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Five aromatic reactivity data sets, selected to be balanced and representative for
different types of substituent effect have been investigated with respect to eight
extrathermodynamic relationships (the Hammett equation and various extensions).
The five data sets all refer to properties of meta and para substituted phenyl com-
pounds and comprise ionization in solution and in the gas phase of some acids and
bases, NMR shifts, IR spectral frequencies and melting points.

The results of principal components analysis (PCA) and projection to latent
structures (PLS) analysis of the data give evidence that the effects of meta and para
substituents are essentially different in nature. The behaviour of para derivatives is
more complex, requiring more terms in the correlation equation: this complexity is
due mainly to the donor substituents. Modelling meta and para derivatives together
has mainly historical reasons; it may be acceptable in the simplest cases or when the

small number of data prevent a more correct treatment.

Since the discovery of the Hammett equation' (1), meta
and para benzene derivatives have taken a unique position
as model compounds for the estimation of substituent ef-
fects on organic reactivity.” No doubt a greater number of
quantitative studies has been devoted to compounds of this
type than to all other compounds put together. The re-
striction to these derivatives was motivated by the early
discovery' that ortho derivatives behave less regularly ow-
ing to steric and other short-range effects. On the other
hand it has never been proved that the behaviour of meta
and para derivatives is the same or at least so similar that
their modelling as a common series is substantiated; in
terms of the Hammett equation this corresponds to
whether the constant @ should be the same.>* A linear
regression analysis by Jaffé* revealed only small differ-
ences, hence meta and para derivatives have currently been
treated together. The problem has not been resolved by
using more elaborate models,>? extending eqn. (1) by
additional terms, see e.g. later, eqns. (2)—(8). All these
models express an observable quantity y (e.g. pK) as a
linear function of substituent parameters which may be
given a physical meaning. In some of these models meta
and para derivatives are analysed together, in others sep-
arately. One difficulty comes from the fact that meta deriv-
atives have been less extensively investigated, both in most
experimental studies and in some recent mathematical
treatments, '*-12:1920

In this paper we study the problem of meta and para

*To whom correspondence should be addressed.
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compatibility using two methods of multivariate analysis:
principal components analysis?> (PCA) and projection to
latent structures? (PLS). PCA has previously been applied
in this field mainly to determine the necessary number of
terms in the correlation equation**'¢2 [see e.g. eqns.
(1)=(5) which represent models with an increasing number
of terms] and to compare the precision attained (usually in
% of the explained sum of squares).

Here we have applied PCA first to meta and para deriv-
atives separately, then to combined data matrices encom-
passing both. Such a combined data matrix can be con-
structed in two ways: either each substituent is taken twice
as m-X and p-X, respectively ( matrix:, or each reaction
series is divided into two series, meta and para, if the data
for both are available (m|p matrix), see Table 1 and Fig. 1.
A comparison of the explained variance obtained in all
variants can then answer the question of whether or not the
meta and para derivatives can be considered as belonging
together.

PLS describes the relationship between two matrices: it
derives one or several independent factors from one matrix
and uses these to predict the elements of the other matrix.
One can ask about the precision of the prediction (again
expressing the explained variance as % of the total sum of
squares) and about the number of necessary factors. The
method has been applied earlier to meta and para benzene
derivatives, using rather heterogeneous properties.!’

Investigated models. As mentioned, the models®™" used in
organic reactivity, often called extrathermodynamic rela-
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Table 1. Characteristics of various correlation equations for benzene meta and para derivatives.?

meta para PCA PLS
g mj|p° m—p p—m

(a) Required for individual models
Hammett,' egn. (1) 1 1 1 2 - —a
Yukawa~Tsuno,’ eqn. (2) 1 2 2 (3) -9 -
DSP, Taft et al.,.5® eqn. (3) 2 2 4) 2 2[~100} 2[~100]
3-term eqn.,'®>'3 eqgn. (4) 3 3 (6) 3 3[~100] 3[~100]
Haldna,' eqn. (5) 4 4 4 (8) —d _d
Exner,'® eqn. (6)° 1 1 1 1 1[~100] 1[~100]
Exner—Budésisky,'® egn. (7)’ 1 2 (2)¢ (2)¢ 1[~80] 1{~100]
Alunni,"” eqn. (8) 2 2 (4) (4) - —d
(b) Found in this work
pK (1) 1[97) 1[98] 1[98] 2[98]" 3[97] 3[94]
AG° (g) 1[96] 2[99] 2[99] 3[99] 1[87] 5[99]
3C NMR 1[99] 2[99} 2[99} 3]99] 1[69] 2[94]
IR freq. 1[78] 1[89] 1[87] 1[83] 1[73] 1[73]
M.p.s 1[79] 1[78] 1[77) 1(74] 1[53] 1{72]
(c) Found in this work for acceptors only
pK (1) 1[99] 1[98] 1[(97] 1[96]
AH® (g) 2[96]* 2[99}/ 2[99] 4{99]
3C NMR 1[99] 2[99] 1[96] 1[96]
IR freq. 1(82] 1[78] 193] 1[88]

2Bold-face numbers correspond to the original form of the correlation equation; in parentheses is an artificial construction, not
compatible with this original form; in brackets is the percentage of the explained sum of squares (in the case of PLS this value refers
to the Y matrix by using scores from X matrix). °Every substituent taken twice, as m-X and p-X. °Every reaction series taken twice,
separately for meta and para derivatives. “No relation anticipated. *The relationship restricted only to substituents without a lone
electron pair in the a-position (acceptors mainly). ‘Applied only to '*C NMR shifts. 9Accuracy slightly lowered. "There is a further
component with very low explaining ability. ‘83 % for the first PC, 16 % for the second. /87 % for the first PC, 12 % for the second.
k54 % for the first PC, 42 % for the second. '93 % for the first PC, 6 % for the second.

PCA T PCA mip PLS
Ry R, R, RIRS...RERY...
":';'( " . ATRY.. y RERS...
: x X
'
: S~ 7

Fig. 1. Arrangement of data matrices in PCA and PLS,
explaining the terms ‘matrix 2’ and ‘matrix m|p’.

tionships, involve a number of assumptions about the de-
pendence or independence between meta and para deriv-
atives. These assumptions have not received enough atten-
tion which has instead been focused on the mathematical
form of the eqns., particularly on the number of necessary
terms. Nevertheless, recognition of these assumptions is
essential. Their degree of realism is seem in the results of
PCA and PLS and is as important as the mathematical form
of the equation (Table 1).
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Yip = Yo + @O0, + 000, + 104, + 0,00, )
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(1) The Hammett equation. In the original Hammett equa-
tion' meta and para derivatives are included in one matrix 2
with different and independent substituent constants. If
this is a good model, the fit in this arrangement should be
better than in the matrix m|p: the latter should require two
parameters, one for the meta series and one for the para



series, one of them always with a zero coefficient. (In the
primary result of PCA linear combinations — a rotation — of
these factors are obtained, hence the coefficients need not
be zero.) The transfer of information between the m and p
matrices in PLS should be small, even zero, in either direc-
tion meta — para or para — meta (Table 1).

(2) The Yukawa-Tsuno equation. The same principle is
maintained in the Yukawa-Tsuno equation® but the more
complex behaviour of para derivatives is expressed by two
substituent constants in eqn. (2).

Table 2. Results of PCA and description of data matrices.

EVALUATION OF SUBSTITUENT EFFECTS

(3) The Taft DSP model. The widespread Taft DSP (dual
substituent parameter) treatment,® eqn. (3), is character-
ized not only by an additional term but also by the sep-
aration of the data matrix. This now contains each sub-
stituent only once but each reaction series is divided (ma-
trix m|p). These two features of DSP have seldom been
evaluated separately.'® If the DSP assumptions are valid, it
follows that for the matrix 5 four terms would be necessary
with two parameters always equal to zero, the other two
being equal to o and og. In PLS the transfer of information
should approach 100 % in either direction, meta — para or
para — meta (Table 1).

Matrix Matrix Filling Residual st. deviation
dimen- (%)
sion® PC1 PC2 PC3

pKs of benzoic acids meta 14%x 7 100 0.10 b b
in various solvents® para 14%x 7 97 0.1 b b

r 27x 7 99 0.09 o b

mip 14x14 99 0.14 0.11 0.09
AG" (g) of various meta 11x11 79 1.03 b b
acids? para 11x11 86 1.83 0.91 b

[ 21x11 83 1.62 0.83 b

mlp 11x22 83 1.71 1.21 0.72
¥C NMR shifts in the meta 14x10 ]| 0.12 b b
alpha position® meta 14x10 92 0.35 0.10 b

g 27x10 92 0.34 0.11 b

mlp 14x20 92 0.28 0.15 0.13
IR frequencies of meta 23x18 65 4.80 b b
Various groups’ para 23x18 76 5.60 b b

4 45x18 70 5.00 o b

m|p 23x36 70 5.64 b b
Melting points of meta 18x11 60 227 b b
benzene bisderivatives? para 18%x11 84 245 b b

F 35x11 72 24.7 b b

mlp 18x22 72 25.7 b b
(b) Only acceptor data
pKs of benzoic acids meta 6x 7 100 0.10 b b
in various solvents para 6x 7 100 0.06 b b
AG? (g) of various meta 6x11 77 4.17 1.38 b
acids para 6x11 85 1.77 0.84 b
3C NMR shifts meta 6x10 93 0.10 b b

para 6x10 95 0.1 b b
IR frequencies meta 10x11 70 5.46 b b

para 10x11 82 7.50 b b

aThe two matrices, meta and para, had always identical both lines and columns. ®Insignificant terms. °Substituents: H, CH;, COCH,,
CN, NO,, OH, OCH;, SH, SO,CH,, SO,NH,, F, Cl, Br, |; solvents: water, methanol, ethanol, acetone, acetonitrile,
N,N-dimethylformamide, sulfolane; Ref. 23; st. deviation in pK units. “Substituents: H, CH;, CF;, CN, COCH;, COOCH;, NO,, OCHj,
SCH,, F, CI; acids: ArCOOH, ArNH,, ArOH, ArCH(CHj;),, ArCH,CN, ArCH=0H, ArC(=0OH)CH,, ArC (=OH)OCH,, ArC(=OH)N(CH;),,
ArNH(CH,),, PyH; Ref. 11; s.d. in kcal mol~'. ¢Substituents: H, CH;, CF3;, CN, COCH,, COOCH,3, N(CH,),, NO,, OCH,, F, Cl, Br, I;
compounds: ArCH=CH,, ArC(CH;)=CH,, ArCH=CHC¢H;, ArCH=CHCN, ArCH=CHNO,, ArCHO, ArCOCH,, ArCOOCH;,
ArCOOC,H;, ArCN; data of Ref. 16 extended by the series ArCOOCH; and ArCH=CHNO, from Refs. 24, 34, s.d. in ppm.
‘Substituents: H, CH,, t-C,H,, CgHs, CH,CI, CH,Br, CF;, CN, CHO, COCH,3, COCgHs, COOCHj;, NH,, N(CH,),, NHCOCH;, NO,, OH,
OCH,, OCOCHj, F, Cl, Br, |; compounds and vibrations: ArC(=0)CH,, ArC(=0)OH, ArCOO-H, Ar(C=0)OH dimer, ArCH,COO-H,
ArCOO™ as and s, ArC=N, ArNH, as and s, ArNH, first overtone, as and s, ArN-HCOCHj;, ArNO, as, s and t, ArO-H, ArO—
H---dioxane; data collected from Refs. 25-27, 35-38; s.d. in cm™'. 9Substituents: H, CH,, t-C,H,, CF;, CN, CHO, COCH; COOCH;,
COCI, N(CH,),, NO,, OCH,, OCOCH,, SO,CHj, F, Cl, Br, I; compounds ArCH;, ArCH,, ArCN, ArCHO, ArCOCH,, ArCOOCH;, ArN
(CHs),, ArNO,, ArOCH,, ArCl, ArBr, Arl; data collected from handbooks; s.d. in K.
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In practice, the use of eqns. (2) or (3) is complicated by
the possibility of choice among several oy constants (o3,
Og. Og). In terms of Table 1 this means that the actual
number of parameters would be greater with some coeffi-
cients always equal to zero. This means that Table 1 refers
to eqns. (2) and (3) analysed in their simplest forms, i.e.
when they are applied to rather homogeneous data (partic-
ularly those involving conjugation of the same type).

(4) Additional models. The m|p matrix is also used in
various forms of correlations with two terms’® or three
terms,'™"? eqns. (3) and (4), respectively. The individual
treatments differ mainly in the choice or estimation of
substituent constants. Still closer relation (viz. direct pro-
portionality) between para and meta derivatives follows
from the treatment of Exner," eqn. (6), restricted to ac-
ceptor substituents (f is a generally valid constant, say f,, =
1, f, = 1.14). On the other hand, a four-term eqn." (5)
returns to the original Hammett concept' of independence.
In two papers,'®!” separate treatment of meta and para
derivatives was explicitly advocated, in either case on the
basis of PCA. In the special case of *C NMR shifts a
one-term equation was recommended for meta derivatives
and two terms for para,'® eqn. (7), while for a broader set
of mixed data two-term equations were preferred!’ for
both, eqn. (8). In these two the parameters for the meta
and para positions were not very different, as shown either
from a comparison of components'® or from PLS."

Data. We will now compare the predictions of Table 1 with
the results on five reaction series, each of them chosen to
be as homogeneous as possible (Table 2). The pK values of
benzoic acids in different solvents? represent the classical
scope of the Hammett equation, while AG® of various acids
in the gas phase!' are an example of the recent, most
extended form of correlation equation. The additional two
series, *C NMR shifts and IR frequencies, concern proper-
ties in which some irregularities have already been ob-
served,'2*? particularly for meta derivatives. The last se-
ries of melting points was included just as an example of the
quantity generally believed to show no simple dependence
on structure.?

Calculations and results

The data matrices (Table 2) were constructed separately for
meta and para derivatives, always with the same substi-
tuents and the same reaction series, only the filling
(amount of missing data) was somewhat different. PCA
and PLS were carried out according to standard proce-
dures.??! The data were not scaled but centred, the loca-
tion parameter for each series corresponding to the param-
eter y° in eqns. (1)—(8). It follows that the standard devia-
tions are given in the original units (pK units, kcal mol™!,
ppm, cm™', K, see Table 2) which can thus be compared
immediately with the experimental error. However, when
the calculations were repeated with scaling to unit variance,
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there was little effect on the final conclusions. The number
of components was chosen according to the cross-validation
procedure and is given in Table 1, but standard deviations
are given for each number of components (Table 2).* PCA
was carried out separately in the meta and para matrix,
then in the combined matrices 2 (each substituent taken
twice as m-X and p-X) and m|p (each series taken twice, for
meta and para derivatives). In some series calculations
were repeated with the data matrix restricted only to ac-
ceptor substituents.

Discussion

In the following discussion attention is focused on the main
problem of whether it is reasonable to combine mera and
para derivatives in one series. Discussion of the values of
components and loadings will be limited, particularly con-
cerning their relation to established scales. It was not our
intention to suggest the values of components as some new
scales of substituent parameters: for such a purpose our
database would not be sufficient.

The simplest results were obtained in the first series, pKs
of substituted benzoic acids, differing only in the solvent.
This set represents the narrowest possible range of validity
of the Hammett equation and the restriction to pure sol-
vents eliminates the complications in mixed solvents re-
cently described.”® From Table 1 it is evident that two
procedures are of the same value: separate processing of
meta and para derivatives and an 7' matrix with two inde-
pendent, unrelated substituent constants (o, and o,) for
each substituent. The latter corresponds to the classical
Hammett equation which is thus an economical description
of the structural dependence in this simple case, with the
standard deviation only moderately exceeding the experi-
mental error. The independence of substituent constants is
shown very clearly on the results of PLS: three components
would be necessary, the first one describing only 90 % of
the sum of squares, much less than in PCA. Note that the
PLS results are incompatible even with the DSP model: the
transmitted information is too small and the number of
terms too high. All of this favours the original Hammett
conception' of independent ¢,, and ¢,. A claimed propor-
tionality between them® was based on an inadmissible ex-
tension of validity range and was later restricted" to sub-
stituents without a lone electron pair in the a-position,
loosely claimed to be acceptors. It is then expressed”® by
eqn. (6) or in terms of ¢ constants by the simple eqn. (9).
The validity of these eqns. can be confirmed by a separate
treatment of acceptor substituents (Table 1, lower part).
Compared with the unrestricted set the overall fit is some-
what improved and the much closer similarity of meta and
para derivatives is revealed by PLS results. According to
our more recent data® the constant (A) in eqn. (9) would be
lower than 1.14 as determined earlier.” In particular, it is

* The values of components and loadings are not given but they are
available from the authors on request.



evidently lower in dimethylformamide and in sulfolane
than in a water. Values of components have already been
discussed® and compared to the common ¢, and o, values.
There are some small differences due to changes of solvent.

o, = 1140, 9)

Dissociation in the gas phase may be a more complex
phenomenon since it is also controlled by the substituent
polarizability (spreading of the charge on a larger vol-
ume''?"). In addition, there are large differences in the
functional group within this set which includes neutral and
cationic acids, and substituted pyridines in one series. Cor-
relation with a three-term equation was tried!! with polar,
resonance, and polarizability parameters derived from
other sources. The data matrix was of the m|p type but
quite often some terms appeared to be insignificant.!’ Our
analysis actually gave three terms for this type of matrix but
the results of PLS were far from 100 % with three terms
(Table 1). The treatment of meta and para derivatives sep-
arately yielded the best results. The behaviour of meta
derivatives is simpler and more regular and a one-term eqn.
is satisfactory. It has already been shown'é? that neglecting
the fundamental difference between meta and para deriv-
atives is the main flaw of the DSP treatment: the meta
series is simply overparametrized without improving the fit.
This reasoning is still more important for the three-term
extension of DSP as suggested'' for the present series. For
the theory of gas-phase acidities our results could mean
that the polarizability effects — proved convincingly on sim-
pler molecules® — may have been overestimated in the case
of small substituents on a relatively large benzene nucleus.
Restriction to acceptor substituents does not improve the
picture but note that the restricted data matrices are not
well filled in this case.

The *C NMR shifts represent a very homogeneous data
set with a property quite different from the equilibrium
constants, although the structure of the compounds is of
the classical Hammett type. A slightly smaller set has previ-
ously been analysed'® by PCA; the present results — com-
pleted by PLS — essentially confirm the previous ones. As
in the preceding example the meta derivatives exhibit a
simpler pattern: they can be well described by one param-
eter and are evidently overparametrized in the common
DSP treatment. This is confirmed by PLS, showing better
prediction in the direction para — meta than in meta —
para. Restriction to acceptor substituents brings some sim-
plification: PLS demonstrating particularly the close simi-
larity of meta and para effects. The values of the compo-
nents have been correlated'® with the existing o scales:
there are small but significant deviations.

IR frequencies have sometimes been considered as a
particularly suitable physical quantity to be correlated with
reactivities, i.e. with constants . However, the correla-
tions found in practice have always been of relatively low
precision. One important anomaly has been named the
meta-effect;®’ its physical nature has not yet been eluci-

EVALUATION OF SUBSTITUENT EFFECTS

dated. Reasons for further deviations have recently been
explained in an excellent review.” Our data matrix (Table
2) contains frequencies different in character, some of
which evidently do not depend at all on substituent polar-
ity,” some others are affected by the mentioned secondary
effects.”*? In addition the data matrix is of poorer quality
than the other examples (more lacking items, with an irreg-
ular distribution). As expected, the results in Table 1 reveal
a rather poor fit: they described only the part of spectral
shifts that is dependent on substituent polar effects. Any
improvement of the correlation equation by adding further
terms does not help. The results of PLS show equal but
small amounts of information transferred in either direc-
tion, meta — para or para — meta. Our main problem is
that the IR data are not very informative: when the correla-
tion is poor, the simpler form of the equation is always
preferred and a distinction is not possible. Even in this
case, however, restriction to acceptor substituents means a
significant improvement, particularly the PLS results. If the
less clear results of this example are due to the afore-
mentioned defects of the data matrix, one could improve
them by dropping columns of low modelling power. After
this reduction, more components are needed for the para
matrix, while the meta matrix is not changed. The results
thus become increasingly similar to those of the preceding
examples but their statistical weight is much less after data
reduction. This applies also to PCA on a smaller matrix
restricted only to the carbonyl stretching frequency.”
The set of melting points was included in our test samples
just for comparison and any significant correlation was not
expected. In fact the results were better than anticipated
and formally rather similar to the IR series. The systematic
part of the variance cannot be ascribed to substituent polar
effects but rather to some specific effects of steric origin.
The melting points of meta derivatives are, as a rule, lower,
as follows from their lower symmetry. Interestingly
enough, some asymmetry of the model is observed even in
this series: according to PLS the behaviour of para deriv-
atives is more complex (in spite of their higher symmetry).
We believe that some relationships between structure and
property could be found even for the melting points.

Conclusions

Our results are more definite and quantitatively different
from those of a previous regression analysis® which was also
restricted only to the original Hammett eqn. It turned out
that the arrangement of the data matrix is of the same
importance as the number of terms when different correla-
tion equation are compared. Very often the treatment de-
scribed in the literature is overparametrized, while a simple
separation of para and meta derivatives would produce a
more significant improvement. Most frequently, if not al-
ways, all the deviations and complex behaviour are caused
by donor substituents in the para position: the defect of
common correlation equations is in that they also extend
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the complex treatment to acceptors and to the meta posi-
tion. Introduction of statistically unnecessary terms may
also be caused by the intention of using ‘theoretically pure’
parameters.' General statistical problems of multiparam-
eter equations have been discussed in detail >

Of the two historically most important treatments, those
of Yukawa-Tsuno® and Taft,® each was right in one point:
the Yukawa-Tsuno treatment in that it treats meta and
para derivatives on different levels of complexity, the DSP
in that it treats these two series separately. We are of the
opinion that these derivatives should be processed sep-
arately whenever possible and the number of nesessary
terms should be estimated in each series independently.
The classical Hammett equation, treating these derivatives
together, is strictly valid only in the simplest cases, i.e. in
the most similar ‘similarity models’. In practice it can be
also used when a more exact treatment is precluded by the
small number of data.
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