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a b s t r a c t

An efficient asymmetric alkenylation between 3-vinylindoles and isatin derivatives was developed under

catalysis of a chiral copper complex. A series of optically active 3-alkenyl-3-substituted oxindoles were

obtained in excellent yields and stereoselectivities. The reaction mechanism was proposed and supported

by DFT calculation.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

3-Substituted 2-oxindole is one of the most abundant and sig-

nificant structural motifs in natural products [1–3]. They are widely

found in biologically active molecules and drugs. For example,

spirotryprostatin B alkaloids exhibit cytotoxic activity [4,5]. The JP-

8g proved to be potential for cancer treatment and inflammation

therapy [6]. AG041R is a gastrin/CCK-B receptor agonist [7], and

NITD609 is an excellent antimalarial drug candidate [8–11]. The

C3 substituent and absolute configuration were the key points for

3-substituted 2-oxindoles biologically activity. Therefore, the con-

struction of chiral center at the C3 position of oxindoles has at-

tracted extensive attention in chemistry.

Isatin, a well-known natural product found in plants of genus

Isatis and Couroupita guianensis aubl [12,13] has been widely used

in synthetic chemistry [14–18]. To the best of our knowledge, the

asymmetric alkenylation of isatins was rarely reported. In 2010,

Zhou’s group reported the asymmetric synthesis of isatins with

acrolein catalyzed by cinchona alkaloid and high yields and enan-

tioselectivities were obtained (Scheme 1a) [19]. In 2016, Zhao’s

group reported the asymmetric alkenylation reaction of isatins

with alkenyl boronic acid catalyzed by chiral CoI2-bisphosphine

complex at 70 °C and the desired product was obtained with 93%

ee (Scheme 1b) [20]. However, appropriate substituents are needed

at the terminal site of the alkenyl groups. Up to now, some asym-
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metric Friedel-Crafts-type olefination reaction of ketones and ke-

timines [21,22] were reported, but we have not found the direct

alkenylation of isatin by the Friedel-Crafts reaction. Based on our

previous Lewis acid catalytic system on the Friedel-Crafts reaction

[23–30] of aromatic rings, we intend to study the asymmetric di-

rect alkenylation of isatin. Recently, 3-vinylindoles and derivatives

have emerged as a kind of versatile chemical synthon in asym-

metric transformations [31–36], Guo’s group made great contribu-

tions to the research of 3–vinylindoles (Scheme 1c). Herein we re-

alized a highly asymmetric direct alkenylation of isatins with 3–

vinylindoles by virtue of our chiral copper complex [37,38]. A va-

riety of chiral 3-alkenyl 3-substituted oxindoles (Scheme 1d) could

be obtained with excellent yields (up to 99%) and ee values (up

to 99%). This is an alternative asymmetric reaction for the 3–

vinylindoles and the isatins.

We initiated our investigation with the model reaction between

1a and 2a by virtue of our chiral copper complex. Firstly, different

temperatures and copper salts were screened for this reaction (see

section 1.2 in Supporting information). It was found that 20 °C was

the best temperature and CuBr2 was the best Lewis acid for this

reaction, affording the corresponding product with 87% yield and

82% ee. Next, various solvents were examined in this reaction. It

was found that ethanol was the best solvent (Table 1, entries 1-

5). Subsequently, the electronic effect and the steric effect of the

ligands were investigated (Table 1, entries 1, 6-10). Neither strong

electron withdrawing substituent CF3 at the phenyl of ligand (L4)
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Scheme 1. Previous work and this reaction.

nor the strong electron donating substituent OCH3 at the phenyl

of ligand (L3) favored this reaction. The commercial Box Ligand

L5 could not improve the enantioselectivity either. Even worse, L6
did not work in this reaction. Finally, we found that L2 was still

the most efficient ligand. With the optimal L-Cu catalyst in hand,

various bases (Table 1, entries 1, 11-15) were examined. The em-

ployment of N-ethylmorpholine gave the best results (Table 1, en-

try 14). To further improve the enantioselectivity, the dosage of

N-ethylmorpholine was optimized (Table 1, entries 14, 16-19). It

was found that 2 equiv. N-Ethylmorpholine gave the corresponding

product with 89% yield, 91% ee. In summary, the optimal reaction

conditions were listed as follows: the reaction being carried out in

ethanol at 20 °C for 36 h with L2 as the ligand, CuBr2 as the Lewis

acid, ethanol as the solvent and two equivalent N-ethylmorpholine

as the base.

Under the optimized reaction conditions, the substrate scope

was then explored. The results were summarized in Scheme 2. First

of all, the substrates bearing different protective group on the N

atom of isatin was employed. We found that the reaction had a

great substrate compatibility. For instance, the substrates bearing

the benzyl, phenyl and allyl group at the N atom of the isatins

can be employed in the reaction to give the corresponding prod-

ucts with good yields and enantioselectivities (4a-4c, Scheme 2).

Furthermore, we studied the electronic effects by changing the

substitution at the para position on N-benyl ring of isatins (4d-

4g, Scheme 2). We found that the reactions can be carried out

smoothly to afford the corresponding products with high yields

and good ee values regardless of the electron-withdrawing or

electron-donating substituents on the N atom. This indicated that

electronic effect had little influence on the reaction. Afterwards,

different substituted 3-(1-phenyl-vinyl)-indoles were then investi-

gated. When the bromo groups or methoxyl groups were installed

at 5- and 6-position of the indole ring of the 3-(1-arylvinyl)-1H-

indoles, the corresponding products 4h was generated in excellent

diastereoselectivities, with a little reduced yields and enantiose-

lectivities, while 4i was generated in excellent ee and dr values.

Table 1

Screening of catalysts and the optimization of reaction conditions.a

Entry Solvent Ligand Base Yield (%)b drc ee (%)c

1 EtOH L2 Et3N 87 >20:1 82

2 THF L2 Et3N 45 >20:1 5

3 CH2Cl2 L2 Et3N 35 >20:1 8

4 Toluene L2 Et3N 50 >20:1 12

5 EtOAc L2 Et3N 52 >20:1 46

6 EtOH L1 Et3N 70 >20:1 67

7 EtOH L3 Et3N 74 >20:1 72

8 EtOH L4 Et3N 79 >20:1 58

9 EtOH L5 Et3N 23 >20:1 <10

10 EtOH L6 Et3N Trace – –

11 EtOH L2 DIPEA 82 >20:1 73

12 EtOH L2 DABCO 73 >20:1 61

13 EtOH L2 DBU 67 >20:1 59

14 EtOH L2 N-Emd 85 >20:1 88

15 EtOH L2 Cs2CO3 81 >20:1 80

16 EtOH L2 N-Eme 83 >20:1 87

17 EtOH L2 N-Emf 89 >20:1 91

18 EtOH L2 N-Emg 80 >20:1 84

19 EtOH L2 N-Emh 65 >20:1 53

a Unless otherwise noted, all reactions were performed with 1a (0.15 mmol), 2a

(0.10 mmol), L (10 mol%), CuBr2 (10 mol%), Base (10 mol%). The reaction was carried

out at 20 °C for 36 h.
b Isolated yield.
c Determined by chiral HPLC analysis.
d N-Em=N-ethylmorpholine.
e N-Em (15 mol%).
f N-Em (20 mol%).
g N-Em (25 mol%).
h N-Em (30 mol%).

When the electron-donating methoxyl group were installed at 3-

and 4-position of the phenyl ring, the desired products could be

obtained with high diastereo- and enantioselectivities (4k and 4m,

Scheme 2). When the methyl and fluoro groups were installed at

4-position of the phenyl ring, the desired products can be obtained

with a slightly reduced yields and ee values while the dr values can

be maintained (4l and 4n, Scheme 2). This implied that the elec-

tronic effect from substrate 3-(1-phenyl-vinyl)-indoles had little in-

fluence on the reaction. Furthermore, various substituted isatins

were then employed as the electrophiles in the reactions. Isatins

bearing electron-donating methyl and methoxyl groups at the C5

position gave the desired product 4o, 4p in excellent dr and ee val-

ues. In contrast, when halogen chloro and bromo substituents at

different positions of isatin, the high yields and excellent dr values

can be obtained in spite of a little decrease in the ee values (4q-4u,

Scheme 2). It was noted that the addition of a methyl group at C4

position can enhance both the yield and ee value to some extent

(4v, Scheme 2). This meant that electron donation substituents at

the isatin ring favored this reaction.

On the other hand, the substrate isatins can be extended to

the isatin imines under the standard condition when the reaction

temperature was modulated to 15 °C, as shown in Scheme 3. We

found that 3-vinylindoles with different substituents on the phenyl
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Scheme 2. Scope of substrates. Unless otherwise noted, all reactions were performed with 1 (0.15 mmol), 2 (0.10 mmol), L2 (10 mol%), CuBr2 (10 mol%), EtOH (1.0 mL),

N-Em (20 mol%). The reaction was carried out at 20 °C for 36 h. Isolated yield. a The reaction was carried out for 48 h. b The reaction was carried out for 42 h.

ring can be employed in this reaction to afford the correspond-

ing products with both high yields and excellent ee values regard-

less of electron-donating or electron-withdrawing substituents on

the para or meta position of the phenyl ring. For instance, the

phenyl ring bearing a strong electron-withdrawing trifluoromethyl

group, the corresponding product 5g can be obtained with high

yield (90%) and excellent stereoselectivities (dr 20:1, 99% ee). When

the phenyl ring bearing an electron-donation methoxyl group, in

contrast, the reaction can also afford the corresponding product 5b

with a yield of 99% and excellent stereoselectivities (dr 20:1, 97%

ee). This meant that the reaction can carried out smoothly regard-

less of the electronic effect. Being different from the isatins, the

alkylation of the NH in the indole ring of the isatin imines had lit-

tle influence on the asymmetric alkenylation. For instance, when

the methyl group was installed at 1-position of 3-vinylindoles, the

corresponding product 5j can be obtained in a yield of 93% with

97% ee and >20:1 dr. Similarly 5k can be obtained in a yield of 95%

with 93% ee and >20:1 dr. Nevertheless, the reaction time should

be prolonged to 36 h and the reaction temperature should be in-

creased to 25 °C.
In order to gain insight into the reaction mechanism, some con-

trol experiments were performed (Scheme 4). When the phenyl

group in 3–(1-phenyl-vinyl)-indole was replaced with a hydrogen

(Scheme 4A) or a methyl group (Scheme 4B), the reaction did not

work. In terms of this experimental result, we proposed a possi-

ble π-π interaction in the reaction mechanism. On the other hand,

this mechanism was supported by DFT calculations (for details of

DFT calculations and references see Supporting information 1.6).

In the presence of 2 equiv. N-ethylmorpholine, Int-I is generated

from CuBr2 and the ligand L2. Coordination of Int-I with 1a and

2a affords Int-II. The π-π interaction between 3-(1-phenyl-vinyl)-

indole and isatin stabilizes the Int-II structure. The 3-(1-phenyl-

vinyl)-indole attacks from the Si-face due to the steric hindrance

of trifluoromethylbenzene on the ligand. Next, the resulting Int-III

undergoes ligand exchange, proton shift and dissociation to give

the final product. The 3D structure of transition state TS is also

demonstrated in Scheme 4C.

To evaluate the practicability of this new alkenylation reac-

tion, a gram scale of experiment was performed under the stan-

dard condition. As shown in Scheme 5, 1.79 g of 4b could be

obtained with 88% yield, 87% ee and >20:1 dr in the presence

of 10 mol% catalyst. The allyl alcohol structure in 3-alkenyl-3-

substituted oxyindoles could be readily converted to other β-

substituted ketones [40–42] or allyl sulfides [43]. Therefore these

β-substituted ketones and allyl sulfides have potential synthetic

utility in pharmaceutical industry since many biological molecules

contain these moieties.

In summary, we developed an asymmetric alkenylation reac-

tion of isatin derivatives and 3-vinylindoles. A series of chiral 3-

alkenyl-3-substituted oxindole derivatives in gram scale were ob-

tained with excellent yields and stereoselectivities. Also, the reac-

tion transition state with a π-π interaction was proposed, which
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Scheme 3. Scope of substrates. Unless otherwise noted, all reactions were performed with 1 (0.15 mmol), 3 (0.10 mmol), L2 (10 mol%), CuBr2 (10 mol%), EtOH (1.0 mL),

N-Em (20 mol%). The reaction was carried out at 15 °C for 24 h. Isolated yield. a The reaction was carried out at 25 °C for 36 h.

Scheme 4. (A, B) Control experiments were performed under standard condi-tions. (C) Gibbs energy profiles for the Cu-catalyzed direct alkenylation reaction of 1a with

2a. Free energies in solution (in kcal/mol) at the (U) B3LYP-D3(BJ)/6-311+G(d,p)-SDD/SMD (EtOH)//(U) B3LYP-D3 (BJ)/6-31G (d)/SDD/SMD(EtOH) level are displayed. 3D

structures were generated by CYL view, key bond distances shown in units of Å [39].

Scheme 5. Gram scale experiment.

was supported by DFT calculations. Notably, the products are rich

in functional group conversion and have great potential application

for the synthesis of some natural products and drug molecules.
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