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 The localization method by Wheland1),

in which localization energy is employed

as the reactivity index, has achieved suc-

cesses in interpreting chemical reactivity

of conjugated molecules2). On the other

hand, totalπ-electron density3), self-polariz-

ability4), free valence5), frontier electron

density6) and superdelocalizability7) are

introduced as good reactivity indexes in

the approximation of the simple LCAO

treatment. Regarding alternant hydro-

carbons(AH's)some mathematical rela-

tions have been found between localization

energy and other reactivity indexes8).

 In the previous paper9), utilizing LCAO

SCF wave function, namely, the wave

function where electronic interaction is

explicitly included, we have found that

the total π-electron density can not predict

the correct reactivity of molecules, while

the frontier electron density remains a

good index for both ionic and radical

reactions in LCAO SCF MO treatment just

as well as in usual simple LCAO MO

treatment. In the present paper we have

defined and calculated the localization

energy under an explicit consideration of

electronic interaction, and comparison of

the results obtained by the present method

with those in simple LCAO treatment has

been made.

 Theoretical 

 Model of Localized System.-According to 

Wheland's definition the localized system 

in the transition state has the configura-

tion in which the attacked carbon atom 
is sp3-hybridized, so that the resonance 
integrals between the attacked atom and 
the neighboring ones are taken to be zero. 
More precisely the integral does not com-
pletely vanish; however, in order to be 
faithful to the concept of the term "local-
ization", we assume that the resonance 
integrals between the attacked atom and 
the others are always zero. This assump-
tion may be reasonable for our approxi-
mate calculation. 
 Here one more problem arises: Simple 
treatment naturally allows us to deal with 
the two parts, the localized electrons and 
the residue, independently from each 
other; but when we want to take the 
electronic interaction into account, the 
interaction between the two parts, and 
that between those two and the attacking 
reagent must be considered, as well as 
the mutual interaction of electrons inside 
the residue*. Concerning this point, two 
approximations would be employed. As 
the first approximation (Approx. 1) we 
simply assume the two parts to be inde-

pendent, that is, the only electronic inter-
action to be taken into account is that 
which acts inside the residue*. In the 
second approximation (Approx. 2) the 
interaction between the two parts shall be 
treated as a perturbation. The effects of 
attacking reagent, which do not seem 
essential to the localization method, are 
thoroughly neglected for simplicity in 
both approximations. 

Formulation.-The wave function X0 of 
the "isolated" system consisting of 2n 
carbon atoms and 2n n-electrons is given 
as follows:
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* In electrophilic reaction, the interaction between 

the two localized electrons is also to be included.
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where φi is the i-th MO, α and β are the

spin functions, and the superscripts denote

the numbering of electrons. Each MO

should be chosen to minimize the electron

energy of the system;but so far as the

evaluation of localization energy with

electronic interactionisconcerned, it

seems sufficient to use Huckel MO

(2)

where φμ denotes the AO on the μ-th

carbon atom.

Introducing a SCF-like procedure pro-

posed by Pople10), we obtain the following

expression of the total electronic energy

of the system **.

(3)

where U is a core matrix element and is

put a constant, β is the resonance integral

between the nearest neighbors, and γμv is

the coulomb repulsion integral

(4)

and

(5)

Summation Σ and Σ* should cover all

the atoms and the nearest neighboring

atoms, respectively. In deriving Eq.3
the same assumptions as proposed by
Pople10), for instance, of equi-bond-lengt
of neglecting the coulomb penetratio
integrals and so on, are employed.

Fromthe assumptionmade in the

preceding section the wave function XE of

the"localized"system(transition com-

plex)for electrophilic reaction, in which

two electrons are localized on the carbon

λ, may be written as follows:

(6)

where φ'i is the i-th Huckel MO for the

residue consisting of (2n-1)carbons.

(7)

Here we refer the superscript "'" to the

residue of the molecule. The two parts

being treated separately(Approx.1), the

energy of the system, εE0, is given as

follows11):

(8)

where

(9)

The first two terms correspond to the
energy of the localized electrons and the
others to that of the residue. When the
interaction between the parts is taken
intoaccount inhigher approximation

(Approx.2), the interaction energy e$,

(10)

is to be added to the energy εE0.

Also for nucleophilic reaction, through

the similar consideration as for electro-

philic one, we easily obtain the following

formulae.

(11)

(12)

(13)

(14)

For radical reaction,

(15)

(16)

(17)

(18)

10) J. A. Pople, Trans. Faraday Soc., 49, 1375 (1953). 
 ** Core-core repulsion energies are included in all 

the expressions of energies in this paper.

11) A. Brickstock and J. A. Pople, Trans. Faraday 
Soc., 50, 901 (1954).
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TABLE I. LOCALIZATION ENERGIES OF ALTERNANT HYDROCARBONS

a) In units of eV.

b)In units of(-β).

TABLE II. LOCALIZATION ENERGIES OF NON-ALTERNANT HYDROCARBONS

a) In units of eV.

b)Ia units of (-β).

The first term in Eq. 16 refers to the 
localized electron and the others to the 
residue. 
 As regards the AH, whose MO has 
special simplifying properties, Eqs. 8, 10, 
12, 13 and 16 can be reduced to simpler 
ones, that is,

(19)

(20)

(21)

Summation Σ and Σ should cover all

the starred and the unstarred atoms,

rpspectively.

 The localization energies, L, of the λ-th

carbon atom are, therefore, obtained from

the following equations.

(22)

 EvaluationofAtomicIntegrals.-For

numerical evaluation of β and rμv are

utilized the semi-empirical formulae

introduced by Pariser and Parr12). For

simplicity, as partly stated above, all the

12) R. Pariser and R. G. Parr, J. Chem. Phys., 21, 767 
(1953).
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C-C bond distances are assumed the 
same, 1.39A, and all the carbon rings (five-
and seven-membered rings for azulene 
and fulvalene, six-membered rings for the 
other molecules now considered) are 
supposed to be regular, and polyenyl bond 
angles to be 120.

Results and Discussion

 The calculated results of localizatio
energy, which is defined in the preceding
section, of seven AH's and two non-AH's
are listed in Tables I and II***, together
with those obtained by simple LCAO
treatment.
 As is seen from Eq.20, the interaction
energy between the localized electrons and
the residue in nucleophilic and in electro
philic reactions is necessarily negative for
the AH, namely, there rises some stabili
nation of the system from the interaction
this seeming true also for the non-AH(cf.
Eqs.10 and 13); and accordingly the
values of the localization energies, LE and
LN, in Approx.1 are larger than in
Approx.2. For all that we can see in
Tables I and II that in both approxima
tions we obtain nearly the same intra
molecular orientation, which will be
discussed in the later paragraph in detail
In radical reaction, on the other hand, th
interaction energy formally vanishes(cf.
Eq.17),and therefore both approximations
give the same value of localization energy
 It will beseen in Tables I and II that
the magnitude of Lx is generally much
smaller than those of LN and LE in both
approximations, whereas in the simple

LCAO treatment the magnitude of LR lies

between those of LN and LE. This by no

means admits that the activation energy

of radical reaction is smaller than those

of the others, because effects of reagent

and changes in the σ-system are conven

tionally set aside from this argument.

Especially for the AH Eqs.19 and 20 show

the relation LE=LN within each approxima

tion in accordance with the result obtained

by the simple treatment.

 It may be valuable to notice that both 
approximations indicate the same intra-
molecular orientation as the simple treat-
ment for all the reactions of the molecules 
now concerned, except for the ionic reac-
tions of phenanthrene in Approx. 1. 
Accordingly, its agreement with experi-
mental results is mostly good, but 
the facts that azulene reacts at the 
position 1 in radical reaction13) (LR is the 
smallest at 4) and that the position 4 of 
biphenyl is more reactive than the position 
2 both in radical and electrophilic reac-
tions14) (LR and LE indicate 2-orientation) 
can not be explained on the basis of the 
localization energy, whether the electronic 
interaction is taken into account or not. 
In fulvalene the position 1 is shown to be 
the most susceptible to attack by localiza-
tion energies and the position 2 is so by 
frontier electron density15), superdelocaliz-
ability16) and total n-electron density17),

Fig.1. Relationship between localization

 energies in simple treatment and with

 electronic interaction.

○:Radical reaction,●:Ionic reactio11

(Approx.2);E:ethylene, Bu:buta-

 diene, BZ:benzene, N:naphthalene,

A:anthracene, P: phenanthrene, F:

 fulvalene (FN: nucleophilic, FE: elec-

 trophilic),Z:azulene(ZN:nucleophilic,

 ZE:electrophilic). Only the position of

 the smallest localization energy of

each molecule is plotted. The straight

 lines are only for AH's.

*** For the position 2 of butadiene , the wave functions 

of the localized system are expressed in the product of 

wave functions of three parts, as follows:

In Approx. 1 three parts are treated independently, 

whereas their mutual interactions are taken into account 

in Approx. 2.

13) H. Arnold and K. Pahls, Chem. Ber., 89, 121 (1956). 
 14) G. Schults, H. Schmidt and H. Strasser, Ann., 207, 

352 (1881); etc. 
15) To be published. 
16) To be published. 
17) R. D. Brown, Trans. Faraday Soc., 45, 296 (1949).
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further experiments being awaited at this 

point. 
 It seems also interesting that, except for 

the mutual coincidence of the most re-
active position, the order of reactivity of 
each position in azulene does not coincide 
with one another in the three treatments; 
in electrophilic reaction, for instance, the 
reactivity of each position decreases in 
the order 1> 5> 2> 4> 6 in the simple 
treatment, 1> 2> 5> 6> 4 in Approx. 1, 
and 1>5>6>2>4 in Approx. 2. 
 As it is seen in Fig. 1, agreement of 

the intermolecular order of reactivity 

predicted by the simple treatment with 
that obtained with electronic interaction 
is not so good in Approx. 2; and in 
Approx. 1 the agreement is a little worse. 
Non-AH's, azulene and fulvalene, largely 
deviate from the linear relationship of 
Fig. 1, but unfortunately there are no 
available data to check which result is 
correct. 
 From the above discussion it might be 

concluded that the localization energy, in

which the electronic interaction is taken 
into account, can be a pretty good index 
of chemical reactivity. 
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 Added in Proof:

 It is easily proved that the following wave

functions X'E and X'R, instead of Eqs.6 and 15,

directly lead to the same energy expressions

that were derived in Approx.2, ε'E and ε'R

respectively.


