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The classical term ortho effect was quantitatively analyzed and decomposed into its real or supposed
components, using the acidity of eleven 2-substituted benzoic acids as a sample. The substituent effects were
evaluated by calculations at the B3LYP/6-3114+G(d,p) level by means of isodesmic reactions, separately for the
acid molecules and for their anions. An intramolecular hydrogen bond, affecting the acidity moderately, was
found only in the case of 2-methoxy- and 2-dimethylaminobenzoic acids. For the other acids, the often-
employed interpretation invoking a hydrogen bond is wrong: the pertinent form was not revealed by
calculations or by infrared spectroscopy. Another widespread explanation relying on the steric inhibition of
resonance of the COOH group is also not correct in most cases: only some acid molecules are nonplanar (with
substituents fert-Bu, CH,Cl, CF5;, NO,, Cl) and the steric inhibition exists also in the anions, thus partly
cancelling this effect.

The main part of the ortho effect consists of polar effects (inductive and resonance) transmitted through the
ring and of purely steric effects. Their tentative separation was based on comparison with the 4-substituted
isomers. Polar effects are most important for the acidity and are not very different in the ortho and para
positions (rough estimate 0.8:1). Steric effects are strong but mostly of similar magnitude in the acid as in the
anion; hence they are of restricted importance for the acidity. They may be better described as van der Waals
interactions rather than as short-range field effects. The whole analysis leads to the conclusion that the acidity of
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ortho-substituted benzoic acids cannot be interpreted by a simple universal theory.

Benzene ortho derivatives have received less attention com-
pared to their meta and para isomers. While in the latter the
dependence of the reactivity and properties on structure is sim-
ple and can be approximated by the Hammett equation, effects
of ortho substituents are much more complex.!?> Mostly they
have been assumed to arise from two contributions: one simi-
lar as in the meta and para isomers, called inductive effect and
resonance, '™ the other commonly called steric. The latter was
further divided into several tentative components,>*® which
were not always exactly identified: primary steric effect, steric
inhibition to resonance (SIR), short-range field effect, hydro-
gen bonds (HB), steric inhibition to solvation and others. In
numerous treatments of this subject, certain of these effects
were more or less stressed and sometimes they were expressed
quantitatively by an empirical equation with limited success.*
Note that some of these effects are only simplified models,
sometimes poorly defined: for instance, one can hardly distin-
guish a short-range field effect from a primary steric effect. As
an extreme opinion, reactivities of ortho derivatives were
explained without referring to any steric effects at all, either
by a blend of inductive and resonance effects®*® or most sim-
ply, by correlation with the reactivities of para derivatives.3
However, the bulkiest substituents (fert-butyl) were not

1 Electronic supplementary information (ESI) available: Table S1 giv-
ing the DFT calculated energies of 2-substituted benzoic acids 1-11 in
all conformations, population of conformers, important bond lengths
and bond angles; Table S2 giving the DFT energies of twisted struc-
tures of some 4-substituted benzoic acids with a fixed dihedral angle
and Table S3 giving the IR spectral data of those 2-substituted benzoic
acids in which a H-bond may be present. See http://www.rsc.org/
suppdata/nj/b3/b305986¢/
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included*® and sometimes also the smallest substituent, hydro-
gen, had to be eliminated. In contrast to these concepts, other
theories are immediately related to observable quantities,
viz. steric inhibition of resonance (SIR) and hydrogen bonds
(HB). SIR assumes a nonplanar, minimum energy conforma-
tion and this assumption can be tested.® HB can involve either
a hydrogen atom of the substituent®>”® or of the functional
group;>”? both cases can be submitted to test. A fecent chemo-
metrical study stressed HB as the most important factor;’ in
other empirical correlations, compounds with HB were
excluded from the beginning.3® Another special case is repre-
sented by the substituents COX, which allow an intramolecu-
lar cyclization.'® It is note that most of the named terms were
defined and experimentally proven using 2-substituted benzoic
acids as the model. One of the reasons may be that their meta
and para isomers were thoroughly investigated as the standard
model for the Hammett equation.

In our opinion, the outlined treatment of the ortho effect has
a major deficiency, which is that it has been experimentally
supported mainly by dissociation constants or rate constants
in water or in aqueous solvents. Thus, in 2-substituted benzoic
acids, the substituent effect is defined by the Gibbs energy of
the isodesmic reaction [eqn. (1)]:.

2-XC¢H4COOH + C¢H5COO™ 2 2-XC¢H4COO™
+ CsH;COOH (1)

More recently, some acidobasic equilibria were also investi-
gated in the gas phase,'! such as the equilibrium in eqn. (1).'™
The results can be better related to the structures of isolated
molecules than the results obtained in solution but a marked
solvent effect was observed with only few substituents (e.g.,
OH).!“ However, there is still another shortcoming, which is
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that the substituent effect is given only by the difference
between the effect in the acid molecule and in the anion (or
in the base and in the cation). It may happen that the two
effects are rather similar and that their difference is thus small
and difficult to interpret.*!? One previous attempt to treat
separately the ortho-substituted benzoic acids and their
anions™® remained restricted to the electrostatic treatment
and neglected any steric effects. We have attempted to resolve
this general problem using the principle of isodesmic reac-
tions™ and have applied it to inductive'® and resonance'®
effects, to their combination,'” as well as to steric®'® effects
and polarizability.’® In the case of 2-substituted benzoic acids,
the isodesmic reactions have the form of eqns (2) and (3),
defining the substituent effects in the acid molecule and in
the anion, respectively:

C¢HsCOOH + C¢HsX = 2-XC¢H4COOH + C¢Hs  (2)
CsHsCOO™ + CgHs5X = 2-XCsH4COO™ + CgHg (3)

All reactions in eqns. (1)—(3) are not only isodesmic but also
homodesmotic.?® When we applied them to study the substitu-
ent effects of nonpolar groups: methyl,® isopropyl,'®® and tert-
butyl,"® we found that purely steric effects are similar in the
acid and in its anion. The main effect on the acidity is operat-
ing in the anion and is most properly described as the polariza-
tion of the alkyl group.®¢ Steric inhibition of resonance cannot
be present in the case of small alkyls, such as 2-methylbenzoic
acid, since its molecule is planar.® In the case of stronger steric
effects (2-tert-butyl substituent), SIR is evident but is of com-
parable magnitude in the acid as in the anion; hence it has only
a weak effect on the acidity.®

In this paper, we have applied the isodesmic reactions [eqn.
(1)-(3)] to acids 1-11 (listed in Table 1) that contain selected
polar substituents not having any acidic hydrogen atoms: F,
Cl, CH,Cl, CF;, N(CHj3),, OCH;, CN and NO,. Of these,
the substituents CH;,% and C(CH3);!% were already investi-
gated but at different levels of theory. The reaction enthalpies
of eqn. (2) and (3), A,H and A3;H, would also be in principle
obtainable from the enthalpies of formation of all species
involved but the few available values for substituted benzoic
acids®! are not sufficiently accurate.”? Hence we calculated
the reaction energies within the framework of the density func-
tional theory®® (DFT) at the B3LYP/6-3114+G(d,p) level. The
choice of this theoretical model was essential for comparison
with the previous results on similarly substituted 4-substituted
benzoic acids.!””

Restriction to the named substituents will eliminate HB
between the substituent and oxygen atoms in the anion but
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not the possible HB in the acid molecule. Our first goal was
to reveal these hydrogen bonds, both by calculations and from
the parallel investigation by IR spectroscopy. Of our com-
pounds, HB was already proven in 2-methoxybenzoic acid
(9) in the gas phase®® and in solution,” as well as in 2-dimethy-
laminobenzoic acid (7).%¢ In the case of substituents X = F, Cl,
NO, or even CHjz, conformation a (see Scheme 1) was some-
times assumed®®*''® but an actual HB was not found.****

The second goal of our calculations was to determine the
actual conformation of the COOH group. Knowing this con-
formation we were able to check the occurrence of SIR,? which
has been assumed either to be a common contribution to the
ortho effect™ or to operate at least with some bulky substi-
tuents.®> SIR would not be possible in the coplanar conforma-
tions a, b and ¢ but would require non-coplanar conformations
as in d, e or f (see Scheme 1). After eliminating or subtracting
HB and SIR, we wanted to calculate and interpret the remain-
ing effects with the final intention—perhaps not perfectly rea-
lizable—of factorizing the ortho effect into simpler
components, some of them possibly operating only with cer-
tain substituents.

Experimental
IR spectroscopy

IR absorption spectra were recorded on a Nicolet Impact 400
FTIR spectrometer in tetrachloromethane solution at a con-
centration of 0.003 mol 17! with = 1 cm. The bands of the
dimer could not be completely eliminated by dilution. With
the resolution used (2 cm™1), our program did not allow an
interval of wavenumber readings finer than 0.64 cm~'. There-
fore, we used a graphical procedure and obtained the apparent
maxima of the »(C=0) bands as the point of intersection of the
band axis with the spectral curve. With sufficient enlargement,
the accuracy of reading was better than 0.1 cm™!. Separation
of the v(C=0) bands was carried out choosing a 100% Lorent-
zian shape for the bands; the bands of the monomer and dimer
were treated together. The spectral data are collected in Table
S1 (ESD).

Calculations

Energies of the 2-substituted benzoic acids 1-11 (Table 1) and
of their anions were calculated by the DFT method® at the
B3LYP/6-311+G(d,p) level with the Gaussian 94 program.?®
Planarity or any symmetry was never anticipated. Geometry

Table 1 Calculated and experimental energies of the isodesmic reactions (kJ mol™%)

Substituent Conformations* AEP AH° ¢ AE® AME® AGE Y A1G° expt®
H 1b 0 0 0 0 0 0
CH3 2b, 2¢ 9.08 747 11.64 2.56 1.21 -2.5¢
C(CH;)3 3e, 3f 39.56 2637 24.06 —15.50 —15.82 —15.5"
CH,Cl de, 4f 16.50 —12.40 —28.90 -30.10

CF; 5, Se 35.77 6.04 —-29.72 —30.33

CN 6¢, 6b 24.66 —14.72 —39.38 —39.83

N(CH3), 7g, Ta 10.31 28.58 18.27 16.61

NO, 8f, 8e 40.43 —1.04 —41.47 —42.61 —39.33
OCH; 9a 12.25 1237 18.15 5.90 4.35 ~2.09
F 10c, 10b 19.48 10.64 —8.84 —-9.78 -9.62
Cl 11e, 11f 28.72 —-1.2 10.23 —18.49 —18.82 —15.90

“ Given are conformations with an assumed population of more than 5%; for a more detailed description see Table S2 (Electronic supplementary
information). ® Energies of isodesmic reactions, eqn. (1)~(3) were calculated from the DFT energies of 1-11 (Table S2) and of the mono-substituted
benzenes.'®? ¢ Calculated according to eqn. (2) from the experimental enthalpies of formation (298 K) in refs 21 and 24. ¢ Calculated including
only the entropy arising from the presence of conformers. ¢ Experimental relative gas-phase acidities from ref. 11a” These values differ slightly
from those given previously in refs 6a,b and 18b as result of a different choice of AgH°(g) for benzoic acid. ¢ Ref. 6a,b " In ref. 18b there is a mis-

print giving the erroneous value of —16.5 kJ mol ™.
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Scheme 1 Conformers and numbering of compounds in this work. Conformers of minimum energy are underlined.

optimization was carried out with redundant internal coordi-
nates. All reasonable conformations were taken into consid-
eration and calculations were started from the pertinent near
structures. For instance, conformations 2a—2f were considered
for 2; when necessary the conformations of the substituent, for
instance in 5a-5f and 7a-7h, were also taken into account. All
structures were checked by vibrational analysis and behaved as
energy minima.

The calculated energies E(DFT) are listed in Table S2 (ESI)
together with the most important geometrical parameters. The
population of the conformers was estimated for 298 K with the
assumption that AG°(298) =2 AE(DFT). The relative acidities
A1E° and the energies AyE° and A3E° defined by eqn. (2) and
(3) were then calculated as effective values for the given mix-
ture of conformers (Table 1).

The frozen conformations of some 4-substituted benzoic
acids with a fixed dihedral angle ¢ were calculated in such a
way that all remaining geometry parameters were optimized
with internal coordinates. The results are given in Table S3
(ESI).

Results and discussion
Conformations and their population

The presence of the pertinent conformers is an experimental
fact representing a necessary but not sufficient condition for
attempted interpretation of the acidity, say by HB”''“ in the
conformers a, or by SIR? in the conformers d, e and f. For this
reason, we have to deal with this aspect in some detail. The
relative abundance of the other conformers is less important
in this respect. All conformations investigated and found as
energy minima are listed in Table S2, the predominant confor-
mations are also given in Table 1.

Conformations a with a possible HB were revealed as pre-
vailing only for 7 and 9 (Scheme 2, 7ag, 9a). For 9 we calcu-
lated that 94% of 9a was present; the possibly present
conformers 9¢ and 9b were not detected in the IR spectrum.
In the case of 7, we have obtained two energy minima for
the two possible HB forms, separated by a barrier: the zwitter-
ion 7g and the uncharged structure 7a. They are populated
equally (51:49) and we have not distinguished them in the IR
spectra. A previous IR study® claimed three carbonyl bands
were obtained by deconvolution and assigned them tentatively
to 7a, 7c and 7g, the last being the least populated in nonpolar
solvents. With the other acids, the H-bonded forms are only
negligibly represented. A relatively larger value was predicted
for 10a (3%) but could not be proven spectroscopically. With
8, the H-bonded form 8a with a short O---H distance would

This journal is © The Royal Society of Chemistry and the
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be sterically possible but its energy is high due to distorted pla-
narity. Our IR spectra as well as previous studies””* did not
reveal this form. In 2-cyanobenzoic acid (6), the H-bonded
form 6a was not detected either in the present work or in a pre-
vious IR study.?’

Our results are at variance with some previous claims and
hypotheses. The presence of the conformer 1la in the gas
phase was claimed®® on the basis of shifts in the carbonyl fre-
quency #(C=0) but in a fundamental IR study®® of 11 the con-
formation 11a was not found. Explanation of the gas-phase
acidity of 8, 10 and 11 in terms of H-bonds''* must be rejected.
A weak H-bond of opposite direction in 2-methylbenzoic acid
(2) should involve a hydrogen atom of the methyl group in 2b.
This idea was rebutted already in the classical literature,?* but
recently it was taken into consideration again when discussing
the carbonyl frequency.*® Even a weak H-bond would be at
variance with the conformation of the methyl group in 2b:
the carbonyl oxygen is situated between two methyl hydro-
gens. A detailed study of solution reactivity*® assumed no
HB in 5, 6, 10 and 11, estimated correctly the conformation
8f but did not reveal the HB in 9a.

The remaining conformations may be classified into two
groups. In the case of smaller substituents (CHz, F, CN) the
carboxyl group is coplanar with the benzene ring, in other
cases it is more or less twisted, up to 54° in 3f. Planar confor-
mation of 2 was discussed together with further methyl deriva-
tives® and supported by electron diffraction of methyl 2-
methylbenzoate.28 Most remarkably, the conformation of the
anions is not always the same as that of the acids. In the anions
of 2 and 10 the carboxylate group is twisted (by 31° and 59°,
respectively) while in the anion of 4 it is coplanar.

A feature of secondary importance is the relative population
of the conformers b (sp conformation around the C-C bond)
and ¢ (ap) or of e (sc) and f (ac) since their energies are rather
similar. Our populations calculated with the approximation
AG= AE agreed well with those from IR spectra (Table S1)
with the exception of 8e,f, for which a misassignment is possi-
ble (Table S2, footnote b). There is also good agreement with
the conformation of some corresponding methyl esters.?¢
For 11 one strongly twisted conformation was anticipated
without convincing reasons.*' In 4 the substituent CH,Cl pre-
fers a perpendicular conformation, the same as in chloro-
methylbenzene.'®

Some general features can be observed, viz. that similar con-
formations are preferred as those found in 3-substituted ben-
zoic acids'’®, whose functional groups are more separated.
Alkyl groups are preferably located near to the carbonyl oxy-
gen (2b and 3e), groups bearing lone electron pairs lie near to
the OH group (5f, 6¢, 8f, 10c). The substituent Cl in 11e is an
exception.

New. J. Chem., 2004, 28, 67-74
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Scheme 2 Calculated conformations of some 2-substituted benzoic acids in the sequence of increasing energy.

Strength of the hydrogen bond

The existence of a HB is of primarily importance for our inves-
tigation since it can be proved or disproved the most surely of
all factors influencing acidity. Even when the molecule pos-
sesses a favorable conformation, HB can be of variable
strength, which can be estimated from further spectroscopic
and energetic quantities. We have listed them in Table 2 for
the acids in which a HB comes into consideration. The table
reveals striking differences between two groups of compounds:
7 and 9 contain a rather strong HB, in the other compounds a
HB does not exist and an explanation of their acidity in this
way?*114 is incorrect. An energy decrease due to HB, as given
in Table 2, column 4, must overcome the energy increase due

Table 2 Some properties of the hydrogen bond in 2-substituted ben-
zoic acids

Calced Expt
¢/ AEMHB)/ H---X’/ AvO-H)/ Av(O-H)/
Substituent deg  kJ mol™! A cm ™! cm™!
7a N(CH,), 180 —16.8 1.75 731 ~900
9a OCH;3 180 -8.1 1.75 133 165
10a F 180  +7.6 1.84 4 —
11d Cl 172 +10.4 2.10 75 —
8d NO, 146 +13.7 1.71 230 —
4d CH,Cl1 138 +15.5 2.34 72 —
5d CF; 136 +16.0 2.00 28 —
6a CN 177 +17.1 2.25 45 —
la H 0 4285 —

¢ Calculated energy difference between the HB form and a related conformer dif-
fering only in the conformation on the C—O bond (for instance 9a and 9¢). ” Cal-
culated distance to the nearest atom of the ortho substituent. ¢ Not observed.
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to the unfavorable conformation around the C-O bond. This
is seen from the two conformers of benzoic acid, 1b and 1a
(Table 2, at the bottom). With most acids, the stabilizing
energy of the HB itself does not overcome the conformational
energy and the HB rotamers are populated only very slightly.
The HB is further weakened when the molecule is not planar
(¢ < 180°).

The standard measure of HB strength is the difference of the
O-H wavelengths, free and bonded. Our calculated and experi-
mental values (Table 2, last two columns) agree only moder-
ately well since even the other calculated frequencies do not
match very well the experimental values (Table S1). Neverthe-
less, the difference between bonded and non-bonded acids is
striking, even for this quantity. A particular case is the nitro
derivative with a rather strong HB in the nonplanar form 8d
and with a short H- - -O distance of 1.71 A. However, at equili-
brium the HB rotamer is populated only to 0.3%. Hence it can-
not influence the acidity and can be viewed as not existing.

Comparison with the experimental energies

The reaction energies A,E and AzFE of the isodesmic reactions
in eqns (2) and (3), respectively (Table 1, columns 3 and 5)
were calculated for the assumed conformer mixtures, although
the presence of higher-energy conformers introduces only a
small correction. (This correction is negligible when the ener-
gies of the conformers differ either very little or very much;
at most it can attain'®® 0.63 kJ mol™1.) The relative acidities
ALE (Table 1, column 6) were obtained as A3E — A,E. Compar-
ison with experiments is possible on two levels. First, one can
calculate A,H° of eqn. (2) (given in Table 1, column 4) from
the experimental gas-phase enthalpies of formation,>**

This journal is © The Royal Society of Chemistry and the
Centre National de la Recherche Scientifique 2004
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A¢H°(g), of the individual compounds. The bad agreement
with A,E is due mainly to experimental errors in AgH°(g).'6%*

Comparison of A(E with the gas-phase acidities,!*
AaciaG°(g) (given in Table 1, column 8), is more significant.
We have abandoned the transformation of A{E into A{G°(T)
by means of statistical thermodynamics due to previous experi-
ence.!® Instead, we restricted the corrections only to the sym-
metrical entropy. In the case of meta- or para-substituted
benzoic acids, the symmetry correction in SAG® is practically
equal to —RTln 2: for para derivatives this is due to the exter-
nal symmetry number of the anion, for meta ones it is due to
the presence of two rotamers in an approximately 1:1 ratio.'”?
In the case of ortho benzoic acids, the correction differs since
the population of rotamers is not 1:1 (Table S2, last column).
The corrected SAG® are given in Table 1, column 7, but the
corrections are minute. The best comparison is a graph show-
ing all isomers (Fig. 1). We conclude that the acidities of all
isomers of benzoic acids are calculated with a similar precision;
the entropy corrections are immaterial.

Substituent effects

The substituent effects in the acid molecule, AE, and in the
anion, AzE, reveal two main features: A,F and AzE are of com-
parable magnitude and are not proportional to each other
(Fig. 2). In this respect, 2-substituted benzoic acids differ from
all model systems investigated insofar: their meta and para iso-
mers,!” 4-substituted bicyclo[2.2.2]octane-1-carboxylic acids,'®
alkyl-substituted pyridines,' polymethylbenzoic acids®® and
alkyl-substituted benzonitriles.'? In all these compounds, sub-
stituent effects in the ion were decisive for the acidity or basi-
city; effects in the neutral molecule were roughly proportional
but several times smaller. An explanation may be offered that
steric effects are important both in the anion and in the acid
molecules, polar effects mainly in the anions (see the positions
of the points for tert-Bu and NO, in Fig. 2). We attempted to
separate the polar effects transmitted through the benzene ring
using the classic approach,* that is comparison with the para
derivatives. Fig. 3 reveals proportionality of the acidities for
the majority of substituents, particularly for the strongly polar
ones; the points for fer-Bu and CH,Cl deviate in the sense that
ortho acids are stronger. The effect of HB is not very impor-
tant. An explanation may be suggested that polar effects are
almost equal in the two positions and that an ortho effect is
observed only for bulky polarizable substituents, which can
be understood as stabilization of the anion by polarization.
Moderate steric effects—van der Waals interactions—are not
evident; they must be of similar magnitude in the anion and
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Fig. 1 Comparison of DFT calculated and experimental acidities of
substituted benzoic acids: O para derivatives, ® meta derivatives, -+
hydrogen'”®, M ortho derivatives, this work. Correction for symmetri-
cal entropy has been included; the regression line is related to the meta
and para derivatives.
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in the acid molecule and are of little importance for the acidity.
This explanation was already suggested for the alkyl groups®
and is acceptable as an approximation for many polar substi-
tuents. It is in agreement with Charton’s description®® based
on the reactivity in solution and operating only with inductive
and resonance effects. It also agrees with the criticism** that
certain substituents, which were absent in Charton’s correla-
tions,>**® would break their validity.

This separation of polar and steric effects is based on the
assumption that polar effects in the ortho position are equal
to those in the para position. However, they have also been
claimed to be somewhat stronger’®3? or weaker.>** In any
case, the approximate equality is acceptable for weakly polar
alkyl groups®'*'® but need not be acceptable for the strongly
polar groups dealt with here. From Fig. 3 we estimate that
the ortho polar effect is 0.81 weaker than that in the para posi-
tion and used this factor in further calculations. It agrees well
with the value of 0.75 derived from solution reactivities.*
Note, however, that our final conclusions are not sensitive to
this exact value. For the time being, we regard this value only
as a preliminary estimate, which must be confirmed on further
compounds. Attempts at its interpretation, for instance in
terms of the m-inductive effect, would be premature.

An attempted semi-quantitative separation of the ortho sub-
stituent effects is presented in Table 3. Effects of HB (column 4)
were calculated as the energy difference between the real con-
former mixture and a supposed mixture in which the HB con-
former would be lacking. The polar effect (PE) was obtained
from the substituent effects in the para isomers'’® by multiply-
ing by 0.81; this was done both for the acid molecules and for
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Fig. 3 Comparison of calculated acidities AE of ortho- and para-
substituted benzoic acids; the full line has a slope of 0.81, the broken
line has unity slope. The length of the arrows shows the effect of intra-
molecular H-bonds.
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Table 3 Separation of substituent effects on the acidity of 2-substituted benzoic acids (kJ mol™)

Polar effect Steric effect Acidity
Substituent Form H-bond (PE)* SIR? (SE)? Total® AE AEq
2 CH; Acid 0 -2.0 0 11.1 9.1 0
Anion 0 2.5 3.8 5.3 11.6 2.5 0
3 C(CH3)3 Acid 0 -2.1 11.4 30.3 39.6 0
Anion 0 1.0 12.2 10.9 24.1 —15.5 0
4 CH,Cl Acid 0 1.5 1.7 13.3 16.5
Anion 0 —13.3 0 0.9 —12.4 —-28.9
5 CF; Acid 0 4.9 6.7 24.2 35.8 2.1
Anion 0 —24.3 8.9 21.5 6.1 -29.7 —-17.5
6 CN Acid 0 53 0 19.4 24.7 4.9
Anion 0 —-32.5 0 17.8 —14.7 -394 —52.2
7 N(CHs), Acid? —12.7 —-10.2 0 33.2 10.3
Anion 0 8.1 -3.2 23.7 28.6 18.3
8 NO, Acid 0 7.0 7.5 259 40.4
Anion 0 —-37.2 1.3 34.8 -1.1 —41.5
9 OCHj3; Acid -8.0 -5.0 0 25.2 12.2
Anion 0 2.0 1.7 14.4 18.1 5.9
10 F Acid 0.2 0.0 0 19.3 19.5 0.4
Anion 0 —11.0 11.8 9.9 10.7 —8.8 -7.7
11 Cl Acid 0 1.1 2.0 25.6 28.7 2.9
Anion 0 —14.9 13.6 11.5 10.2 —18.5 —12.5

@ Taken as the substituent effect in isomeric 4-substituted benzoic acids, ref. 17, multiplied by 0.81. > Calculated according to the principle of eqn.
(4). © Repeated from Table 1; the values are identical with AE, and AE; for the acid and the anion, respectively. ¢ Relates to the zwitterionic form.

the anions (column 5). The rest of the substituent effect can be
attributed to SIR and other steric effects (SE). We attempted
their separation by the approximate approach developed pre-
viously,® referring to structures with fixed geometry. Eqn.
(4) is equilibrium of two real structures and its reaction energy,
A4E, involves SIR. Eqn. (5) is a fictive equilibrium between the
real minimum-energy structure 5f and an artificial structure of
the para isomer with the same fixed dihedral angle ¢; AsE can-
not involve any SIR.

) )
O*c‘%so Os¢-©
CFs "
CF,
5f
F‘i H
|
O. O
~c”38e 0*0‘038.,
CFs
= (5)
CF;
5f

By subtracting A4E from AsE, respecting the factor 0.81, we
calculated SIR and SE as given in Table 3, columns 6 and 7,
respectively. SIR and SE of the anions were calculated in the
same way. (Energies of the distorted structures of 4-substituted
benzoic acids are listed in Table S3.)

Data in Table 3 are given to tenths of kJ mol~" with respect
to the accuracy of calculations but the underlying approxima-
tions may contain errors of unknown magnitude, certainly of
several kJ mol~!. While the values of HB are reasonably reli-
able, the values of SE in particular may be uncertain since they
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are obtained as the remainder after subtracting the other com-
ponents. With this provision, one can say that Table 3 con-
firms semi-quantitatively the predictions. Note that SE is
always positive and greater for the acid than for the anion,
although one could guess that the groups COOH and COO™
should be isosteric. Nevertheless, the difference is not great
and partial compensation of acid vs. anion is of importance
for many substituents. Compensation takes place also in the
values of SIR, which are of importance only for some substi-
tuents and mostly greater in the anion than in the acid. This
possibility was often neglected in discussions. The slight
importance of HB was stated above. Polar effects transmitted
through the benzene ring are decisive in the case of strongly
polar substituents, in accord with the previous analyses of
solution reactivities.>*¥ When polar substituents prevail in
the given sample, direct correlations with the para derivatives*
or with polar constants ¢>*? are possible.

The values of SE can be best denoted as a proximity effect
since they can be described either as vdW interactions or as
short-range polar effects; even a description in terms of polar-
izability is possible. A decision on the basis of observable facts
may be difficult but in our opinion the problem is of secondary
importance and may be merely in the nomenclature. We prefer
the description as vdW because the effect is stronger in the
acids than in the anions and also with respect to the electro-
static calculations described in the next section. On the other
hand, we have not found any correlation of SE and steric con-
stants® v. We also analyzed the substituent effects on the geo-
metrical parameters of 1-11, in particular on the angle ¢,
C1-C2 bond length and C(O)-C1-C2 angle (Table S2) in com-
parison to the standard geometrical parameters in mono-sub-
stituted benzenes.>* All these parameters reveal a steric effect
but they are not simply related to v or to each other. A correla-
tion was found only for the total steric effect (SE + SIR) with
two parameters: the angle C(O)-C1-C2 and cos ¢ (R = 0.956,
N =9). It can be interpreted in the following manner: twisting
of the COOH group and widening of the C(O)-C1-C2 angle act
together to relieve the steric strain. In general, steric strain is
relieved differently in different molecules: when one parameter
is more deformed, the others are less so.

This journal is © The Royal Society of Chemistry and the
Centre National de la Recherche Scientifique 2004
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Electrostatic calculations

In terms of electrostatic theory,35 the inductive effect is
expressed by eqn. (6) as the Coulombic interaction of the anio-
nic charge and a dipolar substituent. In the uncharged mole-
cules, this effect is either neglected or calculated by eqn. (7)
as the interaction of two dipoles.

AEq = eNapcos 0/r (4meoter) (6)
AEg = —Napup2(2c0s01c0s0; — sin;sinby ) /r* (4meocer)
(7)

In eqn. (6) r is the distance between the substituent and the
charge, u is the point dipole of the substituent and 6 is the
angle of the vectors r and u. (This equation was sometimes
given erroneously®>* without the factor N, but the results
of the calculations were correct.) The effective relative permit-
tivity & in the gas phase is usually taken as equal to unity.3%
In eqn. (7) there are two dipoles, y; and p,, and two corre-
sponding angles, 0; and 0,. The equations were applied with
some success in the case of the pure inductive effect®® or even
to benzene derivatives,'® but even with the most favorable con-
ditions there remains a considerable systematic error.>® The
main problem is the arbitrary choice of parameters, viz. the
exact position of the point dipole and of the charge.'¢ Thus,
one could obtain electrostatic calculations on the same com-
pounds that were appraised to be in agreement®¥ or in dis-
agreement'®” with experiments.

When this theory is applied to acids 1-11, some of its inher-
ent approximations are possible exceeded, for instance the
assumption that the length of the dipole u is small compared
to r. On the other hand, these acids offer an opportunity to
examine the effect of large values of 6. (In previous examples,
0 was mostly near to zero.) We attempted a test on only the
acids with one prevailing conformation and with an unambig-
uous position of the dipole. The calculated values of AE,; are
given in Table 3, last column. There are no doubts that they
cannot express the total substituent effects but the contribution
of resonance can be neglected,'? at least in the case of strongly
polar substituents. If our SE represented some kind of short-
range polar effects, they should be included in AE, and a simi-
larity of AEg and AyE (or A3zE) would result. On the other
hand, if SE were purely vdW effects, they could have nothing
in common with AE and a similarity of AE, and PE would
be expected. The latter case seems to be in better agreement
with the observations. In our opinion, this is a supporting
argument of limited value that our SE are to be viewed merely
as vdW interactions.

The electrostatic theory is in any case a rough approxima-
tion valid only for simple and strongly polar substituents.'>
635a,f It was used here as a possible simple tool for
distinguishing polar and purely steric interactions. We do
not deal here with its function in defending the transmission
“through space’” against the transmission ‘‘ through bonds™.3*
In our opinion,*** the problem is ill-formulated.

Conclusions

Our analysis of the ortho substituent effect may be somewhat
overly sophisticated, certainly its accuracy is limited and all
results are not equally dependable. Therefore, we have
arranged our conclusions according to decreasing reliability
and accuracy. In our opinion, at least the first two cannot be
doubted as far as the qualitative sense is concerned.

1. An intramolecular H-bond is absent in most 2-substituted
benzoic acids, although it has been anticipated in the literature.
In the compounds where it is present, it affects the acidity
only moderately and the effect can be calculated with some
reliability.

This journal is © The Royal Society of Chemistry and the
Centre National de la Recherche Scientifique 2004
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2. SIR is also operative in only some acids and is sometimes
largely canceled in the acid molecule and in the anion. Its cal-
culation is somewhat less reliable since it depends on the
model. However, it is evident that SIR has been overestimated
in the literature.

3. Inductive and resonance effects transmitted through the
benzene ring are very important. They are roughly propor-
tional to those in the para isomers but slightly weaker; our pro-
visional estimate of their ratio is 0.81. However, it is certain
that these effects can be decisive when strongly polar substitu-
ents are present in a given series. In this case they can be the
cause of the reported correlations with the para derivatives
or with the o constants.

4. Purely steric effects have been evaluated as what remains
after subtracting all preceding terms, and are thus endowed
with an unknown error. Nevertheless, they are probably of
importance only for bulky substituents; otherwise they can
cancel considerably in the acid molecule and in the anion. In
our opinion, they are better described as pure vdW interactions
rather than as short-range polar effects as it is often done in the
literature.

In conclusion, the so-called ortho effect is a complex phe-
nomenon: the term is of unclear significance and should be
not further proliferated. In any case, the acidities of carboxylic
acids are not a good example for its analysis; more progress is
expected from simpler models.
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