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Inexpensive cobalt-catalyzed oxidative C-H functionalization has emerged as a powerful tool for the construction of C-C and C-Het bonds, which offers unique potential for transformative applications to modern organic synthesis. In the early stage, these transformations typically required stoichiometric and toxic transition metals as the sacrificial oxidants, thus the formation of metal-containing waste was inevitable. In contrast, naturally abundant molecular O2 has more recently been successfully employed as a green oxidant in cobalt catalysis, thus, considerably improving the sustainability of such transformations. Recently, a significant monument was gained by the use of electricity as a sustainable and environmentally benign redox reagent in cobalt-catalyzed C-H functionalization, thereby, preventing the consumption of costintensive chemicals, while at the same time addressing the considerable safety hazard related to the use of molecular oxygen in combination with flammable organic solvents. Considering the unparalleled potential of the aforementioned approaches for sustainable green synthesis, this review summarizes the recent progress in cobalt-catalyzed oxidative C-H activation until early 2020.

REVIEW

In 2013, Matsuaga and Kanai reported bench-stable highvalent Cp*Co(III) complexes for efficient C-H functionalization. [9] Comparing to analogues rhodium(III) and iridium(III) species, Cp*Co(III) complexes might be expected to display somehow related reactivity. However, due to their differences in electronegativity and ionic radius, [5c] Cp*Co(III)-catalysts sometimes allow for different selectivities and unique reactivities when compared with their rhodium analogues. Cp*Co(III) complexes were predominantly exploited for redox-neutral reactions, such as addition reactions. Oxidative reactions and incorporation of heterocycle moieties via oxidative C-H activation with stoichiometric external oxidants under Cp*Co(III)catalysis were thus far only sporadically achieved.

 Thereafter, a variety of oxidative transformations were realized with the aid of mono-anionic, bi-coordinating directing groups (Scheme 2) and simple, stable cobalt salts. [5d] These bidentated directing groups were found capable of stabilizing the in-situ formed catalytically competent cobalt(III) species.

Scheme 2. Commonly used directing groups.

In this review, we focus on the recent advancement in cobaltcatalyzed oxidative C-H functionalization until January 2020. In contrast, Cp*Co(III)-catalyzed redox-neutral C-H transformations have recently been summarized elsewhere and are therefore beyond scope of this article.

Introduction

Transition metal-catalyzed oxidative functionalization of otherwise inert C-H bond has been recognized as a powerful tool in molecular assembly, due to its high step-and atomeconomy. [1] Thus, oxidative C-H activation has found notable applications in the synthesis of drugs, natural products, functional materials, and fine chemicals, among others. [2] Initially, major progress has been achieved employing rare and noble second-or third-row transition metals, such as palladium, iridium, rhodium and ruthenium. [3] However their low natural abundances, high prices and toxicities, clearly hamper their large-scale applications. Instead, it would be significantly more sustainable to develop efficient catalysts based on naturally abundant and inexpensive first-row transition metal complex. [4] In this respect, environmentally benign cobalt plays a key role in 3d transition metal-catalyzed oxidative transformations. [5] As early as 1941, Kharasch and Fields demonstrated the potential of cobalt to promote oxidative homo-coupling reactions between Grignard reagents. [6] Subsequently, the first documented chelation-assisted C-H functionalization was also realized with easily accessible cobalt in 1955. [7] Thus, Schiff bases or azoarenes were carbonylatively cyclized with catalytic amounts of Co2(CO)8. Quite surprisingly, despite this initial early work showcasing the potential of cobalt to promote C-H activation reactions, this field has remained underdeveloped for numerous decades, in particular in comparison to palladium-, rhodium-, and ruthenium-based catalysis. However, recently the chemistry of cobalt has been witnessing veritable renaissance and currently cobalt represents one of the most promising first-row transition metals, with numerous elegant applications to various distinct C-H activations (Scheme 1).

Scheme 1. Oxidative cobalt-catalyzed C-H activation.

Cobalt-catalyzed C-H activations generally occur with the aid of in-situ generated, so-called low-valent cobalt-species or welldefined high-valent Co(III)-catalysts. Typically, the so-called lowvalent cobalt-catalyzed C-H activation required in situ generated complexes derived from a cobalt(II/III) precatalyst and an excess amount of Grignard reagents. [5i, 5j] Even though these reactions often proceed at room temperature, the use of sensitive Grignard reagents to generate the highly reactive cobalt(I) complexes significantly jeopardizes its chemo-selectivity and functional group tolerance. Alternatively, well-defined low valent cobalt complexes have sporadically been employed in C-H activation chemistry although the synthesis of such highly active species continues to be tedious. [8] 

Alkyne Annulation

C-H Annulation with Alkynes

Since the early studies of Lewis and Smith [11] and following reports by Murai [12] on ruthenium-catalyzed hydroarylations by C(sp 2 )-H activation, various research groups have disclosed the 2 nd and 3 rd row transition metals-catalyzed direct functionalization of C(sp 2 )-H bonds with alkynes. However, the potential of more sustainable, earth abundant first row transition metals for these transformations was largely untapped at the beginning of this decade. The initial breakthrough was achieved when Yoshikai [5i] and Ackermann [5j] discovered concurrently low valent cobalt-catalyzed [8] direct activations of C(sp 2 )-H with internal alkynes. However, the direct oxidative annulation of inert C(sp 2 )-H with both terminal and internal alkynes remained rare until 2014. [10] Hence, Daugulis disclosed the oxidative C-H/N-H activation protocol allowing coupling of arenes 1 bearing the 8aminoqinoline or picolinic acid auxiliary with a variety of alkynes 2 (Scheme 3). The reaction exhibited a remarkable functional group compatibility and ample substrate scope. In addition, both terminal and internal alkynes proved to be viable coupling partners. Good regioselectivity was obtained when terminal alkynes or unsymmetric internal alkynes were employed. The C-H/N-H annulation with alkynes 2 using ambient oxygen (1 REVIEW atm) as the sole oxidant (Scheme 4). [13] The reaction was performed under exceedingly mild conditions and various valuable functional groups, such as bromo, iodo, ketone, ester, or even free carboxylic acids, were well tolerated. The synthetic utility of this method was further highlighted by the successful removal of the pyridyl motif and efficient scale-up. Thus this aerobic protocol allowed rapid and step-economical synthesis of 21,22-dimethoxyrosettacin, an anticancer topoisomerase-I inhibitor. Density functional theory (DFT) calculations were indicative of a cobalt(III) pathway (Figure 1). In addition, intermolecular competition experiments revealed an increased reactivity of electron-rich benzamides 4 and electron-rich alkynes 2. A reaction conducted with D2O as the co-solvent demonstrated the irreversibility of the C-H activation step.

Moreover, O2 up-take experiments clearly confirmed that O2 was the sole terminal oxidant in the C-H activation process.

Scheme 4. Aerobic cobalt-catalyzed C-H activation with alkynes 2 using O2 as the sole oxidant. Subsequently, Song and Niu reported on a cascade cobalt/silver catalyzed de-carboxylative C-H/N-H annulation with alkynyl carboxylic acids 6 (Scheme 5). [14] Here, a range of isoquinolones 5 was thereby conveniently accessed using air as the terminal oxidant.

Scheme 5. Cobalt-catalyzed synthesis of isoquinolone derivatives 5.

The vast majority of bicoordinating DG is installed on a substrate via a stable C-N bond, resulting in an often tedious removal of such auxiliaries after the C-H activation step. In this context, Zhai and co-workers employed 2-(1-methylhydrazinyl) pyridine 7, which contain an N-N linkage, as an easily removable bidentate auxiliary (Scheme 6). [15] With this directing group, the conventional cobalt-catalyzed C-H/N-H annulation was efficiently achieved, furnishing various isoquinoline ). [16] With a relatively low catalyst loading (5.0 mol %) and AgOAc oxidant, diversely substituted 2-aminopyridine-1-oxide amides 5 and terminal alkynes 2 were efficiently transformed to the corresponding 3-methyleneisoindolin-1-ones 9. Interestingly, internal alkynes were not reactive under the current reaction conditions.

Notably, the proposed mechanism differed from the previously described [4+2] annulations. Instead, this reaction is more likely to proceed via initial cobalt-catalyzed alkynylation. Alternatively, under modified reaction conditions the same reaction outcome may also be expected while using alkynyl carboxylic acid 6 coupling partners (Scheme 10). [14] Scheme 8 Almost at the same time, the Zhang group utilized 8aminoquiloline as directing group to achieve challenging cobaltcatalyzed annulation of C(sp 3 )-H with terminal alkynes (Scheme 11). [17] Here, harsher reaction conditions were necessary, alkynes 2 (Scheme 13). [18] The reaction employing Ce(SO4)2 as the terminal oxidant allowed for coupling of various imines with both, internal and terminal alkynes 2, furnishing synthetically meaningful multisubstituted isoquinolines 13. Besides, a

Cp*Co(CO)I2 -catalyzed DMSO-involved tandem C-H activation and cyclization of aniline 12 with alkynes 2 was also reported by Yi, Zhang and co-workers. [19] This protocol provided a facile access for quinolone derivatives 13.

Scheme 13. Cobalt-catalyzed oxidative annulation of N-H imines 12 with alkynes 2.

Later, Cui and co-workers described an alternative route to assemble isoquinolines 13 using a traceless picolinamide bidentate auxiliary (Scheme 14). [20] The reaction proceeded with inexpensive Cp*-free cobalt acetate catalyst and molecular O2 as the oxidant, albeit the catalyst loading was relatively high.

Various symmetric or unsymmetrical internal alkynes as well as terminal alkynes were converted very efficiently with excellent Shortly thereafter, Carretero and co-workers disclosed a facile access to dihydroisoqinoline (DHIQ) derivatives with the same picolinamide substrates 14 via cobalt catalysis (Scheme 16). [21] Interestingly, this protocol could overcome the propensity of dehydrogenation at the benzylic position which would easily occur on the DHIQ derivatives, leading to aromatization of the products. Notably, this reaction proceeded with O2 as the sole oxidant and the conditions are milder compared with the previous reaction conditions. Furthermore, substituents at the benzylic position were also tolerated, and the stereo-chemical integrity was fully preserved. The picolinamide auxiliary of 15 could be efficiently removed under aerobic reductive acidic conditions, delivering the desired product 4-hydroxy-1,4dihydroisoquinoline 16 in excellent yields.

REVIEW

Scheme 16. Cobalt-catalyzed assembly of dihydroisoquinolines

15.

N-Heterocyclic quaternary ammonium salts represent a key motif in numerous bioactive molecules, organic materials and pharmaceuticals. [22] In 2016, the Cheng group devised a Cp*Co(CO)I2 catalyzed oxidative C(sp 2 )-H activation of arenes with alkynes 2 by the assistance of Nitrogen-containing directing groups, providing facile access to heterocyclic quaternary ammonium salts (Scheme 17). [23] In the presence of stoichiometric amounts of AgBF4, 2-arylpyridines The same research group extended the cobalt-catalyzed oxidative C-H/N-H functionalization towards the coupling of enamides 23 with alkynes 2 (Scheme 20). [26] Thus, various synthetically meaningful multi-substituted pyrrole derivatives 24

were accessed straightforwardly by using CuO as the oxidant. A variety of symmetrical di(hetero)aryl internal alkynes 2, unsymmetrical aryl alkyl alkynes or even terminal alkynes were regioselectively transformed. Shortly after Zhang's work, Pawar and co-workers described in an independent report for the synthesis of pyrroles via Cp*Co III catalysis under similar conditions. [27] Meanwhile, the Shi group described a versatile indole synthesis via Cp*Co(CO)I2 catalyzed C-H/N-H annulation with internal alkynes. [28] Scheme 20. Cobalt(III)-catalyzed synthesis of pyrroles 24.

As summarised above, the cobalt-catalyzed oxidative annulation reactions towards the assembling of five or six membered heterocycles have been investigated intensively.

However, the construction of medium heterocyclic rings via dehydrogenative cobalt-catalyzed C-H/Het-H functionalization has not been documented until recently. In 2018, the cobaltcatalyzed [5+2] oxidative annulation was achieved by the Li group (Scheme 21). [29] 2-Vinylphenol 25 derivatives and ynamides 26 could be transferred efficiently in the presence of Ag2CO3 and Cu(OAc)2 . H2O as oxidants, under extremely mild conditions and at room temperature. A high regioselectivity was observed when alkyl-substituted ynamdes were employed, generally placing the N-substituent proximal to the oxygen atom (vide infra). In contrast, the catalyst was less regio-selective in the case of aryl-substituted ynamides. (Scheme 23). [30] A variety of medium size rings were conveniently obtained with a picolinamide auxiliary, by utilizing the combination of Mn(OAc)2 and O2 as the oxidants. The picolinamide directing group could be easily removed under basic thermal reaction conditions, then concomitantly tautomerization to deliver the final product 29.

Scheme 23. Cobalt-catalyzed [5+2] annulation of o-arylanilines

28 with alkynes 2.

In early 2015, Daugulis described that aminoquinoline phosphinic amides 30 could also undergo cobalt-catalyzed oxidative C-H/N-H functionalization. [31] A variety of internal alkynes, terminal alkynes or even alkenes proved to be suitable coupling partners, generating the corresponding arylphosphinic heterocycles 31 in good yields (Scheme 24). Likewise, the cobalt-catalyzed oxidative C-H/N-H annulation of sulphonamides with alkynes was independently reported by Ribas, [32] Sundararaju [33] and Yang. [34] Typically, these annulation reactions occur under an atmosphere of oxygen or air in the presence of Mn(OAc)3•2H2O or NaClO3 as the oxidant. ). [35] In the presence of CuO oxidant, various internal alkynes 2 could be applied to realize the regioselective annulation, yielding the isocoumarin products 33. In contrast, aryl sulfonic or phosphinic acids failed to deliver the corresponding annulation products. ). [36] The expected, polycyclic pyrans 35 were smoothly assembled with CuO as the oxidant. In addition, Daugulis and co-worker developed an inexpensive Cp*-free cobalt-catalyzed C-H/O-H activation of easily accessible aromatic carboxylic acid 32 (Scheme 27). The catalytic system exploited O2/Ce(SO4)2 as oxidant, enabling an easy access to 1H-isochromen-1-one derivatives. Notably, this versatile protocol proved amenable to a variety of coupling partners, including internal alkynes, terminal alkynes 2 or even olefins 36. [37] As for the reaction mechanism, based on their experimental studies the authors proposed that the reaction an aqueous medium (Scheme 28). [38] A variety of arenes, hetero-arenes and alkene amides 4 was efficiently converted. Thereafter, Lei disclosed a cobalt-catalyzed electrooxidative C-H/N-H activation with particularly challenging gaseous ethyne or ethylene (Scheme 30). [39] Under the external oxidantfree reaction conditions, aryl and vinyl amides bearing the aminoquinoline auxiliary could be coupled efficiently with ethylene or ethyne.

Scheme 30. Electrochemical C-H/N-H activation with ethyne 2.

Importantly, the cobaltaelectrocatalyzed C-H/N-H activation was not limited to terminal alkynes. In 2018, the Ackermann group demonstrated the electrochemical C-H/N-H annulation of aromatic substrates 7 bearing a traceless hydrazide directing group with internal alkynes 2 (Scheme 31). [40] Various disubstituted alkynes bearing alkyl, (hetero) aryl and ester substituent were compatible with this protocol. A high level of regioselectivity was observed when unsymmetrical internal alkynes were employed, placing the aromatic motif proximal to nitrogen. In addition, terminal alkynes were viable substrates for this protocol as well. The late stage modification of Erlotinib was thus achieved in a truly sustainable manner. Subsequently, we demonstrated the first electro-catalytic removal of the hydrazide motif with SmI2 by cathodic reduction (Scheme 32).

Scheme 31. Electrochemical C-H/N-H annulation with internal

and terminal alkynes 2.

Scheme 32. Electroreductive removal of hydrazide directing group.

C-H Annulation with 1,3-diynes

1,3-Diynes are easily accessible and widely employed in the synthesis of natural products and (hetero)arenes. Nevertheless, the synthesis of heterocycles from 1,3-diynes continuous to be relatively rare and just a few reports are known to date. A cobaltcatalyzed C-H activation with 1,3-diynes was documented by the Nicholls group (Scheme 33). [41] Here, a variety of alkynylated heterocycles could be accessed using aromatic substrates Mn(OAc)3•2H2O (Scheme 36). [42] Such a bis-cyclization sequence delivered a series of π-conjugated molecules using electron-rich oxadiazolones 42.

Scheme 36. Cobalt-catalyzed oxidative coupling of 3-aryl-1,2,4oxadiazolones with 1,3-diynes 39.

The first example of cobalt-catalyzed electrochemical oxidative annulation with 1,3 diynes 39 was disclosed by Ackermann, Mei and co-workers (Scheme 37). [43] When using the electroremovable hydrazide auxiliary, the optimized reaction conditions feature the use of Cp*-free Co(OAc)2 precatalyst together with PivOH additive in TFE solvent and an user-friendly undivided cell setup. A broad range of benzamides 7 and 1,3-diynes 39 with valuable electrophilic functional groups proved to be viable substrates. Furthermore, high levels of regio-selectivity were obtained when unsymmetrically decorated alkyl aryl 1,3-diynes were employed, placing the alkyl/aryl-group distal and the alkyne-containing motif proximal to the nitrogen (vide infra).

Scheme 37. Electrochemical cobalt-catalyzed oxidative

C-H/N-H annulation with 1,3-diynes 39.

A plausible catalytic cycle is presented in Scheme 38. First, the catalytically competent cobalt(III) species A is formed by anodic oxidation, which is followed by a carboxylate-assisted catalysis. [5i,5j] Thus, cobalt-catalyzed oxidative coupling of arenes with alkenes was realized by Daugulis and co-workers. [44] Hence, ). [45] This protocol provided facile access to spiro-heterocycles with conservation of the highly strained cyclopropyl ring. In addition, diaryl-phosphinamides proved also applicable to this transformation, delivering phosphaheterocyles 48, while arylsulfonamides under otherwise identical reaction condition failed to provide the desired products. The same research group also demonstrated the cobalt-catalyzed hetero-annulation reactions of 8-aminoquinoline derived phosphinic amides with heterobicyclic alkenes (Scheme 41). [46] The reaction was performed under mild reactions conditions, to give rapid access to bridged polycyclic phosphorous heterocycles 48. ). [47] The reaction was performed with a catalytic system consisting of Co(OAc)2

a
and Mn(OAc)2 or AgOPiv as oxidant in a 4:1 solvent mixture of PEG400/TFE. The mechanism was proposed to commence with a kinetically relevant, carboxylate-assisted C-H cobaltation.

Then, alkenylated benzamide C was generated via migratory insertion of the olefin 36, and subsequent β-hydride-elimination. ). [48] The similar strategy was also employed by the Li and Wang group. Thus, in the presence of Co(OAc)2 and AgOAc, α,β-unsaturated ketones derived from silver-catalyzed denitrogenation/carbene rearrangement of α-diazoketones could be coupled efficiently with amides bearing the 8-aminoquinoline auxiliary. [49] Scheme 45a). [50] Later, with the aid of 2-(1-methylhydrazinyl)pyridine as a removable bidentate auxiliary, the Zhai group disclosed a similar transformation to access Spirosuccinimide derivatives (Scheme 45b). [51] Scheme 45. Spirosuccinimide derivatives 53 and 54 synthesis via cobalt catalysis.

REVIEW Transition metal-catalyzed C-H/N-H functionalizations of amides with alkenes usually leads to [4+2] or [4+1] annulation

products. However, the Cheng group described the diastereoselective [3+2] annulation of aromatic or vinylic amides with bicyclic alkenes 55 by cobalt catalysis (Scheme 46). [52] The reaction proceeded under mild conditions utilizing Co(OAc)2 (40 mol %) as the precatalyst and Ag2CO3 as the terminal oxidant.

The relatively high catalyst loading may be attributed to the annulation with amides 1.

C-H Annulation with Allenes

Allenes possess two orthogonal C=C bonds and have been employed in a variety of transition metal-catalyzed C-H functionalization. Although allenes are interesting unsaturated πcomponent in organic synthesis, control of the regioselectivity, chemoselectivity, stereoselectivity and positional selectivity while performing metal-catalyzed couplings with allenes is generally challenging. [53] This is due to the fact that the insertion pattern of an organometallic species R-M into allene is not only determined by the property of the metal M, but also controlled by the electronic and steric nature of the substituents on the allenes.

In 2016, Volla, Maiti and co-workers developed a cobaltcatalyzed annulation reaction of aromatic or alkenyl amides 1

with allenes 57 at ambient temperature (Schemes 48, 49). [54] Interestingly, variation of the electronic properties and/or substitution pattern on the allenes under otherwise identical reaction conditions altered the reactivity pattern for this regioselective annulation process, delivering isoquinolin-1(2H)- ). [55] Simultaneously, the Rao group discovered the cobalt-catalyzed C-H functionalization of benzamides 1 with allenes 57 to afford both exo-and endocyclic isoquinolinones, by variation of different bases (Scheme 51b). [56] Thereafter, the oxidative cobalt-catalyzed cyclization of aryl sulfonamides 44 with allenes was independently investigated by the Volla [57] and Rao [58] groups (Scheme 51c).

Cobalt-promoted oxidative C-H/N-H annulation of aryl phosphinamides 30 with allenes 57 was also disclosed by the Rao group (Scheme 51d). [59] Scheme 51. Cobalt-catalyzed C-H/N-H functionalization with allenes 57.

Very recently, Zhai and co-workers introduced 2-(1′methylhydrazinyl)pyridine (MHP) as a bidentate directing group in cobalt-catalyzed C-H/N-H annulation with allenes. They demonstrated a novel trifunctionalization of allenes via molecular oxygen activation with MHP-auxiliary (Scheme 52). The catalytic system utilized Ag2CO3 in combination as the oxidant. [60] Thus, a variety of 3-acylquinoline derivatives 8 was assembled facilely in an atom-economic fashion. annulation reaction with allenes as a C1 coupling partner (Scheme 53). [61] The catalytic system consisting of In recent years, electrochemical C-H functionalization has been recognised as an increasingly potent platform in organic synthesis. In this aspect, the first cobalt-catalyzed electrocatalytic C-H annulation with allene was revealed by the Ackermann group (Scheme 55). [63] The optimal reaction conditions were featured with Co(OAc)2•4H2O as the precatalyst, NaOPiv as an additive and an undivided cell setup. An exemplary set of valuable functional groups, such as ester, thioether, iodo, and enolizable ketone, were well tolerated.

REVIEW

Diversely decorated allenes delivered the corresponding products 5 with excellent regio-and chemoselectivity, exclusively taking place at the allene's terminal position. It is noteworthy that the more challenging allenes 57 were also applicable to the current protocol, affording the exo-methylene isoquinolones. Based on the experimental and computational mechanistic studies, a plausible mechanism is initiated by a base-assisted, intermolecular electrophilic substitution-type (BIES) [63] C-H cobaltation by carboxylate assistance (Scheme 

C-H Annulation with CO

Despite the harsh reaction conditions, Co2(CO)8-catalyzed carbonylation of azobenzene and Schiff bases revealed by Murahashi [7] in 1955 represents the pioneering example of chelation-assisted, transition-metal catalyzed C-H functionalization. While the carbonylation of C(sp 2 )-H and C(sp 3 )-H were performed with palladium, ruthenium and rhodium catalysts, mild, 3d metal-catalyzed carbonylation of C-H bond was not be accomplished until 2014. Thus, the Daugulis group developed the cobalt-catalyzed, aminoquinolinedirected carbonylation of C(sp 2 )-H bonds (Scheme 57). [64] The reaction proceeded in TFE, utilizing Mn(OAc)3•H2O as the oxidant at ambient temperature under CO atmosphere (1 atm).

The reaction tolerated well a diversity of valuable functional groups such as iodo, bromo, nitro, cyano, and ester substituents.

Vinylic C(sp 2 )-H bonds were also compatible with this transformations, providing the desired products in moderate yields. Notably, the directing group could be facilely removed by treatment with NH3, delivering the phthalimide derivatives 62 in good yield.

Scheme 57. Carbonylation of aminoquinoline amides 1.

In 2018, the Zhai group further realised the cobalt-catalyzed C(sp 2 )-H carbonylation of benzoyl hydrazine with CO, using 2-

(1-methylhydrazinyl)pyridine as a removable bidentate auxiliary (Scheme 58). [65] Best results were obtained when In addition to carbonylation of amides with Cp*-free cobalt(II) precatalyst, the Wang group accessed coumarin derivatives 66 via the Cp*Co(III) catalyzed cyclocarbonylation of 2-vinylphenols 25 (Scheme 60). [66] In the presence of Ag2CO3 and Cu(OAc)2•H2O as the oxidants, this reaction proceeded under mild conditions at 30 °C. The usefulness of this method was further highlighted by its efficient gram-scale application and application to the synthesis of natural product seselin. ). [67] The best result was obtained when diisopropyl Employing the same carbonyl source reagent, DIAD, the cobalt-catalyzed C(sp 2 )-H carbonylation of sulfomamides 44 was documented by the Daugulis group (Scheme 63). [68] Notably, this protocol avoids the use of cost intensive silver salt as terminal oxidant. In the same year, Zhong and co-workers disclosed the cobalt-catalyzed C(sp 2 )-H carbonylation of benzylamines utilizing a traceless directing group (Scheme 64). [69] This protocol also exploited DEAD as the C1 source and required Ag2CO3 as terminal oxidant. Thus, various Nunprotected isoindolinones 69 were accessed step economically under environmentally benign conditions. ). [70] Importantly, TFBen was employed as a solid and easy to manipulate CO equivalent.

Scheme 65. Cobalt-catalyzed carbonylation of amides 70 with

TFBen.

Beyond C(sp 2 )-H carbonylation, challenging C(sp 3 )-H carbonylations were disclosed by Sundararaju [71] and Gaunt [72] independently in 2017 (Table 1). Both employed Co(acac)2 as the catalyst and Ag2CO3 as the oxidant. Thus, various aliphatic amides bearing the 8-aminoquinoline auxiliary were efficiently transformed at a relatively high temperature, delivering the corresponding succinimide products 72. Further progress for the carbonylation of aliphatic amides was noted by the Lei group. [73] Compared with the previous reports, they achieved the carbonylation of C(sp 3 )-H under milder conditions by modification of the additive as well as the reaction medium.

Notably, XAS spectroscopy studies evidenced the formation of the cobalt(III) species via the oxidation of coordinated cobalt(II) intermediate rather than the direct oxidation of Co(acac)2 (Scheme 66).

Table 1. Cobalt-catalyzed carbonylation of aliphatic amides 10.

entry reaction conditions 72 (%)

1 [71] Co(acac)2 (10 mol %), NaO2CPh (20 mol %), Ag2CO3 (3.0 equiv), CO (2 atm), PhCF3, 150 °C, 24 h 95 2 [72] Co(acac)2 (10 mol %), NaO2CPh (1.5 equiv), Ag2CO3 (3.0 equiv), CO (sealed tube), PhCl, 160 °C, 21 h 94 3 [73] Co(acac)2 (15 mol %), NH4OAc (1.0 equiv), Ag2CO3 (2.5 equiv), CO (1 atm), PhCl, 120 °C, 24 h 80 Scheme 66. Proposed catalytic cycle of carbonylation of aliphatic amides 10.

The electrochemical cobalt-catalyzed oxidative C-H/N-H carbonylation was devised by the Lei group (Scheme 67). [74] The carbonylation of benzhydrazides 7. [75] The reaction proceeded with a simple undivided cell setup at ambient temperature and benefiting from the electro-removable [40] pyridyl-assistance (Scheme 69). [75] Scheme 

C-H Annulation of isocyanides

Transition metal-catalyzed oxidative isocyanides insertion was used extensively to assembly bioactive heterocycles. The cobalt-catalyzed oxidative isocyanides insertion was unrevealed by Hao and co-workers in 2016 (Scheme 70). [76] In the presence of Co(acac)2 as the catalyst, various amonoquioline benzamides Subsequently, Ji and Wang [77] as well as Sundararaju [78] independently revealed the cobalt-catalyzed annulation of quinolinamides with isocyanide. Environmentally friendly solvent

1
Cyclopentylmethyl ether (CPME) was employed as reaction medium and tert-butyl perbenzoate (TBPB) was utilized as a substituent for Ag2CO3 in their protocols. Interestingly, on the basis of their previous studies, the Sudararaju group performed, by simply alerting the reaction medium from CPME to TFE, an additional cobalt-catalyzed reaction combining isocyanides insertion, and intramolecular alkyl-group migration cascade sequence (Scheme 71). [79] Experimental mechanistic studies demonstrate that an insertion pathway was involved when TFE was employed. The reaction is initiated via high valent cobalt(III) Very recently, external oxidant-free C-H/N-H annulation was achieved by Ackermann by applying a electrocatalytic strategy (Scheme 73). [75] Differently decorated benzhydrazies 7

bearing valuable electrophilic functional groups, such as iodo, bromo and chloro substituents, were converted with high efficacy. Utilization of the 8-aminoquinoline auxiliary, a similar cobalt-catalyzed electrocatalytic C-H/N-H activation with isocyanides 75 was reported by Yu and Jiang later. [80] Scheme 73. Electrochemical cobalt-catalyzed C-H/N-H functionalization with isocyanides 75.

C-H Alkenylation

Since the Kanai group reported the use of a cationic Cp*Co(III)-arene complex in C-H activation, [9a-c] ). [81] Here, in the presence of an in situ generated Cp*Co(III)- ). [83] In the presence of AgOAc directing group (Scheme 78b). [85] A wide range of alkynylated benzyl amines derivatives 84 was obtained. It is noteworthy that a number of related cobalt-catalyzed C-H alkylations with alkynyl halides have been reported by Shi and Ackermann. [86] However, since the mechanism was not proposed to proceed by an oxidative transformation, these alkynylations are not discussed in further detail, but have been summarized

elsewhere. [4a] Scheme 79. Proposed mechanism of C-H alkynylation of amides 1.

C-H Alkylation

The methylation of drug molecules can significantly influence their physical properties as well as biological activities. [87] A cobalt-catalyzed oxidative methylation of arenes was developed by Lu, Li and co-workers (Scheme 80a). [88] Amides 85 bearing a picolinic amide directing group could be methylated with dicumyl peroxide (DCP) as the alkylating reagent. In addition, a similar cobalt-catalyzed oxidative C-H methylation reaction was demonstrated by Xu and co-workers, utilizing organoaluminum as the alkylation reagent (Scheme 80b). [89] This protocol was well applicable to a series of aminoquinoline derived aromatic, alkenyl or even aliphatic amides 1 with DCB as the oxidant. Later, cross dehydrogenative couplings between C(sp 3 )-H bonds and aromatics bearing (pyridin-2-yl)isopropyl amine (PIP-NH2) auxiliary as a removable N,N-bidentate auxiliary was disclosed (Scheme 82). [90] Importantly, the current protocol was well applicable to variety of C(sp 3 )-H coupling partners, including bonds in α-position of ethers or thioethers, toluene derivatives and alkanes, delivering Relevant to the concept of oxidative cobalt-catalyzed C-H allylation, three independent reports by Chatani, [92] Maiti [93] and Jeganmohan [94] demonstrated the use of unbiased aliphatic olefins without a leaving group to achieve exclusive allylic selectivity (Scheme 85). While earlier studies with unactivated aliphatic olefins have mostly delivered the styrenyl-type products, an intimate M-L affiliation between a cobalt(III) catalyst and the amino-quinoline auxiliary led to this unprecedented allylic selectivity. [93] Scheme 85. C-H Allylation with aliphatic olefins 40.

C-H Arylation

Functionalized biaryls are widely spread in a variety of compounds which are of great significance for pharmaceuticals, functional materials and crop protection. [1l,95] Among the tactics for assembling of biaryls, C-H activation has been recognized as a competent strategy to synthesize as well as postfunctionalize biaryls via atom and step-economic routes. A cobltcatalyzed oxidative C-H arylation was revealed by the group of Shi and Wang (Scheme 86). [START_REF] Li | [END_REF] With 2,3-dichlorobutane (DCB)

as the oxidant and Grignard reagents as nucleophiles, various arylated pyridine derivatives 91 were accessed in good yields.

Scheme 86. Cobalt-catalyzed oxidative arylation 17 with Grignard reagents.

Direct cross/homo dehydrogenative arene arylations represent one of the most straightforward strategies for the synthesis of biaryls. [97] However, the transformation of simple arenes, such as toluene, was proved to be challenging due to the poor REVIEW regioselectivity. [98] Moreover, these transformations typically required rhodium or palladium catalyst with excess amounts of silver(I) oxidant. In rare case the dimerization of arenes were achieved with directing-group assistance. In this context, the Daugulis group unrevealed the directed cobalt promoted dimerization of arenes with the 8-aminoquinoline auxiliary by utilizing O2 as the sacrificial oxidant (Scheme 87). [99] The optimal conditions combine Co(acac)2 as precatalyst, Na2CO3 as base and Mn(OAc)2 as oxidant in EtOH at 100 °C. Amides 1 possessing electron-withdrawing as well as electron-donating substituents were efficiently transformed. Further advancement in this area was achieved by the group of Liu, Zhou, Wu and coworkers by conducting the oxidative homocoupling of 2phenylpyridines using PIDA as oxidant. [100] Scheme 87. Dimerization of aminoquinoline benzamides 1.

Beyond the dimerization of aminoquinoline benzamides or 2phenylpyridines, Song, Niu and co-workers discovered that heterocoupling of two aromatics bearing different directing groups may be promoted by cobalt-based catalyst (Scheme 88). [101] Their protocol employed Co(acac)3 as the catalyst, HFIP as the solvent and Mn(OAc)2•4H2O as oxidant of choice. The protocol was compatible with a wide range of differently acetyl/pivaloyloxime, acetyldrazide, and hydrazone substrates as viable coupling partners. [102] Scheme 88. Cobalt-catalyzed arylation between substrates 1 and 17.

Scheme 89. Proposed mechanism for cobalt-catalyzed arylation of amides 1.

A report of a dehydrogenative cross-couplings between two heteroarenes via cobalt catalysis was disclosed by the You group (Scheme 90). [103] The reaction enabled the direct homocoupling of (hetero)arenes into bi-(hetero)aryls 95. A variety of sensitive functional groups such as chloro, bromo, formyl, cyano, ester, vinyl, acetyl, nitro, acetoxyl, and even hydroxyl were well tolerated. Notably, the Ag2CO3 oxidant could be recycled by sequential treatment with HNO3 and Na2CO3.

The regenerated Ag2CO3 could promote the coupling reaction ). [104] The optimal conditions consisted of Cp*Co(CO)I2, AgSbF6, and Ag2O

as oxidant. This method featured ample substrate scope and tolerance of sensitive functional groups. Although the reaction exhibited excellent functional group tolerance, and the protocol was well applicable to the functionalization of olefinic C-H bond as well. Stoichiometric amount of Co(acac)2 and Ag2CO3 were needed, somehow jeopardizing the practical use of this protocol.

Thereafter, the group of Song and Niu showed cobaltcatalyzed oxidative C(2)-H arylation of indoles 96 bearing a monodentate directing group with boronic acids (Scheme 93). [106] With this robust user-friendly catalyst, a wide range of indole derivatives was selectively arylated at the C-2 position with remarkable functional group compatibility under mild conditions.

Subsequently, with arylboronic acids 99 as the arylating reagent, Punniyamurthy group reported a cobalt-catalyzed site-selective C7-arylation of indolines. [107] Scheme 92. Cobalt-promoted arylation of arenes 1 with boronic acid 99. 

C-H Oxygenation

The formation of C-O bonds is one of the most reactions in synthetic organic chemistry, and ether moieties are widely spread in medicines, natural products and functional materials. Even though the cobalt-mediated C-H oxygenation dated back to 1973, [109] it was not until recently that a broadly applicable cobalt-catalyzed C(sp 2 )-H alkoxylation of amides was established by the Song and Niu group (Scheme 95). [110] They proposed the use of the bidentate 2-aminopyridine-1-oxide (PyO) directing group, stabilizing high valent cobalt(III) species. In an Later, also in the presence of silver(I) oxidant, a cobaltcatalyzed dehydrogenative oxygenation of 1-naphthoic acid derivatives with picolinamide as the bidentate auxiliary was achieved by Zeng (Scheme 96a). [111] In addition, Zhang [112] and Chatani [113] independently disclosed a cobalt-catalyzed acyloxylation of arenes and alkenes with 8-aminoquinoline directing group and silver salts as the oxidants (Scheme 96b and 93c). [112] It is noteworthy that the Zhang group synthesized the key cobalt(III) metalacycle species and confirmed its structure by X-ray diffraction analysis. Interestingly, this complex showed competent catalytic efficiency under the standard reaction. As for the mechanism, first, the cobalt(III) species is formed by the oxidation of silver salt, which could coordinate In recent years, electrosynthesis has become an increasingly viable technology for molecular assembling which could prevent the consumption of precious and toxic oxidants or reductants, thus limiting the formation of byproducts. [115] In this context, Ackermann and co-workers developed the first electrochemical cobalt-catalyzed C-H functionalization (Scheme 99). [116] Very recently, the Ackermann group further achieved the first cobaltaelectro-catalyzed C-H acyloxylation. [117] Thus, renewable biomass-derived γ-valerolactone (GVL) as the solvent, enabled the sustainable C-H oxygenation of aromatic amides with aryl carboxylic acids in a simple undivided cell via green electrocatalysis.

C-H Chalcogenation

The thioether motif is an important subunit in various bioactive substances and intermediates in the assembling of functional materials. The direct C-H thiolation represents a promising pathway for the introduction of this valuable moiety. However, two main issues need to be addressed. First, sulphur compounds can cause catalyst deactivation. Second, an accurately tuned oxidant system is required to realise catalyst turnover and avoid over oxidation. The Glorious group reported the cobalt-catalyzed dehydrogenative C-H thiolation with Cp*Co(CO)I2 catalyst, utilizing a co-oxidant system consisting of Cu(OAc)2, benzoquinone and In(OTf)3 (Scheme 101). [118] The Thereafter, Gui, Tan and co-workers disclosed a Cp*-free mono-selective cobalt-catalyzed methylthiolation of 8aminoquinoline derived amides with Ag2CO3 as oxidant and benzoyl chloride as additive (Scheme 104). [120] Remarkably, this protocol employed dimethyl sulfoxide 112 as the thiomethyl source. Moreover, the introduction of two equivalents of benzoyl chloride as an additive was essential for these transformations.

A radical pathway was proposed for the mechanism. Another oxidative cobalt-catalyzed direct C-H thiolation was achieved by the Wang group (Scheme 105). [121] In this case, a 

C-N Formation

Oxidative C-H animations are highly desirable in synthetic chemistry, since they lead to nitrogen containing compounds of great significance in pharmaceutical, biological, and material science. [1e,122] The Ge group disclosed a challenging intramolecular dehydrogenative C-H animation of unactivated C(sp 3 )-H bond to access β-and γ-lactams (Scheme 107). [123] Direct intermolecular amination of C(sp 3 )-H bond also proved to be viable, albeit only applicable to trifluoroacetoamide, whereas many other nitrogen sources failed to give the corresponding products. [123] The reaction is commenced with the formation of cobalt(III) complex A, which is generated by coordination of amide 10 to a cobalt(III) species. Then, cobalt(IV) complex C is suggested to be accessed via cyclometalation and the following ). [124] In the presence of AgNO3 as the oxidant, a set of six-membered secondary cyclic amines with valuable functional groups were well tolerated. However, simple secondary amines, such as methyl benzylamine and pyrrolidine, were unreactive under the standard catalytic system. Based on the result of radical scavenger experiments and electron paramagnetic resonance (EPR) spectrum, an aromatic substitution-type process mediated by SET mechanism was proposed. At the same time, the Zhang group also reported C-H aminations of arenes with alkylamines by the assistance of 8aminoquinoine with Ag2CO3 as the terminal oxidant. [125] Afterwards, Song, Niu and co-workers extended this protocol to the coupling of 8-aminoqinoline amides with unprotected anilines utilizing Cp2Fe as the oxidant to access triarylamines 120 (Scheme 110). [126] Importantly, this 2-fold CDC amination strategy delivered a wide range of sterically congested triarylamines 120 with high level of chemoselectivity. In addition to these C-H amination transformations, a cobaltcatalyzed C(sp 2 )-H bond nitration of aniline derivatives was also accomplished by the Das group (Scheme 112). [127] Various pharmaceutically relevant 2-nitroanilines were obtained with excellent to good yield in the presence of Co(OAc)2. This reaction utilized AgNO3 as the nitrogen source and sacrificial oxidant as well. A proton-coupled electron transfer (PCET) pathway was suggested to be operative.

Scheme 112. Cobalt-catalyzed nitration of aniline derivatives

121.

Despite the aforementioned indisputable advances, crossdehydrogenative aminations required sacrificial chemical oxidants, primarily stoichiometric quantities of toxic and expensive silver or copper salts, which led to undesired waste.

In sharp contrast, the Ackermann group recently uncovered the REVIEW first oxidative cobalt-catalyzed C-H amination using sustainable electricity current as the sacrificial oxidant, leading to the generation of hydrogen as the only byproduct (Scheme 113). [128] Notably, this method utilized biomass-derived GVL as a renewable green solvent [129] and could be conducted Meanwhile, the Lei group concurrently disclosed cobaltcatalyzed electrooxidative C-H amination with 8-aminoquinoline auxiliary in a divided cell (Scheme 115). [130] This protocol can be extended to gram scale level with moderate efficiency. 

C-H Halogenation

Aryl halides shows widely spread applications for various cross-coupling reactions and preparation of Grignard reagent, among others. Using I2 as the halogenation reagent is a highly desirable due to its step economy and practical accessibility. In realized as an alternative. [133] Significant, advancements in this field were achieved via the use of the ambient molecular O2 as the sacrificial oxidant, since O2 is readily available, and non-toxic.

More importantly, the sole by-product associated with this process was environmentally benign water, hence, addressing the issues for sustainable organic synthesis. C-H functionalization and the increasingly demand for sustainable green oxidants, further exciting progress is expected in this rapidly evolving research area, including the use of renewable solvents [134] and sustainable energy sources. [135] 

  Scheme 3. Cobalt-catalyzed aminoquinoline-directed C(sp 2 )-H and N-H activation/alkyne annulation with alkynes 2.
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 1 Figure 1. Computed reaction profiles for the C-N reductive elimination from (a) Co(II) species 2 II'a and (b) Co(III) species 1 II'a+
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  cobalt(III) is coordinated by amide and following C-H activation, delivers the cyclic cobalt(III) complex A. Next, the silver acetylide is transferred to intermediate A to afford the key intermediate B. The ortho-alkynyl amide C is generated via reductive elimination. Finally, 3-methyleneisoindolin-1-ones 9 are formed by intramolecular hydroamination (Scheme 9).
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 12 Scheme 11. Cobalt-catalyzed annulation of aliphatic amide 10 with terminal alkynes 2.
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 1415 Scheme 14. Cobalt-catalyzed synthesis of isoquinolines 13.

  Very recently, a similar Cp*Co(CO)I2 catalyzed peri-C-H/O-H annulation of 1-napthatol and 4-Hydroxycoumarine 34 was disclosed by Sen et al. (Scheme 26

Scheme 25 .Scheme 26 .

 2526 Scheme 25. Cp*Co(III)-Catalyzed annulation of carboxylic acids 32.

involved a cobalt acetylideScheme 27 .

 27 Scheme 27. Cobalt-catalyzed annulation of carboxylic acids with alkynes 2 and alkenes 36.

Furthermore, an excellentScheme 28 .Scheme 29 .

 2829 Scheme 29. The transformation is commenced with the generation of the catalytically competent cobalt(III) species A via anodic oxidation of the cobalt(II)-precatalyst. Next, cobaltacycle B is generated via carboxylate-assisted C-H cleavage. Thereafter, migratory insertion delivers the seven-membered ring cobalt(III) species C. Finally, the desired product 5 and the putative cobalt(I) are generated via either reductive elimination or β-hydride elimination. The cobalt(III) carboxylate A is regenerated by anodic oxidation to complete the catalytic cycle.
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 83435 Scheme 33.Regioselective C-H annulation with 1,3-diynes 39.
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 38 Scheme 38. Proposed catalytic cycle for electrochemical cobaltcatalyzed oxidative C-H/N-H annulation with 1,3-diynes 39.

Scheme 40 .

 40 Scheme 40. Synthesis of spirodihydroisoquinolines 47 or 48.
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  desired isoindolinones 50 was formed via intramolecular alkene hydroamidation (Scheme 43). Very recently, by utilizing as coupling partners in-situ formed α,β-unsaturated ketone derived from Cu/TEMPO/Ag2CO3 catalysis, Zhao et al. showed an efficient method for cobalt/copper-catalyzed oxidative C-H/N-H functionalization of various amides 1 with different saturated ketones 51, providing the same isoindolin-1-ones 50 (Scheme 44

Scheme 47 .

 47 Scheme 46. Cobalt-catalyzed [3+2] annulation with amides 1.

ones 3 ,Scheme 48 .Scheme 49 .Scheme 50 .

 3484950 Scheme48.Dihydroisoquinolin-1(2H)-ones and dihydropyridones 58 synthesis via cobalt catalysis.

[Scheme 54 .

 54 Scheme 53. 2H-Chromenes 61 synthesis via cobalt(III)catalyzed [5+1] annulation with allenes 57.

56 )Scheme 56 .

 5656 Scheme 55. Cobalt-catalyzed electrooxidative allene annulation with amide 4.

Co(OAc) 2 •Scheme 58 .Scheme 59 .

 25859 Scheme 58. Carbonylation of benzoyl hydrazides 7.

Scheme 61 .Scheme 62 .

 6162 Scheme 61. Carbonylation of amides 1 with DIAD as the CO source.

Scheme 63 .Scheme 64 . 68 .

 636468 Scheme 63. Carbonylation of aminoquinoline sulfonamides 45.

  intermolecular C-H/N-H carbonylation was realized with a divided cell at a constant current of 15 mA at 40 °C. Interestingly, the cobalt-catalyzed C-H/N-H carbonylation was not restricted to cyclizative couplings, but intermolecular C-H/N-H carbonylations were also successfully performed. A variety of heterocyclic amides could be coupled with secondary or primary alkyl amines efficiently. Mechanistically, the reaction is initiated by coordinated cobalt(III) intermediate B, formed through anodic oxidation. With the assistance of carboxylate additive NaOPiv, cyclic cobalt(III) C generated via C-H activation, which is followed by CO insertion, to deliver the six-membered cobalt(III) complex D. Finally, the phthalimide product 62 and the cobalt(I) complex are released via reductive elimination. The catalytically active coordinated cobalt(III) intermediate B is regenerated by the anodic oxidation (Scheme 68). More recently, Ackermann and co-workers developed the cobaltaelectro-catalyzed C-H

were converted into the corresponding iminoisoindlonione derivatives 76 utilizingScheme 70 .

 7670 Scheme 70. Cobalt-catalyzed C-H/N-H annulation with isocyanide 75.

Scheme 71 .Scheme 72 .

 7172 Scheme 71. Cobalt-catalyzed isocyanide 75 insertion/alkylgroup migration.

  Cp*Co(III) complexes were applied for various redox-neutral C-Het and C-C bond formations. In the early stage, the utility of Cp*Co(III) complexes in oxidative C-C bond formation reactions with external oxidants proved to be elusive. Nevertheless, in 2015, Kanai and Matsunaga et al. successfully overcame this limitation and realized the oxidative C-C bond forming reactions (Scheme 74

Scheme 74 .Scheme 75 .

 7475 Scheme 74. Cp*Co(III)-Catalyzed oxidative coupling of benzamides 79 with acrylate 36.

Scheme 76 .Scheme 77 .

 7677 Scheme 76. Oxidative coupling with alkylidenecyclopropanes 46.

  The catalytic cycle begins by precoordination of the cobalt(III)-catalyst by the bicoordinating directing group (B) and following C-H cleavage step resulting in the formation of the intermediate C, which was subsequently attacked by the methyl radical derived from DCP. Thereby, the Cobalt(IV) species D is generated (Scheme 81). Reductive elimination and protodemetallation furnish the final product 86 together with cobalt(II) catalyst, which was reoxidized to the active cobalt(III) intermediate A by DCP via a SET process.

aScheme 80 .Scheme 81 . 89 .Scheme 84 .

 80818984 Scheme 80. Oxidative C-H methylation of amides 85 and 1.

decorated 8 -aminoquinoline amides 1 and 2-phenylpyridine derivatives 17 .

 817 Mechanistically, in this dehydrogenative cross coupling the cobalt catalyst plays a dual role (Scheme 89). In the presence of Mn(OAc)2•4H2O and oxygen, the reaction began with an intermolecular SET process between 1 and cobalt(III) affording the intermediate A and regenerates cobalt(II). At the same time, directed C-H cleavage via a CMD mechanism generates the intermediate B, which is attacked by deprotonated A to afford the key intermediate C. The biaryl 93 is thus released by

Scheme 90 .

 90 Scheme 90. Cobalt-catalyzed hetero-arylation of amides 1.

Scheme 91 .

 91 Scheme 91. Cobalt-catalyzed oxidative C-H/C-H coupling between N-(2-pyridyl)-indoles 96 and free indoles 97.

Scheme 93. Cobalt-catalyzed arylation of various indoles 96 with arylboronic acid 99 .Scheme 94 .

 969994 Scheme 93. Cobalt-catalyzed arylation of various indoles 96with arylboronic acid 99.

  Scheme 95. C(sp 2 )-H Alkoxylation of amides 4 via cobalt catalysis.
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 89698 Scheme 96. Cobalt-catalyzed C(sp 2 )-H acyloxylation of amides 103 and 1.

Scheme 99 .

 99 Scheme 99. Cobaltaelectro-catalyzed C-O formation with alcohols 108.

96 .Scheme 102 .Scheme 103 .

 96102103 Scheme 101. Dehydrogenative C-H chalcogenation of indole pyrimidines 96.

Scheme 104 .

 104 Scheme 104. Mono-selective C-H methylthiolation of benzamides 1.

Scheme 106 .

 106 Scheme 105. Direct C-H thiolation of amides 4 with disulfides 114.

Scheme 109 .Scheme 111 .

 109111 Scheme 109. Cobalt-catalyzed amination of C(sp 2 )-H bond of amides 4.

  in a simple undivided cell under mild conditions at 40 °C. In the presence of cobalt(III) carboxylate species which was generated via anodic oxidation, C-H activation provides intermediate B, along with subsequent ligand exchange to form cobaltamido species C. Finally, the desired product 118 and cobalt(I) species are liberated upon reductive elimination. The corresponding cobalt(I) complex undergoes anodic oxidation to regenerate active cobalt(III) catalyst (Scheme 114).

Scheme 113 .

 113 Scheme 113. Electrochemical C-N bond formation with amines 73.

Scheme 116 .Scheme 117 .. 11 Conclusions

 11611711 Scheme 116. Cobalt-catalyzed C-H iodination of arenes 1 with I2.

  Very recently, monument in this field was established via the elegant merger of electrosynthesis and cobalt catalysis. In 2017, the Ackermann group disclosed, for proof of concept, the first electrochemical cobalt-catalyzed C-H functionalization. Thus, broadly applicable C-H oxygenation was accomplished under extremely mild electro-oxidative conditions via cobalt catalysis, forming molecular H2 as the sole byproduct. Since then, various electro-oxidative cobalt-catalyzed C-H functionalizations were established, such as C-N formation, C-H/N-H annulations with alkynes, allenes, alkenes and C-H/N-H activation with CO or isocyanides. These processes generally utilized sustainable electricity as terminal oxidants, thus avoiding the introduction of cost-intensive, stoichiometric amount of sacrificial oxidants, such as silver salt. Given the robustness of oxidative cobalt-catalyzed
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	who revealed an oxidative cobalt-catalyzed annulation of
	arylnitrones 21 with alkynes 2, affording the quinoline N-oxide
	heterocycles 22, [25] scaffolds featuring interesting bioactivities
	and valuable coordination properties (Scheme 19). After a series
	of test reactions, 2,6-dichlorophenyl (DCP) substituted nitrone
	proved to be the optimal directing group, promoting the expected
	coupling affording the six-membered annulation product of
	quinolone N-oxide 22 in excellent yield. Similar with Cheng's
	work, stoichiometric quantities of AgOAc were used as the
	terminal oxidant. A wide range of internal aryl-aryl alkynes and
	unsymmetrical aryl-alkyl alkynes were converted to the
	corresponding product in a highly regioselective fashion, albeit
	alkyl-alkyl alkynes showed a lower reactivity. The removal of the
	DCP auxiliary was, however, not described.
	Scheme 17. Cobalt-catalyzed oxidative annulation of N-
	containing hetero-arenes 17 and azobenzenes 19.
	Scheme 19. Cobalt-catalyzed annulation of arylnitrones 21 and
	alkynes 2.
	A plausible catalytic cycle is depicted in Scheme 18. The
	catalytically active [Cp*Co(OAc)] + A is formed via halogen
	abstraction and ligand exchange with AgOAc additive. Next, the
	cobaltcycle B is generated through a reversible ortho C-H
	activation. Further, migratory insertion of the alkyne and the
	subsequent reductive elimination release the quaternary
	ammonium salt 18 and further the cobalt(I) is re-oxidized to the
	active [Cp*Co(OAc)] + A by AgBF4. Later, a similar Cp*Co(CO)I2
	catalyzed C-H alkenylation/annulation sequence of indole
	pyridines was likewise disclosed by Li and co-workers (Scheme
	18). [24]
	Scheme 18. Proposed mechanism of cobalt-catalyzed oxidative
	annulation of N-containing arenes 17.
	The potential of cobalt-catalyzed C-H activation to rapidly
	build up original heterocycles was exemplified further by Zhang,

17, 2vinylpyridines, azobenzenes 19, and ketimines proved to be viable substrates, affording the corresponding quaternary ammonium salts 18
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