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P) data treatment is a broadly used procedure correlating the reaction
of substituent constants, inductive (sI) and resonance (sR). It was here

revised using themost extensive sets of experimental reactivities available in the literature and two sets of reaction energies
calculated at the level B3LYP/6-311þG(d,p): acidities of 4-substituted benzoic acids and 5-(E)-substituted penta-2,4-
diene-(E)-acids with 19 or 15 common substituents. The latter two series enabled us to investigate the substituent effects
more systematically than it was ever possiblewith the experimental data; this means in particular separate treatment of the
undissociated acid molecules and of their anions, further separation of donor and acceptor substituents. In addition, the
standard statistical treatment was improved when testing the significance of the resonance term.
The DSP treatment is not valid generally, this applies both to the standard reference series and to the series commonly
investigated. At best, DSP may be considered to hold for donor substituents but the effects of acceptors are much less
variable and do not depend on the constants sR nor on any other measure of resonance. The small efficiency of acceptor
substituents is due by the fact that the constant functional group (COOH in the standard series) is itself an acceptor. A
correct treatment would be to investigate the donor and acceptor substituents separately, donors with an acceptor
functional groups, and vice versa; substituents with weak resonance effect should be not included. The popularity and
apparent success of the DSP treatment can be attributed to several grounds, most important has been the unbalanced choice
of substituents. Copyright # 2007 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley InterScience at http://www.interscience.wiley.com/
jpages/0894-3230/suppmat
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INTRODUCTION

The most popular theory of substituent effects, the dual
substituent parameter (DSP) treatment,1–5 assumes that
each substituent can be characterized by two independent
parameters, the inductive constant sI and resonance
constant sR. A physical property Y of a substituted
compound can then be related to the property Y8 of the
unsubstituted compound by means of Eqn (1). The values
of sI and sR have been estimated by rather sophisticated
procedures from model reactions;1–3 once determined
they are treated as constants. The proportionality
constants rI and rR are obtained from multiple linear
regression.

Y � Yo ¼ rIsI þ rRsR (1)
to: S. Böhm, Department of Organic Chemistry,
ical Technology, 166 28 Praha 6, Czech Republic.
scht.cz

7 John Wiley & Sons, Ltd.
In practice, Ywasmost often the reaction Gibbs energy,
usually the values of pK or logkwere used directly. Of the
physical properties, most attention was given to the NMR
shifts of 13C6 and 19F.2 The popularity of the approach
may be seen from the number of citations of the
fundamental papers,1,3 840 and 620, respectively, but the
number of actual applications is certainly several times
greater.

The fundamental assumption in Eqn (1) is the
proportionality of substituent effects:7 When one sub-
stituent acts in a reaction more strongly than another, this
must be valid for any other reaction, separately in the term
with sI and with sR. However, it has been known for a
long time that for many reactions the resonance of some
substituents (either donors or acceptors) was not
proportional. The problem was formally solved1–4 by
means of alternative sets of constants sR (dual resonance
constants), differentiated by a superscript: sR8, sBzR , sþR , or
s�R . These sets were chosen in the individual reactions
J. Phys. Org. Chem. 2007; 20: 454–462



DFT-CALCULATED REACTION ENERGIES 455
according to the strength of resonance as the case might
be. This arbitrariness was seen as an extension of the DSP
principle1–4 but it is merely its breakdown;8 a possible
alternative is extending Eqn (1) with an additional term.9

In this paper, we shall deal with the simple Eqn (1) with
customary constants sR.

Further objections against the DSP theory were made
from the point of view of general statistics:10 Significance
of the second term was rarely statistically proven and the
regression coefficients rI and rR were strongly mutually
dependent. More specifically, the sR values of acceptor
substituents were always small and possibly should be
equal to zero.11 This problem was discussed heavily but
an agreement was not reached.12–13 Important contri-
butions were obtained recently from quantum-chemically
calculated reaction energies using the principle of
isodesmic14 (and also homodesmic15) reactions. In this
way interaction energy of both charged and uncharged
groups can be determined; in the case of acidobasic
reactions one can investigate separately the substituent
effect in the ion and in the uncharged molecule of the acid
or base.14 In addition, more systematic data can be
obtained than available from the experiments in solution.
Numerous results16–19 confirmed that the inductive effect
is proportional in various reactions and even with various
physical properties; 2,20 it is expressed simply by the first
term of Eqn (1) in all cases when at least one of the
interacting groups is charged or strongly polar.

On the other hand, proportionality of the resonance
effect has never been proven and there are grounds to
believe that it is only a very rough approximation if it
exists at all. A model recently suggested referred to
1,4-disubstituted butadienes 1 with the sp conformation
on the central bond. The reaction energy D2E of the
isodesmic reaction, Eqn (2) was negative and pro-
portional when X was a donor group and Yan acceptor. 21

X X Y+ Y +
1

(2)

However, when X and Y were two donors or two
acceptors, their interaction was destabilizing and not
proportional for various groups. Therefore, it was
possible to create a scale of the donor ability and another
scale of the acceptor ability, but not a uniform scale for all
groups. Similar results were obtained 21 also for the
reaction energy D3E of Eqn (3) but this equation was
considered to be less suitable due to crossed conjugation.
Note that evaluation of the resonance ability made on a
different principle leads also to incoherent scales.22

+ +X YYX (3)

At present DSP treatment seems to be generally
accepted since the latest reviews of the correlation
analysis23 do not give particular attention to it. In our
opinion, however, it is necessary to enlighten the evident
discrepancy between our new results21,22 and commonly
Copyright # 2007 John Wiley & Sons, Ltd.
acknowledged DSP. The main problem might be in the
charges. Previous investigation of butadiene derivatives21

1 was restricted to uncharged groups X and Y,21 while the
DSP theory has dealt mostly with the acidobasic
properties; very important was dissociation of
4-substituted benzoic acids 2, Eqn (4), used even for
the definition1–3 of constants sR.

4-X-C6H4COOH + C6H5COO− 4-X-C6H4COO− + C6H5COOH

2    3

(4)

To bridge over the inconsistency between the two
concepts, we investigated sets of charged molecules
containing the standard group COOH. Reaction energies
of the reaction of Eqn (4), most important in the DSP
analysis, were obtained within the framework of the
density functional theory24 (DFT) at the level well-tried in
the previous work.18,19,25 Calculations enabled us to
include more substituents than in the experimental
work,3,4 particular attention was given to some uncom-
mon substituents. For this purpose it was essential that
this theoretical model yielded good agreement with the
gas-phase experiments in the case of benzoic acids and
common substituents.25 We were not engaged in the
question whether another model (MP2) is not more
effective for compounds of this type; this was partly dealt
with on another place.26,27 Further progress was expected
from dividing the energy D4E of Eqn (4) into two parts:
energy D5E expressing the substituent effect in the
undissociated acid, Eqn (5), andD6E expressing the effect
in the anion, Eqn (6). This separation was used several
times25 and yielded important information about the
nature of substituent effects.18,25–28

C6H5COOH + X-C6H5 4-X-C6H4COOH + C6H6 (5)

C6H5COO− + X-C6H5  4-X-C6H4COO− + C6H6 (6)

Last but not least, the common statistical treatment as
defined by Eqn (1),1,3 was extended with particular
attention to the second, resonance term in Eqn (1) and its
statistical significance. In addition to the benzene
derivatives, Eqns (4)–(6), we investigated in the same
way butadiene derivatives 4; that is, their acidities,
defined by Eqn (7) and separation of the substituent
effects, Eqns (8) and (9).

X COOH COOX -+ COO- COOH+

4 5

(7)

X COOHX+ COOH +

(8)

X COOX -+ COO- +
(9)
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All the results were consistent. The most important
improvement appeared to be the extended number of
substituents with sufficiently represented acceptor
groups.
RESULTS AND DISCUSSION

DSP treatment of the acidity of benzoic acids

Of the two systems investigated here, the acidities of
4-substituted benzoic acids 2, Eqn (4), will be analyzed in
all details since they represent the classic reaction, many
times used as the basis reference. The second system,
5-substituted pentadienoic acids 4, Eqn (7), yielded very
similar results and will be treated in briefly subsequently.

The DFT-calculated relative acidities D4E8 of 2 are
listed in table 1, column 2. They will be treated by the
traditional DSP correlation as if they would be results of
any experiment. This approach is justified since close
correlation of calculated and experimental gas-phase
acidities29 was proved.4,25,26 From many reported scales
of the constants sI and sR those of Charton3 were used,
probably the most reliable of the available values. The
DSP correlation so obtained is quite satisfactorily
according to simple statistics (Table 2, entry 1). It is
very similar to the reported4 correlation of experimental
D4 G8(298)g of the same reaction, Eqn (4), reproduced in
Table 2, entry 2. Nevertheless, there is a difference in the
regression coefficients rR suggesting that this value may
be sensitive to the selection of substituents.

According to the common view, these two DSP
correlations are successful; in the standard scale30 the fit
would be evaluated as ‘satisfactory’ or ‘excellent’,
Table 1. DFT-calculated reaction energies of the isodesmic reac

Substituent Equation (4) Equation (5) Equation

CH3 5.51 �2.47 3.04
CH2Cl �18.3 1.82 �16.48
NH2 18.52 �10.29 8.23
N(CH3)2 22.63 �12.62 10.01
OH 4.40 �5.43 �1.03
OCH3 8.57 �6.15 2.42
SH �7.35 �2.75 �10.10
F �13.60 0.02 �13.58
Cl �19.73 1.35 �18.38
H 0 0 0
CN �46.72 6.58 �40.14
CHO �36.17 6.17 �30.00
COOH �28.71 5.21 �23.50
COOCH3 �22.75 4.33 �18.42
CF3 �35.95 6.01 �29.94
CCl3 �34.48 4.48 �30.02
NO2 �54.49 8.61 �45.88
SO2CH3 �45.94 7.43 �38.51
SO2CF3 �65.05 10.21 �54.84

Copyright # 2007 John Wiley & Sons, Ltd.
respectively. Of course, this result was expected since
the constants sR were derived3 just from the reaction Eqn
(4) (in water solution); proportionality of the calculated
acidities and gas-phase experiments was proven25 and
proportionality of gas-phase and water acidities is well
known.29 In the following, more detailed analysis leads to
different conclusions, it is because it exceeded the
customary treatment in three points:
1. T
tion

(6)
he substituents effects were divided into the effects
D5E operating in the undissociated acids, Eqn (5), and
D6E operating in the anions, Eqn (6).
2. T
he selection of substituents was broader and more
systematic than in common experimental studies; the
number of acceptor substituents was equal to the
number of donors.
3. T
he commonly used statistics were completed by
testing the significance of the second, resonance term:
standard F-test and special graphic test shown later.

The F-test itself did not reveal any shortcoming: the sR
term was significant at the very high significance level as
it is seldom encountered in chemical applications
(Table 2, last column, entry 1 and further). As one of
the main problems of multiple regression it was pointed
out to the multicollinearity31 (or intercorrelation9a), that is
mutual statistical dependence of the explanatory vari-
ables. This is no problem here since there is no correlation
of sR with sI (Table 2, entry 3).

Division of substituent effects is presented in the
entries 6 and 9 of Table 2. As expected the effects are
opposite: the acids 2 are destabilized by electro-
n-attracting substituents while their anions 3 are
stabilized. The latter effect is several times greater and
both reinforce each other in controlling the acidity. There
s, Eqns (4)–(9) (in kJmol�1)

Equation (7) Equation (8) Equation (9)

7.45 �3.42 4.02
�19.54 1.72 �17.82
28.45 �13.58 14.87
32.92 �16.34 16.58
9.48 �6.52 2.96

�11.47 0.61 �10.86
�17.46 1.55 �15.91

0 0 0
�50.62 7.36 �43.26
�47.16 6.77 �40.39
�37.99 5.83 �32.16

�39.80 7.91 �31.89
�36.67 4.87 �31.80
�68.20 10.1 �58.1

�76.17 11.40 �64.77
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Table 2. Statistics of the correlations of reaction energies with substituent constants

Response functiona

Explana-
tory vari-
ables Regression coefficientsb Rc sc Nc ad

1 D4 E acidity sI sR �66.5 (52) �45.5 (31) 0.987 4.2 19 «0.001
2 D4 G8g exp.e sI sR �62.8 (25) �61.1 (29) 0.9972 1.7 11
3 sR sI 0.66 (38) 0.392 0.33 19
4 D4 E acidity D sI sR �57.8 (90) �41.8 (63) 0.960 4.6 10 «0.001
5 D4 E acidity A sI sR �70.3 (73) �71 (29) 0.984 3.6 10 0.05
6 D5 E acids sI sR 10.2 (10) 14.9 (6) 0.9934 0.78 19 «0.001
7 D5 E acids D sI sR 12.8 (16) 16.3 (9) 0.989 0.82 10 «0.001
8 D5 E acids A sI sR 9.3 (10) 17.7 (38) 0.953 0.47 10 0.001
9 D6 E anions sI sR �56.3 (51) �30.6 (30) 0.979 4.1 19 «0.001
10 D6 E anions D sI sR �45.0 (82) �25.5 (48) 0.932 4.2 10 <0.001
11 D6 E anions A sI sR �61.0 (69) �53 (28) 0.981 3.4 10 n.s.
12 D5 E acids D6 E

anions
�0.56 (7) 0.878 2.2 19

13 D4 G8sol exp.
f sI sR �10.1 (6) �7.25 (36) 0.9934 0.43 18 «0.001

14 D4 G8sol exp.D
f sI sR �10.8 (14) �7.81 (67) 0.973 0.48 13 «0.001

15 D4 G8sol exp.A
f sI sR �10.4 (3) �2.5 (11) 0.9991 0.14 6 n.s.

16 D7 E acidity sI sR �76.0 (69) �61.9 (43) 0.989 5.4 15 <0.001
17 D8 E acidity D sI sR �63 (10) �53.4 (60) 0.976 5.2 8 0.001
18 D9 E acidity A sI sR �74.3 (90) �122 (34) 0.989 4.1 8 0.025
19 D4 E acidity D sI sD �66.4 (74) �36.7 (39) 0.983 3.0 10 «0.001
20 D4 E acidity A sI sA �59.5 (48) �23.8 (63) 0.9957 1.9 10 0.01
21 D5 E acids D sI sD 11.3 (16) 16.7 (8) 0.993 0.66 10 «0.001
22 D5 E acids A sI sA 5.9 (13) 7.8 (18) 0.985 0.53 10 0.005
23 D6 E anions D sI sD �55.1 (64) �20.0 (34) 0.974 2.6 10 0.001
24 D6 E anions A sI sA �53.6 (40) �16.0 (53) 0.9958 1.6 10 0.025
25 logkg sI sR 0.88 (3) 0.80 (3) 0.9979 0.027 11 «0.001
26 logk Dg sI sR 0.91 (2) 0.79 (2) 0.9995 0.012 7 «0.001
27 logk Ag sI sR 0.74 (9) 1.60 (52) 0.9978 0.032 5 0.1
28 DG8h sI sR �49 (14) �63 (11) 0.940 9.3 14 «0.001
29 DG8 Dh sI sR �52.0 (63) �53.6 (50) 0.989 2.9 7 «0.001
30 DG8 Ah sI sR �43 (22) �135 (78) 0.786 12.3 8 0.05

aD denotes only donor substituents, A acceptor substituents.
b Standard deviation in parentheses.
cR, Correlation coefficient; s, standard deviation from the regression; N, number of items.
d Significance level of the second term, F-test comparing with a single-parameter equation containing only the sI term.
e Both the experiments and calculation taken from Ref. 4.
f Experimental pK in 50% (vol) ethanol taken from Ref. 3, the values of sI and sR from the same source.
g Rates of reaction of 4-substituted benzoic acids with diphenyldiazomethane in acetone were taken from Ref. 1, the values of sI and sR from the same source.
h Experimental gas-phase acidities of 4-substituted N,N-dimethylanilines, Ref. 4; the values of sI and sR from the same source.
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is no proportionality of D5E and D6E (entry 12) as
observed25 for the Hammett set of meta and para-
substituted benzoic acids; in that case it was caused
essentially by meta substituents.

Significant progress was now achieved when the
substituents were divided into donors and acceptors: the
latter appeared to be not controlled by sR. The acidities
D4E of acceptors may be still considered as dependent on
sR although with a much lower significance than the donors.
(Compare the entries 5 and 4 of Table 2.) This dependence
is due to the substituent effect in the undissociated acid
(entry 8) while the much stronger effects in the anions are
not related to the sR constants (entry 11).

The statistical tests do not allow easy survey but can be
made very objective by the following graphic repres-
entation, which was used recently19 for testing the
Copyright # 2007 John Wiley & Sons, Ltd.
multiple regressions. When the regression has been
carried out according to Eqn (1), the first term on the right
side is transferred to the left side and the values of
D4E� rI sI are plotted versus sR to show whether there is
an actual dependence on the second explanatory variable.
In other words,D4Ewas correlated step-wise, first with sI,
then with sR. This test was carried out together for all
substituents but separately for the acidities D4E (Fig. 1),
for the energies of undissociated acidsD5E (Fig. 2), and of
the anions D6E (Fig. 3). The fundamental difference
between donors and acceptors is seen in all graphs. The
donors form a sequence with conjugation varying from
strong to very weak. The acceptors form a cluster and
their substituent effects only have nothing in common
with sR. Most evident it is with the anions (Fig. 3); with
the acidity this effect is weakened (Fig. 1).
J. Phys. Org. Chem. 2007; 20: 454–462
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Figure 1. DSP treatment of the relative acidities of
4-substituted benzoic acids, Eqn (4), specific test of the
resonance term: the reaction energies D4 E with the induc-
tive term subtracted have been plotted versus sR; * donor
substituents, þ acceptor substituents
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Figure 3. DSP treatment of the substituent effects in the
anions of 4-substituted benzoic acids, Eqn (6), specific test of
the resonance term: the reaction energies D6 E with the
inductive term subtracted have been plotted versus sR; *
donor substituents, þ acceptor substituents
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Let us stress that these results are not artifacts of the
quantum chemical approach nor are they restricted to the
gas-phase acidities since essentially the same results
were observed for the same reaction, Eqn (4), in solution
(50% vol. ethanol), only the selection of substituents was
poorer and less systematic.3 Failure of DSP is remarkable
since the values sR were determined just from this
reaction3 (in water). The statistics are given in Table 2,
entries 13–15. Note particularly the high correlation
coefficient for donors (entry 15), which is due exclusively
to the inductive component since the resonance is
insignificant. In light of such results it appears as a good
approximation to use the values sR¼ 0 for all accep-
tors,11a or at least in certain reactions.4 The graphical test
is very similar to Fig. 1 and is reproduced in the
Supplementary Information (Fig. S1).

The above test seems to be rather sensitive and
objective but it is only a graphical picture, not a rigorous
statistical procedure. We considered necessary to check it
on a couple of examples, partly purely synthetic, partly
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Figure 2. DSP treatment of the substituent effects in
4-substituted benzoic acids, Eqn (5), specific test of the
resonance term: the reaction energies D5 E with the induc-
tive term subtracted have been plotted versus sR; * donor
substituents, þ acceptor substituents

Copyright # 2007 John Wiley & Sons, Ltd.
resembling the actual DSP correlations as to the values of
sI and sR. It is good for testing the less important of the
two explanatory variables but can yield false results when
the dependence on the first explanatory variable is itself
very weak. We show as an example the reverse test of our
data set of D4E: In this case the dependence on sR is still
sufficient and when one assumes that it holds, one can test
the dependence on sI. One gets Fig. 4. There is no
disparity of acceptors and donors and the importance of sI
is evident. The striking difference compared to Fig. 1 is
fully convincing: while sI is significant both for donors
and acceptors, sR only for donors.
Acidity of pentadienoic acids

This second set of compounds 4 was investigated on a
smaller number of substituents (Table 1) and in less detail
since the results were essentially the same. The statistics
given in Table 2, entries 16–18, are similar to those
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Figure 4. DSP treatment of the substituent effects on the
acidity of 4-substituted benzoic acids, Eqn (4), a reverse test
of the significance of the inductive term: the reaction ener-
gies D4 E with the resonance term subtracted have been
plotted versus sI; * donor substituents, þ acceptor sub-
stituents; the dotted line is only a reference
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obtained for benzoic acids 2 (entries 1, 4, and 5). The
main difference is that all proportionality factors r are
greater (perhaps due to the crossed resonance in 2).
The most important result is the same from both series:
The resonance term is insignificant when the correlation
is restricted to acceptors (entries 18 and 5). This is seen
also in the graphical test; the pertinent graph is very
similar to Fig. 1 and is shown only in the Supporting
Information (Fig. S2). The fundamental difference
between acceptors and donors is confirmed.
σD , σA

Figure 5. Modified DSP treatment of the substituent effects
on the acidity of 4-substituted benzoic acids, Eqn (4), specific
test of the resonance term: the reaction energies D4 E with
the inductive term subtracted have been plotted versus the
actual resonance constants sD or sA; * donor substituents,
þ acceptor substituents
Better scales of resonance

The above results showed that the success of DSP is
limited because the effect of acceptor substituents is not
properly expressed by the constants sR. We tried to
improve this procedure by introducing a better scale of
resonance, Eqn (10).

D4E ¼ rIsI þ rA;DsA;D (10)

The constants sI were taken here from the gas-phase
values19 but the difference compared to standard values3

is not significant. The symbol sA,D denotes either the
constant sD for donors or sA for acceptors as the case may
be, similarly rA,D. The values of sD and sA, unbiased
measure of conjugation, were derived on the basis of Eqn
(2) when X is a donor substituent and Yan acceptor, both
uncharged.21 They are not valid universally but rather in
limiting situations: sD of a donor when it is conjugated
with an acceptor, sA of an acceptor when it is conjugated
with a (strong) donor. Interaction of two donors or of two
acceptors, or interactions of weak substituents cannot be
described in this way; acceptors and donors must be
correlated separately and the scales of sD and of sA
cannot be merged.21

Some necessary values of sD and sAwere not available
in the original work21 and were now calculated on the
basis of butadiene derivatives, Eqn (2): When Y¼NO2

one can estimate sD of various donors X, with Y¼NH2

then sA of various acceptors. They are defined21 by
Eqn (11) that includes still a correction for the inductive
component, DindE, determined from 1,4-disubstituted
bicyclo[2.2.2]octanes. The DFT-calculated energies D2E
and resulting new values of sD and sA are given in Table
S2 (Supporting Information), derivation of DindE is
described in Table S3.

D2E � 1:3 DindE ¼ 57:71sDsA þ 0:028 (11)

The results of correlation with Eqn (10) are given in
Table 2, entries 19 and 20, separate correlations of the
acid molecules and anions in the entries 21–24. At the first
sight, there is no spectacular difference compared to the
correlations with sR. Significant is the smaller depen-
dence on resonance (rA) for the acceptors because the
scale of sA is extended compared to sR. In spite of this,
Copyright # 2007 John Wiley & Sons, Ltd.
the significance level of the resonance term has only little
improved, in particular the energy of the anions depends
little on sR of acceptors (entry 24). The graphical test
presented in Fig. 5 looks at the first sight slightly better
than Fig. 1 but the great difference between donors and
acceptors persists. The tests for the acid molecules and
anions are given in Figs. S3 and S4 (Supporting
Information), particularly in the former case the
dependence on sA is poor.

We conclude that replacing the constants sR by sD and
sA produces comparable scales for donors and acceptors
but the correlations are not much improved. The main
problem is that the functional group COOH is itself an
acceptor. Wepster13b expressed the difference between
donors and acceptors by the famous words: ‘Nature has
endowed us with a variation of donors whereas the
common acceptors form a cluster-like group with less
discriminating abilities’. This is true only partly. The
variability of acceptors is certainly smaller but it has been
made still smaller when evaluated on the basis of
ionization of carboxylic acids, that is, on interaction with
another acceptor. The unbiased correlation of resonance
would need separate correlations of donor substituents
with an acceptor functional group and of acceptors with a
donor group, using preferably only uncharged functional
groups.
Re-examination of the reported DSP
correlations

This section will bring relatively little new information
since a systematic re-examination of the published data
along the lines of the preceding paragraphs is not
possible: There are very few data available with a
sufficient number of acceptor substituents. Of 36
reactions correlated by Taft1 there are 15 acidities of
4-substituted benzoic acids at various conditions; of the
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total number of 326 substituents there are only 72
acceptors. The meta series were correlated separately
with the constants sR8. The best example one could
re-investigate is from kinetics: reaction of 4-substituted
benzoic acids with diphenyldiazomethane in acetone.
With the values of logk and of constants s as they have
been given1 we got the statistics in Table 2, entries 25–27,
and Fig. 6. The dependence on sR is insignificant for the
acceptor substituents as in the preceding examples.

Of 38 para reaction series correlated by Charton,3 26
dealt with the acidity of 4-substituted benzoic acids; of all
325 substituents 66 were acceptors, of them the nitro
group appeared 36 times. The 23 meta series dealt
exclusively with the acidity of 3-substituted benzoic
acids. The most complete series was the acidity of
4-substituted benzoic acids in 50% (vol) ethanol, dealt
with in Fig. S1 (Supporting Information).

Some good series of data are available among the
gas-phase acidities and basicities.4 The correlations
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Figure 7. DSP treatment of the experimental basicity of
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were extended by inserting a third term into Eqn (1)
but this appeared in many cases to be insignificant.
We re-investigated the basicity of 4-substituted
N,N-dimethylanilines using the special constants sI and
sR designed for the gas-phase (Fig. 7).4 Their use
eliminates the application of constants s�R , which would
be usually recommended for substituted anilines. The
statistics in Table 2, entries 28 to 30, gave the expected
result. The reactivities of the acceptor groups are in this
case relatively variable but they are not well expressed by
sR.
CONCLUSIONS

The DSP relationship is not generally valid for diverse
reactions, it is not valid even for the reaction on which it
has been defined. The main defect is in the interaction of
acceptor substituents with the ionic functional group,
which is not dependent on sR or on any measure of
resonance. When there are few acceptor substituents
present, this defect may become less evident. The
apparent success of DSP reported so many times in the
literature may be thus attributed to several reasons:
(1) biased selection of substituents with few acceptors if
any, (2) oversimplified statistical treatment of small
samples, (3) monotonous selection of reaction series.

The idea that reactivity can be expressed by a
combination of inductive effect and resonance is not
principally wrong. Reaction series controlled by induc-
tive effect is predictable and proportional in different
reactions while resonance may be variable or even absent.
It is certainly possible to find some reactions with
regularly variable resonance; they should be searched
particularly among non-ionic reactions and treated
separately for donor and acceptor substituents. The
dissociation reactions of carboxylic acids, both in solution
and in the gas-phase, are not suitable as standard
reference reactions; they were used only because they
were experimentally accessible.

Other two-term equations may be fallacious when
applied to small samples with biased choice of items. In
particular certain equations32 similar to DSP can be
certainly subjected to similar criticism as above.
CALCULATIONS

The DFT calculations were performed according to the
original proposal24 at the level B3LYP/6-311þG(d,p)//
B3LYP/6-311þG(d,p) exploiting the GAUSSIAN 03
program.33 Full energy optimization and vibrational
analyses were carried out in all cases. The minimum-
energy conformations were searched for starting from
different initial structures but two stable conformations
were found only in rare cases (Table S2, footnotes) and
J. Phys. Org. Chem. 2007; 20: 454–462
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their energies differed only negligibly. No correction for
the zero-point energy was introduced.

The energies of the acids 2 and 4 and of their anions 3
and 5 are listed in Table S1 (Supporting Information),
energies of some auxiliary compounds in the Tables S2
and S3.
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APPENDIX

General remarks from the point of view of
statistics

The DSP analysis and similar treatments are based on the
statistical disciplines called theory of estimation and
testing of hypotheses. A series of subjects is defined
(population) of which a random sample is taken. From the
properties of the sample and the relationships observed in
it, the methods of statistical induction give estimates of
the properties and relationships existing in the population
with a certain probability since there is always a
possibility (significance level) that the results have been
obtained by chance. In the application in chemistry,
already the definition of the population is often not
clear.34 Such definitions as ‘all molecules, stable or
unstable’, or ‘all stable molecules with less then n atoms’,
or ‘all molecules described in the literature’ have no clear
meaning; they do not decide exactly, which molecule
should be included and which not. Evidently the
population must be defined as a fuzzy set,35 a set to
which all its elements belong each with a given weight.
This weight determines the probability that the element is
selected into a sample; the results obtained are valid for
the population but can be applied for an individual
element only with the proper weight.

In the fuzzy set of all substituents, its elements have
obviously very different weights. Small and stable
substituents are strongly preferred but other properties
may be also of importance. Thus compounds important in
practice, commercially available, or easy to prepare will
be always favored, similarly compounds with some
favorable properties, for instance solubility. Other
conceptions can prefer compounds several times treated
in the literature (tradition)36, or on the contrary those with
interesting properties not known from the literature. In
practice, selection of a sample is never random but the
non-random procedure can be replaced by a fictive
random selection from a fuzzy set with different weights.

In the case of the DSP treatment the results are strongly
dependent on the definition of the population as a fuzzy
Copyright # 2007 John Wiley & Sons, Ltd.
set. If it is defined to cover many known structures with
little respect to the importance of the compounds and to
the literature tradition, the DSP is not valid as shown
conclusively in this paper. If thewell-known, often treated
conventional compounds are preferred (the sets of
recommended substituents1), DSP may hold in this very
restricted range of validity.
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