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Acidities of 19 meta- and para-substituted ethynylbenzenes were calculated at the B3LYP/6-

311þG(d,p) level and correlated within the framework of the Hammett equation with the

calculated acidities of equally substituted benzoic acids. The substituent effects were decomposed

in terms of isodesmic reactions into those operating in the anions and in the uncharged molecules.

Characteristic deviations from the Hammett equation were found for para-substituents, both for

acceptors and donors; the former can be interpreted by the resonance formula only with an

electron sextet. With reference to the series of ionization reactions investigated previously, it was

possible to reinvestigate the validity of the Hammett equation on the basis of calculated reaction

energies using a more homogeneous data set than had been ever accessible from the experimental

reactivities. The equation was fulfilled for all meta-substituents with a higher accuracy than

commonly attainable with the experimental data. When para-substituents were included,

deviations occurred according to the character of the functional group: When this group was an

acceptor, the donor substituents showed deviations and vice versa. Another series of reactions

proceeding between uncharged groups bonded directly on the benzene ring was investigated in the

same way: The Hammett equation held with a similar precision, although its original range of

validity was surpassed. The properties of a set of common substituents were investigated by

principal component analysis and cluster analysis. There is a fundamental difference between

uniform acceptors and more discriminated donors but clustering is not so strong to depreciate

common statistical analysis.

The Hammett equation has become popular, in spite of its

restricted applicability, as the first attempt to predict reactivity

by means of an empirical formula. For many years, it has

remained the most general and simplest structure–property

relationship.1,2 In energy terms, it is expressed by eqn (1).

E(X) � E(H) = rsm,p (1)

The symbol E(X) may mean the reaction energy or enthalpy but

in most cases it stands for the Gibbs energy, or activation Gibbs

energy, in a series of reactions of meta- or para-substituted

benzene derivatives. The empirical parameter sm or sp char-

acterizes the substituent X, the parameter r is pertinent to the

given reaction, E(H) relates to the unsubstituted compound

(X = H). In simple terms of organic chemistry, eqn (1) means

that the variable substituents X raise changes of reactivity

always in the same succession: for instance the substituent effect

of 4-CO2CH3 is always twice the effect of 4-Cl. Eqn (1) has the

main importance in interpreting the values of the parameters2 s
and r; less in predicting the unknown values of E. Nevertheless,

it serves still as reference when investigating reactivities or acti-

vities of benzene derivatives.3

The exact range of validity is of central importance for any

empirical relationship2 and numerous attempts were made to

delimit it for eqn (1) with more precision.2,4 In kinetics, the

deviations encountered were mostly attributed to complex

reaction mechanism.2 A more fundamental limitation was

found in the deviations of some para-substituents when they

were directly conjugated with the functional group.2,4 The

most correct solution is strict limitation of the validity range to

reactions proceeding in the side chain at a non-conjugated

reaction center,2 or only the conjugated para-substituents can

be excluded.4d However, a purely formal way out was chosen

most often, which defines special constants (denoted sp
1 or

sp
�) appropriate for certain substituents in certain reactions.5

These limitations and corrections lead ultimately to the hy-

pothesis that para- and meta-derivatives should be treated

separately in two equations. The hypothesis was not verified

on the basis of solution reactivities6 but obtained some sup-

port later from the gas-phase acidities and basicities.7 Many

attempts have been made to improve eqn (1) by adding further

terms;5a,8 they were critically evaluated.7,9 Further improve-

ment was searched in dividing the substituents into classes10 or

even modifying the linear form.11 A complete failure of the
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Hammett equation was observed only in rare cases, mostly for

reactions of uncharged molecules.12,13

In order to anchor the scale of constants s, dissociation of

substituted benzoic acids in water was chosen as reference

reaction.1 The relative pK values are proportional to the Gibbs

energies D2G1(298) of the isodesmic reaction, eqn (2), in which

only a proton is transferred.

3(4)-X–C6H4COOH þ C6H5COO� "

3(4)-X–C6H4COO� þ C6H5COOH (2)

Available pK values are not quite accurate standards14 and the

effects of certain substituents may be spoiled by specific

solvent effects. More consistent standards could be obtained

when eqn (2) was related to isolated molecules, investigated

either experimentally in the gas phase15 or by quantum

chemical calculations.16–18

For theoretical interpretation, eqn (2) has still another

shortcoming in that it expresses only the difference of two

effects: interaction of the groups X and COO� in the anion

XC6H4COO� and of X and COOH in the molecule

XC6H4COOH. Significant progress was achieved when these

effects were evaluated separately as the reaction energies D3E

and D4E of the isodesmic reactions,19 eqn (3) and (4).

C6H5COOH þ X–C6H5 "

3(4)-X–C6H4COOH þ C6H6 (3)

C6H5COO� þ X–C6H5 " 3(4)-X–C6H4COO� þ C6H6 (4)

All the reactions, eqn (2)–(4), meet also the definition of a

homodesmotic reaction20 but eqn (3) and (4) exceed the above-

mentioned range of validity since the reaction proceeds di-

rectly on the benzene ring instead of in the side chain. The

energies D3E and D4E can be obtained from the experimental

enthalpies of formation but with a low accuracy.21 More

efficiently they were obtained from quantum chemical calcula-

tions17,18 that are relatively accurate for isodesmic reactions.22

It turned out that the substituent effect is more important in

the anions (D4E) than in the acid molecules (D3E).
17,18 Both

cooperate in their influence on the acidity (D2E) but are not

exactly proportional: D3E shows some irregularities that are

partly transferred into D2E.
17 Acidities of substituted phe-

nols23 and basicities of several classes of compounds24–27 were

analyzed similarly.

The subject of this paper is a revision of the Hammett

equation on isolated molecules using calculated reaction en-

ergies. The study of isolated molecules gives important infor-

mation, complementary to that obtained experimentally in

solution. Not only are some effects of specific solvation

eliminated, but also reactions of a new type can be added. A

reaction like that in eqn (2) can hardly be imagined in solution.

On the other hand, ionization reactions like eqn (1) were

studied in solution and in isolated molecules with essentially

concordant results.15

From previous work we had at our disposal the acidities17

and basicities24 of substituted benzoic acids and the basicities

of benzonitriles25 and nitrobenzenes;26 three series were taken

from Wiberg18,23 and completed. Here we added an important

series, the acidities of substituted ethynylbenzenes 1 (Table 1).

For the reactions of uncharged molecules, similar to eqn (3),

we had at our disposal three series from our work17,25,26 and

Table 1 DFT energies of substituted ethynylbenzenes 1a–1y and energies of the isodesmic reactions

Substituent DE(DFT) DE(DFT) anion
Isodesmic energies (kJ mol�1)

a. u. a. u. D5E D6E D7E

1a H �308.4772460 �307.8775790 0.00 0.00 0.00
1b 3-CH3 �347.8049265 �347.2041402 2.94 �0.37 2.57
1c 3-CH2Cl �807.4261280 �806.8331785 �17.64 1.63 �16.01
1d 3-CF3 �645.6254389 �645.0381023 �32.37 3.65 �28.72
1e 3-CHO �421.8338961a �421.2465534a �32.36 3.10 �29.25
1f 3-CN �400.7420360 �400.1585675 �42.53 4.55 �37.98
1g 3-NH2 �363.8538659 �363.2518600 6.14 �0.60 5.54
1h 3-N(CH3)2 �442.4804924 �441.8772752 9.32 �1.14 8.18
1i 3-NO2 �513.0386209 �512.4566979 �46.59 5.24 �41.35
1j 3-OH �383.7243908b �383.1275523b �7.43 0.65 �6.78
1k 3-F �407.7452418 �407.1525676 �18.36 2.31 �16.05
1l 3-Cl �768.0992471 �767.5081198 �22.42 2.47 �19.95
1m 3-SO2CH3 �896.4448753c �895.8613108c �42.28 4.03 �38.25
1n 4-CH3 �347.8051573 �347.2033020 5.75 �0.97 4.77
1o 4-CH2Cl �807.4265337 �806.8364219 �25.09 0.56 �24.52
1p 4-CF3 �645.6256475 �645.0413296 �40.30 3.10 �37.20
1q 4-CHO �421.8345788 �421.2537605 �49.49 1.31 �48.18
1r 4-CN �400.7426885 �400.1636780 �54.23 2.84 �51.40
1s 4-NH2 �363.8550843 �363.2480338 19.39 �3.80 15.58
1t 4-N(CH3)2 �442.4820335 �441.8751015 19.07 �5.19 13.89
1u 4-NO2 �513.0395093 �512.4667920 �70.76 2.90 �67.85
1v 4-OH �383.7251172 �383.1226299 7.40 �1.26 6.15
1w 4-F �407.7455862 �407.1498510 �10.32 1.40 �8.92
1x 4-Cl �768.0996169 �767.5072228 �19.09 1.50 �17.60
1y 4-SO2CH3 �896.4451666c �895.8656246c �52.84 3.27 �49.57
a The two conformations of the C1�C(O) bond are populated ap : sp 59 : 41 in the neutral molecule and 95 : 5 in the protonated form. b The two

conformations of the C1�C(O) bond are populated ap : sp 41 : 59 in the neutral molecule and 6 : 94 in the protonated form. c Conformation of the

C1�S bond with the CH3 group above the ring plane.
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four from the literature,16d in addition to ethynylbenzenes.

Altogether we had two complete sets, each with 8 reaction

series and with the same 19 substituents; such a complete set

has never been available from experimental data.4,7,8 The main

problems are firstly the validity of the equation separately for

meta- and para-substituents and secondly the separation of

substituent effects in the neutral molecules and in ions, like in

the reactions of eqn (2) and (3).

Calculations

Energies of substituted ethynylbenzenes 1a–1y (Table 1) and

of their deprotonated forms were calculated by density func-

tional theory (DFT)28 at the B3LYP/6-311þG(d,p) level using

the GAUSSIAN 03 program.29 Corrections for the zero-point

energy were not introduced. Planarity or any symmetry was

never anticipated. All reasonable conformations were taken

into consideration and calculations were started always

from the pertinent near structures; this concerns particularly

the two possible orientations of some substituents in meta-

derivatives. All structures were checked by vibrational

analysis and behaved as energy minima. The energies

E(DFT) are listed in Table 1 and some geometrical parameters

of selected compounds are shown in Table 2. The reaction

energies D5E to D7E (Table 1) related to eqn (5)–(7) were

obtained from these values and from E(DFT) of the com-

pounds C6H5X calculated previously with the same theoretical

model.21

In the cases where several conformers coexist, the values

of D5E to D7E were corrected to relate to the equilibrium

mixture at 298 K. The equilibrium constant and population

of conformers were estimated with the assumption DG1(298)
D DE(DFT); from the population the effective energies of

the equilibrium mixture were calculated. The values of D5E to

D7E in Table 1 have been calculated in this way but the

differences compared to the lowest-energy conformer are

minute.

Energies of some substituted phenylacetic acids 2a and 2b

and of substituted benzyl alcohols 3a to 3e were calculated,

closely following the conditions used previously18,23 for the

other derivatives, viz. at the levels MP2/6-311þþG(d,p)//

MP2/6-311þG(d) or MP2/6-311þþG(2df,2pd)//MP2/6-

311þG(d), respectively. The conformations of 3a–e were

investigated in more detail than previously.23 The results are

given in Tables S1 and S2 (ESIw).

Results and discussion

Acidity of substituted ethynylbenzenes

Substituted ethynylbenzenes 1a–1y (Table 1) were chosen as a

model series, in which characteristic deviations from the

Hammett equations were anticipated. The relative acidity is

defined as the Gibbs energy D5G1 of the reaction of eqn (5).

3(4)-X–C6H4CRCH þ C6H5CRC� "

3(4)-X–C6H4CRC� þ C6H5CRCH (5)

We calculated the pertinent DFT energies D5E (Table 1,

column 5), since it had been proven several times that calcu-

lated enthalpies or Gibbs energies do not give better agreement

with the experimental acidities.17,30 If the Hammett equation

were valid exactly, D5E would be proportional to the acidities

of the benzoic acids17 D2E. Fig. 1 reveals that it holds for all

meta-derivatives and for para-derivatives with donor substi-

tuents. According to the correlation coefficient R, the correla-

tion is closer than commonly attainable with reactivities in

solution. Deviations of para-acceptors are very significant.

The explanation by through-conjugation is suggested: reso-

nance in the anion 4A 2 4B should be stronger than in the

uncharged molecule 5A 2 5B. This is in accord with the

common rules of resonance (separation of charges in 5B).

The structures 4B and 5B are atypical having an electron

sextet on carbon, and their representation should be minute.

Nevertheless, their significance is supported by the calculated

bond lengths. The single bond C(1)–Csp in the anion is

shortened in the presence of an acceptor (Table 2, last column)

as required by the structure 4B. Lengthening of the triple bond

(last but one column) is much less significant and need not be

observable in the experimental values. In the uncharged

molecules the variability of bond lengths is much smaller,

almost negligible. It was observed several times that the

resonance formulae predict the geometry well in the essential

features but not in all details: in particular lengthening of the

multiple bonds is less evident than shortening of the single

bonds.31,32 There is also no exact parallelism between the

resonance effects on the energy and on the geometry.26,32,33

Fig. 1 reveals very clearly the limited validity of the Ham-

mett equation. Note however that the deviations could escape

attention if the data were treated in the usual way referring

only to simple statistics. The value of the correlation coeffi-

cient (Fig. 1, the figures in square brackets) would be empiri-

cally classified4a as ‘good fit’, almost ‘excellent fit’. The

example shows nicely how misleading the simple statistical

treatment may be. More sophisticated statistics would reveal

Table 2 Calculated bond lengths in selected substituted ethynylben-
zenes (in Å)

Compound Substituent
Uncharged molecule Anion

CRC C(1)�C CRC C(1)�C

1t 4-N(CH3)2 1.206 1.425 1.247 1.417
1s 4-NH2 1.206 1.426 1.247 1.419
1v 4-OH 1.205 1.427 1.247 1.418
1a H 1.205 1.428 1.248 1.415

1p 4-CF3 1.204 1.427 1.258 1.405
1q 4-CHO 1.205 1.426 1.251 1.402
1r 4-CN 1.205 1.426 1.250 1.404
1u 4-NO2 1.204 1.426 1.252 1.399
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the difference between meta- and para-substituents but it is

evident from the graph on first sight.

Estimation of the substituent effects separately in the un-

charged ethynylbenzenes and in their anions is based on eqn

(6) and (7).

C6H5CRCH þ X–C6H5 "

3(4)-X–C6H4CRCH þ C6H6 (6)

C6H5CRC� þ X–C6H5 "

3(4)-X–C6H4CRC� þ C6H6 (7)

The energies D6E extend over a range of only 10 kJ mol�1;

hence their correlations could be less precise. Nevertheless, the

dependence on D2E is very good for meta-substituents (Fig. 2)

while para- deviate strongly, both acceptors and donors to the

same side. While the deviation of acceptors is explained by the

formulae 5A 2 5B with a sextet on C, that of donors, 6A 2

6B, does not require a sextet and should be relatively strong.

Shortening of the C(1)–Csp bond (Table 2, column 4) is very

small; nevertheless this bond is longest in unsubstituted 1a.

Viewed from the side of the ethynyl group, this group behaves

as a donor towards acceptors (5B) and as an acceptor towards

donors (6B). Similar behaviour was well documented in the

case of the ethenyl group.13

However strong are the deviations of para-substituents in

Fig. 2, they could be overseen even in this case when only

simple statistics were used: the figures in square brackets

would be classified4a as ‘fair fit’.

Correlation of the energies of the anion D7E (Fig. 3) brought

nothing new: it is very similar to that of the acidities D5E (Fig. 1).

The acidities of 1 are controlled by the effects in the anions: the

energies of the uncharged acids are eight times less sensitive to

the substituent effects. Similarly the basicities of benzonitriles are

controlled by the effects in the cations, effects in the uncharged

bases being much less important.25 This behaviour makes the

Hammett-type reactions, controlled by polar effects, a very

suitable model for an empirical equation. It is greatly different

from the behaviour of ortho-derivatives with alkyl substituents34

that is controlled by steric effects. These effects are of the same

sign in the cations, anions and uncharged species; the resulting

effect on acidobasic properties is then difficult to predict.34

Multi-parameter equations

The common practice of improving the Hammett equation

makes use of more complex equations.8 These procedures were

several times reviewed and criticized.7,9,25 In our opinion,

many of them have not been rigorously established and can

be misleading; nevertheless, we tried in this section to test at

least two of the most popular of such models on the two series

of our data, viz. on the acidities D5E and energies D6E. Using

the dual substituent parameter (DSP) treatment8b with the

Fig. 1 Hammett plot of calculated acidities of meta- and para-

substituted ethynylbenzenes D5E vs. the acidities of equally substituted

benzoic acids D2E: & meta-substituents, J para donor substituents,

K para acceptor substituents; the regression line and the statistics

relate to groups & þ J, the figures in square brackets relate to all

points.

Fig. 2 Hammett plot of calculated energies D6E of the isodesmic

reaction eqn (6) for substituted ethynylbenzenes vs. the relative

acidities D2E of equally substituted benzoic acids; definition of points

as in Fig. 1; the regression line and the statistics relate only to meta-

substituents, the figures in square brackets relate to all points.
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constants sI and sR designed for the gas phase,15b we obtained

eqn (8) and (9) for the meta- and para-derivatives, respectively.

D5E(m) = �2.8 � 1.7 � (60.2 � 4.0)sI � (33.3 � 3.4)sR
R = 0.9920 s = 2.72 N = 13 (8)

D5E(p) = �6.1 � 4.9 � (68.9 � 11.6)sI � (69.8 � 9.7)sR
R = 0.972 s = 7.80 N = 13 (9)

On the first sight the correlation is good; see the correlation

coefficients R and standard deviations of the regression coeffi-

cients. The negative slopes r mean that the acidity is strength-

ened by electron attracting substituents. However, the fit is

greatly different for meta- and para-derivatives, see particu-

larly the standard deviations s. For meta-derivatives the

correlation is evidently overparametrized since the fit is not

better than in Fig. 1.

Correlation of the energies D6E provided eqn (10) and (11),

which exhibit the same features still more clearly; positive

slopes r mean that the molecule is destabilized by electron

attracting substituents. Summarizing, the improvement

reached with the DSP model is not proportional to the

extended number of parameters.

D6E(m) = 0.14� 0.16þ (6.73� 0.38)sIþ (3.34� 0.31)sR
R = 0.9940 s = 0.25 N = 13 (10)

D6E(p) = �0.51 � 0.54 þ (5.13 � 1.27)sI þ (6.57 � 1.06)sR
R = 0.956 s = 0.85 N = 13 (11)

The Yukawa–Tsuno treatment was carried out with stan-

dard8c sm,p and with the parameters8a DsR
� expressing en-

hanced conjugation of the acceptor substituents. Eqn (12) is

more effective than eqn (8) and (9) due to the smaller number

of parameters since meta- and para-derivatives are treated

together. The same holds for eqn (13) when compared with

eqn (10) and (11).

D5E= �7.9 � 1.4 � (49.4 � 3.6)sm,p� (69.8 � 15.2)DsR
�

R = 0.971 s = 6.20 N = 24 (12)

D6E = 0.31 � 0.11 þ (6.67 � 0.29)sm,p � (7.43 � 1.23)DsR
�

R = 0.982 s = 0.50 N = 24 (13)

Somewhat puzzling might be the inverse signs of slopes at sm,p

and DsR
� in eqn (13). The latter term usually expresses that

acceptor substituents are conjugated more strongly; here they

are conjugated more weakly than donors (Fig. 2). The funda-

mental difference between meta- and para-substituents is not

reproduced well even by this model.

General test of the Hammett equation

We investigated two sets of data. The set A was restricted to

acidobasic reactions that formed the most frequent equili-

brium data, which have been correlated by the Hammett

equation.7,8 We used calculated reaction energies of eight

series: ionization of substituted benzoic acids,17 phenylacetic

acids18 [literature data18 completed as given in Table S1

(ESIw)] benzyl alcohols [literature data23 completed as given

in Table S2 (ESIw)], ethynylbenzenes (Table 1) and phenols,23

and further protonation of benzonitriles,25 benzoic acids24 and

nitrobenzenes.26 Note that these calculated values had always

been checked by comparison with the available experimental

gas-phase acidities. The set B was composed from isodesmic

reactions of uncharged compounds, similar to eqn (3) or (6).

Such reactions do not belong to the range of validity of the

Hammett equation as originally defined since the reaction

proceeds directly on the benzene ring instead of in the side-

chain. Nevertheless such reactions were correlated with mod-

ified constants s with only slightly lowered accuracy.2,4 Our set

B contained eight series always with a constant common

group: COOH,17 CRCH (Table 1), OH,23 SH,16d NH2,
16d

N(CH3)2,
16d CN,25 and NO2.

26 The set meta-OH had to be

eliminated due to a very low measure of joint variability. (The

substituent effects are too small and hidden in the noise.) The

substituents were the same in the sets A and B: H, CH3, CF3,

CHO, CN, NH2, NO2, OH, F, Cl; each in both the meta- and

para-positions. They belong to the standard substituents most

used in practice. For convenience we reproduce our input data

as the source matrices in Tables S3 to S6 (ESIw). Both contain

8� 19 items; B is filled only to 94% after eliminating the meta-

OH set. We hoped that we could obtain more significant

results than in the previous investigation7 based on the experi-

mental gas-phase acidities (matrix 21 � 11 filled to 83%) or in

the pioneer study4d based on solution reactivities (matrix 62 �
63 filled to 25%).

Our main problem was whether the meta-derivatives fulfil

the equation with a significantly better accuracy than the para-,

either in all or in selected series. We used two main methods:

simple linear regression (LR) and principal component analysis

(PCA).

LR was based on the conventional choice of the standard

reaction series: ionization of benzoic acids was used as the

explanatory variable, with which the other series were

Fig. 3 Hammett plot of calculated energies D7E of the isodesmic

reaction eqn (7) for the anions of substituted ethynylbenzenes vs. the

relative acidities D2E of equally substituted benzoic acids; definition of

points as in Fig. 1; the regression line and the statistics relate only to

groups & þJ.
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successively correlated. The results of regression are given in

Table 3. In the set A, the para-substituents made the fit worse

(very significantly) in most cases but not in all. Therefore, it

would be possible to select a series of reactions without

conjugation in which all substituents would be acceptable

but the range of validity would be too restricted. Note that

in all but one case the fit with the para-substituents would be

still classified4a as ‘good fit’, or still better.

In the set B, the differences between meta- and para-sub-

stituents are more marked. The good fit for meta-derivatives is

remarkable taking into account that the range of validity has

been exceeded. Note that in this set we are dealing with finer

effects: compared to set A the substituent effects are smaller by

an order of magnitude.

Principal component analysis (PCA) was carried out with

non-standardized data (in the dimension kJ mol�1) as in the

previous work;7 otherwise the series with small values would

be badly correlated and would influence the overall results too

much. Three different arrangements were tested: (a) meta- and

para-derivatives separately, (b) meta- and para-matrices

merged vertically, each substituent taken twice as 3-X and

4-X as in the standard Hammett conception (denoted meta/

para in Table 4), (c) meta- and para-matrices merged horizon-

tally, each substituent taken only once, each reaction divided

into meta and para as in the DSP treatment8b (in Table 4

denoted meta|para). In addition to common PCA, we carried

out all calculations also with the mathematical variant called

the method of conjugated deviations.35 Its merit is that it

automatically eliminates the little significant series. In our case

the results were practically not different and are not separately

reported.

Results of PCA are given in Table 4. All components given

are statistically significant but the ultimate ones were not

interpreted and probably have no physical meaning. The

results are in accord with those obtained from the experimen-

tal gas-phase acidities.7 The fit for meta-derivatives is much

better: with one component it is so good as for para-deriva-

tives with two components (lines 1 and 2, 5 and 6). The

original arrangement of Hammett (lines 3 and 7) is superior

to that of DSP (lines 4 and 8) when the same number of two

components is used. The best arrangement, however, is sepa-

rate treatment of meta- and para-derivatives at different levels

of complexity: one component is sufficient formeta-derivatives

and two components are needed for para-. In the set B we got

smaller residual deviations than in set A (because the energy

values are smaller) but the percents of explained variability are

similar.

Characterization of substituents

PCA gives the values of components, t1, t2,. . .tn, that can be

used to characterize the substituents, reveal their mutual

similarity, separation into classes,36,37 etc. Most important

results were obtained with set A for the matrix meta/para

corresponding to the standard Hammett equation (Table 4,

line 3). The first component t1 is closely correlated to the

standard values8d sm,p as anticipated (R = 0.983). The second

Table 3 Regression analysis of the calculated reaction energies

Reaction series

R s

meta meta þ para meta meta þ para F-test a

Set A (ionizations)
1 ArCH2COOH 0.987 0.990 2.40 2.26 0.79 —
2 ArCH2OH 0.9936 0.9923 2.20 2.43 1.42 —
3 ArCRNH1 0.975 0.966 4.57 6.65 3.11 0.10
4 ArCO2H2

1 0.971 0.965 5.36 7.36 2.67 0.10
5 ArNO2H

1 0.971 0.941 5.74 10.96 5.94 0.01
6 ArCRCH 0.9996 0.983 0.59 4.73 122.5 {0.005
7 ArOH 0.996 0.980 2.42 6.52 12.8 {0.005
8 Altogether 3.77 6.47 4.67 o0.005

Set B (uncharged molecules)
9 ArCO2H 0.982 0.940 0.63 1.73 13.2 {0.005
10 ArCRN 0.9912 0.982 0.83 1.30 3.74 0.05
11 ArNO2 0.9900 0.977 0.99 1.76 5.07 0.025
12 ArCRCH 0.9928 0.910 0.27 0.96 23.8 {0.005
13 ArNH2 0.935 0.804 0.48 3.78 116.1 {0.005
14 ArN(CH3)2 0.976 0.865 0.59 3.79 77.0 {0.005
15 ArSH 0.991 0.097 0.31 1.93 73.0 {0.005
16 Altogether 0.63 2.42 26.7 {0.005

Table 4 Principal component analysis of the calculated reaction
energiesa

Source matrix

Number of components

1 2 3

Set A (ionizations)
1 meta 3.10 [98.3] 1.78 [99.6]
2 para 6.85 [95.9] 2.41 [99.7] 1.30 [99.95]
3 meta/para 5.72 [95.9] 2.66 [99.3] 1.50 [99.8]
4 meta|para 5.94 [95.5] 3.71 [98.5] 1.77 [99.7]

Set B (uncharged molecules)
5 meta 0.41 [99.2] 0.26 [99.7]
6 para 1.95 [94.0] 0.94 [99.1] 0.46 [99.9]
7 meta/para 2.09 [89.3] 0.72 [99.0] 0.46 [99.7]
8 meta|para 1.84 [91.5] 0.96 [98.1] 0.61 [99.4]

a Residual standard deviation in kJ mol�1, in square brackets percent

of explained variability.
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component t2 expresses the enhanced resonance and has some

resemblance to the constants sR
1 or sR

�. This is seen from

Fig. 4. The components were plotted against each other, so

that similar substituents are situated in the proximity. Separa-

tion of acceptors and donors is evident but clustering is not so

strong as found earlier36 with mixed experimental data also

including many spectroscopic results. Our results agree

merely with Wepster’s description:37 There is a fundamental

difference between acceptors, more similar to each other,

and donors with more graduating properties. We can con-

firm this and add that the substituent 4-NH2 is unique. In the

set B (Table 4, line 7) the values of components are some-

what different (Fig. 5). The acceptors form now a more

differentiated group and behaviour of 4-CHO is unique. All

meta-substituents are situated along a straight line; hence for

them one component would be sufficient. In summary, cluster-

ing of substituents is in no case so strong that it could

depreciate the standard statistical treatment. More consequen-

tial could be clustering of loadings of individual reactions. In

the set A, three reactions, acidities of ArCOOH, ArCH2-

COOH and ArCH2OH, are too similar to each other, hence

less efficient in the statistical procedures. In the set B the

situation is better.

We searched still for possible clustering of substituents using

the approach of the cluster analysis (CA) and obtained con-

cordant results with the methods of furthest neighbour, aver-

age linkage and MacNaughton-Smith,38 while the method

nearest neighbour38 was of little efficiency due to the chaining

effect.38 These results also essentially agreed with the plots of

components like Fig. 4 and 5. For instance in the set A, CA

gave five clusters: (H, 3-CH3, 3-NH2, 4-CH3, 4-OH), (3-OH, 4-

F, 3-F, 3-Cl, 4-Cl) (3-CF3, 4-CF3, 3-CHO, 4-CHO) (3-CN, 3-

NO2, 4-CN, 4-NO2) and (4-NH2). The pertinent tree diagram

is reproduced as Fig. S1 (ESIw). In Fig. 4 these sets can be seen

but they do not always form evident clusters but merely they

appear as successions.

In our opinion, the sets of substituents commonly used are

convenient for a statistical treatment since they cover satisfac-

torily the combinations of possible properties (essentially due

to inductive and resonance effects). Our set was completely

satisfactory in Fig. 5; in Fig. 4 perhaps an additional donor

substituent would be helpful.

Conclusions

In several examples, quantum chemical calculations provided

values of energies almost equally dependable as the values

from experiments but broader and more complete. Their

dependability was confirmed when part of the data was

directly checked by comparison with experiments; this was

done in all examples treated in this work.17,23–26 In our

opinion, there is no doubt that quantum chemical calculations

have contributed significantly to the theory of substituent

effects and to structure–reactivity relationships.

In the case of the Hammett equation, our calculations gave

results concordant with the previous treatment of experimen-

tal gas-phase data7 and with many observations made with the

individual conjugated substituents in solution. However, the

quantum chemical calculations gave more systematic and

more convincing results, some of them are hardly obtainable

from experiments. Most striking is the finding that the Ham-

mett equation is valid even for reactions of uncharged particles

and to reactions proceeding directly on the benzene ring, but

only for meta-derivatives. There is merely a formal problem,

which conclusion one wants to draw. We suggest that the

range of validity of the Hammett equation should be restricted

strictly to meta-derivatives, in the theoretical studies and in the

textbooks. On the other hand, we know that the original,

broader range of validity will be still used when interpreting

scarce experimental data but care must be taken to eliminate

all cases of direct conjugation.

Fig. 4 Plot of the two first components of PCA treatment of

ionization reactions (line 3 of Table 4): J donor substituents and

hydrogen,E acceptor substituents.

Fig. 5 Plot of the two first components of PCA treatment of reactions

of uncharged groups (line 7 of Table 4): & meta-substituents and

hydrogen, m para donor substituents, K para acceptor substituents.
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