens

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

C:H,PH(O)OR 4+ Cl, — CH,P(OXOR)C! + HCl

3. Reaction with amines and carbon tetrachloride

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

CeH:PH(O)OCH,CH; + CClL + 2CeHyuNH: —
CsHP(O)(OCH;CeH;)NHCeH,;;, + CsH;NH,-HCl + CHCls

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 «,f-un-
saturated compounds. As an example may be given the
reaction with a,8-unsaturated esters (38, 275, 281,
282):

C:H:ONa
CsH;PH(O)OR + CH,=CHCOOCH; ——

CsH;P(O)OR)CH,CH,COOCH;

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 «,8-unsatu-
rated ketones (280), «,f-unsaturated nitriles (38,
279), a,f-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.

N R’X
CeH,PH(O)OR - C:H:P(O)OR)Na — CHR'P(O)OR

When diethylcarbamoy! 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.

CgHsPH(O)OCzH; + CH:COCH@ b d
(CH;).C(OH)P(0) (OC,H;)CeH;

CH;PH(O)OC.Hs + CH,CH=NHCH; —
C:H;CHNHC,H;

P(0)(0C,H;)CeH,

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).

CsHsPH(O)OR + SC(NH,), — (NHz)zC,P(O)(OR)CsHs

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:

CeH;PH(0)OC,H; + CeH,;;CH=CH: — CsHuyP(0)OC.H;

CHI

The polymerization of allyl hydrogen octylphosphonite
with di-tert-butyl peroxide takes place at 120°C. 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).

CH,P(OC,H,)C] + H8 — C;H,PH(S)OCH, + HC]
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
(3) 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 (26):

C:HPCly + 2(ROXP(O)Na — CsH{P{OP(OR)]s + 2NaCl

C.H,PCl; 4 2(RO),P(O)H + (Czni)aN ad
C:HP[OP(OR)]s + 2(C:H;);N-HCI

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).

(C:tHs)sN

C:H;P[OP(C,H; XOC;Hris0)]s

C,H,PCl; + C:H,PH(O)OC;Hris0

3. 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
known, obtained in 62 per cent yield, b.p. 91-93°C./1.5
mm., by the following reaction (27):

GHP(O)OCyH;)Na + (CH;xPCl —
C:H,P(OC;H;)OP(CsHs)s + 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):

C:H,P[OP(OC;:Hs)]: + C:HiBr — (C.H;)PBr

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
Preparation from
Product Phosphonous Dialkyl phosphite Yield Boiling Point Reference
dichloride or sodium phosphite
Dialkyl phosphite/amine method
per cent °C,

CsHsP{OP(OCH)sls. .........oovvvvnnnn CiH:PCle (CH,0)sPHO (26)
GHP[OP(OCsHis)hs. ... CaHyPCla (CsH;0):PHO 51 128-130/1 mm. (26)
C:HP[OP(OCHw-is0)ss. .. .......... ... C:HsPCls (iso-C4H+0)sPHO 44 165-167/2 mm. (26)

Sodium phosphite method
CiHP[OP(OCsH)ah. .. ... e C:HsPCl2 (CsHy0)2sPONa 48 126-128/0.5 mm. (28)
CsHyP{OP(OCsHdsls. . ... oo CiHiPCla (CsH:0)sPONa 40 145-147/1 mm. (26)
C:H\WP[OP(OCsHr-ig0)sls. . ... ..o n 0 C:HsPCls (is0~ChH10)sPONsa 52 130-132/1 mm. (268)
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progressive displacement of phosphite groups has been
suggested (26):

C:HP[OP(OC:H; )]s + C:HI —
(C,H,),POP(OC,H;): - (C:H,0),P(0)1

(C:Hs 3 POP(OC,He ) + C:HI  —~  (C.H)P 4 (C.Hy0)P(0)1
(C:H;: )P + C:HI — (CsH,)PI

It will be noted that the first phosphorus atom, being
the more easily quaternized, 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 quaternized.
The product of the reaction of CoHsP(OCH;)OP(C,Hy),
with butyl bromide, then, is (CoHj5)2(CsHs).PBr and not
CQH5(04H9)3PBI' (27).
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