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Several quantum-chemical reactivity indexes
for the conjugated system have been proposed
in LCAO MO treatment and each of these
quantities has been found to explain well the
experimental results. One of these indexes is
the superdelocalizability, S,. This is derived
from the frontier electron theory and has been
proved to be an excellent guide to explain
various experimental results of conjugated
molecules. In the larger molecules, however, a
laborious calculation is required to obtain its
value. Therefore, a method to be a good
appoximation to S,, which would make com-
putation considerably easier, may be looked
forward to. In this view the authors derive a
new reactivity index, S, for alternant hydro-
carbons. That is, S is the ratio of b, m-; to
an, where a, and b, n-1 are the constant
terms of expanded secular determinants given
by Eq. 4. In this paper, values of S, are com-
pared with exact values of S,, and also with
experiments together with the localization
energy.

In spite of its extreme simplicity, S, is a
good reactivity index of the alternant hydro-
carbon. Accordingly, it is suggested to use
this index widely for the purpose of concise
explanation of reactivity of large alternant
hydrocarbon molecules.

Theoretical

Superdelocalizability, S,, is given by the
following formula®
5o X e

=1 4

where ¢, is the coefficient of the rth atomic
wm-orbital in the jth molecular orbital, and 4,
is the energy of the jth molecular orbital in
unit of B (the resonance integral of benzene),
respectively ; v; is the number of electrons in
the jth molecular orbital, v is the number of
electrons at the pseudo-z orbital in the transi-
tion state and stands for 0, 1 and 2, for an
electrophilic, radical and nucleophilic reaction,
respectively. Also N represents the total
number of molecular orbitals.

e}

1) K. Fukui, T. Yonezawa and C. Nagata, J. Chem.
Phys., 27, 1247 (1957).

2) K. Fukui, T. Yonezawa and C. Nagata, ibid. 26,
831 (1957).

In our previous paper® a function G,(y) is
defined as

G- (y) =4 (iy) /iy4(iy) (2

where 4(2) is the secular determinant for the
isolated molecule, and 4..(2) is the (rr) minor
of A4(2). In Eq. 2 the argument 1 is replaced
by iy. In alternant hydrocarbons, Eq. 1 is
represented, using the function G-(y), by an
integral formula as

5= [ 76,004 3)

The determinants 4(iy) and 4,.(iy) are
expanded in the forms;
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It is proved algebraically that
a;>0 (i=1,2,-,m)
bri>0 (i=1,2, - ,m—1)
br.f br,:+1 ______ _
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(br,—1=0; GO'_—br,o:l, br,m:o)

Considering the conditions of Eq. 5, one can
easily show that G,(y) is positive with respect
to all the real values of y. Further, it is
clearly seen that G,(0) is equal to by m-1/Gn"
£-% and that G,(y) is an even function of y
and converges to zero according as y tends to
—E;Gf(y) is negative with respect
to all the positive values of y. The curve of
G.(y) plotted against y can be qualitatively
shown in Fig. 1. The integration of curve I
in the range —co<y<+oo gives the value of
S, exactly. Here, we adopt an approximation.
In place of curve I, the integration of curve
II is carried out. Its value is equal to G,(0)
between —x(—£)/2 and +x(—B)/2 and is
zero for |y | >=n(—pB)/2. If we designate the

infinite, and
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TABLE I. THE VALUES OF S, AND §( IN SEVERAL ALTERNANT HYDROCARBONS IN COMPARISON
WITH EXPERIMENT

Compound Position S, S, Compound Position S, S,
Benzene 0.833 0.750 Pyrene 3* 1.150 1.444
Naphthalene 0.9 1.2 e o
0.873  0.889 '
9 0.703  0.555 1,2-Benzanthracene 9 1.250  2.184
Anthracene 9 1.314  2.500 10 1.186  1.939
1 1.073 1.625 5 1.060 1.510
2 0.921  1.125 8 1.039  1.449
Naphthacene 12* 1.505 3.800 3,4-Benzpyrene** 5% — 3.000
1 1.121  2.000 6 — 1.667
2 0.961  1.400 7 — 1.667
Pentacene 13*  1.794  6.250 1,2,5,6-Dibenzanthracene 9*  1.146  1.750
14 1.63¢  5.111 3 040 1.444
1 1154 2.361 4 1.021  1.361
2 0.991  1.694
Phenanthrene 10+ 0.997  1.240 * Experimentally most reactive position in the
1 0978 1.160 molecule.
4 0.940 1.140 ok Sl; t_;)fedthls componud has not yet been
3 0.892  0.960 obtained.
2 0.859  0.840

TasLE II. THE VALUES OF S,+S; AND PARA-LOCALIZATION ENERGY IN COMPARISON
WITH EXPERIMENTAL DATA OF DIELS-ALDER. REACTION

Para-localiza-

Compound Position Sp+8; tion energy Experiment
Hexacene (6, 15) 17.713 3.16 reactive
(5, 16) 12.857 3.23
(1, 4) 4.772 3.61
Pentacene (6, 13) 12.500 3.18 reactive
(5, 14) 10.222 3.23
(1, 4) 4.772 3.61
Naphthacene (5, 12) 7.600 3.25 reactive
(1, 4) 4.000 3.62
1,2-Benznaphthacene (6, 11) 6.543 3.28 reactive
(5, 12) 5.889 3.36
Anthracene (9, 10) 5.000 3.31 reactive
(1, 4) 3.250 3.63
1,2-Benzanthracene (9, 10) 4.163 3.41 less reactive
(1, 4" 2.204 3.78 than anthracene
1,2,3,4-Dibenzanthracene (9, 10) 3.539 3.49 less reactive
(5, 8) 2.769 — than anthracene
1,2,5,6-Dibenzanthracene (9, 10) 3.500 3.59 less reactive
(1', 49 2.222 3.79 than anthracene
Naphthalene (1, 4) 2.444 3.68 not reactive
Phenanthrene (1, 4) 2.300 3.77 not reactive

Benzene (1, 4) 1.504 4.00 not reactive
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Fig. 2. The relation between S, and S,.
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(A thick line in the diagram designates the most reactive bond in the molecule.)
Fig. 3. Prediction of the most reactive position and bond of some condensed aromatic

hydrocarbons by the values of §,.
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Accordingly, it can be calculated very easily
even in larger conjugated hydrocarbons. In
Appendix I, a simple way of obtaining the
values of @, and b, m-1 is given by using the
expansion formulas of secular determinant,
wich have already been treated in our previous
paper®,

Bearing in mind the result of our previous
paper®, we obtain an equation which can
relate S, with Dewar’s approximate localization
energy, [,. That is,

2 2

T O A T

Results and Discussion

The calculated values of S, in different
positions of some aromatic hydrocarbons are
shown in the following tables in comparison
with experimental data together with other
reactivity indexes.

In Table I, the calculated values of S, and
S, in several hydrocarbons are indicated. The
experimentally most reactive positions are
shown by an asterisk and the figures corre-
sponding to the predicted most reactive position
are shown by heavy asterisks. The larger the
value of S; is, the more easily that position is
to be attacked. The parallelism between the
values of S, and S, is very intimate, indicating
that the latter can be a good approximation to
the former. It is seen that S, is also a good
index for explaining the relative reactivity
between different molecules. For instance, the
order of susceptibility of three hydrocarbons
to a substituting agent—methylformanilide—is:
anthracene > 1, 2-benzanthracene > 1,2, 5, 6-di-
benzanthracene®. Furthermore, through the
experiment of Fieser and Hershberg® 3,4-
benzpyrene was found to react more readily
with lead tetraacetate than 1,2,5,6-dibenz-
anthracene. This order of reactivity in heteroly-
tic reaction is in agreement with the order in
homolytic reaction; that is, Szwarc showed
that the order of methyl affinity of some poly-
condensed aromatic hydrocarbons was: naph-
thacene > anthracene > 1,2 - benzanthracene >
phenanthrene>>naphthalene>benzene®. These
experimental data are expected from the values
of S, in Table L

Thus, S, itself can be a good reactivity
index. But, if one would desire to obtain an
approximate value of S, from the value of S,,
we can do that by the use of Fig. 2, which

3) K. Fukui, C.Nagata, T. Yonezawa and A. Imamura,
This Bulletin, 32, 450 (1959).

4) L. F. Fieser and J. L. Hartwell, J. Am. Chem. Soc.,
60, 2559 (1938).

5) L. F. Fieser and E. B. Hershberg, ibid., 60, 2542
(1938).

6) M. Szwarc, J. Polymer Sci., 16, 367 (1955).
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provides the numerical relation between §; and

T

In Table 11, the values of S, +S; are compared
with the values of Brown’s para localization
energy for some polycyclic hydrocarbons. In
the simultaneous addition reaction the sum of
superdelocalizability at the attacked positions
was found to be a good index in our previous
study®, accordingly, S,+S; also is expected to
be a good index of addition reaction. In Table
II a coincidence between the values of S,+S,
and para localization energy is observed and
both of these indexes explain well the observed
data in the Diels-Alder reaction.

In Fig. 3, predictions of the reactivity of
some hexa-cyclic and larger condensed hydro-
carbons are made. In this figure the molecules
treated by Gore® using Dewar’s approximate
localization energy method were omitted, and
the values of S, at the most reactive position
and of the most reactive bond in the molecule
are shown. Comparison of these predictions
with actual reactivity is hoped to be carried
out by future experiments. Calculation of S,
of the molecules having as many as eight or
more benzene nulei is not tedious. The simple
method of calculation proposed in this paper
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expansion formulas of secular determinant pre-
viously derived by the present authors® and the
number of each formula corresponds to the number
of the type in Figs. 4 and 5.

(A) General formulas for evaluating the value
of am.

(1) D(0)=-4(0)
(2) D(0)=4,(0)4:(0)
(3) D(0)=—4,(0)4:(0)

(4) D(0)=4,(0)4:(0)

( 5 ) D(O) =dfr3$(0)
( 6 ) D(O)s.{l({})—-AT,-,-,,(O)—Z(—-1)"‘"3"'1.4,,5(0)
(7) D(0)=—A4(0)+dypss(0) =2(—1)7*+5+14,5(0)

(8) D(0)=4(0)—drrss(0) —2(—1)7*5*14,5(0)
(425(0) =—4(0)4rrss(0))

(9) D(O)S_Jrr(o)
(10) D(0)=—4”(0)—.ﬂss(o)—i-Z(—-])""""'ld”(O)
(11)  D(0)=—4,(0)4255(0)

(12) D(O) = 31(0)4235(0)

The values of a, in polycondensed aromatic
hydrocarbons are easily obtained by classifying
these compounds into the following several types.

(B) General formulas for evaluating the value
of b;—_m 1+

will find its applicability in a discussion of A, (1
] 1 =4(0 _._".'.(_l
reactivity of larger molecules. (1) 1o AO=(725 ) 1m0
Faculty of Engineering ( D(2 ) ) __.24(0)_‘_(4"“))
Kyoto University =4 Ja=0 =0
Sakyo-ku, Kyoto ( D) ) -34(0)—("—"“))

7) K. Fukui, T. Yonezawa and C. Nagata, This Bulletin, 2=0 4 =

to be published. 4 D(A } —A(0 érr_(_Q

8) P. H. Gore, J. Chem. Soc., 1954, 3166. (4) e N Ot | Gy N

d55(4) sy drs(2)
Appendix I ( . )M}+2(—1)’ s ‘(—_2 )M

We derive several formulas which are useful for D(2) dyr (D)
calculating the values of am and b, ,-;. By using (5) (—__; ) =—23(0)+{(*_—')
these formulas, am and b, m_; in larger molecules ) =0 ;’"u)
can be obtained by utilizing those of smaller mole- "dss(4) ) - ( rs )
cules. Some of these formulas correspond to the +( —2 f+d"”(0)_r2( —hree —2 Jaa0

@ O . - O 100 40)=—(n+1)¢

I ——
—
- 1 (/14175 \n+e
A(°)=_?‘(( 1/5)
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(d) @) (SJ:IIS)--- (SII:[:SD 4(0)=— (4n—8)2
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=—4,,(0) —(“:T

= —{4,r(0) + 455(0)}

+( A=)
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an (DT(;) -):-o=_(-‘l£%)“’°
-—[Arr(o)'l‘dss(m}"-(élgf?)-)z-ﬂ
_2(-1)’*""(1'41%)‘1_.J

ay (2 ().,
+2{drr (0) + 455(0)} — (d —?) )z-o

(),

939

® (22, -s0(*2),

A
~ a0y (82

w0 (%), o),

1rr(ﬁ) )
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as (22 —s@(2Y)
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—i )Jan
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fa (1), oso 40|

D
an ( _‘A) = —24,(0)4:(0)
=0

+{a0) (D) oLy
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where 4(2) and D(2) is the secular determinants
of a molecule before and after the growth and
dys(2) and 4d,,55(2) are the (rs) and (rrss) minors
of 4(1), respectively.




