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An assessment of theoretical procedures for π-conjugation stabilisation energies in enones

Li-Juan Yua, Farzaneh Sarramia, Amir Kartona,∗ and Robert J. O’Reillyb

aSchool of Chemistry and Biochemistry, The University of Western Australia, Perth, Australia; bDepartment of Chemistry, School of
Science and Technology, Nazarbayev University, Astana, Republic of Kazakhstan

(Received 24 September 2014; accepted 5 November 2014)

We introduce a representative database of 22 α,β- to β,γ -enecarbonyl isomerisation energies (to be known as the EIE22 data-
set). Accurate reaction energies are obtained at the complete basis-set limit CCSD(T) level by means of the high-level W1-F12
thermochemical protocol. The isomerisation reactions involve a migration of one double bond that breaks the conjugated π -
system. The considered enecarbonyls involve a range of common functional groups (e.g., Me, NH2, OMe, F, and CN). Apart
from π -conjugation effects, the chemical environments are largely conserved on the two sides of the reactions and therefore
the EIE22 data-set allows us to assess the performance of a variety of density functional theory (DFT) procedures for the
calculation of π -conjugation stabilisation energies in enecarbonyls. We find that, with few exceptions (M05-2X, M06-2X,
BMK, and BH&HLYP), all the conventional DFT procedures attain root mean square deviations (RMSDs) between 5.0 and
11.7 kJ mol−1. The range-separated and double-hybrid DFT procedures, on the other hand, show good performance with
RMSDs below the ‘chemical accuracy’ threshold. We also examine the performance of composite and standard ab initio
procedures. Of these, SCS-MP2 offers the best performance-to-computational cost ratio with an RMSD of 0.8 kJ mol−1.

Keywords: enones; π -conjugation; isomerisation energies; density functional theory; CCSD(T)

1. Introduction

The relative thermodynamic stabilities of conjugated
α,β- and the corresponding unconjugated β,γ -enecarbonyl
derivatives (Scheme 1) are of general importance in organic
and biochemistry. There has been strong interest in natu-
rally occurring compounds that contain an α,β-enecarbonyl
motif (Scheme 1). For example, a number of such com-
pounds, including phenethyl caffeate [1] and ergolide [2]
have been shown to exhibit strong inhibitory activity against
the nuclear transcription factor NF-κB, [3] which plays a
substantive role in inflammation and constitutive activity in
malignant cells [4]. The β,γ -unsaturated structural motif,
in which conjugation with the carbonyl moiety is lost, is
also observed in a number of natural products, including
molecules present in various fruits such as grapes (non-3-
enoic acid) [5] and nectarines (methyl hex-3-enoate) [6].

The isomerisation between the α,β- and β,γ -forms of
enecarbonyls also plays important roles in biochemical
processes. For example, the enzyme β-hydroxydecanoyl
thioester dehydrase catalyses the conversion of trans-
α,β-decenoyl thioester to cis-β,γ -decenoyl thioester [7],
a necessary step for introducing cis stereochemistry in
fatty acids. Another example is the �5→�4-3-ketosteroid
isomerase enzyme which catalyses the β,γ - to α,β-
isomerisation of androst-5-ene-3,17-dione to androst-4-
ene-3,17-dione [8,9]. From the perspective of synthetic

∗
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organic chemistry, the isomerisation of β,γ -unsaturated ke-
tones and their conjugated α,β-isomers (and vice versa) has
been shown to be facilitated by both acids [10] and bases
[11–13]. In addition to the use of acid or base catalysis,
the synthesis of α,β-unsaturated (Z)-alkenes from β,γ -
unsaturated ketones, by way of a Rh(I) catalyst, has also
been documented recently [14].

A key contributing factor that governs the product that
one may expect to obtain from a given reaction, be it the
α,β- or β,γ -form, will be the energy separation between the
two isomers. Regarding the relative stabilities of α,β- and
β,γ -enecarbonyl compounds, experimental investigations
have provided a number of findings, including for exam-
ple: (1) the equilibrium between 5-methyl-4-hepten-3-one
(α,β) and 5-methyl-5-hepten-3-one (β,γ ) in acidic media
was found to lie in favour of the former, with a ratio of 58:42
[15], and (2) β,γ -isomers are favoured at equilibrium in
cases of the β-chloro and β-phenylthio-substituted ketones,
but that hydrogen bonding between the carbonyl oxygen and
the proton of a β-amino group stabilises the α,β-form [16].
Given the general importance of such isomerisation pro-
cesses, it is desirable to consider more broadly the effect
of substituents on the energetic separation across a wider
range of enecarbonyl systems. This is not necessarily a triv-
ial task using experimental methods, but can more readily
be facilitated through accurate computational modelling.

C© 2014 Taylor & Francis
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Scheme 1. Equilibrium between α,β- and β,γ -enecarbonyls.

We have recently carried out a systematic study on the
performance of a variety of ab initio and density functional
theory (DFT) procedures in predicting π -conjugation sta-
bilisation energies in diolefins [17]. We found that many
conventional DFT procedures have difficulty in describ-
ing reactions of the type: conjugated diolefin → non-
conjugated diolefin, with root mean square deviations
(RMSDs) from accurate isomerisation energies ranging be-
tween 4.5 and 11.7 kJ mol−1. Double-hybrid DFT (DHDFT)
and most ab initio procedures, on the other hand, show ex-
cellent performance with RMSDs well below the ‘chemical
accuracy’ threshold (arbitrarily defined as 1 kcal mol−1 ≈
4.2 kJ mol−1). In this work, we proceed to investigate the
broader ramifications of these findings for π -conjugation
stabilisation energies in conjugated enecarbonyls in which
the conjugated π -system is extended over C and het-
eroatoms (namely, O and N). Introducing an electronegative
heteroatom into the π -system is expected to stabilise reso-
nance structures with a negative charge on the heteroatom.
We obtain highly accurate α,β- to β,γ -isomerisation ener-
gies using the W1-F12 thermochemical protocol for a di-
verse set of 22 enecarbonyl systems, which we refer to as the
enecarbonyl isomerisation energies (EIE22) database [18].
The isomerisation reactions in the EIE22 database are of the
type α,β-enecarbonyl → β,γ -enecarbonyl (Scheme 1). The
considered enecarbonyls involve linear and cyclic struc-
tures with a spectrum of common functional groups, in-
cluding Me, NH2, OMe, F, and CN. The isomerisation re-
actions involve a migration of one double bond that breaks
the conjugated π -system. We proceed to use our W1-F12
reference values to assess the performance of more approx-
imate theoretical procedures for the isomerisation energies
in the EIE22 database. We consider a variety of contem-
porary DFT and DHDFT procedures, as well as a number
of composite and standard ab initio methods. We show that
the difficulties that conventional DFT procedures have in
describing π -conjugation stabilisation energies are not lim-
ited to conjugated diolefins but are extended to a variety of
enecarbonyl species [17].

2. Computational methods

In order to obtain reliable reference isomerisation ener-
gies for the EIE22 database, calculations have been carried
out using the high-level, ab initio, W1-F12 procedure [18]
with the Molpro 2012.1 program suite [19]. W1-F12 the-
ory (and its earlier version W1) [20,21] represents a layered

extrapolation to the relativistic, all-electron CCSD(T)/CBS
(coupled cluster with singles, doubles, and quasiperturba-
tive triple excitations basis-set-limit energy). This com-
posite theory includes scalar-relativistic, diagonal Born–
Oppenheimer, zero-point vibrational energy (ZPVE), and
enthalpic corrections and can achieve ‘near-benchmark ac-
curacy’ for atomisation reactions [22,23]. For example, it is
associated with a mean absolute deviation (MAD) of 2.1 kJ
mol−1 for a set of 140 very accurate atomisation energies
[18,20,21,24]. Nevertheless, it should be pointed out that
for the isomerisation reactions in the EIE22 database, these
theories should yield even better performance due to a large
degree of systematic error cancelation between reactants
and products [25–29]. Finally, we note that our W1-F12
isomerisation energies are expected to lie very close to the
infinite basis-set-limit energies, as indicated by very small
differences between W1-F12 and W2-F12 theories for a set
of 48 isomerisation reactions involving diolefins. Namely,
W1-F12 attains an RMSD of only 0.15 kJ mol−1 relative to
the W2-F12 values (see also discussion in Ref. [17]).

W1-F12 theory combines explicitly correlated F12
techniques [30] with basis-set extrapolations in order to
approximate the CCSD(T) basis-set-limit energy. Due to
the drastically accelerated basis-set convergence of the F12
methods [31,32], W1-F12 is superior to the original W1
method in terms of computational cost [18]. For the sake of
making the article self-contained, we will briefly outline the
various steps in W1-F12 theory (for further details see Refs
[18] and [33]). The Hartree–Fock component is extrapo-
lated from the VDZ-F12 and VTZ-F12 basis sets, using
the E(L) = E∞ + A/Lα two-point extrapolation formula,
with α = 5 (where VnZ-F12 denotes the cc-pVnZ-F12
basis sets of Peterson et al. [31], which were specifically
developed for explicitly correlated calculations). Note that
the complementary auxiliary basis set singles correction is
included in the self-consistent field (SCF) energy [34–36].
The valence CCSD-F12 correlation energy is extrapolated
from the same basis sets, using the E(L) = Eα + A/Lα two-
point extrapolation formula, with α = 3.38. Optimal values
for the geminal Slater exponents (β) used in conjunction
with the VnZ-F12 basis sets were taken from Ref. [32]. The
(T) valence correlation energy is obtained from standard
CCSD(T) [20], namely, extrapolated from the A′VDZ and
A′VTZ basis sets using the above two-point extrapolation
formula with α = 3.22 (where A′VnZ indicates the com-
bination of the standard correlation-consistent cc-pVnZ
basis sets on H and the aug-cc-pVnZ basis sets on C,
N, O, and F) [37,38]. In all of the explicitly correlated
coupled cluster calculations the diagonal, fixed-amplitude
3C(FIX) ansatz [35,39–41], and the CCSD-F12b approx-
imation are employed [36,42]. The CCSD inner-shell
contribution is calculated with the core–valence weighted
correlation-consistent cc-pwCVTZ basis set of Peterson
and Dunning [43], whilst the (T) inner-shell contribution
is calculated with the cc-pwCVTZ(no f) basis set (where
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Molecular Physics 3

cc-pwCVTZ(no f) indicates the cc-pwCVTZ basis set
without the f functions). The scalar relativistic con-
tribution (in the second-order Douglas–Kroll–Hess
approximation) [44,45] is obtained as the difference
between non-relativistic CCSD(T)/A′VDZ and relativistic
CCSD(T)/A′VDZ-DK calculations [46]. The diagonal
Born–Oppenheimer corrections are calculated at the
HF/cc-pVTZ level of theory using the CFOUR program
suite [47].

Since W1-F12 represents a layered extrapolation to the
all-electron CCSD(T) basis-set-limit energy, it is of interest
to estimate whether the contributions from post-CCSD(T)
excitations are likely to be significant. The percentage of
the total atomisation energy accounted for by parenthetical
connected triple excitations, %TAEe[(T)], has been shown
to be a reliable energy-based diagnostic for the importance
of non-dynamical correlation effects. It has been suggested
that %TAEe[(T)] < 2% indicates systems that are domi-
nated by dynamical correlation, while 2% < %TAEe[(T)] <

5% indicates systems that include mild non-dynamical cor-
relation [21,24,48]. Table S1 (Supplemental data) gathers
the %TAEe[(T)] values for the reactants and products in-
volved in the EIE22 database. The %TAEe[(T)] values for
these species lie in the range 1.7%–2.4%. These values sug-
gest that all the species in the EIE22 database are dominated
by dynamical correlation effects, and that our bottom-of-
the-well CCSD(T)/CBS benchmark isomerisation energies
should be within 2–3 kJ mol−1 from the reaction energies
at the full configuration interaction basis-set limit. We note
that the cyano species (reactions 7 and 14–16, Figure 1) are
characterised by the largest %TAEe[(T)] values.

The geometries of all structures have been obtained at
the B3LYP-D3/A′VTZ level of theory [49–52]. Empirical
D3 dispersion corrections [53,54] are included using the
Becke−Johnson [55] damping potential as recommended in
Ref. [52] (denoted by the suffix -D3). Harmonic vibrational
frequency analyses have been performed to confirm each
stationary point as an equilibrium structure (i.e., all real
frequencies). ZPVE and enthalpic corrections have been
obtained from such calculations. All geometry optimisa-
tions and frequency calculations were performed using the
Gaussian 09 program suite [56].

The DFT exchange-correlation functionals considered
in this study (ordered by their rung on Jacob’s Ladder) [57]
are the pure generalised gradient approximation (GGA)
functionals: BLYP [49,58], B97-D [59], HCTH407 [60],
PBE [61], BP86 [58,62], BPW91 [58,63], SOGGA11 [64],
N12 [65]; the meta-GGAs (MGGAs): M06-L [66], TPSS
[67], τ -HCTH [68], VSXC [69], BB95 [70], M11-L [71],
MN12-L [72]; the hybrid-GGAs (HGGAs): BH&HLYP
[73], B3LYP [49–51], B3P86 [50,62], B3PW91 [50,63],
PBE0 [74], B97-1 [75], B98 [76], X3LYP [77], SOGGA11-
X [78]; the hybrid-meta-GGAs (HMGGAs): M05 [79],
M05-2X [80], M06 [81], M06-2X [81], M06-HF [81],
BMK [82], B1B95 [58,70], TPSSh [83], τ -HCTHh [68],

PW6B95 [84], and the DHDFT procedures: B2-PLYP [85],
B2GP-PLYP [86], B2K-PLYP [87], B2T-PLYP [87], DSD-
BLYP [88], DSD-PBEP86 [89,90], PWPB95 [91]. We also
consider the following range-separated (RS) functionals:
CAM-B3LYP [92], LC-ωPBE [93], ωB97 [94], ωB97X
[94], ωB97X-D [95], and M11 [96]. We note that the suffix
-D in B97-D and ωB97X-D indicates the dispersion cor-
rection that was prescribed by the developers in Refs [59]
and [95], rather than the D3 dispersion correction.

In addition, the performance of composite thermo-
chemical procedures and standard ab initio methods is
also assessed. We consider the following composite pro-
cedures: G4 [97], G4(MP2) [98], G4(MP2)-6X [99], G3
[100], G3(MP2) [101], G3B3 [102], G3(MP2)B3 [102],
CBS-QB3 [103], and CBS-APNO [104], and the following
ab initio methods: MP2, SCS-MP2 [105], MP2.5 [106],
MP3, SCS-MP3 [107], MP4, CCSD, SCS-CCSD [108],
SCS(MI)CCSD [109], and CCSD(T). The performance of
the DFT and standard ab initio procedures is investigated in
conjunction with the A′VnZ (n = D, T, and Q) correlation-
consistent basis sets of Dunning and co-workers [37,38].

3. Results and discussion

3.1. Overview of the isomerisation reactions in
the EIE22 database

The EIE22 database is comprised of 22 prototypical iso-
merisation reactions (shown in Figure 1) of the type:

Conjugated enecarbonyl(α, β-) →
Non-conjugated enecarbonyl(β, γ -). (1)

All the reactions involve a migration of one dou-
ble bond, which breaks the conjugated π -system. Bench-
mark reference data have been obtained by means of the
high-level W1-F12 procedure [18]. W1-F12 theory repre-
sents a layered extrapolation to the relativistic, all-electron
CCSD(T) basis-set limit, and can achieve an accuracy in
the kJ mol−1 range for molecules whose wave functions
are dominated by dynamical correlation [18,20,21,24]. For
the reactants involved in reactions 2 and 5, experimental
heats of formation at 298 K are available from the NIST
thermochemical database [110]. Table S3 (Supplemental
data) gives the W1-F12 heats of formation at 0 K (�Hf, 0)
and 298 K (�Hf, 298) for the reactants and products in-
volved in the EIE22 datbase. For the reactants of reactions
2 and 5, we obtain �Hf, 298 = −150.0 ± 3.8 and −344.3 ±
3.8 kJ mol−1, respectively [111]. The calculated heat of
formation for the reactant in reaction 5 is in good agree-
ment with the NIST experimental value (−342.3 ± 2.0 kJ
mol−1), in particular the computed and experimental values
agree to within overlapping uncertainties. Our heat of for-
mation for the reactant of reaction 2 is lower than the NIST
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4 L.-J. Yu et al.

Figure 1. Isomerisation reactions in the EIE22 database.
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Molecular Physics 5

Table 1. Component breakdown of the benchmark W1-F12 reaction energies (in kJ mol−1) for the isomerisation reactions in the EIE22
database (shown in Figure 1).

Reaction �SCF �CCSD �(T) �CVa �Rel.b �DBOCc �ZPVEd �Ee
e �H0

f H298 − H0
g �H298

f

1 27.0 −2.0 1.8 0.1 0.0 0.01 −1.0 26.9 25.9 −0.1 25.8
2 17.6 −1.2 1.6 0.1 0.0 0.00 −0.4 18.1 17.7 −0.2 17.5
3 17.7 −4.4 0.3 0.2 0.0 −0.02 1.6 13.9 15.5 −1.0 14.4
4 18.8 −1.6 1.4 0.1 0.0 0.00 −0.4 18.7 18.3 0.0 18.3
5 18.5 −1.2 1.3 0.1 0.0 −0.01 −0.2 18.8 18.5 0.0 18.5
6 19.4 −1.9 1.5 0.1 0.0 0.00 −0.6 19.0 18.4 0.0 18.4
7 28.6 −2.0 1.8 0.2 0.0 0.01 0.0 28.5 28.5 0.0 28.5
8 30.1 1.1 2.0 0.4 0.0 0.03 0.0 33.6 33.5 −0.6 32.9
9 12.0 0.1 2.7 0.0 0.0 0.02 −0.1 14.9 14.8 −1.0 13.8

10 13.6 0.3 2.0 −0.1 0.0 0.01 −2.9 15.8 12.9 0.8 13.7
11 4.2 −3.6 0.1 −0.3 0.0 −0.06 −0.4 0.4 0.0 0.8 0.8
12 −3.1 3.3 4.3 −0.1 −0.1 −0.03 −1.3 4.4 3.1 −0.1 3.0
13 28.2 2.8 3.2 0.5 −0.1 0.00 −0.7 34.7 33.9 −0.6 33.3
14 4.4 −1.5 −0.2 −0.1 0.0 0.00 −1.0 2.6 1.7 0.2 1.9
15 16.7 1.7 2.3 0.1 0.0 0.02 −0.5 20.8 20.3 −0.3 19.9
16 39.1 −3.6 2.9 0.3 0.0 −0.01 −0.9 38.6 37.6 −0.1 37.6
17 22.0 −2.8 1.5 0.2 0.0 0.00 0.5 21.0 21.5 −0.4 21.1
18 −14.2 1.3 1.4 0.0 0.0 −0.07 −1.7 −11.5 −13.2 −0.4 −13.6
19 14.5 −1.8 1.2 0.2 0.0 −0.02 −0.6 14.1 13.5 0.0 13.6
20 18.0 −1.8 1.5 −0.2 0.0 −0.01 −2.2 17.5 15.4 0.1 15.5
21 21.6 −3.1 1.1 0.1 0.0 −0.02 −1.0 19.7 18.7 0.0 18.8
22 12.0 −0.4 1.6 −0.2 0.0 −0.02 −1.5 13.1 11.6 0.4 12.0

aCore-valence correction.
bScalar-relativistic correction.
cDiagonal Born–Oppenheimer correction.
dZPVE correction from B3LYP-D3/A′VTZ harmonic calculations (scaled by 0.99, see also Ref.[33]).
eNon-relativistic, all-electron, vibrationless, DBOC-exclusive CCSD(T) basis-set limit reference isomerisation energies (these are used for the evaluation
of the DFT, composite, and ab initio procedures).
fRelativistic, all-electron, ZPVE-inclusive, DBOC-inclusive CCSD(T) basis-set limit reference isomerisation energies at 0 and 298 K (for comparison with
experiment).
gEnthalpy functions (H298 – H0) are obtained within the rigid rotor-harmonic oscillator approximation from the B3LYP-D3/A′VTZ calculated geometry
and harmonic frequencies.

experimental value (−136 kJ mol−1) by as much as 14 kJ
mol−1, however we note that the experimental value is
not associated with an error bar. This suggests that re-
examination of the experimental data for this compound
may be in order.

A brief mention is warranted as to the magnitude
and general effect of substituents on the isomerisation en-
thalpies for the reactions in the EIE22 database (see Figure 1
and Equation (1)). We begin by noting that for the 22 sys-
tems considered, the �H298 values range from −13.6 (18) to
+ 37.6 (16) kJ mol−1, with 18 of the systems having �H298

values that are ≥ 12.0 kJ mol−1, demonstrating the general
favourability of the α,β-isomers vs. their β,γ -derivatives,
a result that can be attributed, for the most part, to the ex-
istence of stabilising π (C=C)→ π∗

(C=O) orbital interactions
in the former. Only one system, 18, was associated with an
exothermic �H298 value (−13.6 kJ mol−1). The largest iso-
merisation energy is associated with system 16 (�H298 =
37.6 kJ mol−1), and may reflect, in part, the loss of a double
resonance stabilisation effect (ene-nitrile and ene-carbonyl)
on going from the α,β- to β,γ -isomer.

We note that systems 11, 12, and 14 are associated with
�H298 values that are close to thermo-neutral, with �H298

values of 0.8, 3.0, and 1.9 kJ mol−1, respectively. The par-
ticularly small energy separation in system 11 (�H298 = 0.8
kJ mol−1) may be taken to imply that the stabilising π (C=C)

to π∗
(C=O) interaction lost in the α,β-isomer is balanced

by the stabilising LP(O)→ π∗
(C=C) interaction formed in

the β,γ -isomer. Similarly, the small energy difference in
system 14 (�H298 = 1.9 kJ mol−1) may indicate that the
energetics associated with conjugative carbonyl-ene stabil-
isation in the α,β-isomer are of comparable magnitude to
conjugative nitrile-ene stabilisation in the β,γ -isomer.

3.2. Performance of DFT procedures for the
isomerisation reactions in the EIE22
database

The W1-F12 reaction energies (Table 1) provide a bench-
mark set of values that allows the evaluation of the perfor-
mance of computationally less demanding procedures for
the calculation of α,β- to β,γ -enecarbonyl isomerisation
energies. For a rigorous comparison with the DFT data,
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6 L.-J. Yu et al.

secondary effects that are not explicitly included in the
DFT calculations, such as relativistic and ZPVE correc-
tions, are excluded from the W1-F12 reference values. We
begin by noting that all the isomerisation reactions in the
EIE22 database conserve the numbers of each formal bond
type and the number of C atoms in each hybridisation state
on both sides of the reaction. In addition, some of the reac-
tions also conserve the number of C atoms in each hapticity
(i.e., primary, secondary, and tertiary). The use of trans-
formations in which the chemical environments (except for
π -conjugation) are largely balanced on the two sides of
the reaction, allows us to evaluate the performance of ap-
proximate theoretical procedures for the calculation of the
π -conjugation stabilisation energies in enecarbonyls.

It is well established that the performance of DFT can
vary for different types of reactions. In particular, the accu-
racy of a given functional should increase as larger molec-
ular fragments are conserved on the two sides of the re-
action, due to an increasing degree of error cancelation
between reactants and products. For example, it has been
shown that the performance of DFT improves along the
sequence: atomisation → isogyric → isodesmic → hypo-
homodesmotic → homodesmotic → hyperhomodesmotic
reactions [17,24–29]. Since the performance of DFT func-
tionals is expected to improve along this series, it is reason-
able to tighten the criteria for recommending a DFT func-
tional as the reaction hierarchy is traversed. In the following
discussion, we will recommend DFT functionals that ob-
tain an RMSD ≤ 2.1 kJ mol−1, rather than the threshold of
‘chemical accuracy’ (i.e., RMSD ≤ 4.2 kJ mol−1) that is
usually used for atomisation and isogyric reactions. We also
note that the reaction energies (�Ee) in the EIE22 data-set
range between 0.4 and 38.6 kJ mol−1 (Table 1) and the av-
erage reaction energy is 18.8 kJ mol−1, therefore an RMSD
of ∼10% of this average seems to be a reasonable threshold
for recommending a DFT functional.

Table 2 gives the RMSD, MAD, mean signed deviation
(MSD), and largest deviation (LD) from our benchmark
W1-F12 results for the DFT functionals considered. Before
proceeding to a detailed discussion of the performance of
the families of functionals, we start by making the following
general observations.

• With few exceptions, the GGA, MGGA, HGGA, and
HMGGA functionals attain RMSDs above the thresh-
old of ‘chemical accuracy’ (namely, RMSDs = 5.0–
11.7 kJ mol−1). The only two functionals that attain
RMSDs below the threshold of 2.1 kJ mol−1 are M05-
2X (RMSD = 2.1) and M06-2X (RMSD = 1.6 kJ
mol−1). We note that BMK-D3 also performs well
with an RMSD of 2.7 kJ mol−1.

• All the GGA, MGGA, HGGA, and HMGGA func-
tionals tend to systematically overestimate the reac-
tions energies, as evident from MSD ≈ MAD (with
the notable exception of M06-HF).

• Where applicable, the inclusion of empirical D3 dis-
persion corrections systematically improve agree-
ment with the W1-F12 results. However, the magni-
tude of these corrections is relatively modest ranging
from 0.0 (B2GP-PLYP) to 1.1 (BLYP) kJ mol−1.

• All of the RS functionals give good performance with
RMSDs below the threshold of ‘chemical accuracy’.
In particular, ωB97, LC-ωPBE-D3, ωB97X, LC-
ωPBE, and M11 show excellent performance with
RMSDs = 1.4–2.3 kJ mol−1.

• With the exception of B2K-PLYP, the double-
hybrid DFT procedures give good performance with
RMSDs ranging between 1.1 (DSD-BLYP) and 5.0
(B2-PLYP) kJ mol−1. In particular, DSD-BLYP,
B2GP-PLYP, and B2T-PLYP show excellent perfor-
mance with RMSDs = 1.1–1.5 kJ mol−1.

Of all the considered GGA functionals, the recently de-
veloped SOGGA11 procedure shows the best performance,
with an RMSD of 5.6 kJ mol−1 and an LD of 11.2 kJ mol−1.
The rest of the GGA functionals exhibited notably poorer
performance with RMSDs ranging from 8.5 (B97-D) to
10.9 (N12) kJ mol−1. Note also that the LDs for these func-
tionals vary between 15.4 and 18.9 kJ mol−1. The inclusion
of an empirical D3 dispersion correction was considered in
the case of three functionals, namely BLYP, PBE, and BP86,
and in all cases, resulted in a slight lowering of the RMSDs
by amounts ranging from 0.6 (PBE-D3) to 1.1 (BLYP-D3)
kJ mol−1. It is instructive to compare the performance of the
various DFT procedures across the EIE22 database vs. the
DIE60 database [17]. Table S2 (Supplemental data) gathers
the differences in RMSD (�RMSD = RMSD(EIE22) −
RMSD(DIE60)). Inspection of the �RMSD values reveals
that (with two exceptions) the performance of the GGA
functionals deteriorates for the EIE22 test set, with the
�RMSDs adopting positive values ranging from 0.5 (PBE)
to 2.1 (BLYP-D3) kJ mol−1. This indicates a greater dif-
ficulty of the considered GGAs in describing enecarbonyl
vs. diene isomerisation energies. The two exceptions are
HCTH407 and SOGGA11, where the RMSDs for the EIE22
set are 1.6 and 3.7 kJ mol−1 lower than for the DIE60
database, respectively. We additionally wish to note the
remarkable 9.4 kJ mol−1 reduction in LD in the case of
SOGGA11.

We now turn our attention to the MGGA functionals
which sit one rung above the GGAs on Jacob’s ladder.
Inclusion of the kinetic energy density in these function-
als does not offer improved performance over the GGAs.
In fact, whereas SOGGA11 offered an RMSD of 5.6 kJ
mol−1, the best MGGA procedures give RMSDs of 9.3
(M11-L) and 9.4 (TPSS-D3) kJ mol−1. The worst perform-
ing MGGA functionals are VSXC and M06-L with RMSDs
of 11.5 and 11.7 kJ mol−1, respectively. When comparing
the performance of the MGGAs across the EIE22 vs. DIE60
data-sets, the �RMSDs indicate that most of the MGGAs
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Molecular Physics 7

Table 2. Statistical analysis for the performance of DFT procedures for the calculation of the enecarbonyl isomerisation energies in the
EIE22 database (in kJ mol−1)a,b

Typec Method RMSD MAD MSD LDd

GGA BLYP 9.8 9.1 9.1 16.5 (16)
BLYP-D3 8.7 7.8 7.8 16.2 (12)
B97-D 8.5 7.7 7.7 15.4 (16)
HCTH407 9.7 8.7 8.6 17.8 (16)
PBE 9.9 8.8 8.8 16.9 (13)
PBE-D3 9.3 8.3 8.2 16.3 (12)
BP86 10.1 9.1 9.1 16.7 (13)
BP86-D3 9.2 8.1 8.0 16.7 (12)
BPW91 10.3 9.2 9.2 17.3 (16)
SOGGA11 5.6 4.9 4.3 11.2 (16)
N12 10.9 9.7 9.7 18.9 (13)

MGGA M06-L 11.7 10.5 10.4 21.4 (13)
TPSS 10.2 9.4 9.4 16.7 (16)
TPSS-D3 9.4 8.6 8.6 16.5 (12)
τ -HCTH 10.5 9.4 9.4 18.0 (16)
VSXC 11.5 10.3 10.1 21.6 (8)
BB95 10.0 8.9 8.9 17.6 (13)
M11-L 9.3 8.4 8.4 16.2 (16)
MN12-L 10.7 9.8 9.8 18.8 (13)

HGGA BH&HLYP 4.4 4.0 4.0 7.7 (16)
BH&HLYP-D3 3.5 3.3 3.3 6.4 (16)
B3LYP 7.5 6.9 6.9 12.7 (16)
B3LYP-D3 6.5 5.9 5.9 11.4 (12)
B3P86 7.9 7.1 7.1 13.4 (13)
B3PW91 7.7 6.9 6.9 13.3 (16)
B3PW91-D3 6.7 5.9 5.8 11.9 (13)
PBE0 6.9 6.1 6.1 12.0 (13)
PBE0-D3 6.3 5.5 5.5 11.3 (13)
B97-1 6.6 6.0 6.0 11.1 (16)
B98 6.6 6.0 6.0 11.1 (16)
X3LYP 7.2 6.6 6.6 12.1 (16)
SOGGA11-X 5.0 4.5 4.5 8.5 (16)

HMGGA M05 5.8 4.9 4.7 11.0 (16)
M05-2X 2.1 1.9 1.4 3.9 (18)
M06 6.3 5.4 5.4 11.1 (16)
M06-2X 1.6 1.4 1.0 2.7 (18)
M06-HF 7.1 6.4 −6.2 11.9 (13)
BMK 3.2 2.9 2.5 6.0 (13)
BMK-D3 2.7 2.3 1.8 6.2 (12)
B1B95 6.6 5.8 5.8 12.0 (13)
B1B95-D3 5.9 5.2 5.1 11.3 (13)
TPSSh 8.9 8.2 8.2 14.7 (16)
τ -HCTHh 7.6 6.9 6.9 12.8 (16)
PW6B95 6.2 5.6 5.6 10.8 (13)
PW6B95-D3 5.9 5.3 5.3 10.5 (13)

RS CAM-B3LYP 4.1 3.6 3.6 7.0 (16)
CAM-B3LYP-D3 3.5 3.0 3.0 6.2 (16)
LC-ωPBE 2.2 1.8 0.4 4.5 (11)
LC-ωPBE-D3 1.8 1.3 −0.6 5.1 (11)
ωB97 1.4 1.2 0.1 2.8 (18)
ωB97X 2.1 1.8 1.3 3.6 (17)
ωB97X-D 3.1 2.7 2.5 6.0 (16)
M11 2.3 1.9 0.3 4.7 (18)
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8 L.-J. Yu et al.

Table 2. (Continued)

Typec Method RMSD MAD MSD LDd

DH B2-PLYP 5.0 4.7 4.7 8.1 (16)
B2-PLYP-D3 4.4 4.0 4.0 8.2 (12)
B2GP-PLYP 1.3 0.8 0.1 4.0 (13)
B2GP-PLYP-D3 1.3 0.8 −0.2 4.2 (13)
B2K-PLYP 12.4 9.7 7.3 30.0 (12)
B2T-PLYP 1.5 0.9 −0.1 5.1 (13)
DSD-BLYP 1.1 0.9 0.4 2.9 (13)
DSD-PBEP86 2.9 2.7 2.7 4.6 (13)
DSD-PBEP86-D3 2.7 2.5 2.5 4.6 (13)
PWPB95 3.9 3.5 3.5 7.0 (13)
PWPB95-D3 3.7 3.3 3.3 6.8 (13)

aThe standard DFT calculations were carried out in conjunction with the A′VTZ basis set, while the DHDFT calculations, which exhibit slower basis-set
convergence, were carried out in conjunction with the A′VQZ basis set.
bRMSD = root mean square deviation, MAD = mean absolute deviation, MSD = mean signed deviation, LD = largest deviation (in absolute value).
cGGA = generalised gradient approximation, HGGA = hybrid-GGA, MGGA = meta-GGA, RS = range-separated HGGA, HMGGA = hybrid-meta-GGA,
DH = double hybrid.
dThe reaction numbers are given in parenthesis (see Figure 1).

perform worse across the former set, with the largest dete-
rioration in performance being noted in the case of VSXC
(1.6 kJ mol−1). Two procedures, τ -HCTH and M11-L show
slight improvements by 0.3 and 0.6 kJ mol−1, respectively
(Table S2, Supplemental data).

The HGGAs are generally superior to the GGAs and
MGGAs with RMSDs ranging between 3.5 (BH&HLYP-
D3) and 7.9 (B3P86) kJ mol−1. We note that reaction 16
poses a particular challenge for the majority of HGGA pro-
cedures, namely eight out of thirteen, with LDs ranging
from 6.4 (BH&HLYP-D3) to 13.3 (B3PW91) kJ mol−1.
As for a comparison between the performance of the HG-
GAs across the EIE22 vs. DIE60 data-sets, over half of the
functionals perform worse on the former, with most of the
�RMSDs ranging from 0.8 (B97-1) to 1.2 (B3LYP-D3) kJ
mol−1, whilst those that performed better did so by amounts
ranging from 0.1 (BH&HLYP) to 0.6 (SOGGA11-X)
kJ mol−1 (Table S2, Supplemental data).

The RMSDs of the HMGGA procedures span a wide
range from 1.6 (M06-2X) up to 8.9 (TPSSh) kJ mol−1. In-
spection of Table 2 reveals that the optimal percentage of
Hartree–Fock-type exchange seems to be around ∼50%.
For example, M06-2X and M05-2X (54% and 56% of ex-
act exchange, respectively) are the best performing methods
with RMSDs of 1.6 and 2.1 kJ mol−1, respectively. Sim-
ilarly, BMK-D3 and BMK (42% of exact exchange) give
somewhat higher RMSDs of 2.7 and 3.2 kJ mol−1, respec-
tively. However, functionals with 25%–30% of Hartree–
Fock exchange, such as M05, M06, PW6B95, and B1B95
give significantly higher RMSDs of 5.8–6.6 kJ mol−1

(see also discussion in Ref. [17]). We also note that whilst
M06-HF with 100% Hartree–Fock exchange gives an even
higher RMSD of 7.1 kJ mol−1, Hartree–Fock theory by it-
self gives a similar performance to BMK with an RMSD of

2.9 kJ mol−1 (see also discussion in Section 3.3). We note
that the good performance of the HGGAs and HMGGAs
with ∼50% of Hartree–Fock exchange indicates that the
self-interaction error (also known as the delocalisation er-
ror) [112] may play an important role in these systems. This
is also indicated by the generally good performance of the
RS functionals (vide infra).

The RS hybrid-GGAs give very good performance with
RMSDs ranging from 1.4 (ωB97) to 4.1 (CAM-B3LYP) kJ
mol−1. We note that the superb performance of ωB97 is
followed closely by LC-ωPBE-D3, with RMSD = 1.8 kJ
mol−1. Comparing the performance of the RS functionals
for their accuracy across the EIE22 vs. DIE60 sets, we find
that six of the eight functionals offer modest to substantial
improvements in the RMSDs, ranging from 0.3 (ωB97X-D)
to 3.0 (LC-ωPBE-D3) kJ mol−1. However, a more striking
result is that the LDs are reduced by amounts ranging from
1.4 (CAM-B3LYP-D3) to 7.7 (LC-ωPBE) kJ mol−1 (Table
S2, Supplemental data).

The double-hybrid functionals show good performance
with RMSDs ranging between 1.1 (DSD-BLYP) and 5.0
(B2-PLYP) kJ mol−1. We note that B2GP-PLYP gives sim-
ilar performance to DSD-BLYP with an RMSD of 1.3 kJ
mol−1, and that both procedures attain near-zero MSDs
(0.1 and 0.4 kJ mol−1, respectively). Finally, we note that
B2K-PLYP, which was parameterised for thermochemical
kinetics, shows very poor performance with an RMSD of
12.4 kJ mol−1 (this is consistent with B2K-PLYP’s poor
performance for the DIE60 database) [86,87].

Table S4 (Supplemental data) gives an overview of
the basis-set convergence for the reactions in the EIE22
database. We consider Dunning’s A′VnZ basis sets (n =
D, T, and Q). With few exceptions, the functionals con-
verge relatively smoothly and rapidly to the basis-set limit
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Molecular Physics 9

Table 3. Statistical analysis for the performance of composite and standard ab initio methods for the calculation of the enecarbonyl
isomerisation energies in the EIE22 database (in kJ mol−1)a.

Basis set Methods RMSD MAD MSD LD

G3 1.0 0.8 −0.6 2.3 (3)
G3(MP2) 1.6 1.5 −1.3 2.6 (13)
G3B3 1.4 1.2 −1.0 2.6 (13)
G3(MP2)B3 2.1 1.9 −1.7 3.8 (13)
G4 1.8 1.4 −1.2 3.7 (13)
G4(MP2) 2.3 2.1 −1.9 4.8 (13)
G4(MP2)-6X 1.5 1.3 −1.1 3.6 (13)
CBS-QB3 1.2 1.0 −0.9 2.4 (13)
CBS-APNO 1.0 0.7 −0.4 3.0 (3)

A′VQZ HF 2.9 2.1 −0.8 7.6 (12)
MP2 2.0 1.8 1.7 3.6 (13)
SCS-MP2 0.8 0.7 0.1 1.5 (12)
MP2.5 0.6 0.5 0.3 1.1 (15)
MP3 1.6 1.3 −1.1 4.3 (12)
SCS-MP3 1.0 0.8 −0.2 2.4 (12)

A′VTZ HF 2.9 2.1 −0.6 7.4 (12)
MP2 2.0 1.8 1.8 3.2 (13)
SCS-MP2 1.0 0.8 0.2 1.8 (18)
MP2.5 0.6 0.5 0.3 1.3 (21)
MP3 1.6 1.4 −1.1 4.0 (12)
SCS-MP3 1.1 0.9 −0.2 2.1 (12)
MP4 1.4 1.2 1.2 2.9 (12)
CCSD 2.2 1.9 −1.8 4.5 (13)
SCS-CCSD 2.9 2.6 −2.5 4.9 (16)
SCS(MI)CCSD 1.7 1.5 −1.5 3.1 (13)
CCSD(T) 0.6 0.4 −0.1 1.4 (13)
CCSD(T)/CBSb 0.7 0.6 −0.6 1.4 (8)

A′VDZ HF 3.1 2.2 −0.6 7.3 (13)
MP2 2.0 1.9 1.8 3.6 (12)
SCS-MP2 1.4 1.2 0.2 2.9 (18)
MP2.5 1.1 0.9 0.3 2.0 (11)
MP3 2.1 1.8 −1.2 3.9 (12)
SCS-MP3 1.6 1.3 −0.2 2.8 (13)
MP4 1.4 1.2 0.9 3.3 (18)
CCSD 2.8 2.4 −2.1 6.3 (13)
SCS-CCSD 3.6 3.1 −2.8 6.9 (13)
SCS(MI)CCSD 2.4 2.1 −1.8 5.1 (13)
CCSD(T) 1.5 1.1 −0.4 3.4 (13)

aFootnotes b and d to Table 2 apply here.
bCCSD(T)/CBS ≈ CCSD(T)/A′VDZ + MP2/A′V{T,Q}Z − MP2/A′VDZ.

such that even the A′VDZ basis set gives acceptable re-
sults. For example, the RMSDs obtained with the A′VDZ
basis set are generally higher by 0.1–0.5 kJ mol−1 than
those obtained with A′VQZ basis set, and those obtained
with the A′VTZ are generally higher by 0.1–0.3 kJ mol−1

than those obtained with A′VQZ basis set. Finally, we note
that the SOGGA11 functional exhibits a more pronounced
(and somewhat erratic) basis-set dependence, namely we
obtain the following RMSDs: 8.4 (A′VDZ), 4.4 (A′VTZ),
and 5.6 (A′VQZ) kJ mol−1 (Table S4, Supplemental data).
In response to a reviewer’s inquiry, we have also evaluated
the performance of the SOGGA11 functional in conjunc-

tion with the A′V5Z basis set. Interestingly, we obtain an
RMSD of 8.2 kJ mol−1 for the SOGGA11/A′V5Z level of
theory, again indicating a relatively strong basis-set depen-
dence for this functional.

3.3. Performance of composite and standard ab
initio procedures for the isomerisation
reactions in the EIE22 database

Table 3 gives an overview of the performance of the com-
posite G3, G3(MP2), G3B3, G3(MP2)B3, G4, G4(MP2),
G4(MP2)-6X, CBS-QB3, and CBS-APNO procedures, as
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10 L.-J. Yu et al.

well as several ab initio methods (e.g., MP2, MP2.5, MP3,
MP4, SCS-MP2, SCS-MP3, CCSD, and CCSD(T)). It is
clear that the composite procedures do not have difficulty
with the reactions in the EIE22 data-set. All of the com-
posite procedures are associated with RMSDs below 2.3
kJ mol−1. Of the G4-type procedures, G4(MP2)-6X, which
has the same computational cost as G4(MP2) gives the best
performance with an RMSD of 1.5 kJ mol−1. The G4 and
G4(MP2) procedures give slightly larger RMSDs of 1.8
and 2.3 kJ mol−1, respectively. Of the G3-type procedures,
G3 and G3B3 give the best performance with RMSDs of
1.0 and 1.4 kJ mol−1, respectively. The CBS-type proce-
dures show similar performance to G3 and G3B3, with
RMSDs of 1.0 (CBS-APNO) and 1.2 (CBS-QB3) kJ mol−1,
respectively.

We now turn our attention to the performance of the
standard wavefunction methods in conjunction with the
A′VnZ basis sets (n = D, T, and Q) (Table 3). We start
by noting that practically all the ab initio methods converge
fairly rapidly to the basis-set limit. For example, for the
methods for which we have both A′VTZ and A′VQZ re-
sults (HF, MP2, SCS-MP2, MP2.5, MP3, and SCS-MP3),
the difference in RMSDs between the two basis sets vary
between 0.0 and 0.2 kJ mol−1. In the following discussion,
we will use the results obtained with the A′VQZ basis set for
the abovementioned methods, and the A′VTZ basis set for
all the rest. Nevertheless, it is worth mentioning that even
the A′VDZ basis set does not perform too badly, consider-
ing its low computational cost. Specifically, the difference
in the overall RMSDs between the A′VTZ and A′VDZ ba-
sis sets range from 0.2 (HF) to 0.9 (CCSD(T)) kJ mol−1

(Table 3). As mentioned in Section 3.2, HF theory gives a
relatively good performance (RMSD = 2.9 kJ mol−1) and
actually outperforms all of the considered GGA, MGGA,
HGGA, and 10 of the 13 HMGGA functionals. The DFT
functionals that consistently outperform HF theory are the
RS procedures (except CAM-B3LYP and its D3-corrected
analogue), and the HMGGAs with ∼50% of exact exchange
(e.g., M05-2X and M06-2X). Second-order Møller–Plesset
perturbation theory (MP2) results in an RMSD of 2.0 kJ
mol−1, whilst this is reduced to just 0.8 kJ mol−1 when the
same-spin and opposite-spin components of the MP2 cor-
relation energy are scaled, as in the SCS-MP2 procedure.
Inclusion of higher order excitations in procedures such as
MP2.5, MP3, SCS-MP3, and MP4 results in RMSDs rang-
ing between 0.6 and 1.6 kJ mol−1. Thus, the increase in the
computational cost (relative to SCS-MP2) does not seem to
warrant their use. The CCSD method attains a somewhat
disappointing RMSD of 2.2 kJ mol−1, whilst SCS-CCSD is
worse (2.9 kJ mol−1) and SCS(MI)CCSD is better (1.7 kJ
mol−1). The CCSD(T) method attains RMSDs of 0.6 and
1.5 kJ mol−1 in conjunction with the A′VTZ and A′VDZ
basis sets, respectively. It is of interest to assess the perfor-
mance of the CCSD(T) method using an additivity-based
approach in which the CCSD(T)/CBS energy is estimated

from the CCSD(T)/A′VDZ energy and an MP2-based
basis-set-correction term (�MP2 = MP2/A′V{T,Q}Z −
MP2/A′VDZ, where the MP2/A′V{T,Q}Z energy is extrap-
olated to the basis-set limit with an extrapolation exponent
of 3) [113]. This cost-effective approach, has been shown
to give slightly better performance than the CCSD(T)/cc-
pVTZ level of theory for the DIE60 database [17]. How-
ever, here it results in an RMSD of 0.7 kJ mol−1, which
is slightly worse than standard CCSD(T) with the A′VTZ
basis set (RMSD = 0.6 kJ mol−1).

4. Conclusions

We obtain benchmark α,β- to β,γ -enecarbonyl isomerisa-
tion energies, for a diverse set of 22 systems, by means
of the high-level W1-F12 composite thermochemistry pro-
tocol. We use these benchmark energies (a.k.a. the EIE22
database) to evaluate the performance of a variety of con-
temporary DFT and ab initio procedures for the calculation
of enecarbonyl π -conjugation stabilisation energies. With
regard to the performance of the DFT and DHDFT proce-
dures across the EIE22 database, we make the following
observations.

• It is evident that the calculation of π -delocalisation
energies represents a general problem for conven-
tional DFT methods that is not limited to diolefin
systems (as previously shown in Ref. [17]) but is
also extended to enecarbonyl systems in which het-
eroatoms (O and N) are part of the conjugated
π -system.

• With the exception of four functionals (M05-2X,
M06-2X, BMK, and BH&HLYP), all the conven-
tional DFT procedures result in RMSDs of 5.0–11.7
kJ mol−1 (note that by conventional DFT proce-
dures we refer to all the GGA, MGGA, HGGA, and
HMGGA functionals). The best performing function-
als are M05-2X and M06-2X with RMSDs of 2.1 and
1.6 kJ mol−1, respectively.

• The considered GGA and MGGA functionals give
poor performance with RMSDs ranging between 8.5
(B97-D) and 11.7 (M06-L) kJ mol−1, with the excep-
tion of SOGGA11 which gives an RMSD of 5.6 kJ
mol−1.

• The HGGAs show better performance with RMSDs
ranging between 3.5 (BH&HLYP-D3) and 7.9
(B3P86) kJ mol−1. Note that the popular B3LYP
functional gives RMSDs of 6.5 and 7.5 kJ mol−1

with and without the dispersion D3 correction,
respectively.

• The RMSDs of the HMGGA procedures span a wide
range from 1.6 (M06-2X) to 8.9 (TPSSh) kJ mol−1.
Apart from M06-2X, the M05-2X functional also
shows very good performance with an RMSD of 2.1
kJ mol−1. We also note the fairly good performance
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Molecular Physics 11

of BMK (RMSD = 2.7 and 3.2 kJ mol−1, with and
without the D3 dispersion correction, respectively).
All the other HMGGAs give RMSDs ≥ 5.8 kJ mol−1.

• The RS procedures give good performance with
RMSDs varying between 1.4 (ωB97) and 4.1 (CAM-
B3LYP) kJ mol−1. We also note the very good perfor-
mance of the LC-ωPBE-D3 (RMSD = 1.8 kJ mol−1)
and ωB97X-D (RMSD = 2.1 kJ mol−1) functionals.

• As expected, the double-hybrid procedures give good
performance, the best performing functionals are:
DSD-BLYP (1.1) and B2GP-PLYP (1.3 kJ mol−1).

With regard to the performance of the composite and
standard ab initio procedures, we draw the following
conclusions.

• The composite procedures show excellent perfor-
mance with RMSDs ranging between 1.0 (G3 and
CBS-APNO) and 2.3 (G4(MP2)) kJ mol−1.

• The standard ab initio procedures also show good
performance with SCS-MP2 offering the best
performance-to-computational cost ratio with an
RMSD of 1.0 and 1.4 kJ mol−1, in conjunction with
the A′VTZ and A′VDZ basis sets, respectively.
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