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Sources of Error in DFT Computations of C�C Bond Formation
Thermochemistries: p!s Transformations and Error Cancellation by
DFT Methods**
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Quantum mechanical methods based on Kohn–Sham Density
Functional Theory (DFT)[1] are currently the most used
methods in computational chemistry. In particular, the hybrid
density functional B3LYP[2] enjoys a vast popularity in the
chemistry community, but there is increasing evidence about
the limitations of this functional. The good performance of
the ubiquitous B3LYP/6-31G(d) model chemistry has been
suggested to result from error cancellation.[3, 4] In a recent
Highlight in Angewandte Chemie,[5] Schreiner reviewed
current research about limitations of DFT methods. Exam-
ples of problematic areas include calculations of enthalpies of
formation of long-chain and branched hydrocarbons,[6] hydro-
carbon reaction energies,[7] and calculation of electrocyclic
reactions.[8] In our study of Diels–Alder reactions of halofur-
ans,[9] errors in B3LYP caused us to resort to high accuracy
CBS-QB3 calculations.

Despite the alarming reports[4,10] about large errors in
DFT energetics, little effort has been made to identify sources
of error. Studies have shown that B3LYP is insufficient in the
prediction of isomer relative energies of hydrocarbon and
other main group element containing molecules.[10–12] The
work of Schleyer et al.[13] identified systematic errors of DFT
methods in the evaluation of the stabilizing 1,3-alkyl-alkyl
interactions (protobranching) that exist in linear, branched,
and most cycloalkanes, but not in methane and ethane.
Grimme has provided a theoretical explanation based on the
inability of DFT to compute medium-range correlation.[11] In
related examples, increasing DFTerrors have been found with
increasing hydrocarbon system size for the isomers with the
largest number of single bonds and small rings.[14]

As a result of the reported problems in energy evalua-
tions, and the plethora of, apparently similar, existing DFT
methods, chemists are facing uncertainty in their application
to research problems, often relying on a fortunate error
cancellation. Method development, on the other hand, should
obviously benefit from the identification of problematic areas

in fundamental transformations of interest in chemistry. To
bridge the chemistry community and the field of functional
development, the aim of this work is to provide insight into
the combined sources of errors present in C�C bond forming
reactions. In particular, Diels–Alder reactions are decom-
posed into contributions from the basic structural features
involved in these C�C bond-forming reactions.

The energetics of the ten Diels–Alder reactions I–V in
Scheme 1 have been computed[15] with the high-accuracy
CBS-QB3[16] and G3[17] methods. The results are given in

Table 1. These reactions involve acyclic and cyclic dienes, and
ethylene and acetylene dienophiles. All reactions involve the
conversion of p to s bonds from either alkene or alkyne
reactants, as well as changes in branching, hyperconjugation
interactions, and strain.

The errors in these hydrocarbon Diels–Alder reaction
energetics using a number of popular hybrid DFT func-
tionals[18] and the wave-function-based SCS-MP2[19] method
are shown in Figure 1. Double-z (6-31 + G(d,p)) and triple-z
(6-311 + G(2df,2p)) basis sets have been used (Figure 1a and
b, respectively). The double-z results emphasize the practical
aspect of the study as this type of basis sets is widely used in
calculations of large systems. For the set of reactions in
Scheme 1, all methods have mean absolute deviations
(MADs) ranging from 2–8 kcalmol�1 (double-z) or 1–12 kcal

Scheme 1. Cycloadditions involving ethylene and acetylene as dieno-
philes.
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mol�1 (triple-z) from the CBS-QB3 DHrxn. Increasing the
basis set size produces a decrease of ca. 3 kcalmol�1 in the
exothermicity of the reaction for all the computational
methods considered. For methods that, on average, over-
estimate the exothermicities of the reactions, this means that
the values would also be closer, on average, to the CBS-QB3
values with the larger basis set. However, much information is
lost if only average quantities are considered. As it is obvious
from looking at Figure 1, for either basis set, maximum
deviations approach � 15 kcal mol�1. More importantly, the
errors typically span 7–10 kcalmol�1 regardless of the basis set
used. For this particular set of reactions, B1B95 (with the
double-z basis set) and M06-2X (with the triple-z basis set)
have the lowest MAD, the errors are distributed around 0

albeit in an interval of 5–8 kcalmol�1. Other functionals either
consistently underestimate (B3LYP) or overestimate the
reaction exothermicities (see Figure 1). Even though the
recent M05-2X and M06-2X functionals generally show lower
mean errors than most of the other functionals (MAD 3–
4 kcalmol�1 with the double-z basis set and 1–2 kcalmol�1

with the triple-z basis set), the error ranges are only slightly
improved to ca. 5 kcalmol�1. In comparison with the DFT
methods, SCS-MP2 has a relatively low MAD, 1–2 kcalmol�1,
and the errors distribute in a narrower (3 kcalmol�1) range.
Standard MP2 reaction enthalpies I–V, however, are more
similar to those of the DFT methods (deviations span a ca.
4 kcalmol�1 range, and MADs of 6 and 3 kcal mol�1).[19b]

In order to determine the origins of these deviations,
calculations were performed to assess the errors that occur
upon transformations of p to s bonds, as well as changes in
conjugation, branching, or hyperconjugation, all of which also
change in a Diels–Alder reaction (Scheme 2).

There are two essential transformations in C�C bond
forming reactions involving hydrocarbons, depending upon
whether the p bond of the reactant belongs to an alkene
[Eq. (1)] or an alkyne [Eq. (2)], respectively. CBS-QB3
enthalpies (DH0 K) for these p to s transformations are
shown in Equations (1) and (2) (experimental values are
shown in parentheses).[20]

The simplest branching motif, protobranching (PB),[13] is
used for the estimation of branching stabilization in reactants
and products. The protobranching interaction energy
(DH0 K = 3.0 kcal mol�1 at CBS-QB3 level) corresponds with
the bond separation energy[21] of propane as shown in
isodesmic Equation (3). Similarly, hyperconjugation (HC)
and conjugation (p-C) interaction energies are defined as the
bond separation energies of propene and 1,3-butadiene,
respectively [isodesmic Equations (4) and (5)]. The CBS-
QB3 enthalpies (DH0 K) for hyperconjugation and conjugation
interactions are 5.6 and 14.5 kcalmol�1.

Table 1: Enthalpies (0 K, in kcal mol�1) for reactions I–V computed with
G3 and CBS-QB3 compound model chemistries and compared with the
experimental values, when available.

G3 CBS-QB3 Exp.[a]

Ia �37.8 �38.3 �37.6�0.5
IIa �37.2 �37.6 N/A
IIIa �36.2 �36.4 N/A
IVa �31.6 �32.1 �30.9�0.4
Va �24.2 �24.6 �22.8�8
Ib �53.2 �53.9 �53.2�0.5
IIb �52.2 �52.8 N/A
IIIb �51.4 �51.8 N/A
IVb �43.5 �44.1 N/A
Vb �28.5 �28.9 �25.4�8

[a] Experimental reaction enthalpies computed from NIST DHf at 298 K
and corrected with B3LYP/6-31+ G(d,p) thermal enthalpy corrections.
N/A = not available.

Figure 1. DFT and SCS-MP2 deviations from CBS-QB3 for reactions I–
V : a) double-z basis sets results; b) triple-z basis sets results.

Scheme 2. Bond and interaction changes in Diels–Alder reactions.
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Figure 2 shows a graphical comparison of these sources of
systematic errors given as deviations of DFT from CBS-QB3
energies (DH0K) for reactions (1)–(5). The greatest deviations

from CBS-QB3 appear in the energies associated with the
conversion of p bonds into s bonds. These energies are highly
overestimated by DFT (up to 9 kcal mol�1), with the excep-
tion of B3LYP, which underestimates alkene to alkane
transformation by 1 kcalmol�1 (double-z) or 3 kcalmol�1

(triple-z), and switches from overestimation by 2 kcalmol�1

(double-z) to underestimation by 1 kcal mol�1 (triple-z) for
alkyne to alkene transformation. These p to s transformations
appear to be the most sensitive to basis set size. For all
methods, going from double- to triple-z, the exothermicity of
the alkene to alkane transformation [Eq. (1)] decreases by ca.

1.5 kcalmol�1, while that of the alkyne to alkene transforma-
tion [Eq. (2)] decreases by ca. 2.5 kcal mol�1. Given that the
Diels–Alder reaction involves the transformation of two p

bonds into two s bonds, the basis set effect on the p to s

transformations [Eqs. (1) and (2)] acccounts for the observed
3–4 kcalmol�1 shift in Diels–Alder reaction energetics (cf.
mean deviations in Figure 1 a vs. b).

DFT methods satisfactorily estimate hyperconjugation
(HC); the deviations from CBS-QB3 are typically � 0.1 kcal
mol�1 (largest deviation 0.3 kcal mol�1 for MPW1B95 with
triple-z). However, deviations notably increase for the
estimation of conjugation (p-C) and protobranching (PB).
The former (p-C) is overestimated by ca. 0.5 kcalmol�1 by
most DFT methods and the deviations increase by 0.1–
0.2 kcalmol�1 with increasing basis set (only decreases for
B3LYP). M05-2X and M06-2X underestimate conjugation by
0.3 and 0.2 kcal mol�1, respectively. Protobranching (PB)
components are underestimated by 0.6 to 1.0 kcal mol�1 with
most DFT methods, except M05-2X and M06-2X (0.3 kcal
mol�1), regardless of basis set. M05-2X and M06-2X are the
closest to CBS-QB3 in the estimation of protobranching, with
B3LYP being the worst in this category. M05-2X and M06-2X,
however, are only average in their ability to estimate the
energetic requirement to convert p into s bonds, for which
B3LYP (double-z) and B1B95 (triple-z) are generally the
closest to CBS-QB3. The ability of a method to reliably
estimate the conversion of p into s is fundamental and of
great importance given the error cancellation that results
from the potential underestimation of protobranching (PB).

A startling overestimation of the energy of conversion of
p bonds into s bonds is found with most methods. This is a
serious problem, since these bond transformations are
involved in reactions such as electrocyclic, ene, and aldol.
While these errors may be partially or accidentally cancelled
by different sources of errors in the opposite direction, giving
a reasonable prediction of overall reaction energies (cf.
Figure 1 to Figure 2), all of the DFT functionals (and even
low-cost wave function methods) still harbor significant errors
for transformations of p into s bonds.
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