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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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1. 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!?. 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 [CFsO, CFsS, CFsSOz, and N(CFs)k] 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 Hammett ** in terms of
om and op constants. Subsequently the latter were
resolved by Taft and Lewis °~° into components reflecting
the inductive (oy) and resonance (0R) effects. In the pres-
ence of direct polar conjugation between the substituents
and the reaction centre, anomalously high o constants are
observed. Therefore one distinguishes 0°p and 0‘1):{ con-

stants without taking into account direct polar conjugation
from o constants when such conjugation is taken into
account (0~ and oR for electron-accepting substituents and
0p and oR for electron-donating substituents).'®

In order to determine the ¢ constants of fluorine-con-
taining substituents, the following methods are most widely
used: 'F NMR on the basis of the chemical shifts 6F of
the fluorine atoms in mefa- and para-substituted fluoro-
benzenes relative to fluorobenzene''; the determination of
o constants from the dissociation constants of meia- and
para-substituted benzoic acids *®*?; the measurement of
DK 5 for anilinium ***® or dimethylanilinium ions'*; the
determination of the dissociation constants of phenols "%,

Dewar and Grisdale!®”'” and Swain and Lupton*® devel-
oped new methods for the resolution of ¢ 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 o constants and absorption band shifts
of azo-dyes or passing from a neutral to an acid medium*°,
the pKy of cyanine dyes®®** | and the absorption intensity
in the infrared spectra of monosubstituted benzenes® %,
Methods based on the measurement of molecular dipole
moments are also used®®. The determination of interac-
tion dipole moments (kint), which reflect the direct polar
conjugation between the substituent and the reaction centre
and are correlated with the o~ and o* constants'°?%%% ig
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 ¢* or ¢~ con-
stants 2627,

The most detailed data on the applications of various o
constants are quoted in a series of monographs and
reviews **"°%?8"3°  Thijg 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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II. FLUORINE AND OTHER HALOGENS

Fluorine is the most electronegative element. The
C -F bond is the most polar among bonds between carbon
and halogens®’*®, In aliphatic compounds the fluorine
atom exhibits a powerful electron-accepting inductive
effect. This can be inferred, for example, from the pKa
values for halogenoacetic acids ** and the molecular dia-
gram for methyl fluoride **:

0.00-+0.187 — 0,187,
H,C —F

Halogen atoms linked to an unsaturated carbon atom or an
aromatic ring exhibit an electron-accepting inductive
effect (o7 > 0) and an electron-donating conjugationf effect
(or < 0), decreasing in the sequence F > C1> Br > I
(Table 1). Among the halogens, the fluorine atom has the
smallest covalent radius ®, 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.

Table 1. o constants of the halogens*.
a 011
Substi- 0;12 .;12 e 538 1 OR 01110
tuent | p B> 4 Bll | A® | e B | F B
F | 0360060147 | —0.07 | 0.52 | 0.55 | 0.52 | —0.35 | —0.32 | —0.46
cl 037|023 027 | 041 |047]|0.43|040| —0.20 | —0.18 | —0.24
Br |0.39|0.23|0.26| 0.15 | 0.45 | 0.42 | 0.44 | —0.19 | —0.16 | —0.22
1 |0.35]0.288 0.27 | 0.43 | 0.39 | 0.34 | 0.44 | —0.12 | —0.14 | —0.13

*In this and subsequent tables the methods of determination
of 0 constants are indicated by letters: B—from the pKgy
for benzoic acids; A—from the pKga for anilinium ions;
DA —from the pK g for dimethylanilinium ions; F—from
the 6F chemical shifts (**F NMR); P-—from the pKga of
phenols; i.r.—from infrared spectra; Dy-—from AX for
azo-dyes; C-—from the pK 3 for cyanine dyes.

The overall electronic effect of fluorine, characterised
by the op constant, is the smallest among all the halogens,
since its large conjugation effect to a considerable extent
neutralises the inductive effect. The oi’:{ constant for
fluorine in p-difluorobenzene, determined by '°F NMR, is
smaller than oR found from pKja for p-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 0p constant for fluorine is smaller
than 0’%.

Since the op 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
para-position relative to the functional group. The
remaining halogens increase the acid properties and
reduce the basic properties to a much greater extent than
fluorine *".

T Usually referred to as the resonance effect in English
(Ed. of Translation).
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The 0} constants for halogen atoms are much smaller
than 0y, 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 para-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 *,

The electrophilic constant o"p 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 > H > C1> 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 ¢ and 7 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®. 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 atom ",

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 ™3, An interesting case
of the electron-donating effect of fluorine was observed in
cyanine dyes with fluorine atoms in the polymethine
chain**., 1t 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.

OI. FLUOROALKYL GROUPS (RF)

Among the fluoroalkyl groups, the CF; group is most
frequently introduced as a substituent. The 0 constants of
this group have been determined by various methods.
Their values together with the o constants of other fluoro-
alkyl groups are 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 properties'*******®  The inductive effect
plays the main role in its electronic influence. It is
somewhat smaller for the CF; group than for the fluorine
atom. Thus the dissociation constant of trifluoromethyl-
acetic acid is smaller by a factor of 2.2 than that of fluoro-
acetic acid®’,

The conjugation effects of the CF; group and the fluorine
atom act in the opposite directions. The electrophilic
constant oy, = 0.52 of the CF; group is smaller than o% =
0.61. * In conformity with these data, trifluoromethyl-
benzene enters into electrophilic substitution reactions with
greater difficulty than benzene and its mefa-position is
involved preferentially. Thus the nitration of trifluoro-
methylbenzene results in the formation of 100% of the -
nitro-isomer **, while chlorination gives 80.2% of the 7 -
isomer, 15.7% of the o-isomer, and 4.1% of the p-isomer *°.
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Table 2. 0o constants for fluoroalkyl groups.
Oy FS o oR
Substituent B A | F B | a| ¥ B | a | F B A F
CH,F 0.12 0. 0.1347a8.2 —0,0247—48:b
CHF, 0.29 0.32 0.264798.¢ 0.0647—50
CE,* 0.43124 | 0.4914¢ 10.4414] 0.5412F [g 2’| 0.49% [ 0418 0.441¢ | 0,39143 0.13%1 | 0181 0.101
CH,CF; 0.16  10.12 0.14 | 0,09 0.14 —0,05
CF,CF, 4 0.520  l0.47 0.69” | 0.52 0.41 0.11
(CF,);CF3 14 0,55  10.47 0.730 | 0,52 0.39 0.11
CF(CF), 0.37 0.52  0.50 [0.53 lo.e8 | 0.52 0,25 0.48 0.48 0.26 0.17 0.04
C(CFy), 0.35 0.39 [0.55 {052 lo7q4 |0.55 0,27 0.55 0.26 0.00
C(CFg),OH 14 0.35 029 0.48 | 0.30 0.31 0.28 0.15 0.02
"
CF(CF,),CF, ? 0.48 0,53 0.45 0.08
f— :
C(OH)CF,CF,CF, 2 0,36 0.37 0.35 .02
m, p-CF,OCF, 62 0.81
CF3CF,CeH,F-p 55 0.34 0.39 0,29 0.10

Other data: 20.12;%7°° b_0,01;%° €0.29;*° d0.41 ** and 0.42;'¢ €0.41;* 0,53 21 and

o 55 1 go. 33414 ho, 41;" 1o, 18™ and 0.11 (i.r.)?,

= 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 CF; group is conjugated with the aromatic ring—
a negative hyperconjugation effect*® (in contrast to the
positive hyperconjugation effect of the methyl group, which
acts in the opposite direction®). This effect can be
represented by a series of limiting structures with an
unbound fluoride anion or by curving arrows:

l
- F 5 ‘—F

©«~© & *@

2. The trifluoromethyl group exhibits a 7 -inductive
effect (I,,)—it withdraws electrons from the adjacent ring
carbon atom at which a partial positive charge arises and
withdraws electrons from the 07tho~ and para-positions
via a resonance mechanism'*’%

CF,

N

3. The p electrons of the fluorine atoms of the CF3
group interact with the 7 electrons of the benzene ring in
such a way that the electron dens1ty in the meta-position
is enhanced—p - interaction'*. Many ex?erlmental facts
and also quantum-mechanical calculations 5’56, carried out
taking into account all the valence electrons in the atom,
have shown that not only o electrons but also ring 7 elec-
trons are transferred to the CFs 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
l
F—C—F* 005080 — 0.05088

PN 10,0434 7 — 0.0134 7

‘ J C4Hs — CFy

N

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

ioA).

aromatic ring and the CF; group orbital comprising the
orbitals of the fluorine atoms forming o bonds. Asa
result of the high electronegativity of the fluorine atom,
the hyperconjugation effect leads to a decrease of the 7
electron density in the aromatic ring and its increase at the
When electron-donating
substituents are introduced in the para-position of tri-
fluoromethylbenzene, the electron shift to the CF; group
increases owing to direct polar conjugation. This is con-
firmed, for example, by calculated data®® for the distri-
bution of 7 electrons in p-fluoro(trifluoromethyl)benzene
in relation to the analogous values for fluorobenzene and

fluorine atoms of the CF3 group,

trifluoromethylbenzene:

F~— CgHy

+0.0489 1 — 0.0489 m 4 0.052271 — 0.0368 51 — 0.0154 = + 0.0134 7 — 0.0134 1
p-F—CgH——CF;

CoHy — CFy

In the p -fluoro(trifluoromethyl)benzene molecule the 7

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 CFs group with powerful

electron-donating substituents (NHz, NMez, O”) was
observed in a study of the dipole moments and chemical
properties of para-substituted trifluoromethylbenzene.
For example, p-amino(trifluoromethyl)benzene has pint =

0.49D.%

As a result of direct polar conjugation, o- and

p-hydroxy- and o- and p -amino-(trifluoromethyl)benzenes
readily undergo alkaline hydrolysis, in contrast to the

meta-isomers

62 963

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 carboxy-group, wh11e the substituents in the meta-
position remain unchanged *

The high o constants determmed from the pK g of sub-

stituted anilines (0;), compared with the values found by
other methods, have been explained by direct polar conju-
gation (Table 2).
investigated the base-catalysed exchange
of hydrogen for deuterium in monohydrofluorocarbons:
RFH + CH;0D = RFD + CH;OH. This reaction proceeds
via a stage involving the formation of a carbanion and the

Andreades ®
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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 RF = CFs <
CFs(CF;)sCF2 < (CF3)CF < (CF3):C, the corresponding
values being 1,6,2 X 10°, and 10°. 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 hyperconjugation effect.

According to Streitwieser and Holtz °’* the following
observation constitutes evidence against a significant role
of negative hyperconjugation in the electronic effect of the
CF; group. The rate of exchange of protons for the
corresponding tritium species in 1H-undecafluorobicy -
clo[2,2,1]heptane is higher by a factor of five than for
(CF3):CH. 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.
B g
A >
Fy Fy Fy |
*») ®)

However, these arguments are insufficient for the com-
plete rejection of a contribution by hyperconjugation, since
the involvement of the CF; group in conjugation does not
require a change in the hybridisation of its carbon atom
from sp® to sp® 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 CFs; 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).%°

The trifluoromethyl group exerts a powerful electron-
accepting inductive effect on the aromatic ring, which is
transmitted both via the nearest ¢ bonds and through space
in the form of the field effect. This effect leads to the
polarisation not only of o electrons but also of 7 electrons,
i.e. results in a Iy effect. The influence of the latter is
indicated by the calculated 7 electron distribution in the
trifluoromethylbenzene molecule*°:

+0.0162

-0,0162

+0.0261 CF,

=0.0499

+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; group (-0.0162). Thus polarisation of the ring 7
electrons under the influence of the inductive effect of the
CFs group is evidence for the presence of an Iy effect.
However, there are also objections to a significant role
of the Iy effect*®*™. They are based on the observation
that groups such as C(CN); and IClz, which have very high
inductive effects (o = 0.98%° and 1.3™) do not exhibit a
conjugation effect (o = 0.01*° and 0.0™ respectively).
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The C(CFs)s group behaves similarly (Table 2). The Iy
effect should increase with the inductive effect of the sub-
stituents on the ring 7 electrons and should lead to an
increase of the oR. However, this is not observed. The
It 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 o constants of the
substituents CFs, CF2CF3, CF(CFs), and C(CFs)s 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 oy, and op constants.

Comparison of the of and oR constants of the above
perfluoroalkyl substituents obtained from '*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 o1 constant and a decrease of the
conjugation constant og. The conjugation constant for the
C(CFs); 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
o] 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 o bonds but also through
space—the field effect ¥. The latter depends on the dis-
tance 7, the dipole moments p of the bonds in the substitu-
ent, the angles 6 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 solvent *7%:

F = cos 8/D7°,

Sheppard explained a similar increase of the ¢ constant
on passing from CN(o1 = 0.47) to the C(CN)s group (0y =
0.98) also by an increase of the field effect **"".

Since the inductive effect plays a dominant role in the
electronic behaviour of perfluoroalkyl substituents, its
increase according to '*F NMR data in the series CFs <
CF:CF3 < CF(CF3): < C(CFs3); leads to an increase of the
constants oy, and 0p in the same sequence despite the
decrease of the oR. The constants oy obtained from the
!F NMR data and the pK g for the acids are virtually
identical.

The om and o] constants for the CF(CF3) and C(CFs3)s
groups obtained from the same data differ markedly. The
field effect of the CF(CFsk and C(CF;); substituents is
greater than that of the CFs 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 meta-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(CF;), and C(CF3); groups in the meta-position
have a weaker electron-accepting influence than the CFs
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 p-CF3-, p-CF(CF3)-, and p-C(CF3)s-benzoic acids
are approximately the same*%1. The fact thatm -(perfluoro-
t-butyl)aniline is a stronger base and its para-isomer a
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weaker base than the corresponding trifluoromethylanilines
can be explained by a similar field effect®. For the same
reason, the op constants determined from the pKj for the
anilinium ions (¢p) increase on gradual substitution of the
fluorine atoms in the CF; group by trifluoromethyl groups.

Examination of the constants o = 0 — oy shows that,
when CF; 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 CeHsX, where X = CF3, C:Fs, CF(CFs):, and
C(CFs)s, are very close (2. 60, 2,73, 2.68', and 2.72
D®). The values of pint for 1)-ammo(tmfluoromethyl)ben-
zene and p-amino(perfluoro-t-butyl)benzene (0.42* and
0.30 D*') show that the direct polar conjugation between the
CFs and NH; groups is somewhat more pronounced than
between C (CF3); and NH,.

Like the CF3; group, all the perfluoroalkyl groups are
meta-directing in electro4ph1hc substitution reactions
(nitration, bromination)*

In order to account for the greater deactivation of the
para-position compared with the meta-position by the CFs,
C:F5, and CF(CF:3): substituents, for which om < o,
Sheppard'* put forward the hypothesis of p-m interaction
of the p electrons of the fluorine atoms of the perfluoro-
alkyl groups with the 7 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 mefa-position, while the para-position is
greatly deactivated.

A number of objections have been made to the hypothe-
sis of p-r interaction. Dewar ™ noted that the p—r inter-
action has no chemical analogies and that a shift of #
electrons to the meta-position as a result of a conjugation
effect is unlikely. Stock and coworkers™, Smith and
Menger ", and Holtz ® failed to observe such p-7 conju-
gation in model compounds.

We established ® that the C{CFs)s group does not
exhibit a conjugation effect although in the presence of
p-m interactions the nine fluorine atoms in the f-position
should be equivalent to the three fluorine atoms of the CFs
group, according to Sheppard's hypothesis, and should
lead to similar values of the oR 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 — 7
interaction®. Thus the hypothesis has not been confirmed
by theoretical and experimental studies **’°°’%,

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 o 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 om, 0p, 01,
and oR constants increase and their sign changes from
negative to positive (Tables 2 and 3).

When fluorine atoms are introduced into the CHs group,
the o] 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 oy constants of the CHCl: and CCls
groups and of the CHBr, and CBrs groups hardly differ.
Another anomaly is that the o1 constants of the CH2X and
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CHX: groups do not decrease in the sequencesX = 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, CHXz, and CXs groups. When X = Cl, Br,

and I, the CH.X and CHX: 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 ¢
(see above) between the C-X bond and the line joining the
centre of this bond to the fluorine atom in the mefc-posi-
tion (from the chemical shifts of which the o1 constants are
determined) will be smaller than the average statistical
angle for freely rotating fluorine-containing groups.

Table 3. o constants for halogenoalkyl groups *"*,

Substi- Substi- Substi- -

t:enstn r °R caent o1 9R tuent o | R
CHY! —0,08 |[—0.15
CH,F® 043  [—0.02 CHF,® |0,26 | 0.06 CF, 0,39 {0.10
CH,Cl 0.141bl_-0,031 % ¢ CHCI,  {0.299| 0.02%- 5™l CCly 0.29f { 0.028
CH,Br 0.14" [—0.03! CHBr, |0.201] 0.02%% |cCBr, [0.25![0.02"
CH,! 0.44" |—0.04 CHI, 0.26 | 0.00 Clg R
CHyCF? 0.4 |—0.05 CH(CFg)s | — - C(CFg)? [0.55 {0.00
CH,CN#® 0.26 |—0.08 CH(CN)$®| 0.55 [—0.03 C(CN)$® |0.98 |0.01

Other data: *Table 2; 0.15,°%% 0,16, and 0.17;%"!
€0.04;* dp.28,'° 0, 30 % and 0. 31,%° €0.04;'° £0.30% and
0.31;°° £0,03;%%° ho’16 10749550 and 0, 18;™ 1-0,02;%%°
30.26 *° and 0.30;* k0.03;% 10.26;%%° Mo, 03; 5"
nQ.16,

The field effect of the CHzX and CHX: substituents,
where X = Cl, Br, and I, depends on cos @, increases for
this reason, and leads to an increase of the o7 constants.

The accumulation of the large chlorine and bromine
atoms at the same carbon atom in the CCls and CBrs

groups leads to an increase of the bond angles >d{ or
Cl

Br
/C and hence to an increase of the angle 6 and a
Br
decrease of the field effect. This may be the reason for
the appearance of the “saturation effect”.

The angle 6 in the C(CF3)s substituent must be smaller
than for CBr; and for the C(CN); group # 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)s
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 cg constant is’
negative, while the CHF: and CFs substituents are electron
acceptors on the basis of this effect.

On passing from fluorine to iodine in the series of sub-
stituents CHzX, the electron-donating conjugation effect
increases slightly, while the electron-accepting effect of
the CHX: and CX; groups decreases.

The CHzF and CH:Cl groups are very similar as regards
their electronic properties. Their directing effect in
electrophilic substitution reactions is the same—they are
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predominantly ortho, para-directing substituents. In the
nitration of benzyl fluoride the ratios of the p-, m-, and
o-isomers correspond to 54, 28, and 18%,"° 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)

o
The ¢ constants of the c{ , COCF3, and COC;sF; 2

F
groups have been determined by '°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 Ip constants,
they resemble the nitro-group (o, = 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 perfluoroacy!
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 o, constants. We calculated it from the correlation
equation of Swain and Luptonm. 05 for the COCF; group
was found to be 1.22 (the corresponding values for the O
and COCHj; groups are 1.27 and 0.8). *°

Table 4. o constants of perfluoroacyl groups.

Substituent Om oy a; oR
COp»1 0.55 | 0,70 0,39 0,31
COCF214 0.63| 0.80 0.47% | 0.33
COCsFP 0.63 | 0.79 0.46 | 0.33
COH'® 0.43 | 0.52 0,25 0.27
cocy® 0,53 | 0,69 0,38 .31
COOC,H; ¢ 0,20 | 0.30 0.11 0.19
COCH1%© 0.28| 0.38 0.18 0.20

Other data: 20.45;'' Pcalculated from Og and 6F

(Sheppard **) data; C(F). P

In electrophilic substitution reactions, for example in
nitration, the COCF; group exhibits predominantly a meta-
directing effect ™.

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 ¢ constants
than the COCF; group. This is because the fluorine atom
exhibits, apart from a powerful electron-accepting induc-
tive effect, an electron-donating conjugation effect. The
latter is much smaller than for the ethoxy-group in the
COOC:Hs substituent. For this reason, the COF group is
a stronger electron-accepting substituent than COOC:Hs.
The constant Cl'f) for the COF group is also somewhat
smaller than for COOC2Hs, amounting to 1.09.
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V. NITROGEN- AND PHOSPHORUS-CONTAINING SUB-
STITUENTS (N - RF, P - RF)

The electronic properties of the substituents in which
the CF3;, COF, COCF3, and SO.CF; 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 oy and Op con-
stants are close to those of the trifluoromethyl group.
However, the inductive effect contributes most to the
electronic influence of the N(CF3) 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 acids ™%,

Table 5. 0 constants for nitrogen-containing substituents
(**F NMR method).
Substituent on, o’; oy oR
NH, 10 —0.23 [—0.47 | 0.04 | —0.48
N(CHj), 10 —0.47 |—0.44 | 010 | —0.54
N(CF,),>™b 049 | 0.50 | 0,49 0.01°
NHCOCH3# 047 | 0.05 | 0.28 | —0.22
NHCOCF, 80 0379 0.27de{ 0.46f | —0.19f
NHSO,CH, # 0.32 | 021 | 042 | —0.21
NHSO,CF, 80 0.44 | 0.39 | 049 | —0.10
N(CH;)GOCHS 20 0.31 | 0.26 | 0.36 | —0.10
N(CH3)COCF, 80 041 | 0,39 | 043 | —0.04
N(CH3)SO,CHj & 0,29 | 0.24 | 0.3 |—0.10
N(CH,) SO,CF, 80 0.46 | 0.44 | 0.48 | —0.04
N(COCH,), # 0.35 | 0.33 | 0.37 |--0.04
N(SO,CHj), 8 0,47 | 0.49 | 0.45 0.04
N(SO.CFy); 8 0.75 | 0.80 | 0.70 0.10
N(CF;)COF? 0.56 | 0.56 | 0,56 0.00
N(COF),7® 0.58 | 057 | 0.58 | —0.01
N—=C(CF3), * 0.29 | 0.23 | 035 | —0.12
N=N-—CF, 8 0,56 0.688 | 0,44 0.24
N=N—CgHjy 10 0.23 | 027 | 0.9 0.08

Other data: 2calculated from oy and oR; b_om = 0.40,
op = 0.53, 01 = 0.29, oR = 0.23 (B),'* o = 0.47, o, =
0.53, o1 = 0.44, and og = 0.06 (A)'*; €0.13 (i.r.)?,
dg, = 0.30 and op = 0.12 (B)*; €0.13 (€)*; fo;=0.38
and oR = -0.15;'° £0.74 (C)?.

However, in electrophilic substitution reactions the
N(CF3) group still behaves as an ortho, para-directing
substituent. In the nitration of di(trifluoromethyl)aniline
the proportions of the para-, ortho-, and meta-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%.™
Under the influence of electrophilic agents, the free elec-
tron pair at the nitrogen atom is probably nevertheless

im;olved in conjugation and stabilises the transition state
(A):

CF, CF,

0

No, H
(a)

We estimated by two methods the constants ¢} and o},
which determine the directing effect of the substituents
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in electrophilic substitution reactions. The constants o'i, =
0.42 and o = 0.07 were calculated for the N(CFs3): group
by the equation of Swain and Lupton'®

The constant o}y was determined by another method,
using the correlation equation pint = 1.10 (OR = ¢R)
derived by the present authors, for the compounds p-
XCeHsNO:, where X = NMez, NHz, OH, Br, or SCHs. **
The dipole moments of # -NOC¢HsN(CFs) and CsHsN(CFs)
are 1.80 and 2.69 D, pint = 0.40 D, ok = 0.13, and 0 =
0.36. The two methods yielded similar negative values
of oR, and 0 < om. Consequently the N(CFs): group
should be ortho, para-directing, in agreement with experi-
mental data.

The replacement of the hydrogen atom in the amino-
group by COCHs, SO:CHs, COCF;, and SO.CF3; 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 NHSO:CF; group is o7tho, para-directing®,
A change in the sign of the constant oR is observed only
when two methane- or trifluoromethane-sulphonyl groups
are introduced at the nitrogen atom. The om and op con-
stants of the N(SO:CFs) substituent resemble those of the
nitro-group. Nitration of di(trifluoromethylsulphonyl)ani-
line yields a mixture of meta- and para-nitro-isomers in
proportions of 8 :1.%° The N(SO:CHz). group is predomi-
nantly ortho, para-directing **,

The electrophilic constants o and 0} of the N(SO:CF's):
group, calculated by the method of Swain and Lupton ‘®,
are 0.04 and 0.74. The positive value of the o constant
indicates a meta-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 CFsSO. groups **.

There are linear relations® ’*° between the o and 07
constants of the NHR group on the one hand and the corre-
sponding constants of the substituents R, where R = COCFj,
SO.CFs, and other acyl groups, on the other; they are
expressed by the equations

0,(NHR) =0.49 6,(R) — 0.13 and 0;(NHR) =0.38 6:(R) — 0.23.

1t is interesting to note that the N(CHs)R groups, whereR =
COCHs, SO:CH3, or SO.CFs, 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 effect®. The explanation is
CHs
probably that the N< groups are displaced from the

R
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 7 electrons,

The N(CF3)COF and N(COF). substituents are somewhat
stronger electron acceptors than N(CFs): due to the greater
contribution of the inductive component. The trifluoro-
methylazo-group — N=N-CF; is a powerful electron-
accepting substituent, approaching in this respect the
nitro-group and greatly superior in its electron-accepting
influence to the ~N=NCsHs group. In terms of its conju-
gation effect, the —N=C(CF3). 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(CHs): and P(CF3):
are less effective electron-accepting substituents than their
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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 o1 and
oR constants of the P(CFs) group virtually correspond to
those of the nitro-group.

Table 6. o constants for fluorine-containing substituents.
Substituent L o L] SR
P(CHy), % 0.05 0.03 | 0.08 | —0.05
P(CF;), 0.60 069 | 0.50 0.19
P(CF3)(C{H,F)P 0.44 0.47 0.41 0.06

2calculated from o] and oR (F) data; Poyand oR calcu-
lated from 8f and 6. °°

The involvement of the free d orbitals of the phosphorus
atom in conjugation with the 7 electrons of the aromatic
ring is characteristic of phosphorus-containing substitu-
ents. The presence of electron-accepting groups at the
phosphorus atom, such as CFs, leads to a decrease of the
size and diffuseness at the d orbitals, which makes their
overlapping with the 7 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 CF; groups by an aromatic ring with more marked
electron-donating properties makes the conjugation effect
of the P(CF3)(CsHaF) group much weaker than for P(CFs).
Linear relations have been found for substituents of the
type PX;, where X = F, CF3, CN, and other groups,
whereby the constants of the substituents PXz can be cal-
culated from the values of o1 and oR for X:%

0, (PXg) = 0.78 0, (X) + 047 0 (X) + 0.15; 0g (PX,) = 0,440, (X) + 0.08 05 (X) — 0.03.

VI. OXYGEN-CONTAINING GROUPS (O-RF)

The o constants of fluorinated oxygen-containing groups
are listed in Table 7. The replacement of three hydrogen
atoms in the OCH; group by fluorine atoms greatly
increases its electron-accepting inductive effect and
decreases the electron-donating conjugation effect. How-
ever, the oR constant of the OCFs group is still negative,
in contrast to all the known substituents of the type X(CFs)y.
All the o constants of the OCF; group resemble most
closely those of the chlorine atom. Like the latter, the
OCHjs group is an o7tho, para-directing substituent 9‘;’9”, but
in the nitration and bromination of phenyl trifluoromethyl
ether only the para-isomers are formed in yields of 91 and
82% respectively **"*%,

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 ortko-position relative to the OCFs group
is deactivated, as in fluorobenzene, by the powerful elec-
tron-accepting inductive effect. The oy constant of the
OCF;s group is closer to that of fluorine than chlorine.
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Table 7. o constants for oxygen-containing groups.
Om Sp oy oR
Substituent
B A F* B A F* B A F B A F

OCH; 10 0.12 0.08 —0.27 | —0.27 —0.14 | 0.308 0.25 —0,57 88 —0.43
OCH,F* 0.20 0.02 0.37 0.35
OCHF, 0.31 88 0.33 0.1886 | 0.1188 0.21 | 0.44% 0455780 | —0.24 80 —0.24%-b,C
OCFM—810:d | (.35¢ | 0.47% | 0.46 0.32f | 0.27°%8 0.37 | 0.40 0.50% | 0.55 —0.071 [—0.23% | _q 48]
OCH,Cl1 #7 0.25 0.08 0.4 —0.33
OCHC, # 0.38 0.26 0.49 —0.23
OCCl, 87 N 0,43 0.34 0.5 0.51 —0,17
OCF,CF, ** 0.48 0.28 E
OCF,CHF,» | 0.34 | 0.43 025 | 0.21 0.39 | 0.45 —044 |02
OCF,CHFC1 91 | 0.35 0.28 0.42 —0-1 —0.25
OCOCH, % 0.39 0.47 0.31 0.06 0.27 —0.21
OCOCF, ** 0.56 0.48 0.65 Zo.19
QSO,CF, %24 0.56 0.80 0.53 0.49 88 0.90 | 0.58 0.70 —0.05 0.20
OSF, 29 0.44
O\CF, 52 0.361 |
o/ i {

*Calculated from o1 and oR data.

Other data: @approximate values, oR = --0.31

.r.)¥; D027, c-0.23 (i.r.)*"; dopy =

0.40, op = 0.26, o1 = 0.36, and 0R = —0,15(P) ’; €0,38;"* £0,35;2141° g0,25;%% i_0,04 2
and -0.17;* 1-0.19*" and -0.25 (i.r.)®**; Koy = 0.43, 0p = 0.21, o1 = 0.42, and oR =

-0.17(p); * 10.21(Dy). *°

On gradual substitution of the hydrogen atoms in the
OCHj; group by fluorine, the oy constants increase regu-
larly approximately by 0.1 and the absolute values of the
oR constants decrease on average by 0.08 (according to
'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
OCH:F substituent have not so far been obtained but its o
constants have been calculated (Table 7).

Like OCF'3, the OCHF: group is an ortho, para-directing
substituent'™. However, since the inductive effect of the
OCHF: group is smaller, the o7tho-position in the difluoro-
methylphenyl ether molecule is less deactivated in relation
to electrophilic substitution reactions than in phenyl tri-
fluoromethyl ether, but is nevertheless more deactivated
than in anisole. Thus nitration of anisole yields a mixture
of 07tho- and pcra-isomers in proportions of 1:2,'®
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-
stituents®®. The methoxy-group has a group moment of
1.28 D* and an angle 8 = 72°,* the substituent consti-
tuting the positive end of the dipole. The fluorinated
groups OCHF; and OCF; have group moments of 2.46'% and
2.27D'™ (2.36 D®°) and angles 6 of 137°30' '° and 154°'*
(160°2%). 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 OCHs, OCH:F, OCHFz, and
OCF; 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 calculations® that the
7 electron density in the para-position of the benzene ring
depends on the angle between the planes of the benzene
ring and Cary]l-OR. For the OCHs, OCH:F, OCHF2, and
OCF; 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°.

The OCF2CF3;, OCF:CHFz, and OCF2CHFC1 substituents
have ¢ constants close to those of the OCF; group. The
trifluoroacetoxy-group exhibits a more powerful electron-
accepting inductive effect than the OCOCH; 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 OSO:CF; group is the most powerful electron accep-
tor ®***® and has the highest o constant. Nevertheless in
electrophilic substitution reactions the group is an ortho,
para-directing substituent®>. The OSF;s group behaves
similarly .

VIiI. SULPHUR- AND SELENIUM-CONTAINING GROUPS
(S‘RFy Se‘RF)

According to '°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 ECF; 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 oy, constants of the OCF3; and SCF; groups are very
close and the op constant of the SCF; group shows that it is
a much more powerful electron-accepting substituent than
OCFs.

Successive substitution of the hydrogen atoms of the
SCHs group by fluorine results in a gradual increase of the
electron accepting inductive effect, while the conjugation
effect changes from electron-donating for the SCH; and
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Table 8. o constants for sulphur- and selenium-containing substituents.
m L/ a °R
Substituent i

B l A l Fr B A F* B A F B I A l F
SCH, %049 0.15 .05 0.00 —0.03 | 0,19 . —0, —
SCHLF 0.23 0.20 8_%? 0.19 —8:3)91
SCHF, 880 0.33 0.34 0.36° | 0.48¢8 0.35 | 0,31 0.33 0.07 0.02
SCF, 10:82—84.b 0.361098¢c | 0.46% [ 0.53 0.46* | 0.64°-¢ 0.56 | 0,30 | 0.40% J0.448 0.47 0.22% | 0.16!
SCR,CF,H 0.38K 0.42 047 [ 0.6t 0.29 0.37 0.20 0.21
SOCHg0 0.52 0.49 0.49 0.49 0,52 0.49 0.00
SOCHF, ™ i 0.70 0.930 0.76 0.65 0.11
SOCEF, 19 % 54, 88 . 0.762 | 0.7 0,69 1.05' 0.80 0.60 708 o, . 323
SOFio 0.63 0.7 0.83 A R o7
SOCI 107 0.75 0.82 0.68 0,14
SQ,CH, 1*° 0.60 0.66% | 0.56 0.72 1.0988 0,66 | 0.62% 0.43 0.46% | 0.51% | 046
SO,CH,F 8 0.66 1.4788 0.77 0.55 0.22
SO,CHF 58 1 0.75 0.878 | 0.73 0.86 1.44%8 0.87 | 0.70° 0.59 0.19 0.28
SO,CF, %454 P 0.76 0.9888 | 0.88" [ 0.96 1.6388 1.04% | 0,641 | 0.8490 [0,73%% 9| 0,32V | 0.73% [ o 3qse
SO,CF,CHF, 1.01w.
SO,CF,CHFCI 0.98%
SQ,CF,CHFCF, 1.0
SO,F* 0.98 0.99 0.88 1.08 1.54 1.01 | 0.88 0.87 (0,75 0.24 0.59 0.26
SO.Cl 10 0.92 1.04 0,80 0.24
CH,SCF, 108 0.12 0.15 | 0.15 0.12 | 0.1 0.19% | 0.04 —0.07Y
CH(SCFy), 7 0.44 0.43 0.44 0.01%
C(SCFy)s ¥ 0.50 0.52 0.49 0.0322
H,SOCE, 108 0.25 0.24 0.26 —0.02
CH,SO,CF, 108 0.29 0.29 0.31 0.31 0.28 0.28 0.03 0.03
SeCFy 100 0.32 0.44 0.38%b { 0.5388 0.46 | 0,28 0.42 0.10 0.04
SeOCF, 11t E 0.81 0.86°° 0.76 0.10
SeO,CPy 11t 1,08 1.21 0.96 0.25

*Calculated from oy and oR.

Other data: 20,34;'® Pop = 0.43, op = 0.57, o1 = 0.39, and oR = 0.14(P)*; ©0.37'* and
0.40;% dp.42 '*® and 0.50;°°% €0,91;% f0,31;%° £0.42;%™ 10,00 (i.r.)2"%; Jo,, = 0.54 and
op = 0.58;'% k0.39;° 10.45;'® M10,7;%> Moy = 0.76 and op = 0.84(B)'™; ©0.65;*° Pop, =
0.92, op = 1.36, oy = 0.84, and oR = 0.49(P)*’; opy = 0.76 and op = 0.93(Dy)"°; T0.90;*
51,06;% t0.62;2 10,752 and 0.78;'" V0.22;2 Wmethod (C); *0.21;* ¥-0.06;* 20,00;*

aap,04;* bbo,38(Dy)'!°%; cc0.63(Dy)"*°.

SCH:F groups to electron-accepting for the SCHF; and SCF3
substituents. The interaction of a sulphur atom with the
aromatic ring is of a dual nature: it is an electron-
donating (3 — 2p)r 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)r
conjugation occurs when the para-position relative to the
fluoroalkylthio-group contains electron-donating substitu-
ents, for example the amino~-group.

SR S—Rp
A
| ~| 1
N AN
b, A,
")

As fluorine atoms accumulate in the methylthio-group,
the (3d - 2p)m conjugation becomes more marked and the
contribution of the resonance structure (A) gradually
increases, as can be seen from the increase of pint in the
series of substituents SCHs: < SCHF: < SCFs (0.27, 0.48,
and 0.68 D)!®"*, The group moments and the angles 6
between the direction of the dipole moment and the
Caryl~-S bond of the above substituents also gradually
increase (u = 1.34*, 2.48 ' and 2.50D'™; ¢ = 77.5°, *
137°,'% and 156°24"'™), The change in the angle 6 shows

that the electrons in the SCHs group are displaced to the
benzene ring (6 < 90°), while in fluorinated groups the
opposite shift obtains.

The electron-donating (3p — 2p)w conjugation decreases
on accumulation of fluorine atoms in the methylthio-group.
This is evident from a comparison of the pint for the corre-
sponding p-nitro-derivatives, which diminishes on passing
from SCH; to SCHF:z and SCFs (fint = 0.78, 0.48, and
0.21 D respectively). 1%*

In electrophilic substitution of an aromatic ring, the
SCF; group is ortho, para-directing. Thus nitration of
phenyl trifluoromethyl sulphide results in the formation of
65% of the p-nitro-isomer and 35% of the o-nitro-isomer %,
This is probably due to the stabilisation of the transition
state (B) by (3p - 2p)7 conjugation with the electron pair of
the sulphur atom:

C‘ —CF,

No, H
®)

An approximate estimate of the electrophilic conjugation
constant ci;( of the SCFs group from data for fjnt 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 SCF.CF:H group hardly differs
from that of the SCF3 group.
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When the SCF3 group is converted into SOCFs and
SO.CF3, there is a marked enhancement of the electron-
acceptin% ?roperties of the substituent. We have estab-
lished %2""'® that the CF3SO. group is one of the most power-
ful electron acceptors. The o constants of this
substituent greatly exceed those of the nitro-group. The
strength of the SOCF; group is close to that of the nitro-
group.

In contrast to SCF3, the SOCF; and SO.CF3 groups are
meta-directing. Nitration of phenyl trifluoromethyl sul-
phoxide yields 90% of the m -nitro-isomer and only 5% of
the p-nitro-isomer* and nitration of phenyl trifluoro-
methyl sulphone results in the formation of the m -nitro-
isomer alone ',

When the hydrogen atoms in the SOCH; and SO:CHj;
groups are replaced successively by fluorine, the induc-
tive and conjugation effects gradually increase. The o
constants of the SO.CH:F group correspond to those of the
nitro-group and the constants of the SO.CHF> group are
actually higher.

More marked electron-accepting properties of the
SO2CF3 and SO.CHF; 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 SO.CF; group in place of the nitro-group
in the 4-position of 1-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
respectively *'°.

When p -nitrophenyl trifluoromethyl and p -nitrophenyl
difluoromethyl sulphones react with sodium alkoxides, the
weaker electron-accepting substituent (the nitro-%roug)
is preferentially substituted by the alkoxy-group®™"*%,

In p-nitrophenyl trifluoromethyl sulphoxide the weaker
electron-accepting SOCFs group is replaced.

The group moments of the SCFs, SOCF3, and SO:CF;
substituents gradually increase and are 2.50, 3.88, and
4.32 D, while the angles 6 are 156°, 143°, and 167°.'*
The angles # increase in the series of substituents SO-CHj,
SO:CH.F, SO:CHFz, and SO.CF5: 117°,2* 136° % 152°,'%
and 167°,'® while the group moment passes through a
minimum: 4.73,%* 4.04,'° 4.08,'% and 4.32 D.'®* The
vibration frequencies (Vas) of the SO bond *?° gradually
increase in the above series of substituents: 1334, 1342,
1358, and 1380 cm ™.

The o] constants for the SCF;, SOCF3, and SO:CF3
groups were also determined from the pK g data for the
corresponding substituted acetic acids and the op constants
were determined from the pKga for the phenylacetic acid
derivatives'®. These results are close to the values of
o and oy constants obtained by '°F NMR. It was found
that trifluoromethylthioacetic acid is approximately 65
times, trifluoromethylsulphoxyacetic acid is 500 times,
and trifluoromethylsulphoxglacetic acid is 750 times
stronger than acetic acid® The last acid is the strongest
of all known monosubstituted acetic acids.

The ¢ constants determined by different methods for
powerful electron-accepting substituents, for example
SO:CHF: and SO.CF;, 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
OR constants of the SCFs;, SOCFs, and SO:CF3 groups
determined by '°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 OOR free of the contribution by
direct polar conjugation have been found by comparing the
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oH, ¢"°C, and oF chemical shifts'*. The oR constants

of the SCF3, SOCF3;, and SO,CF; groups are 0.01, 0.09, and
0.20; they are appreciably smaller than the or = 0.06,
0.13, and 0.31 found by ‘°F NMR.

The basicity of the anilines p-NH2CcHsSO:R decreases
markedly as fluorine atoms accumulate in the substituents.
Thus pKa = 1.48, 1.28, 0.51, and -0.02 for R = CHs,
CH:F, CHF:, and CF3.®® p-Trifluoromethylsulphonylani-
line is the weakest base among all the known p ~-substituted
anilines.

The enhancement of the electron-accepting influence of
the substituents with increase of the number of fluorine
atoms in the OCHs, SCHs, SOCH3s, and SO.CHs groups is
clearly shown in the ESR spectra of the radical-anions
obtained by the reduction of the corresponding substituted
nitrobenzenes. The splitting constants aN for the nitrogen
atoms of the nitro-groups and the reduction half-wave
potentials E,/2 decrease steadily as the electron-accepting
properties of the substituent become more pronounced ‘%,

Transmission of the electronic effects of substituents
in an aromatic ring to the OCF3, SCFs, and SO:CFs groups
was observed by '°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 SO» group'®®. 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 XC¢H4OCF3, XCsH,SCF3, and XCeHsSO-CF,. 124125

When one hydrogen atom in the methyl group is
replaced by the SCF;, SOCF3, or SO.CF; groups, the
inductive effect becomes of the electron-accepting type and
the conjugation effect changes sign only for the CH2SO.CF3
group. As the SCF; 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)s group.

The SOF and SO:F substituents have o constants close
to those for the SOC1 and SO:C1 groups. The SO:F group
is a much more effective electron-accepting substituent
than SOF. The latter hardly differs in the values of the
o constants from the SOCF; group. The SO:F substituent
has a oy constant close to that of the SO.CF; group, but its
OR 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 OCF; >
SCFs > SeCFs3, the values for the last two being very close
as for the corresponding methyl derivatives'®. 1In con-
trast to the trifluoromethoxy-group, which exhibits an
electron-donating conjugation effect, the SCF; and SeCFs
groups have positive oR 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)7 conju-
gation than the 3d orbitals of the sulphur atom and there-
fore the SeCF; groups exhibit a weaker electron-accepting
conjugation effect than SCF;. A similar phenomenon was
observed on comparing the SCHs and SeCHs substituents®®.
The dipole moment of the interaction between SeCF3s and
the amino-group in the para-position (uint = 0.43 D)*?® ig
somewhat smaller for the same reason than that for the
interaction between SCF3; and NHz groups (Lint = 0.68 D).

Owing to the smaller tendency of the selenium atom
towards (4 — 2p)m conjugation, the SeCF3; substituent does
not show electron-donating properties, in contrast to the

b
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SCF3; group, even when a nitro~group is present in the
para-position (Eint = 0.01 D)'2®, The group moment of the
SeCFj; substituent is 2.48 D (2.50 D for SCF;) and its vec-
tor forms an angle 6 = 140° with the Caryl—-Se bond 1*®

(6 = 156° for SCF3).

Thus the SCFs; and SeCF; substituents with bivalent sul-
phur and setenium have similar electronic properties;
the substituents containing atoms of these elements in the
quadrivalent (SOCF3z and SeOCF3) and hexavalent (SO.CFs
and SeO;CFj3) states differ more markedly.

The SeOCFs and SeO:CF3 substituents have higher o]
constants and somewhat lower o constants than the
corresponding sulphur-containing groups. This is probably
due to the greater contribution of polar structures of the

type CFsge"-O', which results in a high positive charge on
the selenium atom and a decrease of the multiplicity of the
Se-~O bond. The study of the dipole moments confirms
this hypothesis. The group moments of the SeOCF3

(4.13 D)'*" and Se0.CF; (5.37 D)'*" substituents are higher
than for the sulphur-containing groups (3.88 and 4.32 D
respectively), while the pint for interaction with electron-
donating substituents are lower. = For example, pint is
0.97 D for p-NH2CsHiSeOCFs3, ¥ 1.11 D for the sulphur
analogue ', 0.18 D for p-CHsCsH4SeO.CF3,"*" and 0.78 D
for the analogous sulphone®.

As for the SCF; and SeCF; groups, the angles 6 in the
SeOCTF; and SeQ.CF: substituents (128° and 151°)*7 are
smaller by approximately 15° than for the sulphur-con-
taining groups. The electron-accepting influence of the
SeOCF; and SeQ:CF; substituents, characterised by the om
and op constants, is much greater than that of the analogous
SOCF: and SO.CF; groups. Interms of its inductive effect;,
Se0=CF; is an even more powerful electron acceptor than
the SO:CN and N*(CHs)s groups (o7 = 0.94' and 0.93"°
respectively). ,

VII. UNSATURATED FLUORINATED GROUPS

The vinyl group has o constants close to zero. On
replacement of a hydrogen atom in such groups by CF; and
SO.CF3, 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 substituents'®: oy (frans-CH=CHX) =
0.01 + 0.41 03(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 0 bonds but also via 7 bonds. In these unsaturated
systems the Iy effect probably plays a certain role,

The oR constants of the CH=CHX and X groups are also
linearly related: oR (frans-CH=CHX) = -0.03 - 0.96 oR(X).
Comparison of the coefficients of 01(X) and oR(X) shows
that the conjugation effect is more effectively transmitted
via the vinyl unit than the inductive effect.

In the cis-isomer of the group CH=CHCFs the oy and
OR constants are smaller than for the {rans-isomer. This
is probably because, owing to steric hindrance, the CH =
CHCF; group in the cis-isomer is partly displaced from
the plane of the benzene ring.

The oy and oy constants of the CH = CHSO2CF3 group
resemble those o}) the CFs group. The ethynyl group is a
more powerful electron acceptor than the vinyl group and
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the replacement of its hydrogen atom by a CFs group leads
to the substituent CSCCF; with more powerful electron-
accepting properties than those of the CH=CHCF3 group.
The trans-CF=CF~CF; group has the same 0 constants as
the C=C-CF3 group. Thus the replacement of hydrogen
atoms in the substituent CH=CHCF's by fluorine atoms is
equivalent to the conversion of a double bond into a triple
bond. The 0 constants of the CF=CFCF3; and C=CCF;
substituents are very close to those of the CF3 group.

Table 9. o constants for unsaturated fluorinated substi-
tuents.
O % ar R
Substituent
B | F* B l F* B F B F

CH=CH, 10 0.00 —0.02{0,05' [0.01 —0.03
CF; 10 0.43 (0.44)0.54 | 0.4900.41 [0.38 | 0.13| 0.10
CH =CH—CFj-trgns 10 8. 5¢ 0.22° |0,23]0,200| 0.27)0.23° |0.15%—0.03¢| 0.08f
CH=CH—CFj-cis ™ 0.16 {0.15/0,29 | 0.17/0.44 [0.12| 0.14| 0.05
SO,CFy 10 0.76 ]0.88/.0.96 | 1.04{0.64 (0.73 | 0,32 | 0.3
CH=CH—SO,CFy-trans ' - 8. & 0.44 0.56 0.31 0.25
CH=CH—NO, ' * . 034 10.41{0.26 [ 0.39/0.38 [0.24 0.15
CF=CF—CF;-frans '* ® 84 i 0.37 0.44 0.30 0.14
C=CH10 0,12{0.28 | 0.16 0.08 0.08
C=C—CF, 10 5% 54 0.41 |0,39]0.51 | 0.47/0.35 [0.31 [ 0.17 | 0.16
CH, '™ U 0.06 |0.04|—0.01/—0,010.40 {0,08 |—0.10 |—0.09
CoFg 12 —0.12{0.26--0,03| 0.27 0.25 0.02
CoCly 120 0.25 0,24 0,25 —0.04
*Calculated from o1 and OR.

Other data: 20,20;%™ ©0,34;%™ 0,23 (C)*, 0.23 (Dy)*"?®,

and o5 = 0.34 (A);® €0.17;>™ do20;>™ e0,16;>™
f0.07,%" 8op_=0.83 (4)%; B0.45 CF'; op = 0.65 (A)%;
lom = 0.34 and 0 = 0.41 (DA).'**

The group moments of the substituents increase in the
series CH=CHCF; < CF=CFCF; < C=CCF;3 <
CH=CHSO:CFs;, amounting to 2.79, 3.06, 3.38 and 4.93 D
respectively '*°'®,  Ag a result of the increase of the
length of the dipole, these values exceed the group moments
of CF; and SO:CF; (2.5132 and 4.32 D'®). The dipole
moments for the interaction with an amino-group in the
bara-position are 0.85, 0.94, and 2.71 D for the substitu-
ents CH=CHCF3;, CH=CFCFs, and CH=CHSO:CF; respec-
tively and also exceed the pint for substituents without
vinyl groups (x“int = 0.49 and 1.46 D for CFs and
SO:CFj), 153

Despite the fact that the fluorine-containing unsaturated
groups are electron-accepting in terms of their om and op
constants, they are ortho, para-directing in electroyhilic
substitution reactions involving the aromatic ring'¥, like
other substjtuents of the type CH=CH-X, where X = NOz,
COOH, or N(CH;)s.  Thus nitration of the compounds
CeHsR results in a mixture of nitro-isomers having the
following composition**:

R ortho  meta para
CH=CH—CF, 4.5 3.5 50.0
CP=CF-—CF3 26.5 7.5 66.0

CH=CH~-SO,CF; 27.0 15.0 58,0 .

Nitration of B-trifluoromethanesulphonylstyrene yields
a considerable amount of the meta-isomer. This is
because the SO:CF; group, which has the highest o con-
stant, withdraws electrons from the ortko- and para-
positions of the benzene ring and counteracts the formation
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of the energetically favourable ovtho- or para-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
(pKa = 5.5 and 3.4)'? than phenol and benzoic acid (pKa =
9.98 and 4.2).*" However, it has been found by ‘*F NMR
that the electron-accepting inductive effect of the Ce¢Hs
group is small and the conjugation effect is close to zero '?°
The explanation is that the pentafluorobenzene ring in m-
and p-FCeH4CeFs, which were used to determine the o
constants, is displaced from the plane by an appreciable
angle. The electronic properties of the C¢Cls group are
very close to those of CeFs.

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

The o 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 EFy are powerful
electron-accepting substituents in terms of both inductive
and conjugation effects. The inductive effect of the EFy
group with the maximum number of fluorine atoms
increases with the atomic number.

. 19

Table 10. o constants for EF, substituents (from ~F
NMR data).

Substituent Om [ % o1 oR
Group Il BF»? 0.32 0.48 0.16 0.32
Group IV CFy¥" 148 0.44 0.49 0.39 0.10
CCl,*7 0.30 0.31 0.29 0.02
CBryt™ 48 0.26 0,27 0.25 0.02
SiHg 0.05 0.10 0.01 0.09
SiF, 192 0.54 0.66 0.42 0.24
SiCly!®e 0.48 0.56 0.39 0.17
SiBry!%s 0.48 0.57 0.39 0.18
GeFgl38 0.85 0.97 0.74 0.23
GeCl 135 0.7 0.79 0.63 0.16
GeBry!3 0.66 0.73 0.59 0.14
Group V. pp 1185 0.48 0.59 0.38 0.2
PCl,7188 0.53 0.61 0.45 0.16
PR, 8 0.63 0.80 0.45 0.35
Group VI gp 2.7t 0.70 0,80 0.60 0.20
SFy>13% 0-59 0,62 0.55 0.07
Group VIl IF, 137 0.85 0,83 0.86 —0.03
ICl, 197 1.10 141 1.08 0.03
IF, 1% 1.07 1.15 1.00 0.15
1(OCOCH;),1*7 0.85 0.88 0.82 0.06
1(OCOCF,),* 1.28 1.34 1.22 0.12

Other data: 2Calculated from 6F;*** Doy, = 0.61(B),
0.63(A), and 0.61(P), op = 0.68(B), 0.86(4), and 0.70(P),
o1 = 0.55(B), 0.56(A), and 0.53(P), and oR = 0.11(B),
0.27(A), and 0.12(P)>"%,

Despite the fact that boron is less electronegative than
carbon, under the influence of fluorine atoms the BF;
group exhibits an electron-accepting inductive effect?.

The higher oR constant of this substituent can be explained
by the presence of a vacant p orbital in the boron atom to
which the 7 electrons of the aromatic ring are displaced.

The o1 constants gradually increase in the series of
substituents with Group IV elements CFs < SiFs < GeFs.'®
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In the first two groups they are very close but on passing
to GeFs the op 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 ArGeF:F~. The higher negative charges on the
fluorine atoms in the SiF; and GeF; groups than in the CFs
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 trifluoromethylbenzene '*.

The o 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
oy constants are lower than those of the fluorine analogues.
This is because E~F bonds are the most polar'®

The values of oR for the SiHal; and GeHals groups
greatly exceed the oR for the CHals groups. This
increase of the conjugation effect is accounted for by the
involvement of the d orbitals of silicon and germanium in
(d-p)m 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)m conjugation.

The dipole moment of phenyltrifiuorosilane (2.77 D)'%
is higher than that of phenyltrichlorosilane (2.41 D)'* and
trifluoromethylbenzene (2.51 D)'*® which is consistent with
the more marked electron-accepting properties of the
SiF; group. It is also indicated by the increase of the
dipole moment in the sequence C¢HsSi(CHs:F <
CeHsSi{CH;)F: < CgHsSiF; (1.70, 2.55, and 2.72 D respec-
tively) .

In electrophilic substitution reactions, for example in
chlorination in the presence of FeCls, the Si(CH;)s group is
predominantly ortho, para-directing, activating the ben-
zene ring. On gradual substitution of the methyl groups
in Si(CHs)s by fluorine atoms, the content of the meta-
isomer in the reaction products increases, reaching 72%
for the SiF; group, while the reactivity decreases by a
factor of 1000 compared with the Si(CHa)s group. "%

The PF: group is a substituent with somewhat weaker
electron-accepting properties than P(CFs).?® The reason
for this is the occurrence in the PF; 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 PClL substituent the (p —d)7 interaction
between the chlorine and phosphorus atoms is weaker and
therefore the electron-accepting inductive effect of the
PCl; group is somewhat higher than that of the PF, group.

An increase of the number of fluorine atoms at the
phosphorus atom leads to an increase of the constants o
and or. The PF, group is one of the most powerful
electron-accepting phosphorus-containing substituents.
The pronounced electron-accepting effects of the PF; and
PF4 groups can be explained by the interaction of the 7
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 ring®®

Similar phenomena are observed in the SF; and SFs
substituents. However, the conjugation effect of the SFs
group proved to be smaller than that of SF; despite the
higher number of fluorine atoms. Two d orbitals of the
sulphur atom in the SFs group are involved in the forma-
tion of ¢ 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 7 electrons of
the benzene ring. Only one d orbital of the SF; and PF4
substituents is involved in the formation of o bonds and
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the remaining four vacant d orbitals interact fairly effec-
tively both with fluorine atoms and with the 7 electrons of
the aromatic ring!®.

Among all the substituents of the EFy, type investigated,
only the SFs group is extremely resistant to hydrolysis.
Nitration of phenylsulphur pentafluoride yields 80% of the
m-nitro-isomer. The group moment of CF;s is 3.44 D and
Bint for the interaction with an amino-group in the para-
position is 0.6 D.'%

Table 10 shows that groups with tervalent or quinque-
valent iodine interact with an aromatic ring mainly via the
inductive mechanism. The very high o1 constants are
probably due to the high polarity of the bonds between the
iodine atom and halogen atoms or acyloxy groups. The
ICl: and I(OCOCFs3): groups, in which the contributions by
the structures I'C1™ and I'(OCOCF:)~ should be maximal,
have the highest o1 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 7 electrons of the ben-
zene ring is grobably more effective than in the IF, and
IC1; groups'¥.

X. FLUORINE -CONTAINING SUBSTITUENTS WITH METAL

ATOMS

Fluorine-containing substituents with a mercury atom
have now been investigated (Table 11)'*2, The electronic
properties of mercury-containing substituents are largely
determined by their inductive effects. The constants oj
of these substituents depend very markedly on the nature
of the solvent. The lower the polarity of the solvent the

Table 11, o constants for substituents with a mercury
atom (from '°F NMR data).

o oR

Substituent | 0 | DcE | THF |cHen | DCE THF
HgF 14 0.34 ) 0.8 —0.04 | —0.01
HgCl 143 0.31 0.17 | 0.04 0.01
HgCF, 12 0.27 | 0.46 | 0.06 | 0.05 | 0.03 [ 0.0
HgCN 143 0.23 0.07 [ 0111 0.02
HgSCF, 0.37 [0.32]0.18 [0.05| 0.04 | 0.0
HgOCOCH, 14¢ | 0.38 0.16 | 0.02 0.00
HgCCOCF, 42 | 0.48 | 0.37 | 0.22 [ 0:04 | 0.03 [ 0.00

higher the oy 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 hydragen bonds with electron-accepting groups
linked to the mercury atom'*®, Mercury has vacant 6p
orbitals and therefore solvents such as tetrahydrofuran
(THF) may be coordinated to mercury atoms, which leads
to a sharp decrease of the constants 0y. For the same
reason, the oR constants, determined by the interaction of
the 6p orbitals of mercury with the ring 7 electrons, fall
almost to zero in THF. The presence of electron-
accepting substituents at the mercury atom (CN, CFs3,
SCFs) promotes the overlapping of the mercury 6p orbitals
with the 2p electrons of the carbon atom in the benzene
ring—(6p — 2p)7 interaction and an electron-accepting
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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 o* OF FLUORINE -CON-
TAINING SUBSTITUENTS IN ALIPHATIC COMPOUNDS

Taft's ¢* constants®, obtained mainly from the disso-
ciation constants of aliphatic acids by means of the equa-

tion

K _ ..
ngo =0’

are used to characterise the inductive effect of substitu-

ents.

Very exact correlations are achieved between the

PKa of R-COOH acids and the ¢*(R) when two equations
are employed '*‘—for saturated acids [Eqn. (I)] and for
unsaturated acids with an sp® hybridised carbon atom linked

to the COOH group [Eqn. (II)]:
PK, = —1.700 0" (R) 1 4.644 ,

PKa= —1.795 6" (R) + 5.275 .

@
(i)

A similar equation [Eqn. (III)] has been found also for

aliphatic alcohols of the type RCH,OH:**
pKa = —1.3160°(R) + 15.74.

(Im)

Table 12, Inductive constants o* for fluorine-containing
substituents.
Substituent o* Substituent o

CH, 0° OCF, 3.424
F 3.101%0. 28 SCPy 2,740
CH,F 1.10%2 SOCF, 4.47d.
CHF, 2.05% b SO,CFy 4.55%¢
CF, 2,600 28 ¢ NO, 3.9010
CH,CF; 0.92°9 CH=CH, 0.5714. f
CH,CH,CF; 0.329 CF=CH, 1.538
CH,CH,CH,CF; | 0.12° CH=CF, 1.178
CH(CFy), 1.3451 CF=CF, 1.948h
C(CF;)s 1,485 CCl=CCl, 2.268
CH,SCF; 0,99 108 CH=CHCF, | 1.078
CH,SOCF, 1.50 108 CH=CHCCl; | 1.1914s
CH,S0,CF; 1.6 108 CoHs 0.609
COCF, 3.70148 CoFs 1.1017
N(CFs)s 3.05¢

21.17;* 02,00;'* €2.61;'*" dcalculated from Eqn. (4);
€calculated from Eqn. (V) for SCFs, SOCFs, and SO.CF,
groups (experimental values 2.77, 4.20, and 4.50); 0.56 '’

and 0.65;"

® gcalculated from the pKa fo

acids® with the aid of Eqn. (I); h1.73.%¢

g‘ unsaturated

The effects of substituents are additive in alcohols with the
structure R'R"R"''"COH, h¥droxylami.nes R'R'R"”'CNHOH,
However, on gradual
substitution of the hydrogen atoms in the methyl group of
acetic acid by fluorine or chlorine atoms or CFs groups, a
“saturation effect” is observed instead of additivity °*!,

and oximes R’R’'C=NOH. !

55146
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The 0* constants can also be calculated from Eqns. (IV)
and (V):*°

o*=6.23 oy av)

and
o* (R)=238 o* (CH.R) , V)

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

--=000---

The data obtained for the ¢ constants made it possible
to derive correlation equations whereby one can estimate
the electronic properties of new substituents the o con-
stants of which are still unknown. For example, the ¢
constants of fluorine-containing substituents of the type
XCF3 and XCHF; may be determined from the ¢ constants
of XCH; substituents '07°3:54:%,

0.20 (n=2)
a1 (XCF;) = o, (XCH,) +- 0.10 n=3);
0.06 (n=4)

0.88 0z (XCH,) +0.19 (n=2) .
1.05 05 (XCH,) - 0.08 (n=3) "
0 (XCHF,) = 0.71 o, (XCH,) + 0.28

0. (XCF,) =

where X are various elements or groups of atoms and # is
the number of bonds between the benzene ring and the CFs
or CHs 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.

REFERENCES

1. “Metody Sinteza Ftororganicheskikh Soedinenii”
(Methods of Synthesis of Organofluorine Compounds),
Izd. Khimiya, Moscow, 1973,

2. W.A.Sheppard and C. M. Sharts, “Organic Fluorine
Chemistry” (Translated into Russian), Izd. Mir,
Moscow, 1972.

3. L.P.Hammett, “Physical Organic Chemistry”
(Translated into Russian), Izd.Mir, Moscow, 1972.

4, H.H.Jaffe, Chem.Rev., 53, 191 (1953).

5. R.W.Taft and I.C. Lewis, J. Amer. Chem. Soc., 80,
2436 (1958).

6. R.W.Taft and I.C. Lewis, J. Amer.Chem. Soc., 81,
5343 (1959).

7. R.W.Taft and I.C. Lewis, Tetrahedron, 5, 210
(1959).

8. R.W.Taft, J.Amer.Chem. Soc., 74, 2729, 3120
(1952); 75, 4231 (1953).

9. R.W.Taft, “Separation of Polar, Steric, and
Resonance Effects in Reactivity”, Chapter in “Steric
Effect in Organic Chemistry” (Edited by M. S.
Newman) (Translated into Russian), Inostr. Lit.,
Moscow, 1960, Chapter XIII.

10. Yu.A.Zhdanov and V.I. Minkin, “Korrelyatsionnyi
Analiz v Organicheskoi Khimii”’ (Correlation Analy-
sis in Organic Chemistry), Izd. Rostov Univ., 1966.
11. R.W.Taft, E.Price, I.R. Fox, I.C. Lewis,
K.K. Andersen, and G. T.Davis, J. Amer.Chem.
Soc., 85, 709, 3146 (1963).

12.

13.
14,

15.
16.
17.
18.
19.

20.
21,
22,

23.
24.

25,

26.

21.
28,

29,

30.
31.

32.
33.
34,
36,
37.
38.
39.

40.

41.

45

D. H. McDaniel and H.C. Brown, J.Org.Chem., 23,
420 (1958).

A.Bryson, J.Amer.Chem. Soc., 82, 4859 (1960).
W. A. Sheppard, J.Amer.Chem. Soc., 87, 2410
(1965).

1(\. I B;iggs and R. A. Robinson, J.Chem. Soc., 388
1961).

M.J.S.Dewar and P.J. Grisdale, J. Amer.Chem.
Soc., 84, 3539 (1962).

M.J.S.Dewar and P.J. Grisdale, J. Amer. Chem.
Soc., 84, 3548 (1962).

C.G.Swain and E.C. Lupton, J. Amer.Chem. Soc.,
90, 4328 (1968).

L. M. Yagupol'skii and L. Z. Gandel'sman, Zhur.
Obshch. Khim., 35, 1252 (1965); 37, 2101 (1967).
E. B. Lifshits, N.S.Spasokukotskii, L. M. Yagupol'-
skii, E.S.Kozlova, D.Ya.Naroditskaya, and

I.1. Levkoev, Zhur.Obshch. Khim., 38, 2025 (1968).
E.B. Lifshits, L. M. Yagupol'skii, D. Ya,Narodit-
skaya, and E. S. Kozlova, Reakts, Sposobn. Org.

Soed., 6, 317 (1969).

R.T.C.Brownlee, R.E.J. Hutchinson, A.R.Katrit-
zky, T.T.Tidwell, and R.D. Topsom, J. Amer.

Chem, Soc., 90, 1757 (1968).

A.R.Katritzky and R.D. Topsom, Angew.Chem., 82,
106 (1970).

V.1. Minkin, O.A.Osipov, and Yu. A. Zhdanov,
“Dipol'nye Momenty v Organicheskoi Khimii”
(Dipole Moments in Organic Chemistry), Izd.
Khimiya, Leningrad, 1968,

Yu.I. Naumov and V.I. Minkin, Zhur. Fiz. Khim.,

40, 2560 (1966) [Russ.J.Phys.Chem., No.10 (1966)].
L. M. Stock and H.C. Brown, “Advances of Physical
Organic Chemistry”, Vol.1, Acad. Press, London
and New York, 1963.

S. M. Shein and L. A. Kozorez, Reakts. Sposobn.

Org.Soed., 3, 45 (19686).

V. Palm, Uspekhi Khim., 30, 1069 (1961) [Russ.

Chem.Rev., No.9 (1961)].

V. Palm, “Osnovy Kolichestvennoi Teorii Organi-
cheskikh Reaktsii” (Fundamentals of the Quantitative
Theory of Organic Reactions), Izd.Khimiya,
Leningrad, 1967.

C. Laurence and B. Wojtkowiak, Annalen, 5,163 (1970).
L. Pauling, “Die Natur der chemischen Bindung”,
Verlag Chemie, Weinheim, 1962.

0. Paleta, Chem, Listy, 64, 4 (A])66 (1970).

D.J.G.Ives and J.H. Pryor, J. Chem. Soc., 2104 (1955).

J.A.Pople and M. Gordon, J. Amer.Chem. Soc., 89,
4253 (1967).

R.W. Taft, J. Phys.Chem., 64, 1805 (1960).
H.C.Brown and Y.Okamoto, J. Amer.Chem. Soc.,
80, 4979 (1958).

A. Albert and E. P. Serjeant, “Tonisation Constants
of Acids and Bases: A Laboratory Manual” (Trans-
lated into Russian), Izd.Khimiya, Moscow-Lening-
rad, 1964,

P.B.D.de la Mare and J.H. Ridd, “Aromatic
Substitution”, Butterworths, London, 1959,
W.J.Hehre, L.Radom, and J. A. Pople, J. Amer.
Chem.Soc., 94, 1496 (1972).

0. A.Osipov, V.I.Minkin, and A.D. Garnovskii,
“Spravochnik po Dipol'nym Momentam” (Handbook
of Dipole Moments), Izd. Vysshaya Shkola, Moscow,
1971,

B. L.Dyatkin, E.P.Mochalina, and I. L. Knunyants,
Uspekhi Khim., 35, 979 (1966) [Russ.Chem. Rev.,
No. 6 (1966)].



46

42,
43.
44,
45.
48.

47,

48.

49,
50,

51,

52.
53.

54.

55.
56.
57.
58.
59.
60.
61.

62,
63.

64,

65.

66.
67.

68.
69.

70.
1.
72.
73.

B. L.Dyatkin, E.P.Mochalina, and I. L. Knunyants,
Fluorine Chem.Rev., 3, 45 (1969).

B. L.Dyatkin and I. L.. Knunyants, Zhur.Vses.Khim,
Obshch. im, Mendeleeva, 15, 5 (1970).

L. M. Yagupol'skii, A.Ya.Il'chenko, and M. M. Kul'-
chitskii, Dokl, Akad. Nauk SSSR, 209, 138 (1973).
J.D.Roberts, R. L. Webb, and E. A. McElhill, J.
Amer.Chem. Soc., 72, 408 (1950).

P.R.Wells, S.Ehrenson, and R.W. Taft, “Progress
in Physical Organic Chemistry”, Interscience,

New York and London, 1968, Vol. 6, p. 147,

G.P. Syrova, Yu. N. Sheinker, V.F. Bystrov,
N.V.Kondratenko, and L. M. Yagupol'skii, Reakts.
Sposobn. Org. Soed., 6, 380 (1969).

N. V.Kondratenko, G.I.Matyushecheva, and

L. M. Yagupol'skii, Zhur.Org.Khim., 6, 1424 (1970).
W.A. Sheppard, Tetrahedron, 27, 945 (1971).

E.T. McBee, I.Serfaty, and T.Hodgins, J. Amer.
Chem. Soc., 93, 5711 (1971).

L. M. Yagupol'skii, N.V.Kondratenko, N.I.Delya-
gina, B.L.Dyatkin, and I. L. Knunyants, Zhur.Org.
Khim., 9, 649 (1973).

L. M. Yagupol'skii and L. N. Yagupol'skaya, Dokl.
Akad. Nauk SSSR, 134, 1381 (1960).

V. F.Bystrov, L. M. Yagupol'skii, A.U. Stepanyants,
and Yu. A, Fialkov, Dokl. Akad. Nauk SSSR, 153,
1321 (1963).

L. M. Yagupol'skii, V.F.Bystrov, A.U.Stepanyants,
and Yu. A. Fialkov, Zhur.Obshch.Khim., 34, 3682
(1964).

R.T.C.Brownlee and R. W. Taft, J. Amer.Chem.
Soc., 90, 6537 (1968).

R.T.C.Brownlee and R.W. Taft, J. Amer.Chem.
Soc., 92, 7007 (1970).

A.L.Henne and C.J. Fox, J. Amer.Chem. Soc., 76,
479 (1954).

F.Swarts, Bull. Sci. Acad. roy. belges, 6, 389 (1920);
Chem. Zentr., I, 32 (1921).

R.0O.C.Norman and G.K.Radda, J.Chem. Soc.,
3610 (1961).

M.M.J.S.Dewar, “Hyperconjugation” (Translated
into Russian), Izd.Mir, Moscow, 1965, p. 179,
A.E. Lutskii, E. M. Obukhova, Z.M.Kanevskaya,
and A. S. Gol'berkova, Teor. Eksper.Khim,., 2, 264
(1966).

R.G.Jones, J. Amer.Chem. Soc., 69, 2346 (1947).
D. N. Kozachuk, Yu. A.Serguchev, Yu. A. Fialkov,

and L. M. Yagupol'skii, Zhur. Org. Khim., 9,1918 (1973).

L. M. Yagupol'skii, S. M. Shein, M. I.Krasnosel'-
skaya, and S. N. Solodushenkov, Zhur.Obshch.Khim.,
35, 1261 (1965).

S. M. Shein, L. M. Yagupol'skii, M.I. Krasnosel'-
skaya, and L. F.Chervatyuk, Zhur. Prikl. Khim.,

39, 1673 (1966).

S. Andreades, J. Amer.Chem. Soc., 86, 2003 (1964).
A. Streitwieser and D.Holtz, J. Amer.Chem. Soc.,
89, 692 (1967).

D.Holtz, Chem.Rev., 71, 139 (1971).

J.G.Kirkwood and F,H. Westheimer, J.Chem. Phys.,
6, 506, 513 (1938).

W.Adcock and M.J.S.Dewar, J. Amer.Chem, Soc.,
89, 379 (1967).

W. A, Sheppard, Trans.N.Y. Acad.Sci., Ser.qI, 29,
700 (1967).

M. J. S. Dewar and A. P. Marchand, Trans.N.Y.
Acad. Sci., Ser.II, 88, 354 (1966).

F.W.Baker, R.C.Parish, and L.. M. Stock, Trans.
N.Y.Acad. Sci., Ser.1, 89, 5677 (1967).

81,
82,
83.

84.
85.
86.
87,
88.

89.

90.
91.
92,
93,
94,
95.
96.
97.
98.
99.

100.
101,

102.

103.

104,

105.

106.

Russian Chemical Reviews, 43 (1), 1974

J. H.Smith and F. M. Menger, J.Org.Chem., 34,
77 (1969).

M. Charton, J.Org.Chem., 29, 1222 (1964).
C.K.Ingold and E. H. Ingold, 2249 (1928).
C.K.Ingold and F.R. Shaw, 575 (1949).
E.E.Smissman, J.P.Li, and Z.H.Israili, J.Org.
Chem., 33, 4231 (1968),

F.S.Fawcett and W. A. Sheppard, J.Amer.Chem.
Soc., 87, 4341 (1965).

M.I.Dronkina, G.P.Syrova, L.Z.Gandel'sman,
Yu. N. Sheinker, and L. M. Yagupol'skii, Zhur, Org.
Khim., 8, 9 (1972).

O. Exner and J. Lakomy, Coll.Czech.Chem.Comm.,
35, 1371 (1970).

L. M. Yagupol'skii and M.I.Dronkina, Zhur.Obshch.
Khim., 36, 1343 (1966).

L.Z.Gandel'sman, M.I.Dronkima, V. P.Nazaretyan,
and L. M. Yagupol'skii, Zhur. Org.Khim., 8, 1659
(1972).

R.Shriner, M. Goebel, and C. Marvel, J. Amer.
Chem, Soc., 54, 2470 (1932).

J.W.Rakshys, R.W. Taft, and W. A, Sheppard, J.
Amer.Chem. Soc., 90, 5236 (1968).

R. Pollet, R. Van Poucke, and A.De Cat, Bull. Soc.
chim. belges, 75, 40 (19686).

I.W. Serfaty, T.Hodgins, and E. T. McBee, J.Org.
Chem., 37, 2651 (1972).

E.V.Titov, N.G.Korzhenevskaya, L. M. Kapkan,
L.N. Sedova, L.Z.Gandel'sman, Yu.A. Fialkov,
:(md L). M. Yagupol'skii, Zhur.Org.Khim., 7, 2552
1971).

G.P.Syrova, L. M. Sedova, L. Z.Gandel'sman,
L.A.Alekseeva, and L. M. Yagupol'skii, Zhur.Org.
Khim., 6, 2286 (1970).

W.A. Sheppard, J. Amer.Chem. Soc., 85, 1314
(1963).

R. Van Poucke, R.Pollet, and A.De Cat, Bull. Soc.
chim, belges, 75, 573 (1966).

W. A. Sheppard and R.W. Taft, J. Amer.Chem. Soc.,
94, 1921 (1972).

L. M. Yagupol'skii and V.P.Nazaretyan, Zhur.Org.
Khim., 7, 996 (1971).

L. M. Yagupol'skii, Zhur. Vses.Khim, Obshch, im.
Mendeleeva, 15, 64 (1970).

J.R.Case, R.Price, N.H.Ray, H.L.Roberts, and
J.Wright, J.Chem. Soc., 2107 (1962).

L. M. Yagupol'skii and V.I. Troitskaya, Zhur.
Obshch, Khim., 31, 628 (1961).

L. M. Yagupol'skii, Dokl. Akad. Nauk SSSR, 105,
100 (1955).

L. M. Yagupol'skii and V.I. Troitskaya, Zhur.
Obshch. Khim., 27, 518 (1957).

L. M. Yagupol'skii and V.I. Troitskaya, Zhur.
Obshch. Khim., 31, 915 (1961).

W. A. Sheppard, J,Org.Chem., 29, 1 (1964).

L. M. Yagupol'skii, L.N.Sedova, and L. A. Alek-
seeva, Zhur. Obshch.Khim., 39, 206 (1969).

P. H. Griffiths, W, A, Walkey, and H.B.Watson, J.
Chem. Soc., 631 (1934).

A.E. Lutskii, E. M. Obukhova, V.V.Pretdo,

L. M. Yagupol'skii, L.Z.Gandel'sman, and

L.N. Sedova, Teor. Eksper.Khim., 6, 834 (1970).
A.E. Lutskii, L.M. Yagupol'skii, and E, M.Obu-
khova, Zhur.Obshch. Khim., 34, 2641 (1964).
L.N. Sedova, L.Z.Gandel'sman, L.A. Alekseeva,
and L. M. Yagupol'skii, Zhur.Obshch. Khim., 39,
2057 (1969).

O. Exner, Coll.Czech.Chem.Comm., 31, 84 (1966).



Russian Chemical Reviews, 43 (1), 1974

107.

108.

109.

110.

111,

112,
113.
114,

115,

116.

117,
118.

119.

120.

121.

122.
123.

124,

125,

126.

127.

W. A. Sheppard and R. W, Taft, J.Amer.Chem. Soc.,
94, 1919 (1972).

V.V.Orda, L.M. Yagupol'skii, V.F.Bystrov, and
A.U, Stepanyants, Zhur.Obshch. Khim., 35, 1628
(1965).

V.G. Voloshchuk, L.M. Yagupol'skii, G.P.Syrova,
and V. F. Bystrov, Zhur.Obshch.Khim., 37, 118
(1967).

L. M. Yagupol'skii and V. G. Voloshchuk, Ukrain.
Khim, Zhur., 36, 66 (1970).

L. M. Yagupol'skii, G.P.Syrova, V.G. Voloshchuk,
and V. F.Bystrov, Zhur.Obshch. Khim., 38, 2591
(1968).

L. M. Yagupol'skii and M. S. Marenets, Zhur.
Obshch. Khim., 26, 102 (1956).

L. M. Yagupol'skii, V.F.Bystrov, and E. Z. Utyan-
skaya, Dokl, Akad. Nauk SSSR, 135, 377 (1960).

L. M. Yagupol'skii, M.S. Marenets, and N.V, Kon-
dratenko, Zhur.Obshch. Khim., 35, 377 (1965).
R.V. Vizgert, I. M. Ozdrovskaya, V.P.Nazaretyan,
and L. M. Yagupol'skii, Zhur.Org.Khim., 4, 1511
(1968).

L. M. Yagupol'skii, Doctoral Thesis, Institute of
Organic Chemistry of the Ukrainian SSR, Kiev,
1965.

V. N. Boiko and L. M. Yagupol'skii, Zhur. Org. Khim.,
7, 777 (1970).

S. M. Shein, V.N. Boiko, and K. V. Solodova, Zhur.
Obshch. Khim., 38, 496 (1968).

A.E. Lutskii, E.M.Obukhova, M.I. Kolesnik,
A.Ya.Pukhovetskii, L. M. Yagupol'skii, and
V.A.Korin'ko, Teor. Eksper. Khim., 9, 126 (1973).
L. M. Yagupol'skii and V. A.Korin'ko, Ukrain. Khim.
Zhur., 38, 1034 (1972).

G.P.Syrova, V.F.Bystrov, V.V.Orda, and

L. M.)Yagupol'skii, Zhur.Obshch. Khim., 39, 1395
(1969).

E.A.Polenov, B.I.Shapiro, and L. M. Yagupol'skii,
Zhur. Strukt. Khim., 12, 163 (1971).

D.R. Eaton and W. A. Sheppard, J.Amer.Chem. Soc.,
85, 1310 (1963).

V. F.Kulik, Yu.P. Egorov, M.S. Marenets, and

L. M. Yagupol'skii, Zhur. Strukt. Khim., 4, 541
(19863).

V. F.Kulik, Yu.P.Egorov, V.V.Orda, and

L. M. Yagupol'skii, Zhur. Prikl. Spektrosk., 3, 267
(1965).

A. E, Lutskii, E.M. Obukhova, L.M. Yagupol'skii,
and V.G. Voloshchuk, Zhur. Strukt. Khim., 10, 349
(1969).

A.E. Lutskii, E. M. Obukhova, V.A.Granzhan,
S.A.Volchenok, Z.M.Kanevskaya, L.M. Yagupol'-
skii, and V.G. Voloshchuk, Teor.Eksper.Khim.,

5, 614 (1969).

128.
129.
130.

131,

132.

133.
134,
135.
136.
137.

138.
139.
140.
141,

142,

143.
144,
145,
146.
147,
148,

149.

47

L. M. Yagupol'skii and Yu. A. Fialkov, Zhur, Obshch.
Khim., 31, 3591 (1961).

W. A. Sheppard, J. Amer.Chem. Soc., 92, 5419
(1970).

A.E. Lutskii, E. M. Obukhova, L. M. Yagupol'skii,
Yu.A. Fialkov, and A.G.Panteleimonov, Zhur. Fiz.
Khim., 42, 1871 (1968) [Russ.J. Phys.Chem., No.
8 (1968)].

A, E. Lutskii, E.M.Obukhova, S.A.Volchenok,

L. M. Yagupol'skii, and Yu. A. Fialkov, Teor. Eksper.
Khim., 3, 160 (1967).

A.E. Lutskii, E.M. Obukhova, Z.M.Kanevskaya,
and A.S. Gol'berkova, Teor.Eksper.Khim., 2, 264
(1966).

L. M. Yagupol'skii, Yu. A. Fialkov, and A.G. Pantel-
eimonov, Zhur.Obshch. Khim., 36, 2127 (1966).

J. Lipowitz, J.Amer.Chem. Soc., 94, 1582 (1972).
N. V. Kondratenko, G.P.Syrova, V.I.Popov,

Yu.N. Sheinker, and L. M. Yagupol'skii, Zhur.
Obshch. Khim., 41, 2056 (1971).

W. A. Sheppard, J. Amer.Chem. Soc., 84, 3072
(1962).

V.V.Lyalin, G.P.Syrova, V.V.Orda, L. A. Alek-
seeva, and L. M. Yagupol'skii, Zhur.Org.Khim.,

6, 1420 (1970).

C.Curran, R. M. Witucki, and P.A. McCusker, J.
Amer.Chem. Soc., 72, 4471 (1950).

V. Vaisarovd and V.Chvalovsky, Coll.Czech.Chem.
Comm., 34, 2142 (1969).

V.A.Ponomarenko, A.D.Snegova, and Yu. P. Egorov,
Izv. Akad. Nauk SSSR, Ser.Khim., 244 (1960).

B. LepesSka, V.BaZant, and V.Chvalovsky, J.
Organometal. Chem., 23, 41 (1970).

L. M. Yagupol'skii, V.I.Popov, N.V.Kondratenko,
and E. A, Konovalov, Zhur. Org. Khim., 10, 277
(1974).

D.N.Kravtsov, B.A.Kvasov, L. S.Golovchenko, and
E.l. Fedin, J.Organometal. Chem., 36, 227 (1972).
S. Takahashi, L. A.Cohen, H.K. Miller, and

E.G. Peake, J.Org.Chem., 36, 1205 (1971).

I. L. Knunyants and V. L. Dyatkin, Izv. Akad. Nauk
SSSR, Ser.Khim., 923 (1964).

B. L. Dyatkin, E.P.Mochalina, and I. L. Knunyants,
Tetrahedron, 21, 2991 (1965).

G. B. Barlin and D.D. Perrin, Quart.Rev., 20, 75
(1966).

J. Hine and W.C. Bailey, J. Amer. Chem. Soc., 81,
2075 (1959).

I1.S.Chang, J.T.Price, A.J. Tomlinson, and
C.J.Willis, Canad.J.Chem., 50, 512 (1972).

Institute of Organic Chemistry,
Academy of Sciences of Ukrainian SSR,

Kiev



