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CHAPTER 1 

 

Site-Selectivity  Control in Organic Reactions 

 

 

 

 

1.1 Introduction 

In its Glossary of Terms Used in Physical Organic Chemistry, the IUPAC defined 

chemoselectivity as ñthe preferential reaction of a chemical reagent with one of two or more 

different functional groups (FGs)ò (Scheme 1.1A).1 While this definition was only introduced in 

1979, distinguishing reactivity among different kinds of FGs through selective transformations 

has been a constant quest in the history of organic chemistry.2 The endeavors towards this goal 

have led to the development of important methods or approaches that are now archetypes in 

synthesis.  
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Scheme 1.1 Chemoselectivity and Site-selectivity: Concepts and Examples 
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For example, controlled hydrogenation between alkene and ketone moieties was realized 

using different metal powders as catalysts (Eq. 1.1);3 selective reduction of one carbonyl moiety 

in the presence of other carboxylic acid derivatives has been made available by choosing specific 

hydride reagents (Eq. 1.2);4 without affecting alkene or sulfide moieties, oxidation of a hydroxyl 

group can be achieved through a unique hydride transfer pathway (Eq. 1.3).5 Hence, by taking 

advantage of the difference in inherent reactivity among different kinds of FGs, one can choose a 

certain method, reagent or catalyst to manipulate one FG while keeping others intact. 

While efforts to pursue selective reactions among different kinds of FGs continue to pay 

off, there awaits a more formidable task on the path towards the perfection of synthesis: to 

differentiate reactivity among the same kind of FGs that have different chemical environments, 

namely site-selectivity (Scheme 1.1B). As a special scenario of chemoselectivity, site-selectivity 

is more difficult to control because, constituted by the same atoms and bonds, the same kind of 

FGs possess nearly identical chemical properties and tend to undergo the same transformation 

under given conditions. In other words, the activation-energy difference between the reactions of 

the same kind of FGs within the same molecule can be quite small. However, the rewards of 

developing site-selective transformations can be enormous. For example, protecting group 

strategy has been ubiquitously employed to allow reactions with one specific FG (e.g. hydroxyl 

or carbonyl group) through masking others of the same kind. Clearly, the availability of site-

selective methods can eliminate óprotection/deprotectionô sequences and enhance the overall 

synthetic efficiency. In addition, compounds with repeating structural motifs, such as polyols, 

polyenes, and polyketides, are common feedstocks from nature and privileged building blocks in 

complex molecule synthesis. Thus, selective functionalization or derivatization of these 
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compounds is highly valuable. Moreover, considering that CīH bonds are arguably the most 

abundant FGs in organic molecules, direct and site-selective conversion of specific CīH bonds 

to new FGs would greatly streamline the synthesis of complex target molecules from readily 

available starting materials. 

Clearly, to control site-selectivity, one must find a way to utilize or amplify the difference 

of chemical environments among the same kind of FGs at different sites of the molecule, which 

are generally influenced by the electronic and steric properties of other FGs nearby. It can be 

envisaged that through the induction effect, Coulombic interaction, conjugation and 

hyperconjugation, a certain bond would be weaker or a certain intermediate would be more 

stabilized. Thus, these electronic factors provide an opportunity for a selective transformation. A 

classic example is the bromination of alkanes, where tertiary CīH bonds are preferred to be 

brominated over secondary and primary ones (Eq. 1.4).6 Such a site-selectivity is attributed to the 

generation of a more stable tertiary alkyl radical intermediate as a result of increased 

hyperconjugation, as well as having a late transition state by choosing bromine as the reagent 

instead of chlorine.7 Alternatively, sterics provide another handle for site-selectivity control. 

Depending on the sizes of surrounding moieties, the same kind of FGs in a molecule can have 

different degrees of spatial accessibility. These differences often enable a chemical reaction to 

preferentially occur at the less sterically hindered site. For example, treatment of 

androstanedione with an allyl nucleophile resulted in a selective addition at the more accessible 

cyclohexanone site instead of the cyclopentanone site that contains Ŭ,Ŭ-di-substituents (Eq. 1.5).8 

In contrast, selective reaction at the bulkier site can also be realized through preferentially 

ñmaskingò or protecting the less crowded one. Still in the case of androstanedione, the site-
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selectivity was reversed when a titanium complex was added to mask the cyclohexanone 

carbonyl in situ. 

While universally applicable methods for site-selectivity control remain to be found, 

numerous elegant approaches have been developed over the past few decades for site-selective 

reactions of certain FGs or within certain family of compounds. Based on innovative designs of 

new reagents, catalysts and/or reaction pathways, these methods can discriminate the subtle 

difference in reactivity among the same kind of FGs, and sometimes even override the 

conventional bias of selectivity. Here, rather than being comprehensive, this chapter aims to offer 

case studies on some more recent site-selective methods. These examples are organized into two 

categories, undirected and directed control of site-selectivity, depending on whether the site 

selection is assisted by temporary reaction or complexation with other FGs in the molecule. 

Cases in the former category are exemplified by novel CīH functionalization approaches without 

the aid of directing groups. The key is to design specific reagents or catalysts that can recognize 

the intrinsic reactivity variance from site to site by matching the steric, electronic and/or 

stereoelectronic properties of the target position. Reactions in the latter category utilize an 

existing FG as an anchor to either enable proximity effect typically through temporary 

complexation or alter the reaction pathway under specific reaction conditions. 

 

1.2 Undirected Control of Site-Selectivity 

CīH bromination: Alkane halogenation via a free radical approach is one of the most 

important ways to functionalize aliphatic CīH bonds. The aforementioned bromination of 



6 

 

alkanes inherently prefers to form tertiary alkyl bromide (vide supra, Eq. 1.4). In 2014, 

Alexanian and coworkers developed a bulky bromination reagent (1.1) that can override the 

preference for tertiary CīH bonds and switch the selectivity to methylene groups (Scheme 1.2).9 

The efficacy is proposed to mainly stem from the steric hindrance of the amidyl radical 

intermediate that is slow to abstract hydrogen from a tertiary position.  

Scheme 1.2 Alkyl CīH Bromination Using a Bulky Bromination Reagent 

 

CīH oxidation: Besides controlled by the reagents used, site-selectivity of CīH 

functionalization can also be guided through modifying the structure of the catalysts. The 

seminal work from the White group shows that iron-based catalyst Fe(S,S-PDP) 1.2 affords mild 

oxidation of aliphatic CīH bonds in complex molecules (Scheme 1.3). The CīH oxidation 

proceeds through an iron-oxo intermediate and the site-selectivity generally biases towards the 

more electron-rich tertiary CīH bonds. Recently, the same team was able to change the 

preference from tertiary to secondary CīH bonds using a bulkier Fe(S,S-CF3-PDP) (1.3) as the 

catalyst.10 Exemplified in the oxidation of (+)-artemisinin, the Fe(S,S-PDP) prefers the more 

electron-rich tertiary C10 position, whereas the Fe(S,S-CF3-PDP) prefers to oxidize the more 

accessible C9 methylene. 
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Scheme 1.3 Whiteôs CīH Oxidation Using Iron Catalysts 

 

Carbenoid Insertion: Complementary site-selectivity in the dirhodium-catalyzed CīH 

functionalization of alkanes with donor/acceptor carbenes can be achieved by tuning the 

electronic and steric properties of the spectator ligands (Scheme 1.4). For example, shown by the 

Davis group, the carbene insertion with para-ethyl toluene occurred almost exclusively at the 

secondary benzylic position with the Rh2(R-DOSP)4 (1.4a) catalyst that contains a proline-

derived ligand;11 however, with the more sterically demanding Rh2(R-BPCP)4 catalyst 1.4b, 

reaction at the less hindered methyl group became predominant. In addition, the amazing C2-

selectivity was achieved on functionalization of unactivated CīH bonds in n-alkanes, enabled by 

an even bulkier dirhodium catalyst (1.4c).12 
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Scheme 1.4 Site-Selectivity Control of Dirhodium-Catalyzed CīH Functionalization 

 

 

1.3 Directed Control of Site-Selectivity 

Peptide Catalysis: As a mimic of enzyme-catalyzed reactions, peptide-based catalytic 

methods have emerged as a powerful tool to control the enantio- and site-selectivity of organic 

transformations. The peptide catalysts typically consist of a backbone chain of amino acids and a 

single acidic or basic residue that can act as the reactive site. The steric hindrance, hydrogen 

bonding, ˊ-interactions, and other characters of the backbone can be fine-tuned by replacing the 

amino-acid residues. The modularity together with mature protocols for peptide synthesis allow 

for convenient preparation of diversified catalyst libraries. A representative example of site-

selective epoxidation of polyenes using a peptide-based catalyst was reported by the Miller 

group in 2012 (Scheme 1.5).13 Through directed screening of low-molecular-weight peptides, 



9 

 

two catalysts (1.13a and 1.13b) were discovered for selective epoxidation of the 2,3- or 6,7-

olefins of farnesol (1.10). The free carboxylic acid moiety in both catalysts is in situ transformed 

to a peracid and serves as a reaction site. The observed contrary site-selectivity is attributed to 

the conformational difference of the backbones of the two catalysts upon forming hydrogen 

bonds with the hydroxyl group in the substrate. 

Scheme 1.5 Peptide-Based Catalysts for Site-Selective Epoxidation of Polyenes 

 

Ligand Effect: For transition metal-catalyzed reactions, ligands have been known to play 

a critical role in controlling the reactivity and selectivity of the metal. Scheme 1.6 illustrates a 

case that divergent CīH arylation reactions of N-Boc amines can be realized by properly 

choosing the ligand for palladium.14,15 The work by Baudoin and coworkers shows that upon 

directed lithiation and transmetallation, the arylation can occur at either the Ŭ- or ɓ-position of 

the amines depending on the property of the phosphine ligand. It was rationalized that, although 

a bulky and rigid P(t-Bu)3 (1.14) ligand favored the direct reductive elimination of intermediate 
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1.16 to give the Ŭ-arylated amine, a more flexible ligand, such as 1.15, promoted a ɓ-hydrogen 

elimination/Pdīhydride re-insertion sequence to eventually yield the ɓ-arylation product. 

Scheme 1.6 Ligand-Controlled Ŭ- and ɓ-Arylation of N-Boc Amines 

 

Sugar Chemistry: The vigorous development of carbohydrate chemistry has also given 

rise to a number of site-selective transformations of saccharides. As naturally occurring polyols, 

saccharides contain multiple hydroxyl groups that are close to each other and thus share similar 

chemical environments. Site-selective transformation of one alcohol in a sugar molecule without 

affecting others represents a huge advantage over traditional protecting group-based approaches. 

To date, a number of excellent approaches have been developed. For instance, peptide catalysis 

(vide supra) has been an effective tool for site-selective functionalization of carbohydrates.16,17 

Here, we mainly focus on some recent developments on site-selective acylation of 

mannopyranose derivative 1.17, which contains three consecutive secondary alcohols at C2, C3, 

and C4 positions (Scheme 1.7). First, the C2-selective acylation was achieved using Tanôs 

catalyst 1.21 whereas the C3 OH was proposed to form a single dynamic covalent bond with the 
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catalyst.18 Such an interaction would deliver the imidazole motif in close proximity to the C2 OH, 

which then triggers the acylation at this site. A similar recognition of cis-1,2-diol (C2, C3) was 

realized by catalyst 1.22.19 In this case, a diphenylborinate adduct is selectively formed between 

the cis-C2,C3-diols and the catalyst, which consequently enhances the reactivity of these two 

sites over the free C4 alcohol. Influenced by the substrate conformation, the acylation 

subsequently takes place selectively at the less bulky, equatorial C3 alcohol. In contrast, the 4-

pyrrolidinopyridine-derived catalyst (1.23) led to selective C4 acylation.20 A transition state was 

proposed containing two hydrogen bonds between the catalyst and the C6/C3 hydroxyl groups. 

Consequently, the spatially close relationship between the C4 OH and the acylpyridinium ion 

promoted the site-selective acylation. 
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Scheme 1.7 Site-Selective Acylation of Mannopyranose Derivatives 

 

 

1.4 Conclusion and Outlook 

With no doubt, the control of site-selectivity remains an inevasible challenge to our 

quests for the perfection of synthesis. In this chapter, a number of recent efforts have been 

summarized; however, due to the space constraint, many excellent works are unfortunately 

omitted such as directed remote CīH functionalization and site-selective olefin metathesis 

reactions. Compared with the advancement of selectivity control among different kinds of FGs as 

well as the monument of controlling regio-, diastereo- and enantioselectivity, the development of 
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site-selective approaches is still in its infant stage. To breed more general, practical and broadly 

applicable methods, it is envisaged that future endeavors will focus on 1) expanding the substrate 

scope that can undergo site-selective transformations and 2) precisely controlling the site of 

reaction in less biased settings. Clearly, the needs cannot be met without the availability of more 

powerful catalysts, reagents, strategies and even new tactics. It is expected that Mother Nature 

will continue providing inspirations to design biomimetic or supramolecular catalysts. To enable 

more precise site-selectivity control and broader reaction scope would require better modeling 

and deeper mechanistic understanding of these catalytic processes. In addition, cooperative 

catalysis through combining two or more activation modes might be another trend for the 

incoming efforts. Vigorous development in recent years has demonstrated that merger of 

multiple catalysis is able to activate substrates once considered inert or functionalize sites 

previously inaccessible. Furthermore, practical applications of site-selective transformations in 

complex molecule synthesis are anticipated to be illustrated more frequently in the future. 
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CHAPTER 2 

 

Transition Metal -Catalyzed Ketone-Directed or Mediated CīH Functionalization 

 

 

 

 

2.1 Introduction 

Transition metal-catalyzed CïH functionalization has emerged as an increasingly 

important tool for organic synthesis; however, control of site-selectivity remains a challenging 

and ongoing task.1 Among all of the approaches developed hitherto, the use of a directing group 

(DG) represents a versatile and reliable strategy to govern which CïH bond will be 

functionalized.2 Through coordination of a DG to a transition metal, the proximity effect can 

often override the inherent steric/electronic preferences and ultimately dictate the site-selectivity 

of CïH bond activation. Consequently, nitrogen-based functional groups (FGs) and heterocycles, 

as well as soft elements (e.g. sulfur and phosphorus), are widely employed as DGs due to their 

excellent coordination ability with transition metals. In contrast, the use of a more common FG 

as DG, such as regular ketones is much rarer due to their relatively low coordinating ability. 
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Undoubtedly the CïH functionalization reactions involving these common FGs as DGs or 

substrates are highly attractive. For example, ketone moieties are widely found in various 

bioactive molecules and functional materials;3 they can also be readily transformed into a diverse 

range of other FGs, and are thus often employed as versatile synthetic intermediates. For this 

reason simple ketone-directed or mediated CïH functionalization is of high synthetic value. 

Conventional ketone-functionalization methods take advantage of the intrinsic 

electrophilicity of the carbonyl and acidity of the Ŭ-CïH bonds (Scheme 2.1A). Carbonyl attack 

by various nucleophiles allows functionalization at the ipso carbon, whereas deprotonation of the 

Ŭ-hydrogen or enolization with a strong (Lewis) acid permits substitution at the Ŭ-positions by 

reaction with various electrophiles. Alternatively, recent advancements in transition-metal 

chemistry enable novel ketone-based CïH bond transformations that do not occur under 

traditional conditions. This field has taken off since Muraiôs pioneering work on ketone-directed 

Ru-catalyzed CïH/olefin coupling reactions in 1993 (vide infra). 4  To date, a number of 

innovative approaches and methods have been developed.  

This chapter focuses on the simple-ketone-directed or mediated CïH functionalization 

reactions that are catalyzed by transition metals, covered through January of 2015 (Scheme 2.1B). 

The content is organized into three parts: use of ketone carbonyl as the DG, direct ɓ-

functionalization, and Ŭ-alkylation/alkenylation with unactivated olefins and alkynes. It is 

noteworthy that transition metal enolate-mediated cross coupling reactions, e.g. Buchwald-

Hartwig-Miura Ŭ-arylation, 5  and Lewis acid-mediated enolate chemistry with regular 

electrophiles6 will not be included. Reactions with related ketone derivatives, such as silyl enol 

ethers, oximes, ɓ-keto esters and Ŭ,ɓ-unsaturated ketones, will also not be discussed. While not 
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intended to be comprehensive, this chapter summarizes major developments from the perspective 

of strategic design and reaction discovery. 

Scheme 2.1 Functionalization of Ketones 

 

2.2 Ketone as the Directing Group 

Based on the reaction type, this section is divided into three subsections: carbonïcarbon 

(CïC) bond formation via addition to alkenes and alkynes, CïH arylation, and carbonï

heteroatom (CïX) bond formation. While a large number of transformations have been reported 

using ketone as the directing group, it should be noted that the substrate scopes of these reactions 

are limited to sp2 CïH bonds in aromatic, and in some cases, vinyl ketones. Applications of the 

DG-based strategy to other types of ketones, such as alkyl ketones (ɓ-sp3 CïH bonds, vide infra), 

are largely underdeveloped, likely due to the weak coordinating ability of ketones. 
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Over the past two decades, the DG-based strategy has been established as one prominent 

approach for CïH functionalization.2 One common mode of reactivity consists of coordination of 

the DG to a transition metal before CïH cleavage and subsequent formation of stable 

metallacycles (Scheme 2.2A). To date, a diverse range of DGs are available, among which 

ketones are often considered weakly coordinating due to their relatively low Lewis basicity. As 

demonstrated by the BF3 affinity scale, ketonesô coordinating capability is considerably lower 

than other directing groups, including pyridines, sulfoxides and amides (Scheme 2.2B).7 

However, from a chronological viewpoint, ketones are actually one of the earliest DGs employed 

in transition metal-catalyzed CïH functionalization. 

Scheme 2.2 CïH Functionalization Directed by Ketones 
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2.2.1 Coupling with Alkenes and Alkynes 

In 1993, Murai and coworkers reported the first Ru-catalyzed ortho-alkylation reaction of 

aromatic ketones with olefins, also known as the hydroarylation of olefins (Scheme 2.3).4 The 

ortho-CïH bond of the ketone was selectively coupled with the olefin to afford the alkylation 

product in up to quantitative yield with RuH2(CO)(PPh3)3 as the catalyst in toluene at 135 oC. 

Detailed studies of the substrate scope revealed that a large collection of olefins can participate 

in this reaction.8  Vinylsilanes proved to be superior substrates that gave complete linear 

selectivity. In the case of styrene, a 6:1 ratio between linear and branched products was obtained. 

Despite the good reactivity with terminal olefins, internal, isomerizable terminal, and acrylate-

type olefins gave poor yields or no reaction. Regarding the scope of ketones, aromatic ketones 

bearing various alkyl, aryl, or heteroaryl substituents were all alkylated smoothly under the 

reaction conditions. It is interesting to note that while Ŭ-tetralone afforded the product in 

quantitative yield, 1-indanone showed no reactivity. As explained by the authors, the loss of 

reactivity with 1-indanone was attributed to the difficulty of forming the five-membered ring 

metallacycle due to the strained benzofused structure. 
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Scheme 2.3 Ruthenium-Catalyzed ortho-Alkylation of Aromatic Ketones 

 

The proposed catalytic cycle, supported by both mechanistic studies9,10,11,12 and DFT 

calculations,13  is initiated by the generation of a Ru(0) species through the reduction of 

RuH2(CO)(PPh3)3 with olefin substrates (Scheme 2.4). The ketone moiety coordinates to and 

delivers the Ru(0) within proximity of the ortho-CïH bond, followed by oxidative addition to 

generate ruthenium hydride 2.3. Subsequent migratory insertion of olefin into the RuïH bond 

proceeds in a highly regio- and chemoselective manner to give intermediate 2.5, which after 

reductive elimination gives the alkylation product and restores the active Ru(0) catalyst. The 

reductive elimination of complex 2.5 proved to be the rate determining step of the catalytic cycle. 

While the reaction was run at 135 oC, the oxidative addition of Ru(0) to the aryl CïH bond was 

found to proceed even at 50 oC. 
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Scheme 2.4 Proposed Catalytic Cycle for the Ruthenium-Catalyzed ortho-Alkylation of 

Aromatic Ketones 

 

A more reactive precatalyst was discovered during the mechanistic studies by Kakiuchi, 

Murai, and coworkers.14 The spectroscopic evidence supported the generation of a Ru-hydride 

complex (2.6) from the reaction of RuH2(CO)(PPh3)3 and trimethylvinylsilane (Scheme 2.5, Eq. 

1). This species, once used as the catalyst, could enable the ortho-alkylation to proceed even at 

room temperature (Eq. 2). When the alkylation was run at 120 oC, complex 2.6 achieved a 

turnover number (TON) close to 1000 (Eq. 3). 
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Scheme 2.5 Formation of Active Catalyst of Ruthemium-Catalyzed ortho-Alkylation 

 

Other groups have also developed improved catalysts for this transformation. Using 

RuH2(H2)2(PCy3)2 (2.7) as the catalyst, the Chaudret15,16 and Leitner17,18 groups reported ortho-

alkylation with ethylene that proceeded at room temperature (Scheme 2.6). A variant ruthenium 

complex with two tricyclopentylphosphine (PCyp3) ligands was also synthesized, characterized, 

and demonstrated to possess outstanding catalytic activity towards the same ethylation reaction.19 

Compared to Muraiôs original precatalyst RuH2(CO)(PPh3)3, these modified ruthenium species 

have two dihydrogen and two tricycloalkylphosphine ligands. The lability of dihydrogen and 

strongly electron-donating tricyclohexylphosphine ligand were proposed to generate an active 

and electron-rich Ru(0) catalyst promptly. However, coupling with olefins other than ethylene 

was not demonstrated using these modified catalysts. 
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Scheme 2.6 RuH2(H2)2(PCy3)2-Catalyzed ortho-Ethylation with Ethylene 

 

Another important contribution for the catalyst modification came from the Darses 

group.20,21,22,23 They developed several protocols for the ortho-alkylation of aromatic ketones 

using a combination of less expensive Ru salts, such as [RuCl2(p-cymene)]2 and RuCl3, along 

with triarylphosphine ligands and formate salts (Scheme 2.7). The formate salts were proposed to 

reduce the Ru(II) or Ru(III) catalyst in situ to generate the active Ru(0) catalyst. This strategy 

turned out to be highly efficient and the TON could reach more than 1000 (Eq. 4). Besides the 

lower cost of the precatalysts, the addition of phosphine ligands as a separate reagent presents 

another advantage over the original catalytic system using RuH2(CO)(PPh3)3. This is because the 

ruthenium dihydride complexes are often nontrivial to synthesize and sensitive to air and 

moisture, thus the addition of ligand as a separate reagent makes it easier to evaluate the ligand 

effect. The authors discovered that the ligand played a vital role in controlling the 

regioselectivity. For example, the coupling between 1-acetonaphthone and styrene with 

dicyclohexyl(phenyl)-phosphine significantly enhanced linear selectivity compared to 

triphenylphosphine (Eq. 5).20 
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Scheme 2.7 Ketone-Directed ortho-Alkylation Using Ru(II) Precursors 

 

Besides aromatic CïH bonds, the olefinic CïH bond can also participate in the Ru-

catalyzed alkylation with alkenes (Scheme 2.8). Trost24 and Kakiuchi/Murai25,26 independently 

demonstrated that both linear (Eq. 6) and cyclic vinyl ketones (Eq. 7) are suitable substrates for 

the alkylation reaction, although E/Z isomerization from linear enone substrates was observed in 

some cases.24 With regard to the alkene scope, vinyl silanes and styrene-type olefins proved to be 

superior substrates for the coupling. Alkyl olefins and acrylate derivatives also participated in the 

reaction, although a large excess was required to obtain good yields. 

Scheme 2.8 Ketone-Directed ortho-Alkylation of Olefinic CīH Bonds 
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In addition to ruthenium catalysts, ortho-alkylation of aromatic ketones with olefins has 

also been reported using other transition-metal catalysts. The rhodium bis-olefin complex 2.8 

was used by Brookhart and coworkers for the hydroarylation of olefins (Scheme 2.9).27 A 

distinct feature of this rhodium catalysis is the non-site-selective oxidative addition of rhodium 

into aromatic CïH bonds before the migratory insertion. Chelation of the ketone moiety was 

proposed to lower the barrier of reductive elimination, which is the rate-determining step, thus 

affording the ortho-selective alkylation product. Besides the distinct mechanism, this rhodium-

catalyzed alkylation can accommodate isomerizable olefins (e.g. 1-pentene) that were hard to 

react under Muraiôs ruthenium catalysis. 

Scheme 2.9 Rhodium-Catalyzed ortho-Alkylation of Aromatic Ketones with Olefins 

 

In 2002, Jun and coworkers reported a benzylamine-assisted ortho-alkylation of aromatic 

ketones catalyzed by Wilkinsonôs catalyst (Scheme 2.10).28 A substoichiometric amount (50 

mol%) of benzylamine acts as a co-catalyst through transient condensation with the substrate, 

which converts ketones to stronger coordinating ketimines. After the rhodium-catalyzed ortho-

alkylation, the resulting alkylated ketimine would be hydrolyzed to release the product and 

regenerate the benzylamine (Eq. 8). A similar strategy was later applied to the ɓ-alkylation of 4-
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phenyl-3-buten-2-one (2.9) (Eq. 9).29 In this case, a secondary amine was employed to form a 

transient enamine with 2.9, followed by directed olefinic CïH activation with a rhodium catalyst. 

It is interesting to note that after the alkylation reaction, an olefin migration was proposed to take 

place to give ɓ,ɔ-enone 2.10 as the major product. Although the substrate scopes of these amine-

assisted alkylations were only briefly investigated, the reaction conditions were compatible with 

a variety of olefins, including vinyl silanes, styrene-type olefins and even isomerizable Ŭ-olefins, 

which represent a key advantage over the Ru-catalyzed ortho-alkylation reactions. 

Scheme 2.10 Amine-Assisted ortho-Alkylation of Aromatic Ketones and Enones 

 

An iridium-catalyzed hydroarylation of olefins was reported by Shibata and coworkers in 

2008 (Scheme 2.11).30 In their study, the cationic iridium complex [Ir(cod)2]BARF was used as 

the catalyst to promote ortho-alkylation of aromatic ketones with styrene-type olefins, giving the 

linear products as the major isomers (Eq. 10). It is noteworthy that when the chiral bidentate 
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phosphine ligand (R)-MeO-BIPHEP (2.12) was used, the coupling between norbornene and 2.11 

afforded the product with moderate enantioselectivity (Eq. 11). 

Scheme 2.11 Iridium-Catalyzed ortho-Alkylation of Aromatic Ketones with Olefins 

 

With Muraiôs protocols, formation of linear alkylation products is favored over branched 

ones. In 2014, Bower and coworkers reported an alternative iridium-catalyzed system that is 

highly selective for branched products (Scheme 2.12).31 The key for the inversion of the 

selectivity is the use of an electron-deficient bis-phosphine ligand (2.13), which can presumably 

accelerate the reductive elimination. Under their reaction conditions, various aromatic ketones 

were coupled with styrenes giving better than 20:1 branched/linear selectivity. 
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Scheme 2.12 Branch-Selective ortho-Alkylation of Aromatic Ketones with Olefins 

 

An important variation of Muraiôs ketone-directed alkylation reaction is the oxidative 

ortho-olefination of aromatic ketones with alkenes. While Muraiôs reaction is viewed as a redox-

neutral addition of a CīH bond to an olefin, the olefination reaction can be considered as a 

formal dehydrogenative coupling, also known as the oxidative Heck reaction.32 It is noteworthy 

to mention that an olefination product was also observed by Murai and coworkers in the 

Ru3(CO)12-catalyzed addition of CīH bonds to olefins, although the dehydrogenative coupling 

was directed by imidates instead of ketones.33 In 2011, Glorius and coworkers reported a 

rhodium-catalyzed CīH olefination reaction directed by ketones (Scheme 2.13).34 When styrene-

type olefins were coupled with acetophenone derivatives, 1,2-disubstituted trans-alkenes were 

generated as the sole regioisomer. This selectivity represents a distinct feature from Muraiôs 

ruthenium catalysis, where a mixture of branched and linear alkylation products was produced 

with styrene-type olefins. In addition, acrylate-type olefins, previously unreactive under Muraiôs 

conditions, afforded the alkenylation products in good yields with this rhodium catalysis. 
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Scheme 2.13 Rhodium-Catalyzed ortho-Olefination of Aromatic Ketones with Olefins 

 

The use of a cationic rhodium catalyst, in conjunction with a stoichiometric Cu(II) 

oxidant, triggered a different reaction pathway from Muraiôs original alkylation reaction 

(Scheme 2.14). The activation of the ortho-CīH bond was proposed to proceed through a 

concerted metalation-deprotonation (CMD) pathway with the Rh(III) catalyst. Unlike the 

oxidative addition pathway observed with Ru(0), however, the CMD mechanism yielded a 

Rh(III)-aryl complex and an acid instead of a metal-hydride species. Subsequent migratory 

insertion of the olefin into the Rh(III)-aryl bond and ɓ-hydride elimination afforded the 

olefination product. The Cu(II) oxidant was proposed to be responsible for regenerating the 

active Rh(III) catalyst. An analogous Ru(III)-catalyzed ortho-alkenylation with olefins was 

reported by Jeganmohan and coworkers.35 
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Scheme 2.14 Catalytic Cycle of Rhodium-Catalyzed ortho-Olefination 

 

When a cationic rhodium catalyst [Cp*Rh(CH3CN)3](SbF6)2 was used with 

stoichiometric silver acetate, Li and coworkers discovered aromatic ketones and enones 

underwent a CīH alkylation/aldol condensation sequence instead of an oxidative olefination 

reaction (Scheme 2.15).36 The cascade reaction was proposed to proceed through 2.14, a similar 

intermediate as in Gloriusôs olefination reaction. However, instead of ɓ-hydride elimination, 

intermediate 2.14 would be protonated under the reaction conditions to give 2.15, followed by 

silver-mediated aldol condensation to give an indene as the product. The possibility of direct 

aldol condensation with intermediate 2.14 cannot be excluded. A small amount of water was 

demonstrated to be beneficial to the cascade reaction, probably by facilitating the protonation 

step. 
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Scheme 2.15 Rhodium-Catalyzed ortho-Alkylation/Aldol Condensation Cascade 

 

Although less studied than coupling with olefins, ketone-directed addition of the ortho-

CīH bonds to alkynes also proves to be efficient. Murai and coworkers demonstrated that both 

aromatic37 and olefinic38 CīH bonds can react with alkynes to give the alkenylation products 

using the same ruthenium catalyst (Scheme 2.16). While internal alkynes gave good yields, 

terminal alkynes failed to provide access to the desired products, presumably due to competing 

side reactions, e.g. dimerization. When unsymmetrical ethylphenylacetylene was submitted to 

the reaction, all four possible stereo- and regioisomers (2.16) were isolated. However, reactions 

with trimethylsilyl-substituted acetylenes all gave 1-trimethylsilyl-2-aryl alkenes as the exclusive 

regioisomers. Besides ruthenium catalysis, Shibata and coworkers also reported the same 

transformation with a cationic iridium catalyst, although only diphenylacetylene and 

trimethylsilylphenylacetylene were employed.30 
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Scheme 2.16 Ruthenium-Catalyzed ortho-Alkenylation of Aromatic Ketones or Enones with 

Alkynes 

 

In 2011, Glorius and coworkers reported that the coupling between aromatic ketones and 

alkynes can undergo a different pathway, leading to indenol and fulvene derivatives when a 

cationic Rh(III) catalyst and stoichiometric Cu(II) salt are used (Scheme 2.17).39 Similar to the 

coupling with olefins (vide supra, Scheme 2.14), ortho-CīH activation with Rh(III) proceeds 

through a CMD mechanism and the following migratory insertion of alkyne gives vinyl-Rh(III) 

species 2.20. Subsequently, an intramolecular addition of vinyl group to the ketone carbonyl 

yields the intermediate 2.21, which upon protonation gives the indenol (2.17) as the final product. 

However, if a methyl or methylene group is present at the Ŭ-position of the ketone (R1) or the Ὓ-

position of the alkyne (R3), dehydration takes place affording the fulvene derivatives (2.18 and 
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2.19, respectively). Similar transformations have also been reported by Cheng,40 Jeganmohan,41 

and Shibata42 using rhodium, ruthenium, and iridium catalysts respectively. 

Scheme 2.17 Rhodium-Catalyzed Fulvene and Indenol Synthesis 

 

Another interesting tandem reaction that involves ketone-directed CīH bond activation is 

the rhodium-catalyzed cyclization of aromatic ketones and diynes (Scheme 2.18). In 2007, 

Shibata and coworkers reported the formation of cyclic 1,3-diene product 2.23 from the coupling 

of diynes and aromatic ketones catalyzed by [Rh(BIPHEP)]BF4 (Eq. 12).43 When trans-chalcone 

was used as the substrate, monocyclic trienone 2.24 was generated (Eq. 13). The tandem process 

was proposed to initiate via the ketone-directed ortho-CīH activation with the rhodium catalyst. 

Intermolecular hydro-rhodation of one of the alkyne moieties and subsequent intramolecular 



35 

 

carbo-rhodation of the other would give the six-membered rhodacycle 2.26. The final reductive 

elimination generates the product and releases the active catalyst. 

Scheme 2.18 Rhodium-Catalyzed Cyclization of Diynes and Aromatic Ketones or Chalcones 

 

When an enyne was employed as the substrate, the metallated intermediate added to the 

alkyne first to give the monocyclic product 2.27 (Scheme 2.19). The product descended from the 

initial addition to alkene and subsequent carbo-rhodation of alkyne (2.28) was not observed. 

When a chiral rhodium complex was used as the catalyst, good enantioselectivity was obtained. 

Similar tandem reactions with enynes and diynes as the coupling partners have also been 

published by Tanaka and coworkers using cationic rhodium catalysts.44,45 
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Scheme 2.19 Rhodium-Catalyzed Cyclization of Enynes and Aromatic Ketones 

 

Recently, Cheng and coworkers reported a similar hydroarylative cyclization of enynes 

and aromatic ketones with a cobalt catalyst (Scheme 2.20).46  In their case, CoBr2/1,3-

bis(diphenylphosphino)propane (dppp) was used as the precatalyst and the combination of zinc 

and zinc iodide was proposed to reduce the cobalt salt to the active Co(I) catalyst. A large 

collection of functionalized pyrrolidines, dihydrofurans, and cyclopentanes were accessed as 

single regioisomers in good yields from simple aromatic ketones and enynes. While examples 

with terminal alkynes were not shown with rhodium catalysts (vide supra, Scheme 2.19), enyne 

2.29 proceeded to give the cyclization product 2.30 as a mixture of regioisomers under the cobalt 

catalysis. 
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Scheme 2.20 Cobalt-Catalyzed Cyclization of Enynes and Aromatic Ketones 

 

Although this chapter focuses on reaction discovery and strategy design, ketone-directed 

CīH bond addition to alkenes and alkynes has found many synthetic applications. For example, 

ketone-directed hydroarylation reactions were employed by Woodgate and coworkers in the 

synthesis of various aromatic diterpenoids (Scheme 2.21). In their study, the C14 CīH bond of 

diterpenoid 2.31 was selectively alkylated in quantitative yield with triethoxyvinylsilane using 

RuH2(CO)(PPh3)3 as the catalyst.47  The authors also demonstrated the resulting 

alkylalkoxysilane moiety could serve as a handle to access a diverse range of analogues.48 

Scheme 2.21 Ruthenium-Catalyzed Alkylation of Aromatic Diterpenoid 
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Due to its high efficiency, the ketone-directed hydroarylation reaction has also found 

applications in the field of polymer chemistry. Shortly after Muraiôs original discovery, Weber 

and coworkers applied the ruthenium-catalyzed ortho-alkylation of ketones to the 

copolymerization of aromatic ketones and diene derivatives (Scheme 2.22A). Copolymers with 

various backbones and functional groups, such as amines and acetals, were synthesized in high 

efficiency using RuH2(CO)(PPh3)3 as the catalyst.49,50,51,52,53 The Weber group also reported the 

modification of poly-(vinylmethylsiloxane) (PVMS) using the ruthenium-catalyzed 

hydroarylation reaction (Scheme 2.22B). The ortho-CīH bond of the ketone in 9-

acetylphenanthrene added to the pendant vinyl groups in PVMS with anti-Markovnikov 

selectivity and afforded the modified polymer in an excellent yield.54 

Scheme 2.22 Ruthenium-Catalyzed Synthesis and Modification of Polymers 
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2.2.2 Arylation 

In 2003, Kakiuchi and coworkers successfully extended ruthenium-catalyzed ortho-

functionalization to the arylation of aromatic ketones (Scheme 2.23).55 With RuH2(CO)(PPh3)3 

as the catalyst, a wide panel of aromatic ketones were arylated in good yields with arylboronates 

as the arene source. To ensure good yields, two equivalents of ketone substrate were required. 

Scheme 2.23 Ruthenium-Catalyzed ortho-Arylation of Aromatic Ketones with Arylboronates 

 

Muraiôs original ruthenium-catalyzed addition of CīH bonds across olefins is a redox-

neutral process requiring no external oxidant or reductant. However, in the case of arylation with 

arylboronates, additional reductants are necessary to trap the hydride generated after the 

oxidative addition. This is supported by the authorsô observation that an equal amount of benzyl 

alcohol was isolated as a byproduct after workup (Eq. 14).56 In the proposed catalytic cycle, 

addition of Ru(II)-hydride 2.32 to another ketone substrate generates Ru(II)-alkoxide 2.33 

(Scheme 2.24). Subsequent transmetalation between 2.33 and arylboronate transfers the aryl 

group to the Ru(II) and meanwhile generates a stoichiometric amount of boronic ester, which is 

hydrolyzed during the workup to give the benzyl alcohol. Reductive elimination of complex 2.34 

would give the arylation product and restore the active Ru(0) catalyst. 
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Scheme 2.24 Proposed Catalytic Cycle of Ruthenium-Catalyzed ortho-Arylation 

 

The issue of using excess ketone substrates was later resolved by employing pinacolone 

as the solvent (Scheme 2.25, Eq. 15). The efficiency of the arylation reaction can be sustained 

with aromatic ketones as the limiting reagent, and excess pinacolone serves as the hydride 

scavenger instead of the aryl ketone substrate. The coupling with alkenylboronates was also 

reported under similar reaction conditions by the same group (Eq. 16).57,58 This new olefination 

reaction can be considered as a complementary approach to the previous CīH addition to 

alkynes (vide supra, Scheme 2.16), since products like 2.35 cannot be accessed directly from 

coupling with alkynes. 
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Scheme 2.25 Ruthenium-Catalyzed ortho-Arylation Using Pinacolone as Solvent 

 

On the other hand, the ortho-arylation of aromatic ketones using aryl halides as the 

coupling partner was achieved using palladium catalysis. The ortho-arylation of aromatic 

ketones with aryl bromides was first discovered by Miura and coworkers (Scheme 2.26).59 In the 

presence of a palladium catalyst and a stoichiometric base, benzylphenyl ketone reacted with 

excess bromobenzene to give poly-arylated ketone 2.36 as the major product (Eq. 17). Instead of 

a ketone-directed pathway, the authors proposed an enolate-directed palladation assisted by 

Cs2CO3. In a following study by the same group, the ortho-CīH bonds of anthrone were also 

arylated under similar reaction conditions (Eq. 18).60 
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Scheme 2.26 Palladium-Catalyzed Multi-Arylation of Ketones 

 

In 2010, Cheng and coworkers reported a ketone-directed ortho-arylation with aryl 

iodides (Scheme 2.27).61 Contrary to Miuraôs basic conditions, trifluoroacetic acid was used as 

the solvent for this reaction. In addition, although excess aryl iodides were employed, only mono 

arylation products were observed for a range of aromatic ketones. However, when electron-

neutral or rich aryl iodides were used as the substrates, the yields were largely compromised. It is 

interesting to note that the use of sec-alkyl aryl ketones triggered a tandem process that gave 

phenanthrone products (Scheme 2.28). It was proposed that after the ortho-arylation, a second 

ketone (or enolate)-directed CīH activation occurs to form a seven-membered palladacycle 

(2.41). Subsequent enolate formation, rearrangement, and reductive elimination results in 

formation of phenanthrone 2.39. 
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Scheme 2.27 Palladium-Catalyzed ortho-Arylation with Aryl Iodides 

 

Scheme 2.28 Palladium-Catalyzed ortho-Arylation and Tandem Cyclization 

 

Besides coupling with pre-functionalized aryl sources (i.e. arylboronates and aryl halides), 

ketone-directed arylation can also occur through the coupling between two aryl CīH bonds. In 

2012, the Cheng62  and Shi63  groups independently reported the synthesis of fluorenone 

derivatives from diaryl ketones using palladium acetate as the catalyst and silver oxide as the 

oxidant (Scheme 2.29). The proposed pathway begins with ortho-CīH palladation via a CMD 

mechanism directed by the ketone carbonyl. Due to the weak coordinating ability of the ketone, 

de-chelation followed by CīC bond rotation can occur, allowing the Pd(II) center to rotate 
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towards the ortho-CīH on the other arene. A second CīH palladation would lead to a six-

membered pallacycle (2.46), which upon reductive elimination would give fluorenone 2.44 as 

the product and a Pd(0) species. The silver salt was proposed to oxidize the Pd(0) intermediate 

and restore the active Pd(II) catalyst. 

Scheme 2.29 Palladium-Catalyzed Fluorenone Synthesis via Sequential CīH Activation 

 

 

2.2.3 Carbon-Heteroatom (CīX) Bond Formation 

Compared to CīC bond forming reactions, ketone-directed ortho-CīX (X: heteroatom) 

bond formation is relatively less studied. Nevertheless, direct and efficient assembly of ortho-

heteroatom-substituted ketones via CīH functionalization is of great value to the synthetic 

community as o-acyl phenols, anilines, and haloarenes are prevalent motifs in bioactive 

compounds.  

The general catalytic cycle for ketone-directed CīX bond formation is illustrated in 

Scheme 2.30. The reaction starts with a directed ortho-CīH metalation to give a five-membered 

metallacycle (2.47), where the oxidation state of the metal remains unchanged. The following 
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oxidation with various oxidants first delivers an anionic heteroatom ligand (X) to the metal, and 

second increases the oxidation state of the metal by two. Depending on the oxidant employed, 

different heteroatom ligands can be introduced to the metal. The final reductive elimination of 

the higher-oxidation state metal complex (2.48) affords the product with a newly formed CīX 

bond and regenerates the active metal catalyst. 

Scheme 2.30 General Mechanism of the Ketone-Directed ortho-CīX Bond Formation 

 

In 2012, the Rao64 and Dong65 groups independently reported a palladium-catalyzed 

ortho-hydroxylation reaction directed by ketones (Scheme 2.31, Eq. 19). A wide range of ortho-

acylphenols were synthesized using palladium acetate or trifluoroacetate as the catalyst in good 

yields. Both organic and inorganic oxidants, e.g. hypervalent iodine compounds and potassium 

persulfate, can be used to promote the CīO bond formation. Dong and coworkers further 

discovered an unusual ortho-carbonylation reaction when running the hydroxylation reaction 

under CO atmosphere (Eq. 20).65 While the exact pathway remains unclear, the ethyl-ketal 

lactone was proposed to come from mixed-anhydride intermediate 2.50. A similar palladium-
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catalyzed hydroxylation reaction was later reported by Kwong and coworkers.66 In addition to 

palladium catalysis, the ketone-directed hydroxylation reaction can also be catalyzed by 

ruthenium67,68 and rhodium68 under similar conditions (Scheme 2.32). The study of substrate 

scopes indicated that, while ruthenium- and rhodium-catalyzed hydroxylation reactions shared 

similar chemoselectivity (electron-rich arenes are favored), the ruthenium catalysts gave better 

performance in terms of yields. 

Scheme 2.31 Palladium-Catalyzed Ketone-Directed ortho-Hydroxylation Reaction 
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Scheme 2.32 Ruthenium and Rhodium-Catalyzed Ketone-Directed ortho-Hydroxylation 

Reaction 

 

Halogenation is also possible, and N-halo succinimides proved to be efficient oxidants for 

carbon-halogen bond formation directed by ketones. In 2012, Glorius and coworkers reported 

rhodium-catalyzed ortho-bromination and iodination reactions with aromatic ketones, using N-

bromo and N-iodosuccinimide as the oxidant respectively (Scheme 2.33).69  The reaction 

conditions utilize a cationic rhodium catalyst and stoichiometric pivalic acid or copper acetate, 

presumably to facilitate the metalation step. The chlorination with N-chlorosuccinimide was 

reported later by Rao and coworkers using palladium catalysis (Scheme 2.34).70 Both triflic acid 

and potassium persulfate additives play a vital role in sustaining the reactivity. While triflic acid 

facilitates coordination of the ketone by in situ generation of a more electrophilic palladium 

catalyst Pd(OTf)2, potassium persulfate is believed to promote the oxidation of Pd(II) to Pd(IV) 

as a co-oxidant. 
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Scheme 2.33 Palladium-Catalyzed Ketone-Directed ortho-Bromination and Iodination 

 

Scheme 2.34 Palladium-Catalyzed Ketone-Directed ortho-Chlorination 

 

Ketone-directed ortho-amination was first accomplished by Liu and coworkers using 

sulfonamides or amides as the amine source (Scheme 2.35). 71  N-Fluoro-2,4,6-

trimethylpyridinium triflate 2.51 or sodium persulfate can be used as the terminal oxidant. 

Mechanistic studies revealed that during the reaction the sulfonamide competes with the weakly 

coordinating ketone for complexation with palladium, which results in lower efficiency during 

the reaction. 
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Scheme 2.35 Palladium-Catalyzed Ketone-Directed ortho-Amination Using Sulfonamides 

 

The corresponding ortho-amination with sulfonyl azides was independently reported by 

the Chang,72 Jiao,73 and Sahoo74 groups in 2013 using [Ru(p-cymene)Cl2]2 as the catalyst 

(Scheme 2.36). Besides the use of cationic silver salts, additional copper or sodium acetate is 

indispensable for all three reactions. The silver salt is proposed to generate a more electrophilic 

ruthenium catalyst allowing better complexation with ketone. The basic acetate ligands are 

expected to facilitate CīH metalation via a CMD mechanism. 

Scheme 2.36 Palladium-Catalyzed Ketone-Directed ortho-Amination Using Sulfonyl Azides 
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2.3 ɓ-CīH Functionalization of Simple Ketones 

ɓ-Substituted ketones represent an important class of prevalent motifs in bioactive 

compounds, such as drug candidates, anti-oxidants, and pesticides. Nevertheless, compared to 

the Ŭ-CīH bond, the more distal ɓ-(sp3)CīH bonds of ketones are usually considered 

intrinsically unreactive. Conventionally, ɓ-functionalized ketones are prepared through the 

conjugate addition of nucleophiles to Ŭ,ɓ-unsaturated ketones (Scheme 2.37).75 As efficient as 

this protocol is, Ŭ,ɓ-unsaturated ketones are often synthesized from the corresponding saturated 

ketones via dehydrogenation, which takes 1-3 steps and requires stoichiometric oxidants.76 The 

direct ɓ-CīH functionalization of the carboxylic acid derivatives, e.g. amides and esters, using a 

DG-based strategy have been extensively studied and reviewed:77 in contrast, ɓ-functionalization 

of simple ketones is nontrivial to develop due to their higher reactivity but lower coordinating 

ability. In the past two years, several transition-metal-catalyzed approaches have emerged that 

enable the direct ɓ-CīH functionalization of simple ketones. 

Scheme 2.37 Direct ɓ-CīH Functionalization of Ketones 

 

In 2013, MacMillan and coworkers reported a direct ɓ-arylation of cyclic ketones with 

electron-deficient arylnitriles via the combination of photo- and enamine catalysis (Scheme 
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2.38).78 With a photocatalyst, i.e. Ir(ppy)3, and amine catalyst, i.e. azepane, various cyclic 

ketones were coupled with 1,4-dicyanobenzene selectively at the ɓ-position in the presence of a 

26W light bulb (CFL: compact fluorescent light) (Eq. 23). This transformation is amenable for 

enantioselective catalysis. When a cinchona-based chiral amine (2.53) was employed, a moderate 

ee value was obtained for the ɓ-arylation of cyclohexanone (Eq. 24). 

Scheme 2.38 Direct ɓ-Arylation of Ketones via Photoredox Organocatalysis 

 

The proposed mechanism for the ɓ-arylation reaction consists of two catalytic cycles 

mediated by the photo- and amine catalyst, respectively (Scheme 2.39). In the photocatalytic 

cycle, the Ir(ppy)3 catalyst is first activated by light to generate an excited *Ir(ppy)3. A 

subsequent single electron transfer (SET) between the electron-deficient 1,4-dicyanobenzene and 

the activated catalyst reduces the arene to a radical anion (2.54) and yields an Ir(IV) intermediate 
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2.55. In the second cycle, the amine catalyst condenses with the ketone substrate to give an 

electron-rich enamine intermediate (2.56). The two catalytic cycles then merge through a single 

electron transfer process, where the enamine gets oxidized to a nitrogen-centered radical cation 

(2.57) and the Ir complex (2.55) is reduced back to Ir(ppy)3. The formation of the radical cation 

increases the acidity of the allylic ɓ-CīH bond, which can be deprotonated by a base to give a 

5-́electron system that has significant radical character at the ɓ-carbon. Coupling between 

electron-rich ɓ-radical 2.58 and electron-deficient radical anion 2.54 provides intermediate 2.59 

bearing a new ɓ-CīC bond. The following re-aromatization and hydrolysis affords the ɓ-arylated 

ketone, releases a cyanide anion, and regenerates the amine catalyst. The use of electron-

deficient arylnitriles as the coupling partner is important because the radical anion intermediate 

2.54 generated from the arylnitrile is long living and reluctant to dimerize due to its electron 

deficiency, which is the key for high chemo and site-selectivity for the ɓ-CīC bond formation. 

Scheme 2.39 Proposed Catalytic Cycle of Direct ɓ-Arylation of Ketones 
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Later, the same group extended this activation mode to other ketone ɓ-CīH 

functionalization reactions. With the use of the same photocatalyst [Ir(ppy)3] and amine catalyst 

(azepane), cyclic ketones can be coupled with diarylketones to give ɔ-hydroxyketone adducts 

(Scheme 2.40, Eq. 25).79 This transformation can be considered as a formal ɓ-aldol reaction. A 

similar mechanism as the ɓ-arylation reaction was proposed by the authors, where the major 

difference is that a ketyl radical is used as the coupling partner instead of the aryl radical anion. 

A stoichiometric amount of LiAsF6 salt was found important to sustain the efficiency of the 

coupling, presumably due to its capability of prohibiting the dimerization of ketyl radicals. When 

an alkyl aryl ketone was employed as the substrate, a more reducing photocatalyst Ir(p-OMe-

ppy)3, a higher loading of the amine catalyst, and an additional light bulb are necessary to 

promote the transformation (Eq. 26). This can be attributed to a higher reduction potential for the 

alkyl aryl ketones compared to the diaryl ketones. 

Scheme 2.40 ɓ-Aldol Coupling of Cyclic Ketones with Aryl Ketones via Photoredox Catalysis 
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Another interesting ketone ɓ-functionalization was reported by Fagnoni and coworkers in 

2014 using a different transition-metal-catalyzed photoredox approach (Scheme 2.41).80 Using 

tetrabutylammonium decatungstate (TBADT) as the catalyst and a Xe lamp or sunlight as the 

light source, various cyclopentanones can be coupled with electron-deficient alkenes to give ɓ-

alkylated products (Eq. 27). The light source was proposed to excite the TBADT catalyst to a 

state containing electronegative oxygen-centered radicals. The activated catalyst can directly 

abstract a ɓ-hydrogen of the cyclopentanone to generate a carbon-centered radical. Subsequent 

1,4-addition to a Michael acceptor, followed by hydrogen transfer back from the catalyst, results 

in the ɓ-alkylation product.  

The ɓ-selectivity of this transformation is determined during the hydrogen abstraction 

step. When the electronegative oxygen-centered radical approaches a CīH bond, a partial 

positive charge will build on the carbon atom in the transition state. Because the partial positive 

charge is destabilized by the neighboring carbonyl group, the abstraction of the Ŭ-hydrogen is 

disfavored, resulting in a high ɓ-selectivity. In addition to the alkylation, a ɓ-acylation of 

cyclopentanones was also achieved when the reaction was run under high pressure of carbon 

monoxide (Eq. 28). Despite the high ɓ-selectivity for cyclopentanone, other cyclic ketones, e.g. 

cyclohexanone, gave a mixture of ɓ- and ɔ-CīH functionalization products. 
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Scheme 2.41 Photocatalyzed ɓ-Alkylation and Acylation of Cyclopentanones 

 

 

2.4 Addition of Ŭ-CīH Bonds to Unactivated Alkenes or Alkynes 

2.4.1 Addition to Alkenes 

Direct addition of the Ŭ-CīH bond of ketones across unactivated alkenes represents a 

transformation of significant synthetic value. Traditionally, Ŭ-alkylation of ketones is realized 

through enolate formation and subsequent substitution with an alkylating reagent, e.g. alkyl 

halides in most cases (Scheme 2.42A). Efficient as this reaction is, it suffers from several 

drawbacks, including highly basic conditions, generation of stoichiometric waste, lack of 

regioselectivity, high cost of the alkylation reagents and over-alkylation.81 The Stork enamine 

reaction can also be used to prepare Ŭ-alkylated ketones,82 although the use of highly reactive 
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alkylating reagents (óhot electrophilesô), as well as the formation of stoichiometric amine salts is 

inevitable (Scheme 2.42B). 

Scheme 2.42 Ŭ-Alkylation of Ketones 

 

Compared to conventional alkylation reagents, such as alkyl halides and Michael 

acceptors, simple olefins are more accessible and generally less expensive. Moreover, the 

addition of the Ŭ-CīH bond of ketones to olefins ostensibly generates no stoichiometric waste, 

thus maximizing the atom economy of the alkylation reaction (Scheme 2.42C). Although the 

addition of activated methylene compounds (e.g. Ŭ-CīH bond of 1,3-dicarbonyl compounds) to 

olefins has been well studied,83 examples of using less-acidic simple ketones as substrate are 

limited. 
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In 2003, Widenhoefer and coworkers reported an intramolecular cyclization with a ɔ,ů-

enone using palladium catalysis (Scheme 2.43).84 A catalytic amount of hydrochloric acid was 

employed to promote enol formation, and CuCl2 was used to stabilize the Pd(II) catalyst. A 

number of ɔ,ŭ-enones (2.60) cyclized efficiently in a 6-endo-trig fashion to afford 2-substituted 

cyclohexanones (2.61). When a tertiary substituent is present on the ketone, a spirocyclic 

structure can be formed in a similar yield. Based on deuterium-labeling studies, the authors 

proposed that after intramolecular nucleophilic attack of the enol to the olefin, the resulting 

Pd(II)-alkyl species (2.63) would undergo a ñchain walkò to place palladium on the Ŭ-position 

through a series of ɓ-hydride elimination/re-insertion steps (Scheme 2.44). Protonation of the 

Pd(II)-enolate (2.66) would release the product and regenerate the active palladium catalyst.85 

Scheme 2.43 Palladium-Catalyzed Intramolecular Ŭ-Alkylation of Ketones with Olefins 
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Scheme 2.44 Proposed Pathway of Palladium-Catalyzed Intramolecular Ŭ-Alkylation 

 

In 2011, an efficient gold-catalyzed intramolecular Ŭ-alkylation with aliphatic olefins was 

developed by Che and coworkers (Scheme 2.45).86 Compared to Widenhoeferôs protocol, the 

gold-catalyzed method has several distinct features. First, no additional protic acids are 

employed because the cationic gold is Lewis acidic enough to facilitate enol formation. Second, 

the 5-exo-trig cyclization to give five-membered rings is favored over the 6-endo-trig pathway. 

Mechanistically, the alkyl-Au(I) species generated from the enol addition step was proposed to 

undergo direct protonation to give the alkylation product as opposed to the aforementioned 

ñchain walkò process. No coupling with aromatic olefins was reported with either Widenhoefer 

or Cheôs catalytic system, which can likely be attributed to the acid-lability of aryl olefins. 
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Scheme 2.45 Gold-Catalyzed Intramolecular Ŭ-Alkylation of Ketones with Olefins 

 

Besides intramolecular alkylation reactions, several approaches for the more challenging 

intermolecular Ŭ-alkylation of ketones with simple olefins have also emerged. Intermolecular 

alkylation with aryl olefins, e.g. styrene, is known to be catalyzed by strong bases such as KOtBu 

in polar solvents such as DMSO.87,88,89 In 2012, Kanai and coworkers reported a copper-

catalyzed addition of ketone Ŭ-CīH bonds to styrene derivatives (Scheme 2.46).90 Mesityl 

cuprate and CuOiPr were both found to be efficient precatalysts. Ketones with diverse structures 

can be coupled with styrene derivatives to afford linear alkylation products. While the exact 

mechanism remains unclear, a dual role of the copper catalyst was proposed: 1) it acts as a strong 

base to generate a Cu(I)-enolate; 2) it serves as a ˊ acid to activate the styrene. 
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Scheme 2.46 Copper-Catalyzed Intermolecular Ŭ-Alkylation of Ketones with Olefins 

 

An unusual radical approach also proved to be feasible for the addition of Ŭ-CīH bonds 

of ketones to aliphatic olefins.91 In 2000, Ishii and coworkers reported an Ŭ-alkylation reaction of 

ketones with alkenes using a combination of catalytic Mn(OAc)2 and Co(OAc)2 (Scheme 2.47, 

Eq. 29). Both cyclic and linear ketones can couple with 1-octene or isopropenyl acetate to give 

the alkylation products. Acetic acid was used as solvent, and the reaction was run under a mixed 

atmosphere of nitrogen and oxygen. In the proposed mechanism, the ketone substrate was first 

oxidized by in situ generated Mn(OAc)3 to give an Ŭ-keto radical species (2.68). Subsequent 

radical addition to the alkene, followed by hydrogen abstraction from either the solvent or 

another ketone, would provide the alkylation product. The presence of oxygen was critical, 

suggesting an oxidative process. Although the cobalt salt is not necessary for product formation, 

it is believed to assist the re-oxidation of Mn(OAc)2 by oxygen. A major drawback of this 

approach is the use of excess ketone, presumably to sustain the efficiency of the radical 

generation. When styrene was used as the substrate, an interesting peroxo bicycle was formed 

(Eq. 30). 
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Scheme 2.47 Manganese-Catalyzed Intermolecular Ŭ-Alkylation of Ketones with Olefins 

 

In 2014, Mo and Dong reported a Rh(I)-catalyzed Ŭ-alkylation of ketones with various 

alkenes via bifunctional catalysis (Scheme 48).92 The dual activation of the ketone and olefin 

was achieved through the use of Rh(I)/7-azaindoline as the bifunctional catalyst. In the proposed 

catalytic cycle, the secondary amine motif in 7-azaindoline (2.75) would first condense with 

ketone to form enamine 2.71, which converts a ketone sp3 Ŭ-CīH bond to an sp2 CīH bond. One 

benefit of the transient enamine formation is that sp2 CīH bonds are generally easier to be 

activated than sp3 bonds both thermodynamically and kinetically.93 Directed by the pyridine 

moiety, oxidative addition of Rh(I) into the Ŭ-CīH bond would then yield six-membered 

rhodacycle 2.72. Subsequent migratory insertion of the olefin into the Rh-hydride bond, followed 

by reductive elimination to form the CīC bond and hydrolysis of the enamine, furnished the 

alkylation product and re-generated the bifunctional catalyst. 
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Scheme 2.48 Proposed Strategy of Ŭ-Alkylation of Ketones Using Bifunctional Catalysis 

 

Based on the proposed strategy, the optimized conditions consist of 

[Rh(coe)2Cl]2/Bis[1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene] (IMes) as the precatalyst, 

and catalytic tosylsulfonic acid to promote enamine formation (Scheme 2.49). This strategy 

enabled coupling of both aliphatic and aromatic alkenes giving the alkylation products with 

linear selectivity. Both cyclic and linear ketones can be coupled with various Ŭ-olefins to give 

the corresponding alkylation products. In addition, due to the pH- and redox-neutral conditions, 

many sensitive functional groups, such as free alcohols, amines and malonates etc., were found 

compatible. 
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Scheme 2.49 Rhodium-Catalyzed Ŭ-Alkylation of Ketones with Bifunctional Ligand 

 

 

2.4.2 Addition to Alkynes 

The direct addition of ketone Ŭ-CīH bonds to alkynes represents a promising approach to 

access enone derivatives. For example, the intramolecular ketone-alkyne cyclization has been 

extensively studied and employed to construct cyclic enone structures.94 Although a large 

collection of catalysts and reaction conditions have been developed to facilitate this cyclization, 
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the substrate scope is primarily focused on 1,3-dicarbonyl compounds. Nevertheless, ˊ-acid-

catalyzed ketone-mediated transformations have been recently developed. 

In 2010, Davies and coworkers reported a gold-catalyzed intramolecular 

cycloisomerisation of alkynes and simple ketones (Scheme 2.50).95 A number of tethered keto-

alkynes could cyclize in the presence of a cationic gold catalyst to give fused or spiro-enone 

derivatives. While the direct addition of the Ŭ-CīH bond to the alkyne represents a possible 

pathway, mechanistic studies indicate an alkyne hydration/aldol condensation pathway seems to 

be more reasonable. In the proposed reaction pathway, gold-catalyzed alkyne hydration with 

adventitious water would first generate diketone 2.76, which upon intramolecular aldol 

condensation gives the enone product. 

Scheme 2.50 Gold-Catalyzed Intramolecular Ŭ-Alkenylation of Ketones with Alkynes 

 

A palladium-catalyzed cyclization of keto-alkynes was later reported by Gevorgyan and 

coworkers. 2-Alkynyl acetophenone derivatives can readily cyclize to form ɓ-alkylidene 

indanone structures (Scheme 2.51).96 Complete stereoselectivity for the E isomers was observed 
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for the cyclization. Interestingly, when the ketone possesses an Ŭ-aryl substituent, a conjugated 

indenone structure was formed instead of the indanone. DFT calculation implied the reaction 

proceeded through palladium enolate 2.79, a similar intermediate to that proposed in Kanaiôs 

alkylation reaction with olefins (vide supra, Scheme 2.46). 

Scheme 2.51 Palladium-Catalyzed Intramolecular Ŭ-Alkenylation of Ketones with Alkynes 

 

The intermolecular addition of ketones to alkynes has limited success using simple 

ketones as the substrate. No transition metal-catalyzed example has been reported. To date, 

stoichiometric Lewis acid-mediated addition of silyl enol ethers into terminal alkynes97 and 

strong base-promoted addition of potassium enolates into aryl terminal acetylenes98,99 represent 

the only known examples. 
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2.5 Conclusion 

In summary, the transition metal-catalyzed ketone-directed or mediated CīH 

functionalization has been a rapidly growing field over the past two decades. While the mode of 

activation varies from case to case, the use of transition metals has driven transformations of 

ketones beyond the intrinsic reactivity allowing CīH functionalization to occur at the less 

reactive position or with unactivated coupling partners. Among all the topics covered in this 

chapter, the aromatic ortho CīH functionalization using ketone DGs has been most well studied. 

Future endeavors are expected to demonstrate more applications with these methods and 

introduce more types of FGs. Although the functionalization of ketone aliphatic CīH bonds 

using transition-metal catalysis is a relatively new area, an avalanche of novel approaches have 

sprung up recently. While it is still too early to assess the synthetic potential of these methods, 

they nonetheless offer new perspectives on how strategy and catalyst design can enable the 

reactivity and selectivity that are not expected from conventional viewpoints. 
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CHAPTER 3 

 

Catalytic CīC Bond Forming Transformations via Direct ɓ-CīH Functionalization of 

Carbonyl Compounds 

 

 

 

 

3.1 Introduction 

Functionalization of carbonyl compounds represents a cornerstone of organic chemistry. 

The inherent electrophilicity of the carbonyl group and acidity of the Ŭ-CīH bond provide 

convenient handles for the installation of various functional groups at the ipso and Ŭ-position of 

carbonyl compounds, respectively. However, the ɓ-CīH bond is usually considered inert and 

thus less facile to functionalize directly. On the other hand, such ɓ-substituted motifs are 

frequently found in a wide array of bioactive compounds, including pesticides, anti-oxidants and 

drug candidates.1 Traditionally, functionalization of the ɓ-position is often accomplished with 

conjugate addition of nucleophiles to the corresponding Ŭ,ɓ-unsaturated carbonyl compounds 

(Scheme 3.1).2 However, Ŭ,ɓ-unsaturated carbonyl compounds are often prepared from their 
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saturated derivatives using a stoichiometric amount of oxidant.3 Thus, direct methods to convert 

the ɓ-CīH bond to the desired functional group would considerably increase the efficiency of 

preparing ɓ-substituted carbonyl compounds. During the last decade, significant efforts have 

been devoted towards direct ɓ-CīH functionalization of carbonyl compounds. This chapter 

primarily focuses on discussing the transformations that directly replace a ɓ-CīH bond of 

carbonyl compounds with a CīC bond. While not intended to comprehensively cover all 

literature references, it rather offers a perspective on strategy design and discovery through 

selected examples to highlight representative reaction types. 

Scheme 3.1 Conventional Synthesis of ɓ-substituted Carbonyl Compounds 

 

 

3.2 Cyclometallation via Directing Groups 

Directing group strategies have been widely applied in transition-metal-mediated site-

selective CīH activation, through which an avalanche of catalytic transformations has been 

developed. Nevertheless, compared with sp2 CīH bonds, the sp3-hybridized ɓ-CīH bond of 

carbonyl compounds is less prone to be cleaved by transition metals from both kinetic and 

thermodynamic prospective,4 which presents a significant challenge for design and development 

of new directing groups. 
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3.2.1 General Mechanisms 

Regarding the mechanism of these cyclometallation-type transformations, two general 

classes can be imagined based on the coupling partners employed. When an electrophile, such as 

an aryl halide, is involved, a typical reaction pathway proceeds through a selective metallation at 

the ɓ-position assisted by the directing group, followed by oxidative addition of the electrophile 

to the metal giving intermediate 3.1 (Scheme 3.2, pathway A). It is also possible for the C-H 

metallation and oxidative addition to occur in a reverse order. Under either pathway, reductive 

elimination of intermediate 3.1 delivers the ɓ-functionalization product and restores the active 

catalyst. 

Scheme 3.2 Cyclometallation-type ɓ-CīH Functionalization via Oxidative Addition of 

Electrophiles 

 

When an organometallic reagent (i.e. arylboronic acids) is used, the coupling proceeds 

through a different mechanism (Scheme 3.3). After the CīH metallation step, transmetallation 

between the organometallic reagent and intermediate 3.2 installs the functional group on the 
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metal center while the oxidation state of the metal remains unchanged. Subsequent reductive 

elimination affords the product, and oxidation of the reduced catalyst (3.4) by an external oxidant 

regenerates the catalyst.  

Scheme 3.3 Cyclometallation-type ɓ-CīH Functionalization via Transmetallation of 

Organometallic Reagents 

 

According to the types of the directing groups employed, the ɓ-functionalization through 

cyclometallation can be classified into two categories: type A is with strong bidentate directing 

groups; type B is with weaker coordinating directing groups. 

 

3.2.2 Type A. Bidentate Directing Group 

3.2.2.1 Arylation 

In 2005, Daugulis and co-workers disclosed a palladium-catalyzed ɓ-arylation of amides 

using 8-aminoquinoline (AQ) as a directing group (Scheme 3.4).5 In their proposed intermediate, 
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the 8-aminoquinoline auxiliary provides an L-type (quinoline) and an X-type (amide) ligand to 

chelate with palladium in a bidentate fashion. The 5-5 fused palladacycle 3.5 was formed after 

the selective palladation of the ɓ-CīH bond. Methyl, methylene and benzylic CīH bonds ɓ to the 

carbonyl can be arylated selectively with aryl iodides as the aryl source under neat conditions. 

Silver salts are likely used as an iodide scavenger. When activating a methyl group, the arylation 

occurred twice to give diarylation products. 

Scheme 3.4 Palladium-catalyzed ɓ-Arylation of Amides using 8-Aminoquinoline as the 

Directing Group 

 

Soon after the seminal work by Daugulis, Corey and coworkers successfully applied this 

strategy to prepare non-natural amino acids (Scheme 3.5).6 With the 8-aminoquinoline moiety as 

the directing group, N-phthaloyl valine and phenylalanine derivatives underwent 

diastereoselective ɓ-arylation through coupling with a range of aryl iodides. The 
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diastereoselectivity could be explained by formation of a less sterically hindered trans-

palladacycle (3.7). When alanine derivative 3.6 was submitted to the reaction conditions, a 

diarylation product was selectively formed, which is consistent with the observation by 

Daugulis.5 

Scheme 3.5 Synthesis of Non-natural Amino Acid Derivatives 

 

Daugulis and coworkers subsequently discovered that the use of silver salts and neat 

conditions can be avoided by using a combination of main-group inorganic salts and alcoholic 

solvents (Scheme 3.6). 7  In addition, while the diarylation product dominates when 8-

aminoquinoline was used as the directing group, 2-methylthio aniline was found to afford 

selective monoarylation of primary ɓ-CīH bonds. This new directing group also works for a 

secondary benzylic CīH bond albeit with a moderate yield when a catalytic amount of pivalic 

acid was employed as a proton shuttle. In contrast, the 8-aminoquinoline directing group is more 

efficient for secondary CīH bonds; a number of cyclic and acyclic methylene ɓ-CīH bonds can 
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be arylated in good yields. Notably, Daugulis and coworkers later demonstrated that these 

complementary reaction conditions could also be nicely applied to the syntheses of non-natural 

amino acids via diastereoselective ɓ-CīH arylation of N-protected amino acid derivatives.8 

Scheme 3.6 Palladium-catalyzed ɓ-Arylation Directed by 2-Methylthio Aniline or 8-

Aminoquinoline Auxiliary 

 

Recently, Chen and coworkers reported a mono-selective ɓ-arylation of N-phthaloyl 

alanine derivatives using 8-aminoquinoline as the directing group (Scheme 7).9  With the 

assistance of the trifluoroacetate anion, the ɓ-arylation reaction proceeded under room 

temperature to afford the monoarylation product in a high selectivity. The authors also 

demonstrated that the monoarylation products could be further arylated, alkylated or amidated at 

the ɓ-position using the same directing group under different reaction conditions. 
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Scheme 3.7 Palladium-catalyzed ɓ-Monoarylation of Alanine Derivatives at Room Temperature 

 

A strategy to synthesize chiral Ŭ-amino-ɓ-lactams was developed by B. Shi and 

coworkers using a palladium-catalyzed monoarylation/amidation sequence with 2-(pyridine-2-

yl)isopropyl (PIP) as the auxiliary (Scheme 3.8).10 The PIP directing group is critical for the 

success of the sequence, because first it displays a high selectivity for the monoarylation step 

(mono:di > 25:1) and second it is robust enough to survive during the subsequent oxidative 

amidation step. 

Scheme 3.8 Palladium-catalyzed Synthesis of Ŭ-Amino-ɓ-lactams via a 

Monoarylation/Amidation Sequence 

 

Chen and coworkers developed the first intramolecular version of the ɓ-arylation reaction 

to construct benzo-fused rings in a rapid fashion using 8-aminoquinoline as the directing group 

(Scheme 3.9).11,12 Through the selective intramolecular coupling of aryl iodides and ɓ-methylene 

CīH bonds, benzo-bicycles with different ring sizes were prepared, bearing ether, amine or 

amide linkages. The ortho-phenyl benzoic acid (o-PBA) ligand 3.8 was found to enhance the 

overall efficiency, which was proposed to facilitate the oxidative addition of aryl iodides. 
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Scheme 3.9 Palladium-catalyzed Intramolecular ɓ-Arylation 

 

Besides using aryl iodides, Zeng and coworkers demonstrated that less reactive aryl 

bromides are also suitable aryl sources for the palladium-catalyzed ɓ-arylation reactions. 

(Scheme 3.10, Eq. 1).13  8-Aminoquinoline was employed as the directing group. Use of 

potassium carbonate as the base and pivalic acid as the additive were shown to be critical for the 

high efficiency. Diaryliodonium salts can be used as an alternative aryl source, reported by Z. 

Shi and coworkers (Eq. 2).14 In this case, the NHC-ligated Pd(SIMes)(OAc)2 [SIMes = 1,3-

bis(2,4,6-trimethylphenyl)imidazole-2-ylidane)] complex was employed as the catalyst and only 

a slight excess of diaryliodonium salt was required, which is a notable difference from the 

reactions with aryl halides. 

  



83 

 

Scheme 3.10 Palladium-catalyzed ɓ-Arylation with Aryl Bromides or Diaryliodonium Salts 

 

The 8-aminoquinoline auxiliary later proved to be a versatile directing group and readily 

applicable to CīH activation reactions catalyzed by metals other than palladium. An iron-

catalyzed version of the ɓ-arylation reaction was developed by Ilies, Nakamura and coworkers in 

2013 (Scheme 3.11).15 The iron-catalyzed arylation utilized in situ generated diarylzinc reagents 

as the aryl source, 1,2-dichloroisobutane (DCIB) as a terminal oxidant and additional Grignard 

reagent to deprotonate the amides. A transmetallation-based mechanism was proposed (vide 

supra, Scheme 3.3). A high selectivity for methyl over benzylic CīH bonds was observed 

without ñover arylationò of methyl groups, which is distinct from the palladium-catalyzed 

reactions. In 2014, Ackermann and coworkers demonstrated the iron-catalyzed ɓ-arylation can 

be carried out using triazolyldimethylmethyl (TAM) as the directing group,16 which can be easily 

accessed via click cyclization (Scheme 3.12).17 
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Scheme 3.11 Iron-catalyzed ɓ-Arylation Directed by 8-Aminoquinoline Auxiliary 

 

Scheme 3.12 Iron-catalyzed ɓ-Arylation Directed by Triazolyldimethylmethyl Auxiliary 

 

Scheme 3.13 Nickel-catalyzed ɓ-Arylation Directed by 8-Aminoquinoline Auxiliary 

 

Recently, a nickel-catalyzed ɓ-arylation of amides was reported by the Chatani group 

using 8-aminoquinoline as the directing group (Scheme 3.13, Eq. 3).18 A wide spectrum of 

sensitive functional groups was tolerated under the reaction conditions, including amines, iodides, 
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indoles and thiophenes, although substrates with Ŭ-protons gave lower yields (or no reaction). 

Shortly after Chataniôs work, You and coworkers developed an analogous arylation reaction 

using aryl bromides as the coupling partner. With Youôs method, activation of the methyl group 

gave monoarylation products (Eq. 4).19 

 

3.2.2.2 Alkylation 

Compared to the arylation reactions, ɓ-alkylation of carbonyl compounds with alkyl 

halides has been largely underdeveloped.  The challenge to realize the ɓ-alkylation stems from 

the sluggish oxidative addition of alkyl halides and alkyl-alkyl reductive elimination, as well as 

potential side reactions of alkyl halides, including decomposition and esterification with 

carboxylate or carbonate bases. 

Scheme 3.14 Early Examples of ɓ-Alkylation Reaction 

 

Use of 8-aminoquinoline directing group to facilitate the ɓ-alkylation reaction was first 

demonstrated by Shabashov and Daugulis in 2010 (Scheme 3.14, Eq. 5).7 The palladium-
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catalyzed coupling of the ɓ-methyl CīH bond of propionic amide and i-butyl or n-octyl iodide 

was successful with K2CO3 as the base and a catalytic amount of pivalic acid. An example of an 

intramolecular alkylation of a more challenging ɓ-methylene CīH bond was achieved by Chen 

and coworkers (Eq. 6).12 

A general solution to the challenging ɓ-alkylation of methylene groups was 

independently provided by the Chen and B. Shi groups in 2013 (Scheme 3.15).20,21 A wide range 

of methylene groups, cyclic or acyclic, were alkylated using Ŭ-iodoacetate, methyl iodide or 

ethyl iodide. The combination of Ag2CO3 and (BnO)2PO2H, which was first introduced by Chen, 

appeared to be the key for the success. When alkylating a methyl CīH bond, B. Shi and 

coworkers were able to expand the alkyl-halide scope to alkyl iodides or bromides that contain 

various sensitive functional groups including alkenes, esters and acetals.21 Reactions with 

secondary alkyl iodides didnôt proceed under either Chen or B. Shiôs conditions. 

Scheme 3.15 Palladium-catalyzed ɓ-Alkylation with Ŭ-Halideacetates 
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Recently, Ge and coworkers reported that ɓ-alkylation can also be achieved via nickel 

catalysis using 8-aminoquinoline as the directing group (Scheme 3.16).22 A tertiary Ŭ-carbon is 

necessary for the amide substrates to be arylated. Activation of methyl groups tends to be more 

favorable than methylene groups. It was found that the reaction was sensitive to the sterics of the 

alkyl halides, as isobutyl iodide and secondary halides didnôt give any alkylation product. 

Addition of TEMPO suppressed the reaction and a TEMPO/alkyl adduct (3.9) was also isolated 

along with the desired product. Therefore, a Ni(II)/Ni(III) catalytic cycle involving alkyl radicals 

was proposed by the authors for this reaction. 

Scheme 3.16 Nickel-catalyzed ɓ-Alkylation with Alkyl Halides 

 

 

3.2.2.3 Alkynylation 

A palladium-catalyzed ɓ-alkynylation reaction with the 8-aminoquinoline directing group 

was published by Tobisu, Chatani and coworkers in 2011 (Scheme 3.17). 23 

Bromotriisopropylsiylacetylene was used as the alkyne source. Interestingly, while secondary 

CīH bonds reacted effectively under the reaction conditions, reactions with methyl CīH bonds 



88 

 

only gave a trace amount of product (3.10). This method offered a straightforward and site-

selective approach to install alkyne motifs onto the carboxylic derivatives. 

Scheme 3.17 Palladium-catalyzed ɓ-Alkynylation Directed by 8-Aminoquinoline Auxiliary 

 

 

3.2.2.4 Carbonylation 

The Chatani group also published a ruthenium-catalyzed ɓ-carbonylation reaction 

directed by a 2-pyridylmethylamine auxiliary (Scheme 3.18). 24  A range of succinimide 

derivatives were formed using this approach. The reaction was proposed to go through a 

sequence of ɓ-CīH activation, CO migratory insertion and CīN reductive elimination. In the 

proposed catalytic cycle, ethylene serves as the H2 acceptor, and water reacts with complex 3.13 

(the resting state of the catalyst) to generate active species 3.14. 
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Scheme 3.18 Ruthenium-catalyzed Synthesis of Succinimides via ɓ-Carbonylation 

 

 

3.2.2.5 Application in Total Synthesis 

When applied in a much more complex setting, the bidentate directing-group strategy still 

proved to be versatile and reliable. The first total synthesis using this transition-metal-catalyzed 

direct ɓ-CīH functionalization was reported by Feng and Chen in 2010 (Scheme 3.19).25 In the 

synthesis of the bicyclic peptide natural product, celogentin C, 8-aminoquinoline was used as the 

directing group in the palladium-catalyzed ɓ-arylation reaction to construct the key CīC bond 

between the Leu Cɓ and Trp C6 position. This ɓ-arylation reaction proceeded smoothly to give 

the coupling product on a multi-gram scale with complete diastereoselectivity. 
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Scheme 3.19 Synthesis of Celogentin C via Palladium-catalyzed ɓ-Arylation 

 

Similar CīH functionalization strategies were utilized by Baran and coworkers in 

construction of the unsymmetrical cyclobutane cores of piperarborenines (Scheme 3.20).26 

Cyclobutane 3.15 containing a 2-methylthio aniline directing group underwent efficient ɓ-

arylation with 3,4,5-trimethoxyliodobenzene under the optimized conditions. Bis-arylation on 

both methylene groups was not observed presumably due to the sterically hindered all-cis 

orientation of the tri-substituted cyclobutanes 3.16. Different epimerization conditions were then 

applied to invert either the ester or amide stereocenter on the cyclobutane ring to afford 

diastereoisomers 3.17 and 3.18. With reduced steric hindrance, the second arylations with 3,4-

dimethoxyiodobenzene proceeded smoothly to give tetra-substituted cyclobutane core structures 

3.19 and 3.20, which, upon further modifications, led to piperarborenine B and the proposed 

structure of piperarborenine D, respectively. Later, the same group applied this CīH 
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functionalization logic to the synthesis of the proposed structure of pipercyclobutanamide A, 

where a CīH arylation/olefination sequence was accomplished (Scheme 3.21).27 

Scheme 3.20 Synthesis of Piperarborenine B and D via Sequential ɓ-Arylation 

 

Recently, Ting and Maimone reported a concise synthesis of aryltetralin lignan 

podophyllotoxin via a palladium-catalyzed ɓ-CīH arylation reaction (Scheme 3.22).28 The major 

competing reaction of the arylation step was the ɓ-lactam formation through a CīN bond 

reductive elimination. The authors discovered that the conformation of the rigid polycyclic 
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system was important to control the selectivity between the CīC bond formation and CīN bond 

formation. 

Scheme 3.21 Synthesis of Pipercyclobutanamide A via Palladium-catalyzed ɓ-

Arylation/Olefination Sequence 

 

Scheme 3.22 Synthesis of Podophyllotoxin via Palladium-Catalyzed ɓ-Arylation 
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3.2.3 Type B. Weaker coordinating directing group  

The use of weaker coordinating non-pyridine-type directing groups in ɓ-C(sp3)īH 

functionalization of carbonyl compounds was pioneered by Yu and coworkers.29 Compared to 

bidentate directing groups, such as 8-aminoquinoline, using a monodentate directing group 

should form a less thermodynamically stable thus more reactive metallacycle after the CīH 

metallation (Scheme 3.23). The enhanced reactivity of the metallated intermediate has enabled a 

collection of challenging CīH functionalization transformations. Furthermore, since an extra 

coordination site becomes available when using monodentate directing groups, the role of ligand 

is expected to be more important in controlling the reactivity and selectivity of the CīH 

functionalization reaction. 

Scheme 3.23 Palladacycles from Bidentate or Monodentate Directing Groups 

 

In 2007, Yu and coworkers reported the first ɓ-arylation reaction of simple carboxylic 

acids with aryl iodides (Scheme 3.24, Eq. 7).30 As proposed by the authors, the in situ generated 

potassium carboxylate guides palladium insertion into the ɓ-CīH bond through a five-membered 

palladacycle, which, upon oxidative addition of aryl iodide and subsequent CīC bond reductive 

elimination, gives the ɓ-arylation product. Phenylboronic acid pinacol ester (PhBpin) could also 

be coupled with the ɓ-CīH bonds in the presence of benzoquinone (BQ) and Ag2CO3 as oxidants, 

albeit with lower efficiency (Scheme 3.25, Eq. 8). 
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Scheme 3.24 Palladium-catalyzed ɓ-Arylation of Simple Carboxylic Acids 

 

Scheme 3.25 Palladium-catalyzed ɓ-Arylation with Aryl Organoboron Reagents 

 

Later, by employing O-methyl hydroxamic acids as the directing group, Yu and 

coworkers improved the yield of the ɓ-arylation reaction with organoboron reagents (Scheme 

3.25, Eq. 9).31 Notably, an analogous ɓ-alkylation reaction with alkyl boronic acids was also 

achieved. In this transformation, 2,2,5,5-tetramethyltetrahydrofuran was used as solvent, which 

might act as a bulky ligand to inhibit undesired homo-coupling and ɓ-hydride elimination 

(Scheme 3.26). Besides silver salts, air was also demonstrated to be a suitable terminal oxidant 

for the ɓ-arylation and alkylation reactions. 


























































































































































































































































































































































































































































































































































































































































































































































































