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ABSTRACT: Recently, Smith and co-workers reported an
interesting work that provides a facile approach to access
substituted trifluoromethyl dihydropyranones with two con-
tiguous stereocenters by utilizing the a,f-unsaturated trifluor-
omethyl ketones as a substrate for NHC-catalyzed [4 + 2]
cycloadditions. The most significant point of this reaction lies
in the capability of introducing substituents to the C(S)
position of the dihydropyranones. In the present study, we
performed detailed DFT investigations toward the catalytic
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mechanism of this reaction, and determined origins of the diastereo- and enatioselectivities through analyses on distortion
energies of two key stationary species and on components of Gibbs free energy barriers of elementary steps in which the
stereocenters are generated. The theoretically predicted configuration of the main product was well-consistent with the
experimental results, and the excellent correlation between the relative free energy barriers (AAGygg) with the relative enthalpy
barriers (AAH)g) indicates that the stereoselectivity should originate from differences of enthalpy barriers rather than
distinctions of the entropy item (—TAS3g) changes. The systematic study of the substituent effect affords conclusive evidence
for the catalytic mechanism we proposed but failed to give any clue to how the various electronic properties of substituents act on

the experimental yields.

1. INTRODUCTION

The asymmetric synthesis of compounds containing contiguous
stereocenters has attracted extensive attention of scientists
working on catalytic and chemical research because these
motifs are so prevalent in nature, and the synthesis of them is
quite challenging." Over the past few decades, numerous
studies have demonstrated the excellent performances of N-
heterocyclic carbenes (NHCs) acting as organocatalysts in
asymmetric synthesis, such as the cross-benzoin,”® Stetter,”*
annulation,” homoenolate,”® and cycloaddition (in particular,
including [2 + 217" 2+ 2 + 2], and [4 + 2]
reactions. The a-aroyloxyaldehydes in particular have been
widely used to provide the acyl azolium under NHC catalysis,
which allows the synthesis of both esters and amides in good
yield, and the azolium enolate (derived from “Breslow-type”
intermediate), which is able to undergo the formal [4 + 2]
cycloadditions with N-aryl-N'-aroyldiazines or a,f-unsaturated
p-trifluoroketones.”* >

Regarding NHC-catalyzed cycloadditions, which have been
developed as one of the key approaches to access hetero or
nonhetero cyclic asymmetric compounds, currently reported
works cast most focus on utilizing #-substituted a,f-unsaturated
ketones, ketimines, or aldimines as substrates of the specific
NHC-catalyzed [4 + 2] cycloadditions. Several research groups
chose to use a,f-substituted a,f-unsaturated ketones because
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the additional a-substituent could help to introduce sub-
stituents at the C(S) position of the dihydropyranone. The
state-of-the-art works within this area were implemented by
Kobayashi and Chi group (reactions (a) and (b) in Scheme
1),”>** but the substituents at the C(5) position of the
dihydropyranone were limited to the activated bicarbonyl or
aromatic ketone functionalities. Recently, a,f-unsaturated
aldehydes were demonstrated to be able to react with
imidazolidinone under catalysis of NHC to yield lactones
(reaction (c) in Scheme 1),** and the azolium enolates accessed
from ketenes have also been reported to be able to react with a-
substituted enones (reaction (d) in Scheme 1).'*%*” The
common limitation of these two azolium-enolate-type reactions
lies in the fixed fused cycle substituents at the C(S) position of
the pyranone systems. As seen from those perspectives, the
work recently reported by Smith”® indicates significant progress
in asymmetric synthesis of dihydropyranones. They used a-
aroyloxyaldehyde 1 and o f-substituted a,f-unsaturated tri-
fluoromethyl ketones 2 as substrates of the NHC-catalyzed
cycloadditions to access substituted trifluoromethyl dihydro-
pyranones (Scheme 2). The most interesting points of this
reaction lie in the capability of introducing substituents,
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Scheme 1. Previously Reported NHC-Catalyzed [4 + 2] Cycloadditions Utilizing Azoliumenolate Chemistry to Access

Substituted Pyranones with Optical Activation
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Scheme 2. NHC-Catalyzed [4 + 2] Cycloadditions Developed by Smith et al. to Access Substituted Trifluoromethyl

Dihydropyranones
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including methyl, benzyl, and aryl, to the C(S) position of the
dihydropyranones, and the access of contiguous stereocenters
with excellent diastereo- and enantioselectivity.

Inspired by theoretical studies presented by Bode and
Kozlowski,”® Smith and co-workers proposed a possible
catalytic mechanism for the reaction displayed in Scheme 2.
They proposed four general stages for the whole catalytic cycle
(Scheme 3), in particular the nucleophilic attack of NHC
catalyst to a-aroyloxyaldehyde 1, followed by a proton transfer
to generate “Breslow-type” intermediate II; the sequential
elimination of a p-nitrobenzoate group and azolium enol
proton with a step-by-step mechanism, resulting in formation of
the azolium enol intermediate III and azolium enolate
intermediate IV, respectively; the [4 + 2] cycloaddition
according to a concerted, but highly asynchronous, hetero-

Diels—Alder reaction process; and finally, the elimination of the
free NHC catalyst to release the final product and complete the
catalytic cycle.

The systematic theoretical study toward the NHC-catalyzed
reaction of @,f-unsaturated aldehydes reported by Bode and
Kozlowski* was indeed inspirational considering the systematic
nature of the work and the novel interesting conclusions they
achieved: (i) the [4 + 2] cycloaddition occurs through a
concerted, but highly asynchronous, hetero-Diels—Alder
reaction rather than the stepwise Michael- or Classen-type
pathways; (ii) two crucial interactions, in particular the
oxyanion-steering mechanism and the CH-7 interaction, were
identified to enable the high stereoselectivity. The problem is
that all those conclusions were stated to be obtained on the
basis of computational results at the IEFPCM-HE/ 6-31G(d)//
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Scheme 3. Proposed Catalytic Cycle of the NHC-Catalyzed [4 + 2] Cycloaddition by Smith et al.
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HF/6-31G(d) level of theory.’™** As we all know, the
Hartree—Fock method can be viewed as a special density
functional that includes 100% Hartree—Fock exchange func-
tional and no correlation, and neglecting electron correlation
can lead to serious deviations from experimental results,””**
and this is why so many post-Hartree—Fock methods (CC,*>*°
MPn,37 cL’® QCI,39 CASSCF,*~* etc.) have been proposed
to improve the computational results.

A most successful alternative to the Hartree—Fock method is
density functional theory (DFT),” which includes both
exchange and correlation energies. Over the past few decades,
the DFT method has been widely used in mechanism and
stereoselectivity studies toward organic and catalytic reac-
tions,"®**** and a number of DFT approximations have been
demonstrated to be able to give rational explanations for
experimental phenomena and accurate predictions on the
optical properties of the final products. In particular, one of the
global hybrid meta-GGA (meta-generalized gradient approx-
imation) functional, namely M06-2X,****7 which was
developed by the Truhlar group, has been widely demonstrated
to perform very well on both energy and geometry predictions
toward systems consisting of main group elements only.
Therefore, in the present study, we will pursue a detailed DFT
investigation on the mechanism and stereoselectivity of the title
catalytic reaction by utilizing the M06-2X functional.

Furthermore, Bode and Kozlowski*’ did not provide the
complete energy profile for the reactions they studied. They
optimized several key transition states for the Diels—Alder
reaction mechanism at the HF/6-31G(d) level, calculated the
relative free energies of those transition states, and then
identified the most favorable configuration of the final product,
which was consistent with the experimental result. However,
except for the diastereo- and enantioselectivity, there are still
several key issues of the Diels—Alder reaction mechanism that
are ambiguous before we make the whole energy profile very
clear, as shown in Scheme 3, for example: (i) the direct 1,2-H
shift and the 1,3-H shift processes have been definitely verified
to be very difficult. Then in Stage 1, how should the proton be
transferred from the aldehyde carbon atom to the aldehyde
oxygen atom to yield the famous “Breslow-type” intermediate
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II? (ii) In Stage 2, will the carboxylate ion 4-NO,C,H,CO,~
and the proton H' be removed through a stepwise or concerted
mechanism? (iii) In Stage 3, the stage to generate the two
contiguous stereocenters, although Bode and Kozlowski have
identified the oxyanion steering and CH-x interactions as two
key factors for the enantio- and diastereoselectivity, we need
further confirmation with a much more reliable computational
method, such as the M06-2X functional of the DFT method,
and a much more intensive study to explore if there are more
fundamental reasons for generation of the optical activity
centers. (iv) Will substituents with different electron properties
(electron-donating or -withdrawing) influence yields of the
reaction? With all these questions as motivation, the present
work will pursue a detailed DFT investigation of the title
reaction to not only access a complete free energy potential
profile for the NHC-catalyzed [4 + 2] cycloaddition reaction of
a-aroyloxyaldehydes with a more reliable computational
method but also explore the mechanism of the “Breslow-
type” intermediate formation and the factors that likely control
the stereochemistry of the title reaction. We believe that the
mechanistic information provided in this study should be
important for offering guidance to better understand the NHC-
catalyzed [4 + 2] cycloaddition reaction with a-aroyloxyalde-
hydes as substrates at the molecular level and provide some
novel insights into origins of the generation of stereoselectivity.

2. COMPUTATIONAL DETAILS

2.1. Model Selection. We chose the theoretical investigation
models after very careful and comprehensive evaluations toward the
experimental results, including the time the reaction takes, and the
yields and stereoselectivities obtained by utilizing corresponding
reactants. As a result, 2-p-nitrobenzoyloxy-2-methyl-acetaldehyde (R'
= Me, Scheme 2) and I-triftuoromethyl-2-methyl-3-(p-nitrophenyl)-
prop-2-en-l-one (R® = p-nitrophenyl, R* = Me, Scheme 2) were
selected as the objects of our investigation. For the sake of
convenience, we will denote the NHC catalyst used in experiments
as Cat, and compounds 2-p-nitrobenzoyloxy-2-methyl-acetaldehyde
and 1-trifluoromethyl-2-methyl-3-(p-nitrophenyl)-prop-2-en-1-one as
R1 and R2, respectively, in the rest of this paper.

2.2. Computational Details. All density functional theory (DFT)
calculations were performed using the Gaussian 09 suite of

DOI: 10.1021/acs.joc.5b02439
J. Org. Chem. 2016, 81, 868—877


http://dx.doi.org/10.1021/acs.joc.5b02439

The Journal of Organic Chemistry

Scheme 4. Possible Reaction Mechanism for the Title Catalytic Cycloaddition
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prograrns.48 The geometries of all the reactants, transition states, group’lé'd""“5 we proposed a possible reaction mechanism for

intermediates, and products were fully optimized in gas phase by using
the M06-2X density functional with the 6-31G(d, p) basis set. The
vibrational frequencies, which were used to help ensure each transition
state has one and only one imaginary frequency while all of the
reactants, intermediates, and products have no imaginary frequency,
were calculated at the same level with the temperature set as 298.15 K
and the pressure as 1 atm. The same level of intrinsic reaction
coordinate (IRC)***° calculations were performed to confirm each
transition state leads to the expected reactants and products.

On the basis of the optimized structures obtained in gas phase, the
single-point energies were further refined at the M06-2X/ 6-31++G(d,
p) level of theory with the solvent effects of THF simulated by the
polarizable continuum model using the integral equation formalism
variant (IEFPCM). All discussions in the present paper were based on
the calculated Gibbs free energies, which were the electronic
(including nuclear-repulsion) energies calculated at the IEFPCM-
MO06-2X/6-31++G(d, p)//M06-2X/6-31G(d, p) level of theory plus
the thermal corrections to Gibbs free energies calculated in gas phase
with M06-2X functional and the 6-31G(d, p) basis set.

To test the suitability of the M06-2X/6-31G(d, p)//6-31++G(d,
p)//IEFPCMy: method, we have performed full optimizations for
some selected stationary points by using the M06-2X/6-31++G(d,
p)//IEFPCMyp method, and the results are summarized in Part 3 of
the Supporting Information, where we can observe that the optimized
geometries in gas phase and in implicit solvent have small differences,
and the relative energy from these optimization calculations is in good
agreement with the refined value with a deviation of 0.5 kcal/mol.
Thus, we believe the selected computational method in the present
work should be suitable and reliable for investigations of the studied
reaction system.DI

3. RESULTS AND DISCUSSION

3.1. Catalytic Mechanism. On the basis of the mechanism
suggested by Smith,” the theoretical investigations reported by
Bode and Kozlowski,” and the previous DFT studies on the
NHC-catalyzed cycloadditions performed by our own

871

the title catalytic [4 + 2] cycloaddition and illustrated it in
Scheme 4. As can be seen, the whole catalytic cycle that occurs
after the formation of the real catalyst Cat in situ from the
triazole compound Pre-Cat with the assistance of CO;>~
(derivative from the base of Cs,CO;) was proposed to go
through four stages, i.e,, the formation of the “Breslow-type”
intermediate M2 through two elementary steps, in particular
the combination of NHC catalyst Cat with the a-
aroyloxyaldehyde R1, and sequentially the 1,2-H transfer
from the C3 to OS5 atom; elimination of the p-nitrobenzoic
acid by a concerted elementary step to give the azolium enolate
intermediate M3; [4 + 2] cycloaddition via the Diels—Alder
reaction mechanism, ie., the concerted cycloaddition mecha-
nism, to give intermediate M4; and finally, the elimination of
product P along with regeneration of the NHC catalyst. In the
following parts of this section, we will present detailed
discussions for each stage.

3.1.1. Stage 1: Formation of the “Breslow-type”
Intermediate. Before we begin to discuss the mechanism in
further detail, we have to emphasize that it is indeed important
and also challenging to make clear which reactant the catalyst
would initially interact with when one tries to investigate the
mechanism of a catalytic cycloaddition process.'®**** However,
in this work, we did not study the mechanism in which the
catalytic cycle is initiated by nucleophilic attack of the NHC
catalyst to the diene (a,f-unsaturated trifluoromethylketone
R2) because the “Breslow-type” intermediate that is formed by
reaction of NHC with aldehgrde has been definitively verified by
Breslow and others.”**%>°

As shown in Scheme 4, with assistance from CO;*~
(derivative from the base of Cs,COj;), deprotonation of the
triazole compound Pre-Cat occurs to yield the active catalyst
Cat accompanied by the generation of a molecule of HCO;™,
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the conjugate acid of CO;*~.°**° Then, the coordinated
zwitterionic intermediate Re-M1 or Si-M1 (denoted as Re/
Si-M1) is formed through the nucleophilic attack of the Cl
atom in Cat to the C3 atom in reactant R1 from its Re or Si
face via transition states Re/Si-TS1, respectively. The
optimized geometries presented in Figure 1 show that the
distance between C1 and C3 atoms reduces from 2.04/1.94 A
in Re/Si-TS1 to 1.55/1.58 A in Re/Si-M1, respectively, which
implies the complete combination of Cat with Rl. Figure 2
displays the Gibbs free energy profile for the whole reaction,
and the energies of Cat+2 X R1+R2+HCO;™ were set as the
reference of 0.0 kcal/mol. From Figure 2, we can easily
determine that the barrier via Re-TS1 is 1.1 kcal/mol lower
than that via Si-TS1, and more importantly, the adduct
intermediate Re-M1 locates 7.2 kcal/mol lower than Si-Ml1,
indicating that the nucleophilic attack of Cat to the Re face of
R1 is both thermodynamically and kinetically favorable to that
to the Si face. Therefore, for the rest of the calculations, we will
drop all reactions associated with Si-M1.

The second step of Stage 1 is to transfer proton H6 from the
C3 to OS atom to yield the “Breslow-type” intermediate M2
(Scheme 4). Following a typical 1,2-H shift process, a highly
strained three-membered ring structure would present in the
transition state of this direct proton transfer (DPT) pathway,
which will probably induce a highly unreasonable reaction
energy barrier. Then, inspired by previous investigations
conducted by our own and other’s groups,”’ "’ we proposed
another two possible pathways: the bimolecular proton transfer
(BPT) pathway with assistance of another molecule of a-
aroyloxyaldehyde R1 and the bicarbonate anion-assisted proton
transfer (BAAPT) pathway with HCO;~, which is the
byproduct of the reaction of Pre-Cat with the base Cs,CO;
(Scheme 4) acting as the medium. The transition states for the
DPT, BPT, and BAAPT pathways are denoted as TS2, TS3,
and TS4, respectively.

(i) DPT pathway: The optimized geometry of TS2 shows
consistent structure with what we mentioned above, ie., a
three-membered ring (C3-OS-H6) structure appears. The
distance between OS and H6 atoms is shortened from 2.09 A
in Re-M1 to 1.29 A in TS2, whereas the bond lengths of C3—
H6 and C3—0S are elongated from 1.13 and 1.32 A in Re-M1
to 1.18 and 146 A in TS2, respectively. These changes
definitely indicate the formation of the three-membered ring
structure in TS2. Please note that we gave the hydrogen atom
bonded to OS atom a completely new number (ie, H11) in
M2 and all structures after because this atom comes from
different molecules via different pathways. The free energy
barrier of this direct proton transfer pathway was calculated to
be as high as 47.9 kcal/mol, which is apparently difficult to
overcome at room temperature.

(i) BPT pathway: Inspired by the recent DFT study’’
carried out by our own group toward the NHC-catalyzed
dimerization of methyl methacrylate, we proposed a
bimolecular proton transfer mechanism that is assisted by
another molecule of Rl. In particular, upon another R1
approaching intermediate Re-M1, the H6' atom is shifted from
the C3’ atom to the OS atom, and the H6 atom is transferred
from the C3 atom to the C3’ atom. All of these reactive centers
built a five-membered ring in transition state TS3 via which the
Gibbs free energy barrier is significantly lowered (35.3 kcal/
mol) compared with that through the DPT pathway, but it is
still too high to be overcome under the experimental
conditions. The optimized geometry of TS3 clearly shows
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that these two proton transfers are highly asynchronous, and
the shift of H6’ atom happens earlier than that of the H6 atom.

(iii) BAAPT pathway: The BAAPT pathway is actually also a
bimolecular proton transfer pathway, but it uses the bicarbonate
anion as the proton transfer medium. The proposal of this
pathway was also inspired by one of our recent studies'® in
which we demonstrated that the bicarbonate anion-assisted
proton transfer is much more energetically favorable than that
of the direct proton transfer mechanism or the water-assisted
transfer mechanism. As shown in Scheme 4, in the BAAPT
pathway, the H6 atom is transferred from the C3 atom to the
carbonyl oxygen atom O7, and the hydrogen atom HI10 of the
monoacid is shifted from the O9 atom to the OS5 atom. The
transition state of this process is denoted as TS4, which
includes a seven-membered ring structure (C3-H6-O7-C8-O9-
H10-0S). The free energy barrier of the BAAPT pathway is
only 11.2 kcal/mol, which is much lower than that of the BPT
pathway and quite easy to be overcome under the experimental
conditions. The main reason for the much lower energy barrier
through the BAAPT pathway than that of the BPT pathway
could be attributed to the smaller stretching force derived from
the seven-membered ring of transition state TS4 than that
derived from the five-membered ring of transition state TS3.

Taking all three possible proton transfer pathways into
consideration, the most energetically favorable pathway is
found to be the one assisted by bicarbonate anion, and the
Gibbs free energy barrier is located to be only 11.2 kcal/mol,
which is very easily overcome under the experimental
conditions. The much lower barrier of the BAAPT pathway
should be partly attributed to expansion of the ring that consists
of corresponding reactive centers from the three-membered in
TS2 or five-membered in TS3 to seven-membered in TS4,
which significantly reduces the stretching forces that derived
from the ring structures contained in the transition states.

3.1.2. Stage 2: Formation of the Azolium Enolate. Stage 2
is to remove a molecule of p-nitrobenzoic acid from the
“Breslow-type” intermediate M2 and then access azolium
enolate intermediate M3. Smith and co-workers proposed a
stepwise mechanism for this process, meaning that the
intermediate M2 would first eliminate the p-nitrobenzoate
anion to leave an azolium enol and then dismiss the hydrogen
cation to access azolium enolate M3. However, our theoretical
computational results indicate a concerted mechanism via
transition state TSS (Scheme 4), and the IRC calculations
absolutely demonstrate that TSS could lead to the earlier
intermediate M2 and the later intermediate M3 plus p-
nitrobenzoic acid.

The geometrical parameters depicted in Figure 1 show that
the cleavage of the C4—012 bond is more advanced than the
formation of the H11—O12 bond, revealing a concerted but
highly asynchronous manner. The length of the C4—012 bond
is elongated from 1.47 A in M2 to 2.17 A in TSS, whereas the
distance between the H11 and O12 atoms is shortened from
372 A in M2 to 3.13 A in TSS and finally 0.97 A in p-
nitrobenzoic acid, which definitely indicates the full formation
of the H11—-0O12 bond. The energy barrier of this elementary
step is 5.0 kcal/mol, which is quite easy to overcome at room
temperature.

3.1.3. Stage 3: [4 + 2] Cycloaddition. In Stage 3, the hetero-
Diels—Alder [4 + 2] cycloaddition occurs between the azolium
enolate M3 and the trifluoromethyl-substituted a,f-unsaturated
ketone R2. As shown in Scheme 4, the C4 atom in M3 attacks
the C16 atom in diene R2, and the O13 atom in R2 attacks the
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C3 atom in M3, resulting in the formation of two chemical
bonds C4—C16 and C3—013 in intermediate M4 via the
transition state TS6. In particular, the bonding of the C4 and
C16 atoms would result in formation of two contiguous chiral
carbon centers, i.e., the C4 and Cl16 atoms, and four
configurations would possibly present in corresponding
products through the four additional patterns that are
illustrated in Scheme 5. As shown, the azolium enolate
intermediate M3 can possibly attack either the Re or Si face
of diene R2 with its own Re or Si face.

Scheme S. Illustration of the Cycloaddition Patterns of M3
with R2

We denote the four transition states that appear in this [4 +
2] cycloaddition step correspondingly as TS6RR, TS6SS,
TS6SR, and TS6RS; the first “R” or “S” represents the chirality
of the C4 atom, and the latter “R” or “S” represents the chirality
of the C16 atom. As we can observe from the optimized
geometries of the four transition states given in Figure 1, the
C4—C16 and C3—013 bonds are formed asynchronously, and
formation of the C4—C16 bond happens earlier than that of the
C3—013 bond. However, the IRC calculations for those
transition states definitely demonstrate a concerted mechanism.
In other words, our theoretical calculations stand on the point
that the [4 + 2] cycloaddition occurs in a concerted but
asynchronous manner, which is consistent with what was
concluded by Bode and Kozlowski.”” The barrier via TS6SS is
only 11.3 kcal/mol (Figure 2), which is obviously lower than
barriers via any of the other transition states. This result
indicates good agreement with the experimental results that the
most favorable product is in SS configuration. Moreover, the
energy barriers via TS6RR and TS6SS are both lower than
those via TS6SR and TS6RS, which is perfectly consistent with
the experimental diastereomeric ratio (>95:5).

3.1.4. Stage 4: Regeneration of the Catalyst. In the last
stage, the product is released with the cleavage of the C1-C3
bond accompanied by regeneration of the NHC catalyst. The
four transition states (TS7RR, TS7SS, TS7SR, and TS7RS) via
which the dissociations occur were all located, and their
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geometries are given in Figure 1. The elongation of the C1-C3
bond length from M7s to TS7s definitely indicates this
dissociation process, and the gradual shortening of the C3—035
bond length from M7s to TS7s, and finally the product Ps,
indicates the full formation of the C3=0S5 double bond.

The free energy barriers via TS7SS, TS7RR, TS7SR, and
TS7RS are 5.7, 3.6, 3.7, and 4.1 kcal/mol, respectively, where
we can see that the dissociation reaction via TS7SS is not most
energetically favorable, but the energy barrier of 5.7 kcal/mol is
quite easy to overcome to form the corresponding product PSS.
More importantly, the stereoselectivities have been determined
in the [4 + 2] cycloaddition process such that a little bit higher
barrier in this step would not have any effect on the favorable
configuration of the final product.

3.2. Origin of Stereoselectivity. To make clear the origin
of the generation of stereoselectivity from a theoretical
perspective is of great value for experimental scientists to
pertinently synthesize asymmetric compounds with desired
optical activation. With respect to the specific reaction we are
studying in the current work, the contiguous stereocenters (C4
and C16 atoms) are formed within the hetero-Diels—Alder [4 +
2] cycloaddition process; thus, this elementary step should be
the key step to determine the stereoselectivities of the reaction.
Therefore, we first performed analysis on the distortion
energies (E4)®" of M3 and R2, which refer to the energy
changes from their stable geometries to the geometries as they
are in transition states TS6SS, TS6RR, TS6SR, and TS6RS,
respectively. We also performed analysis on components of
Gibbs free energy barriers via TS6s. Analyses conducted with
these two methodologies are effective approaches to access
deep understanding of the molecule interactions from an
indirect perspective, clearly determine the main components
that contribute to barriers via each transition state, and
determine the main reasons that different barriers result from
different transition states, especially for those transition states
with similar structures (e.g, diastereo- and enantioisomers).
The computational results are shown in Tables 1 and 2.

Table 1. Contributions of Distortion Energies (Eg,,) of M3
and R2 to Energy Barriers via TS6s”

Egy (M3) Egy (R2) Eg; (sum)
TS6SS 10.7 11.6 22.3
TS6RR 12.8 11.6 24.4
TS6SR 6.1 8.7 14.8
TS6RS 13.7 10.1 23.8

“The last column lists the sum of the two distortion energies. All
energies were calculated at the M06-2X/6-31G(d,p) level of theory in
gas phase (kcal/mol).

Table 2. Free Energy Barriers via TS6s and their
Corresponding Components®”

A G(2)98 AH(2)98 - TASg98 AAGg93 AAH(ZJQS
TS6SS 113 -62 17.5 0.0 0.0
TS6RR 14.5 —42 187 32 19
TS6SR 16.5 ~14 17.9 52 48
TS6RS 209 +3.5 17.4 9.6 9.7

“The last two columns give the relative free energy barriers and the

relative enthalpy changes (kcal/mol).
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From the calculated distortion energies shown in Table 1, we
can see that, for each of the four transition states, the
contributions derived from geometry distortions of M3 are in
similar magnitude with that from R2. Specifically, Eg(R2) is a
little bit larger than E,(M3) via transition states TS6SS and
TS6SR, whereas it is a little bit smaller than Eg,(M3) via
transition states TS6RR and TS6RS. The total distortion
energies (Egq(sum)) via TS6SS have similar magnitudes with,
but smaller than, those via TS6RR and TS6RS, which is in line
with the sense of stereoselectivity reported in experiments.*®
Considering the lowest barrier via TS6SS discussed above, we
can reasonably speculate that the interaction energies between
the R2 and M3 moieties in TS6SS should be larger than those
in TS6RR and TS6RS. The only special case is TS6SR because
the Eg(sum) via it is obviously smaller than those of the other
three, which we consider should be attributed to the larger
distance between the R2 and M3 moieties, because with similar
energy barriers, the larger the distance between the moieties,
the weaker the interactions probably are. From the optimized
geometries shown in Figure 1, we can see that the distances
between the C3 and O13 atoms and C4 and C16 atoms in
TS6SS, TS6RR, and TS6RS are 2.72—2.83 A and 2.16—2.29 A,
respectively, which are significantly shorter than 3.20 and 2.35
A, respectively, in TS6SR; thus, relatively weaker interactions
between M3 and R2 moieties in TS6SR could be reasonably
expected.

In other words, according to analysis of the distortion
energies of M3 and R2 from their stable geometries to those in
transition states TS6s, we can reasonably speculate that the
smaller distortion energies should contribute to the lower
energy barrier via TS6SS, and the larger distance between M3
and R2 moieties in TS6SR leads to weaker distortion effects,
which raise the molecule energy, but simultaneously, the larger
distance also leads to obviously weaker interactions, which are
propitious to reduce molecular energy. The final result of these
two contradictory effects is to lead to higher energy barrier via
TS6SR than that via TS6SS.

From the calculated Gibbs free energy barriers and their
components for the [4 + 2] cycloaddition process that are
presented in Table 2, we conclude that, for each transition state,
contributions to free energy barriers from the change of
entropy item (—TAS3;) are considerably larger than enthalpy
(AHY,), but the entropy changes from reactants of this step
(i.e, M3 and R2) to the four transition states are quite similar.
Therefore, the differences of free energy barriers via the four
transition states originate mainly from differences of the
enthalpy barriers rather than those of entropy. In other
words, the origin of stereoselectivities of the title reaction
should be identified to the different enthalpy changes when the
reaction goes through different transition states.

To make clearer illustrations of the crucial effects of the close
relationship between AHjy and AGjg toward the stereo-
selectivities of the reaction, we calculated the relative free
energy barriers (AAGYs) and relative enthalpy barriers
(AAHY) as compared to their corresponding values via
TS6SS. The results are listed in the last two columns of Table
2, from which we can easily find that, for each transition state,
the value of AAGYg is roughly identical with that of AAHY.
We also tried to represent them with a correlation linear, which
is displayed in Figure 3. The calculated slope and the Pearson
correlation coeflicient for this line equal 1.027 and 0.982,
respectively, which remarkably confirm the same variety trend
of AAGY, with that of AAHY and furthermore demonstrates
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Figure 3. Correlation of the relative free energy barriers (AAG3gg)
with the relative enthalpy barriers (AAHYg) for the [4 + 2]
cycloaddition step. Please note that the free energy barrier and
enthalpy barrier of transition state TS6SS were set as 0.0 kcal/mol.

the significant contributions of differences of enthalpy barriers
to stereoselectivities of the cycloaddition reaction. More
interestingly, the TS6RR was found to obviously deviate from
the line, which we believe should be attributed to the relatively
larger entropy change (18.7 kcal/mol, Table 2) via TS6RR
compared to those via the other three transition states, and this
could be further attributed to its relative larger distortion
energy shown in Table 1 (24.4 kcal/mol).

3.3. Substituent Effects. Reactions of a-aroyloxyaldehyde
with various @,f-unsaturated trifluoromethyl ketones (with the
a-substituent being 4-BrCsH,, 4-NO,CsH,, 4-FC(H,, or 4-
MeOCGH,) were systematically studied to explore the
substituent effects. We calculated the Gibbs free energy barriers
AGJys of the concerted [4 + 2] cycloaddition process when
using different a-substituted ketones because all reactions
before this elementary step are the same (Scheme 4).

Table 3 lists the computational results of AGyyg and the
experimental yields. From these results we can observe that,

Table 3. Calculated Gibbs Free Energy Barriers of the [4 +
2] Cycloaddition Step and the Experimental Yields with
Different @-Substituents in Ketone Ordered by Magnitude of
AG3s

entry a-substituents AGYg(keal/mol) yield (%)
1 4.BrC¢H, 102 97
2 4NO,CH, 113 84
3 4-FCH, 19.1 66
4 4-MeOC4H, 232 65

with different a-substituted ketones as the reactants, the yield
would decrease with increasing free energy barriers. To
illustrate this tendency in a more intuitional way, we plotted
a scattergram of the reaction yield versus the calculated AGJgg,
and displayed it in Figure 4. Clearly, the free energy barrier is in
inverse correlation with the experimental yield. This is a
reasonable correlation, and simultaneously, this correlation
provides conclusive evidence for the mechanism we proposed.
Nevertheless, this systematic study failed to afford any clue to
the regular effects of properties of substituents (electron-
withdrawing or -donating) toward the experimental yield
because the yield or energy barrier does not vary regularly
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Figure 4. Scattergram of the experimental yields versus the calculated
AGs.

with the increase (or decrease) of the electron-withdrawing (or
-donating) ability of the corresponding substituent.

4. CONCLUSIONS

The DFT study using the M06-2X functional has been carried
out to investigate the detailed mechanism and stereoselectivity
of the NHC-catalyzed [4 + 2] cycloadditions to synthesize
highly functionalized dihydropyranones utilizing a,f3-substi-
tuted a,f-unsaturated trifluoromethyl ketones as substrate. Our
theoretical calculations demonstrate four stages that are
necessary for the whole catalytic cycle, in particular, formation
of the “Breslow-type” intermediate (Stage 1), formation of the
azolium enolate (Stage 2), [4 + 2] cycloaddition (Stage 3), and
finally regeneration of the catalyst (Stage 4). Among these four
stages, Stage 1 includes two elementary steps, ie., the
nucleophilic attack of NHC catalyst to the reactant a-
aroyloxyaldehyde R1 and the 1,2-H transfer. The calculated
results show that the bicarbonate anion-assisted proton transfer
(BAAPT) pathway with HCO,;™ as the proton medium is
significantly energetically favorable relative to the direct proton
transfer (DPT) pathway or the bimolecular proton transfer
(BPT) pathway. Stage 3 is verified to be the stereoselectivity-
determining step, and the adduct product with SS configuration
is most favorable for the yield, which is well-consistent with the
experimental results. Finally, the analysis on the distortion
energies of M3 and R2 indicates that the relatively smaller
distortion energies of those two species along with the relatively
larger interactions between the M3 and R2 moieties in TS6SS
finally lead to the main product in SS configuration. The
analysis on Gibbs free energy barriers and their components of
the [4 + 2] cycloaddition process shows that the different free
energy barriers (AAGJyg) via the four TS6s originate from the
different enthalpy barriers (AAH3;), and the changes of the
entropy items (—TAS3g) via all TS6s are almost equal.

On the basis of all discussions stated above, we demonstrate
that the trace amount of bicarbonate anions are important
because they perform very well as a novel proton medium, and
conclude that it is the difference of enthalpy barriers via
transition states with different configurations that contribute to
the different free energy barriers and furthermore contribute to
stereoselectivity of the reaction. The systematic study of
reactions using various a-substituted ketones as the reactant
demonstrated the inverse correlation between the experimental
yield and the free energy barrier, and this reasonable correlation
afforded further verification of the catalytic mechanism we
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proposed, but we failed to find any clue as to the regular effect
of the electronic nature on the reactivity. This work provides
valuable guidance for future theoretical and experimental
investigations toward NHC-catalyzed asymmetric cycloaddi-
tions.
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