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Evolution of C−H Bond Functionalization from Methane to 
Methodology

John F. Hartwig

John F. Hartwig: jhartwig@berkeley.edu

Abstract

This Perspective presents the fundamental principles, the elementary reactions, the initial catalytic 

systems, and the contemporary catalysts that have converted C−H bond functionalization from a 

curiosity to a reality for synthetic chemists. Many classes of elementary reactions involving 

transition-metal complexes cleave C−H bonds at typically unreactive positions. These reactions, 

coupled with a separate or simultaneous functionalization process lead to products containing new 

C−C, C−N, and C−O bonds. Such reactions were initially studied for the conversion of light 

alkanes to liquid products, but they have been used (and commercialized in some cases) most 

often for the synthesis of the more complex structures of natural products, medicinally active 

compounds, and aromatic materials. Such a change in direction of research in C−H bond 

functionalization is remarkable because the reactions must occur at an unactivated C−H bond over 

functional groups that are more reactive than the C−H bond toward classical reagents. The scope 

of reactions that form C−C bonds or install functionality at an unactivated C−H bond will be 

presented, and the potential future utility of these reactions will be discussed.

INTRODUCTION

The selective functionalization of C−H bonds with molecular catalysts has been pursued for 

nearly 50 years.1 One of the major synthetic targets for such reactions has been the 

conversion of light alkanes to alcohols or the conversion of linear alkanes to α-olefins (eq 

1). The conversion of methane to methanol would

(1)

allow stranded, gaseous methane to be transported as liquid product,2,3 or the methanol to be 

used in reactions that form C−C bonds in higher hydrocarbons.4 The selective oxidation of 

alkanes at the terminal position could convert linear alkanes to detergent alcohols, while the 

oxidation of lighter alkanes, such as butane, to α,ω-diols (eq 2) would provide monomers for
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(2)

polymers made on large scale. None of these goals have been achieved in a practical 

fashion. However, the knowledge gained about the mechanisms by which C−H bonds can be 

cleaved by transition-metal compounds resulting from studies toward these goals5,6 have 

begun to dramatically impact synthetic organic chemistry.

Synthetic organic chemistry has relied on the formation of carbon−carbon bonds by 

matching nucleophiles with electrophiles and by interconversion of functional groups 

attached to or contained within a skeleton of carbon atoms. Many catalytic reactions have 

been developed that facilitate the formation of carbon−carbon and carbon−heteroatom bonds 

at existing functional groups, including some of the most common reactions used in all of 

synthetic chemistry.7–9 Hydrogenation, cross coupling, and olefin metathesis reactions have 

revolutionized the way organic electronic materials, natural products, and medicinally active 

compounds are synthesized.

In many cases, the functional groups in these molecules are installed by the cleavage of a 

carbon−hydrogen bond. Of course, some C−H bonds are acidic and are often deprotonated 

to create a nucleophile that is used to form a carbon−carbon or carbon−heteroatom bond. In 

another classic set of reactions, electrophilic aromatic substitutions install functional groups 

or form a carbon−carbon bond at the position of a C−H bond. These reactions are some of 

the most valuable reactions in synthetic chemistry.

Classical organic chemistry also has shown that C−H bonds are readily cleaved by some 

radicals. Halogen radicals, hydroxyl radical, amidyl radicals, oxoimidyl radicals, and 

benzoyl radicals all cleave C−H bonds to form alkyl radicals.10 These alkyl radicals can 

then, according to proposed mechanisms, be quenched with oxygen, undergo oxidation to 

form carbocations,11 undergo pericyclic reactions12 or even react with ligands bound to 

transition metals to install a new functional group.13,14 However, radicals that form 

sufficiently strong X−H bonds (X = O, N) to cleave the C−H bond are often unselective. In 

particular, halogen and hydroxyl radicals cleave, with some preference, a tertiary C−H bond 

over a secondary C−H bond, and they cleave secondary C−H bonds over primary C−H 

bonds. However, the selectivity for one tertiary C−H bond over another, or one secondary C

−H bond over another in a simple hydrocarbon is low.15 Moreover, none of these classes of 

reactions lead to the selective functionalization of primary C−H bonds without the bias of a 

directing group. The functionalization of the primary C−H bond in an alkane with high 

selectivity has been accomplished only with boron reagents (vide infra),16,17 and the 

selective, catalytic functionalization of methane with molecular catalysts occurs in only a 

few cases and without sufficient selectivity and activity for commercial application.18,19
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A C−H BOND VERSUS A FUNCTIONAL GROUP AS THE SITE OF A 

REACTION

One reason the focus of C−H bond functionalization was placed originally on the 

transformations of alkanes, rather than the functionalization of C−H bonds in molecules 

containing functionality, was the expectation that a system reactive enough to cleave an 

unactivated C−H bond would react rapidly with existing functional groups (Figure 1). A 

metal center that would insert rapidly into the C−H bond of an alkane seemed likely to insert 

into the O−H or N−H bond of an alcohol or amine, insert into the C(O)−O bond of an ester, 

bind to a Lewis basic nitrile or amide, or cleave the weaker C−H bonds alpha to an oxygen 

or nitrogen atom.

Yet, many of these expectations have proven to be invalid or to be overcome by selective 

catalysts. Some radicals, whether organic or metal-based, cleave C−H bonds selectively, 

some transition-metal centers insert into C−H bonds in preference to reacting with the bonds 

of typical functional groups, and many strategies have been developed to direct the metal 

center to one of many C−H bonds. As a result of these strategies, the functionalization of C

−H bonds is beginning to become a mainstream method for conducting organic synthesis. 

Many academic laboratories are conducting the synthesis of natural products and 

biologically active synthetic compounds with the functionalization of a C−H bond as a 

strategic step. Many medicinal chemists are beginning to think of creating diversity from 

existing compound collections by functionalization of C−H bonds on aryl and heteroaryl 

rings, and many materials scientists are forming polymers by C−H bond functionalization or 

modifying poly-aromatic structures by functionalizing the periphery at the position of a C−H 

bond with a catalytic process.

This Perspective will provide one view on what led to a change in mind-set about the 

potential of C−H bond functionalization to be used in the synthesis of complex molecules, 

rather than the conversion of light hydrocarbons to oxygenated or unsaturated products. As 

is typically the case for a trend in research, several groups were far ahead of the current 

research activity, and such work (often overlooked) will be noted as part of this Perspective. 

Today, the functionalization of C−H bonds is a mainstream topic of synthetic chemistry and 

one of the most investigated approaches to develop new synthetic methodology; remaining 

unsolved, but increasingly important due to the production of shale gas, is the original goal: 

the mild and selective conversion of methane and light hydrocarbons to functionalized 

feedstocks.

CHALLENGES FACING THE FUNCTIONALIZATION OF C−H BONDS

Most molecules that one seeks to functionalize contain many different C−H bonds. The 

presence of multiple C−H bonds with different properties leads to several challenges facing 

the selective functionalization of C−H bonds (Figure 1). One challenge is to control site 

selectivity. If the system is sufficiently reactive to functionalize one C−H bond, the system 

is likely to be sufficiently reactive to functionalize C−H bonds at several different sites, 

leading to a mixture of products containing a single new functional group at different sites. 

A second challenge is to achieve monofunctionalization. Again, if the system is sufficiently 

Hartwig Page 3

J Am Chem Soc. Author manuscript; available in PMC 2017 January 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reactive to functionalize one C−H bond, it is likely to be sufficiently reactive to 

functionalize multiple C−H bonds in the same molecule, leading to the formation of a 

mixture of products containing different numbers of new functional groups. A third 

challenge arises from the reactivity of most products of C−H bond functionalization being 

greater than the reactivity of the starting material. This issue is one of the greatest challenges 

facing the oxidation of alkanes. Because alcohols are more reactive than alkanes, the alcohol 

is typically oxidized to the ketone or aldehyde, and the ketone or aldehyde can be further 

oxidized to the corresponding ester or acid. Thus, a mixture of products containing different 

states of oxidation is often formed.20 A fourth challenge facing the functionalization of 

“unactivated C−H bonds” results from the effect of existing functional groups on nearby C

−H bonds. An existing functional group can cause adjacent C−H bonds to be weak21 or 

acidic22 and, therefore, more reactive than an alkyl C−H bond. For example, a carbonyl 

function causes the alpha C−H bonds to be acidic; a halogen, oxygen, or nitrogen atom 

causes the alpha C−H bonds to be weak; a C−C triple bond causes the terminal C−H bond to 

be acidic; and an arene or heteroarene π system creates a pathway for substitution of a C−H 

bond with electrophiles. Thus, developing a system that reacts preferentially at an alkyl C−H 

bond over a functional group or the C−H bond adjacent to a functional group is exacerbated 

by the need to overcome the inherent reactivity of different types of C−H bonds. Finally, the 

existing functional groups can coordinate to the catalyst. Such coordination can be exploited 

to enable site-selective reactions, but it can also make it difficult to conduct a reaction at a C

−H bond distal from the functional groups.

OPPORTUNITIES OFFERED BY THE FUNCTIONALIZATION OF C−H BONDS

The justification for the functionalization of C−H bonds is often expressed as a means to 

conduct green or sustainable chemistry. Although several classes of C−H bond 

functionalization clearly eliminate the need to prepare two functionalized reagents (see the 

discussion of direct arylation below), few published C−H bond functionalization reactions 

approach the goal of green or “sustainable” synthesis because of the presence of copper or 

silver oxidants, additives, such as salts or acids, reagents that can be purchased, but require 

multiple steps to prepare, and the need for high loadings of catalysts containing complex 

ligands. However, C−H bond functionalization can create new classes of bond constructions 

that lead to new strategies for preparing complex molecules or smaller building blocks in 

fewer steps than would be required by classical methods. As noted in a prior review, the 

economy of synthetic steps typically dominates other measures of synthetic efficiency.23

When considering the value of a synthetic method, one should appreciate that the criteria for 

utility vary depending on the purpose of the synthesis. If one is preparing a molecule on 

small scale to evaluate its function, the time required to prepare the molecule and the 

diversity of the molecules that can be prepared by a synthetic route are the most important 

factors. Thus, if C−H bond functionalization can provide direct access to the desired 

molecule, the issues of catalyst efficiency and cost of reagents are nearly irrelevant. For 

example, when modifying a natural product to change the number or type of binding sites to 

a protein or to change its solubility, rapid access to a range of products is the primary goal, 

rather than minimizing waste or catalyst loading.
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Likewise, when preparing a molecule for testing toxicity, access to kilogram quantities of 

the molecule in the shortest time is most important. In this case, the C−H bond 

functionalization process must be suitable to use on larger scale than is typically conducted 

when demonstrating a new method. Factors, such as air sensitivity, salt production, ability to 

purify the product from the reagent components, and reagent or catalyst accessibility are 

some of the important issues. However, the cost of goods is typically outweighed by the cost 

of time. After all, the sales of a blockbuster drug exceed millions of dollars per day—surely 

more than the price of a reagent or ligand on the catalyst.

In contrast, the cases when one would use a reaction on production scale should meet the 

criteria of green chemistry and will confront issues of catalyst lifetime. In these cases, the 

use of C−H bond functionalization must cut steps of a synthesis without consuming catalyst 

components or reagents and with a cost that competes with that of the longer synthetic route 

consisting of classical chemistry. Many C−H bond functionalizations have been reported, 

but few occur, so far, with turnover numbers and reagents that are sufficiently practical for 

use in commercial production of a material, an agrochemical product, or an active 

pharmaceutical ingredient.24–26

The remainder of this Perspective will discuss the principles of C−H bond functionalization, 

the catalytic processes that have been used in synthetic applications, and examples of how C

−H bond functionalization has been used in organic synthesis. Because this paper is meant to 

highlight these issues and opportunities, rather than to provide a comprehensive review of C

−H bond functionalization, the examples will be illustrative. More detailed reviews can be 

found in textbooks,27 edited books of review articles,28 and special or thematic issues of 

review journals.29–31

HISTORICAL OVERVIEW OF THE CLASSES OF CATALYTIC C−H BOND 

FUNCTIONALIZATION REACTIONS

In 1969 and the early 1970s, Shulpin and Shilov published platinum-catalyzed C−H bond 

functionalizations.1,32–34 They showed that the platinum-catalyzed halogenations of alkanes 

generate distributions of products that are distinct from those generated by radical 

halogenation of alkanes; Hodges showed that platinum-catalyzed exchange of deuterium 

between acids and alkanes also occurs, and these two reactions occur with similar selectivity 

(eqs 3 and 4).

The similarity between the selectivity for halogenation and H/D exchange implied that the 

two processes occurred through an alkylplatinum intermediate. Therefore, an organometallic 

catalyst could affect the site selectivity for C−H bond functionalizations. Although the 

halogenation reactions of Shilov were catalytic in Pt(II), the reactant for halogenation was, 

unfortunately, limited to the Pt(IV) halide added to the system.
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(3)

(4)

Contemporaneously, Fujiwara studied the oxidative formation of carbon−carbon bonds by 

the cleavage of aromatic, as well as aliphatic, C−H bonds.35–37 The initial studies showed 

that palladium–alkene complexes containing carboxylate ligands or free alkenes and 

palladium acetate would react with arenes to form vinylarenes.35,36 Soon after he showed 

that this arene olefination could be catalyzed by palladium with copper and oxygen to 

reoxidize the reduced palladium (eq 5).37 This

(5)

oxidative coupling of an arene with an alkene, called the Fujiwara reaction, is now a classic 

C−H bond functionalization reaction that has been used for the synthesis of complex 

molecules and is the foundation of much recent research.

Fujiwara also reported the carboxylation of arenes38–40 and even the carboxylation of 

alkanes41 by the combination of carbon monoxide and an oxidant (eq 6). These reactions 

form benzoic

(6)

acids from arenes and alkane carboxylic acids from cyclic alkanes. The regioselectivity of 

these reactions with arenes was similar to that of an electrophilic aromatic substitution. 

Thus, the mechanism for these reactions is thought to involve the addition of an electrophilic 

palladium to the π system of the arene.38

A third class of C−H bond functionalization reaction was developed about a decade later. 

Felkin and Crabtree reported the dehydrogenations of alkanes to form alkenes catalyzed by 

iridium complexes.42–45 The highest turnover numbers were obtained from the transfer 

dehydrogenation of cyclooctane with tert-butyl ethylene as the hydrogen acceptor (eq 7). 

Cyclooctane was the

Hartwig Page 6

J Am Chem Soc. Author manuscript; available in PMC 2017 January 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(7)

most reactive alkane due to the more favorable thermodynamics for the dehydrogenation of 

this cycloalkane than other alkanes and the unfavorable dehydrogenation of the product to 

the corresponding diene. Because heterogeneous catalysts are known for alkane 

dehydrogenation, much effort was paid to assess whether the catalyst was homogeneous 

(molecular) or heterogeneous (aggregated).46 These studies showed that the catalyst reacted 

in the solution phase as a molecular species. Moreover, studies by Felkin showed that the 

kinetic selectivity for reaction of a linear alkane favored the α-olefin,42 and such selectivity 

is not observed with heterogeneous catalysts (eq 8).

(8)

Much effort has been spent to render the Shilov chemistry catalytic with an oxidant other 

than Pt(IV). Periana reported the conversion of methane to methyl bisulfate with SO3 in 

sulfuric acid as the oxidant and a catalyst generated from platinum chloride and 

bipyrimidine (eq 9).18 Although fuming sulfuric

(9)

acid is an inexpensive oxidant, separation of the product from the medium and hydrolysis to 

form the desired alcohol make this reaction unfeasible for technical conversions of methane 

to methanol. However, these studies did show that even the most unreactive of C−H bonds 

could be functionalized at modest temperatures.

Much effort has been spent to build upon the oxidative functionalizations of Fujiwara. Many 

examples of arene olefination are now known, and methods to render these reactions 

selective for a specific site on an arene have been developed.47 Applications of these 
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reactions to the synthesis of complex molecules will be discussed in detail later in this 

Perspective. In addition, metal carboxylate complexes have been used as catalyst, often with 

an added dative ligand, for reactions that are redox neutral. For example, the reaction of an 

arene with an aryl halide occurs to form biaryl and heteroaryl compounds in the presence of 

catalysts containing carboxylate ligands (eq 10).48,49 These

(10)

reactions are one of the most utilized C−H coupling reactions on process scale because they 

form the biaryl units in many medicinally active compounds without the need to generate an 

organometallic nucleophile.

Although some of the earliest work on alkane functionalization led to systems for 

dehydrogenation, the selective formation of α-olefins has not been achieved in a practical 

way. Although an α-olefin can be the kinetic product, this initial product isomerizes to the 

internal olefin in the presence of the catalyst that led to alkane dehydrogenation.50 However, 

this reaction has been combined with olefin metathesis to create a process for the metathesis 

of alkanes (eq 11).51,52 Dehydrogenation of the alkane to the alkene, metathesis of the 

resulting alkene, and hydrogenation of the resulting alkenes leads to new alkanes that are 

longer and shorter than the starting alkane. This alkane metathesis is a remarkable tandem 

process for modifications of alkanes in homogeneous systems, but the catalysts for this 

reaction do not tolerate functional groups; thus, much development would be needed to 

make this process applicable to the synthesis of complex molecules.

(11)

In addition to these organometallic processes occurring by the formation of metal-carbon σ 

bonds, a large body of early work on C−H bond functionalization comprised the catalytic 

insertions of carbene units into C−H bonds.53 Copper and rhodium complexes catalyze both 

intermolecular54,55 and intramolecular56,57 insertions of carbene units into C−H bonds of 

alkyl groups.53,58 Intramolecular reactions of diazoesters catalyzed by dinuclear rhodium 

carboxylate complexes led to cyclic products from insertion of the carbene into secondary C

−H bonds (eq 12), and the use of such insertions of carbenes
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(12)

into C−H bonds is particularly applicable to the synthesis of natural products and 

medicinally relevant compounds and will be presented later in this paper. Related rhodium 

dimers also catalyze the insertion of nitrenes into C−H bonds (eq 13).

(13)

Like the intramolecular insertions of carbenes, intramolecular insertion of nitrenes into alkyl 

C−H bonds have been developed extensively,59 and such reactions have been used in some 

of the most challenging syntheses of natural products. This nitrene insertion chemistry will 

be discussed in more detail later in this Perspective.

The final class of C−H bond functionalization that will be discussed in this Perspective 

occurs by abstraction of C−H bonds by metal-based radicals to form alkyl radicals or 

trapping of alkyl radicals by metal complexes to form the functionalized product, or both. 

The autoxidation of cyclohexane to cyclohexanols and cyclohexanone is conducted 

commercially with cobalt acetate as initiator.60 This reaction is the first step of the synthesis 

of adipic acid. However, this reaction has not been used for the oxidation of more complex 

molecules. Yet, an increasing number of studies are being conducted that exploit the 

selectivity of electrophilic radicals for abstraction of the more electron-rich alkyl C−H bond 

over abstraction of the less electron-rich C−H bond (eq 14).61

(14)

Applications of this reaction manifold also will be discussed later in this Perspective.
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MECHANISMS OF METAL-MEDIATED C−H BOND CLEAVAGE

Many pathways by which a transition-metal complex can cleave a C−H bond have been 

revealed.62 These pathways include oxidative addition, σ bond metathesis, concerted 

metalation–deprotonation, direct insertion of a ligand, electrophilic addition to a π system, 

and abstraction of a hydrogen atom. Illustrative examples of these reactions and the lessons 

learned that relate to the development of catalytic processes will be described in this section.

The first stoichiometric reactions of organometallic complexes with alkanes to form 

products containing a metal−carbon bond were reported by Crabtree,63 Bergman,64 

Graham,65 Jones,66 and Watson.67 Crabtree reported the reaction of a [Ir(H)2-

(acetone)2(PPh3)2]+ with cyclooctane to form the cylooctadiene complex 

[Ir(COD)2(PPh3)2]+ (eq 15). The mechanism of this

(15)

reaction was unclear, but it showed that a discrete organometallic complex could cleave the 

C−H bond of an alkane.

Bergman and Graham reported the first oxidative additions of alkanes to form alkylmetal 

hydride products (eq 16, M = Ir).

(16)

This work was remarkable because it provided the first clear view of how a transition metal 

complex could cleave a C-H bond in solution. Jones reported the oxidative addition of linear 

alkanes to form primary alkylmetal hydride complexes with a second-row metal rhodium 

(eq 16, M = Rh). Watson reported the reaction of the lanthanide complex Cp*LuMe(OEt2) 

with 13CH4 to form Cp*Lu13Me(OEt2). Because this lutetium compound lacks available d 

electrons, this result showed that pathways other than oxidative addition can lead to the 

intermolecular cleavage of an alkane C−H bond (eq 17).
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(17)

Prior to these studies on the oxidative addition of alkane C−H bonds, several examples of 

the oxidative addition of aryl C−H bonds had been published. For example, Tolman and Ittel 

at DuPont reported the exchange of arenes from (DMPE)Ru(Ar)-(H) complexes (DMPE = 

1,2-bis(dimethylphosphino)ethane) (eq 18).68 These complexes did not react with alkanes. 

Thus, these

(18)

studies revealed one of the general trends in reactivity of metal complexes toward C−H 

bonds: the oxidative addition of aryl C−H bonds occurs in preference to the oxidative 

addition of alkyl C−H bonds.

Many studies also showed that transition-metal centers would undergo intramolecular 

reactions with both aryl and alkyl C−H bonds. For example, nickelocene reacts with 

azobenzene to form a metallacycle containing a new nickel–aryl bond, in addition to a dative 

bond to the diazo unit (eq 19).69 One of the most

(19)

illustrative examples of intramolecular oxidative addition is the reaction of neopentyl 

lithium with the iridium complex in eq 20 to form the dialkyl hydride product from an 

intramolecular oxidative addition of a methyl C−H bond.70

(20)

The reactions of electrophilic metal carboxylate complexes with aryl and alkyl C−H bonds 

occurred as part of the catalytic chemistry reported by Fujiwara almost 50 years ago. 

However, the pathways by which metal−carboxylate complexes cleave C−H bonds have 

been revealed much more recently. Sakaki first computed a pathway for cleavage of the H-H 
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bond in dihydrogen by a metal−carboxylate as part of the mechanism for the hydrogenation 

of CO2.71 The lowest energy pathway (eq 21)

(21)

consisted of the coordination of hydrogen to the metal. Such coordination acidifies the 

hydrogen. The carboxylate ligand then deprotonates the bound hydrogen with the carbonyl 

oxygen atom through a six-membered-ring transition state. The relationship between the 

carbonyl oxygen atom and the bound oxygen atom in a carboxylate ligand leads to a low-

energy pathway.

Sakaki,72 MacGregor,73 and Gorelsky74 computed the reaction coordinate for the formation 

of aryl- and heteroarylpalladium complexes from a palladium carboxylate species and an 

aryl or heteroaryl C−H bond by a pathway that is closely related to that computed by Sakaki 

for reaction of hydrogen with metal carboxylates. Binding of the arene acidifies the C−H 

bond, and the proton in this bond is removed by the carboxylate ligand (eq 22). These 

reactions are particularly facile with certain

(22)

heteroarenes and tend to occur at the more acidic of the C−H bonds of these substrates. The 

importance of the carboxylate group has been shown many times experimentally by the 

requirement of a carbonate or carboxylate base for the catalytic reactions to occur, but the 

structure of the transition state was revealed predominantly by computation.

The insertions of the carbene unit of metal−carbene complexes are a final common reaction 

that leads to cleavage (and direct functionalization) of an alkyl C−H bond. Typically, the 

formation of the metal−carbene is rate limiting, and reaction of the carbene complex with a 

C−H bond occurs after rate-limiting formation of the carbene. Thus, experimental 

mechanistic information on such complexes has been difficult to gain. Only recently has an 

example of the rhodium−carbene intermediate in such a reaction been generated; Davies and 
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Berry reported the characterization of such a complex spectroscopically at low 

temperature.75 Thus, a majority of the mechanistic information on these reactions has been 

gained from computational studies.76,77

The insertions of carbene units into alkyl C−H bonds occur without formation of a metal

−carbon bond from the substrate. The carbene inserts into the C−H bond by an 

asynchronous, concerted pathway (eq 23). The reactions occur preferentially at

(23)

the more electron-rich C−H bonds, due to the electrophilic character of the carbene unit. 

Thus, the reactions occur at secondary C−H bonds over primary C−H bonds. However, the 

reactions tend to occur with a slight preference for insertion at unhindered secondary C−H 

bonds over tertiary C−H bonds due to steric effects.78 The rhodium-carbene complexes are 

highly reactive. If they do not undergo C−H bond insertion, they undergo dimerization to 

form alkenes.

Finally, many studies have been conducted on the reactions of transition-metal complexes 

with alkanes to form alkyl radical intermediates or the trapping of alkyl radicals by metal 

complexes to form functionalized products. The generation of alkyl radicals by abstraction 

of C−H bonds with metal-oxo complexes has been studied for synthetic purposes largely to 

reveal the mechanism of the oxidation of alkanes by iron porphyrin complexes. Such oxo-

iron complexes react with alkanes to form an iron-bound hydroxo ligand and an alkyl 

radical, and the alkyl radical reacts rapidly with the resulting hydroxo ligand in a “rebound” 

step to form the alcohol product (eq 24).79–81 Ongoing work is

(24)

occurring to decipher whether oxo- iron complexes with distinct ligand sets and oxo-metal 

complexes of second- and third-row metals that are less prone to undergo one-electron redox 

events also react with alkane C−H bonds by radical pathways or by nonradical pathways.82 

Alternatively, peroxides or hypervalent iodine reagents can react with a metal complex to 

generate organic radicals that abstract a C−H bond. The resulting alkyl radical then can react 

with the resulting metal complex to form functionalize product and regenerate the complex 

that led to the original radical (eq 25). This sequence is the accepted mechanism for Karasch 

oxidation of allylic C−H bonds12,83,84
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(25)

and has been extended recently to several aminations13,85 and new oxidations86 of alkyl C

−H bonds.

FROM STOICHIOMETRIC REACTIONS AND INITIAL CATALYTIC 

REACTIONS TO SYNTHETIC METHODS FOR FUNCTIONALIZATION OF 

ARENES

For these elementary steps and initial catalytic processes to be developed into useful 

synthetic methodology, several conceptual advances were needed. First an approach was 

needed to control the site and number of C−H bonds that would undergo the 

functionalization process. Second, reagents were needed that would lead to the 

intermolecular functionalization of C−H bonds, rather than the stoichiometric oxidative 

addition of C−H bonds or intramolecular transformations of designed substrates. Third, 

systems were needed that reacted at C−H bonds faster than they reacted with typically more 

reactive functional groups. As discussed below, the application of directing groups to C−H 

bond functionalization and the identification of catalysts that react at C−H bonds in 

preference to conventional functional groups revolutionized the application of C−H bond 

functionalization. In addition, mild oxidants and main group reagents have been identified 

that make the functionalization processes thermodynamically favorable.

In 1993, Murai published a paper in Nature that strongly influenced the way synthetic 

chemists think about the potential of C−H bond functionalization.87 This paper disclosed the 

addition of the C−H bonds in aryl ketones ortho to the carbonyl functional group across 

alkenes (eq 26). The reaction did not

(26)

occur on an arene lacking this functional group. The alkylation of an arene is a classical 

reaction of organic chemistry, typically conducted with an acid catalyst, giving branched 

products from the alkene and regioselectivity at the arene controlled by electronic effects. In 

contrast, this reaction occurred with an electronpoor arene, formed the linear alkylarene, and 

installed the alkyl group regioselectively ortho to the carbonyl group. Moreover, this 

reaction was the first high-yield catalytic C−H bond functionalization in which the substrate 
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containing the reacting C−H bond was the limiting reagent. Catalysts that enable this 

reaction to occur under milder conditions have been developed.88 In addition, combinations 

of catalysts and substrates, such as aryl imines, that allow the reaction to occur without 

isomerization of the alkene have been developed.89 Reactions that occur intramolecularly 

and that occur with heteroarenes have been reported and used extensively for the synthesis 

of natural products and pharmaceutically active compounds.90

Particularly influential, however, has been the extension of directing groups to increase the 

reactivity and control the site selectivity of reactions related to Fujiwara’s palladium-

catalyzed oxidation. In 1970 and 1971, Fahey at Phillips Petroleum reported the catalytic 

chlorination of azobenzene to form a mixture of mono- and polyhalogenation products 

containing chlorine in the ortho position (eq 27).91,92 In 1996, Andrienko reported the 

iodination of azobenzene with I2 and a combination of PdI2 and

(27)

CuCl2 as catalyst,93 and in 2001 Kodama filed a patent on the ortho halogenation of a 

precursor to an agrochemical (vide infra).25

More recently, Sanford reported oxidation, halogenation, and oxidative coupling of aryl and 

alkyl C−H bonds in a broader scope of reactants containing coordinating functional 

groups.94,95 Sanford showed that C−H bonds undergo acetoxylation proximal to a dative 

nitrogen donor, such as a pyridyl ring (eq 28). This chemistry was then extended to the 

functionalization of aromatic C−H bonds directed by a basic functional group selectively in 

good yield (eq 29).

(28)
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(29)

Yu showed that the directed functionalization could be conducted at an unactivated alkyl C

−H bond. In particular, he showed that an alkyl C−H bond near a chiral oxazoline donor 

undergoes halogenation diastereoselectively (eq 30).96,97 His

(30)

group has now discovered a series of chiral, nonracemic catalysts for directed, 

enantioselective functionalization of achiral substrates.98–100 Of course, lithiation of 

aromatic C−H bonds and diastereoselective lithiation of certain aliphatic C−H bonds 

controlled by chiral directing groups has been a mainstay of organic chemistry for many 

years.101 However, these palladium-catalyzed processes allow for the directed 

functionalization to occur at mild temperatures and without the strongly basic conditions of 

ortho-lithiation.

The application of a coordinating substituent on the substrate to direct reactions ortho to a C

−H bond is now used in a bewildering array of functionalizations.102,103 These 

functionalizations include the transformations of aryl, vinyl, and alkyl C−H bonds. These 

reactions include halogenation (including fluorination), amination, oxidative olefination, 

alkylation (with an alkyl halide), carboxylation, arylation, and alkynylation of the C−H bond 

located ortho to a directing group. Moreover, this approach to the functionalization of alkyl 

C−H bonds has led to the site-selective oxidation, amination, arylation, and alkylation of 

aliphatic C−H bonds. These substrates undergoing functionalization of alkyl C−H bonds in 

substrates ranging from alkylpyridines and imines to amino acids. Many directing groups are 

now known, but the 8-amidoquinoline group published by Daugulis104,105 is one of the most 

commonly used because it can be installed at the position of a carboxylic acid and binds to 

many metals, including first-row metals, that one would use for functionalization (eq 31).
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(31)

These directing groups increase the rate of C−H bond cleavage due to binding of the 

substrate at the metal, in addition to controlling the site at which the C−H bond cleavage and 

functionalization occurs. Thus, researchers have been interested in developing substituents 

that accelerate the rate of C−H bond cleavage, but direct the functionalization to a site 

located more distal to the substituent.

For example, directing groups have been designed that contain a structure that positions the 

catalyst at a meta C−H bond. These auxiliaries are also derived from a carboxylic acid and 

contain a nitrile that binds to a palladium catalyst (eqs 32 and 33).106,107 These substrates 

undergo Fujiwara vinylation at the position meta to an acetamide group or an aryl benzyl 

ether linkage containing a nitrile group at a defined angle.

(32)

(33)

ARENE FUNCTIONALIZATION WITHOUT DIRECTING GROUPS

The functionalization of arenes also has been accomplished with catalysts that react 

selectively at C−H bonds without the influence of directing groups. The number of catalysts 

that functionalize arenes without the aid of a directing group is small, but these catalysts are 

some of the most used for synthetic applications. Depending on the catalyst, the most 

reactive site can be the one that is the most available sterically, the one that is most electron 

rich or electron poor, or the one that is the most acidic.
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Undirected Arene Functionalization with Sterically Controlled Regioselectivity

One of the most commonly used systems for the functionalization of arenes and 

heteroarenes is the iridium-catalyzed reaction of these substrates with boron reagents to 

form aryl- and heteroarylboronate esters.108 The borylation of arenes occurs, in almost all 

cases,109 with regioselectivity controlled by steric effects.110 The borylations of 

heteroarenes occur with regioselectivity controlled by a combination of steric and electronic 

effects.111–113 The borylation of arenes occurs by the reaction of a diboron compound, 

typically B2pin2 (pin = pinacolate), or a borane, typically HBpin, with an arene and a 

catalyst. The most active catalysts are based on the combination of an Ir(I) precursor and a 

chelating dative ligand bound to iridium through nitrogen (di-tert-butylbipyridine24 or 

tetramethylphenanthroline,114,115 for example).

Examples of the borylation of 1,3-disubstituted arenes are shown in eq 34.116 These 

examples illustrate the high

(34)

regioselectivity for formation of the product from functionalization of the one C−H bond 

that is more sterically accessible than the other three C−H bonds. The products of these 

borylation reactions are common reagents for a series of coupling and oxidative 

transformations, such as Suzuki–Miyaura cross coupling117 and oxidative functionalizations 

to form phenols,118 ethers,119 amines,119 nitriles,120 and fluoroalkylarenes,121 among other 

products.

Related silylations of aryl and heteroaryl C−H bonds also have been developed.122 The most 

active catalysts for C−H bond silylation are rhodium complexes of hindered 

arylbisphosphines containing biaryl backbones123 and iridium complexes ligated by 

phenanthroline ligands.124–126 One remarkable feature of the silylation of C−H bonds 

catalyzed by Rh complexes containing large bisphosphines is the exquisite sensitivity for the 

size of an ortho substituent (eq 35). For example, the catalyst can distinguish between 

cleavage of a C−H bond ortho to one hydrogen and one fluorine and cleavage of a C−H 

bond ortho to two hydrogens. This catalyst and silane reagent also can distinguish between a 

C−H bond para to the larger of two substituents and a C−H bond meta to the larger of two 

substituents (eq 35).

Hartwig Page 18

J Am Chem Soc. Author manuscript; available in PMC 2017 January 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Other C−H bond functionalizations can occur with regioselectivity controlled by steric 

effects, but these reactions do not occur with the efficiency and scope of the borylation and 

silylation reactions. For example, the acetoxylation of C−H bonds in arenes catalyzed by 

palladium complexes ligated by nitrogen ligands occurs at the most sterically accessible C

−H bond (eq 36),127 but these reactions are severely limited in scope. Likewise, palladium-

catalyzed oxidative coupling of an arene containing a directing group with a substituted 

arene occurs at the sterically most accessible C−H bond of the substituted arene (eq 37),128 

but these reactions are limited to arenes containing

(35)

(36)
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(37)

strongly coordinating directing groups and a small set of relatively stable substituents.

Unidrected Arene Functionalization with Electronically Controlled Regioselectivity

The oxidative functionalization of aryl C−H bonds and many functionalizations of 

heteroaryl C−H bonds occur with regioselectivity controlled by the electronic properties of 

the C−H bond. In most cases, the reaction occurs at the most electron-rich C−H bond. In 

other cases, the reaction occurs at the most acidic C−H bond.

For example, the oxidative olefination of arenes first reported by Fujiwara35–37 and the 

subsequent versions of this reaction with arenes lacking directing groups occur at the most 

electron-rich C−H bond. For this reason, many researchers consider the mechanism of the C

−H bond cleavage to occur by an attack of an electrophilic palladium center on the more 

electron-rich of the C−H bonds.47 Examples of such site-selectivity are shown in eqs 38 and 

39 (refs 129 and 130, respectively). The reaction of anisole occurs preferentially at the para 

position over the meta position, while the reaction of acetophenone occurs preferentially at 

the meta position over the para position. (The extent of reactivity at the ortho position 

depends on the size of the substituent.)

(38)

(39)

The regioselectivity of reactions of heteroarenes can be high and derived from the electronic 

properties of the C−H bond. The catalytic reaction of arenes with aryl halides (direct 
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arylation) is one of the most valuable C−H bond functionalization reactions of 

heteroarenes.48,131 Because the electronic properties of arenes vary significantly from one 

position to another, this regioselectivity can be high. A thorough study of the regioselectivity 

of the direct arylation of heteroarenes was published by Fagnou and selected examples are 

shown in eq 40.132 In

(40)

most cases, the reaction occurs at the most acidic C−H bond of the heteroarene.133 The 

barriers computed by DFT for C−H bond cleavage in the direct arylation process by a 

concerted metalation–deprotonation step (in which the carboxylate deprotonates the C−H 

bond of a bound arene) correlate well with the regioselectivity observed experimentally.

The borylation of heteroarenes, even in the absence of directing effects,134,135 also occurs 

with strong regioselectivity.111,136–138 Several examples illustrating this regioselectivity are 

shown in eq 41. The borylation of five-membered ring heteroarenes is faster than the 

borylation of an arene, including an arene fused to the five-membered ring. For example, the 

reaction of benzofuran occurs on the furan group, not the benzo-fused ring. Moreover, the 

reaction occurs α to the oxygen, nitrogen or sulfur of a five-membered ring containing one 

heteroatom. However, heteroarenes containing multiple heteroatoms give distinct, but still 

strong, regioselectivity.

A thorough account of such selectivities was recently reported;111 to summarize, the 

reaction does not occur α to
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(41)

nitrogen when the ring contains a basic nitrogen atom. Thus, pyridines undergo iridium-

catalyzed borylation at the 3- or 4-position, and pyrazoles undergo borylation at the 4-

position. These selectivities result from multiple effects. The reaction alpha to a heteroatom 

has been proposed to result from the acidity of this C−H bond.139 The selectivity for 

reaction at the 3- and 4-positions of pyridine results form a slightly higher barrier for 

cleavage of the C−H bond at the 2-position and decomposition of the small amounts of 2-

boryl products that would form. The reaction at the 4-position of pyrazoles results from 

borylation of the nitrogen, creating steric hindrance around the nonbasic nitrogen of this 

heterocycle, and a presumed higher barrier for C−H bond cleavage α to the basic nitrogen, 

as is seen in pyridine.111,140

The functionalizations of alkyl, rather than aryl, C−H bonds by oxidation, oxidative 

coupling, and insertions of carbenes also occur with regioselectivity controlled by the 

electronic properties of the C−H bond. In general, these reactions occur at a more electron-

rich C−H bond than at a more electron-poor C−H bond. It has been difficult to distinguish 

between the secondary C−H bonds in an alkane, but oxidations by many catalysts and 

reagents occur at the secondary or tertiary C−H bond more distal to an electron-withdrawing 

Hartwig Page 22

J Am Chem Soc. Author manuscript; available in PMC 2017 January 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



functional group than at the positions more proximal to such a group.61 Because most 

substrates for the oxidation of C−H bonds that would form products useful for 

pharmaceutical or agrochemical applications contain functional groups that affect the 

electronic properties of C−H bonds, highly selective functionalization of C−H bonds in 

molecules more complex than alkanes can be accomplished.

Such selectivity has been known for many years and applied to the functionalization of C−H 

bonds in scattered cases. In addition to the oxidation141,142 and halogenation of C−H bonds 

in complex structures,143,144 the introduction of nitrogen-based functionality can be 

accomplished by the catalytic azidation of C−H bonds.85 Figure 2 shows the site selectivity 

for the functionalization of C−H bonds in a series of compounds with existing functionality 

that influences the electron density at C−H bonds. One advantage of conducting C−H bond 

functionalization by the abstraction of hydrogen atoms with radical intermediates is the 

higher tolerance of the process toward acidic functional groups that tend to react with 

organometallic intermediates. However, one drawback of such pathways is the difficulty in 

controlling relative and absolute stereochemistry at the site of the new functional group.

This site selectivity has been observed for reactions that are proposed to occur by concerted 

insertion of an oxygen atom from a reagent or catalyst or by abstraction of a C−H bond by 

an electrophilic site to form an alkyl radical intermediate. However, similar site selectivity 

has been observed during radical reactions that form C−N bonds. A recently reported, iron-

catalyzed azidation of C−H bonds clearly occurs by an alkyl radical intermediate, as 

evidenced by the stereochemical outcome of the reactions. These reactions occur with high 

selectivity for tertiary over secondary C−H bonds and the most electron rich of two or more 

C−H bonds in a molecule containing functional groups.

Although these oxidations and azidations occur via abstraction of a C−H bond by a species 

acting like an electrophilic radical, other catalytic reactions that clearly occur by concerted 

pathways also occur with site selectivity controlled by the electronic properties of a C−H 

bond. For example, the insertions of carbenes into aliphatic C−H bonds occurs at the C−H 

bond located alpha to oxygen and nitrogen in furans and pyrrolidines.145–147 Likewise, 

rhodium-catalyzed insertions of nitrenes occur selectively at tertiary over secondary or 

primary C−H bonds (Figure 3),148 even though evidence for an alkyl radical in such 

reactions has not been gained;149 the amination of tertiary C−H bonds occurs with retention 

of configuration, implying that the reactions occur without the intermediacy of an alkyl 

radical.150,151 Thus, the electron-rich nature of a tertiary C−H bond, rather than the stability 

of the tertiary alkyl radical, leads to site selective insertions of nitrenes in the absence of 

strong steric effects.

Although most alkyl C−H bond functionalizations occur at the most electron-rich sites, and 

at sites that form the most stable radical, there is evidence that some C−H bond 

functionalization reactions can occur with site selectivity that is distinct from that controlled 

by electron density and stability of an alkyl radical.

For example, some functionalizations occur at the most sterically accessible, primary alkyl 

C−H bond. It is well established that organometallic complexes containing a primary alkyl 
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group are more stable, except in special cases, than those containing a secondary or a tertiary 

alkyl group.152–154 Thus, catalytic functionalizations occurring through organometallic alkyl 

intermediates can occur at primary over secondary C−H bonds. However, few catalytic 

reactions, particularly undirected reactions, lead to functionalization of primary C−H bonds.

The class of reaction that, so far, leads to the functionalization of primary C−H bonds 

without a directing group is the formation of alkylboronate esters from alkanes (eq 42).16 

This

(42)

reaction, now catalyzed by complexes of rhenium,17 rhodium,16 ruthenium,155 and 

iridium,156 occurs in each case with exceptionally high selectivity for primary over 

secondary C−H bonds. Moreover, the reaction occurs preferentially at primary C−H bonds 

located beta to oxygen (eq 43) or nitrogen in alkyl ethers

(43)

and alkylamines,156 rather than the C−H bond located alpha to oxygen or nitrogen that 

would react if the stability of the radical controlled the site selectivity.

In some cases, directed functionalizations occur at primary C−H bonds in preference to 

secondary or tertiary C−H bonds. Silylations,125,157 arylations, and acetoxylations158 all 

have been reported to occur at primary C−H bonds. For example, the silylation of C−H 

bonds catalyzed by iridium and tetramethylphenanthroline occurs at the primary C−H bond 

located gamma to a hydroxyl group or ketone. These reactions have been shown to occur in 

the presence of a range of functional groups (eq 44).125 The reaction forms a silole, which is 

a precursor to a 1,3-diol. As shown in eq 45, the reaction occurs
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(44)

(45)

approximately 50 times faster at a primary C−H bond over a secondary C−H bond, after 

correcting for the number of the two types of C−H bonds located gamma to oxygen in the 

alcohol.157

The directed functionalization of primary C−H bonds also occurs with palladium catalysts. 

The acetoxylation of alkyl C−H bonds located beta to an imine function by PhI(OAc)2 

occurs with palladium acetate as catalyst. The reactions of substrates that probe for the 

relative reactivity of primary and secondary C−H bonds showed that the primary C−H bonds 

are more reactive. As shown in eq 46, the acetoxylation of substrates that contain

(46)

primary and secondary positions beta to the oxime occur selectively at the primary position. 

No product from functionalization of the secondary C−H bond was observed when a 

primary C−H bond was accessible to the catalyst ligated to the oxime function.

APPLICATIONS OF C−H BOND FUNCTIONALIZATION TO THE SYNTHESIS 

OF COMPLEX MOLECULES

As noted in the introduction to this Perspective, early effort toward the functionalization of 

alkanes was motivated by the conversion of methane to methanol. Yet, the synthesis of 

complex molecules has been influenced most significantly in several ways by the 

developments in C−H bond functionalization. First, the synthesis of many natural products 

has now been completed with steps involving C−H bond functionalization. Second, although 

less documented in journals, C−H bond functionalization is being used for the synthesis of 

medicinal candidates by the functionalization of complex structures. Such complex 
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structures include natural products and existing compound collections. Finally, some C−H 

bond functionalization reactions occur with yields sufficiently high for use in polymerization 

processes, and some reactions occur in ways that are valuable for modification of aromatic 

molecules of interest for materials science.

Over the past several decades, hundreds of natural products and pharmaceutical candidates 

have been synthesized with functionalization of a typically unreactive C−H bond as a key 

step.159 Many of these natural products have simple structures and were prepared to 

demonstrate the potential utility of a reaction; other targets are more complex and have 

illustrated how C−H bond functionalization can be used to prepare complex molecules, but 

have not led to substantially shorter synthetic routes than prior more classical approaches. 

However, the syntheses of several complex molecules have been completed with staggering 

efficiency using C−H bond functionalization as part of the strategy for assembling the core 

of these molecules. For example, the synthesis of tetrodotoxin was completed in 32 steps,160 

versus 67 in the prior synthesis, austamide in seven steps, versus 29 in the original 

synthesis,161 incarvillatein in 11 steps versus 20 in the prior synthesis162, and Dramacidin in 

15 steps versus 25 in a prior modern synthesis.163

Although efforts to use C−H bond functionalization in this fashion have intensified recently, 

one should not overlook that several classes of C−H bond functionalizations—carbene 

insertions and oxidative coupling of arenes and heteroarenes—have been used in this 

context since the 1980s. Thus, the focus has shifted from the functionalization of alkanes to 

alkyl and aryl groups in molecules with existing functionality, but reliable classes of C−H 

bond functionalization have been used in synthetic applications for many years, dating back 

to the time soon after they were discovered.

The following sections illustrate how C−H bond functionalization has affected organic 

synthesis with selected examples from the literature. Comprehensive159 and 

focused142,164–166 reviews have been published on this topic, and readers who seek such 

detailed coverage should refer to these excellent publications. Many examples of the 

cleavage of C−H bonds by radical initiators have been used in synthetic applications; this 

Perspective focuses on C−H bond functionalization by catalysts that are organometallic or 

react in a similar fashion to organometallic species.

Synthesis of Natural Products by the Reactions of Metal-Carbene and Nitrene Complexes 
with C−H bonds

Some of the earliest syntheses of natural products by C−H bond functionalization were 

completed by carbene insertions into C−H bonds. Thirty years ago, two syntheses of 

pentalenolactone E methyl ester by Taber167 and by Cane168 were completed using a 

rhodium-catalyzed intramolecular insertion of a carbene into a C−H bond to form the 

polycyclic core of this natural product. These approaches are shown in eq 47. Although an 

elegant and visionary application of C−H
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(47)

bond functionalization, few additional syntheses of natural products by C−H bond 

functionalization were reported at that time. One exception is the synthesis of the classic 

target morphine completed by White in 1997 in which insertion of a carbene into a C−H 

bond was used to form the polycyclic core (eq 48). The advent of chiral catalysts for these 

carbene insertions by Doyle created the ability to use this chemistry to conduct 

enantioselective syntheses with the carbene insertion as the step that establishes absolute 

stereochemistry. An example of such a reaction in the synthesis of isodeoxypodophyllotoxin 

by Doyle is shown in eq 49.

More recently, catalysts and carbene precursors that react intermolecularly with C−H bonds 

were discovered by Davies169,170 and applied to the synthesis of natural products. The 

combination of enantioselective intermolecular C−H insertion

(48)
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(49)

of vinyl-substituted carbenes, followed by Cope rearrangements were used as steps in the 

synthesis of elisapterosin B and colombiasin (eq 50).171 The most complex application of 

carbene

(50)

insertions into C−H bonds in total synthesis is that to the synthesis of tetrodotoxin. The C−H 

bond insertion step and the bond of the final product formed from this reaction are shown in 

eq 51. This step and a nitrene insertion were elements of this synthesis by Du Bois that 

shortened the prior synthesis of 67 steps to 32 steps.

The insertions of nitrenes into C−H bonds are closely related to the insertions of carbenes. 

The applications of these reactions to the synthesis of complex molecules exclusively 

involves intramolecular variants. Similar catalysts to those used for the insertion of carbenes 

into C−H bonds have been used for the insertion of nitrenes into C−H bonds. Initial 

examples of this reaction were published over 30 years ago. However, practical systems 

were published recently, and applications to the synthesis of natural products are contained 

in this recent literature. Du Bois applied this reaction to the synthesis of the three natural 

products shown in Figure 4,160,172 the most complex synthesis being that of tetrodotoxin 

discussed above. The C−N bonds formed by nitrene
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(51)

insertion during the synthesis of these molecules are circled. Since that time, about a dozen 

natural products have been prepared with nitrene insertion as a step of the syntheses.

Synthesis of Natural Products by Generating Organometallic Intermediates from Alkyl C−H 
Bonds

As will be shown in the next section, the oxidative functionalization of aryl C−H bonds had 

been applied to the synthesis of a range of natural products and functional materials. 

However, one driving force indicating that C−H bond functionalization based on “C−H 

activation” (defined as the addition of a C−H bond to form a metal-carbon bond)173 could 

become a synthetic method for the synthesis of molecules of biological interest stemmed 

from initial studies on the functionalization of alkyl C−H bonds. The synthesis of several 

natural products or the cores of these natural products by mechanisms involving oxidative 

addition or concerted metalation-deprotonation signaled to the synthetic organic and 

organometallic communities that these fields could intersect at the application of the C−H 

activation in alkyl groups to the synthesis of complex molecules.

Some of the early applications of such reactions involved stoichiometric amounts of metal 

complexes. Given the resources required to conduct such syntheses, the use of 

stoichiometric metal complexes might not be a significant hurdle when preparing milligram 

quantities of products. One of the early examples of the application of reactions that involve 

metal-carbon σ bonds to the synthesis of complex molecules was the assembly of the core of 

rhazinalam by stoichiometric174 and later diastereoselective175 dehydrogenation of an alkyl 

group (eq 52). Dehydrogenation by organometallic complexes has typically been considered 

to have potential for the preparation of α-olefins from alkanes, but a selective process at 

high conversion remains unknown. In this case, the dehydrogenation of an ethyl group 

directed by coordination of platinum to a bisimine ligand, which was generated from an 

aldehyde in the synthetic intermediate,
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(52)

led to the desired α-olefin. Carbonylation of this alkene and cyclization led to the core of 

this molecule.

The synthesis of razinalam was followed by the synthesis of teleocidin B-4 using the 

functionalization of a tert-butyl group at two of the three methyl substituents as a core 

design element (eq 53). The first two C−H bond functionalization steps in the
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(53)

synthesis of teleocidin B-4 and C−H bond functionalization steps in the synthesis of 

rhazinalam core are conducted with stoichiometric amounts of palladium, and directing 

groups are installed and removed before and after these steps, but these syntheses showed 

unconventional disconnections that could be part of a synthetic strategy if reactions that 

functionalize typically unreactive C−H bonds are used.

Directed functionalizations of alkyl C−H bonds have been developed further, and catalytic, 

directed functionalizations have been used as part of the synthesis of complex structures. For 

example, directed reactions have been used to functionalize the C−H bonds in a range of 

aliphatic carboxylic acids and amino acids. Chen reported the use of this example to form 

the noncanonical amino acid in the natural cyclic peptide celogentin C (eq 54).176
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(54)

Synthesis of Natural Products by Functionalization of Aryl C−H Bonds

The range of applications of aryl and heteroaryl C−H bond functionalization to the synthesis 

of natural products and medicinal agents is diverse. A wide range of arene functionalization 

reactions has been used, including the Fujiwara-Moritani oxidative couplings, the Murai 

hydroarylations, direct arylations, and C−H borylations. In many cases, the oxidative 

coupling reactions occur selectively at the 2-position of electron-rich heteroaryl rings, such 

as indoles, and this selectivity has enabled the efficient synthesis of many alkaloid natural 

products by C−H bond functionalization. The use of directing groups for the catalytic 

synthesis of halogenated materials in industrial laboratories was disclosed prior to the 

widespread use of such strategies in academic laboratories.25 The following sections provide 

selected applications of aryl and heteroaryl C−H bond functionalizations to the synthesis of 

medicinally important compounds and natural products.

Applications of the Fujiwara–Moritani Oxidative Couplings

Many examples of the use of the oxidative coupling of arenes or heteroarenes with alkenes 

and oxidative coupling of two arenes or an arene and a heteroarene have been reported since 

the reaction was disclosed in the 1970s. As noted in the introduction to this section, the 

functionalization of indoles by such processes has been common. In one of the most 

illustrative examples of how such strategies could be used to expedite the synthesis of 

natural products, the synthesis of racemic austamide was completed by Corey and Baran in 

only seven steps,177 while the prior synthesis 23 years earlier was completed in 29 steps.178 
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This short synthesis of austamide is summarized in eq 55. After generation of the 

appropriately prenylated tryptophan

(55)

derivative, the oxidative coupling of the prenyl group at the indole 2-position with 1 equiv 

of palladium and oxygen led to the eight-membered ring. This material was converted to the 

final product by the series of classical steps of the originally reported synthesis.

A related oxidative coupling was used by researchers at BMS to prepare rebeccamycin 

aglycone.179 In this case the intramolecular coupling of two indole units was used to prepare 

the carbazole core (eq 56). In a similar vein, Boger coupled two

(56)

pyrroles tethered through an amide to generate the C−C linkage between two of the pyrrole 

units of prodigiosin (eq 57).180 The
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(57)

carbazole core of many small natural products have been prepared by intramolecular 

oxidative coupling of two aryl rings.

Applications of Direct Arylation

The coupling of an arene or heteroarene with an aryl or heteroaryl halide has proven to be 

one of the most valuable C−H bond functionalization reactions for the synthesis of 

biologically important molecules. Because this reaction is the synthetic equivalent of the 

Suzuki-Miyaura coupling of an aryl halide with an arylboronate, many groups have sought 

to simplify the synthesis of the biaryl or heteroaryl products of Suzuki couplings by using 

the direct arylation process. Because the biaryl units generated by such chemistry are more 

commonly found in pharmaceuticals and pharmaceutical candidates than in natural products, 

the applications of direct arylation to the synthesis of complex molecules have focused on 

the synthesis of medicinally important compounds, rather than natural products.

Selected examples of the application of this reaction to the synthesis of important biaryl 

compounds are shown in eq 58 and

(58)
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(59)

eq 59. The synthesis of the orally active GABA α2/3 agonist in eq 58 was conducted on 

multikilogram scale by coupling a biaryl bromide at the 3-position of an imidazo[1,2-

α]pyrimidine.181 The agrochemical Boscalid in eq 59 also has been prepared by C−H bond 

functionalization, first in Fagnou’s laboratory by palladium-catalyzed direct arylation.182

Because of the high activity of [(arene)Ru(OAc)2] complexes for direct arylation 

demonstrated by Ackermann183 and the lower cost of ruthenium than palladium, several 

commercially important biaryl compounds have been prepared by ruthenium-catalyzed 

direct arylation. For example, the biaryl core of anacetrapib, an inhibitor of cholesterylester 

transfer protein (CETP) active for hypercholesterolemia184 and members of the sartan 

family of antihypertensive drugs have been prepared by Rucatalyzed direct arylation. The 

application to the synthesis of anacetrapib is shown in eq 60.185

Although the majority of applications of such reactions to synthesis have focused on 

pharmaceutical ingredients, Itami published a dramatic example of the efficiency created by 

this direct arylation process, in combination with oxidative couplings, for the synthesis of 

the natural product dragmacidin D. His group completed the synthesis of this molecule in 15 

steps, which included a series of metal-catalyzed C−H arylation reactions (Scheme 1).163 

This synthesis was 10 steps shorter than a synthesis by an exceptionally talented trio using 

alternative catalytic methods, including Suzuki–Miyaura reactions.186

(60)
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First, the direct arylation was conducted between an iodoindole and a siloxythiophene. The 

resulting product was converted to an α-aryl ketone by cleavage of the thiophene. Oxidative 

coupling of pyrazine oxide with unusual regioselectivity at the 3-position of the indole, 

followed by a direct arylation of a bromoindole at the pyrazidineone formed the penultimate 

product. This intermediate constructed by three functionalizations of aryl C−H bonds was 

converted to the final product by more classical construction of the guanidine unit. This 

synthesis illustrates the potential of C−H bond functionalization to enable a synthetic 

strategy that involves intuitive disconnections between two aryl or heteroaryl rings and sub-

stituents on the aryl rings.

Applications of Intramolecular Hydroarylation

Intramolecular versions of hydrovinylation reactions that are loosely related to Murai’s 

directed hydroarylations, have been used in many cases by Bergman and Ellman for the 

synthesis of polycylic natural products. For example, the synthesis of incarvillateine was 

completed by the route shown in Scheme 2 in roughly one-third the steps of a previous 

synthesis.162 An intramolecular directed hydrovinylation reaction formed the carbocylic ring 

fused to the piperidine. An imine directing group facilitated the C−H bond cleavage and 

ensured the proper geometry of the alkene product. The piperidine was then formed by 

cyclization at the nitrogen of the imine directing group. After reduction steps, the resulting 

bicyclic structures were linked to the core by simple condensation with a diaryl-substituted 

squaric acid. Related imine-directed hydroarylations of alkenes were used by the same 

researchers to create a concise synthesis of lithospermic acid (eq 61).187

(61)

Applications of the Borylation of C−H Bonds

The installation of a boryl group as a synthetic intermediate has now been used several times 

to facilitate the synthesis of a series of natural products. In these syntheses, the resulting 

arylboronate group is used for cross-coupling or installation of functional groups in the final 

product. Gaunt used this reaction in combination with cross coupling as an early step in the 

synthesis of rhazinicine (eq 62).188 In this case, the borylation reaction occurs at the 3-
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position of a 2-silyl pyrrole derivative due to the size of the Boc group on the nitrogen. 

Cross coupling and subsequent steps led to the final product.

(62)

In contrast to this use of the borylation by Gaunt at the beginning of a synthetic sequence, 

Sarpong used the borylation of pyridine at the late stage of the synthesis of complanidine A 

(eq 63). In this

(63)

case, the linkage between the two pyridyl groups of the natural product was forged at the 

appropriate position by coupling a 2-pyridyl triflate derived from the corresponding 

pyridone with a 3-pyridyl boronate. The boronate group was installed at the 3-position of the 

pyridine by the combination of electronic and steric effects on the regioselectivity of the 

borylation of heteroarenes discussed earlier in this Perspective.

C−H borylation has also been used to form the aryl halide electrophile for an 

enantioselective α-arylation reaction as part of our synthesis of (−)-taiwaniaquinone H and 

(−)-taiwaniaquinol B (Scheme 3).189 These syntheses required the halide meta to methoxy 

substituents. To accomplish this goal at an early step of this synthesis, the arene was 

converted to the aryl bromide by a combination of borylation at the sterically most 

accessible C−H bond and bromination of the resulting arylboronate. This aryl bromide 

participated in an enantioselective α-arylation of a ketone, followed by cyclization and 
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oxidation to form the final products. Additional complex molecules have now been prepared 

by related uses of arylboronate intermediates generated by C−H bond borylation.190,191

Application of Directed Halogenation to Agroscience

Although the synthesis just described required placement of a halogen at the position meta 

to a substituent, other syntheses require the installation of a halide at the position ortho to a 

functional group, either as a synthetic intermediate or final product. In one of the earliest 

applications of C−H bond functionalization to the synthesis of biologically important 

compounds, a palladium-catalyzed iodination of a benzamide was conducted to install the 

halogen ortho to the amide function. This process was patented in 2001,25 indicating that the 

researchers developed this process after the palladium-catalyzed directed iodination of 

azobenzene by Fahey and directed hydroarylation by Murai, but independent of the later 

academic work on palladium-catalyzed directed functionalizations of arenes. No report of 

this directed halogenation was published in the academic literature. Yet, the patent describes 

the halogenation in eq 64, which is an intermediate to the final insecticide.

(64)

Application of C−H Bond Functionalization to Materials Science

Because aromatic units are prevalent in electronic materials and are the only unit of the 

fragments of fullerene fragments and nanotubes, the functionalization of arene C−H bonds 

has been used to synthesize or modify materials. In addition, a long-standing target for 

materials science has been the synthesis of polyolefins containing polar functionality. Thus, 

C−H bond functionalization of polyolefins could be one application of aliphatic C−H bond 

functionalization. At this point, the applications of C−H bond functionalization to materials 

science are not extensive, but several papers describe synthetic strategies for materials 

synthesis by C−H bond functionalization. The examples shown below illustrate the potential 

of C−H bond functionalization to be applied to this genre of chemical synthesis.

Just as direct arylation has been used to prepare medicinally important compounds, 

including commercial applications, direct arylation has been used to form polymers with 

important electronic properties.192 The important conductive polymer polythiophene has 

been prepared by palladium catalyzed direct arylation to form regioregular polythiophene, as 

shown in in eq 65. The success of this synthetic route results from the high reactivity of the 
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C−H bonds alpha to heteroatoms in five-membered heteroarenes. In the current 

polymerizations, the number-average molecular weights approach 30 000 Da.

In other cases, C−H bond functionalization has been used to prepare aromatic compounds 

with novel electronic properties.

(65)

(66)

Scott and Itami used direct oxidative arylation of arenes with boroxines to prepare a series of 

fused polyaromatic molecules. One remarkable reaction is the decaarylation of corannulene 

to form a corannulene containing 10 aryl rings on the periphery. This reaction is shown in eq 

66. Itami also has reported a coppercatalyzed coupling of NFSI with arenes and heteroarenes 

relevant to electronic materials. Several examples of the products of this imidation are 

shown in Figure 5.
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Scott also has used the borylation of C−H bonds to modify corannulenes. Iridium-catalyzed 

borylation was used to generate a symmetric pentaborylcorannulene (eq 67). A key 

observation

(67)

that enabled this reaction to give the symmetrical product in high yield is the reversibility of 

the reaction in the presence of base. When run in the presence of base for 4 days, the 

borylation occured reversibly until the most stable, symmetrical product formed. This 

species was then coupled with 2-bromo-1,3-dichlorobenzene to form the precursor used to 

prepare a pure [5,5]nanotube. Most striking is the coupling of this material with 2-

bromobiphenyl, followed by oxidative coupling to form the warped graphene segment (eq 

68).

(68)

Finally, as noted in the introduction to this section, the borylation of polyolefins has led to 

new materials. Hillmyer and Hartwig reported the borylation and subsequent 

functionalization of the C−B bond to form polyolefins bearing hydroxyl, formyl, and amino 

groups (eq 69).193–195 Although currently impractical for the preparation of large amounts 

of such materials, this chemistry does provide a synthetic route to materials that are difficult 

or impossible to prepare by alternative methods. Bae has reported the borylation of 

crystalline polystyrene (eq 70). The product of this reaction has been oxidized or coupled 
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with an aryl halide to form new materials. This reaction sequence reduces the crystallinity of 

this material, modulating the processability without changing the molecular weight.196

Late-Stage Functionalization of Complex Molecules

A final emerging application of C−H bond functionalization is the diversification of existing 

compound collections and the modification of natural products to increase their polarity and 

modify the array of functional groups. At conferences, Merck researchers have presented 

studies on the combination of C−H borylation and subsequent functionalizations to form 

new derivatives

(69)

(70)

of molecules being used in structure–activity relationship studies. Certainly, similar 

modification of pharmaceutical candidates by C−H bond functionalization is being 

conducted at other pharmaceutical companies.
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In the published literature, Hartwig and Larsen have shown that the borylation of C−H 

bonds catalyzed by the combination of iridium and tetramethylphenanthroline occurs at 

heteroaryl C−H bonds with broad scope to add substituents to simple and more complex 

heteroarenes in medicinally active compounds.111 One example of the site-selective 

functionalization of a medicinally active compound containing basic saturated and 

unsaturated heterocycles is shown in Scheme 4. Hartwig and Cheng also have shown that 

the silylation of C−H bonds occurs with a wide range of heteroarenes, and this process can 

be used in combination with oxidation, cross-coupling, and halogenation to modify a range 

of structures of active pharmaceutical ingredients.126 Examples of these reactions are shown 

in eq 71.

(71)

The functionalization of alkyl C−H bonds also can be used to modify complex natural 

products or precursors to them. For example, White showed that an iron-catalyzed oxidation 
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is suitable for the modification of artimisinin, a densely functionalized natural product used 

for the treatment of malaria (eq 72).141

(72)

Recently, Hartwig and Sharma showed that the azidation of tertiary C−H bonds in natural 

product derivatives can be conducted regioselectively with an iron catalyst ligated by a 

pybox ligand (eq 73). Most recently, Groves showed that azidation at

(73)

secondary and tertiary C−H bonds occurs with a manganese porphyrin catalyst.197

The functionalization of alkyl C−H bonds of complex molecules also can be conducted with 

main group reagents catalyzed by transition-metal systems. Hartwig and Simmons showed 

that primary C−H bonds in a series of natural products, including polycyclic, functionalized 

triterpenoids, can be achieved by a combination of silylation of an alcohol, cyclization by 

silylation at a primary C−H bond, and oxidation (eq 74).125 A closely related
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(74)

sequence was conducted in prior studies in 10 steps, whereas the direct functionalization by 

silylation involves one set of operations to generate pure isolated product.198 Such chemistry 

now has been used to modify carbohydrates199 and other terpenes, in the latter case to 

improve their aqueous solubility.200

FUTURE PROSPECTS FOR C−H BOND FUNCTIONALIZATION

Given these accomplishments made in the field of C−H bond functionalization, what can 

one expect in the future to emerge from research on this topic? This Perspective closes with 

suggestions on the potential impact of C−H bond functionalization to many different 

applications.

Unresolved is whether the original goal of converting light alkanes to more valuable 

products will be accomplished and even should be investigated further. Two general views 

of the importance of the conversion of methane to higher alkanes exist in light of the newly 

created abundance of shale gas. In one view, the abundance of methane in shale gas makes 

the potential conversion of this lightest alkane to higher alkanes more important to 

accomplish than ever. By another view, shale gas contains more ethane than we could ever 

use for chemical synthesis (after dehydrogenation to ethylene), and this second view implies 
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that the importance of methane conversion is limited to locations where methane is stranded 

and pipelines to transport the gas to a location where it would be a useful fuel are absent. 

The amount of stranded methane at these locations is on the order of trillions of cubic meters 

per year.201 For this reason and because of the potential that conversion of abundant 

methane to higher alkanes (perhaps via methanol) could be economically valuable, much 

investment202 has been made to commercialize new approaches to couple methane to form 

higher alkanes. Moreover, methods for anaerobic conversion of methane to aromatic 

hydrocarbons in zeolites are being investigated203 and could become economically feasible 

if the chemistry could be improved and routes to arenes from naphtha become limited and 

more costly.

Without doubt, the conversion of C2 and C3 alkanes to more valuable products could 

become reality. For example, the conversion of ethane to acetic acid could be feasible on 

large scale and would be more direct than the combination of converting coal to syngas and 

converting the syngas to acetic acid (although difficult to beat economically). Improvements 

in the dehydrogenation of propane to propene could also be made. This dehydrogenation is 

difficult to conduct selectively, in part because the allylic C−H bond in the product is much 

weaker than the C−H bonds in the alkane reactant.

The scope of potential applications of C−H bond functionalization to the synthesis of fine 

chemicals is even broader than has been achieved currently. Few C−H bond 

functionalization reactions occur with the tolerance for functional groups that would make it 

suitable for modification of complex structures without the installation of protective groups 

and directing groups. Thus, site-selective, undirected functionalization of unprotected 

complex molecules is one current major challenge; accomplishing these reactions with 

selectivity for one C−H bond over another with catalysts that override the inherent reactivity 

of C−H bonds due to their steric or electronic properties is an even greater challenge. The 

accomplishment of such goals would greatly facilitate the synthesis of analogs for studies on 

structure-reactivity relationships in medicinal chemistry and could create short total 

synthesis of important complex structures.

Few C−H bond functionalization reactions occur with the level of efficiency that allows for 

their use in a technical process. Of course, the requirements of catalyst loadings depend on 

the value of the final product. For a pharmaceutical, this value depends on dosage, patent 

status, and the application of the final compound. Moreover, the requirements for an 

application of catalysis to synthesize the active ingredient of a pharmaceutical under patent 

is much different from that to synthesize one that is generic, and the requirements for this 

application are still more forgiving than those for preparing an agrochemical. In any case, 

the typical catalyst loadings for C−H bond functionalization reactions, with a few 

exceptions,204 are much higher than those for the commonly conducted cross-coupling, 

hydrogenation, and carbonylation reactions. Such requirements can be alleviated by the 

development of catalysts based on Earth-abundant metals, rather than noble metals. 

However, the cost of the ligand is often greater than the cost of the metal, and the metal, not 

the ligand, in a process is typically recycled, thereby dampening the impact of the cost the 

metal used.
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Finally, as noted in the introduction, a justification for C−H bond functionalization often 

focuses on the principles of sustainability and green chemistry. C−H bond functionalization 

reactions can be conducted without the need to install one or more functional groups. 

However, the claim of meeting the principles of green chemistry requires that the reactions 

lack directing groups that need to be installed and removed and that they lack additives, such 

as silver oxidants, cesium salts, and superstoichiometric amounts of metal additives, such as 

copper. Finally, the reagents used for functionalization cannot require multiple steps and 

cannot be prepared by halogenated intermediates or starting materials, such as iodoarenes, 

diazonium salts, and highly halogenated main group reagents, if arguments that the 

chemistry avoids halogenated reagents are to be valid.

Although academic researchers often focus on commodity chemicals and medicinally 

important compounds, the applications of new reaction technologies to agroscience can 

tremendously impact sustainability by affecting resource utilization. Many projections 

indicate that the food demand will increase multifold, while most of the world’s arable land 

is currently utilized. Expansion of arable land will have large detrimental impacts on the 

environment and emissions of greenhouse gases. Moreover water usage and water purity are 

major issues that are affected by agriculture. Thus, the yield of product per acre by improved 

agrochemicals discovered through synthetic chemistry can have a larger impact on the use of 

important resources than many of the problems receiving greater attention by synthetic 

chemists.

Finally, this Perspective showed that C−H bond functionalization is just beginning to be 

used as a synthetic tool for materials science. For C−H bond functionalization to enable 

step-growth polymerization, the yields of the C−H bond functionalization reactions must be 

higher than is typical for these reactions currently. Chain-growth polymerizations do not 

require the same yields as step-growth polymerizations to achieve high molecular weights, 

but chain-growth polymerization by C−H bond functionalization is difficult to envision. Yet, 

improvements in this methodology could lead to the ability to synthesize polymers by C−H 

bond functionalization. Perhaps more likely, C−H bond functionalization could enable the 

preparation of new monomers with appropriate efficiency to broaden the scope of the pool 

of monomers for commercial materials. In particular, it could provide practical access to 

heteroaromatic and complex aromatic monomers for specialty polymers, particularly 

aromatic and heteroaromatic monomers for electronic materials.

It is clear that the ability to develop catalytic reactions in general is nearly limitless. I hope 

the work described in this Perspective makes clear that many creative researchers have 

converted catalytic C−H bond functionalization from a curiosity to a reality. The field is 

progressing, but remains far from its goal of creating a wide range of reactions suitable for 

the practical synthesis of small and large, simple and complex molecules by C−H bond 

functionalization.
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Figure 1. 
Four challenges facing selective C−H bond functionalization of a reactant containing 

existing functional groups.
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Figure 2. 
Examples of site-selective functionalization of alkyl C−H bonds in functionalized molecules 

under oxidative conditions.
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Figure 3. 
Site selectivity for the rhodium-catalyzed amination of alkyl C−H bonds.
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Figure 4. 
Three natural products prepared by Du Bois and co-workers using nitrenes insertions into C

−H bonds.
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Figure 5. 
Three of many polycyclic hydrocarbons formed by selective, copper-catalyzed imidation.
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Scheme 1. 
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Scheme 2. 
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Scheme 3. 
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Scheme 4. 
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