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Abstract—The review discusses reactions of internal perfluoroolefins with nucleophilic reagents. Modes of
generation of carbon-centered anions and radical species containing perfluoroalkyl groups are considered.
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I. INTRODUCTION electro- and thermophysical properties and strong

physiological activity. Thus, a basis is created for
In the recent time much attention is given to thethe synthesis of drugs, lubricants, liquid dielectrics
development of methods for preparation of newand heat carriers, highly efficient surface-active
organofluorine compounds having, as a rule, variousubstances, and numerous materials for other applica-
functional groups. Syntheses of a number of fluoraions [2-8].

derivatives utilize accessible perfluoroolefins and Systematic studies of reactions of branched linear
some their oligomers which are characterized b%md cyclic perfluoroolefins include mainly three

enhanced electrophilicity [1]. Just this property of,o,o s \vhich are most typical of the perfluoroolefin
perfluoroolefins underlies a branch of organofluorine

. : . ; ; series due to specific influence of fluorine atoms on
chemistry which deals with reactions of quorlnatedthe olefinic sys![Jem: (1) reactions with nucleophiles;
compounds with nucleophiles. This line turned OUI(Z) radical reactions and reactions with oxidants; and

to be fruitful both from theoretical viewpoint (it ; . - : -
becomes possible to get a deeper insight into th§) "éactions with electrophilic reagents, in particular
processes occurring in superacids and in sSbF

properties of olefinic systems) and from the practica
point of view (numerous organofluorine compounds Reactions of perfluoroolefins with nucleophiles are
become accessible). Due to specific influence okey reactions in the chemistry of organofluorine com-
fluorine atoms on unsaturated system, reactions gfounds; they are extensively studied and are widely
fluorinated compounds with nucleophilic reagents notised in the synthesis of various derivatives, including
only supplement the chemistry of olefins but alsoheterocyclic ones [Al1]. Systematic studies of reac-
demonstrate their unique properties. Among thesdions of internal perfluoroolefins with nucleophiles are
compounds have been found which possess interesting) specific interest. Unlike terminal perfluoroolefins

1070-4280/02/3807-0921$27.@2002 MAIK “Nauka/Interperiodica



922 FURIN

(mainly perfluoropropylene, perfluoroisobutylene, andraw materials for synthesis of new organofluorine
tetrafluoroethylene), the effect of perfluoroalkyl compounds [18].

groups and fluorine atoms on the double bond in  According to the data of photoelectron spectros-
internal perfluoroolefins gives rise to a series Ofcopy, the presence of perfluoroalkyl groups at the
unusual reactions which essentially extend the rang&uble bond reduces the energy oftsrbital, which

of addition-elimination processes typical of reactionsfayors nucleophilic attack at a carbon atom of that
with nucleophiles and lead to formation of varioushond. Reduction potentials are important parameters
products. Various nucleophilic reagents are capable @haracterizing the reactivity of olefinic systems [14].
reacting with compounds having an electron-deficienfheir values depend on the substituent nature: the
double bond to give both addition products at thateduction potential decreases in going from fluorine
bond and heterocyclic compounds with perfluoroalkylatom to polyfluoroalkyl group. Increase in the number
groups. Some reviews have covered in part reactionst perfluoroalkyl groups at a double bond also reduces
of perfluoroolefins with nucleophilic reagents the reduction potential, thus enhancing the reactivity
[12-15]. However, these are mainly reactions withof perfluoroolefin: (R),C=C(R-), > (R-),C=CFR- >
C-nucleophiles and difunctional reagents, leading t9rR.),C=CF, ~ RLCF=CFR: > R;CF=CF, >
formation of heterocyclic compounds. Such reactiongF,=CF,. Unlike fluorine atom, polyfluoroalkyl
are not discussed in the present review. Neverthelesgroup essentially stabilizes intermediate carbanion
one of the most important problems is not only[17-19]. All these factors favor reactions of internal
development of approaches to partially fluorinateqherfluoroolefins with nucleophiles. Nevertheless, the
compounds on the basis of internal perfluoroolefinstructure of perfluoroolefin itself should also be taken
but also formation of reactive intermediate speciesnto account.

(such as anions, radicals, and carbocations) and their |ena| perfluoroolefins react with alcohols only in

participation in reactions with organic substrate§y, yresence of bases, yielding addition and fluorine
[12, 16]. Keeping the above in mind, the presenfenacement mducts; sometimes, more complex
review analyzes mainly available experimental datgansformations occur [20]. Polyfluorinated alcohols
on (1) reactions of internal perfluoroolefins with yoact with metallic sodium (in excess alcohol) to give
nuple_ophmc reagents; 2 _methods_ of generation Othe corresponding sodium alkoxides {2B]. How-
anionic and radical species having perfluorinatetyer, reactions of polyfluorinated alcohols with per-
fragments, which may be used as synthons; anfyoroolefins and polyfluoroaromatic compounds are
(3) specific features of olefinic systems with per-carried out without preliminary isolation of alkali
fluoroalkyl substituents. metal alkoxides but in the presence of bases, such as

Taking into account that alcohols and amines couldodium hydroxide [24, 25], triethylamine, mercury
form the basis for preparation of perfluorinatedacetate [26], etc. Polyfluorinated alcohols react with
organic compounds with various practically usefulperfluoroolefins in the presence of sodium hydride
properties, the corresponding reactions have also been

considered with the goal of formulating general rela- Scheme 1.
tions holding therein and attracting attention to
specific problems of the chemistry of internal per- FaC y ROH F3C\}|I y
fluoroolefins and possible ways of solving them. =C0 —_— /C—$\
F;C CyFs FC” g CaFs
II. REACTIONS OF INTERNAL PERFLUORO-
OLEFINS WITH NUCLEOPHILIC REAGENTS F;C OR F;C I|{ F
AS A ROUTE TO VARIOUS DERIVATIVES v+ e=c( o+ e—(
CONTAINING PERFLUOROALKYL FRAGMENTS F3C CoFs F3C 1'; CoFs
Reactions of perfluoroolefins with nucleophiles BC R RO~ CF
have been studied in sufficient detail. They play + //C—$\ + =C
an important role in the synthesis of key intermediate L7 po Cofs F CaFr
products of organic synthesis. However, reactions of
internal perfluoroolefines with nucleophilic reagents BCL T
have been studied insufficiently. Moreover, internal * PN
perfluoroolefins attract interest as a particular class F_$ ro C2fs
of compounds; their derivatives can be regarded as RO
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INTERNAL PERFLUOROOLEFINS 923

[26] to form products of fluorine replacement at thesodium methoxide, yielding 57% of isomeric 1,3,4-tri-
double bond. Cesium fluoride turned out to be an efmethoxyperfluoro(2-methyl-1-pentenes) (ratio 3:1)
ficient catalyst in reactions of perfluoroolefines with[30]. Perfluoro(2-methyl-2-pentene) reacts with
aH,aH,oH-polyfluorinated alcohols [27]. Addition oH,aH,0H-polyfluorinated alcohols, affording prod-
products are the major ones when a catalytic amounicts of fluorine replacement at the double bond [27].
of base is used; increase of the amount of the cataly$riethylamine or pyridine can be used as catalyst
leads to increased fraction of unsaturated productéstead of CsF. Perfluoro-2-buteneacts with MeOH
vinyl ethers. In the presence of triethylamine, producte&ind PhOH with formation of the corresponding disub-
of fluorine replacement at the double bond are formedstituted products; its reaction with water yields per-
whereas sodium hydroxide as a base catalyst givdkioro(tetramethylfuran) [31] (Scheme 3).

rise mainly to products of addition of two alkoxy  Sodium methoxide and ethoxide witlans-per-

groups (Scheme 1). fluoro-2-pentene I} give rise to isomeric mixture
The addition and replacement reactions betweefil, Il , andIV) at a ratio of 9:1:4.5 (overall yield

perfluoroolefins and nucleophilic reagents occur60.2%); the action on the same substrate of potassium

relatively easily due to steric and electronic effects irphenoxide dispersed in tetrahydrofuran atl@C

the intermediate carbanion. The direction of primarygives a mixture of isomerd -V [32] (Scheme 4).

attack by alkoxide ion is also determined by steric and

electronic factors. For example, methanol and phenol Scheme 4.
react with trans-1,1-dichlorohexafluoro-2-butene to
give addition products, involving the3Garbon atom NS RONa NS
at the double bond [28] (Scheme 2). PaameN - PaameN
F C,F; RO C,F;
Scheme 2. I i
H Fs5C C,F Fs5C OR
F3C /F McOH F3C\ |/F . 3 \C_C/ 2t's . 3 \C_C/
C=C_ - /$—C\ TN VAN
4 RO F F C,F
F CFCl, F Ome CFCly 2Fs
II1 v
As shown in [29], the reaction of methanol with FC C.F
3 215

hexafluoropropylene dimers in the presence of KOH
or triethylamine in tetrahydrofuran, acetone, aceto- 7 “or
nitrile, or dimethylformamide gives products of
fluorine replacement at the double bonds and also
addition products. Depending on the reactant ratio, _ _ _
unsaturated perfluorinated carboxylic acid methyl Reactions of phenols with a number of internal
esters and substituted ketones are also formed [2@erfluoroolefins in the presence of triethylamine lead
Simultaneously, addition of two methoxy groups toto formation of only products of fluorine replacement
perfluoro(2-methyl-2-pentene) occurs to give 1,3-diat the double bond. Examples are the reactions of
methoxyperfluoro(2-methyl-1-pentene) in 51% yield.p-cresol with perfluoro(2-methyl-2-pentene) [33], of
Perfluoro(4-methyl-2-pentene) reacts only with5-hydroxy-1,4-benzodioxane with hexafluoropro-

Scheme 3. Scheme 5.
RO CF; OH
ROH Ne=c” CF.
F,C Je=c( Se=c( 4 j
X CF3 F3C OR (CF3),CF F 0
Ne=c” CF
= s |
e’ N F,C CF, Nemc”
3 H,0 ] / AN
54% F3C 0 CF; E—— o
R = Me, Ph. oj
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pylene trimer in the presence of J&kt

FURIN

[34], and of propylene trimers can undergo mutual transformations

methyl 4-hydroxybenzoate with tetrafluoroethyleneunder the action of bases. For example, the reaction
pentamer in the presence of NaOH [35] (Scheme 5pf perfluoro(2,4-dimethyl-3-heptene) with sodium
Such reactions are used in the synthesis of surfactaniéenoxide leads to formation of a mixture of mono-

(Scheme 6). substituted derivatives [38, 40] (Scheme 8). Isomeric
hexafluoropropylene trimers react with alcohols and
Scheme 6. substituted phenols, yielding two different products
[40]. These reactions begin with attack by O-nucleo-
OH phile on the fluorine-substituted carbon atom at the
Ch ~ h double bond. Further transformations of the carbanion
A= T thus formed depend on the nucleophile nature: In the
Rp ¥ reactions with alcohols elimination of fluoride ion
COOCH,4 from the B-position occurs to give compound! ; in
the reactions with phenols elimination of fluoride ion
CFy CFy from thea-position gives produc¥ll (Scheme 9).
NaOH C=C/
/7N
Rp 0 < > COOCH; Scheme 9.
F _CF(CFy), F;C CF(CEy),
Re = C(CR)(CFs),. /C=C\ P — C=C\
F C,F; F CF(CFy),
Analogous results were obtained in the reactions of
phenol with hexafluoropropylene dimers and trimers ROH FsC CF(CF3),
! . . N =/
in the presence of triethylamine [389] (Scheme 7). —_— Je—Cc{
It should be kept in mind that isomeric hexafluoro- F (|)R CF(CFy);
Scheme 7. FsC CF(CF),
— c=c/
PhOH, Et;N TN
F3C\ B /F Et,0 3 F3C\ B /OPh FyC ClF_OR
C=C - Je=c L
FyC C,Fs 65% FyC C,Fs 3
—F~ VI
PhOH, E
(CFg)ZC{ /CF3 Etz% , B3N (CFg)ZC{ CF, F,C /CF(CF3)2
Je=c{ _ e=c I Cc—C
(CF3),CF F (CF3),CF OPh RO/ \CF(CF3)2
VII
Scheme 8.
R = Ph, 4-CHCH,, 4-BrCH,, 4-EtOCOGH,; R = Et,
(CF3),CF CF. F;C F 6 14 4 4
TN | ROM/EGN Nee” C,FeCH,, CHF,CF,CH, CH,=CHCH, CH,CICH,,
7 RC3F7 (CFg)ZCF—C|< \CF3 CH,OCH,CH,, 2,3-epoxypropyl.
pho T
A Makarov et al. [40] showed that allyl ethers could
undergo isomerization into vinyl ethers by the action
(CF3),CF CF, (CF3),CF CF, of cesium fluoride, so that nucleophilic reagent could
NS N : .
+ Je=c_ + Jc=C., react with two substrates. Therefore, the required con-
PhO CsFy F CF—C,Fy ditions should be met rigorously in order to obtain
(|)Ph the desired results. Treatment of a 4:1 mixture of
B c (E)- and @)-perfluoro-2-butene with potassiutert-
butoxide in triethylene glycol dimethyl ether at@
Reagent Solvent A B c leads to formation of §)- and (Z)-2-tert—but_oxyper-
PhONa Ef0 46% 129% 2o  fluoro(2-butenes) [41]. When treated with bases,
PhOH/ESN Et,0 _ 20 56% 2H-heptafluoro-2-butene does not lose hydrogen
DMF _ 7% 87% fluoride to give an acetylene derivative, but fluorine

4-MeCOGH,OH/ELtN  DMF

10% 35% atom at the double bond is replaced. Its reaction with

RUSSIAN JOURNAL OF ORGANIC CHEMISTRY Vol. 38 No. 7 2002



INTERNAL PERFLUOROOLEFINS

KOH in sulfolane yields 1,1,1-trifluoroacetone,

925

and Tetrafluoroethylene pentamer possesses a fairly

with potassium tert-butoxide in diisopropyl ether, labile fluorine atom at the internal double bond; it

fluorine replacement produc¥Ill
(Scheme 10).

Scheme 10.
AN S KOH, sulfolane, 0°C FaC ou
SN - Se=c(
H CF, 58% - CFy
i
——— C(FR—C—CH
—CO, 3 3
FsC /F KOBu-£, (i-Pr),0, 0°C F3C\ OBu-¢
SL=C - Je=c
H CFs % H CF,

VIII

The reaction of tetrafluoroethylene tetramer
sodium 2-propenolate in Freon-113 a40°C give
rise to two products [43] (Scheme 11).

Scheme 11.
C,F C,F
2 5\ rrxJ 215
/C=C‘H’ + CH,=CHCH,0ONa
F,C CF,
Freon-113, —40°Cc D¢ CFs
/C_C\
F C—OCH,CH=CH,
7\
F;C  CF,
F C,F
\C_C/ 215
+ /7N
F C—OCH,CH=CH,
7\
F,C°  C,Fs
Scheme 12.
RONa
RF\C—C/F Freon-113, 20°C RF\C—C/OR
/77N /77N
F,C CF, F5C CF,
IX
+ RpCH,COOR
R - RONa, Freon-113 - R
F\C—C , —40 to —30°C Nee” F
/77N /77N
F,C CF, F CF—CF,
OR
X

R = Me, Et, CHCH=CH,, R = C(CF)(C,Fs),.

RUSSIAN JOURNAL OF ORGANIC CHEMISTRY Vol

is obtained [42]

reacts with alcohols in the presence of triethylamine
or sodium alkoxides to give products whose structure
depends on the temperature [44]. At room temperature
fluorine replacement produdX is formed, while at
-30 to-40°C compoundX is obtained (Scheme 12).

A similar pattern was observed in reactions of
perfluorinated cycloalkenes with alcohols [20, 32].
Substituted 2-chloroperfluorocycloalkenes react with
potassium hydroxide in ethanol, affording products
of chlorine replacement by ethoxy group [45]
(Scheme 13).

Scheme 13.

Cl OFEt
I I
R R

n=1 2; R = COMe, COPh, 4-N@H,.

KOH/EtOH

with
S

Perfluorobi(cyclopentene) and perfluorobi(cyclo-
butene) react with methanol and phenol to give prod-
ucts of fluorine replacement at théouble bond,
disubstituted mdéioxy or phenoxy derivatives [31]
(Scheme 14).

Scheme 14.

OR

w ROH w
0 0

RO

MeQO
i O
OMe

The reaction of perfluorocyclobutene with potas-
sium phenylmethoxide gives product of fluorine
replacement at the double bond in high yield [46].
Alkali metal alkoxides derived from polyfluorinated
alcohols react in a similar way [27] (Scheme 15).

Scheme 15.

CoFs CoFs

ROH/KOH

Ly LI

R = CH,CF,CHF,, CH,(CFECF,),H.

OR

. 38 No. 7 2002
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The reactivity of internal perfluoroolefins is deter-to formation of cyclic products, namely 1,3-dioxolane
mined by both electronic and structural factors [47]derivatives. Such reactions of ethylene glycol with
This is clearly seen by comparing reactions withperfluoro-2-butene [51], perfluoro(2-methyl-2-pen-
methanol of the following three compounds. Decatene) [52, 53], tetrafluoroethylene pentamer [44, 54,
fluoro-1,1-bi(cyclobutene) readily reacts with neutral 55], and perfluoro(3,4-dimethyl-2-hexene) [56] have
methanol, tetradecafluoro-1;hi(cyclopentene) react been reported. For example, the reaction of equimolar
with methanol in several days, and the reaction oamounts of ethylene glycol and perfluoro(4-methyl-2-
octafluoro-3,4-bis(trifluoromethyl)-2,4-hexadiene withpentene) in dipolar aprotic solvents in the presence
the same alcohol requires the presence of a base [40f triethylamine gives rise to a mixture of products
These data could not be explained by electronicontaining 2-pentafluoroethyl-2-(2,2,2-trifluoro-1-tri-
factors (which are similar for the above compounds)fluoromethylethyl)-1,3-dioxolane (#81%), 5,7-di-
so that they illustrate the effect of structural factors. fluoro-5-pentafluoroethyl)-6-trifluoromethyl-3,5-di-

Tetrafluoroethylene tetramer, pentamer, and hexdlydro-4-1,3-dioxepine (35%), and 5,5-difluoro-7-
mer with ethylene glycols form products of fluorine Pentafluoroethyl-6-trifluoromethyl-3,5-dihydro-2
replacement at the double bond; these products wefe3-dioxepine (1928%) [53, 54]. 5-Pentafluoroethyl-

successfully used as efficient detergents [48, 49%.6,7-tris(trifluoromethyl)-1,4-dioxepineX(l) was
(Scheme 186). obtained by reaction of perfluoro(3,4-dimethyl-3-

hexene) XI) with ethylene glycol [56] (Scheme 18).

Scheme 16.
Scheme 18.
Ry F HO(CH,CH,0),R
>C=C< * F3C\ CyF5
F3C CF; /C=C + HOCH,CH,0OH
C,F5 CF,
RF\ /O(CHZCHZO)nR X1
— C=C{_
FyC CF, CFy
Nachg F3C CF3
— MeO (CH,CH,0)4Me X
0
Rp 0(CH,CH,0), Rp 589 CoFs O ]
AN / AN /
/ AN / AN XII
F5C CF, F5C CF,

The reaction of perfluoro(4-methyl-2-pentene) with
ethylene glycol in tetrahydrofuran in the presence

. ... of KOH is not accompanied by isomerization, and
Reactions of perfluoro(2-methyl-2-pentene) withy 4_gioxane derivativeiil is formed in a low yield
mono-, di-, and triethylene glycols (reactant ratlo[so] (Scheme 19).

3:1) in acetonitrile, tetrahydrofuran, dimethylform-

R = H, Alk, Ar; Rx = C(CR,)(C,Fs),.

amide, or acetone in the presence of triethylamine or
. ; . Scheme 19.
potassium hydroxide were shown [50] to give the cor-
responding partially fluorinated diethers (Scheme 17). FaC F
However, the main direction of the reaction of internal L=C., + HOCH,CH,OH
perfluoroolefins with ethylene glycols is that leading F CF(CFy),
CF
Scheme 17. 8
o Oz
F\C /F KOH, THF, 50°C, 12h [ F CF,
Je=c{ + HO(CH,CH,0),H 0 CF,
FsC C,F;
XIII
CsF, MeCN T30 OCHCH:On - O . . . . .
_— C=C C=C Reactions of internal perfluoroolefins with sodium
F3C Cols Gl CFs hypochlorite in alkaline medium containing aceto-
nitrile provide an example of epoxidation via nucleo-
n = 1-3. philic addition of OCT ion and subsequent replace-
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ment of the chlorine atom by the action of inter-substituent favors formation of such a ketone in which
mediate carbanion [562] (Scheme 20). the carbonyl group is neighboring to that substituent
(Scheme 23).

Scheme 20.
o Scheme 23.
F,C KCZFE, ocI- F3C\_ | /C2F5
c=C _— c—C
/ 5, / N a [
C,Fs CF, C,Fs CF, ——=  CF,CF,—C—Ryp
R CF. -
FyC C,Fs F\C_C/ ¢ F
- . Ne—c” WA
/ \ / AN F o F
CoFs” Y CF b [
L =~  RCF,—C—CF,

Z:E=1:1(74%)

. . . R Path a Path b Yield, %
Lithium tert-butoxide can also be used in such re- f: ~ - 925 ’
actions. For example, epoxidation of electron-deficient - 2 '
olefins has been reported [63, 64] (Scheme 21) CoFs > 45 910
: : o 74 26 89.4
CsFis 77 23 93.4
Scheme 21. is0-C,F, 100 0 92.0
t-BuOLi, THF . . .
PO HE g0 200 B RO Aldehyde and ketone oximes are widely used in
N 527, AN organic synthesis as effective O-nucleophiles. Per-
F4C F o FC Yy F

fluoro(2-methyl-2-pentene) reacts with acetone oxime
[67] and cyclic ketone oximes [68] in the presence
The application of the above technique to fluorine-of triethylamine, resulting in formation of fluorine
containing systems essentially extends our knowledgeplacement and addition products at the double bond.
on the properties of olefinic systems. The role of theOn the other hand, reactions of perfluoro(2-methyl-2-
reagent itself is also important. In some cases calciumpentene) with aliphatic aldehyde oximes were reported
hypochlorite turned out to be inefficient in epoxida-to give new fluorinated dihydroisoxazoles. Snegirev
tion of fluorinated olefins, whereas lithiurtert-but- et al. [67-70] revealed thermal rearrangement of
oxide is very efficient [65, 66]. oxime O-fluoroalkenyl ethers into dihydropyrrole

The reactivity of perfluoroolefins in epoxidation derivatives. Interest in heterocyclic compounds having
corresponds to their reactivity with respect to nucleoPerfluoroalkyl groups must be noted; such compounds
philic reagents. Epoxy derivatives of perfluoroolefinsuSually exhibit enhanced biological activity, and they
readily react with fluoride ion, and this reaction C@n be regarded as a basis for the development of new
underlies a convenient procedure for synthesizing"u9s and products for agriculture.
perfluorinated ketones (Scheme 22). Unlike acetone oxime which reacts with perfluoro-

(2-methyl-2-pentene) in the presence of a base (tri-
Scheme 22. ethylamine), the reaction of perfluoro(2-methyl-2-
pentene) with [E)-acetophenone oxime was shown
. Ry P (I)_ [71] to occur in the absebce of triethylamine in di-
>c—c< —  — RyCF,—C—Ry ethylene glycol dimethyl ether or acetonitrile. It leads
7 \/ F ! to formation of acetophenone oxin@-1,3,3,3-tetra-
fluoro-1-pentafluoroethyl-2-trifluoromethylpropyl
ether via addition at the double=C bond. In the
presence of triethylamine, fluorine atom at the internal
double bond is replaced to afford acetophenone oxime
O-perfluoro(1-ethyl-2-methyl-1-propenyl) ether
Re = CF, CF.; ReR: = (CFy)a (CRy),. (Scheme 24). Terminal perfluoroolefins are known to
react with acetone oxime, yielding only addition

The site of attack by fluoride ion is determinedproducts at the double bond. By contrast, internal
by the nature of substituents at the oxirane ringperfluoroolefins, e.g., perfluoro(2-methyl-2-pentene),
Increase in steric hindrance created by perfluorinategdive rise to mixtures of addition and fluorine replace-

R

——= ReCF,—C—Rp

RUSSIAN JOURNAL OF ORGANIC CHEMISTRY Vol. 38 No. 7 2002
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Scheme 24.
Fgc\ /F /Me
c=c + HON=C{
FsC C,Fs Ph
Fgc\}lI p
. /C_$\
FsC o CoFs
N=C (Me)Ph
EtN FiC _ON=C(Me)Ph

A=
F;C C,Fs

Hexafluoropropylene trimers react with acetone
oxime to give two isomeric productXV and XVI
via nucleophilic replacement of fluorine at the double
bond (Scheme 26). Other oximes react with internal
perfluoroolefins in a similar way. The reactions of
cyclopentanone oxime and cyclohexanone oxime with
perfluoro(2-methyl-2-pentene) in the presence of
a catalytic amount of a base result in formation of
addition products and products of their dehydro-
fluorination, but the yield of the latter does not exceed
10% [68]. Vinyl ethers are thermally unstable, and
they are completely converted into pyrroliding¥Il
on heating to 108 (Scheme 27).

Scheme 27.
ment products. The yield of the latter increases as the FoC . ),
amount of base rises. The product is stable on storage Nl ?
below 30C; on heating to 10T, it is converted in rC CFs
1 h into 4-hydroxy-2-methyl-4-pentafluoroethyl-5,5- NOH
bis(trifluoromethyl)-4,5-dihydro-B-pyrrole (XIV) .
[67] (Scheme 25). EtN or KOH ~ T3C( | Cofs
AN n
Scheme 25. Gy ON
FyC F Me
AN / / F3C CoFy
e /C—C\C2F5 + HON—C\Me _Kon c=C{_ :G)n
F;C ON
CyFy
Et3N, MeO(CH,CH,0),Me F,C OH

(F3C);CH—CF—ON=CMe,

F5C ON=CMe;  |g°C
+ C=C F;C N J CoFs
F3C C,Fy
Me
XIV
Scheme 26.
F,C CF(CF,) - FyC C,F
3\C=C/ 372 L» 3\C=C/25
/ AN - AN
F CF(CF;), F3C CF(CF;),

Me,C=NOH, Et,N, 50°C

MeO (CH,CH,0),Me (CFg)ZcF\ /CF3

c=C
(CF3),CF ON=CMe,
XV
FsC CF(CRy),
+ C=C{_ON=CMe,
FyC $\
|} CFy
XVI

100°C

Cyclization products (the corresponding isoxazoli-
dines) are directly obtained by reactions Mfben-
zylideneanilineN-oxide with octafluoro-2-butene and
octafluoronorbornadiene at room temperature [72]
(Scheme 28).

Reactions of sulfur-containing nucleophiles with
internal perfluoroolefins are very sensitive to tempera-
ture conditions. Treatment of tetrafluoroethylene
pentamer with thiols in the presence of triethylamine
leads to formation of a mixture of products [73, 74]
(Scheme 29). Kinetically controlled produetVili
is formed at-65 to -30°C, whereas at room tempera-
ture thermodynamically controlled produetiX is
obtained (Table 1). Hexafluoropropylene dimers react
with phenylmethanethiol and benzenethiol in the
presence of triethylamine, yielding products of
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fluorine replacement at the double bond and

alsdable 1. Temperature effect on thEVIIl :XIX product

products of more profound transformations underatio [73]

the action of thiolate ion [37]. The results depend

primarily on the nucleophile nature. Products having Yield, %
an RS group at the double bond are formed by reacProduct
tions of hexafluoropropylene trimers with thiols in  no. | -60 to| -35 to | -20 to 13¢ | 3a0C
the presence of triethylamine [40, 75] (Scheme 31). -50°C | -30°C | -1C°C
Sodium dialkyldithiocarbamates were also used as
S-nucleophiles [76] (Scheme 32). XVIII 100 95.2 71.9 375 | 133
XIX 0 4.8 28.1 62.5 86.7
Scheme 28.
oo A Terminal perfluoroolefins readily react with trialkyl
C=C + PhN=CHPh . .
_— o } phosphites to afford dialkyl perfluoroalkenylphos-
: : 0 phonates [7479]. Specific feature of the Arbuzov
_ cr reaction with perfluorinated unsaturated compounds
8 8 is that it takes two pathways. One of these leads to
- . Fz O<F formation of ethyl fluoride and perfluoroalkenylphos-
96% Ph ITV phonic acid ester, and the other, to diethyl ether and
Ph ethyl perfluoroalkenylphosphonofluoridate [80]. It is
generally accepted that reactions of trialkyl phosphites
K with alkyl halides involve intermediate formation of
P F thermally unstable fluorophosphoranes which decom-
i + PhN=CHPh pose following the Arbuzov rearrangement mechanism
F F 0
F Scheme 30.
SR
FCL F  10RSH, BN
e=c{ <c1:3>2c=c|—c=c<s1e>2
289, F;C C,yFy SR
R=PhCH, (26%), Ph (30%)
F3C e 1RSH, Et;N
Scheme 29. Cc=C ———————  (CF;),C=C—C,F;
VAN R=PhCH,
F;C C,F; SR
FyC CFs RSH, Et,N N
Je=c{ JCe=C_ SR 59%
Rp F F L
1|: CF, SR SR
SR
KF, DMF F3C\ /CF3 32% 3%
SN
Rp SR
XIX Scheme 31.
N RSCF, CF, F3C\C_C/CF(CF3)2 RSH, Bt;N F3C\C_C/CF(CF3)2
Xvigy & ——— Cc=C /7N VAN
R / \F F CF(CF3), RS CF(CF3),
F
CF(CFy)
«r pvMp CoFs F FCL CFCF)2 3psH, 3E4L,N e
’ Ne=c Cc=C ——————— RSCF=C—C=CFCF,
P VAN
Ry SR FyC CoFs CF,

R = PhCH, Ph, CHCH=CH,; R = C(CE)(C,Fs),.
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Scheme 32. Scheme 34.
Fgc\ /F Fgc\ /F
Je=c{ + RyNCS,Na-H,0 c=c + P(NEtys
F3C C,F5 F5C C,Fy
o F,C CH(CF;) F
DMA, 20°C, 5h 3 \C_C‘f‘ 372 /C3F7
el ———— (CF3),C=C—C=C + F,P(NEt
F H"SC(S)NRZ 619 (CF3), \CF 2P (NEtp)g
CyoF5 8
R = Me (yield 42%), Et (35%).
(y 0) (35%) CF, CF,

to give alkylphosphonates. In some cases such phoaﬁ + PPhy ———— ﬁ g + F,PPh,
phoranes turned out to be stable compounds whic 5%
can be isolated, e.g., those derived from perfluoro-

(2-methylpropene) [80], pentafluoroazapropene [81],
and hexafluorocyclobutene [82, 83]. A different !ll. SYNTHESIS OF NITROGEN-CONTAINING

pattern is observed with internal perfluoroolefins. The PARTIALLY FLUORINATED COMPOUNDS
reaction of triethyl phosphite with perfluoro(2-methyl- BY REACTIONS OF INTERNAL
2-pentene) gives not the expected Arbuzov rearrange- PERFLUOROOLEFINS WITH AMINES

ment product but diethyl 3,3-difluoro-1-(1,2,2,2-tetra- ) ] ] ]
fluoroethylidene)-2-trifluoromethyl-2-propenylphos- ~Reactions of perfluoroolefins with nitrogen-con-
phonate as al:1 mixture of two sterecisomers [86] taining mono- and difunctional nucleophiles are of
(Scheme 33). With equimolar amounts of triethyISpeC'f'C importance in the chemistry of organofluorine
phosphite and perfluoro(2-ethylcyclohexene), th&ompounds [88]. These reactions ensure preparation
major reaction product is 1-ethyloctafluoro-2-(penta0f various intermediate products for the synthesis
fluoroethyl)cyclohexene, while the Arbuzov rearrange®f Mmaterials for numerous applications, including
ment product, diethyl octafluoro-2-(pentafluoroethyl)-2 diversity of heterocyclic compounds. Terminal
1-cyclohexenylphosphonate is formed in a poor yie|cperfluoroolef|ns react with nucleophiles solely at

CF,

(cf. [84]). the carbon atoms of the termina=C bond, leading
to formation of derivatives having the corresponding
Scheme 33. functional group at the double bond. Analogous reac-
tions with internal perfluoroolefins can take several
FsC S pathways. Primary amines react with internal per-
. C/C=C\C . + P(OED; fluoroolefins possessing a fluorine atom at the double
3 216

bond to afford the corresponding Schiff bases rather
than enamines. This result is explained by tauto-

P(0) (OEY), U S ; : .
merization intrinsic to systems in which NH group is
- F2C=C|_C=CFCF3 + FpP(OED, attached to double-bonded carbon atom. This process
CF, is essentially determined by the structure of per-

fluorinated group at the double bond and by thermo-

Reactions with internal perfluoroolefins of the dynamic factor. Moreover, possible isomerization of
other P-nucleophile, hexaethylphosphorous triamiddhternal perfluoroolefin by the action of liberated
lead to reductive dimerization of the olefins [85]. fluoride ion must be taken into account. Such iso-
For example, from perﬂuoro(z_methy|-2-pentene),merization could generate a different perfluoroolefin
perfluoro(3-ethyl-2,5-dimethyl-2,4-octadiene) wasstructure with a labile fluorine atom at the double
obtained, and perfluoro(1-methylcyclopentene) gav&ond. In addition, alkylamine is capable of acting as
rise to perfluoro[1-methyl-2-(2-methyl-1-cyclopent- catalyst of the isomerization of internal perfluoro-
enyl)cyclopentene]. These reactions involve interolefin into terminal. Here, the crucial factor is the
mediate formation of phosphorus ylides which argatio of reaction rates of these isomers with nucleo-
converted into thermally unstable fluorophosphoraneghile. An example is the reaction of isomeric tetra-
Decomposition of the latter gives carbanions [86, 87fluoroethylene tetramers with methanol [89]. The
which react with the initial olefin to afford the final corresponding rate constants form the following series
products (Scheme 34). (Scheme 35)k; > k, >> k; [90].
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Scheme 35. unsaturated compounds having a cyano group. These
. oF data may be explained by comparable rates of replace-
3 yas Nu, &, ment of the vinylic fluorine atom and subsequent
F;C C=C —— Product . . . .
g Neor dehydrofluorination which eventually yields poly-
&1 2s amination products (Scheme 36). Perfluoro(3,4-di-
CaFs methyl-3-hexene) reacts with aqueous ammonia to
afford a product having NiHHand CN groups at the
kz(F_)‘ internal double bond, whereas with dry ammonia
a mixture of products is formed via replacement of
F4C CFs Nu, £, fluorine by NH, group [89] (Scheme 37).
/C=C\ ——— Product
CyFy CyFy Scheme 37.
Z or E NH... E4,0
aq. NHg, Ety
) BC_ CF 0o, Tin NC o CR
ks (F7) C=C F5;C C=C
/7N 729, NN
CyF, CyF, o /CI NH,
CyF
F\ /C2F5 Nu, ks 275 NH,
/C=C\ /C2F5 — Product
F C FoC CF NH; (dry), CsF FoC CF
|\CF3 EA S8 ERO 3 3
F e=c{ Je=C
CyF, C,F; C,F; =N
Reactions of internal perfluoroolefins with FyC H
ammonia usually involve vinyl substitution, enamine
imine isomerization, and dehydrofluorination. As FCF3C\C_C/CF3
a result, iminoenamines or products of their further + 0 N’ - N
transformations are obtained. For instance, treatment cp” ] 2
of trans-perfluoro-2-pentene with ammonia leads to 2% NH,

a nitrogen analog of}-diketone [88], and from per-
fluoro-2-butene 3-amino-2,4,4,4-tetrafluoro-2-butene- A mixture of 2-amino-3i-perfluoro(3-ethyl-2,4-
nitrile is formed [91]. Similar transformations are dimethylpentane) and 4-aminoperfluoro(3-isopropyl-
typical of nucleophilic reagents having an amino4-methyl-2-pentene) was obtained by reaction of hexa-
group. Such reactions are widely used to explain thBuoropropylene trimer with ammonia; heating of the
results of syntheses of heterocyclic compounds frortatter product resulted in formation of two azetines
perfluoroolefins. Some of these are the following:XX and XXl [97] (Scheme 38). An analogous pattern
reaction of perfluoro-2-pentene with ethylenediaminevas observed in the reaction of aqueous ammonia
[92, 93], reactions of perfluoro(2-methyl-2-pentene)with perfluoro(2-ethyl-2-methyl-2-pentene) [98].
with benzamides [93] and hydrazones [94], and readReactions of perfluoro(2-methyl-2-pentene) with
tion of perfluoro(2-methyl-2-pentene) with acet-2 equiv of primary alkylamines (such as propylamine,
amidine [95]. butylamine, isobutylaminetert-butylamine, ethyl-
As shown in [75, 96], the reaction of perfluoro- amine, and cyclohexylamine) yield 1,4-addition prod-
(2-methyl-2-pentene) with dry ammonia in tetrahydro-ucts, N-substituted ketone imineé&<Il as~1:1 mix-
furan gives rise to a mixture of products, includingtures ofsynandanti isomers [99] (Scheme 39). When
the corresponding ketene imine (formed by fluoringhese reactions are carried out in the presence of tri-
replacement at the double bond) and two internakthylamine, N-alkylamino derivatives of perfluoro-
(2-ethyl-3-methylazete) XXIll ) are formed together
Scheme 36. with compoundsXXll . The yield of productXXIll
increases from 5 to 25%, when perfluoro(2-methyl-

FaC C_C/F NHg, THF (CE),CH—C CaFs 2-pentene) salt with triethylamine is used instead of
e o Ne,Fs o . the olefin itself (the preparation of such salts was
described in [100]). Weakly basic primary amines

Fgc\ /C2F5 NC\ /C2F5 exh_ibit a lower catalytic _activ_ity in the _isomerizatio_n

+ C=C_ + C=C_ of internal perfluoroolefins into terminal ones; in
NC NH, NC NH, these cases, the major product is that formed via
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Scheme 38.
F5C CF(CF3) F,C CF(CF;) F,C CF(CF;)
3 N . / 372 3 N . / 372 NH3 3 N _y 372
Je=c{ _ Je=c{ _ Je—C
F3C C,F5 F CF(CF3), F3C 111H2 C,F5
- FiC }ll/CF(CFg)Z
/C|_C\
FC g, CoFs
CF, CF,
RN FyC CH(CTa F;C £ (CEs
L c=C NH, _ | +
—F F/ AN o’ HN HN
N CFy CF,
crlts :
3
XX XXI
Scheme 39.
F5C C,Fs
BCL F THF, 20°C, 3h CaFs —
Je=c{ + AIKNH, (CFg)ZCH—C\\ + S
F3C C,F5 NALk AIKN Mk
XXII XXIII
Alk = i-Pr, n-Bu, i-Bu.
F5C C,Fs
FsC\ /F THF, 20°C, 3h —
/C=C\ + HetNH, N
F5C C,F N\
3 245 F F Het
XXIV

Het = 1-methyl-2-benzimidazolyl; 6-bromo-2-benzothiazolyl; 1-methyl-2-nitro-5-imidazolyl.

Scheme 40.
RNH
FC_ T RNH, FaC ST FC NHR CaFs
/ AN /| AN —HF / AN / AN
FsC C,Fs FCT L CF; FsC C,Fs (CF3),CH R

R = Ph, GF,, SOPh.

addition at the double bond and the subsequent 2-Alkylaminoazetes were also obtained by the
enamineimine rearrangement [101] (Scheme 40). Oraction of alkylamines RNK(R = Me, Et, Bu) on per-
the other hand, perfluoro(2-methyl-2-pentene) reactBuoro(3-ethyl-2,5-dimethyl-2-pentene (R = Bu) and
with 2-amino-1-methylbenzimidazole and 2-amino-6-perfluoro(3,4-dimethyl-3-hexene [102] and of hexa-
bromobenzothiazole to give exclusively additionmethyldisilazane on perfluoro(2-methyl-2-pentene)
products XXIll (at the internal double bond); the [96] (Scheme 41). Tetrafluoroethylene pentamer does
subsequent treatment ofXIll with potassium car- not react with aromatic amines under standard condi-
bonate leads to formation of azetine derivativegions, but in the presence of triethylamine a complex
XXIV (Scheme 39). These findings indicate a conmixture of products is formed, the major of which is
siderable effect of the substituent at the amino groupgisubstituted derivativ&XXV [103, 104] (Scheme 42).
on the reaction direction. Tetrafluoroethylene pentamer reacts with primary
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Scheme 41.
Fgc\lTIHMe
C CF,
FsC CF, MeNH,, E1,0 FiC_ CF, C2F5/ _
Cc=cC — =~  FC Cc=cC
. C,F N N N
2Fs 2Fs /C| F MeN e
CoFs NAMe
Scheme 42.
PhNH,, Et,N
F3C CF3  Et,0, 36°C F PhNH, Rp
/ AN / N 30.2% N
Ry F F C=N JC=N(
FsC Ph FyC Ph
H XXV
F Cafs PhNH, C,Fs
C=C — = PhN=C=C
7 R 36.9% R
F F

Re = C(CR)(Cry)..

aliphatic amines, e.g., butylamine or methylamine, tq2-methyl-2-pentene) with aniline results in formation
form three products: iminoketene imine, trifluoro- of heterocyclic compoun&XVIl rather than product
acetylketene imine, and azetidine [105] (Scheme 43pf fluorine replacement at the double bond [109]

Tetrafluoroethylene tetramer witert-butylamine [43]

(Scheme 46). Hexafluoropropylene trimers react with

and methylamine [106] at reduced temperature formgrimary amines to afford initially addition products

addition product at the double bond, whereas omt the double bond, compounds<Viil

heating stereoisomeric azetine derivativegV| are

and XXIX ,
which are converted into azetine derivatives<X

formed (Scheme 44). Ketene imines are obtained bgn heating or in the presence of triethylamine [97]
reactions of tetrafluoroethylene hexamer with primaryScheme 47). CompoundsXX undergo isomeriza-

(EtNH, and PhNH) and secondary amines (MéH)

tion into azetidinesXXXI by the action of triethyl-

[107, 108] (Scheme 45). The reaction of perfluoro-amine or cesium fluoride in acetonitrile.

Scheme 43.
Ry CF;
Je=c{ AlN=C=C{ +AKN=C=C{ + X
Ry F JC=N =0 AIKN Mk
F3C Alk F3C
Scheme 44,
F3C CF;
40°C \C=C/ NHBu
_ N F/ \C/
C,F CF. Cll?CZFf’
2V's 3 BuNH,, Et,0 8
Cc=C _
FyC C.Fs FyC CF, FyC CF,
ﬂ, — CoF5 —| CF3
N \ N
Bu CF3 Bu C,F5
XXVI
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Scheme 45.
C,F CF
2 5\ / 3
RNH, C—CyF;
———>  RN=C=C C,Fy
N/
C,F CF
2 5\ 3 $\
F\ /c C,Fy b CF
— F —_—
) P C\C/C2 5
N C,F CF C,F CF
1|:CF3 25\/3 25\/_3
Me,NH F\ /C_Cst C—C,F,
L . = F _— =C= F
. N/C C\C/Cz 5 MeN C C\C/Cz 5
]
Nk Nk
F 3 F 3
R = Et, Ph.
Scheme 46.
NHAr
F5C S THF, 20°C e
Cc=C + AINH, ——
4 749, N
F3C CoF5 C,F;
XXVII
Scheme 47.
) ers i
C,Fy F CF; CF(CF3), RNH CF; C F5C C
2 AN
Ne=¢! —— >C=C< _ >C=C/ CF; + Ne=c” \CFg
(CF3),CF F F CF(CF;), F CF(CF;), F3C CF(CF;),
XXVII XXIX
F;C CF(CFy), F,C K C(CFy),
Et;N i Et;N
N N
7/ CF 7/ CF
R CF; R CF;
XXX XXXI

R = Me (89%), Et (82%), Bu (90%).

If a nucleophile possesses two reaction centersfford hexafluoro-4-trifluoromethyl-2,3-pentanedione
intramolecular nucleophilic cyclization is possible bishydrazone XXXII ) [110, 111] (Scheme 48). The
through formation of intermediate with a terminal same perfluoroolefin reacts with hydrazones, initially
double bond. The reaction of perfluoro(2-methyl-2-yielding the corresponding ketene imine which under-
pentene) with ethylenediamine in the presence of trigoes intramolecular cyclization during the process
ethylamine in THF yields 7-fluoro-5-pentafluoroethyl- [112] (Scheme 49). Reactions of perfluoro(2-methyl-
6-trifluoromethyl-2,3-dihydro-#-1,4-diazepine [56]. 2-pentene) with acetamidine and trifluoroacetamidine
In this case, intermediate imine with a terminal doublehydrochlorides in the presence of sodium hydroxide
bond is formed, and attack on the latter by the secondnd benzyltriethylammonium chloride give initially
nucleophilic nitrogen atom gives rise to further intra-fluorine replacement product (at the double bond),
molecular cyclization. Treatment of perfluoro(4- whose subsequent prototropic isomerization [109],
methyl-2-pentene) with hydrazine hydrate results irdehydrogenation, and cyclization [113] lead to
replacement of fluorine atoms at the double bond ta@-fluoropyrimidine derivatives (Scheme 50).
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Scheme 48.
F F F NHNH F
N H,NNH,-H0 AN & 2 N
OO Je=C", _— CH—C—CF,
(CFy),CF CF, o (CFy),CF CF, (CFy),CF U
2
H,NNH,-H,0
—— | CEyC=Cr—C—CF; — L (CFy,C=C—C—CF; | ——> (CF4),CH—C—C—CF,
NNH, NH,NH NNH, NH,N NNH,
XXXII
Scheme 49.
F;C C,F
BC - F R NayCO, THF, 0°C  (CFy)yCH R : I o
e=c{ + HNN=C{ Jc=N—N=¢{ = ——— | A
FsC C,F Ph C,F Ph F7 N
3 215 215
CF(R)Ph
R = H (91%), CH (90%).
Scheme 50.
|
FC_F FC NH—C—R (CFy),CH R
e=c{ + RC(=NH)NH,HCl ——— e=c{ _ C=N—C=NH
F;C C,Fs F;C C,Fs C,Fs
CF, .
CF g R
3 | CF;
_— NC=N—C=NH ——— 1T A
—HF cr” —HF )\ _
2Fs R N (,F,
R = CH, CF.

Reactions of internal perfluoroolefins with secon-mon reaction mechanism for internal and terminal per-
dary amines do not give products of fluorine replacefluoroolefins, which does not include preliminary
ment at the double bond, but enamines are obtainddomerization of internal perfluoroolefin into terminal
via fluorine replacement at terminal double bond[120]. Presumably, the key stage in these reactions is
[114]. Here, the site of fluorine replacement is detertransformation of intermediate carbanion generated by
mined by preliminary isomerization of internal per-attack of N-nucleophile having any structure on the
fluoroolefin into terminal [115, 116]. Also, internal carbon atom of the internal double bond. Thus, the
perfluoroolefins give products of fluorine replacementransformation pathway of initial olefin is determined
in the correponding terminal olefin formed during theby relative contributions of the energy and steric
process by isomerization initiated by fluoride ionfactors supplemented by the possibility for formation
[115, 117-119]. However, the available data do notOf intermediate species with multiple bonds.
confirm the above stated, for either mixtures of two Hexafluoropropylene dimers react with secondary
isomeric products or only one fluorine replacementaimines along several pathways. With diethylamine,
product (either at the internal or terminal double bondgnamino derivative of the corresponding terminal per-
were obtained from some secondary amines [115luoroolefin is exclusively formed [89, 117], whereas
117-119]. Analysis of the data on the orientation offrom piperidine, analogous derivative of internal per-
fluorine substitution in internal perfluoroolefins with fluoroolefin is obtained [109, 116]. Other secondary
respect to secondary amine structure suggests a coamines also react in a nonselective fashion [115].

RUSSIAN JOURNAL OF ORGANIC CHEMISTRY Vol. 38 No. 7 2002



936

England and Piecara [116] performed a detailed studfuoro-2-trifluoromethyl-1-pentenyl)morpholine at

FURIN

of this reaction and found that in fact two isomerica ratio of 1:3.49 (Scheme 52).

enamines are formed: 1-[3,3,3-trifluoro-1-(penta-
fluoroethyl)-2-(trifluoromethyl)-1-propenyl]piperidine
and 1-[1,3,3,4,4,5,5,5-octafluoro-2-(trifluoromethyl)-
1-pentenyl]piperidine at a ratio of 1:2.07 (1:6.69,
according to [115]). As the size of cyclic amine
increases (e.g., in the series pyrrolidine, piperidine,
cycloheptylamine) the yield of the enamine derived
from terminal perfluoroolefin rises: the corresponding
enamine ratios are 1:0.82, 1:6.69, and 1:8.09,
respectively [115]. The results were explained
[115, 116] in terms of preliminary isomerization of
internal perfluoroolefins into terminal ones by the
action of trialkylamines and fluoride ion and subse-
guent replacement of fluorine at the terminal double
bond. Analogous relations were revealed for reactions

Scheme 52.

R,yNH, pyridine

FyC MeCN

Jc=c
F,C

F,C

CoFs

F,C CF,

/ ",
F,C CyFs Alk,N CyF;

NR, = morpholino, (4-CEC4F,),N, 2,5-dioxo-1-pyrrolidinyl,

of cyclic amines with perfluoro(4-methyl-2-pentene)
[115] and of dialkylamines with perfluoro-2-pentene

2-oxo-1-pyrrolidinyl, 1,3-dioxo-2,3-dihydroH-isoindol-1-yl;
Alk = Et, Bu.

[121]. These reactions afforded enamines via nucleo-
philic replacement of fluorine at the terminal double Two enamines,N,N-bis(4-trifluoromethyl-2,3,5,6-
bond. On the other hand, study of the reaction of peretrafluorophenyl)-3-aminoperfluoro(2-methyl-2-pen-

fluoro(2-methyl-2-pentene) with piperidine [121]

tene) andN,N-bis(4-trifluoromethyl-2,3,5,6-tetra-

showed that fluorine atom can be replaced exclusivelfiluorophenyl)-1-aminoperfluoro(2-methyl-1-pentene)

at the double bond of internal perfluoroolefin to give

at a ratio of 1:3, were also obtained by the reaction

the corresponding enamine (Scheme 51). The sané perfluoro(2-methyl-2-pentene) with bis(4-trifluoro-

pathways are typical for the reactions of hexafluoro
propylene trimer [118].

Scheme 51.

F CF. F CF.
Nee?l RN N
/TN /TN

F CsFy; R,N CsFy;

F;C /F R,NH F;C NR,
Je=c{ —_ Je=c{
FyC C,Fs FyC C,Fs

F_'
F F N F,C F
N H NS
c=C., _ Je=c{_N
(CF3),CF CF, FyC c
Der,

The reaction of perfluoro(2-methyl-2-pentene) with

methyl-2,3,5,6-tetrafluorophenyl)amine in the pres-
ence of triethylamine. However, the reactions of per-
fluoro(2-methyl-2-pentene) with pyrrolidin-2-one,
succinimide, and phthalimide in the presence of tri-
ethylamine gave exclusively products of fluorine
replacement at the internal double bomdperfluoro-
(2-methyl-3-pentenyl)succinimideN-perfluoro(2-
methyl-3-pentenyl)phthalimide, and 1-[3,3,3-trifluoro-
1-pentafluoroethyl)-2-trifluoromethyl-1-propenyl]pyr-
rolidin-2-one [122] (Scheme 52). Thus, reduction of
the amine basicity is accompanied by reduction of its
catalytic activity in the isomerization of internal
perfluoroolefin into terminal; as a result, products
of fluorine replacement at the internal double bond
are formed.

As shown in [115, 119], the reaction of perfluoro-
(2-methyl-2-pentene) with an equimolar amount of
diethylamine or dibutylamine in acetonitrile in the
presence of acetonitrile leads to formationNyN-di-
ethyl-1-aminoperfluoro(2-methyl-1-pentene) aN(N-
dibutyl-1-aminoperfluoro(2-methyl-1-pentene), respec-
tively, whereas with dipropylamine and diallylamine

morpholine in anhydrous acetonitrile in the presencén the presence of EM an enamine derived from

of an equimolar amount of pyridine or triethylamine

terminal perfluoroolefin is formed [119]. A mixture of

(to bind the liberated hydrogen fluoride) was shownhexafluoropropylene trimers reacts with diallylamine

[120] to give 1-(3,3,3-trifluoro-1-pentafluoroethyl-2-
trifluoromethyl-1-propenyl)morpholine and 1-(octa-

RUSSIAN JOURN

to give only productiXXXIll (Scheme 53). The reac-
tion of perfluoro(l-ethylcyclohexene) with dialkyl-
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amines results in fluorine replacement at the doublenternal olefin by the action of bases [123]. It is

bond [119] (Scheme 54). known [124-126] that such isomerization is promoted
by fluoride ion. On the other hand, the reaction of
Scheme 53. pyrrolidine with the same substrate yields a mixture
FoC . of enaminesXXIV and XXXV (Scheme 55).
3
Ne=c” + A,NH Tetrafluoroethylene pentamer was reported [105] to
e C,Fs react with dimethylamine, diethylamine, morpholine,
and piperidine to afford the corresponding fluorine
Et;N, McCN N s replacement products at the terminal rather than
— S=C internal double bond (Scheme 56).
Alk,N C,F;
Scheme 56.
Ak = Bu (yield 51%), Pr (64%), CHCH=CH, (53%).
Fgc\ CF, F\ /C2F5
F CF(CFy), F/C=C\C/C2F5 F/C=C\C/C2F5
>c=c< + HN(CH,CH=CH,), I Ne.r I Ne.r
FyC CF(CFy), CFg278 CFg278
F F F C,yFy
Et;N, MeCN Ne=c”  CF(CEy, RoNH te=c” P
e . / S s N
(CH;CH=CH,),;N el R,N ¢
l!—; CF(CFg)Z C|F3C2F5
XXXIII

RN = Me,N, EtN, piperidino, morpholino.

Scheme 54. _
On the other hand, azoles react with perfluoro-
CoFy CoFy

Ft;N, MeCN (2-methy_|-2-penter_1e) in th'e presence of bases_ (such
®/ + AlkyNH @i as pyridine or triethylamine), yielding exclusively
NAlk, products of fluorine replacement at the internal double
bond, e.g., 3-(1-imidazolyl)perfluoro(2-methyl-2-
Ak = Pr (yield 56%), Bu (67%), CHCH=CH, (53%). pentene) and 1,3-bis(1-imidazolyl)perfluoro(2-methyl-
2-pentene) [127] (Scheme 57).
Bis(dimethylamino)methane and diethylaminotri-

methylsilane react with perfluoro(2-methyl-2-pentene) Scheme 57.
to afford exclusively fluorine replacement products
[123], but those derived from the terminal perfluoro- (Nj
olefin which is formed by isomerization of the initial F;C JF N CHN  BC_ N
N Lj - SN
Scheme 55. F3C CoFs N F3C CoF5
F3C\ /F

Je=c{ +
FsC CyFs

[ :N\ CFs

N
- N, O
N N—CF_ N
H + = C=C
: N

/TN
FsC CyFs

CF,
_— Je=C,, + >c=c< In the presence of bases, lactams act as fairly effec-
F CsFq CyFs CF tive N-nucleophiles; their reactions with perfluoro-
XXXIV XXXV (2-methyl-2-pentene) give the correspondihgper-
fluoroalkenyl derivativesXXXVI (yield 49% from
Solvent Ratio XXXIV : XXXV piperidin-2-one and 51% from caprolactam) [68]
Dioxane 80: 20 (Scheme 58). Compound¥XXVI are unstable in
Diethyl ether 70:30 acid medium. They readily undergo hydrolysis on
DMF 70:30 heating in ether solution with a 5% solution of hydro-
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Scheme 58. Scheme 60.
FsC F + ~
HN FsC F F,C NEty F
Ne=c/ + SNy v Et;N, MeCN EA P
/ AN )u C=C Cc=C
F3C C,Fy 0 / AN / N
F3C C,Fy F3C C,Fy
KOH, MeO (CH,CH,0),Me FsC CaFs F,C Nu

/
Et,0, 20°C, 1h JL=C_ L e

% N
FsC N F,C C,yFs
0 n

NuH = imidazole, pyrazole, 12-1,2,3-triazole, benzotriazole.

XXXVI

chloric acid; as a result, the corresponding ketone, NS approach is also applicable to olefins having
(CFy) CHC(b)C‘QF is formed only perfluoroalkyl substituents. Initially, an inner

32 N ' . salt is formed. For example, satXXIX is formed

It should be noted that some internal perfluoroy. o, “triethylamine and perfluoro(3,4-dimethyl-3-
olefins are capable of reacting with tertiary amines, ey ane)  Eiimination of fluoride ion from the GF
to form trialkylammonium salts. Perfluoro(2-methyl- group of XXXIX generates a double bond. The sub-
2-pentene) gives such salts with triethylaminege o, ant reaction of phenol at that bond yields either
(XXXVIl ) [100] and tetrabutylammonium fluoride roduct XL (yield of the trans isomer 28%, and of

(XXXVII ) [128] (Schemg 59). These salts turned OUthe cis isomer, 37%) [116], or compourdLl (yield
to be much more reactive than the correspondlngs%) (Scheme 61).

neutral perfluoroolefins, and they can be involved in

reactions with weak nucleophiles so that only the Scheme 61
AlksN group is replaced by N-nucleophile moiety, '
the other reaction centers remaining intact. C,F, CFs  pyx ) C|2F5_/CF3
Je=c{ — BN —C—C{
Scheme 59. F,C CF, éF C,Fs
3
EtN, MecN T3¢ NEWE XXXIX
C=C
/ N CyFy
FC . F5C C,F; .
’ Ne—=c” _ XXXVII ———  BuN—C—C=CFCF,
/TN
FsC C,F; + _ CF; CF;
BUNF FyC NBug'F
4 N\ /
S C=C C2F5 OPh
7N PhO™ N _ | _F
F5C CoF5 —_ E@N—C—C—C(
XXXVIII &, C|FS CF,
Such salts react with dialkylamines at the double- CaFs CFs
bonded carbon atom with subsequent replacement of TEN SN F
the AlksN group by dialkylamino group [129, 130]. ? F3C $\
In the reactions of perfluoro(2-methyl-2-pentene) with pho CFs
pyrazole, benzotriazole, and 1,2,4-triazole, temporary XL
replacement of the fluorine atom at the double bond
by a readily departing group (e.g.,5&lt salt XXXVII In the first case, a new double bond is generated

was synthesized by the procedure described in [100hy elimination of triethylamine, and in the second,

ensures selective preparation of products of fluorine

replacement at the internadouble bond [127] Scheme 62.

(Scheme 60). Presumably, in this case N-nucleophile

initially attacks the G:C bond at the carbon atom Cng PhO CF,

attached to positively charged nitrogen atom (due to ¢ ¢z OF% Ne=c”
Et;N—C™ C—CF, TN L2

powerful electron-acceptor effect of the;Etgroup). | FyC CI\

Salt XXXVIlI is much more electrophilic than the CoFs  F P

initial perfluoroolefin. XLI

CF,
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via intramolecular attack by fluorine from the CF Table 2. Salts generated from perfluoroolefins by the
group on the carbon atom attached to the Nftbup action of (MeN);S"-Me;SiF, or CsF
(Scheme 62). The above example demonstrates

a diversity of reaction paths for internal perfluoro- Initial olefin Salt Reference
olefins and nucleophilic reagents.
14
IV. GENERATION OF CARBANIONS @Ej @@ 11401
BY THE ACTION OF FLUORIDE ION ¥
ON INTERNAL PERFLUOROOLEFINS F [140]
AND THEIR REACTIVITY @ %
A considerable group of reactions of internal per- F
fluoroolefins includes processes with intermediate @L@ [140]
generation of carbanions. Perfluorinated carbanion -
are highly reactive species which are very important Cr, F CF, 140
for the chemistry of organofluorine compounds. There Se=c/ >6—CF3 [140]
are several methods for generation of perfluorinatedcr; F CF,
carbanions. The first of these is based on reactionscr, F CFs [140]
of internal perfluoroolefins with fluoride ion. In this C=C{_ /E—CZF5
case, the resulting carbanion may have either the samer; CF; CF,
structure as the initial olefin or a different one, cr, F CF3\ [141]
depending on the possibility for isomerization into c=c{ /E—CFZCFZCF3
a more thermodynamically stable olefin. The second CF; CaFs CF,
procedure involves carbanion generation by decom- F
position of intermediate compounds formed by the * N N [141]
action of some nucleophiles, e.g., phosphines, on c¢p,”  “c,p, cry’ NCF,
internal perfluoroolefins. o o o T o 1140]
3 215 3 | _ 215
IV.1. Generation of Carbanions from Internal /C=C< >C_C<
Perfluoroolefins by the Action of Fluoride lon CFs CoFs CFs CoFs
Fluoride ion in di . . CFs [141]
uoride ion in dipolar aprotic solvents is knownto . .., CF ek B cp
exhibit a high nucleophilicity, so that it is capable of ~***"\._. ° PN
/T, \
Scheme 63 s ' s s

R3N BF;, THF, 20°C . . .
—_— BFy attacking the double bond in internal perfluoroolefins
{R {R to give primary carbanion [131, 132]. Alkali metal
fluorides [133], their complexes with crown ethers
PhCOCI phCOr [134, 135], (M@N),S"-Me,SiF, (TAS) [136, 137]
(Table 2), perfluorocyclobutene salts with triethyl-
Cl amine [138, 139] (Scheme 63), etc., can be used as
NO, fluoride ion source. The carbanion is stabilized by
perfluoroalkyl groups, and it may be involved in the
NO following reactions: (1) isomerization with double
NO, ’ bond transfer; (2) reactions with electrophiles; and
(3) reaction with initial perfluoroolefin provided that
fluorine atom at the double bond possesses a suf-

PhCH (CF,) OH

RUSSIAN JOURNAL OF ORGANIC CHEMISTRY Vol

NO, ficient nucleophilic mobility. There is no need of
CF,=CFCF, obtaining a stable tertiary perfluorinated carbanion
— (CF)CFCF=CFCF, (via reaction of perfluoroolefin with metal fluoride);
CF,SiMe It is sufficient to generate an intermediate carbanion
PhCHO in situ. The latter can react with various electrophiles.

Scheme 64 illustrates some reactions of the carbanion

. 38 No. 7 2002
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Scheme 64.

CF3CF,CF,C (CFy), TASY

Cl,, PhCN, 0°C
RyCl
77%
CH;0S0,F, PhCN, 0°C
RpCHj,
60%
NOF, PhCN, 0°C
RyNO
55%
Bry, PhCN, 0°C
RpBr
— 99%
CF;COOH, -30°C
MeO (CH,CH,0)4Me
RpH
95%
PhCH,Br, MeCN, 25°C
RpCH,Ph
66%
4-0,NCgH N7 PFg
0-25°C

4-0,NCgH,—N=—NR
95 2NLeglly F

TAS = (MeN),S - Me,SiF,.

derived from perfluoro(2-methyl-2-pentene) [128,
142, 143]. Its reaction with benzenediazonium tetra-
fluoroborate gave diazo compound which was reduced

FURIN

of bromine replacement products which are used in
electronics as industrial oils for hydraulic fluids and
surfactants [144148] (Scheme 66).

Scheme 66.
F;C /C2F5 CH,Br
/C=C\ + @/
F3C F
R

F3

—CsFy

I
KF, DMF, 50°C Cl
CF,
R

p-(Bromomethyl)phenyl benzoate reacts with per-
fluoro(2-methyl-2-pentene) in DMF at 560°C;
85% of the substitution product is formed in 20 h,
and its hydrolysis with KOH in aqueous ethanol gives
30% of hydroxy derivativeXLIl [149] (Scheme 67).

Scheme 67.
F,C CyF CH,Br
3 \C=C/ 215 .
/ AN
F3C F BzO
F
140, KF, DMF C3F7

85%

$ 3
(lz_
/©/ CFs
BzO

with zinc in trifluoroacetic acid to obtain primary

amine with sterically hindered perfluoroalkyl group

[123] (Scheme 65).

Scheme 65.
KF, DMF, PhNj BFy CF,
F5C CeFs 15-20°C, 30 min
Cc=C C3;F,—C—N=NPh

e OF 70.3% [
8 CF,

Zn/CF;COOH CF,

20°C, 7 days

C4F;—C—NH
93% 3t | 2
CF,

I
Cl_C3F7
/©/ CFs
HO

XLII

KOH/H,0-E{OH
30%

Analogous reactions with benzyl chlorides were
also reported. 3,5-Dinitrobenzyl chloride reacts with
hexafluoropropylene dimer in DMF at 80, yielding
chlorine replacement produetLIll [150]. The latter
is an intermediate product in the synthesis of aromatic
diamines (Scheme 68). The reaction with benzyl
bromide leads to formation of bromine replacement
product which takes up chlorodimethylsilane to afford

Perfluorinated carbanions are effective nucleophilegn adduct having a reactive-Stl bond (Scheme 69).
and strong alkylating agents. Various benzyl bromideghe adduct has found application for the preparation

R’C6H4CHzBr (R = H, p‘, m', O'CN, p', m‘, O'NOZ,

of chromatographic stationary phases, e.d¢d,1H,-

p-, mCH,Br) readily react with perfluoro(2-methyl-2- 2H,2H,3H,3H-tridecafluoro(4,4-dimethylheptyl)di-
pentene) in dipolar aprotic solvents in the presence ohethylsiloxane [Fluotix 120 N(A)] [151]. Alkyl
KF or alkali metal iodides, yielding more than 70% halides can also be involved in such processes; as
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a result, partially fluorinated aliphatic compounds are Partially fluorinated ethers were obtained by reac-

obtained [142] (Scheme 70).

Scheme 68.
FsC /C2F5 09N CH,Cl
= +
A=
F3C F
NO,
CF;
KF, DMF, 60°C, 6h 02N C|_C3F7
86% CF3
NO,
CF;
FeCly:6H,0, MeOH _
70°C, 15h HN C—Csfr
89% CF3
NH,
Scheme 69.
Fgc\ C,Fy
Je=c{ + BrCH,CH=CH,
F3C F
CF;
KF, DMA
C3F7—C|—CH2CH=CH2
CF;
CF;

HSiMe,Cl, HyPiCl,

C3F7—C|—CH2CH2CHZSiMe2C1
CF3
CF3 Me

|
_ C3F7—C|—CH2CH2CH2—Si—OSiR3

CF3 Me
Scheme 70.
CF.
F3C\ /C2F5 MF 8
c=C _ CyF—C™ MY
F3C/ \F Solvent [
CF,
CF,
RX
—— C3F;—C—R
CF,
R = Me, Et, Pr, Bu, CHCH=CH,; X =1, Br.

tion of hexafluoropropylene dimers with chloromethyl
ethers [152] (Scheme 71).

Scheme 71.
F3C\ C,F5
/C=C\ + ROCH,Cl1
F;C F
CF;
MF, solvent

_— C3F7—C|—CHZOR + MCl

CF,

M =Cs, K; R = GH,- (yield 90%), Ph (81%), PhCH82%),
CH,CH=CH, (50%), CH=CH(CH,), (86%), CH=CH-
CH,OCH,CH, (85%).

However, hexafluoropropylene trimer failed to
react with chloromethyl ethers even on heating to
150°C. These data indicate a considerable effect of
shielding of the anionic center by bulky substituents
(Scheme 72).

Scheme 72.

FsC C,Fs FsC F CF(CFy),
Ne=c{ c—C
2N _ /

FsC CF(CFy), F F,C CF(CFy),
F CF(CFy), F 1|: CF(CFy),
Nee” &’
2N TN

FsC CF(CFy), FyC CF(CFy),

ROCH,CI, 25-150°C

On the other hand, the same carbanion reacts with
perfluoroalkyl iodides, yielding salKLIV via coor-
dination of fluoride ion to two iodine atoms and initial
perfluoroolefin [153] (Scheme 73).

Scheme 73.

CF,

C3F7—C|_ TASY + 2Ryl TAS" - Rp—I—F —I—Ry
CF; XLIV

FsC CyFs
. Ne—e”

/ AN
F5C F

Re = GgFs (vield 86%), (CR), (86%), GFy5(76%), (CR),,
(CR)g (CR)10.
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High mobility of the chlorine atom in arenesulfenyl Scheme 75.
chlorides and areneselenyl chlorides made it possible
to develop a procedure for preparation of partially CFs Nagos, Sufolane— pyC < o
fluorinated aryl perfluoroalkyl sulfides and selenides >C=C“a : | ’
[152-155] (Scheme 74). Such products exhibit fungi- F,C F FC7 TSTNG &
cide, insecticide, and detergent properties. In some 499, 2o
cases, this procedure turned out to be more efficient
than those known previously. 1|: ch3
Scheme 74 " S TSy,
CF, F
F3C\ /C2F5 20%
C=C —
7N CF
F;C F - 3 l|3 C|F3
| GO + C2F5—C|—S—S—S—C|—C2F5
F CF(CF.
e (CFy)y CFy CF, F
ST, 18%
FyC F
F F
PhSeCl, 20°C, 1 h \C_C/
20% PhSeC(CF3)2C3F7 C.F / - \F KF, S, sulfolane C2F5
scl A 180°C, 0.5h | S CF,
1 1 F CF. S
DMF R R e 8 F5C C3F,
R2 R2 C,yFy ‘H’F 357
ba SC(CF3),C3F;
1 1
50-60°C, 3h R R Scheme 76.
R2 R2 F\ CF3 ~
R3 /C=C“a + F~ =———= CF;3;CFCF,CF;
FyC F
R R? R® Yield, % -
S I
E E I\H/Ie Zg CF4CFCF,CF,
Me H Me 86
Me Me H 80 Scheme 77.
Me Me Me 59
H H cl 58 @ @\Cl]?g
Perfluorinated carbanions are very reactive; they 32, C|_C3F7
are capable of reacting even with neutral substances. CF,
For example, carbanions generated from perfluoro-2- SN N
butene, perfluoro-1-pentene, and perfluoro-2-pentene CFs - 1“1 ||@\CF3
by the action of KF in sulfolane react with sulfur to  ¢;p—¢- cs* — 1+« NN q,r,
afford 1,3-dithiole derivatives [156] (Scheme 75). C|F 83% C|F
Their formation may be explained by generation of 2 o 2
intermediate S-anion and its further transformations |l cr,
(Scheme 76). MeCOCI _C
. : = Me C—C;F;
Cesium perfluoro(2-methylpentan-2-ide) reacts [
with perfluorocyclopentene and tetrafluoropyridazine CFy

in dipolar aprotic solvents, resulting in substitution

of fluorine atom at & with acetyl chloride, halogen compounds [157] is based on the reaction of per-
replacement product is formed [128] (Scheme 77)tluoro(2-methyl-2-pentene) potassium salt with methyl
A procedure for preparation of branched perfluorinateibdide and allyl bromide. The subsequent electro-
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chemical fluorination yields exhaustively fluorinatedsome higher perfluoroolefins is accompanied by di-

branched alkane (Scheme 78). merization, cyclization, and defluorination processes.
Electrolysis of hexafluoropropylene dimers gives
Scheme 78. 60% of substituted perfluorocyclobutane$5p]

(Scheme 80). In going to lead, zinc, titanium, or
copper amalgam cathode, the yield of the dimers
C3F7—C|—Me decreases to 30%.

Mel, KF, DMF CF

FyC CoFs  60°C, 24n :
Ne=c ‘
/

F,C F

7 N\

CF;
Scheme 80.

CF,
HF, 7V, 23mA/cm | FgC\ /C2F5
C3F,—C—CF; Je=c( + 28
! FyC F

CF,

. _ e CREEy, KB ccry,
Carbanions generated from perfluoroisobutylene 3 8
and perfluoro(2-methyl-2-pentene) by the action of = _p- .

fluoride ion react with perfluoroalkyl-subisuted C,Fl CF, CyF; CF,
acetylenes, yielding fluorine replacement products at

the triple bond [158, 159]. With perfluoro(2-methyl- Et,NF, mol Product ratio
2-pentene), the reaction takes two pathways: replace- 0.94 10:1
ment of fluorine atom in the ethyl group by tertiary 0.2 21
carbanion and replacement of the vinyl fluorine atom

by vinyl anion [(CR);CC=CF,]" (Scheme 79). Obviously, cathodic dimerization may follow
a radical mechanism involving recombination of
Scheme 79. radical anions or allyl radicals formed by elimination
(CFy);CC=CF + (CFy),C=CF, of fluoride ion. However, some data and structure of
~ the products suggest that the dimerization mechanism
P, MeO(CH,CH,0),Me _ is ionic. Presumably, the initial reaction stage is
80% transfer of two electrons to perfluoroolefin, which is
accompanied by lemination of fluoride ion with
formation of allyl anionXLV . The subsequent cyclo-
addition reaction is typical of perfluoroolefins: attack

(CFg)gCCECF + (CFg)Z C=CFC2F5

F~, MeO(CH,CH,0);Me _ by anion XLV on the substrate is followed by intra-
(CFy)g CO=COCE) Gy molecular substitution of the vinyl fluorine atom.
FaC CaFs The resulting dimeric product undergoes either iso-

N C=C merization by the action of fluoride ion to give per-

FaC C=CF, fluoro(4-ethyl-2-isopropyl-1,3,3-dimethylcyclobutene)

(CF3)sC or further reduction at a cathode to afford perfluoro-

(2-ethyl-4-isopropylidene-1,3,3-trimethylcyclobutene).
Anionic dimerization of perfluoroolefins by the Raising the concentration of fluoride ion in the elec-
action of fluoride ion (generated from different trolyte favors isomerization of the dimer.

sources) is widely used in organic synthesis; also, Qligomerization of perfluoroolefins and perfluoro-
this reaction underlies some large-scale processggcloolefins by the action of fluoride ion is well
for preparation of organofluorine compounds. Folknown [163, 164]. Oligomerization of tetrafluoro-
example, dimerization of perfluoropropylene is usedsthylene gives rise to a mixture of its trimer, tetramer,
for large-scale preparation of hexafluoropropylengyentamer, and hexamer via generation of fairly active
dimers and trimers [16A62]. carbanions and isomerization of intermediate per-
Perfluorinated carbanions can be generated not onfluorolefins (Scheme 81). Oligomerization of per-
by addition of fluoride ion at the carbon atom of fluorocycloalkenes takes an analogous path. As a rule,
perfluorinated olefin but also by electrolysis (e.g.,mixtures of the corresponding dimers are formed.
at a platinum electrode using MeCBt,NF-2H,0 as These reactions are very sensitive to the conditions.
supporting electrolyte). Electrochemical reduction ofPerfluorobi(cyclopentylidene) is formed from per-
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Scheme 81.

F- CF,=CF,
CFy=CF, =——= CF;—CF; ——————= CF,CF,CF,CF;

F
= CFCP,CP=CF, ——=  CFCP=CFCF,

CECF, gy C,Fs
F Nee”
TN

F,C CF,

Tetramer
CF;CF, H F
F C,F,
- \C_C Y 25
VAN
F;C CF,
Trimer

——— CyFs—C—C,F;

CF,

FsC
3| /Cst
CF,CF=CFCF, Foo 5N
/C=C\ C2F5
F,C CF,

Pentamer

FsC
3| /Cst

CF,CFy Foo 5N
/C=C\ C2F5

¥ C—CF,

F CyFs

Hexamer

G

Scheme 82.

CsF, sulfolane, 125°C

@ 86%

fluorocyclopentene by the action of CsF in sulfolane
at 125C [165] (Scheme 82).

The yield of dimers from perfluorocyclobutene
increases when pyridine is used as solvent {168)]
(Scheme 83).

Scheme 83.

R +
F F
OGN

35% 29%

Pyridine

reflux
—_—

Initially, pyridine with perfluorocyclobutene gives
pyridinium salt containing reactive cyclobutenyl anion
[167, 169] (Scheme 84). With excess perfluorocyclo-
butene or on addition of another perfluoroolefin to
the reaction mixture, fluorine replacement at the
double bond occurs. The ratio of mono- and disub-
stituted products depends on the amount of pyridine.
When the molar ratio olefipyridine is 15:1, the
yield of monosubstituted products is 64%, whereas it
decreases to 21% when the above ratio is 9:1. The
other perfluorocycloolefins behave similarly [170,
171]. These processes formed the basis for the syn-
thesis of new dienes from perfluorocyclobutene and
perfluorocyclopentene [171] (Scheme 85). However,
cesium fluoride was not always effective for the
oligomerization to occur. For example, diekeVI is
converted into trieneXLVIl by the action of CsF
[172, 173], while dieneXLVIIl gives only the corre-
sponding saltXLIX [174] (Scheme 86).

Scheme 84.

—_—

- oyl
Y5
NS NS

Pyridine

—_—
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Scheme 85.

7]
Perfluorocyclopentene
\ + oligomers

F_ 0,
= @\+ Cs, DMF 1%
D O — T oo

62%

Perfluorofert-butylacetylene) reacts with fluoride

ion to give trimerL due to ready generation and Scheme 88.
high reactivity of perfluorovinyl anion formed in F
Cl
a concurrent process [159] (Scheme 87). _ /
F Cl1,CFCF,C CF,
Cl,CFCF,CFCICF,CF=CF, ———» Neec”
Scheme 86. / AN
F F
CsF a — a CoFyy , CP=CE, — e (CF=CECE
S = _— —
- . | n2n+1 2 93957, n—-1F2p 11 3
a a n=3-6;n=3,cis:trans=19:81;n = 6, cis: trans= 6:94.

XLVI XLVII
Internal perfluoroolefins also react with fluoride

u| CsF _ o5t ion, yielding mixtures of isomeric internal olefins.
m ® For example, isomerkll andLIll are formed from
tetrafluoroethylene tetramer [177] (Scheme 89).
XLvII XLIX Therefore, nucleophilic reagents could induce iso-
merization of internal perfluoroolefins due to elimina-
Scheme 87.

F~, diglyme
_—

(CF3); CC=CF [ (CF3);¢—C=CF, |

F C(CFy);
(CF3);CC=CF >c—c/

/ N\
F C(CF3),

F C(CFy)s
(CF4)sCC=CF Ne=c” C(CFy);
—— | e’
/ST
F C=CC(CFy)s
(CFy),C C(CF,)
FyC C=CC(CFy)s
L

IV.2. Isomerization of Internal Perfluoroolefins

tion of fluoride ion. If the rate of the nucleophile
reaction with the isomerization products is higher than
the rate of the reaction with initial olefin, the corre-
sponding derivatives are obtained. This should be
taken into account when carrying out such reactions.

Scheme 89.
F5C CF3 F5C /CF3
F/C_C\CF(CF3)2 C2F5/C_C\C2F5
LII LI (Tetramer)
CoFy

Fluoride ion is capable of promoting not only

Terminal perfluoroolefins undergo isomerizationisomerization of internal perfluoroolefins with
into internal perfluoroolefins by the action of fluoride participation of the double bond but also rearrange-

ion [175, 176] (Scheme 88).

ments involving migration of Cfanion. Intermediate
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trifluoromethyl anion was trapped via reaction with  Other catalysts, e.g., AlH,, are also effective in
perfluoropyrimidine [17]. The result is that a newsuch processes [181] (Scheme 93).
perfluoroolefin is formed, which can give rise to prod-

ucts having unexpected structure [12] (Scheme 90). Scheme 93.
Scheme 90. 951%1:54}1
(CF3), CFCF=CFCF, : (CF3), C=CFCF,CF,
(CF,C_ CFy lcss(lj;f‘gg?gng’h F,C C,Fs
SL=C =0 *tCh Perfluoroisopropylethylene rearranges into tris-
F F FyC F (trifluoromethyl)ethylene on heating to 380°C
[178-180]. When an olefin possesses two terminal
N double bonds, isomerization at both of these occurs
- SN simultaneously to afford 8®0% of the corresponding
F5C F E,E isomer and 1620% of E,Z isomer [182, 183]

(Scheme 94).
Generation of carbanions by the action of fluoride

ion may result in transformation of the initial struc- Scheme 94.
ture. Treatment of perfluorocyclobutene trimer with
CsF vyields a product with a seven-membered ring CF,=CFCFy(CFy, CF,CF=CF,

[18, 19] (Scheme 91).
SbF;, 70°C
—— =  CF;CF=CF(CF,),CF=CFCF,

Scheme 91.
n=0, 2 4,6, 10.

- F F
C %_; C Heating of perfluoro-2-hexene or perfluoro-2-

F i poF heptene with Sbfleads to formation of an equilib-
rium mixture containing 7880% of olefin LIV and
20-25% of olefin LV [184]. These data indicate
a reversible 1,3-migration of fluorine atom in fluoro-

. F. F FE @
_r . W - . a olefins, catalyzed by SkF(Scheme 95).
F

F g pF Scheme 95.

o ) ) CF;CF=CFCF,(CF,),CF;
Isomerization can also occur via transformation of

a carbocation generated, e.g., by the action of ;SbF

on perfluoroolefin. Terminal perfluoroolefins, such as SbF;
perfluoro-1-pentene, perfluoro-1-hexene, etc., in the =——— CF,;CF,CF=CF(CF,),_;CF,
presence of a catalytic amount of Sbdfe smoothly LIV

converted into the correspondingansisomers in

which the double bond is located af Qyield 80- n=12

85%) [16, 178180] (Scheme 92).

LV

Migration of double bond under catalysis by $bF

Scheme 92. is also observed in the series of perfluorinated dienes
SbFy, 20°C [185]. Perfluoro(2-methyl-2,4-pentadiene) in the
CF,=CFCF,Rp CF;CF=CFRy presence of Shfat 0-5°C gives rise to perfluoro-
(2-methyl-1,3-pentadiene). At 205°C, the latter is
SbF;, 200 (CFa)CF_ - JF quantitatively converted into tris(trifluoromethyl)-
(CFy), CFCHFCF,CF=CF, ———— SA=C fluoroallene (Scheme 96).
t CaFs As shown in [181186], transformations of per-
SbFj fluorinated dienes in Shf-involve intramolecular
70°C, 16h cyclization leading to perfluoro(dialkylcyclopentenes).
CECF=CFCF;Rp —————= CFCF,CF=CFRy Conjugated perfluorinated dienes are converted into
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Scheme 96.

(CF3), CFCF=CF— CF=CFCF (CF3),

SbF, 100°C, 1h
90,

(CF3),C=CF—CF=CFCF,CF (CFj),

E:Z =1:1.
SbF5
(CF3),C=CF—CF=CF, ——m——
CF;
0-5°C
————————— CF;=C—CF=CFCF;
80%
E:Z=1:1
20°C

cyclopentene derivatives by the action of Shiader

947

Cyclobutane system is formed when only one
terminal CFk group is present [186]. Presumably,
SbF, promotes isomerization of perfluoro-1,3-penta-
diene to perfluoro(1,3-dimethylallene), and the latter
undergoes dimerization and cyclization (Scheme 98).

Scheme 98.
CF,—CF—CF=CFCF,

SbFj5, 100°C, 10h

[CFyCF=C=CCF,]

CF,
F
F5C J—F

F;C N—F
F
CF,

V. SUPERSTABLE RADICALS
CONTAINING PERFLUOROALKYL GROUPS

mild conditions (Scheme 97). However, if conjugated

diene contains only one GEroup, no cyclic product
is formed at room temperature, while at $Q0per-
fluoro(1,2-dimethylcyclobutene) is obtained [186].

Scheme 97.

CF,CF=CF(CF,),CF=CFCF,

gt

CF,CF=CF(CF,) ,CF=CFCF,
GG ¢

3:7
RpCF=CF—CF=CFC,F5

SbF;5, 20°C, 24h @:

Re = CF, (yield 90%), GF; (90%).

CF
SbF, 100°C, 15 min 8

90% CyF5

CF, CyFs

SbF;, 100°C, 3h

89%

CyFy CsFr

Rp

CoFs

CF,CF=CF—CF=CFCF,
CF,

CF,

SbFj5, 100°C, 20h
40%

A considerbale number of publications deal with
fluorination of double bonds. This way turned out to
be very important for the development of methods
for preparation of perfluorinated paraffins and freons
[187-192]. Treatment of tetrafluoroethylene with
elemental fluorine, both in the gas phase and in solu-
tion in Freon 114 at 8, gives 87.8% of hexafluoro-
ethane [193195]. Taking into account that this
compound is used as propellant and refrigerant and
in dry etching of semiconductors, the above procedure
can be utilized for its large-scale preparation [196].
Perfluorinated 2-methyl-2-pentene and 4-methyl-2-
pentene behave similarly, but the best results were
obtained without a solvent at120 to 30C [197].
Perfluoro(2-methylpentane) is used as low-tempera-
ture hydraulic fluid, dielectric, refrigerant, and heat
carrier. The above approach is convenient for the
preparation of other perfluorinated alkanes from
various perfluoroolefin derivatives. Fluorination of
hexafluoropropylene trimer with elemental fluorine
gives 86% of perfluoro(3-isopropyl-4-methylpentane)
[198]. High yields of the perfluorinated product were
obtained at-40 to -120°C in inert solvents (CFG)
CF,Cl,) [199-202]. Perfluoro(3-isopropyl-2-methyl-
pentane) was synthesized in almost quantitative yield
at 70C [203] (Scheme 99).

Scheme 99.
F
F3C C_C/CF(CFg)z F,, 70°C, 2h F3C\|_ /CF(CF3)2
/77N - J <
F CF(CFy), 98% [ erery,
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Scheme 100.
F,C. F
FyC \C/—CF
/7N
’ S P F N
FCF F;C C—CF, ks FiC lr/C—CFg
T-2 — Ne—¢” c—C
/ | AN / | AN
F;C F /C\—CF3 F;C F /C\—CF3
F\ /F F,CC F F,C F
FgC\C_C/C—CFg ks LVI
/70N
FyC C—CF,
N
F,¢° F
T-3

Other perfluoroolefins and their derivatives alsotheir hydrocarbon analogs: 4@.0° h in liquid phase
give rise to perfluorinated products; some of these arat room temperature. Some perfluorinated radicals
as follows: perfluoro(3-isopropyl-4-methyl-2-pentene),were found to be almost incapable of recombining in
perfluoro(3-ethyl-2,4-dimethyl-2-pentene), perfluoro-solution. Steric isolation is the main factor retarding
(3,4,4-trimethyl-2-hexene), 4-(2,2,3,3,4,4,4-heptarecombination of such long-lived radicals.
fluorobutoxy)perfluoro(3-isopropyl-2-methyl-2-pent-  Schereret al. [204-206] studied reactions of per-
ene), perfluoro(3-ethyl-4-methyl-2-pentene), perfluorofluoro(3-ethyl-2,4-dimethyl-2-pentene)T{2) and
(2,2-propanebicyclo[5.2.0.Jnon-1(7)-ene [197, 203]perfluoro(3-isopropyl-4-methyl-2-penten€e}-8) with
perfluoro(3-ethyl-2,4-dimethyl-1-pentene), and perfluorine and were the first to obtain superstable per-
fluoro(2+tert-butyl-3,3-dimethyl-1-butene) [200]. fluoro(3-ethyl-2,4-dimethylpentan-3-yl) radical\(l )

The fluorination process follows a radical mecha{Scheme 100). It had an anomalously long lifetime in
nism. Some sterically hindered olefins give rise toSolution at 26C [205]. Olefin T-2 having a fluorine
radicals which are stable under conditions of gasatom at the double bond is more reactive thag.
chromatographic separation at a temperature ndéflefin T-2 reacts with fluorine in 3 h, whereas the
exceeding 68C. The average lifetime of fluorocarbon réaction withT-3 requires 2224 h [211] (Table 3).
radicals, which are intermediates in various radical Nerefore, it was impossible to examine the kinetics

reactions, is considerably longer than that typical off the reaction ofT-2 with fluorine [211]. Radical
LVI is characterized by the following physical con-

stants [204]: bp 3737.5°C (35 mm), mp-28.2 to
—28°C, d2° 1.845, n2® 1.2872. It is stable at room
temperature (half-decomposition period 8 years), but
at 100C it rapidly decomposes with formation of

Table 3. Composition of reaction mixtures obtained by
direct fluorination of mixtures of olefinsT-2 and T-3
(according to GLC data) [211]

_ Composition, % trifluoromethy! radical [204206]. RadicalLVI does
Time, not react at room temperature with water, acids,
h T-2 T-3 LVI a b alkalies, oxygen, chlorine and bromine (its concen-
tration does not change within 220 h). It should be
0 6.75 91.43 _ _ 1.17 noted that analogous stable radicals were obtained
1 3.48 87.48 6.22 _ 299 from different sterically hindered olefins. Such
3.4 0.70 76.44 | 1757 3.33 1.28 radicals can exist in liquid at room temperature for
6 - 63.85 | 25.29 8.90 1.22 long years. An important point is that such stable
10 - 52.46 | 29.73 | 15.53 1.68 radicals are formed only from unsaturated compounds
17 - 16.96 | 33.16 | 41.48 7.52 and that generation of radical center therein implies
22 - 2.83 | 40.89 | 55.22 the presence of a tertiary or quaternary carbon atom.
26 - - 2591 | 7177 1.41 Stable radicals were obtained by the action of fluorine

& Perfluorinated paraffin.
® Unidentified products.

on the following sterically hindered perfluoroolefins:
(CF3)2C=C(C2F5)CF(CF3)2, (|30'C3F7)2C=CFCF3,
(CFy),CFC(CGF5)=CFCF;, CRCF=C(C,F5)CF(CFy)s,
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perfluoro(2,2-propanebicyclo[5.2.0]non-1(7)-ene), andadicals constitute a new class of stable radicals whose
(CRy),CFC(CGF5)=CFCF; [206, 207]. Reactions of stabilization does not require delocalization of the
fluorine with (CFR;),CFCF=CFCF;, (CF;),C=CF- unpaired electron. In all cases, steric isolation of the
C,Fs5, (CRy),C=C(C,Fs),, perfluoro[4a(8)-octalin], radical center in intermediate perfluorinated radicals
and perfluoro[1-(1,1-dimethylbutyl)cycobutene] givehampers their recombination and reduces their reac-
only addition products at the double bond, and naivity in the subsequent combination with fluorine
formation of stable radicals is observed, presumablgtom [219-221] (Scheme 101).

because of steric hindrances [2282]. Up to now,

the kinetics and mechanism of a number of radical Scheme 102.

processes have been studied, where the appearance of

long-lived radical species is crucial. The mechanism (CFCE
of formation and structure of long-lived perfluorinated SA=C
radicals were studied by the radiolysis and photolysis F CsFr
technigues and by fluorination of perfluorinated un- CF,
saturated compounds, fluoroaliphatic and fluoro- Fy, 383 or 403K, 6h
aromatic compounds, linear perfluoroalkanes, and
fluorinated polymers [209, 21214]. Possible trans- _ _ _
formations of long-lived radicals into chemically The radical generated according to Scheme 102 is
active state were also examined. thermally more stable than [(GRCF],CC,Fg

Ready elimination of the CJ radical gives rise formed by fluorination of (CE),CFCF=C(CF;)C;F;

to new perfluoroolefins which (1) could produce[221]. Its thermolysis yield Ckradical whose reac-

radical species by the action of fluorine and (2) couldion with hexafluoropropylene trimer leads to the
yield perfluoroparaffins with a changed carbonradical [(CF),C];C".

skeleton. Studies in this field contributed much to Fluorination of hexafluoropropylene trimer and its
the understanding of decomposition and isomerizatioderivatives containing phenoxy [219], diethylamino,
processes accompanying fluorination of perfluoroandf,p,p-trifluoroethoxy groups [220] also gives rise
olefins and made it possible to synthesize some im0 long-lived radicals via fluorine addition at the

CF,

(CF3), CF—CF—CF—C,F;

portant products. double bond (Scheme 103).
The interest in superstable perfluorinated radicals

has grown considerably, and many research teams Scheme 103.
have performed series of studies in this line. The (CF.),CF CF

. . . .- 372 3
reason is that unpaired electron is usually stabilized Neee”
via delocalization over aromatig-system or orbitals CFp,cF. NOCH,CF,
of heteroatoms (oxygen, nitrogen, etc.) [215, 216]. F
Steric shielding by bulky substituents favors such F, (CFy,CF | CFy

_— C—C

stabilization. The new radical is almost incapable

of recombining in solution at room temperature (CFy),CF OCH,CEy
[216-218]. Analysis of the structure of radicaVI
showed that its stability is determined only by intra- e F
molecular conformationakteric isolation of the (CF)pCF - C=C
unpaired electron. Thus long-lived perfluorinated F/C| N(CoFy)
CoFy
Scheme 101. FyC F oo
FSC\ _ /C2F5 FZa 20°C Fgc\- |/C2F5 /C N(C2F5)2
= Toon LSS F
FsC CF(CFy), 100% FsC C—CF; CyF;5
/N
F.C' F _
Stable fluorocarbon radicals may be used as spin
20°C . labels and for creation of 2D-images in ESR tomo-
Fy slow | Cols raphy [220]. The rate of radical dimerization is deter-
L~ (cFRyycr—] Y
s : , s DL At .
104°C CF(CEy, mined mainly by steric shielding of the radical center

and by the rate of their rotational diffusion [222].
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Interesting prospects are opened by the reaction @erfluoroolefins [224]. Intermediate tertiary and
fluorine with perfluoroolefins. Fluorine addition at secondary radicals were detected by ESR spectros-
double bond at-78°C in alcohol gives difficultly copy. Fluorine addition at double bond also leads to
accessible vicinal products, whereas in aqueougreparation of perfluoro(1,2-dert-butylvinyl) radical.
acetonitrile at 0C epoxy derivatives are formed Direct fluorination of perfluoro(diert-butylacetylene)

(Scheme 104). with elemental fluorine gives stable radicaVII
which was identified by the ESR spectrum [225, 226]
Scheme 104. (Scheme 106). RadicalVIl is stable in the absence
of oxygen.
F,C C,Fs F F,C T C,Fs Y9
Se=c{ — . Ne—cl
/ N\ / N Scheme 106.
F;C CF(CFy), F;C CF(CFy),
Fy, 25°C
‘ FyC CaFs (C25F11)20 CFC P
— C(CF; + c=C (CF3)3CC=CC(CF;); —————— Cc=C
/TN VAN
F CF(CFy), F C(CFy)3
LVII
F . F
P FC_ |/C2F5 CF, Fgc\ |/C2F5
EE—— = S /CI_C\ The fact that trifluoromethyl radical is capable of
FyC C,Fs BCp Gl reacting with perfluoroolefins at the double bond to

to give stable fluoroalkyl radical [203, 219] suggests

These reactions are strongly facilitated by Uvthe possibility for formation of other stable radicals
irradiation. Other fluorinating agents can also be usetsing different, probablyhot’ radicals (Scheme 107).
to generate long-lived radicals. Treatment of per-
fluoro(2-methyl-2-pentene) and perfluoro(4-methyl-2- Scheme 107.
pentene) with CEOF leads to formation of stable
radicals D-G. When the process was performed in
an ESR cell at 330 and 320 K, sharp signals from
radicals D and E were observed with hyperfine
structure due to coupling with fluorine; radicals _ _
and G were not identified, presumably because of In fact, branched perfluoroolefins [dimers and
their lower stability [223] (Scheme 105). This is thetrimers derived from hexafluoropropylene and per-
first example of detection of intermediate species irffluoro(4,4-dimethyl-2-pentene] react with peroxydi-
reactions of olefins with CJOF. sulfuryl difluorides to afford stablex-fluorosul-

Analogous pattern is observed in the reactions ofonyloxytetrafluoroethylperfluoro(diisoppylmethyl)

CF3OF and X(CEO)n(CFZCFZO)mCFZOF with other radical LVIII [227—232] which WaS' isolated in
the pure state in more than 80% vyield [233, 234]

FSC\c—c/ el &» [(CF3),CF1,C
/ - \ 372 3
FsC CF(CF;),

Scheme 105. (Scheme 108). The stability of radicalVIll is
enhanced due to its branched structure [226]. Less
CF,OF <|)CF3 branched perfluoro(4-methyl-2-pentene) with the same
(CF3),CFCF=CFCF; ————= (CFy),CFCF—CFCF, reagent also forms stable radiddlX in the absence
D of oxygen (Scheme 109). It should be noted that the
0CF, presence of unpaired electron does not hinder reaction
. at the other functional group of the same molecule.
+ (CFy),CFCF—CFCF, The reaction with CsF gives keto radical via elimina-
F tion of sulfonyl fluoride. When the same reaction is
carried out in acetonitrile, a stable radical is obtained
ror OCF, as a result of replacement _of the OFOgroup by
(CFy),C=CFC,Fs s (CFy)yC—CFC,Fs fluorine [227-230]. By the action of Shf-at 45-60°C
E without a solvent, radicaLVIll is converted into

perfluoro(ethyldiisopropylmethyl) radicalX via

OCF‘% replacement of the FS@roup by fluorine [235, 236]
+  (CF3),C—CFCyFy (Scheme 110). The anionic mobility of the FSO
G group in the initial radical was attributed to stabiliza-
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Scheme 108.
F
[(CF3)3C1,C=CFCF, =
LVIII
CsF (CFy),CF FC COCE
—_— _C—COCF; + c=c{_
(CF3),CF F;C CF(CFs),
—S0,F,
CsF, MeCN (CFg)ZCF\‘ +/F (CFy),CF
- = —_— C—CF,CF,
(CF;),CF CF, (CF;),CF
tion of the conjugate carbocation by vicinal para- Scheme 112.
magnetic center [235]. ) .
RF\C—N—COCF MeSd RF\c—N—é/ et
= X =
Scheme 109. Cl/ Cl/ \CF3
R: = CF;, CF,CF,CF,
F .
_ (#8000, (CFy) CF_éF_CI/OSOZ These radicals are stable at room temperature, but
B Ner they are detected by ESR spectroscopy at reduced
LIX ? temperature. The reactions are initiated by photolysis
in the presence of EBiH in 2-propanol [238]
Scheme 110. (Scheme 113).
CF, Scheme 113.
. SbF; .
[(CF3),CF],C—CF—O0SO0,F ST [(CF3),CF],C—C,F; (l)H
LVIII LX F3C\ /COCF3 hv, i-PrOH F3C\ /'C—CF3
C=C _ c=C
, . /7N /7N
Perfluoroolefins having branched alkyl groups react FsC CF(CF3), F3C CF(CF3),

with intermediate radicals generated from dimethoxy- _ o ' 5 _
(methyl)vinylsilane or diethoxy(methyl)vinylsilane by UV irradiation of solutions of silicon hydrides
UV irradiation at -10 to —20°C, yielding stable in perfluoroolefins leads to formation of relatively

radicals [236] (Scheme 111). stable synadductsLXI (lifetime 5-10 h) [239]
(Scheme 114). On addition of t&rt-butyl peroxide,
Scheme 111. the signal intensity under irradiation increases by
a factor of 10 to 30. The intermediate formation and
Rp 1? R reactivity of radicalsLXI are determined by steric
— . N V4 T :
RyCF=CFCF; + R° ——  —C{ shielding of the radical center.
F CF.
’ Scheme 114.
Re = CF(CR), C(CR); CR,CF(CR)y, X
R = [CH,=CHSi(Me)(OCHX)(OCH,X)] (X = Me, Et). hv Rei. IR
RyCF=CFCF; + HX ——=  C—C{
Radical addition of vinylsilane to branched per- F CFs
fluoroolefins may be regarded as a method for intro- LXI

duction of fluorinated substituents. Stable radicals rr = cr(cR),, C(CF,),CF(CR),; X = SiCl,, SiMeCl, SiMe,,
were also obtained from fluorinated imidoyl chlorides siet; R. = C(CR);; X = SiCl,, SiMeCl, SiMe,, SiEt; Re =
[237] (Scheme 112). CF(CR),, C(CR)5; X = HP(O)(OR) (R = Me, Et, Pr).
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Analogous results were obtained by UV irradiation Perfluoroalkyl radicalsLXV and LXVI having
in the presence of dialkyl hydrogen phosphites. Struceyclic substituents are stable up to 220 they were
turally similar allyl radical LXIl is formed in the obtained by photolysis of the corresponding bromides
reaction of perfluoroolefin with a silicon-centeredin the presence of Hg@B,oH.,), [242]:
radical (Scheme 115).

Scheme 115. @\ @
CF;

F
(CH3)3COOC(CHpy)3 i 2(CH3)5CO’ LXV LXVI
(CHy3CO™ + BtSiH - ———= Sif1; + (CHy,COH Perfluorinated alkenyl radicalsXVIl , generated
OSiEt, by the action of methyl radical (which is formed in
. the photolysis of dtert-butyl peroxide) on terminal
FC - LOCHs SiEt, O TR perfluoroolefins, are converted into relatively stable
FC/C=C\CF(CF) FC/C=C\CF(CF) radicalsLXVIIl via cyclization at the double bond
2 B 8 a2 located in positiord or 5 with respect to the radical
LXI center [243, 244] (Scheme 118).

Photolysis of the same olefin in the absence of

. . . Scheme 118.
hydrogen donor also gives allyl radicaXIll with
an analogous structute (Scheme 116). RyCF=CFCF,CF,CF=CFRy
Scheme 116. CH, )
—— RpCF=CFCF,CF,CF—CFRy

F,C COCF. F,C ¢=0
EaEN s 3 hv EaEN v X LXVII

c=C —_— c=C + CFy

/TN /TN
FsC CF(CF3), FsC CF(CF3), E F

60°C RF\ F F
F?’C\ . . /C CHj3
—_— /C=C\ + CF; + CO o F F

LXVIII
(CF3),CF CF,
Ny

AT
(CF3),CF CF,
LXIII

Re = C(CR)s,.

The reaction of perfluoro(2-methyl-2-pentene) with
di-tert-butyl peroxide at 14%C or at 26C under UV

The lifetime of such allyl radicals is about 1 h irradiation yields 30% of 1,1,1,3.5.6,6,7,7,7-deca-

239], which is inconsistent with the data obtained in ! o
E240} for analogous radicals. Stable radicalXIV fluoro-2,5-dimethyl-3-pentafluoroethyl-2,4,4-tris(tri-

are formed by irradiation in alcoholic solution of quoromethyI)heptane [245]. Intermediate radical
perfluoroolefins which cannot be regarded as stericall{CF3).CMeCFG,F5 was identified by the ESR spec-
hindered [241] (Scheme 117). Addition of wirt-  trum. Such radicals are models for studying the struc-
butyl peroxide (5 vol %) increases the ESR signafure and reactivity of cyclic tertiary perfluorinated

by a factor of 10 to 40. radicals in which motion of substituents at the radical
center is restricted on the ESR time scale. From the

Scheme 117. character of the kinetic curves (obtained in the tem-

perature range from 20 to 120) and the dependence

(CF3),CFCF=CFCF; + HR of the stationary signal amplitude on the light

F intensity, the following kinetic parameters for radical

hv LR dimerization were derivedk,, = 10* l/mol, E* =
T (R CF—CF—C 3.4 kcal/mol. These data suggest that sharp decrease

LXIV Cts of the rate constant for dimerization of cyclic radicals

relative to those found for acyclic fluorinated radicals

R = CH,0OH, CH(CH,)OH, C(CH,),OH. [222, 245] is explained by not only steric shielding
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but also stereochemical rigidity of the radical centerthe action of elemental fluorine or other radicals [e.qg.,
Restricted motion of substituents at the radical cente€H; or “P(O)(OMe}] on perfluoroolefins. Likewise,
could hamper a radical pair to attain a configuratiorstable radicals were detected during electrochemical

favorable for dimerization in a solvent cage. fluorination of the following compounds:
Stable perfluoroalkyl radicals were also obtained
by other methods based on reactions of perfluoro- (CF),CF CFéF C,Fs
olefins with various radicals. Electrochemical fluorina- e 3 Ny
tion of perfluoroolefins and their alkoxy and alkyl- | N o N
amino derivatives gave highly stable radicaIX — FC™ e N
LXXI [246]: CHy FaC F
CF, Electrolysis of perfluoroolefins in fluorosulfonic
e e acid gives a stable fluorosulfonyloxyperfluoroalkyl
(0N T radical (23%, according to the ESR data) [2280,
CFs CF0CH,C5F7 232], in which the FSQ@group is replaced by fluorine
LXIX LXX atom by the action of SBF As a result, new stable
) radical LXXIIl is obtained (SU 2000 vitreousarbon
<C2F5>2N_$_CHFC1 anode, titanium cathodd, = 0.6 A, 0.5 h; current-
F based vyield 75%; Scheme 120). The replacement of
LXXI FSO, group in B-fluorosulfonyloxyperfluoroalkyl

radicals by fluorine under the action of Sbis

In the absence Of Oxygen’ these rad|cals are Stab%general reaction. It |S eXp|a|ned by Stabl|lzatI0n Of

above 146C for several minutes, so that they can bethe positively charged carbon atom at which the sub-
characterized by ESR spectra. stitution occurs by paramagnetic center. This stabiliza-

Genvits et al. [247, 248] studied electrochemical tion ensures anionic mobility of the fluorosulfonate

fluorination of sterically strained branched poly-9r0upP [232].
fluorinated pyrrolizidine by ESR spectroscopy and

detected a stable radical at a concentration of no less Scheme 120.
than 5% (lifetime >1 month) among the products Electrolysis R F
insoluble in hydrogen fluoride (Scheme 119). Such | HOSO,F T ] 080k
radicals are fairly stable, and they can be obtained bffFs):C—CF=CFCF; ———— (CFS)ZC_CF_C\CF
3
Scheme 119. L
Rp
CF3 SbF; .
— = (CF),C—CF—C,F
CF(CFy), CF(CFy), 8’2 2%5
NTS _ By | LXXIII
CF, CF3
CFy CFy R: = F, CF, [249], iso-C,F,, tert-C,F, [227].
CFs The boiling points of the radical generated by
CF(CFy), electrochemical fluorosulfonylation of hexafluoro-
+ L propylene trimer, initial olefin, and further transforma-
VroTs tion product are considerably different, and the radical
2 can be isolated in the analytically pure state.

As compared to fluorination, the synthesis of per-

CF, CF,
CF(CFy), ‘ X ._CF(CFy, Tuorinated aliphatic radicals by fluorosulfatation of
N7 X N fluorinated olefins seems to be more attractive, for
CF, CF, this procedure leads to formation of Fg8ubstituted

CF; CF; species which can be involved in further chemical
transformations. By the action of cesium fluoride

X = F, P(O)(OMe}), Me; ECF stands for electrochemical ﬂUOfOSUIfonyloxy radical was converted into stable
fluorination. perfluoro(acetyldiisopropylmethyl) radical. The latter
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was also detected in the photolysis of fluorosulfonylfragments into organic molecules and transformation

oxy ketone (Scheme 121). of simple substituents into complex functional groups.
Considerable advances achieved in this line show that
Scheme 121. in some cases the developed procedures can be
- regarded as alternatives to the well known classical
(CECE ] OSOF  cgp methods. Wide use of internal perfluoroolefins in
PAEREN " _SO.F, | reactions occurring in the presence of fluoride ion
(CFy2CE CFs o (CFy),CF should be noted. Such processes are clearly more
. c—cocr,  advantageous from the viewpoint of their application
0SO,F (CF3),CF to large-scale preparations. Implementation of new
(CFy, CF [ hv technologies is expected to discover new reactions and
- S - transformations leading to fluorine-containing com-

pounds. Taking the above into account, the present

. : . ._review is mostly an attempt to demonstrate new
Thus, it becomes possible to accomplish ChemlcaApproaches, potentialities of new reagents, and new

transformations of aliphatic carbon-centered radicalrcdeas which have been put into practice of organic
with retention of the radical moiety. synthesis. In addition, an effort was made to highlight
Ono et al. [250] obtained stable perfluoro(3-ethyl- new trends and main directions of studies in the field
2,4-dimethyl-3-pentyl) radical by electrochemicalnf synthesis of organofluorine compounds having
fluorination of hexafluoropropylene trimer in the yarious molecular fragments and functional groups.
presence of NaF. The most extensively used procedughdoubtedly, these problems are interesting not only
for preparation of stable perfluoroalkyl radicals isfor chemists working on fluorine-containing com-
based on radiolysis of perfluoroparaffins havingpounds but also for specialists in the field of organic
a tertiary carbon atom [211, 213, 214, 249, 2B86].  gynthesis as a whole. It is seen that in some cases
The procedure is simple, general, and sometimes th&rfluorinated organic compounds areneenient,
only possible one. Long-lived radicals are formed agng sometimes unique models for the formulation and
a result of abstraction of fluorine atom from a ring sojution of a number of fundamental problems of

[243] (Scheme 122). theoretical organic chemistry.
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