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The potential energy surface of the reaction between chlorine atom and ethylene was explored at the MP2/
6-31G(d,p), Becke3LYP/6-31G(d,p), QCISD/6-31G(d,p), MP2/6-3G1d,p), MP2/6-311+G(3df,3pd), and
MP2/aug-cc-pVDZ levels of theory. Further QCISD(T)/6-31G(d,p) and QCISD(T)/cc-pVDZ optimizations
were performed for some structures of special interest. The geometrical parameters computed for the different
structures located on the potential energy surface do not differ too much when employing different methods
and basis sets with the only exceptions of those structures involving long distance interactions (van der Waals
structures). The pronounced flatness of the potential energy surface in the regions where these structures
appear seems to be the responsible for the observed discrepancies. The full optimized QCISD structures tend
to become less stable than those computed at the MP2 level, whereas the opposite is true for the Becke3LYP
structures. At the MP2 and QCISD levels, the transition structure associated with a direct shuttle motion in
the addition channel is too high in energy to be involved in the dissociation mechanism. The existence of two
bridged structuretadd (minimum) andTSadd (transition structure) on the potential energy surface helps to
explain the experimentally detected stereochemical control exercised by the chlorine atom in reactions involving
haloethyl radicals. Contrarily, the Becke3LYP calculations suggest a mechanism in which the direct shuttle
motion could play a relevant role, although the competing mechanism of rotation around-@ddhd is

lower in energy. The MP2 and QCISD abstraction channels also differ considerably from the Becke3LYP
one. However, in this case all the different potential energy surfaces seem to be consistent with the reported
experimental data on the activation energy and endothermicity for the abstraction reaction. The QCISD(T)/
aug-cc-pVDZ//IQCISD/6-31G(d,p) relative energies and barrier heights are consistent with the experimental
data available on exo/endothermicities and activation barriers for the addition and abstraction reactions.

Introduction of 22 kcal/mol* Therefore, at lower temperatures (say below
The reactions between halogen atoms and hydrocarbons are500 K) the reaction is dominated by addition (eq 2) to form a

of considerable importance because they take part in a numberChloroethyl radical, and at higher temperatures the addition

of processes of practical interest. Thus, it is well-known that reaction is less important and the abstraction reaction can be

thermal and hot reactions between halogen atoms and Oleﬁ”iczﬁffﬁ;rilé?ﬁnt?cl,%’v ?(;ltjglle?eilgicrtﬁi;n tltqgeacggtfgcr:%?]déﬁ;%;t be
molecules play a relevant role in recoil chemistry since these observed){ P
species are frequently utilized as scavendefbe processes ’

involved in the incineration of hazardous halogenated wastes !t Nas also been stressed that in chiorine atom reactions with
or in the combustion of chlorine-containing fuel contaminants Unsaturated hydrocarbons, HCI production can also occur via

and the reactions of chlorine atoms with methane intervening " addition-elimination mechanisi' but the activation energy

in the cycle of stratospheric ozone layer destructiare also .

good examples. Also, these reactions represent loss processes Cl+CH,— CH,ClI —HCI+ C,Hge 3)

for chlorine atoms and nonmethane hydrocarbons in the

atmospheré;” thus causing changes in the atmospheric com- estimated for the elimination process is too highs0 kcal/
pOSition that can alter the Stabl“ty of the environment. Particu- m0|)_1 Other Secondary reactions may p|ay a relevant role in
larly, the reaction between chlorine and ethylene proceedsthe kinetics of these reactions at different experimental condi-

through two competitive channels: tions!! Particularly, the possible formation of two different
radicals: 1-chloroethyl radical G&ICHe and 2-chloroethyl
Cl+ CH,— CHype + HCI (1) radical CHCICHjs, should also be considerés.
From a theoretical viewpoint, a number of recent works have
Cl + CH, (+ M) — CH,Cle (+ M) @) shown that ab initio methodologies as applied at a high level

(nowadays affordable as a consequence of the remarkable
While the abstraction reaction (eq 1) is an endothermic processperformance of the more and more powerful workstations,
(5—6 kcal/mol}-8 with an estimated activation energy of-3 clusters, and supercomputers, within the sixth generation of
kcal/mol?~12 the chlorine addition to ethylene (eq 2) occurs computersy do provide quite useful information on the addition
readily having little or no activation barrier and an exothermicity and abstraction reactions between radicals and organic com-
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pounds, thus nicely complementing the experimental datathe 1,2-migration (around 6 kcal/mol). On the basis of MP2
available!® An especially important contribution from these calculations, Guerfa concluded that, although the shuttle
theoretical works is the location and characterization of inter- motion is likely in 2-chloroethyl radical (the symmetrically
mediate complexes on the potential energy surface (PES) asbridged?A; structure is 7.3 kcal/mol below the dissociation limit
they can be responsible for the negative activation energiesand 13.3 kcal/mol higher than the anti structure of the,CH
derived from the kinetic experimental studi€sviozurkewich CICHye radical), the experimentally observed stereochemical
and Bensotf used the RiceRamspergerKasse-Marcus control of small entity exercised by the chlorine atom could be
(RRKM) theory” to develop quantitative expressions for the due to the high population of the eclipsed rotamer of the-CH
rates of reactions that have negative activation energies for theCICHge radical in conjunction with the nonplanarity of the
cases corresponding to a reaction profile presenting a minimumradical site and/or steric hindrance of {hesubstituerf® rather
associated with the formation of a stable intermediate complex than due to shuttling? More recently, Knyazev et &l.studied
between two transition states, the first one loose and the secondhe kinetics of the unimolecular decomposition of the ,£H
one tight (the tight transition state should have a significant CICHze radical. Their PMP4/6-31G(d,p)//UMP2/6-31G(d,p)
threshold energy with respect to the intermediate but may havecalculations indicate that there is no transition structure on the
a negative potential energy relative to reactants). Rayez and cofwo possible pathways (symmetric and unsymmetric). Calcula-
workerd39recently extended the RRKM treatment to deal with tions of lhee et a#? [local MP2 and DFT using the LAV3P
bimolecular reactions in which two intermediate complexes are relativistic effective core potent®&lfor describing the chlorine
formed. The location of these weakly bound complexes on the atom and the 6-31G(d,p) basis set for hydrogen and carbon
PES has also an intrinsic theoretical interest: as stressed@toms] seem to confirm the Skell hypothesis of symmetric
elsewheréd? it is strictly needed to avoid serious topological Pridging* (they locate a symmetrically bridged structure 10.5
inconsistencies in the computed PES. Indeed, in the work by kcal/mol below the dissociation limit at the Becke3LYP level
Schlegel and Soé%on the reaction between chlorine atom and  ©f theory) to explain the stereochemical control of haloethyl
ethylene, these authors reported a transition structure located@dicals, concluding that bridged structures play an important
at the HF/6-31G(d) level for the addition reaction 2, which is Tolé in the dissociation processes involving the ;CKCHzs
lower in energy than reactants. Such a situation is only possibleradical.

if an intermediate complex between the reactants and the In this paper, we report the results of an extensive exploration
transition structure exists; this transition structure does not Of the PES for the reaction between chlorine atom and ethylene
connect reactants and products but the intermediate complexcarried out at different theoretical levels. Our objective is two-
with products. This latter point is sometimes rather difficult to fold: () to obtain theoretical data accurate enough to be useful
show since the intrinsic reaction coordinate (IRC) techriigue to tackle further kinetic and thermodynamic theoretical studies
usually does not work properly when weakly bound systems 0 complement the existing information on the temperature and

are involved (partly due to numerical problems associated with Pressure dependence of these reactions and (b) to analyze the
that weakness): advantages and drawbacks of some of the most popular

theoretical methods (with different basis sets) available to plan
further computational studies on systems that because of their
complexity (size) can only be studied at a given (not too
sophisticated) level of theory.

Several ab initio theoretical studies have been carried out on
the reaction between ethylene and chlorine atom. As mentioned
above, Schlegel and Sd8#pcated a chlorine addition transition
structure at the UHF level and concluded that the 2-chloroethyl
radical adopts an antiperiplanar conformation with a rotation
barrier of 4 kcal/mol. Hoz et & located two symmetrically
bridged Cz,) structures [the first one’,) about 13 kcal/mol The PES for the reaction between chlorine atom and ethylene
above the dissociation limit and the second ote)less than  was explored at different theoretical levels including several
1 kcal/mol more stable than the dissociation products] and one methods: MgllerPlesset perturbation theory (MP2, MP4),
unsymmetrically bridged (£ structure (about 1 kcal/mol more  quadratic configuration interaction (QCGf,and density func-
stable than the dissociation products) at the UHF level. When tional theory (DFT)2 as well as different basis sets: Popt8’s
these authors computed the energy profiles corresponding t06-31G(d,p), 6-31+G(d,p), 6-31#+G(3df,3pd), and Dun-
the?B, and?A; states at the configuration interaction (Cl) level ning’s34 aug-cc-pVDZ. All the geometry optimizations were
using a multiconfigurational (MCSCF) wave function, only a carried out at the MP2/6-31G(d,p), Becke3LYP/6-31G(d,p),
very shallow minimum at a large-€Cl distance was located.  QCISD/6-31G(d,p), MP2/6-3HG(d,p), MP2/6-31%+G(3df,-
Furthermore, it disappears when a planar structure 61, & 3pd), and MP2/aug-cc-pVDZ levels of theory, thus allowing
forced. Such a loose association of a chlorine atom and anus to analyze the performance of the different methodologies
ethylene molecule might be either a transition structure or a and basis sets for computing PESs of this type of reaction
molecule-radical z-complex intermediate in an eliminatien involving radicals. QCISD(T)/6-31G(d,p) and QCISD(T)/cc-
readdition mechanism for the 1,2-shift.One of the most pVDZ optimizations were also undertaken in some specific cases
complete studies for the present was carried out at the multi- (see next section). In the case of the larger basis sets [¢311
reference single- and double-excitation (MRD-CI) level by (d,p), 6-31%+G(3df,3pd), and aug-cc-pVDZ], single-point
Engels et af® Two dissociation pathways leading to GEICH,e calculations at the MP4SDTQ, Becke3LYP, and QCISD(T)
were explored: the direct path involving an unsymmetrical levels were performed as well. The reliability of these single-
intermediate and a two-step path involving a local symmetric point calculations were assessed by employing the 6-31G(d,p)
minimum (which is at the same time, according to these authors, basis set, for which geometry optimizations at the higher levels
the transition state for the 1,2 migration), followed by the of theory were affordable.
pathway to the absolute asymmetric minimum (2-chloroethyl  All the structures located on the PES were characterized at
radical), which is part of the shuttling moti#Heading to CH- the MP2/6-31G(d,p) and MP2/6-315G(d,p) levels of theory
CzH4. The activation energy for rotation about the-C axis is by computing the corresponding Hessian matrix, examining the
calculated to be around 4.3 kcal/mol, comparable to that for number of imaginary frequencies from it.

Theoretical Methods
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CH,CICH;» CH;CICH. TSm TSr

Pvdw TSvdw

Figure 1. QCISD/6-31G(d,p) geometrical parameters for all the structures located in this work (see Table 1 and Fig@&$ &1Supporting
Information for the geometrical parameters as computed at other levels of theory). Bond distances are given in angstroms, and angles are given in
degrees.

It is well-established that the use of spin annihilation ones studied in the present work. In any case, since the
techniques to generate spin projected energies is mandatory fointermediates located in the present work are quite strongly
calculations on both reaction energies and barrier heights. bound (see below), it is not expected that the BSSE correction
Unless otherwise stated, all the energy values reported in thiswould convert them into unstable structures.
work correspond to spin projected calculations. All the calculations were carried out using the GAUSSI-

Basis set superposition errors (BSSE) were not taken into AN944° and GAUSSIAN98! packages of programs.
account in the present work by two reasons: (a) In agreement

with a number of previous papers on quite different systé&ms,
recent works on the reactivity of radical addition to alkenes
conclude that the values of BSSE [as estimated by the For the sake of simplicity, only the structures optimized at
counterpoise procedure (CP)tlo not converge within the size  the QCISD/6-31G(d,p) level are presented in Figure 1: it
of basis sets employed and, what is still worse, the correctionsincludes the structures for the addition channel (prodd@&sy,

of the barrier height values for the calculated BSSE drastically ladd, TSadd), a symmetrically bridged structurd@ $sb), the
deteriorates the agreement with experiméntThese anomalies  transition structureTSr) for the rotation around the-©C bond

must be ascribed in part to the overcorrection of the CP method of the 2-chloroethyl radical, and the structures involved in the
when applied at correlated levels due to excitations to physically abstraction channel (productsbs, TSabs Pvdw, TSvdw).
artifactual excited states involving ghost orbit&l88 (b) The Table 1 collects the most representative geometrical parameters
BSSE does not affect the calculation of barrier heights in the for these structures as computed at the different levels of theory
case of processes involving intermediate compléxidee the employed in this work, and Figures S$11 of Supporting

Results and Discussion
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TABLE 1: Most Significant Geometrical Parameters as Computed at the Different Levels of Theory Employed in This Work

SYSTEM PARAMETERS MP2 Becke3LYP QCISD*

6-31G(d,p) 6-311+G(d,p) 6-311++G(3df,3pd) aug-cc-pVDZ 6-31G(d,p) 6-31G(d,p)

Ree 1.335 1.339 1.332 1.349 1.330 1.337
Reu 1.081 1.085 1.081 1.093 1.087 1.082
CH, (D) o 121.6 121.4 121.3 121.3 121.8 121.7
Ruat 1.269 1273 1.272 1.288 1.287 1272
HCI(C..,)
Renn Ree 1.288 1.289 1.281 1.299 1310 1319
Rent 1.077 1.081 1.076 1.090 1.083 1.079
Rewz 1.086 1.091 1.087 1.099 1.095 1.088
C;Hjs (C) Reus 1.082 1.086 1.082 1.094 1.090 1.084
Rea 1.817 1.816 1.813 1.845 1.892 1.831
Ree 1.474 1.477 1.470 1.479 1.460 1.476
Reui 1.086 1.089 1.084 1.097 1.089 1.086
Rz 1.078 1.082 1.077 1.090 1.084 1.080
o 111.4 110.9 110.4 110.1 1105 1112
Rea 1.718 1716 1.704 1.736 1.736 1.724
Rec 1.485 1.488 1.481 1.492 1.485 1.490
Ren 1.094 1.099 1.094 1.106 1.102 1.096
Rem 1.089 1.093 1.099 1.101 1.096 1.091
Rews 1.089 1.093 1.088 1.101 1.095 1.090
Ren 1.078 1.082 1.077 1.091 1.083 1.079
Rea 1.746 1.741 1.729 1.762 1.781 1.752
Rec 1472 1.475 1.469 1.479 1471 1.478
Reut 1.077 1.081 1.077 1.089 1.083 1.079
Rehz 1.079 1.083 1.078 1.091 1.086 1.080
Ren 1.080 1.083 1.078 1.091 1.085 1.080
Remn 1.300 1.306 1.301 1.315 1.326 1.315
Reom 1.266 1.279 1.272 1.286 1.287 1.283
o 70 69.6 69.6 69.3 68.5 69.3
Rea 1.785 1.783 1.778 1.805 1.817 1.778
Ree 1.485 1.488 1.481 1.492 1.482 1.489
Rem 1.091 1.095 1.090 1.102 1.097 1.092
Rewz 1.075 1.080 1.075 1.088 1.082 1.078
Res 1.078 1.083 1.078 1.091 1.085 1.080
o 112.3 1122 1122 111.8 112.6 1122
Reay 2.683 2.634 2.531 2.566 2.807 (2.745) [2.761]
Rece 1.351 1.355 1.355 1372 1.347 (1.354) [1.363]
Reu 1.080 1.084 1.079 1.092 1.081 (1.082) [1.098]
o 292 29.8 311 31.0 27.8 (28.5) [28.6]
Reia 2.738 2.680 2.607 2.638 2.881 (2.847) [2.841]
Raa 2.383 2.359 2324 2.350 2.502 (2.498) {2.496}
Rec 1.345 1.350 1.355 1.362 1.357 (1.360) [1.370]
Rem 1.079 1.083 1.078 1.091 1.081 (1.082) [1.097]
Rez 1.079 1.083 1.079 1.091 1.081 (1.082) [1.097]

o 29.4 30.2 31.0 31.0 28.1 (28.5) [28.8]
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TABLE 1: (Continued)

SYSTEM PARAMETERS MP2 Becke3LYP QCISD*
Rea 1.952 1.918 1.978 2.074 2.067
Ree 1.525 1519 1.535 1.538 1532
Ren 1.083 1.079 1.091 1.084 1.081
o 46.0 46.6 457 435 435
Reai 1.958 2.653
Rec 1522 1356
Ren 1.080 1.084
TSsb (Cyy) o 457 29.6
Ruar 1279 1.286 1301 1.279
- 2232 2.110 2.125 2308
Ree 1.283 1.279 1.296 1318
Rew 1.077 1.070 1.089 1.079
Ram 1.082 1.083 1.094 1.083
Rems 1.086 1.087 1.099 1.088
Ruai 1382 1.392 1393 1.398 1.396
Ruc 1.489 1.470 1.462 1.495 1.474
Ree 1.284 1.285 1278 1.294 1319
Remt 1.079 1.083 1.078 1.091 1.080
Rem: 1.081 1.086 1.082 1.098 1.082
Rems 1.085 1.090 1.086 1.093 1.086
Ruct 1.277 1.280 1.281 1.298 1.208 1276
Ruci 2.503 2.546 2.460 2.448 2.390 2.565
Ruc2 2.503 2.566 2.416 2414 2503 2.621
Ree 1.291 1.290 1.283 1301 1313 1321
Rem 1.077 1.081 1.077 1.090 1.083 1079
Remz 1.087 1.092 1.087 1.099 1.095 1.088
Rems 1.082 1.087 1.083 1.094 1.090 1.084
Pdw (C ) o 86.6 78.3 87.1 87.3 82.1 81.6
Rem
Ruct 1278 1.281 1.281 1.297 1.300 1.278
Ruc 2253 2.276 2.255 2.236 2263 2253
Rec 1.287 1.287 1.280 1.297 1312 1.287
Rewt 1.077 1.081 1.076 1.090 1.083 1077
Roi 1.082 1.087 1.083 1.094 1.090 1.082
Rens Roms 1.086 1.092 1.087 1.099 1.095 1.087
TSvdw (C, or Cy o 22.9 0 333 316 67.6 229

aValues in parentheses and brackets correspond to QCISD(T)/6-31G(d,p) and QCISD(T)/cc-pVDZ results, respedtwajgometries are
depicted in Figures S1S11 of Supporting Information. Bond distances are given in angstroms and angles are given in degrees.

Information contain the corresponding drawings. Table$ 2 basis sets do not differ too much in the case of reactantdJC
collect the energies relative to reactantsH¢and ClI) for all products (CHCICHze, CH3CICHe, C;Hze), transition structures
the structures collected in Table 1 (and depicted in Figures S1 for the 1,2-hydrogen shiftlSm), transition structures for the
S11 of Supporting Information). The corresponding absolute rotation around the €C bond {'Sr), and transition structures
energies, the expectation values of tieoBerator (providing for abstraction TSabg. Discrepancies of 0.08 A for the-€Cl
information on the spin contamination), and the unprojected bond, 0.03 A for the H(HCH-C bond, 0.04 A for the €C
MP2 [6-31G(d,p), 6-311G(d,p), 6-31%+(3df,3pd), and aug- bond, and 0.01 A for the €H bonds are detected. Inclusion of
cc-pVDZ] absolute energies are included as Supporting Infor- diffuse and polarization functions [6-311#G(3df,3pd)] leads,
mation (Tables StS8). in general, to shorter €C and C-Cl bond lengths while

I. Geometries. Broadly speaking, according to Table 1, the Dunning’s aug-cc-pVDZ basis set usually renders larger bond
geometrical parameters as computed with different methods andengths than Pople’s 6-31G(d,p). Regarding methods, QCISD
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TABLE 2: Energies (Relative to Reactants) in kcal/mol for Intermediates, Transition Structures, and Products of the Reaction
between Ethylene and Chlorine Atom as Computed at Different Theoretical Levels Using the 6-31G(d,p) Basis Set

system MP2 Becke3LYP QCISD QCISD(Tf MP4SDTQ Becke3LYP QCISD(TY QCISD(T)/aug-cc-pVDZ
ladd —5.6 -3.3 —4.1 —4.3 -13.2 —4.1 -7.0
TSadd -6.3 -3.0 -35 -0.9 -135 -39 -75
TSabs 16.0€3.8) 18.4 18.3 22.3 9.3 17.2 11.2
labs 14.3 15.0 15.6 19.8 11.2 14.6 9.9
TSvdw 14.4 10.9 15.1 15.6 19.8 11.3 14.7 115
Pvdw 13.8 10.9 14.9 15.4 19.3 11.5 14.5 9.7
EZCng- } 17.1(-3.9) 14.4¢49) 176 18.3 227 14.9 17.4 13.1
CHCICHe  -21.3(1.2) -23.1(0.6) —182  —18.2 -18.4 —23.0 -18.0 -19.1
TSm 283(16) 246(21) 342 33.2 33.3 25.1 33.0 28.5
CHCICH» -17.3(1.1) -195(0.7) —141  —14.1 -145 -18.9 -14.2 ~16.6
TSr -15.3(0.2) -16.4(-02) -121  —11.9 ~12.4 -16.2 -12.0 -145
TSsls 49.0(0.1) —13.2(0.7) 52.6 52.3 55.2 42.7 50.4 44.8
Msb 40.6 (2.2)

aThe MP2 and Becke3LYP zero-point energies (relative to reactants and estimated by using the harmonic oscillator model) are given in parentheses
(kcal/mol) for all the structures except those weakly botridio Hessian matrix was computed at the QCISD level of theb®mngle-point calculations
on the MP2/6-31G(d,p) geometrigsSingle-point calculations on the QCISD/6-31G(d,p) geometfigbe Becke3LYP TSsb is 2A; while the

rest of TSsb aréB..

tends to provide longer €C bonds than MP2 and DFT.
However, DFT systematically predicts longerCl bonds than
MP2 and QCISD.

When considering structures involving long-distance interac- gg¢

TABLE 3: Energies (Relative to Reactants) in kcal/mol for
Intermediates, Transition Structures, and Products of the
Reaction between Ethylene and Chlorine Atom as Computed
at Different Theoretical Levels Using the 6-31%G(d,p) Basis

tions, the discrepancies are more notorious as can be seen in

Table 1 (see structuréadd, TSadd, labs, Pvdw, andTSvdw). system MP2  QCISD(F) MP4SDTQ BeckesLYP
Thus, for example, one of the-@Cl bond distances in the  ladd —6.1 —4.8 —4.9 —11.9
transition structurd Sadd of the addition pathway (see Table $§Zgg _5'269 _i':' 8 _11'2 6 _11'2 5
1) changes from 2.738 A when computed with the 6-31G(d,p) labs ' ' ' '
basis set to 2.607 A when the extended 6-83+15(3df,3dp) TSvdw 11.4 12.2 16.2 9.8
basis set is used at the MP2 level. Similar discrepancies are Pvdw 11.0 12.1 15.9 10.2
pb?elglledlﬁhe?henéplglyit?g (cjiif(;_ertent metf;cgjoé(égies astsgown (l':ij?_:s } 13.9 14.7 18.8 12.6
in Table 1 for the G- ond distances of Sadd compute ° B B B B
with MP2 and QCISD methods. This is a direct consequence ?SanCICH' %24'% 129980 12'973 2%23
of the flatness of the PES in the regions of large intermolecular cpicicH, -184  —16.1 —16.2 ~16.9
distances. However, predictions on the relative orientations of Tsr —16.4 —13.9 -14.1 —14.2
45.0 47.8 50.3 44.6

the two interacting species (see the values of different angles Msb
in Table 1 forladd, TSadd, labs, Pvdw, andTSvdw) are quite
similar for all levels of theory employed, the only exception
being the Becke3LYP/6-31G(d,p) method (see specialy
vdw). Furthermore, a number of structurésdd, TSadd, labs,

TSabg located at the MP2 and QCISD levels are not present at Different Theoretical Levels Using the

on the DFT PES. The MP2/6-3315(d,p) level also deserves

6-311++G(3df,3pd) Basis Set

2 Single-point calculations on the MP2/6-3t®G(d,p) geometries.

TABLE 4: Energies (Relative to Reactants) in kcal/mol for
Intermediates, Transition Structures, and Products of the
Reaction between Ethylene and Chlorine Atom as Computed

further comments on this regard (see below).
Il. Energies. The general trend (although with exceptions)

system

MP2

QCISD(TP MP4SDTQ@ Becke3LYP

observed for the relative energies of the structures located on ?dedd :1%3 :;-g :g-g :g-cl)
the PES can be summarized as follows: (a) The (full optimized) a : ; ’ )
TSabs 8.7 11.0 14.0 7.1
QCISD structures tend to become less stable than those gpg 8.1 91 124 79
computed at the MP2 level while the opposite is true for the TSvdw 8.2 9.3 12.6 8.4
DFT structures (see Table 2). (b) For the series of Pople’s basis Pvdw 7.8 9.1 12.3 8.5
sets, the structures become more stable as one uses moréiCl } 11.3 12.2 15.6 10.6
. . i 238
exte_nded bas_es. Dunning’s auq cc-pvDZ baS|s_ set rendersCH3CICH. 57 226 229 226
relative energies closer to Pople’s extended basis sets resultsyg, 20.0 250 247 241
(see Tables 35). (c) Single-point QCISD(T) and MP4SDTQ  CH,CICH,» —21.8 ~188 ~19.1 ~18.4
calculations give, in general, less stable relative energies than TSr —-20.0 —16.8 -17.3 —-16.0
38.8 43.3 44.6 41.4

MP2, whereas single-point DFT relative energies are usually Msb

more stable (see Tables-8). 2No Hessian matrix was computed at the MP2 level of theory.
QCISD(T)/6-31G(d,p)//MP2/6-31G(d,p) single-point calcula- b Single-point calculations on the MP2/6-3%4+G(3df,3pd) geometries.
tions render relative energies similar to the QCISD/6-31G(d,p)
ones. Also, Becke3LYP/6-31G(d,p)//MP2/6-31G(d,p) and interacting through long distance (van der W&&if)rces (see
Becke3LYP/6-31G(d,p) relative energies are rather similar. This structuresladd, TSadd, labs, Pvdw, and TSvdw) the above
confirms our previous observation (see previous section) that, results suggest that the PES must be rather flat. Indeed, Table
in some cases, there are only small changes in geometries wherdl shows that there is a remarkable reduction in the H(HCI)
using different methodologies. In the case of the structures distance when passing frorabs (2.232 A) to TSabs (1.489
involving two fragments (HCI and #£lz; Cl and GH,) A); however, the relative energies in Table 2 for both structures
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6-31G(d,p)], a second-order saddle point (with two imaginary
frequencies). OufB, minimum structure, located at different
theoretical levels (seesb in Tables 1-5), cannot be identified
with the flat minimum reported by Guerra (while GuerréBs

TABLE 5: Energies (Relative to Reactants) in kcal/mol for
Intermediates, Transition Structures, and Products of the
Reaction between Ethylene and Chlorine Atom as Computed
at Different Theoretical Levels Using the Aug-cc-pVDZ Basis

Set
minimum is about 0.3 kcal/mol stable to dissociation, &8y
system MP2__ QCISD(F) MP4SDTQ Becke3LYP minimum is about 46-50 kcal/mol higher than the dissociation
!?dedd 71%((5) *;-Z *g-g *ﬁ-g limit). In any case, ouPB, minimum structure is too high in
al —10. — /. —. —12. L . . .
TSabs 102 125 16.2 71 energy as to play any significant role in the reaction mechanism.
labs 9.7 10.8 14.7 8.8 On the other hand, we were unable to locate, at the MP2/6-
TSvdw 9.8 10.9 14.9 9.3 31G(d,p) level, the bridged radical reported by lhee et al. in
Pvdw 9.2 10.6 14.3 9.6 their LMP2/LAV3P study?® It is a C structure and consequently
g?_: } 13.0 14.0 18.0 11.8 differs from those C,,) reported by Guerfaand ours (setadd
213® . ..
CH.CICHe  —218  —19.0 191 214 in Table 1). Moreover, the Becke3LYP/LAV3P minimum
TSm 24.0 28.7 28.7 24.3 structure reported by Ihee et@lcoincides basically (both from
CH,CICHze  —19.4 —-16.6 —-16.8 —18.4 the geometrical and energetic viewpoints) with our Becke3LYP/
TSr —-17.3 —14.4 —14.7 —15.7 6-31G(d,p) structurd Ssh.
Msb 43.9 46.9 49.7 41.7

IV. Rotation around the C—C Bond. The rotation around
the C-C bond in 2-chloroethyl radical competes with the 1,2
migration motion mentioned in the previous section. Table 1
are not too different, thus evidencing the flatness of the collects the most representative geometrical parameters of the
corresponding regions on the PES. On the other hand, the goodransition structure associated with such a rotation as computed
agreement between the QCISD/6-31G(d,p) and the QCISD(T)/ at different theoretical levels. The experimental barrier, obtained

a Single-point calculations on the MP2/aug-cc-pVDZ geometries.

6-31G(d,p)//QCISD/6-31G(d,p) (see Table 2) seems to indicate from ESR measurements, is 4.0 kcal/fiblEngels et af3

that the considerable effort required to carry out QCISD(T)
optimizations is barely justified for these systethtndeed, the
QCISD(T)/6-31G(d,p) optimizations carried out fladd and

computed (MRD-CI) a value (without optimization of the
transition structure) of 4.3 kcal/mol while the MP4/6-311G-
(d,p)//MP2/6-31G(d) barrier is 2.1 kcal/m¥l.lhee et aP®

TSaddrendered an energy barrier (see Table S1 of Supporting reported the values 1.8 (LMP2) and 3.5 (Becke3LYP) kcal/mol.
Information) and geometries (see Table 1) rather similar to those Our higher theoretical level estimate for the rotational barrier

obtained at the QCISD/6-31G(d,p) level.

The highest level employed in the present calculations
[QCISD(T)/aug-cc-pVDZ//QCISD/6-31G(d,p)] implies the use
of quite sophisticated post-HartreEock methodologies (coupled
cluster theory¥* and basis sets specially designed to be used in

[QCISD(T)/aug-cc-pVDZ//QCISD/6-31G(d,p)] is 2.1 kcal/mol
(see Table 2). Furthermore, data in TablessZhow that our
computed barrier lies between 1.8 [MP2/6-31G(3df,3pd)]

and 3.1 kcal/mol [Becke3LYP/6-31G(d,p)], lower than the ESR
estimated value and in good agreement with those of Ihee et

correlated calculations (Dunning’s correlation consistent basis al.?8

sets)3 This level of theory seems to be appropriate to compute
transition state geometries and energies for radical reactions.

Il. Bridged Structures. The unexpected preponderance of
1,2-dibromobutane in the product mixture from the radical
bromination of 1-bromobutad® was attributed to a rate-
enhancing effect of the bromo substituent on the vicinal position.
Skell and co-workers interpreted this result by invoking a
bridged radicaf

Two kinds of symmetrically bridged(,) structures were
located on the PES: (a) 78, structure was located at the MP2
and Becke3LYP levels of theory. The analysis of frequencies
showed that while the MP2/6-31G(d,p) structure is a transition
structure, the MP2/6-3H1G(d,p), MP2/aug-cc-pVDZ and
Becke3LYP/6-31G(d,p) structures are minima (3&sb and
Msb in Tables 1-5). (b) A ?A; structure with no imaginary
frequencies (minimum) was located at all levels of theory (see
ladd in Tables 1-5) but for the Becke3LYP/6-31G(d,p) level.
A transition structure?@;) was located at this latter level (see
TSshin Tables 1 and 2).

IRC calculation®’ demonstrated that tHESsbstructures (both
2A; and?B,) connect the two possible 2-chloroethyl radicals
via a shuttle (or rocking¥ motion (1,2 migration). The MP2/
6-31G(d,p) transition structufESsb(?B,) is too high (66.3 kcal/
mol with respect to ChCICH,), but the Becke3LYP/6-
31G(d,p) barrier4Ay) is only 6.3 kcal/mol.

Our 2A; minimum structure ladd) corresponds to that
previously reported by Guerfi. However, the very flat
minimum structure4B,) located by Guerra (MP2 calculations
using doubleZ plus polarization and bond functions) at large

V. 1,2 Hydrogen Shift. The most stable form of the
chloroethyl radical is the 1-chloroethyl radical (see Table§2
Table 1 collects the most representative geometrical parameters
of the two radicals involved in the 1,2 hydrogen shift ($H
CICHe and CHCICHe) as well as the transition structufeEm)
connecting them as computed at different theoretical levels. The
TSm transition structure has no symmet@) and the different
theoretical levels employed provide rather similar geometrical
parameters: EH—C ~ 69—70°, H—C; ~ 1.300-1.315 A, and
H—C, ~ 1.266-1.287 A (see Table 1). The computed barrier
height (relative to the 2-chloroethyl radical) does not exhibit a
strong dependence on the method employed, oscillating between
the 42-48 kcal/mol range (see Tables—3). The same
conclusions apply to the geometries of the two radicals and their
relative energies as can be seen from inspection of Tabiés 1

According to Barat et & the barrier height for the
interconversion between 1- and 2-chloroethyl radicals is 38 kcal/
mol. This value was estimated as the sum of the relative stability
of the two radicals (4 kcal/mol), ring strain (27 kcal/mol), and
the barrier for abstraction of hydrogen by a carbon radical (7
kcal/mol). The agreement with our computed values for the
barrier (42-48 kcal/mol) and the relative stability (2-3.1 kcal/
mol) is rather good.

VI. Mechanistic Aspects. The geometrical and energetic
information of the PES for the reaction between chlorine atom
and ethylene presented in previous sections allows us to
determine the mechanism through which such a reaction
proceeds. The topology of the PES indicates the existence of
two main pathways, namely, the addition and abstraction

C—Cl distances represents, according to our calculations [MP2/ channels.
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CICH,

Figure 2. Addition channel for the reaction between ethylene and chlorine atom as computed at the MP2/6-31G(d,p) level of theory. The QCISD
PES is similar to the one depicted in this figure (althoughTBsb structure was not characterized because no Hessian matrix was computed at
this level). MP2/aug-cc-pVDZ calculations provide a similar PES except folf 88b structure that becomes a minimum and consequently does

not connect the two equivalent GEICH radicals anymore.

- o

Cl+CH,

Figure 3. Addition channel for the reaction between ethylene and chlorine atom as computed at the Becke3LYP/6-31G(d,p) level of theory.

Vla. Addition Channel. Some preliminary results [MP2/6-  tions [QCISD(T)/6-31G(d,p) and QCISD(T)/cc-pVDZ optimiza-
31G(d,p) and QCI/6-31G(d,p) results in Table 2] have been tions were also carried out fdadd and TSadd; see below]
reported elsewher®.Therefore, only a brief comment on the and Figue 3, the corresponding one from DFT (Becke3LYP)
mechanistic aspects emerging from Figure 2, emphasizing thecalculations.
new results obtained, is presented here. According to the MP2 and QCISD calculations, as the

Figure 2 shows a simplified qualitative scheme representing ethylene and chlorine atom approach each other they form a
the addition channel arising from the MP2 and QCISD calcula- stable molecular association wittz, symmetry (symmetrically
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bridged structure;jladd) which is connected through € particular case where the barrier associated Whadd is quite
transition structure (asymmetrically bridged structur&add small.

or TS'add) with the 2-chloroethyl radical. It is important to Up to now, we considered the potential energy surface. It is
remark at this point that the presencdand is strictly needed well-known that, even though there is no general agreeftent,
from a topological point of view becausEéSadd is lower in it has been sometimes suggested that the activated state should

energy than the reactants (see the negative value of the relativébe defined instead with reference to a free energy surface. In
energy of this structure in Table 2). The fact th&add resulted such a context, it can be argued, from a qualitative viewpoint,
lower in energy thatadd at some levels of theory (for example, that the zero-point energy correction will tend to mdeeld
at the MP2 level; see Tables-3) is an artifact arising from aboveTSadd because this latter structure loses one vibrational
spin contamination. Indeed, examination of the spin unprojected mode with respect ttadd. However, it should be also expected
MP2 energies fofadd andTSadd (see Table S8 of Supporting  that the entropy contribution will act in the opposite direction
Information and ref 50) demonstrates that, as topologically (increasing the barrier) dadd is a much more loosely bound
required (optimizations are performed on the spin unprojected Structure tharTSadd. Unfortunately,ladd is a weakly bound
PES),ladd is always lower in energy thahSadd. system (see its geometry in Table 1). Therefore, intermolecular
The two possible equivalent conformations of the 2-chloro- ViPrations are extremely anharmoriicand the standard ap-
ethyl radical are connected throughCa, transition structure proach to compute the zero-point energy corrrection and the

(TSsh 2B, symmetrically bridged structure) located at the MP2/ V|brat|onal part of the entropy contnbupon, namely, the
6-31G(d,p) level (an extensive search for?A; transition harmomc osu!lator model, is not plausible. In any case,
structure corresponding to a direct shuttle motion was unsuc- according to Singleton and Cvetanovicor a mechanism of

cessful). The energy barrier associated with this structure is toothe adqlltlon reaction like the one propo_sed here_, W'.th previous
o . formation of a loosely bound complex without activation energy
high in energy (49 kcal/mol) as to represent a plausible . L
interconversion pathway (shuttle or rocking motion) connecting (ladd) and its further conversion into products through a
. . . . transition structureT{Sadd) lower in energy than reactants, the
the two possible classical nonbridged 2-chloroethyl radicals. The Sadd) 9y !

. . global activation energy does not depend on the energy
same argument applies to the corresponding QCISD Structure jitterence betweeSadd andladd. It depends on the energy
provided it were a transition structure (no Hessian matrix was

- . <2 difference betweeMSadd and reactants (see eq VI and the
computed at this level). The stereochemical control exercised s\ ,ssion on negative activation energies in ref 15). The

by the chlorine atom reported in experimental studies on important point is the presence of structutedd and TSadd,
reactions involving haloethyl radic4fscan be explained by the and, as discussed above, our MP2, QCISD and QCISD(T)
presence of the two bridged structutadd andTSadd located calculations support it (work in progress, involving calculations
at both MP2 and QCISD levels on the addition path#y. 5t the CASSCF and CASSCF MP2 levels, does provide
Consequently, the shuttle motion need not be invoked in the aqgitional support).

present mechanism unless one would consider that starting at 11,4 wwo minima rotamers (anti conformations of the 2-chlo-
the global minimum (CHCICH:), going V|a’TSadd to ladd roethyl radical) are connected through the transition structure
and then fromadd back to CHCICH» viaTS'add (see Figure  1g; (or TS'r) which represents a relatively low energy barrier

2) is a kind of “indirect shuttle motion™ In any case, it (14 kcal/mol; range of values based upon the theoretical and
represents an alternative to the direct shuttle motion associate xperimental estimates).

with TSsh. Interestingly, the MP2/6-31G(d,p) and MP2/aug-

. o It is interesting to mention that there is a more stable form
cc-pVDZ PESs do not contain any transition structligsb 9

. . . of the formed radical: the 1-chloroethyl radical (see Tables
(as mentioned previously, the corresponding structures on thesez_s) However, the energy barrieT$m) to pass from the

PESs were characterized as minirsb, when computing the 2-chloroethyl radical to the 1-chloroethyl radical is quite high

Hessian matrix). [45.1 kcal/mol at the QCISD(T)/aug-cc-pVDZ//QCISD/6-31G-

It must be pointed out that the barrier heigh} @ssociated  (d,p) level of theory]. Therefore, our calculations suggest that
with TSadd (h = TSadd — ladd) is very small. Indeed, Table  consideration of thermal decomposition of the more stable
2 shows that QCISD/6-31G(d,p) optimizations predict a barrier 1-chloroethyl radical in kinetic studies of the €IC;H,4 reaction
of only 0.3 kcal/mol that disappears when performing single- is not required, in agreement with predictions based upon
point QCISD(T)/aug-cc-pVDZ//QCISD/6-31G(d,p) calculations. qualitative assessments of the barrier height associated with
Since we are dealing with rather small energy differences, we TSm.12:49
decided to perform QCISD(T) optimizations using 6-31G(d,p)  The PES predicted by the DFT (Becke3LYP) method is
and cc-pVDZ basis sets [no analytical gradients are implementedsomewhat different (see Figure 3): on one hand, no intermediate
in the GAUSSIAN packages of prograffié! for the QCISD- ladd or transition structurd Sadd are present. The chlorine
(T) method, and to keep the problem tractable we performed atom approaches ethylene following a barrierless pathway
the calculations using Dunning’s basis sets without the aug- leading to the 2-chloroethylene radical. On the other hand, the
mented functions. According to our experieriéeather similar symmetrically bridged structurdSsb connecting the two
results should be expected from cc-pVXZ and aug-cc-pVXZ equivalent conformations of classical nonbridged,CHK Hye
basis sets for ground states of neutral systems]. Both QCISD-belongs now t¢A; and is only 6.3 kcal/mol higher in energy
(T)/6-31G(d,p) and QCISD(T)/cc-pVDZ predicted the existence than them [the correspondirf®, transition structure located
of a barrier of 0.3 kcal/mol [the corresponding absolute energies on the MP2/6-31G(d,p) PES becomes a minimum at the
can be found in the Supporting Information (Tables S1 and S4). Becke3LYP/6-31G(d,p) level of theory according to a vibra-
See also Table 1 for the most representative geometricaltional analysis].
parameters] in full agreement with the QCISD/6-31G(d,p) In both cases (Figures 2 and 3), the addition reaction between
optimizations. The otherwise small discrepancies observedchlorine atom and ethylene proceeds through a barrier-free
between the QCISD(T) optimizations and the single-point mechanism with an exothermicity 6f16.6 kcal/mol [-15.5
QCISD(T)//QCISD predictions become significant in this kcal/mol after adding the zero-point energy correctit; (298
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+ -9
HCl+CH,

Cl+C,H,

+ e

Figure 4. Abstraction channel for the reaction between ethylene and chlorine atom as computed at the MP2/6-31G(d,p), MPREER113pd),
MP2/aug-cc-pVDZ, and QCISD/6-31G(d,p) levels of theory.

K, 1 atm)= —9.4 kcal/mol] and—19.5 kcal/mol [-18.8 kcal/ (h = TSabs— reactants) is 11.2 kcal/mol, which is consistent
mol after adding the zero-point energy correctiong (298 K, with an experimental activation energy of-3 kcal/mol?~12
1 atm)= —12.8 kcal/mol] as estimated at the QCISD(T)/aug- Indeed, if we consider the zero-point energy correctie.B
cc-pVDZ/IQCISD/6-31G(d,p) and Becke3LYP/6-31G(d,p) lev- kcal/mol at the MP2/6-31G(d,p) level of theotylas well as
els, respectively (enthalpy and entropy contributions were the 2RT term {2 kcal/mol at 500 K) we obtain an estimate
obtained at the MP2/6-31G(d,p) and Becke3LYP/6-31G(d,p) for the activation energy of 9.4 kcal/madabs transforms into
levels, respectively), which is consistent with the experimental a C; bridged structurd®vdw through aC; transition structure
facts that the chlorine addition to ethylene occurs readily having TSvdw involving a rather low energetic barrier [less than 2 kcal/
little or no activation energy and with an exothermicity-e22 mol at the QCISD(T)/aug-cc-pVDZ//QCISD/6-31G(d,p) level].
kcal/mol! However, contrarily to the MP2 and QCISD predic- The final products of the abstraction reaction (HCI antti$s)
tions, the DFT calculations suggest a mechanism in which the obtained by the gradual separation of the HCI moietyains
direct shuttle motion could play a relevant role according to or Pvdw (for simplicity the connection betweeRvdw and
the model of Skell et &*to explain the observed stereochemical P'vdw with the products has not been traced out in Figure 4)
control: a dynamic asymmetric bridging where the chlorine are computed to be 13.1 kcal/mol endothermic at the QCISD-
atom oscillates rapidly between the two carbon atoms (shuttle (T)/aug-cc-pVDZ//QCISD/6-31G(d,p) level [9.2 kcal/mol after
motion). Nevertheless, the barrier for the rotation around the adding the zero-point energy correctiaxG (500 K, 1 atm)=
C—C bond (3.1 kcal/mol), which is a competing mechanism, 4.8 kcal/mol, with the enthalpy and entropy contributions
is much lower than the shuttling barrier (6.3 kcal/mol) both estimated at the MP2/6-31G(d,p) lev&]which is not too far
computed at the Becke3LYP/6-31G(d,p) level. Therefore, the away from the value estimated from the thermodynamical data
mechanism emerging from the MP2, QCISD, and QCISD(T) tabled8 (5—6 kcal/mol).
calculations seems to be the most appropriate one to rationalize The MP2/6-31%G(d,p) abstraction pathway is slightly
the experimental facts. It is an important, although somewhat different (see Figure 5). Indeed, no minimum structure corre-
frustrating, conclusion of the present study that the Density sponding to thdabs intermediate is present. IRC calculations
Functional Theory (Becke3LYP functional) leads to a rather show thatTSabsis connected withT Svdw provided theCs
different mechanism for the halogenation of alkenes than that symmetry is forced. Otherwise, the reaction proceeds from the
suggested by the ab initio MP2, QCISD, and QCISD(T) transition structuréfSabsto the bridged structurvdw (the
methodologies. two equivalent structure®vdw and P'vdw are connected
VIb. Abstraction Channel. Figure 4 shows a simplified  through the transition structufESvdw; see Figure 5). These
qualitative scheme representing the abstraction channel asesults strongly suggest the presence of a branching point (see
computed at the MP2 [with 6-31G(d,p), 6-3t1+G(3df,3pd), BP in Figure 5) in the reaction pathway; that is to say, “along
and aug-cc-pVDZ basis sets] and QCISD/6-31G(d,p) levels of the path one of the orthogonal motions that breaks the symmetry
theory. of the IRC changes its curvature from positive to negative then
According to Figure 4, the abstraction reaction proceeds the IRC no longer leads to a minimum but to a saddle point of
through aCs transition structur@ Sabsto form aC; intermediate first order. The true reaction path does not preserve the
labs in which the HCI molecule is almost formed and separated symmetry and it must bifurcate from the IRC at the poBP(
from the GHgze final radical (see Table 1). The QCISD(T)/aug- in Figure 5) where the curvature of the normal orthogonal mode
cc-pVDZ//QCISD/6-31G(d,p) barrier height for this pathway changes its sign®
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HCl +CHy

+ S8—@

r HCl + C,H,

Figure 6. Abstraction channel for the reaction between ethylene and chlorine atom as computed at the Becke3LYP/6-31G(d,p) level of theory.

The Becke3LYP/6-31G(d,p) profile (see Figure 6) is quite 6-31G(d,p) barrier associated wiltSvdw in Figure 6 is 10.9
different from the previous ones. Reactants transform iff@ a  kcal/mol (due to the foreseeable anharmonicity of the intermo-
bridged structure Rvdw) through aC; transition structure |ecular vibrations in structures such BSvdw?2 no estimate of
(TSvdw). TheCs pathway involvingT Sabsandlabs structures  the zero-point energy correction was attempted), and the
Itz rt]r?é girr?:Ieg:o%r:Jé?: (DHIZII— F;_E'S) I(?Iﬁ)wifg;n;id?:g;\;tlg?riisc predicted endothermicity is 14.4 kcal/mol [9.5 kcal/mol after

, EHze ; i o —
pathway. It is important to remark that according to IRC/MP2 adding the zero-pomt energy correctiait (500 K, 1 atr.n)—.
calculations while the transition structure connected with 6.4 kealimol, with the enthalpy and entropy contributions

estimated at the Becke3LYP/6-31G(d,p) levél[ hese values

reactants in Figures 4 and 5absg is aCs structure, the IRC/ ’
Becke3LYP results indicate that the corresponding transition @€ Not far away from the corresponding QCISD(T)/aug-cc-

structure TSvdw) has C; symmetry. Once again (see the pVDz//IQCISD/6-31G(d,p) values (9.4 and 9.2 kcal/mol, re-
previous section on the addition channel) DFT calculations lead spectively). Therefore, in the case of the abstraction channel,
to a PES that notably differs from those obtained with the rest although the PESs predicted by the several methodologies are
of methods considered in the present work. The Becke3LYP/ quite different, all of them seem to be consistent with the
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reported experimental activation barrier{Bkcal/moly~12and (d,p) basis set while the Becke3LYP PES is radically different.
endothermicity (56 kcal/mol}-8 for this abstraction reaction.  However, all the PESs seem to be consistent with the experi-
Before finishing, we would like to stress the point that it is mental data available on the activation barrier and endother-
well-known that the presence of stable molecular complexes micity for this reaction.
on the PES, as the ones described above, might significantly As a general conclusion emerging from the present work,
affect the reaction kinetics (i.e., activation energies and rate extreme care must be exercised to choose the appropriate
constants}’ 13&¢d |ndeed, although the stabilization energies theoretical level (method- basis set) to carry out calculations
of such complexes were relatively sm&,the possibility of on reactions involving radicals. Different levels may provide
formation of new species with relatively weak bonds in radical unlike PES which in turn would suggest distinct mechanisms.
recombination reactions needs to be investigated since they
might play an important role in some particular processes where Acknowledgment. Financial support by FICYT (Principado
the entropic contributions are expected to be relatively small de Asturias, Spain) under Project PB-AMB98-06 and DGES
(for example, chemical processes taking place at polar strato-(Madrid, Spain) under Project PB-97-0399-C03-03 is greatly
spheric temperature®). acknowledged.

Conclusions Supporting Information Available: Geometrical parameters
for the following: the products of the addition reaction between
Abinitio[MP2, QCISD, and QCISD(T)]and DFT (Becke3LYP)  ethylene and chlorine atori:Sm connecting CHCICH,+ and
methods with different basis sets [6-31G(d,p), 6-8G(d,p), CHsCICH- radicals;ladd; TSadd; Cy,; TSr; the products of
6-311++G(3df,3pd), and aug-cc-pVDZ] were used to explore the abstraction reaction between ethylene and chlorine atom;
the PES for the reaction between chlorine atom and ethylene.|aps; TSabs Pvdw; and TSvdw (Figures S:S11). Absolute
The main conclusions in the present study can be summarizedenergies for reactants, intermediates, transition structures, and
as follows: products of the reaction between ethylene and chlorine atom as
(a) Geometries: The geometrical parameters obtained with computed at different theoretical levels using the 6-31G(d,p)
different methods and basis sets are rather similar but for the (Table S1), 6-311G(d,p) (Table S2), 6-3Ht+G(3df,3pd)
case of structures involving long distance interactions (van der (Table S3), and aug-cc-pVDZ basis set (Table S4). Values of
Waals systems) in which, due to the flatness of the PES, quite <S?> pefore and after projection for the HF (Table S5),
large geometrical variations lead to relatively small energy Becke3LYP (Table S6), and MP2 (Table S7) wavefunctions
changes. and MP2 unprojected absolute energies (Table S8) for the
(b) Energies: In general, the QCISD structures tend to reactants, intermediates, transition structures, and products of
become less stable than those computed at the MP2 levelthe reaction between ethylene and chloride atom as computed
whereas the opposite is true for the DFT structures. The use ofwith different basis sets. This material is available free of charge
extended basis sets tends to provide greater stabilization energiesia the Internet at http://pubs.acs.org.
and lower barrier heights. While single-point QCISD(T) and
MP4SDTQ calculations render, in general, less stable relative References and Notes
epergies than MP2, the single-point Becke3LYP relative ener- (1) Stevens, D. J.: Spicer, L. D. Phys. Chem1977 81, 1217.
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