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The additions of the methyl radical and hydrogen atom to ethylene were chosen to test the reli-
ability of MINDO method for predicting the transition state structures. It has been shown
that the structures obtained at the level of the MINDO method differ markedly from the ab initio
calculated structures.

The synthetic utility of the knowledge of free-radical reactivities is now well recognized:2.
A great number of studies have been devoted to the qualitative description of the effect of structure
upon reactivity and selectivity in radical reactions®. The first attempts to interpret quantitatively
the radical reactivity were based on correlations with various quantum chemical indices of reac-
tivity such as free valence, localization energy ete,* ™7, As all these correlations are restricted
only to interpretations of the relative reactivity within a class of structurally similar compounds,
it is clear that such an approach does not represent any really fundamental solution of the problem
of reactivity of radicals. In this area, there still remains the problem of establishing the structure
of transition states and the magnitude of the corresponding activation barriers as well as the
unanswered question of the electrophilic or nucleophilic nature of radicals. A reliable characteriza-
tion of the transition state structures, which is of prime importance for the theory of chemical
reactivity in general, comes forward particularly in the studies of radical reactivity. Since the
transition states cannot be determined experimentally, their structures can only be inferred
from indirect experimental data; in the radical reactions, however, just these data may sometimes
lead to controversial conclusions. For instance, the low activation energies and high reaction
enthalpies characterizing often the radical reactions may suggest that, on the basis of the Ham-
mond postulates, the structure of transition states in such reactions will resemble that of the
starting molecules. On the other hand, some kinetic data®!? lead to the conclusion that the
structure of the transition state is fairly close to that of products. Therefore, the best possible
solution is the direct calculation of the transition state structures with the aid of quantum chemi-
cal methods. In this respect, the addition of the methyl radical to ethylene was investigated most
thoroughlyg'“. In the studies concerning this reaction, various quantum chemical methods
ranging from the = approximation to ab initio procedures and various methods of characteriza-
tion of the reaction coordinate were used to calculate the structures of transition states.

Since the choice of the quantum chemical method as well as the method adopted
for characterizing the reaction coordinate may influence significantly the resulting
structures, the main goal of this study is therefore to examine from both these aspects
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the reliability of results obtained in the additions of the methyl radical and hydrogen
atom to ethylene chosen as examples.

RESULTS AND DISCUSSION

Consider first the characterization of the reaction coordinate. In a series of studies
investigating the addition of the methyl radical to ethylene at the level of the ab initio
method, the use of conventional methods for the geometry optimization was hindered
by a great number of degrees of freedum; the reaction coordinate was therefore
constructed by means of a linear variation of geometrical parameters transforming
the geometry of reactants into that of products®:'®. Such a procedure was utilized
for interpreting the intramolecular selectivity in free radical additions to unsymmetrical
alkenes'’. As reported by Salem and coworkers'?, this procedure led to unexpectedly
large values of activation barriers which were attributed to insufficient flexibility
of the minimal basis set. In the present study we can demonstrate that the resulting
high activation barriers are not presumably due to the insufficient flexibility of the
minimal basis set, but that they are likely a result of an improper choice of the method
used for constructing the reaction coordinate. To substantiate our conclusion, we have
carried out several model INDO calculations on the radical additions to ethylene
following various ways of characterization of the reaction coordinate. In the crudest
approach the reaction coordinate was modelled only by the distance of the C---X
bond where X was the radical approaching perpendicularly to one of the ethylene
carbon atoms, with all other degrees of freedom being fixed. As demonstrated in Fig. 1
(curve 1), even such an unreasonable reaction coordinate does not lead to occurrence
of an activation barrier on the corresponding curve of potential energy. This failure
of the CNDO and INDO methods to reproduce the activation barrier in radical
reactions has already been described in the literature'®. However, when the INDO
method was used for calculating the potential energy along the reaction coordinate
constructed by means of the method of linear increments, the activation barrier
became clearly evident; for the addition of the fluorine atom to ethylene this barrier
amounted to 126 kJ/mol (Fig. 1, curve 2). Essentially the same conclusion holds
also for the addition of hydrogen or chlorine atoms and of the trifluoromethyl radical
to ethylene’’. These results clearly document that the occurrence of an activation
barrier in the above cases is due only to the forced deformation of ethylene resulting
from the use of the method of linear increments. This example also shows that
a discussion of intramolecular selectivity in radical addition reactions which is
based on such a method of construction of the reaction coordinate is almost certainly
incorrect. At the same time, it is evident that a reliable characterization of the reac-
tion coordinate requires extensive optimization of the molecular geometry. At the
level of the ab initio method only the addition of the hydrogen atom to ethylene
was investigated in detail'®~*®. Larger systems including the above addition of the
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methyl radical required a limitation to semiempirical MO methods; however, only
EHT and MINDO methods do reproduce the activation barriers in radical addition
reactions'*. The incapability of the EHT method to reproduce satisfactorily the
bond lengths is generally known. For this reason, the only method characterizing
reliably the transition state structure has been considered to be the MINDO
method!®!2. However, during ‘the last few years examples continue to appear
indicating that even this method is most probably not reliable enough for predicting
the molecular structures. The MINDO method overestimates systematically the
C—H, O—H and N—H bond lengths by about 0-:01—0-02 nm and, moreover,
it leads to considerable errors in predicting the molecular geometry of simple mole-
cules (water is assumed to have a linear structure'®) as well as clusters with inter-
molecular hydrogen bonding?°. These failures require a more profound analysis of
reliability of the MINDO method also for radical addition reactions.

In our case, we have focused our attention on the calculation of the transition
state structures and of the whole potential energy curves along the reaction coordina-
tes for reactions of the methyl radical and hydrogen atom with ethylene. The addi-
tion of the hydrogen atom appears to represent an ideal system for such a study
as in this case the MINDO structures can be compared with the results of recent
ab initio calculations. As the reaction coordinate we have chosen the distance
C---X between the attacking radical and one of the ethylene carbon atoms. For
several fixed values of this distance the geometry was optimized with respect to all
remaining degrees of freedom. The optimization was carried out by using the gradient
technique?! within the framework of the Longuet-Higgins-Pople RHF method
for the description of open-shell molecules?2. The calculated profiles of the potential-
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energy hypersurfaces along the reaction coordinate are given in Figs 2 and 3. The
corresponding structures of the transition states are illustrated in Schemes 1 and 2.
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Another problem of the quantitative characterization of radical reactivity concerns
the prediction (reproduction) of activation barriers for the frec-radical addition reac-
tions. The available experimental and theoretically calculated data of activation bar-
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riers for the additions of the methyl radical and hydrogen atom to ethylene are com-
pared in Table I. Our MINDO2 calculations give an activation barrier equal to about
17 kJ/mol for the addition of the hydrogen atom and to about 63 kJ/mol for the ad-
dition of the methyl radical. The value calculated for the latter reaction is higher than
that resulting from the experimental data?? and the earlier MINDO calculations®®-'2.
Our markedly larger value of the activation barrier is deemed to be a result of the
open-shell treatment. A similar overestimation of activation barriers obtained by calcu-
lations based on the half-electron method has already been described by Dewar'®, For
this reason, also the barrier calculated by us for the addition of the hydrogen atom to
ethylene may be somewhat overestimated; unfortunately, a considerable scattering of
the experimental as well as ab initio calculated data (Table I) does not allow to evaluate
unambiguously the rehablhty of values determined theoretically by means of the
MINDO method.
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Comparison of experimental and theoretically calculated values of activation barriers (kJ/mol)
for additions of the methyl radical and hydrogen atom to ethylene
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basis setzs, J RHF method — “‘double zeta™ basis set??; ¥ RHF+ CI method?3,
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The activation barriers for the addition of the hydrogen atom to ethylene calculated
by Nomura and Iwata®® appear to attain somewhat unusually high values. This
result again is presumably due to the use of the RHF method known to describe
improperly the wave function in the region of the transition state. By including the
configuration interaction, which compensates the insufficiencies of the single-de-
terminant wave function, the magnitude of the activation barrier declines to a more
realistic value?®, i.e. 21-4 kJjmol (Table I). Of the results available to date, pre-
sumably the most reliable data are those given by Nagase and Kern'”; by using
these data the absolute rate constants and the magnitude of the kinetic isotope
effect were reproduced with a remarkable accuracy?®,

Let us now discuss the reliability of the transition state structures calculated first
for the addition of hydrogen atom to ethylene. For the reasons mentioned above,
the ab initio structure reported by Nagase and Kern'” was taken as a standard.
A comparison of results obtained with both methods reveals that the MINDO
calculated structure differs markedly from the ab initio structure. The most significant
difference concerns the newly formed C—H bond, where the distance calculated
by us (about 0-26 nm) is too long when compared to the standard value of 0-20 nm.
Furthermore, according to the MINDO structure the CCH angle between the C—C
bond and the approaching hydrogen atom is equal to about 90° contrasting markedly
with the value of 106° given by Nagase and Kern'”. Similarly, a great difference
exists between the lengths of the C—C bonds for which the MINDO method affords
a value of 0-1317 nm and the ab initio procedure that of 0-1357 nm. Scheme 1 shows
that the MINDO structure is fairly close to that of isolated ethylene, with the hydrogen
atom approaching from a distance of 0-26 nm to one of the carbon atoms; on the
other hand, a clean pyramidalization on the attacked carbon atom is encountered
in the structure proposed by Nagase and Kern'”. Similar, though not so dramatic
differences occur also in the addition of the methyl radical to ethylene. Unfortunately,
in this case no ab initio data are available, but a comparison with the MINDO results
reported by Dewar and Olivella'® and Hoyland'? allows to test the effect of para-
metrization (MINDO/2 vs MINDO/3) and various versions of the open-shell treat-
ment. It has already been shown that the half-electron method used by us overestima-
tes, when compared with the Roothan RHF method or UHF method, the magnitude
of the activation barrier. As to the reproducibility of the geometrical parameters
of transition states, the differences between the methods compared here are smaller
than for the addition of the hydrogen atom to ethylene; nevertheless, significant
deviations are inherent also in addition of the methyl radical to ethylene. The most
important discrepancy concerns the CCC angle between the C—C bond of ethylene
and the approaching methyl radical. Hoyland'? as well as Dewar and Olivella'®
have reported a value of about 108° corresponding essentially to a tetrahedral ar-
rangement on the attacked carbon atom. In the present study we have found a value
of about 94°. The same value was calculated independently by Gey?”.

Gollection Czechoslovak Chem. Commun. [Vol. 47] [1982]



808 Ponec, Malek

All the differences given above suggest that even for a relatively well investigated
reaction such as the addition of the methyl radical to ethylene the structure of the
transition state is not known with acceptable reliability; various versions and para-
metrizations of the MINDO method lead to quite different results. Furthermore,
significant differences between the MINDO calculated and the relatively well esta-
blished ab initio structures for the addition of the hydrogen atom to ethylene cast
only more doubt on the general reliability of the MINDO mecthod for characteriz-
ing the structures of the transition states in radical addition reactions.

The authors thank Dr E. Gey, Zentral Institut fiir Physikalische Chemie in Berlin, GDR, for
providing some unpublished transition state structures.
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