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a b s t r a c t

Transition-metal-catalyzed decarboxylative and C–H functionalization strategy for the construction of

Csp2-Csp2, Csp2-Csp, and Csp2-Csp3 bonds has been extensively studied. However, research surveys of this

synthetic strategy for the Csp3-Csp3 bond forming reactions are surprisingly scarce. Herein, we present an

efficient approach for the rapid formation of Csp3–Csp3 bond through copper-catalyzed decarboxylative

Csp3–H functionalization. The present method should provide a useful access to C3-substituted indole

scaffolds with possible biological activities. Mechanistic experiments and DFT calculations supported a

dual-Cu(II)-catalytic cycle involving rate-determining decarboxylation in an outer-sphere radical pathway

and spin-crossover-promoted C–C bond formation. This strategy offers a promising synthesis method for

the construction of Csp3–Csp3 bond in the field of synthetic and pharmaceutical chemistry and extends

the number of still limited copper-catalyzed decarboxylative Csp3–Csp3 bond forming reaction.

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

Medica, Chinese Academy of Medical Sciences.

Csp3–Csp3 linkages are one of the most basic chemical bonds,

which are ubiquitous in a wide range of pharmaceuticals and nat-

urally occurring products [1–3]. The introduction of Csp3 moiety

with three-dimensional spread not only increases the lipophilicity,

but also the hydrophilicity of the compound. As a consequence,

a statistical correlation between the complexity of molecules and

clinical success has been proven to be related to the number

of Csp3 moieties in a drug candidate [4]. Because of its im-

portance in drug discovery, seeking direct and selective cross-

coupling approaches for the construction of Csp3-Csp3 bonds has

been of continuous interest in pharmaceutic and organic chem-

istry. Several classical methods for the construction of Csp3-Csp3

bond have been developed, including: (1) nucleophilic substitu-

tion reactions between carbon anions and alkyl halides (Scheme

1Aa) [5]; (2) metal-catalyzed traditional cross-couplings or radical-

type cross-couplings between alkyl-metallic reagents such as alkyl-

magnesium, -zinc, or -boranes and alkyl halides (Scheme 1B) [6–
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12]; (3) Michael addition reaction between carbon anions and ac-

tivated olefins (Scheme 1C) [13]; and (4) reductive cross-coupling

between two different alkyl halides [14–16]. Despite great achieve-

ments have been made in this field, these developed methods gen-

erally suffer from unavailable of starting substrates, harsh reac-

tion conditions, and narrow substrate scopes. Therefore, significant

space and challenges still exist for the construction of Csp3-Csp3

bond with regard to generality, reaction conditions, and catalytic

efficiency.

Carboxylic acids are common chemical raw materials and

widely found in natural products, and biologically active molecules

[17]. Recently, decarboxylative couplings for the formation of C–C

and C-heteroatom bonds has been made great achievements ow-

ing to that carboxylic acids are easily prepared, easy to store, sta-

ble to air and moisture, and besides that, CO2 is the sole waste

product from the decarboxylative transformation [18–38]. On the

other hand, direct activation/functionalization of C–H bonds has

emerged as an environmentally friendly and economical alterna-

tive to traditional coupling reactions. Over the past few decades,

great efforts have been made to develop new strategies for the

direct C–H functionalizations [39–46]. The combination of decar-

boxylation and C–H functionalization strategy for the construction

https://doi.org/10.1016/j.cclet.2022.04.075
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Scheme 1. Strategies for Csp3-Csp3 bond formation.

of C–C bond, which possesses the common advantages of both, has

been demonstrated as a powerful and convenient synthetic tool

in organic synthesis. In this respect, most of these reactions are

mainly focused on the construction of Csp2-Csp2 bond, Csp2-Csp

bond, and Csp2-Csp3 bond [47–53]. However, research surveys of

this synthetic strategy for the Csp3-Csp3 bond forming reactions

are surprisingly scarce. This is probably due to the following rea-

sons: (1) The R-[M] species formed from aliphatic carboxylic acids

is usually not stable enough, thus is prone to undergo self-coupling

reaction or other side reactions; (2) Csp3-H bonds are less polar,

thus have weaker coordination to metal catalysts, making them

difficult to be activated; (3) Csp3-H bonds widely exist in one

molecule, making the selective cleavage difficult. However, there

are still sporadic reports of Csp3-Csp3 bond construction based on

decarboxylative and C–H functionalization strategy. In 2009, Li and

Liang reported the first CuBr-catalyzed decarboxylative Csp3-Csp3

bond coupling reaction using α-amino acids as starting materials

[54]. In 2013, Yi and co-workers developed a novel and efficient

Ru-catalyzed alkylation method using readily available amino acid

substrates as a bio-based alkylation reagent [55]. Therefore, there

is still plenty of room to develop more efficient decarboxylative

and C–H functionalization strategies for the construction of Csp3-

Csp3 bond using aliphatic carboxylic acids as alkylating reagents.

Indole is a privileged fragment, serving as an important build-

ing block in the construction of pharmaceuticals, natural products,

Scheme 2. C3-substituted indole and α,α-di-substituted ketone skeletons in natu-

ral products and biological molecules.

and functional materials [56]. Especially, the C3-substituted indole

derivatives widely occur in natural products and biologically ac-

tive molecules, such as antidepressant, anti-Alzheimer, and anti-

inflammatory (Scheme 2) [57–60]. In addition, branched α,α-di-

substituted ketones are also an important class of bioactive func-

tional units and synthetic building blocks in multi-step organic

synthesis (Scheme 2) [61–63]. We envisaged that combining the

frameworks of C3-substituted indoles and α,α-di-substituted ke-

tones might yield valuable substrates for the synthesis of biologi-

cally active compounds with different structural features from the

two units separately. Inspired and encouraged by these excellent

works of decarboxylative and C–H functionalization, we herein re-

port a novel and efficient approach for the rapid construction of

Csp3–Csp3 bonds through copper-catalyzed decarboxylative Csp3-

H functionalization strategy between ketones and 3-indoleacetic

acids (Scheme 1G).

We commenced our study by examining the reaction between

deoxybenzoin (1a) and 2-(1H-indol-3-yl)acetic acid (2a) to inves-

tigate reaction conditions including the optimization of catalysts,

ligands, oxidants, solvents, bases, and temperature under a nitro-

gen atmosphere. As shown in Table 1, six copper catalysts (entries

1–6) were tested at 120 °C in the presence of 0.2 equiv. of 4,4′-di–
tert–butyl–2,2′-bipyridine (dtbpy) (A) as the ligand (relative to the

amount of 1a) in DMSO, and Cu(OAc)2 exhibited the highest re-

action activity (entry 1). The reaction could not take place in the

absence of a catalyst (entry 7). Next, different solvents including

DMF, and NMP were examined, and DMF was found to be the best

choice (entry 1 vs. entries 8 and 9). In addition, we compared var-

ious oxidants such as KMnO4, AgOAc, and Ag2O, and MnO2 was

showed the best result. Only 29% yield of the target product 3a

was obtained in the absence of a oxidant (entry 13). Furthermore,

various ligands were screened (entries 1, 13–19), and 2,2′:6′,2′′-
terpyridine (TPY) (D) exhibited the highest efficiency (entry 17). In

order to increase the yield of the reaction, various bases were in-

vestigated, and K3PO4 was superior to the others (entries 21–24).

Finally, the effect of temperature was also investigated (entries 19–

21), and the yields reached the maximum when the temperature

was 90 °C.
With the optimal reaction conditions in hand, we began

to investigate the scope and generality of the copper-catalyzed

decarboxylative/Csp3–H functionalization reaction between deoxy-

benzoins 1 and 3-indoleacetic acids 2, and the results are summa-

2
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Table 1

Optimization of the reaction conditions.a,b

Entry Catalyst Ligand Oxidant Solvent Base Yield (%)b

1 Cu(OAc)2 A MnO2 DMSO None 64

2 Cu(OTf)2 A MnO2 DMSO None 62

3 CuSO4 A MnO2 DMSO None 57

4 CuI A MnO2 DMSO None 33

5 CuCl A MnO2 DMSO None 32

6 CuBr2 A MnO2 DMSO None 28

7 None A MnO2 DMSO None 0

8 Cu(OAc)2 A MnO2 DMF None 42

9 Cu(OAc)2 A MnO2 NMP None 31

10 Cu(OAc)2 A KMnO4 DMSO None 26

11 Cu(OAc)2 A AgOAc DMSO None 20

12 Cu(OAc)2 A Ag2O DMSO None 23

13 Cu(OAc)2 A None DMSO None 29

14 Cu(OAc)2 None MnO2 DMSO None 55

15 Cu(OAc)2 B MnO2 DMSO None 53

16 Cu(OAc)2 C MnO2 DMSO None 51

17 Cu(OAc)2 D MnO2 DMSO None 69

18 Cu(OAc)2 E MnO2 DMSO None 31

19 Cu(OAc)2 F MnO2 DMSO None 46

20 Cu(OAc)2 D MnO2 DMSO Na2CO3 71

21 Cu(OAc)2 D MnO2 DMSO Cs2CO3 73

22 Cu(OAc)2 D MnO2 DMSO K3PO4 83

23 Cu(OAc)2 D MnO2 DMSO K2CO3 64

24 Cu(OAc)2 D MnO2 DMSO Et3N 70

25 Cu(OAc)2 D MnO2 DMSO K2CO3 92c

26 Cu(OAc)2 D MnO2 DMSO K2CO3 71d

a Reaction conditions: 1a (0.2mmol), 2b (0.4mmol), catalyst (10 mol%), ligand

(10 mol%), oxidant (0.4mmol), base (0.4mmol), solvent (2.0mL), 120 °C, reaction
time (0.5 h), under N2 atmosphere.

b Isolated yield.
c At 90 °C.
d At 60 °C.

rized in Scheme 3. We were pleased to find that diverse deoxy-

benzoins 1 bearing either electron-donating groups, or electron-

withdrawing groups smoothly reacted with 3-indoleacetic acids 2,

affording the corresponding alkylation products in good to excel-

lent yields. The hindrance effect of this decarboxylative/Csp3–H

functionalization transformation was not obvious; the deoxyben-

zoins bearing methyl at different positions could react with 3-

indoleacetic acids efficiently (3e and 3f). Notably, a strong electron

withdrawing group such as nitro was also tolerated under the reac-

tion standard conditions (3o). It should be noted that the electron-

effect of the substituted groups in 3-indoleacetic acids including

electron-rich, -deficient, and -neutral groups did not display evi-

dently difference of reactivity.

Subsequently, the coupling reactions of other ketones such

as 1,3-diphenylpropan-1-ones and 1-phenylpropan-2-ones with 3-

indoleacetic acids 2 were evaluated in the present transformation

(Scheme 4). To our delight, the reaction proceeded well, and af-

forded the desired products in moderate yield (5a–5h). In addi-

tion, 1,3-dicarbonyl compounds are also amenable to the reaction,

delivering the products (5i–5l) in good yields. Furthermore, the

present transformation could tolerate some functional groups such

as methoxyl groups, methyl groups, NO2 group, CF3 group, and C-

Br bond, which provided great opportunities for further modifica-

tions.

Next, gram scale applications for the copper-catalyzed

decarboxylative/Csp3–H functionalization reaction between de-

oxybenzoin 1a and 3-indoleacetic acid 2a were investigated. As

shown in Scheme 5, the proposed reaction proceeded smoothly

under the standard conditions, which could afford 1.35 g of 3a in

83% yield. Therefore, this copper-catalyzed protocol could be used

as a practical approach for the synthesis of alkylating ketones.

Several control experiments were conducted to investigate the

mechanism. First, in order to demonstrate the role of the Cu(II)-

based catalyst, the copper complex 9 was synthesized according

to the previous report [64]. This copper catalyst 9 was then ap-

plied in place of the combination of Cu(OAc)2 and TPY as the

catalyst for the reaction. To our delight, the desired product 3a

was obtained in almost the same yield as that under the stan-

dard conditions. This preliminary experimental result indicated

that this Cu(II) complex generated in situ was the active cata-

lyst in the present transformation (Scheme 6A). When 2 equiv. of

TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy, a well-known radical

capture) was added to the reaction system, the reaction was com-

pletely suppressed and a TEMPO-trapped complex 9 was detected

by HRMS analysis (see Supporting information for details), thus in-

dicating that a radical process might be involved in the present

transformation (Scheme 6B). When the reaction of 1a with 2a was

carried out in the absence of MnO2, the present reaction proceeded

sluggishly and gave the desired product 3a in 24% isolated yield

only, suggesting that MnO2 might be used as an oxidant for the

copper catalyst (Scheme 6C). Treatment of 1a with 2-(1H-indol-3-

yl)acetaldehyde 2aa under the standard conditions did not afford

the product 3a, indicating 2aa was not the intermediate in the

present transformation (Scheme 6D).

Furthermore, to gain mechanistic insights into this copper-

catalyzed Csp3–Csp3 bond forming reaction, a kinetic isotope

effect (KIE) study was performed. As shown in Scheme 7,

two parallel reactions of deoxybenzoin 1a and D-1a with 3-

indoleacetic acid 2a were carried out, and no kinetic isotope

effect (kH/kD =1.81017/1.01695=1.78) was observed, which sug-

gested that Csp3–H bond cleavage might not take place during the

turnover-limiting step [65].

The mechanistic details were further clarified with the aid of

computational methods (see Supporting information for more de-

tails). The potassium acetate 2a’ can be in situ generated from

the reaction of 2a and K3PO4 with a free energy change of

−19.1 kcal/mol (Scheme S1 in Supporting information), and then

undergoes anion exchange with Int1 to form copper(II) acetate

Int2 with an energy decrease of 5.0 kcal/mol (Fig. 1) [53,66,67]. In

contrast to the inner-sphere anionic mechanism [68], Int2 under-

goes decarboxylation via an outer-sphere radical mechanism (TS1)

[69,70], in which no Cu–C bond forms. The decarboxylation has

a free energy barrier of 28.7 kcal/mol and generates CO2, radical

R1 and Int3. The radical rebound of R1 via TS2 to generate Int4

is fast but is slightly exergonic by only 2.1 kcal/mol, meaning that

this step can be reversible at the reaction temperature. This re-

sult is consistent with the free radical capture experiment (Scheme

6B). In the next, the Cα–H bond of 1a is activated by another Int1

via TS3 to generate copper(II) enolate Int6 with an energy bar-

rier of 23.2 kcal/mol. Then R1 is released again from Int4 via TS2,

and combines with Int6 to form the triplet complex Int7-T. From

Int7-T, the outer-sphere C–C bond formation via the triplet transi-

tion state TS4-T is less likely as the corresponding overall energy

barrier is 32.1 kcal/mol. It was found that the geometry optimiza-

tion starting from Int7-T as singlet minimum spontaneously forms

3
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Scheme 3. Substrate scope of the coupling of deoxybenzoins with 3-indoleacetic acids. Reaction conditions: deoxybenzoins 1 (0.2mmol), 3-indoleacetic acids 2 (0.4mmol),

Cu(OAc)2 (0.02mmol), 2,2′:6′ ,2′′-terpyridine (TPY) (0.02mmol), MnO2 (0.4mmol), K3PO4 (0.4mmol), DMSO (2.0mL), 90 °C, reaction time (0.5 h). Isolated yield.

Scheme 4. Substrate scope of the cross-coupling of other ketones with 3-indoleacetic acid. Reaction conditions: 2-Phenylacetophenones 1 (0.2mmol), 3-indoleacetic acids 2

(0.4mmol), Cu(OAc)2 (0.02mmol), TPY (0.02mmol), MnO2 (0.4mmol), K3PO4 (0.4mmol), DMSO (2.0mL), 90 °C, reaction time (0.5 h). Isolated yield.

Scheme 5. Synthetic applications.

the C–C bond to afford Int8. Inspired by this phenomenon and

our previous works [71,72], a spin-crossover pathway via the min-

imum energy crossing point MECP1 that turns the triplet Int7-T

into singlet Int8 was proposed for the C–C bond formation (Geom-

etry optimization starting from MECP1 as singlet minimum also

spontaneously formed Int8). The electronic energy of MECP1 is

higher than that of Int7-T by only 5.2 kcal/mol, indicating that this

step is feasible. We also considered C–C reductive elimination from

4
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Scheme 6. Control experiments.

Scheme 7. Mechanistic studies.

a Cu(III) complex but this pathway seems to be less favored ac-

cording to the estimated energy barrier (about 32.6 kcal/mol, Fig.

S4 in Supporting information). The calculated energy profile indi-

cates that the decarboxylation is the rate-determining step, and

is in line with the absence of H/D primary kinetic isotope effect

(Scheme 7).

Based on these experimental findings, a possible reaction mech-

anism for this copper-catalyzed decarboxylative cross-coupling

pathway was proposed in Scheme 8. First, treatment of Cu(OAc)2
with TPY produces a chelated Cu(II) complex LCu(II). Next, lig-

and exchange reaction of LCu(II) with 2 leads to the intermediate

A. Then, the intermediate A is decarboxylated to deliver the ac-

tive copper species B, which undergoes homolytic reaction to give

the radical C and LCu(I). Meanwhile, the substrate 1a reacts with

LCu(II) with the assistance of a base to afford the intermediate

Cu(II)-O-enolate D. Subsequently, the intermediate D reacts with

radical C to give the desired product 3, together with a release of

the LCu(I) complex. Finally, the LCu(I) complex is oxidized to a cat-

alytic LCu(II) species by MnO2 to finish the catalytic cycle.

In summary, we have established a new strategy for con-

structing the Csp3–Csp3 bonds through copper-catalyzed decar-

boxylative Csp3–H functionalization. A series of potentially bi-

ological C3-substituted indole scaffolds could be efficiently and

conveniently obtained in moderate and good yields with ex-

5
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Fig. 1. Calculated relative solution-phase Gibbs free energies of Cu-catalyzed decarboxylative Csp3–Csp3 cross-coupling of deoxybenzoin and 3-indoleacetic acid (kcal/mol).

Scheme 8. Possible reaction pathway.

cellent functional group tolerance. Preliminary mechanistic ex-

periments and DFT calculations suggest that this reaction was

likely to proceed via Cu(II)-catalyzed rate-determining outer-

sphere radical decarboxylation while the C–C bond formation is

achieved through a spin-crossover pathway. We anticipate that

this strategy will open a new avenue for the formation of

Csp3–Csp3 bonds and will also find wide applicability on syn-

thetic and pharmaceutical chemistry. Further investigations on

the practical application of this method wre ongoing in our

laboratory.
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