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ABSTRACT: Lewis base N-heterocyclic carbene (NHC)-catalyzed annulation is the subject of extensive interest in synthetic
chemistry, but the reaction mechanisms, especially the unexpected chemoselectivity of some of these reactions, are poorly
understood. In this work, a systematic theoretical calculation has been performed on NHC-catalyzed annulation between allenals
and chalcone. Multiple possible reaction pathways (A—E) leading to three different products have been characterized. The
calculated results reveal that NHC is more likely to initiate the reaction by nucleophilic attack on the center carbon atom of the
allene group but not the carbonyl carbon atom in allenals leading to the Breslow intermediate, which is remarkably different from
the other NHC-catalyzed annulations of unsaturated aldehydes with chalcones. The computed energy profiles demonstrate that
the most energetically favorable pathway (A) results in polysubstituted pyranyl aldehydes, which reasonably explains the
observed chemoselectivity in the experiment. The observed chemoselectivity is demonstrated to be thermodynamically but not
kinetically controlled, and the stability of the Breslow intermediate is the key for the possibility of homoenolate pathway D and
enolate pathway E. This work can improve our understanding of the multiple competing pathways for NHC-catalyzed annulation
reactions of unsaturated aldehydes with chalcones and provide valuable insights for predicting the chemoselectivity for this kind

of reaction.

B INTRODUCTION

In recent years, N-heterocyclic carbenes (NHCs) have been
applied as the efficient organocatalyst in various carbon carbon
and carbon—heteroatom bond-forming reactions.'~® An attrac-
tive feature of Lewis base NHCs, as powerful organocatalysts, is
their ability to catalyze the polarity reversal of various carbonyl
compounds such as ketenes, saturated aldehydes, and unsatu-
rated aldehydes. For example, the complexation of NHC and
saturated aldehyde would lead to the formation of an enamine-
like Breslow intermediate and thus invert the innate reactivity of
aldehydes (that is, “umpolung”), i.e., with the normally
electrophilic carbonyl carbon acting as a transient nucleophile
(Scheme 1a). The transient nucleophile is an acyl anion
equivalent and can then participate in many reactions (such as
Benzoin condensation and Stetter reactions).”® When the
substrates are enals, i.e., @f-unsaturated aldehydes, they do
not show a similar reactivity, which is due to the more favorable
homoenolate reactivity compared to that of their saturated
aldehyde counterparts.g’10 As shown in Scheme 1b, once the
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Breslow intermediate is formed, the f-carbon atom but not the
carbonyl carbon atom would subsequently initiate the
nucleophilic attack on the electrophilic reagent. Interestingly,
protonation of the f-carbon of homoenolate equivalents can
allow for the formation of enolate equivalents (shown in Scheme
1b)."! By ‘now, NHC-catalyzed reactions of enals with
aldehydes, 1m1nes, 12 diones,">"? cyclic 1,2-dicarbonyl com-
pounds,'* tropone,"® chalcones,"®™"® and aryl nitroalkenes'’
have been extensively explored and utilized to synthesize many
important natural compounds. While multiple reactive inter-
mediates may be present in the reaction systems, the use of
identical substrates may allow for the formation of different
products. For example, NHC-catalyzed annulations of enals with
chalcones selectively giving access to cyclopentene or enolate-
type lactone compounds under the different experimental

conditions have been realized by the Chi group (Scheme 1c).”
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Scheme 1. (a) Formation of Acyl Anion Equivalents, (b) Formation of Homoenolate Equivalents or Enolate Equivalents, and (c)
Homoenolate Pathway and Enolate Pathway
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Scheme 2. NHC-Promoted Annulation Reaction of Allenals with Chalcones
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Scheme 3. Three Possible Reaction Pathways for the Formation of P1 Proposed by Ma et al.
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Allenals 1 are special unsaturated aldehydes. Ma et al. recently easy method for synthesizing pyranyl aldehydes, which enriches
exploited their reaction with chalcones 2 catalyzed by NHC 3, the pyran family and provides more opportunities for efficient
unexpectedly obtaining the polysubstituted pyranyl aldehydes 4 synthesis of natural products. However, why the reaction does
in good yield but not cyclopentenes 5 or enolate-type lactone not produce cyclopentenes $ or enolate-type lactone products 6
products 6 (depicted in Scheme 2).*' The reaction provides an remains ambiguous.
8620 DOI: 10.1021/acs.joc.5b01222
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Scheme 4. Speculated Homoenolate Pathway D and Enolate Pathway E
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Figure 1. Summary of the computational results from Yang’s work.

In the experimental report, Ma et al. speculated three possible
pathways (depicted in Scheme 3). In pathway A, the NHC may
attack the center carbon atom of allenals 1 leading to
intermediate Al, which subsequently undergoes 1,4-addition
with chalcone 2, affording enolate anion intermediate A2. Then,
intermediate A2 would isomerize into intermediate A3 followed
by intramolecular cycloaddition and elimination of the NHC
catalyst, giving final product P1. In pathway B, intermediate A2
does not go through isomerization to A3 but instead undergoes a
Rauhut—Currier-type reaction to give intermediate B3, which
would eliminate the NHC catalyst to form intermediate B4.
Then, the regenerated NHC would abstract the a-hydrogen of
B4 to give intermediate BS. Finally, enolic intermediate BS
would undergo an intramolecular cyclization to give intermediate
B6, which is subsequently protonated with IMes-HCI to give

product P1. Pathway C is different from pathways A and B, in
which NHC acts as a Brensted acid/base catalyst. First, the NHC
acts as a base to abstract the a-hydrogen of 1 and thus make the
a-carbon atom in C1 a nucleophile, which could then conduct a

nucleophilic attack on the chalcone forming intermediate C2.
The intramolecular cyclization of C2 leads to intermediate B6,
which could then abstract a hydrogen from the protonated NHC
to generate the final product P1. Because no intermediate can be
detected in experiments, it is still very difficult to understand
thoroughly the detailed reaction mechanisms as well as the
chemoselectivity.
Over the past two decades, DFT has been demonstrated to be
a powerful method for clarifying the detailed reaction
mechanisms and predicting the stereoselectivities as well as
chemoselectivities with high accuracy in organocatalytic
reactions.”” " It is worth mentioning that because of the special
reactivities and broad applications of the NHC-catalyzed
reactions, they also have attracted much attention from
theoretical chemists.”>™® In particular, NHC-catalyzed annula-
tion of enals with chalcone giving access to enolate-type lactone
and cyclopentene compounds has been theoretically studied by
us and the Domingo group, respectively.*”*” It turned out that
the reaction leading to enolate-type lactone and cyclopentene
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Scheme S. Free Energy Profile of Reaction Pathway A for NHC-Catalyzed Annulation of Allenals with Chalcone Leading to P1
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compounds proceeds following two different reaction pathways
involving homoenolate and enolate intermediates depicted in
Scheme 1b, respectively.””*” These theoretical studies have
greatly enhanced our understanding of the mechanistic insights
into the NHC catalytic processes and the roles of NHCs in the
reaction course. Our interest in NHC-catalyzed reactions
prompts us to investigate this domino process in detail
Moreover, to explain the observed chemoselectivity, we think
it is necessary to take the homoenolate and enolate pathways
(pathways D and E involving Breslow intermediate D1) leading
to products P2 and P3 shown in Scheme 4 into consideration.

It is worth mentioning that when we were preparing the
manuscript, a related paper was published by Yang et al.”’ In their
work, they investigated the three possible reaction pathways
(pathways A—C) shown in Scheme 3 leading to the
polysubstituted pyranyl aldehydes as well as the homoenolate
pathway D leading to cyclopentene by using a simplified model
NHC catalyst. They raised two key points in their paper. First,
pathway A leading to the formation of polysubstituted pyranyl
aldehydes is the most energetically favorable, in agreement with
the experimental observation that P1 is the main product.
Second, the rate-determining step in pathway A is the addition of
the conjugate to the central carbon atom of the allene moiety
with an activation free energy of 25.8 keal/mol (Figure 1), while
the formation of Breslow intermediate D2 requires an activation
energy of 59.5 kcal/mol, which indicates that the reaction process
is kinetically disfavorable and thus homoenolate pathway D is
impossible.

However, upon closer inspection of the free energy profile
shown in Figure 1, it became clear that there are some problems
in their conclusions. First, on the basis of the Cutin—Hammett
principle,”" the overall energy barrier for a catalytic cycle should
be the energy difference between the lowest and the highest
stationary points on the energy profile. Therefore, the energy
barrier for preferred pathway A should be the energy difference
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between al and TSa4,i.e., AG = 31.3 kcal/mol but not 25.8 kcal/
mol (Figure 1). The energy barrier of 31.3 kcal/mol is slightly
higher because the reaction can proceed smoothly at room
temperature. Thus, their computations fail to correlate with
experimental observations. This failure might be caused by their
use of the highly simplified model catalyst, in which the two
crucial Mes group attached to N were replaced with methyl
groups. The simplified model lost the originally present steric
repulsion and weak binding interactions between the reactant
and catalyst and thus may have a significant influence on the
obtained results.”” Second, it has been demonstrated many times
that protic solvent or acid/base can assist in the formation of the
Breslow intermediate and lower the energy barrier signifi-
cantly.*>*”*” However, in Yang’s paper, they suggested that the
formation of the Breslow intermediate go through a three-
membered transition state and thus is kinetically disfavorable.
Thus, we think this conclusion has a problem, and the key factor
determining the observed chemoselectivity is not identified
correctly by them. In addition, they did not consider the enolate
pathway depicted in Scheme 4, and thus, their computation is
incomplete. Given the shortcomings of the previous inves-
tigation, an exhaustive computational effort is indispensable for
clarifying the detailed reaction mechanism as well as the
chemoselectivity.

In the study presented here, a DFT theoretical investigation
toward the title reaction was pursued to shed light on details of
each elementary step at the molecular level and to reach a more
comprehensive understanding of the chemoselectivity of this
interesting catalytic annulation. This computational work
extends the scope of that earlier work by using the model
reaction shown in Schemes 3 and 4.

B COMPUTATIONAL DETAILS

All theoretical calculations were performed using the Gaussian 09°° suite
of programs. The geometrical structures of all the stationary points in

DOI: 10.1021/acs.joc.5b01222
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Figure 2. Optimized reactant, transition state, and product structures associated with pathway A. The distances are shown in angstroms. The hydrogens
not involved in the reaction have been omitted. The NHC catalyst is rendered transparent for the sake of clarity.

Scheme 6. Free Energy Profile of Reaction Pathway B for NHC-Catalyzed Annulation of Allenals with Chalcone Leading to P1
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the energy profiles were optimized at the B3LYP/6-31G(d,p) level**%° performed to ensure that the transition states led to the expected
in the gas phase. The Berny algorithm was employed for both reactants and products. We then refined the energy by performing
minimizations and optimizations to transition states.’® The correspond- single-point energy calculations at the MO06-2X/6-311++G(d,p )

ing vibrational frequencies were calculated at the same level to take into
account the zero-point vibrational energy (ZPE) and to identify whether
the structure is a transition state or a minimum. We confirmed that all

level”~”" based on the B3LYP/6-31G(d,p) optimized structures in
solvent tetrahydrofuran using the IEFPCM solvent model.”””* In the

reactants and intermediates had no imaginary frequencies, and each following discussion, the energies obtained by addition of thermal

transition state had only one imaginary frequency. Intrinsic reaction correction at the B3LYP/6-31G(d,p) level to the corresponding single
coordinate (IRC) calculations,*”*® at the same level of theory, were energy at the M06-2X/6-311++G(d,p) level in the solvent are used.
8623 DOI: 10.1021/acs.joc.5b01222
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Figure 3. Optimized transition state structures associated with pathway B. The distances are shown in angstroms. The hydrogens not involved in the
reaction have been omitted. The NHC catalyst is rendered transparent for the sake of clarity.

B RESULTS AND DISCUSSION

Reaction Mechanisms. In this study, multiple possible
reaction pathways (shown in Schemes 5—9) for the title reaction
were thoroughly investigated through DFT calculations. They
include the NHC-catalyzed reaction pathways (A—C) producing
polysubstituted pyranyl aldehyde P1, pathway D leading to
cyclopentene product P2, and pathway E for formation of
enolate-type lactone P3. Detailed insights into the different
reaction pathways are discussed in the following sections.

NHC-Catalyzed Annulation Pathways A and B. In
pathway A, NHC initiates the reaction by nucleophilic attack
on the positively charged center carbon atom of allenyl, i.e., the
C3 atom. This reaction process is accomplished via transition
state TS1A and generates intermediate M1A, in which the a-
carbon, i.e., C2 atom, is rendered negative. The energy barrier for
this step amounts to 22.1 kcal/mol, and the energy of generated
MI1A is 9.8 kcal/mol lower than that of R1+NHC, indicating that
this reaction process is highly exergonic and irreversible. Next,
the negatively charged C2 atom of MIA can nucleophilically
attack the f-carbon of chalcone R2 (i.e.,, C8 atom) via transition
state TS2A leading into intermediate M2A. This step requires an
activation energy of 20.5 kcal/mol, and the formed intermediate
M2A is 5.2 kcal/mol higher than R1+R2+NHC, indicating that
M2A is unstable. During this reaction process, the length of the
C2—CS8 forming bond changes from 1.84 A in TS2A to 1.60 A in
M2A (as shown in Figure 2). As suggested by Ma et al,
intermediate M2A should then isomerize to M4A (shown in
Scheme S). Direct isomerization should go through a four-
membered ring (H2—C2—C3—C4) transition state, which is
impossible because of the strong strain. Herein, we suggest that
M2A isomerizes to M4A via two consecutive proton transfer
processes. Specifically, the negative oxygen atom OS can first
abstract H2 attached with C2 via the seven-membered ring
transition state TS3A affording intermediate M3A. As shown in
Scheme §, the energy barrier for this step is only 3.3 kcal/mol as a
consequence of the developed negative charge on the OS atom.
Accompanied by the hydrogen transfer from C2 to OS5, the
negative charge gradually accumulates on the C4 atom. This
facilitates the subsequent hydrogen transfer from OS to C4,
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which is accomplished via an eight-membered ring transition
state TS4A with an energy barrier of 16.9 kcal/mol. Then,
intramolecular cyclization via C3—O0S5 bond formation affords
intermediate MSA. During this process, the C3—05 bond
distance changes from 2.12 A in TS5A to 1.48 A in MS3A,
indicating that the C3—OS5 bond is gradually formed in MSA.
The energy barrier for this single step amounts to 17.8 kcal/mol,
not a high barrier at room temperature. Followed by the
intramolecular cyclization is the extrusion of NHC catalyst and
product formation via transition state TS6A. The energy barrier
of 17.3 kcal/mol indicates that NHC is not a bad leaving group.
As shown, the energy barrier for the entire pathway A should be
the energy difference between the lowest stationary point, M1A,
and the highest stationary point, TS4A (AG = 27.5 kcal/mol).
The optimized transition state structures are shown in Figure 2.

Pathway B and pathway A diverge from intermediate M2A. In
pathway B (shown in Scheme 6), intermediate M2A does not
isomerize to M4A but to M4B; i.e., H2 is not transferred to C4
but to C7. Similarly, direct hydrogen transfer from C2 to C7 is
not feasible because of the strong strain associated with the four-
membered ring transition state, because the reaction system
contains small amounts of +-BuOH and protic solvent has been
demonstrated to be able to assist the proton transfer process in
many reactions.”*~”* Herein, we proposed that +-BuOH can
assist the hydrogen transfer from C2 to C7. According to our
calculated results, the t-BuOH-mediated hydrogen transfer
process is stepwise. At first, +-BuOH transfers its hydroxyl
hydrogen H1 to C7 via transition state TS3B and affords
intermediate M3B, in which the hydroxyl oxygen is hydrogen
bonded with both H1 and H2 (Figure 3). Next, the deprotonated
t-BuO™ would abstract the H2 attached to C2 giving rise to
intermediate M4B. The free energy barrier for t-BuOH-assisted
hydrogen transfer amounts to 32.4 kcal/mol (from MIA to
TS3B), indicating that this reaction process is not energetically
favored. Then, the elimination of NHC from M4B affords
intermediate MSB, with an activation free energy of 39.8 kcal/
mol. In the following, NHC would act as a Brensted base to
abstract the a-hydrogen attached to C7 leading to intermediate
M6B. The following intramolecular cyclization via transition

DOI: 10.1021/acs.joc.5b01222
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state TS7B results in intermediate M7B. The activation free
energy for TS7B amounts to 46.0 kcal/mol with respect to the
lowest stationary point, M4B. Finally, the protonation of M7B by
IMes-HCI via transition state TS8B produces product P1 and
regenerates the NHC catalyst. As shown from the free energy
profile, the free energy barrier for pathway B was calculated to be
as high as 46.0 kcal/mol, associated with the cyclization step,
indicating that pathway B is not energetically favorable.
Bransted Acid/Base-Catalyzed Annulation Pathway C.
In the experimental work, it was envisioned that NHC may act as
a Bronsted base to initiate the reaction. Therefore, we also took
this possibility into consideration. According to the calculated
results, this possible reaction pathway (i.e., pathway C) consists
of four reaction steps. NHC first acts as a Bronsted base to
deprotonate the a-hydrogen of allenyl R1 giving rise to the
negatively charged intermediate M1C via transition state TS1C,
which then goes through 1,4-addition with chalcone to form
intermediate M2C via transition state TS1C (Figure 4). The

TS1C ﬁj 7 1sac

Figure 4. Optimized transition state structures associated with pathway
C. The distances are shown in angstroms. The hydrogens not involved
in the reaction have been omitted. The NHC catalyst is rendered
transparent for the sake of clarity.

subsequent reaction steps proceed following pathway B and thus
are not discussed. According to the free energy profile shown in
Scheme 7, the rate-limiting step for pathway C is the second step
with the highest free energy barrier of 39.1 kcal/mol, indicating
that pathway C is also not energetically favorable.
NHC-Catalyzed Homoenolate Pathway D. To investigate
why the reaction does not yield cyclopentene product P2, we also
explored the possible reaction pathway D for chemoselective
formation of cyclopentene product P2. It is noteworthy that the

chemoselective formation of cyclopentene product P2 involves
the Breslow intermediate. As shown in Scheme 8, NHC initially
nucleophilically attacks the carbonyl carbon of allenals R1 via
transition state TS1D (Figure S) leading to intermediate M1D.
This step requires an activation energy of 16.7 kcal/mol and is
endergonic with the obtained intermediate M1D 8.9 kcal/mol
higher in energy than NHC+R1, indicating that this reaction
process is easily reversible. The subsequent proton transfer from
carbonyl carbon to carbonyl oxygen affords Breslow intermediate
M2D. The direct 1,2-migration mechanism via a three-
membered ring transition state requires an activation energy as
high as 56.1 kcal/mol (data not shown), indicating that its
occurrence is impossible. Alternatively, our calculated results
indicate that -BuOH can mediate the proton transfer process in
this step and can significantly reduce the energy barrier to 28.5
kcal/mol, demonstrating that formation of the Breslow
intermediate is kinetically possible. Homoenolate intermediate
M2D would then nucleophilically attack a,f-unsaturated
chalcone R2 to yield the enol—enolate M3D. This step involves
two events: C3—C8 bond formation and proton transfer from
O1 to OS occur simultaneously. The activation energy for TS3D
was calculated to be 35.9 kcal/mol, and generated intermediate
M3D is 9.4 kcal/mol higher than the reactant. Following the
formation of M3D is the keto—enol tautomerization producing
intermediate M4D, and t-BuOH was also proven to be able to
assist the proton transfer process in this step. The energy barrier
for TS4D amounts to 34.8 kcal/mol with respect to
R1+R2+NHC+t-BuOH. The generation of intermediate M4D

is irreversible with an energy barrier of 41.9 kcal/mol for the
reverse reaction. Then, intermediate M4D would experience an

intramolecular aldolic addition via transition state TSSD to form

intermediate MSD, which can then convert into bicyclic ether
M6D. The activation free energies associated with the aldolic

addition step and bicyclic ether formation step amount to 20.5

and 25.4 kcal/mol, respectively. The subsequent elimination of
NHC requires an activation energy of only 5.1 kcal/mol. At last,

intermediate M7D experiences an extrusion of a molecule of
carbon dioxide via transition state TS8D affording cyclopentene
product P2, and the energy barrier for this step was calculated to

Scheme 7. Free Energy Profile of Reaction Pathway C for NHC-Catalyzed Annulation of Allenals with Chalcone Leading to P1
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Scheme 8. Free Energy Profile of Reaction Pathway D for NHC-Catalyzed Annulation of Allenals with Chalcone Leading to P2
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Figure S. Optimized transition state structures associated with pathway D. The distances are shown in angstroms. The hydrogens not involved in the

reaction have been omitted. The NHC catalyst is rendered transparent for the sake of clarity.

this pathway, M2D would convert to M3E via a hydrogen shift
from the hydroxyl oxygen to the S-carbon, ie., C3 atom. The
calculated results reveal that +-BuOH can also mediate this
proton transfer process through transition state TS3E (Figure 6)

and generate enolate intermediate M3E, which can then react

be 25.7 keal/mol. On the whole, the energy barrier for the entire

pathway is 35.9 kcal/mol associated with TS3D.
NHC-Catalyzed Enolate Pathway E. NHC-catalyzed

[4+2] annulations of enals with chalcones leading to enolate-

type lactone products also involve Breslow intermediate M2D. In
8626 DOI: 10.1021/acs.joc.5b01222
J. Org. Chem. 2015, 80, 8619-8630


http://dx.doi.org/10.1021/acs.joc.5b01222

The Journal of Organic Chemistry

s ijj b M :\%&)

Figure 6. Optimized transition state structures and product P3
associated with pathway E. The distances are shown in angstroms.
The hydrogens not involved in the reaction have been omitted. The
NHC catalyst is rendered transparent for the sake of clarity.

with chalcone via [4+2] cycloaddition. The free energy barrier
for TS3E was calculated to be 17.7 kcal/mol (Scheme 9). The
following [4+2] cycloaddition of M3E with chalcone proceeds
concertedly via transition state TS4E with an activation free
energy barrier of 19.5 kcal/mol. Generated intermediate M4E
can then eliminate the NHC catalyst easily via transition state
TSSE and yield enolate-type lactone product P3. On the whole,
the enolate pathway leading to product P3 comprises five steps,
and the energy barrier for the whole reaction pathway is 28.5

kcal/mol associated with formation of Breslow intermediate
M2D.

Further Analysis of the Chemoselectivity. By now, the
five possible reaction pathways of the title reaction have been
discussed in detail. In summary, the free energy barriers for
pathways A—E are 27.5, 46.0, 39.1, 35.9, and 28.5 kcal/mol,
respectively. Apparently, reaction pathway A is the most
energetically favorable, which is in agreement with the
experimental results that show that P1 is the only observed
product. An interesting aspect for pathways D and E is that both
of them involve Breslow intermediate M2D, which is formed via
nucleophilic addition of NHC to the carbonyl carbon atom of
allenals followed by a t-BuOH-assisted proton transfer.
Remarkably, the formation of the Breslow intermediate requires
an activation free energy of 28.5 kcal/mol (associated with
TS2D), and the reaction process is endergonic by 8.0 keal/mol,
indicating that the reaction process is easily reversible (shown in
Scheme 8), while in pathway A, the reaction process does not
involve the Breslow intermediate. Instead, NHC initiates the
reaction by nucleophilic attack on the center carbon atom of
allenals and produces intermediate M1A. The corresponding
activation energy barrier for TS1A was calculated to be 22.1 kcal/
mol, and the generation of M1A was found to be exergonic by 9.8
kcal/mol, indicating that the reverse reaction with an activation
free energy of 31.9 kcal/mol is impossible (shown in Scheme §).
Therefore, although the highest free energy barrier for pathway E
is only 1.0 kcal/mol higher than that of pathway A, enolate-type
product P3 cannot be obtained because formation of Breslow
intermediate M2D is thermodynamically more disfavored than
formation of intermediate M1A. This conclusion is very different
from that of Yang, in which formation of the Breslow
intermediate requires an activation energy as high as 59.5 kcal/

Scheme 9. Free Energy Profile of Reaction Pathway E for NHC-Catalyzed Annulation of Allenals with Chalcone Leading to P3

AG
(kcal/mol)
16.7
/TSID\
NHC /
0.0 /
R1
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MI1A1: 0.0 kcal/mol

M2D1: 18.1 kcal/mol
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R12
M1A2: 0.0 kcal/mol

M2D2: 20.4 kcal/mol

D

R13
MI1A3: 0.0 kcal/mol

M2D3: 18.1 kcal/mol

Figure 7. Calculated free energy difference between M1A1 and M2D1 for R11, M1A2 and M2D2 for R12, and M1A3 and M2D3 for R13.

mol, the result being that this reaction process is kinetically
unfavorable. In summary, we can conclude that the highly
exergonic nucleophilic attack (i, thermodynamically stable
intermediate M1A) and the facile subsequent steps (proton
transfer, cyclization, and catalyst regeneration) in pathway A
result in its feasibility.

On the basis of our results and discussions, we conclude that
the observed chemoselectivity is thermodynamically controlled
but not kinetically controlled. It can be predicted that if the
energy of Breslow intermediate M2D is significantly higher than
that of M1A (e.g., >15.0 kcal/mol), the homoenolate and enolate
pathway would not occur. To verify this assumption, we selected
three other reaction models in the experimental report, in which
the substituent groups on R1 were changed, and compared the
corresponding intermediate energies for M1A and M2D. The
calculated results (shown in Figure 7) reveal that in all the three
cases, Breslow intermediate M2D is much more unstable than
MI1A, in agreement with the experimentally observed chemo-
selectivities.

To compare our calculated results with Yang’s “truncated
model” at the same level, we also performed calculations for the
stationary points in the key pathways at the M06-2X/6-311+
+G(d,p)//M06-2X/6-31G(d,p) level. All the results and

discussions are given in the Supporting Information.

B CONCLUSION

In this study, the detailed reaction mechanisms as well as the
chemoselectivity for the NHC-catalyzed annulation of allenals
with chalcones were investigated. Multiple possible reaction
pathways (A—E) leading to three possible products were taken
into consideration. Our calculated results indicate that pathway A
leading to the polysubstituted pyranyl aldehydes is most
energetically favored, and the energy barrier for the entire
catalytic process is 27.5 kcal/mol. In contrast to the limited
investigation by Yang’s group, our calculated results can more
reasonably explain the experimental observations, demonstrating
that selection of the appropriate catalyst model is of great
importance.

The NHC in the reaction system has been identified as being
responsible for the activation of allenals toward its reaction with
chalcone. The lower energy barrier of pathway A relative to
pathways B and C reveals that NHC cannot be just viewed as a
Bronsted base but instead should be viewed as a Lewis base
(nucleophile), which can enhance the nucleophilicity of allenals.
Furthermore, the comparison of pathway A with pathways D and
E determined that the chemoselective formation of polysub-
stituted pyranyl aldehydes is caused by the exergonic character-
istic of the first reaction process associated with the nucleophilic
addition of NHC to the central carbon of allenals in pathway A
and the low-energy barriers of the subsequent reaction steps.
Specifically, this pathway comprises six reaction steps:
nucleophilic attack of NHC on allenals, followed by 1,4-addition
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to chalcone, two consecutive intramolecular proton transfers,
intramolecular cycloaddition, and dissociation of the NHC
catalyst.

We proposed that the observed chemoselectivity is
thermodynamically but not kinetically controlled, and if the
Breslow intermediate is significantly unstable compared to the
other possible intermediate, the occurrence of the homoenolate
and enolate pathways would be impossible. Further calculations
of the different reaction models support this point, which may
provide valuable clues for predicting the chemoselective
outcome of this kind of reaction.
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