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A B S T R A C T  

Shape-shifting molecules such as bullvalene undergo rapid structural reorganizations via 

degenerate Cope rearrangements. Here, we obtain accurate CCSD(T)/CBS barrier heights and 

reaction energies for a wide range of Cope rearrangements in substituted bullvalenes (C10H9R, R 

= NH3, OH, CH3, H, F, Cl, SH, and CN). We use this benchmark dataset to evaluate the 

performance of DFT and ab initio methods for the kinetics and thermodynamics of these 

reactions. The reaction barrier heights pose a significant challenge for DFT methods – the best 

methods attain root-mean-square deviations of 4.9 (BMK), 4.5 (PBE0), 4.2 (PW6B95), and 3.8 

(B1B95) kJ mol–1. Overall, only three DFT functionals (BMK, PW6B95, and MN12-SX) are able 

to surpass (or attain near) chemical accuracy for both barrier heights and reaction energies. In 

contrast, the double-hybrid DFT procedures wB97X-2(LP), wB97X-2(TQZ), PWPB95-D3, 

PBEQI-DH, and DSD-PBEB95-D3 give good-to-excellent performance. 
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1. Introduction 

Bullvalene (C10H10) and its derivatives are a fascinating class of fluxional carbon cages, 

which spontaneously undergo a series of degenerate Cope rearrangements. 1 , 2 , 3 , 4  These 

shapeshifting molecules have found several applications in functional materials, sensors, and 

biologically active compounds.1,5 ,6 ,7 ,8 ,9 ,10 ,11 ,12 ,13 ,14 ,15 Since it can be difficult to investigate the 

potential energy surfaces (PESs) of highly fluxional molecules using experimental techniques, 

approximate theoretical procedures such as density functional theory 

(DFT)10,13,15,16,17,18,19,20,21,22,23,24,25,26,27,28 and ab initio16,17,20,22,23,28 methods often play a key role in these 

chemical explorations. In this context, it is worth mentioning the work of He and Bode which 

combined HPLC, NMR, and extensive DFT calculations to examine the potential energy surfaces 

and relative stabilities of substituted bullvalones.10 It is therefore important to evaluate the 

performance of such approximate theoretical procedures in predicting the barrier heights and 

reaction energies of degenerate Cope rearrangements in bullvalene derivatives. Moreover, since 

DFT and ab initio methods are extensively used for modelling sigmatropic rearrangements in 

general, it is of interest to evaluate their performance for Cope rearrangements in bullvalene 

derivatives, which represent an intriguing example of sigmatropic shifts in strained hydrocarbon 

cages. A number of influential benchmark studies examined the performance of DFT methods for 

pericyclic reactions.29,30,31,32,33 However, only a small subset of sigmatropic shifts were considered 

all of which involve simple hydrocarbons (e.g., 1,3-hexadiene, 1,5-hexadiene, and 

cyclopentadiene).  

Here, we consider a wider set of 22 reaction barrier heights and 21 reaction energies in 

substituted bullvalene derivatives (C10H9R, R = NH3, OH, CH3, H, F, Cl, SH, and CN). We 

calculate the reaction energies and barrier heights of these reactions at the CCSD(T)/CBS level of 

theory by means of the W1-F12 composite procedure.34,35 These benchmark values allow us to 
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assess the performance of a wide range of contemporary DFT and double-hybrid DFT methods 

across the rungs of Jacob’s Ladder,36 as well as MP2-based and composite ab initio methods.  

 

2. Computational Methods 

 We use the high-level W1-F12 composite procedure for obtaining reaction energies and 

barrier heights at the CCSD(T)/CBS level (i.e., coupled cluster with single, double, and 

quasiperturbative triple excitations close to the complete basis set limit). The computational 

protocol of W1-F12 theory has been specified and rationalized elsewhere,34 and W1-F12 theory 

has been found to give thermochemical and kinetic properties with sub-kcal-per-mole accuracy 

for hydrocarbons.34,35,37,38 ,39,40  In this context, it is worth mentioning that the largest systems 

considered in the present work consist of 12 non-hydrogen atoms (C11H9N). Each of the W1-F12 

calculations for these systems ran for about 5 days on 16 cores of a dual Intel Xeon machine (E5-

2683-v3 and 2.0 GHz) with 256 GB of RAM. In contrast, a DFT single point energy calculation 

for the same system requires less than an hour to complete on 4 cores and 16 GB of RAM. 

 The DFT exchange-correlation (XC) functionals considered in the present study (ordered 

by their rung on Jacob’s Ladder)36 are given in Table 1. Empirical D3 dispersion corrections41,42,43 

are included in some cases using the finite Becke–Johnson 44  and zero-damping potentials 

(denoted by D3BJ and D3, respectively).  

 

  



4 

Table 1. DFT exchange-correlation functionals and standard/composite ab initio methods 

considered in the present work.  

Typea Functionals 
GGA BLYP,45,46 B97-D,47 HCTH407,48 PBE,49  

BP86,45,50 BPW91,46,51 SOGGA11,52 N1253 
MGGA M06-L,54 TPSS,55 t-HCTH,56 VSXC,57  

BB95,58 M11-L,59 MN12-L,60 MN15-L61 
HGGA BH&HLYP,62 B3LYP,45,63,64 B3P86,63,50  

B3PW91,63,51 PBE0,65 B97-1,66 B98,67  
X3LYP,68 SOGGA11-X,69 APF,70  
mPW1PW91,71,51 mPW1PBE,71,49  
mPW1LYP,45,71 CAM-B3LYP,b,72 
wB97X-V,b,73 N12-SXb,74   

HMGGA M05,75 M05-2X,76 M06,77 M06-2X,77  
M06-HF,77 M08-HX,78 MN15,61 BMK,79  
B1B95,45,58 TPSSh,80 t-HCTHh,56 PW6B95,81 
MN12-SX,b,74 M11,b,82 wB97M-Vb,83 

DH B2-PLYP,84 B2GP-PLYP,85 B2K-PLYP,86  
DSD-BLYP,87 DSD-PBEP86-D3BJ,88,89  
DSD-PBEB95,88 PBE0-DH,90 XYG3,91  
PWPB95,92 PBEQI-DH,93 wB97X-2(LP),94  
wB97X-2(TQZ),94 wB97M-295 

MP MP2, S2-MP2,96 SCS-MP2,97  
SCS-MP2(vdW),98SOS-MP299  

Ab Initio G4,100 G4(MP2),101 G4(MP2)-6X,102 CBS-QB3103 
aGGA = generalized gradient approximation, MGGA = meta-GGA, HGGA = hybrid-GGA, HMGGA = hybrid-meta-
GGA, DH = double hybrid, MP = Møller–Plesset perturbation theory, Ab Initio = composite ab initio methods.  
bRange separated XC functional.   
 

All the standard DFT calculations were carried out in conjunction with the Def2-TZVPP 

basis set, whilst the DHDFT and MP2 calculations, due to their slower basis set convergence,104 

were carried out in conjunction with the Def2-QZVPP basis set.105 All the CCSD(T) calculations 

involved in W1-F12 theory were calculated using Molpro 2016, 106 , 107  whilst all the other 

calculations (DFT, DHDFT, MP2, and lower-level composite procedures) were performed using 

the Gaussian 16 and Q-Chem 5.2 program suites.108,109  
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3. Results and Discussion  

3.1. Overview of the reactions and benchmark CCSDT(Q)/CBS reaction barrier heights in 

the CopeBH database. The Cope database is comprised of reaction energies and barrier heights 

in substituted bullvalenes (C10H9R, R = NH3, OH, CH3, H, F, Cl, SH, and CN). For each R group 

we consider three transition structures for the Cope rearrangements which are schematically 

illustrated in Figure 1 (TS1-2, TS2-3, and TS3-4). Note that for R = H there is only one unique TS 

for all the possible Cope rearrangements. The resulting 22 reaction barrier heights are referred to 

as the CopeBH subset. We also evaluate the performance approximate DFT and ab initio 

procedures for the relative energies of the reaction intermediates in the Cope database (structures 

2, 3, and 4, Figure 1). Note that there the reaction energy for R = H is nil. The resulting 21 

reaction energies are referred to as the CopeRE subset. All reaction energies and barrier heights 

are calculated relative to structure 1 in Figure 1. We calculate the reaction energies and barrier 

heights at the CCSD(T)/CBS level of theory by means of the W1-F12 composite procedure.34 It 

has been recently shown that CCSD(T)/CBS reaction barrier heights benefit from an effective 

error cancellation between the higher-order triples, T–(T), which tend to increase the barrier 

heights, and the quasiperturbative quadruples, (Q), which tend to reduce the barrier heights.37 

Table 2 lists the CCSD(T)/CBS reaction energies (∆Er) and barrier heights (∆E⧧) for the reactions 

in the Cope database. 
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Figure 1. Schematic representation of the unimolecular rearrangements in the Cope database (R 

= NH3, OH, CH3, H, F, Cl, SH, and CN). 

 

Table 2. CCSD(T)/CBS reaction barrier heights (∆E⧧) and energies (∆Er) for the reactions in the 

Cope database obtained by means of W1-F12 theory (in kJ mol–1).a  

 ∆E⧧b ∆Er
 c 

R Structure  Structure  
H TS 63.24 N/A N/A 
NH3 TS1-2 58.70 2 –1.91 
NH3 TS2-3  48.18 3  –15.94 
NH3 TS3-4 45.18 4 –14.04 
OH TS1-2 66.25 2 5.71 
OH TS2-3  62.89 3  –3.39 
OH TS3-4 58.44 4 –11.95 
CH3 TS1-2 60.74 2 –0.03 
CH3 TS2-3  64.31 3  –3.63 
CH3 TS3-4 58.60 4 –2.80 
F TS1-2 65.14 2 14.96 
F TS2-3  79.22 3  7.60 
F TS3-4 69.38 4 6.23 
SH TS1-2 63.81 2 –5.59 
SH TS2-3  50.79 3  –12.97 
SH TS3-4 50.72 4 –11.21 
Cl TS1-2 63.79 2 4.40 
Cl TS2-3  64.36 3  –4.93 
Cl TS3-4 58.44 4 –4.32 
CN TS1-2 64.31 2 –9.71 
CN TS2-3  41.18 3  –21.36 
CN TS3-4 45.93 4 –17.47 

aAll values are relative to structure 1. bAll-electron, nonrelativistic, vibrationless CCSD(T)/CBS reaction barrier 
heights. cAll-electron, nonrelativistic, vibrationless CCSD(T)/CBS reaction energies. 
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The nonrelativistic, all-electron, vibrationless CCSD(T)/CBS reaction barrier heights in 

the Cope database spread over a wide energetic range from 41.2 (TS2-3, R = CN) to 79.2 (TS2-3, R 

= F) kJ mol–1. It is of interest to examine the substituent effect on the reaction barrier height for 

each of the TSs (TS1-2, TS2-3, and TS3-4). Figure S1 of the Supporting Information gives a plot of 

the reaction barrier height as a function of the sp Hammett constants for the various substituents. 

As can be seen there is no apparent correlation between the electron withdrawing/donating 

capability of the substituents and the reaction barrier heights. However, it is clear that the 

substituent effect on the stability of TS2-3 and TS3-4, in which the substituent is connected to one 

of the sp2 carbons of the hydrocarbon bridge, is much larger than that on TS1-2, in which the 

substituent is connected to one of the sp3 bridgehead carbons (Figures 1 and S1). For example, 

the difference between the W1-F12 reaction barrier heights for the various substituents spreads 

over a relatively narrow range of 7.6 kJ mol–1 for TS1-2, however for TS2-3 and TS3-4 the reaction 

barriers are affected by as much as 38.0 and 24.2 kJ mol–1, respectively by the substituents.  

Based on the W1-F12 reaction barrier heights, we predict that the most rapid 

rearrangements would occur for R = NH3 with a rate-determining step (RDS) of 58.7 kJ mol–1 

obtained for TS1-2. The slowest rearrangements are expected to occur for R = F with an RDS of 

79.2 kJ mol–1 obtained for TS2-3. For most of the substituents (NH3, OH, H, SH, and CN) TS1-2 is 

the RDS for the series of Cope rearrangements, whilst for CH3, F, and Cl TS2-3 is the RDS. Thus, 

there is no apparent correlation between the electron withdrawing/donating capability of the 

substituent and the RDS.  

The reaction energies in the Cope database also spread over a relatively large energetic 

range from –21.36 (3, R = CN) to 14.96 (2, R = F) kJ mol–1. Most of the reaction energies are 

exothermic, however, in some cases they can be endothermic (most notably for R = F).  

Table 3 lists the component breakdown of the all-electron, nonrelativistic W1-F12 

reaction barrier heights in the Cope database. The reaction barrier heights are severely 
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overestimated at the SCF level by amounts ranging from 34.9 (TS2-3, R = NH3) to 49.4 (TS3-4, R = 

F) kJ mol–1. The valence CCSD correlation component systematically reduces the reaction barrier 

heights by amounts ranging from 20.0 (TS2-3, R = NH3) to 30.2 (TS3-4, R = F) kJ mol–1. The (T) 

correlation contribution is still chemically very significant and systematically reduces the reaction 

barrier heights by amounts ranging between 15.3 (TS3-4, R = F) and 20.6 (TS2-3, R = NH3) kJ mol–

1. These results are consistent with results obtained for a wide and diverse set of pericyclic 

reaction barrier heights for which both the CCSD and (T) correlation components systematically 

and significantly reduce the reaction barrier heights.29,37 The CCSD(T) core-valence corrections to 

the reaction barrier heights are fairly modest and do not significantly exceed the 1 kJ mol–1 mark.  
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Table 3. Component breakdown of the all-electron, nonrelativistic CCSD(T)/CBS reaction 

barrier heights (∆E⧧) and energies (∆Er) for the reactions in the Cope database obtained by means 

of W1-F12 theory (in kJ mol–1, for each substituent energies are given relative to reactant 1).  

 ∆E⧧b ∆Er
 c 

R Structure SCF CCSD (T) CVa Structure SCF CCSD (T) CVa 
H TS 108.1 –26.8 –19.5 1.3 N/A N/A N/A N/A N/A 
NH3 TS1-2 102.1 –25.7 –19.1 1.3 2 –3.6 1.5 0.3 –0.2 
NH3 TS2-3  83.0 –20.0 –15.3 0.5 3  –17.7 2.3 0.1 –0.7 
NH3 TS3-4 87.4 –23.8 –19.0 0.7 4 –16.3 2.6 0.3 –0.6 
OH TS1-2 110.3 –26.3 –19.1 1.4 2 5.4 0.3 0.1 –0.1 
OH TS2-3  105.2 –25.6 –17.6 0.9 3  –0.3 –1.9 –0.8 –0.4 
OH TS3-4 105.3 –28.0 –19.8 0.9 4 –11.2 –0.1 –0.4 –0.4 
CH3 TS1-2 105.0 –26.2 –19.4 1.4 2 –2.1 1.7 0.4 –0.1 
CH3 TS2-3  107.1 –24.8 –19.1 1.2 3  –8.5 4.1 0.9 –0.2 
CH3 TS3-4 98.0 –22.1 –18.5 1.2 4 –8.0 4.4 0.9 –0.1 
F TS1-2 109.0 –26.3 –18.9 1.3 2 15.8 –0.8 –0.1 –0.1 
F TS2-3  127.8 –30.0 –19.7 1.1 3  12.0 –3.4 –0.7 –0.3 
F TS3-4 118.8 –30.2 –20.2 1.1 4 10.5 –3.2 –0.8 –0.2 
SH TS1-2 108.6 –26.5 –19.6 1.4 2 –9.6 3.3 0.7 0.0 
SH TS2-3  89.9 –22.3 –18.0 1.2 3  –17.4 3.9 0.6 –0.1 
SH TS3-4 90.9 –22.6 –18.8 1.2 4 –16.4 4.6 0.8 –0.1 
Cl TS1-2 109.0 –26.9 –19.7 1.3 2 2.2 1.6 0.6 –0.1 
Cl TS2-3  108.8 –26.8 –18.8 1.1 3  –5.3 0.3 0.3 –0.2 
Cl TS3-4 103.1 –26.4 –19.3 1.1 4 –4.9 0.6 0.2 –0.2 
CN TS1-2 110.0 –27.3 –19.8 1.3 2 –11.6 2.3 –0.4 0.0 
CN TS2-3  79.3 –20.2 –19.1 1.2 3  –22.2 2.3 –1.4 –0.2 
CN TS3-4  89.9 –24.5 –20.6 1.2 4 –19.8 3.3 –0.8 –0.1 

aCore-valence correction.  

 

Table 3 lists the component breakdown of the W1-F12 CCSD(T)/CBS reaction energies 

in the Cope database. Inspection of these results reveals chemically significant contributions from 

the CCSD component in many cases. It is worthwhile highlighting a few cases here. At the 

SCF/CBS level, the reaction energy for the 1 à 3 rearrangement (R = OH) is –0.3 kJ mol–1. The 

CCSD/CBS correlation component reduces this reaction energy by 1.9 kJ mol–1 and the (T) 

component further reduces it by 0.8 kJ mol–1. Another interesting example is the 1 à 2 

rearrangement (R = CH3). The reaction energy at the SCF/CBS level is –2.1 kJ mol–1. The CCSD 

and (T) correlation contributions increase this reaction energy by 1.7 and 0.4 kJ mol–1, 
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respectively. Thus, perfectly cancelling the SCF component and resulting in an overall 

CCSD(T)/CBS reaction energy of 0.0 kJ mol–1. Similar to the reaction barrier heights, core-

valence contributions play a fairly minor role in the reaction energies.  

 

3.2 Performance of DFT and ab initio procedures for the reaction barrier heights in the 

CopeBH database. Table S1 of the Supporting Information gives the root mean square 

deviations (RMSDs), mean absolute deviations (MADs), and mean signed deviations (MSDs) for 

the DFT exchange-correlation functionals considered in the present work, whilst the RMSDs are 

depicted in Figure 2. Figure 2a gives the RMSDs for the GGA (rung 2) and MGGA (rung 3) 

functionals in order of decreasing RMSDs. Inspection of these results shows that the GGAs are 

mostly concentrated on the left side of the plot with large RMSDs of over 20 kJ mol–1. The best 

performing GGA functional is HCTH407 with an RMSD of 14.2 kJ mol–1. The MGGA methods 

are mostly concentrated on the right side of the plot with RMSDs below 20 kJ mol–1. The one 

functional that attains an RMSD close to the chemical accuracy threshold is M06-L with an 

RMSD of 5.3 kJ mol–1. 
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Figure 2. Root-mean-square deviations for (a) GGA and MGGA, (b) HGGA, and (c) HMGGA 

functionals over the barrier heights in the CopeBH database (in kJ mol–1) (note that GGAs and 

MGGAs belong to different rungs of Jacob’s Ladder but are grouped to save space). 
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 Figure 2b gives the RMSDs for the global and range-separated HGGA functionals. With 

the exception of PBE0 which attain an RMSD of 4.5 kJ mol–1, none of the HGGA functionals 

show better performance than the best MGGA functional M06-L. The global hybrids 

mPW1PW91 and mPW1PBE as well as the range-separated N12-SX attain similar performance 

to M06-L with RMSDs of 5.3–5.4 kJ mol–1. Interestingly, PBE0, mPW1PW91, mPW1PBE, and 

N12-SX (in the short range) all involve 25% of exact Hartee–Fock (HF) exchange. It should be 

noted that mPW1LYP, which attains a much higher RMSD of 10.7 kJ mol–1 also involves 25% of 

exact HF exchange. Nevertheless, it seems like the LYP correlation functional gives poor 

performance across the board. For example, BLYP is the worst performing GGA functional 

(RMSD = 30.8 kJ mol–1) and B3LYP, X3LYP, mPW1LYP, and BH&HLYP all attain RMSDs > 

10 kJ mol–1, regardless of the percentage of exact HF exchange involved in the XC functional.  

 Inspection of Figure 2 shows that the HMGGA functionals still struggle with the reaction 

barrier heights in the CopeBH database. The only three functionals that show better performance 

than the MGGA functional M06-L are (RMSDs given in parentheses): BMK (4.9), PW6B95 

(4.2), and B1B95 (3.8 kJ mol–1). The excellent performance of PW6B95 and B1B95 is in sharp 

contrast to the very poor performance of the MGGA functional BB95 (RMSD = 24.0 kJ mol–1) 

which also uses the Becke95 correlation functional.58 The range-separated HMGGA MN12-SX 

(RMSD = 5.3 kJ mol–1) shows very similar performance its HGGA counterpart N12-SX. The 

other HMGGA functionals from the Minnesota family show poorer performance with RMSDs 

between 6.9 (MN15) and 19.5 (M11) kJ mol–1. 

Table S1 of the Supporting Information gives the MAD/RMSD ratios for the considered 

DFT functionals. Inspection of these ratios reveals that for about 60% of the considered DFT 

functionals it is ≥ 0.95 indicating a large systematic error across the dataset, whilst for about 20% 

of the DFT functionals this ratio approaches the !2/𝜋 ≈ 4/5 limit indicating a small systematic 

error for a purely Gaussian error distribution.110,111 Thus, it is instructive to examine more closely 
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the effect of the various substituents (NH3, OH, CH3, H, F, Cl, SH, and CN) on the performance 

of DFT functionals. Table S2 of the Supporting Information gives the deviations from W1-F12 

theory for all the substituents and DFT functionals. Upon inspection of the results in Table S2 a 

few interesting trends emerge. The deviations for TS1-2, in which the substituent is connected to 

one of the two sp3 bridgehead carbons (Figure 1) are little affected by the electron 

donating/withdrawing strength of the substituent. For example, the deviations from W1-F12 

theory across the substituents are fairly constant, i.e., they normally vary by about 1.5 kJ mol–1 

(Table S2). On the other hand, for TS2-3 and TS3-4, in which the R substituent is connected to an 

sp2 carbon of the hydrocarbon bridge (Figure 1), the substituents have a significantly more 

pronounced effect on the deviations from W1-F12 theory. In these cases, the effect of the 

substituent on the deviation from W1-F12 theory are over ~6 kJ mol–1 on average and can exceed 

10 kJ mol–1. To illustrate these points let us look at the spread of errors for the various 

substituents for two popular DFT functionals – BLYP and B3LYP. The error range, ∆Err, is 

defined as the difference between the maximum and minimum errors over the seven substituents. 

For BLYP, we obtain ∆Err = 1.5 (TS1-2), 7.2 (TS2-3), and 7.9 (TS3-4) kJ mol–1, and similar error 

ranges are obtained for B3LYP, namely ∆Err = 1.0 (TS1-2), 6.3 (TS2-3), and 6.8 (TS3-4) kJ mol–1. 

To further illustrate this point let us look at two additional DFT methods from a different family – 

M06-L and M06. For M06-L, we obtain ∆Err = 1.4 (TS1-2), 6.8 (TS2-3), and 6.2 (TS3-4) kJ mol–1, 

whilst for M06 ∆Err = 1.2 (TS1-2), 7.4 (TS2-3), and 5.4 (TS3-4) kJ mol–1. Similar trends are 

observed for the other functionals (Table S2). Inspection of the results in Table S2 also reveals 

that, with few exceptions, the largest errors for TS2-3 and TS3-4 are obtained for the strong 

electron-donating and -accepting substituents NH3 and CN.  

Inspection of the MADs and MSDs in Table S1 reveals that, as expected,112113,114 most 

conventional DFT functionals tend to systematically underestimate the reaction barrier heights, as 

evident from MSD ≈ –1×MAD. The main exceptions include functionals with large percentages 
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of exact HF exchange (e.g., BH&HLYP, SOGGA11-X, M05-2X, M06-2X, M06-HF, M08-HX, 

and MN15) and range-separated functionals (e.g., CAM-B3LYP, M11, wB97M-V, and wB97X-

V).  

 Figure  3 depicts the RMSDs for the MP2-based and double-hybrid DFT methods, both of 

which have similar computational costs. Remarkably, the MP2-based methods are amongst the 

best and worst methods with RMSDs of 25.8 (MP2), 21.3 (S2-MP2), 15.3 (SCS-MP2(vdW)), 7.5 

(SCS-MP2), and 1.9 (SOS-MP2) kJ mol–1. Inspection of the scaling factor for the same-spin 

component (CSS) of the MP2 correlation energy reveals that there is a linear correlation (R2 = 

0.978) between the RMSD and the magnitude of the scaling factor. This linear correlation is 

depicted in Figure 4. This result is consistent with the improved performance of SCS-MP2 (CSS = 

1/3) over MP2 for the 26 barrier heights of pericyclic reactions in the BHPERI database.29  

  

 

Figure 3. Root-mean-square deviations for DHDFT and standard/composite ab initio methods 

over the barrier heights in the CopeBH database (in kJ mol–1). 
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Figure 4. Near-linear correlation between the same-spin component of the MP2 correlation 

energy (CSS) and the RMSDs for the MP2-based methods over the barrier heights in the CopeBH 

database (in kJ mol–1). 

 

Figure 3 shows that the reaction barrier heights in the Cope database pose a challenging 

problem for DHDFT methods. The older generation methods, which do not involve scaling of the 

same-spin and opposite-spin components of the MP2-like correlation energy, result in RMSDs 

ranging between 8.7 (XYG3) and 15.0 (B2PLYP) kJ mol–1. The best performing DHDFT 

methods with RMSDs below the threshold of chemical accuracy are wB97X-2(LP), wB97X-

2(TQZ), PWPB95, PBEQI-DH, and DSD-PBEB95. It is noteworthy that the parameter-free 

PBEQI-DH and DSD-PBEB95 result in excellent performance with RMSDs of 1.8 and 1.5 kJ 

mol–1, respectively.  

It is of interest to examine the effect of empirical dispersion corrections on the 

performance of some of the of DFT functionals for the reaction barrier heights in the CopeBH 

database. Table 4 gathers the differences in RMSD between the dispersion-corrected and 

uncorrected DFT functionals. Across all rungs of Jacob’s Ladder, inclusion of the D3 correction 

has a relatively minor effect on the performance of the DFT functionals. For the reaction barrier 

heights, the D3 correction generally leads to a small increase in the RMSDs by up to 1 kJ mol–1 
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(Table 4). These minor deteriorations in performance are observed since most DFT functionals 

tend to underestimate the reaction barrier heights and the dispersion correction tends to 

systematically reduce the reaction barrier heights.115 In contrast, for the reaction energies, the D3 

correction results in minor reductions in the RMSDs by up to ~2 kJ mol–1 (Table 4).  

  

Table 4. Overview of the performance of a representative set of DFT functionals across the rungs 

of Jacob’s Ladder with and without empirical D3 dispersion corrections. The tabulated values are 

∆D3 = RMSD(DFT) – RMSD(DFT-D3) (in kJ mol–1).a  

Type Method Barrier heights Reaction energies 
GGA BLYP –1.1 1.8 
 PBE –0.5 0.6 
 BP86 –1.0 1.6 
MGGA M06L 0.0 –0.1 
 TPSS –0.7 1.1 
HGGA B3LYP –0.9 1.4 
 B3PW91 –0.8 1.7 
 PBE0 –0.2 0.8 
 APFb –0.5 0.6 
 CAM-B3LYP 0.8 1.0 
HMGGA PW6B95 –0.1 0.7 
 M05 0.4 0.5 
 M05-2X 0.1 0.0 
 M06 0.1 0.0 
 M06-2X 0.0 0.0 
 M06-HF 0.0 0.0 
 BMK –0.7 1.6 
DH B2-PLYP –0.2 0.8 
 DSD-PBEP86c –0.4 0.6 

aA positive value indicates the dispersion correction improves the performance of the functional, whereas a negative 
value indicates deterioration in performance. bOriginal dispersion correction used, ∆D3 = RMSD(APF) – 
RMSD(APF-D). cD3BJ dispersion correction used. 

 

Finally, it is of interest to examine the performance of economical composite ab initio 

procedures for the reaction barrier heights in the CopeBH database. The CBS-QB3 procedure has 

been previously shown to give poor performance for reaction barrier heights of pericyclic 

reactions.29 Namely, relative to CCSD(T)/CBS reference values from Wn-F12 theories (n = 1, 

2),34,35 CBS-QB3 attains an RMSD of 10.0 kJ mol–1 over the 26 barrier heights of pericyclic 
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reactions in the BHPERI database.29 It is therefore not surprising that CBS-QB3 attains poor 

performance for the reaction barrier heights in the CopeBH database, with an RMSD of 9.8 kJ 

mol–1. The economical G4(MP2) and G4(MP2)-6X procedures result in relatively large RMSDs 

of 6.8 and 5.4 kJ mol–1, respectively. Thus, their use does not seem to be warranted considering 

their computational cost. The G4 method gives much better performance with an RMSD of 3.0 kJ 

mol–1 and is therefore the only economical composite ab initio procedure that is recommended.  

 

3.3 Performance of DFT and ab initio procedures for the reaction energies in the CopeRE 

database. All the reactions in the Cope dataset conserve the numbers of each formal bond type 

and the number of C atoms in each hybridization state on both sides of the reaction (see local 

minima 1, 2, 3, and 4, Figure 1). In addition, transformation 1 à 2 conserves the number of C 

atoms in each hapticity (i.e., primary, secondary, and tertiary) and is therefore 

hypohomodesmotic.116 Thus, a priori we would expect DFT methods to exhibit good performance 

for the reaction energies in the CopeRE dataset.117,118,119,120 Figure 5 gives an overview of the 

performance of the DFT functionals for the reaction energies in the CopeRE database. Although 

the reaction energies are much less challenging for DFT methods than the reaction barrier 

heights, they still pose a significant challenge for GGA and MGGA functionals. With one 

exception (MN15-L), none of the GGA and MGGA functionals are able to surpass the threshold 

of chemical accuracy, with RMSDs ranging between 4.6 (M11-L) and 10.2 (HCTH407) kJ mol–1. 

The average RMSD over all of the considered GGA and MGGA functionals is 7.5 kJ mol–1. For 

comparison, for the reaction barrier heights the average RMSD over all of the considered GGA 

and MGGA functionals is 19.6 kJ mol–1, demonstrating that the reaction barrier heights are much 

more challenging for these methods.  
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Figure 5. Root-mean-square deviations for (a) GGA and MGGA, (b) HGGA, and (c) HMGGA 

functionals over the reaction energies in the CopeRE database (in kJ mol–1) (note that GGAs and 

MGGAs belong to different rungs of Jacob’s Ladder but are grouped to save space). 
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 Inclusion of exact exchange in the HGGA functionals results in improvements over the 

GGA and MGGA functionals. Namely, we obtain RMSDs between 3.6 (BH&HLYP) and 7.1 

(B3PW91) kJ mol–1. The range-separated CAM-B3LYP functional shows comparable 

performance to the global HGGA BH&HLYP with an RMSD of 3.4 kJ mol–1. However, the 

wB97X-V range-separated HGGA functional attains a remarkably low RMSD of 1.5 kJ mol–1. 

 The HMGGA functionals show superior performance for the reaction energies with most 

functionals attaining RMSDs below the chemical accuracy threshold. In particular, the global 

hybrids with 52–56% of exact HF exchange show excellent performance with RMSDs of 1.9 

(M08-HX), 1.8 (M06-2X), and 1.3 (M05-2X) kJ mol–1. However, the range-separated HMGGA 

wB97M-V, which incorporates 15% HF exchange in the short range and 100% HF exchange in 

the long range, shows exceptionally good performance with an RMSD of merely 1.0 kJ mol–1. 

For comparison, the global hybrid M06-HF with 100% HF exchange results in an RMSD of 2.8 

kJ mol–1.   

Figure 6 depicts the RMSDs for the MP2-based and DHDFT methods for the reaction 

energies in the CopeRE database. All of the considered DHDFT methods show good-to-excellent 

performance with RMSDs ranging between 4.4 (PBE0-DH) and 0.6 (wB97X-2(TQZ)) kJ mol–1. 

It should be noted that the range-separated DHDFT methods wB97X-2(LP) and wB97M-V attain 

sub-kJ-per-mole RMSDs of 0.8 and 0.9 kJ mol–1, respectively. DSD-PBEP86 and XYG3 attain 

similar performance with an RMSD of 1.2 kJ mol–1. 
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Figure 6. Root-mean-square deviations for DHDFT and standard/composite ab initio methods 

over the reaction energies in the CopeRE database (in kJ mol–1). 

 

All the MP2-based methods attain sub-kJ-per-mole RMSDs ranging between 0.9 (MP2) 

and 0.3 (SCS-MP2) kJ mol–1. SOS-MP2 attains similar performance to SCS-MP2 with an RMSD 

of 0.4 kJ mol–1. Finally, we note that all the approximate composite ab initio methods attain 

similar performance with RMSDs ranging between 1.0 (G4 and CBS-QB3) and 1.2 (G4(MP2)) 

kJ mol–1. 

 

3.5 Overall recommendations for both reaction energies and barrier heights. In practical 

applications, we would like to accurately calculate both reaction energies and barrier heights with 

high accuracy. Figure S2 of the Supporting Information depicts the average RMSD obtained over 

the barrier heights in the CopeBH database and the reaction energies in the CopeRE database (the 

average RMSD is simply the arithmetic average of the RMSDs obtained for the reaction energies 

and barrier heights). As expected from the results of the previous sections, none of the GGA and 
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MGGA functionals are able to attain an average RMSD below the threshold of chemical 

accuracy. The two best performing methods are M06-L and MN15-L with RMSDs of 6.5 and 6.4 

kJ mol–1, respectively. It is hard to choose which of these functionals is better suited for the 

description of both reaction energies and barrier heights in the Cope database. MN15-L attains 

relatively poor performance for reaction barrier heights (RMSD = 8.9 kJ mol–1) and M06-L 

attains relatively poor performance for reaction energies (RMSD = 7.8 kJ mol–1).  

 Overall, the HGGA functionals offer an improvement over the GGA and MGGA 

methods, with the best performing method PBE0 attaining an RMSD of 5.2 kJ mol–1. We note 

that PBE0 is the best performing HGGA functional for the reaction barrier heights (RMSD = 4.5 

kJ mol–1). Six HMGGA functionals are able to attain RMSD below 5 kJ mol–1, namely 4.9 

(B1B95 and MN12-SX), 4.7 (MN15), 4.6 (PW6B95), and 4.2 (BMK and M05-2X) kJ mol–1. Of 

these, BMK, PW6B95, and MN12-SX offer balanced performance for both reaction energies and 

barrier heights and are therefore recommend for describing all aspects of the potential energy 

surface of Cope rearrangements in Bullvalene derivatives.  

 Figure S3 of the Supporting Information depicts the average RMSDs obtained over the 

reaction energies and barrier heights for the DHDFT and MP2-based methods. The best 

performing double-hybrid DFT methods attain RMSDs ≤ 2.5 kJ mol–1, namely (RMSDs are given 

in parentheses): PWPB95 (2.5), PBEQI-DH (2.4), wB97X-2(LP) (1.8), DSD-PBEB95 (1.7), and 

wB97X-2(TQZ) (1.5 kJ mol–1). All of these functionals attain RMSDs ≤ 3.0 kJ mol–1 for both 

reaction energies and barrier heights and are therefore recommended for investigating similar 

PESs.  

 The best performing MP2-based methods are SCS-MP2 and SOS-MP2 with RMSDs of 

3.9 and 1.2 kJ mol–1, respectively. SCS-MP2 shows relatively poor performance for reaction 

barrier heights and is therefore not recommended. However, SOS-MP2 attains RMSDs of merely 

0.3 and 1.9 kJ mol–1 for reaction energies and barrier heights, respectively. Remarkably, SOS-



22 

MP2 performs better than the composite ab initio methods that are considered in the present 

work, namely we obtain the following average RMSDs for the composite ab initio methods 5.4 

(CBS-QB3), 4.0 (G4(MP2)), 3.3 (G4(MP2)-6X), and 2.0 (G4) kJ mol–1.  

 

4. Conclusions  

We introduce a representative benchmark database of 22 reaction barrier heights and 21 

reaction energies in substituted bullvalenes (C10H9R, R = NH3, OH, CH3, H, F, Cl, SH, and CN) 

to be known as the Cope22 database. The reference reaction energies and barrier heights are 

obtained at the CCSD(T)/CBS level by means of the W1-F12 composite method. These high-

level benchmark values allow us to assess the performance of DFT functionals across the rungs 

of Jacob’s Ladder as well as MP2-based and computationally economical composite ab initio 

procedures. With regard to the performance of the DFT procedures we make the following 

observations:  

Ø Of all the considered DFT methods, only hybrid-meta-GGAs attain good performance for 

both reaction barrier heights and reaction energies, with the best performing functionals 

being BMK, PW6B95, and MN12-SX.   

Ø A number of DFT methods attain reasonable performance for reaction barrier heights 

(RMSDs are given in parentheses), namely the GGA M06-L (5.3); the HGGA PBE0 

(4.5); and the HMGGAs BMK (4.9), PW6B95 (4.2), and B1B95 (3.8 kJ mol–1).  

Ø The performance of DFT methods for reaction energies is considerably better than for 

reaction barrier heights. The best performers from each rung of Jacob’s Ladder are 

(RMSDs given in parentheses): the GGA MN15-L (3.9); the HGGAs BH&HLYP (3.6), 

CAM-B3LYP (3.4), and wB97X-V (1.5); and the HMGGAs M08-HX (1.9), M06-2X 

(1.8), M05-2X (1.3), and wB97M-V (1.0 kJ mol–1).  
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With regard to the performance of DHDFT, MP2-based, and composite ab initio procedures, 

we draw the following conclusions: 

Ø The performance of the MP2-based methods for the reaction barrier heights correlates 

linearly with the same-spin component (CSS) of the MP2 correlation energy. Namely, we 

obtain the following RMSDs (method and CSS coefficient are given in parentheses): 25.8 

(MP2, 1.00), 21.3 (S2-MP2, 0.75), 15.25 (SCS-MP2(vdW), 0.50), 7.5 (SCS-MP2, 0.33), 

and 1.9 (SOS-MP2, 0.00) kJ mol–1. 

Ø A number of recently developed DHDFT methods show exceptionally good performance 

for both reaction energies and barrier heights, with overall average RMSDs of 2.5 

(PWPB95), 2.4 (PBEQI-DH), 1.8 (wB97X-2(LP)), 1.7 (DSD-PBEB95), and 1.5 (wB97X-

2(TQZ)) kJ mol–1. Remarkably, SOS-MP2 outperforms all the DHDFT methods with an 

average RMSD of merely 1.2 kJ mol–1.   

Ø Of the composite procedures, G4 theory shows the best overall performance with an 

average RMSD of 2.0 kJ mol–1 for both barrier heights and reaction energies.  

 

Supplementary data 

Statistical analysis for the performance of DFT, DHDFT, and ab initio procedures for the reaction 

energies and barrier heights in the Cope database (Table S1); individual errors for the DFT, 

DHDFT, and ab initio procedures for the reaction energies and barrier heights in the Cope 

database (Table S2); optimized geometries (Cartesian coordinates) for all the reactants, transition 

structures, and products in the Cope database (Table S3); W1-F12 reaction barrier heights for 

TS1-2, TS2-3, and TS3-4 versus the sp Hammett constants for the various substituents (Figure S1); 

average root-mean-square deviations over the reaction energies and barrier heights in the Cope 

database for DFT functionals (Figure S2); average root-mean-square deviations over the reaction 
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energies and barrier heights in the Cope database for DHDFT and standard/composite ab initio 

methods (Figure S3); and full references for quantum chemical software.  
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