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this reaction pathway is at best only minor, a more circuitous argument 
can be constructed which otherwise defines the stereochemistry of the 
hydroxyl bearing carbon in 13. 

(7) W. J. Farissey, Jr., R. H. Perry, Jr., F. C. Stehling, and R. F. Chamberlain, 
Tetrahedron Lett., 3635 (1964). 

(8) E. LeGoff, J. Org. Chem., 29, 2048 (1964). 

Introduction 

Free-radical reactions are extremely versatile.2 The great 
variety of reactions seem to occur, however, through a limited 
number of elementary steps. For reaction with closed-shell 
molecules, the two most common elementary steps are ab
straction of hydrogen atoms from RH bonds3a and addition 
to saturated centers.3bc A third, less common elementary step 
is SH2 type substitution.4 The other substitution reactions in
volve either an abstraction step as in allylic substitution, or an 
addition step, as in aromatic substitution. Carbenes, of course, 
will insert into bonds, but generally as singlets with two paired 
electrons; as such the insertion reaction is not a free-radical 
reaction proper. Triplets may also insert, but again via multiple 
steps. With other radicals, reactions such as dimerization and 
disproportionation may take place. In analogy with photo
chemical reactions, free-radical reactions can be tailored to 
yield products which would be difficult to obtain by thermal 
reactions involving intangible electron pairs.5 A long-standing 
topic of interest has been the role of "polar effects" in deter
mining the structure and energy of free-radical reaction 
transition states.6 A particularly important question is the 
extent to which these polar effects may eventually be involved 
in the orientation of free-radical additions, in competition with 
the relative thermodynamic stabilities of possible primary 
products.3b-c-7 

Theoretical attempts at describing free-radical reactions can 
be traced back to the early days of quantum chemistry. The 
three-center three-electron system H3 was one of the first 
systems to be studied by the traditional valence-bond method.8 

At that time the aim was a quantitative description of the po
tential energy surface for a chemical reaction. More recently 
three-electron systems have been considered by Matsen, using 
a spin-free approach which is closely related to the valence-
bond method.9 Various calculations have recently been per
formed on specific radical reactions.10 These theoretical studies 
have been carried out in the same context as studies of the re
actions of closed-shell systems; similar orbital interactions are 

(9) C. D. Poulter, E. C. Friedrich, and S. Winstein, J. Am. Chem. Soc., 91, 6892 
(1969); 92, 4274(1970). 

(10) S. J. Cristol, G. C. Schloemer, D. R. James, and L. A. Paquette, J. Org. 
Chem., 37, 3852 (1972), and the many relevant references contained 
therein. 

(11) M. R. Detty and L. A. Paquette, accompanying paper in this issue. 

invoked. Recently, Yamaguchi has made the first attempt to 
rationalize the behavior of free-radical reagents on the basis 
of a model which incorporates explicitly the essential charac
teristic property of these reagents—an unpaired spin." He 
considered a set of three-electron spins, two of which are ini
tially paired, while the third one seeks out a partner spin from 
this initial pair. Using a phenomenological Heisenberg 
Hamiltonian, equivalent to a simplified valence-bond approach 
in which electron exchange alone is included, Yamaguchi 
obtained correlation diagrams for the doublet states and the 
quartet state. These correlation diagrams show qualitatively 
different behavior for the linear configuration (which was 
identified with the abstraction process) and for the triangular 
configuration.12 In analogy to the Woodward-Hoffmann rules, 
Yamaguchi concluded that the linear approach is "spin-sym
metry allowed" with no crossing between the two doublets, 
while the triangular approach is "spin-symmetry forbidden" 
with crossing doublets (compare also ref 8a). This last result 
is particularly surprising, in view of the extremely facile ad
dition of halogen atoms to double bonds.12 

In the present work we reconsider the three-center three-
electron model for the elementary abstraction-addition re
action step. The energies of the different states for a purely 
covalent model are then obtained in a straightforward manner 
from the exact three-particle Hamiltonian. We draw out cor
relation diagrams for different orientations of approach of the 
free-radical reagent to the bond. We next extend the simple 
model, based on covalent structures, to include ionic structures. 
It is possible to discuss the effect of ionic character in the in
cipient bond in a qualitative manner. Our main results are: (1) 
For purely covalent interactions the colinear end-on approach 
has a small activation barrier ("exchange allowed"), while the 
triangular approach is favorable only if the free radical can 
maintain zero overlap with one of the centers of the initial 
bond. Otherwise the triangular approach is "exchange for
bidden". These results are specific to the three-electron model 
and do not appear in the one-electron approach commonly used 
for even-electron systems. (2) When ionic interactions are 
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important, addition of a free radical to a bond substituted by 
a donor or acceptor substituent tends to occur at that position 
for which the incipient bond of the transition complex has the 
biggest possible partial ionic character. 

Three-Center Three-Electron Model for the Elementary 
Abstraction-Addition Step 

We can illustrate the abstraction process in Scheme I. In (1) 
Scheme I 

\ ,4 
i 

51 
i 
i 

(D (2) (3) 
an odd electron spin approaches an electron pair which is de
scribed by resonance between two bonded structures, in which 
the two electrons are respectively (up, down) or (down, up). 
Situation (2) describes the transition state, in which the in
coming electron has "selected" the resonance structure with 
appropriate opposite spin on the nearest center. Finally, in (3), 
the new bond is totally formed; concurrently the bonded spins 
can either be (up, down) or (down, up)—while the third elec
tron is now isolated. 

The addition process can be illustrated in a quasi-identical 
fashion.I3 The single difference is the existence of an addi
tional, (7, bond between the two initially paired electrons. Hence 
they stay attached, and the third electron can only bond to one 
end (Scheme II). The two schemes are valid whatever the 

Scheme Il 

• t 
I 

! * 

(1) (2) (3) 

relative orientation of the initial bond and of the direction of 
the attacking radical. Thus in the three-electron model the 
orientation of attack can in no manner distinguish a priori 
between abstraction or addition. Of course addition cannot 
occur by attack rigorously in the olefinic plane and will be more 
likely in a direction perpendicular to the plane of the double 

A ~ 3 + J12 - l- (J23 + / u ) - £ ( ! - # + <n) ^Y (J23 

A/3 
-T-(JH — 1̂3) - E(T2 

The electrons can occupy any center, either alone or with a 
partner with antiparallel spin. Such a distribution allows for 
two doublet states and one quartet state.15 In the following we 
will concentrate on the two doublet states. We are aware, 
however, that—just as in thermal reactions of closed-shell 
systems, involving singlet diradicals, a transient triplet diradical 
may sometimes be involved16—during the reaction process 
the quartet state may be formed in a transient manner. 

Purely Covalent Model 
We first consider all covalent resonance structures for the 

three-spin system. There are three of these: 

Each one of these structures can be described by a single Slater 
determinant of localized spin orbitals. For instance the de
terminant representing the first resonance structure is 

D23 = \4>2afaafa$\ (D 
where fa, fa, and fa are undefined spatial wave functions for 
the three centers. The lower subscripts on D indicate the 
presence of a spins and the higher subscript a /3 spin. 

The exact Hamiltonian is introduced in the usual form 

K = Z h(i) + E 
i Kj (^W) (2) 

where / and j run from 1 to 3, and h and g are the familiar 
one-electron and two-electron operators. The last term rep
resents the nuclear-nuclear repulsion; Ry is the distance be
tween centers i and;'. From (1) and (2), it is straightforward 
matter to write out the secular determinant of the problem. 
After elimination of the quadruplet, the secular determinant 
for the doublet wave functions 

2h = ^ = [D23 + D]3] 

^2 = ^ = [2D]2 - D23 + Dh) 
(3) 

takes the form 

- / 1 3 ) -Ec2 

A-3 

= 0 (4) 

bond. But a nearly end-on attack is entirely feasible: 

©, 

This is the favored orientation for nucleophilic addition reac
tions14 where the dominant interaction is that between sub
strate and x* orbital and is probably also favorable for addition 
of nucleophilic radicals. 

A model which incorporates the essential features of 
Schemes I and II, and which also allows for ionic pairing of the 
electrons, is constituted by three centers in which we can ar
bitrarily distribute the three electrons: 

•Ji2 + -r(J23 + J\3)-E{\-g-al) 

where 

A = zh„ + j:\(ii\jj)+2Z] 
i Kj L Kij J 

/y = Sy [2Ay + Stjhkk + 2(l/|**)] + (l/'UO (5) 

3 = hjjSjkSkj + Skj(ki\ij) + circular permutations 

<f = S\ 2S23S31 

ffi = ~ (2S\i — S23 — S\3) (T2 = S23 — S13 

In eq 5 Sy is the overlap between the two centers i andy and 
the matrix elements of h and g are described in the usual 
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Figure 1. Energies of the two doublet states for the colinear approach. The 
quantity A — 3 is, chosen as zero of energy. This figure also applies to the 
triangular approach in which zero overlap is maintained with one cen
ter. 

notation; Ay => <i|A|y>, (ij\kl) = (i(l)j(l)\g|Jt(2)/(2)>. The 
valence-bond exchange integral Jy is usually a negative 
quantity.17 

The doublet 2\p\ (eq 3) can be interpreted in the VB sense 
as the resonance structure with the bond localized between 
centers 1-2 (|-). The other doublet 2^2 (eq 3) describes the 
linear combination of structures with bonds between 1-3 and 
2-3 (-\ and •/). respectively. 

The diagonal elements of eq 4, which represent the energies 
of the VB structures, can be obtained directly according to 
classical rules.8bc In the traditional valence-bond manner we 
neglect § in comparison with 3 and Sjj in comparison with Jy. 
The roots of determinant 4 for two doublets are then given 
by 

rCOV _ A 
Cl1II ~ A 3± VLJM- Jn)2 +(J'12- Jn)2 

+ (Jn-Jn)2] 
1/2 

(6) 

We shall use eq 6 to study different orientations of approach 
of a center 3, assumed initially at infinity, to a pair of centers 
1 and 2, assumed to be initially bonded. Equation 6 for this 
purpose can be written as: 

£ffiV = A-3± \Jl 

=A-3±e (7) 

where the variables x and y are defined as 

X = J\i/J\2 

y = Jii/Jn (8) 

Therefore, the essential variables are the distances R\3 and i?23 
which will be reflected respectively in Jn and J23. The integral 

J\2 is assumed to be a constant JQ. This is perfectly reasonable 
for addition. For abstraction the 1,2 bond length must ulti
mately stretch, so that the assumption is valid only in the initial 
stages of the attack. The quantity « in eq 7 describes the 
characteristic bonding properties of the system. Therefore, the 
term A — 3 is not considered in the qualitative discussion of 
the correlation diagrams, even when its distance dependence 
is in general not negligible. 

A. Colinear End-On Approach. Since R23 is significantly 
larger than R 13, except at very large distances, y can be ne

glected relative to x except for very small x. The energies of 
the two states are plotted in Figure 1, as a function of in
creasing x, i.e., decreasing distance R\^. 

At infinity, the two doublet states have energies — | Jo | and 
I Jo| • This corresponds to an atom 3 at infinite distance from 
a molecular singlet or a molecular triplet (in the latter case, 
the odd spin is opposite to the overall triplet spin). As the atom 
starts approaching, i.e., at large distances, y » x and the 
energies behave as ±\Jo\ (1 - x). The energy of the ground 
doublet state rises and then rapidly curves off, since at x = 1, 
the energy is again -1J0 \. 

The transition state occurs for x = '/2 (assuming now y = 
0), and the barrier is 

A£=| / 0 | ( l -Y) (9) 

We can estimate AE for (a) addition to an olefin; (b) ab
straction of a hydrogen atom from a CH bond.'8 We have just 
seen that in our model the triplet-singlet separation in the 12 
bond is equal to 2|/o| • In ethylene the 3x,ir* state lies at ~4 
eV,'9 while in saturated hydrocarbons the lowest 3<r,<7* state 
lies around 10 eV.20 Hence the activation energies are AE 
(addition) « 6 kcal/mol and AE (abstraction) « 15 kcal/ 
mol. 

These numbers are remarkably reasonable in view of the 
simplicity of the model. The location x = 1^ of the colinear 
approach indicates a relatively loose transition state. 

The possibility of existence of a small barrier in the colinear 
approach is not revealed in Yamaguchi's paper,1 la due to the 
approximations involved in the Heisenberg Hamiltonian. 

B. Perpendicular Approach. We consider now the approach 
of radical 3 perpendicular to the bond 1-2. Two cases of in
terest are /31 = Z32, corresponding to an approach toward the 
center of bond 1-2 (isosceles triangle) and /31 ^ 0, Z32 «* 0 » 
/31 corresponding to a configuration in which orbitals centered 
on 3 and 2 are orthogonal, for instance the rectangular trian-

J13 = J 3 2 J 3 2 = O ^ J 3 1 

gular approach shown on the right-hand side (cf. ref 21). These 
two cases correspond respectively to y = x and y = 0. From eq 
7 we then obtain immediately: 

(isosceles triangle) Ef^ = A - 3 =F \J0\(\ - x) (10a) 

(one zero overlap) Effi = A — 3 \Jo\Vl -x + x2 

(10b) 

The corresponding energies are shown in Figure 2 for the iso
sceles triangle. For the zero-overlap case, the result is essen
tially identical with Figure 1 for the linear approach, with only 
a small activation energy. 

A surface crossing occurs for the equilateral triangular 
configuration (x = 1), which has Dih symmetry in our model 
where all the localized orbitals are of the same type. There is 
a Jahn-Teller degeneracy between the two 2E' states. The large 
barrier AE = | /o | along the lower surface makes such a re
action highly improbable. Although in certain cases the term 
A — 3 may wash out at least part of the barrier, qualitatively 
the reaction is "forbidden". Therefore, it appears that an ap
proach perpendicular to the middle of the bond will be favor
able only if the free radical can maintain zero overlap with one 
of the bond termini. The crossing of two doublet states for the 
equilateral triangle (x = 1) is in agreement with Yamaguchi's 
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E-3a 

Figure 2. Energies of the two doublet states for the triangular approach 
(713 = Ji2)- The quantity A — 3 is chosen as zero of energy. 

earlier result," but his model does not yield explicitly the 
barrier. 

It is interesting to note that mathematically for y = -x, i.e., 
Jn = —Ji\, or for j = JC < 0, i.e., /32 = /31 > 0, eq 7 yields no 
barrier in the ground doublet. By definition in valence-bond 
theory exchange integrals are approximately proportional to 
the square of the overlap and in the normal chemical case are 
negative. Only for ferromagnetic materials is it assumed that 
Jij can be a positive quantity. Hence these two mathematical 
solutions do not seem to correspond to any real situation in 
gas-phase or solution chemistry. 

C. The Hiickel Approximation for a Three-Center Three-
Electron System. Because the valence-bond and simple mo
lecular orbital approximations represent opposite extremes in 
the treatment of electron correlation, and since a realistic de
scription lies in between, we recall the Hiickel scheme for a 
three-electron three-center system. The total Hiickel state 
energy for the isosceles approach of a center 3 to a bond 1-2 

E = 3a + fy (3 + VTTIF) for ? < 1 
( H ) 

E = 3 a + /3i2 V l + 8 | 2 f o r £ > l 

where £ = fci/Pn = #13/1812 (Figure 3a). The energy is a de
creasing function of £ and has a discontinuous first derivative 
at £ = 1 corresponding to the crossing of symmetrical and 
antisymmetrical MO's (Figure 3b).22 In contrast to the ordi
nary valence-bond model and to our slightly more general 
model, the Hiickel approximation does not give rise to any 
energy barrier (compare Figures 2 and 3a). 

The Hiickel energy for the colinear approach of the center 
3 to the bond 1-2 decreases continuously from the value E = 
3a + 2012, again in contrast with the results of the previous 
model. For an equidistant linear array (#12 = #23) the Hiickel 
energy E = 3a + 2VIzSi2 is still higher than for the equilateral 
triangle (E = 3a + 3/Ji2), a result which is contradicted by the 
previous calculations. 

D. Physical Interpretation of the Directivity of Preferred 
Approach, Comparison with Even-Cei ter Even-Electron Sys
tems. We have shown that the colinear approach of an odd 
radical to a bond is "exchange allowed" with a weak barrier, 
while the triangular approach is "exchange forbidden" except 
for the specific case of zero overlap between two of the centers. 
We now seek an interpretation of these results, the important 
part of which figure in Yamaguchi's paper," as weli as in 
implicit form in London's pioneering work8a in the late 20's. 

The energy of a valence-bond structure with 2« electrons 
and n bonds in a cyclic array is higher than the valence-bond 
energy of n bonds among which no electron exchange can take 
place. Of course, the energy of the cyclic system is lowered by 
the interaction among all valence-bond structures which can 
be drawn for such a system (the so-called resonance energy). 
This energetic feature of simple valence-bond theory does not 

^ 

* (•) 

Figure 3. (a) Energy of the ground-state doublet for the isosceles approach 
of center 3 to bond 1-2. Second doublet in the neighborhood of crossing 
is given by the broken line, (b) The corresponding MO energies, x = (E 
~ «)//3i2 (XA: antisymmetrical MO; xi and xn, the two symmetrical 
MO's). 

show any specific d fference between An and (An + 2) cyclic 
systems. Only in higher approximations does the valence-bond 
method distinguish between An and [An + 2) cyclic systems, 
and Hiickel from Mobius arrays.23 The features of four-center 
four-electron system relevant for comparison with odd-electron 
systems are reviewed in the Appendix. 

For three-electron three-center systems the lowering of 
energy by resonance among the valence-bond structures is 
much more sensitive to the actual geometry of the system. The 
equilateral triangle geometry is an extreme case for which there 
is no resonance energy at all, because the doublets are two 
orthogonal components of the degenerate symmetry repre
sentation. This is mathematically expressed by the zero values 
of the off-diagonal elements of the determinant 4 for the 
equilateral geometry. On the contrary, the two doublets for a 
colinear array do not belong to the same irreducible repre
sentation of the symmetry group, and they can therefore in
teract, giving rise to a resonance energy. Consequently, the 
energy of a colinear array is lower than the energy of an 
equilateral triangle. The main distinction between the two 
geometries is therefore one of like or unlike symmetry of the 
two interacting ("resonating") doublet components which 
contribute to the ground electronic state. A possible simple 
interpretation is the rationale first proposed by Herschbach.24 

An electron (T) approaching the middle of a bond automati
cally finds one of the two paired spins (Ti) at the bond termini 
with the wrong orientation for incipient bonding. On the other 
hand, an electron (T) approaching a bond end-on can always 
select, amongst the two equally probable (Tj, iT) pairing sit
uations in the bond, that which provides its nearest partner 
with the correct orientation for incipient bonding. An equiv
alent interpretation is based on the violation of the "valence 
saturation principle"83 for all atoms in the triangle, but for only 
one atom in the linear array. For odd-electron systems the 
pairing properties describing "valence saturation" are mirrored 
in the resonance energy which varies within a large interval and 
can even vanish. A strikingly different situation holds for 
even-electron systems, for which the resonance energy varies 
within a much smaller interval, because pairing among even 
numbers of electrons is always present to some extent, due to 
delocahzation. In summary, although the valence-bond method 
is not sensitive enough to characterize the important specific 
delocahzation properties of even-electron systems, which are 
better described by the simplest one-electron approximation 
(Woodward-Hoffmann rules), it describes "valence satura
tion", and therefore the directional properties of free-radical 
reactions, better than the one-electr )n approximation. 

These simple qualitative consider ttions are in good agree
ment with the well-known preferred colinear reaction path for 
the H + H2 reaction, while throwing new light on its mecha-
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nism. For this reaction, which is formally equivalent to the 
abstraction of one of the bound H atoms by the external H 
atom, recent ab initio calculations with inclusion of correla
tion25 confirm the colinear geometry first demonstrated by 
valence-bond methods.83 In the reactive scattering of deute
rium atoms by Cb, the colinear reaction geometry is also 
preferred.2413'26 Other recent experimental evidence also seems 
to provide support for the theoretical result. In the intramo
lecular displacement reaction of 1 only the colinear (CiSR') 
abstraction of sulfur occurs, to yield 2, while the triangular 
(C1SC2) abstraction of carbon, to yield 3, is not observed.27 

Inclusion of Ionic Structures 
The previous model is readily extended to study polar effects 

by including the six polar structures corresponding to a nega
tive charge on one center, a positive charge on the second center 
and an odd electron on the third center. The role of such ionic 
resonance structures in stabilizing the transition state for 
free-radical reactions was first suggested by Walling.63 Again 
each of these structures can be described by a single Slater 

WVvVv 
© 0 ' ' 'e © 

d e f g h i 

determinant, which we will denote by D\j, for the structure with 
two electrons on center/' and one electron with a spin on center 
j . The secular determinant for the simultaneous treatment of 
all nine structures becomes more complicated, since it would 
correspond, in molecular orbital language, to a full configu
ration interaction calculation. 

At the outset we simplify the problem by introducing the 
zero-differential-overlap approximation for the matrix ele
ments between polar and covalent structures and among the 
polar structures themselves. We then expand the secular de
terminant by using the purely covalent 2-by-2 block as zeroth 
order term, and by including the effect of the polar structures 
to second order in the interaction between polar and covalent 
structures. This is justified since the polar wave functions lie 
much higher in energy than the covalent ones. The total energy 
of the two doublet states is given by 

£O)V+l0NIC = £COV _ £ [ ^ d L + _ J ^ 1 
/</=i L«// T « oijj TeJ 

x [ l ± £ ( /* / - 3/y)/2«l (12) 

where Effi and t have been taken from eq 7. The choice of sign 
in the two brackets discriminates between the two doublets. 
The quantity 7,* — (D^\H\D'ij) describes the interaction 
between covalent structure Dfj and the ionic structure which 
is obtained by electron transfer from kth center to /th center. 
Note that 7,* = 7*,-only if the centers/ and k are equivalent. 
Similarity a,* = (D'jj\H\D\j) is the energy of ionic structure 
with two electrons at the center / and no electron at the center 
k. 

We consider again the two cases 

•/l3 = J 21 (y = X) 

corresponding to the isosceles triangular approach (compare 
eq 1 Oa) and 

Jn * 0 C - O ) 

corresponding both to the colinear attack and to the single-
zero-overlap attack (compare eq 10b). Equation 12 then yields 
in a straightforward manner the two doublet roots for the first 
case: (y = x) 

E1 = A-J- |J0 |(1 -x) 

- 2\-di + ill] _ [lii + ?3i 1 
L«12 «2lJ L«13 a3lJ 

En = A-Z+\Jo\(\-x)-3\^ + ^] (13) 
L«i3 a 3 i J 

and for the second case: Cv = O) 

£1,11 = A - 3 =F \J0\ Vl +x2-x 

P^i ^ l T I T , * - 2 1 
L«i2 «2iJ L 2Vl + x2-x] 

L «23 «32-1 L 2 V l +X2- Xj 

assuming that a,y =F t « a,j. 
In the isosceles triangular case the doublet-state energies 

still cross, but their intersection occurs at a lower energy. Al
though the starting energies are also lowered, overall the 
barrier is now 

LE= \JQ\ -C& + &) (15) 
\Q!i2 a2\/ 

which is illustrated in Figure 4. The barrier is lowered relative 
to its value | /o | in the covalent case (compare with Figure 2). 
For the colinear and the single-zero-overlap attack, the polar 
structures also lower the barrier, which was already quite small 
(see eq 9): 

A * - ( l - ^ ) | J o | - ( ^ + ^ ) (16) 

Hence, ionic terms have the general effect of decreasing the 
barrier. 

Effect of a Donor or Acceptor Substituent on Center 1: 
Orientation of Free-Radical Addition 

The influence of a polar substituent at one end of the bond 
which is attacked by a free radical can be directly studied by 
the proper selection of polar structures from all six possible 
ones. For this purpose it is also necessary to take into account 
the electronegativity of the attacking radical relative to both 
centers of the substrate bond. Let us draw six polar structures 
with the substituent X at center 1 and with arrows indicating 
charge shift among three explicitly considered orbitals from 
the more positive to the more negative end (+ toward — is 
connected with two arrows, + toward neutral, or neutral 
toward —, is connected with a single arrow) (Scheme III). The 
contribution of an individual polar structure to the perturbation 
eansion for the energy of the lowest doublet in eq 12 is written 
under the corresponding structure, with 

/ 7 = 1 - E Mw - 3Jij)/2t 
k<l=\ 

Let center 1 be substituted by a donor—or acceptor—pre
dominant group28 which polarizes the double bond. A it donor 
(CH3, NH2) will stabilize an adjacent positive charge on C(I) 
while a IT acceptor (BH2, CN) will stabilize an adjacent neg
ative charge. Inductive effects are not explicitly considered. 
Let us first assume that the electronegativity of centers I and 
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Scheme III 
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Figure 4. Energies of the two doublet states for the triangular approach 
(7i3 = /32) when ionic structures are included. The quantity A — 3 is 
chosen as zero of energy. 

initially polar (from 5+ to 5~, single arrow), loses a good part 
of its polarity in the transition state (from <5+ and 55+, no 
arrow) as the electron-rich center is depleted. 

2 and of the radical center 3 are similar. We can characterize 
the net charge (<5+ or 8~) induced by X on 1 and 2 and the in
trinsic polarities of the substrate bond 12 and of the incipient 
bonds schematically. 

(X =acceptor) 

Comparison of these schemes with the available polar struc
tures enables us to select which of these polar structures can 
contribute most to the overall "resonance energy". Both the 
net charge on atom 1 and the bond polarities are used in 
making this comparison. For donor substitution the sequence 
of polar structures which stabilize most the covalent doublet 
is: (III) e > g,h > other polar structures. For acceptor substi
tution on center 1 the corresponding sequence will be: (IV) d 
> f,i > other polar structures. Let us assume that the quantities 
7?2/Wai2 or 72i/i2/«2i assigned to the initial bond 1-2 (and 
which are introduced by structures d and e) change consider
ably less, as the free radical approaches, than the corresponding 
quantities describing the incipient bond. Then, that course of 
free-radical attack will be favored which maximizes sufficiently 
the distance-dependent contributions of structures g and h in 
one case, f and i in the other. For both donor and acceptor 
substitution one structure introduces 7^3/13/ai 3, the other 
732/23/«32- Hence, the conjecture can be made that, if the 
attacking radical has approximately the same electronegativity 
as the carbon termini of the double bond, ionic character will 
not discriminate between bonding at the substituted position 
and bonding at the unsubstituted position. Most likely the 
preferred pathway will be thermodynamically controlled. 

We consider now the case where the electronegativity of the 
attacking radical is substantially different from the electro
negativity of both centers forming the initial bond—as for a 
chlorine atom attacking a double bond. For such a highly 
electronegative reagent, the previous schemes must be modified 
as shown in Scheme IV. Both incipient bonds are polarized 
toward the reagent (as the latter builds up charge), but one 
more than the other. The electronegative reagent can accept 
more charge—and hence form a more polar bond—from the 
initially electron-rich center. The substrate bond, which was 

Scheme IV 

N« 

6* 

electronegative 
radical HX=donor) 

electronegative 
radical 

SI(X=occeptor) 

It is clear that the reaction process V requires increasing 
admixture of the polar structure i, while process VI requires 
increasing admixture of the polar structure g. The predomi
nance, for instance of i in V, stems both from the absolute and 
relative polarity of bonds 23 and 13 in V, but also from the 
change in polarity in the substrate bond 12 which is occurring 
in the direction indicated in structure i. This is true even though 
the overall polarity of bond 12 is not reversed. In structure i the 
distance-dependent term is yl-fii/an, while in structure g it 
is 73/13/0:31- Hence ionic character favors free-radical attack 
of an electronegative reagent at the unsubstituted end of the 
substrate bond for process V (donor substituent) and at the 
substituted end for process VI (acceptor substituent). In VI 
this effect must be balanced against the thermochemical 
preference for the alternative pathway, assumed till now to be 
the exclusive controlling factor.29 For an electropositive re
agent, the result would be reversed, with attack at the substi
tuted position if X is a donor, at the unsubstituted position if 
X is an acceptor. 

Altogether the following general rule can be formulated. All 
other things being equal, addition of a free radical to a double 
bond tends to occur at that position for which the incipient 
bond has maximum partial ionic character. In particular: (1) 
a reagent with neither strongly electronegative nor strongly 
electropositive character (H-, CH3-) should give the thermo
dynamically favored product; if the substituent stabilizes the 
radical site, this corresponds to attack at the unsubstituted 
position; (2) an electronegative radical (Cl-, Br-) should add 
initially at the negative end of a polarized double bond, an 
electropositive radical at the positive end. If the position of 
attack is also that favored from thermodynamic considerations, 
ionic effects will simply reinforce the thermodynamic control 
observed for electroneutral reagents. If the position of attack 
is opposite to that for the more stable product, the ionic sta
bilization of one route, and the thermochemical stabilization 
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of the other, will compete, with the possibility of contrather-
modynamic orientation of the addition. 

Some care must be exercised when applying these rules 
because of the simple nature of our model. For instance, when 
considering the polarization of the double bond it seems rea
sonable to choose the polarization of the two x electrons, be
cause (a) the model includes only two substrate electrons and 
does not account for a-core polarization; (b) the transition state 
for addition is certainly very loose, in a region where the odd 
orbital of reactant overlaps only weakly with the outer ir lobes 
of the double bond. The polarization of the ir electrons need 
not be in the same direction as the overall polarization of the 
bond (see, further, the case of cyanoethylene). 

Ab Initio Calculations for Free-Radical Addition to 
Substituted Double Bonds 

Since the essential purpose of this article is to lay out the 
foundations of a theory of free-radical reactions based on a 
simple valence-bond method, we have carried out only a limited 
number of preliminary calculations with a one-electron method 
for the primary step:30 

fxvR 

+ R. "• v 

} 
The two different products are obtained by approaching R 
perpendicular to the olefinic plane, either directly above one 
carbon atom or directly above the other. We used a restricted 
open-shell self-consistent field version of the G A U S S I A N 70 
program,31 similar to that of Binkley, Pople, and Dobosh.32 

All the orbitals but one are doubly occupied, while the odd 
orbital \̂ a, with energy ea has a single electron. The total energy 
of the corresponding doublet state is given by: 

E = EsCF-1-J^ (17) 

where £ S C F is the expectation value of the Nesbet type Har-
tree-Fock operator 

F = h+E{2Jj-Kj)+Ja-
1-Ka (18) 

j<a 2. 

(the integral / a a is the self-energy of an electron in ^a; h, J, and 
K are respectively the usual one-electron, Coulomb, and ex
change operators). 

Olefins substituted by X = BH2, CN, F, CH3 , and N H 2 
were considered. The corresponding double-bond polarizations, 
together with the net ir charge transfer from carbon a to carbon 
/3, are shown below:33 

Aq"=-0.08 Aq"=-0.13 iq"= 0.05 Aq'= 0D6 Aq"z 0.17 

The TT polarization and net charge transfer in a molecule like 
propylene is only partly due to the donor character of the 
substituent; it also arises from second-order mixing of ir with 
IT* through the interaction of both with the methyl orbit
als.28 

For two of the systems shown above (X = BH2, NH2) , there 
may not actually be addition on the double bond. However, 
they are included so as to provide us with a wide range of 
substituent electronegativities to illustrate the theory. The 
initial polarizations shown above are used as indicators to help 
us interpret the calculated preferred direction of attack within 
the framework of diagrams III, IV, V, and VI. Of course, as 

Table I. Difference in Activation Energies £*Subs ~~ £*unsubs (kcal/ 
mol) Between Free-Radical Addition at Substituted Carbon and 
Addition at Unsubstituted Carbon in H(X)C=CH2 

Reagent 

X Cl- H-

BH2 —2 (contrathermod) +1 
CN -1 (contrathermod) +1 
F +5.4 +4 
CH, +4 +3 
NH2 +12 +9 

seen as the reagent approaches, the charge distribution changes 
and odd-electron density starts appearing on the double 
bond.34 

We consider first the attack of a chlorine atom. During the 
approach of the radical, bond lengths of the substrate and bond 
angles are allowed to relax from their initial to their final 
values. For X = CH3 or NH 2 , attack is preferred on the un
substituted end, giving the thermodynamically preferred 
product. The potential energy curves for chlorine plus pro
pylene are shown in Figure 5a. The curves remain roughly 
parallel throughout the reaction path. But for X = BH2 and 
CN, attack on the substituted position becomes competitive 
with that on the unsubstituted position and seems even to be 
very slightly favored. The potential energy curves for chlorine 
plus vinylborane are shown in Figure 5b. The contrathermo-
dynamic nature of the lower transition state is now reflected 
by a crossing between the curves on the side of primary prod
uct. Although the C = C bond length and the ClCC angle are 
relaxed as the reagent approaches, the activation energy cal
culated for addition («25 kcal/mol) is far too large. Chlorine 
atoms add faster than they abstract, so E* (addition) is 
probably less than 4 kcal/mol.35 The minimal nature of the 
basis set is undoubtedly responsible for the major part of the 
error. 

We consider next the attack of a hydrogen atom. In this case, 
for all five substituted olefins, preferred attack is on the un
substituted end, giving the thermodynamically more stable 
product. The results for Cl- and H- are summarized in the 
Table I. 

Table I illustrates the role of the relative electronegativity 
of attacking reagent and substrate sites. This role has very 
recently been emphasized by Tedder and Walton,36 who state 
that "The polar influences which we have found to be impor
tant can be expressed in terms of the electronegativity differ
ence between the radical and the attacked site on the olefin". 
Here we find that for a highly electronegative reagent con-
trathermodynamic attack tends to occur for 7r-acceptor sub-
stituents, while for donor substituents, the reinforcement of 
thermodynamic control by polar effects appears clearly in the 
higher difference calculated for Cl- addition than for H- ad
dition. For an "electroneutral" reagent thermodynamic control 
seems to predominate. The qualitative agreement between the 
ab initio one-electron minimal basis set calculations and the 
previously described valence-bond like model is surprising and 
encouraging. 

A further, more quantitative comparison can be made with 
the experimental data.36 We consider the addition of CF3- and 
CH3- to the fluoroethylenes F H C = C H 2 and FHC=CF 2 . The 
model predicts that the highly electronegative CF3- radical 
should add preferentially to the unsubstituted CH2 end of vinyl 
fluoride and to the less substituted CHF end of trifluoroethy-
lene (a fluorine atom behaves like a ir donor, see VII). For the 
CH3- radical, which is weakly electropositive, one can expect 
either weak thermodynamic control or even contrathermo-
dynamic control. The former appears to occur in F C H = C H 2 
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E ( a . U ) 

- .13-

-570.15-

- .17 -

- 5 7 0 . 1 9 -

- . 2 1 -

-570 23' 

Attack of Cl on Propylene 

Aattack on substituted end 

O attack on unsubstituted end 

3.72 R(A) 

Efa.lD 

- .50-

-556.52" 

- 5 4 -

-556.56" 

- .58-

-556.60-

Attack of Cl on vinylbbrane 

«^=a 

a attack on substituted end 

O attack on unsubstituted end 

I I I I I I I I I I— 
1.72 197 222 247 2.72 2.97 3.22 347 372 397 4.22 

Figure 5. 

Table II. Differences in Activation Energies and Orientation 
Ratios for the Addition of Radicals to Fluoroethylenes 

System 

FHC=CH2 + CF3-
FHC=CH, + CH3-
FHC=CF2 + CF3-
FHC=CF, + CH3-

^ subs ^- unsubs 

(kcal/mol) 

4.5 
3.1 
2.3 
~0 

Orientation ratio 

Calcd" 

0.005 
0.025 
0.065 
~1 

Exptl* 

0.09 
0.20 
0.50 
2.10 

" The calculated orientation ratio is assumed to be exp[—(f^subs 
— E*unsubs)/kT] with T = 423K.(In trifluoroethylene the "substi
tuted" end is the more substituted CF2 end of the olefin.) * Reference 
36, Table 1. 

(attack at CH2),36 the latter in F H C = C F 2 (attack at the more 
substituted and more 7r positive CF2 end, giving the less stable 
radical).36 Hence there is excellent agreement between the 
qualitative theory and the experimental results. 

The ab initio minimal basis set calculations fall in line with 
the qualitative predictions, except for the attack of CH3- on 
trifluoroethylene, where no preferential site of attack is found. 
In Table II we compare the ab initio "orientation ratios" with 
the experimental results given by Tedder and Walton.36 Al
though, as mentioned previously, the absolute values of the 
activation energies are too large, the differences reproduce 
qualitatively the experimental trend. 
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Appendix 

Valence Bond and Hiickel Description of Four-Center 
Four-Electron System. In order to compare the specific features 
of odd-electron and even-electron systems, let us briefly review 

Figure 6. Hiickel state energies for symmetrical approach of bond 3-4 
to bond 1-2. 

the valence-bond and Hiickel schemes for the following four 
electron four-center array (compare ref 7c): 

The energies of two singlet states in the valence bond model 
have the form: 

1 4 

E].u = A - - £ Zjj 
i Kj= \ 

± ^ = [(«' - /J')2 + (P' - Y)2 + (Y ~ «')2]1/2 (Al) 

where 

- </l2 + J}4 - ~ (Z\2 + Zu) 

- J\4 + 723 — - (Z]4 + Z23) (A2) 

Y = j l + J24 — - (Z M + Z24) 

The quantities A1Jij and Z,y are defined as: 

(Di!\H\Dij) = A-Jn-Jk, 

(Dy]H]DfZ)=J1J-Z1 ij 
(A3) 

with the Slater determinant defined in a similar way as for the 
three-center three-electron system (down indexes label a spins, 
up indexes label /3 spins). Note the formal similarity of eq A1 
and 6. The energy expression Al has been obtained under as
sumption that the Slater determinants are orthogonal functions 
and that {DfJ\H\D'^) « 0. This assumption implies neglect 
of terms of higher order than first in overlap integrals. The 
quantities Jy and Z/y are of even and odd power in the overlap 
density, respectively. 

The energy describing the symmetrical approach of two 
bonds can be simply written: 

E = A- -(Z1 2 + Z1 3) =F 2 ( / 1 2 - ! Z ' 2 ) 

X(l+x2-xy/2 (A4) 

where x = a'/y' and next-nearest-neighbor interactions are 
neglected; /3' « 0. The barrier arising from the last term of eq 
A4 is roughly twice the barrier drawn in Figure 1 which il
lustrates the colinear approach of the radical center to the 
bond. In conventional valence-bond theory the energy of the 
lowest singlet for the square arrangement is equal to the energy 
of two bonds at infinite distance from each other. Here, in our 
model, Ais = AA — 2Z ! 2 , which shows a destabilization for 
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a Hiickel array (but a stabilization for a Mobius array; com
pare ref 23). 

The energies of the lowest states in the Hiickel model for the 
symmetrical approach of bond 3-4 to bond 1 -2 are E = Aa + 
2/Si2(I +a) and E = Aa + 2012[(1 + o-)2 + 4p2]'/2 with o-= 
034/012 and p = 0n/0i2 = 024/012-There is a crossing of the 
lowest singlets for p = Vo-, without any energy barrier (Figure 
6). 

The situation for the four-electron four-center square array 
is similar to that of the three-electron three-center linear array: 
our valence-bond model gives rise to a small energy barrier (but 
no crossing between states) while the Hiickel model gives no 
barrier but intersecting states. The state crossing for the square 
geometry in the Hiickel approximation can be avoided by 
taking into account correlation effects, because the Slater 
determinants built from MO's belong to the reducible repre
sentation E2 = Ax + A2 + B\ + B2 of the symmetry group 
C4,.37 
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