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Metal catalyzed C–H functionalization offers a versatile platform for methodology development and a wide variety of reactions now exist for the chemo- and site-selective functionalization of organic molecules. Cyclopentadienyl-metal (CpM) complexes of transition metals and their correlative analogues have found widespread application in this area, and herein we highlight several key applications of commonly used transition-metal Cp-type catalysts. In addition, an understanding of transition metal Cp-type catalyst synthesis is important, particularly where modifications to the catalyst structure are required for different applications, and a summary of this aspect is given.
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1. Introduction
Transition metal complexes are used widely as catalysts in organic synthesis. Their ability to activate otherwise inert bonds has resulted in many useful transformations that have impacted important fields, such as pharmaceutical production,1 biomedicine2 and feedstock valorization.3 The field of transition metal-catalyzed C–H bond cleavage began to gain traction in the late 20th Century,4a but it is only more recently that this platform has been established as a key technology for methodological development.4b-f Nowadays, a wide variety of reactions are available for the chemo- and site-selective activation of different types of C–H bonds.5 
Many different transition and rare-earth metals can be used for catalytic C–H cleavage,6,7 although it is late transition metals that have found the most widespread application. Among these, cyclopentadienyl-metal (CpM) type complexes of rhodium,8 cobalt,9 iridium10 and ruthenium11 are especially valuable, with exemplars including [RhCp*Cl2]2,12 [CoCp*COI2],13 and [IrCp*Cl2]2.14 Due to the similarities in reactivity with CpM complexes, [Ru(p-cymene)Cl2]2 and related structures are also relevant.15 In these complexes, the metal centre is in a high oxidation state (MII and MIII), and this feature facilitates one of the most common C–H cleavage mechanisms, known as “concerted metalation-deprotonation” (CMD).16 In this process, one of the ligands of the metal complex deprotonates the target C–H bond at the same time as metalation occurs.
By understanding the reaction mechanism, the rational design of bespoke catalysts can be used to improve performance and scope.17 This approach has resulted in the development of chiral catalysts,18 reusable supported heterogeneous catalysts,19 bimetallic catalysts,20 and even polynuclear cluster-type systems.21 For a given C–H functionalization method, rational optimization requires a precise understanding of the key structural features of the catalyst and other aspects required for satisfactory efficiencies. This information can then be used to identify new catalysts that can achieve, for example, higher chemo-, regio- and stereoselectivity.22 This approach is often more powerful for catalyst refinement than conventional screening methods.
This review highlights methods for the synthesis of important transition metal Cp-type complexes and related precatalysts, such as ruthenium-p-cymene complexes, alongside their major applications in C–H functionalization reactions (Scheme 1). Advances in the design of Cp-type ligands will also be discussed, focusing on the reactivity enhancements that these new catalyst architectures allow.
2. Synthesis of Cp Metal Catalysts
Typically, the synthesis of CpM type complexes of rhodium,8 cobalt9 and iridium,10 as well as ruthenium-p-cymene complexes,11 predates their application in the field of C–H activation. Classical methods for the synthesis of these complexes involve a reaction between a metal-halide source and a hydrocarbon ligand e.g. 1,2,3,4,5-pentamethylcyclopentadiene (Cp*H) in refluxing alcohol solvent, giving rise to a dimeric [MCp*L2]2 type metal complex (Scheme 2).











Scheme 1. Transition metals discussed in this review that are commonly used in C–H functionalization reactions.



Scheme 2. Classical method for the synthesis of Cp-metal and related catalysts.

2.1 Synthesis of Modified Dimeric Rhodium Cp* Complexes ([MCp*L2]2)  

For the synthesis of more bespoke catalyst systems, three main strategies are available: i) complexation of a pre-functionalized ligand (with e.g. MX3), ii) ligand derivatization or iii) oxidation of M(I) complexes (Scheme 3). These structural modifications to the catalyst complex typically improve aspects of overall catalyst efficiency, as well as chemo-, regio- and stereoselectivity for the intended synthetic application.22


Scheme 3. Different strategies for the synthesis of modified Rh(III) catalysts.23a-25
In 2001, Jin and co-workers reported the synthesis of a modified Rh-Cp catalyst, [RhCptCl2]2, via “classical” direct complexation of the Cpt precursor with RhCl3·3H2O (Scheme 3A).23a Recently, advanced strategies have been developed for the preparation of monomeric CpR complexes of Rh (and other metals); these include protocols based on (a) β-carbon elimination of α-hydroxy CpR precursors,23b and (b) CMD-type metalation of CpRH.23c  An example of ligand derivatization as a strategy for bespoke CpM complex synthesis was reported by Ward and Rovis in 2012.24 Here, a diammonium salt was utilized as a precursor to the target biotinyl Rh(III) complex, which was prepared via amidation (Scheme 3B). More recently, Blakey and Baik reported the synthesis of a chiral RhCpind complex in a two-step sequence starting from [Rh(cod)Cl]2.25 Complexation of a substituted indene derivative gave a monomeric RhI species as a mixture of enantiomers – these were separated and separately oxidised with I2 to give the enantiopure dimeric CpM complex (Scheme 3C). 

2.2 Synthesis of Modified Monomeric Cobalt Cp Complexes (MCpL3) 

In addition to dimeric complexes, monomeric CpM complexes (MCpL3) have also found use within the context of C–H activation. These complexes are generally accessed via manipulations of dimeric complexes, or from alternative monomeric precursors. An early example of the former approach is King’s synthesis of [CoCp(CO)I2] (Scheme 4).26 Here, oxidation of [CoCp(CO)2] with I2 gave the monomeric CpCo(III) complex, [CoCp(CO)I2], as a black, crystalline precipitate.


Scheme 4. Synthesis of [CoCp(CO)I2] as described by King.26
As demonstrated by Kanai and Matsunaga, [CoCp(CO)I2] is a valuable precursor for accessing cationic CoCp complexes, which show good efficiency in C–H activation.27 Accordingly, methods for accessing related tailored complexes have emerged in recent years. For example, [CoCp(bipy)I]PF6 is easily accessed by treating [CoCp(CO)I2] with 2,2′-bipyridine in advance of halide abstraction with KPF6.28 In 2018, Yoshino, Matsunaga and co-workers reported the synthesis and application of a related cationic CptBuCo complex, [CoCptBu(MeCN)3](SbF6)2 (Scheme 5B).29 This was accessed via [CoCptBu(CO)I2], which was treated with AgSbF6 in acetonitrile to afford the cationic species. In 2019, Cramer and co-workers reported the synthesis of Cp*Co(III) type complexes with trisubstituted chiral cyclopentadienyl ligands.30 These cobalt complexes were prepared by mixing CpxH ligands with Co2(CO)8, followed by oxidation with I2 (Scheme 5C).


Scheme 5. Synthesis of modified CoCp-type catalysts.28-30
In addition to the strategies highlighted here for the synthesis of modified rhodium and cobalt CpM complexes, related methods are available for accessing modified Cp-type complexes of iridium,31 ruthenium,32 and iron,33 as well as rarer metals used in C–H activation, including scandium,34 yttrium,35 lanthanum,36 gadolinium34b,37 and zirconium.38 For more details on the synthesis of these CpM complexes, the reader is directed to the relevant literature.39  
3. Rhodium-Cp Complexes in C–H Functionalization
[bookmark: _Hlk68094918]Rhodium-based catalyst systems are widely used for C–H functionalization reactions.40 The most employed Cp-complex of rhodium is [RhCp*Cl2]2. Rhodium Cp complexes have been used for a range of C–H functionalizations, including allylation, alkylation, alkenylation, alkynylation and arylation reactions, as well as annulation processes. Selected examples of these transformations are discussed below. 


3.1 C–H Functionalizations Catalyzed by Rhodium-Cp* Dimer 
C–H activation processes are especially valuable when they enable the formation of new ring systems. Wang and co-workers utilized [RhCp*Cl2]2 to generate isoquinolines in moderate to good yields by pyridyl directed double C–H functionalization of indoles with benzoxazoles (Scheme 6A).41 Mechanistically, the active Rh-species undergoes N-pyridyl (Csp2)–H metalation (Scheme 6B). The resulting 5-membered chelate engages the benzoxazole, and following N–O cleavage, C–N bond formation occurs. Protodemetalation regenerates the active RhCp* complex and the released aldehyde undergoes cyclocondensation to generate the target quinoline. The role of the silver salt is to abstract the chloride ligands from [RhCp*Cl2]2 and access the active catalytic species, which presumably has acetate ligated (NaOAc) to facilitate CMD of the C–H bond. Indeed, silver salts and carboxylate additives are widely used in C–H functionalizations of this type, because they provide in situ access to a reactive catalyst complex from a more stable precursor. 



Scheme 6. Rhodium-catalyzed C–H amination/annulation and proposed mechanism.41
C–H allylation is another significant C–H functionalization promoted by [RhCp*Cl2]2, as exemplified Kim and co-workers’ indoline allylation protocol (2015) (Scheme 7).42 Here, an N-directing group was used to effect C–C bond formation at the indoline C7 position using an allyl carbonate as the allylating agent.


Scheme 7. Rhodium-catalyzed C–H allylation of indolines.42 
Diazo compounds are often used for C–H alkylation under CpM catalysed conditions.43 However, these reagents provide a significant safety risk, which is exacerbated on large-scale e.g. pharmaceutical production. An attractive alternative is to use carbonyl sulfoxonium ylides, as reported by Aïssa and co-workers in 2017 (Scheme 8).44 The authors demonstrated that pyridine and pyrimidine directing groups are the most effective, and these enabled functionalizations of a wide range of aromatic and heteroaromatic systems. The reaction still proceeded in the absence of AgSbF6, but yields were attenuated. Attempts to replace the rhodium catalyst with either [IrCp*Cl2]2, [CoCp*I2]2, [CoCp*(CO)I2], or [Ru(p-cymene)Cl2]2 were unsuccessful.


Scheme 8. Rhodium-catalyzed C–H activation using α-carbonyl sulfoxonium ylides.44
Hypervalent iodine reagents can be sufficiently reactive to function as formal electrophiles in Rh-Cp* catalyzed processes. For example, using an N-pyridyl directing group, Li and co-workers demonstrated that ethynyl-1,2-benziodoxol-3(1H)-one (EBX) and variants can be used for the C–H alkynylation of 2-pyridones under rhodium-catalyzed conditions (Scheme 9).45
Beyond the examples cited above, there are many other related processes that employ distinct electrophiles. For example, isocyanates are suitable reagents for the C–H carboxamidation of arenes,46 diazenyl units have been used to direct ortho-selective 1,2-additions to aldehydes en route to indazoles,47 NIS can be used for iodination, and N-cyano-N-phenyl-p-toluenesulfonamide (NCTS) can be used for cyanation.48 


Scheme 9. Rhodium-catalyzed C–H alkynylation of 2-pyridones.45
Alkenylation processes can also be promoted under rhodium-catalysed conditions using simple alkenes as formal nucleophilic coupling partners. For example, Loh and co-workers developed a C-7 selective alkenylation of indolines using an N-pyridyl directing group (Scheme 10).49 In contrast to the processes described already, these alkenylation reactions are oxidative, with Cu(OAc)2 functioning as the oxidant and also, presumably, as the carboxylate ligand source.


Scheme 10. Rhodium-catalyzed C–H alkenylation of indolines.49
C–C bond formation can also be achieved using aryl boron reagents as preactivated C-based nucleophiles. Lu, Sun and co-workers employed an N-pentafluorophenyl amide-directing group to achieve ortho-selective  C–H arylations of benzamides. Here, BINAP was used as an ancillary ligand and Ag2CO3 functioned as the stoichiometric oxidant for the cross-coupling of the two formally nucleophilic components (Scheme 11).50


Scheme 11. Rhodium-catalyzed C–H arylation of phenylamides.50
3.2 C–H Functionalizations Catalyzed by Modified Rhodium-Cp* Complexes
Modified rhodium-Cp* catalysts, are commonly used in C–H activation processes as they can improve reactivity and regioselectivity. Our research group used [RhCptCl2]2 for C–H halogenations and phenylselenations of substituted benzoquinones. In these examples, a directing group is not required, presumably because of the relatively high acidity of the C(sp2)–H bonds. Using DIH, DBH or (N-PhSe)Phth as the electrophile, a range of selenated quinones were obtained in moderate to excellent yields (Scheme 12).51 These examples are significant because they facilitate a pronounced inversion of innate polarity: the highly electrophilic C-2 position of the benzoquinone is rendered nucleophilic under the reaction conditions. 


Scheme 12. Rhodium-catalyzed C–H selenation and halogenation of benzoquinones.51
Modified rhodium-Cp* complexes now offer a powerful approach to enantioselective C–H functionalization. Many excellent catalyst systems have emerged in recent years, and these enable a broad range of transformations (Scheme 13).24,52 Generally, these catalyst systems contain a Cp*-like ligand, where the chiral information and steric bulk is placed on one side to bias reactivity. This area has been reviewed,52d so other design strategies that have emerged are highlighted below.  











Scheme 13. Examples of modified rhodium-Cp catalysts developed in the last decade.24,52

In 2012, Ward, Rovis and co-workers24 disclosed a particularly innovative approach whereby a chiral biotinylated Rh(III) complex was prepared. This metal catalyst was docked inside the active site of an enzyme, providing stability to the catalyst inside a chiral environment. This catalyst-enzyme system was used to perform the coupling of benzamides and alkenes to access dihydroisoquinolones with high regioselectivity and moderate enantioselectivities (Scheme 14).


Scheme 14. An enantioselective C–H functionalization method develop by Ward and Rovis.24
More recently, in 2020, Baik and Blakey disclosed a chiral catalyst system for regio- and enantioselective allylic C–H amidation.25 The ligand rationale here was based on creating electronic asymmetry (rather than steric), resulting in a structurally simple design. The chiral amide products were obtained in good yields and with excellent enantioselectivities (Scheme 15).


Scheme 15. Application of (R,R)-[RhCpindI2]2 to an enantioselective C–H amidation reaction.25
4. Cobalt-Cp Complexes in C–H Functionalization
Although rhodium-Cp catalysis is a powerful tool for C–H activation, the use of alternative 1st row transition metals has attracted significant attention because they are more abundant and cheaper.53  Within this context, cobalt-Cp complexes now offer wide utility for C−H bond functionalization, and these can be used with a variety of directing groups, including N-heteroarenes,54 ketones, esters and amides.55 Despite electronic similarities, there are often marked differences in chemoselectivity that can be obtained by switching from Rh(III) to Co(III) systems.56 [CoCp*(CO)I2] and [CoCp*I2]2, are the most commonly employed cobalt-Cp complexes, with the latter being preferred for large scale applications because the liberation of (toxic) carbon monoxide is avoided.

4.1 C–H Functionalizations Catalyzed by Cobalt-Cp* Complexes
Allenes offer unique reactivity in C–H activation reactions because different connectivities can be achieved through the three available carbon centres.57 In 2018, Cheng and collaborators reported a Co(III)-catalyzed (4+1) annulation of amides with allenes to afford isoindolones and 1,5-dihydro-pyrrol-2-one derivatives in moderate to good yields (Scheme 16A).58 The process shows broad scope with respect to both the benzamide and the allene (Scheme 16B). Basing on previous studies,59 the mechanism begins with the in situ generation of an active cobalt(III)-acetate species (Scheme 16C). An acid-base reaction with the N–H unit of the directing group precedes C–H metalation to form intermediate I. Allene insertion (to II) is followed by β-hydride elimination to form III. From here, hydrometalation of the terminal alkene and C–N reductive elimination generates the product. It was proposed that the active cobalt(III) species is regenerated by oxidation with Ag2O. A rationale for the regioselectivity of the process with respect to the allene was not advanced, but note that this component functions as a 1-carbon unit in the annulation process.


Scheme 16. Cobalt-catalyzed C–H annulations of benzylamides.58 
Another useful platform for developing annulation reactions is via C–H activation reactions of (hetero)arenes with alkynes. In 2016, Zhu and co-workers demonstrated this to good effect within the context of an indole synthesis (Scheme 17).60 Here, an arylhydrazine was used to direct C–H metalation, and both terminal and internal alkynes participated.  For alkyl-substituted terminal alkynes, a mechanism involving alkyne-allene isomerization was invoked. An elegant aspect of these processes is that the hydrazine functions as both the directing group and the internal oxidant. Cp*Co(III)-catalyzed alkyne annulation reactions have also been developed by Sen and co-workers,61 and more recently by Ackermann and coworkers,62 for the annulation of (benz)imidazole derivatives and 2-pyridones, respectively. 



Scheme 17. Cobalt-catalyzed C–H annulations and arylhydrazines.60
Non-annulative functionalizations of arenes and heteroarenes can be promoted using [CoCp*CO)I2] as the precatalyst. In 2014, Glorius and co-workers reported formal SN‑type reactions, including processes where indole-derivatives were selectively allylated at the C-2 position in excellent yields (Scheme 18).63  An impressive TON of 2200 could be reached at room temperature using reduced [CoCp*COI2] loadings (0.2 mol%) and extended reaction times. Using [CoCp*I2]2 as the pre-catalyst, the scope was later expanded to include benzamide substrates.64 Other research groups have reported related methods that employ allyl acetate,65 allylic alcohols66 and vinylcyclopropanes.67 In 2015, Ackermann and co-workers reported C–H alkynylations that use readily available alkynyl bromides as the electrophile.68 The protocol allows efficient alkynylation at the C2 position of indoles equipped with a pyrimidyl directing group (Scheme 19). The authors also explored alkynylation of several substituted pyrroles to give the corresponding C–H alkynylation products in good yields. 


Scheme 18. Cobalt-catalyzed C–H allylation of indoles by Glorius and co-workers.63


Scheme 19. [CoCp*I2]2-catalyzed C–H alkynylation of indoles.68
Other classes of electrophile can be employed for redox neutral C–H functionalization using [CoCp*(CO)I2] as the pre-catalyst. For example, Glorius and co-workers  achieved high mono-selectivity for ortho-selective C–H cyanation and halogenation processes using NCTS and NIS, respectively (Scheme 20).63 Ackermann and co-workers later described a related C–H cyanation protocol that also uses [CoCp*(CO)I2] and encompasses indoles.69a In 2016, Pawar and Lade reported an extension of the C–H halogenation methodology first reported by Glorius, by showing that halogenation of 6-arylpurines can be achieved using N-halosuccinimides (both iodination and bromination).69b


Scheme 20. Cobalt-catalyzed C–H cyanation and halogenation.63
Kanai, Matsunada and co-workers have demonstrated the use of CoCp* complexes for the C-2 Selective C–H sulfonamidation of indoles using sulfonyl azides.70 The authors showed that 2-pyrimidine directing groups are effective in combination with [CoCp*(CO)I2] and AgSbF6, which generates the active cationic catalytic Cp*Co(III) species in situ (Scheme 21). Subsequently, the group expanded this methodology by using phosphoryl azides for the C2-selective C–H phosphoramidation of indoles.71 Here, [Cp*CoI2]2 was the optimal precatalyst for accessing the active cationic Cp*Co(III) species. The choice of amidation reagent was inspired by earlier work by Chang and co-workers, who used sulfonyl, aryl, and alkyl azides as amino sources for Cp*Rh(III)-catalyzed C–H amination/amidation reactions.72


Scheme 21. Cobalt-catalyzed C-2 selective C–H amidation of indoles.70
Cobalt-Cp* catalysis is not limited to the functionalization of aromatic C–H bonds. Related processes that exploit alkenyl C–H bonds have been developed and these can achieve unusual or challenging disconnections. For example, Zhang and co-workers have reported Co(III)-catalyzed hydroalkenylation reactions of maleimides with enamides (Scheme 22).73 A variety of functionalized enamides were obtained in excellent yields and with high stereoselectivity. The method offers an interesting approach to the α-alkenylation of carbonyl compounds.



Scheme 22. Cobalt-catalyzed alkene hydroalkenylation.73
A study that compares the reactivities of Cp*Co(III) and Cp*Rh(III) complexes was reported by Maji and co-workers in the context of arene C–H  amidation processes (Scheme 23).74 Weakly coordinating ketones were used as the directing group with dioxazolones as the coupling partner.75 Although a clear trend and rationale was not evident, for certain substrates it was possible to obtain the desired product with Cp*Co(III) but not with Cp*Rh(III). This highlights the complementarity of the two metals in C–H functionalization.


Scheme 23. Cobalt-catalyzed C–H amidation reactions.74
4.2 C–H Functionalizations Catalyzed by Modified Cobalt-Cp Complexes 
The syntheses of two important modified CpCo(III) complexes, [CoCp(bipy)I]PF6 and [CoCp(phen)I]PF6, were reported by Shul’pin in 2016,28 and Loginov in 2018, respectively.76 The highlighted aspect of these complexes is related to their ability to promote C3 selective carbenoid insertion into N-(pyrimidin-2-yl)indoles (Scheme 24).76 Access to a pyrimidyl directed C2-selective pathway is prevented because the N,N′-ligands (i.e. bipy, phen) occupy the required coordination sites. Consequently, “classical” metallocarbenoid-like reactivity is exhibited, which favours the more nucleophilic C3 position.


Scheme 24. Synthesis of modified cobalt catalysts28,76 and their application to a C–H alkylation reaction.76
In 2018, Yoshino, Matsunaga and co-workers reported enantioselective thioamide-directed C(sp3)–H amidations that use an achiral Co(III) complex modified with a chiral carboxylate (Scheme 25).29 This hybrid catalytic system was developed on the basis that the chiral carboxylate could achieve enantioselective CMD of the enantiotopic methyl substituents. The efficiency of the system is remarkable, especially given to its simplicity. 
Direct modification of the catalyst with a chiral Cp-type ligand in an alternative strategy for enantioinduction. Cramer and co-workers have reported the synthesis of [CoCpchiral-tBu(CO)I2] and [CoCpchiral-iPr(CO)I2] and demonstrated that these complexes can promote enantioselective modifications, including intermolecular carboaminations of acrylates and bicyclic olefins (Scheme 26).9a,30 


Scheme 25. Enantioselective C–H amidation using a chiral carboxylate.29


Scheme 26. Enantioselective C–H carboamination by Cramer.9a
5. Iridium-Cp Complexes in C–H Functionalization
Historically, C–H functionalization reactions catalyzed by iridium complexes were slow, despite relatively facile C–H metalation. This likely reflects the high stability of the iridacycle intermediates that are formed.77 The design of Cp-type ligands has addressed this issue, and a range of iridium-Cp* catalyzed methodologies are now available that complement Rh- and Co-catalyzed processes.78 Of the reported iridium-Cp* catalysts, pentamethylcyclopentadienyliridium chloride dimer, [IrCp*Cl2]2, is the most commonly employed.79

5.1 C–H Functionalizations Catalyzed by Iridium-Cp* Complexes 
In 2014 Chang and co-workers reported the use of a [IrCp*Cl2]2/AgNTf2 system for the sulfonamidation of C(sp3)−H bonds using sulfonyl azides (Scheme 27A).80 The same method can be used to amidate the C-8 position of quinoline N-oxides (Scheme 27B.)81 Both protocols offer excellent regioselectivities and high yields. In the latter study, a related iodination method was also disclosed where [RhCp*Cl2]2 was the precatalyst of choice. As outlined for the process in Scheme 27B, the silver salt converts the Ir-dimer precursor to a cationic monomeric species, which promotes directed C–H bond cleavage, affording the five-membered iridacycle I (Scheme 27C). Azide coordination is followed by C–N bond formation, leading to III; this process is driven by the loss of dinitrogen. Protodemetalation of III to provide V is postulated to be the turnover limiting step, and this is facilitated by the acetic acid additive, possibly via transition state IV. 


Scheme 27. Iridium-catalyzed C–H amidation with sulfonyl azides.80,81
[bookmark: _Hlk88493325]Using 2-pyridyl anilines as substrates, Ir-catalyzed annulation reactions can be achieved using α-diazoketones, as reported by Pan and Li (Scheme 28A).82 Following initial carbenoid insertion into the ortho-C–H bond, cyclocondensation occurs to give indole products. Notably, these processes are conducted under aqueous conditions. Under Ir-catalyzed conditions, diethyl α-diazomalonate is not a suitable reaction partner, but this issue was addressed by application of a previously reported RhCp*-catalyzed methodology (Scheme 28B).83 This observation highlights the complementarity of iridium- and rhodium-Cp* complexes.


Scheme 28. Annulation of 2-pyridyl anilines using iridium cyclopentadienyl catalyst.82
In certain contexts, iridium-Cp* complexes can be used to promote simpler C–H alkylation reactions that circumvent the requirement of using diazo compounds (or related species).84 For example, Zhang and co-workers have reported an oxidative C–H alkylation process that convert 2-methylated tetrahydroquinolines into quinolines bearing homobenzyl units at C2 (Scheme 29).85 In this case, the alkylating agent is a benzaldehyde, and a mechanism was proposed involving initial dehydrogenation of the tetrahydroquinoline to an exocyclic enamine, in advance of 1,2-addition to the aldehyde. Accordingly, in these cases, C–H functionalization does not occur via an iridacyclic intermediate.

5.2 C–H Functionalizations Catalyzed by Modified Iridium-Cp* Complexes
In 2020, Rovis and Lei reported the highly site-selective allylic sulfonamidation of unsymmetrical disubstituted alkenes (Scheme 30).31a In this report, the authors presented a systematic study on the effect of varying the Cp* ligand of [IrCpmodCl2]2 complexes. It was concluded that the steric effects of the ligand outweighed the electronic effects and that, by reducing steric crowding, the yields increased and excellent regioselectivities (>20:1) could be obtained, favouring the β-sulfonamidation product.


Scheme 29. Iridium-catalyzed C(sp3)–H alkylation of tetrahydroquinolines.85


Scheme 30. Screening of steric effect of different Cp-modified iridium catalysts on a C(sp3)–H amidation process.31a
[IrCp*Cl2]2 functions as a pre-catalyst and therefore the dimer must be separated to generate active monomeric species involved in the catalysis. This process is often assisted by an additive or, where applicable, the oxidative salt itself. An alternative approach is to substitute the bridging chloride ligand for another (bidentate) ligand. Such modifications can have a drastic effect on reactivity and this approach presents an opportunity for synthesising chiral Ir-Cp* type catalysts. This has been exploited by Chang, He, Cheng and co-workers for intramolecular enantioselective remote C(sp3)–H amidations using dioxazolones (Scheme 31).31b This underpins an elegant method for the synthesis of enantioenriched γ-lactams. Mechanistic studies highlighted the importance of non-covalent interactions on asymmetric induction, with steric effects being less pronounced. 
6. Ruthenium-p-cymene Complexes in C–H Functionalization
Ruthenium complexes have also been used for C–H bond activation, and in particular ruthenium p-cymene chloride dimer, [Ru(p-cymene)Cl2]2, is used extensively.86 The widespread use of ruthenium complexes in this context is likely due to their stability to commonly used oxidants and their high water/air tolerance. Furthermore, their facile conversion to cyclometalated intermediates via CMD often confers advantages over other transition metals.86a


Scheme 31. Synthesis of [IrCp*L1Cl] and its application on a C(sp3)–H amidation.31b
6.1 C–H Functionalizations Catalyzed by Ruthenium-p-cymene Complexes 
A particularly significant example of the use of [Ru(p-cymene)Cl2]2 for C–H activation was reported by Ackermann and co-workers in 2017 (Scheme 32).87 Here, meta-selective C–H alkylations of various arenes were achieved using alkyl bromides and a radical-based mechanism was suggested. Meta-selective C–H functionalization is a challenging although substantial recent progress has been made.88 The process in Scheme 32 builds upon related meta-selective processes,88k-p and it was later shown that 2-phenoxypyridines are also suitable substrates.89


Scheme 32. Ruthenium-catalyzed C–H alkylation of substituted imines.87
Ru-p-cymene complexes can also be used to catalyze C–H alkenylation processes. For example, Jeganmohan and co-workers described ortho-directed alkenylations of benzamides at room temperature using acrylates (Scheme 33).90 In a related study, our research group demonstrated the suitability of naphthoquinones as substrates for Ru-catalyzed C–H alkenylation.91 Here, the carbonyl functionality likely functions as an “intrinsic” directing group, and this allows the challenging alkenylation of the benzenoid ring (Scheme 34).


Scheme 33. Ruthenium-catalyzed C–H alkenylation of aromatic N-methoxyamides.90


Scheme 34. Ruthenium-catalyzed C–H alkenylation of naphthoquinones.91
In contrast to the processes with alkyl bromides in Scheme 32, C–H functionalizations with aryl bromides are ortho-selective under Ru-catalyzed conditions. For example, Darcel, Dixneuf and co-workers have described double arylations directed by aryl ketimines.92 Here, following directed C–H metalation to give a cyclometallated to a Ru(II) species, C–C bond formation is proposed to proceed via an oxidative addition-reductive elimination sequence involving the aryl bromide.
For the C–H alkynylation of 4-quinolones, an interesting observation concerning differential site-selectivity was made by Hong and Kang (Scheme 36).93 Here, in the presence of an N-pyrimidyl directing group, alkynylation occurred at C2 under Ru-catalyzed conditions. Conversely, C5 selectivity was obtained by using a Rh-Cp* catalyst in the absence of an N-directing group. For both processes, TIPS-EBX was used as the alkynylating agent. 


Scheme 35. Ruthenium-catalyzed C–H arylation of diaryl-imines.92


Scheme 36. Ruthenium- and rhodium-catalyzed C–H alkynylation of quinolones.93
In 2020, our research group reported a Ru(II)-catalyzed double annulation reaction of quinones equipped with an amide directing group (Scheme 37).94 In the presence of copper acetate as oxidant and sodium pivalate, an initial annulation with a symmetrical alkyne gave an N-acyl pyrrole derivative, which then reacted further under the reactions conditions to give a polycyclic quinone derivative as the major product. This method is significant as it facilitates the construction of four new bonds in one pot.
In addition to the examples highlighted here, Ru-p-cymene catalyzed C–H functionalization methods are available for allylation,95 allenylation,96 acyloxylation,97 sulfonylation,98 and hydroxylation.99 


Scheme 37. Ruthenium-catalyzed double-annulation of quinones.94
6.2 C–H Functionalizations Catalyzed by Modified Ruthenium-p-cymene Complexes
Modifications to ruthenium-p-cymene catalysts can offer significant advantages. A well-established option is to use a modified precursor to the arene ligand during the preparation of the dimeric precatalyst. A simple example of this approach was reported by White and co-workers, who were able to prepare a system with a glycol ether substituent on the arene (Scheme 38A).32a This unit improves water solubility and the complex was exploited by Wang, Hao, Xu and co-workers in the development of heteroarene directed C–H arylations that occur under aqueous conditions (Scheme 38B).100 


Scheme 38. Synthesis32a and application100 of [Ru(6-PhOCH2CH2OH)Cl2]2.
Dimeric [RuCl2(p-cymene)]-type complexes are usually converted to monomeric active species in situ. This process is easily achieved by; for example, treatment with potassium acetate gives [Ru(OAc)2(p-cymene)] under mild conditions (Scheme 39A).32b This system is a potent catalyst for directed C–H metalation and has been used in mono and double arylation processes, such as those in Scheme 35, where it is presumably generated in situ. Ackermann and co-workers recently used the preformed complex for C–H sulfonamidation and alkenylations at C7 of N-pivaloyl-indoles (Scheme 39B). 101


Scheme 39. Synthesis of [Ru(p-cymene)(OAc)2]32b and its application to C–H functionalizations.101
7. Iron-Cp Complexes in C–H Functionalization
As already highlighted, there have been significant recent efforts to replace precious metal catalysts with cheaper and more abundant variants. Amongst the non-noble metals, iron is by far the most explored, yet, despite this, examples of cyclopentadienyl iron complexes in C–H activation are surprisingly rare. The use of non-noble metals modified with other classes of ligands is covered in several excellent reviews.102
In 2010, building on previous stoichiometric studies,103 Tatsumi, Ohki and co-workers described the synthesis of [FeCp*(LMe)Me], and its application to the C–H borylation of furans and thiophenes (Scheme 40A,B).33 Using HBPin, mono-borylated products were obtained in good yields favouring the C2 position. For furans and thiophenes substituted at the 3-position, selective borylation at C-5 position occurred (not depicted). The mechanism of the first cycle commences with σ‑bond metathesis between the Fe-complex and furan to form intermediate I.  A second σ-bond metathesis process involving the furyl ligand of I and HBPin forms hydride complex II. Hydrometalation of the oxidant, tert-butylethylene, forms alkyl complex III, which participates directly in the subsequent cycle (Scheme 40C). HBPin can react with II to form more stable complex IV; for this reason, a low concentration of HBPin must be maintained.


Scheme 40. Synthesis of [FeCp*(LMe)Me], application on C–H activation and proposed mechanism.33
Iron-Cp catalysis has the potential to form challenging C(sp3)–C(sp3) bonds. Expanding upon their previously reported method for Cp*Fe-catalyzed functionalization of allylic and propargylic C–H bonds with carbonyls,104 Wang and co-workers reported benzylic functionalizations of carbamate-protected tetrahydroisoquinolines (Scheme 41A,B).105 Here, Ph3CBF4 is used as a hydride acceptor to generate the requisite iminium ion in situ. For alkyne-based processes, C–C bond formation is proposed to involve an Fe-allenyl species, which is generated by deprotonation (by sym-collidine) of an Fe-alkyne π-complex. The authors tested various substituted Cp ligands, and this revealed that Cp* is optimal (Scheme 41C). 


Scheme 41. Application of [FeCp*(THF)(CO)2] on C–H activation of -bonds.105
8. Cp Complexes of Rare-earth metals and Others in C–H Functionalization
The use of rare-earth metals in C–H activation is a promising and emerging field; currently, only a limited number of examples exist for complexes bearing a Cp-type ligand. Herein, exemplar methods are highlighted for C–H activation catalyzed by Cp-type complexes of the following rare-earth metals: scandium, yttrium, lanthanum, gadolinium, and zirconium. 
The synthesis of [ScCp*(CH2C6H4NMe2-o)2] was reported by Hou and co-workers in 2007.34a In 2011, the same group reported the use of this as a catalyst for C–H metalation triggered hydroheteroarylations of olefins with 2-substituted pyridines and related heteroarenes. Terminal alkyl olefins afforded the products with high branched selectivity (Scheme 42A,B).106 The yttrium analogue, [YCp*(CH2C6H4NMe2-o)2] was also found to be suitable for this chemistry. This complex was preferred for processes involving styrenes, where the principal scandium-Cp* catalyst performed poorly. These styrene-based processes gave high linear selectivity. A mechanism involving N-directed C–H metalation in advance of alkene carbometalation was proposed (Scheme 42C), and rationales for the branched vs. linear selectivities were advanced.
Building on the preceding results with pyridines, Hou and co-workers expanded the scope of [YCp*(CH2C6H4NMe2-o)2] catalyzed hydrocarbonation reactions to include processes that achieve ortho-C–H alkylations of anisoles (Scheme 43B),107 and benzylic C(sp3)–H alkylations of ortho-methyl anisoles and pyridines (Scheme 43C,D).108 In each case, heteroatom-directed C–H metalation pathways were proposed, and alkene-dependant branched to linear selectivities mirrored those outlined above.


Scheme 42. Aplication of [ScCp*(CH2C6H4NMe2-o)2] to alkene hydroheteroarylation and proposed mechanism.106


Scheme 43. Synthesis of [YCp*(CH2C6H4NMe2-o)2]35 and its application to alkene hydro(hetero)arylation.107,108
In 2017, Hou and co-workers reported the diastereodivergent, enantioselective synthesis of bicyclic aminocyclopropanes via asymmetric carboamination of cyclopropenes with allylic amines (Scheme 44B,C).36b The processes involve amino-metalation of the cyclopropene, followed by carbometalation of the alkene, and this affords the targets in up to 90% yield, >20:1 dr and 99% ee. Two distinct lanthanum complexes were employed: [La(Cpchiral)2], and [LaCpTMS-chiral(CH2C6H4NMe2-o)2] (Scheme 44A).36a Interestingly, these provided opposite diastereoselectivities, such that the methyl group of the targets could be installed either syn or anti to R1. Models to account for these distinct outcomes were proposed.


Scheme 44. Synthesis of chiral lanthanum-catalysts36 and their application to diastereoselective C–H annulations.36b
In 2018, Hou and co-workers reported that [GdCpchiral-Ph(CH2C6H4NMe2-o)2] (Scheme 45A) catalyzes the asymmetric hydroalkynylation of cyclopropenes with terminal alkynes (Scheme 45B).37 To identify the optimal catalyst, a series of gadolinium complexes containing chiral Cp-type ligands were synthesized and screened. The process tolerates a broad range of aromatic and aliphatic alkynes, and generates the products with full atom economy and high diastereo- and enantioselectivities. A mechanism involving C(sp)–H metalation of the terminal alkyne in advance of cyclopropene carbometalation was proposed.


Scheme 45. Synthesis of a chiral gadolinium-catalyst and its application to an enantioselective hydroalkynylation reaction.37
Pioneering studies reported in 1990 by Erker and co-workers focussed on the development a novel dibornacyclopentadienyl zirconium complex, [ZrCpdbCl3]. This complex was successfully employed to the enantioselective ortho-activation of 1-naphthol, which could be functionalized by 1,2-addition to pyruvic esters (Scheme 46B).38 Despite the evident value of this protocol, a comprehensive substrate scope evaluation was not undertaken by the authors in this work.


Scheme 46. Synthesis of [ZrCpdbCl3] and its application to C–H metalation triggered 1,2-additions.38
9. Conclusions
Transition-metal Cp-type complexes have been known for more than five decades. The original synthetic procedures used in these pioneering studies remain important in contemporary catalysis development. Cp-type complexes of noble metals (e.g. Rh, Ir and Ru) are still the most widely applied in methodology design; however, non-precious metals, such as cobalt and iron, have recently emerged as cheaper and more sustainable alternatives. There is growing interest in using modified Cp-type ligands to achieve higher efficiencies and selectivities. Indeed, the design of chiral Cp-catalysts for enantioselective processes is an emerging and topical area, and this is likely to be of increasing importance in applied settings (e.g. pharmaceutical design). The range of C–H functionalization that can be achieved using Cp-type complexes is remarkable, encompassing alkylation, alkynylation, arylation, and halogenation reactions amongst others. Gaining a precise understanding of the role of the metal centre and the ligand is critical to facilitating these processes, and there is still much to learn in this regard. Many opportunities remain for catalyst development, especially with respect to the design of modified Cp-ligands and the use of earth-abundant metals. Consequently, CpM catalyzed transformations will continue to be an interesting and important area of organometallic chemistry and organic synthesis.
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B. Diastereoselective lanthanum-catalyzed annulation by Hou (2017):
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A. Chiral gadolinium catalyst by Hou (2018):
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A. Synthesis of [ZrCp
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] by Erker (1990):
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C. Example of alternative rhodium-catalyzed alkynylation at the C-5 position:
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A. 

Synthesis of [Ru(
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 by White (2005):
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A. Synthesis of [Ru(OAc)

2

(p-cymene)]by Dixneuf (2009):
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A. 

Synthesis of [FeCp*(L

Me)Me] by Tatsumi and Ohki (2010):

B. Application of [FeCp*(L

Me

)Me] by Tatsumi and Ohki (2010):
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A. Application of [ScCp*(CH

2

C

6

H

4

NMe

2

-o)

2

] by Hou (2011):
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B. Hou (2012)
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