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The Interpretation of Quantitative Linear Correlations. Substituent

Effects on the Properties of Naphthalene and its Derivatives

By Michael F. Duerden and Martin Godfrey,” Department of Chemistry, The University, Southampton
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Arecently proposed theoretical model for quantitative linear correlation analysis, which involves a major modification
to the physical interpretation usually given to each of the parameters in the dual substituent parameter expression
pi(or + 2oR), is tested by application to substituent effects on the properties of naphthalene and its derivatives.
The model is shown to be capable of accounting for the variation in precision of quantitative linear correlations
among substituent effects on the four properties for which adequate experimental data are available, and of inter-
preting in a self-consistent way the variations in the values of p; and A as the nature of the property and the dis-

position of the substituent site and the probe site are changed. In these respects it appears to be superior to other
models in current use. Itis concluded that the novel interpretations of p; and 2, and hence of 6; and o5, provided by
the model are strongly supported by the results of the present study.

THE effects of a set of structural perturbations (e.g.
substituent effects) on either a pair of properties of a
given molecular system, or on a given property of a pair
of molecular systems, are often very simply correlated
with a high degree of precision. For example, equation
(1) often holds well when 8P represents changes in values
of properties, o; and oy t are characteristic parameters
for substituent-induced perturbations and ¢ and 2 are
coefficients.! The usefulness of linear correlation analyses

3P, __ en(or + Mog) 1)
8P,  pr2(o1 + Azowr)

in elucidating electronic structure and reaction mech-
anisms depends on the validity and the sophistication of
the interpretations given to the parameters. We are
concerned with the possibility of designing more useful
theoretical models than those currently available. In
previous publications on this topic 2 we have proposed
a novel model which seems to have the capability, not
found in popular models, of correctly predicting the
circumstances required for equation (1) to be obeyed with
high precision in its general form, and the additional
circumstances required for it to be obeyed with oy’ the
same as og, and X, equal in value to A (i.e. the circum-
stances required for 8P,/3P, to be independent of the
nature of the substituent). A particularly interesting
feature of this model is that it involves a major modi-
fication to the physical interpretation usually given to
each of the substituent parameters o; and og, and hence
to each of the coefficients pr and A.

Here we report on the application of our model to the
analysis of substituent effects on the four properties of
naphthalene and its derivatives for which adequate
experimental data are available. We first predict the
variations in the precision of the quantitative linear co-
relations with the disposition of the substituent site and
the probe site, and secondly we interpret in terms of
electronic effects the variations in the values of the
coefficients p; and A as the disposition of sites and the
nature of the property are changed. This application

1 There are four scales of o values. In general each og and
or’ might be any one of the four.

provides a particularly severe test of our model because
the number of distinguishable dispositions of substituent
site and probe site in which the two sites are not adjacent
to one another, eleven, is so large for naphthalene
derivatives: for benzene derivatives the corresponding
number is only two. The results should be of extra
interest since an attempt by Wells, Ehrenson, and Taft 8
to interpret the variations in the values of pr and of A
for naphthalene derivatives in terms of familiar theoretical
concepts left many problems unresolved.

Before presenting and discussing the results of our
test, we will outline our theory and discuss contemporary
concepts in substituent effect analysis, including the
general interpretation of oy, og, p1, and 2, in terms of it.

The Theoretical Model for Electronic E ffects.—The basic
postulate in our model for quantitative linear correlations
is that perfect correlations exist only when (i) the change
in value of each property is directly proportional to
some linear combination of the changes in electron
population at the probe site and at the sites immediately
adjacent toit, and (ii) the changes in electron populations
significantly involve only a certain set of electronic
effects, namely, the polarisation and charge-transfer
(PCT) effects. We now briefly specify what these PCT
effects are: full details have been given elsewhere.?

The PCT electronic effects of structural perturbations
of a molecular system are considered to originate in the
immediate vicinity of the source site and to be trans-
mitted to the vicinity of the probe site via interactions
between small sub-systems of the molecular system.
The first step in calculating these electronic effects in a
particular molecular system is to divide that system into
a set of sub-systems (a typical sub-system is a vinylene
group): the recipe for doing this is given later in this
section, after we have described the nature of the inter-
actions between sub-systems.

The interactions between sub-systems are of two kinds,
namely, coulombic and non-coulombic. The coulombic
interactions arise out of charges and dipoles within the
isolated sub-systems. The non-coulombic interactions
arise out of overlap between orbitals of one sub-system
and orbitals of adjacent sub-systems. The non-
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coulombic interactions are of two kinds, namely, charge-
transfer, which arises out of overlap between filled
orbitals of one sub-system and vacant orbitals of another
and is stabilising, and overlap-repulsion, which arises out
of overlap between filled orbitals of one sub-system and
filled orbitals of another and is destabilising. Each
sub-system may in principle undergo self-polarisation in
order to increase any stabilising effect, or to decrease
any destabilising effect, of the coulombic and non-
coulombic interactions. The self-polarisation involves
the perturbation of the orbitals of the sub-system through
mixing with other orbital functions. Thus, for example,
a vinylene sub-system would polarise if the =-bonding
orbital was mixed with a r-antibonding orbital function,
and the w-antibonding orbital was mixed with a =-
bonding function. The self-polarisation of a sub-system
is in itself a destabilising process and hence it will be
allowed in practice only if it leads to an increase in the
net stabilising effect of the interactions with other sub-
systems that is greater than the destabilising effect of
the polarisation.

Any structural change within a sub-system should in
principle affect the interactions of that sub-system with
its neighbours. Thus the replacement of one sub-system
in a molecule by another of different nature (z.e. the
introduction of or the replacement of a substituent
group) may result in one or more of the following effects:
(i) a self-polarisation of the neighbouring sub-system in
order to create or to increase stabilising coulombic
interactions (hereafter called coulombic self-polarisation),
(i1) a self-polarisation of the neighbouring sub-system in
order either to increase charge-transfer interactions or to
decrease overlap-repulsion interactions (hereafter called
non-coulombic self-polarisation), and (iii) a #et transfer of
electronic charge between the substituent and the neigh-
bouring sub-system. These ¢hree effects of a substituent
on its neighbouring sub-system are illustrated in Figure 1.
The coulombic field exerted by the charges and dipoles
within the substituent also affects the energies of the
orbitals within the neighbouring sub-system. The four
effects we have just described are called direct substituent
effects.

Since the electronic structure of the sub-system
adjacent to the substituent group has been changed by
the introduction of the substituent, the interactions
between that sub-system and idfs neighbouring sub-
system(s) should in principle also be affected by the
introduction of the substituent and so on through the
whole molecular system: these effects are called #rans-
mitted substituent effects.
type of effect transmitted by a given sub-system depends
on ail types of effect exerted on that sub-system. Thus
our theoretical model does not involve the assumption,
commonly made in other models, that there are two or
more types of electronic effect each of which is trans-
mitted tndependently of the others.

In order to keep the transmission mechanism reason-
ably simple, all interactions involving non-adjacent sub-
systems are neglected in our treatment. Even so, the

It should be noted that each
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calculation of substituent-induced changes in PCT
electron population is complicated in the general case.
However, the calculation becomes much easier in cases
where non-coulombic self-polarisation effects involving
many of the sub-systems happen to be zero, and for-
tunately it appears from the results of previous 4 appli-
cations of our model that non-coulombic self-polarisation
effects are usually zero when the sub-systems involved
are hydrocarbon groups of similar nature to one another.
Thus the calculation is quite easy for substituent effects
on naphthalene when non-coulombic self-polarisation
effects involving neighbouring sub-systems in the
naphthyl moiety are taken to be zero, as we shall
demonstrate below.

The sub-systems in any molecular system are chosen
so that they each contain a set of orbitals, called the
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Ficure 1 A schematic representation of the direct and the
transmitted electronic effects of a substituent X. The boxes
represent molecular sub-systems and the arrows represent
electron displacements due to self-polarisation or charge-trans-
fer. The broken lines represent coulombic self-polarisation
effects, or charge-transfer effects brought about by the influence
of the coulombic field of one sub-system on the energies of the
orbitals of its neighbouring sub-system. The solid lines
represent non-coulombic self-polarisation effects or associated
charge-transfer effects. The lengths of the lines indicate
qualitatively the magnitudes of the effects. The transmitted
effects are illustrated for (a) the general case, and (b) the case
in which the degree of non-coulombic self-polarisation and
associated charge-transfer involving other sub-systems are not
affected by the substituent sub-system

principal orbitals, which are analogous to the w-orbitals
of ethylene. Thus in hexatrienes (Figure 2a) the sub-
systems are three vinylene units; in styrenes (Figure 2b)
they are two semiphenylene units plus a vinylene unit;
in propanes (Figure 2c¢) they are three methylene units;
and in naphthalenes (Figure 2d) they are two semi-
phenylene units plus two vinylene units. The principal
orbitals of a semiphenylene unit are the allylic =-orbitals:
they can be transformed into the n-orbitals of ethylene by
reducing the C-C-C bond angle to zero. The principal
orbitals of a methylene unit are one of the two orbitals
which give C-H bonding character, and one of the two
orbitals which give C-H antibonding character.

It should be noted that all four types of PCT effect can
in principle be generated in and transmitted through
saturated as well as unsaturated hydrocarbon derivatives.
This contrasts with the common assumption that some
types of perturbation (e.g. mesomeric) can be trans-
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mitted only through unsaturated molecular systems or
sub-systems.

The model does not neglect altogether interactions
involving orbitals other than the principal ones. Thus,
for example, that component of charge-transfer between
a substituent sub-system and a planar hydrocarbon sub-
system, which involves only c-orbitals, is considered to
be a major source of coulombic perturbation for the
principal orbitals. Also, the polarisation of the principal
orbitals in a sub-system is considered to be a major
source of perturbation for the other orbitals in the same
sub-system. However, the transmission of electronic
disturbances through more than one or two bonds is

-
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FIGURE 2 The sub-systems in some hydrocarbons.
broken lines divide the sub-systems

The

assumed to require the involvement of the principal
orbitals if significant effects are to be observed.

Finally in this section, we compare our PCT electronic
effects with the seven types of electronic effect listed by
Topsom in a recent compilation.” The wg, m,p, and R
effects in Topsom’s list fogether correspond to our PCT
electronic effects transmitted through the principal
orbitals. The =, and o, effects correspond to PCT
effects which arise out of the involvement of orbitals
other than the principal ones. Since PCT electronic
effects are generated in and transmitted through satur-
ated as well as unsaturated molecular systems, analogues
of the rg, o, R, 7, and o, effects should also be found
in saturated systems. The F and I, effects mentioned
by Topsom correspond to #on-PCT electronic effects. It
is our contention that, except at sites close to the sub-
stituent, non-PCT electronic effects are negligibly small
compared with PCT electronic effects in both unsaturated
and saturated molecular systems.3

The relationship between, on the one hand parameters
which are measures of the individual PCT electronic
effects, and on the other hand o1 and og, will be con-
sidered later, after we have discussed how PCT electronic
effects provide a basis for quantitative linear correlations
involving two substituent parameters.

The Application of the Theoretical Model to the Predic-
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tion and the Interpretation of Quantitative Linear Cor-
relations—Empirically, the effects of substituents on
the electron populations, as calculated by ab initio MO
methods, at various sites ¢ within a molecular system
(8q:), can in many cases * be described with quantitative
accuracy in terms of just two characteristic substituent
parameters, F and S, as in equation (2).2 Where the ab
tnitio electron populations are not significantly different
from the PCT electron populations our model gives pre-
cise physical significance to Fand to S. F represents the
degree of self-polarisation of the molecular sub-system
adjacent to the substituent (called the base sub-system)
required to optimise the stabilising effects of the coulom-
bic fields originating in the substituent itself and in the
bond between the substituent and the base sub-system.
S represents the degree of self-polarisation of the base
sub-system required to optimise the stabilising effects
of the charge-transfer interactions between the sub-
stituent and the base sub-system: this non-coulombic
self-polarisation is accompanied by a near-proportionate
amount of net charge-transfer.

3q, = fi(F + &) (2)

The value of the coefficient g; in equation (2) reflects
the relative sensitivity of the electron population at the
probe site to the coulombic and the non-coulombic self-
polarisations of the base sub-system. The value of the
coefficient f; reflects the absolute sensitivity of the
electron population at the probe site to the coulombic
self-polarisation of the base sub-system.

The effects of substituents on the value of each of
various properties P can also be expressed in terms of F
and S, as in equation (3), provided that 3P is directly
proportional to some blend of 8q; and 8q; where 7 is the
probe site and 7 is any site adjacent to it. The values of
the coefficients f; and g; in fhis equation then reflect not
only the sensitivity of the electron populations at site ¢
to the self-polarisation of the base sub-system, but also
the relative importance of the electron populations at
sites 7 and j in contributing to 8P,.

8P, = fi(F + &S) 3)

The details of the self-polarisation of the base sub-
system per unit value of F or S depend on the nature of
the base sub-system. The choice of the nature of the
base sub-system and the details of the self-polarisation
used to define unit values of F and S is a matter of con-
venience. In the present work we have in fact used a
method of evaluating F and S from ab ¢nitio =-electron
populations in monosubstituted benzenes, which has
been described elsewhere.2 The absolute values of the
coefficients f; and g; depend on the choice of definition of
F and S. In order to reach conclusions which are
independent of this choice we shall concern ourselves in
this work only with the way in which g values and the
ratio of f values vary with the nature of the property

* The exceptions are substituents which do not give rise to

marked net charge-transfer, ¢.g. methyl, ammonio, and certain
halogeno groups.



1980

and with the disposition of the substituent site and the
probe site.

Some general features of the behaviour of g that arise
out of our model and are used below are as follows: (i)
the values of g for changes in electron population ought
not to depend on the position of the site for sites in the
third and more remote sub-systems relative to the base
sub-system, provided that the sub-systems are linked in
a chain and that the nature of the substituent does not
affect the degrees of self-polarisation required to optimise
the non-coulombic interactions between the sub-systems;
(ii) the values of g for changes in any property that is
linearly related to any one or more of those changes in
electron population ought not to depend on the position
of the probe site for a given position of the substituent
site; and (iii) the values of g should be fixed only by the
natures of the base and second sub-systems and by the
site(s) of attachment of the third sub-system to the
second and the second sub-system to the base. (This
implies that any change in the nature or the structure of
the third or any of the subsequent sub-systems would
not in itself affect the g value.)

In terms of the substituent shell concept recently dis-
cussed by Wold and Sjostrom,® the regions of constant g
value for substituent effects on any particular property
may be said to lie outside the substituent shell for that
property, and conversely the regions of variable g value
may be said to lie inside the substituent shell. Outside
the substituent shell the value of F 4 gS for any sub-
stituent is obviously constant and therefore could be
replaced by a single substituent parameter in equation
(3), whereas inside the substituent shell the value of
F + gS varies with the probe site and could not be
replaced by a single parameter. The value of g, and
hence of the single substituent parameter, should be
characteristic of the nature and the structure of the
inside of the substituent shell, but should not depend on
the nature or the structure of the oufside of the substituent
shell.

The location of the boundary of a substituent shell
would change if the degree of self-polarisation required to
optimise the non-coulombic interactions involving any
of the sub-systems lying inside the shell did, or could be
made to, depend in any way on the nature of the sub-
stituent. This particular phenomenon cannot be studied
with the available data on naphthalene derivatives and
therefore we will not consider it in detail here. However,
we mention it because it is involved in the general inter-
pretation of the differences between the various oy
scales which we shall consider in the next section.

Finally we point out that the value of f should in
general be variable both inside and outside the substituent
shell, with a tendency to fall off exponentially with
increasing remoteness of the probe site from the sub-
stiuent site, but with additional variations at the dif-
ferent sites within each particular sub-system.

The General Interpretations of oy, or, p, and \.—Each of
the parameters in equation (3) can be expressed pre-
cisely in terms of the parameters involved in the dual

333

substituent parameter expression pr(or + Aog) and
vice versa. Hence our model also gives precise physical
significance to each of the parameters involved in that
expression. Owur physical interpretation of the para-
meters in that expression differs quite a lot from the
interpretations usually given.

Empirically, o; and og™ may be expressed quantita-
tively in terms of F and S, as in equations (4), and vice
versa, as in equations (5). Particularly interesting
features here are that o; values are not directly pro-
portional to F values, and that the appropriate og scale
is based on anilinium ion dissociation and not on benzoic
acid dissociation.

o1 = —0.20(F + 0.7S) ox~ = —0.04(F + 4.2S) (4)
F = —1.0(60; — 50r7) S = —14(508~ — o1) ()

The values of o; depend on the values of the non-
coulombic effects involved in S, as well as on the coulom-
bic effects involved in F. Since o1 is evaluated from
empirical data on derivatives of saturated hydrocarbons,
this result will be surprising to those who believe that
non-coulombic effects operate only in unsaturated hydro-
carbon derivatives. The question of whether ojor Fisthe
better measure of coulombic effects needs to be resolved.
Reynolds has pointed out to us? that values of F, but
not of or, are nearly directly proportional to ab initio
MO calculated values of Xq,, the total substituent-
induced change in electron populations for hydrogen 1s
and carbon ¢ orbitals, in substituted styremes 1% * (see
Figure 3). In other words F, but not of, appears to be
dominated by a measure of what is commonly con-
sidered to be the major source of the I, effect, and is
considered by us to be the major source of the coulombic
PCT effect.

The only og scale which can be expressed quantitatively
in terms of S and F values for a/ substituents is the one
based on anilinium ion dissociation. The ogr scale
based on benzoic acid dissociation, ozB%, cannot be so
expressed for substituents which are strong electron
acceptors (e.g. NO, and CN groups). Since the values of
S and F were obtained from calculated electron popu-
lations in monosubstituted benzenes, the concept of
through conjugation which is commonly used in explaining
the differences between the two oy scales is called into
question. In a previous publication 3 we have proposed
and discussed a novel alternative concept, namely, that
there are two markedly different possible electronic
structures for the ground state of a phenylene system
which are energetically fairly similar, and that which
one of these structures is actually found in a particular
substituted benzene depends on the nature of the sub-
stituent(s). If the introduction of a particular sub-
stituent changes the order of relative energies of the two
possible structures, it is said to effect a structure switch.
Each of the other oy, scales can be obtained from oz~ by

* ab initio MO calculated values of Xq, in substituted besn-
zenes 11 are almost identical with those in substituted styrenes for
corresponding substituents.
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changing the values of the coefficients in equations (4)
for all substituents in the set, and/or by adjusting the
values of § and, especially, of F for the strong electron
accepting substituents in order to allow for the effects
of the structure switch within the phenylene group.
Equations (6) give the relationships between the og
scales and the adjusted F and S scales.

opBA = —0.04(F* + 4.2S8%)
0 — —0.06(F* + 2.7S¥)

or! =

or* = —0.20(F* 4 2.1S%)

In terms of the usual interpretation of oy?, this scale
ought to be directly proportional to the net w-electron
charge-transfer, Zq,, between the substituent and the
ring in monosubstituted benzenes, and hence it ought to
be directly proportional to the S scale. Clearly, this
is not in accord with the relationship given by equation

(6)

X
o]
X
[o) X
(o] X °
o X
X
b
5 [o]
k x
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X o
X
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Ficure 3 Plots of F (x) and o1 (O) against 2qe, the calculated
total substituent-induced change in electron populations for
hydrogen 1s and carbon ¢ orbitals, in substituted styrenes

(6). Ford, Katritzky, and Topsom !? have found that
Q. in substituted ethylenes is directly proportional to
or? — 0.32 o1, in excellent agreement with the expect-
ation based on equations (6) that Xq, should be directly
proportional to og? — 0.30 o;. In apparent contrast,
Hehre, Taft, and Topsom 13 has shown that Zq, in
substituted benzenes gives a very good correlation with
ox? alone, but their data set is dominated by the effects of
substituent groups with small values of F*. _

Equations (5) can be used to obtain values of F and S
from measured values of o1 and oy~ for substituents for
which the standard metbod referred to in the previous
section has not been applied, but where such substituent
groups do not give rise to marked net charge-transfer
effects on hydrocarbons the values of F and S obtained
will not have their normal physical significance.

The relationship between p and 2 on the one hand, and

J.C.S. Perkin 11

f and g on the other hand, can be found through sub-
stituting in equation (3) for F and S in terms of o; and
or. The precise relationship depends on the choice of
op scale. The relationships shown in equations (7)
correspond respectively to the og™ and ogB4, og% and
or™ scales.

e = fi(1.4g; — 6) A= (5 — 7g)/(1.48; — 6)
Pu = fi(3g — 8)/12 % = (7 — 10g:)/(3¢; — 8)
er = fi(10g; — 21)/2.8 % = (7 — 10g,)/(10g; — 21)

Q)

Since p is a rather complex function of fand g, and A is
a rather complex function of g, the physical interpret-
ations of p and » values in terms of our model are likely
to be unreasonably complex in the general case, although
simple qualitative interpretations might well be pos-
sible in certain cases. It seems to us more sensible to
convert ¢ and A values to f and g values using equations
(8), which are rearranged forms of equations (7). The
details of the physical interpretations of f and g values
for the properties of naphthalene and its derivatives are
set out in the next section. It will be assumed that the
interpretations of f and g values obtained via equations
(8) are not significantly affected by the composition of
the set of substituents involved in determining the values
of p; and .

fi= —ens(0.2% + 1)/5 g; = (6% + 5)/(1.4%; + 7)

The Application of the Theory to Substituent Effects on
the Properties of Naphthalene and its Derivatives—We
now report the results of applying our model to the
determination of 3q; values, and to the interpretation of
the empirical data, in naphthalene derivatives. The
precise problem was to obtain values of g; and ratios of
values of f; for the 8q; and for each set of the 3P, and
then to interpret the variations of the g values and the
ratios of f values for the 3P with the nature of the
measured property and with the disposition of probe site
and substituent site, in terms of the variations of the g
values and the ratios of the f values for the 8q with the
disposition of the sites. The method of labelling the
probe sites is that suggested by Wells, Ehrenson, and
Taft,® and now in common use: the labels are shown in
Figure 4.

So 4ot 6o KT8
50 4p 6p e
8n » 30
8 Tox 20t X
X

Ficure 4 The labels for the sites in substituted naphthalenes

(8)

It should be noted that in the a-substituted molecules,
but not in the B-substituted molecules, there ought to be
a significant direct coulombic interaction between the
substituent and a hydrocarbon sub-system which is not
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immediately adjacent to it. Since this electronic effect
does not belong to the PCT set, it should provide a
potential source of deviation from obedience to equation
(3) in the former set of molecules which is not present in
the latter set.

It is convenient to consider quantities relating to the
primary ring of a substituted naphthalene, 7.e. the ring
containing the substituent, after considering quantities
relating to the secondary ring.

Secondary ring. (a) The calculation of f; and g; values
for 3q. In a B-substituted molecule the 8q; due to the
substituent should, according to our model, be a com-
bination of the 3q; in the side-chains of meta- and para-
butadienyl derivatives of the corresponding substituted
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benzene was given 5/4 times this value (i.e. 45 units):
the ratio is that of f,/f, obtained from F,S analyses,
by equation (3), of AG data on the dissociation of sub-
stituted anilinium ions in aqueous solution.** This data
set was chosen to calculate f,/f, because there is some
evidence 3 that the degree of non-coulombic self-
polarisation within the ~C4H,CH,~ group is not affected
markedly either by the nature of the ring substituent
or by the proton transfer. (Because of doubts about
the chosen value of f,/f» we later repeated the calculations
using other values. We comment on the differences in
the final section.)

(iii) Each of the 1B sites was given minus 8/3 times the
value for the corresponding la« site: the ratio is that

+24(200) -120018) -96(6p)
-9601p) ~64(2R) oso(z,)( +45(1) -66(71) -19(6a)
+36(1) -80(2p) -44(Ta)
{a)
+36(1ex) -80(2R) =44 (5)
-96(113) +30(2) -66(5p)
+24(2) -120(19) -96(8f3)
-64(2f3) +45(1a) -19(8a)
(b

Ficure 5 The calculated values of 8q; for a hypothetical substituent for which the value of F - g8 is unity, used in the determin-

ation of values of f; and g; in (a) B-naphthalenes, and (b) a-naphthalenes.

benzene, as in equation (9). The labels of the sites in
these side-chains are given in Figure 5. Note that a
given site ¢ in the naphthalene molecule and the cor-
responding sites in the butadienyl-benzenes all have dif-
ferent labels, ¢.g. 68 in naphthalene corresponds to 2«
in m-butadienyl-substituted benzene and to 1B in p-
butadienyl-substituted benzene.

8qi,/S-m;,ph. = Sqi,wbubabellz. + Sqi,p«butabell‘&. (9)

Itis clear from equation (2) that the values of f; g_napn.
must be equal to those of 8q; g_napn. for a hypothetical
substituent for which the value of F 4 ¢S is unity (i.e.
F is unity and S is zero). Therefore in order to cal-
culate f; g napn. We had only to apply equation (9) to the
values of 3q; for the effects of the hypothetical sub-
stituent on the butadienylbenzenes. The latter were
obtained by the following method.

(i) The 1 site in the meta-isomer was given a net charge
of 4-36 units. The change in electron population at one
site in one isomer could be given any convenient value
since we were interested in the calculation only of the
ratios of values of 8q;.

(i) the lo site in the para-butadienyl-substituted

The labels of the sites i are given in parentheses

obtained from the results of an MO calculation of 3q,
and 3qg in styrene.1?

(iv) Each of the 2 sites, « and B, was given 2/3 times the
value for the corresponding 1 site: the ratio is that
obtained from the results of MO calculations of 8q,/3q,1
in polyvinylenes.1®

The values of g g napn. Were calculated by means of
equation (10), which was generated by applying equation
(2) to expand each term in equation (9). The required
values of f; for the butadienylbenzenes are equal to the
corresponding 8q; values for the hypothetical sub-
stituent. The required values of g; for the butadienyl-
benzenes, 0.85 for meta and 1.35 for para, were obtained
from the F,S analyses of the AG data on anilinium ions
mentioned above.

Jfi.8napn.(F 4 &i,B-naph.S)
= fi.m—butahenz.(F + gm—butabenz.s) +
Ji.p-vutavenz.(F + pvutavens.S)  (10)

In an «-substituted naphthalene the 3q; caused by the
substituent should be a combination of the 8q; in the
side-chains of meta- and ortho-butadienyl derivatives of
the corresponding substituted benzene. The method
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we used for obtaining values of f; upapn. and g o napn.
corresponded to the one we used with the g-substituted
naphthalenes except in one respect. The values of
Jolfn and of g, for the butadienyl-benzenes could not be
obtained from AG data on anilinium ions because of
large proximity effects. The way in which we modified

J.C.S. Perkin II

Table 1 and Figure 6 it would appear that 8q;, where j
represents sites adjacent to the probe site, has a very
important influence on the acidity of naphthoic acids in
aqueous ethanol since the values of f and g are close
together. In the cases of 1F substituent chemical shifts

and the rates of detritiation there are signs of a smaller

the method to overcome this problem will be described influence. The mechanistic significance of the relative
TABLE 1
The values of f;/fgg and of gi for substituent effects on various properties of naphthalene and its derivatives (to the nearest
0.05)
6B 78 Ta 6a 83 58
r A Y r A ~ - A ] r A al f———A al r —A- hl
Property f g f 4 f g s g f g s 4
q calculated ¢ A ? 1.00 1.45 0.70 0.65 0.45 1.75 0.20 —-0.35 1.00 1.05 0.70 0.80
. Be . 1.00 1.45 0.50 0.55 0.50 1.65 0.10 —1.85 0.80 1.05 0.55 0.80
13C substituent chemical 1.00 1.45 0.45 0.80 0.40 1.70 0.00 0.80 1.10 0.40 0.80
shift ¢
log &: de_tritiation ¢ 1.00 1.35 0.45 0.75 0.50 1.15 0.40 0.65 0.75 1.00 0.55 0.75
19 subitltuent chemical 1.00 1.35 0.50 0.95 0.45 1.20 0.30 1.05 0.90 1.00 0.45 1.00
shift
pK,: naphthoic acids ¢ 1.00 1.20 0.90 1.05 0.80 1.20 0.90 1.10 0.65 1.30 0.95 1.05
¢ See text for method. @ Using f,/f, = 5/4. © Using fp[f,, = 6/4. 9 Ref. 16. ¢C. Eaborn and A. Fischer, J. Chem. Soc. (B), 1969,
152. S Ref. 17. ¢P. R. Wells and W. Adcock, Austral. J. Chem., 1965, 18, 1368.

later after we have discussed the interpretation of the
experimental data on the g-substituted compounds.

(b) The interpretation of the experimental data for B-
substituted compounds. The values of f;/feg, and of g,
for the 8q; as calculated above, and for the four measured
properties are set out in Table 1. In the case of the
measured properties, the values of f; and g, were obtained
by applying equations (8) to convert values of p; and
previously obtained by other workers from o1, o analyses

13¢

q(A) q(8

influences of 8q; and 8q; on chemical properties detected
at site ¢ will be discussed in detail elsewhere. The point
to be taken here is simply that the pattern of the experi-
mental data can be interpreted self-consistently in
terms of the behaviour of 8q; and 3q;.

There will inevitably be some contributions to the
observed substituent effects which do not themselves
obey the dual substituent parameter equations. If our
theory is valid, these contributions should tend to be-

9F PKq

6p
m—
(a) T 6t __.— L

b3 —
5p bL—

op

Mm—

by 7o
6o

&p
spl—

1]

Ficure 6 The patterns of the values of (a) fi/fes, and (b) g, for the properties listed in Table 1

of the experimental data. The patterns of calculated
filfeg and g; values for the various properties are shown in
Figure 6. The measurable property most likely, among
the four, to reflect the 8q; pattern is 13C substituent
chemical shift. There is an obvious similarity for both
filfeg and g; values, although unfortunately no meaningful
value of g; could be obtained for the chemical shifts at
the 6« position because the corresponding value of f is
close to zero.

With properties for which the 3P values are related to
the 8q values at more than one site, the spread of values
of f and g ought to be smaller. Thus on inspecting

come relatively less important in a series of 8P values as
the value of f (or py) increases, and hence the precision of
fit of observed 8P values should tend to increase as the
value of f (or ¢p) increases. The values of the standard
deviation/root mean square (S.D./R.M.S.) precision of
fit parameter for the n.m.r. chemical shifts data, based
on op, og? analyses, are given in Table 2: they behave as
predicted by us. The precision of fit to the dual sub-
stituent parameter equation is in general almost always
better with chemical data than with n.m.r. chemical
shift data.® For the data on the pK, values of naphthoic
acids we have found that the values of S.D./R.M.S. are
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below 0.1, the level of excellent correlation, for all except
the 78 set, and even there it is only 0.14. Each of the
data sets on the detritiation reaction usually contains
only two or three members and therefore no meaningful
precision of fit can be determined.

(c) The calculation of f; and g; values for 3q in a-sub-
stituted molecules. The method of calculation described
in sub-section (a) was modified with respect to the ways
in which the required values of g, and f,/f» for the buta-
dienyl-benzenes were estimated. In order to appreciate
the reasons behind the ways of selecting these values it is

TABLE 2
S.D./R.M.S. values ¢ for n.m.r. substituent chemical
shifts
Property

Position ? BCe 1 d
68 0.06 0.11
8p 0.15 0.24
58 0.18 0.33
Ve 0.16 0.14
Ta 0.40 0.17
8a e e
Sa 0.80 0.42
(i3 0.78 0.28

¢ o1, or® Analyses.
q calculated. ¢ Ref. 16.

® Listed in order of decreasing f value for
4 Ref. 17. ¢ Very poor correlation.

necessary to be aware that the 88, 68, 58, and 78 sites in
naphthalenes correspond to 18 sites in ortho, para, meta,
and mefa again, isomers, respectively, of butadienyl-
benzene. The value of g, was taken to be the same as
the value of g (1.00) at the 8 site for the °F substituent
chemical shifts, because the value of g at the 68 site for
the same property is the same as the value of g,. The
value of f,/f,» was taken to be the same as that of f,/fn
(5/4) because the values of fasg/feg and of fsg/f7g are both
very close to unity for the 1%F substituent chemical shifts.

(d) The interpretation of the experimental data for o-
substituted compounds. Because of the proximity of the
secondary ring to the substituent, already mentioned,
the precision of fit at any site ought to be poorer than
for the corresponding site in the 8-substituted compounds,
so that, for example, the precision at 88 ought to be less
than at 68. This prediction is confirmed by the S.D./
R.M.S. values for the observed 3C and ¥F substituent
chemical shifts (see Table 2). Nevertheless, we found
that when the values of f;/fgg, and of g;, for the various
properties at the 83 and the 583 sites were considered
alongside those for the sites in the B-substituted com-
pounds (see Table 1 and Figure 6), they fell into the
places expected on the basis of our theoretical treatment
except in the case of the pK, values of the 88 naphthoic
acids.*

Primary ring. In terms of our model the 3q; in the
primary ring of a 8-substituted naphthalene ought to be
as in the corresponding substituted benzene. Conse-
quently it is expected that the values of a property
measured at the 3o« site in B-substituted naphthalene
derivatives will be similar to the values of the same

* The discrepancy might be due to structural differences in the
naphthalene skeleton in these compounds compared to the others.
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property measured at the meta site in benzene deriva-
tives. In the case of a-substituted molecules the effects
of direct coulombic interaction between the substituent
and the secondary ring should be a source of difference
between values of properties measured at corresponding
sites in naphthalene and benzene derivatives (4o cor-
responds to para and 48 corresponds to mefa). These
effects would be similan to those exerted by a second
substituent (X') in a benzene derivative, located ortho
to the first substituent (X). Since substituents usually
affect the electron populations at the para site more than
at the meta site, the influence of X’ relative to that of X,
should be smaller at the site para to X than at the site
meta to X and para to X’. Therefore the precision of
fit to valid linear correlation equations should be poorer
for 4B data than for 4o data. The precision of fit for the
48 data should also be poorer than for the data relating
to that site in B-substituted naphthalene derivatives
which corresponds to the meta site in benzene derivatives,
i.e. the 3 site.

Experimentally 1617 the precision of fit of both 13C and
F substituent chemical shifts to the o5, or correlation
equation for the 48 data (S.D./R.M.S. ca. 0.5) is much
worse than for the 3« (S.D.[R.M.S. ca. 0.2) and 4«
(S.D./R.M.S. ca. 0.1) data. The values of the chemical
shifts even at the 4« and 3« sites are not in general as
close as predicted to those at corresponding sites in
benzene derivatives. However, this result does not
greatly surprise us, since in previous applications of our
model to aromatic systems 4 it was found that the direct
relationship between substituent chemical shifts and 3q;
broke down in the primary ring, although the dual sub-
stituent parameter correlation equations were obeyed
quite well. The values of substituent effects on the
acidity of carboxylic acids (in aqueous ethanol) are very
similar for corresponding sites in naphthalene and benzene
derivatives.$

Conclusions.—The results reported here indicate that
our theoretical model gives a satisfactory account of the
dominant factors contributing to the existence of quanti-
tative linear correlations among observed substituent
effects on properties of naphthalene and its derivatives.
These dominant factors are certain precisely defined
electronic ones, namely, the coulombic and the non-
coulombic self-polarisation and charge-transfer (PCT)
effects described above. Where these PCT electronic
effects are small, or where other electronic effects are
expected to be important, the precision of fit of experi-
mental data to the dual substituent parameter equation,
8P; = pui(or + Mow), is found to be poorer than other-
wise. Furthermore, the patterns of the variation in
values of the substituent coefficients, ¢; and A, with the
disposition of substituent site and probe site for each of
the properties considered, can be satisfactorily inter-
preted in terms of the calculated values of the PCT
electronic effects. The interpretation is simpler when
pr and X are expressed in terms of the coefficients, f and
g, of parameters F and S which are respectively measures
of the coulombic and the non-coulombic self-polarisation
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of a standard molecular sub-system induced by sub-
stituents.

In the calculations reported above, no attempt was
made to adjust the values of the variables involved in
order to improve the quality of agreement between the
predicted and the empirical patterns of the values of f
and g. However, we have found that it is possible to
make the patterns for the calculated substituent PCT
electronic effects match even more closely the patterns
for the observed 13C substituent chemical shifts simply
by increasing the value of f,/f, used in the calculations
from 5/4 to 6/4 (set B in Table 1 and Figure 6).

Our theory can account for the fact that the values of
g, and hence of A, are not constant for the observable
effects of either « or g substituents measured in any region
of the naphthalene molecular system for any of the
properties considered. This finding is significant because
in other studies 24 our theory has been shown to account
for the fact that there are regions of other molecular
systems in which the values of g are constant for such
properties.

The assumptions involved in the interpretation of the
or and oy substituent parameters in terms of the PCT
electronic effects are not directly examined in the present
work. However, our successes in interpreting the pg
and A parameters provide good indirect evidence for the
validity of these assumptions, and support our view that
the physical significance usually attached to each of the
o1 and op parameters is not correct.

Finally, the success of our treatment of naphthalene

J.C.S. Perkin I1

and its derivatives gives grounds for hoping that the
treatment can be extended to any large hydrocarbon
and its derivatives.

[9/176 Received, 5th February, 1979)
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