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Preface

Fluorine is unique, in that it is possible to replace hydrogen in an organic mole-
cule by fluorine either singly or multiply and, in so-doing, create a potentially
infinite extension to organic chemistry that is entirely synthetic. The excitement
of the chemistry of these systems stems from the unique reactions that ensue and
the ‘special-effects’ that introduction of fluorine impart. Indeed, these effects are
now exploited in a remarkable array of applications across the whole of the
chemical, pharmaceutical, and plant-protection industries, although this is not
widely appreciated. In this book, we have gathered authors with immense
experience in various aspects of their field and each is a world-authority on the
important topics they have described. Some topics, like the use of elemental
fluorine, and enzymes in synthesis, are relatively new areas that are rapidly
growing.

We dedicate the book to a long standing friend, Professor George Olah, in the
year of his 70th birthday, in recognition of his massive achievements.

Durham, May 1997 Dick Chambers



Contents

Nucleophilic Reactions of Fluorinated Alkenes
R.D.Chambersand J.ES.Vaughan . ....................

Reactions of Electrophiles with Polyfluorinated Olefins
UA.PetrovandV.V.Bardin . ........................

Fluorinated Free Radicals
W.R.Dolbienr Jr. . . o o i i i s e e e e e

Telomerisation Reactions of Fluorinated Alkenes
B.Améduriand B.Boutevin . . .. . . ... ...

Author IndexVolumes 151-192 . . . . . . . . . . . i v v,

97



Contents of Volume 193

Organofluorine Chemistry: Techniques
and Synthous

Volume Editor: R.D. Chambers

Elemental Fluorine in Organic Chemistry
J. Hutchinson and G. Sandford

Fluorinated Organometallic Compounds
D.V.Burton and L. Lu

Enzymatically Controlled Reactions
of Organofluorine Compounds
T. Kitazume and T. Yamazaki

Building Block Approaches to Aliphatic
Organofluorine Compounds
J.M. Percy

Electrofluorination of Organic Compounds
E.G. Drakesmith



Nucleophilic Reactions of Fluorinated Alkenes

R.D. Chambers and J.F.S. Vaughan

Department of Chemistry, University of Durham, South Road, Durham, DH1 3LE, UK.
E-mail: r.d.chambers @ durham. ac. uk

Fluorinated -alkenes and -cycloalkenes have a special relationship with their hydrocarbon
analogues, usually exhibiting a chemistry that is complementary. For example, the fluorinated
systems are frequently susceptible to nucleophilic attack, in some cases dramatically so, and
therefore reactions of nucleophiles with fluorinated alkenes often reveal unique new chem-
istry. This chapter covers electrochemical reduction, principles governing orientation and
reactivity of fluorinated alkenes towards nucleophiles, fluoride ion as a nucleophile and the
‘mirror-image’ relationship of this chemistry with that of proton-induced reactions, reactions
with nitrogen-, oxygen-, carbon- centred nucleophiles etc., and, finally, chemistry of some
oligomers of fluorinated -alkenes and -cycloalkenes.
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2 R.D. Chambers - J.E.S. Vaughan

1
Introduction

Highly fluorinated alkenes are generally very electron-deficient species and
therefore susceptible to attack by a wide range of nucleophiles. In this chapter
we will attempt to give an overview of this chemistry, with emphasis of more
recent work. The subject was reviewed many years ago [1] and other publica-
tions have included discussion of this subject [2-9].We will also include some
chemistry of fluorinated dienes, where appropriate.

We can summarise the sequence of steps in the reaction of a nucleophile with
a fluorinated alkene, as outlined in Scheme 1, where charge-transfer interaction
(1) would occur, without being rate-determining, and then either single-
electron transfer (SET) giving (2) or two-electron transfer, giving carbanionic
intermediates (3) could occur, probably on the same reaction path. A halophilic
process, leading to (4), is also possible in some cases. For example, nucleophilic
attack on bromine occurs with bromotrifluoroethene [10-12], in competition
with attack on carbon, to give mixtures of products (Scheme 2).

Clearly, factors influencing electron-affinity of the fluorinated alkene, i.e. the
influence of F or perfluoroalkyl (Rp) as a substituent at the double-bond, are
important to consider, as are the effects of these substituents on carbanion (3)
stabilities.

Nuc + C:CX—>[Nuc]5+[C:CX]5_—> Nuc—C—CX~
\ (M T

- + <
NucX + C=C [Nuc] : {C:CX]‘ —~Product Formation
4 @)

Scheme 1

— - F,C=CFBr
tBuO + F,C=CFBr— t-BuOCF,CFBf —2——— +BuOCF,CFBr, etc.

(30%)
y ; CF; —
F,C=CFBr + @ 1 CF3CFBr, + N F\ \ F/N
N —_—
N (25%) F
i, CsF, 90°C, sulfolan 15%

Scheme 2
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2
Substituent Effects of Fluorine and Perfluoroalkyl Groups

Perhaps the most revealing information regarding the influence of fluorine and
fluorocarbon groups on n-bonds comes from photo-electron spectroscopy
[13, 14] where it has been clearly established that a perfluoroalkyl group lowers
m-orbital energies, as we would anticipate for an electron-withdrawing sub-
stituent, but a fluorine atom directly attached to the carbon of the double bond
has an effect that is not very different from that of a hydrogen atom. Qualita-
tively, these data suggest that, for the ground-state of an alkene, we can describe
simply the effects as illustrated, (5) and (6), where the electron-withdrawing
effect of a fluorine atom (6a) may be offset by p-m interaction, which increases
m-electron density (6b) [15-17] (Scheme 3).

C=C+R¢ c=c+~F C-C=F
(5) (6a) (6b)
Scheme 3
—G4+—R: F(\ _(63—1 09° F*—i}%\
| h 90°
(7) Strongly stabilising (8a) Stabilising (8b) Slightly destabilising
Scheme 4

A similar situation applies for the analogous effects on carbanion stabilities
(Scheme 4) [3, 18, 19], where perfluoroalkyl is always strongly carbanion
stabilising (7) but the effect of fluorine is more complex. For a tetrahedral
structure (8a), fluorine is significantly stabilising (NB., CF;H is 10* times more
acidic than CHj, [3, 19]), but the situation changes substantially with the shape
of the carbanionic site because, for a planar system (8b), fluorine is slightly
destabilising. These simple generalisations allow us to rationalise a great deal of
the chemistry described below. Negative hyperconjugation has been a much
debated subject [3,19] and the effect, relating to perfluoroalkyl groups, could be
represented as in (9a, b), where charge from the carbanionic centre is transfer-
red to the o * orbital of the C-F bond (Scheme 5).

Scheme 5
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There is little doubt that this is a real effect, well supported by calculation
[20, 21], and there is structural evidence arising from bond lengths in the salt
CF;07(Me,N),;S* [22]. Nevertheless, it is not clear how much the effect contributes
to carbanion stabilities because most kinetic data are ambiguous in the need to
invoke the effect [3, 23], but here this is not considered to be an important issue.

3
Electrochemistry and Related Electron-Transfer Processes

In principle, the simplest form of nucleophile is, of course, a cathode and reduc-
tion potentials are particularly revealing about structure and reactivity [24].
Furthermore, in some cases, electrochemical reduction is synthetically useful.
Much of the numerical data currently available comes from systems where the
reduction process is non-reversible, although not all [25].

Table 1. Half-wave reduction potentials of fluorinated alkenes (-E,;,, V vs SCE) [24]

Alkene Reduction potential/V
CF,=CF, 3.20

CF,=CFR; (Rg=CFs, n-C5F,, i-C;F,) 2.60-2.80
CF,=C(CE,), 2.20

CF,CF=CFR; (Ry=CF;, C,F;, 1-C;F,, i-C,F,, C5F,,) 2.12-2.24
(CF,),C=CEFR; (Rp=CF,, C,F) 1.40-1.53
CFH=CFC,F, 2.46

CF,CH=CHCF, 2.34

C=C—CF —g & - [ 'C—c‘:—CF] it [é—C:C} _ete
oW
(10) (11) (12)

Scheme 6

Consequently, if we consider the type of process involved, e.g. (10) to (11) to
(12) (Scheme 6), then loss of fluoride ion could, in principle, occur in concert with
addition of an electron to (10). However, the low influence of added pro-
ton-donors [26, 27] indicates that addition of the electron to (10) is the slow step
and, therefore, the reduction potential data may be meaningfully related to
orbital energies [24, 25]. A selection of data is contained in Table 1 and these are
reasonably interpreted on the basis that a perfluoroalkyl group leads to a signifi-
cant lowering of m* energies and thus we have electron accepting properties
diminishing in the order:

(Rp),C=C(Rp), > (Rp),C=CFR; > (R;),C=CF,~ R;CE=CFR;
>R;CF=CF, >CF,=CF,

i.e., tetrafluoroethene has the highest reduction potential in the series.
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()= (= () @

o e

i, Pt or Hg cathode, divided cell, CH3CN or DMF, Et,;NBF,

Scheme 7

Reductive defluorination occurs with perfluorocyclohexene (13), forming
hexafluorobenzene (14) [26-28] by a series of one-electron transfer steps
(Scheme 7).

However, perfluoro-cyclobutene (15) and -cyclopentene (18) behave quite
differently [28] because electropolymerisation occurs at the cathode, to give
interesting conducting materials (17), (20) respectively, whose properties have
not been explored. It seems most likely that the propagation process in each case
involves nucleophilic attack on the perfluorocycloalkene by an intermediate
carbanion, (16) or (19). The likely propagating processes are outlined in
Scheme 8. In contrast, cathodic reductive dimerisation of the trifluoromethyl
derivative (21) occurs [29].

In other cases, e.g. 22, electro-reduction involving replacement of fluorine by
hydrogen (23) [24, 30] or dimerisations (24, 25) [31], have been observed [30]
(Scheme 9).

Interestingly, some of these processes are mimicked by reactions with nucleo-
philes and it is clear that one-electron transfer from the nucleophile is involved.
Indeed, a remarkable process [32], Scheme 10, begins with perfluorodecalin (26)
and must proceed via intermediate polyfluorocycloalkene derivatives, e.g.
(27), in which successive electron transfers occur, and the final product is a
naphthalene derivative (28). So far, this is the only case in which a saturated per-
fluorocarbon has been reported to react in this way, to give meaningful products.

Tertiary phosphines lead to a variety of reductive defluorinations, e.g. (29) to
(31) and coupling reactions, e.g. (29) to (35) and (32) to (34) (Scheme 11)
[29,30]; the intermediate species in these cases are, however, ylides, i.e. (33) and
(30), which then react further giving (34) and (35), respectively. Other examples
of ylide formation are described later (Sect. 7).

Reaction of perfluoroisobutene with phosphines also gives coupling reac-
tions (Scheme 12) [33].

In contrast, reaction of triphenylphosphine with perfluorocyclobutene gave a
product which Burton and co-workers established as the ylide (36), by X-ray
crystallography [34], with significant double-bond character (Scheme 13). An
analogous arsine derivative has also been described [35].
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»---» *e' :e 9?
(16)

3
(20) "
CF3 CFRy |’ CF,
Pt -F
-2V
(21)
etc.

FSC +

Sodium amalgam is effective for promoting defluorination (Scheme 14), to
produce an interesting series of dienes (38), (40) and (42), especially (38)
[7, 8, 36], but tetrakis(dimethylamino)ethene (TDAE) (43) (Scheme 15) is a
much safer system to use and, consequently, with the latter reagent, the process
may be scaled up [36]. TDAE (43) is successful because its donor capacity is
high, i.e. it has been variously described as being similar to that of zinc [37] or
to alkali-metals [38] and will react, therefore, with most perfluorinated alkenes
or -cycloalkenes. Furthermore, the fact that the dienes (38), (40) and (42) may be
isolated derives from the fact that the dienes have more CF= sites than the
starting alkenes and consequently their respective reduction potentials vary by

Scheme 8
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(F4C);C=CFCF,CF, CaN0de_ (¢ 6 HC—CF=CF-CF,
(22) (23)

Cathode or Na,
CoHg, monoglyme

(F3C)oF CF, (FsC)2 CF3
FsC CF,CFy; * FC
CF, F CF, CoFs
Scheme 9 (24) (25)
SPh SPh
PhS SPh
OO GOIRp e
PhS SPh
(26) (27) SPh SPh
(28)

i, PhSNa, 1,3-Dimethylimidazolidin-2-ocne, 60-70°C, 10 d (65%)
Scheme 10

(F4C),C=CFC,Fy — (FSC)ZFC—q)—CQFS —— (F5C).L=C~C5F;
+
(29) PR3 /PRS
(30) F

CF /RSPFZ etc

F,0=C{
CasF7
(31)

@ ' @ — _@_ (33)
+ CFg3
CF; ( PR, PR
(32) =

CF3 F 3
F

(R = NMey,)
(32)

CF3

()r) e
F

RqPF

CF3

CF3 (34) i, RgP, 15°C
Scheme 11
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GoFs  cF, FaC_  CoFs
(30) + (31) —"(FBC)ZFC_(F_CF:C\ —— N LCFs
PR Cofr  FeC CF—C\C ]
(35) 3r7
Scheme 11 {continued)
F3C CF:C(CF3),
o=
FiC CF:C(CF3),
2F3C\ = + e +
C=CF, PBU; 5. P
FsC
F3C\ /F
c=C
F,C7  CF:C(CFy)
i, CHsCN, -30°C
Scheme 12
+ Php ——= PPhy
(36)
i, Et,0, 25°C
Scheme 13

CFSCFf CF, i
CF,CF,

FaC

(37)
i

——

(39)

&=

(41a)
+

o—&

(41b)

R CF4
CF4
FsC
FsC F
3

—— O—®

i, Na, Hg (0.5% w/w), water cooling

Scheme 14
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(HC)N_  N(CHg),
c=c{
(HiCLN" N(CHy),
(43)
Scheme 15

Table 2. Reduction potentials of some perfluorinated alkenes and dienes (vs S.C.E.) [36]

Alkene Reduction Diene Reduction
potential/V potential/V

(37) -1.62 + 0.05 (38) -2.35%0.10

(39) -1.06 £ 0.03 (40) -2.03 £ 0.01

(14a) ~1.10 + 0.03 (42) ~2.25 +0.01

(41b) -1.23 £0.03 (42) -2.25+0.01

almost 1 volt, thus making the dienes isolable in preference to further reaction
with (43) (Table 2).

4
Reactivity and Regiochemistry of Nucleophilic Attack

A great deal of chemistry involving nucleophilic attack on fluorinated alkenes (44)
may be rationalised on the basis of some simple ground-rules and assumptions.

i. There is a significant ion-dipole interaction [15] that contributes to the
much greater reactivity of alkenes bearing fluorine (46) vs chlorine (47) at
comparable sites [39], and a terminal difluoromethylene (44) is especially
reactive (Schemes 16, 17) [39, 40].

5
R _
Nués__~C=CXY — Nuc—CF;~CXY — efc.
F/ et
(44) (45)
Scheme 16
i.e. :8+—>g_ >> :(83+—>(8)T
(46) (47)
Scheme 17

ii. Fluorine attached to carbon, which is itself adjacent to the carbanionic site
(45) is carbanion stabilising and therefore strongly activating, e. g. when X or
Y in (45) is CF;.

iii. When fluorine is directly attached to the carbanionic site, e.g. X or Y=F in
(45), the result is usually activating but much less so than in (ii). Thus, we
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have an increase in reactivity in the series (48)-(50) [16, 24, 41, 42], and we
can see that this corresponds to an increase in stabilities of the derived inter-
mediate carbanions (Scheme 18) (48a)-(50a):

CF/=CF, < CF~=CFCF; < CF/=C(CFa),
(48) (49) (50)

Nuc—CF;—CF, < Nuc—CF;—CFCF,; < Nuc—CF;—C(CFy),
(48a) (49a) (50a)
Scheme 18

However, this type of argument is insufficient to account for the greater reac-
tivity of perfluoropropene (49) than perfluoro-2-butene (51) (Scheme 19)
because the corresponding intermediate (51a) could only have marginally
different stability from that of (49a). There is also the greater reactivity of (52)
than (53) (Scheme 20) to account for, where any difference in stability of inter-
mediate carbanions would be marginal.

Nuc + CF3CF=CFCF;— Nuc—CF(CF;)—CFCF; — Products

(51) (51a)
Scheme 19
(RIICF=C(Rf); > (Re),C=C(Re);
(52) (53)
Scheme 20

Consequently, a Frontier-Orbital approach has also been used to account for
reactivity and orientation of attack [43]. This approach recognises that HOMO-
LUMO interaction, between nucleophile and fluorinated alkene respectively, will
be important and that replacing fluorine in a fluorinated alkene by trifluoro-
methyl reduces LUMO energy. This increases reactivity, providing that the tri-
fluoromethyl groups are on the same carbon atom of the double bond, i.e.
(48) - (50). However, coefficients also appear to be important and introduction of
trifluoromethyl increases the coefficient in the LUMO at the adjacent carbon, i.e.
(54) (Scheme 21). When two trifluoromethyl groups are attached to adjacent
carbon atoms (55) then their effect on coefficients, and hence reactivity, is
opposing and the reactivity order CF,=CF, < CF,=CFCF; > CF,CF=CFCF; is

observed.
FaC: : F4C CF3
FsC : :
(55)

(54)
Scheme 21
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Strain is a very important factor affecting reactivity and this is probably best
illustrated by the relative reactivities of the dienes (38), (40) and (42) [44], towards
methanol giving the methoxy derivatives indicated (Scheme 22). Diene (42) reacts
vigorously with neutral methanol, (40) reacts only over several days, while base is
required to induce reaction with (38).

X X
X CF,
()7
O i
FaC Y
X Y
X, Y = F (42) X, Y = F (40) X, Y =F (38)
X = OCHj X =F,Y =OCHj; X=F, Y = OCH,
X, Y = OCH, X, Y = OCHg

Scheme 22

Electronic effects in the dienes (38), (40) and (42) are essentially equivalent and,
therefore, these considerable differences may be taken, generally, as illustrative
of the contributions that angle-strain may introduce.

5
Reactions Involving Fluoride lon [3, 9]

There is, essentially, a mirror-image relationship between the chemistry of
alkenes and highly fluorinated alkenes, in that the latter are intrinsically suscep-
tible to nucleophilic attack and this analogy is very well illustrated by reactions
that involve addition of fluoride ion. We are familiar with the massively impor-
tant developments of Professor Olah and his co-workers [45] in generating
observable cations (56) by using super-acids and there is an interesting analogy,
therefore, in the fact that fluoride ion may be added to a variety of unsaturated
fluorocarbons to give observable anions (57) (Scheme 23).

CH
H + CHz=C<C ¥ e (CHC
° (56)
F + CF/=C(CFg), == (CF3)sC
(57)
Scheme 23

The nature of the counter-ion and the solvent are extremely important in
determining the stability of these anions [46] and cesium and the “TAS” cation,
i.e. (Me,N),S*, are currently the most effective [9, 46,47]; the latter is particularly
useful since the starting fluoride, TAS*Me,SiF;, is soluble in various organic
media. Examples of stable anions are shown in Scheme 24 [46].
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FsC._ CF

c “CF, R ’ Y- ’
FaCu >§CF3 : @—_X@ ; FoC

G

F2 CF, . . CFq
FsC With (MeoN);S or Cs as counterions  (58)

Scheme 24

It is claimed that addition of catalytic quantities of a quaternary ammonium
salt greatly enhances both reactivity and yield [48] in the formation and sub-
sequent reactions of (58). Tertiary fluorinated carbanions, generated from
corresponding unsaturated precursors, react with a variety of electrophiles [46,
49,50] (Scheme 25), the most surprising being with fluorocarbon iodides, to give
remarkable fluoride-bridged products, e. g. (60) [47].

CF,

F4CF; CFy i
+ KF=— F30FZCFZC—-Cl)‘

59)
QC CHCHzBI’
ROCH,CI

ROCH,R¢ ReH,C—CH=CH,

ReCH,Ph (66%)

+
X /hC/HZBr

(59) + XF === FiCF,CF,C—C—CF,

CF, Br,
2 Czy

_ ReBr (99%
Tas' CoFsk—F—IC,F5 + (59) FBI (99%)
(60)

(XF = TAS+, Cs+) [Re = (CF3),CCF,CF,CF;)
Scheme 25

Reactions with hexafluoropropene oxide (61) provide a good route to perfluo-
rinated ketones [51, 52] and trapping with acid fluorides directly also gives
ketones [53] (Scheme 26).

The inverse relationship that exists between fluoride ion-induced reactions of
fluorinated alkenes [3] and proton-induced reactions of alkenes may be addu-
ced from the processes described in the following sections.
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F F

ie. Fac—H—F + F === CF3CF,COF

o]
(61)

CF,CF,COF + Rp CF4CF,COR¢

e.g. (61) + F,C=CFCF, —KF

C,FsCOCF(CFs), (92%)

RCOF + F,G=CFCF, — = RCOCF(CFy),

(e.g. R =CHj, CH3CH,, etc.)
Scheme 26

5.1
Additions [3]

Even short-lived fluorinated carbanions, generated by addition of fluoride ion,
have been trapped by various electrophiles (Scheme 27).

- % -/
F+ CF=C{_ == CRC{_
[
2 1.co, \HoCk
2. H,50,
CFs—C—I | F3C—C—HgCl
| CF3—(|3—COOH I
Scheme 27
5.2

Nucleophilic Analogues of Friedel Crafts Reactions [3, 54]

Trapping of carbanions by reactive fluorinated aromatic compounds gives a very
simple method of introducing bulky perfluoro substituents (Scheme 28}, and
the more recent use of TDAE (43) to initiate these processes is discussed in the
next section (see Scheme 32).

Re Re
N i R X >

| F_J+ cr=crer, ——~ || F_ + | F
N N” “Rg A

i, CsF, 70°C, Sulpholan Re = (CF3),CF

Scheme 28
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5.3
Oligomerisation

Oligomerisation of tetrafluoroethene [55-57] leads to the interesting “internal”
perfluoroalkene (37), a tetramer [58] which, together with the pentamer (66) are
the principal products (Scheme 29). Remarkably, the hexamer (67), i.e. with a
terminal difluoromethylene group, is also formed rather than an internal isomer
and this is probably attributable to the destabilising influence of steric effects on
the alternative structures.

_ F - - F
F,C=CF, CFaCF, {92 CF,CF,CF,CF, L [CFCF,CR=CF)]
(62) (63) (64)
F|Sy2
FiC-CF,
2 = FC CF, )
FiC-C™ ——= «———[CFSCF:CFCF3]
F CF,CF :
F4C-CF, Trmer - Dimer (85)
(65) (63) (63) or F
FsC CF, F4C, CF.CFy
= 2
(CF4CF),(CFy) F CRyF,C cr, M
Pentamer (66) Tetramer (37)
‘(63)
CF,

(CF3CF2)2(CF3)(4)LCF(CF3)(CF2CF3)

Hexamer [major isomet] (67)
Scheme 29

Other systems, e.g. perfluoro-propene [54, 59-61] and -cycloalkenes [62, 63]
(Scheme 30), may also be oligomerised by fluoride ion. A number of co-oligo-
merisations have also been successfully carried out [54, 64-66].

A particularly useful reaction of this type involves the direct formation of
hexakis(trifluoromethyl)cyclopentadiene (71) (Scheme 31), or the correspond-
ing cyclopentadienide (72), from the diene (38) by a fluoride ion induced reac-
tion with pentafluoropropene [67-69]. Recent work [54] has shown that very
active sources of fluoride ion can be generated by direct reaction of amines,
especially TDAE (43), with perfluorinated alkenes or perfluorinated aromatic
compounds and these essentially solventless systems promote both oligo-
merisations (see above) and polyfluoroalkylations. The absence of solvent
makes recovery of product very easy, e.g. in high-yielding formation of (73), (74)
or (75) (Scheme 32).
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e G N

(68) (69)

- F_
/\> <\/ -F - =
(70)
Scheme 30
CF3CH,CF,
H+
CF3 F4 CF,

CFp=CHOF, 2E= cFyCor,  FN() CFs ¢
H

FiC F Fs«C T CF,
— FoC~ CF,
_F*
Fs CF, Fy CFy
P Fo—l N —=H= F.— HNF
F.C R Fa F,¢7 CF, Fs

FiC CF3
' .
. FiC @ CF;
CF, n-Bu4N+
(71) (72)

i, -BugN" 17, CH,CN, reflux
Scheme 31
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(HiC)N_  N(CHg), .
C=C_ + F,C=CFCF; —— (TDAE)-CF=CFCF4
(Hac)zN/ N(CH), F

TDAE (43)

F,C=CFCF; + (48) —l— (CF3),CFCF=CFCF,
Quant. (73)

i, (F3C),C=CFCF,CF,

Quant (74)
Re
NAN . NTN
| F J + MesN + FC=CFCF;-i~ )|\ /)\ R = CF(CFy),
N R¢ N Rg
(95%) (75)
i, No solvent, room temp.; ii. No solvent, 60°C
Scheme 32
54
Rearrangements

Fluoride-induced rearrangements of terminal to“internal” isomers of perfluoro-
alkenes are well established [70-72}, for example the rapid isomerisation of
perfluoro-1-pentene to the thermodynamically more stable isomer occurs in the
presence of cesium fluoride (Scheme 33) [73]. Allylic displacement reactions
occur readily and with a stereochemistry suggesting steric control (Scheme 34)

[74].
F\ _ i F3C\ /F F3C\ _ /CF2CF2
C/C_CF2 —_— ,C=C_ + C=C_
F3CF.CFy F CF,CF, F F
2
6 : 1
i, CsF, diglyme, ca. 20°C, 20 min
Scheme 33
H F3CF,CF H
C=CH, 4 phs . o - °
F3CF2CF,CF,C” £~ “CH,sPh
Scheme 34

A remarkable rearrangement of the strained system (70)-(76) has been

observed, where three of the carbon atoms of a four-membered ring appear as
trifluoromethyl groups [75] (Scheme 35).
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F” “CF,
F~ "CF, ) F CFy
‘ |
F.C. F
F c z
F

FaC NP /2. CF,

£ FoC
CFy F” CF,

(76) ca. 70% i, KF, 510°C, flow system in N,

Scheme 35

Intermolecular transfer of trifluoromethyl has been demonstrated in the
fluoride ion induced rearrangement of the perfluorinated alkene (77) to the
isomer (78). Again, the driving force in this process is to produce an isomer (78)
with fewer vinylic fluorine sites than in the starting isomer (77). The interme-
diate trifluoromethyl anion has been trapped with perfluoropyrimidine (79)
[76] (Scheme 36), demonstrating the intermolecular nature of the process.

K(f':a

(F3c>chcF?:cp-c:F3 —!— (CF3);CFCF=C(CF3),

77 (78)
(77) -
[-cFs ]
(CF3
(79)
Products

i, CsF, sulpholan, 150-160°C, 5h
Scheme 36

Conversion of the trimer (80) to the seven-membered ring system (81) occurs
readily with cesium fluoride [3,75], whereas in the presence of TAS fluoride, the
di-anion (82) is trapped. These observations lead to the most likely mechanism
for rearrangement as that in Scheme 37 [3]. The cyclisation step shown in
Scheme 37 is made more easily accepted by the fact that the diene (83)
(Scheme 38), undergoes rapid rearrangement in the presence of fluoride ion,
giving the cyclic system (86) [77]. The ready cyclisation of a crowded anion (84)
to give what appears to be a sterically unfavourable intermediate (85) would not
be easily predictable!
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s CRFCT .

Me,N);S 1
(MexN)3 F,C

CF,
(82)

OF
(81)

Scheme 37

(F4C),C—CHF FiC, CFy
Fi__ M H__CFs CF, __(Fs0)C
— e
FsC~ F.C—CF, CF
oo e T FO=E FoC—CF,
(83) H (85)
(84)
FaQ FFa FaC, CFs
(F3C).HC { ok ~E(Fs0)HC CHF
/
. CFy F,C—CF,
(86)
Scheme 38
6

Attack by O, S and N Centred Nucleophiles

The subject has been covered in various discussions [1, 78 - 84] previously but
a striking example in this group of reactions is the occurrence of nucleophilic
epoxidation. These reactions emphasise the frequently stressed “mirror-
image” relationship of the chemistry of alkenes and their perfluorinated
analogues that we have emphasised earlier. Bleaching powder has proved to be
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a very effective reagent for various epoxidations, except when the fluoroalkene
is very reactive and then chloride ions, present in high concentration, begin to
compete effectively (Scheme 39). A number of variations in technique have
been described [52, 85-90].

FACF CF -
TN oci F30F2c>ﬁ<cr=3

F;C CF,CF4
FsC CF,CF;
Z+E

FiCF.C_ A CF,
FsC CF,CF,

Z:E=1:1 (74%)
Scheme 39

Lithium tert-butylperoxide has been used effectively as an epoxidising
agent with electron deficient alkenes (Scheme 40) [91, 92]. However, applica-
tion of this methodology to systems containing fluorine has only recently been
explored, and it is now established that this can be a very successful procedure
with fluoroalkenes. Indeed, the Lithium fert-butylperoxide system worked
in some cases where the calcium hypochlorite reaction was ineffective
[93,94].

(69%)
i, Lithium t-butyl peroxide, tetrahydrofuran, -78°C to r.t.

Scheme 40

The nature of the products formed during nucleophilic attack may be
regarded as dependent on the fate of an intermediate carbanion (87); this can
then lead to the various processes shown in Scheme 41.

In some cases, the intermediate carbanion can be trapped, e.g. with dimethyl-
carbonate or esters etc. This approach has been developed elegantly by Krespan
to synthesise di-functional derivatives derived from tetrafluoroethene [95]
(Scheme 42).
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I
Nuc—(ID—

|
I —H
+ F/C|\
L
| | Nu
Nuc—C—C~ -E C\c:(;/
l /TN —
F/CI:\ l\
F
(87) _
-F
sy |
N Nuc—(l)—?'/
C
7\

Scheme 41

However, the fate of the intermediate carbanion can depend on the nucleo-
phile, the presence of appropriate electrophiles as trapping agents and the
solvent, e.g. Scheme 42 [96]. Examples to illustrate these processes are drawn
from more recent literature in Table 3.

ONa
~  +1CFCO.Ph |
PhONa + F,C=CF,—=[PhOCF,CF, Na' | =——%—~ PhOCF,CF,C~CF,
OPh

.
NaNg+ F,C=CFy + CF4CF,CO,CH,CFy—H—+ N,CF,CF,COCF,CF,

F,C=CFOCF,CF,CF; + PhO

+

[PhOCF,CFOCF,CF,CF; SI\HAF PhOCF,CFHOCF ,CF,CF,
(86%)

F |THF CCl,CCl

PhOCF=CFOCF,CF,CF4 PhOCF,CFCIOCF,CF,CF,4
(80%) (99%)
Scheme 42

Reactions of diethylamine and of alcohols with dienes gives products that
depend critically on the reaction conditions [98, 99] (Scheme 43).

Neither the regiochemistry nor the stereochemistry is clear cut in reactions
of aryl derivatives of hexafluoropropene [100-102] (Scheme 44).

Formate ion shows high nucleophilicity towards fluorinated alkenes and pro-
vides a route to fluorinated carboxylic acids [103] (Scheme 45).
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Table 3. Some nucleophilic reactions of unsaturated fluorocarbons

Alkene or diene Nucleophile Products References
F,C=CF-CF,C,F, CH,ONa CH,OCF,CFHCF,C,F, [79]
45%
CH,OCF,-CF=CF-C,F,
40%
E oF, K,S FoC CF, [44]
" T
] Cw I
" ke F Pl g TCFy
CH,CH,SH SEt (97]
SEt
F,C=C=CF, @
s SH 7\ (82,83]
S
CF
[ N; N,CF,CF=CF, [84]
C
F CF,0S80,F
F,C=CFCF,CFCICF=CF, ——~ F,C=CFCF,CF=CFCONEt,
(97%)
F,C=CFCF,CFCICF=CF, —— EtOF ,CFC=CFCF,CHFCF ,OEt
(100%)
Scheme 43 i, EtoN, Et,0, 20°C to r.t.; ii, EtOH, 20°C

x~<j>—(:|::c;:(‘;;:3 ';TC()): Various substitution and addition products

(e.g. X =MeO, CF,, etc.)

Ar CF
. N 3

_MeNLi - Jo=cFcF, + AFC=c{
Me,N NMe,

O\ EtONa O\ OFCFs CHFCF,
0 CF:-CFCF,4 c CE

EtOH
0" Momt 0 OFEt

Scheme 44
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NaOH
ReCF,CR=CF, + HCOO —2MF . B GF,CFHCOOH + ReFC=CFCOOH
HCOOH  FCFe F

e.g. Re=(CF,)sF; (CFy)gH  efc.

Scheme 45

Heterocycles are formed with difunctional alcohols [104]. Anions generated
by de-silylation procedures have been particularly successful, especially for
reactions involving difunctional nucleophiles (Scheme 46), and the subject has
been reviewed by Farnham [105].

HO—CH, P~cH,
5 F,C=C(CFy), + HO-— CH (FSC>ZC—C\O H
H,C—OH CH,OCFC(CF3),

+ 3 (CFy),CH

+
C(CF3), G(CFy),

CFy
MeasiOS|Me3
CF,

i, CsF, glyme

Scheme 46

Heterocycles can be formed in a number of systems and perhaps the
most surprising involves reaction of the diene (38) (Scheme 47) in moist ether!
Obviously, the process depends on the high reactivity of the vinylic fluorine
atoms in (38) and the subsequent step is most likely an electrocyclisation,
to form (88). Also, pyrroles, e.g. (89) and, more remarkably, pyrrolopyri-
dines, e.g. (90) may be synthesised from (38) using aniline derivatives [44,
106].

A surprising series of reactions occur with heptafluorobut-2-ene (91) and
1,8-diazabicyclo[5,4,0]undec-7-ene (DBU) (Scheme 48), previously thought to
be a non-nucleophilic base [107], giving the heterocycle (92) as the ultimate
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F CF, F4C CF, F3C CF,
CF3 H,0 -
F C e
3 F.C F base F CF3 F CF,
8 F,.C O FsC O
(38) \
FiC CF, F3C, CF,
-F —
I T
FaC™ g~ ~CFs FC O CF,
(88)
FaC CFs4 Ph
(38) 1ori M . \
FiC N\~ ~CF; Y,
I
Ph FsC =N
(89) FsC  (90)
i 72% i 0%
i 63% i 8%

i, PANH,, CsF, CHyCN, r.t.; ii, PhNH,, KF, CHoCN, r.t.

Scheme 47

FsC CF,H
(92) 85%

i, DBU : CF3CH=CFCF3 = 4:1, hexane, sealed tube, room temp, 2 d
Scheme 48
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product. Indeed, DBU reacts with other fluorinated alkenes, but the products are
difficult to separate and identify.

Displacement of fluorine from gem-difluoroalkenes has been developed as
methodology for “fluorine-free” synthesis [108] (Scheme 49).

i . H,SO
PhCH=0 ——= PhCH=CF, —— 2% PhCH,COOH (93%)

n-CeHysCH=0 — n-CgH;3CH=CF, —— n-CH;3CH,COOH (69%)

i, PhaP=CF,; ii, Hg(OAc),, CF3CO,H; iii, ag. NaHCOg, H,S
Scheme 49

Sodium sulfite acts as a strong nucleophile [109] (Scheme 50).

- +
F3C(CF)4FC=CF, + NaSO,0H ——= F;C(CF,),CFCF,SO(OH})ONa
-HF

CF4(CF,),CF—=CFCF,S0,0ONa
Scheme 50

7
Carbon Nucleophiles

Oligomerisations of fluorinated alkenes, via carbanion formation by addition of
fluoride ion to the double-bond, was discussed in Sect. 5.3 (Scheme 51).

C=C + F =— FC—C + Cc=C —&f¢ . oligomers
Scheme 51

However, ylides may be generated by reactions of amines with various
perfluorinated -alkenes or -cycloalkenes [110] and attack of these ylides also
promotes oligomerisation [62,111,112] (Scheme 52).

Note the different structure of the trimer (93), obtained by this route, in
comparison with the trimer obtained by reaction of fluoride ion with (68)
(Sect 5.3,Scheme 30). Other processes involving reactions with ylides have been
described [113,114] (Scheme 53).

Lithium or magnesium derivatives react readily and in predictable ways but
the allyl system (94) surprisingly leads to attack at the 3-position, (Scheme 54)
[115-117].



Nucleophilic Reactions of Fluorinated Alkenes 25

Scheme 52

+
(F3C),C=CF, + (H4C),S—CHCOQEt — (FaC)ZC:CF—Cl:HCOOEt

F S(CHy),

+

_ H+
9
(F4C)oCH-C—CGCOOE (F30)QC:CF~(;)COOE1

+S(CHg) +S(CH3),

CI\ /F
PhgP—C(CHg), + F,C=CFCl — /C:C\ + _
F C(CH3),PPhgF
Scheme 53

CH;MgBr + F,C=CF-CF,Br CH,CF,CF=CF,

CH,CHj,

(75%)

CHaCH=CH-ZCH,MgBr CH3HG—CF=CFCl
- _C=CH,

+ CHZCH,MgBr

©4) F,C=CFCl H
Scheme 54

Carbanions generated by proton-abstraction, using fluoride ion, have led to
cyclic systems with fluorinated dienes [118] (Scheme 55).

Reactions of cyanide with unsaturated fluorocarbons have been reported and
an example is shown below [119, 120] (Scheme 56).
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FoCL F

FyC CF, FyC CF,

FaC CH,(COOEt),—L = @

: cF, 2(COOBN— CF,* FoC CF,
.

EtOOC” COOEt

. COOEt Cs
8 (67%)
24 h reflux
Scheme 55
_ -CO - F,C=CF -
NCCO, co: NC —2 2 .~ NCCF,CF, — NCCF=CF, + F_
COo,
NCCF,CF,CO,
(CH30),S0,
NCCF,CF,CO,CH,
Scheme 56
8

Hydride Reductions

It has been established that complex hydrides react via nucleophilic displace-
ment of either vinylic or allylic halogen by hydrogen [121-124] (Scheme 57).

o cl
i @/ i, ByHg, NaF (BHgF )

lQ 2
.

cl
i, NaBH,, diglyme, 0°C
ol
¢ o
cl . -
LFQ i, LIAIH,, ether, 0°C
F.C
H ~F
(CH3)oC(OH)-CF=CF, —\ (HsC),C=CF~CHF, i, NaBH,, diglyme

(80%)
Scheme 57

However, systems with vinylic iodine do not undergo nucleophilic substitu-
tion when reacted with LiAlH, but form aluminium complexes in solution.
Hydrolysis of these mixtures with D,O is a convenient route to deuterated
fluoro-alkenes [125] (Scheme 58).
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Cl Cl
. D,O
+ NaAlH, — [Intermediate] —*— (43%)
D

Scheme 58

9
Reactions of Oligomers

Various oligomers of fluorinated alkenes and cycloalkenes have been prepared
by fluoride ion induced oligomerisation of various monomers (Sect. 5.3), and
the chemistry of these systems provides some unique reactions. The oligomers
of special interest here may be described as of types (95) or (96) (Scheme 59),1i.e.
systems with either four (95) or three (96) perfluoro-alkyl or -cycloalkyl groups
attached to the double bond, whereas systems with two perfluoroalkyl groups
attached, i.e. (97) and (98), have a chemistry more similar to fluorinated alkenes
that may be derived from other sources.

(Rp)2C=C(Re); (Rp),C=CFRg ReFC=CFRe (Rp)C=CF,

(95) (96) (97) (98)
Scheme 59

Reactions of compounds of type (96) with fluoride ion have already been
described in Sect 5. Compounds of type (96) are, generally, more reactive than
type (95).

The unique feature of type (95) is that the double bond is very much activa-
ted to nucleophilic attack but reactions proceed with allylic displacement of
fluoride ion, often producing an intermediate that is highly reactive towards
further attack by nucleophiles, including intramolecular processes. For example,
the furan derivative (99) may be obtained directly from (37) (Scheme 60, and
also see Scheme 66, later). Other nucleophiles give products of di- and polysub-
stitution [126] (Scheme 61). The bicyclobutylidine system (41a) is electronical-
ly very similar to the tetramer (37), but (41a) is particularly reactive, as a
consequence of strain (Scheme 62, [111]).

In fact, reactions involving the tetramer (37) can be quite complex [127] be-

cause the situation is as outlined in Scheme 63, where the observed rate constant
for reaction depends on an equilibrium K,-K; between isomers (37a, b), in the
presence of fluoride ion, and a rate constant k; -k;, where k;> k,>k;.
The products observed depend on the ability of the nucleophile to generate
active fluoride ion to promote the equilibration, as well as the reactivity k;, with
the most abundant isomer. Some products are shown in Scheme 64, including
reactions with carbanions [128].
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FaC CF,CFs - FsC CFs
CFaFC CF, . CF3
Tetramer (37)
CF3 oF
FC. CFg F\ CFs % 3
r\ ~__—
F4CF,C )CFa OCH,
*N
O eutheV
\CF:,CF CF,
CF3
H300 F
i, Pyridine; ii, CH;0H, tetraglyme, reflux
F;C llEt Et
FaC CF, 3N 4 Vg
— CH—CHs
FsC F + N(CH,CHy)s ! Foy
FsC O
F~ 0" “cr, 3 CF3‘\=N(CHQCH3)3
Et
Fio. FoG I E
LCH—CH;,
[ X
FC™ 70" R,
99)
Scheme 60
(37) + (CHyOH);, =" FSCF20720:F3<F — FSCcm/\z;—Fg,< L
2
C__..
H H, H2
F1C CF3
(37) + HOCH,CH,NH, —i—~ Faono/iz;;f ®

i, NayCOy; ii, Tetraglyme
Scheme 61
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/\

H
Addition 46%

+

OH2

Elimination 24%

(41b) 60% 8%
Scheme 62
FsCF.C _ F4C. CF
JC=CR K (F ) Faly,_ OFeCFak, (F ) “o=c?
—_— VN e _ F
CFj CF F4CF,C CF, FsC-CF
CF,CF, CFCFy
(37a) (37) (E + Z isomers) (37b)
Nuc¢ Ks Nuci Ky Nuci Ky
Product Product Product
Scheme 63

The pentamer of tetrafluoroethene (66) (Scheme 29) is an unusual example of
type (96) and reacts readily with nucleophiles [129] (Scheme 65). In contrast, (66)
undergoes a remarkable reaction with aqueous triethylamine, producing the
dihydrofuran derivative (101) and the process formally involves a direct intra-
molecular displacement of fluorine from a saturated site and a mechanism has
been advanced (Scheme 66) which accounts for the product formed [126].
Understandably, this process is not easily accepted [3, 130] because it has
essentially no precedent. Indeed, it is well established that nucleophilic displace-
ment from saturated sites in fluorocarbons occurs only in exceptional circum-
stances. Consequently, other mechanisms have been advanced, which seem no
more convincing [3, 130]. It should be remembered that the major point in
favour of the step (100) to (101) (Scheme 66) is that the nucleophile is generated
in close proximity to the reaction centre because of the special geometry of this
situation. Consequently, much of the otherwise high energy/entropy barrier has
already been overcome in this case.

Further reactions of (101) have been described [130] (Scheme 67) and the pro-
ducts depend on a pre-equilibrium with fluoride ion [126]. Cyclisation occurred
with malonic ester.



30 R.D. Chambers - J.E.S. Vaughan

N=C_  CFs
o= 729
@N—— FC~c™ Tnn, (727
HoN C|=2(:F3
i, NHg, Et,0
(37b) (37) (37a)
EtNH
/ ‘EtNH2 \Ei\le
FCFCo  GF, FiC.  CFs  FiCFG,  CF,CFy
HC:C /C:C\ HC:C\
F4C C=NEt F3C\C F FsC /C:NEt
B F
FsC/ EtNH CF20F3
RII IF\C ngch CFa
P (37) — R T
7N\ _ e 1
H cl:"_o ¢ Cr, CF,
R O F
FaCFz CFS FaCFZ F3
CF5
65% —-)
R = COEt; R =Me
Scheme 64
F3C CF3
;c—C\ —KOH . g_cH,cOH 2N 1 cH,c0o,Ag ReCH,Br
(66) R = C(CF3)(CF,CF3),
Scheme 65

When the pentamer (66) reacts with alkoxide anions at low temperatures
(-30 to -40°C), then the products of kinetic control (102) are isolated, whereas
at higher temperatures, thermodynamic control prevails and the products (103)
are obtained [131, 132] (Scheme 68). Similar observations have been made with
sulphur nucleophiles [132], and complex products are obtained with amines,
including the formation of heterocycles [132]. Reaction of (66) with ethyl
acetoacetate gave a pyran derivative (104) in a reaction that may be rationalised
as shown in Scheme 69 [133].In an analogous way, furan derivatives are formed
from perfluoro-2-butene and -cyclohexene in base-induced reaction with
1,3-dicarbonyl derivatives [133].
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FsC. CF, FiCF.C  CF,
H,0  FiCFz FiC
EtsN FiC~ CF-CF, o~ CFs
F|: FsC
(100) (101) (78%)
Scheme 66
F4sCF,C CF,
CF
(101) CHOH _ |:3 cFs
Fc O OCH,
CF C,F
Fs  cF, ) 2’5 CF,
CF3 F F___ (101) M. CFy Fs
F 7o F /o
FaC CF; FsC NMe.
Et,N
FiCFC  GFNEL, FiCPQ  CONEt,
CFj F HG CF3 F
F7No F
FsC CF, Fc O CR
FCFG F o
CHy(COOEY, =3 ¢
(1o1) S )2 ¢
NaH F o)
FsC ~ CF; CO,Et
Scheme 67 ’ ’ i
o RGO
66) — 1 . >C—CI:—CF3
RF OCH3
(102) Re = C(CF,CF3),CF,4
i
FaCy CF3
C:C\ + RFCchochS
R&  OCH,
(103)

i, NaOCHj, -30° to -40°C, CF,CICFCly; ii, Et3N, r.t.
Scheme 68
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e CF, e s
(66) + CHiCOCH,COEt—w = A Mo,
RS CH-COt o
COCH, Sh,
R = (C,Fg),CCFy l

(104) (39%)
i, NaH, tetraglyme, 20°C

Scheme 69

Tetrafluoroethene hexamer (67) also gave a range of products with amines,
dependent on the reagent [134, 135], including the formation of ketenimines
(Scheme 70).

CF,CF, FiCFG  GFCFy
F4,CF,C CF-CF FgC_/C\ CF-CFy
FGC—\C—ﬁ/ 3 m F4CF,C ?I (e.g. R = Et, Ph)
FsCF.C  CF, ﬁ
(67) NR
FoCF,G  CF,CFs FaCFzC\C GFoCFy
(67 MeZNH F3C_/C\ /CF_CF3 Heat FaC_/ \C/CF-CFS
) FCFC — T FCFRC §
C C
AU\ 11
F' N(CHy), NCH,
Scheme 70

Hexafluoropropene trimer is a mixture containing (105a) and (105b) and the
ratio of product formation depends very much on the nucleophile [136]
(Schemes 71 and 72).

Remarkably, with thiophenol isomer (105a) gives the expected product (106)
(Scheme 71), while the isomer (105b) gives a product (107), which can be ratio-
nalised as involving a stage with nucleophilic attack on sulphur [137]. However,
reactions of other sulphur nucleophiles with the dimer (108) have revealed an
interesting and unusual elimination of RSE leading to diene intermediates
which react further [138]. For example, reaction of (108) with PhCH,SH, gave a
variety of products, i.e. (109), (110) and (111), with the latter arising via an
unusual elimination.

Hexafluoropropene dimers and trimers can give a variety of products if a
pre-equilibrium is established with fluoride ion before reaction with the nucleo-
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F,C. CF,CF; = FsC CF(CFa),
e, =" o=
FsC CF(CFa), F CF(CFy),
(105b) (105a)
ROH
(FC)CR_~ CFs FiC_  CF(CFa),
= + /C:C

F,CRO)ICET  CF,

RO”  CF(CFy),

e.g. R=Ph e.g. R = CHyCH,, H,C=CH—CH,
F4C CF(CFa),
(1053) + PhsH —aN . o7
PhS CF(CF3),
(106)
|
CF
R Y8 c-cF
(10sb) + PhsH —=aN . >C:C—C|>// (107)
RS CF(CFa),
PhS
3 i
FaC, c—-C FsC £ —CF3
Ph _>C_C|// 8 —~ PhSSPh . C>/C_C|/
etc.
phs ™ FC  CF(CFy), z CF(CF3),
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CF, SR
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(110} (2
RSF + RS RS, + F

Scheme 71




34 R.D. Chambers - J.E.S. Vaughan

phile [61]. For example, trimer (105a) is in equilibrium with the isomer (105b),
in the presence of triethylamine and products are derived from the most
reactive isomer (105a) with phenol, although the ratio of (112) and (113)
depends significantly on the solvent [139] (Scheme 72).

EtsN
(105a) ==—==(105b)
PhOH
(FEC).CR_ _ _= (FC)RCR_~~ CFy
_C—CF(CF3)OPh L=C
(F3C),CF (F4C),CF OPh
(113)
_F_
_CF(CF3)OPh
(CF3),C=C
CF(CF3),
(112)
Scheme 72
FaC. CF
) FaC CF,CF, NV
(105a) i ZC_Cg - . C,/C—C\\
F.C NAr ArN// N
]
i, ArNH,, DMF X
X
ArN\\
Cy CF.CFs FoG CF:CFs
Loe C=Cy
ArHN—ﬁ NAr ArHN—C NAr
NAr NAr
“ NHAr NAr
NAr 2 [ C\NHA
_CF,CFs o L '
Ar— *N > N7 TCF,.CF
N NAr X 2 3
NAr (114 e.g. X=H, o-OCH,, p-C

(116)
Scheme 73
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Reactions with nitrogen nucleophiles are also characterised by formation of

intermediates with further sites of unsaturation and these can lead to a variety
of heterocyclic systems [61, 140, 141] (Scheme 73). Products corresponding to
(114)-(116) have been identified, depending on the solvent and substituent X.

Aromatic amines react uniquely with various oligomers derived from cyclic

systems as carbon nucleophiles and the result is a remarkable array of annela-
tion processes [142] as illustrated by the reaction with “Proton-Sponge” (117),
shown in Scheme 74.

NM92
Nu
+ PhNMe, Nuc =
NMe, NMe,
CF, NMe, NMe, OO
CF.
MO
CFs
(117) 6 CFy
Scheme 74
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1
Introduction

Any reaction of electrophilic reagents with an unsaturated system consists of
several steps including an attack of the electrophile on the double bond as a first
step of the process. In other words, in electrophilic reactions of olefins, reacti-
vities of both counterparts are equally important. Due to specific electronic
and steric properties of the F-alkyl groups, polyfluorinated olefins, particularly
those containing one or two R, groups, are extremely resistant towards an elec-
trophilic attack. However, although lower reactivity, compared to hydrocarbon
analogs, of polyfluoroolefins can be compensated by higher reactivity of elec-
trophilic reagents. Actually, such factors as higher stability of the C=C bond in
polyfluoroolefins towards strong oxidizers and electrophilic reagents and the
resistance of carbocationic intermediates to secondary processes, e.g., migra-
tion of alkyl group or elimination reactions, are responsible for much cleaner
reactions of fluoroolefins, even with extremely reactive electrophiles.

Electrophilic reagents in general can be divided into two groups: charged and
neutral. Charged electrophiles are ionized compounds in which the cation plays
an active role. Some of them, for instance nitronium tetrafluoroborate NOJ BF,,
form stable and fully ionized salts [1]. Such reagents as the antimonate salt of the
F-allyl cation (1) [2] are not stable enough to be isolated, but they still can be
generated in situ and used for further reactions:

F
F F
— —_— . -
CF,=CFCF; + n SbFy =/———= \%\\( SbyFsr
F F
1

(1

HFP

Neutral electrophiles contain a highly polarized E-X bond; therefore, they
are able to participate in electrophilic reactions. Interhalogen compounds
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(CIE, BrFs;, IF;), perfluoroalkyl hypohalites, halogen fluorosulfates, and
trifluoromethanesulfonates XOSO,Y (X=Cl, Br, I, Y=F; X=Cl, Br, Y=CF;) are
examples.

Based on mechanism, electrophilic reactions involving a C=C bond could be
divided into two groups. The first group includes reactions having a stepwise
mechanism. This is typical of charged electrophiles. According to this mecha-
nism, initial attack on the double bond results in generating linear or bridged
carbocations:

The intermediate further reacts with the counter anion (or the anion derived
from it, usually F-), giving a product of addition of E-X to the double bound
(pathway A). However, carbocations may also react with another nucleophile
present in the reaction media to give a product in which two fragments not
connected to each other in the starting material are added across the double
bond (pathway B, so called conjugate addition [3]). Carbocations are thus the
key intermediates in both processes.

In general, the addition of neutral electrophiles across a C=C bond, such as
SO; [4], proceeds in accordance with polarization of reagents as a concerted
process going through a highly organized cyclic transition state, exemplified
by Eq. (3):

5 ~E_ W .
o+ & N v ~Nc
E-X + >c=c\/ —_— /; N /T T\ (3)
5 BoooX
E X

Finally, along with electrophilic reactions involving a C=C bond, typical of
both hydrocarbon and polyfluorinated olefins, there is another group of trans-
formations which is specific for fluoroolefins only - reactions involving an
allylic C-F bond. This group of reactions includes (but is not limited to) such
processes as migration of the double bond in fluoroolefins or insertion reac-
tions, as shown in Eq. (4), leading to F-allyl fluorosulfate (2) [5]:

BF,
CF,=CFCF; + SO; ——» CF,=CFCF,0SO,F
50°C, 6h

(4)

2, 60%

The reactions of electrophilic reagents with olefins containing more than two
fluorines in the molecule - polyfluoroolefins - are the subject of this review, which
is organized as follows. Methods of generation, types, and relative activities of
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electrophiles are discussed in Sects. 2 and 3; reactivity of fluoroolefins and
orientation of electrophilic addition across a C=C bond are described in Sect. 4.
Since carbocations are often formed in these reactions, Sect. 5 deals with the
question of existence and stability of carbocationic intermediates. Finally, Sect. 6
presents different types of electrophilic reactions, which are divided into two
groups: addition across the C=C bond and insertion into a C-F bond.

The last comprehensive review on electrophilic reactions of fluoroolefins was
published in 1969 {6]. Since then, several reviews and papers dealing with dif-
ferent aspects of this chemistry, such as alkylation and alkenylation reactions
[7], addition of halogen fluorosulfates [8], trifluoromethanesulfonates [9] and
halogen fluorides [10] to fluoroolefins have been published. Additional infor-
mation on the reactions involving carbocations could be found in two recent
review articles [11,12]; some data on the subject are scattered in several books
and journals [13-19].

In the last 27 years, tremendous progress has been made in this field of organ-
ic chemistry. Since the area is broad and the subject quite complex, no attempt
has been made to present comprehensive coverage of the related literature.
Instead, the authors of this review attempt to describe electrophilic reactions of
fluoroolefins with particular stress on the mechanistic and synthetic aspects, to
make it as comprehensive as possible in the main types of electrophilic reactions
and to give the most important examples. Inevitably, this approach has left out
some material and we offer in advance our regrets to all whose work was omitted.

2
Methods of Generation of Electrophiles

Electrophilic reagents can be generated in situ using several procedures. Ioniza-
tion of a C-halogen bond by the action of strong protic or Lewis acids is gen-
erally used for generation of short-lived electrophilic species, for example
carbocations. Oxidative processes are mostly used for the preparation of neutral
but highly electrophilic materials, such as halogen fluorosulfate.

2.1
Protonation

Despite the fact that H* (in terms of electrophilic reactions of polyfluorinated
compounds only) is a relatively mild electrophile, strong protic acids (HOSO,F,
HOSO,CF;, anhydrous HF) are widely used for generating electrophilic species.
Thus, protonation of fluorine in HgF, by anhydrous HF results in formation of
the corresponding metal centered cation 3 [17, 20]:

F-Hg-F + H'

F-Hg* + HF 5
3 (5)

It should be noted that in the presence of some Lewis acids a drastic increase
of acidity (which correlates with an increase of electrophilicity of H*) of protic
acids may be observed.“Superacids” were successfully used in preparation of a
large number of onium (oxonium, sulfonium, azonium, and halonium) cations
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and homo- and hetero- species, such as polyatomic cations of halogens [I}
(n=2,3,5),Br} (n=2,3), Cl}] and interhalogens (for instance, BrF{ and CIF }).
More information on the preparation, handling, and use of superacids for gen-
eration of cationic species can be found in the book {1] describing the ground-
breaking work of George Olah and coworkers.

A combination of electrophilic properties of H" and relatively low nucleo-
philicity of the counter anion in superacids makes these materials convenient
media for the generation of different types of carbocations as a result of pro-
tonation of the carbon-element bond:

N . N .
-—/C—X + H —— ——/C + HX (6)

X=F,Cl,Br,I,OH,0OR,SR,S¢eR etc.
- /
E=C + Hf ——>» H—E—C+ (7)
~ AN

However, the low basicity of polyfluorinated materials usually limits this
method to the carbocations originating from nonfluorinated compounds (some
alcohols, aromatics, etc.) or such relatively “basic” fluorinated substrates as
mono- and dihaloalkanes, and fluoroethylenes, e.g., CH,=CF, [21].

2.2
Direct Interactions with Lewis Acids

Generation of electrophilic species from organic polyfluorinated materials
usually requires direct interaction of a strong Lewis acid with a substrate, which
can result in formation of a cation either by abstraction of a halogen anion
(usually F) from a substrate (Eq. 8) or by formation of a zwitterionic inter-
mediate as a result of coordination of the Lewis acid with an unshared electron
pair on a multiply bonded heteroatom (Eq. 9) [12]:

—\C—X + LA ————» —\C" + X—=LA
/ i / T (8)
L.A. = Lewis acid

7 - /
X=C + L.A. —» LA —X—C+
~ AN

)

L.A. =Lewis acid

Although SbF; is probably the most studied and widely used reagent and
catalyst for electrophilic reactions, it is not the only Lewis acid employed in
fluoroorganic synthesis. Boron trifluoride and triflate, tantalum and niobium
pentafluoride, chlorofluorides of antimony(V), aluminum chloride and bromide
along with recently discovered, highly effective aluminum chlorofluoride should
be added to this list. Unfortunately, quantitative data on the relative activity of
Lewis acids are scattered in the literature and are often contradictory and it is
difficult to make a “scale” of strength for different Lewis acids. However, a quali-
tative picture is more or less clear and we can arrange most Lewis acids used in
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electrophilic reactions of polyfluoroolefins in the following sequence, where
their activity, decreasing from left to right, is based on the ability of the Lewis
acid to abstract the fluoride anion from a substrate:

AICIxFy > SbFs, > B(OSO,CF;) > AlBr; > AlCl; > SbCixFs_y > AsFs >TaFs > (10)
BF; > NbF;s > BiFs > VFs.

Aluminum chlorofluoride AICLF, (ACF) is probably the most effective Lewis
acid known; several reactions have been reported so far, such as condensation of
F-pentene-2 with tetrafluoroethylene (TFE), which are catalyzed by ACF only.
However, ACF is easy to deactivate by traces of water or other proton sources
(for instance, HF or HCI) {22, 23]; this limits the use of the catalyst to perfluoro-,
mono-, or dihydroperfluorocarbons. Antimony pentafluoride, being one of the
strongest Lewis acids, was used as a catalyst for a large number of reactions [7,
11, 12, 24]. Boron triflate seems to be not quite as powerful as SbF;, although it
also allows “functionalization” of polyfluorocarbons [25] as a result of further
transformations of the -OSO,CF; group introduced. Unfortunately, the reagent
has limited shelf life and is not stable at elevated temperatures. Aluminum
halides were probably the first among Lewis acids to be employed for iso-
merization of halofluorocarbons, such as CICF,CCL,F (CFC-113) [13, 26], and
later for condensation of halomethanes with fluoroethylenes [27}. Antimony
chloro- and bromofluorides, usually generated in situ, for example by the reac-
tion of SbF; with Cl, or Br, or SbCl; with HF, are widely used for fluorination of
chlorocarbons by chlorine exchange (Swarts Reaction) [13]. Arsenic pentafluor-
ide is a fairly strong Lewis acid, but its use in fluoroorganic synthesis is limited.
TaF;and BF; are weaker Lewis acids than SbF;, but stronger than NbF, [28]. All
three are often used in combination with such protic acids as HF or HOSO,F.

BiF; and especially VF; are weak Lewis acids, but both of them very potent
oxidizing agents. VF; was employed for fluorination of the C=C bond in a
variety of fluorinated materials [19, 29]. Both of them react violently with most
organic materials and, therefore, most of the above-mentioned compounds
should be handled with care and by trained personnel.

It should be kept in mind that the sequence at Eq. (6) represents only relative
activities of Lewis acids, and the order of activity could change significantly
depending on the substrate and reaction conditions. ACF or AICl;, for example,
completely lose their activity in HF, in contrast to SbF; which usually works well
in the presence of small amounts of HF or even when HF is used as reaction
media.

A recent review, along with numerous examples of electrophilic reactions of
polyfluorocarbons, has a section summarizing data on physical properties of
some Lewis acids and recommendations on their use in synthesis [12].

2.3
Oxidative Processes

The relationship between Lewis acidity and oxidative properties of different
compounds is neither straightforward nor well-defined; many materials possess
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both properties. For example, SbFs, one of the strongest Lewis acids, is also a very
strong fluorooxidizer [19]. Oxidative properties of this fluoride were used for
generating polynuclear sulfur, selenium, and telurium cations [30]. Sulfur
trioxide is another example of a Lewis acid being at the same time a potent
oxidizer. Oxidation of iodine by an excess of oleum or SO; results in formation
of the I} cation [31]:

2L, + 550, + HyS,0;3 ——= 2L* + 2HS,05; + SO, (11)

A mechanism postulating formation of a carbocation as an intermediate
during oxidative fluorination of the C=C bond was proposed for the reaction of
CoF; with F-benzene and F-pyridine [32], and VF; with fluoroolefins and
polyfluoroaromatic compounds [33]:

N, 7 -e N
C=C_ + VFs ——= C=C¢
"AY "B"
/»i: +F-
N+ N o/ C N\t /7
—C—= —C - —_— C—C—F
F /C C\ F /C C\ e / N
+F-
F \C C/ F
/ N (12)

Neutral electrophilic reagents are usually prepared by reactions involving
strong oxidants. For example, the most practical route to relatively stable hypo-
halites XOSO,F (X=Cl, Br, I) [8] is based on the reaction of halogens with
peroxide FSO,00S0,F. This material can be made on a large scale by catalytic
fluorination of SO; [34]:

Xz
SO; + F, — FS0,0080,F ~———— XOSOF (13)
Agk, X =Cl, Br, 1

Chlorine trifluoromethanesulfonate, which is much less stable than the
corresponding fluorosulfate was synthesized by the reaction of triflic acid with
CIF [35]. In the synthesis of bromine trifluoromethansulfonate, the reaction of
ClOSO,CF; with Br, was used [36].

Perfluoroalkylhypochlorites are usually prepared by the reaction of corre-
sponding carbonyl compounds with CIF in the presence of metal fluorides [37]:

R( Rf

| CIF 1 (14)
(R),C=0 + ME —= F-.C-O'M* —»F-lc-oc1 + MF

|

R¢ R¢

However, the addition of CIF across the C=0 bond is also catalyzed by HF
and Lewis acids such as AsF; or BF; [38]. Only a few reported examples of per-
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fluoroalkyhypobromites [39] were made by the reaction of corresponding
alkoxides with relatively stable BrOSO,F:

R¢C(CF;),0'Na* + BrOSO,f —— = R;C(CF;),0Br + NaOSO,F
25°C (15)
Rf= CF3, C2F5

3
Types of Electrophiles and Relative Activity

As mentioned above, electrophilic reagents could be divided into two large
groups: charged (salts of nitronium, nitrosonium, carbonium, or allyl cations)
and neutral. Most charged electrophiles have a limited lifetime and are usually
generated in situ in the course of reaction. F-Allyl cation (1) is generated by
abstraction of F~ from F-propylene (HFP, Eq. 1). Despite the fact that this cation
was characterized by NMR, even at —-40°C it is in equilibrium with the starting
material. The reaction of F-cyclobutene with fluoroolefins, catalyzed by SbFs;, is
believed to proceed via the formation of F-cyclobutenyl cation [7}; however,
several attempts to characterize this intermediate by NMR spectroscopy have
failed [21, 40], which probably means that the lifetime of this carbocation is too
short for the NMR scale:

F F CFXCF,
. CFX=CF,
F l +SbFy ———> \ SbyFspy | — F‘
F (16)
F F 60-80%
X=F,CF,

On the other hand, some of these species are stable enough to be isolated as
salts. Nitronium cation NO7 exists in equilibrium with nitric acid at ambient
temperature; however, more than 15 crystalline nitronium salts with a variety of
counter ions have been isolated and characterized [1]. The most widely used salt
NO,*BF,- is made by the reaction of HNO; and BF; in anhydrous hydrogen
fluoride [41]:

HNO; + HF + 2BF; —— NO,'BF, + BF;+ H,0 (17)

Compounds containing a polarized bond form another group of electrophilic
reagents. Polyfluorohypohalites (hypochlorites, hypobromites, but not hypo-
fluorites), interhalogen compounds (CIF, BrL, IF, BrF;, IF; etc.), hydrogen halides,
sulfur trioxide, and hexafluoroacetone are representatives of this large group of
electrophilic reagents.

Reactivity of these materials may vary from quite low for HX (X=F, Cl, Br)
and hexafluoroacetone to extremely high in the case of BrF;, and chlorine and
bromine fluorosulfates. It should also be noted that the reactivity of many of
these compounds could be significantly increased by adding Lewis acids and/or
increasing polarity of the media.
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Unfortunately, quantitative data on the relative reactivity of electrophilic
reagents are rare and scattered in the literature, which makes it difficult to build
a precise “scale” of reactivity. However, on the basis of data available, different
electrophilic reagents could be arranged in the following sequence in the order
of declining activity:

H* < F,-E*, =C*, < E*, <NO,*, Hal*, SO;, IF < IOSO,F, BrF (18)

CIOR;, CIF, XOSO,CF;, (X=Cl, Br,I), XOSO,F (X=Cl, Br)

A proton is the weakest electrophile. For example, anhydrous HF does not add
to tetrafluoroethylene at ambient temperature or to hexafluoropropene, even at
200°C [6]. Arsenic trifluoride in the presence of SbF; (this mixture is a source of
the F,As* cation [42,43]) reacts with tetrafluoroethylene at 20°C to form a mix-
ture of F-(diethyl)-(4) and F-(triethyl)(5) arsines:
BCFRCER | (GE,ASE + (CoFg)sAs

4 5
30-40%  30-40%

(19)

AsF, + SbFs —— [F,As* .Sb Fs..,

However, under similar conditions, AsF, does not reacts with HFP [7].

In general, polyfluorinated carbocations are more active electrophiles, for
instance cation 1 attacks F-propene (HFP) at a temperature as low as 70°C to
yield a dimer 6 [44]

F
E F. CF,=CFCF
CF,=CFCF; + nSbFs —» \//§£ SbyFspy  ————
F
1

20
[CF2=CFCF2CF(CF3)2 — = CF;CF=CFCF(CFs), (20)

6

Protonation of mercuric fluoride results in formation of highly electrophilic
cation 3 (Eq. 5), which is able to attack the C=C bond of HFP at 85°C to give the
corresponding mercurial [6]:

HgF, + 2 CF,=CFCF, HESC Hg[CF(CF3),1, (21)

Polynuclear cations of certain elements, nitronium cation, halogen mono-
and polynuclear cations and dications, such as S2* or SeZ, sulfur trioxide, and
some interhalogen compounds (IF) form a second group of electrophilic
reagents. All members of this group interact with fluoroethylenes and hexaflu-
oropropene under mild condtions (24-70°C), although these reagents,as arule,
are not able to attack a highly electron deficient C=C of internal fluoroolefins
Rf CFZCFRf,.

The third group contains the most powerful electrophilic reagents. Despite
the fact that all of these materials are neutral, they have very high activity;
therefore, handling of these materials requires special training. Reagents such as
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chlorine monofluoride, fluoroalkyl hypochlorites, bromine and chlorine fluoro-
sufates react with fluoroethylenes and even HFP at temperatures well below 0°C.
Some halogen fluorosulfates, for example, are able to add not only to internal flu-
oroolefins R; CF=CFR/, but even to F-cyclobutene and F-cyclopentene having
low reactivity towards electrophiles [8]. Reactivity of halogen fluorosulfates
decreases along the series CIOSO,F >BrOSO,F >I0SO,F. The first member of
the family readily adds to both F-isobutene (PFIB) and even F-cyclopentene, but
I0SO,F only slowly adds to PFIB at ambient temperature, and does not form an
additional product with F-cyclobutene and F-cyclopentene [8].

4
Reactivity of Fluoroolefins and Orientation of Addition in Electrophilic
Reactions

Data on the reactivity of fluoroolefins in reaction with electrophiles are scatte-
red. By combining data from several different sources [3,6-8,11,12,15-17],the
following conclusions could be drawn. In general, the reactivity of fluoroethylenes
decreases with an increasing fluorine content in the molecule. Highly fluorin-
ated alkenes are more resistant to electrophilic attack, particularly when one,
two, or more perfluoroalkyl groups are present [15]. Thus, reactivity of fluoro-
olefins in reactions with electrophilic reagents decreases going from CH,=CF,
to tetrakis(trifluoromethyl)ethylene:

CH,=CF,> CFH=CF,> CFCI=CF,2 CF,=CF,> CF,=CHCF;> CF,=CFCF;>
RCH=CHR2 CF,=C(CF;),> CF3CF=CFCF;, CF;CF=CFC,Fs2 R{CF=CER,> (22)
¢-C4Fg> c-CsEy > (CF3),C=CFCF3, (CF3),C=CFC,Fs> (CF3),C=C(CFy),

The first member of this family - vinylidene fluoride - readily adds fluoro-
sulfonic acid, even in the absence of the catalyst, and it is nitrofluorinated by a
HNO,/HF mixture six times faster than CFH=CF, [15]; however, HF/HSO,F
superacid does not react at ambient temperature with CICE=CF, or CF,=CF,.
These two olefins show a similar reactivity in electrophilic reactions. Interaction
of polyfluorinated propylenes CF,=CXCF, (X=H,F) with trifluoro- and tetra-
fluoroethylenes proceeds at room temperature in the presence of a Lewis acid
catalyst to give the corresponding polyfluoropentenes-2:

SbF;s
CF,=CXCF; + CFY=CF, ————» CF;CX=CFCFYCF, (23)
25°C
70-90%
X,Y=FH

In the absence of ethylene at 20 °C, CF,=CHCF; readily forms a dimer in the
presence of SbFs, although electrophilic dimerization of hexafluoropropylene
proceeds only at 70 - 80 °C and is followed by a side reaction - fluorination of the
C=C bond of the olefin by SbF; [44]:



Reactions of Electrophiles with Polyfluorinated Olefins 49

S0, , 20°C
i CF;CH=CFCH(CF;),
O,
¢ 6 + CF,CF,CF,
X=F 30%

The double bond in F-1,2-dialkylethylenes is very unreactive towards elec-
trophiles. Reaction with a mixture of X,/SO; (X=Cl, Br, I) is one of very few
examples of such transformations [45]:

1)Br, / SO; 2) H,0
—_—

C FsCH=CHC,F, C4FsCH - CHC,F, (25)

Br OH 8, 78%

Whereas the difference in the reactivity of RRxCH=CHR{ and CF,=C(CF,), is
marginal, the double bond in PFIB is significantly less reactive towards E* com-
pared to F-propylene. Most electrophilic reactions of this olefin proceed in a
temperature range of 100-200°C. Among known reactions are those with HE,
HgF,/HF, sulfur/SbF;, and iodine monofluoride [46]:

(CF3);:CH

HF

HgF, /HF S/ SbF
[(CF;3):ClHg <g2— CF,=C(CF5), 2 e [(CE3):CS-1 (26)
200°C

130°C|IFs /1,

]

(CF3)CI

A combination of two effects of F-alkyl groups - a large sterical volume and
the strong electron-withdrawing effect - are probably the factors responsible for
the extremely low reactivity of the C=C bond in cyclic and internal F-olefins,
although these olefins still have the ability to interact with very strong electro-
philes such as chlorine and bromine fluorosulfates [8]:

cl
+ ClIOSO,f —— (27)

9 10 OSOF
CF,CP=CFC;Fs + CIOSOF ————= CF;CFCFCICFs + CF,CFCI CFCFs
-65
11 OSO,F 0SO,F (28)
2 : 1

yield 76.5 %

Reactions of non-symmetrical internal F-olefins are not usually regiospecific.
Fluoroolefins carrying three or four fluoroalkyl groups have a highly electron-
deficient C=C bond, so it is not surprising that very few, if any, reactions of these
materials with electrophilic reagents have been reported.
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An important subject that needs to be addressed in this section is the orien-
tation of electrophilic addition across the C=C bond of fluoroolefins and the
factors affecting it. In general, addition of electrophilic reagents proceeds in
accordance with polarization of the double bond of the fluoroolefin. This pola-
rization is the result of interplay of two major factors: the electron withdrawing
effect of R; groups (o-inductive effect, I,, transmitted through a o-bonded
system) and the electronic effects of fluorine substituents attached directly to a
m-system, which are rather complex. In addition to the I, and classic field effects
(through spacial electrostatic interaction [16]), fluorine substituents have the
ability to interact with m-density of C=C by a resonance effect. A quantitative
measure of the electron-withdrawing effect (I,) is the substituent constant o
(0.52 for F and 0.44 for CF;) [15]. On the other hand, the constant gy that reflects
the ability of the substituent to donate electron density (-0.34 for F and 0.10 for
CF,) [15] is a measure of the resonance effect. A negative value of oy for the
fluorine substituent indicates that it has the pronounced ability to donate an
unshared p-electron pair. Interaction between p-electrons of fluorine sub-
stituent and m-electrons of the C=C bond leads to the shift of m-electrons
(p-m repulsion) and polarization of the double bond. In general, the resonance
effect dominates the inductive effect when fluorine is directly connected to the
C=C bond, a carboanionic or a carbocationic center.

As a result of the overlaping inductive and resonance effects of substituents
(acting in the same direction as in the molecules of HFP and PFIB), the central
carbon in these olefins has a much higher negative charge than that of the
terminal atom. It means that the attack of electrophile E* on these substrates is
aimed at the central carbon in contrast to the attack of nucleophile Nu~ which
is directed toward terminal carbon carying a positive charge:

CFsy §- (;F CFiy5- (;F
C=C 5+ C=C 8+
&y o O

(29)

In the molecule of internal olefin F-butene-2, the inductive and resonance
effects of CF; and F substituents compensate for each other due to symmetry of
the molecule. As a result of the much lower polarization of the C=C bond (along
with steric shielding of it by a bulky CF; group), it is responsible for the signifi-
cantly lower reactivity of this olefin towards electrophilic reagents:

Chiy  F (30)
C=C
AR

H e

This is also true for all internal fluoroolefins carrying two or more F-alkyl
substituents at the C=C bond.

Carbocations are important intermediates in most electrophilic reactions,
since the attack of an electrophile on the C=C bond often results in the forma-
tion of these species (see Eq.2). Factors affecting the stability of carbocations are
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important for the prediction of orientation of an electrophilic attack (more
detailed discussion on carbocations is given in Sect. 5). A fluorine substituent
located at the a-position to a cation center is able to stabilize it by the “back
donation” mechanism represented by Eq. (31):

+
F
F / (31)
R—C+ -4———p R — C
N\ AN
F F

However, due to a pronounced I, effect, fluorines in B-positions strongly
destabilize carbocations. FCH,CH? is calculated to be 29.6 kcal/mol less stable
than isomeric CH;CHF*. Unlike other halogens, fluorine does not form bridged
cyclic alkylfluoronium cations [15, 22].

According to the rule formulated in [15], “the combined a- and B-effects (of
fluorine substituents) imply that fluoroolefins will react with electrophiles so as
to minimize the number of fluorines B to electron-deficient carbon in the transi-
tion state.” In accordance with this rule, reaction of CH,=CF, with HF starts as
an attack of electrophile (H*) on the CH, group of ethylene (Eq. 32, pathway A),
since this process leads to carbocation 12 stabilized by two a-fluorines in
contrast to the much less stable intermediate 13 containing two B-fluorines
and derived from the initial attack of H* on the CF, group of the olefin:

(:.F.

CHy—C*
F (32)
CH,=CF, + H' 1 (’
F
+
\CH —CH,
ZET

The orientation of addition of HF to CH,=CF, is in agreement with data from
[47], where it was demonstrated that in the gas phase the CH;CF? cation is at
least 20 kcal/mol more stable than FCH,CHEF*.

The best known reaction of CFH=CF, with such electrophiles as H*, FHg",
F,As*, hydrocarbon, and polyfluoroalkyl cations [6,7] starts with the attack of elec-
trophile on the CFH group of the olefin and proceeds as Markovnikov addition:

E* + CFH=CF, — = |E-CFH-CF*| *X » E-CFH-CF,-F  (33)

On the other hand, most reactions of chlorotrifluoro- and bromotri-
fluoroethylenes are not regioselective and usually proceed with the formation of
approximately equal amounts of both isomers. This is exemplified by the the mix-
ture obtained from the reaction of CF;CH; with CFCl=CF, [48] and by cycload-
dition of hexafluoroacetone (HFA) to CFBr=CF, catalyzed by AICLF, [49]:

SbF
CHyCF; + CFCI=CF, ——» CH;CF,CFCICF; + CH;CF,CE,CF,Cl (34)
50°C, 8h

60 : 40 yield 50%
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AICLF, (CF3;)»C—O (CF;),C—0
(CF3),C=0 + CFBr=CF, —— + (35)
HFA F,C—CFBr  BrEC—CF,
14a 14b
46 : 54
yield 70%

In accordance with polarization of the C=C bond, iodofluorination of
CF,=CXCF;[50] and (CF,),C=CF, [49] starts with the attack of “I*” electrophile
on the central carbon of the olefin and results in each case in formation of a
single regioisomer, (CF;), CFI and (CF;);CI, respectively:

1 I

| |
"T" 4 CE4CX=CF, ———>[c1=3cx——c1=2+] —F . CRCX—CF-F (36)

X=H,F

HF/BF,
CF;CX=CF, + ICI ——— (CF3),CXI

50°C, 18h (37)
X=H 15, 59%
X =F 16, 79%

AIX
(CE9),C=CF, + L,/1F; ——» (CF35);,Cl (38)

70-80%

The same orientation was observed in reaction of both olefins with HE,
HgF,/HF, S/SbF; mixtures and XOSO,F [6-8].

Despite the fact that orientation of addition across the double bond in
polyfluoroolefins is usually unambiguous and in most cases regiospecific, it is
not always straightforward; several exceptions have been reported, mostly in the
reactions involving neutral electrophiles. For instance, formation of a significant
amount of regioisomer 17b was observed in reaction of CFH=CF, with IOSO,F:

I0SO,F +CFH=CF, —— = ICFHCF,0S0,F + ICF,CFHOSO,F
17a 17b
85 : 15

(39)

In contrast to most reported electrophilic reactions of CF,=CFCF;, addition
of CF;0Cl to this olefin is not regiospecific, and it results in formation of two
isomers [9], which may be an indication that a competetive radical pathway also
operates in this reaction:

CFCl
CF;CF=CF, + CF;0Cl > CRCF-CFOCF; + CF:CF-CECl (40)
1961022°C OCF,

715 : 285
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In contrast, interaction between CF,;SO,0Cl and CFCI=CF, which is not
expected to be selective, actually is and leads to formation of a single isomer [9]
(see also Sect.6.1.4):

CF380,0ClI + CFCl = CF, CF,50,0CFCICF,Cl (41)

Reactions of internal F-alkenes with electrophiles such as BrF [51] or
ClOSO,F [52] are not regioselective and both regio isomers are formed, but the
addition of CIOSO,F was reported to be sensitive to the size of the F-alkyl sub-
stituents attached to the double bond [52] (see also Eq. 28):

CF;CF=CFR; + CIOSO,F ———— CF;CF - CFCIR; + CF;CFCl - CFR¢ (42)
| |
OSO,F OSOyF
R¢ Ratio Yield %
n-C3F; 3 : 1 714
i-CF;, 2 : 3 83.3

5
Polyfluorinated Carbocations as Intermediates

in Electrophilic Reactions

Fluorinated carbocations play an important role as intermediates in electro-
philic reactions of fluoroolefins and other unsaturated compounds. For
example, F-allyl cation 1 was proposed as a reactive intermediate in reactions of
HFP with fluoroolefins catalyzed by Lewis acids [7]. The difference in stability of
the corresponding allylic cations was suggested as the explanation for regio-
specific electrophilic conjugated addition to CF,=CCICF=CF, [11]. Allylic
polyfluorinated carbocations were proposed as intermediates in the reactions of
terminal allenes with HF [53] and BF; [54], ring-opening reactions of cyclopro-
panes [55]. Carbocations are also an important part of the classic mechanism
of electrophilic addition to olefins (see Eq. 2). This section deals with the
questions of existence and stability of poly- and perfluorinated carbocations.

The ability of a-fluorine substituents to stabilize the carbocationic center was
discovered by Olah’s group. The first long-lived carbocation containing fluorine
- dimethylfluorocarbenium cation - was reported by this group [56] in 1967 and
was prepared either by ionization of 2,2-difluoropropane by SbF; in SO, or pro-
tonation of CH,CF=CH, with “magic acid” Latter methylfluoro- (18) and
methyldifluoro- (12) carbenium cations, generated at low temperature by the
reaction of SbF; with corresponding fluoroethanes in SO,CIF as a solvent, were
characterized by 'H and '°F spectroscopy [57]:

SO,CIF .
CH;CF; + SbFs ~————— CH;CF, Sb,Fsp.; (43)
-80°C
12
SO,CIF + -
CHyCFH + SbFs ————» CH;CFH  Sb.Fs,,, (44)
-78°C

18
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Further accumulation of fluorine substituents at carbon carrying positive
charge results in significant destabilization, the trifluoromethyl cation being the
least stable among halomethyl cations [58]. Recently, a series of trihalomethyl
cations CX } (X=Cl, Br,I) has been generated in solution and characterized using
NMR techniques; however, all attempts to prepare trifluoromethyl cation have
failed [58]:

SO,CIF .
CX, + SbFy ————» CX; Sb,Fspu; (45)

-78°C
X=Cl, Br, I

+
CF4 —_— +>\ < CF3

HOSO, F SbFs N .
CF;H 7 < CF,
CF,C(OF — L = CF,

Scheme 1

On the other hand, for RCX? and R,CF* the cation stability increases along
with the increase of resonance (oy) effect of a halogen F > Cl > Br >1 [59]. The
significant stabilizing effect of fluorine substituent was explained as a result of
back-donation of an unshared electron pair of F on the vacant orbital of carbon.
Stability of substituted fluoromethyl cations in gas phase increases going from
CF}to 12 [15]:

CH? < CF§ <HCF} < CFHj CH,CHj << 12 £ 18;
*CH(CHj;), < *CF(CHj;),

The fact that the a, a-difluoroethyl cation 12 has much higher stability than
CH,CHj means that, although alkyl groups stabilize carbocations better than a-
fluorine, the latter has a much more pronounced stabilizing effect than hydro-
gen. Interestingly, cations 12 and 18 in gas phase have reverse stability compared
to condensed phase. In solution, cation 12, having two a-fluorine substituents,
seems to be more stable than monofluoro cation 18, since the former has been
observed as a long-lived species; however no monofluoroalkyl cations RCHF*
have been reported as being in solution under non-exchanging conditions [21].

The first example of a perfluorinated cation - F-cylopropenium - was repor-
ted by Sargeant and Krespan in 1969 [60], and it was followed by the discovery
of F-benzyl [61] and F-benzoyl cations [21]. Since several unsuccessful attempts
to generate F-allyl carbocations were reported [21, 40, 62], another “stepwise”
approach to polyfluorinated delocalized cations has been developed. Stability of
a polyfluorinated allylic system could be significantly increased by introduction
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of electron-donating groups in position 1 or 3 of the allylic triad, since the
positive charge in this type of cations is localized at terminal carbons [63]. Using
this methodology, a number of long-lived substituted analogs of F-methallyl
19-21 [64-66] and F-allyl 22 [62] cations were prepared:

ey CB
RN BF; O(CHg), 2N ! (46)
3 201502 -C—-
C=C(CFy); —— 2% CoCoCF
0~ (CF3), ROZ T 2
19
SO,CIF . 1;'
CH,OCF = CFCF; ——————» Sc-C-CF, (47)
SbFs  CcH,0” 7T
20
oF CF,
C,Fs SbF; Fs |

>c =C(CF;); —— L GnCICF, (48)

CH;0 CH;0 +
21
F
SbF5 [}
p-CH;0CgH,CF = CFCF; ———— p-CH;0CgH,CF —C ~CF, (49)
+
22

The alkoxy group (usually CH;0- or C,H;0O-) has a strong ability to stabilize
carbocations. For example, (CH,0);C" is stable in solution at ambient tempera-
ture [67], in contrast to the elusive CF ;. Existence of 20 and 21 as long-lived
cations is another illustration of the significant stabilizing effect of the CH,0
group. Introduction of CH;0-groups into fluorinated molecules leads to a
significant increase in the stability of corresponding carbocations. A number of
stabilized cyclic allylic cations, including derivatives of F-cyclobutenyl 23 [40],
F-cyclopentenyl 24 and F-cyclohexenyl 25 [68] cations, were observed as long-
lived cations and characterized by NMR spectroscopy:

F

R R
- SbE;, 80, F R _ (50)
/ SbyFsns
F F F
R=CH;0- CH;S- 4
OCH;, OCH,
FO7 ¢ ) R 5% Lm0 5 Rr  SbyFs.,, (51)
24, n=0, R=CF; \
25, n=1, R;=C,Fs F

Pentafluorophenyl has an excellent ability to enchance the stability of allylic
linear and cyclic carbocations. Species 26 and 27 were observed as long-lived
species in the reaction of SbF; with corresponding olefins [69]:
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X
SbF; , SO,CIF | - (52)
CeEsCF = CXCFy ———" 25 CgFsCF —=C—CF, Sb,Fsp.,
+
26, X=F
27, X=CF,

Based on F NMR data and MNDO calculations, the conclusion was drawn
that the C4F5- group in these cations is partially removed from the plane of con-
jugation with the allylic system [69]. The stabilizing effect of the C,Fs-group is
not as pronounced as that of a CH;0 substituent, and although F-1-benzocyclo-
butenyl cation was observed in equilibrium with the precursor at low tempera-
ture, an attempt to generate corresponding cations by action of SbF; on F-indan
or F-tetralin failed [70] unless carbocation benefitted from stabilization by
chlorine (Eq. 54) [71]:

F
@ + SbFs —“__©§( SbyFsp1 (53)

F

cl, cl
SbFs B
» - +) F San5n+l (54)
20-40°C X
F

A chlorine substituent has a stabilizing effect on the allylic system. A stable
complex of hexachloropropene and AlCl; known for a long time was found to be
a salt of the pentachloroallyl cation [72]. Recently, the formation of long-lived
allylic cations 28 and 29 in the reaction of SbF; with corresponding chloro-
fluoroolefins has been reported [73]:

X
SbEs , SO,CIF /\
Cl,C = CXCF; ——— 1L,C /'F—\CFZ gan5n+1 (55)
28, X=Cl
30, X=CF,

For a long time it was believed that the trifluorovinyl group is not “basic”
enough to stabilize an a-carbocationic center, and perfluorinated allylic cations
were thought not to be stable [15,21, 59]. However, in 1984 the formation of the
F-methallyl cation 30 in the reaction of PFIB with SbF; in SO,CIF solvent was
reported [74], followed by the F-allyl cation (1) [75]:

X
F. F
_ —— ~
CF,=CXCF; + nSbF5; 4—— W SbpFsns
F F

1, X=F (56)
30, X=CF,
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The choice and the purity of the solvent along with purity of antimony
pentafluoride was reported to be important in generation of cations [63], since
the presence of even a small amount of HF (resulting for example, from partial
hydrolysis of SbF; during handling) significantly reduces the Lewis acidity of
antimony pentafluoride and it may be responsible for several unsuccessful
attempts to generate cation 1 using this method [21, 62]. Despite the fact that
cations 1 and 30 have a lifetime long enough to be characterized by NMR, their
stability is low and at temperatures as low as -50 °C both are in equilibrium with
the starting olefin.

Introduction of a second CF,=CF-group to the cationic center results in a
striking increase of stability, and F-pentadienyl cation 31 was observed as a
long-lived species even at ambient temperature:

F
CF, = CR_ r v s, SOCIF . F
2 + —_— -
CF, = CF/ s /N SboFsan (57)
F FF O F

Generation of several other allylic and polyenylic cations as a result of a
rather unusual dehydrofluorination reaction of the corresponding polyfluoro-
alkane by SbF; has been recently reported [76]:

SbF
(CF;),CFCH,CF,(CH,CF,),CF,CF; Ts> (CF5),CFCH,CF(CHCF),CF,CF;Sb Fs,,1
(58)

For reasons that are not well understood, the cation 32, prepared by the same
procedure, exists not as pentadienyl, but as a stable bis(allyl) dication [76]:

SbFs -
[(CFy):CPCH,CF,CH,CF)r——=— ((CFy),CFCH,CF CH CFl, Sb,Fsy.) (59)

A substantial number of substituted allylic cations were prepared using the
reaction of SbF; and fluoroolefin and characterized by NMR spectroscopy.
Spectroscopic data along with data on relative stabilities of polyfluorinated
allylic cations were summarized and thoroughly discussed in a comprehensive
review [63]. Stability of polyfluorinated allylic cations bearing a substituent at
central carbon decreases in the following order [63]:

X

o
/+\F CF, < CF30 < F<Br<Cl<H (60)

F
30 33 1 34 35 36

Lower stability of cations 30 (X=CF;) and 33 (X=0CF;) compared to F-allyl
cation 1 (in contrast to CF;and CF;0 (both have 0;=0.39) fluorine has a higher
electron-withdrawing effect (0;=0.52)) and reverse order of stability of cations
34 and 35 were explained in terms of steric repulsion of a bulky group attached
to C-2 carbon with fluorines at neighboring carbons. This conclusion was
supported by semi-empirical quantum-mechanical calculations indicating a
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shorter distance between two cis-fluorine substituents for cations containing
bulky substituents at central carbon [63]:

X (o]
FWF X d(A)
7N
E * E H 2.975 (61)
L F 2.907
d Br 2.821
CF; 2775

The absence of electronwithdrawing properties and small steric volume of
hydrogen substituents are the reasons for the higher stability of cation 36. For
1-substituted analogs of F-allyl and F-methallyl cations (existing as a mixture
of cis- and trans-isomers, except 43, X=H for which only cis-isomer was found
in solution), stability correlates well with electronegativity of the substituent
[63]:

CF,— C— CFX (62)

CH30 >1>Br>Cl>F
37 38 39 40 1

CF,— C— CFX (63)

Br>Cl>F>H
41 42 143

Cation 43 has the lowest stability and is at least 1.5 kcal/mol less stable than
F-allyl cation. This is in good agreement with the above-mentioned experimental
data on the stability of CH}, CH,F*, CHF}, (CH;),CH", and (CH;),CF* cations
in the gas phase.

6
Reactions

6.1
Electrophilic Addition Across the C=C bond

6.1.1
Halogenation and Addition of Interhalogen Compounds

Addition of halogens to fluoroolefins is a common reaction which usually pro-
ceeds by a radical mechanism. However, some halogenations are catalyzed by
Lewis acids. This reaction has been reviewed [6, 14, 77]. Among recently repor-
ted reactions are ionic addition of Br, to RC;H,CF=CFX that was found not to
be stereoselective [78], and the ratio of syn- and anti-addition products was
thought to be determined by a combination of steric and electronic factors.
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Very interesting data were obtained for the reaction of polyfluorinated
conjugated dienes with halogens (Cl,, Br, and I,) at low temperature [79]:
RCH=CF - CF=CF, ——» XCH(R) - CE=CF -CF,X
_‘ X, , solvent

(64)
-5°C

CFy=CH - CF=CF, —l L XCF, - CH=CF -CF,X

X,=Cly, Br,, 1, ; R = H, CH;, CF,

In an inert solvent (CH,Cl, or CHCL;) the reaction proceeds as 1,4-addition
and in nearly all cases the trans-isomer is formed exclusively. Addition with
iodine monochloride under similar conditions also proceeds as 1,4-addition,
but it is complicated by formation of two regioisomers in the case of nonsym-
metrical dienes, for example:

CF,=CH - CF=CF, + ICI _CCh ICF,-CH=CF-CF,Cl (65)
-5°C
66%

In general, addition of more polar interhalogen compounds (ICl, IF, BrF, CIF)
to fluoroolefins proceeds as an ionic process, starting with attack of halogen
bearing positive charge on the C=C bond and formation of a cyclic halonium
cation (Eq. 2) [10, 18].

Instead of unstable fluorides, such as IF or BrF, “stoichiometric equivalents”
- mixtures of IFs/I, or BrF,/Br, - are often used [10]. Chlorine monofluoride and
“BrF” (same is true for BrF;, BrF;, ClIF;, and CIF;) are much more powerful
reagents than “IF” or IFs. Since they are quite strong oxidizers and most of them
react explosively with most organic compounds, they require special precau-
tions in handling [10, 18] Reactions of these materials with fluoroolefins should
be carried out with diluted reagents and at low temperature. For instance, CIF
could be added even to ethylene and butadiene if diluted CIF is introduced into
a solution of an unsaturated compound in an inert solvent at low temperature
[18]. Mixture of BrF,/Br, was shown to add to TFE vigorously [80]. Hexafluoro-
propene adds BrF at ambient temperature. Bromo-F-cyclohexane was isolated in
the reaction of F-cyclohexene and BrF;/Br, at elevated temperature:

Br
+ BrF3/Bry ——— (66)
265°C, 12h

78%

Bromine fluoride adds exothermally across the C=C bond of F-heptene-1,
even F-heptene-2 and F-4-methylpentene-2 (6), but not isomeric F-2-methyl-
pentene-2 [51]:

— » (CF3),CFCF,CFBICF; + (CF;),CFCFBIC,F;

6 —
BrFy/Br, 1 : 1
o°C Conv;rs:ion 75%,
CF-),C=CFC,E N selectivity for trans 100%
(CFy), 2Fs D

(67)
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lodine monofluoride has much lower reactivity. It adds to TFE at ambient
temperature, but reaction with F-propene proceeds at elevated temperature
[80]:

25°C
CF=CF, —— — = CFsl  89%
TFE IFs/1, (68)
CF,=CFCF; — (CF3),CF1 99%
150°C

HFP

PFIB reacts with IF; in the presence of KF at 200°C to give t-F-butyl iodide
[81]:

KF
(CF3),C=CF, + IFs — (CF;);CI (69)
200°C, th 3%

Recently it has been found that a combination of ICI/HF in the presence of a
Lewis acid is effective for iodofluorination of fluoroolefins [50]. For example,
iodopentafluoroethane was isolated in 91% yield in a reaction catalyzed by BF;:

BF,
TFE + ICl +HF ——————— CFiCF,l + CICR,CFyl + HCl
25°C, 16h 78-91% 1%
BF,
CFX=CF, + ICl +HF ————— CF;CFXI + XCF,CF,l (70)

X=H 25°C, 12h 73%

X=Cl 25°C, 12h 31% 15%

X=CF, 50°C, 18h 79%

Niobium and tantalum pentafluorides are also effective catalysts for iodo-
fluorination of TFE, while AICl, and ZnCl, show no activity.

Some terminal polyfluoroalkenes and trifluorovinyl ethers can be converted
into corresponding iodides using this procedure:

CF,=CFOR; + ICl + HF —— »ICF,CF,0R;

R = CF; 50°C, 20h 84% 71)
R¢ =C,F, 70°C, 24h 82%
R¢ =FSO,(CF,),CF(CF;)CF,- 90°C, 24h 82%

The double bond in F-pentene-2 is very stable to iodofluorination, and the
starting material was recovered in the reaction of this olefin with ICI/HF/BF;
mixture after 24 h at 200°C. Iodofluorination of polyfluoroolefins by the
ICI/HF system [50] proceeds as conjugate addition (see Eq. 2) where the car-
bocation generated as a result of the electrophilic attack of “I*” on the C=C
bond is stabilized by addition of F~ (pathway A). Formation of small amounts
of CICF,CF,I in this reaction could be a result of the reaction of the inter-
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mediate cation with Cl, since hydrogen chloride forms in this process as a by-
product.

The combination of X,/protic acid (X,=Cl,,Br,, I,) is usually ineffective for
reactions of conjugate addition, due to formation of significant amounts of a
halogenation product. However, addition of a Lewis acid may alter the course of
the reaction. For example, fluorosulfate 44 was isolated in 84% yield in the
reaction of HFP with Cl,/HOSO,F catalyzed by SbF;, but in the absence of the
catalyst no formation of 44 was observed [82]:

HOSO,F/SbFs
CF;CF=CF, + Cl; ————CF;CFCICF,050,F + (CF3),CFCl + CF,CFCICF,Cl
20°C, 48h 44, 84% 72)

Conjugated bromo- and chloro-fluorination of polyfluoroalka-1,3-dienes is
performed at room temperature using N-bromosuccinimide (NBS) and hexa-
chloromelamine in anhydrous HE, respectively [83]. While 2-chloropentafluoro-
1,3-butadiene is stable to the action of strong protic acids (HF, HSO;E
HOSO,CF; at 20-150°C), it readily adds antimony pentafluoride to give a mix-
ture of fluorinated alkenylantimony fluorides (Eq. 75):

(0]
HF 73
CF,=CCI-CF=CF, + BrN — = CF3-CCI=CF-CF,Br (73)
0,
o 20°C. 240 82% ( cis:trans =17:83)
NBS
HF (74)
CF,=CCI-CF=CF, + C3CI¢gNg — CF;3-CCI=CF-CF,Cl
0,
20°C, 240 74% ( cis:trans =40:60)
CF
CF, CF, R P
SOCIF  \ / c—c
CF,=CCIl-CF=CF, + SbF; ——— » C—C + / \
4 N\ Cl SbF
Cl SbF4 3
C=—=C
/ AN
CF, CF,
72% 12%

6.1.2
Oxidative Fluorination

As found recently, a stoichiometric equivalent of BrF - a BrF;/Br, mixture —
behaves as a powerful fluorinating agent for polyfluorinated aromatic com-
pounds C,F;X (X=F, CF;,H, OCH,;) [84]. Its reaction with F-benzene proceeds at
a temperature as low as 0°C to give a mixture of F-cyclohexadiene-1,4 and
4-Br-F-cyclohexane:



62 V.A. Petrov - V.V. Bardin

CICF,CFCl, Br (76)
[ +
©+ BrF; / Br, 0°C. 1h

13% 87%

As in halogens (see above), the reactivity of halogen fluorides (BrF;, BrFs,
CIF;) in fluorination reactions could be significantly increased in the presence
of protic or Lewis acids [85]. For example, salt BrF} SbF; reacts with F-benzene
even at —80 °C with the formation of F-cyclohexadiene-1,4:

+ BrF,*SbF, SO 77
2o -78°C (77)

77%

More data on the reaction of oxidative fluorination of polyfluoroaromatic
compounds with halogen fluorides can be found in [86].

Finding the above-mentioned reaction was followed by the discovery of
another, new and extremely effective fluorinating agent: vanadium penta-
fluoride [29]. The terminal double bond of polyfluoroalkenes is easily fluor-
inated by vanadium pentafluoride at or below room temperature to give the
corresponding saturated compounds [85, 86]. Reactions are performed at
atmospheric pressure in CFCl; or SO,FCl or in the absence of solvent. It requires
two moles of VF; per C=C unit; stable and insoluble VF, is formed as a by
product:

CFCly
CF=CXR;+ 2 VFs ————» CF,CXFR; +2 VE, (78)
-20°C, 30 min
Rf = C;Fs, X = C1 (81 %),
Rf = -(CF,),CFCICE,Cl , X = F (83 %)

CF,=CFOCF; + 2 VF; —— CF;CF,0OCF; + 2 VF, (79)
40°C.3h 40 % at 50 % conversion
The fluorination of internal F-alkenes and cycloalkenes proceeds at higher
temperature; the replacement of vinylic fluorine by chlorine in olefin leads to a
remarkable acceleration of the reaction (Eq. 82):

(CF,),CFCF=CFCF; + 2VF; — (CF,),CFCF,CF,CF, (80)
60°C, 4 h 94 %

+2VE,  — (81)

60°C,3h
59 %

Cl Cl
| F CFn 42vE, — F (CEy, (82)
Cl 25°C,2h €l
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Fluorination of butadiene 45 is not selective and gives a mixture of butene 46
and butane 47:

CFCly
CF,=CCI-CF=CF, + 2 VFs———— CF,CCI=CFCF, + CF,CFCICF,CF,  (83)
45 -20°C, 20 min 46 47

56% 8%

Although polyfluoro-1,4-cyclohexadienes contain two isolated double bonds,
fluorination of these compounds proceeds under milder conditions than those
in fluorination of the corresponding cyclohexenes and usually leads to forma-
tion of regioisomers:

X CECl, X X
@ +2VF, ———— @ + @ (84)
25°C

X yield (%)

F 87%

H 75 4
Cl 59 27
CF; - 92

The proposed mechanism of oxidative fluorination of unsaturated com-
pounds by halogen fluorides [84-86] and VF; [33] includes electron transfer
from substrate to halogen fluoride or VF; as a first step, followed by addition of
F~ to a radical-cation, leading to formation of a radical and its further oxidation
to carbocation (see Eq. 12, pathways A,B). It should be pointed out that this is not
the only direction, and the actual mechanism may depend strongly on the sub-
strates and reaction conditions. Other mechanisms, such as a radical process
(pathway C), cannot be ruled out.

In contrast to VF;, antimony pentafluoride is a less powerful fluorinating
agent [19].

Fluorination of the C=C bond of fluoroethylenes by SbF; at 50 °C has been
reported [44]:

CF=CFX + SbF; —— CF;CFX
2 5 50°C 3ty (85)

X=H,F

Polyfluorinated benzenes RC,Fs (R=F, Cl, Br, I, but not CF; or SO,F) react
with SbF; at high temperature producing a mixture of cyclohexenes and
cyclohexanes [19]; often the fluorination of the aromatic ring is complicated
by replacement of halogen by fluorine. In the presence of small amounts of
bromine or iodine, SbF; was reported to fluorinate the aromatic ring of F-
alkylindanes and F-tetralin [87]. The reaction proceeds as initial halofluorina-
tion of the ring, followed by replacement of halogen. A recently reported
example [88] of reaction of alkenylbenzene 67 with the Br,/SbF; system
provides further proof for much higher reactivity of a pentafluorophenyl
ring relative to the electron deficient C=C bond shielded by three F-alkyl
groups:
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C(C;F5) = CFCF; 1) Br, - SbFs, 20 - 25°C C(C,Fs) = CFCF,
@( 2) SbF;, 130°C @(

CF; CF,

67 +
C(C,F;) = CECF,

B,E : “CF, (86)

Electrophilic addition of hydrogen halides to polyhalogenated and polyfluori-
nated olefins is probably the most studied reaction of this kind. Reaction usually
proceeds at elevated temperature and often in the presence of a Lewis acid
catalyst. The literature on this reaction has been reviewed [6, 14]. Addition of
hydrogen fluoride to halogen-containing olefins is an important process, since
the products - chlorofluorocarbons or CFCs - are precursors for a number of
commercial monomers and hydrofluorocarbon replacement of CFCs [89]. The
work in this direction in the last years was mostly concentrated on finding new
catalysts for both liquid and gas phase processes. Fluorosulfonic acid, being
stronger than HEF, reacts with vinylidene fluoride and trifluoroethylene at
20-30°C without a catalyst. Addition proceeds in accordance with polarization
of reagents and the combined a-, f-fluorine effect and leads to formation of a
single regioisomer in each case [6]:

6.1.3
Addition of Hydrogen Halides and HOSO,F

20-30°C 87
CHX=CE, + HOSO,F — > XH,CCE,050,F (87)
X=H,F

HFP and higher terminal fluoroolefins add HOSO,F only at elevated tempe-
rature [6] to give the corresponding a,a-difluoroethers of fluorosulfonic acid:

150-200°C
R(CF=CF, + HOSO,F —» R,CFHCF,0S0,F (88)

The electrophilic addition of CF;COOH across the CF=CF moiety of diflu-
oronorbornadiene has been reported [90]. Mercury acetate and trifluoroacetate
also add to the fluorinated double bond rather than the non-fluorinated one
[91].

6.1.4
Addition of Hypohalites, X0SO,CF,, XOSO,F and Related Compounds

Progress in the preparation and isolation of different hypohalites [92] results in
a substantial number of publications exploring the addition of these materials
to fluoroolefins. In contrast to addition of hypofluorites, which at this time is
viewed as a radical process, a polar mechanism was proposed for addition of poly-
fluorinated hypochlorites and hypobromites to olefins. Reactions of fluoroolefins
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with CF,00Cl [93], SF;00CI [94], CF,0Cl [95-98], RLC(O)OCI [99, 100], RLOBr
[39], H(CF,CF,),CH,0ClI [101] have been reported. Since the reactivity of most
of these compounds is high, reactions are carried out at low temperature, optio-
nally in the presence of inert solvent. Yields of additional products are usually
high. Based on the comparison of addition reactions of CF;00CI and CF,0Cl to
C, and C; fluoroolefins and analysis of isomer ratios in products, the conclusion
was drawn that these reactions proceed as electrophilic syn-addition [93, 98].
Additions of CF;0CI [98] and ROBr [39] to CH,=CF, and RL(0)OCI to HFP
[99, 100], which are regiospecific, occur according to the polarization of the
double bond:

CF,=CH, + ROX ——— ROCF,CH,X

-88 to 24°C
R; X yield %
CF, cl 50 (89)
(CF;:C  Br 46

C2F5C(CF3)2 Br 25

XCFLC(0)OCI + CRy=CFCE; ————= XCF,C(0)OCF,CFCICF,
yield % (90)
F 84
cl 74

As expected, addition of CF;0Cl to chloro- and bromotrifluoroethylene gives
a mixture of two regio isomers in both reactions [99, 100]:

CFCl4
CF;0Cl + CFX=CF, —— CF;0CF,CFCIX + CF;0CFXCF,Cl 91)
-140 t0 22°C
X yield %
cl 45 55
Br 71 29

Several exceptions should be mentioned. For example, the reaction of HFP
with CF;0ClI leads to formation of two regioisomers [100], but addition of
CF,;C(0)0Cl to CFCl=CF, and CCl,=CF, [93], in sharp contrast to addition of
CF;0Cl [95, 98], is regiospecific:

CFCl,
CF,0Cl + CF,=CFCF; ——— CF;0CF,CFCICF; + CF,0CF(CF3)CF,Cl
-140 to 22°C (92)
715 : 28.5
yield 66%
CFCl,
CF,C(0)0CI + CCIX=CF, — > CF,C(0)OCCIXCF,Cl 93
3CO) ? l40t022°C : (93)
yield %
F 65
cl 81

On the other hand, addition of CF;00CI to CFCl=CF, is regioselective, but
the orientation is exactly opposite to that in Eq. (93) [93]:

CF;00C1 + CFCl=CF; ——— > CF;00CF,CFCl,
0,
-78°C, 21 h > 50% (94)
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No good explanation exists for deviations in orientation of addition of hypo-
chlorites to fluoroolefins; however, it could be an indication of either a different
mechanism of addition, such as radical, or a compromise between two mecha-
nisms: electrophilic and radical.

Unlike most known fluoroalkylhypohalites, which have low thermal stability,
a,a-dihydropolyfluoroalkyl hypochlorites prepared by the reaction of CIOSO,F
with the corresponding alcohols are stable at ambient temperature and can even
be distilled at reduced pressure [101}:

CFC-113 & O

R;CH,0H + CIOSOF ———»
-2 T 20w4rc T2 (95)
48a-d, 30-40%

Ry= H(CF), - (48a); H(CF,), - (48b); H(CF,); -(48c);
O,NCF, - (48d)

48b-d + TFE —— > R; CH,0CF,CF,Cl (96)
exothermic
49b-d

49b 91%; 49¢ 89%; 49d 72.5%

Compounds 48b-d react vigorously with TFE, producing the corresponding
additional products in high yield, but 48a does not react with HFP; the addition
proceeds only in the presence of HOSO,F which acts as a catalyst:

HOSO,F

48a + HFP ————— H(CE;),CH,0CF,CFCICF; (97)
’ 14.5%

Under similar conditions hypochlorite 48b was added across the C=C bond
of F-ketene which is extremely resistant to the action of electrophilic agents:

HOSO,F
48b + (CF3)2C=C=OW H(CF2)4CH20C(O)IC(CF3)2 (98)
49% Cl

The synthesis of chlorine (I) and bromine (I) trifluoromethanesulfonates
(triflates) was reported by DesMarteau. Stability and reactivity of these materi-
als are similar to those of perfluoroalkyl hypohalites. Both compounds readily
react at low temperature with a variety of fluoroolefins. Based on NMR analysis
of the products of adding CF;SO,0X to pure cis- or trans-isomers of 1, 2-
difluoroethylene, it was concluded that the reaction proceeds as syn-addition
[35]. This statement was later criticized [18], since the assignment of stereoiso-
mers was found to be incorrect. According to [18], addition of CF,;S0,0X to
haloolefins, as well as reactions of CIF, BrF and IF proceed as anti-addition via
cyclic halonium cationic intermediates.

Both chlorine and bromine triflates react with HFP to give only one,
Markovnikov type, additional product, which is yet further evidence of the
electrophilic mechanism of the process, since radical addition of CF;0F to
F-propene produces a mixture of two regio isomers [35]:
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CF;80,0X + HFP —————— CF;S0,0CF,CFXCF, 99)
-111t022°C
X yield %
cl 78
Br 80

On the other hand, the addition of both compounds to chlorotrifluoroethylene
produces one regioisomer (see also Eq. 41):

CF,80,0Br + CFCI=CF, ———» CF;S0,0CFCICF,Br (100)
-111 to -5°C 48%

Under similar conditions, chlorine and bromine triflates add to olefin 9:

X
+CF;80,0X —————
-111 to 22°C (101)

9 0S0,CF;3
X yield %
Ci 65
Br 96

Reactivity of halogen fluorosulfates XOSO,F (X=Cl, Br, I) is very similar to
that of halogen triflates; however, all of them have higher thermal stability, and
they are distillable liquids [8, 102]. The chemistry of halogen fluorosulfates,
including addition to fluoroolefins, has been reviewed [8]; here only a short
summary of these reactions is given.

The first publication on addition of BrOSO,F to several fluoroolefins, which
appeared in 1966 [103], was followed by a communication on the reaction of
chlorine and bromine fluorosulfate with HFP [97]. This initiated the appearance
of a number of papers on the use of halogen fluorosulfates in fluoroorganic
synthesis. Most of these publications came from Professor Fokin’s group in the
former Soviet Union.

Chlorine and bromine fluorosulfates have extremely high reactivity towards
fluoroolefins. Addition to TFE proceeds vigorously even at -70 °C in CFC-113 as
a solvent [104]. Reactions with CCl,=CCl,, CFH=CF,, CFCl=CF,, CF,=CFCF,
are carried out in a temperature range of ~70 to -20 °C, producing the correspond-
ing fluorosulfates in high yield [104, 105]. When gaseous PFIB is passed through
liquid CIOSO,F, exothermic reaction is observed, resulting in the high yield
formation of a,a-difluoro fluorosulfate 50 [104]:

(CF3),C=CF, + CIOSO,F —— (CF3),CCF,080,F (102)
exotherm.
Cl 50, 96%

Addition of CIOSO,F to internal F-olefins proceeds at -70°C, producing a
mixture of regioisomers (see Eq. 42). Reaction of CIOSO,F with pure trans-
F-butene-2 is stereospecific and results in formation of a single stereoisomer
[52].

In contrast to reaction of CF;5S0,0X (see Eq. 100), addition of CIOSO,F or
BrOSO,F to chlorotrifluoroethylene leads to formation of two regioisomers.
Reaction of bromine tris (fluorosulfate) with fluoroolefins was reported to pro-
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ceed rapidly and with the formation of equal amounts of the corresponding
bromofluorosulfate and bis(fluorosulfonoxy)alkane [106], for example:

O,
_HFP, 20°C _ B/CF(CF,)CF,0S0,F + FSO,0CF,CF(CF;)0SO0,F

+ FSO,(C3Fg),080,F (103)

Br(OSO,F),

CF;0CF(0SO,F)CF,Br + CF;0CF(0OSO,F)CF,0S0,F
85% 87%

————
CF;0CF=CF,

The formation of significant amounts of polymeric material, with even a
slight excess of TFE, along with formation of dimeric products in reaction with
HFP bromine tris (fluorosulfate) is strong evidence in favor of the radical
mechanism, which in this reaction may compete with the electrophilic process.

lIodine fluorosulfate is significantly less reactive. Addition to fluorinated
ethylenes and CF;CH=CH, proceeds only at ambient temperature [108] and
exclusively as Markovnikov addition:

CH,=CHCF,
—— -

FSO,0CH,CHICF;
20°C 75.3%
10SO,F (104)
————— FS0,0CF,CH,l
CH2=CF2
65.9%

Reaction with PFIB is slow, and even after three weeks at 20°C the yield of
additional product does not exceed 27.4%. lodine and chlorine fluorosulfates
readily add across the C=C bond of F-ketene to give the corresponding acyl-
fluorosulfates [8, 107], for example:

IOSO,F + (CF;),C=C=0 (CF3),CC(O)OSO,F
[

I 78.6% (105)

Reactivity of fluoroolefins in reaction with XOSO,F decreases going from TFE
to PFIB [8]

CF,=CF, > CF,=CFCF, > CF,=C(CF,),
TFE HFP PFIB

Addition of halogen fluorosulfates XOSO,F (X=Cl, Br, I) to fluoroolefins is
considered an electrophilic reaction [8]. However, the question of whether this
process is concerted or the reaction proceeds via an independent carbocationic
intermediate (Egs. 2 and 3) is still open. Formation of carboxylic acid esters as
byproducts in the reaction of HFP with ClIOSO,F, which was carried out in
trifluoroacetic or heptafluorobutyric acids as solvents, could not be a solid pro-
of of conjugate addition, since formation of esters may be a result of addition of
CIOC(O)R; to olefin. These materials are known to be formed in the reaction of
ClOSO,F with fluorinated carboxylic acids, even at low temperature [99].

An alternative and more convenient procedure for the preparation of poly-
haloalkyl fluorosulfates, which excludes handling of potentially hazardous
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halogen fluorosulfates, is based on the conjugate addition of X* and FSO,0" to
fluoroolefins. The exothermic reaction of a solution of N-halogen compound
(NBS or hexachloromelamine) in fluorosulfonic acid with TFE or HFP results in
formation of the corresponding fluorosulfates[ 108}, although internal F-olefins,
such as F-penetene-2 (11), are not active in this reaction [109]:

/  HOS,F
YCF=CF, + X-N_  ———» XYCFCF,0S0,F
X Y  yield% (106)
a  F 78
cl CF 70
Br F 72

Br CF, 47

According to [108], no formation of the corresponding halogen fluorosulfates
as intermediates was observed in the reaction. The mechanism includes proto-
nation of N-halogen compound, which is able subsequently to transfer “Hal*”
fragment to fluoroolefin resulting in generation of carbocation followed by its
reaction with FSO,0".

~ 7 e E/
N _.H+ N LC=C0 /75N | TosoF | Q50F
- - O
N-X Nx L= T e Se-C
N / X
c-C
RTA
X

Scheme 2

A different mechanism, however, has recently been proposed [110] for a
similar reaction. Solution of N-iodosuccinimide in CF;SO;H was found to be an
effective reagent for iodination of deactivated aromatic materials. The mecha-
nism includes generation of iodine (I) trifluoromethanesulfonate and a further
reaction of the protonated form of this compound. At this point it is difficult to
establish which of these mechanisms is correct. However, taking into account
high energy of the O-Cl and O-Br bonds in the corresponding fluorosulfates,
and the fact that internal fluoroolefins stay intact in solutions of N-chloro or
N-bromo- compounds in HOSO,F (as mentioned above, F-pentene-2 reacts
with CIOSO,F at -70°C), the formation of XOSO,F as an intermediate in the
reaction of fluoroolefins with a solution of hexachloromelamine or N-bromo-
succinoimide is doubtful. A similar conclusion, i.e., that CIE, BrF or IF do not
form as intermediates in reactions of haloolefins with mixtures of N-halogen
compounds or iodine monochloride with hydrogen fluoride, was drawn in [ 10,
50].

Halooxygenation of the fluorinated C=C bond can also be achieved, for
example, by conjugate addition of I, and SOs;. Reaction of TFE with I,/SO;
mixture followed by the treatment of an adduct with KF is a synthetic route for
preparation of iododifluoroacetyl fluoride [111]. Reaction of iodine and



70 V. A. Petrov - V.V. Bardin

Hg[OC(0O)CH;], with CF;CH=CH, as a method of iodoacetylation of the C=C
bond was discovered long ago [112] and later modified and extended to prepa-
ration of a-bromoacetates of perfluoroalkyethylenes [113]:

Br, , CH;C(O)OH
R(CH=CH, ————— = R;CHBICH,0C(O)CH; (107)
Hg[OC(O)CH3l, 80%

R¢= C4Fg, CgF 13, CsF 17

A new development in this area has been reported recently [45]. It was found that
reaction of X,/SO; mixture with perfluoroalkyl or 1,2-bis(perfluoroalkyl)ethylenes
followed by hydrolysis leads to formation of the corresponding halohydrins
(Eq.25)

6.1.5
Nitration and Related Reactions

Nitration of fluoroolefins can be achieved by several methods. Widely studied
thermal reaction of N,0, with fluoroolefins has a radical mechanism, although
the low temperature reaction of nitrogen dioxide with polyfluorinated vinyl
ethers proceeds as electrophilic addition of nitrosonium nitrate NO* NO;
across the C=C bond [6]:

H,0 (108)
XCF=CFOR + N,0, s ONXCFCF(OR)ONO, ——» ONXCFC(O)R

X=Cl, F, CF;; R=CH,, C,H,

Conjugate electrophilic nitrofluorination of fluoroolefins could be carried
out by reaction with a mixture of concentrated nitric acid and anhydrous HF [3]:

CF,=CFX + HNO, —ij—->c1c3c1=xNo2 (109)
X t (°C) yield
H -60 86%
CF, 60 75%

This reaction has an electrophilic mechanism; it has been reviewed in [3, 6].

Nitrofluorination of F-indan by mixture of HNO,/HF [114] or NO3BF; in HF
[114] is straightforward and leads to high yield formation of 2-nitro-F-indan; simi-
lar reactions of F-3-methyl- and F-2-methylene indans produce a mixture of pro-
ducts as a result of competitive electrophilic and radical reactions [115],for example:

' (110)
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Introduction of nitro and fluorosulfonoxy groups can be carried out by reac-
tion of ionic O,NOSO,F with fluoroolefins [8, 116~ 118]. Nitronium fluorosulfa-
te is not as active as halogen fluorosulfates; addition to CH,=CF, and CFH=CF,
proceeds only at ambient temperature [117]. Reaction with TFE and chloro-
fluoroethylene proceeds at a noticeable rate at temperature above 50 °C, while
addition to 2-H-F-propene only at temperatures higher than 120°C [117]:

20°C
= ——— 0,NCXHCF,080,F
CXH=CF, ) 0S0F o
\ 20
CFCI=CF, O,NOSO,F ¢ 0,NCFCICF,080,F + O,NCF,CFCIOSO,F
1 : 2 50%
l 120°C
CF,=CHCF; 0,NCH(CF;)CF,0S0,F (111)

F-Butadiene reacts with O,NOSO,F at atmospheric pressure and ambient
temperature to give the product of 1,4-addition:

20°C
CF,=CE-CF=CF, + O,NOSO,F ——— O:NCF;-CF=CF-CF,080,F (112)

> 90% trans
yield 79%

On the other hand, F-1,4-pentadiene containing two isolated C=C bonds and
F-1,1-dimethylallene do not react with O,NOSO,F even in the presence of
HOSO,F at 140°C but, suprisingly, O,NOSO,F adds across the C=C bond of
F-ketene at 140°C [118]. Rate of reaction of O,NOSO,F with fluoroolefins could
be significantly increased by addition of a catalyst — fluorosulfonic acid. Reac-
tions with CH,=CF,, CFH=CF,, CF,=CF,, CFCl=CF,, and CF,;0CF=CF,
proceed even at 20°C, producing the corresponding nitrocompounds in high
yield [117], for example:

CFCl=CFCl —— > O,NCFCICFCIOSO,F

92%
O,NOSO,F

(113)

HOSO,F,

CFC-113

CF;0CF=CF, L ——— O,NCF,CF(OCF;)OSO;F
6

%

Addition to HFP requires a more powerful catalyst and proceeds only when
10-20 mol% of SbF; is added to solution of O,NOSO,F in HOSO,F [117]:

HOSO,F/SbFs
CF,=CFCF; + O,NOSO,F —————» O;NCF(CF3)CF,050,F (114)
50-60°C 78%

Olefins containing a more electron deficient C=C bond, such as PFIB and
F-cyclobutene, do not react with solution of O,NOSO,F/SbF; in HOSO,F up to
150°C [117]. However, reaction of O,NOSO,F with TFE and 2-H-pentafluoro-
propene at 60 °C in HF as a solvent proceeds as high yield conjugate nitrofluor-
ination [118]:
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—— O,NCF,CF;

TFE
0,NOSO,F/HF (115)
60°C
CF,=CHCF, L= O,NCH(CFy),

All experimental data are in agreement with the electrophilic mechanism of
addition of O,NOSO,F to fluoroolefins.

Reactivity of nitrosonium fluorosulfate and trifluoromethansulfonate
ONOSO,X (X=F, CF,) is similar to that of nitronium fluorosulfate, although they
are less active than the latter. Reaction, which occurs only with fluoroethylenes
and perfluorinated vinyl ethers [119-121],is of an electrophilic nature; it results
in low to moderate yields of nitrosoalkyl compounds when the olefin has a
limited contact time with the reaction mixture:

ONOSO,Y + CFX =CF, ——— ONCFXCF,080,Y + others

solvent
X Y yield %
H F 49
Cl F 81 ( 1 16)
F F 56
H CF; 27
Cl CF; 21

As observed earlier for the reaction of CINO and FNO with fluoroolefins [6],
the nitroso compounds under reaction conditions can undergo further trans-
formations by reaction with fluoroolefins to give oxazetidines and copolymers,
which affects the yield of RNO. It should be emphasized that reaction of
CFCl=CF, with both reagents produces only one regioisomer which has chlorine
and nitroso group at the same carbon. HFP does not interact with ONOSO,F
even in the presence of superacid catalyst HOSO,F/SbF; at 100-110°C [120].

6.1.6
Reactions with HgF,, AsF;, and SbF,

Fluoroolefins add mercuric fluoride at 50 - 100 °C to give bis(polyfluoroalkyl)-
mercury derivatives. Reaction is usually carried out in hydrogen fluoride as a
solvent. This process was reviewed and the electrophilic nature of this process
established [6]. Addition to olefin starts by the attack of cation 3 (Eq. 5) on the
double bond of fluoroolefin.

As mentioned above, arsenic trifluoride does not react with fluoroolefins in
the absence of a catalyst, and due to a convenient boiling point and high polarity
it was often used as a solvent for an electrophilic reaction, such as mercuration.
Later it was found that in the presence of a Lewis acid, such as SbF;, this com-
pound readily adds to different fluoroethylenes [7, 121,122}

CF,=CH, ——— (CF;CH;)3As “
AsF;

SbFs
CF,=CFH L (CF,CFH),As
74%

o

(117)

Arsine 4 in the presence of a catalyst readily reacts with chlorotrifluoro-
ethylene and acetylene[123]:
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———= (C,Fs),AsCECICF; + (C,Fs5), AsCF,CF,Cl
3 : 7 63%

CF,=CFCl

(C,Fs),AsF

CH, L (C,Fs),AsCH=CFH

43% (118)

Even antimony pentafluoride is able to add across the C=C bond. As shown
[124], reaction with CH,=CF, results in the formation of an additional product -
tris(B, B, B-trifluoro-ethyl)antimony difluoride. Formation of the alkenyl deriva-
tives of antimony in reaction with CF,=CCl-CF=CF, (Eq. 75) is another example:

2SbF; == [SbF,} SbF, —— F;Sb(CH,CFy); (119)

A similar reaction was reported [54] for the reaction of BF; with tetrafluoro-
allene resulting in insertion of allene into the B-F bond:

CF,=C=CF, + BF; —— CF,=C(BF,)CF; (120)
-78 to 20°C 35%

6.1.7
Electrophilc Oxidation and Oxidative Reactions of Sulfur and Selenium

Electrophilic oxidation of the C=C bond was intensively studied in the 1960s,and
this reaction was reviewed [3]. Hydrogen peroxide or peroxyacids in HF as a sol-
vent was shown to be moderately effective for oxidation of chloro- and
fluoroethylenes. Vinylidene chloride and fluoride react with solution of
KMnO,/HF at -70°C to give fluoroethanols. Interaction of TFE and HFP with
KMnO,/HF mixture yields the corresponding epoxides. The latter reaction is
believed to proceed via the intermediate formation of FMnO,, which further
transfers an electrophilic oxygen atom to the C=C bond to form oxirane [3].
Chromium oxide in HOSO,F [125] is convenient for conversion of HFP into
oxide. A modification of the latter procedure using CrO,/Cr,0; in HOSO,F makes
it possible to convert HFP into fluorosulfonoxy-F-acetone directly:
CrO;/Cr,03, HOSO,F

CF;3;CF=CF, CF;C(O)CF,0SO,F ( 121 )
45°C, 3h 40%

Reaction of polyfluorinated indans with concentrated H,0, in HF/SbF; has
recently been reported [126]. For example, F-indene at —-30°C was readily oxi-
dized to F-indanone-2, which at higher temperature reacts with H,0, to give a
mixture of isocumarine 51a and diacid 51b:

0 HaOy/HF/SbEs
O —
T aec
CF,C(0)OH
—
C(O)OH

(122)
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A combination of xenon difluoride and water in HF was found to be a potent
oxidizing agent. At ambient temperature this reagent is able to oxidize poly-
fluorobenzenes and derivatives of F-cyclohexadiene-1,4 . The oxidation is selec-
tive, and the C=C bond bearing Xe* fragment does not participate in the reac-
tion [127,128]:

o o
HF
+ XeF, + H,O
N e+ 20°C
+ - X (123)
X =F , Xe AsFg

HF
+ XeF, + HHO ——» O
t = 20°C + -
Xe AsFg Xe AsFe

The well known ability of antimony pentafluoride to oxidize some elements,
such as sulfur or selenium, to the corresponding polynuclear cations [1] found
its application in the synthesis of fluorinated materials. Reaction of sulfur with
TFE, HFP, and PFIB in the presence of SbF; was reported [129,130]:

70°C
CF;CF=CF, —— [(CF3),CFs],
46%
S, SHF. (124)
0,
(CF3),C=CF, 20 (CECs],
47%

Selenium behaves in reaction with fluorinated olefins similarly, and bis
(F-ethyl) diselenide was isolated in a 15% yield in reaction of TFE with
selenium/SbF; mixture [130, 131].

In sharp contrast to F-alkyldisulfides, which are stable to the action of
fluoroxidizing agents, such as SbF;, even at elevated temperature (see Eq. 124),
F-phenyldisulfide (52) reacts with SbF, producing electrophilic species [132].
The reaction generates F-phenylthiyl cation, which is probably stabilized by
complex formation with starting material [7]. Disulfide 52 reacts with different
fluoroolefins in the presence of SbF; catalyst [133]:

TFE, SbF;s
CgFsSSCgFy —————— CgFsSC,yFs + CgFsSCF5 (125)
52 $0, 5 : 1

50%

Formation of a by-product - trifluoromethylsulfide - was explained as a
result of the reaction of carbocation 53 with solvent ~ sulfur dioxide - followed
by two elimination reactions:

o) -S0,F
52 + TFE ———— [C4FsSCF,CF,"] ——— [C4F5SCF,CF,0S(0)F] ﬁl
5
53
C4FsSCF,C(O)F — C4F5sSCF,

bFs (126)
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Similarly, formation of shorter chain disulfides was observed in the above-
mentioned reaction of F-olefins with sulfur when SO, was used as a solvent
[129].In the absence of sulfur dioxide the side reaction does not occur, and reac-
tion of HFP and PFIB with (C,F;S), results in formation of expected products:

HFP CeFsSCF(CF3),
52 54%
SO, (127)
PFIB L = C(FsSC(CFs);
35%

6.1.8
Addition of Sulfur Chlorides

Addition of sulfur chlorides and sulfenyl halides to hydrocarbon olefins is a
classic example of electrophilic reaction which usually proceeds under mild
conditions and results in stereospecific trans-addition via intermediate form-
ation of cyclic episulfonium cation [134]. Ring-opening reactions of episul-
fonium cation with nucleophile is responsible for formation of regioisomers
when nonsymmetrical olefins are used as substrates.

Polyfluorinated olefins are much more resistant to sulfur chlorides. For
example, §,Cl, adds to CH,=CF, with an appreciable rate only at temperatures
as high as 60-100°C to give disulfide 54 as a main product [135]:

60-70°C
CF,=CH, ——— > (CICF,CH,S),
—| S,Cl,

130-150°C

CF,=CFH 205 (CICE,CFHS), (128)

O,
CF,=CF, (130-150°C ciCF,CF,s),

70-90%

Addition of §,Cl, to trifluoroethylene and TFE proceeds at 130-150°C giving
the corresponding disulfides in high yield. The formation of small amounts
(5-10%) of trisulfides is usually observed in all these reactions. Addition to
CFCl=CF, was first found to be regiospecific, but later it was also shown to be
sensitive to reaction temperature [136].

While only one isomer forms at 130 °C, reaction starts losing regioselectivity
at 140 °C, and formation of both isomers was observed at 160°C:

CECI=CF, +8,Cl, ——— (CLCFCF,S), + (CICF,CFCIS),

t(°C) ratio (%)

130 100 0 (129)
140 95 5

160 80 20

Addition to F-methylvinyl ether proceeds regioselectively, but only at high
temperature producing a mixture of di- and trisulfides in high yield [136]:
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" O,
CF,0CF=CF, + S,cl, —2X133C R ocFCICcE,s,

n=2,3 82%

Although $,Cl, adds to CF;CH=CF, at 150-160°C (see below), attempts to
carry out addition to 1,1- and 1, 2-dichloroethylenes and less reactive HFP and
PFIB at temperatures up 200 °C have failed [135, 136].

Reactions of more electrophilic SCL, with fluoroolefins under thermolytic
conditions are not selective; they always produce a mixture of sulfenyl and
thiosulfenylchlorides, sulfides, and polysulfides, along with substantial amounts
of products of alkane chlorination [135].

3,3,3-Trifluoropropene reacts with S,Cl, under surpisingly mild conditions to
give a product of anti-Markovnikov addition in high yield [138]:

S,Cl,

(130)

(CF;CHCICH,S),
20°C
CF;CH=CH, ——
sCl
L —2 »(CFCHCICH,S); + (CF;CHCICH,),S (131)
52% 21%
+ CF;CHCICF,CI
18%

Reaction with SCl, although more complex, also leads to exclusive formation
of anti-Markovnikov adducts, along with an expected chlorination product.
Addition of S,Cl, to CF,=CHCF, is another example[135, 136]:

150-160°C
CF;CH=CF, + $,Cl, —— CF3;CHCICF,(5),Cl + (CF;CHCICF,),S,, (132)

n=1-3 m=1,2

Despite the fact that this reaction proceeds at much higher temperature and
results in the formation of a mixture of products, all of them are derived from
the attack of sulfur intermediately and exclusively on the terminal carbon of the
olefin, which is not consistent with the orientation of electrophilic addition to
polyfluropropenes where an electrophile attacks the central carbon of the
double bond exclusively (see Egs. 29, 37, 38).

Thermal addition of S,Cl, to fluoroolefins was often referred to as electro-
philic addition [136, 137], although observed orientation of addition actually
resembles that in radical reactions [139]. Regardless of the mechanism, this
reaction is highly regioselective and undoubtedly has synthetic value as a high
yield route to polyfluoroalkyldisulfides.

Activity of sulfur dichlorides could be significantly increased by modification
of reaction media. As mentioned above, PFIB and F-ketene do not interact with
sulfur chlorides even at high temperature. However, the reactions of S,Cl, with
PFIB and sulfur mono- and dichlorides with F-ketene proceed exothermally when
dry acetonitrile is employed as a solvent, giving either thiosulfenylchlorides or
disulfides in high yield [140-142]:

CH;CN (CF3),C=C=0
(CF3),C=C=0 + $,Cl, —— = (CF;),CSSCl ——
0t0 20°C \C(O)Cl 20°C, 2d (133)
[(CFy),CS],

| 82%
C(0)Cl  73%
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Electrophilic activation of sulfur chlorides could be achieved by conducting
the reaction with fluoroolefin in the presence of strong acids. For example,
trifluoropropene readily reacts with the mixture S,CL,/HF/SF, to produce the
corresponding isopropylsulfide 55 in high yield [143]:

HF
CF;CH=CH; + SF; +S,Cl, —b(FCHZ(IZH)ZS (134)
CF,

Formation of this compound was explained as an electrophilic attack of CISS*
(formed under the action of SF,/JHF mixture) on the central carbon of the olefin,
resulting in formation of thiosulfenyl chloride 55. Oxidation of this compound
by a trace amount of chlorine produces sulfenyl chloride which reacts with a
second mole of olefin to give a product. It is noteworthy that the orientation of
addition is consistent with the electrophilic mechanism proposed:

SF;+ HF +S,Cl, ——CIsS*

a
CF,CH=CH, + CISS* —1-» FCH,CH(CF;)SSCl ——»
55 -SCl (135)
CF,CH=CH,
FCH,CH(CE)SCl ———— 5 (FCH,CH),S
CF,

At elevated temperature, 1, 2-dichlorodifluoroethylene gave the corresponding
sulfenyl chloride in high yield [143, 144]:

HF, 60°
CECI=CECI + SF, 48,Cl; ————> CICF,CFCISC] (136)
B 2
74%

Reactivity of sulfur chlorides significantly increases when reaction with
fluoroolefin is carried out in fluoro- or chlorosulfonic acids, since strong protic
acids are able to increase electrophilicity of the molecule by protonation [145].
For example, HFP reacts with solution of SCl, in HOSO,F at 40-60°C and
atmospheric pressure to give a mixture of products from which the correspond-
ing sulfenyl chloride was isolated in 75% yield:

HOSO,F
HFP + SCl, ————— CF;CF(SCI)CF,080,F + [FSO,0CF,CF(CF;)],S; (137)
75%
+ CF;,CFCICF,Cl

Trisulfide 56 is formed as a major product when S,Cl, reacts with HFP in
chlorosulfonic acid, and the product is isolated in 85% yield:

HOS0,C1
HFP +8,Cl;  ————— [CISO,0CF,CF(CF3)},S; + CF;CF(SSC1)CF,080,Cl
56,85%
+ CF,CFCICF,Cl (138)



78 V. A. Petrov - V. V. Bardin

6.1.9
Alkylation

Alkylation of fluoroolefins is probably the most studied reaction of that kind.
Different aspects of this process, such as reaction with formaldehyde and
hexamethylenetetramine in HF [3], or condensation of halomethanes with
fluoroethylenes, catalyzed by AICl; [27] have been reviewed. A recent develop-
ment in this field mostly associated with the introduction of new catalysts, such
as SbF; [7] or aluminum chorofluoride AICLF, [12], was covered in two other
review articles. Here a brief description of some of these reactions is given.

Solution of antimony pentafluoride in anhydrous HF was found to be an
efficient medium for alkylation reactions of fluoroolefins. Compounds, known
to give stable carbocations in superacidic media are excellent alkylating agents.
For example, t-butyl chloride (57) reacts with TFE, giving the corresponding
alkane 58:

SbFs/HF
(CH3)sCCl +TFE. ———> (CHy);CCF,CF; + HCI (139)
57 58, 50%

This reaction proceeds as a conjugate process (see also Eq. 2, pathway B). It
starts with ionization of 57 by action of super acid (HF/SbF;) to give t-butyl
cation. Its further attack on TFE with formation of another cation 59, which is
stabilized by adding fluoride anion, from either a counter anion or HF:

TFE -
57 + H' ———> (CHy;C" ——» [(CH,);,CF,CE,"] — = 53 (140)
59

Both 1,1- and 1,2-dichloroethane react with TFE under similar conditions,
producing the same product, 2-chloropentafluorobutane 60:

CICH,CH,CI

HF/SbFs
CH;CHCICF,CF; (141)
20°C

CH;CHCl, 60, 66-80%

Reaction of 1,1,1-trifluoroethane with fluorinated ethylenes requires pure
antimony pentafluoride as a catalyst. Reaction with TFE gives a monoalkylation
product in high yield; addition to CH,=CF, results in formation of a branched
alkane 61 [7]

TFE

———— = CH;CF,CF,CF,
SbFs 90%
3CF, ————
20-50°C CH,=CF, (142)
= CH;C(CH,CF5);
61, 40%

Antimony pentafluoride was also reported to catalyze condensation of CFC-
113 with fluoroethylenes. Reaction proceeds under mild conditions, producing
the corresponding butanes in high yield [7]:
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TFE
—— = CICF,CCL,CF,CF;

SbF;
CICF,CCl,F ———3 80%

0-5°C CFCI=CFCl
e CICF,CCLCECICE,Cl

(143)

Recently discovered aluminum chlorofluoride AICLF, (ACF) is also an
effective catalyst for condensation reactions. In some of them ACF is superior to
both SbF, and AICl;. ACF was used for condensation of CHCLF [146],
CICF,CCLF, CF;CCLF [147], and CF,X, [148] with fluoroethylenes. For example,
CF,Cl, is able to react with two moles of TFE in the presence of ACF, giving
pentane 62 in quite a high yield [148]:

ACF
CECly + CFy=CF, o= CF:iCF,CFCly + CFiCF,CCLCF,CFy (144)
17% 62, 52%

1,1,2-Trichlorotrifluoroacetone in the presence of SbFs reacts with trifluoro-
ethylene or TFE, producing a mixture of approximately equal amounts of
pentanone-2 and oxetane 63 [149], for instance:

CF,Cl
SbE, FCL,C o)
CICE,C(O)CCLF + CF,=CF, ———— CICE,C(O)CCLCFs  + L
2= 2
63
(145)

HFA and chloropentafluoroacetone are not active in this reaction [7]. Forma-
tion of ketone is a result of condensation similar to that of CFC-113 with TFE
(see Eq. 143), while the second product is derived from competitive cycloadditi-
on reaction of a zwitterionic species 64 and fluoroolefin:

—=[CICF,C(0)CCL,*] _TFE_ CICR,C0)CCLC,Fs

SbF;

CICE,C(0)CCLF

CF,Cl CF,Cl
i} | TFE -
L= [SbF; —o—c|+] ———=|SbFs 0 —C — CCL,F
CCLF +CF,—CF,
64
63 (146)

Recently it has been found that ACF is able to activate hexafluoroacetone (HFA)
and that reaction of fluoroethylenes proceeds exclusively as electrophilic 2 +2
cycloaddition with formation of the corresponding oxetanes [49] (see also Eq.35):

100°c,18n (CF3)C—0
HFA + CYX=CF, —oo
YXC—CF, (147)
X =Y=F, 66%
X = H, Y=F, 98%
X = H, Y=C, 98%
X =H, Y=Br,91%

This reaction and its mechanism are described in more detail in [12, 49].
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6.1.10
Alkenylation

The first example of electrophilic condensation of polyfluorinated olefins with
fluoroethylenes was reported in 1975 [150]. Reaction of HFP and TFE in the
presence of SbF; catalyst produces F-pentene-2, mostly the trans-isomer:

CF;CF=CF, + CF,=CF, %f—é— CF;CF=CFCF,CF; (1 48)

70-95%

The mechanism includes formation of F-allyl carbocation 1 as a result of
abstraction of activated allylic fluorine from HFP by a Lewis acid and addition
1 to TFE followed by isomerization of terminal olefin into product 11:

TFE
CFy=CFCF; + SbF; =——= 1 [CF,=CFCF,CF,CF;]

SbF;s (149)

11
11 +CF=CF, % CF;CF=CF(CF;);CF; + CF3CF,CF=CF(CF,),CF; +
+CoFg

yield C;F |, 80%
Different fluoroolefins able to give relatively stable allylic cations under the
action of SbF; (see Sect. 5) were used as alkenylating agents. Examples include
CF,CH=CF, [150], (CF,),C=CF, [151], ¢-C,F4 [152], (CF;),C=CCl,, CF;CCl=CCl,
[153], CF;CF=CFH, C,F;CF=CFH [154], and CF;C(OR¢)=CF, [155] as alkenylating
agents, and HFP and CF,CH=CF, (electrophilic dimerization), TFE, CFCl=CF,,
CFCl=CFCl and CFH=CF, as substrates. Internal fluoroolefins, such as F-pentene-
2, (CF;),CFCF=CECF;, or ¢-CsFg, are not active in this reaction when SbF; is used as
a catalyst [7]. However, as shown recently, employment of ACF as a catalyst makes it
possible to expand this reaction significantly. It catalyzes not only reaction of
HFP/TFE but also condensation of F-pentene-2 with TFE, resulting in the mix-
ture of F-heptene-2 and F-heptene-3 along with a small amount of CiF5 (22,
156]. Both F-cyclopentene and C,F,CH=CHC,F, react with TFE in the presence of

CF,CF3

ACF:
@ oo 2
+ CF,=CF, ——
50°C
55% (150)

ACF
F(CF,){CH=CH(CF);F + TFE —— F(CF2)4(iHCH=CF(CF2)3F
5°C
CF4CF, 57%

Benzylic fluorides can be also condensed with fluoroolefins. F-Toluene was
shown to form a 1:1 adduct with HFP [157]:
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SbFy/HF
CF; + CF,=CFCF, CF,CF(CF), (151)
50-60°C, 4h
61%

Perfluorinated benzocycloalkanes also react with fluoroethylenes. Reaction
proceeds under mild conditions in the presence of SbF; catalyst, producing a
mixture of 1:1 and 1:2 adducts [158]:

SFs
F (CFZ)n + CF,=CF,
20°C
CFs FsCy CyFs
CoFs
ratio %:
n=0 89 6 5
n=1 54 . 46
n=2 90 10 ; (152)

A more detailed description of the reaction can be found in [12, 158].

Reaction of polyfluorinated dienes with TFE resembles the reaction of
polyfluoropropynes with fluoroethylenes. Polyfluorinated dienes react with TFE
at ambient temperature in the presence of SbF; catalyst [159]. F-Heptadiene-2,4
(65) was obtained in 77% yield in reaction of F-pentadiene-1,3 and TFE along
with small amounts of F-nonadiene-3,5. F-Hexadiene-2,4 reacts with TFE at
50°C to give a mixture of isomeric octadienes 66 a, b:

SbE
CF)=CFCF=CFCF; + TFE ——= CF;CF=CFCF=CFC,F;
20°C 65,77%
+ C4F,CF=CFCF=CFCF,CF,
SbFs
CF;CF=CFCF=CECF; + TFE e gp™ CF,CF=CFCF=CFCF;
’ 66a
+ C,FsCF=CFCF=CFC,F;
66b
50%
CF,
e @
65 -
20°C, 24 h CF,
63% (153)

Polyfluorinated dienes undergo intramolecular cyclization in the presence of
SbF;. Diene 65 readily forms F-1,2-dimethylcyclopentene when it is dissolved in
an excess of SbF; [159]. However, cyclization of its higher homologues proceeds
at elevated temperature and results in the formation of isomeric 1, 2-dialkyl-
cyclopentenes [160]:
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CaFs
SbF5
CF;CF=CF(CF,),CF=CFCF; 100°C P C4F9 CSF, (15 4

84%

The mechanism of this reaction includes formation of the corresponding
pentadienyl cation followed by a cyclization step which could be viewed either
as a concerted ring-closure reaction of cation or an intramolecular version of
alkenylation reaction:

65 + SbF;s
F
F FCF; F F
sl ST
¥ NE F,¢”F F CF
/ (155)
o
CF;
l CF;

CF,

A similar reaction was found for some perfluorinated styrenes. Compound
67 at 130°C was reported to undergo cyclization with formation of F-1,2-dime-
thylindane 68:

— CFCF, CFs
Toc :

Formation of small amounts of a by-product - F-methylcyclobutane 69 - (in
reaction of HFP and TFE) catalyzed by ACF was rationalized as a result of simi-
lar intramolecular alkylation reaction of the C=C bond in intermediate carbo-
cation 70, and it is probably the first example of electrophilic 2+2 cycloaddition
reaction of fluoroolefin: .
F,C

ACF
HFP +TFE —— CF,=CECF,CF,CF,* ——>
70

(157)

69
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Formation of compound 69 is very important from a mechanistic standpoint,
since it is evidence that such an elusive species as cation 70 is a real independent
intermediate which has a lifetime sufficient for cyclization to occur. More
detailed discussion of cyclization reaction of F-dienes, along with additional
information on electrophilic 242 cycloaddition reaction of olefins and HFA are
given in a review [12].

6.1.11
Acylation

Until recently, no successful attempts to carry out electrophilic acylation of
polyfluoroalkenes using haloanhydrides of perfluorocarboxylic acids have been
reported, although acylation of CFH=CF, catalyzed by SbF; and of CH,=CF,
catalyzed by acetyl fluoride was seen long ago [7, 161]. Unlike fluorides of per-
fluorinated saturated acids, acyl fluorides of perfluorinated a,fB-unsaturated
acids 71 a, b were found to be active in reaction with TFE, CFCl=CFCl and HFP
[162], for example:

SbFs
30-40 °C

Il
R{CF=CFCC,F;

Re=(CF:),CF- 929
R, = C,Fs- 61%

I
R(CF=CFCF + TFE

71a,b (158)

It is interesting that F-ketene in this reaction also behaves as an acylating
agent, giving a mixture of ketone 72 and acyl fluoride 73 in reaction with TFE:

SbFs |
(CF3),C=C=0 + TFE = —7 5 CF=C(CF;)CCyFs + CoFsCF=C(CF;)CF
72 73
yield of mixture 58% (159)

6.2
Reactions Involving Activated C-F Bonds of Fluoroolefins

6.2.1
Electrophilic Isomerization of Fluoroolefins

Under the action of strong Lewis acids, polyfluorinated olefins undergo iso-
merisation with migration of the double bond, which proceeds either through
intermediate allylic carbocation, if the substrate has groups able to stabilize car-
bocation (C4F; for example, 74), or in most cases through a highly organized
transition state 75.

SbFs

R(CF,CF=CF, RCF=CFCF,

exothermic
R = CF; - CgFy7, 95-100% (160)
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Scheme 3

The general concept of these processes was formulated in a review [7] and
was later discussed in [12]. Linear F-alkenes-1 react exothermally with SbF; to
give perfluoro-2-alkenes, with significant domination of the trans-isomer (up
to 90%) [163]. Deeper migration of the double bond inside the carbon chain
under the action of SbFs takes place only at elevated temperature and results in
equilibrium between isomers containing an internal C=C bond:

CF,CF=CFCF,R;+cat. <——> (,F;CF=CFR(

temp.(°C) cat. ratio olefin-2/olefin-3
C,Fs 70 SbF; 25/75 (161)
n-CsF7 70 SbF; 20780
25 ACF 5795

It is interesting that the position of equilibrium depends on the type of
catalyst: in ACF- catalyzed isomerization of F-heptene-1 the equilibrium ratio
of olefin-2/olefin-3 is different (5:95 vs 25:75 for SbF;-catalyzed process). It
should be noted that this difference could also be a reflection of difference in
reaction temperature, since isomerization catalyzed by more active ACF
catalyst proceeds even at 25°C [23]. When H, Cl, or F-alkyl group is located
inside the carbon chain of polyfluoroolefin, the double bond always migrates to
these groups, following the rule of a minimum number of vinylic fluorine sub-
stituents [7]:

SbF.
CF,=CFCF,CFHCF(CF;); —— CF,CF,CF=CHCF(CFs), (162)

Cyclic fluoroalkenes have the same reaction pattern, as illustrated by iso-
merization of cyclopentene 76 [159]:

SbF;
o b 163
@\CF3 30°C,6h CF, (163)

76 quant.

The result of the SbF;-catalyzed isomerisation of w-H-F-alkenes-1 depends
on the chain length of the olefin. This affects the position of equilibrium be-
tween terminal and internal isomers [164]:



Reactions of Electrophiles with Polyfluorinated Olefins 85

SbF
CF=CF(CF,),CF,CF,H = ——3 .
50-100°C
F(CF,),CF,CF=CFH + F(CF,),CF=CFCF,H (164)
n ratio olefin-1/olefin-2
1 100/0
2 75025

The result of acid-catalyzed isomerisation of F-dienes depends on several
factors: structure of substrate, catalyst, and temperature. Action of SbF; on
terminal dienes under mild conditions causes a 1,3 fluorine shift occurring
stereoselectively to give trans-, trans-, and cis-, trans- isomers of the corre-
sponding internal dienes [160]:

SbF;
CF=CFCF,(CF,),CF,CF=CF, m CF;CF=CF(CF,),CF=CFCF, (165)
n = 0,2,4,6,8,10; 90-100%

At elevated temperature, the reaction is more complex and, depending on
reaction conditions and the ratio of SbF; to diene, a mixture of perfluorinated
cyclobutenes and cyclopentenes is formed [12, 160, 165].

Action of Lewis acids on conjugated dienes might result in isomerization into
allene or acetylene. F-4-Methylbutadiene-1,3 isomerizes into allene 78 through
intermediate formation of diene 77 [166]:

SbF
(CF3),C=CFCF=CF, —6;—5>CF2=C(CF3)CF=CFCF3 —i;t)’f % (CF:),C=C=CFCF; (166)

77 78, 90%

On the other hand, treatment of F-butadiene-1,3 by ACF may be a useful
preparative route to F-butyne [23], since reaction proceeds under mild condi-
tions and produces acetylene in a quantitative yield:

ACF
——— = CF;C=
25oc, 1 h CTIEECCh

ACF 100%
CF,=CFCF] —— __» CF,CF=CFI (167)

exotherm. 90% (50:50 trans:cis )

CF,=CF-CF=CF,

ACF may also be used for isomerisation of F-olefins {33]. F-Allyl iodide and
olefin 79 were readily isomerized under the action of ACF and, as mentioned
above, this catalyst is more active in isomerization of F-olefins [23]:

CoFsCR,CR=CF, — ok C¢FsCF=CFCF
ersCELE=Ch, — === LglsCh= 3
25°C, 2h 100% (54:46 trans:cis ) (168)

The reactivity of polyfluorinated cyclohexadienes toward antimony or nio-
bium pentafluorides has some peculiarities. The equilibrium mixture of 1,4- and
1,3-cyclohexadienes is formed from pure isomers of each and a catalytic amount
of MF; at room temperature where the non-conjugated diene predominates
[167]. With an excess of SbF; both isomers disproportionate to give a mixture of
aromatic compounds and cyclohexene polyfluoroaromatics and the corre-
sponding cyclohexene [167, 168]:
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X X
() o == () o,
8
15

X=F 92

X<H 85 (169)
S 85 15

X=Xe*ASF¢ 100 0 (80

SbFs
40-50°C @ * @

Interestingly, diene 80, containing Xe* substituent, does not isomerize into
1,3-isomer under the action of SbF; and it is not ionized by the same Lewis acid
into the corresponding arenonium cation [169].

Isomerization of bicyclic triene 81 proceeds fast even at low temperature in the

presence of a catalytic amount of SbFs; an attempt to observe the corresponding
intermediate carbocation by NMR spectroscopy was unsuccessful [167]:

SbE;
~78 °C, SO,CIF (170)

81 quant.

6.2.2
Cleavage of Vinyl Ethers

Partially fluorinated vinyl ethers of fluoroolefins are quite susceptible to the
action of Lewis acids. Reaction usually proceeds with ionization of the allylic
C-F bond and results in formation of C=0 group and elimination of alkyl
halide. Indeed, 3-chloro-2-methoxyhexafluoro-2-butene 82 reacts with AlCl,
with formation of trichlorovinyl ketone 83, and cyclic alkoxyfluoroalkenes
demonstrate similar behavior in reaction with aluminum or tin(IV) halides
[170]:

AlICl;, CS It
CF;C=CCICF, —ﬂ"‘—z»c1=3ccc1=ccx2 (171)
OCH3 refiux
82 83,58%

1-Methoxy-F-propylene 84 reacts exothermally with SbF; to give perfluoro-
acroyl fluoride 85 [171}:

SbFs I (172)
CH,0CF=CFCF; ——> CF,=CFCF

84 85,47%

Interestingly, the perfluorinated version of vinyl ether 84 is even less stable to
the action of SbF;, and decomposition of this material with formation of 85 and
CF, rapidly proceeds, even at -50°C [155]. A similar reaction was reported for
1-methoxy-F-isobutene, but in this case it produces a mixture of methacroyl
fluoride and F-ketene:



Reactions of Electrophiles with Polyfluorinated Olefins 87

l
0=C=C(CF3), + FCC(CF3)=CF, (173)
total yield 72%

CH,0CF=C(CF3),

SbFs
25°C

When OR group is located inside the fluorocarbon chain, the corresponding
vinyl ketone is the only product [172], and the CF(OCH3)-moiety is the pre-
ferential site for demethylation [171]:

0
SbF. [
(CF3)2CFCF=C(CF3)CIFC2F5 ﬁ» (CF3),CFCF=C(CF3)CC,Fs
OCH, ’ 72%

(174)
CF;C(OCH3)=CF,CF,

CF;C(O)CF=CFCF;
exotherm. 84%

SbF.
CH;0CF=C(CF;)CF(OCH;)CF(OCH;)CF; —;>CH3OCF=C(CF3)C(O)C(O)CF3
25°C
37%

6.2.3
Reactions with Sulfur Trioxide and Boron Triflate

Sulfur trioxide is a strong Lewis acid comparable in strength with such acids as
GaCl,, BCl; and, according to some data, even SbCl; [4]. Non-catalysed reaction
of SO, with terminal polyfluoroalkenes results in formation of B-sultones, which
is currently viewed as a concerted electrophilic 2 + 2 cycloaddition reaction [4].
This process has been intensively studied for over 30 years and data on this reac-
tion has been reviewed [173]).

First indication that the course of the reaction of SO, with fluoroolefins could
be different was found in 1976. The reaction of polyfluorocyclobutenes with
stabilized sufur trioxide results in insertion reaction and produces the cor-
responding fluorosufates 86a-c [174]:

R R
Fl| +so0, F | (175)
20-100 °C
R FS0,0 R
R=F,CLH 86a-c, 44-74%

Later it was found that the result of reaction of unsaturated compounds with
SO; strongly depends on the structure of fluoroolefin. While HFP gives S-
sultone in a high yield under the action of pure SO; [173], perfluoroallylbenzene
reacts with SO; exothermally to give a mixture of f-sultone and F-phenyl-
propenyl fluorosulfate, but 3,3,3-trifluorotrichloropropene-1 or 2,3-dichloro-F-
butene-2 reacts with SO;, forming allyl fluorosulfates 87 or 88 [175, 176]:

CF,C4Fs

[F + CgFsCF=CFCF,0¢

0—S0,
26 : 74 (176)

C6F5CF2CF=CF2 + 303

exotherm.
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CCl,=CCICF; + SO; CCl,=CCICF,0S0,F

100°C,20 h 87 (continued 176)
CF;CCI=CCICF; + SO, CF,CCl=CCICF,080,F
100°C, 15h 88,37 %

A real breakthrough in this area came from the discovery that the direction of
reaction could be totally changed by the use of a Lewis acid catalyst [5]. For
instance, the reaction of a 30% excess of HFP with SO; in the presence of
B(OMe); produces F-allyl fluorosulfate 2 instead of B-sultone:

B(OCH3)3
CF,=CFCF; + 0.750; ————* CF,=CFCF,080,F
35°C, 6h
2,52%
LF BF, CFs
CF2=C\ + SO, m CF2=C\
CF; ’ CF,0S0,F (177)
71%

PFIB reacts in a similar manner [177]. This reaction was carried out at 25-35°C
in a closed system. Terminal F-olefins were converted into the corresponding
fluorosulfates in the presence of B,O, or B(OMe), catalyst at higher temperature
[175,176]:

CF3(CF2)HCF2 CF=CFZ +503

CF;(CFy),CF; CF=CFCF,080,F

100 °C

cat. time yield%
2 B,0, 3h 3742 (178)
3 B(OCH3); 4d 29

Internal polyfluoroalkenes are less reactive toward SO;. Indeed, fluorosulfate
was obtained in low yield in reaction of F-2-butene and SO; and BF; at 150°C
[175]. However, much better results were achieved when a stronger Lewis acid
was employed. Interaction of internal F-olefins with SO, stabilized by antimony
pentafluoride proceeds at 75-80°C resulting in the corresponding fluorosul-
fates 89a-e [178,179]:

SbF
RCF=CFCF; + S0; —— ; o~ RCF=CFCF,050F
Re= C,F;s 89a, 87% (179)
n-C;F, 89b, 93%
i- CiF; 89¢, 93%
t- C4Fg 89d, 89%
n- CsFy, 89¢, 87%

Reaction of fluosulfates 89a-e with an excess of SO, leads to formation of
the corresponding acylfluorosulfates which were not isolated but converted
into unsaturated acids 90 [179, 180]:

B,0, NaOH
89a-e + SO, R{CF=CFC(0)0SO,F ——— =R CF=CFC(0)ONa
100°C, 4h

1,50, (180)
- R{CF=CFC(O)OH

90,70-92%



Reactions of Electrophiles with Polyfluorinated Olefins 89

The interaction of sulfur trioxide with polyfluorinated vinyl ethers proceeds
without a catalyst at low temperature to give S-sultones. At higher temperature,
sultones readily rearrange into the more stable acyl fluoride 91 or alkyl F-alkyl-
B-ketosulfonates. 92,93a-b [181]:

CH,;0CF=CFCF,R + SO, FC(O)CF(CF,R)SO,0CH,
-20 to0 25°C 91
R yield%
F 37
C;Fo 31
OCH,CH;

OCH,CH
| 2CHs CF,

F | —— CF;C(0)CF,SO,0CH,CH;
2010 0°C 0—S0,

CF;C=CF, + SO,

92,57% (181)
OCH,
! 50-68°C I
CF,C=CFCF, + 250, CF3 CCFSO,0CH; +
CF,
93a, 26%
1
CF; CCFS0,0S0,0CH;
CF,

93b, 33%

Exothermic reaction of SO; with 2,3-dimethoxyhexafluorobutene-2 leads to a
different product, cyclic sulfate 94, which was converted into hexafluorobiacetyl
by heating with H,SO, [181]:

OCH, CH;0, OCH3
%—GCF
CF3C=$CF3 + 22580, CFs 5 3

exotherm. O\S
OCH, o, 9%

.

(182)
H,S0,
80-120°C

CF;C(0)C(O)CF;
79%

Cyclic vinyl ethers have different reactivity patterns. Reaction of cyclobutene and
cyclopentene derivatives with SO, leads to the formation of cycloalkenones [182]:

OCHj; o 0
+ 250, +
. ;
X 25-60°C, 30 min X FSO,0 X
X = E.Cl
OCH; o (183)
+280; ————=
X 0-5°C X
X=F 2d 84 %
cl 12h 77 %

OMe 12h 61 %
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However, 1-methoxytrifluorocyclopropene behaves differently, and y-sultone
95 is formed even at low temperature [182]:

o
F CFC-113 F o
F, +2S80y ——08(8 . | (184)
-50 to 20°C SO,
MeO F
95, 66%

A convenient route to difluoromaleic anhydride is based on the reaction of
F-2,5-dihydrofuran with SO; [183]. Oxodefluorination proceeds at elevated
temperature and is catalyzed by trimethyl borate. F-2,5-Dihydrothiophene
undergoes a similar conversion; when excess of SO, is employed, the primary
thioanhydride 96 is oxidized to give 97 in high yield:

- B(OMc), Fr—=0F
+ SO; —_— + S,04F,

o 92°C,12h 0¥ T0” O
96,53 %
B(OMe);
7 +4SO3——>|F| + |T| (185)
S reflux, 0 S fo)
30 min §° 70
29%,97 25%
B(OMe);
97 +580; — —» 96,73%
60-90°C, 2 h

Recently, another strong Lewis acid, boron triflate B(OSO,CF;); has also
found application in fluoroorganic synthesis [25]. As demonstrated, this reagent
can be used for the replacement of activated fluorine in fluorocarbons
by OSO,CF; group. Boron triflate readily reacts with CFC-112 and CFC-113 and
F-toluene, producing corresponding triflates. Reaction of HFP with
B(OSO,CF,); rapidly proceeds at 0°C to give F-allyl triflate, and BF; as a by-
product:

B(OSO,CF3); + 3CF,=CFCF, 3CF,=CFCF,080,CF, + BF,

—_——
0°C,5h

68%
B(OSO,CF;); + CCl,=CCICF; ———— CCl,=CCICF,080,CF; (186)
25°C,2h 63%

Trichloropropene reacts similarly to HFP. While internal F-olefins are not active
enough for reaction with B(OSO,CF;);, more active 2,3-dichloro-F-butene-2
interacts with this Lewis acid at ambient temperature to give monotriflate 98 in
a reasonable yield:

B(0S0O,CF3); + CF;CCI=CCICF; ————— CF,;CCl=CCICF,0SO,CF; (1 87)
25°C,4h 98. 559
y (4
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7
Conclusions

The last 20 years or so have been a period of intensive development in the area
of electrophilic reactions of fluoroolefins. Fluorine substituents impart unique
reactivity to polyfluorinated olefins, and the knowledge of their behavior in
reactions with electrophiles is important for synthetic chemists working in this
area.

Advances in NMR spectroscopy have made this technique very effective for
identification and structural characterization of reactive intermediates in
electrophilic reactions. Nowadays it is a powerful tool which can be used for
prediction and evaluation of reactivity of polyfluorinated materials.

The breakthrough in the area of inorganic chemistry results in the develop-
ment of a number of powerful new electrophilic reagents (halogen fluorosulfates
and triflates are examples). Application of these reagents in fluoroorganic
synthesis has made it possible to increase significantly the number of substrates
involved in these reactions. At the same time, the development of new catalysts
such as aluminum chlorofluoride and catalytic systems (HF and solutions based
on it) creates the condition for better control over reaction conditions and
activity of the reagents.

Although this work probably does not cover all the details of the develop-
ments in electrophilic chemistry of fluoroolefins, it has nevertheless attempted
to provide a strategic overview in this area, hoping that chemists working on
related subjects should be able to find answers to basic questions associated with
reaction conditions, types of electrophiles, reactivity of olefins and orientation
of addition. We also wish to acknowledge the tremendous work accomplished in
the last 30 years in the area of electrophilic reactions of fluoroolefins that has
made this review possible.

Acknowledgements. PVA wishes to thank Dr. C.G. Krespan for stimulating discussions, Dr. A.C.
Sievert for a number valuable suggestions, and Boris Vekker for help in preparation of the
manuscript.
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All aspects of the structure, reactivity and chemistry of fluorine-containing, carbon-based
free radicals in solution are presented. The influence of fluorine substituents on the structure,
the stability and the electronegativity of free radicals is discussed. The methods of generation
of fluorinated radicals are summarized. A critical analysis of the reactivities of perfluoro-
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addition, H-atom abstraction, and towards intramolecular rearrangement reactions is
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1
Introduction

Free radical reactions comprise an important part of the chemistry of organo-
fluorine compounds. The purpose of this review will be to present a current
perspective of what is known about the structure, reactivity and chemistry of
carbon-based, fluorine-containing free radicals in solution, with an emphasis, in
the case of the chemistry, being given to the progress made in the field during
the last decade.

In contrast to closed shell molecules, free radicals are species which have an
odd number of electrons. Simply speaking, all electrons in free radical species
are considered to be paired up, except for one orbital which contains the single
electron. The molecular orbital which describes the distribution of this odd
electron is called the SOMO (singly occupied MO). In the ground state of the
radical, the SOMO is also the HOMO. In a carbon-based free radical the SOMO
is generally strongly localized to a trigonal carbon atom.

Free radicals were for a long time believed to be too reactive and indiscrimi-
nate in their reactivity to be harnessed usefully for synthesis. However, because
of increased understanding of the nature of their reactivity, synthetic chemists
have learned to tame these highly reactive intermediates to such an extent that
reactions involving free radical intermediates are now considered to be quite
useful in synthesis, particularly with respect to carbon-carbon bond forming
and carbocyclic ring forming processes.

Fluorinated radicals have played a significant role in the history and develop-
ment of the field of free radical chemistry, and it was recognized quite early that
they have natures which are quite different from those of their hydrocarbon
counterparts. As a result, there has been much effort directed towards defining
and understanding these differences with respect to their structure, reactivity
and chemistry.

1.1
Influence of Fluorine as a Substituent

Substituents give rise to a perturbation of any “standard” system, whether it be
a reactive intermediate, such as a radical, or a valence-satisfied molecule, and to
a first approximation, the character of a substituent is considered to remain
basically unaltered from one molecular environment to another. Substituent
effects can be broadly divided into steric effects and polar (or electronic) effects,
with electronic effects being further divided into o inductive effects and
7 conjugative (resonance) effects. Although it is not a rigid rule, because of the
small size of a fluorine substituent and the relatively non-sterically-demanding
nature of the transition states for most types of radical reactions, the influence
of fluorine substituents upon structure and reactivity of radicals is usually con-
sidered to derive largely from the electronic nature of fluorine [1]. Fluorine is
the most electronegative atom, and it thus exhibits a potent o inductive electron
withdrawing effect in all situations. It is also a potentially strong 7 electron
donor to carbon m-systems, including the semi-occupied molecular orbital
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(SOMO) of a carbon radical, because of the good match up in size of the lone
pair 2p orbitals of fluorine with those of carbon. The effectiveness of this con-
jugative interaction is a function of the energetic separation of the interacting
orbitals, as well as of the degree of their overlap, both of which are significantly
influenced by the strong inductive withdrawing nature of the fluorine substituent.
Thus, the net impact of a substituent such as fluorine, which is inductively
withdrawing and m-donating, will result from a complex interplay of these
disparate interactions. To make matters even more complicated, the combined
influences of multiple fluorine substituents is not additive, and cannot be readily
derived from an understanding of the effect of a single fluorine substituent.

2
Structure

Fluorine substituents have a dramatic impact upon the structure of alkyl
radicals. The methyl radical itself is planar; UV, IR, PES and ESR spectroscopy,
as well as the highest level of theoretical analysis, all indicate that its conforma-
tional properties are best defined as deriving from a single minimum [2].
Fluoromethyl radicals, on the other hand, are increasingly pyramidal [3], with
the trifluoromethyl radical being essentially tetrahedral [3 - 7], with a significant
barrier to inversion [8,9].

H .-‘\“H %’F
‘%H F~ ™

planar CHy' tetrahedral CFy

Scheme 1

ESR spectroscopy is perhaps the best method for the unequivocal detection
and observation of free radicals, and ESR *C hyperfine splitting (hfs) constants
are considered to be a very useful indicator of a radical’s geometry because
non-planarity introduces s character into the orbital that contains the unpaired
electron. The methyl radical’s *C,, value of 38 G is consistent with a planar
structure. Fluoromethyl radicals exhibit increased '*C, values, as shown in
Table 1, thus indicating increasing non-planarity, with trifluoromethyl radical’s
value of 272 G lying close to that expected for its sp® hybridization [4].

As can also be seen from Table 1, the a-F hfs interactions exhibited by CH,F,
CHF, and CF; are also consistent with their increasingly pyramidal nature, and
Table 2 provides data for other a-fluorinated radicals which indicate their
degree of bending. Direct fluorine substitution at the radical site also gives rise
to large increases in the radical’s barrier to inversion, with barriers of ~1,7 and
25 kcal/mol being calculated for CH,F, CHF,, and CF;, respectively [9].

Such a strong influence of fluorine substituents on the geometry of a radical
can be understood largely in terms of the effect of the o inductive influence of
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Table 1. ESR hyperfine splitting constants for fluorinated methyl radicals [4]

Radical CH, CHLF CHF, CF,

al’C 38.5 54.8 148.8 272
aF, - 64.3 84.2 143.7
aH, -23.0 -21.1 222 -

g 2.0026 2.0045 2.0041 2.0026

Table 2. ESR hyperfine splitting constants for 1°, 2° and 3° alkyl and fluorinated alkyl radicals
[4,10-13]

Radical CH,CH, (CH,),CH (CH,),C CH,CF, CH,CF, (CF,),CF (CF,),C
aC, 39.1 413 495 - - - 443
a“F, - - - 94.0 87.6 70.3 -

the fluorine substituent on the thermodynamics of bonding. There is a
thermodynamic advantage for the carbon orbitals used in bonding to fluorine
to be relatively high in p-character, as they would be in an increasingly bent
radical. In such a case, the orbital containing the unpaired electron in a fluoro-
methyl radical would have increasing s-character as the number of fluorines is
increased. It has also been suggested that conjugative effects can contribute
significantly to pyramidalization, but Bernardi and coworkers concede that in
the case of fluorine substituents, the inductive effect is primarily responsible for
the observed conformational trends [9].

From a simple MO perturbational perspective, pyramidalization of a
radical - CH(;_,X, occurs when it can lead to mixing of the SOMO with the
lowest occupied o MO (LUMO). (This would lead to charge transfer, and increa-
sed ionic character to the C-X bonds.) The more electronegative the substituent
X is, the lower the LUMO energy, hence the lower the SOMO-LUMO gap, which
results in more mixing. Being the most electronegative, fluorine substituents
have the strongest influence on non-planarity [9].

Methyl substituents also induce some bending, with ethyl, isopropyl and
tert-butyl radicals becoming increasingly pyramidal [2], but in contrast to the
influence of fluoro-substituents, such radicals have shallow potential energy
functions with very small (< 1 kcal/mol) barriers to inversion [14]. (Table 2 pro-
vides the hyperfine splitting constant data for 1°,2° and 3° alkyl and fluoroalkyl
radicals.) Placing fluoro-substituents at the B-position, as in the 2-fluoroethyl
radical, gives rise to conformational preferences which appear to be of minor
structural consequence at the radical site [15-17]. Even the strongly electro-
negative trifluoromethyl substituent would appear to induce less pyramidaliza-
tion than a methyl substituent. For example, the smaller *C, hfs constant exhib-
ited by the perfluoro-tert-butyl radical, combined with its normal temperature
dependence properties, indicate a more planar geometry than that of tert-butyl
radical [10, 14].
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With the demonstrated strong inducement by fluorine substituents to pyra-
midalize a radical site, the question arises whether benzylic or allylic conjuga-
tion would be sufficient to make the radical site planar. Indeed, that seems to be
the case, but as one might expect, such radicals appear to have less resonance
stabilization than their hydrocarbon analogues.

In an ESR study of 1,1,3,3-difluoroallyl radicals, Krusic and coworkers were
able to demonstrate that the barrier to rotation of such apparently planar
radicals is substantially reduced [18]. Although allyl itself has a rotational
barrier of 15 kcal/mol [19, 20], 1,1,3,3-tetrafluoroallyl, 1, had a barrier of but
7.2 kcal/mol. The observed °F, hfs constants (42.6 and 39.7 G) were consistent
with 1 being a planar system. It is likely that the lowering of the rotational
barrier of 1 derives from a destabilizing interaction between the fluorine lone
pairs and the doubly-occupied allyl m-MO which diminishes the net allylic
resonance energy, as well as from stabilization of the transition state due to
pyramidalization.

oK
O~¢

2
Scheme 2

Likewise, Pittman has examined the o, a-difluorobenzylradical (2) by ESR [21].
This radical also exhibited small °F, hfs (51.4 G) which is consistent with a planar
or near planar radical. Because of the symmetry of the system, he could obtain
no information on the radical’s rotational barrier. Yoshida et al. have recently
calculated a 20° distortion from planarity for this radical and have rationalized its
relatively high reactivity on the basis of its non-planar nature [22).

To summarize the considerable available structural data with respect to
fluorine substitution, one can conclude that non-conjugated carbon radicals
bearing at least two fluorine substituents will be strongly pyramidal, o-radicals,
while B-fluorine substituents appear to have little influence on the geometry of
a radical. The strong o-character of CF,, CHF,, and perfluoro-n-alky! radicals
has a considerable influence on their reactivity.

3
Thermochemical Properties of Fluorinated Radicals

31
Radical Stabilities

The influence of fluorine substituents on the stability of alkyl radicals derives
from the same complex interplay of inductive and resonance effects that affects
their structure. Simple orbital interaction theory predicts that substituents of
the -X: type (that is, electronegative substituents bearing lone pairs) should
destabilize inductively by virtue of their group electronegativities, and stabilize
by resonance to the extent of their ability to delocalize the odd electron.
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The effect of fluorine substitution on the thermodynamic stability of a radical
has been difficult to assess experimentally. Homolytic C-H BDEs of hydro-
carbons bearing heteroatom substituents have long been considered to provide
good estimates of the stabilities of the corresponding alkyl radicals [23]. For
example, Bordwell and Pasto have devoted considerable attention to the pre-
diction of BDEs of mono- and disubstituted methanes, and they have also pre-
sented cogent interpretations of the validity and significance of the derived
radical stabilization energies (RSEs), which are defined as the change in the total
energy for the isodesmic reaction shown in Eq. (1), and as such are recognized
not to be identical in definition to “resonance” energies [24, 25].

XiCHar + CH XCHan + CHy' (1)

Thus, on the basis of relative C-H BDEs, (CH,);C-H (96.4), (CH,),CH-H
(98.6), CH;CH,-H (101.1) and CH;-H (104.8 kcal/mol) [23, 26], one reaches the
conclusion that the stability of hydrocarbon radicals decreases: 3° >2°>1° >CH;.
It is, of course, recognized that the variable degree of steric strain of the mole-
cules within this series limits the quantitative impact of these numbers vis-a-vis
radical stability.

Using the experimental bond dissociation energies for the fluorinated
methanes [BDEs: CH;-H (104.8 £ 0.2), CH,F-H (101.2+2), CHF,-H (103.212),
CF;-H (106.7 £ 1 kcal/mol)] [26 - 29] indicates that, by equation iii, the impact of
fluorine substitution on RSEs is positive for the first fluorine but then increas-
ingly negative along the series. Whereas a single fluorine substituent is stabili-
zing by 3.6 kcal/mol, two stabilize by a mere 1.6 (which can be compared to the
2.6 kcal/mol stabilization calculated for the CH;CF,  radical, compared to
CH,CH,"), and three destabilize by 1.9 kcal/mol. This trend has been explained
by Epiotis and Bordwell as deriving from the fact that substituents of the -X:
type (that is electronegative substituents bearing lone pairs) should destabilize
aradical inductively and stabilize the radical to the extent of their ability to delo-
calize the odd electron [9,24]. Because the energy of its lone pairs (compared to
those on nitrogen or oxygen) is not conducive to their interaction with the
SOMO and with such delocalization further diminishing with increasing pyra-
midalization, such interaction actually becomes destabilizing for CF;-, which
leads to the considerable negative RSE exhibited by CF;- and hence to the very
high CF;-H BDE. Indeed, because of the strong impact of fluorine substitution
on the ground state energies of polyfluoromethanes, one must question the use
of RSE values derived from Eq. (1) for evaluating the degree of “radical stabil-
ization” in the fluoromethyl radical series.

On the basis of meager available BDE data for fluorinated ethanes, f-fluorine
substitution would appear to give rise to “radical destabilization” relative to
the ethyl radical, as defined by an isodesmic equation analogous to Eq. (1).
Indeed, calculations of some missing members of the fluorinated ethyl series
{BDEs: CH,CH,-H, 97.7 (101.1, exptl); CH,FCH,-H, 99.6; CHF,CH,-H, 101.3;
CF;CH,-H, 102.0 kcal/mol (106.7, exptl) [30, 23, 26]} indicate that the inductive
effect of even a single f-fluorine substituent is sufficient to “destabilize” an ethyl
radical.
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What one is really saying however, in the ethane series, is that a g-CF, group
serves to strengthen 3 C-H (and C-C) bonds, probably because of strong elec-
trostatic attractions in these C-H and C-C bonds [31]. The relevance of such BDE
data to intrinsic radical stabilizations is at this point highly debatable.

Experimental support for the given order of stability in the fluoromethyl
series has been provided in a study by Jiang et al. of the radical fragmentation of
the respective series of fluorinated tert-butoxy radicals [32]:

CHy CH, R + CHyCOCH,
(R-¢-0co,) A— | R-¢-0- | {
CHa CHy | \—=CHy + RCOCH,
R= CF3< CI'{3<CI'IF2~CH2F

kg= 008: 1 : 102 : 90
Scheme 3

One would expect that any radical stabilization or destabilization effects
deriving from fluorine substituents ought to be reflected in the experimental
rates of thermal rearrangement via homolytic processes. However, in the few
such systems which have been studied, one or two fluorine substituents do not
seem to have a significant impact upon such rates [33, 34].

X X
[é{\x___“ [}—ffx
Y ’ Y z

LogA E,
For X=H, Y=Z =D 136 399
For X=Z=H, Y=F 13.7 39.6
For X=F, Y=Z=H 136 384

Scheme 4

In kinetic studies where there have been trifluoromethyl groups on a C-C
bond undergoing homolytic cleavage [35-38], steric effects sometimes led to
results which were difficult to interpret [36], and other substituents were ob-
served to influence the effect of the CF; group [35, 36]. However, the trifluoro-
methyl substituent has generally been found to have minimal or even a negative
effect on the rates of the rearrangements. A study of the vinylcyclopropane
rearrangement of trans-2-(trifluoromethyl)-vinylcyclopropane exemplifies the
lack of significant influence of a CF; group on C-C bond dissociation energies
and hence on carbon radical stabilities [38]. In this study Dolbier and McClinton
found that the C,-C, and C,-C; bonds were cleaved competitively, and the over-
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FaC \A\/ A F3C\ : FaC
D — +
—
76% 19%
Scheme 5

all rate of rearrangement was, within experimental error, identical to that of
unsubstituted vinylcyclopropane.

Within our discussion of the stabilities of fluorinated radicals we have, of
course, been referring to thermodynamic stabilities. In fact, most fluorinated
radicals will be seen to have enhanced kinetic reactivity in reactions with closed
shell molecules. However, appropriate fluorine substitution can also give rise to
long-lived, or persistent radicals, the most dramatic example being Scherer’s
radical, 3, which persists at room temperature, even in the presence of molecu-
lar oxygen [39]:

Scheme 6

The incredible kinetic stability of Scherer’s radical most likely derives from
steric isolation of the site of free valence. Models indicate that the radical site is
essentially buried within a protective shield of surrounding fluorine substituents.

Recently, there have been a number of other examples of stabilized perfluoro
radicals reported in the literature [40-46]. Included in this work are reports of
the first isolable, functionalized radicals, and the first isolable perfluorovinyl
radical.

(F-SO,-O)

(i-CaF7),C=CFCF3 (i-car=7)2t:-lc:s=cr:3
OSO.F

(t-C4Fg)O==C-(t-C4Fy)
ll—» (t-C4F g)C=CF(t-C4Fo)

i-CaF7 CF3 Fa i-CaF7 CF3
— . . CE
i-C3F7  OCH,CF. i-CoF. OCH,CF.
Scheme 7 2vrs a7 2-T3
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3.2
Electronegativities, lonization Energies, and Electron Affinities

In order to assess the contribution of polar factors to the reactivities of fluori-
nated radicals, one needs a measure of their electronegativities. Absolute elec-
tronegativities (y) may be derived if one knows both the IPs and the EAs of radi-
cals [47], as shown below in Eq. (2).

IP + EA (2)
X=—>H

Unfortunately, few experimental ionization potentials or electron affinities of
fluorinated radicals have been reported, and the calculation of such molecular
properties is fraught with difficulties, although reasonable trends can be pre-
dicted [48-49]. Table 3 provides what numbers are presently available [50-55].

Table 3. Experimental ionization potentials, electron affinities and absolute electronegativities
of alkyl and fluorinated alky! radicals [50-55]

Radical  CH, CH,CH, (CH,),CH (CH,),C CH,F  CHF, CF,
IP(eV)  9.84 8.12 7.37 6.70 9.04 8.73 9.25
EA(eV)  0.08 -0.26 -0.32 ~0.16 1.3 1.84
X 4.96 3.93 3.53 3.27 5.0 5.55

Radical ~ CH,CF, CH,CF,CF, (CH,),CF (CF,),C CH,CF, HCF,CF, CF,CHF

IP (eV) 9.98 10.06 10.50 7.92 9.29 9.60
EA (eV) 1.81 >2.65 >2.65 3.4
X 5.90 > 6.36 > 6.58

Pearson has observed that the reactivity of various organic substrates, including
radicals, can be correlated with their absolute electronegativies [56]. It can be
seen that although trifluoromethyl and pentafluoroethyl radicals are much more
electronegative than the more nucleophilic alkyl radicals, such as tert-butyl,
methyl itself should not be much more nucleophilic than trifluoromethyl.
Nucleophilicities of alkyl radicals increase: CH; < 1° <2° <3°. Although there
are not sufficient IP or EA data available to substantiate the issue, the reactivity
studies which are described in Sect. 5 demonstrate that the electrophilicities of
perfluoroalkyl radicals increase: CF; 1° <2° <3°

4
Methods of Generation of Fluorinated Radicals

Consistent with the growing appreciation of the importance of free radical
chemistry to the field of organofluorine chemistry, both mechanistically and
synthetically, over the years there have been numerous methods developed for
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the purpose of generating perfluoro and partially fluorinated alkyl radicals.
Such methods include thermal and photochemical homolysis, radical initiation,
and electron-transfer processes. Whereas the most common type of precursor is
a perfluoroalkyl iodide or bromide, fluorinated free radicals can also be gener-
ated from fluoroalkyl sulfonyl halides, carboxylic acids, diacyl peroxides, and
azoalkanes, as well as from a number of other less common precursors, includ-
ing perfluorocarbons themselves.

In this section, each method of generating carbon-based fluorinated radicals
will be introduced and discussed in terms of mechanism, and it will be seen that
virtually all of the useful methods for generating perfluoro and partially fluori-
nated radicals in a practical manner involve well defined and controlled free
radical chain reactions. Some representative examples which demonstrate the
preparative use of these methodologies will be presented in the final section of
this review.

4.1
From Perfluoroalkyl lodides

Perfluoroalkyl iodides comprise the most important and commonly-used source
of perfluoroalkyl radicals [57-59], and for the most part, the methods which
have been developed for such perfluoro systems also work well for generation of
partially-fluorinated alkyl radicals from their respective iodides.

411
Thermal and Photochemically-Induced Homolysis

Simple homolysis of the C-I bond by heating or by light is the most straight-
forward approach and was the first used for adding perfluoroalkyl iodides to
olefins. One presumes that both the thermal and the photochemically induced
addition reactions of perfluoroalkyl radicals proceed via free radical chain reac-
tions as depicted in the Scheme below. However, the conditions of these reac-
tions are rarely ideal for preparative purposes because high temperatures are
required for the thermolytic process and long photolysis times are required for
the photolytic method [60].

R 29 pe s 1 (intiation)
B + Y= —» Rp,l.—l -—-—»RFl nr—l—l—l + R¢
(propagation)
Scheme 8
41.2

Use of Free Radical Initiators

The use of free radical initiators in such reactions can be very useful. They allow
the reactions to be run at much lower temperatures and generally make them
more efficient [60].
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A, 60°C Rel Substrate
2In /< Rf etc

In-l

Ing

Scheme 9

4.1.3
Chemical Reduction (SET)

The most important recent development in this area has been the use of various
single-electron reductants to initiate the free radical chain process. Such reduc-
tants have been most commonly metals or anionic species, and such processes
have been used either to initiate addition processes or substitution (Sgy1) pro-
cesses

Addition:
M(orNu) + Rd — M (orNu) + Rrr—‘l—’ R¢

HF'+>=<—— R¢:+_| — elc

Substitution:

Ni + Rl — Nu + Rd —L= Rp

Re + NU—» ReNU —Fw RiNu + R —= etc
Scheme 10
4.1.4

Electrochemical Methods

Perfluoroalkyl radicals can be produced electrochemically from perfluoroalkyl
iodides by cathodic reduction, and although there can be problems in control-
ling side reactions such as dimerization, such methodology can have considerable
synthetic advantage.

.
RA + ¢ =2 RJ = Ry — et

Scheme 11

4.1.5
Fenton Methodology

Perfluoroalkyl radicals have also been generated from perfluoroalkyl iodides
by use of Fenton conditions in DMSO, with the final step being abstraction of
iodine from R;I by methyl radical [61].
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H:0, + Fe(l) ———= +OH + OH + Fe(ll)

0. OH

\,s< — = CHy + CHySOH
H3C CH3

‘OH + CH;SOCH,

CHS' + Rpl — CH3| + RF'

Scheme 12

4.2
From Perfluoroalkyl Sulfonyl Halides

Perfluoroalkyl sulfonyl halides are also good photochemical sources of per-
fluoroalkyl radicals, and they may also be used under thermal-induction, with a
radical initiator, to form R in a synthetically useful manner [62].

b - SO
RgSO,Br ——~ RSO, + Br 2 e Ry etc

Scheme 13

Chain transfer of a Br atom from the sulfonyl bromide seems to be more
efficient than that from perfluoroalkyl iodides or bromides, but problems can be
encountered with sulfonyl bromides because SO, expulsion is somewhat slow
and sometimes competes with alkene addition of RSO,..

4.3
From Perfluoroalkanoic Acids

Electrochemical oxidation of perfluoroalkanoic acids can lead to radical derived
products, although the same problems apply to such oxidations as applied to the
electrochemical reduction processes of perfluoroalkyl iodides.

RFCO2- - ¢ M. R PCOZ 'COZ RF‘ ——  eliC

Scheme 14

Electron transfer from perfluoroalkanoic acids to xenon difluoride was also
reported to give perfluoroalkyl radicals which were found to add to benzene
derivatives [63].

2RCOH + XeF, ——® 2RO, + 2H" + Xe + 2F

-CO, Ar-H
RPCOZ — - RF —— RFAI’

Scheme 15



110 W.R. Dolbier, Jr.

Perfluoroalkanoic acids also undergo Hunsdiecker reactions, with the greatest
utility for such methodology being the preparation of perfluoroalkyl iodides,
bromides and chlorides [64].

L
CF;CO, Ag* __L_.» CF,Co,1 —» CRCOy + T
- L
CF,COy __CQZ_> CFy —2 g CEI

Scheme 16

Another way that has potential for the generation of perfluoroalkyl radicals
from carboxylic acids is the use of Barfon esters. However, unlike the situation
for their hydrocarbon analogs, fluorinated thiohydroxamate esters have thus far
only been able to be prepared in situ [65].

Scheme 17

4.4
From Fluorodiacyl Peroxides

4.4.1
Thermal and Photochemical Homolysis

Perfluoro-n-alkyl diacyl peroxides decompose homolytically to give perfluoro-
alkyl radicals under mild conditions, and radicals formed in such a manner have
been used synthetically or as radical initiators for polymerizations [66,67].

CO.
(RFCOZ)Z M» 2 RFCOZ ——2> RF‘ —p ciC

Scheme 18

Such reactions are, of course, unimolecular decompositions, not free radical
chain processes. This fact made perfluorodiacyl peroxides ideal precursors for
the laser flash photolysis studies which will be described in Sect. 4. Kinetics for the
thermal decomposition of a number of perfluorodiacyl peroxides have been mea-
sured and their AH* values were approximately 24 kcal/mol, about 5 kcal/mol
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lower than for analogous hydrocarbon diacyl peroxides [68, 69]. Their typical
half-life is ~ 5 hours at 20 °C, while (HCF,CF,CO,), is anomolously reactive and
has a half life of only 81 minutes. Although other partially-fluorinated diacyl
peroxides have also been prepared, for the purpose of LFP studies [70], other
than for the case of 2,2-difluoropropionyl peroxide [71], their thermal kinetic
parameters have not yet been determined.

4.4.2
Electron Transfer Processes

It appears that in the presence of electron-rich m-systems, either olefinic or
aromatic, these electron-deficient diacyl peroxides undergo electron-transfer,
decarboxyation, and cage-recombination to give adducts in good yield [68].

(RECOy); + AH —— (RECOp)2 + AHY —

e -H
R + AH + CO, + ReCO; —= ReAH' —Ho Roar

Scheme 19

4,5
From Perfluoroazoalkanes

Perfluoroazoalkanes [72] have also been utilized as thermal or photochemical
precursors of perfluoroalkyl radicals.

hv
ReN=N-Rf ——» 2R + N, —» eflc
Scheme 20

Although this method has been generally limited by the low efficiency of
photodeazetation and the high temperatures needed for thermal deazetation
(half-life =1 h at 332°C) [73], it has recently been found that use of 185 nm light
provides reasonable quantum yield of fluorinated radicals (¢=0.15), via a two
photon process involving trans to cis conversion followed by photofragmenta-
tion [74]. Nevertheless, the significant intervention of cage-recombination in
these reactions limits the synthetic utilization of the radicals which are generated.

4.6
Some Other Sources

There are other sources of perfluoroalkyl radicals which have found occasional
use, such as photolysis of hexafluoroacetone to generate trifluoromethyl radicals
[75, 76], photolysis of perfluoroacyl halides [77], Umemoto’s photolysis of
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N-nitroso-N-trifluoromethyl trifluoromethanesulfonamide [78], photolysis of
bis-(trifluoromethyl)tellurium [79], thermal AIBN-induced decomposition of
bis-(trifluoromethyl)mercury [80], thermolysis of highly branched perfluoro-
carbons [81],and even thermolysis of persistent perfluoroalkyl radicals such as
that discovered by Scherer [39, 45]. Recently it has even been found that per-
fluorocarbons can be a source of perfluoroalkyl radicals when they undergo
photoinduced reduction by NH; or by Cp,TiF, [82, 83].

o
B . :
F3C Cl F3 — 2C F3 + CO — etc

RgCOCI Re + COCl —— efc
”0
z v, 35h
FaC™ “SO,CF3 —Cl_-l.;,C_N» 2CFy + Np + SOg—= o0
_ . A )
(I'03F7)QC-CZF5 "1’0—57(; CF3 + CF30F=C(02F5)(I'C3F7)
Scheme 21
F3C FiC
CF—CF, HotviNHy o e
Fd  FC—CFy (+€,F) Fsc/ F,C—CF,
Scheme 22
4.7

From Radical Addition to Perfluoroolefins

In order to be complete in our discussion of methods for generation of fluori-
nated radicals, it must be mentioned that perfluoroalkyl radical intermediates
are also formed in every reaction in which radical species such as halogen
atoms, thiyl radicals, or other carbon radicals add to fluoroolefins. As will be
seen in Sect. 6.3.2, such processes are especially important in the telomerization
or polymerization of fluorinated olefins

5
Reactivity of Fluorinated Radicals

Discussions about reactivity must be carried out within the context of some
reaction. For free radicals, the fundamentally most important types of reactions
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are those involving their addition to n-bonds, particularly their additions to al-
kenes, and their hydrogen-abstraction reactions. Therefore, virtually all assess-
ments of the reactivity of radicals involve studies of such reactions.

5.1
Alkene Addition Reactions

5.1.1
Early Kinetic Studies

There has been considerable effort directed towards obtaining a fundamental
understanding of the factors that govern the reactivities of carbon-cen-
tered radicals in bimolecular reactions, particularly with respect to their
addition to alkenes [84]. From early liquid and gas phase studies, reactivity
in such addition reactions was concluded to derive from a “complex inter-
play of polar, steric, and bond-strength terms [85],” which is much in-
fluenced by the nature and position of substituents on both the radical and the
alkene.

Competition studies from Szwarc’s group provided excellent quantitative
insights into the relative affinities of methyl and trifluoromethyl radicals for a
host of alkenes [86-88], and from this work came the first general recognition
that substituted alkyl radicals could exhibit polar characteristics ranging from
nucleophilic to electrophilic. On the basis of such early work, methyl and tri-
fluoromethyl were taken to be the prototypical nucleophilic and electrophilic
radicals, respectively, characterizations which it turns out are somewhat exagge-
rated in both cases.

In a series of papers in the early 1980s, Sokolov’s group reported relative
rate studies which were similar in nature to those of the early Szwarc studies.
Sokolov generated various perfluoroalkyl radicals via thermal decomposition
of the respective perfluoro diacyl peroxides in heptane containing various ole-
fins [89] or arenes [90]. Determination of the ratio of olefin addition products
to hydrogen abstraction products provided the relative rate data given in
Table 4 [89].

The relative rates measured in these early studies generally correlate quite
well with absolute rate data which have recently been derived from direct mea-
surements (see below).

Table 4. Relative rates of addition of perfluoroalkly radicals to olefins vs their rates of hydrogen-
atom abstraction from heptane at 50°C [89]

Olefin CF, CF, C,F; Olefin CF, CF, C,F;
CH,=CH, 132 340 290 CF,=CF, 8 7 <03
CH,=CHF 30 108 40 CF,=CFCF, 0.33
CH,=CF, 9 13 CF,=CFOCF, 1.1

CHF=CF, 6 9
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5.1.2
Early Regiochemical Studies

The regiochemical data deriving from the early Szwarc studies on the addition
of CF; to unsymmetrical alkenes provided useful insight, and Haszeldine’s stu-
dies which defined the preferred mode of addition of CF; to CH,=CHF,
CH,=CF,, CHF=CF,, CH,=CHCHj;, CH,=CHCF;, CF,=CHCH;, CF,=CHCF;,
CF,=CFCF;, etc., provided the foundation for our present understanding of the
regiochemical behavior of fluorinated radicals [91]. These data and additional,
more precise data obtained in their own labs has been reviewed critically by
Tedder and Walton, and is partially summarized in Table 5 [85, 92, 93].

Table 5. Regiochemistry of triftuoromethyl radical additions to olefins [85, 92, 93]

Olefin ~ CH,=CHF CH,=CF, CHE=CF, CH,=CHCl  CHCl=CF,
Ratio 1:0.09 1:0.05 1:0.50 1:0.02 11.5

Olefin ~ CH,=CHCH, CH,=C(CH,), CH,=CHCH=CH, CH,=CHCF,

Ratio 1:0.1 1:0.08 1:<0.01 1:0.01

Olefin ~ CHF=CHCF, CF,=CHCH, CF,=CHCF, CF,=CFCF,

Ratio 1:0.33 1:50 1:1.5 1:0.25

As concluded by Tedder, it would appear that a combination of polar and
steric effects on the part of both the olefin and the trifluoromethyl radical are
sufficient to determine the observed regioselectivities [93].

Recently, a quantitative study of the regiochemistry of addition of a number
of different fluoroalkyl radicals to CHF = CF,, summarized in Table 6, indicated
that the observed selectivity could be correlated with the postulated relative
electrophilicity of the radicals, with the conclusion being reached that the secon-
dary n-C,;F;,(CF;)CF" radical was the most electrophilic [94].

Table 6. Regioselectivities of addition of some fluoroalkyl radicals to trifluoroethylene [94]

R; + CHF=CF, — R,CHF-CF; (a or "CHF-CF,R; (8)

Radical n-CiF, (CE)CF (CF,),CF*  CF4(CF,),CF}  CF,(CF,),CH,CF,
a:p 93:7 90:10 75:25 60:40
5.1.3

Factors which Affect Radical Reactivity

Additions of carbon-centered radicals to alkenes are generally strongly exother-
mic since a o-bond is formed at the expense of a -bond (e. g., addition of methyl
radical to styrene has a AH’= -38.5 kcal/mol). Thus, according to the Hammond
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postulate, such reactions should have early transition states with little bond-
making or bond-breaking being involved. This is supported by the measured
activation energies for such additions, which generally lie between 3 and
8 kcal/mol [95], as well as by theoretical calculations which indicate the involve-
ment of unsymmetrical addition transition states that are relatively indepen-
dent of the electrophilic or nucleophilic nature of the adding radical species. The
calculations also indicate an approach to bonding at the a-carbon in which the
radical is far removed from the f-carbon [96-99].

Correlation of the effect of substituents on the rates of reactions with early
transition states often is best accomplished in terms of perturbational molecular
orbital theory, and polar effects can play a major role for such reactions [100,
101]. Essentially this theory states that energy differences between the highest
occupied molecular orbital (HOMO) of one reactant and the lowest unoccupied
molecular orbital (LUMO)}) of the other reactant are decisive in determining the
reaction rate: the smaller the difference in energy, the faster the predicted
rate of reaction [102, 103]. Since the HOMO of a free radical is the SOMO, the
energy difference between the SOMO and the alkene HOMO and/or LUMO is of
considerable importance in determining the rates of radical additions to alkenes
[84].

5.14
Absolute Rate Data

In recent years, direct, time-resolved methods have been extensively employed
to obtain absolute kinetic data for a wide variety of alkyl radical reactions in the
liquid phase, and there is presently a considerable body of data available for
alkene addition reactions of a wide variety of radical types [104]. For example,
rates of alkene addition reactions of the nucleophilic tert-butyl radical (with its
high-lying SOMO) have been found to correlate with alkene electron affinities
(EAs), which provide a measure of the alkene’s LUMO energies [105,106]. The data
indicate that the reactivity of such nucleophilic radicals is best understood as
deriving from a dominant SOMO-LUMO interaction, leading to charge transfer
interactions which stabilize the early transition state and lower both the enthalpic
and entropic barriers to reaction, with consequent rate increase. A similar recent
study of the methyl radical indicated that it also had nucleophilic character, but its
nucleophilic behavior is weaker than that expressed by other alkyl radicals [107].

Data is also available for addition reactions of “electrophilic” radicals,
"CH(CN),, and so-called ambiphilic radicals, ‘CH(CO,Et), and 'CH,CO,-t-Bu,
which derive their electrophilic character from r-delocalization of the carbon-
centered radical onto electron-attracting substituents [108-111], and for which
the enthalpy of the addition process rather than the polar nature of the radicals
may be the primary rate-determining factor [112,113].

Fluorinated radicals, in contrast, would be expected to derive their electro-
philicities virtually entirely from fluorine’s inductive effect. One would expect
the reactivity of perfluoro-n-alkyl radicals to differ significantly from that of
their hydrocarbon counterparts, since the latter are electron-rich, planar
mi-radicals, whereas the former are electron poor, nonplanar o-radicals.
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5.1.4.1
Perfluoro-n-Alkyl Radicals

Recent laser flash photolysis (LFP) studies have provided absolute rates of addi-
tion of perfluoro-n-alkyl radicals to a variety of alkenes in solution [114, 115]. In these
studies, C,F;, C;F;, and n-C,F,; were generated “instantaneously” by photolysis of
the respective diacyl peroxides. The initially-formed perfluoroacyloxyl radicals
decarboxylated rapidly to yield the perfluoroalkyl radicals, after which the addi-
tions of these radicals to styrene, a-methylstyrene, etc. were monitored directly via
observation of the growth of UV absorption due to the transient benzylic radicals.

hv -CO, =
(R-CO2);— 2 RCOy R CH,=CHPh

ReCH,CHPh
fast

320 nm

Scheme 23

The rate constants, k.44, obtained from the LFP experiments for addition of
the perfluoro-n-alkyl radicals to the various alkenes in 1,2,2-trichloro-1,1,2-tri-
fluoroethane (F113) are given in Table 7. It can be seen that such radicals are
much more reactive than their hydrocarbon counterparts, particularly in addi-
tions to electron-rich alkenes, with n-C;F; adding to 1-hexene 30000 times
faster, and to styrene 350 times faster than an n-alkyl radical [114, 115].

Table 7. Absolute rate constants for the reaction of perfluoro-n-alkly radicals with various
unsaturated substrates at 298 + 2 °K, as measured by LFP in F113 [114, 115]

Alkenes (IP’s)? k,4q/106M 157}

n-C;F, n-CF,;, n-CF, CFs CF, RCH, (CH,),C

a-methylstyrene (8.19) 78 89 94 87°  0.059°
B-methylstyrene (8.10) 3.8 3.7 7.0 184
styrene (8.43) 43 46 46 79¢ 53 g.12f 0.13f
pentafluorostyrene (9.20) 13 234 26> 0310
4-methylstyrene 130 61b 140
4-methoxystyrene 65"
4-chlorostyrene 36
4-(CFy)styrene 29 24 25h
1,4-dimethylene-

cyclohexane (9.12) 41 1.3x 10748
I-hexene (9.14) 6.2 7.9 16 2x 10" %8
nC,F,CH,CH= CH, 2.5
cyclohexene (8.94) 1.3
H-C=CCMe,0H (10.18) 0.9
CH,=CCl, (9.79) 5.2 0.35"
CH,=C(CH,)COOCH, (9.70) 19
CH,=C(CH;)CN 3.21
CH,=CHCN (10.91) 2.2 1.6 2.0 3.2 4.4¢ 2.4

a[50] °[70] c[116] 9[117] c<[118] f[119] 8[120] ™[121] I[122] J Ratesobtained from
competition study [115].
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Although the high electrophilicity of perfluoroalkyl radicals is probably the
dominant factor giving rise to their high reactivities, there are a number of other
factors which undoubtedly also contribute.

Steric effects cannot be contributing to the observed enhanced rates since,
although fluorine is a small substituent, it is certainly larger than a hydrogen
atom. No doubt of some relevance is the o-nature of perfluoro-n-alkyl radicals.
Since substantial bending (14-15°C from planarity) is apparently required in
the transition state for alkyl radical addition to alkenes, non-planar perfluoro-
alkyl radicals would be expected to have an inherent energetic advantage over a
(planar) alkyl radical in addition reactions [96, 123]. The greater reactivity of
“bent” o-radicals relative to planar m-radicals has been noted earlier in studies
on aryl radicals [124], and the influence of pyramidality on radical reactivities
has been previously suggested in a study of a-hydroxyalkyl radicals [125]. The
energy required to bend the methyl and tert-butyl radicals to the same extent as
in their respective transition state structures for addition to ethylene has been
calculated to be 1.6 and 1.5 kcal/mol, respectively [123]. In contrast, the ESR
parameters for perfluoro-n-alkyl radicals, as discussed earlier, implies that their
configuration at the radical center should not require further bending in order
to reach their transition states for addition to alkenes.

Also of relevance is the significantly stronger (ca. 10 kcal/mole) C-C bond that
forms when Ry vs R adds to an alkene (CH;-CH;, BDE=91 vs CF,-CH;,
BDE =101 kcal/mol) [23]. Although this greater exothermicity of the perfluoro-
alkyl radical addition reactions must be to some degree relevant, the relatively
small, seven-fold difference in the rates of addition of n-C;F," to styrene vs
1-hexene, two processes which differ in exothermicity by ~ 14 kcal/mol, indicates
that the rates of such early transition state processes cannot be greatly affected
by differences in AH®.

The dominant factor that gives rise to the observed high reactivities of per-
fluoro-n-alkyl radicals, particularly in their additions to electron-rich alkenes,
would appear to be the high electrophilicities of these very electron-deficient
radicals [114]. A perfluoro-n-alkyl radical, which one can assume to have a low-
lying SOMO, should exhibit a dominant SOMO-HOMO interaction in its addi-
tions to alkenes, and polarization of the type shown in Fig. 1 will stabilize the
early transition state in which little radical character has been transferred to the
substrate alkene. Therefore, if steric hindrance is equivalent for a series of
alkenes, the rates of addition of Ry should correlate with the alkene IPs (which
should reflect HOMO energies). As Fig. 2 indicates, there is indeed a respectable
correlation between log k,y4 for typical perfluoro-n-alkyl radicals and terminal

8-
CFgCFzCFz' .

Hilr IR
H R

Fig. 1. Typical polar transition state for addition of perfluoroalkyl radical to an electron-
rich olefin
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alkene IPs. The styrenes all appear to be slightly more reactive than would be
expected based upon their IPs, a result which implicates the slight intervention
of enthalpy effects. However, the correlation expressed by Fig. 2 is consistent
with the electrophilic character of perfluoro-n-alkyl radicals. For steric reasons,
the non-terminal olefins, -methylstyrene and cyclohexene, are noticeably less
reactive than might have been anticipated from their IPs.

70 80 9.0 10.0 110 120
I.P. (eV)

Fig. 2. Plot of the log of the rate constants for addition of heptafluoro-n-propyl radical to some
alkenes the ionization potentials of the alkenes

The electrophilic character of n-perfluoroalkyl radicals was confirmed by
a correlation of the rates of addition of the n-C4F,,- radical to a series of
para-substituted styrenes with Hammett o values, as shown in Fig. 3. The p
value is negative (-0.53), as would be expected for an electrophilic reactant
[115].
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Fig. 3. Plot of the log of the rate constants for addition of perfluoro-n-octyl radicals to some
para-substituted styrenes Hammett o values of the substituents
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In a similar competition study, Jiang et al. observed a value of -0.99 for the
addition of CF;- to p-substituted phenyl acetylenes. They found that applying a
dual parameter equation (o + o-3) led to a much better correlation [126].

Upon examination of the data in Table 7 one notices slight differences in
reactivity for n-C;F,- vs C,Fs- and CF;-. Whereas n-C,F,-, n-C;F -, and n-C4F,,-
have identical reactivities within experimental error, and, as such, the addition
rates of these radicals can be considered to be of generic n-perfluoroalkyl
radicals, C,Fs- and CF;- each exhibit incrementally greater reactivities than these
radicals (on the average about 1.8 and 1.4 times more reactive, respectively).
Such enhanced reactivities do not seem to derive from a greater electrophilicity,
since the plots of log k,44 Vs alkene IPs for these two radicals lie virtually parallel
to those of the generic n-perfluoroalkyl radicals. In all likelihood, the slightly
enhanced reactivities of C,F;- and CF;- derive from some combination of steric,
pyramidalization, or enthalpic factors.

5.14.2
2° and 3° Perfluoroalkyl Radicals

A group of perfluoroalkyl radicals which do exhibit marked increases in
reactivity due to enhanced electrophilicity are the branched, 2° and 3° per-
fluoroalkyl radicals, specifically the perfluoro-iso-propyl and tert-butyl radicals
[118].

Table 8 provides the absolute rates of addition of (CF,),C, (CF;),CF-, CF;CF,,
and CF;- to a group of alkenes of variable reactivity. It can be seen from the Table
that both the perfluoro-iso-propyl and perfluoro-tert-butyl radicals give evidence
of much greater electrophilicity in their alkene addition reactions. For example,
the latter radical reacts significantly (6.8 times) faster than CF;- with the nucleo-
philic a-methylstyrene (IP=8.9 eV), while reacting somewhat (1.6 times) slower
than CF;- with the more electrophilic pentafluorostyrene (IP=9.2 eV). Compar-
ative plots of all of the available rate data for alkene additions of CF;- and
(CF;);C- vs alkene IPs, as seen in Fig. 4, leave no doubt as to the relative electro-
philicity of the two species. Moreover, the rates of addition of the very electro-
philic, but non-o, planar perfluoro-tert-butyl radical to the more nucleophilic

Table 8. Absolute rate constants for the addition of trifluoromethyl, pentafluoroethyl,
heptafluoro-iso-propyl, and nonafluoro-tert-butyl radicals to various olefins at 290 °K in F113
[117,118]

Olefin K,4q/10°M"1s7!

CF, C,Fs (CF;),CF (CE;),C
Styrene 53 79 120 363
Pentafluorostyrene 26 23 81 16
a-methylstyrene 87 94 589
B-methylstyrene 17 7.0 1.9 2.5
CH,=CMeCO,Me 3.8

CH,=CHCN 4.4 3.2
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alkenes, which approach diffusion-control, also leave no doubt as to the great
importance of electrophilicity in giving rise to the extraordinary reactivity of all
perfluoroalkyl radicals.

® CF,
B (CFysC*

log kadd

6 +++ - 1
7 8 [ 10 n 12

I.P. (eV)
Fig. 4. Plot of the log of the rate constants for additions of tifluoromethyl and perfluoro-tert-
butyl radicals to some alkenes the ionization potentials of the alkenes

As mentioned earlier, steric effects apparently inhibit addition of virtually
any radical to alkenes that are substituted at both ends of the double bond, such
as f-methylstyrene. That being the case, one would expect that the larger the
attacking radical, the greater should be its steric impact upon rate of addition.
The validity of this expectation is indicated from that data in Table 8, which com-
pares the rates of addition of various perfluoroalkyl radicals to f-methylstyrene
with those to styrene, with the relative rate being taken as a measure of steric
impact of attacking radical. It can be seen from this data that only a small steric
influence is observed for CF;-, while progressively greater impact is exhibited for
C,Fs, n-CsF;, iso-C,F,, and fert-C,Fy, with the rate of addition for the perfluoro-
tert-butyl radical to B-methylstyrene being 144 times slower than that for its
addition to styrene, this in spite the greater overall nucleophilicity of the former
substrate as indicated by its IP.

5.1.4.3
Partially-Fluorinated Radicals

In order to determine whether the enhanced reactivities of perfluoroalkyl
radicals could be attributed to some linear combination of the individual
contributions of fluorine atoms on the a-carbon (the radical center), the
pB-carbon and the y-carbon atom, the absolute rates of addition of a num-
ber of partially-fluorinated alkyl radicals to a-methylstyrene, styrene,
and pentafluorostyrene were determined by LEFP [70]. The data in Table 9
clearly indicated that this is not the case, that y- and B-fluorinated-n-alkyl
radicals exhibit little enhancement, while a-difluoroalkyl radicals, although
more reactive, remain very much less-reactive than analogous perfluoro
species.
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Table 9. Absolute rate constants for reactions of alkyl and fluorine-substituted alkyl radicals
with three styrenes in Freon 113 at 298 * 2°K, as measured by LFP [70]

kadd/IOGM"S’ 1

Radical C¢H;CH=CH, C¢H,C(CH;)=CH, C¢FsCH=CH,
CH,CH,CH,CH,CH 0.122 0.06%° 0.31
CF,(CF,);CH,CH, 0.13 0.34 0.23
CH,CH,CH,CF,CH, 0.52 0.98 0.39
CH,CH,CH,CH,CHF 0.46 0.70
CH,CH,CH,CH,CF 2.7 3.3 3.1

CFy 53 87 26
CF;CF,CF, 43 78 13

2 From [116].

® Probably too low by approximately a factor of five.

Looking at the rates of addition to styrene, it can be seen that RCH,CHF- is 3.8
times more reactive than n-C,FoCH,CH,. However, the RCH,CF,- radical is not
another 3.8 times more reactive than RCH,CHF-, but is, instead, about 6 times
more reactive. That is, the second a-fluorine atom produces an extra (synergistic)
enhancement in the radical’s reactivity of roughly a factor of two. Furthermore, if
we continue this series of a-substitutions all the way to the CF;- we see that this
trend of unexpectedly large rate enhancements continues with the CF;- radical
being about 20 times as reactive as the RCH,CF; radical. Thus CF; with its 441-
fold rate enhancement (compared to n-pentyl) is about 8 times more reactive than
would be expected based upon the incremental impact of three single F sub-
stituents. Looking at CF,CF,CF,, it can be seen to exhibit a rate enhancement for
addition to styrene of 358 over that of the n-pentyl radical, whereas based upon a
linear combination of the effects of a-, - and y-fluorine substitution, one would
expect a rate enhancement of only 104. Thus, perfluorination of an n-alkyl radical
system gives rise to a synergistic impact of about 3.5-fold increase in rate.

The limited data available for partially fluorinated methyl radicals is con-
sistent with the above data in that CH,F- and CHF,- appear to have reactivities
roughly comparable to those of RCH,CHF- and RCH,CF,, respectively. For
example, for their additions to pentafluorostyrene in acetonitrile: k,g4
(CH,F-)=3.5x10° M"' s}, and k,qq (CHF,")=5.5 x 106 M1 s"! [70].

The data in Table 9 also allows one to reach conclusions regarding the elec-
trophilicity vs nucleophilicity of the partially-fluorinated radicals since the
three styrene substrates have a considerable range in IP values. S-Fluorine, and
to alesser extent y-fluorine, substitution would appear to have a small impact on
electrophilicity, whereas a single a-fluorine substituent seems to impart slight-
ly nucleophilic properties. In a recent study, Takeuchi et al. have examined both
computationally and experimentally radicals which bear both an a-fluorine
substituent and an electron withdrawing ester function. They found that the
a-fluorine substituent makes such radicals more electrophilic, but that they still
add more readily to styrene than they do to acrylonitrile [127].
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o,a-Difluoro substitution appears to give rise to a radical which has neither
electrophilic nor nucleophilic characteristics [128]. Two conclusions can be rea-
ched on the basis of the partially fluorinated rate studies: (1) polar effects on
transition state energies are very much less important for partially fluorinated
radicals than for perfluorinated radicals, and (2) the effect on radical reactivity
of perfluorination is considerably greater than the sum of its parts.

5.1.4.4
Solvent Effects on Rates

As would be expected for reactions with polar transition states, additions of per-
fluoroalkyl radicals to alkenes are faster in CH,CN than in Freon 113 with the
observed solvent effects being greater for additions to alkenes which are more
electron-rich [70,117]. Table 10 provides comparisons of rates in the two solvents.

Table 10. Solvent effects on the rates of addition of perfluoroalkyl radicals to styrene and pen-
tafluorostyrene at 298 + 2°K [70, 117]

kaddllgsMilSvl

Styrene Pentafluorostyrene

F113 CH,CN F113 CH,;CN
CFy 53 171 26 33
C,Fs 79 127 23 28
n-C;Cyr 43 108 13 27

For example, the rate accelerations in acetonitrile relative to F113 for addi-
tions to styrene by CF;- and CF;CF,CF,- are a factor of 3.2 and 2.5, respectively,
but for additions of these two radicals to pentafluorostyrene the solvent effects
are only 1.3 and 2.1. For comparison, Salikhov and Fischer have found that the
rate of addition of the nucleophilic tert-butyl radical to (electron-deficient)
acrylonitrile (IP=10.9 eV) is also somewhat accelerated in more polar solvents,
€.8. kadd(CH3CN)/kadd(C_C6H12) =28 [129].

5.2
Hydrogen Atom Abstractions

An understanding of the factors that influence the rates of hydrogen atom
abstraction processes is very important in order to maximize the utility of radi-
cal-based processes in carbon-carbon bond-forming reactions. This is because
most such reactions are chain reactions in which one of the key propagation
steps involves transfer of a hydrogen atom from some hydrogen atom transfer
agent, such as tri-n-butyltin hydride.

The rates of hydrogen atom abstractions by radicals are subject to the same
factors that control rates of alkene additions [130]. Both enthalpic and polar
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factors are very important in determining the rates of hydrogen abstraction.
Enthalpic considerations are important in that an abstraction process will be
faster (a) the lower the hydrogen BDE of the molecule from which the H
is abstracted, and (b) the stronger the new C-H bond which is formed. For
example, as indicated in Table 11, the rates of hydrogen abstraction by an alkyl
radical are found to correlate very well with the BDEs of a series of related
H-donors [131].

Table 11. Some rates hydrogen abstraction by a primary alkyl radical [132]

Et;SiH (TMS),SiMeH n-Bu;GeH (TMS);SiH n-Bu;SnH
ky/104M-1s7! 0.07 3.2 10 38 240
M-H BDE? 90.1° 85.3b 82.6¢ 79.0° 73.64

2 kcalmol P[133] <[134] 9[135].

Polar factors will be important when the “polarity” of the abstracting radical
is significantly different from that of the group which comprises the H-donor. A
good example is given below, wherein it is seen that although hydrogen-abstrac-
tion from HCl by CF;: is more exothermic by 2 kcal/mol than that of CH;- [23],
its E, for H-abstraction is double that of CH;, because CH,- provides the better
match-up of polarities in the abstraction transition state [130].

E. AH°
CHy + HCl—s CHyH + Ct 35 -2

CFy + HCl—se CF3H + Ct 80 -4
Scheme 24

As in the case for alkene additions, if the SOMO of the radical is relatively high
in energy, such as is the case for alkyl radicals, the principal interaction with the
abstractable X-H bond will be with its unoccupied o * MO (one-electron-two-
orbital type), and such a radical would be considered nucleophilic. If the SOMO
is relatively low in energy, such as is the case for perfluoroalkyl radicals, the prin-
cipal interaction with the abstractable X-H bond will be with its occupied 0 MO
(three-electron-two-orbital type), and the radical is considered electrophilic.
Either way, a good match-up in polarities in an H-atom transition state will give
rise to beneficial transition state charge-transfer interaction [130, 136, 137].

5.2.1
Perfluoro-n-Alkyl Radicals

Early work by Brace indicated that perfluoroalkyl radicals were pretty good
abstractors of hydrogen [138], and only five years ago, in a study of the electro-
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chemistry of perfluoroalkyl halides, Saveant et al. made the comment that per-
fluoroalkyl radicals “are much better H-atom scavengers” than alkyl radicals
[139]. Therefore, there was considerable indication that highly electronegative
perfluoroalkyl radicals should exhibit significantly greater reactivity towards
hydrogen abstraction than their hydrocarbon counterparts.

With the availability of LFP-determined rates for addition of per-fluoro-
n-alkyl radicals to alkenes, it was possible to determine the rates of hydrogen
abstraction using competition methods, of the type shown below [140, 141].

/_kadd—b n-C7F1 5CH2bHC4H9
hy CHy=CHC4Hy RaMH
MCrFil — o MCiFis \a
6le
Ky
kH & -hexene] RaMH n-C7F1 5-H n-C7F1 scHQCH204Hg
= 4 5
Koacd {5]{R3MH]

Scheme 25

From these experiments, and using the equation above, it was possible to
determine the ratios of rate constants, ky/k,qq, and from these ratios it was
possible to obtain values for ky; since the value for k,,; was known. As can be seen
from a comparison of Tables 11 and 12, all of the silane, stannane and germane
reducing agents exhibit substantial rate enhancements in their transfer of a
hydrogen atom to the perfluoro-n-alkyl radical in comparison to similar trans-
fer to a hydrocarbon radical [140-142].

Table 12. Absolute rate constants for hydrogen abstraction by perfluoron-n-heptyl radical in
C,Dy at 303 + 2°K [140 - 142]

Et,SiH (TMS),SiMeH  nBu,;GeH (TMS),SiH n-Bu,;SnH

ky/106M-1s7! 0.75 16 15 51 203

Such rate enhancements range from a factor of 75 for the most reactive n-
Bu;SnH to 880 for the least reactive (CH;CH,);SiH. Like the rates of H-atom
transfer to n-alkyl radicals, these rates also exhibit a good correlation with the
H-BDEs of the respective reducing agents. Interestingly, such kinetic results
indicate that triethylsilane, which reduces hydrocarbon radicals so slowly as to
be virtually useless as an effective chain sustaining reducing agent in alkyl radi-
cal systems, reduces perfluoro-n-alkyl radicals efficiently and at a rate which
should make it a very useful agent for relatively slow chain processes involving
fluorinated radicals.

Why are perfluoroalkyl radicals so much more reactive with such H-atom
donors? The observed hydrogen-atom abstractions by the perfluoro-n-octyl
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radical are a little more exothermic than those by an analogous n-alkyl radical
(BDEs of CF;CF,-H and CH;CH,-H are 103 and 101 kcal/mol, respectively) [23],
and greater rates for such processes were therefore to be expected on the basis
of greater exothermicity. However, that this cannot be the entire explanation was
evident from a study of the rates of hydrogen-atom abstraction from benzene
thiol and its p-substituted derivatives. Benzene thiol is an excellent reducing
agent for alkyl radicals (ky=1.4x 108M-'s7!) [132], transferring a hydrogen
atom at a rate >50-times that of n-Bu;SnH.

In contrast, benzene thiol was found to be a relatively poor H-atom transfer
agent to perfluoro-n-octyl radical, exhibiting a rate of 3.3 X 10°M~'s~! which is
~420-times slower than its rate of reduction of n-alkyl radicals [140, 141]. Since
the same relative exothermicities prevail for this reduction as for those of the
other reducing agents, relative heats of reaction must not be the complete reason
for observed differences in H-abstraction reactivity between R- and Ry The con-
trasting relative reactivities of electropositive H-atom donors such as silanes,
stannanes and germanes, and a relatively electronegative H-atom donor such as
benzene thiol, undoubtedly derive from differences in how they facilitate
polarity interactions in the transition states for their particular hydrogen trans-
fers. The absolute electronegativies of n-alkyl and n-perfluoroalkyl radicals
[4.00 and 5.9 (value given in Sect. 3.2 for C,F;- used)] reflect their respective
nucleophilic and electrophilic characters, whereas C;Hs-S- itself has a value of
5.5, and the electronegativities of the R,;Sn, R;Ge, and R;Si radicals, although
unknown, should lie below the value for R,C, which is 3.3 [56]. Therefore, one
can see that for H-abstractions from the silane, stannane and germane hydrides,
perfluoro-n-alkyl radicals should give rise to a particularly good match-up of
electronegativities which should lead to more-highly polarized transition states
for these H-transfers than for those to an alkyl radical (See Fig. 5).

Et s+
\? 5
E[\\“/‘.Sl """ H-=--~ CF. 2CF2CF3
Fig. 5 Et

In contrast, because of similar electronegativities, the transition state for
hydrogen transfer from benzene thiol to a perfluoro-n-alkyl radical should have
little polar character. In confirming the important role of polar effects in these
hydrogen transfer processes, a good Hammett correlation was observed for the
reduction of n-C,F,sI by a series of arene thiols [141, 143].

hv
SH —™ . g R:CH
Rel + PXCeHeSH o "mimm Rt + ReCHCH,C4Hg
7,&_ [6][1-hexene] 6 7
[7HArSH] X = p-CF3 m-OCHy H p-CH; p-OCHg

Ky 10°M s 18 30 33 66 99

Scheme 26
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In this study it was found that the best correlation was with o* values
(p*= -0.56), which may be compared to the value of -0.30 observed in the
correlation of rates of H-abstraction by tert-butoxyl from arene thiols [144]. In
fact,it would appear that perfluoro-n-alkyl radical reactivity in H-atom abstrac-
tion approaches the reactivity/selectivity characteristics of the highly electrone-
gative tert-butoxyl radical. For example, both n-C,F,;- and (CH;);C-O- abstract
H from n-Bu,;Sn-H at the same rate (2.0 x 103M1s71) [145]. However, as the data
in Table 13 indicate, the differential in rates becomes quite considerable when it
comes to abstraction from a C-H bond, perhaps because of the more sterically-
demanding nature of such H-abstractions. Nevertheless, the rates of H-abstrac-
tion by n-R;- are still >10° larger than those of analogous hydrocarbon radicals.

Table 13. Comparison of rates of H-abstraction by perfluoro-n-alkyl and tert-butoxyl radicals
[141, 145]

k/107M 157!

n-Bu,;SnH n-Bu;GeH Et,SiH THF Et;N
n-C,F ;5 20 1.4 0.075 0.061° 52
(CH3)CO" 20 9.2 0.57 8.3b 180¢

a[146] b[147] <[148].

5.2.2
2° and 3° Perfluoroalkyl Radicals

Only one rate has been measured for hydrogen abstraction by a branched chain,
perfluoroalkyl radical, and that was for H-abstraction from Et;SiH by (CF;),CF-.
This rate was obtained from a standard series of experiments involving com-
petition between addition of (CF,),CF- to pentafluorostyrene vs abstraction of
hydrogen from Et;SiH [149]. The observed rate, 3 x 105M!s7! at 30°C, was a
factor of ~5 times faster than the analogous abstraction by #n-Rg-, this in spite of
the fact that (CF;),CF- is a planar mr-radical. The enhanced reactivity exhibited
by (CF;),CF- can be attributed virtually entirely to its significantly greater
electrophilicity than n-Rg, as was the case for the exceptional reactivities which
were also exhibited by (CF;),CF- and (CF;);C- in their alkene addition reactions.

5.2.3
Partially-Fluorinated n-Alkyl Radicals

The trend of reactivities which is observed for hydrogen atom abstraction by
partially fluorinated radicals is qualitatively similar to that for their addition to
styrene. However, the absolute rates and the range of reactivities for each type of
process can be seen to differ significantly. Thus, absolute rate constants for
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Table 14. Rate constants for hydrogen abstraction from »n-Bu,SnH and for addition to styrene
by various fluorinated radicals at 25 + 3°C [31]

Radical ku/105M1s7! kel koaa/ 106M-1s7!1 keel
RCH,CH, 2.4 (1) 0.12(0 (1)
RCH,CF, b 9.1 3.8 2.7® 22.5
RCF,CH,b 14 5.8 0.52® 4.3
R,CH,CH;" ¢ 2.1 0.9 0.13® 1.1
RCF,CF, d 92 38 20 167
n-C,Fys 2000 83 469 383
CF;CF, 320 133 79 658

YFor k;; experiment, R=n-C,Hy; for k,iq expt, R=n-C;H;; © for ky expt, R =n-C¢F5;
for k,qq expt, Re =n-C,Fg; dfor ky expt, R =n-CHy; for k,qq expt, R=C,Hs; €[150]; f[113];
8[70]; h[140,141]; 1[114,115].

hydrogen atom abstraction from tin hydride by the radicals listed in Table 14 are
greater by roughly an order of magnitude (range 3.4-27) than the absolute rate
constants for addition of these same radicals to styrene. Indeed, the rate
constants for hydrogen atom abstraction by the two perfluorinated radicals are
within an order of magnitude of the diffusion-controlled limit. As a natural
consequence, the range of fluorine-induced changes in reactivity is smaller for
the hydrogen abstraction reactions (range 0.9-133) than for the addition reac-
tions (range 1-658).

5.2.3.1
a,a-Difluoroalkyl Radicals

If one considers the C-H bond-weakening effect of a,a-difluoro substitution,
(CH,CH,-H BDE, 101.1 vs CH;CF,-H BDE, 99.5 kcal/mol) [26 - 28] along with the
demonstrated lack of impact of a,a-difluoro substitution on radical electrophili-
city [70], it is quite clear that the small (factor of 3.8) rate enhancement for
hydrogen atom abstraction from n-Bu;SnH by RCH,CH,CF,  relative to
RCH,CH,CH,- must derive mainly from the pyramidal nature of the former
radical [31, 70]. The opposite effect of a,a-difluoro substitution on C-C BDEs
(CH;-CH; BDE, 89.9 vs CH;-CF, BDE, 101.2 kcal/mol) helps to explain why the-
re is a much more significant rate enhancement (factor of 22.5) for addition to
styrene by RCH,CH,CF,- relative to RCH,CH,CH,.

5.2.3.2
B,B-Difluoroalkyl Radicals

The B, f-difluorinated radicals are more interesting in that RCH,CF,CH,- is ca.
five times as reactive as RCH,CH,CH,- in both hydrogen atom abstractions from
n-BusSnH and in additions to styrenes. Since the RCH,CF,CH,- radicals are
effectively planar, their enhanced reactivities must derive from either polar or
enthalpic factors. The latter is probably the more important. That is, the C-H
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bond in CH;CF,CH,-H is calculated to be 2.8 kcal/mol stronger than that in
CH;CH,CH,-H (BDEs 103.1 and 100.3 kcal/mol, respectively) [31] , and the C-C
bond in CH;CF,CH,-CH; is calculated to be 3.2 kcal/mol stronger than that in
CH,CH,CH,-CH; (BDEs 89.9 and 86.7kcal/mol, respectively) [31]. The greater
exothermicities of the RCH,CF,CH,- radical reactions appear to be quite suffi-
cient to account for its very modest increase in reactivity relative to primary
alkyl radicals [151].

5.2.3.3
v, y-Difluoroalkyl Radicals

The y,y-difluorinated radical RgCF,CH,CH,- has essentially the same reactivity
as a primary alkyl radical and essentially (within 1.1 kcal/mol) the same C-C and
C-H BDE:s as in the corresponding alkane [31].

5.2.3.4
Polyfluorinated Radicals

All a,a-difluoroalkyl radicals are pyramidal, and furthermore, the degree of
bending at the radical center would appear to be rather similar whether or not
the radicals are more extensively fluorinated [31,70]. The enhanced reactivity of
the RCH,CF,CF,, R;CF,CF,CF,, and CF;CF,- radicals relative to RCH,CH,CF,
radicals must therefore arise from either the greater electronegativity of these
polyfluorinated radicals, or to more favorable thermodynamic factors, or both.
The trend in reactivities for these radicals correlates poorly with the thermody-
namic driving force for the reactions in question [31]. Thus, for the hydrogen
atom abstraction, the rate constants (relative to that for the n-alkyl radical) for
RCH,CH,CF,, RCH,CF,CF,, and CF;CF," are 3.8, 38 and 133, respectively,
whereas the relevant C-H BDEs for the products which would be formed are
97.7, 100.1, and 99.5 kcal/mol, respectively [31]. Similarly, the rate constants
(relative to n-alkyl) for the addition to styrene of these same radicals are 22.5,
167 and 658, respectively, whereas the relevant C-C-BDEs are 91.6, 95.4 and
95.5 kcal/mol, respectively [31]. Therefore, although there may be a small ther-
modynamically-induced rate enhancement for the abstraction and addition
reactions on changing from the -CH,CF,- moiety to the -CF,CF,- and CF,CF,.
moieties, it cannot fully account for the observed changes in rate constants, We
therefore conclude that polar effects arising from the greater electronegativities
of RCH,CF,CF,, R;CF,CF,CF,- and CF;CF,- vs that of RCH,CH,CF, are respon-
sible for the enhanced reactivities of these first three radicals relative to the last.

The synergistic impact of multiple fluorine substitution on radical reactivity
has been discussed in the earlier section on alkene additions and will not be
remarked upon again at this time [70].

5.3
Radical Rearrangements

In recent years, radical cyclization processes, particularly those of the 5-hexenyl
system, have become very important tools within the synthetic repertoire of
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chemists who wish to construct five-membered rings either singly or in a
tandem fashion [132]. Like other productive radical-based synthetic processes,
these reactions are chain reactions in which one of the key propagation steps
involves transfer of a hydrogen atom from some reducing agent, in the case of
hydrocarbons usually n-BusSnH or [(CH,);Si]5SiH. Such cyclizations have long
been utilized for the purpose of gaining insight into reactivity factors which
pertain to cyclization processes, but which also inevitably provide considerable
insight into the chemistry of alkene addition processes. For example, our under-
standing of Baldwin’s Rules [152], and their underlying factors [153], was enhan-
ced by the study of such systems, and the proposition of the “Beckwith chair”
transition state provided a breakthrough in providing understanding of the
regio- and stereochemistry of such cyclizations {154-157]. Much insight has
also been obtained related to the influence of substituents at or near the radical
site (of Thorpe-Ingold, or gem-dimethyl, nature [158, 159], or of electronic
origin) [160]. Until recently, however, there had been no quantitative studies of
how fluorine substituents affected the rate or regiochemistry of the cyclization
process.

Once a reasonable arsenal of reducing agents with accurately determined rate
constants for H-atom transfer had been acquired for perfluoro-n-alkyl radicals,
then it became possible to take a quantitative look at cyclizations of fluorinated
radicals. As a result, a series of perfluoro- and partially-fluorinated alkenyl
radical systems have been examined for the purpose of obtaining the rates and
regiochemistries of their cyclizations [140, 161, 162]. All of these systems were
studied by means of the competition method, where cyclization was allowed to
compete with direct reduction of the acyclic fluorinated radical, usually using
Et;SiH as the hydrogen-transfer agent.

| RaMH \k)/ y
TS VRGNS =)

;ch_s [9][:3MH1 \\ O RMH H
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5.3.1

5-Hexenyl Radical Cyclizations

The kinetic study of the perfluoro-5-hexenyl radical system 11 led to remarkable
results in that its rate constant for cyclization, k¢s, and its regiochemistry (i.e.,
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dominant exo-trig) were only slightly different from those of the parent hydro-
carbon system (k. =2.0), with k¢ being negligible for both systems [140, 162].

FLQ Br FoC, . FoC
\C|F FC™ by Scr ¢F, ks CF-CF,
. — [ - — 7
FzC\C,CFz FZC\C,CFZ FgC\C/CFz
F2 F2 1 1 F2
kes =49 x 10%
Scheme 28

This similarity in reactivities probably derives from a fortuitous cancellation
of substituent effects in 11. Fluorination increases chain stiffness and creates an
unfavorable polarity mismatch between an electrophilic radical and an electron-
poor double bond, but this is offset by the significant decrease of m-bond energy
in 11. The vinyl ether 12 analog cyclizes about seven times faster than 11, which
is consistent with the known lower m-bond energy and higher free-radical
reactivity of perfluorovinyl ethers vs perfluoroalkenes [142].

CF,=CFOCF,CF,CF; ks =3.5x 10Ps”!
Scheme 29 12

A kinetic study of partially-fluorinated 5-hexenyl radicals has demonstrated
the kinetic importance of polarity factors while providing substantial insight
into a number of factors which affect both the rate and the regiochemistry of
5-hexenyl radical cyclizations.

It was initially presumed that one would observe a polarity-driven kinetic
advantage in 5-hexenyl radical cyclizations if one constructed such radicals with
either a hydrocarbon radical site adding to a fluorinated alkene segment or,
vice-versa, with a fluorinated radical site adding to a hydrocarbon alkene
segment. As it turns out, only the latter combination led to a significant cycliza-
tion rate enhancement.

5.3.1.1
Cyclizations Involving Hydrocarbon Radical/Fluorinated Alkene

Kinetic data for radicals 13-17, all of which involve 5-hexenyl radical cycliza-
tions of a 1° hydrocarbon radical site onto a fluorinated alkene segment, given in
Table 15, indicate that the degree of fluorination of the double bond has little
impact upon the rate of cyclization of a 5-hexenyl radical [163, 164].

Only the 5-fluoro-, 13, and the tri- and pentafluoro systems, 17 and 18,
exhibit any significant deviation from the cyclization rate of the parent system,
with the first being significantly slowed, and the latter two being slightly
enhanced.
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Table 15. Absolute rates for 5-hexenyl radical cyclizations in involving hydrocarbon radical
adding to fluorinated alkene, at 30 °C in C4D¢ [161, 162]

Radical kes/10%s71
CH,=CH(CH,),CH," 2.72
CH,=CF(CH,),CH,", 13 0.25
CHF=CH(CH,),CH,", 14 17
CF,=CH(CH,),CH,", 15 2.1
CHF=CF(CH,),CH,", 16 2.0
CF,=CF(CH,),CH,", 17 6.1
CF,=CF(CF,),CH,CH,", 18 43
a[116].

Such relative lack of kinetic impact of olefinic fluorine substituents on alkyl
radical addition reactions is consistent with Tedder’s early studies on methyl
affinities, the results of which are shown in Table 16, where the range of
reactivities observed for the addition of methyl radical to ethylenes with vary-
ing fluorine content is seen to be relatively small [93, 163].

Table 16. Relative rates of addition of methyl and trifluoromethyl radicals to some fluoro-
ethylenes®

Radical CH,=CH, CH,=CHF CHF=CH, CHF=CF, CF,=CHF
CH,- (1) 0.9 0.2 1.9 3.9

o: (1) 0.45 0.05 0.033 0.017
2[93,163].

A single fluorine substituent at C-5 (as in radical 13) leads to a significant,
~11-fold decrease in rate constant. This decrease no doubt derives largely from
the steric effect which would be expected from any substituent at the 5-position.
A methyl substituent, for example, gives rise to a 45-fold decrease in cyclization
rate [164]. Interestingly, whereas the presence of a 5-methyl substituent causes
endo-cyclization to become preferred (639%), the cyclization of 5-fluoro-5-
hexenyl radical remains exo-specific within our NMR analytical methodology
(£4%).

A slight overall enhancement in reactivity (2.2-fold) is observed in the
cyclization of the 5,6,6-trifluoro-5-hexenyl radical (17). The n-bond of 17 thus is
at least reactive enough (consider that the heat of hydrogenation of tri-
fluoroethene (-45.7 kcal/mol) is 13 kcal/mol greater than that of ethylene) [165]
to overcome the steric inhibition of its 5-fluoro substituent. Polar influences,
although possibly of some minor importance in the cases of 17 and 18, should
not be playing a significant role in any of these cyclizations, since the reported
electron affinities of ethylene (-1.78 eV), fluoroethene (~2.39 eV), cis- and trans-
1,2-difluoroethene (-2.18 and -1.84 eV), and 1,2,2-trifluoroethene (-2.45 eV)
encompass a total range of only 0.7 eV [166]. In the olefin addition reactions of
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the more nucleophilic tert-butyl radical, Fischer observed a rate variation of
only ~5 got olefins with a 0.7 eV difference in EA [105]. Therefore one would not
expect polar influences to be very significant for cyclizations of 13-17.

The 3,3,4,4,5,6,6-heptafluoro-5-hexenyl radical, 18, exhibits very little rate
enhancement relative to the hydrocarbon parent (k. =1.6),and its rate constant
is virtually the same as that of the perfluoro radical, 11. A recent study of the
reactivity of RzCH,CH,- - type radicals demonstrated that they do not exhibit
electrophilic character in their additions to alkenes [70]. They are m-radicals
with a reactivity profile much like that of an n-alkyl radical.

The reactivities of vinyl fluorine-substituted radicals 14-16 can be effec-
tively rationalized in terms of combinations of modest steric and enthalpic
effects. The lack of significant influence of single or geminal fluorine sub-
stituents at the 6-position or of vicinal, 5,6-difluoro substituents likely derives
from a canceling out of advantageous and disadvantageous effects in each
case. The single 6-fluoro substituent should stabilize by approximately the
same amount, both the olefin [167] and the radical which results from cycliza-
tion [31, 168]; hence, no resultant net effect. Geminal 6,6-difluoro substituents
appear to stabilize the m-system slightly, based upon the 3.7 kcal/mol greater
n-bond dissociation energy (D,?) of CH,=CF, than that of ethylene [165].
With the stability of the resultant radical from cyclization being essentially
unaffected by the presence of the geminal fluorine substituents, there should
be little effect on the cyclization rate constant by 6,6-difluoro substitution.
Thermodynamic data indicate that vicinal fluorination, such as in the 5,6-
difluoro system, 16, destabilizes the m-system by ~5 kcal/mol [165]. This,
combined with the small stabilization of the cyclized radical, are apparently
enough to offset the steric inhibition of the 5-fluoro substituent to give the
observed kinetic result.

5.3.1.2
Cyclizations Involving Fluorinated Radical Adding to Hydrocarbon Alkene

In contrast, when the mode of substitution is reversed, that is when the radical
is fluorinated and the alkene fragment is not, as is the case with radicals 19,
21-23, a much greater impact on reactivity is observed.

The overall reactivities of these radicals in their unimolecular 5-hexenyl
cyclization processes reflects those same factors which affect the reactivity of
partially-fluorinated radicals in their bimolecular addition reactions with
alkenes, such as styrene. Table 17 indicates this clearly, and it also reflects the
general leveling effect which would be expected for the more facile unimolecular
cyclization processes which have log A’s about 1-2 units larger than those for the
bimolecular additions.

Our earlier studies of the bimolecular alkene addition reactivity of a,a-difluoro
alkyl radicals indicated that they exhibited little “philicity”, reacting with styrene
and pentafluorostyrene (IPs 8.43 and 9.20, respectively) at virtually the same rate
[70]. Their significantly greater reactivity in bimolecular additions, hydrogen-
abstraction reactions and unimolecular cyclizations can therefore be largely
attributed to their pyramidal nature, with some possible thermodynamic con-
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Table 17. Absolute rate constants for 5-hexenyl radical cyclizations involving fluorinated radi-
cal addition to hydrocarbon alkens, at 30 °C in C;Dg [140, 162]

Radical kes/ 108571 kcs(rel) kel 10%s7! ke (rel)
CH,=CH(CH,),CH,"* 0.27 ) 0.0055 (1)
CH,=CH(CH,),CF,", 19 3.5 13 - -
CH,=CH(CH,),CF,CH,", 20 1.1 4.1 0.11 20
CH,=CH(CH,),CF,CF,", 21 8.8 32.6 1.9 345
CH,=CHCH,(CF,),CE,", 22 44 163 52 945
CH,=CH(CE,),CE,’, 23 1 40.7 3.5 636
a[116].

tribution, as has been discussed in the earlier section on bimolecular additions of
such radicals.

The slight enhancement observed for cyclization of radical 20 is consistent
with the slight electrophilicity of such radicals which was demonstrated earlier
in the studies of their bimolecular olefin addition reactivity [70]. The similar
reactivities of 20 and hydrocarbon parent are consistent with the similarity of
the ESR parameters for these two types of radicals [169]. That is they are both
effectively planar 7-radicals.

The a,a, 3, B-tetrafluoro-5-hexenyl radical, 21, of course, retains the reactivity
which comes from its o-nature, but it also gets a significant boost in reactivity
because of its substantial electrophilic character. Although LFP data is limited,
the rate constant for addition of CH;CH,CF,CF, to styrene (k. =167, relative to
n-alkyl) indicates a substantial enhancement compared to an &, a-difluoroalkyl
radical [70]. Its rate of H-abstraction from n-Bu;SnH (k. =38, compared to
n-alkyl) also reflects the very favorable matchup of transition state polarities
which is characteristic of highly fluorinated radicals [137, 138]. Lastly, the sparse
IP data which is available for such radicals (see Table 3) also reflects a significant
electrophilicity, approaching but not equal to that of perfluoroalkyl radicals.

In the system with three CF, groups, i.e. 22, the radical takes on perfluoroal-
kyl character and the impact on cyclization rate is magnified still further. The
dominant factor which has been credited for giving rise to the high reactivities
of perfluoro-n-alkyl radicals in their additions to alkenes, particularly to elec-
tron-rich alkenes, is their high electrophilicities. That is, charge transfer inter-
actions, e.g. [(CF;CF,CF,)®" (alkene)’*]§ stabilize an early transition state and
lower both the enthalpic and entropic barriers to reaction.

The large rate enhancement observed for cyclization of 22 is consistent with
the 30000-fold polarity-driven rate ratio for n-C,F;- vs RCH,CH,- addition to
1-hexene [115]. Nevertheless, system 22 is still not ideal in terms of transition
state polarity matchup because the proximity of the perfluoroalkyl group to the
olefinic segment should serve to diminish its nucleophilicity significantly.

The reactivity of the octafluoro-5-hexenyl radical system 23 is seen to be
diminished relative to that of the hexafluoro system 22. This can be attributed, at
least in part, to the impact of the perfluoroalkyl group on the nucleophilicity of the
terminal alkene segment which will serve to further diminish the nucleophilicity
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of the terminal double bond of 23, and hence make it less reactive with its highly
fluorinated radical terminus.

5.3.1.3
Regiochemistry

Whereas cyclizations of parent hydrocarbon, perfluoro-, and most of the parti-
ally-fluorinated 5-hexenyl radical systems occur with the dominant exo-selec-
tivity we have come to expect in such cyclizations, radicals 21-23 and even
20 exhibit an unexpected enhanced propensity to undergo a 6-endo cyclization
(140, 162] as indicated in Table 18. The 25% endo cyclization exhibited by 23, for
example, means that this cyclization proceeds 700 times faster than the endo
cyclization of the parent radical.

Table 18. Regiochemistry of some cyclizations of fluorinated 5-hexenyl radicals [170]

Endo-Selectivity

Radical Observed Predicted
CH,=CHCH,CH,CF,CF," (21) 18.8% endo 15.6%
CH,=CHCH,CF,CF,CF," (22) 10.6% 5.7%
CH,=CHCF,CF,CF,CF," (23) 25% 24.2%
CH,CHCH,CH,CF,CH," (20) 8.8% 8.9%

All others, < 49%.

At the present time there is not a good explanation for the regiochemical
diversity exhibited by these radicals in their cyclizations. It should be noted,
however, that such diversity was predicted computationally {170].

5.3.2
4-Pentenyl Radical Cyclizations

Cyclizations to form 4-membered rings are rare in hydrocarbon systems and only
occur when there is a radical stabilizing group at the terminus [171, 172]. How-
ever, because fluorinated cyclobutanes appear to be less-strained than their

via

CoFsl +\\ (/ = 9210 CZF?_\'A/

F,C—CF, F.C—CF,
C.F CHyl
02F5/\|/>...| 2 5\'_(, 2
FoCg +
F, 6% F2C=CF2 (479)

Scheme 30
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hydrocarbon counterparts [165], cyclizations of fluorinated 4-pentenyl radicals
appear to be both kinetically and thermodynamically feasible. Piccardi was the
first to observe such a cyclization in the thermal addition reactions of C,F;I and
CCl, to 3,3,4,4-tetrafluoro-1, 5-hexadiene, where 4-exo-trig 4-membered ring
formation was found to be favored over 5-endo-trig 5-membered ring formation
[173].

Nevertheless, in spite of this observation, it was found that the parent system,
the perfluoro-4-pentenyl radical, 24, failed to cyclize even when Et;SiH
was employed as the hydrogen atom transfer agent [140]. Either the equilibrium
between 24 and the cyclized radical must be very unfavorable or the rate
constant for 24’s cyclization is less than 1x10* s7' at 30°C. Thus the lack of
cyclization of 24 could be due to either thermodynamic or kinetic factors.

F2C,

N\ F2Cy no F.C
GF GFBr _ bv "o cF; cyclization - NCF GF,H
]

— . | € e
F,C—CF, Et,SiH FoC—CF, observed F,C—CF,

u only

F2Cy FaC,
2

VOF CRBr by Ncr oF;
O—CR, EGSH. bbp, T |
25 ko, =38x10°s"

Scheme 31

Either way, ether analog 25 was expected to be more reactive, and indeed, 28
was found to cyclize quite efficiently with a rate constant for cyclization of
3.8 (£0.3) x 10°s7! [140]. Only the exo-mode of cyclization was observed, in
contrast to Piccardi’s results. Further studies of fluorinated 4-pentenyl and
cyclobutylcarbinyl radical systems will hopefully provide eventual definitive
insight into those factors which govern rates and equilibria in this system.

5.3.3
Cyclopropylcarbinyl Radical Ring-Openings

The cyclopropylcarbinyl ring opening comprises a very fast clock process in
the hydrocarbon system, with a rate constant of 9.4 x 107s™! [132]. The ring
opening of the 2,2-difluorocyclopropyl carbinyl radical, 26, occurs with ex-
clusive C;-C; bond cleavage to produce the 2,2-difluorobut-3-enyl radical, 27
[174].

F.

F,C very fast ¢
CH2 ¢ —————— Hzc/ \/

26 27

Scheme 32
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Such a result is consistent with a wealth of data relating to the thermal
isomerizations of gem-difluorocyclopropane systems which indicate that the
cyclopropane C-C bond distal to the CF, group is substantially weaker towards
homolytic cleavage than the proximal bonds [175]. The rate for this ring opening
has not yet been determined, although it is certainly considerably faster than the
already very fast ring-opening of the parent, hydrocarbon system. With only
3,3-difluorobutene being observed as a product in the reduction of 2,2-difluoro-
1-bromomethylcyclopropane in neat n-Bu;SnH, a minimum rate of 8 x 108 can
be calculated for the cleavage of radical 26.

There are just a few examples of such radical ring-openings in the literature
(See Sect.6.6.4),and all of them proceed with exclusive distal bond cleavage and
with no observed trapping of the precursor cyclopropylcarbinyl radical.

5.4
Summary

In summary, perfluoroalkyl radicals exhibit extraordinary reactivity in both
their alkene addition reactions and their hydrogen-abstraction processes,
relative to their hydrocarbon counterparts. This reactivity can be attributed
partially to the increased exothermicity of such reactions when compared to the
analogous reactions of hydrocarbon radicals, and partially also to the fact that
perfluoro-n-alkyl radicals are o-radicals. However the major source of the reac-
tivity of 1°, 2° 3° perfluoroalkyl radicals must be their high electronegativity,
which gives rise to stabilizing polarization of the transition states of these radi-
cals’ addition and hydrogen-abstraction processes.

6
Reactions Involving Fluorinated Alkyl Radicals

Interest in organic free radical reactions has increased in recent decades as radi-
cal-based methodology for organic synthesis has evolved, particularly with
regard to carbon-carbon bond forming reactions [176-179]. The incorporation
of fluorinated alkyl groups into organic compounds has also become an area of
increasing interest as the beneficial effect of such substituents upon the phar-
macological properties of molecules has become recognized [180, 181].

Because perfluoroalkyl radicals are easily generated by a variety of means,
and because they exhibit high reactivity towards diverse types of organic sub-
strates, the use of fluoroalkyl radicals has become a preferred method for the
incorporation of fluoroalkyl groups into organic compounds.

6.1
Disproportionation and Coupling

Because of the very strong -C-F bonds of perfluoroalkyl radicals, such species
do not disproportionate. Thus the only combinatorial reaction of perfluoroalkyl
radicals is that of coupling. When two Ry radicals are generated within a solvent
cage, as is the case with perfluoroazoalkane and perfluoroketone photolyses,
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there always results a significant amount of in-cage coupling (in the case of
perfluoroazomethane this consumes about 25% of the radicals before they
emerge from the cage) [86] which limits the use of such methodology in
synthesis.

Nevertheless, Nakamura and Yabe found that the photolytic generation of
n-CgF,,- from perfluoroazooctane in the presence of naphthalene to be a useful
method for synthesis of the isomeric perfluoro-n-octylnaphthalenes [74].

08F1TN=N'CBF17 CGF17
+ hv, 188 nm C@
—
70% o:fp =21

Scheme 33

Sometimes cage recombination can be used to advantage, such as in Golitz
and de Meijere’s method for coupling alkyl groups to trifluoromethyl groups in
which he enhances the amount of cage recombination by use of a viscous, non-
H-atom donating solvent [182].

n- C8H17NH2
hv, 25 °C
——» n-CgHi7~N=N-CF; —— - CgHy17~-CF3
(75%) 1-BuOH
CF3N=0 69%

Scheme 34

Electrolytic generation of perfluoroalkyl radicals can also lead to coupling
(Kolbe Reaction), and when carried out in the presence of an addend, like an
olefin, can lead to coupling, reduction and disproportionation-type products of
the adduct radicals, as well as occasionally-decent yields of simple adducts
[183-188].

. anode, NaOH COMe
CF3CO;  + CHp=CHCO;Me FaG
CH3CN, H,0 3 2
50%
o) o]
C4F
ELN'BF, ~4°
n-C4Fol fk S EUNBRy i” 65%
hN02 DMSO N

Scheme 35
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Thermal unimolecular decomposition of perfluorodiacyl peroxides seems to
be less prone to cage-recombination, with only 5% of coupling remaining when
such decomposition is carried out in the presence of an excess of a radical
scavenger such as CCL;Br [68]. Of course, donor-induced decomposition of
diacyl peroxides leads to clean chain processes with virtually no radical recom-
bination being observed [66].

6.2

Thermolytic Cleavage of Persistent Perfluoroalkyl Radicals

Because perfluoroalkyl radicals cannot disproportionate, when they are
constructed in such a way that they are also unable to couple (by means of steric
isolation of the radical center), it becomes possible to study the thermal homo-
lytic behavior of these persistent radicals. It has been found that they generally
extrude CF;- radicals when heated. As a matter of fact, the facility and tempera-
ture variability of such extrusions make these persistent radicals good free

radical initiators.
> l < A, 150 °C > . >__<
> -/ 4 CFy

Scheme 36

The ease of CF; extrusion depends upon the degree of steric strain in the
mother radical [81].

6.3
Addition to Unsaturated Systems

Most useful reactions of perfluoroalkyl radicals involve efficient chain processes,
and the challenge has been to find conditions where efficient propagation of the
chain via chain transfer can occur. The development of such methodology has de-
rived largely from the huge amount of work which has been devoted to studies of
the addition of perfluoroalkyl radicals to unsaturated systems, particularly olefins.
Perfluoroalkyl iodides serve as the primary source of the propagating radicals
in such additions, although there are situations where other precursors such as
perfluoroalkyl sulfonyl bromides and diacyl peroxides may be used effectively.

6.3.1
Thermal and Photochemical, Homolytically-Induced Additions

The discovery in the late 1940s by Emeleus and Haszeldine that perfluoroalkyl
iodides could be cleaved by light or heat to give perfluoroalkyl radicals certainly
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has proved to be historically one of the most important advances in synthetic
fluorine chemistry [189]. Haszeldine was the first to recognize the potential
ability of perfluoroalkyl iodides to take part in free radical chain processes
which involve the intermediacy of perfluoroalkyl radicals [91, 190, 191], and
such fundamental thermal and photochemical methodologies continue to be
used and continue to evolve as useful techniques for adding perfluoroalkyl
radicals to olefins and alkynes [192].

A, 250°
CFal + CHp=CH; ——— CF3CH,CH,l (75%) + higher telomers (25%)
(excess)
hv, 108 h .
CF3l + CHy=CH, =——— CF3;CH,CH,l (82%) + higher telomers (18%)
46% conv.
(excees)
A, 200°
CF3| + CF2=CF2_W mostly telomers
1:1
CF3l + CHy=CHCHj4 . CF3aCH,CHICH; (98%)

Scheme 37

An interesting recent example of a successful thermal process involves the
thermal reaction of perfluoroalkyl iodides with perfluoroallyl chloride [193].

CeFigl + CR=CR.CRcl —220°C_  CiF . cR,.CP=CF,

74%
Scheme 38

The photo-initiated addition process appears to have general applicability,
although it can require extensive photolysis times [194-196]. Indeed, photolytic
generation of Ry- from Rl has been the method used to add Ry to Cgy and Cyg,
not for synthetic purpose, but to examine epr spectra of the resulting radical
species [197-199]. A good comprehensive review of the early work on thermal
and photochemically-induced free radical addition reactions to olefins can be
found in Sosnovsky’s book [60].

h
N-CrF1sl + CHp=CH-(CHpsCH3 ——  Nn-C7F5-CHyCHI(CH2)sCHa (87%)
Scheme 39
In a recent related piece of work, Burton’s group has discovered that one can

obtain excellent yields of 1:1 adducts to electron deficient olefins such as ethyl
acrylate by the use of low intensity 254 nm light [200].
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hv, 254 nm
n-CsF;7l + CHy=CHCO,Et —~—(——>

2ah n-C3F7-CH,CHICOLEL (100%)
1:2

Scheme 40

Although the regiochemistry for such additions is usually such that the Ry
adds to the terminal, least-highly-substituted end of the olefin, unusual regio-
chemistries can be observed for additions of perfluoroalkyl radicals, probably
because of the intervention of polar effects [91, 201].

CFgl + CFp=CH-CHy———re- CF{CH(CHyICFy! (70%)
v,
o

100
CF3l + CFp=CH-CF; ———— CFsCH(CF3)CF,l (80%)

Scheme 41

Good yields of addition to benzene and its derivatives have also been repor-
ted under both thermal and photochemical conditions {202, 203].

A, 250°
n°C7F15| + @ 15h - ©_C7F15 62%)
, H;
CFal + @ . Hg @-c&, (65%)
100h

1:5
Scheme 42

6.3.2
Telomerization of Fluoroolefins

It has been recognized since the time of Haszeldine’s first reports that the
thermal and photochemically-induced additions of perfluoroalkyl radicals to
olefins were prone to lead to telomeric products due to competition between the
processes of chain-transfer and propagation. Indeed, extensive studies have
demonstrated that the degree of telomerization is dependent upon a number of
factors, including (a) the relative concentration of olefin and telogen (chain-
transfer agent), (b) the relative steric effect for propagation vs chain-transfer, (c)
reactivity factors regarding the propagating radical, (d) the reactivity of the
chain transfer agent, particularly with respect to the strength of the bond which is
broken in the chain-transfer step, (e) reaction temperature, and (f) reaction time.

For example, Haszeldine found that in the reaction of CF;I with TFE, if the
ratio of CF;I:TFE is kept high, then formation of 1:1 adduct will be predo-
minant [204].



141

Fluorinated Free Radicals

v
CF3l + CFp=CF, — CF3(CF,CFy),l

ratio = 10:1  94% (n=1), 4%(n=2)

21 81%(n=1)

1:10 16% (n=1), 10% (n=2), 5% (n=3), 63% (n>3)
20

n=10-
Scheme 43
Similarly thermally:
A,200°
CF3l + CFp=CF, —5n " CFa(CF.CF),l
large excess of CFl 50% (n=1), 20% (n=2), 8% (n=3)
ratio=1:2 9% (n=1), 3 % (n=1&2), 87% (n>3)

Scheme 44

The relative efficiencies of CF;1, C,F:l, n-C,F,I and (CF;),CFI as chain trans-
fer agents were studied within the context of the telomerization reactions of
CH,=CF, and TFE and it was found under almost identical conditions and a 1:1
ratio of chain transfer agent to olefin that CF;I was the poorest and (CF;),CFI the
best at inducing 1:1 adduct formation, a result consistent with the relative C-I
bond strengths for these iodides [205].

- ]
RH + CHp=CF, —‘:’%%» RE(CH,CFo),l
Rp = oFy 46% (n=1), 33%(n=2), 15% (n=3), 7% (n>3)
G 5 92% (n=1), 6% (n=2), 2% (n=3)
n-Of__ 7 70% (n=1), 25% (n=2), 5% (n=3)
i-GF7 90% (n=1), 10% (n=2)

Scheme 45

Moreover, higher temperature was found to lead to greater formation of
telomers at the expense of 1:1 adduct.

Other studies have looked at additions to perfluoropropylene where 84% 1:1
adduct and 16% higher telomers were observed when a 1:1 mixture of
n-C;F;1: C;F, were heated at 200°C for 88 h, and where again (CF;),CFI was
found to be a better chain-transfer agent than various n-Rgls [206, 207].

Recently a study of the use of various a, w-diiodo telomers led to an inter-
esting, selective 1:1 addition reaction with hexafluoropropene [208, 209].

230 °C
IC2F4CH2CF2[ + CF2=CFCF 3 ? IC2F4CH2CF2CF2CF[CF31

1:012 55%
Scheme 46
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In a thorough study of the effect of reactant ratio, initiator concentration,
temperature and time of reaction, it was found that the optimal reaction condi-
tions for 1:1 adduct formation in the reaction of perfluoro-n-hexyl iodide to
vinyl acetate are [210]:

AIBN (2.5%)
- = —_————
n CGF13| + C&—CHOAC 80 0- 60 - 90 min

1:1 80% conversion
99% 1 : 1 adduct

n-CgF13CH,CHIOAC

Scheme 47

What remains to be done in this area is to find conditions for control of chain
transfer so that one can optimize production of telomers with various specific
degrees of telomerization.

6.3.3
Polymerization of Fluoroolefins

In general, fluoropolymers possess the unique combination of high thermal
stability, chemical inertness, unusual surface properties, low dielectric constants
and dissipation factors, low water absorptivities, excellent weatherability and
low flammabilities. Therefore there appears to be an ever-increasing market for
fluoropolymers in spite of their relatively high cost [211, 212].

Ideal conditions for polymerization of a fluoroolefin are those where little, or
better yet, no chain-transfer occurs. Thus perfluoroalkyl iodides are not used to
initiate polymerizations. Instead, non-chain-transfer agents, particularly
peroxide initiators, including perfluorodiacyl peroxides and ammonium per-
sulfate, are used effectively for this purpose [67].

Indeed, free radical polymerization of fluoroolefins continues to be the only
method which will produce high-molecular weight fluoropolymers. High mole-
cular weight homopolymers of TFE, CFCl=CF,, CH,CF,, and CH,=CHF are
prepared by current commercial processes, but homopolymers of hexafluoro-
propylene or longer-chain fluoroolefins require extreme conditions and such
polymerizations are not practiced commercially. Copolymerization of fluoro-
olefins has also led to a wide variety of useful fluoropolymers. Further discussion
of the subject of fluoroolefin polymerization may be found elsewhere and is
beyond the scope of this review [213-215].

6.3.4
Free Radical Initiator-Induced Additions

Shortly after Haszeldine’s initial studies, Tarrant, Brace, and others began to use
Kharasch’s technique of diacyl peroxide initiation of such thermal additions [60,
216-227]. With such inducement, these addition processes could be run at lower
temperature and usually with greater efficiency. Nevertheless, such radical-
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induced additions can also require relatively long reaction times to attain decent
conversions, apparently because of remaining difficulties in the chain-transfer
process.

(820)2

CF23|'2 + Cl'b=CHCH3 85° 4h

41 : 1

A, 50 °, AIBN(3% CFT oo
n-CsF/l  + ——i) ,(QO_A’ 3 -9
22 h, 50% conversion | e=1:
6.3.5

Reductively-Initiated Additions

BrCF,CH,CHBICH; (67%)

Scheme 48

It was therefore a significant breakthrough when procedures involving electron-
transfer initiation began to appear in the 1960s, and today reductive initiation
constitutes the most commonly used method of accomplishing the addition of
R¢l to olefins and alkynes [228]. Perhaps the first example of such a process was
that of Kehoe and Burton in 1966 [229, 230].

CuCl, HOCH,CH,NH
n-C3F7l + CHp=CHCgHy3 HoCHaNH, n-CaF7CH,CHICEH 5
1-BuOH, reflux, 24 h
(68%)

CFgBrz + C"k=CHCsH13 BI’CFQCHZCHBI'CGHﬂ;

(57%)
Scheme 49

Since then, numerous other reductive systems have been discovered, all of
which presumably involve as the key initiative step a single electron transfer
from the reductant to the RpI molecule. Initiators/reductants which have been
used include Fe [231], Mg [232], Zn [233], Cu [234, 237, 238], Sn [235], Raney Ni
[236], Ti [239], TiCl,Cp,/Fe [240], DyCl,/Zn [241], YbCly/Zn [242], Ru/C [243],
Ni(CO),(PPh,), [243], PA(PPh,), [244, 245], RhCI(PPh,), [246], Ru(CO),, [247],
Fe,(CO),, [247], Sml, [248, 249], PhSO,Na [250], Na,S,0, [251, 252, 254],
(NH,),S,0, [253], piperidine [255], Me;Al [256], Bu,NI [255], NaOEt [257].

A difficult process to execute successfully is addition of an electrophilic per-
fluoroalkyl radical to an ethene which is itself substituted with a perfluoroalkyl
group. However, Hu and Hu have reported a smooth conversion of this type
using NiCl, - 6H,0/Al/alkene/R;I in a ratio of 0.2:2:1.5:1 in CH,CN at RT [258].

NiChHyO/Al
CiCgFigl + CHp=CHCF,C3F7 W CICgF1gCHoCH=CFCyF7
3
45%

Scheme 50



144 W.R. Dolbier, Jr.

CF,Br, and HCF,[ have also been utilized in reductively-induced reactions to
provide 1:1 adducts [229, 256, 258-260] A mechanistic study by Wu et al.
provided strong evidence for the SET nature of the CF,Br,/Zn process for alkene
addition [261].

CH,=CHCgHy3

CuCl, HOCH,CH,NH,
t-BuOH, reflux, 24 h -

NayS,04/NaHCO4
+ CH=CHCHy BN 0. AT 14 h

CF2B|'2

BrCF,CH,CHBrCgH, 3
(68%)

CHF,l

HCF,CH,CHIC4Hg (86%)
Scheme 51

Other examples indicate how additions of RiI can be used to instigate more
extensive chemical transformations such as an oxiranyl carbinyl radical ring-
opening and cyclopropane ring formation [254, 262 -264].

OH
N-CeFial + CioHz1 Et3B, hexane
613 e o5 Cefis
CSHGr 25 , 17h C1OH21
o 99%

CrCly, Fe L §<°°2E'
n-C,Fl CH(COzEY), —————= CoF
2Fsl + = _-CH(CO.EY), EtOH, 60° 15 h 2 589% CO,Et

Scheme 52

Controlled electrolytic methodology, as discussed earlier, has also been used
effectively for inducing perfluoroalkylation of olefins and alkynes [184, 265].

Examples of addition of perfluoroalkyl iodide to isonitriles have been re-
ported [266,267].

It has been found that reductive addition of R;I to electron-deficient alkenes
can lead to good yields of hydroperfluoroalkylation products [268,269],and Hu

. , n-C4FgCH=CI-CMe,OH (54%)
— ¢, DMF, LiCl
n-C4Fgl + HC==CC(Me),O0H —————» +
n-C4FoCH=CH-CMe,OH (16%)

Scheme 53

N-CqFal + N-CHN=C: — % o 1-CeHo-N=CIC,Fy (30%)

Scheme 54
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and Chen have also found conditions under which CF,Br, will productively
undergo reductive addition to both electron-deficient and electron-rich olefins
[270,271].

bromo(pyridine)
cobaloxime(lil)
n-CgFyal + CH=CHCO,E! - n-CgF13CH,CH,COREL (72%)
n,

rC|3, Fe

CFBr, + CH=CHCOE! —grssor

BrCF,CH,CH,CO,Et (72%)

Scheme 55

When one carries out additions of R;I using a stoichiometric amount of aryl
thiolates, selenates or tellurates, one obtains net perfluoroalkyl thiolation etc.,
with the tellurate being most reactive [272,273].

PhX’, EtOH, ELO
n-CgFy7l + CHp=CHCgHy3 n-CgF7CH,CH(XPh)CgH13

RT, 2h
X=8, Se, Te (59 - 81%)

Scheme 56

6.3.6
Additions of o, a-Difluoro Keto- or Ester Radicals

Recently Burton and Qiu have developed an excellent radical-based method of
synthesis of a,a-difluoro-functionalized ketones by means of the addition of
iododifluoroalkyl ketones to alkenes, presumably via the «,a-difluoroketo
radical [274, 275].

There were also earlier reports of similar Cu-induced additions of methyl
iododifluoroacetate which led to good synthetic procedures {276, 277].

o o
Pd(PPhg),(3%) CF,CH,CH,CHICsH; 4
©)L°5' © O e
RT, 30 min 86%

Scheme 57

Cu, DMF CFQCOQMB
+ |CF2C02M9
6h, 22°C |

80%
Scheme 58
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6.3.7
SET-Induced Additions to Aromatic Systems

There are also a few examples of the application of the SET reductive methodology
for perfluoroalkylation of aromatics, a reaction which although formally a sub-
stitution, mechanistically involves initial addition to the aryl substrate [278,
279].

{ § HOCH N
CICFo)4l + / N _ﬂ_a_> Q\(CFZ)AC' (68%)
H

CH5CN, H,0
H 60° 5h
RuCly(PhaP)3 O_
—_— CFs  (41%
CF3S0.Cl  + @ 120° 18 h 3 (41%)
Scheme 59

The utilization of perfluorodiacyl peroxides for this purpose has been more
widely developed. The rate of decomposition of perfluorodiacyl peroxides in the
presence of electron-rich benzene derivatives is enhanced by a significant factor
via a process of electron-transfer [66, 280]. As can be seen by the contrasting
examples below [281], highly reactive arenes are capable of trapping the per-
fluoroalkyl carboxyl radical before it decarboxylates to R, a result which can
diminish the synthetic utility of this process.

OCH; OCH;
Kee = 1300 OCOCyF;

_ D o]

CH3 CHs

CHs CHa
C4F+CO ki = 185 il
- .
(n-C3F7C0Oo),  + (68%)

CHj, CHj,
Scheme 60

Nevertheless, there are numerous productive examples of perfluoroalkylati-
ons of benzene derivatives, heteroaromatics, and uracil derivatives using diacyl
peroxides, such as (CF;CO,),, (n-RgCO,),, and (CICF,CO,),, as the source of the
perfluoroalkyl group [282-286].
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F113
meFco, + () e O\Csﬁ

(98%)
F113
(CFaCO)y + <j>—ocri3 — O—OCHa
(69%)
=60:15:24
F113
CF.ClI
(ClCFgCOg)g + @ W Q_ 2
(63%)
Scheme 61
6.3.8

Fenton-Type Initiation of Arene Addition

Fenton conditions, which result in eventual abstraction of I from RgI by methyl
radicals (see Sect. 4.1.5), can be used effectively to provide perfluoroalkylation
of arenes [61].

C4Fo
— H202/FeSO4. RT
n-CyFgl + QNH — NH
DMSO =
78%
Scheme 62
6.3.9

Oxidatively-Induced Additions

Kolbe-type alkylations are, of course, oxidative in nature. There are a few other
oxidative processes which lead to perfluoroalkylative addition, namely oxida-
tion of carboxylic acids with xenon difluoride and oxidation of sodium per-
fluoroalkylsulfinates [63, 287].

6.3.10
Other Chain-Transfer Enhancing Methodologies

Although the synthetic usefulness of such reactions has not yet been widely
recognized, it should be possible to carry out hydroperfluoroalkylation of ole-
fins and alkynes very efficiently by the strategic use of an appropriate homolytic
hydrogen-transfer agent. The rates of hydrogen transfer for many such agents
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o o]
o o CFs
AcO O#N / AcO O§<N /
. XeF, (82%)
CF3COy  + W
OAc OAc
N
Mn(OAc)s, CH4sCN
CI(CF;)4SOsNa + m W»
N
(CF,)4ClI
+
N N
(CF2)4Cl23%) (32%)
Scheme 63

have been recently reported [140, 141], and both Et;SiH and n-Bu,GeH appear to
have kinetic properties which will allow addition to compete efficiently with
reduction of Ry to produce good yields of adduct.

Another reported way to facilitate the chain transfer process is addition of the
propagating radicals to allylic stannanes [286]. Because of their efficiency, such
processes as these will undoubtedly be used more frequently by synthetic
chemists in the future.

Et3$iH. v n-C7F150H20H204H9
n-CsFisl + CH2=CHC4H9 —_—

CeHe + ELSil + some n-GiFygH
Scheme 64
nBu;SnCH,CH=CH,
CF,CH,CH=CH,
@"CFZCI A, AIBN
Scheme 65
6.4

Substitution Reactions

Perfluoroalkyl iodides are well-known for their ability to act as substrates in
Sl substitution reactions [288].
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6.4.1
Substitution by Thiols and Thiolates

Whereas it has been demonstrated that both malonate ions and thiolate ions can
catalyze the free radical chain addition reaction of perfluoroalkyl iodides to ole-
fins [289, 290], under appropriate conditions one can obtain products deriving
from substitution in such processes. Following early work carried out photo-
lytically in liquid ammonia, recent reports have indicated that good yields of
substitution products can be obtained in polar solvents at room temperature,
without irradiation [291-296].

Perfluoroselenides and tellurides [297-299], and perfluoroalkyl sulfinates
[300, 301] are also synthetically accessible via similar processes:

o
nCeFifl + PhsNa* —2MF25 _ ncoF;SPh (92%)

100° o
n-03F7| + CH3$'Na+ DMF, n-C3F7SCH3 (73/0)
Scheme 66
NH,, - 78°
CHsSe'Na*® + BrCF,CF,Br —;z—h——— CH3SeCF,CF,SeCH; (70%)
NaHCO,3, H,0O

H(CFysl + NaS;04 —mﬁé‘a—s%'—ﬁ» H(CF,)gSO.Na  (94%)
Scheme 67
6.4.2

Substitution by Carbanions

In what has become a classic example of an Spy1 reaction, the 2-propylnitronate
anion undergoes efficient perfluoroalkylation in its reaction with perfluoroalkyl
iodides [302]:

nCeFrsl + Na*MeC=Noy — M DME__ 1 oF14CMe,NO, (89%)
3h
Scheme 68

Reactions with stabilized enolate species such as malonate ions also lead to
alkylation, but because of the requisite basic conditions, the initial alkylation
products are subsequently converted to secondary products [289].
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NH
CoFsl + CFbCOCHchCHng—* CH3COCH=C(CF3)NH,

[via CHgCOCH(C,F5)COCH;3]
Scheme 69

In contrast, it has recently been found that non-stabilized enolates can also be
perfluoroalkylated if the reaction is Et;B-catalyzed, and if a chiral auxiliary is
used, such reactions can lead to decent diastereomeric excess [303]:

%

\\\\

“ CeF13
1)LDA -78°
T \“/\ 2) n-CgF1al, Et3B T
(79%) (71% de)

Scheme 70

Enamines are also observed to undergo reactions with perfluoroalkyl iodides
which lead to overall a-perfluoroalkylation of ketones [304].

Lastly, electron transfer processes can also compete with nucleophilic acyl
substitution in the reaction of perfluorodiacyl peroxides with Grignards [305].
Such a process can lead to a coupling of the Grignard with the perfluoroalkyl
radical intermediate. (In contrast, benzyl lithium gives no perfluoroalkylation
under the same conditions.)

CF,
45%

+ CFil pentane, RT, 3 h

then, H*/H,O
+ CFoBrcl CF,Cl
\—. 65%

Scheme 71

Et,0, F113 CaF7CHoPh  (24%)
! +
CaF7COCH,Ph (21%)

(CaF7COs)2 + PhCHMgBr

Scheme 72
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6.4.3
Hunsdiecker Reactions

Hunsdiecker reactions of salts of perfluoroalkanoic acids are known primarily
as perhaps the best way of making perfluoroalkyl halides [58, 306, 307], but there
have been other synthetic uses found for the perfluoroalkyl radicals which are
formed by this decarboxylative process [308].

A, |5 (excess)
—————

CF4,CO, Agt CF3l (91%)
CF3
+ CF,COAgt —24h
TiO,, TFA
CHLCN (50%)
Scheme 73
6.4.4

Reductions Involving Perfluoroalky! Radicals

Replacement of the iodine or bromine substituent of a perfluoroalkyl iodide or
bromide with hydrogen is a process which is a side reaction in most of the reduc-
tively-catalyzed perfluoroalkylation processes described earlier. If one wishes to
carry out such a reaction synthetically, it may be accomplished easily by use of
any of a number of hydrogen atom transfer agents such as n-Bu;SnH, n-Bu;GeH,
(TMS),SiH, or Et;SiH.

Van der Puy et al. have examined the use of #-Bu;SnH for synthetic purposes
in the replacement of one or more halogens in polyhalofluorocarbons [309].

CICF,CFCICF,Cl + nBuStH —~BN _  HCF,GFHCFH

0
110°C 80%

Scheme 74

The rate constants for each of these H-atom transfer agents have been deter-
mined, and they were presented and discussed earlier in Sect. 5.2 of this review
[140, 141].

6.5
Defluorinations of Perfluorocarbons

Recently a number of groups, most significantly those of Crabtree and
Richmond, have devised methods of carrying out reductive defluorination/ func-
tionalization processes of saturated fluorocarbons. It is assumed that these pro-
cesses involve successive single electron transfer processes [82]. Richmond and
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w18 .
CpoTiF, (cat) p Fg
AVHgClz 52%,
RT, THF, 130 h
Fi4
/ Na20204 \/ Fa
——
230°C Z# 70%

Scheme 75

then Crabtree have subsequently found ways to carry out such processes in the
absence of nucleophiles to form perfluoroaromatics [83,310].

6.6
Rearrangements of Fluorinated Radicals

Although radicals are not nearly so prone to rearrangement as are, for example,
carbocations, there are a few such “rearrangements” which have become identi-
fied as characteristic of carbon radicals. These include radical cyclizations,
particularly the 5-hexenyl radical cyclization, and radical C-C bond cleavages,
particularly the cyclopropylcarbinyl to allyl carbinyl radical rearrangement. In
hydrocarbon systems, as organic synthetic chemists have learned how to control
rapid chain processes, such rearrangements have become important synthetic
tools [176-179].

There are many fewer examples of perfluoro- or even partially-fluorinated
radicals undergoing such reactions, although Brace utilized perfluoroalkyl
radicals in his early studies of hydrocarbon radical cyclization reactions, for
example [311,312]:

CaF7 CHol
A, AIBN
n-CaF7l + CHa=CHCHoCHCHaCH=CH,

TN

via
Scheme 76

6.6.1
5-Hexenyl Radical Cyclizations

The 5-exo cyclization reactions of hydrocarbon 5-hexenyl radicals comprise the
most highly-studied of all cyclization processes, and such processes have been
extensively and effectively exploited for synthetic purpose [176-179]. There
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have, however, been relatively few examples reported of comparable cyclizations
of fluorinated 5-hexenyl systems. Piccardi et al. reported an early example of
cyclization of a partially-fluorinated 5-hexenyl radical system [313].

The cyclization kinetics of a number of other partially-fluorinated systems as
well as those for the cyclization of the parent perfluoro-5-hexenyl radical have
been discussed earlier in Sect. 5.3.1 of this review [140, 162]. Other than these
examples, the only remaining reports of cyclizations of radicals with fluorine
proximate to the radical center involve some examples of «,a-difluoro-,
B, p-difluoro- and a-trifluoromethyl-5-hexenyl radical systems.

—~
A, (+-BuO) C'Hi (

CF
C/

o Chel o CHy' / Fo
RHl

CFy

CHp=CHCF,CF, + CH,=CHCI

c/ c /CF2
F, (53%) £
Scheme 77
6.6.1.1

a,a-Difluoro Radical Systems [128, 314-316]

F
HyC 2
N ClFQ BuySnH, AIBN ’ .
Ilgons, OSi(t-Bu)Me,
CgHg, reflux, 10 h (59%)

OSi(t-Bu)me,
\\ BrF.C a) n-BuaSnH, CgHg, reflux Fs
#X FO:Me ) smi,, THF, DMPU, RT C. COMe
CO,Me a) 42%

b) 86% CO,Me
Scheme 78
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6.6.1.2
B, B-Difluoro Radical Systems [317, 318]
Ph
\ |Hzc HzCPh
n-BuaSnH, AIBN
Fa CgHe, reflux, 3h CF2
OMOM (®1%)
isomers: 1.9:1 OMOM
| CF,CO,Et CF,CO,Et
N HaC
n-BugSnH, AIBN
CgHg, reflux, 3h
(62%) isomers: 1.1:1
Scheme 79
6.6.1.3
a-Trifluoromethyl Radical Systems [318-320]
CoHyo S CF
& obimidazole) Crctr 3
n-BuzSnH, AIBN
CgHg, reflux, 2 h
(83%) isomers: 1:1
CFa
CF
Nyepe” ' nBugsnH AN HC o
)\ CgHg, reflux, 4 h CoHs
o~ Cts o
(76%)
Scheme 80

It would appear that there is considerable potential in using fluorinated 5-
hexenyl radical systems to synthesize specifically fluorine-substituted cyclo-
pentyl ring systems.

6.6.2
6-Heptenyl Radical Cyclizations [317, 321, 322]

a,a-Difluoro- and pg,f-difluoro-6-heptenyl radicals have been found to
undergo exo-trig cyclization to form 6-membered rings in reasonable yields:

- IS
Tols CFCl n-BusSnH, AIBN 10 Wcm
oH CgHg, reflux, 2 h o4 H
0y
Scheme 81 (60%)
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COLEt CO,Et
H 4 n-BugSnH, AIBN
i tio = 2.4:1
F,C CeHo, refiux, 2 h F,C isomer ratio = 2
OMOM (79%) OMOM
Z CH, F
+
TOI\S.,'\/Q:;C| TOI\SQF F
5% 3 OCH
O ° OCHy O * OCH, Tolnd 3

47% & 10%

Scheme 81 (continued)

Because of the rate-enhancing effects of fluorine substitution on cyclization
reactions of partially-fluorinated radical systems, it is likely that, unlike for pure
hydrocarbon systems, it will be possible to utilize such processes to make six-,
seven-, and even larger membered rings in radical systems which have appro-
priate fluorine substitution.

6.6.3
4-Pentenyl Radical Cyclizations

An interesting aspect of fluorinated 4-pentenyl radicals that distinguishes them
from their hydrocarbon counterparts is their ability to cyclize to form
four-membered rings. As mentioned in Sect. 5.3.2, Piccardi and his coworkers
reported in 1971 that C,F;I underwent free radical addition to 3,3,4,4-tetra-
fluoro-1,5-hexadiene to form a four-membered ring product [173]. Subsequently
they observed similar results in the addition of CCl, [323].

ccly + \ (/ A, 1250 Cbiﬁ'ﬁ(/

F,C—CF, (-BuO), F,C—CF,
ClC cHel »~
Clac/Y>MC| + —H + mostly telomers
F2l¢ F,C—CF,
F2  (9%) (11%)

Scheme 82

There is much yet to be learned about the factors which determine whether
particular fluorinated four-membered rings will be able to be formed via
cyclization processes. Nevertheless there should be considerable synthetic
utility to be found in this area.

Indeed, there will likely be considerable future research activity in the
broad and potentially-fertile area of cyclizations of unsaturated fluorinated
radicals.
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6.6.4
Cyclopropylicarbinyl Radical Rearrangements

As discussed earlier in Sect. 5.3.3 of this review, because of the incremental
strain imparted by fluorine substitutents to cyclopropane systems, the rate of
ring-opening of the 2,2-difluorocyclopropylcarbinyl radical is substantially
enhanced with respect to the already very fast analogous hydrocarbon system
[174].

Although there are few examples, the facility of the ring-opening process, as
well as its regiospecificity can be exploited for synthetic purpose [324, 325]:

Reductive Ring-opening:
Ph
W\/I n-Bu3$nH, AIBN /\/\ /\
o CgHg, refiux, 4 h Ph ‘,:’2
F, (89%)
lodine Atom-transfer:
WCHzCHQPh (n-BuaSn)y, hv | A C/\/CHZCHZPh
c CeHg, RT Fy
Fa | (60%)
Scheme 83
7
Conclusions

It should be evident that radicals play a very important role within the realm of
organofluorine chemistry. Fluorine substituents impart unique reactivity
characteristics to free radical intermediates, and knowledge of how to generate
and utilize such species is very important for those synthetic chemists who wish
to incorporate fluorinated alkyl groups into organic substrates. It has been
attempted in this review to provide a strategic overview of all aspects of organo-
fluorine radical chemistry, with the hope that readers with an interest in the field
will able to get their basic questions answered as well as be stimulated to dig
deeper into specific aspects of the subject via the detailed references which have
been provided.
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Telomerisation Reactions of Fluorinated Alkenes
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The synthesis of fluorinated oligomers by radical telomerisation of fluoroalkenes is discus-
sed. After a brief presentation of the various parameters which direct this reaction and the
kinetic laws, this review outlines the traditional telogens efficient in telomerisation and also
considers other transfer agents which undergo less known cleavages. Telomerisation in-
volving main fluorinated alkenes (vinylidene fluoride, tetrafluoroethylene, chlorotri-
fluoroethylene, trifluoroethylene and hexafluoropropene) and less used agents is then re-
viewed, considering either the method of initiation including new activation systems, or
specific cleavage of the telogens used. Some examples of cotelomerisation are given con-
stituting interesting models of copolymerisation. General concepts of reactivity regarding
the orientation of addition of free radicals to unsymmetrical fluorinated alkenes and also
comparison of the reactivity of various fluorinated alkenes with the telogens are discussed
and several examples given. Beside the traditional process of telomerisation, the living telo-
merisation methods are also described. In these methods, the living character is mentioned
and well chosen transfer agents with specific cleavable bonds described. The living be-
haviour of the iodine transfer polymerisation or stepwise cotelomerisation occurs in the
presence of perfluoroalkyl iodides or a, w-diiodoperfluoroalkanes as the telogens and
shows high interest in the synthesis of structurally well defined telomers. Finally, the applica-
tion of fluoropolymers synthesised from these telomers is presented showing the high
added value of these materials.

Keywords: Telomerisation, fluoroalkene, telogen, free radical, livingness.
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1
Introduction

Fluorinated polymers are considered high value-added materials, due to their
outstanding properties which open up various applications [1-9]. Such
polymers exhibit high thermostability and chemical inertness, low refractive
index and coefficient of friction, good water and oil repellence, low surface
energy and valuable electrical properties. In addition, they are non-sticky and
resistant to UV, ageing, and to concentrated mineral acids and alkalies.

The great value of the unique characteristics of fluorinated polymers in the
development of modern industries has ensured an increasing technological
interest since the discovery of the first fluoropolymer, poly(chlorotrifluoro-
ethylene) in 1934. Hence, their fields of applications are numerous: paints and
coatings [10] (for metals [11], wood and leather [12], stone and optical fibers
[13, 14]), textile finishings [15], novel elastomers [5, 6, 8], high performance
resins, membranes [16, 17], functional materials (for photoresists and optical
fibers), biomaterials [18], and thermostable polymers for aerospace.

But the processing of these products is still difficult because several of them
are not usually soluble, and others are not meltable or exhibit very high melting
points. In addition, their prices are still high and even if their properties at high
temperatures are still preserved, this is not so at low temperatures because their
glass transition temperature is too high or because of their high crystallinity
compared to those of silicones for example.

It was thus worth finding a model of the synthesis of fluoropolymers in order
to predict their degree of polymerisation, their structure, and the mechanism of
the reaction.

One of the most interesting strategies is that of telomerisation. Such a reac-
tion, introduced for the first time by Hanford in 1942 [19], in contrast to poly-
merisation, usually leads to low molecular weight polymers, called telomers, or
even to monoadducts with well-defined end-groups. Such products I are ob-
tained from the reaction between a telogen or a transfer agent (X-Y), and one or
more (n) molecules of a polymerisable compound M (called a taxogen or mono-
mer) having ethylenic unsaturation, under radical polymerisation conditions, as
follows:

free radicals

XY+nM ——> X—(M);Y
1

Telogen X-Y is easily cleaved by free radicals (formed according to the con-
ditions of initiation) leading to an X' radical which can react further with the
monomer. After the propagation of monomer, the final step consists of the
transfer of the telogen to the growing telomeric chain. Telomers I are inter-
mediate products between organic compounds (e.g. n=1) and macromole-
cular species (n=100). Hence, in certain cases, end-groups exhibit a chemical
importance which can provide useful opportunities for further functionali-
sations.

The scope of telomerisation was first outlined by Freidlina [20] in 1966, then
improved upon by Starks in 1974 [21], and further developed by Gordon and



Telomerisation Reactions of Fluorinated Alkenes 169

Loftus [22]. Recently, we have reviewed such a reaction [23, 24] in which the
mechanism and kinetics of radical and redox telomerisations are described.

All monomers involved in radical polymerisation can be utilised in telomeri-
sation. In this chapter, only monomers containing a fluorine atom or a short
perfluorinated group linked to an unsaturated carbon atom will be taken into
account.

Below, the initiation step and mechanisms involved in telomerisation are
described, followed by the various processes used, the telogens, the monomers
and their respective reactivities. The following part deals with the pseudoliving
radical telomerisation of fluorinated monomers and finally different applica-
tions of fluorinated telomers are given.

2
Initiation and Mechanisms

A telomerisation reaction is the result of four steps: initiation, propagation,
termination and transfer. These four steps have been described in previous
reviews [21 -24] summarised below.

2.1
Methods of Initiation

Telomerisation can be initiated from various processes: photochemical (in the
presence of UV, X or y rays), in the presence of radical initiator or redox cata-
lysts, or thermally. For each case, different mechanisms have been proposed.
Below are explained the initiation processes and some examples are listed in
Table 1.

2.1.1
Photochemical Initiation

An interesting example was proposed by Haszeldine et al. [25] in the photo-
chemical induced addition of alcohol RH to hexafluoropropene (HFP) knowing
that no propagation of HFP occurs:

Initiation
1%
C3F —— (GCsFg)*
(CiF)* +RH ——— R + C,FH
R + C,F, ——— RG,F
Transfer

C.FH+RH ——— CF,CFHCHF,
RC,E;+RH ——— R(C;F)H + R

R(C;Fq)H is composed of two isomers: RCF,CFHCF; (major) and
F,CCFRCHF, (minor).
Tedder and Walton [26] suggested almost a similar mechanism.
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2.1.2
Radical telomerisation

The general process of a telomerisation involving the radical initiator A, has been
suggested as follows (A, can be an azo or peroxide or perester initiator which
undergoes a homolytic cleavage under heating and generates two radicals [27]).

Initiation

A, —i— 2a

A+XY —— X +AY

X'+ F,C=CRR® —— X(C,F,RR’y
Propagation

XC,F,RR” + F,C=CRR —P15  X(C,E,RR");

kpn
X(C,F,RR); +F,C=CRR" —22— X(C,F,RR");,,

Termination e

X(C,F,RR"); + X(C,F,RR");, —=— X(C,F,RR"),, X
Transfer

X(CERRY), +XY — 5 X(C,F,RR'),Y +X

XY, F,C=CRR’, k;, k,;, ky, and k,, represent the telogen, the monomer, the
rate-constant of initiation, the rate-constants of propagation, of termination and
of transfer, respectively.

The kinetic law, regarding the reverse of average degree of telomerisation,
DP,, depends upon the transfer constant of the telogen (Cy), the telogen [XY]
and monomer [M] molar concentrations, as follows [21-24]:

1 (Xy] . b k.
DP. — C, (M] with C = kp
According to this above equation, transfer constants of various telogens were
determined [28].

Concerning the nature of the initiator no prediction can be made on the
efficiency of such a reactant in the telomerisation of fluoroalkenes. Non fluo-
rinated initiators led to unsuccessful results whereas investigations on the syn-
thesis of highly fluorinated peresters or peroxides were performed by Rice and
Sandberg [29] and Sawada [30], respectively.

ii) For low DP,

i) For high DP,

If one considers F, as the molar fraction in telomer having n as the degree of
polymerisation, David and Gosselain [31] have proposed the following equation
(where R and n represent the (Telogen)/(Monomer) molar ratio and the degree

C2R
of telomerisation, respectively). F, = ;- e
I (1+CJ.R)
j=1



174 B. Améduri - B. Boutevin

Actually C# varies with n, increasing from C1 to C{ and then becomes con-
stant since the contribution of the telogen on the reactivity of the n order-radical
is negligible.

213
Redox Catalysis

In this case, the reaction requires the use of a catalyst MeL, (salt of transition
metal or metallic complex) which participates in the initiation with an increase
of the degree of oxidation of the metal as follows ( being usually a halogen):

Initiation

Me™L, + XY —9 5 Me®D LY +X
X+ F,C=CRR® —> X(C,F,RR’)

Propagation

X(C,E,RR’) + F,C=CRR" —P X(C,F,RR’);

X(C,F,RR’), + F,C=CRR" —®"5 X(C,F,RR’);.,,
Transfer

X(C,F,RR "), + Me®**L Y — Mty X(C,ERR’),, Y +Me™L,
Termination

X(C,F;RR"); + X(C,FRR), —I&5 X(C,F,RR),,,X

Table 2. Transfer constants of catalysts and telogen in the redox telomerisation of chloro-
trifluoroethylene with CCl, [32]

Catalyst Che Ceen
FeCl,/benzoin 75 0.02
Cu(Cl 700 0.02
RuClL,(PPh,), 800 0.02

The kinetic law applied to redox telomerisation depends on both the transfer
constants of the catalyst and of the telogen but the former one is much greater
as shown is Table 2 [32]:

Lo IMeL] o [XY]
D_Pn_ Me [M] XY [M]

As noted in both radical and redox mechanisms of telomerisation of fluoro-
alkenes, termination reactions always occur by recombination and not by
disproportionation [29].

In addition, it has been shown that, for the same telogen and fluoroolefin, a
radical telomerisation leads to higher molecular weights than those obtained
from redox catalysis [21-24].
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214
Thermal Initiation

In certain conditions, sufficient energy supplied by temperature causes fission of
the X-Y bond of the telogen.

The mechanism is rather similar to that of the radical telomerisation except
for the initiation step in which the radicals are produced from the telogen on
heating as follows:

X'+ CE,=CRR” ———> XC,F,RR""

2.2
Cotelomerisation

In cotelomerisation, the problem is slightly more complex and the kinetics have
been little investigated. However, the equation proposed by Tsuchida [33]
relating the instantaneous DP, versus the kinetic constants has been confirmed
[34]:

(D_Pn)l =(r;[M; 12+ 2[M,][M,] + 1, [My]3)/(r,Cp M ][ T] + 1,Cp, [M, ][ T])

where [M;], [T], r; and Cy; represent the concentrations of the monomer M; and
of the telogen, the reactivity-rate of the monomer M; and the transfer constant
of the telogen to the monomer.

Furthermore, for known r;, the conversion-rates a, and &, of both monomers
vs time could be determined.

The composition of the cotelomer i.e., the repartition of the monomers in the
cotelomer can be predicted from known kinetic constants r; and C; and from
[M;],, according to the statistical theory of the cotelomerisation. Moreover, the
probability to obtain cotelomers of well-defined composition and then the
functionality of the cotelomer were calculated [21-24].

2.3
Specific Initiations for Fluoroalkenes

In contrast to classic initiating systems, other less known processes have been
used successfully in telomerisation of fluoroalkenes: these systems involve
hypofluorites, hypobromites, or concern ionic (anionic and cationic) or unusual
telomerisations depicted below.

234
From Hypohalites

It has been known that highly fluorinated alkyl-hypochlorites and hypofluorites
R;OX (with X=Cl or F) are of synthetic value in the preparation of many fluorine
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containing products [35-39]. Actually, between -150 and +50°C, such
compounds generate RO radicals able to initiate a telomerisation. However,
from higher temperatures (above 70 °C) certain reactions may be explosive.

CF;0X (X=ECI) derivatives are the most extensively studied products with
respect to their preparation and chemistry. For example, was the most studied
perfluoroalkyl hypofluorite, CF;OF, synthesised for the first time by Kellogg and
Cady more than 45 years ago [40]. It offers interesting results with vinylidene flu-
oride [41, 42], chlorotrifluoroethylene (CTFE) [43-45, 48], hexafluoropropene
[46], 1,1-dichlorodifluoroethylene [41, 47], trans-1,2-dichlorodifluoroethylene
[48], perfluorobut-2-ene [49] according to the general following reaction:

CF,OF+nF,C=CRR" —— R,(C,F,RR"),F + CF;0(C,F,RR’) ,,OCF,
(R,=CF;0 major ; R;=F minor)-

Johri and DesMarteau [41] have previously claimed that such reactions under-
went a free radical mechanism. Actually, the radical mechanism was demon-
strated by Di Loreto and Czarnowski [50}, the polyfluoroalkyl fluoroxy com-
pound being usually broken homolytically producing R¢O" and X radicals in
the initiation step, as presented in Scheme 1.

Interestingly, Marraccini et.al. [43,51] reacted CF;OF CJF,,,,OF or
RgCF,OF to CTFE yielding the ten first telomers whereas they obtained the
three first adducts only from the telomerisation of 1,2-dichlorodifluoroethylene
with CF,;OF [48]. However, higher molecular weight-telomers were produced by
modifying the pressures of both gaseous reactants [47].

Initiation RFOF——->A RFO + F

RO + F,C=CRR' ———R;0(C,F,RRYY

Propagation  RLO(C,F,RR') + F2C=CRR‘——>RFO(C2F2RR‘)'2

RpO(CoF,RRY), +F,C=CRR'——»RLO(C,F;RR), |

Transfer RLO(C,F)RRY + REOF—— 3 REO(C,F,RRF + RO

REO(GF2RRY,  + RpOF ———RpO(C,F,RRY),  |F + RO

Termination ~ Rp.O(C;F,RR'), + R O(C,F,RR') ——>RpO(GF,RR), ORg

Scheme 1. Mechanism of telomerisation of fluoroalkene F,C=CRR’ with R;OF (in order to
generalise the formulae, the expression C,F,RR” has been prefered to CF,CRR’ or CRR’CF,
since the nature of R and R” (which can be either electron-withdrawing or electron-donating
groups) influences the sense of addition of R;O’ to a preferential site of the fluoroolefins).
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DesMarteau et al. synthesised new perfluoroalkyl hypofluorites [44] and
hypobromites [52]. The first ones were produced from perfluorinated acid fluo-
rides or halogenated ketones as depicted in the following schemes [44]:

CsF
RpC(O)E+XF —— RyoCER,0X (X=ECl)

where R ¢ represents CICF,, HCF,, CICF,CFCl, BrCF,CFBr, FSO,CF, or
FSO,CF(CF;)

ReC(O)R’gq+ XF —— Ry R’p CFOX

with Ry =YCF, (Y=H or Cl) and R"; ;=CF; or CICF,.

All these above polyfluoroalkyl hypohalites successfully reacted to CF,=CH,
and to CF,=CFCl [44], in equimolar ratios, from -145°C to room temperature
for 18-24 h, with better yields in the presence of CTFE. They mainly led to
monoadducts composed of both normal and reverse isomers. The authors
observed that branched hypohalites were more reactive than linear ones and
that for the same R;; group, R ;OF gave higher yields than those obtained from
Rk OCL

In addition, the same team described the synthesis of perfluoroalkyl hypo-
bromites R;OBr, achieved by reacting BrOSO,F to R;ONa (where R represents
(CF;);C or C,FsC(CF;), groups) [52]. These compounds reacted with vinylidene
fluoride, tetrafluoroethylene, 1,1-dichlorodifluoroethylene and cis-1,2-difluoro-
ethylene in the -93 °C- room temperature range for 8- 12 h. Monoadducts were
produced mainly, the yields ranging from 20 to 37% based on BrOSO,F used.
(CF;);COBr seems more reactive than C,F;C(CF,),0Br whatever the fluoro-
alkene, but less reactive than hypochlorites or fluoroxy compounds mentioned
above. These novel hypobromites readily decompose above -20°C by an as-
sumed free radical S-elimination [52].

All these polyfluorinated ethers produced are stable, inert, and colourless
liquids at room temperature.

2.3.2
lonic Initiations

Many investigations concerning the ionic or the ring opening polymerisations
of numerous monomers have been detailed in many books. However, to our
knowledge very few studies about cationic or anionic polymerisations of
fluoroalkenes have been investigated, except the well known anionic polymeri-
sation of perfluorobutadiene as studied by Narita [53].

In the examples described below, it can be considered that the anionic
telomerisation of hexafluoropropylene oxide (HFPO) and of tetrafluoroethyl-
ene, or the cationic telomerisation of fluorinated oxiranes or oxetanes were
successful.
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2.3.2.1
Anionic Telomerisation

2.3.2.1.1 Perfluorinated Oxiranes

The oldest investigation was conducted by Warnell [54] in 1967 who telomerised
HFPO or tetrafluoroethylene epoxide by ring opening with two w-iodofluoro-
carbon ether acid fluorides producing the corresponding adducts, as follows:

CsF

I(CF,)x COF I(CF,)x CF,09Cs®

2

rumsm—
T= -10°C

CFF/CLR
#ocﬁ I(CF,)xCF,0(CFCF,0)—CFCF,0°
ForCE, »

R R

3

N

8

R R
R=CF;n=1-4and R=Fn=0-2

Initiation by ionising radiation or by various catalysts [55] such as mono-
valent metal fluorides can be achieved.

Several years later, Ito et al. [56] used such a concept to cotelomerise success-
fully the 4-bromo and 4-chloroheptafluoro-1,2-epoxybutane with HFPO. In the
same way, Kvicala et al. [57] prepared the first three telomers 4 by telomerising
HFPO. Similar telomerisations were also achieved from polyfluoroketones [58].

Rzl CF20C|)F CF,0
CF3 n

The extrapolation of this work has led to KRYTOX products commercially
available by the Dupont Company [59-61].

Other triblock copolymers were obtained by a similar process from a fluo-
rinated oxetane instead of HFPO [62] leading to DEMNUM commercialised by
Daikin.

2.3.2.1.2 Tetrafluoroethylene

Using similar catalysts as above, Fielding [63] suggested the synthesis of novel
branched alkenes from TFE as follows:

CF,=CF,+CsF —— C,F,,
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The most abundant oligomer is the pentamer. These perfluorinated olefins
are not reactive since the double bond is internal in the chain. However, the
ICI Company [64] functionalises these alkenes by adding phenol onto the per-
fluorinated olefins:

CyoFy + RCH,OH —2 5 C,F,;0CH,R
R'NH,
The telomerisation of tetrafluoroethylene was photochemically initiated in
the presence of oxygen, leading to telechelic fluorinated polyethers 5 [65]:

0 0
0, =z
F,C=CF, ———— C(CF,0)x— (C,,0),~CE,C
hv F °F
5

with 0.6-1.5 x 10°<M, <4 x 10*

Such compounds have been commercialised by the Montefluos-Ausimont
Company, called FOMBLIN [66]. They are composed of two groups: Fomblin Y,
produced by a fluorination of 5, are non functional polyethers CF;(CF,0),
(C,F,0),C,F; whereas Fomblin Z are obtained by chemical change of 5 leading
to the following telechelics:

© — (CF,0)x (C,F,0), CF, — @) with @) : OH, CO,R or NH,
Similarly, HFP [67] or perfluorobutadiene [68] can also be polymerised.

2.3.2.2
Cationic Telomerisation

To our knowledge, no work dealing with the cationic telomerisation of fluorinated
alkenes has been described in the literature in contrast to successful works
achieved from fluorinated epoxides [69, 70] or oxetanes [71].

2.3.3
Other Initiations

Beyond well established methods of initiation, other efficient systems have been
scarcely used for initiating telomerisation reactions. Pulsed carbon dioxide laser
was used to induce telomerisation of tetrafluoroethylene (TFE) with perfluoro-
alkyl iodides and led to telomeric distributions [72]. It is an exothermic radical
chain reaction, producing Rp(C,F,),I with low n. Dimer proportion dominated in
the case of IR multiphoton dissociation. However, at low pressures, n was increas-
ed. Similarly, the telomerisation of TFE with BrC,F,Br was successful from a KrF
laser or a xenon-lamp and molecular weight distributions depend upon the light
intensity and the light source [73]. Krespan and Petrov [74] have shown that the
initiation by strong fluoroxidisers such as XeF,, COF;, AgF,, MnF;, CeF, or a mix-
ture of them allows telomerisation of various fluoroalkenes. In addition, the same
team [75] has recently performed the telomerisation of TFE with perfluorobutyl
iodide initiated by fluorographite intercalated with SbF; at 80°C leading to a
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telomeric distribution showing the five first adducts. Furthermore, a high
electrical field during the vacuum-deposition process has yielded the formation
of ultrathin ferroelectrical vinylidene fluoride telomeric films [76].

Very interesting surveys were investigated by Paleta’s group on the use of
aluminium trichloride which favours the cleavage of a C-F bond [77, 78] as
follows:

CLCE + F,C=CFCl 5 CL,CCE,CF,Cl + ECCLCF,CECL,

To our knowledge no biochemical initiation was efficient whereas it was
successful for the addition of perfluoroalkyl iodides to allyl acetate [79].

Less relevant to the intiating system but important to process of telomerisa-
tion, is the use of supercritical CO,, which is particularly efficient because it
allows a better solubility of fluoroalkenes in organic media [80], leading to con-
trolled telomerisation with narrower molecular weight distributions.

3
Cleavable Telogens

This section deals with the various telogens or transfer agents involved in
telomerisation of fluoroalkenes. As mentioned above, a telogen must fulfil three
targets:

i It requires a weak X-Y linkage able to be cleaved by heating, by y, UV radia-
tion, X-ray or microwave or has to react with another species (very often a
radical produced by initiator) to generate a telogen-radical;

ii This telogen radical must be able to initiate the telomerisation (i.e., such a
radical produced has to react with the fluoroolefin).

iii The telogen must be efficient enough to transfer to the growing telomeric
chain.

More details about the reactivity of telogens are given is Sect. 5.2, mostly inve-
stigated by Tedder and Walton [81-83].

This is mainly linked to the transfer reaction of the telogen to the growing
chain. Theoretical rules have been mentioned in Sect. 2.1.2. The transfer con-
stant is an intrinsic value of the telogen associated with a monomer and varies
between 10~ and 35. The presence of an electron withdrawing group adjacent to
the cleavable bond allows a higher efficiency of the telogen and offers a high
selectivity. This is the case of CF;SSCF; with leads to more interesting results
than CH,SSCH, [84].

3.1
Classical Cleavage

Several examples of telomerisation of fluoroalkanes with various telogens are
reported in Table 1. All the telogens employed in telomerisation of hydrogenated
olefins [21-24] are also efficient for fluoroalkenes and the system of initiator
also works well with these telogens. Consequently, a large variety of cleavages of
X-Y bonds is possible; these bonds can be located at the chain end or in the
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centre of the molecule (e.g., disulphides) [84]. Hence, they offer a wide range of
opportunities of products.

The most known cleavable bonds are C-H, C-X (X=Cl, Br, 1), X-X, S-H,
S-S, P-H and Si-H (Table 1).

However, less classic bonds of telogens have shown to be also efficient in
certain conditions and are described below.

3.2
More Specific Cleavages

Hereafter are described three characteristic examples.

3.21
Cleavage of C-F Bond

Bond dissociation energy of the C-F bond (486 K] - mol-!) is the highest and
consequently shows how strong such a bond is. However, interesting surveys
were performed by Paleta’s group. CL,CF was used as the telogen in the telo-
merisation of CTFE [89] and 1,2-dichlorodifluoroethylene [77] in the presence
of AICl,. Such a catalyst is efficient for the cleavage of the C-F bond [76,120], but
not selective when the telogen contains C-F and C-Cl bonds (see Sect. 2.2.3).

3.2.2
Cleavage of Si-H Bond

To our knowledge, the telomerisation of vinyl acetate with dimethylchlorosilane,
initiated by AIBN, is the only example [121] described in the literature which
allows the synthesis of real telomers from a Si-H containing telogen. Never-
theless, very low molecular weight TFE telomers were obtained from activated
trichlorosilane [122] or methyldichlorosilane [123] or even surprisingly dime-
thyl silane [124]. But, it is well-known that the hydrosilylation reactions lead
mainly to monoadducts, in the presence of hexachloroplatinic acid, even from
fluorinated monomers: VDF [110], TFE, HFP, CTFE or VF; [125], C;F;CH=CH,
[109] or C,F,;CH=CH, [126].

However, peroxides, UV or y radiation also allow these hydrosilylations and,
interestingly, monoadduct and diadduct were produced from 1,1,1-trifluoro-
propene [110] as follows:

CLSiH + CF, CH=CH, —— c13Si(CHr?H)rH n=1,
CF,

3.23
Cleavage of O-F Bond

As mentioned in Sect. 2.3.1, hypohalites are efficient transfer agents for the
telomerisation of various fluoromonomers. In contrast to both examples above,
such a reaction is performed readily and does not require any catalyst or initiator.



182 B. Améduri - B. Boutevin

Most investigations have shown that various hypofluorites have led to mono-
adducts but in certain cases telomers were obtained. Although expected
RrO(M)F were synthesised, by-products such as RyO(M),OR; or F(M),F were
noted.

4
Fluoroalkenes Used in (Co)Telomerisation

In this section, two main parts are considered. The first one deals with the telo-
merisation of fluoroolefins the most used e.g. vinylidene fluoride, tetra-
fluoroethylene and chlorotrifluoroethylene for which considerable work has
been performed, trifluoroethylene and hexafluoropropene. The second part
summarises investigations performed on less used fluoromonomers e.g., vinyl
fluoride, 1,1,1-trifluoropropene, 1,1-difluorodichloroethylene and so on.

4.1
Classic or Most-Known Fluoroolefins

4.1.1
Vinylidene Fluoride

The telomerisation of vinylidene fluoride (1,1-difluoroethylene) has been
investigated by many authors. Almost all kinds of transfer agents have been
used, as mentioned below, requiring various ways of initiation: thermal, photo-
chemical or from systems involving redox catalysts or radical initiators (Tables 3
and 4) and also hypofluorites as mentioned in Sect. 2.3.1.

4.1.1.1
Thermal Initiation

In contrast to photochemical or radical initiation few transfer agents have been
used in thermal telomerisation of VDF (Table 3). Only two series have to be
considered: those which exhibit C-Br or a C-I cleavable bond and hypofluorites
(see Sect. 4.1.1.5) whereas no work involving a telogen with a C-Cl bond was
described in the literature.

Hauptschein etal. {127] have shown that VDF reacts with CF,Br, and
CF;CFBrCF,Br at 190 °C and 220 °C, respectively yielding telomeric distributions
Ry(CH,CF,),Br n=1-8 (CF(CF;)Br group being more reactive than CF,Br in the
case of the second telogen).

Concerning iodinated transfer agents almost all perfluoroalkyl iodides and,
a, w-dilodoperfluoroalkanes were successfully utilised in thermal telomerisation
of VDE,

One of the pioneers of such work was Hauptschein et al. [127, 128] who used
CF,1, C,Fs1,nC,F,1,1-C5F,I, CICF,CFCII and CICF,CFICF; at 185-220°C range of
temperature leading to high telogen-conversions.

Later, Apsey et al. [96] and Balagué et al. [97] used i-C;F,I and linear C,F,, I
(n=4,6,8) telogens, leading to telomeric distributions, with a better reactivity of
the branched transfer agent. Recently, we have shown that, while the monoad-
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Table 3. Thermal and radical telomerisations of vinylidene fluoride (DTBP, DBP and sc-mean-
ditertiarybutyl peroxide, dibenzoyl peroxide and supercritical, respectively)

Telogen Method of initiation Structure of telomers References
CF,Br, 190°C Re(C,H,F,),Br 127
CF;CFBrCF,Br 220°C n=1-8 127
CICF,CEClI 181°C/26h CICF,CFCI(VDE),In=1-6 127
C.Fyy In=1-8  180-220°C Ry(C,H,F,), 97,127,128
n=1-7
iC,F,1 185-220°C idn=1-5 96,97,129
(CF;);CI Thermal n=1,2 132
IC,F,, 180-200°C I(VDEF),C,F5,(VDE) I 130
n=2,4,6 p:q9=1,2,3
CLC-H DTBP CL,C(C,H,E,),Hn >3 85,133
HOCH, DTBPE,DBP or AIBN  HOCH,(C,H,F,),Hn>10 134,135
RCCl, peroxide RCCL,(C,H,F,),Cl 85,92,135
KBr peroxide variable n 133,136-139, 141, 142
BrCF,CFCIBr DTBP BrCF,CFCI(C,H,F;),Br 133,140
RI peroxide variable n 131, 140, 143, 144
C,F,l AIBN, scCO, n=1-9 79
HOC,H,SH AIBN,DBP {(or DTBP) n=1,2(or1-6) 101, 145
FSO,Cl DBP FSO,(C,H,F,),Cl (n=1-3) 104,146
CL,CSO,Br DBP CLC(C,H,F,),Br (n=1,2) 147
(Et0),P(O)H DTBP or perester (EtO),P(O)(VDF) ,H 148, 149
(n=1-5)

duct exhibits the only structure R;CH,CF,]I, the diadduct is composed of two iso-
mers [97] (see Sect. 5.2).
An original telogen (CF;),CI was successfully used by a chinese team {132] as

follows:

(CF,),CI + nH,C=CF,

— (F;C);C(CH,CF,y),1 (n=1,2)

In conclusion on the thermal initiation, two main series of transfer agents

have been used having specific cleavable bonds (C-X with X=Br and I). They
lead to telomeric distributions, in good yields, with more or less high DP,
according to the nature of the telogen (and especially the electrophilicity of
the radical generated), the experimental conditions (initial pressures and
(VDF)/(Telogen) molar ratio, temperature). However, if our recent investiga-
tions have shown that the monoadduct is composed of R;CH,CF,X as the sole
isomer, the diadduct already consists of two isomers.
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Table 4. Photochemical, redox and special telomerisation of vinylidene fluoride

Telogen Method of initiation ~ Structure of telomers References

CFBr, uv Br,CF(C,H,F,),Br (n=1,2) 93

CL;CBr, CF,Br, uv lown 152,153

CF,Br,, CF;CFBr,, CF;CBr; yray Rg(C,H,F,)Br variable n 154

CF;l UV/28d/RT n=1 150

CF,l UV/140°C CE,CH,CF,I (major) 151
CE,CF,CH,I (minor)

CF,HI uv HCF,CH,CF,I 131

H,S X ray H,_ S(CH,CE,H),x=1,2 100

CF,SH X ray CF,SCH,CF,H 155

RSSR(R=CH,; or CF,) uv RS(C,H,F,),SR n=1-6 84,102,103

PH, 0% H, P(CH,CF,H),x=1,2 105

Icl uv ICH,CE,Cl 156

RCCl, FeCl;/Ni (or benzoin) n=1-4 92

R=Cl, CO,CH,, CH,0H or CuCl,

C,Fol FeCL,/Ni C,F,CH,CF,I 97

R:OX (X=F or Br) -145°Cto RT RzOCH,CF; mainly 41,42,44,52

HI (gas) - CH,CF,I 157

R,SiH H,PtCl, or UV R,SiCH,CF,H 110

4.1.1.2

Radical Initiation

Various transfer agents, easily cleavable by radical initiation have been used
successfully (Table 3). In contrast to numerous works involving telogens which
exhibit a weak C-H bond, and especially for those which have a cleavable C-halo-
gen bond, no investigations have been performed on transfer agents with a C-F
bond. Two main telogens having a cleavable C-H group have been utilised in the
radical telomerisation of VDE: chloroform and methanol. For the first one, in-
vestigation was already mentioned in 1967, by Toyoda et al. [85] requiring di
t-butyl peroxide as the initiator. Beside the formation of several by-products, the
obtained Cl;C(VDF),-H telomers were used as surfactants after a chemical
change of the trichloromethyl end-group into carboxyl extremity. We have
recently performed similar telomerisation [133]: even with a large excess of
chloroform, rather high molecular weight-telomers were produced with yet
poor yields.

The radical telomerisation of VDF with methanol was formerly investigated
by Oku et al. [134] in 1986 (yield=40%) in order to synthesise the original
H,C=CHCO,CH,(VDF) H macromonomers as follows:
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(tBuO),
HOCH ,;+n H,C=CF, —— HOCH ,(C,H,F,), H

,C= |
HC=CHOOCl,  H,C=CHCO,CH,(VDF), H

Recently, similar telomerisation was extensively investigated in our labora-
tory [135]. Whatever the nature of the initiator (azo, peroxides, peresters,
percarbonates) or even the way of initiation (photochemical, thermal or in
the presence of redox catalysts) rather high molecular weight-telomers were
obtained in medium yields.

However, even if only CCl,,Cl;CCO,CH; and Cl;CCH,OH [92] were used as
telogens involving a cleavage of the C-Cl bond [85, 92, 133], all kinds of bromi-
nated telogens were successfully used in the presence of peroxides: CCl;Br [133],
CICE,Br [136], BrCF,Br [133, 137], CF,CF,Br [138], CF,CFBr, [138], BrCF,CF,Br
[138, 139], BrCF,CFCIBr [133, 140] for which CFCIBr is quite reactive contrarily
to BrCF, end group, CHBr; [141], CBr, [141] or w-bromoperfluoropolyethers
CF5(OC,F,),(OCF,),Br yielding original block copolymers [142].

Yet, in contrast to work using iodinated telogens in thermally initiated reac-
tions, only five of them were attempted using peroxides: CICH,I, CH,I, [143],
CH;I [144] and CICF,CFCII [140] and, interestingly, including the use of C,Fyl in
the presence of AIBN in supercritical carbon dioxide as the solvent [80].

Quite a few sulphurated transfer agents have been studied. In our laboratory,
2-hydroxyethyl mercaptan reacted with VDF leading mainly to the first two
telomers in the presence of dibenzoyl peroxide or to the six first telomers
with ditertiarybutyl peroxide, used with an excess of VDF [101, 145] ; whereas
Grigor’ev [104] or Tiers [146] used FSO,Cl producing FSO,(CH,CF,),Cl
(n=1-3). Zhu et al. [147] tried Cl;CSO,Br initiated by dibenzoyl peroxide and
obtained the first two adducts in low yields. Neither disulphides nor thiocarba-
mates were tested in the radical telomerisation of VDF.

Among the phosphorylated telogens, diethyl phosphate behaves effectively
for the telomerisation of VDF initiated by di t-butyl peroxide [148, 149] or
perester [149].

4.1.1.3
Photochemical Initiation

Photoinduced telomerisation of VDF has been investigated by many authors
(Table 4). The first work started in 1954 by Haszeldine and Steele [150] who used
CF;l as the transfer agent (using an exposure with a wave length higher than 300 nm)
led to the monoadduct after 28 days of irradiation at room temperature. Cape et al.
[151] studied the same reaction at 140°C for 12 h and determined the Arrhenius
parameters for the addition of CFy radicals to both sites of VDF. That of the isomer
CF;CH,CF,I was about three times higher than that of CF,CF,CH,]I one.

Tedder and Walton also used brominated methane derived-telogens: CFBr;
[93] even in excess, led to expected normal and reverse monoadducts, to five flu-
orobrominated by-products, (mainly formed by recombination of radicals) and
to a diadduct. As described above, the kinetics of reaction was investigated, as for
CCL,Br [152] and CF,Br, [153].
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More recently, various chain length-telomers were produced by y-ray-indu-
ced telomerisation of VDF with CF,Br,, CF;CFBr, or CF;CBr; [154] by monito-
ring the initial reactants molar ratio.

Telogens containing sulphur atom(s) were also utilised and, as for the above
halogenated transfer agents, led mainly to monoadducts. For instance, Harris
and Stacey [100] chose a large excess of H,S leading to HSCH,CF,H in 69 % yield
whereas in the presence of a lower amount of such a transfer agent, the mono-
adduct and diadduct were produced in 62 and 19% respectively. The former
product is a fluorinated mercaptan, able to further react with other fluoro
monomers [100]. These authors [155] also used CE,SH as the telogen with
X-ray-initiation yielding the monoadduct selectively.

Under UV irradiation, CH,SSCH; [84] and CF;SSCF,; [102] were also investi-
gated. The hydrogenated transfer agent led to the monoadduct, but by-products
were also formed, whereas the fluorinated one allowed a total conversion of VDE
and yielded a telomeric distribution CF,S(C,H,F,),SCF; n=1-6 with reverse
and normal adducts [84, 102, 103]. Interestingly, the diadduct has the structure
CF,SCH,CF,CF,CH,SCF, and shows that the telomers are formed by recombi-
nation of primary radicals.

In addition, PH; has successfully reacted with VDF under photochemical initia-
tion leading to mono and diadduct from an equimolar starting materials ratio [105].

VDF and I-Cl were photolysed producing ICH,CF,Cl as the sole product in
fair yield [156]. Such a monoadduct was characterised from 'H and 'F NMR
spectra of CH,CF,Cl, obtained after addition of SnBu;H.

In conclusion, photochemical telomerisation of VDF with iodoalkanes in-
volving the cleavage of the C-I bond was kinetically investigated in a very
interesting way and mainly produced the monoadduct. Addition onto the CH,
side of VDF was favoured but a non negligible formation of various by-products
was also observed. From brominated telogens, the presence of several by-pro-
ducts, besides the expected telomers, was noted. However, the literature does not
mention any work involving telogen with a C-Cl cleavable bond. But, sulphur-
ated and phosphorylated telogens were successfully utilised.

4.1.1.4
Redox Telomerisation

Few investigations were performed on the redox telomerisation of VDF (Table 4).
Several works conducted in our laboratory [92] have dealt with the use of CCl,
in the presence of FeCl;/Ni; FeCl,/benzoin mixtures or CuCl, as the catalysts
with two fold excess of VDF about CCl,. The first four telomers were produced
and the diadduct was composed of two isomers: CL;C(C,H,F,),Cl and
CICF,CH,CClL,CH,CF,Cl.In similar conditions, CCl,CO,CHj; led to the first three
adducts (mono 60%, di 32% and triadduct 8 %) whereas Cl,CCH,OH, catalysed
by FeCly/benzoin in the same conditions, yielded 81 % of monoadduct and 19%
of diadduct. Usually, the yield of these reactions were poor to medium.

From C,Fl and FeCl,/Ni system, only C,F;CH,CF,I was obtained in 55 % yield
[97]. The structure of this monoadduct is consistent with that produced in a
thermal way.
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4.1.1.5
Other Methods of Initiation

Hypohalites and silanes have also been efficient for the telomerisation of VDF.

Concerning fluorinated hypohalites used as telogens (also mentioned in
Sect. 2.3.1), DesMarteau et al. have performed the most interesting research.
First, Johri and DesMarteau [41] achieved the addition of trifluoromethylhypo-
fluorite to CH,=CF, leading to CF,OCH,CF;, CF;0CF,CH,F and CF;CH,F in
97.5, 2 and 0.5%, respectively. Similar investigation conducted by Sekiya and
Ueda [42] produced the first isomer selectively.

Secondly, linear CF,CFZCF,0X (Z=Cl, Br and X=ECl) and branched
Rg oR'g ciCFOX (Rg q=R’g q=CF,Y with Y=H,Cl or R q=CF,Y ; R’y ¢=CF,;
polyhalogenoalkyl hypochlorite and hypofluorite were reacted with VDF in
equimolar ratio from -145°C to room temperature for 18-24 h giving the
monoadduct in 20-70% yield with a major amount of normal Rg ;jOCH,CF,
isomer [44]. The authors noted that for the same Ry, ¢; group, Rg;OF led to better
yields than those obtained from Rg OCl, and that CF;CFBrCF,OF was more
reactive than CF;CFCICF,OF and finally that branched hypohalites reacted
more easily than linear ones.

Thirdly, the same group [52] synthesised original branched perfluorohypobromi-
tes which reacted with VDF from -93 °C to room temperature for 8-12 h as follows:

RgOBr + H,C=CF, —— R OCF,CH,Br + by products (RzOH")
(20-31%)
Rg=(CF;);C or C,FsC(CF;),
Surprisingly, both hypobromites produced monoadducts composed exclusi-
vely of the reverse R;CF,CH,Br isomer.
As for silanes, hydrosilylation mainly led to monoadducts [110].

4.1.1.6
Conclusion

Many investigations have been made on the telomerisation of VDF with a wide range
of transfer agents from various ways of initiation: thermal, photochemical (mainly
UV and few works on y-rays or X-rays), or from redox catalysts or radical initiators.

Thermal initiation has the advantage to lead to the formation of well-defined
telomers with either selective production of monoadduct or higher DP, than
those obtained from photochemical initiation. It appears as an easy and attrac-
tive way since, except the autoclave, no special equipment or solvent or expen-
sive reactants (e.g., initiators) is required. In addition, this route provides “clean”
reactions without the formation of any by-products.

Works from photoinduced telomerisation have led to most impressive in-
vestigations, with interesting kinetics performed by Tedder and Walton [93,
151-153]. VDF is used for the obtaining of lower telomeric distributions mainly
for monoadducts, but yielded several by-products from brominated telogens.

Radical initiation is an intermediate way involving many kinds of telogens
but sometimes it occurs with the formation of by-products coming from the
presence of initiator end-group.
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In the redox type telomerisation, few surveys were developed. Most of them
involve CCL;R type but also C,F,I producing monoadduct mainly, in the presence
of ferric catalysts.

Concerning the structure of the telomers, defects of chaining have been
observed since already a tail to tail addition occurred for the diadduct. The
opportunity of monitoring new processes or the use of several ligands should be
worth investigating and might afford regioselective telomers.

Because most industrial production of VDF is generated from F141b
(CL,CFCH,) or F142b (CICF,CH;) for which the process is not ready to stop, it
can be imagined that (co)telomerisation and (co)polymerisation of such an
olefin still keep a prosperous future.

4.1.2
Tetrafluoroethylene

Tetrafluoroethylene is obviously the most used monomer in telomerisation
because of its good ability to polymerise (by comparison to other monomers),
its low price and the properties of the obtained perfluorinated chains. Further-
more, such an olefin is symmetrical and does not lead to problems of regio-
selectivity and defects in chaining. However, it is the most difficult to handle
owing to its hazardous behaviour towards oxygen and pressure.

Whatever the ways of initiation, successful results have been obtained in-
volving all kinds of telogens. A summary of the literature is listed in Tables 5, 6,
7,8 and 9 corresponding to photochemical, thermal, radical, redox and miscel-
laneous initiations, respectively.

It is noteworthy that on an industrial scale, thermal telomerisation appears
the most widely used, thanks to the thermal stability of the fluorinated telomers

Table 5. Photochemical telomerisation of tetrafluoroethylene

Telogen Method of initiation DPn Ref.
R,R,C(OH)-H uv n=1,2 87
(MeOH, EtOH, iPrOH)

CH;COCH; y ray n=5,6 158
Cl,C=CCl, y ray n=5-15 159
X,CS-SCX, uv n=1-5 102,103
X=H,F

CL;Si-H uv nz1 122
(CH,),Si-H uv n>1 124
(CH,);Si-H y ray n=1(66%),2(34%) 125
CICF,CFClI y ray n<3 160
CF;l uv n=1-10 161,162
Rl UV (185-220°C) 1.3 129

CF;l, CGF:l, C,F 1 yray 2-3 163
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Table 6. Thermal telomerisation of TFE

Telogen Catalyst T (°C) DPn Ref.
CoH,SSC4H, L 175 n=1,2 164
ICF,COF - 220 n<s 54
PCI, - 178 n>4 107,165
POCI, - 150 n=1-10 108
SF;Cl - 150 n>2 166
ccl, PCl; 180 2-5 107
BrCF,Cl Ni 360 1.4 167
SFBr - 90 n=1-16 168
CICF,CF,I - 180 n=2-5 169
CICF,CFICF; - 170 n<é 170
CF,CClLI - 142 1.3 171
C;F;1 - 190-240 n=1-3 129
CoFyn il - >300 n=1-8 172
I(C,F,),I - 230 n=2-4 117
n=0,1

IC,F,I/F;SSFs - 150 n=4-9 173

produced. Moreover, it is well admitted that the poor reactivity brought about by
the redox catalysts has led to low molecular weight telomers just like the thermal
initiation at high temperature. On the other hand, thermal initiation at low
temperatures and chemical induced radical telomerisation have offered
telomers with high DP, and wider polydispersities.

413
Chlorotrifluoroethylene

4.1.3.1
Introduction

Chlorotrifluoroethylene (CTFE) has been one of the most used monomers after
tetrafluoroethylene and vinylidene fluoride even if this fluoroalkene is endange-
red because of the recession of its precursor CICF,CFCl,. All kinds of telogens
have been successfully utilised.

The first and most important part reviews the telogens having cleavable C-X
bond, except Paleta’s work [89] in which C-F linkage is cleaved in the presence of
AlCI; as the catalyst. The results concerning the cleavage of C-Cl, C-Br and C-I
bonds are reviewed in Tables 10,11,12 and 13 respectively. Then, the second part
of this literature approach describes other minor kinds of telogens, such as
hypohalites, disulphides, alcohols, boranes, SO,Cl, (Table 14).
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Table 7. Radical telomerisation of TFE (DBP, DIPC, BEPH, DTBP and F 113 represent dibenzoyl
peroxide, diisopropyl peroxydicarbonate, butyl ethyl peroxyhexanoate, ditertiarybutyl per-
oxide and CICF,CFCl,, respectively)

Telogen Initiator Solvent T (°C) DPn Ref.
Alkane DBP F113 125 1-3 174
Methylcyclohexane  DTBP - 150 32 175
CH,OH,C,H,OH, DBP - 100 n=3 176
(CH,),CHOH DIPC F113 45 - 177
CH,0H DTBP - 125-150 n<4 88,178
CH,0H H,0, - 70 n=3-5 179
(CH,),CHOH BEPH - 80 1.2 180
CH,0C,H,0H DTBP - 115-130 n=1,2 181
CH,CO,H DBP - 100 n<3 74
Cl;CBr, CH;0H AIBN - 94-100 n=1-5 182
CH;Cl1 DBP - 125 > 10 183
CF,CCl, DTBP - 150 20 184
CBr,, CHBr, DTBP - 150 n=1 185
C1,CSO,Br DBP - 90-150 n=1-12 147
CISO,F DTBP - 135 n=1-10 146
(Et0),P(0)H DBP - 130 n<4 106, 148
Re-H DTBP - 150 260-500 175
CH,CF,lI acyl peroxide - - n=1-7 157
C,F,l CH,CO;H F113 78-125/P  variable n 186
C,F.l DIPCor AIBN - 40-60 1-3 187
or DBP
CFsl (CLC=CCICOy), - 70-75 1.9 188
C,FI R;CO,H - 60-150 3 189
C,Fl (CpFym+,CO0), - 25-55 1.8-2.5 190
m=3,7,8,11
C,B,LiC,F,I (RCH,,0C0,), - 60-90 n=1-6 191
iC,F,L Rl DTBP - 130 n=1-10 192
R{l AIBN or DTBP - 90-116 2.2 193
IC,F,I DBP - - 1-3 194
Re/Rgl, ammonium - 80 high n 195

persulfate
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Table 8. Redox telomerisation of TFE

Telogen Catalyst T (°C) DPn References
CCl, Cu, CuCl, or Fe(CO); 100 3[Fe(CO)] 196
CCl, FeCl,y/benzoin 140 1.7-5.0 197
C,Fsl Cu 80-100 1-5 198
C,Fyy .1l IF,/SbF, 60 1.6-4.0 199
(n=2,4,6)
CF,I CuCVH,NC,H,0H 200 1-10 200
R,I ZrCl,/H,NC,H,0H 150 1-6 201
C,Fl Metal Salt/amine 140 3 202
AlCl,
Table 9. Telomerisation of TFE (miscellaneous)
Telogen Catalyst or method T (°C) DPn References
of initiation
CcCl,, CCLLH Et,NF/pinene 150 n=10-24 203
iPrOH - - n<4 204
I, As(C,F;), - n=1-6 205
BrC,F,Br KrF laser or Xe lamp RT variable 73
or low P Hg lamp according to
light source
CF;l pulsed CO, laser RT - 72
C,F,l MetF, RTto80 n=1-9 74
(Met=Xe, Co, Ag,
Mn, Ce)
C,Fql SbFs/fluorographite 80 n=1-5 75
FSO,C,E,l - - - 206
FSO,C,F,0C,F,I - - - 207
(CF,),COBr - -85 =1 52
C,F;C(CF,),0Br - -93 =1 52
4,1.3.2

Telomerisation of CTFE with Telogens Containing C-Cl Bonds

Redox telomerisation of CTFE with CCl, has been extensively studied either in
the presence of copper salts (whatever their degree of oxidation) or from iron
salts (mainly ferric). In this latter case, a reducing agent is required: organic
reducers such as benzoin were traditionally employed in our laboratory whereas
later, the Occidental Chemical Company preferred using nickel metal.
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Table 10. Telomerisation of CTFE with telogens containing cleavable C-Cl bond

Telogen Catalyst Solvent T (°C) DPn Ref.
ccl, CuCl or CuCl, CH,CN 130 n=1 208-211
CcCl, FeClsy/benzoin CH,CN 110 n=1-20 32,212
CCl, FeCly/benzoin MeOH 110 n=1-20 213
CCl, FeCly/Ni CH,CN 110 n=1-10 214
CF,CCl; FeCly/benzoinor CuCl  CH,CN  130-150 n=1-5 215
ccl, AlCl, 50 n=1 216
RCCl, FeCly/benzoin or CuCl, CH,CN  110-150 n=1-10 217
CFCLCF,Cl FeClLy/Ni, CH,CN  150-200 n=1-5 218
RO,C-CCl, FeCly/benzoin or CuCl, CH,CN  110-150 n=1-10 219

Cl-(CBCI-CF,),-CCl; FeCly/benzoin or CuCl, CH,CN  110-150 n=1-3 209

Table 11. Telomerisation of CTFE with telogens having C-Br bonds (DBP, means dibenzoyl
peroxide)

Telogen Catalyst Solvent T (°C) DPn Ref.
HBr uv - RT 1 111,222
Br, - CF,CI-CFCl, RT 1 223,224
BrCF,-CFCIBr thermal CuBr,/Cu  MeCN 120 1-10 119
BrCF,-CFCIBr uv - RT n=1 94,225
CF,-CClIBr, FeBr,/Ni CH,CN 110 n=1-10 226
52% n=1
CF,Br,,CE,CIBr  DBP - 100 6-50 227
CCL,Br AlCl, - RT n=] 228
CCl,Br uv - RT n=1 111
CCLBr uv - RT n=1,2 225,229
CCl;Br FeCly/benzoin CH,CN 110-130 n=1 230
CuCl,, DBP
CCL,Br, uv - RT n=1 225

But, other telogens have also been efficient such as RCCl; (where R represents
CCl;, CHCI,, CH,Cl, CH; groups), CCl;CO,CHj;, CICF,CECl, or CF;CCl;. Usually,
the presence of copper salts favours the formation of the monoadduct, in con-
trast to iron salts which lead to polydispersed telomeric distributions.

Interestingly, when the telogen was totally consumed in the telomerisation of
CTFE with CCl,, it was observed that the telomers produced, containing CCl,
end-group, are able to reinitiate telomerisation yielding products with the follo-
wing formulae: CI(CFCICF,),CCL(CF,CFCl),Cl [209].
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Table 12. Telomerisation of CTFE with telogens bearing -CFCII and -CCl,I end groups

Telogen Catalyst Conditions DPn Ref.
CE,Cl CCLI none 18h 140°C 10-15 114
CF;CCLI none 17h 145°C n=4-6 233,234
CF,CFClI t-butylperoxipyvalate 16h 70°C n=1-10 235
CF,CFClI none 18h 180°C n=1-3 235
CICE,CFCI none 5h 180°C n=1-20 273
CICF,CFClI uv RT 1-11 237
FCL,CCFCII DBP 140-150°C n=1 238
ICF,CFClI sun light or UV or yray RT n=2-10 239

Table 13. Telomerisation of CTFE with telogens exhibiting a cleavable C-I bond

Telogen Catalyst Conditions DPn Ref.
CHI, (C,FsC0),0, 12h 50-55°C n=13 234
CF;l uv RT n=11(85%) 240, 241
CFl t-Butylperoxipyvalate ~ 8h 100°C n=1-4 242
C,Fsl - - n=1-6 242,243
C.Fyp sl uv RT 244
iCsF;1 TiCl, or ZnCl, or YrCl;  150°C n=1-5 201

or with H,N-C,H,OH n=2

C,Fl (yield=25%)

C,F,, .l (n=4,6) CuCl/CuCl, 150°C n=1-6 235

In addition, the chlorofluorinated CI(CFCICF,), chain activates the CCl; end
group. Thus, the telomers produced can be used as original telogens for various
telomerisations of non fluorinated monomers leading e.g. to form diblock
cotelomer 6 [220,221]:

CI(CFCICE,),CCL(CH,CH),,Cl
CO,R

Main results are listed in Table 10.

4.1.3.3
Telomerisation of CTFE with Telogens Containing C-Br Bonds

Brominated telogens have also been widely used in the literature and Table 11
lists various brominated telogens with first of all HBr and Br,. In that latter
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Table 14. Other telogens usesd in the telomerisation of CTFE

Telogen Catalyst Conditions DPn Ref.
$0,Cl, DBP CCl, 95°C n=2-5 245,246
SO,CIF DTBP n=1-10 146
CF,S-SCF, uv - n=1-3 102,103
HSiCL,CH, H,PtCl, 160°C n>1 122
H-PO(OEt), DTBP 6h 130°C n=1 (mainly) 148
RR'CH-OH uv - n<3 247
CH,0H uv - n=1-20 248
iPrOH Y - n=1 249
Boranes DTBP 4h 135°C variable 250
CF,OF - ~78°C F(C,F,Cl),F 43

(7%)

F;CO(C,F;Cl),F

(43%)

n=1-4
C,F,OF - -72°C n=1-6 45

case, the BrCFCICF,Br adduct is easily obtained and has led to compounds
containing an active CFCIBr end group, offering a broader telomeric distribu-
tion.

The most studied telogen is certainly CCl;Br initiated either by UV, peroxide
or by redox systems. However, we have demonstrated that in this last case, the
redox catalyst, especially ferric chloride, induces a disproportionation which
leads to a mixture of new telogens as follows [230]:

BrCCl, —— Br,CCl, + CCl,

-—

In addition to these polybrominated telogens, CF;CCIBr, has also been shown
to be efficient. It was also observed that the higher the number of bromine atoms
in the telogen, the lower the DP, and the polydispersity.

However, all these products are very interesting because they allow easy C-Br
chemical interconversions in order to obtain functional compounds (e.g.
RCO,H, R-OH etc.) [231,232].

4.1.3.4
Telomerisation of CTFE with Telogens Containing CFCll and CCl, ! End Groups

In order to increase the reactivity of the telogens having C-I groups (as it is seen
below in Sect. 4.1.3.5), the authors have introduced one or two chlorine atoms
into the iodinated extremity.

First, it is noteworthy describing the synthesis of these new products which
are obtained by addition of IX (X being Cl or F) to chlorofluoroalkenes as
follows:
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IF + Cl,C=CF, —— ICCL,CF; + traces of Cl,CFCF,I [114,236]
IF + CICF=CF, —— ICECICF, + traces of ICE,CFCl, [112,113,236]

Thus, versatile telogens have been produced with an increased activation of
the cleavable bond. It is interesting to note that, already in 1955, Haszeldine [237]
observed a kind of living character of the telomerisation of CTFE according to
the following reaction:

CICF,CFCl1 +F,C=CFCl —— CI(CF,CECl),I

The synthesis of the telogen was recently optimised [115].
Non exhaustive surveys dealing with the telomerisation of CTFE with these
above telogens are summarised in Table 12.

4.1.3.5
Telomerisation of CTFE with Perfluoroalkyl lodides

In contrast to the telomerisation of tetrafluoroethylene with perfluoroalkyl
iodides (RI), the addition of these telogens to this olefin has not been quite
investigated. This may be explained by the fact that the R(CF,CFCl),I telomers
produced are more efficient telogens than the starting R¢I transfer agents as it can
be seen in the previous section. Table 13 sums up the results of the literature.

When CF;l is used as the telogen, the problem arises regarding the sense of
addition of the "CF; radical to CTFE [240, 241] leading to CF;CF,CFCII (mainly,
90%) and CF;CFCICF,1L.

Interestingly, Gumbrech and Dettre [234] used a mixture of (C,F;CO,), and
CHI, (as a iodine donor) for the obtaining of C,F;(C,F;Cl),I telomers. However,
rather high DP, (ca. 13) was observed.

More recent work [235] has indicated that redox catalysis provides a better
selectively in polydispersity and DP, . However, some transfers from the catalyst
occurred and led to by-products.

It can be concluded from all these results that the reaction between R;I and
CTFE is very complex and difficult to perform successfully.

4.1.3.6
Telomerisation of CTFE with Other Telogens

Concerning hypohalites, CTFE seems very efficient in contrast to other fluoro-
alkenes which have led to monoadduct mainly. The reaction is as follows:

R;OX + CF,=CECl -5 R;O(C,F,Cl), X + X (C,F,Cl), X
+ RgO(C,F,C1),0R; X = Clor Br and Ry = CF, C,F,

Various other telogens have also been successfully attempted undergoing
S-Cl, 8-S, P-H, C-H cleavages or from boranes (Table 14).
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Table 15. Telomerisation of trifluoroethylene with different telogens (DBP and DTBP, mean
dibenzoyl peroxide and ditertiarybutyl peroxide, respectively)

Telogens Initiation Structures of Telomers References
MeOH, Et,0, y rays ROCHR'(C,F;H), H 251
MeCHO, THF n=1-10
HCF,CFHSH (85%) 100
H,S X
2 rays H,CFCF,SH (15%)
CF,SCFHCF,H (98%)
155
CF;SH hv { CF,SCF,CFH, (2%)
CLSiH yrays CL,SiCHFCF,H (100%) 125
(CH,);SiCF,CH,F (50%)
(CH,;),SiH yrays 125
(CH,),;SiCFHCF,H (50 %)
CFyl, ho RzCHECF,] (96 %) 252255
F,),CFI
(CFs), R:CF,CFHI (4%)
. RzCHFCF,I (85%) 98,252-255
Thermal (190 °C) { RyCF,CHFI (15 %)
ccl, CuCl, CCL,CHECF,Cl 9]
(80°C) CHFCICF,CCl,
ICl uv CICF,CFHI 256
CICF,CFHI (95%) 257
1l Thermal { CICFHCE,] (5%)
CICF,CFCIC,F,I DBP CICF,CFCIC,F,(CFHCF,),I 259
(3h; 110°C) n=1,2,3
CL,CFCECII DBP CL,CFCFCI(C,F,H),I 260
BrCF,CF,CFHBr (Min) 258
CEBr, DBP { BrCF,CFHCF,Br (Maj)
CFBr,CFHCEF,Br (Maj) 93
CEBr, hv { CFBr,CF,CFHBr (Min)
CBr;CFHCF,Br (Maj) 141
CBr,, CHBr, DTBP { CBr,CF,CFHBr (Min)
414
Trifluoroethylene

Unlike vinylidene fluoride, tetrafluoroethylene and chlorotrifluoroethylene
which have been extensively used in polymerisation and telomerisation, tri-
fluoroethylene has been investigated in telomerisation by few authors. Non
exhaustive results are listed in Table 15. Such an olefin exhibits an unsymmetric
aspect which is particularly interesting.

Recently, Powell and Chambers [251] have prepared telomers by radiochemi-
cal initiation in the presence of y-rays. Such a reaction was successful with trans-
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fer agents activated by oxygen atom, leading to variable DP, (2.75-5.75) accor-
ding to experimental conditions.

Sloan et al. [93, 141] noted the formation of reverse adducts when triflu-
oroethylene was telomerised either photochemically with fluorotribromo-
methane [93] or in the presence of radical initiator with CBr, or CBr;H [141].
Haszeldine et al. [252-255] investigated the telomerisation of such a monomer
with different perfluoroalkyl iodides (CF;l, i-C;F;I) and they showed that the
thermal initiation led to a higher amount of reverse adduct in contrast to the
photochemical induced reaction. Recently, we have shown that a real telomeri-
sation occurs when the reaction was initiated thermally since the first five
adducts were formed.

Bissel [256] investigated the redox telomerisation of trifluoroethylene with
iodine monochloride and observed the selective formation of CICF,CFHI as the
sole product. When thermal or photochemical initiations were used, such an
isomer was produced in major amount (95-97%) but the formation of the
reverse CICFHCF.I was also observed [257]. Kotora and Hajek [91] showed that
the redox telomerisation from carbon tetrachloride also led to two isomers.
Cosca [258] and Anhudinov et al. [259] used brominated or polyhalogenated
telogens, respectively whereas Harris and Stacey [100,155] and Haran and Sharp
[103] investigated such a reaction from sulphur containing transfer agents. In all
these above four cases, reverse isomers were also produced.

According to this literature survey, most investigations have been performed
photochemically and in most cases, the monoadduct is composed of two
isomers, the ratio of which depends upon the electrophilicity of the telogen
radical. In the case of fluoroalkyl iodides, such an olefin exhibits the same
reactivity towards these telogens, whatever their structure. In addition, tri-
fluoroethylene seems less reactive than vinylidene fluoride but more reactive
than hexafluoro-propene.

4.1.5
Hexafluoropropene

4.1.5.1
Introduction

Among most of fluorinated monomers (and especially in contrast to those
mentioned above), hexafluoropropene (HFP) is one of those which is the most
difficult to telomerise. Actually, HFP is regarded as one of the most electro-
philic of fluorinated olefins and may be considered to be polarised as follows
[155,261]:

6+ 6~
F,C=CF — CF,

Even if several articles and patents deal with the cotelomerisation or copoly-
merisation of HFP with other fluorinated olefins (e.g., with vinylidene fluoride
leading to well-known Viton elastomers), its homotelomerisation is not so easy.
This may come from the fact that hexafluoropropene is a monomer which
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homopolymerises only with great difficulty in the presence of free radicals [237]
as shown by various studies (actually the reactivity ratio of HFP in copolymeri-
sation is close to zero [262]). In fact, only one investigation has successfully
led to high molecular weight PHFP when the pressures used were greater than
10% Pa [263].

Non exhaustive results illustrating telomerisations of HFP are listed in Table 16.

4.1.5.2
Redox Telomerisation of HFP

The only result obtained by redox catalysis was performed by Jaeger [264] in the
presence of yttrium salts, without achieving the synthesis of the expected
telomers but yielding a secondary fluorinated amine containing HFP base units.
However, the microstructure of HFP chaining was not detailed.

4.1.5.3
Photochemical Telomerisation of HFP

In contrast, the addition of various telogens containing heteroatoms was suc-
cessfully initiated photochemically. The addition of various mercaptans
(CF;SH,CF;CH,SH and CH,SH) to HFP led to relative amounts of normal and
reverse isomers of 45:55; 70:30 and 91:9 [155]. These results can be correlated
to relative electrophilicity of RS radicals, the decreasing order being the follo-
wing : CF;§ > CF,CH,S > CH,S. Dear and Gilbert [102] only obtained mono-
adduct CF,SCF,CF(CF;)SCF; (in contrast to the six first VDF telomers) just like
Burch et al. [105] and Haszeldine et al. [148] who synthesised two phosphoryla-
ted isomers from PH, and HP(O)(OEt),, respectively. Actually, the electrophilic
PH, or (EtO),P(O) radicals mainly react to the CF, side of HFP, such an obser-
vation being stressed in the case of the bulkier latter radical.

A series of various alcohols were also investigated in the photochemical indu-
ced telomerisation of HFP at room temperature and led mainly to monoadducts
composed of both isomers. This can be explained according to the mechanism
proposed by Haszeldine et al. [25] presented in Sect. 2.1. Such a monoadduct is
now a commercially available fluoroalcohol produced by several companies
(e.g. Hoechst).

No reaction occurred from hexafluoroisopropanol whereas trifluoroethanol
was efficient with HFP [25]. Nevertheless, up to 45% of reverse adduct
HOCR,R,[CF(CF;)CF,]H was produced.

Interestingly, for a hydrogenated series of telogens, Lin et al. [265] suggested
the similar following decreasing order: CH;OH > C,H,OH > (CH;),CHOH.
Furthermore, initiation by peroxides led to the same results.

In the same way, y rays (or peroxides) allowed the addition of one HFP unit to
THEF [86] or one or two units to cyclic ethers [266] as achieved by Chambers et al.:

0 0
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Such a procedure was successfully applied to poly(THF) leading to novel
fluorinated telechelic diols precursor of a, w-diacrylates useful for coating opti-
cal fibers [13]:

PTHF + F,C=CECF; —— HO—(C,H;0)+(C,H,0),~H
withx=y=45|
C,FH

The hydrosilylation reaction of trichlorosilane with HFP initiated by y-rays
led to both expected isomers with a rather high amount of reverse adduct [125].

Haszeldine et al. [267] also performed the photochemical addition of various
R,R,CHCI (with R,,R,=CH,, F; C,H;, H; CH,, CH,; n-C;H,, H and C,H;, CH,)
telogens to HFP at about 40 °C. They observed, beside the formation of mono-
adducts mainly produced from the cleavage of C-H bond, few amounts of com-
pounds obtained by the cleavage of C-Cl bond and cyclic or rearranged products.

Concerning transfer agents involving a C-I bond, for trifluoroiodomethane,
the wave length A plays an important role on the telomeric distribution since at
Alower than 3000 A only CF;C;F,I was formed; whereas at higher wave lengths,
the two first telomers were produced [268]. However, the photochemically indu-
ced addition of perfluoro-t-butyl iodide to HFP, even at 163 °C was unsuccessful
[269].

4.1.5.4
Radical Initiation

Beside the telomerisation of HFP initiated by peroxides as presented above, inte-
resting investigations were performed by Rudolph and Massonne [189] who
used a fluorinated carboxylic peracid leading to the three first telomers. On the
contrary, with hydrogenated peroxides (t-butyl peroxypivalate), perester
(dibenzoyl peroxide) or azo (AIBN) initiators, no reaction occurred [270].

An interesting comparison between the photochemical and radical initia-
tions was proposed by Low et al. [271] who studied the competitive addition of
CF;I to HFP and ethylene at different temperatures (up to 170 and 189°C from
di-t-butylperoxide and UV induced reactions, respectively). These authors
noted that in all cases CF;C,H,IL, CF;(CsF¢)I and CF;(C;F)C,H,I were formed.
The two last products are composed of two isomers, the normal one
(CF;CF,CFICF;) being in higher amount than the reverse one ((CF;),CFCF,I).
They also observed that the higher the temperature, the higher the yields of the-
se three products and that below 140°C, the photochemical initiation was more
efficient. Above such a temperature the radical way led to better results. In addi-
tion, from UV induced reaction, CF;(C;F4)I was always produced in the highest
amounts whereas the contrary was noted in the other process.

4.1.5.5
Thermal Initiation

In most studies concerning the telomerisation of HFP the reactions were carried
out thermally.
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At rather low temperatures (-50 °C), Dos Santos Afonso and Schumacher [46]
succeeded in adding trifluoromethyl hypofluorite to HFP according to the
following scheme:

CF;OF + CF, = CECF, 2% CF,0CE,CF,CF; + CE,0CF(CE,),

68 % 32%

But, except for ICl which led to both normal CF;CFICF,Cl and reverse
CF;CFCICF,I isomers at 98 °C [114], most other transfer agents required much
higher temperatures, especially higher than 200 °C.

Concerning telogens involving a C-H cleavable bond, two series can be con-
sidered: first, chlorinated and fluorinated methanes or ethanes R-H [266] were
shown to react with HFP from 275 °C for 3 - 6 days in 14 - 97 % HEP conversion. Such
reaction mainly led to the monoadduct usually composed of two isomers (normal
RCF,CFHCF; and reverse RCF(CF;)CF,H) except for chloroform and fluorine con-
taining alkanes which yielded the normal adduct selectively. However, the reaction
between HFP and chlorinated propanes or butanes gave by-products (e.g., cyclic or
thermally rearranged derivatives or compounds produced from hydrogen abstrac-
tion or from the C-Cl cleavage) [266]. These telogens gave better yields from photo-
chemical reactions. Second, a series of alcohols was shown to be efficient from
280°C [25] thanks to the adjacent oxygen electron-withdrawing atom.

Allyl chloride or polychlorinated ethanes with a cleavable C-Cl bond were
also investigated thermally (250-290°C) by Haszeldine et al. {267]. Beside
normal and reverse monoadducts produced in poor yields, cyclic or thermal
rearranged compounds were obtained.

Perfluoroalkyl bromide and CF,Br, led successfully to telomeric distributions
from 250 °C [95].

But the most interesting results come from perfluoroalkyl iodides or a,
w-diiodoperfluoroalkanes for which the terminal CF,-I group has a lower bond
dissociation energy than that of CF,-Br. The pioneers of this investigation were
Hauptschein and colleagues in 1958 [95] using CF;], C;F,I and CICF,CFClI as the
transfer agents. The originality of such a thermal telomerisation lies on the fact
that the mechanism of this reaction does not proceed by propagation. The
authors suggested that the mechanism is composed of a succession of addition-
steps according to the following scheme:

nC,F,I + F,C=CFCF, —— nC,F,CF,CFICF,
nC;F,CF,CFICF; + F,C=CFCF; ——— nC,F,[CF,CF(CF;)],1
and so on.
Kirschenbaum et al. [272] proposed that each step implies a complex of addi-
tion such as:

|
‘CF,

1
"CECF,

As for the telomerisation involving other fluorinated transfer agents,
R:CEClI telogens are more reactive than R;CF,I as shown by Hauptschein et al.
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[95] or by Amiry et al. [235]. Tortelli and Tonelli [117] and Baum and Malik
[275] have confirmed the step-wise mechanism suggested by Hauptschein
et al. [273]. However, we did not confirm the work of Haupstchein who showed
that the thermal addition of i-C;F,;I to HFP was as successful as that of linear
transfer agents [95]. In our case, such a telogen reacted with HFP in a low
conversion, up to 36% at 250°C [99]. In addition, in order to confirm such a
result, the telomerisation of HFP with the steric hindered C,F4(C;F)1, carried
out at 250°C for 48h, led to 8% of C,Fy(C;F¢),1. Apparently, this was not
in good agreement with Hauptschein’s results [95] who obtained better
yields.

But the nature of the autoclave has a great influence on the formation of by-
products. A Russian team [274] has shown that for a vessel made of nickel, the
addition of CF;I to HFP led mainly to (CF;);CI whereas for similar reaction in
Hastelloy reactor, no by-product was observed.

Interestingly, Tortelli and Tonelli [117] and Baum and Malik [275] succeeded
in telomerising HFP with a,w-diiodoperfluoroalkanes leading to normal
I(C5F4)«(CF,), ] and “false” I(C;Fs),(CF,),(CsF),l adducts (where x,y or z=1or 2).

Finally, a particular case deals with the condensation of paraformaldehyde
with HFP in the presence of chlorosulfonic acid at 130-150°C leading to a-flu-
oro a-trifluoromethylhydracrylic acid 7 in 41 % yield as follows [276]:

F,C=CFCF, + H,CO + H,0 —— [HOCF,CF(CF,)CH,0H]
——> HO,CCF(CF,)CH,0H

7

4.1.5.6
Conclusion

Except the redox catalysis for which only one investigation was performed,
several initiations are possible for reacting HFP with various transfer agents.
However, usually such a reaction is rather selective since low molecular weight-
telomers are produced. The thermal initiation appears as the most efficient,
especially for RpX (X=Br or I) and IR If the telomeric distribution is limited
to the two or three first telomers, the monoadduct is composed of two isomers,
the amount of which depends upon the temperature and the electrophilic
character of the telogenic radical. On the other hand, linear R;I are much more
reactive than branched ones, linked probably to the high electrophilicity of the
telogen radical and to the steric hindrance of the CF, side group.

4.2
Less Used Monomers

Beside these above fluoroolefins, numerous other fluorinated alkenes have been
involved in telomerisation. Most of them are unsymmetrical and thus lead to
adducts composed of at least two isomers. Among them, vinyl fluoride and 1,1,
1-trifluoropropene have been attempted with various telogens.
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Table 17. Telomerisation of vinyl fluoride with various transfer agents ((a) both monoadduct
isomers with a high amount of normal adduct)

Telogen Initiation Structure of telomers (%) Ref.

CLC-Br UV/150°C {Cl,CCH,CHFBr (95) 277
{Cl,CCHFCH,Br (5)

BrCF,Br uv {BrCF,CH,CHFBr (96) 278
{BrCE,CHFCH,Br (4)

Br,CF-Br UV/100-200°C a) 93

F,C-I UV/14d/RT {F,CCH,CFHI (84) 279
{F,C(CH,CFH),I (7)

F;C-1 UV/variable T a) 151

F,C-1 C.FIF, cat/120°C  F,C(C,H,F),I 280

nC,F,, . -1/iCyF;1 UV/variable T Rp(C,H;F)I a) 281

P=2,34,7,8

(F5C);C-1 Uv/72-163°C a) slightly increase of reverse adduct 268,
with temperature 282

F,CO-F -50°C {F,COCH,CHF, (87-90) 41,42

{F,COCHFCH,F (13-10)

4.2.1
Vinyl Fluoride

Vinyl fluoride is an interesting monomer, precursor of PVF or Tedlar (produced
by the Dupont Company), known for its good resistance to UV radiation. But in
telomerisation, the most intensive work was achieved by Tedder and Walton who
used several telogens exhibiting cleavable C-Br or C-I bonds, under UV at various
temperatures (Table 17). Their surveys were mostly devoted to the obtaining of
monoadduct and to their kinetics (e.g., determination of relative rate constants
of formation of normal and reverse isomers and of Arrhenius parameters).

However, telomers were obtained by Rondestvedt [280] who added C,F,IF,
(prepared by reacting C,FoI with CIF;) as the catalyst at 120 °C. Although original
investigation from trifluoromethyl hypofluorite led mainly to the monoadduct, to
our knowledge no work was performed from alcohol, mercaptan, disulfide, and
phosphorous or silicon containing telogens.

4.2.2
1,1,1-Trifluoropropene

Such a fluoroalkene, prepared for the first time by Haszeldine [283] by dehydro-
iodination of F;CCH,CH,], is the original precursor of commercially available
fluorinated silicone from Dow Corning, called Silastic (see Sect. 7.2). Such a
polymer preserves interesting properties (inertness, fair surface tension, chain
mobility) at low and rather high temperatures.



204 B. Améduri - B. Boutevin

Table 18. Telomerisation of 1,1,1-trifluoropropene with various transfer agents (DBP, means
dibenzoyl peroxide)

Telogen Initiation Structure of Telomers Ref.

H,COCOC(CH,),H  Peroxides H,COCOC(CH,),[CH,CH(CF,)],H 284

(CH;),C(OH)H yrays (T <90°C)  (CH,),C(OH)[CH,CH(CF;)],H n=1,2 285

C4H,CH,-Cl Fe(CO), C¢HsCHX [CH,CH(CF,)],Y 286
n=1,2 X=CLH Y=H,Cl

C;H;CH,Br Fe(CO)s as above with X=Br,H and Y=H, Br 287

Br,CH-Br Fe(CO), {Br,CH[CH,CH(CF,)],Br n=1-3 288
{CF,CBrHCH,CBr,[CH,CH(CF,)|,H

Br,CH-Br Peroxides XCBr,[CH,CH(CF;)],.Y 288
Y=X=HorBr n=12

BrCH,-Br Fe(CO)s BrCH,[CH,CH(CF;)],Br n=1,2 288

CBr, DBP Br,C[CH,CH(CF,)],Br n=1-3 289

CF,l UV/5 days CF,[CH,CH(CF,)],] n=1,2 290

CF,l 225°C/36 h CF,[CH,CH(CE,)],] n=1-3 290

CF;l UV /variable T Normal and reverse monoadducts 283
few amounts of n=2

CLSi-H uv CLSi[CH,CH(CF;),H n=1,2 110

(C,H;0),P(0)H (tBu0),/130°C (C,H,0),P(0)CH,CH,CF, (39%) 148

CH,SSCH, uv CH,SCH,CH(CF,)SCH, 103

HBr uv CF,CH,CH,Br 290

Interestingly, such a fluoroolefin is quite reactive in contrast to long per-
fluorinated chain-vinyl type monomers (e.g. C F, . ,CH=CH, with n > 1).

But, several authors have preferred using such an olefin in telomerisation
involving a rather wide variety of telogens (Table 18). This fluoroalkene gives
satisfactory results in different initiation: redox, UV or y radiations or in the
presence of peroxides. In this field, most pertinent works were performed by
Russian teams who chose esters [284], alcohols [285] or halogenated compounds
[286-289]. In addition, Vasil’eva’s team even proposed mechanisms of forma-
tion for unexpected telomers [288] and determined various chain transfer con-
stants of telogens, showing that, in certain cases, the transfer to the telogen is
more efficient than the radical chain growth [287,289]. They have also observed
that C;HsCH,C1 [286] and C,H;CH,Br [287] undergo both a C-H and a C-halogen
cleavages since their reaction products are CeH;CH,(M),-X and CgH;
CHX(M),H, where X=Cl, Br and M represents the 1,1,1-trifluoropropene. In the
same way, bromoform, in the presence of iron complex or peroxide (such as
dibenzoyl peroxide or di-t-butyl peroxide) also leads to two series of telomers
coming from its C-H and C-Br cleavages. Consequently, the formation of “false
adduct” CF;,CHBrCH,CBr,(CH,CH(CF;)),H is not unexpected.

As for telomerisation of the above fluoroolefins, CF;l is an effective telogen
for that of 1,1,1-trifluoropropene, both thermally or photochemically. This latter
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Table 19. Telomerisation of various minor fluoralkenes

Fluoroolefin Telogen Method of Structure of telomers (%) Ref.
initiation
F,C=CCl, CL,CBr uv CL,CCF,CCLBr (28) 277
ICL -10°C CICF,CCL,I only 114
ICl Fe/20°C {CICF,CCLI (70) 114
{ICE,CCl, (16)
{CICF,CCl, (14)
CF,OF -7°CtoRT  {CF,0CF,CCLF (major) 41,47
{CF,0(C,F,Cl,);0CF;
{CF,CCL,F
R:OBr -83°CtoRT  {RyOCF,CCLBr (75-90) 52
{RzOCCI,CF,Br (25-10)
RSH Peroxide RSCF,CCLH 298
F,C=CHCF, CE,I UV/30-100°C  {(CF,),CHCF,I (55-63) 299
{CF,CHIC,F; (45-37)
CEl 212°C {(CE;),CHCF,I (17) 299
{CF,CHIC,F; (83)
HBr uv {CF,CH,CF,Br (28) 299
{CF,CHBrCF,H (12)
{BrCF,CHBrCHEF, (60)
F,C=CFBr CL,CBr uv {Cl,CCF,CFBr, (97) 277
{Cl,CCFBrCF,Br (3)
Cl,CF uv CLCF(CF,CFBr),Cl n=1-13 300
Br,CX(X=F, Br) XCBr,(CF,CFBr),Br n=1,2 301
F,CSSCF, uv F,CS(CF,CFBr),SCF, n=1-3 102
F,C=CFOCH, F,CSH uv F,CSCF,CFHOCH, (71) 100
F,C = CFR; ccl, radical Cl,CCF,CFCIR; 302
Rp:CeFs;CsFyy
F,CCF = CFCF, F,CSH uv CF,SCF(CF,)CFHCF, (low yield) 100
F,COF -50°C CF,0CF(CF;)CF,CF, 49

type of initiation has appeared more selective than the former [290]. Low et al.
[271] investigated this reaction under UV radiations at various temperatures
and obtained for the monoadduct a mixture of normal and reverse isomers.
They observed that the higher the temperature, the higher the proportion of
reverse derivative. In addition, they observed the presence of higher adducts

from 175°C.

Concerning other transfer agents, silanes, phosphonates, disulfides or hydro-
gen bromide are able to react with such an olefin, yielding the monoadduct
mainly (Table 18).
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4.2.3
Other Fluoroolefins

Table 19 lists non exhaustive results of telomerisation of various fluoroalkenes
(classified by increasing number of fluorine atom or perfluorinated groups
directly linked to ethylenic carbons) with different telogens, most of them being
halogenated compounds.

First, it can be noted that several kinds of initiation are possible. Secondly,
although many olefins have been investigated for the production of the mono-
adduct only (especially for kinetics or studies of regioselectivity), the obtaining
of higher boiling telomers is not excluded since the authors used an excess of
telogens. This is mentioned in most cases presented in Table 19.

More interesting features or reaction leading to telomeric distributions are
described below. Concerning hydrosilylation reactions, a wide range of fluoro-
alkenes have been used and the results have been reported [291, 292] or very
well reviewed by Marciniec [303] leading mainly to monoadducts, except for
1,1,1-trifluoropropene, TFE [122-124] and CTFE [122].

Even if the reactivity of monomers is described in Sect. 5, it is worth compar-
ing those of CF;CH=CF, and CF,;-CF=CH, about CF;l. Only this latter olefin
leads to telomers, useful for hydraulic fluids, lubricants and for heat transfer
media [293]. Similarly, C,FsCF =CF, has been telomerised thermally by Paciorek
et al. [294] who suggested a valuable mechanism.

Interestingly, 1,2-dichlorodifluoroethylene has been telomerised with various
transfer agents using different initiation processes. Unfortunately fluorotrichloro-
methane, in the presence of AlCl; also leads to several by-products [78, 295],
whereas several ethers, alcohols or esters are not quite efficient (8-30% mono-
mer conversion, only) [296]. But, perhaloalkyl and trifluoromethyl hypofluorites
gave the most encouraging results since telomers were produced [48].

The photochemically induced reaction of F,C=CHCI with CF,I offered 92%
of monoadduct but much lower yields were observed by Haszeldine’s team [297]
for thermal initiation from 225°C. Besides, no reaction occurred at 190°C for
100h. In successful reactions, both isomers were obtained (Table 19) whereas
only one was produced from the photochemical addition of HBr to such an ole-
fin. But, this team did not observe such a result for similar reaction of
F,C=CHCEF; which formed the three following isomers [299]:

CF;CH,CF,Br (24 %) 8
H-Br + F,C=CHCF, ——> CF,CHBrCF,H (9%) 9
BrCF,CHBrCHE, (50%) 10

The authors assumed that dibromide 10 formed as major product may arise

from the dehydrofluorination of monoadduct 9 followed by a radical addition of
HBr to the intermediate olefin, according to the following scheme:

9 X5 F,C=CBrCHF, % BrCF,CHBrCHF,

This would explain the poor amount of 9 isomer and the high proportion of
10. Investigations performed on the same fluoroalkene with regards to the addi-
tion of trifluoroiodomethane have shown that the way of initiation has a drastic
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effect on the amount of both isomers [299]. For both photochemical and
thermal initiations the proportion of isomers are inverse.

Similarly, 1,1-dichlorodifluoroethylene was also telomerised with various
telogens from different initiations [41, 47, 52, 114, 277, 298]. Cl;CBr and per-
fluoroalkyl hypohalites led to kinetic investigations. An interesting work con-
cerns the addition of iodine monochloride to this olefin, producing CICF,CCl,I
isomer exclusively at -10 °C. But, at higher temperatures and in the presence of
iron as the catalyst, Cl;CCF,I isomer was also produced, and the formation of
chlorinated product CICF,CCl; was observed under these conditions [114].

Bromotrifluoroethylene (BrTFE) telomerises well photochemically and it
seems that no other way of initiation was mentioned in the literature. Even disul-
fides have provided telomers [102],and BrTFE telomers have found applications
as gyroscope flotation oils [301].

Finally perfluorinated alkenes, prepared according to various routes (decar-
boxylation of perfluorinated acids or anhydrides, action of organolithium,
magnesium reagents or metallic zinc-copper couple to perfluoroalkyl iodides,
oligomerisation of TFE and of HFP, addition of perfluoroalkyl iodides to per-
fluoroallyl chloride [304], addition of KF to perhalogenated esters or alkanes
[305]) are shown to be unreactive in telomerisation except radical addition of
CCl, [302], photochemical addition of CF;SH [155] or reaction of CF;OF [49].
1,3-Perfluorobutadiene (e.g., synthesised either by Narita [53] or Bargigia et al.
[306] or Dedek and Chvatal [94]) can not be telomerised in a radical process but
was efficiently polymerised anionically [53]. Similarly, perfluoro-1,5-hexadiene
did not lead to any telomers [307].

Among all remaining monomers, those containing (per)fluorinated side
chains such as fluorinated acrylates, vinyl ethers or esters, maleimides and
styrenic monomers are also very interesting and have been studied in (co)telo-
merisation. Most of them have been previously reviewed [15]. However, they are
not mentioned in this chapter.

4.3
Cotelomerisation of Fluoroalkenes

Interesting fluorinated copolymers, already commercially available, are
known for their excellent properties, most of them have been synthesised to be
used as elastomers [1-10]. The literature is abundant on the copolymerisation
of two fluorinated olefins, or that of fluoroalkenes with non halogenated
monomers, {e.g., vinyl ethers [308]) regarded as electron-withdrawing and
electron-donating, respectively. However, few articles or patents outline the
cotelomerisation of fluoromonomers. Brace [309] has provided an interesting
summary on the radical addition of mercaptans to different kinds of mono-
mers and yet other transfer agents (e.g., perfluoroalkyl iodides, brominated
telogens, methanol) have already shown efficiency in cotelomerisation. This
part deals with non exhaustive examples of that reaction for which two or
three fluoroalkenes are considered, only.

Two alternatives are possible: either the direct cotelomerisation according to
a kind of batch procedure or the step-by-step addition (i.e. the telomerisation
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of a second coalkene with a telomer produced from a first monomer, via a two
step-process). This part is detailed in Sect. 6.3.

4.3.1
Cotelomerisation of Two Fluoroolefins

4.3.1.1
CTFE/VDF Cotelomers

Cotelomers produced by cotelomerisation of CTFE and VDF seem to have
drawn much interest because they constitute interesting model of Kel F copoly-
mers. Barnhart [118] used thionyl chloride as the telogen to produce CI(VDE-
CTFE),Cl (n <10) while Hauptschein and Braid cotelomerised thermally these
olefins with CF,I [310] or CICF,CFCII [311]. The obtained cotelomers exhibit the
following random structure CICF,CFCI[(CTFE),(VDF),]I where n+p varies in
the 3-20 range according to experimental conditions.

Furukawa [312] used perfluoroalkyl iodides and &, w-diiodoperfluoroalkanes
as the telogens for the synthesis of high molecular weight-cotelomers.
More recently, we used 2-hydroxyethyl mercaptan to cotelomerise both these
co-olefins by radical way [101, 145], leading to HOC,H,S(CTFE),(VDF),H with
x and y close to 4. Interestingly, such cotelomers exhibit an almost alternating
structure.

4.3.1.2
VDF/TFE Cotelomers

Few investigations were performed and the oldest one was conducted by Wolff
who used isobutane [313] or diisopropyl ether [314] under radical initiation. Ono
and Ukihashi [163] successfully carried out the radical cotelomerisation of VDF
and TFE with perfluoroisopropyl iodide, but in similar conditions, that of TFE
and ethylene failed.

4.3.1.3
VDF/HFP Cotelomers

Copolymers of VDF with HFP (and TFE) are well known Viton, Fluorel, Tecno-
flon or Dai-El elastomers [2-4, 6]. Several investigations of cotelomerisation
have been described in the literature, few of them are presented below.

Rice and Sandberg [29] first synthesised «, w-dihydroxyl terminated
VDF/HFP cotelomers from perfluoroadipic, perfluorosuccinic or perfluoro-
glutaric anhydrides under hydrogen peroxide initiation. Later, researchers from
the Ausimont Company studied the peroxide-induced cotelomerisation of VDF
and HFP with 1,2-dibromoperfluoroethane leading to fluorinated products
having an average number molecular weight of 660 and a Tg of -94°C [315].

In addition, a survey has been recently performed by Chambers et al. [154]
from brominated telogens under y ray or thermal initiations leading to various
DP, by monitoring initial molar ratio of reactants. Interestingly, the cotelomerisa-
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tion seems more efficient than the compared telomerisations of separated flu-
oroalkenes. Tatemoto and Nakagawa [316] started from iC,F,I under peroxide
initiation to cotelomerise VDF and HFP, useful for the preparation of block and
graft copolymers. Several examples of the tertelomerisation of VDF with HFP
and TFE are given in Sect. 4.3.2.

4.3.1.4
HFP/TFE Cotelomers

Hauptschein and Braid [317] studied the cotelomerisation of HFP and TFE with
IC,F¢Cl at 190-220°C and obtained various molecular weight-cotelomers accord-
ing to initial molar ratios of reactants.

4.3.2
Tertelomerisation of Three Fluoroalkenes

An interesting tertelomerisation of VDF with TFE and CTFE or VDF with TFE
and HFP was performed by Bannai et al. [318] who used methanol as transfer
agent under peroxide initiation. Excellent yields were reached and average
number molecular weights were around 1,000.

These fluorinated cotelomers are novel precursors of the following original
(meth)acrylic macromonomers (R=H or CH,):

n

H,C=CRCO,CH, [(VDF)O.S (TFE-CTFE)M}—H

In similar radical conditions, perfluoro-a,c-dibrominated telogens success-
fully cotelomerise VDF with HFP and TFE (and CTFE) [315].

Bromofluoroalkyl iodide [319] or a, w-diiodoperfluoroalkanes [320] also
allow the cotelomerisation of TFE with VDF and HFP.

Interestingly, even less activated CH,I, telogen was efficient in similar cote-
lomerisations, leading to fluorinated cotelomers which were peroxide-vulcani-
sed and moulded into a sheet showing good adhesion to metal plates through
curable adhesives.

4.4
Conclusion

A large variety of telogens has been used in telomerisation of traditional
fluoroolefins and numerous studies have been performed on the telomerisation
of VDE, TFE, CTFE. Yet, less investigations were carried out on trifluoroethylene
and hexafluoropropene. According to the telomers searched, more adequate
ways of initiation have to be chosen. For instance, the peroxide induced
telomerisation of VDF with CCl, leads to higher molecular weight-telomers than
that catalysed by copper salts which appears more selective [92].

Beside most important and commercially available fluoroalkenes, a large
variety of different fluoroolefins have been successfully telomerised. Although
most of them led to monoadducts mainly, devoted to the perspective of basic
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research, a couple of them produced higher molecular weight telomers, and
several of them have found interesting applications.

Vinyl fluoride and 1,1,1-triflucropropene have shown a great efficiency in
telomerisation with various telogens, but concerning the other ones, less interest
has been focused on. This may be due to the lack of availability of monomers,
and consequently studies on monoadduct were mostly investigated.

Bromotrifluoroethylene, even if less available than CTFE can easily be telome-
rised, and the bulkiness of bromine atom does not seem to hinder this reaction.

An interesting example is 1,1-dichlorodifluoroethylene which has been
studied mainly for its monoadducts. But it can be imagined, because of steric
hindrance of CCl,-CCl, chaining, that propagation may occur from tail to head
addition, thus producing much interest.

Hence, the synthesis of their telomers and, above all, their properties and
their applications have not attracted research groups and it can be hoped that
future surveys will be performed in this way.

The cotelomerisation appears as an increasing means to model copolymerisa-
tion and to explain the structure of complex copolymers. It can be expected that
future surveys will be developed in order to design novel well-architectured-
polymers.

5
Reactivity of Monomers and Telogens

5.1
Introduction and Theoretical Concepts

Examples in the literature about the reactivity of radicals to olefins are ab-
undant. In Sect. 4, non exhaustive examples dealing with the reactivity of
radicals with various olefins have already been mentioned.

According to Tedder and Walton [81 -83],“none simple property can be used
to determine the orientation of additions of free radicals” which depends upon
a complex mixture of polar and steric parameters, and of bond-strengths.

As seen in Sect. 3, a telogen requires a weak X-Y cleavage to be efficient in
telomerisation. Hence, the bond dissociation energy (BDE) of the telogen X-Y
(yielding X and Y radicals) has to be taken into account as indicator of intrinsic
reactivity factor. The BDE can be calculated according to the following equation,
where AH?i designates the enthalpy of formation of species i:

BDEyy = AHYX + AH?Y - AH{XY

Tables 20 and 21 list the BDE of various bonds that may contain the telogen
[322,323]. Thus, according to such a BDE, the efficiency of different telogens can
be compared. For instance, as it can be expected, the cleavage of C-F bond is the
most difficult to perform among all the possible bonds, whereas CF,-I one has
better chance to be cleaved (Table 21). But the Table shows that the bond
strength can not predict the reactivity, as noted in numerous examples.

Concerning the ability of the telogen to initiate the telomerisation, the reac-
tivity and the obtained regioselectivity of the telogen radical X' to the olefin can
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Table 20. Mean bond dissociation energy (BDE) of various classic cleavable bonds of telogens
[21,322,323]

BDE (KJ mol! at 25°C)

X (X-H) (X-F) (X-Cl (X-Br) (X-1) (X-C)
H 432 561 427 362 295 416
C 416 486 326 285 213 350
N 391 272 193 - - 303
0 463 193 205 201 201 368
F 561 155 - - 191 452
cl 427 - 239 218 208 330
Br 362 - 218 193 - 285
I 295 191 208 - 151 213
Si 318 565 381 310 234 -

P 322 490 326 264 184 -

S 326 285 255 218 - 255

Table 21. Relative rate constants k of the photodissociation of RiI (about that of CF;I) and
CF,-1 bond dissociation energy (BDE)

Rl k [341] BDE (kJmol-1) [342]
CF,l 1 220
C,Fil 8 212
n-C,F,1I 15 206
i-C;F,1 49 206
n-C,Fl - 202

be monitored by several rules. The radical X' produced can be either nucleophilic
(e.g., RS or CH; [324]) or electrophilic (e.g., C,F,,.,). But, fluoroalkenes are
regarded as poor electron-olefins and thus will react more easily with nucleo-
philic radicals.

However, in contrast to ionic addition to alkenes for which the regioselectivity
is achieved according to a unique rule (Markovnikov’s law), radical addition
generally occurs at the less hindered carbon atom of the double bond. However,
Tedder [81-83] suggested five rules which govern the radical additions linked
mainly to polar and steric effects, these latter being more important and this was
confirmed by Giese [325] in 1983 and by Riichardt [326] and Beckwith [327].
Other interesting theoretical surveys and concepts were provided by Koutecky
et al. [328] and Canadell et al. {329, 330] who suggested that the preferential
attack of the radical occurs on the carbon which exhibits the highest linear
combination of atomic orbitals coefficient in the highest occupied molecular
orbital. In addition to this rule, Delbecq et al. [331] have considered a law of
steric control (the preferential attack occurs on the less substituted carbon) and
the thermodynamic control rule (the most exothermic reaction is the easiest).
More recently, Wong et al. [332] have shown that the exothermicity of the reac-
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tion is the main parameter to govern the reactivity of the radical about the
olefin.

In contrast to these concepts above obtained from numerous ab-initio mole-
cular orbital calculations (usually from small radicals,e.g. H,F,H;C or HOCH,
to fluoroalkenes), some semi-empirical calculation on more longer halogenated
radicals were performed by Rozhkov et al. [333, 334] and Xu et al. [335]. The
former team determined equilibrium geometries and electronic properties of
perfluoroalkyl halogenides and showed that fluorine atoms in vinyl position
strongly stabilise all the sigma molecular orbital.

The Chinese group [335] proposed the electronic structures of 17 perchloro-
fluoroolefins and perfluoroolefins via MNDO calculation. They have shown that
the direction of the nucleophilic attack is governed not only by the perturbation
energy of the ground state, but also by the stability of the anionic intermediate
and the activation energy of the reaction. They suggested the following
decreasing reactivity series: F,C=CFRy>TFE>R;CF=CFCl>R:CF=CCIR;
> RyCF=CFR’; > R;,CF=CCl,

In the case of the addition of halogenated free radicals to fluoroalkenes,
investigations were performed by Tedder and Walton. For example, this team has
extensively studied the kinetics of addition of H,C [144, 336], C1;C [337], Br;C
[93,185], Br,CF" [93], CE,Br [278,338], CH,I' [143], CFHI' [131], F,C [151,281],
C,F; [281, 339], nC,F; [281], iC,F; [281, 340], CF5(CF,); n =6,7 [281], (CF,);C’
[269] to specific sides of unsymmetrical fluoroalkenes. They determined the rate
constants of these radicals to both sites of these olefins and the Arrhenius para-
meters. The results were mainly correlated on the electrophilicities of radicals
which add more easily to nucleophilic (or less electrophilic) alkene. For example,
Table 22 illustrates the probability of addition of various halogenated radicals to
VDE. It is noted that the more electrophilic the radicals (i.e., the more branched
the perfluoroalkyl radical), the more selective the addition to the CH, site.

El Soueni et al. [282] suggested the following increasing electrophilicity
series:

CF; < CF;CF; < C,F;CF; < nC;F,CF; < nCsF,,CF; < (CF;) , CF < (CF;),C

This is in a good agreement with the relative rate constants of the photo-
dissociation of perfluoroalkyl iodides into Ry and I' [341] linked also to the
bond dissociation energy [342] as shown in Table 21.

Table 22. Probabilities of addition of chloro and fluororadicals

to both sites of VDF

Radicals H,C=CF,
‘CH,F 1 0440
‘CHF, 1 0.150
"CCl, 1 0012
"CF, 1 0.032
‘CF,CF, 1 0.011
"CF,CF,CF, 1 0.009
"CF(CF,), 1 0.001
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5.2
Reactivity of Telogens

The following two examples illustrate the above theories. First, if one considers
such a concept to VDF, according to Hauptschein et al. [127, 128], the mono-
adduct coming from the radical addition of Ry’ to VDF was composed of two
isomers RgCH,CF,I (95%) and R CF,CH,I (5%) and this was confirmed by
Chambers [96, 129] from iC,F,I. But, from recent investigations, we have demon-
strated by 'H and '°F NMR of the Ry(C,H,F;)I monoadducts and of Rg(C,H,F,)H
(produced by reduction of these monoadducts), that C,F,CH,CF,I, C.F;
CH,CF,1, CgF,,CH,CF,I [97] and IC,F,,CH,CF,I n=2,4,6 [130] were the only
isomers produced by thermal telomerisation of VDF from the corresponding
transfer agents. This was mainly explained by the selective addition of the elec-
trophilic Ry radical to CH, group regarded as the less electrophilic side of VDF
[131].

However, for each case, the diadduct was composed of two isomers
R;CH,CF,CH,CF,I (92%) and R;CH,CF,CF,CH,I (8 %) [97] because R;CH,CF,
appears less electrophilic than Ry radical.

Furthermore, the higher the temperature, the higher the telogen conversion
and the higher the [RyI]/[VDF] initial molar ratio, the more selective the
telomerisation [97, 127, 128, 130]. Chambers et al. [129] suggested the following
increasing reactivity series about VDF: F,C-I < C,F;-I < nC;F;-1 < iC;F;-I main-
ly linked to the decrease of the strength of the C-I bond.

In the case of diiodides, it is worth mentioning that the longer the length of
the I(C,F,),I telogen, the higher the amount of the a, w-diadduct (50% in the
case of ICF,CH,(C,F,)CH,CF,]I and 95% for ICF,CH,(CF,,)CH,CF,I [130]).

Concerning the reactivity of free radicals provided from various telogens
(especially perfluoroalkyl iodides) to trifluoroethylene, the electrophilic character
of the perfluoroalkyl radical generated has a great influence on the proportion
of reverse adduct: the higher its electrophilicity, the higher the amount of
“normal” isomer. For instance, from C,F,CH,CF,l the normal/reverse ratio is
1.5, whereas it is 13.3 from C,F,,CFICF; [98].

5.3
Reactivity of Fluoroalkenes

Under the same conditions, two fluoroolefins are not supposed to react similarly
with a given telogen. For instance, HFP requires much energy to react with a
telogen compared to TFE or VDF and it homopolymerises with difficulties in
contrast to other fluoroalkenes. Below are presented several examples of com-
pared reactivities of fluoroolefins in telomerisation involving the same telogen.

Concerning methanol, in contrast to VDF which produces rather high mole-
cular weights [134, 135] or trifluoroethylene [251] which gives telomers con-
taining one to ten base units, TFE [87, 88], HFP [25] and CTFE [343] have led to
monoadducts mainly. We have tried to explain such results by showing with
semi-empirical calculations that in the case of VDF, the propagation rate is much
higher than the transfer one [134].
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On the contrary, TFE and VDF behave differently when they react with
Cl;CSO,Br from peroxide initiation, yielding Cl,C(C,F,),Br (n=1-10) or Cl,C
(C,H,F,),Br (p=1,2), respectively.

Trifluoromethyl hypofluorite, known for achieving higher yields than those
obtained from the corresponding hypochlorites, also behaves differently with
respect to various fluoroalkenes. HFP leads to the monoadduct as expected [46],
just like VDF [41, 42], 1,1-dichlorodifluoroethylene [47], 2-perfluorobutene [49]
in contrast to the first three adducts or the first ten telomers obtained from
1,2-dichlorodifluoroethylene [48] and CTFE [43 - 45, 48], respectively.

Iodine monochloride has been studied with various fluoroolefins yielding the
monoadduct in all cases, to produce original activated telogens containing CF,I or,
better, CFCII end group [114, 115, 156]. The addition of ICl to 1,1-dichloro-
difluoroethylene was found to be bidirectional but to a lesser extent [114] than in
the case of that to CTFE [115]; and the use of catalyst (e. g. iron) affects the yield and
the amount of by-product. HFP requires heat contrary to other monomers [114].

The following decreasing reactivity series is suggested:

CTFE > VDF > CF,=CCl, > HFP

Perfluoroalkyl iodides have been used as telogens with most fluoroalkenes.
An extensive kinetic research on the synthesis of monoadducts was performed
by Tedder and Walton. From a review of the literature [97-99, 172, 236], the
following reactivity scale may be proposed:

VDF > TFE > F,C=CFH > HFP > CTFE

and for less reactive monomers the more electrophilic the telogen radical the
less easy the reaction.

54
Conclusion

The bond dissociation energy of cleavable bonds of telogens appears to be a key
parameter to take into account regarding reactivity. This is followed by various
factors controlling the reactivity (such as energetic, electronic, polar, steric, con-
formational effects and role of orbital interactions) of a radical and its orienta-
tion of addition.

However, three targets deserve to be investigated in telomerisation: regio-
selectivity, tacticity and the molecular weight of telomers. For the first, Tedder
and Walton have extensively explored numerous additions of various radicals to
different olefins, especially in determining the kinetics of formation of mono-
adducts. For achieving desired molecular weights, even if some trends have been
given from the different results of telomerisation of fluoroalkenes depicted in
the literature, it is still difficult to predict which olefin could be more easily
telomerised than another one, even by a chosen initiation way.
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6
Radical “Living” or Controlled Telomerisation and Polymerisation
of Fluoromonomers

6.1
Introduction

To date, new techniques have been proposed and developed to control the reac-
tivity of free radicals. Such a control may lead to give a “living” character to the
radical polymerisation. While the first example of living polymerisation was
introduced in 1956 [344] in anionic polymerisation, it is only in 1982 with the
pioneering work of Otsu et al. [345, 346] that the possibility to have a “living”
process in free radical polymerisation was demonstrated. Otsu, using thiuram
disulphide compounds, developed the “iniferter concept”with a control of chain
termination. Later on, Solomon et al. [347] and Georges et al. [348] have propo-
sed the use of stable counter radicals (e.g., 2,2,6,6-tetramethyl piperidinyl-
1-oxyl usually called Tempo) as a thermally labile capping agent for the growing
polymeric chain. Such a radical does not allow initiation of polymerisation. This
very promising approach is nowadays the subject of active research and allows
in principle the preparation of polymers with narrow molecular weight distri-
butions in one pot as with ionic methods but without high purity and vacuum
requirements.

However, despite considerable progress, the truly living character is far from
being attained and it seems preferable to use the term controlled process rather
than living process. Recently, various methods to synthesise block copolymers
by radical polymerisation or telomerisation were reviewed [349]. But, to our
knowledge, the literature does not mention any investigation of controlled
radical polymerisation of fluorinated polymers.

Two main types of counter radicals are proposed, purely organic ('CR) ones
issued from nitroxyl [347,350 - 354], alkoxyamines [347,351],arylazooxyls [355]
compounds or triphenyl methyl (called trityl) group [345, 356-358], CPh,-G
where G represents OSi(CH;);, OPh or CN [359, 360], or sulphurated radical 'SR
with R=alkyl [84, 102, 103], aryl {164], C(O)R’ [356, 361] or C(S)R” where R”
represents R” [362], OR’, NR’, [363] (R’ being an alkyl group) and organometallic
complexes (C) [364, 365] able to generate stable free radicals. Equilibrium may
be written as follows:

I-M,+ CR =2= I-M, CR
orUV

where I and M represent the initiator radical and the monomer, respectively.

The organometallic complexes are quite various: cobaltocene/bis(ethylaceto-
acetato) copper (II) [366], CuCl or CuBr/bipyridyl [367, 368], cobaltoxime
complex [369], reduced nickel/halide system {370], organoborane [371],
ruthenium complex/trialkoxyaluminum system [372].

Such above chemical equations show the essential difference between the
traditional radical polymerisation and the controlled radical polymerisation in
the presence of counter radicals or metallic complexes.
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Difficulties arise from the various possible interactions between the counter
radical, the initiator and the monomer. The truly living character is only demon-
strated when some requirements are fulfilled. Molecular weight must increase in
a linear fashion with conversion. Polydispersity must be narrow and lower than
that in classical process (theoretical value, M /M, =1.1-1.5) which supposes in
particular, a rapid initiation step. Obtaining high and strictly controlled mole-
cular weights must be possible.

According to the literature, the only examples of controlled radical telomeri-
sation of fluoroolefins require adequate fluorinated telogens. The oldest method
is based on the cleavage of the C-I bond that already led to industrial applica-
tions.

The cleavage of C-I bond can be achieved from various methods [373-375].
However, according to well chosen monomers, two main ways have been
developed in order to control telomerisation from alkyl iodides: iodine transfer
polymerisation (ITP) and degenerative transfer. ITP can be easily applied to
fluorinated monomers whereas degenerative transfer concerns the controlled
polymerisation of methyl methacrylate, butyl acrylate {376] or styrene [377]
and will not be discussed in this chapter.

6.2
lodine Transfer Polymerisation

lIodine transfer polymerisation is one of the radical living process being dev-
eloped in the late seventies by Tatemoto [374,375,378 - 381]. Actually it requires
(per)fluoroalkyl iodides because their highly electron withdrawing (per)-
fluorinated group Ry allows the lowest level of the CF,-I bond dissociation
energy, such a C-I cleavage being not possible in R.CH,CH,]. Various fluorina-
ted monomers have been successfully used in ITP. Basic similarities in these
living polymerisation systems are found in the stepwise growth of polymeric
chains at each active species. The active living centre, generally located at the
end-groups of the growing polymer, has the same reactivity at any time during
polymerisation even when the reaction is stopped [374, 375, 378]. In the case
of ITP of fluoro olefin, the terminal active bond is always the C-I bond origina-
ted from the initial iodine-containing chain transfer agent and monomer as
follows:
RorA

CoFy nai—1+ (p+ 1) H,C=CF, —5 C.F, .y, (CH,F,)5CH,CF,—1

Usually molecular weights are not higher than 30 000 and yet polydispersity
is narrow (1.2-1.3) [375, 380, 381].

Tatemoto et al. used peroxides as initiators of polymerisation. Improvement
is also possible by using diiodide and polyiodide compounds [316, 382].
Several investigations have shown that iodine transfer polymerisation can occur
by emulsion or radical initiation. When emulsion initiation is chosen, a per-
fluoroalkyl iodide is involved and limits the molecular weights [378, 379]. This
is not described here but several articles and patents from Tatemoto are sug-
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gested [374,375,378], using ammonium persulphate as the initiator and involving
tetrafluoroethylene (TFE), vinylidene fluoride (VDF) and hexafluoropropene
(HFP) as the monomers. The fluoroelastomers produced by ITP can be peroxi-
de-curable and lead to commercially available Dai-El [380] produced by Daikin.
Such a polymer is stable up to 200 °C and finds many applications in high tech-
nology such as transportation and electronics.

The most remarkable use of “living” polymerisation is the preparation of
block copolymers. The practical method for obtaining such copolymers is by
direct cotelomerisation of two fluoromonomers with an efficient transfer agent.
For instance, Tatemoto and Morita [378] used a mixture of VDF/HFP in 46/54%
molar ratio and IC,Fl in the presence of trichloroperfluorohexanoyl peroxide
as the initiator and obtained I(HFP),(VDF),C,Fs(VDF).(HFP)4l that exhibited
an average number molecular weight of 3,300 with a polydispersity of 1.27. It
consists of a stepwise cotelomerisation as follows:

Rl + nM, ——> Rp(M,),I
Ri(M), [+ mM, ——— Rp(M;),(M,),,L

M, and M, represent fluorinated monomers or a group of fluoroolefins which
can be adequately chosen to bring softness and hardness, respectively, leading to
a thermoplastic elastomer [380]. For instance, a hard segment sequence can be
composed of E/HFP/TFE in 43/8/49 molar ratio (E represents ethylene) whereas
the soft part can consist of TFE/HFP/VDEF in 20/30/50 molar ratio [381]. A similar
scheme can also be applied to «, w-diiodides [316,379]. Furthermore, the intro-
duction of hard segments such as alternated copolymers of TFE and E, or PVDF,
led to commercially available Dai-El Thermoplastic [379, 380]. They exhibit very
interesting properties such as a high specific volume (1.90), a high melting point
(160-220°C), a high thermostability up to 380-400°C, a refractive index of 1.357
and good surface properties (y, ~19.6-20.5 dynes.cm™). These characteristics
offer excellent resistance against aggressive chemicals and strong acids, fuels,and
oils. In addition, tensile modulus is close to that of cured fluoroelastomers.

This concept was also exploited in order to prepare “living” and well defined
tetrafluoroethylene telomers in which the telomer produced acts as a further
telogen as follows:

C,F, C,F, C.F,
CFEI 25 CFRI —2 CFul = CeFyl —— CyFanyil.

Such a living telomerisation can be initiated either thermally or in the pre-
sence of radical initiators or redox catalysts [383].

6.3
Stepwise Telomerisation

The application of such a process allows the step by step syntheses of block copo-
lymers either from fluoroalkyl iodides or o, w-diiodoperfluoroalkanes. Chambers’
investigations or those performed in our laboratory have led to the extensive use
of fluoroalkyl iodides with chlorotrifluoroethylene (CTFE) for the preparation
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of efficient transfer agents X-Y with X=Y =1 [239] or Br [223,224] and also X=1
and Y=CI [115] or F [235,236]:

X-Y + CF,=CFCl —— X(C,F,Cl),Y

Chambers obtained difunctional oligomers especially for iodinated telogens
[239].1t has been observed, however, that from ICl or (IF) generated in situ from
iodine and iodine pentafluoride, monoadducts were obtained as the sole pro-
duct [235,236]. Addition of (IF) to CTFE yields CF;CFCII which was successfully
used as the telogen for the telomerisations of CTFE, hexafluoropropene (HFP)
[235] or for the stepwise cotelomerisations of CTFE/HFP, CTFE/HFP/VDE,
HFP/VDF and HFP/trifluoroethylene [384]. All these above cotelomers were
successfully end capped by ethylene that allows further functionalisation [385].
CFCII end group shows a better reactivity than CF,I [237].

Furthermore, stepwise cotelomerisations of various commercially available
fluoromonomers lead also to interesting highly fluorinated derivatives as
follows:

C,Fol + CH,=CE, —> C,Fo(C,H,F,), I 5 C,F, (VDE), (HFP) I

[384]
iC,F,1 + CHy=CF, ——> iCyF5(CH,F,), I ——> iC,F,(C,H,F,),CF,CFICF,
[96,384]
CaFsns1 1+ HEP  — Gy, (HEP) 1 25 C,F,,., (HEP) (VDF),I
n=468 (98, 384]
C,F,H C,F,H

CoFyn 41 (HFP) (C,F;H), 1 F(TFE), (HFP) (VDF), (C,F;H),,l

All these cotelomers were successfully end capped with ethylene that offered
new w-functionalised fluorocompounds [385]. In addition, «, w-diiodofluoro-
alkanes also allow access to well-defined block cotelomers. Tortelli and Tonelli
[117] and Baum and Malik [275, 386] performed the synthesis of such telechelic
products by heating iodine crystal with tetrafluoroethylene. Such halogenated
reactants were successfully involved in telomerisation of vinylidene fluoride
(VDF) [130] or hexafluoropropene (HFP) [387] to form a, w-diiodo VDF/
TFE/VDF or a, w-diiodo HFP/TFE/HFP triblock cotelomers. These products are
potential starting materials for Viton type multiblock cotelomers [387] as shown
in the following examples:

I (VDE),(TFE),(VDF) 1+ HFP —— I(HFP)(VDE),(TFE),(VDF) (HFP), I
I (HEP)(TFE),(HFP),I+VDF —— I(VDE),(HFP) (TFE),(HEP),(VDF), I

These novel o, w-diiodides underwent functionalisations, especially for the
preparation of original fluorinated nonconjugated dienes [388] utilised in the
preparation of hybrid fluorosilicones [389] which exhibit excellent properties at
low and high temperatures.
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6.4
Conclusion

Even if in 1955 Haszeldine [237] or in 1957 Hauptschein et al. [114, 273] started
to show a certain livingness of the radical telomerisation of CTFE with
CICF,CEClII, the up to date research has attracted many academic or industrial
chemists towards such a fascinating area. In addition, Dear and Gilbert [102] or
Sharp et al. [84,103] performed the telomerisation of various fluoroolefins with
disulfides but they did not examine the living character of this reaction.

However, the step-wise cotelomerisation of fluoroalkenes has already shown
original livingness, and the polymerisation via organometallic systems which is
quite successful for hydrogenated monomers could be an encouraging route for
these halogenated olefins.

7
Applications of Fluorinated Telomers

The applications of fluorinated telomers or fluoro oligomers are linked to their
exceptional properties [1]: excellent thermostability, remarkable surface properties,
low refractive indexes, low dielectric constants and very high chemical stabilities.

The only application of the oligomers, obtained directly, are as lubricant oils,
for example Kel F oils. In general however, oligomers need to undergo chemical
transformation before an application is found. In this latter case, the number of
functional groups (generally one or two) and the nature of the linkage between
the functional group and the fluorinated chain plays an important role in the
kind of application.

Hereafter are given several examples of non functional, monofunctional and
telechelic telomers.

7.1
From Nonfunctional Telomers Mainly Used as Lubricants

Three series of products are used as lubricants: silicone-oils or polytrifluoro-
propyl methyl siloxane (Silastic 15-53 produced by the Dow Corning Com-
pany), perfluorinated polyethers (Fomblin, Montedison now Ausimont Com-
pany) and Kel F oils (3 M Company). Only these latter ones are obtained directly
by telomerisation.

Initially, the telomerisation of CTFE with SO,Cl, was used by the Kellogg
Company to prepare Cl-(CF,-CFCl),-Cl thermostable oligomers [246]. A few
years later, inspired by the redox telomerisation of CTFE with CCl, [90], the
Occidental Chemical Company [390] prepared CCl;-(CF,-CECl),-Cl telomers
subsequently fluorinated by CIF; in order to increase thermal stability [391].

Recently, other new methods have been investigated by Marraccini [43, 51]
using CF;OF as the telogen, for the production of original CF;O(C,F,Cl),F
telomers (see Sect. 4.1.3).

However, the research programs in this area are difficult to develop because
of several chemical problems: e.g. inversion of addition in CTFE oligomerisa-
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tion which leads to a decrease of thermal stability brought by -CFCI-CFCl-
linkages and, above all nowadays, the availability of CTFE in the world be-
cause the production of chlorofluorinated ethane CF,Cl-CFCl, is to be inter-
rupted.

7.2
From Monofunctional Telomers

The monofunctional oligomers can be synthesised either by chemical change of
the end-groups [85] or by direct telomerisation with a functional telogen (e.g.
Cl,CCO,CH;[92],HOC,H,SH [101], CH;0H [134, 135], HP(O)(OEt), [148,149]).
Another method is the electrochemical fluorination of carboxylic or sulphonic
hydrogenated acid [392].

In any case, applications are mainly devoted to surfactants and numerous
products are commercially available (anionic, cationic, non ionic but also mono-
or polydispersed compounds).

One well known application concerns the fire fighting foam-agents (A3F), as
well as the use of fluorosurfactants in emulsions (for fluoromonomers) and
microemulsions.

In addition, these fluorinated monofunctional telomers can be interesting
precursors of original macromonomers leading to novel polymeric optical
fibers [393] or grafted copolymers [134].

The monofunctional oligomers are also used as precursors of numerous
monomers. One of the most famous ones is the series of fluoroacrylates for
which the synthesis, the properties and the applications have been described in
detail [15]. First of all, their use in the protection of textiles has challenged sever-
al companies: Scotchguard (3 M), Foraperle (Atochem) and Lezanova (Daikin).
Nowadays, these products are efficient for the protection of leathers, stones and
in the coating with high weatherability. The second important application of
fluoroacrylates concerns the materials for optics: optical fibers (core and
cladding), optical components (guides) and optical glasses. The third one is the
coating of amorphous silicon in order to prepare positive photoresists for
electronics. Other minor applications concern fluoroelastomers, solid propel-
lants, dental materials.

Two other families of polymers with fluorinated side groups have been in-
vestigated in the field of elastomers: polysiloxanes and polyphosphazenes [394,
395]. These latter macromolecules, called NPF, have been obtained by chemical
change of poly(dichlorophosphazene) as for classic phosphazenes:

OR;

l
—<N=PCIZ>—+NaORF — \Lszﬁf
n | n
OR;
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The most known and commercialised by Firestone is the following:

OCH,CF,

I

S
I n
OCH,(CF,),H

It is obtained with a higher molecular weight ( M, > 10°) and its glass transi-
tion temperature is close to -68°C [396]. Interestingly, this fluoropolyphos-
phazene preserves its good properties up to 175 °C and exhibits excellent chemical
inertness. However, the synthesis of such a polymer is not easy (mainly because
of corrosion) and the purification of the trimer precursor is difficult to perform.

Concerning fluorinated polysiloxanes, the most common and commercially
available (by Dow Corning) has the following formulae:

CH,

I
{3i—0,
C,H,CF;

It is synthesised from the corresponding D; cyclosiloxane and exhibits a Tg of
-68°C. Such a polymer can easily be crosslinked by various processes of silico-
ne chemistry (e. g., peroxides, SiH or Si-vinyl derivatives). Fluorosilicones can be
used for their resistance to swelling in non polar medium (e.g., Skydrol fluids)
even at 100 °C ; but their main application is to replace elastomers of fluorinated
monomers at low temperatures.

Furthermore, important and interesting investigations have been performed
by Kobayashi and Owen [397] who prepared fluorosilicones with perfluorinated
lateral group:

I

%Si—O«} withn=1to 8.
| n
C2H4~ CnFZn +1

At the same time, the fluorinated chains have found applications in various
thermostable polymers such as polyquinazolones [398] and polyimides [399].In
this latter case, the presence of the fluorinated group decreases both the water
absorption and the dielectric constant.

7.3
From Telechelic Oligomers

Telechelic (or a, w-difunctional) oligomers exhibit functional groups at both
ends of the oligomeric backbone. These compounds are quite useful precursors
for well defined architectured polymers (e.g. polycondensates, polyadducts and
other fluoropolymers previously reviewed [400, 401]). As mentioned above, a
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large effort has been done for these last ten years, in order to prepare new
telechelic fluorinated telomers. These investigations have provided other
compounds than polyethers (Krytox, Fomblin and Demnum).

Thus, starting from fluorinated o, w-diiodinated telomers, various &, w-dienes
[388], a,co-diols [275, 386] and diacids have been prepared. Interestingly, fluori-
nated polyurethanes were synthesised from diols which exhibit fluorinated
groups either in the backbone or in the side chain. The former series [386, 402]
has led to fluoropolymers with interesting thermally improved properties
whereas the second family of diols has favoured lower surface tensions [70].

The synthesis of hybrid polysiloxanes is depicted in the following scheme
[389]:

CH; 1°) H,PtCl,
| o
2°)H,0/0H

CH,=CH—R;—CH=CH,+H-Si Cl

| 3°)copolycondensation

Re
CH, CH, Me
y AT

In the field of soft sequences in thermostable polymers, it is interesting to
note the real progress concerning the following reaction, previously studied by
McLoughlin and Thrower [403] and optimised by Chen et al. [404]:

—R—I+1—(O)— @ —— @ —{O)—R—(0O)—©

DMSO/biPyr.

The important increase of the yield allows to forecast new generation of
thermostable polymers.

Thus, fluorinated telomers are effective intermediates which can be utilised in
further reactions, producing high value added materials with relevant pro-
perties. Two main series of properties are obtained: the polymers containing the
perfluorinated group in the backbone exhibit higher thermostability whereas
those having such a group as a side chain are expected to show very good sur-
face properties.

8
Conclusion

This article outlines the important number of investigations performed on the
telomerisation of well-known fluorinated alkenes. These fluorotelomers allow to
synthesise novel fluoropolymers regarded as high value added materials with
usually exceptional properties.
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The telomerisation reaction appears a powerful tool to prepare well-defined
molecules and their well-characterised end-groups allow further key-reactions.
However, an adequate way of initiation has to be chosen and even if traditional
initiations are still up to date, recent processes appear promising (e.g. in super-
critical fluids).

However, it is known that some defects in chaining may enhance dramatic
issues (e.g. in polychlorofluorinated oils, two vicinal chlorine atoms induce
weak points which affect the thermostability).

Fortunately, much work has still to be developed, and especially a better
knowledge of the synthesis of tailor-made polymers with well-defined architec-
ture in order to improve the properties by a better control of the regioselectivity
and of the tacticity. Even if much work on the reactivity has been extensively
carried out by Tedder and Walton, methods are searched for a better orientation
of the sense of addition, since most fluoroalkenes are unsymmetrical.

In our opinion, two main processes should bring original solutions. The first
one concerns the step-by-step addition of fluoroalkenes (i.e., homostepwise
telomerisation as described by Tatemoto) in order to favour the generated
radical to react on the same site of the olefin.

The second opportunity deals with the use of organometallic systems which
allow a very good control of both the regioselectivity and the tacticity. This kind
of polymerisation has been used successfully on hydrogenated monomers, but,
has not yet been investigated on fluoroalkenes.

Hence, such systems should induce interesting consequences on the struc-
tures and on the properties of materials thus obtained. For example, in the case
of fluoroacrylic monomers, it is well-known that the crystallisation of perfluori-
nated chains insures improvement of surface properties. In addition, by intro-
ducing well-defined fluorotelomers in the backbone or in the side chains, build-
ing block silicones can be synthesised with monitored thermal properties
especially at low temperatures.

Such novel targets are real challenges and should attract the interest of many
academic and industrial researchers.
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