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A B S T R A C T  

We introduce a representative benchmark database of 20 cycloreversion reaction energies 

obtained by means of the high-level W1 thermochemical protocol. We use these benchmark 

values to assess the performance of a variety of contemporary DFT, double-hybrid DFT 

(DHDFT), standard ab initio, and compound thermochemistry methods. We show that this set of 

reaction energies provides an extremely challenging test for nearly all of the considered DFT and 

DHDFT methods. For example, about 80% of the considered functionals result in root-mean-

square deviations (RMSDs) above 10 kJ mol–1. The best DFT and DHDFT procedures are 

ωB97X and DSD-PBEP86-D3, with RMSDs of 4.7 and 7.9 kJ mol–1, respectively). Coupled with 

the fact that the barrier heights for these reactions also pose a significant challenge for many DFT 

methods, this work shows that only a handful of functionals can quantitatively describe all 

aspects of the potential surface of this important class of reactions. In addition, this work shows 

that London dispersion effects are particularly large for this class of reactions. For example, 

empirical dispersion corrections reduce the RMSDs for the DFT and DHDFT procedures by 

amounts ranging from 3.5 (PBE and B2K-PLYP) to 22.0 (BLYP) kJ mol–1.  
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1. Introduction 

Over the past two decades density functional theory (DFT) has become the most applied 

quantum chemical method due to its attractive accuracy-to-computational cost ratio. The 

approximations for the exchange-correlation functional can be classified according to their rung 

on Perdew’s ‘Jacob’s Ladder’:1 (1) the local density approximation; (2) pure generalized gradient 

approximation (GGA) employing both the local density and the reduced density gradient; (3) the 

meta-GGAs which additionally employ the kinetic energy density; (4) the hybrid-GGAs and 

hybrid-meta-GGAs which in addition involve the occupied orbitals; and (5) the double-hybrid 

functionals which additionally employ the virtual orbitals. One weakness of the pure and hybrid-

GGAs is that there is often a tradeoff between their performance for thermochemistry and 

thermochemical kinetics.2 , 3 , 4 , 5 , 6 For example, for hybrid-GGAs, the optimal percentage of 

Hartree–Fock exchange for thermochemical properties tends to be around the ~20% mark, whilst 

for thermochemical kinetics it tends to be at least twice as much.3,4,5,7,8,9 Hybrid-meta GGA and 

double-hybrid procedures can overcome this deficiency to a considerable extent.5,9, 10 , 11 , 12 

However, it is important to identify reactions for which these more sophisticated fuctionals fail to 

offer a quantitative description of both the reaction energies and barrier heights. Identifying these 

problematic reactions is important since (i) DFT functionals should be applied with caution for 

modeling these reactions, and (ii) it may assist in the development of next-generation functionals 

with improved performance.  

Cycloreversion of heteroatom rings, in which a cyclic structure is fragmented into simple 

unsaturated building blocks, is an important class of organic reactions which are widely used in 

synthetic and medicinal chemistry.13,14,15,16 We have recently evaluated the performance of a 

range of contemporary DFT methods for the reaction barrier heights of 20 cycloreversion 

reactions of 5-membered heterocyclic rings (known as the CRBH20 dataset).17 These reaction 

barrier heights provide a challenging test for DFT and double-hybrid DFT (DHDFT) methods. 

For example, of the 65 tested DFT and DHDFT functionals, only two DHDFT functionals (B2K-

PLYP and DSD-PBEP86) result in root-mean-square deviations (RMSDs) below the ‘chemical 

accuracy’ threshold (‘chemical accuracy’ is arbitrarily defined here as RMSDs ≤ 4.2 kJ mol–1 

from accurate reference data). 

The present study aims to answer an important question: can DFT methods quantitatively 

describe all aspects of the potential energy surfaces of cycloreversion reactions? (i.e., exhibit 

reasonably good performance for both reaction energies and barrier heights). To this end, we use 

a more lenient cutoff of twice the threshold of chemical accuracy (i.e., RMSD ≤ 8.4 kJ mol–1) to 

indicate that a functional is performing reasonably well for these challenging reactions. We show 
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that only a handful of DFT and DHDFT functionals exhibit reasonable performance for the 

calculation of both the energies and barrier heights of cycloreversion reactions. For example, only 

6 of the 65 considered DFT functionals exhibit RMSDs ≤ 8.4 kJ mol–1 for both the reaction 

energies and barrier heights (namely, 3 hybrid GGA, 2 hybrid-meta GGA, and 1 double-hybrid 

functional). This result is significant because it demonstrates that even sophisticated functionals 

from rungs four and five of Jacob’s Ladder cannot quantitatively describe all aspects of the 

potential surface of this important class of reactions. 

 

2. Computational Methods 

 We evaluate the performance of a large number of DFT and ab initio procedures for a set of 

20 cycloreversion reaction energies (to be known as the CR20 dataset). In order to obtain reliable 

reference reaction energies, calculations have been carried out using the high-level, ab initio 

W1w theory18,19 or its explicitly correlated version (W1-F12 theory)20 with the Molpro 2012.1 

program suite. 21 , 22  These theories represent layered extrapolations to the all-electron 

CCSD(T)/CBS limit,23,24 and can achieve ‘sub-chemical accuracy’ for atomization reactions.25 

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.18,20,25 Nevertheless, we point out that for systems containing only 

first-row elements (and H) W1-F12 shows better performance. Specifically, for the 97 first-row 

atomization energies in the W4-11 dataset,25 W1-F12 attains an RMSD of 1.9 kJ mol–1 relative to 

reference atomization energies at the FCI infinite basis-set limit.20 Therefore in the present work 

we obtain reaction energies with W1-F12 theory for systems containing only first-row elements 

and with W1w theory for systems containing second-row elements. For the sake of making the 

article self-contained, we will briefly outline the various steps in W1w theory (for further details 

see Refs. 18 and 19). The Hartree–Fock (HF) component is extrapolated from the A'VTZ and 

A'VQZ basis sets, using the E(L) = E∞ + A/Lα two-point extrapolation formula with α = 5. The 

notation A'VnZ indicates the combination of the standard correlation-consistent cc-pVnZ basis 

sets on H,26 the aug-cc-pVnZ basis sets on first-row atoms,27 and the aug-cc-pV(n+d)Z basis sets 

on second-row atoms.28 The valence CCSD correlation energy is extrapolated from the same 

basis sets with α = 3.22. The quasiperturbative triples, (T), correction is extrapolated from the 

A'VDZ and A'VTZ basis sets with α = 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.18 W1-F12 theory is an explicitly correlated version of W1w, which combines 
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explicitly correlated F12 techniques 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. 20 (for a concise summary of the various steps in W1-F12 theory see 

Ref. 29).  

 The geometries of all structures have been obtained at the B3LYP/A'VTZ level of 

theory.30,31,32 Harmonic vibrational analyses have been performed to confirm each stationary 

point as an equilibrium structure (i.e., consisting of all real frequencies). All geometry 

optimizations and frequency calculations were performed using the Gaussian 09 program suite.33  

 The DFT exchange-correlation functionals considered in the present study (ordered by their 

rung on Jacob’s Ladder)1 are the pure generalized gradient approximation (GGA) functionals: 

BLYP,30,34 B97-D,35 HCTH407,36 PBE,37 BP86,34,38 BPW91,34,39 SOGGA11,40 N12;41 the meta-

GGAs (MGGAs): M06-L, 42  TPSS, 43  𝜏-HCTH, 44  VSXC, 45  BB95, 46  M11-L, 47  MN12-L; 48  the 

hybrid-GGAs (HGGAs): BH&HLYP,49 B3LYP,30,31,32 B3P86,31,38 B3PW91,31,39 PBE0,50 B97-

1,51 B98,52 X3LYP,53 SOGGA11-X;54 the hybrid-meta-GGAs (HMGGAs): M05,55 M05-2X,56 

M06,9 M06-2X,9 M06-HF,9 BMK,3 B1B95,34,46 TPSSh, 57  𝜏-HCTHh,44 PW6B95, 58  and the 

DHDFT procedures:11 B2-PLYP,59 B2GP-PLYP,10 B2K-PLYP, 60 B2T-PLYP,60 DSD-BLYP,61 

DSD-PBEP86,11,62 and PWPB95.63 In addition to the global HGGAs and HMGGAs, we also 

consider the following range-separated (RS) functionals: CAM-B3LYP,64 LC-ωPBE,65 ωB97,66 

ωB97X,66 ωB97X-D,67 and M11.68 Empirical D3 dispersion corrections69,70,71 are included in 

some cases using the Becke−Johnson72 damping potential as recommended in Ref. 69 (denoted 

by the suffix -D3). We note that the suffix -D in B97-D and ωB97X-D indicates the original 

dispersion correction rather than the D3 correction. The 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. All the DFT and 

DHDFT were performed using the Gaussian 0933 and ORCA73,74 program suites. 

 In addition, the performance of composite thermochemical procedures and standard ab 

initio methods are also assessed. We consider the following composite procedures: G4,75 

G4(MP2),76 G4(MP2)-6X,77 CBS-QB3,78 and CBS-APNO,79 and the following ab initio methods: 

MP2, SCS-MP2,80 MP2.5,81 MP3, MP3.5,82 SCS-MP3,83 MP4, MP4(SDQ), MP4av,17 CCSD, 

SCS-CCSD,84 SCS(MI)CCSD,85 and CCSD(T). The performance of the MP2- and MP3-based 

procedures is evaluated in conjunction with the A'VQZ basis set whereas the performance of the 

computationally more expensive MP4-based and coupled cluster procedures is evaluated in 

conjunction with the A'VTZ basis set.  
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3. Results and Discussion  

3.1. Overview of the benchmark reaction energies in the CR20 database. A schematic 

representation of the 20 cycloreversion reactions in the CR20 database is given in Figure 1, 

whilst the heteroatom (X) and substituents (R1–R3) are listed in Table 1. All the cycloreversion 

reactions involve cleavage of a heterocyclic ring into two unsaturated fragments. In addition, 

these reactions involve a migration of the R1 substituent across the C=N bond (Fig. 1). There are 

two types of reactions in the CR20 dataset (Table 1):  

 

i) Reactions 1–10 (X = O) are cycloreversions of dioxazoles forming carbonyls and 

isocyanates  

ii) Reactions 11–20 (X = S) are cycloreversions of oxathiazoles forming carbonyls 

and isothiocyanates 

 

 

 

 

 
 

 

 

 

 
 
 
  

Figure 1. Schematic representation of the reactions in the CR20 database. 
The X center and the R1, R2, and R3 functional groups are listed in Table 1.  
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Table 1. Cycloreversion reactions in the CR20 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 

aThe CR2R3 moiety is replaced with a C=O group (see Fig. 1). 

 

The species in the CR20 database cover a broad spectrum of substituents and bonding 

situations. We consider two parent structures in which R1 = R2 = R3 = H (and Me). In addition, 

the R1, R2, and R3 substituents have been varied such that: (i) R2 = H, Me, NH2, OH, and F, 

whilst maintaining a constant migrating 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 replacing the CR2R3 moiety with a carbonyl group.  

Benchmark reference data have been obtained by means of the high-level W1-F12 and 

W1w procedures.18,19,20 Since these procedures represent layered extrapolations to the 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 atomization energy accounted 

for by parenthetical connected triple excitations, %TAEe[(T)], has been shown to be a reliable 

energy-based diagnostic for the importance 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.19,25,86 Table S1 

(Supplementary data) gathers the %TAEe[(T)] values for the reactants and products involved in 
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the CR20 dataset. The %TAEe[(T)] values for these species lie in the range 1.6–3.9 (where in 

87% of cases the %TAEe[(T)] ≤ 3.0). These values suggest that the CCSD(T) method is adequate 

for the description of the reaction energies in the CR20 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.20,25,87 

The component breakdown of the W1-F12 and W1w reaction energies are gathered in 

Table 2. All the reactions in the CR20 database are exothermic with reaction energies ranging 

from –32.0 (12) to –149.4 (10) kJ mol−1. The reactions of the dioxazole systems are 

systematically more exothermic than those of the oxathiazoles (by amounts ranging from 8.7–

56.9 kJ mol–1). For both the dioxazoles and oxathiazoles the most exothermic reaction is obtained 

when R1 is a methyl group and CR2R3 is a C=O group, namely ∆Ee = –149.4 (dioxazole, 10) and 

–133.1 (oxathiazole, 20) kJ mol–1. Similarly, for both ring types the least exothermic reaction is 

obtained for R1 = Me and R2 = R3 = H, namely ∆Ee = –67.6 (dioxazole, 2) and –32.0 

(oxathiazole, 12) kJ mol–1.  

 
Table 2. Component breakdown of the benchmark W1-F12 and W1w reaction energies for the 
reactions in the CR20 database (in kJ mol–1, see Table 1 and Fig. 1 for the reaction definitions).a 

 

Reaction ∆SCF ∆CCSD ∆(T) ∆CVb ∆Ee
c 

1 –182.6 49.6 3.7 –1.9 –131.2 
2 –122.6 52.9 3.8 –1.7 –67.6 
3 –133.1 54.5 4.1 –1.8 –76.3 
4 –158.2 55.6 4.3 –1.6 –99.9 
5 –135.2 58.1 4.5 –1.8 –74.4 
6 –177.3 55.7 3.5 –2.1 –120.3 
7 –189.5 59.3 3.9 –2.5 –128.8 
8 –141.8 50.6 2.5 –2.0 –90.7 
9 –147.8 64.2 5.8 –1.9 –79.7 
10 –206.4 55.5 3.7 –2.1 –149.4 
11 –131.5 54.7 4.0 –1.5 –74.3 
12 –99.9 63.2 6.2 –1.5 –32.0 
13 –111.2 65.7 6.8 –1.5 –40.2 
14 –117.0 61.7 4.9 –1.3 –51.6 
15 –124.0 71.0 8.0 –1.7 –46.8 
16 –181.2 69.2 7.2 –1.9 –106.7 
17 –182.2 72.6 7.4 –2.4 –104.5 
18 –149.1 63.2 5.8 –1.9 –82.0 
19 –144.0 78.4 9.7 –1.9 –57.7 
20 –210.1 70.3 8.7 –2.1 –133.1 

aThe reference values for reactions 1–10 are from W1-F12 theory, and for reactions 11–20 from W1w theory. bCore-
valence correction. cAll-electron, vibrationless CCSD(T) basis-set-limit reaction energies.  
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Inspection of Table 2, reveals that the HF/CBS level of theory systematically 

underestimates the reaction energies by amounts ranging from 51.1 (8) to 86.3 (19) kJ mol–1 

relative to the CCSD(T)/CBS reference values. The valence CCSD correlation contribution to the 

reaction energies increases the reaction energies by amounts ranging between 49.6 (1) and 78.4 

(19) kJ mol–1. The quasiperturbative triples, (T), contribution further increases the reaction 

energies by chemically significant amounts ranging from 2.5 (8) and 9.7 (19) kJ mol–1. Finally, 

we note that the core-valence correlation contribution systematically reduces the reaction 

energies by relatively modest amounts ranging from 1.3 (14) to 2.5 (7) kJ mol–1.  

 

3.2. Performance of standard and composite ab initio procedures for the reaction energies 

in the CR20 database. Table 3 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)). Inspection of Table 3 reveals that most of the composite procedures do not have 

difficulties with the reactions in the CR20 dataset. The CBS-type procedures show excellent 

performance with RMSDs of 2.9 (CBS-QB3) and 3.4 (CBS-APNO) kJ mol–1. Three of the Gn-

type procedures result in RMSDs below the ‘chemical accuracy’ threshold. Namely, G3 and G4 

with an RMSD of 4.1 kJ mol–1 and G4(MP2)-6X with a slightly lower RMSD of 3.8 kJ mol–1. 

The rest of the Gn procedures result in RMSDs ranging between 4.7 (G3(MP2)) and 7.4 

(G3(MP2)B3) kJ mol–1. Finally, we note that, apart from CBS-APNO, all the composite 

procedures tend to systematically underestimate the reaction energies.  
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Table 3. Statistical analysis for the performance of composite and standard ab initio methods for 
the calculation of the reaction energies in the CR20 database (in kJ mol–1). 
 

Basis set Methods RMSDa MADa MSDa LDa,b 
 G3 4.1 3.5 –2.9 7.9 (13) 
 G3(MP2) 5.0 4.4 –4.1 9.2 (13) 
 G3B3 6.7 6.2 –6.1 10.6 (12) 
 G3(MP2)B3 7.4 6.9 –6.9 11.0 (12) 
 G4 4.1 3.8 –3.6 6.5 (12) 
 G4(MP2) 4.7 4.3 –4.3 7.4 (14) 
 G4(MP2)-6X 3.8 3.4 –3.1 6.9 (14) 
 CBS-QB3 2.9 2.3 –1.5 6.0 (12) 
 CBS-APNOc 3.4 1.6 3.2 5.8 (9) 
A'VQZ HF 65.1 64.4 –64.4 85.8 (19) 

 MP2 14.8 14.0 –14.0 25.8 (10) 

 SCS-MP2 23.4 23.1 –23.1 32.3 (10) 

 MP2.5 3.6 3.2 –3.2 8.5 (20) 

 MP3 8.6 7.6 7.6 13.8 (8) 

 SCS-MP3 20.7 20.5 –20.5 27.6 (10) 
A'VTZ MP3.5 2.4 2.0 1.6 4.4 (9) 

 MP4(SDQ) 4.8 4.6 –4.6 6.8 (20) 

 MP4(SDTQ) 6.9 6.5 –6.5 12.4 (10) 
 MP4av

d 5.7 5.6 –5.6 8.3 (10) 

 CCSD 2.4 2.0 –0.6 4.2 (20) 

 SCS-CCSD 12.4 12.2 12.2 16.0 (7) 

 SCS(MI)CCSD 10.9 10.7 10.7 13.6 (7) 
 CCSD(T) 4.7 4.4 4.4 6.8 (9) 
 CCSD(T)/CBS(MP2)e 4.5 4.1 4.1 7.2 (17) 

aRMSD = root-mean-square deviation, MAD = mean-absolute deviation, MSD = mean-signed deviation, LD = 
largest deviation (in absolute value). bThe reaction numbers are given in parenthesis (see also Table 1). cError 
statistics over the dioxazole systems only. dMP4av is defined as the average of MP4(SDQ) and MP4(SDTQ), see Ref. 
17 for further details. eCCSD(T)/CBS(MP2) ≈ CCSD(T)/A'VDZ + MP2/A'V{T,Q}Z – MP2/A'VDZ.  

 

We now turn our attention to the performance of the standard wavefunction methods. 

Table 3 gives these results in conjunction with the A'VQZ for the computationally more 

economical MP2- and MP3-based methods, whilst the performance of the MP4-based and 

coupled cluster methods is evaluated in conjunction with the A'VTZ basis set. Table S2 of the 

Supplementary data gives results for all the standard ab initio methods in conjunction with the 

A'VnZ basis sets (n = D and T). We start by noting that for the methods for which we have both 

A'VTZ and A'VQZ results (HF, MP2, SCS-MP2, MP2.5, MP3, and SCS-MP3) the difference in 

the overall RMSDs between the A'VTZ and A'VQZ basis sets are smaller than 2.1 kJ mol–1. 

However, in nearly all cases the A'VTZ basis set performs better than the A'VQZ basis set 

(relative to the W1-F12 and W1w reference values). For the most part, this results from error 

compensation between basis set incompleteness and the neglect of higher-level correlation effects.  
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Inspection of Table 3 reveals that the CR20 database is a challenging target for nearly all 

of the standard ab initio methods. Only three of the 15 examined procedures result in RMSDs 

below the ‘chemical accuracy’ threshold (MP2.5, MP3.5, and CCSD). As mentioned in Section 

3.1, Hartree–Fock theory systematically and severely underestimates the W1-F12 and W1w 

reaction energies. For the HF/A'VQZ level of theory we obtain an RMSD of 65.1 kJ mol–1 and an 

MSD = –1×MAD = –64.4 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) systematically underestimates the reaction energies and results in an 

RMSD of 14.8 kJ mol–1 and an MSD = –1×MAD = –14.0 kJ mol–1. Nevertheless, it should be 

pointed out that MP2 still results in better performance compared to most of the DHDFT 

functionals (vide infra). Inclusion of higher-order excitations in the MP3 procedure improves 

upon the performance of MP2 and leads to an RMSD of 8.6 kJ mol–1. However, MP3 seems to 

overcorrect the deficiencies of MP2, and leads to systematic overestimation of the reaction 

energies (as is evident from MSD = MAD = 7.6 kJ mol–1). In this situation, MP2.5, which is an 

average of MP2 and MP3, results in very good performance with an RMSD of 3.6 kJ mol–1 for 

the CR20 dataset. Fourth-order Møller–Plesset perturbation theory (MP4) provides a slight 

improvement over MP3, with an RMSD of 6.9 kJ mol–1. However, in contrast to MP3, MP4 

systematically underestimates the reaction energies with MSD = –1×MAD = –6.5 kJ mol–1. We 

note in passing, that similar oscillatory behavior of the MPn (n = 2, 3, and 4) series has been 

previously observed for both thermochemical81,83,88,89,90 and kinetic properties.82,91 Since MP3 

systematically overestimates the reaction energies and MP4 systematically underestimates them 

by similar amounts, MP3.5, which is an average of MP3 and MP4, results in excellent 

performance with an RMSD of only 2.4 kJ mol–1. In fact, this method outperforms all of the 

considered DHDFT and MPn-based procedures. The excellent performance of MP3.5 is also 

demonstrated by a relatively small MSD of –1.6 kJ mol–1. Finally, it should be pointed out that 

scaling the same-spin and opposite-spin components of the MP2 and MP3 correlation energies, as 

in the SCS-MP2 and SCS-MP3 procedures, worsens the performance of both procedures and 

leads to RMSDs of over 20 kJ mol–1 (Table 3). This deterioration in performance upon scaling of 

the same-spin and opposite-spin components is rather unusual for reaction energies.92 For 

comparison, for the set of 140 atomization energies in the W4-11 dataset we obtain the following 

RMSDs for the MPn and SCS-MPn procedures: 45.8 (MP2), 28.1 (SCS-MP2), 60.5 (MP3), and 

20.0 kJ mol–1 (SCS-MP3).25 

The CCSD/A'VTZ level of theory shows excellent performance with an RMSD of 2.4 kJ 

mol–1. It should be noted, however, that at the CCSD/CBS level of theory (taken from W1-F12 
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and W1w theories) this RMSD increases to 4.1 kJ mol–1. The CCSD(T) method attains RMSDs 

of 8.7 and 4.7 kJ mol–1 in conjunction with the A'VDZ and A'VTZ basis sets, respectively. 

Therefore, it seems that the CCSD/A'VTZ level of theory benefits from some error compensation 

between basis set incompleteness and the neglect of quasiperturbative triples, (T), corrections. 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)/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 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 close to the CCSD(T)/CBS 

limit.94,95,96,97 More recently, this method has also been found to give good performance for 

reaction energies89,90,98 and barrier heights.17,82 For the reactions in the CR20 database the 

CCSD(T)/MP2(CBS) method gives an RMSD and MSD of 4.5 kJ mol–1, just above the threshold 

of chemical accuracy.  

 

3.3. Performance of DFT and DHDFT procedures for the reaction energies in the CR20 

database. Table 4 gives an overview of the performance of a large number of contemporary DFT 

and DHDFT functionals (with and without empirical D3 dispersion corrections). We start by 

making the following general observations: 

 

! The CR20 database proves to be an extremely challenging test for DFT methods. None of 

the 65 DFT and DHDFT functionals attain an RMSD below the threshold of chemical 

accuracy. Only 10 functionals attain RMSDs below 8.4 kJ mol–1 (twice the threshold of 

chemical accuracy). The rest of the functionals attain RMSDs ranging between 8.6 (ωB97) 

and 60.9 (BLYP) kJ mol–1. 

! Of the 53 conventional DFT methods (rungs 2–4 of Jacob’s Ladder), nine functionals give 

RMSDs < 8.4 kJ mol–1. Of these, the range-separated hybrid GGA ωB97X functional of 

Chai and Head-Gordon gives the best performance with an RMSD of 4.7 kJ mol–1, whilst 

the hybrid GGA (B3PW91-D3) and the hybrid-meta GGA (M05-2X) tie for second place 

with RMSDs of 5.3 and 5.4 kJ mol–1, respectively.  

! Of the 12 considered double-hybrid functionals, only one functional (DSD-PBEP86-D3) 

gives an RMSD below 8.4 kJ mol–1. The other DHDFT functionals attain RMSDs 

between 13.6 (DSD-PBEP86) and 33.6 (B2-PLYP) kJ mol–1. 
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! None of the considered DFT and DHDFT functionals result in largest deviations that are 

below 8.4 kJ mol–1. In particular, the largest deviations range between 9.8 (ωB97X) and 

79.2 (BLYP) kJ mol–1. We note that reactions 7 and 19 seem to be particularly 

problematic for most of the DFT procedures. 

! With few exceptions all the conventional and double-hybrid functionals tend to 

systematically underestimate the reaction energies, as evident from MSD ≈ –1×MAD 

(notable exceptions include ωB97, PBE0, LC-ωPBE, and M06-HF).  

! Dispersion corrections tend to dramatically improve agreement with the W1-F12 and 

W1w results. For most of the functionals the RMSDs are reduced by 15–74% upon 

inclusion of the D3 dispersion corrections.  

 
Table 4. Statistical analysis for the performance of DFT and DHDFT procedures for the 
calculation of the reaction energies in the CR20 database (in kJ mol–1).a,b 

 

Typec Method RMSD MAD MSD LD 
GGA BLYP 60.9 60.3 –60.3 79.2 (19) 
 BLYP-D3 38.9 38.4 –38.4 48.7 (7) 
 B97-D 52.4 52.2 –52.2 59.6 (17) 
 HCTH407 54.4 53.6 –53.6 69.5 (19) 
 PBE 11.1 9.0 –8.0 21.4 (9) 
 PBE-D3 7.6 6.4 2.4 18.6 (20) 
 BP86 21.7 20.3 –20.3 34.4 (19) 
 BP86-D3 7.7 5.8 –3.5 15.3 (7) 
 BPW91 31.1 30.0 –30.0 45.2 (9) 
 SOGGA11 29.1 26.8 –26.8 48.3 (7) 
 N12 22.8 20.7 –20.7 37.7 (19) 
MGGA M06-L 49.9 49.6 –49.6 58.4 (7) 
 TPSS 21.6 19.7 –19.6 36.6 (19) 
 TPSS-D3 9.2 8.2 –6.4 15.5 (7) 
 𝜏-HCTH 49.8 48.5 –48.5 69.5 (9) 
 VSXC 47.5 47.2 –47.2 59.9 (7) 
 BB95 36.8 35.8 –35.8 50.1 (19) 
 M11-L 36.9 36.4 –36.4 46.4 (11) 
 MN12-L 15.7 12.7 –10.9 30.4 (17) 
HGGA BH&HLYP 28.9 27.6 –27.6 47.1 (19) 
 BH&HLYP-D3 14.3 13.6 –13.6 22.7 (19) 
 B3LYP 43.2 42.5 –42.5 61.3 (19) 
 B3LYP-D3 24.9 24.5 –24.5 31.6 (7) 
 B3P86 9.7 7.4 –7.0 21.8 (19) 
 B3PW91 20.2 18.9 –18.9 34.3 (19) 
 B3PW91-D3 5.3 4.2 –0.6 10.7 (7) 
 PBE0 6.7 5.9 2.9 10.7 (11) 
 PBE0-D3 13.0 12.1 12.1 18.9 (20) 
 B97-1 18.8 17.7 –17.7 31.9 (19) 
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 B98 24.0 22.9 –22.9 39.0 (19) 
 X3LYP 37.3 36.5 –36.5 54.9 (19) 
 SOGGA11-X 6.1 4.3 –3.4 15.9 (19) 
HMGGA M05 57.3 56.8 –56.8 66.8 (19) 
 M05-2X 5.4 4.4 2.7 11.1 (1) 
 M06 45.4 45.2 –45.2 51.8 (7) 
 M06-2X 7.4 6.0 –4.6 15.3 (19) 
 M06-HF 33.9 32.3 32.3 54.8 (1) 
 BMK 23.6 22.6 –22.6 35.1 (19) 
 BMK-D3 10.8 10.1 –10.1 17.5 (17) 
 B1B95 19.6 18.4 –18.4 33.3 (19) 
 B1B95-D3 6.7 5.3 –5.0 13.4 (7) 
 TPSSh 17.2 15.4 –14.9 31.9 (19) 
 𝜏-HCTHh 21.4 20.3 –20.3 34.5 (19) 
 PW6B95 21.8 20.8 –20.8 35.3 (19) 
 PW6B95-D3 16.2 15.3 –15.3 25.2 (19) 
RS CAM-B3LYP 18.2 16.7 –16.7 33.8 (19) 
 CAM-B3LYP-D3 9.6 8.3 –8.3 18.4 (19) 
 LC-ωPBE 12.8 11.5 11.5 22.1 (11) 
 LC-ωPBE-D3 22.2 21.6 21.6 30.4 (11) 
 ωB97 8.6 7.3 7.1 15.7 (11) 
 ωB97X 4.7 3.8 –1.9 9.8 (9) 
 ωB97X-D 13.1 12.5 –12.5 20.2 (19) 
 M11 21.7 21.2 –21.2 29.2 (17) 
DH B2-PLYP 33.6 33.4 –33.4 40.4 (19) 
 B2-PLYP-D3 22.6 22.4 –22.4 28.6 (7) 
 B2GP-PLYP 25.6 25.5 –25.5 30.5 (7) 
 B2GP-PLYP-D3 19.2 18.9 –18.9 25.5 (7) 
 B2K-PLYP 22.8 22.6 –22.6 27.0 (17) 
 B2K-PLYP-D3 19.3 19.2 –19.2 23.4 (7) 
 B2T-PLYP 29.3 29.1 –29.1 35.2 (19) 
 DSD-BLYP 25.1 25.0 –25.0 29.0 (7) 
 DSD-PBEP86 13.6 13.3 –13.3 17.6 (7) 
 DSD-PBEP86-D3 7.9 7.2 –7.2 12.7 (7) 
 PWPB95 18.2 17.8 –17.8 25.0 (19) 
 PWPB95-D3 13.9 13.5 –13.5 19.0 (7) 

 aFootnotes a and b to Table 3 apply here. bThe 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. cGGA = 
generalized gradient approximation, HGGA = hybrid-GGA, MGGA = meta-GGA, RS = range-separated, HMGGA 
= hybrid-meta-GGA, DH = double hybrid.  

 

Two of the eleven considered GGA functionals give relatively good performance with 

RMSDs below the 8.4 kJ mol–1 threshold (RMSD = ︎ 7.6 (PBE-D3) and 7.7 (BP86-D3) kJ mol–1). 

We note that removing the D3 dispersion correction significantly increases the RMSDs for these 

two functionals, namely to 11.1 (PBE) and 21.7 (BP86) kJ mol–1. The rest of the GGAs give very 

poor performance with RMSDs between 22.8 (N12) and 60.9 (BLYP) kJ mol–1. 
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Inclusion of the kinetic energy density in the MGGA procedures does not improve the 

performance. The best performing MGGA functional attains an RMSD of 9.2 kJ mol–1 (TPSS-

D3), we note that removing the D3 dispersion correction significantly increases the RMSD by 

12.4 kJ mol–1. With the exception of PBE-D3, all the GGA and MGGA functionals 

systematically underestimate the reactions energies as evident from MSD ≈ –1×MAD. PBE-D3 

attains a slightly positive MSD of +2.4 kJ mol–1 (cf. with an MSD of –8.0 kJ mol–1 for PBE). 

These results suggest that, apart from PBE-D3 and BP86-D3, the GGA and MGGA functionals 

should be applied with caution when calculating cycloreversion reaction energies.  

The RMSDs for the HGGA functionals span a wide range, from 5.3 (B3PW91-D3) to 43.2 

(B3LYP) kJ mol–1. Of the 13 considered hybrid GGAs, three functionals result in RMSDs < 8.4 

kJ mol–1, these are: B3PW91-D3 (5.3), SOGGA11-X (6.1), and PBE0 (6.7 kJ mol–1). We note 

however, that the RMSD for B3PW91-D3 increases to as much as 20.2 kJ mol–1 upon removal of 

the D3 dispersion correction. We also note that the popular B3LYP functional shows very poor 

performance with RMSDs of 24.9 and 43.2 and kJ mol–1 with and without the D3 dispersion 

correction, respectively. It is instructive to compare the performance of the hybrid functionals 

that combine Becke’s three-parameter exchange functional with different gradient-corrected 

correlation functionals. These functionals give RMSDs of 9.7 (B3P86), 20.2 (B3PW91), and 43.2 

(B3LYP) kJ mol–1. This reflects the poor performance of the LYP and PW91 correlation 

functionals for these reactions (see also the discussion of the performance of the DHDFT 

functionals below). Similar observations have been also noted for other types of reactions, such 

as bond dissociation energies of N–H and N–Cl bonds.99  

In general, the HMGGA functionals give similar performance to the HGGAs, with a wide 

spread of RMSDs. Interestingly, both the best and worst performing HMGGA functionals belong 

to the Minnesota-05 family, with RMSDs of 5.4 (M05-2X) to 57.3 (M05) kJ mol–1. Three out of 

the 13 considered HMGGA functionals result in RMSDs < 8.4 kJ mol–1, namely M05-2X (5.4), 

B1B95-D3 (6.7), and M06-2X (7.4 kJ mol–1). We note that the RMSD for B1B95-D3 increases to 

as much as 19.6 kJ mol–1 upon removal of the D3 dispersion correction.  

Inspection of Table 4 reveals that the optimal percentage of HF-like exchange for the HGGA 

and HMGGA functionals spans over a wide range of 20–55%. For example, the best performing 

functionals with 20–28% of HF-like exchange are (RMSDs are given in parenthesis): 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). We note that similar observations have been made for the 

barrier heights of the reactions in the CRBH20 dataset.17 
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The RMSDs for the range-separated hybrid- and hybrid-meta-GGAs range between 4.7 

(ωB97X) and 22.2 (LC-ωPBE-D3) kJ mol–1, where ωB97X clearly outperforms the rest of the 

functionals. The good performance of ωB97X is followed by ωB97 (RMSD = 8.6) and CAM-

B3LYP-D3 (RMSD = 9.6 kJ mol–1).  

All of the considered double-hybrid functionals lead to disappointing RMSDs considering 

their high computational cost. In particular, the RMSDs for the DHDFT procedures range 

between 7.9 (DSD-PBEP86-D3) and 33.6 (B2-PLYP) kJ mol–1. We note that the DHDFT 

functionals that employ the LYP correlation functional give poor performance with RMSDs 

ranging between 19.2 (B2GP-PLYP-D3) and 33.6 (B2-PLYP) kJ mol–1. Notably, these DHDFT 

procedures perform significantly worse than MP2 (which attains an RMSD of 14.8 kJ mol–1, 

Table 3). The spin-component-scaled DHDFT procedures (PWPB95 and DSD-PBEP86) give 

better performance, but still perform on par or worse than MP2, with RMSDs of 18.2 and 13.6 kJ 

mol–1, respectively. Finally, we note that dispersion corrections reduce the RMSDs of the 

DHDFT functionals by considerable amounts; however, DSD-PBEP86-D3 (RMSD = 7.8 kJ mol–

1) is the only DHDFT functional that manages to slightly surpass the RMSD cutoff value of 8.4 

kJ mol–1. 

As mentioned above, without dispersion corrections nearly all the conventional and double-

hybrid functionals tend to systematically underestimate the reaction energies, as evident from 

MSD ≈ –1×MAD. Dispersion effects make the reaction energies less exothermic since they 

stabilize the heterocyclic rings are to a larger extent than the products of the cycloreversion 

reaction (Fig. 1). Therefore, dispersion D3 corrections tend to systematically improve the 

performance of the DFT and DHDFT methods. For the few functionals that tend to overestimate 

the reaction energies (e.g., PBE0 and LC-ωPBE) there is no point in including D3 corrections 

since they can only increase the errors. Table 5 gathers the differences in RMSD between the 

dispersion-corrected and uncorrected DFT functionals (ΔRMSD = RMSD(DFT) – RMSD(DFT-

D3)). A positive ΔRMSD value indicates that the dispersion correction improves the performance 

of the functional, whereas a negative ΔRMSD value indicates deterioration in performance. 

Inspection of Table 5 reveals that, with few exceptions, the dispersion D3 corrections 

significantly improve the agreement with the W1-F12 and W1w results. In particular, the RMSDs 

are reduced by amounts ranging from 3.5 (PBE) and 22.0 (BLYP) kJ mol–1 upon inclusion of the 

dispersion correction. Cases where the RMSD is reduced by more than 50% upon inclusion of the 

D3 dispersion correction include: BH&HLYP, BMK, TPSS, BP86, B1B95, and B3PW91. 

Finally, it is worth pointing out that sizable dispersion corrections are still obtained for the 
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DHDFT functionals, in particular, the RMSDs are reduced by amounts ranging between 3.5 

(B2K-PLYP) and 11.0 (B2-PLYP) kJ mol–1.  

Table 5. Overview of the performance of various DFT functionals with and without empirical D3 
dispersion corrections. The tabulated values are ∆RMSD = RMSD(DFT) − RMSD(DFT-D3) (in 
kJ mol–1).a  
 

Type Method ∆RMSD 
GGA BLYP 22.0 
 PBE 3.5 
 BP86 14.0 
MGGA TPSS 12.4 
HGGA BH&HLYP 14.6 
 B3LYP 18.3 
 B3PW91 14.9 
 PBE0 –6.3 
HMGGA BMK 12.8 
 B1B95 12.9 
 PW6B95 5.6 
RS CAM-B3LYP 8.6 
 LC-ωPBE –9.4 
 ωB97Xb –8.4 
DH B2-PLYP 11.0 
 B2GP-PLYP 6.4 
 B2K-PLYP 3.5 
 DSD-PBEP86 5.7 
 PWPB95 4.3 

aFootnotes a–c to Table 4 apply here. bThe original dispersion correction rather than the D3 correction is used for this 
functional. 
 

It is generally accepted that the accuracy of DFT methods should increase as one climbs 

the rungs of Jacob’s Ladder. One way of demonstrating this is to take the average of the RMSDs 

obtained for the DFT functionals from each rung of Jacob’s Ladder. Let us consider, for example, 

the performance of DFT for the atomization energies in the W4-11 dataset. Reference 25 reports 

the RMSDs for a wide range of functionals from rungs 2–5 of Jacob’s Ladder relative to highly 

accurate reference values from W4 (or higher) theory.19 Taking the average of the RMSDs 

obtained for the functionals from each rung of Jacob’s Ladder we obtain: 37.8 (pure GGAs, rung 

two), 21.9 (MGGAs, rung three), 16.1 (HMGGAs, rung four), and 9.1 (DHDFT, rung five) kJ 

mol–1. Thus, the averaged RMSD is reduced as one climbs the rungs of Jacob’s Ladder. In 

contrast, for the reactions in the CR20 dataset we obtain the following averaged RMSDs: 30.7 

(over 11 pure GGAs), 33.4 (over 8 MGGAs), 22.1 (over 13 HMGGAs), and 20.9 (over 12 

DHDFT) kJ mol–1. Thus, there is little or no improvement when going from rungs 2 → 3 and 4 

→ 5. Having said that, we note that taking the average RMSD over a set of ~10 DFT functionals 
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from each rung of Jacob’s Ladder is a crude approach for differentiating between the 

performance of the different rungs. Thus, it is useful to also compare the RMSD of the best 

performer from each rung rather than the averaged RMSD. The RMSD of the best performers 

are: 7.6 (GGA), 9.2 (MGGA), 5.4 (HMGGA), and 7.9 (DHDFT) kJ mol–1. Again, we see that 

there is deterioration in performance from rungs 2 → 3 and 4 → 5.  

 

3.4. Performance of theoretical procedures for both reaction energies and barrier heights. 

In order to carry out computational investigations of the mechanisms of cycloreversion reactions 

we need to identify theoretical procedures that can accurately describe all aspects of the potential 

energy surface (i.e., give both reliable reaction energies and barrier heights). This is particularly 

important for investigations, such as Ref. 14, that consider a number of competing reaction 

pathways which involve reaction energies and barrier heights that are separated by only a few kJ 

mol–1. The results presented here for reaction energies and in Ref. 17 for reaction barrier heights 

reveal a frustrating situation in which it is hard to find theoretical procedures that perform 

reasonably well for both reaction energies and barrier heights. This section identifies the best 

DFT and ab initio methods that are recommended for investigating the entire potential energy 

surface of cycloreversion reactions.  

 First, let us consider the performance of the DFT methods. None of the considered DFT 

and DHDFT methods are able to calculate the reaction energies with RMSDs below the chemical 

accuracy threshold (Table 4). Thus, we will point out the procedures that result in RMSDs below 

the threshold of twice that of chemical accuracy (i.e., RMSD ≤ 8.4 kJ mol–1). In Section 3.3 we 

identified 10 functionals that can achieve this goal. Namely, the GGAs: PBE-D3 and BP86-D3; 

the HGGAs B3PW91-D3, SOGGA11-X, and PBE0; the HMGGAs M05-2X, B1B95-D3, and 

M06-2X; and the DHDFT DSD-PBEP86-D3. As may be expected, both GGA functionals 

significantly underestimate the reaction barrier heights (with RMSDs of over 30 kJ mol–1 for the 

CRBH20 dataset).17 The HGGA B3PW91-D3 and the HMGGA M05-2X also result in relatively 

poor performance for the reaction barrier heights (with RMSDs of over 10 kJ mol–1).17 We 

therefore do not recommend the use of these four functionals for the calculation of both the 

energetics and kinetics of cycloreversion reaction profiles. Table 6 gathers the RMSDs for the 

CR20 and CRBH20 databases for the rest of the best performing functionals. Looking at the 

average of the RMSDs for both the CR20 and CRBH20 databases, the DHDFT DSD-PBEP86-

D3 method emerges as the best performer with an averaged RMSD of 5.2 kJ mol–1. However, 

whilst this method gives superb performance for the reaction barrier heights (RMSD = 2.5 kJ 

mol–1), it shows relatively poor performance for the reaction energies (RMSD = 7.9 kJ mol–1). 
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The HGGA SOGGA11-X and the range-separated HGGA ωB97X emerge as the second best 

performers with averaged RMSDs of 5.9–6.0 kJ mol–1. Of these functionals, SOGGA11-X gives 

slightly better performance for the reaction barrier heights, whereas ωB97X gives slightly better 

performance for the reaction energies. Overall, both of these functionals are equally 

recommended for investigations of the mechanisms of cycloreversion reactions.  

 

Table 6. Performance of DFT and ab initio methods for both the reaction energies (CR20 dataset) 
and barrier heights (CRBH20 dataset) of cycloreversion reactions (in kJ mol–1). 
 

Methods CR20a CRBH20a Both datasetsb 
DFT and DHDFT methodsc 

SOGGA11-X 6.1 5.6 5.9 
PBE0 6.7 6.2 6.5 
B1B95-D3 6.7 7.7 7.2 
M06-2X 7.4 6.8 7.1 
ωB97X 4.7 7.3 6.0 
DSD-PBEP86-D3 7.9 2.5 5.2 

Composite ab initio methodsd 
CBS-QB3 2.9 3.1 3.0 
CBS-APNOe 3.4 1.5 2.5 

Standard ab initio methodsf 
CCSD(T)/A'VTZ 4.7 5.0 4.9 
CCSD(T)/CBS(MP2)g 4.5 1.7 3.1 

aRMSDs for the CR20 and CRBH20 datasets. bAverage of the RMSD for the CR20 and CRBH20 datasets. cDFT 
methods with RMSD < 8.4 kJ mol–1 for both the CR20 and CRBH20 datasets. dComposite ab initio methods with 
RMSD < 4.2 kJ mol–1 for both the CR20 and CRBH20 datasets. eError statistics over the dioxazole systems only. 
fStandard ab initio methods with RMSD ≤ 5.0 kJ mol–1 for both the CR20 and CRBH20 datasets. 
gCCSD(T)/CBS(MP2) ≈ CCSD(T)/A'VDZ + MP2/A'V{T,Q}Z – MP2/A'VDZ.  

 

 Let us now move to the performance of the composite ab initio methods. In Section 3.2 

we identified five methods that are able to calculate the reaction energies with RMSDs below the 

chemical accuracy threshold (Table 3). Namely, CBS-QB3, CBS-APNO G3, G4, and G4(MP2)-

6X. Of these, the Gn methods result in RMSDs above the threshold of chemical accuracy for the 

reaction barrier heights (namely, RMSD = 4.9–6.4 kJ mol–1). However, the CBS-type methods 

result in excellent performance for both the reaction energies and barrier heights, with RMSDs 

well below the threshold of chemical accuracy. Whereas CBS-APNO gives significantly better 

performance for the reaction barrier heights, CBS-QB3 gives better performance for the reaction 

energies. Overall, both methods are recommended for investigations of the potential energy 

surfaces of cycloreversion reactions.  

 Finally, let us consider the performance of the standard ab initio methods. In Section 3.2 

we identified three methods with RMSDs below the chemical accuracy threshold for the CR20 
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dataset (namely, MP2.5/A'VQZ, MP3.5/A'VTZ, and CCSD/A'VTZ). Of these, MP2.5 and MP3.5 

exhibit particularly poor performance for the barrier heights, with RMSDs of 26.4 and 11.3 kJ 

mol–1, respectively. The CCSD/A'VTZ also results in an unsatisfactory RMSD of 6.3 kJ mol–1, 

for the CRBH20 database. Table 6 lists the standard ab initio methods that result in RMSDs ≤ 5.0 

kJ mol–1 for both the CR20 and CRBH20 datasets. The CCSD(T)/A'VTZ level of theory just 

achieves this goal with RMSDs of 4.7 and 5.0, kJ mol–1, respectively. The MP2-based additivity 

approach for estimating the CCSD(T)/CBS energy (CCSD(T)/CBS(MP2)) shows similar 

performance for the reaction energies, but significantly improved performance for the reaction 

barrier heights. We therefore recommend the CCSD(T)/CBS(MP2) method for investigating the 

potential energy surface of cycloreversion reactions.  

 

4. Conclusions  

We introduce a representative benchmark database of 20 cycloreversion reaction energies 

(to be known as the CR20 dataset). The reference reaction energies are obtained at the 

CCSD(T)/CBS level by means of the high-level W1-F12 and W1w thermochemical protocols. 

These benchmark values allow us to assess the performance of more approximate theoretical 

procedures. Specifically, we examine the performance of a variety of contemporary DFT and 

DHDFT procedures, as well as a number of standard and composite ab initio methods. With 

regard to the performance of the DFT and DHDFT procedures we make the following 

observations:  

 

! The CR20 dataset proves to be an extremely challenging test for all of the considered 

DFT and DHDFT procedures (rungs 2–5 of Jacob’s Ladder). With no exceptions, all the 

DFT and DHDFT methods result in RMSDs above the ‘chemical accuracy’ threshold 

(i.e., RMSDs > 4.2 kJ mol–1). Increasing the threshold of an acceptable RMSD to twice 

that of chemical accuracy (i.e., RMSD = 8.4 kJ mol–1), results in 10 functionals with 

acceptable performance.  

! The best performing DFT functionals (RMSDs are given in parenthesis) are the GGAs: 

PBE-D3 (7.6) and BP86-D3 (7.7); the HGGAs B3PW91-D3 (5.3), SOGGA11-X (6.1), 

and PBE0 (6.7); the HMGGAs M05-2X (5.4), B1B95-D3 (6.7), and M06-2X (7.4); and 

the DHDFT DSD-PBEP86-D3 (7.9 kJ mol–1).  

! The rest of the functionals attain RMSDs ranging between 8.6 (ωB97) and 60.9 (BLYP) 

kJ mol–1. 
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! Empirical D3 dispersion corrections significantly improve the performance of most of the 

DFT functionals and are essential for obtaining reasonable performance for the CR20 

dataset. In particular, the RMSDs for most of the functionals are reduced by 15–74% 

upon inclusion of the D3 dispersion corrections.  

 

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

the following conclusions: 

 

! The composite ab initio procedures show good-to-excellent performance for the CR20 

dataset. The best performing composite procedures with RMSDs below the threshold of 

chemical accuracy are: CBS-QB3 (2.9), CBS-APNO (3.4), G4(MP2)-6X (3.8), G3 and 

G4 (4.1 kJ mol–1). 

! The best performing MPn-based procedures with RMSDs below the threshold of chemical 

accuracy are: MP2.5 (3.6) and MP3.5 (2.4 kJ mol–1). The rest of the MPn-based 

procedures show relatively poor performance with RMSDs between 4.8 (MP4(SDQ)) and 

23.4 (SCS-MP2) kJ mol–1. 

! The CCSD(T) method in conjunction with the A'VDZ and A'VTZ basis sets gives 

RMSDs of 8.7 and 4.7 kJ mol–1, respectively. Estimating the CCSD(T)/CBS energy from 

the CCSD(T)/A'VDZ energy and adding an MP2-based basis-set-correction term (i.e., the 

CCSD(T)/CBS(MP2) method) results in an RMSD of 4.5 kJ mol–1.  

 

Based on the results presented here for reaction energies and in Ref. 17 for reaction barrier 

heights we find that only a handful of DFT and ab initio methods are suitable for investigating the 

entire potential energy surface of cycloreversion reactions. In particular, we recommend the 

following methods for such investigations:  

 

! Of the DFT methods, the HGGA SOGGA11-X and the range-separated HGGA ωB97X 

emerge as the best performers with RMSDs between 4.7–7.3 kJ mol–1, for the reaction 

energies and barrier heights.  

! Of the DHDFT methods, DSD-PBEP86-D3 shows the best performance with RMSDs of 

2.5 and 7.9 kJ mol–1 for the CRBH20 and CR20 databases, respectively.  
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! Of the standard ab initio methods, the CCSD(T)/CBS(MP2) method emerges as the best 

performer with RMSDs of 1.7 and 4.5 kJ mol–1 for the CRBH20 and CR20 databases, 

respectively.  

! Of the composite methods, CBS-APNO and CBS-QB3 give excellent performance for 

both the reaction energies and barrier heights, with RMSDs between 1.5–3.4 kJ mol–1. 

Overall, the CBS-type procedures are the methods of choice for investigating the entire 

potential energy surface of cycloreversion reactions.  

 

Appendix A. Supplementary data 

Diagnostics indicating the importance of post-CCSD(T) contributions for the species involved in 

the CR20 database (Table S1); overview of the basis set convergence of the standard and 

modified ab initio procedures (Table S2); overview of the basis set convergence of conventional 

DFT methods (Table S3); and full references for Ref. 21 (Molpro 2012), Ref. 33 (Gaussian 09), 

and Ref. 73 (ORCA). For the convenience of the reader the Supplementary data also includes a 

directory (CR20_input_files_and_script.zip) with the Gaussian 09 input files for the species 

involved in the CR20 database and a perl script that calculates the reaction energies and the error 

statistics from our W1-F12 and W1w reference values. 
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