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Accurate Reaction Enthalpies and Sources of Error in DFT Thermochemistry for Aldol,
Mannich, and a-Aminoxylation Reactions
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Enthalpies for bond-forming reactions that are subject to organocatalysis have been predicted using the high-
accuracy CBS-QB3 model chemistry and six DFT functionals. Reaction enthalpies were decomposed into
contributions from changes in bonding and other intramolecular effects via the hierarchy of homodesmotic
reactions. The order of the reaction exothermicities (aldol < Mannich &~ a-aminoxylation) arises primarily
from changes in formal bond types mediated by contributions from secondary intramolecular interactions. In
each of these reaction types, methyl substitution at the 3- and y-positions stabilizes the products relative to
the unsubstituted case. The performance of six DFT functionals (B3LYP, B3PW91, B1B95, MPWI1PWO1,
PBEI1PBE, and M06-2X), MP2, and SCS-MP2 has been assessed for the prediction of these reaction enthalpies.
Even though the PBEIPBE and M06-2X functionals perform well for the aldol and Mannich reactions, errors
roughly double when these functionals are applied to the o-aminoxylation reactions. B3PW91 and B1B95,
which offer modest accuracy for the aldol and Mannich reactions, yield reliable predictions for the two
o-aminoxylation reactions. The excellent performance of the M06-2X and PBE1PBE functionals for aldol
and Mannich reactions stems from the cancellation of sizable errors arising from inadequate descriptions of
the underlying bond transformations and intramolecular interactions. SCS-MP2/cc-pVTZ performs most
consistently across these three classes of reactions, although the reaction exothermicities are systematically
underestimated by 1—3 kcal mol~!. Conventional MP2, when paired with the cc-pVTZ basis set, performs
somewhat better than SCS-MP2 for some of these reactions, particularly the a-aminoxylations. Finally, the
merits of benchmarking DFT functionals for the set of simple chemically meaningful transformations underlying

all bond-forming reactions are discussed.

I. Introduction

The field of organocatalysis has experienced dramatic growth
in the past decade.! Catalysis via organic compounds comple-
ments traditional organometallic catalysis and now constitutes
a powerful tool in the synthetic armamentarium. In particular,
the popularity of proline as a catalyst for asymmetric aldol,?
Mannich,? and a-aminoxylation* reactions is a testament to its
synthetic utility.> Jiang et al.° also recently reported the
successful de novo computational design of enzymes that
catalyze a retro-aldol reaction, providing a glimpse of the
potential power of computationally designed enzyme catalysts.
These key C—C and C—O bond-forming transformations can
provide efficient synthetic routes to valuable chiral compounds.
Unfortunately, there is a dearth of reliable experimental enthal-
pies for these three reaction types. As such, the computational
prediction of such thermochemical quantities is vital to fully
harness the power of these reactions in synthetic applications,
to develop new organocatalytic paradigms, and to design enzyme
catalysts for these reactions successfully.

Numerous computational studies utilizing density functional
theory (DFT) have explored the mechanisms and origin of
stereoselectivity in these reactions” '” and even pursued the
design of novel catalysts.'"*'> For example, Houk and coworkers’1°
and Boyd and coworkers® studied the Hajos—Parrish reaction'?
(a proline-catalyzed asymmetric intramolecular aldol reaction)
using the popular BALYP DFT functional, singling out the
operative mechanism from four disparate proposals in the
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literature’ and explaining the origin of the stereoselectivity.®
Subsequent DFT studies have explored the mechanism and
stereoselectivity of other reactions catalyzed by proline and
proline derivatives.!! In contrast with these detailed mechanistic
explorations of organocatalyzed reactions, accurate studies of
the thermochemistry of aldol, Mannich, and a-aminoxylation
reactions are lacking.

The field of computational thermochemistry has matured to
the point that, for small molecules, it is possible to predict
reaction enthalpies to accuracies rivalling the best experiments.'*
In general, this requires the application of computationally
demanding composite ab initio approaches.'® Unfortunately, such
rigorous treatments are not currently feasible for larger molecular
systems, and thus the employment of more computationally
efficient techniques is mandatory. DFT has emerged as a
powerful computational tool for the relatively rapid evaluation
of reaction enthalpies for large chemical systems.'® However,
because there is no means of systematically improving DFT
energies, benchmarking results against robust ab initio data is
necessary.!”"1° Recent revelations of systematic errors in DFT
energies for seemingly innocuous systems'#2°~22 have prompted
a redoubling of efforts to benchmark DFT functionals for the
prediction of key classes of organic reactions.”*~%* Development
of new DFT functionals to ameliorate some of the underlying
issues has also ensued.!?20?7

One well-documented deficiency of many DFT functionals
is the failure to adequately describe 1,3-alkyl—alkyl interactions
(protobranching).?!?? These interactions, the effect of which is
most transparent in the isomerization energies of alkanes, are
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vitally important in many reactions. This is particularly true
when C—C bonds are formed because the number of proto-
branching interactions will be unbalanced in such transforma-
tions. In addition to protobranching, more general intramolecular
effects involving three non-hydrogen-atom fragments (e.g.,
hyperconjugation and effects arising from the presence of
electronegative elements) are created in any bond-forming
reaction, and an analysis of the performance of DFT functionals
for these interactions is long overdue. Pieniazek, Clemente, and
Houk?* analyzed DFT errors for protobranching, hyperconju-
gation, conjugation, and ; — o transformations occurring in
some C—C bond-forming reactions involving hydrocarbons. The
largest deviations from benchmark values arise from the
conversion of C—C s-bonds to o-bonds, an effect attributed to
the delocalization errors that plague most DFT functionals.!26:28%
Specifically, reaction enthalpies predicted by popular DFT
functionals deviate by almost 9 kcal mol™! from benchmark
values for the conversion of acetylene plus two methanes to
ethane and ethylene. Errors are almost as large for the reaction
of ethylene plus methanes to yield two ethanes.”

Any bond-forming reaction will involve changes in the
number and types of bonds and three-heavy-atom fragments.
By analyzing reaction enthalpies in terms of these changes, we
can gain insight into reaction enthalpies across different types
of reactions and explain the effects of methylation on enthalpies
within a given reaction type. Examination of errors in DFT-
predicted enthalpies for basic transformations describing these
effects can explain the performance of DFT functionals for aldol,
Mannich, and a-aminoxylation reactions and unveil shortcom-
ings of common DFT functionals. A primary aim of this work
is to provide accurate enthalpies for reactions that are commonly
catalyzed by proline or other catalysts. We also seek to explain
trends in enthalpies for these reactions and to assess errors in
DFT predictions for these reaction enthalpies and their underly-
ing components. The results will guide computational chemists
in choosing appropriate theoretical methods from the ever-
growing DFT menagerie for mechanistic studies of organano-
catalytic reactions and the design of novel catalysts.'

II. Theoretical Methods

Accurate reaction enthalpies (0 K) were computed using the
CBS-QB3 model chemistry.’® This composite approach com-
bines a series of ab initio energy evaluations with basis set
extrapolations to deliver an estimate of the complete basis set
limit CCSD(T) energy. Previous benchmarks®**! have demon-
strated that this method delivers reaction enthalpies typically
within 1 to 2 kcal mol™! of experiment for a range of bond-
forming transformations, although for cases involving unbal-
anced multireference character such “black-box” approaches can
yield less-reliable thermochemical predictions.*? CBS-QB3 has
been shown to be generally reliable for basic bond separation
energetics. For the a-aminoxylation reactions, enthalpies were
also computed with the G3 model chemistry*® to confirm CBS-
QB3 results. The largest deviation between G3 and CBS-QB3
was 0.3 kcal mol~!. Because experimental enthalpies are
available for only one of the target reactions, CBS-QB3 data
are used as benchmark results and form the basis of evaluation
of DFT and other theoretical approaches. For some of the
molecules considered, there are multiple low-lying conforma-
tions. We consider only the lowest-lying gas-phase conformation
and report enthalpies at 0 K. Consequently, direct comparison
with experiments, which will reflect a Boltzmann distribution
of conformations, should be done mindfully.

Six DFT functionals were tested: five hybrid GGAs
(B3LYP,**3 B3PW91,**% B1B95,”7 MPWI1PW91,’% and
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PBE1PBE™) and the hybrid meta-GGA M06-2X.*’ For each of
these functionals, geometries were optimized and harmonic
vibrational frequencies were computed using the 6-31+G(d,p)
and 6-3114+G(2df,2p) basis sets. Results are presented primarily
using the triple-G quality 6-311+G(2df,2p) basis set. 6-31+G(d,p)
data are tabulated in the Supporting Information. For compari-
son, results from second-order Mgller—Plesset perturbation
theory (MP2) and the spin-component scaled analogue (SCS-
MP2)*! are also included, computed using the cc-pVTZ basis
set.*? This latter approach has been shown to be a computa-
tionally efficient yet robust approach for general organic
reactions.”* SCS-MP2/cc-pVTZ reaction enthalpies arise from
single-point energies evaluated at MP2/cc-pVTZ optimized
geometries, appended with zero-point vibrational energy cor-
rections from unscaled MP2/cc-pVTZ frequencies. To discern
the effects of basis-set size, MP2/cc-pVDZ and SCS-MP2/cc-
pVDZ enthalpies are included in the Supporting Information.
DFT integration grids with 70 radial and 590 angular points
were utilized in all M06-2X computations, which were executed
with NWChem 5.1.% Gaussian 03 was used for the other
computations.*’

III. Results and Discussion

A. Enthalpies for Aldol, Mannich, and o-Aminoxylation
Reactions. Representative aldol (1—4), Mannich (5—7), and
o-aminoxylation (8 and 9) reactions are listed in Scheme 1,
along with CBS-QB3 predicted reaction enthalpies. In the aldol
reactions, a C=0 bond is replaced by C—C and C—O bonds,
whereas the Mannich reactions involve a conversion of a C=N
bond into C—C and C—N bonds. A N=O bond is replaced by
C—0 and N—O bonds in the a-aminoxylation reactions. Within
each type of reaction, methyl groups have been introduced in
the reactants to study the effects of branching on the thermo-
chemistry of these transformations. Among these reactions, it
is only possible to evaluate the enthalpy of reaction 4 from
tabulated experimental enthalpies of formation.*® In this case,
CBS-QB3 performs well, falling about 1 kcal mol~! from the
experimental upper bound.

Reactions 1—9 are all predicted to be exothermic, with
predicted AHok values ranging from —9.2 to —21.1 kcal mol™!.
In general, the ai-aminoxylation reactions (8 and 9) are the most
exothermic, and the aldol reactions (1—4) are the least exo-
thermic. It should be noted that the Gibbs free energies for these
bimolecular reactions are less negative than the reaction
enthalpies. For example, the predicted Gibbs free energy for
reaction 4 is +3.2 kcal mol™! at 298 K, which is consistent
with the favorable retro-aldol decomposition of 4-hydroxy-4-
methylpentan-2-one to yield acetone.*’

In the crudest approximation, the enthalpy of a given reaction
arises from changes in formal bond types. Isogyric*® reactions
10—12 (Scheme 2) quantify the changes in bonding that occur
in the aldol, Mannich, and a-aminoxylation reactions, respec-
tively. For example, reaction 10 is the simplest reaction that
captures the bonding changes that occur during the aldol
reaction. In both the aldol and reaction 10, there is a net
conversion of C=0 and C—H bonds in the reactants into C—O,
C—C, and O—H bonds in the products. Reactions 11 and 12
similarly depict the bonding changes that occur in the Mannich
and o-aminoxylation reactions, respectively. CBS-QB3 enthal-
pies are provided for each of these reactions, along with
available experimental results. Clearly, consideration of changes
in bonding alone is insufficient to explain the exothermicities
of reactions 1—9.

Additional contributions to reaction enthalpies arise from
changes in intramolecular interactions, including hyperconju-
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SCHEME 1: CBS-QB3 Enthalpies (AH, in kcal mol™!)
for Aldol (1—4), Mannich (5—7), and a-Aminoxylation (8
and 9) Reactions”
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SCHEME 2: Isogyric Reactions Representing the
Changes in Bonding in the Aldol, Mannich, and
a-Aminoxylation Reactions”
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“ Enthalpies of reaction (AHk, kcal mol™!) computed at the CBS-
QB3 level.

gation, protobranching, and various effects arising from alkyl
groups bonded to heteroatomic centers as well as longer-range
effects. These sundry effects can be quantified using isodesmic,*’
homodesmotic,’*! and hyperhomodesmotic®">? transformations.
Consequently, reactions 1, 5, and 8 can each be written as a
sum of four reactions, with each successive reaction capturing
the effects of longer-range intramolecular effects. This is
demonstrated for reaction 1 in Scheme 3. Analogous de-
compositions for reactions 5 and 8 are provided in Schemes S1
and S2 of the Supporting Information. These model reactions
decompose the given reaction enthalpy into contributions due

Wheeler et al.

to changes in bonding (the isogyric reaction) and intramolecular
effects involving three (the isodesmic reaction), four (the
homodesmotic reaction), and five (the hyperhomodesmotic
reaction) non-hydrogen-atom fragments. This follows from the
definition of the n-homodesmotic hierarchy,’! in which main
chains of length n are conserved (n = 2, isodesmic; n = 3,
homodesmotic; n = 4, hyperhomodesmotic, etc.). The resulting
decompositions of the enthalpies for reactions 1, 5, and 8 are
listed in Table 1, all evaluated using CBS-QB3.

In this way, the different contributions to the total reaction
enthalpy due to changes in the molecular environment going
from reactants to products can be quantified. In the case of aldol
and o-aminoxylation reactions 1 and 8, the contribution to the
total reaction enthalpy from changes in bonds is smaller than
the contribution from unbalanced three-heavy-atom interactions
(protobranching, hyperconjugation, etc.). The decomposition of
the enthalpy of Mannich reaction 5 reveals similar stabilizing
effects due to unbalanced three-atom interactions, but in this
case, these are outweighed by the effects of changes in formal
bond types. For each of these reactions, the contributions from
four-atom fragments are significantly smaller than those from
the three-atom components, as expected. However, the magni-
tudes of the five-atom interactions remain significant because
of the effects of intramolecular hydrogen bonding.

B. Effect of Methyl Substitution on Reaction Enthalpies.
The effect of methyl substitution on the enthalpies of reactions
1, 5, and 8 has been explored. Reactions 1 and 5 are more
exothermic than reactions 2 and 6, despite the higher degree of
branching in the products of the latter two reactions. This is
due to compensating stabilizing intramolecular interactions in
the reactants. Isodesmic**>! bond separation reactions 16—21
(Scheme 4) quantify the enthalpic benefit of attaching a methyl
group to ethane, methanol, methylamine, hydroxylamine, form-
aldehyde, and methanimine, respectively. The effects responsible
for this stabilization include protobranching and hyperconju-
gation, among others. Together, these effects explain the
observed magnitudes of the exothermicities within each reaction
type. For aldol reaction 1, the propane-like (C—C—C) and
ethanol-like (C—C—O) interactions present in the products but
not the reactants (16 + 17) contribute —3.0 + (—5.8) = —8.8
kcal mol™! to the overall reaction enthalpy of —14.6 kcal
mol~!.3* Reaction 2 has two of each of these interactions present
in the products that are not balanced in the reactants, contributing
an additional —8.8 kcal mol~!. However, the hyperconjugative
interaction between alkyl group and a carbonyl (reaction 20) in
the reactants not present in the products offsets these stabilizing
interactions, raising the reaction enthalpy by 11.1 kcal mol™".
Therefore, 11.1 4+ (—8.8) = 2.2 kcal mol ! of the 3.4 kcal mol ™!
difference between the enthalpies of reactions 2 and 1 is
accounted for by unbalanced interactions in these three-atom
fragments. The remaining 1.1 kcal mol™! presumably comes
mostly from longer-range effects. Similarly, the low exother-
micity of reaction 4 compared with that of 1 arises from the
hyperconjugative interactions in the reactants overshadowing
the alkyl—alkyl and alkyl—hydroxyl interactions in the products
of reaction 4. The enthalpy differences among the other reactions
of each type can similarly be understood in terms of changes
in these interactions involving three-atom fragments. Conse-
quently, theoretical approaches that accurately predict the
enthalpies of bond transformation reactions 10—12 as well as
isodesmic bond separation reactions 16—21 should reliably
predict enthalpies of reactions 1—9. We will see below, however,
that the converse, in general, is not true; many DFT functionals
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SCHEME 3: Decomposition of Aldol Reaction 1 into a Sum of Isogyric (10), Isodesmic (13), Homodesmotic (14), and
Hyperhomodesmotic (15) Reaction Enthalpies (AHx, kcal mol ™)
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“These reactions quantify the effects of unbalanced bonding and intramolecular effects involving three-, four-, and five-atom fragments in

reaction 1.

TABLE 1: Reaction Enthalpies (AH, in kcal mol ') and
Contribution to the Reaction Enthalpies from Changes in
Bonds, Three-, Four-, and Five-Heavy-Atom Fragments for
the Simplest Aldol, Mannich, and a-Aminoxylation
Reactions

three-atom four-atom five-atom
bonds fragments fragments fragments® AH

aldol (1) —4.0 —8.8 —0.8 -1.0 —14.6
mannich 5) —86 =77 -0.5 —0.2 —16.9
o-aminoxylation (8) —6.8 —12.2 —=0.6 2.5 —-17.0

“Large contributions from five-atom fragments are due to
intramolecular hydrogen bonds.

SCHEME 4: Isodesmic Bond Separation Reactions That
Quantify the Three-Heavy-Atom Intramolecular
Interactions Present in Reactions 1—9*
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“ Enthalpies of reaction (AH, in kcal mol ') computed using CBS-
QB3. Experimental enthalpies (below arrows) computed from NIST
enthalpies of formation.*

that yield accurate enthalpies for reactions 1—9 actually perform
poorly when applied to the simple underlying transformations.

To clarify the effects of methyl substitution on the enthalpies
of aldol, Mannich, and o-aminoxylation reactions, thermo-
chemical networks of isodesmic reactions are presented in
Scheme 5. These sets of reactions show the enthalpic relation-

ship between methylated and unmethylated reactants and
products of reactions 1—9 (which appear as vertical arrows in
Scheme 5). For example, this reaction network offers an
alternative demonstration of the origin of the relatively low
exothermicity of reaction 2 compared with that of reaction 1.
The fact that A — D (reaction 1) in Scheme 5a is 3.3 kcal mol ™!
more exothermic than C — F (reaction 2) is due to the A — C
reaction enthalpy of —11.1 kcal mol™!. Indeed, for each of the
three reaction classes, the relative enthalpic stability of the
products with respect to the unsubstituted reactants plus ethane
as a common starting point (A, in boxes) follows the expected
order based on the stabilizing three-heavy-atom effects quanti-
fied in reactions 16—21. The products substituted at the
y-position are more stable than those substituted at the -posi-
tion. This is due to the greater stabilization afforded by the
ethanol- and ethanamine-like fragments in the 7y-substituted
products compared with the corresponding propane-like frag-
ment in the 3-substituted product. Both substituted products are
more stable than the unsubstituted product, relative to A.

C. Sources of Error in DFT, MP2, and SCS-MP2 Pre-
dicted Thermochemistry. Errors in DFT, MP2, and SCS-MP2
predicted enthalpies for reactions 1—9 are assessed on the basis
of the CBS-QB3 data provided in Scheme 1. For each reaction
type (aldol, Mannich, and a-aminoxylation), mean absolute
deviations, mean errors, and error ranges for each method are
plotted in Figure 1. The 6-311+G(2df,2p) basis set was used.
Details for each reaction are provided in the Supporting
Information, along with results computed with double-C basis
sets.

Errors for the aldol and Mannich reactions follow similar
trends; B3LYP exhibits the largest errors, followed by B3PW91
and B1B95. PBE1PBE, MPW1PWO91, M06-2X, and SCS-MP2
offer more reliable predicted enthalpies, with mean errors of
about 2 kcal mol™'. The spread of MPW1PW91 errors, however,
is large, ranging from —1.1 to +5.8 kcal mol~!. Even though
the distribution of errors for SCS-MP2 is small, this approach
systematically underestimates the exothermicity of these two
classes of reactions compared with CBS-QB3. For the two
a-aminoxylation reactions, the outcome is similar; SCS-MP2
predicts reaction enthalpies that are consistently 3 kcal mol™!
less exothermic than the CBS-QB3 values. For the aldol and
a-aminoxylation reactions, conventional MP2 yields reaction
enthalpies that are in better agreement with CBS-QB3, whereas
for the Mannich reactions, SCS-MP2 offers a slight improve-
ment over MP2.
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SCHEME 5: Enthalpies of Reaction (AHk, kcal mol™!) at the CBS-QB3 Level of Theory for Isodesmic Reactions
Relating the Substituted and Unsubstituted (a) Aldol, (b) Mannich, and (c) a-Aminoxylation Reactants and Products®
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@ Unsubstituted reactants (A), -substituted reactants (B), a-substituted reactants (C), unsubstituted products (D), 5-substituted products (E), and
y-substituted products (F). Enthalpies of species B—F are given relative to the unsubstituted reactants (A).

The performance of the DFT functionals is qualitatively
different for the o-aminoxylation reactions than for the two types
of C—C bond-forming reactions. The best-performing function-
als for the aldol and Mannich reactions (M06-2X and PBE1PBE)
yield much larger errors for the o-aminoxylation reactions.
Moreover, B3LYP, which predicted aldol and Mannich reaction
enthalpies between 5 and 10 kcal mol™! less exothermic than
the benchmark values, performs satisfactorily when applied to
the a-aminoxylation reactions. Similarly, the errors from the
B3PWO91 and BIB9S functionals for the a-aminoxylation
reactions are a fraction of those observed for the aldol and
Mannich. These results highlight a well-known pitfall in
applications of DFT; a given functional can perform well for
one type of reaction yet yield erroneous predictions for
seemingly similar transformations.

For applications of DFT to large chemical systems, it is
customary to employ small basis sets, such as 6-31+G(d,p),
for practical purposes. Comparing the 6-311+G(2df,2p) results
with those from the polarized double-§-quality 6-31+G(d,p)
basis set (see Table S2 in the Supporting Information), we see

modest basis set effects for the DFT methods. In accord with
the results of Pieniazek et al.,” the use of the triple-C basis set
decreases the DFT-predicted exothermicities compared with the
6-314+G(d,p) results in these cases by about 1 kcal mol™'.
Consequently, for three of the functionals (B3LYP, B3PWO91,
B1B95), the use of the larger basis set actually leads to a worse
agreement with the CBS-QB3 results. For M06-2X and
PBEI1PBE, the use of 6-3114+G(2df,2p) instead of 6-31+G(d,p)
moves the predicted enthalpies closer to the benchmark values.
MPW IPWOI1 exhibits less regular behavior. The accuracy for
the Mannich and o-aminoxylation reactions improves with the
use of the larger basis, whereas the aldol predictions worsen.
As expected, the MP2 and SCS-MP2 results are greatly
improved with the use of a triple-{ basis set compared with
cc-pVDZ results.

For most of the DFT functionals studied, the errors for
reactions 1—9 (Scheme 1) increase with increasing substitution
of the reactant. This is demonstrated in Figure 2, where errors
relative to CBS-QB3 are plotted for reactions 1—4. The degree
of branching increases across this series of reactions. The
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Figure 1. Mean absolute deviation (MAD), mean, and error ranges in
predicted aldol, Mannich, and o-aminoxylation reaction enthalpies
(AHpk, in kcal mol™') with respect to CBS-QB3. 6-311+G
(2df,2p) basis set used for all computations.
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Figure 2. Comparison of errors (kcal mol™!) for aldol reactions 1—4,
showing that for most methods, the errors increase with increasing
methyl substitution.

observed error increases are partially due to previously
documented?'?? deficiencies of many DFT functionals to account
for branching. The M06-2X functional actually performs better
for the more highly substituted systems, suggesting that there
is some error compensation at play. The MP2 and SCS-MP2
results are insensitive to the degree of branching, and this
approach performs consistently across reactions 1—4.

These findings can be understood by examining errors for
isodesmic bond separation reactions 16—21 (Scheme 3). These
errors are plotted in Figure 3. Reaction 16 is the defining reaction
for protobranching, for which errors in popular DFT have
previously been discussed.!82!2225 DFT errors for the stabilizing
interactions in the other three-atom fragments are of a similar
magnitude, all hovering around =£1 kcal mol~!. The M06-2X
functional offers the most satisfactory description of these
reactions. SCS-MP2, which exhibits very small errors for
reactions 16—18, predicts enthalpies with much larger errors
for reactions 19—21 compared with CBS-QB3. For reactions
17—19 and 21, SCS-MP2 represents an improvement over MP2,
whereas the SCS-MP2 datum for reaction 16 is slightly worse
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Figure 3. Comparison of errors (kcal mol™!) of different methods with
respect to CBS-QB3 for reactions 16—21. These reactions quantify the

enthalpic stabilization that is inherent in the three-atom fragments that
change during aldol, Mannich, and a-aminoxylation reactions 1—9.
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Figure 4. Comparison of errors (kcal mol™") of different methods with
respect to CBS-QB3 for reactions 10—12 (Scheme 2). These reactions

quantify the bond transformations present in aldol, Mannich, and
a-aminoxylation reactions, respectively.

than the MP2 value. For reaction 20, MP2 performs significantly
better than SCS-MP2, which differs from the CBS-QB3
benchmark by 0.6 kcal mol™!. M06-2X is the only DFT
functional that predicts the enthalpy of reaction 20 within 0.5
kcal mol™! of the CBS-QB3 result.

Errors in predicted enthalpies for reactions 10—12 (Scheme
2) are plotted in Figure 4 to further dissect the deviations from
the CBS-QB3 results for reactions 1—9. Recall that reactions
10, 11, and 12 (Scheme 2) capture the m-to-o bond changes
that occur during aldol, Mannich, and o-aminoxylation reactions,
respectively. The MP2 error for reaction 12 is only 0.2 kcal
mol~!, underlying the excellent performance of MP2 for the
a-aminoxylation reactions in Scheme 1. The performance of
the various DFT functionals for these basic transformations is
contrary to that observed for reactions 1—9. Even though
B3PWO91 was among the worst performers for reactions 1—9,
it is one of the more accurate functionals for the underlying
bond transformations. Similarly, despite providing accurate
predicted enthalpies for reactions 1—9, the PBEIPBE and M06-
2X functionals perform relatively poorly for reactions 10—12.
This parallels the findings of Pieniazek et al.® These errors for
7 — o transformations are typically attributed to delocalization
errors with many DFT functionals.'®?¢2%2° Perhaps most
importantly, the DFT errors for the 7 — o transformations in
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reactions 10—12 are significantly larger than those arising for
isodesmic bond separation reactions 16—21 (Scheme 4). This
underlies long-known performance enhancements observed
when using isodesmic reactions for computational thermochem-
istry; balancing formal bond types typically yields a greater
increase in error cancellation than subsequently balancing three-
atom fragments.*®>'"* Of course, in many applications, the
number of unbalanced three-atom fragments often exceeds
unbalanced bond types, and thus both sources of error are
potentially significant.

Together, these DFT errors are initially confounding. Some
functionals that perform well for reactions 1—9 provide
lackluster results when applied to the underlying bond trans-
formations. This results from the cancellation of errors in
applications to reactions 1—9, which of course is not new for
DFT functionals.?*% For example, the M06-2X enthalpy for
reaction 4 lies only 0.4 kcal mol~! from the CBS-QB3 value of
—9.2 kcal mol™!. This is within the error bars of CBS-QB3.
However, the M06-2X error for the underlying 7 — o bond
change (reaction 10) is significantly larger (—2.7 kcal mol™").
This sizable error is compensated for by errors in the intramo-
lecular interactions quantified in Scheme 4. The unbalanced
three-atom fragments in reaction 4 are the two acetaldehyde-
like groups in the reactants and four propane and three ethanol-
like fragments in the products. The former contributes an error
of +0.5 kcal mol ™" to the M06-2X error for reaction 4, whereas
the latter two effects together contribute +2.1 kcal mol™'.
Therefore, the total error due to unbalanced three-atom frag-
ments is +2.6, which cancels the bond-transformation error of
—2.7 kecal mol™!. The remaining 0.5 kcal mol~! of the error
can be attributed to longer-range effects. Similarly, the func-
tionals that perform poorly for reactions 1—9 do so largely
because these errors combine constructively. For example, the
fact that the B3LYP error for reaction 10 is positive spoils any
cancellation with the errors due to three-atom fragments. In
reaction 4, imbalances in three-heavy-atom interactions con-
tribute an error of +6.5 kcal mol™!, which, when combined with
the error of +2.6 kcal mol™' for the bond changes, account for
9.1 kcal mol~! of the 11.6 kcal mol™! difference between the
B3LYP and CBS-QB3 results.

IV. Summary and Concluding Remarks

Accurate thermochemical data have been computed using the
CBS-QB3 model chemistry for a series of synthetically useful
C—C and C—O bond-forming transformations that can be
catalyzed by proline and other common catalysts. A scheme is
presented by which reaction enthalpies can be decomposed into
contributions from changes in bonds and larger molecular
fragments via the n-homodesmotic hierarchy.’! Using these
decompositions, it has been shown that intramolecular interac-
tions involving three heavy atom fragments (e.g., protobranch-
ing, hyperconjugation, and heteroatomic effects) have a sig-
nificant impact on the enthalpy of these reactions. In the case
of the simplest aldol and a-aminoxylation reactions, the effect
of these interactions exceeds that from the forming and break-
ing of bonds. The overall order of exothermicities (aldol <
Mannich A a-aminoxylation) arises from the competing effects
of bonding changes and differential intramolecular interactions.
Imbalances in these interactions also explain the effect of methyl
substitution on the enthalpies of these reactions.

For the aldol and Mannich reactions, the PBEIPBE,
MPW1PW91, and M06-2X functionals and the MP2 and SCS-
MP2 methods all predict enthalpies with mean errors of about
2 kcal mol~'. B3LYP, B3PW91, and B1B95 perform more
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poorly for these reactions, with errors as large as 11.6 kcal
mol~!. For the o-aminoxylation reactions, this performance is
mostly reversed and the B3PW91, BIB9S, and MPWI1PWO91
functionals offer the best performance among the functionals
considered. The MPW1PWO1 is the only DFT functional to
predict reaction enthalpies on average within about 2 kcal mol ™!
for all three classes of reactions, although with a large spread
in errors. For the underlying changes in formal bond types
(reactions 10—13), the performance of DFT functionals is
actually different than that observed for reactions 1—9 (Scheme
1). Functionals such as M06-2X and PBE1PBE that excelled
when applied to reactions 1—9 predict enthalpies for the
underlying 7t — o bond transformations in error by up to 5 kcal
mol~!. The excellent performance of these functionals for
reactions 1—9 stems from the cancellation of more sizable errors.
Errors for general intramolecular interactions in three-atom
fragments parallel those from protobranching interactions.?!?
Because of the additivity of such errors, for highly branched
systems, these errors can become significant. SCS-MP2/cc-
pVTZ, which accurately predicts bond separation enthalpies for
propane, ethanol, and ethanamine (reactions 16—18), exhibits
larger errors for the bond separation reactions of O-methylhy-
droxylamine, acetaldehyde, and acetaldimine (reactions 19—21).
Only MP2 and M06-2X yield enthalpies for isodesmic reaction
20 within 0.5 kcal mol™! of the CBS-QB3 benchmark.

These results raise an important question regarding the metrics
by which the performance of DFT functionals should be
assessed. We have provided examples where functionals that
perform well for “real-world” reactions (i.e., reactions 1—9),
perform poorly for the simple underlying bonding changes
(reactions 10—12). This indicates a reliance on error cancellation
that could prove to be troublesome when seeking a reliable
computational approach for a given problem. From a pragmatic
perspective, such functionals are acceptable because they appear
to excel in many applications that are of interest to organic
chemists. The failure of these functionals to adequately describe
simple changes in bonding that underlie all bond-forming
transformations is unnerving. Despite recent advances in DFT
functionals, many currently available functionals still sometimes
achieve accurate results through the cancellation of sizable
errors, not by accurately describing the underlying transforma-
tions. Presumably, future theoretical developments will yield
DFT functionals that consistently perform well when applied
to both complex organic reactions and the underlying bond
conversions. Ensuring that new DFT functionals perform well
for the simplest chemically meaningful transformations that
underlie all bond-forming reactions (e.g., reactions 10—12 and
16—21) should yield robust functionals suitable for organic
applications.

This approach is in contrast with the recent work of Korth
and Grimme,*® who champion the use of stochastically generated
“artificial molecules” to generate unbiased sets for benchmarking
DFT. Such challenging benchmark sets will undoubtedly be
valuable in the future to test functionals with universal ap-
plicability in chemistry. However, the present suggested path
seeks the more immediate goal of identifying robust functionals
that deliver consistent thermochemistry for organic reactions
by accurately describing the simple underlying changes in
bonding and intramolecular effects. Despite shortcomings of
currently available functionals, the satisfactory performance of
some DFT functionals for the aldol, Mannich, and o.-aminoxy-
lation reactions combined with recent progress in functional
development'*?%? engenders confidence in the application of
DFT to the analysis and design of organocatalysts.
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