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I. INTRODUCTION

A review dealing with fluorine-containing halogenomethy-
lenephosphoranes was published previously'. In contrast
to these, other fluorine-containing phosphorus ylids are
characterised by a wide variety of properties, are frequently
entirely stable, and can be isolated and characterised. How-
ever, in certain instances, for example, when triphenylphos-
phine interacts with perfluoroisobutene, the intermediate
formation of fluorine-containing phosphorus ylids is only
postulated.

The Wittig reaction (“carbonyl-olefination"), which repre-
sents the main synthetic application of phosphorus ylids®™’,
has been less thoroughly investigated in relation to fluorine-
containing phosphorus ylids. At the same time the chemistry
of these compounds involves many interesting reactions,
which are frequently unusual.

This review describes the methods of preparation and
properties of phosphorus ylids containing fluorine atoms in
the "alkylidine"” componentt. Fluorine-containing halogeno-
methylenephosphoranes have been excluded from considera-
tion'. Phosphorus ylids containing fluorine atoms only at a
considerable remove from the carbanionic centre, for example,
Ph,P=CHCH,CF; ° or Ph,P=CH(CH,),CF,,® have also been
disregarded, because in this case the influence of these
atoms on the properties of the ylids is insignificant.

+ The AIPS-FTOR (VINITI) automated information-seeking
system was used in selecting the literature.
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1. PREPARATION

The commonest methods of synthesising fluorine-containing
phosphorus ylids are based on the reactions of tertiary
phosphines with various fluorine~containing compounds—
fluoro-olefins, fluoroalkyl halides, fluorothioketones, etc.
Furthermore, it is possible to make use of methods involving
the introduction of fluorine-containing groups into non-
fluorinated phosphorus ylids.

1. Interaction of Tertiary Phosphines with Fluoro-olefins

The ability of fluoro-olefins to react with nucleophilic ter-
tiary phosphines is due to the electrophilic properties of the
former!®#. The result then depends on the structure of the
initial compounds and sometimes on the reaction conditions.

Substituted vinylfluorophosphoranes (1) have been obtained
by the reaction of perfluoropropene and other terminal
fluoro-olefins with tributylphosphine under mild condi-
tions!®125 :

R o
- / —70—+20
BugP CF,_C\R p
F

| R
- Bu,P~CF=C{
R

F
)]
R F F F Ph  Ph

Ry CF; 1n-CF, nGFu CF GFs

On treatment with tributylphosphine, perfluorobut-2-ene
readily gives rise to the fluorine-containing phosphorus ylid
(1) : 1

CFCF, /CFaCFy
BugP + FC #.. BusP=C
\CF, ether \CF,

(m

The structure of the ylid was demonstrated by NMR.

An anomalous reaction takes place when perfluorocyclo-
butene reacts with triphenylphosphine. Initially the betaine
structure (III) was attributed to the reaction product'*, but
later it was shown by X-ray diffraction®® that perfluorocyclo-
butylidenetriphenylphosphorane (IV) is in fact formed¥ :
—< php_ ,CF
g \C/ \CF, (1)
Php + F—C CFy — F\cr,”

CFa_
— PhyP=C CFy (IV)
\CFz/

# See Johnson® about the synthesis of phosphorus ylids by
the interaction of tertiary phosphines with a,8-unsaturated
carbonyl compounds.

§ The hydrolysis of these phosphoranes leads to a-hydro-
perfluoro-olefins'?; thus a convenient method has been found
for replacing the "vinyl" fluorine atom by a hydrogen atom.
When perfluorobutadiene is treated with tertiary phosphines,
relatively unstable cyclic phosphoranes are produced!®.

1 Analogous ammonium®~'® and arsonium'® ylids have also
been obtained. When perfluorocyclobutene reacts with tris-
(cdimethylamino)phosphine, only the products of the substitu-
tion of the fluorine atom by the dimethylamino-group are
formed?®.

- positively charged phosphorus atom is attacked.
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Other perfluorocycloalkylidenetriphenylphosphoranes have
also been obtained by a similar procedure®®?:

CF. CF,
PhyP + CF/ \z—-> PhyP=C \L ;
/ ~

.

Z = CFy, (CFy),, (CFy);, SCF,CFy, or —TF-—-iF—

CFy——CF,

Perfluorocyclohexene does not react with triphenylphosphine®®.

Thus, depending on the structure of the fluoro-olefin,
either an alkenylfluorophosphorane (V) or a phosphorus ylid
(V1) is formed on treatment with a tertiary phosphine. Evi-
dently, the initial product must be an alkenylphosphonium
fluoride (VII) in all cases. From the examples investigated
(still very few), it has been suggested!! that alkenylfluoro-
phosphoranes are obtained only under conditions where the
intermediate phosphonium cation contains a fluorine atom in
the a-position+, while phosphorus ylids are produced when
there is no o-fluorine atom:

£ ]
W~ F-~@ ()
\

’ .
F\ /57 [‘ '/RZ B3P —CX=( N )
RP + =€ —> RP—gC=C ) ,
VAN VXN R R
X R B R @ e [
(vin RaPa.X—ur\ e R,P—Lx—u\

R .
(a): X=F, R'=F or Ph, B*=Rp o ’
(b): X=CF,, R'=F, R’ CF;: XR'z (CFy),, R?=F ,

Probably in the latter case the crucial factor is not only the
absence of a fluorine atom, but also the presence of the per-
fluoroalkyl group in the a-position. Perfluoroalkyl groups
linked to the carbanionic centre impart stability to the
phosphorus ylids (VI) (cf. Chambers?!), while o-fluorine
atoms destabilise the carbon ion (the Hine effect??). Another
approach to the explanation of the results, associated with
the consideration of the competitive influence of substituents
on the polarisation of the C=C bond in the alkenylphos-
phonium cation, is also possible. In the cation (VIII) the
partial positive charge on the g-carbon atom is insufficient
to allow the attack on the latter by the F~ jon; therefore the
In the
cation (IX) the electron-accepting ability of both the per-
fluoroalkyl and the phosphonium group leads to an appreci-
able electrophilicity of the B~carbon atom, which promotes the
formation of the phosphorus ylid:

R R, R

It must be emphasised that the results obtained in the
reaction of perfluorocyclobutene with trialkyl phosphite are
apparently inconsistent with the proposed schemes. Under

+ There is evidence? that the phosphorus ylid Ph,P=
CFCF,CF, rapidly isomerises to the fluorophosphorane
Ph,PFCF=CFCF;,.
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these conditions, the product is the substituted vinylfluoro-
phosphorane (X1I) and not the phosphorus ylid (X):2%?*#

CF,
l~/i—> RO);P=C TR, (X
- Nery
N
®O;P+F-C  CR—
Fy
CF
—— RO} P—C TR, (XD
CF,

A particularly electrophilic fluoro-olefin—perfluoroiso-
butene—reacts with tertiary phosphines in an unusual man-
ner. The reaction with triphenylphosphine2’ or with tri-
butylphosphine?® in acetonitrile§ led to the formation of a
cross-conjugated perfluorotriene (XII). The diene (XIII) is
formed together with this compound®®. It has been sug-
gested?® that the reaction proceeds via a mechanism involving
the intermediate formation of perfluoroisobutenylfluorophos-
phorane (XIV) and its defluorination product—the fluorine-
containing cumulene ylid (XV). The addition of a second
perfluorcisobutene molecule to the ylid (XV) led to the dienyl-
fluorophosphorane (XVI), which split off triphenylphosphine
and gave rise to the diene (XIII). On the other hand, the
defluorination of the phosphorane (XVI) and subsequent
addition of a third perfluoroisobutene molecule resulted in the
formation of the trienylfluorophosphorane (XVII); the per-
fluorotriene (XII) was produced as a result of the elimination
of triphenylphosphine.

The proposed mechanism of the defluorodimerisation and
defluorotrimerisation of perfluoroisobutene has found some
confirmation by the fact that the reaction of the known ylid
(XV) with perfluoroisobutene also yielded the triene (XII):?®
CE=C (CFg),

(CFs)z C=(4(
\CF=C (CF3), .
(X1

PhyP=C=C (CF;); + 2 (CFs); C=CF, —
XV)

In contrast to perfluoroisobutene, perfluoropropene?® and
the ester of perfluoromethacrylic acid?® merely dimerise on
treatment with triphenylphosphine; analogous reactions on
treatment with other bases had been described earlier27:2%3%0q

Perfluoropropene reacts vigorously with tris(dimethyl-
amino)phosphine (the relevant paper gives no information
about the products)!. The perfluoropropene dimer—per-
fluoro- 2-methylpent-2-ene—undergoes defluorodimerisation
on treatment with tris(diethylamino)phosphine®?

CF,CF3

+EtyN)yP
~(EtaN);PFy ~30°

(CF3), C= L/
NcF—c/”

2 (CF;), C=CFCF,CF; CF,

F,CF,CFy

Perfluoro-1-methyleyclopentene reacts similarly with tri-
phenylphosphine32

Fzl jF

CF;

ﬁ*r F

—F; F——F

_PhyP/MeGN Fz
— <z

Scheme
£
| o +PhyP +CFy=C(CF3),
Ph,P + CF,=C(CF3), — | PhyP—CF=C(CF3), = Ph3P=C=C(CF3)Q] _ 5
3 2
(X1V) (XV)
1|? (IIF:(I(CF;;)Q (IIF-——C(CFg)?
+
— | PhyP—C=C(CF;)y Pan— m.qp‘lc:(:(cr‘g)g
(XVI) -_)
F
+Phyt, —ph
-Ph3PF, 3
r ,C=C(CF3) CF=C(CF;),
Ph3P c‘— (X111
i C(CF3)2 CF=C(CF 3,
l+mr2=c(<1|-‘3)2
[— o
CF=C(CF3), £ CF=C(CF ),
F C=C(CF,), C=C(CF3), (CF ,),C==CF
s/ 7 ~Phyp
PhyP—C = PhaP—-—C\\C C=C(CF}),
\('(CFa)z {CF3), (CF4),C=CF
(XVID (X11)

# The decomposition of the adduct (XI) on heating leads to
products of the substitution of the R-fluorine atom by an
alkoxy-group?* in addition to the products of the Arbuzov
rearrangement?,

§ The reaction in ether yielded the phosphoranes
(CF,) ,C=CFPF,Bu, and (CF;),C=CBuPF,Bu,, probably via
the intermediate formation of the phosphorane (CF;),C=
CFPFBu,;.?® When perfluoroisobutene was treated with tri-
alkyl phosphites, the stable phosphoranes (RO),PFCF="
C(CF,), were obtained; on heating they give rise to -
products of the Arbuzov rearrangement??®:27.

7 Trialkyl phosphites react with perfluoropropene to give
the products of the Arbuzov rearrangement 3*, while the
reactions with perfluoromethacrylic acid esters give rise to
the fluorophosphoranes (RO);PFCF=C(CF,;)COOR?!, which
decompose on heating into ROPF, and (R0O),C=C(CF,)COOR?.?’



The mechanism of these reactions is probably analogous to
that of the conversion of perfluorisobutene into the diene
(XIII).

On treatment with tertiary phosphines in the presence of
acetic acid and water, the cyclic diketo-ylids (XVIII) are
formed from 1,2-dichloroperfluorocycloalkenes or perfluoro-
cycloalkenes (C, and Cg):1%:%3:%%

37 o
I
R ST R
R1>P+ x—¢ \cmn O/ | o Ny C\CF,)n
Rt e, Rl/ \C)

I
o]

A 1 1 2 2 2 2 (XVII): a—R=R'=Ph, n=1;

R Ph Ph Ph Ph Bu Bu b—R=R!=Ph, n=2;
R! Phh Ph Ph Ph Ph Bu ¢—R=R!=n-Bu, n=2;
X a F a F a «a d—R=n-Bu, R!'=Ph, n=2.

A mechanism involving vinyl substitution on treatment with
phosphine followed by the hydrolysis of the fluorine atoms
has been proposed for this reaction'", for example:

l? F (;)H
|
N / Np +HO | N\p__
7P+F*<>Fz - 7P‘<>F, e 7”“/ >F2 =
Fa F, a2
(o] ] o
Il 1 i
LSS e, SN SpoN
N e N AV
| I

Fl OH
The hydrolysis of perfluorocyclobutylidenetriphenylphos-
phorane (IV) leads to the monoketo-ylid (XIX) *® or the
diketo-ylid (XVIIIa).*5, Under more severe conditions, the
diketo-ylid decomposes, forming difluoroacetylmethylenetri-
phenylphosphorane (XX):3%*

o o
I I
CF, C A
AN VN AN H
PhP=C CFy 0w prp~C CF, o prp=C R ;gg\l:i}ngu
“cr,” \cr,” ¢
) (XIX) xvina) &
HO\C _OH
VRN
~ | php—cH  ©CF, — PhP—CHCOCF,COOH | —<2%+ PhP=CHCOCF,H .
Ne/”
"
0

(XX)

On refluxing with a tertiary phosphine in aqueous acetic
acid solution, perhalogenocyclohexenes do not give rise to
the corresponding diketo-ylids**. Triphenylphosphine oxide
and 2-chloro-1-hydroperfluorocyclohexene are formed from
1, 2-dichloroperfluorocyclohexene and Ph,P under these con-
ditions®,

2. Interaction of Tertiary Phosphines with Other Organo-
fluorine Compounds

Certain fluorine-containing phosphorus ylids can be
obtained by the method most widely used for the synthesis
of phosphorus ylids in general—by the dehydrohalogenation
of phosphonium salts (the "salt method").? Thus alkylation
of triphenylphosphine with pentafluorobenzyl bromide led to
the corresponding phosphonium salt, from which penta-
fluorobenzylidenetriphenylphosphorane (XXI) was obtained

on treatment with BuLi or MeONa: %538

PhgP -+ BrCH,CFs - PhyPCH,CsF; Br —=jpe—> PhyP—CHGF; .
(XX
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Triphenylphosphine was used as the dehydrobrominating
agent in the reaction with a-bromopentafluoroacetophenone®’:

— Ph,P
PhyP + BrCH,COCsFs — [PhgPCH,COCeFs Bf] ——  PhsP=CHCOG,F;
(XX1I); m.p. 134—137°.

Pentafluorodiphenylmethyltriphenylphosponium chloride
(XXIII) is converted into pentafluorodiphenylmethylenetri-
phenylphosphorane (XXIV) even on treatment with sodium
carbonate®®:

cr-

F CoF
ph,,ﬁ-CH(EL i o

 PheP=
L= on
(XXIV); m.p. 206—209° .

Na,COs
(XXIID)

According to patent data®*™"2, the ylid Ph;P=CH(CH,),CF,.
.COOH has been obtained by treating the corresponding
phosphonium salt with sodium hydride.

The "salt" method is frequently unsuitable for the synthe-
sis of fluorine-containing phosphorus ylids. Thus, in con-
trast to pentafluorobenzyl bromide, decafluorodiphenylmethyl
bromide"® and the compounds (CF,),CHX 2"** are incapable of
alkylating triphenylphosphine. 2,2,2-Trifluoroethyl iodide
reacts slowly with Ph,;P on irradiation, but trifluoroethyl
idenetriphenylphosphorane Ph ,P=CHCF, cannot be obtained
from the phosphonium salt formed“S. The ester of chloro-
fluoroacetic acid"® and its nitrile*” also failed to give rise to
quaternary salts on reaction with triphenylphosphine. How-
ever, the corresponding phosphorus ylid (XXV) can be
obtained from the nitrile by a different method—via chloro-
cyanofiuoromethyl(phenyl)mercury:*7:*®

CICHFCN =22

'lPhHgCl

¢~ PhyBCHFCN CT

PhyP

— [PhyP==CF—CN]
XXV)

A carbene (cyanofluoromethylene) may be formed as an inter-
mediate in this processt.

The stable trifluoromethanesulphonylmethylenetriphenyl-
phosphorane (XXVII) has been obtained from chloromethyl
trifluoromethyl sulphone (XXVI) and triphenylphosphine in
the presence of triethylamine®°:

y F
PhHgCCIFCN ——— [ :C<CN]

PhyP 4 CICH, SO,CFs e —ozg— PhaP—=CHSO,CF;

XXVI) (XXVII); m.p. 155° .

A phosphonium salt is probably formed initially and is then
dehydrohalogenated by triethylamine, although the "carbene”
mechanism is not ruled out:

d
+PhyP x +E4N
—— 4 PhyPCH,SO:CFs ——ErericT |
— s (XXVID) .
—garer— CHSO,CFy — PR |

Another mechanism has been proposed for the reaction of
the sulphone (XXVI) with the chlorides of diphenyl- and
diethyl-phosphinous acids. It has been suggested that this
involves the initial substitution of the chlorine atom attached
to the phosphorus atom with formation of tertiary phosphines
(XXVIII), which rearrange to the more stable P-chlorosub-
stituted phosphorus ylids (XXIX),*® probably as a result of

+ The phosphorus ylid (CF,);F =CFCHF, is formed when
tris(trifluoromethyl)phosphine interacts with trifluoroethyl-
idene generated from the silane HCF,CF,SiF, or from difluoro-
methylperfluorocyclopropane*®.
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the nucleophilic attack by the phosphorus atom on the halo-
gen, which has been rendered positive:

—(cnsochs
— RZP—CHSO CF;

+ CICHSO.CF; ——2
RyPCl CICHoS0LLFs o o wa ~EtzN »HQ

(XXV1)

(XXVIID (XXIx)

R=Et (XXIXa) or Ph .

The ylid (XXIXa) has also been obtained by the reaction of
trifluoromethanesulphonylmethyldiethylphosphine (XXX) with

carbon tetrachloride in the presence of triethylamine®!52;

[Et,P~CIHsozcz=3J e

EtP=CHSO,CF, ~cciy
(XXX) 9}

EtyN

Et;PCH,S0,CFs —5— g~

T Sl g, p{—cx—zso,@8

The chlorine atom in the phosphorus ylids (XXIX) is
readily substituted by the diethylamino-group on treatment
with Et,NH. 051,53

Sulphonylmethylphosphine (XXX) reacts with chlorodiethyl-
phosphine in the presence of triethylamine to form an unusual
phosphorus ylid (XXXI) containing the P—P bond®:**. The
same phosphinophosphorus ylid is formed on heating sul-
phonylmethylphosphine in the absence of other reactants®! and
also from chlorodiethylphosphine and methyl trifluoromethy!

sulphone®?
Et,P=CHS0,CF;

tsPC1
Et,PCH,SO,CFs — ¢~ |
212000 l‘l N Etp
(XXX) (XXXI); m.p. 51—53° :
120°/0.1 mmHg
2 (XXX) ——————— (XXXI) - CH;3SO.CF; ;
2Et,PCl +- CH3S0,CF; ?Eﬁ‘) (XXX1)
2Et,PCl 4 MyCHSOCFs T — (XXXD)
M=Lior MgCl .

The structure of the P-substituted ylids (XXIX) and
(XXXI) as well as related compounds has been confirmed by
spectroscopic data. Thus the infrared spectra exhibit a
characteristic bathochromic shift of the SO, absorption fre-
quencies under the influence of the electron-donating "ylid"
carbon atom®%’*!, The non-equivalence of the two dialkyl-
phosphinyl groups is clearly manifested in the H and P
NMR spectra of ylids of type (XXXI) L5t

The salts of phosphinodisulphone (XXXII) are alkylated
with transfer of the reaction centre and the formation of the
phosphorus ylids (XXXIII):

_SOCR g Ph\ SOCFs
PP —C PhoP=Clsopn *
SO, Ph R 2
(XXX11) H,RIEtz (XXX1I); R=Me, m.p. 158°;

R=Et, m.p.174—176°.
The structure of ylids of type (XXXIII) has been inferred
from their infrared spectra’h%*,

A promising method of synthesising fluorine-containing
ylids apparently involves the interaction of tertiary phos-
phines with fluorine-containing thioketones#. Thus the

# The interaction of tertiary phosphines with perfluoro-
ketones and perfluoroaldehydes has been described®> %%, The
betaine

CF3 '3
N
PhyPO
CFy  CFg

has been obtained from perfluorotetramethylcyclopentadienone
and triphenylphosphine®®

unstable hexafluoroisopropylidenetriphenylphosphorane
(XXXV) has been obtained from triphenylphosphine and
thiohexafluoroacetone [in the form of the dimer (XXXIV)]:?°

S

her
—g 2 [Pth—S——C (CF3)a] —

7O\
2PhgP + (CFg)a C  C(CF3)s —750
Ng”

S
(XXXIV)

2Ph,P
—zoipe 2[:C(CFa)gl ——

—2EWP_ 9 [PhyP=C (CFy),] .
(XXXV)

The reaction mechanism has not been demonstrated. It may
be that bis(trifluoromethyl)carbene is formed as an inter-
mediate.

The phosphorus ylid (XXXV) has been used successfully
in situ in the Wittig reaction (see below). The use of tri-
butylphosphine or tris(dimethylamino)phosphine instead of
triphenylphosphine in an analogous reaction leads to a
decrease of the yield of olefins?’. In an earlier study®’ of
the interaction of the dimer (XXXIV) with tributylphosphine
only Bu,PF, was isolated.

It was not possible to obtain the ylid (XXXV) from tri-
phenylphosphine and other sources of bis(trifluoromethyl)-
carbene. Triphenylphosphine does not react with bis(tri-
fluoromethyl)diazirine even under severe conditions®!, while
the reaction with bis(trifluoromethyl)diazomethane yields the
iminophosphorane (XXXVI):*®?

N
e}

—H—— (XXXV)
PhP—
. =k
G RCREN by p—N—N=C (CFy),

(XXXVI])

The stable hexafluoroisopropylidenetrialkoxyphosphoranes
have been obtained from the dimer (XXXIV) and trialkyl
phosphites(XXXVII): 063

S
7
4 (RO); P 4 (CF3)s C\ C(CFy): —p30— 2 (RO); P=C (CF3); - 2 (RO)sPS
S
(XXXIV) (XXXVIN)
Me (a) Et iso-Pr n-CiH

b.p. 61—62°/0.35 mmHg 74—75°/0.25 mmHg
The interaction of tertiary phosphines with hexafluoro-
acetone N-alkenylimines (XXXVIII) led to the formation of

substituted phosphorus ylids (XXXIX), probably as a con-

25

75—76°/0 .05 mmHg— ( decomp. )

sequence of the prototropic rearrangement of the intermediate

betaines (XL):%%%%

0~ 20° + —
R;P +RPCH=CH—~N=C (CFa), hexane or benzene - [R;P-~C’H~ CH=N—C(CFy).) =
R2
(XL)
- R;P:C~CH=N—CH (CFy)2
m
(XXXIX)
Rt Ph iso-Pr iso-Pr
R? Ph Ph iso-Pr
Mp. 138 84° — (oil)

When trialkyl phosphites are used instead of phosphines,
the relatively unstable ylids (XLI) are formed and readily
rearrange (see below): °*:%°

(R10) P 4 RUCH=CHN =C (CF,); — 2~ (R'0); P=C—CH=NCH (CFj),
|

(XXXVID
RZ
(XL1); b.p. 93--96°/0.01 mmHg§;
Rt=Me, Et,oriso-Pr; R2=Ph, or iso-Pr

§ The boiling point of compound (XLI) with R'=R?=iso-Pr
is indicated.
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3. Interaction of Phosphorus Ylids with Fluorine-containing
Compounds

Phosphorus ylids are very readily acylated®, such reactions
including also those occurring on treatment with derivatives
of fluorine-containing carboxylic acids. Thus the stable tri-
fluoroacetylmethylenetriphenylphosphorane (XLII) has been
obtained from methylenetriphenylphosphorane and ethyl
trifluoroacetate®®, When the initial ylid is generated with the
aid of butyl-lithium, butyldiphenylphosphorane (XLIII) is
formed in addition to triphenylphosphorane (XLII); it has
been shown that the phenyl group in the ylid (XLII) is sub-
stituted by the butyl group on treatment with n-BulLi:%®

n-Buli

Shooon B . PhyP=CHCOCF;

—Z7o—ege ~ PhsP=CHCOCF;

I
(XLI) m.p.233° n-Bu
(XLIT); m.p.138° .

PhgP=CH,

The chlorides of perfluorocarboxylic acids can acylate also
inactive phosphorus ylids. Thus perfluoroacylphosphorus
ylids have been obtained from methoxycarbonylmethylenetri-
phenylphosphorane and the chloride of trifluoroacetic or
perfluorobutyric acid (XLIV):®’

RECOC!
PhyP=CHCOOMe ————> PhyP=CCOOMe ;
dor,
(XL1V)
Rp=CF;3, orn-C3F7 ,

Cyanomethylene- and ethoxycarbonylmethylene-triphenyl-
phosphoranes react with the dichloride of perfluoroglutaric
acid to give stable bisylids (XLV):"*°f

4PhgP=CHR +- CICO (CF,); COCI benzzsecn?

— PhyP=CRCO (CFy) COCR=PPhy + 2Ph;PCH,R CT ;
(XLV)
m.p. 248--260° (R=CN), 194—195° (R=COOEY).

The initial phosphorus ylid is taken in excess in order to
bind the HCI evolved.

The acylation of benzylidene- and pentafluorobenzylidene-
triphenylphosphoranes by pentafluorobenzoyl chloride led to
stable fluorine-containing phosphorus ylids (XLVI) 35

5
PhyP—=CHR + CsFs00C] ~gongems™ PhP=CRCOCF; |
(XLVI)
mp. 244—247° (R=PY), 245—246° R=CiFs).

Active phosphorus ylids are capable of reacting with hexa-
fluorobenzene®® and with 2-phenylperfluoropropene®® to form
pentafluorophenylylids [(XXI) or (XXIV)] and the phenyl-
perfluoropropenylylid (XLVII):

PheP=CHR + CyFy —ipe— [PhsBCHRCGFs F

Ph,P=CHR
—E== s PhP=CRGF; |
~PhyPCH,R F *

R=H (XXI), or Ph(XXIV),

~20° P + =
2Ph;P=CHMe - CF,-=CPhCF; — pth:C——CF=C\CF + PhyPCH,Me F .
! 3

Me
(XLVII)

Under the reaction conditions, the ylid (XLVII) splits off an
F~ anion and is converted into the allenylphosphonium salt
(XLVIII), whose hydrolysis gives rise to the allene (XLIX) as

i The ylid Ph,P=CFCN (XXV) cannot be obtained from
cyanomethylenetriphenylphosphorane by fluorination with
FClO,."?
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well as its isomerisation [compound (L)] and dehydrofluorina-
tion [compound (LI)] products®®:

. B P o _Ph
(XLVI) — | PhgPp—C=C=C{ —=- MeCH=C=C\ +
| CF3 CF;
Me (XLIX)
(XLVIII)
+ MeC=C—CH—CF; + MeC=C—C=CF, ,
|
Ph Ph

L) (LD

The chemistry of cumulene phosphorus ylids has appreci-
ably developed recently®. In particular, hexaphenylcarbo-
diphosphorane (LII) and the "ylidoketen" (LIII) are of
interest.

The ylid (LII) reacts with hexafluoroacetone to form the
extremely stable "ylido-oxaphosphetan™ (LIV);®%°77% an
analogous result was obtained using dodecafluorotetramethyl-
ethylenedioxytriphenylphosphorane (LV) instead of hexa-
fluoroacetone ’2:

PhsP~C=PPhy 4 (CFy)y CO —

(LiD) diglyme
PhyP—C—PPh,
e —>
N (CFg)y C—O

C (CF, s .
wLm +Ph3P/ ;( h__esrs (L1V), m.p.157—158

diglyme

\ C (CFa)e
w SNo/

Thus a stable cyclic adduct of a phosphorus ylid with a
ketone-—the intermediate of the Wittig reaction—was in this
instance isolated and characterised for the first time. The
structure of the adduct (LIV) was demonstrated by X-ray
diffraction”. Its stability can be accounted for by the
strengthening of the C—0O bond by the influence of the tri-
fluoromethyl groups and the high electron density at the
carbon atom linked to the phosphorus atom, which apparently
prevents the dissociation of the C—P bond’?.

However, when the adduct (LIV) is heated above 110 °C,
the second stage of the Wittig reaction nevertheless takes
place—the adduct splits into the phosphine oxide and hexa-
fluoroisobutenylidenetriphenylphosphorane (XV): %773

120~125°

(LIV) —frgar— PhyP=C=C (CFy)s + PhPO .

The cumulene ylid (XV) cannot be fully separated from
triphenylphosphine oxide.

When the adduct (LIV) reacts with various acids, phos-
phonium salts are formed and these can also be regarded as
substituted phosphorus ylids’®"7? (see Section III, 3 below).

The "ylidoketen” (LIII) reacts with hexafluoroacetone and
p-chloro- a,a,a-trifluoroacetophenone to form diketo-ylids
(LVI), probably as a result of the cycloaddition of the initial
ylid to the alkylideneketen (LVII), formed by the Wittig
reaction’S:

CFa CFa (LILI)
PhP=C=C=0+  C=0 —pp5— ¢=C=c=0 | —
) R/ o [ R’ ]
(L) (LVIp
o
1
o /O
_ Ph3P=L/ c—C
N/ R

I
(Lvyy O

)
R=n-CICgH, (m.p. 246~247°), ot CF3 .
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4. The Preparation of Wittig—Horner Reagents

The ao-phosphonate carbanions, formed when the esters of
alkylphosphinic acids are treated with bases, are analogues of
phosphorus ylids:

(Ro), (RO),FI’ —CXY © (RO),lT —CXY .

0.

These carbanions are widely used for the "olefination" of
carbonyl compounds (the Wittig—Horner reaction).

The diethyl ester of a-fluoroethoxycarbonylmethylphos-
phonic acid was obtained by the Arbuzov reaction from the
ester of bromofluoroacetic acid and triethyl phosphite and
was converted on treatment with sodium or sodium hydride

into the stable fluorine-containing anion (LVIII): 75778

(EtO)s P -+ BrCHFCOOEt —os-— (E{0); PCHFCOOE
I

Na or NaH
ether, ~0°

- (EtO)s PCFCOOEt
I

(LvIm)

The phosphonate carbanion obtained was used to synthesise
the esters of unsaturated a-fluorine-substituted carboxylic
acids (see Section III, 2 below).

The phenyl-substituted phosphonate carbanion (LIX),
obtained from the ester of a~hydroxybenzylphosphonic acid,
has been used to synthesise o-fluorostilbene (see Section III,
2 below): 7°

OH F

(E10), PCHPh BUNCFCHFCL ) plyypy, =t (EO), PCFPh
It g I
(LIX)

I11. PROPERTIES

The properties of fluorine-containing phosphorus ylids
depend to a large extent on the nature of the substituents at
the phosphorus atom and at the carbanionic centre.

1. Stability. Physical and Physicochemical Properties

The phosphorus ylids containing acyl or sulphonyl groups
capable of delocalising the negative charge are distinguished
by a special stability*”+. Polyfluoroacyl- and polyfluoro-
alkanesulphonyl-methylenephosphoranes should be still more
stable owing to the electron-withdrawing effect of the poly-
fluoroalkyl groups. Special studies in this field have not
been made. However, there are data indicating a special
stability of fluorine-containing phosphorus ylids such as
trifluoroacetylmethylenetriphenylphosphorane (XLII), ¢
pentafluorobenzoylmethylenetriphenylphosphorane (XXI1),37
and trifluoromethanesulphonylmethylenediethylchlorophos-
phorane (XXIXa).* Pentafluorodiphenylmethylenetriphenyl-
phosphorane (XXIV) is still more stable than its non-fluorin-
ated analogue®®

+ In general the phosphorus ylids RP=CR'R? can be
divided into three groups: the reactive ylids (R*,R?> = H
or alkyl), the "moderate" ylids (R! = l-alkenyl, l-alkynyl,
aryl, or halogeno-group; R? = ditto, H, or alkyl), and the
stable ylids (R! = COR, COOR, CN, or SO,R; R? = any
group)’.

Like the alkoxycarbonyl groups, the trifluoromethyl
groups can stabilise carbanions?*. It was therefore to be
expected that ylids of the type R,P=C(CF,), are extremely
stable. However, it was found that hexafluoroisopropylidene-
triphenylphosphorane (XXXV) is unstable and can be used in
the Wittig reaction in situ?’. It may be that the instability of
such compounds can be accounted for by their stability to
eliminate fluoride ion from the B-position. Analogous B-elim-
ination in the case of the alkenylylid (XLVII) leads to the
allenylphosphonium salt (XLVIII) %8 (see Section II, 3 above).
However, ylids such as hexafluoroisopropylidenetrialkoxy-
phosphoranes (XXXVII) ®° and perfluorocyclobutylidenetri-
phenylphosphorane (1V) !7 proved to be extremely stable.

The stable fluorine-containing phosphorus ylids isolated
are usually high melting crystalline substances. However,
under the usual conditions some of them are liquids [for
example, Et,PCI=CHSO,CF, (XXXIXa) "2 or (R'0),P=
CR?’CH=NCH(CF;), (XLI) ®%®5],

Table 1. The chemical shifts in the *'P NMR spectra of
fluorine-containing phosphorus ylids.
Ylid Chemical shift, p.p.m.| References Ylid Chemical shift, p.p.m] References
(ID) —23.7* [ (XVIIIc) —21.7* [14]
(1V) —5.6%* 114] (XVIId) —12.8%* [14]
(XV) —4.1* {72 (LIV) ~17. 3and+54 0 171 72}
(XVIIa) | —3.0%, —4.1*= [75. 14] (LVI) —1 [75]
(XVIIIb) —10.2%+ [14] (LX11) —21»——22' [72]

*Relative to the external standard—85% H,PO,.
**Relative to the internal standard—(EtO),PO.

The spectra of certain fluorine-containing phosphorus
ylids have been investigated: infrared!"s 3% 50752,5%,64-66,75
lH NMR 14,34,51,52,65,66,70—72 19F NMR 11,14,17,3%,38,50,60,70—73 ,75
31p NMR,“’“’SI’“ 27077275 and mass spectra’®. The structure
of the ylids (IV) and (LIV) was confirmed by X-rayv diffrac-
tion15,72,7‘6-

Table 2. The spin—spin coupling constants between !°F and
*1P nuclei in fluorine-containing phosphorus ylids.
Ylid m* J, Hz Refs. Ylid m* ‘I J, Hz \ Refs.
(XV) 4 3.5 721 | (XXXVha) 3 13 160]
(XVIiia) 4 205 [34] (L1V) 4 0.8 [72]
(XVIIIb) 4 1.1 [34] (LVI)** 6 | 11 {751

*Here m is the number of bonds separating the !°F and 3'P
nuclei.
#¥R = CF,.

In the P NMR spectra of fluorine-containing phosphorus
ylids with three phenyl groups at the phosphorus atom the
chemical shift due to the "ylid" phosphorus nucleus is in the
range from -2 to -10 p.p.m. (Table 1). The replacement of
the phenyl group by the n-butyl group leads to a downfield
displacement of the *!P NMR signal. Spin—spin interaction
between the '°F and *!P nuclei, even those fairly remote from
one another, is frequently observed in the !°F NMR spectra
(Table 2).
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2. The Wittig Reaction

In contrast to halogenomethylenephosphoranes?, the
behaviour of other fluorine-containing phosphorus ylids in
the Wittig reaction has still been inadequately investigated.
As a rule these ylids exhibit a moderate or even a low reac-
tivity in relation to carbonyl compounds. However, in
certain cases it is possible to obtain fluorine-containing
unsaturated compounds.

Hexafluoroisopropylidenetriphenylphosphorane (XXXV)
reacts in situ under mild conditions with various aliphatic,
aromatic, and heterocyclic aldehydes to form the correspond-
ing olefins?%4:

[PheP=C (CFy)e] -+ RCHO — 22> RCH=C (CFy)s + PhsPO 5
(XXXV) (yield = 26-62%)

R=Ph, p-MeCsH,, p-MeOC;H,, O:NCsH,, Ce]:-fn
PhMeCH, n-CeHis, PRCH=CH, 2-furfuryl, 2-pyridyl, or m-CF3CsH, «

The reaction of the ylid (XXXV) with ketones cannot be
achieved—owing to its low reactivity, there is sufficient time
for its decomposition?®.

The cumulene ylid (XV) readily reacts with both aldehydes
and ketones, but this leads to the formation of complex mix-
tures of unidentified substances’. The cumulated triene
(LX) was isolated in the reaction with diphenylketen’?:

PhgP—C=C (CF3)s -+ PhyC=C=0 — PhyC=C==C==C (CF;), -- PhyPO .
(XV) (LX)

Pentafluorobenzylidenetriphenylphosphorane (XXI) reacts
with pentafluorobenzaldehyde?®®, p-chloro and p-nitro-benz-
aldehydes®®, and t-butyl- and trimethylsilyl-propiolalde-
hydes®® to form the corresponding olefins:

PhyP—=CHC,F; + RCHO — RCH=CHG/F ,
(XX1)
R=C4Fs, p-CICH,, p-O,NCiH,, MesCC=C, or MesSiC=C .

The trans-olefins are then usually formed preferentially.
trans-Decafluorochalcone (LXI) has been obtained by the
reaction of pentafluorobenzoylmethylenetriphenylphosphorane

(XXII) with pentafluorobenzaldehyde®”:

PhyP—=CHCOCsFs + CeFsCHO — CeF,CH=CHCOGF;
(XXIIy (LX)

According to patent data®*®"*?, the phosphorus ylid Ph,P=
CH(CH,),CF,COOH is used to synthesise fluorine-containing
analogues of prostaglandin.

Perfluorocyclobutylidenetriphenylphosphorane (1V) does
not undergo the Wittig reaction?’. The cyeclic diketoylids
(XVIII, a and b) do not react with m-nitrobenzaldehyde on
refluxing in tetrahydrofuran®*:

[e]

]
C.

N
PhyP=C /(CFx),. (XVII) n=1 (@)or2(b)

Cyanofluoromethylenetriphenylphosphorane (XXV) reacts
with aldehydosugars to form the products of the Wittig reac-
tion*7>"8:

[Ph3P=CF—CN] + RCHO-—> RCH=CFCN ; R= Me
[¢]

(XXV) 0)(«

# Tt has been claimed?’ that the trimethoxy-ylid (MeO),P=
C(CF;), (XXXVIla) does not react either with benzaldehyde
or with trifluoroacetophenone.
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Like the usual acylmethylenephosphoranes, their fluorine-con-
taining analogues—pentafluorobenzoylylids (XLVI) * and
also trifluoroacetyl- and perfluorobutyryl-ylids (XLIV) ¢"—
are capable of undergoing the intramolecular Wittig reaction
to form the corresponding acetylenes:

R O
1l
PhyP=C—C—CyFs ~frmmig— RC=C—CoFs + PhsPO ;
(XLVD)
R=Ph, or GF; .
COOMe
| 3
PhyP=C—COR; —T5 gpagie—— ReC=CCOOMe - PhiPO ;
(XL1V)

Rg=CFs3, or n-C3F7 .

The diacetylenes RC=C(CF,);C=CR could not be obtained
from the bisylids Ph,P=CRCO(CF,),COCR=PPh, (XLV, R=CN
or COOEt); in the case of the dinitrile (XLVa) an ylid con-
taining the C=C triple bond was isolated"®:

50°
ph3P=’CCO (CFy)s ‘.I)(f:pphs T2 mmHg
CN CN CN
(XLVa)

The Wittig—Horner reaction has also been used to synthe-
sise fluorine-containing unsaturated compounds. The reac-
tion of the stable a~phosphonatecarbanion (LVIII) with
aldehydes and ketones yielded various unsaturated fluorine-

- Phsp=looo (CFa)3 C=C~CN .,

containing esters’®778;
RCHO e . o
M0, RCH—CFOOOEL (yield 50—55%)
(E 10}, PCFCOOEt —— R
i — RICOR® " \\C_CFCOOE! (yield 40—607;):
ether refluxing Rz ’
(LVIT Mey Me
NS
R = iso-Pr, ] H  or(MeO)y CHC—CH;

|
NS \Me Me

R!=R2=FCH,; Rl=Me, R2=Me, Me,C=CH (CH,),,
Mey,C=CHCHF, geranyl methyl,

Me\/MeC - Me\ /Me
NN o TS et
(] el
\/\*Me \Me

In the reaction of the anion (LVIII) with ketones the yields of
unsaturated compounds are lower than in the case of the
analogous non-fluorinated anions. The reactions with asym-
metric ketones give rise to mixtures of the cis- and trans-
isomers, but the reaction with aldehydes is stereospecific—
only the cis-isomers are obtained’¢.

Trans-o-fluorostilbene has been obtained in 40% yield from
the phenyl-substituted anion (LIX) and benzaldehyde”:

w_ PhF
DMF /™ "Nph

(Et0), PCFPh 4 PhCHO
I

(LIX)

Fluorine-containing analogues of prostaglandin have been
obtained with the aid of the Wittig—Horner reaction®!.

The SCOOPY (a-Substitution plus Carbonyl Olefination via
B3-Oxido Phosphorus Ylids) reaction is also used to synthesise
fluorine-containing unsaturated compounds”®?7%°% (¢f. Tyulen-
eva et al.'), for example:

| /TN, D Buli |
[\\0 o o] 3; 5&10. /\]\/\/%
. .
| )
VAN PhyP VAN
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3. Other Reactions

Phosphorus ylids usually combine very readily with acids to
form phosphonium salts®. Fluorine containing phosphorus
ylids behave similarly. Thus the reaction of pentafluoro-
phenylylids (XXI) and (XXIV) with dry HCI yielded phos-
phonium chlorides?®®:

HC] .
Pth:?CaFa —_— Ph3PCIHC,F5 CI-

R R .

(XXI), (XXIV) R=H, Ph

Analogous reactions with the cyclic ylid (LIV) lead to the
dissociation of the P—O bond and the formation of the salts
(LXID): 7"

+
PhyP—C—PPh, php P X-
N
(CF3)pC—t CF
3)! S\C‘OH
(L) CFy”
(LX1D)

The salts (LXII) with X = CL,” Br,”" BF,,”%72 PF,, 70772

BPh,,”® or CF,COO 72 have been obtained in this way.
Alkenylphosphonium salts have been synthesised from

hexafluoroisobutenylidenetriphenylphosphorane (XV):72

PhP=C=C (CFy)y —2 PhPCH=C (CF9).X ;

(XV)
X=Cl, BF,, PF,, (CFsCO0),H, or (CFsCO)CH .

When the ylid (XV) is treated with alcohols, phenols,
amines, or mercaptans the C—~P bond is split with elimination
of a tertiary phosphine and the formation of the correspond-
ing alkenyl ethers, thioethers, or enamines’®7%:

PhyP=C=C (CFy); + HX - XCH=C (CFy); + PhP ;
X
X=3, 4, 5-MesCeH;0, EtO, EtS, CyCls, or PhN .

The reaction with O-deuteromethanol produced the deuter-
ated ether MeOCD=C(CF;),."?

The dimer of bis(trifluoromethyl)thioketen has been
obtained from the ylid (XV) on treatment with sulphur:

S\
C=C(CFy); .
S

PhP—C—C (CFy)y —>> (CFyC=C
(XV)

Yet another reaction pathway is observed on treatment with
malonodinitrile: this results in the formation of the betaine
(LXIII), probably as a result of the prototropic isomerisation
of the ylid (LXIV): 72

CH(CN),
+
PhyP=C=C(CF3)y + CHa(CN); —> [PhSP—CH:C(CFa)Q:] —
N
(XV)
F CF
3 N . ['3_CN
— | Ph;p=CH—C—CH — phap—cHQ—?—c
CF, N cry ON
(LX1V) (LXIII)

Hydrolysis of the phosphorus ylid (XXXIXa) leads to the
splitting of the C=P and C=N bonds®®:

PhgP—=CCH=NCH (CFy); —2%— PhCH,CH=0

Ph
(XXX1Xa)

When perfluorocyclobutylidenetriphenylphosphorane (IV)
is hydrolysed under mild conditions, the g-fluorine atoms are
hydrolysed 1%, whereas under severe conditions the ring
is ruptured®* (see Section II, 1 above). The diketo-ylid

(XVIIIb) does not change on being refluxed with 50% sul-
phuric acid®*.

Hydrolysis of the trimethoxyphosphorus ylid (XXXVIIa)
leads to a phosphonate ester®’:

(MeO)P=C (CFs)y —2E1CL, (Me0)yP—~CH (CFy), |
* 1

0
(XXXVIla)

P-Chloro-ylids (XXIX) are converted on hydrolysis into
phosphine oxides®®, while on treatment with diethylamine they
give rise to phosphorus ylids containing the diethylamino-
group at the phosphorus atom%°:5153;

MO ., R,PCH,SO,CF,

1

RyP—=CHSO,CFy— o)
G @xxixy ——NR L R P CHSO,CF,

NEt,
The ylid (XXXVIIa) is readily brominated®’:

(MeO)sP=C (CFa) —crrmigi— (MeO)P—C (CFs .
O Br

The diketo-ylids (XVIII, a and b) are not brominated and
are not oxidised by permanganate®*§. In the presence of
metal fluorides, the more reactive ylid (IV) is halogenated
with dissociation of the C=P bond'®:

CF, CF,
X, 4 }
PhP=C  CF, —ai— PhPX, + X,C Fa s
N\cF,” Nery”
)
X=ClI, Br,orl

A similar bond dissociation also occurs on bromination of
the ylid (1):%!

JCiFs Gy
BusP=C t> B,
I \CF, \CF,

When the four-membered cyclic monoketo-ylid (XIX) is
chlorinated, the ring is ruptured with formation of per-
halogenovinylacetyl chloride; the five-membered analogue
gives rise to dichloropentafluorocyclopentene®:

0 Cl o
i . L8P
d Phf  C
7N Cl,, NOAN
PhyP=C_  (F, —» c/) cry| —>
Ve SN
F, o (')L
{(X1X) CF
o
Phyp F
cl
b o C=CFCF2COC] —i CCly==CFCF,,C0C
~PhaPFCI
Cl
“Q Cl Cl
O\C\ Pk, b4 —I \C\
7/ TCRy q, N /u\(,‘-l"‘s | . // CE,
PhyP==C, ([ -3 I me o |
\/ By a \ AF, ! 3Pt \,(CIZ
cr, Ty CFy

Stable cyclic diketoylids (XVIII, a and b) cannot be
alkylated with methyl iodide on refluxing in acetone®*. The
ylid (LIV), containing the oxaphosphetan ring, also does not
react with methyl iodide”*72,

§ On oxidation with CrO, in acetic acid, the ylid (XVIIIb)
gives rise to perfluorosuccinic acid®*.
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Pentafluorobenzylidenetriphenylphosphorane (XXI) is

acylated at the "ylid" carbon atom®® (see Section II, 3 above).

On treatment with metal salts, perfluorocyclobutylidenetri-
phenylphosphorane (IV) is converted into polyfluorocyclo-
butenylphosphonium salts®:

CF, CcX
Phstc/ ’\CF, o Ph3$—c/ CF,
\CF,/ X~ \sz/

(V)

The ylid structure is similarly converted into the cyclo-
alkenylammonium structure on treatment of trialkylammonium
perfluorocyclobutylids with boron trifluoride etherate!”:

CF. CF
VAN AN
RyN—C CFy —2t~ RN~—C R,

N\cF,” Nery”

An analogous reaction is apparently possible also for the
corresponding phosphorus ylids and the reverse reaction,
involving the conversion of cycloalkenylphosphonium tetra-
fluoroborate into a phosphorus ylid—takes place on treatment
with KF (cf. Burton and Shinyal!). Treatment of the tri-
methoxyphosphorane (XXXVIIa) with the adduct of triethyl-
amine and boron trifluoride leads to the simultaneous elimina-
tion of the alkyl group and the fluorine atom with formation of
the phosphorus analogue of perfluoromethacrylic acid ester
(LXV): %8

MeO CF, o
Meo;p=c/ = LE O MeOZp_¢ -+ Et;NMe BF, .
MeOr \CF;, ether, r 3 MeO \CFa

(XXXVIla) (LXV)

Certain phosphorus ylids containing alkoxy-groups at the
phosphorus atom are capable of rearranging with transfer of
the alkyl group from the oxygen atom to a carbon or nitrogen
atom. Thus hexafluoroisopropylidenetrimethoxyphosphorane
(XXXVIIa) is converted into the ester of hexafluoro-t-butyl-
phosphonic acid on heating to 180 °C: ®°

180°

(Me0);P=C (CF3)y -~ (Meo)ﬁ*(f (CFs)z .

O Me
(XXXVIla)

In the presence of SbF;, the reaction temperature is reduced
to 140 °C. %7
The phosphorus ylids (XLI) are converted slowly at room
temperature and rapidly on heating into substituted phos-
phonate esters containing an alkyl group at the nitrogen
atom®*:®5:
(R10)P=C—CH==NCH (CF3),
ks
(XLD
- (R'O),IE—C;;CH—«NCH (CF3)y

b

Rl Me Me Et
R? Ph isoPr Ph

—_—
refluxing xylene

Apart from a rearrangement, when the ylids (XLI) are
heated, the elimination of the alkyl group R! in the form of
an olefin is observed. Such a reaction takes place particu-
larly readily for tri-isopropoxyphosphoranes®*¢3:

CH,
C—CH= 20°
( /CHO) P,_?: CH=NCH (CFs)y —— 2 TR
CHy s R (XLD

CHan
- ( CHO) P—C=CH—N—CH (CFy), + CH;=CHCHj ;
e’ ah k ‘
R=iso-Pr or Ph.
Thus fluorine-containing phosphorus ylids exhibit a varied
reactivity. Further investigation of the chemistry of these

interesting compounds is necessary.
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