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Abstract: An approximate molecular orbital (MO) calculation has been carried out on the interaction between 
methyl radicals and methane and that between methyl radicals and ethylene. The changes in the electron dis­
tributions due to the chemical interactions were calculated from the wave functions of the combined systems of 
radicals and closed-shell molecules which were obtained by the configuration interaction (CI) method of the elec­
tronic states of the adiabatic interaction and the charge-transfer interaction. These electronic states were de­
scribed by the use of the MO's of reactant and reagent in an isolated state. The exchange interaction contributes 
to the bonds which are newly formed between reactant and reagent in an antibonding fashion, while the charge-
transfer interaction is shown to be the main origin of the formation of new bonds as well as the loosening of the 
bonds to be broken in the reactions. The orbital interactions between the singly occupied (SO) MO of the radical 
and the highest occupied (HO) MO and the lowest unoccupied (LU) MO of the closed-shell molecule were found 
to be of importance. 

Quantum chemical study of radical reactions may 
be suitable for an elucidation of the basic nature 

of chemical reactions, because they are less influenced 
by the environment of reactions than ionic reactions. 
The chemical reactivity index, free valence, was de­
rived as a measure of the chemical reactivities of con­
jugated molecules toward the reagent radical.l Szwarc 
and Binks related the localization energies to the methyl 
affinities of aromatic and olefinic compounds.2 In 
the frontier orbital theory, the important role of the 
orbital overlap interactions between the SOMO of 
the radical and the HOMO and the LUMO of the 
closed-shell system was pointed out.3-8 The reactivity 
indices, frontier electron density, superdelocalizability, 
and delocalizability were defined in order to discuss 
the reactivities of unsaturated and saturated mole­
cules with radicals in the frame of the isolated-mole­
cule approximation. Recently, some MO calcula­
tions of the addition of methyl radical to ethylene and 
butadiene9'10 and of the reaction of hydrogen with 
methane were performed.n 

Here, it may be interesting to investigate, in detail, 
how the bond formation between reagent and reactant 
begins to take place, accompanied by the electron spin 
transfer, in the chemical reactions between the radical 

(1) C. A. Coulson, Discuss. Faraday Soc, 2, 9 (1947). 
(2) J. H. Binks and M. Szwarc, J. Chem. Phys., 30, 1494 (1959). 
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Biology," P.-O. Lowdin and B. Pullman, Ed., Academic Press, New 
York, N. Y., 1964, p 513. 
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Part I," O. Sinanoglu, Ed., Academic Press, New York, N. Y., 1965, 
p 49. 
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and K. B. Wiberg, Ed., Yale University Press, New Haven, Conn., 
1970, p 121. 

(8) K. Fukui, Fortschr. Chem. Forsch., 15, 1 (1970). 
(9) M. V. Basilevsky and I. E. Chlenov, Theor. Chim. Acta, 15, 174 
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(10) J. R. Hoyland, ibid., 22, 229 (1971). 
(11) K. Morokuma and R. E. Davis, J. Amer. Chem. Soc, 94, 1060 

(1972), and the references cited therein. 

and closed-shell molecule. The aim of the present 
calculation is not to search for the accurate potential 
energy surface and to reproduce the experimental 
activation energy of some specified radical reaction 
but to discuss, rather qualitatively, the characteristic 
features of radical reactions by the employment of 
semiempirical MO's. 

Interaction between Radicals and Closed-Shell Molecules 

Some theoretical treatments of chemical interactions 
have been developed.12-18 Klopman pointed out the 
importance of the Coulomb interaction and the elec-
trop transfer interaction in ionic reactions.13 He thus 
used the terms "charge-controlled" and "frontier-
controlled" in classifying some kinds of donor-ac­
ceptor interactions. Salem discussed thermal and 
photochemical interactions between two conjugated 
systems, applying the MO perturbation theory.1415 

Chemical interaction between the two systems was 
studied by the present authors by partitioning the 
interaction energy into several terms in which the 
Coulomb interaction energy and the charge-transfer 
interaction energy were included.18 The important 
role of the charge-transfer interaction between reagent 
and reactant in interpreting the formation of new bonds 
and the weakening of the bonds to be broken in the 
reaction was pointed out by the use of a CI wave 
function of a chemically interacting system of two 
closed shells.19 In this paper, we present the results 
of an MO calculation on the chemical interaction of 
radical with closed-shell molecules, following the line 
mentioned in our previous papers.18'19 

The CI method is convenient in order to express the 

(12) J. N. Murrell, M. Randic, and D. R. Williams, Proc. Roy. Soc, 
Ser. A, 284, 566 (1965). 

(13) G. Klopman, / . Amer. Chem. Soc, 90, 223 (1968). 
(14) L. Salem, ibid., 90, 543, 553 (1968). 
(15) A. Devaquet and L. Salem, ibid., 91, 3793 (1969). 
(16) A. Devaquet, MoI. Phys., 18, 233 (1970). 
(17) R. Sustmann and G. Binsch, ibid., 20, 1, 9 (1971). 
(18) K. Fukui and H. Fujimoto, Bull. Chem. Soc. Jap., 41, 1989 

(1968). 
(19) H. Fujimoto, S. Yamabe, and K. Fukui, ibid., 44, 2936 (1971). 
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Figure 1. Interaction model of methane and methyl radical. 

interacting system by the use of the MO's which are 
obtained for reactant and reagent in their isolated 
states. To a first approximation, we may take the 
electron configurations, representing the adiabatic, 
one-electron transfer, and local one-electron excita­
tion interactions. Then, the wave function is given 
by eq 1, where 0 indicates the original state in which 

occ uno occ uno 

* = Cô o + E HCt^i*, + E E W ^ + 
% I k 3 

occ uno occ uno 
i j t i 
occ uno occ uno 

Z ) E C ^ l t k - » l + Y<Ck-*otk-*o + £ C o — j l / v - i (1) 
k I k I 

neither electron transfer nor electron excitation takes 
place, i and j are the occupied and unoccupied MO's 
of the closed-shell molecule, say A, in its isolated state, 
k, I, and o mean the occupied, unoccupied, and singly 
occupied MO's of the radical, say B, respectively. 
The symbols 2oc0 and 2uno imply the summation 
over occupied and unoccupied MO's, respectively, 
and i -*• I, for instance, stands for the one-electron 
shift from the /th originally occupied MO of A to the 
/th originally unoccupied MO of B. The coefficients, 
C0, C1-^i, . . ., in eq 1 can be obtained by solving the 
simultaneous equations 

22,Cp>{HViP' — SV,V>E) = O 
p' 

(p, p' = O, / —/ , . . . ) (2) 

where 

Hv f+p*H+r 

Sf,p> = J \f/p*\f/P'dT 

The interaction energy between the two systems is 
approximately given by the sum of the four energies: 
Coulomb (eQ), exchange (ex), derealization (D), and 
polarization (II) interaction terms: 

AW^ eQ + tK - D - IT (3) 

The formulas of these energy terms can be obtained 
rather in a straightforward manner, as in our previous 
paper.18 The electron density of the interacting system 
is calculated by the use of eq 1 

P(I) = M J > ( 1 , 2 , . . . , M ) X 

lKl,2,...,.M)d&dTS...dT„ (4) 

where \j/ is assumed to be normalized so as to make 
the integration of p(l) overall space, with respect to 
the electron referred to as 1, give the total electrons, 
M, of the interacting system. In the following, we 

will investigate the change in the electron distribution 
due to the interaction in detail, since this, we believe, 
reflects most distinctly what happens in chemical 
reactions. 

Results of the Calculation 

The calculation was performed by the use of a semi-
empirical all-valence electron SCF-MO method in­
cluding overlap integrals.20 The method of calcula­
tion and the approximations adopted are the same as 
those in our previous paper.21 The matrix elements 
in eq 2 were calculated to the second order of overlap 
integrals by the use of the Mulliken approximation.22 

Hydrogen Abstraction of Methane by Methyl Radical. 
As the first example, we show the result of the calcula­
tion on the interaction between methane and methyl 
radical. The reaction model was assumed to be as 
shown in Figure 1, making reference to the MINDO 
calculation by Dewar23 and our preliminary calcula­
tion by the extended Hiickel MO method.24 Although 
the interaction between a radical and a closed-shell 
molecule was expressed by the use of restricted open-
shell MO's in our previous paper,l8 they cannot neces­
sarily reproduce chemically interesting quantities of 
radical, such as ionization potential, electron affinity, 
etc. It may be better to employ the MO's which re­
flect the properties of independent reactants. We 
here approximate them by the MO's of the unrestricted 
open-shell method.26 The unrestricted MO wave 
function has a deficiency that it is not the eigenfunction 
of the operator S2, but the contamination of higher 
multiplets to doublet is negligibly small for the pres­
ent purpose. The vertical ionization potentials of 
methane (7d) and methyl radical (assumed to be D3n) 
obtained by our MO method are 12.79 and 10.41 eV, 
in fair agreement with the observed values, 12.99 and 
9.86 eV, respectively.26,27 The electron affinity of 
the methyl radical is calculated to be —1.00 eV, which 
is about 2 eV smaller than the observed value.28 

The contributions of local-excited states to the wave 
function given by eq 1 are usually so small in com­
parison with those of charge-transferred states that 
they can be neglected with no serious influence upon 
the results.29 We may assume here without loss of 
generality that the methyl radical has four valence 
electrons with spin a and three valence electrons with 
spin /3. Then, the electron densities of two spins of 
the system composed of methane and methyl without 
any interaction may be given by 

PA" + PB" = X>02 + 2>*)2 + (boy (5) 

(20) T. Yonezawa, K. Yamaguchi, and H. Kato, Bull. Chem. Soc. 
Jap., 40, 536 (1967). 

(21) K. Fukui, H. Fujimoto, and S. Yamabe, / . Phys. Chem., 76, 232 
(1972). 

(22) R. S. Mulliken, / . Chim. Phys. Physicochim. Biol, 46, 497 
(1949). 

(23) M. J. S. Dewar and E. Haselbach, J. Amer. Chem. Soc, 92, 590 
(1970). 

(24) R. Hoffmann, / . Chem. Phys., 39, 1397 (1963); 40, 2047, 2474, 
2480 (1965). 

(25) J. A. Pople and R. K. Nesbet, ibid., 11, 571 (1954). 
(26) K. Watanabe, ibid., 26, 542 (1957). 
(27) E. W. C. Clarke and C. A. McDowell, Proc. Chem. Soc, London, 

69 (1960). 
(28) H. O. Pritchard, Chem. Rev., 52, 529 (1953). 
(29) The stabilization due to the energy term n was estimated to 

be less than 2% of that due to the energy D in the present calculation. 
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and 
OCC OCC 

PA* + PB* = I><) 2 + E(W 2 (6) 
i k 

where a* is the z'th occupied MO of A, bk is the kth 
occupied MO of B, and b0 is the MO of the unpaired 
electron. Here we have 

J*{PA
a(l) + PB=(I) + PA*(1) + PB^(I)JdC1 = M (7) 

Figure 2 presents the simple sum of the electron den­
sities of methane and methyl in one of the av planes 
of the C3J, symmetry. The difference between the 
distributions of the two spins is obviously attributable 
to the unpaired electron which is almost localized to 
the atomic orbital (AO) of the carbon of methyl, 
having the extension in the direction along the principal 
axis. 

The wave function ^ 0 may be given by a single deter­
minant which is constructed by a4's, bk's, and b0 

V2^o = 3ia[aiOi. .. atdi. .. amambj>i. . . bkbk. .. bj>nb0] (8) 

where 3ia means the normalization-antisymmetriza-
tion operator. Taking the terms up to the second 
order of the overlap integrals of the MO's of A and 
B (when they are integrated over all space), the elec­
tron densities of spin a and spin /3 in the state of 
the adiabatic interaction, \J/B, are given by 

occ occ /occ \ 

Po" = T 2 / W ( TSiksi'k + Si0Sf0) + 

/occ occ occ occ 

^ E E * A ' Z v a ' + (b0y'^sto'2 + 
\ k k' i \ 

occ occ "J 

53(6A + b0bk)J^SikSi0> -
k i J 

/"occ occ \ 

2<Yd£aibksik + OiboSio? + PA" + pBa (9) 

OCC OCC OCC 

Po3 s T1 T^ctidi'TsikSfk + 
OCC OCC OCC OCC OCC 

T Tbkbk>T*ikSik' - 2 Z 2>A*« + PA* + PB* (10) 
k k' i i k 

where 

SiK = J*ai(l)6*(l)dDi 

There appear the terms which represent the distor­
tion of the electron cloud, originating from the elec­
tron exchange interaction between the two systems. 
The exchange interaction between two closed-shell 
molecules results in the decrease in the electron den­
sities of the intermolecular region and the increase in 
the electron densities in the neighborhood of the two 
molecules.1930 The same is true for the interaction 
of a radical with a closed-shell molecule. The third 
terms in eq 9 and 10 imply the decrease in the electron 
densities in the region between the two systems, leading 
to an antibonding contribution to the bonds to be formed 
between them. The extent of the change in electron dis­
tribution is parallel to the sum of the squares of overlap 

(30) V. Magnasco, Theor. Chim. Acta, 21 , 267 (1971). See, also, M. 
Dreyfus and A. Pullman, ibid., 19, 20 (1970); L. Salem, Proc. Roy. 
Soc, Ser. A, 264, 379 (1961). 

Figure 2. Sum of the electron densities of methane and methyl 
radical without interaction (in e/A8). Note that the difference 
between Figure 2 and Figure 3 or Figure 4 is significant. 

Figure 3. Electron densities of the system composed of methane 
and methyl radical with adiabatic interaction. 

integrals of doubly and singly occupied MO's. In 
Figure 3 are illustrated p0* and p/, corresponding to 
the \j/0 state. The change in the electron distribution 
of a spin is conspicuous, while that of spin /3 is not. 
The marked change in the electron densities of spin a 
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Figure 4. Electron densities of the system composed of methane 
and methyl radical with adiabatic and charge-transfer interactions. 
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Figure 6. Interaction model of ethylene and methyl radical after 
Hoyland.10 
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Figure 5. Changes in atomic populations of methane and methyl 
radical due to interaction. 

is clearly owing to the large overlap between af's 
and b„a. 

The electron densities pa and p8 of the lowest energy 
state which is represented by the linear combination 
of ^o and the charge-transferred electron configura­
tions are shown in Figure 4. The terms to the second 
order of overlap integrals are taken into consideration. 
Among the various charge-transferred electron con­
figurations, the one in which an electron is transferred 
from the HOMO (a{) of deformed methane (C3„) to 
ft/ of methyl was calculated to be the most important 
and the one from b0" to the LUMO (ax) of methane 
was found to be the next important. The cross terms 
of the charge-transferred states and the rp0 state in 
eq 4 are responsible for the increase in electron den­
sities in the intermolecular region which stands for the 
formation of new bonds between two species.19,31 

However, the increase in the electron densities of spin 
a in the region between methane and methyl through 
the charge-transfer interaction is almost cancelled 
by the decrease caused by the electron exchange inter­
action. Therefore, the net contribution of a-spin 

(31) H. Fujimoto, S. Yamabe, and K. Fukui, Tetrahedron Lett., 
443 (1971). 

Figure 7. Sum of the electron densities of ethylene and methyl 
radical without interaction. 

electrons to the bond formation between the hydrogen 
of methane and the carbon of methyl is of a minor 
importance in the present model. On the other hand, 
the growing of the /3 electron densities in the region 
between methane and methyl, coming from the intro­
duction of the charge-transferred states, obviously 
serves as the major origin of the formation of the new 
carbon-hydrogen bond. Comparison of Figure 4 
with Figure 2 indicates that the decrease in the elec­
tron densities in the neighborhood of the carbon-
hydrogen bond of methane to be broken in the reac-
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Figure 8. Electron densities of the system composed of ethylene 
and methyl radical with adiabatic interaction. 

tion is also caused mainly by /3-spin electrons. From 
the above result, we can recognize the interesting be­
havior of /3-spin electrons of methane which tend 
to form an electron pair with the unpaired electron 
of methyl. 

Methane is the acceptor of the electrons with spin 
a and the donor of the electrons with spin /3. On the 
contrary, methyl is the donor of the electrons with 
spin a and the acceptor of the electrons with spin /3. 
The calculated changes in atomic populations, apply­
ing the Mulliken population analysis32 to the AO 
pairs of methane and methyl, are shown in Figure 5. 
The amount of electrons with spin a donated from 
methyl to methane and that with spin (3 donated from 
methane to methyl are not the same in the present 
calculation. This result might be inherent to the ap­
proximations used for the calculation of matrix ele­
ments of the secular equation. However, it is in agree­
ment with the result of a variational calculation on 
the whole system composed of methane and a methyl 
radical that the hydrogen of methane to be abstracted 
by a methyl radical migrates carrying slightly positive 
net charge. The essential difference in the behaviors 
of electrons of opposite spins mentioned above is 
believed to be independent of the crudeness of approx­
imations, in a qualitative sense. 

Addition of Methyl Radical to Ethylene. In order to 
see if the discussion given above holds for other chem-

(32) R. S. Mulliken,/. Chem.Phys.,13, 1833 (1955). 

Fujimoto, Yamabe, Minato, 

Figure 9. Electron densities of the system composed of ethylene 
and methyl radical with adiabatic and charge-transfer interactions. 

ical interactions between a radical and a closed-shell 
system, we proceed here to another example, the addi­
tion of methyl radical to ethylene. The course of the 
reaction was thoroughly examined by Basilevsky9 and 
by Hoyland.10 They gave good calculated values of 
the activation energy of the reaction by the use of 
semiempirical MO methods.9'10'33 

Figure 6 shows the reaction model employed for the 
calculation by Hoyland.10 The simple sums of the 
electron densities of methyl and ethylene without 
interaction on the bisecting plane are shown in Figure 
7. Here, methyl is assumed to have 4 valence elec­
trons with spin a. 

By introducing the electron exchange interaction 
between the two species, a conspicuous change in the 
distribution of the electrons with spin a takes place 
due to the strong repulsive interaction between the un­
paired electron of methyl and the w electrons (not in a 
strict sense) of ethylene as shown in Figure 8. The 
change in the distribution of the electrons with spin 
/3 is relatively small. 

Figure 9 demonstrates that the strong antibonding 
contribution of a-spin electrons to the bond to be 
newly formed between the carbons of methyl and ethyl­
ene, originating from the electron exchange interaction, 
is barely recovered by the inclusion of charge-trans­
ferred states. The important role of ,3-spin electrons 
in the formation of the carbon-carbon bond is clearly 

(33) M. V. Basilevsky, V. A. Tikhomirov, and I. E. Chlenov, Theor. 
Chim. Acta, 23, 75 (1971). 
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recognized from Figures 7 and 9. Among the various 
electron configurations except ^0, the configuration 
in which an electron is transferred from the SOMO of 
methyl to the LUMO of ethylene is calculated to be 
the most dominant, and the one from the HOMO of 
ethylene to the SOMO of methyl is the next dominant. 
The present calculation suggests that methyl is positively 
charged, while ethylene is negatively charged in the 
interaction. This tendency seems to be in an agree­
ment with the Szwarc's proposition that a methyl 
radical adds to olefinic double bonds in a nucleophilic 
fashion.34 

Conclusion 

A configuration interaction treatment of chemical 
interactions between methyl and methane and between 
methyl and ethylene revealed interesting features of the 
unpaired electron of the radical and the electrons of 
closed-shell systems with opposite spin. The con­
tribution of an unpaired electron to the formation of 

(34) A. Rajbenbach and M. Szwarc, Proc. Roy. Soc., Ser. A, 251, 
394(1959). 

In a previous report from this laboratory, a series of 
Lewis bases were shown to give rise to straight line 

plots of —AH vs. AJ'OH, the infrared stretching fre­
quency, when either the hydrogen sonding acid was 
held constant and the base varied (constant acid plots) 
or when the base was held constant and the hydroxy 
acid varied (constant base plots). The correlation en­
compassed data for phenol,2 a series of substituted 
phenols,3 l,l,l,3,3,3-hexafluoro-2-propanol,4 2-methyl-
2-propanol° and 2,2,2-trifluoroethanol.6 By combining 

(1) (a) Abstracted in part from the Ph.D. Thesis of F. L. Slejko, 
University of Illinois, Urbana, Illinois, 1972. (b) National Science 
Foundation Predoctoral Fellow 1969-1972. 

(2) T. D. Eplev and R. S. Drago, / . Amer. Chem. Soc, 89, 5770 
(1967). 

(3) R. S. Drago and T. D. Eplev, ibid., 91, 2883 (1969). 
(4) K. F. Purcell, J. A. Stikeleather, and S. D. Brunk, ibid., 91, 4091 

(1969). 
(5) R. S. Drago, N. O'Bryan, and G. C. Vogel, ibid., 92, 3924 (1970). 
(6) A. D. Sherry and K. F. Purcell, J. Phvs. Chem., 74, 3535 (1970). 

new bonds through charge-transfer interaction was 
found to be cancelled either partly or entirely by the 
exchange interaction. On the contrary, the charge-
transfer interaction from a closed-shell molecule to 
a radical to form an electron pair with the odd electron 
contributed significantly to bond formation. Such a 
behavior of the unpaired electron will have a profound 
importance in understanding the nature of radical 
reactions, because the SOMO has the greatest ampli­
tude in the neighborhood of the most reactive position 
of radical, in general. To estimate quantitatively 
the ratio of the contribitions of the two spins to the 
formation of new bonds and the weakening of old 
bonds is hardly possible at the present time because 
of the crudeness of the calculation. More elaborate 
calculations will be needed for such a purpose. Nucleo-
philicity and electrophilicity of radicals will have a 
concern with this problem. 
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equations describing constant acid and constant base 
plots, we were able to show that any new acid that sat­
isfied both plots would have to give rise to an additional 
straight line plot with zero intercept when (AC 0 -H)I for 
a series of bases with this acid were plotted against 
Af0H for any acid (e.g., phenol) already in the correla­
tion7 

A (X) = («x - £)AyOH(phenol) 
"0H^ ' (M0 - Mx)A.OH(phenol) + («„ - L) 

where M0 and Mx are the slopes of the constant acid 
plots for phenol and the new acid X (these slopes were 
found to be equal within experimental error for the 
above acids), n0 and «x are the intercepts for the con­
stant acid plots of the reference acid and the new acid 

(7) M. S. Nozari and R. S. Drago, J. Amer. Chem. Soc., 92, 7086 
(1970). 

The Failure of Some Commonly Accepted Spectroscopic-
Enthalpy Correlations for Chloroform Adducts1" 
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Abstract: In this article we demonstrate that neither the change in the nmr proton chemical shift nor the change 
in the C-D infrared stretching frequency in chloroform or deuteriochloroform upon complexation with a series 
of Lewis bases can be used as a reliable estimate of the enthalpy of adduct formation. No linear correlation was 
found to exist between the enthalpy of adduct formation with the change in infrared stretching frequency although 
a linear correlation between the enthalpy and the hydrogen bonding chemical shift did exist for a limited number 
of donors. It is shown that AVCD for deuteriochloroform adducts do not fall on a constant base line and a plot of 
ACCD cs. AfOH (phenol) is not linear. These relationships have been shown to be requirements for a constant acid plot 
with slope similar to the alcohols. The enthalpies of interaction are nicely correlated by our double scale enthalpy 
equation. The principal contribution to the interaction of chloroform with the donors studied comes from the 
"electrostatic" term rather than from the "covalent" interaction term. 
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