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a b s t r a c t

A palladium-catalyzed 2-alkylation of indoles with α-bromo esters is developed by employing a P,P=O

ligand. The method features excellent regioselectivities, mild reaction conditions, and good functional

group compatibility. The employment of the P,P=O ligand as well as 4 Å molecular sieves were crucial

for the success of the transformation. Mechanistic studies indicate the reaction proceed through a radical

pathway.

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

Medica, Chinese Academy of Medical Sciences.

Substituted indoles exist widely in the structures of numer-

ous biologically active natural products and pharmaceuticals [1-

6]. Their synthesis have attracted significant interest among syn-

thetic community. Complementary to the traditional Friedel Crafts

reaction, the metal-catalyzed direct C-H functionalization of in-

dole has represented one of the most efficient methods for prepar-

ing indole derivatives. While the C-H arylation [7-13], alkenyla-

tion [14-18], and 3-alkylation [19-28] of indoles have been well-

documented, the 2-alkylation of indoles via direct C-H function-

alization is much less studied. In the past ten years, a few

metal-catalyzed 2-alkylation of indoles through C-H functional-

ization with various alkylation reagents including alkenes [29-

35], alkyl halides [36-45] and α-diazomalonates [46-47] have

been established (Scheme 1). In 2011, Bach [41] and cowork-

ers reported the first direct 2-alkylation of indole with unacti-

vated alkyl bromides through a palladium-catalyzed norbornene-

mediated C-H activation cascade at the indole ring (Scheme 1A).

By employing a palladium-catalyzed Catellani-type reaction, Liu

[44] and Yang [39] realized the 2-trifluoroethylation and 2-

methylenephosphorylation of indole from CF3CH2I and diethyl

(iodomethyl)phosphonate as the reagents, respectively. Taking ad-

vantage of the monodentate-chelation of N-2-Py functionality on

indole, Punji [40,45] developed a nickel-catalyzed 2-alkylation of

indoles. This unique alkylation strategy proceeded through a cru-

cial C-H activation process and an alkyl radical intermediate.
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Stephenson [36,37] and Melchiorre [38] also described the photo-

chemical 2-alkylation of indoles using bromo malonates and ben-

zyl bromides as the reagents. Despite these progresses, there re-

main a number of synthetic challenges including harsh reaction

conditions, high catalyst loadings, and limited substrate scope. Re-

cent advances on palladium-catalyzed SET processes have signifi-

cantly expanded the scope of Pd-catalyzed processes [48-57]. By

utilizing the Pd-mediated radical pathways, a number of research

groups including Ngai [50], Loh [51], Glorius [52], Zhu [53], Zhou

[54], and us [49] have contributed to this field. Considering that 2-

alkylation of indoles can proceed via a radical pathway [58-63,38]

and α-haloesters can often act as radical precursors under metal

catalysis. We envisioned that a Pd-catalyzed 2-alkylation of indoles

could be achieved with α-halo esters as the reagents through a

radical process. Herein we report a palladium-catalyzed regioselec-

tive 2-alkylation of N-protected indoles with α-bromo esters as the

reagents, which features mild reaction conditions, good functional

group compatibility, and moderate to good yields. The employment

of P,P=O ligands [64-69] and 4Å molecular sieve (MS) were essen-

tial for the success of the transformation.

To avoid the N-H deprotonation of indoles in the presence of

base, we chose N-methylindole (1a) and benzyl 2-bromo propi-

onate (2a) as the model substrates for cross-coupling. The initial

coupling between 1a and 2a was carried out under conditions of

Pd(OAc)2 and toluene at 80 °C, however with no formation of the

desired product (Table 1, entry 1). To our surprise, the desired cou-

pling product was obtained in 10% yield when the P,P=O ligand L1

was employed (entry 2). We then examined the additive effect in-
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Scheme 1. Common alkylation reagents for direct 2-alkylation of indoles.

Scheme 2. Substrate scope. Unless otherwise specified, all reactions were carried out under nitrogen with 1 (4 equiv.), 2 (0.25 mmol), Pd(CF3COO)2 (4 mol%), L2 (6 mol%)

and K3PO4 (2 equiv.) at 80 °C in toluene for 36 h. 4 Å MS (75 mg). a Pd(CF3COO)2 (6 mol%), L2 (8 mol%).
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Table 1

Optimization of reaction conditions.a

Entry Pd precursor Ligand Additive Yield of 3a (%)g Ratio of 3a/4a

1b Pd(OAc)2 / / 0 -

2b Pd(OAc)2 L1 / 10 -

3c Pd(OAc)2 L1 AgSbF6 10 -

4c Pd(OAc)2 L1 NaI 19 -

5c Pd(OAc)2 L1 4 Å MS 23 -

6a,d Pd(OAc)2 L1 / 33 -

7a,d Pd(OAc)2 L1 4 Å MS 54 5:1

8 Pd(OAc)2 L2 4 Å MS 56 5:1

9 Pd(OAc)2 L3 4 Å MS 23 2.2:1

10 Pd(OAc)2 L4 4 Å MS 15 1:1

11 Pd(OAc)2 L5 4 Å MS 16 1:1

12 Pd(OAc)2 L6 4 Å MS trace -

13 Pd(OAc)2 L7 4 Å MS 19 2:1

14 Pd(OAc)2 L8 4 Å MS 11 1:1.4

15 Pd2(dba)3 L2 4 Å MS 32 5:1

16 Pd(CF3COO)2 L2 4 Å MS 70 7:1

17 PdCl2 L2 4 Å MS 49 4.6:1

18a,e Pd(CF3COO)2 L2 4 Å MS 43 7:1

19a, f Pd(CF3COO)2 L2 4 Å MS 40 7:1

20 Pd(CF3COO)2 / 4 Å MS 26 3:1

21 / / 4 Å MS 0 0

a Unless otherwise specified, all reactions were carried out under nitrogen with

1a (4 equiv.), 2a (0.25 mmol), [Pd] (4 mol%), ligand (6 mol%) and base (2 equiv.) at

80 °C in toluene for 36 h. 4 Å MS (75 mg).
b 1a (0.23 mmol), 2a (2 equiv.), [Pd] (2 mol%), ligand (4 mol%) and base (2 equiv.)

at 80 °C in toluene for 15 h.
c 1a (2 equiv.), 2a (0.25 mmol), [Pd] (2 mol%), ligand (4 mol%) and base (2 equiv.)

at 80 °C in toluene for 36 h.
d 24 h
e 60 °C
f 100 °C
g Yields are determined by 1H NMR with 1,3,5-trimethoxybenzene as an internal

standard.

cluding AgSbF6, NaI, and 4 Å MS (entries 3-5). 4 Å MS provided the

highest yield (23%). One major issue with the above conditions was

the incomplete conversion, which was responsible for low yields.

We thus improved the molar ratio of 1a:2a from 2:1 to 4:1. Con-

sequently, the yield increased from 10% to 33% without additive

effect (entries 2 and 6). Encouragingly, the addition of 4 Å MS fur-

ther enhanced the yield to 54% (entry 7), with a good regioselec-

tivity (3a/4a = 5:1).

Screen of various ligands showed that the P,P=O ligand L2 was

the optimal ligand in terms of both yield and regioselectivity (en-

tries 7-14). It is noteworthy that all reactions with chiral ligands

led to racemic products. Among various palladium precursors em-

ployed (entries 15-17), Pd(CF3COO)2 proved to be the best, provid-

Scheme 3. Preliminary mechanistic studies.

Scheme 4. A possible catalytic cycle.

ing 70% yield (entry 16). The reaction temperature was also impor-

tant. Use of a lower or higher reaction temperature led to a di-

minished yield, albeit with a similar ratio of 3a/4a (entries 18 and

19). Control experiments indicated that both the palladium precur-

sor and the ligand were essential for the transformation (entries

20 and 21). Thus, the reaction was performed with K3PO4 as the

base, Pd(CF3COO)2 as the Pd source, L2 as the ligand, 4 Å MS as

the additive in toluene at 80 °C for 36 h as the optimized reac-

tion conditions (see Supporting information for more optimization

details).

Under the optimized reaction conditions, the scope of the cross-

coupling was studied (Scheme 2). In general, the reaction was
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compatible with a variety of substituted indoles and α-halo esters.

However, the reaction was sensitive to N-substituents of the in-

doles. Substituents such as N-Boc, N-ethyl and N-butyl (3c, 3d, 3e)

gave low yields, while N-Bn indoles afforded the desired product

in 42% yield. Indole substrates with either electron-withdrawing or

-donating substituents at the C3 position led to the desired C2-

alkylation product (3f 58%, 3g 80%) in satisfactory yields. In addi-

tion, a series of C5-subsitituted indoles was also able to provide

the target products in acceptable yields (3h-3k). Other heteroaro-

matic compounds such as N-substituted pyrroles (3l-3n), and ben-

zofuran 3o were all suitable substrates, providing the 2-alkylation

products in 42%-72% isolated yields. As for the α-bromo esters, we

were surprise to find that the reaction of various α-bromoesters

proceeded well under optimal reaction conditions with moderate

to good yield (3p-3w).

To gain some mechanistic insight, we conducted the reaction

in the presence of a radical inhibitor. As shown in Scheme 3a,

the addition of 2,2,6,6,-tetramethylpiperidine-1-oxyl (TEMPO) com-

pletely suppressed the transformation and the TEMPO-alkyl adduct

5a was detected by MS. In the presence of a good hydrogen atom

donor, 1,4-cyclohexadiene, benzyl 2-bromopropionate (2a) was sig-

nificantly reduced to benzyl propionate (6a) (Scheme 3b). These

two experiments indicated that the reaction was likely to proceed

through an α-carbonyl alkyl radical species. Further support for

a radical pathway came from a EPR experiment with the spin-

trapping reagent DMPO (5,5-dimethyl-1-pyrroline N-oxide), a sig-

nificant signal of alkyl radical was observed (Scheme 3c).

On the basis of the above experimental results, a reaction

mechanism was proposed shown in Scheme 4. [Pd(0)L] reduces

the α-bromoester (2a) through a single electron transfer process

to give alkyl radical III and [Pd(I)LBr]; subsequent radical addition

of intermediate III to 1a at C2-position produces a stabilized ben-

zyl radical intermediate IV, which is responsible for the observed

regioselectivity. Oxidation of the benzylic radical by [Pd(I)LBr] fol-

lowed by deprotonation-aromatization provides the observed prod-

uct. The role of the P,P=O ligand presumably helps forming the key

α-carbonyl radical, therefore allowing the radical cross-coupling to

proceed, while the addition of 4 Å MS possibly contributes to pro-

vide a weak coordination with the ester substrate.

In summary, we have developed a palladium-catalyzed regios-

elective 2-alkylation of N-protected indoles with α-bromo esters

under mild reaction conditions. The employment of P,P=O ligand

as well as 4 Å MS as the additive is crucial for the transforma-

tion. Preliminary mechanistic studies have shown that the reaction

is likely to proceed through a radical pathway. Further mechanis-

tic studies and applications of palladium-catalyzed cross-coupling

is underway in our group.
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