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Abstract The reaction enthalpies of aldol, Mannich and
o-aminoxylation reactions were calculated by density
functional theory (DFT) using long-range-corrected (LC),
hybrid B3LYP and other up-to-date functionals to show
why conventional DFT including B3LYP has given poor
enthalpies for these reactions. As a result, we found that
long-range exchange interactions significantly affect the
reaction enthalpies. We therefore proposed that the poor
enthalpies of B3LYP are due to its insufficient long-range
exchange effect. On the other hand, LC functionals accu-
rately reproduce reaction enthalpies for these reactions.
However, we noticed that even LC functionals present poor
reaction enthalpies for specific reactions, in which many
branches are produced or very small molecules such as
methane molecule participate.
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1 Introduction

The field of organocatalysis has become notable current
interests by chemists due to huge potential from both
economical and environmental perspective. It represents
not only a powerful and diverse field in synthesis but also
acts as complementary to metal-catalysis and still remains
an open field [1-5]. In particular, the involvement of aldol
[6], Mannich [7] and a-aminoxylation [8] reactions in or-
ganocatalytic enantioselective chemistry has been proved
as a testimony for synthetic utility [9]. In these reactions,
C—C and C-O bond-forming transformations can play vital
roles to synthesize valuable chiral compounds. Unfortu-
nately, experimental enthalpies for these types of reactions
are unavailable. Alternatively, the computational predica-
tion of such thermochemical quantities is important to pave
the path in harnessing the power of these reactions in the
area of synthetic applications, new organocatalytic para-
digm development and enzyme catalysis design.

In previous theoretical investigations of aldol, Mannich
and o-aminoxylation reactions, density functional theory
(DFT) using hybrid B3LYP functional [10, 11] has been
mainly used to investigate the mechanisms of stereoselec-
tivity [12-22] and even to design novel catalysts [23-27].
Until relatively recently, the performance of this functional
had not been questioned even when it had been compared
to experimental values [28]. However, Check and Gilbert
recently reported that B3LYP consistently underestimates
reaction energies for carbon—carbon bond formations
regardless of basis set used [29]. Houk et al. [28] then
found that B3LYP also poorly reproduces aldol, Mannich
and a-aminoxylation reaction enthalpies. They also sug-
gested that although some up-to-date functionals perform
well for aldol and Mannich reactions, even these func-
tionals provide poor enthalpies for «-aminoxylation
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reactions with about double errors. In contrast, the second-
order Mgller—Plesset perturbation theory was found to give
accurate enthalpies for all these reactions. However, it has
not so far been figured out why no functional consistently
reproduces accurate enthalpies for all these reactions as far
as we know. Since these reactions play a major role in the
field of organocatalysis, it is urgent need to reveal the cause
of the poor enthalpies of these reactions.

Recently, long-range-corrected (LC) DFT draws
increasing attention in the field of quantum chemistry
[30—40]. The LC-DFT for general functionals was devel-
oped by Tsuneda and Hirao [31] as an extension of the
LC-local density approximation functional by Savin [30].
In LC-DFT [31], the two-electron operator in the exchange
interaction is divided into the short- and long-range parts,
and a conventional exchange functional and the Hartree—
Fock exchange integral are adapted for the short- and long-
range parts, respectively. The original LC-DFT contains
only one parameter p, which is unavoidable to adapt to
exchange functionals used. Nevertheless, it has been found
that LC-DFT has solved many severe problems confronted
by conventional DFT functionals, such as the poor
description of van der Waals bonds [32, 41, 42], the
underestimation of hyper-polarizabilities of long-chain
polyenes [43, 44] and diradicals [45], the underestimation
of barrier heights [46] and recently the underestimation of
orbital energies [47]. Due to its wide applicability,
LC-DFT has been innovated to develop various functional:
CAM-B3LYP [33], LC-wPBE [37, 38], LCgau-BOP [35],
Mori-Sanchez—Cohen—Yang [36] and wB97 series [39, 40]
functionals. It is therefore expected that LC-DFT would
solve or at least provide a guiding principle for solving the
poor enthalpy problem of aldol, Mannich and a-aminoxy-
lation reactions, although LC-DFT and other LC func-
tionals have so far never been applied to this problem.

In this study, we apply LC-DFT and three types of LC
functionals to the benchmark set calculations of aldol,
Mannich and o-aminoxylation reaction enthalpies, which
were suggested by Houk et al. [28] to make clear why
conventional DFTs have failed to reproduce accurate
enthalpies for these reactions. After explaining the com-
putational details in Sect. 2, we compare the calculated
enthalpies to the complete basis set-quadratic Becke 3
(CBS-QB3) model chemistry [48, 49] values and figure out
the cause of the poor reaction enthalpies in conventional
DFT calculations in Sect. 3.

2 Computational details
In this study, we have tested the original LC-DFT and three

types of LC functionals: LC-Becke 1988 (one param-
eter) exchange 4+ one-parameter progressive correlation
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(LC-BOP) [31] (parameter p = 0.47 [34]; 3 parameters in
total), LCgau-BOP, in which the short-range part of the
two-electron operator is attenuated with a Gaussian func-
tion (parameters p = 0.47, a = 0.0335, and k = —5.9; 5
parameters in total) [35], LC-wPBE, which is derived from
the density matrix form of Perdew—Burke—Ernzerhof
exchange functional (parameter ® = 0.4; 1 parame-
ter + 10 fundamental constants in total) [37, 38] and
CAM-B3LYP, in which a constant rate of the Hartree—
Fock exchange integral is mixed (parameters u = 0.33,
a = 0.19 and b = 0.46; 12 parameters in total) [33]. To
ascertain the clear cause for the large errors in conventional
DFT energetics for these reactions, hybrid B3LYP (9
parameters in total) [10, 11] and hybrid meta-generalized-
gradient-approximation (meta-GGA) BMK (19 parame-
ters) [50] and M06-2x (29 parameters) [51] functionals are
also examined. For each of these functionals, geometries
and zero-point vibrational frequencies were computed
using the aug-cc-pVTZ [52, 53] basis set. For reference, the
results with cc-pVTZ and cc-pVDZ basis sets are also
presented in the supporting information. As reference
values, we used reaction enthalpies at zero Kelvin com-
puted using the CBS-QB3 [48, 49] results given in Ref.
[28]. All the calculations have been performed using a
development version of the GAUSSIAN 09 program [54]
where we have implemented LC-BOP and LCgau-BOP.

3 Results and discussion

Table 1 shows the calculated reaction enthalpies (AHpk
kcal mol_l) of the representative aldol, Mannich and
o-aminoxylation reactions [28] illustrated in Fig. 1 for LC
functionals (LC-BOP, LCgau-BOP, LC-wPBE and CAM-
B3LYP) and non-LC popular functionals (B3LYP, BMK and
MO06-2x) along with reference CBS-QB3 results. The total
mean absolute errors (MAEs) from the CBS-QB3 results
indicate that LC functionals give better enthalpies than those
of non-LC functionals: MAEs of LC functionals (1.6—
2.8 kcal molfl) are much smaller than that of B3LYP
(5.0 kcal mol™") and equivalent to or even smaller than those
of BMK and MO06-2x with many parameters (both 2.6 kcal
mol~"). This result indicates that long-range exchange inter-
actions may be one of the main reasons for the enthalpies of
these reactions. To confirm the high reproducibilities of LC
functionals for reaction enthalpies, we offer detailed analyses
for each kind of reactions in the following paragraphs.

In aldol reactions, a C—C bond is formed of two C-H
bonds with the H transfer from C to O. As shown in
Table 1, the calculated results depict that the high re-
producibilities of LC functionals are quite impressive in
comparison with that of B3ALYP and even better than those
of BMK containing many semi-empirical parameters. On
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Table 1 Calculated enthalpies of aldol, Mannich, «-aminoxylation and isogyric reactions in kcal/mol

Reaction LC-BOP LCgau-BOP LC-wPBE CAM-B3LYP B3LYP BMK MO06-2x CBS-QB3*
(1) —16.5 —154 —-17.3 —13.8 -9.7 —13.2 —17.4 —14.6

2) —10.7 -9.9 —11.7 —8.1 —34 —8.0 —12.6 —-11.3

3) —16.4 —15.6 —174 —13.9 94 —13.5 —18.2 —15.6

4) —5.7 —5.0 —6.6 -2.9 2.3 —24 -95 -9.2
MAE (aldol) 1.7 1.6 1.9 3.0 7.6 34 1.7 .

®) —19.1 -18.0 -20.9 —16.1 -12.0 —16.9 —18.8 -16.9

(6) —14.3 —13.4 —16.2 —11.3 —6.7 —12.6 —15.1 —14.4

@) —19.3 —183 —21.2 —16.3 —12.0 —-17.3 —19.6 —18.2
MAE (Mannich) 1.1 0.7 29 1.9 6.3 0.9 1.3 -

) —-20.2 —18.8 —-19.0 —18.9 —-15.2 -21.0 —21.4 —-17.0

©)] —23.6 —223 222 —22.1 —18.2 —24.6 —24.6 —21.1
MAE (a-aminoxylation) 2.8 1.5 1.5 14 2.4 3.8 3.9 -

(10) -6.9 —6.0 -8.3 —4.8 —-1.7 34 =7.7 —4.0
(11) —12.2 —11.2 —14.3 -9.7 —6.3 -9.5 —11.5 -8.6
(12) —11.5 —-10.4 —11.2 —10.7 -7.8 —12.1 —123 —6.8
MAE (isogyric) 3.7 2.7 4.8 2.0 1.9 23 4.0 -
MAE (Total) 22 1.6 2.8 22 5.0 2.6 2.6 -

Mean absolute errors from CBS-QB3 values are also shown for each reaction type. The reaction numbers correspond to those in Fig. 1

% Wheeler et al. [28]

close observation, we notice that a significant error con-
tribution comes from reaction 4. For this reaction, B3LYP
gives the largest error of 11.5 kcal mol™' followed by
BMK (6.9 kcal mol_l) and M06-2x holds minimum error
of —0.3 kcal mol™' while absolute error spectrum for LC
functionals is between 2.6 and 6.4 kcal mol~'. The main
difference between reaction (4) and reactions (1)—(3) is the
number of branching C—C bonds at the C atom bound with
the OH group. It has been reported that such branching
bonds cause large medium-range electron correlations by
protobranching stabilizations [55, 56]. This indicates that
the poor reaction enthalpy of reaction (4) may come from
the lack of the medium-range correlations in correlation
functionals besides being the lack of the long-range
exchange interactions in exchange functionals of non-LC
functionals.

Mannich reactions form a C—C bond of two C-H bonds
with the H transfer from C to N. In Table 1, the calculated
results show that the enthalpies of these reactions are well
reproduced by the functionals examined in this study except
for B3ALYP and LC-wPBE. We should notice that these
reactions are the same reactions as aldol reactions (1)—(3)
except that a C=0 bond is replaced with a C=N(H) bond.
That is, these reactions do not contain the Mannich reaction
corresponding to reaction (4) of the aldol reactions. We,
therefore, presume that the accurate reaction enthalpies of
LC functionals may be due to the long-range correction
similar to those of the aldol reactions. However, it is
interesting to note that BMK and M06-2x also give accurate

enthalpies for these reactions. We suppose that this may be
attributable to the differences in the ranges of exchange
interactions between the C=0 and C=N(H) bonds. That is,
BMK and MO06-2x functionals are expected to reproduce
exchange interactions in the C=N(H) bond, the range of
which is supposed to be shorter than that of the C=0O bond,
due to the kinetic energy density terms and the constant rate
of the Hartree—Fock exchange integrals in the exchange
parts of these hybrid meta-GGA functionals.

For z-aminoxylation reactions, a C—O bond is formed of
C-H and O=N bonds with the H transfer from C to N.
Table 1 demonstrates that the long-range correction is
effective to give accurate reaction enthalpies. LC func-
tionals give much smaller MAEs than those of hybrid
meta-GGA functionals. However, the performance of
LC-BOP is somewhat disappointing for such reactions in
comparison with the results obtained for aldol and Mannich
reactions. This is obviously due to the self-interaction
errors in the short-range exchange part of LC-BOP. Actu-
ally, the C—O bond may contain more short-range exchange
interactions than that of the N—O bond, because the elec-
tron distribution of the C—O bond is supposed to be more
localized than that of the N=O bond. This result therefore
suggests that the self-interaction error in the short-range
part of LC functionals should be corrected to reproduce
accurate enthalpies of C—O bond formations.

To make the factors affecting these reaction enthalpies
clearer, it is interesting to consider the isogyric reactions
shown as reactions (10)—(12) in Fig. 1, which are
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Fig. 1 Aldol, Mannich and
a-aminoxylation reactions and
isogyric reactions corresponding
to these reactions that we
calculated
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fundamental reactions corresponding to aldol, Mannich and
o-aminoxylation reactions, respectively. Table 1 presents
the calculated enthalpies and the MAEs from the CBS-QB3
results. As a whole, LC functionals are found to give rel-
atively large MAEs for these reaction enthalpies, while
B3LYP provides accurate enthalpies in contrast to the
above reaction enthalpies. We suppose that this contrasting
result is due to the enthalpy of methane molecule. That is,
LC functionals tend to underestimate the enthalpy of
methane molecule, because the self-interaction errors in the
short-range exchange interactions are essentially large in
small methane molecule. In fact, electrons around the H
atoms of this molecule are known to have only self-

Fig. 2 Decomposition of aldol === TT=e==== N
reaction (1) into a sum of

interactions [57]. In particular, LC-wPBE gives poor
enthalpies for these reactions to cause the large total
MAEs. On the other hand, B3LYP gives reasonably
accurate enthalpies only for these isogyric reactions. This
may suggest that the high reproducibility of B3LYP is
specialized to such small molecule calculations.

Finally, let us examine the decomposition of aldol,
Mannich and o-aminoxylation reactions into isodesmic,
homodesmotic and hyperhomodesmotic reactions for fur-
ther analysis. We can write reactions (1), (5) and (8) as a
sum of isogyric, isodesmic, homodesmotic and hyperho-
modesmotic reactions as illustrated in Figs. 2, 3 and 4,
respectively, wherein each successive reaction captures the
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Fig. 4 Decompostion of LT EREE N
a-aminoxylation reaction (8) ; e : NH,
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Table 2 Calculated reaction enthalpies of the decompositions of aldol (1), Mannich (5) and z-aminoxylation (8) reactions in kcal/mol
Reaction LC-BOP LCgau-BOP LC-wPBE CAM-B3LYP B3LYP BMK MO06-2X CBS-QB3*
(10) —-6.9 —-6.0 —83 —49 —1.7 -34 -7.7 —4.0
(13) -8.0 -8.1 -7.6 —-7.8 -71 -9.0 =75 —8.8
(14) —4.2 —4.2 —4.1 —4.0 -3.6 -29 52 —4.7
(15) 2.6 3.0 2.7 2.8 2.8 2.1 29 29
MAE (reaction 1) 1.1 0.8 1.5 0.7 1.3 0.8 14 -
(1 —12.2 —-11.2 —14.3 -9.7 —6.3 -9.5 —11.5 —8.6
(16) —6.6 —6.8 —6.3 —6.4 —5.8 -7.8 —6.3 =7.7
17 0.9 0.9 0.7 0.9 1.0 2.1 —0.1 0.7
(18) -13 —-1.0 -1.0 —-1.1 —-0.8 —1.8 -0.9 —1.3
MAE (reaction 5) 1.2 1.0 1.9 0.7 1.2 0.7 1.4 -
(12) —11.5 —-10.4 —11.2 —10.7 -7.8 —12.1 —12.3 —6.8
(19) —11.1 —11.1 —10.3 —10.8 —10.2 —11.4 —11.1 —12.2
(20) 5.1 53 49 5.1 5.0 4.8 4.8 4.5
@2n -2.6 -2.5 —-2.3 2.4 -2.1 —-2.3 -2.8 -2.6
MAE (reaction 8) 1.6 14 1.7 1.5 1.0 1.7 1.8 -

Mean absolute errors from CBS-QB3 values are also shown for each reaction type. The reaction numbers correspond to those in Figs. 2, 3 and 4

% Wheeler et al. [28]

effects of long-range intramolecular effects. Table 2 shows
the calculated enthalpies of the decomposition of aldol (1),
Mannich (5) and a-aminoxylation (8) reactions and their
MAEs with respect to CBS-QB3 results. The table indi-
cates that all these functionals provide accurate enthalpies
for these decomposed reactions. By looking at the details
of the table, we found that the large errors are only given
for the isogyric reactions (10), (11) and (12) mentioned
above. Since the enthalpies of the aldol, Mannich and
a-aminoxylation reactions are the sum of these decom-
posed reaction enthalpies, this result may indicate that the

@ Springer

errors in the isogyric reaction enthalpies are cancelled out
in the total reactions. To make it clear, we illustrated the
relative energies for these decomposed reactions in Figs. 5,
6 and 7. The figures show that compared to CBS-QB3
results, BBLYP gives much different energy behaviours,
while LC functionals give parallel energies except for the
isogyric reaction ones. Interestingly, BMK and MO06-2x
also give different behaviours, despite these functionals
give small MAEs for these decomposed reactions. As a
matter of fact, we found that the signs of the errors
(Table 2) are inconsistent for these functionals, in contrast
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Fig. 7 Relative energies to reactant energies (kcal mol™") for the
decomposition reactions of a-aminoxylation reaction (8)

to those of LC functionals. Therefore, this result strongly
supports the high reproducibility of LC functionals in such
promising organic reaction enthalpies calculations.

4 Conclusions

In this study, we have calculated the reaction enthalpies of
aldol, Mannich and «-aminoxylation reactions by DFT with
LC functionals to reveal the reason why DFT with B3LYP
functional gives poor enthalpies for these reactions [28].
For these reactions, we found that LC functionals mostly
give accurate reaction enthalpies with much less MAEs
than B3LYP ones. This clearly indicates that B3LYP lacks
long-range exchange effects to reproduce accurate enthal-
pies for these reactions. However, all functionals give the
largest errors for a reaction producing many branches of
C-C bonds, and we attribute these errors to the proto-
branching stabilizations due to the lack of medium-range
electron correlations [55, 56]. For a-aminoxylation reac-
tions, LC-BOP gives slightly worse enthalpies than other
LC functional ones. We suggest that these errors may be
due to the self-interaction errors in the short-range part of
LC-BOP.

In case of isogyric reactions, B3LYP gives accurate
enthalpies, while LC functionals overestimate them. We
propose that the overestimations may arise from the
underestimations of the enthalpy of methane molecule, for
which large short-range exchange interactions may cause
the severe self-interaction errors in the short-range
exchange part of LC functionals. For further investigation,
aldol, Mannich and «-aminoxylation reactions were
decomposed into isogyric, isodesmic, homodesmotic and
hyperhomodesmotic reactions, and their reaction enthalpies
were computed. As a result, it is noticed that only the
isogyric reactions give larger errors and are cancelled out
in the total reactions. To delve this into a bit deeper, the
relative enthalpies at the reaction steps were plotted and
found that LC functional gives parallel energies against the
reference results, except for the isogyric reactions, whereas
B3LYP, BMK and MO06-2x provide much different
behaviours.

In summary, we conclude that long-range exchange
interactions play a crucial role in aldol, Mannich and
a-aminoxylation reactions, and therefore, B3LYP gives
poor enthalpies for these reactions. As mentioned above,
LC functionals are powerful candidates for reproducing
accurate enthalpies for such organic reactions; therefore,
we expect that LC functionals would give accurate reaction
enthalpies and reaction barriers for a wide variety of con-
densation reactions, although we have not calculated them
due to the lack of the reference data. However, we know
that there still remain some problems even in LC
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calculations for specific reactions, in which many branches
are produced or very small molecules such as methane
molecule participate.
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