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The Chemistry of Perfluoroisobutene

Yu.V.Zeifman, E.G.Ter-Gabrielyan, N.P.Gambaryan, and |.L.Knunyants

The literature data on the methods of synthesis and reactions of the highly electrophilic perfluoroisobutene with nucleophiles
as well as electrophiles are surveyed. The possibilities of employing this fluoro-olefin in organofluorine synthesis are discussed.
The advances in the study of the perfluoro-t-buty! anion, generated from perfluoroisobutene and the fluoride anion, are

considered in a special section.
The bibliography inciudes 199 references.
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I. INTRODUCTION

The ability of fluoro-olefins to react with nucleophiles,
which distinguishes them radically from the hydrogen-con-
taining analogues, is particularly pronounced in the case of
perfluoroisobutene (PFIB), whose chemistry has developed
vigorously since 1953. This fluoro-olefin is of special inter-
est primarily because of its uniquely high electrophilic
activity: PFIB reacts with almost all known nucleophiles and
even the usual organic solvents, for example dimethylformamide
or acetonitrile, are not sufficiently inert in relation to this
compound. The properties of PFIB are close to those of
activated olefins of the type of o,8-unsaturated carbonyl
compounds or polycyano-olefins. At the same time the wide
variety of the reactions of PFIB is determined by the lability
of the fluorine atoms in the CF,; group, characteristic of
fluoro-olefins, and the possibility of further reactions of the
addition products associated particularly with the high
CH-acidity of the (CF;),CH group. All these factors,
together with its ready availability, make it possible to
employ PFIB widely in organofluorine synthesis.

The high electrophilicity of PFIB is due to the combination
of the strong electron-accepting effects of the fluorine atoms
and the CF; group on which is superimposed the capacity of
the vinyl fluorine atoms for effective conjugation with the
C=C bond. Indeed, the consecutive increase of the asym-
metry of the molecule in the sequence CF,=CF, < CF,CF=
CF, < (CF3),C=CF, is accompanied by a gradual increase of
the positive charge on the carbon atom of the CF, group,
which has been confirmed by quantum-chemical calculations'™.
On the other hand, calculations for the molecules of PFIB
and esters of perfluoromethylacrylic acid by the extended
Hiickel and CNDO methods" showed that their reactivity is
determined by the dynamic properties of the distribution of
electron density rather than the static distribution. The
higher electrophilicity of perfluoromethylacrylate compared
with PFIB can be explained by the greater ability of the
alkoxycarbony!l group, compared with the CF, group, to
stabilise the intermediate carbanions or carbanion-like trans-
ition states. From this point of view, the sharp increase of
electrophilicity in the above sequence is caused in the first
place by the growing stability of the carbanions: NuCF,CF, <
NuCF,CFCF; < NuCF,C(CF,;), (Nu is the nucleophile residue).
Such variation of the state of the carbanion is evidently
associated not only with the stabilising effect of the CF,
group but also with the destabilisation of the carbanionic
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centre by the compact unshared electron pairs of the
o-fluorine atoms.

The framework of the present review precludes a compar-
ison of the electrophilic properties of PFIB and the lower
fluoro-olefins in relation to specific examples. We shall only
note that in all cases without exception PFIB is much more
reactive in reactions with nucleophiles than, for example,
hexafluoropropene. At the same time, the reactions of PFIB
with electrophiles, if they occur at all, proceed with much
difficulty. Nucleophilic catalysis therefore assumes special
importance in such reactions, which reflects the change in
the reaction mechanism from electrophilic in the case of non-
fluorinated olefins and lower fluoro-olefins to nucleophilic for
PFIB. Separate aspects of the chemistry of PFIB have
already been discussed in a number of recent reviews'™®,
However, the chemistry of this fluoro-olefin has not so far
been fully considered.

It. PHYSICAL PROPERTIES AND METHODS OF SYNTHESIS

PFIB is a colourless highly toxict gas® with a boiling point
of 6.5 °C, which can be readily identified from the infrared®®
and °F NMR 7 spectra. Its reduction potential at the plat-
inum electrode is —2.65 V.1*

The main methods of synthesis of PFIB include thermo-
lytic processes, which indicates a high thermal stability of
this compound. PFIB is obtained by the pyrolysis of Teflon'?,
tetrafluoroethylene®®, hexafluoropropene'*, and perfluoro-
cyclobutane®®® at 700-750 °C (see also other communications
16-18), It has been suggested that the synthesis of PFIB by
pyrolysis involves the intermediate formation of difluoro-
carbene®!®, In addition, PFIB can be obtained by the
dechlorination of 1,2-dichloro-octafluoroisobutane by zine in
dioxane or acetone?®, but this reaction is of limited practical
interest, since the dichloride itself is obtained only on
chlorination of PFIB.

[Il. REACTIONS WITH NUCLEOPHILES

The chemistry of PFIB includes all the reactions with
nucleophiles characteristic of fluoro-olefins. Addition to
double bond of PFIB takes place when it inleracts with

1 PFIB is approximately 10 times more toxic than phosgene.
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proton-donating nucleophiles. The conjugated nucleophilic
addition reactions (the commonest instance is that of the
reactions with participation of the F~ anion) as well as ionic
cycloaddition of 1,2- or 1,3-dipolar compounds belong to the
same type:

H

NuH

— + l
— (CFyy C—CF,NuH — (CF,): C—CF,Nu

(CF3), C:=CFy——|-N""_, (CF,). C—CF.Nu —F_, (CFy), C—CF,Nu
|

dr O E

Ac=B

~ (CFj): C—CF,
i+

A—B

— (CFy)y C—CF,
| |
A—B

In those cases where the nucleophile is attached to a group
Z capable of being split off in the form of an anion (or
neutral molecule), the addition can be accompanied by intra-
molecular cyclisation [see Eqns.(3), (4), (6), and (7) below]:

—=> (CF3)yC——Cr,
=z SN

(CHaC=CF; ~~I> (CF;)C—Cl,
&/

Nud Nu

When PFIB interacts with conjugated nucleophiles, the
vinyl fluorine atom is usually substituted. The same process
is frequently accompanied by the addition of nucleophiles to
PFIB, which distinguishes it sharply from the lower fluoro-
olefins for which addition is more typical. In many cases the
products of the "allyl" substitution resulting from the elimin-
ation of an F~ anion from the CF; group are formed. Both
"vinyl" and "allyl" products are usually capable of further
reactions with nucleophiles, which leads to geminal substitu-
tion of 1,3-disubstitution (Scheme 1):

Scheme 1 )
Nu
Nu
CF3)9C=CFNu—23 (CF;),C=C
GFy e (CFy)y u 5 (CHy)y \N“
(CFy)yC=CF, Yo FyCoC—5CFNu
¥2 2 é| T |) ¥, CF,
A v -
! 17,C=C~—CF,Nu ;—“» NuCF=C—CF,Nu ,

-y

The relative contributions of the vinyl and allyl substitu-
tions are determined by the nature of the entering nucleophile
and also by the reaction conditions. The vinyl substitution
is facilitated in the interaction with nucleophiles which
ultimately give rise to a substituent with an unshared electron
pair as a result of the reaction. In other cases allyl substi-
tution competes with this process to some extent [see Eqn.(9)
below].

In certain reactions of PFIB both vinyl and fluorine atoms
are substituted by an alkylidene residue, the imino-group,
or a sulphur atom. However, these processes, which lead
to the formation of cumulenes or heterocumulenes, can be
classified only formally as substitution reactions, since, as
regards their nature, they constitute addition accompanied
by dehydrofluorination:

(CF5), C—CF, —1et

Nu=R,C, NR, S.

1. Reactions with Halide lons

The Fluoride Ion

PFIB readily interacts with alkali metal fluorides (KF, CsF)
in aprotic dipolar solvents with formation of the perfluoro-t-
butyl anion (I). The reaction is reversible, so that the free

- (CF3)y CHCFNuH— = (CF), CHCF=Nu—p— (CF3),C=C =Nu
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fluoro-olefin is present in solution together with the anion
(I).7 The anion (1) is generated also in the reaction of

PFIB with tetramethylformamidinium hydrogen fluoride®! or
hexamethylguanidinium fluoride ?? and in this case the equi-
librium is displaced to a greater extent towards the anion (I),
as shown by the °F NMR spectra:

MH+F- -
(CF3), C=CF, == (CFy)3 C M*;
1
M*=K*, Cst e(ti.

In terms of their wide variety and importance for the chem-
istry of fluorocarbanions, the reactions of the anion (I) are
of independent interest and will be considered in the con-
cluding Section of this review. We shall only note that the
anion (I) readily combines with:-a proton. Thus the inter-
action of PFIB with hydrogen fluoride in the presence of
catalytic amounts of ammonium fluoride?® or triethylamine®*
results in the formation of monohydroperfluoroisobutane
(CF;);CH. This reaction is important in the chemistry of
PFIB because it accompanied the transformations of the
latter in which the initial adducts are dehydrofluorinated.

The Chloride Ion

PFIB is also capable of combining with the Cl” anion via the
double bond with formation of the anion (II). This might
have led to the exchange of chlorine for fluorine but under
the usual conditions this reaction does not occur, since the
equilibrium in the exchange is largely displaced towards the
initial reactants. The exchange reaction was achieved in the
presence of compounds which irreversibly bind the F~ anion.
Thus fluorine is exchanged for chlorine in PFIB when the
latter is treated with benzoyl chloride in the presence of
pyridine; together with the monochloride (III), a certain
amount of the gem-dichloride is formed under these condi-
tions?°:

Cc1- - -
(CFy)s C=CF; < (CFq), C—CF,Cl 2= (CFy). C=CFCI .

(1D (111)

(CFy), C=CCL . (1

The interaction of PFIB with phosphoryl chloride catalysed
by triethylbenzylammonium chloride (TEBA) yielded the
monochloride (III) and the dichloride ClCFZC(CFa):CFCI.25
Furthermore, TEBA or tertiary amines catalyse the hydro-
chlorination of PFIB 2° and the addition to the latter of
aliphatic and aromatic sulphene chlorides?® or sulphur mono-
chloride®’. It is of interest that the interaction of PFIB with
sulphene chiorides containing electron-accepting groups, in
the presence of the chloride ion, is of the halogenophilic
type and leads to the chlorination of PFIB.2® The dichloride
(1V) has also been obtained on treatment of PFIB with chlo-
rine under the conditions of nucleophilic catalysis2®
(Scheme 2):

Scheme 2
?R
(CF3), (%HCF:CI' (CF3), C—CF,Cl
T
| Ha rsct |
(CFy), C=CF,
CCIysCl SsCl,

I
{
(CF3), C—CF,Ct
|
S$sCl

|
(CF3); CC1—CF,Cl

v

In the absence of a catalyst, these reactions either do not
occur at all or require very severe conditions [see Eqn.(13)
below].
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The Bromide Ion

Fluorine exchanges for bromine in PFIB on treatment of
the latter with benzoyl bromide in the presence of pyridine.
Together with the monobromide (CF;),C=CFBr, disubstitu-
tion products are formed2?’. Under the conditions of nucleo-
philic catalysis, it has also been possible to achieve the
hydrobromination of PFIB 2% and the addition of bromine to
the latter?® [see Eqn.(13)].

PFIB does not react with the iodide anion; hydriodic acid
also does not add to PFIB under the conditions of nucleophilic
reaction?®. Iodoperfluoroisobutene has been obtained from

the monochloride (III) by the exchange reaction with KI. 2%

2. Reactions with O-Nucleophiles

Water and Hydrogen Peroxide

When PFIB reacts with water in acetone® or tetrahydro-
furan (THF), ! a-hydrohexafluoroisobutyric acid (V) is
formed in a high yield. This is one of the most important
reactions of PFIB in practice, particularly because the acid
(V) is the starting compound for the synthesis of bis(tri-
fluoromethyl)keten °2 and derivatives of perfluoromethacrylic
acid®**. Depending on the reactant ratio and the reaction
conditions, the hydration of PFIB in the presence of tri-
ethylamine can yield the fluoride of the acid (VI), the acid
(V), or its decarboxylation product—dihydroperfluoro-

propane®*;

2 Ke)
(CEg) C=CF, —2— (CF,), CH—COF —f— (CFs); CH—COOH ——g5;~ (CFg)s CH, .
\2)) v)

The alkaline epoxidation of PFIB leads to an epoxide®537
[see also Eqn.(4)], which has been suggested as a mono-

mer38y39 .
— Hy0, N i
(CF3),C=CFy ——> (CF3)pC—CFy  ——> (CF3)2C-——O——CF2 3 (3
O—0H
[\
Alcohols

PFIB readily reacts with aliphatic alcohols*’™*? and cellu-

lose*®. The reaction results in the formation, apart from
compound (VII), also of the vinyl ethers (VIII) (Scheme 3).
It has been established that the saturated ethers (VII) are
converted into the unsaturated ethers (VIII) under much
more severe conditions than those in the reaction of PFIB
with alcohols. On this basis, it is assumed that the ethers
(VII) and (VIII) are formed independent of one another:

Scheme 3
H H
(CF3)2(:h' (}fﬁn — (CF3);(IT—CF20R
\01{ (VID

(CFy)y0=CF, 22

£ +
(CFS)QC,lCF—OR —> (CFy),C==CFOR

-HF
Y

H (vViID

# Perfluoroisobutenyl derivatives of lithium and magnesium,
which can be used to synthesise compounds containing the
(CF,),CF=CF group, were obtained from chloro- and iodo-
perfluoroisobutenes 29,
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The intermediate dipolar ion is stabilised mainly as a result
of the protonation of the anionic centre but enhancement of
the electron-donating properties of the residue R promotes
the elimination of the F~ anion from the CF, group*’. With
increase of the acidity of the alcohols, their interaction with
PFIB becomes more difficult. Thus CF;CH,0OH, HSCH,CH,0OH,
and CICH,CH,OH react with PFIB under mild conditions only
in the presence of basic catalysts*’, which tends to increase
the fraction of the vinyl substitution products. For example,
depending on the conditions, either the ethers (IX) and (X)
or the acetal or bis(trifluoromethyl)keten can be obtained
from PFIB and ethylene chlorohydrin**"**. The product of
the intermolecular cyclisation of the intermediate carbanion
is formed only under the conditions of thermodynamic control
on interaction of the vinyl ether (X) with the F~ anion*®
(Scheme 4):

Scheme 4

(CF3), CH—CF,0CH,CH,C1
T
H+
— ~F-
(CF;); C=CF, -+ HOCH,CH.CI — (CF3)s C—CF20CH,CH,Cl 7> (CF3); C=€FOCH,CH,C1
+F= (X)

~Cl- HOCH,CH,CI

! §
(CFg) G (CF3)2 C=C (OCH,CH,Cl),

CFay
o)
CHy,—CH,”

The addition of the enol of pentafluoroacetone to PFIB is
catalysed by N-methylpyrrolidine or pyridine"s:

(CFS)z C:CFz + CF2:IC“‘CF 3 (CFS)ﬂ CHCFnOC:CFz .
OH CF;

The reactions of PFIB with allyl alcohols are of special
interest. Together with the addition products, the products
of the Claisen rearrangement of allyl vinyl ethers and not
the ethers themselves are formed (Scheme 5):“7"%®

Scheme 5

(CF3)oCH—CF0CHyCH=CH; + (CF3),C—COOCH,CH=CH,

(CF3)yC==CF, HyCHa=CH,
! !
HoC=CHCH,0H (CF3)2C=CF\ F
HyG To ——>  (©Fc—c=0
-HF \\{-\ J ) )
CH—CH, CHyCH==CH,

Propargyl alcohol and its homologues react analogously with
PFIB and the migration of the propargyl group is accom-
panied by the acetylene—allene rearrangement“®. It has been
suggested that the products of all these reactions are formed
as a result of the [3,3]-sigmatropic rearrangement of the
intermediate fluorocarbanion“®.

The reactions of PFIB with sodium alkoxides in aprotic
media lead to alkyl perfluoroisobutenyl ethers of bis(tri-
fluoromethyl)keten acetals depending on the reactant ratio*?.
PFIB is apparently capable, in principle, of interacting also
with alkali metal perfluoroalkoxides, but the reaction is
reversible and the equilibrium is fully displaced towards the
initial reactants (the perfluoroisopropoxide anion is a more
effective leaving group than the fluoride anion). Indeed, in
the presence of appropriate electrophiles it is possible to
detect the formation of an intermediate carbanion and to
obtain the products of the coupled perfluoroalkoxybromina-
tion or perfluoralkoxysulphenylation of PFIB. The alteration
of the nature of the counterion leads to an analogous result:
the interaction of PFIB with the salt [Me,N=CH,]*OCF(CF,),
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yields a fluorine-containing alkoxyamine as a result of the
covalent binding of the intermediate carbanion to the meth-
yleneimmonium cation (Scheme 6): 5°

Scheme 6

(CFg)y C=-CF, - (CFy)3 CFO~ = (CF,). T—CF.OCF (CFy),

[Me,N=CH,]+ {

‘ Br, ll’hSCl
v
(CF4)s C—CF.—OCF (CFy), (CF.), C—CF,0CF (CF;) . (CF3), (I?—CFg()CF (CF),,
i |
Br SPh CH,NMe,
Phenols

On heating, PFIB reacts with phenol and resorcinol; only
the addition products have been obtained as a result®. Like
alkoxides, the phenoxides react in their turn with PFIB
under mild conditions and give rise to the products of the
vinyl monosubstitution®?'*® and disubstitution®"*>, When
PFIB reacts with the disodium salt of catechol, a cyclic
keten acetal is formed®®:

Na—O.
AN O
(CFy): C=CF, -+ || —— €F)c=c" |

i
Na_o/\\/’ \O/\/

Acids and Peracids

In contrast to derivatives of perfluoromethacrylic acid®?,
PFIB does not react with carboxylic acids in the absence of a
catalyst. Acetic and benzoic acids add to PFIB only in the
presence of triethylamine. The resulting adducts (XI)
decompose into two acid fluorides on treatment with triethyl-
amine®’ or on thermolysis®®.

Despite the fact that the introduction of electronegative
substituents into the olefin molecule usually hinders the
Prilezhaev epoxidation, PFIB readily interacts with aromatic
peracids to form an epoxide (Scheme 7). The reaction mech-
anism is apparently inverted in this case and the peracid
functions as a nucleophile®®:

Scheme 7
n;?,(;z}{’ (CF )y CH—CF,0C0R Ao (CF4),CHCOF + RCOF
(X1)
(CF),C==Cr, —] (4
[Arco00d (CF,)yC —CF ——— 3 (CF ), C——CF.
Foha — Gt e 32 NV 2
0-Z0C0Ar

Derivatives of Hydroxylamine

0 1

PFIB readily comines with acetone®’ and hexafluoroacetone®
oximes:

R,C=NOH

(CFy); C=CF, — (CFs); CH—CF,ON=CR; ;

R=Me, CFa .

3. Reactions with S-Nucleophiles

The interactions of PFIB with benzylmercaptan®?, allyl-
mercaptan®®, and thiophenol?® lead mainly to addition prod-
ucts. Depending on the conditions, mono- or di-substitution
products have been obtained in the reactions with mercap-
tides®" and thiophenoxide®®:
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RSNa RSNa

(CF3); C=CF;

— (CFs), C=CF—SR
R=Et, n-Bu, Ph .

> (CF3); C=C(SR), ;

Disubstitution with formation of the bis(trifluoromethyl)-
thioketen dimer takes place with PFIB reacts with potassium
diethyl phosphorodithioate (Scheme 8):°® the monosubstitu-
tion product could not be isolated owing to its spontaneous
decomposition:

Scheme 8
PN
(CF )oC==CF, + (Et0):PSSK —> | (CFy)yc=¢ " “P(0Bt), | —>
N
F S
S
Tresiomyy (CFel==C=8 =3 (CF),0=C C=C(CF3),
s
This reaction is of preparative importance. The inter-

action of PFIB with the salts of other thiolo-acids leads to
the same result®’" %, It is of interest to note that, in the
reaction of PFIB with KSCN, the thiocyanate ion exhibits
the properties of an ambident nucleophile’?:

S
KSCN

N
~ 3 KSCN . - P’
(CF3); C=CF—N==C=8 ey (CFy)y C=CF, “suipholan (CI‘;,)gC:C\ /C:C((‘Fx)z .

S

Thiolo-acids add to PFIB in the presence of triethylamine
as the catalyst. Like their oxygen analogues [see Eqn.(4)],
the resulting adducts decompose on thermolysis with forma-
tion of the thioacid fluoride (XII). Acid hydrolysis of the
adducts leads to the mercaptan (XIII) with two fluorine atoms
in the o-position®®.

& (CFg)y CHCF=$

H XI¥

(CF3)3 C=CF, —gen—> (CFy), CHCF,SR— xm
R=PhCO, (Et0), PS, Ph;PS B, (CFj); CHCF,SH

(X111

4. Reactions with N-Nucleophiles

PFIB readily reacts with ammonia and amines and the
tendency towards the formation of unsaturated products is
then enhanced.

Ammonia

PFIB vigorously combines with ammonia. Subsequent
dehydrofluorination leads to hexafluoroisobutyronitrile, the
low yield of which can be explained by its extreme instability
in relation to ammonia**:

NH,
(CF4)sC=CF, m_) [(CF3)y CHCF,NH,] —gzz— (CF3), CHCN .

The much lower reactivity of hexafluoropropene in this reac-
tion permits the employment of the latter for the elimination
of PFIB from hexafluoropropene’?,

Primary Amines

The interaction of PFIB with primary amines leads to
o-hydrohexafluoroisobutyroimidoyl fluorides, the amidines
derived from this acid, or bis(trifluoromethyl)keten imines
(Scheme 9):7%73
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Scheme 9

|~ (CFs)s C=C=NR

(CFs)s C=CF; —pet—> (CFy), CHCF=NR—

NR (5)
/
_RNH, _ (CF,), cuc/

NHR

In the reaction of PFIB with an excess of p-toluidine, the
corresponding amidines undergo further reactions: deriva-
tives of azetidine and quinoline were obtained under these
conditions”*,

Keten imines can be obtained either by the direct inter-
action of PFIB with primary amines catalysed by triethyl-
amine (in this case the PFIB—Et ;N system behaves simultane-
ously as the acceptor of the HF evolved) or with preliminary
isolation of imidoyl fluorides and subsequent dehydrofluorin-
ation with powdered KOH in ether or with the adduct
BF;.Et;N§. The interaction of PFIB with primary amines in
the presence of CaF does not stop at the stage involving the
formation of ketene imines but leads to their cyclic adducts
with PFIB [see Eqn.(12) below].

When PFIB was allowed to react with ortho-substituted
anilines, the products of the cyclisation of the intermediate
imidoyl fluorides were obtained®® (see also Nakai et al.”%):

\\/NH2 /\/N:CFCH (CFa)s ava N‘\\
cmc-crt[ | = ] — () t-cn e,

7/ \XH \/\XH \/\X/
X=0, S, NH

Secondary Amines

The interaction of PFIB with secondary amines leads to
both addition products and unsaturated products (Scheme 10)
and the available data do not permit a rigorous distinction to
be made (as in the reaction with alcohols) between situations
where the unsaturated products are formed as a result of
direct vinyl substitution or as a result of the dehydrofluorin-
ation of the adducts formed initially”®~7%:

Scheme 10

_ + J 3e
(CF3);C=CFy +R,NH —> (CF,),C—CF,NHR; ? (c1«“3)261(':}?LNNR2 —

¥
+it

(CF 3),CH—CFNR,
__l NR
R,NH S NRy

=> (CF3)C==CFNRy ——3 (CF3),C=C

o -HF
. NR,

It has been suggested’® that the presence of electron-
donating substituents at the nitrogen atom increases the
ability of its electron pair to "expel" the fluoride ion from
the intermediate carbanion. The reactions of PFIB with
highly basic secondary amines therefore lead to unsaturated
products, while the reactions with weakly basic amines lead
to the formation of addition products. The interaction of
PFIB with dimethylamine or piperidine in the presence of
an excess of the base leads to bis(trifluoromethyl)keten
aminals. The correspanding aminal could not be obtained
by the reaction with diethylamine, apparently owing to the
influence of steric factors in this reaction’®.

§ This reagent is particularly convenient in the synthesis
of keten imines which readily dimerise in the presence of
traces of bases.
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Tertiary Amines

The interaction of PFIB with tertiary amines leads to the
formation of a dipole ion. When a group capable of cationoid
abstraction is present at the nitrogen atom, the ion is
stabilised either via the migration of this group to the
carbanionic centre or via its elimination with a fluorine atom
from the difluoromethylene group:

E

|
-» (CFy) C—CF.NR,

(CFz) C=CFy - RN—E 2 (CFy)y C—CF, NRyE——I
—» (CFy); C=CFNR, .

~EF

Thus, depending on the character of the substituents at
the nitrogen atom, the insertion products or the products of
the substitution of a fluorine atom by a dialkylamino-group
have been obtained by the reaction of PFIB with tetra-alkyl-
diaminomethanes (Scheme 11):®°

Scheme 11

CH2N< l

s
e (cra,¢—crn|

(CFx)a C=CF, R,NCH,NR,
—RN=NMed , (CFy)y C=CFNR, .

The latter case evidently obtains also in the interaction of

PFIB with N-trimethylsilylpiperidine?”®.

The formation of a dipolar ion from PFIB and R;N has been
confirmed in the study of the reaction of PFIB with pyridine
in the presence of bromine; this yielded a coupled addition
product?®:

(CF),C—CFy NCsHy 2 (CFy); C—CFyNCsH; —22— (CFy), C—CF,NCHBr~ .
Br

There exist many indirect data indicating the reversible
addition of R;N to PFIB. Thus the dimerisation of bis(tri-
fluoromethyl)keten imines by tertiary amines is retarded in
the presence of PFIB by a factor greater than 100.72

Hydroxylamine, Organic Derivatives of Hydrazine, and
Hydrazoic Acid

When PFIB reacts with free hydroxylamine, the fluoride of
a-hydrohexafluoroisobutyrohydroxamic acid is formed®:. The
reaction of PFIB with 1,1,-dimethylhydrazine gives rise to
the hydrazine derivatives (XIV) or (XV), depending on the
reactant ratio®?:

NH,OH Me,NNH,

(CF;); CHCF=NOH « (CFy), C=CF,

_ANHMe, .
——— (CFy).CHCY -+ (CFy), CHCF=NNMe, .
“NHNMe,
(X1v) XV)
The interaction of PFIB with phenylazo-olefins in the pres-
ence of CsF results in the formation of vinyl substitution
products®®:

(CF5),C=CF, Ph

RyCF=C—N=NPh ——+ R,CF,—C=N\Ph > RpCF,C=NN(
[ { | NCF=C(CFy),

R R

PFIB combines with 3,3-dimethylaziridine®*. An addition
product has been obtained from PFIB and hydrazoic acid,
generated in situ from NaN, and sulphuric acid in dimethyl-
formamide®. PFIB reacts even more readily with sodium
azide®%'®®, The azirine (XVIII), formed as a result of the
spontaneous decomposition of the unsaturated azide (XVII),



Russian Chemical Reviews, 53 (3), 1984

then polymerises under the influence of the nucleophiles
present in the reaction mixture. However, it was obtained
under neutral conditions by the dehydrofluorination of the
saturated azide (XVI) or 3,3-difluoro-2, 2-bis(trifluoro-
methyl)aziridine by the complex BF;.Et;N (Scheme 12):

Scheme 12
HN,
[ > (CF3), CHCF,N; (CF;), C—CF,
XV N
(CFy), C=CF, li.u:,.x—:z.N | BEELN
_NaN, | [(CF4),C=CFN;] T—e(CFS)ﬁC CF
(XV1I) NN (xvI)

Amides and Sulphonamides

The electrophilic properties of PFIB are sufficiently strong
for it to react with carboxylic acid amides in the absence of
bases®’. When PFIB was allowed to react with acetamide or
benzamide in diglyme, the acid fluoride (VI) and the corre-
sponding nitriles were obtained (Scheme 13). Evidently in
this case the amides undergo O-alkylation with formation of
unstable iminoesters, which decompose subsequently like the
acyl derivatives of o,a-difluoroalcohols [see Eqn.(4)]:

Scheme 13
(8]
) g
RCONH, | (CFg)CH-—CF CR . .
(CF y)yC==CFy ——> ]\v il > (CF3)CHCOF  + RC=N .
ol
b (V1)
H

The much less basic benzenesulphonamide and urethane
react with PFIB only in the presence of bases. PFIB readily
reacts with the potassium salt of benzenesulphonamide to
form the adduct (XIX) of N-phenylsulphonylketen imine with
KF: %87

(CF3)y C—CF, + PhSO,NH K+ —p—> (CFs), C==CFNSO,Ph K*
(XIX)

The reaction of PFIB with urethane takes place in the pres-
ence of KF as the catalyst and leads to the adduct of the cor-
responding keten imine with PFIB [see Eqn.(12) below]

N-Nucleophiles Containing Leaving Groups

When PFIB interacts with N-chloro- or N-acyloxy-benzamide
in the presence of bases, N-benzoylaziridine (XX) is formed
in a satisfactory yield (Scheme 14). This reaction, which
constitutes nucleophilic cyclisation of PFIB, is an example of
the fixation of the amide anion formed as an intermediate in
the Hofmann and Lossen rearrangements by the interaction
with the electrophilic C=C bond®®:

Scheme 14

C5HsN _
PhCONHX z=——> PhCONX ;

-CsHgNH
(CF3)yC==CFy + PRCONX — (CF3)yC—CFy  ~=> (CFy),C——Cl (6)
\ N
N—X N
|
COPh COPh
X =Cl, (CF3),CHCO0 . (XX)

The reaction of PFIB with the potassium salt of benzo-
hydroxamic acid proceeds via an analogous route (Scheme 15).
In this case the carbanion (XXI) cyclises and the mesomeric
anion (XXII) plays the role of the leaving group®®:
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Scheme 15

PhCONHOK

1
(CF)iG=CF, ~——pgz— | (CF3),GC=CFO—N—COPh | >

(cFy),C=CF
el 8 (CF3),C—CF,

N/—C;)CF:C(CF;;)Z

—3 (CF4)C=CFO0—N—COPh

(XXI)  COPh

— (cx"3)2c§—\——cy2 + (CFy),c=cF0 k¥
N (XX1I)

|

COPh

' (D

The formation of the aziridine (XX) was also detected in

the reaction of PFIB with Me ,N—NCOPh. ®®

When various N-chloroamides were involved in the nucleo-
philic cyclisation reaction, it was observed that products
other than aziridines are also formed; this is associated
with the low effectiveness of the Cl™ anion as the leaving
group and also with the tendency of the chlorine in the
N-chlorocompounds to undergo cationoid abstraction
(Scheme 16): %°

Scheme 16
- _ cl
(CFy), C==CF, + RNCI — (CF3)2C—-CF2N< —G=" (CF;), C—CF,
R AN
|
R
(CFy), C !é:_ NR iw cl l} cl
3y Mol
/
C[ , (CF3), (iZ—CFZN\R (CFy), C= CF,\I< "

The cyclisation of PFIB with the aid of N-(p-nitrobenzene-
sulphonyloxy)amides takes place much more unambiguously®®:
EtyN
= N — CF, .
(CFg)y C=CF, -- O,NC:H,SO,0NHR NG SOL B N/ 2}
R==COOEt, PhSO, . |

R

= (CFy), C
AN

These reagents have been used successfully for the cyclisa-
tion of other highly electrophilic unsaturated fluorine com-
pounds®®.

It has been established that PFIB does not form cyclic
adducts with acylnitrenes generated by the photolysis of
benzoyl®® or alkoxycarbonyl azides®®; this confirms the
nucleophilic mechanism of the formation of the fluorine-con-
taining aziridines.

In the interaction of PFIB with iminophosphoranes®® or
iminosulphuranes“, rings are not formed either. The only
pathway in these reactions involves vinyl substitution in
accordance with Scheme 17 accompanied by the B-decomposi-
tion of the intermediate fluorides [see Eqn.(11)]:

Scheme 17

+ .
(CF3),C=CF, + Z—Nn*»(CFS)Q(QCF—NRé

o+

oaa (CF3)oC——CF,
] hv'Y
N

L—e— (CFJ)QCZC-ET'R 7> (CFg),C=C=NR ; (8)
2

ZF

Z=PhyP, R=Ph; Z= Me,S, R=COOEL .
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5. Reactions with C-Nucleophiles
Organometallic Compounds

The replacement of the vinyl fluorine atom by the CN group
is readily achieved by the reaction of PFIB with NaCN and
the resulting nitrile is capable of further reaction with the
cyanide®. The reaction of PFIB with sodium phenylacetylide
in ether results in the formation of the enyne (XXIII):*®3

Phe=CNe , CFy), C-=CF—C=CPh

(XXIID)

(CF3), C=CFy

>

NaCN__, (CFy), C=CFCN — 2, [(CF), C=C (CN),]
NaCN, H+

— (CF4), C—CH (CN), .,
&

When PFIB was allowed to react with aryl-lithium com-
pounds, a series of vinyl mono- and di-substitution products
were obtained; the latter exhibit a high contraceptive activ-
ity®°5, PFIB reacts with 2-lithio-1-methyl-o-carbaborane to
form a 1, 3-disubstitution product®®:

(CF,), C=CF, — RCF,—?:CFR ;
CFy

R=0-MeC—C—
N
BIOHIO

The corresponding derivative of m-carbaborane gives rise
to the product of the usual vinyl substitution®’.

PFIB reacts readily with alkyl- and benzyl-magnesium
halides with formation of vinyl and allyl substitution prod-
uctg 287100,
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Compounds with Active Methylene and Methyl Groups

PFIB does not react with malonic ester in the absence of
bases but, with catalysis by triethylamine, it gives rise to a
mixture of products containing the alkylidenemalonic ester
(XXVI), the allene (XVII), and the pyran (XXVIII).* The
reaction of PFIB with sodiomalonic ester leads to the same
resultt. The allene and pyram are formed as a result of the
dehydrofluorination of the alkylidenemalonic ester (XXVI) via
two pathways: with elimination of the vinyl fluorine atom or
the fluorine atom from the CF; group; in the latter case the
1,3-diene cyclises to a pyran (Scheme 18):1%°

The use of the complex BF;.Et,N in the reaction of PFIB
with malonic esters made it possible to achieve the preparative
synthesis of the allenes (XXVII).®? This complex not only
activates the methylene group but at the same time it plays
the role of the dehydrofluorinating agent.

The condensation of PFIB with active methylene groups in
the presence of CsF has also been investigated. 3-Ethoxy-
carbonyl-3-phenyl-1, 1-bis(trifluoromethyl)allene was
obtained in this way from phenylacetic ester'’®. More reac-
tive allenes, obtained from malonic acid derivatives, have
been isolated in the form of stable adducts with CsF:1°3

CsF

(CF3), C=CF, |- CH,RR’ — (CFy), C=CFCRR’ Cs*
R, R'=COOQEt, CN ,

Analogous adducts have been obtained also in the reaction
of PFIB with certain compounds containing dihalogeno-
methylene groups®®*. In this case the attacking species is
the a-halogenocarbanion, which is generated as a result of
the halogenophilic reaction of the perfluoro-t-butyl anion
with a gem-dihalide [see Eqn.(14)]. This carbanion substi-

(CF5); C=CF, + RMeX — (CF")”C:CFR+F2C2IC—‘CF’R . (9)  tutes the vinyl fluorine atom in PFIB with formation of the
CFy intermediate (XXIX), which is also dehalogenated by the
(XX1V) xxv) anion (I) (Scheme 19):
Scheme 19
The terminal olefins (XXV) are readily converted into the
inner olefins (XXIV) by Lewis basesT or acids. This appa- Ccry< + xCnn! GRr! - =0 (CF3),C—CF,CRR' —
rently explains the finding that, when PFIB interacts with Y | oeex | [
arylmagnesium halides, it is possible to identify only the (m X _X . X
inner olefins (XXIV). The corresponding terminal olefins —> | (CFyc=CFCRR' ((_[‘)L';) (CF3);C==CFCRR' cst
should contain the highly mobile "benzyl" fluorine atom, as }L ~ersleex
a result of which they are converted into the olefins (XXIV) (XX1X)
under the reaction conditions. X =i, Br; I, &'=CFy, COOEt, CN .
Scheme 18
N
(C¥,),C==CF; + (ROCO),CHNE —> (CF3)26\ /c(coon)i, ==> (CF;);CHCF=C(COOR), —>

(CF3),C=C=C(COOR),
(XXVII)

-HF CF, OOR

F
OR

1 This rules out the possibility of obtaining the allyl sub-
stitution products in aprotic dipolar solvents containing the
F~ anion (see the discussion in the communication of Zeifman
et al.®?7).

f (XXVI)

o —0
[

(0]

Fy C—OR
—C C—COOR

N\,

v

(XX VII)

1 The condensation of PFIB with sodiomalonodinitrile
afforded (CF;),CHCF=C(CN),. *°2
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In the presence of CsF and under comparatively mild con-
ditions, PFIB condenses with acetonitrile to form the salt
(XXX): 108

— McCN .
(CFy)z C =22 (CF), CH -- CH,CN

H,CN . (CEG
(CF,); C==CF, —2g== (CFy), G CFCH.ON &g
— (CFy), C ~CFCH—CN — il (), C -CF, C—CN Cs?
(XXX)

PFIB reacts analogously with acetyl bromide in the presence
of CsF.”

Vinyl substitution products have been obtained also in the
condensation of PFIB with a number of other C-nucleophiles
100,106,107 patalysed by the F~ anion or tertiary amines:

CF=C (CF,
_ Megiicor ol CF,
NCOF
_CF—C (CF,),
90,
OOEt

Me Me

|
(CF;), C=CFC (COOMe),

(CF,),CHCOOE

(CF5), C==CF, (10)

> (CF

i
NaC(COOMe )2,

A similar product obtained from PFIB and chloroform is
dehalogenated under the reaction conditions with formation of
dichlorobis(trifluoromethyl)allene (isolated in the form of an
adduct with furan): %8102

(CEg,€ + H—CO; === (Crghyel + oy

(CFS)QC:CEQ —-> (CF g)yC==C~ uly
Nl el

FYa

(CF4),C==C=CCl, ,

The reactions of PFIB with fluorocarbanions are described
below in Section VI.

Nitroalkanes

The ambident anions of the salts of nitroalkanes attack the
double bond in PFIB via the oxygen atom. The subsequent
reactions according to Scheme 20 lead to the formation of the
dioxazoles (XXXI).!%11! The key stage of the reaction is
apparently the migration of the perfluoroisobutenoxide anion
[ef.Eqn.(7)] from the nitrogen atom to the carbon atom in the
intermediate O-perfluoroisobutenylnitrone ether:

Scheme 20
.0
(CFy), C=CF, + RCH=NS = [(CFy)3 C=CFO—N:-CHR| —
o-
§
B 1'(CF3)., CaCFﬁCH—N::OJ - [(CFa)ZC::CFOCHa\':o’ -
|
’ R
. {(CF;‘)ZC;CFO?:NOHJ —— (CFy),C- C/ wc N
R (XXXI)
Phosphorus and Sulphur Ylides
The reaction of PFIB with the ylide (XXXII), leading to

the cross-conjugated perfluorotriene (XXXIII), 12113 hag
been investigated (for the mechanism, see the review of
Tyuleneva et al.ll*):

CF=C (CFy),

(CFy), C=CF, - (CFy), C=C=PPh; —py.57, "\CF=C (CF,)
- 3/2 -

(XXX1I)

(CFa)z C=C
(XXXII1)

When PFIB was allowed to interact with the fluorophos-
phorane (XXIV), the fluorodiene (XXXVI) was obtained; the
preliminary isomerisation of the phosphorane to the phos-
phorus ylide (XXXV) has been postulated (Scheme 21):!!°
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Scheme 21

(Lh) C=CF,
[ =
—Ph3m

PPh] CEF==C{CY3)y

Cui's

()xxxm (XXXV) (XXXVI)

In the reaction of PFIB with the S-ylide (XXXVII), the
intermediate fluorosulphurane is dehydrofluorinated to the
fluorine-containing ylide (XXXVIII).%' As in the reaction
of PFIB with a-halogenocarbanions discussed above, in this
reaction the only pathway leading to the stabilisation of the
intermediate fluorocarbanion involves the elimination of the
F~ anion from the CF, group and not intramolecular cyclisa-
tion (Scheme 22). In this case vinyl substitution is specially
preferred owing to the presence of the onium fragment [see

Eqn.(8)]:

Scheme 22
. | T
(CF)),0=CEF, -+ Me,S—CICOOEL —> (cta)qu—r b—(‘lh 100ES —>
(XXXVID) 1\" e,
— my:1)3&;:«11:('1(!«,005\ =7 )y ,C==CF—C—COOEL (11)
F'—SMe, S+Meu
: (XXXVIID) “

6. Reactions with P-Nucleophiles

PFIB readily reacts with trialkyl phosphites, forming tri-
alkoxyfluoroperfluoroisobutenylphosphoranes (XXXIX). 57117
The synthesis of the adducts (XXXIX) constitutes a rare
instance of the isolation of pentacovalent (and not tetra-
covalent quasi-phosphonium) intermediates of the Arbuzov
rearrangement. On heating, the adducts (XXXIX) decompose
via two pathways:

F
+ (CFy, C=CF—pL_i
~0

~R;0

(CF3),C~CFy - P (OR); — (CFy), C=CF—PF (OR);—

— > (CF)),C=CF—P (OR),
i
(XXXIX) O

The interaction of PFIB with bis(dialkylamino)chlorophos-
phines is complicated by the exchange of the substituents at
the carbon and phosphorus atoms!!®:

(CF3),C==CF, 4+ CIP(NRy), —> (CF;),C==C——PF(NR,),—>

(III
(CY 3)yC=C~—PF(XRy)o

PFIB reacts with di-isopropylphosphine to form a vinyl
substitution product!!®,

The reaction of PFIB with tertiary phosphines is unusual.
It does not stop at the stage involving the formation of the
vinyl substitution products-—fluorophosphoranes (CF;),C=
CF—PR,F; subsequent reactions yielded the perfluorodiene
(XL) and the cross-conjugated perfluorotriene (XXXIII) 112113
(for the reaction mechanism, see Tyuleneva et al.'®):

PR, CF=:C (CFj),

-RePFs

(CFy), C=CFCF=C (CF3), + (CFy),C=C{

(CFady C=CTs NCF-C (CF)
C(CFy, -

(XL) (XXX1IT)
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The rate and direction of the reaction depend greatly on the
nature of the phosphine and the polarity of the solvent.
Thus PFIB reacts with tributylphosphine in ether to form
only products of the exchange of the ligands in the inter-
mediate (CF,),C=CFPFBu;, namely the phosphoranes (CF,),C=
CBuPF,Bu, and (CF;),C=CFPF,Bu,, while in acetonitrile and
diglyme the defluorodimerisation and defiuorotrimerisation
products are formed!!3.

The observed characteristic features made it possible to
extend the reaction of tertiary phosphines with PFIB to
other fluoro-olefins and to establish it as a method of
synthesis of fluorine-containing dienes!?°.

7. Cycloaddition

PFIB enters into [2 + 2]-, [2 + 3]-, and [2 + 4]-cyeclo-
addition reactions with various unsaturated compounds to
form products with four-, five-, and six-membered rings,
the first two types of cycloaddition being most characteristic
of this fluoro-alkene. PFIB undergoes the Diels—Alder reac-
tion only under very severe conditions (with cyclopentadiene
at 150 °C and with butadiene at 200 °C) and produces a low
yield of cyclic 1,4-adducts'?!. On the other hand, a cyclic
analogue of PFIB, namely perfluoromethylenecyclopropane,
is an active dienophile and forms an adduct with cyclo-
pentadiene at a temperature as low as 0 °C. 122

At the same time, PFIB readily undergoes cycloaddition
reactions with multiple bonds enhanced nucleophilic proper-
ties. Such reactions include the formation of a derivative
of cyclobutane when PFIB interacts with isobutenyl-morpho-
line123:

(CFy), C—CF,
SN TN
(CFy); C=CF, + Me,C—=CHN 00— 0 N—C—CMe, .

N/ N
H

This reaction is accelerated with increase of the polarity
of the solvent, which supports an ionic mechanism of the
cycloaddition. Perfluoroalkenylation products have been
obtained by the interaction of PFIB with the enamine (XLI)23
or the keten acetal’®® (Scheme 23). Evidently the intermedi-
ate dipolar ions are stabilised not only by cyclisation but
also by the elimination of the F~ anion and a proton:
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PFIB probably reacts with dimethylformamide via the
[2 + 2]-cycloaddition mechanism!2*, but the unstable cyclic
adduct decomposes with elimination of carbonyl fluoride,
which leads to the fluoride of perfluoropivalic acid and the
enamine (XLII) (Scheme 24):

Scheme 24

F.)oC=CF C ——
(C¥ 3),C—=CF, (CFg)y ”, CFy (CFg),c=cF
+ — —— s
Me,NCH=0 MezN-—(II—-—'O
H

———> (CF3);,C==CHNMe, + (CF3),C—COF .

(XLII)

PFIB reacts in the same way with dimethylaminobenzalde-
hyde#12°, nitrosobenzene®!, and sodium nitrite®!, which lead
to the olefin (CF;3),C=CHC H,NMe, and the anil and oxime of
hexafluoroacetone respectively.

A stable cyclic adduct has been obtained from PFIB and
benzylideneaniline under severe conditions. The more
nucleophilic benzylidenemethylamine reacts with PFIB much
more readily; however, this involves the formation of a
six-membered cyclic adduct incorporating two molecules of
the imine (Scheme 25)126:

Scheme 25
3
- +
(CF3), C=CF, 4+ PhCH=NR — (CF;),C—CF,N—CHPh —
(CF,), C—CF,
R=pr; 200° Ph—cl N—Ph
H
F,C—N—Me
N
—=g— (CFah G CHPh
C—N
NN
Ph 1 Me

Scheme 23
L @
N
-
OO
(xXLt)
3 <CF3),CJ:!CF ?(CFa)zc::cp /
FTH

(CF3),C==CF, —

H,C=C(0Et),

FY

< +
(C.FK)261(‘:17—t"ilB—(:(OEL)2 =7 (CF3),C==CFCH==C(OEY); .

# In the absence of the activating dimethylamino-group,
aromatic aldehydes react with PFIB only under the conditions
of nucleophilic catalysis?®.
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PFIB readily gives rise to 1,3-cycloaddition products on
reaction with diazomethane®® and nitrones!?”*?®, Pyrazoline
(XLIII) obtained from PFIB and diazoacetic ester eliminates
nitrogen, which leads to the cyclopropane (XLIV) (Scheme
26): %

Scheme 26

F, Q
(CFy), C—C RCH. -NR” CH,N .
zp \/ e (CF),C=CF, ——jg—~ (CFy), C—CF,
i{—w—N\ i N.CHCOOEY;
1.'; R | \oo© HN  CH
i Ny
(CFy), C—CF,
| i o, 7 (CFy), C—CF,
N CHCOOFEt N
% G
COOEt
(XL (XLIV)

The range of cycloaddition reactions with participation of
PFIB has been expanded by employing nucleophilic catalysts.
This approach made it possible to involve in the cycloaddition
to PFIB compounds containing electrophilic multiple bonds.

We may note that the application of nucleophilic catalysis
is of general importance in the chemistry of compounds with
electrophilic multiple bonds and in particular such catalysis
is used widely for the dimerisation and trimerisation of iso-
cyanates'??, ketens®®?, keten imines’?, and activated
olefins?®*. The application of nucleophilic catalysts makes
it possible to achieve also mixed cyclodimerisation, for
example, in the case of hexafluoroacetone and ketens'*? or
isocyanates!?®?,

In the presence of alkali metal fluorides or tertiary amines,
PFIB reacts with fluorine-containing keten imines under mild
conditions in accordance with Scheme 27 to form cyclic
adducts—the azetidines (XLV).!3* The role of the catalyst
evidently consists in converting the electrophilic keten imine
into a nucleophilic mesomeric anion capable of adding to the
double bond of PFIB. Such addition is accompanied by
cyclisation and regeneration of the catalyst:

Scheme 27

. 7 . h

F5C F5C Fy

N ¥ N [ . (CFg)yC==CF,  ° "\
. Sp— 1 . L -~ . ,
C—C=NR —> (==C—NR C=C—NR =

v’ R A
N (CFy)yl—CFy

C==C—NR' (12)
v’ l

(1 )s—0F,  (XLV) R =CFj. COOEt -

The azetidines (XLV, R=CF,) are also formed in the reac-
tion of PFIB with primary amines in the presence of the same
catalyst”“, since the keten imines themselves are obtained
from PFIB and primary amines [see Eqn.(5)]. It is striking
that the rate of addition of RNH, to PFIB is higher than the
rate of the subsequent reactions, including the formation of
imidoyl fluorides and keten imines. By selecting the appro-
priate reactant ratio and the catalyst, this makes it possible
to control the reaction by arresting it at any stage. Such
control cannot be achieved in the reaction of PFIB with the
weakly basic urethane. In this case the first stage is the
slowest and the only product isolated is therefore the corre-
sponding N-epoxycarbonylazetidine®*.

The azetidines (XLV, R=CF;) are also formed in the reac-
tion of PFIB with N-sulphinylamines in the presence of CsF
(Scheme 28).!% Evidently vinyl substitution and g-elimina-
tion of SOF, and not cycloaddition take place initially in this
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reaction; the keten imines thus formed combine with a fur-
ther PFIB molecule:

Scheme 28
i

F
- ./ (cr)yc=cr,
ArN=5=—0 —3 ArN—S —_— Oy

ArN—K8=0 :r—'>
No éFQ(CFSJB
b}
¥ (Cr),e=Cr,
—> ArT'j-s:r) prvs (CF3)yC==C==NAr (CF 3)pU=(~—NAr
(P =(LF ) (CF )y —Cy

This Scheme confirms that the reaction of PFIB with N-sul-
phenylbenzenesulphonamide leads to N-benzenesulphonyl-
bis(trifluoromethyl)keten imine, which gives rise to a stable
adduct with CsF, analogous to the adduct (XIX).?%’

The application of nucleophilic catalysis also made it
possible to achieve the cycloaddition of PFIB to allenes'’:

(CFy): €~ C—C—Ph
- [

-l

: : A
(°F ), (‘:‘(‘ "?HPh_ e [(Cl ;;)2c—:c~\c\ph L
G, € - CFy (CF3),C—CF, (CFy)y C—C—¥

PFIB apparently interacts via the analogous Scheme 29 with
dichlorobis(trifluoromethyl)allene. The reduction of the
intermediate cyclic adduct by the (CF;,),C™ anion results in
the formation of the cyclobutene derivative (XLVI), whose
dehydrochlorination leads to the tricyclic compounds
(XLVII) . 108,109,136

Scheme 29

- - Al
(CF,),G=C=Cxl, (CF)yC=C——C (CFy) ,C—L==C—CI o
+ Gsly a1 T ]! I \ N
(CF 3 C==CF, (CF),C——CF, (CFy),C—CF,
CF, CF,
F Ol -
(CF,),CHC==C—C1 v Cry
-~ l l STk FAC "
(), C—Cly 3 )
o 150 I
(XLv1) 1y OFy
(XLv1D

V. REACTIONS WITH ELECTROPHILES

As already mentioned above, in reactions with electro-
philes PFIB is much less reactive than lower fluoro-olefins
and these reactions require as a rule extremely severe con-
ditions.

The addition of halogens to PFIB via a radical mechanism
can be achieved photochemically or thermally in the presence
of catalysts. Thus PFIB is chlorinated in the gas phase at
128 °C over FeCl, on activated charcoal (AC).®7 The heat of
chlorination of PFIB is AH = 42.2 kcal mole™, while for tetra-
fluoroethylene AH = 57 keal mole™ . PFIB is not brominated
under illumination; the method of elimination of unsaturated
impurities from PFIB is based on this property of the latter.
However, in the presence of catalytic amounts of acetamide,
PFIB combines with bromine under ultraviolet irradiation®®.
The addition of iodine fluoride to PFIB '* and its reaction
with chromyl chloride**® on heating have also been described.
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Highly reactive chlorine and iodine fluorosulphates add to
PFIB at a temperature as low as 20 °C:1%°

Hal Hal

.
(CF,), C—CF,Hal

|
(CFy), C—CF,080,F
t T

Hal, Hal0sor |
Hal==Cl, Br Hal -CI, 1
(13)
(CF;), C=CF,
| CrO,Cl,

I 130° 100° I
) 1
(CFy); C—1 (CF,),CCICOF

PFIB exchanges fluorine for chlorine under severe condi-
tions on treatment with AlCl, and, in contrast to the
exchange reaction with the C1” anion [Eqn.(1)], the poly-
substitution products CICF,C(CF;)=CCl, and CL,FC(CF;)=
CCl, are formed in this case together with monochlorides and
dichlorides?®®.

The addition of hydrogen halides to PFIE in the gas phase
takes place only on heating, in contrast to nucleophilic
hydrohalogenation [Eqn.(2)]:*°

HF
(CF5)3 CH <5555

X=Cl, Br .

1X \
(CF;), C==CF, TCaso AV, A (CF3), CHCF,X ;

Mercuration of PFIB in anhydrous HF or AsF; yields bis-
(perfluoro-t-butyl)mercury:

HgF. + HF
(CF3); C=CF; ~55'— (CFg)z(IJ—CFz—*é (CFy), CHgF

HgF
——— (CF3)3 C—Hg—C (CFy)s .

(CF,),C=Ct’, .

It has been suggested that the reaction proceeds as a result
of the attack by the metal cation on the double bond of PFIB
or via a four-centre cyclic transition state’*. The nucleo-
philic mercuration of PFIB takes place under much milder
conditions”’.

In the presence of SbFg, it is impossible to achieve the
interaction of PFIB with elemental sulphur. The attacking
agent is apparently the doubly charged sulphur cation formed
when sulphur is oxidised by SbF,.**?2 The reaction of PFIB
with bis(pentafluorophenyl) disulphide has also been stud-
ied"3:

S; SbFy

(CF)sC—85—C (CFy)s op: (G e

(CFy), C=CF, — (CFy)3; C—SGCoF; ,

The condensation of PFIB with fluorinated ethylenes has
also been achieved in the presence of SbF; under extremely
mild conditions!**1*5, The primary step in these reactions
is the formation of the perfluoromethylallyl cation (detected
by °F NMR):

(CFy), C=CF, —2*> &, C=CF, SbF, —2=ds,
CF;
- éFz-—CFg—CFZC:CFZ SbFs —g5r,~ CF3CF,CF,C—CF, —_, CF,CF,CF=C (CFy),,
CFy CF,
(XLIX) (XLVIII)

Together with the 1: 1 adduct (XLVIII), the 1:2 adduct
C,F,C(CF,)=CFC,Fs is formed in the reaction via the inter-
mediate isohexene (XLIX).

PFIB reacts via an analogous mechanism with perfluoro-
azapropene, giving rise to a high yield of the perfluoro-
enamine (CF3),NCF=C(CF,),."®
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The electrophilic addition of sulphur trioxide to PFIB at
180 °C leads to the corresponding B-sultone and pyrosultone
together with the products of their further reactions®*’:

o o
Q9 Ny
’S S
(CF)y C=CF, 392, (CFy),C 0 + (CFy),C SO, +
180 Ned Ns—0”
7 0
F F ¥

+ (CF3); C=CFOSO,F 4 (CF,), C=CFOSO,0S0,F .

The nitration of PFIB by nitrogen oxides proceeds via a
radical mechanism (Scheme 30): approximately equal amounts
of the nitronitrite (L) and the dinitrite (LI) were obtained in
this reaction®*®. PFIB also combines with bis(trifluoro-
methyl)amine oxide: **:1%0

Scheme 30

N0,

— (CF3), C—CF,NO, -+ (CFB),CI--CFaoNo
dno ONO

© Ly

€PN (CF,), C—CF,ON (CFy),

|
ON (CFy),

(CF3), C=CFy

The fluoroalkylation of tetrahydrofuran by PFIB takes
place with initiation by benzoyl peroxide (BP).%' On heat-
ing, PFIB is also inserted in the C—H bonds of isobutene,
toluene®?, and dimethyl ether®3:

(CFy), CHCF,CH, Ph (CF3), CHCFB—\\ o /1
1 T )

|
l PhMe No“/ l

400° | BP
(CF;), C=CF,
Me,O Me,C=CH,
I 300° 300° Me

l
(CF,), CHCF,CH,0Me (CF;), CHCF,CH,C=CH,

V. OTHER REACTIONS

PFIB is readily oxidised by potassium permanganate in
water!®. This reaction constitutes a convenient laboratory
method for the synthesis of hexafluoroacetone!®*. Among its
side products, hexafluoro-o-hydroxyisobutyric acid'®® and

monohydroperfluoroisobutane® were identified:

(CF9),C ~CF, —S57 (CF9).C (OH),+ (CFi)s C—COOH + (CF)s CH

OH

The formation of hexafluoroacetone has also been estab-
lished in the reaction of PFIB with sodium nitrite in dimethyl-
formamide®! and with hydrogen peroxide in aqueous alkali®®.
The interaction of PFIB with fluorine oxide gives rise to the
epoxy-derivative of PFIB, *®

The hydrogenation of PFIB in the presence of a palladium
catalyst leads to dihydroperfluoroisobutane (LII) as the only
product®®. When nickel is used, the main hydrogenation
product is 1,1, 1-trifluoro-2-trifluoromethylpropane®®’:

(CF3), CHCF,H “f2— (CFy),C=CF, —t (CFy), CHCH
@

Traces of dihydroperfluoroisobutane have aiso been detected
in the products of the reaction of PFIB with the Hantzsch
ester?®,
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It has been shown that PFIB does not form homopolymers
on radical initiation and y-irradiation. However, the forma-
tion of copolymers with certain acrylates on initiation by
acetyl peroxide has been noted'%%>15°. The copolymer with
tetrafluorcethylene, obtained on y-irradiation, includes 4%
of PFIB.®® Studies of the kinetics of the copolymerisation
of PFIB with tetrafluoroethylene have been described by
Isamukhamedov et al.®! and Gafurov et al.®?

VI. REACTIONS OF THE PERFLUORO-t-BUTYL ANION

The study of the methods of synthesis and reactions of
the perfluoro-t-butyl anion (I) is associated with the possi-
bility of synthesising a wide variety of compounds containing
the (CF;);C group and their practical employment. This
Section includes the literature on the chemistry of this
anion which has not been incorporated in a special review
on this topic’ published in 19765 . It is noteworthy that the
chemistry of this anion differs from the chemistry of the
primary and secondary fluorocarbanions not only by its
wide variety but also by specific features associated with the
increased stability of the anion. The anion (I) is a more
effective leaving group than, for example, the perfluoro-
isopropyl anion. The ease of the decarboxylation of (CF;,),C
COOH compared with (CF;),CF—~COOH *% and also the insta-
bility of perfluoro-t-butylmethanols in alkaline media are
consistent with this finding'*.

For the same reasons, certain reactions known for primary
and secondary fluorocarbanions cannot be carried out with
the anion (I), since in the presence of the F~ anion these
reactions are reversible and the equilibrium is displaced
towards the initial compounds. This applies to the inter-
action of the anion (I) with benzoyl chloride'®*1®5 and
dimethylaminotrifluorosulphurane155. Furthermore, as a
consequence of its reversibility, the dimerisation of PFIB
rarely accompanies its reactions initiated by the F~ anion’.
It is remarkable that the pseudohalogen character of the
perfluoro-t-butyl group makes it possible to employ com-
pounds of the type CF,C—X (X = Br, PhS, etc.) as electro-
philes for the bromination, sulphenylation, and other similar
reactions involving fluorocarbanions. It is also significant
that the anion (I) in solutions is in equilibrium with free
PFIB, so that the anionoid intermediates formed in the reac-
tions of the anion (I) frequently interact with PFIB.

The anion (I) has been alkylated by I(CH,),I (n = 1 %
and n =3or 4 '*7), CICH,SCH,,®" (CICH,),0, and (CICH,);N.
The corresponding perfluoro-t-butyl derivative has been
obtained from the anion (I) and a-chlorotetrahydrofuran’®®,
The synthesis of perfluoro-t-butylphthalonitriles, which
have been used to obtain phthalocyanines, has been
described!’:

CN CN
Y] N N

The interaction of PFIB with fluorotrimethylamine leads to
the tertiary amine (LIII).”® The anion (I) is probably
formed in this case and the source of the fluoride ion is
fluorotrimethylamine itself:

DC=CFs

Me,NCH,F > [Me,;N=CH,J+ F~ ‘& [Me,N=CH,]* C (CF3)s—Me,NCH,—C(CFa)s,

(LI

§ Except where stated otherwise, this Section deals with
the reactions of the anion (I) generated by the addition of
alkali metal fluorides to PFIB.
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PFIB reacts in an unusual manner with o,a-difluorotri-
methylamine. Fluoroamine adds reversibly under these
conditions to the fluoro-olefin and compound (LIV) is
formed; on heating, it decomposes into monohydroperfluoro-
isobutane and dimethylaminofluorocarbene, which adds to
PFIB to form the amine (LV):72

MeNCHF, . [Me,N CHF]* F- — e Mo NCHF—C (CFy)s o™
(LIv)
> Me,NCF: —C=e | cp sy Co CF—CF,NMe,

(LV)

When the anion (I) interacts with epichlorohydrin, the
opening of the epoxide ring and dehydration are accompanied
by the substitution of chlorine by the (CF,);C group’”® (for
the description of the mechanism, see Gervits et al,7*):

(CF;); C~ + Hy,C—CHCH,—Cl — (CF3); C—CH==CHCH,C (CF;); .
o/

The replacement of bromine by the perfluoro-t-butyl group
takes place in the reaction of the anion (I) with CF,Br,.175
However, in contrast to the usual alkylation of the anion (1)
where the halogen atom undergoes nucleophilic substitution,
in this case the interaction proceeds via a completely differ-
ent mechanism. The anion (I) is initially brominated by
CF,Br,, which is accompanied by the generation of difluoro-
carbene to which the anion (I) and bromine are then added
in a coupled reaction to form perfluoroneopentyl bromide.
The hydride (LVII) and the olefin (LVIII) were detected as
side products, which confirms the formation of the carb-

anienic intermediate (LVI):

TN O O

(CF)3¢" 7 Br-—CF,—Br —> (CF),C—Br + ICF, + Br
Iy
CFa)yCh
il (CF3)3C—CFo—Br
—(Cry)5C
~ _ wt
SCF, + (1) —> (CFC—CFy —————> (CFa)liC—CFy—H (14)
- (LVII)
(LVD (CF3),C==CF,
e 2o (OF 3)yC—CFy—CF==C(CF,), |

(LVIII)

The reaction of the anion (I) with chlorodifluoromethane,
leading to compounds (LVII) and (LVIII), also proceeds via
the intermediate formation of difluorocarbene!’®. Substitu-
tion of bromine by the (CF;);C group on treatment of BrCF,.
.CF,Br by the anion (I) also proceeds via an elimination—
addition mechanism [see Eqn.(15)].

The main product of the reaction of the anion (I) with
tetrafluoroethylene is the olefin (LX); the isomers (LXI)
and (LXII) are formed together with this compound (Scheme
31)17%, It is striking that the intermediate carbanion (LIX)
is capable of being involved in the reaction with a second
PFIB molecule in preference to the usual stabilisation path-
way—the B-elimination of the F~ anion:

Scheme 31

CFy Cy . CF4),C=CF,
—Ee e (CF), CCF, O, — = op sy G CF,CF,—CF--C(CFy),
(LIX) [ (LX)

(CF3)s €~

(CFa)y C—CF=CF, — T, (CF,), C~CF—-CF—C (CFy),

l ]TF . CF. (LX1)

_ . i
(CFy)3 C—CFCF, — = . (cp ) C_CF—CE=C (CFy),

(LX11)

The C-anions'”” or O-anions!?’, generated by the addition
of (CF;);C™ to acrylonitrile or aromatic aldehydes respec-
tively, are also capable of subsequent vinyl substitution
reactions with PFIB:
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o
= CH,=CHCN “He= |
(CFs); C—CH,CHCN « =S gy - A=, oy ¢ CHAr
|¢ (CFq);=CF, I (CF4)sC=CF,
(CF3), C—CH2C|:CFCH (CFy), (CF;)3 C~CHOCF=C (CFy),
CN Ar

The reactions involving the coupled addition of the anion
(1) to tetrafluoroethylene, which include the formation of
the olefin (LX), are fairly general. Thus the intermediate
carbanion (LIX) adds to the carbonyl group of CO, and sub-
stitutes the fluorine in benzoyl fluoride or in Me,NSF,.'7® It
has also been possible to achieve the bromination, sulphenyl-
ation, and alkoxycarbonylation of the anion (LIX) in the
condensation of PFIB with tetrafluoroethylene in the pres-
ence of CsF and compounds of the type of (CF,),CX: 178:17°

(CF,)s C—CF,CF,COOH (CF,); C—CF,CF,—COPh
T i

PhCOF ‘

| CO,, 1+
(CF); C—CF,CF,
(LIX)

Me,NSF, (CFCX
i
(CFy)s C—CF,CF,—SF,NMe,
X-=Br, RS, COOR ,

i
(CFg)C—CF,CF,—X

A characteristic feature of the latter reactions is that the
anion (I), participating in the initial stage where the inter-
mediate (LIX) is generated, is liberated in the concluding
stage and is not consumed in the reaction. Thus in fact the
entire process constitutes the insertion of tetrafluoro-
methylene in the C—C, C—~Br, or C—S bond catalysed by the
anion (I). The anion (I) also catalyses the exchange of
chlorine for fluorine in the vicinal chlorosulphide, (CF;),.
.C{SPh)—CF,Cl in its interaction with CsF.'’® Tetrafluoro-
ethylene is also inserted in the C—C bond of the geminal
diamine (LXIII) and in this case the addition of the anion (1)
is not required, since the initial diamine is capable of disso-
ciating into the anion (I) and the corresponding immonium
cation!”®:

.
NMe,
(CFs); C—CH (NMey), = (CFy)y G- HCS  — —P=CF

e, *-> (CFa)sC—CF,CF,—CH(NMey),

(LXIID)

The interaction of the anion (I) with bromotrifluoroethy-
lenel®” or hexafluoropropene®® leads only to the vinyl sub-
stitution products (LXV). The intermediate fluorocarbanion
(LX1V) is less reactive than the fluorocarbanion (LIX) and
is stabilised only as a result of the B-elimination of the F~

anion:

(CF5)3 C~ 4 FyC=CF—X — (CFs)s C—CF,CF—X —z=— (CF3); C—CF=CF—X
X=Br, CF3 . (LXIV) (LXV)

It is of interest to note that, under the conditions of ther-
modynamic control, the product is not the olefin (LXV,
X = CF;) but its isomer, namely the olefin (CF,;),CFCF=
C(CF,), resulting from the interaction of PFIB with the per-
fluoroisopropyl anion®’. On the other hand, the condensa-
tion of PFIB with perfluoroazapropene, catalysed by CsF,
results in the formation of (CF;);C—CF=NCF; regardless of
the conditions'®?:183,

The interaction of PFIB with perfluoromethacrylic acid
esters in the presence of CsF leads to the unsaturated esters
(LXVI).!®" In the given case, the reaction is propagated not
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by the anion (I) but by the C-anion of the hexafluoroiso-
butyric acid ester, apparently as a consequence of the
greater ease of formation of the latter [cf.Eqn.(10)]:

CF,
(CF3){C=CF

| - -
ROCOC=CF, ——— ROCOC (CFy), — 3= (CF;), C=CF—C (CFy), .

|
COOR

(LXVI)

The interaction of the anion (I) with carboxylic acid halides
is in general reversible because the carbonyl compounds
formed are capable of decomposing in the presence of the F~
anion with reformation of the initial anion (I).%% The equi-
librium position is then determined by the electrophilic
properties of the carbonyl carbon atom in the reaction prod-
ucts. Thus the anion (I) is acylated under mild conditions
by carbonic acid derivatives!®%184:185  However, perfluoro-
t-butyl phenyl ketone cannot be obtained under the usual
conditions of the generation of the anion (I); in this case
the reaction equilibrium is fully displaced towards the initial
compounds'®S. The benzoylation of the anion (I) has been
achieved only using hexamethylguanidinium as the counter-
ion??,

When the anion (I) is acylated by aliphatic carboxylic acid
halides containing an a-hydrogen atom, the equilibrium shifts
towards the reaction products, since, on treatment with the
anion (I), the intermediate alkyl perfluoro-t-buty! ketones
give rise to the corresponding enolates, which are then
converted into the O-acyl and O-perfluoroisobutenyl deriva-
tives?1,186;

RCH,COF (CFy)sC=

(CFy); C- (CFs C~C~CHR (5.6~ (CFJ2C~C=CHR
o o o.
—RCHLOF -, (CF,), C—C=CHR
— OCOCH,R

| (CEGCPs > (CFy),C—C=CHR
OCF=C (CF3),

The addition of the anion (I) to the carbonyl group of
perfluoroisopropyl isocyanate via Scheme 32 leads to the
stable adduct of perfluoropivaloylimine and CsF. It is
remarkable that the same adduct is formed when the a-lactam
(LXVIII) is treated with CsF. The driving force of the
latter reaction is the ease of migration of the perfluoro-t-
butyl anion from the nitrogen atom to the carbon atom!®’:

Scheme 32
(CFsG- CsT +  (CFp),CF—N=C=0 —> (CFy),CFN=C_  cs"
(D (LXVII) {CF ),
(CF3)yC———¢==0 0
\l/ Sy (cFa)chlN—c—F —> (D) + (LXVID)
C(CFy), cst Cc(cl-‘;,)3
(LXVITT)

The anion (I) is brominated on treatment with elemental
bromine®®. It is of greater interest that (CF,;),C—Br is
formed also in the reactions of the anion (I) with certain
compounds containing the C—Br bond. They include the
gem-dibromopolyfluoroalkanes mentioned above. The anion
(I) is also brominated when it reacts with vicinal dihalogeno-
polyfluoroalkanes'®’. The olefins formed together with
(CF;);CBr undergo subsequent condensation with PFIB
catalysed by the F~ anion:
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CFy CF.
Vs 3
(‘JF,MUQ Br—/**‘/?v—ﬂ —=> (CFy)C—Br + cm=c/c H

B AR ~Br \I\
lBr

R=V. COOEL .

In contrast to those reactions where the anion (I) behaves
as a debrominating agent, its interaction with CF,BrCHFBr
leads to the dehydrobromination of the latter®’.

The reaction of the anion (I) with dibromotetrafluoroethane
constitutes a special case!’’. As a result of the debromina-
tion of the vicinal dibromide by the anion (I), the reaction
leads to the formation of perfluoro-t-butyl bromide and tetra-
fluoroethylene, which reacts further via a coupled nucleo-
philic addition mechanism:

oy LN N e, (GO
(CFy),c” + " Br—CFy~—CFy—Br e ==CF, ——>
. (CFsCRr ) GE.E (15)
> (CF)aC—CFyCF; grno> (CFg)iG—CFCFoBr .

The anion (I) is smoothly sulphenylated by ethanesulphene,
arenesulphene®® 1%l and dialkylaminosulphene'®® chlorides.
The reaction constitutes a convenient method of synthesis of
perfluoroalkyl sulphides and perfluoroalkanesulphenamides.
On the other hand, the interaction of the anion (I) with
sulphene chlorides having electron-accepting substituents
leads only to its chlorination®®:

CCl4SCl PhSCI
(CF;); C—Cl *m (CF3)3C~ ——j=— (CF;); C—SPh .

Areneselenyl chlorides react with the anion (I) analogously
to arenesulphenyl chlorides!®!. Perfluoroalkylation at the
nitrogen atom with the aid of the anion (I) was achieved when
the latter reacted with thiazyl fluoride and thiazyl trifluo-
ride’®?:

(CFy). C™ + N=SF, — (CF3); C—N=8=N—C (CF3); - (CFy); C—N=SF, ;
n=1,3 .

CF;COONO has been proposed as the nitrosating agent for
the anion (I).1%%

Thus it follows from the data examined that the reactions of
the anion (I) constitute a fairly general method of synthesis
of compounds containing the (CF;),C group. Certain com-
pounds of this type have been suggested as gas-transferring
medial®7'1%*:1%% and as monomers for the synthesis of thermo-
stable silicone elastomers!®®:1%7, Compounds containing the
(C¥,;)3C—CF, group have been synthesised by the reaction of
the anion (I) with CF,Br.”® Reactions involving the coupled
addition of the anion (I) to tetrafiuoroethylene have led in
their turn to a pathway towards the synthesis of the higher
homologues—compounds with the (CF;),C—-CF,CF, group.
These compounds are of interest because they provide a
method for the introduction of functional groups into fluoro-
olefins with a simultaneous increase of the length of their
hydrocarbon chains®’®.

---00o---

The data presented in this review show that, in terms of
its importance for the chemistry of organofluorine compounds,
PFIB is fully comparable with the most important fluoro-
olefins such as tetrafluoroethylene and hexafluoropropene.
Whereas the latter are industrially important and are manu-
factured on a large scale, PFIB has found extensive applica-
tions, despite the limitations associated with its high toxicity,
in the laboratory synthesis of functional organofluorine com-
of many types. The most important of these include hexa-
fluoroacetone!®®, derivatives of a-hydrohexafluoroisobutyric
and perfluoromethacrylic acids®?, bis(trifluoromethyl)keten®
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and its imines’?, acetals®®?, and aminals’®, allenes!®®, and
various heterocyclic compounds with gem-trifluoromethyl
groups.

At the same time PFIB proved to be a convenient model
compound for the solution of various problems associated
with the nucleophilic reactions of fluoro-olefins such as the
relative contributions of addition and vinyl and allyl sub-
stitution processes, the application of nucleophilic catalysis
in addition and cycloaddition reactions, etc. Thus the
development of the chemistry of PFIB has in many respects
determined the general advances in the study of fluorine-
containing compounds of various types, apart from purely
practical results.
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