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Introduction

Nitrogen-containing heterocycles are essential to life science since they are abundant in nature, exist as subunits in several natural products and more than half of prescribed drugs contain an N-heterocycle backbone. [START_REF] Heravi | Prescribed Drugs Containing Nitrogen Heterocycles: an Overview[END_REF] Moreover, they also found diverse applications in materials sciences. [START_REF] Chen | Nitrogen Heterocycle-Containing Materials for Highly Efficient Phosphorescent OLEDs with Low Operating Voltage[END_REF] Therefore, their formations, manipulations, and diversifications represent a significant stake for chemical companies, and the discovery of novel synthetic approaches fulfilling modern reaction ideals of green chemistry is still an important challenge, especially starting from the low-functionalized materials. Since the pioneer works by Fagnou on Rh(III)-catalyzed C-H bond annulation of acetanilides with alkynes for the synthesis of indoles, [START_REF] Stuart | Indole Synthesis via Rhodium Catalyzed Oxidative Coupling of Acetanilides and Internal Alkynes[END_REF] several N-directed C-H bond annulation protocols have been developed for straightforward access to N-heterocycles. [START_REF] Su | Synthesis of 2-Pyridones and Iminoesters via Rh(III)-Catalyzed Oxidative Coupling between Acrylamides and Alkynes[END_REF] However, the conditions often required a stochiometric amount of oxidant. An external oxidant-free alternative consists of merging C-H bond functionalization with O-atom transfer (OAT) -proved that the directing group holds an N-O bondthen, the resulting intermediate can undergo rearrangements to roll N-heterocycles in a one-pot cascade process (Figure 1A). This strategy was initially reported by Li and co-workers using quinoline-N-oxides, albeit the reaction stopped after the O-atom transfer (Figure 1B). [START_REF] Zhang | Rhodium(III)-Catalyzed C-C and C-O Coupling of Quinoline N-Oxides with Alkynes: Combination of C-H Activation with O-Atom Transfer[END_REF] Shortly later, Cp*Rh(III)-catalyzed one-pot cascade of C-H bond functionalization -OAT -rearrangement was implemented to prepare indolyl scaffolds from arylnitroles (Figure 1C), [START_REF] Dateer | Selective Cyclization of Arylnitrones to Indolines under External Oxidant-Free Conditions: Dual Role of Rh(III) Catalyst in the C-H Activation and Oxygen Atom Transfer[END_REF] indoles from arylnitroles (Figure 1D), [START_REF] Yan | Rhodium-Catalyzed C-H Annulation of Nitrones with Alkynes: A Regiospecific Route to Unsymmetrical 2,3-Diaryl-Substituted Indoles[END_REF] or amine-N-oxides (Figure 1E). [START_REF] Li | Rhodium-Catalyzed Annulation of Tertiary Aniline N-Oxides to N-Alkylindoles: Regioselective C-H Activation, Oxygen-Atom Transfer, and N-Dealkylative Cyclization[END_REF]. Although the high efficiency of these methods for the direct synthesis of N-heterocycles, all require the pre-installation of the oxidizing directing group (N-O bond) using hazardous reagents. [START_REF] Palav | The m-CPBA-NH3(g) System: A Safe and Scalable Alternative for the Manufacture of (Substituted) Pyridine and Quinoline N-Oxides[END_REF] 

Rearrangements

Nitroarenes constitute abundant feedstocks of N-containing molecules as they are readily prepared by nitration of arenes. [START_REF] Greish | Nitration of Aromatic Hydrocarbons over Heterogenous Catalysts[END_REF] Despite of a few examples of C-H bond functionalizations of nitroarenes, [START_REF] Caron | Palladium-Catalyzed Direct Arylation of Nitro-Substituted Aromatics with Aryl Halides[END_REF] NO2 group had never been considered as a suitable oxidizing directing group to develop redox-neutral coupling reactions yet. Therefore, we plan to use nitroarenes in Cp*Rh(III)-catalyzed one-pot cascade of C-H bond functionalization -OAT -rearrangement(s) (Figure 1F). The advantage of this approach is to employ naturally occurring NO2 as an oxidizing directing group. Moreover, the OAT should deliver 
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nitrosoarene intermediates, which are very reactive and undergo unpredictable rearrangements toward N-heterocycles. [START_REF] Jana | Promoting Reductive Tandem Reactions of Nitrostyrenes with Mo(CO)6 and a Palladium Catalyst To Produce 3H-Indoles[END_REF] In contrast to previous methods to generate nitrosoarenes which employ reductants, our strategy is redox-neutral. This cascade approach led us to discover a novel synthesis of oxindoles. In retrospect to the realization of this unpredictable endeavor, we also optimized the catalyst design, investigated the scope of the reaction, and thoughtfully studied the reaction mechanism.

Results and Discussion

Reaction Development. We began our studies on Rh-catalyzed C-H bond activation by reacting nitrobenzene with 1diphenylacetylene in the presence of [Cp*RhCl2]2 in 1,2-dichloroethane at 120 ºC. Surprisingly, we observed the unexpected formation of oxindole 1 in 41% yield that was formed upon ortho-C-H bond annulation of nitrobenzene via multi-step reaction: twofold reduction of NO2, migration of alkyne phenyl group, and N-acylation (Table 1, entry 1). The structure of 1 was secured by X-ray analysis. This class of oxindoles containing an α-carbonyl quaternary center was widely recognized as valuable synthetic intermediates, forming the core of numerous natural products and drugs, often requiring several consecutive reactions. [START_REF] Overman | Asymmetric Heck Reactions via Neutral Intermediates: Enhanced Enantioselectivity with Halide Additives Gives Mechanistic Insights[END_REF] A solvent screen revealed 1,2-dichloroethane to be essential for the reaction outcomes, whereas most of the common additives employed in C-H bond functionalization had deleterious effects and did not suppress or decrease the oligomerization of alkyne as the side reaction. [14] Following the seminal work of Rovis, [START_REF] Piou | Correlating Reactivity and Selectivity to Cyclopentadienyl Ligand Properties in Rh(III)-Catalyzed C-H Activation Reactions: An Experimental and Computational Study[END_REF] Tanaka, [START_REF] Shibata | Catalytic [2+2+1] Cross-Cyclotrimerization of Silylacetylenes and Two Alkynyl Esters To Produce Substituted Silylfulvenes[END_REF] and Cramer [START_REF] Wodrich | Ligand-Controlled Regiodivergent Pathways of Rhodium(III)-Catalyzed Dihydroisoquinolone Synthesis: Experimental and Computational Studies of Different Cyclopentadienyl Ligands[END_REF] on the modification of Cp ligand to improve the selectivity and performance in Rh(III) catalysis in other reactions, we decided to evaluate an array of [Cp R RhCl2]2 catalyst precursors (Table 1). Electron-deficient [Cp E RhCl2]2 was inactive for this transformation (Table 1, entry 2). [18] Rh(III) complex surrounded by Cp iPr * ligand -having a similar disc shape and electronic nature than Cp*- [START_REF] Piou | Correlating Reactivity and Selectivity to Cyclopentadienyl Ligand Properties in Rh(III)-Catalyzed C-H Activation Reactions: An Experimental and Computational Study[END_REF] gave the desired product 1 in a similar yield (Table 1, entry 3). We next prepared a set of Rh(III) complexes holding C5Me4-Ar ligands exhibiting an elliptical shape. The presence of substituents at the para position on the aryl group affects the redox potentials predictably, decreasing in the order of [CF3 (-1.21), H (-1.24), and OMe (-1.25)],

which is consistent with an increase in electron density of the rhodium center. Increasing the electron density of the Cp ring resulted in an improvement of the yields [Cp TFT *Rh (10%)< Cp Ph *Rh (25%) < Cp MP *Rh (55%)] (Table 1, entries 4-6).

Subsequently, we prepared two novels [C5Me4-ArRhCl2]2 complexes with Ar = 3,4-dimethoxyphenyl (DMP) and 3,4,5trimethoxyphenyl (TMP). Incorporating additional methoxy substituents affects the electronic nature slightly, but their multiplication leads to a bulkier system. Both complexes displayed higher reactivity, and the best result was obtained with [Cp TMP *RhCl2]2, allowing the formation of 1 in 72% isolated yield (Table 1, entries 7 and8). No reaction occurred without Rh(III) catalyst (Entry 9). Similar to the C-H bond arylation of nitroarenes, [11a] the use of a large excess of nitrobenzene ( 10equivalents) is required (Entry 10), but most of the nitrobenzene (70-85%) can be recovered by distillation after the reaction. OMe

Table1. Optimization: Nature of Cp-Ligand a Entry [Cp R RhCl2]2 Conv. (%) b Yield 1 (%) b 1 [Cp*RhCl2]2 100 41 c 2 [Cp E RhCl2]2 0 0 c
Cp MP * (-1.25 # ) [Cp E RhCl 2 ] 2 (-0.84 # ) [Cp iPr *RhCl 2 ] 2 (-1.33 # ) Rh Cl Cl 2 Ar Rh Cl Cl 2 Rh Cl Cl 2 iPr # = E(Rh III /Rh II ) (V vs. Cp 2 Fe) ◼disc-shape ◼elliptical-shape 1 O O O O [Cp TFT *RhCl 2 ] 2 [Cp TMP *RhCl 2 ] 2 X-Ray structures
Scope of the reaction. With the optimized conditions in hand using [Cp TMP *RhCl2]2, the scope of nitroarene, alkyne, and carboxylic anhydride partners was evaluated. We first subjected 12 different nitroarenes, adorned with various functional groups with different substitution patterns, to this C-H bond alkenylation -OAT - [1,2]-aryl shift cascade reaction (Scheme 1A). Halides (i.e., F, Cl, Br, I) at the para-position of the nitro group were well tolerated and delivered the corresponding products in good to moderate yields (2-5). Para-or meta-nitrotoluene reacted to afford oxindoles 6 and 7 in 48% and 58% yield, respectively; while ortho-nitrotoluene did not react (9). The reaction was regioselective with meta-substituted nitroarenes (R = Me or Ph), affording the products resulting from activating the less hindered C6-H bond (7, 8). From 5 equivalents of methyl 2-methyl-5-nitrobenzoate, corresponding oxindole 10 was isolated in 64% yield. From disubstituted nitroarenes at para and meta-positions, the corresponding products were obtained in good yields as single regioisomers (11, 12). Interestingly, when the meta substituent is an F atom, the reaction occurs at its adjacent C-H bond (12). The electronically enhanced ortho-to-fluorine selectivity is a common feature observed in C-H bond functionalizations involving a CMD mechanism. [START_REF] Lafrance | Catalytic Intermolecular Direct Arylation of Perfluorobenzenes[END_REF] Reaction with 3,4,5-trifluoronitrobenzene gave an excellent yield (13). Propionic, valeric, and isovaleric anhydrides gave the corresponding products in good yields (14-16) (Scheme 1B). The use of AcOH instead of Ac2O affords the NH-free oxindole 17 in 45% yield. A broad range of 1,2-diaryl alkynes was readily converted to the corresponding oxindole products in modest to good yields (Scheme 1C). The reaction conditions were compatible with a variety of functional groups at the para-position, such as bromo (18, 19), chloro (20), fluoro (21), trifluoromethyl (22), and alkyl (23, 24).

The reaction outcomes were not affected by the substitution patterns of the aryl group as a fluorine-atom at the meta-position (25, 26) or a chlorine-atom at the ortho-position (27) were well tolerated. It should be noted that the [1,2]-aryl shift took place with complete retention of the regioselectivity of the migrated aryl group. We next explored this transformation with 1,2-diaryl alkynes containing two different aryl groups to form oxindoles with an α-carbonyl quaternary stereogenic center (Scheme 1D). Again, the reaction tolerated a wide range of functional groups such as F, Cl, I, CO2Et, Me, and OMe affording the oxindoles 28-33 in 50-65% yields. However, no reaction occurred with dialkyl alkynes or alkyl aryl alkynes, as we have observed the both starting materials. This lack of reactivity might be due to a change of an aryl group by an alkyl group that prevents the 1,2-migration step. Post-functionalizations. In addition, to further illustrate the synthetic value of this novel reaction, we investigated the reduction of amide groups (Scheme 2). In the presence of LiAlH4, the selective reduction of the acetyl group was observed, affording the indolin-2-one 17 in 97% yield. While compound 1 was fully reduced using borane-tetrahydrofuran to deliver 34 in 80% yield. These 3,3-disubstituted indolines -which are architectures embedded in many complex alkaloids or key building blocks-are now easy to prepare from nitrobenzene in only two steps, where formerly multi-step synthesis was necessary. [START_REF] Bariwal | Recent Advances in Spirocyclization of Indole Derivatives[END_REF]. Due to the strongly electron-withdrawing nature of the nitro group, the main limitation of our novel cascade reaction is incompatibility with electron-poor nitroarenes because of an unfavorable C-H bond activation. [START_REF] Caron | Palladium-Catalyzed Direct Arylation of Nitro-Substituted Aromatics with Aryl Halides[END_REF] To improve the diversity of structures accessible through this methodology, we performed several post-functionalizations of iodosubstituted oxindoles. Firstly a formyl group was introduced through Rh(III)-catalyzed hydroformylation, affording oxindole 35 in 75% yield. Pd-catalyzed cyanation with Zn(CN)2 as coupling reagent allowed to prepare of 5-nitrilesubstituted oxindole 36 in 70% yield. Finally, we also succeeded in preparing alkynyl-substituted oxindole 37 through Pd/Cu-catalyzed Sonogashira reaction with phenylacetylene in 85% yield. Experimental mechanistic investigations. In order to get insight into this unpredictable reaction, mechanistic experiments were conducted (Figure 2). [START_REF]Control experiments using other reduced intermediates of nitrobenzene (i.e., aniline, N-hydroxybenzenamine, nitrosobenzene, azoxybenzene[END_REF] Significant kinetic isotope effects (KIE 3.5 or 2.6) with both [Cp TMP *RhCl2]2 and [Cp*RhCl2] support that the C-H bond cleavage corresponds to the turnover determining step of the catalytic cycle (Figure 2A). Next, we decided to map the reaction by capturing potential rhodacycles and studying their reactivity (Figure 2B). Our attempts to isolate a cyclometalated Rh(III) intermediate from a stoichiometric reaction between nitrobenzene and [Cp TMP *RhCl2]2 in the presence or not of AgSbF6 and acetate sources failed. However, cyclometalated Rh(III) 38a has been prepared by transmetalation from 2-nitrophenylmercurial. [START_REF] Vicente | Synthesis, Reactivity, and X-Ray Crystal Structure of [Rh{C6H4N(O)O-2}(η-C5Me5)Cl][END_REF] The reaction between 38a and 1-diphenylacetylene with AgSbF6 in 1,2dichloroethane at RT afforded Rh(III) η 3 -benzyl complex 39a. This 18e -complex 39a was fully characterized by NMR spectroscopies, mainly, the exchange η 3 -benzyl unit was observed by NOESY experiments. [14] This intermediate 39a results
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from the alkyne insertion into Rh-C bond followed by OAT. We tried to get some crystal for X-ray analysis, but 39a spontaneously evolved into 40. We, therefore, repeated the experiments with [Cp*RhCl2]2. Successfully, the Rh(III) η 3benzyl complex 39b was obtained as single crystals and analyzed by X-ray experiments, demonstrating that OAT has proceeded to give the formal hydration of alkyne among with coordinated nitrosobenzene. When this reaction was conducted at 80 ºC, Rh(III) complex 40 was isolated by crystallization in good yield and was fully characterized, including by X-ray structure. This intermediate 40 is formed via the N-Rh bond insertion into the carbonyl group, followed by a migration of the phenyl ring at the meso-position of the nitrobenzene ring. Finally, the reaction from 38a or 40 in the presence of Ac2O at 120 ºC furnished the desired product 1. Combining with the detection of 2-chloroacetaldehyde by GC-analysis, these results suggest that the second N-O bond cleavage occurred through O-alkylation with 1,2-dichloroethane followed by a hydride-shift (Scheme S11 and Figure S24-26). [START_REF] Lee | 1,2]-Anionic Rearrangements of Substituted N-Hydroxy-2-azetidinones and Applications to the Synthesis of Bicyclic Beta-Lactams[END_REF] In addition, it should be mentioned that all isolated Rh(III)-complexes (38a, 39a, and 40) catalyze the reaction indicating they are intermediates of the reaction (Table S5). Theoretical mechanistic investigations. The experimental investigations outlined above have elucidated the overall features of the reaction mechanism; however, mechanistic details remained unclear, specifically the following: 1) what is the energy barrier for formal C-H activation, 2) how does OAT take place, and 3) how to regenerate the active catalyst. To address these questions, a computational investigation of the reaction was undertaken at the PBE0-D3/def2-TZVPP-SMD(1,2-dichloroethane)//B3LYP-D3/def2-SVP-SMD(1,2-dichloroethane) level of theory. [24] The reaction between nitrobenzene and diphenylacetylene in the presence of acetic anhydride to afford product 1 using Cp*Rh(III) catalysts was used as the model reaction in the calculations. The free energy changes of the most favorable pathway of Rh(III)/Cp*-catalyzed oxindole formation are shown in Figures 3A and4. DFT-optimized structures of selected transition states are shown in Acetic acid dissociation gives INT5, which has been confirmed by NMR, HRMS, and X-ray studies. Then, with the association of alkyne b, a more stable species INT6 is produced, from which alkyne insertion into the Rh-C bond takes place via TS7 to give seven-membered rhodacycle INT8. The alternative pathway involving alkyne insertion into the Rh-O bond is not feasible (Figure S27). Next, OAT affords the isolable η 3 -benzyl nitroso complex INT14, which was verified by NMR, HRMS, and X-ray studies. Our computations indicate that this process proceeds through a reductive elimination (via TS9) affording Rh(I) complex Cp TMP OH 2
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40 75% X-ray structure of 40 [a] X-ray structure of 39b [a] Ph Ph
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X-ray structure of 38a [a] crystallization coordination. Subsequent nucleophilic attack of the nitroso O on Rh via TS15 leads to the formation of INT16. In analogy to the semipinacol rearrangement, [START_REF] Delayre | Natural Product Synthesis Enabled by Domino Processes Incorporating a 1,2-Rearrangement Step[END_REF] a 1,2-aryl shift via TS17 affords the isolable N-oxido Rh(III)complex INT18. The helical shape of Cp TMP * might favor the nucleophilic attack since 39a is converted into 40 at RT, while 39b with disc-shape Cp* is stable.
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Finally, based on INT18, ligand exchange with AcO -to regenerate the active catalytic species (INT1) for the next cycle, along with the formation of INT19. In the presence of 1,2-dichloroethane, we propose that a nucleophilic attack of INT19 to 1,2-dichloroethane via TS20 produces INT21. [START_REF]Multicomponent Reactions of Pyridines To Give Ring-Fused Pyridiniums: In Situ Activation Strategy Using 1,2-Dichloroethane as a Vinyl Equivalent[END_REF] Nucleophilic attack with the involvement of Rh is less favorable (Figure S28). After that, INT21 evolves to acylated indolinone 1 [START_REF]coordination of the product (1) with the catalyst, and details are included in the Supporting Information[END_REF] with the assistance of Ac2O in a non-catalyzed pathway. [START_REF] Lee | 1,2]-Anionic Rearrangements of Substituted N-Hydroxy-2-azetidinones and Applications to the Synthesis of Bicyclic Beta-Lactams[END_REF] as the catalyst, the barrier of C-H bond activation is lowered by 1.9 kcal/mol compared to Rh(III)/Cp* case (TS25 v.s. TS3), in agreement with the experimental results. After careful examination of the structures of TS3 and TS25, we believe that the leading factor responsible for the energy difference is a hydrogen-bonding interaction, which is present in TS25, but absent in TS3 (Figure 5B). To support our hypothesis, TS3-model and TS25-model were constructed by replacing methyl and aryl groups with hydrogens, respectively. After removing the hydrogen bonding interaction from TS25, TS3-model and TS25-model have almost the same energy, in agreement with our hypothesis (Figure 5C). 
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