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Abstract: We have computed consistent benchmark potential energy surfaces (PESs) for the
anti-E2, syn-E2, and SN2 pathways of X~ + CH3CH.X with X = F and CI. This benchmark has
been used to evaluate the performance of 31 popular density functionals, covering local-density
approximation, generalized gradient approximation (GGA), meta-GGA, and hybrid density-
functional theory (DFT). The ab initio benchmark has been obtained by exploring the PESs
using a hierarchical series of ab initio methods [up to CCSD(T)] in combination with a hierarchical
series of Gaussian-type basis sets (up to aug-cc-pVQZ). Our best CCSD(T) estimates show
that the overall barriers for the various pathways increase in the order anti-E2 (X = F) < Sn2
(X=F) < SN2 (X =ClI) ~ syn-E2 (X = F) < anti-E2 (X = Cl) < syn-E2 (X = CI). Thus, anti-E2
dominates for F~ + CH3CH.F, and Sn2 dominates for CI™ + CH3zCH.CI, while syn-E2 is in all
cases the least favorable pathway. Best overall agreement with our ab initio benchmark is
obtained by representatives from each of the three categories of functionals, GGA, meta-GGA,
and hybrid DFT, with mean absolute errors in, for example, central barriers of 4.3 (OPBE), 2.2
(MO06-L), and 2.0 kcal/mol (M06), respectively. Importantly, the hybrid functional BHandH and
the meta-GGA MO6-L yield incorrect trends and qualitative features of the PESs (in particular,
an erroneous preference for Sy2 over the anti-E2 in the case of F~ + CH3CHzF) even though
they are among the best functionals as measured by their small mean absolute errors of 3.3
and 2.2 kcal/mol in reaction barriers. OLYP and B3LYP have somewhat higher mean absolute
errors in central barriers (5.6 and 4.8 kcal/mol, respectively), but the error distribution is somewhat
more uniform, and as a consequence, the correct trends are reproduced.
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1. Introduction

Base-induced elimination (E2) and nucleophilic substitution
(Sn2) constitute two fundamental types of chemical reactions
that play an important role in organic synthesis." E2
elimination is, in principle, always in competition with SN2
substitution, and the two pathways may occur as unwanted
side reactions of each other (see Scheme 1). Gas-phase
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Scheme 1. E2 and Sy2 Reactions
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experiments have enabled the study of the intrinsic reactivity
of reaction systems without the interference of solvent
molecules. The resulting insights, in turn, can also shed light
on the nature of the E2 and SN2 reactions in solution, in
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Scheme 2. E2 and S\2 Pathways for X~ + CH3CH,X
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particular the effect of the solvent, by comparing the gas-
phase? results with those of condensed-phase® experiments.
The various experimental investigations have over the years
been augmented by an increasing number of theoretical
studies, which provide a detailed description of the stationary
points and the potential energy surfaces (PESs) that determine
the feasibility of the various competing E2 and Sy2 reaction
channels.*

The purpose of the present study is 2-fold. First, we wish
to obtain reliable benchmarks for the PESs of the E2 and
SN2 reactions of F~ + CH;CH,F as well as CI™ + CH3CH,Cl
(see reactions 1 and 2 in Scheme 2). Note that E2 elimina-
tions can in principle proceed via two stereochemical,
different pathways, namely, with the base and the f3-proton
anti- (anti-E2) and syn-periplanar (syn-E2) with respect to
the leaving group (compare reactions a and b, respectively,
in Scheme 2). This is done by exploring for both reaction
systems the PESs of each of the three reaction mechanisms
with a hierarchical series of ab initio methods [HF, MP2,
MP4, CCSD, and CCSD(T)] in combination with a hierar-
chical series of Gaussian-type basis sets of increasing
flexibility [up to quadruple-¢ + diffuse functions for reactions
involving F and up to (triple+d)-¢ + diffuse functions for
reactions involving Cl]. Our purpose is to provide a consistent
set of ab initio PES data for accurately estimating trends
associated with going from F~ + CH3CH,F to CI™ +
CH;CH,Cl1 as well as along anti-E2, syn-E2, and Sx2
pathways.

A second purpose is to evaluate and validate the perfor-
mance of several popular density functionals for describing
the above elimination and nucleophilic substitution reactions
(see Scheme 2) against our ab initio benchmark PESs for
the six model reactions. Although the ab initio approach is
satisfactory in terms of accuracy and reliability, it is at the
same time prohibitively expensive if one wishes to study
more realistic model reactions involving larger nucleophiles
and substrates. Thus, a survey of density functionals serves
to validate one or more of these density functional theory
(DFT) approaches as a computationally more efficient
alternative to high-level ab initio theory in future investiga-
tions. A general concern associated with the application of
DFT to the investigation of chemical reactions is its notorious
tendency to underestimate activation energies.” Thus, we

arrive at a ranking of density functional approaches in terms
of the accuracy with which they describe the PES of our
model reaction, in particular, the activation energy. We focus
on the overall activation energy, that is, the difference in
energy between the TS and the separate reactants,® as well
as the central barrier, that is, the difference in energy between
the TS and the reactant complex. Previous studies have
shown that Sn2 reaction profiles obtained with OLYP and
B3LYP agree satisfactorily with highly correlated ab initio
benchmarks.>*’ Merrill et al.*¢ have shown that B3LYP in
combination with the aug-cc-pVDZ basis set performs
reasonably well for the E2 and SN2 reactions of F~ +
CH;CH,F with deviations from G2+ of up to 3.5 kcal/mol
but that it fails in locating the transition state associated with
the anti-E2 elimination. Guner et al.”® have also shown that
OLYP and O3LYP give comparable results to B3ALYP and
that these functionals work well for organic reactions. Very
recently, Truhlar and co-worker’™ have carried out an
exhaustive performance analysis of various density func-
tionals for describing barrier heights which shows that, for
closed-shell Sx2 reactions, M06 and M06-2X perform best,
followed by PBEh and M05-2X. B3LYP is also found to
work reasonably well.

2. Methods

2.1. DFT Geometries and Potential Energy Surfaces.
All DFT calculations were done with the Amsterdam Density
Functional (ADF) program developed by Baerends and
others.® Geometry optimizations have been carried out with
the OLYP® density functional, which yields robust and
accurate geometries.”* This density functional was used in
combination with the TZ2P basis set, in which the molecular
orbitals were expanded in a large uncontracted set of Slater-
type orbitals (STOs) containing diffuse functions, and is of
triple-¢ quality, being augmented with two sets of polariza-
tion functions: 2p and 3d on hydrogen and 3d and 4f on
carbon, fluorine, and chlorine. The core shells of carbon (1s),
fluorine (1s), and chlorine (1s2s2p) were treated by the
frozen-core approximation.®'? An auxiliary set of s, p, d,
f, and g STOs was used to fit the molecular density and to
represent the Coulomb and exchange potentials accurately
in each self-consistent field (SCF) cycle. All stationary points



E2 and Sn2 Reactions of X~ + CH3CH,X (X = F, Cl)

1.096\ -109.4°

0.962
165.9° )159.6°

1 \
20171 2.385
! \ )
157 8o ),57.7
352 .
134.1° \\ \2.203
\
2.502 AR
N,

1aTS
Cs

1.334 121.72
;@ :g 1331
76001488

2616, 12.616
(F=—=0—=—=F) D
1157 1.157 2n
1bPC
C2v

1aP = CH,CH, + FH + F~

J. Chem. Theory Comput., Vol. 4, No. 6, 2008 931

0.951
158.1°(8) 164.1°

1N
2.1701 L

\
'82.3° pr63.9°
1.538

®

1.344

1aPC
Cy

.088 1.157 0.927

O==F  o=®

Dooh Coov

1bP = CH,CH, + FHF"

Figure 1. Geometries (in A, deg) of stationary points along the potential energy surfaces for the anti-E2, syn-E2, and Sy2
reactions of F~ + CH3CHF (reaction 1), computed at OLYP/TZ2P.

were confirmed to be equilibrium structures (no imaginary
frequencies) or a transition state'' (one imaginary frequency)
through vibrational analysis."'?

In addition, based on OLYP/TZ2P geometries, we have
computed the relative energies of stationary points along the
PES for several density functionals: the local-density ap-
proximation (LDA) functional VWN;'? the generalized
gradient approximation (GGA) functionals BP86,'* BLYP,”>!42
PW91,"” PBE,'® RPBE,"” revPBE,'® FT97,'” HCTH/93,*
HCTH/120,>' HCTH/147,*' HCTH/407,> BOP,"**** and
OPBE;”'® the meta-GGA functionals PKZB,** VS98,>
BLAP3,%° OLAP3,°*?° TPSS,?” and M06-L;*® and the hybrid
functionals B3LYP,”>*” O3LYP,”* KMLYP,*' BHandH,*
mPBEOKCIS,” mPW1K,* M05,% M05-2X,** M06,”™*" and
MO06-2X.""37 For technical reasons (i.e., frozen-core ap-
proximation and potentials in ADF are not available for all
functionals), the energies obtained with these functionals
were computed with an all-electron TZ2P basis set (ae-TZ2P)
and in a post-SCF manner, that is, using the electron density
obtained at OLYP/ae-TZ2P. This approximation has been
extensively tested and has been shown to introduce an error
in the computed energies of only a few tenths of a kilocalorie
per mole.*®

2.2. Ab Initio Potential Energy Surfaces. On the basis
of the OLYP/TZ2P geometries, energies of the stationary
points were computed in a series of single-point calculations
with the program package Gaussian® using the following
hierarchy of quantum chemical methods: Hartree—Fock
(HF), Mgller—Plesset perturbation theory*® through the
second order (MP2) and fourth order (MP4),*' and couple-
cluster theory*? with single and double excitations (CCSD)**
and triple excitations treated perturbatively [CCSD(T)].** At
each level of theory, we used Dunning’s* augmented
correlation consistent polarized valence basis sets of double-,
triple-, and quadruple-{ quality, that is, aug-cc-pVDZ, aug-
cc-pVTZ, and aug-cc-pVQZ for the reactions involving F,
and the modified second-row basis sets aug-cc-pV(D+d)Z
and aug-cc-pV(T+d)Z for the reactions involving Cl (limita-
tions of our computational resources prevented us from
carrying out calculations with the aug-cc-pV(Q-+d)Z basis
set for the latter reactions). Furthermore, using eq 7 of ref
46, we have extrapolated the CCSD(T) energies to the
complete basis set (CBS) values CBS-23 (i.e., based on aug-
cc-pVDZ and aug-cc-pVTZ values for reactions involving
F and aug-cc-pV(D+d)Z and aug-cc-pV(T+d)Z values for
reactions involving Cl) and CBS-34 (i.e., based on aug-cc-
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Figure 2. Geometries (in A, deg) of stationary points along the potential energy surfaces for the anti-E2, syn-E2, and Sy2
reactions of CI~ + CH3CHCI (reaction 2), computed at OLYP/TZ2P.

pVTZ and aug-cc-pVQZ values, only for the reactions
involving F).

3. Results and Discussion

3.1. Geometries of Stationary Points and Reaction
Paths. First, we examine the geometries of stationary points
along the reaction coordinate of anti-E2, syn-E2, and SN2
reactions of F~ + CH;CH,F and C1~ + CH;CH,CI. Previous
studies have shown that the GGA functional OLYP is
numerically robust and agrees well with available experi-
mental and CCSD(T) geometries.7a Therefore, we choose
OLYP in combination with the TZ2P basis set, to compute
the geometries of the stationary points of our model reactions
1 and 2 (see Scheme 2). The resulting geometry parameters
are collected in Figures 1 and 2, respectively (for full
structural details, see Cartesian coordinates in Table S1 of
the Supporting Information).

For both F~ + CH3CH,F and CI™ + CH3CH,Cl, the anti-
E2, syn-E2, and SN2 reactions proceed from the reactants

via formation of a reactant complex (RC) toward the
transition state (T'S) and, finally, a product complex (PC).
In the anti-E2 reactant complex, the base X binds to the
C”—H bond that is anti to C*—X with X —H” distances of
1.616 and 2.841 A in 1aRC and 2aRC, respectively (see
Figures 1 and 2). The C°—H bond that participates in the
hydrogen bond with the halide anion expands by 0.062 A in
1aRC (from 1.096 to 1.158 A) and only very slightly, that
is, by 0.001 A, in 2aRC (from 1.097 to 1.098) if compared
to the isolated substrates CH3;CH,F and CH3CH,Cl, respec-
tively. In the anti-E2 transition states 1aTS and 2aTS$, the
elongation of the C’—H bonds further increases to 0.921 and
0.499 A, respectively, again relative to the isolated substrates.
The resulting product complexes 1aPC and 2aPC are
composed of three rigid fragments, the conjugate acid HX,
the olefin CH,CH,, and the leaving group X, which may
eventually separate into products (1aP and 2aP).

The syn-E2 elimination proceeds only in the case of F~
+ CH;CH,F via a separate reactant complex 1bRC (see
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Table 1. Relative Energies (in kcal/mol) of Stationary Points along the Reaction Coordinate for the anti-E2, syn-E2, and Sy2
Reactions of F~ + CH3CH,F, Computed at Several Levels of the ab Initio Theory

anti-E2 syn-E2 Sn2

method 1aRC 1aTS 1aPC 1aP 1bRC 1bTS 1bPC 1bP 1cRC 1cTS
aug-cc-pvVDZ

HF -10.49 4.81 0.12 16.77 —7.62 18.08 —28.00 —23.55 —10.49 8.71

MP2 -15.23 -1.77 —6.90 15.96 —11.01 4.86 —33.50 —27.40 —15.23 1.03

MP4 —15.64 —1.44 —6.03 17.10 -11.49 5.00 —31.68 —25.30 —15.64 —2.74

CCSD —14.76 —0.30 —5.43 16.42 —10.92 8.38 —32.65 —26.70 —14.76 1.80

CCSD(T) —15.81 —2.03 —7.16 16.11 -11.71 5.16 —33.88 —27.53 —15.81 —1.06
aug-cc-pVTZ

HF —9.63 5.22 0.72 16.63 —7.05 18.42 —28.46 —24.25 —9.63 11.35

MP2 -14.69 -1.07 —6.06 16.48 —10.69 5.07 —33.81 —27.99 —14.69 3.56

MP4 —15.02 —0.88 —5.35 17.29 -11.08 5.05 —32.33 —26.27 —15.02 —0.20

CCSD —14.13 0.56 —4.47 17.01 —10.54 8.89 —32.96 —27.29 —14.13 4.58

CCSD(T) —15.17 —1.31 —6.28 16.51 —11.30 5.47 —34.30 —28.28 —15.17 1.56

CBS?

CCSD(T) -15.27 -1.19 —6.17 16.74 —-11.37 5.46 —34.28 —28.29 —15.27 1.55
aug-cc-pvVQZz

HF —9.58 5.12 0.57 16.31 —7.03 18.30 —28.43 —24.31 —9.58 11.50

MP2 —14.61 -1.25 —6.33 15.88 —10.60 4.93 —33.92 —28.30 —14.61 3.81

CCSD -14.00 0.50 —4.61 16.45 -10.41 8.91 —32.98 —27.53 —14.00 4.97

CCSD(T) —14.99 —1.33 —6.39 15.95 —-11.12 5.54 —34.27 —28.49 —14.99 1.99

CBSs?
CCSD(T) —14.89 —1.27 —6.35 15.77 —11.00 5.68 —37.39 —28.60 —14.89 2.20

@ These values were obtained from two-point fits (aug-cc-pVDZ and aug-cc-pVTZ) to eq 7 of ref 46. ® These values were obtained from

two-point fits (aug-cc-pVTZ and aug-cc-pVQZ) to eq 7 of ref 46.

Table 2. Relative Energies (in kcal/mol) of Stationary Points along the Reaction Coordinate for the anti-E2, syn-E2, and S\2
Reactions of CI~ + CH3;CH,CI, Computed at Several Levels of the ab Initio Theory

anti-E2 syn-E2 Sn2

method 2aRC 2aTS 2aPC 2aP 2bRC 2bTS 2bPC 2bP 2cRC 2cTS
aug-cc-pV(D + d)Z

HF —9.33 26.88 10.03 17.93 —9.33 43.57 0.43 2.61 —9.33 9.06

MP2 —11.33 16.22 9.19 22.67 —11.33 29.51 —5.21 —1.50 —11.33 6.67

MP4 —11.45 16.22 8.08 21.30 —11.45 29.12 —5.01 —-1.27 —11.45 4.39

CCSD —10.98 18.95 8.30 20.40 —10.98 33.10 —4.12 —0.67 -10.98 6.43

CCSD(T) -11.43 16.14 7.50 20.52 —11.43 29.17 —5.57 —1.86 -11.43 4.12
aug-cc-pV(T + d)Z

HF —9.06 28.04 10.27 17.61 —9.06 44.99 0.99 3.04 —9.06 10.38

MP2 —11.06 17.90 10.80 23.86 —11.06 31.06 —4.42 —0.90 —11.06 8.22

CCSD -10.64 20.97 9.90 21.38 —10.64 35.11 -3.15 0.07 -10.64 8.15

CCSD(T) —-11.10 17.92 9.17 21.58 -11.10 30.82 —4.90 —1.42 —-11.10 5.70

CBS?
CCSD(T) —-11.07 18.18 9.77 22.16 —-11.07 30.92 —4.85 —1.42 —-11.07 5.81

2 These values were obtained from two-point fits [aug-cc-pV(D + d)Z and aug-cc-pV(T+d)Z] to eq 7 of ref 46.

Figure 1). For CI” + CH3;CH)CI, all three elementary
reactions (anti-E2, syn-E2, and SN2) go via one and the same
reactant complex, that is, 2aRC = 2bRC = 2¢RC (see
Figure 2). In the syn-E2 transition states 1bTS and 2bTS,
the C”—H bonds are elongated by 0.798 and 0.312 A and
are oriented syn with respect to the C*—X bond (see Figures
1 and 2). At variance with the anti-E2 pathway, the syn-E2
pathway leads to product complexes, 1bPC and 2bPC, that
are composed of two rigid fragments: the leaving group
microsolvated by the conjugate acid, XHX ", and the olefin,
CH,CH,. These product complexes are predestined to
dissociate into the products CH,CH, + XHX™ (1bP and
2bP).

Sn2 substitution proceeds for both F~ + CH3;CH,F and
Cl™ + CH;CHCI, from the same reactant complex as the
anti-E2 elimination (i.e., aRC = cRC). But now, the halide

anion approaches to the backside of the a-methyl group of
the substrate, which leads to the Sy2 transition states 1¢TS
and 2¢TS in which a new X—C® bond has been partially
formed while simultaneously the old C*—X bond has been
elongated (see Figures 1 and 2). Note that, in our symmetric
Sn2 model reactions, the nucleophile—C® and C*—leaving-
group bonds are of the same length, namely, 1.906 and 2.437
A in 1¢TS and 2¢TS (see Figures 1 and 2), and that the
product complexes and products are identical to the corre-
sponding reactant complexes and reactants.

3.2. Ab Initio Benchmark Potential Energy Surfaces.
On the basis of the above OLYP/TZ2P geometries, we have
computed our ab initio benchmark potential energy surfaces,
which are summarized as relative energies in Tables 1 and
2 for reactions 1 and 2, respectively. The extrapolated CBS
CCSD(T) values are also listed therein.
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Table 3. Relative Energies (in kcal/mol) of Stationary Points along the Reaction Coordinate for the anti-E2, syn-E2, and Sy2
Reactions of F~ + CH3CH,F, Computed at Several Levels of the Density Functional Theory

anti-E2 syn-E2 Sn2
method 1aRC 1aTS 1aPC 1aP 1bRC 1bTS 1bPC 1bP 1cRC 1cTS
LDA
VWN —28.23 —8.54 —13.84 26.01 —22.02 —12.50 —42.70 —35.13 —28.23 —13.67
GGAs
BP86 —22.19 —8.27 —12.55 16.97 —-16.77 —7.51 —40.68 —35.87 —22.19 —9.33
BLYP —22.23 —11.55 —15.08 13.55 -17.02 —8.66 —43.95 —38.71 —22.23 —-11.27
PWO1 —24.12 —9.58 —13.67 18.85 —18.66 —9.29 —42.15 —35.61 —24.12 —11.39
PBE —23.79 —9.36 —13.49 18.48 —18.37 —8.98 —41.73 —35.43 —23.79 —10.73
RPBE —21.79 —9.61 —13.49 14.89 -16.74 —7.39 —41.71 —35.87 —21.79 —8.56
revPBE —21.37 —8.83 —12.85 15.00 —16.26 —6.85 —40.94 —35.73 —21.37 —7.91
FT97 —-19.78 —6.54 —-11.07 13.27 —14.08 —4.80 —37.86 —35.53 —19.78 -7.19
HCTH/93 —18.75 —7.32 —11.79 12.26 —13.98 —3.73 —40.42 —36.26 —18.75 —2.52
HCTH/120 —21.90 —9.85 —14.05 15.07 —16.92 —7.17 —42.93 —36.60 —21.90 —7.37
HCTH/147 —21.07 —8.93 —13.26 14.58 -16.10 —6.23 —42.13 —36.45 —21.07 —6.14
HCTH/407 —21.52 —10.56 —14.71 13.39 —16.74 —6.60 —44.06 —37.30 —21.52 —5.78
BOP —19.67 —9.98 —13.56 11.28 —14.68 —6.01 —42.21 —38.16 —19.67 —7.66
OPBE —18.68 —3.26 —8.45 15.78 —13.79 —2.07 —36.62 —32.69 —18.68 —0.22
OLYP —20.01 —7.95 —12.49 12.85 -15.20 —4.93 —41.40 —36.41 —20.01 —4.16
meta-GGAs
PKZB —19.16 —6.56 —9.65 14.74 —14.55 —3.93 —38.36 —32.85 —19.16 -7.27
VS98 —20.80 —13.42 —15.04 11.99 —16.25 —7.04 —43.88 —35.97 —20.80 —14.06
BLAP3 —18.54 —8.58 —12.38 12.58 —14.01 —2.47 —41.65 —36.58 —18.54 —4.88
OLAP3 —16.23 —4.62 —9.31 12.24 —-12.13 1.57 —38.65 —33.88 —16.23 2.25
TPSS —21.38 —5.26 —8.94 19.81 —16.28 —4.16 —37.83 —32.52 —21.38 —10.03
MO06-L —20.04 -1.28 —5.44 20.54 —15.33 1.68 —-32.57 —27.78 —20.04 —2.95
Hybrid Functionals

B3LYP —19.30 —5.38 —10.66 15.90 —14.50 —2.00 —40.32 —35.34 —19.30 —4.01
O8LYP —18.12 —2.55 —7.97 16.52 —13.46 0.40 —38.06 —33.35 —18.12 0.24
KMLYP —-16.14 6.09 —2.78 23.69 -11.77 8.28 —33.82 —28.53 —16.14 7.54
BHandH —19.68 3.90 —4.81 26.52 —14.87 3.86 —35.53 —29.15 —19.68 2.76
mPBEOKCIS —-19.57 —4.44 —10.63 16.89 —-14.77 —-1.77 —39.63 —33.94 —-19.57 -1.15
mPW1K —15.32 4.26 —3.38 20.37 —10.96 7.06 —33.31 —29.07 —15.32 6.24
MO05 —18.68 —3.51 —8.73 18.54 —14.64 0.81 —38.03 —32.01 —18.68 —0.81
MO05-2X —14.53 0.99 —5.72 18.33 -10.30 3.85 —39.28 —34.27 —14.53 3.97
MO06 —18.21 —2.21 —7.47 17.88 —13.96 1.14 —35.19 —30.59 —18.21 —0.35
MO06-2X —15.67 1.49 —5.62 18.37 —-11.47 4.03 —-37.77 —32.90 —15.67 5.82

First, we examine the PES obtained for the anti-E2
elimination of F~ 4+ CH3CH,F. The energy of the respective
reactant complex, 1aRC, computed with our best basis set
(aug-cc-pVQZ) ranges from —9.58 to —14.61 to —14.00 to
—14.99 kcal/mol for HF, MP2, CCSD, and CCSD(T). Note
that, due to large space requirements, full MP4 calculations
for the QZ basis set were not possible. The three highest-
level values are equal to each other within 1.0 kcal/mol (see
Table 1). Similarly, the energy of the transition state, 1aTS,
computed again with our best basis set (aug-cc-pVQZ) varies
from +5.12 to —1.25 to +0.50 to —1.33 kcal/mol for HF,
MP2, CCSD, and CCSD(T), respectively. Thus, not unex-
pectedly, HF significantly overestimates the overall barrier,
which is significantly reduced by the incorporation of
Coulomb correlation into theoretical treatment. The inclusion
of the triple excitations within the CCSD method further
reduces the overall barrier by 1.8 kcal/mol. The three highest-
level values are within a range of 1.8 kcal/mol. Furthermore,
the CCSD(T) values are converged to the basis-set size (at
aug-cc-pVQZ) to within a few hundreds of a kilocalorie per
mole for the RC and the TS (see Table 1). Note that CBS
CCSD(T) values do not differ much from the best pure values
[CCSD(T)].

For the anti-E2 elimination of ClI- + CH3;CH,CI, the
energy of the reactant complex, 2aRC, computed with our

best basis set [now, with aug-cc-pV(T+d)Z] varies relatively
little along the range of methods, that is ca. 2 kcal/mol, from
—9.06 to —11.06 to —10.64 to —11.10 for HF, MP2, CCSD
and CCSD(T), respectively (see Table 2). Now, our three
highest-level values are equal to each other within 0.5 kcal/
mol. At variance, the energy of the transition state, 2aTS,
depends more delicately on the level at which correlation is
treated. This TS energy computed again with aug-cc-
pV(T+d)Z varies from 28.04 to 17.90 to 20.97 to 17.92 kcal/
mol along HF, MP2, CCSD, and CCSD(T), respectively.
Note how HF dramatically overestimates the overall barrier,
that is, by ca. 10 kcal/mol! Also note the substantial impact
of including triple excitations in the CCSD approach, which
reduced the overall barrier by an additional 3.0 kcal/mol.
The three highest-level values are now distributed over a
range of 3.1 kcal/mol (see Table 2).

Next, we examine the PES of the syn-E2 elimination of
F~ + CH;CHyF. The energy of reactant complex 1bRC
computed with our best basis set (aug-cc-pVQZ) shows a
similar behavior as that of the anti-E2 elimination. The
energy of this RC varies from —7.03 to —10.60 to —10.41
to —11.12 kcal/mol for HF, MP2, CCSD, and CCSD(T),
respectively, and the three highest-level values are within a
range of less than a kcal/mol (see Table 1). In turn, the energy
of the TS is more sensitive to the level at which correlation
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Table 4. Relative Energies (in kcal/mol) of Stationary Points along the Reaction Coordinate for the anti-E2, syn-E2, and Sy2
Reactions of CI~ + CH3;CH,CI, Computed at Several Levels of the Density Functional Theory

anti-E2 syn-E2 Sn2
method 2aRC 2aTS 2aPC 2aP 2bRC 2bTS 2bPC 2bP 2cRC 2cTS
LDA
VWN —13.32 5.00 12.19 29.51 —13.32 11.45 —10.74 =711 —13.32 —4.64
GGAs
BP86 —10.66 7.21 8.80 20.08 —10.66 15.35 —11.23 —9.24 —10.66 —1.92
BLYP -11.08 5.28 4.43 15.33 —-11.08 14.04 —14.17 -11.93 -11.08 —3.69
PWO1 —12.23 6.38 8.42 22.36 —12.23 14.22 —11.98 —8.56 —12.23 —3.24
PBE —11.91 6.85 8.62 22.10 —11.91 14.75 —11.62 —8.49 —-11.91 —2.43
RPBE —-11.20 7.78 6.85 18.45 —11.20 16.27 —12.47 —9.38 -11.20 —0.67
revPBE —10.69 8.13 7.59 18.55 —10.69 16.59 —11.89 —9.29 —10.69 —0.20
FT97 —7.86 10.09 11.41 17.68 —7.86 19.37 —7.85 —6.76 —7.86 —0.04
HCTH/93 —9.37 10.25 6.99 15.53 —9.37 19.56 —11.80 —9.74 —9.37 3.82
HCTH/120 —11.60 7.46 6.03 18.16 —11.60 16.42 —13.03 —9.56 —11.60 —0.49
HCTH/147 —10.89 8.14 6.62 17.62 —10.89 17.15 —12.62 —9.54 -10.89 0.50
HCTH/407 —11.71 8.19 4.55 16.45 —-11.71 17.82 —13.88 —9.93 —-11.71 1.99
BOP —9.91 6.83 4.60 13.45 —9.91 15.96 —13.74 —12.01 —9.91 -1.20
OPBE —8.64 13.99 12.33 20.78 —8.64 22.32 —8.34 —6.24 —8.64 7.56
OLYP —9.66 10.68 7.45 16.33 —9.66 19.58 —11.81 —9.28 —9.66 4.04
meta-GGAs
PKZB —10.93 11.36 8.73 17.81 —10.93 20.17 —10.07 —7.06 —10.93 1.23
VS98 —14.96 8.52 2.10 14.62 —14.96 17.05 —12.73 —8.46 —14.96 —6.44
BLAP3 —-11.24 8.51 3.28 14.65 —-11.24 18.94 —13.92 -10.77 -11.24 0.08
OLAP3 —9.92 14.00 6.20 15.82 —9.92 24.53 —11.55 —8.08 —9.92 7.72
TPSS —10.99 9.34 8.95 20.88 —10.99 17.58 —9.89 —7.01 —10.99 —3.22
MO06-L —14.02 12.92 8.99 25.92 —14.02 22.77 —4.73 —2.25 —14.02 2.63
Hybrid Functionals

B3LYP —10.60 11.00 7.03 17.83 —10.60 21.22 —10.78 —8.53 —10.60 0.92
O8LYP —9.63 14.78 10.26 19.98 —9.63 24.43 —8.70 —6.19 —9.63 6.39
KMLYP —10.49 20.85 13.68 26.27 —10.49 32.97 -3.27 —-1.21 -10.49 8.45
BHandH —11.59 18.31 14.43 29.18 —11.59 29.33 —4.38 —1.25 —11.59 5.60
mPBEOKCIS —-10.94 13.10 8.92 21.03 —10.94 23.21 —9.44 —6.45 -10.94 4.26
mPW1K —9.55 19.65 13.23 23.78 —9.55 31.18 —4.58 —2.41 —9.55 8.20
MO05 —11.99 19.83 3.73 21.95 —11.99 23.34 —8.86 —3.70 —11.99 4.64
MO05-2X —8.93 12.58 16.60 18.97 —8.93 28.46 —7.75 —5.67 —8.93 6.84
MO06 —12.68 17.33 6.17 22.96 —12.68 23.67 —6.49 —2.92 —12.68 3.36
MO06-2X —12.49 10.65 14.98 22.49 —12.49 30.29 —5.85 —4.74 -12.49 10.73

is treated. This TS energy computed again with our best basis
set, aug-cc-pVQZ, varies from 18.30 to 4.93 to 8.91 to 5.54
kcal/mol along HF, MP2, CCSD, and CCSD(T), respectively.
Note again that HF clearly overestimates the barrier by 9
kcal/mol (see Table 1). Moreover, the CCSD(T) values are
converged as a function of the basis-set size (at aug-cc-
pVQZ) to within less than half a kilocalorie per mole (see
Table 1).

The syn-E2 elimination of C1™ + CH3CH,Cl proceeds via
the same reactant complex as the anti-E2 elimination, which
has been already examined above. The energy of the syn-
E2 transition state computed at aug-cc-pV(T+d)Z is again
sensitive to the level at which correlation is treated. It ranges
from 44.99 to 31.06 to 35.11 to 30.82 along the series of ab
initio methods (see Table 2). The CCSD(T) values change
by less than 2 kcal/mol going from the aug-cc-pV(D+d)Z
to the aug-cc-pV(T+d)Z basis set (see Table 2) and again
do not differ much from the CBS energies.

The Sn2 transition states for reactions 1c¢ and 2c¢ are also
found to be quite sensitive to the level at which correlation
is treated. Thus, at the HF level, at which Coulomb
correlation is not included, the energies of the transition states
1cTS and 2¢TS computed with our best basis set (aug-cc-
pVQZ for X = F and aug-cc-pV(T+d)Z for X = Cl) amount
to 11.50 and 10.38 kcal/mol, respectively (see Table 1 and

2). Introducing Coulomb correlation into the theoretical
treatment substantially lowers the barrier. Thus, along HF,
MP2, CCSD, and CCSD(T), the energy of 1¢TS ranges from
11.50 to 3.81 to 4.97 to 1.99 kcal/mol and that of 2¢TS from
10.38 to 8.22 to 8.15 to 5.70 kcal/mol, respectively (see Table
1 and 2). Thus, HF significantly overestimates the overall
barriers by some 10 and 5 kcal/mol, respectively. Note again
how including the triple excitations in the CCSD calculations
reduces the overall barrier by 3.0 and 2.4 kcal/mol, respec-
tively. The three highest-level values are within a range of
3.0 and 2.5 kcal/mol for reactions 1c and 2c, respectively,
Furthermore, the CCSD(T) values for 1¢TS are converged
as a function of the basis-set size to within 0.4 kcal/mol and
again do not differ much from the CBS extrapolated
CCSD(T) values.

In conclusion, our best CCSD(T) estimate leads to a
relative order in overall barriers (i.e., TS energy relative to
reactants) of anti-E2 (X = F: —1.33 kcal/mol) < Sy2 (X =
F: +1.99 kcal/mol) < syn-E2 (X = F: +5.54 kcal/mol) ~
Sn2 (X = CI: +5.70 kcal/mol) < anti-E2 (X = Cl: +17.92
kcal/mol) < syn-E2 (X = Cl: +30.82 kcal/mol). The change
in preference from anti-E2 for X = F to Sy2 for X = Cl is
also recovered in the trend of the central barriers. Our
benchmark consolidates the G2+ values for the relative
energies of 1aRC, 1aT$S, 1bTS, and 1¢TS on the PES of
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Table 5. Errors in Overall and Central Barriers (in kcal/mol) for Various Density Functionals for the anti-E2, syn-E2, and S\2
reactions of X~ + CH3CH,X (X = F, Cl) Compared to CCSD(T)?

anti-E2 syn-E2 Sn2
err. in barr. err. in barr. err. in barr. err. in barr. err. in barr. err. in barr.
rel. to R rel. to RC rel. to R rel. to RC rel. to R rel. to RC
method F Cl F Cl F Cl F Cl F Cl F Cl
LDA
VWN —-7.21 —-12.92 6.03 —10.70 —18.04 -19.37 —7.14 —-17.15 —15.66 —10.34 —2.42 —8.12
GGAs
BP86 —6.94 -10.71 0.26 —-11.15 —13.05 —15.47 —7.40 —15.91 —-11.32 —7.62 —4.12 —8.06
BLYP -1022 -—-1264 -—-298 -—-1266 —-1420 -16.78 -830 -—-16.80 —13.26 -9.39 -6.02 —9.41
PW91 —-8.25 —-11.54 0.88 —-10.41 —14.83 —16.60 —7.29 —15.47 —13.38 —8.94 —4.25 —7.81
PBE -8.03 —11.07 0.77 —-10.26 —1452 —-16.07 -727 —-1526 —12.72 —-8.13 -3.92 -7.32
RPBE -8.28 —10.14 —-148 —-10.04 —1293 —1455 —-7.31 —1445 —-10.55 —6.37 -3.75 —6.27
revPBE —7.50 —9.79 —-1.12 —10.20 —-12.39 —14.23 —-7.25 —14.64 —9.90 —5.90 —3.52 —6.31
FT97 —5.21 -7.83 —-0.42 —-11.07 -10.34 —-1145 —-7.38 —14.69 -9.18 —-5.74 —-4.39 —8.98
HCTH/93 —-5.99 —7.67 —2.23 —9.40 —9.27 —11.26 —6.41 —12.99 —4.51 —1.88 —-0.75 —3.61
HCTH/120 -8.52 —10.46 —1.61 -9.96 —12.71 —-14.40 -6.91 —13.90 —9.36 —-6.19 —-2.45 —5.69
HCTH/147 —7.60 —9.78 —1.52 —-9.99 -11.77 —-13.67 —6.79 —13.88 —8.13 —-5.20 —2.05 —5.41
HCTH/407 —-9.23 —9.73 —2.70 -9.12 —-12.14 —13.00 —6.52 —-12.39 -7.77 —-3.71 —1.24 -3.10
BOP -865 —11.09 -397 -—-1228 —-1155 —-1486 —-7.99 —16.05 —9.65 —6.90 —-4.97 —8.09
OPBE —1.93 —3.93 1.76 —6.39 —7.61 -850 —494 —-10.96 —2.40 1.86 1.29 -0.60
OLYP —6.62 —-7.24 —1.60 -8.68 —1047 —-1124 -6.39 —12.68 —-6.15 —1.66 -1.13 -3.10
meta-GGAs
PKZB —5.23 —-6.56 —1.06 —6.73 -9.47 —-1065 —-6.04 —10.82 —9.26 —4.47 —-5.09 —4.64
VS98 —12.09 —9.40 —6.28 —5.54 —12.58 —-13.77 —7.45 —9.91 —16.05 —12.14 —-10.24 —8.28
BLAP3 -7.25 -9.41 —-3.70 -9.27 -8.01 —-1188 -512 —11.74 —6.87 —5.62 -3.32 —5.48
OLAP3 -3.29 —3.92 —2.05 -5.10 —3.97 —6.29 —2.96 —7.47 0.26 2.02 1.50 0.84
TPSS —3.93 —8.58 2.46 —8.69 —-9.70 —-1324 —-454 —13.35 —12.02 —8.92 —-563 —9.03
MO6-L 0.10 —5.00 5.15 —2.08 —3.86 —8.05 0.35 —-5.13 —4.94 -3.07 0.11  -0.15
Hybrid Functionals
B3LYP —4.05 —6.92 0.26 —7.42 —7.54 -9.60 —-4.16 —10.10 —6.00 —4.78 -169 —5.28
QO3LYP —-1.22 -3.14 1.91 —4.61 —5.14 -6.39 —-2.80 —7.86 —-1.75 0.69 1.38 -0.78
KMLYP 7.42 2.93 8.57 2.32 2.74 2.15 3.39 1.54 5.55 2.75 6.70 2.14
BHandH 5.23 0.39 9.92 0.88 —1.68 —1.49 2.07 —1.00 0.77 -0.10 5.46 0.39
mPBEOKCIS -3.11 —4.82 1.47 —4.98 -7.31 —-7.61 —3.66 -7.77 -3.14 —1.44 144 —1.60
mPW1K 5.59 1.73 5.92 0.18 1.52 0.36 1.36 -1.19 4.25 2.50 4.58 0.95
MO05 —-2.18 1.91 1.51 2.71 —4.73 -7.48 —1.21 —6.68 —-2.80 —1.06 0.89 —-0.26
M05-2X 2.32 —5.34 1.86 —7.51 —1.69 —2.36 —-2.51 —4.53 1.98 1.14 1.52 —1.03
MO06 —0.88 —0.59 2.34 0.99 —4.40 -7.15 -—1.56 —5.57 —2.34 —2.34 0.88 —0.76
M06-2X 2.82 -7.27 3.50 —5.88 —1.51 -0.53 —1.16 0.86 3.83 5.03 4.51 6.42

4 Relative to CCSD(T)/aug-cc-pVQZ benchmark for reactions involving F and relative to CCSD(T)/aug-cc-pV(T + d)Z benchmark for

reactions involving Cl. R = reactants, RC = reactant complex.

F~ + CH;CHyF computed by Gronert and co-workers,*"
which agree within 2.3 kcal/mol with our best CCSD(T)
estimates.

3.3. Validation of DFT: Mean Absolute Error. Next,
we examine the relative energies of stationary points
computed with (i) the LDA functional VWN; (ii) the GGA
functionals BP86, BLYP, PW91, PBE, RPBE, revPBE,
FT97, HCTH/93, HCTH/120, HCTH/147, HCTH/407, BOP,
OPBE, and OLYP; (iii) the meta-GGA functionals PKZB,
VS98, BLAP3, OLAP3, TPSS, and M06-L; and (iv) the
hybrid functionals B3LYP, O3LYP, KMLYP, BHandH,
mPBEOKCIS, mPW1K, M05, M05-2X, M06, and M06-2X
using the following procedure: (i) all functionals except
OLYP are evaluated using the OLYP/ae-TZ2P density
computed at the OLYP/TZ2P geometries; (ii) the OLYP
functional is evaluated using the OLYP/TZ2P density
computed at the OLYP/TZ2P geometries (see Methods
section). Extensive previous validation studies have shown
that the use of the all-electron ae-TZ2P versus the frozen-
core TZ2P basis set leads to differences in relative energies
of less than half a kilocalorie per mole.*® The DFT relative

energies for reactions 1 and 2 are collected in Tables 3 and
4, respectively (see Table S2 in the Supporting Information
for an overview of overall barriers together with central
barriers for all of the anti-E2, syn-E2, and SN2 reactions of
F~ 4+ CH;CH,F and CI™ + CH3;CH,Cl computed with all
our 31 functionals).

Here, we focus on the overall barrier, that is, the difference
in energy between the TS and the separate reactants (R),
and the central barrier, that is, the difference in energy
between the TS and the reactant complex (RC). The overall
barrier is decisive for the rate of chemical reactions in the
gas phase, in particular, if they occur under low-pressure
conditions,?™® whereas the central barrier becomes decisive
in the high-pressure regime, when termolecular collisions
are sufficiently efficient to cool the otherwise rovibrationally
hot reactant complex, causing it to be in thermal equilibrium
with the environment.”*°

The performance of the various density functional ap-
proaches is assessed by a systematic comparison of the
resulting PESs with our CCSD(T)/aug-cc-pVQZ benchmark
in the case of reaction 1 (Table 1) and the CCSD(T)/aug-
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Table 6. Mean Absolute Errors (MAE) in Overall and Central Barriers (in kcal/mol) for Various Density Functionals for the
anti-E2, syn-E2, and SN2 reactions of X~ + CH3CH.X (X = F, Cl) compared to CCSD(T)?

MAE in anti-E2 barr. MAE in syn-E2 barr.

MAE in Sn2 barr.

MAE in barr. X = F MAE in barr. X = CI MAE

method re. toR rel.to RC rel.to R rel.to RC rel.to R rel. to RC rel.to R rel. to RC rel.to R rel.to RC rel. to R rel. to RC
LDA
VWN 10.07 8.37 18.71 12.15 13.00 5.27 13.64 5.20 14.21 11.99 13.92 8.59
GGAs
BP86 8.83 5.71 14.26 11.66 9.47 6.09 10.44 3.93 11.27 11.71 10.85 7.82
BLYP 11.43 7.82 15.49 12.55 11.33 7.72 12.56 5.77 12.94 12.96 12.75 9.36
PW91 9.90 5.65 15.72 11.38 11.16 6.03 12.15 4.14 12.36 11.23 12.26 7.69
PBE 9.55 5.52 15.30 11.27 10.43 5.62 11.76 3.99 11.76 10.95 11.76 7.47
RPBE 9.21 5.76 13.74 10.88 8.46 5.01 10.59 418 10.35 10.25 10.47 7.22
revPBE 8.65 5.66 13.31 10.95 7.90 4.92 9.93 3.96 9.97 10.38 9.95 717
FT97 6.52 5.75 10.90 11.04 7.46 6.69 8.24 4.06 8.34 11.58 8.29 7.82
HCTH/93 6.83 5.82 10.27 9.70 3.20 2.18 6.59 3.13 6.94 8.67 6.76 5.90
HCTH/120 9.49 5.79 13.56 10.41 7.78 4.07 10.20 3.66 10.35 9.85 10.27 6.75
HCTH/147 8.69 5.76 12.72 10.34 6.67 3.73 9.17 3.45 9.55 9.76 9.36 6.61
HCTH/407 9.48 5.91 12.57 9.46 5.74 217 9.71 3.49 8.81 8.20 9.26 5.85
BOP 9.87 8.13 13.21 12.02 8.28 6.53 9.95 5.64 10.95 12.14 10.45 8.89
OPBE 2.93 4.08 8.06 7.95 2.13 0.95 3.98 2.66 4.76 5.98 4.37 4.32
OLYP 6.93 5.14 10.86 9.54 3.91 212 7.75 3.04 6.71 8.15 7.23 5.60
meta-GGAs
PKZB 5.90 3.90 10.06 8.43 6.87 4.87 7.99 4.06 7.23 7.40 7.61 5.73
VS98 10.75 5.91 13.18 8.68 14.10 9.26 13.57 7.99 11.77 7.91 12.67 7.95
BLAP3 8.33 6.49 9.95 8.43 6.25 4.40 7.38 4.05 8.97 8.83 8.17 6.44
OLAP3 3.61 3.58 5.13 5.22 1.14 1.17 2.51 217 4.08 4.47 3.29 3.32
TPSS 6.26 5.58 11.47 8.95 10.47 7.33 8.55 4.21 10.25 10.36 9.40 7.28
MO6-L 2.55 3.62 5.96 2.74 4.01 0.13 2.97 1.87 5.37 2.45 417 2.16
Hybrid Functionals
B3LYP 5.49 3.84 8.57 713 5.39 3.49 5.86 2.04 7.10 7.60 6.48 4.82
O3LYP 2.18 3.26 5.77 5.33 1.22 1.08 2.70 2.03 3.41 4.42 3.06 3.22
KMLYP 5.18 5.45 2.45 2.47 415 4.42 5.24 6.22 2.61 2.00 3.92 411
BHandH 2.81 5.40 1.59 1.54 0.44 2.93 2.56 5.82 0.66 0.76 1.61 3.29
mPBEOKCIS 3.97 3.23 7.46 5.72 2.29 1.562 4.52 2.19 4.62 4.78 4.57 3.49
mPW1K 3.66 3.05 0.94 1.28 3.38 2.77 3.79 3.95 1.53 0.77 2.66 2.36
MO05 2.05 2.1 6.11 3.95 1.93 0.58 3.24 1.20 3.48 3.22 3.36 2.21
M05-2X 3.83 4.69 2.03 3.52 1.56 1.28 2.00 1.96 2.95 4.36 2.47 3.16
MO06 0.74 1.67 5.78 3.57 2.34 0.82 2.54 1.59 3.36 2.44 2.95 2.02
M06-2X 5.05 4.69 1.02 1.01 4.43 5.47 2.72 3.06 4.28 4.39 3.50 3.72

2 Relative to CCSD(T)/aug-cc-pVQZ benchmark for reactions involving F and relative to CCSD(T)/aug-cc-pV(T + d)Z benchmark for

reactions involving Cl. R = reactants, RC = reactant complex.

cc-pV(T+d)Z benchmark in the case of reaction 2 (Table
2). Note that our best CCSD(T) results do not differ much
from the CBS extrapolated CCSD(T) values. Thus, they were
used (instead of the CBS values) as our benchmark since
we prefer to have as little as possible empirical extrapolations
in the benchmark reference values. For all 31 functionals,
we have computed the errors in the overall and central
barriers (see Table 5) and the corresponding mean absolute
errors (MAE) relative to the CCSD(T) benchmarks for all
model reactions together as well as for certain categories
thereof (see Table 6).

It is clear from Tables 5 and 6 that LDA suffers from its
notorious overbinding: it yields too-low barriers and too-
exothermic complexation and reaction energies (see also
Tables 3 and 4). But also many of the GGA (e.g., BLYP,
BOP, BP86, PW91, and PBE) and some meta-GGA func-
tionals (VS98 and TPSS) perform more or less equally poorly
as LDA: together, these poorly performing functionals have
MAE values, for all reactions together, in the range 7—9
kcal/mol for central and 9—14 kcal/mol for overall barriers
(see Table 6).

Best overall agreement with our ab initio benchmark
barriers is obtained by representatives from each of the three

categories of functionals, GGA, meta-GGA, and hybrid DFT,
with MAES in central barriers of 4.3 (OPBE), 2.2 (M06-L),
and 2.0 kcal/mol (M06), respectively, and MAEs in overall
barriers of 4.4 (OPBE), 3.3 (OLAP3), and 1.6 kcal/mol
(BHandH), respectively (see Table 6). The top three best
functionals is constituted for the central barriers of MO06,
MO06-L, and M05 with MAE values, for all reactions together,
of 2.0, 2.2, and 2.2 kcal/mol, respectively, and for the overall
barriers of BHandH, M05-2X, and mPW1K with MAE
values, for all reactions together, of 1.6, 2.5, and 2.7 kcal/
mol, respectively (see Table 6). An important point to note
is that the OPBE functional is, not only for all reactions
together but also for each individual category of reactions
(e.g., anti-E2 reactions or reactions with X = F, etc.), in the
top regions of performance (MAE in a category typically
1—6 kcal/mol, only for syn-E2 it reaches 8.1 kcal/mol) of
all functionals studied, and it is the best of all GGA
functionals. OLYP (7.2 and 5.6 kcal/mol relative to R and
RC) and B3LYP (6.5 and 4.8 kcal/mol relative to R and RC)
are of comparable quality, and both have somewhat larger
MAE values for all reactions together than OPBE (4.4 and
4.3 kcal/mol relative to R and RC; see Table 6). OLYP
(MAE for SN2: 3.9 and 2.1 kcal/mol relative to R and RC)
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Figure 3. Overall (a) and central (b) barriers (in kcal/mol) for the anti-E2 and Sy2 reactions of X~ + CH3zCH X (X = F, CI),

computed with CCSD(T) and selected density functionals.

is however slightly better than B3LYP (MAE for Sy2: 5.4
and 3.5 kcal/mol relative to R and RC) for the category of
Sn2 reactions (see Table 6), in agreement with previous
work.”®

Finally, complexation energies of the reactant complexes
relative to reactants as well as reaction energies of our model
reactions appear to be, in general, somewhat less dependent
on the level of both ab initio (see Tables 1 and 2) and density
functional theory (see Tables 3-6) if compared with the
relative energies of the transition states discussed above. The
density functionals that perform best for reaction barriers in
terms of MAE, namely, BHandH, M06, M06-L, M05, MO05-
2X, and mPW 1K, also show satisfactory agreement with the
CCSD(T) benchmark regarding these complexation and
reaction energies, with MAEs in the range of 0.7—4.8 kcal/
mol (values not shown in Table 6). OPBE and B3LYP also
achieve MAE values within this range, whereas OLYP has
MAE values of 3.5 and 6.0 kcal/mol for complexation and
reaction energies, respectively.

3.4. Validation of DFT: Trends. So far, we have
concentrated on the MAE, which leads to a certain ranking
of density functionals regarding their performance in com-
puting overall or central barriers for the six model reaction
pathways (see Scheme 2). Interestingly (and importantly),
such an MAE-based ranking does not necessarily say
something about the performance for reproducing the right
trends in reactivity.

For example, according to the MAE criterion, BHandH
and MOG6-L belong to the best functionals. Yet, they
erroneously predict that, for F~ + CH3;CH,F, the anti-E2
reaction has both a higher overall and central barrier than
the Sn2 reaction, as can be seen in Figure 3a and b,
respectively (see also Tables 3 and 4). For comparison, both
OPBE and OLYP do reproduce the correct trend (see Figure
3), in spite of the fact that the MAE is larger than that for
BHandH or MO06-L (see Table 6). In the latter two func-
tionals, the error is apparently somewhat less uniformly
distributed. This is an interesting phenomenon, but it should
also not be overrated because the energy differences con-
cerned are rather small.

MO06 and MOS5 are good both in terms of one of the
smallest MAE values (see Table 6) and a correct trend in
reactivity (see Figure 3 and Tables 3 and 4). On the other
hand, they are computationally somewhat more expensive
than OPBE and OLYP. And, at variance with the latter, M06
and MO5 are (in ADF) evaluated post-SCF with the density
of another potential (e.g., OPBE or OLYP).

4. Conclusions

We have computed ab initio benchmarks for the archetypal
competing E2 and SN2 reactions of fluoride + fluoroethane
and chloride + chloroethane. These benchmarks derive from
hierarchical series of methods up to CCSD(T)/aug-cc-pVQZ
(up to CCSD(T)/aug-cc-pV(T+d)Z for chloride + chloro-
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ethane), which are converged with respect to the basis-set
size within less than half a kilocalorie per mole. The resulting
reaction profiles show that anfi-E2 dominates for F~ +
CH;CH,F while Sy2 dominates for C1~ + CH3;CH,CI. This
change in preference is reflected by both overall and central
barriers. On the other hand, syn-E2 is in both reaction
systems the least favorable pathway.

Our ab initio benchmark is used to evaluate the perfor-
mance of 31 density functionals for describing the above
anti-B2, syn-E2, and SN2 reactions. The best overall agree-
ment regarding central reaction barriers with our ab initio
benchmark is obtained by representatives from each of the
three categories of functionals, GGA, meta-GGA, and hybrid
DFT, with mean absolute errors of 4.3 (OPBE), 2.2 (M06-
L), and 2.0 kcal/mol (M06), respectively.

Importantly, the hybrid functional BHandH and the meta-
GGA MO6-L yield incorrect trends and qualitative features
of the PESs (in particular, an erroneous preference for Sy2
over the anti-E2 in the case of F~ + CH3CH,F) even though
they are among the best functionals as measured by their
small mean absolute errors of 3.3 and 2.2 kcal/mol in reaction
barriers. OLYP and B3LYP have somewhat higher mean
absolute errors in central barriers (5.6 and 4.8 kcal/mol,
respectively), but the error distribution is somewhat more
uniform, and as a consequence, the correct trends are
reproduced.
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