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The literature data on the methods of synthesis and properties of ylides containing various heteroatoms at the phosphorus atom
in the P = C group are surveyed and described systematically,
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I. INTRODUCTION

The interest in the chemistry of phosphorus ylides is due
to the great theoretical and practical importance of these
reactive compounds 2. Phosphonium ylides are widely used
in the laboratory and industrial Wittig synthesis of olefins
and are employed in the synthesis of strained cycloalkanes,
macrocyclic compounds, cyclic dienes and heavy metal com-
plexes®0,

Structurally phosphorus ylides are carbanions stabilised
by the neighbouring phosphonium group’:

R,P =CR; «—R,P—CR; .
The stability and reactivity of phosphorus ylides depend to
a large extent on the substituents R' at the carbanionic
centre. By varying these substituents, it is possible to
obtain all possible types of C-substituted phosphorus ylides
with exceptionally varied properties’™’. However, the sub-
stituents R at the phosphonium centre also exert a signifi-
cant influence on the properties of ylides. Ylides containing
heteroatoms attached to the phosphorus atom have especially
interesting and frequently unusual properties; the chemis-
try of these compounds began to be investigated only in
recent years. The principal results achieved in the synthe-
sis and investigation of the properties of P-hetero-substi-
tuted phosphorus ylides (I) and published up to 1983 are
the subject of the present review.

The review deals with acyclic P-hetero-substituted phos-
phorus ylides. Ylides containing a P=C bond in the ring,
particularly A3-phosphorins, are not discussed in detail,
since these compounds have specific chemical properties
which resemble little those of acyclic phosphorus ylides:

R,P=CR! | = N
oP=CR, B e H
}[{ P/ .y ’

AN AN

[§3) X X X X

X =cl, Br, RS, RyP, RgSi, RO, 110, RyN, RNH, H

Electrophilic substitution reactions in the C(4)-position,
comparable to the analogous reactions of other electron-
enriched aromatic systems, for example, dimethylaniline, are
characteristic of P-hetero-substituted A’-phosphorins. Their
basicity and nucleophilicity are very low, they form stable
radicals, give rise to stable m-complexes with heavy metal
salts, etc.'? Physicochemical studies confirming the unusual
electronic structure of A*-phosphorins nevertheless make it
possible to regard them as ylides in which the negative
charge of the carbanionic component is delocalised over the
ring?2:13,
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Il. METHODS OF SYNTHESIS

There exist several methods for the synthesis of P-hetero-
substituted ylides. These compounds are usually obtained
by the "oxidative ylidation” of phosphorus(IIl) compounds.
The term "oxidative ylidation"” implies reactions as a result
of which the coordination number of the tervalent phosphorus
atom increases and a P=C bond with a tetracoordinate phos-
phorus atom is formed*. Depending on the structure of the
initial tervalent phosphorus compounds, their ylidation can
proceed via two pathways: either a substituent X is intro-
duced at the phosphorus atom of compound (II) with simulta-
neous deprotonation of the o-carbon atom or an alkylidene
group is introduced in some way at the phosphorus atom of
an X-substituted phosphine:

. . LCRI
R,P—CHR; X R,P (X)=CR, «—£ 2
n o
The remaining methods of synthesis, especially the dehy-
drohalogenation of phosphonium salts and the conversion of
one P-hetero-substituted phosphorus ylide into another, are
used only in individual instances, but they sometimes have

an advantage over "oxidative ylidation".

R,PX

1. "Oxidative Ylidation" of Tervalent Phosphorus CH Acids

The "oxidative ylidation" of tertiary phosphines and phos-
phonites (II), containing a mobile hydrogen atom at the
o-carbon atom and behaving as CH acids of tervalent phos-
phorus, must be regarded as the most flexible and general
approach to the synthesis of P-hetero-substituted ylides* ™18,
Compounds (1I) containing at the a-carbon atom only electron-
accepting substituents R', enhancing the mobility of the
hydrogen atoms and stabilising the ylide function, are yli-
dated most readily. However, in many instances it is
possible to ylidate successfully also weak CH acids, such as,
for example, trialkylphosphines. The phosphorus(Ill) CH
acids are carbon analogues of the phosphorus(IIl) OH
acids'*72° and can be converted into ylides in the same way
as the OH acids of tervalent phosphorus form compounds with
a P=0 group. In particular, the phosphorus(IIl) CH acids
undergo reactions resembling the Atherton—Todd, Michaelis—
Becker, etc. reactions characteristic of dialkyl phosphites.
Certain alkylphosphines of type (II) isomerise to ylides with
a P—H bond, analogous to the prototropic P(O)H forms of the
phosphorus(III) OH acids, which emphasises still further the
similarity of these types of organophosphorus compounds®®:

R,P—CHR, 2 R,P (H)=CR, R,P —OH 2> R,P (H)=0 .
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(a) Reactions of Compound (II) with Carbon Tetrahalides

Tertiary phosphines and phosphonites (II) containing
electron-accepting substituents at the a-carbon atom are
ylidated on interaction with carbon tetrachloride and alkyl-
amines, aniline, or ammonia’*1%:1*722  The reaction models
the Atherton—Todd reaction, according to which dialkyl
phosphites react with CCl, and alkylamines to form phospho-
ric acid amides?®. The interaction of compound (II) with
CCl, and alkylamines and also ammonia proceeds readily in
ether at 0 °C, but the reaction with aniline must be carried
out, in view of the low basicity of the latter, in the presence
of triethylamine. The method employs readily available
starting materials and makes it possible to vary widely the
substituents at the phosphorus and carbon atoms of the
P=C group:

CCl+RyNH

RZP—~CHR2 m" Rzp (NR3)=CR2 5
(10 (1), (50—70%)
R = Et, iso-Pr, Ph, EtO, iso-PrO; CR, = CHCO,Et, CPhCO,Me,
C(CO,Me),, CHSO,CF,, C{SO,Ph),; NR; = NH,, NHMe,

NHPr-iso, NMe,, NEt, ;

(is0-PrO), P—CH (CO,EY), — gttt Bt s (iso-PrO), P=C (CO,EL); .

PhNH

Compounds(1II) are converted into ylides (III) via the
intermediate formation of P-halogenoylides (1V)®2° or via
the complex (V)?!, Depending on the reaction conditions,
the first or second pathway is followed (Scheme 1).

Scheme 1

R NH

—crcr,” RaP (CH=CR, — RP (NR")=CR,

_*
—R;NH-HCI
a cCla v ) TR;NH(—HCI)
+ v .,
RP—CHR, R,P—CHR,
Cl-

| ~ , ”
= Cl...CCls ... NNR, —ce;~ DR,
V)

R’NH

In the absence of amines, compounds (II) react with CHal,

to form ylides with a halogen atom attached to the phosphorus
atomtr16, 24730,

R,P—CHR, - CHal, — R,P (Hal)=CR, - CHHaly ;
(11 A%
R = Et, iso-Pr, t-Bu, Ph, EtO, iso-PrO, Me,N, Et,N;
CR, =CH,, CHMe, CHPr, CHPr-iso, CHSiMe,, CHS Me, CPk,,

fluorenylidene, cyclopentadienylidene, C(SiMes),,

CPhSiMe;, C (CO,Me)g, C (CO;Et);, C (SOPhYy, CHSO,CF;;
Hal = Cl Br

The interaction of trialkylphosphines with carbon tetra-
chloride takes place readily on cooling to a temperature
below 0 °C; less nucleophilic phosphonites react with carbon
tetrachloride and are converted into P-chloroylides at an
appreciable rate only in the presence of triethylamine, which
exhibits a catalytic activity*":

(Et0)g P—Cil (COzE)s = Celss (E:0)g »=C (COED -

5w [(EtO)2 P—? (COzEY),
o T=oHen
(Et0), P=C (CO,3Et), Cl
However, phosphonites react with the very reactive car-
bon tetrabromide to form P-bromoylides even in the absence
of triethylamine at —70 °C.!* The yields of P-halogenoylides
(VI) are usually high.
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Interesting possibilities appear after the introduction of
the trimethylsilyl group at the a-carbon atom in compound
(II). Thus trimethylsilylbis(diphenylphosphino)methane
gives rise to carbodiphosphorane (VII) on interaction with
carbon tetrachloride as a result of the elimination of tribro-
motrimethylsilylethane and chloroform, while the reaction
with hexachloroethane results in the formation of the ylide
(VIII)32,32;

CCl1 (" — .
e, -mesioon, Pl = C=PPh 5
a a

v

o
o [Ph,P—CH—PPh,] cr-
|

PhyP—CH—PPh, —

SiMe; CiCly
“MesSiCl, ~C,Cl,

cl c
(VHI)

Compounds (II) are converted into P-halogenoylides owing
to the presence of a mobile hydrogen atom at the a-carbon
atom, as a result of which the anion CHal, readily depro-
tonates the quasi-phosphonium salt (IX) formed in the
intermediate stage. Electron-accepting substituents at the
a-carbon atom, which increase the mobility of the hydrogen
atom, promote the formation of P-halogenoylides*:

$0,0F

ca

. +
FLPCHLR0,0Ey = | Bt P02 cor; —)-litJf:(lHS”:ﬂl‘; .

—CHCE
Cl 1 i

(1x)
However, weak CH acids such as trialkylphosphines can also

be converted into P-halogenoylides, provided that there are
bulky substituents at the phosphorus atom?®®:2°:

: ,  CHal 3 _ P
tBu(RIPCHR' —Satls , tBu(R) l‘;‘fCHR ;
Hal
(X) (XD
R= t-Bu, n-Bu, EgN, Me;N; R’ == H, Me, n-Pr, iso-Pr;
Hal=Cl, Br .

The "unstabilised" P-halogenoylides (XI) formed under these
conditions are extremely reactive and are used for the syn-
thesis of many interesting organophosphorus compounds.
Sterically unhindered tertiary phosphines, for example
Me;P or n-Bu,P, do not form P-chlorides on interaction with
CCl, but give rise to phosphoranylphosphonium salts (XIII)%3,
On the other hand, tertiary phosphines containing the t-butyl
group are converted quantitatively into P-halogenoylides on
interaction with carbon tetrahalides®®. The influence of the
steric shielding of the phosphorus atom on the pathway
followed in the reactions of tertiary phosphines with carbon
tetrahalides can be accounted for by Scheme 2 below:

Scheme 2

.-
R,PBu
RyPBu -- CHal, — |
Hal
(X1D)

- mp(t-Bu)y P=CHPr-{- CHHal; ;

CHalj —

R=t-Bu

Hal

WP 4By P—CCl—P (Bu-s),CI-

(X1

.
Hal=CT, Ren-Bu ~ [(-Bu), PCCL,CIT]

The interaction of a tertiary phosphine with CHal, results
in the formation of the ion pair (XII), whose further reaction
can proceed via two pathways: via the nucleophilic attack by
CHal; on the phosphonium cation (anion exchange) or via the
deprotonation of the a-carbon atom. The steric hindrance
at the phosphorus atom generated by the t-butyl group is an
obstacle to the interaction of CHal; with the phosphonium
cation, as a consequence of which the deprotonation of the
a-carbon atom becomes the dominant process. The mechanism
has been confirmed by experimental observations?®,
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The interaction of sterically hindered tertiary phosphines
with carbon tetrabromide at —120 °C results in the formation
of bright orange solid substances—bromophosphonium tribro-
momethanides (XIV)?2®, They exist at a very low temperature
and, on increasing the latter to —90°— —60 °C, they are con-
verted quantitatively into P-bromoylides. The stability of
these unusual compounds is undoubtedly determined by the
steric influence of the t-butyl groups at the phosphonium
cation. Ion pairs of this type are also formed on interaction
of sterically unhindered tertiary phosphines with carbon
tetrahalides. However, in this case they behave as short-
lived intermediates and can be "captured" by the proton-
donating reagents only at the instant of their formation®.

A conclusion concerning the structure of bromophospho-
nium tribromomethanides was reached on the basis of the
study of their chemical reactions®®. The reactions with deu-
terium chloride and chlorotrimethylsilane convincingly demon-
strate the presence of the CBrj anion:

—120°

4
(t-Bu), PR - CBr, —~> (t-Bu), F}’RCBr; i

Br
R = t-Bu, n-Bu, Et;N (X1V)
WL REMBY L (-Bu), P (Br)==CHPr - CHBr, ;

~120°, DCI
—_

(XIV) — (t-Bu)s (R) PCIBr= - CDBr; 5

120 MooSICL, (1-Bu), (R) BCIBr~ |- Me,SiCBry .

(b) The a-Halogenoalkylphosphine—P-Halogenoylide
Rearrangement

The a-halogenoalkylphosphines (XV), formed on interac-
tion of phosphinochloridous acids with halogenosulphonyl-
methanes, readily rearrange to P-halogenoylides (VI)?2!:3%:

HAICHR_)Z\ Ft.N
R,PCI — ‘ N;ﬁ[HulCR;k‘*' RgP-—CR,—Hal —5 RyP (Hal)—CR,,
- (XV) (vl
R = Et, iso-Pr, Ph; CR} = CHSO,CF;, C (SO,Ph),; Hal = Cl, Br .

The migration of the halogen atom from the a-carbon atom
to the phosphorus atom (the C -~ P halogenotropic shift)
increases the coordination number of the phosphorus atom
and results in the formation of a P=C bond, i.e. "oxidative
ylidation'" takes place. The a-halogenoalkylphosphine (XV)
contains a "positively charged" halogen to which the nucleo-
philic attack by the tervalent phosphorus atom may be
directed, resulting in the abstraction of the halogen from the
carbon atom. It is entirely likely that the transfer of the
halogen from the carbon atom to the phosphorus atom pro-
ceeds via a six-membered transition state:

NSNS
B—C
Hal >Hal .
c—P
NN

Electron-accepting substituents at the phosphorus atom,
particularly halogen atoms, which make it less nucleophilic,
prevent the rearrangement®®:

Et,N /
Cl3P - CICH (CO3EY); —grN-HGI C],P—(ll (CO4Et)y ——— CI;P=C (COzEt), .
Cl1

The a-halogenoalkylphosphine—P-halogenoylide rearrangement
was first observed in a number of compounds containing sul-
phonyl groups at the a-carbon atom?™:%*. However, it was
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shown subsequently that certain silicon-containing o-chloro-
alkylphosphines also readily rearrange to P-chloroylides®”%¢:

MegPLi -+ ClyC (SiCly)g — Me;P—C (SiCly)y — MesP=C (SiCly); ;
| |

Cl Cl
RyPCI + LiCIC (SiMeg), — RyP—C (SiMeg); — RP=C (SiMeg)s ;
] |
Cl Cl
R=Ph, Me,N ,

(c) Disproportionation of Tertiary Phosphines with a Mobile
Hydrogen Atom at the o-Carbon Atom

Tervalent phosphorus compounds with a mobile hydrogen
atom at the o-carbon atom exhibit a distinct tendency to be
converted into phosphorus ylides. Thus diethylbis(alkoxy-
carbonyl)methylphosphines and diethyltrifluoromethanesul-
phonylmethylphosphine disproportionate on heating with
formation of the ylides (XVII) containing a phosphorus—phos-
phorus bond*3°:

2EtP—CHR; "~ Et,P—PEt;=CR; + CI4R; ;
(xvI) (xviy

CR, = CHSO;CF3, C (CO,Me)y, C (CO3E), .

The disproportionation of compounds (XVI) is a reversible
process. On heating with the simultaneous removal from the
reaction sphere of the non-phosphorylated component CH,R},
the equilibrium is fully displaced in the direction of the P—P
ylides (XVII). Without heating and the removal of CH,R},
the disproportionation of compounds (XVI) does not take
place.

Scheme 3, taking into account the high lability of the P—P
bond in compounds (XVI), explains the formation of P—P
ylides (XVII).

Scheme 3
: oy M :
L, —CHR, | il —CHR, | E1P==CR)
- — - [ + CH,R, .
‘ ) J cuRLJ i 2%
EfP-—CHIL, Ri,p - ELL
L :

This lability is due to the effective stabilisation by the
electron-accepting substituents R', formed on dissociation of
the P—C bond of the carbanion CHR), which becomes capable
of playing the role of a readily eliminated group. Compounds
(XVI) are cleaved at the P—C bond by alcohols, water, keto-
enols, thiols, etc.'

The structure of the P—P ylides (XVII) is confirmed by
spectroscopic data. The *P NMR spectra of the ylides
(XVII) contain a double doublet of signals due to the trico-
ordinate and tetracoordinate phosphorus atoms. The con-
stant 1Jpp = 270-280 Hz corresponds to the spin—spin
coupling of the phosphorus nuclei in the tetracoordinate
phosphorus—tricoordinate phosphorus bond.

(d) Reactions of Tervalent Phosphorus CH Acids and Their
Carbanions with Chlorine-containing Electrophiles

Tervalent phosphorus compounds (XVI) containing a
mobile hydrogen atom at the a-carbon atoms form P—P ylides
(XVII) also on interaction with chlorodiethylphosphine in the
presence of triethylamine*2%*°  The reaction is carried out
in ether at 0—10 °C:

Et,N
(XVI) + EtPCl —geg— (XVID
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A convenient method of synthesis of the P—P ylides (XVII)
involves the reaction of malonic ester or trifluoromethane-
sulphonylmethane with two equivalents of chlorodiethylphos-
phine in the presence of an excess of triethylamine!*’%?,

The tertiary phosphines (XVI), formed in the intermediate
stage, can be obtained in high yields when the starting reac-
tants are taken in proportions of 1:1,14:25:40:41

The P—P ylides (XVII) are apparently formed as a result
of the P-phosphorylation of the ¢ -phosphinocarbanion (XVIII)
However, one cannot rule out also the electrophilic attack
by chlorodiethylphosphine on the tervalent phosphorus atom
of the tertiary phosphine (XVI) with subsequent dehydro-
chlorination of the phosphonium salt (XIX) (formed under
these conditions) under the influence of triethylamine:

T BP—CR, — > (XVI) 4
XVl — XV
P Btyp—PEt,—CHR]CI™ Zrratier

(XIX)

The a-phosphinocarbanions (XVIII), which are obtained
by deprotonating alkylphosphines by various bases [lithium
alkyls2®*?27™#5  godium bis(trimethylsilyl)amide“®, sodium
hydride*’, and even alkylamines"®], can be converted in
many instances into P-hetero-substituted phosphorus ylides.
In principle, a-phosphinocarbanions can react with chlorine-
containing electrophiles to form products substituted both at
the carbon atom and at the phosphorus atom and, when the
C=0 group is present at the carbanionic centre, also prod-
ucts substituted at the oxygen atom:

— RZPJCR;V— X (C-substitution);

RyP—CHR; —-> RP—CR; 29, p,p (X)==CR, (P-substitution);
> RgP—CR’'=C—0--X (O-substitution).
1

The mode of reaction of ambident a-phosphinocarbanions
with chlorine-containing electrophiles (alkyl halides, terva-
lent phosphorus chlorides, sulphene chlorides, and chloro-
trimethylsilane) is determined by kinetic and thermodynamic
factors and depends primarily on the structure of the initial
reactants. The presence of the electron-accepting groups
CO,R, SG,R, and Me,P at the a-carbon atom stabilises the
ylide functional group, favouring the formation of products
substituted at the phosphorus atom—ylides with P—P, P-S,
and P-Si bO“dslG,ZO,ZS,‘oL'—eQ"SI:

RP—CRM+ =L pop_ PR =CR] ;

M*=Li*,Na*; R = Me, Et, iso-Pr; CR,=CHSO,CF;, C (COMe);, C (PMes)s 3

BusC!

EtP—C (CO,Et), Nav > EtyP (SBu)=C (CO4E); 3

(iso-Pr)y P—C (COMe)y Nat — 2858, - 66 ry,P (Sibie,) =C (COMe); .

(XX)

The influence of electron-accepting groups with substitu-
ents on the mode of reaction of a-phosphinocarbanions with
chlorine-containing electrophiles is demonstrated by the
following example. The carbanion (XXIa), containing two
methoxycarbonyl groups, reacts with iso-Pr,PCl and Me;SiCl
to form the ylides (XX) and (XXII)"7, while the carbanion
(XXIb), with a single methoxycarbonyl group, gives rise to
only the products (XXIIl) and (XXIV) substituted at the C
and O atoms®?. The stabilisation of the P-substitution
products by only one MeO,C group in the latter case is
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insufficient:

iso-Pr,P—CRCO;MeNa*
(XXI):R = COxMe (2), H (b);

(is0-Pr)g P—CH=C~OMe « 2es31CL__ —MeSCL L (xx) ;
|
0SiMe; (XXI, a and b)-
(XXIII)
[tiso-Pr); Pl; CHCO, Me 50202 PCt | S0 PDPCL, (466-Pr)sP=C(CO,Me);
(iso-Pr)y P
(XXIV) (XXT)

When bis(diphenylphosphino)methyl-lithium reacts with
chlorodialkylphosphines at —78 °C, a P—P ylide (XXV) is
formed and, on raising the temperature to 20 °C, rearranges
to triphosphinomethane (XXVI)*°. Evidently, under the
conditions of kinetic control, the less stable P-substitution
product is formed and is then converted into the thermody-
namically more favourable C-substitution product:

P LPC1
PhyP—CH—PPh,Li+ oo~ RyP—PPhy—CH—PPhy o> RyP—CH (PPhy), .

(XXV) (XXVI)
Steric hindrance is an obstacle to the rearrangement to
triphosphinomethane, as a result of which the P—P ylide
(XXVII) is isolated in a pure state"®:

(t- Bu)y P—PPhy= CH—PPl, .
(XXV1I)

Diethyl bis(ethoxycarbonyl)methylphosphonite readily
forms ylides by interaction with acetyl chloride in the pres-
ence of bases®’%, with a-chloroethers under the conditions
of the Arbuzov reaction®®, and also with aminomethylenes
under the conditions of the Kabachnik—Fields reaction®®
(Scheme 4):

Scheme 4
- —CHLCOC L, (140), P=C (CO,EN), ;
=0
(EL0); PCH (COZE), —|— i~ (Et0); P—C (COLRY), ;
CH,0R
CHR: , (B40), P—C (CO.ED), .
CH,NR,

(e) Prototropic Transformations of Phosphorylated CH Acids

The use of tervalent phosphorus compounds containing a
mobile hydrogen atom at the a-carbon atom makes it possible
to realise the extensive possibilities for their conversion into
ylides as a result of reactions involving prototropic rear-
rangements.

The Staudinger imination of bis(alkoxycarbonyl)methyl-
phosphines and the analogous phosphonites by aryl azides
yields the phosphazo-compounds (XXVIIl), which readily
rearrange to the ylides (XXIX) with the RNH group at the
phosphorus atom®**""%® (for the phosphazo-ylide tautomerism,
see Section II1.4):

ArN,

R,P—CH (COR’), > RZIIT)CH (COR'); —» RP-=C (COR")y

ArN ArNH
(XXVII) (XXIX)
R =Et, EtO, iso-PrO; R’ = Me, Et; Ar = Ph, p-O,NC¢H, .

The driving force of this rearrangement is the endeavour by
the system to form the least "acid" tautomeric form.

Phenyl isocyanate and diphenylketen readily add to the
tertiary phosphine (XXX). The reaction proceeds with
formation of the P-acyl-substituted ylides (XXXI) and



1100
(XXXI1)?5:
M"’ (iso-Pr), P=C (CO,Me), ;
—PhNC
PhNH—C=0
(iso- Pr), PCH (CO.Me)y — R
(XXX) (XXXI), m.p. 100
2hiCCO,  (150-Pr), P=C (COsMe),
Ph,CH—C=0
(XXXII)

The ylide (XXXI) is stable in the crystalline state, but in
solutions it dissociates into the initial compounds. On cooling
or removal of the solvent, the ylide (XXXI) is recovered from
the solution in the crystalline form.

Diethyl bis(ethoxycarbonyl)methylphosphonite reacts with
acrylic and methacrylic acid esters under the conditions of
the Pudovik reaction with formation of the ylides (XXXIII)®?:

“+
CH—CR'COLEL [(EtO),P _CH (COzEt),]
—_— | —
CH,—CRCO,E(

{Et0), P—CH(CO,Et),
CH,CHF.CO,Et

(XXX
R=H, Me .

It has been noted that in the presence of alkaline catalysts
the yields of the ylides increase and the reaction is acceler-
ated.

2. Introduction of an Alkylidene Group into Tervalent
Phosphorus Compounds

P-Hetero-substituted phosphorus ylides are formed when
tervalent phosphorus acid derivatives interact with various
compounds serving as sources of a substituted methylene
fragment. Such sources can be carbenes, carbenoids, and
various compounds with activated multiple bonds.

(a) Reactions of Tervalent Phosphorus Compounds with
Alkenes and Alkynes

Compounds with an activated multiple bond readily react
with tervalent phosphorus compounds and give rise to phos-
phorus ylides in many instances. Nucleophilic attack by the
tervalent phosphorus atom on the electron-unsaturated car-
bon atom in the activated double bond produces a very reac-
tive betaine (XXXIV), which readily rearranges to an ylide.
An adequate mobility of the a-hydrogen atom is a condition
which must be fulfilled for such a rearrangement. In the
presence of the electron-accepting carbonyl group, the
rearrangement of the betaine (XXXIV) to its less "acid"
prototropic form, namely the ylide (XXXV), takes place
readily. Thus the amides and esters of tervalent phosphorus
acids add to maleimides® ™%, fumaric acid esters®*, and
trans —dibenzoylethy]ene"’5 with formation of the ylides (XXXV).

However, the presence of the five-membered dioxaphospho-
lan ring favours the cyclisation of the betaine (XXXIV) to
the phosphorane (XXXVI)®* (Scheme 5).

Scheme 5
R = AIKO, AlkpN
—————> RgP=C-——COR' ;
! CH,—COR'
' | ReP ng— H—COR' (XXXV)
R'COCH==CHCOR' —> ‘f —
“CH—COR' NMe,
0, Ph
(XXXIV) ji \g / |
/N
RyP= \PNMcz 0 /,C\ "
o H COPh

R'=Ph, EtO; Ry=—NH—, —N(Ar)—

(E0), P=C (CO,EY),;
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The ylides (XXXVII) with phenoxy-groups at the phospho-
rus atom have been obtained as a result of the [1 + 4]-cyclo-
addition of triphenyl phosphite to a conjugated azoalkene®®
The chemical shift §p = +43.7 p.p.m. rules out a structure
of the compound with a pentacoordinate phosphorus. The
ylide (XXXVII) is very hygroscopic and is formed as a
colourless solid product only after the complete removal of
traces of moisture from the reaction mixture. In the pres-
ence of moisture, the ylide is instantly converted into the
diazophosphole (XXXVIII):

Ph
(PhO),P |
PhCH=CPh—N=N—ph -E10b%_, Ph-—-\ /\N —Ph —0, >\ MN_ph .
(Oph pro/ N\
(XXXV1I) (XXXVIII)

The reactions of acetylenedicarboxylic acid derivatives
with tervalent phosphorus esters and amides proceeds in an
interesting fashion. Thus the interaction of the methyl
ester of this acid with trialkyl phosphites leads to the forma-
tion of the cyclic ylides (XLII) containing alkoxy-groups at
the phosphorus atom®”'¢®, NMR study of the reaction at a
low temperature showed that the betaine (XXXIX) is formed
initially and then its interaction with a second acetylenedi-
carboxylate molecule gives rise to the ylide (XL) with the
cyclopropenyl group at the a-carbon atom. This ylide
exists at —50 °C but, on raising the temperature to —10 °C,
rearranges to the phosphorane (XLI), whose structure has
been confirmed by the 3'P NMR spectrum (§p =—37.4p.p.m.).
At 20 °C the phosphorane is converted into the cyclic ylide
(XLII)®7°%® via Scheme 6.

Scheme 6
(RO P+ X—Comc—x —22, [ RPN Hc=ex,
x X
(XXXIX)
X X X X
Ro)3 P—C\/ —~10° /\ /\ +zo° /\;<<X
x/—\x X \/ X x/\P/ OR ;
(RO)s N
(XL) (XLI) (XLIT)

R = Me, Et; X =CO,Me .

The ylides (XLII) have been obtained in the form of a crys-
talline substance and their structure has been convincingly
confirmed by spectroscopic studies.

The betaine (XXXIX) interacts with carbon dioxide to form
the phosphorane (XLIII) (dp = —53.8 p.p.m.), which is
stable at a low temperature, but at 20 °C reacts with a sec-
ond trialkyl phosphite molecule, gives up an oxygen atom to
the latter, and is converted into the ylide (XLIV)®°:

(RO); P=C—C—X
X—C=C—X —B2Es (xxx1X) 2 RO)s P >c=o R > I

< / o 0—C—X
(XLII)

L)

In the presence of hydroxylated reagents, the reaction of
acetylenedicarboxylate ester with phosphites leads to the
formation of ylides or phosphoranes. Acyclic phosphites
give rise to the ylides (XLV), while five-membered cyclic
phosphites yield the phosphoranes (XLVI)7""72 (Scheme 7):
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Scheme 7
RS et
R,P X/ T NoR
x—cac—x—f'—"—»[ A ]ﬂ (XLV) ;
X7 N\x OR’
Rap<c CHX
L
(XLVI)
X = CO;Me; R’=Me, Ph, PhC (0); RsP = (MeO); P, (Me,N)5 P,
0 )
SN SN
4 POMe, \l PNMe, .
o’ No”

Interesting transitions between the ylide and phosphorane
structures, whose direction depends on the substituent R
at the phosphorus atom and on the nature of the proton-
donating reagent, have been observed with the aid of *!P
NMR. The rearrangement of the ylide to the phosphorane
was observed in the interaction of trimethyl phosphite with
acetylenedicarboxylate ester in the presence of a "trapping
reagent'"—methanol. At —40 °C the phosphorane can be
detected in the reaction mixture, while at 20 °C it is con-
verted into the ylide”®

(Me0), P—CX=CHX 2 (Me0), P=CX~CH<X
OMe
(XLVII)

Conversely the reaction of acetylenedicarboxylate with
cyclic phosphites and phenol at a low temperature gives
rise to an ylide, which rearranges to the phosphorane
(XLVIII) above 0 °C:

0
|/ \p/OMe oPh 0°+ + 20° \ /OMe
o CX—cHX/ o’ PR ch—x
(XLVIII)

(b) Other Methods for the Introduction of the Methylene
Group into Tervalent Phosphorus Compounds

A unique example of the synthesis of the ethoxycarbonyl
ylide (XLIX) by displacing trimethylamine by an aminophos-
phine from a quaternary ammonium salt has been described”:

(Me,N); PPh - M93§CH2C02Ef ClI~ —mMeN-HCT (MegN), 1I3=CHCO,Ef .

Ph
(XLIX)

The formation of the trimethoxyphosphonium ylide (L) as a
result of the interaction of tri(phenylithio)methyl-lithium with
trimethyl phosphite has been reported’®. The ylide (L) could
not be isolated in a pure state, but its formation was demon-
strated with the aid of the Wittig reaction. Under analogous
conditions, the triphenylphosphonium ylide (LI) was obtained
in the form of a pure crystalline substance:

. -0,NC,H ,CHO
(PhS); CLi +- P (OMe); ~—prsiz— [(MeO); P=C (SPh),] R _IMSE»,‘pzo >
(L
— p-0,NC4H,CH=C (SPh), Ph;P=C (SPh),
(LT)

Compounds of tervalent phosphorus react with certain
thioketones and their dimers to form the ylides (LII). The
formation of a carbene in an intermediate stage, which then
reacts with the second phosphite molecule, has been postu-
lated. The ylides (LII) are stable liquids which can be
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vacuum-distilled’®:
P(OR)y
i1 (RO), P=C (CFy)s ;
(LII, a-c) e

(CF3), C=S - P (OR); “Z(ROWP=5 [(CF3), C
R = Me (a), Ef (b), iso-Pr (c);

S
(@Fe)a ¢ D€ (CFa)a +P (OR)s orps (LI

It has been shown recently that the epoxy-derivatives of
perfluorinated alkenes give rise to ylides on interaction with
trialkyl phosphites”’

FsC JF _mop
RN 0
R = CF;, COR’

CF,
> = °
RO)P=C

The amides of tervalent phosphorus acids react with C-
ethoxycarbonyl- and C-acetyl-N-arylnitrile imines to form
stable azomethylenephosphonium ylides (LIII)”®:

(CeHyoN)a PR 4+ R'— cI NNHPh — e (CoHioN); P= c| N=N--Ph ;
c R R

(LIIT)
R = C;HyN, Ph; R' = CO,Et, C (0) CH; «

3. The Synthesis of Ylides from Phosphonium Salts

The simplest method of synthesis of phosphorus ylides is
the "salt method", which is widely used, particularly in the
preparation of dialkylaminophosphonium ylides.

The phosphonium salts (LIV) are dehydrobrominated by
sodium amide to form the ylides (LV) containing the unsub-
stituted methylene group; they are colourless, comparatively
stable liquids which can be vacuum-distilled’®. The benzyl-
ides (LVI) have been obtained by treating a phosphonium
salt with butyl-lithium or sodium ethoxide®%®!;

+ NaNH,/NH,
(MeaN),, (Me), o PBr~ — 3T (Me,N) (Me),,_, P=CH, ;
(L1v) w)
. .
(ReN)s PCH,PhHal- ~2REEONE RNy, P=CHPh ;
(Lvn
R=Me,Et; n=1-3 .

Stable ylides containing alkoxycarbonyl or diethylaminocar-
bonyl groups at the ylide carbon atom and primary or secon-
dary amino-groups at the phosphorus atom have been
obtained by treating the corresponding phosphonium salt
with an aqueous solution of alkali, sodium ethoxide, or
potassium t-butoxide®9782,

The dehalogenation of trihalogenomethylphosphonium salts
by triphenylphosphine or phosphorous acid tris(N,N-dimeth-
ylamide) constitutes a preparative method for the synthesis
of dialkylaminophosphonium ylides containing a dihalogeno-
methylene group®8%:

+ RoP ReC=0
(Me,N); PCHalgHal~ W [(Me,N); P=CHaly] —— R,C=CHal, ;
R = MeyN, Ph; Hal = Cl, Br, F

Ylides are usually obtained, without the isolation of the
phosphonium salts, by treating the phosphorous acid
tris(N,N-dimethylamide) with carbon tetrahalide. This
results in the formation of extremely reactive ylides, which
are readily converted into ketones and olefins®®¢:;

2 (MegN)3 P + BrCCly; ~—5s— 55 [(MesN); P=CCly] |- (MeN); PCIBr .

20° — -10°
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Carbodiphosphorane (LVIII) has been obtained by treating
the ylide (LVII) with phosphorous acid triamide®®:

: Niveo)
- PhyP=-C—PPhyCl™ — et PhyP—=C=PPh, .
- NPT,
ca a
(wvin (LI

The "salt method" is hardly used for the synthesis of
ylides with alkoxy-groups at the phosphorus atom in view
of the instability of the alkoxyphosphonium salts.

A rare example of this kind has been described recently®°®.
The formation of the ylides (LIX) proved to be possible as a
result of the unique stability of vinyloxyphosphonium salts:

(ReN)3 POR - BrCH,CO.Et — (R,N), B (OR’) CHyCO,EtBr~ —%—»
— (RgN,) P (OR")==CHCO,E! ;
(LIX)

— TN
R = Me, Et; R P

The ylide (LXI) with the ethoxy-group at the phosphorus
atom was detected among other products after the reaction of
ethyl di-t-butylphosphinite with chloroacetonitrile. It has
been suggested that the intermediate phosphonium compound
(LX) is dehydrochlorinated by the phosphinite in the reac-
tion. The Arbuzov dealkylation of the phosphonium salt (LX)
takes place simultaneously®®:

N
(t-Bu), PCH,CNCI™ —
OEt

(t-Bu), P (OEt)=CHCN+  (+-Bu);P (0) CI 3
N (LXD)

—~  (t-Bu);P(0) CHCN .

(t-Bu); POEt 4 CICH,CN —

(t-Bu),POEt__

~(EtCl)

Polychlorophosphoranes react readily with bis(arenesulpho-
nyl)methanes in the presence of triethylamine. The phos-
phonium salt (LXII) formed initially is dehydrochlorinated
by triethylamine and is converted into the P-chloroylide
(LXIII) with a high yield®?’. The reaction is preparatively
very simple and makes it possible to obtain ylides with both
one and two chlorine atoms at the phosphorus atom:

‘ ,
Ph,PCl, _, -+ CH; (SO,CoHsX -p)e —grreciier—> PhaP (Cl,_) — CH (SO,CoH,X-p)oCI
(LXI1)
Et,N .
ERe— PhyP (Cly_)=C (SO.CHX-p)s
(LX1ITy
n=1,2; X=H,Cl, Me, OMe .

4. The Conversion of Phosphorus Ylides of one Type into
Phosphorus Ylides of Another Type

The conversion of ylides of one type into those of another
provides extensive possibilities for the synthesis of P-hetero-
substituted ylides. Thus P-halogeno-ylides readily exchange
their mobile halogen atom for different groups in their reac-
tions with nucleophiles, which makes it possible to introduce
virtually any substituents at the phosphorus atom*. The
hydrogen atoms at the ylide carbon atom are also readily
substituted by other groups on interaction with chlorine-
containing electrophiles®®7°. The oxidative ylidation of ter-
valent phosphorus CH acids can be regarded to some extent
as conversion of ylides of one kind into those of another.
The CH acids are regarded as tautomeric forms of PH
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ylides?®:27;
R,P (Hal)=CR, —2
, R'=Cl ,
RP (X)=CHR’ 2=\, p.p (X)=CR] .
RyP—CHR, 2 R;P (H)=CR, X

_BF

The synthesis of P-hetero-substituted ylides of one type
into those of another type is discussed below in the section
devoted to the properties of these compounds. The synthesis
of P-hetero-substituted ylides from tervalent phosphorus
compounds with a P=C bond is extremely interesting,
although this method has been hardly developed further.

A single example of the conversion of the acyclic phosphene
(LXIV) into the ylide (LXV) with an iodine atom at the phos-
phorus atom is known®3:

P I G
e NP
AN N1
(LXIV) (1LXV)
111. PROPERTIES

The properties of P-hetero-substituted phosphorus ylides
are quite varied. The heteroatoms at the phosphorus atom of
the P=C group alter the positive charge on the phosphonium
cation and influence the nucleophilic properties of the ylides.
In many instances, as a consequence of their mobility, the
heteroatoms alter significantly the behaviour of ylides in
chemical reactions. P-Hetero-substituted ylides therefore
acquire properties which are lacking in triphenylphospho-
nium ylides. P-Hetero-substituted ylides are very reactive,
are involved in many interesting reactions, and are valuable
starting materials for the synthesis of many organic com-
pounds.

1. Physical and Physicochemical Properties

In a pure state, the P-hetero-substituted phosphorus ylides
are liquid or crystalline substances. Their stabilities differ
greatly. Ylides having electron-accepting groups at the
a-carbon atom capable of delocalising the negative charge of
the carbanion are particularly stable. For example, the
ylides (LXIII) with arenesulphonyl groups can be stored inde-
finitely and withstand heating to 200°C.**"?! However,
unstable ylides, which exist only in solutions, are encoun-
tered. The "unstabilised" ylides, containing an unsubsti-
tuted methylene or alkylidene group, are oxidised very
readily and hydrolysed in air2%7%8,

P-Hetero-substituted phosphorus ylides have been investi-
gated by various spectroscopic methods. The P=C group
vibration frequencies have been observed in the infrared
spectra of P-hetero-substituted ylides in the range 1000—
1080 cm™*.2%:2% A characteristic feature of ylides stabilised
by carbonyl groups is the bathochromic shift of the absorp-
tion bands of these groups as a consequence of the conjuga-
tion with the negative charge of the ylide carbon atom*:1%2%
9495 The vg(S0,) and vg5(S0,) absorption bands also
undergo a bathochromic shift of approximately 70—80 cm™
under the influence of the negative charge of the ylide
carbon atom!*:2%,

The *3C and 3P NMR spectra of P-hetero-substituted
phosphorus ylides agree with their dipolar structure. The
chemical shifts of the 3P signals (Table 1) are located in a

1
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weak field in direct proximity to the values of §p charac-
terising the phosphonium cation R;P in phosphonium salts?®
%% On the other hand, the chemical shifts of the *C
signals (relative to tetramethylsilane) are observed in a
strong field in the region characteristic of the corresponding
carbanions.

Table 1. The chemical shifts of the ?'P signals in the NMR
spectra of P-hetero-substituted phosphorus ylides RR'P(X)=
CRY.

X R R ép, p.p.m. Refs.
H Alk Alk 20—40 [18, 25]
o Ph Ph 47—50 97, 98]
AlkO AlkO AlkO 50—57 14, 65
AlkO Alk Alk 82—92 14, 37, 91]
AlkO Ph Ph 50—55 65, 97, 98]
AlkNH AlkO AlkO 50—55 14, 99]
AlkNH AlkO AlkO 40—45 14, 99]
Alk.N AlkO AlkO 55—60 14]
AlkoN Alk Alk 60 22]
Alk.N Alk,N Alk N 59—65 70, 100]
Me,Si iso-Pr iso-Pr 37 25, 46)
Alk,P Alk Alk 14—30 137, 46, 49]
Alk.P Ph Ph 40 49-—51)
Cl Me Me 60 37]
Cl Alk Alk 90—117 27, 28, 101]
Cl Alk:N Alk 95—105 28
Ci Alk.N Alk,N 80—70 30, 38]
Cl Ph Ph 55—60 [38, 97, 98]
Br t-Bu t-Bu 100—126 [25, 26, 28]
Table 2. The tautomeric composition of dialkylbis(methoxy-
carbonyl)methylphosphines (in chloroform at 20 °C)*%°,
R R A% B, %
t-Bu iso-Pr 39 61
t-Bu s-Bu 35 65
t-Bu Me3SiCH, 10 90
t-Bu iso-Bu 67 33
t-Bu n-Bu 65 35
n-Bu n-Bu 85 15
iso-Bu iso-Pr 70 30
t-Bu MeyN 100 0
t-Bu Ety 100 0

2. Ylides with a P—H Bond

Alkylphosphines containing an a-hydrogen atom can be
regarded as carbon analogues of tervalent phosphorus OH
acids. Almost all the known OH acids of this kind exist in
the tetracoordinate prototropic P(O)H form'°?, which can be
explained by the high energy of formation of the P=0O bond
(Ep=0 = 140 kcal mol™*). On the other hand, the majority
of alkylphosphines exist in the tricoordinate CH form owing
to the inadequate thermodynamic stability of the PH ylide
form. The ylide form can be stabilised by introducing two
alkoxycarbonyl groups at the o-carbon atom as a consequence
of the effective delocalisation of the negative charge of the
ylide carbon atom over the conjugated bond system®:2°,
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Thus dialkylbis(methoxycarbonyl)methylphosphines isomerise
completely or partly to ylides with a P—H bond (Table 2):

RR’P—CH (COgMe), 2 RR'P (H)=C (CO;Me); -
(A) (B)

Dialkylbis(methoxycarbonyl)methylphosphines are stable
substances which can be vacuum-distilled without decomposi-
tion and can be stored satisfactorily at the usual temperature.
Some of them [compounds (LXVI)—(LXVIII)] have been
obtained in the pure crystalline PH ylide form (B)!®:25;

t-Bu (R) P=C (CO,Me),

H
R= iso-Pr (LXVI), t-Bu (LXVII), Me;SiCH, (LXVIII)

Dialkylbis(methoxycarbonyl)methylphosphines exist in
solution as tautomeric mixtures of the prototropic forms (A)
and (B), which has been demonstrated by spectroscopic
studies. The signals of the protons of the CH and PH
groups have been detected in the H NMR spectra of these
compounds. The signal of the proton of the PH group is
split owing to the interaction with the phosphorus atom
(IJPH = 440 Hz). The signals of the CH form (singlet) and
the PH form (doublet) with a coupling constant of 440 Hz are
present in the *'P NMR spectra. When the spin—spin coup-
ling of the phosphorus nuclei with the protons is suppressed,
the doublet is converted into a singlet, which confirms
unambiguously the presence of a bond between the phospho-
rus atom and the hydrogen atom.

The tautomeric equilibrium (A) = (B) depends on the tem-
perature and on the nature of the solvents and substituents
at the phosphorus atom. The study of the thermodynamics
of the tautomeric equilibrium led to the conclusion that the
ylide form has a higher formation energy than the phosphine
form [AH = —2.4 £ 0.2 kcal mol™}, AS = —~7.4 + 0.7 e.u. for
compound (LXVI) in chloroform]*®.

The results presented in Table 2 show that bulky and
branched alkyl substituents stabilise the PH ylide form and
displace the tautomeric equilibrium towards it. Examination
of the Stuart—Briegleb models has led to the conclusion that
bulky alky! substituents are more favourable for the tetra-
coordinate PH ylide form, since the latter is sterically less
hindered than the tricoordinate CH form'®2°, It is quite
evident that the influence of branched alkyl substituents on
the position of the tautomeric equilibrium is associated with
steric and not polar effects. According to modern ideas,
alkyl groups (Me, Et, iso-Pr, t-Bu, etc.) are electrically
neutral and differ only by their steric characteristics!®®.

The chemical properties of ylides with a P—H bond are
similar to those of other tervalent phosphorus CH acids as a
consequence of the involvement of the tricoordinate form (A)
in the tautomeric equilibrium'®?%%,  They are oxidised,
combine with sulphur, and are alkylated by alkyl halides
with formation of phosphine oxides (LXIX), phosphine sul-
phides (LXX), and phosphonium salts (LXXI). At the same
time dialkylbis(methoxycarbonyl)methylphosphines readily
enter into oxidative ylidation reactions. The interaction with
phenyl isocyanate and diphenylketen yields the P-substituted
ylides (XXXI) and (XXXII). On interaction with sodium
hydride, PH ylides are converted into the a-phosphinocar-
banions (LXXII). The reaction of a-phosphinocarbanions
with methyl iodide takes place at the phosphorus atom with
formation of the ylide (LXXIII) (the "ylide variant" of the
Michaelis—Becker reaction), while their reaction with deu-
terium chloride results in the formation of deuterated dialkyl-
bis(methoxycarbonyl)methylphosphines (LXXIV), which
consist of a tautomeric mixture of the CD and PD forms!®:2%%
(Scheme 8).
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Scheme 8

RyP=C(CO;Me),

|
~EINCO, ppNHC—-0

(XXXI)
RyP=C (CO3Me),
PhyCC=0 ;
(XXXIT)
RiPCH (COMe), 2 RiP=C (COMCa|__ 0. _, ryp (0) CH (COMe)s 5
B (LXIX)

Ph,CCO
e,

Ss__, R,P (S) CH (CO,Me),
(LXX)

Mel R B (Me) CH (COuMe), I~ 5
(LXXI)
—> RyP—C (CO,Me), Na* ;
(LXXII)
N
ML, R,P (Me)=C (COMe)s “—rnT (LXXD) 3
(LXXIIT)
_DCl_, RyP (D)=C (CO,Me), 22 R,PCD (COMe),
(LXXIV)

NzH

(LXX1I) —

The phosphinophosphonium ylides (LXXV), containing
electron-accepting substituents at the a-carbon atom, are
protonated by strong acids at the phosphorus atom?!®* 107,
X-Ray diffraction analysis of compound (LXXVII) not only

confirmed the presence of the P—H bond but also showed that

the proton retains to some extent its bond with the halo-
genl0®T110,

HX s + + = 4
PhyP—CR’=PPh; ——— Ph,P—CR’—PPh;X-Bu,p—C (PPhy), ;
LXX | |
(LXXV) I axxvy b B
(LXXVII)

+
R’ = PPh,, SO,CgH,CH;-p; X = Cl, Br, CF,CO,

Detailed studies of the protonation of phosphinophospho-
nium ylides established that compound (LXXVIII) reacts with
an excess of hydrogen chloride in methylene chloride at
—80 °C with formation of the PH and CH forms of compounds
(LXXIX) and (LXXX), between which equilibrium is estab-
lished!097112.;

£ o+
PhyP—C—PPh,Cl~ i Ph,P—C=~PPh, «C ph,p_CH_PPh,CI- .
| ~HCT | “HCT
H CO,Et CO,Et COLEt
(LXXIX) (LXXVII (LXXX)

These forms are unstable and exist only in solution at a
low temperature, decomposing fully with cleavage of the
P-C bond at ~20 °C. The position of the tautomeric equi-
librium (LXXIX) = (LXXX) depends on the temperature and
the polarity of the solvent. The ratio of the CH and PH
forms also depends on the concentration of hydrogen chlo-
ride, whence it follows that the interconversion of the forms
occurs as a result of the reversible addition of HCI to and
its elimination from the phosphinophosphonium ylide
(LXXVIII). The involvement of hydrogen chloride in the
prototropic equilibrium constitutes a significant difference
between the tautomerism of the protonated phosphinophos-
phonium ylides and the phosphine—PH ylide tautomerism of
dialkylbis(methoxycarbonyl)methylphosphines. The nature
of the anion is also very important in this instance. For
example, when hydrogen chloride is replaced by trifluoro-
acetic acid, protonation takes place only at the phosphorus
atom of the phosphinophosphonium ylide (LXXVIII), the PH
form is produced, and the CH form disappears!'®.

Table 3.
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3. Ylides with a P-0 Bond

Ylides with an OH group are tautomeric forms of alkyl-
phosphine oxides:

Rip—CHR, 2 RiP~CR;
on
© (D)

The majority of alkylphosphine oxides exist in the CH form
(C) as a consequence of the high basicity of the ylide carbon
atom. The tautomeric equilibrium (C)=(D) is displaced
towards the OH form (D) in the case of diphenylbis(arene-
sulphonyl)methylphosphine oxides (LXXXI), which contain
substituents with strong electron-accepting properties®’%113,

In the crystalline state these phosphine oxides exist in the
pure CH phosphine oxide form while in solutions they consist
of a tautomeric mixture of the OH ylide and the CH phosphine
oxide forms (Table 3)°7%%;

PheP—CH (SO,CeH,X-p)g 2 Ph,l?:C (SO3CsH X-p)s .
I
OH
(LXXXI)

The tautomeric composition of diphenylbis(benzene-
sulphonyl)methylphosphine oxides (LXXXI) (tetrahydrofuran
at 25 oC)%6798,

X C, % D, %
Cl1 45 55
H 80 20
Me 90 10
MeO 96 4

The OH and CH forms can be readily detected by spectro-
scopic methods (infrared, H, NMK, and °P NMR spectio-
scopy). The study of the process with the aid of dynamic
NMR indicates a high rate of the interconversion of the tau-
tomeric forms (the temperature at which the *'P signals
merge for the system in chlorobenzene is 100 °C for an
external magnetic field strength of 81 MHz)%., The tauto-
meric equilibrium (C) = (D) is mobile and depends on the
temperature and nature of the solvents and the substituents.
The content of the ylide form increases with decrease of
temperature and this form is evidently energetically more
favourable. Electron-accepting substituents in the para-
positions in the arenesulphonyl groups increase the content
of the ylide form, because they enhance the delocalisation
of the negative charge of the ylide carbon atom.

The study of the prototropic equilibrium in agqueous
alcoholic solutions showed that a two-stage mechanism of the
tautomeric transformation, with formation of the common
anion (LXXXII), operates in these solvents, which have a
high dissociating capacity:

Solv, -Solvirt ' +Solviit, =solv
Ph,PCH(S0,Ar), ;1’ PhyP===C(S0,Ar), —‘+—'> PhyP==G(80,Ar)y
1l +8olvHT, ~Soly = -SolvHT, +Solv

H

(LXXXII)
Solv = solvent.
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Diphenylbis(arenesulphonyl)methylphosphine oxides have
interesting properties, resembling those of the OH acids of
tetracoordinate phosphorus. These extremely stable com-
pounds are comparatively strong acids (pKg = 3.55—3.68
in 50% alcohol). They readily dissolve in an aqueous solution
of sodium carbonate, from which they can be recovered
quantitatively on acidifying the solution; they react with
triethylamine to form the stable triethylammonium salts
(LXXXIV). The reaction of phosphine oxide with diazome-
thane leads to the formation of an O-methylated product—
the ylide (LXXXV). The formation of the product (LXXXV)
substituted at the oxygen atom is accompanied by the inter-
action of the sodium salt (LXXXIII) with methyl iodide. The
reaction of compounds (LXXXI) with phosphorus pentachlo-
ride gives rise to the P-chloro-derivatives (LXIII)

(Scheme 9).

Scheme 9

NayCOs

PhiP—C (S0,Ar); Na+ €O E4N  phyp—C (SOAT)EL,NH
I

Il
o

(LXXXI1I) —PhyP (0) —CH(SO,Ar), — (LXXXIV)
Mel
Ime cHN. | PhaP (OH) =C(S0:An0: | pey,
PhyP=C (SOpAr), «mem—i— (LXXXI) —> PhyP=C (SOzAr),
|
OMe MeONa !
(LXXXV) (LX111)

The phosphine oxide~ylide tautomerism was first discovered
and investigated in relation to diphenylbis(arenesulphonyl)-
methylphosphine oxide®”?% 1% Subsequently other OH ylides
were also described. The cyclic P-hydroxy- A>-phosphorin
(LXXXVI1), which is stable in the crystalline state and which
rearranges irreversibly to the more stable isomer (LXXXVII)
with a P=0 group in the presence of proton-donating
reagents, has been synthesised''*. It hasbeen established’*®
that the five-membered dioxaphospholan ring effectively
stabilises the OH ylide form (LXXXVIII). The phosphine
oxide phosphonium ylides (LXXXIX) are protonated by
strong acids at the oxygen atom of the P=0 group!®-116:117,
X-Ray diffraction analysis of compound (XCa) showed that
the OH form is stabilised by a strong O—H...Br bond and that
the H...Br distance is 2.24 &, which is much less than the
sum of the van der Waals radii (3.11 R)™®, The hydrochlo-
ride salt of the ylide (LXXXIXb) exists in the crystalline
state in the OH form, while in solutions it is a mixture of the
CH and OH forms in proportions of 1:1.8 (Mastryukova et
al.117):

ANSN_Me NN _Me 0

TR ] b (e
AN Nat N/ NCHEOE

(LXXXVII) (LXXXVII

Y
MBal . phyP—CR—PPh, ;

AVANAN|
(LXXXVI)
Ph,P—-CR=PPh,
il
(6] 0—H ...Hal~

(LXXXIX) (XQ)
R = S0,C:H,Mep (a), CO,Et(b); Hal = CI, Br ;

* — +
(LXXXIX (6) 2 PhyB—E—PPhyCl- o PhyP— CH—DPh,Cl- .
1
01 CO,Et 0 COEt

The tautomeric equilibrium between the ylide and phos-
phorane structures (XCI) = (XCII), which has been investi-
gated by *'P NMR,’! is of considerable interest:

OM A0 ?Meocoph

e

|/O\l'> ocopn = | >P<cx: CHX ;
No/ ex=cHX o ’

(XCI
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The position of the tautomeric equilibrium (XCI) = (XCII)
depends on the nature of the solvent in the following way:
Solvent (XCh  (XCII)
CCly 18% 829
CH,Cly,  37%  63%
Another example of the ylide—phosphorane tautomeric
equilibrium was found in the metallation of the phosphorane
(XCIII) with a benzyl group!!®:

PAVAN AVAN N
o [V (1Y
\/"PCH,Ph \/"TPCHPh < \/\p_cHph .
ph” \Ph Ph/ \Ph Ph” \Ph

(XCIII)

The ylides containing alkoxy-groups at the phosphorus
atom are readily dealkylated and converted into phospho-
nates. Thus the alkoxyphosphonium ylides (LIla) and (XCIV)
rearrange on heating to phosphonates with migration of the
alkyl group to the ylide carbon atom (the ylide version of
the Pishchimuka reaction)!%77:

25— 80°

(Et0), T’:C(Coztt]g — (Et0), f—? (CO5ED),
I

OMe 0 Me
(XCIV)

(MeO); P=C (CFy)s
(LII a)

s

180°

—> (Me0); P—C (CFy).
ii
0 Nlle
The ylides (XCV) are converted into the phosphonates
(XCVI) already in their preparation reaction!!®:

(CF3)s C=N—CH=CHR + (RO); P — (CF;)s CHN=CHCR=P (OR};—~
(xc

V)
5 (CFy)s CH—N—CH=CR—P (0) (OR); ;
|
R (XCVI)
R=Me,Et .

The ylides (XCVII) with ethoxy- or isopropoxy-groups at
the phosphorus atom are more stable than the corresponding
ylides (XCIV) with methoxy-groups. They are converted
into phosphonates only on heating to 150—180 °C and the
rearrangement is complicated by the elimination of an alkene':

(EL0)P=C (CO:Es —chmcr (10); P—C (COEN, + (10), P—CH (CO4ED,

|
(Xcvin 0 Et

Electron-accepting substituents, which reduce the nucleo-
philicity of the ylide carbon atom, hinder the rearrangement.
The ylide (LXXXV), containing the powerful electron-
accepting benzenesulphonyl groups at the a-carbon atom,
is stable and does not change on heating to 200 °C*:

Phy P=C (SOgPh), —/44’ Ph,P—C (SO.Ph), .
| o
MeO 0O Me
(LXXXV)

Alkoxyphosphonium ylides are dealkylated on interaction
with hydrogen chloride, bromine, and alkyl halides*%¢:75,
When the ylide (Llla) was treated with boron trifluoride
etherate, the "phosphorus analogue" of the perfluorometh-
acrylic ester (XCVIII) was obtained as a result of the simul-
taneous dealkylation and the elimination of a fluorine atom*2%-12%;

——2 > (Me0), P (0) CBr (CF,), ;

BF,-Et,0; Et,N

HCI
-

(MeO), P (0) CH (CF3),

Mel |

(LII 2) —!
(MeO)y P (0) CMe (CF3)y < —

”(MeO),P(O)olzl—CFg .
(XCvHI) CF,
Hydrolysis of ylides containing alkoxy-groups at the

phosphorus atom proceeds both with elimination of one of the

alkyl groups and with cleavage of the P=C bond®%1'2°,
Alkoxyphosphonium ylides normally undergo the Wittig

reaction and their reactivities are probably comparable to

those of triphenylphosphonium ylides. However, there are
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very few data on this question®S:

ArCHO

(iso-PrO), (Et;N) P=CHCO,Et — ArCH=CHCO,Et + (iso-PrO) (EE;N) PO

Ar = Ph, p-O,NCgH, .

4, Ylides with a P—N Bond

Ylides with dialkylamino-groups at the phosphorus atom
are available and are very reactive, which aroused much
interest in these compounds by investigators. The reactivity
and stability of dialkylaminophosphonium ylides depend on
the substituents at the ylide carbon atom. Dialkylamino-
phosphonium ylides stabilised by electron-accepting substi-
tuents are indeed very stable. The azomethylenephospho-
nium ylide (LIII) hydrolyses only after prolonged refluxing
in aqueous alcoholic solution. This involves the cleavage of
the P—N and not the P=C bond and the amine formed con-
verts the ethoxycarbonyl group into a carbamoyl group”®:

(CsHoN)g P=C—N=NPh - H,0 ~> (CsHyN); P—C=NNHPh - CsH;,NH —

|
CO,E O CO.Et

f
(L

- (CgHyoN); P—C=N—NHPh + EtOH .
It
0 C(0) NGty
The ylide (XCIX) does not change even after heating at
140 °C for 4 h in 50% KOH, but it is reactive in the Wittig
reaction®':

~PONCHHO , ) NCyH,CH=CHCONE, .

(Et,N); P=CHCONEt,
On the other hand, the unstabilised dialkylaminophospho-
nium ylides or the same ylides stabilised by weak electron-
accepting substituents hydrolyse very readily and are oxi-
dised by atmospheric oxygen. The ease of the reaction of
the benzylide (LVIa) with atmospheric oxygen, in which it is
converted into stilbene in a high yield, is so great that it
actually interferes with its isolation in a pure form®!:
—PONCHLHO ,  0,NCeH,CH=CHPh ;
[(Et,N)s P==CHPh] —
(LVIa)

O+, PhCH==CHPh -+ (Et,N); PO .

The ylide (LV) having a methylene group reacts with
chlorine-containing electrophiles, being converted in high
yields into new types of dialkylaminophosphonium ylides (C)
and (CI). The reaction is carried out with a reactant ratio
of 2:1, since one ylide molecule is consumed in the dehydro-
chlorination of the intermediate phosphonium salt”®:

PCly
~(Me,N), (Me) I“”CI -
(Me,N)s P=CH, —

R.PCl .
—(MeN)(Me)PFCI- (Me;N); =CHPR, ;
(1)

= [(MegN)s P=CHL; P ; |
©

R = Me, Et, OEt, NMe,

Diazonium salts couple directly with dialkylaminophospho-
nium ylides. Phenyldiazonium fluoroborate reacts with the
ylide (CII) to form the phosphonium sait (CIII), which can
be converted into a new ylide (CIV) by treatment with sodium
ethoxide’®:

PhNJBF; +
(CsHioN), P (Ph)=CHCO,Et ——=—=— (C;H;,N), P (Ph) CHN=NPhBF; —
Cll |
(cm (CIII) CO,Et

—CHONR (. HyoN), P (Ph)=C (CO4Ef)—N=NPh
)
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As reactants in the Wittig reaction, dialkylaminophospho-
nium ylides are more reactive than triphenylphosphonium
ylides. The electron-donating dialkylamino-groups weaken
the electron-accepting properties of the phosphonium group,
as a result of which the negative charge on the ylide carbon
atom increases. Under the influence of strongly nucleophilic
dialkylaminophosphonium ylides, even inactive ketones are
converted into olefins and in the reactions with reactive
carbonyl compounds there is a significant increase in the
yields of olefins. The use of dialkylaminophosphonium ylides
frequently yields satisfactory results in those cases where
the triphenylphosphonium ylides are unsuitable. The com-
pounds (Me,N),P=CF,%® and (Me,N),P=CCl,,%® generated
in situ from (Me,N);P and carbon tetrahalides, are good
sources of the trifluoromethylene and dichloromethylene
groups for reactions with inactive ketones. The conversion
of the ethyl ester of cis, trans-caronaldehydic acid into an
olefin with the aid of (Me,N),;P=CCl, made it possible to
obtain a high yield of a chrysanthemic acid derivative (CV)—
an analogue of the natural insecticide permethrin (NRDC 143)%7
(Scheme 10).

Scheme 10
H. H, Cl
i 0 e I
N/ ~(MesN),PO NS
Et0,C Et0,C
: Me/\Me : Me/\Me
(CV), (80%)

Under analogous conditions, Ph;P=CCl, gives a low yield of
a highly contaminated compound (CV)®7.

It has been noted that the use of dimethylaminophospho-
nium ylides increases the stereospecificity of the Wittig reac-
tion. It is significant, especially in studies with natural
products, that, on treatment with these ylides, the optically
active centres in the molecule are not involved and the com-
pounds are not racemised?:®® (Scheme 11).

Scheme 11

X0 AN Cl

(Me,N);P=CCl,
——

OMe OMe
(85%)

The ylides (F) containing NHR groups at the phosphorus
atom are in a tautomeric equilibrium with the phosphazo-
compound (E)57:%%:;

R,;’-—CHR’CO,R”2R,P=CR'CO,R” .o
NR™ NHR"
(E) (F)
The phosphazo-ylide tautomerism (E) = (F) obeys the rules
of the acid—base prototropic equilibria and shifts towards
the form which is a weaker acid under the given conditions.
The introduction of more electron-accepting substituents at
{

L
the nitrogen atom of the —N——P—C\ triad increases the con-
|
tent of the phosphazo-form (E) and, conversely, electron-
accepting substituents at the carbon atom favour the forma-

tion of the ylide form (F)57:%°,

Depending on the substituents at the nitrogen and carbon
atoms, the phosphazo—ylide equilibrium (E) = (F) can be
displaced towards the preferential formation of one of the
tautomeric forms or the forms (E) and (F) are present in
comparable amounts (Scheme 12).
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Scheme 12
(is0-Pr0), P—CH (CO,Me), /COZMe
! /@-Pm),/ p=C
- T N\ e
/|\/No2 2ON—__ > N\Hmo/c OMe
| ®. % 0a .
N/ (F), (61%inCHCly)
(cvn

NO,

Thus compound (CVI) exists in the ylide form in the crystal-
line state, while in solutions it is present as a mixture of
two tautomers. The ratio of the forms (E) and (F) depends
on the temperature and the solvent. The study of the ther-
modynamics of the phosphazo—ylide tautomerism showed that
the tautomeric equilibrium (E) = (F) is influenced by two
opposed factors. On the one hand, the conversion of the
phosphazo-form into the ylide form with its conjugation chain
results in an energy gain AH = —6 * 0.6 kcal mol™l. On the
other hand, this entails an increase of the rigidity of the
molecule (since the ylide form is fixed by a strong intra-
molecular hydrogen bond) and the entropy diminishes (AS =
—21 * 2 e.u.). According to the equation AG = AH — TAS,
the equality of AH and TAS determines the equilibrium posi-
tion. The presence of a strong intramolecular hydrogen
bond has been confirmed by infrared and 'H NMR spectra®”
99,124 ' The migration of the proton between the nitrogen and

I
carbon atoms in the —N—lIDAC\ triad takes place readily and

the interconversion of the tautomers (E) = (F) takes place
comparatively rapidly.

It has been reported?® that the ylide with the tosylamide
group at the phosphorus atom rearranges to the phosphazo-
compound during the vacuum distillation of the reaction mix-
ture formed in accordance with the equation

TosNH,+CCl,

(Et0); P—CH (CO4Et), FEN— (Et0); P=C (COEH), A B0y, IECH (CO.EY), .

|
NHTos NTos

The conclusion that an ylide is formed and undergoes a
rearrangement was reached on the basis of the presence in
the infrared spectrum of the reaction mixture of an absorp-
tion band at 1650 cm™!, which disappears on heating. The
energy barrier to the prototropic rearrangement is unusually
high, bearing in mind the high mobility of the NH proton of
the tosylamide group, and apparently requires additional
study and confirmation.

Anilinophosphonium bis(alkoxycarbonyl)methylides, which
are stable under the usual conditions, evolve alcohol on
heating to 150—180 °C and are converted into 2-phospha-4-
quinolones (CVIII)!?*, The elimination of the alcohol results
in the formation of the keten (CVII), whose cyclisation at the
ortho-position of the benzene ring gives rise to 2-phospha-4-
quinolone (Scheme 13).

Scheme 13
RzFl’:C (COMe), _/COsMe comt
— 8 e
Ph—NH T e R;p__ 2
—_ No - HNE Ne
—MeOH N o HN o ;
R;P—CH (CO,Me), | N
Il AN < N
PhN : ( —_
N
(cvirn (cvi

R = EtO, iso-PrQ, iso-Pr .
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Under analogous conditions, the thermolysis of dialkyl-
bis(methoxycarbonyl)methylphosphine oxides and phosphine
sulphides leads to the formation of stable ketens®®:

RyP (X)—CH (COMe); ——fitii— ReP (x>—<]:=cfo ;
COMe
R =iso-Pr, t-Bu; X=0, 8 .

5. Ylides with P—Si, P—S, and P—P Bonds

The ylides containing the P—Si, P—S, and P—-P bonds are
stable liquids, capable of being vacuum-distilled, or crystal-
line substances. The P—P and P-Si ylides are readily
cleaved at the phosphorus—element bond by various proton-
donating reagents:

MeOH

(iso-Pr,P (SiMey)=C (CO;Me) — iso-Pr,P—CH (CO,Me), + Me;SiOMe 3

Et;P—PEty=C (COsEt), "X Et,P—CH (CO4Ef), + EtPX 3
X =Cl, MeO, HO

The P—P ylides are readily oxidised by atmospheric oxy-
gen. The ylide (XVIIa) combines with sulphur via the ter-
valent phosphorus atom and is converted into the ylide (CIX)
with the P(S)—P group; the P—P bond is then retained*"®:

Et,P=C (CO,Et)s
S
Et,P > Et,p=$
(XVIIa) (CIX)

Et,P=C (COEt); .

In certain cases, the P—P ylides rearrange to triphosphino-
methanes as a result of the migration of the phosphino-group
to the a-carbon atom*’:

PhP=CH—PPh,
5 (Ph,P), CH
Ph,P

6. Ylides with Halogen Atoms at the Phosphorus Atom

P-Halogenoylides are promising reagents for organophos-
phorus synthesis. They are very reactive. The combination
in one molecule of two active reaction centres (the nucleo-
philic centre consisting of the negatively charged carbon
atom and the electrophilic centre consisting of the phospho-
nium carbanion to which the labile halogen atom is attached)
is responsible for the wide variety and the specific features
of the properties of these compounds:

R,l‘J=CR; - RZLILER;
Hal Hal

P-Halogenoylides react readily with both electrophiles and
nucleophiles. Their reactivity in relation to electrophiles
depends on the substituents at the carbanionic centre. The
nucleophilicity and basicity of the P-halogenoylides containing
powerful electron-accepting substituents R' are low. Some
of them (R' = SO,Ar) do not even give rise to stable phos-
phonium salts on interaction with hydrogen chloride. On the
other hand, the "unstabilised" P-halogenoylides (XI, R’ = H
or alkyl) are extremely reactive in relation to electrophiles.
They combine with hydrogen chloride and boron trifluoride



1108

via exothermic reactions and interact with carbonyl com-
pounds, acid chlorides, etc.2”2%;

HCI

MO, Bu (R)PCHR'CI ;
B (R) P~CHR' — d

Cl BF;

t-Bu (R) B—CH (R") BF; ;
|

(XD C1
k R =t-Bu, Ef4N; R = H, Me, Pr ,

In contrast to triphenylphosphonium ylides, P-halogeno-
ylides react with carbonyl compounds without the dissociation
of the P=C bond, which results in the formation of organo-
phosphorus products. P-Chloroylides do not form olefins
on reaction with aldehydes, but give rise to g-chloroalkyl-
phosphine oxides (CX)!%!., The reactions of P-chloroylides
(XI) with aldehydes having different structures proceed at
a low temperature and are accompanied by the evolution of
heat. The yields of R-chloroalkylphosphine oxides (CX) are
very high:

—£- R'CH=CHR’ + tBu®)P=0 ;
mpe t-Bu (R) P=CHR’ + R"CH=0—
&
(XD)

!
o]
—— —>t-Bu{(R) P—CHR'—CHR" ;
6 &
(CX)
R” =H, Me, Pr, Ph, p-O,;NCgH,

The anomalous course of the reaction of P-chloroylides
with aldehydes is due to the presence of the labile chlorine
atom. As a consequence of the ability of the chlorine atom
to ionise, an intermediate oxaphosphetanium salt (CXI) is
formed. In contrast to the pentacoordinate intermediate
compound in the Wittig reaction, this salt does not decompose
into an olefin and a compound containing the P=0 group,
but is converted into a B-chloroalkylphosphine oxide as a
result of the attack by Cl” on the B-carbon atom via the
mechanism of the Arbuzov rearrangement:

Cl CpsL
— g " ,
RgP =CHR RyP ——CHR! R,P —CHR
+ — ( —_— ¢~ —> R,P—CHR—CHR".
o=cHR" 0~——cnuR" O———CHR" !)[ |

(©Xn

The reactions of C-alkyl-substituted P-chloroylides with
aldehydes are stereoselective and lead to the formation of a
single diastereoisomer of a B-chloroalkylphosphine oxide.
However, the reactions of P-chloroylides having an asymmet-
rically substituted phosphorus atom are not distinguished by
a high stereoselectivity and give rise to a mixture of diaste-
reoisomers (in proportions of 1:2—2:3)%101,

H H
(t-Bu)y P=CHR —Z-XCHCHO | (t-Bu)y P (0)—C—C—CHX-p ;
a R Nl
R = Me, Pr; X=H, NO,
t-Bu t-Bu JH EtyN, H

N PhCHO .
Et,NemP==CH, —— > EtZN;PCHQC<Cl +

cl [¢] Ph . O Ph
m.p. 100°

t-BuBePCH,C~aCl
7
m.p. 123°

The P-chloroylides (XI) react with carbon dioxide and
phenyl isocyanate to form phosphorylated ketones and C-
phosphorus-containing keten imines (CXII) and (CXIII)?":

t-Bu (R) PCR'=C=0 t-Bu(R)lerR’=C=NPh
I ;

_Co, PENCO

t-Bu (R) P=CHR’
|

(CXIIy Cl
(X1
t-Bu; R’ = H, Me, Pr, iso-Pr .

(CXIIn

R = Me;N, Et;N,
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The reaction is carried out with an initial reactant ratio of
2:1, since one molecule of the ylide is consumed in the
dehydrochlorination of the acid chloride (CXIV) formed at an
intermediate stage (the reaction stops at the stage involving
the formation of this acid chloride in the presence of a large
excess of CO,) (Scheme 14).

Scheme 14
zfﬂ
RQ}IJ+ CHR'
R,P=CHR' = —> RPCHR'C=X —> (CXII) or (CXIID;
(ljl TO—C=X I(! él
X=0,PhN . (CX1V)

This method of synthesis of phosphorylated ketens and
keten imines is preparatively fairly convenient. The initial
P-chloroylides are formed from the tertiary phosphines (X)
and CCl, and it is not obligatory to isolate them. The ketens
(CXII) can be obtained directly from the tertiary phosphine
(X) by treating it with CCl, and CO,; the yields of the
ketens are high:

t-Bu (R) PCH,R" — 10

(X)

The reactions of P-chloroylides containing a carbonyl
group at the ylide carbon atom proceed via an analogous
mechanism. The P-chloroylides (CXV), where there is a tri-
fluoroacetyl group at the carbon atom, rearrange on heating
to 120—150 °C to B-chlorovinylphosphine oxides (CXVI}. The
rearrangement takes place via a four-membered transition
state, formed as a consequence of the intramolecular attack
by the negatively charged oxygen of the C=0 group on the
positively charged phosphorus atom'2® (Scheme 15).

— (CX1I)

Scheme 15
cl c
t-Bu (R) P 0 °
Secd? LN o |- em®PL ag
H Ner, | /N ; =C
(CXV) pe=c{ # e
v’ \cF, (CXVT)
R = t-Bu, EtN .

The P-halogenoylides (CXVII), containing an alkoxycar-
bonyl group, are converted into the phosphorylated ketens
(CXVIII) even at room temperature and an alkyl halide is
formed?2% 1277129,

20°

RyPCHR’CO,Alk - CHal, — R,P=CR'CO,Alk ——x7zrzi— ReP (0) CR'=C=0 ;

Hal
(CXVII) (CXVIID)
R = iso-Pr, t-Bu, EtO, iso-PrO, Me,N, Et,N; R" = Ph, CO,Me; Hal = C], Br .

7 —

The P-halogenylides (CXVII) are comparatively stable at 0°C.

They have been isolated in a pure state and characterised

by the usual physical and chemical methods*:2%,
Diisopropyl-a-(N,N-dimethylcarbamoyl)benzylphosphine

reacts with carbon tetrabromide to form a C-phosphorus-

containing keten imine (CXIX) via the intermediate P-bromo-

ylide!?®:

is0-PrsPCH (Ph) € (0) NMes —gpms— iso-Prgl[’:C (Ph) C (0) NMe, ——poa:—

Br
— i50-Pr,PC (Ph)y=C=NMe .
I}

(CXIX)

The labjle halogen atom attached to the bP—c group in com-
bination with the highly basic negatively charged ylide car-
bon atom determines the unusual "chlorinating” dehydrating
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properties of P-chloroylides. Thus the reaction of the P-
chloroylides (XI) with N-monosubstituted carboxylic acid
amides results in the formation of imidoyl chlorides and
phosphine oxides. The reactions take place in ether at a
temperature below 0 °C and is accompanied by the evolution
of heat!®’;

t-Bu (R) P—CH,R" PhC=NR’ :
I +

Cl
R =t-Bu, Et,N; R =H, Pr; R"=Ph,p-CiC¢H, .

(XI) + PhC (0) NHR" -

It has been suggested that the deprotonation of the amide
by the ylide results in the formation of an ion pair containing
the mesomeric anion O—C—NR’. The attack by the phospho-
nium cation on the oxygen atom of this anion gives rise to a
quasi-phosphonium salt, which decomposes into an imidoyl
chloride and a phosphine oxide?! via Scheme 16.

Scheme 16

PhC (0) NHR’ -+ Ra!P:CHz ~Rb-—Me O RyP—0—C=NR’ —
| — ] |
Cl Cl R'N” Me Ph CI™
— RyP (0) Me + PhC (C)=NR’ .

The primary amides of carboxylic acids are dehydrated by
P-chloroylides (XI) and are converted into nitriles. Imidoyl
chlorides are formed as intermediates and are dehydrochlo-
rinated by the ylides to nitriles:

(X1)

R’C(0) Nily ——mrmpoxmr — [R'CCl=NH]

»t-uunRu(g'IL’Hz)ch," RC=N .
The anilides of diphenylacetic and a-phosphorylated car-
boxylic acids react similarly with the P-chloroylides (XI) to
form keten imines, while N,N'-disubstituted ureas are dehy-
drated by P-chloroylides to carbodiimides. The reaction of
P-chloroylides (X1) with phosphaureas, providing a pathway
to the synthesis of the heterocumulenes (CXX) with a dicoor-
dinate phosphorus atom, are of special interest®1317133;

R,CHC (0) NHPh XX > R c=C=NPh ;

Ry =Ph;,  tBuyP (0) 1C< ;
Me

R—NHC (0) NH—Ph X2 R _N—C=N—Ph;

R =Ph, t-Bu 3

XD, pp—C=NBu-.

(€XX)

RPHC (0) NHBu-t

P-Halogenoylides serve as the starting materials for the
synthesis of a wide variety of organophosphorus compounds
containing P=C bonds, including those which are difficult to
obtain in other ways. Thus bis(methylene)phosphoranes
(CXXII), the first compounds of quinquevalent tricoordinate
phosphorus with two P=C bonds, have been obtained with
the aid of the P-chloroylide (CXXI)®*:

CCl (SiMeg)s LICCISIMens L CsINe:
—— e R
R—P =C (SiMe,), ~ClClCsiMed: NC(SiMes)s |
|
(CXX1) (CXX1D)

R == CgHyy, Ph, Me;N

In the reactions of P-chloroylides (XI) with chlorine-con-
taining electrophiles (chlorotrimethylsilane, carboxylic acid
chlorides, and tervalent phosphorus chlorides), the hydrogen
atoms attached to the carbon atom of the P=C group are
substituted and the new P-chloroylides (CXXIII)—(CXXVI),
containing various substituents at the a-carbon atom, are
formed?® (Scheme 17).
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Scheme 17
Rcoet mpe t-Bu (R) P (Cl)=CHC (=0)R’ ;
(CXX1I) (R"=CCl;, CFy)
MegSiCl — i H
cl mpem-BuPCl, t-Bu (R) P (Cl)=CHP (C1) Bu-t §
(CXXV)
_omeNoroncar, B oOU g N
(R=Et,N) Eth/ NCH A \NMeg
(CXXVI)
R =1t-Bu, EfN ,

The halogen atom at the phosphorus atom in P-halogeno-
ylides is exchanged for different substituents on interaction
with nucleophiles containing a mobile hydrogen atom. The
P-halides stabilised by electron-accepting groups are con-
verted with high yields into all possible types of P-substi-
tuted ylides on interaction with alkylamines, aniline, ammo-
nia, lithium phosphides, alcohols, phenols, thiols, and
lithium alkyls!’1:29,21,35,37,130 " Thege reactions are prepa-
ratively very simple and lead to extensive prospects for the
synthesis of ylides containing virtually any substituents at
the phosphorus atom in the P=C group (Scheme 18).

Scheme 18

RiP—CR] 2R T R
0Alk NH;
RPCR] « — N — ANk pP=CR] :
OPh — R,P=CR; — xllH;\lk
R'_’,P:CR; . AIKSH+Et;N Hal Alk,NH ~ RyP=-CR] ;
Salk Natk,
RP=:CR] . BaPLL | IR BN, RiP=CR;
R.P AHPh

R = Alk, AIkO, Ph, AlkgN; R’ = CO,R, SO,Ph, SiMc,,
SiCly, Ph; Hal = CI, Br .

On the other hand, the unstabilised P-halogenoylides (X1)
are converted with high yields into the phosphonium salts
(CXXVI)—(CXXX) on interaction with compounds containing
a mobile hydrogen atom (alcohols, phenols, ketoenols,
alkylamines, hydrazoic acid, etc.)'*®. The CH acidity of
the phosphonium salts is low and they are not dehydrochlo-
rinated under the reaction conditions and are not converted
into ylides. The reaction therefore stops at the stage
involving the formation of addition products and not sub-
stitution products, as in the case of the stabilised P-halo-
genoylides:

Scheme 19
t-Bu (R) PMeC]~ « MM AOH L, tBuRPCHR'CI-
NHMe ~ o 0Alk
(CXXIX) t-Bu(R)P=CHR’ — (CXXVII)
+ s~  ArOH C
CBURPCHR CI” J o —N, LBy (R) PMeCI-
OAr [i\13
e (CXXX)
N
X —=>  tBu(R) PICH,R'OAra (CXXVII) .
ci
(CXXXI)

The reactions of unstabilised P-chloroylides with com-
pounds containing a mobile hydrogen atom take place in two
stages. Initially the ylide carbon atom is protonated and the
chlorophosphonium salt (CXXXI) is formed, after which the
anion attacks the phosphonium cation to produce the phos-
phonium chloride (CXXVII). The chlorophosphonium salts
(CXXXI) can be detected by spectroscopic methods®-3°,
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It follows from the data examined here that the P-hetero-
substituted phosphorus ylides can be used successfully in
organic and organophosphorus synthesis. They successfully
complement and significantly extend the applications of ylides
as a whole. The introduction of various substituents not
only at the carbon atom but also at the phosphorus atom of
the P=C group makes it possible to control flexibly the
properties of these reactive compounds.
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