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The 13C chemical shifts have been measured of the carboxyl carbon atoms for all the 2-, 3-,
and 4-substituted benzoic acids with H, CH3, CH3O, F, Cl, Br, I, and NO2 substituents, as
well as for all 3,4-, 3,5-, and 2,6-disubstituted benzoic acids with combinations of CH3,
CH3O, Cl (or Br), NO2 substituents and for symmetrically 2,6-disubstituted derivatives with
Et, EtO, PrO, i-PrO, and BuO substituents. The chemical shifts of carboxylic group carbon at-
oms of the 3- and 4-substituted derivatives show correlation only with the substituent con-
stants σI. For the 2-substituted derivatives was found the dependence only on σI and on the
υ constant describing steric effects (s = 0.122, R = 0.996, without the CH3 derivative which
has a distinct anisotropic effect). The substituent effects on the carboxylic carbon chemical
shift show additivity with 3,4-, 3,5-, and 2,6-substituents, and the 2,6-disubstituted deriva-
tives show a linear synergic effect of substituents due obviously to the steric hindrance to
resonance. Application of the principal component analysis to the data matrix involving all
the combinations of mono- and disubstitution involving the above-mentioned substituents
has proved an identical substituent effect from all the positions on the chemical shift de-
scribed by one latent variable, steric effects and anisotropic behaviour of methyl at the 2
and 2,6 positions being predominantly described by the second latent variable (with the to-
tal explained variability of 99.5%). Comparison of substituent effects on the chemical shift
of carboxylic carbon with that on the dissociation constant measured in the same solvent
has confirmed the anisotropy due to ortho methyl group, the ortho halogen substituents in
monosubstituted derivatives also having a different effect. The dependence of chemical shift
on pKa was not very close for the derivatives studied (s = 1.005, R = 0.690). The inclusion of
anisotropy of ortho alkyl group by means of an indicator variable improved the correlation
(s = 0.533, R = 0.925), and omitting of 2-F, 2-Cl, 2-Br, and 2-I substituents gave a regression
without deviating points (s = 0.352, R = 0.968).
Key words: 13C substituent-induced chemical shifts; Disubstitution; ortho Effect; Dissociation
of benzoic acids.
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Studies of substituent effects on chemical shifts of other nuclei than proton
(substituent-induced chemical shifts, SCS) have been made possible by de-
velopment of apparatus, i.e. by the possibility of routine measurements of
the NMR spectra of compounds with those nuclei1. The substituent effect
on chemical shifts of atomic nuclei is more complex than that on equilib-
rium or rate constants. This is a consequence of manifestation of additional
non-bonding interactions through space, which need not be associated
with the properties described by standard substituent constants. Hence the
quantitative evaluation of SCS adopts a variety of correlation equations;
however, its seems most suitable to use either the classic Hammett con-
stants (σm, σp) or the more general substituent constants separately describ-
ing the inductive (σI), mesomeric (σR, σ σ σR R R

0 , ,− + ), and steric (υ) effects1. For
a survey of this problem, see Exner et al.2–6.

Papers dealing with SCS frequently concern the atoms in benzene ring7–9

but also those in side chains10–29. Although there are papers dealing with
the carboxyl carbon atom of benzoic acid10–13, more frequent are structural
studies of related compounds such as methyl3,4,13 or ethyl benzoates10,
benzamides10,14–16 and thiobenzamides14, benzonitriles2,17, benzalde-
hydes10,18, acetophenones10,18–21, benzophenones10,24, and chalcones22. An-
other frequently studied type of compounds with carbon atoms in side
chains is styrenes23–27. The substituent effect on the chemical shifts of nu-
clei in side chains was studied almost exclusively from the meta and para
positions, whereas papers dealing with the ortho substituent effect on NMR
chemical shifts are substantially rarer28,29. If a correlation is available, its fit
(in the case of the 13C NMR chemical shift) can be, in the best case, ex-
pressed by the value of residual standard deviation s ≈ 0.1 ppm, whereas the
usual value is about 0.3 ppm or even more2,3,8,22.

From the survey given it follows that benzoic acid – the basic molecule of
classical studies of the substituent effect – has been investigated relatively
little from the point of view of SCS: neither the ortho effect has been exam-
ined nor the additivity of disubstitution has been proved; the correspond-
ing data about dissociation constants in the same substituted series are
known. The aim of the present paper is to measure the 13C NMR chemical
shifts of carboxylic carbon in the series of 2-, 3-, 4-substituted and 3,4-, 3,5-
and 2,6-disubstituted benzoic acids, to verify the validity of correlation re-
lationships for these models and the additivity of substituent effects for di-
substitution, and to evaluate the relationship between the chemical shifts
and dissociation constants of the same substituted benzoic acids.
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EXPERIMENTAL

The syntheses of the mono- and disubstituted benzoic acids used, the methods of
potentiometric measurements of pKa of the compounds in dimethyl sulfoxide are described
elsewhere30–34. Additional measurements were carried out in the same way for
3-methylbenzoic acid (pKa = 11.21 ± 0.05), 3-methoxybenzoic acid (pKa = 10.91 ± 0.03),
3-fluorobenzoic acid (pKa = 10.07 ± 0.04), 3-chlorobenzoic acid (pKa = 10.00 ± 0.02),
3-iodobenzoic acid (pKa = 10.02 ± 0.06), 3-nitrobenzoic acid (pKa = 9.26 ± 0.01),
4-fluorobenzoic acid (pKa = 10.61 ± 0.01), 4-iodobenzoic acid (pKa = 10.35 ± 0.03), and
2,6-diethylbenzoic acid (pKa = 10.69 ± 0.01). The 13C NMR spectra of the compounds stud-
ied were measured on a Bruker AMX 360 apparatus at 90.56 MHz in standard way at 25 °C.
The samples were dissolved in hexadeuteriodimethyl sulfoxide, the solvent signal serving as
a standard (δ 39.60 ppm).

RESULTS AND DISCUSSION

Substituent Effect on Chemical Shift of Carboxylic Carbon in Mono-
substituted Benzoic Acids

The chemical shifts of carbon atom of carboxylic group of 2-, 3-, and
4-substituted benzoic acids in hexadeuteriodimethyl sulfoxide are pre-
sented in Table I. The method of linear regression was adopted to evaluate
the dependence of these quantities on substituent constants35 σI, σR and –
for the 2 position – also the υ parameter describing the steric requirements
of substituent36; the results are given in Eqs (1) through (4).
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TABLE I
13C NMR chemical shifts (δ, DMSO-d6) of the carboxylic carbons in 2-, 3-, and 4-substituted
benzoic acids

Substituent 2- 3- 4-

H 167.48 167.48 167.48

CH3 168.88 167.66 167.63

CH3O 167.56 167.38 167.24

F 165.36 166.40 166.51

Cl 166.95 166.32 166.74

Br 167.62 166.22 166.87

I 168.45 166.04 167.06

NO2 166.27 165.74 165.99



δ σ4 1677 01 209 0 31= ± − ±( . . ) ( . . ) I , (1)

n = 8, s = 0.195, R = 0.942

δ σ3 1676 0 2 280 0 50= ± − ±( . . ) ( . . ) I , (2)

n = 8, s = 0.320, R = 0.916

δ σ2 167 3 0 3 508 076 381 063= ± − ± + ±( . . ) ( . . ) ( . . )I υ , (3)

n = 8, s = 0.379, R = 0.962

After elimination of the deviating point of 2-CH3 substituent:

δ σ2 167 5 01 681 0 40 466 0 26= ± − ± + ±( . . ) ( . . ) ( . . )I υ , (4)

n = 7, s = 0.122, R = 0.996.

The correlation of chemical shift of carbon in non-dissociated carboxylic
acid depending on 4-substituents (Eq. (1)) is relatively close, which is prob-
ably caused by statistical nonsignificance (at the significance level α = 0.05)
of the parameter describing the mesomeric effect. This parametr is signifi-
cant at the significance level α = 0.027. The signs of both reaction constants
indicate that electron-acceptor substituents cause a decrease in electron
density at the centre measured. 3-Substituents exert inductive effect de-
pending on the used relationship (Eq. (2)). A statistically different effect on
the chemical shift of carboxylic carbon, as compared with the other sub-
stituents, is observed in the case of methoxy group, the experimental value
being higher than the predicted one. We have no logical explanation for
this finding yet. At position 2, the mesomeric effect does not make itself
felt but steric effects are manifested (Eqs (3) and (4)). Methyl group, the ex-
perimental value here being lower than the predicted one, exerts an excep-
tional influence on the carboxyl chemical shift. We explain this
phenomenon by increased shielding of caroxylic carbon by hydrogen at-
oms in methyl group. The chemical shift of the carboxylic carbon increases
with increasing steric requirements of the ortho substituent. From that we
deduce that the deviation of carboxylic group out of the benzene ring plane
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lowers the extent of conjugation between both systems, and – on the other
hand – the mesomeric stabilisation within the carboxylic group itself is in-
creased, which is associated with an increase in the electron density at the
carbon atom measured. The same reason, obviously, eliminates the meso-
meric effect.

Comparison of values of reaction constants affected from positions 2, 3,
and 4 indicates a systematic decrease in the inductive efect with decreasing
distance of the substituent from the reaction centre, which is in accordance
with the generally accepted views.

In order to compare our results with the earlier published ones10 we have
carried out analysis of data by means of the Principal Component Analysis
(PCA). For various model compounds with reaction centres CONH2,
COOCH2CH3, COOH, COCH3, CHO, OCOCH3 (columns of the source ma-
trix) chemical shifts of carboxyl carbon atom have been compared analo-
gous values obtained from our measurements for the substituents H, CH3,
OCH3, F, Cl, Br, NO2 (rows of the source matrix). The comparison only con-
cerned the 3- and 4-substituted derivatives, because the earlier works did
not include the ortho derivatives.

Only one latent variable has been found for the 3-substituents (98.90% of
explained variability). The measure of common explained variability is
high and indicates an identical mechanism of influence of chemical envi-
ronment on the chemical shift of carbon atom of the centre measured. The
latent variable shows a close fit with the σI scale (r = 0.949), hence the
change in chemical shift with a change of substituent is due to inductive ef-
fects of substituents. The comparison of communalities corresponding to
the individual columns representing the corresponding functional groups
showed that the results of our measurements (h2 = 0.992) exhibit a high
measure of accordance with the others.

The calculation for 4-substituted model compounds gave two latent vari-
ables (the first latent variable 88.48%, the second latent variable 10.82%,
and total 99.30%). These two latent variables fully explain the variability of
data. We carried out orthogonal rotation of the score matrix maximising
the approach to the scale of σI and σR substituent constants (rotation by
5.923°). After this operation, the first latent variable correlated closely with
the σI substituent constant (r = 0.986) while the second latent variable cor-
related with σR (r = 0.968), hence it can be stated that the latent variables
express these variables. The comparison of communalities for the first la-
tent variable indicates the measure of accordance of results of our measure-
ment (h2 = 0.955) with the columns representing carboxyl (h2 = 0.976),
amide (h2 = 0.968), and ester (h2 = 0.927). A lower measure of common vari-
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ability can be observed for the columns with the following reaction centres:
acetyl (h2 = 0.901), aldehyde (h2 = 0.876), and phenyl acetate (h2 = 0.529).
This is probably caused in these cases by the presence of another type of re-
action centre as compared with the carboxyl carbon atom in the functional
derivatives of substituted benzoic acid. On the whole it can be concluded
that the values of chemical shift of carboxyl carbon atom from our mea-
surements are comparable with the data published earlier10.

Additivity of Substituent Effect on 13C NMR Chemical Shift of Carboxylic
Carbon in Disubstituted Benzoic Acids

The most suitable way of evaluation of additivity of substituent effects in
disubstituted derivatives is a correlation using the explaining variable ob-
tained by summation of the values valid for the individual derivatives and
substraction of the value of the parent compound. In this way, we obtained
the following relationships for the respective combinations of substituents
CH3, CH3O, Cl (Br), and NO2 given in Tables I and II.

δ δ δ δ3 4 3 4972 681 094 004, ( . . ) ( . . )( )= ± + ± + − H , (5)

n = 16, s = 0.163, R = 0.987

δ δ δ δ3 5 3 57 58 351 095 002, ( . . ) ( . . )( )= ± + ± + − H , (6)

n = 10, s = 0.082, R = 0.998

δ δ δ δ2 6 2 6638 556 138 003, ( . . ) ( . . )( )= − ± + ± + − H , (7)

n = 10, s = 0.156, R = 0.998

If the effects were additive, the relationships given should have slope unity
and cross the origin. This hypothesis can be statistically tested. At the sig-
nificance level α = 0.05, the hypothesis mentioned applies to the 3,4- and
3,5-disubstituted derivatives (Eqs (5) and (6)). Hence, the substituent effects
from these positions on the chemical shift of carboxylic carbon in 13C NMR
spectra of benzoic acids are additive. The same result was also obtained for
the dissociation constants of the corresponding acids30,31. However, no sim-
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ple interpretation can be given in the case of the dependence for the
2,6-disubstituted derivatives (Eq. (7)) although it is linear and well-fitting.
The slope of dependence is higher than unity, which indicates some
synergic effect, most probably steric hindrance to resonance between the
benzene ring and carboxylic group in the sense of interpretation of Eqs (3)
and (4), respectively.
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TABLE II
13C NMR chemical shifts (δ, DMSO-d6) of the carboxylic carbons in 3,4-, 3,5-, and 2,6-
disubstituted benzoic acids

Substituent

3-X,4-Y 3-X,5-Y 2-X,6-Y

X Y

CH3 CH3 167.55 167.67 170.86

CH3 CH3O 167.38 167.34 168.99

CH3 Cl 166.73 166.28 168.14

CH3 NO2 165.92 165.71 167.29

CH3 CH3 167.41 – –

CH3O CH3O 167.19 167.13 166.89

CH3O Cl 166.61 – 166.14

CH3O NO2 166.04 165.38 165.22

Br CH3 166.11 – –

Br CH3O 165.97 166.08 –

Cl Cl 165.91 – 165.47

Cl NO2 164.84 164.54 164.78

NO2 CH3 165.61 – –

NO2 CH3O 165.58 – –

NO2 Cl 164.99 – –

NO2 NO2 164.21 164.04 163.61

Br Br – 164.84 –

Et Et – – 171.06

EtO EtO – – 166.90

PrO PrO – – 166.90

i-PrO i-PrO – – 167.05

BuO BuO – – 166.89



Effect of the Disubstitution Type on Chemical Shift of the Carboxylic
Carbon in Disubstituted Benzoic Acids

For comparison of individual types of substitution, we compiled a set of
values of chemical shifts for the carboxylic group carbon in Tables I and II
for all combinations including H, CH3, CH3O, Cl (Br), and NO2 substituents
at positions 3,4, 3,5, and 2,6 using the principal component analysis (PCA).
The source matrix contained 25 rows (substituents) and 3 columns (type of
substitution). The first latent variable could explain 93.9% of total variabil-
ity of data (96.5, 96.6, and 88.5 for 3,4-, 3,5-, and 2,6-disubstitution, respec-
tively), whereas the second latent variable explained even 99.5% of total
variability of data (99.4, 99.2, and 99.97 for 3,4-, 3,5-, and 2,6-disubsti-
tution, respectively). If the column of 2,6-disubstitution is excluded,
the first latent variable explains 99.4% of variability. The results show that
the 2,6-disubstituted derivatives are different from 3,4- and 3,5-disubsti-
tuted derivatives, and the difference is mostly described by the second la-
tent variable.

The regression of δ2,6 vs δ3,5 values (the same symmetry of disubsti-
tution) and subsequent analysis of residues clearly show that the differ-
ences between the two types of substitution are caused by the values of
methyl group at ortho position. The addition of an indicator variable into
the regression expressing the number of methyl groups at position 2 leads
to Eq. (8).

δ δ2 6 3 52 27 1611 099 001 174 017, ,( . . ) ( . . ) ( . . )= ± + ± + ± nMe , (8)

n = 8, s = 0.256, R = 0.996

From the results it is clear that the straight line crosses the origin and has
slope unity, the differences being caused by the additive anisotropic effect
of methyl group at position 2 as already stated. It is of interest that in com-
parison with the analysis of residues for the data described by Eq. (3), where
the experimental value is lower than the predicted one, the opposite is true
for Eq. (8). From that it follows that methyl group at orto position shows a
different behaviour in monosubstituted derivatives from that in the di-
substituted ones.
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Substituent Effect on Chemical Shift of the Carboxylic Carbon
and on Dissociation Constants of Benzoic Acids

While the chemical shift of non-dissociated carboxylic group in the
13C NMR spectra is a measure of electron density at this centre, the dissocia-
tion constant is a measure of substituent effect on the energy difference be-
tween the non-dissociated and dissociated forms of the respective acid. The
two forms need not be affected by the substituent in the same way; clearly,
it can be expected that the substituent will affect the ionized form more
strongly. Also the interaction between carboxylic/carboxylate group and an
ortho substituent varies and its consequences for the quantities measured
can vary, too. These presumptions start from known facts32–34 and they
made themselves felt also in the set investigated. Figure 1 presents the de-
pendence of chemical shift vs pKa (refs30–34) for all the derivatives from Ta-
bles I and II. From the figure as well as from the analysis of residues of the
respective linear regression (s = 1.005, R = 0.690), it follows that the pres-
ence of alkyl group at ortho position is statistically indicated as a deviating
point. The introduction of indicator variable indicating the number of alkyl
groups at ortho position improves the quality of regression (s = 0.533, R =
0.925); nevertheless, the derivatives with 2-F, 2-Cl, 2-Br, and 2-I substitu-
ents continue to be indicated as deviating points. When these are elimi-
nated, the linear regression gives Eq. (9).

δ = ± − ± + ±( . . ) ( . . ) log ( . . )158 3 0 4 079 004 207 011K na Me , (9)

n = 59, s = 0.352, R = 0.968
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FIG. 1
Dependence of 13C NMR chemical shifts (δ,
DMSO-d6) of the carboxylic carbon in mono-
and disubstituted benzoic acids upon their
pKa (● 2-halogen substituted derivatives, ❒ 2-
or 2,6-disubstituted derivatives with alkyl
groups, ❍ other derivatives)7 8 9 10 11 12
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The dependence according to Eq. (9) does not show deviating points any
longer and represents an average fit2,3,8,28. The anisotropy caused by methyl
or ethyl group at ortho position is a fact that has been confirmed several
times in the present paper. The different chemical shifts of carboxylic car-
bon in 2-halogenobenzoic acids, whose pKa values are almost the same, are
most probably caused by the steric effects associated with different extents
of shielding of the carbon measured. Similar excesses were also found in the
case of ortho-substituted nitrobenzenes28 in their correlation with substi-
tuent constants. From Eq. (9), it follows that the magnitude of the chemical
shift value of carboxylic carbon decreases with increasing acidity of the
acid. This result could be expected since a substituent that stabilises the dis-
sociated carboxylate must also lower the electron density at the carbon
atom of non-dissociated carboxylic group.
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