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a b s t r a c t

The Cu(I)-catalyzed [4 + 1] annulation of vinyl indoles and a carbene precursor is a powerful method for

constructing cyclopentaindole derivatives. Density functional theory (DFT) calculations were used to elu-

cidate the mechanism and regioselectivity of this reaction. After Cu-assisted indole C3-alkylation, direct

1,5-annulation was favored over the Cu-assisted annulation pathway. Furthermore, the regioselectivity for

1,5-annulation was attributed to the generated five-membered-ring product being more stable than the

three-membered-ring product from 1,3-annulation, which was the kinetically favored pathway.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Carbene [1–3] is a significant and valuable active intermediate

in synthetic chemistry that can be considered a C1 source for the

construction of new organic compounds [4–11]. Carbene contains

two unshared valence electrons and a neutral carbon atom, with

a valence of two. Therefore, carbene can be considered an unsat-

urated carbon atom, with similar reactivity to other unsaturated

molecules. In particular, carbene can be used as an unsaturated

molecule to participate in cycloaddition reactions with other un-

saturated molecules. A series of pioneering studies have been re-

ported in this area [12–15].

Owing to its high reactivity, reactions using free carbene are

usually difficult to control and obtain high selectivity from. For-

tunately, introducing transition metals allows carbene reactivity to

be regulated. The formation of metal-carbene complexes has led to

extensive developments in carbene functionalization [16–23]. Gen-

erally, Fischer-type metal-carbene complexes show electrophilicity

because carbene donates one pair of electrons to the unoccupied

orbital of late transition metals [24,25]. Therefore, two possible re-

action modes are proposed for Fischer-type metal-carbene com-

plexes. In the mode A, the nucleophile attacks the carbon atom of

the metal-carbene complex to afford a metal-carbon single bond,
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with electrophilic substitution (SE2) by another electrophile result-

ing in a bisfunctionalized carbene (Scheme 1, mode A) [26–30].

Alternatively, we found that the nucleophilic addition intermediate

can also dissociate from the metal species to afford a carbenion in-

termediate, with subsequent electrophilic substitution (SE1) occur-

ring at the α-position of the enolate to give the product (Scheme 1,

mode B) [31–32].

Recently, the Hu group reported a transition-metal-catalyzed

functionalization of diazo compounds, in which Cu(CH3CN)4PF6
was selected to catalyze the annulation of diazo compounds

and vinyl indoles, affording cyclopentaindole derivatives P1

(Scheme 2a) [33]. We became interested in whether the annula-

tion process was Cu-assisted and whether the vinyl indole could

be considered as an unsaturated molecule or a nucleophile in this

reaction. Therefore, the reaction mechanism and chemoselectivity

were key problems in this reaction. In the present study, density

functional theory (DFT) calculations were used to elucidate the

mechanism and chemoselectivity of this reaction.

All the density functional theory (DFT) calculations were car-

ried out using the Gaussian 09 series of programs [34]. Density

functional B3-LYP [35] with a standard 6–31G(d) basis set (SDD

[36] basis set for Cu) was used for geometry optimizations. Har-

monic vibrational frequency calculations were performed for all

stationary points to confirm them as local minima or transition
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Fig. 1. Gibbs energy profiles of the carbenation process. The values given by

kcal/mol are the relative free energies calculated by M06-L/6–311+G(d,p)/SMD//B3-

LYP/6–31G(d) (SDD for Cu) method in dichloromethane solvent.

structure and to derive the thermochemical corrections for the en-

thalpies and free energies. The M06-L [37,38] functional proposed

by Truhlar et al. was used with a 6–311+G(d,p) basis set to cal-

culate the single-point energies in the solvent, because it was en-

visaged that this strategy would provide greater accuracy with re-

gard to the energetic information. The solvent effects were consid-

ered by single-point calculations in dichloromethane solvent base

on the gas-phase stationary points with SMD solvation model [39–

41]. The energies presented in this paper are the M06-L calculated

Gibbs free energies in dichloromethane solvent with B3-LYP cal-

culated thermodynamic corrections. The noncovalent interactions

(NCIs) [42–44] and electrostatic potentials (ESPs) were calculated

at the B3-LYP/6–31G(d) (SDD for Cu) level.

As shown in Scheme 2b, possible pathways were accounted for

during computational modeling of this reaction (Paths A and B).

These pathways all started from cationic Cu(I) species I, which

is carbenated by diazo compound R1, affording Fischer-type Cu-

carbene complex II. Intermolecular nucleophilic attack by the C3

position of vinyl indole R2 generates a zwitterionic intermediate

III. In direct annulation pathway A, cleavage of the Cu-C bond re-

lease organic molecule IV with the regeneration of Cu(I) species

I. Uncatalyzed 1,3- and 1,5-annulations of intermediate IV provide

corresponding products VI and V. Alternatively, Cu-assisted annu-

lation pathway B was also considered in our theoretical study. In

this pathway, a 1,3-Cu shift generates Cu-enolate intermediate VII,

which possesses a nucleophilic carbon for the subsequent 1,3- or

1,5-annulation. In this process, copper(I) is not eliminated until VI

or V is formed as the final product.

According to the proposed pathways, a detailed computational

study was performed to investigate the mechanism of this Cu(I)-

catalyzed annulation reaction. As shown in Fig. 1, cationic cop-

per(I) complex 1 was selected as the starting point for the free

energy profiles, with two acetonitrile molecules selected as lig-

ands (we consider the four coordination patterns for copper, see

Fig. S3 in Supporting information for details). Cu-assisted aryldia-

zoacetate R1 denitrogenation via transition state 5-ts affords Cu(I)-

carbene complex 6, with a free energy decrease of 4.2 kcal/mol.

The overall activation free energy for the carbenation process was

25.9 kcal/mol, which was the highest free energy barrier in the

entire pathway. Therefore, carbenation was considered to be the

rate-determining step of the catalytic cycle [45,46]. Subsequent

dissociation of one acetonitrile molecule afforded complex 7 with

Fig. 2. Gibbs energy profiles of the Cu(I)-carbene complex 6 and 15 to nucle-

ophilic addition process. The values given by kcal/mol are the relative free energies

calculated by M06-L/6–311+G(d,p)/SMD//B3-LYP/6–31G(d) (SDD for Cu) method in

dichloromethane solvent.

an increase in free energy of 3.5 kcal/mol. In the presence of

dimethoxycarbonyl vinyl indole R2, C3 nucleophilic attack could

occur via transition state 8-ts to form zwitterionic intermediate 9.

The chemoselectivity of nucleophilic addition was also investigated

(see Fig. S4 in Supporting information for details). Ligand exchange

with acetonitrile via transition state 10-ts releases organic species

11 with the regeneration of active species 1 (see Fig. S5 in Sup-

porting information for details).

In addition, we have considered the different coordination pat-

terns for Cu(I)-carbene complex. As shown in Fig. 2, C3 nu-

cleophilic attack of metal-carbene 6 to dimethoxycarbonyl vinyl

indole R2 via transition state 13-ts with an energy barrier of

19.6 kcal/mol to gives zwitterionic intermediate 14. This process

is endergonic by 19.6 kcal/mol, which can be attributed to en-

tropy loss. The relative free energies of transition state 13-ts were

2.4 kcal/mol higher than that of transition state 8-ts (Fig. 1). In the

other case, the coordination of two acetonitrile to the copper cen-

ter results in formation of unstable intermediate 15 in an ender-

gonic process with 7.4 kcal/mol free energy. Then C3 nucleophilic

attack via transition state 16-ts to gives zwitterionic intermediate

17 with an energy barrier of 20.5 kcal/mol. The relative free ener-

gies of transition state 16-ts were 10.7 kcal/mol higher than that

of transition state 8-ts (Fig. 1). Therefore, the paths involving the

nucleophilic addition of intermediates 6 and 15 are unfavorable.

Having obtained key intermediate 11, direct annulation of this

intermediate was considered theoretically (Fig. 3a). DFT calcula-

tions found that the free energy barrier of the 1,3-annulation pro-

cess via transition state 18-ts was only 1.6 kcal/mol. However, gen-

erated cyclopropane-type product 19 was only 9.5 kcal/mol more

stable than intermediate 11. This clearly showed that compound

19 was the kinetic product, which can be obtained reversibly from

11. Alternatively, the corresponding 1,5-annulation via transition

state 20-ts gave an energy barrier of 2.5 kcal/mol, but as generated

cyclopentene product 21 was 6.6 kcal/mol more stable than 1,3-

annulation product 19. Therefore, compound 21 was the thermo-

dynamic product. The entire annulation process can be descripted

as a reversible 1,3-annulation of intermediate 11 to provide inter-

mediate 19, which undergoes the reverse process to regenerate in-
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Fig. 3. (a) Gibbs energy profiles of direct annulation. The values given by kcal/mol

are the relative free energies calculated by M06-L/6–311+G(d,p)/SMD//B3-LYP/6–

31G(d) (SDD for Cu) method in dichloromethane solvent. Optimized geometries of

transition states 18-ts and 20-ts. Bond lengths are shown in Angstroms (Å). (b) Elec-

trostatic potential map and Mulliken charge for intermediate 11.

termediate 11. Subsequently, 1,5-annulation finally yields thermo-

dynamic product 21. In this case, the overall activation free en-

ergy for the generation of 21 from 19 was only 12.0 kcal/mol.

Therefore, compound 21 was observed as the major product ex-

perimentally. The rearomatization of intermediate 19 was also con-

sidered theoretically (see Fig. S6 in Supporting information for de-

tails). Although the free energy barrier of an intramolecular 1,2-

hydrogen shift from intermediate 19 was only 25.3 kcal/mol, con-

sidering the generation of 21, the overall activation free energy

for the formation of alkylated vinyl indole product 23 was up to

41.4 kcal/mol. The electrostatic potential (ESP) of complex 19 is

shown in Fig. 3b, clearly elucidating its character. In this struc-

ture, negative charge was mostly located at the C1 position, which

could act as a nucleophile, while positive charge was mostly lo-

cated at C2, which exhibited electrophilicity. Therefore, the forma-

tion of a C1-C2 bond via 1,3-annulation is kinetically favorable, but

the generated three-membered ring is thermodynamically unfavor-

able. Interestingly, C5 also exhibits weak electrophilicity, and can

bond with C1 via the corresponding 1,5-annulation. Generation of

the five-membered ring is thermodynamically favorable.

The Cu-assisted annulation was also considered theoretically. As

shown in Fig. 4, when intermediate 9 is generated by nucleophilic

addition, a 1,3-Cu shift can occur via transition state 24-ts with a

barrier of 9.1 kcal/mol. Generated intermediate 25 possesses a nu-

cleophilic enolate carbon, which can undergo corresponding annu-

lation. Similar to direct annulation (Fig. 3a), the free energy barrier

of the 1,3-annulation process via transition state 26-ts was only

2.5 kcal/mol, leading to the formation of kinetic product 19. The

corresponding 1,5-annulation via transition state 27-ts had an en-

ergy barrier of 7.5 kcal/mol, affording thermodynamic product 21.

The electrostatic potential (ESP) map of complex 25 clearly showed

that the presence of Cu decreased the nucleophilicity of the eno-

late moiety (Fig. 4). Therefore, a higher energy barrier was ob-

served in the 1,5-annulation process.

Interestingly, when asymmetric 1,3-dicarlbonyl compounds was

used as substrate, the 1,5-annulation exhibited diastereoselectiv-

ity. For example, when R3 was used as the 1,3-dicarlbonyl reac-

tant in this reaction, anti-product P2 was the major product, with

good diastereoselectivity (> 95:5 dr; Fig. 5a). DFT calculations were

used to evaluate the generation of diastereoselectivity. As shown

in Fig. 5b, based on our mechanistic study, the diastereoselectivity

of 1,5-annulation using 1,3-dicarlbonyl reactant R3 was determined

by the energy difference between the two ring-closing transition

states, 28-ts-anti and 29-ts-syn. DFT calculation showed that the

relative free energy of transition state 28-ts-anti, leading to trans-

product P2, was 1.1 kcal/mol lower than that of transition state 29-

ts-syn. Therefore, trans-product P2 was the major product, with a

calculated 72:28 dr. This was in good agreement with the experi-

mental observation that P2 was the major product with > 95:5 dr.

The higher relative free energy of transition states 29-ts-syn was

attributed to steric repulsion in its geometry. To obtain a clear view

of the energy difference between these two transition states, they

were subjected to noncovalent interaction (NCI) analysis to deter-

mine steric repulsion. As shown in Fig. 5c, observable steric repul-

sion between the phenyl group and ester group was labeled in the

geometry information of transition state 29-ts-syn, leading to this

transitions state having a higher relative free energy. Therefore, the

trans-product could be generated easily via transition state 28-ts-

anti.

DFT calculations using the M06-L functional were used to study

the mechanism of the Cu(I)-catalyzed [4 + 1] annulation of vinyl

indoles and carbene precursors. As a result, a mixing mechanism

involving sequential Cu-assisted indole C3-alkylation and direct

1,5-annulation was proposed and proved by our theoretical study.

The reaction starts with carbenation of the Cu(I) species by a diazo

compounds to afford a Cu-carbene complex, which can undergo in-

termolecular nucleophilic attack by the indole C3 position to af-

ford alkylation with release of the Cu(I) catalyst. The generated

zwitterionic intermediate then undergoes intramolecular annula-

tion in the absence of a Cu species to yield the cyclopentaindole

product. Carbenation of the Cu(I) species was found to be the rate-

determining step of the entire process. Interestingly, the competi-

tion between 1,3- and 1,5-annulation was considered, showing that

1,3-annulation leads to a three-membered-ring product as the ki-

netic product, which is easily generated, while the five-membered-

ring product was more stable. Therefore, five-membered cyclopen-

taindole will be observed as the major product of this reaction.

This theoretical prediction is consistent with experimental obser-

vations.
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Fig. 4. Gibbs energy profiles for the Cu-assisted annulation. The values given by kcal/mol are the relative free energies calculated by M06-L/6–311+G(d,p)/SMD//B3-LYP/6–

31G(d) (SDD for Cu) method in dichloromethane solvent. Optimized geometries of transition states 26-ts and 27-ts. Bond lengths are shown in angstrom (Å). Inset: Electro-

static potential map and Mulliken charge for intermediate 25.

Fig. 5. (a) Cu(I)-catalyzed [4 + 1]-annulation of asymmetric vinyl indoles and aryl-

diazoacetates. (b) Optimized structures of 28-ts-anti and 29-ts-syn (distances are

given in angstroms (Å)). The values given by kcal/mol are the relative free energies

calculated by M06-L/6–311+G(d,p)/SMD//B3-LYP/6–31G(d) (SDD for Cu) method in

dichloromethane solvent. (c) NCI plots for transition state 28-ts-anti and 29-ts-syn

(blue indicates strong attraction, green indicates very weak interaction, and red in-

dicates strong repulsion).

Scheme 1. Possible reaction modes for Fischer type metal-carbene complexes.
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