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NMR Spectroscopy of Polyfluorinated Allyl Cations

V.I.Bakhmutov and M.V.Galakhov

The results of the NMR study of the hydrocarbon allyl cations are briefly surveyed. The 13C and 19F NMR spectra of
polyfluorinated cyclic and acyclic allyl cations are considered and the spectral features of their formation in solutions are
discussed. The influence of substituents and of the positive charge on the chemical shifts and the spin -spin coupling constants
V(1 3C-1 9F) and 4J(1 9F -1 9F) of polyfluorinated allyl cations are considered. NMR data are presented on the relative stabilities
of polyfluorinated allyl cations.
The bibliography includes 85 references.
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I. INTRODUCTION

The study of the structures, thermodynamic stabilities, and reac-
tivities of carbenium ions remains one of the most rapidly develop-
ing fields in modern organic chemistry of current interest. Since the
publication of the first studies by Olah (see, for example, Ref.l),
already regarded as classical, which have laid the foundations of this
field and have made an appreciable contribution to its development,
an enormous amount of data has accumulated in the world literature
on carbonium ions with the most varied structures and on their
properties, spectroscopic characteristics, and reactivities.2 The ! H
and 1 3C NMR spectroscopy has played a decisive role in the estab-
lishment and development of the chemistry of carbenium ions. The
results obtained by this method have in essence led to the formula-
tion of new fundamental concepts in the theory of the chemical
bond. On the other hand, the experimental difficulties in the detec-
tion and investigation of charged organic species have exerted a
certain influence on the improvement of the NMR experimental
technique and on the search for increasingly new features relating
the spectroscopic and structural characteristics of organic mole-
cules.3'4

Studies on cations of the allyl type have made a major contribu-
tion to the formulation of the fundamental ideas in the chemistry of
carbenium ions. The ! H NMR spectra of allyl and 2-methylallyl
cations, published in 1964,5 induced an avalanche-like development
of this field, which is indicated by hundreds of publications devoted
to the investigation of the structures of positively charged allyl sys-
tem (see, for example, Refs.6 —11). However, until very recently
there was virtually no information in the world literature about the
polyfluorinated allyl cations, which have been merely postulated as
intermediate species in electrophilic alkenylation reactions of fluoro-
olefins in the presence of Lewis acids.12""14

The theoretical interest in polyfluorinated allyl cations can be
accounted for also by the following factors. The direct observation
of α-fluoro-aa-diphenyl- and αα-difluoro-a-phenyl-methyl cations by
1 9 F NMR8 '1 1 has made it possible to put forward the concept of the
ability of the fluorene atom to stabilise the positive charge localised
on a neighbouring carbon atom. However, this concept, which has
been convincingly justified experimentally in relation to cations of

the alkyl type, for a long time clearly conflicted with the unsuc-
cessful attempts to obtain perfluorinated allyl cations by treating
perfluoropropene8'14 and perfluorocyclobutene14'15 with antimony
pentafluoride. The perchlorinated allyl cation has been isolated in
the form of the solid salt C3CI5AICI4,16 which in fact suggested that
fluorine exerts an influence which is the opposite of that of chlo-
rine, namely a destabilising influence in the case of allyl systems.17

At the same time, the introduction of markedly electron-donating
groups in the 1-position in perfluoroisobutene and perfluoropropene
makes it possible to obtain smoothly the corresponding cations:14·18
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The present review, which is based on the literature of the last five
years, is in fact devoted to the resolution of the uncertainties which
have thus arisen.

The main method for the investigation of carbonium ions and
carbanions is known to be NMR spectroscopy, which makes it
possible not only to detect the appearance of a charged centre in the
molecule but also to investigate in detail the structural features of
the species formed. This is based on the comparatively simple
relations found at the present time between the spectroscopic and
structural parameters of organic molecules.3·4 On the other hand,
in the case of the 1 9 F and 1 3C NMR of organofluorine com-
pounds,19'20 the problem of spectroscopic —structural relations is still
far from being resolved. The present review therefore also has a
methodological purpose—to survey the characteristic features of the
NMR spectra of polyfluorinated allyl cations.
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II. NMR SPECTRA AND CHARGE DISTRIBUTION IN
HYDROCARBON ALLYL CATIONS

Before discussing polyfluorinated allyl cations, it is useful to
consider briefly data on the hydrocarbon allyl cations, demon-
strating the possibilities of NMR spectroscopy in the study of the
structures of such species in solutions.

According to the current classification,11 allyl cations can be
regarded as cations of the classical type with the localisation of the
positive charge on the terminal carbon atoms,21·22 as shown in
Scheme 2, from which the difference between the terminal and cen-
tral atoms evidently follows:

Scheme 2

Θ

Accordingly, the analysis of the 1 3C NMR spectra of a large number
of acyclic cations having the general formula (III), presented in
Scheme 3 s

2 3 · 2 4 ' 2 6- 2 8 shows that the transition from the precursors
(olefins) to cations is accompanied by appreciable downfield shifts
(up to 100 p.p.m.) of the 1 3C signals in the 1- and 3- positions so
that the C(l, 3) chemical shifts δ are always significantly greater
than the shifts δ for the C(2) nuclei in the same cation:

Scheme 3
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[Here and henceforth the numerals in square brackets denote
references (Translator)].

Thus the relative positions of the C(l - 3) signals in the 1 3C NMR
spectra correspond satisfactorily to the structure of the allyl cation,
agree with the ab initio calculations of the π-electron density on the
atoms of the allyl triad, and hence can be used successfully for the
identification of systems of this kind in solutions. As regards the
JH NMR spectra, in this case there is no unambiguous correspon-
dence with the charge distribution scheme (Scheme 2).5·25 Indeed,
despite the fact that, on passing from the precursors to the cations
downfield shifts of the signals are indeed observed in the lH NMR
spectrum, there are nevertheless by no means infrequent cases where
δ^Η) for C(2) is greater than for the C(l, 3) atoms bearing a posi-
tive charge. This effect has been observed for example, for the
simplest allyl cation (II) with R1'5 = Η where δ(!Η) for C(2) is
9.64 p.p.m., whereas δ(*Η) for the terminal carbon atoms are smaller

(δ = 9.0 p.p.m.).5 Fig.l indicates the ranges of the δ( !Η) and
b(nC) for allyl cations (Scheme 3) which partly illustrates what has
been said above.

The change in the nature of the substituents in allyl cations
naturally leads to a redistribution of their charge density, which is
also reflected in the 1 3C NMR spectra. Thus the successive intro-
duction of methyl groups into the allyl cation (III) has a significant
influence on the positions of the signals in the 1 3C NMR spectra in
such a way that a linear relation is observed between the observed
values of 6(13C) and the π-charge density calculated by the ab initio
method:22

6"C = (433 ± 1 1 ) — (449.5 + 22.2) 9 " , r = 0.97 (1)

Relations of this kind make it possible to investigate the distribution
of charge density in the allyl cations23 presented in Table 1. Evi-
dently the shifts δ for the terminal carbon atoms are comparatively
close in the case of the 1,3-disubstituted cations. On the other
hand, for the 1,1-disubstituted allyl cations the difference δ[Ο(1)] -
6[C(3)] is large and can reach 120 p.p.m., which in fact permits the
conclusion that there is a non-uniform charge distribution between
the 1- and 3-atoms, namely that the charge is localised predomi-
nantly at C(l). The degree of charge localisation is then determined
by the nature of the substituent and, on the basis of the values of
6[13C(3)], decreases in the following sequence: cyclopropyl !>Ph >
CH3.23 Indeed, in this series δ[13Ο(3)] increases by 25 p.p.m. [we
may note that in situations of this kind it is correct to compare the
values of δ not for C(l) but for C(3) to which the substituent being
varied is linked directly].

Table 1. The 1 3C chemical shift of the allyl cations.
2 3
CH = ^ = C H B '
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Ph
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CH3-^~V-

X CH 3

CH 3 x /CH,

jp-
cyclo-Pr
cyclo-Pr
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Ph
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R1

Η
Η

Η

Η

Η

Η
CH,

cyclo-Pr
Ph
Ph

R·

CH,
•CHa

CH3

CHa

CH,

Ph
Η
Η
Η
Η

δ ( 1 3 Ο , p.p.m.
C(1)C(2)C(3)

227,0 139.4 194.7
196.9 136.5 205.1

199,9 138.1 188.9

193.2 137,1 184.8

197,5 139.5 189.8

218.1 132.0 181.2
249.6 141.8 150.3
276,4 132.7 148.5
227.0 136.2 149.5
234.6 133.8 157.7

Refs.

[231
[23j

[28]

[28]

[28]

23]
23]
231
23
23]

The principal mechanism of the stabilisation of the positive charge
in acyclic allyl cation is ρ, π conjugation, which leads to the locali-
sation of the charge on the ends of the allyl triad. However, when
the distance between the terminal carbon atoms is shortened, direct
overlap of their orbitals with increase in the resonance contribution
of the structure (IV), ensuring the appearance of a positive charge on
the central carbon atom (the so called 1,3-interaction29), becomes
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possible in principle.

Θ

(IV)

From the standpoint of NMR, this method of charge stabilisation,
together with the classical method, should correspond to the equali-
sation of the values of 5[C(1 — 3)] and δ(Η) for the given atoms.

841

For this reason, 1,3-interaction as a method of charge stabilisation
was initially invoked to account for the similarity of the values of
δ( !Η) and 8[C(1 — 3)] for the simplest allyl cation,5 which, however,
was not confirmed by quantum-chemical calculations.30 On the
basis of purely geometrical considerations, 1,3-interaction may be
expected for the four-membered cyclic cations (V) (Scheme 4),
exhaustive information about which has been published.31'32 Some
of these data are presented in Table 2, from which it follows that a
shift of the 1 3C and 'H signals of the C(2)—Η fragment an even
weaker field, compared with the signals of the C(l, 3)—Η fragment,

Acyclic cations (III)

0(2)

Cyclic cations (V)

Cft3)

280 220 180
J 1 I ι ι ι I ' ' '

5(13C) rel. to TMS, p.p.m.

Acyclic cations (III)

H a t C ( l , 3 )

Η at C(2)
Cyclic cations (V)

H a t C ( l , 3 )

Η at C(2)

10 9 8 7

δ( !Η) rel. to TMS, p.p.m.

Figure 1. The scales of the 1 3C (a) and *H (b) chemical shifts of hydrocarbon allyl cations.
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is characteristic of the compounds considered, with the exception of
the last.

v.-

Scheme 4
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R1·* = H, R 9 ' = CHS, R* = Cl; R1·4 = H, R 2 3 = CH3, Rs = F;

R1·3 = Ph, R2·4·5 = H; R1·3 = Ph, R3·4 = CH3, Rs = H;

R1"* = Ph. R» = H; R1"4 = Ph, R* = Br; R1·4·5 = F. R2·3 = Ph ·

Thus NMR data for the first three cations suggest a distribution of
their positive charge throughout the allyl system, as shown in
Scheme 4. On the other hand, the introduction of methyl groups
into the 1- and 3-positions in the cyclobutenyl cations alters the
situation and, as can be seen from Table 2, shifts the C(l, 3) and
C(2) resonance downfield and upfield respectively, thus making their
spectral parameters closer to the parameters of acyclic allyl cations
(Table 1). Consequently, according to NMR data, the probability
of the 1,3-overlap depends on the nature of the substituents in the 1-
and 3-positions and diminishes with increase in their ability to sta-
bilise the positive charge on the α-carbon atom. Indeed, substitu-
ents such as Ph and F exhibit an analogous "spectral" activity.31·32

Here it is essential to note that all the considerations put forward by
the above workers31'32 and described above are based on a "chemical
shift—atomic charge" relation of type (I), which holds in the series
of cations considered. However, the chemical shifts of the 1 3C
nucleus occupying the α-position relative to the carbon atom with
sp2 hybridisation in four-membered rings are known to be anoma-
lously high;33 this is due to the unique nature of the structural and
orbital properties of the four-membered ring, which leads to an
additional increase in the paramagnetic component of the 1 3C
shielding constant. In other words, the similarity of the values of
δ for the C(l, 2, 3) nuclei or the observation of the C(2) signal in an
even weaker field than for the C(l, 3) signals may be induced also
by this cause and not by the uniqueness of the distribution of charge
density. However, the magnetic non-equivalence of the H a and H b

protons of the cyclobutenyl cation (VI), which is manifested in the
NMR spectrum at a low temperature31 and indicates a non-planar
structure of the ring, suggests that the above conclusions31·32 are
correct.

In discussing the question of the 1,3-interaction, it is of interest to
consider how such overlap is reflected in the spin—spin coupling
constants 7(13C — 'H), which in the case of cycloalkanes are
extremely sensitive to angular deformations and increase with
decrease in the ring size.34 It is known that the constants
1J(13C—1H) increase when a positive charge appears on the carbon
atom, the increase being mainly due to the Fermi-contact contribu-
tion.4 We shall therefore consider the values of the direct constants
7(1 3C— !H) characterising the unchanged carbon atom in the 4-posi-
tion in cyclobutenyl cations and carrying information about the
geometrical structure of the ring. As can be seen from Scheme 5,
17[1 3C(4)-1H] = 174 Hz for the cyclobutenyl cation and exceeds
greatly the analogous constant for cyclobutane and only slightly that
for cyclopropane (Scheme 5).

Scheme 5

'j(1 3C(4)-1H)=l48Hz ) - ' H ) = 100,7 Hz

On the other hand, the substitution of the hydrogen atoms in the
1- and 3-positions by methyl and phenyl groups increases the direct
constants J\}3C(4) — lH], which corresponds to a decrease in the
degree of 1,3-interaction.

Table 2. The lU and 1 3C chemical shifts of substituted cyclobuteyl
cations (V)·31·32

R'

Η
Η
Η
CH,

R'

Η
Η
Η
Η

R·

Η
Η
Η
CH,

R«

Η
C1
F
Η

R*

Η
Η
Η
Η

Η(1)

7.95
8.38
8.58
2.93

Η (2)

9.72
9.80
9,90
8.03

p.p .m.

Η (3)

7.95
8.38
8.58
2.93

Η (4)

4.53
6.62
6.92
3.90

C (1)

133.5
141.6
136.7
197.6

δ ( 1 3 θ

C(2)

187-6
17&.7
173.8
163.1

p.p.m.

C(3)

133 5
141.6
136.7
197.6

C<4)

54,0
63,7
86,8
51,4

(VI)

This is also indicated by the study of the dependence of 8(13C) for
the allyl triad in cyclic cations on the ring size,35 which has shown
that the 1,3-interaction is pronounced only in the cyclobutenyl cation
and is not manifested in the 1 3C NMR spectra of five- and six-mem-
bered structures.

Thus, in conclusion of this Section of the review, one may state
that NMR spectroscopy (and in the first place 1 3C NMR) makes it
possible to obtain unique and reliable information about the struc-
ture of allyl cations in solutions.
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III. 1 3C AND 1 9 F NMR SPECTROSCOPY OF POLYFLUORI-
NATED ALLYL CATIONS

As stated above, the first attempts to obtain polyfluorinated allyl
cations by treating perfluoropropene and perfluorocyclobutene with
SbF5 in SO2 and SO2FC1 were unsuccessful8·14'15 despite the fact that
certain fluorinated cyclic and acyclic allyl cations containing elec-
tron-donating groups in the 1-position had been obtained under
similar conditions and characterised by 1 9 F NMR. 1 3 · 1 5 · 1 8 ' 3 6 How-
ever, in recent years the appliation of this methodological procedure
(treatment of fluoro-olefins with SbF5 in SO2FC1 or in the SbF5

bulk phase) permitted the synthesis of a whole series of polyflu-
orinated allyl cations, including the perfluoroallyl and perfluoro-
methylallyl cations (the references are given in Scheme 6). Some of
them proved to be stable and long-lived species even at room tem-
perature. The negative results of the studies quoted above8'14'15 are
therefore incomprehensible. This is presumably due to the inade-
quate degree of purification of SbF5 and SO2FCI.

V

(VII)

R1 = Alk2N, R= = AlkO, R 3 · 4 = F, Rs = CF3 [18];

R1 = /i-CH3OCeH4, R 2 ~ 5 = F [14];R1-2-5 = Cl,R 3 ' 4 = F [37];

R 1 · 2 = Cl, R 3 · 4 = F, R» = CF 3 [37];

R 1 · 2 · 5 = Cl, R3 = F, R4 = CjF5 [37); R 1 " 4 = F, R* = CF3 [38];

R 1 " 4 = F, R* = H, Cl.Br, F [39];

R 1 · 3 · 4 = F, Rs = CFS, R2 = 1, Br, Cl, OCH3 [40];

R i . 2 . « . s ; = F i R 6 = = C F = C F 2 [41]; R 1 " 3 · 5 = F, R1 = H, Cl, Br .

(VIII)

R1 = OCH3, R
2 = F, Cl, OCH3, SCH3 [15, 36] ;

R1 = OCH3, R2 = C 2 F 5 , F, OCH3 [42].

R1 = OCH3, R2 = CF3 [42] R1 = OCH3, Rs = C 2F 6 [42] .

Scheme 6 presents the polyfluorinated allyl cations known at the
present time and Fig.2 indicates the 8(13C) and 6(19F) scales charac-
terising these species. Analysis of the spectral characteristics of the
acyclic cations (VII) permits the following generalisations. On
passing from the precursor fluoro-olefin to allyl cations, downfield
shifts of the C(l) signals (Δδ = 20-80 p.p.m.) and C(3) signals
(Δδ = 50 — 65 p.p.m.) are recorded in the 1 3C NMR spectra with the
virtual retention of the position of the C(2) signal (small changes in
δ for this signal, both downfield and upfield, are observed as a
function of the nature of the olefin and the cation), which indicates
the localisation of the charge on the terminal fragments of the allyl
system. This is also demonstrated by the very fact of the obser-
vation of the C(l, 3) signals in a weaker field than the C(2) signal
(Fig.2). Analogous effects are characteristic also of the 1 9 F NMR
spectra. The 1 9 F NMR spectra of the cations illustrated in Scheme
1 are an exception. For example, on passing from the olefins (Ila)
to the corresponding cations (lib), extremely small downfield shifts

200
ι

160
ι

120
ι

80
ι

6(13C) rel. to TMS, p.p.m.

FatC(l, 3) F at C(2)

-200 -160 -120 -80 -40 0
5(1 9F) rel. to CF3COOH, p.p.m.

kO 80 IPO

Figure 2. The scales of the 1 3C (a) and 1 9 F (b) chemical shifts of polyfluorinated allyl cations.
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are characteristic of the 1 9 F nuclei in the 3-position, while the down-
field shift of the signal of the 1 9 F nuclei at C(l) is by more than 90
p.p.m., which corresponds to the localisation of the charge on the
C(l) atom in the structure (XI).14

R 1 = P-CH 3 OC 6 H 4

R 5 = F ,

R 1 = C H 3 0 , R 6 =CF 3

An analogous conclusion that the positive charge is localised prefer-
entially in the 1-position has been reached for the cation (VII), with

i 3 4 s
R

i,3,4 __ F R s β
s β R i =

> o n t h e b a s i s o f
3>

1 3C NMR data.40 In this case, on passing from the precursor to the
cation, a downfield shift of the signal due to the OCH3 group (Δδ =
15 p.p.m.) is observed in the 1 3C NMR spectrum. Furthermore,
this cation is characterised by a rapid rotation about the C(1) = C(2)
bond, which can be retarded only at -70 °C on the 1 9 F NMR time
scale (188.3 MHz).

Examination of the generalised spectral parameters presented in
Figs.l and 2 permits the conclusion that in the case of polyfluo-
rinated allyl cations the signals of the C(l) and C(3) atoms, carrying
a positive charge, are recorded in a weaker field compared with their
hydrocarbon and chlorine-containing analogues.37·39 On the other
hand, the signals of the 1 9 F nuclei at the C(l, 3) atoms in fluorinated
allyl cations are observed in extremely weak fields and their chemical
shifts reach values down to -200 p.p.m. relative to CF3COOH.
These features of the NMR spectra of the cations (VII) have been
explained by the involvement of the fluorine atoms in the delocali-
sation of the positive charge via the reverse suply of the /^-electron
density (Scheme 7) which has been confirmed by calculations of the
charge distribution by the INDO4 3 and MNDO 4 1 · 4 4 methods.

1,84

We may note that, according to the ab initio calculation, the intro-
duction of a fluorine atom in the 1-position in the simplest allyl
cation increases its stability by 2.8 kcal moF 1. 4 5

Virtually analogous changes in the 1 9 F and 1 3C NMR spectra
have been observed on passing from the initial cyclic olefins to the
corresponding cations (VIII) — (X).15'36'42 In describing the delocal-
isation of the positive charge in the cyclobutenyl cation (VIII) with
R1 = OCH3 and R2 = F, 1 5 1,3-interaction was postulated on the
basis of the downfield shift of the signal of the 1 9 F nucleus in the 2-
position, observed on passing from the precursor to the cation.
However, the study of the 1 3C NMR spectra of the series of cyclic
allyl cations (VIII)—(X), containing four-, five-, and six-membered
fragments, did not confirm this hypothesis. It was shown that the
C(2) signal for such cations is located at stronger fields compared
with the C(l, 3) signals and that the difference between their chem-
ical shifts 8[C(1, 3)] - 5[C(2)] is 36-63 p.p.m.42

Thus experimental and theoretical data have accumulated in
recent years which has made it possible not only to provide a firm
answer to the previously controversial question of the existence of

polyfluorinated allyl cations as kinetically independent species but
also to represent the distribution of their positive charge. Unfor-
tunately, there is as yet no information in the literature about the
perfluorocyclobutenyl cation.14'15 Its only and purely speculative
analogue is the perfluorobenzocyclobutenyl cation (XII), which has
been detected by 1 9 F NMR4 6 and to which the authors have attri-
buted the structure of the carbenium ion (Xlla) on the basis of the
large shift of the 1 9 F resonance at C(l), observed on passing from
the precursor to the cation (Δδ = 145 p.p.m.).

(b)

(X1H)

1. Characteristic Features of the 1 9F and 1 3C NMR Spectra of
Polyfluorinated Acyclic Allyl Cations

The 1 9 F NMR spectra of organofluorine compounds are charac-
terised by high values of /, which reach hundreds of Hz units.19'47

Precisely for this reason, situations frequently arise where the dif-
ferences between the chemical shifts Δν become comparable to the
spin—spin coupling constants (//Δν > 0.1), which leads to the
appearance of the NMR spectra of strongly bound spin systems,48 in
which the differences of the absorption frequencies of the spectral
lines do not correspond to the real values of /. Hence it follows
that, in order to obtain the true values of δ and / and hence in order
to identify the structure, the complete quantum-mechanical calcula-
tion of such structures is necessary.49 We shall explain this in rela-
tion to several examples. It has been noted37 that, after the addi-
tion of SbFs to perfluoropropene, complex multiplets appear in the
1 9 F NMR spectrum in the -89—100 and + 117 p.p.m. regions (rela-
tive to CF3COOH), which were later identified39 as the spectrum of
a five-spin system of the type AA'BB'K (Scheme 8), which in fact
makes it now possible to make the unambiguous claim that the
perfluoroallyl cation is formed in the given mixture.

Scheme 8

F B F D

Similarly the agreement between the theoretical spectrum of the
seven-spin system, containing more than 140 bands, with the exper-
imental spectrum demonstrates the formation of the perfluoropenta-
dienyl cation which exists in solution in the form of the s-trans,
i-ir<my-isomer (XIII):

This is also confirmed by quantum-chemical calculations by the
MNDO method,41 according to which the s-trans, s-frans-structure is
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energetically more favourable. The 1 9 F N M R spectrum of the cis-
isomer of the l-chloro-2-trifluoromethylallyl cation (XIV) is of inter-
est as regards the complexity of the interpretation.

Θ

(XIV)

Thus, in the -144 p.p.m. region, it is possible to observe six sig-
nals in the above spectrum (Fig.3), each of which is split into a
quartet with a non-equidistant disposition of lines. Calculation of
the spectrum40 permitted the classification of the given multiplet as
the X-component of the ABXY3 system and made it possible to
obtain the true spin —spin coupling constants and hence to identify
the cation investigated. Thus the principal feature of the 1 9 F NMR
spectra of acyclic fluorinated allyl cations is their complex character.
The 1 3C NMR spectra of these cations are also complex, especially
in the case of the symmetrical 2-substituted structures (VII) with
R1"4 = F. 3 8 ' 3 9 We shall illustrate this in relation to the perfluoro-
allyl cation as an example (Scheme 8). It was stated above that the
1 9 F NMR spectrum of this cation corresponds to the AA'BB'K spin
system and is therefore rigorously symmetrical. On the other hand,
on passing to 1 3C NMR, the spectrum loses symmetry and is cal-
culated as the X-component of another spin system, namely
ABCDKX (Scheme 8).39 Such a change in the type of spin system
formed by the 1 9 F nuclei, is due to the specific features of the
recording of the 1 3C spectra, namely the isotopic shift on passing

from 1 2 C to 1 3 C1 3 C 50~52 and the associated loss of symmetry by the
molecule. The isotopic shift of the signals due to the fluorine nuclei
in all the 2-substituted analogues of the perfluoroallyl cation is
0.11 p.p.m. 3 9 In conclusion, we may note yet again that, despite the
by no means simple procedure used to calculate the 1 3 C and 1 9 F
NMR spectra of fluorinated allyl cations, requiring a certain amount

of time, this approach is absolutely essential both for the establish-
ment of the fact of their formation in solutions and in order to
obtain accurate values of their spectral characteristics, including the
signs of the constants 7, whose knowledge permits the investigation
of the relations between the spectral and structural parameters.
Some of these relations are described below.

2. The "13C Chemical Shift-Atomic Charge" Relation for Poly-
fluorinated Allyl Cations and Olefins as an Example

One of the central questions in NMR spectroscopy is the relation
between the values of δ and the electron distribution in the mole-
cules. According to Saika and Sliehter,53 the shielding constants of
the magnetically active nucleus can be represented by the sum of
three terms [Eqn.(2)]:

where Gj is the diamagnetic contribution, σρ the paramagnetic con-
tribution, anda a represeents the sum of the shielding constants due to
the magnetic anisotropy of the bond, the influence of the solvent,
etc. The ideas concerning the shielding constant of the 1 3C
nuclei5 4"5 6 permit the assumption that in this case the paramagnetic
contribution plays a decisive role. It is expressed by the simplified
equation56

(3)

where e, h, m, and c are known constants, ΔΕ is the average excita-
tion energy, r is the distance between the nucleus and the 2/7 elec-
trons, and QAA and QAB a r e elements of the "charge density/bond
order" matrix. The first report of the observation of a correlation
between the experimental values of 8(13C) and the charge g' [Eqn.(4)]
appeared after the comparison of the 1 3C NMR spectra of aromatic
molecules with the π-charge density calculated by the Hiickel

Av = 1 Hz
JUL

tJ p.p.m.

Figure 3. The experimental (a) and theoretical (b) spectra of the X-component of the type ABXY3 spin system of the cation (XIV).4
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method: 5 7

A = 160 p.p.m./electron. (4)

The above linear relation can be explained by the fact that the main
charge-dependent term in Eqn.(3) is < r"3 > (AE and Q remain
constant on passing from one compound to another); this is con-
firmed by calculations of the atomic charges and the parameter r for
a large number of organic compounds.58·59 Among studies pub-
lished later, devoted to the investigation of the " 1 3 C chemical
shifts—atomic charge" relation (see, for example, Refs.59—63), the
study of Baumann and Olsen59 in which this relation was analysed
for 20 organic compounds (50 values of δ), including aromatic
cations and anions, is of special interest in our view. The results
obtained showed that (1) the coefficient A in Eqn.(4) depends on the
LCAO-MO method used for the calculation, (2) that the change in
the character of the chemical bond and in geomtetry on passing
from one compound to another precludes the description of the
"8(13Q—charge" relation by simple linear equations of the type of
Eqn.(4) as a consequence of the change in Eqn.(3) of not only r but
also of other parameters, and (3) in the analysis of the relation of
the "5(13Q—charge" type it is essential to take into account also the
diamagnetic component of the shielding constant. Summarising the
foregoing, one may conclude that it is completely obscure in what
way the simplified but nevertheless still complex Eqn.(3) frequently
reduces in practice to simple equations of type (4). Nevertheless,
this has been established for many classes of organic compounds and
it has even been suggested that relations of this type be used for the
computer analysis of 1 3C NMR spectra.64

In the study quoted above,39 a deviation of fluorine-containing
compounds from the so called "8( 1 3Q —charge" correlations was
reported. This concerns, for example, 6[C(1)] for the 1-fluoro-
benzocyclopropyl cation. On the other hand, it has been shown
that, on passing from fluorinated olefins to the corresponding allyl
cations (VII), downfield shifts of the C(l, 3) resonance are observed
in the 1 3C NMR spectra38'39 and, conversely, on formation of carb-
anions from fluorinated cycloalkenes, upfield shifts, reaching 70
p.p.m., are characteristic of the carbon atom carrying the negative
charge.65 Thus there are grounds for seeking correlations of type
(IV) also in the case of organofluorine compounds. The geom-
etries and charge density distributions in polyfluorinated olefins and
acyclic allyl cations have been calculated41·44'66 by the LCAO-MO
MNDO method. This made it possible to analyse67 27 values of
5(13C) as a function of the overall atomic charge of the sp2-hybri-
dised carbon atom q' and to observe the linear relation

&.c = (84.2 ± 7.5)<7< + (124.4 ± 3.8), r = 0.93 , (5)

which can be used to estimate the atomic charges from 1 3C NMR
spectra. The values of δ for the 13C(1) nuclei in the cations (XV),
i.e. for the atoms which are linked directly to the substituent, in the
given instance to the Cl atom, deviate from the given correlation to
the greatest extent.
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(XV), the positive charge on the G(l) atom fails as a consequence of
the polarisation of the C—Cl bond along the σ-skeleton,44 while
6(13C) increases significantly (by 20 p.p.m.). Such increase in
5[C(1)] on substitution of fluorine by a "heavy" halogen is in general
characteristic of 1-halogeno-derivatives of the perfluoroallyl and
perfluoromethylallyl cations (Table 3), the effect being thus opposite
in sign to the "heavy" atom effect usually observed in 1 3C NMR
spectroscopy (see, for example, Levy and Nelson4), which is illu-
strated here in relation to fluoro-olefins in Table 3. In order to
elucidate the cause of the deviation of the 6(13C) for the C(l) atoms
in compound (XV) from the relation (5), the diamagnetic contribu-
tions to the shielding constant were estimated67 by the method of
Flygar and Goodisman69 and then, after introducing the diamagnetic
correction (δβ χ ρ - Sd = δ7"), the values obtained were again compared
with the overall charge q'. It was found that the application of this
correction improves the situation, but again with the exception of
the 8[C(1)] points for the cation (XV). Thus one can only assume
that, on passing to 1-halogeno-substituted polyfluorinated allyl cat-
ions, 5[C(1)] is determined not so much by the change in the charge
(or in other words in the parameter <r~3>) as by the change in the
orbital properties of the C(l) atom replaced by the halogen atom.67

Table 3. The 1 3C chemical shifts of the C(l) atoms of allyl cations
and their precursors (p.p.m. relative to TMSext).

? T - : C ( X ) V T T . C F Y CFs C(X) = C F Y

Cation

X

F
F
F
CF,
CFS

CF,
CF 3

CF,

Υ

F
Cl*
Br·
F
Cl·
Br·
I·
Cl··

δ ( 1 3 Ο

170.2
187.6; 191.0
187 6; 193.4
176.1
202.2; 201.0
205.0; 202.7
197,5; 194.6
214.3

Olefin

X

F
F
F
CF,
CF,
CF,
CF3

Υ

F
Cl·
Br·
F
Cl
Br
1

5(13C)

153.2
140.8; 142.5
130.3; 133.7
157,0
159.6
150.0
121.6

Refs.

[39]
[68]
[68]
[38]
[401
[40]
[40]
[37]

cis-, trans- cis-, trans-
(XV)

Indeed, on passing from perfluorinated analogues to the cations

T h e two values are quoted for the cis- and trans-isomers respec-
tively.
**The 1-dichloroperfluoromethylallyl cation.

3. The F- F Spin-Spin Coupling Constants of Polyfluo-
rinated Allyl Cations

The spin —spin coupling constants play a major role in the
determination of the structures of organic compounds and in the
study of their electronic structures by NMR.3 For this reason, it is
legitimate to analyse the constants 7(19F —1 9F) for polyfluorinated
allyl cations in order to discover to what extent they are charac-
teristic of the given class of compounds. It follows from the analy-
sis of the 1 9 F NMR spectra1 4 '1 8 '3 7-4 1 '6 8 that the geminal / ( 1 9 F - 1 9 F )
constant (J86111) increases sharply on passing from fluorinated olefins
(10-60 Hz) to the corresponding cations (VII) (160-245 Hz),
which can be used as the spectroscopic sign of the formation of the
given cations. We may note that the constants J 8 "" for allyl cations
and fluoroalkanes have similar values. This may be caused by the
fact that the F —C(l, 3) —F angle in acyclic fluoroallyl cations is
close to the tetrahedral angle and, according to a MNDO calculation
carried out with complete optimisation of the geometry, amounts to
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110-1120.41·44 In contrast to the constants β"11, the vicinal (span-
ning three bonds) 7(1 9F — 1 9F) constants of polyfluorinated allyl
cations are not characteristic. Indeed, they are approximately equal
for the initial olefins ( V * = 6-40 Hz, *Jtrans = 117-143 Hz) and
for the acyclic cations (VII) ( 3 /* = 8-30 Hz, *Jtrans = 90 to
124 Hz).

Table 4. The constants 4 /( 1 9 F - 1 9F) for the allyl cations (VII)
(Scheme 6) (R1 = R2 = R4 = F7 3).

R·

Η
F
OCH3

Cl
Br
F
CF S

CE a

cF:

R·

F
F
F
F
F
Br
F
Cl
Br

«u»

—122.4
—140.3
—157.6
—149.6
—150.7
—156.0
—146.7
—175.3
—173.4

J.Hz

«w»

—92.4
— 104.5
—101.3

—92.0
—87.7

—83.8

—

«s>

—22.2
—30.9
—35.6
—29.3
—29.4
—42.0
—23.2
—31.5
—36.9

—100.2
—109.4
—122.0
—120.3
—121,3
—114.0
—123.5
—143.8
—136.5

r, k

2.975
2.907
2.860
2.850
2.821
2.821
2.775
2.644
2.634

spin information by-passing chemical bonds can be found in several
communications72'74"80). Indeed, it has been shown that 7 3 the
"spatial" contribution (/ p = f3 - f) to V ( 1 9 F - 1 9 F ) constants for
the cis—cis orientation (Table 4), which has been differentiated by
Bakhmutov et al.,71 diminishes with increase in the internuclear
distant r (Scheme 9) determined by the LCAO-MO MNDO
method.44'73 The experimental dependence is then best fitted,
taking into account the sign, by Eqn.(6), whose physical significance
can be interpreted in terms of direct overlap of the /(-electron clouds
of the fluorine atoms in close proximity in space:

/•p =—431 (±50)exp(-0.16-r2) + 1.2 (6)

It is noteworthy that the variation of the overlap integral for the
fluorine molecule for distances between the atoms exceeding the sum
of the van der Waals radii is a function of an analogous type.73 In
the calculation of the constant 7( !Η - !H) spanning five chemical
bonds on the basis of the Fermi-contact mechanism for the s-cis-
conformation of butadiene, a dependence of 5/(H — C) on the inter-
nuclear distance of the Gaussian type was also obtained.81 Thus,
there are grounds for the assumption that the nuclei interacting
through space can be regarded as "magnetic probes" for "sensing"
the form of the overlapping part of the electron clouds.

The appearance in the 1 9 F NMR spectra of large long-range
(spanning four bonds) spin —spin 1 9 F — 1 9 F coupling constants
(Table 4), which, for the cis—cis disposition of the interacting nuclei,
exceed by a factor greater than two the AJ (1 9F — 1 9F) constant for
the isostructural but uncharged 1,8-difluoronaphthalene (XVI)
fragment, must be regarded as an invariable sign of the formation of
fluorinated acyclic allyl cations.70

F F

(XVI)

We may note that /( 1 9 F —1 9F) constants spanning six bonds and
amounting to 10 — 12 Hz have been observed for the perfluoropenta-
dienyl cation (XIII).71 The constants / spanning three and more
bonds are known to depend markedly on the mutual orientation of
the chemical bonds along the interaction pathway.19'49'72 Table 4
illustrates this situation for polyfluorinated allyl cations. It follows
from the data presented that the constants 4 / ( 1 0 F - 1 9 F ) decrease in
absolute magnitude in the sequence "U" > "W" > "S" (Scheme 9)
without change in their sign.73

Scheme 9

The deviation from the W-rule, well known for the proton-proton
spin—spin coupling constants,49 can be explained by the spin—spin
coupling "through space" in the case of the cis—cis orientation.
(Examples, mechanisms, and semiempirical theories of the transfer of

4. The 1 3 C- 1 9 F Spin-Spin Coupling Constants of Polyfluo-
rinated Allyl Cations

The accumulation of extensive data concerning the influence of
various factors on the constants for the direct spin —spin coupling
(via one chemical bond) with participation of 1 3C nuclei constitutes
the basis of their use for the determination of the structures of
organic compounds by NMR.3 The spectroscopic data on poly-
fluorinated olefins and allyl cations (VII) permit certain generalisa-
tions also for the ^(^C— 1 9 F) constants characterising the sp2-hy-
bridised carbon atoms and atoms with a hybridisation close to sp2.
A significant (up to 100 Hz) increase in 1/( 1 3C —1 9F) on passing
from fluoro-olefins to the corresponding allyl cations has been
noted37""40'42 (this concerns carbon atoms carrying a positive
charge). The constants of the acyclic and cyclic cations (VII) — (X)
are themselves in the range from 310 to 410 Hz. We may note that
these values greatly exceed the direct 7(13C —1 9F) constants observed
in the NMR spectra of related polyfluorinated arenonium ions.82'83

The foregoing refers to the increase in the spin —spin coupling
constants in absolute magnitude, since lJ(l3C — l9F) is negative.3'83

More than 30 values of the direct constants /(1 3C —1 9F) of fluori-
nated olefins and allyl cations have been analysed and on this basis
it has been established that there is a tendency towards their increase
with increase in the positive charge on the sp2-hybridised carbon
atom and with decrease in the negative charge on the neighbouring
fluorine atom, which is expressed in the two-parameter correlation7

—'eF)=92<7c+501<7F+325, r=0.89 (7)

However, the one-parameter Eqn.(8), which makes it possible to
estimate the atomic charge on the carbon atom using available spec-
troscopic data, is apparently of greater practical value:

V(i3C—19F) = 122<7c + 277; r=0.84. (8)

The increase in ! /( 1 3 C —1 9F) following the appearance of a positive
charge on C(l, 3) corresponds, in principle, to the increase in the
amount of s character of the given atom as a result of the splitting
off of the fluorine atom from the initial olefin and the subsequent
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delocalisation of the p-electron density, i.e. is treated within the
framework of the Fermi-contact mechanism.19 However, within
the framework of this mechanism, it is difficult to explain the fact
that ^ ( " C 1 - 1 9 ! 7 ) for the cation (XV) is greater than lJ{13C?-l9F)
despite the smaller positive charge localised on the C(l) atom (Table
5). Moreover, an increase in the direct constant / with decrease in
the electronegativity of the heteroatom of the substituent is char-
acteristic of 1-substituted fluorinated olefins and allyl cations (Table
6). However, in each specific case, the direct / ( 1 3 C - 1 9 F ) constant
for the cation is significantly greater compared with the olefin.
Such complex character of the variation of / under the influence of
the substituent and on passing from olefins to cations can apparently
be explained by non-concerted changes in the Fermi-contact and
spin—orbital contributions,68 which have been shown by quantum-
chemical calculations83 to be virtually equal for interaction through
one chemical bond. Despite this, the constants / discussed should
be recognised as characteristic in relation to polyfluorinated allyl
cations.

Table 5. The spin-spin coupling constants (SSCC) V( 1 3 C- 1 9 F)
and the overall atomic charges (LCAO-MO MNDO) of polyfluo-
rinated allyl cations.68

Structure

» J • 1
FaC==C (FW=CFC1

F a C = C (CFs)=^=CFCl

Isomer

cis

trans

cis

trans

SSCC, Hz

—375.9 C ( l )
—254.0 C (2)
—354.7 C (3)
—375,7 C ( l )
—274.0 C(2)
—357.9 C (3)

—386.2 C( l )
—360.7 C(3)
—384 0 C ( l )
—356.2 C (3)

q*~, electronic
charge units

+ 0.469
—0.047
+0.669
+0,455
—0.042
+0666

+0.514
+0.716
+0.530
+0-724

Table 6. The direct spin —spin coupling constants lJ(nC — 1 9F) for
the C ( l ) - F fragment in the fluoro-olefins FYC1 = C 2 X-CF 3 and
the allyl cations

and the electronegativites Ε of the substitutent Γ.68

λ

F
F
F
F
CF 3

CF 3

CFS

CF 3

CFs

Υ

F
Η
Cl
Br
F
OCH3

Cl
Br
I

^olefin. Hz

—272.8
—291.1*
—304,0*
—323.0*
—306.3
—306.7*
—322.0
—342,6*
—351-2*

•^cation· H z

—354.0
—364.5*
—375.P*
—397.5*
—360.0
—363.2**
—385.1**
- 4 0 0 . 4 * *
—408.8**

Ε

4 0
2.1
3.2
3.0
4 0
3.4
3.2
3.0
2.7

*ira/u-Disposition o f F - C - C - X o r C F 3 - C - C - X .
**Averaged value for the cis- and /ra/u-isomers.

Information about the values and signs of the constants
2 / ( 1 3 C - 1 9 F ) and V( 1 3 C- 1 9 F) of polyfluorinated olefins and cations
can be found in a number of communications.37"41 Here we shall
note that the values of J spanning three bonds for the ira/w-disposi-
tion of the interacting nuclei vary from -9 to -34 Hz. On the other
hand, in the case of the cw-disposition they change sign and do not
exceed 4 Hz in absolute magnitude.

Table 7. Thermodynamic parameters of the formation of poly-
fluorinated allyl cations.

3 2 1

= = C F Y [84, 85]

X

F
F
CF3

CFS

CFS

Υ

Η
F
F
Br
Cl*

Θ

AH, kcal mol 4

—4.16+_0.2
—b.6+0.5
—4.6+0.1
—6.4+0.8
—7,0+0.2

AS.e.u.

—22.5+0. S
—26.1+J.8
—23.9+0.8
—28.5+3.0
—28.5+0.4

AG 2 9 8 ,kcal mol"1

2.6
1.8
2.5
2.1
1.5

*The 1,1-dichloroperfluoromethylally cation.

5. 1 9F NMR Spectra and Relative Stabilities of Polyfluorinated
Allyl Cations

The spectral characteristics of polyfluorinated allyl cations
described in the preceding Sections and their characteristic features
permit a reliable solution of the problem of the identification of such
species in solutions by NMR. Another important problem, namely
the problem of the influence of the substituents on the relative sta-
bilities of polyfluorinated allyl cations, can also be solved success-
fully by NMR. For this purpose, one can use three approaches:
(1) the study of the thermodynamics of the equilibrium (9) on the
basis of the measurement of the relative integral intensities of the
signals of the olefins and cations in 1 9 F NMR spectra at different
temperatures:68'84

B1

|
CPS C-=QFR a SbFe C—C===CFR (9)

(2) analysis of the 1 9 F NMR spectra of a mixture of two polyfluoro-
olefins in the presence of a deficiency of a Lewis acid, i.e. under the
conditions of a competing reaction;85 (3) the study of the kinetic
characteristics of the reaction involving the addition of counterions
to the corresponding allyl cation84 on the basis of the analysis of the
temperature dependent evolution of the line form in the 1 9 F NMR
spectrum containing the olefin and cation signals. The qualitative
and quantitative data obtained in this way are compiled in Tables 7
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and 8 and in Scheme 10.

Scheme 10

I 0 I CF3 < F < Br < Cl < Κ (a)
F F

© Ί F < Cl < Br < I < OCH3 (b)
F F

| © I H < F < Cl < Br (c)
F F

— C ( C F 3 ) — C F 2 < F 2 C - C ( C i g — C K C 1 —C(CF 3)—CCl a

© © Θ

As can be seen, the formation of polyfluorinated allyl cations from
the corresponding fluoro-olefins in solutions is an energetically
favourable process, since the enthalpy of formation (AH = /Γ*1 -
H°l) is always negative. On the other hand, the negative values of
AS, which are almost identical in all cases, correspond satisfactorily
to an increase in order in the system following the appearance of a
charge centre in the latter. Comparison of the data in Tables 7 and
8 shows that the kinetically less favourable addition of the counter-
ion to the cation corresponds to its high thermodynamic stability.

Table 8. Kinetic parameters of the addition of the fluoride ion to
the polyfluorinated allyl cations 8 4 > 8 5

3 2 1
F,C=-.C( X) :α·Ύ

Θ
χ

F
Cl
Br
CFS

Cl

γ

F
F
F
Cl*
Cl**

•Pa.kcalmor1

6.2+0.3
21.6+1.3
13.7+0.9
9,5+0.9

11.8+1.1

6.9+0.3
22,2+1,3
14,2+0.9
8.9+0.9

12.4+1.1

AS*,t.u.

—8.4+0.4
—12.1+1,5
—15,0+1.0
—16.8+3.2
—12.1+2.5

AG™*.
kcal mof1

9.4
25 5
18,7
13.9
16.0

"The 1,1-dichloroperfluoromethylallyl cation.
**The 1,1,2-trichloroperfluoroallyl cation.

results of a theoretical calculation by the ab initio method.45 It
follows from the NMR spectra that the F atom participates in the
stabilisation of the positive charge localised on a neighbouring
carbon atom via the reverse supply of /^-electron density. Appar-
ently this ability of the fluorine atom is in fact the cause of the result
obtained. Indeed, in the case of the perfluoroallyl cation and its 2-
hydro-derivative, i.e. on substitution of the fluorine atom by hydro-
gen in the 2-position which does not carry a positive charge, the
opposite picture (10a) is observed.

---oOo---

The main aim of the present review was to survey the results of
the study of polyfluorinated allyl cations which had been regarded
for a long time as hypothetical species and had been assumed to exist
only as intermediates in electrophilic alkenylation reactions of
fluoro-olefins. This uncertainty in the theroretical ideas about the
mechanisms of the above reactions and in the chemistry of carbe-
nium ions has now been eliminated as a result of the direct obser-
vation by 1 9 F and 1 3C NMR of a series of polyfluorinated allyl
cations (cyclic and acyclic) as both long-lived and kinetically inde-
pendent species. Presumably data on the stability of allyl cations in
solutions and on the distribution of their positive charge will extend
the scope of the synthetic use of the reactions in which they are
formed as intermediate species.

It may be hoped that the spectral signs of the formation of poly-
fluorinated allyl cations examined and surveyed in the present review
will be of practical use to specialists working in the field of the
NMR of organofluorine compounds which is nowadays developing
rapidly. Analysis of the literature data devoted to the NMR spectra
of fluorine-containing olefins and allyl cations has shown that such
compounds can be used successfully as model molecules to establish
new relations between spectra and structure.
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