10142 J. Phys. Chem. A998,102,10142-10150

Theoretical Study of the Hydrogen and Chlorine Abstraction from Chloromethanes by Silyl
and Trichlorosilyl Radicals: A Comparison between the Hartree-Fock Method,
Perturbation Theory, and Density Functional Theory

Andrea Bottoni
Dipartimento di Chimica “G. Ciamician”, Uniersita’ di Bologna,via Selmi 2, 40126 Bologna, Italy

Receied: May 7, 1998; In Final Form: September 16, 1998

We have carried out a theoretical study on the hydrogen and chlorine abstraction reactions bySityl (H

and trichlorosilyl (C4Si-) radical from the three chloromethanes CK2BI,CH,, and C§CH. The results of
traditional ab initio methods (HF, MP2, and MP4) have been compared with those obtained with a DFT
approach using the hybrid B3LYP and the pure BLYP functional. At all computational levels, we have
found that the chlorine abstraction is highly favored with respect to the hydrogen abstraction as experimentally
found. Furthermore, not only the HartreEock method, as one can expect, but also correlated methods
such as MP2 and MP4 largely overestimate the activation barriers. Only the DFT approach is able to provide
results in good agreement with the experiment; in particular, the best performance has been obtained with the
hybrid functional B3LYP which seems to be particularly suitable for investigating the reactivity of these
types of radicals. A simple diabatic model based upon valence bond theory has been used to rationalize the
reactivity pattern shown by these radical reactions.

Introduction the trends in reactivity were consistent with those found in
previous studies. In particular, they pointed out that for a given

Alkyl radicals are known to react with haloalcanes mainl .
y y R the rate constants decrease along the seried X Br > Cl

via hydrogen abstraction and not halogen abstraction. In . .
contrast, many heteroatom-centered radicals are capable of F and that for a given X the trend is R allyl > benzyl>
abstracting a halogen atom from organic halides (see eq 1), andert-alkyl > secalkyl > primary alkyl.

dehalogenation represents an important process that is frequently Despite the growing interest in the chemistry and reactivity
used in synthetic organic chemistry or to generate specific Of silyl radicals and their extensive use in organic synthesis,
carbon-centered radicals for EPR spectroscopy or other pur-not many theoretical investigations on the mechanistic aspects

poses. of these species are nowadays available. In particular, as far
as we know, detailed theoretical studies of the halogen abstrac-
R\M-+ X-R=R M-X +R- tion by silyl radicals and substituted silyl radicals and a
. . comparison with the hydrogen abstraction process are still
M =B, Si, Ge, P, transition metal; % F, Cl, Br, | (1) lacking. In this paper, we present the results of a theoretical

study on the hydrogen and chlorine abstraction by sik&iH

and trichlorosilyl C4Si- radical from the three chloromethanes
germaniun®#tin25 phosphorud® and various transition metes? CICHs, Cl.CH, and CiCH. These radical reactions are

In particular, the halogen abstraction carried out by silyl radicals Particularly suitable for a theoretical investigation, since it has
has been widely investigated, and a large amount of experi-bee'? _expenmen_tally qlemonstrated the_lt the solvent effect is
mental data concerning the reactivity of silicon-centered radicals Negligible3® To investigate these reactions, we use the unre-
toward different types of organic halides is now availabfeor stricted Hartree-Fock (HF) method, the MollerPlesset per-
instance, the relative rates of chlorine atom abstraction from turbation theory up to second and fourth order (MP2 and MP4),
alkyl chlorides by the trimethylsilyl radical was studied in the @nd the density functional theory (DFT) method with two
gas phase by Cadman et3al These data, put on an absolute different functionals. The paper has two aims. The first is to
basis, provided a barrier of 4.06 kcal mblfor the chlorine shed light on the mechanistic details (energetic and kinetics) of
abstraction from KCCI. Aloni et al3? obtained the relative  these important reactions to assess the relative importance of
Arrhenius parameters for chlorine atom abstraction by trichlo- hydrogen and chlorine abstractions and the effect due to a
rosilyl radicals from chloromethane in the liquid phase. They change of the halogen involved in the process (comparison along
found that the activation barrier decreases with the increasingthe series F, Cl, Br). The second is to compare the accuracy of
number of halogen atoms and that their data, when comparedDFT technique®® with post-HF methods (like MP2 and MP4)
with previously obtained results, were consistent with the in describing this class of reactions. This aspect is particularly
assumption that the solvent effect is negligible for these relevant since during the past decade DFT has experienced a
reactions. More recently, the absolute rate constants for therise in its popularity for computing molecular properties and
reaction of triethylsilyl radicals with a number of organic halides reactivity. This popularity is mainly due to the discovery of
RX were measured in solution by Chatgilialoglu e#@l.using new and more accurate approximations to the exchange
laser flash photolysis techniques. These authors noticed thatcorrelation term in the energy functiofi@nd to the computa-
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Heteroatoms, which have been recognized to be involved in
this type of process, are, for instance, bdrosilicon?3
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tional expedience of DFT-based methods, which makes possible 3 H/Cl (3 H/CI
the inclusion of electron correlation in the computations of large \ A
molecular systems. Since during the last years only a few papers
have appeared reporting a systematic comparison between
traditional correlated ab initio methods and DFT-based meth- &
0ds?C a calibration of these methods for identifying strengths

and weaknesses of each functional has become nowadays
particularly important.

Computational Procedure. All the ab initio and DFT
molecular computations reported here were performed with the
Gaussian 94 series of programs using the 6-31@*and the
6-311G**12bchgsis sets. At the HF, MP2, and DFT levels, the
geometrical parameters of the various critical points were fully ™
optimized with the gradient method available in Gaussian 94.

The nature of each critical point was characterized by computing

the harmonic vibrational frequencies. As suggested by Sosa
and Schlegel® we used spin-projected MP2 and MP4 energies 2 H/CI
to cancel the spin contamination that affects the transition
structures and which can cause an overestimation of the energy
barriers.

For the DFT computations, we used a pure and a hybrid &3
functional as implemented in Gaussian 94. The hybrid func-
tional corresponds to the Becke's three-parameter exchange TS+
functionaP9 and is denoted here as B3LYP. When the Gaussian Figure 1. Schematic representation of the transition states for hydrogen

94 formalism is followed, this functional can be written in the (TSy) and chlorine (T9 abstraction by silyl (HSi-) and trichlorosilyl
form (CIsSi+) radicals from chloromethanes.

o

0.8CE(S), + 0.2CE(HF), + 0.72E(B88), + molecular enthalpy is computed &s= E + Hy,, whereE is

0.1%(Local), + 0.81IE(LYP), (2) the quantomechanical energy. .

In all cases, we have found that both hydrogen and chlorine
where E(S), is the Slater exchandé? E(HF), the Hartree- abstractions proceed in one step and that the three atoms
Fock exchangd:__(888))( represents the Becke’s 1988 nonlocal involved in the process are in a collinear or almost collinear
exchange functional correctiof$E(Local). corresponds to the ~ arrangement. Furthermore, while in the hydrogen abstraction
Vosko, Wilk, and Nusair (VWN) local correlation functionl,  transition state, both thed8i- and CiSi- radicals approach the
andE(LYP). corresponds to the correlation functional of Lee, hydrogen atom of the substrate in a staggered conformation; in
Yang, and Parfefwhich includes both local and nonlocal terms. the chlorine abstraction transition state, they are in an eclipsed
The pure DFT functional, denoted as BLYP, has the following conformation. For all transition structures, the frequency

expression: analysis has shown that the transition vector associated with
the imaginary frequency is a linear combination of the breaking
E(S), + E(B88), + E(LYP), 3) and forming bonds (parameteasandb in Figure 1).
To check the reliability of our computational approach, we
Results and Discussion first discuss in detail the reactions involving the silyl radical

A. Structures and Energetics. A schematic representation ~ HsSi*. Before discussing the structural features of the two

of the transition structures corresponding to the hydroger)(TS transition states TiSand TS, we introduce the quantity
and chlorine (T§) abstraction from CICk| Cl,CH,, and C5CH (reported in Tables 1 and 2), which conveniently describes the

by silyl and trichlorosilyl radical is given in Figure 1. The most change of.character of the.various transition structures dgter-
relevant geometrical parameters are reported in Tables 1 and 2Mined at different computational levels. For the H abstraction,
The bond lengths and bond angles given in these tables are? IS defined a®) = SR(Si—H)/OR(C—H), wheredR(Si—H) =
defined in Figure 1. The energies relative to reactants of the ¥R(Si—H)eqandOR(C—H) = b/R(C—H)eq Here,a andb are

two transition states, TSand TS, are collected in Tables 3  the lengths of the forming SiH and breaking €H bonds,
and 4 for the silyl and trichlorosilyl radical, respectively. In T€SPectively, as reported in Table 1 aR(Si—H)eq and R(C—
addition to the energy values, we report also the zero-point H)eq are the corresponding equilibrium dlstanqe§ in the product
vibrational energy corrections (ZPE, unscaled), the thermal (Silane) and reactant (chloromethane). In a similar way for the
corrections to enthalpyHy) at the temperaturd = 298 K, Cl ab_stractlone is d_eflned a®) = OR(Si—Cl)/0R(C—CI), where
and the corresponding activation energigg.( Hpis given by ~ OR(SI—Cl) = a/R(Si—Cl)eq and 0R(C—Cl) = b/R(C—Cl)eq In
the expression this casea andb are the Iengths of the _formlng SCIl and
breaking C-ClI bonds, respectively, arf(Si—Cl)eqandR(C—
H,=ZPE+E,, + E,+E,+ RT Cl)eqare the corresponding equilibrium distances in the product
(chlorosilane) and reactant (chloromethane). A value of 1 for
where Eyip, Eo, and E; are the vibrational, rotational, and @ indicates a transition state where the two bonds are broken
translational contributions to the energy, respectivélis the and formed to the same extent; a value lower or higher than 1
absolute temperature, aRds the gas constant. The activation corresponds to a more product-like or to a more reactant-like
energy is obtained from the expressE= AH* + nRT, where transition state, respectively. In the present case, inspection of
AH* is the activation enthalpy andrepresents the molecularity  the results reported in Table 1 points out the product-like
of the reaction (2 for the reactions investigated here). The character of TS(0 < 1) and the reactant-like character of,TS
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TABLE 1: Optimum Values? of the Most Relevant
Geometrical Parameters of the Transition States for
Hydrogen Abstraction (TS;) and Chlorine Abstraction (TS,)
by Silyl Radical from CICH 3, CI,CH,, and Cl;CH Obtained
with the 6-31G* and the 6-311G** (Values in Parenthesis)

TABLE 2: Optimum Values?2 of the Most Relevant
Geometrical Parameters of the Transition States for

Bottoni

Hydrogen Abstraction (TS;) and Chlorine Abstraction (TS,)
by Trichlorosilyl Radical from CICH 3, CI,CH,, and CI;CH
Obtained with the 6-31G* Basis Set at Various Levels of

Basis Sets at Various Levels of Theory Theory
HF MP2 B3LYP BLYP HF MP2 B3LYP BLYP
(a) HsSi- + CICHs (a) CkSi- + CICHs
TS TS
a 1711  1.644(1.626) 1.642(1.639)  1.639 (1.637) a 1.699 1.633 1.615 1.598
b 1.445 1512(1.509) 1.552(1.549) 1.600 (1.595) b 1.420 1.491 1.569 1.664
Oab 177.7 176.5 (177.9) 179.6 (179.7) 179.5 (179.3) Oab 179.6 176.6 178.6 178.0
Oac 108.8 109.3(108.7) 109.3(108.9)  109.5(109.1) Oac 108.4 109.4 108.9 108.9
Obe 104.9 103.3(103.2) 102.5 (102.6) 102.0 (102.2) Obe 104.3 102.9 101.4 100.2
Obf 107.6 107.6 (107.2) 108.8 (108.7) 109.7 (109.6) Obf 107.2 106.8 108.2 108.7
0 0.865 0.798 0.776 0.752 0 0.887 0.811 0.763 0.712
TS, TS,
a 2568 2.435(2.441) 2.541(2.567) 2.606 (2.635) a 2.475 2.376 2.438 2.476
b 2.056 2.001 (2.000) 2.010 (2.027) 2.082 (2.039) b 2.063 1.993 2.027 2.047
Oab 180.0 180.0 (180.0) 180.0 (180.0) 180.0 (180.0) Oab 180.0 180.0 180.0 180.0
Oac 108.5 108.3 (107.8) 108.4 (107.7) 108.4 (107.6) Oac 110.1 110.1 110.1 110.0
Obe 103.9 105.0 (105.0) 104.8 (104.2) 104.9 (104.2) Obe 103.3 104.6 103.9 103.8
0 1.078 1.051 1.097 1.091 Obf 2.063 1.993 2.027 2.047
(b) HSi+ + Cl,CH, 0 1.055 1.046 1.060 1.068
a 1.715 1.648(1.631) 1.661(1.656) 1.663 (1.660) TS
b 1.431 1.493(1.488) 1.506 (1.508)  1.539 (1.538) a 1.709 1.642 1.642 1.629
Oab 177.5 176.4 (178.5) 179.1 (179.8) 179.8 (179.0) b 1.402 1.464 1.510 1.581
Oac  108.8 108.5(108.9) 108.9 (108.9)  109.0 (109.0) Oab 179.3 176.1 179.4 178.6
Obe 106.7 106.3 (106.1) 106.9 (106.9) 107.5 (107.5) Oac 110.8 109.7 110.7 110.5
Obf 105.1 103.9 (104.0) 103.4 (104.0) 103.2 (103.7) [(Obe 106.3 105.6 106.3 106.7
0 0.872 0.809 0.807 0.791 Obf 104.6 103.7 102.4 101.6
T 0 0.901 0.830 0.804 0.762
a 2.609 2.472(2.476) 2.633(2.653)  2.740 (2.759) TS
b 2.020 1.975 (1.976) 1.975 (1.988) 1.971 (1.992) a 2.522 2.419 2.536 2.616
Oab 179.6 178.9 (178.3) 177.8 (178.8) 176.1 (177.3) b 2.034 1.969 1.989 1.995
Oac 107.9 107.7 (107.5) 107.9 (106.9) 107.8 (106.9) Oab 179.2 178.2 176.1 173.6
Obe 1115 111.9 (112.0) 112.6 (112.5) 113.2 (113.1) Oac 110.1 110.1 110.8 111.0
Obf 103.5 104.3 (104.2) 104.2 (103.9) 104.6 (104.0) Obe 1111 111.6 112.2 112.6
6 1.105 1.075 1.149 1.203 Obf 102.6 103.8 103.3 103.5
(¢) HSi + Cl:CH 6 1.080 1.072 1.116 1.150
TS, (c) ClsSi- + CIsCH
a 1.717 1.646 1.671 1.676 TS
b 1.416 1.480 1.476 1.500 a 1.716 1.644 1.658 1.647
Oab 180.0 180.0 180.0 180.0 b 1.387 1.445 1.471 1.530
Oac 108.1 108.4 108.5 108.6 Oab 179.9 180.0 179.5 179.5
Obe 105.5 105.1 105.5 105.9 Oac 109.2 109.3 109.4 109.6
0 0.881 0.814 0.827 0.816 Obe 105.1 104.6 104.9 104.9
TS, 0 0.912 0.841 0.832 0.794
a 2.654 2.514 2.741 2.909 TS
b 1.991 1.950 1.935 1.925 a 2.571 2.463 2.636 2.767
Oab 179.7 179.0 177.9 176.4 b 2.010 1.947 1.955 1.950
Hac 107.5 107.2 107.1 106.9 Oab 179.4 178.7 176.9 174.3
Obe 102.7 103.9 104.2 104.9 Oac 109.1 109.0 108.6 108.1
Obf 109.6 109.8 110.4 110.8 Obe 101.5 103.2 103.0 103.6
0 1.137 1.105 1.218 1.305 Obf 109.1 109.4 109.8 110.2
0 1.111 1.102 1.177 1.242

aBond lengths are in angstroms, and angles are in degrees.

© > 1).

Furthermore, the change ¢f indicates that TS

becomes less product-like while T78ecomes more reactant-

aBond lengths are in angstroms, and angles are in degrees.

at the DFT (B3LYP and BLYP) level; with both functionals,

like when more chlorine atoms are introduced in the substrate further decreases with respect to the HF value. An opposite
(at the HF level for Tg 6 changes from 0.865 to 0.872 and effect is observed for TSwhereé significantly increases with
0.881 on passing from CICHto ClLCH, and CkCH; the respect to the HF value.

corresponding) values found for Tgare 1.078, 1.105, and Even if the activation barriers for the chlorine abstraction by
1.137). The inclusion of the dynamic correlation energy at the silyl radicals from chlorometanes are not experimentally avail-
MP2 level has the effect of making the forming bonds shorter able, to roughly estimate the reliability of our computed
and the breaking bonds longer in both;T&d TS. As a activation energie&, we can compare them with the experi-
consequence, T®ecomes more product-liké {s smaller than mental values determined for chlorine abstraction by triethylsilyl
1 and further decreases) and;TI&ss reactant-liked(is larger radicals E4Si- from CICHs, CI,CH, and CkCH; these barriers
than 1 and decreases). A similar effect has been found for TS are 4.06, 2.06, and 1.14 kcal mé| respectivel’f Inspection
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TABLE 3: Energies (E, kcal mol™!) Relative to Reactants? TABLE 4: Energies Relative to Reactants E, kcal mol=1),
Activation Energies (E,, kcal mol™t), Zero-Point Energy Activation Energies (Ea, kcal mol™t), Zero-Point Energy
Corrections (ZPE, kcal mol™?), and Thermal Corrections Corrections (ZPE, kcal mol™?), and Thermal Corrections
(Hin, kcal mol~1) Computed for Hydrogen (TS;) and (H, kcal mol~1) Computed for Hydrogen (TS;) and
Chlorine Abstraction (TS,) by Silyl Radical from CICH 3, Chlorine Abstraction (TS;) by Trichlorosilyl Radical from
CI,CH,, and CI;CH with the 6-31G* and 6-311G** (Values CICH 3, CI,CH,, and CI;CH with the 6-31G* Basis Set at
in Parenthesis) Basis Sets at Various Levels of Theory Various Levels of Theory
HF MP2 MP4 B3LYP BLYP HF MP2 B3LYP BLYP
(a) HsSi- + CICHs (a) CkSi- + CICHs
reactants reactants
ZPE 39.89 38.48 37.29 36.21 ZPE 28.93 26.98 26.12
Hon 4479 43.39 42.25 41.20 Hin 35.11 33.32 32.54
TS TS
E  30.89 26.19(22.87) (23.48) 19.72(19.56) 17.89 (17.95) E 29.19 22.91 19.58 18.85
ZPE 38.82 35.44 34.38 33.37 ZPE 25.09 23.28 22.62
Hn 41.22 39.90 38.88 37.92 Hin 31.32 29.65 29.05
Ea 28.33 23.78(20.46) (21.07) 17.43(17.27) 15.69 (15.75) Ea 26.48 20.20 16.99 16.44
TS TS
E 2154 14.24(13.70) (14.02) 7.42(7.75)  4.62(4.95) E 20.54 10.54 6.74 4.30
ZPE 39.52 38.39 37.18 36.09 ZPE 27.72 26.08 25.25
Hon  44.27 4311 42.07 41.0 Hin 34.27 32.83 32.14
E. 2210 15.04(14.50) (14.82) 8.32(8.65)  5.58 (5.91) Ea 20.78 10.78 7.33 4.98
(b) HsSi+ + Cl,CH, (b) ClsSi+ + CI,CH;
reactants reactants
ZPE 34.46 33.12(00.00) 31.98 30.92 ZPE 23.50 21.66 20.85
Hyn  39.67 38.36 37.28 36.28 Hin 29.98 28.35 27.62
TS TS
E 2874 22.14(18.77) (17.62) 16.11(16.11) 13.96 (14.21) E 28.44 19.39 16.76 15.49
ZPE 31.29 30.05 29.03 28.06 ZPE 19.45 17.85 17.16
Hn 36.22 35.04 34.10 33.20 Hin 26.25 24.87 24.27
Ea 26.37 19.90(16.53) (15.38) 14.01(14.01) 11.96 (12.21) Ea 25.79 16.74 14.36 13.22
TS TS
E  19.36 13.88(11.10) (11.14) 5.17(5.54) 2.52(2.84) E 19.55 8.75 5.22 2.70
ZPE 34.36 33.29 32.08 31.04 ZPE 22.54 21.06 20.32
Hyn  39.51 3841 37.41 36.48 Hin 29.51 28.23 27.64
E. 20.28 15.01(12.23) (12.27) 6.38(6.75) 3.80 (4.12) Ea 20.16 9.36 6.18 3.80
(C) HsSi- + CI;CH (C) Cl;Si- + CIsCH
reactants reactants
ZPE 28.17 27.01 25.91 24.94 ZPE 17.21 15.59 14.86
Hn 33.87 32.77 31.78 30.90 Hin 24.19 22.85 22.24
TS TS
E 26.27 18.32 12.95 10.67 E 27.05 15.91 14.32 12.86
ZPE 25.05 24.02 23.02 22.11 ZPE 13.10 11.79 11.16
Hn 30.60 29.67 28.79 27.99 Hin 20.59 19.55 19.06
Ea. 24.08 16.30 11.04 8.84 Ea 24.97 13.83 12.10 10.76
TS TS
E 16.55 8.46 2.89 0.65 E 17.61 6.44 3.58 1.36
ZPE 28.31 27.39 26.15 25.16 ZPE 16.50 15.20 14.56
Hn 34.04 33.11 31.54 30.72 Hin 24.05 23.00 22.52
Ea 17.80 9.88 3.73 1.55 Ea 18.55 7.38 4.81 2.72

a2The absolute energies (hartrees) of the reactants are as follows. 2The absolute energies (hartrees) of reactants are as follows. (a)
(@) HsSi- + CICHg: —789.699 27 (HF);—790.029 58 {-790.154 83) ClsSi- + CICH;: —2166.567 69 (HF), —2167.278 30 (MP2),

(MP2), (~790.216 42) (MP4);-791.340 80 {791.411 79) (B3LYP),  —2170.289 30 (B3LYP);-2170.167 30 (BLYP). (b) GBi* + Cl.CHy:
~791.25410791.331 08) (BLYP). (b) kBi + Cl,.CHy: —1248.59130  —2625.459 74 (HF)-2626.299 74 (MP2)-2629.877 14 (B3LYP),
(HF), —1249.051 02 {1249.202 34) (MP2),4{1249.274 35) (MP4),  —2629.74489 (BLYP). (c) GBI + Cl:CH: —3084.344 27 (HF),
—1250.928 64{1251.026 75) (B3LYP);-1250.831 66{1250.937 69)  —3085.318 10 (MP2);-3089.459 86 (B3LYP);-3089.317 97 (BLYP).

(BLYP). (c) HsSi + Cl:CH: —1707.47583 (HF),—1708.069 38

(MP2). ~1710.511 39 (B3LYP)—1710.404 77 (BLYP). since it is well-known that the accurate predictions of the energy

barriers of radical reactions is a difficult problem and high levels
of Table 3 shows that the corresponding values determined atof theory including dynamic correlation are usually needed for
the HF level are much larger, i.e., 22.10, 20.28, and 17.80 kcal reproducing the experimental valu€s A significant decrease
mol~? for CICHs, Cl,.CH,, and CiCH, respectively. These of the activation energies is observed when the projected MP2
barriers are in all cases smaller than the corresponding valuesapproach is used, even if the results obtained at this level of
associated with the H abstraction, in agreement with the theory are still quite overestimated; the computed values are
experimental observation that substituted silyl radicalsS(R 15.04, 15.01, and 9.88 kcal m@lfor chloro-, dichloro-, and

or ClsSi-) react with haloalkanes via halogen abstraction and trichloromethane, respectively.

not hydrogen abstraction. Also, the decreas&pélong the The DFT approach provides much better results. The two
series is in agreement with the experiment. The large overes-sets of energy barriers obtained with the B3LYP and BLYP
timate of the barriers provided by the HF model is not surprising functionals are both quite close to the experimental values
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determined for ESi-; in the first case (B3LYP), we obtain 8.32,
6.38, and 3.73 kcal mot, while at the BLYP level these values
become 5.58, 3.80, and 1.55 kcal miglrespectively. Further-
more, as also found at the HF and MP2 levels, at the DFT level
the barrier for hydrogen abstraction is much higher than the

TABLE 5: Values of [$?[0Computed at the HF, MP2,
B3LYP, and BLYP Levels with the 6-31G* Basis Set for the
Hydrogen Abstraction (TS;) and Chlorine Abstraction (TS,)
Transition States for the Reactions between Silyl or
Trichlorosilyl Radical and CICH 3, CI,CH,, and CI;CH

. . . . S HF MP2 B3LYP BLYP

corresponding barrier for chlorine abstraction, which indicates
that in all cases this process is highly favored. However, it is H.Si 4 CICH Hygr;)ggg Abst(;a%igzl (T$ 07562 07535
difficult in the present.case to assess whaf[ fungtlonal provides sti. H CIZCI—3|2 07872 0.7622 0.7559 07532
the best agreement with the experiment, since in our computa- ’s;. + cl.cH 0.7852 0.7821 0.7554 0.7529
tions we neglect the effect of the ethyl groups bonded to silicon.  cl,Si- + CICH, 0.7883 0.7624 0.7561 0.7533

To obtain a better reference and to test the reliability of the =~ ClsSi-+Cl,.CH, ~ 0.7880 ~ 0.7626 ~ 0.7558  0.7530
6-31G* basis, we have carried out MP2, MP4, B3LYP, and ~ClsS +CkCH  0.7869 07623 07555 0.7527
BLYP computations with the 6-311G** basis set on the HeSi 4 CICH Cfgtggz AbStrg%%%(Tﬁ 07606 07549
reactions mv_olvmg_ C_ICIgiand ChCH.. !n these computations, HiSi- H CIZCI-3|2 0.8504 0.7895 0.7592 07538
we have again optimized the geometrical parameters of reactant HeSi + Cl-CH 0.8442 0.7885 07572 0.7529
and transition states at the MP2, B3LYP, and BLYP levels using  c|.Sj- + CICH, 0.8507 0.7861 0.7605 0.7547
the more accurate basis set and we have carried out single- Cl;Si- + Cl,.CH, 0.8525 0.7880 0.7558 0.7530
point MP4 computations on the MP2 optimized geometries. ClsSi- + Cls=CH 0.8523 0.7883 0.7576 0.7529

Also, at the MP4 level we have taken the spin-projected energy

values. To evaluate the activation energigswe have used
the thermal corrections obtained with the 6-31G* basis. These
results are reported in Tables 1 and 3 in parentheses. It is
interesting to note that a triplebasis including p polarization

to our computed activation energies. These experimental values
are 6.18, 5.60, and 4.40 kcal mélfor CICHs, CI,.CH,, and
CIsCH, respectively.

Inspection of Table 4 shows that at all computational levels

of theory the trend of the energy barriers is the same as that
found for HsSi- (the process of chlorine abstraction is favored
with respect to hydrogen abstraction, and the barriers decrease
with the increasing number of chlorine atoms in the substrate).
As found for HSi-, the barriers are largely overestimated not
only at the HF level (where the error is higher than 200%) but
palso at the MP2 level. At the DFT level, both functionals
provide much better results. The computed activation energies

functions on the hydrogen atoms does not change significantly
either the optimum geometrical parameters orEhealues. At

the MP2, B3LYP, and BLYP levels, the barriers for Cl
abstraction become 14.50, 8.65, and 5.58 kcalffolr CICH3

and 12.23, 6.75 and 4.12 kcal mélfor CI,CH,. Also, the
inclusion of perturbation corrections up to fourth order (MP4)
leaves almost unchanged the energetics of the reactions wit

respect to the MP2 level.
P for chlorine abstraction from CICH Cl,CH,, and CCH are

In_ summary, the results_ob_tamed for the reaction between 7.33, 6.18, and 4.81 kcal mdlat the B3LYP level and 4.98,
HsSi- and chloromethanes indicate that the DFT approach Cang an’ and 2.72 keal mot at the BLYP level. These values

provide much better results than traditional correlated methodsmust be compared with 6.18, 5.60, and 4.40 kcal Thol

such as MP2 and MP4 and that the 6-31G* basis set can berespectively. Thus, the best agreement with the experiment is

adequa_te for describing these sys_tems. ) found at the B3LYP level where the error ranges between 9%
We discuss now the results obtained for the reaction betweengnd 18%.

ClsSi- and chlorometanes. In this case, we have used only the  The results obtained for €3i are a further indication of the
6-31G* basis at the HF, MP2, and DFT levels of theory. The ygjiapility of the DFT approach in dealing with this type of
structural features of the two transition states agd TS found radicals. In particular, they suggest that the hybrid B3LYP
for ClsSi- (see Table 2) are very similar to those of the functional and not the pure BLYP functional can provide the
corresponding structures already discussed §&i+1 As found best agreement with the experiment. Another aspect that is
before, TS has a product-like charactefl (< 1) while TS has  worth discussing briefly is the ability of the DFT-based methods
a reactant-like characte (> 1). TS becomes again less to reduce the effect of the spin contamination on the wave
product-like, while T3 becomes more reactant-like along the function. This decrease of spin contamination, which should
series CICH, Cl:CH,, and CkCH. Also, the effect of the  provide more reliable geometrical parameters, is evident from
dynamic correlation is similar to that previously pointed out the values oft®0(see Table 5) computed at the HF, MP2,

for HsSi-; the product-like character of T#creases atthe MP2 B3 YP, and BLYP levels for the two transition states; E®id
and DFT |eVe|S, while the reactant-like character szTS ng for the reactions between 3Ei- or ClgSI' and chlo-

decreases at the MP2 level and then increases again at the DFfomethanes.

level. It is also interesting to point out that the two sets of data
For the chlorine abstraction reaction bys8i from chlo- obtained for HSi- and C}Si- are characterized by the same
romethanes, the Arrhenius parameters experimentally availabletrends and that the effect due to the substitution of the three
are relative to the bromine atom abstraction from cyclohexyl hydrogen atoms with three chlorine atoms on the energy barriers
bromide. We can roughly put these data on a absolute basisis not very large. This finding suggests that we can use the
by assuming the activation energy for bromine abstraction to silyl radical H;Si- as a reliable model system to investigate a
be about 1 kcal molt. This assumption can be justified on the number of reactions involving substituted silyl radicals. We
basis of the experimental values of the activation energies for follow this approach in the following section, where we try to
bromine abstraction by triethylsilyl radicals from different understand the key factors that determine the general features
substrates. This barrier is 1430.5 kcal mot? for CsHsCH,Br, of these radical abstractions by means of a simple diabatic model
0.854 0.13 kcal mof? for (CHz)3CBr, and 0.72+ 0.35 kcal applied to HSi-.
mol~1 for CH3(CHy)4Br.%¢ Under this assumption, we obtain a B. Diabatic Model. The diabatic model used here is based
set of experimental activation energies for chlorine abstraction upon spin recoupling in VB theofe-14 Within this model, at
by CI3Si- from chloromethanes that we can compare any point along the reaction coordinate the total wave function
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is represented (see eq 4) by a linear combination of two

configurationsbr and®p, which describe the electron coupling

of reactants and products, respectively.
W = ady + bd, (4)

At the beginning of the reactiorbg is much lower in energy

than®p and is the dominant contributiom ¢ b). When we

move from reactants to products, the importanc®gtiecreases

(its energy increases) and that &f increases (its energy

decreases). In the transition-state region, the two configurations

become almost degenerate and the two corresponding contribu-

tions are approximately equivalent. After the transition state,
on the product side along the reaction coordindtgbecomes
lower in energy tharbg and consequently dominatds>$ a).
Within this scheme, the variation of the relative importance of
dr and ®p describes the change from the reactant electron
coupling to the product electron coupling corresponding to the
process of breaking covalent bonds and forming new bonds,
which occurs in most organic reactions.

This process can be conveniently represented in a diagram
where we report the energy of the reacting system versus the
reaction coordinate and where the total energy profile is
decomposed into two component curves denotedeastant
diabatic and product diabati¢ respectively. The former de-
scribes the energy behavior of the reactant configuradan
(reactant spin couplings reactant bonding situation), and the
latter describes that of the product configurati®a (product
spin coupling= product bonding situation). The reactant
diabatic, on passing from reactants to products, is repulsive,
while the product diabatic is attractive. The crossing between
the two diabatics determines the position of the transition state
and the magnitude of the activation energy.

This scheme is applied here to the model system formed by
the HSi- radical reacting with chloromethanes with the purpose
of rationalizing the following points: (i) the larger barrier that
characterizes the hydrogen abstraction with respect to the
chlorine abstraction, (ii) the decrease for a given substrate of
the rate constants for halogen abstraction along the series X
| > Br > Cl > F, (iii) the decrease of the chlorine abstraction
barrier with the increasing number of the chlorine atoms in
chloromethanes, and (iv) the different reactivities shown by silyl
and alkyl radicals (the former reacts mainly via chlorine
abstraction, while the latter reacts via hydrogen abstraction).

In Figure 2, we have represented the qualitative behavior of
the reactant and product diabatics for the hydrogen abstraction
and chlorine abstraction by the silyl radicaj$# from CICHs.
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Figure 2. Correlation diagrams for hydrogen and chlorine abstraction
by the H;Si- radical from CICH and schematic representations of the
reactant and product configurations.

Product coupling (I) o

H,Si

at the product geometry and the reactant diabatic at the reactant
geometry, which corresponds approximately to the reaction
enthalpy AH); (ii) the energy difference between the reactant
and product diabatic at the reactant geomettiz{ on the left

side of the diagram); (iii) the energy difference between the
reactant and product diabatic at the product geometBe ©On

the right side of the diagram).

AH can be estimated on the basis of the computed quanto-
mechanical energy values of the reactants and products. The
energies of the products, relative to reactants, for the hydrogen
abstraction and chlorine abstraction bySH from chlo-
romethanes are reported in Table 6 together with the energy
thermal corrections and the resulting values of reaction enthal-

For the hydrogen abstraction, the reactant diabatic correspondgies AH (6-31G*/B3LYP computational level). These values

to a situation where thegpelectron on the carbon atom of the

show that while the hydrogen abstraction is endothermic, the

halomethane molecule and the 1s electron on hydrogen arechlorine abstraction is exothermic. Since in the diabatic diagram

singlet spin coupled to form a-€H bond (reactant configuration
®g), while in the product diabatic, the singlet spin coupling
occurs between the hydrogen 1s electron and thelpctron

on silicon to form the new SiH bond (product configuration
®p). For the halogen abstraction in the reactant diabatic, the
po electron on the carbon atom and the 3p electron on the
chlorine atom are singlet spin coupled to form the@ bond,
while in the product diabatic, the 3p electron on chlorine is
coupled to a singlet with thegpelectron on silicon to form the
new Si—Cl bond in CISiH. The reactant and product configu-

of Figure 2 we refer to the reaction betweegSH and CICH;,
AH is 8.83 kcal mot? for the hydrogen abstraction ardl6.22
kcal mol! for the chlorine abstraction.

The evaluation ofAEg and AEp is less obvious. AEr
represents the energy required for decoupling the electron pair
associated with the €H bond in the case of hydrogen
abstraction or the electron pair associated with theCCbond
in the case of chlorine abstraction. The variation of this quantity
in the comparison between the two processes can be ap-
proximately evaluated from the energies of the-K bond

rations are schematically represented in the two coupling (about 100.9 kcal mot19) or the C-Cl bond in CICH (about
schemes reported at the bottom of Figure 2. 83.5 kcal mot119. In a similar way, we can evaluate the
In this type of diagrams, the position of the crossing and magnitude ofAEp, which represents the energy required for
consequently the size of the barrier is determined by three decoupling the electron pair of the-8#l bond in the case of
factors: (i) the energy difference between the product diabatic hydrogen abstraction or the electron pair of the Sl bond in



10148 J. Phys. Chem. A, Vol. 102, No. 49, 1998

TABLE 6: Energies Relative? to Reactants g, kcal mol™?),
Reaction Enthalpies AH, kcal mol~1), Zero-Point Energy
Corrections (ZPE, kcal mol™?), and Thermal Corrections
(Hin, kcal mol~1) Computed for the Products of the
Hydrogen and Chlorine Abstraction by Silyl Radical from
CICH3, CI,CH,, and CI;CH at the B3LYP Level with the

Bottoni

TABLE 8: Energies Relative to Reactants (E, kcal mol™?),
Activation Energies (E,, kcal mol™1), Zero-Point Energy
Corrections (ZPE, kcal mol™?), and Thermal Corrections
(H, kcal mol~1) Computed for Fluorine and Bromine
Abstraction by Silyl Radical from FCH 3 and BrCH ; with the
6-31G* Basis Set at the B3LYP Level

6-31G* Basis Set

HsSi- + FCHs HsSi- + BrCHs
E ZPE Hn AH Reactants
Hydrogen Abstraction ZPE 38.17 36.93
HsSi- + CICH; 11.78 33.94 39.31 8.83 Hin 43.00 41.96
H3Si- + CI,CH, 6.80 29.58 34.98 4.79 "
. Transition State
HsSi- + CIsCH 2.65 24.13 30.05 1.21 E 17.45 —0.22
Chlorine Abstraction ZPE 37.47 37.03
H3Si- + CICH3 —17.91 35.29 40.57 —16.22 Hin 42.24 42.10
H35!- + CI,CH, —25.57 30.84 36.43 —25.01 Ea 17.71 1.00
HsSi- + CIsCH —33.74 26.48 3210 —34.35 Products
aThe absolute energies (hartrees) of reactants are as followsS(i) H E —33.05 —21.14
+ CICHs: —791.340 80. (i) HSi- + Cl,CHy: —1250.928 64. (iii) HSi- ZPE 36.09 35.15
+ ClsCH: —1710.511 39. Hin 41.23 40.48
AH —34.88 —22.62

TABLE 7: Optimum Values 2 of the Most Relevant
Geometrical Parameters of the Transition States for
Fluorine and Bromine Abstraction by Silyl Radical from
FCH3; and BrCH3; Obtained with the 6-31G* Basis Set at the

2 The absolute energies (hartrees) of reactants at the B3LYP/6-31G*
level are—430.966 17 (fluorine abstraction) are2902.719 67 (bro-
mine abstraction).

B3LYP Level YoF —
H3Si- + FCHs H3Si+ 4 BrCH; — X=F
a 2.016 2.843 X=ClI X=Cl
b 1.658 2.088 X=Br
Oab 157.1 180.0 X=Br
Oac 100.4 107.9
Obe 103.8 105.6 AER AEp
aBond lengths are in angstroms, and angles are in degrees.
. . . . I
the case of chlorine abstraction. Also, in this case we can Reactants |
i i AH
approximately evaluatAEp from the energies of the SH and
Si—Cl bonds, which are 94'0 and 110.0 kcal mot!8 Products
respectively. H H
From the diagram of Figure 2, it is evident that while the msi.  x{ el s/ oL
. . 3 T 3>t S
effect of the change akEp in the comparison between hydrogen “H . HH

and chlorine abstraction is that of favoring the hydrogen
abstraction, the effect of the variation d&fH and AEg is
opposite. SincH andAEg dominate, the final overall effect
of the simultaneous variation oAH, AEgr, and AEp is a Figure 3. Correlation diagrams for fluorine, chlorine, and bromine
significantly larger energy barrier for the hydrogen abstraction abstraction by the 5i- radical from FCH, CICHs, and BrCH.
than for the chlorine abstraction process as found in our fluorine and bromine are 17.71 and 1.00 kcal mtalhich are
computations and at the experimental level. Itis worth pointing larger and smaller, respectively, than the value of 7.24 kcal
out that the diagram of Figure 2 also provides information on mol~* found for chlorine (the barrier for bromine agrees very
the nature of the two transition states; the relative positions of well with the experimental values reported in the previous
the two crossing points indicates that the transition state for section). The diabatic diagram where we compare the fluorine,
hydrogen abstraction is more product-like than the transition chlorine, and bromine abstraction is shown in Figure 3. The
state for chlorine abstraction. This is in agreement with the definition of the reactant and product diabatics is the same as
computed values of th@ parameter, which is always lower that given in Figure 2. In this case, to roughly evaluate the
than 1 (product-like character) in the former case and greaterchange ofAEr and AEp on passing from F to Cl and Br, we
than 1 (reactant-like character) in the latter. must consider the energies of the-E, C—CI, and C-Br bonds
Another aspect that can be easily rationalized by means of ain the case ofAEg (112.81° 83.516 and 70.0 kcal moft,2°
diabatic model is the experimental observation that for a given respectively) and those of the-S, Si—Cl, and S+Br bonds
substrate the rate constants for halogen abstraction decreasi the case ofAEp (129.02' 110.0' and 82.62 kcal mol?,
along the series X= 1 > Br > Cl > F (for iodides and for respectively). The values oiH for fluorine, chlorine, and
some bromides the halogen abstraction occurs at a rate that i9romine abstraction at the B3LYP/6-31G* level ar&4.88,
equal or very close to the diffusion lird§). In the following —16.22, and-22.62 kcal mot?, respectively (see Tables 6 and
discussion, we compare bromine, chlorine, and fluorine. To 8). In the comparison between chlorine and fluorine, it is
evaluate the activation energies also for fluorine and bromine evident that while the reaction enthalpy favors the fluorine
abstraction, we have computed at the B3LYP/6-31G* level the abstraction, the two quantitie’sEgr and AEp, which are larger
transition states for the reactions betweessiHand FCH or for fluorine than for chlorine, must favor the chlorine abstraction.
BrCHs. The most relevant geometrical parameters are reported AEr andAEp are clearly the dominant factors and determine a
in Table 7, and the corresponding energy values and activationlarger activation barrier for fluorine than for chlorine. When
energies are shown in Table 8. The compuigadsalues for we compare chlorine with bromine, all three factors concur to

Reactant coupling (I)R Product coupling (I)P
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AE
AEp R AN AEp
AH Ea HyCCl ++CHs3
14
Reactants | CICH, H3C» + CICH, AH
Cl,CH, -
——  Gl,CH CHs + -CH,CI
Products Reactants Products
)z % Figure 5. Correlation diagrams for hydrogen and chlorine abstraction
H4Si- C'OCN H38i-/-\-CI C by the HC- radical from CICH.
‘ ) Product ' ) radical. The diagram for the reaction betweeyCHand CICH
Reactant coupling (P roduct coupling (P , (hydrogen and chlorine abstraction) is reported in Figure 5. The
Figure 4. Correlation diagrams for chlorine abstraction by th&H reactant and product configurations can be obtained from those
radical from CICH, Cl,.CH,, and C}CH. defined in Figure 2 by replacing theymrbital on silicon with

a po orbital on carbon. The value okH for the hydrogen
abstraction reaction computed at the B3LYP levet&43 kcal
mol~! (see note 24), while the corresponding value for the
chlorine abstraction is clearly zero. BotkEp and AEr are
iexpected to be larger for the hydrogen abstraction than for the
chlorine abstraction; in the former cageHg), we must compare
the energy of the €H bond (100.9 kcal mol)!® with that of

the G-Cl bond in CICH; (83.5 kcal mot?),6 while in the latter
(AEp), we must compare the energy of the-Cl bond (83.5
kcal mol?) with that of the G-H bond in CH, (104 kcal

make the activation barrier for bromine abstraction lower than
that for chlorine abstraction (the reaction is more exothermic,
and both AEg and AEp are smaller for bromine than for
chlorine). The overall effect is a very small barrier for bromine
abstraction as found at both the experimental and computationa
levels.

It is worthwhile to outline that in the comparison between F,
Cl, and Br the diabatic model is able to predict the correct trend
of the activation barriers while the Hammond postulate fails.
On the basis of the relative exothermicities of the three

- : : -1y 25 ; :
abstraction reactions, the Hammond postulate would predict theM©l )-*> Thus, with the methyl radical, bothEr and AEe
lowest activation energy in the case of fluorine abstraction. This favor the chlorine abstraction whiltH has the opposite effect.

example points out once again the better performance of the The effe.ct ofAH evidently dominat.es and makes the hydrogen )
diabatic model, where in determining the position of the abstractlo.n the easiest process, in agreement with 'Fhe experi-
transition state and thus the amount of the corresponding mental evidence. _The diabatic diagram points out an interesting
activation barrier, we take simultaneously into account not only 2SPECt; the opposite trend AEg and AEp with respect toAH

the reaction enthalpies but also additional factors such as thefwnd for-CHs has the effect of positioning th? wo crossing
energies of the breaking and forming bonds. It is evident that points for the hydrogen and chlorine abstraction much closer

only when these two factors have the same trend as the reactior” €"€rgy than in the case of the reaction involvibgHs. This
enthalpy or when the reaction enthalpy dominates do the suggests that with the methyl radical (and generally with alkyl

Hammond postulate and the diabatic model give the same'adicals) the difference between the activation barrier for
information. hydrogen abstraction, which is favored, and that for chlorine

An example of this situation, where the two models provide aPstraction must be smaller than in the caseSif. To*check
the same answer, can be found in the comparison betweenth's point, we have computed at the B3LYP/6-31G* level the

CICHj3, Cl,CH,, and C4CH for the chlorine abstraction process. transition state for chlprin.e abstraction BgH; from CICHs
The corresponding diabatic diagram is shown in Figure 4. In (see note 26). The activation energy has been found to be 16.76

this case the exothermicity of the reaction increases with the Kcal mol™, which is 5.97 kcal mot® higher than that for
increasing number of the chlorine atoms in the substraté ( hydrogen ab;tractlon (10'7,9 keal mhlfrom_ref 9e), while in

— —16.22.—25.01, and-34.35 kcal mot! for CICHs, CLCH the case ofSiHs, the chlorine abstraction is favored by 9.11
and CKCH, respectively, as reported in Table 6\Ex should kcal morl. _ Fur_ther_more, t_he _relative position _of the two
be very similar for CICH and ChCHy, since the corresponding crossing points in Figure 5 indicates a reactant-like character
energies of the €CI bond are 833 and 83.7 kcal moft,22 of the hydrogen abstraction transition state. Also, this prediction

but it should decrease for &IH, where the &Cl bond energy IS In agreement with the computed value of thearameter,
becomes 80.9 kcal mol23 On the other handAEp should ~ Which is greater than 1 for hydrogen abstraction= 1.036
remain almost identical for the three halomethanes, since it |nd|cat|ng_a reactant-hke character) and 1 for chlorine abstraction
correspond in all three cases to the energy of theCsibond (symmetric transition state).

in CISiH;. Thus, bothAH and AEr concur to lower the
activation energy along the series CIGHKI,CH,, CIsCH, as
one could expect on the basis of the Hammond postulate. The In this paper, we have reported the results of a theoretical
Hammond postulate also predicts an increasing reactant-likestudy of the hydrogen and chlorine abstraction reactions by silyl
character of the transition state on the basis of the increasing(HsSi-) and trichlorosilyl (C4Si-) radical from the three chlo-
exothermicity of the reaction and agrees with the indication of romethanes CICE CI,CH,, and CkCH. The study compares

Conclusion

the diabatic model and with the computational resuftsig the results of traditional ab initio methods (HF, MP2, and MP4)
greater than 1 and increases along the series gICHCH, with those obtained with DFT-based methods and with the
CIsCH). experiment. For the DFT computations, we have used the

Finally, it is interesting to use a diabatic diagram to compare hybrid B3LYP and the pure BLYP functionals, which both
the reactivity pattern of the silyl radical to that of the methyl include nonlocal corrections.
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