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In this paper we have investigated the hydrogen abstraction reactions by methyl radical from fluoro-, chloro-,
and bromomethanes using ab-initio (HF and MP2) and DFT-based methods. The DFT computations have
been performed using different functionals, including nonlocal corrections in all cases. At all levels of theory
the computational results have shown the following: (i) the reaction proceeds in one step through a transition
state which shows a collinear or nearly collinear arrangement of the three atoms involved in the process, (ii)
the only relevant effect of dynamic correlation on the geometry of the transition states is increase their reactant-
like character (see MP2 and DFT results), (iii) the inclusion of dynamic correlation for reactants and transition
states is essential to obtain reasonable values of the computed activation energies, and (iv) the energy barriers
computed with the DFT approach are strongly dependent on the type of functional which is used. The best
values have been obtained with the hybrid functional B3LYP which provides activation energies which are
in better agreement with the experiment than the MP2 values which are in all cases quite overestimated. The
present study indicates that the DFT method based on the B3LYP functional is suitable for investigating
extensively this class of reactions. A simple diabatic model is used to rationalize the trend of reactivity
observed when more halogen atoms are added to the substrate or when the halogen varies from fluorine to
chlorine and bromine.

Introduction CH3BrCH,Bry:10in the first case this trend parallels that of the
C—H bond energies, while in the second case the trend is
opposite.

To investigate these reactions we use the unrestricted Har-
%Lee—Fock (UHF) method and the MolleiPlesset perturbation

eory up to second order (MP2). It is well-known that the HF
method is capable of providing reasonable geometrical param-
eters for the most part of stable organic molecules and, in many
cases (if a single configuration is dominant), also for the

The radical abstraction of a hydrogen atom from a substrate
represents an important step in the propagation of many chain
reactions. A vast amount of experimental work has been carried
out to establish and document the general characteristics of thes
reactions. Many of these studies have pointed out that the rate
of radical abstractions are the results of a “complex interplay
of polar, steric and bond-strength factors”. Tedder, in particular,

in a comprehensive review articlehas proposed five useful o . L .
P has prop transition states, while the activation barriers are usually

rules to be used to establish the relative importance of theseoverestimated However. the application of ab-initio methods
factors in specific cases. Nevertheless, it seems that no simple : ' bp

property can be used to provide a general qualitative theory'nCIUding dynamic correlation (MP2) improves greatly the
which can predict the course of these reactions. In the lack of description and provides, for several reactions, barriers in good

a simple model capable of rationalizing many of these experi- agreement with the experiment. Since th_e cost of cqrrelated
mental data, the computational approach can be of great helpf"‘b".nItIO methods is high and Increases rapidly with the Increase
and the recent progresses of computational chemistry have madén.s'.ze.Of the molecules, the application of these methods is
possible the use of advanced methods to obtain useful informa—StIII limited to rather small systems.

tion on the transition state structure and the activation barriers N the last decade much interest has been given to methods
and reaction enthalpies for these procegses. that are based on density functional theory (DEThich

In this paper we focus our attention on the hydrogen appeared as a versatile computational approach capable of

ion f fl - chloro- h h Isucces_,sfully desc_ri_b_ing many problems previously covered
abstraction from fluoro-, chioro-, and bromomethanes by methy exclusively by ab-initio HF and post-HF methods. DFT-based

radicals: methods have been applied to many types of structural and
. . reactivity problems using, in particular, the form which is known
CHX, +CH;— "CH,_, X, + CH, as local density approximation (LDA).These studies have
shown that local methods provide geometries which are in better
wherem =1, 2, and 3 anth = 3, 2, and 1 for X= F and ClI agreement with the experiment than the HF results (in particular

andm = 1 and 2 andh = 2 and 1 for X= Br. For these for transition metal complexe8)even if unsatisfactory results
reactions an irregular ordering of the activation energies is have been found in the calculation of energy barriers and bond
observed® For fluoromethanes, the activation energy decreases energies, which are systematically overestimatedany of the

on going from CHF to CHyF, but increases again for CHF problems of the local approaches have been eliminated by
For chloromethanes and bromomethanes the activation energyintroducing correction terms based on electron density gradients

decreases regularly along the seriesCHCH,CI,CHCl;? and (nonlocal methods). These corrections improve the eval-
uation of the exchange and correlation terms in the func-
€ Abstract published irAdvance ACS Abstractdanuary 1, 1997. tional and provide much better results in the computation of
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bond energies and in the description of metaktal and metat (@
ligands bonds.
Since during the last years only a few papers have appeared
where a systematic comparison between traditional correlated
ab-initio methods and DFT-based methods has been carried
out>~! we have applied different forms of nonlocal DFT
methods to the study of the title reactions. Our purpose is to
compare the accuracy of DFT techniques with post-HF methods
(like MP2) in computing molecular properties. A calibration
of DFT methods for identifying strengths and weaknesses of
each functional is now particularly important since this approach (©
has become recently quite popular. This popularity stems in
large measure from its computational expedience which makes
DFT-based methods particularly suitable for the computations
on large-size molecular systems.

@-=F,C,Br

(b)
@-=F Cl,Br

Figure 1. Schematic transition state structures for the reactiopdH
+ *CHz — *CHn—1Xm + CHs (m= 1, 2, and 3 aneh = 3, 2, and 1 for
X =Fand Clandn= 1 and 2 anch = 2 and 1 for X= Br).

Computational Procedure

All the DFT and ab-initio computations reported here were
performed with the Gaussian 92/DFJeries of programs using
the 6-31G*%2 and the 6-31G** basis set. For bromine, the  Geometrical Parameters of the Transition State for the
polarized split-valence SV4P basis set of Andzelm éfathose Abstraction Reactions Involving Fluoromethanes Obtained
accuracy is comparable to that of the 6-31G* basis, was used.with the 6-31G* and the 6-31G** (in Parentheses) Basis Sets
In all cases (HF, MP2, and DFT) the geometries of the various &t Various Levels of Theory

TABLE 1: Optimum Values? of the Most Relevant

critical points were fully optimized with the gradient method HF MP2 BHLYP B3LYP BLYP
available in Gaussian 92. The nature of each critical point was (a) CHF + "CHa
characterized by computing the harmonic vibrational frequen- a 1.353 1.319 1.325 1.320 (1.318) 1.320
cies. As suggested by Sosa and Schlégek used spin- b 1.360  1.348 1.358 1.388(1.390)  1.418
projected MP2 energies to cancel the spin contamination, which CDa %-7?2% i-6397§ 1-7335‘51 i-7356; 8.735623 i-7378§
affects the transition structures and can cause an overestimation -2~ Joc'c 7056 106.9 1078 (107.9) 1085
of the energy barriers. _ Dad 1070 1078 1069  106.6(1065)  106.5
For the DFT computations, we have used a pure functional pgpe  105.1 104.8 104.7 104.5 (104.4) 104.3
and two hybrid functionals as implemented in Gaussian 92/DFT. Obf 106.0 106.4 106.0 105.6 (105.5) 105.3
Following the Gaussian 92/DFT formalism, these functionals ¢ 0.997  0.977 0.975 0.948 (0.945)  0.927
can be written in the general form: (b) CHyF, + *CH3
a 1.356 1.320 1.324 1.316 (1.314) 1.308
a,E(S), + a,E(HF), + a,E(B88), + a,E(LOCAL), + b 1.349  1.344 1.354 1.390(1.393)  1.430
d 1.329 1.357 1.335 1.351 (1.351) 1.368
a;E(NON-LOCAL), (1) Oab 1751 1717 1747  175.9(1755) 176.8
Oac 110.9 112.5 111.0 110.8 (110.8) 110.8
where E(S) is the Slater exchand@? E(HF), the Hartree- Oad  107.3  106.8 107.3 107.6 (107.6)  107.9
Fock exchanget:(B88) the Becke’s 1988 nonlocal exchange Db]? 1055 105.6 105.3 104.9 (104.8) 104.6
fgnctional correction§h E(LO_CAL)c a Io_cal correlation func- gb 1%"1'2 (1)99‘18"11 (1)_094§§ (1).09%11 5(1)994383 (1)9931'2
tional, andE(NON-LOCAL). is the gradient-corrected correla-
tion functional. One of the two hybrid functionals that we have 1376 1 34éc) CH?;;;:H?’ 1345
X . . } 345 (1.345)  1.337
used corresponds to the Becke’s three-parameter exchangey, 1322 1312 1.320 1.351(1.352)  1.387
functionafl and is denoted here as B3LYP. In this case, ¢ 1.312 1.341 1.321 1.339 (1.339) 1.357
E(LOCAL). corresponds to the Vosko, Wilk, and Nusair local d 1312 1341 1.321 1.339 (1.339) 1.357
correlation functiondl andE(NON-LOCAL). to the correlation Oab  180.0  180.0 180.0 180.0(180.0) ~ 180.0
functional of Lee, Yang, and ParE(LYP).)8" which includes Oac 1096  109.8 109.5 109.8(109.8)  109.6
) - . . Oad 109.6 109.8 109.5 109.8 (109.8) 109.6
both local and nonlocal terms; the coefficients in expression 1 50 j052 1052 105.1 104.7 (104.6) 104.4
are those determined by Becka (= 0.80,a; = 0.20,a3 = Obf  105.2  105.2 105.1 104.7 (104.6)  104.4
0.72,a, = 0.19, andas = 0.81). The other hybrid method, 0 1.049 1.029 1.028 0.995 (0.993) 0.963

denoted here as BHLYP, is characterized by the following
parametersa; = 0.50,a; = 0.50,a3 = 0.50,a4 = 0.00, andhs

= 1.00. ) chloro and bromomethanes by methyl radical is given in Figure
The pure DFT functional used here, denoted as BLYP, has 1 The most relevant geometrical parameters are collected in
the following expression: Tables £3. For completeness we have also reported the
reactant geometrical parameters in Table 4. The bond lengths
and bond angles given in these tables are defined in Figure 1.
In all cases we have found that hydrogen abstraction from
halomethanes proceeds in one step and that, in the corresponding
transition state, the methyl radical approaches a hydrogen atom
of the substrate in a staggered conformation, with the three atoms
involved in the process being in a collinear or nearly collinear
A. Structures. A schematic representation of the transition arrangement. In the case of CEHEK = F and ClI) the transition
structures corresponding to the hydrogen abstraction from fluoro, state has ®33 symmetry while for CHX and CHX, (X = F,

@Bond lengths are in angstroms and angles in degrees.

E(S), + E(B88), + E(LYP), )

which derives from expression 1 assumiag= az = as =
1.00,a; = a4 = 0.00, andE(NON-LOCAL); = E(LYP)..

Results and Discussion
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TABLE 2: Optimum Values? of the Most Relevant TABLE 4: Optimum Values? of the Most Relevant
Geometrical Parameters of the Transition State for the Geometrical Parameters for the Methyl Radical and the
Abstraction Reactions Involving Chloromethanes Obtained Various Halo-Substituted Methanes Obtained with the
with the 6-31G* Basis Set at Various Levels of Theory 6-31G* and the 6-31G** (in Parentheses) Basis Sets at
HF MP2 BHLYP B3LYP BLYP Various Levels of Theory
(a) CHCI + *CHs HF MP2 BHLYP B3LYP BLYP
a 1.354 1.320 1.326 1.323 1.324 (a)*CHz®
b 1.349 1.339 1.348 1.374 1.399 e 1.073 1.079 1.075 1.083 (1.082) 1.090
c 1.761 1.753 1.758 1.776 1.797 (b) CHsF
ggg 183‘3 %g-g igg-‘z‘ igg-é %g-g a 1.082 1092  1.086  1.097(1.096)  1.105
Oad 1 : 1 '2 1 : 1 '4 1 : c 1.364 1.392 1.369 1.383(1.383) 1.398
y s 108 003 oo oo d 1082 1.092 1086  1.097(L096)  1.105
gbf iog# 103-5 iog'g ioj : 103- 0 Oac 1091 109.1  109.4  109.6(109.7)  109.7
0 1 OdO 0 98-8 0 98'6 0 966 0 948 Oad 109.8 109.8 109.5 109.3 (109.2) 109.2
' ' B ' ' (c) CHoF,
. Lws 1 gbgscwc'zir 3C1';1'3 1303 1205 a 1078 1091 1.085  1.096(1.096)  1.105
b 1'345 1'345 1'355 1'393 1'432 c 1.078 1.091 1.085 1.096 (1.096) 1.105
d 1'751 1'750 1‘753 1‘774 1.798 d 1.338 1.366 1.345 1.361 (1.361) 1.377
Oab 1'7 1'7 1 1'7 l. 1'7 7 Oac 112.4 112.8 112.3 112.2 (112.1) 112.2
a 8.8 9. 9.0 80.0 8. Oad 1089 1088 1089  108.9(108.9) 108.8
Oac 106.7 107.1 107.1 107.3 108.0
Oad 107.2 107.2 107.3 107.7 108.0 (d) CHR
Obe 105.0 104.9 104.7 104.4 104.1 a 1.074 1.089 1.082 1.093 (1.094) 1.102
Obf 104.2 103.7 103.5 102.9 102.3 ¢ 1.316 1.344 1.325 1.342 (1.342) 1.359
0 1.011 0.975 0.975 0.940 0.909 d 1.3016 1.3044 1.3025 1.3512 E1.3612§ 1.3059
Oac 110.4 110.5 110.4 110.4 (110.4 110.4
. Las 1 é%)schb*i 3?023 L8 L7 Ocd 1085 1084 1085  108.6(108.6)  108.6
b 1.343 1.349 1.361 1.407 1.460 (e) CHCI
c 1.749 1.753 1.755 1.779 1.807 a 1.078  1.088 1.081 1.090 1.097
d 1.749 1.753 1.755 1.779 1.807 c 1.784  1.779 1.784 1.804 1.826
Oab  180.0 180.0 180.0 180.0 180.0 d 1078  1.088 1.081 1.090 1.097
Oac 106.1 106.4 106.2 106.6 107.0 Oac 1085 1089 108.6 108.5 108.3
Oad 106.1 106.4 106.2 106.6 107.0 Oad 1104 1100 110.3 1104 110.6
Obe 1044  104.0 103.8 103.2 102.6 (f) CHoCl,
Obf 104.4 104.0 103.8 103.2 102.6 a 1.074 1.087 1.079 1.088 1.095
o 1.011  0.965 0.964 0.921 0.877 c 1.074 1.087  1.079 1.088 1.095
; ; d 1.768 1.769 1.771 1.791 1.814
2Bond lengths are in angstroms and angles in degrees.
g n ang gies In deg Dac 1111 1108 1111 1115 112.1
TABLE 3: Optimum Values? of the Most Relevant Uad 1082 1082 1081  108.0 107.8
Geometrical Parameters of the Transition State for the (9) CHCE
Abstraction Reactions Involving Bromomethanes Obtained a 1.071 1.086 1.076 1.085 1.093
with the 6-31G* Basis Set at Various Levels of Theory c 1.763 1.766 1.767 1.788 1.811
(2) CHBr + -CH Oac 107.6 107.6 107.6 107.5 107.5
a r+°Chs Ocd 111.3 111.2 111.3 111.3 111.3
a 1.357 1.331 1.331 1.328 1.326 (h) CHBr
b 1.343 1.325 1.339 1.365 1.391
c 1.921 1.918 1.914 1.931 1.951 a 1.076 1.087 1.080 1.088 1.095
Oab 1798 1795 178.8 177.3 176.1 c 1947 1947 1941  1.960 1.986
Oac 1079  107.4 108.3 109.3 110.1 d 1076 1087 1080  1.088 1.095
Obe 1048 1046 1045 1041 1039 Dad 1077 1076 1078 1076 107.4
Obf 105.9 106.1 105.8 105.7 105.7 (i) CH2Br;
0 1.017 1.006 0.999 0.977 0.958 a 1.072 1.086 1.077 1.086 1.093
b) CHLBI - *CH c 1.072 1.086 1077  1.086 1.093
a 1.352 1_(3%0 FeBre 1317 1303 1.292 d 1928 1.933 1933 1945 1.972
d 1911 1914 1908 1929 1956 Oad 1079 1078 1078 1077 107.4
Oab  179.4 178.9 179.0 177.6 176.0 aBond lengths are in angstroms and angles in degbeEse *CH;
ggg ig?; 183% ig;g igg% ig;; radical is planar at all levels of theory.
Obe 1051  105.0 104.8 104.4 104.0 the transition state slightly advances toward the products when
gbf 10;2'1 309393 (1)09392 (1)09242 30921'(1) more fluorine atoms are introduced in the substrate. The

variation of character of the transition state is conveniently
a2Bond lengths are in angstroms and angles in degrees. described by the quantity = OR(C—H)/SR(C—H') where
OR(C—H) = a/R(C—H)eqanddR(C—H') = b/R(C—H')eq Here
Cl, and Br) the symmetry is reduced@ The transition vector 3 andb are the lengths of the breaking and forming & bonds,
associated with the imaginary frequency is a linear combination respectively, and R(EH)eqand R(C-H')eq are the correspond-
of the two breaking and forming-€H bonds (parametegsand ing equilibrium distances in the reactant (halomethane, see Table
b in Figure 1). These results are in agreement with previous 4) and product (methané). A value of 1 for # indicates a
computations performed at a lower level of theory and accdfacy. transition state where the two bonds are broken and formed to
We first discuss in detail the abstraction from fluoromethanes. the same extent; a value lower or greater than unity corresponds
Inspection of the results obtained at the HF level shows that to a more reactant-like or to a more product-like transition state,
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respectively. In the present cageyaries only slightly (from The values of the energy barriers provided by the DFT
0.997 to 1.010) on passing from @Hto CHF, but becomes approach vary significantly according to the type of functional
1.049 for CHE. A slight deviation from linearity has been  which is used. The BHLYP functional still overestimates the
observed for CF and CHF, where theab angle is 174.1 activation barriers, even if the trend in the comparison between
and 175.1, respectively. The inclusion of dynamic correlation CHF; (16.04 kcal/mol) and CkF (15.77 kcal/mol) is now in
at the MP2 level has the effect of making both the breaking agreement with the experiment. Furthermore, the pure DFT
and forming C-H bonds shorter. However, since the shortening functional BLYP provides, values which are quite underes-
is more significant for the breaking bora) than for the forming timated. The best agreement with the experiment is found for
bond @), the transition state becomes more reactant-like the values computed at the B3LYP level of theory. In this case
(decrease of)). A similar effect has been found at the DFT the difference between the experimental and the corresponding
level. With all three functionals used here we have a significant computedE, values is for all substrates within 1.5 kcal/mol
decrease of the parametewith respect to the HF value. The (except for CHE), even if the trend differs from the experi-
value of this parameter computed with the BHLYP functional mental one in that the activation barrier for C{H#0.31 kcal/
is almost identical to the value obtained at the MP2 level, but mol) is slightly smaller than the value determined for 4£H
becomes significantly smaller with the B3LYP and the BLYP (10.71 kcal/mol). Itis also interesting to note that the inclusion
functional according to the increasing importance of the of polarization functions on hydrogens (6-31G** basis set) for
correlation term (see expressions 1 and 2). Another effect duethe series CkF, CHF,, and CHFE does not improve the
to the inclusion of the dynamic correlation is a lengthening of computedE, values which slightly decrease.
the C-F bonds: the increase of this bond length at the MP2  Finally, it is worth comparing the values &?(see Table
level is similar to that found at the B3LYP and BLYP levels 6) computed for the various transition states at the MP2 and
while it is less significant when the hybrid BHLYP functional DFT (B3LYP) levels. At the MP2 level we have reported the
is used. Furthermore, it is interesting to note that, also at a magnitude of [($0for both W© ([ and PO (F0).
correlated level of theory, the character of the transition state Inspection of Table 6 shows that the B3LYP functional provides
is again very similar for CgF and CHF, and becomes much  petter results than MP2 and points out once again that the DFT
more product-like for CHE: approach can significantly reduce the effects of spin contamina-
For the three fluoromethanes we have reinvestigated thetion.
reaction at the B3LYP level of theory using the more accurate  C. Diabatic Model. In the introductory section we have
6-31G** basis to establish the importance of 2p polarization already pointed out that the dependence of the activation
functions on hydrogens. This computational level provides in energies on the degree of halogenation of methane cannot be
all cases transition state geometries which are almost identicaleasily explained in terms of simple properties such as the energy
to those determined with the 6-31G* basis. These results of the breaking bond, polar factors, and steric factors. If we
indicate that polarization functions are not essential to obtain a consider, for instance, the series §8HCH,F,, and CHE, where
proper description of the topology of the surface as already the steric effects are expected to be small, the irregular ordering
pointed oug" of the activation energies (see Table 5) does not parallel either
Similar results have been obtained for chloro- and bro- the trend of the energy of the-@H breaking bond (which is
momethanes. However the inclusion of more chlorine and about 101 kcal/mol for fluoro- and difluoromethane and
bromine atoms in the substrate has an opposite effect to thatbecomes 106 kcal/mol for trifluoromethane as reported in Table
found for fluoromethanes, and the reactant-like character of the 7) or the trend of the polar effects which increase with the
transition state increases instead of decreasing along the twoncrease in the number of fluorine atoms. Similarly, for the
series CHCI, CH,CI,CHCl; and CHBrCH,Br,. Also, for these two bromomethanes, the activation energy decreases on passing
two series of halomethanes, the inclusion of dynamic correlation from CHsBr to CH:Br in contrast with the trend of the-€H
is responsible of an increase of the reactant-like character ofbond energy which increases in the same direction (see Table
the transition structure. 7).

B. Energetics. The energies of reactants and transition In this section we try to rationalize these trends using a simple
structures are reported in Table 5. In this table we have also diabatic model based upon spin recoupling in VB theinye
given the values of the zero-point energy corrections (ZPE), show that this approach, if combined with the results of ab-
the experimental activation energids, ¢y, and the computed  initio computations, can predict easily, even if qualitatively, the
activation energiess,), which include the ZPE corrections. The ~main features of this class of reactions (i.e., information on the
accurate prediction of the energy barriers of radical reactions transition state structures and on the trends of the activation
is a difficult problem and it is well-known that high levels of ~energies). In this model, the total energy profile is decomposed
theory including dynamic correlation are needed to reproduce into two component curves: one, associated with the reactant
the experimental resulfs. Thus it is not surprising that the ~ spin coupling (reactant bonding situation), is indicated as
activation barriers obtained at the HF level are in all cases reactant diabatiand the other, associated with the product spin
overestimated. A large decrease of the energy barriers iscoupling (product bonding situation), is denoted psduct
observed when the projected MP2 approach is used even if thediabatic Along the reaction coordinate the behavior of the
values obtained at this level of theory are still quite overesti- reactant diabatic is repulsive and that of the product diabatic is
mated (the error with respect to the experimental values is in attractive.
all cases larger than 55%). It is interesting to note that, even if In Figure 2 we have represented the qualitative behavior of
the values are largely overestimated, the irregular ordering of the two diabatics for the abstraction reaction of a hydrogen from
the activation energies as more fluorine atoms are introducedfluoro- (Figure 2a), chloro- (Figure 2b), and bromomethanes
in methane is better reproduced at the HF level than at the MP2(Figure 2c). The reactant diabatic corresponds to a situation
level: at this level of theory the activation energy for GHF  where the p orbital on the carbon atom of halomethane and
(20.82 kcal/mol) is slightly lower than that obtained for §6H the 1s orbital on hydrogen are singlet spin coupled (see reactant
(21.48 kcal/mol) in contrast with the experiment. coupling in Scheme 1), while in the product diabatic the singlet
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TABLE 5: Total ( E, hartrees) and Relative AE, kcal/mol) Energies of Reactants and Transition States, Activation Energies
(Ea, kcal/mol), and Zero-Point Energy Corrections (ZPE, kcal/mol) Computed for the Abstraction Reaction CHXy, + *CH3; —
*CHp-:Xm + CHs(m=1,2,and 3 andn =3, 2,and 1 for X=F and Cland m = 1 and 2 andn = 2 and 1 for X = Br) with

the 6-31G* and the 6-31G** (Values in Parentheses) Basis Sets at Various Levels of Theory; for Each Reaction the
Experimentally Available Activation Energy (Eaexp kcal/mol) Is Reported

HF MP2 BHLYP B3LYP BLYP
(@) CHsF+ *CHs (Eaexp= 11.8 kcal/moly

reactants
E —178.59361 —179.01336 —179.47796 —179.57219(179.58116) —179.49912
ZPE 46.06 44.59 45.00 43.50 (43.35) 42.30
transition state
E —178.54710 —178.97834 —179.45211 —179.55437 {179.56413) —179.48630
ZPE 45.73 44.10 44.55 43.04 (42.82) 41.80
AE 29.18 21.97 16.22 11.18 (10.68) 8.03
Ea 28.85 21.48 15.77 10.71 (10.15) 7.53
(b) CHzF2 + *CHs (Eaexp= 10.4 kcal/mol}
reactants
E —277.45534 —278.03480 —278.68682 —278.81143 {-278.81893) —278.73766
ZPE 42.01 40.41 40.93 39.45(39.31) 38.24
transition state
E —277.40872 —.278.00776 —278.66213 —278.79553 {-278.80403) —278.72725
ZPE 41.31 39.59 40.08 38.59 (38.40) 37.36
AE 29.24 16.97 15.49 9.98 (9.35) 6.53
Ea 28.54 16.15 14.64 9.12 (8.44) 5.65
(c) CHR: + *CHz (Eaexp= 13.6 kcal/mol}
reactants
E —376.33063 —377.07784 —377.90965 —378.06426 {-378.07030) —377.98929
ZPE 37.08 35.56 36.12 34.76 (34.65) 33.61
transition state
E —376.28116 —377.04854 —377.88247 —378.04625 {-378.05338) —377.97708
ZPE 36.17 34.51 35.10 33.76 (33.61) 32.62
AE 31.04 18.38 17.05 11.30 (10.61) 7.66
Ea 30.13 17.33 16.03 10.31 (9.57) 6.67
(d) CHsCI + *CHs (Eaexp= 9.4 kcal/mol¥
reactants
E —538.65214 —539.02531 —539.87274 —539.94682 —539.86342
ZPE 44.97 43.74 44.02 42.64 41.52
transition state
E —538.60672 —538.99893 —539.84754 —539.92905 —539.85010
ZPE 44.74 43.26 43.64 42.23 41.08
AE 28.50 16.55 15.80 11.15 8.36
=N 28.27 16.07 15.42 10.75 7.92
(€) CHCl, + *CHg (Egexp= 7.2 kcal/moly
reactants
E —997.54417 —998.04675 —999.44943 —999.53466 —999.44101
ZPE 39.54 38.38 38.63 37.32 36.25
transition state
E —997.50217 —998.02585 —999.42864 —999.52155 —999.43248
ZPE 39.13 37.75 38.07 36.73 35.62
AE 26.35 13.11 13.04 8.23 5.35
Ea 25.94 12.49 12.48 7.64 4,72
(f) CHClI3 + *CHs (Ea,exp= 5.8 kcal/mol}
reactants
E —1456.42870 —1457.06511 —1459.02019 —1459.11740 —1459.01409
ZPE 33.24 32.27 32.43 31.25 30.26
transition state
E —1456.39042 —1457.04953 —1459.00363 —1459.10846 —1459.00972
ZPE 32.80 31.63 31.82 30.58 29.55
AE 24.02 9.78 10.39 5.61 2.74
Ea 23.60 9.14 9.78 4.94 2.03
(9) CHsBr + *CHz (Ea exp= 10.1 kcal/moly
reactants
E —2649.31033 —2649.81091 —2651.57187 —2651.67506 —2651.61143
ZPE 44.52 43.26 43.60 42.22 41.07
transition state
E —2649.26431 —2649.78334 —2651.54604 —2651.65644 —2651.59717
ZPE 44.27 42.77 43.25 41.89 40.77
AE 28.87 17.29 16.20 11.68 8.94
Ea 28.62 16.80 15.86 11.35 8.64
(h) CHBro+ *CHs (Eaexp= 8.7 kcal/moly
reactants
E —5218.85875 —5219.61755 —5222.84643 —5222.99036 —5222.93649
ZPE 38.61 37.38 37.76 36.44 35.31
transition state
E —5218.81627 —5219.59646 —5222.82524 —5222.97678 —5222.92757
ZPE 38.21 36.73 37.21 35.88 34.74
AE 26.66 13.23 13.29 8.51 5.59
=N 26.26 12.58 12.74 7.95 5.02

aSee ref 1cP See ref 1b.
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Figure 2. Correlation diagram for hydrogen abstraction from (a)
fluoro-, (b) chloro-, and (c) bromomethanes by methyl radical.

TABLE 6: Values of [$?[1Computed at the HF, MP2, and
B3LYP Levels with the 6-31G* Basis Set

MP2
po) p B3LYP
CHzF+ *CH3 0.7890 0.7629 0.7571
CHyF, + *CH3 0.7885 0.7627 0.7570
CHF; + *CHs 0.7882 0.7624 0.7569
CHsCl + *CH;s 0.7888 0.7629 0.7571
CH.CI; + *CHs 0.7879 0.7627 0.7669
CHCl; + *CHjs 0.7861 0.7621 0.7566
CHsBr + *CHs 0.7896 0.7634 0.7572
CHzBr2+ *CHs 0.7891 0.7636 0.7570

TABLE 7: Total Energies (E, hartrees) Obtained with the
B3LYP Functional and the 6-31G* Basis Set and Corres-
ponding Stabilization Energies (SE, kcal/mol) Computed
According to the Homodesmic Reaction 3. For Each
Radical? the Experimental C—H Bond Energy (BE, kcal/
mol) of the Corresponding Halo-Substituted Methane Is
Reported

E SE BE
*C H:F —139.06425 —6.55 102
*CHF, —238.30552 —7.82 10%
‘CR —337.55102 —3.22 106
*CH.CI —499.43829 —6.18 100.9
*CHCL, —959.03406 —11.16 99.0
*CCls —1418.62331 —15.25 95.8
*CH.Br —2611.16495 —5.18 102.9
*CHBr» —5182.48915 —10.77 103.¥

a Optimum geometrical parameters for the various product radicals

are as follows (angstroms and degree§)H,F, c = 1.342,d = 1.085,

Ocd = 114.9,0dd = 122.9;*CHF,, ¢ = 1.093,d = 1.333,0cd =
113.8,0dd = 111.6;"CF;, ¢ = 1.327,0cd = 111.3;"CH,Cl, c = 1.714,
d=1.080,0cd=117.7,0dd= 124.1;"CHCl,, c = 1.083,d = 1.720,

Ocd = 116.7,0dd = 119.3;°"CCl;, ¢ = 1.731,0cd = 116.8;"CHBr,
c=1.868,d = 1.080,00cd=117.2,0dd = 124.0;"CHBr,, c = 1.083,

d = 1.872,0cd = 115.8,00dd = 120.8." See ref 11ac See ref 11b.
dSee ref 11c¢ See ref 11d.
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SCHEME 1
H H H
HocCo--()--@oclH
N
H po 1s po H
X H X H
N\ N /
X—COH -CH  X—C HOXC—H
X H X N
X =H,F, Cl, Br

Reactant coupling Product coupling

The relative energy position of reactants and products in the
diagrams of Figure 2 can be determined on the basis of the
stabilization (or destabilization) of th€H,-1Xn, radical with
respect to the methyl radical. This stabilization (SE) can be
easily computed for aCHn-1Xy, radical according to the
following homodesmic reaction:

‘CH; + CH X,

—CH, +'CH,_,X,, 3)

and is given by
=[E(CH,) + E(CH,_,X;)] — [E(CHy) +
E(CH.X:)] (4)

whereE; represents the total energy obtained at the ab-initio
level. Negative values of SE mean that td#,—1 X, radical

is more stable than tm€Hj; radical; positive values mean the
reverse. The SE values computed at the B3LYP level for the
various fluoro-, chloro-, and bromomethyl radicals are collected
in Table 7. These values, which are all negative, show that,
for X = Cl and Br, the stabilization increases with the increase
in the number of halogen atoms, while for % F, the
stabilization increases on passing froBH,F to *CHF,, then
decreases foICFs.

The SE values obtained in this way have been used to
construct the three diagrams of Figure 2 which are based on
the following considerations: (i) The product diabatics at the
product geometry are positioned with respect to the reactant
diabatics at the reactant geometry on the basis of the computed
SE values. (ii) A common reference energy level for reactants
has been assumed in all three cases. (iii) The energy difference
between reactant diabatic and product diabatic at the product
geometry AEp on the right side of the diagram) can be assumed
to be identical in all cases, since it depends only on the
coupling—decoupling between the 1s hydrogen orbital and the
po carbon orbital in methane and there is no interaction
involving the*CH,-1Xn, radical which is at infinite separation.
More precisely, the total energy of the system at the product
geometry contains a constant term corresponding to the energy
of the*CH,-1Xn, radical which is canceled out in the difference
between the energy of the reactant diabatic and that of the
product diabatic. (iv) The energy difference between the two
diabatics at the reactant geometryEg on the left side of the
diagram) depends on the couplindecoupling between the 1s
hydrogen orbital and thegpcarbon orbital in CHX, and can
be evaluated to a good approximation from the energies of the
C—H breaking bond in the various halomethanes (see the BE
values in Table 7).

This model allows to discuss the combined effect of the key
factors that control the reactivity of these species, i.e., the
stability of the radical formed in the reaction and the energy of
the C—H breaking bonds.

Inspection of Figure 2 gives the following indications: (a)
For fluoromethanes the trend of the activation energies derived

spin coupling occurs between the 1s hydrogen orbital and the from the diagram of Figure 2a is the following:

po orbital on the methyl radical carbon (see product coupling
in Scheme 1).

E(CHF) > E(CHF) > E(CH/F))
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more product-like transition state than the transition states for

T "CHs*CHR, CH.Cl, and CHBr,, in disagreement with the computational

*CH3+CH,Br, results. The better performance of the diabatic model depends

Er "CHg+ CHaCly on the fact that, in determining the position of the transition

Ea ||| —Ep state, this model can take into account not only the reaction
N CHy +-CHE, enthalpies _but also other factors as the energies of the forming

Reactants 4 2 and breaking bonds. Thus only when the trend of these

- 834::2:2? additional factors parallels that of the reaction enthalpies (for

Products z example, a larger bond energy corresponding to a lower stability

Figure 3. Correlation diagram for hydrogen abstraction from £ of the resulting radical) or when the reaction enthalpy is the
CH,Cl,, and CHBr, by methyl radical. dominating factor can the two models provide the same answer.

which is in agreement with the experimental observed trend. Conclusion

This trend is determined, in the comparison betweegFCahd

CHgF, by the radical stability factor since the energy of the |n this paper we have reported the results of a comprehensive
C—H breaking bond is the same (about 101 kcal/mol in both theoretical study of the hydrogen abstraction reactions by methyl
cases), while for CHgboth factors (stability and bond energy)  radical from fluoro, chloro and bromomethanes. The study
concur to increase the activation energy. The diagram also compares the results of traditional ab-initio methods (HF and
provides information about the geometrical features of the MP2) with those obtained with DFT-based methods and with
transition state; in particular, the structure of the transition state the experiment. For the DFT computations we have used a
must be very similar for the reactions involving ef-and CHF, pure functional and two hybrid functionals which include in all
(the position of the crossing does not change significantly) and cases nonlocal corrections. At all levels of theory we have
must be more product-like for CHRthe crossing moves to  found that the reaction proceeds in one step through a transition
the right). These predictions are in agreement with the values state which shows a collinear or nearly collinear arrangement
of the 6 coefficient WhiCh, at the B3LYP IeveI, is 0.948 and of the three atoms involved in the process.

0.945 for CHF and CHF,, respectively, and becomes 0.995  tpaqe computations have shown the following. (i) The only

for CHFs. (b) A similar discussion can be applied to chloro- - o6\ a0t effect of the inclusion of the dynamic correlation (MP2
4nd DFT level) on the geometry of the transition states is that
€of increasing their reactant-like character. This effect is similar
at the MP2 and BHLYP level but becomes more important with
the B3LYP and the BLYP functionals in agreement with the
increasing importance of the correlation term in expressions 1
and 2. (ii) Only negligible changes in the transition state
geometries and activation energies have been found using the
6-31G** basis set; this indicates that additional polarization
functions on hydrogens are not essential to obtain a reliable
description of these reactions. (iii) The inclusion of dynamic
correlation for reactants and transition states is essential, as
already pointed owuf to obtain reasonable values of the
computed activation energies. (iv) The energy barriers com-
puted with the DFT approach are strongly dependent on the
type of functional which is used. The best values have been
obtained with the hybrid functional B3LYP which provides

momethanes) the observed trend is determined by the radicaﬁcuva.t'on energies which are in better agreement.wnh th_e
experiment than the corresponding MP2 values, which are in

stability: even if the G-H bond energy slightly increases from . ;
bromor):wethane to dibromomethane,gt?l/e ragdic)él stabilityincreas;es""II cases quite overestimated. (V). The DFT gpproach can
more significantly and determines a lowering of the activation improve 5|gn|f|(?ant]y the wave function by reducing the effect
energy. of spin contamination as indicated by tE(values.

The diabatic model can also rationalize the change in _ INhese results suggest that, if a suitable calibration is chosen,
reactivity on passing from fluoro- to chloro- and bro- DFT-based methods can provide better energetics than tradi-

momethanes. To illustrate this aspect, a diabatic diagram, wheretional correlated methods (as MoltePlesset perturbation
we compare ChF,, CH,Cl,, and CHBr,, is shown in Figure the.ory).even if the geometrical results are very similar. .The
3. The diagram correctly predicts the irregular ordering of the calibration performed here suggests that the B3LYP functional
activation barrier on passing from fluorine to chlorine and C€an be used extensively to investigate this class of reactions.
bromine, i.e., the smallest activation barrier for £ and the Finally, we have demonstrated that the various results can
largest activation barrier for Gif,. On the basis of this  be rationalized using a simple diabatic model which can be
diagram, the transition state for GEl, must be more reactant-  derived from the results of reliable guantum-mechanical com-
like than for CHF, and CHBr,. This prediction is in agreement  putations on reactants and products and from easily available
with the values of th& parameter which, at the B3LYP level, experimental data such as bond energies. This model detects
are 0.940 for CHCI; and 0.944 and 0.946 for GH, and in the bond energies of the breaking and formingkCbonds
CH,Br,, respectively. It is interesting to point out that that in and in the different stabilities of the resulting radicals (computed
this case, the diabatic model can correctly predict the changeusing a homodesmic equation and quantum-mechanical total
in the transition state structure while the Hammond postulate energies) the key factors which determine the trend of reactivity
fails. On the basis of the relative exothermicities of the three observed for the various methane derivatives as well as the
reactions, the Hammond postulate would predict for,EHa change of the transition state character when more halogen

energies derived from the diagrams of Figures 2b and 2c ar
E,(CH,CI) > E(CH,Cl,) > E(CHCI,)
and
E,(CH;Br) > E(CH,Br,)

These trends again agree very well with the trends experi-
mentally observed. In the first case (chloromethanes), both
factors (radical stability and €H bond energy) concur to
determine the trend, as well as the structural features of the
transition state, which becomes more reactant-like as more
chlorine atoms are included in the substrate (the valu@ aff
the B3LYP level is 0.966, 0.940, and 0.921 for £H
CH.CI,, and CHC}, respectively). In the second case, (bro-
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atoms are included in the substrate or when the halogen varies-.; Salahub, D. R.; Depuis, M. Chem. Physl991, 95, 6050. (i) Fitzgerald,

from fluorine to chlorine and bromine.
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