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iln application of quantum chemical reactivity indexes is tried to find variables 
controlling the reactant effect in the LFER (Linear Free Energy Relationships) of 
heterogeneous systems. As examples, the reaction of halomethanes with solid acids 
and the catalytic dehydrogenation of alcohols on alumina-supported metal catalysts 
were analyzed wit.h the aid of the simple LCAO-MO method. The delocalizability, a 
reactivity index for saturated compounds, was adopted for these reactions; that of 
halogen radical abstraction for halomethanes and that of a-hydrogen radical abstrac- 
tion for alcohols. The correlations between the delocalizability and the kinetic data 
of thrsc reactions, such as the rates and the activation energies, are satisfactory. The 
quantum chemical reactivity indexes are proved useful because they are semi- 
empirical ones obtainable by calculations alone. The mechanisms of these reactions 
are briefly discussed on the basis of these reactivity indcxcs. 

hWRODUCTI0~ cannot always be applicable because of 

A survey of the SK effect, the reactant their scantiness for unstable species. Even 

effect, in the L’FER (Linear Free Energy the Hammett u or the Taft U* may not 

Relationships) of heterogeneous catalysis always be applicable owing to the lack of 

is not only useful for the estimation of the the data for the complex substituents or for 

kinetic data such as the reaction rates and unfamiliar groups such as the hydroxy- 

the activation energies of homologous re- methyl group. 

actions, but is also valuable as an approach The reactivity indexes based on the 

to the elucidation of the reaction mecha- thermodynamic data regarding unstable 

nism. At the same time, parameters in the species such as ions or radicals, if available, 

LFER equations for the SR effect may give will explain the reaction data quite well in 

the characteristics of the catalyst in nu- some cases and their meanings in the reac- 

merical values. tion schemes are clear, so that it is desir- 

It was successful in previous work (1) able to measure the heats of formation of 

to obtain the LFER in heterogeneous catal- various unstable species. Because difficul- 

ysis, using as SR variables the thermody- ties are often met in these measurement’s, 

namic data, the empirical variables such however, it is also necessary to seek for the 

as the Hammctt 0, or the reaction rates method to obtain semiempirical or non- 

of homologous reactions. The thermody- empirical reactivity indexes as another ap- 

namic data concerned with the rate-deter- preach. 

mining steps of various catalyses, such as Recent progress in quantum chemistry, 
aHc+(R1) in the dealkylation reactions especially in the molecular orbital theory, 

together with the modern high-speed elec- 
*Fart IV, Y. Yoneda, J. Catalysis 9, 51 (1967) tronic computers, has contributed to the 

(preceding paper) various fields of the science (2). The quan- 
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turn chemical theory of organic reactions 
was founded by Huckel (8) for n-electron 
systems, and that for o-electron systems 
has been developed by Fukui et al. (4). The 
semiempirical reactivity indexes derived 
from the simple molecular orbital theory 
have been adopted to the elucidation of 
chemical reactions. Many studies hitherto 
have dealt with comparatively simple ho- 
mogeneous reactions such as a radical re- 
action with a simple attacking reagent like 
a methyl radical (2). As regards catalytic 
reactions, Fukui et al. (5) studied a ho- 
mogeneous open-chain polymerization re- 
action by basic catalysts, but no research 
has been reported on heterogeneous catal- 
yses or heterogeneous reactions. 

In the present paper, an application of 
quantum chemical reactivity indexes for 
a-electron systems will be tried for hetero- 
geneous reactions. A discussion will be 
given of what kind of quantum chemical 
reactivity indexes are suitable as variables 
representing the S, effect in the LFER. 
Bold hypotheses were introduced by the 
present authors to get an appropriate un- 
derstanding of the reactivities of the re- 
actants. As examples, the reactions of halo- 
methanes with alumina or alumina-boria 
(6) and the dehydrogenation of alcohols 
on alumina-supported metal catalysts ob- 
served by Brihta et al. (7) will be analyzed 
with the aid of the simple LCAO-MO 
method. 

THEORY 

Free valence (8), localization energy (9), 
frontier electron density (JO), superdelocal- 
ieability (8,) (11)) delocalizability (D,) 
(4)) and so on, have been proposed as 
quantum chemical reactivity indexes. 

According to Fukui et al. (la), the acti- 
vation energy, E,, of a simple reaction is 
given by the following equation for a par- 
ticular reaction of homologous saturated 
compounds : 

EA = C - AE, (1) 
where AE, is the stabilization energy of the 
u-electron system caused by the approach 
of an attacking radical and C is a constant 
for the definite type of reaction. Then, 

AE, is approximated by Eq. (2) for the 
abstraction reaction of the rth atom from a 
saturated compound (RX) by the 8th atom 
of a radical attacking reagent (Y), 

where c,.j and csN are the coefficients of the 
rth atomic orbital in the jth molecular 
orbital of RX, and of the sth atomic orbital 
in the nonbonding orbital of Y, respec- 
tively; Xj (RX) is the energy of the jth 
molecular orbital of RX and &(Y) is that 
of the nonbonding molecular orbital of Y. 
On the other hand, the delocalizability of 
the rth atomic orbital for the radical re- 
actions, DrR, is defined by the following 
equation (4) : 

occ ““OCC 

DFR = (c - -&$$ (3) 
i j 

The value of AN(Y) is nearly equal to zero 
when the attacking reagent is an alkyl 
radical, so that Eq. (4) can be approxi- 
mated from Eqs. (2) and (3), as previously 
reported by Fukui et ~2. (12) 

AE, = D~R(c,~)~ (4) 

In the present paper, it is assumed as the 
first approximation that an active site of a 
solid cataIyst wi11 abstract a radical from a 
reactant and that AN of the isolated orbital 
of the former is nearly equal to zero like 
that of an alkyl radical. Then, Eq. (4) will 
be applied even to the heterogeneous catal- 
yses. The value of (c,~) will be constant 
for a particular catalyst and may be one of 
its attributes. As regards usual reactions 
with more than one elementary step, Eq. 
(2) does not hold in the strict sense. If the 
preliminary equilibrium constants preced- 
ing the rate-determining step are either 
related to D,R or nearly independent of the 
reactant, Eq. (2) may hold for the activa- 
tion energy of the overall reaction. 

The reaction rate constant contains the 
activation entropy term as well as the acti- 
vation energy term, but empirically the 
compensation effects often hold among the 
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homologous reactions if the symmetry num- 
ber of the reaction points is taken into 
consideration, or only the enthalpy term 
controls the reaction rate, as observed in 
many cases. Then both the activation 
energy and the reaction rate constant will 
have linear relationships with DrR through 
Eqs. (1) and (4). 

The moIecular orbitals of halomethanes 
and alcohols were calculated by means of 
the hydrocarbon method (4). The values 
of the Coulomb and resonance integrals 
used in this paper were adopted from Fukui 
et al. (4, IS), except for the resonance 
integral between the different at,omic or- 
bitals of the same carbon atom, the adopted 
value of which was 0.34 for both reactants. 
Oxygen atoms in alcohols were assumed to 
have an sp2 configuration. Two computing 
programs, MO-13 that was considerably 
modified by one of the present authors 
(Y. Y.) from Wiberg’s MO program (14), 
and MO-lD-2 by the classical Jacobian 
method, were used in this work. 

RESULTS AND D~scussron- 

A. The Retactivity of Halomethanes with 
Alumina and Alumina-Boriu 

The reactants used in this work are listed 
in Table 1 together with the value of DrR 

TABLE 1 
RE.~CTANTS AND THEIR DELOC~LIZ~YBILITY 

FOR THE RE.4CTIONS OF HBLOMETHlNES 

NO. Reactant D&(X) Symmetry number,n 

1 CH&Iz 1.755 2 
2 CH*Brz 1.981 2 
3 CHJ, 2.397 2 
4 CHCl, 3.018 3 
5 ccl, 3.839 4 

of their halogen atoms. The solid acids used 
in this work were alumina and alumina- 
boria, whose properties are listed in Table 
2. Reaction rates were measured at 3OO- 
450°C by means of the pulse technique. 
The details of the experimental procedures 
will be described in a subsequent paper (6). 
The activity of these catalysts in t,he de- 
alkylation reaction may be found in om 
previous paper [ 1 (b) 1. 

TABLE 2 
SOLID ACIDS FOR THE REACTIONS 

WITH HALOMETHANES 

Symbol Solid acid 

Surface 
area 

W/g) Composition 

A-3-550 
A-B-l 

Aluminaa 
Alumina-boriab 

170 
290 10% Bz03 

a F-110, an active alumina catalyst of Alcoa. 
b Made by coprecipitation of aq. A12(N0aj3 and 

HaBOs with NHaOH. 

The halomethanes in Table 1 gave carbon 
monoxide by the reaction with these solid 
acids except for carbon tetrachloride, which 
formed carbon dioxide instead of monoxide. 
In addition to these reaction products, the 
corresponding methyl halide was also 
formed from three methylene halides by 
reaction probably with the surface hydroxyl 
groups of the solid acids (6). 

The reaction rates and activation ener- 
gies of these reactions are correlated with 
DyR (X) . These results are shown in Figs. 
1 and 2 for alumina and in Figs. 3 and 4 
for alumina-boria. The ordinate in Figs. 1 
or 3, is the reaction rate divided by the 

2 

DIR(i) 

4 

FIG. 1. The reactivity of halomethanes with 
alumina(A-3-550) as a function of the delocaliza- 
bility for the radical reaction: reaction tempera- 
ture, 300°C; numbers refer to Table 1; 0, methyl 
halide formation ; 0, carbon monoxide formation ; 
0, carbon dioxide formation (Ccl,). 
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FIQ. :2. Activation energy for halomethanes with FIG. 4. Activation energy of halomethanes with 
alumina(A-3-550) as a function of the delocaliza- alumina-boria(A-B-l) as a function of the de- 
bility for the radical reaction. Numbers refer to localizability of the radical reaction. Numbers 
Table 1. refer to Table 1. 

symmetry number of the reactants, that is, 
the number of halogen atoms in these cases. 
The activation energy as well as the re- 
action rate are well correlated with D,R (X) , 
although scattering around the straight line 
is observed in some cases. These kinetic 
data cannot be correlated with D,“(X) nor 
D,“(X) which Fukui et al. (4, 5) gave as 
the delocalizability for the electrophilic or 
nucleophilic reactions, respectively. 

Fukui et al. (4) correlated the hydrogen 
atom abstraction from halomethanes by a 
methyl radical wit.h D,.“(H) and the bro- 
mine or chlorine atom abstraction by a 
hydrogen atom or a sodium atom with 
DrR (X) , both in homogeneous systems. It 
is worthy of attention that even the reac- 
tion with the solid surface is correlated 
with the same reactivity indexes as those 
for the reaction with simple radicals in the 
homogeneous phase. I 0 

7 0 

0 

;‘-, 
I 2 3 4 5 

2 

D?(X; 
4 

FIG. 3. The reactivity of halomethanes with 
alumina-boria(A-B-l) as a function of the de- 
localizability of the radical reaction: reaction tem- 
perature, 300°C; numbers refer to Table 1. 

1. 
O l\ Q 

‘\.- 

2 

DrR& 
4 

Alumina-boria is more active than alu- 
mina in solid acid catalysis such as the 
dealkylation reaction (lb). On the con- 
trary, alumina is much more reactive than 
silica-alumina in HZ-D, and D,-CH, ex- 
change reactions (15). These facts will sug- 
gest that the reaction of halomethanes with 
solid acids is a radical-like reaction. The 
linear relationships of the reactivity in 
carbon monoxide and methyl halide for- 
mation with D,.“(X) support the above 
postulation. 

B. Th.e Dehydrogenation of Alcohols over 
Alumina-Supported Metal Catalysts 

Brihta et al. (7) reported the activation 
energies of dehydrogenation of five alcohols 
over five alumina-supported metal cata- 
lysts. The rate-determining step of this 



catalytic reaction has been considered to 
be either the a-hydrogen or the alcoholic 
hydrogen abstraction (16). The dehydro- 
genation reaction can resonably be assumed 
to proceed through a radical mechanism, 
therefore, the activation energies are cor- 
related with DrR(,a-H) or DrR(alc-H). 
These values of alcohols are shown in 
Table 3 together with their numbers of 

TABLE 3 
DEL~(:.~LIzABILITY 0~ ALCOHOLS 

NO. Alcohols 
No. of 

LJ~R (a-H) D,H (air-II) a-H 

1 Methanol 1.0419 0.9465 3 
2 Ethanol 1 .0590 0.9499 2 
3 2-Propanol l,OT87 0.9536 1 
4 1-Butanol 1 .0606 0.9502 2 
5 2-Butanol 1.0796 0.9540 1 

a-hydrogens although the activation energy 
is independent of the symmetry number of 
the reaction points. 

The correlation of D,R(~-H) with acti- 
vation energies on all catalysts is satis- 
factory, as shown in Fig. 5. The values of 
DFR (ale-H) of these alcohols do not differ 
so much from one another, hence this index 
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is not appropriate for this reaction. No 
correlation was found between activation 
energies and the delocalizabilities of other 
hydrogen atoms. These results based on the 
LFER approach with quantum chemical 
reactivity indexes support the mechanism 
that the a-hydrogen abstraction step may 
be rate-determining. The activation cner- 
gies of alcohols other than those given in 
Table 3 will thus be estimated from the 
linear relationships with D,.R(oc-H) in Fig. 
5 as far as no anomaly would happen owing 
to unexpected rcaeons. 
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