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 7 

Abstract 8 

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

and stereoselectivity of the N-heterocyclic carbene (NHC)-catalyzed [3 + 2] annulation reaction of 10 

enals with α-ketoamides using the density functional theory (DFT) calculations. The calculated 11 

results reveal that the favorable pathway comprises of seven steps, i.e., addition of the catalyst, 12 

formation of Breslow intermediate, formation of enolate intermediate, C–C bond formation step, 13 

proton transfer process, ring-closure process and the regeneration of the catalyst. For the proton 14 

transfer process, apart from the direct proton transfer mechanism, the base TMEDA and the in situ 15 

generated Brønsted Acid TMEDA·H+ mediated proton transfer mechanisms are also investigated; 16 

the free energy for the curial proton transfer steps is found to be significantly lowered by explicit 17 

inclusion of the Brønsted Acid TMEDA·H+. The computational results show that the C–C bond 18 

formation step is the stereoselectivity-determining step, in which two chirality centers assigned on 19 

the coupling carbon atoms are formed, and the RR-configured diastereomer is the predominant 20 

product, which is in good agreement with the experimental observations. Global reaction index 21 

(GRI) analysis has been performed to confirm that NHC mainly plays a role of Lewis base catalyst. 22 

In addition, the distortion/interaction, NCI, and NBO analyses show that the strong interaction and 23 

electron delocalization of the reaction active site determine the stereoselectivity, with 24 

RR-configured product being generated preferentially. The mechanistic insights obtained in the 25 

present study should be valuable for the rational design of effective organocatalyst for this kind of 26 

reaction with high stereoselectivity. 27 
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1. Introduction 1 

During the past decades, N-heterocyclic carbenes (NHC) have been widely applied in organic 2 

chemistry.1 As an important organocatalysts, NHCs have been successfully used in carbon-carbon 3 

and carbon-heteroatom bond formation reactions including cross-benzion, Stetter, homoenolate, 4 

cycloaddition, and annulation reactions, and so on.2 Specially, the NHC catalysis has emerged as a 5 

powerful tool for the development of new transformations to construct heterocycles with high 6 

stereoselectivity and regioselectivity. Owing to the unique properties of NHC catalysts, a huge 7 

amount of advances continue to be made. For example, various types of ketene cycloaddition 8 

reactions, including the [2 + 2],2c,2j,3 [2 + 2 + 2],3c,4 and [4 + 2]5 cycloaddition reactions with high 9 

stereoselectivity, are reported by Ye’s group for the construction of N/O-containing heterocycles.  10 

Recently, several types of the NHC catalyzed annulation reactions between enals and the 11 

different electrophilic coupling partners, such as alkenes, imines, and ketones have attracted more 12 

and more attention. Interestingly, the addition of the NHC catalyst to the enals can allow the 13 

inversion of the normal reactivity (i.e. umpolung) through formation of Breslow intermediates 14 

(Scheme 1a) and serve as the prenucleophiles, which then will lead to different reactive 15 

intermediates bearing more than one reactive carbon center of the enals, such as the β-carbon 16 

(homoenolate intermediate, Scheme 1b),2k,6 α-carbon (enolate intermediate, Scheme 1c),7 17 

γ-carbon (dienolate intermediate, Scheme 1d),2b,8 and carbonyl carbon (acyl anion equivalent 18 

intermediate, Scheme 1e).9 As shown in Scheme 1, the Breslow intermediates can be employed as 19 

the one-, two-, three-, and four-carbon synthons in the different annulations reactions. For example, 20 

the cross-benzion reaction undergoes when the Breslow intermediate works as the C1-synthon 21 

(Scheme 1e)9. When they function as two-, three-, and four-carbon synthons, various types of 22 

annulation reactions including [2 + 4],2i,10 [3 + n] (n=2, 3, 4),2d,2e,2g,2h,6e,11 and [4 + n] (n=2, 3)6d,12 23 

annulation reactions, then occur under the NHC catalysis. Most of the reported NHC-catalyzed [3 24 

+ 2] annulations reactions of enals between enals and C=X bonds (X=O, NR, and CHR) involve a 25 

homoenolate intermediate (Scheme 1b), while the NHC-catalyzed [3 + 2] annulation via azolium 26 

enolate intermediates (Scheme 1c) has been less studied. Recently, an outstanding work on the 27 

first example of the NHC-catalyzed [3 + 2] annulation reaction of α,β-unsaturated aldehydes 28 

(enals) with α-ketoamides (Scheme 2) was reported by Enders and co-authors.13 It should be noted 29 

that no other group has focused on applying the azolium enolate strategy in order to synthesize 30 
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useful heterocycles by the NHC-catalyzed [3 + 2] annulation reactions, indicating a unique 1 

propensity in azolium enolate chemistry is to give useful heterocycles or natural products. 2 

 3 

Scheme 1 NHC catalyst-controlled formation of different reactive intermediates from enals. 4 

 5 

 6 

Scheme 2 NHC-catalyzed [3 + 2] annulation reaction of enals with α-ketoamides. 7 

 8 

Accompanied with the great development of NHC-catalyzed annulation reactions of enals in 9 

experiment, the theoretical investigations on the detailed mechanisms have also been reported in 10 

the literatures. For example, Bode and co-workers computationally studied the NHC-catalyzed [4 11 

+ 2] annulation reaction of α,β-unsaturated aldehydes with enones via the enolate intermediate, 12 

they indentified that the oxyanion-steering mechanism and CH-π interaction are the two crucial 13 

interactions for the high selectivity.14 Our group has performed the theoretical investigation on the 14 
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mechanism of the NHC-catalyzed [4 + 2] annulation reaction of enals via the enolate or dienolate 1 

intermediates, and the computational results show that the acetic acid or the in situ formed acid 2 

can assist the proton transfer process.15 Sunoj et al. performed a series of theoretical investigations 3 

on the mechanism and enantioselectivity of NHC-catalyzed Stetter reaction and annulation 4 

reactions of enals via the homoenolate intermediate.16 More recently, we have also studied the 5 

annulation reaction of allenals with chalcones catalyzed by NHC, in which the origin of the 6 

unexpected chemoselectivity has been disclosed.17 Moreover, the mechanisms and 7 

stereoselectivities of the NHC-catalyzed ketene cycloaddition reactions (including [2 + 2],18 [2 + 2 8 

+ 2],19 and [4 + 2] cycloaddition reactions20) have also been investigated by our group. These 9 

theoretical studies have greatly enhanced our understanding of the mechanistic insights into the 10 

NHC catalysis. Noteworthy, the reaction mechanism might be diverse for different NHC catalytic 11 

annulation reactions of enals, because the catalysts, reactants, and additives will influence the 12 

proton transfer process involved in these kinds of reactions. Thus, the theoretical investigation is 13 

necessary for these special organocatalytic reactions.  14 

As mentioned above, Scheme 2 illustrates the experimental details of the NHC-catalyzed [3 15 

+ 2] annulation reaction of enals with α-ketoamides: enal 1 reacts with α-ketoamide 2 to give the 16 

desired five-membered heterocyclic compound 3 catalyzed by NHC 4’ with the presence of 17 

TMEDA using DCM as the solvent, which is generated from the triazolium salt 4 at room 18 

temperature. As shown in Scheme 3, Enders and co-workers have conducted some efforts to 19 

propose the possible reaction mechanism in experiment, their explorations for this novel reaction 20 

are quite instructive, but there still are some key issues that need to be settled: (1) In the second 21 

step, the direct [1, 2]-proton transfer process for the formation of Breslow intermediate would cost 22 

quite high energy barrier due to the large strain in the three-membered ring transition state. 23 

Moreover, the reaction proceeds without a protic additive in the reaction system, so how does the 24 

[1, 2]-proton transfer process happen? (2) What are the roles of the NHC catalyst and the base 25 

TMEDA? (3) As a design of a new organocatalyst relies on a detailed understanding of the 26 

underlying factors that govern the stereoselectivity of these kinds of reactions, so what are the key 27 

factors on controlling the stereoselectivity of this reaction? To the best of our knowledge, the 28 

computational investigation on the detailed mechanism and stereoselectivity of NHC-catalyzed [3 29 

+ 2] annulation reaction of enals with α-ketoamides remains to be unexplored to date. Our 30 
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interests in the NHC catalysis promotes us to pursue a theoretical investigation on the title reaction 1 

to not only obtain a preliminary picture from the α,β-unsaturated aldehyde [3 + 2] annulation 2 

reaction, but also explore the factors that govern the stereochemistry of this reaction. We believe 3 

that the mechanistic information should be important for understanding the NHC-catalyzed [3 + 2] 4 

annulation reactions and providing novel insights into recognizing this kind of reaction in detail. 5 

 6 

Scheme 3 The proposed catalytic cycle of the NHC-catalyzed [3 + 2] annulation reaction. 7 

 8 

As depicted in Scheme 2, the [3 + 2] annulation reaction between the enal with R1=Ph 9 

(denoted as R1) and α-ketoamide with R2=R3=Ph (denoted as R2) catalyzed by the active NHC 10 

catalyst 4’ (denoted as Cat) for the formation of N-heterocyclic product, in which obtains the high 11 

yields (83%) with excellent enantioselectivities (99%) and very good diastereoselectivities (>20:1), 12 

has been chosen as the model reaction to investigate the detailed mechanism and stereoselectivity 13 

for this kind of reactions using density functional theory. 14 

 15 

2. Computational Details 16 

Quantum mechanical calculations reported herein were carried out with the Gaussian 09 suite 17 

of programs21 by using density functional theory, which has been revealed to be a powerful tool 18 

for clarifying the detailed reaction mechanisms and predicting the stereoselectivity as well as 19 

chemoselectivity in both organic, biological reactions, and so on.22 The solution-phase geometry 20 

optimization of all species is performed with the recently developed M06-2X23 density functional 21 

along with the 6-31G(d, p) basis set in DCM solvent using the integral equation formalism 22 

polarizable continuum model (IEF-PCM).24 The harmonic vibrational frequency calculations were 23 

performed at the same level of theory as that used for geometry optimizations to provide thermal 24 

corrections of Gibbs free energies and make sure that the local minima had no imaginary 25 

frequencies, while the saddle points had only one imaginary frequency. Intrinsic reaction 26 
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coordinates (IRCs)25 were calculated to confirm that the transition state structure connected the 1 

correct reactant and product on the potential energy surface. The natural bond orbital (NBO)26 2 

analysis was employed to assign the atomic charges. Non-covalent interactions (NCIs) analysis 3 

was plotted using Multiwfn (version 3.3.8).27 The computed structures were rendered using the 4 

CYLView software.28 We choose to discuss the calculated results based on the solution-phase 5 

Gibbs free energies obtained at the M06-2X/6-31G(d, p)/IEF-PCM(DCM) level. 6 

To test the accuracy of the M06-2X/6-31G(d, p)//IEF-PCMDCM level, we have performed the 7 

single-point energy calculations for the key transition states by using the higher basis sets, i.e. 8 

M06-2X/6-311++G(2df, 2pd)//IEF-PCMDCM, M06-2X/6-311++G(2df, 2pd)//SMDDCM, 9 

ωB97X-D29/6-311++G(2df, 2pd)//IEF-PCMDCM, and ωB97X-D/6-311++G(2df, 2pd)//SMDDCM, 10 

and the computed single-point energies with the zero-point and thermal corrections calculated at 11 

the M06-2X/6-31G(d, p)//IEF-PCMDCM level were summarized in Table S1 of electronic 12 

supplementary information (ESI). Further, we have additionally optimized the geometries and 13 

calculated the free energies of reactants, catalyst, and the stationary points involved in the 14 

stereoselectivity-determining step at the M06-2X/6-31G(d, p)//SMDDCM, ωB97X-D/6-31G(d, 15 

p)//IEFPCMDCM, and ωB97X-D/6-31G(d, p)//SMDDCM levels, which have been summarized in 16 

Table S2 of ESI. The computational outcomes show that the free energies calculated at the 17 

M06-2X/6-31G(d, p)//IEF-PCMDCM level has the same trend and small differences with those 18 

calculated at the different levels mentioned above, indicating the selected M06-2X functional, 19 

6-31G(d, p) basis set, and IEF-PCM solvation model is suitable and reliable for studying the 20 

NHC-catalyzed [3 + 2] annulation reaction. 21 

 22 

3. Results and Discussion 23 

3.1. Reaction Mechanisms 24 

In this part, the detailed mechanisms of enals (R1) with α-ketoamides (R2) catalyzed by 25 

NHC have been studied and discussed intensively. As shown in Scheme 4, we suggested the 26 

possible catalytic cycle which comprises of seven reaction steps, i.e. the addition of the catalyst 27 

Cat to the Re/Si-face of R1 for the formation of the zwitterionic intermediate Re/Si-M1 via 28 

transition state Re/Si-TS1, the [1, 2]-proton transfer process to generate the Breslow intermediate 29 

Re/Si-M2 via transition state Re/Si-TS2, the [1, 4]-proton transfer process for the formation of the 30 
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azolium enolate intermediate Re/Si-M3 via transition state Re/Si-TS3, addition of another 1 

reaction pattern R2 to give zwitterionic intermediate M4RR/RS/SR/SS via transition state 2 

TS4RR/RS/SR/SS, the [1, 4]-proton transfer process to afford the zwitterionic intermediate 3 

M5RR/RS/SR/SS via transition state TS5RR/RS/SR/SS, the ring-closure process to form the 4 

five-membered heterocycle M6RR/RS/SR/SS via transition state TS6RR/RS/SR/SS, and the 5 

disassociation of the catalyst from the desired product PRR/RS/SR/SS via transition state 6 

TS7RR/RS/SR/SS. As presented in Fig. 1 and Fig. 2, we have divided the free energy profiles 7 

into two parts including the free energy profiles of Stages 1 (steps 1-3) and 2 (steps 4-7). In Stage 8 

1 (i.e. the activation stage, Scheme 4), the reaction proceeds under the NHC and Brønsted acid 9 

TMEDA·H+ cooperative catalysis, and a TMEDA·H+ molecule is included in the reaction models 10 

associated with the structural transformation from intermediate M02B to intermediate M06B, while 11 

the TMEDA·H+ molecule is removed in the reaction models of Stage 2 (i.e. the desorption stage). 12 

Because the significant difference between the models in the two stages, and the energy of the 13 

stationary point with TMEDA·H+ (such as Si-M06B) is much lower than that without TMEDA·H+ 14 

(such as Si-M3), so we think it is not reasonable to connect the two energy profiles to each other 15 

directly. It should be noted that the subscript “D”, “B”, and “T” of the intermediates and transition 16 

states in Stage 1 represent the direct proton transfer pathway, the TMEDA·H+-assisted proton 17 

transfer pathway, and the TMEDA-assisted proton transfer pathway, respectively. 18 
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 1 

Scheme 4 The entire catalytic cycle of the title reaction 2 

 3 

 4 
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Fig. 1 The Gibbs free energy profiles of Stage 1 of the title reaction. (a subtracting the free energy 1 

of TMEDA·H+, b subtracting the free energy of TMEDA) 2 

 3 

 4 

Fig. 2 The Gibbs free energy profiles of Stage 2 involved in the title reaction. (c adding the free 5 

energy of R2, d adding the free energy of Cat) 6 

 7 

First step: Nucleophilic addition of Cat to R1. As shown in Scheme 4, the precatalyst 4 would be 8 

deprotonated with the aid of base TMEDA to yield the actual catalyst Cat and in situ generates the 9 

Brønsted acid TMEDA·H+.15b, 22l Then the zwitterionic intermediate Re/Si-M1 is formed through 10 

the Re/Si-face nucleophilic attack on the C2 atom of R1 by the C1 atom in Cat via the transition 11 

state Re/Si-TS1. The optimized structures and geometrical parameters depicted in Fig. 3 show that 12 

the distance of C1–C2 is shortened from 2.00/2.04 Å in transition state Re/Si-TS1 to 1.55/1.56 Å 13 

in the intermediate Re/Si-M1, which implies the complexation of the catalyst with the reactant. 14 

The Gibbs free energy barrier of this step (10.50/10.85 kcal/mol, Fig. 1) reveals that the reaction 15 

can occur smoothly under the experimental conditions. With regard to the stereoselectivity, as the 16 

free energy barrier difference via Re-TS1 (10.50 kcal/mol, Fig. 1) in comparison to that via 17 

Si-TS1 (10.85 kcal/mol, Fig. 1) is predicted to be a value that lies within the error bar of the 18 

computational method, it is difficult to determine whether Re-M1 or Si-M1 is preferred to be 19 

generated in the first step. 20 
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 1 

Fig. 3 The optimized structures and geometrical parameters involved in step 1 and step 2. 2 

(distance in Å and only the hydrogen involved in the reaction are shown for the sake of clarity) 3 

 4 

Second Step: [1, 2]-proton transfer process. The second step is the [1, 2]-proton transfer process, 5 

in which the proton H4 transfers from C2 atom to O3 atom for the formation of Breslow 6 

intermediate. Many theoretical investigations show the direct [1, 2]-proton transfer mechanism is 7 

impossible to occur under a mild condition due to the large strain of the three-membered ring in 8 

transition state. As depicted in Fig. 1, our computational results15 also confirm that the direct 9 

proton transfer process via transition state Re/Si-TS2D encounters a significantly high energy 10 

barrier (50.03/44.31 kcal/mol, see ESI), indicating such a possibility is not likely under the mild 11 

condition.  12 

It has been reported that the generation of the Breslow intermediate could be assisted by a 13 

base or protic media. In view of this, the previously formed Brønsted acid TMEDA·H+ assisted 14 

proton transfer process has been taken into consideration. As depicted in Scheme 5A, the cleavage 15 

of C2–H bond and formation of hydroxyl O3–H bond are supposed to occur simultaneously in the 16 
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eight-membered ring transition state, however, the computational outcomes show that the 1 

elongated C2–H bond always reformed, the O3–H bond generated automatically, and the 2 

transition state turned into Re/Si-M02B after optimization, which is due to the strong acidity of the 3 

Brønsted acid and basicity of the O3 atom. In other words, the O3 atom of Re/Si-M1 is first 4 

protonated by Brønsted acid TMEDA·H+ directly to give the intermediate Re/Si-M02B. The 5 

O–H…N hydrogen bonds in intermediates Re-M02B and Si-M02B make them very stable with a 6 

free energy of –22.94/–20.86 kcal/mol (Fig. 1). The calculated results indicate that this step is a 7 

barrierless, highly exergonic, and irreversible process. Then the proton H4 located on C2 atom 8 

transfers to N9 atom of TMEDA via transition state Re/Si-TS2B for the formation of intermediate 9 

Re/Si-M03B. The distances of C2–H4 and N9–H4 are changed from 1.55/1.51 Å and 1.22/1.26 Å 10 

in transition state Re/Si-TS2B to 2.89/1.04 Å and 2.87/1.04 Å in intermediate Re/Si-M03B 11 

respectively, revealing the accomplishment of the proton transfer process and regeneration of the 12 

Brønsted acid TMEDA·H+. After passing through a barrier of 21.21/13.42 kcal/mol (Re/Si-TS2B, 13 

Fig. 1) and disassociation of Brønsted acid, the Breslow intermediate Re/Si-M2 is formed 14 

completely. The calculated outcomes indicate that the reaction pathway for the formation of 15 

Re-M2 (ΔG≠=21.21 kcal/mol) is much less favorable than that leading to Si-M2 (ΔG≠=13.42 16 

kcal/mol), therefore, we believe it is reasonable to omit the reaction pathway associated with the 17 

Re face attack on R1 in the following parts. 18 

 19 

Scheme 5 The TMEDA·H+- and TMEDA-assisted proton transfer pathways for the formation of 20 

Breslow intermediate (energies in kcal/mol). 21 

 22 

In addition, we have also considered the base TMEDA-assisted proton transfer mechanism. 23 
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As shown in Scheme 5B, the reaction precursor Si-M02T is first formed (we only calculated the Si 1 

addition pathway for sake of convenience), and then the N9 atom in TMEDA abstracts the proton 2 

H4 in C2 atom via transition state Si-TS2T. The intermediate Si-M03T is then formed by 3 

abstracting the H4 atom from N9 atom and this process is barrierless due to the strong basicity of 4 

the O3 atom. The energy barrier of this process is 28.62 kcal/mol, which is much higher than the 5 

TMEDA·H+-assisted proton transfer process via transition state Si-TS2B (13.42 kcal/mol, Fig. 1). 6 

Thus the TMEDA-assisted proton transfer mechanism is not favorable to occur under the 7 

experimental condition. 8 

Taken together, two possible pathways for the proton transfer process to afford Si-M2 have 9 

been suggested and studied. In this step, apart from the direct proton transfer mechanism, the in 10 

situ generated Brønsted acid TMEDA·H+ mediated proton transfer mechanism for the formation 11 

of the Breslow intermediate Si-M2 via transition state Si-TS2B is energetically feasible than the 12 

other proton transfer processes.  13 

Third Step: [1, 4]-proton transfer process to form the enolate intermediate. The subsequent 14 

reaction process is the [1, 4]-proton transfer for the formation of the enolate intermediate Si-M3, 15 

which includes two possible reaction pathways: the direct proton transfer process via a 16 

five-membered ring transition state and the Brønsted acid-assisted proton transfer process. As we 17 

have left out the reaction pathway associated with Re-M2 in the second step, we only studied the 18 

reaction pathway associated with Si-M2 in the following steps.  19 

(1) Direct proton transfer process: For the direct proton transfer process, the H4 atom directly 20 

transfers from O3 atom to C6 atom for the formation of Si-M3 via a five-membered transition 21 

state Si-TS3D. The optimized structures and geometrical parameters depicted in Fig. 4 show that 22 

the distance of O3–H4 is increased from 0.97 Å in intermediate Si-M2 to 1.25 Å in transition state 23 

TS3D, and finally to 2.54 Å in intermediate Si-M3, while that of C6–H4 is shortened from 1.44 Å 24 

in transition state Si-TS3D to 1.10 Å in intermediate Si-M3, indicating that the proton transfer 25 

process is completed. Interestingly, the free energy barrier of this step is 27.59 kcal/mol with 26 

respect to Si-M2 (Fig. 1), which is a little high for the formation of enolate intermediate Si-M3 27 

under the experimental conditions.  28 
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 1 

Fig. 4 The optimized structures and geometrical parameters involved in the third step. (distance in 2 

Å and only the hydrogen involved in the reaction are shown for the sake of clarity) 3 

 4 

(2) Brønsted acid-assisted proton transfer process: As discussed above, the newly generated 5 

Brønsted acid can promote the proton transfer process in the second step. Thus, we also suggested 6 

and investigated the Brønsted acid-assisted proton transfer process in this step. It should be noted 7 

that we only can obtain the structures of the stepwise transition state when we tried to locate the 8 

concerted TMEDA•H+ assisted [1, 4]-proton transfer transition state. As mapped in Scheme 6, the 9 

intermediate Si-M2 and Brønsted acid TMEDA·H+ first form a more stable complex Si-M04B 10 

(ΔG≠= –13.31 kcal/mol, Fig. 1) through electrostatic attraction between the two components and 11 

the formation of the O–H…N (the distance of H4–N9 is 1.89 Å, Fig. 4) and N–H…C hydrogen 12 

bonds (the distance of C6–H8 is 2.04 Å, Fig. 4). The TMEDA·H+-assisted proton transfer process 13 

is calculated to be in a stepwise manner. Initially, the proton H8 transfers from N7 to C6 atoms via 14 

transition state Si-TS3B to form intermediate Si-M05B (ΔG≠= –31.15 kcal/mol). Subsequently, the 15 

proton H4 smoothly transfers from O2 to N9 atom via transition state Si-TS4B to give the enolate 16 

intermediate Si-M3B. 17 

Page 13 of 26 Organic Chemistry Frontiers

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

O
rg

an
ic

C
he

m
is

tr
y

Fr
on

tie
rs

A
cc

ep
te

d
M

an
us

cr
ip

t



 1 

Scheme 6 The TMEDA·H+-assisted proton transfer mechanism for the formation of enolate 2 

intermediate (energies in kcal/mol). 3 

 4 

The free energy barrier calculated for the first process of the TMEDA·H+-assisted proton 5 

transfer pathway is so low (1.07 kcal/mol via Si-TS3B, Fig. 1), which indicates that it is easy to 6 

occur under the experimental conditions. The second process costs the free energy barrier of 0.92 7 

kcal/mol based on the total energy (E, for details see ESI), but it is a barrierless process based on 8 

the free energy (G) profile depicted in Fig. 1. Overall, the free energy barrier of the 9 

TMEDA·H+-assisted proton transfer mechanism is only 1.07 kcal/mol, and it is remarkably lower 10 

than that of the direct proton transfer pathway (Si-TS3D). 11 

In addition, as shown in Scheme 4, the enolate intermediate is necessary for the [2 + 3] 12 

cycloaddition, and we have further considered other two possible reaction pathway, i.e. the direct 13 

proton transfer from C2 to C6 atom and the TMEDA·H+-assisted direct proton transfer from C2 to 14 

C6 atom, respectively. The calculated results show that the direct proton transfer pathway has an 15 

extremely high energy barrier (42.70 kcal/mol, Scheme S1), which is mainly due to the large 16 

strain of the four-membered ring in the transition state. It should be noted that only the structure of 17 

intermediate Re/Si-M02B can be obtained when we put the structures of Re/Si-M1 and 18 

TMEDA·H+ together, that is to say, the proton can be transferred to O3 atom automatically, so we 19 

do not think the TMEDA·H+-assisted direct proton transfer from C2 to C6 atom can occur. 20 
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Fourth Step: C–C bond formation process. As discussed above, the enolate intermediate Si-M3 is 1 

formed in the third step and the subsequent step is the construction of C–C bond, which obviously 2 

needs to add a molecule of R2. By electrostatic attraction between C5 in intermediate Si-M3 and 3 

C10 atoms in reactant R2, the C5–C10 single bond is formed in intermediate M4 via transition 4 

state TS5. Table 1 and Scheme 7 illustrate the possible reaction patterns and the stereoselectivities 5 

for the C–C bond formation step involved in the fourth step. As summarized in Table 1, there are 6 

four possible reaction patterns, because the Re or Si face of R2 can attack from either the Re or Si 7 

face of Si-M3 in the reaction. As an important note, those different nucleophilic attack modes 8 

create the two chiral carbon centers, i.e., C5 and C10 atoms in the zwitterionic intermediate 9 

M4RR/RS/SR/SS via transition state TS5RR/RS/SR/SS. Since two contiguous chiral centers are 10 

formed in M4RR/RS/SR/SS, we term the first letter after M4 as the chirality of C5 atom and the 11 

second letter as the chirality of C10 atom. 12 

Table 1 Possible reaction patterns for the C-C bond formation step in fourth step 13 

Addition face 

of Si-M3 

Addition face 

of R2 

Chirality of the 

C5 atom 

Chirality of the 

C10 atom 

Configuration of 

M4 

Si Si R R RR 

Si Re R S RS 

Re Si S R SR 

Re Re S S SS 

 14 

 15 

Scheme 7 Illustration of the stereochemistry. 16 

 17 
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With approaching of R2 to Si-M3, the distance between C5 and C10 atoms changed from 1 

1.99/2.04/2.08/2.03 Å in transition state TS5RR/RS/SR/SS to 1.64/1.60/1.57/1.65 Å in 2 

intermediate M4RR/RS/SR/SS, which implies that the full formation of the C5–C10 bond during 3 

the fourth step (Fig. 7). The free energy barriers of this step shown in Fig. 2 are 7.61, 11.87, 16.17, 4 

and 16.84 kcal/mol with respect to Si-M3, respectively. Obviously, the formation of intermediate 5 

M4RR costs the lowest energy barrier and the energy barrier via TS5RR is 4.28~9.23 kcal/mol 6 

lower than those via TS5RS/SR/SS, which demonstrates that the formation M4RR is more energy 7 

favorable and supports the reported preference to form the product with RR-configuration. Thus, 8 

we think it is reasonable to only discuss the RR-configuration pathway as reference in the 9 

following parts. Furthermore, the energy barriers of this step in the NHC-catalyzed annulations 10 

with different substrates in DCM solvent have also been calculated, and the results summarized in 11 

Table S3 of ESI show that the RR-configurational product is the main product, which are aligned 12 

well with the experimental observations and thus demonstrates our calculated results should be 13 

reliable. 14 
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1 

Fig. 5 The representative optimized structures and geometrical parameters involved in steps 5~7. 2 

(distance in Å and only the hydrogen involved in the reaction are shown for the sake of clarity) 3 

 4 

Fifth Step: Intramolecular [1, 4]-proton transfer process. In this step, the formed intermediate 5 

M4RR transforms to the intermediate M5RR via [1, 4]-proton transfer process. The proton H13 6 

transfers from N12 atom to O11 atom to form intermediate M5RR with the free energy of –3.45 7 

kcal/mol (Fig. 2). It should be noted that the free energy of M5RR is higher than that of TS6RR, 8 

the reason could be that the strong hydrogen bond N–H…O in transition state TS6RR 9 

(O11–H13=1.42, N12–H13=1.14, O11–H13–N12=134.66°) and the missing of N–H…O hydrogen 10 

bond in intermediate M5RR, and the strain of the N12 and the carbonyl group to the right relative 11 

configuration for the following ring-colure process makes the relative energy of M5RR is a little 12 

higher than that of TS6RR. The energy barrier of this step is 3.34 kcal/mol based on the total 13 
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energy (E, see Supporting Information), while this step is calculated to be a barrierless process 1 

based on the free energy (ΔG≠= –0.08 kcal/mol, Fig. 2). 2 

Sixth Step: The Ring-closure Step. As shown in Scheme 4, since intermediate M5RR is formed 3 

in the fifth step and the nucleophilic N12 atom orientates in a suitable trajectory that R2 and 4 

enolate moieties overlap with each other in the maximal way. The following step is to construct 5 

the five-membered heterocycle, which is included in the final product. The negatively charged 6 

N12 atom nucleophilic attacks the C2 atom via transition state TS7RR for the formation of 7 

intermediate M6RR. The distance of C2–N12 is shortened from 2.71 Å in intermediate M5RR to 8 

2.31 Å in transition state TS7RR, and finally to 1.57 Å in intermediate M6RR, demonstrating the 9 

full formation of C2–N12 bond. The energy profile mapped in Fig. 2 shows that the formation of 10 

intermediate M6RR cost the energy barrier of 3.01 kcal/mol, showing that this step is a facile 11 

process and can occur smoothly under the experimental conditions. 12 

Seventh Step: Regeneration of the Catalyst. The last step of this annulation reaction is the 13 

dissociation of the catalyst with the product via transition state TS8RR, and this leads to the 14 

regeneration of the catalyst. As shown in Fig. 5, the distance between C1 and C2 atoms is 15 

increased from 1.59 Å intermediate M6RR to 2.01 Å in transition state TS8RR, and finally to 16 

3.53 Å in intermediate M7RR. The energy barrier of this step is only 4.07 kcal/mol, revealing that 17 

the dissociation process is a facilitated process and the catalyst is easy to regenerate. Finally, the 18 

desired product is formed by separating of the catalyst and product. 19 

 20 

3.2 Origin of the Stereoselectivity 21 

For the organocatalytic reaction, it is important to figure out the factors governing the 22 

stereoselectivities within the established mechanism. As discussed above, the entire reaction 23 

mechanisms contain more than one step, and the most energy favorable reaction mechanism for 24 

the entire energy profile of the NHC-catalyzed [3 + 2] annulation reaction is the Si face addition of 25 

R1 to Cat, and the Brønsted acid-assisted proton transfer mechanism are the most favorable 26 

pathway. Starting from intermediate Si-M3, the two chirality centers (C5 and C10 atoms) are 27 

emerged in the C–C bond formation step, so we think that the transition states TS5RR/RS/SR/SS 28 

involved in this step is crucial for the stereoselectivity. As shown in Fig. 2 and Scheme 7, the 29 

computed energy difference between the transition states TS5RR and TS5SS is 9.23 kcal/mol, and 30 
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the energy difference between the diastereomeric TS5RR and TS5RS is 4.28 kcal/mol, which 1 

corresponds to an enantiomeric excess of >99% in favor of the RR diastereomer. These predictions 2 

are in good accordance with the experimentally observed ee of 99%. To obtain deep insights into 3 

the origins of the stereoselectivity for the NHC-catalyzed [3 + 2] annulation reaction, we then 4 

performed the distortion/interaction analysis of the transition states TS5. The distortion/interaction 5 

analysis30 is a fragment approach to understand organic reactions, in which the height of the 6 

energetic barrier is described in terms of the original reactants. As depicted in Fig. 6, the activation 7 

energy of the transition state is decomposed into to two main components: the distortion (∆Edist
≠) 8 

and the interaction (∆Eint
≠) energy. The distortion energy involves geometric and electronic 9 

changes to deform the reactants into their transition state geometry, which involves bond 10 

stretching, angle decrease or increase, dihedral changes and so on. The interaction energy contains 11 

repulsive exchange-repulsive and stabilizing electrostatic, polarization, and orbital effects in the 12 

transition state structure. The interaction energy is recovered by the relationship: ∆Eint
≠ = ∆E≠ − 13 

∆Edist
≠. 14 

The calculated distortion and interaction energies of the reactants in transition state 15 

geometries are listed in Table 2. Comparing with the distortion/interaction energies of these four 16 

transition states, the distortion energies of TS5RR (28.32 kcal/mol, Table 2) is larger than those of 17 

TS5RS and TS5SR (23.11 and 22.32 kcal/mol, Table 2), but the larger distortion energies of 18 

TS5RR is offset by the largest interaction energy discrepancy (–39.80 kcal/mol, Table 2), and this 19 

is the dominant factor determining the RR-configuration product generated preferentially. 20 

 21 

Fig. 6 The relationship between the activation energy, distortion and interaction energies of 22 

reaction patterns. 23 

 24 

Table 2 The distortion/interaction reactivity analysis for the stereoselectivity-determining step of 25 
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the title reaction (All values are in kcal/mol). 1 

 ΔΔG≠ 

ΔE≠
dist 

ΔE≠
act ΔE≠

int 

ΔE≠
dist(Si-M5) ΔE≠

dist(R2) 

TS5RR 0 11.36 14.96 −13.48 −39.80 

TS5RS 4.28 8.64 14.47 −9.68 −32.79 

TS5SR 8.56 8.90 13.42 −1.64 −23.96 

TS5SS 9.23 11.99 16.73 −3.73 −32.45 

Note: (a) The ∆E≠ value is the calculated total energy (E) of each transition state relative to the sum of the total 2 

energies of the two separate reactants. 3 

 4 

As discussed above, the distortion/interaction analysis reveals the existence of interactions 5 

between enolate (Si-M3) and α-ketoamide (R2) moieties. To further identify the type of these 6 

interactions, we have then performed the non-covalent interaction (NCI) analysis, which is 7 

demonstrated to be capable of distinguishing strong interaction, van der Waals interactions and 8 

repulsive steric interactions. Figs. 7 and S4 show the NCI results for the transition states TS5RR, 9 

TS5RS, TS5SR, and TS5SS. In TS5RR, there are three CHπ interactions, one ππ interaction, 10 

and one LP-π interaction. Specifically, the distances between the inner hydrogen and phenyl group 11 

are 2.39 Å (CH-π interaction a, Fig. 7), 2.62 Å (CH-π interaction b, Fig. 7), and 2.87 Å (CH-π 12 

interaction c, Fig. 7) separately, well within the combined van der Waals distance of 2.90 Å. As 13 

can be seen from Fig. S4 of ESI, the CH-π and π-π interactions can also be observed in the other 14 

transition states between the π-system of enolate and R2 moieties. Noteworthy, the noncovalent 15 

interactions indeed seem to be not significantly different among the four NCI pictures. 16 

 17 

Fig. 7 The interaction analysis of the transition state TS5RR. (Blue, green, and red represent the 18 

strong interaction, weak interaction, and steric effect, respectively) 19 
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 1 

Furthermore, the natural bond orbital (NBO) analysis of the reaction active site is performed 2 

to explain the origin of the stereoselectivity. As shown in Fig. S5 of ESI, the net NBO charge 3 

values on the C2=C5 π system are 0.060 e (TS5RR), 0.049 e (TS5RS), 0.028 e (TS5SR), and 4 

0.015 e (TS5SS), respectively. Obviously, the NBO charge populated on C2=C5 π system is more 5 

positive in TS5RR than that in the other three transition states, this phenomenon indicates that the 6 

more electron delocalization in TS5RR stabilizes the transition state and makes the 7 

RR-configuration isomer prominent. Then, we have performed frontier molecular orbital analysis 8 

for the stereoselectivity-determining step, which mainly involves the orbital interaction between 9 

HOMOSi-M3 and LUMOR2. As shown in Fig. 8, the energy gaps between HOMOM3-part and 10 

LUMOR2-part are 3.68, 3.79, 3.93, and 4.02 eV in the four key transition states TS5RR, TS5RS, 11 

TS5SR, and TS5SS respectively, indicating the energy gap in transition state TS5RR is narrowest, 12 

thus, the reaction pathway associated with transition state TS5RR should have the lowest energy 13 

barrier and be the most favorable pathway, which is in agreement with the above energy profiles 14 

and experimental results. 15 

 16 

Fig. 8 The energy gaps between HOMOM3-part and LUMOR2-part parts in the four transition states 17 

TS5RR, TS5RS, TS5SR, and TS5SS. 18 

 19 

3.3 Role of the NHC Catalyst 20 

Having established the most favorable reaction pathway and the origin of the stereoselectivity, 21 
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we now explore the special role of the NHC catalyst in this [3 + 2] annulation reaction. The 1 

natural bond orbital (NBO) charge value of H4 atom is slightly increased from 0.168 e in the enal 2 

(R1) to 0.178 e in intermediate Si-M1, which indicates that the NHC strengthens the acidity of the 3 

H4 atom, this would make the breaking of C−H bond more easily. This phenomenon shows that 4 

the NHC catalyst can activate the carbonyl C−H bonds of enals by strengthening acidity of the H4 5 

atom. 6 

In addition, our previous work18 has proved that the NHC catalyst plays as a role of Lewis 7 

base by the analysis of global reactivity indexes (GRI) in the NHC catalyzed ketene 8 

cycloadditions. Thus, we also want to know if the NHC plays the same role in this reaction system. 9 

With this question promotion, the analysis of GRI was performed in this work. As summarized in 10 

Table 3, the molecule global electrophilicity character is measured by electrophilicity index, ω, 11 

which has been given from the following expression, ω= (µ2/2η),31 in terms of the electronic 12 

chemical potential µ and the chemical hardness η. Both quantities may be approached in terms of 13 

the one-electron energies of the frontier molecular orbital HOMO and LUMO, EH and EL, as µ ≈ 14 

(EH + EL)/2 and η ≈ (EL − EH). Moreover, according the HOMO energies obtained within the 15 

Kohn-Sham scheme,32 Domingo and co-workers gave the nucleophilicity index N to handle a 16 

nucleophilicity scale.33 The nucleophilicity index is defined as N = EH(SR) – EH(TCE). This 17 

nucleophilicity scale is referred to tetracyanoethylene (TCE) taken as reference. After the 18 

coordination with NHC catalyst, the electrophilicity of enal is dramatically decreased, but its 19 

nucleophilicity is increased greatly from 2.504 to 3.498/3.514 eV (Re/Si-M1), and finally to 4.302 20 

eV (Si-M3). Thus, the GRI analysis demonstrates that the NHC catalyst mainly works as Lewis 21 

base catalyst to strengthen the nucleophilicity of the reactant enal. 22 

Table 3 Energies of HOMO (EL, a.u.) and LUMO (EL, a. u.), Electronic Chemical Potential (µ, 23 

a.u.), Chemical Hardness (η, eV), Global Electrophilicity (ω,eV), and Global Nucleophilicity (N, 24 

eV) of Some Reactants (SR) 25 

SR EH (a.u.) EL (a.u.) µ (a.u.) η (a.u.) ω (eV) Na (eV) 

R1 −0.28623 −0.04411 −0.16517 0.24212 1.533 2.504 

Re-M1 −0.24973 0.00474 −0.122495 0.25447 1.605 3.498 

Si-M1 −0.24912 −0.00203 −0.125575 0.24709 1.737 3.514 

Si-M3 −0.22018 −0.00374 −0.11196 0.21644 1.576 4.302 

a EH(TCE)= −0.37826 a.u. (calculated at M06-2X/6-31G**/IEF-PCMDCM level). 26 
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 1 

In summary, the results of NBO and GRI analysis reveal that the NHC plays as a bifunctional 2 

organocatalyst in this novel [3 + 2] annulation reaction of enals. That is to say, the NHC catalyst 3 

not only works as the Lewis base catalyst to strengthen the nucleophilicity of the enals, but also 4 

activates the carbonyl C-H bonds in the subsequent proton transfer processes. 5 

 6 

4. Conclusion 7 

In this article, the comprehensive DFT calculations on the NHC-catalyzed intermolecular [3 8 

+ 2] annulation reaction of enals with α-ketoamides have been performed to pursuit deep 9 

understanding of the detailed mechanisms and stereoselectivity. On the basis of our calculations, 10 

the most energy favorable reaction mechanism is demonstrated to occur through seven elementary 11 

steps, i.e., addition of the catalyst, formation of Breslow intermediate, formation of enolate 12 

intermediate, C−C bond formation step, proton transfer process, ring-closure process and the 13 

regeneration of the catalyst. The calculated results reveal that the in situ generated Brønsted acid 14 

TMEDA·H+ plays an important role in the [1, 2]- and [1, 4]-proton transfer processes associated 15 

with the formation of Breslow intermediate and enolate intermediate, respectively. The C–C bond 16 

formation step are verified to be the stereoselectivity-determining step, and the two chiral centers 17 

(C5 and C10 atoms) are determined by the Re or Si face addition of R2 with the Re or Si face of 18 

Si-M3. The strong interaction and electron delocalization of the reaction active site was 19 

demonstrated to be responsible for the favorability of RR-configured product by the 20 

distortion/interaction, NCI, and NBO analyses. All the calculated results are in good agreement 21 

with the experimental observations. 22 

Furthermore, the analyses of NBO and GRI were carried out to explore the role of the NHC 23 

catalyst in this kind of reactions. The computational outcomes reveal that the NHC catalyst works 24 

as a bifunctional organocatalyst, i.e. Lewis base and the carbonyl C-H activation. The new insights 25 

gained from this work might help to refine the stereochemistry model of NHC-catalyzed [3 + 2] 26 

cycloaddition reactions and be beneficial for the future development of this field as well as design 27 

of novel efficient catalyst. 28 

 29 

 30 
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