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Phosphorus-containing alkyl, alkenyl, aryl, acyl, and sulphonyl
isocyanates
Β Ν Kozhushko, A V Lomakina, V A Shokol
Institute of Organic Chemistry, Academy of Sciences of the Ukrainian SSR, Kiev

ABSTRACT. In this review the information in the literature on the
methods of synthesis, physicochemical properties, and application of
phosphorus-containing alkyl, alkenyl, aryl, acyl, and sulphonyl
isocyanates has been classified and correlated.

The bibliography includes 143 references.
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I. Introduction

Alkyl and aryl isocyanates have been known for over a hundred
years. The first examples of phosphorus-containing organic
isocyanates were not synthesised until 1956.l In recent years a
considerable number of new types of alkyl and aryl isocyanates
containing one or more phosphorus atoms in the molecule have been
obtained and some of their properties have been studied. In 1973 a
short review was published on phosphorus-containing alkyl, aryl,
acyl, and sulphonyl isocyanates, including studies carried out before
1971;2 it is now out of date. It is therefore of interest to correlate
both the old and new information on the methods of synthesis and
properties of phosphorus-containing organic isocyanates.

Π. Methods of synthesis

1. Phosphorus-containing alkyl, alkenyl, and aryl isocyanates

(a) Reactions of chloroalkyl phosphates and chlorophosphoramidates
with silver cyanate

On heating tris(trichloromethyl)phosphate with silver cyanate in
benzene, tris(isocyanatomethyl)phosphate is formed:3

OP(OCH2Cl)3 + 3AgOCN -> 3AgCl +OP(OCH2NCO)3.

Diethyl 1,2,2,2-tetrachloroethylphosphoramidate reacts with silver
cyanate by a similar route, but it is not possible to obtain the
resulting diethyl l-isocyanato-2,2,2-trichloroethylphosphoramidate in
a pure form.4

(b) Phosgenation of phosphorus-containing amines and
N-phosphorylated amidines

Diesters of α-aminoalkylphosphonic and oc-aminoalkylphosphono-
thioic acids react fairly readily with phosgene, and depending on
the concentration of the reactants they form either diesters of
α-isocyanato-substituted alkylphosponic and alkylphosphonothioic
acids or A^iV'-bista-idialkoxyphosphoryrjalkyllureas:1'5

(C.H5O).,P (X) CRR'NCO
(C,H 5O) 2P (X) CRR l NH 2

COC1 2

3 :
X -•=

4 :

1

o, s
1

χ — ο

= R1 = CH3 or R = H, R1 = C6H5; X =

[(C.,H5O)2P (X) CRR'NHjjCO

R = R 1 = CH 3 .

The aminophosphonate and aminophosphonothioate diesters
required for these syntheses are obtained from dialkyl phosphites (or
dialkyl phosphorothioites), aldehydes (or ketones), and ammonia:5"7

(C2H5O)2P (Χ) Η + RC (O) R1 + NH3 -> (C,H5O)2 Ρ (Χ) CRRWH,.

Esters of a-(dialkoxyphosphoryl)aminoacetic acid react with
phosgene in a similar manner8 to form the corresponding
isocyanates.9

Treatment of (S)-(—)-a-(diethoxyphosphoryl)benzylamine with
phosgene10"12 in the presence of pyridine resulted in the synthesis of
the first example of optically active α-phosphorylated organic
isocyanates—(S)-( + )-oc-(diethoxyphosphoryl)benzyl isocyanate
([a]2?0 + 35.5°, c = 2, CC1 4). 1 2" 1 4

When aminoaryl esters of phosphoric, phosphorothioic,
phosphonic, phosphonothioic, and phosphinothioic acids are
reacted with phosgene in inert organic solvents at 50—120 °C,
isocyanatoaryl esters of the corresponding phosphorus acids are
obtained:1 5"2 3

XP(OCeH4NCO-4)3> (C2H5O)2P(X)OCeH4NCO-4 (where X = O, S),

C,H5N(CH3)P(O)(OC,H4NCO-4)2, c | Y X t

C e H 5 C H = C H P (O) (OC.HsCHs^-NCO-Sij,

(CH3) r t Ρ (S) (OCeH3CH3-4-NCO-3)3_n.

When Ο, Ο '-bis(4 -aminophenyl)-iV, ΛΓ-dimethylphosphoramidate is
treated with phosgene, cleavage of the Ρ—Ν bond occurs together
with phosgenation of the amino group and Ο, Ο '-bis(4 -isocyanato-
phenyl)phosphorochloridate is formed:20

^P(O)OC e H 4 NCO-4
J»

(CH 3) 2 NP (O) (OC,H4NH2-4) a

* C1P (O) (OCeH1NCO-4)2 + (CH 3) 2 NCOCl.
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When phosgene reacts with aminoaryl phosphites the Ρ—Ο bond
is cleaved and isocyanatoaryl phosphites are not formed.20

Aminoaryl esters of phosphorus acids are obtained by reduction
of the corresponding nitroaryl esters, by reaction of phosphorus
acid chlorides with aminophenol, or by oxidation of aminoaryl
phosphites.16~18'20'24'25 Tris(/?-nitrophenyl) phosphate is obtained by
nitration of triphenyl phosphate. Nitrophenyl esters of other
phosphorus acids are obtained by reaction of phosphorus acid
chlorides with nitrophenols.17'18'20'24

Hexa(4 -isocyanatophenoxy)triphosphonitrile is synthesised by
phosgenation of hexa(4-aminophenoxy)triphosphonitrile:26

(P,N,)(OC,H4NHt-4),- •(P,Nf)(OCH4NOO-4),.

The conversion of aminoarylphosphine oxides to isocyanatoaryl-
phosphine oxides by phosgenation of the intermediate — N = S = O
compounds has been reported:27

NCO

When N-(diphenoxyphosphoryl)benzamidine is boiled with
phosgene, iV-(diphenoxyphosphoryl)iminobenzoyl isocyanate

[ = NP(O)(OC5H5)2]NCO is obtained.28

(c) Reaction of haloalkyl isocyanates with alkyl esters of trivalent
phosphorus acids

Trialkyl phosphites and alkyl phosphinites undergo an Arbuzov
rearrangement with chloromethyl isocyanate at -20 °C to form
dialkoxy-, dialkyl-, or diaryl-phosphorylmethyl isocyanates.29"32 When
chloromethyl isocyanate reacts with alkyl phosphoro-dichloridites,
alkyl phosphorodifluoridites, dialkyl phosphorochloridites, and
dialkyl phosphorofluoridites, dihalophosphoryl- and alkoxy-
halophosphoryl-methyl isocyanates are obtained. Reactions with
dialkyl phosphorohalidites occur both in the presence of catalytic
quantities of FeCl3 and without it, while alkyl phosphorodihalidites
react only in the presence of a catalyst.3 0 '3 2"3 5 Bromomethyl
isocyanate also reacts in a similar manner with trialkyl phosphites,
dialkyl phosphorohalidites, and alkyl phosphorodihalidites, but the
reaction takes place under milder conditions: 14>35-36

R.POR1 + XCH.NGO » [R, (RO) PCH2NCO]+ X" -zm-+ R2P (O) CH2NCO,
R = AlkO, Alk, Ar; X = Cl, Br;

ROPX, + YCH2NCO - ^ § 3 - * X2P (O) CH2NCO;
(RO)2 PX + YCHA'CO - ^ - * X (RO) Ρ (Ο) CH2NCO,

R = Alk; X = Cl, F; Υ = Cl, Br.

α,β-Dichloro- and α,β-dibromo-methyl isocyanates react with
trialkyl phosphites, dialkyl phosphorohalidites, and alkyl
phosphorodihalidites to form only a-phosphorylated β-chloro-
or β-bromo-ethyl isocyanates. The reaction with alkyl phosphoro-
dihalidites only takes place in the presence of catalysts. The halogen
atoms at the β-position of these isocyanates are much less active and
do not undergo reaction.1 4 > 3 5·3 7"4 0

oc-Chlorobenzyl isocyanate undergoes a reaction with trialkyl
phosphites, dialkyl phosphorohalidites, and alkyl phosphoro-
dihalidites in a similar manner to chloromethyl isocyanate but under
slightly more severe conditions.14'35·41

Diphenylchloromethyl isocyanate exists as a tautomeric mixture
with ΛΓ-chlorocarbonyldiphenylketimine and on reacting with ethyl
diaryl phosphites gives two isomeric products in approximately equal
quantities—a-(diaryloxyphosphoryl)diphenylmethyl isocyanate and
the N-benzhydrylidenamide of phosphonoformic acid:1 4 '4 2 '4 3

(^"5)2 ^(Cl) INCI) ρ,ΗΛΡίΟΑτν

fl ^n^_K Λ_ A r 0 ) 2 ρ 0 c ( C e H _ ) 2 N C ( )

+ (CjHs)! C=NCOP (0) (OAr)2.

In contrast to diphenylchloromethyl isocyanate, 1-chloro-l-
phenyl-2,2,2-trifluoroethyl isocyanate exists only in the isocyanate
form and when it reacts with triphenyl phosphite gives only the
isocyanate:.44

(C 2H 5O)S Ρ + C e H 6 CC1 (CF,J NCO _- > (C2H6O)2 Ρ (Ο) C (CeH6) (CF,) NCO.

It was reported45 that when 1,2,2,2-tetrachloroethyl isocyanate is
reacted with triethyl phosphite in carbon tetrachloride, l-(diethoxy-
phosphoryl)-2,2,2-trichloroethyl isocyanate is obtained in good yield.
It was later established that when this isocyanate is reacted with
trialkyl phosphites and dialkyl phosphorohalidites, a mixture of
l-(dialkoxyphosphoryl)- or l-(alkoxyhalophosphoryl)-substituted
2,2,2-trichloroethyl and 2,2-dichlorovinyl isocyanates is formed:46

(RO), PX + CC13CHC1NCO ->- X (RO) Ρ (Ο) CH (CC13) NCO +
+ X (RO) P(O)C(=CCI2) NCO,

X = RO, Cl, F; R = Alk.

Unsaturated α-chlorovinyl isocyanate undergoes an Arbuzov
reaction with triethyl phosphite in the same way as oc-chloroalkyl
isocyanates but the reaction takes place under more severe
conditions:47

(C2H-,O) 3P + CH,=CC1 NCO >- (C2H5O) ,P (O) C (=CH2) NCO.

Dichloro- and trichloro-methyl isocyanates also readily undergo
an Arbuzov rearrangement with phosphites, dialkyl phosphoro-
halidites, and alkyl phosphorodihalidites. Under normal conditions
dichloromethyl isocyanate exists as a tautomeric mixture with
ΑΓ-chloromethylenecarbamoyl chloride; this has been confirmed
from its IR spectra. In the reaction with trialkyl phosphite
nucleophilic attack by the phosphorus atom is directed on to both
the carbon atom of the dichloromethyl group and the carbon atom
of the chlorocarbonyl group so that a mixture of at least two
products is formed. Only the isocyanate was isolated by vacuum
fractionation:

C12CHNCO

u
C1CH=NCOC1

(C2H5O)2 Ρ (Ο) CHC1NCO +

+ C1CH=NC (Ο) Ρ (Ο) (OC2H8)2.

Reaction of dichloromethyl isocyanate with 2 moles of triethyl
phosphite results in the formation of the bis-phosphorylated methyl
isocyanate [(C2H5O)2P(O)] 2 CHNCO. 3 2 ' 4 8

Diethyl phosphorofluoridite reacts with dichloromethyl isocyanate
without a catalyst and depending on the ratio of the reactants ( 1 : 1
or 2 : 1) either ethoxyfluorophosphorylchloromethyl isocyanate or
bis(ethoxyfluorophosphoryl)methyl isocyanate are formed.3 2 '3 5 '4 9 '5 0

When dichloromethyl isocyanate reacts with diethyl phosphoro-
chloridite, ethoxychlorophosphorylchloromethyl isocyanate is
formed; in this case the second chlorine atom cannot be replaced by
a phosphoryl group.3 2 '3 5 '5 0 Dichloromethyl isocyanate reacts with
alkyl phosphorodichloridites and phosphorodifluoridites in a similar
manner to chloromethyl isocyanate, forming dihalophosphoryl-
chloromethyl isocyanates.32·35'50'51
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Under normal conditions trichloromethyl isocyanate exists in its
tautomeric form—JV-(dichloromethylene)carbamoyl chloride. On
heating, the equilibrium is displaced towards the isocyanate form.
When the tautomeric mixture reacts with alkyl phosphorodihalidites
in the presence of catalytic quantities of FeCl3, dihalophosphoryl-
dichloromethyl isocyanates are obtained, and their formation can be
represented by two routes.32·52'53

ROPX2 +

C12C=NCOC1 ( 1 I - > X.2P (O) CC1=NCOC1
T -RC1 | T

U (2) I
CI3CNCO ~ ^ [ £ f X J P (O) CCljNCO

Depending on the ratio of the reactants ( 1 : 1 or 2 : 1),
trichloromethyl isocyanate reacts with diethyl phosphorochloridite
to form a mixture of mono- and bis-phosphorylated chloromethyl
isocyanates or only bis-phosphorylated chloromethyl isocyanate.
When diethyl phosphorofluoridite reacts with trichloromethyl
isocyanate, only bis(ethoxyfluorophosphoryl)chloromethyl isocyanate
can be isolated, whatever the ratio of the reactants (1 : 1, 2 : 1, or
3 : I). 3 2 · 3 5 · 5 3 Trichloromethyl isocyanate reacts with one, two, and
three moles of triethyl phosphite to form diethoxyphosphoryl-
dichloromethyl, bis(diethoxyphosphoryl)chloromethyl, and
tris(diethoxyphosphoryl)methyl isocyanates respectively. Bis- and
tris-phosphorylated alkyl isocyanates are also obtained by reaction
of mono- and bis-phosphorylated haloalkyl isocyanates with a
suitable quantity of triethyl phosphite:32'35'54

ccijNCO—

(C 2H 6O),P(O)CCl aNCO

j

2 ( C 2 H J O ) J P

2(C»HjO)jP 1
Ρ (O)]2 CC1NCO
|3(C2H5O)3P

Dichlorofluoromethyl isocyanate, which exists mainly in the form
of iST-(dichloromethylene)carbamoyl fluoride (1 : 14), reacts with
dialkyl phosphorochloridites in an interesting manner. In addition
to formation of the expected alkoxychlorophosphorylchlorofluoro-
methyl isocyanate and bis(alkoxychlorophosphoryl)fluoromethyl
isocyanate, as in the case of the reaction with trichloromethyl isocyanate,
a mixture of alkoxyfluorophosphoryldichloromethyl isocyanate and
alkoxyfluorophosphoryl(alkoxychlorophosphoryl)chloromethyl
isocyanate is formed with the latter predominating:55

(RO^PCl
F(RO)P(O)CC12NCO +

C12FCNCO
IT

C1 2 C=NCOF

+ F (RO) Ρ (Ο) [Cl (RO) Ρ (Ο)] CC1NCO,

R = CH8, C 2 H 6 .

Tribromomethyl isocyanate reacts with trialkyl phosphites, dialkyl
phosphorohalidites, and alkyl phosphorodihalidites in a similar
manner to trichloromethyl isocyanate. However, it was only
possible to isolate dichlorophosphoryldibromomethyl isocyanate
Cl2P(O)CBr2NCO, tris(diethoxyphosphoryl)methyl isocyanate
[(C2H5O)2P(O)]3CNCO, and difluorophosphoryldibromomethyl
isocyanate F2P(O)CBr2NCO, in a pure form, with a small quantity
of initial Br3CNCO present.40

Dichlorophosphoryl- and ethoxychlorophosphoryl-dichloromethyl
isocyanates also react with 1 mole of diethyl phosphorochloridite or
triethyl phosphite to form mixed bis-phosphorylated chloromethyl
isocyanates. 32,53

(C2HSO)2PC1

C12P(O)CC12NCO—
C12P (O) [Cl (C2H5O) Ρ (Ο)] CC1NCO

I2P(O)]CC1NCO

Cl (C2HBO) Ρ (Ο) CC12NCO ( C a H > O ) i t c i (C2H6O) Ρ (Ο) [(<^Η5Ο)2 Ρ (Ο)] CC1NCO

Ethoxyfluorophosphoryldichloromethyl isocyanate reacts with
diethyl phosphorochloridite in a similar manner: 5 5

F (CtH,O) Ρ (Ο) CC12NCO ( C a H i O ) l P C ^ F (C2H8O) Ρ (Ο) [C1(C2H6O)P(O)]CC1NCO.

α,α-Dichlorobenzyl isocyanate reacts with esters and halide esters
of trivalent phosphorus acids in a similar manner to a-chlorobenzyl
isocyanate to form α-phosphorylated a-chlorobenzyl isocyanates.
The reaction of α,α-dichlorobenzyl isocyanate with two (or more)
moles of alkyl phosphorodichloridite or phosphorodifluoridite occurs
with replacement of only a single chlorine atom by a dihalophosphoryl
group, while when it is reacted with two moles of dialkyl
phosphorohalidite or trialkyl phosphite a complex mixture is formed,
from which pure compounds could not be isolated:5 6

CeH&CCl.NCO
\\ '

C.H.CC1=NCQC1

ROPXY XYP(O)CC1(C6H5)NCO,

R = Alk, X = AlkO, Υ = Cl, F; X = Υ = Cl, F, AlkO.

The cyclic phosphites—2- chloro- and 2-fluoro-phospholanes—
undergo an Arbuzov reaction with chloro-, dichloro-, and trichloro-
methyl isocyanates with ring-opening:32·35·57

ΟΗ,-Ο
PX

cH2-cr
X = C1, F,

• X (CICHsCHXI) Ρ (Ο) CYZNCO,

Z = = Z = H,C1.

In contrast to α-chloroalkyl isocyanates, ^-chloromethylphenyl
isocyanate reacts with triethyl phosphite under more severe
conditions (150 — 160 °C) without a solvent and />-(diethoxy-
phosphorylmethyl)phenyl isocyanate is obtained in low yield:30'31

1-Chloromethyl- and l-bromomethyl-2,4-diisocyanatobenzenes
and bis(4 -isocyanatophenyl)chloromethane also undergo an Arbuzov
reaction with trialkyl phosphites but the corresponding isocyanates
cannot be isolated as they probably polymerise in the presence of
trialkyl phosphites.20·58·59

It should be mentioned that iV-(isocyanatoaryl)carbamoyl
chlorides also undergo a reaction with trialkyl phosphites, forming
the corresponding phosphorus-containing aryl isocyanates:20'60·61

NCO NCO

C1C ( O ) N H - ^ V - C H 3 + (RO)3P - (RO)2P (O) C (O) N H - ^ ^ - C H , + RC1,

' R = CH,, C1CH2CH2, CH, = CHCH2.

When iV-(l-chloro-2,2,2-trifluoroethylidene)carbamoyl isocyanate
reacts with triethyl phosphite, an isocyanate group rather than a
chlorine atom is eliminated and l-(diethoxyphosphoryl)-l-chloro-
2,2,2-trifluoroethyl isocyanate is formed:62'63

CF, (Cl) C = N C (O) NCO
( ° 2 Η ' Ο ) » Ρ , ), Ρ (Ο) CC1 (CF3) NCO.

N-(l-Methoxy-2,2,2-trifluoroethylidene)carbamoyl isocyanate
reacts with triethyl phosphite in a similar manner.62'63

Chloromethyl isocyanate and /7-chloromethylphenyl isocyanate
also undergo a reaction with dialkyl phosphoroisocyanates and alkyl
phosphorodiisocyanates but the products of Arbuzov rearrangement
are not obtained. It was earlier suggested that quasiphosphonium
compounds of dimeric structure are formed.29·30'64 It was subsequently
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established that tricyclic l,3,2X54X5-diazadiphosphetidine derivatives
are obtained as a result of this reaction: 1 4 · 6 5 " 6 7

AC1

o=cr Np=o
X(R0)P A

Ν P(0R)X
I I

RO(X)PNCO + α A—NCO

OCNAP(O)(X)NCO·

f
aX(RO)PN(CO)2NA

AN(CO),NP(OR)Xa

X = RO, NCO; CIA = CICHr-, />-ClCH2C6H4

N

Aci

(d) Reaction of diaryl phosphites with α-chloroalkyl isocyanates
Diaryl phosphites readily react with a tautomeric mixture of

diarylchloromethyl isocyanate with JV-chlorocarbonyldiarylketimine
in the presence of triethylamine to form diaryloxyphosphoryldiaryl-
methyl isocyanates: 4 2 > 4 3 · 6 8

Ar2C=NCOCl
jf + (Ar»O)2P(O)H

Ar2C (Cl) NCO -CC2H5)3N.HCl
(AriO)2P(O)C(Ar,2NCO.

(e) Reaction of chloroalkyl isocyanates with phosphorothioic acids
Chloromethyl isocyanate reacts with the potassium salts of

Ο, Ο '-dialkylphosphorothioic and Ο, Ο '-dialkylphosphorodithioic
acids to form the corresponding phosphorylated isocyanates:29'69

C1CH2NCO + (RO)2 Ρ (X) SK -»- (RO)2 Ρ (X) SCH2NCO + KC1,
X = O, S.

l-Chloro-l-phenyl-2,2,2-trifluoroethyl isocyanate reacts with
Ο, Ο '-diisopropylphosphorodithioic acid in a similar manner.4 4

In contrast to chloromethyl and l-chloro-l-phenyl-2,2,2-trifluoro-
ethyl isocyanates, a tautomeric mixture of diphenylchloromethyl
isocyanate and iV-chlorocarbonyldiphenylketimine when reacted with
Ο, Ο '-dialkylphosphorodithioic acids or their salts gives Ο, Ο '-dialkyl-
.S-C/V-diphenylmethylenecarbamoytyphosphorodithioates, which only
in solution occur in tautomeric equilibrium with the corresponding
isocyanates.43,70

(CeH5)2C=NCOCl ( R O ) 2 p ( S ) S H (CeH6)2 C = N - C (O) SP (S) (OR),

(CeH6)2CClNCO (RO)2 Ρ (S) SC (CeH5)2 NCO

(f) Reaction of α-haloalkyl isocyanates with trialkyl- and triaryl-
phosphines

Trialkyl- and triaryl-phosphines react very readily with
chloromethyl isocyanate in inert solvents to form trialkyl- or triaryl-
(isocyanatomethyl)phosphonium chlorides. Depending on the
structure of the initial tertiary phosphines and also the reaction
conditions and conditions for isolating the reaction products, either
substituted isocyanatomethylphosphonium chlorides or their dimers
can be obtained. In the case of triarylphosphines, both monomeric
and dimeric products were obtained in a pure state, while in the case
of trialkylphosphines only pure dimers were obtained:29>71

2C1CH2NCO -f 2R3P — - 2 [R3PCH2NCO] Cl" —
Ο
II

—*• [R3PCH2 N ^ )NCH 2 PR 8 ] 2CI-,
x c x

II
ο

C 3 H 7 , C 8 H 1 7 , C 1 0 H 2 1 , C6H5,/j- ^/>-CH3C6H4.

Bromomethyl isocyanate36 and α-chlorobenzyl isocyanate41'72

react in a similar manner with triphenylphosphine to form
triphenyl(isocyanatomethyl)phosphonium bromide and triphenyl-
(a-isocyanatobenzyl)phosphonium chloride.

It has not been possible to synthesise triaryl(isocyanatomethyl)-
phosphonium iodides by this method since iodomethyl isocyanate,
which is required for their synthesis, has not been prepared up to the
present time. Attempts to obtain iodomethyl isocyanate demonstrated
that it is very unstable and decomposes as it is being formed with
considerable elimination of free iodine. Another method was
used to synthesise triaryl(isocyanatomethyl)phosphonium iodides.
On heating triaryl(isocyanatomethyl)phosphonium chlorides with
methyl iodide in methylene chloride (45—60 °C, 1 — 2 h), chlorine is
exchanged for iodine and triaryl(isocyanatomethyl)phosphonium
iodides are obtained. For the purpose of preparative synthesis there is
no need to obtain and isolate triaryl(isocyanatomethyl)phosphonium
chlorides in a pure form. It is sufficient to add triarylphosphine to a
mixture of chloromethyl isocyanate and methyl iodide and heat the
reaction mixture:73

[Ar3PCH2NCO] Cl" + CH 3I—

Ar3P -f C1CH2NCO + CH 3I—
[Ar3PCH2NCO] Γ -f CH3Ci.

(g) Reaction of iV-phosphorylated aziridines with chlorumethyl
isocyanate

When N-(dialkoxyphosphoryl)- and JV-(tetraethyldiamino-
phosphoryl)aziridines are reacted with chloromethyl isocyanate, the
aziridine ring readily opens and iV-phosphorylated aminomethyl
isocyanates are formed:7 4"7 6

.CH 2 R2P(O)N—CH,NCO
R2P(O)N< | + C1CH2NCO-ν |

X C H 2 CH2CH2C1
R = C H 3 O , C 2 H 5 O , iso-C 3 H 7 , ( C 2 H 5 ) 2 N .

(h) Reaction of phosphorus pentachloride with vinyl isocyanates
Vinyl isocyanate reacts with phosphorus pentachloride in the

ratio 1 : 2 to form 2-(iV-chlorocarbonylamino)vinyltrichloro-
phosphonium hexachlorophosphorate, treatment of which with
sulphur dioxide gives 2-(dichlorophosphoryl)vinylcarbamoyl chloride.
The latter on heating under vacuum or by treatment with tertiary
amines eliminates hydrogen chloride and is converted to
2-(dichlorophosphoryl)vinyl isocyanate:7 7"8 0

CH2=CHNCO + PC14

+ Cl-->- [C14PCH2CHNCO] CI' _HC| >

->[Cl4PCH=CHNCO]-^5_j-[ClePCl3P
>CH-CHNCOl- ~"

-> [C13PCH=CHNHCOC1]+PC1,"

-+ C12P (O) CH=CHNHCOC1

so2

-HCl

-POCI3, -SOClj
CI2P(O)CH=CHNCO.

When 2-(iV-chlorocarbonylamino)vinyltrichlorophosphonium
hexachlorophosphorate is treated with excess hydrogen sulphide or
the calculated quant i ty of potass ium xanthate, 2-(dichlorophosphoro-
thioyl)vinyl isocyanate is o b t a i n e d : 7 8 ' 7 9

[C13PCH=CHNHCOC1]+

 P C ] - J i a S ^p ( g ) C H = = C H N C 0 .

In contrast t o vinyl isocyanate, 1-methylvinyl isocyanate reacts
with phosphorus pentachloride in a 1 : 1 rat io of reactants t o
form iV-[2-(dichlorophosphoryl)-1 -methylvinyl]iminocarbonyl
d i c h l o r i d e : 8 0 ' 8 1

•CH2=C(CH3)NCO
PCI5

CH=C

ay /N Cl :P(O)CH=C(CH,)N=Ca 2.
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It should be mentioned that the analogous dichloride is obtained
on boiling 2-(iV-chlorocarbonylamino)vinyltrichlorophosphoniuin
hexachlorophosphorate in benzene or by treatment of it with methyl
phosphorodichloridite at 60 °C:8 0~8 2

; * or CH,OPCI 2 60 -C
[C1,PCH=CHNHCOC1]+

j P ( 0 ) C H = C H N = C C i j

When iV-[2-(difluor ophosphoryl)-1 -methylvinyl]iminocarbonyl
dichloride is treated with hexamethyldisiloxane, difluorophosphoryl-
methylvinyl isocyanate is obtained:83

C12P (O) C H = C (R) N = C C I 2

 2 C a H ? O 1 ^
-* [Cl (C,H6O) Ρ (Ο) C H » C (R) Ν = C (OC2H6) Cl] -v

->- Cl (C2H5O) Ρ (Ο) C H = C (R) NCO,
R = H, CHS .

When iV-[2-(difluorophosphoryl-1 -methylvinyljiminocarbonyl
dichloride is treated with hexamethyldisiloxane, difluorophosphoryl-
methylvinyl isocyanate is obtained:83

F 2 P (0) C H = C (CH8) N = C C 1 2 > F 2 P (O) C H = C (CH3) NCO.

(i) Reaction of dialkoxyphosphorylsulphenyl chlorides with vinyl and
allyl isocyanates

Vinyl isocyanate undergoes a reaction with diethoxyphosphoryl-
sulphenyl chloride to form 5-(diethoxyphosphoryl)thiovinyl
isocyanate:7 7

(C2H6O)2 Ρ (Ο) SCI + CH2=CHNCO -^Hci^ (CtH,O), Ρ (O) SCH=CHNCO.

Dialkoxyphosphorylsulphenyl chloride readily adds on to the
C = C double bond of allyl isocyanate in two directions to form a
mixture of two isocyanates in the ratio 3 : I : 8 4

(RO)2 Ρ (Ο) SCI + CH2=CHCH2NCO -*-
-»- (RO)2 Ρ (Ο) SCH2CHC1CH2NCO + (RO)2 Ρ (Ο) SCH (CH2C1) CH2NCO.

( j ) Thermal decomposition of phosphorus-containing carboxylic acid
azides

Thermal decomposition via the Curtius rearrangement of azides of
phosphorus-containing fatty and aromatic carboxylic acids in toluene
or without a solvent gives the corresponding phosphorus-containing
alkyl and aryl isocyanates:32·85"90

N a N ' orR 2 P (O) CH2CH2COC1
-* [R 2P (O) CH2CH2CON3] ^ ^ , R 2 P (O) CH2CH2NCO,

R==C1, C 2 H 5 O , C 3 H 7 0 , 1 S O - C 3 H 7 O ;
(RO), Ρ (S) SCH2CH2COC1 N a N j 0 Γ ^ " ^ ^ ,

• [(RO), Ρ (S) SCH2CH2CONS] - ^ + (RO)2 Ρ (S) SCH2CH2NCO;

C6H5P(O)(C6H4COCl-/>)2
[C 6HsP(O)(C 6H 4CON 3-p) 2]

C 6H 5P(O)(C 6H 4NCO-/;) 2;

(C2HBO)2 Ρ (Ο) C (C,H 6 )C=C=O • • (C2H8O)2 Ρ (Ο) CH (QH,) CON, -
- (C 2H 6O) 2 Ρ (Ο) CH (C,H6) NCO.

| ( C 4 H 5 ) 2

0

On boiling phosphorus-containing azides of aliphatic or
aromatic carboxylic acids in absolute alcohol, nitrogen is
eliminated and isocyanates are formed, immediately adding
on alcohols and being converted to the corresponding

urethanes CH3P(O)(C6H4NHCOOC2H5)2, (C6H5)2P(O)CH2CH.
.(NHCOOC2H5)2, and (C6H5)2P(O)CH(NHCOOC2H5 )(CH2)B.
.NHCOOC2H5 (n = 1, 2).63·92·93

(k) Rearrangement of dialkyl- and diaryl-phosphinyl-acetohydroxamic
acids and their 0-benzoyl derivatives

On heating dialkyl- and diaryl-phosphinylhydroxamic acids with
an excess of triethyl orthoformate, they rearrange to phosphorylated
alkyl isocyanates, which are converted during reaction to
N,W-bis(diarylphosphinylmethyl)ureas and ethyl i\T-[dialkyl(diaryl)-
phosphinylmethyl]carbamates:9 2 > 9 4

( R ' O ) a C H [R2P(O)CH2NCO]-

-^-*- R 2 P (O) CHjNHCOOR'

!£--> R 2 P (O) C H , N H 2

R 2 P ( O ) C H 2 N C - $ [R 2P (O) CH,NH] 2 CO,
R = C2H5, C6H5, />-CH3C6H4, />-ClC6H4; R' = C2H5.

0-Benzoyl derivatives of diarylphosphinylacetohydroxamic acids
when heated in aqueous alkaline solution also undergo the Lossen
rearrangement to form phosphorylated methyl isocyanates, which
are converted to symmetric N, W-bis(diarylphosphinylmethyl)-
ureas:!c 92,94

r

-QHjCOOH

R2P(O)CH2NCO

RjP(O)CH2NCO
*• B2P(O)CH2NH2 >•

= C 6 H 5 , p-CH 3 C 6 H 4 ,/7-ClC 6 H 4 .

(1) Isomerisation of Ο, Ο '-dialkyl 5-(ethyleniminocarbonyl)phosphoro-
dithioate

When Ο, Ο '-dialkyl 5-(chlorocarbonyl)phosphorodithioates are
treated with ethylenimine in the presence of triethylamine,
Ο, Ο '-dialkyl 5-(ethyleniminocarbonyl)phosphorodithioates are
formed, which on boiling in toluene undergo complete isomerisation
to phosphorus-containing alkyl isocyanates:87'95

.CH.

(RO),P(S)SC(O)C1
CH

>(RO) aP(S)SC(O)N/| V
X C H ,

toluene

- (RO)S Ρ (S) SCH2CHaNCO.

(m) Reaction of iv~,iV'-bis(alkylidene)ureas with dialkyl phosphites and
dialkylphosphoroditbioic acids

When ^V,iV'-bis(l-phenyl-2,2,2-trifluoroethylidene)urea is boiled
with diethyl phosphite or Ο, Ο '-diisopropyl phosphorodithioate in
benzene, the corresponding phosphorus-containing isocyanates are
obtained:96

[C,H&(CF s)C=N]aCO-*
—^ (C,HSO), Ρ (Ο) C (C.H.) (CFS) NCO

(iso-C 3H 7O) 2P(S)SC(C 6H 5)(CF 3)NCO

(n) Addition to 2,4 - diisocyanatotoluene of phosphorus compounds
containing active hydrogen atoms

2,4 -Diisocyanatotoluene readily adds on 1 mole of dialkyl
phosphite:97"99

(RO),P(O)H + CH,C,H,(NCOV2,4-E^rv
-^ (RO), Ρ (Ο) C (Ο) NHC,H8NCO-3-CH,-4.
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Bis-phosphites react with excess 2,4 - diisocyanatotoluene in the
absence of catalysts to form phosphorus-containing aromatic
isocyanates of complex structure: 10°

4 C H 3 — ^ V - N C O + [Η (Ο) Ρ (OCH3) O] 2 X

NCO

NCO

CH3

CH-r

>—NH

OCH,

NCO
X = (CH2)e, (CH2),, (CH2)2, ( -CH 2 CH 2 ) 2 O, (—CH 2CH 2OCH 2) 2.

When 3 moles of 2,4 - diisocyanatotoluene are reacted with
tris(hydroxymethyl)phosphine or its oxide, aromatic isocyanates
containing phosphorus are also obtained:101

XP(CH2OH)5 + ΟΗ,<:6Η,(Ν(:θ)2-2,4 -»XP[CH2OC(O)NHC6HsNCO-3-.

.CH.-4],.

X = Ο or unshared electron pair.
2,4 -Diisocyanatotoluene reacts with triphenylphenacylphosphonium

bromides in the presence of ethyldiisopropylamine to form a
phosphorus ylide containing a free isocyanate group:102

R 3 N
CH 3 C e H 3 (NCO)2-2,4 + (C,H 5) 3 PCH2C (O) Ar Br~

• CH.

OCN

Ο
II _ +

NHC-C-P (CJis)3.

O=C—Ar

-RjN.HBr

(o) Treatment of phosphorus-containing urethanes with phosphorus
pentachloride

When methyl iV-[l-(diethoxyphosphoryl)]-, iV-([l-ethoxyphenyl-
phosphonyl)]- and N-[l-diphenylphosphinyl)]-2,2-dichlorovinyl-
carbamates are heated with phosphorus pentachloride, the
corresponding 1-phosphorylated 2,2-dichlorovinyl isocyanates are
obtained:1 0 3·1 0 4

C 2H 6O (Χ) Ρ (Ο) C (=CC1 2) NHCOOCH3
nPClj

Cl (Υ) Ρ (Ο) C (=CC1 2) NCO,

X = C 2H 5O, Υ = Cl, η = 3; X = Υ = C 6H 5, η = 2;

(C e H 6 ) 2 Ρ (Ο) C (=CC1 2) NHCOOCH3- <C e H 5 ) 2 P(O)C(=CCl 2 )NCO.

(p) Reaction of trichlorophosphazotrichloromethane with
Ν,Ν',Ν "-trichloroisocyanuric acid

Trichlorophosphazotrichloromethane readily reacts with
Ν,Ν',Ν "-trichloroisocyanuric acid, whereupon a chlorine molecule
is eliminated and l-trichlorophosphazo-l,l-dichloromethyl isocyanate
is formed, which exists in equilibrium with its acid chloride
form: 1 0 5 · 1 0 6

C1SP=NCC1=NCOC1.

(q) Reaction of isocyanates of trivalent phosphorus acids with alkylene
oxides

When ethylene oxide is reacted with triisocyanatophosphine in the
presence of catalytic quantities of a tertiary amine, Ο, Ο '-bis(2-iso-
cyanatoethyl) phosphorus isocyanate is obtained:107

Ρ (NCO), + 2CH2—CH2 -> OCNP (OCH2CH2NCO)2 .

(r) Halogenation of phosphorus-containing alkyl and vinyl isocyanates
When dichlorophosphorylmethyl isocyanate is chlorinated with

the calculated quantity of chlorine in carbon tetrachloride in the
presence of UV light, iV-(dichlorophosphorylchloromethyl)carbamoyl

chloride is formed, treatment of which with triethylamine gives
dichlorophosphorylchloromethyl isocyanate:51

C12P(O)CH.,NCO a2 -C12P(O)CHC1NHCOC1
ccuuv

- V C 1 2 P ( O ) C H C 1 N C O .

-<C2H5)3N.HC1

2-[5-(Diethoxyphosphoryl)thio]vinyl isocyanate reacts with an
equimolar quantity of chlorine in carbon tetrachloride (20 °C, 20 h)
to form 2-[5-diethoxyphosphoryl)thio]-2-chlorovinyl isocyanate:77

(RO)2 Ρ (Ο) SCH=CHNCO . (RO)2P (O) SC (C1)=CHNCO.

l-(Dihalophosphoryl)- and l-(alkoxyhalophosphoryl)-vinyl
isocyanates readily add on bromine to the double bond: 14>4°

XYP(O)C(=CH2)NCO
X = γ = ci, F;

Br: XYP (O) CBr (CH2Br) NCO,
X = Cl, F, Υ = C2H5O.

When 2-(dichlorophosphoryl)- and 2-(difluorophosphoryl)-alkenyl
isocyanates react with an equimolar quantity of chlorine or bromine
at 0 CC, iV-[2-dichloro(difluoro)phosphoryl-2-haloalkenyl]carbamoyl
halides are obtained, which on heating under vacuum readily
eliminate hydrogen halide, being converted to 2-(dichlorophosphoryl)-
or 2-(difluorophosphoryl)-2-haloalkenyl isocyanates:108

Y2P (O) CH=C (R) NCO + X, -»- [Y2P (O) CHXCX (R) NCO] _HX >

-*- [ Y2P (O) CX=C (R) NCO] -iSU- Y2P \O) CX=C (R) NHCOX -zjsr*
-*• Y2P (O) CX=C (R) NCO,

R = H, CH3; Υ = Cl, F; X = Cl, Br.

2-(Dihalophosphoryl)alkenyl isocyanates react with excess chlorine
according to the following scheme:108

X2P(O)CH=C(R)NCO 2 5 " ^ ^ X2P(O)CC12CC1 ( R ) N C O l o o _ g . c l ? v

-νΧ,Ρ (Ο) CC12 CC1 (R')NCO,
X = Cl, F; R = H, CH3; R' = Cl, CC1S.

(s) Treatment of p*-(dialkoxyphosphoryl)- and P-(alkoxychloro-
phosphoryl)-alkyl isocyanates with phosphorus pentachloride

P-(Dialkoxyphosphoryl)ethyl isocyanates react with an equimolar
quantity of phosphorus pentachloride at room temperature in carbon
tetrachloride to form β-(alkoxychlorophosphoryl)ethyl isocyanates.
When β-(dialkoxyphosphoryl)ethyl isocyanates are treated with
2 moles of phosphorus pentachloride or β-(alkoxychlorophosphoryl)-
ethyl isocyanate is treated with 1 mole of phosphorus pentachloride,
β-(άκ;1ι1θΓορ1ιο8ρ1ιο^1)βΛβΓ isocyanates are obtained:86

(RO)a Ρ (Ο) CHaCHaNCO—

PCl,

2PCl5

-C1(RO) Ρ (0)01,01.
I PCI,

• CUPtOJCHjCHjNCO

On treatment with 1 mole of phosphorus pentachloride,
(S)-( + )-a(diethoxyphosphoryl)benzyl isocyanate is converted to
(5)-(+)-a-(ethoxychlorophosphoryl)benzyl isocyanate. It is not
possible to obtain optically active oc-(dichlorophosphoryl)benzyl
isocyanate by treating the above isocyanates with phosphorus
pentachloride. Another method has been proposed for the synthesis
of this compound: 1 2~1 4

C , H 6 C H (NCO) Ρ (Ο) ( O C a H 6 ) *
12MejSiBr

C,H6CH (NCO) Ρ (Ο) (OSiMe,)2

P C 1 >
C,H6CH (NCO) Ρ (Ο) (OC2H6) Cl

\ | PC1S

C,H 5 CH (NCO) Ρ (Ο) C l 8
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(t) Fluorination of dihalophosphorylalkyl, dihalophosphorylalkenyl, and
alkoxychlorophosphorylalkyl isocyanates

Dichlorophosphorylalkyl, dichlorophosphorylalkenyl, and
alkoxychlorophosphorylalkyl isocyanates are fluorinated with arsenic
trif luoride 1 2 - 1 4 ' 5 7 · 8 6 or antimony trifluoride: 3 7 ' 3 8 ' 5 3 · 8 3

C12P(O)-A-NCO A s F i o r S b F j > F 2P(O)-A-NCO,
A=CH2CH2, CCU, C(=CH2), CH=CH, CH(CeH6);

Cl (RO) Ρ (Ο) CR^NCO - i u 5 u F (RO) Ρ (Ο) CR'R^CO,
D l r>2 pi C\. Dl T-ϊ D2 /"Ί C X-J

Reaction of difluorophosphorylalkenyl isocyanates with sulphur
tetrafluoride gives 2-isocyanatoalkenyltetrafluorophosphoranes,80·83

which are also formed when iV-[dichloro(difluoro)phosphorylalkenyl]-
iminocarbonyl dichloride is treated with sulphur tetrafluoride:83

F2P (O) CH=C (R) NCO — 4 -> F4PCH=C (R) NCO
t

X2P(O)CH=C(R)N=CC!2 -^-* [F2P(O)CH=C(R)N=CF2]
X=C1, F; R=H, CH3.

It should be mentioned that it is not possible to obtain
2-isocyanatoperchloroethyltetrafluorophosphorane by reaction of
2-dichlorophosphorylperchloroethyl isocyanate with sulphur
tetrafluoride as cleavage of the P—C bond occurs:108

C12P(O)CC12CC12NCO
SF4 C13S P F e + [F3SCCUCCIFNCO + S2C12].

(u) Elimination of chlorine, hydrogen chloride, or hydrogen bromide
from phosphorylated haloalkyl isocyanates

When l-(dihalophosphoryl)-, l-(alkoxyhalophosphoryl)- and
l-(dialkoxyphosphoryl)-substituted 2-chloro- or 2-bromo-methyl
isocyanates are treated with triethylamine, hydrogen chloride or
bromide is readily eliminated and the corresponding phosphorylvinyl
isocyanates are obtained.14'38"40

(C2H3)3N
XYP(O)CH(CH2Z)NCO XYP (O) C (=CH2) NCO,

- i C 2 H 5 ) 3 N . H Z

X=Y=CI, F, OAlk, Z=C1, Br; X=C1, F, Y=C2H6O, Z=Br.

When l-(dichlorophosphoryl)-l,2-dibromoethyl isocyanate is
treated with triethylamine, (£)-l-(dichlorophosphoryl)-2-bromovinyl
isocyanate is obtained. 14>4° When 2-(dichlorophosphoryl)tetra-
chloroethyl isocyanate is heated with methyl phosphorodichloridite,
2-(dichlorophosphoryl)-l,2-dichlorovinyl isocyanate is formed:108

C12P(O)CC12CC12NCO
CH3OPC12

-CH3CI, -POC13~
-C12P(O)CC1=CC1NCO.

(v) Reaction of 2-isocyanatoalkenyltetrafluorophosphoranes with
hexamethyldisiloxane

On heating 2-isocyanatoalkenyltetrafluorophosphoranes with
hexamethyldisiloxane, 2-(difluorophosphoryl)alkenyl isocyanates are
obtained:83

F4PCH=C(R)NCO
R=H, CH,.

-2(CH3)3SiF
-F2P(O)CH=C(R)NCO,

(x) Cyclopolymerisation of diisocyanates in the presence of trialkyl
phosphites

It has been shown109 that when 2,4-toluylene diisocyanate,
1,6-hexamethylene diisocyanate, and 1,4-tetramethylene diisocyanate
undergo cyclopolymerisation in the presence of trialkyl phosphites,
phosphorylated isocyanates that contain isocyanurate rings are
formed.

2. Phosphorus-containing acyl isocyanates

(a) Reaction of Ar-(diethoxyphosphoryl)-A'-(2-chloroethyl)carbamoyl
chloride with trimethylsilyl isocyanate

iV-(Diethoxyphosphoryl)-iV-(2-chloroethyl)carbamoyl chloride
reacts with trimethylsilyl isocyanate on boiling for 30 h in the
presence of the catalyst (C4H9)4NI to form iV-(diethoxyphosphoryl)-
iV-(2-chloroethyl)carbamoyl isocyanate:110

(C2H5O)2 Ρ (Ο) NC (Ο) Cl cat. ( Ο Η 9 ) 4 Ν Ι
| + (CH3)3 SiNCO * —*

CH2CH2C1
-*- (C2H,O)2 Ρ (Ο) NCfO) NCO + (CH3)3 SiCl.

I
CH2CH2C1

(b) Reaction of dialkoxyphosphorylcarboxamides and
^-phosphorylated ureas with oxalyl chloride

Dialkoxyphosphorylcarboxamides react in carbon tetrachloride or
chloroform at a temperature of 60 — 70 °C with oxalyl chloride to
form dialkoxyphosphorylacyl isocyanates:111"113

(AlkO)a Ρ (Ο) CRR1CONH2+ (COC1), -+·. (AIkO), Ρ (Ο) CRR1CONCO+2HC1+CO,
R=Ri=H, Cl, CH3; R=H, R ^ C H , .

iV-(Diethoxyphosphoryl)-iV-(2-chloroethyl)urea reacts in a similar
manner:110

(C2H5O)2 Ρ (Ο) NC (Ο) NH 2 + (COC1), -*- (C2H5O)2 Ρ (Ο) NC (Ο) NCO.
I I

CH2CH2C1 CH2CH2C1

(c) Treatment of 0,0'-dialkyl iV-alkylphosphoramidates with
chlorocarbonyl isocyanate

When Ο, Ο '-dialkyl iV-alkylphosphoramidates are boiled with
chlorocarbonyl isocyanate in carbon tetrachloride, jV-alkyl-
N-(dialkoxyphosphoryl)carbamoyl isocyanates are obtained: 1 1 4

(RO)2 Ρ (Ο) NHR1 + C1C (O) NCO -*• (RO)2 Ρ (Ο) Ν (R1) C (Ο) NCO + HC1,

R = C 2 H 5 , R ^ C H s , C 2 H 5 ; R = iso-C3H7, R ^

(d) Reaction of ^-phosphorylated ethylenimines with chlorocarbonyl
isocyanate and dichloromethylenecarbamoyl chloride

When Ο, Ο '-dialkyl phosphoroethylenamidates are treated with
chlorocarbonyl isocyanate, opening of the ethylenimine ring occurs
with formation of iV-(dialkoxyphosphoryl)-jV-(2-chloroethyl)-
carbamoyl isocyanates,76'110 which are also obtained by the action of
dichloromethylenecarbamoyl chloride followed by treatment of the
intermediate with methanesulphonic acid:75

C1C(O)NCO

(RO)2P(O)N.

ρ (Ο) Ν (CHjCHjCl) C (O) NCO

CH3SO2OH
C 1 C ( O ) ~ C C ! j (RO)2 Ρ (Ο) Ν (CH2CH2C1) C (Ο) N = C C l 2

3. Phosphorus-containing sulphonyl isocyanates

(a) Addition of dialkyl phosphites to sulphuryl diisocyanate
One mole of dialkyl phosphite in ether solution at 0 °C adds on

to one isocyanate group of sulphuryl diisocyanate to form the
corresponding sulphonyl isocyanate.115 With excess dialkyl
phosphite products from the addition to both isocyanate groups
are formed:115·116

(RO)jP(O)H

SOS (NCO),

(RO)2 Ρ (Ο) C (Ο) NHSO2NCO

2 ( R O ) 2 P ( O ) 1 t l ( R 0 ) : Ρ (Ο) C (Ο) ΝΗ] 2 SO2
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(b) Treatment of A^sopropyl-AT'-(triphenylphosphazosulphonyl)urea

with phosgene

When JV-isopropyl-W-(triphenylphosphazosulphonyl)urea is

boiled with phosgene in chlorobenzene, triphenylphosphazosulphonyl

isocyanate is obtained: 1 1 7

(C 6 H 5 ) 3 P = NSO 2 NHCONHC 3 H 7 - i so 1 (C 6 H 5 ) 3 P = NSO 2 NCO.

III. Chemical properties

Phosphorylated organic isocyanates which contain no other

reactive groups apart from the isocyanate are similar in their

chemical properties to normal organic isocyanates. They readily react

with alcohols, phenols, amines, and other compounds with an active

hydrogen atom, forming the corresponding derivatives in good yield.

Phosphorus-containing organic isocyanates which have other reactive

sites in addition to the isocyanate group can undergo a reaction with

nucleophilic reagents on one or more reaction sites. Some reactions

of phosphorus-containing organic isocyanates which do not affect

the isocyanate group and which give other phosphorus-containing

organic isocyanates have been described above.

1. Reaction with water

The majority of phosphorus-containing alkyl and aryl isocyanates

are very readily hydrolysed by atmospheric moisture and react with

water; but only in certain cases have the reaction products—the

corresponding phosphorus-containing symmetrical ureas—been

isolated: 9 · 4 6 · 9 1 · 9 4 · 9 8

I(C2H5O)2 Ρ (Ο) C (=CCL) NH] 2 CO,

{2-CH3-4-[(C2H5O)2 Ρ (Ο) C<0) KU] C,H3NH}2 CO,

[(CCH5)2 Ρ (Ο) CH2NH]., CO, [(RO)S Ρ (Ο) CH (COOR1) NH] 2 CO,

{2-[(C.H & ) a P(O)]C e H 4 NH} s CO.

When oc-(diethoxyphosphoryl)benzyl isocyanate [racemate or

(S)-( + )-enantiomer] is exposed to atmospheric moisture or a

stoichiometric quantity of water in ether, racemic or

(SS)-(—)-N, iV'-bis[a-(diethoxyphosphoryl)benzyl]urea is obtained.1 2

When (5)-(+)-a-[bis-(trimethylsiloxy)phosphoryl ]benzyl

isocyanate is treated with excess water, (£)-(—)-a-aminobenzyl-

phosphonic acid is obtained: 1 2 ' 5 6

C,H5CH (NCO) Ρ (Ο) [OSi (CH3)3]S

 H 2° > C,H5CH (NH2) Ρ (Ο) (ΟΗ)2.

Diethoxyphosphorylcarbonylamidosulphonyl isocyanate is

hydrolysed with water to diethoxyphosphorylcarbonylamidosulphon-

amide: 1 1 5

H 2O
(C2H5O)2 Ρ (Ο) C (Ο) NHSO2NCO (C2HaO)2 Ρ (Ο) C (Ο) NHSO 2NH 2 .

When bis(diethoxyphosphoryl)chloromethyl isocyanate is reacted

with 2 moles of water in acetone, a compound containing a carbonyl

group is formed: 1 1 8

H,O
|(C 2H 5O) 2P(O)] 2CC1NCO- • [(C2H5O)2 2 CC1NHCOOH

[(C2H5O)2 Ρ (O)]2 CC1NH2 - * [(C2H5O)2 Ρ (Ο)], C = N H · HC1

- > [ ( C 2 H 6 O ) 2 P ( O ) ] 2 C = O .

-cor
H,O

In contrast to mono- and bis-phosphorylated alkyl isocyanates,

tris(diethoxyphosphoryl)methyl isocyanate reacts with water only

with great difficulty. It remains unchanged on boiling for 2 hours

with a stoichiometric quantity of water in acetone. Only on boiling

with a tenfold excess of water in dioxan for 3 h does the molecule

decompose to form products with an undetermined structure. 1 1 8

2. Reaction with alcohols and phenols

Phosphorus-containing alkyl, alkenyl, and aryl isocyanates that do

not contain other groups can react with alcohols and phenols; they

have the properties of normal organic isocyanates and readily add on
alcohols 1.4.5,12,26,27,30-32,36-38>40-42, 45-47, 54,68,69,74,75,88,89,91-95,107,119

glycols, 3 ' 2 0 · 2 6 · 5 8 · 5 9 ' 8 8 · 1 0 1 · 1 1 9 · 1 2 0 cresol, 2 0 · 5 8 ' 5 9 and cellulose and cellulose

acetate 9 9 to the isocyanate group. The reactions are usually carried

out in inert solvents without a catalyst or in the presence of catalytic

quantities of a tertiary amine.

Ra_nP(X) (ANCO)n + nROH-^R3-JP(X) (ANHCOOR')n,

n= 1 — 3; X = O, S; A—different bridging groups (see Methods of

Synthesis)

It should be mentioned that tris(diethoxyphosphoryl)methyl

isocyanate does not react at 20 °C even with a large excess of

alcohol over a period of 10 —15 days. Even in the presence of a

base the reaction is only complete after 15 days under these

conditions: 4 0 > 5 4

[(C2H5O)2P(O)13CNCO [(C2HiO)2P(O)]3CNHCOOR.

Trialkyl- and triaryl-(isocyanatomethyl)phosphonium halides

readily add on alcohols to the isocyanate group. Phenols add on

only in the presence of catalytic quantities of a tertiary amine. 3 6 ' 7 1 ' 7 3

[R3PCH2NCO]+ X" -f ROH -»»[R3PCHaNHCOOR1]+ X",

R, R1=Alk, Ar; X=C1, Br, I.

Phosphorus-containing acyl isocyanates 1 1 0 " 1 1 2 and sulphonyl

isocyanates 1 1 5 ' 1 1 7 also readily add alcohols to the isocyanate group

to form the corresponding urethanes:

(RO)2 Ρ (Ο) CC12CONHCOOR\ (C2H5O)2 Ρ (Ο) Ν (CH.2CH2C1) C (Ο) NHCOOC2He,

(CeH6)s Ρ=NSO2NHCOOR2, (CaH6O)3 Ρ (Ο) C (Ο) NHSOaNHCOOC2H5

(where R = C 2 H 5 , C4H9; R 1 = C H 3 , C 2 H 5 , iso-C3H7; R 2 = C H 3 ,

iso-C3H7, tert-C 4H 9, cyclo-C 6Hn).

Dihalo- and alkoxyhalo-phosphoryl-substituted alkyl and alkenyl

isocyanates have two reaction sites—the carbon atom of the

isocyanate group and the phosphorus atom. Depending on the

structure of the phosphorylated isocyanate, the alcohol reacting

with it, the solubility of the product formed, the reaction

conditions, etc., either only the isocyanate group reacts with an

equimolar quantity of alcohol or replacement of a halogen atom

on phosphorus by an alkoxy group takes place at the same time as

addition. Thus, addition products of alcohols only on the

isocyanate group have been obtained for the following types

of i s o c y a n a t e s : 3 0 · 3 2 ' 3 4 ' 4 0 · 4 1 · 6 4 ' 7 8 · 8 1 ' 8 3 · 8 6 · 1 0 8 · 1 2 1 -1 2 3

XYP(O)CH2NCO (X«=Y=C1; X=F, Y=RO); C12P(O)CH(CH2Br)NCO;

•C12P(O)CH(C6H5)NCO; F (C2H5O) Ρ (O) CH (CeH6) NCO; F,P (O) CHSCH2NCO;

Cl (RO) Ρ (Ο) CH=CHNCO; X2P (Y) CH=C(R) NCO

(X = Cl, F; Υ = O, S; R = H, CHS);

C12P(O)CX=CHNCO (X = Cl, Br).

It is not possible to obtain products from the addition

of 1 mole of a primary alcohol only to the isocyanate group

of difluorophosphorylmethyl, alkoxychlorophosphorylmethyl,

2-(dichlorophosphoryl)ethyl, 1 -(dichlorophosphoryl)vinyl,

a-(difluorophosphoryl)benzyl, and a-(alkoxychlorophosphoryl)benzyl

isocyanates. 3 0 · 3 4 · 3 8 ' 4 0 · 4 1 > 6 4 ' 8 6 However, when tertiary butyl alcohol is

reacted with l-(dichlorophosphoryl)vinyl isocyanate, the urethane

C12P(O)C( = CH 2 )NHCOOC(CH 3 ) 3 is obtained.3 8

When difluorophosphorylmethyl isocyanate is treated with 2 moles

of alcohol, alkyl 7V-(alkoxyfluorophosphorylmethyl)carbamate is
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obtained in good yield.30·34'64 With excess alcohol in the presence of
tertiary amines, all dihalophosphoryl- and alkoxyhalophosphoryl-
substituted alkyl and alkenyl isocyanates give alkyl iV-[dialkoxy-
phosphorylalkylialkenyl^carbamates.30·34·38·40'41'46·64·86·108

When l-dichlorophosphoryl-2-chloro(bromo)ethyl isocyanates
react with excess alcohol in the presence of triethylamine, as well as
addition of the alcohol to the isocyanate group and replacement of
the chlorine atom on phosphorus there is elimination of hydrogen
chloride or bromide to give alkyl iV-(l-dialkoxyphosphorylvinyl)-
carbamate; 38>4° the same esters are obtained when l-(dialkoxy-
phosphoryl)-2-bromoethyl isocyanate is treated with 1 mole of
alcohol in the presence of triethylamine:40

C12P (O) CH (CH2X) NCO -

X=C1, Br

(RO)2 Ρ (Ο) CH (CH2Br) NCO •

3ROH

ROH

(RO)2 Ρ (Ο) C (=CH,) NHCOOR.

oc-(Dialkoxyphosphoryl)-a-chlorobenzyl isocyanate has two
reaction sites—the carbon atoms of the isocyanate group and the
substituted methylene group. When oc-(diethoxyphosphoryl)-
a-chlorobenzyl isocyanate in ether solution is treated with an
equimolar quantity of methanol it appears that addition of
methanol to the isocyanate group mainly occurs, and methyl
iV-[a-(diethoxyphosphoryll)-a-chlorobenzyl]carbamate, which is
soluble with difficulty in ether, can be isolated in 50% yield.
In the presence of triethylamine, methyl iV-[a-(diethoxyphosphoryl)-
benzylidenejcarbamate is obtained in high yield.56

C,HSCC1 (NCO) Ρ (Ο) (OC2H5)2 —

CH3OH

CH3OH,

QH5CCI (NHCOOCHj)P (O) (OQ>H5)a

= N C O O C H a )

Diethoxy phosphoryldichloromethyl and bis(diethoxyphosphoryl)-

chloromethyl isocyanates react in a similar manner: 3 2 ' 5 4

(RO)2 Ρ (Ο) C (X) C1NCO -52iL* [(RO)2 Ρ (Ο) C (X) CINHCOOR'] , I ( C 2 H > ) 3 N ] .
-* (RO), Ρ (Ο) C (X)=NCOOR',

X=CI, (RO)jP(O).

In the case of the halophosphoryl compounds Hal(X)P(O)C(Hal)2.
.NCO and Hal(X)P(O)CH(Hal)NCO (X = Hal or OR) there is a
third reaction site—the phosphorus atom.

Depending on the structure of the isocyanate and the nucleophilic
reagent reacting with it as well as their stoichiometric ratio, initially
only the isocyanate group participates, then the phosphorus atom
and the halogen on the α-carbon atom, or all reaction sites
simultaneously.

Dichloro- and difluoro-phosphorylchloromethyl isocyanates add
1 mole of alcohol to form crystalline alkyl iV-(dihalophosphoryl-
chloromethyl)carbamates:x

X2P (O) CHC1NCO
X=C1, F.

X2P (O) CHC1NHCOOR,

Dichlorophosphoryldichloromethyl isocyanate, and alkoxychloro-,
alkoxyfluoro-phosphorylchloromethyl isocyanates also react with
1 mole of alcohol mainly on the isocyanate group alone. However,
the urethanes formed are very unstable and on evaporating the
solutions, vacuum distillation, or treatment with tertiary amines they
readily eliminate a hydrogen chloride molecule and are converted to
the corresponding compounds with a C = Ν bond. It was only
possible to isolate the stable alkyl iV"-(dichlorophosphorylchloro-
methylene)carbamates in a pure form.5 0 '5 2"5 4 Dichlorophosphoryl-

dibromomethyl isocyanate reacts with alcohols in a similar
,.40

manner:

C12P (O) CX2NCO

X=C1, Br.

£S-> [ClaPiOJCXjNHCOOR]
Cl2P(O)CX=NCObR,

It should be mentioned that it is not possible to add 1 mole of
alcohol to the isocyanate group of difluorophosphoryl- or
alkoxyfluorophosphoryl-dichloromethyl isocyanate. Reaction takes
place simultaneously on two reaction sites—the carbon atom of the
NCO group and the phosphorus atom—and a mixture of products
is formed, from which pure compounds could not be isolated.53'118

However, in the case of 2-chloroethoxychlorophosphoryldichloro-
methyl isocyanate, AT-(2-chloroethoxychlorophosphorylchloro-
methylene)carbamate was obtained.57

When dichloro- or alkoxychloro-phosphoryldichloromethyl
isocyanate reacts with excess alcohol in the presence of a tertiary
amine, alkyl iV-(dialkoxyphosphorylchloromethylene)carbamates are
obtained,32'52'53 while dichloro- and alkoxychloro-phosphorylchloro-
methyl isocyanates under the same conditions give alkyl JV-[alkoxy-
(dialkoxyphosphoryl)methyl]carbamates:50

Cl (Χ) Ρ (Ο) CC12NCO

C1(X)P(O)CHC1NCO
X=CI, RO. (C 2 H 5 ) 3 N

* (RO),P(0)C(C1)=NCOOR,

(RO), Ρ (Ο) CH (OR) NHCOOR,

a-(Dichlorophosphoryl)-a-chlorobenzyl isocyanate reacts with
excess methanol in a similar manner to dichlorophosphoryldichloro-
methyl isocyanate, forming the urethane C6H5C(=NCOOCH3)P(O).
.(OCH3)2.

56

When dichlorophosphoryldibromomethyl isocyanate is treated
with 4 moles of sodium ethoxide in ethanol, ethyl N-fdiethoxy-
phosphoryl(ethoxy)methylene]carbamate is obtained:40

C13P (O) CBr2NCO
-tCjHsONa

(C2H,O)2 Ρ (Ο) C (OC 2 H 5 )=NCOOC 2 H 5 .

2-(Dichlorophosphoryl)perchloroethyl isocyanate reacts with
alcohols in a similar manner to dichlorophosphoryldichloromethyl
isocyanate, forming urethanes (RO)2P(O)CC12CC1 = NCOOR.108

When difluorophosphorylchloromethyl isocyanate is treated with
3 moles of alcohol or alkoxyfluorophosphorylchloromethyl
isocyanate is treated with 2 moles of alcohol in the presence of
triethylamine, alkyl iV-[alkoxy(alkoxyfluorophosphoryl)methyl
carbamates are obtained:50

F,P (O) CHCINCO

F (RO) Ρ (O)CHCINCO

2(C 2 H 5 ) 3 N

2ROH
F (RO) Ρ (O)CH (OR) NHCOOR.

It is not possible to add 1 mole of alcohol just to the isocyanate
group of bis(alkoxyfluorophosphoryl)chloromethyl isocyanate, and
when the latter is treated with 3 moles of alcohol in the presence of
triethylamine the reaction proceeds thus:53

[F(RO)P(O)]2CC1NCO 3 ROH [(RO)2P(O)]2C = NCOOR.

Bis(alkoxyfluorophosphoryl)methyl isocyanate and its
corresponding oc-chloro-substituted compound when reacted with
alcohols give urethanes.50'53

[F(RO)P(O)]2CHNCO

IF(RO)P(O)]2CC1NCO

[F (RO) Ρ (Ο)], CHNHCOOR,

IF (RO) Ρ (0)1, C=NCOOR.

ROH

ROH

(C2H5)jN

The addition of phenols and glucose tetraacetate to dichloro-
phosphorylvinyl isocyanate has been reported.121"123
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3. Reaction with thiols
Thiols add to phosphorylated alkyl isocyanates with much greater

difficulty than alcohols. Thioethanol reacts with 1-diethoxy-
phosphoryl- and 1-diethoxyphosphorothioyl-l-methylethyl isocyanates
only in the presence of triethylamine on heating in a sealed tube on
a boiling water bath:1>5

(C2HBO)2P(X)C(CHS)2NCO
X=O, S.

4. Reactions with ammonia and amines
Dialkoxyphosphorylalkyl isocyanates, in the same way as alkyl

and aryl isocyanates, readily react with ammonia to form
^-(dialkoxyphosphorylalkyl)ureas:1·5·31'75'90

(RO)2 Ρ (X)—A—NCO + NHS ->• (RO)2 Ρ (X)—A—NHCONH2,
X=O: A=CH2, C(CH3)2, CH(CeH6), —Ν (CH2CH2C1) CH2—;
X=S: A=C(CH3)2.

iV-(Diethoxyphosphoryl)-.W-(2-chloroethyl)aminocarbonyl
isocyanate110 and triphenylphosphazosulphonyl isocyanate117 add
ammonia in a similar manner.

P h o s p h o r u s - c o n t a i n i n g alkyl,1.4,5,9,12,30-32,36,37,41,42,45-48,54,68,74,75,
85,88,92,94,95,124 a l k e n y l ) 4 6 , 4 7 ^ ^ 30,31,89,98 i s o c y a n a t e s a s w e U a s

isocyanates of iV-phosphorylated iminocarboxylic acids2 8 which
apart from the isocyanate group have no other reaction sites
very readily add primary1 '5 '4 6 and secondary 3 0" 3 2 · 5 4 ' 7 2 · 7 5 aliphatic
amines, phosphorylated alkylamines,12'92·94 primary aromatic
„ · _ „ 1,4,5,9,12,28,30-32,36,37,41,42,45-48,54,68,74,75,85,88,89,95,98,124 „ ιaminco, and
morpholine4 1 '1 2 4 to form the respective ureas.

lR2P (X)]n ANCO + RXR2NH -*• [R2P (X)]n

n = l : R=Alk, Ar, AlkO, ArO; A=CH2, (CH^.CHtQHj), CH(C,HS),
CH(CH2C1) CH(CC13), CHCOOR3, C(CH,)2, C(C,H5)2, C(C10H,-a)2>

S(CH2)2, - C H 2 C , H 4 - , C(=CH2), C(=CClt), N=C(C,H5) etc.;
η = 2: R=AlkO, A=CH; η = 3, R=AlkO, A=C;

Triaryl(isocyanatomethyl)phosphonium halides add 1 mole of an
aromatic amine to the isocyanate group, forming compounds of the
type [Ar3PCH2NHCONHAr1]+X- (X = Cl, Br, I) . 3 6 ' 7 3

Phosphorus-containing acyl isocyanates110"113 and sulphonyl
isocyanates115·117 also add primary aromatic amines, 1 1 0" 1 1 3 ' 1 1 5 and
diethyl- and cyclohexyl-amine117 to the isocyanate group, forming
ureas

(AlkO)2 Ρ (Ο) C (R) (R') CONHCONHAr, (C,H 5),P=NSO 2NHCONRR',
(C 2H 5O) 2 Ρ (Ο) Ν (CH2CH2C1) CONHCONHAr,
(C 2H 6O) 2 Ρ (Ο) C (Ο) NHSO2NHCONHCeH5.

When dialkoxyphosphoryldichloro- or bis(dialkoxyphosphoryl)-
chloro-methyl isocyanate is treated with 2 moles of an aromatic
amine or 1 mole of an aromatic amine in the presence of
triethylamine, hydrogen chloride is eliminated at the same time as
addition of the amine to the isocyanate group:48·54

(RO)2P(O)CXC1NCO

X=C1, (RO)2P(O).

ArNH2

(Ο,Η5)3Ν"
(RO)2 Ρ (Ο) CX=NCONHAr,

One mole of a primary aromatic amine reacts with difluoro-
phosphorylated alkyl and alkenyl isocyanates,30·34·36·40·41·83·86

fluoroalkoxyphosphorylalkyl isocyanates,30·34·36·41·57 and bis(ethoxy-
fluorophosphoryl)methyl isocyanate50 only on the isocyanate group.

F 2 P (O) ANCO + ArNH a ->- F 2 P (O) ANHCONHAr,
A = C H a , CHCHaBr, CHC,H5, C ( = C H 2 ) , CH2CH., C H = C H , C H = C ( C H S ) ;

F (AlkO) Ρ (Ο) ANCO + ArNH 2 -- F (AlkO) Ρ (Ο) ANHCONHAr,
A = C H 2 > CHC e H 5 ;

[F(C2H5O)P(O)2CHNCO+p-ClC6H4NH2 -
-• [F(C2H5O)P(O)]2CHNHCONHC6H4C1-Jp.

2-(Dichlorophosphoryl)- and 2-(alkoxychlorophosphoryl)-vinyl
isocyanates78·79'81'108 as well as 2-(chlorazidophosphoryl)ethyl
isocyanate86 react in a similar manner.

It is not possible to add 1 mole of amine just to the isocyanate
group of dichlorophosphorylalkyl, alkoxychlorophosphorylalkyl,
l-(dichlorophosphoryl)vinyl, l-(dichlorophosphoryl)-2,2-dichlorovinyl
and l-(phenylchlorophosphonyl)-2,2-dichlorovinyl isocyanates or to
isolate pure compounds. Reaction occurs simultaneously on the
carbon atom of the isocyanate group and the phosphorus atom.
With excess amine, as well as addition to the isocyanate
group the chlorine atoms are completely replaced by amino
groups3 0·3 4·3 6 '3 8·4 1·8 6 '1 0 3 '1 2 4 and the following ureas are formed:
(R^NhPCO) - A - NHCONRR1, ArNH(R2)P(O) - A - NHCONH Ar
[A = CH2, CHC6H5, (CH2)2, C( = CH2), C( = CC12), R2 = AlkO,
QH 5 ] .

In the case of l-(dichlorophosphoryl)- and l-(phenylchloro-
phosphonyl)-2,2-dichlorovinyl isocyanates, treatment of the reaction
mixture with water or alcohol gives products in which one chlorine
atom on phosphorus has been replaced by a hydroxyl or alkoxyl
group R2O(X)P(O)C( = CC12)NHCONRR1 (X = C6H5, RR ! N;
R2 = H, Alk).1 0 3·1 2 4

Depending on the structure of the isocyanate, α-halogen atoms
are also replaced by an amino group or eliminated as hydrogen
halides,38·40·50'53'56 for example:

CI2P(O)CHC1NCO 4RR'NH

[Cl (RO) Ρ (O) ]j CC1NCO 3R'R 2NH

(RR!N)2 Ρ (Ο) CH (NRR1) NHCONRR1,

[ R ^ N (RO) Ρ (Ο)]2 C = N C O N R 1 R i .
3 ( C 2 H J ) J N

In the case of bis(ethoxyfluorophosphoryl)chloromethyl isocyanate
the fluorine atoms are not exchanged for amino groups under similar
conditions:53

[F (C2H6O) Ρ (O)]t CC1NCO ^ ^ > [F (C2H6O) Ρ (Ο)]2 C=NHCONHAr.

When l-(dichlorophosphoryl)-2,2-dichlorovinyl isocyanate is
reacted with 4 moles of morpholine, a cyclic compound—
2,5-dimorpholino-4-dichloromethylene-5-oxo-5-phospha-
2-oxazoline—is obtained:103

4HN

CUC=C—NCO ^=i

O=PC1 2

O=P

/ N \

-N

The addition of dialkyltrimethylsilylamines to oc-(diethoxy-
phosphoryl)benzyl isocyanate and to triphenyl(a-isocyanatobenzyl)-
phosphonium chloride has been reported:

C«H5CH (NCO) Ρ (Ο) ( O Q H ^ + Alk8NSi (CHS)S

-+ C eH sCH {N [Si (CHS)8] C (O) NAlk2}

Ν.



1072 Russian Chemical Reviews 58 (11) 1989

In the latter case the addition product decomposes immediately it
is formed at 15 — 20 °C, so that azomethine, triphenylphosphine, and
trimethylchlorosilane are obtained.72

Diphenylketimines react similarly to amines with (RO)2P(S)SCH2.
.CH2NCO 9 5 and triphenylphosphazohydride reacts similarly with
C1(X)P(O)CH2NCO (X = Cl, RO) and C12P(O)CH = CHNCO. 1 2 5 · 1 2 6

α-Isocyanatophosphonoacetates add on hydrazine and
2,4-dinitrophenylhydrazine to form the corresponding semi-
carbazides:9

(RO)S Ρ (Ο) CH (COOR1) NCO + R2NHNH2 ->
-+ (RO)2 Ρ (Ο) CH (COOR1) NHCONHNHR2.

When bis(dialkoxyphosphoryl)chloromethyl isocyanate is reacted
with amidines in the presence of triethylamine, phosphorylated
1,3,5-triazine derivatives are obtained.127

[(RO)2P(O)]2CC1NCO

,ο
' Ν Η .

5. Addition of hydrogen chloride and hydrazoic acid
When hydrogen chloride is passed through an ether solution of

2-(dichlorophosphoryl)ethyl isocyanate, AT-[2-dichlorophosphoryl)-
ethyljcarbamoyl chloride is obtained:8 6

C12P(O)CH2CH2NCO C12P (O) CH2CH2NHCOC1.

2-(Dichlorophosphoryl)vinyl isocyanate adds on hydrogen
chloride when exposed to UV radiation, while 2-(dichlorophosphoro-
thioyl)vinyl isocyanate does not react with hydrogen chloride under
similar conditions.78

The addition of hydrazoic acid to diethoxyphosphoryldichloro-
acetyl isocyanate has been reported:1 2 8

(C2H6O)2 Ρ (Ο) CC12C (Ο) NCO + HN3 -» (CJHJO)J Ρ (Ο) CClaC (O)NHC (Ο) Ν,.

6. Addition of dialkyl phosphites
2-Methyl-5-(dialkoxyphosphorylcarbonylamino)phenyl isocyanate

in dioxan adds dialkyl phosphites:98

—NHCOP (O) (OR)a + (R'O), Ρ (Ο) Η -» C H 3 — ^ ^ > - N H C O P (O) (OR)

NCO

>̂

NHCOP (O) (OR1),

Diethoxyphosphorylcarbonylaminosulphonyl isocyanate adds
diethyl phosphite to form N.iV^-bisidiethoxyphosphorylcarbonyl)-
diamides of sulphuric acid: 1 1 5 ' 1 1 6

(C2H5O)2 Ρ (Ο) C (Ο) NHSO2NCO + (C2H8O)2 Ρ (Ο) Η ->
-- [(C2H5O)2P(O)C(O)NH]2SO2.

Similar compounds are obtained when sulphuryl diisocyanate is
treated with 2 moles of dialkyl phosphite. The reaction evidently
occurs in two stages.1 1 5 '1 1 6

7. Reaction with phosphazo compounds
Phosphorylated alkyl isocyanates undergo the Staudinger reaction

with triphenylphosphazo hydrocarbons to form phosphorylated
carbodiimides.6 2·1 2 9-1 3 1

(RO)t Ρ (X) YC (CF3) (CeH5) NCO + (C,He)s P=NR1 —
-Η- (RO), Ρ (X) YC (CFS) (CeH6) N=C=NR l + (C,H5)3 PO,

X = O, Y - b o n d ; X = Y = S.

8. Elimination of carbon dioxide from phosphorylated alkyl
isocyanates

On heating the racemate of (5)-(+)-enantiomer of oc-diethoxy-
phosphoryl)benzyl isocyanate for 1 —2 h at 100-110 °C in the
presence of a catalytic quantity of l,3-dimethylphosphol-3-ene in
anhydrous toluene, the corresponding racemic and optically active
N, iV'-bis[a-(diethoxyphosphoryl)benzyl]carbodiimides are obtained:12

2 CeH&CH (NCO) Ρ (Ο) (OC 2H 6), [(C2H5O), Ρ (Ο) (C eH s) C H N = ] , C + CO 2 .

9. Reaction with chlorine
When dimethoxyphosphorothioylthiomethyl isocyanate is

chlorinated, dimethyl phosphorochloridothioate and (probably)
isocyanatomethylsulphenyl chloride are obtained:6 9

(RO), Ρ (S) SCH2NCO -Q-. (RO), Ρ (S) Cl + [C1SCH2NCOJ.

10. Reaction with N, /V-bis(trimethylsilyl)arenesulphonamides
2-Isocyanatoalkenyltetrafluorophosphoranes, when treated with

N, AT-bis(trimethylsilyl)arenesulphonamides, form phosphazo
isocyanate dimers:8 3

F 4 P C H = C (R)NCO + 2 [(CH,), SiJ, NSO2Ar - *

Ο
II

-»- A r S O 2 N = P F 2 C H = C ( R ) N < ^ ^ N C ( R ) = C H P F a = N S O 2 A r .

IV. IR and NMR spectra

The IR spectra of phosphorus-containing alkyl, alkenyl, aryl,
acyl, and sulphonyl isocyanates contain absorption bands that are
characteristic of vibrations of the — N = C = O group. They are
very intense in the region 2250—2280 cm"1 (asymmetric stretching
vibrations") 4 > 9 > 1 2 ' 2 8 ' 3 1 > 3 4 > 3 6 " 3 8 > 4 0 " 5 0 · 5 2 " 5 7 · 6 2 · 6 9 " 7 1 ' 7 5 ' 7 8 ' 8 1 ' 8 3 " 8 5 ' 8 6 · 8 8 ' 9 0 ' 9 1 · 9 3 '
95,96,102,103,106,108,110,112,114,115,117,120,132

1470 cm"1 (symmetric stretching vibrations),12·34·40·41·56·85·86·88 and
strong in the region of about 600 cm"1 (bending vibrations).12'41'56

The absorption bands from the asymmetric stretching vibrations of
the isocyanate group in phosphorylated alkyl and alkenyl isocyanates
are displaced to lower frequency by 10—25 cm"1 relative to the
isocyanates of phosphorus acids and they occur in approximately the
same region as for organic isocyanates not containing phosphorus
substituents.132'133 It was established by IR spectroscopy that the
majority of α-chloro-substituted phosphorylated alkyl isocyanates
occur solely in the isocyanate form, but some phosphorylated
α,α-dichloroalkyl isocyanates exist in equilibrium with their
chlorocarbonyl form: 5 4 · 1 0 6 · 1 0 8

(C2H6O)2P(O)CC12NCO +

C12P(O)CC12CC12NCO

C1SP=NCC12NCO 5=

t (QH 5 O) 2 Ρ (Ο) CC1=NCOC1,

C12P (O) CC]2CC1=NCOC1,

C1 8 P=NCCI=NCOC1.

In order to confirm the structure of phosphorus-containing alkyl,
alkenyl, and aryl isocyanates, the : Η NMR spectra of the following
isocyanates were studied: (RO)2P(O)CH(NCO)COOR' (R = C 2 H 5 ,
iso-C3H7; R' = CH 3, C 2 H 5 , iso-C3H7),9 C12P(O)C( = CH 2)NCO, 3 8

and (C2H5O)2P(S)SCH2CH2NCO.9 5

The following isocyanates were studied using *H NMR and
"P NMR: Cl(X)P(O)CY(CH2Br)NCO(X = C1,C2H5O; Υ = H,Br)
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and C12P(O)C( = CHX)NCO (X = H, Br),40 C6H5CH(NCO)P(O)(OR)2

(R = CH 3 ) C2H5),41>9° C6H5CH(NCO)P(O)(X)C1 (X = Cl, C2H5O),4 1

(RO)2P(O)CH(CC13)NCO and (RO)2P(O)C( = CC12)NCO
(R = CH 3 ) Q H s ) , 4 6 C6H5CC1(NCO)P(O)(OR)2 (R = CH3, C2H5),
C6H5CC1(NCO)P(O)(X)C1 (X = Cl, C2H5O),5 6 and (C2H5O)2P(S).
.SCH2CH2NCO.8 8

The following isocyanates were studied using 3 1 P NMR:
(S)-( + )-C6H5CH(NCO)P(O)(OR)2 [R = C 2H 5 ) Si(CH3)3],1 2 a
mixture of (RO)2P(O)SCH2CHC1CH2NCO and (RO)2P(O)SCH.
.(CH2C1)CH2NCO (R = CH3, iso-C3H7),8 4 X(C2H5O)P(O)CH2CH2.
.NCO (X = Cl, C2H5O),8 6 and o-(C6H5)2P(O)C6H4NCO.91

The following isocyanates were studied using 3 1 P and 1 9 F NMR:
F(X)P(O)C( = CH2)NCO p i = F, C ^ O ) , 4 0 F(RO)P(O)CC12NCO
(R = CH3, C 2H 5), 5 S and (C2H5O)2P(O)C(CF3)(R)NCO (R = Cl,
CH3O).6 2

XH NMR was used to study the diastereotopicity of the hydrogen
atoms of the CH2Br group in the isocyanates X2P(O)CH(CH2Br)NCO
(X = Cl, F) ^ and also the methoxyl groups in the isocyanates
C6H5CH(NCO)P(O)(OCH3)2

 4 1 and C6H5CC1(NCO)P(O)(OCH3)2.
56

3 1 P, 3 1 P - { X H } , 1 9 F , and *H NMR were used to confirm the
structure and study the diastereotopicity of the fluorine atoms
on phosphorus in isocyanates with a chiral carbon atom:
(S)-(-)-C6H5CH(NCO)P(O)F2,

1 2C6H5CH(NCO)P(O)F2,
1 2·4 1

F2PiO)CH(CH2Br)NCO>

39-40F2P(O)CBr(CH2Br)NCO,40

C6H5CC1(NCO)P(O)F2

 5 6 and the diastereomeric anisochronism of
isocyanates with chiral phosphorus and carbon atoms:

(S) (+)-CiH6CH (NCO) Ρ (Ο) (OC.,H5) F (Ref. 12),

CfHBCH(NCO)P(O)(OC2H,)F (Refs.12, 41),

F (C2H6O) Ρ (Ο) CH (CH.,Br) NCO (Refs.39, 40),

F (C2HsO)P(O)CBr(CH2Br)NCO (Ref.40),

CeH6CCl (NCO) Ρ (Ο) (OC:Hf))F (Ref.56).

In addition, " Ρ - ^ Η } and 3 1 P-{ 1 H} NMR were used to study
the structure and diastereomeric anisochromism of bis-phosphorylated
chloromethyl isocyanates with chiral phosphorus atoms:55

F (RO) Ρ (Ο) [Cl (RO) Ρ (Ο)] CC1NCO (R = CH3, C2H6),

[F(C2HSO)P(O)]2CC1NCO Η [Cl (C2HBO)P(O)]2CC1NCO.

A quantum-chemical calculation using the Hofmann method
was carried out on the isocyanates F4PCH = CHNCO and
Cl4PCH = CHNCO and also their isomers F2P(O)CH = CHNCF 2

and C12P(O)CH = CHNCC12, and it was established that the
phosphorane form is stable for fluorine-containing compounds while
for chlorine-containing compounds the dichloride form is stable.80

V. Use of phosphorus-containing isocyanates for
obtaining polymers

Phosphorylated organic isocyanates that contain several
isocyanate groups in the molecule when reacted with
polyfunctional compounds containing an active hydrogen atom
(hydroxyl and amino groups, etc.) form fire-resistant, thermally
stable polymers—polyurethanes, polyureas, polyurethanoureas, etc.
These polymers are used for the production of rubbers, glues,
varnish coatings, films, foamed plastics, moulded products, finishing
materials for fabrics, etc. Phosphorus-containing organic
isocyanates are used as additives for plastics and cellulose in order to

impart fire-resistant properties or as vulcanising agents. Tris(/?-iso-
cyanatophenyl) phosphorothioate (Desmodur RF) has been used in
West Germany as a cross-linking agent in adhesive rubber
solutions 3 > 1 5 · 1 8 . 2 0 > 2 6 . 5 8 ' 6 1 · 8 9 > 9 9 - 1 0 1 > 1 0 7 ' 1 0 9 > 1 1 9 > 1 2 0 · 1 3 4 - 1 3 9

VI. Physiological activity of compounds obtained
from phosphorus-containing isocyanates

Esters and amides of phosphorylated iV-alkyl- and iV-alkenyl-
carbamic acids possess high insecticidal, acaricidal, and fungicidal
activity.56·64·118'140·141 iV-[2-Diethylenediamidophosphoryl)vinyl]-
substituted urethanes and iV'-arylureas exhibit antitumorigenic
activity.76'79'121·123 The phosphonium salt [(C6H5)3PCH2NH.
.COOCioH2i]

+Cl~ has antimicrobial properties.142 The compounds
SO2[NHC(O)P(O)(OR)2]2, obtained from sulphuryl diisocyanate,
have fungicidical, nematocidal, and herbicidal activity.116

ο 0 ο

It is evident from the above that there has been an extensive
development of the chemistry of phosphorus-containing alkyl,
alkenyl, aryl, acyl, and sulphonyl isocyanates which are derivatives
of synthetic and natural aminophosphonic acids1 4 3 (the two
hydrogen atoms on nitrogen replaced by a = C = Ο group), playing a
definite role in biology. Phosphorus-containing organic isocyanates
are starting to be used as raw materials for the synthesis of various
types of aminophosphonic acids—analogues of aminocarboxylic
acids. Moreover, phosphorus-containing organic isocyanates are
very convenient and highly reactive compounds for introducing
phosphorus into different organic products. They have already been
used for the synthesis of phosphorus-containing polymers and
biologically active compounds. From the theoretical point of view
phosphorus-containing alkyl isocyanates have proved convenient
subjects for studying the phenomena of diastereomeric
anisochronism and diastereotopicity of atoms and groups in
molecules with chiral carbon and phosphorus atoms.

References

1. Τ Ya Medved', Μ I Kabachnik Izv. Akad. Nauk SSSR, Otd.
Khim. Nauk, 1956, 634

2. V A Shokol Uspekhi Khimii Fosfororganicheskikh i
Seraorganicheskikh Soedinenii. Vypusk 3 (Progress in the
Chemistry of Organophosphorus and Organosulphur
Compounds. No. 3) (Edited by A V Kirsanov et al.), Izd.
Naukova Dumka, Kiev, 1973, p. 6

3. Η C Fielding, J Μ Pollack, B. P. 968 109; Chem. Abs., 1964,
61 14864

4. Β S Drach, A D Sinitsa, A V Kirsanov Zh. Obshch. Khim.,
1970, 40 1933

5. Τ Ya Medved' Khimiya i Primenenie Fosfororganicheskikh
Soedinenii: Trudy I Konferentsii (Proceedings of the 1st
Conference on the Chemistry and Use of Organophosphorus
Compounds) (Edited by A E Arbuzov), Izd. Akad. Nauk
SSSR, Moscow, 1957, p. 262

6. Μ I Kabachnik, Τ Ya Medved' Izv. Akad. Nauk SSSR, Otd.
Khim. Nauk, 1953, 866

7. M I Kabachnik, Τ Ya Medved', Τ Ya Mastryukova Dokl.
Akad. Nauk SSSR, 1953, 92 890



1074 Russian Chemical Reviews 58 (11) 1989

8. P S Khokhlov, Β A Kashemirov, A D Mikityuk,
Yu A Strepikheev Zh. Obshch. Khim., 1983, 53 2146

9. P S Khokhlov, Β A Kashemirov, A D Mikityuk, et al.
Zh. Obshch. Khim., 1984, 54 2237

10. S V Rogozhin, V A Davankov, Yu Ρ Belov Izv. Akad. Nauk
SSSR, Ser. Khim., 1973, 955

11. Yu Ρ Belov, V A Davankov, V A Tsyryapkin, S V Rogozhin
Izv. Akad. Nauk SSSR, Ser. Khim., 1975, 1619

12. Β Ν Kozhushko, A V Lomakina, Yu A Paliichuk, V A Shokol
Zh. Obshch. Khim., 1983, 53 1960

13. Β Ν Kozhushko, V A Shokol, Yu A Paliichuk, et al.
Tezisy Dokladov VIII Vsesoyuznoi Konferentsii po Khimii
Fosfororganicheskikh Soedinenii, Posvyashchennoi 80-letiyu
Reaktsii A E Arbuzova (Abstracts of Reports at the Vlllth
All-Union Conference on the Chemistry of Organophosphorus
Compounds, Dedicated to the 80th Anniversary of the

A E Arbuzov Reaction), Kazan', 1985, Part 2, p. 98
14. V A Shokol, Β Ν Kozhushko, Yu A Paliichuk, et al.

Khimiya i Primenenie Fosfororganicheskikh Soedinenii: Trudy
VII Konferentsii (Proceedings of the Vllth Conference on the
Chemistry and Use of Organophosphorus Compounds) (Edited
by Μ I Kabachnik), Izd. Nauka, Leningrad, 1987, p. 231

15. Η Holtschmidt, BRD P. 1 126 379; Chem. Abs., 1962, 57 7169
16. Η Holtschmidt, BRD P. 1 129 149; Chem. Abs., 1962, 57

11238
17. Η Holtschmidt, US P. 3 013 048; Chem. Abs., 1962, 57 11 105
18. Η Holtschmidt, US P. 3 136 806; Chem. Abs., 1964, 61 5565
19. B. P. 891 654; Chem. Abs., 1962, 57 11108
20. Η Holtschmidt, G Oertel Angew. Chem., 1962, 74 795
21. R F W Ratz, US P. 3 299 187
22. Μ Soga, Ρ Yamomoto, A Takagi, Μ Sakian, Japanese Appl.

57-40451; Ref. Zh. Khim., 1983, 9H186
23. Μ Soga, Τ Yamamoto, Κ Takaki, Μ Torisu, Japanese Appl.

57-59 849; Ref. Zh. Khim., 1983, 9H185
24. Η Holtschmidt, W Hugo, BRD P. 1 122 075
25. J Holtschmidt, W Hugo, US P. 3 013 049; Chem. Abs., 1962,

57 4594
26. G Ottmann, Η Lederle, Η Hooks, Ε Kober Inorg. Chem., 1967,

6 394

27. Η Gerber, Μ Halman, D Vofsi Phosphorus, 1976, 6 111
28. L I Samarai, V A Bondar', G I Derkach Zh. Org. Khim., 1969,

5 119
29. V A Shokol, V V Doroshenko, G I Derkach Zh. Obshch.

Khim., 1969, 39 214
30. V Ο Shokol, V V Doroshenko, G I Derkach Dopov. Akad.

Nauk Ukr. RSR, Ser. B, 1969, 818
31. V A Shokol, V V Doroshenko, G I Derkach Zh. Obshch.

Khim., 1970, 40 1458
32. V A Shokol, V V Doroshenko, Β Ν Kozhushko, Ε A Stukalo

Khimiya i Premenenie Fosfororganicheskikh Soedinenii: Trudy
V Konferentsii (Proceedings of the Vth Conference on the
Chemistry and Use of Organophosphorus Compounds) (Edited
by Μ I Kabachnik et al.), Izd. Nauka, Moscow, 1974, p. 54

33. V A Shokol, V V Doroshenko, G I Derkach Zh. Obshch.
Khim., 1969, 39 938

34. V A Shokol, V V Doroshenko, G I Derkach Zh. Obshch.
Khim., 1970, 40 535

35. V A Shokol, Β Ν Kozhushko Usp. Khim., 1985, 54(1) 162
[English translation in Russ. Chem. Rev., 1985(1)]

36. V A Shokol, Ε Β Silina, Β Ν Kozhushko, G A Golik
Zh. Obshch. Khim., 1979, 49 312

37. Ν Κ Mikhailyuchenko, V A Shokol Zh. Obshch. Khim., 1977,
47 2203

38. Ε A Stukalo, Ε Μ Yur'eva, L Ν Markovskii Zh. Obshch.
Khim., 1980, 50 343

39. Β Ν Kozhushko, Ε Β Silina, V A Shokol Zh. Obshch. Khim.,
1979, 49 2153

40. Ε Β Silina, Β Ν Kozhushko, V A Shokol Zh. Obshch. Khim.,
1989, 59 571

41. Β Ν Kozhushko, A V Gumenyuk, Ν Κ Mikhailyuchenko,
V A Shokol Zh. Obshch. Khim., 1980, 50 541

42. V I Gorbatenko, L I Kruglik, L I Samarai Zh. Obshch. Khim.,
1973, 43 1043

43. V I Gorbatenko, L I Samarai, I E Boldeskul Khimiya i
Premenenie Fosfororganicheskikh Soedinenii: Trudy V
Konferentsii (Proceedings of the Vth Conference on the
Chemistry and Use of Organophosphorus Compounds (Edited
by Μ I Kabachnik et al.), Izd. Nauka, Moscow, 1974, p. 56

44. V Ν Fetyukhin, A S Koretskii, V I Gorbatenko, L I Samarai
Zh. Org. Khim., 1977, 13 271

45. Η Ulrich, Β Tucker /. Org. Chem., 1968, 33 2887
46. Ν Κ Mikhailyuchenko, Β Ν Kozhushko, V A Shokol

Zh. Obshch. Khim., 1983, 53 548
47. V A Shokol, Ν Κ Mikhailyuchenko Zh. Obshch. Khim., 1977,

47 75
48. V A Shokol, Β Ν Kozhushko, V V Doroshenko, A V Kirsanov

Zh. Obshch. Khim., 1973, 43 12
49. V A Shokol, Β Ν Kozhushko Zh. Obshch. Khim., 1972, 42

2346
50. V A Shokol, Β Ν Kozhushko Zh. Obshch. Khim., 1977, 47 321
51. V V Doroshenko, Β Ν Kozhushko, Ε A Stukalo, V A Shokol

Zh. Obshch. Khim., 1972, 42 484
52. V V Doroshenko, Ε A Stukalo, V A Shokol, Β Ν Kozhushko

Zh. Obshch. Khim., 1971, 41 2155
53. V A Shokol, Β Ν Kozhushko, A V Gumenyuk Zh. Obshch.

Khim., 1975, 45 1965
54. V A Shokol, Β Ν Kozhushko, A V Kirsanov Zh. Obshch.

Khim., 1973, 43 544
55. Β Ν Kozhushko, V A Shokol Zh. Obshch. Khim., 1988, 58

1516
56. A V Lomakina, Candidate's Thesis in Chemical Sciences,

Institute of Organic Chemistry, Academy of Sciences of the
Ukrainian SSR, Kiev, 1983, p. 179

57. Β Ν Kozhushko, A V Gumenyuk, V A Shokol Zh. Obshch.
Khim., 1977, 47 2766

58. Η Holtschmidt, Ε Degener, G Braun, BRD P. 1 154 106
59. Η Holtschmidt, Ε Degener, G Braun, French P. 1 307 007;

Chem. Zbl, 1965, 12-2711
60. Η Holtschmidt, Ρ Fischer, Belgian P. 61 225; Chem. Abs.,

1962, 57 1554
61. Ρ Fischer, Η Holtschmidt, G Oertel, G Braun,

Belgian P. 618 027; Chem. Abs., 1963, 58 6995
62. V I Gorbatenko, Μ Ν Gertsyuk, L I Samarai Zh. Org. Khim.,

1979, 15 2047
63. L I Samarai, V I Gorbatenko, V Ν Fetyukhin, et al.

Tezisy Dokladov VII Vsesoyuznoi Konferentsii po Khimii
Fosfororganicheskikh Soedinenii (Abstracts of Reports at the
Vllth All-Union Conference on the Chemistry of Organo-
phosphorus Compounds), Leningrad, 1982, p. 174

64. V V Doroshenko, Candidate's Thesis in Chemical Sciences,
Institute of Organic Chemistry, Academy of Sciences of the
Ukrainian SSR, Kiev, 1969, p. 161



Russian Chemical Reviews 58 (11) 1989 1075

65. Β Ν Kozhushko, Ε Β Silina, Μ I Povolotskii, V A Shokol
Zh. Obshch. Khim., 1982, 52 443

66. Β Ν Kozhushko, Ε Β Silina, V V Doroshenko, et al.
Zh. Obshch. Khim., 1986, 56 1758

67. Β Ν Kozhushko, Ν Κ Mikhailyuchenko, Ε Β Silina, et al.
Zh. Obshch. Khim., 1987, 57 1092

68. V I Gorbatenko, L I Kruglik, L I Samarai, USSR P. 423 803;
Byull. Izobret., 1974, (14) 83; Ref. Zh. Khim., 1976, 60 377

69. V A Shokol, V V Doroshenko, G I Derkach Zh. Obshch.
Khim., 1970, 40 1692

70. L I Samarai, V I Gorbatenko, L I Kruglik, et al. Zh. Obshch.
Khim., 1972,42 1169

71. Β Ν Kozhushko, A V Gumenyuk, Yu A Paliichuk,
V A Shokol Zh. Obshch. Khim., 1977, 47 333

72. A D Sinitsa, Ν A Parkhomenko, L Ν Markovskii Zh. Obshch.
Khim., 1983, 53 354

73. Β Ν Kozhushko, Ε Β Silina, A V Gumenyuk, et al.
Zh. Obshch. Khim., 1980, 50 2210

74. Ε S Gubnitskaya, Ζ Τ Semashko Zh. Obshch. Khim., 1975, 45
489

75. Ε S Gubnitskaya, Ζ Τ Semashko Zh. Obshch. Khim., 1978, 48
2007

76. Ε S Gubnitskaya, Ζ Τ Semashko Tezisy Dokladov Vsesoyuznoi
Konferentsii "Sintez i Mekhanizm Deistviya Fiziologicheski
Aktivnykh Veshchestv" (Abstracts of Reports at the All-Union
Conference "The Synthesis and Mechanism of the Action of
Physiologically Active Compounds"), Odessa, 1976, p. 67

77. V V Doroshenko, Ε A Stukalo, A V Kirsanov Zh. Obshch.
Khim., 1971, 41 1645

78. V V Doroshenko, Ε A Stukalo, A V Kirsanov Zh. Obshch.
Khim., 191 A, 44 69

79. Ε S Gubnitskaya, I M Loseva, Ε A Stukalo Khim.-farm. Zh.,
1974, 8 13

80. A A Kisilenko, Yu Ρ Egorov, Ε A Stukalo, L Ν Markovskii
Zh. Obshch. Khim., 1975, 45 1722

81. V V Doroshenko, Ε A Stukalo, L Ν Markovskii Zh. Obshch.
Khim., 1974, 44 2135

82. Ε A Stukalo, V V Doroshenko, L Ν Markovskii Zh. Obshch.
Khim., 1975, 45 2166

83. L Ν Markovskii, Ε A Stukalo Phosphorus, 1974, 4 237
84. G A Kutyrev, Ο S Korolev, R A Cherkasov, A N Pudovik

Zh. Obshch. Khim., 1985, 55 996
85. V A Shokol, V F Gamaleya, L I Molyavko Zh. Obshch. Khim.,

1974, 44 90
86. V F Gamaleya, V A Shokol Zh. Obshch. Khim., 1977, 47 2759
87. Ε S Gubnitskaya, V F Gamaleya, V A Shokol Zh. Obshch.

Khim., 1972,42 2112
88. V F Gamaleya, L I Molyavko, V A Shokol Zh. Obshch. Khim.,

1976, 46 51
89. V A Shokol, V V Doroshenko, G I Derkach Zh. Obshch.

Khim., 1975, 45 1713
90. Ο I Kolodyazhnyi, V Ν Yakovlev, V Ρ Kukhar' Zh. Obshch.

Khim., 1980, 50 1418
91. A Baceiredo, G Bertrand, J-P Majoral, et al. J. Am. Chem.

Soc, 1984, 106 7065
92. Ο A Mukhacheva, V G Nikolaeva, R L Yafarova, et al.

Zh. Obshch. Khim., 1975, 45 526
93. L I Razumov, R Κ Ismagilov, R L Yafarova, Τ A Tarzivolova

Zh. Obshch. Khim., 1977, 47 41
94. Ο A Mukhacheva, V G Nikolaeva, L I Razumov Zh. Obshch.

Khim., 1971, 41 1873

95. Ε S Gubnitskaya, L A Zolotareva, Ζ Τ Semashko Zh. Obshch.
Khim., 1976, 46 2233

96. V Ν Fetyukhin, Μ V Vovk, L I Samarai Zh. Org. Khim., 1981,
17 1420

97. M I Bakhitov, Ε V Kuznetsov, R A Mirgazizova,
USSR P. 278 690; Byull. Izobret., 1970, (26) 24; Ref. Zhur.
Khim., 1971, 22H124

98. M I Bakhitov, Ε V Kuznetsov, R A Mirgazizova, L A Emikh
Sintez i Fizikokhimiya Polimerov. Vypusk 8 (The Synthesis
and Physical Chemistry of Polymers. No. 8) (Edited by
Yu S Lipatov et al.), Izd. Naukova Dumka, Kiev, 1971, p. 36

99. Yu L Pogosov, Μ I Bakhitov, Ε Ν Ratnikov,
Μ Μ Shaimardanova Zh. Prikl. Khim., 1972, 45 924

100. G Borisov, Κ Troev Izv. Otd. Khim. Nauki, B"lg. Akad. Nauk,
1972,5 545

101. M I Bakhitov, Μ Ya Obryadina, Ε V Kuznetsov,
USSR P. 572 465; Byull. Izobret., 1977, (34) 55;
Ref. Zh. Khim., 1978, 17H158

102. Η Wittmann, F A Peteo Z. Naturforsch., B, 1974, 29b 765
103. Β S Drach, Ο Ρ Lobanov, V A Kovalev, A V Kirsanov Dokl.

Akad. Nauk Ukr. SSR, Ser. 3, 1978, 1102
104. Β S Drach, Ο Ρ Lobanov, Ε Ρ Sviridov Khimiya i Primenenie

Fosfororganicheskikh Soedinenii: Trudy Yubileinoi VI
Konferentsii (Proceedings of the Anniversary Vlth Conference
on the Chemistry and Use of Organophosphorus Compounds)
(Edited by A V Kirsanov et al.), Izd. Naukova Dumka, Kiev,
1981, p. 333

105. V Ρ Kukhar', A V Kirsanov, Ν A Kirsanova,
USSR P. 407 889; Byull. Izobret., 1973, (47) 81;
Ref. Zh. Khim., 1974, 23H321

106. V Ya Semenii, A P Boiko, G F Solodushchenko, et al.
Zh. Obshch. Khim., 1974, 44 1251

107. Η C Fielding, J Μ Pollack, B. P. 923 581
108. Ε A Stukalo, V V Doroshenko, L Ν Markovskii Zh. Obshch.

Khim., 1975, 45 1022
109. M I Bakhitov, L Sh Zainutdinova, Ε V Kuznetsov,

F L Kligman Sintez Poliuretanov (The Synthesis of Poly-
urethanes) (Edited by S I Omel'chenko et al.), Izd. Naukova
Dumka, Kiev, 1981, p. 114

110. Ε S Gubnitskaya, Ζ Τ Semashko, V I Gorbatenko Zh. Org.
Khim., 1978, 14 2268

111. G I Derkach, V V Malovik, Ν D Bodnarchuk
Z. Naturforsch., B, 1969, 24b 139

112. Ν D Bodnarchuk, V V Malovik, G I Derkach Zh. Obshch.
Khim., 1969, 39 1707

113. Ν D Bodnarchuk, V V Malovik, G I Derkach Zh. Obshch.
Khim., 1970, 40 1210

114. V I Gorbatenko, L F Lur'e, L I Samarai Zh. Obshch. Khim.,
1977, 47 2388

115. Ζ Arnold, Β Fiszer Rocz. Chem., 1969, 43 1443
116. J J Kohler, US P. 3 401 214
117. D Ε Arrington /. Chem. Res. (S), 1978, 330
118. Β Ν Kozhushko, Candidate's Thesis in Chemical Sciences,

Institute of Organic Chemistry, Academy of Sciences of the
Ukrainian SSR, Kiev, 1973, p. 161

119. Η C Fielding, J Μ Pollack, Ν Η Rey, Β. Ρ. 923 583; Chem.
Abs., 1964, 60 2758

120. C Fefer, S Ε Molis, S L Hsu, W J MacKnight Macromolecules,
1984, 17 1830



1076 Russian Chemical Reviews 58 (11) 1989

121. L D Protsenko, Ε A Stukalo, I S Trokhimenko, et al.,
USSR P. 476 272; Byull. hobret., 1975, (25) 75;
Ref. Zh. Khim., 1977, 10 080

122. I S Trokhimenko Zh. Obshch. Khim., 1977, 47 1039
123. L D Protsenko, 11 Kuz'menko, Ν Ya Skul'skaya, et al.

Tezisy Dokladov Vsesoyuznoi Konferentsii "Sintez i Mekhanizm
Deistviya Fiziologicheski Aktivnykh Veshchestv" (Abstracts of
Reports at the All-Union Conference "The Synthesis and
Mechanism of the Action of Physiologically Active
Compounds"), Odessa, 1976, p. 65

124. Α Ρ Martynyuk, V S Brovarets, Ο Ρ Lobanov, Β S Drach
Zh. Obshch. Khim., 1984, 54 2186

125. A S Shtepanek, V V Doroshenko, V A Zasorina, et al.
Zh. Obshch. Khim., 1974, 44 2130

126. A S Shtepanek, V A Zasorina, Ε Ν Tkachenko,
L Μ Tochilkina Khimiya i Primenenie Fosfororganicheskikh
Soedinenii: Trudy V Konferentsii (Proceedings of the Vth
Conference on the Chemistry and Use of Organophosphorus
Compounds) (Edited by Μ I Kabachnik et al.), Izd. Nauka,
Moscow, 1974, p. 59

127. V A Shokol, Β Ν Kozhushko, A M Kolesnikov Zh. Obshch.
Khim., 1975, 45 2093

128. R Neidlein, W Friederich Arch. Pharm. (Weinheim, Ger.),
1977, 310 614

129. V I Gorbatenko, Ν V Mel'nichenko, L I Samarai Zh. Obshch.
Khim., 1978, 48 1425

130. V I Gorbatenko, Ν V Mel'nichenko, L I Samarai,
A V Kirsanov Tezisy Dokladov VI Yubileinoi Konferentsii po
Khimii Fosfororganicheskikh Soedinenii, Posvyashchennoi
100-letiyu so Dnya Rozhdeniya Akademika A E Arbuzova
(Abstracts of Reports at the Vlth Anniversary Conference on
the Chemistry of Organophosphorus Compounds, Dedicated
to the 100th Anniversary of the Birth of Academician
A E Arbuzov), Kiev, 1977, p. 94

131. V Ν Fetyukhin, Μ Κ Vovk Zh. Obshch. Khim., 1983, 53 1763
132. Yu Ρ Egorov, A A Kisilenko, V A Shokol Zh. Strukt. Khim.,

1973, 14 240
133. L Bellamy Infrared Spectra of Complex Molecules (Translated

into Russian), Izd. Inostr. Lit., 1963, p. 590
134. Η Holtschmidt, G Braun, BRD P. 1 092 190
135. G Oertel, Η Holtschmidt, BRD P. 1 127 583
136. Η Holtschmidt, F Spulak, Ε Miiller, Ο Bayer,

BRD P. 1 131 001
137. G Oertel, Η Holtschmidt, Μ Dollhausen, Ε Bock,

BRD P. 1 812 965
138. V I Nikolaev, A V Kostochko, R A Lazarev,

USSR P. 304 260; Byull. Izobret., 1971, (17) 86;
Ref. Zh. Khim., 1972, 10F306

139. Υ Nakano, Κ Nakao, Τ Haneda, et al., Japanese P. 53-33632;
Ref Zh. Khim., 1979, 19T295

140. G V Protopopova, L I Reidalova, Β Ν Kozhushko, et al.
Fiziologicheski Aktivnye Veshchestva. Vypusk 5 (Physiologically
Active Compounds. No. 5) (Edited by Ρ S Pel'kis et al.), Izd.
Naukova Dumka, Kiev, 1973, p. 8

141. G V Protopopova, L A Reidalova, Ε S Gubnitskaya, et al.
Fiziologicheski Aktivnye Veshchestva. Vypusk 10
(Physiologically Active Compounds. No. 10) (Edited by
Ρ S Pel'kis et al.), Izd. Naukova Dumka, Kiev, 1978, p. 13

142. G Τ Pis'ko, Ο V Gudz', V A Shokol Fiziologicheski Aktivnye
Veshchesta. Vypusk 17 (Physiologically Active Compounds.
No. 17) (Edited by Ρ S Pel'kis et al.), Izd. Naukova Dumka,
Kiev, 1985, p. 39

143. V Ρ Kukhar', V A Solodenko Usp. Khim., 1987, 56(9) 1504
[English translation in Russ. Chem. Rev., 1987(9)]


