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Previously, we examined radical abstraction reac-
tions involving silanes, germanes, and stannanes in the
framework of the intersecting parabolas model (IPM)
[1]. This analysis showed that the activation energy of
these reactions depends on several factors, including
the radius of the atom in the reaction center of the tran-
sition state (TS): the longer the radius of the Y atom in
the reaction center R

 

…

 

H

 

…

 

Y of the abstraction reac-
tion, the higher the activation energy.

The present work deals with the geometry of the TS
in these reactions. The interatomic distances for the
reactions of alkyl radicals with R

 

3

 

SiH

 

, 

 

R

 

3

 

GeH, and
R

 

3

 

SnH were calculated from experimental data using
the IPM. For comparison, we performed a quantum-
chemical calculation of the TS geometry for the reac-
tions of methyl radicals with SiH

 

4

 

, 

 

GeH

 

4

 

, and SnH

 

4

 

. A
comparison of the TS interatomic distances obtained by
the density functional theory (DFT) and IPM calcula-
tions made it possible to develop a semiempirical
method for calculating TS interatomic distances for the
reactions considered. Here we use this method to calcu-
late the TS interatomic distances and analyze the fac-
tors in the TS geometry.

COMPUTATIONAL PROCEDURE

 

DFT Calculation

 

The B3LYP hybrid density functional was used in
the theoretical study of radical abstraction reactions of
the type

H

 

3

 

 + 

 

H

 

–

 

YH

 

3

 

  

 

CH

 

3

 

–

 

H

 

 + 

 

H

 

3

 

,C. Y.

 

where Y = Si, Ge, and Sn, and of the symmetrical reac-
tion

H

 

3

 

 + 

 

SiH

 

4

 

  

 

SiH

 

4

 

 + 

 

H

 

3

 

.

 

Calculations were carried out using the Gaussian 98
program [2]. The geometry of stationary points was
optimized in the 6-31G* basis set. The optimized
geometry was used in the calculation of the energy of
the system in the 6-311++G(d,p) basis set taking into
account the zero-point energies in the B3LYP/6-31G*
approximation. A comparison between the geometry
of   the CH

 

3

 

C

 

…

 

H

 

…

 

SiH

 

3

 

 TS obtained with the
6-311++G** extended basis set [3] and the geometry
determined in this work reveals small differences not
exceeding 

 

0.005 

 

Å in the interatomic distances. In the
case of the Sn-containing system, the LANL2DZ basis
set was used in the optimization of the geometry and in
the calculation of the energy of the system. As is dem-
onstrated by the comparative analysis for the Ge-con-
taining system, the TS structures obtained in the
LANL2DZ and 6-31G* basis sets differ insignificantly.
The data calculated for the above abstraction reactions
are given in Table 1. The TS structures are presented in
Fig. 1 along with the frequencies of the imaginary
vibrations in the TS.

As is shown in Fig. 1, the TS’s in the reactions are
characterized by linear geometries of the reaction cen-
ters Si

 

…

 

H

 

…

 

Si and C

 

…

 

H

 

…

 

Y. Since the reactions
involving the methyl radical are exothermic, their TS’s
can be regarded as early. Correspondingly, the C

 

…

 

Y
distance elongates with an increase in the radius of the
Y atom: 

 

r

 

#

 

(

 

C

 

…

 

Y

 

) = 3.23 

 

×

 

 10

 

–10

 

 m for Y = Si, 

 

3.37 

 

×

Si. Si.
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Abstract

 

—Transition-state interatomic distances in the reactions H

 

3

 

 + 

 

SiH

 

4

 

, 

 

H

 

3

 

 + 

 

SiH

 

4

 

, 

 

H

 

3

 

 + 

 

GeH

 

4

 

,

and H

 

3

 

 + 

 

SnH

 

4

 

 are calculated by the B3LYP density functional and intersecting parabolas methods. A
semiempirical algorithm is developed for the calculation of the Y

 

…

 

H and C

 

…

 

H distances in the transition state
of the radical abstraction reactions  + YH involving silanes, germanes, and stannanes and the reverse reac-
tions of silyl, germanyl, and stannyl radicals with hydrocarbons. This algorithm is used to calculate interatomic
distances in these reactions. An analysis of the calculated data shows that the Y

 

…

 

H and C

 

…

 

H distances in these
reactions depend on the following factors: the enthalpy of reaction, the radius of the Y atom (Y = C, Si, Ge, Sn),
and four-electron repulsion during the attack of a radical on the C–H bond adjacent to the double bond. Empir-
ical equations relating the interatomic distances to the enthalpy of reaction and to the Y–R bond length are
set up.
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10

 

–10

 

 m for Y = Ge, and 

 

3.66 

 

×

 

 10

 

–10

 

 m for Y = Sn. These
distances are close to the distances obtained by
MP2/DZP nonempirical calculations [6, 7]—

 

3.15 

 

×

 

 10

 

–10

 

,

 

3.26 

 

×

 

 10

 

–10

 

, and 

 

3.50 

 

×

 

 10

 

–10

 

 m, respectively—and to
the results of MP2 calculations in the 6-31G* basis set

(

 

r

 

#

 

(

 

C

 

…

 

Si

 

) = 3.17 

 

× 

 

10

 

–10

 

 m) and in the
LANL2DZ/31G* basis set 

 

r

 

#

 

(

 

C

 

…

 

Ge

 

) = 3.28 

 

× 

 

10

 

–10

 

 m
and 

 

r

 

#

 

(

 

C

 

…

 

Sn

 

) = 3.53 

 

×

 

 10

 

–10

 

 m) [8]. Shorter 

 

r

 

#

 

(

 

C

 

…

 

Y

 

)

 

distances are obtained for the semiempirical model of
intersecting states [9] (

 

r

 

#

 

(

 

C

 

…

 

Si

 

) = 3.07 

 

×

 

 10

 

–10

 

 m and

 

Table 1.  

 

Total energy (

 

E

 

), zero-point energy (ZPE), and the geometric parameters of the reactants and transition states cal-
culated by the B3LYP method

System and 
its symmetry

Geometric parameters

 

E

 

(B3LYP/6-
31G*), at. units

Hartree 
ZPE

E(B3LYP/6-
311++G**), at. units

∆H, E,*
kJ/molbond length

× 1010, m angle, deg

Si•H3 + SiH4  SiH4 + Si•H3

Si•H3, C3v 1.489 (Si–H) 110.9 (H–Si–H) –291.23226 0.02128 –291.26130 ∆H = 0

SiH4, Td 1.486 (Si–H) – –291.88369 0.03132 –291.91427 E = 26.3(46.8)

SiH3H*SiH3 
(TS), C3v

1.775 (Si–H*) 109.1 (H*–Si–H) –583.10266 0.04966 –583.16262 [28.5]

C•H3 + SiH4  CH4 + Si•H3

C•H3, D3h 1.083 (C–H) – –39.83829 0.02981 –39.85517 ∆H = –53.6

CH4, Td 1.093 (C–H) – –40.51839 0.04522 –40.53394 (–55.9)

CH3H*SiH3 1.616 (C–H*), 101.6 (H*–C–H), –331.71278 0.06193 –331.758783 E = 30.1(29.4)

(TS), C3v 1.614 (Si–H*) 110.0 (H*–Si–H) – – – [31.1]

C•H3 + GeH4  CH4 + Ge•H3

GeH4, Td 1.539 (Ge–H) – –2077.36111 0.02900 –2079.40441 ∆H = –77.9

Ge•H3, C3v 1.548 (Ge–H) 110.4 (H–Ge–H) –2076.71983 0.01955 –2078.76127 [–67.9]

CH3H*GeH3 1.734 (C–H*), 99.5 (H*–C–H), –2117.19795 0.06054 –2119.25293 E = 22.0

(TS), C3v 1.615 (Ge–H*) 110.2 (H*–Ge–H) – – – [26.6]

B3LYP/LANL2DZ
C•H3 + GeH4  CH4 + Ge•H3

GeH4, Td 1.544 (Ge–H) – –6.14714 0.02915 – ∆H = –82.5

Ge•H3, C3v 1.552 (Ge–H) 110.3 (H–Ge–H) –5.50828 0.01968 – E = 18.7

CH3H*GeH3 1.734 (C–H*), 98.9 (H*–C–H), – – –

(TS), C3v 1.637 (Ge–H*) 110.0 (H*–Ge–H) –45.97836 0.06011 –

C•H3 + SnH4  CH4 + Sn•H3

C•H3, D3h 1.086 (C–H) – –39.83738 0.02998 – ∆H = –115.8

CH4, Td 1.095 (C–H) – –40.51447 0.04524 – [–71.3]

SnH4, Td 1.712 (Sn–H) – –5.73634 0.02570 – E = 14.4

Sn•H3, C3v 1.724 (Sn–H) 108.9 (H–Sn–H) –5.11032 0.01740 – [27.1]

CH3H*SnH3 1.884 (C–H*), 97.0 (H*–C–H) –45.56964 0.05708 –

(TS), C3v 1.780 (Sn–H*) 110.3 (H*–Sn–H) – – –

* The experimental values of ∆He and E for the reactions  + SiH4 [4] and Si•H3 + SiH4 [5] are given in parentheses, and the same param-

eters from Table 3 calculated by the IPM using formulas (2), (4), and (5) on the basis of ∆He and Ee,0 from Table 2 are given in brackets.

CH3

.
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r#(C…Ge) = 3.15 × 10–10 m), except for r#(Si…Si) =
3.54 × 10–10 m, which is close to our value of 3.55 ×
10−10 m. This model gives the activation energy (E) val-
ues differing by at most 4 kJ/mol from the values found
experimentally or values calculated using the IPM.
However, the elongation of the H–Y bond in the TS
becomes negative (bond contraction), and, hence, the
TS structure predicted by this method is unreliable. The
MP2 r#(C…Y) distances are shorter than the B3LYP
distances primarily because of a shorter r#(C…H) dis-
tance. The difference between the MP2 and B2LYP values
of the latter increases from 0.09 × 10–10 to 0.18 × 10–10 m
on passing from Y = Si to Y = Sn.

Thus, the MP2 method predicts a later TS for the
reactions of the methyl radicals with YH4. This implies
appreciably higher energy (E) values in the MP2
approach (E = 53–54 kJ/mol (SiH4), 35–42 kJ/mol
(GeH4), and 34–35 kJ/mol (SnH4)) as compared to
experimental data or IPM estimates [6–8]. Use of the
QCISD approach in the calculation of the energy from
the MP2/DZP TS geometry does not change the situa-

tion, because this approach decreases the activation
energy by no more than 2 kJ/mol [6, 7]. For the reaction

H3 + SiH4, the QCISD approach using the geometry
calculated by the MP2/6-31G* method leads to an
overestimated E value of 65.7 kJ/mol [10]. In view of
this discrepancy, we believe that the B3LYP TS geom-
etry is less erroneous. The discrepancy will be particu-
larly significant if we take into account that, with over-
estimated activation energies, the MP2 method gives,
as a rule, an overestimated heat of reaction. For Y = Sn,
the overestimation is 33 kJ/mol for the DZP basis set [9]
and 57 kJ/mol for the LANL2DZ/31G* basis set [8].

Calculation Using the Intersecting Parabolas Method

Radical abstraction reactions of the type

 + HYH3  XH + H3

in the framework of the IPM are characterized by the
following parameters [11–14]:

(1) the enthalpy ∆He that includes the difference
between the zero-point energies of the breaking and
forming bonds,

(1)

where ν(H–Y) and ν(X–H) are the vibration frequen-
cies of the breaking and forming bonds, respectively;

(2) the classical potential barrier Ee, which includes
the zero-point energy of the breaking bond and is cor-
related with the Arrhenius (experimental) activation
energy as

Ee = E + 0.5(hNAν(H–Y) – RT); (2)
(3) the parameter re, which is equal to the total

extension of the breaking H–Y and forming X–H bonds
in the TS;

(4) the parameter b (2b2 is the force constant of the
breaking H–Y bond);

(5) the parameter α (α2 is the ratio of the force con-
stants of the breaking and forming bonds); and

(6) the preexponential factor A0 per equireactive
bond in the molecule.

The reaction rate constant is related to E and A0 by
the Arrhenius formula

k = nA0exp(–E/RT), (3)

Si.

X. Y.

∆He = D(H–Y) – D(X–H)

+ 0.5hNA(ν(H–Y) – ν(X–H)),

H

H Si
H

H
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H

H

H

H

H

H

H

H
H
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Fig. 1. Transition state structures in the reactions (a) H3  +

H–SiH3  H–SiH3 + H3  and (b–d) H3 +

H−YH3  CH3–H + H3, where Y = (b) Si, (c) Ge, and

(d) Sn. The distances are expressed in m (×1010), and the
results of the B3LYP/LANL2DZ calculation are presented
in parentheses. The frequencies of imaginary vibrations of
the H atom in the TS are given under each structure. The
distances are in 10–10 m.

Si.

Si. C.

Y.

Table 2.  Parameters of radical abstraction reactions for the IPM

R3Y–H bond r(H–Y) × 1010, m b × 1010, (kJ/mol)1/2 m–1 0.5hNAν(H–Y), kJ/mol

R3C–H 1.092 (1.093 in CH4) 37.43 17.4

R3Si–H 1.483 (1.480 in SiH4) 28.71 13.1

R3Ge–H 1.525 27.95 12.6

R3Sn–H 1.711 26.97 12.1
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where n is the number of equireactive bonds in the reac-
tant molecule. The coefficients b, the zero-point ener-
gies of the bonds [1, 11], and the equilibrium distances
between the Y and H atoms in the molecules of the
classes of compounds considered [15] are given in
Table 2.

The above-listed parameters in the IPM are related
by the equation [11]

(4)

An analysis of experimental data shows that the param-
eters α, b, A0, and re characterize the whole class of
reactions and are almost the same for all individual
reactions of this class [11–14]. Their values are given in
Table 3.

The constancy of re inside a reaction class is con-
firmed by the results of nonempirical calculations [6,
7], which show that the introduction of alkyl radicals at
the C (in ) or Y (in HY) atom changes the r#(C…Y)
distance by at most 0.02 × 10–10 m, while the changes
in r#(C…H) and r#(H…Y) are as large as 0.05 × 10–10

and 0.12 × 10–10 m, respectively. Knowing the bre
parameter, one can calculate the classical potential bar-
rier Ee from the enthalpy of the reaction,

(5)

and calculate the classical potential barrier Ee, 0 for a
thermally neutral reaction (for which ∆He = 0),

bre α Ee ∆He– Ee.+=

X.

Ee bre

1
α∆He

bre( )2
--------------+

1 α 1
1 α2

–

bre( )2
--------------∆He–+

----------------------------------------------------,=

(6)

The position of the hydrogen atom being abstracted in
the TS (H…Y) in the re interval is characterized by an
r# distance, which, in the IPM, is calculated by the for-
mula [11]

(7)

The X…H distance in the TS is determined as

(8)

Semiempirical Method for Calculating TS
Interatomic Distances

DFT calculations give larger bond extension values
in the TS than does the IPM (Table 4). The coefficient
β is the ratio of the total extensions of the reacting

Ee 0,
bre( )2

1 α+( )2
--------------------.=

r
# re Ee

α Ee ∆He– Ee+
----------------------------------------------.=

re r
#

–
αre Ee ∆He–

α Ee ∆He– Ee+
----------------------------------------------.=

Table 3.  Kinetic parameters of radical abstraction reactions for the IPM [1, 11]

Class of reactions* α Ee, 0, kJ/mol bre, (kJ/mol)1/2 A0 × 10–9, l mol–1 s–1 re × 1010, m 0.5hNA(ν(Y–H) –
ν(X–H)), kJ/mol

R1• + R1–H 1.000 74.7 17.29 1.0 0.462 0

R1• + R3Si–H 0.767 55.6 13.18 1.0 0.459 –4.3

R1• + R3Ge–H 0.747 62.6 13.82 1.0 0.494 –4.8

R1• + R3Sn–H 0.721 63.1 13.67 1.0 0.507 –5.3

R3Si• + R1–H 1.304 55.6 17.18 2.0 0.459 4.3

R3Si• + R2–H 1.304 63.8 18.40 0.1 0.492 4.3

R3Si• + R3–H 1.304 58.7 17.65 0.1 0.472 4.3

R3Si• + R3Si–H 1.000 46.8 13.69 2.0 0.477 0

R3Ge• + R1–H 1.339 62.6 18.50 2.0 0.494 4.8

R3Sn• + R1–H 1.387 63.1 18.96 2.5 0.507 5.3

* R, R1, R2, and R3 are the radicals of organic compounds of different classes (see below).

Table 4.  Total extensions of the X...H...Y bonds in the TS
calculated by the DFT and IPM methods and their ratio (β)

Reaction re × 1010, m 
(IPM)

∆r#(X...H...Y) × 1010, 
m (DFT) β

C•H3 + SiH4 0.459 0.655 1.427

Si•H3 + SiH4 0.477 0.584 1.224

C•H3 + GeH4 0.494 0.753 1.524

C•H3 + SnH4 0.507 0.861 1.698
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bonds in the TS calculated using DFT and IPM (param-
eter re). Using re, the TS interatomic distances for the
reaction classes considered can be refined by the fol-
lowing modified IPM formulas:

(9)

(10)

The TS interatomic distance X…H…Y is a sum con-
sisting of four terms:

r
#

H…Y( ) r H–Y( ) βb
1–

Ee,+=

r
#

X…H( ) r X–H( ) αβb
1–

Ee ∆He– .+=

(11)

RESULTS AND DISCUSSION

Effect of the Enthalpy of Reaction

The results of the calculation of the activation
energy and TS interatomic distances by formulas (5),

r
#

X…H…Y( )

=  r H–Y( ) r X–H( ) βb
1–

Ee αβb
1–

Ee ∆He– .+ + +

Table 5.  Enthalpy, activation energy, rate constant, and TS geometry calculated by formulas (1)–(5), (9), and (10) for hydro-
gen atom abstraction from silanes, germanes, and stannanes by the (CH3)2C•H radical

Compound Y–H D(Y–H),
kJ/mol

∆He,
kJ/mol E, kJ/mol k (350 K),

l mol–1 s–1
r#(Y...H) × 1010,

m 
r#(C...H) × 1010,

m 

(CH3)2C•H + R3Si–H 

(Me3Si)3Si–H 351.0 –65.3 20.0 1.0 × 106 1.763 1.467

Ph3Si–H 354.8 –61.5 21.2 6.9 × 105 1.768 1.462

Ph2MeSi–H 359.2 –57.1 22.6 4.3 × 105 1.774 1.456

(Me3C)3Si–H 362.3 –54.0 23.6 3.0 × 105 1.778 1.452

PhMe2Si–H 364.0 –52.3 24.1 2.5 × 105 1.780 1.450

(MeS)3Si–H 366.0 –50.3 24.8 2.0 × 105 1.783 1.447

PhMeClSi–H 369.6 –46.7 26.0 1.3 × 105 1.788 1.442

(Me3C)2MeSi–H 372.8 –43.5 27.1 9.1 × 104 1.792 1.438

(Me3Si)Me2Si–H 378.0 –38.3 28.9 4.8 × 104 1.800 1.430

Cl3Si–H 382.0 –34.3 30.3 3.0 × 104 1.805 1.425

H3Si–H 384.1 –32.2 31.1 9.1 × 104 1.808 1.422

MeH2Si–H 386.0 –30.3 31.8 5.4 × 104 1.811 1.419

Me2HSi–H 391.7 –24.6 34.0 1.7 × 104 1.819 1.411

Et3Si–H 398.0 –18.3 36.4 3.7 × 103 1.827 1.402

F3Si–H 419.0 2.7 45.2 1.8 × 102 1.858 1.372

(CH3)2C•H + R3Ge–H 

(Me3Si)3Ge–H 305.2 –111.6 14.5 6.8 × 106 1.801 1.569

Ph3Ge–H 322.5 –94.3 19.0 1.5 × 106 1.824 1.546

(PhCH2)3Ge–H 324.9 –91.9 19.6 1.2 × 106 1.827 1.543

(PhCH2)EtHGe–H 341.6 –75.2 24.4 4.6 × 105 1.850 1.520

Bu3Ge–H 347.3 –69.5 26.1 1.3 × 105 1.857 1.512

H3Ge–H 348.9 –67.9 26.6 4.3 × 105 1.860 1.510

(CH3)2C•H + R3Sn–H 

Ph3Sn–H 296.9 –120.4 14.2 7.7 × 106 2.025 1.639

Me3Sn–H 318.5 –98.8 19.4 1.3 × 106 2.056 1.608

H3Sn–H 346.0 –71.3 27.1 3.7 × 105 2.098 1.566
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(9), and (10) for the reactions of the methylethyl radical
with a series of silanes, germanes, and stannanes are
listed in Table 5. The data presented in Table 3, the β val-
ues found, and the bond dissociation energies D(H–Y)
and D(X–H) from [14] were used in this calculation.

The calculated data show that the r#(H…Y) distance
elongates with an increase in the enthalpy of reaction
(∆He), while r#(C…H) shortens. The plots of r#(H…Y)
and r#(C…H) versus ∆He are virtually linear (Fig. 2).

A linear relationship of the type r# = F + G∆He also
follows from formulas (9) and (10). Indeed, at low ∆He
values (∆He (|∆He | � (bre)2/(1 – α2)), formula (5), in
view of Eq. (6), takes the form

(12)

Substituting Eq. (12) into Eqs. (9) and (10), we obtain
the following equations relating the TS interatomic dis-
tances to the enthalpies:

(13)

(14)

These relationships show that linear expressions are
valid for |∆He | < 2(1 + α)Ee, 0, while they lose their
physical meaning for |∆He | > 2(1 + α)Ee, 0. The data cal-
culated for the reactions of the triethylsilyl radical
with hydrocarbons (RH) and silanes are presented in

Ee
bre

1 α+
-------------

α∆He

2bre
--------------+≈ Ee 0,

α∆He

2 1 α+( ) Ee 0,

-----------------------------------.+=

r
#

Y…H( ) r Y–H( )
β Ee 0,

b
----------------- 1

α∆He

2 1 α+( )Ee 0,
-------------------------------+⎝ ⎠

⎛ ⎞ ,+≈

r
#

X…H( )

≈ r X–H( )
αβ Ee 0,

b
--------------------- 1

∆He

2 1 α+( )Ee 0,
-------------------------------–⎝ ⎠

⎛ ⎞ .+

Tables 6 and 7. Those for the reactions of the H3 and

H3 radicals with RH are given in Tables 8 and 9.
These tables contain the enthalpies, activation energies,
and rate constants calculated by formulas (1)–(5) for the
reactions in question along with the r#(Y…H) and
r#(X…H) values calculated using formulas (9) and (10).

For the reactions in which the R3 , R3 , or

R3  radical is attacking, the r#(R…H) distance elon-
gates with an increase in the enthalpy of reaction,
whereas r#(H…Y) shortens (Y = Si, Ge, or Sn) (Fig. 3).
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Fig. 3. (1) r#(H…Ge) and (2) r#(H…ë) interatomic dis-
tances in the TS versus the enthalpy ∆HÂ of the reaction
Bu3  + R–H  Bu3Ge–H + .Ge. R.
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Fig. 4. Bond extension ∆r#(C…H…Y) – ∆r#(C…H…C) in
the TS versus the bond length difference r(Y–C) – r(C–C)
for the hydrogen atom abstraction reaction Me2 H +

R3Y−H  Me2CH2 + R3 , where Y = C, Si, Ge, and Sn.
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Table 6.  Enthalpy, activation energy, rate constant, and TS geometry calculated by formulas (1)–(5), (9), and (10) for hydro-
gen atom abstraction from alkanes, alkenes, and alkylaromatic hydrocarbons by the Et3Si• radical

Compound R–H D(R–H),
kJ/mol

∆He,
kJ/mol

E,
kJ/mol

k (350 K),
l mol–1 s–1

r#(C...H) × 1010, 
m

r#(Si...H) × 1010, 
m

R1–H
(Me2CH)2NMe2C–H 370.0 –23.7 26.9 2.0 × 105 1.342 1.888
(Me2CHNH)Me2C–H 375.0 –18.7 29.5 8.0 × 104 1.349 1.881

377.4 –16.3 30.7 5.2 × 104 1.352 1.878

Me2(NH2)C–H 379.5 –14.2 31.8 3.5 × 104 1.356 1.874

381.0 –12.7 32.6 2.7 × 104 1.358 1.872

384.1 –9.6 34.3 1.5 × 104 1.362 1.868

388.4 –5.3 36.7 6.7 × 103 1.369 1.861

390.0 –3.7 37.6 4.9 × 103 1.371 1.859

BuO(CH–H)Pr 392.2 –1.5 38.8 6.5 × 103 1.374 1.856

395.5 1.8 40.7 1.7 × 103 1.379 1.851

Me2(C–H)CHMe2 396.4 2.7 41.2 2.9 × 103 1.380 1.850
Pr(HO)CH–H 397.0 3.3 41.5 2.5 × 103 1.381 1.849
Me3C–H 400.0 6.3 43.3 7.0 × 102 1.385 1.845

401.0 7.3 43.8 9.2 × 103 1.387 1.843

403.9 10.2 45.5 4.5 × 103 1.391 1.839

(Me2CH)2MeC–H 405.4 11.7 46.4 2.4 × 102 1.393 1.837

408.8 15.1 48.4 1.4 × 103 1.398 1.832

Me2CH–H 412.0 18.3 50.4 1.2 × 102 1.402 1.828
BuEtCH–H 414.5 20.8 51.9 7.2 × 101 1.406 1.824
Me2(HO)CCH2–H 417.4 23.7 53.7 1.8 × 102 1.410 1.820

418.5 24.8 54.3 1.2 × 102 1.412 1.818

MeCH2–H 422.0 28.3 56.5 4.4 × 10 1.417 1.813

429.0 35.3 61.0 9.6 1.426 1.804
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Table 6.  (Contd.)

Compound R–H D(R–H),
kJ/mol

∆He,
kJ/mol

E,
kJ/mol

k (350 K),
l mol–1 s–1

r#(C...H) × 1010, 
m

r#(Si...H) × 1010, 
m

R2–H
(CH2=CH)2MeC–H 307.2 –86.5 6.8 9.7 × 106 1.274 2.003

312.6 –81.1 8.9 1.9 × 107 1.282 1.995

(CH2=CH)2CH–H 318.0 –75.7 11.0 4.6 × 106 1.290 1.987
CH2=(CH)2=CH(CH–H)Me 321.1 –72.6 12.2 3.0 × 106 1.295 1.983

330.9 –62.8 16.4 1.5 × 106 1.309 1.968

336.5 –57.2 18.8 3.1 × 105 1.317 1.960

341.8 –51.9 21.2 6.9 × 104 1.325 1.953

Z-MeCH=CH(CH–H)Me 344.0 –49.7 22.2 9.7 × 104 1.328 1.949
CH2=CMe(CH–H)Me 347.2 –46.5 23.7 5.8 × 104 1.332 1.945
CH2=CH(CH–H)Pr 349.8 –43.9 24.9 3.8 × 104 1.336 1.941
MeCH=C(CH2–H)Me 352.4 –41.3 26.2 7.5 × 104 1.340 1.937
E-MeCH=CHCH2–H 356.8 –36.9 28.3 3.6 × 104 1.346 1.931
CH2=C(CH2–H)Et 367.7 –26.0 33.8 2.7 × 103 1.361 1.916
CH2=CHCH2CH2–H 410.9 17.2 57.8 7.0 × 10–1 1.420 1.857
CH2=C–HMe 459.0 65.3 88.6 5.9 × 10–6 1.482 1.795

R3–H

322.0 –71.7 8.0 2.5 × 107 1.279 1.970

328.5 –65.2 10.6 2.6 × 106 1.289 1.960

336.4 –57.3 14.0 8.2 × 105 1.301 1.948

341.4 –52.3 16.2 7.7 × 105 1.308 1.940

343.7 –50.0 17.2 1.1 × 106 1.312 1.937

H

H

H

H

H H
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H H
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H H
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For all of these reactions, there is a linear relation-
ship of the type r# = F + G∆He between r#(H…Y) and
∆He and between r#(X…H) and ∆He (Figs. 2, 3). The F
and G data calculated using formulas (13) and (14) are
given in Table 10. They enable one to calculate, using
the ∆He value, the TS interatomic distances for the reac-
tions obeying the inequality |∆He | < 2(1 + α)Ee, 0.

Atomic Radius

Equations (13) and (14) make it possible to estimate
the elongation of the H–Y and C–H bonds for ∆He = 0
and thus exclude the effect of the enthalpy of reaction
on the TS geometry. Previously, we demonstrated that,
the longer the H–Y bond in the YH molecule, the higher
the activation energy of the thermally neutral abstrac-
tion reaction, EÂ, 0 [1]. The bond extensions in the TS for
the thermally neutral reactions are listed in Table 11:
∆r#(H…Y) = r#(H…Y) – r(H–Y), ∆r#(R1…H) =
r#(R1…H) – r(R1–H), and ∆r#(R1…H…Y) = r#(R1…H)
+ r#(H…Y) – r(H–Y) – r(R1–H). The values of the bond
length r(R1–Y), which is the equilibrium distance
between the C and Y atoms in the R1−YR3 molecule,
are given for comparison. Here, r(H–Y) and r(R1–H)

are the equilibrium distances between the atoms H and
Y and between C and H in the molecules. Their values
are specified in the calculation procedure, and the
r(R1−Y) values are taken from a handbook [15].

Clearly, the H…Y and R1…H distances in the TS of
the thermally neutral abstraction reaction elongate with
an increase in the C–Y bond length in the R1–YR3 mol-
ecule. The total extension of the H–Y and R1–H bonds
in the TS is linearly related to the C–Y bond length in
the R1–YR3 molecule (Fig. 4). This relationship is ana-
lytically expressed as

(15)

The Y–H and R–H bond extensions also change in the
same way as the radius of the Y atom. In the TS of a
reaction of the type  + HY, the H atom is equidistant
from the C and Y atoms only in a symmetric TS, where
R = Y. As can be seen from the data in Table 12, the
longer the H–Y bond, the greater the H–Y bond exten-
sion. The C–H bond extension in the TS also depends
on the H–Y bond length. It increases with an increase
in the H–Y bond length. These quantities are compared
in Table 12.

∆r#(C…H…Y)

= 0.53 × 10–10 m + (0.49 ± 0.08)(r(C–Y) – r(C–C)).

R.

Table 6.  (Contd.)

Compound R–H D(R–H),
kJ/mol

∆He,
kJ/mol

E,
kJ/mol

k (350 K),
l mol–1 s–1

r#(C...H) × 1010, 
m

r#(Si...H) × 1010, 
m

Ph3C–H 346.0 –47.7 18.3 1.9 × 105 1.315 1.933

Ph2MeC–H 348.8 –44.9 19.5 1.2 × 105 1.319 1.929

PhMe2C–H 354.7 –39.0 22.3 4.7 × 104 1.328 1.920

Ph2CH–H 356.8 –36.9 23.3 6.6 × 104 1.331 1.917

358.3 –35.4 24.1 7.7 × 104 1.333 1.915

359.4 –34.3 24.6 8.5 × 104 1.335 1.914

PhMeCH–H 364.1 –29.6 26.9 1.9 × 104 1.342 1.907

365.1 –28.6 27.4 2.4 × 104 1.343 1.905

PhPrCH–H 368.7 –25.0 29.3 8.6 × 103 1.349 1.900

PhCH2–H 375.0 –18.7 32.5 4.2 × 103 1.358 1.891

(PhC)Me2CH2–H 412.6 18.9 53.8 2.8 1.411 1.838
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H

H

H

H H

C
H H

H
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The IPM data presented show that, the longer the
radius of the Y atom (Y = C, Si, Ge, Sn), that is, the H–
Y bond length, the greater the elongation of the inter-
atomic distances H…Y and R…H. However, the R…H
distance changes to a lesser extent as compared to
H…Y. Therefore, the H…Y distance in the TS depends
on the radius of the attacked (or attacking) Y atom: the
longer the equilibrium distance r(H–Y) in the molecule,
the longer the H…Y distance in the TS. This is also true
for the reactions of silyl radicals with silanes, for which
the total bond extension is ∆r#(Si…H…Si) = 0.584 ×
10–10 m, which is 0.054 × 10–10 m longer than that for

the reactions  + R1H, for which ∆r#(C…H…C) =
0.53 × 10–10 m [16].

Influence of β–π Bonds

This influence leads to opposite effects for the reac-
tion product and TS. For instance, the resulting radical
is stabilized when an unpaired reaction is conjugated
with the π system. This is manifested as a decrease in
the dissociation energy of the C–H bond in the allyl-
and benzyl-containing compounds. By contrast, in the
TS, the interaction between the electrons of the occu-
pied three-center bonding orbital, which is delocalized
over the C…H…Y reaction center, and π electrons with

R
1.

a similar orbital energy has a character of four-electron
repulsion and results in the destabilization of the TS
(Fig. 5).

Therefore, in radical abstraction involving the acti-
vated C–H bond, the activation energy of the thermally
neutral reaction increases despite the decrease in the
energy of the final state. Conversely, the effects of trip-
let repulsion in these systems somewhat stabilizes the
TS, because the spin density on the C atom in the reac-
tion center decreases. Using data characterizing the TS
geometry in the reaction of the methyl radical with
ethane and propylene [16], we found, in the B3LYP/6-
311++G** approximation, that the energy of the CH3
and C2H5 fragments in the triplet state is higher than the
energy of the noninteracting radicals by 46.4 kJ/mol. At
the same time, the energy of the CH3 and CH2CH=CH2
fragments in the triplet state is higher than the energy of
the noninteracting fragments by 36.6 kJ/mol. The cor-
responding relative energies of the fragments in the sin-
glet state (with a distorted spin symmetry) are equal to
63.9 kJ/mol for the first case and 46.8 kJ/mol for the
second.

The calculated E, r#(H…Si), and r#(C…H) data for
the reactions of the triethylsilyl radical with α-C–ç
bonds of olefins (R2H) and alkylaromatic hydrocarbons
(R3H) are presented in Table 6. Compare the inter-

Table 7.  Enthalpy, activation energy, rate constant, and TS geometry calculated by formulas (1)–(5), (9), and (10) for hydro-
gen atom abstraction from silanes by the Et3Si• radical

Compound R3Si–H D(Si–H),
kJ/mol

∆He,
kJ/mol

E,
kJ/mol

k (350 K),
l mol–1 s–1

r#(Si...H) × 1010,
m

r#(Si...H) × 1010,
m

(Me3Si)3Si–H 351.0 –47.0 14.7 1.3 × 107 1.702 1.848

Ph3Si–H 354.8 –43.2 16.1 7.9 × 106 1.708 1.842

Ph2MeSi–H 359.2 –38.8 17.8 4.4 × 106 1.715 1.835

(Me3C)3Si–H 362.3 –35.7 19.1 2.9 × 106 1.719 1.831

PhMe2Si–H 364.0 –34.0 19.7 2.3 × 106 1.722 1.828

(MeS)3Si–H 366.0 –32.0 20.6 1.7 × 106 1.725 1.825

PhMeClSi–H 369.6 –28.4 22.1 1.0 × 106 1.731 1.819

(Me3C)2MeSi–H 372.8 –25.2 23.5 6.3 × 105 1.736 1.814

(Me3Si)Me2Si–H 378.0 –20.0 25.7 2.9 × 105 1.744 1.806

Cl3Si–H 382.0 –16.0 27.5 1.5 × 105 1.750 1.800

H3Si–H 384.1 –13.9 28.5 4.4 × 105 1.753 1.797

MeH2Si–H 386.0 –12.0 29.4 2.5 × 105 1.756 1.794

Me2HSi–H 391.7 –6.3 32.1 6.5 × 104 1.765 1.785

Et3Si–H 398.0 0 35.2 1.1 × 104 1.775 1.775

F3Si–H 419.0 21.0 46.3 2.5 × 102 1.808 1.742
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Table 8.  Enthalpy, activation energy, rate constant, and TS geometry calculated by formulas (1)–(5), (9), and (10) for hydro-
gen atom abstraction from organic compounds by the Bu3Ge• radical

Compound R–H D(R–H),
kJ/mol

∆He,
kJ/mol

E,
kJ/mol

k (350 K),
l mol–1 s–1

r#(C...H) × 1010,
m

r#(Ge...H) × 1010, 
m

(Me2CH)2NMe2C–H 370.0 27.5 63.1 7.7 × 10–1 1.454 1.916

(Me2CHNH)Me2C–H 375.0 32.5 66.2 2.6 × 10–1 1.461 1.909

PhCH2–H 375.0 32.5 66.2 7.9 × 10–1 1.461 1.909

377.4 34.9 67.7 1.6 × 10–1 1.464 1.906

Me2(NH2)C–H 379.5 37.0 69.1 9.8 × 10–2 1.467 1.903

381.0 38.5 70.0 7.1 × 10–2 1.469 1.901

384.1 41.6 72.0 3.6 × 10–2 1.474 1.896

388.4 45.9 74.8 1.4 × 10–2 1.480 1.890

390.0 47.5 75.9 9.4 × 10–3 1.482 1.888

BuO(CH–H)Pr 392.2 49.7 77.3 1.1 × 10–2 1.485 1.885

395.5 53.0 79.5 2.7 × 10–3 1.490 1.880

Me2(C–H)CHMe2 396.4 53.9 80.1 4.4 × 10–3 1.491 1.879

Pr(HO)CH–H 397.0 54.5 80.5 3.8 × 10–3 1.492 1.878

Me3C–H 400.0 57.5 82.6 9.6 × 10–4 1.496 1.874

(Me2CH)2MeC–H 405.4 62.9 86.2 2.7 × 10–4 1.503 1.867

408.8 66.3 88.6 1.5 × 10–3 1.508 1.862

Me2CH–H 412.0 69.5 90.8 1.1 × 10–4 1.512 1.858

BuEtCH–H 414.5 72.0 92.5 6.3 × 10–5 1.516 1.854

Me2(HO)CCH2–H 417.4 74.9 94.5 1.4 × 10–4 1.520 1.850

418.5 76.0 95.3 9.5 × 10–5 1.521 1.849

MeCH2–H 422.0 79.5 97.8 3.1 × 10–5 1.526 1.844

429.0 86.5 102.8 5.5 × 10–6 1.536 1.834
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Table 9.  Enthalpy, activation energy, rate constant, and TS geometry calculated by formulas (1)–(5), (9), and (10) for hydro-
gen atom abstraction from organic compounds by the Bu3Sn• radical

Compound R–H D(R–H),
kJ/mol

∆He,
kJ/mol

E,
kJ/mol

k (350 K),
l mol–1 s–1

r#(C...H) × 1010,
m

r#(Sn...H) × 1010, 
m

(Me2CH)2NMe2C–H 370.0 65.7 89.1 1.3 × 10–4 1.557 2.107

(Me2CHNH)Me2C–H 375.0 70.7 92.6 3.8 × 10–5 1.565 2.099

PhCH2–H 375.0 70.7 92.6 1.1 × 10–4 1.565 2.099

377.4 73.1 94.3 2.1 × 10–5 1.569 2.095

Me2(NH2)C–H 379.5 75.2 95.8 1.3 × 10–5 1.572 2.092

381.0 76.7 96.8 8.9 × 10–6 1.574 2.090

384.1 79.8 99.0 4.2 × 10–6 1.579 2.085

388.4 84.1 102.1 1.4 × 10–6 1.585 2.079

BuO(CH–H)Pr 392.2 87.9 104.9 1.1 × 10–6 1.591 2.073

395.5 91.2 107.3 2.5 × 10–7 1.596 2.068

Me2(C–H)CHMe2 396.4 92.1 107.9 3.9 × 10–7 1.597 2.067

Pr(HO)CH–H 397.0 92.7 108.4 3.4 × 10–7 1.598 2.066

Me3C–H 400.0 95.7 110.6 7.9 × 10–8 1.603 2.061

(Me2CH)2MeC–H 405.4 101.1 114.6 2.0 × 10–8 1.611 2.053

408.8 104.5 117.1 1.0 × 10–7 1.616 2.048

Me2CH–H 412.0 107.7 119.5 7.3 × 10–9 1.621 2.043

BuEtCH–H 414.5 110.2 121.4 3.8 × 10–9 1.624 2.040

Me2(HO)CCH2–H 417.4 113.1 123.6 8.0 × 10–9 1.628 2.036

418.5 114.2 124.5 5.3 × 10–9 1.630 2.034

MeCH2–H 422.0 117.7 127.1 1.6 × 10–9 1.635 2.029

429.0 124.7 132.5 2.5 × 10–10 1.645 2.019
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Table 10.  Parameters F and G calculated by formulas (13) and (14) for the function r# = F + G∆He, where r# is the inter-
atomic distance (H...Y) or (X...H) in the TS

Reaction
r#(H...Y) r#(X...H)

F × 1010, m G × 1013, m mol kJ–1 F × 1010, m G × 1013, m mol kJ–1

Et3Si• + R3Si–H 1.775 1.558 1.775 –1.558

Me2C•H + R3Ge–H 1.956 1.473 1.523 –1.473

Me2C•H + R3Sn–H 2.211 1.659 1.592 –1.659

Et3Si• + R–H 1.376 –1.447 1.767 1.447

Bu3Ge• + R–H 1.414 –1.473 1.847 1.473

Bu3Sn• + R–H 1.452 –1.659 2.071 1.659

Table 11.  Extensions of the H...Y and C...H bonds and their sums in the TS for the thermally neutral reactions of H atom
abstraction by the alkyl radical (R1•)

Reaction ∆r#(R1...H...Y) × 1010, m ∆r#(H...Y) × 1010, m ∆r#(R1...H) × 1010, m r(R1–Y) × 1010, m

R1• + R3C–H 0.530 0.265 0.265 1.536

R1• + R3Si–H 0.655 0.370 0.285 1.870

R1• + R3Ge–H 0.754 0.432 0.322 1.945

R1• + R3Sn–H 0.860 0.500 0.360 2.144

Table 12.  Extensions of the H...Y and R1...H bonds in the TS for different H–Y bond lengths

Reaction r(H–Y) × 1010, m (∆r#(H...Y) – 0.265) × 1010, m (∆r#(R1...H) – 0.265) × 1010, m

R1• + R1–H 1.092 0 0

R1• + R3Si–H 1.483 0.105 0.020

R1• + R3Ge–H 1.525 0.167 0.057

R1• + R3Sn–H 1.711 0.235 0.095

Table 13.  r#(C...H) distances as functions of ∆He for the reactions of the triethylsilyl radical with paraffins (R1–H), olefins
(R2–H), and alkylaromatic hydrocarbons (R3–H) and the correlation between r#(C...H) and the activation energy Ee,0 under
thermally neutral conditions

Reaction r#(C...H) × 1010, m Ee,0, kJ/mol ∆Ee,0, kJ/mol ∆r#(C...H) × 1010, m at ∆He = 0

Et3Si• + R1–H 1.376 + 1.440 × 10–3∆He 55.6 0 0

Et3Si• + R3–H 1.385 + 1.460 × 10–3∆He 58.7 3.1 0.009

Et3Si• + R2–H 1.395 + 1.370 × 10–3∆He 63.8 8.2 0.019
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atomic distances of the reaction classes Et3  + R1H,
Et3  + R2H, and Et3  + R3H. In these three reaction
classes, the dependence of r#(C…H) on ∆HÂ is
described by the equations given in Table 13.

Clearly, the r#(ë…H) and EÂ, 0 parameters for ∆HÂ =
0 change in the same way on passing from paraffins

Si.

Si. Si.

(R1H) to olefins (R2H) and alkylaromatic hydrocarbons
(R3H).

Note that the intermediate distances H…Y and
C…H obtained by the quantum-chemical calculation
(DFT) and formulas (13) and (14) (IPM) do not always
coincide. These distances calculated using formulas (1),
(5), (13), and (14) in the framework of the IPM are
compared in Table 14.

These data show that the results of the two calculations
for the first reaction, with ∆He = 0, coincide. For the reac-
tions of the methyl radicals with SiH4, GeH4, and SnH4,
the calculated Y…H and C…H distances calculated by
these two methods differ by (0.15–0.27) × 10–10 m,
although the total distances (C…Y) coincide.

CONCLUSIONS
The radii of the C, Si, Ge, and Sn atoms differ sub-

stantially. Therefore, the atomic radius of the reaction
center is an essential factor in the TS of the radical
abstraction reactions involving the Y…H bonds (Y = C,
Si, Ge, Sn). The higher this radius, the greater the
extension of both the C–H and Y–H bonds in the TS of
the reactions  + HY. The total extension
∆r#(R…H…Y) depends linearly on r(Y–R). Both the
Y…H and R…H distances elongate with an increase in
the R–Y bond length. The appearance of a π bond in the
β position relative to the reaction center induces four-
electron repulsion in the TS and increases the ∆r# value.
The enthalpy of reaction also has an effect on the TS
geometry: with an increase in ∆HÂ in the  + HY reac-
tion series, the Y…H distance elongates and the R…H
distance shortens. The changes in the Y…H and R…H
distances depend linearly on ∆HÂ for |∆HÂ| < 2Ee, 0(1 + α).
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