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Abstract 8 

A systematic theoretical study has been carried out to understand the mechanism 9 

and stereoselectivity of [4 + 2] annulation reaction between γ-oxidized enals and 10 

azodicarboxylates catalyzed by the N-heterocyclic carbene (NHC). The calculated 11 

results reveal that the catalytic cycle can be characterized by three stages (Stages 1, 2, 12 

and 3). Stage 1 is the nucleophilic addition of NHC catalyst to enals upon the 13 

intramolecular proton transfer to generate the Breslow intermediate. In this stage, 14 

except the direct proton transfer mechanism, the H2O (H2O and 2H2O cluster) and 15 

bicarbonate anion (HCO3
-
) mediated proton transfer mechanism are also investigated, 16 

the free energy barrier for the crucial proton transfer steps in Stage 1 is found to be 17 

significantly lower by explicit inclusion of bicarbonate anion (HCO3
-
). For Stage 2, 18 

the removal of the leaving group occurs, followed by C–C bond rotation for the 19 

formation of cis-dienolate. Stage 3 is the endo/exo [4 + 2] cycloaddition and 20 

dissociation of catalyst from the final products. The formal [4 + 2] cycloaddition step 21 

is calculated to be the enantioselectivity determining step, and the R-configured PR is 22 

the predominated product according to the computations, which is in good agreement 23 

with the experimental observations. Moreover, the stereoselectivity associated with 24 

the chiral carbon center is attributed to the CH-π interaction between C
α
−H and 25 

mesityl group of NHC and the variation in the distortion of the dienolate. The 26 

mechanistic insights obtained in the present study should be valuable for the other 27 

NHC-catalyzed reactions. 28 

 29 
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1. Introduction 1 

N-heterocyclic carbene (NHC) has been widely applied in the form of ligands,
1
 2 

and Lewis base catalysts.
2
 As an important organocatalyst, NHC have been 3 

successfully used in carbon-carbon and carbon-heteroatom bond formation reactions 4 

including cross-benzoin, Stetter, homoenolate, annulation, and cycloaddition 5 

reactions.
3
 In the past few years, Lewis base NHC has been found to be the powerful 6 

organocatalyst in the stereoselective cycloaddition reactions of ketene, including the 7 

[2 + 2],
4
 [2 + 2 + 2],

4d,5
 and [4 + 2]

6
 cycloaddition reactions. While for the annulation 8 

reactions catalyzed by NHC, the enals are frequently used as one of the reactants. Due 9 

to the special reactivity of the reactants (i.e. ketene and enals), their NHC-catalyzed 10 

cycloaddition/annulation reactions can provide a facile and also effective access to a 11 

variety of ring skeletons, especially for construction N/O-containing heterocycles. 12 

In the NHC catalyzed annulation reaction, the enals can react with a variety of 13 

electrophilic coupling partners, such as alkenes, imines, and ketones. The addition of 14 

NHC catalyst to the enals can lead to different reactive intermediates bearing more 15 

than one reactive carbon centers of the enals, such as the homoenolate intermediate 16 

(β-carbon),
7
 enolate intermediate (α-carbon),

8
 and acyl anion equivalent intermediate 17 

(carbonyl carbon),
9
 which allows the inversion of the normal reactivity (umpolung) 18 

through formation of Breslow intermediates and serve as the prenucleophiles. In these 19 

reactions, the enals can function as two-, three-, and four-carbon synthons under going  20 

[2 + 4],
8e,10

 [3 + n] (n=2, 3, 4),
3k,11

 and [4 + n] (n=2, 3)
12

 annulation reactions. In 2004, 21 

Glorius group
7a

 and Bode group
7b

 concurrently reported the NHC-catalyzed 22 

annulation reaction of enals with aldehydes to afford the γ-lactones, in which the enal 23 

β-carbon severed as the reactive nucleophilic carbon. Then, the same kind of reaction 24 

had been further extensively explored by many other groups. The reactivity of the 25 

enal α-carbon reaction has also been well studied by Bode,
8a

 Glorius,
8b

 Scheidt,
8c

 26 

Nair,
8d

 and Chi.
8e

 27 

In contrast to the α- and β-carbons of enal, the activated γ-carbon of enal worked 28 

as the four-carbon synthon is much less studied in the past years. There are only few 29 

successful examples in NHC-mediated γ-functionalization of the enals by activating 30 

the enal γ-carbon as nucleophiles.
13

 In 2012, Chi and coworkers reported the 31 

pioneering work of the oxidative NHC-catalyzed [4 + 2] annulation of enals with 32 

trifluoromethyl ketones by γ addition,
13a

 then they reported the first NHC-catalyzed [3 33 
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+ 4] annulation reaction
13d

 of enals with azomethine imines by activating the γ-carbon 1 

of enals as 1,4-dipolarophile. Ye et al. reported the NHC-catalyzed [4 + 2] annulation 2 

of γ-oxidized enals with azodicarboxylates in good yield and with excellent 3 

enantioselectivity.
13b

 4 

With the development of NHC-catalyzed annulation reactions of enals in 5 

experiment, the theoretical investigations on the mechanisms have also been reported 6 

in literature.
14

 For example, Bode and coworkers computationally studied the 7 

NHC-catalyzed [4 + 2] cycloaddition reaction of α,β-unsaturated aldehyde 8 

(C2-synthon) with enone, they identified that the oxyanion-steering mechanism and 9 

CH-π interaction are the two crucial interactions for the high selectivity.
14c

 Sunoj et al. 10 

performed a theoretical investigation on the mechanism and stereoselectivity in a 11 

chiral N-heterocyclic carbene-catalyzed cycloannulation reaction of the homoenolate 12 

derived from butenal with pentenone.
14d

 More recently, we have performed the 13 

theoretical investigation on the mechanism of the NHC-catalyzed [4 + 2] annulation 14 

reaction of enals (C2-synthon) and chalcones, and the computational results show that 15 

the acetic acid can assist the proton transfer process.
14e

 To the best of our knowledge, 16 

the computational investigation on the mechanism and enantioselectivity of 17 

NHC-catalyzed [4 + 2] annulation of enals (C4-synthon) by γ addition has remained 18 

hitherto unexplored. 19 

It is noteworthy that the mechanisms and stereoselectivities of NHC-catalyzed [2 20 

+ 2],
15

 [4 + 2],
16

 [2 + 2 + 2]
17

 cycloaddition reactions of ketene have been studied by 21 

our group using DFT methods. Actually, the reaction mechanism might be diverse for 22 

different NHC catalytic cycloadditions of ketene, these cycloaddition reactions do not 23 

always initiate by the reaction of NHC with ketene.
16

 As known to all, there exists the 24 

proton transfer process involved in the NHC-catalyzed annulation reaction of enals, 25 

which is remarkably different from the cycloaddition reaction, and this would make 26 

the reaction mechanism more complicated. Correspondingly, the mechanism of 27 

NHC-catalyzed annulation reactions of enals should be also multiple, which is 28 

because the catalysts, reactants, and additives will influence the proton transfer 29 

process involved in this kind of reactions. Thus, the theoretical investigation is 30 

necessary for these special organocatalytic reactions. 31 

In this present study, we aim to disclose the mechanism and enantioselectivity of 32 

NHC-catalyzed [4 + 2] annulation reaction of γ-oxidized enals and azodicarboxylates 33 

reported by Ye and co-workers (Scheme 1).
13b

 On the basis of the presumptive 34 
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mechanism proposed by Ye, we suggested the possible mechanism on the reaction of 1 

enals with azodicarboxylates catalyzed by NHC (shown in Scheme 2): Initially, NHC 2 

nucleophilic attacks on the enal for the formation of zwitterionic intermediate I. 3 

Subsequently, the intermediate I transforms to the Breslow intermediate II via the 4 

proton transfer process. Then the removal of the leaving group (LG) generates the 5 

trans-dienolate III by abstracting the hydride from the carbonyl oxygen, which 6 

affords vinyl enolates as the reactive 1,4-dipolarophile. The fourth step is the [4 + 2] 7 

cycloaddition of III with azodicarboxylates for the formation of the adduct IV, and 8 

finally the dissociation of the desired products PR&PS and regeneration of catalyst 9 

Cat.  10 

 11 

Scheme 1 The NHC-catalyzed [4 + 2] annulation reaction of enals with 12 

azodicarboxylates 13 

 14 

 15 

Scheme 2 The proposed catalytic cycle of the [4 + 2] annulation reaction 16 

 17 

Nevertheless, there are still some issues need to be settled as shown in Scheme 2: 18 

In the second step, the direct 1,2-proton transfer process would cost quite high energy 19 
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barrier due to the large strain in the three-membered ring transition state. Moreover, 1 

the reaction proceeds without protic additive in the reaction system, thus how does the 2 

1,2-proton transfer happen? As the design of new organocatalyst relies on a detailed 3 

understanding of the underlying factors that governing the enantioselectivity of this 4 

kind of reactions, thus what is the main factors that controlling the enantioselectivity 5 

of this reaction? With these questions as motivation, the present work will pursue a 6 

theoretical investigation on the title reaction to not only obtain a preliminary picture 7 

from the γ-oxidized enal [4 + 2] annulation reaction, but also explore the factors that 8 

controlling the stereochemistry of this reaction. And we believe that the mechanistic 9 

information should be important for understanding the NHC-catalyzed [4 + 2] 10 

annulation reactions and providing novel insights into recognizing this kind of 11 

reaction in detail. 12 

For sake of convenience, the [4 + 2] annulation reaction between the γ-oxidized 13 

enals (R1, LG=OCO2Me, Scheme 2) and di-tert-butyl azodicatboxylate (R2, Scheme 14 

2) catalyzed by NHC (Cat, Scheme 2) have been chosen as the objects of 15 

investigation. In the present study, we will give the computational results for the 16 

possible reaction mechanisms to illustrate the theoretical methodology for this issue at 17 

the molecular level using the density functional theory (DFT), which has been widely 18 

used in the study of organic,
18

 biological reaction mechanisms,
19

 and others.
20

 19 

 20 

2. Computational Details 21 

Quantum mechanical calculations reported herein were carried out by using 22 

density functional theory with the Gaussian 09 suite of programs.
21

 The 23 

solution-phase geometry optimization of all species is performed with the recently 24 

developed M06-2X
22

 density functional along with the 6-31G(d, p) basis set in THF 25 

solvent using the integral equation formalism polarizable continuum model 26 

(IEF-PCM).
23

 The harmonic vibrational frequency calculations were performed at the 27 

same level of theory as that used for geometry optimizations to provide thermal 28 

corrections of Gibbs free energies and make sure that the local minima had no 29 

imaginary frequencies, while the saddle points had only one imaginary frequency. 30 

Intrinsic reaction coordinates (IRCs)
24

 were calculated to confirm that the transition 31 

state structure connected the correct reactant and product on the potential energy 32 

surface, and the natural bond orbital (NBO)
25

 analysis was employed to assign the 33 
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atomic charges. The three dimensional structures had been represented in the figures 1 

by using the CYLView software.
26

 2 

We choose to discuss this theoretical study based on the solution-phase Gibbs 3 

free energies calculated by the M06-2X/6-31G(d, p)/IEF-PCM(THF) method rather than 4 

Born-Oppenheimer energies, which are the electronic (including nuclear-repulsion) 5 

energies plus zero-point vibrational energies (ZPVEs). 6 

 7 

3. Results and Discussions 8 

 As shown in Schemes 3 and 4, the suggested mechanism for each elementary 9 

step of the annulation reaction between R1 and R2 catalyzed by Cat includes three 10 

stages, i.e. the formation of Breslow intermediate (Stage 1, Scheme 3), formation of 11 

the cis-dienolate (Stage 2, Scheme 4), and formal [4 + 2] cycloaddition and 12 

regeneration of catalyst (Stage 3, Scheme 4). In the following parts of this section, we 13 

will give detailed discussions step by step. 14 

15 
Scheme 3 The possible pathways of Stage 1 16 

 17 
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1 

 2 

Scheme 4 The possible pathways of Stages 2 and 3 3 

 4 

3.1 Stage 1: Formation of the Breslow intermediate 5 

As shown in Scheme 3, it consists of two steps involved in Stage 1: (1) 6 

nucleophilic attack on the γ-oxidized enal R1 by the catalyst Cat, (2) proton transfer 7 

of the formed intermediate to give the Breslow intermediate Re/Si-M2. Fig. 1 and Fig. 8 

2 depict the Gibbs free energy profile and the optimized structures involved in Stage 1, 9 

respectively.  10 

3.1.1 Nucleophilic addition of Cat to R1. With the aid of CO3
2-

 (derivative from the 11 

base K2CO3), deprotonation of the original catalyst Pre-Cat firstly occurs to yield the 12 

active catalyst Cat and HCO3
-
 (conjugate acid of K2CO3, Scheme 3).

14a,18b
 Then the 13 

coordinated zwitteronic intermediate Re/Si-M1 is formed through the Re/Si-face 14 

nucleophilic attack on the C
E1

 atom of R1 by the C
C
 atom in Cat via transition state 15 

Re/Si-TS1, respectively. The optimized geometries given in Fig. 2 show that the 16 

distance of C
C
−C

E1
 is shortened from 2.00/2.01 Å in transition state Re/Si-TS1 to 17 

1.56/1.55 Å in the intermediate Re/Si-M1, which implies the complexation of catalyst 18 

with reactant. The Gibbs free energy barrier of this addition step via Re/Si-TS1 19 

(12.41/9.71 kcal/mol, Fig. 1) reveals that the reaction can occur smoothly under the 20 

experimental condition.  21 
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 1 

Fig. 1 The Gibbs free energy profiles of Stage 1 (
a
adding the free energy of R2. 2 

b
adding the free energies of H2O and R2. 

c
adding the free energies of bicarbonate 3 

anion and R2.) 4 
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 1 

Fig. 2 The optimized structures and geometry parameters of the intermediates and 2 

transition states involved in Stage 1 (distance in Å and most of the hydrogen atoms 3 

are omitted for sake of clarify) 4 

 5 

3.1.2 1,2-proton transfer. The second step of Stage 1 is the proton transfer process, by 6 

which the H
E
 transfers from C

E1
 to O

E
 atoms for the formation of Breslow 7 

intermediate. There are three possible pathways for the proton transfer process, in 8 

particular, the direct proton transfer process via the three-membered ring transition 9 

state Re/Si-TS2
D
, the bicarbonate anion (HCO3

-
) assisted proton transfer process via 10 

the seven-membered ring transition state Re/Si-TS2
B
, and the H2O-assisted proton 11 

transfer process via the five-membered ring transition state Re/Si-TS2
W

.  12 

(i) Direct and HCO3
-
-assisted proton transfer processes: The direct 13 

intramolecular proton transfer process via transition state Re/Si-TS2
D
 to form the 14 

stable Breslow intermediate Re/Si-M2 with the free energy of 2.13/−6.75 kcal/mol, 15 
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encounters a significantly higher free energy barrier (49.89/42.40 kcal/mol, Fig. 1), 1 

indicating the direct proton transfer process is impossible to occur under the 2 

experimental conditions and such possibility is not likely in a non-polar aprotic 3 

medium such as THF. Notably, it has been reported that the generation of the Breslow 4 

intermediate could involve significant barriers unless a base/acid-assisted proton 5 

transfer mechanism is invoked. In view of this, the former formed HCO3
-
-assisted 6 

proton transfer process, as opposed to a conventional pathway, has been taken into 7 

consideration. As illustrated in Scheme 3, the reaction precursor Re/Si-M01
B
 is 8 

formed by weak interaction between Re/Si-M1 and HCO3
-
. Geometrical and 9 

structural parameters of the reaction precursor Re/Si-M01
B
 depicted in Fig. 2 show 10 

that the intermolecular hydrogen bond makes the zwitterionic Re/Si-M01
B
 much 11 

stable. Then the proton H
E
 transfers from C

E1
 to O

B
 atoms, coupled with the proton 12 

H
B
 transferring to O

E
 atom via the seven-membered ring transition state Re/Si-TS2

B
. 13 

The distances of C
E1
–H

E
, H

E
–O

B
, O

B’
–H

B
, and H

B
–O

E
 in the transition state 14 

Re/Si-TS2
B
 are 1.32/1.29, 1.30/1.36, 1.44/1.11, and 1.05/1.32 Å, which reveals that 15 

the HCO3
-
-assisted proton transfer step is a concerted but asynchronous process, the 16 

formation of the H
B
–O

E
 bond (1.05/1.32 Å) is a little advanced than the formation of 17 

the H
E
–O

B
 bond (1.30/1.36 Å) in transition state Re/Si-TS2

B
. The distance between 18 

O
E
 and H

E(B)
 atoms in the Breslow intermediate Re/Si-M2 is 0.97/0.97 Å, 19 

demonstrating the full formation of the O
E
–H

E(B)
 bond. The energy barrier of this step 20 

is 13.15/7.31 kcal/mol (Fig. 1), which demonstrates that the HCO3
-
-assisted proton 21 

transfer process occurs more easily than the direct proton transfer process under the 22 

experimental conditions. Moreover, we have tried, but failed to locate the 23 

HCO3
-
-assisted five-membered (C

E1
–H

E
–O

B
–H

B
–O

E
) ring transition state involved in 24 

the proton transfer process, which is easily re-optimized to the seven-membered one.  25 

(ii) The H2O-assisted proton transfer process: It is important at this juncture to 26 

infer that the catalytic reaction was carried out without N2/Ar protection at room 27 

temperature. This phenomenon shows that there should be trace of water in the 28 

solvent, which will mediate the proton transfer and make the H2O-assisted proton 29 

transfer pathway deemed feasible. Many other computational studies also 30 

demonstrated the similar important role of water or water cluster (2H2O cluster) in the 31 

catalytic reactions which involves the proton transfer without any protic mediator.
27

 32 

Prior to generating Re/Si-M2, Re/Si-M1 and H2O first form a complex (Re/Si-M01
W

) 33 

through electrostatic attraction between the two components (the 2H2O cluster 34 
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assisted proton transfer process have also been considered and discussed in ESI). The 1 

complex is enthalpically more stable (Enthalpy energies are provided in ESI), but less 2 

stable in free energy than R1+R2+Cat, which implies that the electrostatic attraction 3 

can contribute to pulling the two components together. After passing through a barrier 4 

of 24.48/21.38 kcal/mol (Re/Si-TS2
W

), the Breslow intermediate Re/Si-M2 is formed 5 

via a five-membered ring transition state (Re/Si-TS2
W

). The gradually changed 6 

O
E
–H

W
, C

E1
–H

E
, and O

W
–H

E
 distances for Re/Si-M01

W
 and Re/Si-TS2

W
 (Fig. 2) 7 

illustrate the proton transfer process. 8 

Taken together, three possible pathways for the proton transfer process to afford 9 

Re/Si-M2 have been suggested and studied. Based on the discussions above, one can 10 

conclude that the HCO3
-
-assisted proton transfer for the formation of Re/Si-M2 via 11 

the seven-membered ring transition state Re/Si-TS2
B
 (13.15/7.31 kcal/mol) is the 12 

most energetically feasible than others. In addition, we have failed to locate the 13 

transition state for the bimolecular proton transfer process between two Re/Si-M1 14 

molecules. This might be related to the high steric hindrance between the two 15 

structures, which makes it difficult by pulling the two molecules of Re/Si-M1 16 

together in a suitable orientation for the proton transfer. 17 

 18 

3.2 Stage 2: Formation of the cis-dienolate M4endo/exo 19 

Scheme 4 presents the detailed mechanism of the remaining stages (Stages 2 and 20 

3) of the catalytic reaction. There are also two steps involved in Stage 2: the removal 21 

of the leaving group (LG) and the rotation of C
E2
–C

E3
 single bond. We term the endo 22 

when dienolate points on the same side of the indane, whereas dienolate pointed on 23 

the opposite side of the indane is named by exo. 24 
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 1 

Fig. 3 The optimized structures and geometry parameters of the intermediates and 2 

transition states involved in Stage 2 (distance in Å, dihedral in °, and most of the 3 

hydrogen atoms are omitted for sake of clarify) 4 

 5 

 6 

Fig. 4 The Gibbs free energy profiles of Stage 2 and Stage 3 (
a
adding the free energy 7 

of R2. 
d
adding the free energy of LGH and R2. 

e
adding the free energy of LGH.

 
8 

f
adding the free energy of Cat and LGH.) 9 

 10 

3.2.1 Removal of leaving group. In this step, the Breslow intermediate Re/Si-M2 11 

decomposes to the trans-dienolate M3endo/exo by removal of the leaving group via 12 
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transition state Re/Si-TS3. The calculated results indicate that the breaking of 1 

C
E4
–O

LG
 bond (1.85/1.80 Å, Fig. 3) is much more advanced at the Re/Si-TS3 than the 2 

formation of the O
LG
–H

E
 bond (1.99/1.98 Å, Fig. 3). The removal of leaving group in 3 

the Re-M2 leads to the trans-dienolate M3endo, correspondingly, the Si-M2 gives the 4 

trans-dienolate M3exo. The optimized structures depicted in Fig. 3 show that the 5 

dienolate of M3endo/exo is not stabilized by conjugation with the NHC but lies 6 

perpendicular to the N-heterocycle. Since the dienolate is blocked by the indane on 7 

one side and mesitylene on the other. The energy barrier for the removal of leaving 8 

group via transition state Re/Si-TS3 is 5.15/3.07 kcal/mol (Fig. 4), which can proceed 9 

facilely under the experimental conditions. 10 

3.2.2 Rotation of C
E2
–C

E3
 bond. The next step in Stage 2 is the rotation of C

E2
–C

E3
 11 

single bond to form the intermediate cis-dienolate M4endo/exo via transition state 12 

TS4endo/exo. As depicted in Scheme 2, the reactant R2 would addict to C
E4

 atom of 13 

trans-dienolate M3endo/exo directly, however, it is difficult for the subsequent 14 

ring-closure process, which yields the cis-configured six-membered ring intermediate. 15 

Thus, the isomerization of the trans-dienolate to cis-dienolate would occur 16 

preferentially. The computations show that this rotation process occurs via TS4endo/exo 17 

with an energy barrier of 11.12/10.57 kcal/mol (with respect to M3endo/exo), and brings 18 

the two C=C bonds (C
E1

=C
E2

 and C
E3

=C
E4

) to the right relative conformation, which 19 

is necessary for the following [4 + 2] cycloaddition process with R2. 20 

 21 

3.3 Stage 3: Formal [4 + 2] cycloaddition and regeneration of catalyst 22 

The following process of the catalytic reaction is the [4 + 2] cycloaddition 23 

reaction. As shown in Scheme 4, Stage 3 includes two process: (1) the formal [4 + 2] 24 

cycloaddition of cis-dienolate with R2, (2) dissociation of product with catalyst and 25 

regeneration of catalyst. The optimized structures involved in Stage 3 are given in Fig. 26 

5. 27 
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 1 

Fig. 5 The optimized structures and geometry parameters of the intermediates and 2 

transition states involved in Stage 3 (distance in Å and most of the hydrogen atoms 3 

are omitted for sake of clarify) 4 

 5 

3.3.1 Formal [4 + 2] cycloaddition. As mentioned above, the cis-dienolate 6 

intermediate M4endo/exo is formed in the second step of Stage 2 by the rotation of 7 

C
E2
–C

E3
, and the next step is the construction of the six-membered 8 

(C
E1
–C

E2
–C

E3
–C

E4
–N

A2
–N

A1
) heterocycle, which obviously needs to add the R2. By 9 

electrostatic attraction between C
E1

 and N
A1

 along with that between C
E4

 and N
A2

, the 10 

six-membered ring is formed in M5R/Sendo/exo via transition state TS5R/Sendo/exo with 11 

approach of M4endo/exo to R2. Table 1 illustrates the possible reaction patterns for the 12 

formal [4 + 2] cycloaddition involved in Stage 3, there exists four possible reaction 13 

patterns for this step, because for either M4endo or M4exo, R2 can attack from either 14 

their Re or Si face to participate in the reaction. As an important note, the chirality 15 

center assigned on C
E4

 atom is formed during the ring forming process, which 16 
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depends on the Re or Si face of M4endo/exo that R2 gets close to.  1 

Table 1 Possible reaction patterns for the [4 + 2] cycloaddition step in Stage 3 2 

Configuration of M4 Addition face of M4 Chirality of C
E4

 atom 

endo Re R 

endo Si S 

exo Re R 

exo Si S 

 3 

The geometrical parameters depicted in Fig. 5 show that the formation of 4 

C
E4
–N

A2
 bond is preferentially to the formation of C

E1
–N

A1
 bond. This phenomenon 5 

indicates that the two bonds (i.e. C
E1
–N

A1
 and C

E4
–N

A2
) are formed by a concerted but 6 

highly asynchronous manner. The free energy profile mapped in Fig. 4 reveals that 7 

M5Rexo is located 7.75/8.14/12.98 kcal/mol lower than M5Rendo/M5Sexo/M5Sendo 8 

separately, which implies that M5Rexo will be the significantly dominant isomer from 9 

the aspect of thermodynamics. In addition, the energy barriers of the cycloaddition 10 

step are 19.62 (TS5Rendo) and 7.07 (TS5Sendo) kcal/mol with respect to M4endo for 11 

endo addition, whereas these for exo addition are 2.47 (TS5Rexo) and 14.67 (TS5Sendo) 12 

kcal/mol with respect to M4exo, respectively. Obviously, the endo addition for the 13 

formation of M5Rendo and exo addition for the formation of M5Sexo are unfavorable 14 

than the others, thus in the following parts, we think it is unnecessary to discuss these 15 

two possible reaction patterns. The formation of M5Rexo costs the lowest energy 16 

barrier and the energy barrier of TS5Rexo is 4.6 kcal/mol lower than that of TS5Sendo, 17 

which indicates that the formation of M5Rexo is more energy favorable and supports 18 

the reported preference to form the R-configuration of the product. 19 

3.3.2 Regeneration of the catalyst. Since in the first step of Stage 3, the six-membered 20 

cycloadduct is formed by [4 + 2] cycloaddition. The last process is the dissociation of 21 

catalyst with product, and this leads to the regeneration of the catalyst. As shown in 22 

Fig. 3, the distance between C
C
 atom and C

E1
 atom is increased from 2.46/2.04 Å in 23 

TS6Rexo/TS6Sendo to 3.62/2.81 Å in M6Rexo/M6Sendo, and the free energy barrier of 24 

this step is 5.67/14.34 kcal/mol, revealing that the dissociation process is a facilitated 25 

process and the catalyst is easy to regenerate. 26 

 27 

3.3 Origin of the enantioselectivity 28 
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 1 

Fig. 6 The entire energy profiles of the NHC-catalyzed [4 + 2] annulation reaction 2 

 3 

In Fig. 6, only the most energy favorable pathways involved in the three states 4 

are shown. As discussed above, Stages 1 and 3 both contain more than one step, thus 5 

we only provided the energy profiles of pathways with the lowest energy barriers in 6 

Fig. 6. For Stage 1, the HCO3
-
-assisted proton transfer mechanism is the most 7 

favorable pathways associated with the energy barrier of 13.15/7.31 kcal/mol 8 

(Re/Si-TS2
B
). In Stage 3, the exo addition of R2 to M4Rexo and endo addition of R2 9 

to M4Sendo are energy favorable. Moreover, as can be seen in Fig. 6, the reaction 10 

pathway associated with the formation of product PR is the main reaction pathway, 11 

and the rate-determining step of the main reaction pathway is identified to be the C–C 12 

single bond rotation step with the free energy of 10.57 kcal/mol (TS4exo). Furthermore, 13 

the chirality center (C
E4

 atom) is emerged in the formal [4 + 2] cycloaddition step of 14 

Stage 3, so we think this step is the enantioselectivity determining step 15 

(R-configuration is predominant). 16 

    To explore the reason of the enantioselectivity, we performed the distortion- 17 

interaction analysis.
28

 The relative energies of the transition state TS5Rexo and 18 

TS5Sendo parallel the stabilities of the corresponding product-NHC complexes 19 

(M5Rexo vs. M5Sendo). As both transition states are significantly affected by charge 20 

delocalization and steric configuration, we first employed the diastereomeric product 21 

complexes M5Rexo and M5Sendo to elucidate the origin of the selectivity. For both 22 

structures, we analyzed the contributions of distortion, assuming that the difference in 23 

transition state energies will be of similar origin. Here the activation energy is divided 24 
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into two components, the distortion energy (Edist) and interaction energy (Eint).
28

 The 1 

distortion energy involves geometric and electronic changes to deform the reactants 2 

into their transition state geometry, which contains bond stretching, angle decrease or 3 

increase, dihedral change, and so on. The interaction energy includes 4 

exchange-repulsive and stabilizing electrostatic, polarization, and orbital effects in the 5 

transition state structure. 6 

From the results in Table 2, one can conclude that the M4Rexo in M5Rexo is 7 

slightly more distorted [ΔΔEdist(M4exo)] from its equilibrium geometry (M4Rexo) than 8 

M4Sendo in M5Rendo. This is largely counterbalanced by the distortion of the R2 9 

[ΔΔEdist(R2)], which is more distorted in M5Sendo. And the larger distortion of the R2 10 

in M5Sendo should be the main reason that the free energy of M5Rendo is much lower 11 

than that of M5Sendo. 12 

Table 2 Contributions of distortion (dist) to the stabilities of the key transition states 13 

(TS5Rexo and TS5Sendo) and the product complexes (M5Rexo and M5Sendo) [in 14 

kcal/mol; M06-2X/6-31G(d, p)/IEF-PCMTHF] 15 

 ΔΔG ΔΔEdist(M4endo/exo) ΔΔEdist(R2) 

M5Sendo +12.98 0.0 +27.54 

M5Rexo 0.0 +4.96 0.0 

TS5Sendo +1.03 +5.76 0.0 

TS5Rexo 0.0 0.0 +1.47 

 16 

The analysis of the stereocontrolling TSs is also carried out to figure out the 17 

factors that controlling the stereoselectivity. The distortion results demonstrate that the 18 

M4Sendo in TS5Sendo is more distorted than M4Rexo in TS5exo, whereas the R2 is 19 

slightly more distorted in TS5Rexo than that in TS5Sendo. As could be anticipated, the 20 

M4Rexo benefits from the lower ΔEdist value and the distortion of R2 is offset by large 21 

ΔEdist penalties of M4Sendo. Moreover, the transition state with C
E1

 of the dienolate 22 

pointing toward the mesitylene (TS5Rexo) is lower in energy than when it is toward 23 

the indane due to a CH-π interaction between CH of the dienolate and the aromatic 24 

ring. Specifically, the inner hydrogen on the dienolate carbon is just 2.55 Å from C
E1

 25 

to mesitylene (Fig. 5) and the distance between C-H of the dienolate and the center of 26 

the aromatic ring is ~2.90 Å, well within the combined van der Waals distance of 2.90 27 

Å. For such CH-π interactions have been observed in the transition states of 28 

Diels-Alder reactions, sulfide oxidations, and hydride reductions.
29

 On the whole, the 29 

less distortion and the existence of CH-π interaction make the lower energy barrier of 30 
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TS5Rexo and the formation of the R-configuration isomer preferred kinetically. 1 

The computed energy difference between the diastereomeric TS5exo and TS5endo 2 

is 4.6 kcal/mol, which corresponds to an enantiomeric excess of >99% in favor of the 3 

R isomer. This prediction is in good accordance with the experimentally observed ee 4 

of 99%. 5 

 6 

4. Conclusion 7 

In this present study, we have analyzed the [4 + 2] annulation reaction between 8 

γ-oxidized enals (R1) and di-tert-butyl azodicatboxylate (R2) catalyzed by 9 

N-heterocyclic carbene (NHC) using density functional theory. On the basis of our 10 

calculations, the reaction is demonstrated to occur through three elementary stages, 11 

and for each stage, more than on possible pathway that involved different 12 

participation molecules has been investigated. The calculated results reveal that the 13 

most favorable pathway contains six elementary steps: the NHC catalyst first reacts 14 

with R1 to initiate the reaction, and then the Breslow intermediate is formed by 15 

HCO3
-
-assisted proton process. Subsequently, the removal of leaving group concerted 16 

with abstracting the hydrogen from O
E
 atom and next step is the isomerization process 17 

to give the cis-dienolate. The fifth step is the endo/exo [4 + 2] addition reaction of R2 18 

to cis-dienolate and in the final step, the NHC catalyst is regenerated and the [4 + 2] 19 

cycloaddition products PR&PS are released. The enantioselectivity associated with 20 

the chiral carbon center (C
E4

 atom) turns out to be determined by the Re or Si face 21 

addition of R2 with M4endo/exo. All the calculations are in consistent with the 22 

experimental results. 23 

Moreover, the distortion scale of M5 (M5Rexo and M5Sendo) and TS5 (TS5Rexo 24 

and TS5Sendo) as well as the CH-π interaction are the key factors that control the 25 

stereoselectivity. The use of the bicarbonate anion as the protic medium to assist the 26 

proton transfer will provide a new clue for this kind of reaction without any other 27 

protic additive.  28 

 29 
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