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Activated complexes of the polarographic reductions of unsaturated organic compounds were assumed to be
formed by the interaction of the z-molecular orbital of each compound with a hypothetical atomic orbital of the
clectrode employed. Linear correlations were obtained between the mutual differences in the polarographic
half-wave reduction potentials of a series of unsaturated organic compounds and the respective differences in the

n-stabilization energies calculated on the basis of the presumed structures of activated complexes.

These linear

relationships were considered to lend experimental support to the propriety of the presumed structures of the
activated complexes of the polarographic reductions of unsaturated organic compounds.

The electron-transfer phenomenon in electrochemical
reactions has become rather clearer as a result of
several theoretical investigations. However, the struc-
tures of the activated complexes in the electrochemical
reaction are still ambiguous. For example, Marcus?
developed a unified theory of homogeneous and electro-
chemical electron-transfer rates; he also gave a basis
for the quantitative correlations among the chemical
and electrochemical rate constants. There have been
several papers®) describing satisfactory results obtained
by the application of Marcus’s theory to each subject.
Hush? also developed a theory accounting for the
activation process in electrochemical reactions.

With regard to the structures of activated complexes
in electrochemical reactions, it may be said that no
concrete figure of an activated complex has yet been
presented. For example, Vléek® reported that an
initial activated complex (*D-E-) is formed by the
contact of a depolarizer, *D, having an excited
electronic state with the electrode, E-, in the polaro-
graphic reduction reaction. However, this structure
may not be considered to be concrete, because no
definite explanation of either the mechanism of the
contact of *D with E- or the mechanism of electronic
excitation was given.

By the way, it is known that mutual reactivity dif-
ferences in the chemical reactions of a homologous
series of organic compounds with the same reagent
and under the same reaction conditions must be ex-
plained in terms of the differences in the potential
energy changes of their possible reaction paths cal-
culated theoretically. However, this kind of calcula-
tion is almost impossible except for simple reactions
of small molecules. Therefore, such differences are
usually explained in terms of the differences in the
activation energies of the reactions. If a profile of
the potential energy surface of an electrochemical
reaction is very similar to that of the homogeneous
chemical reaction, as in Marcus’s theory, the mutual
differences in the electrode potentials required for
polarographic reactions of organic compounds having
analogous chemical structures with the same electrode
in the same solvent to proceed may also have to be
explained in terms of the differences in their activation
energies.

It is known that the stabilization energy of an acti-
vated complex of a chemical reaction can be estimated
by a simple quantum-chemical method.®) It has
also been known that the mutual reactivity differences
of a homologous series of organic compounds in the
same kind of chemical reaction can be correlated
rather roughly with the differences in their stabiliza-
tion energies. This roughness may be assumed to
be due to the complex reaction mechanisms involved
and to the consequent difficulty of making presump-
tions as to the structures of the activated complexes.

However, in the case of polarographic reactions,
many reactions proceed by means of rather simple
reaction mechanisms. Moreover, the reagent in a
usual chemical reaction is nothing else than the elec-
tron(s) on the electrode.” Therefore, the presump-
tion of the structures of activated complexes is expected
to be rather easy. If this presumption can be made a
mutual difference in the energies necessary for the
reversible electrochemical oxidation-reduction reac-
tions of two analogous compounds with the same elec-
trode under the same condition to proceed, it may
be expected to be correlated linearly with the dif-
ference in the stabilization energies of their activated
complexes.

In this paper, the structures of activated complexes
of the diffusion-controlled reversible polarographic
reductions, employing a dropping mercury electrode,
of unsaturated organic compounds are presumed.
Moreover, an expected linear correlation between the
mutual differences in the half-wave reduction potentials
of a series of compounds and the differences in their
stabilization energies calculated on the basis of the
presumed structures of activated complexes is derived.
Lastly, the proprieties of the presumed structures of
activated complexes are examined on the basis of the
experimental results.

Results and Discussion

Presumption of the Structure of Activated Complexes.
The comparisons of the half-wave potentials (E,,,)
of a series of diffusion-controlled reversible polarograph-
ic one-electron reactions, employing a dropping mercury
electrode, of a homologous series of unsaturated organic



3586

compounds (R) in the same solvent are considered.
If these reactions are assumed to proceed via the re-
spective activated complexes (Eq. (1)), the standard
free-energy change (4G°) of the reaction of a compound,
R, is equal to the difference in the free energies of the
activation of its forward and reverse reactions

— <«
(AG*—AG=):
R+e(Hg) = [activated complex] = R~ + (Hg) €))]
Moreover, the difference in the standard free-energy
changes of two analogous compounds, R, and Ry,
is expressed by Eq. (2). The polarographic half-
wave reduction potential of a reversible
— <« — <«
AG, — AGy = (AGx—AG¥) — (4G5 —AG¥)

— — «— <— :
= (AGx—4Gy) — (AGx—4Gy) (@)
reaction system such as Eq. (1) is known to be a linear
function of the free-energy change (Eq. (3)).9

Moreover, according to the law of linear free-energy
relation, (4G3—A4G$) can be considered to be propor-

tional to (A—G)ff—A_&ff) (Eq. (4)). Here, a is the pro-
portional constant determined by the nature of the
reaction. Therefore, the difference in the polarograph-
ic half-wave potentials of two compounds can be
correlated with the difference in their free energies
of activation (Eq. (5)).

4G° RT Dg-\Y?/ fr

1 JB
v "or) (7) @
D: diffusion coefficient; R: gas const.;
F: Faradays const.; f: activity coefficient; 7T: K

Eyp = —

—> —>
AGx — AGF = a(AGL—AGS) (4)
AG,—AGy
Ef/z - Ef/z = ———( F )

R (DD Y i )
F Dg,Dg,- Sr,- SRy

(4G5 —4Gy)
-

RT Dg,-Dgr, )1/2( JRa SRy )
1 5
+ F n(DRADRB‘ fRA'fRB ( )

— —
(AGx~4Gy)
aF

Because R, and Ry were supposed to have similar
chemical structures, the contribution of the second
term on the right-hand side of Eq. (5) to the left-
hand side seems insignificant. Therefore, Eq. (5)
is simplified to Eq. (6).

In order to estimate the free energy of activation
of R, a presumption as to the structure of its activated
complex is necessary. In the forward reaction of
Eq. (1), the electron (e”) on a dropping mercury
electrode [(Hg)] may be considered to be supplied
from the Fermi level of liquid mercury, whose energy
is known to be —6.84eV.? Since only one electron
participates in the reaction, while innumerable elec-
trons on (Hg) do not, it might be thought that the
electron is the true reagent of the forward reaction,
while (Hg) is its carrier, Therefore, the electron is

E‘?/z - Ef/z = — (6)
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assumed to occupy a hypothetical atomic orbital of
liquid mercury [X(gg)]'® with the orbital energy of
—6.84 eV. The magnitude of the energy of this
hypothetical atomic orbital is not much different from
that of the Coulomb integral («) of a carbon atom
forming part of a m-electronic system of organic com-
pounds, because the Coulomb integral is generally
considered to be about —7 to —9eV. Therefore,
the hypothetical atomic orbital of the electrode is
considered to be able to interact with the m-molecular
orbital of a compound, R. Therefore, when the com-
pound is going to collide with the electrode, the hypo-
thetical atomic orbital of the electrode and the z-
molecular orbital of R may begin to overlap each
other; at the moment of collision, this overlap may
become complete. In this state, of course, it cannot
be considered that the electron and R are bound rigidly,
but it may be considered that the m-electronic cloud
of R spreads not only over the molecule, but also over
the hypothetical atom of the electrode. In other
words, the electron localized initially on the hypotheti-
cal atomic orbital of the electrode is considered to be
delocalized on the s-electronic system newly formed.
Therefore, the transference of an electron from the
electrode to R may occur. This state may be presumed
to be the activated complex, and its structure may
be expressed by [Re-e—-(Hg)]*. Just after the
collision, the electron may be localized on the
original z-electronic system of R, and an activated
complex of the reaction may begin to decompose.
This decomposition may produce the products (an
anion radical and the electrode with a vacant hypo-
thetical atomic orbital).

In the reverse reaction of Eq. (1), a vacant hypo-
thetical atomic orbital of the electrode of the same
kind as that of the forward reaction may be assumed.
Much as in the case of the forward reaction, the forma-
tion of an activated complex, [R---e—-(Hg)]*, may
be considered.

Therefore, the process of the reversible one-electron
polarographic reductions of a series of unsaturated
organic compounds may be assumed to be as follows
(Bq. (7)):

R + e (Hg) = [Re--em--(Hg)]* = R~ + (Hg) 7

The presumed structure of the activated complexes
of one-electron reactions may be applicable, with a
slight modification, to the structure of the activated
complexes of two-electron reactions. That is, in a
reversible reaction of an unsaturated organic com-
pound, R(Eq. (8)), a hypothetical atomic orbital
of the electrode occupied by two electrons may be
assumed. These two electrons may then be assumed
to be transferred to the m-molecular orbital of R. The
formation of an activated complex, [R---2e~---(Hg)]¥,
may also be assumed:

R + 2e-(Hg) = [R---2e~---(Hg)]* = R*~ + (Hg) (8)
n-Stabilization Energy of the Presumed Activated Com-
Dlex. According to the transition-state theory, the

AG* of a forward reaction of Eq. (7) can be correlated
with its equilibrium constant K* (Eq. (9)), and K*
can be expressed by Eq. (10). Here, Q is the parti-
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N
tion function, and E; is the activation energy, defined
by the difference between the zero-point energy of
the reactant and that of the activated complex.

=
AG* = —RTIn K= o
N
Q'[R"‘C""(Hg)]# Eo )
K+ = ool —
Q.RQ.e*(Hg) xp< RT (10)
AG* = —RT1 Mﬁ)+ B an

Q.RQ.B‘(HE)

—> —> QRB A

AG*—AGs = —RT'In + (B —E?) (12)

—> —> —>

AGS — AGr ~ (E,,A-—Ef) (13)
(Er—E?)

El)y — EY)y ~ ——"7F—L (14)

Because the partition functions of two activated
complexes, [R,--e—-(Hg)]* and [Rg--e--(Hg)]*,
formed from two compounds, R, and Rj, with anal-
ogous chemical structures and the same electrode can
be assumed to be very similar, the difference in their

—> —
free energies of activation, 4GF—AGy, can be cor-
related with the difference in their activation energies,

—E—)‘E (Eq. (12)). Moreover, Qr, and Qgr; may
also be regarded as very similar. Equations (13) and
(14) can thus be obtained.

The activation energy of a molecule is considered
to be contributed by five energy changes!!): the
vibrational energy change (4s;), the energy change
of localized bonds (deF), the energy change of
delocalized system (4eF), the energy change of interac-
tion between nonbonded atoms (4eF,) and the energy
change of solvation (de¥(T)) (Eq. (15)). When the

-
differences (E?—E7%) between two unsaturated organic

(15)

compounds with analogous chemical structures in the
same solvent is considered, the following approxima-
tions may be considered to be reasonable. The
vibrational energies of their activated complexes may
not be much different each other. Not only the
magnitude of d¢yF itself, but also the difference in Ae¥
between two compounds may be insignificant, because
the formation of an activated complex is presumed
to be based on the interaction of the ms-electronic
system of a compound and a hypothetical atomic
orbital of the electrode. For the same reason, both
AeF,, and its difference between two compounds may
also be insignificant. Because the overlap of two
orbitals is considered to occur very rapidly, the value
of Ae¥(T) may be rather small and its difference be-
tween two compounds may be insignificant. If these

approximations are made, the difference (E‘)‘S——E’?)
may become a function of the difference in (4e¥F),
and (4e¥)y (Eq. (16)).

In the activated complex, the original z-electronic
system of R is considered to be perturbed slightly

s
Ey = Adex + AeF + AsF + Ae:f‘ + Aex(T)

Activated Complexes of Polarographic Reductions

3587

by the interaction with a hypothetical atomic orbital
of the electrode. The energy change of the n-electronic
system of R due to this kind of perturbation is called
the z-stabilization energy (4E.). Here, r and s
denote the atoms of the two reactants where the in-
teraction occurs. In the present case, one of the
reactants is the electron on the electrode, so it may
be expressed as AE It is known that the larger

r(Hg)'
the AE,,, the smaller the zm-activation energy. There-

fore, it may be said that the larger the AE, (), the
smaller the (4eF) (Eq. (17)).
-5 >
(e —E7) = (deF)a — (deF)s (16)
AS;F =b— C'AEr(Hg) (17)

Equation (17) is known to be useful not only in
predicting the specific position, 7, of a molecule where
a reaction is expected to occur preferentially, but also
in predicting the difference in the reactivities of the
molecules of a series of compounds with analogous
chemical structures in the same kind of chemical
reaction. Therefore, both 4 and ¢ can be assumed
to keep nearly constant throughout a series of reac-
tions employing analogous compounds. Therefore,
it might be possible to expect that the difference in
the activation energies of the reversible polarographic
reactions of R, and R, can be correlated linearly
with the difference in their maximum =z-stabilization
energies (Eq. (18)):

N
Er—Erx (deF)ain — (6F) i

= _c[(AEr(Hg))mnx - (AEI(Hg))fnx]

From the viewpoint of chemical reactions, a polaro-
graphic reduction may be considered to fall in the
category of addition reactions. Also, it is known that
the m-stabilization energy of the addition reaction of a
neutral molecule (R,) with a radical molecule (R,)
or with an ionic molecule (R;) at their rth and sth
atom can be calculated by means of Eq. (19) or Eq.
(20) respectively:

(18)

RIS O o
occ unocc C"l d” 2
+ 31 -3 B (19)
m m N—
4B, =25 5 -5 5 %( ) 20)

Here, C7, d7, and d} denote the coefficient of the rth
atomic orbital of the mth molecular orbital of R,
and the coefficient of the sth atomic orbital of nth
(or ith) molecular orbital of R, (or R,) as calculated
by the HMO method, respectively. v,, »,;, and 7,
denote the coefficients of the resonance-energy parts
of the energy levels of R,, R;, and R, respectively.
N denotes the half-occupied orbital of R,. ¢ denotes
the resonance integral of the m-electronic system newly
formed between R, and R, (or R,).

In the case of the calculation of the AE (,) of a
one-electron reduction, R, has only one half-occupied
orbital and d7 is unity. Moreover, 1, has already
been assumed to be approximately equal to 0. Equa-
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tion (19) is, therefore, simplified to Eq. (21),* and,
in the case of two-electron reductions, Eq. (22)* is
derived:

4B, = &30 ")2 = () @1)
AE, =35 (CO (ap) (22)

Now, the difference in the half~wave reduction
potentials of two analogous compounds, R, and Rg,
can be correlated with the difference in their n-stabiliza-
tion energies (Eq. (23)):

F(Elj—El) = —[(AE;mp)hu—@Erae)ie]  (23)

If the presumption of the structures of activated
complexes is proper, the linear relationship expressed
by Eq. (23) can be expected to hold. Therefore, the
validity of this equation was examined by using the
values of both the diffusion-controlled reversible
polarographic half-wave reduction potentials and the
calculated z-stabilization energies of several types of
organic compounds.

Examination of the Validity of Eq. (23). Maccoll®)
indicated that the polarographic half-wave potentials
of the reversible one-electron reductions of eight
unsaturated hydrocarbons can be linearly correlated
with the magnitudes of the energies of the lowest vacant
zm-molecular orbitals (Efywo) of these compounds, as
calculated by the HMO method. This indication
has also been recognized to hold in many hydrocarbons
by several groups of researchers, such as Hoijtink
et al.1®) and Pullman et al.*®  Since this kind of quantum
chemical approach to the interpretation of the E,,,’s
of organic compounds has been widely accepted as
relevant, parallel examinations of the validity of Mac-
coll’s indication and that of Eq. (23) by means of the
same experimental results were thought to be significant.

a) Aromatic Hpydrocarbons: According to the con-
clusion of Wawzonek et al.,*¥ the first reduction waves
of these compounds, determined in 759, dioxane-
water, correspond to the addition of either one or two
electrons to the compounds. Later, Hoijtink et al.1®
clarified the reduction mechanism of unsaturated
hydrocarbons in a protic solvent (75% and 969,
dioxane-water) as follows: (i) At first, an anion radical
(R) is formed by the reversible addition of one elec-
tron to the compound, regardless of the solvent
employed, and (ii) the number of electrons correspond-
ing to the first wave is decided according to whether
the rate of the proton addition to R~ is lower or higher
than the rate of the diffusion of R— from the electrode
surface layer to the bulk of the solution. The latter
mechanism means that, if the former rate is lower
than the latter one, as it is so in many unsaturated
hydrocarbons, the first wave corresponds to the addi-
tion of one electron.

The first wave of the polarographic reduction of
unsaturated hydrocarbons, such as stilbene, styrene,

* These equations are also known to be equations giving
the superdelocalizabilities of a radical substitution and a
nucleophilic substitution reaction respectively.
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and 1,1-diphenylethylene, as determined in an aprotic
solvent, has also been reported!® to correspond to the
addition of either one or two electrons to the compounds.
However, Bergman!? concluded that the first reduction
wave of many aromatic hydrocarbons, as determined
in ethylene glycol monomethyl ether, corresponds to
the addition of one electron. Bergman’s investiga-
tion not only included seventy-two aromatic polynuclear
hydrocarbons of a variety of chemical structures,
but also all of the E,;, of these compounds were de-
termined in the same solvent. Therefore, the E/,
values of the present study were taken from this litera-
ture. He classified these compounds into several
classes with respect to the similarities in their chemical
structures. In this study, at first sixty-nine compounds
were classified into four classes (a, b, ¢, and d) in
accordance with Bergman’s classification, as is shown
below. However, the three compounds which form
the class e in Bergman’s report were omitted, because
one of them, diindeno[l,2,3-fg: 1,2',3"-0p]naph-
thacene, has a nonbonding orbital which makes
the calculation of AE,(,) impossible. Consequently,
the remainder was insufficient for the investigation.
Also, it was considered that four compounds (No.
42, 43, 57, and 58) should be classified into a new class,
¢, because they are related not only to both perylene
and pyrene, but also to p-terphenyl.

a) the cata-condensed aromatic hydrocarbons (No.
1—31

b) )the peri-condensed aromatic hydrocarbons related
to perylene (No. 32—41)

c) the peri-condensed aromatic hydrocarbons related
to pyrene (No. 44—61(except 57 and 58))

c’) the peri-condensed aromatic hydrocarbons re-
lated to perylene, pyrene, and p-terphenyl(No. 42,
43, 57, and 58)

d) the non-alternant
fluoranthene (No. 62—69)

Unlike the case of the aromatic carbonyl compounds
to be discussed later, each aromatic hydrocarbon can
be expected to be reduced simply at the position bearing
the maximum =-stabilization energy. Then, the n-
stabilization energies at all positions of all compounds
were calculated.

The differences in both E;,, and (AEr(Hg))max, and
the values of both £, and Efywo, are shown in Tables
1—4. The standard deviations and correlation coef-
ficients are also shown in these tables. The correla-
tion between the differences in the values of (4E,(4g)) max
and the differences in the F;/,, values of compounds
of Group a is shown in Fig. 1. This figure indicates
that the linear relationship given by Eq. (23) is satis-
factorily fullfilled.

b) Aromatic Aldehydes: Schmidt et al1® described
how, in a strong alkaline solution, the polarographic
half-wave reduction potential of aromatic aldehydes is
independent of the pH value of the solution employed,
and how the diffusion current corresponds to the
addition of one electron to the oxygen atom of a mole-
cule (Eq. (24)). They also showed that the E,/,
of six aromatic aldehydes determined in a strong alkaline
solution are linearly correlated with the Efyuwo’s express-
ed by the unit of y. Streitwieser'® confirmed the

hydrocarbons related to
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TABLE

I Vavrues or E,;(V), AE,,(V), A(AErwg)max-
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(—7*8) AND Efiyo(x—mpB) OF a GROUP ARGMATIC

TaBLE 3. VALUEs oF E,/,(V), AE,;,(V), A(AEug))max-
(—»2B) AND Elyyo(x—mfB) OF ¢ GROUP AROMATIC

HYDROGARBONNS
ey —ABy®  —AUEwug)nes? —Byp

1 0.0 0.0 1.98 0.6180
2 0.52 0.3192 1.46 0.4142
3 0.845 0.5108 1.135 0.2950
4 1.12 0.8006 0.86 0.2197
5 0.045 0.0034 1.935 0.6052
6 0.45 0.2574 1.53 0.4523
7 0.79 0.4515 1.19 0.3271
8 1.035 0.7006 0.945 0.2436
9 0.01 —0.0656 1.97 0.6840
10 0.44 0.1592 1.54 0.4991
11 0.775 0.3920 1.205 0.3557
12 1.05 0.6124 0.93 0.2621
13 0.435 0.1518 1.545 0.4735
14 0.73 0.3385 1.25 0.3584
15 1.13 0.5849 0.85 0.2691
16 0.175 0.0497 1.805 0.5201
17 0.545 0.2949 1.435 0.4048
18 0.65 0.3144 1.33 0.3482
19 0.235 0.0046 1.745 0.5676
20 0.41 0.2061 1.57 0.4918
21 0.335 0.0378 1.645 0.5319
22 0.41 0.1226 1.57 0.5224
23 0.39 —0.0288 1.59 0.5115
24 0.25 0.0343 1.73 0.5498
25 0.58 0.2771 1.40 0.4186
26 0.19 0.0491 1.79 0.5019
27 0.455 0.2517 0.525 0.4372
28 0.76 0.4363 1.22  0.3358
29 0.485 0.2603 1.495 0.4287
30 0.465 0.1558 1.515 0.4321
31 0.515 0.2655 1.465 0.3940
Standard Deviation 0.0901 0.0764
Correlation Coefficient  0.9553 0.9681

HYDROCARBONS
Com- = _ g o _AUE » _E
pound 1/2 (4E;(g)) max 1/2 m
44 0.0 0.0 1.61 0.4450
45 -0.06 —0.0508 1.67 0.4970
46 0.25 0.2930 1.36 0.3711
47 0.53 0.2416 1.08 0.3983
48 0.165 0.1476 1.445 0.4216
49 —0.075 —0.1177 1.685 0.5550
50 0.45 0.4214 1.16 0.3027
51 0.295 0.3234 1.315 0.3420
52 0.105 0.0420 1.505 0.5053
53 0.46 0.4182 1.15 0.3026
54 0.83 0.7111 0.78 0.2130
55 0.46 0.4752 1.15 0.2734
56 0.27 0.1594 1.34 0.3957
59 0.42 0.3896 1.19 0.2910
60 0.55 0.5282 1.06 0.2580
61 0.81 0.8832 0.80 0.1891
Standard Deviation 0.0805 0.1034
Correlation Coefficient 0.9533 0.9212

a) AEl/zz (El/z)nyene._ (El/z)Compound
b ) 4 (AE!‘(Hg))max - (AE:(H);) xl;y:xene - (AEr(Hg) ?m‘l';lpwnd
(AE; (mg) B =1.1149

TaBLE 4. VaLrues oF E,;,(V), AE ;,(V), A(AE.(ug)) max-
(—7*B) AND Elyyo(e—mf) oF ¢’ AND d GROUPS
AROMATIC HYDROCARBONS

Com-
p:))l?llld ——AEl/za) —4 (AEI(Hs)max) b E1/2 m

a) AE;j,=/(E,,)\epbtbalene__ (E , yCompound
b ) A(AET(HS))max:(AEr(Hg) gl;l;hthalene

~(4E;mg) )mz™""

(AE; (ug))mx " =0.9940

TasLe 2. Varues oF K,/ (V), AE,/(V), A(AE (1)) max-

(—y*B) AND Efyyo(x—mf) OF b GROUP AROMATIC

HYDROCARBONS
I()]‘(’)‘r:‘ll-d —A4E ;) —AUAE mg)max” —Ei/s m
32 0.0 0.0 1.25 0.3473
33 0.285 0.4592 0.965 0.2648
34 0.37 0.6015 0.88 0.2135
35 0.25 0.4531 1.00 0.2673
36 —0.235 —0.1000 1.485 0.4392
37 —0.265 —0.1111 1.515 0.4631
38 —-0.10 0.0843 1.35 0.4114
39 —0.39 —0.2036 1.64 0.5392
40 —0.03 0.1227 1.28 0.3557
41 0.335 0.4241 0.915 0.2539
Standard deviation 0.0593 0.0378
Correlation coeffieient 0.9737 0.9894

42 0.0 0.0 0.675 0.1826
43  —0.020 —0.0368 0.695 0.1916
57  —0.500 —0.2516 1.175 0.2847
58  —0.475 —0.3885 1.15 0.3445
Standard deviation 0.0821 0.0836
Correlation coefficient 0.9391 0.9368
62 0.0 0.0 1.345 0.3709
63 0.370 0.4525 0.975 0.2521
64 0.695 0.8777 0.65 0.1604
65 —0.030 0.0957 1.375 0.3770
66 0.180 0.0661 1.165 0.3116
67 —0.045 0.0095 1.39 0.4007
68 0.290 0.2036 1.055 0.2666
69 —0.030 0.2229 1.375 0.3966
Standard deviation 0.1051 0.0287
Correlation coeflicient 0.9042 0.9932

a)
b)

AE, jy=(E,y)Peryiene — (E, s,)Compound
A(AE; (11g)) max = (AEr(mg)) ma? ™
(AE ¢ ugy) oiome = 1.1949

- (AEI(Hg))g&Tpo“nd

a) AE ;= (Ey/)X —(E,y,)Compevnd
b) A(AE: ug)max = (AErug)mex— (Erqig) mr™"™
¢’ group: X=Tetrabenzo[de,h,kl,rst]pentaphene
(42)
d group: X=Fluoranthene (62)
(AE (mg))max Of (42)=1.5117 and that of
(62) =1.1370.
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TABLE 5. VALUES OF AE;/,(V) aND A(AEy(mg ) (— y*f) OF AROMATIG ALDEHYDES

Parameter 1 24) 3e)
Compound —AE;,» —A(4E, gg))Y —A(AE, g )P —A(4E, )Y

70 0.0 0.0 0.0 0.0

71 0.257 0.0394 0.0746 0.1517

72 0.116 0.0163 0.0366 0.0728

73 0.087 0.0043 0.0108 0.0213

74 0.385 0.0498 0.1090 0.2182

75 0.143 0.0167 0.0377 0.0750
Standard deviation 0.0251 0.0185 0.0188
Correlation coefficient 0.9795 0.9889 0.9885

a) AE1/2: (E1/2) Benzaldehyde __. (El/z) Compound.
c) Ref. 20. d) Ref. 18. e) Ref. 19.

b) A (AEO(Hg)) —_ (AEO(HE))Beuzaldehyde_ (AEO(Hg))Compound_

(AE, (g )Bensaldedyde yalues are 0.5260 (parameter 1), 0.6753 (parameter 2), and 1.0783 (parameter 3).

TaBLE 6. VALUES OF Ej/,(V) AND Efyyo(x—mp)
OF AROMATIG ALDEHYDES

°-8r Parameter 12 2v 3e)

j>_: Compound —Ey, m m m
3 70 1.553 0.8561 0.4251 0.3859
% oh T 71 1.296 0.5656 0.2776 0.2602
! 72 1.437  0.5654  0.3245  0.3028
73 1.466 0.5946 0.3789 0.3500
ok” 0 8 74 1.168 0.3720 0.2081 0.1993
(; 0.'2 0:4 0' 7 5 .8 75 1.410 0.5553 0.3211 0.3000
) ’ Standard Deviation 0.0607 0.0254 0.0237
—A(AE: i) max (—7B) Correlation Coefficient  0.8733 0.9789 0.9818

Fig. 1. Correlation between mutual differences of E,/, a) Ref. 20. b) Ref. 18. o) Ref. 19.

values and the respective differences of (AE;(mg))max
values of a group aromatic hydrocarbons.

same linear relationship between the very same value
of every one of the £, values determined by Schmidt
et al. and the Efywo value expressed by the unit of p.

R-CHO + e- = R-CHO- (24)

In this case, the activated complex [(R-C(H)=
O---e—--(Hg))*] is assumed to be formed by the
interaction of a hypothetical atomic orbital occupied
by one electron of the electrode with the m-molecular
orbital of a molecule at the oxygen atom of the carbonyl
group. Then the linear relationship between the
differences in E;;, values and the differences in the
n-stabilization energies (A4Ey(y,)) of the same series
of six aromatic aldehydes was investigated.

Although neither Schmidt et al. nor Streitwieser
described anything about the influence of the change
in the hetero-atomic parameters of the carbonyl group
on the linearity between E;;,, and Efywo, this influence
ought not to be ignored. Also, the AE,(,) values
should be dependent on the same change. There-
fore, the AEq(,) values were calculated repeatedly
by the HMO method with the employment of three
sets of parameters proposed in the literature.18-20)
The results, the differences in the two E,;, values de-
termined by Schmidt et al., and the AE,y,) values
calculated by three kinds of parameters are listed in
Table 5. The E;/, values and three kinds of Eivuo
values are shown in Table 6. The standard devia-

tions and correlation coefficients of each set of param-
eters are also listed in these tables. These tables
indicate that all three sets of hetero-atomic parameters
gave the comparable linear relationships expected
by Eq. (23).

¢) Quinones: With regard to the polarographic
reduction of quinones in an aprotic solvent, Wawzonek
et al.®) made it clear that the first wave corresponds
to the formation of semiquinone anion radicals (Eq.
(25)), while the succeeding reduction of these anions
to dianions (Eq. (26)) is the second step:

0=<z>=o Fe = (')-<;>-0— (25)
é—C >—0— Foe = o—-<:>\-o— (26)

Then the linear relationship between the differences
between the Fj/,, values taken from the literature??
and the differences between the AE,(,) values cor-

responding to the structure [<O=< >=O---e—---(Hg)>j
of the four p-quinones was investigated. p-Quinones
with substituents in their molecule and o-quinones
were omitted from this investigation, because it was
considered that the usefulness of the hetero-atomic
parameters employed in this work has not yet been
examined for the calculation of compounds with
an ortho di-substituted structure.

In the preceding example it was clarified that all
three sets of hetero-atomic parameters gave comparable
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TaBLE 7. VALUEs oF E,;,(V), AEy/,(V), A(AEsmg)-

(—¥*B) AND Ef,yo(x—mf) OF QUINONES

Compound  —A4E,/» —A(4Eowg)” —Ey; m
76 0.0 0.0 0.51 0.4827
77 —0.20 —0.0388 0.71 0.5570
78 —0.24 —0.0400 0.75 0.5772
79 —0.43 —0.0685 0.94 0.6452
Standard deviation 0.0178 0.0050
Correlation coefficient 0.9932 0.9995

a) AE, = (E,,)4*Benzoquinone __ (F, , yCompound,
b ) A (AEo(Hg)) =A (AEO(Hg))1,4-Benzoqulnone
—_ (AEO(HE))Compound.
(AEO (He) ) 1,4-Benzoquinone — (), 6524,

results. Therefore, only one set of the hetero-atomic
parameters, one which had previously been proposed
by us,?® was employed.

The differences between the two E,,, values taken
from the literature®® and AEq,), and the values of
both Ej;, and Efwwo are shown in Table 7. The
standard deviations and correlation coefficients ob-
tained are also listed in the same table.

The standard deviations and correlation coeflicients
shown in Tables 1—7 indicate that, in all the cases
examined, the differences in the FE;;,’s can be cor-
related linearly with the differences in the z-stabiliza-
tion energies as satisfactorily as the linear relationship
observed between FE;;,’s and Efywe’s. Since no in-
vestigation of the systematic polarographic reduction

Activated Complexes of Polarographic Reductions
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reaction of unsaturated organic compounds with no
substituent other than that of these three groups of
compounds has yet been reported in the literature,
this examination can be considered to include all
of the cases. Therefore, the results of these examina-
tions may be considered to be experimental support
to the presumed structures of the activated com-
plexes of the reversible polarographic reductions of
unsaturated organic compounds are proper.

Experimental

The molecular orbital calculations were carried out on a
FACOM 230-60 computer at the Computation Center of
Kyushu University.

The names of all the compounds employed in this study
are listed below. The basic structures of many aromatic
polynuclear hydrocarbons are shown in Chart 1.
Naphthalene
Anthracene
Naphthacene
Pentacene
Phenanthrene
Benzo[a]anthracene
Benzo[a]naphthacene
Benzo[a]pentacene
Triphenylene
10. Benzo[b]triphenylene
11. Dibenzo[a, ¢]Jnaphthacene
12. Dibenzo[a, c]pentacene
13. Dibenzo[a, k]anthracene
14. Dibenzo[a, jlnaphthacene

CRENOO RN

1no12 1"

12 13 14 1

10 FOYF 2

N H BB
8 7 6 5 4

Chart 1.
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15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.

30.
31
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45,
46.

48.
49.
50.

52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.

Dibenzo[a, [Jpentacene
Chrysene

Benzo[b]chrysene
Dibenzo[b, k]chrysene
Benzo[c]phenanthrene
Dibenzo[a, jlanthracene
Benzo[g]chrysene
Tribenzo[a, ¢, h]anthracene
Dibenzo[g, p]chrysene
Benzo[c]chrysene
Dibenzo[b, g]lphenanthrene
Picene

Pentaphene

Hexaphene
Benzo[c]pentaphene
Dibenzo[¢, m]pentaphene
Naphtho[2,3-c]pentaphene
Perylene

Benzo[a]perylene
Dibenzo[a, j]perylene
Dibenzo[a, n]perylene
Benzo[ghi]perylene
Dibenzo[b, pgrlperylene
Tribenzo[b,ghi,k]perylene
Coronene

Dibenzo[ fg, gr]pentacene
Dibenzo[bc, ¢f Jcoronene
Tetrabenzo[de, h, ki, rst]Jpentaphene
Tetrabenzo[de, hi, op, st]pentacene
Pyrene

Benzo[e]pyrene
Benzo[a]pyrene

Bibenzo[a, {]pyrene
Dibenzola, ¢]pyrene
Dibenzo[ fg, op]naphthacene
Dibenzo[a, k]pyrene
Benzo[rst]pentaphene
Dibenzo[de, grlnaphthacene
Naphtho[2,3-a]pyrene
Dinaphtho[2,3-4,2",3’-k]pyrene
Benzo[xyz]heptaphene
Dibenzo[A,rst]Jpentaphene
Dibenzo[cd,Im]perylene
Tetrabenzo[a,cd, j,/m]perylene
Dibenzo[def,mno]chrysene
Tribenzol ghi,m,pqr]picene
Tetrabenzo[b,def,k,mno]chrysene
Fluoranthene
Benzo[a]fluoranthene
Dibenzo[b,g]fluoranthene
Benzo[b]fluoranthene
Benzo[ j]fluoranthene
Benzo[k]fluoranthene
Naphtho[2,3-j]fluoranthene
Naphtho[2,3-k]fluoranthene
Benzaldehyde
Cinnamaldehyde
1-Naphthalenealdehyde
2-Naphthalenealdehyde
9-Anthracenealdehyde
9-Phenanthrenealdehyde
1,4-Benzoquinone
1,4-Naphthoquinone
1,4-Anthraquinone
9,10-Anthraquinone

Yo UepA and Yukio Ono
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