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Transition�state geometries of the addition reactions of H•, •CH3, •NH2, and •OCH3
radicals to ethylene; H• radical to acetylene, methyleneimine, acetonitrile, and formaldehyde;
and •CH3 radical to acetone and acetylene were determined by the density functional (B3LYP)
method. The interatomic distances in the transition states of these reactions were also calcu�
lated from experimental data (enthalpies and activation energies) using the model of intersect�
ing parabolas, the model of reduced intersecting parabolas (RIP), and the model of reduced
intersecting parabola and Morse curve. The results obtained by different methods were com�
pared and analyzed. An algorithm was elaborated for calculations of interatomic distances
using experimental data, based on introduction of corrections to the RIP model.
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Comparison of the interatomic distances in the transi�
tion states of radical abstraction reactions calculated us�
ing the model of intersecting parabolas (IP model) and by
quantum chemistry methods led to elaboration of a simple
algorithm of calculations of these parameters from ex�
perimental data (activation energies, E, and enthalpies of
reactions, ∆H).1—6 The algorithm is based on the intro�
duction of a numerical coefficient (correction), β, close
to unity in order to recalculate the total bond elongation,
re, in the transition state (re = βre (IP model)). This work

is devoted to elaboration of a similar method for the de�
termination of transition�state geometries of radical addi�
tion reactions.

Theoretical analysis of the quadratic dependence of
the activation energy on the enthalpy of reaction
(Polanyi—Semenov generalized relationship)

E = E0 + α∆H – ∆H 2/(2W) (1)

shows that information on the transition�state structure
can be extracted from the coefficient W ≈ |k#|re

2, where
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k# is the force constant of transition�state vibrational re�
action mode characterized by an imaginary frequency.
Consideration of radical abstraction reactions in the
framework of the IP model gives an analogous interrela�
tion between E and ∆H except that the coefficients at E0
and W are related as follows

W = 8E0 = k*re
2 (2)

being determined by the force constant, k*, of the C—H
stretching vibration.

Application of this approach to the reactions of radical
addition to the multiple bonds of the type

X• + Y=Z → X—Y—Z•,

(here, the interrelation between E and ∆H is also correctly
described by the IP model8—17) gives, in the general case,
an underestimated re value, which is several times smaller
than that calculated by quantum chemistry methods. The
reason for this inconsistency is that the potential barriers
in the transition state are rather flattened. As a result, the
imaginary vibrational frequencies appear to be much lower
in absolute value than the stretching vibration frequencies
νY=Z and νX—Y for the reactions considered below. Appli�

cation of the IP model to the addition reactions is illus�
trated in Fig. 1. In this case, a strong nonlinearity of the
transient structures causes the X—Y—Z angles to approach
the right angle and curves 2 and 3, which describe the
potential binding energies X—Y and Y—Z, to lie in differ�
ent planes. These curves can be projected1 (curves 2´
and 3´) on an approximate reaction coordinate tangent to
the exact reaction coordinate in the transition state. This
coordinate describes atomic vibrations at imaginary fre�
quency in the transition state. The intersection point of
curves 2´ and 3´ (they can quite correctly be represented
by parabolas) to a good accuracy coincides with the tran�
sition�state energy. However, the corresponding X—Y and
Y—Z bond elongations in the transition state are deter�
mined with a large relative error. Here, the absolute error
for the slightly varied distance rY—Z is small, but the error
for the distance rX—Y in the transition state appears to
be large.

The situation can be improved by introducing18 a re�
duced parabola with a much smaller force constant in
order to describe the X—Y bond elongation (Fig. 2). The
method of estimation of the new force constant value is
based on the known correlation between the energies and
force constants of the multiple bonds. It is assumed that
the reduced force constant value corresponds to the X—Y
bond energy, which equals the classical barrier to the
reverse reaction, Ee – ∆He.

In this study we determined the geometric parameters
of transition states of the following radical addition reac�
tions with different structures of the reaction center:

H• + СH2=СH2 → •CH2Me, (I)

•CH3 + СH2=СH2 → •CH2CH2Me, (II)

•NH2 + CH2=CH2 → •CH2CH2NH2, (III)

•OMe + CH2=CH2 → •CH2CH2OMe, (IV)

H• + CH≡CH → •CH=CH2, (V)

•CH3 + CH≡CH → •CH=CHMe, (VI)

H• + N≡CMe → HN=C•Me, (VII)

H• + HN=CH2 → •CH2NH2, (VIII)

H• + H2C=O → •CH2OH, (IX)

•CH3 + Me2C=O → ButO•. (X)

Calculations were carried out by the density func�
tional method (DFT) and using the model of reduced
intersecting parabolas (RIP) and the intersecting parabola
and reduced Morse curve (IPRMC) model.

The results of DFT calculations of the X—Y and
Y—Z bond elongations in the transition states of reac�
tions (I)—(X) are compared with the results of calcula�
tions using the IP,7 RIP, and IPRMC models.

Fig. 1. Potential energy surface of the reaction
H• + HN=CH2 → •CH2NH2: cross section of the potential
energy surface along the approximate reaction coordinate corre�
sponding to the vibration with imaginary frequency in the tran�
sition state#, projected on the plane of the C—N and N—H
distances (1); potential curve describing stretch of the N—H
bond in •CH2NH2 radical (2); and the potential curve describ�
ing stretch of the C—N bond in NH=CH2 molecule (3); the
energy of hydrogen atom was included as a constant. Curves 2´
and 3´ represent the curves 2 and 3 projected on the plane in
which the approximate reaction coordinate lies. The intersec�
tion point of curves 2´ and 3´ is asterisked. The equilibrium
C=N and N—H bond lengths in reagents and products, respec�
tively, are arrowed.
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Calculation Procedures and Results

Quantum chemical calculations. Hybrid DFT (B3LYP)
calculations were carried out using the GAUSSIAN�98
program.19 Geometric parameters of the structures corre�
sponding to the stationary points on the potential energy

surfaces of the systems under study were obtained by opti�
mization in the 6�31G* basis set and then used for energy
calculations in the 6�311++G(d,p) basis set with inclu�
sion of zero�point vibrational energy correction calcu�
lated in the B3LYP/6�31G* approximation. This approach
provides a reasonable accuracy of calculations of the en�
ergy barriers to reactions of radical addition to the mul�
tiple bonds.20,21 This also holds for the transition�state
geometry of the reactions studied (see below), except for
reactions (I), (V), and (VIII) characterized by very early
transition states (rH—Y ≈ 2 Å). In these cases, the transi�
tion�state structures are "sensitive" to augmentation of
the basis set with the diffuse and polarization functions
and to a more correct allowance for correlation effects
(our B3LYP/6�31G* calculations gave for rH—C in the
transition state of reaction (I) a value of 2.331 Å; cf.
1.967 Å according to CCSD(T)/6�311G** calculations22).
The results of calculations of reactions (I)—(X) are listed
in Table 1. The transition�state structures are shown in
Fig. 3. Comparison with the results of more accurate cal�
culations22,23 shows that the X...Y distances in the transi�
tion states coincide with an accuracy of 0.1 Å except
the corresponding parameters of reactions (I), (V),
and (VII)—(IX).

Fig. 2. Potential energy plotted vs. interatomic distance for dif�
ferent models of addition reactions: parabola describing the X—Y
bond (1), shifted parabola passing through the transition
state (1´), reduced parabola (2), and reduced Morse curve (3).
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Table 1. Bond lengths (d), bond angles (ω), and energies (E) of the reagents and transition states (TS), obtained from quantum
chemical calculations

System Geometric parameter E/hartree

Bonda d•1010/m Angle ω/deg B3LYP/6�31G* ZPVEb B3LYP/6�311++G**

H –0.50027 –0.50226
CH2CH2 C—C 1.330 –78.58746 0.05123 –78.61547
•CH2Me C—C 1.490 Н—C—C 112.1 –79.15787 0.05965 –79.18503

C—H* 1.105
H• + CH2CH2 C—H 2.331 Н—C—C 104.2 –79.08804 0.05217 –79.11719
TS C—C 1.337
Me• C—H 1.083 –39.83829 0.02981 –39.85517
•CH2CH2Me Cm—C 1.536 –118.47137 0.08874 –118.50928

C—C 1.492
Me• + CH2CH2 C—Cm 2.263 C—C—Cm 109.9 –118.41878 0.08469 –118.46116
TS C—C 1.356
•NH2 N—H 1.034 H—N—H 102.1 –55.87262 0.01898 –55.90038
•CH2CH2NH2 N—C 1.470 N—C—C 110.8 –134.49716 0.07815 –134.54933

C—C 1.489
•NH2 + CH2CH2 N—C 2.235 N—C—C 103.1 –134.46079 0.07466 –134.51422
TS C—C 1.355
MeO• C—O 1.369 –115.05046 0.03738 –115.09221

C—H 1.103
•CH2CH2OMe C—C 1.491 C—O—C 113.1 –193.66938 0.09382 –193.73231

C—O 1.420 C—C—O 110.6
Cm—O 1.414

MeO• + CH2CH2 C—C 1.361 C—O—C 112.6 –193.63489 0.09157 –193.70180
TS C—O 2.067 C—C—O 102.9

Cm—O 1.390

(to be continued)
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Table 1 (continued)

System Geometric parameter E/hartree

Bonda d•1010/m Angle ω/deg B3LYP/6�31G* ZPVEb B3LYP/6�311++G**

HC≡CH C—C 1.205 –77.32565 0.02660 –77.35657
•CH=CH2 C—C 1.310 H—C—C 122.2 –77.90121 0.03674 –77.9284

C—H* 1.096 H—C—C 107.0 –77.82447 0.02760 –77.85611
H• + HC≡CH C—C 1.213
TS C—H 2.076
•CH=CHMe Cm—C 1.509 Cm—C—C 125.9 –117.22038 0.06606 –117.25843

C—C 1.313
Me• + HC≡CH Cm—C 2.358 Cm—C—C 115.5 –117.15551 0.05949 –117.19986
TS C—C 1.223
CH2=O C—O 1.207 –114.50047 0.02682 –114.54174
•CH2OH C—O 1.370 –115.05203 0.03752 –115.10230

O—H 0.969
H• + O=CH2 O—H 1.568 H—O—C 121.2 –114.99200 0.02779 –115.03573
TS C—O 1.236
Me2C=O C—O 1.216 –193.15569 0.08407 –193.21818

C—C 1.521
Me3C—O• C—O 1.382 –233.00617 0.12310 –233.07878

C—C 1.541
Me• + Me2C=O C—C 2.158 C—C—O 92.5 –232.94989 0.11931 –233.05414

C—O 1.251
TS C—C 1.534
HN=CH2 C—N 1.271 –94.62721 0.04005 –94.66244

N—H 1.027
•CH2NH2 C—N 1.402 –95.19561 0.05052 –95.23741

N—H 1.015
H• + HN=CH2 N—H 1.960 H—N—C 122.3 –95.12774 0.04129 –95.16440
TS N—H 1.025

C—N 1.275
MeCN C—N 1.160 –132.75493 0.04564 –132.79604

C—C 1.461
•NHCMe C—N 1.244 H—N—C 116.5 –133.29207 0.05539 –133.33858

C—C 1.493
N—H 1.025

H + NCMe N—H 1.589 H—N—C 118.6 –133.24736 0.04649 –133.29122
TS C—N 1.175

C—C 1.460

a For nonequivalent bonds, the C atom of the methyl group adding is labeled "m" and the adding H atom is asterisled.
b ZPVE is the zero�point vibrational energy correction.

The activation energies and the enthalpies of reactions
obtained from DFT calculations and the experimental
data are listed in Table 2.

The average errors in determination of the E and ∆H
values (12.1 and 17.8 kJ mol–1, respectively) lie within
the accuracy limits in the description of energy character�
istics by the B3LYP method. Because of high exothermic�
ity of the addition reactions, their transition states usually
appear to be very early, being characterized by long rX—Y
distances (see Fig. 3). The length of the bond forming in
the transition state correlates with the elongation of the
multiple bond, namely, the larger the relative bond elon�
gation, the closer the transition�state geometry to the ge�
ometry of the initial molecule. However, generally the

reactions studied do not obey the rule, according to which
the more early the transition state, the lower the activa�
tion energy.

Model of intersecting parabolas (IP model).8—11 The
model treats the transition state of an addition reac�
tion as the intersection point of two parabolas, which
describe the elongation of the Y=Z multiple bond
and the forming X—Y bond in the "bond elongation
∆r—potential energy of bond U" coordinates. Each bond
is characterized by the coefficient b (force constant is 2b2).
The reaction is characterized by the following
parameters:W

1) classical enthalpy ∆He, which includes the
zero�point vibrational energy difference between the
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Fig. 3. Transition�state structures of reactions (I)—(X); shown are the bond lengths (in Å) and bond angles (in degrees), and the
imaginary vibrational frequencies of the forming bond (in cm–1).
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broken bond (Y=Z) and the newly forming bonds (X—Y
and Y—Z)

∆He = ∆He + 0.5hL(νY=Z – νY—Z – νX—Y), (3)

2) classical height, Ee, of potential barrier, which dif�
fers from the experimentally measured activation energy,
E, by the kinetic energy necessary to bring reagents
close together during the motion along the reaction coor�
dinate*

Еe = E – 0.5RT, (4)

3) coefficient b relating the vibrational frequency to
the vibrational energy of the multiple bond (this param�
eter depends on the vibrational frequency ν and the re�
duced mass, µ, of the atoms involved in a given bond):

b = 2πνY=Zµ0.5, (5)

4) coefficient α = b/bf, where bf characterizes the form�
ing bond X—Y, and

5) total elongation, re, of the reacting bonds.
The parameters of the model are interrelated as follows

. (6)

The elongation of the attacked bond and the elonga�
tion of the newly forming bond in the transition state are
given by

(7)

and

. (8)

respectively.

Reduced intersecting parabolas (RIP) model.18 This
model treats the activation energy for a reaction as the
intersection point of the parabola characterizing the elon�
gation of the multiple bond Y=Z with the parabola char�
acterizing the elongation of the X...Y bond with a reduced
value of the parameter bf

#. The bf
# value is determined

from an empirical equation18

bf
# = аDef

# – cDef
#2, (9)

where the reduced bond energy is Def
# = Ee – ∆He. The

method for calculating empirical coefficients a and c and
their values were reported earlier.18 The parameter re is
calculated as follows:

. (10)

When no experimental data for E are available, the
classical barrier height Ee is calculated using the IP model
via ∆He 8

(11)

and the known bre value. The interatomic distances, zero�
point vibrational energies, and the parameters b and bf for
the bonds in the molecules under study are listed in
Table 3.

The enthalpies of reactions were calculated from the
thermochemical equations:

∆H = ∆HXYZ• – ∆HY=Z – ∆HX•, (12)

∆HX• = ∆HXH + DX—H – ∆HH•. (13)

Calculations were carried out using the published bond
dissociation energies DX—H,10,25 and enthalpies of forma�

Table 2. B3LYP/6�31G*//B3LYP/6�311++G** calculated ac�
tivation energies (E/kJ mol–1) and enthalpies (∆H/kJ mol–1) of
addition reactions and experimental data12—17

Reaction Е ∆H

Calculations Experiment Calculations Experiment

(I) 3.8 9.9 –154.8 –149.9
(II) 34.3 29.2 –81.2 –101.3
(III) 15.9 16.6 –67.1 –83.0
(IV) 23.2 11.2 –51.0 –77.3
(V) 9.8 18.5 –157.4 –144.7
(VI) 39.2 16.5 –97.3 –108.9
(VII) 20.8 28.1 –80.2 –50.5
(VIII) 4.2 24.0 –167.4 –145.1
(IX) 24.3 23.7 –125.1 –110.2
(X) 63.0 31.3 +10.0 –25.1

* Since addition reactions are usually characterized by early
transition states, the Y=Z vibrational frequency difference be�
tween the reagent and transition state is small and can be ig�
nored.

Table 3. Parameters of the chemical bonds involved in reac�
tions (I)—(X): bond length (r), coefficient b, and zero�point
vibrational energy correction (0.5hLν)11,24

Bond r•1010 b•10–10 0.5hLν
/m /kJ0.5 mol–0.5 m–1 /kJ mol–1

>C—H 1.092 37.43 17.4
C=CH—H 1.077 39.61 18.4
RO—H 0.967 47.01 21.7
RNH—H 1.009 43.06 20.0
C—CH3 1.513 44.83 8.2
C—NH2 1.469 38.22 6.8
C—OR 1.416 38.14 6.6
C=C 1.299 53.89 9.9
C≡C 1.183 69.12 12.7
C=O 1.210 59.91 10.3
C=N 1.271 56.50 10.0
C≡N 1.136 59.91 13.5
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tion of the molecules.26,27 The parameters α, bre, ∆He,
and the Ee values calculated for the reactions under study
using Eqn. (11) are listed in Table 4. The error in estima�
tion of the parameter re is determined by the error in
determination of the parameters ∆H and E for a given
reaction and varies within the range (6—9)•10–13 m.11—14

This is comparable with the error in bond length mea�
surements by physical methods ((5—10)•10–13 m).

Intersecting parabola and reduced Morse curve
(IPRMC) model. An alternative method of correction of
the IP model is to describe the X—Y bond elongation by a
reduced Morse curve. Clearly, the Morse curve describ�
ing cleavage of the X—Y bond in the X—Y—Z• radical at
the dissociation limit equal to –∆He can not be used for
calculation of the energy barrier to a reaction. Besides,
the case for positive ∆He values can not be described in
this approach at all. Therefore, we assume that the disso�
ciation limit equals the vertical dissociation energy of
the X—Y bond in the X—Y—Z• radical, which corre�
sponds to a constant distance rY—Z. The modified disso�
ciation limit value qualitatively corresponds to the defini�
tion of Def

# in the RIP model and provides the best de�
scription of the potential energy in the vicinity of the
transition state.

The model treats the transition state of a radical addi�
tion reaction as the intersection points of a parabola and a
reduced Morse curve. The parabola describes the varia�
tion of the potential energy caused by the elongation of
the multiple bond Y=Z and depends on the coefficient b
only (see expression (5)). The reduced Morse curve char�
acterizes variation of the potential energy on stretching
the X—Y bond in the addition product X—Y—Z• ignor�
ing relaxation of the Y—Z bond length. The shape of this

curve is governed by the coefficient bf (bf = 2πνXY )
and by the vertical bond dissociation energy, which can
be determined as follows

Def
* = –∆He + [0.8bY=Z(rY—Z – rY=Z)]2. (14)

The numerical coefficient 0.8 in expression (14) ap�
pears as a result of shortening of the Y—Z bond in the
radical compared to its value in the saturated molecules.
According to calculations, the relative elongations of the
multiple bonds C=C, C≡C, C=O, and C≡N upon H•

addition are similar (80, 85, 75, and 76% of the total
elongation of the multiple bond, respectively). The C=N
bond elongation upon H• addition to methyleneimine is
somewhat smaller (68%). Therefore, the average value of
coefficient was taken to be 0.8. The other reaction param�
eters are the same as those used in the IP model (see
above). The elongation of the multiple bond Y=Z in the
transition state (r#) is calculated using expression (7) and
the elongation of the forming bond X—Y (∆rX—Y) and the
total elongation of the bonds in the transition state (re)
are found from the relationships

(15)

and

re = r# + ∆rX—Y, (16)

respectively.
Comparison of the results of calculations of the ∆∆∆∆∆rY—Z

and ∆∆∆∆∆rX—Y values. The r# and ∆rX—Y values calculated
from experimental data (enthalpies and activation ener�
gies) are listed in Table 5. The B3LYP calculated bond
lengths are somewhat different from the experimental val�
ues (cf. the data in Tables 1 and 3). Keeping in mind a
possible compensation of errors, DFT calculations of bond
elongations (Table 5) were carried out using the reference
bond length values for the reagents (see Table 3). Accord�
ing to quantum chemical calculations, elongation of the

Table 4. Enthalpies (∆He), kinetic parameters (α, bre), and acti�
vation energies (Ee) for addition reactions (I)—(X)11—17

Reaction α –∆He Еe bre

kJ mol–1 /kJ0.5 mol–0.5

(I) 1.440 166.1 8.7 21.99
(II) 1.202 106.7 28.0 19.24
(III) 1.410 88.1 15.4 18.27
(IV) 1.413 82.2 10.1 16.75
(V) 1.847 160.3 17.3 28.77
(VI) 1.542 114.3 15.3 21.47
(VII) 1.768 67.0 26.9 22.32
(VIII) 1.312 161.9 22.8 22.61
(IX) 1.600 128.2 22.4 24.37
(X) 1.336 29.6 30.1 15.81

Table 5. Elongations of interatomic distances in transition states
(r#) and ∆rY...X for addition reactions calculated by different
methods

React� r#•1010/m ∆rY...X•1010/m
ion

I II I II III IV

(I) 0.055 0.007 0.353 1.226 0.708 0.761
(II) 0.098 0.026 0.259 0.727 0.656 0.562
(III) 0.073 0.025 0.266 0.765 0.727 0.510
(IV) 0.074 0.031 0.252 0.647 0.527 0.460
(V) 0.060 0.008 0.356 0.980 0.704 1.001
(VI) 0.057 0.018 0.392 0.849 0.594 0.679
(VII) 0.087 0.015 0.398 0.564 0.797 0.640
(VIII) 0.084 0.004 0.316 0.945 0.603 0.747
(IX) 0.079 0.020 0.407 0.599 0.494 0.542
(X) 0.092 0.035 0.230 0.617 0.826 0.291

Note: I — IP model, II — DFT calculations, III — RIP model,
and IV — IPRMC model.
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multiple bond in the transition state is small (3—7% of
the total bond elongation, or 0.004—0.03 Å). The small�
est elongation of the multiple bond (0.004 Å) was found
for reaction (VIII). It is due to a marked shortening of the
C—N bond in the forming radical compared to the corre�
sponding bond length in the MeNH2 molecule. The IP,
RIP, and IPRMC methods give larger multiple bond elon�
gations (0.06 to 0.1 Å). As mentioned above, the IP model
strongly underestimates the bond elongation value. The
RIP calculated distances ∆rX—Y best approach the results
of DFT quantum chemical calculations for all reactions,
except the H• addition reactions. The largest differences
between the results of calculations using the RIP and
IPRMC models and the results of DFT calculations were
found for reaction H• + C2H4. On the other hand, these
data are in reasonable agreement with the results of more
accurate calculations22 (∆rH—C = 0.875 Å). This shows
that the method developed in this work permits estima�
tion of true elongations of the key bonds in transition
states of radical reactions. Thus, out of the three semi�
empirical models of addition reactions it is the RIP model
that in most cases provides the best agreement between
the semiempirically calculated transition�state geometries
and the results of DFT quantum chemical calculations.

Comparison of the results of semiempirical (RIP
model) and DFT quantum chemical calculations of tran�
sition�state geometries carried out in this study allows
elaboration of a rather simple semiempirical algorithm of
calculations of the interatomic distances in transition states
of addition reactions from experimental data. To obtain
the same elongations of the interatomic distances in tran�
sition states as those found from DFT calculations using
only the enthalpy of reaction, it is necessary to introduce
two correction parameters, namely, β = re(DFT)/re(RIP)
and bm = Ee

1/2/r# (DFT). The values of these parameters
and the parameters a and c (see expression (9)) are listed
in Table 6.

The rY...X and rY...Z distances in transition states are
calculated as follows. First, the enthalpy ∆H and ∆He are
calculated from thermochemical data for a given reaction
(see expression (1)). Next, the Ee value is calculated from
experimental data or using expression (11). The coeffi�
cient bf

# is found from Eqn. (9) using the Ee and ∆He
values. The distance rY...Z = rY=Z + r# is calculated by the
expression

, (17)

where bm is the reduced coefficient b, which provides
coincidence of the interatomic distances obtained by the
RIP and DFT methods for a given class of reactions. The
distance rY...X in transition state is calculated using the
expression

. (18)

Because of the use of experimental distances rY—X and
rY=Z in expressions (17) and (18), the transition�state
geometric parameters are somewhat different from those
obtained from B3LYP/6�31G* calculations. However,
owing to compensation of errors (see above), it is possible
that these values will appear to be close to true values.

Thus, based on comparison of the interatomic dis�
tances obtained from the DFT and the RIP model calcu�
lations, we have elaborated a simple semiempirical algo�
rithm for calculating transition�state geometries of the
reactions of radical addition to the multiple bond from
the enthalpies of and activation energies for the reactions.
This makes it possible to systematically investigate the
transition�state geometries of various radical addition re�
actions and to analyze the factors determining them.
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