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The foundation of similarity models with one or more inde-
pendent variables are discussed. Various substituent parameters
and separation of inductive and resonance effects are descri-
bed. Classical steric effects of substituents and their effect
on the geometry of molecules (in organic crystals) are
reviewed. Both experimental and theoretical approaches are dis-
cussed.

1. INTRODUCTION

In statistics the term correlation analysis denotes such an
analysis that describes the strength of autual interrelations
betwean two (or more) sets of random variables. The same notion
used in organic chemistry means something quite different. Cor-
relation analysis in organic chemistry [1,2] C[abbreviation
CAOC) - since 1979 every three years a European conference has
been organized under this titlae: 1979 Assisi, 1982 Hull, 1983
Louvain la Neuve; the next will be held in Poland <(Poznafh in
1988) deals with construction and application of simple simsila-
rity models in order to explain and/or describes

a) the mechanism of chemical reactions [3],

b) the influence of variation in the structure of substra-
tes or attacking reagent [1-5]1, or the nature of envi-
ronment (exemplified by solvent [3-71
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on logarithms of rate or equilibrium constants or physicochemi-
cal properties of chemical species organized in reaction series.
Chemical similarity models use multiple regression analysis
equation in the form
N

&0 = a A  + B 1)
3 G ) L

cSGI,‘ describas experimental chemical reactivities or physico-
chemical properties of chemical species i=l,2,..n3 19244 «N.
Explanatory parameters nt’j describe quantitatively j-th inde—
pendent ways {(or factor, or sechanism) of interactions for a
set of n species (i=1,2...n) in reaction or process under stu-
dy. It is assumed that those parameters are mutually uncorre—
lated. Regression coefficient aj axpresses sensitivity of 613‘
variation on the changes of j-th mechanism. The intercept Bi of
regression should be close to zero since operator & applied in
(1) is the Leffler and Grunwald [7) one. This is a difference
of property @ for i-th chemical species and some other species
accepted as a standard or reference. In this way some part of
possible systesatic error may be diminished. Additionally, the
multiparaseter solution of the chemical problem could be sup-
ported by calculation of the per cent contribution of each me—
ch'aniun by the use of expression (2)

1000
% jth machanism = “—---‘ {2

I a
i=s !

Prior to such calculations, all cli values must be normalized to

give them all equal weights. This is necessary because of var-

ious units for explanatory parameters A‘j which yield diffe—
L

rent magnitudes for aj . Any common variance contributed in



®.g. A and A results in incorrect values of a (3=1,2)
i, i,j=2 i

in spite of normalization and may lead to false conclusions.

Some authors [8,9] prefer other ways of demonstrating various

blends of two mechanisms k and L contributing to the total sub-—

a
stituent effects, £ = -‘—l!— . If only two factors are being con-
v

sidered, £ and X-contribution calculated by expression (2) are

proportional .

2. CONSTRUCTION OF SIMILARITY MODELS

In chesistry it is usually possible to vary one structural
or environmental variable at a time for a set of chemical spe-
cies (i= 1,2,... n). This set of chemical species is often
named a reaction series. The dependent variable in the reaction
series (experimental chamical or physicochsmical property) is
affected by one or two major independent ways or modes or se-
chanisms of action. It often happens that the relative inten-
sity of two simultanecusly operated ways is nearly constant for
all chemical species in the reaction series, and for a large
variety of chemical processes. Then the problem under study
sinplifies and resembles one way problem. Such a situation
seems to take place for mela-substituted benzens derivatives.
The single parasester representation of eq.(1), i.e. a linsar
regrassion is for these reaction series most often sufficent to
decribe substituent effects. That is, the blend of resonance
and inductive (or delocalized and localized) contributions to
the overall substituent effect is relatively constant for a
full range of structural variation and for most chemical pro-

cesses.



The situation is much more complex for the case of a reac—
tion series in which the blend of two independent ways of ac-
tion is not constant within the frame of the reaction series,
and is still dependent on the chemical process.

For these cases, two — or more - parameter regressions (1)
have to be used in order to explain (inperpret) the dependence
of &0 - values for the given reaction series on the mechanism
of interactions between the reaction (process) site and substi-
tuents. This case is realized for para-disubstituted deriva-—
tives of benzene and to a greater extent for ortho-disubstitu-—
ted species. For the first case — for various reaction series —
depending on the nature of chemical process, the blend of reso-
nance/induction effects varies from ~40X% (acid/base equilibria
of para-substituted phenylacetic acids) to ~60% (acid/base
equilibria of para-substituted lnilinus)? Moreover, depending
on the nature of the reaction site (electron repelling or
accepting) a through—conjugation effect acts in different di-
rections and needs different scales of substituent constants,
a; and a;, respectively. Nevertheless, it is possible to treat
para-substituted reaction series in two different ways:

(i) using for the reaction series in question a linear mo-
del with substituent constants maintaining the same
variability of blend of two independent mechanisms as
that used for the reference reaction series, i.e. that

used to define substituent constants, and

{ii) using two (or more) parameter regressions which allows
to estimate per cent contributions of these independent
mechanisms in the substituent effect measured in the
given process, 5Q .

% Percentage calculated by the use of o, and % and eq. (2)



In the case of ortho—substituted spacies neither (i) nor (ii)
is effective: (i) is not valid since the blend of resonance-in-—
ductive contributions varies from compound to compound. This
does not allow to apply any simple model of similarity; (ii) is
better suited for such a case although steric effects may
interfere in this case too.

The fundamental problea in applying the similarity model is
to define a reference reaction of known mechanism and complexi-—
ty. This reaction will be used to define independent variable
or substituent constants. The natural requirements for choosing
such a reference reaction are as follows:

(i) high accuracy and precision of measuresents,

{ii) measurements should be available for a wide range of

chemical species = 1,2...n .

{iii) the chemical reactivity parameter or physicochemical
property should be highly sensitive to the change of

structure (i.e. to the nature of substituent),

{iv) the mechanism of interaction of the reaction (process)
site with substituent in the reference reaction series
should be as well known as possible. Otherwise, no use—
ful information for interpretation of 60‘ is available
even if regression (1) holds. The only predictive value

of eq. (1) is in such a case a result of our treatment.
The set of chemical species (i.e. reference reaction series)
which follows all above mentioned conditions in a reference
process may be used to estimate parameters ALj of eq. (1) and
then to apply them in order to explain and/or predict d&k - va—
lues of the studied reaction series.
Two historical examples will explain the practical way of

similarity model construction.



Hammett [10] applied as a reference reaction the acid-base
dissociation of meta and para-substituted benzoic acids in
water at 25°C. This reaction meets all four natural require-
ments stated in this section. This means (i) high accuracy of
potentiometric pKa data for para and meta substituents such as
strong electron—donors (OH, OPh), various alkyls, all halogens,
and electron-acceptors (COCH‘, CN, AKG) as well as (ii) relati-
vely high sensitivity of pK° upon the change of substitdﬂnt.
The p|<n data are spread in a range of more than 1 ch unit. By
definition only one way of action of substituent on the reac-—
tion site is accepted (j=1). Benzoic acid is used as a refe-
rence (zero - condition) compound to set substituent constant
o = log K(X)/K(H). The sensitivity of the reaction towards
various substituents is set as standard (unit condition), and
p=1. Hence ﬂk'j=Ai=a_‘=om()K) or ap(X), where X is a substituent
in meta or para-position to the carboxyl group in benzoic acid
derivatives. These explanatory parameters, or substituent cons-
tants, were used in the equation now known as Hammett’s equa-
tion:

SQ(X) = po(X) + const (3
SQ{X) are chemical [10) or physicochemical [8] properties of
meta or para—-substituted derivatives of benzene or even more
complex systems [B] in which meta and para-like positions may
be fixed or this kind of mechanism of interaction (transmission
of electrical effect) may be assumed. Eq. (3) does not apply to
ortho substituted systems in which the nature of substituent
effect on reactivity depends to a much greater degree on the
type of reaction (or attacking reagent), nature of environment

and solvent effect [91.



The second example is taken from a work by Roberts and More-
land [11] who have measured acid/base dissociation of 4-substi-
tuted bicyclo-L[2.2.2]-actanecarboxylic acids. There is no inter-—

CCCH action between substituent and carboxylic
group possible through MN-electrons. It was

accepted [11] that only inductive and/or

field effects may operate in this structure

and log K.‘ values measured in 50% aqueous
ethanol at 25°C were accepted as a good inductive/field substi-
tuent parameter al, and are often used in eq. (1) when sepa—
ration of inductive and resonance effects in the substituent
effect is a purpose of study.
The difference between these two examples is significant.

In the first case the substituent constants o reflect the blend
of two independent mechanisms of electron interaction between
substituent and reaction site. This blend is not constant
within the series of meta and para-substituted derivatives of
benzene. Nevertheless, these parameters are successfully used
to describe substituent effect for those reaction series in
which this blend changes similarly as in meta and para-sub-—
stituted benzoic acids. The other example presents the reaction
with a single mechanism of interaction and this scale of sub-
stituent constants may be used either as ar'. the cosponent in
eq.{1), or as similarity parameter for a reaction series with
inductive sffect only. Then the linear regression version of
eq. (1) is sufficient. When a new process or reaction, or a group
of related reactions fails to fit in with explanatory parameter

A,”_ s one has at least three choices:
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(1) one can use a different set of explanatory parameters,
(2) one can use two (or even more) explanatory parameters,

A and A or,
po% L2

(3) one can introduce no new parameters, but instead use
the deviation from the line to suggest special effects,
or a more complex process (e.g. two independent ways
instead of one, or change of relative intensity of two

simultaneously operated ways).

The first choice has been most attractive and of course
gives better fits because one is free to change “constants" at
will, for each process under study. The multiplicity of sub-
stituent parameters reflects the progress or propagation of
experimental works but has several disadvantages. The better fit
is now less noteworthy. It allows a researcher to accept a sub-
jective and arbitrary selection of parameters after the data are
known. The predictive power of such a treatment is very limited.
Of course one can feel free to propose new similarity models,
however it must be very well done and supported by extensive
experimental or theoretical work and in agreement with all natu-
ral requirements. Examples will be discussed in part 3.

The second choice offers a possibility to build up a simi-
larity model of greater complexity with two or even more inde-
pendent modes of action. Then equation (1) with j=1,2,...n must
be used and the respective substituent parameters (independent
variables) have to be applied.

It is necessary to mention now the alternative procedure.
When two ways of action are sufficient, it becomes possible to
extract them by a factor analysis [12] of the data set (various

reactions or processes #* different substituents). In the first,



“abstract" solution of such an analysis, the best least-squares
$it between the observed and calculated data (with two factors)
is obtained, but the factors are not unique. The following step
is the transformation of this "abstract™ solution into a prac-
tical real solution, in which real factors have a simple, clear
physical meaning or interpretation at the molecular level. In
order that this transformation be performed, two critical assum—
ptions are required [13]. Correlation coefficients (fits) do not
depend on the choice of these critical assumptions. Application
of this method is much more difficult when three or more modes
of action are involved, because the rnumber of critical condi-
tions to be identified and justified increases dramatically.
Therefore it has been left unapplied. Finally, the third choice
is to use deviations from linear plots (in magnitude and sign)
as an indication of break point in the reaction mechanism or of
solvent complexation.

All three possiblities were explored by various authors
with varying interest. In the following part they are discussed

in detail.

3. THE ORIGINAL HAMMETT o"a AND THEIR MODIFICATIDNS

The quantitative measure of substituent effect in meta- and
parc-substituted benzenes has been defined from the simple
linear correlation {regression). The substituent scale to be
identified and justified requires one trivial reference (zero)
condition and one standard (unit) condition. Acid-base disso-—
ciation constants of meta and para-substituted benzoic acids in
water at 25°C were chosen as the unit condition. This set up

p=1, by definition.



/;0
R@rr\OH +HO === R\@/(\Og . HSO' a)

The pKu of benzoic acid 1in this reaction was chosen as

reference - zero condition. Then

& = 109 —TiB— 5

Hammett substituent constants o were estimated and defined [10]
as a measure of substituent effects independent of reaction,
medium and temperature.

These are primary substituent constants. In order to inclu-
de substituents whose benzoic acids derivatives were insolube
in water, other solvents were used to derive secondary substi-
tuent constants [14]1. These secondary ¢ values were calcula-
ted from the equation

K 0

o = (log "By / o 6)
< K (H)

in which p is the reaction constant for reaction (4) in a given
solvent.

In many cases the authors used another reaction as the unit
condition for getting o’s which were unavailable by the use of
Hammett reaction (4) [151.

Extensive lists of o values were published in numerous com-
pilations [2,16,17,18]1. Jaffé [B8] and others [(19) applied sta-
tistical smoothing in order to obtain “mean" values for o.
However, this multiplicity of substituent constants has several

disadvantages. A better fit is less noteworthy, a user can sub-

jectively or arbitrarily choose between scales and improve the



fit of experimental data to the rgqresslnn line. It is no lon-
ger clear how many different kinds of mechanisms are involved.

On this ground we present our conviction that it is most
reasonable to use primary substituent constants. If they are
not available we recommend the use of secondary substituent
constants which were established for the same reference reac-
tion in different solvents, provided the precision of the reg—
ression is high.

Both sets of substituent constants are known for a large
number of substituents and cover all most important and diffe—
rentiated chemical and physical properties. Some constants were
redetermined by McDaniel and Brown [14] with higher precision.
Many other ones were redetermined by secondary standard method
by Exner and co-workers [20]1.

The deviations from linearity then mean that there is dis—
continuity in the mechanism, e.g. a change in the electric
nature of the substituent effects [21], in the rate—determining
step [22] or in solvent complexation [(23]1. The sign and magni-—
tude of such deviations are highly informative, frequently used
for interpretation and pushes to further exploration.

For example, taking thoroughly into account Hammett’s refe-
rence reaction (4) it is immediately clear that substituent
effects measured by o values are estimated from the process in
which the substituent itself as well as the reaction site on
both sides of eq. (4) are dependent on the solvent, and more—
over they are not free of through-resonance effects. The carbo-
xylic group is solvated in a different manner than COO . In

turn, the substituent effect on both sides is differently modi-



fied by solvent effect. In addition, it should be mentioned
that for electron-donor substituents in para position the sub-
stituent effect on the left-hand side is connected with an
increase of charge density at COON which is an electron-
accepting group. Conversely, for electron—accepting para—-sub-
stituents a decrease of &-charge at COO is observed due to
through—conjugation. In consequence, the measured K(X}-values
contain both effects influenced additionally by hydration
effects of those two groups. As a result, if one analyses how
the po equation (3) is fulfilled in other media two conclusions
may be drawn [24]:

(i) regression coefficient p, called reaction constant, increa-
ses with a decrease of solvent polarity (e.g. p=1 in water, 1.72
in EtOH) and (ii) a decrease of goodness of fit is observed
while going from water to water/organic solvent media for acid/
/base equilibrium (4),

Systematic deviations from equation (3) for pKa of para—-sub-
stituted anilines and phenols found by Hammett himself [3I] were
explained by a strong through-resonance effect. This finding
was an inspiration for further and deeper analysis of substi-
tuent effects, carried out by Wepster et al. [25]. They conclu-—
ded that one scale of substituent constants cannot serve (acco-
modate) equally well for various reaction series differing in
blend of resonance and inductive contributions. Hence, two addi-

tional scales of substituent constants were introduced.
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4. THE o' AND o SUBSTITUENT SCALES.

These scales were introduced for a reaction series in which
the reaction site Y is either lN-electron attracting ") and
para-substituents are [l-electron donors, or [-electron donating
{¢") and para—substituents are M-electron acceptors. For such
systems the substituent effect is enhanced by an additional
effect named: through-resonance, through-conjugation, intramo—
lecular charge—transfer or [l-electron cooperative effect. A sys—
tem in which these effects are present to a greater degree than
in the reference reaction for Hammett’s o (4) needs a new set
of substituent constants, which contain an increased contribu-
tion of resonance effect.

Analyses of the geometry of systems with a strong through-—
-resonance effect support the classical! view of interactions
involved in these systems.

for electron donating reaction site Y, substituent constants
o, necessary for electron accepting substituents have to account
for the intramolecular charge transfer. This is exemplifiad by

appropriate canonical structuress B and @ of para-nitroaniline:s

NH, TNH

NG, 0,

(a) (8)

As a result of protonation, the M-electron cooperative effect
{expressed by high contribution of G-structure) is distinctly

decreased. Comparison of %ZQ in these twp species calculated di-



rectly from the geometry of para-nitroaniline [261 and para—di-
nitrobenzen@ which is electronically similar to para-nitroani-
Iinum cation by use of the HOSE — method [27] yields 40.4 and
24.5% respectively. Obviously, for electron—-accepting substi-
tuents X, the basicity of NHa - group decreases, i.e. the aci-
dity of a conjugated acid NH; group increases, resulting in an
enhancesent of the measured pKa—values. The para-X—aniline/ani~
linum ion acid-base equilibria are chosen as a reference reac—
tion for ¢ substituent scale. For meta-substituted compounds
aq. (3) holds with original Hammett o for meta substituents. p
for these systems is found to be 2.77, when deviating points on

this graph are drawn for para-accepting substituents by d&log
lag K(X)
2.77

K{(X)- value one can calculate o™= 8.

The following explains the difference between Hammett’s o
and ¢ substituent constants. For electron accepting substitu-
ents, o are strongly influenced by a 1large contribution of
structure @, in aniline eq. (7). However, in its conjugate acid,
anilinum ion, the contribution of structure Q is very low. In
contrast, the influence of structure O on both sides of eq.{(4)
is moderate: on the left side by electron donating substituents
and on the right side by electron accepting substituents. It
may be illustrated by %@ structure calculated by the HOSE model
[27]1. From the geometry of para-N,N-dimethylaminobenzoic acid
Q=40.456X for electron donating substituents and (=28.&68% for
electron accepting nitro group [29]. For para-nitrobenzoate
anion [29]1 %3 is 30.1, but the coo” group is involved in strong

interactions with water molecules in crystal.



The picture presented above is in a good agreement with the
classical interpretation of this effect. No doubt one observes
really great changes in the geometry of benzene ring reflected
in great differences in “ZG-values for the systems with through-
-resonance and without it. A modern approach based upon ab-ini-—
tic STO-3G calculations leads to a small difference between the
energies of interactions for e.g. para—-nitroaniline (2.2 kcal/
/mpl) and meta-nitroaniline (0.0 kcal/mol) if one takes into

account homodesmic reactions [30)

X X :
@ ! @ @ ' @
Y

This discrepancy between structural picture (geometries) and
energy view is as yet not fully understood.

Brown and Dkamoto [312 account for the opposite effect in
o' substituent scale. The values of o' were based on solvolysis
of para-substituted t-cumyl chlorides in a 90% acetone-water
mixture at 25°C. Meta substituents and those para which are

electron accepting in character allow to draw a straight line

with p=-4.54 .

Me,C—Cl Me, C--Cl”

ﬂ_ fast products (8)



In the transition state, the rate determining step resembles
the carbonium ion intermediate and the substituents acting as

electron donors influence its stability, as shown below

Me
N8
Me, Me/[
&
2
C\EK #0.
Me “Me

For points deriving from the Hammett line by &Slog k oane calcu-
late o'= Slog k/(-4.54). An extensive list of o  and o  values
is given in a compilation by Exner [16], while Hansch and Leo
[17] and also Hoefnagel and Wepster [32)] reexamined many of o
values and introduced some new values. Recently Binev et al.
have introduced an extensive list of o parameters for anionic

substituents [33].

5. SIMPLE OR MULTIPLE REGRESSION 7

The general equation (1) offers the possiblity of analysing
substituent effects on the reaction center via simple or multi-
ple regression, provided independent parameters are accessible.
In our case independent parameters are substituent constants
referring to a particular aode of substituent effect transmis—
sion. The regression coefficients in simple regression, also
called reaction constants, p, cover roughly the range Ox4. A
reaction which is facilitated by reducing the electron density
at the reaction centre has a positive value of p, and one faci-

litated by increasing the electron density at the reaction



centre has a negative value. The standard reaction, dissocia~-
tion of benzoic acids in water at 25°C has P~1.00 by defini-
tion [101.

More regression coefficients are calculated in a multiple
regression model. Each describes the intensity of substituent
action on the reaction center through a particular mechanism of
action. The per cent value of the particular mechanism in com—
plex phenomena can be calculated by applying eq. (2).

Nowadays, calculation of regression parameters is a trivial
task. The least-squares method is used in programmable clacula-
tors or various computers. The main problem for a researcher is
to decide:

(i) how to use eq. (1),

(ii} how to choose explanatory parameters,

(iii) whether or not multiple regression is superior to sim—
ple regression, and

tiv) how to decide about goodness of fit.

Equation (1) may be used in different ways according to a
philosophy of research. The most elegant way is to use simple
regression and study the deviation of points, if any. In this
approach one avoids any uncertainty which may be connected with
intercorrelations between explanatory parameters in multiple
regressions. Systematic deviation of points from the straight
line means that interaction between substituent and reaction
center varies while going from reference to the studied reac—
tion. A distance between the experisental point and the straight
line may be a measure of the given effect. For example, in the

dissociation of para-nitroaniline



in the whole range. It is recommended to avoid data sets with
one cluster of points and a single point far away +From the
cluster. The distribution of experimental points along substi-
tuent parameter axis should be uniform. Ehrenson et al. ([19]
suggest the following set of substituents: Nno’, NHMe 5 NH’. OMe
{any two of them), CF;, COCR, CN;CO, CN, ND; (any two of them),
N and Me, and two halogens, but not Br and Cl simultaneocusly.
Such a collection of 8-10 para and 8-10 meta substituents will
follow all requirements and will give good statistical evidence.

Multiple regression is an alternative to simple regression.
It needs multiple sets of substituent parameters, esach descri-
bing a single mechanism of substituent interaction on the reac-
tion center. The explanatory paramseters ALj must be inde—

pendent as far as their physicochemical nature is concerned and




































































































































