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In the last fifteen years the polarographic 
reduction of a number of conjugated hydro-
carbons has been extensively studied, both ex-
perimentally and theoretically. Their pH-in-
dependent reversible half-wave reduction 
potentials, E1/2, have been found to be linearly
related to the energy, εlvπ, of their lowest

unoccupied π orbital1,2), the energy which

would be needed in order to bring an electron 

to the orbital, as follows :

whereλlvπ is the coefficient of the energy of

the level ε1vπ=απ+λlvπ βπ and απ and βπ

are the standard Coulomb and the standard

resonance integrals of the π orbitals. From

the inclination of the line the value of the

resonance integral, βπ, was estimated to be

-2 .23 eV., which seemed to be reasonable in 

comparison with the value estimated from 

other physicochemical sources. The higher 

the energy of the level, that is, the smaller

the value of λlvπ, the less reducible the hydro-

carbon and, therefore, the more negative the 

half-wave reduction potential. A similar 

linear relationship between the lowest unoc-

cupied a levels and the reduction potentials

and a similar value of the integralβ π have

been found for a variety of compounds, such 

as substituted stilbenes, substituted nitroben-

zenes, aromatic ketones and vinyl compounds3). 

Furthermore, the structures of the products 

of the corresponding controlled potential elec-

trolysis of hydrocarbons have been examined

in terms of the π electron distribution of the

hydrocarbon anions2), in which an excess 

electron is accepted in the lowest unoccupied

π levels and from which products will be

yielded by protonation. Protons add to those 

positions which have a large electron density, 
and a product results in which a double 

bound or more is reduced. For instance, 

naphthalene is reduced to give 1, 2-dihydro-

naphthalene and 1, 4-dihydronaphthalene.

On the other hand, it has been elucidated 
that halogenated, saturated hydrocarbons are 
polarographically reducible, showing half-wave 
potential independent of the pH value and 
giving products in which carbon-halogen bonds 
are reduced to carbon-hydrogen bond4). For 
instance, the half-wave reduction potential of 
methyl iodide is - 1.63 V. vs. S. C. E. (saturated 
calomel electrode), and it is converted into 
methane when reduction is performed at that 
voltage. Further, it is interesting to notice 
that some of the halogenated, unsaturated 
hydrocarbons are reduced at a potential less 
negative than the potential at which the mother 
hydrocarbons are reducible, and carbon-halo-
gen bonds are reduced in these compounds as 
well as in saturated halides4). 

 With respect to the problems of the polaro-
graphic reduction of saturated compounds
which have no π conjugated system;theoretical

studies have never been carried out in relation 

to their electronic structure. 

The present authors have established a simple 

molecular orbital method for calculating the

oelectronic structure of saturated hydrocarbons

and their derivatives5,6) and have applied this 

method further to discussing the electronic

structure of the σ skeleton in conjugated com-

pounds7,8). By the aid of this method, one 
can calculate the energy levels and charge

distribution of σ electrons.

In the present paper, the relations between 

the half-wave reduction potentials of saturated

halides and their lowest unoccupied σ levels,

and the connection between the distribution 

of the lowest unoccupied level and the struc-

tures of the reduction products will be dis-

cussed first. Then, similar discussions will be 

made for unsaturated halides and, at the end, a 

possibility that in polyhalogenated compound
the lowest unoccupied σ level may creep below

the lowest unoccupied π level will be suggested.
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Method of Calculation

The electronic structures of π and σelectron

systems have been calculated by using a simple 
LCAO MO (linear-combination-of-atomic-or-
bital molecular orbital) method, disregarding 
overlap integrals and electronic interactions. 

In saturated compounds in which carbon 
atoms are sp3-hybridized, molecular orbitals
are written as linear combinations of all σ

atomic orbitals-hydrogen 1 s orbitals, sp3-hybri-

dized orbitals of carbons, and σ atomic orbitals

of halogens. The energy, εi, of the ith molec-

ular orbital is expressed as

(2)
where αsp3 and βsp3-sp3 indicate the Coulomb

intergral of a sp3-hydbridized orbital of carbon

and the resonance integral between sp3 orbitals,

making a standard σ bond. The larger value

of λisp3 corresponds to the lower energy since

the resonance integrals is minus in sign. The 

Coulomb and the resonance integrals of each 

atom and bond adopted in the calculation are 

the same as were employed previously5,6), they 

will not be repeated for the sake of brevity. 

The method can be extended to the calcula-

tion of the σ electronic structures of conju-

gated compounds if, in this case, one regards

the π electrons as making a field where σ

electrons move. Then the energy of the ith

σ molecular orbital, εiσ, may be written as

(3)

where αsp3 and β sp2-sp2 are the standard Cou-

lomb and the standard resonance integrals of

the sp2 σ orbitals. Similarly, the energy of

the jth π molecular orbital calculated by the

simple LCAO MO method is given as

(4)

Calculated σ electron densities could clearly

explain the experimental results of physico-
chemical properties -for instance, dipole mo-
ments, halogen coupling constants in PQR 
spectra, and proton chemical shifts in NMR 
spectra-as has been reported previously 7,8). 

A no table finding of the calculation in halo-

genated compounds is that the substitution of 
hydrogens by halogens, while it does not
change the energy of σ occupied levels very

seriously, does give rise to a remarkable change

in the energy of σ unoccupied levels. There

occurs especially a considerable lowering of

the lowest unoccupied σ level;this lowering

becomes larger as the number of halogen atoms

increases.

The Polarographic Reduction and σ Electronic

Structures of Haloalkanes 

Haloalkanes belong to one of the few groups 
of compounds which include no conjugated 
system but which can nevertheless be reduced 
polarographically. As was pointed out in the 
previous section, halogen substitution causes a
lowering of the lowest unoccupied σ levels.

Imitating Eq. 1, we compared the first half-

wave reduction potential of halomethanes with 

the energy of their lowest unoccupied a level, 

obtaining the following relation :

(5)

TABLE I. FIRST HALF-WAVE REDUCTION POTENTIAL AND ENERGY AND ELECTRON 

DISTRIBUTION OF THE LOWEST UNOCCUPIED LEVEL OF HALOMETHANES

* NW indicates that the compound gives no reduction wave.
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As can be seen in Table I, a parallelism be-

tween them was obtained for each series of 

halomethanes. A similar relation is obtained 

also in haloethanes. The discrepancy which 

is observed in comparing bromo- and iodo-

methanes is probably due to an inappropriate 

choice of energy parameters for halogen atomic 

orbitals which have never strictly tested nor 

improved ; it is also perhaps due to the effect 

of disregarding the overlap integrals. 

Although the linear relation represented by 

Eq. 5 was not precisely adopted to the values 

in Table I, we roughly estimated the magnitude

of βsp3-sp3 by means of Eq.3and so obtained

avalue of ca.-5eV. This value is very close

to that of  sp3-sp3 obtained in the discussion

of the NMR chemical shifts of halides 
(-5.7 eV.)11) and also in that of the ionization 
potentials of halides (ca. -5 eV.)11). Further-
more, this would be rather rational in compari-
son with the above cited value of β π,-2.23 eV.

From these correspondences between E1/2

and λlvsp3, it can safely be said that the poten-

tial-determining step in the polarographic re-

duction of haloalkanes is the electron transfer 

from the electrode to their lowest unoccupied

σ level. The fact that methane and other

saturated hydrocarbons do not give a reduction 

wave is clearly because of the high energy of

their lowest unoccupied σ levels.

The electron distribution of the lowest un-
occupied level is greatly localized on the car-
bon-halogen bonds, and the bond order of the 
level on the bond is negative and large in 
absolute value, as may be seen in the fourth 
and fifth columns in Table I and Fig. 1. These 
calculated results suggest that, in a state which 
has an electron in that level, the carbon-halo-

gen bonds are very easy to break down. The 
anion, which might be produced at the first 
step of the polarographic reduction of halides, 
corresponds to this case. One may consider 
a second process in which a carbon-halogen 
bond of the anion breaks and in which the 
resultant anion, or radical, reacts with a proton, 
or with a proton and an electron, in the solu-
tion (a 75% dioxane and 25% water solution

Fig.1. Coefficient of atomic orbitals in the

lowest unoccupied σ MO of diiodomethane.

was used as the solvent), as was suggested by 
Stackelberg and Stracke :

(6)

or

(7)

Thus, one may clearly explain theoretically 
such a result of controlled potential reduction 
as that, for instance, methyl bromide was 
reduced to give methane, while ethyl bromide 

gave ethane. This connection seems to support 
the conclusion derived above that the first 
reduction potential of saturated halides cor-
responds to the electron transfer to the lowest
unoccupied σ level. It has not yet been

decided in which one of the two mechanisms, 

Eq. 6 or 7 the real breakdown of carbon-

halogen bonds occurs. On the basis of the 

electron affinities of halogen and carbon atoms, 

however, the first mechanism, Eq. 6, seems to 

be more probable than the second one. If so, 

one who carried out the controlled potential 

electrolysis of halides in an aprotic solvent 

could observe the ESR spectra of the radical.

The Polarographic Reduction and σ and π

Electronic Structures of Conjugated Halides 

In this section relations between the half-
wave reduction potential and the energy of
the lowest σ and the lowest π unoccupied

levels will be investigated. The experimental 

E1/2 and the calculated height of the lowest

unoccupied levels,λlvsp2 and λlvπ, of chloroben-

zenes and chloroethylenes, as examples, are 

tabulated in Table II.

The height of the lowest unoccupied π

level hardly varies in these series and seems 

to have no connection with their half-wave 

reduction potential, E1/2. Even if one forcibly 

applies Eq. 1 to their relation, one is led to 

the irrational finding that the absolute value

of β must exceed 20 eV. On the other hand,

the height of the lowest unoccupied σ levels

of these compounds is shown to be parallel to 

the half-wave potential, as in haloalkanes :

(8)
From the parallelism the magnitude ofβsp2 -sp2

is estimated to be-6.88eV.(in the case of

chlorobenzene), a value which seems to be

appropriate in view of these of β π and βsp3 _sp3.
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TABLE II. FIRST HALF-WAVE REDUCTION POTENTIAL AND ENERGY AND ELECTRON DISTRIBUTION OF
THE LOWEST UNOCCUPIED σ AND THE π LEVELS OF HALOGENOBENZENES AND HALOGENOETHYLENES

* NW indicates that the compound gives no reduction wave.

Furthermore, as to the reduction products,

for instance, naphthalene from α-bromonaph-

thalene and ethylene from 1, 2-diiodoethylene, 

an explanation similar to that in the case of halo-

alkanes would be possible based on the local-

izing and anti-bonding nature of the carbon-

halogen bonds of the lowest unoccupied σ

level, as is shown in Table II and Fig. 2.

Fig. 2. Coefficient of atomic orbitals in the
lowest unoccupied σ MO of 1,1-dichloro-

ethylene.

Thus, the polarographic reduction of conju-
gated halides would represent the electron trans-
fer process from the cathode to the lowest
unoccupiedσ, not π,level, in contrast with

the case of other conjugated compounds, in

which an electron runs into the lowest unoc-

cupied π level, satisfying Eq.1.

As the entropy change will not be very dif-

ferent between the both processes, that in

which the electron transfers to the σ unoccupied

level and that in which it transfers to the π

unoccupied level, it may be said that the lowest

unoccupied σ level would be lower than the

lowest unoccupied π level. This conclusion is

more certain as the number of halogen atoms 
in the molecule increases or as the halogen 
changes in the order F  CI  Br  I. 

One may raise the objection that the lowest
unoccupied σ level into which an electron

jumps may not be the lowest level of all, for, if 
the selective adsorption of carbon-halogen bonds 
occurs, an electron will have to run into the 
level which is localized in the bonds. How-
ever, the experimental finding that a-bromo-
naphthalene is reduced at a voltage (-1.96 V.) 
less negative than that at which naphthalene 
can first be reduced (-2.50 V.) renders the ob-
jection invalid. 

In Fig. 3 is shown the energy diagram of 
lowest unoccupied levels, which is mainly 
deduced from the linear relationship (cf. Eqs.
1 and 8)between λlv and E1/2. The value of

the energies of the levels might include errors 

of the order 0.1 to 0.2 eV. The origin of the 

energy is arbitrary. One can see the inversion

of the π and σ lowest unoccupied levels.

It is well-known that the nucleophilic sub-

stitution of unsaturated halides takes place 

exclusively at the halogen atom as follows :

(9)

where Y- is a nucleophilic reagent. It seems 

very interesting to connect this fact with the



February, 1963] Polarographic Reduction of Organic Halides221

Fig. 3. Estimated lowest vacant a and a levels. 

inversion of energy levels. That is to say, 

when the reagent comes near the substrate, 

for instance, electrons on the substrate easily 

delocalize to the lowest unoccupied level, that

is, the lowest unoccupied σ level, which causes

a weakening of the carbon-halogen bonds, and 
so substitution occurs. Therefore, the mecha-
nism of the nucleophilic substitution of un-
saturated halides might differ from that of the 
ordinary substitution reactions of conjugated
compounds in which π levels play a dominant

role. 

Furthermore, the inversion of the lowest 

unoccupied levels in unsaturated halides would 

result in a weak and broad transition from

the highest occupied π level (the highest oc-

cupied of all)to the lowest unoccupied a level

(the lowest unoccupied of all), which would

be seen in the range of larger wavelengths;

this may be named the π → σ*transition. An

n→ σ* transition wave observed in saturated

halides by Mulliken 9), but the π → σ*transi-

tion in conjugated halides has not yet been 
observed nor even suggested. A more precise 
calculation by the LCAO ASMO CI method, 
which confirms our present conclusion, will be 

published elsewhere10). 

The Polarographic Reduction of Other 

Saturated Compounds 

It is worth noticing that haloalkanes and 
alkylperoxides are the only saturated com-

pounds that can be polarographically reduced.

Alkylperoxide gives an almost pH value-in-

dependent wave at a much less negative poten-

tial ; for instance, methyl hydroperoxide is 

reduced at -0.25 V. both in 0.01 N hydrochloric 

acid and 0.01 N sodium hydroxide. The lowest

calculated unoccupied σ level in alkylperoxides,

as well as in haloalkanes, is very low. For 

instance11)

The lowering of the lowest unoccupied σ level

in peroxides would have an intimate connec-
tion with their polarographic reduction, as one 
might except from the discussion on saturated 
halides. 

The distribution of the lowest unoccupied 
level is also very localizing on the oxygen-
oxygen bond, and the partial bond order on 
the bond is negative and large in absolute 
value (Fig. 4). Thus, after the electron trans-
fer to the level, the breakdown of the bond 
will follow.

Fig. 4. Coefficient of atomic orbitals and par.. 
tial bond order (in parentheses) of the lowest 
unoccupied MO. 

Generally speaking, the lowering of the 
lowest unoccupied level is to be expected if 
a compound has one or more bonds whose 
resonance integrals are relatively small and, 
at the same time, one or both of the atoms 
constructing it are relatively electronegative. 
Peroxides and halides are typical examples.
Inversion of the lowest unoccupied σ and

the lowest unoccupied π level may occur in

the case where the lowering of the lowest un-

occupied σ level is large, as has been stated

above, and where the lowest unoccupied π

level remains rather high. An electronegative 

atom in the compound necessarily causes a

* The parameters used in the calculation will be 

published elsewhere11),

9) R. S. Mulliken., J. Chem. Phys., 8, 234, 382 (1940). 
10) Presented partly at the International Symposium on 

Molecular Structure and Spectroscopy, Tokyo, September, 
1961. 
11) K. Fukui and H. Kato, to be published.
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lowering of all levels, but when the atom has 
a lone pair to conjugate with neighboring
atoms, the lowest unoccupied π level stays

relatively high. The conjugated halides dis-
cussed in this paper and some conjugated per-
oxides seem to be the only examples where 
inversion may be expected. 

Summary 

The polarographic reduction potential of 
haloalkanes is connected with the energy of
their lowest unoccupied σ level. Moreover,

the reduction products are well explained in 

terms of the anti-bonding nature of the carbon

halogen bond of the level. The polarographic 
reduction potential of conjugated halides is
also correlated to their lowest unoccupied σ,

not π, level. It has also been suggested that,

in conjugated halides, the lowest unoccupied

alevel might be lower than the lowest unoc-

cupied π level and that the π → σ*transition

might be observed. 

Most of the calculations have been carried 
out on the KDC-I digital computer of Kyoto 
University. 
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