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Methods of Preparation and Properties of Compounds with Unsaturated
Groups at the Phosphorus Atom

V.K.Promonenkov and S.Z.lvin

The review deals with problems connected with the synthesis, chemical properties, and applications of organophosphorus com-
pounds with unsaturated groups at the heteroatom. A systematic account is given of the methods of preparation of these sub-
stances and the characteristic features and limits of applicability of the synthetic methods, in accordance with the wide variety
of structures of the products considered, are noted. The section dealing with the properties of the compounds describes the
addition reactions of nucleophilic agents, reactions with substances with a tendency towards homolysis, certain rearrangements,

condensations, and other processes. The practical value of compounds with unsaturated groups at the phosphorus atom is
noted. The bibliography comprises 344 references.
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I. INTRODUCTION

The chemistry of organophosphorus compounds has
developed considerably in recent years. A large number
of substances of practical value have been synthesised and
compounds with unsaturated groups at the phosphorus atom
are of definite interest in view of the wide variety of their
chemical properties. Non-combustible and self-extin-
guishing polymers, effective preparations with a wide
variety of physiological activity, etc. have already been
obtained on their basis.

At the present time there are no publications dealing
with the main features of such investigations and the pres-
ent review is an attempt to fill this gap. It deals with two
topics, the methods of preparation of alkenylphosphorus
compounds and their reactivity, the literature data
published up to the middle of 1966 being discussed.

II. PREPARATION OF COMPOUNDS WITH UNSATURATED
GROUPS AT THE PHOSPHORUS ATOM

Compounds of this type were synthesised about 50 years
ago in the study of the reaction of phosphorus pentachloride
with olefins, but the principal methods of their preparation
have been developed only in the last 20 years.

1. Interaction of Halogeno-derivatives of Phosphorus with
Metal Alkyls

This method of synthesis was quite recently developed
and is used mainly for the preparation of phosphorus(III)
compounds. In 1959 Kaesz and Stone! carried out the
vinylation of phosphorus trichloride with divinylmercury!:

(CHy=CH)3 Hg + PCl3 ~ CHs=CHPCl; + CHs =CHHgCI .

The yield of vinyldichlorophosphine was 50%; the com-
pound proved to be very sensitive to air and moisture.
Sterlin et al.? carried out a similar reaction with per-
fluorovinyl derivatives:

CFy=CFMgX + PCl; > (CF3=CF); P,

Related methods have been proposed in Foster's 3:* and
Feder's ® patents. In 1960 Leavitt and coworkers synthe-
sised cyclic phosphorus compounds from dilithium
derivatives and phenyldichlorophosphine 7. Next one may
refer to the work of Rabinowitz®, Maier®, and Zeiss !° on
further improvement of the method and the investigation of
the properties of these compounds.

Kabachnik and Chang Jung-Yii *!»!? and Razumov 3
extended these reactions to dialkyl- and dialkoxy-chloro-
phosphines.
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Double decomposition reactions of alkyl{aryl)magnesium
halides with unsaturated phosphines are also possible '*:

CgH;CH=CHPCl; +-2 RMgHal - C;H,CH=CHPR; ,

Similar reactions can be performed with metallic deriva-
tives of acetylenes. For example, Chodkiewicz and
coworkers studied the following reactions of alkynyl-
magnesium halides 1316;

PCly — (RC=C); P,
POCI; — (RC = C)3 P=0,
(C¢H;)2 PCl— (CgH;): PC=CR .

RC = CMgX+

Kabachnik and coworkers carried out similar reactions
with dialkyl phosphorochloridites !’ and Maretina and Petrov
with dialkylchlorophosphines !®, The yield of alky! deriva-
tives was 50-70% °-=. Hartmann and coworkers 2423
and Maler 26 carried out the interesting synthesis of
acetylenic diphosphines:

2 (CeHy)s PCl 4 BrMgC = CMgBr <L,

Kabachnik and Tsvetkov established that the method can
be used for the synthesis of phosphorus compounds with
cyclic unsaturated groups, for example, derivatives of
cyclopentadiene, indene, and fluorene #7-28:

H  (CHe0) PCI — “_ﬂ+ MgBrCl
N/ N/

|
P (OC;Hy),

(CgHs)2 PC = CP (CoHs)a -~ MgCly -+ MgBr, .

MlgBr
Instead of phosphorochloridites, in some cases the alkoxy-
derivatives can react with organomagnesium compounds 3°:

RR’POR” - CH; = CHMgX — RR'PCH = CH; + MgX (OR) ,

2. Interaction of Metal Derivatives of Phosphorus with Alkyl
Halides

The second method of preparation of unsaturated
phosphorus compounds is based on the reaction

MPI™) 4 R Hal — MHal + R—P"¥) |
where M is an alkali metal and Hal a halogen atom. The
reactions of metal derivatives of phosphines with halogeno-
alkenes take place in an inert medium over a wide range
of temperatures 31733:
C4H,PHNa + Br (CR"), |c= CHj > CH,PH (CR), CR=CH, -+ NaBr
R
An interesting process is dealkylation with a secondary
phosphide ion, which leads to alkenylphosphines 34:
(CgHg)a PH - CiHsLi — (CgHy)e P—Li~+ C4Hyo |
C4H,OCH,CH=CH, —EHPLL, ¢ 1 0L + (CgHg)s PCH,CH=CH, .
Lithium phosphides react with acetylenes %3 to form
addition products:

CH = C—CH,—CH,;—PR; ,
RePLi -+ CH = C—CH=CH,— [CH"=C=CH—CH2’pRz .
CHy=CH—CH=CH—PR, .

Some investigators have discussed the possibility of the
existence of three-membered structures with phosphorus
as a heteroatom7,%:

+3
h 3R + R
[DP—R == [§<R = lDP(R

671

and also other intermediate alkenyl derivatives of phospho-
rus*®, The Michaelis-Bekker reaction is a variant of

the above method preparation of organophosphorus com-
pounds with unsaturated groups at the phosphorus atom.
Alkenylphosphonates are formed in the reaction of alkenyl
halides with alkali metal salts of dialkyl phosphorous

aicds 0,41

R’CH==CHCH,4Cl ~- NaOP (OR), — R’CH=:CHCH,P (OR)z 4- NaCl ,
i

The Michaelis—Bekker method permits the synthesis
of the same substances as the Arbuzov rearrangement,
although it is not quite so universal because of the occur-
rence in many cases of side reactions, for example, the
allyl rearrangement #»%, The yield of alkenylphosphonate
esters in the Michaelis~Bekker reaction is usually lower
than in the Arbuzov reaction. Nevertheless a wide variety
of alkenylphosphonates have been obtained by this method:
allyl- 4, butenyl- %5, butoxypentenyl- %%, cycloalkenyl- 467,
and others 53, The sodium salt of diethylphosphorothious
acid can be used in this reaction instead of sodium diethyl
phosphite 43,44;

CHy=CHCH;Br 4 (RO3) P—SNa — CHg:CHCH,}l? (OR), ,

Diphosphono-derivatives, which are products of the subse-
quent condensation of dialkyl phosphites with the alkenyl-
phosphonates formed, are almost absent in this case 5%,

3. The Arbuzov Rearrangement

This most general method of synthesising organophospho-
rus compounds can be used also for the preparation of com-
pounds with unsaturated groups at the phosphorus atom.

The starting materials are either alkenyl halides or poly-
halogenoalkanes; in the latter case the products of the
rearrangement are dehydrohalogenated 3~5°:

CHy=CHCH;Hal --- P (OR)3 -» CHy=CHCH,P (OR)3 + RHal ,
Il

(6] (Hal=Cl, Br)
GH;,|CH—CIH-; - P (OR)s —pgr CH,ClH—CHz—P (OR}s —gy5— CH,CH=CHP (OR), .
ér Br Br ! )

The rate of the process depends on a number of factors—tem-
perature, proportions of the reactants, nature of the alkyl
halide, and also the structure of the initial phosphorus(III)
compound. Liorber and Razumov found that allylphos-
phonite esters undergo the Arbuzov rearrangement much
more readily than alkyl- and vinyl-phosphonites. Thus,
depending on the nature of the group joined to the phospho-
rus atom, phosphorus(III) compounds can be arranged in
the following series ®:

CH,==CHCH,P (OR)3 > AP (OR), > CHy=CHP (OR)z .
Certain more complex alkyl halides readily undergo the
Arbuzov reaction81-63;

CH,CI (:Hzp’(oa)3
|

& °
) + P(OR); —>

In the reaction with triarylphosphines, phosphonium
halides are formed54-67:

N I\
P (CiHy)a - | J_B~[| |
A

+ RCI

\/“P (CeHn)z]
When o -halogeno-ketones are used as the initial alkyl
halides, the rearrangement can be more profound®” ~%°,
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At the present time the Arbuzov rearrangement consti-
tutes a widely used method for the synthesis of alkenyl-

phosphonates, whereby it is possible to obtain very complex
compounds, for example 70-74;

0 OR' H,C.
CCH=CH—P (OR)s; CHy=C 4 “\NCCH=C— P (OR
RO/ ”( )a; CHy=C (R} CHIP\OR~ {CH30CH,CH,’ "o Hé g( )a.
'S

The reaction of trialkyl phosphites with a-halogenoa-
crylates is very interesting75:

CH3=(IZ——COOCH3 + P (OR)3 = (RO)y P—CH=CHCOOCH;
Il
X

Ionin and Petrov found that halogenoacetylenes can also
undergo the Arbuzov rearrangement’6s"":

RCH=CR'—C = C—Br + P (OR); —» RCH=CR'—C = C--P (OR); ~

Br
— RCH=CR’'—C = C—P (OR); + RBr
I

Such rearrangements take place particularly readily when
the triple bond is conjugated with another multiple bond or
a benzene ring "®™. Knuyants and coworkers showed that
perfluoro-olefins can react with trialkyl phosphites 8084,
this being the first example of the Arbuzov rearrangement
of compounds with a “vinyl” halogen:

CF4CF=CF3 + P (OP); — CF,CF=CF§> (OR)s + RF.

Trialkyl phosphites react by an Arbuzov rearrangement
mechanism with a8-unsaturated carbonyl compounds 85788,
the reaction being extremely specific:

o
(RO)s P --CHy=CHCZ  — (RO); PCH,CH=CHOR
H I

4. Addition Reactions of Dialkyl Phosphites

The methods of synthesis of alkenylphosphonates via
various reactions of dialkyl phosphites are very unusual
and as a rule comparatively simple. Thus Abramov,
Pudovik et.al. found that dialkyl phosphites readily react
with unsaturated carbonyl compounds forming derivatives
of & -hydroxyallylphosphonic acid 8®~%3:

CH,
(CHg)s C=CH—C=0 + HP (OR), (CHy)a C=CH(E—P (OR)s
(l:H, b é)H
Dialkyl phosphorothi-ites react similarly %4

RONa

o)
(CoHg0)s PSH + CH,CH:CHC{H - CH,CH=CHCH—ﬁ (OR)s
H S
Reactions with ketones yield esters of a-acetoxyvinyl-
phosphonic acid #5-°7:
(RO)s IIT——H +2 CHy=C=0— CHy=C————P (OR)s
o COCH; O (5)
Pudovik and coworkers found that dialkyl phosphites

readily add to certain aB-unsaturated carbonyl compounds,
yielding alkenylphosphonates ®~10%:

(ROsPH + CH;=CH C CH=C(CHy); —2%2_, (RO), PCH,CHyCCH=C (CHy)s ,
I }I) I !
fe) o] o

Hs va

c
(CsH;0)s PH + CH z==CHCH< o (CiHOn ITCHgCH—CHCH; +ar
i
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The yield of products is 50-70%. The reaction with
propiolic acid derivatives gives B-alkoxycarbonylvinyl-
phosphonates 1%:

(RO)s IliH + CH = CCOOR’ — (RO)y PCH=CHCOOR
il

Pudovik and coworkers showed that the reaction of
dialkyl phosphoric acids with certain acetylenes can involve
a radical mechanism. The addition takes place contrary to
the Markovnikov rule; the rate of the process decreases
in the series 1%:

CH;0
(CsH;0); PSH > c Hﬁ\POH > (CqH;0)3 POH
2

/

RO RO o
>PXH o SO >px- R'CSCH , R'C'=CHP (OR)R—
R R Il
X
RO\
R/PXH

RO\,
R'CH=CHP (OR)R + R/ PX
!

5. Certain Special Methods for the Preparation of Alkenyl-
phosphonates

According to the data of Kirillov and Petrov, phosphono-
acetonitrile undergoes the Knoevenagel condensation 1°7:

o}
NCCH.P (OR)s + Rc/

—H,0

b CHR O
Alkylbis-(8-cyanoethyl)phosphines isomerise to phospho—
rins in boiling toluene 18-111;

NH|

/ \/CN

R'P (CHiCH\CN), S u

Certain cyclic alkenylphosphmes can be obtained from
elemental phosphorus !12-114:
N
HOH
(pom
b

( |+P 405 |\J

or 115,116,

3 CF4C==CCF; + 2P req . —> Fy

Similar polyphosphine heterocycles are formed in high
yield when tetra and penta-trifluoromethylphosphines are
heated with sym-hexafluorobutyne *!7:

CF3
CFs—C—P—CF, CF, —C
(CF;P)‘> CF4C=CCF,3 T 3 + N ‘L/p_cps .
(CFaP)y CFy—C—P—CFs  cp,_C—
CF,

Unusual alkenyl structures are produced in the reaction
between phosphorus pentasulphide and olefins !!8,119:

% AN _p/SNp_ AN
[Jers={ TEE T
N/ NS NS
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6. Reactions Using Phosphorus Trichloride

Much work has been done on the study of the possibility
of using phosphorus trichloride to synthesise compounds
with a C-P bond, including alkenylphosphonates. Usually
the second component is an olefin 12°;

PCly + RCH=CH, ‘°""f°’*°

RCH=CHP (OH),
I
0

Sometimes ketones are used in the reaction 21-125;

CeH;CCH; -+ PCls + CHyCOOH ~HOHHCL, ey, P (OH)q
" b b
Kinnear, Perren, and other investigators have success-
fully employed in these processes the complex-forming
capacity of aluminium chloride !26,127;

RCI + PCl; 4 AlCly » RPC, - AlCl, L, Rﬁch 1-HCl + AL(OH),

where R = alkenyl.

An extensive series of investigations by Soborovskii,
Zinov'ev, and coworkers dealt with the oxidative chloro-
phosphination of hydrocarbons, including unsaturated
hydrocarbons, which makes certain alkenylphosphonates
extremely easy to obtain 128-134;

H

CHy=CHCl + PCly+ O3 — CH,CICHCllll»"CI,—Ri—.
0

- CH,CICHCIP (OR); 55 CH,.=CH1IJ (OR)a,
i |
o}
RC = CH +2 PCls + O, — RCCl=CHPCl, + POClg
I

Recently a method has been found, and has been devel-
oped successfully, for the synthesis of alkenylphosphonates
by the thermal (so called “pseudo-Claisen”) rearrangement
of various phosphite esters, primarily allyl and propargyl
esters 135-19;

(RO)s P—OCH,CH==CHCH,

(RO)s P—CHCH=CHj, ,
[
O CH,
(RO)s P—OCH,C = CH —22_, (RO); r;cu:c:cn,—w (RO)s 1;0 =C—CHs .

o} 0
A possible mechanism of the isomerisation has been put
forward 130,140,

7. Reactions of Phosphorus Pentachloride and Its Deriva-~
tives with Unsaturated Compounds

The most familiar and most thoroughly developed method
for the synthesis of various compounds with alkenyl groups
at the phosphorus atom is based on the interaction of
phosphorus pentachloride with olefins. As early as 1894,
Marsh and Gardner '4!,!4 stated that camphene reacts with
phosphorus pentachloride to form a product which yields
camphenylphosphonic acid after hydrolysis. Later, reac-
tions of phosphorus pentachloride with styrene, isobutene,
and other unsaturated hydrocarbons were described and it
was found that the process takes place best with asymmetric
polar systems; the PCl, group becomes attached to the
most hydrogenated carbon atom and chlorine to the least
hydrogenated carbon atom 4344, Bergmann and Bondi
noted that at least a twofold excess of phosphorus penta-
chloride is necessary for satisfactory yields 145-147;

RCH=CH, ++2 PCl, - RCHCICH; PCl, » PCl, —22%, RCH= CHP (OH), .

O
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It was found that the intermediate complexes can be
treated with agents other than water under different condi-
tions 1#-159  pnamely phosphorus pentasulphide 157152
sulphur !52-1%5  hydrogen sulphide 56! hydrogen selenide !¢°,
and elemental phosphorus 151,58 or they can be heat-
treated !51,1%,  The yield of the acid chlorides of alkenyl-
phosphonic acids and their analogous thio-derivatives is in
the range 60-80%.  The method was successfully extend-
ed to various styrene derivatives 1%,%17163  diene hydro-
carbons 1%4-166  and acetylenes 4,167 7172,

It has been established that, depending on the structure
of the initial diene and the reaction conditions, phosphorus
pentachloride can add both in 1,2- 158173 and 1,4-positions 74,
Anisimov, Nesmeyanov, Kolobova, and others employed
extensively the reaction of phosphorus pentachloride with
alkyl vinyl ethers 757'%® and alkyl vinyl sulphides !79,1€0:

ROCH=CH, 42 PCl; - ROCHCICH,PC], - PCls —50: L ROCH= CHPCl, ,
1l

RSCH=CHj -2 PCl; - RSCHCICH,PCl, - PCly 30, RSCH=CHPCl,
A

As can be seen from the above equations, it was found that
the addition takes place in accordance with the Markovnikov
rule !78-182;  cycloalkenyl ethers react similarly 183,184,

The treatment of the intermediate complexes with ele-
mental phosphorus is now attracting increasing attention
as a convenient method for the preparation of aB-unsatu-
rated phosphines 185,186:

ROCH==CHj 42 PCl; - ROCHCICH,PCI, - PCl, 2 ROCH==CHPCl; .

Lutsenko, Kirillov et al. found that the reaction of
phosphorus pentachloride with enol esters leads to a wide
variety of products. Various substituted alkenylphos-
phonates can be isolated 87-192;

CHsC=CHjy -+ PCls — CHyCCICH,PCl, Pl CHCOCL SO, | oy coi_c__pci,
| Il
OCOCH; OCOCH; COCH; O

Apart from phosphorus pentachloride, other phospho-
rus(V) derivatives, primarily alkyl-and aryl-tetrachloro-
phosphoranes, can add to olefins 193-196:

/CH=CHOC:H,
Nal

al
CyHyPCl, + CH.=CHOC.H.-»C.H,,PC1,CH.CH<O 0t + CgH,P

CaHs Il

Recently it has been found that certain phosphorus(III)
derivatives, mainly phosphorus trichloride 1%751% and tri-
bromide 19°~201  a]kyl- and aryl-halogenophosphines 202,203,
and alkyl and aryl phosphorochloridites 24-212 add readily
to dienes, for example:

c1p/ ]=|

O-—P—OCH.CH;CI

(|:H=CH
CH=CH,

8. Elimination of Water and Acids from Saturated Organo-
phosphorus Compounds

To conclude this review of synthetic methods for com-
pounds with unsaturated groups at the phosphorus atom, we
shall consider various methods for the elimination of the
elements of water and acids from saturated organophos-
phorus compounds. Much attention has been devoted to
this problem in the literature because various kinds of
B-halogenophosphonates are at the present time some of the
most widely available organophosphorus compounds and
are obtained as a rule by the reaction of phosphorus halides
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or their derivatives with epoxyalkanes followed by thermal
isomerisation 213-218;

PCl3 43 GHz—CHjz — P (OCH;3CH,Cl)s A CICH,CHJP (OCH,CH,Cl)s
\O/ (")

ClCH,CHgl[’ (OCH3CH4Cl), =<8 CH,=CHP (OCH,CH\Cl)s
| |

o) o]

A wide variety of basic substances, especially aqueous
or aqueous-alcoholic solutions of alkalis, can be used as
dehydrohalogenating agents 213-225:

HalCH,CH,IIIJ (OR)3 + KOH — CHy=CHP (OR); .
It

Tertiary amines and in particular triethylamine are
dehydrohalogenating agents which come next in order of
importance as regards frequency of application. In this
case acid halides can also be introduced into the reac-
tion 218,225;

CICH,CHyPCl; “%' CH,—CHPCl; + NR, - HC1
I I
s

Alkali metal acetates??6-2%  gsodium carbonate 23!, potas-
sium t-butoxide??’, alkali metal hydrides ??!, and activated
charcoal?2-2%4 can be used as dehalogenating agents.
Thermal elimination of hydrogen halides, in the first
place hydrogen chloride, is applicable to a comparatively
narrow range of substances, but is technologically very
promising and is now being effectively developed 235-24!;

CIP—CH,yCH,Cl -2l CH,=CHPCl,
I I

The elimination of the elements of acids other than
hydrogen halides takes place less completely and is fre-
quently accompanied by side processes?97,24:

480, (CHy0)s P—C=CH,
$ &,
Thermal degradation has been developed to an even

lesser extent, although there are certain promising results
showing that such a process is in principle possible 243,244

(CH;0)s' IIT—C (CHg)s OSO4CHj

CH,
7/ A
CHyC——P (OH) ~—t5~ CHy=C—P (OH), .
\OH g * [
CH; O

On the whole, the synthesis of organophosphorus struc-
tures with unsaturated groups at the heteroatom by the
elimination of the elements of acids is at the present time
most widely used both in the laboratory and in industrial
practice 242,245-254,

III. PROPERTIES OF COMPOUNDS WITH UNSATURATED
GROUPS AT THE PHOSPHORUS ATOM

1. Reactions Not Involving the Multiple Bond

a. Synthesis of esters, thioesters, and
amides. It is noteworthy that, whereas the methods of
preparation of the compounds under consideration have
been developed comparatively fully, their chemical prop-
erties have been investigated to a much lesser extent. Only
the double-decomposition reactions of alkenylphosphonic
halides, certain nucleophilic addition reactions, and
the tendency towards polymerisation have been investi-
gated. Oxidation and reduction processes and certain
specific rearrangements and condensation have been
studied to a very limited degree.
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The hydrolysis of alkenylphosphonic halides yields
unsaturated phosphonic acids 285,256:

CHy=CHPCly 42 HyO — CHy=CHP (OH); ,
l I

Esters of these acids are usually obtained from their
chlorides and alcohols in an inert solvent; various terti-
ary amines are used as acceptors for hydrogen chlo-
ride 257 =267 :

ROH; NR,

XCH=CHIITCI| XCH=CHP (OR)s ,
Il

where X = H, alkyl, halogen, Sr, etc.

The yields of esters prepared in this way amount to
40-60%. Certain monoester acid fluorides can be ob-
tained by acting upon the dichloride simultaneously with an
alcohol and a metal fluoride 2%8:

ROCH=CHPCls + MeF + R'OH — ROCH=GHP<OR
: N

Higher unsaturated phosphonic acids can be esterified
with diazomethane and also alcohols and phenols in the
presence of carbodi-imide 269:
CH,N,

n-C,H,,CH=CHFI'| (OH), 7-CaHy,CH=CHP (OCHy); ,
i

/OAr
n-CgH,,CH=CHP.

1-CyHy,—CH=CHP (OH); -+ ArOH ~—R-N=C=NR’"__
I g\ou .

Ivin and coworkers showed that certain higher alkenyl-
phosphonic acids react with epoxides to form mono-8-
hydroxyalkyl esters 2™:

/OCH,CH,OH
CH;=C|———}I; (OH); + CH3—CH; - CHy=C——P

AN
N | OH
CH, O o/ CeHs 4

Thereversereaction - the interaction of alkenylphosphonates
with phosphorus pentachloride—is possible 256,268

CHy=CHP (OR)s + 2 PCl; — CH,=CH'II’CI. +2POCl;+2RCI,
Il
o}

CHy=CH—P (OCH;3CH,Cl)s 42 PCl; —» CH.=CHIII>CI.
1

Thioesters of alkenylphosphonic acids [phosphonodi-
thiolates (Translator)] are obtained in good yields when
mercaptides react with the acid dichlorides 2717274;

C¢H,CH=CHPClj +2 NaSR — C¢H;CH=CHP (SR); 42 NaCl
Il I .
o o
The reaction with salts of alkyltrithiocarbonic acid is
similar 274:

(CHy)s C=CHP{ OR |, MescsR (CHy)s C=CHP{ oR
= e - —
8/3 g\cl T " 3/ \SR

0

When the acid dichlorides react with ammonia and
amines, the amides of alkenylphosphonic acids are
formed 275-%79:

R

CHamCHPL OX 12 NHy s CHy=CHPC O~ - NH,CI
- —» CHy—
TN TN,

Gefter, Kabachnik, and coworkers extended the general
method to alkenylphosphonates for the synthesis of vinyl
esters 280,281;

CH3=CHPCl; +2 CH3;CHO 4-2NR3 — CH,=CH‘P (OCH=CH,)3 + NRs + HC1 |
I |
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In the presence of halogen atoms in the saturated group,

there is a possibility of their exchange for amino-groups,

NR, groups, etc. 282:

cn-x.=cuﬁ (OCH4CH,Cl); +2 HaNCHCH,OH — CHy=CHP (OCH,CH;NHCH,CH,OH)52HC1,
|

(o] (0]
CHjy=CHP (OCH3CH.Cl)3 +2 NHy = CHy=CHP (OCH3CH,;NH,)s - 2HCI
il i

Alkenylphosphonyl thiocyanates enter into all the reac-
tions characteristic of thiocyanates 283;

%
7\
OCsH, OC;H,
(CHs)s C=CHP{ + \} — (CHy)sC=CHP{ _—
' I \N=C=5 l/ : g\‘NH("INH<=>—CI .

s l

a

Ethyleneimides are fairly readily cleaved by compounds
containing a mobile hydrogen atom?84:

R
CH,CH=CHP: 4+ HNR; - CsH,CH=CHP{ OR
H= - =
TN N/| o | \NHCH,CHINR,
N

b. Oxidation and reduction reactions. Oxi-
dation and reduction reactions of compounds with unsatu-
rated groups at the phosphorus atom have been very little
studied. Whereas the oxidation of various phosphorus(III)
structures with oxygen, sulphur, selenium, and tellurium
is known if only in principle, there have been almost no
studies on reduction. The oxidation of phosphorus(III)
compounds with oxygen has been most thoroughly investi-
gated®-!3, This process, which takes place very readily
as a rule, begins sometimes when the substance simply
comes into contact with atmospheric oxygen:

CH,=CHCH,P (OR); 4 Oz — CH,=CH—CH3—-’}I> (OR);

Sulphur, selenium, and tellurium add under much more
severe conditions 12716, 19722, 285,

RP (OR")2 + Se (Te) — RIIT (OR’)2
Se (Te) .

The reaction of tertiary unsaturated phosphines with
chloroiminoethers must be classified as an oxidation reac-
tion 288

NCl
CoH,c - CyH;CH=CHP (A1k); ~ CoH;CH=CHP (Alk); + CoH;C!
N
OCaH, i :
NCCeHs
1
o)

The oxidation of the compounds considered with ozone
occupies a special place. As with ordinary olefins, this
reaction causes a profound degradation of the molecule,
which leads to carbonyl compounds or acids depending on
the conditions %5173,

Lithium aluminium hydride can be used as the reducing
agent, since the multiple bond is then unaffected in the
reduction process 287,288:

LiAlH,

C4HsCH=CHPCI,

| CoHyCH=CHPH,
|
o]

Pyrolysis of certain alkenylphosphonates results in the
degradation of the molecule at the C — P bond 2°:

- /O_ 280° - =
(CoHy)a P+—$_c\C W (CeHs)s P=0 + CgH,C = CCeHs |
6tis

CeH;y
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2. Reactions at the Multiple Bond

a. Nucleophilic addition. The specific features
of alkenylphosphonates are shown in the study of various
reactions involving the multiple bonds. The reviews of
Kabachnik?®°, Gefter 2®!, and Pudovik 3¢ have dealt with
certain aspects of these interactions and their systematic
description. The general properties of organophosphorus
compounds with vinyl groups are described in Kabachnik's
review and the problem of the conjugation of the multiple
bond with trivalent and pentavalent phosphorus atoms is
discussed. The author concludes that, although physico-
chemical methods such asinfrared and ultraviolet spectros-
copy and calculations of molar refractions fail to confirm
the occurrence of conjugation, ESR data do indicate its
existence. This is also shown by a whole series of
chemical properties. For example addition reactions of
various nucleophilic agents involving the double bond of
organophosphorus compounds take place very readily, the
proton always adding at the a-position with respect to the
P=0 group. Unsaturated organophosphorus compounds
can be arranged in the following sequence in terms of
decreasing capacity for such addition 292-29¢;

/OCH, /OCH, /OCH,
CHy=CH—P{ > CHy=CHP{ > CHy—CHP/
| ™H J| ~OC.H, g\CHs
CH
> CHy=cHp{ ¢ '
J)I C‘H' .

The addition to the first member of the series takes
place vigorously with evolution of much heat, while the
addition to the last member requires prolonged heating.
This is due to the increasing positive inductive effect of
the substituents at the phosphorus atom. Therefore the
addition of electrophilic agents should follow the opposite
sequence —dibutylvinylphosphine oxide should be the most
reactive.

The addition of a nucleophilic group to phosphorus(III)
compounds of the type CH,=CHPR, also takes place at the
B-position (although the inductive effect should lead to
a-addition. Here evidently the participation of phospho-
rus 4-orbitals in conjugation has an effect, as happens in
vinylsilanes 295-207;

cu,——(_m\‘—i>'< .

S

In agreement with the above findings, dialkylamides of
vinylphosphonic acid have lost almost completely the
capacity to combine with nucleophilic agents, but readily
combine with electrophilic agents (chlorine and bromine).
If only the inductive effect operated in this case, vinyl-
phosphonic dialkylamides would combine with compounds
of the type X-H as readily as tertiary phosphine oxides.

Since vinyl compounds of four-coordinated phosphorus
combine with nucleophilic agents and polymerise with
greater difficulty than the corresponding carbonyl com-
pounds, the conjugation of the heteroatom with the double
bond is weaker in this case. Dipole moment measure-
ments have shown that the conjugation of the phosphorus
atom with a triple bond is more pronounced than with a
double bond 2%,

Of the general properties of compounds with unsatu-
rated groups at the phosphorus atom, their inability to
undergo disproportionation reactions, in contrast to the
analogous antimony and bismuth compounds, should also be
mentioned 2%9:

(CHo=CH), Sb -+ SbCls — (CHa=CH) SbCl, et al.
(CHy=CH),yBi+ BiClg — (CH,=CH) BiCl, et al.
(CHy=CH)3 P + PCly —» no disproportionation .
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Isomerisation processes of alkenylphosphonic esters in
the presence of alkali metal alkoxides on heating merit
attention. The phosphonates are then converted into species
with maximum conjugation of the multiple bond 300-302;

CHa=CH—CHs—P (OCyH;)y —&2HONa
il

CH.CH=CHIr (OCsHys |
o}

RONa , C,H,CH= cag (OR), ,

CHsCH=CHCH,4P (OR)y
1l

RONa

H1C=C=CH—F'T (OR)s CHyC = C—P(OR);,
|

o]

We shall now consider in detail various examples of
nucleophilic addition to alkenylphosphonates. Reactions of
this type have been investigated most fully for vinylphos-
phonic acid and have already been treated systematically to
some extent®:. The principal investigations in this field
have been carried out by Pudovik, Kabachnik, and their
coworkers. Since these reactions have the same mecha-
nism, Pudovik called them “phosphonoethylation” 3¢, which
reflects very correctly the essential features of this type
of condensation addition. The reaction takes place readily
with alcohol303-3%5  hydrogen sulphide, mercaptans and
selenium derivatives 17,297,306 7311 ' ammonia and amines 312,313,
various phosphorus(Ill) acids 34737  thioacetic acid3!®, and
also thioacetic and malonic esters 309,310,315,318,320 A]]
the reactions with reagents of the type X - H have the same
mechanism and take place as a rule in the presence of
alkali metal alkoxides:

X—H -+ CHy=CHP (OR), —2%2
|

XCH,CH;P (OR); ,
i
where X = OR, SR, SeAr, NR,, P (O)(OR),, C(NO,),, etc.
Diene synthesis with vinylphosphonates and also reactions
with the nitrile and esters of 2-pyridylacetic acid 3% and

diazomethane 322 belong to the same class:
CH——P(OR),

SR R Cwi
OOR R’ ’
OOR"
— N
< -
—y ?Hg—i- CH,=CHI1i> (OR); - =(_/ CHCH,CH,P (OR), ,
NC o NC. L
CH,Ny + cn.:caup (OR)s— ‘lzug—ﬁ:—lp (OR)s
o CHy N O

N

H )
Dienylphosphonates also enter into nucleophilic addition
reactions, with preferential 1,4-addition 127 308, 323;
RONa

CH,=CH—(|:=CH—¥I’ (OR)s + X—H XCH,CH=(|ZCH'}? (OR)s ,

CH; (¢] CHs O

where X = SR, NR,, or P(S)(OR),. Diene synthesis with
these substances is possible but, in contrast to vinylphos-
phonates, here they constitute the diene component 24,

Recently the nucleophilic addition reactions have been
extended to derivatives of acetoxyvinylphosphonic acid 25,
triphenylvinylphosphonium bromide 32¢:327 alkynylphos-
phonates 328, vinylphosphonites !!, and perfluoroalkenylphos-
phonates 78,79, 283y 329, 330.

b. Addition of reagents of the type—Hal.
Addition to alkenylphosphonates of compounds with an
active X—Hal bond has only just begun to be studied, if
one disregards certain earlier investigations of the chlori-
nation and bromination of these compounds?®°, In 1963
Schicke and Schrader took out a patent for the application
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of the products of the addition of alkanesulpheny! chlorides
to vinylphosphonates 33!, At the same time and independently
of these investigators similar studies were carried out by
Ivin and coworkers 32, It was found that the addition takes
place in accordance with the polarisation of the sulphenyl
chloride molecule, which corresponds to the formula
RS*CI™:

C3H,SCl + cm:cm; (OR)— ClCHg(lIH—II»I’ (OR); ,

SCaH; O
CoH,SCI + CHy=CHCH, }1) (OR); - C3H;SCHaCHCICH,P (OR); ,
Il

The reaction was extended to a wide range of alkenyl-
phosphonates and sulphenyl chlorides. Further develop-
ment of the reaction showed that sulphur derivatives such
as arenesulphenyl chlorides, alkyl dithiochlorides 333
[Ref. 333 refers to reaction of 2-chloroethyldithiochloride
with derivatives of vinyl(alkyl)phosphic acid (Ed. of Trans-
lation)], sulphur dichloride3**, and acetyl dithiochloride 3
[Ref. 335 refers to acylsulphenyl chlorides (Ed. of Transla-
tion)] can enter into it:

CIsCl - CICHgCH—:I) (OR)s

st O
CHa=CHP (OR)s + ArSCl—»CICH,T:H [1':(012),
I
SAr O
2 CHyCSCl gy CICHACH—P (OR), -

SSCOR O
Similar reactions have been carried out with allylphos-
phonates. Later it was shown that vinyl- and allyl-phos-
phonates react with nitryl chloride and hypochlorites 336s357:

CHy=CH (CHy), l"’ (OR)s + NO4Cl— O,NCH,(I:H (CHy), l“’ (OP)s ,

(o] Cl O
CH3=CH (CHy), P (OR)3 4 (CHy)3 C—O—Cl — (CHj)s C—O—CH.(llH (CHy), lI? (OR) ,
Cl (]

wheren = 0 or 1.

The structure of the addition products was proved by their
dehydrochlorination and by the ozonolysis of the unsatu-
rated compounds produced.

Addition reactions in the presence of initiators of
radical processes are possible with certain alkynylphos-
phines 19520:

CsHgSH+ kv — CsHS' + H' ,
RyPC = CH + C3H;S' — RyPC'=CHSC,Hs ,
RePC’ =CHSC3H; + C3HySH — RyPCH=CHSC,Hs + CsH,S'.

c. Oxidation and reduction reactions. It
has been shown that in the presence of the usual hydro-
genation catalysts such as platinum, palladium, and Raney
nickel, hydrogen readily adds to double bonds without
involving the P=0 group 3% -3%:

pCICH, ppa PCICH,

> C=CH—P (OH)
CH;0CH, . CH,yOCH,

> CHCH:}:" (OH)s .
(o]

Rosentaland Geyer made a successful attempt to oxidise
allylphosphonates by the Bayer—-Williger method se1;
CH;=CHCH,P (OR)s -+ HCOOH + H305 - CH.—CH—-CH,—I{;’ (OR)s .
b OH H o

Pudovik and Gareev found that, in contrast to vinyl-
phosphonates, allylphosphonates react with diazoacetic
ester 3¢:

CH3=CHCH;P (OR)3 + NgCH—COOC,H; — CH\;—/—/CH——CH,—-—-P (OR)s+ Ny .
Il
(0] CHCOOCH, (o]
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Finally, we may note the capacity of triphenylphosphon-

ium bromide to form cyclic compounds with o -hydroxy-
carbonyl compounds with simultaneous elimination of tri-
phenylphosphine oxide 343,344;

CHs
+ _—/
CH3C-—CH—CH; +{CHy=CH P (C4Hy),}Br~— NaBr + (CyHg)s P=0 + ]
l(l) IOH —CH; .
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Copolymerisation of Cyclic Compounds

T.M.Frunze and V.V.Kurashev

The number of studies dealing with the synthesis of copolymers and the investigation of the copolymerisation of cyclic mo-
nomers of a single class is farge. The present review is concerned with the polymerisation of cyclic compounds, in which the
ring is opened, with monomers of other classes, i.e. of a different chemical type. These processes include the copolymerisation
of a number of cyclic compounds with olefins and also the copolymerisation of two cyclic compounds of different classes.

The conditions of synthesis, the mechanism of formation, and certain properties of such copolymers are considered. The biblio-

graphy comprises 88 references.
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