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The Electronic Nature of Fluorine-containing Substituents

L.M.Yagupol'skii, A.Ya.Il'chenko, and N.V.Kondratenko

The available literature data up to 1973 on the electronic effects of fluorine-containing substituents are considered and
discussed in the review.
The bibliography includes 143 references.
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I. INTRODUCTION

The chemistry of organofluorine compounds is devel-
oping very vigorously. Novel methods of synthesis are
being devised, new reactions and new types of organofluo-
rine compounds are being discovered, and relations are
being established between their structures and proper-
ties 1 ' 2 . The quantitative characteristics of the electronic
effects of 80 fluorine-containing substituents were deter-
mined in recent years and the results of a gradual substi-
tution of hydrogen atoms by fluorine in alkyl groups
demonstrated, the positions of new fluorine-containing
groups in the series of thoroughly investigated substituents
were established, and substituents with unique properties
(the most pronounced electron-accepting properties among
all known compounds) were discovered. The results are
of great interest for theoretical organic chemistry. Sub-
stituents such as the fluorine atom and the CF3 group are
introduced into organic molecules as frequently as other
substituents which do not contain fluorine. Since con-
venient preparative methods have been developed recently
for the synthesis of compounds containing various perfluo-
roalkyl [CF3O, CFsS, CF3SO2, and NfCFsls] and other
similar groups, there is no doubt that these substituents
too will soon become commonplace.

Since organic compounds with fluorine-containing sub-
stituents are finding increasing application as medicinal
preparations, pesticides, dyes, and monomers for ther-
mostable polymers, a review of the available data on the
electronic effects of fluorine-containing groups may be
useful for the specific synthesis of substances with valu-
able properties.

The electronic nature of substituents was characterised
quantitatively for the first time by Hammett3'4 in terms of
a m and σρ constants. Subsequently the latter were
resolved by Taft and Lewis5"9 into components reflecting
the inductive (σι) and resonance (OR) effects. In the pres-
ence of direct polar conjugation between the substituents
and the reaction centre, anomalously high σ constants are
observed. Therefore one distinguishes σ ρ and σ0^ con-

stants without taking into account direct polar conjugation
from σ constants when such conjugation is taken into
account (σ~ and σ^ for electron-accepting substituents and
ap and σ^ for electron-donating substituents).10

In order to determine the σ constants of fluorine-con-
taining substituents, the following methods are most widely
used: 1 9 F NMR on the basis of the chemical shifts 6F of
the fluorine atoms in meta- and pare -substituted fluoro-
benzenes relative to fluorobenzene11; the determination of
σ constants from the dissociation constants of meta- and
pare -substituted benzoic acids 3 ' 6 ' 1 2; the measurement of
p/Ca for anilinium6'13 or dimethylanilinium ions1 4; the
determination of the dissociation constants of phenols6'15.

Dewar and Grisdale1 6 '1 7 and Swain and Lupton18 devel-
oped new methods for the resolution of σ constants into
inductive and resonance components—F and M, and F and
R respectively. The electronic nature of fluorine-con-
taining substituents has been investigated also by other
correlations between σ constants and absorption band shifts
of azo-dyes or passing from a neutral to an acid medium19,
the pA'a of cyanine dyes2 0 '2 1, and the absorption intensity
in the infrared spectra of monosubstituted benzenes22'23.
Methods based on the measurement of molecular dipole

2 4

moments are also used The determination of interac-
tion dipole moments (Mint), which reflect the direct polar
conjugation between the substituent and the reaction centre
and are correlated with the σ" and σ+ constants1 0 > 2 4 '2 5, is
particularly valuable.

The electronic effects of fluorine-containing substituents
can be estimated from their directing influence in electro-
philic or nucleophilic substitution reactions involving the
aromatic ring. Correlations have been discovered
between the reaction rate constants and the σ+ or σ" con-
stants2 6 '2 7.

The most detailed data on the applications of various σ
constants are quoted in a series of monographs and
reviews3 '4 '1 0 '2 8"3 0. This review deals with published data
on the electronic effects of fluorine-containing substituents
and a comparison is made with the electronic influence of
the analogous substituents without fluorine.
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Π. FLUORINE AND OTHER HALOGENS

Fluorine is the most electronegative element. The
C - F bond is the most polar among bonds between carbon
and halogens 3 1 ' 3 2 . In aliphatic compounds the fluorine
atom exhibits a powerful electron-accepting inductive
effect. This can be inferred, for example, from the
values for halogenoacetic ac ids 3 3 and the molecular dia-
gram for methyl f luoride 3 4 :

0.00 + 0.187 — 0.187.
HSC — F

Halogen atoms linked to an unsaturated carbon atom or an
aromatic ring exhibit an electron-accepting inductive
effect (σι > 0) and an electron-donating conjugation! effect
(°R< 0), decreasing in the sequence F > C l > B r > I
(Table 1). Among the halogens, the fluorine atom has the
smallest covalent radius 3 2 , close to that of the carbon
atom, which results in conditions for maximum over-
lapping of the p orbitals. Therefore despite its high
electronegativity, the fluorine atom exhibits the most pro-
nounced electron-donating conjugation effect among all the
halogens.

Substi-
tuent

F
Cl
Br
I

Β

0.34
0.37
0.39
0.35

Table 1.
12

0.06
0.23
0.23
0.28*

0 36

0.17
0.27
0.26
0.27

σ constants oi
+ 3β

-0.07
0.11
0.15
0.13

the
°I

B 1 1

0.52
0.47
0.45
0.39

A»

0.55
0.43
0.42
0.34

F i o

0.52
0.40
0.44
0.44

halogens*.
0

°R
11

Β \ F

—0.35
—0.20
—0.19
—0.12

—0.32
—0.18
—0.16
—0.14

10

Β

—0.46
—0.24
—0.22
- 0 . 1 3

*In this and subsequent tables the methods of determination
of σ constants are indicated by le t ters : Β—from the p/Ca
for benzoic acids; A—from the p/f a for anilinium ions;
DA—from the pi?a for dimethylanilinium ions; F—from
the 6F chemical shifts ( 1 9 F NMR); P—from the p/Ca of
phenols; i .r.—from infrared spectra; Dy—from Δλ for
azo-dyes; C—from the p/fa for cyanine dyes.

The overall electronic effect of fluorine, characterised
by the σρ constant, is the smallest among all the halogens,
since its large conjugation effect to a considerable extent
neutralises the inductive effect. The σ^ constant for
fluorine in £-difluorobenzene, determined by 1 9 F NMR, is
smaller than σρ found from p/Ca for ^-fluorobenzoic acid
in which the fluorine atom is involved in direct polar con-
jugation with the COOH group (-0.32 and -0.46 respec-
tively). As a result the σ ρ constant for fluorine is smaller
than σp.

Since the σρ constant for fluorine is close to zero, the
acid-base properties of benzoic acid, phenol, and aniline
hardly change when the fluorine atom is introduced into the
£ar«-position relative to the functional group. The
remaining halogens increase the acid properties and
reduce the basic properties to a much greater extent than
fluorine37.

f Usually referred to as the resonance effect in English
(Ed. of Translation).

The a p constants for halogen atoms are much smaller
than a m , which is usually observed for ortho, para-
directing substituents. Indeed in electrophilic substitution
reactions the halogens behave as substituents of the first
kind with predominantly />aro-directing properties, par-
ticularly in the case of fluorine. In nitration reactions
fluorine deactivates the benzene ring but to a much smaller
extent than chlorine and bromine 3 8 .

The electrophilic constant σ+

ρ of the fluorine atom is
negative, in contrast to the other halogens. Accordingly,
fluorobenzene is chlorinated much faster than benzene.
The relative rates of chlorination of halogenobenzenes and
benzene increase in the sequence F > Η > Cl > Br (6.3,
1.0, 0.4, and 0.25 respectively). *

The distribution of electrons in vinyl fluoride and
fluorobenzene, calculated by the quantum-chemical method
taking into account σ and7T electrons, confirmed that the
inductive effect of the fluorine atoms makes it a powerful
electron acceptor and the conjugation effect makes it a
powerful electron donor. The overall charge of the fluo-
rine atom in fluorobenzene is negative 3 9 . Fluoro-,
chloro-, bromo-, and iodo-benzenes have dipole moments
of 1.47, 1.59, 1.57, and 1.40 D respectively with the nega-
tive pole at the halogen a t o m 2 4 ' 4 0 .

Many instances where the fluorine atom exhibits not
only an inductive effect but also a conjugation effect have
been observed in studies on the reactivities of fluoro-ole-
fins and described in reviews 4 1 " 4 3 . An interesting case
of the electron-donating effect of fluorine was observed in
cyanine dyes with fluorine atoms in the polymethine
chain 4 4 . It was found that, as a powerful electron-
donating substituent, fluorine affects the colour of the dyes
in a manner similar to that, for example, of the methoxy-
group.

Thus, in considering the influence of fluorine atoms on
the properties of organic compounds, one must take into
account the unusual behaviour of fluorine, related to its
dual electronic nature involving a powerful electron-
accepting inductive effect and an electron-donating conju-
gation effect.

ΙΠ. FLUOROALKYL GROUPS (Rp)

Among the fluoroalkyl groups, the C F 3 group is most
frequently introduced as a substituent. The σ constants of
this group have been determined by various methods.
Their values together with the σ constants of other fluoro-
alkyl groups a re listed in Table 2.

The trifluoromethyl group is a fairly powerful electron-
accepting substituent both as regards the inductive and
conjugation effects. A number of studies have been made
on its unusual p r o p e r t i e s 1 4 ' 4 5 ' 5 5 ' 5 6 . The inductive effect
plays the main role in its electronic influence. It is
somewhat smaller for the C F 3 group than for the fluorine
atom. Thus the dissociation constant of trifluorom ethyl -
acetic acid is smaller by a factor of 2.2 than that of fluoro-
acetic acid 5 7 .

The conjugation effects of the C F 3 group and the fluorine
atom act in the opposite directions. The electrophilic
constant a m = 0.52 of the C F 3 group is smaller than σ ρ =
0.61. 3 6 In conformity with these data, trifluoromethyl-
benzene enters into electrophilic substitution reactions with
greater difficulty than benzene and its me ίο-position is
involved preferentially. Thus the nitration of trifluoro-
methylbenzene results in the formation of 100% of the m-
nitro-isomer 5 8, while chlorination gives 80.2% of the m-
isomer, 15.7% of the o-isomer, and 4.1% of the/>-isomer 5 9 .
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Substituent

CH2F

CHF2

C F 3 *
CH2CF3 -

C F 2 C F 3

1 4

(CF2)3CF3!«

CF(CF3)2 »*
C(CF,) 3«

C(CF3)2OH »«

CF(CF2)2CF2

 2

C(OH)CF2CF2CF2

 2

m, p-CF 2OCF 2 52

C F a C F u Q ^ F - p 6 3 · 6 4

Table 2.
am

Β

0.43 1 2 > d

0.37
0.35

A

0.4914-c

0,16

0.52j

0.55 j

0.52
0.39

.0.35

0.12

0.29

0.4414

0.12

0.47

0.47

0.50
0.55

0-29

0.48

0,3tf

0.34

σ constants for fluoroalkyl groups.
°P

Β

0.541 2 > f

0.53
0,52

0.81

A

0.G214

0 14

0.69 j

0.73 j

0,68

0.71
0.48

F

0.11

0,32

0.4914

0,09

0,52

0,52

0.52
0,55
0,30

0,53

0.37

0.39

Β

0.4i».g

0,25
0,27

A

0.4414

0.48

0.31

F

0 1 347,48.a

Ο.2647'48·0

0,39w>3

0,14

0,41

0.39

0.48
0.55

0.28

0.45

0,35

0,29

Β

0.134"·'

0.26

0.26

A

0.1814

0.17

0.15

F

_ 0 > 02*7-41, b

0 0 647-50

0.101*

—0,05

0.11

0.11
0.04

0.00

0,02

0.08

0.02

0.10

Other data: a0.12; 4 9 ' 5 0 b -0 .01; 5 0 c0.29;4 9 '5 0 d0.41 4 5 and 0.42;14 e0.41; 4 5 f0.53 1 2 ' 1 4 and
0.55;4 S0.33·14 hQ.41;11 ^ . Ι δ 1 4 and 0.11 (i.r.)2 3; J(DA).;

* σ ρ = 0.61.

The following postulates have been used to account for
the electronic nature of the trifluoromethyl group and in
particular its electron-accepting conjugation effect.

1. The CF3 group is conjugated with the aromatic ring—
a negative hyperconjugation effect45 (in contrast to the
positive hyperconjugation effect of the methyl group, which
acts in the opposite direction60). This effect can be
represented by a series of limiting structures with an
unbound fluoride anion or by curving arrows:

2. The trifluoromethyl group exhibits a it -inductive
effect (7π)—it withdraws electrons from the adjacent ring
carbon atom at which a partial positive charge arises and
withdraws electrons from the ortho- and para -positions
via a resonance mechanism14'60:

3. The p electrons of the fluorine atoms of the CF 3

group interact with the ff electrons of the benzene ring in
such a way that the electron density in the meta -position
is enhanced—p-π interaction14. Many experimental facts
and also quantum-mechanical calculations 5 ' 5 6 , carried out
taking into account all the valence electrons in the atom,
have shown that not only σ electrons but also ring it elec-
trons are transferred to the CF3 group in the trifluoro-
methylbenzene molecule. This confirms the hypothesis of
a significant role of the hyperconjugation of the CF3 group
with the aromatic ring.

F-C-F+ +0.0508σ- 0.0508 6
+0.0134 π — 0.0134 π
C.H. - CF,

Negative hyperconjugation is a consequence of the over-
lapping of the p orbital of the adjacent carbon atom of the

aromatic ring and the CF3 group orbital comprising the
orbitals of the fluorine atoms forming σ bonds. As a
result of the high electronegativity of the fluorine atom,
the hyperconjugation effect leads to a decrease of the it
electron density in the aromatic ring and its increase at the
fluorine atoms of the CF3 group. When electron-donating
substituents are introduced in the para -position of tri-
fluoromethylbenzene, the electron shift to the CF3 group
increases owing to direct polar conjugation. This is con-
firmed, for example, by calculated data5 6 for the distri-
bution of π electrons in/>-fluoro(trifluoromethyl)benzene
in relation to the analogous values for fluorobenzene and
trif luoromethylbenzene:

-j- 0.0489 η — 0 0489 π 4- 0.0522π — 0.0368 π — 0.0154 π + 0.0134 π — 0.0134 π .

F _ c,H 5 p-F CeH4 CF3 C , H 6 - C F 3

In the/>-fluoro(trifluoromethyl)benzene molecule the π
electron density at the CF3 group is higher than in the tri-
fluoromethylbenzene molecule, while at the fluorine atom
it is lower than in fluorobenzene, i.e. direct polar conju-
gation results in a transfer of electrons from the fluorine
atom to the trifluoromethyl group.

Direct polar conjugation of the CF3 group with powerful
electron-donating substituents (NH2, NMe2, O") was
observed in a study of the dipole moments and chemical
properties of para -substituted trif luoromethylbenzene.
For example, />-amino(trifluoromethyl)benzene has Mint =
0.49 D. 6 1 As a result of direct polar conjugation, o- and
/>-hydroxy- and o- and/>-amino-(trifluoromethyl)benzenes
readily undergo alkaline hydrolysis, in contrast to the
meta-isomers6 2 '6 3. For example, this has been used to
synthesise 4-trifluoromethylanthranilic acid (a valuable
intermediate) from 2,5-di(trifluoromethyl)aniline. In the
alkaline hydrolysis of the latter the CF3 group in the
ortho -position relative to the amino-group is converted
into a car boxy-group, while the substituents in the me ία-
position remain unchanged64'65.

The high σ constants determined from the p#a °f sub-
stituted anilines (σ"), compared with the values found by
other methods, have been explained by direct polar conju-
gation (Table 2).

Andreades66 investigated the base-catalysed exchange
of hydrogen for deuterium in monohydrofluorocarbons:
RFH + CH3OD ^ RpD + CH3OH. This reaction proceeds
via a stage involving the formation of a carbanion and the
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rate of exchange depends on its stability. Comparison of
the deuteration rate constants showed that the relative
reactivity increases in the series R F = CF 3 <
CF3(CF2)5CF2 < (CFa^CF < (CFaisC, the corresponding
values being 1, 6,2 x 105, and 109. The delocalisation of
the charge in the corresponding anions can be described
by 0,2,6, and 9 resonance structures, the stability of the
carbanions and the rate of deuterium exchange increasing
in the same sequence. This parallel variation is evidence
in support of the hyper conjugation effect.

According to Streitwieser and Holtz 67>68 the following
observation constitutes evidence against a significant role
of negative hyperconjugation in the electronic effect of the
CF3 group. The rate of exchange of protons for the
corresponding tritium species in lF-undecafluorobicy-
clo[2,2,l]heptane is higher by a factor of five than for
(CF3)3CH. Moreover the carbanion of the latter compound
is stabilised by nine resonance structures, while the
carbanion (A) is not stabilised by resonance in the
authors' view, since, according to Bredt's rule, a double
bond cannot be located at the bridgehead, i.e. structure
(B) is impossible.

(A)

However, these arguments are insufficient for the com-
plete rejection of a contribution by hyperconjugation, since
the involvement of the CF3 group in conjugation does not
require a change in the hybridisation of its carbon atom
from sp3 to spz and its hyperconjugation effect is not
described exactly by the resonance theory in terms of
limiting structures with an unbound fluorine atom and a
C=C double bond. As mentioned above, the hyperconju-
gation of the CF3 group is due to the overlapping of the p
orbitals of the adjacent carbon atom with the orbitals of
the fluorine atoms of this group without a change in its
steric configuration. Thus hyperconjugation in the car-
banion (A) can be achieved also without the involvement of
(B) type structures. Apart from this, the field effect of
the fluorine atom (F*) at the bridgehead can have an
influence on the stabilisation of the carbanion (A).50

The trifluoromethyl group exerts a powerful electron-
accepting inductive effect on the aromatic ring, which is
transmitted both via the nearest σ bonds and through space
in the form of the field effect. This effect leads to the
polarisation not only of σ electrons but also of ττ electrons,·
i.e. results in a /π effect. The influence of the latter is
indicated by the calculated π electron distribution in the
trifluoromethylbenzene molecule50:

+0.0012 +0.0183

According to these data, a negative charge (-0.0499) is
concentrated on carbon atom 1, exceeding the charge of the
CF 3 group (-0.0162). Thus polarisation of the ring π
electrons under the influence of the inductive effect of the
CF3 group is evidence for the presence of an h effect.

However, there are also objections to a significant role
of the In effect49'71. They are based on the observation
that groups such as C(CN)s and ICla, which have very high
inductive effects (oj = 0.9849 and 1.371) do not exhibit a
conjugation effect (OR = 0.0149 and 0.071 respectively).

The C(CF3)3 group behaves similarly (Table 2). T h e h
effect should increase with the inductive effect of the sub-
stituents on the ring if electrons and should lead to an
increase of the OR. However, this is not observed. The
h effect probably does not play a significant role in the
electronic influence of perfluoroalkyl groups.

In the study of the hyperconjugation effect of fluoroalkyl
groups, it is interesting to compare the σ constants of the
substituents CF3, CF2CF3, CF(CF3)2, and C(CF3)3 in which
the number of fluorine atoms capable of being involved in
conjugation decreases steadily. All these groups are
fairly powerful electron-accepting substituents with posi-
tive a m and σρ constants.

Comparison of the σι and CTR constants of the above
perfluoroalkyl substituents obtained from 1 9 F NMR data
(Table 2) shows that the replacement of fluorine atoms in
the CF3 group by trifluoromethyl substituents leads to a
gradual increase of the a\ constant and a decrease of the
conjugation constant OR. The conjugation constant for the
C(CF3)3 group is zero . These findings confirm the
hypothesis of an effect of the hyperconjugation of the fluo-
rine atoms in the trifluoromethyl group with the aromatic
ring, which decreases as CF3 groups accumulate at a
single carbon atom.

Despite the fact that the inductive effect of the fluorine
atom is greater than that of the trifluoromethyl group, the
σι constants increase on replacement of the fluorine atoms
in the CF3 group by trifluoromethyl substituents. This
can probably be explained by the fact that the inductive
effect is transmitted not only via σ bonds but also through
space—the field effect F. The latter depends on the dis-
tance r, the dipole moments μ of the bonds in the substitu-
ent, the angles θ between the directions of the moments and
the lines joining the centres of the dipoles to the reaction
centre, and the dielectric constant D of the solvent69'70:
F = μ cos Θ/Dr2.

Sheppard explained a similar increase of the σ constant
on passing from CN(tfj = 0.47) to the C(CN)3 group {aj =
0.98) also by an increase of the field effect49'71.

Since the inductive effect plays a dominant role in the
electronic behaviour of perfluoroalkyl substituents, its
increase according to 1 9 F NMR data in the series CF 3 <
CF2CF3 < CF(CF3)2 < C(CF3)3 leads to an increase of the
constants om and σρ in the same sequence despite the
decrease of the aR. The constants σρ obtained from the
1 9 F NMR data and the pifa for the acids are virtually
identical.

The am and σχ constants for the CF(CF3)2 and C(CF3)3
groups obtained from the same data differ markedly. The
field effect of the CF(CF3)2 and C(CF3)3 substituents is
greater than that of the CF3 group and therefore their
electronic influence depends to a greater extent on the
possible operation of the field effect. In the para -position
it is transmitted through space in the ring with its low
dielectric constant and in the me ία-position the effect is
transmitted via the solvent and greatly depends on its
polarity. It decreases with increase of the polarity. The
acid dissociation constants were determined in a highly
polar solvent—aqueous alcohol. This probably explains
why the CF(CF3)2 and C(CF3)3 groups in the mete -position
have a weaker electron-accepting influence than the CF3
group.

In a series of para -substituted derivatives, the decrease
of the field effect of the substituents under the influence
of the solvent does not occur and therefore the strengths
of the/>-CF3-, />-CF(CF3)2-, and />-C(CF3)3-benzoic acids
are approximately the same14'51. The factthatra -(perfluoro-
t-butyl)aniline is a stronger base and its />«ro-isomer a
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weaker base than the corresponding trifluoromethylanilines
can be explained by a similar field effect51. For the same
reason, the σρ constants determined from the ρΚΆ for the
anilinium ions (σή) increase on gradual substitution of the
fluorine atoms in the CF3 group by trifluoromethyl groups.

Examination of the constants σ^ = σ^ - aj shows that,
when CF3 groups accumulate at the same carbon atom,
there is a tendency towards a decrease of direct polar con-
jugation. A similar phenomenon was observed in the
study of the dipole moments of aromatic compounds with
polyfluoroalkyl substituents. The dipole moments of the
compounds C6H5X, where X = CF3, C2F5, CF(CF3)2, and
C(CF3)3, are very close (2.6045, 2.7314, 2.6814, and 2.72
D 5 1 ). The values of μΐηί for />-amino(trifluoromethyl)ben-
zene and/>-amino(perfluoro-t-butyl)benzene (0.4245 and
0.30 D 5 1) show that the direct polar conjugation between the
CF 3 and NHg groups is somewhat more pronounced than
between C(CF3)3 and NKfe.

Like the CF3 group, all the perfluoroalkyl groups are
me ta -directing in electrophilic substitution reactions
(nitration, bromination) '5 1.

In order to account for the greater deactivation of the
para -position compared with the mete-position by the CF3,
C2F5, and CF(CF3)s substituents, for which a m < σρ,
Sheppard14 put forward the hypothesis oip-n interaction
of the/? electrons of the fluorine atoms of the perfluoro-
alkyl groups with the it electrons of the aromatic ring.
Such interaction results in an electron shift, which par-
tially compensates the powerful inductive effect of the sub-
stituents in the me /«-position, while the para -position is
greatly deactivated.

A number of objections have been made to the hypothe-
sis of p-ir interaction. Dewar72 noted that the p-it inter-
action has no chemical analogies and that a shift of s
electrons to the me ta -position as a result of a conjugation
effect is unlikely. Stock and coworkers73, Smith and
Menger74, and Holtz68 failed to observe such/>-ir conju-
gation in model compounds.

We established51 that the C(CF3)3 group does not
exhibit a conjugation effect although in the presence of
p-π interactions the nine fluorine atoms in the |?-position
should be equivalent to the three fluorine atoms of the CF3

group, according to Sheppard's hypothesis, and should
lead to similar values of the σρ constants of these sub-
stituents. Theoretical calculations of the distribution of
electrons and of bond orders in the trifluoromethylbenzene
molecule also failed to confirm the hypothesis of p - it
interaction50. Thus the hypothesis has not been confirmed
by theoretical and experimental studies3 0 '5 0 '6 8.

The results of studies on the electronic nature of tri-
fluoroalkyl groups discussed above lead to the conclusion
that the electron-accepting inductive effect of these sub-
stituents, which is transmitted both via σ bonds and
through space (field effect) is most important in their
electronic influence. The conjugation effect of these
groups is small and is mainly caused by hyperconjugation.

On gradual substitution of hydrogen atoms in the methyl
group by fluorine, the electron-accepting properties of the
substituents become more pronounced—the a m , σρ, aj,
and σρ constants increase and their sign changes from
negative to positive (Tables 2 and 3).

When fluorine atoms are introduced into the CH3 group,
the σι constant does not increase in proportion to their
number. The "saturation effect" is particularly marked
for chloro-, bromo-, and iodo-derivatives. As a result
of this effect, the σχ constants of the CHCk and CC13

groups and of the CHBr2 and CBr3 groups hardly differ.
Another anomaly is that the aj constants of the CH2X and

CHX2 groups do not decrease in the sequence» X = F, Cl,
Br, and I, although the electronegativity of the "halogens
decreases on passing from fluorine to iodine. These
anomalies may be related to the different field effects of
the CH2X, CHX2, and CX3 groups. When X = Cl, Br,
and I, the CH2X and CHX2 groups cannot rotate freely
about the bond with the aromatic ring owing to steric
hindrance, in contrast to the analogous fluorine-containing
substituents, and occupy fixed positions. The angle θ
(see above) between the C-X bond and the line joining the
centre of this bond to the fluorine atom in the me£c-posi-
tion (from the chemical shifts of which the σι constants are
determined) will be smaller than the average statistical
angle for freely rotating fluorine-containing groups.

Table 3. σ constants for halogenoalkyl groups 47,48

Substi-
tuent

CH*1

CH 2 F a

CH2CI
CH2Br

CH21
CH2CF*

CH2CN«

"'

- 0 , 0 8

0.13
0.14 1 1 *
0.14 h

0.14"
0.14

0.26

aR

—0.15

—0.02

— 0 . 0 3 l l > M > c

—0.03*
—0.04
- 0 , 0 5

—0.08

Substi-
tuent

CHF 2

a

CHC12

CHBr2

CHI,
CH(CF8)2

CH(CN)4/

«1

0,26
0.29d

0.29j

0.26
—

0.55

"R

0.06
0 . 0 2 « . so.e

0.02 4 > ' k

0.00
—

- 0 . 0 3

Substi- •
tuent

CF 3

CC1,
CBr3

Cl,
C(CF3)l

C(CN)3"

0,39
0.29 f

0.251

_

0,55

0.98

°R

0.10
0.02 g

0.02"
—

0,00

0.01

Other data: 2Table 2; bo.15, 5 0 ' 5 5 0.16,4 9 and 0.17;
C 0 0 4 4 9 d 1 0 4 9 5 0 1 0 f

; l o ' u

; ,
C0.04:49 dO.28.1 0 0.30,4 9 and 0.31
0.31; 5 0 gO.03; 4 9 ' 5 0 «0.16 1 0 ' 4 9 ' 5 0 a
30.26 5 0 and 0.30;4 9 k 0 . 0 3 ; 5 0 ^
no.16. 7 5

; e O . O 4 ;
and 0.18;^

4 9 5 0

;
f0.304 9 and

i-0.02; 4 9 ' 5 0

mo.03;
0 2 ;
'50

The field effect of the CH2X and CHXj» substituents,
where X = Cl, Br, and I, depends on cosΘ, increases for
this reason, and leads to an increase of the o\ constants.

The accumulation of the large chlorine and bromine
atoms at the same carbon atom in the CC13 and CBr3

groups leads to an increase of the bond angles
Cl

or
Cl

\ /Br
CJ and hence to an increase of the angle θ and a

/ \Br
decrease of the field effect. This may be the reason for
the appearance of the "saturation effect".

The angle θ in the C(CF3)3 substituent must be smaller
than for CBr3 and for the C(CN)3 group θ should be
smaller still, the steric hindrance to the rotation of this
group is low and the valence angles apparently do not
change, so that saturation is not observed for the C(CN)3
group and the latter exhibits a very high inductive effect.

The conjugation constants for halogenoalkyl substituents
are small. In terms of its conjugation effect, the CH^F
group is still not an electron donor and its CR constant is
negative, while the CHF2 and CF3 substituents are electron
acceptors on the basis of this effect.

On passing from fluorine to iodine in the series of sub-
stituents CH2X, the electron-donating conjugation effect
increases slightly, while the electron-accepting effect of
the CID^ and CX3 groups decreases.

The C l t F and CH2C1 groups are very similar as regards
their electronic properties. Their directing effect in
electrophilic substitution reactions is the same—they are



R u s s i a n C h e m i c a l R e v i e w s , 4 3 ( 1 ) , 1 9 7 4 37

predominantly ortho, para -directing substituents. In the
nitration of benzyl fluoride the ratios of thep-, ra-, and
o-isomers correspond to 54, 28, and 18%,76 while the
corresponding proportions for benzyl chloride are 52.5,
32, and 15%. The directing effects of other partly
fluorinated alkyl groups in electrophilic substitution reac-
tions have not been investigated.

IV. PERFLUOROACYL GROUPS (CORF)

The σ constants of the C
V

COCFs, andCOC3F7

groups have been determined by 1 9 F NMR (Table 4). The
COCF3 and COC3F7 groups are much more powerful elec-
tron-accepting substituents, in terms of both their induc-
tive and conjugation effects, than the analogous non-
fluorinated acyl groups. In terms of the Op constants,
they resemble the nitro-group (σρ = 0.78). This is
because, under the influence of the perfluoroalkyl substi-
tuents at the carbon atom of the carbonyl group, the posi-
tive charge increases appreciably and the inductive effect
and capacity of the carbonyl group of the perfluoroacyl
substituents become much more marked. The latter
should also exhibit the effect of direct polar conjugation
with electron-donating groups. It can be estimated from
the σ" constants. We calculated it from the correlation
equation of Swain and Lupton18. σ ή for the COCF3 group
was found to be 1.22 (the corresponding values for the O2
and COCH3 groups are 1.27 and 0.8).10

Table 4. σ constants of perfluoroacyl groups.

Substituent

C O F 2 · 1 1

COCF32·14

COC 3F 7

b

C O H I O , B

COC110·"

COOC2H6

1 0 'C

COCH' 0 · 0

°m

0.55

0.63

0.63

0.43
0,53

0,20

0.28

aP

0,70

0.80

0.79

0.52

0,69
0.30

0.38

"I

0,39
0.47a

0.46

0,25

0,38

0.11

0.18

°R

0,31
0,33
0,33

0.27
0.31
0.19
0.20

Other data: a 0.45; u bcalculated from 5 F and 6 F

(Sheppard14)data; C(F). m p

In electrophilic substitution reactions, for example in
nitration, the COCF3 group exhibits predominantly a meta-
directing effect78.

The substitution of the hydrogen atom in the aldehyde
group by fluorine leads to an increase of the electron-
accepting inductive effect and of the conjugation effect.
However, the fluoroformyl group has smaller σ constants
than the COCF3 group. This is because the fluorine atom
exhibits, apart from a powerful electron-accept ing induc-
tive effect, an electron-donating conjugation effect. The
latter is much smaller than for the ethoxy-group in the
COOC2H5 substituent. For this reason, the COF group is
a stronger electron-accepting substituent than COOC2H5.
The constant σ ρ for the COF group is also somewhat
smaller than for COOC2H5, amounting to 1.09.

V. NITROGEN- AND PHOSPHORUS-CONTAINING SUB-
STITUENTS (N - R F , Ρ - RF)

The electronic properties of the substituents in which
the CF 3, COF, COCFs, and SO2CF3 groups are linked to
the nitrogen atom have been investigated (Table 5). The
replacement of the methyl by trifluoromethyl in the
dimethylamino-group converts this powerful electron-
donor into an electron-acceptor, whose om and σρ con-
stants are close to those of the trifluoromethyl group.
However, the inductive effect contributes most to the
electronic influence of the N(CFa)2 group. Its conjugation
effect is close to zero owing to the withdrawal of the free
electron pairs of the nitrogen atom by the trifluoromethyl
groups. For the same reason, di(trifluoromethyl)aniline
and its derivatives do not exhibit basic properties and do
not form salts with acids7 9 '8 2.

Table 5. σ constants for nitrogen-containing substituents
(19F NMR method).

Substituent

NH2»o
N(CH3)2 w
N(CF 3 ) 2

2 ' 7 9 ' b

NHCOC.H38»
NHCOCF3 8 0

NHSOXH3 8°
NHSO2CF3

 8 0

N(CH3)GOCH3 s»
N(CH3)COCF3

 8 0

N(CH3)SO2CH3

 8 0

N(CH3)SO2CF3

8°
N(COCH,)2

 8»
N(SO2CH3)2

8°
N(SO2CF3)2

8»
N(CF3)COF'«
N(COF)2"
N=C(CF 3 ) 2

2

N = N - C F i 8 0

N = N — C , H 6

1 0

σ

—0.23
- 0 . 1 7

0,49
0.17
0,37d

0,32
0.44
0.31
0,41
0,29
0.46
0.35
0,47
0.75
0.56
0.58
0.29
0.56
0.23

"p

—0.47
—0.44

0.50
0,05
0,27d>e

0.21
0.39
0,26
0,39
0.24
0.44
0.33
0.49
0.80
0.56
0.57
0.23
0,68«
0.27

"/

0.01
0,10
0,49
0.28
0.46 f

0,42
0.49
0.36
0,43
0.34
0.48
0.37
0,45
0.70
0,56
0.58
0.35
0,44
0.19

aR

—0,48
—0,54

0,01 c

—0.23
—0.19 f

- 0 . 2 1
—0.10
—0,10
- 0 . 0 4
—0,10
—0.04
- 0 . 0 4

0.04
0.10
0.00

—0.01
—0.12

0.24
0.08

Other data: Calculated from aj and CTR; b a m = 0.40,
σρ = 0.53, στ = 0.29, σ κ = 0.23 (Β),14 a m = 0.47, σ ρ =
053 = 0.44, and σ Ε = 0.06 (A)14; c0.13 (i.r.)2 3;ρ

0.53, j ,
d a m = 0.30 and σ
and a R = -0.15;1(

= 0.12 (Β)81

gQ.74 (C)21.

e0.13 (C) = 0.38

However, in electrophilic substitution reactions the
N(CFs)2 group still behaves as an ortho, para -directing
substituent. In the nitration of di(trifluoromethyl)aniline
the proportions of the para-, ortho-, and n?eta-isomers
are 92.4, 5.6, and 1.9%, while in the bromination reaction
the corresponding proportions are 94.9, 0.3, and 1.7%.79

Under the influence of electrophilic agents, the free elec-
tron pair at the nitrogen atom is probably nevertheless
involved in conjugation and stabilises the transition state
(A):

N O 2 Η

(A)

We estimated by two methods the constants σ ρ and CT
which determine the directing effect of the substituents
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in electrophilic substitution reactions. The constants σρ =
0.42 and σ β = 0.07 were calculated for the N(CF3)2 group
by the equation of Swain and Lupton18.

The constant afj was determined by another method,
using the correlation equation Mint = 1.10 (CR - afj)
derived by the present authors, for the compounds p-
XCeHUNCfe, where X = NMea, NHa, OH, Br, or SCH3.

 2 4

The dipole moments of i-NQaCe^NiCFsk and C6H5N(CF3)2
are 1.80 and 2.69 D, 7 9 Mint = 0.40 D, σ& = 0.13, and σ ρ =
0.36. The two methods yielded similar negative values
of CTR, and σ ρ < a m . Consequently the N(CF3)2 group
should be ortho, para -directing, in agreement with experi-
mental data.

The replacement of the hydrogen atom in the amino -
group by COCH3, SQgCHs, COCF3, and SO2CF3 groups
leads to an increase of the electron-accepting inductive
effect and a decrease of the conjugation effect. However,
the latter still retains its electron-donating character.
Thus, even the NHSO2CF3 group is ortho, para -directing83.
A change in the sign of the constant σ^ is observed only
when two methane- or trifluoromethane-sulphonyl groups
are introduced at the nitrogen atom. The a m and σρ con-
stants of the N(SOaCF3)2 substituent resemble those of the
nitro-group. Nitration of di(trifluoromethylsulphonyl)ani-
line yields a mixture of meta- and/>crfl-nitro-isomers in

8 3 ^proportions of 8 : 1 . 8 3 The group is predomi-
nantly ortho, para -directing84.

The electrophilic constants σ κ and σ ρ of the N(SO2CF3)2
group, calculated by the method of Swain and Lupton18,
are 0.04 and 0.74. The positive value of the σ|^ constant
indicates a me ία-directing effect of this substituent. Thus
the directing effect of the amino-group in electrophilic
substitution reactions involving an aromatic ring was
altered for the first time only by introducing at the nitro-
gen atom two powerful electron-accepting CF3SO2 groups83.

There are linear relations2 1 '8 0 between the σ ρ and σ\
constants of the NHR group on the one hand and the corre-
sponding constants of the substituents R, where R = COCF3,
SQjCFs, and other acyl groups, on the other; they are
expressed by the equations

aP(NHR)=O.49 0p(R) — 0.13 ando^NHR) =0.38a :(R) —0.23.

It is interesting to note that the N(CH3)R groups, where R =
COCH3, SCfeCHs, or SCfeCFs, are weaker electron donors
in terms of their conjugation effects than the corresponding
NHR groups, although the introduction of the electron-
donating methyl group in place of a hydrogen atom should
have resulted in the opposite effect80. The explanation is

probably that the NT groups are displaced from the

plane of the benzene ring owing to steric hindrance, which
reduces the degree of conjugation between the free elec-
tron pair at the nitrogen atom and the ring ν electrons.

The N(CF3)COF and N(COF)2 substituents are somewhat
stronger electron acceptors than N(CF3)2 due to the greater
contribution of the inductive component. The trifluoro-
methylazo-group - N=N-CF3 is a powerful electron-
accepting substituent, approaching in this respect the
nitro-group and greatly superior in its electron-accepting
influence to the -N=NC6H5 group. In terms of its conju-
gation effect, the -N=C(CF3)2 substituent is an electron
donor. This group is probably not located in the plane of
the benzene ring and the free electron pair at the nitrogen
atom is involved in conjugation with the aromatic ring.

The phosphorus-containing groups P(CH3)2 and P(CF3)2

are less effective electron-accepting substituents than their

nitrogen-containing analogues. The inductive effects of
the corresponding substituents are close and the conjugation
effects of the phosphorus-containing groups indicate more
pronounced electron-accepting properties than those of the
nitrogen-containing groups (Tables 5 and 6). The o\ and
σκ constants of the P(CF3)2 group virtually correspond to
those of the nitro-group.

Table 6. σ constants for fluorine-containing substituents.

Substituent

P(CH3)285
P(CF3)2 »
P(CF3KCeH4F)b

"m

0.05
0.60
0.44

0.03
0.69
0.47

"I

0.08
0.50
0.41

aR

—0.05
0.19
0.06

Calculated from σι and
lated from δ*" and δ?. 8 5

(F) data; ^σχ and σ^ calcu-

The involvement of the free d orbitals of the phosphorus
atom in conjugation with the π electrons of the aromatic
ring is characteristic of phosphorus-containing substitu-
ents. The presence of electron-accepting groups at the
phosphorus atom, such as CF 3, leads to a decrease of the
size and diffuseness at the d orbitals, which makes their
overlapping with the is electron cloud of the ring more
effective and increases the electron-accepting character of
the conjugation of the substituent. The replacement of one
of the CF3 groups by an aromatic ring with more marked
electron-donating properties makes the conjugation effect
of the P(CF3)(C6H4F) group much weaker than for P(CF3)2.
Linear relations have been found for substituents of the
type PX3, where X = F, CF3, CN, and other groups,
whereby the constants of the substituents PXJ can be cal-
culated from the values of σι and σκ for X:

<τ,(ΡΧ,) = 0.78 σ, (Χ) -f- 0.47 σ Λ ( Χ ) + 0.15; aR (PX,) = 0,44 α, (Χ) 4- 0.08aR (Χ) - 0.03.

VI. OXYGEN-CONTAINING GROUPS ( O - R F )

The σ constants of fluorinated oxygen-containing groups
are listed in Table 7. The replacement of three hydrogen
atoms in the OCH3 group by fluorine atoms greatly
increases its electron-accepting inductive effect and
decreases the electron-donating conjugation effect. How-
ever, the CTR constant of the OCF3 group is still negative,
in contrast to all the known substituents of the type X(CF3)n·
All the σ constants of the OCF3 group resemble most
closely those of the chlorine atom. Like the latter, the
OCH3 group is an ortho, para -directing substituent9 ' 9 8, but
in the nitration and bromination of phenyl trifluoromethyl
ether only the para -isomers are formed in yields of 91 and
82% respectively99'100.

The para -directing influence of the trifluoromethoxy-
group can be accounted for by the stabilisation of the tran-
sition state by the electron-donating conjugation effect of
this group. The ortho -position relative to the OCF3 group
is deactivated, as in fluorobenzene, by the powerful elec-
tron-accepting inductive effect. The σ\ constant of the
OCF3 group is closer to that of fluorine than chlorine.
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Substituent

OCHj l»

OCHaF8

OCHFa

OCP^a-M. ίο, d
OCH2C1 β'
OCHC12 8J
OCCI3 "
OCFjCFs *"· k

OCFaGHF2»«
OCF2CHFC1 «i
OCOCH3 »0
OCOCF3 »2

O S O 2 C F , e s · 8 4

OSF5

 2 · "

°\
>CFa

 5 2

0/

Table 7.

Β

0.12

0.31 ββ

0.35e

0.34
0.35
0.39

0.56

A

0.47 »o

0.48
0.43

F*

0.08
0.20
0.33
0,46
0.25
0-38
0,43

0.17
0.56
0.80

σ constants for oxygen-containing

Β

-0.27

0.18"
0-32f

0,25
0.28
0.31

0,53
0.44

0.361

A

-0.27

0.1188

0 27»°· 8

0.28
0.21

0.49 88

F*

-0.14
0.02
0.21
0.37
0.08
0.26
0.34

0.06
0,46
0.90

groups.

Β

0.30 "«

0.44 u
0.40

0.39
0.42

0 5 8

A

0.50»»

0.52
0.45

F

0.25
0.37
0.45 ·'·»
0.55
0.41
0.49
0.51

0.27
0.65
0.70

Β

-0,57 8»

—0.24 s e

—0.07»

—0.14
-0-12

—0,05

A

—0.23»°

—0.25
—0.25

F

—0-43
0.35

— 0 . 2 4 " ' b ' c

—0.18 j

—0.33
—0.23
—0,17

-0.21
—0.19

0.20

•Calculated from σι and σρ data.

Other data: Approximate values, σρ = --0.31
0.40, σρ = 0.26, σχ = 0.36, and CTR = -0.15(P)
and -0.17; u 3-0.19 8 7 and -0.25 (i.r.) 2 2 ' 2 3; ko
-0.17(p);90 10.21 (Dy).96

• .τ.) , - υ . ζ / , -ν.Δό \ι.τ.) , a m —

°; e0.38;2 ' 1 4 f0.35; 2 ' 1 4 ' 1 9 S0.25;88 i-0.04 :

m = 0.43, σ ρ = 0.21, σι = 0.42, and σι* =

On gradual substitution of the hydrogen atoms in the
OCH3 group by fluorine, the σχ constants increase regu-
larly approximately by 0.1 and the absolute values of the
σ^ constants decrease on average by 0.08 (according to
1 9 F NMR). The saturation effect is hardly observed.
The inductive effects for analogous chlorinated groups also
increase on accumulation of chlorine atoms, but a marked
saturation effect is shown. Compounds containing the
OCH2F substituent have not so far been obtained but its σ
constants have been calculated (Table 7).

Like OCF3, the OCHF2 group is an ortho, />or«-directing
substituent However, since the inductive effect of the
OCHF2 group is smaller, the ortho -position in the difluoro-
methylphenyl ether molecule is less deactivated in relation
to electrophilic substitution reactions than in phenyl tr i-
fluoromethyl ether, but is nevertheless more deactivated
than in anisole. Thus nitration of anisole yields a mixture
of ortho- andpcra-isomers in proportions of 1 :2, 1 0 2

nitration of difluoromethylphenyl ether gives the corre-
sponding proportion of 1 :2.6, while phenyl trifluoro-
methyl ether is nitrated only in the para -position.

Methoxy- and fluoromethoxy-groups are irregular sub-
stituents2 . The methoxy-group has a group moment of
1.28 D 4 1 and an angle β = 72°,41 the substituent consti-
tuting the positive end of the dipole. The fluorinated
groups OCHF2 and OCF3 have group moments of 2.46103 and
2.27 D 1 0 4 (2.36 D9 0) and angles θ of 137°30'103 and 154°104

(160°24). When the hydrogen atoms are replaced by fluo-
rine in the methoxy-group, the angle gradually increases,
the direction of the group moment approaches the direction
of the Caryl-O bond, and the substituent becomes the
negative end of the dipole.

The conjugation effect of the OCH3, OCH2F, OCHF2, and
OCF3 substituents depends on whether they are located in
the plane of the aromatic ring or whether they are dis-
placed from it under the influence of their steric interac-
tion with the hydrogen atoms in the ortho -positions. It has
been shown by quantum-mechanical calculations87 that the
π electron density in the para -position of the benzene ring
depends on the angle between the planes of the benzene
ring and Caryl-OR. For the OCH3, OCH2F, OCHF2, and
OCF3 substituents, these angles are 18°, 56°, 90°, and

90° respectively. With increase of the angle, the elec-
tron-donating properties of the substituents diminish, but
still persist even when the angle is 90°.

TheOCF2CF3, OCF2CHF2, and OCF2CHFC 1 substituents
have σ constants close to those of the OCF3 group. The
trifluoroacetoxy-group exhibits a more powerful electron-
accepting inductive effect than the OCOCH3 substituent and
even OCF3, while they all have virtually identical electron-
donating conjugation effects.

As was to be expected, among all the known groups OR
the OSO2CF3 group is the most powerful electron accep-
tor 8 4 ' 9 3 and has the highest σχ constant. Nevertheless in
electrophilic substitution reactions the group is an ortho,
para -directing substituent93. The OSF5 group behaves
similarly95.

VII. SULPHUR- AND SELENIUM-CONTAINING GROUPS
(S-Rp, Se-RF)

According to 1 9 F NMR data, on passing from the
methoxy- to the methylthio-group, the electron-accepting
inductive effect diminishes by a factor of two, while the
electron-donating conjugation effect decreases approxi-
mately by a factor of three (Tables 7 and 8). The methyl-
thio-group exhibits inductive and conjugation effects which
are almost of the same magnitude but have the opposite
signs. The introduction of three fluorine atoms sharply
enhances the electron-accepting properties of the methyl-
thio-group. The inductive effect increases appreciably,
being only slightly inferior to that of the ECF3 group, while
the conjugation effect of the trifluoromethylthio-group
changes direction and becomes an electron-accepting effect,
in contrast to that of the oxygen analogue. As a result,
the c m constants of the OCF3 and SCF3 groups are very
close and the σρ constant of the SCF3 group shows that it is
a much more powerful electron-accepting substituent than
OCF3.

Successive substitution of the hydrogen atoms of the
SCH3 group by fluorine results in a gradual increase of the
electron accepting inductive effect, while the conjugation
effect changes from electron-donating for the SCH3 and
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Substituent

S C H 3 8 6 · "
SCHssF ">
S C H F j 8 8 · "
< £ p 10,52—54, b

SCF'CF 2 H »O
SOCHS w
SOCHF 2

8 ' · J

SOCF,1"· " · « * · "
SOF1»'
SOC1 »»'
SO 2 CH3 1 0 · 8 '
:>Ο20Η2Ρ β»

SOsCHFj8 ' ·8· ' n

S O a C F 3

M - " - P

SO2CF2CHF2

SO2CF2CHFC1

SOaCFjCHFCFa
SO2F"
SO2C1 »·

CF^SCFs1»8

CH(SCF,)S«

C(SCFj)s

 4 7

CH2SOCFS *»
CH2SO2CF3 Ϊ»»

SeCF3

 l o e

SeOCF3»»
S e O 2 C F s

l U

Table 8. σ constants

Β

0.15

0.33

0.361 0 e 'c

0.38k

0.52

0.63

0.60

0.75
0,76

0.98

0.12

0.29

0.32
•-

A

0.46»»

0.42

0.76 s

0.66 8 8

0.87M

0.98»«

0.99

F *

0.05
0.23
0.34
0.53

0.49
0.70

0.74
0-74
0.75
0.56
0.66
0.73
O.SS1

0.88

0.92

0.15

0.44
0.50
0.25
0.29

0.44
0.81
1,08

for sulphur- and selenium-containing substituents.
"p

Β

0.00

0.36"

0.46s

0.47·'
0.49

0,69

0.72

0.86

0.96

l.Olw.

0.98*
1.03
1.08

0.15

0.31

0.38bb

A

0.48 8»

0.6490-e

0.61

0.93 "

1.05'm

1.09 ·»
1.17 88
1.4488
1.63 88

1.54

0.53 »8

F *

- 0 . 0 3
0.20
0.35

0.56

0.49
0.76

0-80
0.83
0.82
0,64
0.77
0.87

1.04s

1.01
1.04
0.12

0.43

0.52
0.24
0.31
0.46

0.86c c

1.21

Β

0,19

0.31

0.30 f

0.29
0,52

0.60

0.62 »°

0.70°

0.64*

0.88

0.11

0.28
0,28

A

0,40»"

0.37

0,70»

0.84 e 0

0.87

F

0.13
0.27

0.33
0.44 8

0.49

0.65

0.67
0.66

0,68
0.48
0.55
0.59
0,73». »

0,75
0,80

0.19*

0.44
0.49
0.26
0.28
0.42

0.76
0.96

Β

—0.19

0.07
0.17

0.20

0.11

0.16»°

0.19
0.32v

0.21

0.04

0.03
0.10

A

0.22»»

0.21

0.32 a

0,51»»

0.73 s»

0,59

F

-0.16
—0.07

0.02.

0.161

0.00

0.11

0.13
0.17

0,14
0.16
0.22

0.28
0.31 s»

0.26
0.24

-0 .07 i y

0.01Z

0 , 0 3 ω

—0.02
0.03

0.04

0.10
0".25

•Calculated from σχ and σ^.

Other data: ao.34;105 ^om = 0.43, σρ - 0.57, σ! = 0.39, and OR = 0.14(P)90; c0.37 1 0 6 and
0.40;90 d0.42 1 0 6 and 0.50;90'105 e0.91; 8 8 *0.31;90 g0.42;2'71 *0.00 (i.r.) 2 2 > 2 3; )am = 0.54 and
σ ρ = 0.58;105 ko.39;106 10.45;106 m10.7; 2 n a m = 0.76 and σ ρ = 0.84(B)105; °0.65;86 Pam =
0.92, σρ = 1.36, σχ = 0.84, and σ κ = 0.49(P)90; am = 0.76 and σρ = 0.93(Dy)19; r0.90;2

si.06;2 to.62;2 u 0.75 2 and 0.78;107 vo.22;2 wmethod (C); x 0.21; 4 9 y-0.06;49 z0.00;4 9

aao.04;49 bbO.38(Dy)110; ccO.63(Dy)110.

SCH2F groups to electron-accepting for the SCHF2 and SCF3

substituents. The interaction of a sulphur atom with the
aromatic ring is of a dual nature: it is an electron-
donating (3p - 2p)ti interaction with charge transfer to the
ring and an electron-accepting (3d - 2p)n interaction with
charge transfer from the ring to the vacant d orbitals of
the sulphur atom. Electron-accepting substituents at the
sulphur atom tend to increase the interaction involving the
d orbitals of sulphur. The electron-accepting (3d - 2p)n
conjugation occurs when the para -position relative to the
fluoroalkylthio-group contains electron-donating substitu-
ents, for example the amino-group.

Υ
NH 2

As fluorine atoms accumulate in the methylthio-group,
the (3d - 2p)n conjugation becomes more marked and the
contribution of the resonance structure (A) gradually
increases, as can be seen from the increase of jxint in the
series of substituents SCH3 < SCHF2 < SCF3 (0.27, 0.46,
and 0.68 D ) 1 0 3 ' 1 0 4 . The group moments and the angles θ
between the direction of the dipole moment and the
Carvl~S bond of the above substituents also gradually
increase (μ = 1.34104, 2.48,103 and 2.50 D 1 0 4 ; θ = 77.5°, 2 4

137°,103 and 156°24'104). The change in the angle θ shows

that the electrons in the SCH3 group are displaced to the
benzene ring (Θ < 90°), while in fluorinated groups the
opposite shift obtains.

The electron-donating (3p - 2p)ir conjugation decreases
on accumulation of fluorine atoms in the methylthio-group.
This is evident from a comparison of the Mint for the corre-
sponding/>-nitro-derivatives, which diminishes on passing
from SCH3 to SCHF2 and SCF3 (0int = 0.78, 0.48, and
0.21 D respectively).103'104

In electrophilic substitution of an aromatic ring, the
SCF3 group is ortho, para-directing. Thus nitration of
phenyl trifluoromethyl sulphide results in the formation of
65% of the£-nitro-isomer and 35% of the o-nitro-isomer112.
This is probably due to the stabilisation of the transition
state (B) by (3p - 2p)ir conjugation with the electron pair of
the sulphur atom:

An approximate estimate of the electrophilic conjugation
constant σ fa of the SCF3 group from data for Mint for the
interaction with a nitro-group (see above) yields 0.09.
The negative value of the constant is also consistent with
the ortho, para -directing influence of the substituent. The
electronic influence of the SCF2CF2H group hardly differs
from that of the SCF3 group.
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When the SCF3 group is converted into SOCF3 and
SO2CF3, there is a marked enhancement of the electron-
accepting properties of the substituent. We have estab-
lished 5 2 '°" that the CF3SO2 group is one of the most power-
ful electron acceptors. The σ constants of this
substituent greatly exceed those of the nitro-group. The
strength of the SOCF3 group is close to that of the nitro-
group.

In contrast to SCF3, the SOCF3 and SQ2CF3 groups are
me ία-directing. Nitration of phenyl trifluoromethyl sul-
phoxide yields 90% of the m-nitro-isomer and only 5% of
the p-nitro-isomer114 and nitration of phenyl trifluoro-
methyl sulphone results in the formation of the m-nitro-
isomer alone113.

When the hydrogen atoms in the SOCH3 and SO2CH3
groups are replaced successively by fluorine, the induc-
tive and conjugation effects gradually increase. The σ
constants of the SO2CH2F group correspond to those of the
nitro-group and the constants of the SO2CHF2 group are
actually higher.

More marked electron-accepting properties of the
SO2CF3 and SO2CHF2 substituents compared with those of
the nitro-group are observed also in nucleophilic substitu-
tion reactions involving the aromatic ring. Thus the
introduction of the SO2CF3 group in place of the nitro-group
in the 4-position of l-halogeno-2,4-dinitrobenzenes
increases the rate of substitution of fluorine and chlorine
in the reactions with aniline by a factor of 10 and 40
respectively115.

When £-nitrophenyl trifluoromethyl and p -nitrophenyl
difluoromethyl sulphones react with sodium alkoxides, the
weaker electron-accepting substituent (the nitro-group)
is preferentially substituted by the alkoxy-group l .
In p -nitrophenyl trifluoromethyl sulphoxide the weaker
electron-accepting SOCF3 group is replaced.

The group moments of the SCF3, SOCF3, and SO2CF3
substituents gradually increase and are 2.50, 3.88, and
4.32 D, while the angles θ are 156°, 143°, and 167°.104

The angles θ increase in the series of substituents SO2CH3,
SO2CH2F, SO2CHF2, and SQ2CF3: 117°,24 136°, m 152°,103

and 167°,104 while the group moment passes through a
minimum: 4.73,24 4.04,u e 4.08,103 and 4.32 D. 1 0 4 The
vibration frequencies (î as) of the SO bond120 gradually
increase in the above series of substituents: 1334, 1342,
1358, and 1380 cm"1.

The σι constants for the SCF3, SOCF3, and SO2CF3
groups were also determined from the p/f a data for the
corresponding substituted acetic acids and the σρ constants
were determined from the p/f a for the phenylacetic acid
derivatives108. These results are close to the values of
σι and σρ constants obtained by 1 9 F NMR. It was found
that triffuoromethylthioacetic acid is approximately 65
times, trifluoromethylsulphoxyacetic acid is 500 times,
and trifluoromethylsulphonylacetic acid is 750 times
stronger than acetic acid1 . The last acid is the strongest
of all known monosubstituted acetic acids.

The σ constants determined by different methods for
powerful electron-accepting substituents, for example
SO2CHF2 and SO2CF3, show differences. This is probably
due to a contribution by the direct polar conjugation
between these substituents and the reaction centre (the
fluorine atom and the hydroxy- and amino-groups). The
aR constants of the SCF3, SOCF3, and SO2CF3 groups
determined by 1 9 F NMR include a definite contribution by
polar conjugation as for other powerful electron-accepting
substituents. Correlations whereby it is possible to
determine the constants σ0^ free of the contribution by
direct polar conjugation have been found by comparing the

σ Η ? CT13C, and σ Γ chemical shifts121. The σ^ constants
of the SCFs, SOCF3, and SO2CF3 groups are 0.01, 0.09, and
0.20; they are appreciably smaller than the σκ = 0.06,
0.13, and 0.31 found by 1 9 F NMR.

The basicity of the anilines P-NH2C6H4SO2R decreases
markedly as fluorine atoms accumulate in the substituents.
Thus p/Ta = 1-48, 1.28, 0.51, and -0.02 for R = CH3,
CH2F, CHF2, andCF3·8 8 />-Trifluoromethylsulphonylani-
line is the weakest base among all the known />-substituted
anilines.

The enhancement of the electron-accepting influence of
the substituents with increase of the number of fluorine
atoms in the OCH3, SCH3, SOCH3, and SO2CH3 groups is
clearly shown in the ESR spectra of the radical-anions
obtained by the reduction of the corresponding substituted
nitrobenzenes. The splitting constants ΛΝ for the nitrogen
atoms of the nitro-groups and the reduction half-wave
potentials £1/2 decrease steadily as the electron-accepting
properties of the substituent become more pronounced122.

Transmission of the electronic effects of substituents
in an aromatic ring to the OCF3, SCF3, and SO2CF3 groups
was observed by 1 9 F NMR from the change in the chemical
shifts of the fluorine atoms in these groups. It was found
that the electronic influence is transmitted most effectively
via the sulphur atom and with greater difficulty via the
oxygen atom of the SO2 group1 . A similar behaviour
was observed in a study of the shifts of the C - F stretching
vibration frequencies in the infrared spectra of compounds
of the type XC6H4OCF3, XC6H4SCF3, and XCeKUSCfeCFa.124'125

When one hydrogen atom in the methyl group is
replaced by the SCF3, SOCF3, or SQ2CF3 groups, the
inductive effect becomes of the electron-accepting type and
the conjugation effect changes sign only for the CH2SO2CF3
group. As the SCF3 groups accumulate at the carbon atom,
the inductive effect becomes increasingly of the electron-
accepting type and a saturation effect is observed, as for
chloro- or bromo-methyl groups. The conjugation effect
becomes of the electron-accepting type only for the
C(SCF3)3 group.

The SOF and SO2F substituents have σ constants close
to those for the SOC1 and SO2CI groups. The SO2F group
is a much more effective electron-accepting substituent
than SOF. The latter hardly differs in the values of the
σ constants from the SOCF3 group. The SO2F substituent
has a σχ constant close to that of the SO2CF3 group, but its
σκ constant is somewhat smaller, probably owing to the
electron-donating conjugation effect of the fluorine atom.

The electron-accepting inductive effect decreases in the
series of substituents with Group VI elements OCF3 >
SCF3 > SeCF3, the values for the last two being very close,
as for the corresponding methyl derivatives109. In con-
trast to the trifluoromethoxy-group, which exhibits an
electron-donating conjugation effect, the SCF3 and SeCF3

groups have positive σ^ constants owing to the involve-
ment in conjugation of the vacant d orbitals of the sulphur
and selenium atoms. The more diffuse 4d orbitals of
selenium show a smaller tendency towards (p - d)v conju-
gation than the 3d orbitals of the sulphur atom and there-
fore the SeCF3 groups exhibit a weaker electron-accepting
conjugation effect than SCF3. A similar phenomenon was
observed on comparing the SCH3 and SeCH3 substituents109.
The dipole moment of the interaction between SeCF3 and
the amino-group in the para -position (Mint = 0.43 D) 1 2 6 is
somewhat smaller for the same reason than that for the
interaction between SCF3 and NHa groups (μΐηί = 0.68 D) 1 0 4 .

Owing to the smaller tendency of the selenium atom
towards (4p - 2p)v conjugation, the SeCFs substituent does
not show electron-donating properties, in contrast to the
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SCF3 group, even when a nitro-group is present in the
para -position (Mint = 0-01 D) 1 2 6 . The group moment of the
SeCF3 substituent is 2.48 D (2.50 D for SCF3) and its vec-
tor forms an angle G = 140° with the Caryl~Se bond116

(Θ = 156° for SCF3).
Thus the SCF3 and SeCF3 substituents with bivalent sul-

phur and selenium have similar electronic properties;
the substituents containing atoms of these elements in the
quadrivalent (SOCFs and SeOCF3) and hexavalent (SO2CF3
and SeCfeCF3) states differ more markedly.

The SeOCF3 and SeO&CF3 substituents have higher σι
constants and somewhat lower σ^ constants than the
corresponding sulphur-contain ing groups. This is probably
due to the greater contribution of polar structures of the

Ο

type CFsSe+-O~, which results in a high positive charge on
the selenium atom and a decrease of the multiplicity of the
Se-0 bond. The study of the dipole moments confirms
this hypothesis. The group moments of the SeOCF3
(4.13 D) 1 2 7 and SeOaCFs (5.37 D) 1 2 7 substituents are higher
than for the sulphur-containing groups (3.88 and 4.32 D
respectively), while the Mint for interaction with electron-
donating substituents are lower. For example, Mint is
0.97 D for/>-NH2C6H4SeOCF3,127 1.11 D for the sulphur
analogue104, 0.18 D for />-CH3C6H4SeQ2CF3,127 and 0.78 D
for the analogous sulphone104.

As for the SCF3 and SeCF3 groups, the angles θ in the
SeOCFs and SeCfcCFs substituents (128° and 1510)127 are
smaller by approximately 15° than for the sulphur-con-
taining groups. The electron-accepting influence of the
SeOCF3 and SeO2CF3 substituents, characterised by the a m

and σρ constants, is much greater than that of the analogous
SOCF3 and SO2CF3 groups. In terms of its inductive effect·,
SeO&CF3 is an even more powerful electron acceptor than
the SO2CN and N*(CH3)3 groups (σχ = 0.94107 and 0.9310

respectively).

the replacement of its hydrogen atom by a CF3 group leads
to the substituent C^CCFe with more powerful electron-
accepting properties than those of the CH=CHCF3 group.
The fr««s-CF=CF-CF3 group has the same σ constants as
the CSC-CF3 group. Thus the replacement of hydrogen
atoms in the substituent CHMDHCF3 by fluorine atoms is
equivalent to the conversion of a double bond into a triple
bond. The σ constants of the CF=CFCF3 and C^CCFs
substituents are very close to those of the CF3 group.

Table 9. σ constants
tuents.

Substituent

C H = C H 2 ' »

CFs1»
C H = C H - C F 3 - tr9ns 1 0 · M · "

CH=CH—CFj-cfc1 '·7 1

SO2CF810

CH=CH-SO 2 CF 3 -frans I 0 · 6 3 > M · g

C H = C H - N O 2

 ] 0- "

CF=CF-CF,-«wu '"· 63· ·*· *
C=CH»»
C = C — C F 3

1 0 > Μ · Μ

C A 1 0 · 1 1

C F m.i

c,c!s 1»

for unsaturated fluorinated substi-

Β

0.43
0,22 a

0.16
0.76

0,34

0.41
0.06

-.0.12

η

F*

0.00

0.44
0,23
0.15

0.88

0.44
0.41
0.37
0,12
0,39

0.04
0.26
0.25

α

Β

(Γ. 54
0,20b

0,29
.0.96

0.26

0.28
0.51

—0.01
-0.03

Ρ

F*

—0.02

0.49
0.27

0.17
1.04
0.56

0.39
0.44
0.16
0.47

—0.01
0.27
0,24

σ

Β

0.0511

0.41
0,23°

0,14
0.64

0,38

0.35

0.10

F

0.01

0.38
0,19d

0.12
0.73

0.31

0.24
0,30
0,08
0.31

0,08
0.25
0.25

0

Β

0.13
-0.03 e

0.14
0,32

0.17

-0.10

R

F

-0.03

0.10
o.osf

0.05
0.31
0.25
0.15
0.14
0.08
0.16

-0.09
0.02

—0.01

•Calculated from aj and σ^.

Other data: *0.20;2'71 b0.34;2 '7 1 0.23 (C)21, 0.23 (Dy)19'128,
and σ" = 0.34 (A);88 c0.17;2 '7 1 d0.20;2 '7 1 eO.i6; 2 ' 7 1

f0.07; 2 ' 7 1 £σρ_ = 0.83 (A)88; h0.45 (C)21; σ" = 0.65 (A)88;
i a m = 0.34 and σ ρ = 0.41 (DA).129

VHI. UNSATURATED FLUORINATED GROUPS

The vinyl group has σ constants close to zero. On
replacement of a hydrogen atom in such groups by CF 3 and
SO2CF3, unsaturated groups are formed with electron-
accepting properties, albeit considerably weakened by the
introduction of the vinylene group (Table 9). The induc-
tive effect decreases particularly markedly.

A correlation has been found between the o\ constants
of the CH=CHX and X substituents10: aj (trans-CH=CHX) =
0.01 + 0.41 tfj(X). The decay of the inductive effect
transmitted via the vinyl group is smaller by a factor of
approximately two than via two methylene groups. This
suggests that the inductive effect is transmitted not only
via σ bonds but also via ν bonds. In these unsaturated
systems the h effect probably plays a certain role.

The aR constants of the CH=CHX and X groups are also
linearly related: a R (trans-CH=CHX) = -0.03 - 0.96 aR(X).
Comparison of the coefficients of σΐ(Χ) and aR(X) shows
that the conjugation effect is more effectively transmitted
via the vinyl unit than the inductive effect.

In the as-isomer of the group CH=CHCF3 the σχ and
aR constants are smaller than for the trans-isomer. This
is probably because, owing to steric hindrance, the CH =
CHCF3 group in the cis-isomer is partly displaced from
the plane of the benzene ring.

The om and σ ρ constants of the CH = CHSO2CF3 group
resemble those of the CF3 group. The ethynyl group is a
more powerful electron acceptor than the vinyl group and

The group moments of the substituents increase in the
series CH=CHCF3 < CF=CFCF3 < C=CCF3 <
CH=CHSO3CF3, amounting to 2.79, 3.06, 3.38 and 4.93 D
respectively130'131. As a result of the increase of the
length of the dipole, these values exceed the group moments
of CF3 and SQaCFs (2.51B 2 and 4.32 D 1 0 4). The dipole
moments for the interaction with an amino-group in the
para -position are 0.85, 0.94, and 2.71 D for the substitu-
ents CH=CHCF3, CH=CFCFs, and CH=CHSO2CF3 respec-
tively and also exceed the Mint for substituents without
vinyl groups (Mint = 0.49 and 1.46 D for CF3 and

1 ^ 1 3 1

Despite the fact that the fluorine-containing unsaturated
groups are electron-accepting in terms of their am and σρ

constants, they are ortho, para -directing in electrophilic
substitution reactions involving the aromatic r i n g 1 , like
other substituents of the type CH=CH-X, where X = NO2,
COOH, or N(CH3)3. Thus nitration of the compounds
CeHsR results in a mixture of nitro-isomers having the
following composition133:

R ortho meta para

CH=CH—CF3 46.5 3.5 50.0
CF=CF—CFS 26.5 7.5 66.0

CH=CH-SO2CF3 27.0 15.0 58,0 .

Nitration of /3-trifluoromethanesulphonylstyrene yields
a considerable amount of the meffl-isomer. This is
because the SO2CF3 group, which has the highest aR con-
stant, withdraws electrons from the ortho- andpara-
positions of the benzene ring and counteracts the formation



Russian C h e m i c a l Rev iews, 4 3 ( 1 ) , 1 9 7 4 43

of the energetically favourable ortho- or />ara-quinonoid
transition complex.

The pentafluorophenyl group, which we shall also con-
sider in this section, should exhibit powerful electron-
accepting properties. Indeed pentafluorophenol and penta-
fluorobenzoic acid exhibit much stronger acid properties
(p/fa = 5.5 and 3.4)129 than phenol and benzoic acid (pXa =
9.98 and 4.2).37 However, it has been found by 1 9 F NMR
that the electron-accepting inductive effect of the CeHs
group is small and the conjugation effect is close to zero 1 2 9

The explanation is that the pentafluorobenzene ring in m-
and £-FC6H4C6F5, which were used to determine the σ
constants, is displaced from the plane by an appreciable
angle. The electronic properties of the CeCU group are
very close to those of

IX. SUBSTITUENTS WITH FLUORINE ATOMS LINKED TO
HETEROATOMS (EFn)

The σ constants for substituents of the type EF are
listed in Table 10 in order of increasing Group number of
the element. All groups of the type EF n are powerful
electron-accepting substituents in terms of both inductive
and conjugation effects. The inductive effect of the EF n

group with the maximum number of fluorine atoms
increases with the atomic number.

Table 10. σ constants for EF n substituents (from 1 9 F
NMR data).

Substituent

Group III BF 2

2

Group IV CF S

4 7 >4S

c c i 3

4 7 · 4 8

CBr3

4 7 · 4 8

SiH 3

a

SiF 3

 1 3 5 · 2

SiCl·,135

G e F ' 1 3 5

GeCl 3

1 3 5

GrOUp V p p 71,85

P C 1 2

7 1 · 8 5

P F 4 7 1 8 5

Group VI SFj)2.7i

SFi2,130, 6

Group VII IF 2

 1 3 7

I C U 1 3 '
I F 4

l 3 7

I(OCOCH3)2i
37

IiOT.OCF.ki3?

«m

0.32

0.44
0.30
0.26
0.05
0.54
0.48
0.48
0.85
0.71
0.66

0.48
0.53
0.63

0.70
0-59
0.85
1.10
1.07
0.85
1.28

0.48

0.49
0.31
0,27
0.10
0.66
0.56
0.57
0,97
0.79
0.73

0,59
0.61
0.80

0,80
0,62
0,83
1.11
1,15
0,88
1.34

0.16

0.39
0.29
0.25
0.01
0.42
0.39
0.39
0.74
0.63
0.59

0.38
0.45
0.45

0,60
0,55
0.86
1,08
1.00
0.82
1.22

aR

0.32

0.10
0.02
0.02
0.09
0.24
0.17
0.18
0.23
0.16
0.14

0.21
0.16
0.35

0.20
0.07

—0.03
0.03
0.15
0.06
0.12

Other data: acalculated from 6F ;

1 3 4 bC T m = 0.61(B),
0.63(A), and 0.61(P), σ ρ = 0.68(B), 0.86(A), and 0.70(P),
σ! = 0.55(B), 0.56(A), and 0.53(P), and aR = 0.11(B),
0.27(A), and 0.12(P)2'136.

Despite the fact that boron is less electronegative than
carbon, under the influence of fluorine atoms the BF2
group exhibits an electron-accepting inductive effect2.
The higher σ^ constant of this substituent can be explained
by the presence of a vacant p orbital in the boron atom to
which the π electrons of the aromatic ring are displaced.

The aj constants gradually increase in the series of
substituents with Group IV elements CF3 < SiF3 < GeF 3 . 1 3 5

In the first two groups they arje very close but on passing
to GeF3 the σχ constant increases sharply. This is prob-
ably due to the increase of the polarity of the Ge-F bond
with increase of the contribution of ionic structures of the
type ArGeFaF". The higher negative charges on the
fluorine atoms in the S1F3 and GeF3 groups than in the CF3

group are confirmed by the fact that the F NMR signals
for the first two groups are located in a higher field rela-
tive to trifluoromethylbenzene135.

The σ constants of substituents with Group IV elements
linked to chlorine and bromine atoms also increase on
passing from carbon to silicon and germanium but their
σ ι constants are lower than those of the fluorine analogues.
This is because E-F bonds are the most polar1 3 5

The values of CTR for the SiHal3 and GeHal3 groups
greatly exceed the aR for the CHal3 groups. This
increase of the conjugation effect is accounted for by the
involvement of the d orbitals of silicon and germanium in
(d-p)ir conjugation. It is shown to the greatest extent in
aryltrifluorosilanes and aryltrifluorogermanes where
electron withdrawal by fluorine atoms promotes an
increase of the (d—p)n conjugation.

The dipole moment of phenyltrifluorosilane (2.77 D) 1 3 8

is higher than that of phenyltrichlorosilane (2.41 D) 1 3 8 and
trifluoromethylbenzene (2.51 D) 1 3 2 which is consistent with
the more marked electron-accepting properties of the
SiF3 group. It is also indicated by the increase of the
dipole moment in the sequence C6H5Si(CH3)2F <
C6H5Si(CH3)F2 < C6H5SiF3 (1.70, 2.55, and 2.72 D respec-
tively)139.

In electrophilic substitution reactions, for example in
chlorination in the presence of FeCl3, the Si(CH3)3 group is
predominantly ortho, para -directing, activating the ben-
zene ring. On gradual substitution of the methyl groups
in Si(CH3)3 by fluorine atoms, the content of the meta-
isomer in the reaction products increases, reaching 72%
for the SiF3 group, while the reactivity decreases by a
factor of 1000 compared with the Si(CH3)3 group. 1 4 0 ' 1 4 1

The PF2 group is a substituent with somewhat weaker
electron-accepting properties than P(CF3)2.85 The reason
for this is the occurrence in the PF2 group of an interac-
tion between the p electrons of the fluorine atom and the d
orbitals of the phosphorus, which acts in the opposite
direction. In the PCk substituent the (p-d)ir interaction
between the chlorine and phosphorus atoms is weaker and
therefore the electron-accepting inductive effect of the
PC la group is somewhat higher than that of the PF2 group.

An increase of the number of fluorine atoms at the
phosphorus atom leads to an increase of the constants aj
and aR. The PF 4 group is one of the most powerful
electron-accepting phosphorus-containing substituents.
The pronounced electron-accepting effects of the PF2 and
PF 4 groups can be explained by the interaction of the π
electrons of the aromatic ring with the vacant d orbitals
of phosphorus, which become compact under the influence
of the fluorine atoms and overlap fairly effectively with
the P orbitals of the carbon atoms in the benzene ring8 5

Similar phenomena are observed in the SF3 and SF5
substituents. However, the conjugation effect of the SF5

group proved to be smaller than that of SF3 despite the
higher number of fluorine atoms. Two d orbitals of the
sulphur atom in the SF5 group are involved in the forma-
tion of σ bonds and the remaining three vacant d orbitals,
which have higher energies, are to a considerable degree
saturated by the electrons of the five fluorine atoms and
probably interact less effectively with the tt electrons of
the benzene ring. Only one d orbital of the SF3 and PF 4

substituents is involved in the formation of σ bonds and
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the remaining four vacant d orbitals interact fairly effec-
tively both with fluorine atoms and with the π electrons of
the aromatic ring1 0 7.

Among all the substituents of the EF n type investigated,
only the SF5 group is extremely resistant to hydrolysis.
Nitration of phenylsulphur pentafluoride yields 80% of the
m-nitro-isomer. The group moment of CF5 is 3.44 D and
Mint * o r the interaction with an amino-group in the para-
position is 0.6 D. 1 3 6

Table 10 shows that groups with tervalent or quinque-
valent iodine interact with an aromatic ring mainly via the
inductive mechanism. The very high σι constants are
probably due to the high polarity of the bonds between the
iodine atom and halogen atoms or acyloxy groups. The
ICI2 and KOCOCFsk groups, in which the contributions by
the structures TCI" and r(OCOCF3)~ should be maximal,
have the highest a\ constants.

The accumulation of fluorine atoms at the iodine atom
leads to an increase of the inductive effect and a consider-
able increase of the conjugation effect. The involvement
of vacant d orbitals in substituents with a pentacovalent
iodine atom in conjugation with the ν electrons of the ben-
zene ring is probably more effective than in the IF2 and
IC12 groups1 .

X. FLUORINE-CONTAINING SUBSTITUENTS WITH METAL
ATOMS

Fluorine-containing substituents with a mercury atom
have now been investigated (Table I I ) 1 4 2 . The electronic
properties of mercury-containing substituents are largely
determined by their inductive effects. The constants CTJ
of these substituents depend very markedly on the nature
of the solvent. The lower the polarity of the solvent the

Table 11. σ constants for substituents with a mercury
atom (from 1 9 F NMR data).

Substituent

HgF 1 4 a

HgCI 1 4 3

HgCF3

 1 4 i

HgCN U 8

HgSCF,
HgOCOCHs"8

HgOCOCF 3

1 4 a

CHCl,

0.31
0.27
0.23
0.37
0.38
0.48

DCE

0.34

0.16

0.32

0.37

THF

0.18
0.17
0.06
0.07
0.18
0.16
0.22

aR

CHCl»

0.04
0.05
0.11
0.05
0.02
0.04

DCE

—0.01

0.03

0.04

0.03

THF

—0.01
0.01
0.01
0.02
0.02
0.00
0.00

higher the o\ constant. The increase of the o\ constants
on passing from dichloroethane (DCE) to chloroform can
probably be accounted for by the tendency of chloroform
to form hydrogen bonds with electron-accepting groups
linked to the mercury atom Mercury has vacant 6/>
orbitals and therefore solvents such as tetrahydrofuran
(THF) may be coordinated to mercury atoms, which leads
to a sharp decrease of the constants o\. For the same
reason, the σρ constants, determined by the interaction of
the 6/> orbitals of mercury with the ring π electrons, fall
almost to zero in THF. The presence of electron-
accepting substituents at the mercury atom (CN, CF3,
SCF3) promotes the overlapping of the mercury 6p orbitals
with the 2p electrons of the carbon atom in the benzene
ring—(6/> - 2p)ir interaction and an electron-accepting

conjugation effect. The p electrons of the fluorine atom
in the HgF substituent are displaced to the 6p orbitals of
the mercury atom and probably further to the benzene
ring, which leads to a weak electron-donating conjugation
effect of this substituent.

XI. INDUCTIVE CONSTANTS σ+ OF FLUORINE-CON-
TAINING SUBSTITUENTS IN ALIPHATIC COMPOUNDS

Taft's σ+ constants9, obtained mainly from the disso-
ciation constants of aliphatic acids by means of the equa-
tion

Λο

are used to characterise the inductive effect of substitu-
ents. Very exact correlations a re achieved between the
pifa of R-COOH acids and the σ+(Λ) when two equations
are employed 1 4 4—for saturated acids [Eqn. (I)] and for
unsaturated acids with an sp2 hybridised carbon atom linked
to the COOH group [Eqn. (II)]:

pKa = — 1-700 σ* (R) + 4.644 , (I)

pKa = — 1.795 σ* (R) + 5.275. (Π)

A similar equation [Eqn. (ΠΙ)] has been found also for
aliphatic alcohols of the type RCH2OH:144

= — 1.316σ*(/?)-ΐ- 15.74. (ΙΠ)

Table 12. Inductive constants σ* for fluorine-containing
substituents.

Substituent

CH3

F
CH2F
CHFa

CF,
CHoCFs
CH2CH2CFS

CH2CH2CH2CF3

CH(CF3)a

C(CFS)S

CH2SCFS

CH2SOCF,
CH2SO2CF3

COCF3
N(CF8)2

σ*

0»
3.10 1 0 · 2 8

1.10»·"
2.05»· b

2.60 1 0 · 2 8 · 0

0.92»
0.32»
0.12»
1.34"
1,48 s1

0,99 >«·
1.501»»
1.61108

3.70 " ·
3 . 0 5 d

Substituent

OCFj

SCF3

SOCF3
SO2CF3

NO2

CH=CH 2

CF=CH 2

CH=CF : !

CF=CF 2

CC1=CCI2

CH=CHCF3

CH=CHCC13

C.H6

C8F6

a *

3.42 d

2.74'd-e

4 . l 7 d - e

4 . 5 5 d ' e

3.901»
0.57 1 4 4 - f

1.53g
1.178

1.94*·11

2 . 2 6 g

1.07 g

1.19 1 4«
0.60»
1.10 1 4 '

1 4 7

ai.17;1 4 4 *>2.00;144 c 2 . 6 l ; 1 4 7 calculated f r o m E q n ( 4 ) .
ecalculated from Eqn. (V) for SCF3, SOCF3, and SO2CF3
groups (experimental values 2.77, 4.20, and 4.50); f0.56
and 0.65;l 8 Scalculated from the ρΚΆ for unsaturated
acids5 7 with the aid of Eqn. (Π); hi.73. 1 4 9

The effects of substituents are additive in alcohols with the
structure R'R"R'"COH, hydroxylamines R'R"R"'CNHOH,
and oximes R'R"C=NOH. l 3 5 '1 4 6 However, on gradual
substitution of the hydrogen atoms in the methyl group of
acetic acid by fluorine or chlorine atoms or CF3 groups, a
"saturation effect" is observed instead of additivity10^1.
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The σ* constants can also be calculated from Eqns. (IV)
and (V):10

(IV)

and

σ* = 6.23 σ,,

σ* (/?) =2.8 σ* (CH2R) . (V)

Table 12 lists the constants o* for fluorine-containing
substituents found by the methods indicated. The σ* for
certain groups without fluorine are listed for comparison.

The data obtained for the σ constants made it possible
to derive correlation equations whereby one can estimate
the electronic properties of new substituents the σ con-
stants of which are still unknown. For example, the σ
constants of fluorine-containing substituents of the type
XCF3 and XCHF2 may be determined from the σ constants
of XCH3 substituents1 0 '5 3 '5 4 '8 9:

ί 0.20 (η = 2)
0.10 (n = 3) ;

(o.O6 (η = 4)
σ (XCF ) = ί°- 8 8 σ «( χ ( : «3) + 0.19 (η = 2).

3 11.05 aR (XCH3) + 0.08 (η = 3) '
atf(XC4F2) ^ 0.71 a/(XCH3)-f- 0.28

where X are various elements or groups of atoms and η is
the number of bonds between the benzene ring and the CF3

or CH3 group.
The electronic properties of fluorine-containing substit-

uents incorporating only 12 of the elements in the Periodic
System have now been investigated. Nevertheless many
relations useful to chemists have been discovered; these
are already being used and will undoubtedly find wider
applications in various branches of organic chemistry.

<7,(XCF3)=a,(XCH3)
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