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Abstract 

This thesis focuses on the assessment, development, and applications of high-level 

electronic structure methods for a wide range of thermochemical and kinetic properties. 

Accurate theoretical thermochemical and kinetic data for organic or biochemical 

molecules are particularly useful in cases where experimental data are missing or the 

experimental errors are large. In addition, highly accurate energetic data can be used to 

generate accurate spectroscopic and electrical properties as well as for the evaluation and 

parameterization of economical theoretical procedures such as density functional 

methods. 

Density functional theory (DFT) method has become one of the most popular and 

significant computational methods in quantum chemical simulations due to its excellent 

accuracy-to-computational cost ratio in the past few decades. However, a considerable 

defect of the DFT formalism is the lack of a universal functional, which leads a 

fundamental limitation on its general applicability and accuracy of this theory. There has 

been an exponential growth in the number of DFT functionals in order to address this 

flaw across the various approximations of exchange-correlation functionals. For 

addressing the confusion regarding which DFT method is the best, it is important to 

identify problems for which the DFT method does not perform well so that its 

application in similar situations would be handled with caution. Presently, the only way 

to validate a given DFT method is via benchmarking against accurate theoretical or 

experimental reference data. The development of the Weizmann-n (Wn) theories and 

their variants enables us to obtain accurate thermochemical and kinetic energies, which 

are used as reference data for benchmarking DFT and other theoretical procedures. 

The first part of my thesis is concerned with the application and evaluation of various 

electronic structure methods for an accurate description of isomerization reactions 

involving migration of one double bond. The relative thermodynamic stabilities of 

conjugated species and the corresponding unconjugated derivatives are of great 

importance in organic chemistry and biochemistry. In this part, we introduced two 

representative databases that include isomerization reactions involving double-bond 

migration in conjugated dienes (DIE60) or enones (EIE22). We use the high-level data to 

re-examine the available experimental data and to evaluate the performance of various 

theoretical procedures, including DFT, ab initio, and other composite methods.  
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The second part of my thesis focuses on the application and evaluation of theoretical 

procedures for an accurate description of reaction energies and barrier heights of 

cycloreversion reactions. Cycloreversion of heteroatom rings, in which a cyclic structure 

is fragmented into simple unsaturated building blocks, is an important class of organic 

reactions that are widely used in synthetic and medicinal chemistry. We have examined 

the performance of a wide range of contemporary computational methods for the reaction 

energies and barrier heights of 20 cycloreversion reactions of five-membered 

heterocyclic rings (known as the CR20 and CRBH20 databases). 

The third part of the thesis relates to the development of computational methods for the 

calculation of accurate thermochemical and kinetic data. In this part, we proposed two 

new MP4-based procedures (MP3.5 and MP4avg) and examined their performance for a 

wide range of eleven thermochemical and kinetic databases. 

The fourth part of this thesis is concerned with the application of high-level and 

multilevel computational methods in enzymatic catalysis. The recent high resolution X-

ray structure of cholesterol oxidase (ChOx) enables us to build a model of the ChOx 

reactive site composed of Glu361, the FAD cofactor, and the steroid substrate. We 

propose a catalytic mechanism for the oxidation of cholesterol via a hydride transfer 

from the steroid substrate C3 atom to the N5 atom of FAD and concomitant reduction of 

the FAD cofactor. In the current study, the double-hybrid B2GP-PLYP functional is used 

to calculate the barrier height of the hydride transfer and the effects of the surrounding 

residues (namely Glu361, Gly120, and His447) on the barrier height. Extensive 

combined quantum mechanics and molecular mechanics molecular dynamics (QM/MM 

MD) simulations and classical molecular dynamics (MD) simulations on the catalytic 

process were also carried out. The combination of these two approaches gives an in-

depth understanding of the flavoenzyme catalysis.	  
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Chapter 1 General Introduction 
 

1.1 Overview 
 
The major concepts in this dissertation relate to the evaluation, development, and 

applications of various theoretical procedures, including density functional theory (DFT), 

standard ab initio, and composite methods, for a wide range of important 

thermochemical and kinetic properties. Accurate theoretical thermochemical and kinetic 

data for organic or biochemical molecules are particularly useful in cases where 

experimental data are missing or the experimental errors are large. In addition, highly 

accurate energetic data can be used to generate accurate spectroscopic and electrical 

properties as well as for the evaluation and parameterization of economical theoretical 

procedures such as density functional methods. Then we proposed two MP4-based 

procedures, MP3.5 and MP4avg, and evaluated their performance for 11 thermochemical 

and kinetic datasets. Finally, the evaluated methods mentioned above which show good 

performance will be used to investigate the hydride transfer mechanism for the oxidation 

reaction catalyzed by cholesterol oxidase (ChOx). Meanwhile, extensive ab initio 

combined quantum mechanics and molecular mechanics molecular dynamics (QM/MM 

MD) simulations have been carried out to explore the enzymatic catalysis, considering 

the real protein environment. The combination of these two approaches gives an in-depth 

understanding of the flavoenzyme catalysis. 

 

In this chapter, I briefly give an overview of the scope and methods of computational 

chemistry that have been carried out in this dissertation. As a branch of chemistry, 

computational chemistry uses chemical, mathematical, and computing skills to assist in 

solving chemical or biochemical problems. In recent decades, it has become a useful way 

to study materials that are too expensive to purchase or too difficult to find. Meanwhile, 

it helps chemists make predictions before running actual experiments so that they can be 

better prepared for making observations. Computational chemistry is wide in terms of its 

utilities, e.g., from single atom to thousands of atoms, from static to dynamic properties, 

from gas or liquid to solid states, and from ground to excited states. Things that are 

commonly computationally studied are molecular geometries, energies of molecules and 
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transition states, chemical reactivity, IR (or UV and NMR) spectra, the interaction of a 

substrate with an enzyme, and the physical properties of substances. However, due to the 

computational resources that may be required for calculations, computational chemistry 

can be limited in its applications. 

 

There are varieties of main families of methods in computational chemistry. The main 

categories are: 

 

(1) Molecular mechanics,1 which is based on a model of a molecule as a collection of 

balls (atoms) held together by springs (bonds), is fast. Taking a fairly large molecule a 

steroid (e.g. cholesterol, C27H46O) for example, it can be optimized in seconds on an 

ordinary personal computer. 

 

(2) Ab initio calculations (ab initio which means “from the start” in Latin) are based on 

the Schrödinger equation, which is one of the fundamental equations of modern physics 

and describes how electrons in a molecule behave.2 Ab initio calculations are relatively 

slow. The geometry optimization and vibrational frequencies of butanol can be calculated 

at a high level of theory in a few minutes, while for a fairly large molecule, like a steroid, 

could take a few days for geometry optimization at CCSD(T) with reasonably large basis 

set level. 

 

(3) Semi-empirical calculations are, like ab initio calculations, based on the Schrödinger 

equation but parameterized with experimental (or high level theoretical) values.3 

However, more approximations are needed for solving the Schrödinger equation. Semi-

empirical calculations are slower than molecular mechanics but much faster than ab 

initio calculations. A semi-empirical geometry optimization (e.g. PM6) on a steroid takes 

less than two minutes. 

 

(4) Density functional theory (DFT) calculations are based on the suggestion by Kohn 

and Sham in 1965.4 The goal of DFT methods is to design functionals connecting the 

electron density with the energy.5-6 DFT does not calculate wavefunctions directly, but 

derives electron distributions. DFT calculations are usually faster than ab initio, but 

slower than semi-empirical calculations. A DFT geometry optimization (e.g. B3LYP/6-
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31G(d)) on a steroid takes around 20 minutes. That is about an order of magnitude 

slower than the semi-empirical geometry optimization. 

 

(5) Molecular dynamics calculations solve Newton’s equation of motion for atoms on an 

energy surface. This method was originally developed within the field of theoretical 

physics in the late 1950s,7 but is applied mostly in chemical physics today. It applies the 

laws of motion to molecules that move under the influence of a forcefield. However, 

covalent bond-breaking or bond-forming in contrast to conformational changes cannot be 

investigated with molecular dynamics programs that use this kind of forcefield since this 

is not an electronic structure method. While for the study of chemical reactions with 

molecular dynamics, a forcefield generated with semi-empirical, ab initio, or density 

functional methods can be used. 

 

In the following sections, I will concentrate on the theories for ab initio methods and 

DFT functionals. 

 

1.2 Theory Background 
 

1.2.1 Time-Independent Schrödinger Equation 

 
In 1926, Schrödinger proposed the nonrelativistic time-independent Schrödinger 

equation 8-9 

 

𝐻(𝑅, 𝑟)Ψ(𝑅, 𝑟) = 𝛦(𝑅, 𝑟)Ψ(𝑅, 𝑟)                                                                                (1.1) 

 

where 𝐻 is the Hamiltonian operator which operates on the wavefunction (Ψ), and 

provides the energy (𝛦) of the system. R and r are the position vectors of nuclei and 

electrons, respectively. The Hamiltonian in Eq.(1.1) for an isolated system with N 

electrons is 

 

𝐻(𝑅, 𝑟) =   𝑇!(𝑟)+ 𝑉!!(𝑟)+ 𝑉!"(𝑟,𝑅)+ 𝑇!(𝑅)+ 𝑉!!(𝑅)                                           (1.2) 
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This Hamiltonian contains terms to account for the kinetic energy of the electrons (𝑇!), 

the kinetic energy of the nuclei (𝑇!), and the potential energy of the electrons-electron 

(𝑉!! ), nuclear-electron (𝑉!" ), and nuclear-nuclear (𝑉!! ) electrostatic interactions 

operators. These operators are given by 

 

𝑇! = − !
!!
∇!!                                                                                                                (1.3) 

𝑇! = − !
!!!

∇!!!                                                                                                           (1.4) 

𝑉!! =
!
!!"!!!                                                                                                                   (1.5) 

𝑉!" = − !!
!!"!"                                                                                                                (1.6) 

𝑉!! =
!!!!
!!"!!!                                                                                                             (1.7) 

 

where  ∇ is the Laplacian, i and j denote electrons, A and B represent the nuclei with Z 

charge, MA is the mass of nucleus A, and r is the distance between two particles. Any 

chemical or physical property of an atom or molecule can be obtained from the 

knowledge of the wavefunction and energy levels. An analytical solution for the 

Schrödinger equation can only be obtained for the hydrogen atom and hydrogen-like 

atoms. Since all other atomic, or molecular systems, involve the motions of three or more 

particles, so called many-body systems, their Schrödinger equations cannot be solved 

analytically and so approximate solutions must be sought. 

 

1.2.2 Born-Oppenheimer Approximation 

 
The Born-Oppenheimer (BO) approximation, named after Born and Oppenheimer,10 

allows the separate treatment of the motion of nuclei and electrons. This approximation 

is based on the large difference in the mass of the electrons and nuclei as well as the 

premise that electronic velocities far exceed those of the nuclei. The nuclei are then in a 

fixed position relative to the electrons. Therefore, the BO approximation makes the 

Hamiltonian operator simplified since the nuclear kinetic energy term (𝑇!) is being 

neglected and 𝑉!! is being treated as a constant. 

 

𝐻! =   𝑇! + 𝑉!" + 𝑉!! + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡                                                                                 (1.8) 
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Based on the BO approximation, the wavefunction of Eq. (1.1) is written as 

Ψ R, r =   𝜓!(𝑅, 𝑟)𝜓!(𝑅)                                                                                            (1.9) 

 

where 𝜓!(𝑅, 𝑟) is the electronic wavefunction in the fixed nuclei field (namely the 

clamped nuclei approximation) and 𝜓!(𝑅)  is the nuclear wavefunction. Thus, the 

electronic and nuclear Schrödinger equations are given by 

 

  𝐻! 𝑅, 𝑟 𝜓! 𝑅, 𝑟 = 𝐸!𝜓! 𝑅, 𝑟                                                                                  (1.10) 

𝐻! 𝑅 + 𝐸! 𝑅 𝜓!(𝑅) = 𝐸!(𝑅)𝜓!(𝑅)                                                                    (1.11) 

𝐻!(𝑅) = 𝑇!                                                                                                                  (1.12) 

 

The electronic energy eigenvalue Ee (in Eq. (1.10)) depends on the chosen position R of 

the nuclei. Varying these positions R in small steps and repeatedly solving the electronic 

Schrödinger equation, gives Ee as a function of R (Ee(R)) known as the potential energy 

surface (PES), which governs the motion of the nuclei. Thus, once we have Ee(R), the 

nuclear Schrödinger equation Eq. (1.11) can be solved. 

 

The dynamics of a many-electron system is very complex, and requires elaborate 

computational methods consequently. By introducing independent-particle models, in 

which the motion of one electron is considered to be independent of the dynamics of all 

other electrons, a significant simplification, both conceptually and computationally, can 

be obtained. An independent-particle model means that the interactions between the 

particles are approximated, either by neglecting all but the most important one, or by 

taking all interactions into account in an average fashion. Within the electronic structure 

theory, only the latter that is so-called Hartree–Fock  (HF) theory has an acceptable 

accuracy. 

 

1.3 Ab Initio Calculations 
 
Ab initio calculations depend on solving the Schrödinger equation. The level of the 

calculation is determined by the nature of approximations. In the HF theory, the total 

molecular wavefunction Ψ is approximated as a single Slater determinant, which is 
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composed of occupied spin orbitals. To use these in practical calculations, the spatial 

orbitals are approximated as a linear combination of basis functions. Also, in this section 

electron correlation methods are discussed. The ab initio methods are mainly used to 

calculate molecular geometries, vibrational frequencies, energies, properties of spectra, 

ionization energies, and electron affinities. The potential theoretical and practical 

applications are found by these calculations. For example, reaction equilibrium and rate 

rely on energy differences, spectroscopy plays a significant role in understanding and 

identifying novel molecules, and enzyme-substrate interactions depend on charge 

distributions and shapes. 

 

1.3.1 Hartree-Fock Theory 

 

The simplest ab initio calculation is a Hartree-Fock (HF) calculation, which was 

introduced by Hartree,11-12 Fock,13 and Slater 14 in the late 1920s. The problem addressed 

by Hartree arises from the fact that, for any atom or molecule with more than one 

electron, an analytic solution of the Schrödinger equation is impossible. The HF method 

reduces the two electron integrals into a series of one electron terms and an averaged 

potential that arises as result of the variational solution of the Schrödinger equation, with 

the restriction that the wavefunction is expressed as a single Slater determinant.  

 

The HF method follows a so-called self-consistent field (SCF) procedure, where we 

guess the orbital coefficients first (i.e., from an effective Hamiltonian method) and then 

we iterate to convergence. The full process can be described schematically by the flow 

chart in Figure 1.1. 
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Figure 1.1 Flow chart of the HF SCF procedure. 

 

The HF theory acts as a stepping-stone on the way to exactly solve the Schrödinger 

equation. It provides very well defined energies, which can be converged in the limit of 

an infinite basis set. Ignoring relativity, spin-orbit coupling, and so on, the difference 

between that converged energy (EHF) and reality (E) is the electron correlation energy 

(Ecorr). The equation is given by 

 

𝐸!"## = 𝐸 −   𝐸!"                                                                                                        (1.13) 

 

Generally, the HF method recovers 99% of the energy of a system, and the electron 

correlation is responsible for the remaining 1% of the total energy.15 However, the 

electron correlation energy is necessary for an accurate description of chemical 

properties.  

 

Only accounting for the average electron-electron interactions, the HF theory 

consequently neglects the correlation between electrons. Methods that include electron 

correlation require a multi-determinant wavefunction, thus the HF method is the best 

single-determinant wavefunction. The HF model is a kind of starting point, where either 
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additional approximations can be invoked, leading to semi-empirical methods, or it can 

be improved by adding additional determinants, thereby generating models that can be 

made to converge towards the exact solution of the Schrödinger equation (see Figure 

1.2). Multi-determinant method is computationally much more expensive than the HF 

model, but can generate results that approach the exact solution of the Schrödinger 

equation systematically. These methods will be described in the next section. 

 

 
Figure 1.2 The HF model as a starting point for more approximations or more accurate 

methods 

 

1.3.2 Configuration Interaction (CI) Theory 

 
As mentioned in the HF theory section (section 1.3.1), the electron correlation energy 

refers to the difference between the exact energy and the HF energy (see Eq. (1.13)). 

Possibly, the configuration interaction (CI) treatment of electron correlation is the oldest 

and the easiest method to be understood.16 Similarly to the HF method, it is based on the 

variational principle. In order to recover the electron correlation energy, in the CI theory 

all excited configurations or determinants besides the HF determinant have been included 

to obtain the exact solution to the Schrödinger equation. Here, the HF and the additional 

terms each represent a certain electronic configuration. Figure 1.3 shows the Single (S), 

Double (D), Triple (T), and Quadruple (Q) excited determinants that are generated from 

the reference HF ground determinant. The exact wavefunction of a system can be 

conceptualized as a result of the interactions of these configurations. 
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Figure 1.3 Examples of Single (S), Double (D), Triple (T), and Quadruple (Q) excited 

determinants generated from an HF reference. 

 

Including all possible configurations for a system with N electrons, the full configuration 

interaction (FCI) wavefunction can be written as a linear combination of configuration 

state functions that contain the reference HF wavefunction and all possible excited states 

of electrons from occupied to virtual spin orbitals.17 

 

Ψ!"# = 𝑎!Ψ!" + 𝑎!!Ψ!!!"#
!

!""
! + 𝑎!"!"Ψ!"!" +⋯!"#

!!!
!""
!!!                                       (1.14) 

  

where i and j denote the occupied molecular orbitals (MOs) in the reference HF 

wavefunction (Ψ!"), r and s are virtual MOs. FCI is able to obtain the exact solution to 

the Schrödinger equation. However, the electronic energy calculation is limited by the 

factorial computational scaling, with respect to the system size.5 The FCI energy 

calculation is impractical for all but very smallest systems. Normally, the HF calculation 

scales as 𝑀!"#$#
!  (𝑀!"#$# is the number of basis functions), while a FCI calculation scales 

as 𝑀!"#$#
!!"#$#!, which is not tractable computationally.18 

 

In order to reduce the computational cost of FCI, this method can be truncated by 

decreasing the number of excitations included when solving the wavefunction. A CI 

calculation, in which all the determinants contain only single excitations, is termed as 

CIS (CI singles). Such calculations do not give any improvement over the HF result. CIS 

is generally equal to HF for the ground state energy although higher roots from the 

equations may be used as approximations to excited states. Another common CI method 
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is configuration interaction with single and double excitations (CISD). It includes all 

possible single and double excitation determinants but neglecting the higher-order 

excitations (i.e., triple, quadruple, etc.) and scales as 𝑜!𝑣! (where o and v are the number 

of occupied and virtual orbitals respectively) with an overall scaling factor of 𝑀!"#$#
! . The 

next level in improvement is adding the triple excitations, giving the CISDT method that 

is an 𝑀!"#$#
!  method. Taking contributions from quadruple excited determinants into 

account, the CISDTQ method generally shows results close to the FCI. Even truncating 

the excited level at four produces many configurations, so it can be feasible only to small 

molecules with small to medium basis sets. The only generally applicable CI method for 

large varieties of systems is CISD, which recovers 80–90% of the electron correlation 

energy.5 

 

1.3.3 Møller-Plesset Perturbation Theory 

 
Based on perturbation theory, the Møller-Plesset (MP) approach of the electron 

correlation is a very general method used in physics/chemistry to treat complex 

systems.17 This particular concept was proposed in 1934 by Møller and Plesset 19 and 

was developed into a computational approach by Binkley and Pople in 1975.20 The idea 

in perturbation methods is that the problem only slightly differs from a problem that has 

already been solved exactly or approximately. The solution to the given problem should 

be close to the solution to the already known system in some sense. This is 

mathematically described by defining a Hamiltonian operator that consists of two parts, a 

reference (𝐻!) and a perturbation (𝐻!) (Eq. (1.15)).  

 

𝐻 = 𝐻! + 𝜆𝐻!                                                                                                              (1.15) 

 

where 𝜆 is a parameter connecting the reference system (𝜆 = 0) with the real physical 

system (𝜆 = 1). The premise of the perturbation method is that the 𝐻! operator is small 

compared with 𝐻!. Perturbation approaches can be used in quantum mechanics for 

adding corrections to solutions that employ independent-particle approximations. The 

theoretical framework is called Many-Body Perturbation Theory (MBPT). 
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Firstly, let’s assume the Schrödinger equation for the reference Hamiltonian operator is 

solved. 

 

𝐻!Φ! = 𝐸!Φ!       𝑖 = 0, 1, 2,… ,∞                                                                                  (1.16) 

 

And the perturbed Schrödinger equation is given by Eq. (1.17). 

 

𝐻Ψ =𝑊Ψ                                                                                                                   (1.17) 

 

If 𝜆 = 0, then 𝐻 = 𝐻!, Ψ = Φ!, and W = E0. So the perturbation is increasing from zero 

to a finite value, the new energy and wavefunction must also change incessantly, and 

they can be written as a Taylor expansion in powers of 𝜆. 

 

𝑊 = 𝜆!𝑊! + 𝜆!𝑊! + 𝜆!𝑊! + 𝜆!𝑊! + 𝜆!𝑊! +⋯                                                    (1.18) 

Ψ = 𝜆!Ψ! + 𝜆!Ψ!  +  𝜆!Ψ!  +  𝜆!Ψ!  +  𝜆!Ψ! +⋯                                                       (1.19) 

 

For 𝜆 = 0, it is seen that 𝑊! = 𝐸! and Ψ! = Φ!. This is the unperturbed or zeroth-order 

wavefunction and energy. The 𝑊!, 𝑊!, 𝑊! and Ψ!, Ψ!, Ψ! are for the first-order, second-

order, and third-order, corrections respectively. The parameter 𝜆 will eventually be set to 

1, and the nth-order energy or wavefunction becomes a sum of all terms up to order n. 

 

With the expansions (see Eqs. (1.18) and (1.19)), the Schrödinger equation in Eq. (1.17) 

becomes Eq. (1.20). 

 

(𝐻! + 𝜆𝐻!)(𝜆!Ψ! + 𝜆!Ψ!  +  𝜆!Ψ! +⋯ ) 

= (𝜆!𝑊! + 𝜆!𝑊! + 𝜆!𝑊! +⋯ )(𝜆!Ψ! + 𝜆!Ψ!  +  𝜆!Ψ! +⋯ )                  (1.20) 

 

Eq. (1.20) holds for any value of 𝜆. We can collect terms with the same power of 𝜆 to 

give Eq. (1.21). 

 

  𝜆!:𝐻!Ψ! =𝑊!Ψ! 

𝜆!:𝐻!Ψ! + 𝐻!Ψ! =𝑊!Ψ! +𝑊!Ψ! 

𝜆!:𝐻!Ψ! + 𝐻!Ψ! =𝑊!Ψ! +𝑊!Ψ! +𝑊!Ψ!                                                             (1.21) 

                                                                    ⋮ 
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𝜆!:𝐻!Ψ! + 𝐻!Ψ!!! = 𝑊!Ψ!!!

!

!!!

 

 

These are the zero-, first-, second-, and nth-order perturbation equations. The zeroth-

order equation is the Schrödinger equation for the unperturbed problem; the first-order 

equation concludes two unknowns, the first-order correction to the wavefunction (Ψ!) 

and the first-order correction to the energy (𝑊!); the nth-order energy correction can be 

calculated by multiplying from the left by Φ! and integrating, and using the turnover rule 

Φ! 𝐻! Ψ! = Ψ! 𝐻! Φ!
∗. 

 

This theory has been completely general so far. Second-order MP theory (MP2) is 

largely used throughout the research presented, with the second-order correction to the 

energy of 

 

𝐸(𝑀𝑃2) = !!!! !!!! ! !!!! !!!!
!!!!!!!!!!!

!"#
!!!

!""
!!!                                                          (1.22) 

 

where 𝜀 is the orbital energy for i and j occupied orbitals, and a and b virtual orbitals. 

Once the two-electron integrals over molecular orbitals (MOs) are available, the second-

order correction energy can be calculated as a sum of over such integrals. There are of 

the fourth-order of basis functions (𝑀!"#$#
! ) integrals, thus the calculation of the energy 

increases as the order with the system size. MP2 is an 𝑀!"#$#
!  method, but fairly 

inexpensive as not all two-electron integrals over MOs are required. Only those 

corresponding to the combination of two occupied and two virtual MOs are needed. This 

means that the MP2 energy for systems with a few hundred of basis functions can be 

calculated at a cost similar to or less than what is required for calculating the HF energy 

in practical calculations. Typically, the MP2 method accounts for 80–90% of the 

correlation energy and it is the most economical method for including electron 

correlation.5  

 

MP3 describes the interaction between pairs as well. The formula for calculating the 

contribution from third-order correction involves a computational effort that formally 

increases as 𝑀!"#$#
! . This correction energy accounts for about 90–95% of the correction 

energy. The computational cost of the fourth-order correction energy without the 
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contribution from the triple excited determinants, MP4(SDQ), increases also as 𝑀!"#$!
! , 

while the triple (T) contribution increases as 𝑀!"#$#
! . Still, MP4 is a computationally 

feasible method for many molecular systems. Generally, the T contribution to MP4 takes 

roughly the same amount of time as the SDQ contributions, but the triples are the most 

important at fourth order. The full fourth-order energy typically accounts for around 95–

98% of the correlation energy. Also, the fifth-order correction to the energy involves S, 

D, T, and Q contributions, and the sixth-order term introduces quintuple and sextuple 

excitations. The formulas for the MP5 and MP6 contributions are so sophisticated that 

real calculations are only practicable for small systems. The computational cost for MP5 

increases as 𝑀!"#$#
!  and for MP6 as 𝑀!"#$#

! .5 There is near zero experience with the 

performance of MPn beyond MP4. 

 

Ideally, the HF, MP2, MP3, and MP4 results should show a monotonic convergence 

behavior towards a limiting value with the corrections being of the same sign and 

numerically smaller as the order of perturbation increases. This is, unfortunately, not the 

typical form. The oscillatory behaviors in a given property as a function of the 

perturbation order are often observed even in systems where references are well 

described by a single determinant (see Figure 1.4). As reported by Cremer, he found that 

a smooth convergence of the total energy is only expected for systems including well-

separated electron pairs, and that oscillation occurs when this is not that case.21 

 

 
Figure 1.4 Typical oscillating behaviors of the MPn methods. 
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In practice, only low orders of perturbation theory can be performed, and it is often 

observed that the HF and MP2 results differ considerable, the MP3 results move back 

towards to HF, and MP4 away again. The correct answer is often somewhere between the 

MP3 and MP4 results for a well-behaved system. The MP2 method typically 

overestimates the correlation effect, but often gives a better result than MP3. As the first 

term involving doubles (MP2) tends to overshoot the correction effect, it is often 

observed that MP4 overestimates the effect of the single and triple contributions since 

they enter the series for the first time at fourth order. When reference wavefunctions 

contain substantial multi-reference character, a perturbation expansion based on a single 

determinant would display poor convergence. The questionable convergence of the MPn 

methods has caused it to be less popular in recent years, although MP2 continues to be a 

computational inexpensive way of including the majority of the electron correlation 

effect. 

 

1.3.4 Coupled Cluster Theory 

 
One of more rigorous techniques for estimating the electron correlation energy is the 

coupled cluster (CC) theory. Possibly, the CC theory is the most reliable and 

computationally affordable method for the approximate solution of the electronic 

Schrödinger equation. It was introduced by Coester and Kümmel in the late 1950s in the 

context of studying the atomic nucleus.22-23 CC methods for molecular electronic 

calculations were developed by Čížek in 1966.24 For good reviews of the CC method, see 

Refs. 25-31 and a recent book in Ref. 32. The perturbation method adds all types of 

corrections (i.e., S, D, T, Q, etc.) to the reference wavefunction to a given order (2, 3, 4, 

etc.). The idea in CC theory is to include all corrections of a given type to infinite order.33 

 

Let us begin with defining an excitation operator 𝑇, which is given by Eq. (1.23). 

 

𝑇 = 𝑇! + 𝑇! + 𝑇! + 𝑇! +⋯+ 𝑇!                                                                                (1.23) 

 

where n is the total number of electrons. The various 𝑇! operators acting on an HF 

reference wavefunction (Φ!) generates all possible ith excited Slater determinants. For 

example, 
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𝑇!Φ! = 𝑡!!Φ!
!!"#

!
!""
!                                                                                               (1.24) 

𝑇!Φ! = 𝑡!"!"Φ!"
!"!"#

!!!
!""
!!!                                                                                          (1.25) 

 

where t is the expansion coefficient of amplitudes.  

 

A CI wavefunction can be obtained by allowing the excitation operator to work on an HF 

wavefunction. 

 

Ψ!" = 1  +   𝑇 Φ! = (1+ 𝑇! + 𝑇! + 𝑇! + 𝑇! +⋯ )Φ!                                           (1.26) 

 

One the other hand, the corresponding coupled cluster wavefunction is given by Eqs. 

(1.27) and (1.28). 

 

Ψ!! = 𝑒!Φ!                                                                                                                (1.27) 

𝑒! = 1+ 𝑇 + !
!!
𝑇! + !

!!
𝑇! +⋯ = !

!!
𝑇!!

!!!                                                             (1.28) 

 

From Eqs. (1.23) and (1.28), the exponential operator can be written as 

 

  𝑒! = 1+ 𝑇! + 𝑇! +
1
2𝑇!

! + 𝑇! + 𝑇!𝑇! +
1
6𝑇!

! + 

𝑇! + 𝑇!𝑇! +
!
!
𝑇!! +

!
!
𝑇!𝑇!! +

!
!"
𝑇!! +⋯                       (1.29) 

  

The first term (1) generates the reference HF and the second term (𝑇!) generates all 

single excited states. The first parenthesis 𝑇! +
!
!
𝑇!!  generates all double excited sates, 

and the second parenthesis 𝑇! + 𝑇!𝑇! +
!
!
𝑇!!   generates all triple excited states. The 

quadruple excited states can similarly be viewed as consist of five items, a true quadruple 

(i.e. 𝑇!) and four product terms (i.e.,  𝑇!𝑇!, !
!
𝑇!!, !

!
𝑇!𝑇!!, and !

!"
𝑇!!). 

 

With the coupled cluster wavefunction in Eq. (1.27) the Schrödinger equation becomes 

 

𝐻𝑒!Φ! = 𝐸𝑒!Φ!                                                                                                        (1.30) 
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Multiplication by Φ!
∗  and integration gives 

 

Φ! 𝐻 𝑒!Φ! = 𝐸 Φ! 𝑒!Φ!                                                                                     (1.31) 

𝑒!Φ! = 1+ 𝑇 +⋯ Φ! = Φ! + 𝑇Φ! +
!
!!
𝑇!Φ! +⋯                                            (1.32) 

 

Since Φ! 𝑒!Φ!  = 1, and Eq. (1.31) becomes 

 

Φ! 𝐻 𝑒!Φ! = 𝐸                                                                                                       (1.33) 

 

Multiplication of the Eq. (1.30) by Φ!"
!"∗ and integration gives 

 

Φ!"
!" 𝐻 𝑒!Φ! = 𝐸 Φ!"

!" 𝑒!Φ!                                                                                 (1.34) 

 

Using of Eq. (1.33) to eliminate E from Eq. (1.34) gives 

 

Φ!"
!" 𝐻 𝑒!Φ! = Φ! 𝐻 𝑒!Φ! Φ!"

!" 𝑒!Φ!                                                              (1.35) 

 

So far the treatment has been exact. If all cluster operators up to 𝑇! are included in 𝑇, all 

possible excited determinants will be generated and the coupled cluster wavefunction is 

equivalent to full CI. As already stated, this is not possible for all but the smallest 

systems. Therefore, the cluster operator must be truncated at some excitation level. After 

the 𝑇 operator is truncated, some of terms in the amplitude equations become zero, and 

the amplitudes derived from these approximate equations no longer are exact. The energy 

calculated from these approximate singles and doubles amplitudes will also be 

approximated. The number of terms included in 𝑇  determines how severe the 

approximation is. Including only the 𝑇! operator does not improve any improvement over 

the HF method, as matrix elements between the HF and single excited states are zero. 

Therefore, the lowest level of approximation is 𝑇 = 𝑇! , referred to coupled cluster 

doubles (CCD). Using 𝑇 = 𝑇! + 𝑇! gives the CCSD method, which is slightly more 

demanding than CCD, and results in a more complete model. Both CCD and CCSD 

involve a computational cost that scales as 𝑀!"#$#
!  in the limit of a large basis set. The 

next higher level gives the CCSDT model, which includes 𝑇 = 𝑇! + 𝑇! + 𝑇!.34 The 
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contribution from 𝑇!  is quite important, particularly in systems with high electron 

densities. CCSDT calculations obtain very accurate correlation energies, but involve a 

much demanding computational cost that scales as 𝑀!"#$#
! .5 It can only be feasible for 

small systems consequently. 

 

Various procedures for estimating the effects of the connected triples have been 

proposed. The most robust and commonly used approach is the so-called CCSD(T) 

method, which includes singles, doubles, and perturbative triples coupling terms.35 It 

involves a demanding computational cost that scales as 𝑀!"#$#
! .18 In the CCSD + (T) 

model, the 𝑇! contribution is calculated by using the MP4 formula but with converged 

CCSD amplitudes instead of the perturbation coefficients for the wavefunction 

corrections. Adding one additional fifth-order term, describing the coupling between 

singles and triples, results in the CCSD(T) model. A CCSD(T) calculation contains the 

following steps: 

 (i) calculating unperturbed Atomic Orbital (AO) integrals; 

(ii) solving SCF equations; 

(iii) transforming of integrals from AO to the Molecular Orbital (MO) basis set; 

(iv) solving the CCSD equations; 

(v) calculating the perturbative triples contribution.  

 

In general, the (T) term slightly overestimates the triples correction, and does so by an 

amount about equal to the ignored quadruples, namely, there is a favorable cancellation 

of errors.36 Given a sufficiently large basis set, the CCSD(T) procedure is able to meet 

the goal of ‘chemical accuracy’ (~4 kJ mol–1) for most systems.5 This makes the 

CCSD(T) method extremely effective in most instances, and indeed this level has 

become to be the effective “gold standard” of computational chemistry due to its ability 

to recover over 99% of the electron correlation energy. 
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1.4 Basis Sets 

 

1.4.1 Slater and Gaussian Type Orbitals 

 
A basis set is a set of mathematical functions that are used to describe the wavefunction 

or electron density. Typically, the smaller the basis set, the poorer the representation. 

Two types of basis functions are commonly used in electronic structure calculations: 

Slater-Type Orbitals (STOs) and Gaussian-Type Orbitals (GTOs). Slater type orbitals 

have the functional form as follows 14 

 

𝜒!,!,!,! 𝑟,𝜃,𝜑 = 𝑁𝑌!,! 𝜃,𝜑 𝑟!!!𝑒!!"                                                                    (1.36) 

 

where, N is a constant for normalization, 𝜁 is an exponent that can be chosen according 

to a simple set of rules developed by Slater, n is the principal quantum number for 

valence orbitals, and 𝑌!,!  is the spherical harmonic function which depends on the 

angular momentum quantum numbers l and m. STOs are primarily used for atomic and 

diatomic systems, where high accuracy is required, and are described by using 𝑒!!. Also, 

they can be used with DFT methods that do not include exact exchange.5  

 

Gaussian-type orbitals, as shown in Eqs. (1.37) and (1.38), can be written in terms of 

polar or Cartesian coordinates.37 

 

𝜒!,!,!,! 𝑟,𝜃,𝜑 = 𝑁𝑌!,! 𝜃,𝜑 𝑟!!!!!!𝑒!!!!                                                              (1.37) 

𝜒!,!!,!!,!! 𝑥,𝑦, 𝑧 = 𝑁𝑥!!𝑦!!𝑧!!𝑒!!!!                                                                          (1.38) 

 

Here, 𝑙! + 𝑙! + 𝑙!  determines types of orbitals. GTOs are differentiable at the nucleus 

and are described by 𝑒!!! . GTOs are computationally preferred and used almost 

universally as basis functions in electronic structure calculations, however, for achieving 

a certain accuracy compared with STOs, more GTOs are needed. 
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1.4.2 Types of Basis Sets 

 
Basis sets (STOs or GTOs) can be classified by the number and type of basis functions 

that are included. In most bonding situations, it is the valence electrons that principally 

take part in forming the chemical bond. In recognition of this fact, it is common to 

represent valence orbitals by more than one basis function. Basis sets in which there are 

multiple basis functions corresponding to each valence atomic orbital are called valence 

double-, triple-, quadruple-zeta basis sets, and so on.38 Since different valence orbitals 

have different spatial extents depending on the molecular environment, split-valence 

basis sets allow the electron density to adjust its spatial extent according to the particular 

molecular environment. There are mainly two types of basis sets: the Pople style and 

correlation-consistent basis sets. 

 

1.4.2.1 Pople Style Basis Sets 
 

STO-nG Basis Sets: The most common minimal basis set is the type of STO-nG, where 

n is an integer and is fitted to s single Slater type orbital (STO). n originally takes values 

of 2–6 and was proposed by Pople first.39-40 Commonly used minimal basis sets of this 

type are: STO-3G, STO-4G, STO-6G, etc. 

 

k-nlmG Basis Sets: The notation for the split-valence basis sets arising from the group of 

Pople 40-44 is typically k-nlmG, where, the k in front of the dash indicates how many 

primitive GTOs (PGTOs) are used for representing the core orbitals; the nlm after the 

dash indicate both how many functions the valence orbitals are split into and how many 

PGTOs are used for their representation. The values of nl indicate a split valence, while 

three values of nlm indicate a triple split valence. The values before G indicate the s- and 

p-functions in the basis; the polarization functions are placed after G. Here is a list of 

commonly used split-valence basis sets: 3-21G, 3-21G* (with polarization functions), 3-

21+G (with diffuse functions), 3-21+G* (with polarization and diffuse functions), 4-21G, 

4-31G, 6-21G, 6-31G, 6-31G*, 6-31+G*, 6-31G(3df, 3pd), 6-311G, 6-311+G, 6-311G*, 

6-311+G*, and 6-311++G(3df,3pd). 
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1.4.2.2 Correlation-Consistent Basis Sets 
 

All the previously designated basis sets, from STO-3G to 6-311++G(3df, 3pd), are Pople 

style basis sets. Another popular class of basis set was developed by Dunning and 

coworkers.45-47 These basis sets are typically designed for post-HF calculations, in which 

electron correlation is taken into account. Because they are intended to give such 

calculations improved results in correlated with their increasing size, they are termed as 

correlation-consistent (cc) basis sets. The cc-basis sets are denoted as cc-pVnZ, where p 

stands for polarization functions, V for valence, n for the number of shells the valence 

functions are split into, and Z for zeta. Examples of cc-basis sets are cc-pVDZ (namely 

cc polarized valence doubly-split zeta), cc-pVTZ (namely cc polarized valence triply-

split zeta), cc-pVQZ (namely cc polarized valence quadruply-split zeta), cc-pV5Z 

(namely cc polarized valence fivefold-split zeta), etc. Also, these basis sets can be 

augmented with diffuse functions, giving aug-cc-pVnZ (AVnZ) or aug’-cc-pVnZ 

(A’VnZ). Meanwhile, for the third-row atoms, additional d functions are necessary, i.e., 

the cc-pV(n+d)Z basis sets. Even larger atoms may employ pseudopotential basis sets, 

cc-pVnZ-PP,48-49 or relativistic-contracted Douglas-Kroll basis sets, cc-pVnZ-DK.50 

 

1.5 Density Functional Theory (DFT) 
 
Density functional theory (DFT) is based on the two theorems proposed by Hohenberg 

and Kohn in 1964. These two theorems state that (i) the ground-state properties of an 

atom/molecule are determined by its electron density function and (ii) the trial electron 

density must give energy greater than or equal to the true energy.51 As a key 

breakthrough, Kohn and Sham reported that the energy of a system in formulated as a 

deviation from the energy of an idealized system with non-interacting electrons.4 By 

minimizing the energy with respect to the Kohn-Sham orbitals, the Kohn-Sham 

equations can be derived from the energy equation. The main goal of DFT methods is to 

find functionals connecting the electron density with the energy.6 Various levels of DFT 

functionals will be discussed in this section. 
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1.5.1 Basic Principles of Density Functional Theory 

 

1.5.1.1 The Hohenberg-Kohn Theorems 
 

DFT calculations are based the Kohn-Sham theory, the stage for which was set by two 

theorems reported by Hohenberg and Kohn in 1964.51 The first theorem says that the 

properties of an atom or a molecule in ground state are determined by the ground state 

electron density function 𝜌! 𝑥,𝑦, 𝑧 . Namely, in principle, given 𝜌! 𝑥,𝑦, 𝑧 , we can 

calculate any ground state property, e.g. the energy (𝐸!). 

 

𝜌! 𝑥,𝑦, 𝑧 → 𝐸!                                                                                                           (1.39) 

 

This means that 𝐸! is a functional of 𝜌! 𝑥,𝑦, 𝑧 . We can also present this as 

 

𝐸! = 𝐹 𝜌! = 𝐸 𝜌!                                                                                                     (1.40) 

 

The significance of this theorem is that, in principle, it ensures us that there is one way to 

calculate molecular properties from the electron density. 

 

The second theorem says that any trial electron density function will give energy higher 

than or equal to the true ground state energy. Thus this theorem can be presented as 

 

𝐸! 𝜌! ≥ 𝐸! 𝜌!                                                                                                           (1.41) 

 

where 𝜌! is a trial electronic density and 𝐸! 𝜌!  is the true energy of the ground state, 

corresponding to the true electronic density 𝜌!. The trial electronic density (𝜌!) must 

meet the conditions in Eq. (1.42). 

 

𝜌! 𝒓   𝑑𝒓 = 𝑛                                                                                                            (1.42) 

 

where n is the electron number of the molecule. 
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It has been shown that the two Hohenberg-Kohn theorems were not only valid for non-

degenerate ground states, but also valid for degenerate ground states.52  

 

1.5.1.2 The Kohn-Sham Theory 
 

Based on Hohenberg-Kohn theorems, Kohn and Sham in 1965 proposed that it is worth 

looking for a way to calculate molecular properties from the electron density and a 

variational approach might yield a way to calculate the energy and electron density.4 

There are two basic ideas behind the Kohn-Sham (KS) approach. The first one is that to 

express the molecular energy as a sum of few terms. Only one of them, a relatively small 

term, involves the unknown functional. The second one is that to use an initial guess of 

the electron density 𝜌 in the KS equations to calculate an initial guess of the KS orbitals 

and energy levels. Then, this initial guess is used to refine these orbitals and energy 

levels iteratively. The final KS orbitals are used to calculate an electron density that is 

used to calculate the energy. This led to the KS equations as shown in Eq. (1.43). 

 

𝐸 𝜌(𝒓) = 𝑇!" 𝜌(𝒓) + 𝑉!" 𝜌(𝒓) + 𝑉!! 𝜌(𝒓) + ∆𝑇 𝜌(𝒓) + ∆𝑉!! 𝜌(𝒓)                (1.43) 

 

where terms on the right side in Eq. (1.43) refer to, the kinetic energy of the non-

interacting electrons, the nuclear-electron attraction interaction, the electrostatic electron-

electron repulsion, the correction to the kinetic energy, and non-classical correction to 

electron-electron repulsion energy, respectively.18 

 

It is obvious that, for a non-interacting system of electrons, the kinetic energy is just the 

sum of the individual kinetic energies. Using an orbital expression for the density, Eq. 

(1.43) can be rewritten as 

 

𝐸 𝜌 𝒓 = 𝜒! −
1
2∇!

! 𝜒! − 𝜒!
𝑍!

𝒓! − 𝒓!

!"#$%&

!

𝜒!

!

!

 

                                                                                + 𝜒!
!
!

! 𝒓!

𝒓!!𝒓!
𝑑𝒓! 𝜒!!

! + 𝐸!" 𝜌 𝒓                                  (1.44) 
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where n is the electron number. And the expression used that the density for a Slater 

determinantal wavefunction is simple. 

 

𝜌 = 𝜒! 𝜒!!
!!!                                                                                                            (1.45) 

 

Note that the last two terms, ∆𝑇 𝜌(𝒓)  and ∆𝑉!! 𝜌(𝒓)  in Eq. (1.43), are always lumped 

together and termed as the exchange correlation energy (𝐸!"), which is difficult to 

calculate. This term accounts for not only the effects from quantum mechanical exchange 

and correlation, but also the correction for the classical self-interaction energy and for the 

difference in kinetic energy between the fictitious non-interacting system and the real 

one.5, 18 Using the variational approach to determine the orbitals (𝜒) that minimize the 

energy (𝐸) in Eq. (1.44), we find that they satisfy the pseudo-eigenvalue equations: 

 

ℎ!!"𝜒! = 𝜀!𝜒!                                                                                                                (1.46) 

 

where the KS one-electron operator (ℎ!!") is given by 

 

ℎ!!" = − !
!
∇!! −

!!
𝒓!!𝒓!

+ ! 𝒓!

𝒓!!𝒓!
𝑑𝒓! + 𝑉!"!"#$%&

!                                                    (1.47) 

𝑉!! =
!!!"
!"

                                                                                                                   (1.48) 

 

Here, the so-called functional derivative 𝑉!"  is perhaps the best description as the one-

electron operator for which the expectation value of the KS Slater determinant is 𝐸!" .  

 

The Kohn-Sham methodology has many similarities. It is instructive first to consider 

how to go about determining the exchange correlation energy 𝐸!" . 

 

1.5.2 Various Levels of Kohn-Sham DFT Functionals 

 
Different DFT models have been suggested and implemented over the past two decades. 

These models can be divided into several different classes, which are termed as ‘Jacob’s 

ladder’ of functional approximation.53 In the order of increasing complication, below we 

will briefly focus on the functionals based on the Jacob’s ladder.  
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(i) the local density approximation (LDA); 

(ii) the generalized gradient approximation (GGA);  

(iii) meta-GGA (MGGA); 

(iv) hybrid GGA (HGGA); 

(v) hybrid meta-GGA (HMGGA); 

(vi) double-hybrid density functionals (DH). 

 

Figure 1.5 shows the Jacob’s ladder for the five generations of DFT functionals with 

indication of some of the most common DFT functionals within each rung. There are a 

number of valuable reviews that tend to illustrate the improvement of the method with 

specific functionals, see Refs. 54-60. 

 

 
Figure 1.5 Jacob’s ladder for the five generations of DFT functionals, with some of the 

most common DFT functionals within each rung. 
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1.5.2.1 The Local Density Approximation (LDA) 
 

The local density approximation (LDA) takes the simplest approximation to 𝐸!" 𝜌 𝒓  

and locates in the bottom rung of the Jacob’s ladder. LDA is based on the assumption 

that the density locally can be treated as a uniform electron gas. The exchange energy for 

a uniform electron gas is given by 

 

𝐸!!"# 𝜌 = −𝐶! 𝜌!/! 𝒓 𝑑𝒓                                                                                      (1.49) 

𝜀!!"# = −𝐶!𝜌!/!                                                                                                          (1.50) 

 

In more general cases, where the densities are not equal, then LDA has been gradually 

abandoned and replaced by the Local Spin Density Approximation (LSDA), which is 

given as the sum of the individual densities raised to the !
!
 power (see Eq. (1.51)). 

 

𝐸!!"#$ 𝜌 = −2!/!𝐶! 𝜌!
!/! + 𝜌!

!/! 𝑑𝒓                                                                   (1.51) 

 

Here the ‘spin’ means that electrons of opposite spin are placed in different Kohn-Sham 

orbitals. LSDA functionals are generally called LSD functionals.  

 

The LSDA also can be written in terms of the total density and a spin-polarization 

function. 

 

𝜀!!"#$ = −𝐶!𝑓! 𝜁 𝜌!/!                                                                                              (1.52) 

𝑓! 𝜁 = !
!

1+ 𝜁 !/! + 1− 𝜁 !/!                                                                           (1.53) 

 

The ingenious of the LDA method to LDSA assigns electrons of 𝛼 and 𝛽 spin to different 

spatial KS orbitals, from which different electron density functions 𝜌! and 𝜌! follow. 

The LSDA method has advantages to handle systems with one or more unpaired 

electrons (i.e. radicals). For closed shell systems, LSDA is equal to LDA since this is the 

most common case.5 The 𝑋! method developed by Slater in 1951 61 can be considered as 

one LDA method where the correlation energy is ignored and the exchange term is give 

as 
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𝜀!! = − !
!
𝛼𝐶!𝜌!/!                                                                                                       (1.54) 

 

The LSDA method is an exact DFT method for some special cases. For molecular 

systems, the LSDA approximation underestimates the exchange energy by ~10%, thus 

creating errors that are larger than the whole correlation energy.5 However, the LDA 

method provides a route to compute the energy of a molecule through the electron 

density, it tends to overestimate the energy. 

 

1.5.2.2 The Generalized Gradient Approximation (GGA) 
 

In a molecular system, the electron density is typically rather far from spatially uniform, 

then a non-uniform electron gas must be considered for the improvements over the LDA 

or LSDA methods. A way to improve the correlation energy is to make exchange and 

correlation energies dependent not only on the electron density but also on derivatives of 

the density (∇𝜌). These functionals are called gradient-corrected or the generalized 

gradient approximation (GGA). Compared with LDA and LSDA, they also have been 

called non-local functionals. The exchange-correlation energy functional can be written 

as the sum of an exchange-energy functional and a correlation-energy functional, i.e., 

𝐸!" = 𝐸! + 𝐸! .3 Both of them are negative and 𝐸!  is much larger than 𝐸! .17  

 

One of the earliest and most popular GGA exchange functionals developed by Becke (B 

or B88) 62 is a ‘new and greatly improve functional for the exchange energy’.63 Other 

commonly used exchange functionals are CAM,64 O,65 PBE,66 PW,67 and X functionals.68 

With respect to exchange functionals, there have been various GGA functionals proposed 

for the correlation energy functionals. Examples of gradient-corrected correlation-energy 

functionals are the PW91,69 LYP,70 and P86 functionals.71 All these functionals are 

usually used with Gaussian-type basis functions for representing the KS orbitals.  

 

Typically, a complete specification of the exchange and correlation functionals is 

accomplished by combining the two acronyms in that order. For instance, a BLYP 

calculation contains the Becke’s GGA exchange functional and the LYP (Lee, Yang, and 

Parr) GGA correlation functional. There are some other GGA functionals: B97-D,72 

HCTH407,73 BP86,62, 71 BPW91,62, 69 SOGGA11,74 and N12.75 
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1.5.2.3 Meta-GGA (MGGA) 
 

We have discussed the functionals that use the first derivative of the electron density 

function above. Those functionals generally improve their performance over ones only 

relying on the density 𝜌 itself. Therefore, someone suspected that further improvement 

could be obtained by invoking the second derivative of 𝜌, namely (∇!𝜌). This is the 

Laplacian of the electron density function. Functionals that add the second derivative of 

𝜌 are termed as meta-gradient corrected (Meta-GGA or MGGA) as they go beyond the 

simply gradient correction. Here, meta means beyond. This procedure seems to provide 

some improvement but functionals that depend on the ∇!𝜌 present technical problems. 

One alternative way to sidestep this is to make the MGGA functionals dependent on the 

kninetic-energy density (𝜏),5 which is defined as 

 

𝜏 𝒓 = !
!

∇𝜒!!" 𝒓
!!""

!!!                                                                                             (1.55) 

 

where 𝜒 is the self-consistently determined KS orbital. 

 

Many kinds of MGGA functionals have been developed. Examples are BB95,76 𝜏-

HCTH,77 TPSS,78 M06-L,79 M11-L,80 MN12-L,81 VSXC,82 etc.. A detailed review of the 

theory and mathematics behind MGGA functionals can be found in reference 60. The 

computational cost of MGGA calculations is entirely comparable to those for GGA 

calculations, however, the former is typically more accurate than the latter for a pure 

density functional.  

 

1.5.2.4 Hybrid GGA (HGGA)  
 

Functionals with added Hartree-Fock (HF) exchange are called hybrid GGA (i.e. 

HGGA). The percentage of HF exchange energy to use is a main distinguishing 

characteristic of the various HGGA functionals. Becke first developed the three-

parameter functional expression83 

 

𝐸!"!!!"!" = 1− 𝑎 𝐸!!"#$ + 𝑎𝐸!!" + 𝑏∆𝐸!! + 𝐸!!"#$ + 𝑐∆𝐸!!"!"                             (1.56) 

 



Chapter	  1:	  General	  Introduction	  
	  

	  28	  

where a, b, and c were optimized to 0.20, 0.72, and 0.81 respectively. The name 

B3PW91 implies its use of a three-parameter scheme, as well as the GGA exchange 

functional B and correlation functional PW91. Then Stephens and coworkers modified 

this functional to use the correlation functional LYP instead of PW91 since LYP is 

designed to calculate the full correlation energy not a correction to LSDA.84 The B3LYP 

model is given as 

 

𝐸!!!!!"# = 1− 𝑎 𝐸!!"#$ + 𝑎𝐸!!" + 𝑏∆𝐸!! + 1− 𝑐 𝐸!!"#$ + 𝑐∆𝐸!!"#                      (1.57) 

 

where values of a, b, and c are same as in B3PW91. Of all the modern functionals, 

B3LYP is the most popular to date. Its overall performance is remarkably good. Another 

HGGA functional O3LYP 85 is similar in character to B3LYP, with a = 0.1161, b = 

0.9262, and c = 0.8133. The difference between B3LYP and O3LYP is that B3LYP uses 

the VWN3 LSDA correlation functional while O3LYP uses the VMWN5 version. Also, 

another HGGA X3LYP functional 86 uses the form of Eq. (1.57), with a = 0.218, b = 

0.709, and c = 0.129.  

 

Meanwhile, besides the B3 methods, a number of 1-parameter models, restricting 

themselves to adjusting the percentage of HF exchange included in the functional, have 

been developed. The B1PW91,87 B1LYP,87 B1B95,62, 76 mPW91PW91, and PBE1PBE 

(sometimes called PBE0)88 are examples. The performance of these functionals tends to 

be fairly comparable to the B3 methods.18 Generally, inclusion of exact HF exchange is 

found to improve the performance, however, the optimum fraction to include depends on 

the specific property of interest. By including a suitable fraction of exact HF exchange, 

these new 1-parameter functionals show good performance. The improvement may partly 

arise from reducing the self-interaction error (SIE) since the HF theory is completely 

self-interaction free. 

 

1.5.2.5 Hybrid Meta-GGA (HMGGA)  
 

The HF exchange added to GGA functionals yields HGGA functionals as mentioned 

above. Then adding HF exchange to MGGA functionals generates the hybrid meta-GGA 

(HMGGA) functionals. HMGGA uses the first derivative of 𝜌 (∇𝜌) and its second 

derivative (∇!𝜌), or kinetic energy density (𝜏), and Hartree-Fock exchange. Most straight 
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forward, a fixed amount of the Hartree-Fock exchange between 0 and 100% is assumed. 

Such functionals are also call range-separated hybrid (RS) functionals when the fraction 

is dependent on the electron-electron distance.89 They are on the fourth rung of Jacob’s 

ladder and the highest-level functionals in routine use. Examples of common HMGGA 

exchange-correlation functionals include B1B95,62, 76 BB1K,62, 76, 90 TPSSh,91 𝜏 -

HCTHh,77 PW6B95,92 BMK,93 and the Minnesota functionals (i.e., M05,94 M05-2X,95 

M06,96 M06-2X,96 and M06-HF96). Also, there are various of the so-called RS 

functionals, e.g., CAM-B3LYP,64 LC-ωPBE,97 ωB97,98 and ωB97X.99 These methods 

represent an improvement over previous functionals, particularly in the determination of 

atomization energies and barrier heights.100 

 

1.5.2.6 Double Hybrid (DH) Density Functional Approximation (DHDFA) 
 

The development of double hybrid density functional approximations (DHDFA) is one of 

the latest steps in the ongoing process of improving DFT methods.6, 52 The ultimate goal 

of this process is to find an exact but applicable energy expression for the electrons of a 

given system. The basic idea of DHDFAs is the combination of exchange and correlation 

contributions from wavefunction theory and DFT.101-103 This extends the standard hybrid 

density functional approximations (DFAs) by including post-Hartree-Fock contributions 

and thereby addresses many challenges in DFT. Grimme proposed to mix DFT 

exchange-correlation methods with Fock exchange and MP2 correlation in 2006.104 This 

semi-empirical method is very successful and efficient, thus attracted much interest. The 

basic energy expression is given by Eq. (1.58). 

 

𝐸 𝐷𝐻𝐷𝐹𝐴 = 𝐸!" + 𝑎!𝐸! 𝐷𝐹𝑇 + 𝑎!𝐸! 𝐹𝑜𝑐𝑘 + 𝑏!𝐸! 𝐷𝐹𝑇 + 𝑏!𝐸! 𝑝𝐻𝐹      (1.58) 

 

where 𝐸! 𝐷𝐹𝑇  and 𝐸! 𝐹𝑜𝑐𝑘  are the energy contributions from DFT exchange and HF 

exchange respectively, while 𝐸! 𝐷𝐹𝑇  and 𝐸! 𝑝𝐻𝐹  terms are electron correlation 

contributions based on DFT and post-HF methods. These energy contributions have to be 

added to the Hartree energy (𝐸!").  

 

Examples of popular DH functionals are B2-PLYP,104 B2GP-PLYP,105 B2K-PLYP,106 

DSD-BLYP,107 DSD-PBEP86,108 and PWPB95.109 The superior performance of double 

hybrids (DHs) compared to the common DFT methods was proven in many applications, 
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i.e., non-covalent interactions and heats of formation,110 molecular geometries,110 

thermochemical relative energies,111 proton affinities,112 electronic circular dichroism 

spectra,113 etc.. Double-hybrid calculations can be efficiently executed with the 

resolution of identity (RI-) approximation.114 It leads to very large speedups at essentially 

no loss of accuracy. 

 

1.5.2.7 The Most Common DFT Functionals 
 

Table 1.1 shows an overview of some common density functionals, with the indication of 

the type of functional and of the correspondent exchange and correlation functionals. 

Among these functionals, B3LYP is by far the most popular density functional in 

chemistry, representing about 80% of the total usage of density functionals in the 

literature, in the period of 1990–2006.100 Although the progress in the field and the 

development of several new functionals every year, B3LYP still continues to dominate 

the field, maintaining around 80% throughout the past 10 years. Zhao and coworkers 

even singled B3LYP out for special comparison with their new functionals.57 
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1.5.3 Dispersion Correction  

 
Modern DFT methods are compromised by the problem of self-interaction and the lack 

of a quantitatively right description of London dispersion effects over all interaction 

ranges. The former (self-interaction error) is softened to some extend for DH functionals 

due to the relative high amount of Fock exchange. The latter (London dispersion effects) 

could also be addressed by this kind of method because London dispersion is a long-

range non-local correlation that is accounted for by the MP2 term in the DH functional. 

However, in practice, the low amount of the MP2 correlation energy (< 40%) cannot 

compensate for the deficiency. A remedy can be adding a dispersion correction term to 

the energy.89 

 

One of the most successful and widely used methods proposed by Grimme is called 

DFT-D, in which a damped, atom-pair wise potential is added to the standard KS DFT 

results.121 Meanwhile, many modifications of the DFT-D approach have been reported.72, 

122-123 All are based on an atom-pair wise additive treatment of the dispersion correction 

energy. The basic form of energy correction is generally given as 

 

𝐸!"#$!"#!! = − !
!

𝑠!
!!!"

!!"
! 𝑓!"#$ 𝑅!"!!!,!,…!!!                                                        (1.59) 

 

where, the sum runs over all orders (n) of the dispersion interaction considered in the real 

model and all atom pairs (AB) in the system, which have a internuclear distance of 𝑅!". 

𝐶!!" denotes the averaged nth-order dispersion coefficient for the atom pair AB. Global 

scaling factors (𝑠!) that are functional dependent can be used to adjust the correction to 

the repulsive behavior of the chosen exchange-correlation DFT functional. One of the 

key components in all DFT-D methods is the damping function (𝑓!"#$ ), which 

determines the short-range behavior of the dispersion correction and is needed to avoid 

divergence of the energy expression and suppress double counting effects. 

 

It has been proven that DFT-D3 is currently the best simple way to calculate data for 

arbitrary systems.123 There are three major advantages using DFT-D3 compared with 

other methods: (i) D3 can be easily coupled with many standard DFT methods without 

significant loss of accuracy; (ii) D3 easily allows the calculation of energy gradients for 
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efficient geometry optimization, which is one of main purposes of the method; (iii) the 

total dispersion energy can easily be tracked to contributions from individual atom pairs, 

parts of molecules, or for a specific distance range.124 

 

1.6 Composite Methods 
 
The basic principle of a composite method is to aim for high accuracy by using additive 

approximations obtained from multiple calculations of higher efficiency and lower 

accuracy. The oldest and most widely used composite methods are the Gaussian-n (Gn) 

methods proposed by Pople and coworkers.125-129 The goal of Gn methods was to 

develop a procedure that could be applied to any molecular or atomic system and 

consistent with known energetic experimental data, e.g., atomization energies, enthalpies 

of formation, electron affinities, and proton affinities, within 8.4 kJ mol–1. These methods 

have been successfully applied in many systems. Some other composite methods have 

been proposed since 1990s. Petersson and coworkers developed the complete basis set 

(CBS-n) model,130-132 and Martin et al. developed the Weizmann-n (Wn) series 

methods.133-136 The High Accuracy Extrapolated ab initio Thermochemistry (HEAT) 

method was created by Stanton and coworkers.137 Meanwhile, the correlation consistent 

composite approach (ccCA) was proposed by Wilson group in 2006.138 In the following 

sections, I will only briefly discuss the Gn, CBS-n, and Wn series methods, which will be 

used in the following projects in Chapter 3. 

 

1.6.1 Gaussian-n (Gn) Theories 

 

1.6.1.1 Gaussian-2 (G2) Theory 
 

G1 theory was developed first in this series and was feasible to molecules containing 

both first and second row elements.125, 139 In this section, I will not discuss about G1 

theory because it was soon replaced by G2 theory, which addressed several deficiencies 

that were found in G1. G2 theory covers a series of well-defined calculations based on ab 

initio molecular orbital to obtain a total energy, which is defined as 
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𝐸! 𝐺2 = 𝐸 𝑄𝐶𝐼𝑆𝐷 𝑇 6– 311𝐺 𝑑,𝑝 + 𝐸 𝑝𝑙𝑢𝑠  

                                    +𝐸 2𝑑𝑓,𝑝 + 𝐸 ∆ + 𝐸 𝐻𝐿𝐶 + 𝐸 𝑍𝑃𝐸                                                 (1.60) 

 

Here, the 𝐸 𝑄𝐶𝐼𝑆𝐷 𝑇 6– 311𝐺 𝑑,𝑝  correlated energy is calculated at the optimized 

geometry obtained by using MP2(Full)/6-31G(d). The term 𝐸 𝑝𝑙𝑢𝑠 , as the effect of 

diffuse functions, is gained as the difference between MP4/6-311G(d,p) and MP4/6-

311+G(d,p) calculations. The effect of higher polarization functions, 𝐸 2𝑑𝑓,𝑝 , is 

obtained as the difference between MP4/6-311G(d,p) and MP4/6-311G(2df,p) 

calculations. The 𝐸 ∆  is a correction for larger basis set effects and for non-additivity 

caused by the assumption of separate basis set extensions for diffuse and higher 

polarization functions. It is presented by  

 

𝐸 ∆ = 𝐸 𝑀𝑃2 6– 311+ 𝐺 3𝑑𝑓, 2𝑝 − 𝐸 𝑀𝑃2 6– 311𝐺 2𝑑𝑓,𝑝  

                              −𝐸 𝑀𝑃2 6– 311+ 𝐺 𝑑,𝑝 + 𝐸 𝑀𝑃2 6– 311𝐺 𝑑,𝑝                            (1.61) 

 

The higher level correction 𝐸 𝐻𝐿𝐶  equals to −𝐴𝑛! − 𝐵𝑛! 𝑛! ≥ 𝑛! . Here,  𝑛! and 𝑛! 

are the number of 𝛽 and 𝛼 valence electrons, respectively. The two parameters A and B 

equal to 4.81 and 0.19 mhartrees respectively. The zero-point energy, 𝐸 𝑍𝑃𝐸 , is 

calculated from harmonic frequencies at the HF/6-31G(d) level of theory and scaled by a 

factor of 0.8929. 

 

It has been reported that G2 theory has a mean absolute deviation (MAD) of 6.6 kJ mol–1 

for the G2/97 set with 147 enthalpies of formation.140 However, G2 theory was found 

that the errors increase significantly for larger molecules. 

 

1.6.1.2 Gaussian-3 (G3) Theory 
 

G3 theory was derived to correct some deficiencies caused by G2 theory for systems 

such as halogen-containing molecules and unsaturated hydrocarbons.127 Similarly to G2 

theory, G3 theory also uses a sequence of ab initio calculations, which have been 

modified from those in G2 theory, to gain a total energy, which is presented by Eq. 

(1.62). 
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𝐸! 𝐺3 = 𝐸 𝑄𝐶𝐼𝑆𝐷 𝑇 6– 31𝐺 𝑑 + 𝐸 𝑝𝑙𝑢𝑠 + 𝐸 2𝑑𝑓,𝑝 + 𝐸 ∆𝐺3𝐿 + 𝐸 𝑆𝑂 +

                                      𝐸 𝐻𝐿𝐶 + 𝐸 𝑍𝑃𝐸                                                                                      (1.62) 

 

Here, the G3 energy is based on the 𝑄𝐶𝐼𝑆𝐷 𝑇 6– 31𝐺 𝑑  energy by using the 

MP2(Full)/6-31G(d) optimized geometry. Similarly to those in G2 theory, 𝐸 𝑝𝑙𝑢𝑠  and 

𝐸 2𝑑𝑓,𝑝  based on the 6-31G(d) basis set not the 6-311G(d, p) basis set. The 𝐸 ∆𝐺3𝐿  

term is given by 

 

𝐸 ∆𝐺3𝐿 = 𝐸 𝑀𝑃2 𝐹𝑢𝑙𝑙 𝐺3𝐿𝑎𝑟𝑔𝑒 − 𝐸 𝑀𝑃2 6– 31𝐺 2𝑑𝑓,𝑝  

                                              −𝐸 𝑀𝑃2 6– 31+ 𝐺 𝑑 + 𝐸 𝑀𝑃2 6– 31𝐺 𝑑                                 (1.63) 

 

The spin-orbit correction (𝐸 𝑆𝑂 ) is included only for atomic species. The term 𝐸 𝐻𝐿𝐶  

is −𝐴𝑛! − 𝐵 𝑛! − 𝑛!  for molecules (with A = 6.386 and B = 2.977 mhartrees) and 

−𝐶𝑛! − 𝐷 𝑛! − 𝑛!  for atoms (with C = 6.219 and D = 1.185 mhartrees). The 𝐸 𝑍𝑃𝐸  

is the same as that in G2 theory. 

 

The MAD is decreased to only 3.8 kJ mol–1 when using G3 theory for the G2/97 dataset. 

Variations of G3 theory also have been published, e.g., G3(MP2),127 G3B3,141 and 

G3B3(MP2).141 

 

1.6.1.3 Gaussian-4 (G4) Theory 
 

Based on G3 theory, five modifications are made resulting in G4 theory. The G4 energy 

is give as 

 

𝐸! 𝐺4 = 𝐸 𝐶𝐶𝑆𝐷 𝑇 6– 31𝐺 𝑑 + 𝐸 𝑝𝑙𝑢𝑠 + 2𝑑𝑓,𝑝

+ 𝐸 ∆𝐺3𝐿𝑋𝑃 𝐸 𝐻𝐹 𝑙𝑖𝑚𝑖𝑡  

                                                      +𝐸 𝑆𝑂 + 𝐸 𝐻𝐿𝐶 + 𝐸 𝑍𝑃𝐸                                                            (1.64) 

 

In G4 theory, the optimized geometry is obtained at the B3LYP/6-31G(2df,p) level, 

which is used to calculate harmonic frequencies (scaled by 0.9854). The HF energy limit, 

𝐸 𝐻𝐹 𝑙𝑖𝑚𝑖𝑡 , is calculated by a linear two-point extrapolation scheme 142 using 

Dunning’s aug-cc-pVnZ basis sets. The other terms in Eq. (1.64) are the same as for G3 
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theory except that the QCISD(T)/6-31G(d) energy is replaced by CCSD(T)/6-31G(d) and 

the G3Large basis set is modified to G3LargeXP in the 𝐸 ∆𝐺3𝐿𝑋𝑃  term. In G4 theory, 

the values of parameters in 𝐸 𝐻𝐿𝐶  term are: A = 6.9471, B = 2.4409, C = 7.1159, and D 

= 1.4143 mhartrees. 

 

G4 theory was evaluated by the G3/05 dataset, which includes energies for species 

containing 1st, 2nd, and 3rd row elements and contains enthalpies of formation, 

atomization energies, electron affinities, proton affinities, ionization potentials, and 

hydrogen bond energies. The MAD at G4 level is 3.5 kJ mol–1, which is significant 

improved over 4.7 kJ mol–1 for G3 theory. Variations of G4 theory also have been 

developed, including G4(MP2) 143 and G4(MP2)–6X.144 

 

1.6.2 The Complete Basis Set (CBS-n) Methods 

 
The key to composite methods is the extrapolation of the basis set to an infinite limit. 

There are three basic CBS methods: CBS-APNO (for asymptotic pair natural 

orbitals),145-146 CBS-Q (for quadratic CI),130-131, 147 and CBS-4 (for fourth-order 

extrapolation).130, 132 The CBS-n methods contains generally seven or eight terms: 

 (i) Geometry optimization at HF/3-21G* or MP2/6-31G*, depending on the particular 

CBS method; 

(ii) Zero-point energy (ZPE) calculation at the optimization level; 

(iii) HF single point calculation with a big basis set (6-311+G(3d2f, 2df, p) or 6-

311+G(3d2f, 2df, 2p); 

(iv) MP2 single point calculation, in which basis set is depended on particular CBS 

method; 

(v) MP4 single point calculation; 

(vi) QCISD(T) single-point calculation (for some CBS methods); 

(vii) One or more empirical corrections. 

 

Figure 1.6 shows the components involved in CBS-4, CBS-Q, and CBS-APNO methods. 

In general, the CBS-4 method is an inexpensive low-end option, the CBS-APNO method 

presently is only applicable to the first-row systems, and the CBS-Q is the most feasible 

method in most cases. 
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Figure 1.6 The components of CBS-n methods, adapted from Ref. 148 

 

1.6.3 Weizmann-n (Wn) Theories 

 
After discussion about Gaussian-type and CBS methods, which have been widely used, 

now we move on to another high-accuracy multistep method, the Weizmann procedures 

developed by Martin and coworkers. The primary goal of designing the Weizmann-n 

(Wn) procedures 133-136, 149 was to achieve accuracy in the sub-kcal/mol range. It is not 

possible to reach this goal without a substantial increase in computational cost compared 

to Gn and CBS-n methods. Wn methods can be primarily classified into two categories, 

according to the points on Pople diagram (see Figure 1.7). 

(i) Post-CCSD(T) Wn methods attempt to approximate the FCI/CBS energy (i.e., W3 and 

W4); 

(ii) CCSD(T)/CBS (complete basis set) Wn methods (i.e., W1 and W2).  
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Figure 1.7 A modified Pople diagram illustrating the electronic energies that Wn 

procedures attempt to approximate, adapted from Ref. 150. 

 

W1 and W2 theories that incorporate relativistic effects have MADs of 1.3 and 1.0 kJ 

mol–1 respectively for molecular heats of formation of first- and second-row 

compounds.133 Unlike the Gn and CBS methods, W2 has no empirical parameters, while 

W1 contains a molecule-independent empirical parameter. A number of W1 and W2 

variants were subsequently developed, including W1U, W1USc, W1BD, W1RO,151 

W1w, W2w, and W2.2.136 Attempting to extend the applicability of W1 and W2 

methods, Karton and Martin developed explicitly correlated versions, denoted as W1-F12 

and W2-F12.134 The F12 theory is based on the fact that the basis set limit of correlation 

energy is difficult to compute precisely. The origin for this problem is that the 

conventional methods like CCSD use antisymmetrized products of one-particle orbitals 

(Slater determinants) to construct two-electron and higher-rank basis sets. Slater 

determinants fail to model the exact wave functions at short interelectronic distances. To 

solve this problem, the wave function should be modeled explicitly in terms of the 

interelectronic distances. The advantages of such explicitly correlated wave functions 

have been known for a long time, but they have become ready for use by chemists only 

since the emergence of particular group of explicitly correlated methods called R12 
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methods (also referred to by most developers as F12 methods in their recent uses to 

reflect the difference in the form of the two-electron basis.)152-154 

 

W1-F12 is designed for first-row systems, whereas W2-F12 should perform satisfactorily 

for both first- and second-row species. Here, I briefly describe the steps involved in Wn-

F12 (n = 1, 2) since these two methods have been used in the following projects in 

Chapter 3. 

(i) Reference geometry is obtained at the B3LYP/cc-pV(T+d)Z level of theory, where the 

zero-point vibrational energy (ZPVE) contribution is scaled by 0.985; 

(ii) The SCF energy is extrapolated from the HF/VDZ-F12 and HF/VTZ-F12 energies 

with an exponent of 5.0 in W1-F12, and calculated at the HF/VQZ-F12 level of theory in 

W2-F12; 

(iii) The valence CCSD is extrapolated from the V{D,T}Z-F12 basis set pair with an 

exponent of 3.67 in W1-F12, while it is from the V{T,Q}Z-F12 basis set pair with an 

exponent of 5.94 in W2-F12; 

(iv) The valence (T) contribution is extrapolated from AʹV{D,T}Z basis set pair by using 

the two-point extrapolation formula with α equals to 3.22 in W1-F12. However, this 

contribution is taken as the (T*)/VTZ-F12 correlation energy that is scaled by 0.987 in 

W2-F12; 

(v) The inner-shell contribution is obtained from standard CCSD and (T) calculations. 

CCSD is calculated with the PWCVTZ basis set in W1-F12 and AʹPWCVTZ basis set in 

W2-F12. In both cases, the CCSD component is scaled by 1.1. The (T) component is 

calculated with the PWCVTZ (no f) basis set in both methods; 

(vi) Scalar relativistic correlation is obtained as the difference between non-relativistic 

CCSD(T)/AʹVnZ and relativistic CCSD(T)/AʹVnZ-DK calculations, with n = D and T in 

W1-F12 and W2-F12 respectively; 

(vii) The spin-orbit coupling is taken from the experimental fine structure. The diagonal 

Born-Oppenheimer correction (DBOC) is calculated at the HF/AʹVTZ level of theory. 

 

As a successor to W1 and W2 theories, W3 theory was developed in 2004.135 The W3 

theory is more robust than the W2 theory, particularly in systems with significant non-

dynamical correction. Meanwhile, W3 represents a good compromise between accuracy 

and computational cost. For the set of 30 atomization energies used in Ref. 135, W3 
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obtained an MAD of 0.92 kJ mol–1, while W2 obtained 1.7 kJ mol–1. Comparing with 

W2w theory, a few changes involved in W3 are introduced: 

(i) The new Douglas-Kroll based scalar relativistic correction was introduced; 

(ii) The effect from iterative T3 excitation was estimated from the CCSDT – CCSD(T) 

difference; 

(iii) The effect of connected quadruple excitations was estimated as the CCSDTQ – 

CCSDT difference with the cc-pVDZ basis set. 

 

At the same time, two variations of W3 were proposed, W3A (the T4 contribution is 

calculated at CCSDTQ/ANO431 and scaled by 1.275) and W3K (the CCSD valence 

correlation extrapolation is carried out separately on singlet and triplet pair correlation 

energies).135  

 

Karton et al. proposed the Weizmann-4 (W4) model for the first- and second-row 

systems two years later.136 In this protocol, the reference geometry was based on 

CCSD(T)(FC)/cc-pVQZ calculation. The ZPVE was taken from the best available 

experimental sources and theoretical anharmonic corrections. For the testing dataset of 

36 small molecules, W4 resulted in an MAD of 0.63 kJ mol–1 and a root mean square 

deviation (RMSD) of 0.38 kJ mol–1 compared with the active thermochemical table 

(ATcT) atomization energies.136 In addition, a number of related models were 

subsequently developed, including W4lite, W4.2, W4.3, and W4.4.155 Also, W4 

electronic energies can be used to map out portions of the potential energy surface (PES) 

in order to predict high-accuracy spectroscopic properties such as bond lengths, and 

harmonic/anharmonic frequencies.156 

 

1.7 Quantum Mechanics/Molecular Mechanics (QM/MM) 
 
If a system of interest is too large to be treated entirely by electronic structure methods, 

there are two possible ways that can be applied. In some cases, the system can be 

truncated to a size that can be addressed by replacing unimportant parts of the molecule 

with smaller model groups, e.g., substitution of a hydrogen atom or methyl group for a 

ring. For investigating enzymes, however, it is generally assumed that the whole system 

is responsible for holding the active site in a proper arrangement, and the backbone may 



Chapter	  1:	  General	  Introduction	  
	  

	  42	  

change conformation during the reaction. Methods have been designed for modeling such 

cases, where the active site is computed by electronic structure methods (usually semi-

empirical, low-level ab initio or DFT methods), while the rest is calculated by a force 

field method. Such methods are termed as quantum mechanics/molecular mechanics 

(QM/MM). This idea was introduced by Warshel and Levitt in 1976 157 and has been 

widely used in the past decades. Formally, the Hamiltonian and energy can be divided 

into three parts. 

 

𝐻!"!#$ = 𝐻!" + 𝐻!! + 𝐻!"/!!                                                                                (1.65) 

𝐸!"!#$ = 𝐸!" + 𝐸!! + 𝐸!"/!!                                                                                 (1.66) 

 

The QM and MM regions can be described separately using the techniques discussed in 

sections 1.3 and 1.5 of Chapter 1. Figure 1.8 shows the illustration for the QM/MM 

method, where the active site is treated at the QM level and the rest is treated at the MM 

level. 

 

 
Figure 1.8 Illustration for the QM/MM method. The active site is treated at the QM level 

and the rest is treated at the MM level. 

 

The main problem of using QM/MM is how to describe the interactions between these 

two regions. The easiest case is when the two parts are not connected by covalent bonds. 

If the two parts are connected by covalent bonds, the partitioning is much more difficult. 

The lowest level of interaction is called mechanical embedding (ME), in which only the 
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bonded and steric energies of the two regions are included in the interaction term. The 

next level of improvement is termed as electronic embedding (EE), in which the atoms in 

the MM region are allowed to polarize the QM region. Partial charges on the MM atoms 

are incorporated into the QM Hamiltonian approximately to nuclear charges, and the QM 

atoms feel the electronic potential because of all the MM atoms. A further refinement is 

called polarizable embedding (PE), which is made by allowing the QM atoms also to 

polarize the MM region. 

 

In most cases, the QM and MM regions belong to the same system. The cutting between 

these two parts leaves one or more unpaired electrons in the QM region, which must be 

terminated properly. Generally, these dangling bonds are terminated by adding ‘link’ 

atoms (typically hydrogen atoms). ONIOM is one of the most popular methods used in 

enzymatic systems. This method always includes several (usually two or three) layers. 

The central layer is treated by using relatively high-level theory, the intermediate layer is 

described at a lower level electronic structure theory, and the outer layer is addressed by 

force field method. This is presented by Eq. (1.67).5 

 

𝐸!"#!$ 𝑟𝑒𝑎𝑙  𝑠𝑦𝑠𝑡𝑒𝑚, ℎ𝑖𝑔ℎ  𝑙𝑒𝑣𝑒𝑙 = 𝐸!!"!  !"#"! 𝑚𝑜𝑑𝑒𝑙  𝑠𝑦𝑠𝑡𝑒𝑚 − 𝐸!"#  !"#"!(𝑚𝑜𝑑𝑒𝑙 

                                                                                                                                            𝑠𝑦𝑠𝑡𝑒𝑚)+ 𝐸!"#  !"#"! 𝑟𝑒𝑎𝑙  𝑠𝑦𝑠𝑡𝑒𝑚             (1.67) 

 

In order to handle the QM/MM boundary problem, some other popular methods neither 

introduces additional atoms into the system nor employs bounding hybrid orbitals, which 

include pseudobond method,158-159 connection-atom method,160 quantum capping 

potential method,161 effective group potential method,162 and minimum principle 

approach,163 have been developed. Since in the last project in Chapter 3, the pseudobond 

method has been used to investigate the oxidation reaction catalyzed by cholesterol 

oxidase. Here, we mainly focus on this method. The pseudobond method developed by 

Zhang, Lee, and Yang was the first approach developed for ab initio QM/MM 

methods.164 The main idea of this method is as follows: Zhang and coworkers considered 

that a large molecule is partitioned into two parts, an environment part and an active part, 

by cutting a covalent σ bond Y – X. Y and X refer to boundary atoms of the environment 

part and the active part, respectively. Instead of using a hydrogen atom to cap the free 

valence of X atom as in the conventional link atom approach, here a pseudobond Yps – X 

is formed by replacing the Y atom with a one-free-valence boundary Y atom (Yps). The Yps 
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atom is parameterized to make the Yps – X pseudobond mimic the original Y – X bond 

with similar bond length and strength, and also similar effects on the rest of the active 

part. In this approach, the Yps atom and all atoms in the active part form a well-defined 

QM sub-system, which can be treated by quantum mechanical methods. Excluding Y 

atom, the rest atoms in the environment part form the MM sub-system, which will be 

represented by a molecular mechanical force field. Compared with the link-atom 

approach, the pseudobond approach offers a smooth connection at the QM/MM interface 

and does not introduce additional atoms into the system. 

 

However, there is no specific way to decide which part should be treated by force field 

and which by quantum mechanics, thus QM/MM is not a ‘black box’ method. The 

connection between the QM and MM regions is certainly not unique, and there are many 

possible combinations between force field and quantum mechanical methods to make 

QM/MM methods still experimental. Furthermore, the incapacity to perform calibration 

studies for large enzymatic systems by using pure QM methods makes it more difficult to 

evaluate the preciseness of the approximation included in QM/MM method. 
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Chapter 2 Introduction to Series of Papers 
	  	  
It is obvious from Chapter 1 that there are various computational methods, including 

molecular mechanics, ab initio methods, DFT functionals, and composite methods, 

which can be applied in solving chemical or biochemical problems. Each of these 

methods has its own accuracy and application. For example, molecular mechanics is fast 

and can be used for large molecule with low accuracy; ab initio calculations are 

relatively slow with medium-to-high accuracy; DFT methods are generally faster than ab 

initio and can be applied in a medium system (~200 atoms) with reasonably accuracy; 

composite methods are pretty slow and can be used only to small systems with high 

accuracy (within the ‘chemical accuracy’ threshold). Generally, accurate theoretical 

thermochemical and kinetic data for organic or biochemical molecules are particularly 

useful in cases where experimental data are missing or the experimental errors are large. 

In addition, highly accurate energetic data can be used to generate accurate spectroscopic 

and electrical properties as well as for the evaluation and parameterization of economical 

theoretical procedures such as density functional methods. This thesis focuses on the 

assessment, development, and applications of high-level electronic structure methods for 

a wide range of thermochemical and kinetic properties. 

 

Over the past 20 years, DFT has become one of the most popular electronic structure 

methods in material field and quantum chemistry due to its excellent accuracy-to-

computational cost ratio relative to other electric structure methods (i.e. ab initio 

methods). However, a considerable defect of the DFT formalism is the lack of a universal 

functional. This leads a fundamental limitation on the general applicability and the 

accuracy of the theory. There has been an exponential growing in the number of DFT 

procedures due to this flaw. As mentioned in section 1.5.2 of Chapter 1, based on the 

approximations of exchange-correlation functional, DFT methods can be classified into 

five rungs (Jacob’s ladder), including LDA, GGA, MGGA, HGGA (3.5th rung), 

HMGGA, and DH. Generally, the accuracy of DFT increases as one climbs the rungs of 

Jacob’s ladder. 
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In many cases, the flaw of DFT has led to a confusion regarding which DFT method is 

the best to use for a given chemical or biochemical problem. Thus, it is crucial to identify 

the problem for which the DFT method does not perform well so that its application in 

similar situations would be addressed with caution. Presently, the only validated way for 

a given DFT method is benchmarking against accurate theoretical or experimental 

reference data. Ideally, the benchmark data should meet the following criteria: (i) have 

well-defined error bars that are much smaller than the intrinsic error of the method being 

assessed and (ii) be as large and chemically diverse as reasonably possible.109, 165-167 

 

It has been reported that the performance of DFT can vary for different types of 

reactions. Particularly, the accuracy for a given procedure should increase as larger 

molecular fragments are conserved on the both sides of the reaction due to an increasing 

degree of error cancelation between reactants and products.168 A number of benchmark 

studies, including atomization energies of 140 small molecules,165 isomerization energies 

of 34 typical organic reactions,169 nonbonded interactions (i.e., hydrogen bonding, charge 

transfer, dipole interactions, and weak interactions),170 barrier heights of 19 non-

hydrogen transfer reactions,171 etc., have been published. In the present dissertation, we 

introduced a few representative datasets, which were used to evaluate the performance of 

various standard ab initio procedures and their modifications, and DFT methods for a 

wide range of thermochemical (i.e., isomerization energies and reaction energies) and 

kinetic properties (i.e. barrier heights).  

 

The first part of Chapter 3 is concerned with the application and evaluation of various 

electronic structure methods for an accurate description of isomerization reactions 

involving migration of one double bond. The relative thermodynamic stabilities of 

conjugated species and the corresponding unconjugated derivatives are of great 

importance in organic chemistry and biochemistry. In this section, we introduced two 

representative databases that include isomerization reactions involving double-bond 

migration in conjugated dienes (DIE60) or enones (EIE22). We use the high-level 

reference data to re-examine the available experimental data and to evaluate the 

performance of various theoretical procedures, including DFT, ab initio, and some 

common composite methods. 
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The second part of Chapter 3 in my thesis focuses on the application and evaluation of 

theoretical procedures for an accurate description of reaction energies and barrier heights 

of cycloreversion reactions. Cycloreversion of heteroatom rings, in which a cyclic 

structure is fragmented into simple unsaturated building blocks, is an important class of 

organic reactions that are widely used in synthetic and medicinal chemistry. We have 

examined the performance of a wide range of contemporary computational methods for 

the reaction energies and barrier heights of 20 cycloreversion reactions of five-membered 

heterocyclic rings (known as the CR20 and CRBH20 databases). 

 

The third part of Chapter 3 in this thesis relates to the development of computational 

methods for the calculation of accurate thermochemical and kinetic data. In this section, 

we proposed two new MP4-based procedures (MP3.5 and MP4avg) and examined their 

performance for a wide range of 11 thermochemical and kinetic databases. 

 

The fourth part of Chapter 3 in the thesis is concerned with the application of high-level 

and multilevel computational methods in enzymatic catalysis. The recent high resolution 

X-ray structure of cholesterol oxidase (ChOx) enables us to build a model of the ChOx 

reactive site composed of Glu361, the FAD cofactor, and the steroid substrate. We 

propose a catalytic mechanism for the oxidation reaction of cholesterol via a hydride 

transfer from the substrate to the reactive center N5 of FAD and concomitant abstraction 

of the hydroxyl proton from Glu361. In the current study, the double-hybrid B2GP-

PLYP functional is used to calculate the barrier height of the hydride transfer and the 

effects of the surrounding residues (namely Glu361, Gly120, and His447) on the barrier 

height. Extensive combined quantum mechanics and molecular mechanics molecular 

dynamics (QM/MM MD) simulations and classical molecular dynamics (MD) 

simulations on the catalytic process were also carried out. The combination of these two 

approaches gives an in-depth understanding of the flavoenzyme catalysis. 
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2.1 Application and Evaluation of Various Electronic 

Structure Methods for an Accurate Description of 

Isomerization Reactions Involving Migration of Double Bonds 
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2.1.1 Assessment of Theoretical Procedures for a Diverse Set of 

Isomerization Reaction Involving Double-bond Migration in Conjugated 

Dienes 

 
The relative thermodynamic stabilities of conjugated diene and the corresponding 

unconjugated derivatives are of great importance in organic chemistry. In this part, we 

introduced the DIE60 database. The reactions in this dataset are of the type conjugated 

diene → non-conjugated diene. This dataset covers a broad spectrum of structures, 

including linear/branched dienes and cyclic dienes. We note that all the reactions in 

DIE60 conserve the numbers of each formal bond type and the number of C atoms in 

each hybridization state on both sides of the reaction. Moreover, many of these reactions 

conserve the number of C atoms in each hapticity, which means that these reactions are 

hypohomodesmotic. It has been proven that the performance of DFT improves along the 

below sequence: atomization → isogyric → isodesmic → hypohomodesmotic → 

homodesmotic → hyperhomodesmotic reactions.168, 172-177 Typically, DFT methods 

should give good performance for this kind of isomerization reactions. Here, we 

examined the performance of a variety of contemporary DFT methods, including the 

recently developed double-hybrid density functional methods, as well as a number of 

high-level composite methods, and several standard ab initio methods and their 

variations. Reference isomerization energies are obtained by means of W2–F12 

procedure for CnH2n-2 and CnH2n-4 (n = 5, 6) dienes and W1–F12 procedure for the C7H12 

dienes. 

 

We found that, with some exceptions, common DFT methods have difficulty in 

describing reactions of this type, obtaining root mean square deviations (RMSDs) 

between 4.5 and 11.7 kJ mol–1. However, double-hybrid density functionals show 

excellent performance for this dataset, with RMSDs below the ‘chemical accuracy’ 

threshold. Ab initio methods give good performance in conjunction with the cc-pVTZ 

and cc-pVQZ basis sets. Regards to the evaluated composite methods, they also provide 

superb performance. 
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Results presented in: 

 

Yu L.-J.; Karton A., Chemical Physics 2014, 441, 166-177. 
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2.1.2 An Assessment of Theoretical Procedures for π-Conjugation 

Stabilization Energies in Enones 

 
The relative thermodynamic stabilities of conjugated enones and the corresponding 

unconjugated derivatives are of great importance in biochemistry. In this part, we 

introduced the EIE22 database, which can be viewed as an extension of the DIE60 

dataset. The EIE22 database is composed of 22 prototypical isomerization reactions of 

the type conjugated α, β–enecarbonyl → non-conjugated β, γ–enecarbonyl. The 

isomerization reactions contain a migration of one double bond that breaks the 

conjugated π-system. The considered enecarbonyls involve a wide range of common 

functional groups, namely CH3, NH2, OCH3, F, and CN. Similarly to the DIE60 dataset, 

the chemical environments in EIE22 are largely conserved on the two sides of the 

reactions. Accurate reaction energies were obtained by means of the high-level W1-F12 

thermochemical protocol. 

 

We found that the calculation of π-delocalization energies presents a general problem for 

the conventional DFT methods that is not limited to diene systems but is also extended to 

enecarbonyl systems in which heteroatoms are part of the conjugated π-system. 

Meanwhile, all the conventional DFT methods yield RMSDs between 5.0 and 11.7 kJ 

mol–1 except for M05-2X, M06-2X, BMK, and BH&HLYP functionals. Here, the 

conventional DFT procedures refer to the GGA, MGGA, HGGA, and HMGGA 

functionals. The RS methods provide good performance with RMSDs within the 

‘chemical accuracy’ threshold. As expected, the double-hybrid density functionals give 

superb performance. With regard to the composite and standard ab initio procedures, 

both show excellent performance. 
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Results presented in: 

 

Yu L.-J.; Sarrami F.; Karton A.; O’Reilly J.R., Molecular Physics 2015, 113, 1284-

1296. 

 

Graphical TOC 
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2.2 Application and Evaluation of Theoretical Procedures for 

an Accurate Description of Reaction Energies and Barrier 

Heights of Cycloreversion Reactions 
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2.2.1 Reaction Barrier Heights for Cycloreversion of Heterocyclic Rings: 

An Achilles’ Heel for DFT and Standard Ab Initio Procedures 

 
Cycloaddition reactions (or its reverse direction cycloreversion reaction) are one of the 

most important classes of organic reactions for converting simple unsaturated building 

blocks to cyclic structures and vice versa. A number of barrier databases of cycloaddition 

reactions have been generated for the purpose of evaluating the performance of DFT and 

computationally economical ab initio methods.167, 178-180 It has been reported that many 

DFT and ab initio methods perform not well in calculating the barrier heights of 

cycloaddition reactions.  

 

In this part, we introduced a representative benchmark dataset of 20 cycloreversion 

barrier heights of 5-membered heterocyclic rings (namely the CRBH20 database). In 

these 20 reactions, dioxazole and oxathiazole rings are fragmented to form isocyanates, 

isothiocyanates, and carbonyls. The accurate reference reaction barrier heights were 

obtained by using the high-level ab initio W1-F12 and W1w thermochemical protocols.  

 

We found that, it is extremely challenging for the evaluated 65 contemporary DFT and 

double-hybrid procedures for calculating the barrier heights of cycloreversion reactions. 

74% of these methods result in RMSDs between 10.0 and 81.0 kJ mol–1. Meanwhile, the 

CRBH20 dataset also proves to be a surprisingly challenging target for composite and 

standard ab initio methods. 
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Results presented in: 

 

Yu L.-J.; Sarrami F.; O’Reilly J.R.; Karton A., Chemical Physics 2015, 458, 1-8. 
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2.2.2 Can DFT and Ab Initio Methods Describe all Aspects of the 

Potential Energy Surface of Cycloreversion Reactions 

 
After evaluating the performance of the contemporary DFT methods for the reaction 

barrier heights of these 20 cycloreversion reactions, an important question emerges. Can 

DFT methods quantitatively describe all aspects of the potential energy surfaces of 

cycloreversion reactions since they perform poorly for the barrier heights? Then we 

assessed the performance of these procedures for the reaction energies of these 20 

cycloreversion reactions (to be known as the CR20 dataset). W1w and W1-F12 were 

used to obtain the reliable reference reaction energies for this database. Also, we found 

that nearly 80% of the considered functionals yield RMSDs above 10.0 kJ mol–1. 
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Results presented in: 

 

Yu L.-J.; Sarrami F.; O’Reilly J.R.; Karton A., Molecular Physics 2016, 114, 21-33. 
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2.3 Evaluation of the Performance of MP4-based Procedures 

for a Wide Range of Thermochemical and Kinetic Properties 

 
In the past few decades, a large number of MPn-based methods have been proposed, 

including the MP2-based procedures (e.g., SCS-MP2, SOS-MP2, S2-MP2, etc.), the 

MP3-based procedures (e.g., SCS-MP3, MP2.5, etc.), and MP4-based procedures (i.e., 

MP3.5 and MP4avg). Generally, SCS-MP2 provides better performance than MP2. For a 

number of benchmark sets of reaction energies, SCS-MP3 and SCS-MP2 have been 

found to give similar performance. These include the following datasets: the set of C8H8 

isomerization energies, the DIE60 dataset, and the EIE22 dataset. However, it has been 

reported that SCS-MP3 shows similar or even poorer performance compared to SCS-

MP2 for a number of barrier heights databases. The so-called MP2.5 method proposed by 

Hobza for weak interactions 181 gives excellent performance for the dataset of barrier 

heights involving multiple proton exchanges in water clusters.182 

 

We have proposed two MP4-based methods, MP3.5 and MP4avg recently.167, 183-184 The 

MP3.5 procedure is a simple arithmetic average of the MP3 and MP4 methods. The 

motivation for the MP3.5 method is similar to that for the MP2.5 method, namely, the 

oscillatory behavior observed for the MPn methods, as discussed in section 1.3.3 of 

Chapter 1. Similarly, the MP4avg procedure is the average of the MP4(SDQ) and 

MP4(SDTQ) methods. The development of this method was motivated by the systematic 

tendency of MP4(SDQ) to overestimate the reaction barrier heights in the CRBH20 

dataset, and the tendency of MP4(SDTQ) to systematically underestimate them by 

similar amounts. The MP3.5 procedure has been found to give superb performance for 

the barrier heights in the BHPERI database. However, for the barrier heights in the 

CRBH20 dataset, it gives a disappointing performance. The MP4avg procedure, on the 

other hand, has been found to give excellent performance for the barrier heights in both 

BHPERI and CRBH20 datasets. Despite the above-mentioned evidence for the promising 

performance of these two MP4-based procedures, their performance has not been 

extensively studied. One of the main goals in this project is to evaluate the performance 

of these two MP4-based procedures for a wide range of thermochemical and kinetic 

properties, and to compare their performance to that of the lower-cost MP2- and MP3-

based methods. 



Chapter	  2:	  Introduction	  to	  Series	  of	  Papers	  
	  

	  62	  

Results presented in: 

 

Yu L.-J.; Wan W.; Karton A., Chemical Physics 2016, 480, 23-35. 
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2.4 New Mechanistic Insights for the Hydride Transfer in 

Cholesterol Oxidase from QM/MM and Double-hybrid DFT 

Simulations 

 
Cholesterol oxidase (ChOx) is a flavoenzyme catalyzing the oxidation and isomerisation 

of cholesterol to cholest-4-en-3-one. The recent high resolution X-ray structure of ChOx 

enables us to build a model of the ChOx reactive site composed of Glu361, the FAD 

cofactor, and the steroid substrate (Scheme 1). It is proposed that ChOx catalyzes the 

oxidation reaction of cholesterol via a hydride transfer from the steroid substrate C3 atom 

to the N5 atom of FAD and concomitant reduction of the FAD cofactor.185-186 In the 

current study, double-hydrid density functional theory (DHDFT) calculations were 

carried out to obtain the barrier height of the hydride transfer and the effects of the 

surrounding residues (namely Glu361, Gly120, and His447) on the barrier height of the 

hydride transfer. Meanwhile, extensive combined quantum mechanics and molecular 

mechanics molecular dynamics (QM/MM MD) simulations and classical molecular 

dynamics (MD) simulations on the catalytic process were carried out to explore the 

enzymatic catalysis, including the catalytic mechanism and substrate binding.186-187  

 

Scheme 1. Proposed reaction mechanism for the oxidation reaction catalyzed by ChOx. 

 
 

Our DHDFT modeling suggests that the Glu361 residue, which abstracts the proton from 

the hydroxyl group of the substrate, has a significant influence on the barrier height of 

the hydride transfer. Namely, the Glu361 residue lowers the barrier by 22.6 kJ mol–1. We 

also show that the Gly120 residue additionally lowers the barrier by 11.8 kJ mol–1 since 
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it forms a hydrogen bond with the N5 atom of the FAD cofactor. By using the QM/MM 

MD simulations, we obtain a Gibbs-free-energy barrier of 99.3 kJ mol–1 for the hydride 

transfer. This barrier is in excellent agreement with the barrier of 102.1 kJ mol–1 obtained 

from the high-level DHDFT simulations. The good agreement between the DHDFT and 

QM/MM perspectives increases our confidence in our proposed mechanism for the 

enzymatic catalysis. Meanwhile, the MM-GBSA calculations show that Glu361 and 

His447 play crucial roles in substrate binding, with mutations of Glu361 and His447 to 

alanine, the binding free energies are reduced by 35.8 and 41.3 kJ mol–1, respectively. 

The combination of DHDFT and QM/MM approaches gives a more in-depth 

understanding of this enzymatic catalysis. 

 

Results presented in: 

 

Yu L.-J.; Golden E.; Chen N.; Zhao Y.; Vrielink A.; Karton A., Submitted to Chemical 

Science (under review). 
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Chapter 3 Series of Papers 
 

3.1 Application and Evaluation of Various Electronic 

Structure Methods for an Accurate Description of 

Isomerization Reactions Involving Migration of Double Bonds 
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a b s t r a c t

We introduce a representative database of 60 accurate diene isomerization energies obtained by means
of the high-level, ab initio Wn–F12 thermochemical protocols. The isomerization reactions involve a
migration of one double bond that breaks the p-conjugated system. The considered dienes involve a
range of hydrocarbon functional groups, including linear, branched, and cyclic moieties. This set of
benchmark isomerization energies allows an assessment of the performance of more approximate theo-
retical procedures for the calculation of p-conjugation stabilization energies in dienes. We evaluate the
performance of a large number of density functional theory (DFT) and double-hybrid DFT (DHDFT) pro-
cedures. We find that, with few exceptions (most notably BMK-D3 and M05-2X), conventional DFT pro-
cedures have difficulty describing reactions of the type: conjugated diene ? non-conjugated diene, with
root mean square deviations (RMSDs) between 4.5 and 11.7 kJ mol�1. However, DHDFT procedures show
excellent performance with RMSDs well below the ‘chemical accuracy’ threshold.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Over the past two decades density functional theory (DFT) has
become one of the most widely used electronic structure methods
in materials and quantum chemistry due to its attractive accuracy-
to-computational cost ratio relative to other electronic structure
methods. With this increase in popularity there has been a prolif-
eration in the number of developed DFT procedures [1]. The
approximations for the XC functional can be classified according
to their rung on Perdew’s ‘Jacob’s Ladder of DFT’: (1) the local den-
sity approximation (LDA); (2) pure generalized gradient approxi-
mation (GGA) employing both the local density and the reduced
density gradient; (3) the meta-GGAs (mGGA) which additionally
employ the kinetic energy density; (4) the hybrid-meta-GGAs
(hmGGA) which additionally involve the occupied orbitals; and
(5) the double-hybrid (DH) functionals which additionally employ
the virtual orbitals [2,3]. While, in general, the accuracy of DFT
increases as one climbs the rungs of Jacob’s Ladder at present no
truly systematic path towards the exact solution exists. Thus, the
only validation for a given DFT approximation is benchmarking
against accurate reference data. Ideally, the benchmark data
should: (i) have well-defined error bars that are much smaller
(preferably, by an order of magnitude or more) than the intrinsic

error of the method being evaluated, and (ii) be as large and chem-
ically diverse as reasonably possible [4–6].

It is well established that the performance of DFT (or for that
matter of any approximate theoretical procedure) can vary for dif-
ferent types of reactions. In particular, the accuracy of a given
approximate theoretical procedure should increase as larger molec-
ular fragments are conserved on the two sides of the reaction, due
to an increasing degree of error cancelation between reactants and
products. For example, the performance of DFT improves along the
sequence: atomization ? isogyric ? isodesmic ? hypohomodes-
motic ? homodesmotic ? hyperhomodesmotic reactions [7–13].
In the context of hydrocarbon isomerization reactions, it has been
shown that the performance of DFT for linear alkane ? branched
alkane isomerizations is significantly better than that for isogyric
structural isomerizations [8,14–20]. For example, the root mean
square deviations (RMSDs) for a wide range of DFT methods for
C8H8 isomer energy separations (which are mostly isogyric reac-
tions in which the bonding situation is very different on both sides
of the reaction) vary between 5.0 and 40 kJ mol�1 [15]. On the other
hand, the RMSDs for a wide range of dispersion-corrected DFT for
linear ? branched alkane isomerizations (i.e., reactions that con-
serve the number of C atoms in each hybridization state in addition
to being isodesmic) are about one order of magnitude smaller, i.e.,
they vary between 0.5 and 4.0 kJ mol�1 [10].

In the present work, we introduce a representative benchmark
database of 60 diene isomerization energies (to be known as the

http://dx.doi.org/10.1016/j.chemphys.2014.07.015
0301-0104/� 2014 Elsevier B.V. All rights reserved.
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DIE60 set). The reactions in the DIE60 database (Fig. 1) are of the
type conjugated diene ? non-conjugated diene. The database cov-
ers a broad spectrum of structures, including linear and branched
dienes (CnH2n�2) and cyclic dienes (CnH2n�4) (n = 5, 6, and 7).
Reference isomerization energies at the CCSD(T)/CBS level (i.e.,

complete basis set limit CCSD(T) energies) are obtained by means
of the high-level W2–F12 procedure (for the C5H6, C5H8, C6H8,
C6H10, and C7H10 dienes) or with the W1–F12 procedure (for the
C7H12 dienes) [21]. These benchmark values allow us to assess
the performance of more approximate theoretical procedures for

Fig. 1. Isomerization reactions in the DIE60 database.
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the isomerization energies. Specifically, we examine the perfor-
mance of a variety of contemporary DFT procedures, including
the recently developed double-hybrid DFT (DHDFT) methods, as
well as a number of high-level composite thermochemistry proce-
dures, and several conventional ab initio methods. We note that all
the isomerization reactions in the DIE60 dataset conserve the num-
bers of each formal bond type and the number of C atoms in each
hybridization state on both sides of the reaction. In addition, many
of the reactions also conserve the number of C atoms in each hap-
ticity (i.e., primary, secondary, and tertiary), that is the reactions
are hypohomodesmotic. The use of transformations in which the
chemical environments (except for p-conjugation) are largely
balanced on the two sides of the reaction, allows us to evaluate
the performance of approximate theoretical procedures for the
calculation of the p-conjugation stabilization energies.

2. Computational methods

In order to obtain reliable reference isomerization energies for
the DIE60 database, calculations have been carried out using the
high-level, ab initio W2–F12 procedure with the Molpro 2012.1
program suite [22]. W2–F12 theory [21] (and its earlier versions
W2 and W2.2 theories) [23,24] represent layered extrapolations
to the relativistic, all-electron CCSD(T)/CBS (coupled cluster with
singles, doubles, and quasiperturbative triple excitations basis-
set-limit energy). These composite theories include scalar-
relativistic, diagonal Born–Oppenheimer, zero-point vibrational
energy, and enthalpic corrections and can achieve ‘near-bench-
mark accuracy’ for atomization reactions (e.g., W2–F12 theory is
associated with a mean absolute deviation of 1.3 kJ mol�1 for a set
of 140 very accurate atomization energies) [5,10,21,23–26]. Never-
theless, it should be pointed out that for the hypohomodesmotic
and (hypohomodesmotic-like) isomerization reactions in the
DIE60 database these theories should yield even better perfor-
mance due to a large degree of systematic error cancelation
between reactants and products [5,7–10,27,28].

W2–F12 theory combines explicitly correlated F12 techniques
[29] with basis-set extrapolations in order to approximate the
CCSD(T) basis-set-limit energy. Due to the drastically accelerated
basis-set convergence of the F12 methods [30,31], W2–F12 is supe-
rior to the original W2 and W2.2 methods in terms of computa-
tional cost [21]. For the sake of making the article self-contained,
we will briefly outline the various steps in W2–F12 theory (for fur-
ther details see Ref. [21]). The Hartree–Fock (HF) component is cal-
culated with the VQZ-F12 basis set (where VQZ-F12 denotes the
cc-pVQZ-F12 basis set of Peterson et al. [30] which was specifically
developed for explicitly correlated calculations). Note that the
complementary auxiliary basis set (CABS) singles correction is
included in the SCF energy [32–34]. The valence CCSD-F12 correla-
tion energy is extrapolated from the VTZ-F12 and VQZ-F12 basis
sets, using the E(L) = Ea + A/La two-point extrapolation formula,
with a = 5.94. Optimal values for the geminal Slater exponents
(b) used in conjunction with the VnZ-F12 basis sets were taken
from Ref. [31]. The quasiperturbative triples, (T), corrections are
obtained from standard CCSD(T)/VTZ-F12 calculations (i.e., with-
out inclusion of F12 terms) and scaled by the factor
f = 0.987 � EMP2-F12/EMP2. This approach has been shown to acceler-
ate the basis set convergence [21,35]. In all of the explicitly corre-
lated coupled cluster calculations the diagonal, fixed-amplitude
3C(FIX) ansatz [33,36–38] and the CCSD-F12b approximation are
employed [34,35]. The CCSD inner-shell contribution is calculated
with the core-valence weighted correlation-consistent aug’-cc-
pwCVTZ basis set of Peterson and Dunning [39], whilst the (T)
inner-shell contribution is calculated with the cc-pwCVTZ(no f)
basis set (where cc-pwCVTZ(no f) indicates the cc-pwCVTZ basis

set without the f functions). The scalar relativistic contribution
(in the second-order Douglas–Kroll–Hess approximation) [40,41]
is obtained as the difference between non-relativistic CCSD(T)/
A’VTZ and relativistic CCSD(T)/A’VTZ-DK calculations [42]. The
diagonal Born–Oppenheimer corrections are calculated at the HF/
cc-pVTZ level of theory using the CFOUR program suite [43].

The isomerization energies for the larger C7H12 dienes have
been obtained with the computationally more economical W1–F12
procedure. The computational protocol of the W1–F12 method
has been specified and rationalized in detail in Ref. [21] (see also
discussion in Ref. [44]). The main difference between W1–F12
and W2–F12 is that W1–F12 uses smaller basis sets for extrapolat-
ing the HF, CCSD-F12, and (T) contributions. Specifically, the HF
and CCSD-F12 contributions are extrapolated from the VDZ-F12
and VTZ-F12 basis-sets using the two-point extrapolation formula
with a = 5.00 and 3.38, respectively. The (T) valence correlation
energy is obtained in the same way as in the original W1 theory
[23], i.e., extrapolated from the A’VDZ and A’VTZ basis sets
with a = 3.22 (where A’VnZ indicates the combination of the stan-
dard correlation-consistent cc-pVnZ basis sets on H [45], and the
aug-cc-pVnZ basis sets on C) [46].

The geometries of all structures have been obtained at the
B3LYP-D3/cc-pVTZ level of theory [47–50]. Empirical D3 dispersion
corrections [51,52] are included using the Becke�Johnson [53]
damping potential as recommended in Ref. [50] (denoted by the
suffix -D3). We note that the suffix -D in B97-D and xB97X-D indi-
cates the original dispersion correction rather than the D3 correc-
tion. Harmonic vibrational analyses have been performed to
confirm each stationary point as an equilibrium structure (i.e., all
real frequencies). Zero-point vibrational energy and enthalpic cor-
rections have been obtained from such calculations. All geometry
optimizations and frequency calculations were performed using
the Gaussian 09 program suite [54].

The DFT exchange-correlation functionals considered in the
present study (ordered by their rung on Jacob’s Ladder) [55] are
the pure generalized gradient approximation (GGA) functionals:
BLYP [47,56], B97-D [57], HCTH407 [58], PBE [59], BP86 [56,60],
BPW91 [56,61], SOGGA11 [62], N12 [63]; the meta-GGAs (MGGAs):
M06-L [64], TPSS [65], s-HCTH [66], VSXC [67], BB95 [68], M11-L
[69], MN12-L [70]; the hybrid-GGAs (HGGAs): BH&HLYP [71],
B3LYP [47–49], B3P86 [48,60], B3PW91 [48,61], PBE0 [72], B97-1
[73], B98 [74], X3LYP [75], SOGGA11-X [76]; the hybrid-meta-GGAs
(HMGGAs): M05 [77], M05-2X [78], M06 [79], M06-2X [79], M06-
HF [79], BMK [80], B1B95 [56,68], TPSSh [81], s-HCTHh [66],
PW6B95 [82], and the DHDFT procedures: B2-PLYP [83], B2GP-PLYP
[84], B2K-PLYP [85], B2T-PLYP [85], DSD-BLYP [86], DSD-PBEP86
[87,88], PWPB95 [4]. We also consider the following range-
separated (RS) functionals: CAM-B3LYP [89], LC-xPBE [90], xB97
[91], xB97X [91], xB97X-D [92], and M11 [93].

In addition, the performance of composite thermochemical pro-
cedures and standard ab initio methods is also assessed. We con-
sider the following composite procedures: G4 [94], G4(MP2) [95],
G4(MP2)-6X [96], CBS-QB3 [97], and CBS-APNO [98]; and the fol-
lowing ab initio methods: MP2, SCS-MP2 [99], MP2.5 [100], MP3,
SCS-MP3 [101], MP4, CCSD, SCS-CCSD [102], SCS(MI)CCSD [103],
and CCSD(T). The performance of the DFT and standard ab initio
procedures is investigated in conjunction with the cc-pVnZ
(n = D, T, Q) correlation-consistent basis sets of Dunning [45].

3. Results and discussion

3.1. Benchmark isomerization energies for the DIE60 dataset

The DIE60 database is comprised of 60 prototypical isomeriza-
tion reactions (shown in Fig. 1) of the type:
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Conjugated diene ! Non-conjugated diene ð1Þ

All the reactions involve a migration of one double bond, which
breaks the conjugated p-system. The DIE60 database covers a broad
spectrum of structures, including linear/branched dienes (CnH2n�2)
and cyclic dienes (CnH2n�4) (n = 5, 6, and 7). Benchmark reference
data have been obtained by means of the high-level W2–F12 proce-
dure (for the C5H6, C5H8, C6H8, C6H10, and C7H10 dienes) and with
the W1–F12 procedure (for the C7H12 dienes) [21]. W2–F12 and
W1–F12 theories represent layered extrapolation to the relativistic,
all-electron CCSD(T) basis-set limit, and can achieve an accuracy in
the kJ mol�1 range for molecules whose wave functions are domi-
nated by dynamical correlation. We note that for the 48 reactions
for which we have both W2–F12 and W1–F12 reaction energies,
W1–F12 attains an RMSD of 0.15 kJ mol�1 relative to the W2–F12
values, with the largest deviation (in absolute value) being
0.3 kJ mol�1 (Table S1, Supplementary data).

Since W2–F12 and W1–F12 represent layered extrapolations to
the all-electron CCSD(T) basis-set-limit energy, it is of interest to
estimate whether the contributions from post-CCSD(T) excitations
are likely to be significant. The percentage of the total atomization
energy accounted for by parenthetical connected triple excitations,
%TAEe[(T)], has been shown to be a reliable energy-based diagnos-
tic for the importance of nondynamical correlation effects. It has
been suggested that %TAEe[(T)] < 2% indicates systems that are
dominated by dynamical correlation [24]. Table S2 (Supplementary
data) gathers the %TAEe[(T)] values for the reactants and products
involved in the DIE60 dataset. The %TAEe[(T)] values for these spe-
cies lie in the range 1.44–1.88%. These values suggest that all the
species in the DIE60 database are dominated by dynamical correla-
tion effects, and that our bottom-of-the-well CCSD(T)/CBS bench-
mark isomerization energies should be within 2–3 kJ mol�1 from
the reaction energies at the full configuration interaction (FCI)
basis-set limit [5,21].

The component breakdown of the W2–F12 and W1–F12 reac-
tion energies are gathered in Table 1. For the reactants and prod-
ucts involved in reactions 1, 2, and 6 experimental heats of
formation at 298 K are available from the NIST thermochemical
database (Table S3, Supplementary data) [104]. These result in
reaction enthalpies at 298 K (DH298) of 30.5 ± 1.5 (1), 20.0 ± 2.8
(2), and 30.0 ± 2.8 (6) kJ mol�1. Our W2–F12 reaction enthalpies
are in excellent agreement with the experimental values. Specifi-
cally, the following deviations (theory–experiment) are obtained:
�1.0 (1), �2.3 (2), and 0.0 (6) kJ mol�1. Note that these deviations
are within the experimental error bars.

3.2. Overview of the isomerization reactions in the DIE60 dataset

The reactions in the DIE60 database (see Fig. 1 and Eq. (1)) may
be divided into two subsets, reactions involving linear/branched
structures (1–19):

Linear=branched conjugated diene ! Linear=branched
non-conjugated diene ð1aÞ

and reactions involving cyclic structures (20–60):

Cyclic conjugated diene ! Cyclic non-conjugated diene ð1bÞ

The reactions of type (1a) are all endothermic: the reaction
enthalpies (DH298) vary between 14.6 (8) and 30.9 (7) kJ mol�1.
The endothermicity of the reactions may, in part, be attributed to
the breaking of the conjugated p-system, and to hyperconjugation
effects of the sigma bonds surrounding the migrating double bond.
The reaction energies of reactions (1b) span a much wider range,
from �25.4 (22) to +35.4 (60) kJ mol�1. Fig. 2 depicts the exother-
mic reactions, with DH298 values varying between �25.4 and
�7.8 kJ mol�1 (Table 1). All these reactions involve cyclic

3-membered rings in which the number of sp2 carbons in the ring
is not balanced on the two sides of the reaction. In particular, the
reactants have n + 1 sp2 carbons in the ring, whilst the products
have only n sp2 carbons in the ring (n = 1, 2). The exothermicity
of these reactions is, in part, attributed to the reduced strain energy
in the products relative to the reactants. Or in other words, the
decrease in the strain energy when moving from a ring with
n + 1 sp2 carbons to n sp2 carbons is larger than the p-conjugation
stabilization energy involved in the reactants.

3.3. Performance of DFT procedures for the isomerization reactions in
the DIE60 database

The W2–F12 and W1–F12 reaction energies provide a bench-
mark set of values that allows the evaluation of the performance
of computationally less demanding procedures for the calculation
of p-conjugation stabilization energies in linear, branched, and
cyclic dienes. For a rigorous comparison with the DFT data, second-
ary effects that are not explicitly included in the DFT calculations,
such as relativity and zero-point vibrational corrections, are
excluded from the Wn–F12 reference values.

3.3.1. Entire DIE60 dataset
Table 2 gives the root mean square deviation (RMSD), mean

absolute deviation (MAD), and mean signed deviation (MSD) from
our benchmark Wn–F12 results for a series of contemporary DFT
functionals (with and without empirical D3 dispersion correc-
tions). We start by making the following general observations:

� With few exceptions, the GGA, MGGA, HGGA, and HMGGA func-
tionals attain RMSDs above the threshold of ‘chemical accuracy’
(namely, RMSDs = 4.5–11.7 kJ mol�1). The exceptions are
(RMSDs are given in parenthesis): BMK-D3 (1.6), BMK (2.1),
M05-2X (2.5), M06-2X (3.5), and BH&HLYP-D3 (3.8 kJ mol�1).
� All of the range-separated functionals give reasonably good per-

formance with RMSDs approaching or below the threshold of
‘chemical accuracy’ (specifically, the RMSDs vary between 3.1
(CAM-B3LYP-D3) and 5.0 (LC-xPBE) kJ mol�1.
� The double-hybrid procedures give excellent performance. The

best performing functionals attain RMSDs of 1.4 (DSD-BLYP)
and 1.6 (B2GP-PLYP) kJ mol�1.
� All the GGA, MGGA, HGGA, and HMGGA functionals tend to sys-

tematically overestimate the reactions energies, as evident from
MSD �MAD (with the notable exception of M06-HF). However,
most of the range-separated and double-hybrid functionals give
the desirable near-zero MSDs (generally, between 0.0 and
0.5 kJ mol�1, in absolute value).
� Dispersion corrections systematically improve the agreement

with the Wn–F12 results. The RMSDs are reduced by �10–20%
upon inclusion of the D3 dispersion corrections.

The eleven considered GGA functionals show relatively poor
performance with RMSDs = 6.6–11.3 kJ mol�1, where all the GGA
functionals without a dispersion correction give RMSDs above
8 kJ mol�1. Of the dispersion-corrected GGAs, the functionals that
gives RMSDs below 8 kJ mol�1 are: BLYP-D3 (6.6), BP86-D3 (7.5),
and B97-D (7.7 kJ mol�1). Inclusion of the kinetic energy density
in the MGGA procedures does not improve the performance. In
fact, none of the considered MGGA functionals (with or without
the dispersion correction) attains an RMSD below 8 kJ mol�1. We
note that reaction 5 seems to be particularly problematic for most
of the GGA and MGGA procedures. For example, for 12 of the 19
considered functionals the largest deviation (13.0–17.6 kJ mol�1,
Table 2) is obtained for reaction 5. These results indicate that the
calculation of p-stabilization energies serve as a challenging test
case for GGA and MGGA functionals.
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Table 1
Component breakdown of the benchmark Wn–F12 reaction energies for the isomerization reactions in the DIE60 database (shown in Fig. 1).a

Reaction DSCF DCCSD D(T) DCVb DRel.c DZPVEd DEe
e DH0

f,g H298 � H0
h DH298

f,g

1 27.5 0.0 1.7 0.2 0.0 0.3 29.4 29.7 �0.2 29.5i

2 17.3 �0.2 1.7 �0.1 0.0 �1.4 18.7 17.3 0.4 17.7i

3 18.4 1.4 2.0 0.2 0.0 0.6 22.0 22.6 �0.5 22.1
4 21.8 1.3 2.1 0.2 0.0 0.5 25.4 25.9 �0.4 25.5
5 26.1 0.5 1.7 0.2 0.0 �0.1 28.5 28.4 0.0 28.5
6 27.6 0.2 1.8 0.2 0.0 0.5 29.8 30.3 �0.3 30.0i

7 25.7 2.6 2.1 0.4 0.0 0.7 30.8 31.5 �0.7 30.9
8 14.2 �0.2 1.7 0.0 0.0 �1.3 15.6 14.3 0.4 14.6
9 15.9 0.2 1.6 �0.1 0.0 �1.7 17.7 16.0 0.5 16.5

10 7.3 6.0 2.9 0.2 �0.1 1.1 16.5 17.5 �1.4 16.1
11 17.8 �0.2 1.7 0.0 0.0 �1.2 19.3 18.1 0.3 18.4
12 15.6 2.5 2.1 0.1 0.0 �1.2 20.3 19.0 0.0 19.1
13 11.0 5.7 3.0 0.3 �0.1 1.0 20.0 20.9 �1.4 19.5
14 19.9 0.9 2.1 0.2 0.0 0.5 23.1 23.6 �0.6 22.9
15 22.7 0.5 1.7 0.2 0.0 0.0 25.1 25.1 �0.1 25.1
16 25.1 0.4 1.8 0.2 0.0 0.7 27.5 28.2 �0.3 27.9
17 26.1 1.4 1.9 0.2 0.0 0.0 29.7 29.7 �0.4 29.2
18 29.6 �1.0 1.6 0.2 0.0 0.6 30.4 31.0 �0.2 30.7
19 25.3 2.7 2.1 0.4 �0.1 0.9 30.6 31.4 �0.8 30.7
20 �6.2 �7.3 �0.8 0.4 �0.1 0.9 �13.9 �13.1 �0.7 �13.8
21 18.2 �1.0 1.2 0.2 0.0 �2.0 18.6 16.6 0.0 16.5
22 �27.8 1.1 1.9 0.0 0.0 0.7 �24.7 �24.1 �1.4 �25.4
23 �30.7 2.8 2.0 0.2 0.0 1.8 �25.7 �23.9 �0.9 �24.8
24 �14.5 �7.6 �0.8 0.1 �0.1 �0.8 �22.8 �23.6 0.0 �23.6
25 �10.5 �8.7 �1.0 0.4 �0.1 1.7 �19.9 �18.2 �1.2 �19.4
26 �1.8 �8.2 �0.9 0.4 �0.1 0.9 �10.5 �9.7 �0.8 �10.5
27 12.6 �1.3 1.1 0.2 0.0 �1.4 12.6 11.1 �0.5 10.6
28 16.2 �0.7 1.2 0.2 0.0 �1.8 16.8 15.0 �0.1 14.9
29 22.9 �4.8 0.5 0.2 0.0 �1.5 18.7 17.2 �0.5 16.8
30 �13.8 �9.8 �1.3 0.0 0.0 �0.6 �24.9 �25.5 0.4 �25.2
31 �16.7 �4.1 �0.4 0.2 �0.1 �0.6 �21.0 �21.7 0.1 �21.6
32 �25.0 0.8 1.7 0.2 0.0 2.0 �22.3 �20.3 �1.0 �21.3
33 �9.5 �8.5 �0.9 0.1 0.0 �0.7 �18.8 �19.6 �0.1 �19.8
34 �7.0 �9.6 �1.1 0.4 �0.1 1.7 �17.3 �15.7 �1.2 �16.9
35 �1.7 �8.2 �0.9 0.4 �0.1 0.9 �10.4 �9.5 �0.9 �10.4
36 1.5 �8.6 �1.0 0.4 �0.1 0.7 �7.7 �7.1 �0.8 �7.8
37 �1.9 3.0 1.7 �0.1 0.0 �0.8 2.7 1.9 0.3 2.2
38 �2.7 3.8 1.8 �0.1 0.0 �0.8 2.8 2.0 0.3 2.3
39 3.3 �1.4 0.9 �0.1 0.0 �0.5 2.7 2.2 �0.1 2.1
40 3.3 2.1 1.7 0.0 0.0 �0.9 7.0 6.1 0.4 6.4
41 23.0 �2.0 1.1 0.2 0.0 �2.0 22.4 20.4 0.0 20.3
42 26.1 �1.6 1.3 0.3 0.0 �1.9 26.1 24.1 0.2 24.2
43 8.1 2.0 2.1 �0.1 0.0 �1.6 12.1 10.5 0.1 10.6
44 13.9 �0.1 1.5 0.2 0.0 0.8 15.6 16.4 �0.6 15.7
45 3.8 �0.2 1.5 0.0 0.0 �1.0 5.1 4.1 0.0 4.1
46 14.9 �0.8 1.2 0.2 0.0 0.8 15.5 16.3 �0.7 15.6
47 14.8 �0.5 1.4 0.3 0.0 0.9 16.0 16.9 �0.7 16.2
48 19.3 �2.4 1.1 0.2 0.0 1.0 18.3 19.2 �0.8 18.5
49 16.1 �0.4 1.8 �0.1 0.0 �1.2 17.5 16.3 �0.1 16.2
50 18.0 6.4 3.2 0.3 0.0 1.1 28.0 29.1 �0.4 28.7
51 3.3 1.6 2.2 �0.3 0.0 �2.3 6.8 4.6 0.6 5.2
52 15.8 �0.2 1.9 0.0 0.0 �1.2 17.5 16.3 �0.1 16.2
53 15.4 0.8 2.0 0.0 0.0 �1.4 18.1 16.7 0.3 17.0
54 9.5 5.1 3.1 0.0 0.0 �0.7 17.7 17.1 0.4 17.5
55 17.8 �0.6 1.9 0.0 0.0 �1.1 19.0 17.9 �0.1 17.7
56 22.0 0.7 1.5 0.2 0.0 �0.8 24.5 23.6 0.1 23.7
57 14.3 6.3 3.2 0.3 0.0 1.2 24.1 25.2 �0.6 24.6
58 28.8 �1.3 1.4 0.2 0.0 �0.4 29.0 28.6 �0.6 28.1
59 27.7 0.8 1.7 0.5 �0.1 1.5 30.7 32.1 �1.1 31.1
60 35.6 �1.6 1.9 0.2 0.0 0.4 36.0 36.4 �1.0 35.4

a Reference values are obtained at the W1–F12 level for the reactions involving the C7H12, and at the W2–F12 level for all the rest of the reactions.
b Core-valence correction.
c Scalar-relativistic correction.
d Zero-point vibrational energy correction from B3LYP-D3/cc-pVTZ harmonic calculations (scaled by 0.99).
e Nonrelativistic, all-electron, vibrationless, DBOC-exclusive CCSD(T) basis set limit reference isomerization energies (these are used for the evaluation of the DFT,

composite, and ab initio procedures).
f Relativistic, all-electron, ZPVE-inclusive, DBOC-inclusive CCSD(T) basis set limit reference isomerization energies at 0 and 298 K (for comparison with experiment).
g The DBOC contribution to the reactions is generally below 0.05 kJ mol�1 (Table S4, Supplementary data).
h Enthalpy functions (H298 � H0) are obtained within the rigid rotor-harmonic oscillator approximation from the B3LYP-D3/cc-pVTZ calculated geometry and harmonic

frequencies.
i The experimental (DH298) values are 30.5 (1), 20.0 (2), and 30.0 (6) kJ mol�1 (taken from Ref. [104], see also Table S3, Supplementary data).
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The HGGAs show better performance than the GGAs and
MGGAs. For example, they all result in RMSDs < 8 kJ mol�1. The
best performing HGGA attain RMSDs of 3.8 (BH&HLYP-D3), 4.5
(BH&HLYP), and 5.3 (B3LYP-D3) kJ mol�1. We note that reaction
26 seems to be particularly challenging for most of the HGGA pro-
cedures – for 10 out of the 13 considered HGGAs the largest devi-
ation (9.3–14.5 kJ mol�1) is obtained for this reaction.

The RMSDs of the HMGGA procedures span a wide range from
1.6 (BMK-D3) to 8.4 (TPSSh) kJ mol�1. We note that the exceptional
performance of BMK-D3 is also demonstrated by a largest devia-
tion of merely 2.5 kJ mol�1, and a near-zero MSD of +0.2 kJ mol�1

suggesting that it is free of systematic bias. Inspection of Table 2
reveals that the optimal percentage of Hartree–Fock-type
exchange seems to be around �50%. For example, BMK and BMK-
D3 (42% of exact exchange) give RMSDs of 1.6 and 2.1 kJ mol�1,
respectively. M05-2X (56% of exact exchange) gives a slightly
worse performance, with an RMSD of 2.5 kJ mol�1 (note that
M06-2X, which involves a similar amount of exact exchange, gives
a higher RMSD of 3.5 kJ mol�1). However, functionals with 25–30%
of Hartree–Fock exchange, such as M05, M06, PW6B95, and B1B95
give significantly higher RMSDs of 6.3–7.7 kJ mol�1. We note that
the good performance of the HGGAs and HMGGAs with high
percentages of Hartree–Fock exchange indicates that the self-
interaction error (also known as the delocalization error) [105]
may play an important role in these systems. This is also indicated
by the generally good performance of the RS functionals
(vide infra).

The range-separated hybrid-GGAs give reasonably good perfor-
mance with RMSDs ranging between 3.1 (CAM-B3LYP-D3) and 5.0
(LC-xPBE) kJ mol�1. We note that the good performance of CAM-
B3LYP-D3 is followed by xB97X-D (3.4), xB97X (3.6), CAM-
B3LYP (3.8), and M11 (3.9 kJ mol�1).

The double-hybrid functionals show excellent performance
with RMSDs ranging between 1.4 (DSD-BLYP) and 4.2 (B2-PLYP)
kJ mol�1 (excluding B2K-PLYP, which was parameterized for ther-
mochemical kinetics and shows very poor performance with an
RMSD of 11.0 kJ mol�1!!) [84,85]. We note that B2GP-PLYP gives
similar performance to DSD-BLYP with an RMSD of 1.6 kJ mol�1,
and that both procedures attain near-zero MSDs (�0.1 and
�0.3 kJ mol�1, respectively).

Table S5 (Supplementary data) gives an overview of the basis
set convergence for the reactions in the DIE60 database. We
consider Dunning’s cc-pVnZ basis sets (n = D, T, Q). With few

exceptions, the functionals converge relatively smoothly and rap-
idly to the basis set limit such that even the cc-pVDZ basis set gives
acceptable results. For example, the RMSDs obtained with the cc-
pVDZ basis set are generally higher by 0.1–0.5 kJ mol�1 than those
obtained with cc-pVQZ basis set.

3.3.2. Linear/branched dienes
Table 3 gives the RMSDs over a subset of the DIE60 database

involving only linear/branched structures (reactions 1–19, Fig. 1).
Comparison of the RMSDs obtained for the linear/branched subset
(Table 3) with the RMSDs for the entire DIE60 set (Table 2) reveals
that for some functionals the RMSD increases and for some it
decreases. However, with very few exceptions the changes in the
RMSDs between the two sets vary between 0 and 2 kJ mol�1. We
make the following general observations with regard to the perfor-
mance of DFT for the linear/branched subset:

� The GGA and MGGA functionals give poor performance with
RMSDs ranging between 6.6 and 13.2 kJ mol�1. The best per-
forming GGA being BLYP-D3 (RMSD = 6.6 kJ mol�1), and the
best performing MGGA being TPSS-D3 (RMSD = 8.2 kJ mol�1).
� The performance of the HGGAs for the linear/branched subset is

rather similar to their performance over the entire DIE60 set.
Where in both cases BH&HLYP-D3 comes out as the best per-
former, with RMSDs of 2.5 kJ mol�1 (linear/branched subset)
and 3.8 (entire DIE60 set) kJ mol�1.
� A number of HMGGAs show particularly good performance for

the linear/branched subset, with the following RMSDs: M05-
2X (1.3), M06-2X (1.5), and BMK-D3 (1.6 kJ mol�1).
� The performance of the range-separated functionals for the lin-

ear/branched subset is systematically better than it is for the
entire set (the RMSDs are smaller by 1.1–3.1 kJ mol�1). In par-
ticular, three functionals give excellent performance, with
RMSDs = 0.9 (xB97X-D), 1.2 (xB97X), and 1.4 (M11 and CAM-
B3LYP-D3) kJ mol�1.
� The performance of the DH procedures for the linear/branched

subset is practically the same as it is for the entire DIE60 set.

3.3.3. Cyclic dienes
Table 3 gives the RMSDs over the reactions that involve only the

cyclic structures in the DIE60 database (reactions 20–60, Fig. 1).
We start by making the following general observations:

Fig. 2. Reactions in the DIE60 database involving 3-membered rings in which the number of sp2 carbons in the ring is not balanced on the two sides of the reaction. In all
cases the reactant has n + 1 sp2 carbons in the ring and the product has n sp2 carbons in the ring (n = 1, 2).
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Table 2
Statistical analysis for the performance of DFT procedures for the calculation of the diene isomerization energies in the DIE60 database (in kJ mol�1).a,b

Typec Method RMSD MAD MSD LDd

GGA BLYP 8.3 7.6 7.6 15.7 (24)
BLYP-D3 6.6 6.2 6.2 13.0 (5)
B97-D 7.7 7.3 7.3 13.6 (5)
HCTH407 11.3 10.2 10.1 22.6 (26)
PBE 9.4 8.6 8.6 16.4 (5)
PBE-D3 8.6 8.0 8.0 15.5 (5)
BP86 9.1 8.3 8.3 16.2 (5)
BP86-D3 7.5 7.1 7.1 14.0 (5)
BPW91 9.7 8.8 8.8 17.4 (5)
SOGGA11 9.3 8.3 8.3 20.6 (24)
N12 9.6 8.8 8.8 15.9 (5)

MGGA M06-L 11.7 10.5 10.4 18.4 (47)
TPSS 9.3 8.6 8.6 15.7 (5)
TPSS-D3 8.2 7.8 7.8 14.3 (5)
s-HCTH 10.8 9.8 9.8 20.0 (26)
VSXC 9.9 8.8 7.2 19.7 (60)
BB95 9.6 8.7 8.7 17.6 (5)
M11-L 9.9 8.9 8.8 16.0 (5)
MN12-L 10.5 9.5 9.3 17.1 (60)

HGGA BH&HLYP 4.5 3.8 3.4 10.4 (26)
BH&HLYP-D3 3.8 3.1 2.7 8.0 (36)
B3LYP 6.6 6.0 5.9 12.0 (26)
B3LYP-D3 5.3 4.9 4.8 9.3 (26)
B3P86 7.6 6.8 6.7 12.8 (26)
B3PW91 7.9 7.0 6.9 14.5 (26)
B3PW91-D3 6.4 5.7 5.7 11.5 (26)
PBE0 7.3 6.5 6.4 13.6 (26)
PBE0-D3 6.5 5.8 5.8 12.1 (26)
B97-1 5.8 5.2 5.2 9.9 (5)
B98 5.7 5.1 5.0 9.6 (5)
X3LYP 6.3 5.7 5.7 11.4 (26)
SOGGA11-X 5.6 4.7 4.6 11.9 (26)

HMGGA M05 7.7 6.4 6.1 17.5 (26)
M05-2X 2.5 1.7 1.2 6.0 (1)
M06 6.6 5.6 5.3 13.2 (1)
M06-2X 3.5 2.5 1.9 8.7 (1)
M06-HF 6.0 5.2 �4.5 7.5 (22)
BMK 2.1 1.8 1.4 4.1 (5)
BMK-D3 1.6 1.3 0.2 2.5 (52)
B1B95 7.2 6.4 6.3 12.9 (26)
B1B95-D3 6.5 5.7 5.7 11.8 (35)
TPSSh 8.4 7.7 7.7 14.0 (26)
s-HCTHh 6.7 6.1 6.0 11.6 (5)
PW6B95 6.6 5.9 5.8 11.3 (34)
PW6B95-D3 6.3 5.6 5.6 10.6 (27)

RS CAM-B3LYP 3.8 3.0 2.5 9.4 (26)
CAM-B3LYP-D3 3.1 2.3 1.8 7.6 (25)
LC-xPBE 5.0 3.5 0.9 12.2 (27)
LC-xPBE-D3 4.8 3.6 0.1 11.2 (1)
xB97 4.2 3.2 �0.2 9.9 (1)
xB97X 3.6 2.5 0.6 8.8 (1)
xB97X-D 3.4 2.4 1.8 8.2 (1)
M11 3.9 2.9 0.6 9.6 (27)

DH B2-PLYP 4.2 3.9 3.9 7.0 (26)
B2-PLYP-D3 3.4 3.3 3.3 5.5 (25)
B2GP-PLYP 1.6 1.2 �0.3 3.8 (10)
B2GP-PLYP-D3 1.6 1.3 �0.6 4.2 (10)
B2K-PLYP 11.0 8.8 5.5 31.3 (51)
B2T-PLYP 1.9 1.5 �0.6 4.2 (24)
DSD-BLYP 1.4 1.1 �0.1 3.2 (24)
DSD-PBEP86 2.7 2.5 2.5 5.0 (26)
DSD-PBEP86-D3 2.1 1.9 1.9 4.9 (31)
PWPB95 4.0 3.5 3.4 7.4 (35)
PWPB95-D3 3.8 3.3 3.3 7.1 (27)

a The standard DFT calculations were carried out in conjunction with the cc-pVTZ basis set, while the DHDFT calculations, which exhibit slower basis set
convergence, were carried out in conjunction with the cc-pVQZ basis set.

b RMSD = root mean square deviation, MAD = mean absolute deviation, MSD = mean signed deviation, LD = largest deviation (in absolute value).
c GGA = generalized gradient approximation, HGGA = hybrid-GGA, MGGA = meta-GGA, RS = range-separated HGGA, HMGGA = hybrid-meta-GGA,

DH = double hybrid.
d The reaction numbers are given in parenthesis (see Fig. 1).
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Table 3
Statistical analysis for the performance of DFT procedures for subsets of the DIE60 database (RMSDs, kJ mol�1).a,b

Type Method Linear Cyclic

Allc Alld 3-meme 3-memf 3-memg 4-memh 5-memi

GGA BLYP 9.2 7.9 7.6 9.4 8.7 8.2 5.9
BLYP-D3 6.6 6.7 7.0 7.8 7.5 6.1 5.2
B97-D 8.0 7.5 6.8 9.6 8.5 6.0 5.9
HCTH407 9.5 12.0 9.4 16.5 13.9 11.7 7.4
PBE 10.4 8.9 7.0 11.3 9.7 9.4 6.9
PBE-D3 9.0 8.4 6.9 10.7 9.3 8.5 6.4
BP86 10.3 8.5 7.0 10.6 9.2 9.1 6.6
BP86-D3 7.8 7.4 6.5 9.3 8.2 7.1 5.8
BPW91 10.5 9.4 7.6 12.0 10.3 10.0 6.9
SOGGA11 7.6 9.9 8.5 12.5 10.9 10.8 7.0
N12 11.2 8.8 7.9 10.2 9.3 9.5 7.4

MGGA M06-L 12.5 11.3 7.2 15.1 12.3 12.1 8.5
TPSS 10.1 8.9 7.7 11.2 9.8 9.1 6.6
TPSS-D3 8.2 8.2 7.4 10.4 9.2 7.8 6.0
s-HCTH 10.4 11.0 8.9 14.9 12.6 10.8 7.1
VSXC 13.2 8.0 7.0 7.1 7.1 7.1 9.8
BB95 10.5 9.1 6.9 11.7 9.9 9.7 7.0
M11-L 10.5 9.6 5.0 13.5 10.7 9.7 7.1
MN12-L 12.0 9.7 6.2 12.3 10.1 10.2 8.4

HGGA BH&HLYP 3.5 4.9 3.5 7.3 5.9 3.3 2.8
BH&HLYP-D3 2.5 4.3 3.1 6.5 5.3 1.6 2.6
B3LYP 6.9 6.5 5.7 8.5 7.4 6.3 4.4
B3LYP-D3 4.9 5.5 5.1 7.3 6.4 4.3 3.8
B3P86 8.0 7.3 5.4 9.9 8.2 7.2 5.2
B3PW91 7.9 7.9 5.7 10.8 9.0 7.7 5.2
B3PW91-D3 5.4 6.8 5.1 9.7 8.0 5.6 4.2
PBE0 7.3 7.4 4.8 10.5 8.5 7.0 4.8
PBE0-D3 6.0 6.8 4.5 9.9 8.0 5.8 4.2
B97-1 6.3 5.5 4.7 6.8 6.0 6.0 4.2
B98 6.2 5.4 4.7 6.5 5.8 5.9 4.2
X3LYP 6.7 6.2 5.4 8.1 7.1 5.9 4.3
SOGGA11-X 4.6 6.1 3.2 9.4 7.4 4.8 3.1

HMGGA M05 5.2 8.7 4.0 13.6 10.6 7.3 4.0
M05-2X 1.3 2.9 1.5 4.8 3.8 0.5 1.1
M06 5.9 6.9 2.6 10.8 8.3 5.3 4.2
M06-2X 1.5 4.2 1.8 7.0 5.4 1.8 1.5
M06-HF 7.6 5.1 4.3 4.7 4.5 7.1 4.9
BMK 2.4 1.9 1.4 2.0 1.8 2.5 1.8
BMK-D3 1.6 1.6 1.0 2.0 1.6 0.7 1.8
B1B95 7.1 7.3 4.5 10.5 8.4 6.9 4.7
B1B95-D3 6.1 6.7 4.4 9.8 7.9 5.4 4.3
TPSSh 8.8 8.2 6.6 10.8 9.2 8.1 5.8
s-HCTHh 7.4 6.3 5.3 7.8 6.8 6.9 4.9
PW6B95 6.7 6.5 4.3 9.2 7.5 6.1 4.4
PW6B95-D3 6.2 6.3 4.3 9.0 7.3 5.5 4.2

RS CAM-B3LYP 2.7 4.2 2.5 6.6 5.2 3.0 2.0
CAM-B3LYP-D3 1.4 3.6 1.8 6.0 4.6 1.5 1.6
LC-xPBE 1.9 5.9 2.9 9.4 7.3 3.2 3.5
LC-xPBE-D3 2.4 5.5 2.6 8.9 6.9 2.1 3.3
xB97 2.2 4.9 2.8 7.7 6.1 1.8 3.2
xB97X 1.2 4.3 1.9 6.9 5.4 1.8 2.4
xB97X-D 0.9 4.1 1.9 6.7 5.2 2.3 1.7
M11 1.4 4.7 3.8 7.0 5.8 1.7 2.7

DH B2-PLYP 4.3 4.1 3.6 5.2 4.6 3.8 3.2
B2-PLYP-D3 3.3 3.5 3.2 4.4 3.9 2.7 2.8
B2GP-PLYP 1.8 1.5 1.3 1.8 1.6 0.5 1.6
B2GP-PLYP-D3 2.0 1.4 1.2 1.5 1.4 0.7 1.7
B2K-PLYP 15.2 8.3 7.7 9.4 8.7 3.2 9.4
B2T-PLYP 2.2 1.7 1.6 2.1 1.9 0.6 1.8
DSD-BLYP 1.4 1.3 1.0 1.6 1.4 0.4 1.5
DSD-PBEP86 2.5 2.8 2.0 4.0 3.2 2.5 2.1
DSD-PBEP86-D3 1.5 2.4 2.0 3.3 2.8 1.1 1.7
PWPB95 3.9 4.1 2.4 6.0 4.8 3.6 2.5
PWPB95-D3 3.5 3.9 2.4 5.9 4.7 3.2 2.3

a Footnotes a, b, and c to Table 2 apply here.
b The reactions are shown in Fig. 1.
c All reactions involving linear/branched structures (reactions 1–19).
d All reactions involving cyclic structures (reactions 20–60).
e Reactions in which the number cyclic sp2 carbons is the same on the two sides of the reaction.
f Reactions in which the number cyclic sp2 carbons is not balanced on the two sides of the reaction (Fig. 2).
g All reactions involving 3-membered rings (reactions 20–42).
h All reactions involving 4-membered rings (reactions 43–48).
i All reactions involving 5-membered rings (reactions 49–60).
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� With very few exceptions (most notably HCTH407 and SOG-
GA11), the performance of all of the GGA and MGGA functionals
is better for the cyclic subset than for the linear/branched
subset.
� In contrast, the performance of the range-separated procedures

is systematically better for the linear/branched subset.
� Overall, the RMSDs obtained for the cyclic subset differ by about

0–2 kJ mol�1 (in absolute value) from those obtained for the lin-
ear/branched subset. Noticeable exception are: (i) VSXC, for
which the RMSDs over the cyclic subset is smaller than those
over the linear/branched subset by 5.2 kJ mol�1; and (ii) M05
and LC-xPBE, for which the RMSDs over the cyclic subset are
larger than those over the linear/branched subset by 3.5 and
4.0 kJ mol�1, respectively.

The last three columns of Table 3 give the RMSDs for the subset
of cyclic reactions that involve only 3-membered rings,
4-membered rings, and 5-membered rings. It is clear the subset
of the 3-membered rings is the most taxing subset, namely, the
performance of most of the GGA, MGGA, HGGA, and HMGGA
functionals deteriorates along the series: 5-membered rings ?
4-membered rings ? 3-membered rings. It is instructive to further
divide the subset of the 3-membered rings into two subsets: (i)
reactions in which the reactants and products have the same num-
ber of sp2 carbons in the ring, and (ii) reactions in which the num-
ber of sp2 carbons in the ring is not balanced on the two sides of the
reaction (Fig. 2). In the following we will refer to these subsets as
subsets (i) and (ii). In subset (i) the strain energy is expected to
be similar on both sides of the reaction, whilst in subset (ii) the
strain energy is expected to be larger on the reactants side. This
is due to the strain energy associated with the presence of an extra
sp2 carbon in a highly strained 3-membered ring (see also discus-
sion in Section 3.2). The RMSDs for these two subsets are given in
Table 3. It is convenient for the following discussion to define:
DRMSD = RMSDsubset ii � RMSDsubset i. The performance of almost
all of the GGA, MGGA, HGGA, HMGGA, and range-separated
functionals is significantly better for subset (i) than for subset
(ii). For example, for 42 out of the 53 considered conventional
DFT functionals, DRMSD = 2.1–9.6 kJ mol�1. The DH functionals,
on the other hand, show a more balanced performance for the
two subsets with DRMSD 6 2.0 kJ mol�1 (with the exception of
PWPB95). We offer the following general observations with regard
to the performance of the conventional DFT procedures:

� For the GGAs the DRMSDs vary between 0.8 (BLYP-D3) and 7.1
(HCTH407) kJ mol�1.
� The MGGAs have DRMSDs between 3.0 (TPSS-D3) and 8.5

(M11-L) kJ mol�1 (with the exception of VSXC for which DRMSD
is essentially nil).
� The DRMSDs for the HGGAs vary between 1.8 (B98) and 6.2

(SOGGA11) kJ mol�1.
� Three HMGGA procedures show similar performance for the

two subsets with DRMSD = 0.4 (M06-HF), 0.6 (BMK), and 1.0
(BMK-D3) kJ mol�1. Of these, both BMK and BMK-D3 give excel-
lent performance with RMSDs = 1.0–2.0 kJ mol�1. For the rest of
the HMGGA the DRMSDs vary between 2.5 (s-HCTHh) and 9.6
(M05) kJ mol�1.

As discussed in Section 3.2, all the reactions in subset (ii) are
exothermic. However, inspection of the DFT reaction energies
reveals that a large number of DFT procedures (83% of the conven-
tional DFT functionals) predict that reaction 36 is endothermic
(Fig. 2). Table 4 gives the W2–F12 and the DFT reaction energies
for this taxing isomerization reaction. At the W2–F12 level we
obtain a reaction energy (DEe) of �7.7 kJ mol�1. The DFT reaction
energies span a wide range, from �9.5 (B2T-PLYP) to +10.3

(M06-L) kJ mol�1. Only 20 out of the 64 considered functionals pre-
dict that this reaction is exothermic, and 85% of the functionals
deviate by 6.0–18.0 kJ mol�1 from the W2–F12 reaction energy.
We begin by noting that all of the DH functionals predict that this
reaction is exothermic, however, B2-PLYP, PWPB95, and B2K-PLYP
give reactions energies that are far from the W2–F12 value
(namely, they predict DEe to be between �2.4 and �0.5 kJ mol�1).
Of the conventional functionals, notable procedures that perform
poorly predict the following reaction energies: +5.0 (M06), +6.3
(M05), +7.6 (s-HCTH), +8.0 (M11-L), +8.1 (MN12-L), +9.1
(HCTH407), and +10.3 (M06-L) kJ mol�1. On the other hand,
BMK-D3 gives a reaction energy which is spot-on the W2–F12
value, and other good performers give reaction energies of: �8.9
(B2GP-PLYP), �8.8 (DSD-BLYP), and �8.5 (M06-HF) kJ mol�1.

3.4. Performance of composite and lower-level ab initio procedures for
the isomerization reactions in the DIE60 database

Table 5 gives an overview of the performance of the composite
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, MP4, SCS-
MP2, SCS-MP3, CCSD and CCSD(T)). All the composite procedures
give excellent performance with RMSDs below 1.7 kJ mol�1. The
Gn-type procedures give similar performance, with RMSDs ranging
between 1.3 (G4) and 1.7 (G4(MP2)) kJ mol�1. The CBS procedures
show slightly better performance, with RMSDs of 0.9 (CBS-QB3)
and 1.1 (CBS-APNO) kJ mol�1. We note that whilst the Gn-type pro-
cedures tend to systematically underestimate the reaction energies
(with �MSDs �MADs = 1.1–1.5 kJ mol�1), the CBS procedures give
near-zero MSDs indicating that they are less prone to systematic
bias. It is clear that the composite procedures do not have difficulty
with the reaction energies that are problematic for the DFT
functionals, the largest deviations being well below the ‘chemical
accuracy’ threshold (Table 5).

We now turn our attention to the performance of the standard
wavefunction methods in conjunction with the cc-pVnZ basis sets
(n = D, T, and Q) (Table 5). We start by noting that practically all the
ab initio methods converge fairly rapidly to the basis set limit. For
example, for the methods for which we have cc-pVQZ results (HF,
MP2, SCS-MP2, MP2.5, MP3, and SCS-MP3) the difference in the
overall RMSDs between the cc-pVQZ and cc-pVTZ are equal to or
smaller than 0.1 kJ mol�1 (in absolute value). In the following dis-
cussion we will use the results obtained with the cc-pVQZ for the
abovementioned methods, and the cc-pVTZ basis set for all the
rest. Nevertheless, it is worth mentioning that even the cc-pVDZ
basis set does not perform too badly, considering its low computa-
tional cost. Specifically, the difference in the overall RMSDs
between the cc-pVTZ and cc-pVDZ basis sets are equal to or smal-
ler than 0.6 kJ mol�1 (in absolute value), with the exception of
CCSD(T) for which it is 0.9 kJ mol�1 (Table 5).

We start by noting that HF theory (RMSD = 5.1 kJ mol�1) actu-
ally outperforms all of the considered GGA, MGGA, and HGGA
functionals (with the exceptions of BH&HLYP and BH&HLYP-D3
which give RMSDs of 4.5 and 3.8 kJ mol�1, respectively). The con-
ventional DFT functionals that consistently outperform HF theory
are the RS procedures, and the HMGGAs with �50% of exact
exchange (e.g., BMK, M05-2X, and M06-2X). Second-order
Møller–Plesset perturbation theory (MP2) results in an RMSD of
2.7 kJ mol�1 (the same RMSD as DSD-PBEP86). However, this
RMSD is reduced to merely 1.0 kJ mol�1 when the same-spin and
opposite-spin components of the MP2 correlation energy are
scaled, as in the SCS-MP2 procedure. Inclusion of higher-order
excitations in procedures such as MP2.5, MP3, SCS-MP3, and MP4
results in RMSDs ranging between 0.9 and 1.2 kJ mol�1. Thus, the
increase in the computational cost (relative to SCS-MP2) does not
seem to warrant their use. The CCSD method attains a somewhat
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disappointing RMSD of 2.0 kJ mol�1, and the its spin-component-
scaled variants give even larger RMSDs. The CCSD(T) method
attains RMSDs of 0.7 and 1.6 kJ mol�1 in conjunction with the cc-
pVTZ and cc-pVDZ basis sets, respectively. It is of interest to assess
the performance of the CCSD(T) method using an additivity-based
approach in which the CCSD(T)/CBS energy is estimated from the
CCSD(T)/cc-pVDZ energy and an MP2-based basis-set-correction
term (DMP2 = MP2/cc-pV{T,Q}Z �MP2/cc-pVDZ, where the MP2/
cc-pV{T,Q}Z energy is extrapolated to the basis-set limit with an
extrapolation exponent of 3) [106]. This cost-effective approach,
which has been shown to give good results for noncovalent inter-
actions [6,107–110], results in an RMSD of merely 0.5 kJ mol�1 and
in fact outperforms all of the standard ab initio and composite
procedures in Table 5.

4. Conclusions

We have obtained benchmark isomerization energies by means
of the high-level W2–F12 composite thermochemistry protocol (or
W1–F12, for the largest systems), for a diverse set of isomerization
reactions involving double-bond migration in conjugated dienes.
We use these benchmark diene isomerization energies (a.k.a. the
DIE60 database) to evaluate the performance of a variety of con-
temporary density functional theory and ab initio procedures for
the calculation of p-conjugation stabilization energies. With regard
to the performance of the DFT and DHDFT procedures for the DIE60
dataset we make the following observations:

Table 4
DFT reaction energies for reaction 36 (Fig. 2), for which 83% of the considered DFT
functionals predict the wrong sign for the reaction energy (the tabulated values are
reaction energies in kJ mol�1).a,b

Type Method DEe

W2–F12c �7.7
GGA BLYP 0.0

BLYP-D3 �1.4
B97-D 1.8
HCTH407 9.1
PBE 3.7
PBE-D3 3.2
BP86 2.7
BP86-D3 1.4
BPW91 4.2
SOGGA11 2.5
N12 2.0

MGGA M06-L 10.3
TPSS 3.5
TPSS-D3 2.6
s-HCTH 7.6
VSXC 0.3
BB95 3.9
M11-L 8.0
MN12-L 8.1

HGGA BH&HLYP 1.1
BH&HLYP-D3 0.3
B3LYP 1.0
B3LYP-D3 �0.3
B3P86 3.6
B3PW91 4.4
B3PW91-D3 3.1
PBE0 4.5
PBE0-D3 3.8
B97-1 �0.8
B98 �1.2
X3LYP 0.8
SOGGA11-X 3.6

HMGGA M05 6.3
M05-2X �1.8
M06 5.0
M06-2X 0.6
M06-HF �8.5
BMK �6.1
BMK-D3 �7.7
B1B95 4.5
B1B95-D3 3.9
TPSSh 3.8
s-HCTHh 0.1
PW6B95 3.0
PW6B95-D3 2.7

RS CAM-B3LYP 0.1
CAM-B3LYP-D3 �0.9
LC-xPBE 4.1
LC-xPBE-D3 3.0
xB97 1.8
xB97X 0.9
xB97X-D 0.1
M11 1.7

DH B2-PLYP �2.4
B2-PLYP-D3 �3.2
B2GP-PLYP �8.9
B2GP-PLYP-D3 �9.2
B2K-PLYP �0.5
B2T-PLYP �9.5
DSD-BLYP �8.8
DSD-PBEP86 �3.4
DSD-PBEP86-D3 �4.0
PWPB95 �0.6
PWPB95-D3 �0.8

a Footnotes a and c to Table 2 apply here.
b The functionals that predict the correct (negative) sign are given in bold.
c Reference reaction energy from W2–F12 theory.

Table 5
Statistical analysis for the performance of composite and standard ab initio methods
for the calculation of the diene isomerization energies in the DIE60 database (in
kJ mol�1).a

Basis set Methods RMSD MAD MSD LD

G4 1.3 1.1 �1.0 2.6 (10)
G4(MP2) 1.7 1.5 �1.5 3.2 (36)
G4(MP2)-6X 1.4 1.1 �1.1 3.3 (36)
CBS-QB3 0.9 0.7 �0.3 2.6 (32)
CBS-APNO 1.1 0.9 0.3 2.8 (32)

cc-pVQZ HF 5.1 3.9 �0.8 11.0 (30)
MP2 2.7 2.2 2.2 8.1 (50)
SCS-MP2 1.0 0.6 0.3 4.7 (22)
MP2.5 1.0 0.7 0.7 3.2 (50)
MP3 1.2 1.1 �0.8 2.0 (13)
SCS-MP3 0.9 0.6 �0.1 3.6 (22)

cc-pVTZ HF 5.0 3.9 �0.7 11.1 (30)
MP2 2.8 2.3 2.3 7.8 (57)
SCS-MP2 1.1 0.8 0.3 4.9 (22)
MP2.5 1.0 0.8 0.8 2.9 (54)
MP3 1.1 1.0 �0.7 2.5 (10)
SCS-MP3 1.0 0.7 0.0 3.9 (22)
MP4 1.2 0.9 0.9 3.0 (22)
CCSD 2.0 1.7 �1.6 4.7 (50)
SCS-CCSD 2.3 2.1 �2.1 4.2 (60)
SCS(MI)CCSD 2.7 2.2 2.1 8.0 (50)
CCSD(T) 0.7 0.6 �0.3 1.6 (50)
CCSD(T)/CBSb 0.5 0.4 �0.4 1.2 (35)

cc-pVDZ HF 4.6 3.4 �0.4 10.6 (34)
MP2 2.9 2.2 2.1 8.5 (57)
SCS-MP2 1.7 1.4 0.3 6.0 (22)
MP2.5 1.5 1.2 0.6 4.1 (22)
MP3 1.4 1.1 �0.8 4.4 (10)
SCS-MP3 1.6 1.3 �0.1 5.1 (22)
MP4 1.6 1.4 0.7 3.9 (22)
CCSD 2.4 2.0 �1.8 5.9 (10)
SCS-CCSD 2.5 1.7 �0.2 6.5 (34)
SCS(MI)CCSD 2.8 2.4 �2.4 5.1 (10)
CCSD(T) 1.6 1.3 �0.5 3.6 (10)

a Footnote b to Table 2 applies here.
b CCSD(T)/CBS � CCSD(T)/cc-pVDZ + MP2/cc-pV{T,Q}Z �MP2/cc-pVDZ.
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� The calculation of p-stabilization energies serve as a challeng-
ing test for most conventional DFT procedures, in particular
the GGA and MGGA functionals.
� With few exceptions, conventional DFT methods (rungs 1–4 of

Jacob’s Ladder) yield relatively large RMSDs ranging between
4.5 and 11.7 kJ mol�1. The DHDFT methods, on the other hand,
show good performance with RMSDs well below the ‘chemical
accuracy’ threshold.
� All the considered GGA and MGGA functionals give relatively

poor performance with RMSDs ranging between 6.6 and
13.2 kJ mol�1. The best performing GGA is BLYP-D3
(RMSD = 6.6 kJ mol�1), and the best performing MGGA is TPSS-
D3 (RMSD = 8.2 kJ mol�1).
� The HGGAs show somewhat better performance with RMSDs

ranging between 3.8 (BH&HLYP-D3) and 7.9 (B3PW91)
kJ mol�1. We note that the popular B3LYP-D3 comes in as the
third best performer with an RMSD of 5.3 kJ mol�1.
� The RMSDs of the HMGGA procedures span a wide range from 1.6

(BMK-D3) to 8.4 (TPSSh) kJ mol�1. The best performing HMGGA
(BMK-D3) shows exceptional performance with a largest devia-
tion of merely 2.5 kJ mol�1 and a near-zero MSD of +0.2 kJ mol�1.
Other HMGGAs that perform well are (RMSDs are given in paren-
thesis): BMK (2.1), M05-2X (2.5), and M06-2X (3.5 kJ mol�1). All
the other HMGGAs give RMSDs P 6.0 kJ mol�1.
� The range-separated procedures give reasonably good perfor-

mance with RMSDs varying between 3.1 (CAM-B3LYP-D3) and
5.0 (LC-xPBE) kJ mol�1.
� The double-hybrid procedures give excellent performance. The

best performing functionals are: DSD-BLYP (1.4) and B2GP-PLYP
(1.6 kJ mol�1).

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

� The composite procedures show excellent performance with
RMSDs ranging between 0.9 (CBS-QB3) and 1.7 (G4(MP2))
kJ mol�1.
� The standard ab initio procedures also show good performance

with SCS-MP2 offering the best performance-to-computational-
cost ratio (RMSD = 1.1 and 1.0 kJ mol�1, respectively, in con-
junction with the cc-pVTZ and cc-pVQZ basis sets).
� Estimating the CCSD(T)/CBS energy from the CCSD(T)/cc-pVDZ

energy and adding an MP2-based basis-set-correction term
results in an RMSD of only 0.5 kJ mol�1. Remarkably, this simple
and cost-effective procedure outperforms all of the considered
ab initio and composite procedures.
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Appendix A. Supplementary data

Comparison of W1–F12 and W2–F12 reaction energies for the
isomerization reactions in DIE60 database (Table S1); diagnostics

indicating the importance of nondynamical correlation effects for
the species involved in the DIE60 database (Table S2); experimen-
tal heats of formation (DHf,298) for the species involved in reactions
1, 2, and 6 (Table S3); diagonal Born–Oppenheimer corrections for
the reactions in DIE60 database (Table S4); overview of the basis
set convergence of the DFT procedures (Table S5); B3LYP-D3/cc-
pVTZ optimized geometries for all the species considered in the
present work (Table S6); and full references for Ref. [22] (Molpro
2012), Ref. [43] (CFOUR), and Ref. [54] (Gaussian 09). For the con-
venience of the reader the Supplementary data also includes a
directory (DIE60_input_files_and_script.zip) with the Gaussian
input files for the species involved in the DIE60 database and a perl
script that calculates the reaction energies and the error statistics
from our Wn–F12 reference values. Supplementary data associated
with this article can be found, in the online version, at http://
dx.doi.org/10.1016/j.chemphys.2014.07.015.
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We introduce a representative database of 22 α,β- to β,γ -enecarbonyl isomerisation energies (to be known as the EIE22 data-
set). Accurate reaction energies are obtained at the complete basis-set limit CCSD(T) level by means of the high-level W1-F12
thermochemical protocol. The isomerisation reactions involve a migration of one double bond that breaks the conjugated π -
system. The considered enecarbonyls involve a range of common functional groups (e.g., Me, NH2, OMe, F, and CN). Apart
from π -conjugation effects, the chemical environments are largely conserved on the two sides of the reactions and therefore
the EIE22 data-set allows us to assess the performance of a variety of density functional theory (DFT) procedures for the
calculation of π -conjugation stabilisation energies in enecarbonyls. We find that, with few exceptions (M05-2X, M06-2X,
BMK, and BH&HLYP), all the conventional DFT procedures attain root mean square deviations (RMSDs) between 5.0 and
11.7 kJ mol−1. The range-separated and double-hybrid DFT procedures, on the other hand, show good performance with
RMSDs below the ‘chemical accuracy’ threshold. We also examine the performance of composite and standard ab initio
procedures. Of these, SCS-MP2 offers the best performance-to-computational cost ratio with an RMSD of 0.8 kJ mol−1.

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

1. Introduction

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

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

∗
Corresponding author. Email: amir.karton@uwa.edu.au

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

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

C⃝ 2014 Taylor & Francis



2 L.-J. Yu et al.

Scheme 1. Equilibrium between α,β- and β,γ -enecarbonyls.

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

2. Computational methods

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

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

W1-F12 theory combines explicitly correlated F12
techniques [30] with basis-set extrapolations in order to
approximate the CCSD(T) basis-set-limit energy. Due to
the drastically accelerated basis-set convergence of the F12
methods [31,32], W1-F12 is superior to the original W1
method in terms of computational cost [18]. For the sake of
making the article self-contained, we will briefly outline the
various steps in W1-F12 theory (for further details see Refs
[18] and [33]). The Hartree–Fock component is extrapo-
lated from the VDZ-F12 and VTZ-F12 basis sets, using
the E(L) = E∞ + A/Lα two-point extrapolation formula,
with α = 5 (where VnZ-F12 denotes the cc-pVnZ-F12
basis sets of Peterson et al. [31], which were specifically
developed for explicitly correlated calculations). Note that
the complementary auxiliary basis set singles correction is
included in the self-consistent field (SCF) energy [34–36].
The valence CCSD-F12 correlation energy is extrapolated
from the same basis sets, using the E(L) = Eα + A/Lα two-
point extrapolation formula, with α = 3.38. Optimal values
for the geminal Slater exponents (β) used in conjunction
with the VnZ-F12 basis sets were taken from Ref. [32]. The
(T) valence correlation energy is obtained from standard
CCSD(T) [20], namely, extrapolated from the A′VDZ and
A′VTZ basis sets using the above two-point extrapolation
formula with α = 3.22 (where A′VnZ indicates the com-
bination of the standard correlation-consistent cc-pVnZ
basis sets on H and the aug-cc-pVnZ basis sets on C,
N, O, and F) [37,38]. In all of the explicitly correlated
coupled cluster calculations the diagonal, fixed-amplitude
3C(FIX) ansatz [35,39–41], and the CCSD-F12b approx-
imation are employed [36,42]. The CCSD inner-shell
contribution is calculated with the core–valence weighted
correlation-consistent cc-pwCVTZ basis set of Peterson
and Dunning [43], whilst the (T) inner-shell contribution
is calculated with the cc-pwCVTZ(no f) basis set (where
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cc-pwCVTZ(no f) indicates the cc-pwCVTZ basis set
without the f functions). The scalar relativistic con-
tribution (in the second-order Douglas–Kroll–Hess
approximation) [44,45] is obtained as the difference
between non-relativistic CCSD(T)/A′VDZ and relativistic
CCSD(T)/A′VDZ-DK calculations [46]. The diagonal
Born–Oppenheimer corrections are calculated at the
HF/cc-pVTZ level of theory using the CFOUR program
suite [47].

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

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

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

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

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

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

3. Results and discussion

3.1. Overview of the isomerisation reactions in
the EIE22 database

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

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

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

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

f H298 − H0
g &H298

f

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

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

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

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

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

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

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

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

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

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

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

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

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

The W1-F12 reaction energies (Table 1) provide a bench-
mark set of values that allows the evaluation of the perfor-
mance of computationally less demanding procedures for
the calculation of α,β- to β,γ -enecarbonyl isomerisation
energies. For a rigorous comparison with the DFT data,
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secondary effects that are not explicitly included in the
DFT calculations, such as relativistic and ZPVE correc-
tions, are excluded from the W1-F12 reference values. We
begin by noting that all the isomerisation reactions in the
EIE22 database conserve the numbers of each formal bond
type and the number of C atoms in each hybridisation state
on both sides of the reaction. In addition, some of the reac-
tions also conserve the number of C atoms in each hapticity
(i.e., primary, secondary, and tertiary). The use of trans-
formations in which the chemical environments (except for
π -conjugation) are largely balanced on the two sides of
the reaction, allows us to evaluate the performance of ap-
proximate theoretical procedures for the calculation of the
π -conjugation stabilisation energies in enecarbonyls.

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

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

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

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

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

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

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

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

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



Molecular Physics 7

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

Typec Method RMSD MAD MSD LDd

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

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

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

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

RS CAM-B3LYP 4.1 3.6 3.6 7.0 (16)
CAM-B3LYP-D3 3.5 3.0 3.0 6.2 (16)
LC-ωPBE 2.2 1.8 0.4 4.5 (11)
LC-ωPBE-D3 1.8 1.3 −0.6 5.1 (11)
ωB97 1.4 1.2 0.1 2.8 (18)
ωB97X 2.1 1.8 1.3 3.6 (17)
ωB97X-D 3.1 2.7 2.5 6.0 (16)
M11 2.3 1.9 0.3 4.7 (18)
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Table 2. (Continued)

Typec Method RMSD MAD MSD LDd

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

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

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

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

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

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

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

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

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

Table S4 (Supplemental data) gives an overview of
the basis-set convergence for the reactions in the EIE22
database. We consider Dunning’s A′VnZ basis sets (n =
D, T, and Q). With few exceptions, the functionals con-
verge relatively smoothly and rapidly to the basis-set limit
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Table 3. Statistical analysis for the performance of composite and standard ab initio methods for the calculation of the enecarbonyl
isomerisation energies in the EIE22 database (in kJ mol−1)a.

Basis set Methods RMSD MAD MSD LD

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

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

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

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

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

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

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

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

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

Table 3 gives an overview of the performance of the com-
posite G3, G3(MP2), G3B3, G3(MP2)B3, G4, G4(MP2),
G4(MP2)-6X, CBS-QB3, and CBS-APNO procedures, as
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well as several ab initio methods (e.g., MP2, MP2.5, MP3,
MP4, SCS-MP2, SCS-MP3, CCSD, and CCSD(T)). It is
clear that the composite procedures do not have difficulty
with the reactions in the EIE22 data-set. All of the com-
posite procedures are associated with RMSDs below 2.3
kJ mol−1. Of the G4-type procedures, G4(MP2)-6X, which
has the same computational cost as G4(MP2) gives the best
performance with an RMSD of 1.5 kJ mol−1. The G4 and
G4(MP2) procedures give slightly larger RMSDs of 1.8
and 2.3 kJ mol−1, respectively. Of the G3-type procedures,
G3 and G3B3 give the best performance with RMSDs of
1.0 and 1.4 kJ mol−1, respectively. The CBS-type proce-
dures show similar performance to G3 and G3B3, with
RMSDs of 1.0 (CBS-APNO) and 1.2 (CBS-QB3) kJ mol−1,
respectively.

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

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

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

4. Conclusions

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

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

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

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

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

with and without the dispersion D3 correction,
respectively.

• The RMSDs of the HMGGA procedures span a wide
range from 1.6 (M06-2X) to 8.9 (TPSSh) kJ mol−1.
Apart from M06-2X, the M05-2X functional also
shows very good performance with an RMSD of 2.1
kJ mol−1. We also note the fairly good performance
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of BMK (RMSD = 2.7 and 3.2 kJ mol−1, with and
without the D3 dispersion correction, respectively).
All the other HMGGAs give RMSDs ≥ 5.8 kJ mol−1.

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

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

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

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

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

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

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

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

Cycloaddition reactions (or in the reverse direction; cyclorever-
sion reactions) are one of the most important classes of organic

reactions for converting simple unsaturated building blocks to cyc-
lic structures and vice versa. Over the past decade a number of bar-
rier height datasets of cycloaddition reactions have been
constructed for the purpose of evaluating the performance of DFT
and computationally economical ab initio methods [6–9]. It has
been found that many DFT and ab initio methods perform poorly
in computing the barrier heights of cycloaddition reactions. For
example, a recent study [6] assessed the performance of a large
variety of contemporary DFT, standard ab initio, and composite
ab initio methods for the set of 19 cycloaddition reactions in the
GMTKN30 database [3]. This set consists of highly accurate reac-
tion barrier heights obtained by means of the Wn-F12 thermo-
chemical protocols (n = 1 and 2) [10]. It was found that 75% of
the considered DFT functionals result in root-mean-squared devia-
tions (RMSDs) higher than 10 kJ mol�1 [6]. Double-hybrid DFT
methods offer significantly better performance, albeit with a sub-
stantial increase in computational cost. Of the standard and mod-
ified Møller–Plesset perturbation theory (MPn) methods, MP3.5 –
an average of MP3 and MP4 – gives excellent performance with
an RMSD of 2.6 kJ mol�1. However, the other procedures result in
RMSDs ranging from 5.8 (SCS-MP2) to 35.3 (MP2) kJ mol�1. Of
the composite procedures, the Gaussian-4-type methods show
good performance with RMSDs of 3.8 (G4) and 5.6 (G4(MP2))
kJ mol�1 [11,12]. On the other hand; the complete basis set (CBS)
methods show surprisingly poor performance with RMSDs of over
10 kJ mol�1 [13,14].

http://dx.doi.org/10.1016/j.chemphys.2015.07.005
0301-0104/� 2015 Elsevier B.V. All rights reserved.
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In the present work, we introduce a representative benchmark
database of 20 reaction barrier heights of cycloreversion reactions
(to be known as the CRBH20 dataset). The reference reaction bar-
rier heights are obtained at the CCSD(T)/CBS level (i.e., coupled
cluster with singles, doubles, and quasiperturbative triple excita-
tions at the complete basis-set limit) by means of the high-level
W1-F12 and W1w thermochemical protocols [15,16]. These bench-
mark values allow us to assess the performance of more approxi-
mate theoretical procedures for the CRBH20 dataset. Specifically;
we examine the performance of a variety of contemporary DFT
procedures, double-hybrid DFT (DHDFT) methods, cost-effective
composite thermochemistry procedures, and standard ab initio
methods.

2. Computational methods

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

The DFT exchange–correlation functionals considered in the
present study (ordered by their rung on Jacob0s Ladder) [29] are
the pure generalized gradient approximation (GGA) functionals:

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

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

3. Results and discussion

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

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

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

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

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

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

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

method is adequate for the description of the reaction barrier
heights in the CRBH20 database and that our bottom-of-the-well
CCSD(T)/CBS benchmark values should be well below
~1 kcal mol�1 from the full configuration interaction (FCI) basis-
set limit [4,10,88].

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

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

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

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

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

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

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

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

Reaction X R1 R2 R3

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

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

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

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

Reaction DSCF DCCSD D (T) DCVb DEe
�c

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

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

b Core-valence correction.
c All-electron, vibrationless CCSD(T) basis set limit reaction barrier heights.
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level of theory systematically underestimates the barrier heights in
the CRBH20 database by amounts ranging from 1.3 (3) to 47.0 (19)
kJ mol�1 relative to the CCSD(T)/CBS reference values. A related
reaction, albeit perhaps more challenging from the electronic
structure point of view, where the HF/CBS level of theory underes-
timates the CCSD(T)/CBS barrier heights is the 1,3-dipolar cycload-
ditions of ozone with acetylene or ethylene [92].

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

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

3.2. Performance of DFT and DHDFT procedures

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

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

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

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

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

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

Typec Method RMSD MAD MSD LDd

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

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

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

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

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

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

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

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

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

d The reaction numbers are given in parenthesis (see also Table 1 and Fig. 1).
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� With few exceptions all the conventional and double-hybrid
functionals tend to systematically underestimate the reaction
barrier heights, as evident from MSD � �1 �MAD (notable
exceptions include M06-HF and LC-xPBE).
� Dispersion corrections tend to systematically improve the

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

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

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

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

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

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

The CRBH20 dataset proves to be a challenging dataset also for
most of the considered double-hybrid functionals. For example,

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

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

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

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

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

Method DRMSD (A’VTZ) DRMSD (A’VDZ)

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

a A positive DRMSD value indicates that the smaller basis set results in an overall
deterioration in the performance, whereas a negative value indicates an improve-
ment in performance with the smaller basis set.
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3.3. Performance of standard and composite ab initio procedures

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

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

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

systems prior to applying them for the calculation of reaction bar-
rier heights. Finally, we note that all the composite procedures
tend to systematically underestimate the reaction barrier heights.
This is consistent with the performance of these composite meth-
ods for the barrier heights of pericyclic reactions [6].

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

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

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

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

Table 5
Statistical analysis for the performance of composite and standard ab initio methods
for the calculation of the reaction barrier heights in the CRBH20 database (in
kJ mol�1).a

Basis set Methods RMSD MAD MSD LD

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

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

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

a Footnote b to Table 3 applies here.
b Error statistics over the dioxazole systems only.
c CCSD(T)/CBS(MP2) � CCSD(T)/A’VDZ + MP2/A’V{T,Q}Z �MP2/A’VDZ.
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exceptionally well for the 26 barrier heights of pericyclic reactions
in the GMTKN30 database [6]. For example, the MP4av/A0VTZ level
of theory results in an RMSD of 2.5 kJ mol�1 and an MSD of
�0.4 kJ mol�1 for this subset.

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

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

4. Conclusions

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

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

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

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

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

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

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

mance with RMSDs ranging between 4.9 (G4(MP2)-6X) and
12.6 (G3(MP2)B3) kJ mol�1.

� The composite CBS-QB3 and CBS-APNO procedures show signif-
icantly better performance with RMSDs of 3.1 and 1.5 kJ mol�1,
respectively.
� With the exception of one method (see next bullet point), all the

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

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

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

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

Diagnostics indicating the importance of post-CCSD(T) contribu-
tions for the species involved in the CRBH20 database (Table S1);
selected bond lengths of bonds that are being broken and formed
in the transition structures in the CRBH20 database (Table S2); sta-
tistical analysis for the performance of DFT and DHDFT procedures
for the calculation of the reaction barrier heights of the CRBH20
database in the reverse direction, i.e., for cycloaddition reactions
(Table S3); overview of the basis set convergence of conventional
DFT methods (Table S4); overview of the basis set convergence of
the standard and modified ab initio procedures (Table S5); and full
references for Ref. [17] (Molpro 2012), Ref. [28] (Gaussian 09), and
Ref. [73] (ORCA). For the convenience of the reader the
Supplementary data also includes a directory
(CRBH20_input_files_and_script.zip) with the Gaussian 09 input
files for the species involved in the CRBH20 database and a perl script
that calculates the reaction barrier heights and the error statistics
from our W1-F12 and W1w reference values. Supplementary data
associated with this article can be found, in the online version, at
http://dx.doi.org/10.1016/j.chemphys.2015.07.005.
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ABSTRACT
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 DFTmethods, this work shows that only a handful of func-
tionals can quantitatively describe all aspects of the potential energy 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 D3dispersion corrections reduce the RMSDs for theDFT and
DHDFT procedures by amounts ranging from 3.5 (PBE and B2K-PLYP) to 22.0 (BLYP) kJ mol−1.

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 generalised gradient
approximation (GGA) employing both the local density
and the reduced density gradient; (3) the meta-GGAs

CONTACT Amir Karton amir.karton@uwa.edu.au

which additionally employ the kinetic energy density; (4)
the hybrid-GGAs and hybrid-meta-GGAs which in addi-
tion 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 trade-off between their performance
for thermochemistry and thermochemical kinetics [2–6].
For example, for hybrid-GGAs, the optimal percentage
of Hartree–Fock exchange for thermochemical prop-
erties tends to be around the ∼ 20% mark, while for

©  Taylor & Francis
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thermochemical kinetics it tends to be at least twice as
much [3–5, 7–9]. Hybrid-meta GGA and double-hybrid
procedures can overcome this deficiency to a consider-
able extent [5, 9–12]. However, it is important to identify
reactions for which these more sophisticated functionals
fail to offer a quantitative description of both the reaction
energies and barrier heights. Identifying these problem-
atic reactions is important since (1) DFT functionals
should be applied with caution for modelling these
reactions, and (2) 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 build-
ing blocks, is an important class of organic reactions
which are widely used in synthetic and medicinal chem-
istry [13–16]. We have recently evaluated the perfor-
mance of a range of contemporary DFT methods for
the reaction barrier heights of 20 cycloreversion reac-
tions 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 func-
tionals (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 ques-
tion: can DFTmethods quantitatively describe all aspects
of the potential energy surfaces of cycloreversion reac-
tions? (i.e., exhibit reasonably good performance for both
reaction energies and barrier heights). To this end, we use
a more lenient cut-off of twice the threshold of chem-
ical accuracy (i.e., RMSD ! 8.4 kJ mol−1) to indicate
that a functional is performing reasonably well for these
challenging reactions. We show that only a handful of
DFT and DHDFT functionals exhibit reasonable perfor-
mance for the calculation of both the energies and bar-
rier 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 bar-
rier heights (namely, 3 hybrid GGA, 2 hybrid-meta GGA,
and 1 double-hybrid functional). This result is significant
because it demonstrates that even sophisticated function-
als 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 theory [18, 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
atomisation 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 atomisation energies
obtained at the full configuration interaction (FCI) infi-
nite 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 97first-row atomisation energies in theW4-11 dataset
[25], W1-F12 attains an RMSD of 1.9 kJ mol−1 relative to
reference atomisation energies at the FCI infinite basis-
set limit [20]. Therefore, in the present work, we obtain
reaction energies with W1-F12 theory for systems con-
taining 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 con-
tribution 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 explicitly
correlated F12 techniques with basis-set extrapolations
in order to approximate the CCSD(T)/CBS energy. The
computational protocol ofW1-F12 theory has been spec-
ified and rationalised 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 [30–32]. Harmonic
vibrational analyses have been performed to confirm each
stationary point as an equilibrium structure (i.e., con-
sisting of all real frequencies). All geometry optimisa-
tions and frequency calculations were performed using
the Gaussian 09 program suite [33].
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Finally, we note that in order to facilitate a direct
comparison between the approximate theoretical proce-
dures and the Wn results, the B3LYP/A′VTZ geome-
tries are used for all calculations throughout this
work.

TheDFT exchange-correlation functionals considered
in the present study (ordered by their rung on Jacob’s
Ladder)1 are the pure generalised gradient approxi-
mation (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 [30–32], 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 proce-
dures: [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 corrections [69, 70, 71]
are included in some cases using the Becke−Johnson
[72] damping potential as recommended in Ref. [69]
(denoted by the suffix -D3). We note that the suffix -D
in B97-D and ωB97X-D indicates the original disper-
sion correction rather than the D3 correction. The
standard DFT calculations were carried out in con-
junction 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 09 [33] and ORCA [73, 74] program
suites.

In addition, the performance of composite thermo-
chemical procedures and standard ab initio methods are
also assessed. We consider the following composite pro-
cedures: 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 theMP2- andMP3-based
procedures is evaluated in conjunction with the A′VQZ
basis set whereas the performance of the computation-
ally more expensive MP4-based and coupled cluster pro-
cedures is evaluated in conjunction with the A′VTZ basis
set.

Figure . Schematic representation of the reactions in the CR
database. The X center and the R, R, and R functional groups are
listed in Table .

3. Results and discussion

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

A schematic representation of the 20 cycloreversion reac-
tions in the CR20 database is given in Figure 1, while
the heteroatom (X) and substituents (R1–R3) are listed
in Table 1. All the cycloreversion reactions involve cleav-
age of a heterocyclic ring into two unsaturated fragments.
In addition, these reactions involve a migration of the R1
substituent across the C=N bond (Figure 1). There are
two types of reactions in the CR20 dataset (Table 1):

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

(2) Reactions 11–20 (X = S) are cycloreversions
of oxathiazoles forming carbonyls and isothio-
cyanates

The species in the CR20 database cover a broad spec-
trum of substituents and bonding situations.We consider

Table . Cycloreversion reactions in the CR database (see also
Figure ).

Reaction X R R R

 O H H H
 O Me H H
 O Et H H
 O CHF H H
 O Me Me H
 O Me OH H
 O Me NH H
 O Me F H
 O Me Me Me
 O Me a

 S H H H
 S Me H H
 S Et H H
 S CHF H H
 S Me Me H
 S Me OH H
 S Me NH H
 S Me F H
 S Me Me Me
 S Me a

aThe CRR moiety is replaced with a C=O group (see Figure ).
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two parent structures in which R1 = R2 = R3 = H (and
Me). In addition, the R1, R2, and R3 substituents are var-
ied such that: (1) R2 = H, Me, NH2, OH, and F, while
maintaining a constant migrating group (i.e., R1 = Me),
and (2) the migrating group is varied (R1 = H, Me, Et,
and CH2F), while 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
[18–20]. Since these procedures represent layered extrap-
olations 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 per-
centage of the total atomisation energy accounted for by
parenthetical connected triple excitations, %TAEe[(T)],
has been shown to be a reliable energy-based diagnos-
tic for the importance of post-CCSD(T) contributions. It
has been suggested that %TAEe[(T)] < 2 indicates sys-
tems that are dominated by dynamical correlation, while
2 < %TAEe[(T)] < 5 indicates systems that include mild
non-dynamical correlation [19, 25, 86]. Table S1 (Sup-
plementary data, Supplemental data for this article can
be accessed at http://dx.doi.org/10.1080/00268976.2015.
1081418) gathers the %TAEe[(T)] values for the reac-
tants and products involved in 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 reac-
tions in the CR20 database are exothermic with reac-
tion energies ranging from −32.0 (12) to −149.4 (10) kJ
mol−1. The reactions of the dioxazole systems are sys-
tematically more exothermic than those of the oxathia-
zoles (by amounts ranging from 8.7–56.9 kJ mol−1). For
both the dioxazoles and oxathiazoles themost exothermic
reaction is obtainedwhenR1 is amethyl group andCR2R3
is a C=O group, namely #Ee = −149.4 (dioxazole, 10)
and−133.1 (oxathiazole, 20) kJmol−1. Similarly, for both
ring types the least exothermic reaction is obtained for
R1 = Me and R2 = R3 = H, namely #Ee = −67.6 (diox-
azole, 2) and –32.0 (oxathiazole, 12) kJ mol−1.

Inspection of Table 2 reveals that the HF/CBS level of
theory systematically underestimates the reaction ener-
gies by amounts ranging from 51.1 (8) to 86.3 (19) kJ
mol−1 relative to the CCSD(T)/CBS reference values.

Table . Component breakdown of the benchmark W-F and
Ww reaction energies for the reactions in the CR database (in
kJ mol−, see Table  and Figure  for the reaction definitions).a

Reaction #SCF #CCSD #(T) #CVb #Ee
c

1 − . . . − . − .
2 − . . . − . − .
3 − . . . − . − .
4 − . . . − . − .
5 − . . . − . − .
6 − . . . − . − .
7 − . . . − . − .
8 − . . . − . − .
9 − . . . − . − .
10 − . . . − . − .
11 − . . . − . − .
12 − . . . − . − .
13 − . . . − . − .
14 − . . . − . − .
15 − . . . − . − .
16 − . . . − . − .
17 − . . . − . − .
18 − . . . − . − .
19 − . . . − . − .
20 − . . . − . − .

aThe reference values for reactions 1–10 are fromW-F theory, and for reac-
tions 11–20 fromWwtheory. bCore-valence correction. cAll-electron, vibra-
tionless CCSD(T) basis-set-limit reaction energies.

The valence CCSD correlation contribution to the reac-
tion 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) to 9.7 (19) kJ mol−1.
Finally, we note that the core-valence correlation contri-
bution systematically reduces the reaction energies by rel-
atively 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 com-
posite 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 proce-
dures 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’ thresh-
old, 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
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Table . Statistical analysis for the performance of composite and
standard ab initio methods for the calculation of the reaction
energies in the CR database (in kJ mol−).

Basis set Methods RMSDa MADa MSDa LDa,b

G . . − . . (13)
G(MP) . . − . . (13)
GB . . − . . (12)
G(MP)B . . − . . (12)
G . . − . . (12)
G(MP) . . − . . (14)
G(MP)-X . . − . . (14)
CBS-QB . . − . . (12)
CBS-APNOc . . . . (9)

A′VQZ HF . . − . . (19)
MP . . − . . (10)
SCS-MP . . − . . (10)
MP. . . − . . (20)
MP . . . . (8)
SCS-MP . . − . . (10)

A′VTZ MP. . . . . (9)
MP(SDQ) . . − . . (20)
MP(SDTQ) . . − . . (10)
MPav

d . . − . . (10)
CCSD . . − . . (20)
SCS-CCSD . . . . (7)
SCS(MI)CCSD . . . . (7)
CCSD(T) . . . . (9)
CCSD(T)/CBS(MP)e . . . . (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 ).
cError statistics over the dioxazole systems only. dMPav is defined as
the average of MP(SDQ) and MP(SDTQ), see Ref. [] for further details.
eCCSD(T)/CBS(MP)$ CCSD(T)/A′VDZ+MP/A′V{T,Q}Z−MP/A’VDZ.

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 underes-
timate the reaction energies.

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 com-
putationally more economical MP2- and MP3-based
methods, while 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 (Supplemental data for this article can be accessed
at http://dx.doi.org/10.1080/00268976.2015.1081418.)
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 kJmol−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.

Inspection of Table 3 reveals that the CR20 database
is a challenging target for nearly all of the standard ab
initio methods. Only 3 of the 15 examined procedures
result in RMSDs below the ‘chemical accuracy’ threshold
(MP2.5,MP3.5, andCCSD). Asmentioned in Section 3.1,
Hartree–Fock theory systematically and severely under-
estimates theW1-F12 andW1w reaction energies. For the
HF/A′VQZ level of theory we obtain an RMSD of 65.1 kJ
mol−1 and anMSD= −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 the-
ories). Second-order Møller–Plesset perturbation theory
(MP2) systematically underestimates the reaction ener-
gies and results in an RMSDof 14.8 kJmol−1 and anMSD
= −1×MAD= −14.0 kJ mol−1. Nevertheless, it should
be pointed out thatMP2 still results in better performance
compared tomost of the DHDFT functionals (vide infra).
Inclusion of higher order excitations in the MP3 proce-
dure improves upon the performance ofMP2 and leads to
an RMSD of 8.6 kJ mol−1. However, MP3 seems to over-
correct 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 ofMP2 andMP3, results in very good
performance with an RMSD of 3.6 kJ mol−1 for the CR20
dataset. Fourth-orderMøller–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 behaviour of the MPn
(n = 2, 3, and 4) series has been previously observed for
both thermochemical [81, 83, 88–90] and kinetic proper-
ties [82, 91]. Since MP3 systematically overestimates the
reaction energies andMP4 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 out-
performs all of the considered DHDFT and MPn-based
procedures. The excellent performance of MP3.5 is also
demonstrated by a relatively smallMSDof−1.6 kJmol−1.
Finally, it should be pointed out that scaling the same-
spin and opposite-spin components of theMP2 andMP3
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
atomisation energies in the W4-11 dataset we obtain the
following RMSDs for theMPn and SCS-MPn procedures:
45.8 (MP2), 28.1 (SCS-MP2), 60.5 (MP3), and 20.0 kJ
mol−1 (SCS-MP3) [25].
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The CCSD/A′VTZ level of theory shows excellent per-
formance 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 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 incom-
pleteness and the neglect of quasiperturbative triples,
(T), corrections. It is of interest to assess the perfor-
mance of the CCSD(T)method using an additivity-based
approach in which the CCSD(T)/CBS energy is estimated
from the CCSD(T)/A′VDZ energy and an MP2-based
basis-set-correction term (#MP2 = MP2/A′V{T,Q}Z
− MP2/A′VDZ, where the MP2/A′V{T,Q}Z energy is
extrapolated to the basis-set limit with an extrapola-
tion exponent of 3) [93]. This cost-effective approach,
which is denoted here by CCSD(T)/CBS(MP2), has been
widely used for obtaining non-covalent interaction ener-
gies close to the CCSD(T)/CBS limit [94–98]. More
recently, this method has also been found to give good
performance for reaction energies [89, 90, 99] and barrier
heights [17, 82]. For the reactions in the CR20 database
the CCSD(T)/MP2(CBS) method gives an RMSD and
MSDof 4.5 kJmol−1, just above the threshold of chemical
accuracy.

3.3. Performance of DFT andDHDFT 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 chal-

lenging 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 thresh-
old of chemical accuracy). The rest of the function-
als 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, while the hybrid GGA (B3PW91-D3) and
the hybrid-meta GGA (M05-2X) tie for the second
place with RMSDs of 5.3 and 5.4 kJ mol−1, respec-
tively.

! 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 func-
tionals attain RMSDs between 13.6 (DSD-PBEP86)
and 33.6 (B2-PLYP) kJ mol−1.! None of the considered DFT and DHDFT func-
tionals 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 proce-
dures.! 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 correc-
tions.

Two of the 11 considered GGA functionals give rel-
atively 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 perfor-
mance with RMSDs between 22.8 (N12) and 60.9 (BLYP)
kJ mol−1.

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 dis-
persion correction significantly increases the RMSD by
12.4 kJmol−1.With the exception of PBE-D3, all theGGA
andMGGA functionals systematically underestimate the
reaction energies as evident from MSD $ −1 × MAD.
PBE-D3 attains a slightly positive MSD of +2.4 kJ mol−1

(cf. with anMSDof−8.0 kJmol−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 dis-
persion correction. We also note that the popular B3LYP
functional shows very poor performance with RMSDs
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Table . Statistical analysis for the performance of DFT and DHDFT procedures for the calculation of the reaction energies in the CR
database (in kJ mol−).a,b

Typec Method RMSD MAD MSD LD

GGA BLYP . . − . . (19)
BLYP-D . . − . . (7)
B-D . . − . . (17)
HCTH . . − . . (19)
PBE . . − . . (9)
PBE-D . . . . (20)
BP . . − . . (19)
BP-D . . − . . (7)
BPW . . − . . (9)
SOGGA . . − . . (7)
N . . − . . (19)

MGGA M-L . . − . . (7)
TPSS . . − . . (19)
TPSS-D . . − . . (7)
τ -HCTH . . − . . (9)
VSXC . . − . . (7)
BB . . − . . (19)
M-L . . − . . (11)
MN-L . . − . . (17)

HGGA BH&HLYP . . − . . (19)
BH&HLYP-D . . − . . (19)
BLYP . . − . . (19)
BLYP-D . . − . . (7)
BP . . − . . (19)
BPW . . − . . (19)
BPW-D . . − . . (7)
PBE . . . . (11)
PBE-D . . . . (20)
B- . . − . . (19)
B . . − . . (19)
XLYP . . − . . (19)
SOGGA-X . . − . . (19)

HMGGA M . . − . . (19)
M-X . . . . (1)
M . . − . . (7)
M-X . . − . . (19)
M-HF . . . . (1)
BMK . . − . . (19)
BMK-D . . − . . (17)
BB . . − . . (19)
BB-D . . − . . (7)
TPSSh . . − . . (19)
τ -HCTHh . . − . . (19)
PWB . . − . . (19)
PWB-D . . − . . (19)

RS CAM-BLYP . . − . . (19)
CAM-BLYP-D . . − . . (19)
LC-ωPBE . . . . (11)
LC-ωPBE-D . . . . (11)
ωB . . . . (11)
ωBX . . − . . (9)
ωBX-D . . − . . (19)
M . . − . . (17)

DH B-PLYP . . − . . (19)
B-PLYP-D . . − . . (7)
BGP-PLYP . . − . . (7)
BGP-PLYP-D . . − . . (7)
BK-PLYP . . − . . (17)
BK-PLYP-D . . − . . (7)
BT-PLYP . . − . . (19)
DSD-BLYP . . − . . (7)
DSD-PBEP . . − . . (7)
DSD-PBEP-D . . − . . (7)
PWPB . . − . . (19)
PWPB-D . . − . . (7)

aFootnotes a and b to Table  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 = generalised gradient approximation, HGGA = hybrid-GGA, MGGA = meta-GGA, RS = range-
separated, HMGGA= hybrid-meta-GGA, DH= double hybrid.
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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 func-
tional with different gradient-corrected correlation func-
tionals. 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). Sim-
ilar observations have also been noted for other types of
reactions, such as bond dissociation energies of N–H and
N–Cl bonds [100].

In general, the HMGGA functionals give similar
performance to the HGGAs, with a wide spread of
RMSDs. Interestingly, both the best and worst perform-
ing 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 func-
tionals 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 cor-
rection.

Inspection of Table 4 reveals that the optimal percent-
age of HF-like exchange for the HGGA and HMGGA
functionals spans over awide range of 20–55%. For exam-
ple, 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 kJmol−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].

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 outper-
forms 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 computa-
tional cost. In particular, the RMSDs for theDHDFT pro-
cedures range between 7.9 (DSD-PBEP86-D3) and 33.6
(B2-PLYP) kJ mol−1. We note that the DHDFT func-
tionals that employ the LYP correlation functional give
poor performance with RMSDs ranging between 19.2
(B2GP-PLYP-D3) and 33.6 (B2-PLYP) kJmol−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 proce-
dures (PWPB95 and DSD-PBEP86) give better perfor-
mance, 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; how-
ever, DSD-PBEP86-D3 (RMSD = 7.8 kJ mol−1) is the
only DHDFT functional that manages to slightly surpass
the RMSD cut-off 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 ener-
gies, as evident from MSD $ −1 × MAD. Dispersion
effects make the reaction energies less exothermic since
they stabilise the heterocyclic rings to a larger extent than
the products of the cycloreversion reaction (Figure 1).
Therefore, dispersion D3 corrections tend to systemati-
cally improve the performance of the DFT and DHDFT
methods. For the few functionals that tend to overes-
timate 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 differ-
ences in RMSD between the dispersion-corrected and
uncorrected DFT functionals ($RMSD = RMSD(DFT)
− RMSD(DFT-D3)). A positive $RMSD value indicates
that the dispersion correction improves the performance
of the functional, whereas a negative$RMSD value indi-
cates deterioration in performance. Inspection of Table 5
reveals that, with few exceptions, the dispersion D3 cor-
rections significantly improve the agreement with the

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

Type Method #RMSD

GGA BLYP .
PBE .
BP .

MGGA TPSS .
HGGA BH&HLYP .

BLYP .
BPW .
PBE − .

HMGGA BMK .
BB .
PWB .

RS CAM-BLYP .
LC-ωPBE − .
ωBXb − .

DH B-PLYP .
BGP-PLYP .
BK-PLYP .

DSD-PBEP .
PWPB .

aFootnotes a–c to Table  apply here. bThe original dispersion correction
rather than the D correction is used for this functional.
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W1-F12 and W1w results. In particular, the RMSDs are
reduced by amounts ranging from 3.5 (PBE) to 22.0
(BLYP) kJmol−1 upon inclusion of the dispersion correc-
tion. Caseswhere the RMSD is reduced bymore 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 DHDFT functionals;
in particular, the RMSDs are reduced by amounts ranging
between 3.5 (B2K-PLYP) and 11.0 (B2-PLYP) kJ mol−1.

It is generally accepted that the accuracy of DFTmeth-
ods should increase as one climbs the rungs of Jacob’s
Ladder. One way of demonstrating this is to take the aver-
age of the RMSDs obtained for the DFT functionals from
each rung of Jacob’s Ladder. Let us consider, for exam-
ple, the performance of DFT for the atomisation 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 Lad-
der. 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 lit-
tle 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 from
each rung of Jacob’s Ladder is a crude approach for differ-
entiating between the performance of functionals from
different rungs. Thus, it is instructive to also compare
the RMSD of the best performer from each rung rather
than the averaged RMSD. The RMSD of the best per-
formers are: 7.6 (GGA), 9.2 (MGGA), 5.4 (HMGGA),
and 7.9 (DHDFT) kJ mol−1. Again, we see that there is
no improvement in performance when going 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 iden-
tify theoretical procedures that can accurately describe all
aspects of the potential energy surface (i.e., give both reli-
able reaction energies and barrier heights). This is par-
ticularly 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 pre-
sented 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 per-
form reasonably well for both reaction energies and bar-
rier heights. This section identifies the best DFT and
ab initio methods that are recommended for investigat-
ing 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
range-separated HGGA ωB97X; the HMGGAs M05-2X,
B1B95-D3, andM06-2X; and the DHDFTDSD-PBEP86-
D3. As may be expected, both GGA functionals signif-
icantly 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 reac-
tion 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 ener-
getics and kinetics of cycloreversion reaction profiles.
Table 6 gathers the RMSDs for the CR20 and CRBH20
databases for the rest of the best performing function-
als. Looking at the average of the RMSDs for both

Table . Performance of DFT and ab initio methods for both
the reaction energies (CR dataset) and barrier heights (CRBH
dataset) of cycloreversion reactions (in kJ mol−).

Methods CRa CRBHa Both datasetsb

DFT and DHDFT methodsc

SOGGA-X . . .
PBE . . .
BB-D . . .
M-X . . .
ωBX . . .
DSD-PBEP-D . . .

Composite ab initio methodsd

CBS-QB . . .
CBS-APNOe . . .
Standard ab initio methodsf

CCSD(T)/A′VTZ . . .
CCSD(T)/CBS(MP)g . . .

aRMSDs for the CR and CRBH datasets. bAverage of the RMSD for the
CR and CRBH datasets. cDFT methods with RMSD < . kJ mol− for
both the CR and CRBH datasets. dComposite ab initio methods with
RMSD< . kJ mol− for both the CR and CRBH datasets. eError statis-
tics over thedioxazole systemsonly. fStandard ab initiomethodswith RMSD
! . kJmol− for both the CR and CRBH datasets. gCCSD(T)/CBS(MP)
$ CCSD(T)/A′VDZ+MP/A′V{T,Q}Z−MP/A′VDZ.
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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, while this
method gives superb performance for the reaction bar-
rier heights (RMSD = 2.5 kJ mol−1), it shows relatively
poor performance for the reaction energies (RMSD =
7.9 kJ mol−1). 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.

Let us now move to the performance of the composite
ab initio methods. In Section 3.2 we identified five meth-
ods 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 bar-
rier heights (namely, RMSD = 4.9–6.4 kJ mol−1). How-
ever, the CBS-type methods result in excellent perfor-
mance for both the reaction energies and barrier heights,
with RMSDs well below the threshold of chemical accu-
racy. Whereas CBS-APNO gives significantly better per-
formance 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 stan-
dard ab initio methods. In Section 3.2 we identified
three methods with RMSDs below the chemical accuracy
threshold for the CR20 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 level of theory
also results in an unsatisfactory RMSD of 6.3 kJmol−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 addi-
tivity approach for estimating the CCSD(T)/CBS energy
(CCSD(T)/CBS(MP2)) shows similar performance for
the reaction energies, but significantly improved per-
formance for the reaction barrier heights. We therefore
recommend the CCSD(T)/CBS(MP2) method for inves-
tigating 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 bymeans of the high-
levelW1-F12 andW1w 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
DFTandDHDFTprocedures, aswell as a number of stan-
dard 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 chal-

lenging test for all of the considered DFT and
DHDFT procedures (rungs 2–5 of Jacob’s Ladder).
With no exceptions, all the DFT and DHDFTmeth-
ods result in RMSDs above the ‘chemical accuracy’
threshold (i.e., RMSDs > 4.2 kJ mol−1). Increas-
ing 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 RS HGGA
ωB97X (4.7); 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.! Empirical D3 dispersion corrections significantly
improve the performance of most of the DFT func-
tionals 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 accu-
racy are: MP2.5 (3.6) and MP3.5 (2.4 kJ mol−1).
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The rest of the MPn-based procedures show rela-
tively 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 ener-
gies and in Ref. [17] for reaction barrier heights we find
that only a handful of DFT and ab initiomethods are suit-
able 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, respec-
tively.! 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 reac-
tion energies and barrier heights, with RMSDs
between 1.5 and 3.4 kJ mol−1. Overall, the CBS-type
procedures are the methods of choice for investigat-
ing the entire potential energy surface of cyclorever-
sion reactions.
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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 conver-
gence of the standard and modified ab initio proce-
dures (Table S2); overview of the basis-set convergence
of conventional DFT methods (Table S3); and full ref-
erences 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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a b s t r a c t

We evaluate the performance of standard and modified MPn procedures for a wide set of thermochemical
and kinetic properties, including atomization energies, structural isomerization energies, conformational
energies, and reaction barrier heights. The reference data are obtained at the CCSD(T)/CBS level by means
of the Wn thermochemical protocols. We find that none of the MPn-based procedures show acceptable
performance for the challenging W4-11 and BH76 databases. For the other thermochemical/kinetic data-
bases, the MP2.5 and MP3.5 procedures provide the most attractive accuracy-to-computational cost
ratios. The MP2.5 procedure results in a weighted-total-root-mean-square deviation (WTRMSD) of
3.4 kJ/mol, whilst the computationally more expensive MP3.5 procedure results in a WTRMSD of
1.9 kJ/mol (the same WTRMSD obtained for the CCSD(T) method in conjunction with a triple-zeta basis
set). We also assess the performance of the computationally economical CCSD(T)/CBS(MP2) method,
which provides the best overall performance for all the considered databases, includingW4-11 and BH76.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

1.1. MP2-based procedures

The Møller–Plesset perturbation theory (MPn) energy can be
written in terms of the Hartree–Fock energy (EHF) and the correla-
tion energy components:

EMPn ¼ EHF þ Eð2Þ þ � � � þ EðnÞ ð1Þ

Where E(n) is the nth-order correction to the correlation energy.
The second-order correction (E(2)) can be further partitioned into:

Eð2Þ ¼ ESS þ EOS ð2Þ

where ESS and EOS are the same- and opposite-spin contributions to
the MP2 correlation energy, respectively. A number of MP2-based
methods have been developed over the past decade [1], in which
the various correlation contributions are scaled by empirically or
theoretically motivated scaling factors in order to improve the per-
formance of the method. The first modified MP2-based procedure
(SCS-MP2) was proposed by Grimme [2,3]. In this procedure the
same- and opposite-spin components of the MP2 correlation energy
are scaled separately by coefficients of css = 1/3 and cos = 6/5,
respectively. This significantly improves the performance of MP2

for thermochemistry [2,4]. For example, for the set of 51 reactions
against which the SCS-MP2 method was initially benchmarked, this
simple scaling procedure reduces the root-mean-square deviation
(RMSD) by 50%, from 19.3 (MP2) to 9.6 kJ mol–1 (SCS-MP2).

More recently, the SCS-MP2 procedure was benchmarked
against an extensive set of reaction energies including isomeriza-
tion, Diels-Alder, and ozonolyses reactions, which are subsets of
the GMTKN30 database [5,6]. Against these benchmark sets, the
SCS-MP2method obtains a weighted total mean absolute deviation
(WTMAD) of 7.5 kJ mol–1, while MP2 results in a WTMAD which is
roughly twice as large (namely, 15.1 kJ mol–1) [1,5]. However, for
the subsets of basic properties of the GMTKN30 database,
which includes atomization energies, electron affinities, ionization
potentials, proton affinities, and barrier heights [5,6], the WTMAD
of SCS-MP2 (21.3) is only 11% smaller than that of MP2
(23.8 kJ mol–1) [1]. We note in passing that Grimme also showed
that the performance for both SCS-MP2 and MP2 can be signifi-
cantly improved for heats of formation of large main group com-
pounds by using an empirical higher-level-correction scheme [7].
Similarly, for the set of C8H8 isomerization energies, SCS-MP2 rep-
resents an appreciable improvement over MP2 with RMSDs of 7.9
and 13.4 kJ mol–1, respectively [8]. Izgorodina et al. evaluated the
performance of MP2-based methods for the prediction of a range
of C–X (X = H, C, O, and F) bond dissociation energies (BDEs) [9].
They found that the SCS-MP2 method results in a mean absolute
deviation (MAD) of 8.7 kJ mol–1, which provides a significant

http://dx.doi.org/10.1016/j.chemphys.2016.10.009
0301-0104/� 2016 Elsevier B.V. All rights reserved.
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improvement over MP2 for which an MAD of 19.6 kJ mol–1 is
obtained. The SCS-MP2 procedure was also found to give excellent
performance for the dispersion-driven isomerization of n-octane to
hexamethylethane [10,11]. The SCS-MP2 isomerization energy
(–5.6 kJ mol–1) is in good agreement with the experimental value
of –7.9 kJ mol–1, while the MP2 method predicts an isomerization
energy of –18.1 kJ mol–1 [10].

We have recently assessed the performance of the SCS-MP2
method for isomerization reactions involving migration of a double
bond, which breaks the conjugated p-system [12,13]. For the set of
60 diene isomerization energies (the so-called DIE60 database),
SCS-MP2 attains a stellar performance with an RMSD of merely
1.0 kJ mol–1, while MP2 results in a larger RMSD of 2.7 kJ mol–1

[12]. Similar results were obtained for isomerization reactions in
enones (i.e., the EIE22 database) [13]. In addition, for the relative
energies of the 52 conformers of melatonin, SCS-MP2 yields superb
performance with an RMSD of 0.9 kJ mol–1, while MP2 results in an
RMSD of 3.8 kJ mol–1 [14].

What about the performance of the SCS-MP2 method for reac-
tion barrier heights? For the set of 26 pericyclic reactions in the
BHPERI database [5,6], the SCS-MP2 method gives an RMSD of
5.9 kJ mol–1. This represents a significant improvement over the
MP2 method, which results in a whopping RMSD of 33.5 kJ mol–1

[15]. However, for other benchmark sets of reaction barrier
heights, less dramatic improvements are obtained. For the set of
20 cycloreversion barrier heights in the CRBH20 database [16],
the SCS-MP2 and MP2 methods result in RMSDs of 17.2 and
23.7 kJ mol–1, respectively. For the set of 27 reactions in the
water-catalyzed proton-transfer (WCPT) tautomerization database
[17], SCS-MP2 and MP2 provide similar performance with MADs of
9.0 and 9.9 kJ mol–1, respectively. It should be pointed out that for
this database MP2 systematically underestimates the reaction bar-
rier heights, while SCS-MP2 systematically overestimates them.
Similarly, for the set of reaction barrier heights for multiple proton
exchanges in water clusters in the BHPE13 database [18] SCS-MP2
and MP2 show similar performance with MADs of 15.5 and
14.6 kJ mol–1, respectively. Where again, MP2 systematically
underestimates the reaction barrier heights and SCS-MP2 system-
atically overestimates them.

Shortly after the development of the SCS-MP2 method, Head-
Gordon et al. proposed the SOS-MP2 method [19]. SOS-MP2 com-
pletely neglects the same-spin contribution to the MP2 correlation
energy (with css = 0), while the opposite-spin contribution is scaled
by cos = 1.3. The SOS-MP2 method generally shows similar perfor-
mance to the SCS-MP2 procedure for thermochemical properties
[1,7,9,19] at an appreciable reduction of the computational cost
(the SOS-MP2 method exhibits asymptotic CPU time scaling pro-
portional to n4, while SCS-MP2 and MP2 exhibit asymptotic CPU
time scaling proportional to n5, where n is the number of electrons
in the system). In this context, the work of Fink on the S2-MP2
method must also be mentioned. The S2-MP2 method uses same-
and opposite-spin scaling factors of css = 0.75 and cos = 1.15, respec-
tively, which are motivated theoretically by Feenberg’s scaling
approach [20]. It has been shown that the S2-MP2 procedure gives
poorer performance for atomization energies (with an MAD of
49.4 kJ mol–1) than the MP2 procedure (MAD = 36.4 kJ mol–1).
However, for the reaction energies subset in the GMTKN30 data-
base, S2-MP2 yields a WTMAD of 10.9 kJ mol–1 which lies midway
between SCS-MP2 (7.5) and MP2 (15.1 kJ mol–1) [1,6].

1.2. MP3-based procedures

The first modified MP3-based procedure (SCS-MP3) was devel-
oped by Grimme shortly after the development of the SCS-MP2
procedure [21]. In this procedure a scaled third-order correction
is added to the SCS-MP2 energy:

ESCS�MP3 ¼ ESCS�MP2 þ 0:25� Eð3Þ ð3Þ

Where the 3rd-order correction to the correlation energy (E(3))
is scaled by a coefficient of 0.25. The SCS-MP3 procedure was ini-
tially assessed against a benchmark set of 32 isogyric reaction
energies, 11 atomization energies, and 11 stretched geometries.
In all cases, SCS-MP3 outperforms SCS-MP2, MP2, and MP3. More
specifically, for the set of isogyric reaction energies the following
MADs were obtained: 5.4 (SCS-MP3), 7.9 (SCS-MP2), 17.2 (MP2),
and 20.5 kJ mol–1 (MP3). For the set of atomization energies the
following MADs were obtained: 10.9 (SCS-MP3), 23.8 (SCS-MP2),
32.2 (MP3), and 33.1 kJ mol–1 (MP2). However, for a number of
benchmark sets the SCS-MP3 and SCS-MP2 methods have been
found to give similar performance. These include the following
databases (RMSDs for SCS-MP3 and SCS-MP2 are given in paren-
thesis, respectively): the set of C8H8 isomerization energies
(7.1 and 7.9) [8], the DIE60 database (0.9 and 1.0) [12], and the
EIE22 database (1.0 and 0.8 kJ mol–1) [13].

The SCS-MP3 method was also assessed for a number of data-
sets of reaction barrier heights. However, it shows similar or even
poorer performance compared to SCS-MP2. The assessed bench-
mark sets include (RMSDs for SCS-MP3 and SCS-MP2 are given in
parenthesis, respectively): the CRBH20 database (17.8 and 17.2)
[16], the BHPERI database (10.0 and 5.9) [15], and the BHPE13
database (24.8 and 16.4 kJ mol–1) [18].

Another MP3-based procedure is the so-called MP2.5 method –
a simple arithmetic average of MP2 and MP3 – proposed by Hobza
et al. for weak interactions [22]:

EMP2:5 ¼ 0:5� ðEMP2 þ EMP3Þ ð4Þ

MP2.5 has been initially tested for the 22 H-bonded, dispersion-
controlled, and mixed non-covalent complexes in the S22 database
[23]. It was shown that the performance of MP2.5 is superior to the
spin-component scaled MP2-based methods, e.g. SCS-MP2 and SCS
(MI)-MP2 [22,24]. The MP2.5 procedure results in an RMSD of
merely 1.0 kJ mol–1 for the S22 database (cf. RMSDs of 5.1 for
MP2, 3.4 for MP3, and 3.1 for SCS(MI)-MP2). The MP2.5 procedure
also provides excellent performance for the database of barrier
heights involving multiple proton exchanges in water clusters,
with an overall RMSD of merely 2.1 kJ mol–1 (cf. RMSDs of
16.4 kJ mol–1 for SCS-MP2 and 24.8 kJ mol–1 for SCS-MP3) [18].
This outstanding performance is due to the fact that MP2 system-
atically underestimates the barrier heights, while MP3 systemati-
cally overestimates them by similar amounts. However, for other
databases of barrier heights, e.g., the CRBH20 [16] and BHPERI
databases [15], MP2.5 provides no significant improvement over
SCS-MP2 and SCS-MP3.

1.3. MP4-based procedures

Two MP4-based procedures have been recently proposed,
MP3.5 and MP4avg [15,16,25]. The MP3.5 procedure is a simple
arithmetic average of the MP3 and MP4 methods:

EM3:5 ¼ 0:5� ðEMP3 þ EMP4Þ ð5Þ

The motivation for the MP3.5 method is similar to that for the
MP2.5 procedure, namely, the oscillatory behavior that the MPn
series exhibits for a number of chemical properties. For example,
it has been found that for some thermochemical properties (such
as the isomerization energies in the DIE60 and EIE22 databases
[12,13] and N–Br bond dissociation energies [26]) MP2 and MP4
tend to systematically overestimate the CCSD(T)/CBS reference val-
ues, whilst MP3 tends to systematically underestimate them. On
the other hand, for some reaction barrier heights (e.g., in the
BHPERI, WCPT27, and BHPE13 databases [15,17,18]) the reverse
oscillatory trend is observed. Namely, the MP2 and MP4 methods
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systematically underestimate the CCSD(T)/CBS reference values,
whilst MP3 systematically overestimates them. The oscillatory
behavior of the MPn series is normally characterized by smaller
oscillations as n increases. We note that this oscillatory behavior
has also been previously observed for weak interactions
[1,22,27]. In the present work, we find that this oscillatory behav-
ior is also true for other thermochemical and kinetic datasets, e.g.
the atomization energies in the W4-11 dataset, the isomerization
energies in the HxCyOz dataset, and the catalyzed reaction barrier
heights in the IACBH8 dataset. Fig. 1 illustrates the oscillatory
behavior for the MPn series (n = 2, 3, and 4) for the isomerization
energies in the HxCyOz and DIE60 databases, as well as for the reac-
tion barrier heights in the BHPE13 and WCPT27 databases.

The MP4avg method is the average of the MP4(SDTQ) and MP4
(SDQ) methods (where MP4(SDTQ) includes all single, double, tri-
ple, and quadruple excitations, while MP4(SDQ) excludes the triple
excitations) [28,29]:

EMP4avg ¼ 0:5� ðEMP4ðSDQÞ þ EMP4ðSDTQÞÞ ð6Þ

The development of this method was motivated by the system-
atic tendency of MP4(SDTQ) to underestimate the reaction barrier
heights in the CRBH20 database, and the tendency of MP4(SDQ) to
systematically overestimate them by similar amounts [16]. Conse-
quently, the MP4avg method results in a near-zero mean signed
deviation (MSD) of –0.4 kJ mol–1 and an RMSD of 2.5 kJ mol–1 for
this database. It was later found that MP4avg also gives relatively
good performance for N–Br bond dissociation energies due to the
tendency of MP4(SDTQ) and MP4(SDQ) to err on different sides
of the CCSD(T)/CBS reference values [26].

The MP3.5 method has been found to give excellent perfor-
mance for the barrier heights in the BHPERI database with an
RMSD of merely 2.5 kJ mol–1. However, for the barrier heights in
the CRBH20 database, it results in a rather disappointing RMSD
of 11.3 kJ mol–1. The MP4avg procedure, on the other hand, has
been found to give superb performance for the barrier heights in
both of the BHPERI and CRBH20 databases with RMSDs of 2.5
and 2.1 kJ mol–1, respectively [15,16].

Despite the above-mentioned evidence for the promising per-
formance of these MP4-based procedures, their performance has
not been extensively benchmarked. One of the main goals of the
present work is to benchmark the performance of the MP4-based
procedures for a wide range of thermochemical and kinetic proper-
ties, and to compare their performance to that of the lower-cost
MP2- and MP3-based procedures.

2. Databases

We evaluate the performance of the modified MPn-based pro-
cedures (n = 2, 3, and 4) for a wide range of thermochemical and
kinetic properties for which CCSD(T)/CBS reference values are
available (coupled cluster with single, double, and quasiperturba-
tive triple excitations extrapolated to the complete basis set
limit). For this purpose we use a suite of 11 databases including
atomization energies, isomerization energies, conformational
energies, and reaction barrier heights [8,12,13,17,18,30,31,32–36].
Table 1 gives an overview of the benchmark databases employed
in this work. All the reference energies are obtained at the CCSD
(T)/CBS level of theory with only valence electrons correlated (i.e.,
where needed zero-point vibrational energies, core-valence,
and relativistic contributions are excluded from the reference
values).

Fig. 1. Mean-signed deviations (MSDs, in kJ mol–1) for the MPn methods for the
isomerization energies in the HxCyOz and DIE60 datasets and the reaction barrier
heights in the BHPE13 and WCPT27 datasets. Table S1 of the Supplementary data
summarizes the MSDs for these (and other) databases.

Table 1
Overview of the benchmark databases used in the present work. All the reference values are obtained at the CCSD(T)/CBS level of theory by means of Wn or Wn-F12 theories
(n = 1, 2)a.

Database Description Ref. method Ref.

W4-11 122 atomization energies of small molecules W4 or higher [30]
C8H8 isomers 43 C8H8 structural isomers W1-F12 [8]
HxCyOz isomers 109 isomerization energies of HxCyOz isomers W1-F12 [36]
DIE60 60 diene isomerization energies W2-F12/W1-F12 [12]
EIE22 22 enecarbonyl isomerization energies W1-F12 [13]
CnH2n+2 conformers 18 conformational energies of n-butane, n-pentane, and n-hexane W1 h [32]
Tetrapeptide conformers 10 conformational energies of two tetrapeptides Est. CCSD(T)/CBS [33]
IACBH8 8 barrier heights of vinyl alcohol? acetaldehyde reactions catalyzed by

inorganic acids
W1-F12 [34]

BHPE13 13 barrier heights for proton exchange in small water, ammonia, and hydrogen
fluoride clusters

W1-F12 [18]

WCPT27 27 barrier heights for a set of water-catalyzed proton transfer reactions W2.2/W1 [17]
BH76 76 barrier heights of hydrogen transfer, heavy atom transfer, nucleophilic

substitution, unimolecular and association reactions
W1 [35]

a With the exception of the W4-11 database for which the reference values are obtained at the FCI/CBS level of theory fromW4 (or higher) theory [30], and the tetrapeptide
conformers database for which the reference values are taken as CCSD(T)/CBS � CCSD(T)/cc-pVDZ + MP2/CBS – MP2/cc-pVDZ [33].
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2.1. Atomization reactions

2.1.1. The W4-11 dataset
The W4-11 database contains 140 atomization energies (with

up to five heavy atoms) [30]. The species in the W4-11 database
cover a broad spectrum of bonding situations and multireference
character, and as such it is an ideal benchmark set for the valida-
tion of ab initio methods. We removed the three beryllium-con-
taining compounds and the 15 pathologically multireference
systems from the list [31]. All reference data in the W4-11 data-
base are obtained at the FCI/CBS level of theory via the W4 (or
higher) ab initio computational thermochemistry protocol [37,38].

2.2. Isomerization reactions

2.2.1. C8H8 structural isomers
This database includes 43 structural isomerization energies of

C8H8 hydrocarbons. The C8H8 isomers involve a range of hydrocar-
bon functional groups, including linear and cyclic polyacetylene,
polyyne, and cumulene moieties, as well as aromatic, anti-aro-
matic, and strained rings [8]. Since many of these structural iso-
merization reactions involve breaking and forming of multiple
bonds, this dataset proves to be a challenging test for many density
functional theory (DFT) and standard ab initio methods. Reference
isomerization energies are obtained by means of the W1-F12 ther-
mochemical procedure [39].

2.2.2. HxCyOz structural isomers
This database includes all structural isomers of a wide range of

compounds with the molecular formula HxCyOz, namely: H2C2O,
H4C2O, H6C2O, H2C2O2, H4C2O2, H6C2O2, H2C3O, H4C3O, H6C3O,
H8C3O, H2C3O2, H4C3O2, H6C3O2, and H8C3O2 [36]. Overall, this
database includes 109 accurate structural isomerization energies,
which are calculated at the CCSD(T)/CBS level by means of the
W2-F12 thermochemical protocol [39].

2.2.3. The DIE60 dataset
This database includes 60 isomerization reactions which

involve a migration of one double bond that breaks the conjugated
p-system [12]. The reactions in the DIE60 dataset are of the type
[conjugated diene]? [non-conjugated diene]. The dataset covers
a broad spectrum of structures, including linear and branched (Cn-
H2n-2), and cyclic (CnH2n–4) dienes (n = 5, 6, and 7). Reference iso-
merization energies are obtained by means of the high-level W2-
F12 procedure for the C5H6, C5H8, C6H8, C6H10, and C7H10 dienes,
and the W1-F12 procedure for the C7H12 dienes [39].

2.2.4. The EIE22 dataset
The EIE22 database is comprised of 22 prototypical isomeriza-

tion reactions of the type [conjugated a, b-enecarbonyl]? [non-
conjugated b, c-enecarbonyl] [16]. All the reactions from the
EIE22 dataset involve a migration of one double bond, which
breaks the conjugated p-system. This dataset can be viewed as
an extension of the DIE60 dataset, which only contains hydrocar-
bons. The considered enecarbonyls involve a range of common
functional groups (e.g. CH3, NH2, OCH3, F, and CN). Accurate iso-
merization energies are obtained at the complete basis-set limit
CCSD(T) level by means of the high-level W1-F12 thermochemical
protocol [39].

2.3. Conformational energies

2.3.1. The CnH2n+2 conformers dataset
This database of conformational CnH2n+2 alkane isomers (n = 4–

6) contains 18 conformational energies of n-butane, n-pentane, and

n-hexane [32]. Reference conformational energies are obtained by
the W1h thermochemical procedure [40].

2.3.2. The tetrapeptide conformers dataset
This database includes 10 conformers of the ACE-ALA-GLY-ALA-

NME and ACE-ALA-SER-ALA-NME tetrapeptide. ALA is alanine, GLY
is glycine, and SER is serine. ACE and NME stand for acetyl and
methylamide groups [41]. For each peptide, five conformers have
been examined, i.e. parallel (b) and anti-parallel (ba) b-sheets,
right-handed (aR) and left-handed (aL) a-helices, and polypro-
line-II (PP-II) helix. Reference conformational energies are obtained
via the CCSD(T)/CBS � CCSD(T)/cc-pVDZ + MP2/CBS – MP2/cc-
pVDZ method, where the MP2/CBS energy is extrapolated to the
complete basis-set limit from the cc-pVTZ and cc-pVQZ basis sets
[33].

2.4. Reaction barrier heights

2.4.1. The IACBH8 dataset
This dataset contains reaction barrier heights for the vinyl alco-

hol? acetaldehyde tautomerization reaction catalyzed by inor-
ganic acids (HNO3, H2CO3, H3PO4, HClO4, and H2SO4), formic acid,
and water [36]. The reference reaction barrier heights are obtained
by means of the W1-F12 thermochemical protocol [39].

2.4.2. The BHPE13 dataset
This database contains 13 barrier heights for proton exchange

in small (H2O)n clusters (n = 2–6), (NH3)n clusters (n = 2–4), and
(HF)n clusters (n = 2–6) [18]. The reference reaction barrier heights
are obtained by means of the W1-F12 thermochemical protocol
[39].

2.4.3. The WCPT27 dataset
This database contains 27 accurate reaction barrier heights for a

set of nine proton-transfer tautomerization reactions that are
either uncatalyzed, catalyzed by one water molecule, or catalyzed
by two water molecules [17]. The reaction barrier heights are
obtained by means of the high-level W2.2 [40] or W1 [42] thermo-
chemical procedures.

2.4.4. The BH76 dataset
This database contains two subsets of reaction barrier heights:

HTBH38 and NHTBH38. The HTBH38 set consists of 38 reaction
barrier heights of hydrogen transfer reactions, whilst the NHTBH38
set consists of 12 heavy-atom transfer reactions (HATBH12), 16
nucleophilic substitution reactions (NSBH16), 10 unimolecular
and association reactions (UABH10) [35]. The reference reaction
barrier heights are obtained by means of the W1 thermochemical
protocol [40].

3. Computational details

All the calculations were carried out using the Molpro 2012.1
program suite [43,44], except for the W4-11 and BH76 databases
where all the calculations were performed with the Gaussian 09
program suite [45]. We consider Dunning’s A’VnZ basis sets
(n = D, T, Q, and 5) for evaluating the basis set effects. The notation
A’VnZ indicates the combination of the standard correlation-con-
sistent cc-pVnZ basis sets on H [46], the aug-cc-pVnZ basis sets
on first-row atoms [47], and the aug-cc-pV(n + d)Z basis sets on
second-row atoms [48]. For the DIE60, CnH2n+2 conformers, and
tetrapeptide conformers datastes, we only consider the cc-pVnZ
basis sets (n = D, T, and Q). The reference geometries and reference
reaction energies and barrier heights for all the datasets are taken
from the literature (see Table 1). The ab initio procedures consid-
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ered in the present study are MP2, SCS-MP2 [2], MP2.5 [22], MP3,
MP3.5 [15], SCS-MP3 [21], MP4(SDQ), MP4, MP4avg [16], CCSD,
SCS-CCSD [49], and CCSD(T). Unless otherwise mentioned, the per-
formance of the MP2- and MP3-based methods is evaluated in con-
junction with the A’VnZ or cc-pVnZ (n = T and Q) basis sets,
whereas the performance of the computationally more expensive
MP4-based and coupled cluster procedures is evaluated in con-
junction with the A’VTZ or cc-pVTZ basis set.

We also evaluate the performance of the cost-effective CCSD(T)/
CBS(MP2) method. In this approach the CCSD(T)/CBS energy is esti-
mated from the CCSD(T)/A’VDZ energy and an MP2-based basis-
set-correction term (DMP2 = 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) [50]. This additivity scheme
has been shown to give good performance for noncovalent interac-
tions [33,51–53], reaction energies [12,54], and reaction barrier
heights [15,16]. Here we will assess the performance of this cost-
effective method for a more extensive set of thermochemical and
kinetic data. As a point of reference for the performance of the
MPn-based and CCSD(T)/CBS(MP2) methods we also include error
statistics for the CCSD(T)/A’VnZ level of theory. The performance of
all of these methods is evaluated against CCSD(T)/CBS reference
values obtained from Wn theories (see Section 2 for further
details).

4. Results and discussion

4.1. Performance of standard and modified ab initio procedures for
thermochemistry

4.1.1. Performance for atomization energies (W4-11 database)
Table 2 gives an overview of the performance of the standard

and modified ab initio methods for the atomization energies in
the W4-11 dataset. As expected, the W4-11 database is an extre-
mely challenging test for all the considered MPn-based methods,
with RMSDs ranging between 13.3 (MP2.5) and 52.1 kJ mol–1

(SCS-MP2) in conjunction with the A’V5Z basis set. In the following
discussion we will use the results obtained with the A’V5Z basis set
for the MPn-based methods, and the A’VQZ basis set for the cou-
pled cluster methods.

The MP2-based methods (MP2 and SCS-MP2) result in very
large RMSDs of over 50 kJ mol–1 in conjunction with the A’V5Z
basis set, where in both cases the atomization energies are system-
atically overestimated. The MP3 method obtains a similarly high
RMSD of 46.5 kJ mol–1, but systematically underestimates the
atomization energies. In this situation, MP2.5, which is an average
of MP2 and MP3, provides significantly better performance with an
RMSD of 13.3 kJ mol–1 for theW4-11 dataset. The SCS-MP3method
also represents a significant improvement over both MP2 and MP3,
but still attains a very large RMSD of 30.7 kJ mol–1. The MP4
method results in an RMSD of 16.7 kJ mol–1, and similarly to the
MP2 method it tends to systematically overestimate the atomiza-
tion energies, while MP4(SDQ) gives poor performance with an
RMSD of 41.6 kJ mol–1. The modified MP4-based procedures
(MP3.5 and MP4avg) show slightly improved performance, but tend
to systematically underestimate the atomization energies.

The CCSD method obtains an RMSD of 55.2 kJ mol–1 in conjunc-
tion with the A’VQZ basis set and, as expected, the RMSD of the
CCSD(T) method is much lower (i.e., it is 15.1 kJ mol–1). However,
the cost-effective CCSD(T)/CBS(MP2) approach achieves a much
lower RMSD of only 3.8 kJ mol–1 and a near-zero MSD of
0.3 kJ mol–1. This procedure significantly outperforms all the
examined MPn-based procedures.

4.1.2. Performance for structural isomerization (C8H8 and HxCyOz

isomers databases)
Structural isomerization can be a challenging test for many DFT

and ab initio methods since they often involve breaking and form-
ing of several bonds. In this section we consider two structural iso-
merization databases, consisting of C8H8 and HxCyOz isomers.
Table 3 gives an overview of the performance of the MPn-based
methods for the C8H8 isomers. We note that for the methods for
which we have both A’VTZ and A’VQZ results (i.e. MP2, SCS-MP2,
MP2.5, MP3, and SCS-MP3) the differences in the overall RMSDs
(in absolute value) between these basis sets are smaller than
1.0 kJ mol–1. In the following discussion, we will focus on the per-
formance of the MP2- and MP3-based procedures in conjunction
with the A’VQZ basis set, whilst the performance of the rest of
the methods is evaluated with the A’VTZ basis set.

None of the MP2- and MP3-based procedures results in RMSDs
below the threshold of chemical accuracy. The MP2-based meth-
ods exhibit relatively poor performance with RMSDs of 13.2
(MP2) and 8.1 kJ mol–1 (SCS-MP2). The MP3-based procedures give

Table 2
Statistical analysis for the performance of ab initio methods for the atomization
energies in the W4-11 dataset (in kJ mol–1).a

Basis sets Methods RMSD MAD MSD

A’V5Z MP2 50.6 39.2 33.1
SCS-MP2 52.1 43.2 42.9
MP2.5 13.3 10.6 –2.8
MP3 46.5 38.8 –38.7
SCS-MP3 30.7 26.1 24.9
MP4(SDQ) 41.6 36.0 –36.0
MP4 16.7 12.5 11.0
MP3.5 16.5 14.0 –13.8
MP4avg 14.6 12.5 –12.5

A’VQZ MP2 44.6 34.2 25.4
SCS-MP2 43.1 34.8 33.9
MP2.5 16.2 13.2 –9.7
MP3 52.7 44.8 –44.8
SCS-MP3 22.4 18.5 16.3
MP4(SDQ) 48.0 41.9 –41.9
MP4 11.5 8.8 4.0
MP3.5 23.3 20.4 –20.4
MP4avg 21.5 19.0 –19.0
CCSD 55.2 48.2 –48.2
CCSD(T) 15.1 13.5 –13.5

CBS(MP2)b CCSD(T) 3.8 3.2 –0.3

a RMSD = root mean square deviation, MAD = mean absolute deviation,
MSD = mean signed deviation.

b CCSD(T)/CBS(MP2) � CCSD(T)/A’VDZ + MP2/A’V{T,Q}Z – MP2/A’VDZ.

Table 3
Statistical analysis for the performance of ab initio methods for calculations of
isomerization energies in the C8H8 isomers dataset (in kJ mol–1).a

Basis sets Methods RMSD MAD MSD

A’VQZ MP2 13.2 11.0 4.8
SCS-MP2 8.1 6.2 –3.2
MP2.5 8.1 6.7 5.3
MP3 8.9 6.0 5.8
SCS-MP3 6.9 4.4 –2.9

A’VTZ MP2 12.7 10.6 4.2
SCS-MP2 8.7 6.5 –4.0
MP2.5 7.2 5.9 4.4
MP3 7.9 4.9 4.7
SCS-MP3 7.6 4.7 –3.8
MP4(SDQ) 9.1 7.8 –6.0
MP4 6.0 4.4 –1.7
MP3.5 3.0 2.3 1.5
MP4avg 5.5 4.2 –3.8
CCSD 6.4 4.8 –2.3
SCS-CCSD 12.5 11.4 –11.4
CCSD(T) 2.5 2.1 –1.5

CBS(MP2) CCSD(T) 2.5 2.2 –2.1

a Footnotes a and b to Table 2 apply here.
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slightly lower RMSDs, which range between 6.9 (SCS-MP3) and
8.9 kJ mol–1 (MP3). It is worth mentioning that the MP2.5 proce-
dure does not improve the performance and results in practically
the same RMSD as the SCS-MP2 procedure. The MP4(SDQ) method
provides poor performance for the C8H8 isomers database with an
RMSD of 9.1 kJ mol–1, while the MP4 procedure shows better per-
formance with an RMSD of 6.0 kJ mol–1. The MP4avg method gives
slightly better performance with an RMSD of 5.5 kJ mol–1. How-
ever, MP3.5 shows significantly better performance, attaining an
RMSD of 3.0 kJ mol–1, which is comparable to the performance of
the CCSD(T) method, vide infra.

The CCSD and SCS-CCSD methods result in RMSDs of 6.4 and
12.5 kJ mol–1, respectively. Thus, both methods show poor perfor-
mance relative to the computationally more economical MP3.5
method. The CCSD(T) method shows the best performance with
an RMSD of merely 2.5 kJ mol–1. We note that the cost-effective
approach CCSD(T)/CBS(MP2) provides very similar performance
to the CCSD(T)/A’VTZ level of theory at a reduced computational
cost.

We now turn our attention to the performance of ab initio pro-
cedures for the HxCyOz isomers database. Table 4 gives an overview
of the performance of the MPn-based and coupled cluster methods.
Similar to the results for the C8H8 database, the RMSDs for the
A’VTZ basis set are within 1.0 kJ mol–1 from those for the A’VQZ
basis set. Since we do not have the results for the coupled cluster
methods with the A’VQZ basis set, we will concentrate on the per-
formance of all the methods in conjunction with the A’VTZ basis
set in the following text.

As shown in Table 4, in contrast to the results for the C8H8 data-
base, all the examined methods perform reasonably well, with
RMSDs ranging between 1.1 (CCSD(T)/CBS(MP2)) and 6.6 kJ mol–1

(MP2). The MP2 method results in an RMSD of 6.6 kJ mol–1. This
RMSD is decreased by 42% (to 3.8 kJ mol–1) when the same- and
opposite-spin components of the MP2 correlation energy are
scaled in the SCS-MP2 procedure. The MP3-based methods (MP3,
SCS-MP3, and MP2.5) show similar performance, with RMSDs
between 3.8 and 4.0 kJ mol–1.

Moving to the MP4-based methods, MP4(SDQ) and MP4avg
show similar performance to the MP3-based methods with RMSDs
of 3.5 and 3.6 kJ mol–1, respectively. In contrast, MP4 attains a

somewhat larger RMSD of 4.7 kJ mol–1. However, the MP3.5 proce-
dure again results in an exceptionally low RMSD of 1.5 kJ mol–1.
The excellent performance of MP3.5 is also demonstrated by a
near-zero MSD of –0.2 kJ mol–1. Indeed this method significantly
outperforms the computationally more expensive coupled cluster
procedures CCSD, SCS-CCSD, and CCSD(T)/A’VTZ as well as the all
the considered MPn-based methods (Table 4). Finally we note that
the CCSD(T)/CBS(MP2) method provides superb performance with
an RMSD of merely 1.1 kJ mol–1.

4.1.3. Performance for isomerization reactions involving double-bond
migration (DIE60 and EIE22 databases)

In this subsection we consider the DIE60 and EIE22 databases of
isomerization reactions that involve a migration of one double
bond that breaks the p-conjugated system. With the exception of
the newly proposed MP4-based methods (MP3.5 and MP4avg), all
the examined methods have been previously assessed for these
two databases [12,13]. However, for the sake of making the article
self-contained, we will describe the performance of all the exam-
ined methods.

Table 5 gives an overview of the performance of the ab initio
methods for the DIE60 dataset. We start by noting that practically
all the ab initio procedures converge relatively smoothly and
rapidly to the basis set limit. For example, for the methods for
which we have both cc-pVQZ and cc-pVTZ results (MP2, SCS-
MP2, MP2.5, MP3, and SCS-MP3), the differences in the overall
RMSDs (in absolute value) between these two basis sets are equal
to or smaller than 0.1 kJ mol–1, whilst the differences in the overall
RMSDs between the cc-pVDZ and cc-pVQZ basis sets are equal to
(or smaller than) 0.7 kJ mol–1 (see Table S5, Supplementary data).
Thus, for these reactions even the cc-pVDZ basis set gives results
that are close to the basis set limit. Since we do not have the results
for the coupled cluster methods with the cc-pVQZ basis set, we will
concentrate on the results with the cc-pVTZ basis set in the follow-
ing text.

The MP2 procedure systematically overestimates the isomer-
ization energies and results in an RMSD of 2.9 kJ mol–1. This RMSD
is reduced to 1.1 kJ mol–1 when the same- and opposite-spin com-
ponents of the MP2 correlation energy are scaled in the SCS-MP2
procedure. Inclusion of higher-order correlation corrections in pro-
cedures such as MP2.5, MP3, SCS-MP3, MP4(SDQ), and MP4 results
in similar performance, with RMSDs of 1.0–1.8 kJ mol–1. It is note-

Table 4
Statistical analysis for the performance of ab initio methods for the isomerization
energies in the HxCyOz dataset (in kJ mol–1).a

Basis sets Methods RMSD MAD MSD

A’VQZ MP2 7.6 5.9 2.7
SCS-MP2 3.7 2.9 1.0
MP2.5 5.3 3.9 1.0
MP3 4.9 4.1 –0.7
SCS-MP3 2.9 2.3 0.2
MP4(SDQ) 3.9 3.1 1.8
MP4 3.9 3.2 1.8
MP3.5 2.0 1.5 0.6
MP4avg 3.3 2.6 1.8

A’VTZ MP2 6.6 5.3 2.2
SCS-MP2 3.8 3.0 0.4
MP2.5 4.0 3.0 0.4
MP3 3.8 3.1 –1.4
SCS-MP3 3.8 3.0 0.4
MP4(SDQ) 3.5 2.8 1.0
MP4 4.7 3.8 1.1
MP3.5 1.6 1.3 –0.2
MP4avg 3.6 2.8 1.0
CCSD 2.3 1.8 –0.1
SCS-CCSD 5.0 3.8 –3.5
CCSD(T) 2.4 1.7 –0.9

CBS(MP2) CCSD(T) 1.1 0.9 –0.9

a Footnotes a and b to Table 2 apply here.

Table 5
Statistical analysis for the performance of ab initio methods for the isomerization
energies in the DIE60 dataset (in kJ mol–1).a

Basis sets Methods RMSD MAD MSD

cc-pVQZ MP2 2.8 2.4 2.4
SCS-MP2 1.0 0.6 0.4
MP2.5 1.1 0.9 0.8
MP3 1.1 1.1 –0.7
SCS-MP3 0.9 0.7 –0.4

cc-pVTZ MP2 2.9 2.4 2.4
SCS-MP2 1.1 0.8 0.5
MP2.5 1.1 0.9 0.9
MP3 1.1 0.9 –0.6
SCS-MP3 1.0 0.7 –0.3
MP4(SDQ) 1.8 1.5 –1.3
MP4 1.3 1.0 1.0
MP3.5 0.5 0.4 0.2
MP4avg 0.8 0.6 –0.1
CCSD 1.9 1.6 –1.5
SCS-CCSD 2.2 2.0 –2.0
CCSD(T) 0.6 0.5 –0.2

CBS(MP2)b CCSD(T) 0.4 0.3 –0.3

a Footnote a to Table 2 applies here.
b CCSD(T)/CBS(MP2) � CCSD(T)/cc-pVDZ + MP2/cc-pV{T,Q}Z – MP2/cc-pVDZ.
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worthy that the two newly proposed MP3.5 and MP4avg methods
also show very good performance with RMSDs of 0.5 and
0.8 kJ mol–1, respectively. The CCSD method attains a somewhat
disappointing RMSD of 1.9 kJ mol–1 considering its computational
cost, and its spin-component scaled variant SCS-CCSD gives an
even larger RMSD (2.2 kJ mol–1). The CCSD(T) method attains an
RMSD of merely 0.6 kJ mol–1, while the CCSD(T)/CBS(MP2) method
performs slightly better with an RMSD of 0.4 kJ mol–1.

We now turn our attention to the EIE22 database. In contrast to
the DIE60 dataset which only involves hydrocarbons, the perfor-
mance of the ab initio methods for the EIE22 dataset is evaluated
in conjunction with the A’VTZ basis sets since this database
involves polar bonds. Table 6 lists the RMSDs, MADs, and MSDs
for the EIE22 dataset for the examined methods. Practically all
the tested methods converge fairly rapidly to the basis-set limit.
For instance, for the methods for which we have both A’VTZ and
A’VQZ results (MP2, SCS-MP2, MP2.5, MP3, and SCS-MP3), the dif-
ferences in the RMSDs (in absolute value) between these two basis
sets are smaller than or equal to 0.1 kJ mol–1. Here we focus on the
performance of all the methods with the A’VTZ basis set.

The MP2 method attains an RMSD of 2.1 kJ mol–1, while the
RMSD is reduced to only 0.9 kJ mol–1 using the SCS-MP2 method.
The MP3- and MP4-based procedures result in RMSDs ranging
from 0.5 (MP3.5 and MP4avg) to 1.9 kJ mol–1 (MP4(SDQ)). In partic-
ular, the MP2.5 procedure provides superb performance and
obtains an RMSD of 0.7 kJ mol–1. The modified MP4-based proce-
dures (MP3.5 and MP4avg) give slightly better performance at a
much higher computational cost. The CCSD method performs sim-
ilarly to MP2, with an RMSD of 2.1 kJ mol–1. The SCS-CCSD method
systematically underestimates the isomerization energies in the
EIE22 database (as evident from MSD � –1 �MAD = –2.5 kJ mol–
1) and results in an RMSD of 2.7 kJ mol–1. The CCSD(T) method
gives the best performance with an RMSD of merely 0.4 kJ mol–1,
while the CCSD(T)/CBS(MP2) approach attains a slightly higher
RMSD of 0.6 kJ mol–1.

4.1.4. Performance for conformational energies in CnH2n+2 and
tetrapeptide systems

From the electronic structure point of view, conformational
energies are generally easier to calculate than the isomerization
energies discussed in Sections 4.1.2 and 4.1.3 since they do not
involve breaking and forming of covalent bonds. In this section
we will consider two datasets of conformers, namely, dispersion-

driven conformational energies in CnH2n+2 (n = 4–6) hydrocarbons
[32] and conformational energies in tetrapeptides [33].

Table 7 gives an overview of the performance of the standard
and modified ab initio procedures for the CnH2n+2 conformational
energies. The performance of the MP2-based methods (MP2 and
SCS-MP2) is assessed in conjunction with the cc-pVTZ and cc-pVQZ
basis sets, whilst the performance of the rest of the methods is
evaluated in conjunction with the cc-pVTZ basis set. In the follow-
ing discussion we will use the results obtained with the cc-pVTZ
basis set for all the examined methods.

The MP2 and SCS-MP2 methods result in similar RMSDs of 0.62
and 0.68 kJ mol–1 respectively, while the MP3 and SCS-MP3 meth-
ods show slightly poorer performance with RMSDs of 0.75 and
0.99 kJ mol–1, respectively. Since MP2 tends to underestimate the
conformational energies and MP3 tends to overestimate them by
similar amounts, the MP2.5 method shows excellent performance
with an RMSD of merely 0.19 kJ mol–1. Similarly, the MP3.5
method shows significantly better performance (RMSD =
0.15 kJ mol–1) than the MP4 method (RMSD = 0.49 kJ mol–1). Again,
this is due to the fact that MP3 tends to overestimate the confor-
mational energies, while MP4 tends to underestimate them. The
MP4avg method provides similar performance to MP3.5 and gives
a near-zero RMSD of 0.09 kJ mol–1. The superb performance of
the MP3.5 and MP4avg procedures is also demonstrated by the
near-zero MSDs, suggesting that they are free of systematic bias.

The CCSD method represents poor performance relative to the
MP4-based procedures, attaining an RMSD of 0.69 kJ mol–1. The
SCS-CCSD procedure results in a similar RMSD. Finally, we note
that the CCSD(T)/CBS(MP2) method provides similar performance
to the MP3.5 and MP4avg procedures with an RMSD of
0.14 kJ mol–1.

We now turn our attention to the performance of the ab initio
methods for the tetrapeptide conformers (Table 8). Due to the large

Table 6
Statistical analysis for the performance of ab initio methods for calculations of
isomerization energies in the EIE22 dataset (in kJ mol–1).a

Basis sets Methods RMSD MAD MSD

A’VQZ MP2 2.1 1.9 1.8
SCS-MP2 0.8 0.7 0.2
MP2.5 0.7 0.6 0.4
MP3 1.5 1.2 –1.1
SCS-MP3 1.2 0.9 –0.5

A’VTZ MP2 2.1 1.9 1.9
SCS-MP2 0.9 0.8 0.3
MP2.5 0.7 0.6 0.4
MP3 1.5 1.3 –1.0
SCS-MP3 1.3 1.0 –0.4
MP4(SDQ) 1.9 1.6 –1.5
MP4 1.4 1.3 1.3
MP3.5 0.5 0.4 0.1
MP4avg 0.5 0.4 –0.1
CCSD 2.1 1.8 –1.7
SCS-CCSD 2.7 2.5 –2.4
CCSD(T) 0.4 0.3 –0.1

CBS(MP2) CCSD(T) 0.6 0.5 –0.5

a Footnotes a and b to Table 2 apply here.

Table 7
Statistical analysis for the performance of ab initio methods for conformational
energies in the CnH2n+2 hydrocarbons (in kJ mol–1) (n = 4–6).a

Basis sets Methods RMSD MAD MSD

cc-pVQZ MP2 0.50 0.39 –0.39
SCS-MP2 0.83 0.72 0.72

cc-pVTZ MP2 0.62 0.53 –0.53
SCS-MP2 0.68 0.57 0.57
MP2.5 0.19 0.14 0.06
MP3 0.75 0.66 0.66
SCS-MP3 0.99 0.86 0.86
MP4(SDQ) 0.49 0.41 0.41
MP4 0.49 0.46 –0.46
MP3.5 0.15 0.11 0.10
MP4avg 0.09 0.07 –0.02
CCSD 0.69 0.59 0.59
SCS-CCSD 0.66 0.61 –0.61
CCSD(T) 0.24 0.23 –0.23

CBS(MP2) CCSD(T) 0.14 0.12 –0.12

a Footnote a to Table 2 and footnote b to Table 5 apply here.

Table 8
Statistical analysis for the performance of ab initio methods for calculations of
conformational energies in the tetrapeptides (in kJ mol–1).a

Basis sets Methods RMSD MAD MSD

cc-pVQZ MP2b 2.9 2.4 –1.4
cc-pVTZ MP2b 6.1 4.5 –4.3

SCS-MP2 2.2 1.6 –1.6
MP2.5 2.7 2.1 –1.8
MP3 1.1 1.0 0.7
SCS-MP3 1.0 0.7 –0.4

a Footnote a to Table 2 and footnote b to Table 5 apply here.
b The results are taken from Ref. [33].
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sizes of the tetrapeptides, we were only able to perform the MP2-
and MP3-based calculations in conjunction with the cc-pVTZ basis
set. Table S8 of the Supplementary data gives the results for all the
methods in conjunction with the cc-pVDZ basis set. However, as
pointed out in reference [33], this basis set is too small for ade-
quately describing the H-bonds in these systems, and these results
will not be discussed here. Suffice to say that all the considered
methods perform poorly in conjunction with the cc-pVDZ basis
set with RMSDs ranging between 8.9 (MP3) and 14.7 kJ mol–1

(MP4).
Except for the MP2 method, which exhibits a particularly strong

basis set dependence [33], all the methods perform reasonably
well in conjunction with the cc-pVTZ basis set, with RMSDs well
below the threshold of chemical accuracy. In particular, SCS-MP2
results in an RMSD of 2.2 kJ mol–1, whilst MP2.5 provides slightly
deteriorated performance with an RMSD of 2.7 kJ mol–1. MP3 and
SCS-MP3 provide excellent performance with RMSDs of 1.1 and
1.0 kJ mol–1, respectively, where MP3 tends to overestimate the
conformational energies and SCS-MP3 tends to underestimate
them.

4.2. Performance of standard and modified ab initio procedures for
reaction barrier heights

Now we turn our attention to the performance of standard and
modified ab initio methods for reaction barrier heights. We have
previously found that the MP4avg and CCSD(T)/CBS(MP2) methods
give very good performance for the CRBH20 dataset [16]. In partic-
ular, in conjunction with the A’VTZ basis set these methods attain
RMSDs of 2.1 and 1.7 kJ mol–1, respectively, compared to RMSDs of
11.3 (MP3.5), 6.1 (MP4), and 5.0 kJ mol–1 (CCSD(T)) in conjunction
with the same basis set [16]. We note however, that for the reac-
tion barrier heights in the BHPERI database, MP3.5 was found to
significantly outperform all the other MPn-based procedures with
an overall RMSD of 2.5 kJ mol–1 [15]. It is therefore of interest to
evaluate the performance of the modified MP4-based procedures
for a wider range of reaction barrier heights.

4.2.1. Performance for barrier heights of reactions catalyzed by
inorganic acids (IACBH8 database)

Table 9 gathers the RMSDs, MADs, and MSDs for the IACBH8
dataset. We note that for the methods for which we have
both A’VTZ and A’VQZ results (MP2, SCS-MP2, MP2.5, MP3, and

SCS-MP3) the differences in the overall RMSDs between these
two basis sets are smaller than (or equal to) 2.0 kJ mol–1 (in abso-
lute value).

Inspection of Table 9 reveals that the IACBH8 database is a chal-
lenging test for nearly all the standard and modified MPn proce-
dures. Only three of the nine procedures result in RMSDs below
the threshold of chemical accuracy, i.e. MP2.5 (3.2), MP3.5 (3.6),
and MP4avg (2.0 kJ mol–1). For the other six methods the RMSDs
range from 8.4 (MP4) to 15.6 kJ mol–1 (SCS-MP3). The CCSD proce-
dure attains a large RMSD of 13.4 kJ mol–1, while its spin-compo-
nent scaled variant SCS-CCSD performs better, with an RMSD of
5.4 kJ mol–1. This RMSD is reduced to merely 1.3 kJ mol–1 for the
CCSD(T) procedure, whilst the CCSD(T)/CBS(MP2) approach attains
a slightly higher RMSD of 2.1 kJ mol–1.

4.2.2. Performance for barrier heights of proton-exchange reactions in
NH3, H2O, and HF clusters (BHPE13 database)

Table 10 lists the error statistics for the BHPE13 database, which
is divided into three subsets of barrier heights, namely the NH3,
H2O, and HF clusters. We start by noting that for the methods for
which we have both A’VTZ and A’VQZ results (MP2, SCS-MP2,
MP2.5, MP3, and SCS-MP3) the differences in the overall RMSDs
of the whole BHPE13 database between these two basis sets are
smaller than 3.2 kJ mol–1. For nearly all the MPn-based methods
the A’VTZ basis set performs slightly better than the A’VQZ basis
set (relative to the W1-F12 reference values). In the following dis-
cussion, we will use the A’VTZ basis set to assess the performance
of all the considered methods for the entire BHPE13 dataset and its
three subsets. Inspection of Table 10 reveals that only five of the 13
tested methods result in RMSDs below the chemical accuracy
threshold, i.e. MP2.5 (2.4), MP3.5 (4.0), SCS-CCSD (3.2), CCSD(T)/
CBS(MP2) (3.4), and CCSD(T) (4.1 kJ mol–1). For the other eight
methods the RMSDs range between 4.7 (MP4avg) and 18.8 kJ mol–
1 (SCS-MP3).

We now move to the performance of the standard and modi-
fied ab initio procedures for the barrier heights in the three sub-
sets of the BHPE13 database. We begin by noting that the MP2
and SCS-MP2 procedures perform poorly for all the subsets.
Specifically, MP2, which systematically underestimates the bar-
rier heights (as evident from MSD = –1 �MAD for all the three
subsets), results in RMSDs of 10.5, 18.1, and 13.5 kJ mol–1 for
the barrier heights in the NH3, H2O, and HF subsets, respectively.
Similarly, SCS-MP2 attains RMSDs of 12.9 (NH3 and H2O subsets)
and 9.7 kJ mol–1 (HF subset). The MP3 and SCS-MP3 methods
show even poorer performance with RMSDs varying between
14.9 (MP3 for the NH3 subset) and 21.3 kJ mol–1 (SCS-MP3 for
the H2O subset), where the barrier heights are systematically
overestimated. In this situation, the MP2.5 procedure shows good
performance with RMSDs of 2.3 (NH3), 1.8 (H2O), and 3.0 kJ mol–1

(HF subset). Similarly, the MP3.5 method shows good perfor-
mance for the H2O and HF subsets with RMSDs of 3.7 and
2.2 kJ mol–1, respectively, while for the NH3 subset it attains a lar-
ger RMSD of 6.1 kJ mol–1.

With regards to the computationally more expensive coupled
cluster procedures, the CCSD method performs worse than
MP3.5 and MP4avg, obtaining much larger RMSDs of 19.7 (NH3 sub-
set), 20.2 (H2O subset), and 12.6 kJ mol–1 (HF subset). However, its
spin-component scaled variant SCS-CCSD performs very well, with
RMSDs ranging between 0.9 (H2O subset) and 4.5 kJ mol–1

(HF subset). The CCSD(T) method shows good performance for
the NH3 and H2O subsets (RMSDs = 1.7 and 2.6 kJ mol–1, respec-
tively). However, for the HF subset, CCSD(T) attains a somewhat
disappointing RMSD of 5.9 kJ mol–1. The CCSD(T)/CBS(MP2)
method, on the other hand, shows good performance for all the
subsets with RMSDs of 2.5 (NH3 subset), 4.4 (H2O subset), and
2.6 kJ mol–1 (HF subset).

Table 9
Statistical analysis for the performance of ab initio methods for the reaction barrier
heights in the IACBH8 dataset (in kJ mol–1).a

Basis sets Methods RMSD MAD MSD

A’VQZ MP2 7.9 7.3 –7.3
SCS-MP2 11.9 11.4 11.4
MP2.5 4.7 4.7 4.7
MP3 16.7 16.6 6.6
SCS-MP3 17.6 17.4 17.4

A’VTZ MP2 9.6 9.0 –9.0
SCS-MP2 10.0 9.4 9.4
MP2.5 3.2 3.0 3.0
MP3 15.1 14.9 14.9
SCS-MP3 15.6 15.4 15.4
MP4(SDQ) 11.3 11.3 11.3
MP4 8.4 8.0 –8.0
MP3.5 3.6 3.5 3.5
MP4avg 2.0 1.8 1.7
CCSD 13.4 13.3 13.3
SCS-CCSD 5.4 5.3 5.3
CCSD(T) 1.3 1.2 –1.1

CBS(MP2) CCSD(T) 2.1 2.0 2.0

a Footnotes a and b to Table 2 apply here.
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4.2.3. Performance for barrier heights of water-catalyzed proton-
transfer reactions (WCPT27 database)

Table 11 gives error statistics for the overall WCPT27 dataset as
well as its three subsets: uncatalyzed reactions (denoted as uncat),
reactions catalyzed by one water molecule (denoted as 1H2O), and
reactions catalyzed by two water molecules (denoted as 2H2O).
Firstly, we note that for the methods for which we have both
A’VTZ and A’VQZ results (MP2, SCS-MP2, MP2.5, MP3, and SCS-
MP3) the differences in the RMSDs of the whole WCPT27 database
between these two basis sets are less than 0.9 kJ mol–1. In the fol-
lowing text, we will use the results of the A’VTZ basis set to assess
the performance of the computational methods for the WCPT27
dataset and its three subsets.

The MP2 method attains RMSDs of 7.2, 11.2, and 13.7 kJ mol–1

for the uncat, 1H2O, and 2H2O subsets, respectively; while the
SCS-MP2 method performs better with RMSDs of 5.8, 8.7, and
11.7 kJ mol–1, respectively. The MP3 method systemically overesti-
mates the barrier heights for the three subsets and obtains RMSDs
of 14.9 (uncat), 11.4 (1H2O), and 12.0 kJ mol–1 (2H2O). The SCS-
MP3 procedure also shows poor performance with RMSDs ranging
between 10.8 (uncat) and 17.9 kJ mol–1 (2H2O). For the overall
WCPT27 database, the RMSDs of MP3 and SCS-MP3 are 12.8 and
14.6 kJ mol–1, respectively, where both procedures overestimate
the barrier heights, as evident from MSD = MAD. Since MP2 tends
to underestimate the barrier heights and MP3 tends to overesti-
mate them, MP2.5 shows very good performance and attains
RMSDs of 4.0 (uncat), 1.8 (1H2O), 2.1 (2H2O), and 2.8 kJ mol–1

(overall WCPT27 dataset).
We now turn our attention to the performance of the MP4-

based methods. The MP4 method gives RMSDs of 5.2 (uncat), 5.9
(1H2O), 7.0 (2H2O), and 6.1 kJ mol–1 (overall WCPT27 dataset).
The modified MP4-based methods, MP3.5 and MP4avg, show some-
what better performance for the subsets as well as the whole
WCPT27 dataset. Specifically, MP3.5 gives RMSDs of 5.1 (uncat),
3.0 (1H2O), 2.9 (2H2O), and 3.8 kJ mol–1 (overall WCPT27 dataset).
MP4avg provides similar performance with RMSDs of 4.7 (uncat),
4.0 (1H2O), 4.7 (2H2O), and 4.5 kJ mol–1 (overall WCPT27 dataset).

With regards to the coupled cluster procedures, CCSD obtains
large RMSDs ranging between 14.3 (uncat) and 17.0 kJ mol–1

(2H2O). Scaling the same and opposite-spin components, however,
significantly improves the performance. The SCS-CCSD method
gives RMSDs ranging between 3.8 (uncat) and 4.0 kJ mol–1

(1H2O). The CCSD(T) method shows excellent performance for
the three subsets, with RMSDs equal to (or smaller than)
2.2 kJ mol–1. The CCSD(T)/CBS(MP2) method provides outstanding
performance for the whole database as well as its three subsets
and achieves RMSDs of 1.6 (uncat), 0.8 (1H2O), 2.6 (2H2O), and
1.8 kJ mol–1 (overall WCPT27 dataset).

4.2.4. Performance for barrier heights of hydrogen-transfer and
nonhydrogen-transfer reactions (BH76 database)

We also evaluate the performance of standard and modified
ab initio methods for the reaction barrier heights in the BH76 data-
base. Table 12 gives an overview of the performance of the exam-
ined methods in conjunction with the A’VQZ basis sets for the
BH76 database and its two subsets (HTBH38 and NHTBH38) [35].
Table S12 (Supplementary data) gives an overview of the basis
set convergence for the BH76 database with the A’VnZ basis sets
(n = D and T). We note that practically all the MPn-based methods
converge rapidly to the basis set limit. For example, the differences
in RMSDs for the overall BH76 database between the A’VTZ and
A’VQZ basis sets for the MPn-based methods (except for MP2, for
which the difference is 1.0 kJ mol–1) are equal to or smaller than
0.4 kJ mol–1 (in absolute value).

Inspection of Table 12 reveals that the whole BH76 database is a
challenging test for all the considered MPn-based methods, with

Table 10
Statistical analysis for the performance of ab initio methods for the reaction barrier
heights in the BHPE13 dataset and its three subsets (in kJ mol–1).a

Datasets Basis sets Methods RMSD MAD MSD

NH3 subset A’VQZ MP2 10.8 10.6 –10.6
SCS-MP2 12.9 12.2 12.2
MP2.5 2.1 2.0 2.0
MP3 14.7 14.6 14.6
SCS-MP3 19.2 18.5 18.5

A’VTZ MP2 10.5 10.3 –10.3
SCS-MP2 12.9 12.4 12.4
MP2.5 2.3 2.3 2.3
MP3 14.9 14.8 14.8
SCS-MP3 19.2 18.6 18.6
MP4(SDQ) 18.4 18.0 18.0
MP4 2.9 2.7 –2.7
MP3.5 6.1 6.0 6.0
MP4avg 7.8 7.6 7.6
CCSD 19.7 19.3 19.3
SCS-CCSD 3.2 3.2 3.2
CCSD(T) 1.7 1.6 1.6

CBS(MP2) CCSD(T) 2.5 2.3 2.3

H2O subset A’VQZ MP2 15.0 14.5 –14.5
SCS-MP2 16.5 15.3 15.3
MP2.5 2.2 2.1 2.1
MP3 18.9 18.7 18.7
SCS-MP3 24.8 23.6 23.6

A’VTZ MP2 18.1 17.4 –17.4
SCS-MP2 12.9 12.0 12.0
MP2.5 1.8 1.6 –0.7
MP3 16.1 16.0 16.0
SCS-MP3 21.3 20.3 20.3
MP4(SDQ) 18.0 17.5 17.5
MP4 8.9 8.7 –8.7
MP3.5 3.7 3.6 3.6
MP4avg 4.6 4.4 4.4
CCSD 20.2 19.6 19.6
SCS-CCSD 0.9 0.9 –0.7
CCSD(T) 2.6 2.3 –2.3

CBS(MP2) CCSD(T) 4.4 4.2 4.2

HF subset A’VQZ MP2 9.1 8.9 –8.9
SCS-MP2 14.7 13.9 13.9
MP2.5 3.2 3.0 3.0
MP3 15.0 14.9 14.9
SCS-MP3 20.5 19.8 19.8

A’VTZ MP2 13.5 13.0 –13.0
SCS-MP2 9.7 9.3 9.3
MP2.5 3.0 2.6 –1.0
MP3 11.3 11.0 11.0
SCS-MP3 15.7 15.3 15.3
MP4(SDQ) 10.8 10.7 10.7
MP4 10.4 10.1 –10.1
MP3.5 2.2 1.8 0.5
MP4avg 0.7 0.6 0.3
CCSD 12.6 12.6 12.6
SCS-CCSD 4.5 4.0 –3.8
CCSD(T) 5.9 5.2 –5.2

CBS(MP2) CCSD(T) 2.6 2.6 2.6

Overall A’VQZ MP2 12.0 11.4 –11.4
SCS-MP2 15.0 14.0 14.0
MP2.5 2.6 2.4 2.4
MP3 16.5 16.3 16.3
SCS-MP3 22.0 21.1 21.0

A’VTZ MP2 14.9 14.1 –14.1
SCS-MP2 11.8 11.0 11.0
MP2.5 2.4 2.2 –0.1
MP3 14.2 13.8 13.8
SCS-MP3 18.8 18.0 18.0
MP4(SDQ) 15.7 15.0 15.0
MP4 8.6 7.8 –7.8
MP3.5 4.0 3.5 3.0
MP4avg 4.7 3.7 3.6
CCSD 17.5 16.8 16.8
SCS-CCSD 3.2 2.6 –1.0
CCSD(T) 4.1 3.3 –2.5

CBS(MP2) CCSD(T) 3.4 3.2 3.2

a Footnotes a and b to Table 2 apply here.
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RMSDs ranging between 7.9 (MP4) and 21.6 kJ mol–1 (SCS-MP3).
The CCSD method attains an RMSD of 11.5 kJ mol–1, whilst CCSD
(T) gives superb performance with an RMSD of merely
1.0 kJ mol–1. The cost-effective CCSD(T)/CBS(MP2) approach per-
forms very well with an RMSD of 1.6 kJ mol–1.

The HTBH38 subset consists of 38 barrier heights for hydrogen-
transfer reactions. All the MPn-based methods provide poor perfor-
mance for this subset with RMSDs ranging between 9.1 (MP4) and
25.5 kJ mol–1 (SCS-MP3). Interestingly, nearly all the examined
MPn-based procedures systematically overestimate the barrier
heights for the HTBH38 subset, as evident from MSD � MAD. The
CCSD procedure also results in a large RMSD of 10.9 kJ mol–1, how-
ever, CCSD(T), as expected, provides excellent performance with an
RMSD of 1.2 kJ mol–1. The CCSD(T)/CBS(MP2) method gives similar
performance, resulting in an RMSD of 1.5 kJ mol–1.

The subset of non-hydrogen transfer barrier heights, NHTBH38,
contains three types of barrier heights, namely for heavy atom
transfer (HATBH12), nucleophilic substitution (NSBH16), and uni-
molecular/association (UABH10) reactions. The MPn-based proce-
dures give RMSDs ranging from 6.3 (MP4avg) to 19.5 kJ mol–1

(MP3). Once again nearly all the tested MPn-based methods sys-
tematically overestimate the barrier heights for the NHTBH38 sub-
set, with MSD � MAD, except for MP4. The MP4 procedure shows
very similar performance to MP4avg, obtaining an RMSD of
6.5 kJ mol–1. The CCSD procedure gives poor performance, how-
ever, the CCSD(T) method results in an exceptionally low RMSD
of 0.8 kJ mol–1, which increases to 1.6 kJ mol–1 for the cost-effec-
tive CCSD(T)/CBS(MP2) procedure.

Table 11
Statistical analysis for the performance of ab initio methods for the reaction barrier
heights in the WCPT27 dataset and its three subsets (in kJ mol–1).a

Datasets Basis sets Methods RMSD MAD MSD

Uncatb A’VQZ MP2 7.7 7.5 –7.5
SCS-MP2 5.3 4.7 4.7
MP2.5 3.8 3.5 3.5
MP3 14.7 14.5 14.5
SCS-MP3 10.4 10.2 10.2

A’VTZ MP2 7.2 7.1 –7.1
SCS-MP2 5.8 5.0 5.0
MP2.5 4.0 3.8 3.8
MP3 14.9 14.7 14.7
SCS-MP3 10.8 10.4 10.4
MP4(SDQ) 13.1 12.6 12.6
MP4 5.2 4.7 –4.7
MP3.5 5.1 5.0 5.0
MP4avg 4.7 4.0 3.9
CCSD 14.3 13.8 13.8
SCS-CCSD 3.8 3.2 3.2
CCSD(T) 0.8 0.7 0.0

CBS(MP2) CCSD(T) 1.6 1.4 -1.4

1H2O catc A’VQZ MP2 10.8 10.4 –10.4
SCS-MP2 9.2 9.1 9.1
MP2.5 1.7 1.4 0.5
MP3 11.8 11.5 11.5
SCS-MP3 14.8 14.5 14.5

A’VTZ MP2 11.2 10.8 –10.8
SCS-MP2 8.7 8.4 8.4
MP2.5 1.8 1.4 0.1
MP3 11.4 11.1 11.1
SCS-MP3 14.2 13.9 13.9
MP4(SDQ) 13.2 12.9 12.9
MP4 5.9 5.5 –5.5
MP3.5 3.0 2.8 2.8
MP4avg 4.0 3.7 3.7
CCSD 14.5 14.1 14.1
SCS-CCSD 4.0 3.3 2.8
CCSD(T) 1.5 1.3 –0.8

CBS(MP2) CCSD(T) 0.8 0.7 0.6

2H2O catd A’VQZ MP2 12.2 11.7 –11.7
SCS-MP2 13.4 13.3 13.3
MP2.5 1.9 1.6 0.7
MP3 13.3 13.0 13.0
SCS-MP3 19.6 19.4 19.4

A’VTZ MP2 13.7 13.2 –13.2
SCS-MP2 11.7 11.5 11.5
MP2.5 2.1 1.7 –0.8
MP3 12.0 11.7 11.7
SCS-MP3 17.9 17.7 17.7
MP4(SDQ) 15.6 15.3 15.3
MP4 7.0 6.5 –6.5
MP3.5 2.9 2.6 2.6
MP4avg 4.7 4.4 4.4
CCSD 17.0 16.7 16.7
SCS-CCSD 3.9 3.3 2.7
CCSD(T) 2.2 1.8 –1.4

CBS(MP2) CCSD(T) 2.6 2.5 2.5

Overalle A’VQZ MP2 10.4 9.9 –9.9
SCS-MP2 9.9 9.0 9.0
MP2.5 2.7 2.2 1.6
MP3 13.3 13.0 13.0
SCS-MP3 15.4 14.7 14.4

A’VTZ MP2 11.0 10.3 –10.3
SCS-MP2 9.0 8.3 8.3
MP2.5 2.8 2.3 1.1
MP3 12.8 12.5 12.5
SCS-MP3 14.6 14.0 14.0
MP4(SDQ) 14.0 13.6 13.6
MP4 6.1 5.6 –5.6
MP3.5 3.8 3.4 3.4
MP4avg 4.5 4.0 4.0
CCSD 15.3 14.9 14.9
SCS-CCSD 3.9 3.3 2.9
CCSD(T) 1.6 1.3 –0.8

CBS(MP2) CCSD(T) 1.8 1.5 0.6

a Footnotes a and b to Table 2 apply here.
b Subset of uncatalyzed reactions.
c Subset of reactions catalyzed by one water molecule.
d Subset of reactions catalyzed by two water molecules.
e Including all the uncatalyzed and catalyzed reaction barrier heights.

Table 12
Statistical analysis for the performance of ab initio methods for the reaction barrier
heights in the BH76 dataset and its two subsets HTBH38 and NHTBH38 (in kJ mol–1).a

Datasets Basis sets Methods RMSD MAD MSD

HTBH38 subset A’VQZ MP2 18.5 14.1 5.1
SCS-MP2 24.3 21.0 21.0
MP2.5 14.9 10.8 9.9
MP3 17.5 14.7 14.7
SCS-MP3 25.5 23.4 23.4
MP4(SDQ) 15.3 12.9 12.9
MP4 9.1 6.4 2.7
MP3.5 11.8 8.7 8.7
MP4avg 10.7 7.8 7.8
CCSD 10.9 9.6 9.3
CCSD(T) 1.2 1.0 0.2

CBS(MP2) CCSD(T) 1.5 1.2 0.5

NHTBH38 subset A’VQZ MP2 10.7 8.3 4.8
SCS-MP2 15.2 12.8 11.8
MP2.5 12.1 11.0 10.6
MP3 19.5 16.3 16.3
SCS-MP3 17.0 15.2 14.6
MP4(SDQ) 12.7 10.5 10.5
MP4 6.5 4.5 –1.6
MP3.5 8.8 7.4 7.4
MP4avg 6.3 5.1 4.4
CCSD 12.1 10.0 10.0
CCSD(T) 0.8 0.6 0.0

CBS(MP2) CCSD(T) 1.6 1.3 0.0

BH76 set A’VQZ MP2 15.1 11.2 5.0
SCS-MP2 20.3 16.9 16.4
MP2.5 13.6 10.9 10.2
MP3 18.5 15.5 15.5
SCS-MP3 21.6 19.3 19.0
MP4(SDQ) 14.0 11.7 11.7
MP4 7.9 5.5 0.6
MP3.5 10.4 8.0 8.0
MP4avg 8.8 6.5 6.1
CCSD 11.5 9.8 9.6
CCSD(T) 1.0 0.8 0.1

CBS(MP2) CCSD(T) 1.6 1.2 0.3

a Footnotes a and b to Table 2 apply here.
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4.3. Overview of the performance of the modified MPn procedures for
thermochemical and kinetic properties

In order to compare the overall performance of the various
MPn-based procedures over a range of databases it is useful to
define a weighted total root mean square deviation (WTRMSD),
which combines the RMSDs for all the databases into a single
RMSD for each method. We note that the W4-11 and BH76 data-
bases have been excluded from this statistical analysis since many
of the MPn-based procedures show poor performance for these
datasets (see above). We will use a similar approach to that used
by Goerigk and Grimme [5,55]. Namely, the WTRMSD is taken as:

WTRMSD ¼ 1
523:1

�
X9

i¼1
Ni �

RMSDMP2
i

RMSDMP4
i

� RMSDi ð7Þ

Since some of the chemical properties (e.g., reaction barrier
heights) are more challenging than others (e.g., conformational
and isomerization energies), this equation takes into account the
relative difficulty of each database as the ratio between the RMSDs
for the MP2 and MP4 methods. However, we note that removing
this ratio from Eq. (7) has a very small effect on the final
WTRMSDs, in particular they change by less than 0.2 kJ mol–1.
The WTRMSDs (without the challenging W4-11 and BH76 data-
sets) are summarized in Fig. 2, whilst the WTRMSDs with the
W4-11 and BH76 datasets are listed in Table S13 (Supplementary
data).

Of the MP2- and MP3-based procedures, the MP2.5 method
puts in the best overall performance with a WTRMSD of
3.4 kJ mol–1, and even outperforms the MP4 and CCSD methods.
The MP3 and CCSD methods result in similar performance with
WTRMSDs of 5.1 and 5.0 kJ mol–1, respectively. We note that sim-
ilar observations have been previously found for weak interactions
[22,56–58]. The other MP2- and MP3-based methods (MP2, SCS-
MP2, MP3, and SCS-MP3) show poor overall performance with
WTRMSDs ranging between 4.7 (SCS-MP2) and 7.1 kJ mol–1

(MP2). Fig. 2 shows that there is a significant improvement in per-
formance of the MP4-based methods in the order: MP4(SDQ)?
MP4?MP4avg ?MP3.5. The MP4(SDQ) method attains a
WTRMSD of 5.6 kJ mol–1. The MP4 method attains a lower
WTRMSD of 4.2 kJ mol–1, which is smaller than that for the CCSD
and SCS-CCSD procedures. The modified MP4-based methods
(MP4avg and MP3.5) show better performance than MP4 at no

additional computational cost. The MP4avg procedure results in a
WTRMSD of 3.1 kJ mol–1, however it does not represent a signifi-
cant improvement over the computationally more economical
MP2.5 method (with a WTRMSD of 3.4 kJ mol–1). The MP3.5 proce-
dure shows stellar performance with a WTRMSD of 1.9 kJ mol–1,
which is the same as that for the CCSD(T)/A’VTZ method.

We note in passing that optimizing the empirical coefficients of
the MP3.5 and MP4avg methods (Eqs. (5) and (6)) to minimize the
RMSD for each of the databases leads to optimal scaling coeffi-
cients which are close to 0.5 for most of the databases. The opti-
mized coefficients for the MP3.5 and MP4avg methods are
summarized in Table S14 of the Supplementary data.

It is also of interest to compare the performance of the spin-
component scaled methods (SCS-MP2, SCS-MP3, and SCS-CCSD).
For a number of thermochemical databases, the SCS-MP2 and
SCS-MP3 procedures have been found to give similar performance
[8,12,13]. Here we also find that the three procedures show similar
overall performance with WTRMSDs ranging between 4.7 (SCS-
MP2) and 5.4 kJ mol–1 (SCS-MP3). Finally, a comment is due on
the computational cost of these methods. Table 13 gives the rela-
tive central processing unit (CPU) times used by the MPn methods
for naphthacene (C18H12, in D2h symmetry). All the calculations
were carried out in conjunction with the cc-pVTZ basis set. We
can see that for a highly symmetric, medium-sized system such
as naphthacene the MP2 and MP3 calculations take a fraction of
the CPU time compared to the MP4 and CCSD(T) calculations.
Therefore, methods such as SCS-MP2, SCS-MP3, and MP2.5 provide
significant computational savings relative to the MP4 and CCSD(T)

Fig. 2. Weighted total root mean square deviations (WTRMSDs, in kJ mol–1) for the considered methods. The challenging W4-11 and BH76 datasets are excluded from these
statistics (see main text). The values for the tetrapeptide conformers dataset are based on data obtained with the cc-pVDZ basis set, while the values for all the other
databases are based on data obtained with the cc-pVTZ or A’VTZ basis sets.

Table 13
Computational resources used for single-point-energy MPn and CCSD(T) calculations
for naphthacene.a,b

Level of theory CPU hoursc

MP2/VTZ 0.4
MP3/VTZ 0.6
MP4/VTZ 20.6
CCSD(T)/VTZ 31.4

a All the calculations ran on 1 core of dual Intel Xeon E5-2670v2 systems
(3.1 GHz, 256 GB RAM).

b Scratch disk usage was similar in all cases (i.e., 60–70 GB of scratch disk was
used).

c Central processing unit (CPU) times in hours.
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methods, and are recommended in cases where they show good
performance. Nevertheless, the MP4 calculation requires 66% of
the CPU time required for the CCSD(T) calculation. Therefore,
methods such as MP3.5 and MP4avg still provide reduced
computational cost relative to CCSD(T) and are recommended
in cases where they give similar performance to the CCSD(T)
method.

5. Conclusions

We have assessed the performance of standard and modified
ab initio methods for a wide range of thermochemical and kinetic
properties including atomization energies, isomerization energies,
conformational energies, barrier heights for hydrogen transfer and
non-hydrogen transfer reactions. The reference values were
obtained at the CCSD(T)/CBS level of theory by means of the Wn
and Wn-F12 (n = 1 and 2) thermochemical protocols (except for
the W4-11 dataset for which the reference values were obtained
at the FCI/CBS level). With regards to the performance for thermo-
chemical properties, we make the following observations:

� None of the MPn-based methods give acceptable performance
for the extremely challenging W4-11 dataset. The best perform-
ing MPn-based methods result in RMSDs of 13.3 (MP2.5), 14.6
(MP4avg), 16.5 (MP3.5), and 16.7 kJ mol–1 (MP4). Whilst the
worst performing methods (MP2, SCS-MP2, and MP3) result in
RMSDs > 45.0 kJ mol–1. The cost-effective approach CCSD(T)/
CBS(MP2) method, on the other hand, shows good performance
with an RMSD of 3.8 kJ mol–1.
� MP2.5 in conjunction with the A’VTZ or cc-pVTZ basis set per-
forms very well for isomerization and conformational energies
and obtains RMSDs of 4.0 (HxCyOz isomers), 1.1 (DIE60 isomers),
0.7 (EIE22 isomers), 0.19 (CnH2n+2 conformers), and 2.7 kJ mol–1

(tetrapeptide conformers).
� The modified MP4-based method, MP3.5, provides superb per-
formance for all of the tested thermochemical properties (apart
from atomization energies). The following RMSDs are obtained
with the A’VTZ basis set: 3.0 (C8H8 isomers), 1.6 (HxCyOz iso-
mers), 0.5 (DIE60 and EIE22 isomers), and 0.15 kJ mol–1 (CnH2n+2

conformers). The MP4avg method gives slightly higher RMSDs
for the abovementioned databases.
� With no exceptions, the cost-effective CCSD(T)/CBS(MP2)
approach shows excellent performance for all the considered
datasets, resulting in RMSDs between 0.14 (CnH2n+2 conformers)
and 3.8 kJ mol–1 (W4-11 dataset).

With regards to the performance of the standard and modified
ab initio methods for reaction barrier heights, we draw the follow-
ing conclusions:

� The BH76 database is a challenging test for all the MPn-based
methods. The RMSDs for this database range between 7.9
(MP4) and 21.6 kJ mol–1 (SCS-MP3).
� The MP2.5 method in conjunction with the A’VTZ basis set per-
forms very well for the reaction barrier heights of proton-trans-
fer or proton-exchange reactions, with RMSDs of 3.2 (IACBH8),
2.4 (BHPE13), and 2.8 kJ mol–1 (WCPT27). The MP3.5 and
MP4avg methods also show good performances for these data-
bases, albeit at a higher computational cost.
� MP3 and its spin-components scaled procedure SCS-MP3 in
conjunction with the A’VTZ basis set give poor performance
for the proton-transfer and proton-exchange reactions, with
RMSDs ranging from 12.8 (MP3 for the WCPT27 dataset) to
18.8 kJ mol–1 (SCS-MP3 for the BHPE13 dataset). For the BH76
database, MP3 and SCS-MP3 obtain RMSDs of 18.5 and
21.6 kJ mol–1, respectively with the A’VQZ basis set.

� The cost-effective CCSD(T)/CBS(MP2) method shows outstand-
ing performance for all the datasets with RMSDs of 2.1
(IACBH8), 3.4 (BHPE13), 1.8 (WCPT27), and 1.6 kJ mol–1 (BH76).

With regards to the overall performance of the considered
methods for thermochemistry and kinetics (excluding the W4-11
and BH76 datasets), we draw the following conclusions:

� The MP2.5 method provides excellent overall performance
(with WTRMSD = 3.4 kJ mol–1) and even outperforms the MP4
and CCSD methods (with WTRMSDs = 4.2 and 5.0 kJ mol–1,
respectively).
� The other MP2- and MP3-based methods (MP2, SCS-MP2, MP3,
and SCS-MP3) show poorer overall performance with
WTRMSDs ranging between 4.7 (SCS-MP2) and 7.1 kJ mol–1

(MP2).
� The modified MP4-based methods (MP3.5 and MP4avg) show
better performance than MP4 at no additional computational
cost. In particular, the MP3.5 procedure shows stellar perfor-
mance with a WTRMSD of 1.9 kJ mol–1, which is the same
WTRMSD obtained for the CCSD(T) method in conjunction with
the same basis set.
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Appendix A. Supplementary data

The MSD values of MPn-based methods (n = 2, 3, and 4) for the
tested datasets (Table S1); overview of basis set convergence for
the W4-11 database (Table S2); statistical analysis for the perfor-
mance of the considered methods in conjunction with the cc-pVDZ
or A’VDZ basis set for the C8H8 isomers (Table S3), HxCyOz isomers
(Table S4), DIE60 isomers (Table S5), EIE60 isomers (Table S6), Cn-
H2n+2 conformers (Table S7), CnH2n+2 conformers (Table S8), IACBH8
reaction barrier heights (Table S9), BHPE13 reaction barrier heights
(Table S10), and WCPT27 reaction barrier heights (Table S11); sta-
tistical analysis for the performance of the tested ab initio methods
in conjunction with the A’VnZ basis sets (n = D and T) for the BH76
database (Table S12); WTRMSDs for all the 11 databases
(Table S13); optimal coefficients for the MP3.5 and MP4avg meth-
ods for each of the databases (Table S14); and full references for
Gaussian 09 (Ref. [45]) and Molpro (Ref. [44]).

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.chemphys.2016.
10.009.
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Abstract: Cholesterol oxidase (ChOx) is a flavoenzyme that catalyses the oxidation of 

cholesterol via a hydride transfer mechanism and concomitant reduction of the FAD 

cofactor. Extensive combined quantum mechanics and molecular mechanics molecular 

dynamics (QM/MM MD) simulations and double-hybrid density functional theory 

(DHDFT) calculations have been carried out to explore the mechanism and roles of the 

key residues in this enzymatic reaction. The QM/MM MD simulations show that the 

Glu361 residue abstracts the proton from the hydroxyl group of the substrate prior to the 

hydride transfer. In addition, the QM/MM MD calculations show that the Glu361 and 

His447 residues play important roles in substrate binding. Point mutations of these 

residues reduce the binding free energies by 35.8 and 41.3 kJ mol–1, respectively. We 

proceed to carry out high-level DHDFT simulations using a number of model systems 

consisting of the main components of the active site. The simulations with the largest 

model system result in a reaction barrier for the hydride transfer, which is in good 

agreement with the barrier obtained from the QM/MM MD simulations. The good 

agreement between the QM/MM MD and DHDFT perspectives increases our confidence 

in our proposed mechanism for the enzymatic catalysis. In addition, our high-level 

DHDFT calculations show the Glu361 residue has a significant influence on the barrier 

height for the hydride transfer. Namely, the Glu361 residue lowers the barrier by 22.6 kJ 

mol–1. We also show that a hydrogen bond from the amide group of Gly120 to the N5 

atom of the FAD cofactor further lowers the reaction barrier. 

Keywords: Cholesterol oxidase, hydride transfer, QM/MM MD, Double-hybrid DFT, 

substrate binding.  

  



Chapter	  3:	  Series	  of	  Papers	  
	  

	   145	  

1. Introduction 
 

Cholesterol oxidase (ChOx) is a flavoenzyme that catalyses the oxidation of 

cholesterol to 5-cholesten-3-one and the subsequent isomerization to form the final 4-

cholesten-3-one product (Figure 1). The enzyme from Streptomyces is a member of the 

glucose-methanol-choline (GMC) family and contains a single flavin adenine 

dinucleotide (FAD) cofactor that is non-covalently bound to the protein. Apart from its 

physiological functions in bacterial metabolism, pathogenesis, and macrolide 

biosynthesis,1 ChOx has also been employed as a useful biotechnological tool, for 

example, for the determination of the serum cholesterol levels.2-3 

 

 
Figure 1. The reaction catalysed by ChOx. In the oxidation reaction the hydroxyl proton 

of the substrate is abstracted and a hydride is transferred from C3 to the cofactor FAD. 

Oxidation of the substrate is followed by isomerization of the double bond. 

 

A number of experimental studies investigated the structure and catalytic 

mechanism of ChOx over the past two decades.4-11 The active site of the ChOx is shown 

in Figure 2. With regard to the enzymatic mechanism, Sampson et al.7-11 identified three 
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residues (Glu361, His447, and Asn485) that are significant for the enzymatic activity and 

Vrielink et al.4-5 revealed that the Gly120 residue also plays an important role in the 

catalytic mechanism. Mutations of the Glu361 residue in the active site to glutamine and 

aspartate result in 31-fold9 and 14-fold8 reductions, respectively, in the kcat value for the 

oxidation of cholesterol compared to the wild-type (WT) enzyme. This suggests that the 

carboxylic acid residue in this position may be important for the oxidative activity.6 The 

His447 residue is located in the active site and the NE2 hydrogen forms a hydrogen bond 

with the hydroxyl group of the substrate. Mutations of His447 to glutamine and 

asparagine result in 140-fold and 4400-fold reductions in the kcat value respectively,9 

relative to the WT enzyme, suggesting that His447 plays a significant role in the catalytic 

activity. However, the double mutant, His447Gln/Glu361Gln, exhibits a 500-fold 

decrease in the kcat value relative to the WT enzyme,10 which was 3-fold slower than that 

for the Hi447Gln single-mutant. These mutagenesis results indicate that factors affecting 

the oxidation rate of the two separate mutants, His447Gln and Glu361Gln, are not 

entirely additive and may be the result of structural perturbations rather than the absence 

of an active site base. We note that the double mutation does not completely prevent the 

hydride transfer implying that possibly the FAD is sufficiently electrophilic to oxidise 

the substrate without complete proton abstraction.6 In addition, other structural studies 

have suggested that Asn485 forms an N–H•••π electrostatic interaction with the flavin π-

system to facilitate reduction of the FAD.11 Mutation of Asn485 to leucine decreases the 

kcat value as well. It has been proposed that this residue modulates the electrostatic 

potential of the flavin to enhance cholesterol oxidation.11 The Gly120 residue, which is 

positioned below the isoalloxazine ring system and functions as a hydrogen bond donor 

to the N5 atom of FAD, was also proposed to be important in orienting the orbitals of the 

N5 atom of the cofactor FAD, thus priming it for the hydride transfer chemistry.4-5  
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 Figure 2. Active site of ChOx. The substrate is colored in magenta. The grey dashed 

lines represent H-bond interactions. Atomic color scheme: H, white; C, green; O, red; N, 

blue.  

 

The recent high resolution X-ray structure of the oxidised ChOx (PDB ID: 4U2T) 

enables us to build a model of the ChOx active site composed of Glu361, the FAD 

cofactor, and the steroid substrate (see Scheme 1). It was proposed that ChOx catalyses 

the oxidation of the substrate via a hydride transfer from the steroid substrate C3 atom to 

the N5 atom of FAD and concomitant reduction of the FAD cofactor.5-6 Despite 

extensive experimental work on the structure of ChOx, theoretical simulations of the 

catalytic mechanism and roles of the key residues in the active site were not carried out. 

In this work, we performed extensive combined quantum mechanics and molecular 

mechanics molecular dynamics (QM/MM MD) simulations including the catalytic 

mechanism and substrate binding, and high-level double-hybrid density functional theory 

(DHDFT) to explore the enzymatic catalysis. Our QM/MM MD simulations results are in 

good agreement with the results from the high-level DHDFT calculations. The 

combination of these two approaches gives an in-depth understanding of flavoenzyme 

catalysis by ChOx.  
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Scheme 1. Proposed mechanism for the substrate oxidation reaction catalysed by ChOx.  

 
 

2. Computational details 
2.1 QM/MM MD simulations 
2.1.1 Preparation of the enzyme-substrate complex model. The initial coordinates 

used to build the model for the present study were based on the X-ray crystal structure of 

oxidised cholesterol oxidase (PDB ID: 4U2T). The steroid substrate 

dehydroepiandrosterone (DHA) was modeled in this structure in the proposed Michaelis 

state, based on the structure of the DHA/enzyme complex12 and knowledge of the 

interactions between amino acid side chains and the substrate from previous 

crystallographic and mutagenesis results.4-6, 13-14 Specifically the substrate hydroxyl 

group was positioned so as to make hydrogen bond contact to NE2 of His447 and the C3 

hydrogen atom was positioned above the flavin N5 atom. The protonation states of the 

ionizable residues were determined at pH = 5.2 with the H++ program15-18 and the 

neighboring hydrogen bond networks. All ionizable residues were in their standard 

protonation states, apart from His159 and His248, which were singly protonated on ND1; 

His339 and His447, which were singly protonated on NE2; and His223 and His331, 

which were doubly protonated on ND1 and NE2. The FAD cofactor and the substrate as 

well as the protein were described by the AMBER GAFF force field19 and the 

AMBER14SB force field20, respectively. The partial atomic charges of FAD and the 

substrate were calculated by the restrained electrostatic potential (RESP) charge21 at the 

HF/6-31G(d) level of theory using Gaussian 09 program suite.22 The whole system was 

solvated into an 88 × 84 × 103 Å rectangular box of TIP3P water23 with a 12 Å buffer 

distance between the box edge and the nearest solute atoms. The system was neutralised 



Chapter	  3:	  Series	  of	  Papers	  
	  

	   149	  

by adding Cl– ion. The protons were added automatically, and the topology parameters as 

well as initial coordinates were generated by the tleap AmberTool. After the energy 

minimization, the system was heated gradually from 0 to 300 K for 100 ps, and another 

100 ps MD simulation was carried out to relax the system density to about 1.0 g cm–3. 

Finally, the standard 10 ns MD simulation under isothermal-isobaric (NPT) ensemble 

was employed with an integration time step of 2 fs via using the periodic boundary 

condition. The cutoff value was set to 10 Å for van der Waals and electrostatic 

interaction calculations. Long-range electrostatic interactions were dealt with by the 

Particle Mesh Ewald (PME) method.24-25 The Langevin thermostat (NTT = 3) was used 

to maintain the temperature at 300 K. All the bonds involving hydrogen atoms were 

constrained by using the SHAKE scheme.26 The root-mean-square deviation (RMSD) 

was used to estimate the stability of the backbone of the enzyme, and the last 2 ns 

trajectories were utilised for the protein-ligand interaction decomposition of the binding 

free energy for both the WT and mutant systems (Glu361Ala, His447Ala, and 

Asn485Ala). Hou et al. reported that the MM-GBSA method with the generalized Born 

model performs well for binding free energy estimations.27-28 In the current study, the 

MMPBSA.py module29 was then applied for the post-processing in which 1000 

snapshots from an ensemble of conformations are used to calculate the free energy. This 

method has been also used to analyse the binding free energy for protein-ligand 

interactions for the WT and mutant systems. The per-residue decomposition was applied 

to estimate the contribution from each residue to the total binding free energy. The whole 

MD simulations were accomplished by applying the AMBER 14 software.30 

 

2.1.2 QM/MM MD simulations. Development and applications of combined QM/MM 

methods for enzymes have been extensively reviewed in the past decades.31-33 In order to 

obtain the barrier height of the hydride transfer from the C3 atom of the substrate to the 

N5 atom of the FAD cofactor, QM/MM MD simulations have been carried out for this 

enzyme, considering the influence from the surrounding residues to the reaction site. The 

last snapshot of MM MD simulations was chosen as the initial QM/MM MD model by 

removing the water molecules beyond 30 Å from the N9 atom of FAD (see the labels in 

Scheme 1), as shown in Figure 3. The residues of Lys225, Asn119, Gly120, Glu361, 

His447, Asn485, the FAD cofactor, and the substrate are considered as the QM region 

(103 atoms in total, see Figure 3). All the atoms in QM region are treated using the 

B3LYP/6-31G(d) level of theory and atoms in the MM region are described by the 



Chapter	  3:	  Series	  of	  Papers	  
	  

	  150	  

AMBER99SB force field.34 This approach has been successfully applied to other 

enzymatic reactions in the past decade.35-39 The TIP3P model was used for the solvent 

water molecules.23 The QM/MM boundary was addressed by the pseudo-bond 

approach33, 40-41 with improved parameters.42 The spherical boundary condition was 

applied, in which all atoms within a radius of 25 Å from the spherical center atom were 

allowed to freely move. The 12 and 18 Å cutoffs were used for van der Waals and 

electrostatic interactions among MM atoms, respectively. There are four steps (QM/MM 

interactive minimization,43 reaction path scan with reaction coordinate driving method,43 

QM/MM free energy perturbation,43 and molecular dynamics in ab initio QM/MM Born-

Oppenheimer potential energy surface)43 included in the following simulations. 

Following the interactive minimization, the minimum reaction energy path was mapped 

out by using the reaction coordinate driving method (RCD). Then, a 200 ps MD 

simulation was used to equilibrate the MM part with the QM subsystem constrained. The 

obtained snapshot was used for the subsequent QM/MM MD simulations combined with 

the umbrella sampling.44 There are totally 43 umbrella windows that were employed to 

cover the reaction coordinate from –1.59 to 2.61 Å. For each window, 20 ps QM/MM 

MD simulations have been carried out with a time step of 1 fs by Beeman algorithm.45 

Berendsen thermostat method46 was used to control the system temperature at 300 K. 

The first 5 ps simulations were used for the equilibration and then another 15 ps 

simulations were used to obtain the potential of mean force (PMF) by the weighted 

histogram analysis method (WHAM).47-48 The appropriate step size and harmonic force 

constant for each window were chosen to guarantee the sufficient sampling. All the 

QM/MM MD simulations were carried out by the modified Q-Chem 4.049 and Tinker 4.2 

programs.50 
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Figure 3. Overall view of ChOx with the active site, which includes the Lys225, 

Asn119, Gly120, Glu361, Asn485, and His447 residues as well as FAD and the 

substrate. The residues in QM region are shown as ball and stick, the protein as ribbons, 

and the solvent as wireframes. 

 

2.2 High-level double-hybrid DFT simulations 

 High-level calculations using the DHDFT B2GP-PLYP functional51 were 

performed in order to obtain accurate reaction energies and barrier heights for the 

hydride transfer from the C3 atom of the substrate to the N5 atom of the FAD cofactor. 

DHDFT methods include non-local electron correlation from second-order Møller–

Plesset (MP2) perturbation theory in addition to the regular ingredients of hybrid DFT.52 

These methods overcome limitations of traditional DFT methods and display excellent 

performance for challenging chemical problems. For example, they have been found to 

give reaction energies and barrier heights that are more accurate than those obtained from 

conventional DFT and MP2 calculations.51-56 Due to the slow basis set convergence of 

the MP2-type correlation component,57 the DHDFT calculations were carried out in 

conjunction with the quadruple-zeta Def2-QZVPP basis set.58 
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 The B3LYP-D3/6-31+G(2df,p) level of theory was applied to fully optimise the 

geometries in our models A, B, and C (see Scheme S1), which will be discussed in the 

following section. Based on these optimised geometries, the single-point energies at RI-

B2GP-PLYP/Def2-QZVPP level were carried out using ORCA.59 Here, RI-(in RI-B2GP-

PLYP) stands for resolution of identity approximation being applied in the MP2 step.60-62 

Zero-point vibrational energy (ZPVE), enthalpic, and entropic corrections have been 

obtained from B3LYP-D3/6-31+G(2df,p) for converting the electronic RI-B2GP-

PLYP/Def2-QZVPP reaction energies and barrier heights into Gibbs free reaction 

energies and barrier heights at 298 K. Empirical dispersion corrections were included 

using the Becke–Johnson damping potential63 as recommended by Grimme et al. 

(denoted by the suffix D3).64-66 The equilibrium structures in the unconstrained 

optimisations were verified to have all real harmonic frequencies and the transition 

structures were confirmed to have only one imaginary frequency. The connectivities of 

the transition structures were confirmed by performing intrinsic reaction coordinate 

(IRC) calculations.67-68 The enzyme-like environment was simulated by a homogeneous 

polarizable continuum model with the dielectric constant of 4.069-71 using the conductor-

like polarizable continuum model (CPCM) at the HF/6-31+G(d) level of theory in 

conjunction with UAHF atomic radii, as recommended by Takano and Houk.72  

All the above geometry optimisation, harmonic frequency, and enzyme-like 

environment solvent corrections calculations were performed using the Gaussian 09 

program suite.22 

 

3. Results and discussion 
3.1 QM/MM MD simulations on enzymatic mechanism 

3.1.1 Catalytic mechanism of ChOx. 10ns MD simulations for the enzyme-substrate 

complex model were performed. The backbone RMSD is indicated in Figure S1 of the 

Supporting Information. By using QM/MM MD simulations and umbrella sampling, the 

free energy profile and corresponding configurations of reactant, transition state, and 

product involved in the enzymatic catalysis have been determined. Figure 4 shows the 

free energy profile and the structures of the reactant (React), transition structure (TS), 

and product (Prod) obtained from the umbrella sampling technique. We considered two 

reaction coordinates (RC1 and RC2, see Figure S2 of the Supporting Information for 

more details). The reaction coordinate RC1 is defined as the difference between the C3–
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H3 and N5–H3 bond distances that are involved in the hydride transfer: RC1 = dC3–H3 – 

dN5–H3. It is noteworthy that the deprotonation of the substrate by Glu361 occurs 

synchronously with the hydride transfer (see TS in Figure 4). The O1–H1 bond distance 

increases from 1.01 ± 0.03 (React) to 1.90 ± 0.17 Å (Prod), while the O2–H1 bond 

distance decreases from 2.10 ± 0.45 (React) to 0.99 ± 0.01 Å (Prod). The free energy 

barrier of the hydride transfer is 99.3 kJ mol–1, and the reaction energy is exergonic by 

11.8 kJ mol–1. In the QM/MM transition structure, the length of the C3–H3 bond that is 

being broken is 1.37 ± 0.07 Å and the length of the N5–H3 bond that is being formed is 

1.35 ± 0.09 Å. In this transition structure the O1–H1 and O2–H1 bond distances are 2.04 

± 0.30 and 1.00 ± 0.03 Å, respectively. This indicates that the proton transfer has 

completed before the hydride transfer. We note that we cannot directly compare the 

barrier obtained for the QM/MM MD simulations with previous experimental kinetic 

data9 since the kinetic measurements do not reflect the rate of the hydride transfer alone.  

 

 
Figure 4. Structures of reactant (React), transition state (TS), product (Prod), and free 

energy profile of the hydride transfer in ChOx. Hydrogen bonds are shown as grey 

dashed lines. The bonds being broken and formed are shown as black dashed lines. The 

average distances (in Å) for selected bonds are taken from umbrella sampling. 
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 Figure 5 plots the snapshots for the C3–H3, N5–H3, O1–H1, and O2–H1 

distances along the reaction coordinate RC1 (between the interval RC1 = –1.59 to 2.61 

Å). As shown in Figure 5a, the length of the C3–H3 distance increases smoothly from 

~1.1 to 3.8 Å, while the length of the N5–H3 decreases from ~2.9 to 1.0 Å along RC1. 

The cross-point of these two lines corresponds to the TS shown in Figure 4. At this point, 

the C3–H3 and N5–H3 distances are equal to one another (i.e., RC1 = 0.0 Å). Figure 5b 

shows that the proton transfers from the hydroxyl group of the substrate to the oxygen 

(O2) of Glu361 occurs at RC1 ≈ –0.2 Å. More specifically, the O1–H1 bond length 

remains at ~1.0 Å and the O2•••H1 distance fluctuates at ~1.8 Å along RC1 from around 

RC1 = –1.7 to –0.2 Å. The atom H1 jumps to O2 at RC1 ≈ –0.2 Å, after which the O2–

H1 bond length stays at ~1.0 Å and the O1•••H1 length fluctuates at ~ 2.3 Å. These 

results indicate that the proton transfer occurs spontaneously with the hydride transfer. 

We note that we have previously shown that 1D umbrella sampling can capture the order 

of proton transfer and carbon-carbon bond cleavage in a different enzymatic 

mechanism.73 For reasons of computational cost, 2D umbrella sampling was not carried 

out in the present work. 

 

 
Figure 5. Statistics for (a) the C3–H3 and N5–H3 bond lengths, and (b) the O1–H1 and 

O2–H1 bond lengths from the snapshots along RC1. 
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 The bond lengths of His447NE2H–O1 and LysNH3–O were also monitored 

during the hydride transfer (see Figure S3 of the Supporting information). The hydrogen 

bond distance between the NH3 group of Lys225 and the O=C group of Asn119 (labeled 

as LysNH3–O in Figure S3) fluctuates at ~1.8 Å during the hydride transfer, which 

implies that this hydrogen bond has ignorable effect on the barrier height for the hydride 

transfer. As for the hydrogen bond distance between His447 and the hydroxyl group of 

the substrate, labeled as NE2H•••O1, it is ~1.8 Å before the proton transfer (RC1 = –0.2 

Å) and increases to ~2.6 Å after the proton transfer. This indicates that the His447 plays 

a significant role during the oxidation reaction. The hydrogen bond formed between 

His447 and the hydroxyl group of the substrate orients the hydroxyl H atom towards the 

Glu361 base, which facilitates the proton transfer. This also results in an energetically 

favorable trans arrangement between the substrate hydroxyl H atom and the hydride.  

 

3.1.2 The effects of mutating His447 on the active site environment. Previous 

experimental point mutations revealed that the His447 residue plays an important role in 

the oxidation reaction of ChOx.9 For example, mutations of the His447 residue to 

glutamine and asparagine result in 140-fold and 4400-fold reductions, respectively, in the 

kcat value for the oxidation reaction. However, the atomic resolution crystal structure 

showed that the NE2 atom of His447 was protonated.6 This led to the suggestion that 

His447 is not a base. To further elucidate the role of His447, QM/MM calculations have 

been performed on systems in which the His447 residue has been mutated with 

glutamine and asparagine (denoted as His447Gln and His447Asn, respectively). In these 

computational experiments, we carried out QM/MM energy scans along the reaction 

coordinate of RC1 using the QM/MM optimised structures to obtain the minimum 

energy reaction path (Figure S4 of the Supporting information). However for reasons of 

computational cost, the subsequent QM/MM free energy perturbation and 20 ps QM/MM 

MD simulations with umbrella sampling were not performed in this section. Figure 6 

gives the TSs of the WT, His447Gln, and His447Asn systems. The relative energy 

barrier height for the hydride transfer in the mutated systems is higher by 32.8 

(His447Gln) and 66.3 kJ mol–1 (His447Asn) than that in the WT system. These QM/MM 

scan results are consistent with the mutagenesis experiments, where mutation of His447 

to asparagine results in a larger reduction in the kcat value compared to the glutamine 

mutant.  
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Figure 6. Structures of TSs for WT, His447Gln, and His447Asn systems are obtained 

using QM/MM scan. Hydrogen bonds are shown as grey dashed lines. The bonds being 

broken and formed are shown as black dashed lines. The distances for selected bonds are 

given in Å. 

 

The selected bond distances for TSs of WT, His447Gln, and His447Asn systems 

are also labeled in Figure 6. In the QM/MM-optimised structures the hydrogen bond 

distances between O1 of the substrate and NE2H of His447, His447Gln and His447Asn 

are 1.76 (WT), 1.87 (His447Gln), and 3.72 Å (His447Asn). As we discussed earlier, the 

hydrogen bond formed between His447 and the hydroxyl group of the substrate 
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facilitates the proton transfer. When the His447 residue is mutated to asparagine, due to 

the shorter side chain in asparagine relative to the histidine, a hydrogen bond to the 

substrate is not formed (i.e., the distance of O1 and NE2H is 3.72 Å). These results 

indicate that the weak hydrogen bond or lack of hydrogen bond interactions between the 

substrate and the key residue (i.e. His447) may impede the proton transfer that facilitates 

the hydride transfer in the WT enzyme, and further increase the barrier height of the 

hydride transfer. This could be due to the fact that the OH group of the substrate is not as 

well fixed in the active site and the catalytic environment has changed in the mutagenesis 

systems (i.e. His447Gln and His447Asn). 

 

3.1.3 The role of key residues in substrate binding. It has been proposed that the 

hydrogen-bonding networks involving Gly120, Glu361, His447, Asn485, and the 

substrate play important roles in substrate binding.4, 8-9, 11, 14 It is interesting to evaluate 

the binding free energy and the interaction between the substrate and the key residues. 

Figure S5 of the Supporting Information shows the ligand-residue interaction (see Figure 

S5a) for residues from 101 to 499 in ChOx and binding free energy decomposition (see 

Figure S5b) in the active site. We note that Gly120, Glu361, His447, and Asn485 play 

important roles in stabilising the substrate in the active site (as shown in Figure S5a). It is 

noteworthy that other residues also play significant roles in the binding free energy, e.g., 

Met114, Met122, Val250, Pro364, Tyr446, Pro448, and Phe487. For example, they are 

associated with binding free energies ranging from –5.2 (Pro364) to –19.0 kJ mol–1 

(Pro448). These residues are involved in the surrounding hydrogen bond network of the 

cofactor FAD and stabilise FAD in the reactive center. However, these residues are not 

directly associated with stabilising the substrate in the active site.  

 In order to get additional insights into individual contributions of the Glu361, 

His447, and Asn485 residues to the substrate binding, the binding free energies were 

calculated for the WT and the Glu361Ala, His447Ala, and Asn485Ala mutant systems 

using the MM-GBSA method. The Gibbs free binding energies for the WT and mutant 

systems as well as the differences between them are listed in Table 1. The Gibbs free 

binding energies for the mutants are lower than that of the WT by: 35.8 (Glu361Ala), 

41.3 (His447Ala), and 4.8 kJ mol–1 (Asn485Ala). Mutations of these key residues results 

in destabilisation of the substrate in the reaction center. Thus, the catalytic process 

becomes less efficient. This is another indication of the significant roles of these key 

residues in stabilising the substrate in the active site. In order to obtain further insights 



Chapter	  3:	  Series	  of	  Papers	  
	  

	  158	  

into the roles of key residues in the enzymatic catalysis we carried out extensive DHDFT 

calculations, which will be discussed in the next section. 

 

Table 1. The Gibbs binding free energies (∆Gbind, in kJ mol–1) for the WT, Glu361Ala, 

His447Ala, and Asn485Ala systems as well as the differences between the WT and 

mutant systems (∆∆Gbind) calculated with the MM-GBSA method. 

System ∆Gbind
a ∆∆Gbind 

WT –62.5 0.0 
Glu361Ala –27.0 –35.8 
His447Ala –21.3 –41.3 
Asn485Ala –57.7 –4.8 

aGibbs binding free energy (∆Gbind) contains electrostatic, van der Waals, polar, non-polar, and entropy 

contributions.  

 

3.2 Double-hybrid DFT calculations for probing the effects of 

hydrogen-bonding interactions on the barrier height for the hydride 

transfer 
DHDFT calculations were performed in order to obtain insights into the roles of 

the residues in the catalytic mechanism for the hydride transfer from the C3 atom of the 

substrate to the N5 atom of the FAD cofactor. These computational experiments were 

carried out on a number of model systems with increasing size in order to elucidate the 

catalytic roles of the Glu361 and Gly120 residues on the barrier height for the hydride 

transfer. In particular, we consider the following models. Model A consists of the FAD 

cofactor (modeled by an isoalloxazine ring system) and the steroid substrate (modeled by 

an HOCHMe2 moiety). Model B consists of an additional Glu361, which forms a strong 

hydrogen bond with the hydroxyl group of the steroid substrate. Model C includes an 

additional Gly120 (modeled by a dimethylamine molecule), which forms a hydrogen 

bond to the N5 atom of FAD. Atoms involved in these three models are displayed in 

Scheme S1 of the Supporting Information. 

 Figure 7 depicts the Gibbs free energy profile (∆G298) for the hydride transfer in 

models A (red), B (black), and C (blue). The calculated reaction barriers (∆H298
‡) and 

enthalpies (∆H298) are listed in Table S1 of the Supporting Information. Figure 8 shows 

the optimised transition structures (TSs) involved in models A–C. The corresponding 

reactant complexes (RCs) and product complexes (PCs) are demonstrated in Figure S6 of 

the Supporting Information. 
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Figure 7. Gibbs free energy profiles for the hydride transfer in models A–C calculated at 

the RI-B2GP-PLYP-D3/Def2-QZVPP level of theory. Model A includes FAD and the 

substrate (red line); model B includes FAD, the substrate, and Glu361 (black line); and 

model C includes FAD, the substrate, Glu361, and Gly120 (blue line). The transition 

structures (TSs) involved in these reactions are shown in Figure 8. The corresponding 

reactant complexes (RCs) and product complexes (PCs) are shown in Figure S6 of the 

Supporting Information. 
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Figure 8. B3LYP-D3/6-31+G(2df,p) fully optimised TSs located on the potential energy 

profiles in models A, B, and C. Hydrogen bonds are shown as grey dashed lines. The 

bonds that are broken and formed in the TSs are shown in black dashed lines with purple 

circles. The C3–H3 and H3–N5 bond distances are given in the TSs (in Å). Atomic color 

scheme: H, white; C, grey; N, blue; O, red. 

 

Model A, which consists of the FAD cofactor and the substrate, is the simplest 

binary system for modeling the hydride transfer. The hydride transfer in this model is 

expected to be both kinetically and thermodynamically unfavorable, however we start 

with this simple model since it provides a reference point for the effects from the 

additional residues in models B and C. For the hydride transfer in model A, we obtain an 

activation Gibbs free energy of ∆G298
‡ = 136.5 kJ mol–1 and the reaction is endergonic by 

37.1 kJ mol–1. According to the Hammond–Leffler postulate the high reaction barrier and 
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energy suggest a late TS.74 Indeed, in the TS, the hydride transfer between the C3 and N5 

atoms is almost complete, the C3•••H– and –H•••N5 distances being 1.772 and 1.067 Å, 

respectively (see Figure 8A and Scheme 1 for the atom labels). For comparison, the –

H•••N5 bond length in the product complex is 1.035 Å (See Figure S6 of the Supporting 

Information).  

The enzymatic role of the Glu361 residue is to act as a base, which abstracts the 

proton from the hydroxyl group of the substrate. Abstracting the hydroxyl proton has two 

effects on the reaction profile for the hydride transfer: (i) it activates the hydride transfer 

by pushing electron density to the C3–H3 bond and (ii) it stabilises the product by 

converting the isopropanol carbocation to a neutral acetone. Model B includes the 

Glu361 residue. Indeed, the activation free energy in this model is lower by 22.6 kJ mol–1 

relative to that in model A. In the TS of the model B, the hydride transfer from C3 to N5 

is concomitant with the proton transfer from the substrate to Glu361 (Figure 8B). In this 

TS, the hydride is located halfway between the C3 and N5 centers, in particular we 

obtain bond distances of 1.313 (C3•••H–) and 1.343 (–H•••N5) Å. These bond distances 

indicate that the TS for the hydride transfer in model B is earlier than that in Model A, 

and therefore the lower barrier is consistent with the Hammond–Leffler postulate.74 The 

effect of Glu361 on the barrier height for the hydride transfer is also demonstrated by 

considering the atomic polar tensor (APT) charges on the hydride and the substrate in the 

TS.75-76 In model A, the overall charge on the substrate is +0.245 a.u. and the atomic 

charge on the hydride is –0.178 a.u. However, in model B, due to the proton transfer 

from the substrate to Glu361, the overall charge on the substrate becomes negative 

(namely it becomes –0.331 a.u.) and the hydride becomes more negatively charged as 

well with an atomic charge of –0.507 a.u.. The partial negative charges on the hydride 

and the substrate in model B should facilitate an easier hydride transfer compared to 

model A where they have opposite charges. Abstracting the hydroxyl hydrogen in model 

B also stabilises the product by converting the isopropanol carbocation to a neutral 

acetone. In this situation, the reaction energy is nearly thermo neutral, in particular it is 

reduced from +37.1 (model A) to +2.2 kJ mol–1 (model B).  

It has been previously suggested that the hydrogen bond between the Gly120 

residue and the flavin redox center (N5) may facilitate the catalytic hydride transfer by 

re-arrangement of the lone-pair electrons on N5.4 Model C includes a dimethylamine 

(HNMe2) molecule that mimics the hydrogen bond between Gly120 and FAD. The 

optimised TS is shown in Figure 8C and the optimised O2•••H1 and O1•••H1 distances 
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in the RC, TS, and PC are listed in Table S2 (Supporting Information). The Gibbs free 

energy barrier height for model C is 102.1 kJ mol–1, i.e., it is 11.8 kJ mol–1 lower than 

that for model B (see Figure 7), and the reaction energy for this model is exergonic by 

14.7 kJ mol–1. These values are in excellent agreement with the barrier obtained from the 

QM/MM MD simulations, namely: ∆G298
‡ = 99.3 and ∆G298= –11.8 kJ mol–1. A natural 

bond orbital (NBO) analysis 77 performed at the B3LYP-D3/6-31+G(2df,p) level of 

theory revealed that lone-pair → σN–H interactions between the N5 center and N–H bond 

of Gly120 are associated with a stabilisation energy of 20.6 kJ mol–1 in the reactant 

complex and 26.2 kJ mol–1 in the transition structure. The greater stabilisation energy in 

the TS relative to the RC may partially account for the catalytic enhancement provided 

by the Gly120 residue. The above stabilisation energies are approximated by the second-

order perturbation energy (E(2)) obtained from the NBO analysis.78  

 In summary, our high-level DHDFT modeling suggests that the Glu361 residue, 

which abstracts the proton from the hydroxyl group of the substrate, has a significant 

influence on the Gibbs free energy barrier of this enzymatic hydride transfer. Namely, 

the Glu361 residue lowers the barrier by 22.6 kJ mol–1. We also show that the Gly120 

residue additionally lowers the barrier by 11.8 kJ mol–1.  

 

4. Conclusions 
 Extensive QM/MM MD simulations and DHDFT calculations have been carried 

out in order to explore the mechanism of the oxidation reaction catalysed by ChOx as 

well as the roles that the surrounding residues play in the hydride transfer between 

substrate and the co-factor.   

 Using QM/MM MD simulations and umbrella sampling we explored the reaction 

mechanism for the hydride transfer. In addition, the roles of the key residues in the 

substrate binding are examined. Point mutations of His447 to glutamine and asparagine 

increase the relative energy barrier height for the hydride transfer by 32.8 and 66.3 kJ 

mol–1 respectively. These results are in good quantitative agreement with the reduction in 

the experimental kcat values upon mutation. Our simulations suggest that mutation of 

His447 disrupts the hydrogen-bonding network around the substrate, which in turn 

results in the substrate being in a less favorable position for the proton transfer between 

the substrate and Glu361. In addition, the MM-GBSA calculations show that mutations 

of Glu361, His447, and Asn485 residues to alanine decrease the binding free energies of 
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these systems by 35.8, 41.3, and 4.8 kJ mol–1, respectively, relative to the WT system. 

This indicates that Glu361 and His447 play important roles in substrate binding. On the 

basis of per-residue type, the free energy decomposition shows that the residues of 

Gly120, Glu361, His447, and Asn485 in the active site also have notable contributions to 

the substrate binding, in which the electrostatic and van der Waals interactions play 

predominant roles in binding the substrate in the active site. 

The DHDFT results show that the Glu361 and Gly120 residues play a significant 

role in the enzymatic catalysis. The Glu361 residue serves as a base for abstracting the 

proton from the hydroxyl group of the substrate and facilitates the hydride transfer. The 

Gibbs free energy barrier for the hydride transfer is lowered by 22.6 kJ mol–1 upon 

inclusion of the Glu361 residue in our model. The hydrogen bond interaction between 

Gly120N–H and N5 of FAD also enhances the hydride transfer and lowers the barrier 

height of the hydride transfer further. We note that there is a good mechanistic agreement 

between the QM/MM MD simulations and our best DHDFT results, i.e., they both lead 

to the same reaction mechanism.   

 In summary, our QM/MM MD simulations and high-level DHDFT on small 

model systems offer two complementary perspectives on the catalytic mechanism for the 

hydride transfer in ChOx. The combination of these two approaches gives an in-depth 

understanding of this flavoenzyme catalysis. More specifically, the QM/MM MD 

simulations show that the His447 and Glu361 residues play important roles in substrate 

binding. Our DHDFT models efficiently demonstrate the effects of the Glu361 and 

Gly120 residues on the reaction barrier height of the hydride transfer. The good 

agreement between the two approaches for the reaction barrier height of the hydride 

transfer increases our confidence in the results obtained from these models.  

 

Supporting Information 
The Supporting Information is available free of charge on the website. 

Atoms included in DHDFT models A, B, and C (Scheme S1). The root-mean-square 

deviation (RMSD) results of the backbone (Figure S1); Relative energy profiles of the 

hydride transfer as well as the proton transfer for ChOx by using QM/MM scan (Figure 

S2); Statistics of NE2H–O1 and LysNH3–O bond lengths from snapshots along RC1 

(Figure S3); The predicted relative energies for the hydride transfer in His447Gln (dark 

red), His447Asn (blue), and the wild-type (black) cholesterol oxidase (Figure S4); Free 

energy decomposition based on the per-residue type (a) and Free energy decomposition 
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for the key residues (b) in ChOx (Figure S5). B3LYP-D3/6-31+G(2df,p) optimised 

reactant complexes (RCs) and product complexes (PCs) located on the potential energy 

profiles in models A, B, and C. Hydrogen bonds are shown as grey dashed lines. Atomic 

color scheme: H, white; C, grey; N, blue; O, red (Figure S6); Barrier heights (BH) and 

reaction energies (RE) (in kJ mol–1) calculated at the RI-B2GP-PLYP/Def2-

QZVPP//B3LYP-D3/6-31+G(2df,p) level of theory (Table S1); Selected distances (Å) of 

the optimised structures for the reactants complexes (RCs), transition structures (TSs), 

and products complexes (PCs) from the reactions listed in Figure 8 and Figure S6. The 

distance labels are shown in Scheme 1, R1 = O2•••H1 and R2 = O1•••H1 (Table S2); 

B3LYP-D3/6-31+G(2df,p) optimised geometries (Å) for all structures in models A–C 

(Table S3). 
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Chapter 4 Conclusion Remarks 
 
This dissertation focuses on the assessment, development, and applications of high-level 

electronic structure methods for a wide range of important thermochemical and kinetic 

properties in organic chemistry and biochemistry. The research presented in this thesis 

has covered a wide breadth of topics from the prediction of energetics using Weizmann-n 

(Wn) or its explicitly correlated Wn-F12 theories (n = 1, 2), to evaluate the performance 

of various theoretical procedures (e.g., ab initio methods, DFT methods, and composite 

methods) for a wide range of important thermochemical and kinetic properties (e.g., 

different types of datasets for isomerization energies, reaction energies, and barrier 

heights). Based on the performance of the standard ab initio methods and their variations 

for the datasets mentioned above, we proposed two new MP4-based procedures (namely 

MP3.5 and MP4avg) and evaluated their performance for 11 thermochemical and kinetic 

datasets. Finally, the evaluated method that shows good performance was used to study 

the hydride transfer mechanism for the oxidation reaction catalyzed by Cholesterol 

Oxidase (ChOx). Meanwhile, extensive ab initio combined quantum mechanics and 

molecular mechanics molecular dynamics (QM/MM MD) simulations have been carried 

out to explore the enzymatic catalysis, considering the real protein environment. The 

combination of these two approaches gives a more in-depth understanding of this 

flavoenzyme catalysis. A brief summary for the research presented along is provided. 

 

Section 3.1 of Chapter 3 detailed investigations on the application and evaluation of 

various theoretical procedures for an accurate description of isomerization reactions 

involving migration of double bonds. The relative thermodynamic stabilities of 

conjugated species and the corresponding unconjugated derivatives are of great 

importance in organic chemistry. The first project (section 3.1.1) introduced a 

representative benchmark database DIE60, which includes conjugated unsaturated 

hydrocarbons. The 60 accurate diene isomerization energies in the DIE60 dataset were 

obtained by means of the high-level, ab initio Wn-F12 thermochemical protocols, W2-

F12 for the C5H6, C5H8, C6H8, C6H10, and C7H10 dienes and W1-F12 for the C7H12 

dienes. The Wn-F12 theories include scalar-relativistic, diagonal Born-Oppenheimer, 

zero-point vibrational energy, and enthalpic corrections, and can achieve accuracy in the 
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sub-kcal/mol range. 60 accurate isomerization energies were used to evaluate the 

performance of a variety of 65 contemporary density functionals, 11 ab initio procedures, 

and 5 composite methods for the calculations of π-conjugation stabilization energies. It 

was found that calculating the π-stabilization energies serves as a challenging test for 

most conventional DFT procedures, particularly the GGA and MGGA functionals. With 

few exceptions, the density functionals in rungs 1–4 of Jacob’s ladder result in large 

RMSDs beyond the ‘chemical accuracy’ threshold, while on the 5th rung, double hybrid 

density functionals provide good performance with RMSDs well below 4.0 kJ mol–1. The 

best performing DH functionals are DSD-BLYP (1.4) and B2GP-PLYP (1.6 kJ mol–1). 

With regards to the performance of ab initio and composite procedures, the following 

observations: (i) the standard ab initio methods show good performance and (ii) the 

composite methods show superb performance, were drawn.  

 

After carrying out a systematic study on the performance of various theoretical 

procedures on diolefins, we were wondering that can DFT describe a broader 

ramifications of π-conjugation stabilization energies in conjugated enecarbonyls, in 

which the conjugated π-system is extended over C and heteroatoms (namely O and N). 

Section 3.1.2 of Chapter 3 introduced another database termed as EIE22, which includes 

22 α, β- to β, γ-isomerization reactions that involve a migration of one double bond that 

breaks the conjugated system. Here, the accurate isomerization energies were obtained 

for the EIE22 dataset by using W1-F12 thermochemical protocol. It was found that 

calculations of π-delocalization energies represent a general problem for conventional 

DFT methods (rungs 1–4 of Jacob’s ladder) that is not limited to dienes systems (DIE60) 

but is also extended to enecarbonyl systems in which heteroatoms (O and N) are part of 

the conjugated system. As expected, the double hybrid methods show good performance, 

and the best performing functionals are DSD-BLYP (1.1) and B2GP-PLYP (1.3 kJ mol–

1). The ab initio procedures provide good performance as well with SCS-MP2 giving the 

best performance-to-computational cost ratio with RMSDs of 1.0 and 1.4 kJ mol–1 in 

conjunction with the AʹVTZ and AʹVDZ basis sets respectively. In addition, the 

composite methods give excellent performance with RMSDs between 1.0 and 2.3 kJ 

mol–1 for the tested procedures. 

 

Meanwhile, it is noteworthy that dispersion correction plays a significant role in 

decreasing the errors. Table 4.1 lists the RMSD difference (Diff. %) between the method 
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and the method with dispersion correction (termed as D3 in papers). For most of the 

conventional DFT procedures, dispersion correction decreases the RMSD around 15%. 

 

Table 4.1. Effects from dispersion correction on isomerization energies for the DIE60 

and EIE22 databases. 

Method Diff. (DIE60)a Diff. (EIE22)a 
BLYP 20.5 11.2 
PBE 8.5 6.1 
TPSS 11.8 7.8 
BH&HLYP 15.6 20.5 
B3LYP 19.7 13.3 
BMK 23.8 15.6 
PW6B95 4.5 6.1 
CAM-B3LYP 18.4 14.6 
LC-ωPBE 12.5 18.2 

  aDiff. = [RMSD (method) – RMSD (method with D3)]/RMSD (method) × 100%  

 

Section 3.2 of Chapter 3 presented the application and evaluation of those procedures 

used in section 3.1 for the barrier heights and reaction energies for cycloreversion 

reactions. Cycloreverion and its reverse cycloaddition reactions are one of the most 

important classes of organic reactions for converting cyclic structures to simple 

unsaturated building blocks and vice versa. It has been reported that many DFT and ab 

initio methods perform poorly in computing the barrier heights of cycloaddition 

reactions. This section introduced a benchmark database including 20 cycloreversion 

reactions and assessed the performance of various theoretical procedures for computing 

barrier heights and reaction energies for these 20 cycloreversion reactions. In these 

reactions, dioxazole and oxathiazole rings are fragmented to form isocyanates, 

isothiocyanates, and carbonyls. The high-level ab initio W1-F12 and W1w 

thermochemical protocols were used to obtain accurate barrier heights and reaction 

energies of these 20 cycloreversion reactions. 

 

The first subsection (section 3.2.1) of section 3.2 focused on the application and 

evaluation of the performance of DFT and ab initio calculations of reaction barrier 

heights (termed as the CRBH20 dataset). Here, the performance of the 65 contemporary 

density functionals including conventional DFT methods and double hybrid functionals 

was assessed. It was found that the CRBH20 database represents an extremely 

challenging test for these methods. Around 70% of the conventional DFT functionals 
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result in RMSDs between 10.0 and 81.0 kJ mol–1. Of the double hybrid (DH) functionals, 

DSD-PBEP86, DSD-PBEP86-D3, and B2K-PLYP-D3 are the only functionals that 

surpass the ‘chemical accuracy’ threshold. However, the good performer DH for 

isomerization energies, B2GP-PLYP, yields a disappointing RMSD of 10.8 kJ mol–1 and 

with dispersion correction, the B2GP-PLYP-D3 functional only decreases the RMSD by 

0.6 kJ mol–1. Meanwhile, this dataset proves to be a challenging test for nearly all the 

standard ab initio and composite methods as well. It is worth mentioning that the newly 

defined procedure MP4avg gives excellent performance resulting in an RMSD of merely 

2.1 kJ mol–1, while another newly defined procedure MP3.5 obtains a disappointing 

RMSD of 11.3 kJ mol–1. 

 

Then we were wondering can DFT and ab initio methods describe all aspects of the 

potential energy surface (PES) for these 22 cycloreversion reactions? In the next part of 

section 3.2 (section 3.2.2), the performance of those theoretical procedures used in the 

first part for the reaction energies and PES for these reactions (termed as the CR20 

dataset) was evaluated. It was found that nearly 80% of the considered functionals result 

in RMSD above 10.0 kJ mol–1. With no exceptions, all the considered DFT and DH 

functionals yield RMSDs above the ‘chemical accuracy’ threshold. It was also found that 

empirical D3 dispersion corrections significantly improve the performance of most DFT 

functionals and are crucial for DFT receiving reasonable performance for the CR20 

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

upon inclusion of the D3 dispersion correction. The composite and ab initio procedures 

show good-to-superb performance for this CR20 database. The two newly defined 

procedures, MP3.5 and MP4avg, result in good performance for the CR20 datasets. 

Especially, the MP3.5 procedure gives an RMSD of only 2.4 kJ mol–1. 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 PES for this important class of reactions. Table 6 in section 

3.2.2 (Chapter 3) lists the RMSDs for both the reaction energies (the CR20 dataset) and 

barrier heights (the CRBH20 dataset) of cycloreversion reaction as well as the average 

RMSDs for these two datasets. 

 

After completing the assessment of the performance of various theoretical procedures for 

CRBH20 and CR20 databases, in section 3.3 of Chapter 3, two newly proposed 
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procedures, MP3.5 and MP4avg were evaluated for a more wide range of 11 important 

thermochemical and kinetic datasets, including the W4-11 (atomization energies), C8H8 

and HxCyOz (structural isomerization energies), DIE60 and EIE22 (π-conjugated 

isomerization energies), CnH2n+2 and tetrapeptide conformers (conformational energies), 

IACBH8, BHPE13, WCPT27, and BH76 (different types of reaction barrier heights). 

Table 1 in section 3.3 of Chapter 3 gives the details of these 11 tested databases and the 

corresponding references. The MP3.5 procedure is a simple arithmetic average of the 

MP3 and MP4 methods, whereas the MP4avg method is the average of the MP4(SDTQ) 

and MP4(SDQ) methods. It has been found that the MP3.5 method gives excellent 

performance for the barrier heights in the BHPERI dataset. However, for the barrier 

heights in the CRBH20 database, it yields a disappointing RMSD. The MP4avg 

procedure, on the other hand, has been found to provide excellent performance for barrier 

heights in both the BHPERI and CRBH20 databases. 

 

Since the promising performance of these two MP4-based procedures, MP3.5 and 

MP4avg, has not been extensively benchmarked. In section 3.3 of Chapter 3, their 

performance was evaluated for 11 datasets mentioned above as well as the performance 

of the other MPn methods and common coupled cluster methods. A weighted total root 

mean square deviation (WTRMSD) was defined in order to compare the overall 

performance of the various MPn-based procedures over a range of the 11 databases. The 

W4-11 and BH76 datasets were removed from this statistical analysis since many MPn-

based procedures give poor performance for these two datasets. It has been found that, of 

the MP2- and MP3-based procedures, the MP2.5 method is the only method that gives 

WTRMSD below the ‘chemical accuracy’ threshold, while other MP2- and MP3-based 

procedures show poor performance with WTRMSDs ranging from 4.7 to 7.1 kJ mol–1. 

Also, a significant improvement in performance of the MP4-based methods has been 

observed. The order is: MP4(SDQ) → MP4 → MP4avg → MP3.5. The two newly 

modified methods show better performance than MP4 at no additional computational 

cost.  

 

Finally, in section 3.4 of Chapter 3, the methods performed well for energies were used 

to investigate the oxidation reaction mechanism catalyzed by cholesterol oxidase 

(ChOx). In this project, two ways, high-level DH and QM/MM MD simulations, were 

applied to get the insights into the catalytic process of ChOx and the effects from 
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surrounding key residues (namely Glu361, Gly120, and His447) on the barrier height of 

the hydride transfer. The B3LYP functional was chosen to obtain the optimized 

geometries and harmonic vibrational frequencies. Empirical D3 dispersion correction 

was also included. The DH functional, B2GP-PLYP, was used to calculate the Gibbs free 

energies since this method has been proven to be a good method for energy calculations 

from our previous studies (sections 3.1 and 3.2). The AMBER software was used to run 

molecular dynamics and the QChem-Tinker interface was used to run QM/MM MD 

simulations for this enzyme. 

 

Based on DHDFT and QM/MM MD simulations, the catalytic mechanism of oxidation 

reaction in the cholesterol oxidase and its substrate binding have been fully explored. Our 

DHDFT modeling suggests that the Glu361 residue, which abstracts the proton from the 

hydroxyl group of the substrate, has a significant influence on the barrier height of the 

hydride transfer. Namely, the Glu361 residue lowers the barrier by 22.6 kJ mol–1. It also 

shows that the Gly120 residue additionally lowers the barrier by 11.8 kJ mol–1 since it 

forms a hydrogen bond with the N5 atom of the cofactor. By using the QM/MM MD 

simulations, a consistent free energy barrier of 99.3 kJ mol–1 is obtained for the hydride 

transfer compared with the DHDFT modeling. Meanwhile, the MM-GBSA calculations 

show that Glu361 and His447 play crucial roles in substrate binding, with mutations of 

Glu361 and His447 to alanine, the binding free energies were reduced by 35.8 and 41.3 

kJ mol–1, respectively.  

 

In summary, our high-level DHDFT on small model systems and QM/MM MD 

simulations offer two complementary perspectives on the catalytic mechanism for the 

hydride transfer in ChOx. The combination of these two approaches gives an in-depth 

understanding of this flavoenzyme catalysis. More specifically, our small models 

efficiently demonstrate the effects of the Glu361 and Gly120 residues on the reaction 

barrier height of the hydride transfer. The QM/MM MD simulations show that the 

His447 and Glu361 residues play important roles in substrate binding. The good 

agreement between the two approaches for the reaction barrier height of the hydride 

transfer increases our confidence in the results obtained from these models. 

 

In future work, I would like to expand the DIE60 database to include systems more 

highly conjugated, e.g. polyenes versus trienes versus dienes. It would be interesting to 
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see if the performance of DFT deteriorates with the size of the conjugated π-system. I 

would also like to further investigate the isomerization reaction mechanism in cholesterol 

oxidase using QM/MM MD simulations as well as high-level density functional theory 

method.  
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Table S1. Comparison of the reaction energies (∆Ee, kJ mol–1) calculated with the W1–

F12 and W2–F12 thermochemical procedures. 

 
Reaction W1–F12 W2–F12 Diff.a 
1 29.3 29.4 –0.2 
2 18.6 18.7 –0.1 
3 21.8 22.0 –0.1 
4 25.3 25.4 –0.1 
5 28.4 28.5 –0.2 
6 29.7 29.8 –0.2 
7 30.6 30.8 –0.2 
8 15.6 N/A N/A 
9 17.7 N/A N/A 
10 16.5 N/A N/A 
11 19.3 N/A N/A 
12 20.3 N/A N/A 
13 20.0 N/A N/A 
14 23.1 N/A N/A 
15 25.1 N/A N/A 
16 27.5 N/A N/A 
17 29.7 N/A N/A 
18 30.4 N/A N/A 
19 30.6 N/A N/A 
20 –14.1 –13.9 –0.2 
21 18.5 18.6 –0.1 
22 –25.0 –24.7 –0.3 
23 –25.9 –25.7 –0.2 
24 –22.9 –22.8 –0.1 
25 –20.1 –19.9 –0.2 
26 –10.7 –10.5 –0.2 
27 12.5 12.6 –0.1 
28 16.7 16.8 –0.2 
29 18.6 18.7 –0.1 
30 –24.9 –24.9 0.0 
31 –21.1 –21 –0.1 
32 –22.5 –22.3 –0.2 
33 –18.9 –18.8 –0.1 
34 –17.5 –17.3 –0.2 
35 –10.6 –10.4 –0.2 
36 –7.8 –7.7 –0.2 
37 2.7 2.7 0.0 
38 2.8 2.8 0.0 
39 2.7 2.7 0.0 
40 7.0 7.0 0.0 
41 22.3 22.4 –0.1 
42 26.0 26.1 –0.1 
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43 11.9 12.1 –0.1 
44 15.4 15.6 –0.2 
45 5.0 5.1 –0.1 
46 15.4 15.5 –0.1 
47 15.8 16.0 –0.2 
48 18.1 18.3 –0.1 
49 17.3 17.5 –0.2 
50 27.8 28.0 –0.2 
51 6.7 6.8 –0.1 
52 17.3 17.5 –0.2 
53 18.0 18.1 –0.1 
54 17.6 17.7 –0.1 
55 18.9 19.0 –0.1 
56 24.3 24.5 –0.1 
57 23.9 24.1 –0.2 
58 28.8 29.0 –0.2 
59 30.6 30.7 –0.2 
60 35.8 36.0 –0.2 
RMSDb 0.15   
MADb 0.14   
MSDb –0.14   

aDifference between W1–F12 and W2–F12 (W1-F12 – W2-F12). bStatistical analysis (with respect to the 
W2–F12 values) for the 48 reactions for which we have both W1–F12 and W2–F12 values.  
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Table S2. %TAEe[SCF] and %TAEe[(T)] diagnosticsa for the importance of 

nondynamical correlation for the species considered in the present study (shown in Fig. 1 

of the main text). 

Reaction 
 

%TAEe[SCF]b %TAEe[(T)]c 
1 Reac.  77.06 1.54 

 
Prod. 76.96 1.51 

2 Reac.  77.11 1.49 

 
Prod. 77.07 1.47 

3 Reac.  77.03 1.51 

 
Prod. 77.00 1.49 

4 Reac.  77.03 1.51 

 
Prod. 76.99 1.49 

5 Reac.  77.06 1.51 

 
Prod. 76.99 1.49 

6 Reac.  77.14 1.49 

 
Prod. 77.07 1.47 

7 Reac.  76.98 1.52 

 
Prod. 76.94 1.49 

8 Reac.  77.04 1.49 

 
Prod. 77.01 1.47 

9 Reac.  77.10 1.47 

 
Prod. 77.08 1.46 

10 Reac.  76.87 1.51 

 
Prod. 76.94 1.48 

11 Reac.  77.18 1.46 

 
Prod. 77.14 1.44 

12 Reac.  77.03 1.49 

 
Prod. 77.03 1.46 

13 Reac.  76.87 1.51 

 
Prod. 76.93 1.48 

14 Reac.  77.10 1.48 

 
Prod. 77.07 1.46 

15 Reac.  77.05 1.48 

 
Prod. 77.01 1.47 

16 Reac.  77.18 1.46 

 
Prod. 77.13 1.44 

17 Reac.  76.93 1.50 

 
Prod. 76.88 1.48 

18 Reac.  77.10 1.48 

 
Prod. 77.02 1.46 

19 Reac.  77.05 1.48 

 
Prod. 77.03 1.46 

20 Reac.  75.40 1.85 

 
Prod. 75.30 1.86 

21 Reac.  75.39 1.88 
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Prod. 75.30 1.86 

22 Reac.  75.93 1.75 

 
Prod. 76.07 1.71 

23 Reac.  75.89 1.75 

 
Prod. 76.07 1.71 

24 Reac.  75.81 1.74 

 
Prod. 75.76 1.74 

25 Reac.  75.74 1.75 

 
Prod. 75.66 1.76 

26 Reac.  75.98 1.72 

 
Prod. 75.87 1.74 

27 Reac.  75.81 1.76 

 
Prod. 75.76 1.74 

28 Reac.  75.93 1.75 

 
Prod. 75.87 1.74 

29 Reac.  75.81 1.76 

 
Prod. 75.66 1.76 

30 Reac.  76.02 1.67 

 
Prod. 75.94 1.68 

31 Reac.  76.03 1.67 

 
Prod. 76.03 1.67 

32 Reac.  76.15 1.68 

 
Prod. 76.25 1.65 

33 Reac.  76.21 1.65 

 
Prod. 76.14 1.66 

34 Reac.  76.15 1.67 

 
Prod. 76.06 1.68 

35 Reac.  76.22 1.65 

 
Prod. 76.13 1.66 

36 Reac.  76.32 1.65 

 
Prod. 76.22 1.66 

37 Reac.  76.16 1.68 

 
Prod. 76.22 1.66 

38 Reac.  76.06 1.68 

 
Prod. 76.13 1.66 

39 Reac.  76.07 1.69 

 
Prod. 76.06 1.68 

40 Reac.  76.11 1.68 

 
Prod. 76.14 1.66 

41 Reac.  76.12 1.68 

 
Prod. 76.03 1.67 

42 Reac.  76.03 1.70 

 
Prod. 75.94 1.68 

43 Reac.  76.21 1.72 

 
Prod. 76.23 1.69 

44 Reac.  76.12 1.74 

 
Prod. 76.08 1.72 
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45 Reac.  76.33 1.66 

 
Prod. 76.33 1.64 

46 Reac.  76.40 1.66 

 
Prod. 76.35 1.65 

47 Reac.  76.41 1.66 

 
Prod. 76.37 1.64 

48 Reac.  76.32 1.67 

 
Prod. 76.24 1.66 

49 Reac.  76.62 1.68 

 
Prod. 76.57 1.66 

50 Reac.  76.52 1.71 

 
Prod. 76.57 1.66 

51 Reac.  76.71 1.63 

 
Prod. 76.74 1.60 

52 Reac.  76.72 1.63 

 
Prod. 76.69 1.61 

53 Reac.  76.67 1.64 

 
Prod. 76.65 1.62 

54 Reac.  76.63 1.64 

 
Prod. 76.69 1.61 

55 Reac.  76.78 1.62 

 
Prod. 76.74 1.60 

56 Reac.  76.71 1.63 

 
Prod. 76.66 1.61 

57 Reac.  76.69 1.64 

 
Prod. 76.74 1.60 

58 Reac.  76.74 1.63 

 
Prod. 76.65 1.62 

59 Reac.  76.72 1.63 

 
Prod. 76.66 1.61 

60 Reac.  76.78 1.62 

 
Prod. 76.67 1.61 

a From W1–F12 theory. 
b Percentages of the valence CCSD(T) atomization energy accounted for by the SCF component. 
c Percentages of the valence CCSD(T) atomization energy accounted for by the (T) component. 
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Table S3. Experimental heats of formation (∆Hf,298, kJ mol–1) and derived reaction 

enthalpies (∆H298) for reactions 1, 2, and 6.  

 
Heats of formationa (∆Hf,298) 

Reaction Name 
 

Ref. 
1 Reac.  1,3-Pentadiene 75.77 ± 0.67 1 
 Prod. 1,4-Pentadiene 106.3 ± 1.3 1 
2 Reac.  1,3-Hexadiene 54 ± 2 2 
 Prod. 1,4-Hexadiene 74 ± 2 2 
6 Reac.  2,4-Hexadiene 44 ± 2 2 
 Prod. 1,4-Hexadiene 74 ± 2 2 

Derived reaction enthalpies (∆H298) 
1   30.5 ± 1.5  
2   20.0 ± 2.8  
6   30.0 ± 2.8  

aTaken from the NIST thermochemical tables.3 
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Table S4. Diagonal Born–Oppenheimer corrections (DBOC) included in the final W1–

F12 and W2–F12 reaction energies at 0 K (∆H0) and at 298 K (∆H298) in Table 1 of the 

main text (kJ mol–1).a 

 
Reactions ∆DBOC 
1 0.01 
2 0.00 
3 0.00 
4 0.00 
5 0.01 
6 0.01 
7 0.01 
8 –0.01 
9 0.00 
10 0.00 
11 0.00 
12 0.01 
13 0.01 
14 –0.01 
15 0.00 
16 0.00 
17 0.01 
18 0.00 
19 0.01 
20 –0.01 
21 –0.04 
22 –0.08 
23 –0.03 
24 –0.01 
25 –0.05 
26 0.00 
27 –0.04 
28 –0.05 
29 –0.04 
30 –0.02 
31 –0.01 
32 –0.03 
33 0.00 
34 –0.04 
35 0.00 
36 0.01 
37 –0.04 
38 –0.04 
39 –0.04 
40 –0.02 
41 –0.03 
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42 –0.02 
43 –0.02 
44 0.02 
45 0.01 
46 0.01 
47 0.02 
48 0.02 
49 0.01 
50 0.06 
51 0.01 
52 0.01 
53 0.00 
54 0.06 
55 0.02 
56 –0.03 
57 0.04 
58 0.01 
59 0.01 
60 0.00 

aCalculated at the HF/A'VTZ level of theory. 
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Table S5. Overview of the basis set convergence of the DFT and DHDFT methods (the 

tabulated values are RMSDs, kJ mol–1).  

 
Type Method cc-pVDZ cc-pVTZ cc-pVQZ 
GGA BLYP 8.4 8.3 7.9 
 BLYP-D3 6.7 6.6 6.2 
 B97-D 7.7 7.7 7.2 
 HCTH407 11.0 11.3 10.8 
 PBE 9.6 9.4 9.0 
 PBE-D3 8.8 8.6 8.2 
 BP86 9.4 9.1 8.8 
 BP86-D3 7.8 7.5 7.2 
 BPW91 9.8 9.7 9.4 
 SOGGA11 10.2 9.3 8.1 
 N12 9.7 9.6 9.3 
MGGA M06-L 11.8 11.7 11.4 
 TPSS 9.3 9.3 8.9 
 TPSS-D3 8.2 8.2 7.8 
 𝜏-HCTH 10.8 10.8 10.3 
 VSXC 10.2 9.9 9.4 
 BB95 9.8 9.6 9.3 
 M11-L 10.5 9.9 9.4 
 MN12-L 10.1 10.5 10.0 
HGGA BH&HLYP 4.6 4.5 4.3 
 B3LYP 6.8 6.6 6.3 
 B3LYP-D3 5.5 5.3 5.0 
 B3P86 7.8 7.6 7.4 
 B3PW91 8.0 7.9 7.6 
 B3PW91-D3 6.4 6.4 6.2 
 PBE0 7.5 7.3 7.1 
 PBE0-D3 6.7 6.5 6.3 
 B97-1 6.1 5.8 5.6 
 B98 6.0 5.7 5.5 
 X3LYP 6.6 6.3 6.0 
 SOGGA11-X 5.6 5.6 5.6 
HMGGA M05 7.9 7.7 7.3 
 M05-2X 2.5 2.5 2.5 
 M06 7.0 6.6 6.1 
 M06-2X 3.3 3.5 3.5 
 M06-HF 5.9 6.0 6.3 
 BMK 3.4 2.1 3.1 
 BMK-D3 2.4 1.6 2.1 
 B1B95 7.4 7.2 7.1 
 TPSSh 8.4 8.4 8.0 
 𝜏-HCTHh 7.0 6.7 6.5 
 PW6B95 6.5 6.3 6.0 
RS CAM-B3LYP 4.0 3.8 3.6 
 LC-ωPBE 5.0 5.0 5.0 
 LC-ωPBE-D3 4.6 4.8 4.8 
 ωB97 4.0 4.2 4.3 



Chapter	  5:	  Appendices	  
	  

	   193	  

 ωB97X 3.5 3.6 3.6 
 ωB97XD 3.3 3.4 3.3 
 M11 4.1 3.9 4.1 
DH B2-PLYP 4.5 4.3 4.2 
 B2GP-PLYP 1.9 1.6 1.6 
 B2K-PLYP 11.0 10.7 11.0 
 B2T-PLYP 2.1 1.9 1.9 
 DSD-BLYP 1.9 1.5 1.4 
 DSD-PBEP86 2.9 2.8 2.7 
 PWPB95 4.1 3.9 3.8 
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Table S1. %TAEe[SCF] and %TAEe[(T)] diagnostics for the importance of 

nondynamical correlation for the species considered in the present study (shown in Fig. 1 

of the main text).a 

 
Reaction 

 
%TAEe[SCF]b %TAEe[(T)]c 

1 Reac.  75.05 1.83 

 
Prod. 74.90 1.80 

2 Reac.  75.61 1.72 

 
Prod. 75.54 1.70 

3 Reac.  73.19 1.94 

 
Prod. 73.05 1.94 

4 Reac.  73.60 2.01 

 
Prod. 73.51 2.00 

5 Reac.  74.25 1.89 

 
Prod. 74.18 1.88 

6 Reac.  74.16 2.06 

 
Prod. 74.05 2.04 

7 Reac.  72.11 2.39 

 
Prod. 71.96 2.37 

8 Reac.  75.44 1.74 

 
Prod. 75.36 1.72 

9 Reac.  75.39 1.76 

 
Prod. 75.37 1.71 

10 Reac.  75.49 1.72 

 
Prod. 75.47 1.70 

11 Reac.  73.82 1.90 

 
Prod. 73.76 1.90 

12 Reac.  73.65 1.98 

 
Prod. 73.75 1.91 

13 Reac.  73.70 1.95 

 
Prod. 73.65 1.91 

14 Reac.  72.26 2.32 

 
Prod. 72.22 2.33 

15 Reac.  72.14 2.37 

 
Prod. 72.11 2.34 

16 Reac.  72.23 2.37 

 
Prod. 72.03 2.33 

17 Reac.  73.27 2.18 

 
Prod. 73.16 2.16 

18 Reac.  72.46 2.31 

 
Prod. 72.61 2.27 

19 Reac.  74.20 2.03 

 
Prod. 74.12 2.01 

20 Reac.  74.99 1.95 

 
Prod. 74.90 1.92 

21 Reac.  75.25 1.84 

 
Prod. 75.15 1.83 

22 Reac.  75.41 1.82 

 
Prod. 75.38 1.80 

a From W1–F12 theory.  
b Percentages of the valence CCSD(T) atomization energy accounted for by the SCF component.  
c Percentages of the valence CCSD(T) atomization energy accounted for by the (T) component.  
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Table S2. Comparison of the performance of the DFT functionals for the EIE22 dataset 

versus their performance across the DIE60 (diene isomerization energy) dataset (∆RMSD 

and ∆LD, kJ mol–1)a,b,c 

 
Type Method ΔRMSD ΔLD 
GGA BLYP 1.5 0.8 
 BLYP-D3 2.1 3.2 
 B97-D 0.8 1.8 
 HCTH407 –1.6 –4.8 
 PBE 0.5 0.5 
 PBE-D3 0.7 0.8 
 BP86 1.0 0.5 
 BP86-D3 1.7 2.7 
 BPW91 0.6 –0.1 
 SOGGA11 –3.7 –9.4 
 N12 1.3 3.0 
MGGA M06-L 0.0 3.0 
 TPSS 0.9 1.0 
 TPSS-D3 1.2 2.2 
 𝜏-HCTH –0.3 –2.0 
 VSXC 1.6 1.9 
 BB95 0.4 0.0 
 M11-L –0.6 0.2 
 MN12-L 0.2 1.7 
HGGA BH&HLYP –0.1 –2.7 
 BH&HLYP-D3 –0.3 –1.6 
 B3LYP 0.9 0.7 
 B3LYP-D3 1.2 2.1 
 B3P86 0.3 0.6 
 B3PW91 –0.2 –1.2 
 B3PW91-D3 0.3 0.4 
 PBE0 –0.4 –1.6 
 PBE0-D3 –0.2 –0.8 
 B97-1 0.8 1.2 
 B98 0.9 1.5 
 X3LYP 0.9 0.7 
 SOGGA11-X –0.6 –3.4 
HMGGA M05 –1.9 –6.5 
 M05-2X –0.4 –2.1 
 M06 –0.3 –2.1 
 M06-2X –1.9 –6.0 
 M06-HF 1.1 4.4 
 BMK 1.1 1.9 
 BMK-D3 1.1 3.7 
 B1B95 –0.6 –0.9 
 B1B95-D3 –0.6 –0.5 
 TPSSh 0.5 0.7 
 𝜏-HCTHh 0.9 1.2 
 PW6B95 –0.4 –0.5 
 PW6B95-D3 –0.4 –0.1 
RS CAM-B3LYP 0.3 –2.4 
 CAM-B3LYP-D3 0.4 –1.4 
 LC-ωPBE –2.8 –7.7 
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 LC-ωPBE-D3 –3.0 –6.1 
 ωB97 –2.8 –7.1 
 ωB97X –1.5 –5.2 
 ωB97X-D –0.3 –2.2 
 M11 –1.6 –4.9 
DH B2-PLYP 0.8 1.1 
 B2-PLYP-D3 1.0 2.7 
 B2GP-PLYP –0.3 0.2 
 B2GP-PLYP-D3 –0.3 0.0 
 B2K-PLYP 1.4 –1.3 
 B2T-PLYP –0.4 0.9 
 DSD-BLYP –0.3 –0.3 
 DSD-PBEP86 0.2 –0.4 
 DSD-PBEP86-D3 0.6 –0.3 
 PWPB95 –0.1 –0.4 
 PWPB95-D3 –0.1 –0.3 

aRMSD = root mean square deviation and LD = largest deviation (in absolute value).  
bΔRMSD = RMSD(EIE22) – RMSD(DIE60), for the statistical analysis for the DIE60 dataset see ref. 1. 
cΔLD = LD(EIE22) – LD(DIE60), for the statistical analysis for the DIE60 dataset see ref.1. 
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Table S3. Theoretical (W1–F12) and experimental heats of formation at 0 and 298 K 

(∆Hf,0 and ∆Hf,298, kJ mol–1) for the reactants and products in the EIE22 database.  

 
  W1–F12a Expt.b 
Reaction 

 
∆Hf,0 ∆Hf,298 ∆Hf,298 

1 Reac.  –89.1 –105.3  

 
Prod. –63.1 –79.5  

2 Reac.  –128.4 –150.0 –136c 

 
Prod. –110.8 –132.5  

3 Reac.  –147.9 –168.8  

 
Prod. –132.5 –154.4  

4 Reac.  –345.1 –363.8  

 
Prod. –326.9 –345.5  

5 Reac.  –320.5 –344.3 –342 ± 2d 

 
Prod. –301.9 –325.8  

6 Reac.  –357.9 –372.8  

 
Prod. –339.4 –354.4  

7 Reac.  60.9 47.8  

 
Prod. 89.4 76.3  

8 Reac.  –120.3 –142.0  

 
Prod. –86.8 –109.0  

9 Reac.  –109.3 –130.7  

 
Prod. –94.5 –117.0  

10 Reac.  –103.9 –126.7  

 
Prod. –91.1 –113.0  

11 Reac.  –208.9 –232.9  

 
Prod. –208.9 –232.2  

12 Reac.  –228.6 –252.8  

 
Prod. –225.6 –249.8  

13 Reac.  –225.7 –249.0  

 
Prod. –191.9 –215.7  

14 Reac.  63.0 49.3  

 
Prod. 64.7 51.2  

15 Reac.  53.2 40.0  

 
Prod. 73.5 59.9  

16 Reac.  51.1 38.1  

 
Prod. 88.7 75.7  

17 Reac.  –190.0 –206.5  

 
Prod. –168.6 –185.4  

18 Reac.  180.3 170.8  

 
Prod. 167.1 157.2  

19 Reac.  52.3 34.7  

 
Prod. 65.8 48.3  

20 Reac.  –78.5 –97.4  

 
Prod. –63.1 –81.9  

21 Reac.  –71.8 –96.7  

 
Prod. –53.1 –78.0  

22 Reac.  –101.3 –127.3  

 
Prod. –89.7 –115.3  

aThe W1–F12 total atomization energies at 0 K (TAE0) are converted to a heats of formation at 0 K (∆Hf,0) 
using the Active Thermochemical Tables (ATcT)2 atomic heats of formation at 0 K (H = 216.034 ± 0.000, 
C = 711.38 ± 0.06, N = 470.57 ± 0.03, O = 246.844 ± 0.002, and F = 77.268 ± 0.057  kJ/mol), and the ∆Hf,0 
values were converted to heats of formation at 298 K (∆Hf,298) using the CODATA3 enthalpy functions 
(H298–H0) for the elemental reference states (H2(g) = 8.468 ± 0.001, C(cr,graphite) = 1.050 ± 0.020, N2(g) 
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= 8.670 ± 0.001, O2(g) = 8.680 ± 0.002, and F2(g) = 8.825 ± 0.001 kJ/mol), while the molecular enthalpy 
functions are obtained within the rigid rotor harmonic oscillator (RRHO) approximation from 
B3LYP/A'VTZ geometries and harmonic frequencies. 
bTaken from the NIST thermochemical tables.4  
cSee also ref. 5. 
dSee also ref. 6. 
 
  



Chapter	  5:	  Appendices	  
	  

	   203	  

Table S4. Overview of the basis set convergence of the DFT and DHDFT methods (the 

tabulated values are RMSD(A'VnZ) – RMSD(A'VQZ), n = D, T, in kJ mol–1).  

 
Type Method A'VDZ A'VTZ 
GGA BLYP 0.4 0.2 
 BLYP-D3 0.5 0.3 
 B97-D 0.5 0.3 
 HCTH407 0.5 0.1 
 PBE 0.6 0.2 
 PBE-D3 0.6 0.2 
 BP86 0.5 0.2 
 BP86-D3 0.5 0.3 
 BPW91 0.5 0.3 
 SOGGA11 2.8 –1.2 
 N12 0.2 0.2 
MGGA M06-L 0.5 0.5 
 TPSS 0.3 0.3 
 TPSS-D3 0.4 0.3 
 𝜏-HCTH 0.6 0.4 
 VSXC 0.3 0.3 
 BB95 0.5 0.2 
 M11-L 0.2 0.8 
 MN12-L –0.3 0.2 
HGGA BH&HLYP 0.5 0.2 
 BH&HLYP-D3 0.6 0.2 
 B3LYP 0.5 0.2 
 B3LYP-D3 0.5 0.2 
 B3P86 0.5 0.2 
 B3PW91 0.4 0.1 
 B3PW91-D3 0.4 0.2 
 PBE0 0.5 0.2 
 PBE0-D3 0.5 0.2 
 B97-1 0.5 0.1 
 B98 0.5 0.2 
 X3LYP 0.6 0.2 

 SOGGA11-X 0.4 0.2 
HMGGA M05 1.2 0.4 
 M05-2X 0.0 0.2 
 M06 1.3 0.6 
 M06-2X 0.1 0.1 
 M06-HF 0.4 –0.2 
 BMK 0.3 –0.1 
 BMK-D3 0.2 –0.1 
 B1B95 0.4 0.2 
 B1B95-D3 0.5 0.2 
 TPSSh 0.3 0.3 

 𝜏-HCTHh 0.4 0.1 
 PW6B95 –0.3 0.1 
 PW6B95-D3 –0.3 0.1 
RS CAM-B3LYP 0.7 0.2 
 CAM-B3LYP-D3 0.7 0.2 
 LC-ωPBE 0.0 0.0 
 LC-ωPBE-D3 –0.3 –0.1 
 ωB97 0.0 –0.1 
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 ωB97X 0.5 0.2 
 ωB97X-D 0.4 0.2 

 M11 –0.2 0.0 
DH B2-PLYP 0.4 0.2 
 B2-PLYP-D3 0.4 0.2 
 B2GP-PLYP 0.5 0.1 
 B2GP-PLYP-D3 0.5 0.1 
 B2K-PLYP 0.4 0.0 
 B2T-PLYP 0.5 0.1 
 DSD-BLYP 0.6 0.1 
 DSD-PBEP86 0.2 0.1 
 DSD-PBEP86-D3 0.2 0.1 
 PWPB95 –0.6 0.0 
 PWPB95-D3 –0.6 0.0 
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Table S5. Comparison of the performance of the composite and standard ab initio 

procedures for the EIE22 dataset versus their performance across the DIE60 (diene 

isomerization energy) dataset (∆RMSD and ∆LD, kJ mol–1)a,b,c 

 
Basis set Methods ΔRMSD ΔLD 
 G4 +0.5 +1.1 
 G4(MP2) +0.6 +1.6 
 G4(MP2)-6X +0.1 +0.3 
 CBS-QB3 +0.3 –0.2 
 CBS-APNO –0.1 +0.2 
cc-pVQZ HF –2.2 –3.4 

 MP2 –0.7 –4.5 

 SCS-MP2 –0.2 –3.2 

 MP2.5 –0.4 –2.1 

 MP3 +0.4 +2.3 

 SCS-MP3 +0.1 –1.2 
cc-pVTZ HF –2.1 –3.7 

 MP2 –0.8 –4.6 

 SCS-MP2 –0.1 –3.1 

 MP2.5 –0.4 –1.6 

 MP3 +0.5 +1.5 

 SCS-MP3 +0.1 –1.8 

 MP4 +0.2 –0.1 

 CCSD +0.2 –0.2 

 SCS-CCSD +0.6 +0.7 

 SCS(MI)CCSD –1.0 –4.9 
 CCSD(T) –0.1 –0.2 
 CCSD(T)/CBSb +0.2 +0.2 
cc-pVDZ HF –1.5 –3.3 

 MP2 –0.9 –4.9 

 SCS-MP2 –0.3 –3.1 

 MP2.5 –0.4 –2.1 

 MP3 +0.7 –0.5 

 SCS-MP3 +0.0 –2.3 

 MP4 –0.2 –0.6 

 CCSD +0.4 +0.4 

 SCS-CCSD +1.1 +0.4 

 SCS(MI)CCSD –0.4 0.0 

 CCSD(T) –0.1 –0.2 
 
aRMSD = root mean square deviation and LD = largest deviation (in absolute value).  
bΔRMSD = RMSD(EIE22) – RMSD(DIE60), for the statistical analysis for the DIE60 dataset see ref.1. 
cΔLD = LD(EIE22) – LD(DIE60), for the statistical analysis for the DIE60 dataset see ref.1. 
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Table S1. %TAEe[(T)] diagnostics for the importance of nondynamical correlation for 

the species considered in the present study (shown in Fig. 1 of the main text).a 

%TAEe[(T)]b Reactants TSs 
1 3.0 3.5 
2 2.5 2.9 
3 2.3 2.6 
4 2.8 3.2 
5 2.2 2.5 
6 2.7 3.0 
7 2.6 2.8 
8 2.7 3.1 
9 2.1 2.3 
10 3.1 3.4 
11 3.2 4.0 
12 2.7 3.1 
13 2.4 2.7 
14 2.9 3.4 
15 2.4 2.6 
16 2.8 3.1 
17 2.7 2.9 
18 2.9 3.4 
19 2.2 2.3 
20 3.3 3.7 
Avg(dioxazoles)c  2.6 2.9 
Avg(oxathiazoles)d 2.8 3.1 
Avg(all)e 2.7 3.0 

a%TAEe[(T)] values for reactions 1–10 are from W1-F12 theory and for reactions 11–20 from W1w 
theory.  
bPercentages of the valence CCSD(T) atomization energy accounted for by the (T) component. 
cAverage %TAEe[(T)] value over the reactions involving dioxazoles (1–10).  
dAverage %TAEe[(T)] value over the reactions involving oxathiazoles (11–20) 
eAverage %TAEe[(T)] value over all the reactions (1–20) 
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Table S2. Selected bond lengths (in Å) of bonds that are being broken or formed in the 

transition structures in the CRBH20 database. Calculated at the B3LYP/A'VTZ level of 

theory.  

 Bonds being broken Bonds being formed 
 N•••O X•••CR2R3 NC•••X C•••O 
TS1 1.901 2.848 1.217 1.216 
TS2 1.991 2.819 1.220 1.213 
TS3 2.023 2.426 1.227 1.221 
TS4 1.950 2.876 1.218 1.213 
TS5 2.005 2.977 1.218 1.217 
TS6 1.967 2.483 1.228 1.219 
TS7 2.012 3.012 1.218 1.229 
TS8 1.906 2.633 1.228 1.202 
TS9 2.011 3.365 1.217 1.223 
TS10 1.912 2.248 1.233 1.193 
TS11 2.084 2.804 1.648 1.224 
TS12 2.149 2.821 1.657 1.220 
TS13 2.128 2.759 1.662 1.223 
TS14 2.117 2.827 1.652 1.221 
TS15 2.080 3.270 1.662 1.217 
TS16 1.998 2.898 1.671 1.218 
TS17 2.075 3.386 1.661 1.228 
TS18 2.041 2.672 1.666 1.208 
TS19 2.072 3.777 1.659 1.221 
TS20 1.965 2.578 1.669 1.198 
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Table S3. Statistical analysis for the performance of DFT and DHDFT procedures for 

the calculation of the reaction barrier heights in the CRBH20 database in the reverse 

direction (i.e., for cycloaddition reactions, in kJ mol–1).a,b 

Typec Method RMSD MAD MSD LDd 
GGA BLYP 11.5 9.4 –9.3 25.3 (1) 
 BLYP-D3 30.8 30.5 –30.5 39.0 (1) 
 B97-D 12.5 11.4 –11.4 21.2 (1) 
 HCTH407 16.0 14.7 14.5 23.8 (16) 
 PBE 24.7 24.0 –24.0 35.6 (1) 
 PBE-D3 34.5 34.1 –34.1 42.2 (1) 
 BP86 20.3 19.4 –19.4 32.2 (1) 
 BP86-D3 36.2 35.9 –35.9 43.3 (14) 
 BPW91 10.8 9.0 –8.8 21.9 (1) 
 SOGGA11 17.9 16.6 16.6 26.9 (6) 
 N12 7.4 6.3 –2.7 16.1 (1) 
MGGA M06-L 8.5 7.3 –6.9 16.9 (11) 
 TPSS 22.6 21.9 –21.9 36.6 (1) 
 TPSS-D3 35.2 34.9 –34.9 44.9 (1) 
 𝜏-HCTH 10.7 8.9 7.5 21.4 (10) 
 VSXC 34.4 33.4 –33.4 46.3 (9) 
 BB95 15.1 13.6 –13.6 26.5 (1) 
 M11-L 4.7 3.7 –3.2 12.1 (8) 
 MN12-L 16.6 16.0 –16.0 26.3 (8) 
HGGA BH&HLYP 22.7 21.9 21.9 32.1 (13) 
 BH&HLYP-D3 9.3 8.6 8.6 15.1 (14) 
 B3LYP 9.4 8.3 7.8 14.9 (16) 
 B3LYP-D3 9.8 9.5 –9.5 16.0 (1) 
 B3P86 4.3 3.5 0.9 9.0 (1) 
 B3PW91 10.0 9.2 9.1 15.9 (19) 
 B3PW91-D3 9.2 8.8 –8.8 14.2 (20) 
 PBE0 3.7 3.1 1.6 7.2 (19) 
 PBE0-D3 7.7 7.4 –7.4 12.3 (20) 
 B97-1 5.2 4.1 –4.1 11.9 (1) 
 B98 3.6 2.9 0.6 8.1 (1) 
 X3LYP 7.4 6.2 5.3 12.0 (16) 
 SOGGA11-X 6.1 5.4 5.3 10.5 (13) 
HMGGA M05 25.9 25.4 25.4 37.0 (10) 
 M05-2X 10.0 9.8 9.8 13.7 (11) 
 M06 10.4 9.8 9.8 16.2 (10) 
 M06-2X 8.6 8.5 8.5 10.7 (3) 
 M06-HF 11.1 9.9 9.8 20.2 (9) 
 BMK 11.6 11.3 11.3 16.3 (18) 
 BMK-D3 2.2 1.9 –0.9 4.7 (19) 
 B1B95 11.3 10.8 10.8 16.4 (19) 
 B1B95-D3 2.9 2.2 –2.0 5.4 (11) 
 TPSSh 12.2 11.2 –11.2 24.2 (1) 
 𝜏-HCTHh 7.1 6.0 –5.9 15.4 (1) 
 PW6B95 5.7 5.0 4.7 9.7 (19) 
 PW6B95-D3 2.1 1.7 –0.7 6.2 (1) 
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RS CAM-B3LYP 14.0 12.8 12.8 21.9 (13) 
 CAM-B3LYP-D3 6.0 5.1 4.4 10.5 (13) 
 LC-ωPBE 27.7 27.5 27.5 33.0 (13) 
 LC-ωPBE-D3 17.8 17.5 17.5 22.6 (3) 
 ωB97 5.4 4.5 4.3 9.1 (13) 
 ωB97X 6.9 6.3 6.3 11.2 (13) 
 ωB97X-D 8.5 8.1 8.1 12.2 (18) 
 M11 21.3 21.3 21.3 24.2 (10) 
DH B2-PLYP 10.8 10.5 10.5 15.1 (16) 
 B2-PLYP-D3 1.6 1.3 –0.1 3.1 (10) 
 B2GP-PLYP 15.1 15.0 15.0 17.3 (6) 
 B2GP-PLYP-D3 9.1 8.9 8.9 12.0 (6) 
 B2K-PLYP 19.4 19.3 19.3 22.6 (18) 
 B2K-PLYP-D3 16.0 15.9 15.9 18.5 (18) 
 B2T-PLYP 14.3 14.1 14.1 18.1 (16) 
 DSD-BLYP 18.1 18.0 18.0 21.5 (18) 
 DSD-PBEP86 13.5 13.5 13.5 16.2 (18) 
 DSD-PBEP86-D3 8.2 8.1 8.1 11.5 (10) 
 PWPB95 8.0 7.8 7.8 10.5 (16) 
 PWPB95-D3 3.9 3.6 3.6 5.6 (10) 

 aThe 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. bRMSD = root mean square deviation, 
MAD = mean absolute deviation, MSD = mean signed deviation, LD = largest deviation (in absolute 
value). cGGA = generalized gradient approximation, HGGA = hybrid-GGA, MGGA = meta-GGA, RS = 
range-separated, HMGGA = hybrid-meta-GGA, DH = double hybrid. dThe reaction numbers are given in 
parenthesis (see also Table 1 and Fig. 1). 
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Table S4. Overview of the basis set convergence of the conventional DFT methods. The 

tabulated values are ∆RMSD(A'VnZ) = RMSD(A'VnZ) − RMSD(A'VQZ) (in kJ mol–1).a  

Typeb Method ∆RMSD 
(A'VTZ) 

∆RMSD 
(A'VDZ) 

GGA BLYP 0.6 –8.3 
 B97-D –0.1 –6.6 
 HCTH407 –0.1 –4.8 
 PBE 0.4 –6.2 
 BP86 0.3 –6.8 
 BPW91 0.3 –6.6 
 SOGGA11 2.2 –0.2 
 N12 0.9 –7.5 
MGGA M06-L 0.4 –4.5 
 TPSS –0.2 –3.1 
 𝜏-HCTH –0.2 –5.8 
 VSXC 0.8 –1.2 
 BB95 0.4 –6.2 
 M11-L 1.3 –1.3 
 MN12-L 1.0 1.9 
HGGA BH&HLYP 0.1 –2.6 
 B3LYP 0.4 –6.8 
 B3P86 0.0 –3.6 
 B3PW91 0.1 –4.9 
 PBE0 –0.2 3.6 
 B97-1 0.7 –1.2 
 B98 0.7 –4.3 
 X3LYP 0.4 –6.7 
 SOGGA11-X –0.5 1.0 
HMGGA M05 0.4 –6.1 
 M05-2X 0.5 7.3 
 M06 0.6 –6.1 
 M06-2X –0.3 5.6 
 M06-HF –0.4 12 
 BMK 2.3 –0.3 
 B1B95 0.1 –3.7 
 TPSSh –0.3 –5.7 
 𝜏-HCTHh 0.5 –5.6 
 PW6B95 0.5 –4.0 
RS CAM-B3LYP 0.2 –0.4 
 LC-ωPBE –0.4 5.8 
 ωB97 –0.7 4.8 
 ωB97X –0.7 4.1 
 ωB97X-D 0.5 –1.4 
 M11 –0.2 9.7 

aA positive ΔRMSD value indicates that the smaller basis set results in an overall deterioration in the 
performance, whereas a negative value indicates an improvement in performance with the smaller basis set. 
bGGA = generalized gradient approximation, HGGA = hybrid-GGA, MGGA = meta-GGA, RS = range-
separated HGGA, HMGGA = hybrid-meta-GGA, DH = double hybrid.  
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Table S5. Statistical analysis for the performance of standard ab initio methods in 

conjunction with the A'VnZ basis sets (n = D and T) for the calculation of the reaction 

barrier heights in the CRBH20 database (in kJ mol–1)a 

Basis set Methods RMSD MAD MSD LD 
A'VTZ HF 25.1 21.9 –21.9 46.7 (19) 
 MP2 22.0 21.7 21.7 30.6 (19) 
 SCS-MP2 15.8 15.4 15.4 24.8 (11) 
 MP2.5 24.9 24.7 24.7 31.5 (11) 
 MP3 28.1 27.7 27.7 36.8 (3) 
 SCS-MP3 16.5 16.1 16.1 25.5 (11) 
 MP3.5 11.3 11.0 11.0 16.5 (11) 
 MP4(SDQ) 5.7 4.9 4.9 10.9 (11) 
 MP4(SDTQ) 6.1 5.6 –5.6 9.4 (10) 
 MP4av 2.1 1.7 –0.3 4.7 (11) 
 CCSD 6.3 5.8 5.8 10.6 (3) 
 SCS-CCSD 12.2 12.1 12.1 14.7 (7) 
 SCS(MI)CCSD 10.5 10.4 10.4 12.8 (8) 
 CCSD(T) 5.0 4.8 –4.8 6.9 (12) 
A'VDZ HF 24.9 22.0 –22.0 45.2 (19) 
 MP2 12.9 12.3 12.3 24.5 (19) 
 SCS-MP2 9.2 8.3 8.3 16.4 (19) 
 MP2.5 16.6 16.3 16.3 21.4 (19) 
 MP3 20.7 20.4 20.4 27.4 (3) 
 SCS-MP3 10.0 9.3 9.3 16.2 (18) 
 MP3.5 4.4 3.6 3.6 8.8 (18) 

 MP4(SDQ) 3.7 2.9 –1.9 8.3 (1) 
 MP4(SDTQ) 13.8 13.1 –13.1 19.2 (1) 

 MP4av 8.2 7.5 –7.5 13.7 (1) 
 CCSD 3.5 2.9 –2.2 7.2 (1) 

 SCS-CCSD 4.7 3.7 2.5 10.3 (19) 

 SCS(MI)CCSD 3.2 2.5 0.7 7.1 (19) 
 CCSD(T) 13.9 13.5 –13.5 18.9 (11) 

aRMSD = root mean square deviation, MAD = mean absolute deviation, MSD = mean signed deviation, 
LD = largest deviation (in absolute value). 
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Table S1. %TAEe[(T)] diagnostics for the importance of nondynamical correlation for 

the species considered in the present study (shown in Fig. 1 of the main text).a 

%TAEe[(T)]b Reactants Products 

 
 R1NCX R2R3CO 

1 3.0 3.4 2.1 
2 2.5 2.5 2.1 
3 2.3 2.2 2.1 
4 2.8 2.9 2.1 
5 2.2 2.5 1.7 
6 2.7 2.5 2.5 
7 2.6 2.5 2.3 
8 2.7 2.5 2.8 
9 2.1 2.5 1.6 
10 3.1 2.5 3.6 
11 3.2 3.9 2.1 
12 2.7 2.7 2.1 
13 2.4 2.3 2.1 
14 2.9 3.2 2.1 
15 2.4 2.7 1.7 
16 2.8 2.7 2.5 
17 2.7 2.7 2.3 
18 2.9 2.7 2.8 
19 2.2 2.7 1.6 
20 3.3 2.7 3.6 
Avg(dioxazoles)c 2.6 2.6 2.3 
Avg(oxathiazoles)d 2.8 2.8 2.3 
Avg(all)e 2.7 2.7 2.3 

a %TAEe[(T)] values for reactions 1–10 are from W1-F12 theory and reactions 11–20 from W1w theory.  
b Percentages of the valence CCSD(T) atomization energy accounted for by the (T) component. 
cAverage %TAEe[(T)] value over the reactions involving dioxazoles (1–10). 
dAverage %TAEe[(T)] value over the reactions involving oxathiazoles (11–20). 
eAverage %TAEe[(T)] value over all the reactions (1–20). 
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Table S2. Statistical analysis for the performance of standard ab initio methods in 

conjunction with the A'VnZ basis sets (n=D and T) for the calculation of the reaction 

energies in the CRE20 database (in kJ mol–1).a 

Basis set Methods RMSD MAD MSD LD 
A'VTZ HF 63.0 62.2 –62.2 84.3 (19) 
 MP2 13.1 12.3 –12.3 22.8 (10) 
 SCS-MP2 21.1 20.8 –20.8 28.7 (10) 
 MP2.5 2.6 1.9 –1.3 7.8 (20) 
 MP3 10.8 9.6 9.6 17.0 (8) 
 SCS-MP3 18.4 18.2 –18.2 24.1 (20) 
 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 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) 
A'VDZ HF 52.6 51.7 –51.7 71.4 (19) 

 MP2 13.4 12.6 –12.1 22.2 (10) 

 SCS-MP2 19.4 18.8 –18.8 26.9 (10) 

 MP2.5 4.4 3.4 –0.2 9.5 (11) 

 MP3 12.9 11.7 11.6 19.7 (7) 

 SCS-MP3 16.5 15.9 –15.9 22.1 (20) 
 MP3.5 6.4 5.3 4.6 11.8 (9) 
 MP4(SDQ) 3.8 3.2 –0.2 7.3 (11) 
 MP4(SDTQ) 5.7 4.9 –2.5 10.7 (11) 
 MP4av 4.6 3.8 –1.3 9.0 (11) 
 CCSD 5.3 4.5 3.2 9.2 (7) 
 SCS-CCSD 15.6 14.6 14.6 25.0 (19) 
 SCS(MI)CCSD 14.2 13.3 13.3 22.3 (19) 
 CCSD(T) 8.7 7.6 7.3 16.1 (19) 

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



Chapter	  5:	  Appendices	  
	  

	  220	  

Table S3. Overview of the basis set convergence of the conventional DFT methods. The 

tabulated values are ∆RMSD(A'VnZ) = RMSD(A'VnZ) – RMSD(A'VQZ) (in kJ mol–1).a 

Typeb Method ∆RMSD 
(A'VTZ) 

∆RMSD 
(A'VDZ) 

GGA BLYP –0.4 –22.3 
 B97-D –1.2 –19.9 
 HCTH407 –0.6 –15.9 
 PBE –0.7 –0.1 
 BP86 –0.9 –15.2 
 BPW91 –0.9 –17.7 
 SOGGA11 2.6 –5.9 
 N12 –0.7 –14.7 
MGGA M06-L –0.9 –19.5 
 TPSS –1.3 –7.6 
 𝜏-HCTH –1.0 –17.7 
 VSXC 0.9 –5.2 
 BB95 –0.9 –17.4 
 M11-L –1.7 –15.0 
 MN12-L –0.9 –3.8 
HGGA BH&HLYP –1.2 –16.2 
 B3LYP –0.8 –19.8 
 B3P86 –0.9 0.9 
 B3PW91 –1.2 –14.7 
 PBE0 0.4 12.2 
 B97-1 –0.9 –6.2 
 B98 –0.9 –14.9 
 X3LYP –0.8 –19.5 
 SOGGA11-X –1.4 4.0 
HMGGA M05 0.1 –22.3 
 M05-2X 1.4 14.2 
 M06 0.0 –23.2 
 M06-2X –0.3 5.8 
 M06-HF 2.4 21.5 
 BMK –1.2 –11.3 
 B1B95 –1.3 –13.6 
 TPSSh –1.3 –10.7 
 𝜏-HCTHh –1.0 –15.9 
 PW6B95 –1.2 –15.8 
RS CAM-B3LYP –0.7 –11.4 
 LC-ωPBE 0.7 15.5 
 ωB97 0.0 16.5 
 ωB97X –0.7 10.9 
 ωB97X-D –0.8 –8.0 
 M11 –1.6 –18.7 
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Table S1. The mean signed deviations (MSDs) of MPn-based methods (n = 2, 3, and 4) 

for the tested datasets.a  

Basis sets Dataset  MP2 MP3 MP4(SDQ) MP4  
AʹVTZb C8H8 isomers  4.2 4.7 –6.0 –1.7  
 HxCyOz isomers  2.2 –1.4 1.0 –1.7  
 DIE60  2.4 –0.6 –1.3 1.0  
 EIE22  1.9 –1.0 –1.5 1.3  
 CnH2n+2  –0.5 0.7 0.4 –0.5  
 IACBH8  –9.0 14.9 11.3 –8.0  
 BHPE13  –14.1 13.8 15.0 –8.0  
 WCPT27  –10.3 12.5 13.6 –5.6  

aThe W4-11, BH76, and tetrapeptides conformers datasets are excluded. bThe MSDs of the DIE60 and 
CnH2n+2 databases are evaluated in conjunction with the cc-pVTZ basis set 
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Table S2. Statistical analysis for the performance of examined ab initio methods in 

conjunction with the A'VnZ basis sets (n = D and T) for the calculation of atomization 

energies in the W4-11 database (in kJ mol–1).a 

Basis sets Methods RMSD MAD MSD 
AʹVTZ MP2 33.2 26.8 2.1 
 SCS-MP2 21.6 16.9 7.5 
 MP2.5 36.4 32.5 –32.3 
 MP3 75.6 66.8 –66.8 
 SCS-MP3 15.2 11.1 –9.7 
 MP4(SDQ) 71.1 63.5 –63.5 
 MP4 23.9 20.8 –20.4 
 MP3.5 48.1 43.6 –43.6 
 MP4avg 46.3 42.0 –42.0 
 CCSD 78.6 70.0 –70.0 
 CCSD(T) 40.8 37.0 –37.0 
AʹVDZ MP2 86.9 74.4 –73.8 
 SCS-MP2 84.9 75.1 –75.1 
 MP2.5 115.7 105.5 –105.5 
 MP3 151.2 137.2 –137.2 
 SCS-MP3 100.4 91.0 –91.0 
 MP4(SDQ) 149.6 135.2 –135.2 
 MP4 115.1 104.0 –104.0 
 MP3.5 132.6 120.6 –120.6 
 MP4avg 132.1 119.6 –119.6 
 CCSD 157.3 141.9 –141.9 
 CCSD(T) 129.0 116.5 –116.5 

aRMSD = root mean square deviation, MAD = mean absolute deviation, MSD = mean signed deviation. 
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Table S3. Statistical analysis for the performance of examined ab initio methods in 

conjunction with the A'VDZ basis sets for the calculation of isomerization energies in the 

C8H8 isomers database (in kJ mol–1).a 

Basis sets Methods RMSD MAD MSD 
AʹVDZ MP2 14.8 12.5 8.9 
 SCS-MP2 4.3 3.3 –0.1 
 MP2.5 11.0 8.9 8.7 
 MP3 11.5 8.8 8.5 
 SCS-MP3 2.4 1.9 –0.1 
 MP4(SDQ) 6.3 5.2 –2.9 
 MP4 6.6 4.9 1.8 
 MP3.5 7.3 5.5 5.2 
 MP4avg 4.2 3.1 –0.5 
 CCSD 5.2 3.9 0.3 
 SCS-CCSD 10.8 9.0 –8.1 
 CCSD(T) 5.9 4.6 1.5 

aFootnote a to Table S2 applies here. 
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Table S4. Statistical analysis for the performance of examined ab initio methods in 

conjunction with the A'VDZ basis sets for the calculation of isomerization energies in the 

HxCyOz database (in kJ mol–1).a 

Basis sets Methods RMSD MAD MSD 
AʹVDZ MP2 9.6 8.0 7.4 
 SCS-MP2 8.0 6.6 5.3 
 MP2.5 7.0 5.8 5.3 
 MP3 6.0 4.7 3.1 
 SCS-MP3 8.0 6.6 5.3 
 MP4(SDQ) 8.3 6.6 5.0 
 MP4 9.2 7.3 5.6 
 MP3.5 6.7 5.4 4.3 
 MP4avg 8.6 6.8 5.3 
 CCSD 6.9 5.3 3.9 
 SCS-CCSD 7.0 5.5 0.7 
 CCSD(T) 7.1 5.6 3.6 

aFootnote a to Table S2 applies here. 
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Table S5. Statistical analysis for the performance of examined ab initio methods in 

conjunction with the cc-pVDZ basis sets for the calculation of isomerization energies in 

the DIE60 database (in kJ mol–1).a 

Basis sets Methods RMSD MAD MSD 
cc-pVDZ MP2 3.0 2.3 2.2 
 SCS-MP2 1.7 1.4 0.4 
 MP2.5 1.5 1.2 0.8 
 MP3 1.3 1.0 –0.7 
 SCS-MP3 1.6 1.2 –0.3 
 MP4(SDQ) 2.0 1.6 –1.3 
 MP4 1.7 1.4 0.8 
 MP3.5 1.2 1.0 0.1 
 MP4avg 1.4 1.2 –0.2 
 CCSD 2.3 1.9 –1.7 
 SCS-CCSD 3.7 3.3 –3.3 
 CCSD(T) 1.5 1.2 –0.4 

aFootnote a to Table S2 applies here. 
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Table S6. Statistical analysis for the performance of examined ab initio methods in 

conjunction with the A'VDZ basis sets for the calculation of isomerization energies in the 

EIE22 database (in kJ mol–1).a 

Basis sets Methods RMSD MAD MSD 
AʹVDZ MP2 2.1 1.9 1.9 
 SCS-MP2 1.4 1.2 0.3 
 MP2.5 1.0 0.8 0.4 
 MP3 2.0 1.7 –1.1 
 SCS-MP3 1.7 1.4 –0.5 
 MP4(SDQ) 2.4 2.0 –1.6 
 MP4 1.4 1.2 1.0 
 MP3.5 1.1 0.9 –0.1 
 MP4avg 1.3 1.0 –0.3 
 CCSD 2.7 2.3 –2.0 
 SCS-CCSD 3.4 3.0 –2.7 
 CCSD(T) 1.3 1.0 –0.3 

aFootnote a to Table S2 applies here. 
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Table S7. Statistical analysis for the performance of examined ab initio methods in 

conjunction with the cc-pVDZ basis sets for the calculation of conformational energies in 

the CnH2n+2 database (in kJ mol–1).a 

Basis sets Methods RMSD MAD MSD 
cc-pVDZ MP2 0.70 0.51 0.28 
 SCS-MP2 1.55 1.28 1.28 
 MP2.5 1.09 0.82 0.81 
 MP3 1.60 1.35 1.35 
 SCS-MP3 1.82 1.54 1.54 
 MP4(SDQ) 1.43 1.18 1.18 
 MP4 0.80 0.60 0.55 
 MP3.5 1.19 0.95 0.95 
 MP4avg 1.11 0.87 0.86 
 CCSD 1.57 1.31 1.31 
 SCS-CCSD 0.50 0.37 0.24 
 CCSD(T) 0.93 0.71 0.69 

aFootnote a to Table S2 applies here. 
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Table S8. Statistical analysis for the performance of examined ab initio methods in 

conjunction with the cc-pVDZ basis sets for the calculation of conformational energies in 

the tetrapeptide conformers database (in kJ mol–1).a 

Basis sets Methods RMSD MAD MSD 
cc-pVDZ MP2b 13.3 10.5 –10.5 
 SCS-MP2 10.4 8.6 –8.6 
 MP2.5 11.0 8.8 –8.8 
 MP3 8.9 7.4 –7.1 
 SCS-MP3 9.3 7.8 –7.8 
 MP4(SDQ) 11.0 9.2 –9.2 
 MP4 14.7 12.1 –12.1 
 MP3.5 11.7 9.6 –9.6 
 MP4avg 12.8 10.6 –10.6 
 CCSD 9.7 8.2 –8.1 
 SCS-CCSD 13.8 11.4 –11.4 
 CCSD(T) 12.7 10.5 –10.5 

aFootnote a to Table S2 applies here.  bThe results are taken from Ref. 166. 
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Table S9. Statistical analysis for the performance of examined ab initio methods in 

conjunction with the A'VDZ basis sets for the calculation of barrier heights in the 

IACBH8 database (in kJ mol–1).a 

Basis sets Methods RMSD MAD MSD 
AʹVDZ MP2 9.9 9.1 –9.1 
 SCS-MP2 9.7 8.8 8.8 
 MP2.5 3.5 3.0 3.0 
 MP3 15.3 15.2 15.2 
 SCS-MP3 15.2 14.9 14.9 
 MP4(SDQ) 9.8 9.6 9.6 
 MP4 8.5 7.9 –7.9 
 MP3.5 4.0 3.6 3.6 
 MP4avg 2.3 1.6 0.9 
 CCSD 12.6 12.4 12.4 
 SCS-CCSD 5.6 4.9 4.9 
 CCSD(T) 2.2 1.8 –1.1 

aFootnote a to Table S2 applies here. 
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Table S10. Statistical analysis for the performance of examined ab initio methods in 

conjunction with the A'VDZ basis sets for the calculation of barrier heights in the 

BHPE13 database (in kJ mol–1).a 

Datasets Basis sets Methods RMSD MAD MSD 
NH3 subset AʹVDZ MP2 11.9 11.8 –11.8 
  SCS-MP2 10.8 10.1 10.1 
  MP2.5 1.1 1.0 1.0 
  MP3 14.0 13.8 13.8 
  SCS-MP3 17.2 16.5 16.5 
  MP4(SDQ) 15.4 14.9 14.9 
  MP4 2.5 2.5 –2.5 
  MP3.5 5.8 5.7 5.7 
  MP4avg 6.5 6.2 6.2 
  CCSD 17.4 16.8 16.8 
  SCS-CCSD 1.7 1.4 1.4 
  CCSD(T) 1.5 1.3 1.3 
H2O subset AʹVDZ MP2 10.1 9.8 –9.8 
  SCS-MP2 20.0 18.6 18.6 
  MP2.5 7.6 7.5 7.5 
  MP3 25.3 24.8 24.8 
  SCS-MP3 28.7 27.2 27.2 
  MP4(SDQ) 24.2 23.2 23.2 
  MP4 1.6 1.5 0.9 
  MP3.5 13.2 12.8 12.8 
  MP4avg 12.7 12.1 12.1 
  CCSD 27.3 26.3 26.3 
  SCS-CCSD 7.4 6.9 6.9 
  CCSD(T) 7.1 6.8 6.8 
HF subset AʹVDZ MP2 2.0 1.6 0.1 
  SCS-MP2 22.4 20.9 20.9 
  MP2.5 12.5 12.2 12.2 
  MP3 24.7 24.4 24.4 
  SCS-MP3 28.3 27.0 27.0 
  MP4(SDQ) 23.3 22.4 22.4 
  MP4 5.3 4.9 4.3 
  MP3.5 14.7 14.3 14.3 
  MP4avg 14.2 13.3 13.3 
  CCSD 25.5 24.7 24.7 
  SCS-CCSD 9.6 9.0 9.0 
  CCSD(T) 9.0 8.6 8.6 
Overall AʹVDZ MP2 8.6 7.1 –6.5 
  SCS-MP2 19.3 17.5 17.5 
  MP2.5 9.1 7.8 7.8 
  MP3 22.9 22.1 22.1 
  SCS-MP3 26.3 24.7 24.7 
  MP4(SDQ) 22.1 21.0 21.0 
  MP4 3.7 3.0 1.4 
  MP3.5 12.6 11.8 11.8 
  MP4avg 12.2 11.2 11.2 
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  CCSD 24.6 23.5 23.5 
  SCS-CCSD 7.6 6.5 6.5 
  CCSD(T) 7.1 6.2 6.2 

aFootnote a to Table S2 applies here. 
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Table S11. Statistical analysis for the performance of examined ab initio methods in 

conjunction with the A'VDZ basis sets for the calculation of barrier heights in the 

WCPT27 database (in kJ mol–1).a 

Datasets Basis sets Methods RMSD MAD MSD 
Uncat subset AʹVDZ MP2 4.5 4.1 –4.0 
  SCS-MP2 8.0 7.2 7.2 
  MP2.5 6.3 6.1 6.1 
  MP3 16.4 16.3 16.3 
  SCS-MP3 12.7 12.3 12.3 
  MP4(SDQ) 13.8 13.2 13.2 
  MP4 3.0 2.6 –1.1 
  MP3.5 7.8 7.6 7.6 
  MP4avg 6.8 6.1 6.1 
  CCSD 15.0 14.6 14.6 
  SCS-CCSD 5.2 4.2 4.2 
  CCSD(T) 3.1 2.6 2.4 
1H2O subset AʹVDZ MP2 7.5 6.6 –6.6 
  SCS-MP2 12.3 11.7 11.7 
  MP2.5 5.0 4.3 4.3 
  MP3 15.5 15.2 15.2 
  SCS-MP3 17.7 17.1 17.1 
  MP4(SDQ) 16.0 15.4 15.4 
  MP4 4.1 2.9 –0.1 
  MP3.5 8.1 7.6 7.6 
  MP4avg 8.6 7.6 7.6 
  CCSD 17.8 17.2 17.2 
  SCS-CCSD 8.5 6.9 6.9 
  CCSD(T) 5.3 4.1 4.1 
2H2O subset AʹVDZ MP2 8.7 7.6 –7.6 
  SCS-MP2 16.6 16.2 16.2 
  MP2.5 5.9 5.3 5.3 
  MP3 18.3 18.1 18.1 
  SCS-MP3 23.0 22.6 22.6 
  MP4(SDQ) 20.0 19.4 19.4 
  MP4 4.8 3.6 0.7 
  MP3.5 9.9 9.4 9.4 
  MP4avg 11.0 10.0 10.0 
  CCSD 22.2 21.6 21.6 
  SCS-CCSD 10.3 8.8 8.8 
  CCSD(T) 6.7 5.5 5.5 
Overall AʹVDZ MP2 7.1 6.1 –6.1 
  SCS-MP2 12.8 11.7 11.7 
  MP2.5 5.7 5.2 5.2 
  MP3 16.8 16.6 16.6 
  SCS-MP3 18.3 17.3 17.3 
  MP4(SDQ) 16.8 16.0 16.0 
  MP4 4.0 3.1 –0.2 
  MP3.5 8.6 8.2 8.2 
  MP4avg 9.0 7.9 7.9 
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  CCSD 18.6 17.8 17.8 
  SCS-CCSD 8.3 6.7 6.7 
  CCSD(T) 5.3 4.1 4.0 

aFootnote a to Table S2 applies here. 
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Table S12. Statistical analysis for the performance of examined ab initio methods in 

conjunction with the AʹVnZ basis sets (n = D and T) for the calculation of barrier heights 

in the BH76 database (in kJ mol–1).a 

Datasets Basis sets Methods RMSD MAD MSD 
HTBH38 subset AʹVTZ MP2 17.0 13.8 11.1 
  SCS-MP2 24.3 21.1 21.1 
  MP2.5 15.6 13.7 12.9 
  MP3 17.6 14.7 14.7 
  SCS-MP3 24.8 22.0 22.0 
  MP4(SDQ) 15.4 12.8 12.8 
  MP4 9.6 6.9 3.1 
  MP3.5 12.2 8.9 8.9 
  MP4avg 11.2 8.0 8.0 
  CCSD 11.2 9.8 9.3 
  CCSD(T) 2.9 2.5 0.5 
 AʹVDZ MP2 19.3 14.9 6.6 
  SCS-MP2 25.6 22.1 22.1 
  MP2.5 16.4 12.6 10.9 
  MP3 18.5 15.2 15.2 
  SCS-MP3 26.7 24.2 24.2 
  MP4(SDQ) 15.8 13.1 13.1 
  MP4 11.2 8.5 5.4 
  MP3.5 14.0 10.8 10.3 
  MP4avg 12.8 9.7 9.2 
  CCSD 11.3 9.7 9.4 
  CCSD(T) 5.3 4.6 2.2 
NHTBH38 subset AʹVTZ MP2 10.6 8.3 4.8 
  SCS-MP2 15.5 12.8 11.7 
  MP2.5 11.9 10.9 10.5 
  MP3 19.3 16.2 16.2 
  SCS-MP3 17.2 15.2 14.5 
  MP4(SDQ) 12.3 10.0 10.0 
  MP4 6.7 5.0 –1.6 
  MP3.5 8.8 7.3 7.3 
  MP4avg 6.4 5.2 4.2 
  CCSD 11.8 9.5 9.5 
  CCSD(T) 2.1 1.6 –0.2 
 AʹVDZ MP2 12.7 10.3 3.9 
  SCS-MP2 18.6 13.4 10.7 
  MP2.5 13.1 10.1 9.2 
  MP3 19.0 14.7 14.5 
  SCS-MP3 19.7 14.5 13.4 
  MP4(SDQ) 13.7 10.3 8.0 
  MP4 11.0 9.0 –1.6 
  MP3.5 11.6 8.8 6.4 
  MP4avg 10.7 9.0 3.2 
  CCSD 12.6 8.7 7.5 
  CCSD(T) 8.6 6.7 –1.0 
Overall AʹVTZ MP2 14.1 11.0 7.9 
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  SCS-MP2 20.4 17.0 16.4 
  MP2.5 13.9 12.3 11.7 
  MP3 18.5 15.5 15.5 
  SCS-MP3 21.3 18.6 18.3 
  MP4(SDQ) 14.0 11.4 11.4 
  MP4 8.3 5.9 0.8 
  MP3.5 10.6 8.1 8.1 
  MP4avg 9.1 6.6 6.1 
  CCSD 11.5 9.7 9.4 
  CCSD(T) 2.5 2.1 0.2 
 AʹVDZ MP2 16.3 12.6 5.2 
  SCS-MP2 22.4 17.7 16.4 
  MP2.5 14.8 11.3 10.0 
  MP3 18.8 15.0 14.9 
  SCS-MP3 23.4 19.4 18.8 
  MP4(SDQ) 14.8 11.7 10.5 
  MP4 11.1 8.8 1.9 
  MP3.5 12.9 9.8 8.4 
  MP4avg 11.8 9.4 6.2 
  CCSD 12.0 9.2 8.4 
  CCSD(T) 7.1 5.7 0.6 

aFootnote a to Table S2 applies here. 
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Table S13. WTRMSDs for the ab initio methods examined in the current study (in kJ 

mol–1). 

Basis sets Methods WTRMSDa WTRMSDb WTRMSDc 
AʹVTZ MP2 23.7 7.1 8.8 
 SCS-MP2 22.6 4.7 8.1 
 MP3 26.5 5.1 8.0 
 SCS-MP3 14.5 5.4 9.0 
 MP2.5 10.0 3.4 5.6 
 MP4(SDQ) 24.2 5.6 7.4 
 MP4 7.7 4.2 5.0 
 MP4avg 11.5 3.1 4.4 
 MP3.5 11.9 1.9 3.8 
 CCSD 26.6 5.0 6.4 
 SCS-CCSD N/A 5.2 N/A 
 CCSD(T) 7.3 1.9 1.7 

aAll the datasets are included (the W4-11 and BH76 datasets are evaluated with AʹVQZ, the tetrapeptide 
conformers dataset is evaluated with cc-pVDZ, while the rest of the datasets are evaluated with the AʹVTZ 
basis set). bExcluding the W4-11 and BH76 datasets, these values are used in Figure 2 of the main text. 
cExcluding the W4-11 dataset,. 
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Table S14. Optimal coefficients of the MP3.5 and MP4avg methods for each of the 

databases.a, b 

Dataset MP3.5 MP4avg 

 x, y x, y 
C8H8 isomers 0.51, 0.49 0.64, 0.37 
HxCyOz isomers 0.56, 0.44 0.10, 0.90 
DIE60 0.50, 0.50 0.53, 0.49 
EIE22 0.44, 0.55 0.52, 0.49 
CnH2n+2 0.45, 0.54 0.36, 0.62 
IACBH8 0.36, 0.64 0.61, 0.40 
BHPE13 0.39, 0.58 0.62, 0.36 
WCPT27 0.37, 0.62 0.67, 0.33 
BH76 0.27, 0.70 0.61, 0.36 

aMP3.5 = x × MP3 + y × MP4, MP4avg = x × MP4 + y × MP4(SDQ). bAll the values are based on 
calculations carried out in conjunction with the cc-pVTZ or AʹVTZ basis set. 
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Scheme S1. Atoms included in DHDFT models A, B, and C. 
 
  



Chapter	  5:	  Appendices	  
	  

	   241	  

 
Figure S1. The root-mean-square deviation (RMSD) results of the backbone. 
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Figure S2. Relative energy profiles of the hydride transfer as well as the proton transfer 

for ChOx by using QM/MM scan. 
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Figure S3. Statistics of NE2H–O1 and LysNH3–O bond lengths from snapshots along 

RC1. 
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Figure S4. The predicted relative energies for the hydride transfer in His447Gln (dark 

red), His447Asn (blue), and the wild-type (black) cholesterol oxidase. 
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Figure S5. Free energy decomposition based on the per-residue type (a) and Free energy 

decomposition for the key residues (b) in ChOx. 
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Figure S6. B3LYP-D3/6-31+G(2df,p) optimised reactant complexes (RCs) and product 

complexes (PCs) located on the potential energy profiles in models A, B, and C. 

Hydrogen bonds are shown as grey dashed lines. Atomic color scheme: H, white; C, 

grey; N, blue; O, red. 
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Table S1. Barrier heights (BH) and reaction energies (RE) (in kJ mol–1) calculated at the 

RI-B2GP-PLYP/Def2-QZVPP//B3LYP-D3/6-31+G(2df,p) level of theory.  

Models Energies ∆G298 (kJ/mol) ∆H298 (kJ/mol) 
 Gas CPCM(ε = 4.0) Gas CPCM(ε = 4.0) 

A BH 175.8 136.5 157.1 117.8 
 RE 79.5 37.1 53.5 11.1 

B BH 96.3 113.9 85.4 103.0 
 RE –13.6 2.2 –26.0 –10.2 

C BH 86.5 102.1 84.8 100.4 
 RE –24.4 –14.7 –30.5 –20.8 
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Table S2. Selected distances (Å) of the optimized structures for the reactants complexes 

(RCs), transition structures (TSs), and products complexes (PCs) from the reactions 

listed in Figure 5 and Figure S1. The distance labels are shown in Scheme 1, R1 = 

O2•••H1 and R2 = O1•••H1. 

Model Distance RC TS PC 
B R1 1.715 1.046 0.994 
 R2 0.992 1.465 1.702 
C R1 1.666 1.042 0.993 
 R2 1.000 1.475 1.718 
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Table S3. B3LYP-D3/6-31+G(2df,p) optimized geometries (Å) for all structures in 
models A–C. 
 
Model A 
React 
C        1.156941   -2.568918   -1.607534  
C        4.342069   -0.192734   -0.103878  
C        2.835385    0.931390    1.394006  
C        1.771118    0.154296    0.905242  
C       -0.461893   -0.337831    0.950953  
N        0.516686    0.365324    1.413495  
C       -1.844956   -0.061810    1.453137  
C       -2.588174   -1.888338   -0.079704  
C       -0.328133   -1.370603   -0.073067  
C        2.008886   -0.813703   -0.104419  
N        0.942736   -1.568130   -0.560261  
C       -0.109063    3.464503   -1.700817  
C       -0.950399    2.570392   -0.793688  
O       -1.004534    1.231802   -1.317690  
C       -2.353327    3.117710   -0.553224  
H       -0.445033    2.455018    0.170447  
H       -2.911245    2.462765    0.120321  
H       -2.305511    4.112446   -0.098695  
H       -2.901975    3.208922   -1.500137  
H       -0.592592    3.593344   -2.677322  
H        0.019624    4.456802   -1.255420  
H        0.879523    3.024288   -1.861003  
H        1.530914   -2.081707   -2.512155  
H        1.881889   -3.312426   -1.266292  
H        0.202421   -3.046090   -1.811377  
H       -3.744949   -0.768916    1.206634  
H        4.932928    1.364243    1.273253  
O       -2.120610    0.815171    2.245463  
N       -2.785634   -0.903496    0.911919  
N       -1.307126   -2.092651   -0.539407  
O       -3.551665   -2.507027   -0.484930  
H        2.606233    1.657214    2.165488  
H        5.342718   -0.328387   -0.499768  
H        3.520736   -1.702938   -1.374429  
C        4.113316    0.763813    0.896627  
C        3.311546   -0.975271   -0.603186  
H       -1.587732    1.221142   -2.085211  
 
TS 
C       -0.308187   -3.173648    0.940592  
C       -3.972374   -1.367280   -0.230615  
C       -2.791127    0.543342   -1.077756  
C       -1.577982   -0.024052   -0.686482  
C        0.795621    0.043505   -0.629585  
N       -0.384988    0.666119   -0.924687  
C        2.023746    0.727251   -0.976840  
C        3.192558   -1.227475    0.031190  
C        0.868240   -1.217175    0.012110  
C       -1.549506   -1.293156   -0.064505  
N       -0.333179   -1.857020    0.313036  
C       -1.565792    2.223046    1.599984  
C       -0.254220    2.475596    0.936037  
O        0.820331    1.827136    1.415502  
C        0.077628    3.809246    0.346585  
H       -0.404696    1.696276   -0.648775  
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H        1.020667    3.759807   -0.199341  
H       -0.712721    4.144098   -0.331024  
H        0.164332    4.562414    1.147986  
H       -1.583205    2.688428    2.598932  
H       -2.388707    2.646843    1.020806  
H       -1.762869    1.151205    1.726228  
H       -0.888331   -3.162440    1.869134  
H       -0.727852   -3.927765    0.266131  
H        0.729727   -3.416556    1.154448  
H        4.048635    0.448127   -0.820124  
H       -4.927729    0.333592   -1.155951  
O        2.063671    1.841032   -1.494992  
N        3.153193    0.018512   -0.628513  
N        1.989822   -1.828060    0.321809  
O        4.275370   -1.711284    0.311592  
H       -2.769834    1.509827   -1.570524  
H       -4.899702   -1.898490   -0.047796  
H       -2.782604   -2.923079    0.627479  
C       -3.991041   -0.116231   -0.848825  
C       -2.770239   -1.952134    0.153049  
H        0.572034    1.030765    1.904432  
 
Prod 
C        0.071131   -2.919096    1.281256  
C       -3.503780   -1.856505   -0.786300  
C       -2.610047    0.316724   -1.265715  
C       -1.480845    0.000853   -0.526110  
C        0.866337    0.387664   -0.239253  
N       -0.445810    1.008036   -0.293577  
C        1.882648    0.986501   -1.040195  
C        3.322496   -0.851409   -0.167348  
C        1.050101   -0.897457    0.271309  
C       -1.294355   -1.274445    0.044759  
N       -0.092266   -1.609827    0.659992  
C       -0.861171    1.119741    2.217836  
C       -0.726023    1.972294    0.965810  
O        0.352771    2.833209    1.016140  
C       -1.958392    2.806294    0.666138  
H       -0.364562    1.664959   -1.088639  
H       -1.837837    3.351466   -0.274370  
H       -2.859771    2.194436    0.628705  
H       -2.067808    3.541769    1.466121  
H       -1.015986    1.796781    3.060838  
H       -1.711894    0.438727    2.156459  
H        0.047700    0.542903    2.399854  
H       -0.709530   -3.065619    2.032473  
H        0.024132   -3.727569    0.542133  
H        1.053242   -2.944920    1.747691  
H        3.883980    0.701143   -1.424632  
H       -4.519071   -0.370061   -1.980482  
O        1.699393    1.982967   -1.750917  
N        3.085969    0.321390   -0.933180  
N        2.221437   -1.489214    0.359096  
O        4.466340   -1.254665   -0.056447  
H       -2.690070    1.295537   -1.724978  
H       -4.296662   -2.591167   -0.873349  
H       -2.259593   -3.176739    0.349608  
C       -3.634879   -0.614699   -1.405098  
C       -2.352446   -2.189436   -0.080211  
H        1.165755    2.321431    1.144774  
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Model B 
React 
C        1.508921   -2.907266    0.138256  
C       -2.616052   -2.904508   -0.813131  
C       -2.444016   -0.693778   -1.735639  
C       -1.082177   -0.658275   -1.383753  
C        0.859852    0.530431   -1.242152  
N       -0.373255    0.479256   -1.632999  
C        1.619981    1.799178   -1.441271  
C        3.569632    0.585557   -0.448171  
C        1.576408   -0.580258   -0.628770  
C       -0.486207   -1.779535   -0.751104  
N        0.860477   -1.734227   -0.459280  
C       -3.905446    2.526857    0.072695  
C       -2.526683    2.099137    0.569224  
O       -2.656119    0.798335    1.108461  
C       -1.959678    3.079918    1.601132  
H       -1.837865    2.079920   -0.290921  
H       -1.745710    0.485681    1.348182  
C        1.617771   -0.196065    3.248962  
C        0.383757   -0.580518    2.416752  
O       -0.047435   -1.750064    2.509474  
O       -0.064818    0.327931    1.650828  
H       -0.988874    2.719127    1.952318  
H       -1.829467    4.077999    1.163178  
H       -2.637354    3.156413    2.460929  
H       -4.614357    2.555117    0.909441  
H       -3.866103    3.520512   -0.388431  
H       -4.283858    1.812362   -0.666374  
H        1.541793    0.837387    3.600305  
H        1.751110   -0.878348    4.092762  
H        2.502513   -0.262238    2.603606  
H        1.076288   -3.070412    1.128297  
H        1.352388   -3.770735   -0.514620  
H        2.569180   -2.688256    0.225250  
H        3.488662    2.543054   -1.090143  
H       -4.261979   -1.825842   -1.711486  
O        1.167768    2.812267   -1.940726  
N        2.919203    1.712101   -0.998985  
N        2.843656   -0.559857   -0.286149  
O        4.750109    0.694203   -0.152801  
H       -2.859184    0.195579   -2.193326  
H       -3.222565   -3.767754   -0.558941  
H       -0.862389   -3.735695    0.084128  
C       -3.207008   -1.807556   -1.463035  
C       -1.278862   -2.901011   -0.459020  
 
TS 
C       -2.229751    2.162402   -1.954337  
C       -4.905451   -0.815983   -0.531988  
C       -3.308986   -1.460199    1.143307  
C       -2.419968   -0.478822    0.701669  
C       -0.416714    0.683915    0.971647  
N       -1.164709   -0.387751    1.319626  
C        0.818006    0.929934    1.713182  
C        1.175888    2.867459    0.184266  
C       -0.719469    1.567535   -0.107992  
C       -2.786350    0.359844   -0.376684  
N       -1.901507    1.339762   -0.801362  
C       -0.654901   -2.662410   -1.041687  
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C        0.312298   -1.907633   -0.126377  
O        0.848606   -0.836736   -0.638039  
C        1.206447   -2.793891    0.748050  
H       -0.493751   -1.422727    0.789353  
H        2.279808   -0.561997   -0.485550  
C        5.577022   -0.643310   -0.627347  
C        4.149738   -1.129390   -0.817099  
O        3.885707   -2.212211   -1.314098  
O        3.273206   -0.253797   -0.378361  
H        1.712825   -2.180796    1.496859  
H        0.619009   -3.563049    1.261828  
H        1.961741   -3.277784    0.115769  
H       -0.077044   -3.195534   -1.808868  
H       -1.257013   -3.392271   -0.489815  
H       -1.325425   -1.960830   -1.546189  
H        5.777557   -0.511832    0.441143  
H        6.278212   -1.363816   -1.050309  
H        5.703659    0.334314   -1.102553  
H       -2.421852    1.526246   -2.825208  
H       -3.117960    2.775491   -1.757781  
H       -1.379346    2.812771   -2.144854  
H        2.423041    2.195577    1.673921  
H       -5.221779   -2.411959    0.887837  
O        1.233842    0.254085    2.647279  
N        1.517939    2.032334    1.255516  
N       -0.000579    2.608003   -0.469355  
O        1.921223    3.796566   -0.105436  
H       -2.986881   -2.084531    1.969847  
H       -5.866162   -0.942362   -1.020981  
H       -4.337202    0.800682   -1.814686  
C       -4.546210   -1.639714    0.536129  
C       -4.039952    0.176046   -0.983322  
 
Prod 
C       -2.385569    2.366033   -1.661401  
C       -4.965739   -0.478530    0.179568  
C       -3.099569   -1.380927    1.402245  
C       -2.232219   -0.462056    0.811299  
C       -0.110265    0.667639    0.736736  
N       -0.868710   -0.498013    1.027290  
C        1.171885    0.819180    1.302446  
C        1.306845    2.948659    0.013555  
C       -0.588676    1.628402   -0.139183  
C       -2.744288    0.496760   -0.108108  
N       -1.870073    1.420469   -0.694858  
C       -1.097918   -2.923099   -1.338421  
C        0.269660   -2.382834   -1.001532  
O        0.824753   -1.597244   -1.755992  
C        0.953786   -2.912621    0.235804  
H       -0.542605   -0.974068    1.858898  
H        2.327189   -0.891537   -1.378759  
C        4.828230   -0.253919    0.543664  
C        3.952859   -1.082251   -0.362283  
O        4.030244   -2.292231   -0.467657  
O        3.058098   -0.333885   -1.000206  
H        1.374023   -2.088710    0.818440  
H        0.267464   -3.492477    0.858115  
H        1.793694   -3.543423   -0.076482  
H       -1.041383   -4.015325   -1.432961  
H       -1.802475   -2.703158   -0.530325  
H       -1.460267   -2.486142   -2.270091  
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H        4.239200   -0.053888    1.447251  
H        5.731407   -0.806067    0.806131  
H        5.073927    0.704780    0.080135  
H       -2.847527    1.830823   -2.500064  
H       -3.140003    3.033610   -1.217180  
H       -1.550766    2.969997   -2.010645  
H        2.735073    2.151636    1.262507  
H       -5.114339   -2.132275    1.551320  
O        1.725621    0.000141    2.072899  
N        1.797293    1.997261    0.923541  
N        0.064342    2.728245   -0.504266  
O        2.011639    3.925353   -0.254357  
H       -2.690622   -2.095412    2.111474  
H       -6.018747   -0.474921   -0.081460  
H       -4.519082    1.192339   -1.094874  
C       -4.463531   -1.399608    1.085225  
C       -4.108319    0.469407   -0.403093  
 
 
Model C 
React 
C       -0.685301   -3.043261    1.291448  
C       -3.573286   -1.736717   -1.523585  
C       -1.909974   -0.431458   -2.669142  
C       -0.935527   -0.886862   -1.764496  
C        1.230800   -0.816991   -1.039281  
N        0.345141   -0.415914   -1.888089  
C        2.612446   -0.261289   -1.127968  
C        3.196310   -1.873507    0.684574  
C        0.987110   -1.808285    0.004369  
C       -1.296290   -1.777912   -0.724612  
N       -0.313402   -2.216188    0.142500  
C       -3.912364    0.593870    1.692827  
C       -2.485754    1.017560    2.038974  
O       -1.628200   -0.069140    1.740912  
C       -2.344728    1.438377    3.503736  
H       -2.207376    1.877818    1.414433  
H       -0.711433    0.284136    1.554855  
C        2.709339    2.140056    1.374030  
C        1.219361    1.828104    1.563600  
O        0.500067    2.650208    2.154162  
O        0.824479    0.714050    1.074654  
H       -1.317275    1.763743    3.684823  
H       -3.019899    2.271324    3.741074  
H       -2.584647    0.593684    4.162601  
H       -4.197725   -0.286383    2.283679  
H       -4.625050    1.398641    1.908624  
H       -3.987604    0.331590    0.633036  
H        2.970316    3.084304    1.856654  
H        3.314438    1.329893    1.795482  
H        2.940850    2.200540    0.305167  
H       -1.411030   -2.483529    1.885855  
H       -1.104810   -3.994161    0.949031  
H        0.216087   -3.227830    1.868949  
H        4.435792   -0.521952   -0.252972  
H       -3.975050   -0.491535   -3.245741  
O        2.950974    0.621095   -1.893825  
N        3.487162   -0.872163   -0.265380  
N        1.907671   -2.329403    0.771587  
O        4.111635   -2.294710    1.373350  
H       -1.591431    0.276257   -3.426062  
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H       -4.604355   -2.058077   -1.417772  
H       -2.937895   -2.845224    0.189692  
C       -3.221036   -0.852493   -2.555309  
C       -2.632319   -2.194543   -0.616438  
N       -0.101229    2.699416   -2.272906  
H        0.301270    1.766844   -2.223009  
C        0.975899    3.674478   -2.163961  
H        1.756968    3.439729   -2.893229  
H        0.589417    4.679895   -2.381758  
H        1.439024    3.705403   -1.162048  
C       -1.089954    2.853685   -1.207541  
H       -1.627858    3.801849   -1.345399  
H       -1.822370    2.042844   -1.265185  
H       -0.655788    2.851062   -0.196126  
 
TS 
C       -1.786518   -3.674828    0.201114  
C       -4.715081   -0.821118    1.371809  
C       -3.300867    0.963366    0.599712  
C       -2.337437    0.037177    0.196042  
C       -0.319885   -0.409121   -0.889893  
N       -1.136840    0.518054   -0.344455  
C        0.831255    0.064934   -1.646929  
C        1.433528   -2.334126   -1.937081  
C       -0.480491   -1.817757   -0.738487  
C       -2.565601   -1.346251    0.375007  
N       -1.600096   -2.253621   -0.043328  
C       -0.463700    0.510238    2.907061  
C        0.425541    0.733359    1.681718  
O        1.066958   -0.313557    1.250674  
C        1.159579    2.078450    1.643807  
H       -0.462717    0.932677    0.742443  
H        2.485427   -0.226418    0.854051  
C        5.759789    0.154810    0.793184  
C        4.352254    0.183933    1.363862  
O        4.108370    0.571711    2.494323  
O        3.463329   -0.245246    0.494108  
H        1.618676    2.219239    0.662666  
H        0.471517    2.908906    1.834872  
H        1.950664    2.078741    2.404028  
H        0.172656    0.412431    3.796945  
H       -1.158431    1.341904    3.064448  
H       -1.037546   -0.414154    2.794792  
H        6.478898    0.463106    1.553007  
H        5.994972   -0.851626    0.433516  
H        5.817134    0.828004   -0.068587  
H       -1.933016   -3.853756    1.271691  
H       -2.657328   -4.055542   -0.346587  
H       -0.892242   -4.186924   -0.146213  
H        2.487731   -0.688025   -2.580388  
H       -5.227767    1.272228    1.503485  
O        1.099230    1.245705   -1.853488  
N        1.624563   -0.956561   -2.128880  
N        0.318363   -2.731385   -1.245164  
O        2.249366   -3.114177   -2.412940  
H       -3.075864    2.014305    0.445851  
H       -5.635977   -1.164395    1.832495  
H       -3.966669   -2.811763    1.122304  
C       -4.488004    0.544290    1.188556  
C       -3.769581   -1.759545    0.968025  
N       -1.299215    3.505583   -1.147785  
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H       -0.924734    2.587789   -0.912117  
C       -2.070970    3.356625   -2.371260  
H       -2.819106    2.568314   -2.237809  
H       -2.598946    4.292506   -2.601129  
H       -1.451255    3.093377   -3.249355  
C       -0.193916    4.439191   -1.303619  
H       -0.582347    5.452593   -1.476186  
H        0.403358    4.455783   -0.387200  
H        0.478102    4.178945   -2.140932  
 
Prod 
C        2.840398    0.612113    2.274377  
C        4.168828   -2.602026   -0.182061  
C        2.394049   -2.145993   -1.743658  
C        1.936598   -1.091439   -0.955833  
C        0.193844    0.432761   -0.326530  
N        0.884582   -0.279048   -1.344154  
C       -1.117545    0.888838   -0.570821  
C       -0.966230    2.011768    1.645992  
C        0.825870    0.768196    0.860330  
C        2.597250   -0.790739    0.267464  
N        2.129187    0.269462    1.060944  
C       -0.227986   -2.032131    2.168750  
C       -1.451031   -1.852710    1.298357  
O       -2.437904   -1.293868    1.755938  
C       -1.457941   -2.449239   -0.088622  
H        0.266822   -0.618923   -2.070435  
H       -3.745457   -0.643909    0.851023  
C       -5.084906    0.353156   -1.894738  
C       -4.619966   -0.636340   -0.858282  
O       -4.523484   -1.832430   -1.045758  
O       -4.297219   -0.037147    0.290457  
H       -1.698028   -1.669348   -0.818667  
H       -0.502426   -2.912451   -0.341486  
H       -2.268788   -3.181527   -0.153615  
H       -0.369898   -2.948763    2.757947  
H        0.684213   -2.147354    1.582412  
H       -0.139243   -1.186809    2.854068  
H       -5.601222   -0.163652   -2.704401  
H       -5.727737    1.115909   -1.447057  
H       -4.183581    0.845566   -2.277310  
H        2.831522   -0.214023    3.001556  
H        3.883207    0.856562    2.039373  
H        2.340623    1.469642    2.719991  
H       -2.598740    1.941292    0.383969  
H        3.857515   -3.703712   -2.006325  
O       -1.781219    0.618921   -1.596886  
N       -1.627663    1.670661    0.453226  
N        0.297638    1.514842    1.823034  
O       -1.544960    2.727527    2.462308  
H        1.871264   -2.363515   -2.670433  
H        5.037987   -3.172434    0.127478  
H        4.215419   -1.349831    1.562323  
C        3.513089   -2.896546   -1.368234  
C        3.702691   -1.559567    0.633322  
N        2.325635    2.552592   -1.998783  
H        1.885552    1.636464   -1.995822  
C        3.579852    2.480843   -1.264456  
H        4.189717    1.659547   -1.654324  
H        4.142283    3.414622   -1.398508  
H        3.445455    2.322464   -0.179293  



Chapter	  5:	  Appendices	  
	  

	  256	  

C        1.398253    3.522592   -1.427173  
H        1.785051    4.538757   -1.581999  
H        0.431399    3.445820   -1.932427  
H        1.229021    3.384783   -0.345492  
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An extended N-H bond, driven 
by a conserved second-order 
interaction, orients the flavin N5 
orbital in cholesterol oxidase
Emily Golden1, Li-Juan Yu1, Flora Meilleur2,3, Matthew P. Blakeley4, Anthony P. Duff5, 
Amir Karton1 & Alice Vrielink1

The protein microenvironment surrounding the flavin cofactor in flavoenzymes is key to the 
efficiency and diversity of reactions catalysed by this class of enzymes. X-ray diffraction structures 
of oxidoreductase flavoenzymes have revealed recurrent features which facilitate catalysis, such as 
a hydrogen bond between a main chain nitrogen atom and the flavin redox center (N5). A neutron 
diffraction study of cholesterol oxidase has revealed an unusual elongated main chain nitrogen 
to hydrogen bond distance positioning the hydrogen atom towards the flavin N5 reactive center. 
Investigation of the structural features which could cause such an unusual occurrence revealed a 
positively charged lysine side chain, conserved in other flavin mediated oxidoreductases, in a second 
shell away from the FAD cofactor acting to polarize the peptide bond through interaction with 
the carbonyl oxygen atom. Double-hybrid density functional theory calculations confirm that this 
electrostatic arrangement affects the N-H bond length in the region of the flavin reactive center. We 
propose a novel second-order partial-charge interaction network which enables the correct orientation 
of the hydride receiving orbital of N5. The implications of these observations for flavin mediated redox 
chemistry are discussed.

Flavoenzymes are a large and structurally diverse class of enzymes, catalysing a wide range of biochemical reac-
tions involved in many processes, including oxidation and dehydrogenation of metabolites, light emission1, 
energy production2, DNA repair3 and apoptosis4. The diversity of these functions is due to the versatility of the 
flavin cofactor which may undergo the redox cycle through one or two electron transfers5. Remarkably, the top-
ological fold of these proteins has little correlation with function; enzymes displaying similar folds may cata-
lyse different functions while those with dissimilar folds may catalyse similar reactions. Instead, it is the protein 
microenvironment surrounding the flavin cofactor that is the most prominent factor in modulating the redox 
potential of the flavin5. One subset of flavoenzymes are the oxidoreductases which catalyse the dehydrogenation 
of their substrate and require oxygen for reoxidizing the reduced flavin cofactor. This requires the rupture of 
the stable C-H bond of the substrate via a hydride transfer mechanism. Numerous studies have investigated the 
mechanism of oxidoreductases and X-ray studies of oxidoreductases have allowed the identification of conserved 
active site architectures which are employed by these enzymes to perform catalysis6–13, however many questions 
remain regarding how these enzymes are able to efficiently rupture the C-H bond of the substrate. Much research 
has been performed to determine the effect of direct interactions between the protein, cofactor and substrate 
on catalytic activity and redox potential. In this work we identify a new second-order hydrogen bond network 
in cholesterol oxidase which provides further insights into the dehydrogenation mechanism of this and related 
oxidoreductase enzymes.
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Yang Ren2, Xiaoxiong Xu4, Stefan Adams1 & Qing Wang1

Water contamination is generally considered to be detrimental to the performance of aprotic

lithium–air batteries, whereas this view is challenged by recent contrasting observations. This

has provoked a range of discussions on the role of water and its impact on batteries. In this

work, a distinct battery chemistry that prevails in water-contaminated aprotic lithium–oxygen

batteries is revealed. Both lithium ions and protons are found to be involved in the oxygen

reduction and evolution reactions, and lithium hydroperoxide and lithium hydroxide are

identified as predominant discharge products. The crystallographic and spectroscopic

characteristics of lithium hydroperoxide monohydrate are scrutinized both experimentally and

theoretically. Intriguingly, the reaction of lithium hydroperoxide with triiodide exhibits a faster

kinetics, which enables a considerably lower overpotential during the charging process. The

battery chemistry unveiled in this mechanistic study could provide important insights into the

understanding of nominally aprotic lithium–oxygen batteries and help to tackle the critical

issues confronted.
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Geometries, interaction energies and
complexation free energies of 18-crown-6 with
neutral molecules†

Ming W. Shi, Li-Juan Yu, Sajesh P. Thomas, Amir Karton and Mark A. Spackman*

Although 18-crown-6 is renowned for its binding affinity to various metal and ammonium cations, the na-

ture and strength of its binding with neutral guest molecules is relatively unexplored. Here we report a

computational study of the host : guest geometries, interaction energies and Gibbs free energies of forma-

tion of 18-crown-6 with 49 neutral guest molecules in the gas phase, using the G4(MP2) composite

method. Optimized geometries are in excellent agreement with those observed in crystals, with differences

readily attributed to guest : guest interactions in the solid state. Host : guest interaction energies range from

−13 to −103 kJ mol−1, and the estimated Gibbs free energies of binding at 298 K correlate with the observa-

tion (or not) of the complexes in crystals. The electrostatic, dispersion, polarization and repulsion compo-

nents of the interaction energy have also been estimated using the recently described CE-B3LYP model

energies, providing insight into the binding nature between 18C6 and neutral molecules.

Introduction

Since their discovery in 1967, crown ethers have attracted
much attention, in the process providing an important foun-
dation for modern supramolecular chemistry.2 They have
found extensive applications in cation transportation and sep-
aration,3 and recently crown ethers have been used in the de-
sign of ferroelectric materials4 and responsive organic poly-
mer gels.5 Most applications of the crown motifs are based
on their ability to offer supramolecular recognition units that
can selectively bind to certain cationic species. In this context,
many computational studies have been reported on crown
ethers, with the majority of them focused on the binding en-
ergy and nature of interaction between the crown ether and
metal or ammonium cations.6 Somewhat surprisingly, the
binding of crown ethers with neutral guest molecules has
been largely bypassed by current computational and supramo-
lecular chemists. However, the ability to bind neutral mole-
cules is one of the most important properties of crown ethers;
18-crown-6 (18C6), one of the most common crown ethers, is
well known for its ability to form stable and ordered com-
plexes with a vast number of neutral molecules possessing
structural elements –OH, –CH3 and –XH2 (X = N, C) in the
solid state.7 These range from common solid-state neutral
molecules such as malononitrile8 and urea9 to low vapour

pressure solvents such as acetonitrile,10 and
dichloromethane,11 and gases such as ammonia.12 The fact
that the corresponding crystals formed by these host : guest
complexes are stable implies strong binding affinities, and
these form the focus of the present study. While the interac-
tion energies between 18C6 and ammonium cations have
been shown to range from −200 to −270 kJ mol−1,6c our recent
research has shown that in the host : guest complexes formed
by 18C6 and sulfonamide analogues the interaction energies
between host and guest are typically between −90 and −100 kJ
mol−1.13 In fact the host : guest binding energies of these
sulfonamide-crown motifs have been found to be much stron-
ger than other intermolecular interactions in those crystalline
complexes; they are clearly the structure-determining motif.

To the best of our knowledge there are very few computa-
tional reports of geometries, interaction energies and free en-
ergies of formation between 18C6 and neutral molecules.
Early molecular mechanics studies focused on the geometry
of the crown and its complexes with urea and formamide,14

malononitrile, nitromethane, acetonitrile and dimethyl-
sulfone,15 and malononitrile, nitromethane, acetonitrile and
benzene.16 More recent computational studies have explored
the hydrates of 18C6,17 and gas phase structures of 18C6 :
phenol have been determined to complement a laser spectro-
scopic study.18 Here we report the geometries, interaction en-
ergies and free energies of binding in 1 : 1 supramolecular
complexes of 18C6 with 49 common neutral molecules in the
gas phase. Benchmark interaction energies are calculated by
means of the G4(MP2) composite method19 and are com-
pared with CE-B3LYP20 model energies from

CrystEngComm, 2016, 18, 8653–8663 | 8653This journal is © The Royal Society of Chemistry 2016
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Thermochemistry of icosahedral closo-dicarboranes:
a composite ab initio quantum-chemical perspective
Farzaneh Sarrami, Li-Juan Yu, and Amir Karton

Abstract: We obtained accurate thermochemical properties for the ortho-, meta-, and para-dicarborane isomers (C2B10H12) by
means of explicitly correlated high-level thermochemical procedures. The thermochemical properties include heats of forma-
tion, isomerization energies, C–H and B–H bond dissociation energies (BDEs), and ionization potentials. Of these only the
ionization potentials are known experimentally. Our best theoretical ionization potentials, obtained by means of the ab initio
W1–F12 thermochemical protocol, was 241.50 kcal mol–1 (para-dicarborane), 238.45 kcal mol–1 (meta-dicarborane), and
236.54 kcal mol–1 (ortho-dicarborane). These values agree with the experimental values adopted by the National Institute of
Standards and Technology (NIST) thermochemical tables to within overlapping uncertainties. However, they suggest that the
experimental values may represent significant underestimations. For all isomers, the C–H BDEs are systematically higher than
the B–H BDEs because of the relative stability of the boron-centred radicals. The C–H BDEs for the three isomers cluster within
a narrow energetic interval, namely between 110.8 kcal mol–1 (para-dicarborane) and 111.7 kcal mol–1 (meta-dicarborane). The B–H
BDEs cluster within a larger interval ranging between 105.8 and 108.1 kcal mol–1 (both obtained for ortho-dicarborane). We used
our benchmark W1–F12 data to assess the performance of a number of lower cost composite ab initio methods. We found
that the Gaussian-3 procedures (G3(MP2)B3 and G3B3) result in excellent performance with overall root-mean-square
deviations (RMSDs) of 0.3–0.4 kcal mol–1 for the isomerization, ionization, and bond dissociation energies. However, the
Gaussian-4 procedures (G4, G4(MP2), and G4(MP2)-6X) showed relatively poor performance with overall RMSDs of 1.3–
3.7 kcal mol–1.

Key words: carborane, computational thermochemistry, CCSD(T), W1–F12 theory.

Résumé : Nous avons obtenu des propriétés thermochimiques précises pour les isomères ortho, méta et para du dicarborane
(C2B10H12) au moyen de méthodes thermochimiques à niveaux élevés explicitement corrélées. Ces propriétés thermochimiques
comprennent les chaleurs de formation, les énergies d’isomérisation, les énergies de dissociation des liaisons C–H et B–H et les
potentiels d’ionisation. Parmi celles-ci, seuls les potentiels d’ionisation sont connus expérimentalement. Les meilleurs potenti-
els d’ionisation théoriques que nous ayons obtenus, soit 241,50 kcal mol–1 (para-dicarborane), 238,45 kcal mol–1 (méta-
dicarborane) et 236,54 kcal mol–1 (ortho-dicarborane), l’ont été au moyen d’un protocole thermochimique de calculs ab initio
W1–F12. Ces valeurs concordent avec les valeurs expérimentales adoptées dans les tables thermochimiques du NIST, à l’intérieur
des marges d’incertitude. Toutefois, elles permettent de penser que les valeurs expérimentales représentent peut-être des
sous-estimations considérables. Les énergies de dissociation des liaisons C–H de tous les isomères sont systématiquement plus
élevées que celles des liaisons B–H en raison de stabilité relative des radicaux à atome central de bore. Les énergies de dissociation
des liaisons C–H des trois isomères se concentrent dans un intervalle énergétique étroit, soit de 110,8 kcal mol–1 (para-
dicarborane) à 111,7 kcal mol–1 (méta-dicarborane), tandis que les énergies de dissociation des liaisons B–H se concentrent dans un
intervalle plus grand, allant de 105,8 à 108,1 kcal mol–1 (les deux valeurs ayant été obtenues pour l’ortho-dicarborane). Nous
utilisons nos propres données de référence W1–F12 pour évaluer la performance d’un certain nombre de méthodes ab initio
composites à faible coût. Nous avons observé que des méthodes gaussiennes de type 3 (G3[MP2]B3 et G3B3) offrent une excellente
performance, les écarts moyens quadratiques (EMQ) globaux des énergies d’isomérisation, d’ionisation et de dissociation étant
de 0,3 à 0,4 kcal mol–1. Cependant les méthodes gaussiennes de type 4 (G4, G4[MP2] et G4[MP2]-6X) affichent une performance
relativement faible et des EMQ globaux de 1,3 à 3,7 kcal mol–1. [Traduit par la Rédaction]

Mots-clés : carborane, thermochimie computationnelle, CCSD(T), théorie W1–F12.

Introduction
Closo- (closed) dicarboranes are highly symmetric compounds

with the general molecular formula C2BnHn+2 (n = 3–10). Icosahe-
dral closo-dicarboranes (carboranes hereinafter) are the highest
members of this series with a molecular formula of C2B10H12.
There are three possible C2B10H12 isomers: para-carborane, meta-
carborane, and ortho-carborane (Fig. 1).

These highly symmetric boron-rich cages have attracted a con-
siderable amount of attention since ortho-carborane was first syn-
thesized more than half a century ago by reacting decaborane
with acetylene.1 Because of their unique chemical properties such
as high stability and ease of chemical functionalization, icosahe-
dral carboranes have found potential applications in many fields
including catalysis, cancer therapy, drug design, electronic de-
vices, metal–organic frameworks, organometallic synthesis, and
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a b s t r a c t

Based on ab initio calculations using the Gaussian-4 method, we propose a new catalytic mechanism for
the Beckmann rearrangement in concentrated H2SO4. Our calculations suggest that H2SO4 catalyzes the
1,2-proton-shift step via a cyclic transition structure, in which H2SO4 acts as a proton-transfer bridge. The
reaction barrier for this mechanism is lower by 48.1 kJ mol�1 than the barrier for the previously sug-
gested catalytic mechanism, which involves a strained 3-memberd-ring transition structure. According
to the previous mechanism the 1,2-proton shift has the highest activation energy, while in the revised
mechanism the highest activation energy is obtained for the ensuing rearrangement/dehydration step.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

The Beckmann rearrangement (BR) reaction is an important
organic reaction in which an oxime is converted into an amide
under acidic conditions (Fig. 1). It was discovered by Ernst Otto
Beckmann in 1886 [1], and has become a powerful tool in organic
synthesis [2–4]. For example, it is a key step in the conversion of
cyclohexanone oxime into e-caprolactam – a precursor of the
Nylon-6 polymer [5,6]. The BR reaction is also utilized in an
environmentally friendly synthesis of paracetamol, namely in the
conversion of p-hydroxyacetophenone oxime to the amide
form – paracetamol [7]. The BR reaction is generally carried out
in a strong Brønsted acid such as condensed sulfuric acid [4].

There have been several computational investigations of the
molecular mechanism of the BR reaction in the gas-phase [8,9],
water [10,11], formic acid [10], and acetic acid [12]. These investi-
gations have established a stepwise mechanism for the BR reaction
of an oxime substrate (Fig. 2). In a concentrated acidic environ-
ment, the process begins with the N-protonated oxime (1). In the
first step a proton-transfer converts the N-protonated oxime into
an energetically less stable O-protonated intermediate (2)
[10–12]. The proton transfer is followed by a dehydration and
rearrangement step to form the protonated N-substituted nitrile
cation (3). In this dehydration/rearrangement step the R-group
trans to the leaving H2O group migrates from C to N (Fig. 2). This

step is followed by a nucleophilic attack by water on the a-
carbon and a consequent proton transfer to form the final proto-
nated amide product (4). Alternatively, the last step may be viewed
as a nucleophilic addition of a water molecule across the triple
C„N bond in the nitrile cation (3).

The gas-phase mechanism for the BR reaction with a formalde-
hyde oxime substrate has been previously studied at the MP4/6-
311++G(d,p) level of theory [8,9]. It was found that the N-
protonated form of formaldehyde oxime (1) is more stable than
the O-protonated form (2) by 77 kJ mol�1. It was also found that
the reaction barrier heights for the 1,2-proton shift (1? 2, Fig. 2)
and for the consequent dehydration/rearrangement (2? 3) steps
are 225 and 121 kJ mol�1, respectively, relative to the starting
material (1). Thus, it was concluded that in the gas-phase the
1,2-proton-shift is the rate-determining step (RDS). In a following
study the mechanism for the BR reaction was investigated in aque-
ous solution using the polarizable continuum model (PCM) [13] in
conjunction with an explicit H2SO4 catalyst [11]. This study
showed that implicit solvation interactions have only a small effect
on both the energetic and geometric parameters of the reaction
pathway. However, electrostatic interactions with the explicit
H2SO4 catalyst significantly reduce the reaction barrier for the
1,2-proton-shift step. In particular, at the MP2/6-311G(d,p) level
of theory, the reaction barrier is decreased by 115 kJ mol�1

with respect to the reaction barrier in the gas-phase. In this
H2SO4-catalyzed transition structure (TS) the migrating proton is
strongly coordinated to one of the oxygen atoms of the sulfuric
acid [11]. This TS is illustrated schematically in Fig. 3a.

http://dx.doi.org/10.1016/j.cplett.2016.07.018
0009-2614/� 2016 Elsevier B.V. All rights reserved.
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Levoglucosenone (LGO) is an important anhydrosugar product of fast pyrolysis of cellulose and biomass. We use the
high-level G4(MP2) thermochemical protocol to study the reaction mechanism for the formation of LGO from the

1,4:3,6-dianhydro-a-D-glucopyranose (DGP) pyrolysis intermediate. We find that the DGP-to-LGO conversion proceeds
via a multistep reaction mechanism, which involves ring-opening, ring-closing, enol-to-keto tautomerization, hydration,
and dehydration reactions. The rate-determining step for the uncatalyzed process is the enol-to-keto tautomerization

(DGz298¼ 68.6 kcal mol�1). We find that a water molecule can catalyze five of the seven steps in the reaction pathway. In
the water-catalyzed process, the barrier for the enol-to-keto tautomerization is reduced by as much as 15.1 kcal mol�1, and
the hydration step becomes the rate-determining step with an activation energy of DGz298¼ 58.1 kcal mol�1.

Manuscript received: 30 March 2016.
Manuscript accepted: 21 April 2016.
Published online: 24 May 2016.

Introduction

Lignocellulosic biomass – with an annual global production of
220 billion tons per year[1] – is a renewable source for fuels and
chemicals and is mainly composed of cellulose, hemicellulose,

and lignin.[2] Pyrolysis is a promising technology to convert
biomass into char, and liquid and gaseous products that could be
further upgraded to biofuels and fine chemicals.[3] Pyrolysis

liquid products are a mixture of water and hundreds of low-
concentration organic compounds including acids, aldehydes,
anhydrosugars, and furans.[4–6] In order to produce targeted
valuable industrial chemicals, it is important to understand the

chemical mechanisms underlying the formation of specific
chemicals during pyrolysis.

Levoglucosenone (LGO) is one of the most valuable pyroly-

sis products due to its unique structure and functional groups
(e.g. keto, olefinic, and ether groups).[7,8] Accordingly, LGO
is the starting material for a wide range of synthetic products

including biologically active natural products, sugar mimetics,
and agrochemicals.[9,10] It was found that 5.5 wt-% of LGO is
produced via fast pyrolysis of cellulose[11] and that the yield of

LGO can be increased by using a variety of catalysts including
H3PO4,

[12–14] H2SO4,
[15] ionic liquids,[16] SO4

2�/ZrO2, and
SO4

2�/TiO2.
[17]

The formation of LGO during pyrolysis has been studied

both theoretically and experimentally.[7,18–24] However, the
molecular mechanisms underlying the formation of LGO during
pyrolysis of cellulose and biomass are still largely unknown.

Several precursors for the formation of LGOwere proposed and
investigated.[7,19,20,25] In an early experimental study, it was
suggested that levoglucosan (LG) is a precursor of LGO.[7]More

recently, Assary and Curtiss[19] proposed a detailed scheme of

the reaction pathways for the conversion of LG into LGO

using density functional theory and high-level ab initio proce-
dures. The authors found that a water molecule could catalyze
this transformation with an activation barrier of DHz298¼
56.6 kcal mol�1 at the G4 level. Lu et al. studied the reaction
pathways for the formation of LGO from b-D-glucopyranose
and cellobiose at the B3LYP/6–31þG(d,p) level of theory.[20]
They found that the enol-to-keto tautomerization is the rate-
determining step (RDS) for both LGO formation reactions from
b-D-glucopyranose and cellobiose, with barriers of DHz298¼
69.5 kcal mol�1 and DHz298¼ 62.7 kcal mol�1, respectively.

In a recent computational investigation, Satorri[25] investi-
gated the reaction mechanism for the conversion of LG into
LGO and suggested that 1,4:3,6-dianhydro-a-D-glucopyranose
(DGP) – an important anhydrosugar product (3.3 wt-%[11])
obtained from cellulose pyrolysis – might be a possible precur-
sor for the formation of LGO. However, the reactionmechanism

for the DGP-to-LGO conversion was not investigated. Fig. 1
summarizes the two pathways for the conversion of cellulose
into LGO.

Nearly four decades ago, Shafizadeh et al.[26] showed that the
pyrolysis of DGP under acidic conditions generated significant
amounts of LGO. The authors proposed a general reaction
scheme for the formation of LGO from DGP. This scheme is

illustrated in Fig. 2. This scheme involves diol, triol, and tetraol
intermediates; however, the reaction mechanisms leading to
their formation were not discussed. In the present work, we

investigate the reaction mechanism for the uncatalyzed forma-
tion of LGO from DGP in more detail using the high-level
ab-initio G4(MP2) theory.[27] We also consider the water-

catalyzed reaction and show that a water catalyst can reduce

CSIRO PUBLISHING

Aust. J. Chem.

http://dx.doi.org/10.1071/CH16206

Journal compilation � CSIRO 2016 www.publish.csiro.au/journals/ajc

Full Paper

RESEARCH FRONT



Chapter	  5:	  Appendices	  
	  

	   269	  

5.13 Appendix M 
 
 
Presentation of the Article  
 

Title Heats of formation of the amino acids re-examined by 
means of W1-F12 and W2-F12 theories 

  
Authors Karton, A.; Yu, L.-J.; Kesharwani, M. K.; Martin, J. M. 
  
Journal Theoretical Chemistry Accounts 2014, 133 (6), 1-15 
  
DOI 10.1007/s00214-014-1483-8 
  
Date of Publication 16 April 2014 

  
 

  



REGULAR ARTICLE

Heats of formation of the amino acids re-examined by means
of W1-F12 and W2-F12 theories

Amir Karton • Li-Juan Yu • Manoj K. Kesharwani •

Jan M. L. Martin

Received: 20 January 2014 / Accepted: 15 March 2014 / Published online: 16 April 2014

� Springer-Verlag Berlin Heidelberg 2014

Abstract We have obtained accurate heats of formation

for the twenty natural amino acids by means of explicitly

correlated high-level thermochemical procedures. Our best

theoretical heats of formation, obtained by means of the

ab initio W1-F12 and W2-F12 thermochemical protocols,

differ significantly (RMSD = 2.3 kcal/mol, maximum

deviation 4.6 kcal/mol) from recently reported values

using the lower-cost G3(MP2) method. With the more

recent G4(MP2) procedure, RMSD drops slightly to

1.8 kcal/mol, while full G4 theory offers a more significant

improvement to 0.72 kcal/mol (max. dev. 1.4 kcal/mol for

glutamine). The economical G4(MP2)-6X protocol per-

forms equivalently at RMSD = 0.71 kcal/mol (max. dev.

1.6 kcal/mol for arginine and glutamine). Our calculations

are in excellent agreement with experiment for glycine,

alanine and are in excellent agreement with the recent

revised value for methionine, but suggest revisions by

several kcal/mol for valine, proline, phenylalanine, and

cysteine, in the latter case confirming a recent proposed

revision. Our best heats of formation at 298 K (DH�f ;298)

are as follows: at the W2-F12 level: glycine -94.1, alanine

�101.5, serine �139.2, cysteine �94.5, and methionine

�102.4 kcal/mol, and at the W1-F12 level: arginine

�98.8, asparagine �146.5, aspartic acid �189.6, gluta-

mine �151.0, glutamic acid �195.5, histidine �69.8,

isoleucine �118.3, leucine �118.8, lysine �110.0, phen-

ylalanine �76.9, proline �92.8, threonine �149.0, and

valine �113.6 kcal/mol. For the two largest amino acids,

an average over G4, G4(MP2)-6X, and CBS-QB3 yields

best estimates of �58.4 kcal/mol for tryptophan, and of

�117.5 kcal/mol for tyrosine. For glycine, we were

able to obtain a ‘‘quasi-W4’’ result corresponding to

TAEe = 968.1, TAE0 = 918.6, DH�f ;298 ¼ �90:0, and

DH�f ;298 ¼ �94:0 kcal/mol.

Keywords Thermochemistry � Amino acids �
Explicitly correlated methods � Density functional theory �
Ab initio

1 Introduction

Due to the increasing computational power provided by

supercomputers and recent advances in the development of

economical ab initio methods (e.g., advances in explicitly

correlated techniques [1–4]), high-level ab initio methods

have now been refined to the point where they are appli-

cable to biologically relevant systems (see Refs. [5–13] for

some recent studies). Proteinogenic amino acids are the
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a b s t r a c t

We examine the reaction of ethanol with glyoxal to form hemiacetal by means of the high-level G4(MP2)
procedure. In this reaction, an intermolecular proton transfer is coupled with the formation of a covalent
CAO bond between the two molecules. We find a novel catalytic reaction mechanism in which an H2SO4

catalyst reduces the barrier height from ΔH�
298 = 140.2 to 16.3 kJ mol�1. It is well established that H2SO4

can effectively catalyse intramolecular proton transfers. This letter shows that H2SO4 can catalyse an inter-
molecular proton transfer that is coupled with a covalent bond formation.

� 2017 Elsevier B.V. All rights reserved.

1. Introduction

Glyoxal – the simplest a-dicarbonyl – is generated in the atmo-
sphere through the oxidation of volatile organic compounds, which
are emitted via biogenic and anthropogenic processes [1–4]. It has
been found that glyoxal is an important precursor for the forma-
tion of secondary organic aerosols (SOAs), which are important
constituents of the atmosphere and are believed to play an impor-
tant role in the earth’s radiative balance and in climate change
[5,6]. Modelling the growth of organic aerosols is therefore of
major importance in atmospheric chemistry, and has been the sub-
ject of many experimental investigations [7–13]. In particular,
there is interest in discovering new pathways for the formation
of SOAs in the atmosphere.

Glyoxal can react in the atmosphere with itself and with other
small molecules, such as water and alcohols [9,14], to form oligo-
mers that are involved in SOA formation [8]. The conversion of gly-
oxal to hemiacetal is of particular importance since the enhanced
hydrogen bonding associated with the polar OH groups in the
hemiacetal significantly lowers the vapour pressure compared to
the parent glyoxal molecule. Therefore, hemiacetal can partition
more easily into the particle phase and contribute to the growth
of SOAs.

Previous experimental work reported efficient hemiacetal for-
mation from glyoxal in the atmosphere [8,15]. Previous computa-
tional studies investigated the reaction of glyoxal with water,

glyoxal, and methylglyoxal in the gas phase [4,16,17], and showed
that a formic acid catalyst can significantly lower the barrier of
these reactions [4]. Kua and co-workers used density functional
theory (DFT) to explore the reaction mechanism for imidazole for-
mation from glyoxal and methylamine in an acidic environment
[18]. However, the reaction mechanism for the inorganic-acid
catalysed formation of hemiacetal/acetal from glyoxal has not been
reported.

In this letter we use the high-level ab initio G4(MP2) procedure
to investigate the catalytic mechanism for the reaction of glyoxal
with ethanol in the gas phase. We consider both water and sul-
phuric acid catalysts. We find that a sulphuric acid catalyst can sig-
nificantly reduce the barrier for this reaction. These results are
consistent with previous computational investigations that
showed that sulphuric acid can effectively catalyse proton shifts
[19–21]. However, whereas the previous studies focused on
intramolecular proton transfers, the present work shows that
H2SO4 can efficiently catalyse an intermolecular proton transfer
which is coupled with the formation of a covalent CAO bond
between glyoxal and ethanol. The present findings provide valu-
able insights into the catalytic properties of sulphuric acid and sug-
gest a potential new pathway for the formation of hemiacetal in
the gas phase.

2. Computational methods

The high-level composite G4(MP2) theory was used in order to
explore the potential energy surface (PES) at 298 K (ΔH298) for the
uncatalysed and catalysed reactions of glyoxal with ethanol [22].

http://dx.doi.org/10.1016/j.cplett.2017.02.084
0009-2614/� 2017 Elsevier B.V. All rights reserved.
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