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Abstract

This review presents the results of the studies of fluorinated allyl cations in reactions of organofluorine compounds conducted during 1972~

1993. The probable mechanisms of the reactions are considered.
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1. Introduction

In 1972, I.L. Knunyants and coworkers discovered the
electrophilic dimerization of hexafluoropropene (HFP) [1].
They showed that under the action of antimony pentafluoride
and increased pressure at 70-80 °C, HFP dimerizes to form
4-trifluoromethylperfluoro-2-pentene as one of the reaction
products.

CF,=CF-CF; —— 5 (CF,),CF-CF=CF~CF,
70-80 °C pressure
(20%)

For the first time the assumption was made of the involve-
ment of a perfluoroallyl cation in this reaction as an attacking
particle [1].

F
Fy=CFCF, s CF o,
@
SbyFy,” CF,CF=CF,
SbF;

[CF,=CF—CF,CF(CF3),] —>»

CF,CF =CF —CF(CF),

2H-Pentafluoropropene dimerizes in a similar manner
under milder conditions [1].
SbFs

2CF,=CH~CF; “oor CF,—-CH=CF-CH(CF;),
(56%)
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Later R.D. Chambers and coworkers reported similar
results [2]. Additionally, it was found [3] that HFP reacted
with pentafluorobenzene in the presence of SbFs to form
perfluoropropenylbenzene among the reaction products [3].
The authors also assumed that the perfiuoroallyl cation was
also involved in this reaction.

SbF a

CF,=CF—CF; — CF,

— CF=CF-—CF,

2. Electrophilic alkenylation of fluoroethylenes

CF
CF:H
—)

® 'CF,

The hypothesis for existence of fluorinated allyl cations in
solution suggested that many of C5~C, fluoroolefins would
be sufficiently convenient precursors of the corresponding
allyl cations which could be used for electrophilic alkenyla-
tion of fluoroethylenes. In fact, it was found that under the
action of SbFs as a catalyst, HFP reacted with tetrafluoro-
ethylene (TFE) to give perfluoro-2-pentene preferably in thc
form of the trans isomer [4].

SbFs CF2=CF2

CF,=CF-CF; —— CF,~—~C==CF, Sb,F;;” —
\——W___J

@
[CE,=CFCF,-CF,CF,] ——> CF,~CF=CF~CF,CF,
(70%—90%)

The scheme for this reaction is analogous to the scheme
for the electrophilic dimerization of HFP presented above.
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The primary step of the reaction also involves the formation
of the perfluoroallyl cation from HFP under the action of
SbF;. The last step includes the migration of the double bond
in the intermediate terminal olefin from position 1 to the
interior of the chain under the action of SbFs [4]. Perfluo-
roisobutene [ 5], trifluorotrichloropropene [6], dichloroper-
fluoroisobutylene  [6], 2H-pentafluoropropene  [4],
1H-pentafluoropropene [7], etc. were successfully used as
the precursors of corresponding allyl cations and, therefore,
as alkylating agents.

CF3; CF3

I SbFs | CF2=CF2

CF2=C - CF3 _ F2C ;;C.‘-_:CF2 szF“ T —
;Y—_J

®

>
(CF3 ) 2C=CF—CF2—CF3 + CF3‘—CF2—CF2—C = CF—‘CF2CF3
(45%) (28%)
(Ref. [5])
H H
_ SbF, o
—
®
- CF, :CF2 _

CF;—~CH=CF—CF,CF, (Ref. [4])

(65%)

SbF;
CCl,=CCl—CF; — CL,C==CCl==CF,
®
_ CF, =CF,
SbyFy; —
. SbF;

CCl,=CCl—CF ,CF,—CF; —»

@

! CF, =CF

CCl,==CCl1==CF—CF,CF; ———5
CCl,=CQ —CF(CF ,CF;),

(65%) (Ref. [6])

Reaction of electrophilic fluorosulphonation discovered in
the 1980s is likely to occur involving the corresponding allyl
cations (8,91]:

SO3/BF3

CF2=CF—CF3 —_— F2C ’_'_'__CF ;CFz —_—
;__Y_'_)

@
CF,=CF-CF,0SO,F

SO3/SbF3

(Ref. [8])

(CF;) ,CF-CF=CF-CF;

(CF;),CF-CF=CF-CF,0S80,F (Ref. [9])

Thus, the hypothesis for the involvement of fluorinated
allyl cations in the reactions of organofluorine compounds
proved to be sufficiently fruitful and made it possible to
extend a set of methods available for the synthesis of some
types of fluoroaliphatic compounds including the higher
fluoroolefins.

3. Detection of fluorinated allyl cations by NMR
spectroscopy

The problem of detecting fluorinated allyl cations has its
own history. In the 1970s, the first representatives of fluori-
nated allyl cations were obtained containing strong electron-
donor substituents in position 1 of the allylic triad [10,11].

CF
RQN\ /CF'; BF3 . O(C2H5)2 RzN\ | 3
L= T GECeCR
RO CF, RO
‘ ®
(Ref. [10])
SbF,
> 80,,-30°C T
®

(R = OCH3, CH30C6H4, C6H5) (Ref [1 1])

Several research groups attempted to record the perfluo-
roallyl cations by the NMR method, but failed.

We have ascertained that fluorochlorinated olefins, such as
trifluorotrichloropropene,  1,1-dichloroperfluoroisobutene
and trichloroperfluoro-1-pentene, can easily form the corre-
sponding allyl cations (by the action of SbFs) which are
recorded by the NMR method at the common operating tem-
peratures of NMR spectrometers [12].

Cl
SbF; _
CClL=CCl—CF; —=> (] N Fa Sb,F},
\'@ ‘
Cl Fg
(D
CF,
| SbF, e _
CC12:C_CF3 —_—> CClz —_— |, "‘-CFz szF“
CF;
|y
SbFs

CClzz CCI_CFZ—CzFS —>

CCly==CCl===CF—CjFs  SbyF;,”
L__ﬂ__J h

®

(I
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For example, the 'F NMR spectrum of a trichlorotrifluo-
ropropene solution in excess SbF; contains no signals of the
starting olefin, but includes the AB system significantly
shifted downfield with respect to the precursor (F, = — 101
ppm, Fg= —93 ppm; CF;COOH as internal standard).

The presence of the AB system unambiguously points to
the appearance of a positive charge in the molecule. This is
the reason why the bond order between the C-2 and C-3 atoms
increases, resulting in the magnetic nonequivalence of the
fluorine atoms in cation L. There are three resonance signals
in the '*C NMR spectrum of this cation whose multiplicity is
significantly distinct from the multiplicity of the starting ole-
fin signals. Two of these signals, assigned to C-1 and C-3,
are shifted markedly downfield with respect to the precursor
(51 and 74.7 ppm, respectively), whereas the position of the
C-2 signal remained unchanged. In addition, we have
observed a significant increase in the absolute values of the
spin—spin coupling constants (SSCC) J('3*C-"°F) of cation
I'in comparison with the olefin. We have also observed sim-
ilar changes in the NMR spectra of cations II and IIL

Such changes in the chemical shifts of the '*C carbon nuclei
in cations I-III are consistent both with theoretical notions
about the positive charge distribution in allyl cations and with
experimental data obtained for hydrocarbon allyl cations
[13].

Perfluorinated allyl cations, such as perfluoroallyl (IV)
and perfluoromethallyl (V) cations, have also been charac-
terized via their '°F and >C NMR spectra [14,15].

F
SbF.

|
CF,=CF—CF; —%y CF,=-=C===:CF,  Sb,F|,~
%{_*J

®
av)

CF, (|3F3

SbF. -
CF,=C—CF; — CF,==C==CF, Sh)F},
\ﬂ__J

®
V)

In contrast to the spectra of cations I, II and III, those of
cations IV and V can be recorded at temperatures lower than
0 °C using SO,FCl or perfluorocyclobutane as the solvent. It
should be emphasized that in the spectra of IV and V, the
signals of their precursor olefins were observed at tempera-
tures even lower than —40 °C. The NMR spectra of cations
IV and V also contain downfield multiplets; however, these
spectra are not first order. In connection with this, the com-
plete analysis of the spectra was implemented using iterative
calculations. The assumption that the spin system of cation
IV is related to the AA’'BB’K type makes it possible to
achieve a good agreement between the theoretical and exper-
imental '°F NMR spectra for cation IV. The presence of such
a system confirms the elimination of fluorine anion from the

starting olefin resulting in an appearance of symmetry in the
'°F NMR spectrum of cation IV.

lfx
Fg C? Fp
\ LN B
C/ \CB 4

N
F, © Fyu

The '*C NMR spectrum of cation IV contains a downfield
multiplet at 170 ppm which may be considered to be the X
part of an ABCDKX system related to the resonance of one
of the carbon nuclei (C-1 or C-3).

The '*C and '°F NMR spectra for other fluorinated allyl
cations with various substituents in position 2 were recorded
and calculated in a similar manner [ 14].

X
SbF

i
CF,=CX—CF, —% CF,==C==CF, ShyF;,~

@
X =H (VI), C1 (VII), Br (VIII)

Examination of the NMR spectra of cations IV-VIII
allows us to state that the following changes are observed in
this case as one goes from the olefin to the cation. The signals
of carbon atoms C-1 and C-3 of the allylic triad bearing the
basic positive charge and the signals of fluorine nuclei at
these carbon atoms are shifted sharply downfield, whereas
the position of the signal corresponding to C-2 remains
unchanged. In addition to the changes in chemical shift, the
authors observed a marked increase in the SSCC values:
J(*Cy ~"°F), 2J("F-'F) and *J(F,,~Fs,).

i
F. C F
\C*/"-\C?‘f/
/
F, @ CF,

The last mentioned constant is quite typical of fluorinated
allyl cations. This value of this constant varies within the
range 120-160 Hz and is more than twice the magnitude of
the similar constant in a,a-difluoronaphthalene which con-
tains no charge [14]. It should be noted that for all cations
described above the signals of carbon nuclei C-1 and C-3
bearing the positive charge are more high field in comparison
with the corresponding signals of the hydrocarbon allyl cat-
ions [ 13]. This difference is likely to be attributed to a partial
compensation of the positive charge due to back-donation of
the charge density from the fluorine atoms to the positively
charged carbon atom. The high deshielding of the fluorine
nuclei at C-1 and C-3 supports this assumption. The results
of quantum chemical computations of fluorinated ally! cati-
ons also confirm the involvement of the fluorine atoms
attached to C-1 and C-3 in the stabilization of the positive
charge [16]. We could expect that a substituent in position
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Table 1
Equilibrium thermodynamic parameters

CF,=CX—CF; %) CF,—CX—“CF, SbjF,,

¥,'V___/

@

(X =F.CF,]
Cation X AH ASeu. AG

(kcal mol ") (kcal mol~ 1)
v F -59 ~26.1 1.8
v CF, -46 ~239 2.5

2 would have no marked effect on the stability of fluorinated
allyl cations, because the positive charge in such cations is
concentrated in positions 1 and 3. However, when the NMR
spectra of these particles were recorded, it became apparent
that this assumption was only valid on a limited scale.

Thus, under identical conditions (an olefin/SbFs mole
ratio > 2; solvent, SO,CIF), the '°F NMR spectra of cations
IV and V contain the signals of the olefin precursors even at
low temperatures.

At the same time, no signals attributable to the correspond-
ing olefins are observed in the spectra of cations VI-VHI in
the temperature range —50 °C to +25 °C [17]. In this
respect, the stability of cations IV-VIII relative to the sub-
stituent in position 2 was studied.

It emerged that the relative integral intensity of the signals
arising from both the cations and their precursor olefins
depended on the temperature. The existence of this depend-
ence allowed us to obtain the equilibrium thermodynamic
parameters for cations IV and V as listed in Table 1 [17].

It follows from these data that the formation of cations IV
and V is energetically profitable: the negative values of AS
point to an increase in the order of the system resulting from
the appearance of a charge. Cation IV is more stable than
cation V by 1.3 kcal mol ~. Similarly, cations VI, VII and
VIII prove to be more stable than cations IV and V.

However, we failed to obtain equilibrium thermodynamic
parameters for cations VI-VIII using NMR spectroscopy,
because the equilibrium constant is more than unity in this
case. In fact, we succeeded in estimating the relative stability

Table 2
Kinetic parameters for the interaction between the cations and the fluoride ion

X

| SboF,,”
CE,=2C:=CF, —— CF,=CX—CF,
\—:ﬂ—_/

of cations VII and VIII from the kinetics of the reverse
reaction (see Table 2).

The relative stability of cation VI was evaluated using the
competing reaction method in the presence of an SbFs deficit.
For this purpose we recorded the '’F NMR spectrum for a
mixture of two olefins, i.e. 2H-pentaflucropropene and 2-
chloropentafluoropropene, with SbFs in SO,CIF solution at
an olefin/olefin/SbFs molar ratio equal to 1:1:2. The spec-
trum recorded contained multiplets corresponding to cation
VI and 2-chloropentafluoropropene. This indicates that cat-
ion VI has the highest thermodynamic stability in the series
studied [17]. In summary, the results presented above lead
to the following order of stability for fluorine-containing allyl
cations (CF,==CX-=:CF,) * depending on the nature of sub-
stituent in position 2: H> C1> Br>F> CF;. Thus, the sta-
bility of fluorinated allyl cations increases as both the acceptor
ability and the bulk of the substituent in position 2 decrease.
The latter is typical for the pairs of cations VII-VIII and IV-
V.

The effect of substituents in position 1 of the allylic triad
on the stability of fluorinated allyl cations was investigated
via the example of the 1-substituted allyl analogues of the
perfluoroallyl cation I'V.

SbF -
CFX=CF—CF, — CFX==CF==CF, Sh)F
k__ﬁ___J
@
(IX-XII)

(X = H (IX), Cl (X), Br (XI), C4F5 (XII)]

These cations may also be prepared by the action of SbF;
on the corresponding fluoroolefins in SO,CIF solution and
can be characterized via their '*C and '’F NMR spectra [ 18].
Again, the changes observed in the spectra were similar to
those considered above, unambiguously confirming the elim-
ination of the fluoride ion from the starting olefin. A signifi-
cant downfield shift of the signals for the C(1)-F and C(3)~
F fragments occurs, whereas the position of the lines for
C(2)-F remains virtually unchanged. A marked increase in
the SSCC values, i.e. 'J('*C-'°F), 2J(*’F-'F) and *J("°F-
F), was also observed.

According to the NMR spectra, cations IX-XI retain the
configuration of their precursor olefins. In particular, cation

®
(X =F, C}, Br)
Cation X AE AH AS (en.) AG
(keal mol~!) (kcal mol™!) (kcal mol™')
v F 6.2 6.9 —84 94
via Cl 216 222 —12.1 25.5
VIII Br 13.7 14.2 -15.0 18.7
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Table 3
Thermodynamic parameters for the formation of cation IX

CHF=CF—CF, + SbF; =

CHF-CF —CF, SbF,”

[ —
@
AH AS (ew.) AG
(kcal mol ") (kcal mol™ ')
43402 —26+1.8 -26+0.2

IX (X =H) exists in the form of the cis isomer and cations
X and XI in the form of mixtures of the cis and trans isomers
in the same ratios as their olefin precursors.

]

F F F. _C.
/ SbF, N TN
C=C —> /C «

H CF, H @

The only exceptions was cation XII (X =C¢F), which
was observed in the form of the trans isomer in solution
independent of its precursor configuration [ 19].

j
CFs. C. F
SbE, NN
CFs—CF=CF—CF, —» B¢
F° ® §

As would be expected, cations IX—XII differ markedly in
terms of their stability. In the **F NMR spectrum of a mixture
of 1H-pentafluoropropene with SbFs (olefin SbF; mole
ratio = 1:2, solvent, SO,CIF), the signals of both the cation
IX and its olefins precursor were observed even at — 50 °C,
the relative integrated intensities of the cation and its olefin
signals depending on temperature. For instance, in the tem-
perature range — 50 to 10 °C, the molar concentration of
cation IX decreased from 33% to 15%. Under the same con-
ditions, the '°F NMR spectra of cations X—XII contained no
signals corresponding to olefins.

The existence of the temperature dependence of the inte-
gral intensity of the signals of the olefin and cation (in the
'F NMR spectra) makes it possible to calculate the equilib-
rium constant for the formation of cation IX and to derive the
thermodynamic parameters for this equilibrium [18] (Table
3.

It follows from these data that the stability of cation IX is
lower than that of the perfluoroallyl cation by 1.6 kcal mol ~*;
this is consistent with theoretical ab initio calculations for
allyl cations [16]). According to these calculations, the
replacement of the hydrogen atom by a fluorine in position 1
of the allylic triad stabilizes the corresponding allyl cation by
2.8 kcal mol ~! whereas the same replacement (H by F) in
position 2 destabilizes the cation by 15.8 kcal mol ™' [16].
Therefore, the experimental evidence indicates that in allyl

cations the fluorine atom attached to C-1 and C-3 (bearing
the major positive charge) acts overall as an electron donor
and thus stabilizes the positive charge by a ‘back-donation’
mechanism.

The relative stability of cations X—XII was estimated using
competing reactions. For this purpose the '°’F NMR spectra
were recorded at +7 °C for mixtures of two fluoroolefins
with an SbF; deficit. It was found that cation X (X =Cl) was
more stable than cation IV (X =F) (integrated intensity ratio
3:1); and cation XI (X =Br) was more stable than cation X
(integrated intensity ratio 4:1). The stability of cation XII
(X =C¢Fs) was equal to that of cation X (integrated intensity
ratio 1:1) and was significantly lower than the stability of
cation XI (integrated intensity ratio 4:1).

Thus, based on quantitative and qualitative data, we may
propose the following stability order for fluorinated allyl cat-
ions depending on the nature of the substituent in position 2:

CFX—-CF ==CF, ; H<F < Cl=C¢Fs <Br.
—
@

As mentioned above, a fluorine atom in positions 1 and 3
of the allylic triad behaves as an electron donor, i.e. the strong
inductive destabilization of the cation by fluorine is compen-
sated by back-donation of the charge density on the positively
charged carbon. It is generally assumed that both these effects
decrease as one goes from fluorine to iodine. This statement
is supported experimentally, for example, by the kinetics of
protonation of 2-substituted propenes with trifluoroacetic or
sulphuric acids [20], i.e.

CH,=CX~CH, —— CH,-CX-CH,
(X=H,F, Cl, Br)

where the sequence F> Cl>Br>H is observed. However,
as the charge demand changes (for example, in the case of
substituted methyl cations in the gaseous phase) the order of
positive charge stabilization with halogens changes as fol-
lows: I>Br>Cl>F [20].

Hence, for 1-substituted fluorinated allyl cations, the sta-
bility order for the substituents F, Cl and Br is in good qual-
itative agreement with the stability of the * CH,X cations in
the gaseous phase. This is likely to be associated both with
the decreasing electron-withdrawing properties of the sub-
stituents and the increasing polarizability in going from fiu-
orine to bromine.

The improved stabilization of the positive charge with
more ‘heavy’ halogens than fluorine is also observed in the
series of 1-substituted analogues of the perfluorometallyl cat-
ion [21],1e.

?Fa (|3F3
SbF -
CFX=C—CF,; — CFX==C==CF,  Sb,F
;\(—j
®

[X=F,ClBr,1; X=0CH,; (XIII)]



112 G.G. Belen'kii / Journal of Fluorine Chemistry 77 (1996) 107116

where the sequence F < C1 < Br <1< OCHj, is observed. Note
that the stability of the most stable in this series, i.e. cation
XII1, is close to the stability of cation VI [21]. Therefore,
the absence of an electron-withdrawing substituent in posi-
tion 2 of fluorinated allyl cations is virtually equivalent to the
introduction of a strong electron-donor group in position 1
[21].

As mentioned above, the 2-chloro- and 1-chloro-fluoroal-
lyl cations VII and X are more stable than their perfluorinated
analogue IV. Using the method of competing reactions, we
have found that cation VII is more stable than cation X
(integrated intensity ratio 2:1 in "’NMR spectrum) [18].
Hence, the presence of substituents such as H and Cl in
position 2 of the fluoroolefin precursors of the corresponding
allyl cations results in a greater energetic gain in the formation
of allyl cations than the presence of the same substituents in
position 1.

It is worth noting that we failed to observe the formation
of the corresponding allyl cations from internal perfluoro-
olefins such as perfluoro-2-butene and perfluoro-2-pentene
using '°F NMR spectral techniques. Apparently, the presence
of the electron-withdrawing perfluoroalky! group in position
1 of the allylic triad leads to a significant decrease in the
stability of the allyl cation. It is probably for this reason that
we were unsuccessful in using these olefins as alkenylating
agents [4,5].

4. Migration of the multiple bond in fluoroolefins
catalyzed with SbF

The last step of the scheme for electrophilic alkenylation
presented above includes the migration of the multiple bond
in the intermediate terminal olefin to the interior of the chain.
This step has been confirmed experimentally. Thus, under
mild conditions terminal olefins such as perfluoro-1-pentene,
perfluoro-1-hexene, etc. readily isomerize in the presence of
an SbF; catalyst to give the corresponding olefins with the
double bond in position 2 [22].

CF,=CF-CF,-Ry :S:if-g CF,—CF=CF-R;

(Rg= CF3, C,Fs, C3F;)

Perfluoroisopropylethene rearranges into tris(trifluoro-
methyl)ethylene on heating to 3040 °C [22].

SbF:
CF,=CF-CF(CF,), m’—g CF,-CF=C(CF,),

Note that in all of the cases indicated above the isomeri-
zation of 1-olefins into 2-olefins occurs stereospecifically,
leading almost exclusively to the trans isomers [22]. The
only exception is perfluoroallylbenzene which is converted
to a 1:1 mixture of cis- and trans-perfluoropropenylbenzenes
under the action of catalytic amounts of SbFs. Pure cis- and
trans-perfluoropropenylbenzenes again form the same
mixture of isomers in the same ratio when treated with SbF;
[22].

C¢Fs F
N
/C:F\
F CF,
_ S,
CFE,=CF—CF,—CF; —*» ﬁ Sb,
C F CE
6'5 N 3
c=c
F F

Migration of the double bond in fluoroolefins under the
action of the fluoride ion, which occurs via intermediate for-
mation of carbanions, has been reported previously [23].
Since SbF; is one of the most active electron acceptors, it is
obvious that the migration of the double bond in olefins pro-
ceeds by an alternative route in this case. It would appear
reasonable that the migration of the double bond in olefins
catalyzed SbF; occurs via intermediate formation of the cor-
responding allyl cation or via a transition state which is sim-
ilar to the allyl cation in its structure.

F
|

C
N o=
C/' \'\C/

/ AN
@ F

lezF, -

C,F

F\c—c/ 8
Vol
F,C F

SbF; ]
CF?_:CF —CFz‘CzFS > F CZPS

As mentioned above, the SSCC *J('°*F-'°F) is very sig-
nificant for fluorinated allyl cations. Its large value demon-
strates the significant contribution made by the interaction
through space which requires the maximal proximity of sub-
stituents attached to C-1 and C-3 which occurs in the ‘cis’
position. From this viewpoint, the presence of any group more
bulky than fluorine in this configuration will result in addi-
tional steric hindrance and destabilization of the correspond-
ing allyl cation. Thus, the trans isomers are more stable for
perfluorinated allyl cations, and this determines the stereo-
chemistry of migration of the double bond in aliphatic per-
fluoroolefins. The formation of «cis- and trans-
perfluoropropenylbenzenes in equal amounts in the rear-
rangement of perfluoroallylbenzenes is likely to be attributed
to a substantial decrease in the rotation barrier around the
pseudo-double bond in cation XII. It should be noted that
fast quenching of a solution of cation XII in SO,CIF with HF
at — 30 °C leads to the marked predominance of the trans-
olefin in the reaction mixture (3:1). Thus, the trans isomer
is a product of kinetic control.
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c N o HF
/ AN =30 °C
F ® F
CeFs JF CeFs CF;
Cc=C + Cc=C
N\ / N
F CF; F F
3 1

It was found that refluxing 2-perfluoroolefins with a cata-
Iytic amount of SbF; resulted in an equilibrium fluoroolefin
mixture containing 75%—-80% 3-olefin and 20%—25% 2-ole-
fin [24].

SbF
CF;-CF=CF-CF,~(CF;),—CF; —_—

60-70 °C
CF,CF,~CF=CF—(CF,),~CF,
(n=1,2)

Migration of the multiple bond catalyzed by SbFs was also
observed in the perfluorinated diene series. For example, per-
fluoro-2-methyl-2,4-pentadiene isomerizes under the action
of SbF; at 0-5 °C to give perfluoro-2-methyl-1,3-pentadiene,
the latter product isomerizing quantitatively into
tris (trifluoromethyl)fluoroallene at 20 °C [25].

CFy
SbF, h ! szFui
— (CFp,C=CF—CF=CF, W [CF,—C=CF—CF=CF,] ———»
CF,
| SbF; +
CF,=C—CF=CF—CF; 5o [CF,=C—C=CF—CF]
CF;
leZF”'
CF, F
N %
SoF, R Je=c=c_
0°¢ CF, CF,

5. Fluorinated allyl cations as intermediates in
electrophilic addition reactions to fluorinated allenes
and dienes

Perfluoroallenes are known to add electrophilic reagents,
for example HF and BF;, readily, with the initial attack of an
electrophile directed at the central carbon atom of the allene
system [26-28].

H
CF,=C=CF, — ¥ 3 CF —é—CF
2 2 78 °C t0 20 °C 2 2 —
CF,=CH—CF, (Ref. [26])
BF,
CF,=C=CF —B5 , (cF (|: X,] —
2 2 78 °C to 20 °C [\ (N s
I )
CF,=C—CF; (Ref. [27])
H
HF . | .
CF; —CF=C=CF, 5> [CF;—CF==C==CF,] —»
CF, —CF=CH—CF,; (Ref. [28])

The orientation of the addition of the electrophilic agents to
the fluorinated allenes is likely to be associated with the
formation of relatively stable allyl cations in the first step.

Recently, it has been shown that the electrophilic bromo-
fluorination and chlorofluorination of 2-chloropentafluoro-
butadiene occur exclusively at the 1,4-position in a strictly
regioselective manner, i.e. the initial attack of the electrophile
is directed towards the difluoromethylene moiety of the tri-
fluorovinyl group in the starting diene [29].

“N-X

CF,=CF—CCI=X, _/E—’ CF,X—CF=CCICF,

(X =Br, Cl)

It is probable that in this case the regioselectivity of addi-
tion is connected with the stability of the intermediate allyl
cation. For example, attack of the electrophile at the CF,=CF
group of the starting diene leads to the formation of relatively
stable cation A which contains a chlorine atom in position 2
of the allylic triad.

CF,=CF—CCI=CF,

X@
;i .F
XCF,—CF— (2 C3F, CF,' = C2=CICI—CF,X
%___J
® ®
(A) iHF (B)

XCF,—CF=CCI—CF,

The initial attack of an electrophile at the CE,=CFCl group
will form cation B containing chlorine and fluorine atoms in
positions 1 and 2 of the allylic triad, respectively; this makes
cation B less stable than cation A.
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It turned out that 2-chloroperfluorobutadiene did not react
with anhydrous HF, CF;SO;H and HSO,F. But 2-chloropen-
tafluorobutadiene readily added SbF; in a solution of SO,FCI
to form a mixture of vinylic antimony derivatives.

PSP SbF;
CF CF CF CF
S\C_C/ 3 . / 3\C__ y 3
27N =C
cl SbE, CI

2 SbF,

Isomerization of the diene apparently occurs in the first
step to yield the corresponding allene, the latter being
attacked at the central carbon atom by electrophilic SbF,* to
form the allyl cation C as an intermediate. Stabilization of
cation C with fluoride ion derived from the medium results
in one of the final products of the reaction [29].

SbFs

CF,—CCl-CF=CF, ——— [CF,=CCl-C=CF,] —>

SbF4*, SbaF11~

[CF;—~CCl=C=CF,] ——>=",

&)
CF; " CF; N _CF;
CC—CF | —> C=C etc
7 N / N
Cl SbF, cl SbF,
(€

6. Isomerization of fluorinated cyclopropanes under the
action of SbF;

Ring-opening of halo-substituted cyclopropanes under the
action of Lewis acids is one method for generating allylic
cations [30]. It is commonly supposed that opening of the
three-membered ring to yield the allylic cation occurs syn-
chronously as a concerted disrotation process [ 30].

Apparently, perfluoroalkoxypropanes which isomerize
into perfluoro-2-alkoxypropenes [31] under the action of
SbF; at 100 °C react in a similar manner [31].

g
F SbE F A_F
P, we YL
ORF - F @ F
X1V, XV)

e
SbZFl l- —> CFQZC”—‘CF3

(R = CF;3, G3F;)

Cations XIV (R=CF;) and XV were recorded by NMR
spectroscopy in the interaction of the corresponding olefins
with SbF; in an SO,CIF solution [31].

Using competing reactions, we have ascertained that cation
XIV is less stable than perfluoroallylic cation IV, its stability
being equal to that of the perfluoromethallylic cation V. Cat-
ions XIV and XV react with tetrafluoroethylene to form 2-
perfluoroalkoxy-substituted perfluoro-2-pentenes [32].

ORy
CF,-C-=CF, SbhFy, =,
P —
@
ORg

|
CF,—C=CF—CyFs

However, replacement of the perfluoroalkoxy group in the
cyclopropane ring by the trifluoromethyl group changes sig-
nificantly both the direction of the ring-opening and the reac-
tion conditions. For example, perfluoro(methylcyclo-
propane) isomerizes to perfluoro-2-butene under the action
of SbF; even at 20 °C [31].

F SbF,
l>< ——*» CF;—CF=CF—CF;

(95%)

In this case the first step in the ring-opening is heterolysis
of the C-F bond in the CF; group of the starting cyclopropane,
resulting in the formation of the cyclopropyl-substituted car-
benium ion XVI as a probable intermediate. Opening of cat-
ion XVI occurs with cleavage of the attached bond in the
cycle and finally leads to perfluoro-2-butene. Various
attempts failed to record cation XVI by NMR methods over
the temperature range —60 °C to —30 °C [31].

F SbF, F
F — | F ® —>
CF, CF,

(XVI)

@

[CF,— CE,—CF=CF, ] —» CF;—CF=CF—CF,

It follows from the scheme proposed that an increase in the
length of the perfluoroalkyl chain in perfluorocyclopropanes,
which is equivalent to the introduction of an electron-with-
drawing substituent at the reaction centre, makes the isom-
erization conditions significantly more drastic. In particular,
perfluoro(ethylcyclopropane) reacts with SbFs giving only
perfluoro-2-pentene at 100 °C [31].

F SbF
D< e
CFs 100°C

CF;—CF=CF—CF;
(95%)
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7. The perfluoropentadienyl cation

It may be expected that, like allyl cations, perfluorinated
dienyl cations would be reasonably stable in a slightly nucleo-
philic medium. In fact, when pentafluoro-1,4-pentadiene is
allowed to interact with an excess of SbFs in an SO,CIF
solution, the perfluoropentadienyl cation is formed which
may be detected by the '°F NMR technique at 0 °C [33].
CF,=CF— CF,—CF=CE, —2%¢ ,

SO,CIF

2 |4

F
F F F
]
(XVID)

The '°F NMR spectrum of cation XVII contained no sig-
nals of the precursor, but included four complicated multi-
piets in the region 6 — 64 ppm to 102 ppm (CF;COOH used
as internal reference). A complete analysis of the spectrum
for the seven-spin system formed by the '°F nuclei was per-
formed using the iterative method. It was ascertained that the
signals of the fluorine nuclei at C-1 and C-5 are in the lower
field. It follows from SSCC values that cation XVI has a W
(s-trans,s-trans) structure. This structural is also supported
by quantum chemical MNDO studies. According to such
calculations, the positive charge in cation XVII is localized
on the C-1, C-3 and C-5 atoms, with the maximal positive
charge concentrated on C-1 and C-5.

Like fluorinated allyl cations, cation X VII reacts with tetra-
fluoroethylene to afford perfluoro-2,4-heptadiene (XVIII)
[34].

CF,=CF-CF,-CF=CF, —=*5 XVII

Sb,F;;”

CF2=CF2
—_—

20 °C

CF;~CF=CF-CF=CF-C,F;
(XVIII) (70%-80%)

It should be noted that diene XVIII is capable of being
condensed with tetrafluoroethylene in the presence of SbF;
to form perfluoro-3,5-nonadiene [34], despite the fact that
the intermediate perfluorinated dienyl cation contains the
electron-withdrawing group in the resonance position. The
existence of a longer chain for positive charge distribution in
the dienyl cations apparently makes them less sensitive
towards the effect of electron-withdrawing substituents than

allyl cations.
CF2=CF2

CF;—CF=CF-CF=CF-C,F; =
S

CF;~CF,~CF,~CF=CF-CF=CF-C,F;

8. Recent developments

As mentioned above, under comparable conditions internal
perfluoroolefins such as perfluoro-2-butene, perfluoro-2-pen-

tene, etc. do not react with antimony pentafluoride to form
allyl cations, and probably for this reason they cannot be used
as alkenylating agents.

However, Krespan has recently found that modified AlF;
of formula AL,F, ¢Cly ;, prepared from AICl; by replacement
(exchange) of chlorine by fluorine, is likely to be a stronger
Lewis acid than SbFs [35]. This catalyst makes it possible
to use internal olefins (for example, perfluoro-2-pentene) as

precursors for the corresponding allyl cations.
AlF3

CF,~CF=CF-CF,-CF, ——»

® CF2=CF>
[CEF,—CF=CF-CF,—CF;] —

3440 °C

CF3—CF2—CF2—CF=CF—CF2*CF3
(78%)

References

[1] Yu.L. Kopaevich, G.G. Belen’kii, E.I. Mysov, L.S. German and LL.
Knunyants, Zh. Vses. Khim, Ova, 17 (1972) 236.

[2] R.D. Chambers, A.S. Matthews and A. Parkin, J. Chem. Soc., Chem.
Commun., (1973) 509.

[3] V.V.Brovko, V.N. Vlasov, L.I. Kann, T.D. Petrova, V. Sokolenko and
G.G. Yakobson, Zh. Org. Khim., 11 (1975) 1042.

[4] G.G. Belen'kii, E.P. Lu’re and L.S. German, /zv. Akad. Nauk SSSR,
Ser. Khim., (1975) 2728.

[5] V.A. Petrov, G.G. Belen'kii, L.S. German and E.I. Mysov, Izv. Akad.
Nauk SSSR, Ser. Khim., (1981) 2098.

[6] V.A. Petrov, G.G. Belen’kii, L.S. German, A.P. Kurbakova and L.A.
Leites, Izv. Akad. Nauk SSSR, Ser. Khim., (1982) 170.

[7]1 V.A. Petrov, G.G. Belen’kii, L.S. German and E.I. Mysov, /zv. Akad.
Nauk SSSR, Ser. Khim., (1982) 1591.

{8] C.G. Krespan and D.C. England, J. Am. Chem. Soc., 103 (1981) 5598;
C.G. Krespan and D.A. Dixon, J. Org. Chem., 51 (1986) 4460.

[9] V.F. Cherstkov, S.R. Sterlin, L.S. German and L.L. Knunyants, /zv.
Akad. Nauk SSSR, Ser. Khim., (1982) 1917.

[10] LL. Knunyants, E.G. Abduganiev, E.M. Rokhlin and P.I. Okulevich,
Tetrahedron, 29 (1973) 595.

[11] R.D. Chambers, A. Parkin and R.S. Mathews, J. Chem. Soc., Perkin
Trans. 1, (1976) 2738.

[12] V.A. Petrov, G.G. Belen’kii and L.S. German, Izv. Akad. Nauk SSSR,
Ser. Khim., (1984) 438,

[13] G.A. Olah and R.J. Spear, J. Am. Chem. Soc., 97 (1975) 1539.

[14] M.V. Galakhov, V.A. Petrov, V1. Bakhmutov, G.G. Belen’kii, V.A.
Kvasov, L.S. German and E.I. Fedin, Izv. Akad. Nauk SSSR, Ser. Khim.,
(1985) 306.

[15] V.A. Petrov, G.G. Belen’kii, M.V. Galakhov, V.I. Bakhmutov, L.S.
German and E.L. Fedin, Izv. Akad. Nauk SSSR, Ser. Khim., (1984)
2811.

[16] M.H. Lien and A.C. Hopkinson, J. Phys. Chem., 88 (1984) 1513.

[17]1 M.V. Galakhov, V.A. Petrov, G.G. Belen’kii, V.I. Bakhmutov, L.S.
German and E.I. Fedin, Izv. Akad. Nauk SSSR, Ser. Khim., (1986)
1057.

[18] S.D. Chepic, M.V. Galakhov, G.G. Belen’kii, V.A. Petrov, L.S.
German and V.I. Bakhmutov, Izv. Akad. Nauk SSSR, Ser. Khim.,
(1988) 1988.

[19] M.V. Galakhov, V.A. Petrov, S.D. Chepic, G.G. Belen'kii, V.I.
Bakhmutov and L.S. German, Izv. Akad. Nauk SSSR, Ser. Khim.,
(1989) 1773.

[20] T.T. Tidwell, Angew. Chem., Int. Ed. Engl., 23 (1984} 20.

[21] M.V. Galakhov, G.G. Belen’kii, V.A. Petrov, E.I. Fedin and V.L
Bakhmutov, Izv. Akad. Nauk SSSR, Ser. Khim., (1986) 1054.



116 G.G. Belen'kii / Journal of Fluorine Chemistry 77 (1996) 107-116

[22] G.G. Belen'kii, G.I. Savicheva, E.P. Lur’e and L..S. German, /zv. Akad.
Nauk SSSR, Ser. Khim., (1978) 1640.

[23] W. Miller, J. Fried and H. Goldwhite, J. Am. Chem. Soc., 82 (1960)
3091.

[24] G.G. Belen’kii and L.S. German, Chem. Rev. (Soviet Scientific
Reviews), 5 (1984) 206.

[25] V.A. Petrov, G.G. Belen’kii and L.S. German, Izv. Akad. Nauk SSSR,
Ser. Khim., (1981) 1920.

[26] R.E. Banks, R.N. Haszeldine and D.R. Taylor, J. Chem. Soc., (1965)
978.

[27]1 R.D. Wilson, V. Maya, D. Philipowichand K.O. Christe, Inorg. Chem.,
22 (1983) 1355.

[28] R.E. Banks, A. Braithwaite and R.N. Haszeldine, J. Chem. Soc. C,
(1969) 454.

[29] S.D. Chepic, G.G. Belen'kii, V.A. Petrov and L.S. German, J. Fluorine
Chem., 65 (1993) 223.

[30] P.R. Shleyer, M. Sounders and J.C. Rosenfeld, J. Am. Chem. Soc., 91
(1968) 5174.

[31] S.D. Chepic, V.A. Petrov, M.V. Galakhov, G.G. Belen’kii, E.I. Mysov
and L.S. German, Izv. Akad. Nauk SSSR, Ser. Khim., (1990) 1844.

(32] S.D. Chepic, G.G. Belen’kii and L.S. German, fzv. Akad. Nauk SSSR,
Ser. Khim., (1991) 1936.

[33] M.V. Galakhov, Yu.A. Borisov, V.A. Petrov, G.G. Belen’kii, L.S.
German and V.I. Bakhmutov, {zv. Akad. Nauk SSSR, Ser. Khim.,
(1986) 1761.

[34] V.A. Petrov, G.G. Belen’kii, L.S. German and E.I. Fedin, Izv. Akad.
Nauk SSSR, Ser. Khim., (1990) 920.

[35] C.G. Krespan, WO Pat. WO 92/06942, 1992.



