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REACTIVITY IN RADICAL ABSTRACTION REACTIONS: 
APPLICATION OF THE CURVE CROSSING MODEL 
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The curve crossing model was applied to a series of hydrogen abstraction reactions from a family of alkanes, RH 
(R = methyl, ethyl, isopropyl, tert-butyl) by alkyl, hydrogen and chlorine radicals. The analysis was based on 
quantitative data obtained from an ub initio MO study. Schematic reaction profiles for the reaction of RH with alkyl 
and hydrogen radicals are built up from just two configurations: reactant, DA, and product D3'A. For the CI atom 
reaction, however, a significant contribution of D+A- ,  a charge-transfer configuration, is also shown to be present. 
A simple explanation for differences in the intrinsic barrier for the identity radical abstraction reaction based on the 
initial gap size between DA and D5'A configurations is provided. The influence of the D+A-  configuration on the 
nature of the transition state of the CI atom reaction and its intrinsic barrier is described. It is the D+A-  
configuration that is responsible for the polar character often observed in radical abstraction and addition reactions. 

INTRODUCTION 

The factors governing barrier heights in radical abstrac- 
tion reactions are not yet well understood. To what 
extent are the barrier heights for simple radical 
reactions, such as those shown in equations (1)-(3), are 
governed by thermodynamic considerations and what, 
if any, are the non-thermodynamic factors that influ- 
ence reactivity in these systems? Also, it is not known 
what factors govern the barriers to  an identity exchange 
reaction [equation (3)] where no thermodynamic 
driving force is present, or what the relationship is 
between the transition-state (TS) structure and reaction 
exothermicity in these reactions. 

In this paper, we analyse the results of a theoretical 
study on radical abstraction by H ' ,  CI' and R' from a 
family of alkanes, R-H [equations (1)-(3)] : 

R - H + ' H  4 R ' + H - H  (1) 

R - H + ' C I  4 R'+H-CI  (2) 

R - H + ' R  -+ R ' + H - R  (3) 
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The study is based on ab initio MO calculations on the 
above systems reported recently, ',* and some higher 
level calculations reported here. The quantitative results 
are interpreted using the curve crossing model, which 
provides a qualitative framework for considering the 
quantitative data. This enables the key factors govern- 
ing reactivity in these systems to be isolated and better 
understood. 

THEORY 

In order t o  apply the curve crossing model3 t o  a radical 
abstraction reaction, one needs to describe the elec- 
tronic configuration of the reactants and products for 
such a process. For any three-electron system two 
doublet states exist.4 For H abstraction from R-H by 
an H atom, these two states may be very simply repre- 
sented by the two configurations shown in 1 and 2, 
respectively. Configuration 1, termed the reactant con- 
figuration, shows the three-group-three-eIectron 
system in an electronic configuration that couples up 

R? ?H !H 
DA 

1 

R? ?H ? H  
D3*A 

2 
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the two odd electrons on R and H to form the R-H 
bond. In contrast, the two odd electrons on the two H 
atoms are uncoupled, so that this configuration pre- 
cludes H-H bond formation.’ Hence the reactant con- 
figuration provides a proper description of the reactants 
and may be designated DA (where R-H is the donor, 
D, and H the acceptor, A). In the product configura- 
tion, 2, however, it is the two odd electrons in the R-H 
bond that are now uncoupled, while the two odd elec- 
trons on the H atoms are coupled together in a singlet 
pair. Hence this electronic configuration provides an 
electronic description of the reaction products, R’ and 
H-H. Since the two electrons in the R-H portion in 
2 are uncoupled, the R-H linkage is a locally excited 
one with respect to the singlet electron pair. This local 
excitation is best approximated by a triplet pair (as 
implied by the representation of 2) a9d may therefore 
be denoted by the designation D3 A. (The actual 
excited state that describes the products does not strictly 
incorporate the R-H bond in its triplet state. The 
triplet state is merely a state that usefully represents the 
fact that the R-H electron pair in 2 is not a bonding 
pair. The actual initial energy gap between reactant, 1, 
and product 2, configurations is not equal to AEsT, the 
singlet-triplet energy gap, but may be shown to be ca 
O*75AEsT. For a detailed analysis, see Ref. 5a, b. 

An energy plot of reactant (DA) and product (D A) 
configurations as a function of the reaction coordinate 
is illustrated in Figure I .  Initially, at the reactant 
geometry, the reactant configuration is low in energy. 
However, as the central H atom is transferred from R 
to the H radical (the reaction coordinate) the energy 
rises; the R-H bond is stretched while it is replaced by 
a triplet destabilizjng H-H interaction. The product 
configuration, (D3 A), does the reverse. In the reactant 

3. 

I I 

R-H + .H REACTION COORDINATE R. + H-H 

Figure 1. Schematic energy diagram for the avoided crossing 
of reactant, 1, (DA) and product, 2, (D3’A) configurations 
for the reaction R-H+ ‘H + R ’ + H - H .  Dashed curves 
represent the resultant reaction surfaces (ground and excited) 

after configuration mixing 

geometry it is high in energy since now the R-H inter- 
action is that between electrons of the same spin, i.e. a 
triplet interaction. In this geometry the stabilizing 
H-H singlet (i.e. bonding) interaction is absent owing 
to the large H-H distance. However, as the system 
moves along the reaction coordinate, its energy drops; 
the R-H destabilizing triplet interaction is removed 
while the stabilizing H-H singlet interaction (Le. bond 
formation) is brought about. Let us consider the 
relationship between the reactant and product con- 
figurations. It is clear that i? the reactant geometry the 
product configuration, (D3 A), represents an excited 
electronic cqnfiguration with respect to DA; in order to 
generate D3 A from DA, the R-H bond needs to ke 
excited from the singlet to the triplet state (D to D3 ) 
(see comments above regarding the actual excited state). 

The actual ground energy surface for the H atom 
abstraction reaction is represented by the lower dashed 
curve in Figure 1. The dashed curves come about as a 
result of the avoided 5rossing of the two configuration 
curves, DA and D3 A. Hence the barrier to the 
reaction may be formulated as3 

AE’ = f G - B  (4) 

where AE’ is the reaction barrier, G is the initial 
energy gap between 1 and 2, in this case related to the 
singlet-triplet energy gap for the R-H bond, f is a 
fraction in the range 0-1 and B is the avoided crossing 
quantum mechanical mixing term.3 Since the TS for 
this reaction lies in that part of the reaction coordinate 
where the reactant and product configurations are of 
similar energy, the electronic description of the TS ?ay 
be described by a resonance hybrid of DA and D3 A: 

T S = R ?  ?H ?H c-t R! !H ?H ( 5 )  

For H abstraction from R-H by a C1 atom 
[equation (2)] , a two-configuration description for 
building up the reaction surface is not adequate. Hence, 
for this reaction, in addition to*reactant and product 
configurations, DA, 3, and D3 A, 4, a third (inter- 
mediate) configuration, involving charge transfer 
between R-H and C1 (D’A-), 5, becomes important. 

R? !H ?c1 R? IH ?c1 (R-H)+‘ :cl- 
DA D3*A D’A- 
3 4 5 

This is because the C1 atom is a better acceptor 
(EA = 83 kcalmol-’)6 than the H atom 
(EA = 19 k ~ a l m o l - ’ ) , ~ ”  ( I  kcal= 4.2 k J )  so that the 
energy of the D’A- configuraQon is relatively low and 
may be similar to that of D3 A. As a result, it may 
contribute significantly to a description of the reaction 
profile. An energy diagram showing the formation of 
the ground reaction surface for the C1 atom abstraction 
reaction is shown in Figure 2,. The three contributing 
configuration curves, DA, D3 A, and D’A- are repre- 
sented, in addition to the resultant energy surface 
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E 

REACTION COORDINATE R. + H-CI R-H + *CI 

Figure 2. Schematic energy diagram showing reactant, 3, 
(DA), product, 4), (D3'A) and intermediate, 5, (D'A-) 
configurations for the reaction R-H + C1 -, R' + H-CI. 
Dashed curve represents the ground-state surface that results 

from the mixing of these three configurations 

(dashed line). Since in the TS region all three configura- 
tions contribute to the electronic structure, the TS for 
the C1 atom abstraction reaction may be described as a 
resonance hybrid of all three configurations, as 
indicated in the equation 
TS=R?  i~ f c i  c1 R! !H -C1 u 

(R-H)" :C1- (6) 

On the basis of the foregoing qualitative description, 
we now discuss the computational data for the three 
reactions, equations (1)-(3). 

COMPUTATIONAL METHOD AND RESULTS 

Results of the ab initio MO calculations for the 
reactions in equations (1)-(3) (R = methyl, ethyl, iso- 
propyl, tert-butyl) at the MP2/6-31G*//UHF/3-21G 
level were previously reported in Ref. 1 and are shown 
in Tables 1-3. In view of unexpected differences in the 
TS structural data for the H abstraction and C1 abstrac- 
tion reactions, the data for reactions (1) and (2) were 
reoptimized at the 6-31G* level using the Gaussian 88 

Table 1. Calculated barriers for identity reactions: 
R-H + 'R + R' + H-R [equation (3)] a 

R Barrier height 
(kcal mol-' ) 

Me 
Et 
i-Pr 
t-Bu 

22.4 (25.2)b 
20-5 
18.2 
15.3 

'Data taken from Ref. 1 and calculated at the MP2/6-31G*//3-21G 
level. 
bCalculated at the MP3/6-31G**//6-31G** level. I 

Table 2. Calculated transition-state C-H bond lengths, 
activation energies, AE*, reaction energies, AE, and intrinsic 
barriers A E g ,  for R-H + 'H + R' + H-H [equation ( I ) ]  a 

Parameter Me-H-H Et-H-H i-Pr-H-H t-Bu-H-H 

1.377 1.362 1.348 1.355 
0,924 0-939 0.951 0.964 

nC-Hc 0.311 0.399 0.419 0.444 
nH-HC 0.524 0.498 0.478 0.458 
AE* 25.6 22.9 20.4 18.2 
A E ~  11.2 8 - 3  5.8 3.8 
AE,fd*e  19.6 18.5 17.4 16.2 

TC-H 

r H - H b  

'Calculated at the MP2/6-3IG*//6-31Gt level 

' Pauling bond order calculated with equation (9) in Ref. I .  

'Calculated using the form of Marcus equation [(equation (11). Ref. 
I ] ) ,  which should read 

AE0f = i [ A E *  -$A&+ [AE*(AE' - A E ) ]  I /*)  

Bond lengths in Ingstroms. 

kcalmol-I. 

Table 3. Calculated transition-state C-H bond lengths, 
activation energies, AEf , reaction energies, AE, and intrinsic 
barriers AEZ, for R-H + -C1 -, R. + H-CI [equation ( I ) ]  a 

Parameter Me-H - C1 Et -H - C1 i-Pr -H- CI 1-Bu- H- CI 

1.397 1,381 1-365 1.348 
1.475 1.489 1.505 1.522 

n C - H C  0.352 0.374 0.396 0.422 
nH-CIC 0.500 0.417 0.452 0.427 
AE* 18.0 12-7 8.0  4.2  

rC-Hb  

rH-Clb 

A E ~  12.8 9.1 5.9 3.3 
A E b  d-e 10.6 7.5 4.6 2.2 

~_____ 

a Calculated at the MP2/6-31Gf//6-31G* level 

' Pauling bond order calculated with equation (9) in Ref. 1. 

'Calculated using the form of Marcus equation [(equation (11). Ref. 
I ] ) ,  which should read 
A E o ' = $ [ A E * - $ A E +  [ A E * ( A E * - A E ) I " * l .  

Bond lengths in Bngstroms. 

kcalmol-I. 

program. * This enables us to establish whether the 
difference in the TS structures for the two systems 
is a real one or merely a computational artefact. 
Data for reactions (1) and (2) at the higher 
MP2/6-31G*//UHF/6-31G* level are listed in Tables 2 
and 3. 

DISCUSSION 

Barrier heights in identity exchange reaction 
Let us first consider the effects of different alkyl groups, 
R, on the barrier for the identity H atom transfer 
reaction [equation (3)]. It is not clear, apriori, whether 
the barrier resulting from electronic factors will 
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.--. EARLYTS LATETS 
R ~ f a L l  R=Me 

Figure 3.  (a) Schematic energy diagram showing the effect of initial energy gap size on barrier height for the identity reaction 
R-H + 'R + R'  + H-R. A large gap size (strong R-H bond as in Me-H), indicated by solid lines, leads to a large reaction 
barrier, while a small gap size (weak R-H bond as in t-Bu-H), indicated by dashed lines, leads to a small reaction barrier. (b) 
Schematic energy diagram showing the effect of stabilization of the product configuration, D"A, on the position of the TS along 
the reaction coordinate. Stabilization of D3*A, [e.g. obtained by replacing R = Me by t-Bu in equation (l)] leads to an earlier TS. 

Dashed line represents stabilized t-Bu configuration 

increase, decrease or remain constant, as a function of 
different alkyl groups. Knowing the relative R-H bond 
strengths does not, in itself, provide an answer. For 
example, breaking the stronger Me-H bond in the TS 
will have the effect of raising the TS energy, compared 
with breaking the weaker t-Bu-H bond. However, 
concurrent formation of a stronger Me-H bond will 
also have the effect of stabilizing the TS. Since for such 
a process the TS is symmetrical, which effect will 
dominate, bond breaking or bond making? Since there 
is no thermodynamic driving force for this series of 
identity processes, current models for considering 
reactivity, such as the Marcus theory' and potential 
energy surface diagrams, lo fail t o  predict the reactivity 
trend in such a reaction family. 

The curve crossing model3 provides a simple answer 
to  this question. The energy diagram for this reaction 
[equation ( 3 ) ] ,  for R = Me and R = t-Bu, is illustrated 
in Figure 3(a). As discussed above, the reaction surface 
for a radical abstraction reaction m?y be described by 
the avoided crossing of DA an9 D3 A configurations. 
For R = M e  the initial DA-D3 A energy gap is large 
since the Me-H bond strength is 
large (104 kcalmol-I)." This is because the R-H 
singlet-triplet energy gap is directly related to  the R-H 
bond strength,5b which decreases in the order 
Me-H > Et-H > i-Pr-H > t-Bu-H. I '  The barrier 
for this process is thus approximated by the crossing 
point of the bold lines. For R = t-Bu, however, the gap 
is smaller (the t-Bu-H bond strength is just 
91 kcalmol-l),L1 so that barrier formation may be 
represented by the crossing point of the dashed lines. 
While the above analysis ignores the effect of variation 
in the ffactor ,  this is assumed to  be slight for a family 

of different alkyl radicals, at least in comparison with 
the widely varying G values. 

Consequently, by simple application of the curve 
crossing model, one can predict that the barrier to  the 
radical identity exchange reaction will be related to  the 
R-H bond strength: the greater the bond strength, the 
larger is the barrier. This behaviour is confirmed 
computationally (Table 1). The intrinsic barrier for the 
identity exchange reaction [equation ( 3 ) ]  decreases in 
the order Me-H > Et-H > i-Pr-H > t-Bu-H, as 
predicted. Although the computed values do not 
accurately represent the experimental barrier, we 
believe the trend manifested in the data in Table 1 to be 
significant. (The experimental Arrhenius activation 
barrier for CH3-H + CH3 + CH3 + H-CH3 has 
been reported as being cu 14.7 kcalmol-1.12 This is 
significantly less than the computed values reported 
here and elsewhere; l 3  however, it has been pointed out 
recentlyI3 that the true adiabatic barrier is not directly 
comparable with the experimental Arrhenius activation 
barrier and must exceed 18-4 kcalmol-I). The effect of 
gap size on reactivity, using the curve crossing models, 
has been discussed previously for a variety of organic 
reactions. 

Abstraction by H atom 

TS structure 

Examination of the data in Table 2 reveals that the 
structure of the TS in the reaction of R-H with H '  
changes in a regular way as a function of the reaction 
energy. The more endothermic the reaction, the later is 
the TS in geometric terms. Thus, for example, the 
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relatively endothermic reaction of Me-H with 
H'(AE= 11-2 kcalmol-') has a C-H bond that is 
more stretched in the TS (nC-H = 0.377) than for the 
less endothermic reaction of t-Bu-H with 
H'(AE=3.8 kcalmol-', nc-~=0*444) .  This is in 
accord with the LeMer-Hammond postulate, 143'5 

which suggests that TS geometry and reaction 
exothermicity are related. 

Consideration of the curve crossing diagram for this 
reaction leads to conclusions that are consistent with 
the LeMer-Hammond postulate. For this system, the 
curve crossing diagram is analogous to a 
Bell-Evans-Polanyi diagram (Figure 3b). l6 On 
changing the substrate f rop  Me-H to Et-H to 
i-Pr-H to t-Bu-H, the D3 A energy curve is stabil- 
ized at both reaction ends. It is stabilized at the reactant 
end because the singlet-triplet energy gap, G (related to 
the difference in energy between reactant and product 
configurations at the reactant geometry, see Figure l), 
becomes smaller as the R-H bond weakens (discussed 
above for the identity reaction). It is also stabilized at 
the product end because breaking the weaker C-H 
bond leads to a less i-pdothermic reaction. The effect of 
stabilizing the D: A configuration is shown in 
Figure (3b). As D3 A is stabilized (dashed line), the 
barrier (as approximated by the crossing point) is 
lowered and the TS becomes earlier along the reaction 
coordinate, consistent with the Leftler-Hammond pos- 
tulate and the computational data (Table 2). 

It is commonly believed that a plot of activation 
barriers (AE') versus the heat of reaction (AE) for a 
particular reaction family provides a measure of TS 
structure. However, as has been pointed out earlier, ',17 

there is no simple relationship between the slope, a,  of 
the AE' versus A E  plot (a  = 1 * O )  and the position of 
the TS along the reaction coordinate for the H atom 
abstraction reaction. Despite the large value of a ,  
supposedly indicative of a product-like TS, the 
computed structure of the TS is actually one in which 
the H atom is about half transferred (Table 2). We 
reaffirm the danger in using rate-equilibrium 
correlations as quantitative measures of TS structure. l7  

Intrinsic barriers 

Intrinsic barriers, AEg ,  for the family of reactions 
with H atom [oequation (l)] , calculated by substituting 
AE' and A E  values into the Marcus equation, are 
listed in Table2. (For the appropriate form of the 
Marcus equation, see Ref. 1 equation (l l) ,  which 
should read: 

AEof = ; (AE# - $AE i- [AEf(AEf - AE)] 1/2) .) 

It can be seen that the intrinsic barrier decreases in the 
order Me-H > Et--H > i-Pr-H > t-Bu-H. Given 
the reduction in the identity exchange reaction 
[equation (3)], discussed above, which follows the same 

order, and which contributes to the intrinsic barrier of 
the non-identity reaction, this trend is to be expected. 

Abstraction by C1 atom 

TS structure 
At the MP2/6-3 lG*//UHF/3-21G level, the C1 atom 
reaction [equation (2)] differs from the H atom 
abstraction reaction [equation (l)] in that the structure 
of the TS is essentially invariant as a function of the 
reacting alkane, R-H (Table 1, Ref. 1). However, at 
the higher MP2/6-31G*//UHF/6-3lG* level (Table 3), 
both reactions show the same qualitative behaviour: the 
less endothermic the reaction, the earlier is the TS. In 
other words, here also the TS appears to conform to 
Leftler-Hammond-type behaviour. However, the C1 
family does differ from the H atom family in several 
other respects. 

Intrinsic barriers 

Calculated intrinsic barriers, A E f  , for the C1 reaction 
[equation (2)] are listed in Table 3. (For the 
appropriate form of the Marcus equation, see Ref. 1, 
equation (l l) ,  which should read: AEd = 
f ( A E *  - i A E  + [AE'(AE' - AE)] 1/21 .) It can be 
seen that there is a much greater reduction in the 
intrinsic barrier for the C1 family (from 10.6 kcalmol-' 
for Me-H down to 2.2  kcalmol-I for t-Bu-H) com- 
pared with the corresponding reduction for the H 
family (from 19*6kcalmol-' for Me-H down to 
16.2 kcalmol-' for t-Bu-H), although both families 
follow the same order. We have already commented on 
the reduction in intrinsic barrier for the H family and 
we now wish to comment on the dramatic drop in the 
intrinsic barrier for the C1 family. 

Since the intrinsic barrier is the barrier in the absence 
of any thermodynamic driving force, its magnitude is 
particularly sensitive to the presence of an intermediate 
configuration. This is because by its very nature the 
intermediate configuration mixes in strongly in the TS 
region but only slightly at reactant and product ends of 
the surface. Thus substituent changes that affect the 
energy of the intermediate configuration will contribute 
to changes in the magnitude of the intrinsic barrier, in 
addition to any etffects on the energy of the product 
configuration, D3 A. For the reaction of equation (2), 
we have pointed out that the charge-transfer 
configuration, D+A-,  plays a significant role in 
describing the TS. Thus in this system, variation in the 
R group affects the intrinsic barrier not only through 
the energy gap, G, between the reactant and product 
configurations, (as discussed for the abstraction by 
an H atom) but also by the extent of D+A- mixing. 
Thus, when the I$ group is changed from Me to t-Bu, 
not only is D3 A stabilized, but also the inter- 
mediate configuration, D' A- is stabilized, since 
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t-Bu-H is a better electron donor than Me-H 
(ZPM~-H = 13.0 eV; ZP, -B~-H = 10.6 eV)." This is 
indeed confirmed by the fact that there is more charge 
transfer from t-Bu-H to C1 ( -0 .22)  in the t- 
Bu--H--Cl TS than from Me-H to C1 in the 
Me--H--CI TS (- 0.19). Consequently, a larger 
variation in the intrinsic barrier is expected for the 
reaction with a C1 atom than with an H atom, as 
observed (Table 3). We see, therefore, that substituent 
effects on the rates of reaction families described by 
three configurations are likely to be more dramatic than 
those described by just two configurations. 

A number of characteristics of the Cl atom reaction 
as observed in the computations now also become 
clearer. For this reaction family there is substantial 
charge development in the TS. For example, reactions 
of methane with C1 and H lead to  TS population 
analyses: 

Me .... H .... C1 Me .... H .... H 
1-0.14 +0.05 -0.19 -0.04 ~ 0 . 0 4  0.00 

The substantial amount of charge transfer from 
methane to C1 compared with the zero charge transfer 
from methane to H indeed reflects the contribution of 
D'A- to a description of the reaction surface for the 
C1 reaction. In fact, the formation of a charge-transfer 
complex is just another manifestation of the charge- 
transfer configuration, D'A-. The formation of a 
complex, R--H-Cl, close in energy and structure to  
the reaction products, R '  and H-CI, comes about 
through the mking of D'A- with the product 
configuration, D3 A. The complex is formed on the 
product side rather than the reactant side of the 
reaction because the reaction is endothermic; this 
means that D3 A-D'A- mixing at  the product end 
will be larger thzn DA-D+ A-  mixing at  the reactant 
end since the D3 A-D'A- energy separation is smaller 
a t  the product geometry (greater mixing) than 
DA-DC A-  energy separation at  the reactant geometry 
(reduced mixing) (the degree of mixing is inversely 
proportional to the energy separation). 3c*d Hence 
complex formation is more likely to  be observed on the 
high-energy side of the reaction, as is indeed observed. 

An additional consequence of the mixing in of a third 
or 'foreign' configuration is the formation of a flatter 
reaction surface. Indeed, the flatness of the reaction 
surface can be gauged by inspecting the magnitude of 
the force constant for the normal coordinate with the 
imaginary frequency. For the T,S obtained from C1 
attack the value is - 2 - 2 3  mdynA-I ,  whereas for the 
TS obtained from H attack the corresponding value is 
- 3 - 2 0  mdynA-'. In other words, the reaction surface 
for attack by C1 is flatter than that for attack by H,  as 
might be expected from the model. 

In conclusion, the curve crossing model provides a 
convenient framework for considering simple radical 
abstraction reactions. Three main criteria are respon- 
sible for governing barrier heights in these systems: (a) 
the heat of reaction, (b) the singlet-triplet energy gap 

for the bond being broken (often related to  the bond 
strength) and (c) in those cases where the reactants con- 
stitute a good donor-acceptor pair (characterized by a 
low D + A -  energy gap), the actual electron-transfer 
energy from one reactant to  the other. It is the contri- 
bution of the D'A- configuration to  the transition 
states of these systems that leads to  the polar character 
observed in many radical reactions. 
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