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Ten 3,5-disubstituted benzoic acids have been synthesized containing all possible combinations of the
following substituents: CH3O, CH3, Cl/Br, NO2. The dissociation constants of these acids have been
measured in seven organic solvents (methanol, acetone, dimethyl sulfoxide, dimethylformamide, ace-
tonitrile, pyridine, 1,2-dichloroethane). It has been found that the effect of disubstitution is smaller
than that due to interaction of substituents or their solvation and represents only about 0.2% of the
effect caused by the individual substituents. The additivity in 3,5-disubstitution is about 2 – 3 times
as good as that in 3,4-disubstitution. The quantitative description of substituent effects at the 3 and 5
positions is additive within the range of validity of the Hammett equation irrespective of the type of
the substituent constants adopted, the addition of the multiplicative term being statistically insignifi-
cant. The solvent effect on 3,4- and 3,5-disubstituted derivatives is somewhat different at the same
value of the reaction constant, due predominantly to the specific solvation of the 4-CH3O and 4-NO2

groups.

The previous communication1 of this series dealt with evaluation of the problem of
disubstitution effect, involving both the literature search with theoretical analysis of the
problem and verification of validity of the disubstitution model suggested, applying it
to the dissociation of 3,4-disubstituted benzoic acids in organic solvents. The disub-
stitution effect was found to be additive within the validity range of Hammett equation
using various types of substituent constants. The analysis of differences in the Hammett
reaction constants for mono- and disubstituted benzoic acids showed that solvation of
substituents makes itself felt to various extents in organic solvents. The present com-
munication represents a continuation to the previous one, and its aim is to evaluate the
effect of disubstitution in 3,5-disubstituted benzoic acids using the same methods as
those used for the 3,4-disubstituted derivatives and adopting the comparison with them.

EXPERIMENTAL

The disubstitution effects were studied with the use of 3,5-disubstituted benzoic acids containing all
combinations of four substituents: CH3O, CH3, Cl/Br, NO2. The respective acids were synthesized in
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known ways or obtained from the sample collection of the Department or were commercial chemi-
cals. The purification methods involved reprecipitation by acidification of the respective salt solutions
and further procedures given in Table I. The solvents were purified and dried by the procedures de-
scribed elsewhere1, and the same is also true of the methods of measurements of dissociation con-
stants. The experimental results were treated with the help of a personal computer using own
programs.

RESULTS AND DISCUSSION

The average values of pK of 3,5-disubstituted benzoic acids in methanol, acetone,
dimethyl sulfoxide, dimethylformamide, acetonitrile, pyridine, and 1,2-dichloroethane
are given in Table II. The results given can be analyzed in various ways; in order to be
able to compare the disubstitution effects in the 3,4- and 3,5-disubstituted benzoic acids
we adopted the same method as that in ref.1. Also all the matrices analyzed were cre-
ated in the same structure, and therefore the results of Table II for disubstituted deriva-
tives with different substituents were used twice.

TABLE I
Final methods of purification and physical properties of 3,5-disubstituted benzoic acids

Position
Method of

purificationa M.p., °C M.p.b, °C

3    5    

     H      H e 121 – 122 122

     CH3      CH3 e 170 – 171 170

     CH3      OCH3 a 129 – 130  134c

     CH3      Cl e 177 – 179 178

     CH3      NO2 w 173 – 174 174

     OCH3      OCH3   a, s 185 – 186 185 – 186

     OCH3      Br   e, a 188 – 189 190 – 191

     OCH3      NO2 a  193 – 194d –

     Br      Br   a, t 217 – 219 219

     Cl      NO2 a 145 – 147 147

     NO2      NO2 a 206 – 207 206 – 207

a Crystallization (e ethanol, a acetic acid, t toluene, w water), s sublimation; b ref.2 if not otherwise
stated; c ref.3; d elemental analysis, calculated: 48.73% C, 3.55% H, 7.11% N; found: 48.86% C,
3.80% H, 7.08% N.
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Analysis of Effect of Disubstitution by Means of Analysis of Variance

The data of Table II represent a set of numbers obtained as average values of three
measurements. With respect to the standard state, the result of each measurement has
the variability composed of the solvent effect, 3-substituent effect, 5-substituent effect,
effect of possible interaction between the factors given, and experimental error. Ob-
viously, the model at hand is one of analysis of variance with interactions which gave

TABLE II
Average dissociation constants pK and their standard deviations s for 3,5-disubstituted benzoic acids
in methanol (MeOH), acetone (Ac), dimethyl sulfoxide (DMSO), dimethylformamide (DMF), aceto-
nitrile (AN), pyridine (Py), and 1,2-dichloroethane (DCE)

Position pK/s

3 5 MeOH Ac DMSO DMF AN Py DCE

   H    H 9.41 18.20 11.00 12.27 20.70 9.80 20.00

   CH3    CH3 9.59 18.54 11.29 12.57 20.95 10.57 20.38

0.01  0.02  0.03  0.04  0.07  0.03  0.04

   CH3    OCH3 9.44 18.26 10.93 12.32 20.66 10.26 20.11

0.02  0.07  0.03  0.05  0.03  0.09  0.10

   CH3    Cl 8.94 17.40 10.04 11.35 19.85  9.55 19.58

0.01  0.08  0.08  0.08  0.05  0.06  0.03

   CH3    NO2 8.55 16.62  9.36 10.92 19.18  8.86 18.96

0.02  0.04  0.07  0.09  0.01  0.02  0.02

   OCH3    OCH3 9.27 18.02 10.71 12.04 20.39 10.03 19.83

0.01  0.05  0.04  0.03  0.07  0.04  0.09

   OCH3    Br 8.79 17.03  9.79 11.28 19.73  8.97 19.28

0.01  0.02  0.05  0.02  0.04  0.03  0.04

   OCH3    NO2 8.40 16.31  9.01 10.37 18.72  8.54 18.74

 0.02  0.06  0.09  0.05  0.04  0.03  0.09

   Br    Br  8.29 16.23  8.88 10.11 18.86  8.59 18.96

0.01  0.09  0.03  0.01  0.04  0.03  0.09

   Cl    NO2 8.03 15.57  8.37  9.60 17.98  8.08 18.16

0.02  0.02  0.07  0.04  0.09  0.10  0.05

   NO2    NO2 7.64 14.87  7.67  8.76 17.36  7.30 17.51

 0.00  0.09  0.07  0.01  0.03  0.09  0.10
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the variability decomposition given in Table III. As expected, statistically significant
are both the basic factors and the interaction terms. This result means that the effects
followed, i.e. the effect of disubstitution too, are demonstrable in comparison with the
experimental accuracy, but it says nothing about the significance of disubstitution with
respect to the precision of the Hammett equation. Nevertheless, the information ob-
tained is important because (inter alia) it allows to form an idea about the share of the
respective factor or interaction of factors in the result of experiment. In comparison
with the results of analysis of variance for the 3,4-disubstituted derivatives it can be
stated that the share of basic factors in the overall variability is roughly comparable
(S3,4: solvent 6 922.7, substitution from meta-position 114.0, from para-position 175.8,
overall variability 7 225.1, ref.1). The mutual interactions between substituents contrib-
ute to the total variability less than those between solvent and substituent by a factor of
about 20. From the comparison with the sevenfold lower contribution for the 3,4-disub-
stitution it follows that, with roughly the same level of interaction between solvent and
substituent in the substitutions of both types, the additivity is more conclusive for the
3,5-disubstitution. Similarly, also the interaction between 3- and 5-substituents repre-
sents only about 0.2% (cf. 0.5% with the 3,4-disubstituted derivatives). Irrespective of
the disubstitution type, however, it is obvious that the error caused by neglecting the
interaction is lower than or at most comparable with that following from the approxi-
mate validity and parametrization of the correlation relationships used. The accuracy of
the experiment carried out by the method described1 is relatively constant, being equal

TABLE III
The monitored factors (solvent Sol, meta-substitution P3, para-substitution P5), sums of squares S,
degrees of freedom ν, values of F criterion, and critical values of Fisher–Snedecor distribution Fcrit

at significance level α = 0.05 in model of analysis of variance with interactions

  Factors S ν F Fcrit

  Sol 6 821.0 6 3.80 . 105 2.14

  P3   135.4 3 1.51 . 104 2.64

  P5   135.4 3 1.51 . 104 2.64

  Sol + P3     5.4 18 9.96 . 101 1.65

  Sol + P5     5.4 18 9.96 . 101 1.65

  P3 + P5     0.3 9 1.12 . 101 1.92

  Sol + P3 + P5     1.5 54 9.49     1.39

  Residual       0.670 224  – –

  Total 7 105.0 335  – –
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to 5.55 . 10−2 pK unit for the set analyzed (cf. 5.39 . 10−2 pK units for 3,4-disubstituted
derivatives).

Analysis of Disubstitution Effect by Means of Additive–Multiplicative Relation-
ships

Our previous communication1 presented, for evaluation of effect of disubstitution, a
relation based on interaction of both substituents which was further simplified approxi-
mately to give Eqs (1) and (2),

∆G = ∆G0 + αAσA + αBσB + αABσAσB (1)

∆G = ∆G0 + αAσA + αBσB , (2)

where ∆G means the change in Gibbs energy of a process due to substitution, ∆G0 is the
same quantity for the standard substituent (most frequently hydrogen), σA and σB are
parameters describing the substituent effects, and αA and αB represent the measure of
sensitivity of the ∆G quantity to substitution. Obviously, with regard to the 3- and
5-positions being nondistinguishable, it is αA = αB, and Eqs (1) and (2) will simplify to
Eqs (3) and (4) (Hammett equation), respectively:

∆G = ∆G0 + ρ(σA + σB) + αABσAσB (3)

∆G = ∆G0 + ρ(σA + σB) . (4)

Like in the previous communication, the data of Table II were submitted to a treatment
by the method of conjugated deviations1,4. In the first case we looked for the latent
variables obeying Eq. (3) and in the second case those obeying Eq. (4), simultaneously
optimizing the inner values of σ from meta-position for the four substituents used.
Equation (3) could explain 99.10% of the variability of data, and the summary residual
deviation4 expressed as the square root of the quotient of residual sum of squares of non-
standardized data and the respective number of degrees of freedom was s = 1.22 . 10−1.
Equation (4) could explain 98.52% of the variability of data, which corresponds to the
summary residual deviation s = 1.33 . 10−1. The test of the hypothesis of equality of
residual variances of both correlation relationships gave the value of criterion
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F(84.60) = 1.21. From the comparison with the critical value of F0.975 = 1.62 it can be
stated that the hypothesis is not rejected at the significance level of α = 0.05. Besides
the test given, also the test of significance of increment (the addition of multiplicative
term in the present case) in the regression can be adopted. The criterion of this test has
the value of F(24.60) = 1.65, the critical value F0.95 = 1.69, hence the addition of an
additional explaining variable is at the significance limit. In conclusion of this para-
graph it can be stated (like in ref.1 for 3,4-disubstitution) that mutual interactions of
substituents cannot statistically be demonstrated, and the substituents effects are addi-
tive.

Analysis of Disubstitution Effect in Hammett Equation

The evaluation of additivity or nonadditivity of substituent effects in the sense of Eq.
(4) depends on the quantitative description of effects of the individual substituents. The
initial step consists in expressing the term (σA + σB) by the first latent variable of the
matrix given in Table II. This latent variable involves implicitly the effect of disubstitu-
tion in terms of the analyzed set of solvents, and after applying the method of conju-
gated deviation to the standardized data it described 99.07% of their variability, and the
summary residual deviation was s3,5 = 0.10. The result is comparable1 with both the
analogous calculation for 3,4-disubstituted benzoic acids (s3,4 = 0.09) and monosub-
stituted benzoic acids (s3 = 0.10, s4 = 0.11). The value of summary residual deviation
obtained by adopting the “internal” substituent constants was given above and it is – ac-
cording to expectation – somewhat greater (s3,5 = 0.13). Another step of approximation
is represented by adopting the “external” parameters for description of substituent ef-
fects. For this purpose we chose the model of the Hammett equation (4) with the para-
metrizations σi (ref.5) and σEx (ref.6). The calculation by Eq. (4) using σi gave the
residual standard deviation s3,5

i  = 0.13 (98.65% explained variability, s3,4
i  = 0.10, ref.1),

that using σEx gave s3,5Ex = 0.13 (98.49% explained variability, s3,4Ex = 0.13, ref.1). The
introduction of general external substituent constants results in the expected somewhat
less close fit of correlation, but the differences are not much significant, not even be-
tween the individual scales of substituent constants and between the individual substitu-
tion models. Hence, again it can be stated that the substituent effects are additive
according to Eq. (4). An application of more complex models such as (3) is of no use
in this chemical context.

Analysis of Solvent Effects

Table IV presents the reaction constants and the respective statistical characteristics in
the Hammett equation for dissociation constants of 16 disubstituted benzoic acids in 7
organic solvents. When comparing these results with the reaction constants for mono-
substituted benzoic acids (ρ3,4: methanol 1.47, acetone 2.29, dimethylformamide 2.27,
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acetonitrile 2.05, ref.7) and 3,4-disubstituted benzoic acids (ρ3,4: methanol 1.25, acetone
2.20, dimethyl sulfoxide 2.15, dimethylformamide 2.09, acetonitrile 2.10, pyridine
1.59, 1,2-dichloroethane 1.70, ref.1) we can observe certain differences which, how-
ever, could be connected with the parametrization adopted. This effect, on the other
hand, does not influence the evaluation based on the regression of experimental values
such as pK3,4 and pK3,5 in the same solvent. The regression coefficients given as
ρ3,4/ρ3,5 in Table IV for the individual solvents show distinct deviations from the slope
one, the deviation being downward for the measurements in markedly basic solvents
and upward for those in acid solvents and also in basic pyridine solvent. Therefrom it
is obvious that the reason lies in different specific solvation of the conjugated base
since the proton is solvated in the same way in both the cases. The differences in slopes
are certainly caused by the extreme points of the dependence, i.e. by substituents with
extreme properties located either in 4 or in 5 position. In this respect, special attention
should be paid to the methoxy group, which is electron-releasing at the 4 position and
electron-withdrawing at the 3(5) position. However, we cannot explain the way in
which these differences are projected into the solvent effects. The second alternative is
the explanation by an artefact due to a lower accuracy of the measurements in pyridine,
but the standard deviations given in Table II do not support this explanation.

The solvent effects on 3,4- and 3,5-disubstituted benzoic acids can be compared
summarily by the PLS method8. This method is a generalized parallel to linear re-
gression and represents a description of relation of two (or more) matrices by means of

TABLE IV
Reaction constants ρ, their standard deviations sρ, residual standard deviations s, and correlation
coefficients r in Hammett equation with parametrizations Σσi (ref.5) and ΣσEx (ref.6) for dissociation
constants of 3,5-disubstituted benzoic acids (repeated measurements, n = 48) in organic solvents (for
symbols see Table II)

Solvent
Parametrization Σσi Parametrization ΣσEx ρ3,4

ρ3,5
ρ sρ s . 102 r ρ sρ s . 102 r

 MeOH 1.27 0.02   6.39 0.993 1.31 0.02   6.89 0.992 1.09

 Ac 2.42 0.04 10.8 0.995 2.50 0.04 11.5 0.994 1.03

 DMSO 2.35 0.04 12.5 0.993 2.42 0.05 13.2 0.992 1.03

 DMF 2.46 0.06 16.4 0.989 2.53 0.06 17.0 0.988 0.96

 AN 2.38 0.04 10.9 0.995 2.46 0.04 10.6 0.995 0.99

 Py 2.05 0.05 13.6 0.989 2.11 0.05 14.4 0.987 0.84

 DCE 1.79 0.03   7.94 0.995 1.85 0.03   7.44 0.996 1.07
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their internal characteristics, the so-called latent variables. Like in a linear regression,
one matrix represents the dependent variable and its variability is interpreted by the
second matrix of explaining variables. In our case we can apply the PLS method to the
problem of description of one type of disubstitution by means of another type of disub-
stitution. In a more logical variant, the matrix formed by the data of Table II is the
matrix of explaining variables, and an analogous matrix of data of the 3,4-disubstituted
derivatives1 represents the matrix of the variables being explained. In the calculation by
PLS method in this case the first latent variable will explain 99.07% of variability in
the matrix of 3,5-disubstituted derivatives and 93.45% of variability in that of 3,4-di-
substituted derivatives. An addition of further latent variables does not lead to addi-
tional explanation of further valid variability (the 2nd latent variable 93.91%, the 3rd
latent variable 94.16%). The dependence of the latent variable u1 (the matrix being
explained) upon the latent variable t1 (the explaining matrix) has – in accordance with
the above-mentioned results – a slope of 0.95 ± 0.06, the most deviating combinations
from the regression straight line being 3-CH3–4(5)-OCH3, 3-halogen–4(5)-OCH3,
3-NO2–4(5)-OCH3, and 3-OCH3–4(5)-NO2, i.e. the combinations with the greatest dif-
ferences in solvation of the two substitution models compared. The slope value given is
not statistically significantly different from one, which means that the reaction constant
in model (4) is the same for both the substitution types.
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