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Abstract. Many organic reactions are characterized by a complex mechanism with a variety of 

transition states and intermediates of different chemical natures. Their correct and accurate 

theoretical characterization critically depends on the accuracy of the computational method used. In 

this work we study a complex ambimodal cycloaddition with five transition states, two 

intermediates, and three products, and we ask whether density functional theory (DFT) can provide 

a correct description of this type of complex and multifaceted reaction. Our work fills a gap in that 

most systematic benchmarks of DFT for chemical reactions have considered much simpler 

reactions. Our results show that many density functionals not only lead to seriously large errors but 

also differ from one another in predicting whether the reaction is ambimodal. Only a few of the 

available functionals provide a balanced description of the complex and multifaceted reactions. The 

parameters varied in the tested functionals are ingredients, the treatment of medium-range and 

nonlocal correlation energy, and the inclusion of Hartree-Fock exchange.  These results show a clear 

need for more benchmarks on the mechanisms of large molecules in complex reactions.  
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Introduction. 

Understanding the reaction mechanisms behind complex chemical transformations is a challenging 

issue  at the heart of chemistry. One way to accomplish this is to propose reasonable reaction paths 

and try to discriminate among them by comparison of energetic and dynamical calculations to 

experimental data. In this context, computational insights obtained using quantum-chemical 

approaches have increasingly been combined with experimental data to support the feasibility of a 

reaction mechanism even for complex chemical phenomena (see refs 1 to 3 for examples). In some 

cases, though, one needs to assign mechanisms without having enough experimental data, and the 

reliability of this approach depends on knowing which, if any, theoretical methods can predict 

reaction paths with high enough energetic precision for the results to be trustworthy. To ascertain 

this, many tests have been carried out for various theoretical methods, but these tests are usually for 

simple reactions of small molecules. The question addressed here is how well one can trust the 

computational predictions for complex reaction paths of large organic molecules. 

For this study, we have chosen the reactions that occur in the multistep mechanism for the 

cycloaddition of cycloheptatriene (7) to tropone (1), 2-chlorotropone (1a), and 2-methoxytropone 

(1b).4–7 The mechanism of these reactions has been predicted by Jamieson et al.;6,7 and their 

predicted energetics for structures along the reaction path for the unsubstituted case are shown in 

Figure 1; the figure shows energies for the reactants, five transition states, two intermediates, and 

three products. Structures 9, 8, 12, and 11 all have one carbon-oxygen double bond; structures 8 and 

9 have four carbon-carbon double bonds, while 12 and 11 have only two carbon-carbon double 

bonds. This difference in the number of double bonds suggests a different degree of electronic 

delocalization in the intermediates.  

The reaction under study is ambimodal. Ambimodal reactions are reactions with a bifurcation 

(or trifurcation) of the reaction path after the highest free-energy-of-activation point on the reaction 

path (a bifurcation of a reaction path is often called a valley–ridge inflection point).8–38 The products 

formed at the ends at the split reaction path may be different, and such reactions are very challenging 

for theoretical analysis because small differences in the relative barrier heights of the various 

stationary points can have a large effect on the product ratios and can also be determinative of 

whether the reaction is indeed ambimodal.  

The reaction in Figure 1 is a [6+4] cycloaddition passing through tripericyclic transition state 

TS5 to produce the intermediates 8 and 9. Intermediate 9 can react by a [3,3]-sigmatropic Claisen 

rearrangement through TS7 to produce the [8+2] cycloaddition product 10, but 10 is a minor product 

because the transition state TS7 is 3 kcal higher in energy than TS5. (All energies in this article are 
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molar energies.) The intermediates 8 and 9 undergo intramolecular Diels-Alder reactions through 

TS8 and TS9 to form products 11 and 12, respectively. TS8 is lower than TS9 because the 

dienophile 8 is an activated α,β-unsaturated ketone. In addition, 8 and 9 can interconvert through 

Cope transition state TS6; however, TS6 is higher in energy than either TS8 or TS9 so one might 

have expected 8 and 9 to interconvert more slowly than they evolve to their respective products. In 

summary, if the reaction course is dominated by these energetic considerations rather than by 

entropic effects and dynamics, one would expect the major product to be 11, which is pentacyclic 

with 4-, 5-, 6-, and 7-membered rings. However, the four transition states are close in energy, and 

these conclusions depend on getting their relative energies correct or at least in the correct order. 

This is especially important because the product was found to be 11 in an experimental study of the 

reaction of the unsubstituted tropone, and the 7-chloro-11 product was found for reaction of 2-

chlorotropone, but another ring structure was found experimentally for reaction of 2-

methoxytropone,4 whereas Jamieson et al.’s computations showed the same mechanism for the 

unsubstituted and both substituted cases. However, the product ratios are not necessarily determined 

by the energetics, especially because these reactions are ambimodal with TS5 higher than TS6, TS8, 

and TS9. Thus, trajectories started at TS5 were found to produce all three products (8, 9, and 10).6  

To explore this reaction or other complex reactions by trajectories or transition state theory, it 

is necessary to employ an accurate potential energy surface, and dynamics calculations are most 

affordable with density functional theory, so it is important to know if this theory gives accurate 

potential energies for all steps in the mechanism. Jamieson et al.6,7 calculated the energetics by a 

high-level method, DLPNO-CCSD(T)/cc-pVQZ//ωB97X-D/def2-TZVP, and our previous study39 

of TS8 and TS9 at a more complete level indicated that this is accurate within about 0.5±1.0 kcal. 

Therefore, we use these previous energetics calculations as benchmarks, and we explore the 

accuracy of many density functional approximations.  

The present study is relevant not just because of the importance of cycloaddition reactions, 

which are ubiquitous in synthesis and biochemisty,6 but even more significantly because it differs 

from the great majority of previous tests of density functionals in that it considers a multistep 

reaction with bifurcating reaction paths and with intermediates and products having much more 

complex stereochemistry. The reactions considered in standard benchmarks are simple one-step 

reactions, characterized by the energy difference between reactant(s) and product(s) and one 

(forward) or two (forward and reverse) barriers. The present study is an attempt to answer the broad 

question: Can density functional theory (DFT) give accurate potential energies for multi-step 

organic reactions with crowded transition states, and if so, which density functional approximations 
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are most reliable? The density functionals considered in this work are presented with references40–

82 in Table 1. 

The mechanism in Figure 1 is challenging because it contains three kinds of reaction. The step 

from 9 to 8 is a Cope rearrangement, that from 9 to 10 a Claisen rearrangement, and the products 12 

and 11 are obtained via Diels-Alder reactions. Density functional approximations have been 

benchmarked for these types of reactions. The energies of the Cope rearrangements (barriers and 

reaction energies) are expected83 to be predicted with a good accuracy (errors of 1–2 kcal) by 

PBE-QIDH, which is a doubly hybrid functional, and by several global hybrid functionals, such as 

B97X-V and M06-2X. In contrast, the doubly hybrid functionals B2PLYP and DSD-PBEP86 and 

the global hybrid functionals PBE0, M11 and B3LYP are expected to provide larger errors (greater 

than 4 kcal) on this type of reactions. Comparisons to benchmark data for Diels-Alder reactions 

indicate that the reaction energies are reproduced by DSD-PBEP86, M06-2X, PBE-QIDH, and 

M11plus with errors of ~2 kcal or less, while B97X-V, PBE-QIDH and M11 have errors of about 

3 to 5 kcal83–85. In further contrast, energy barriers for pericyclic reactions are expected to be 

reproduced by DSD-PBEP86, B2PLYP, PBE-QIDH, M06-2X, and B97X-V with errors less than 

2 kcal, while errors larger than 2 kcal are expected for B97X-V and M1186,87. Overall, these 

previous studies make it clear that even a qualitatively reliable description of the entire mechanism 

of Figure 1 by a single method represents a hard challenge for DFT. 

In a recent study39, we have focused on a small part of this reaction mechanism, namely the 

Diels-Alder reactions from 9 through TS9 to 12 and from 8 through TS8 to 11, and we considered 

the energy of TS8 and TS9 relative to that of 1+7 and the energy of TS9 relative to TS8. We found 

that only a few of the tested functionals, namely B97M-V, M11plus, B97X-V, PBE-D3, M11 

and MN15, provide mean deviations from reference data that are less than 3.0 kcal. A perhaps 

surprising result is that the accurate functionals are of many different types and other functionals of 

those same types performed less well. This work showed that the energy of crowded and strained 

transition states is problematic for many density functionals and that the accuracy cannot be 

anticipated from the type of functional. Another unexpected result is that, despite huge differences 

in transition state energies relative to 1+7, all the considered functionals predict TS9 to be higher in 

energy than TS8.  

Here we enlarge the investigation by analyzing the whole mechanism of Figure 1 for the 

cycloaddition of 7 to 1, 1a, and 1b. We will first try to show how various density functional 

approximations differently affect the energetics of competitive reaction channels, due to unequal 

errors in the predicted kinetics (energy barriers) and thermochemistry (energy differences). Next, 
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we will explain and qualitatively correlate the computed behaviors to known shortcomings that, by 

construction, affect differently the exchange-correlation functionals used.  

Before discussing our results, we consider the expected reliability of the benchmarks. The 

benchmark is based on DLPNO-CCSD(T)88 calculations. DLPNO-CCSD(T) is a way to carry out 

CCSD(T) calculations89 for large molecules. We have two concerns in estimating the reliability of 

DLPNO-CCSD(T): (1) the reliability of CCSD(T) itself; (2) the agreement of DLPNO-CCSD(T) 

with CCSD(T). The CCSD(T) method is well known to be more reliable for so-called singe-

reference systems than for multireference systems.90 Multireference character is a measure of the 

inherent multiconfiguration nature of a species and is associated with high static correlation, which 

is also called strong correlation. The simplest measure of multireference character is the B1 

diagnostic91 or the generalized B1 (GB1) diagnostic.92 The B1 diagnostic was originally introduced 

for ascertaining the multireference character in a bond.91 As an extension, the GB1 diagnostic 

provides an indication of the change in multireference character in a reaction. For a chemical 

reaction, the GB1 diagnostic is the absolute value of the difference between the classical reaction 

energy or classical barrier height calculated with the BLYP density functional and the same quantity 

calculated with the B1LYP density functional. As a rough guide to multireference character, we 

established a guideline that 10 kcal is the boundary of severe multireference character.67,91,92 In our 

previous work39 we estimated the reliability of DLPNO-CCSD(T) as 0.5±1.0 kcal for TS8 and TS9 

of the unsubstituted tropone reaction; these transition states have a GB1 diagnostic of 6 kcal. Table 

2 gives the GB1 diagnostic for all the structures considered here. We see that all the stable adducts 

and four of the transition states have GB1 diagnostics greater than 6 kcal, so CCSD(T) and DLPNO-

CCSD(T) may be less reliable for these cases. If we assumed that the benchmarks may be inaccurate 

by ~2 kcal and if we stipulate that a density functional calculation may be considered successful if 

the result is within ~1-2 kcal of the DLPNO-CCSD(T) value, we would arrive at a criterion that a 

density functional calculation can be considered successful if the deviation from DLPNO-CCSD(T) 

is less than ~3-4 kcal. Next, however, we must consider the deviation of DLPNO-CCSD(T) from 

CCSD(T). Our previous estimates of the reliability of DLPNO-CCSD(T) were based on tests from 

small molecules,93 but more recent work94 has shown that the errors may be much larger for the 

large molecules such as those involved in the present study. 

We therefore tested  the convergence of the DLPNO-CCSD(T) calculations with respect to the 

numerical parameters of the DLPNO part. To carry out this test, we considered reactants (1, 7) and 

two important transition states TS8 and TS9. We changed the cut off parameters and MP2 treatment 

and calculated the barrier heights; the results are in Table 3. This table shows that the NormalPNO 
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settings used for the benchmarks of the current work (which come from Refs. 6 and 7), give barrier 

heights differing from the TightPNO settings by 0.4 and 0.6 kcal for TS8 andTS9, respectively. 

Based on these tests, we now increased the estimated unreliability of the DLPNO-CCSD(T) 

benchmarks to 2.5±1 kcal, and we arrive at a new criterion that a density functional calculation can 

be considered successful if the deviation from DLPNO-CCSD(T) is less than 4 kcal. 

 

Results and discussion 

A broad view. The present work considers 45 density functionals listed in Table 1; these provide a 

broad representation of the most used types of functionals. In some cases, molecular mechanics 

terms such as the D43, D3, D3(BJ)50,55,82, SAM57 (used in APF-D), and ωB97X-D72 models, were 

added. To allow a meaningful comparison with the benchmark values of ref 6, the calculations were 

all carried out using the optimized structures obtained by ωB97X-D/def2-TZVP, as retrieved from 

refs 6 and 7. All energies are given on molar basis. Before looking at the results in detail, we define 

four broad mean unsigned deviations (MADs) from the benchmark results, as given in Table 1: 

B-B: Each reaction path has five barriers, yielding 54/2=10 pairs of barriers. For each pair of 

barriers, we compute the signed difference in their energies, and we compare it to the benchmark 

result. Since there are 3 reactions, this gives 30 data points, and the unsigned deviations yield 

MAD(B-B). 

B-R: Here we consider the energies of the transition states relative to energies of the reactants 

(1+7). Each reaction has five transition states; this gives 15 data points, for which we compute the 

MAD from the benchmarks. 

S-R: Here we consider the energies of the stable adducts relative to energies of the reactants. 

Each reaction has two stable intermediates and three products, which give 15 data points, for which 

we compute the MAD from the benchmarks. 

B-S-R: Here we compute the MAD over all 60 data points. 

The bottom row of Table 1 averages the MADs over the 45 functionals. We see average MADs of 

7.3 kcal when we compare barriers to other barriers, 7.7 kcal when we compare barriers to separated 

reactants, and 12.7 kcal when we compare stable adducts to reactants. The largeness of these values 

confirms that the steps of this mechanism provide a difficult test.  

Based on the considerations above we can judge a functional as reasonably successful if the 

MAD(B-S-R) is below 4 kcal. Table 1 shows that none of the 12 nonhybrid functionals passes this 

test, and none of the 12 global hybrids with less than 44% Hartree-Fock exchange passes the test. 
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However, 10 of the remaining 21 functionals have MAD(B-S-R) ≤ 4.0 kcal, and three have MAD(B-

S-R) < 2.0 kcal: M05-2X-D3 (1.5 kcal), ωB97M-V (1.7), and M11 (2.7). These functionals all 

contain kinetic energy density and medium-to-high Hartree-Fock exchange, but Table 1 shows that 

not all functionals with kinetic energy density or high Hartree-Fock exchange perform well. 

We find that molecular mechanics dispersion corrections significantly improve functionals with 

BLYP ingredients (BLYP, B3LYP, CAM-B3LYP, B2PLYP), but they lead to only small 

improvement or even decrease the accuracy for functionals with PBE ingredients (PBE, PBE-

QIDH).  

Close examination of Table 1, as summarized in the last two rows of Table 1, reveals that 

nonhybrid functionals have a different trend than hybrid functionals. Nonhybrid functionals are 

more accurate for barrier-to-separated-reactant comparisons (MAD: 8.9 kcal) than for barrier-to-

barrier comparisons (11.4 kcal), whereas hybrid and doubly hybrid functionals show the reverse 

behavior (MADs of respectively 7.3 and 5.8 kcal).  

Among all six classes of functionals, the accuracy is greater for barriers than for stable species 

(i.e.; MAD(B-R) < MAD(S-R)). This finding may at first seem surprising because one might expect 

barriers to be less accurate because of the difficulty of handling the partial bonds of transition states. 

However, the finding can be rationalized by considering Table 2, which present GB1 diagnostics 

for the formation of intermediates and transition states from reactants. This table shows that the 

stable species in the present mechanism tend to have higher GB1 diagnostics than the transition 

states. High GB1 diagnostics are an indication of multireference character67,91 because Hartree-Fock 

exchange (present in B1LYP but not in BLYP) introduces static correlation error,95,96 and 

multireference molecules are harder to treat for all functionals because Kohn-Sham DFT uses a 

single Slater determinant as the reference wave function.76,97,98  

The quantity most important for sorting out the mechanisms would be MAD(B-B). It is 

understandable that, for the better-performing functionals, the B-B errors tend to be smaller than the 

errors for comparing transition states and adducts to reactants because the latter kind of comparison 

involves bringing bimolecular species together, which increases the number of atomic interactions, 

whereas the barrier-to-barrier comparisons are more like isomerizations. Seven of the 45 functionals 

get MAD(B-B) of 3.0 kcal or less and would therefore be most useful for sorting out mechanisms; 

conversely, 26 functionals have MAD(B-B) values ≥6.0 kcal and could easily predict misleading 

chemistry.  

For TS8 and TS9, the deviations from the benchmark are strongly correlated (Figure S1); 

however, there is not a good correlation of either of these with TS6. This explains why our previous 
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study, which considered only TS8 and TS9, found smaller errors when comparing barriers to 

barriers than does the present study, where the B-B column of Table 1 includes all barrier-to-barrier 

comparisons; therefore, it is useful to look at additional comparisons in species-specific detail.  

The need to use a good basis set for quantitative results was also highlighted by a specific 

analysis (see Supporting Information).  

A closer look. We define MAD-T as the average of MAD(B-R) and MAD(S-R). Figure 2 reports 

the breakdown of MAD-T into the contribution of each of the three mechanisms (1, 1a, and 1b). 

Although the methoxy-substitute case (1b) usually has largest errors, we see that all three reactions 

have similar deviations from the benchmarks. Therefore, in the following discussion we will mostly 

concentrate on the unsubstituted case. 

Next consider the relative stability of final products (11 and 12) with respect to the reactants 

(1+7). Figure 3 shows that these relative energies span a large range from +18 to −46 kcal. While 

the general trend is close to that already discussed for the global MADs, it is striking that BLYP, 

B3LYP, and B1LYP incorrectly predict that the products are less stable than reactants. This is 

attributed to a poor treatment of intramolecular noncovalent interactions in large organic species 

that was first recognized in reactions involving the loss of a large ligand,99 and clearly the same 

considerations apply to cycloadditions and cycloreversions. More specifically, this error originates 

from a poor treatment of the medium-range correlation energy.99-105 It is ameliorated in PBE-D3 and 

B3LYP-D3 by adding an empirical molecular mechanics term to the functional, even though such 

corrections were nominally added to improve long-range correlation (rather than medium-range 

correlation). It is clear that only functionals that treat noncovalent interactions accurately can be 

successful for organic reactions of large molecules, even when the reactions involve changes in 

covalent bonding, not just changes in noncovalent interactions. 

In most cases, the cycloaddition steps are correctly predicted to be exoergic, but insufficiently 

so (i.e., the bars in Figure 3 end to the right of the benchmark line); inaccuracies in medium-range 

correlation energy may again play a role here.  

Figure 3 shows that, as a group, the local meta functionals do better than the gradient 

approximations. This is an example of the finding, known from previous work, that adding kinetic 

energy density as an ingredient in the functional (which is the extra ingredient in local meta 

functionals as compared to gradient approximations) allows for a better treatment of medium-range 

correlation energy, but it is insufficient in nonhybrid functionals. Figure 3 shows that some of the 

doubly hybrid functionals (those including LYP correlation) also underestimate the magnitude of 

the cycloaddition reaction energy. The inclusion of nonlocal correlation in these functionals was 
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partly motivated by the goal of improving long-range correlation, but this does not necessarily make 

the medium-range correlation energy accurate. 

Although Figure 3 includes only 11 and 12, Figure S2 shows that a similar behavior is 

observed for the relative stabilities of the other three stable species. 

The energy differences between TS5 and TS6 or TS7 determine the first bifurcation of the 

reaction path. Figure 4 shows these energy differences for the unsubstituted reaction, and Figures 

S3 and S4 show them for the substituted cases. We will discuss Figure 4. Several functionals agree 

with the benchmark data for TS5 minus TS7 within ~1 kcal, but the agreement is worse for TS5 

minus TS6, and in most cases the functionals that are accurate to ~1 kcal for one barrier perform 

rather poorly for the other. Four functionals get the sign wrong for TS5 minus TS6, and two other 

functionals get the sign wrong for TS5 minus TS7. The molecular mechanics terms have only a 

small effect here, in clear contrast with the behavior observed for the cycloaddition energies.  

Figures 5, S5, and S6 compare the energy of TS6 to that of TS8, leading to product 11 and to 

that of  TS9, leading to product 12. Again, the trends are similar for the three reactions, so we discuss 

only the unsubstituted case. The reaction is ambimodal if TS6 lies above both TS8 and TS9, as 

indicated by the benchmarks. Figure 5 shows that some of the density functionals predict TS6 to be 

below TS8, and most of them predict TS6 to be below TS9. We conclude that, if we accept the 

CCSD(T) benchmark as accurate, most of the density functionals predict the wrong character of the 

reaction mechanism. The functionals with the best agreement with benchmarks in Figure 5 are M05-

2X-D3, B97M-V, M11, M11plus, PBE-QDIDH, and PBE-QDIDH-D3(BJ). These functionals 

come from all three of the classes of hybrid and doubly hybrid functionals.  

It would be of great interest to understand why some functionals are more accurate than others, 

but the best functionals come from different classes, and within a given class of functionals, some 

functionals perform very well and others very poorly. Therefore, we cannot give a universally valid  

answer based only on the ingredients in  a given functional. The only general conclusion that can be 

drawn is that all functionals that perform reasonably well are either hybrid or doubly hybrid. 

However, the arrangement of the functionals in Table 1 and in the figures makes it clear that the 

accuracy does not correlate simply with the percentage of Hartree-Fock exchange.  

A possible explanation for some of the trends can be found by looking with chemist’s eyes to 

the structures of the reaction intermediates. As mentioned before, the structures display a different 

number of double bonds, which in turn suggests a different degree of electronic delocalization. 

Delocalization error (DE), that is the unphysical overdelocalization of electronic distributions106, is 

a common weakness arising from the approximate nature of the exchange-correlation functionals. 
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It could then be expected that the DE should be approximately constant along a reaction step 

connecting species with the same number of double bonds (9 to 8), while this error should be more 

significant when the number of double bonds changes (9 to 12 and 8 to 11). A qualitative measure 

of the DE associated with a given functional can be obtained by computing the difference between 

the ionization potential of a single He atom and that of a cluster composed of several well-separated 

He atoms (He-He distance equal to 10 Å)107,108. In Figure 6 the errors on the TS6, TS8, and TS9 

energies are reported as a function of the DE values computed for selected functionals. The energy 

error for TS6 does not significantly depend on DE. However, for TS8 and TS9 the energies display 

clear qualitative correlations with the DE error, with a slope that depends on the functional family 

considered.  

 

Concluding remarks 

Our results for the cycloaddition mechanism under study show that many density functionals 

lead to seriously large errors and moreover differ from one another in predicting whether the reaction 

is ambimodal. Although the present study cannot be considered as a comprehensive benchmark, it 

does lead to some general conclusions on the application of density functional theory for chemical 

reactivity. First, only a small subset of the available functionals can provide a balanced description 

of complex and multifaceted reactions. The functionals that perform best have different ingredients 

and were obtained using different criteria and theoretical arguments, so one should not generalize 

one’s expectations based solely on ingredients. The treatment of medium-range correlation energy, 

the reduction of the delocalization error, and the inclusion of Hartree-Fock exchange are clearly 

important, but these considerations, by themselves, do not enable one to see which functionals will 

have acceptable accuracy for a given complex mechanism. Thus, there is a clear need for more 

benchmarks on complex reaction mechanisms of large molecules. A bottleneck to such 

benchmarking is the general absence of converged quantum mechanical results for such problems. 

It must be realized that the field of organic chemistry applications may be a much more complex 

playground than is provided by reactions for which accurate benchmarks are available. 

 

Computational details 

The DFT calculations were done with Gaussian 16109 a locally revised version of Gaussian 

16,110 and a development version of Gaussian111, using the default computational thresholds. All 

spin states are singlets and were calculated with all orbitals doubly occupied. The results were 
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obtained with the aug-cc-pVTZ112 basis set except for the section of the SI where we discuss the 

comparison to results obtained with the ma-QZVP113 and 6-31G(d,p)114 basis sets. 

The DLPNO-CCSD(T) calculations were carried out with the ORCA program. Details 

concerning DLPNO-CCSD(T) calculations settings are reported in Table 3.115,116  

The DFT and DLPNO-CCSD(T) energies were computed using the reference geometries 

reported in the work of Jamieson et al., considering also the subsequent erratum6,7.  
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Table 1. Exchange-Correlation Functionals Considered in this Work, Arranged According to the 

Percentage of Hartree–Fock Exchange at Short-Rangea and Showing Four Key Measures of error 

     MAD (kcal) 

Functional %HFXb %PT2b Reference B-B B-R S-R B-S-R 

Gradient approximations 

BLYP 0 0 40 17.3 21.5 43.0 24.8 

N12 0 0 41 8.9 7.2 20.7 11.4 

PBE 0 0 42 9.5 6.2 19.7 11.2 

PBE-D3 0 0 42,43 9.7 7.9 14.3 10.4 

        Local meta functionals 

MN12-Lc 0 0 44 11.8 8.1 14.2 11.5 

MN15-Lc 0 0 45 9.6 7.0 9.5 8.9 

M06-Lc 0 0 46 13.8 9.5 18.4 13.9 

M11-Lc 0 0 47 10.6 7.0 15.2 10.9 

revM06-Lc 0 0 48 10.9 7.3 15.4 11.1 

TPSS-D3(BJ)c 0 0 49,50 10.7 8.5 15.6 11.4 

        Functionals with density-based nonlocal correlation 

B97M-Vc 0 0 51 10.8 7.8 12.7 10.5 

VV10d 0 0 52 13.3 9.3 17.1 13.3     
    Global hybrid functionals 

HCTHhybc 13.265 0 53 8.8 8.7 20.1 11.6 

B3LYP 20 0 54 12.0 18.6 30.7 18.3 

B3LYP-D3 20 0 43,54 12.1 12.7 20.0 14.2 

B3LYP-D3(BJ) 20 0 54,55 10.9 7.6 16.7 11.5 

X3LYP 21.8 0 56 11.5 17.0 28.3 17.1 

APF-D 22.945 0 57 5.0 6.5 1.8 4.6 

B1LYP 25 0 58 11.7 20.4 30.9 18.7 

PBE0 25 0 59 4.0 4.0 8.9 5.2 

M06c 27 0 60 7.4 4.9 9.1 7.2 

PW6B95-D3c 28 0 43,61 6.5 4.2 10.1 6.8 

SOGGA11-X 40.15 0 62 4.0 8.4 8.8 6.3 

revM06c 40.4 0 63 4.5 4.1 7.5 5.2 

MN15c 44 0 64 4.0 2.4 3.8 3.5 

CF22Dc 46.2806 0 65 3.9 2.5 3.7 3.5 

BHandHLYP 50 0 66 6.2 19.0 18.4 12.5 

M06-2Xc 54 0 60 3.0 2.5 4.5 3.2 

M05-2X-D3c 56 0 43,67 1.3 0.8 2.6 1.5 

M06-HFc 100 0 68 7.2 4.9 6.8 6.5     
    Range-separated hybrid functionals 

ωB97M-Vc 15/100 0 69 2.1 1.4 1.4 1.7 

ωB97X-V 16.7/100 0 70 4.2 2.8 6.2 4.3 

CAM-B3LYP 19/65 0 71 5.1 14.6 15.6 10.1 
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ωB97X-D 22/100 0 72 3.3 2.7 2.9 3.0 

HSE06c,e 25/0 0 73 5.5 4.7 11.1 6.7 

MN12-SXc 25/0 0 74 8.1 5.6 11.7 8.4 

N12-SX 25/0 0 74 4.2 3.8 8.5 5.1 

M11c 42.8/100 0 75 1.2 4.8 3.6 2.7 

M11plusc 42.8/100 0 76 2.9 4.6 2.4 3.2     
    Doubly hybrid functionals 

B2PLYP 53 27 77 8.5 6.7 17.8 10.4 

B2PLYP-D3(BJ) 53 27 55,77 8.5 6.3 12.1 8.9 

mPW2PLYP-D 55 25 78,79 7.0 13.1 9.2 9.1 

DSD-PBEP86 69 22/52 80 3.0 6.6 0.6 3.3 

PBE-QIDH 69.336 33.333 81 1.8 5.8 4.5 3.5 

PBE-QIDH-D3(BJ) 69.336    33.333 81,82 1.7 8.4 6.6 4.6 

Average – all 45 7.3 7.7 12.5 8.7 

Average – 12 nonhybrid 11.4 8.9 18.0 12.4 

Average – 33 hybrid and doubly hybrid 5.8 7.3 10.5 7.3 

a When the percentage of HF exchange at short range is the same, the functionals are listed alphabetically. 

b %HFX is the percentage of nonlocal Hartree-Fock exchange energy; %PT2 is the percentage of nonlocal 

second-order perturbation-theory correlation energy. When two numbers are given, the first is the limiting 

value at small interelectronic separation (r12), and the second is the limiting value at large r12. 
c These functionals are meta, i.e.; they contain kinetic energy density. 

d This is the original VV10 functional as indicated in reference 21, composed by the rPW86 exchange and 

the local PBE correlation plus the VV10 correlation.  
eThere are multiple versions of the HSE06 functional; we used the version given by the OHSE1PBE 

keyword in Gaussian. 
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Table 2 GB1 Diagnosticsa for the Change in Multireference  

Character in the Reactions of Cycloheptatriene 

Species tropone 2-chlorotropone 2-methoxytropone 

8 9 10 10 

9 10 10 11 

10 8 9 9 

11 15 16 17 

12 15 16 17 

TS5 4 3 3 

TS6 2 1 2 

TS7 3 2 2 

TS8 6 7 8 

TS9 6 7 6 
a |E(BLYP) – E(B1LYP)| in kcal for formation of the species  

or transition state from reactants (1 and 7) 
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Table 3 DLPNO-CCSD(T) threshold tests 

 NormalPNO TightPNO TightPNO –

NormalPNO 

Setting names Settings used  

TCutPairs
a 10-4 10-5  

TCutDO
b 1×10-2 5×10-3  

TCutPNO
c 3.33×10-7 1.00×10-7  

TCutMKN
d 10-3 10-3  

MP2 pair treatment semicanonical full iterative  

Species Relative energies (kcal)  

1+7 0.00 0.00  

TS8 9.03 9.41 0.38 

TS9 14.43 15.02 0.59 
acut-off for the PNO truncation (controls the number of PNOs per electron pair) 
bcut-off for the DLPNO domain construction 
ccut-off for the pair truncation (controls a perturbative selection of significant pairs) 
dcut-off for the local fit (controls the size of the fit set for each electron pair) 
eFor each column, energies are relative to 1+7 for the settings of that column. 
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Figure 1. Energy profile for the unsubstituted reaction, including the sketches of the reactants, 

intermediates, and products. The energies shown are the DLPNO-CCSD(T)/cc-pVQZ calculations 

of Refs. 6 and 7.  
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Figure 2. MAD-T for the three reactions. The dot-dash horizontal lines separate the classes of 

functionals as organized in Table 1.  
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Figure 3. Relative energies (kcal) of products 11 and 12 with respect to the reactants 1+7. The 

vertical lines guide the eye for comparison to the benchmark result at the top. The horizontal lines 

separate the classes of functionals in Table 1. 
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Figure 4. Energy differences (∆E
 
‡, kcal) between TS5 and TS6 or TS7 for unsubstituted tropone. 

Positive values indicate that TS5 is higher than TS6 or TS7, and negative values the opposite. The 

dot-dash horizontal lines separate the classes of functionals as organized in Table 1. The vertical 

lines are to guide the eye for comparison to the benchmarks.  
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Figure 5. Energy differences (∆E ‡, kcal) between TS6 and TS8 or TS9 for unsubstituted tropone. 

Positive values indicate that TS6 is higher than TS8 or TS9, and negative values the opposite. The 

dot-dash horizontal lines separate the classes of functionals as organized in Table 1. The vertical 

lines are to guide the eye for comparison to the benchmarks. 
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Figure 6. Computed error on TS6, TS9 and TS8 (error on TSn, kcal) as a function of the 

delocalization error. Some functionals are explicitly indicated for TS8. The continuous line 

corresponds to linear fitting on all the points for a given TSn. 
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