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Abstract
Full Text

PHYSICAL CHEMISTRY
L. M. Yagupol’skii, V. F. Bystrov, and E. Z. Utyanskaya

STUDY OF THE CHEMICAL SHIFTS OF
MAGNETIC RESONANCE OF 𝐹 19 NUCLEI
IN FLUOROBENZENES WITH FLUORINE-
CONTAINING SUBSTITUENTS
(Presented by Academician V. N. Kondrat’ev, 1 VI 1960)

In recent years a large number of aromatic compounds with various substituents
containing fluorine have been synthesized. Their physicochemical properties
have hardly been studied. The purpose of the present work is to elucidate
the influence of fluorine-containing substituents on the distribution of electron
density in the benzene ring and to establish the connection between the structure
of these compounds and their reactivity by means of the method of nuclear
magnetic resonance (NMR).

The chemical shifts of fluorine in the ring of monosubstituted fluorobenzenes
were measured relative to the resonance line of fluorine in unsubstituted fluo-
robenzene and are determined by the formula

𝛿 =
𝐻𝑋 − 𝐻C6H5F

𝐻C6H5F
⋅ 106, (1)

where 𝐻𝑋 and 𝐻C6H5F are the resonance values of the external magnetic field
for the 𝐹 19 nuclei, respectively, in substituted and unsubstituted fluorobenzene.
The resolving power of the apparatus was ∼ 1 ⋅ 10−6; the accuracy of measure-
ment of the chemical shifts was ±0.3 ⋅10−6. The samples were pure liquids. The
measurements were made with an external standard. The effective volume of
the sample under study was ∼ 80 mm3, that of the standard ∼ 20 mm3. No
correction for the diamagnetic susceptibility of the sample was introduced. The
strength of the constant magnetic field was 4530 gauss. The NMR apparatus
and the measurement procedure have been described in detail previously (1).
The results of measurements of the chemical shifts of fluorine in the benzene
ring are given in Table 1.

Table 1
Chemical shifts of fluorine in the benzene ring
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Substituent
𝑋 𝑜 𝑚 𝑝 3,4
SO2CF3 −8.7 −4.7 −15.1
SCF3 −7.8 −2.3 −4.7
OCF3 +17.4 −2.3 +2.8
CH=CH−CF2 −2.4
CF2

/O
\O +3.9

O/CF2\CF2
−8.6

The redistribution of electron density in the benzene ring caused by the sub-
stituent affects both the chemical shift of fluorine in substituted fluorobenzenes
(2) and the reactivity of benzene derivatives (3). The general quantitative rela-
tion between the nature of the substituent situated in the meta- or para-position
relative to the reaction center and the reactivity of the side chain is expressed
by the well-known Hammett equation (3)

lg 𝑘
𝑘0

= 𝜎𝜌, (2)

where 𝑘 and 𝑘0 are rate (or equilibrium) constants for the reactions of substi-
tuted and unsubstituted benzene derivatives; 𝜌 is a constant depending on the
type and conditions of the reaction and on the nature of the side chain; 𝜎 is a
constant depending only on the nature and position of the substituent. In work
(2), an approximate empirical relationship was established between the chemical
shift 𝛿 and the Hammett 𝜎-constant:

𝛿m = −5.92𝜎m, (3)

𝛿p = −17.9𝜎p + 4.84. (4)

The development of the theory of the chemical reactivity of benzene derivatives
(4) led to the establishment of new, more precise quantitative relationships be-
tween the 𝛿 and 𝜎 quantities (5). Taft showed that the influence of a substituent
on the reactivity of meta- and para-benzene derivatives can be represented as the
sum of independent contributions from the inductive effect and the conjugation
effect,

𝜎p = 𝜎i + 𝜎c, (5)

𝜎m = 𝜎i + 𝛼𝜎c, (6)
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where 𝛼 is a constant depending on the type of reaction (6). The quantitative
relationship between the 𝜎 and 𝛿 values is given in the following form (5):

𝛿m = −5.83𝜎i + 0.20, (7)

𝛿p = −5.83𝜎i − 18.80𝜎c + 0.80. (8)

However, for strong electron-acceptor groups (for example, CN, NO2, COCH3)
the 𝜎p values calculated from equations (7), (8), and (5) from chemical-shift data
have values greater than the normal 𝜎p-constants (5,6 ). It has recently been
shown that the normal 𝜎p-constant is applicable only in the case when there
is no direct conjugation, or it is small, between the para substituent and the
functional group (6,7 ). In the presence of such conjugation one should expect
a continuous series of 𝜎p-constants for each substituent, since the deviation of
an individual value from the normal 𝜎p-constant depends on the magnitude of
the para-conjugation effect.

It was shown that equation (7) is valid for all previously investigated groups
without exception (5,6 ). Using this equation we calculated the values

Table 2

Substituent 𝜎i

𝜎p
from
p𝐾𝑎

𝜎c eq.
(5)

𝜎m eq.
(6)

𝜎m
from
p𝐾𝑎

𝛿c
(ppm)

𝜎m eq.
(3)

𝜎p eq.
(4)

OCF3 0.43 0.32 −0.11 0.38 0.36 −0.24 0.39 0.11
OCH3 0.25(6) −0.27(8) −0.52 0.10 0.12(8) — — —
SCF3 0.43 0.38 −0.05 0.41 0.35 0.16 0.39 0.53
SCH3 0.27(6) 0.01(8) −0.26 0.16 0.15(8) — — —
CF3 0.41(6) 0.54(8) 0.13 0.46 0.43(8) 0.19* 0.35* 0.56*
CH3 −0.05(6) −0.17(8) −0.12 −0.08 −0.07(8) — — —
SO2CF3 0.84 1.03 0.19 0.92 0.79 0.58 0.79 1.12
SO2CH30.58(6) 0.72(8) 0.14 0.64 0.65(8) — — —
CH=CH−CF3— 0.23 — — — — — 0.40
CF2⟨O

O — 0.36 — — — — — 0.05
O⟨CF2

CF2
— 0.81 — — — — — 0.75

* In the calculation the values 𝛿m = −2.1 and 𝛿p = −5.1 (6) were used.

𝜎𝑖 for the substituents investigated in this work (Table 2), and the values of
the 𝜎𝑝 constants obtained by equation (2) from the 𝑝𝐾𝑎 values of substituted
benzoic acids (10), for which it may be assumed that para-conjugation between
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the carboxyl group and the substituents under study is small, are also given
there. The corresponding 𝜎𝑐 values calculated from equation (5) are also given
in Table 2. Substituents with positive 𝜎𝑐 are meta-directing in electrophilic
substitution reactions in the aromatic nucleus, while those with negative 𝜎𝑐 are
ortho-para-directing (4). Indeed, upon nitration of benzene derivatives with the
substituents CF3 and SO2CF3, only meta nitro compounds are formed; with
SCF3, 65% para and 35% ortho; and with OCF3, 90% para nitro products
are formed. The 𝜎𝑚 values calculated from equation (6) agree, with accuracy
generally good for the Hammett rule, with the 𝜎𝑚 values obtained from the dis-
sociation constants of the corresponding benzoic acids. For benzoic acids with
the substituents CH3 and OCH3, the 𝑝𝐾𝑎 values were determined in aqueous
medium (𝛼 = 0.29(6)), and with the other substituents in 50% aqueous alcohol
(𝛼 = 0.42(6)). Table 2 gives the 𝜎𝑐 values (n.m.r.) calculated from equations
(7) and (8). The larger value of 𝜎𝑐 (n.m.r.) as compared with 𝜎𝑐 for the groups
SO2CF3, CF3, and SCF3 is apparently connected with the greater magnitude
of the para-conjugation effect of these substituents with F than with the COOH
group. The para-conjugation of the OCF3 group with F is apparently smaller
than with the COOH group. Table 2 also gives the values of 𝜎𝑚 and 𝜎𝑝 calcu-
lated from equations (3) and (4).

Table 2 gives, for comparison, the values of the 𝜎-constants of analogous sub-
stituents not containing fluorine. In all cases the introduction of fluorine in-
creases the inductive effect of the corresponding substituent. Conju-

Table 3

SubstituentSO2CF3NO2SO2CH3CN CF2>O<CF2COCH3CF3SCF3CH=CH−CF3J Br Cl OCF3CF2>O<OF SCH3CH3OCH3

𝛿𝑝 −15.1−10.8— −9.6−8.6−6.6−5.1−4.7−2.41.2 2.3 2.4 2.8 3.9 6.4 — 5.5 11.4
𝜎𝑝 1.030.780.720.660.810.500.540.380.230.230.230.230.320.360.060.01−0.17−0.27
𝜆max
(I),
mµ
(in
al-
co-
hol)

476 475 445 — 450 447 430 432 455 — 420 420 419 420 — 419 408 407

Table 4

SubstituentSO2CF3NO2 SO2CH3CN CF3 F Cl Br J SCF3OCF3SCH3OCH3CH3

𝛿𝑚 −4.7 −3.3 — −3.0 −2.8 −3.1 −2.1 −2.4 −2.6 −2.3 −2.3 — −1.3 +0.9
𝜎𝑚 0.79 0.71 0.65 0.56 0.43 0.34 0.37 0.39 0.35 0.35 0.36 0.15 0.12 −0.07

the binding of the substituent with the ring upon replacement of hydrogen by
fluorine in the OCH3 and SCH3 groups (𝜎𝑐 < 0) is considerably decreased,
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whereas in the SO2CH3 group (𝜎𝑐 > 0) it is somewhat increased as a result of
withdrawal of electrons by the fluorine atoms from the oxygen and sulfur atoms.
The conjugation effects of the CH3 and CF3 groups are close in magnitude but
opposite in sign. Apparently, in the present case the fluorine atom has the same
tendency to attract an electron by the mechanism of 𝜎—𝜎 conjugation as the
hydrogen atom has to donate it.

To compare the influence of the substituents investigated in the present work
and those studied earlier on the benzene ring, in Tables 3 and 4 we compared
the chemical shifts of fluorine in the ring, 𝛿𝑚 and 𝛿𝑝 (2,6), and the 𝜎-constants
(8) of these substituents. The groups are arranged in decreasing order of their
electron-acceptor properties. It is evident from Tables 3 and 4 that the SO2CF3
group is the strongest of the electron-acceptor substituents known at present. In
their influence on the benzene ring the substituents OCF3, SCF3, and CH=CH
—CF3 are similar to halogens; the CF3 group is close to COCH3 and CN;

O\
O/CF2 to OCF3 and CF2\

CF2/O to CF3.

The group CH=CH—CF3 (the vinylene homolog of benzotrifluoride) possesses
a smaller electron-acceptor strength than the CF3 group. A corresponding anal-
ogy is observed for CH=CH—COOH and the COOH group.

From Table 3 one may note a correspondence between the wavelength corre-
sponding to the absorption maximum in the visible spectrum of dimethylaminoa-
zobenzene derivatives with a substituent in the 4′-position (I) (9), and the chem-
ical shift of fluorine in the corresponding para-fluorobenzenes (II).

(CH3)2N—C6H4—N = N—C6H4—R F—C6H4—R

(I) (II)

This correspondence is evidently explained by electron displacements of the
same type, which determine the chemical shift of fluorine in the para position
and the displacement of the maximum of the absorption band in the visible
spectrum.
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