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We introduce a database of 20 accurate cycloreversion barrier heights of 5-membered heterocyclic rings
(to be known as the CRBH20 database). In these reactions, dioxazole and oxathiazole rings are
fragmented to form isocyanates, isothiocyanates, and carbonyls. The reference reaction barrier heights
are obtained by means of the high-level, ab initio W1-F12 and W1w thermochemical protocols. We
evaluate the performance of 65 contemporary density functional theory (DFT) and double-hybrid DFT
(DHDFT) procedures. The CRBH20 database represents an extremely challenging test for these methods.
Most of the conventional DFT functionals (74%) result in root-mean-square deviations (RMSDs) between
10 and 81 kJ mol�1. The rest of the DFT functionals attain RMSDs = 5 � 10 kJ mol�1. Of the 12 tested
DHDFT functionals, only five result in RMSDs < 10 kJ mol�1. The CRBH20 dataset also proves to be a
surprisingly challenging target for composite and standard ab initio procedures.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Over the past two decades density functional theory (DFT) has
become the workhorse of quantum chemical simulations due to its
attractive accuracy-to-computational cost ratio relative to other
electronic structure methods. However, a significant drawback of
the DFT formalism is the lack of a universal DFT functional. This
poses a fundamental limitation on the general applicability and
intrinsic accuracy of the theory. This flaw of DFT has led to a prolif-
eration in the number of developed DFT methods over the past two
decades and in many cases also to a considerable confusion regard-
ing which DFT method is best to use for a given chemical problem
[1,2]. Therefore; it is important to identify problems for which DFT
methods do not perform well so that their application in similar
cases would be handled with caution. At present, the only validation
for a given DFT approximation is benchmarking against accurate
theoretical or experimental reference data. Ideally, the benchmark
data should: (i) have well-defined error bars that are much smaller
(preferably, by an order of magnitude or more) than the intrinsic
error of the method being evaluated, and (ii) be as large and chemi-
cally diverse as reasonably possible [3–6].

Cycloaddition reactions (or in the reverse direction; cyclorever-
sion reactions) are one of the most important classes of organic
reactions for converting simple unsaturated building blocks to cyc-
lic structures and vice versa. Over the past decade a number of bar-
rier height datasets of cycloaddition reactions have been
constructed for the purpose of evaluating the performance of DFT
and computationally economical ab initio methods [6–9]. It has
been found that many DFT and ab initio methods perform poorly
in computing the barrier heights of cycloaddition reactions. For
example, a recent study [6] assessed the performance of a large
variety of contemporary DFT, standard ab initio, and composite
ab initio methods for the set of 19 cycloaddition reactions in the
GMTKN30 database [3]. This set consists of highly accurate reac-
tion barrier heights obtained by means of the Wn-F12 thermo-
chemical protocols (n = 1 and 2) [10]. It was found that 75% of
the considered DFT functionals result in root-mean-squared devia-
tions (RMSDs) higher than 10 kJ mol�1 [6]. Double-hybrid DFT
methods offer significantly better performance, albeit with a sub-
stantial increase in computational cost. Of the standard and mod-
ified Møller–Plesset perturbation theory (MPn) methods, MP3.5 –
an average of MP3 and MP4 – gives excellent performance with
an RMSD of 2.6 kJ mol�1. However, the other procedures result in
RMSDs ranging from 5.8 (SCS-MP2) to 35.3 (MP2) kJ mol�1. Of
the composite procedures, the Gaussian-4-type methods show
good performance with RMSDs of 3.8 (G4) and 5.6 (G4(MP2))
kJ mol�1 [11,12]. On the other hand; the complete basis set (CBS)
methods show surprisingly poor performance with RMSDs of over
10 kJ mol�1 [13,14].
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In the present work, we introduce a representative benchmark
database of 20 reaction barrier heights of cycloreversion reactions
(to be known as the CRBH20 dataset). The reference reaction bar-
rier heights are obtained at the CCSD(T)/CBS level (i.e., coupled
cluster with singles, doubles, and quasiperturbative triple excita-
tions at the complete basis-set limit) by means of the high-level
W1-F12 and W1w thermochemical protocols [15,16]. These bench-
mark values allow us to assess the performance of more approxi-
mate theoretical procedures for the CRBH20 dataset. Specifically;
we examine the performance of a variety of contemporary DFT
procedures, double-hybrid DFT (DHDFT) methods, cost-effective
composite thermochemistry procedures, and standard ab initio
methods.
2. Computational methods

In order to obtain reliable reference barrier heights for the reac-
tions in the CRBH20 database, calculations have been carried out
using the high-level, ab initio W1w [15,16] and W1-F12 [10] theo-
ries with the Molpro 2012.1 program suite [17,18]. These theories
represent layered extrapolations to the all-electron CCSD(T)/CBS
limit [19,20], and can achieve ‘sub-chemical accuracy’ for atomiza-
tion reactions (‘chemical accuracy’ is arbitrarily defined here as
RMSDs from accurate reference data 6 4.2 kJ mol�1). For example;
W1w and W1-F12 theories are associated with RMSDs of 2.6 and
3.1 kJ mol�1 for a set of 140 very accurate atomization energies
obtained at the full configuration interaction (FCI) infinite basis-
set limit [4,10,15]. Nevertheless, we point out that for systems con-
taining only first-row elements (and H) W1-F12 shows better per-
formance. Specifically, for the 97 first-row atomization energies in
the W4-11 dataset [4], W1-F12 attains an RMSD of 1.9 kJ mol�1 rel-
ative to reference atomization energies at the FCI infinite basis-set
limit [10]. Therefore, in the present work we obtain reaction bar-
rier heights at the W1-F12 level for systems containing only
first-row elements, and with W1w for systems containing sec-
ond-row elements. For the sake of making the article self-con-
tained, we will briefly outline the various steps in W1w theory
(for further details see Refs. [15,16]). The Hartree–Fock (HF) com-
ponent is extrapolated from the A0VTZ and A0VQZ basis sets, using
the E(L) = E1 + A/La two-point extrapolation formula with a = 5.
The notation A0VnZ indicates the combination of the standard cor-
relation-consistent cc-pVnZ basis sets on H [21], the aug-cc-pVnZ
basis sets on first-row atoms [22], and the aug-cc-pV(n + d)Z basis
sets on second-row atoms [23]. The valence CCSD correlation
energy is extrapolated from the same basis sets with a = 3.22.
The quasiperturbative triples, (T), correction is extrapolated from
the A0VDZ and A0VTZ basis sets with a = 3.22. The CCSD(T) inner-
shell contribution is calculated with the MTsmall basis set, which
is a completely decontracted cc-pVTZ basis set with tight 2d1f
functions added [15]. W1-F12 theory is an explicitly correlated
version of W1w, which combines explicitly correlated F12 tech-
niques with basis-set extrapolations in order to approximate the
CCSD(T)/CBS energy. The computational protocol of W1-F12 theory
has been specified and rationalized in detail in Ref. [10] (for a con-
cise summary of the various steps in W1-F12 theory see Ref. [24]).
The geometries of all structures have been obtained at the
B3LYP/A0VTZ level of theory [25–27]. Harmonic vibrational analy-
ses have been performed to confirm each stationary point as an
equilibrium structure (i.e., all real frequencies) or a transition
structure (i.e., one imaginary frequency). All geometry optimiza-
tions and frequency calculations were performed using the
Gaussian 09 program suite [28].

The DFT exchange–correlation functionals considered in the
present study (ordered by their rung on Jacob0s Ladder) [29] are
the pure generalized gradient approximation (GGA) functionals:
BLYP [25,30], B97-D [31], HCTH407 [32], PBE [33], BP86 [30,34],
BPW91 [30,35], SOGGA11 [36], N12; [37] the meta-GGAs
(MGGAs): M06-L [38], TPSS [39], s-HCTH [40], VSXC [41], BB95
[42], M11-L [43], MN12-L; [44] the hybrid-GGAs (HGGAs):
BH&HLYP [45], B3LYP [25–27], B3P86 [26,34], B3PW91 [26,35],
PBE0 [46], B97-1 [47], B98 [48], X3LYP [49], SOGGA11-X; [50]
the hybrid-meta-GGAs (HMGGAs): M05 [51], M05-2X [52], M06
[53], M06-2X [53], M06-HF [53], BMK [54], B1B95 [30,42], TPSSh
[55], s-HCTHh [40], PW6B95 [56], and the DHDFT procedures:
[57] B2-PLYP [58], B2GP-PLYP [59], B2K-PLYP [60], B2T-PLYP
[60], DSD-BLYP [61], DSD-PBEP86 [62,63], PWPB95 [3]. In addition
to the global HGGAs and HMGGAs, we also consider the following
range-separated (RS) functionals: CAM-B3LYP [64], LC-xPBE [65],
xB97 [66], xB97X [66], xB97X-D [67], and M11 [68]. Empirical
D3 dispersion corrections [69–71] are included in some cases using
the Becke�Johnson [72] damping potential as recommended in
Ref. [69] (denoted by the suffix -D3). We note that the suffix -D
in B97-D and xB97X-D indicates the original dispersion correction
rather than the D3 correction. The standard DFT calculations were
carried out in conjunction with the A0VTZ basis set, while the
DHDFT calculations, which exhibit slower basis set convergence,
were carried out in conjunction with the A0VQZ basis set. All the
DFT and DHDFT were performed using the Gaussian 09 [28] and
ORCA [73,74] program suites.

In addition, the performance of a number of composite thermo-
chemical procedures and standard ab initio methods is assessed.
We consider the following composite procedures: G4 [11],
G4(MP2) [12], G4(MP2)-6X [75], CBS-QB3 [13], CBS-APNO [14],
and the following ab initio methods: MP2, SCS-MP2 [76], MP2.5
[77], MP3, MP3.5 [6], SCS-MP3 [78], MP4, CCSD, SCS-CCSD [79],
SCS(MI)CCSD [80], and CCSD(T). The performance of the MP2-
and MP3-based procedures is evaluated in conjunction with the
A0VQZ basis set whereas the performance of the computationally
more expensive MP4-based and coupled cluster procedures is eval-
uated in conjunction with the A0VTZ basis set.

3. Results and discussion

3.1. Overview of the benchmark reaction barrier heights in the CRBH20
database

A schematic representation of the 20 cycloreversion reactions in
the CRBH20 database is given in Fig. 1, whilst the heteroatom (X)
and substituents (R1–R3) are listed in Table 1. All the cyclorever-
sion reactions involve cleavage of a heterocyclic ring into two
unsaturated fragments and are the reverse of a cycloaddition reac-
tion. In addition, these reactions involve a migration of the R1 sub-
stituent across the C@N bond (Fig. 1). There are two types of
reactions in the CRBH20 dataset (Table 1):

(i) Reactions 1–10 (X@O) are cycloreversions of dioxazoles to
form carbonyls and isocyanates.

(ii) Reactions 11–20 (X@S) are cycloreversions of oxathiazoles
to form carbonyls and isothiocyanates.

The mechanisms of the oxathiazole ring-opening reactions have
been studied both experimentally and theoretically [81–86]. It has
been found that the nature of the R2 and R3 substituents exerts a
dramatic effect on the fragmentation barriers. Specifically;
whereas diamino-substituted species elude isolation (i.e., they
undergo instantaneous fragmentation at room temperature) [83–
85], dialkyl or diaryl-substituted oxathiazoles undergo fragmenta-
tion at temperatures in excess of 150 �C [81,86]. It was also found
that by virtue of the fragmentation transition structures consisting
of an almost product-like carbonyl moiety, the low barrier required
to decompose the 5,5-diamino- vs 5,5-dimethyl-substituted



Fig. 1. Schematic representation of the reactions in the CRBH20 database. The X center and the R1–R3 functional groups are listed in Table 1.

Table 1
Cycloreversion reactions in the CRBH20 database (see also Fig. 1).

Reaction X R1 R2 R3

1 O H H H
2 O Me H H
3 O Et H H
4 O CH2F H H
5 O Me Me H
6 O Me OH H
7 O Me NH2 H
8 O Me F H
9 O Me Me Me
10 O Me a

11 S H H H
12 S Me H H
13 S Et H H
14 S CH2F H H
15 S Me Me H
16 S Me OH H
17 S Me NH2 H
18 S Me F H
19 S Me Me Me
20 S Me a

a The CR2R3 moiety is replaced with a C@O group (see Fig. 1).

Table 2
Component breakdown of the benchmark W1-F12 and W1w reaction barrier heights
for the reactions in the CRBH20 database (see Table 1 and Fig. 1 for the reaction
definitions).a

Reaction DSCF DCCSD D (T) DCVb DEe
�c

1 184.5 22.4 �9.9 1.0 198.0
2 196.3 25.9 �10.5 1.5 213.2
3 201.2 15.5 �15.6 1.5 202.5
4 197.7 21.8 �12.2 1.5 208.8
5 177.9 30.2 �10.0 1.3 199.4
6 164.5 28.8 �11.4 1.1 183.0
7 118.5 32.2 �10.3 0.7 141.1
8 185.8 33.1 �8.6 1.3 211.6
9 168.0 30.2 �10.4 1.2 189.0
10 157.4 34.4 �8.6 1.3 184.4
11 190.4 19.1 �14.8 1.0 195.6
12 197.2 30.5 �11.0 1.8 218.5
13 194.1 25.1 �13.5 1.7 207.3
14 209.6 22.7 �14.8 1.9 219.3
15 162.7 45.9 �6.0 1.6 204.1
16 138.9 41.5 �8.7 1.5 173.2
17 99.0 49.8 �5.7 1.0 144.1
18 171.3 30.8 �12.7 1.5 191.0
19 145.1 50.6 �5.0 1.4 192.1
20 150.1 40.2 �7.6 1.4 184.1

a The reference values for reactions 1–10 are from W1-F12 theory, and for
reactions 11–20 from W1w theory.

b Core-valence correction.
c All-electron, vibrationless CCSD(T) basis set limit reaction barrier heights.
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oxathiazole arises because the carbonyl product derived from the
former (i.e., urea) is subject to substantially larger stabilizing
effects than that derived from the latter (i.e., acetone).

The species in the CRBH20 database cover a broad spectrum of
substituents and bonding situations. The R1, R2, and R3 substituents
have been selected such that: (i) the R2 functional group is varied
(R2@H, Me, NH2, OH, and F), whilst maintaining a constant migrat-
ing group (i.e., R1@Me), and (ii) the migrating group is varied
(R1@H, Me, Et, and CH2F), whilst maintaining R2 and R3 constant
(i.e., R2@R3@H). In addition, we consider the possibility of replac-
ing the CR2R3 moiety with a C@O group.

Benchmark reference data have been obtained by means of the
high-level W1-F12 and W1w procedures [10,15,16]. Since these
procedures represent layered extrapolations to the CCSD(T)
basis-set-limit energy, it is of interest to estimate whether the con-
tributions from post-CCSD(T) excitations are likely to be signifi-
cant. The percentage of the total atomization energy accounted
for by parenthetical connected triple excitations, %TAEe[(T)], has
been shown to be a reliable energy-based diagnostic for the impor-
tance of post-CCSD(T) contributions. It has been suggested that
%TAEe[(T)] < 2 indicates systems that are dominated by dynamical
correlation, while 2 < %TAEe[(T)] < 5 indicates systems that include
mild nondynamical correlation [4,16,87]. Table S1 (Supplementary
data) gathers the %TAEe[(T)] values for the reactants and transition
structures (TSs) involved in the CRBH20 dataset. The %TAEe[(T)]
values for these species lie in the range 2.1–4.0 (where in 78% of
the cases the %TAEe[(T)] 6 3.0). It is interesting to note that the
reactants and TS species located along the reaction profiles are
characterized by similar %TAEe[(T)] values. For example, the aver-
age %TAEe[(T)] values are: 2.6 (dioxazole reactants), 2.8 (oxathia-
zole reactants), 2.9 (dioxazole TSs), and 3.1 (oxathiazole TSs)
(Supplementary Table S1). These values suggest that the CCSD(T)
method is adequate for the description of the reaction barrier
heights in the CRBH20 database and that our bottom-of-the-well
CCSD(T)/CBS benchmark values should be well below
~1 kcal mol�1 from the full configuration interaction (FCI) basis-
set limit [4,10,88].

The component breakdown of the W1-F12 and W1w reaction
barrier heights are gathered in Table 2. The reaction barrier heights
span a wide range from 141.1 (7) to 219.3 (14) kJ mol�1. The lowest
reaction barrier heights are obtained for R2@NH2, namely
DEe

� = 141.1 (dioxazole, 7) and 144.1 (oxathiazole, 17) kJ mol�1.
Replacing R2 with weaker donor groups (R2@OH, Me, and H) sys-
tematically and significantly increases the reaction barrier heights
in both the dioxazole and oxathiazole cases. Specifically, for
R2@OH we obtain DEe

� = 183.0 (dioxazole, 6) and 173.2 (oxathia-
zole, 16); for R2@Me we obtain DEe

� = 199.4 (dioxazole, 5) and
204.1 (oxathiazole, 15); and for R2@H we obtain DEe

� = 213.2
(dioxazole, 2) and 218.5 (oxathiazole, 12) kJ mol�1. We also note
that, with the main exception of reaction 8, the chalcogen center
(X) has a relatively small effect on the reaction barrier heights.
For example, for a given set of R1, R2, and R3 substituents the differ-
ence (in absolute value) between the reaction barrier height for the
dioxazole and oxathiazole rings is below 11 kJ mol�1. The only
exception is reaction 8, for which this difference reaches
20.6 kJ mol�1.

In general, Hartree–Fock theory tends to overestimate reaction
barrier heights since nondynamical correlation effects are usually
more prominent in the TS rather than in the reactants and products
[89–91]. Inspection of Table 2, however, reveals that the HF/CBS



Table 3
Statistical analysis for the performance of DFT and DHDFT procedures for the
calculation of the reaction barrier heights in the CRBH20 database (kJ mol�1).a,b

Typec Method RMSD MAD MSD LDd

GGA BLYP 69.9 69.6 �69.6 82.4 (9)
BLYP-D3 69.1 68.9 �68.9 80.0 (9)
B97-D 63.8 63.5 �63.5 74.2 (9)
HCTH407 40.3 39.1 �39.1 57.7 (9)
PBE 32.5 31.9 �31.9 45.2 (9)
PBE-D3 32.3 31.7 �31.7 44.1 (9)
BP86 40.0 39.6 �39.6 51.8 (9)
BP86-D3 39.7 39.3 �39.3 50.0 (9)
BPW91 39.3 38.8 �38.8 53.0 (9)
SOGGA11 13.8 11.0 �10.2 31.2 (7)
N12 24.4 23.4 �23.4 37.7 (9)

MGGA M06-L 56.8 56.5 �56.5 66.0 (9)
TPSS 41.7 41.4 �41.4 50.1 (9)
TPSS-D3 41.4 41.2 �41.2 48.7 (9)
s-HCTH 41.7 41.0 �41.0 57.7 (9)
VSXC 81.1 80.6 �80.6 94.0 (9)
BB95 49.9 49.5 �49.5 63.0 (9)
M11-L 39.9 39.6 �39.6 50.6 (11)
MN12-L 28.1 26.9 �26.9 42.1 (17)

HGGA BH&HLYP 9.0 6.8 �5.7 21.3 (19)
BH&HLYP-D3 7.2 5.9 �5.0 14.6 (17)
B3LYP 35.0 34.6 �34.6 47.1 (19)
B3LYP-D3 34.2 34.0 �34.0 41.7 (9)
B3P86 7.3 6.1 �6.1 14.6 (9)
B3PW91 10.9 9.8 �9.8 20.0 (9)
B3PW91-D3 10.1 9.4 �9.4 18.1 (9)
PBE0 6.2 5.5 4.6 10.9 (12)
PBE0-D3 5.8 5.2 4.7 10.4 (12)
B97-1 22.4 21.8 �21.8 31.8 (9)
B98 22.9 22.4 �22.4 33.7 (19)
X3LYP 31.5 31.1 �31.1 43.3 (19)
SOGGA11-X 5.6 4.8 1.9 10.7 (11)

HMGGA M05 32.1 31.4 �31.4 44.4 (19)
M05-2X 13.2 12.5 12.5 19.7 (1)
M06 35.5 35.4 �35.4 40.6 (19)
M06-2X 6.8 5.7 3.9 12.3 (3)
M06-HF 43.6 42.1 42.1 63.0 (1)
BMK 12.9 11.3 �11.3 24.2 (17)
BMK-D3 11.9 11.0 �11.0 20.5 (17)
B1B95 8.8 7.6 �7.6 16.9 (19)
B1B95-D3 7.7 7.0 �7.0 14.2 (9)
TPSSh 26.4 26.1 �26.1 35.2 (19)
s-HCTHh 26.5 26.1 �26.1 35.5 (9)
PW6B95 16.7 16.0 �16.0 25.7 (19)
PW6B95-D3 16.5 16.0 �16.0 23.6 (19)

RS CAM-B3LYP 6.5 5.0 �3.9 16.2 (19)
CAM-B3LYP-D3 5.7 4.5 �3.9 13.1 (19)
LC-xPBE 39.5 39.0 39.0 50.1 (14)
LC-xPBE-D3 39.6 39.1 39.1 49.4 (14)
xB97 13.3 11.4 11.4 23.7 (11)
xB97X 7.3 5.6 4.4 14.7 (11)
xB97X-D 6.7 5.2 �4.4 14.7 (19)
M11 4.8 3.9 0.1 10.6 (17)

DH B2-PLYP 23.1 22.9 �22.9 29.0 (7)
B2-PLYP-D3 22.6 22.5 �22.5 28.0 (7)
B2GP-PLYP 10.8 10.5 �10.5 16.0 (7)
B2GP-PLYP-D3 10.2 10.0 �10.0 15.5 (7)
B2K-PLYP 4.3 3.6 �3.3 8.5 (7)
B2K-PLYP-D3 4.0 3.5 �3.2 8.6 (7)
B2T-PLYP 15.3 15.0 �15.0 20.7 (7)
DSD-BLYP 7.4 7.0 �7.0 12.6 (7)
DSD-PBEP86 2.3 1.8 0.1 5.1 (11)
DSD-PBEP86-D3 2.5 2.0 0.9 5.8 (11)
PWPB95 10.4 10.0 �10.0 15.2 (7)
PWPB95-D3 10.2 9.9 �9.9 14.9 (7)

a The standard DFT calculations are carried out in conjunction with the A’VTZ
basis set while the DHDFT calculations are carried out in conjunction with the
A’VQZ basis set.

b RMSD = root mean square deviation, MAD = mean absolute deviation,
MSD = mean signed deviation, LD = largest deviation (in absolute value).

c GGA = generalized gradient approximation, HGGA = hybrid-GGA,
MGGA = meta-GGA, RS = range-separated, HMGGA = hybrid-meta-GGA,
DH = double hybrid.

d The reaction numbers are given in parenthesis (see also Table 1 and Fig. 1).
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level of theory systematically underestimates the barrier heights in
the CRBH20 database by amounts ranging from 1.3 (3) to 47.0 (19)
kJ mol�1 relative to the CCSD(T)/CBS reference values. A related
reaction, albeit perhaps more challenging from the electronic
structure point of view, where the HF/CBS level of theory underes-
timates the CCSD(T)/CBS barrier heights is the 1,3-dipolar cycload-
ditions of ozone with acetylene or ethylene [92].

The valence CCSD correlation contribution to the barrier heights
universally increases the barrier heights by significant amounts
ranging between 15.5 (3) and 50.6 (19) kJ mol�1. Whilst the
quasiperturbative triples, (T), contribution systematically reduces
the barrier heights by amounts ranging from 5.0 (19) and 15.6
(3) kJ mol�1. Thus, the CCSD and (T) correlation contributions can-
cel each other out to some extent such that the overall CCSD(T)
correlation contribution tends to increase the reaction barrier
heights by amounts of up to 45.6 (19) kJ mol�1. As mentioned, this
trend is rather unusual since in general the correlation energy
tends to reduce (rather than increase) reaction barrier heights.
This reversed trend may be partially attributed to the fact that
the TSs in the CRBH20 database exhibit substantial product-like
character, and therefore do not have a stronger nondynamical
character than the heterocyclic reactants. The product-like charac-
ter of the transition structures is indicated by the N� � �O and
X� � �CR2R3 bonds being largely cleaved coupled with nearly com-
plete formation of the C@O bond. In particular, the lengths of the
N� � �O bonds that are being broken in the TSs range between
1.901 (1) and 2.149 (12) Å, whilst the lengths of the X� � �CR2R3

bonds that are being broken range between 2.248 (10) and 3.777
(19) Å. The lengths of the carbonyl C@O bonds that are being
formed in the TSs range between 1.193 (10) and 1.229 (7) Å. For
comparison, in the carbonyl products the lengths of these two
bonds are 1.160 (10) and 1.211 (7) Å (Table S2 of the
Supplementary data lists these bond lengths for all the TSs in the
CRBH20 database).

3.2. Performance of DFT and DHDFT procedures

Table 3 gives the root mean square deviations (RMSDs), mean
absolute deviations (MADs), and mean signed deviations (MSDs)
from our benchmark W1-F12 and W1w results for a series of
contemporary DFT functionals (with and without empirical D3 dis-
persion corrections). We start by making the following general
observations:

� None of the 53 conventional functionals (i.e., GGA, MGGA,
HGGA, HMGGA, and RS functionals) attain RMSDs below the
threshold of chemical accuracy. In particular, 26% of the
functionals attain RMSDs = 5–10 kJ mol�1, and 74% of the func-
tionals attain RMSDs = 10–81 kJ mol�1.
� Of the conventional functionals, the range-separated hybrid-

meta GGA M11 functional of Peverati and Truhlar gives the best
performance with an RMSD of 4.8 kJ mol�1. The range-sepa-
rated hybrid GGA (CAM-B3LYP-D3) and the global hybrids
(SOGGA11-X and PBE0-D3) tie for second place with RMSDs
of 5.6–5.8 kJ mol�1.
� Of the 12 considered double-hybrid functionals, only three

functionals surpass the threshold of chemical accuracy. The
DSD-PBEP86 functional of Kozuch and Martin attains an
RMSD of merely 2.3 kJ mol�1. The superb performance of DSD-
PBEP86 is followed by DSD-PBEP86-D3 and B2K-PLYP-D3, with
RMSDs of 2.5 and 4.0 kJ mol�1, respectively.
� Of the considered DFT and DHDFT functionals only DSD-PBEP86

and B2K-PLYP (and their dispersion corrected variants) result in
largest deviations that are below 10 kJ mol�1. For the rest of the
functionals the largest deviations span a wide range between
10.4 (PBE0-D3) and 94.0 (VSXC) kJ mol�1.



Table 4
Overview of the basis set convergence of the DHDFT methods. The tabulated values
are DRMSD(A’VnZ) = RMSD(A0VnZ) � RMSD(A’VQZ) (in kJ mol�1).a

Method DRMSD (A’VTZ) DRMSD (A’VDZ)

B2-PLYP 0.6 �1.1
B2GP-PLYP 0.6 0.8
B2K-PLYP 0.4 1.5
B2T-PLYP 0.6 �0.1
DSD-BLYP 0.7 2.0
DSD-PBEP86 �0.4 0.5
PWPB95 0.2 �3.6

a A positive DRMSD value indicates that the smaller basis set results in an overall
deterioration in the performance, whereas a negative value indicates an improve-
ment in performance with the smaller basis set.
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� With few exceptions all the conventional and double-hybrid
functionals tend to systematically underestimate the reaction
barrier heights, as evident from MSD � �1 �MAD (notable
exceptions include M06-HF and LC-xPBE).
� Dispersion corrections tend to systematically improve the

agreement with the W1-F12 and W1w results. Whilst for many
functionals modest improvements of �1–5% in the RMSDs are
observed, for BH&HLYP, B1B95, and CAM-B3LYP the RMSDs
are reduced by 12–20% upon inclusion of the D3 dispersion
corrections.

The eleven considered GGA functionals show very poor perfor-
mance. With the exception of SOGGA11, the GGA functionals result
in RMSDs between 24.4 (N12) and 69.9 (BLYP) kJ mol�1. The
SOGGA11 functional attains an RMSD of 13.8 kJ mol�1 and is
clearly superior to the other GGAs.

Inclusion of the kinetic energy density in the MGGA procedures
does not improve the performance. In fact, none of the considered
MGGA functionals attain an RMSD below 28 kJ mol�1. All the GGA
and MGGA functionals significantly underestimate the reaction
barrier heights as evident from MSD � �1 �MAD. These results
suggest that GGA and MGGA functionals should be applied with
caution when calculating barrier heights for cycloreversion reac-
tions. We note that reaction 9 seems to be particularly problematic
for most of the GGA and MGGA procedures. For example, for 16 of
the 19 considered functionals the largest deviation (of 37.7–
94.0 kJ mol�1, Table 3) is obtained for reaction 9.

The HGGAs show better performance than the GGAs and
MGGAs. For example, eight out of the 13 considered hybrid GGAs
result in RMSDs < 11.0 kJ mol�1. We note that both B3LYP and
X3LYP show very poor performance with RMSDs of over
30.0 kJ mol�1. It is instructive to compare the performance of the
three hybrid functionals B3P86, B3PW91, and B3LYP, which com-
bine Becke’s three-parameter exchange functional with different
gradient-corrected correlation functionals. These functionals give
RMSDs of 7.3, 10.9, and 35.0 kJ mol�1, respectively. Thus, B3P86
and B3PW91 are clearly superior to the B3LYP functional, having
significantly smaller RMSDs. The best HGGA functionals are
(RMSDs are given in parenthesis): SOGGA11-X (5.6), PBE0-D3
(5.8), PBE0 (6.2), BH&HLYP-D3 (7.2), and B3P86 (7.3 kJ mol�1).

Ten out of the 13 HMGGA functionals result in RMSDs ranging
between 11.9 (BMK-D3) and 43.6 (M06-HF) kJ mol�1. The RMSDs
of the other three HMGGAs are: 6.8 (M06-2X), 7.7 (B1B95-D3),
and 8.8 (B1B95) kJ mol�1. As expected, the percentage of HF-like
exchange plays an important role for the reaction barrier heights.
For example, the RMSDs are dramatically reduced from 69.9
(BLYP, pure GGA) to 9.0 (BH&HLYP, 50% HF-like exchange)
kJ mol�1. For the M06 family of functionals we obtain the following
RMSDs: 56.8 (M06-L, pure MGGA), 35.5 (M06, 27% HF-like
exchange), and 6.8 (M06-2X, 54% HF-like exchange) kJ mol�1.
Similarly, for the pure GGA PBE and the HGGA PBE0 (with 25%
HF-like exchange) we obtain RMSDs of 32.5 and 6.2 kJ mol�1,
respectively. Nevertheless, inspection of Table 2 reveals that the
optimal percentage of HF-like exchange spans over a wide range
of 20–55%. The best performing functionals with 20–28% of HF-like
exchange are: B3P86 (7.3), PBE0-D3 (5.8), PBE0 (6.2), and B1B95-
D3 (7.7 kJ mol�1). At the other end, functionals with 40–55% of
HF-like exchange that perform well are: SOGGA11-X (5.6),
BH&HLYP-D3 (7.2), and M06-2X (6.8 kJ mol�1).

With the exception of LC-xPBE, the range-separated hybrid-
and hybrid-meta-GGAs give good performance with RMSDs rang-
ing between 4.8 (M11) and 13.3 (xB97) kJ mol�1. The good perfor-
mance of M11 is followed by CAM-B3LYP-D3 (RMSD = 5.7) and
xB97X-D (RMSD = 6.7 kJ mol�1).

The CRBH20 dataset proves to be a challenging dataset also for
most of the considered double-hybrid functionals. For example,
both B2GP-PLYP-D3 and PWPB95-D3 result in an RMSD of
10.2 kJ mol�1. The older-generation double-hybrids B2T-PLYP and
B2-PLYP-D3 result in RMSDs of 15.3 and 22.6 kJ mol�1, respec-
tively. The B2K-PLYP-D3 functional, which was parameterized for
thermochemical kinetics, shows good performance with an RMSD
of 4.0 kJ mol�1 (just below the threshold of chemical accuracy).
The recently developed spin-component-scaled double-hybrid
DSD-PBEP86, however, shows exceptional performance with an
RMSD of merely 2.3 kJ mol�1, a near-zero MSD of +0.1 kJ mol�1,
and a largest deviation which is just above the chemical accuracy
threshold.

Due to the high computational cost of the DHDFT methods in
conjunction with the A0VQZ basis set, it is also of interest to evalu-
ate the performance of these procedures using smaller basis sets.
Table 4 gives an overview of the basis-set convergence for the
DHDFT procedures. The tabulated values are the differences
between the RMSDs obtained with A0VQZ basis set (reported in
Table 3) and those obtained with the smaller A0VnZ basis sets
(n = D and T), i.e., DRMSD = RMSD(A0VnZ) � RMSD(A0VQZ). A posi-
tive DRMSD value indicates that the use of the smaller basis set
results in an overall deterioration in the performance, whereas a
negative DRMSD value indicates an improvement in performance
with the smaller basis set. Inspection of Table 4 reveals that the
use of the A0VTZ basis set results in very small performance
deteriorations. In particular, the RMSDs are increased by amounts
ranging from 0.2 (PWPB95) and 0.7 (DSD-BLYP) kJ mol�1 upon
going from the A0VQZ to the A0VTZ basis set (with the exception
of DSD-PBEP86 for which the performance with the A0VTZ basis
set is improved by 0.4 kJ mol�1). Interestingly, for the problem at
hand, even the A0VDZ basis set gives rather useful results.
Namely, the RMSDs with the A0VDZ basis set are higher than those
with the A0VQZ basis set by amounts ranging from 0.5
(DSD-PBEP86) to 2.0 (DSD-BLYP) kJ mol�1. We note, however, that
the RMSD for the PWPB95 functional decreases by 3.6 kJ mol�1

when going from the A0VQZ to the A0VDZ basis set. For the sake
of completeness, Table S4 of the Supplementary data gives an
overview of the basis set convergence for the conventional DFT
methods. The A0VTZ basis set yields very good performance with
results that are near the basis set limit. In particular, the
RMSD(A0VTZ) � RMSD(A0VQZ) differences (in absolute value) are
smaller than 1 kJ mol�1 in practically all cases.

Finally, it is worthwhile looking at the performance of the DFT
and DHDFT methods for the reaction barrier heights in the reverse
direction (i.e., for the cycloaddition reactions). Table S3 of the
Supplementary data gathers the error statistics for these methods.
Generally speaking, the performance is considerably improved for
functionals from rungs two and three of Jacob’s Ladder, with
RMSDs ranging between 4.7 (M11-L) and 36.2 (BP86-D3)
kJ mol�1. However, for the higher rung RS and DHDFT functionals
the performance for the cycloaddition reactions tends to deterio-
rate relative to the performance for the cycloreversion reactions.
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3.3. Performance of standard and composite ab initio procedures

Table 5 gives an overview of the performance of the composite
G3, G3(MP2), G4, G4(MP2), G4(MP2)-6X, CBS-QB3, and CBS-APNO
procedures, as well as several ab initio methods (e.g., MP2, MP2.5,
MP3, MP3.5, MP4, SCS-MP2, SCS-MP3, CCSD, and CCSD(T)). Upon
inspection of the results for the composite procedures, a few inter-
esting features emerge. None of the Gn-type procedures result in
RMSDs below the chemical accuracy threshold. The G3-type proce-
dures exhibit relatively poor performance with RMSDs ranging
between 6.4 (G3) and 12.6 (G3(MP2)B3) kJ mol�1. Interestingly,
the G3 and G3(MP2) procedures give significantly better perfor-
mance than G3B3 and G3(MP2)B3, respectively. However, there
seems to be no merit in using the G3-type procedures over the
more recent G4-type procedures, since the latter have a similar
computational cost and give better performance (Table 5). Of the
G4-type procedures, G4(MP2)-6X, which has the same computa-
tional cost as G4(MP2) gives the best performance with an RMSD
of 4.9 kJ mol�1. The G4 procedure gives a slightly larger RMSD of
5.1 kJ mol�1, whilst G4(MP2) results in an RMSD of 6.6 kJ mol�1.

The CBS-type procedures show better performance than the
Gn-type procedures with RMSDs below the threshold of chemical
accuracy. In particular, we obtain RMSDs of 3.1 (CBS-QB3) and
1.5 (CBS-APNO) kJ mol�1. The CBS-APNO method outperforms all
of the considered DFT and standard/composite ab initio methods,
and is also one of the few methods that are associated with a lar-
gest deviation below the threshold of chemical accuracy (namely,
3.0 kJ mol�1, Table 5).

However, the performance trends of the Gn- and CBS-type
composite methods are the reverse of those obtained for the set
of 26 barrier heights of pericyclic reactions [6]. For the pericyclic
reactions the G4-type procedures give good performance with
RMSDs between 3.3 (G4) and 5.4 (G4(MP2)) kJ mol�1, whist the
CBS-type procedures result in RMSDs P 10.0 kJ mol�1. This
illustrates the importance of benchmarking the performance of
empirical composite procedures for specific reaction types and
Table 5
Statistical analysis for the performance of composite and standard ab initio methods
for the calculation of the reaction barrier heights in the CRBH20 database (in
kJ mol�1).a

Basis set Methods RMSD MAD MSD LD

G3 6.4 5.3 �4.9 10.3 (13)
G3(MP2) 7.3 6.0 �5.9 11.7 (14)
G3B3 11.2 10.7 �10.7 17.0 (11)
G3(MP2)B3 12.6 12.0 �12.0 19.5 (11)
G4 5.1 4.6 �4.6 7.7 (12)
G4(MP2) 6.6 6.1 �6.1 9.9 (12)
G4(MP2)-6X 4.9 4.2 �4.2 8.4 (12)
CBS-QB3 3.1 2.5 �2.1 6.1 (13)
CBS-APNOb 1.5 0.5 0.1 3.0 (3)

A’VQZ HF 25.6 22.5 �22.5 46.9 (19)
MP2 23.7 23.4 23.4 31.6 (19)
SCS-MP2 17.2 16.8 16.8 27.5 (11)
MP2.5 26.4 26.3 26.3 34.4 (11)
MP3 29.5 29.1 29.1 38.4 (3)
SCS-MP3 17.8 17.4 17.4 28.2 (11)

A’VTZ MP3.5 11.3 11.0 11.0 16.5 (11)
MP4(SDQ) 5.7 4.9 4.9 10.9 (11)
MP4(SDTQ) 6.1 5.6 �5.6 9.4 (10)
MP4av 2.1 1.7 �0.3 4.7 (11)
CCSD 6.3 5.8 5.8 10.6 (3)
SCS-CCSD 12.2 12.1 12.1 14.7 (7)
SCS(MI)CCSD 10.5 10.4 10.4 12.8 (8)
CCSD(T) 5.0 4.8 �4.8 6.9 (12)
CCSD(T)/CBS(MP2)c 1.7 1.5 �1.0 2.6 (4)

a Footnote b to Table 3 applies here.
b Error statistics over the dioxazole systems only.
c CCSD(T)/CBS(MP2) � CCSD(T)/A’VDZ + MP2/A’V{T,Q}Z �MP2/A’VDZ.
systems prior to applying them for the calculation of reaction bar-
rier heights. Finally, we note that all the composite procedures
tend to systematically underestimate the reaction barrier heights.
This is consistent with the performance of these composite meth-
ods for the barrier heights of pericyclic reactions [6].

We now turn our attention to the performance of the standard
wavefunction methods. Table 5 gives these results in conjunction
with the A0VQZ for the computationally economical MP2- and
MP3-based methods, whilst the performance of the MP4-based
and coupled cluster methods is evaluated in conjunction with the
A0VTZ basis set. Table S5 of the Supplementary data gives results
for all the standard ab initio methods in conjunction with the
A0VnZ basis sets (n = D and T). We start by noting that for the meth-
ods for which we have both A0VTZ and A0VQZ results (HF, MP2,
SCS-MP2, MP2.5, MP3, and SCS-MP3) the difference in the overall
RMSDs between the A0VTZ and A0VQZ basis sets are smaller than
1.7 kJ mol�1. However, the difference in the RMSDs between the
A0VDZ and A0VTZ are much larger: namely (in absolute value) they
range between 2.0 (MP4(SDQ)) and 9.1 (MP2) kJ mol�1. We also
note that for all of the MP2- and MP3-based methods the A0VDZ
basis set performs significantly better than the A0VTZ (relative to
the W1-F12 and W1w reference values). This results from an error
compensation between basis set incompleteness and the neglect of
higher-level correlation effects.

Inspection of Table 5 reveals that the CRBH20 database is a
challenging test for nearly all of the standard ab initio methods.
Only two of the 15 examined procedures result in RMSDs below
the chemical accuracy threshold. For the other 13 methods the
RMSDs range between 5.0 (CCSD(T)/A0VTZ) and 29.5
(MP3/A0VQZ) kJ mol�1. As mentioned in Section 3.1, HF theory sys-
tematically and severely underestimates the W1-F12 and W1w
reaction barrier heights. For the HF/A0VQZ level of theory we
obtain an RMSD of 25.6 kJ mol�1 and an MSD = �1 �MAD =
�22.5 kJ mol�1 (we note that these values remain essentially
unchanged for the HF/CBS level of theory from W1-F12 and W1w
theories).

Second-order Møller–Plesset perturbation theory (MP2) sys-
tematically overestimates the reaction barrier heights and results
in an RMSD of 23.7 kJ mol�1 and an MSD = MAD = +23.4 kJ mol�1.
Scaling the same-spin and opposite-spin components of the MP2
correlation energy, as in the SCS-MP2 procedure, improves the
situation to some extent, but still leads to an unacceptably large
RMSD of 17.2 kJ mol�1 and an MSD = MAD = +16.8 kJ mol�1.
Inclusion of higher-order excitations in procedures such as
MP2.5, MP3, and SCS-MP3, results in even worse performance than
the MP2 and SCS-MP2 procedures (Table 5). Where in all cases the
reaction barrier heights are severely overestimated.

Full fourth-order Møller–Plesset perturbation theory
(MP4(SDTQ)) provides a significant improvement over MP2 and
MP3, with an RMSD of 6.1 kJ mol�1. We note that this is also the
only MPn method that systematically underestimates the reaction
barrier heights, with MSD = �1 �MAD = �5.6 kJ mol�1. Partial
fourth-order Møller–Plesset perturbation theory (MP4(SDQ)) pro-
vides similar performance with an RMSD of 5.7 kJ mol�1.
However, in contrast to MP4(SDTQ), MP4(SDQ) systematically
overestimates the reaction barrier heights, with an
MSD = MAD = +4.9 kJ mol�1. In this situation, it is useful to define
a new method as the average of MP4(SDTQ) and MP4(SDQ). This
method is denoted here by MP4av. For the reaction barrier heights
in the CRBH20 database the MP4av method results in an exception-
ally low RMSD of 2.1 kJ mol�1. In fact, this method significantly
outperforms the computationally more expensive CCSD(T)/A0VTZ
level of theory as well as all of the considered DHDFT and MPn-
based procedures. The excellent performance of MP4av is also
demonstrated by a near-zero MSD of �0.3 kJ mol�1, suggesting
that it is free of systematic bias. We also note that MP4av performs
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exceptionally well for the 26 barrier heights of pericyclic reactions
in the GMTKN30 database [6]. For example, the MP4av/A0VTZ level
of theory results in an RMSD of 2.5 kJ mol�1 and an MSD of
�0.4 kJ mol�1 for this subset.

The CCSD/A0VTZ level of theory shows poor performance with
an RMSD of 6.3 kJ mol�1. It should be noted, however, that at the
CCSD/CBS level of theory (taken from W1-F12 and W1w theories)
this RMSD increases to 9.5 kJ mol�1. Thus, the CCSD/A0VTZ level of
theory benefits from some error compensation between basis set
incompleteness and the neglect of the quasiperturbative triples,
(T), corrections.

The CCSD(T) method attains RMSDs of 13.9 and 5.0 kJ mol�1 in
conjunction with the A0VDZ and A0VTZ basis sets, respectively. It is
of interest to assess the performance of the CCSD(T) method using
an additivity-based approach in which the CCSD(T)/CBS energy is
estimated from the CCSD(T)/A0VDZ energy and an MP2-based
basis-set-correction term (DMP2 = MP2/A0V{T,Q}Z �MP2/A0VDZ,
where the MP2/A0V{T,Q}Z energy is extrapolated to the basis-set
limit with an extrapolation exponent of 3) [93]. This cost-effective
approach, which is denoted here by CCSD(T)/CBS(MP2), has been
widely used for obtaining noncovalent interaction energies at the
CCSD(T)/CBS limit [5,94–97]. More recently; this method has also
been found to give good performance for reaction energies [98–
100] and barrier heights [6]. For the reaction barrier heights in
the CRBH20 database the CCSD(T)/MP2(CBS) method gives excel-
lent performance with an RMSD and MSD of 1.7 and
�1.0 kJ mol�1, respectively. Note also that this method is associ-
ated with a largest deviation well below the threshold of chemical
accuracy (i.e., 2.6 kJ mol�1, Table 5).

4. Conclusions

We have obtained benchmark reaction barrier heights by means
of the high-level W1-F12 and W1w composite thermochemistry
protocols for a diverse set of cycloreversion reactions involving
the fragmentation of 5-membered heterocyclic rings. We use these
benchmark reaction barrier heights (a.k.a. the CRBH20 database) to
evaluate the performance of a variety of contemporary density
functional theory and ab initio procedures. With regard to the per-
formance of the DFT and DHDFT procedures we make the following
observations:

� The CRBH20 dataset proves to be an extremely challenging test
for all of the conventional DFT procedures.
� With no exceptions, all the conventional DFT methods (rungs 1–

4 of Jacob’s Ladder) result in RMSDs above the chemical accu-
racy threshold, and 74% of the tested functionals give very poor
performance with RMSDs = 10 � 81 kJ mol�1.
� The range-separated hybrid-meta GGA M11 emerges as the best

performing conventional DFT functional, with RMSD =
4.8 kJ mol�1.
� Of the DHDFT functionals, DSD-PBEP86, DSD-PBEP86-D3, and

B2K-PLYP-D3 are the only functionals that surpass the chemical
accuracy threshold (with RMSD = 2.3, 2.5, and 4.0 kJ mol�1,
respectively). The rest of the DHDFTs give relatively poor per-
formance with RMSDs > 10 kJ mol�1 (with the exception of
DSD-BLYP, for which RMSD = 7.4 kJ mol�1).

With regard to the performance of the standard and composite
ab initio procedures, we draw the following conclusions:
� The CRBH20 dataset proves to be a challenging test for nearly all

of the standard and composite ab initio procedures.
� The composite Gn-type procedures show moderate perfor-

mance with RMSDs ranging between 4.9 (G4(MP2)-6X) and
12.6 (G3(MP2)B3) kJ mol�1.
� The composite CBS-QB3 and CBS-APNO procedures show signif-
icantly better performance with RMSDs of 3.1 and 1.5 kJ mol�1,
respectively.
� With the exception of one method (see next bullet point), all the

standard and modified MPn-based methods (MP2, MP2.5, MP3,
MP3.5, MP4, SCS-MP2, and SCS-MP3) show poor performance
with RMSDs ranging between 5.7 (MP4(SDQ)) and 29.5 (MP3)
kJ mol�1.
� The newly defined MP4av procedure – an average of MP4(SDQ)

and MP4(SDTQ) – gives excellent performance with an RMSD of
merely 2.1 kJ mol�1. This procedure also performs well for the
26 barrier heights of pericyclic reactions in the BHPERI subset
of the GMTKN30 database (with RMSD = 2.5 kJ mol�1) [6].
� The CCSD(T) method in conjunction with the A0VDZ and A0VTZ

basis sets performs poorly with RMSDs of 13.9 and
5.0 kJ mol�1, respectively.
� Estimating the CCSD(T)/CBS energy from the CCSD(T)/A0VDZ

energy and adding an MP2-based basis-set-correction term
results in an RMSD of only 1.7 kJ mol�1. This simple and cost-ef-
fective procedure outperforms all of the considered ab initio
and composite procedures (with the exception of CBS-APNO)
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Appendix A. Supplementary data

Diagnostics indicating the importance of post-CCSD(T) contribu-
tions for the species involved in the CRBH20 database (Table S1);
selected bond lengths of bonds that are being broken and formed
in the transition structures in the CRBH20 database (Table S2); sta-
tistical analysis for the performance of DFT and DHDFT procedures
for the calculation of the reaction barrier heights of the CRBH20
database in the reverse direction, i.e., for cycloaddition reactions
(Table S3); overview of the basis set convergence of conventional
DFT methods (Table S4); overview of the basis set convergence of
the standard and modified ab initio procedures (Table S5); and full
references for Ref. [17] (Molpro 2012), Ref. [28] (Gaussian 09), and
Ref. [73] (ORCA). For the convenience of the reader the
Supplementary data also includes a directory
(CRBH20_input_files_and_script.zip) with the Gaussian 09 input
files for the species involved in the CRBH20 database and a perl script
that calculates the reaction barrier heights and the error statistics
from our W1-F12 and W1w reference values. Supplementary data
associated with this article can be found, in the online version, at
http://dx.doi.org/10.1016/j.chemphys.2015.07.005.
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