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In our previous paper1), the frontier electron 
density2) was shown to become a good intra-
molecular index of the reactivity in a metathe-
tical reaction of saturated compounds. 

In the present paper, we treat several lower 
paraffins and halomethanes by using the same 
method as that used in the previous treatment1), 
and attempt to derive a new intermolecular 
index of the reactivity, which is hereafter 
referred to as the delocalizability, Dr. This 
index is similar to the superdelocalizability3) 
of conjugated molecules. It is found that the 
magnitude of Dr in these compounds has an 
intimate correlation with the value of activation 
energy observed in metathetical reactions.

Electronic Structure of n-Paraffins 
and Methyl Fluoride 

The calculated values of orbital energies and 
,electron distributions in methane, ethane , 
propane, n-butane and methyl fluoride are listed 
in Table I. 

With regard to n-paraffins, we can point 
out the following characteristics: 

(1) The bonding electrons tend to localize 
in the particular bonds in each molecular 
orbital. For example, the electrons in the 
highest occupied and the lowest vacant orbitals 
in these compounds except methane, have a 
,general trend to localize in the central C-C 
bonds as shown in Fig. 1*. 

(2) The electron distributions of occupied 
and unoccupied orbitals are almost symmetrical 
with respect to the energy equal to a (see 
below) as is seen in Fig. 1. 

(3) The distances of levels of molecular 
orbital energy in these compounds are much 
larger than those of conjugated molecules. The 
excitation energy of the N-V transition in a 
simple LCAO MO sense is, therefore, estimated 
to be 9-10 eV. referring the presumed value

Fig. 1. The electron distributions of n-

butane.

(Thick lines denote the most densely 

populated bonds of bonding electrons.)

1) K. Fukui, H. Kato and T. Yonezawa, This Bulletin, 
34, 442 (1961). 

2) See e. g. K. Fukui, T. Yonezawa, C. Nagata and H. 
Shingu, J. Chem. Phys., 22, 1432 (1954). 

3) K. Fukui, T. Yonezawa and C. Nagata, This Bulletin, 
27, 423 (1954). 

 * This result suggests that in lower n-paraffins their 
first ionization can be attributed to the removal of one 

.electron localized in C-C bonds.
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TABLE 1. THE ORBITAL ENERGIES AND ELECTRON DISTRIBUTIONS IN SEVERAL SATURATED COMPOUNDS
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TABLE I (Continued)

of-B (6-7 eV.). This excitation energy is 
consistent with the spectroscopic data4). 
 The characteristics of orbital energies and 
of the electron distribution stated above agree 
with the properties observed experimentally in 
saturated compounds and also with calculated 
results obtained by Lennard-Jones and Hall's 
equivalent orbital method). 

 In the doubly degenerate highest occupied 
orbitals of methyl fluoride, the bonding electrons 
localize dominantly in the methyl group. In 
the next highest occupied orbital, an exceedingly 
large density is observed on the fluorine atom 
in accordance with the facts pointed out by 
Frost and McDowell6), who measured the 
ionization potentials of methyl halides. 
 The Coulomb and resonance integrals used 

in the present paper are summarized in the 
following table.

* Bcc refers to the resonance integral 

 between two spa orbitals attached to 

 one and the same carbon atom.

 A New Reactivity Index for Radical Reac-

tions of Saturated Compounds, D,(R) 

 The radical reactions of alkyl compounds are 

covered by the general equation

(1)

where R is an alkyl group, X is the group to 
be extracted and Y is an attacking radical or 
atom. The bracket in the equation refers to 
the transition state. 
 The secular determinant for the activated 

complex, [R-X Y], is written

where αA refers to the Coulomb integrals of

atom A, βAB is the resonance integral between

bonding orbitals of atom A and B, and γ is a

parameter for the resonance integral of the 
X-Y incipient bond in the transition state. 
 By using the perturbation theory, we can 

derive a new reactivity index, named Dr, for 
metathetical radical reactions in saturated 
compounds, in place of the superdelocalizabi-
lity (Sr) in our previous paper3).

(3)

where G is the coefficient of the rth atomic 
orbital in the jth molecular orbital, ej is the 

jth molecular orbital energy, a is the Coulomb 
integral of a spa orbital in a carbon atom, and 

B is the resonance integral between two spa 
orbitals in a C-C bond. 

In the derivation of Eq. 3, we assume that 
a. is equal to a, and the values of a and,B 
in the activated complex are the same as those 
of the isolated molecule. 

 It may be worthy of notice that Dr(R) 
represents the stabilization energy due to a 
type interaction in a radical reaction, while 
Sr(R) denotes the stabilization energy which

 4) P. G. Wilkinson and H. L. Jhonston, J. Chem. Phys., 
18, 190 (1950); W. P. Potts, ibid., 20, 809 (1952). 

 5) J. Lennard-Jones and G. G. Hall, Disc. Faraday Soc., 
10, 18 (1951); Trans. Faraday Soc., 47, 581 (1952); K. Fueki 
and K. Hirota, J. Chem. Soc. Japan, Pure Chem. Sec. 
(Nippon Kagaku Zasshi), 81, 212 (1960). 

 6) D. C. Frost and C. A. McDowell, Proc. Roy. Soc., 
A241, 194 (1957).
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TABLE II (a). THE CALCULATED VALUES OF D,(R) AND OBSERVED 
ACTIVATION ENERGIES IN SEVERAL n-PARAFFINS

TABLE II (b). THE AVERAGE VALUES OF Dr(R) (H) AND RATE CONSTANTS 
 CHARACTERISTICS OF VARIOUS TYPES OF HYDROGEN ATOM IN ALKANES

* kc means the rate constant divided by the number of H atoms of the same kind .

arises from the hyperconjugation taking place 
between a reagent and a conjugated molecule. 

Results and Discussions

In our previous paper1), the magnitudes of 
the frontier electron densities at hydrogen 
atoms in several saturated hydrocarbons ran 

parallel with the experimental reactivities7) of 
hydrogen atoms in metathetical reactions. The 
frontier electron density for radical attack was 
shown to be a good intramolecular index of 
reactivity. This index, however, does not 
indicate the correct order of reactivity in 
different molecules. Therefore, we adopt 
_D D (R) which is useful not only as an intramo-

 TABLE III. THE VALUES OF D,(R)(H) AND 
ACTIVATION ENERGIES OF HALOMETHANES 

 IN METATHETICAL REACTIONS

lecular index but also as an intermolecular 
index. The calculated values of Dr(R) in several 
saturated compounds are listed together with 
the observed values of activation energya,9) in 
various metathetical reactions in Tables II and 
III. 
 Hydrogen Extraction Reaction.-In the case 
of reaction RH+R'-vR-+R'H, results of 
calculation and experiments are cited in Table 
II (a) and (b), where R and R' are two 
different alkyl groups. The values of Dr(R) 
at hydrogen atoms in several lower paraffins 
indicate a tendency that the larger the molecule 
RH is, the smaller is the magnitude of activa-
tion energy, this being in accord with experi-
ments8). Furthermore, these values of DrcR) 
agree with the activities of various kinds of 
hydrogen atoms estimated by Trotman-Dicken-
son7) as shown in Table II (b). 

 In Table III (a), (b) and (c), the calculated 
values of D,(B) at hydrogen atoms in various 
halomethanes are listed together with the 
observed activation energies9). In Table III 
(a), the radical reactions between methyl 
radical and chlorine-substituted methanes are 
indicated. The greater the number of chlorine 
atoms in methane is, the smaller is the activation 
energy, and also the magnitude of Dr(R) at 
hydrogen atoms increases with the number of 
chlorine atoms. The results on fluorine-substi-
tuted methanes are shown in Table III (b), and

7) A. F. Trotman-Dickenson, Quart., Revs., 7,198 (1953).

 8) N. N. Tikhomirova and V. V. Voevodskl, Chem. 
Abstr., 45, 9940 (1951). 
 9) E. W. R. Steacie, "Atomic and Free Radical Reac-

tions ", Reinhold Co., New York. (1946); ibid., Second 
Ed. Vol. II (1954).
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the case where a bromine atom attacks methane 
derivatives is indicated in Table III (c). Also 
in the last two cases, although experimental 
data are few, a parallelism between the values 
of Dr(R) and the activation energies9) is clearly 
observed. 
 Halogen Abstraction Reaction.-In Table IV 
(a), (b) and (c) are illustrated both the 
calculated values of Dr(R) at the halogen atom 

 TABLE IV. THE VALUES OF Dr(R)(X) AND 
ACTIVATION ENERGIES IN HALOMETHANES 

 IN METATHETICAL REACTIONS

in various halomethanes and the observed 
values of activation energy in the halogen 
extraction reactions9). In Table IV (a), a good 
agreement is observed between the values of 
-D, (R) and the activation energies of various 
monosubstituted halomethanes. In Table IV 
(b), the values of Dr(R) at chlorine atoms in 
various chlorine-substituted methanes and the 
.activation energies in the hydrogen-atom reac-
tions are indicated. In Table IV (c), the 
values of Dr(R) at bromine atoms in several 
bromomethanes are compared with the activa-
'ion energies in the sodium-atom reaction.

 In spite of the fact that this is the first 
attempt of the quantum-mechanical investigation 
of the reactivity of saturated compounds, the 
agreement of the theory with experience is 
almost satisfactory, and hence the new quantum-
mechanical quantity Dr(R) can be a useful 
index for predicting the reactivity of saturated 
compounds, equally with Sr in conjugated 
molecules. There remain, however, some points 
to be checked in future. These are summarized 
as follows: 

(1) We assume that ax is equal to a to 
derive Dr. Meanwhile, a slight change in 
activation energy is experimentally observed 
according to the species of attacking reagents. 
Hence, if the values of a. would be modified 
according to the change of the attacking 
reagent, this effect can be interpreted in the 
present procedure. 

(2) In the present treatment, we do not 
take into account the stabilization energy due 
to the resonance in an attacking alkyl radical 
or the radical formed. It has been made clear 
that this resonance energy has a remarkable 
influence on the magnitude of the activation 
energy10). In this connection, the present 
treatment should be modified so as to involve 
the contribution of this kind of resonance to 
the activation energy. 

(3) A disagreement between the values of 
Dr(R) in methyl halides and the experimental 
activation energies is observed. This is probaly 
because the energies of the vacant orbitals of 
some methyl halides are nearly equal to a. 
Thus, the values of the Dr(R) become extremely 
large. If carefully selected values of parameters 
for halogen atoms should be adopted, these 
disagreements may be avoidable. 

Faculty of Engineering 
 Kyoto University 
 Sakyo-ku, Kyoto

10) M. G. Evans, Disc. Faraday Soc., 10, 1 (1951); C. A. 
Coulson, ibid., 2,9 (1947).


