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Introduction 

Various theories have been advanced with 
a view to examining the hypothesis proposed 
by Pullman1) that the carcinogenic activity 
of the polycyclic hydrocarbons is due to the
high π-electron density of the so-called K

region (the 3-4 bond, for example, of 1: 2-
benzanthracene (B. A.) in Fig. 1). In addi-
tion to the electron densities, mobile-bond 
orders and net free valence values with 
regard especially to the 3-4 bonds of several 
methyl-benzanthracenes (M.B.A.) have been 
calculated rather in the rough approxima-

Fig. 1. 1: 2-Benzanthracene.

tions by Pullman and Pullman'), and Daudel 

and Daudel3). Recently, based on the per-

1) A. Pullman, Ann. Chirn., 2, 5 (1947).

2) A. Pullman and B. Pullman, Bull. Soc. Chit. Biol., 

XXXI, 343 (1949). 
3) P. Daudel and R. Daudel, J. Chem. Phys., 16, 639 

(1950).
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turbation method, Greenwood4) has made the 

more rigorous calculations of these quantities. 

All these quantities as the criteria of the 

reactivity of a conjugated bond are concerned

with the π-electron configuration in the non-

reacting ground state.

The other method of approach for the 
discussion of bond reactivity is the localisa-
tion (polarisation) method due originally to 
Wheland5) and extended by Brown6). Accord-
ing to this method reactivity of a conjugated 
bond is correlated with the ortho (bond) 
localisation energy (O.L.E.), defined as the 
energy required to convert the conjugated 
bond in question into a double bond. Recently, 
Pullman, Pullman, and Berthier7) have calcu-
lated O. L. E. for the 3-4 bonds of several 
M.B.A. and reached the conclusion that the 
reaction homolytic in nature should occur at 
the 3-4 bond in contradiction to the conclusion 
put forward by Greenwood that the reaction 
should be heterolytic in nature. In virtue 
of the rough approximation made by Pullman 
and others8) in their treatment, however, it 
seems desirable to carry out an independent 
calculation of O.L.E. for M.B.A.

Method of Calculation

Let us suppose that the reare two conju-
gated systems R and S initially separate, 
and then joined by a bond between atoms r 
of R and s of S, forming a composite system
RS. The delocalisation energy ⊿ ε(RS)across

the connecting bond r-s may be defined as

the difference between the π-electronic energy

of the complete system RS and the sum of

the π-electronic energies of the systems R

and S taken separately. Formally, then

(1)

On the other hand, employing the variation 

method for the orbital interactions between

Rand S, we can express ⊿ ε(RS)as a function

of orbitals and their energies of R and S as

followsy9)

(2)

where ƒÃiR denotes the energy of the ith MO of 

R, Cir, the coefficient of the rth atomic orbital 

in the ith MO and so on, and k is the

resonance integral of r-s bond in β units.

Thus, if the MO's and their energies of R

and S are known, we can calculate ⊿ ε(RS)

without the tedious procedure due to the

straightforward application of LCAO MO

method for RS.

In discussing the effect of a substituent on 
O.L.E., consider that R denotes a parent 
molecule, S a substituent, and R' a parent 
residual molecule for the transition state in 
which the requisite number of electrons ap-
propriate to a given type of reaction are 
assumed to be localised at both the ends of 
the bond of R in question. An expression 
similar to Eq. (1) may be written for the
energy ε(R'S) of the substituted residual

molecule, so that we can immediately derive,.

(3)
where ε(=)is the energy of the ethylenic-

double bond. As we are concerned only with 

the effect of a substituent with the position 

of substitution on O.L.E.o f a given molecule, 

it is convenient to have an expression for

the change in O.L.E. ⊿O.L.E.r caused by the

substitution at the rth atom. This expressionis

(3'),

With a substituent such as methyl, besides. 

the above considered effect due to delocali--

sation, the effect due to induction should be 

taken into account. Induction causes a change

in αr, the coulomb term for atom y to which

the substituent is attached. Then, the effect 

due to induction on O.L.E. is treated by the 

perturbation method as follows :

⊿ O.L.E.r due to induction

(4)

where qr and πrr denote the electron density

and self-polarisability of the rth atom respec-

tively and the' refers to the residual molecule. 

In calculating O.L.E. for the 3-4 bonds of 

several M.B.A., consider that R represents the 

parent molecule, B.A., R' the parent residual
molecule, β-phenyl-naphthalene(P.N.), and S

the methyl substituent. The MO's and their 
energies of R, R' and S are calculated by the 
standard LCAO MO method with overlap. 
omitted. The additional parameters related 
to the methyl substituent are taken according 
to Pullman and Pullman10) as follows :

4) H. H. Greenwood, Brit. J. Cancer, 5, 441 (1951). 
5) G. M. Wheland, J. Am. Chem. Soc., 64, 900 (1942). 
6) R. D. Brown, J. Chem. .Soc., 1950, 3249 and 1951, 

1950, 1955. 
7) A. Pullman, B. Pullman, and G. Berthier, Compt. 

rend., 236, 2067 (1953). 
8) B. Pullman, personal communication; "Dewar's 

method (J. Am. Chem. Soc., 74, 3357 (1952)) used in 
our treatment is erroneous when applied to the calcula-
tion of the effect of substituents on O.L.E." 

9) T. Nakajima, Sci. Rep. Tohoku Univ., Ser. 1. in 
press.

10) B. Pullman and A. Pullman, " Les Theories Elec-
troniques de la Chimie Organique ", 1952, p. 410.
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Result and Discussion 

In Table I are given the delocalisation

energies ⊿ εr produced by methylations in

each of the ten possible positions of B.A.

containing 20 π-electrons and of P.N. con-

Paining 18 π-electrons. Table I lists also

TABLE I

DELOCALISATION ENERGIES ⊿εr AND SELF-

POLARISABILITIES πrr FOR B.A. AND P.N.

the self-polarisabilities πrr-of B.A. and P.N.

It has been shown by the present author9) 

that the delocalisation energy per a connect-

ing bond between a given molecule and a 

given substituent is correlated linearly with
πrr of the substituted atom of the molecule.

It will be seen that there exists a fairly good

correlation of this kind between ⊿εr and,πrr.

in Table I.

⊿O.L.E.,. are calculated by taking account

merely of the delocalisation effect from Eq. 
(3). The contribution due to the inductive 

effect is ignored because in Eq. (4) the first 
term vanishes as the electron density is unity 
at every position of B.A. and P.N. and the ac-
tual values of the second term are very small.
⊿ O.L.E.r. thus calculated are compared withπrr'

-πrr in Table II. The linear correlations

TABLE II

seen between ⊿ ε, and πrr in Table I and

between ⊿O.L.E.r and πrr'-πrr in Table II lead

to the conclusion that in  discussing the-.,

effect of the substituent, the delocalisation

effect may be replaced effectively by a

virtual inductive effect by the suitable choice

of the value of δαr in Eq.(4), in which, in

this case, only the second term is effective. 

Brown) has shown that it is possible to 

correlate bond order with O.L.E., suggesting 

that bond order also should be a useful index 

of bond reactivity. The relative changes in

mobile order δp3-4 of the 3-4 bond of B.A.

caused by methylations have been calculated 

by Greenwood4 and are arranged also in 

Table II. Considering that Greenwood's cal-

culations have been made by taking account 

merely of the inductive effect by the second 

order perturbation method, it is remarkable 

that there exists a close parallelism between

⊿ O.L.E.r and δp3-4 as seen in Table II. This

parallelism is a further evidence of the above 
deduction that the delocalisation effect may-

be replaced effectively by a virtual inductive 

effect. 

It is clear that we cannot correlate decrease 
in O.L.E. of the 3-4 bond of M.B.A. with the 

experimentally determined increase in the 

rate of addition of OsO4 to the 3-4 bond11), 
since an increase in reactivity consequent 
upon methylation is in fact accompanied by 
an increase in O.L.E. (except the methylation 
at 3'-position). It has been established by 
Brown5) that O.L.E-provides a very satisfac-
tory interpretation of the relative reactivities 
of conjugated bonds toward bond reagents 
such as OsO4 for a system of alternant 
hydrocarbons. As we have seen, in the case 
of substituted hydrocarbons, however, this 
correlation no longer holds. Agreeing to 
Greenwood's suggestion deduced from the
decrease in δp3-4 this suggests that although

for alternant hydrocarbons OsO, may react 
by a largely homolytic mechanism, the reac-
tions for substituted hydrocarbons may be 
not homolytic but heterolytic in nature. 

At this point we must distinguish two 
types of bond localisation as in the case of atom 
localisation. In the homolytic and heterolytic 
(electrophilic or nucleophilic) atom localisa-
tions, 1 and 2 or 0 π-electrons respectively

are assumed to be localised at the site of 

reaction. By analogy with this we assume 

that in the homolytic and heterolytic bond

localisations 2 and 4 or 0 π-electrons respec-

tively are localised at the reaction sites of 

the bond in question. Thus, O.L.E. so far 
considered is that for the homolytic type of 
bond localisation.

11) G. M. Badger, J. Chem. Soc., 1950, 456.
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Next the heterolytic (electrophilic) O.L.E. 
for several M.B.A. will be calculated. For 
the calculation of heterolytic O.L.E. the 
inductive effect contributes much because 
the electron density at every atom of the 
parent residual molecule which, in this case,
is P.N. with two π-electrons lost is not

necessarily unity. The contribution due to 
induction is calculated by Eq. (4) in which, 
in this case, the first term is effective and 
the second term is ignored. Then, for the 
heterolytic (electrophilic) bond localisation 
Eq. (4) may be rewritten as follows :

⊿O.L.E.r due to induction

(5)

where qrf denotes the electron density in the 
frontier orbital (the highest occupied orbital) 
of P.N.12) 

From the results given in Table III we 
can notice the following points. (1) There

remarkable compared with those in homolytic 
O.L.E. 

Table III lists also the relative carcinogenic 
powers of M.B.A13). It may be seen that 
there exists a satisfactory correlation be-
tween heterolytic O.L.E. and the activity 
especially with regard to M.B.A. substituted 
in the angular ring and at the 9-position. 
In this respect, it should be remembered that 
the especially high electron densities for 2'-
and 4'-M.B.A. which are inactive and the 
relatively low density for 9-M.B.A. which is 
highly active have provided the results in 
direct contradiction to the attempt to cor-
relate the electron density of the 3-4 bond 
of M.B.A. with the activity4),9). 

Summary 

(1) The effects of the methyl substituent 
on O.L.E. for the 3-4 bond of B.A. have been 
calculated. The effect may be discussed by

TABLE III 

HETEROLYTIC ‡™O.L.E.r, RATE CONSTANTS OF ADDITION OF OSO4, 103K AND CARCINOGENIC

ACTIVITIES

exists a close parallelism between the hetero-

l ytic ⊿O.L.E.r due to delocalisation and induc-

tion, so that the resultant sum is closely 

correlated with qrf. This suggests that

heterolytic ⊿O.L.E.r may be calculated effec-

tively by taking account merely of the virtual 

.induction by the suitable choice of the value
of δxr in Eq.(5). (2) Except with regard to

the 4'-position, both the delocalisation and 
inductive effect decrease heterolytic O.L.E. ; 
for details, the former lowers relatively the 
energy of the transition state and the latter 
raises that of the ground state. (3) We can 
correlate the decrease in heterolytic O.L.E. 
with the experimentally determined increase 
in the rates of addition of OsO, to the 3-4 
bond though the experimental data are not 
sufficient. (4) The changes in heterolytic 
O.L.E. with the position of substitution are

the perturbation method taking account of 

the virtual inductive effect through the suit-

able choice of the value of δα of the substi-

tuted position.

(2) The homolytic and heterolytic O.L.E. 
were defined. The former predicts the bond 
reactivity only for a system of alternant 
hydrocarbons. With substituted hydrocar-
bons the latter should be used as a criterion 
of bond reactivity. 

(3) The heterolytic O.L.E. for the 3-4 
bonds of several M.B.A. have been succes-
sfully correlated with the experimental evi-
dences on rates of addition of OsO4, and the 
carcinogenic activities. 

(4) The method of calculation of the effect 
of the methyl substituent on O.L.E. used in 
the present note may be applicable, with 
due caution, to other substituents in general.

12) K. Fukui, T. Yonezawa, and H. Shingu, J. Chem. 
Phys., 20, 722 (1952). 13) G. M. Badger, Brit. J. Cancer., 2, 309 (1949).



432 [Vol. 28, No. 6

In conclusion, the author is grateful to 

Prof. H. Azumi for his continued interest in 

this problem. The author's thanks are also 

due to Prof. B. Pullman in the Institut du

Radium, Paris for his helpful criticism and 
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