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ABSTRACT: Exploring multi-step cascade reactions triggered by C−H activation are recognized 

as appealing, yet challenging. Herein, we disclose a Rh(III)-catalyzed domino C–H coupling of N-

carbamoyl indoles and 4-hydroxy-2-alkynoates for the streamlined assembly of highly 
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functionalized furan-2(5H)-ones, in which the carbamoyl directing group is given a dual role of 

auxiliary group and migrating acylating reagent via the cleavage of the stable C−N bond at room 

temperature. More importantly, the obtained furan-2(5H)-one skeleton could be further 

functionalized under air in situ via C5–H hydroxylation by simply switching the solvent or 

additive, providing the fully substituted furan-2(5H)-ones with the installation of an alcohol-based 

C5 quaternary carbon center. Detailed experimental studies and DFT calculations reveal that a 

Rh(III)-mediated tandem C–H activation/alkyne insertion/DG migration/lactonization accounts 

for the developed transformation to achieve the high functionalities with the observed exclusive 

selectivity. The potential biological application of the obtained furan-2(5H)-ones as a class of 

potent PPARγ ligands further highlights the synthetic utility of the developed methodology. This 

protocol is endowed with several salient features including efficient multi-step cascade triggered 

by C−H activation, excellent chemo-, regio- and stereoselectivity, high bond-forming efficiency 

(e.g., two C−C and two C−O bonds), solvent- or additive-controlled product selectivity, good 

functional group compatibility and mild redox-neutral conditions. 

INTRODUCTION 

Over the past two decades, transition-metal (TM)-catalyzed C−H functionalization with the 

assistance of heteroatom-based monodentate and bidentate directing groups (DGs) has emerged as 

one of effective approaches for the synthesis of a variety of structurally diverse molecules due to 

its high efficiency in carbon–carbon/heteroatom bond construction without the 

prefunctionalization of starting materials.1 In principle, DG chelation-assisted ortho-metalation 

occurs at first in C−H functionalization to produce an active nucleophilic metallacycle 

intermediate, which then adds to various coupling partners (CPs) to afford the functionalized 
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products (Scheme 1a).2 Therefore, DGs are initially designed and employed as auxiliary groups, 

which help to improve regioselectivity as well as reactivity, and in most case simply remain at 

their original locations when reactions finish or in some case undergo further intramolecular 

cyclization in situ.3 However, in this context, a nonnegligible fact is that the chemical traces of 

DGs might not be wanted in the products and impede downstream transformations, and tedious 

steps are often required to remove them because DGs are usually tethered to the substrates via 

stable C−C/N/O bonds, thus resulting in unsatisfactory step- and atom-economy. In addition, a 

stoichiometric amount of external oxidants is also mandatorily required for the turnover of the 

catalytic cycle because of the oxidative character of these C−H activation reactions.  

To overcome the abovementioned shortcomings, one recently emerging strategy of employing 

traceless oxidizing DGs containing readily broken N−O, N−N or O−O bonds, which could be 

easily auto-cleaved in situ during the reaction, in a sense could address the issue of DG removal 

and enable the related reactions with a redox-neutral feature. But it still suffers from unsatisfactory 

atom-economy as water, alcohol, amide, or carboxylic acid are produced as by-products,4 even 

though recently several breakthroughs involving the intramolecular migration of the broken 

fragment from the cleavage of N−O, N−N or O−O bonds have been made5 through the relatively 

complicated modification of the coordination environment and saturation of the TM center.6 

Evidently, it is quite fascinating but also challenging to achieve the DG-mediated redox-neutral 

C−H activation and subsequent migration cascade to meet the concept of “green and sustainable” 

C−H functionalization (Scheme 1b),6a-e,7-12 especially via the formal cleavage of more stable 

chemical bonds such as C−C/N/O bonds and in situ formation of multiple new bonds. Indeed, such 

strategy could simultaneously increase the diversity of the products in a step-/atom-economic 

fashion. However, only a few examples have been reported to date for this issue.11 Furthermore, a 



 4 

routine two-step process terminated by DG migration was mostly found in these reported C−H 

functionalization/DG migration reactions.12 Therefore, it is still highly desirable to develop new 

types of mild redox-neutral C−H functionalization/DG migration sequences involving multi-step 

(e. g., three-step or four-step) cascade reactions to provide higher bond-forming efficiency and 

more promising synthetic applications for the construction of privileged complex skeletons. 

Scheme 1. TM-catalyzed C−H functionalization with the assistance of DGs 

 

 

In continuation of our interest in TM (Rh, Ir, Ru)-catalyzed C−H functionalization5e,10a-b,13 and 

chemodivergent synthesis triggered by C−H activation,6a,14 herein, we disclose an unprecedented 

C−H coupling of N-carbamoyl indoles15,16 and 4-hydroxy-2-alkynoates17 for the synthesis of 

highly functionalized furan-2(5H)-ones via the cleavage of the more challenging C–N bond and 

the formation of multiple bonds at room temperature (Scheme 1c). Alternatively, an additional 

C5–H hydroxylation is also realized by slightly tuning the reaction solvent or additive, affording 
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the fully substituted furan-2(5H)-ones with the installation of an alcohol-based C5 quaternary 

carbon center in a controllable manner. Through a series of detailed experimental investigations 

together with DFT calculations, a Rh(III)-mediated tandem C–H activation/alkyne insertion/DG 

migration/lactonization sequence was deduced rationally. Besides, the dual role of carbamoyl 

group, the principle of the selectivity as well as the origin of the hydroxyl group at C5 position 

were also clarified. Preliminary biological evaluation probed the potential of the obtained 

frameworks as novel and direct PPARγ ligands, which further strengthens the synthetic utility of 

the developed methodology. Compared with the synthesis of furan-2(5H)-ones via traditional 

multi-step reactions involving routine transformations of functional groups,18 our method provides 

a more facile and robust access to the biologically important furan-2(5H)-one scaffold (Figure 1)19 

with high functionality through the domino reactions triggered by C−H activation. Besides, the 

present mechanistic insights also established a fundamental basis for the development of future 

C−H functionalization reactions employing the C–H activation/DG migration strategy for the step-

/atom-economic construction of other privileged structural motifs. 

 

Figure 1. Representative bioactive compounds bearing functionalized furan-2(5H)-one core 

RESULTS AND DISCUSSION 

Method Development. Optimization of the reaction conditions was performed by selecting N-

methoxy-1H-indole-1-carboxamide 1aa and methyl 4-hydroxynon-2-ynoate 2aa as the model 

substrates (Table 1). Initially, 1aa and 2aa were treated by various TM catalysts with NaOAc as 

the additive in 1,4-dioxane at room temperature for 5 h under an air atmosphere (entries 1-6). 



 6 

Pleasingly, the domino C−H functionalization/lactonization triggered by C−H activation between 

1aa and 2aa occurred smoothly under the catalysis of [Cp*RhCl2]2 with high regio- and 

stereoselectivity, providing cis-adduct 3aa with the indole moiety exclusively located at distal sp 

hybridized carbon as the major product in a high yield (88%), along with a slight amount of the 

further oxidation product 4aa (entry 6). A variety of solvents were next screened, and interestingly, 

a tunable reaction outcome was observed depending on the different solvents used. With low polar 

solvents like toluene, CH2Cl2, DCE and THF, product 3aa was observed as the major product, 

while oxidation product 4aa was selectively obtained in high polar solvents such as acetone, EtOH 

and DMF (entries 7-13). Gratifyingly, product 4aa was obtained exclusively in a good yield (77%) 

in acetone (entry 11). Thus, with NaOAc being the additive, the Rh(III)-catalyzed solvent-

controlled tandem C–H functionalization reactions were achieved, leading to the accurate 

synthesis of 3aa and 4aa in 88% and 77% yields, respectively. Further investigation on the additive 

effect in 1,4-dioxane20 (entries 14-18) revealed that almost all the tested additives, among which 

Cu(OAc)2, Na2CO3 and NaOH were also found to be effective, resulted in the formation of product 

3aa as the major product. As a comparison, a tunable additive effect was observed in acetone.21 

For example, KOAc and Na2CO3 favored product 4aa while Cu(OAc)2 and Zn(OAc)2 delivered 

product 3aa with a controllable manner (entries 19-23). Notably, with Cu(OAc)2 being the 

additive, product 3aa was obtained in a high yield (88%) with excellent chemoselectivity (entry 

20). In this way, the precise synthesis of 3aa and 4aa was also realized in acetone in an additive-

controlled manner. Taken together, the efficient Rh(III)-catalyzed solvent- or additive-controlled 

chemodivergent synthesis of furan-2(5H)-one 3aa and 5-hydroxyfuran-2(5H)-one 4aa was 

successfully developed via domino C–H couplings with excellent chemo-, regio- and 

stereoselectivity. 
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Table 1. Optimization of the reaction conditionsa 

 

Entry Catalyst Additive Solvent Yield of 3aa 

(%)b 

Yield of 4aa 

(%)b 

1 MnBr(CO)5 NaOAc 1,4-dioxane 0 0 

2 Pd(OAc)2 NaOAc 1,4-dioxane 0 0 

3 [Cp*IrCl2]2 NaOAc 1,4-dioxane <5 0 

4 [RuCl2(p-cym)]2 NaOAc 1,4-dioxane <5 0 

5 CoCp2*PF6 NaOAc 1,4-dioxane 0 0 

6 [Cp*RhCl2]2 NaOAc 1,4-dioxane 88 (77c) <5 (tracec) 

7 [Cp*RhCl2]2 NaOAc Toluene 60 trace 

8 [Cp*RhCl2]2 NaOAc CH2Cl2 71 <5 

9 [Cp*RhCl2]2 NaOAc DCE 70 <5 

10 [Cp*RhCl2]2 NaOAc THF 54 35 

11 [Cp*RhCl2]2 NaOAc Acetone trace 77 

12 [Cp*RhCl2]2 NaOAc EtOH 0 58 

13 [Cp*RhCl2]2 NaOAc DMF 0 22 

14 [Cp*RhCl2]2 KOAc 1,4-dioxane 36 42 

15 [Cp*RhCl2]2 Cu(OAc)2 1,4-dioxane 85 0 

16 [Cp*RhCl2]2 Na2CO3 1,4-dioxane 79 0 

17 [Cp*RhCl2]2 NaOH 1,4-dioxane 67 <5 

18 [Cp*RhCl2]2 NaOPiv 1,4-dioxane 51 24 

19 [Cp*RhCl2]2 KOAc Acetone 0 62 

20 [Cp*RhCl2]2 Cu(OAc)2 Acetone 88 <5 
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21 [Cp*RhCl2]2 Zn(OAc)2 Acetone 67 <5 

22 [Cp*RhCl2]2 Na2CO3 Acetone trace 73 

23 [Cp*RhCl2]2 KF Acetone 50 20 

aReaction conditions: 1aa (0.25 mmol), 2aa (0.325 mmol), catalyst (5 mol%), additive (0.25 

mmol), air (1 atm), solvent (4.0 mL), 25 oC, 5 h. bIsolated yield. c[Cp*RhCl2]2 (2.5 mol%) was 

used. 

Scope for the Synthesis of Furan-2(5H)-ones. With the optimized conditions in hand, we were 

next intrigued to explore the generality and substrate compatibility of the developed protocol. 

Initially, the scope of the Rh(III)-catalyzed domino reactions was investigated under the 

[Cp*RhCl2]2/NaOAc/1,4-dioxane catalytic system (reaction conditions A). As shown in Scheme 

2, a variety of indoles carrying diverse substituents at R1-R3 were tested to react with 2aa to provide 

highly functionalized furan-2(5H)-ones with excellent regio- and stereoselectivity in good to 

excellent yields. For example, C4-C7 halogenated indoles reacted well to give products 3ab-3al 

in 68-90% yields. Electron-rich indoles bearing Me, MeO or EtO at C4-C7 positions could also 

undergo this reaction successfully to deliver products 3am-3at in 66-99% yields. To our delight, 

indoles bearing a heterocycle such as furan or thiophene ring at C5 position were also converted 

into the corresponding products 3au and 3av in 85% and 89% yields, respectively. Similarly, the 

reactions of electron-deficient indoles possessing CN, CO2Me or CF3 at C5 position took place 

uneventfully to afford products 3aw-3ay in 57-95% yields. By contrast, NO2-substituted indole 

substrate proved unreactive but with the recovery of the starting materials. Further examination 

implied that indoles carrying substituents (Me, CH2CO2Et) at C3 position could also undergo this 

transformation to deliver the desired products 3ba and 3bb, albeit with lower yields. This is 

probably due to the steric hindrance near the reaction site caused by the C3 substituents. Indoles 
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owning diverse alkyl groups (Et, i-Pr, t-Bu, Bn) at R3 were also proved to be suitable substrates, 

which participated in this reaction smoothly to produce products 3bc-3bf in 36-98% yields. 

Gratifyingly, pyrrole substrates were also tolerated to provide the desired products 3bg and 3bh in 

good yields (42-64%). While 4-azaindole and 7-azaindole failed to undergo the desired domino 

reaction, which was probably mainly due to the potent coordination of pyridine-type nitrogen with 

[Cp*RhCl2]2 to result in the deactivation of catalyst. Interestingly, when N-carbamoyl carbazole 

was employed, a domino C1–H alkenylation/lactonization/DG cleavage process occurred 

alternatively instead of the DG migration/lactonization cascade, delivering product 3bk in 50% 

yield. 

Subsequently, the scope of 4-hydroxy-2-alkynoates was examined to further probe the reaction 

compatibility. Overall, various 4-hydroxy-2-alkynoates bearing diverse substituents at R4-R6 could 

interact with 1aa to afford highly functionalized furan-2(5H)-ones with excellent regio- and 

stereoselectivity in good to high yields. For instance, methyl 4-hydroxybut-2-ynoate, which has 

no substituents at R4 and R5, took part in this reaction to give product 3bl in 82% yield. Expectedly, 

the reactions of 4-hydroxy-2-alkynoates carrying an alkyl group at C4 position appeared to be 

reactive, and the desired products 3bm-3bo were prepared in 62-78% yields. Likewise, the 

reactions of C4 aryl-substituted 4-hydroxy-2-alkynoates also worked well to provide products 

3bp-3bu in moderate to good yields (27-78%). Interestingly, C4 cyclobutyl-substituted 4-

hydroxy-2-alkynoate also turned out to be a suitable reaction component, which reacted 

successfully with several indole partners to give spiroproducts 3bv-3bx in 42-54% yields. This 

process could also be applicable to sterically hindered 4-hydroxy-2-alkynoate possessing two 

phenyl groups at C4 position, although the desired product 3by was synthesized in 22% yield. Of 

note, the desired furan-2(5H)-one products 3 could also be synthesized with the catalytic system 
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consisting of [Cp*RhCl2]2/Cu(OAc)2/acetone (reaction conditions B), of which much higher yields 

were observed for some cases (e.g. 3ae, 3ag, 3ah) in comparison with conditions A. Taken together, 

these results demonstrated the profound compatibility of the developed protocol for the specific 

construction of furan-2(5H)-one framework. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2. Scope of Rh(III)-catalyzed domino C–H alkenylation/DG migration/lactonizationa,b 
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aReaction conditions A: 1 (0.25 mmol), 2 (0.325 mmol), [Cp*RhCl2]2 (5 mol%), NaOAc (0.25 

mmol), air (1 atm), 1,4-dioxane (4.0 mL), 25 oC, 3-24 h. Reaction conditions B: 1 (0.25 mmol), 2 

(0.325 mmol), [Cp*RhCl2]2 (5 mol%), Cu(OAc)2 (0.25 mmol), air (1 atm), acetone (4.0 mL), 25 

oC, 3-7 h. bIsolated yield. 
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Scope for the Synthesis of 5-Hydroxyfuran-2(5H)-one Derivatives. Having established the 

efficient Rh(III)-catalyzed domino C–H couplings for the synthesis of various furan-2(5H)-ones, 

we then examined the substrate scope for the chemoselective construction of 5-hydroxyfuran-

2(5H)-ones with the catalytic system of [Cp*RhCl2]2/NaOAc/acetone (reaction conditions C). 

Generally, a variety of indoles bearing diverse substituents at R1-R3 and a diversity of 4-hydroxy-

2-alkynoates carrying various substituents at R4-R5 were well tolerated (Scheme 3), producing the 

desired 5-hydroxyfuran-2(5H)-ones with excellent regio- and stereoselectivity in moderate to high 

yields. The scope of indoles was checked at first with 2aa as the coupling partner. For example, 

the reactions of C4-C7 halogenated indoles worked well to deliver products 4ab-4al in 40-75% 

yields. Electron-rich indoles having Me, MeO or EtO at C4-C7 positions reacted smoothly to 

provide products 4am-4au in 25-90% yields. The reactions of indoles bearing a furan or thiophene 

ring at C5 position proceeded well to give products 4av and 4aw in 46% and 71% yields, 

respectively. Electron-deficient indoles having CN, CO2Me or CF3 at C5 position were 

uneventfully converted into the corresponding products 4ax-4az in 66-74% yields. Indoles owning 

substituents (Me, Bn) at C3 position could also undergo this transformation, although the desired 

products 4bb and 4bc were obtained in lower yields. Moreover, this reaction was also compatible 

with indoles possessing diverse alkyl groups (Et, i-Pr, t-Bu, Bn) at R3, which reacted well to afford 

products 4bd-4bg in 50-78% yields. However, 4-azaindole and 7-azaindole substrates were also 

not tolerated, but with the recovery of starting materials. Of note, the reactions of N-carbamoyl 

pyrroles or N-carbamoyl carbazole resulted in the formation of furan-2(5H)-one derivatives rather 

than 5-hydroxyfuran-2(5H)-ones under conditions C, suggesting that the nature of the substrates 

had an effect on further oxidation process from furan-2(5H)-one. 
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Next, the scope of 4-hydroxy-2-alkynoates was studied with 1aa as the reaction partner. For 

instance, various C4 alkyl-substituted 4-hydroxy-2-alkynoates participated in this reaction 

successfully to provide products 4bk-4bm in 36-69% yields. Likewise, diverse C4 aryl-substituted 

4-hydroxy-2-alkynoates underwent this transformation smoothly to give products 4bn-4bs in 51-

82% yields. 

Scheme 3. Scope of Rh(III)-catalyzed domino C–H alkenylation/DG migration/lactonization/C–

H hydroxylationa,b 
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aReaction conditions C: 1 (0.25 mmol), 2 (0.325 mmol), [Cp*RhCl2]2 (5 mol%), NaOAc (0.25 

mmol), air (1 atm), acetone (4.0 mL), 25 oC, 3-24 h. bIsolated yield. 

To further demonstrate the synthetic availability of the developed methodology, the two domino 

reactions triggered by C−H activation were carried out at gram scales for the precise synthesis of 

both 3aa and 4aa (Scheme S1). Impressively, both reactions could be easily scale up without the 

loss of efficiency, suggesting the synthetic practicality and industrial prospects of this protocol. 

An investigation of various directing groups disclosed that both the free hydrogen and alkoxy 

group tethered to the carbamoyl nitrogen atom are essential to fulfill the observed reaction 

manifolds (Scheme S2). In view of the intriguing indole-tethered furan-2(5H)-one and 5-

hydroxyfuran-2(5H)-one structures, a further exploration of their pharmaceutical applications was 

also carried out. In continuation of our interest in developing novel PPARγ ligands22 including 

indole derivatives for PPARγ-based drug discovery, the obtained compounds were screened by 

LanthaScreen™ TR-FRET assay to probe their binding affinity to PPARγ. The results revealed 

that potent binding affinity of both the selected furan-2(5H)-ones and 5-hydroxyfuran-2(5H)-ones 

to PPARγ were observed (Figure S1), thus providing a basis for further evaluation of such 

molecules as candidate compounds for the potent treatment of PPARγ-based disorders, such as 

type 2 diabetes mellitus. 

Experimental Mechanistic Studies. Given the novel and distinctive reaction modes enabled 

by the solvent- or additive-controlled domino C–H functionalization, we were next intrigued to 

disclose the reaction mechanism, in particular, to clarify the reaction sequence and probe the role 

of the solvent and additive in tuning the reaction outcome. Firstly, a set of control experiments 

were performed to confirm the source of oxygen in the oxidation product 4aa. As shown in Scheme 

4a-c, the reaction of 1aa and 2aa was carried out under both conditions A or C under the 
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atmosphere of N2, as a result, the formation of 4aa was obviously suppressed, implying that the 

air atmosphere was essential for providing 4aa. Inspired by this finding, a further control 

experiment under conditions C using 18O2 resulted in the formation of 18O-labled 4aa in 81% yield 

(Scheme 4d), which further confirmed that the 5-hydroxyfuran-2(5H)-one product 4aa was 

oxidized from furan-2(5H)-one skeleton by O2. Interestingly, when the reaction of 1aa and 2aa 

was carried out under conditions A even under O2 atmosphere, the oxidation product 4aa was still 

obtained as a minor product with less than 5% yield (Scheme 4e). This result revealed that the 

solvent acetone was important for the formation of 4aa, and this might be attributed to the much 

better solubility of O2 in acetone than that in 1,4-dioxane.23  

 

Scheme 4. Control experiments between 1aa and 2aa 
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To get a better understanding of the oxidation process, additional control experiments were next 

conducted starting from 3aa (Table 2). Preliminary screening revealed that 3aa failed to convert 

into 4aa in the presence of air or [Cp*RhCl2]2 only, while the NaOAc additive was crucial in 

prompting this oxidation process although a long reaction time (32 h) was required to complete 

the transformation to afford product 4aa in 86% yield (entries 1-3). The combination of 

[Cp*RhCl2]2 and NaOAc was proved to be beneficial for the oxidation reaction and shorten the 

reaction time to 12 h with 87% yield of 4aa (entry 4). Moreover, the addition of DABCO, a singlet 

oxygen inhibitor,24 into the reaction mixture could not inhibit the reaction, similar result was 

obtained when the reaction was conducted in dark (entries 5-6). These results suggested that singlet 

molecular oxygen was not likely to be involved. The addition of radical inhibitors such as TEMPO 

and BHT had no impact on this transformation, suggesting that the radical species was not involved 

(entries 7-8). Subsequent screening of other additives showed that neutral salts such as NaCl, 

Cu(OAc)2 and Zn(OAc)2 were all ineffective, while basic salts e.g. CsOAc, KOAc, Na2CO3 and 

K2CO3 promoted the oxidation efficiently (entries 9-15). Thus, a base-mediated oxidation from 

3aa into 4aa might be involved. 

Table 2. Study on the oxidation conversion of 3aa to 4aaa 

 

Entry Catalyst  Additive I  Additive II Yield of 4aa (%)b 

1 - - - 0 

2 [Cp*RhCl2]2 - - 0 
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3 - NaOAc - 58(86c) 

4 [Cp*RhCl2]2 NaOAc - 87 

5 [Cp*RhCl2]2 NaOAc DABCO 87 

6 [Cp*RhCl2]2 NaOAc in dark 85 

7 [Cp*RhCl2]2 NaOAc TEMPO 81 

8 [Cp*RhCl2]2 NaOAc BHT 83 

9 - NaCl - 0 

10 - Cu(OAc)2 - 0 

11 - Zn(OAc)2 - 0 

12 - CsOAc - 89 

13 - KOAc - 88 

14 - Na2CO3 - 84 

15 - K2CO3 - 85 

aReaction conditions: 3aa (0.125 mmol), catalyst (5 mol%), additive I (0.125 mmol), additive II 

(0.25 mmol), air (1 atm), acetone (4.0 mL), 25 oC, 12 h. bIsolated yield. cData after 32 h. DABCO 

= 1,4-diazabicyclo[2,2,2]octane; TEMPO = 2,2,6,6-tetramethylpiperidine-1-oxyl; BHT = 2,6-di-

tert-butyl-4-methylphenol. 

To rationalize the reaction mechanism, deuterium-labeling experiments were also performed 

with 1aa in CD3OD under standard conditions (Scheme 5a). The results of H/D scrambling at C2, 

C3 and C7 positions of the indole ring suggested the reversible nature of the C–H bond cleavage.25 

In addition, a low KIE value of 1.21 obtained by KIE study indicated that the step of C–H bond 

cleavage was unlikely to be rate-limiting (Scheme 5b). Competition experiments between 

electronically different indoles showed that electron-deficient indole was favored, suggesting that 

the C–H bond cleavage may occur via a concerted metalation-deprotonation (CMD) mechanism 

(Scheme 5c).26 Further control experiments revealed that the desired domino reaction occurred 
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smoothly to afford furan-2(5H)-one 3aa under Cp*Rh(OAc)2/1,4-dioxane catalytic system in the 

absence of external additives, suggesting Cp*Rh(OAc)2 could be the active catalyst for this 

transformation. Additionally, only a slight amount of 5-hydroxyfuran-2(5H)-one 4aa was detected 

under Cp*Rh(OAc)2/acetone catalytic system, further revealing that the base additive was critical 

for the oxidation process (Scheme 5d). 

Scheme 5. Mechanistic Studies 

 

 

Computational Mechanistic Studies. To further probe the reaction path, in particular, to clarify 

the DG migration and lactonization processes, detailed DFT calculations were next carried out by 

rationally selecting the active Cp*Rh(OAc)2 catalyst as the starting point (Figure 2). Briefly, all 

the structures were optimized at the B3LYP level in 1,4-dioxane (see the supporting information 
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for details). Initially, the coordination of indole substrate 1aa with Cp*Rh(OAc)2 afforded 

intermediate INT-1, followed by the sequential N−H/C−H cleavage via TS-1 and TS-2 with an 

energy barrier of 8.3 kcal/mol (from INT-1 to TS-2). The five-membered rhodacycle INT-4 was 

formed with a free energy of -4.9 kcal/mol. Obviously, the low energy barriers for C−H metallation 

and the corresponding reverse reaction suggested an reversible C−H bond activation process, 

which was in line with the deuterium incorporation experiment and the kinetic isotope study. The 

subsequent regioselective alkyne coordination followed by the insertion into C–Rh bond via TS-3 

(∆G≠ = 2.6 kcal/mol) occurred to afford intermediate INT-7, while a relatively high energy barrier 

was involved via TS-3’ (∆G≠ = 9.5 kcal/mol) for the contrary insertion mode (17.5 vs 10.4 

kcal/mol), which accounted for the observed regioselectivity.  

 

Figure 2. Computed Gibbs free energy changes of the reaction pathway for C−H activation and 

alkyne insertion. 

From INT-7, the protonolysis of N–Rh bond followed by a conformational change led to the 

formation of INT-9 (Figure 3), which underwent the intramolecular nucleophilic addition of C–

Rh bond into the carbonyl moiety with an energy barrier of 26.3 kcal/mol (from INT-7 to TS-4), 

affording intermediate INT-10 with a free energy of -12.4 kcal/mol. The following ring-opening 
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process via TS-5 (∆G≠ = 1.4 kcal/mol) delivered the DG migration intermediate INT-11 with a 

free energy of -14.4 kcal/mol. As a comparison, a relatively high energy barrier of 28.7 kcal/mol 

(from INT-7 to TS-4a) was involved for the direct C–N reductive elimination process, which was 

in consistent with the observed chemoselectivity that only DG migration rather than 

pyrimidoindolone product was detected. The lactonization from INT-11 was next clarified, and an 

intramolecular transesterification process was first ruled out due to the high energy barrier of 35.9 

kcal/mol (from INT-11 to TS-6b). Alternatively, a more stable intermediate INT-12 (∆G≠ = -18.9 

kcal/mol) was facilely generated due to the potent affinity between rhodium metal center and the 

hydroxyl group, which converted into INT-13 via a proton transfer process with an energy barrier 

of 15.6 kcal/mol (from INT-12 to TS-6). Subsequent lactonization occurred smoothly via TS-7 

and TS-8 bearing the energy barriers of 5.2 kcal/mol (from INT-14 to TS-7) and 1.4 kcal/mol 

(from INT-15 to TS-8), respectively, yielding the final product with a free energy of -41.8 

kcal/mol. A metal-free lactonization process was also excluded due to the high energy barrier of 

32.1 kcal/mol (from INT-12c to TS-6c), demonstrating that the rhodium-mediated lactonization 

was more reasonable. 
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Figure 3. Computed Gibbs free energy changes of the reaction pathway for DG migration and 

lactonization. 

Subsequently, the reaction sequence was rationalized by comparing the computed Gibbs free 

energy profiles of different reaction pathways (Figure S2). Instead of the DG 

migration/lactonization sequence presented in Figure 3, an alternative lactonization from INT-7 

proceeded via TS-4d (∆G≠ = 7.9 kcal/mol) to afford INT-9d, which further converted into a more 

stable intermediate INT-10d along with the release of MeOH. Further protonolysis of N–Rh bond 

followed by intramolecular nucleophilic addition via TS-5d (∆G≠ = 4.3 kcal/mol) led to the 

formation of INT-13d. The high energy barriers of 32.5 kcal/mol (from INT-8d to TS-4d) and 

40.4 kcal/mol (from INT-10d to TS-5d) implied that this lactonization/DG migration reaction 

sequence might be unreasonable. Moreover, other lactonization modes from INT-8 or INT-10 

were also ruled out due to the high energy barrier (31.3 kcal/mol from INT-8 to TS-4e, 42.0 

kcal/mol from INT-10 to TS-5g). Taken together, these results provided adequate evidence to 

support a C–H activation/alkyne insertion/DG migration/lactonization reaction sequence for the 
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developed transformation. Additionally, in view of the nature of the substrate, we carried out 

further DFT calculations for the kinetic limiting steps with different indoles. The results showed 

similar energy profiles despite of the electronic properties of the substituents on the indole ring or 

the steric hindrance of the alkoxyl group tethered to the nitrogen atom, which was in accordance 

with the observed good substrate compatibility and broad functional group tolerance (Figure S3-

S5). 

Scheme 6. Proposed reaction mechanism 

 

Mechanistic Proposal. A putative reaction mechanism was proposed in Scheme 6 based on the 

above mechanistic studies and literature precedents.11,27 An active catalyst Cp*Rh(OAc)2 is 

initially generated via ligand exchange in the presence NaOAc. The following chelation-assisted 
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reversible C−H activation occurs to give intermediate I. Subsequently, intermediate II is produced 

by the regiospecific migratory insertion of alkyne 2aa into the Rh–C bond of intermediate I. The 

polarization of the C≡C bond by the ester group accounts for the observed regioselectivity, which 

has been confirmed by the DFT calculations (TS-3 vs TS-3’). Then, the intramolecular 

nucleophilic addition occurs from intermediate II to afford intermediate III, which undergoes C–

N bond cleavage and intramolecular hydrogen transfer to afford intermediate IV. Finally, the 

lactonization proceeds from intermediate IV to provide product 3aa along with the regeneration 

of the active rhodium complex via intermediate V. With the assistance of NaOAc, the cleavage of 

the allylic C-H bond in 3aa occurred smoothly, furnishing intermediate VII with an energy barrier 

of 12.0 kcal/mol (see Figure S6 in the supporting information for details), which could be further 

oxidized in the presence of O2 in acetone28 to give the 5-hydroxyfuran-2(5H)-one product 4aa.  

CONCLUSIONS 

In conclusion, by giving the carbamoyl DG a dual role of auxiliary group and migrating acylating 

reagent, we have developed a mild redox-neutral Rh(III)-catalyzed domino C–H alkenylation/DG 

migration/lactonization between N-carbamoyl indoles and 4-hydroxy-2-alkynoates for the direct 

assembly of highly functionalized furan-2(5H)-ones at room temperature. More importantly, the 

obtained furan-2(5H)-one skeleton could further undergo C5–H hydroxylation under air in situ by 

simply changing the solvent or additive, providing the fully substituted furan-2(5H)-ones bearing 

an alcohol-based C5 quaternary carbon center. The protocol features efficient multi-step cascade 

triggered by C−H activation, excellent chemo-, regio- and stereoselectivity, high bond-forming 

efficiency, superior step- and atom-economy, good functional group compatibility and mild redox-

neutral conditions. The dual role of carbamoyl group, the origin of the selectivity and the reaction 

pathway were rationally clarified by a combined experimental and DFT study. Furthermore, the 
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biological application in evaluating these obtained furan-2(5H)-ones as a potent class of PPARγ 

ligands was also successfully demonstrated, suggesting that further development of such types of 

compounds might be of interest for the potent treatment of PPARγ-based disorders. Further 

development of novel domino C−H functionalization reactions by using such strategy and their 

applications for drug discovery are in progress.  
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