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Characteristic Features of the Chemical Properties of Fluorine-containing
Unsaturated Compounds

N.P.Gambaryan and E.M.Rokhlin

The review deals with the results obtained in the study of the chemical properties of organof luorine and saturated compounds
containing the C = C, C = 0, C = N, C = C = C, C = C = 0, C = C = N, etc. groups. The characteristics of the reactions of
f luoro-olefins and related compounds with nucleophiles as well as the methods of synthesis and the properties of
fluorocarbanions (including mesomeric fluorocarbanions) are examined. The electronically amphoteric character of the C = C
bond in fluorine-containing unsaturated compounds, ensuring the possibility of interaction with strong electrophiles, and the
synthetic possibilities resulting from these reactions are demonstrated. The analogy between the chemical properties of
polyfluoro-substituted carbonyl compounds, their derivatives, heterocumulenes, and nitro- and nitroso-compounds is
discussed. The influence of fluorine atoms is manifested by the markedly electrophilic properties of these compounds and in
many cases also by the singular stability of the unusual structures formed as a result of their reactions.
The bibliography includes 180 references.
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I. INTRODUCTION

The establishment of the organic chemistry of fluorine as a
separate branch of science dates back to the beginning and
middle 1940's.2 The development of this field was initially
dictated by immediate practical needs (the necessity for the
creation of materials resistant to the action of uranium
hexafluoride). Since then organof luorine compounds are
being increasingly used in a wide variety of fields, so that
"it is at present difficult to name a branch of engineering
which could do without materials containing fluorine".2

The possibilities in the application of fluorine compounds
are determined by the characteristic features of this element.
Fluorine is the most electronegative element in the Periodic
System. The dissociation energy of its molecules is extremely
low (the same as that for iodine) and the strength of its
bonds with many elements is , on the other hand, high. As
a result of this, the majority of substances, even the inert
gases, can interact with fluorine.

Perfluorocarbon chains are exceptionally stable both
thermally and chemically owing to the great strength of the
carbon—fluorine bond (on average about 110 kcal mol1) and
also the very favourable ratio of the carbon—carbon bond
length to the size of the fluorine atom. The van der Waals
radius of fluorine is smaller than the C—C bond length and
for this reason the accumulation of fluorine atoms in per-
fluorocarbons does not lead to the extension and weakening
of this bond (as in perchlorocarbons); on the contrary,
fluorine atoms give rise to close packing, reliably protecting
the carbon chain from external influences and in particular
rendering it resistant to oxidation.

All these factors led to an abundance of compounds of a
wide variety of classes in which all the hydrogen atoms have
been replaced by fluorine. Organofluorine chemistry, which
is, as it were, a copy of organic chemistry, has been
created. However, this copy is so unusual and the results
have so far been so unexpected that they have enriched
organic chemistry and have greatly extended its theoretical
ideas.

Since the creation of the Institute of Organoelemental
Compounds of the USSR Academy of Sciences (INEOS) in
1954, the Laboratory of Organofluorine Compounds, headed
by Ivan Lyudvigovich Knunyants, was organised in it. In
the present review an attempt is made to survey some of the
most interesting and important results obtained by the
members of this laboratory during the one-third of a century
of its existence. Many of these results have been described
in a series of other reviews.2"26 In describing the relevant
data, we shall as a rule refer to these reviews and the
original papers will be quoted only in the case of the latest
investigations.

The principal direction taken by the studies in the above
laboratory involves the investigation of the characteristic
features of various multiple bonds in organofluorine com-
pounds such as fluoro-olefins, including those with
functional group substituents (the C = C bond), carbonyl
compounds and their derivatives (the C=O, C=N, etc.

bonds), nitro- and nitroso-compounds (the N^_ and N=O

groups), and cumulenes and heterocumulenes (the C = C = C,
C = C=O, C = C=N, N = C=O, etc. groups). The present
review is mainly devoted to these studies.

However, apart from the investigations of the multiple
bonds, other branches of organofluorine chemistry also
occupy an important place in the studies carried out in the
Laboratory. Frequently these investigations are genetically
related to the main field of study. Thus, numerous reactions
of fluorine-containing unsaturated compounds, leading to
the formation of carbocyclic and heterocyclic systems,
including those with small rings, have been discovered.
The study of the properties of these cyclic systems, which
are frequently unusual, is of considerable interest.2 '3»13 '16 '
27-31

Fluorocarbanions, which are of very great synthetic
importance* (see below), are formed as intermediates in
various reactions of fluoro-olefins and related compounds in
the presence of the F~ anion.

tThe article has been written to commemorate the 80th
birthday of the founder of the Soviet school of organofluorine
chemists Academician I.L.Knunyants (cf.Rokhlin and
Gambaryan1).

#Another important property of the F~ anion, namely its
high basicity, was discovered by Knunyants and co-workers
as early as the middle 1940's;32 this property is nowadays
used widely for synthetic purposes.2»33"35
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The study of the reactivities of fluoroketones yielded
functional-group derivatives of 2,2-diphenylhexafluoro-
propane and aryl- or alkyl-bis(fluoroalkyl) carbinols.
Compounds of these types have been the objects of two major
series of investigations associated with the development of
methods of synthesis of monomers for polycondensation
polymers with valuable properties,3 6»3 7 and fluorine-containing
epoxides—intermediates in many syntheses of organofluorine
substances.2

Knunyants introduced the bold idea of an analogy between
the CF2 and C=O groups,5 which proved fruitful as regards
syntheses. In particular, a rearrangement of fluoroalkyl
azides, resembling the Curtius rearrangement of acyl azides,
was discovered.5 Like keten, a terminal fluoro-olefin is
capable of undergoing reactions of the Wittig—Staudinger
type. 1 3 Perfluoromonocarbonyl compounds behave similarly
to polycarbonyl compounds, forming osazones and poly-
hydrazones, 3 8 · 3 9 for example:

CF3(CFa)3CCFs - J H H S U CF3(CF,)sCCFa _ H ™ ! H ^
II II

Ο

CF,(CF 2 ) a CF=C-CF 3

 R N H N H > -

NNHR

N=NR NNHR
RNHNH, RNHNH,

• C T J C T J — ( — < - — ) 3 — < - ^ 3 * C r j — ( — L · — ) i — L r ,

II II
NNHR NNHR

In the series of alicyclic compounds it has actually been
possible to obtain "perhydrazones",39'"*° for example:

H 2 N N ^ ^ N N H 2

H2NN || NNH2

NNHj

These interesting reactions demonstrate the possibility of
"livening" the perfluorocarbon chain. They are based on
the ability of hydrazones of α-fluoro-substituted carbonyl
compounds to be dehydrofluorinated with formation of
unsaturated azo-compounds which then react with the next
mole of hydrazine.

Such dehydrofluorination is apparently possible also for
α-fluoroketone methylimines. This explains the unexpected
result of the interaction of certain internal perfluoro-olefins
with methylamine, which leads to dihydropyrimidines.1*1

The intermediate heptafluoroacetylacetone diimine
(cf.Kurykin et al.1*2) is dehydrofluorinated to a 1,3,5-
heterotriene, which is converted into a substituted dihydro-
pyrimidine as a result of intramolecular [4 + 2]-cycloaddition:

CF3

C C

CF,

CH 3
^

An analogy has also been observed in the reactions of
fluorine-containing unsaturated compounds with dimethyl-
formamide, leading to the products of the cleavage of the
unstable oxetans formed initially. Bis(trifluoromethyl)-
keten, 2 0 perfluoroisobutene,22 and perfluorotetramethyl-
allene1*3 give rise to hexafluoroisobutenyldimethylamine under
these conditions:

(CFS) 2C=C=Z

+
(CH3)2NCH=O

,)2C—C^ 1
I I

,NCH-0 J

Ζ = 0, F 2 , C(CF3)2

Γ (CF 3 ) 2 C—C

L(CH3)
(CF3)2C=CHN(CH3)2

Much attention has been devoted to the methods for the
introduction of fluorine into an organic molecule. In
particular, this applies to the discovery of the opening
of the epoxide rings under the influence of HF, first
discovered by Knunyants and co-workers,3 2§ and the
coupled addition to olefins in hydrogen fluoride.1 9 A
number of studies have been devoted to the fluorination of
organic compounds.lt6~1*8 A convenient synthesis of the
anticancer preparation 5-fluorouracil by the direct fluorina-
tion of the readily available uracil has been developed and
introduced into practise.1*6

A method for the partial introduction of fluorine into
organic molecules under mild conditions by means of anodic
oxidation in the presence of the fluoride anion at low
potentials is of special interest. l h ' 2 3 The method for the
electrochemical trifluoromethylation of organic compounds
(for example, of olefins, derivatives of αβ-unsaturated
carboxylic acids, and aromatic compounds) with the aid of the
CF3 radical generated in the anodic oxidation of trifluoro-
acetic acid is also interesting.1*9

Studies on the synthesis and properties of chemically inert
organic perfluoro-compounds, with an anomalously high
capacity for dissolving various gases, in particular O2 and
CO2, are very important. Such compounds are attracting
increasing attention because various preparations for bio-
medical purposes, including artificial blood substitutes, can
be obtained on their basis. 5 0

However, as already stated, the principal research carried
out at the Laboratory was devoted to the investigation of
the reactions of multiple bonds in organofluorine compounds,
particular emphasis being laid on the study of the C=C bond.

I I . FLUORO-OLEFINS AND RELATED COMPOUNDS

The comparatively readily available fluoro-olefins can be
regarded as "key" compounds in the organic chemistry of
fluorine. An enormous range of the most varied organo-
fluorine compounds can be obtained from them; in addition,
the study of the reactivity of fluoro-olefins and related
compounds made it possible to elucidate many important
theoretical questions relevant to organofluorine chemistry
(and organic chemistry in general).

The unusual chemical properties of perfluoro-olefins are
caused by the high electro negativity of the fluorine atom
and the ability of its electrons to effect various types of
conjugation in the molecule. In contrast to the usual
hydrogen-containing olefins, perfluoro-olefins react very
readily with nucleophiles.1*5'51

Soon after the first communications on the addition of
nucleophiles to fluoroethylenes,5 2 '5 3 the studies by
Knunyants and co-workers, devoted to the interaction of
various fluoro-olefins with nucleophiles, were published.51*~56

Perfluoroisobutene proved to be especially active in these
reactions. Studies of its chemical properties, which have
continued to this day, demonstrated the truly inexhaustible
synthetic possibilities arising from the use of this fluoro-
olefin.22 Other branched perfluoro-olefins, in particular
perfluoropropene dimers and trimers, for example, (CF 3) 2C =
CFC2F5 and CF3CF = C [ C F ( C F 3 ) 2 ] 2 , have attracted much
attention recently. Their interaction with nucleophiles lead
to ways of synthesising potential monomers, fluorine-con-
taining surfactants, and other products of practical value.

In the latter case the hexafluoroisobutenylidene group
C = C ( C F 3 ) 2 acts as an analogue of the carbonyl group.

§ This reaction has found extensive applications, for
example, in the synthesis of fluorine-containing steroids.**lf''+5
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In the study of the reactivity of the C=C bond "depleted"
in electrons owing to the influence of the fluorine atoms and
the perfluoroalkyl groups, a wide range of other fluorine-
containing compounds with a C = C bond were also investi-
gated, namely, 1,3-dienes,6»68"71 allenes,2'43»72"7''derivatives
of αβ-unsaturated carboxylic5»11»21·'75"79 and phosphonic78'80

acids, and alkyl polyfluoroalkenyl ethers. 6 ' 7 ' 6 0 ' 6 3 ' 8 1" 8 3 The
most varied nucleophiles, including unusual ones, have been
involved in reactions which yielded interesting and sometimes
unexpected results.

The first investigations already revealed the occurrence of
"vinyl" substitution in perfluoropropene and perfluoroiso-
butene.56 This reaction was surprising from the standpoint
of the "usual" organic chemistry, but it was found to be
common in the chemistry of organofluorine compounds.

Subsequently it was shown (to a large extent as a result of
the work of Knunyants and his school) that, in the reactions
of fluoro-olefins with nucleophiles, the direction of attack
depends on the conjugation in the fluoro-olefin molecule and
the final result depends on the realisation of various possi-
bilities for the stabilisation of the intermediate carbanions:2'3'
22,51

addition

CF 2 =CFCF 2 Nu CF 3 CF=CFNu

"allyl" substitution "vinyl" substitution

These possibilities are determined both by the structure of
the initial fluoro-olefin and by the nature of the nucleophile.
In particular, the contribution of the "allyl" substitution
increases in the absence of an unshared electron pair in the
substituent obtained from the nucleophile:22

(CF 3) 2C=5CFNR,=CF2 + R,NH •

(CF 3 ) 2 C=CF 2 -(- RMgBr

(CF 3) 2C-^-C-=-N.R 2

I n s t a n c e s of t h e stabil isation of t h e intermediate carbanions
by intramolecular cyclisation are of special interest, 1 3 ' 2 2 » 6 0 » 7 7 »

(CF3)2C=CF2

Z=NR,CR, CF.,i
RNX" ( C F 3 ) 2 G ^

-X"

(CFa)2C • K R

x=ci,n'so2o; RSR'CO. R'OCO, R'SO-J .

The anions RCONX, formed in the Hofmann and Lossen
rearrangements, were "captured" with the aid of a reaction
of this type for the first time.22

The intense electron-accepting effect of the trifluoromethyl
groups in perfluoroisobutene and related compounds leads to
the possibility of obtaining geminal compounds as a result of
"double vinyl substitution",22'56'88'89 for example:

( C F 8 ) 2 C = C F 2

R,NH
(CF,)iC=C(NRg),

Novel methods of synthesising fluorine-containing
cumulenes and heterocumulenes are also based on the sub-
stitution of both fluorine atoms in the =CF2 group,13,22»77»90

for example:

(CF 3 ) 2 C=CF 2 + CH»(COOR)2

(CF 3) 2C=C=NR ;
tf-B*> , (CF3)2C=C=C(COOR)2

N HBF-2Et,N HBF4

It is of interest that perfluoroisobutene itself plays the
role of the dehydrofluorinating agent in the first of the above
reactions; as in many other instances,1 1 '2 2 '9 1"9 6 in the second
reaction an unusual reagent, namely the triethylamine—boron
trifluoride adduct, 1Γ has been used successfully for the smooth
elimination of HF.

The reaction of the highly electrophilic fluoro-olefins with
trialkyl phosphites yielded stable adducts—phosphoranes with
a P-F bond, which are cleaved only on heating. Depending
on the structure of the "fluoro-olefin" component of the
phosphorane, its cleavage proceeds either in the direction of
the Arbuzov reaction or follows an unusual pathway with
formation of a compound of tervalent phosphorus and a
fluorine-containing keten acetal:11

X
\ ,

CFa

P(OR) 3

CF

X=CF, CF >

^C=CF-P(OR) 3

F

+ RZ ;
II

ο
OR

Υ or Ζ = OR or F;

.OR

X=COOR' CFS

ROPF,

In the latter case the nucleophile (RO ) attacks the highly
electrophilic β-carbon atom of the "acrylic" system, which
ultimately leads to the cleavage of the C—Ρ bond.

When perfluoro-olefins were acted upon by tertiary
phosphines, interesting reactions were observed, including
the defluorodimerisation and defluorotrimerisation reac-
tions,15»22»98 for example:

(CF 3 ) 2 C=CF, _ ^ p F (CF 3) 2C=CFCF=C(CF 3).

R.P ..

/ C F = C ( C F 3 ) 2

^ C F = C ( C F 3 ) 2

(CF 3) 2C=CFCF 2CF 3 - R (CF 3 ).C=
^ r

.CF,CF3

XCF=CCF 2CF 2CF 3

These reactions probably involve the intermediate formation
of phosphorus ylides of the type (CF3)2C =C =PR3 and
(CF3)2CFC(C2F5) = PR3 (cf.Stepanov and co-workers65'67).

flThe dehydrofluorinating effect of the Et3N.BF3 adduct
has been used to develop a new and apparently most
convenient method of synthesis of derivatives of perfluoro-
methacrylic acid (potential monomers).11 Other dehydro-
fluorinating agents are as a rule unsuitable in this case.
The same adduct can sometimes be employed also to eliminate
an alkyl fluoride, for example, in the conversion of tri-
alkoxyhexafluoroisopropylidenephosphoranes (CF3)2C =
P(OR)3 into the "phosphorus analogues" of perfluoro-
methacrylates—the pentafluoroisopropenylphosphonates
CF2 = C(CF3)PO(OR)2.

97
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Since the electron can play the role of a kind of "nucleo-
phile", electrophilic fluoro-olefins undergo electrochemical
reduction comparatively readi ly. 8 7 ' 9 9 " 1 0 1 The study of the
polarographic behaviour of fluoro-olefinst 87»100>101 showed
that the reduction potential decreases with increase of the
number of electron-accepting perfluoroalkyl groups at the
C = C bond. A correlation was observed between the reduc-
tion potential of the fluoro-olefin and the energy of the lowest
unoccupied molecular orbital (calculation by the MNDO
method). 1 0 0 ' 1 0 1

When the F~ anion is used as the nucleophile, the corre-
sponding fluorocarbanions are obtained from perfluoro-
olefins. Reactions involving the intermediate formation of
fluorocarbanions occupy a notable place in the chemistry of
fluoro-olefins.3 3 '3 5 ' 1 0 2 ' 1 0 3 As frequently happens in organo-
fluorine chemistry, a "reverse analogy" obtains here between
the reactions of the fluoro-olefins in the presence of the F~
anion and the reactions of non-fluorinated olefins in the
presence of the H+ cation (or a Lewis acid):101*

>C=C<^ -f F" -* ^ C - C F 3 : - C F 3

Nu

>C=C(
\ + Nu- \ I
>C-CH3 )C-CH 3 .

The main contribution made by the Laboratory of Organo-
fluorine Compounds at the Institute of Organoelemental
Compounds to this important field involved the study of the
reactivity of highly branched fluorocarbanions (in particular
the perfluoro-t-butyl anion 1 2 ' 2 2 and the perfluoro-t-hexyl
anion 5 7 > 1 0 5 ~ 1 0 7 ) , the development of the "nucleophilic
mercuration" of fluoro-olefins,12'22 the development of the
chemistry of mesomeric fluorocarbanions,η'2Η the discovery
of new sources of the weakly solvated F~ anion containing
carbonium counterions,1 0 8 the detection of fluorocarbanions
by NMR,1 2 '1 0 9 and the involvement of fluorocarbanions in new
types of reactions—azocoupling,1 2 '1 0 7 difluoroamination,12

sulphenylation,22 coupled addition to fluoro-olefins,22»110

reactions with geminal and vicinal dihalogenopolyfluoro-
alkanes, 2 2 · 1 0 6 ' 1 1 1 etc.

The reactions of branched fluorocarbanions are extremely
varied—see, for example, Scheme i,1 2,1 1 2»1 1 3 Together with
subsequent reactions of the products, these reactions lead
to extensive possibilities for the synthesis of organofluorine
compounds, including potential monomers and surfactants.

Scheme 1

(CF3)3CH»M

(CF3)3CSR-<-

(CF3)3CHgCF3

CF.HgOCORF
-i2

•β· α

JRH.I

< C F 3 ) 3 C •*- (CF3)3CNF2 ;

»-C 2 F 5 C=N

(CF3)3CCH2CH2CH2SO3

(CF3)3C »- (
(CF 3) 2C=CF 2

<CF3)3CCH=CH2 +

+ (CF3)2C — C F — Ο

The reaction involving the coupled addition of the
perfluoro-t-butyl anion and electrophiles to fluoro-olefins
has been discovered recently. 2 2 ' 1 1 0 It leads to ways of
synthesising various functional-group substituted organo-
fluorine compounds, for example:

( C F | ) i CC_S=2L (CF 3) 3CCF 2CF 2—

• (CF3)3CCF2CF2COOH

. (CF3)3CCF2CF»X ;

X = B , RS, COOR ;
(CH,'i,NSF,

The coupled addition of the anion (CF 3 ) 3 C and bromine
to tetrafluoroethylene also takes place in the intermediate
stages of the reaction of the perfluoro-t-butyl anion with
1,2-dibromotetrafluoroethane, which leads to the substitution
of one of the bromine atoms by the (CF 3 ) 3 C residue. 2 2 The
reaction begins with the halogenophilic attack by the tertiary
carbanion on the bromine atom of the vicinal dibromo-com-
pound and is completed by a similar attack by the primary
carbanion on the bromine atom in perfluoro-t-butyl bromide
(or the initial vicinal dibromo-compound). Analogous reac-
tions have been observed also in the reaction with a geminal
dibromo-compound—dibromodifluoromethane.2 2 '1 0 6 Tetra-
fluoroethylene and difluorocarbene are formed respectively
as intermediates in the reactions involving the vicinal and
geminal dibromo-compounds:

Br(CF,)nBr
HCFjijCBr. -Br

(CF3)3C(CF2); - ί ^ ϊ - (CF3)3C(CF2)nBr ;

η =1,2 .

Similar elimination—addition reactions have been observed
also on treatment with other nucleophiles of organofluorine
compounds containing halogen atoms other than fluorine in
the vicinal positions. When the F~ anion is used, the formal
result of such a reaction is the substitution of one of the
halogen atoms by fluorine, which is accompanied in certain
cases by a rearrangement, 1 1 1 for example

CFC1CF3] - ICFClCFj .
1CFC1CF2CI—r C s r

CFC12CF»I—-

The reactions of fluorocarbanions with sulphur lead to
fluorine-containing sulphides, disulphides, trisulphides,
dithiacyclobutanes and trithiacyclopentanes.1 2 In particular,
a convenient method of synthesising the hexafluorothioacetone
dimer has been discovered :#

CF,CF=CF2 - f l . C(CF3).,

Interesting reactions take place between the carbanions
(CF 3) 2CCF 2RF (RF = F or CF3) and epoxides.12»21*'105 Under
certain conditions, the fluoro-olefin can play in this case the
role of not only the dehydrofluorinating agent but also of a
kind of dehydrating agent, for example:

t T h e preparative reduction at the cathode via the inter-
mediate formation of mesomeric fluorocarbanions is
described below.

New effective sources of the fluoride anion, namely
α-fluoroalkylamines, in which this anion is stabilised by
organic cations, were found in subsequent years. 2 2» 1 0 8 ' 1 1 5

This extends the synthetic possibilities in the chemistry of
fluorine-containing anions. Thus the benzoylation of the
perfluoro-t-butyl anion has been achieved only when hexa-
methylguanidinium was used as the counterion:2 2

#Subsequently this method was improved.1
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(CFS)2C=CF2 (CF3)3C C[N(CHS)2 (CF3)3CCOPh .

Other fluorine-containing unsaturated compounds react
with the fluoride anion like fluoro-olefins (frequently even
more readily). Perfluoromethylacryloyl fluoride,11'21* bis-
(trifluoromethyDketen,21*'76'116 its N-benzenesulphonylimine,91

fluorine-containing allenes,72»71* and pentafluoroisopropenyl-
phosphonate esters 8 0 give rise under these conditions to the
corresponding stable mesomeric carbanions, for example:

(CF3)oC=C=0 + CsF —»

The chemistry of mesomeric f luorocarbanions of this type
h a s b e e n invest igated on a fairly wide scale. 2 ' 3» 7 · 2 '* ' 6 ' ' T h e y
can be generated not only by the method described above
but also from t h e c o r r e s p o n d i n g CH acids§ and sometimes
b y t h e dealkylation of alkyl polyfluoroalkenyl ethers, 2 > 3 > 7 ' 2 1 * >

61*'118 for example:

(CF3)2CHCOF + NR 3

(CF 3 ) 2 C=CFOR

):>C-=-^Cl;—Ο HMR3

- V ( C F 3 ) 2 C — C F — 0 NR 4 ;

Hexafluoroisopropylidenetrimethoxyphosphorane is
dealkylated similarly, forming the anion

j (CF 3 ) 2 C—P(OMe> 2 —o|

1-Perfluoroalkenylaziridines sometimes behave similarly to
alkyl perfluoroalkenyl ethers, manifesting "alkylating"
properties in relation to tertiary amines. This is in fact
the explanation of the rearrangement of 3-(l-aziridinyl)-
perfluoro-2-methylpent-2-ene to 2-hydroperfluoro-2-methyl-
3-pentanone N-vinylimine:62

V
( C F 3 ) 2 C — C

(CFj) 2CH— C

x N C H =

An unusual method of generating mesomeric fluoro-
carbanions involves the cathodic reduction of fluoro-
olefins. 6 6 ' 8 7 ' 9 9 For example, in contrast to the effect of
a tertiary phosphine (see above), the preparative electro-
chemical reduction of the perfluoropropene dimer leads to
perfluorinated substituted cyclobutenes as a result of
"cathodic dimerisation" involving defluorination and cyclisa-
tion. It has been suggested that a mesomeric fluoro-
carbanion is then formed as an intermediate as a result of

§Not only mesomeric but also perfluoroalkylcarbanions can
be obtained by the heterolysis of the C-H bond. Thus it
has been shown for the first time in relation to monohydro-
perfluoroisobutane (CF3)3CH that the proton mobility of the
hydrogen atom in monohydroperfluoroalkanes can find a
synthetic application. 1 2 , 2 V 1 7 The intramolecular sulphenyla-
tion of β-hydroperfluoroisobutylsulphenyl chloride led to a
perfluorinated thiiran: 3 1

(CF,)tCHCF,SCl : — C F , .

t h e t r a n s f e r of two electrons to the initial fluoro-olefin and
the elimination of the F~ anion:

-fV f (CF3)2C ^ c F — C F C F 3 J

( C F 3 ) 2 C = C F CFCF3

(CF3)2C CFCF2CF3

(CF.)

(CF3)jC=CFCF2CF3

:FCF.3 , 2 C=C-

( C F 3 ) 2 C - — C F C F 2 C F 3

( C F 3 ) 2 C F C = C C F 3 (CF 3 ) 2 C=C CCF 3

,)2C CFCF2CF3 (CF3)2C CCF 2CF 3(CF3)2

The stable salts formed by the mesomeric fluorocarbanions
into a wide variety of reactions—halogenation, alkylation,
and partial hydrolysis of the CF3 groups.2 '7 '2 1* On treatment
with carboxylic acid anhydrides, the trifluoromethyl groups
are converted into fluorocarbonyl or perfluoroacyl groups,
which makes it possible to synthesise various di- and tri-
carbonyl compounds,2**'119 for example:

> S W

I1C(CORF)3

Fluorine-containing α-phosphonate anions enter into the
Wittig—Horner reaction with carbonyl compounds:80

(CF3)2C—Ρ(ΟΜβ)2—σ + O=C(CF3)2 V (CF3)2C=C(CF3)2 .

Mesomeric fluorocarbanions are formed as intermediates in
the rearrangement of alkyl polyfluoroalkenyl ethers to the
fluoride of α-alkyl-substituted carboxylic fluoroacids in the
presence of catalytic amounts of a tertiary amine:7'21*

(CF 3) 2C=CFOR — a — * - (CF3)2(j:COF

R

Certain reactions of perfluoro-olefins with the intermediate
formation of fluorocarbanions constitute characteristic
examples of the inversion of the addition mechanism, where
reagents usually regard it as electrophiles react via a
nucleophilic mechanism. Thus, hydrogen fluoride readily
adds to perfluoroisobutene in the presence of bases 6 ' 1 0 ' 1 2 ' 2 2

(cf.Brice et a l . 1 2 0 ) :

N F ~ 2 O ° - (CFS),CH .

The nucleophilic addition of nitrosyl f luoride 2 ' 5 ' 1 0 ' 1 7 ' 2 1 ' 2 2 ' 1 2 1

or mercury fluoride2»12'22 to electrophilic fluoro-olefins in the
presence of the F~ anion belongs to reactions of the same
type,If for example:

UThe inversion of the mechanisms takes place also in other
cases. Thus, it has been found unexpectedly that highly
electrophilic fluorine-containing unsaturated compounds
very readily undergo the Prilezhaev epoxidation in ethereal
solvents11»21*'122 and are halogenated in acetonitrile.22»78

Evidently in this case even the use of weakly basic solvents
is sufficient to shift the reaction from the usual electrophilic
mechanism to a "nucleophilic track".
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(CFa)sCNO .

F F

However, the interaction of nitrosyl fluoride with poly-
fluoroethylenes is catalysed by boron trifluoride in contrast
to the analogous reactions of perfluoropropene and perfluoro-
isobutene:6

CF2=CFCi ± — * • [ C F 2 C F C 1 N O ] — T N ^ " * C F J C F C I N O

This example shows that reactions via the electrophilic
mechanism usual for olefins are possible also in the case of
fluoro-olefins.2 '1 0 '2 1 Such reactions have been little investi-
gated in the first stage of the study of the reactivity of
fluoro-olefins, where attention was concentrated on the inter-
action with nucleophiles. At the same time, despite their
low reactivity (or more correctly precisely because of it),
fluoro-olefins have advantages in reactions with strong
electrophiles over the usual non-fluorinated olefins because
the replacement of hydrogen atoms by fluorine atoms as a
rule prevents undesirable side processes—oxidation,
polymerisation, etc.

The wide-scale study of the reactions of fluoro-olefins with
nucleophiles and electrophiles made it possible to generalise
the results obtained and to formulate the thesis of the
electronically amphoteric character of the double bond in
these compounds.2'1*'6 The order in which the electrophilic
properties of fluoro-olefins are enhanced and the nucleo-
philic properties are correspondingly diminished can be
accounted for by the electron-accepting effect of the
fluorine atoms and the trifluoromethyl groups and also by
the electron-donating mesomeric effect of fluorine atoms
(and, in the case of alkyl polyfluoroalkenyl ethers, also
the oxygen atoms) in the vinyl position acting in the
opposite direction:

increase of electrophilicity

C = C

CF 3 N

c=c

F / \ F

C = C c=c

increase of nucleophilicity

The reactions with electrophiles are more characteristic of
the first members of this series than the last. Such reac-
tions are achieved particularly readily for fluoro-olefins
containing electron-donating substituents. The use of
alkyl polyfluoroalkenyl ethers for the synthesis of a wide
variety of derivatives of fluorine-containing carboxylic acids
is based on this fact, 6 ' 8 1 " 8 3 for example:

CFp=CFOR·
N,o4 O=NCF,CFOR

ONO2

H,O
O=NCF2COOR

CF3CF=CFOR • CF3CFCF(OR) t - CF3CFCOOR
I i

HgX HgX

Under fairly severe conditions, strong electrophiles also
react with very weak nucleophilic perfluoro-olefins. A
typical example is provided by the interaction with sulphur
dioxide, which leads to the corresponding cyclic adducts—
β-sultones and pyrosultones; these compounds exhibit a varied
reactivity and their reactions lead to a wide variety of
sulphur-containing organofluorine compounds.2 '1 2 3

It has been shown recently1 2 1*"1 2 6 that another reaction,
substitutional sulphotrioxidation, takes place together with
cycloaddition in the presence of Lewis acids. The perfluoro-
allyl fluorosulphates formed have been used successfully in

the synthesis of various fluorine-containing unsaturated
compounds—iodides, derivatives of carboxylic acids, dienes,
organomercury compounds, etc . 7 9 » 1 2 7 " 1 2 9 , for example:

R F C F i C F = C F l RFCF=CFCF 2OSO 2F + | |
O2S Ο

'CsF
R F CF=CFCOF R F CF=CFCF 2 I

The use of antimony pentafluoride as the Lewis acid makes it
possible to obtain fluorosulphates not only from terminal but
also from internal fluoro-olefins.130

In general the reactions of fluoro-olefins in the presence of
antimony pentafluoride are of great interest. Antimony
pentafluoride is a very strong Lewis acid, exhibiting in addi-
tion oxidative properties, which is capable of generating
cationoid species from various reagents,2»1 3 1 for example:

RF + SbF6 -* AsF, -f ShF s - , AsF* SbF];

Highly electrophilic cationoid species attack the molecule of a
fluoro-olefin and the resulting carbonium ions abstract a
fluoride anion from the complex anion SbFJ:

Such reactions have led to extensive synthetic possibili-
t ies , 2 . 6 8 . 1 3 2 - 1 3 6 for example:

RCOF
CF,=CFH CFjCFHCOR;

(CF,CF,),AsF<

CF 3 CF,CF t CH 3 -

( C F 3 ) 2 C = C F , - 5 E F - I - ( C F 5 ) 3 C S S C ( C F 3 ) 3 .

sF, CFC1.COCF.C1

- C F 2 = C F 2 —
SbF,

CFCI,CF,C1
• CF3CF,CCI2CF,C1

Reactive cationoid species (carbonium ions) can be formed
not only from an acyl halide, a halogenoalkane, or a halogeno-
ketone but also from a fluoro-olefin on treatment with SbF5 as
a result of the elimination of the fluoride anion from the allyl
position. The resulting fluorine-substituted allyl cations can
react with another molecule of the fluoro-olefin, which entails
dimerisation and, in the case of different olefins, mixed
dimerisation or trimerisation,68»136 for example:

1 CF,=CF, Γ" ι ~~1 j . F -
<CF3)2C=CF;, -^- | C F . ^ 9 — C F , , I : V CF2=CCF2CF2CFj ±£»-

L CF3 J

(CF3)2C=CFCF2CF3

jizrc^^CFn "K : F^'F a> I CF2=C(C3F7)2J - ^ CF3C==CFC2FS .

C3H7 J C3F.

Intramolecular cyclisation has been observed similarly in
the case of a perfluorodiene: 1 3 7

CF,

CF 3 CF=CFCF 2 CF S CF=CFCF 3

 s b F -

Fluorine-containing poly halo genoallyl cations proved to be
so stable in a number of instances that they could be detected
by NMR,1 3 8 " l l t l for example:

CF3CX=CF2 + nSbF 5 -

X = H,F, Cl.fir. CF3
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The mesomeric carbonium ion intermediate can be isolated
in the form of a salt in the reaction of a Lewis acid with a
fluoro-olefin having electron-donating substituents: 1 1

c

= BF3,SbFs

C — C ΕΓ Π + 1

Such cations are evidently formed as intermediates in the
electrophilic elimination of alkyl fluorides from alkyl poly-
fluoroalkenyl ethers on treatment with Lewis acids. This
reaction is used to synthesise αβ-unsaturated fluorocarbonyl
compounds,2'11'11*2 for example:

CF3

CFS

,-OR

C = C C-C +RF
\X CF,/
: = 0R, NR2, F, QF^etc.

The rearrangement of perfluoroallyl ethers to perfluoro-
propenyl ethers is also catalysed by fluorine-containing
Lewis acids.11*3 A synchronous cyclic mechanism has been
proposed for this reaction:

R = Alk, Ph; ZF = BF 3 , RCOF .

The driving force in this and similar rearrangements is the
energy gain resulting from the formation of compounds with
a more conjugated bond system.

Apart from Lewis acids, hydrogen fluoride can also be
used as the catalyst for the generation of the cationoid
species and as a source of F~ anions. The coupled addition
of various reagents in HF to olefins, including fluoro-olefins,
is of considerable synthetic value: 1 9

\
E-i-t I I

E-C-C-F

Fluoronitration, fluorohydroxymethylation, fluoroamino-
methylation, fluorohydroxylation, etc. products have been
obtained in this way.

The coupled electrophilic addition of a halogen and the
fluorosulphonic acid residue to fluoro-olefins proved to be
a convenient method of synthesis of halogenopolyfluoroalkyl
fluorosulphates,11*1* for example:

Af-bromosuccinimide
CFs=CF t F S O ^ . ~ ; O ' BrCFjCFjOSO.F .

The compounds obtained are of interest as intermediates in
the synthesis of derivatives of carboxylic chloro- and bromo-
perfluoroacids.

Interesting data have been obtained in the study of the
reactivity of fluorine-containing dienes. In the reactions of
perfluorobuta-l,3-diene with nucleophiles, ir,π-conjugation
is usually not observed in the diene molecule.6t However,
the photochemical or thermal reactions of perfluorobuta-1,3-
diene with substituted styrenes or phenylacetylene afford
mixtures of cyclic [2 + 2]- and [4 + 2]-adducts apparently
as a result of a stepwise biradical reaction.6 9»7 0 The 1,2-
and 1,4-cyeloaddition products are also formed as a result
of the photochemical reaction with sulphur dioxide;7 1

however, in the latter case sulphur dioxide reacts in a
completely unusual manner, serving as the source of the

—O-S-0 fragment and not -O—S—; a new type of hetero-

O
cyclic compound was thereby obtained—a seven-membered
cyclic ester of sulphoxylic acid:

CF 2=CF-CF=CF a

CF—=CF

-* CF, CF,

°=S=°
The interaction of the cross-conjugated perfluorotriene

with nucleophiles involves 1,4-addition, the attack by the
nucleophilic species being directed to the C(l) atom.11*6

In certain cases the carbanionic intermediate is stabilised
by cyclisation:11*7'11*8

1 1/
(CF 3 ) 2 C=C

CF=c(CF3)2

CF=C(CF3)2

,« F —C(CF 3 ) 2

"CF"-^ ; C(CF 3 ) 2

ί" X;FCH(GF 3) 2

2G"""'~C »

\ C F = C ( C F 3 ) 2

C F 2 — C ( C F 3 ) 2

foa/ NCH(GF 3) 2

HN
N c — C ( C F 3 ) 2 ;

CF=C(CF 3 ) 2

CF 2 —C(CF 3 ) ,

(CF,)oCF'
\

The cumulated perfluorodiene (perfluorotetramethylallene)
proved to be extremely reactive. It readily combines with
nucleophiles:2

(CFS)2C=C=C(CFS)S S (CF,)2CHCX=C(CF3)a ;
HX=H2O, ROH, RNH, etc.

It is of interest that the 1,2-diene system of this compound
cannot as a rule be converted into the conjugated 1,3-diene
system.2 The reactions with trialkyl phosphites, the anions
of metal carbonyls, and tetraalkylmethylenediamines are
exceptions,11*9'150 for example:

(CF,)SC=C=C(CF,)2-

(CF,)2C=C-C<f

Re(CO)5

R.NCH.NR, 2

|
NR,

tPerfluorodimethylbuta-2,3-diene behaves analogously.·1

I I I . POLYFLUOROCARBONYL COMPOUNDS AND THEIR
ANALOGUES

An extensive cycle of studies carried out at the
Laboratory of Organofluorine Compounds of the Institute
of Organoelemental Compounds has been devoted to the
investigation of the influence of fluorine-containing groups
on the reactivity of heteroatomic multiple bonds. These
studies have made a decisive contribution to the investiga-
tion of the chemical properties of fluorine-containing ketones,
ketens, and their derivatives, as well as analogues of
carbonyl compounds such as aliphatic fluoronitroso- and
fluoronitro-compounds.
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The introduction of perfluoroalkyl groups enhances the
electrophilic properties and diminishes the nucleophilic
properties of the multiple bonds. Furthermore, perfluoro-
alkyl groups increase the stability of the corresponding
compounds and a wide variety of derivatives obtained on
their basis, so that structures which are unstable or do not
exist at all in the "usual" organic chemistry become entirely
stable. The most striking example is provided by the stable
enol of pentafluoroacetone2 5 '1 5 1 (see below). Geminal diols,
hydroxyamines, and diamines are all compounds whose
existence conflicts with the El'tekov—Erlenmeyer rule,
being stable in the series of organofluorine compounds.18

Furthermore, unusual structures such as those of the "enols"
of N-fluoroamides,152 N-fluoroazoxy-compounds,17 and many
others are entirely stable.

All these findings impart a considerable variety of fluoro-
carbonyl compounds and their analogues, which entails not
only a radical change in their reactivity in the usual reac-
tions but also the appearance of the possibility of reactions
which are completely atypical of non-fluorinated compounds.
In this Section we shall consider mainly reactions of the
latter type.

In contrast to the non-fluorinated ketones, perfluoro-
ketones and their derivatives yield relatively stable adducts
with alkali metal f luorides 1 6 · 3 3 ' 3 5 ' 1 5 3 or with a-fluoroalkyl-
amines.1 0 8 The α-fluoroalkoxides formed can in principle
add to fluoro-olefins, but this reaction is reversible and the
equilibrium is displaced towards the initial reactants.
Nevertheless, the formation of the adduct, a perfluoro-
alkoxycarbanion, has been detected by reactions with
electrophiles such as halogens, sulphenyl halides, or the
methyleneimmonium cation: 2 2 ' 1 0 8

CF 3 CF 3

I . PhSCl
(CF,),CFO-Cs+ -f- C F 2 = C ( C F 3 ) 2 =

(CF 3 ) 2 CFO-CH 2 =N(CH,) 2

• (CFS),CFOCF2C—SPh ;

CF, CF3

CF,
CF,=C(CF,I,

(CFACFOCF 2C-CH 2N(CH,) 2

CF 3

On reaction with propane sultone (1,2-oxathiolan 2,2-
dioxide), α-fluoroalkoxides give rise to perfluoroalkoxy-
substituted sulphonates, which are of interest for the
synthesis of surfactants: 1 1 3

SO2 - (CFj).CFOCH2CH2CH2SO3Cs .

The rearrangement of the fluorosulphate derived from
hydroxypentafluoroacetone into a-formylperfluoroethyl
fluorosulphate under the influence of the F~ anion has
been accounted for by the intermediate formation of a
ct-fluoroalkoxide and its intramolecular aeylation:2'151*

Perfluoroketones,1 8 '1 5 5 bis(trifluoromethyl)keten,20 and
perfluoronitrosoalkanes17 react with a weak nucleophile such
as isobutene in the cold and, in contrast to the non-
fluorinated analogues, without catalysts:

CF,.

XCF.-
) C = O + CH 2 =C(CH 3 ) 2

CF3NO -f CH 2 =C(CH 3 ) 2

XCF/ :H,
o_

X=F, NO.

CF3

XCF,

CH3

\ : C H 2 C = C H 2 ;

OH

Γ / C H 2 \ 1
C F 3 — Ν C(CH3)2

L N ) ' J

CH,

CF3NCH.,C =
I

OH

The nitro-group reacts similarly with an olefinic double
bond but the cyclic adduct formed initially isomerises in this
case to a derivative of 1,3,2-dioxazolidine:156

CF'\/V\
HO C K 0 — N /

I 2—C

d Τ

Hydrazoic acid and a keten readily interact with perfluoro-
ketones in the absence of a catalyst1 8 whereas their reactions
with non-fluorinated ketones take place only in the presence
of acids (protic or aprotic): 1 8

CF3,

CF3

C F /
c=o—

CF

CF.

/ \OH

C=O

Thus it has been found that increase of electrophilic
reactivity and a decrease of nucleophilic reactivity entail
the "inversion" of the reaction mechanism: electrophilic
addition (for non-fluorinated ketones) is transformed into
nucleophilic addition (for perfluoroketones). It is of interest
to note that trifluoroacetone reacts with keten only in the
presence of BF3 and the reaction proceeds with difficulty
compared with the reaction involving acetone. Evidently
the presence of one trifluoromethyl group is insufficient
to convert the ketone from a nucleophile into an electro-
phile.1 8

Despite the highly electrophilic properties of perfluoro-
carbonyl compounds, they are frequently incapable of
reacting with very weak nucleophiles. In such cases
success has been achieved with the aid of acid catalysis;
the catalyst then activates either the fluoroketone [Eqn.(l)]
or the attacking agent [Eqn.(2)], for example:18

(CF,) S C=O + H + ^ (CF3)2COH >—OH ; (1)

CF3CCF2OSO2F CF3CF—C

1
OSO2F

A certain analogy in the reactivities of ketones, ketens,
and nitroso- and nitro-compounds is most conveniently
traced in relation to stable polyfluoro-compounds, because
aliphatic ketens and nitroso-compounds without fluorine
are unstable.

H + 1) (CF,),CO

(CH3CO) tO->- C H 3 C O O C = C H , _ ϊ ! ϋ ι 2 * (CF3)2CCH,COOH .

OH OH

(2)

In view of the reduced basicity of fluoroketones and their
derivatives, electrophilic addition of type (1) is difficult.18

The use of basic catalysts in reactions with electrophiles
proved to be no less successful. As in acid catalysis, the
basic catalyst can activate either the fluorocarbonyl com-
pound, by converting it into a nucleophilic α-substituted
alkoxide [Eqns.(3) and (4)] 1 5 7 " 1 5 9 (cf.Zeifman et a l . 1 6 0 ) ,
or the attacking agent, by converting it into a nucleophilic
conjugate base [Eqn.(5)]: 1 8
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(CF3)2C=O (CF3)2c;
/

Ν

Ar

\;=0 + NR3

CF 3 \ /OCO

c
XCF/ Na

X = H, E.ci. ;

COOR

(CF3)2C=NAr

CF3v ΛΓ
J \ / RCOCl

( 3 )

( 4 )

COOR

COOR
/

:—R 1

\
COOR

X=F,

CF COCF
-CH>

5 5

NO, .

CFS

; l X \

' /
XCF3

COOR
/

C-C-Ri
1 \OH COOR

( 5 )

The very high electrophilicity of the C = 0 groups in fluoro-
ketones 1 8 and in derivatives of carboxylic fluoroacids,2 '1 6 1

of C=N groups in hexafluoroacetone acylimines,1 6 2 '1 6 3 and of
the C = C bond in perfluorotetramethylallene2 is manifested in
oxidation-reduction reactions with tertiary amines. The
first stage of these reactions yields an immonium cation,
which can be subsequently transformed into an aminocarbene
or a vinylamine:

(CWCHF, _

/ \ /
(CHs),N O-C (CF,),

Cycloaddition reactions are in general very characteristic
of fluorine-containing ketones1 8-1 6" and ketens, 2 0 trifluoro-
pyruvate esters, 1 6 5 and fluoronitrosoalkanes,17 for example:

CF.3 \
CF,

c=o
XCF, XCF

CF3

XCF,

C = 0 —
PhCH=CH3

CH,--=CRCR'=CH,

— c
X C F / N

C F 3 X ^

_ c
X C F 2 ^ ^

XCF/I
CH,

C

VCF,X

CHPh

CH,. ;
1

c

R'1

I (CF 3) 3C—Ν CH
Ph>CN, ,__ , ^.._ CH,=CR . Ι Ι

— (CF3)3CNO • ^ H ^

(CI

Ν

Ζ

R C11=N

ΖΗ

Η

The intermediate formed reacts subsequently with the initial
electrophilic fluorine-containing unsaturated compound, for
example:

[CH a =CHNR 2 ] + RpCOX - R F COCH=CHNR 2 .

Hexafluoroacetone acylimines give rise to cyclic adducts under
these conditions:

yNR,

(CF3)2C=NCOR l —

/ ' C H \

The aminocarbene obtained as a result of the dehydro-
fluorination of the αα-difluoroalkylamine by the perfluoro-
ketone also undergoes cycloaddition to the initial ketone to
form a 1: 2 adduct: 1 1 5

The carbonyl group can also add intramolecularly to the
C = C double bond in certain fluorine-containing αβ-unsatu-
rated carbonyl compounds. This entails a kind of rearrange-
ment as a result of which the oxygen and fluorine atoms change
places: 1 1 · 1 6 6

p / l

y xn:
Fluoroketone imines also enter into cycloaddition reac-

tions with dienes and diazo-compounds.1 6 '1 6 7 Imines with
electron-accepting substituents both at the carbon atom and
at the nitrogen atom are particularly active. For example,
hexafluoroacetone N-fluoroimine, which is readily obtained
from bis(trifluoromethyl)keten, reacts with diazomethane at
-50 °C: 1 5 2

(CF3)2C=C=O -^-4- (CF3)2CCOF -^^- (CF3)2C }

(CF3)2C=NF
H,SO4 /

CH2—Ν

Fluoroketone W-acylimines are very reactive, typically
undergoing 1,4-dipolar cycloaddition reactions with diazo-
methane, carbenes, isonitriles, and compounds containing
the C=C, C S C , C=O,and C = N multiple bonds: 1 6 . 1 6 8
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Scheme 2

Cycloaddition reactions involving the aromatic ring have
been discovered for bis(trifluoromethyl)keten N-arylimines.
These reactions resemble structurally the Diels-Alder reac-
tions, i .e. keten N-arylimines formally behave in this
instance like 1,4-dipolar compounds. However, a two-
stage mechanism rather than a synchronous mechanism is
more likely for reactions of this type, where one of the
double bonds of the 1,3-diene forms part of an aromatic
ring: betaines or small rings are formed initially, being
subsequently stabilised as a result of the reaction with the
aromatic r ing, 1 3 ' 1 6 9 for example:

(CF3)2C=C=N.

ICFO.CH—C'

The unusual reaction of keten N-arylimines with nitrones,
which in this instance play the role of oxygen sources,
belongs to the class of reactions of this type : 1 3 ' 1 6 9 ' 1 7 0

-PbCK=NPIi

Y=CF3, coon

Nitrones react as oxidants also with the uniquely stable
perfluoro-ct-lactam, which is obtained by the epimination of
bis(trifluoromethyl)keten : 2 7

150°
(CF 3 ) 3 CCN=C=*0 ·»

CF,

(CFA,C

N . .NC(CF3)3

(CF3);C

<CF3)3CN

C(CF3)3

1)C«F
2) BF,

( C F 3 ) 2 C = S N C C ( C F 3 ) J .

V

The analogy between the properties of fluorine-containing
ketones, ketens, and nitroso-compounds is manifested
particularly strikingly in the isotypical nature of the reac-
tions with phosphite esters. Thus it has been shown that
triethyl phosphite reacts in the cold with perfluoroketones,1 8

bis(trifluoromethyl)keten,20 and trifluoronitrosomethane,17

forming "pinacolisation" products, which decompose in the
last two cases already under the conditions of the synthesis
(Scheme 3).

Scheme 3

12(CF3),C=O P(OR)3

-C(CF3)2 -h O=P(OR)3 ;

CF2=CCF3 + (CF 3 ) 2 C=O + FPO(OR)2 ;

OR

(6)

(7)

2 (CF 3 ) : C=C=O -f P(OR)3

(CF3)oC==C C(CF3)2

BO

(CF 3) 2C=C=C(CF 3) 2 + CO + O=P(OR)3

3 .\=O + P(OR)3 •

CF3—Ν Ν—CF3

o;

R O ' I V O R

CF 3 —N=N—CF 3

Ο

(CFJ2C=C=O- (CF,),C—C
\ /

Ν

C(CF.)S

; c=o

C(CF,)3

Any of the bonds of the three-membered ring can be
ruptured in the cycloaddition reactions with perfluoro-a-
lactam, four- or five-membered heterocycles with two
heteroatoms being formed. On treatment with nucleophiles
(NR3, CsF) or after prolonged heating, perfluoro-a-lactam
rearranges to linear isomers: a perfluoroalkyl isocyanate,
an unsaturated carbamoyl fluoride, and a ketone acylimine;
similar rearrangements of non-fluorinated α-lactams are
unknown 2 8 ' 2 9 (Scheme 2).

The cyclic phosphorane formed from hexafluoroacetone
decomposes only on heating and the reaction proceeds via two
pathways [Eqns.(6) and (7)]; the second decomposition
pathway [Eqn.(7)] is analogous to the formation of oxime
ethers from secondary perfluoronitrosoalkanes:17

(CF,)2CFNO + P(OR), - (CF,)SC=NOR + FPO(OR), .

A complete analogy has been observed between the Allen
reactions of α-chloroperfluoronitrosoalkanes and the Perkow
reactions of a-chlorofluoroketones.17

The first step in all these reactions involves the attack
by the phosphite on the electrophilic carbon or nitrogen
atom.17»18 The strained three-membered cyclic phosphorane
formed then either isomerises or combines with the next
molecule of the unsaturated electrophile with rupture of the
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C-P and not the P-0 bond18 (as in the decomposition of the
four-membered cyclic intermediates in the Wittig reaction),
for example:

CF,. ^CF, C F ^ /CF,

A -
OR

j
OR

In the reaction with phosphites, two molecules of the
fluorine-containing ketone or keten therefore combine with
one another via the formation of a C—C bond, in contrast
to the reaction with isonitriles, in which a C—Ο bond is
formed,8·18

The trifluoromethyl groups in hexafluoroacetone and
its derivatives are inert and do not react J Although this
restricts the synthetic possibilities of perfluoroketones, it
is nevertheless convenient in the sense that the reactions of
carbonyl groups are not complicated by the involvement of
tiie other reaction centres of the molecule.18 However» the
replacement of one or several fluorine atoms by chlorine
appreciably "activates" the fluoroalkyl groups, so that
chlorofluoroketones are able to enter into the Perkow reac-
tion.2S It has been found that the chlorine atoms also
readily undergo intramolecular nucleophilie substitution
in the alkoxides of tertiary polyfluorocarbinols. This
resulted in the formation of a wide range of polyfluorinated
epoxides:2

An outstanding investigation by Knunyants, Dyatkin» and
Bekker and co-workers was devoted to metastable enols.
It is known25 that pentafluoroaeetone HCF2COCF3 does not
enolise because of its low acidity (the greater thermodynamic
stability of the keto-form of pentafluoroaeetone compared
with the enolic form has been confirmed by a non-empirical
calculation by the SCF method172). However, it has been
found that the corresponding enol (pentafluoro-2-propenol)
is entirely stable and can be obtained by the acid hydrolysis
of benzyl penfafluoroisopropenyl ether or dimethyl penta-
fluoroisopropenyl phosphate or by the thermolysis of
dMsopropyl pentafluoroisopropenyl phosphate : 2 5 > 1 S 1 · 1 7 3

OR OH

CF.-C-CF,

(OCHMe,).

P(OMe) t

r-* Qv=C—CF» .

OP (Offis

o1

l*CF t -C~CP»

OH

The first representative of the sterieaUy unhindered
metastable enols was synthesised in this way. The
exceptionally high kinetic stability of this compound can be
accounted for by the optimum combination of its properties.
Pentafluoro-2-propenol manifests, on the one hand, a
relatively low kinetic acidity as a consequence of the

destabilisation of the corresponding anion due to the
mesomeric electron-donating effect of the vinyl fluorine atoms
and, on the other hand, it exhibits a low proton affinity
owing to the electron-accepting effect of the fluorine-
containing group.2S»m Certain other aliphatic polyfluoro-
enols, for example» 3-chlorotetrafluoro-2-propenoI CFg ==
C(OH)CF2Ci or nonafluoropent-2-en-3-ol CF3CF — C(OH)C2FS

also proved to be entirely stablem

2$>in

AUcyelic fluorine-containing enols have been likewise
synthesised,25»175 Their most characteristic feature is their
ready dehydrofluorination by weak bases and subsequent
"vinyl" substitution of the g-fluorine a t O m: 2 S ' 1 7 3 » 1 7 S ' m

fCF t)n—C-OCHjPh

CFS C . .

(CF^-C-O

It is of interest that the dehydrofluorination is reversible,
thus confirming experimentally the hypothesis of the 1,4-
addition of hydrogen halides to αβ-unsaturated carbonyl
compounds.i 73»17'7

A general property of the aliphatic and aEeyclic enols
obtained is their ability to give rise to Ο-derivatives as a
result of the substitution of the mobile hydrogen atom by
an alkyl, acyl, or sulpho-group. Pentafluoropropenyl
sulphate isomerises to a sulphoketone on heating, while an
allcyclic sulphate eliminates fluorosulphonic acid:25·176

C F t = C - C F 3 J2 !-*HOS0 s CF s CeF s .

OSOjOH Ο

Pentafluoro-2-propenol gives rise also to other O-deriva-
tives, namely CF2 - C(CF3)OX (X = Li, R3Si, R3Ge, R3Sn,
or R2P) or the C-derivatives XCF2COCF3 (X = halogen,
NO, ArN = N, or RHg).25'178 When mercuripentafluoro-
acetone is treated with acids, the initial enol is regenerated;
the transfer of the reaction centre in the protodemercuration
of α-mercuricarbonyl compounds, suggested previously,
has thus been confirmed.25·178

The metastable pentafluoro-2-propenol isomerises wholly to
pentafluoroaeetone on prolonged heating at 180 °C and also in
the presence of weak bases.25'17311 In contrast to this,
α-hydrohexafluoroisobutyraldehyde (CF3)2CHCHO is involved
in a tautomeric equilibrium with the corresponding enol,
whose content increases (up to 100%) with increase of the
basicity of the solvent.7 The presence of the electron-
accepting trifluoromethyl groups greatly increases, as was
to be expected, the tendency towards enolisation in this
instance.

However, it has been found that in the case of bis-
(perfluoroacyl)methanes, the introduction of perfluoroalkyl
or perfluoroacyl groups has the opposite effect, causing a
sharp suppression of the enolisation, so that the compounds
(RFCO)2CHCF3 exists wholly in the diketone form, while the
compound (C3F7CO)3CH exists to the extent of 90% in the
triketone form . U 9 Evidently the bulky groups prevent the
formation of the planar chelate ring of the cis-enol.

#On the other hand, the mobility of the allyl fluorine atoms
in bis (trifluoromethyl )keten and in N-perfluoropropyldi-
phenylketen imme are responsible for the ready isomerisation
of these heterocumulenes to 1,3-heterodienes.13

§ Analogous intermoiecular reactions are also known.171

HThe metastable enethiol (CF3)2C = C(SH)C2F5 isoinerises
analogously to the thioketone (CF3)2CHC(==S)C2F5.

179

However, the isomerisation of the corresponding sulphenyi
chloride (CF3)2C = C(SC1)C2F5 to the a-chlorothioketone
(CF3)2CC1C(=S)C2F5 is reversible;180 a new type of
cationotropic tautomerism (chlorotropism) was observed №
this instance.
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It is of interest that a fairly considerable energy barrier
to the enolisation of the metastable diketone form has been
observed for heptafluoroacetylacetone (CF3CG)2CHF. At
equilibrium» this g-diketone is 90% enolised1*2 In contrast to
the wholly enolised hexafluoroacetylacetone (CF3CO)2CH2.

—o0o~

We believe that the foregoing data provide an idea about
the extent to which the presence of perfiuoroalkyl groups
aIters the chemical properties of organic compounds.
•When one views the path traversed by fluorine chemistry»
one sees that many features which previously outraged the
chemist's imagination have become commonplace; however,
the unusual characteristics of this field of chemistry are so
pronounced that it still yields new phenomena and facts,
which, on the one hand, expand theoretical ideas in chemistry
and, on the other, lead to important practical results. Both
these aspects are a source of enormous satisfaction to the
investigator".2
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