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Abstract

Copper is one of the most abundant and less toxic transition metals. Nature takes advantage of the 

bioavailability and rich redox chemistry of Cu to carry out oxygenase and oxidase organic 

transformations using O2 (or H2O2) as oxidant. Inspired by the reactivity of these Cu-dependent 

metalloenzymes, chemists have developed synthetic protocols to functionalize organic molecules 

under enviormentally benign conditions. Copper also promotes other transformations usually 

catalyzed by 4d and 5d transition metals (Pd, Pt, Rh, etc.) such as nitrene insertions or C–C and 

C–heteroatom coupling reactions. In this review, we summarized the most relevant research in 

which copper promotes or catalyzes the functionalization of organic molecules, including 

biological catalysis, bioinspired model systems, and organometallic reactivity. The reaction 

mechanisms by which these processes take place are discussed in detail.
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1. INTRODUCTION AND SCOPE

Copper is one of the most abundant transition metals in earth’s crust, seawater, and human 

plasma.1,2 In 2017, 19.7 million tons of copper were produced with an average cost of $6.2 

per kg.3 Of the late transition 3d metals (i.e., Fe, Co, Ni, Cu, and Zn), only Fe is produced in 

higher quantities and with lower costs. Copper can reach four oxidation states (Cu0, CuI, 

CuII, and CuIII) in a one-electron (e.g., CuI/CuII) or two-electron fashion (e.g., CuI/CuIII), 

which leads to plentiful and complex redox reactivity. In general, copper has lower toxicity 

than most 4d and 5d transition metals and similar toxicity to other late transition 3d metals 

(only iron is believed to have lower toxicity).4 Nature, synthetic chemists in academia, and 

chemical industry take advantage of the properties of copper (i.e., availability, low cost, 

relatively low toxicity, and rich redox chemistry) to carry out many chemical 

transformations.

Copper plays a key role in many natural processes.5 The ability of Cu to switch between two 

oxidation states (CuI and CuII) is used by nature to transfer electrons (blue copper proteins).
6,7 Copper-dependent enzymes catalyze the decomposition of damaging reactive oxygen 

species (ROS) such as superoxide (Cu superoxide dismutase).8 Current research has shown 

that copper is involved in several diseases like Alzeheimer’s, heart failure, cancer, DNA 

damage, and antibiotic resistance.9–11 It has also been reported that Cu plays a key role in 

the oxidative modification of lipoprotein that causes atherosclerosis.12 In medicinal 

chemistry, copper complexes are currently used as anticancer drugs,13,14 small molecule 

sensors (e.g., detection of H2O2, NO),15–17 contrast reagents,18 and as catalysts to 
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decompose toxic peroxynitrite (OONO−).19 Among all biological functions of copper, a 

wide variety of Cu-dependent metalloproteins are dedicated to O2 reduction, usually 

coupling this process with the oxidation of organic substrates.6,20–22 The 4H+/4e– reduction 

of O2 to water (cellular respiration in mitochondria) takes place in cytochrome C oxidase 

(CcO), which contains a binuclear active site consisting of a heme center and copper ion 

bound by three histidines and an unusual histidine-tyrosine residue.23 It has been also found 

that CcO also regulates the intracellular concentration of O2 using NO and NO2
− as electron 

donor and acceptor, respectively.24,25 In other copper-dependent oxidases such as catechol 

oxidase or galactose oxidase, O2 acts as a trap for the protons and electrons formed during 

the catalytic oxidation of organic substrates.26 Cu-dependent monooxygenases also use O2 

as an H+/e− sink, but they also are able to incorporate an oxygen atom into the substrate.
27–29

Copper is utilized in important chemical processes including ATRP polymerization,30,31 

phenol polymerization,32 CO reduction,33 Wacker oxidation,34 the selective oxidation of 

methane to methanol,35 alkyne–azide cycloaddition (“Click” chemistry)36 and Glaser-Hay 

alkyne coupling.37 Over the past few years, research has shown that copper carries out 

organometallic transformations such as C–C and C–heteroatom coupling reactions that are 

traditionally catalyzed by heavy metals such as palladium, opening new avenues to replace 

these expensive metals by copper in industrial applications.38–41

Recent review articles have focused on the detailed description of the enzymology of 

copper-dependent metalloproteins,6 the generation, characterization, and reactivity of 

biologically relevant synthetic Cu–O2 species,20,21,42 and the copper-catalyzed oxidation 

chemistry using oxygen as the oxidant,43 and the recent advances in the organometallic 

reactivity of copper.39 In this review, we discuss in detail the most recent and relevant 

research in which copper promotes (or catalyzes) the functionalization of organic molecules 

in the presence or absence of O2, emphasizing the reaction mechanisms by which these 

processes are proposed to take place. This compilation ranges from synthetic model 

complexes (including Cu/O2 systems and organocopper species) to examples of Cu-

promoted functionalizations useful in organic synthesis. The reactivity is divided in two 

sections (see Figure 1), the first one focuses on bioinspired oxidations and oxygenations 

(e.g., hydroxylation of C–H bonds, dehydrogenation of alcohols, etc.) and the second one 

describes reactions that expand beyond enzymatic mimicry such as Cu-nitrene reactivity and 

organometallic-like transformations (e.g., Ullman-like coupling reactions and C–H 

activation). Research articles in which Cu complexes are used as catalysts for the O2 

reduction to H2O (using external electron and proton sources) and as catalysts for water 

oxidation were not included in this compendium, but detailed mechanistic explanations and 

references can be found in recent publications.44,45 The numerous and outstanding research 

in which copper is used to reduce organic substrates (e.g., Buchwald CuH chemistry)46–48 

was also outside of the scope of this review.
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2. BIOINSPIRED Cu-PROMOTED OXIDATION OF SUBSTRATES USING O2 

(OR ITS REDUCED FORMS) AS OXIDANTS

2.1. Overview of the Natural and Synthetic Cu–O2 Intermediates Formed Upon O2 

Reduction

Aerobic life emerged 2.5 billion years ago with the propagation of organisms able to use 

solar energy to reduce CO2 to form C–C bonds with concomitant formation of O2 (i.e., 

photosynthesis).49 The increase in O2 concentrations led to the spread of eukaryotic systems 

able to consume the glucose produced in photosynthesis to generate CO2, water, and energy. 

These organisms also developed strategies to carry out the synthesis of complex metabolites, 

which usually entailed the oxidation of organic molecules using O2 as oxidant (oxidase 

chemistry) and O atom source (oxygenase chemistry). In order to bypass the inertness of O2 

(S = 1 in the triplet ground state) toward organic substrates (most S = 0 in the ground state), 

nature designed catalysts able to reduce O2 to more reactive species (e.g., superoxide or 

peroxide).2,50 Most of these natural catalysts usually contain bioavailable metal cofactors in 

the active center (Fe, Mn, Cu, Ni, and Mo) that provide the electrons necessary to reduce O2 

and bind these reduced species to generate metastable M-O2 species, which permits control 

of the reactivity of these “hot” natural oxidants and bypasses free-radical ROS damage (see 

formation of superoxide and hydroxyl radical in Figure 2A).

Copper is used by nature to “activate” small molecules such as O2 in a wide array of 

biological processes including O2 transport, O2 reduction to water, oxidation of O–H bonds, 

oxygenation of C–H bonds (e.g., oxidation of methane to methanol in particulate methane 

monooxygenase, pMMO), among others. In these Cu-dependent metalloproteins, copper 

occupies mononuclear active/PHM, respectively, heterobimetallic active sites (e.g., heme-

copper in CcO), or even trinuclear and tetranuclear copper sites (e.g., laccase and N2O 

reductase).6 Inspired by the natural systems, synthetic inorganic chemists have explored the 

use of low-weight Cu complexes that can mimic some of the features of the active center of 

Cu-dependent metalloenzymes (structure, spectroscopy, and reactivity).21,42,51,52 Cryogenic 

temperatures, organic solvents with various polarity, different copper sources (i.e., CuI or 

CuII salts with different counteranions), and the use of ligand donors beyond the ones found 

in nature (e.g., pyridines vs amino acids) have allowed for generating, stabilizing, and 

characterizing a wide array of Cu/O2 species (Figure 2). These can be systematically 

classified according to (see Figure 2B, top right): (i) number of copper ions that form the 

Cu/O2 species with their corresponding oxidation state; (ii) identity of the reduced O2 

species (e.g., superoxide, (hydro)peroxide, oxyl, oxide, hydroxide, etc.), and (iii) binding 

mode of these reduced species to the copper center(s) (end-on and side-on).51,52 Pioneering 

this research field, Prof. K. D. Karlin reported in 1988 the first crystal structure of an 

L2CuII
2(O2

2−) system bearing a tetradentate ligand in which the peroxide was coordinated in 

an end-on fashion (EPII,II in Figure 2B).53 Shortly after that, Kitajima published the crystal 

structure of a side-on L2CuII
2(O2

2−) complex (SPII,II) that enabled the prediction for the 

structure of the Cu2O2 intermediate in tyrosinase (published 20 years after Kitajima’s 

article).54,55 Tolman research lab reported the first example of an L2Cu2O2 complex in 

which the O–O bond was cleaved reversibly, an L2CuIII
2(O2−)2 species (O,OIII,III) that was 

in equilibrium with a side-on L2CuII
2 (O2

2−) complex.56 Similarly, Stack reported a model 
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system of tyrosinase in which an SPII,II species isomerized to an O,OIII,III complex upon 

addition of phenolate and prior to the oxidation of the substrate.57

The discovery of monooxygenase metalloezymes containing mononuclear Cu sites in the 

active center (i.e., lytic polysaccharide monooxygenase, LPMO) has triggered the 

development of model systems able to generate monocopper-O2 species.58 However, it has 

been challenging due to the tendency of mononuclear LCuO2 systems to form more stable 

L2Cu2O2 moieties. By rational ligand design, Schindler, Karlin, and Itoh have used N4 and 

N3 ligands, respectively, to stabilize mononuclear LCuII(O2
•−) species that mimic the 

structure (end-on CuII-superoxo, ESII) and reactivity (oxidation of weak C–H bonds) of 

peptidylglycine α-hydroxylating monooxygenase (PHM).59–63 The recent discovery of Cu 

metalloenzymes able to oxidize strong C–H bonds (i.e., pMMO) has inspired the 

development of mononuclear and dinuclear Cu/O2 species able to carry out these 

transformations.64 For example, Tolman has reported the stoichiometric oxidation of C–H 

bonds using a mononuclear LCuIII–OH complex (MOHIII) that is generated via 1e− 

oxidation of a stable LCuII(OH) complex (MOHIII).65 Other mechanistic proposals for 

pMMO or PHM suggest that the oxidation of C–H bonds could only be achieved via 

formation of mononuclear copper(II)-hydroperoxo species (EHPII), which could react 

directly with the C–H substrate or could undergo O–O cleavage to generate copper(II) or 

copper(III)-oxyl species (O·II or O·III) before C–H oxidation.66 It has been proposed that 

these reactive intermediates (O·II and O·III) can be formed via reductive protonation of ESII 

species67 or by using ROOH oxidants (hydrogen peroxide or alkyl- and acyl-

hydroperoxides) to generate LCuII(OOR) complexes (EHPII, EAPII) before O–O cleavage.68

Methodical design of low-weight model complexes has also allowed for generating Cu/O2 

species that are not observed (but could be formed) in biological systems (Figure 2). These 

include: (i) mononuclear side-on copper(II)-superoxide species (SSII) and side-on 

copper(III)-peroxide species (SPIII)69,70 and(ii) reduced, protonated, and oxidized forms of 

other Cu/O2 species such as mononuclear copper(III)-alkylperoxide complexes (EAPIII),71 

end-on superoxide dicopper species (ESI,II and ESII,II),72,73 dicopper(II) bis-hydroxide 

(OH,OHII,II), dicopper-(II) oxide-hydroxide (O,OHII,II), dicopper(II) oxide (OII,II) and 

dicopper(II) hydroxide (OHII,II) complexes,44,74 dicopper-(II) η1-hydroperoxide (η1HPII,II), 

and dicopper(II) η1-alkylper-oxide species (η1APII,II).75–77 Metalloenzymes and synthetic 

models also form trinuclear and tetranuclear Cu–O2 species in which dioxygen is reduced to 

the peroxide or oxide/hydroxide form (see Figure 2D).78–80

2.2. Oxidase-Like Reactivity

Dehydrogenative oxidations are very common in organic chemistry. These transformations 

include the oxidation of alcohols to aldehydes and ketones,81 aromatizations,82 oxidation of 

amines to imines83 and nitriles,83 coupling of phenols,84 among others. Large-scale 

industrial dehydrogenations are usually carried out using stoichiometric oxidants such as 

NaOCl, MnO2, Br2, or NaBrO3 that generate undesired waste.85 Metalloenzymes usually 

couple the dehydrogenation of organic substrates with the reduction of O2 (to H2O2 or 

water).86,87 Many research endeavors are focused on developing green synthetic protocols 

that can oxidize organic molecules using catalytic amounts of first row metal complexes and 

Trammell et al. Page 5

Chem Rev. Author manuscript; available in PMC 2019 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



O2. In this section, we compiled the most relevant examples of Cu-promoted aerobic 

dehydrogenations, including galactose oxidase-like oxidations of alcohols (and other 

substrates) and dehydrogenative coupling of phenols.

2.2.1. Alcohol Oxidation to Aldehydes and Ketones. Galactose-Oxidase 
Model Systems.—Galactose oxidase (GAO) is a fungal metalloenzyme that performs the 

catalytic 2e− oxidation of alcohols to aldehydes using O2 and generates H2O2 (Figure 3). In 

its active center, a copper(II) ion is bound to two histidines, a tyrosine and an unusual 

tyrosine-cysteine (Tyr-Cys) cross-linked residue (Figure 3, i). In the active state of GAO 

(species A in Figure 3, iii) the Tyr-Cys residue is oxidized, which generates a CuII-phenoxyl 

radical species (EPR silent due to antiferromagnetic coupling).88,89 The catalytic reaction is 

separated in two half-reactions, oxidation of alcohol to aldehyde and reduction of O2 to 

H2O2 via a ping-pong mechanism (Figure 3, iii). It is proposed that initial deprotonation of 

the substrate by the tryosinate residue (species A) leads to coordination of the substrate 

alkoxide (species B), which would be oxidized in the rate-determining step of the reaction 

(kinetic isotope effect, KIE = 4–6) via hydrogen atom abstraction by the Tyr-Cys phenoxyl 

ligand (species C). Release of the aldehyde product would generate a CuI complex (species 

D), which would be oxidized by O2 to produce a mononuclear CuII-superoxide intermediate 

(ESII, species E). The Tyr-Cys phenoxyl moiety is then regenerated via formation of a 

mononuclear CuII-hydroperoxide complex (EHPII, species F) that would reform the active 

intermediate (species A) via deprotonation of the tyrosinate and release of H2O2.

Stack developed one of the first copper systems able to mimic some of the reactivity features 

of galactose oxidase (Figure 4).90,91 In one of these contributions, a family of copper(II) 

complexes bearing diimino-diphenolate ligands (N2O2 coordination) catalyzed the oxidation 

of benzyl alcohol using tris(4-bromophenyl)ammonium hexachloroantimoniate as oxidant 

and in the presence of a strong base (Figure 4, iii).90 The authors observed that addition of 

the 1e− oxidant to the copper(II) complex under anaerobic conditions quenched the CuII 

EPR signal to generate a putative CuII-phenoxyl radical species that, after coordination of 

the substrate, could accept 2e− to produce benzaldehyde and the corresponding CuI complex 

(Figure 4, v). In a second landmark article, it was found that the oxidation of the same 

copper(II) complex (Figure 4, i) in the presence of an alkoxide substrate formed a 

pentacoordinate CuII-phenoxyl-substrate intermediate (species B in Figure 4, v), which was 

characterized by EXAFS spectroscopy.91 Interestingly, the study included the catalytic 

conversion of a series of alcohols (Figure 4, iv) with low catalyst loadings (0.01–0.06%) in 

the presence of small amounts of base (0.3–1.2%) using O2 as oxidant (Figure 4, iii). The 

aerobic reaction conditions (Figure 4, ii) achieved remarkable turnover number (TN up to 

1300), but modest yields were obtained (up to 13%). A kinetic isotope effect (KIE) of 5.3 

was found in the kinetic analysis of the oxidation of PhCH2O− versus PhCD2O−, which 

suggested that cleavage of the benzylic C–H bond occurred in the rate-determining step of 

the reaction (r.d.s.). The authors proposed that in the presence of O2 and deprotonated 

substrate, the CuII complex (species A in Figure 4) was oxidized to the corresponding CuII-

phenoxyl-substrate intermediate (speciesB), which would carry out the 2e− oxidation of the 

substrate (via hydrogen atom abstraction during the r.d.s.) to generate the aldehyde product 

and a CuI complex (species C in Figure 4, v). The CuII-phenoxyl-substrate species could be 
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regenerated by reaction of the CuI complex with O2 to produce a mononuclear CuII-

hydroperoxide intermediate (EHPII, species D) that then releases H2O2 upon substrate 

coordination.

Chaudhuri and Wieghardt reported a dinuclear CuII-phenoxyl species that catalyzed the 

oxidation of alcohols to aldehydes and 1,2-glycol derivatives with concomitant reduction of 

O2 to H2O2 (Figure 5A).92 Exposing mixtures of 2,2′-thiobis(2,4′-di-tert-butylphenol), 

CuCl, and NEt3 to O2 led to the assembly of a diamagnetic dicopper(II)-diphenoxyl complex 

(Figure 5A, i), which oxidized various alcohols to the corresponding 1e− coupling products 

and 2e− aldehyde products. Small amounts of the dinuclear complex (0.1%) were used to 

reach significant yields of the corresponding oxidation products (up to 68%) under mild 

conditions (Figure 5A, ii). It was proposed that the dicopper(II)-diphenoxyl complex 

promoted the 2e− oxidation of the substrate or the 1e− oxidation of two substrate equivalents 

depending on the alcohol identity (Figure 5A, iv). The authors emphasized that the oxidation 

equivalents were stored on two phenoxyl radicals of the ligand scaffolds (species A in Figure 

5A). The facile oxidation of the dicopper(II)-diphenol complex (species D in Figure 5A) by 

O2 to generate H2O2 could explain the high reactivity of this system.

In a related system, the same authors used the N,N-bis(2-hydroxy-3,5-di-tert-butylphenol) 

ligand to synthesize a mononuclear CuII-phenoxyl complex by oxidation of a mixture of the 

deprotonated ligand, CuI and NEt3 with O2 (Figure 5B, i).93 The resulting copper(II) 

complex was characterized by X-ray diffraction analysis and EPR spectroscopy (EPR 

silent). This mononuclear system catalyzed the selective oxidation of alcohols to the 

corresponding aldehyde products (no C–C coupling product) utlizing low catalyst loadings 

(0.02%) at room temperature and using O2 as oxidant (Figure 5B, ii). A catalytic cycle 

analogous to the one proposed for galactose oxidase was suggested (Figure 5B, iv): ligand-

promoted deprotonation of the substrate leads to coordination of alkoxide (species B in 

Figure 5B) with subsequent H atom abstraction (species C) and CuI/aldehyde formation 

(species D). Reaction of the reduced copper(I) complex with O2 could then produce a CuII-

superoxide intermediate (species E in Figure 5B) that at room temperature releases H2O2 via 

intramolecular oxidation of the ligand framework. Interestingly, the authors were able to 

generate and isolate the putative CuII-superoxide species at low temperature, which was 

characterized by resonance Raman spectroscopy (ν(O–O): 964 cm−1; Δ18O2 = 55 cm−1).

Chaudhuri and Wieghardt also reported the GAO-like reactivity of copper and zinc 

complexes bearing a tetradentate redox-active ligand (Figure 6).94 It was found that both 

metal complexes catalyzed the oxidation of ethanol to acetaldehyde, with concomitant 

reduction of O2 to H2O2. Interestingly, a higher activity was observed for the Cu analogue 

(50% vs 2% yield). A detailed mechanistic analysis was provided, which suggested that the 

CuII-diimine-phenoxylphenolate form of the catalyst (species A in Figure 6) could 

deprotonate and coordinate the alcohol substrate (species B) and promote its oxidation via H 

atom abstraction (species C) followed by fast e− transfer (species D). The CuII-diimine-

phenoxylphenolate state could then be regenerated via 2e−/2H+ reduction of O2 to H2O2.The 

authors showed that the CuII-semiquinonediiminato-diphenolate complex was oxidized to 

the corresponding CuII-diimine-phenoxylphenolate form using O2 in the presence of 2 equiv 

of acetic acid, which generated stoichiometric amounts of H2O2. The stoichiometric 
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oxidation of substrates under anaerobic conditions was also analyzed. These studies 

included the use of 2-chloroethanol as substrate (see Figure 6, iii). It was proposed that the 

CuII-diimine-phenoxylphenolate complex was reduced by the substrate to generate the CuII-

diimine-diphenolate species (1e− reduction) and a ketyl radical anion ClCH2 C•HO−. It was 

suggested that this radical undergoes fast rearrangement to Cl− and C•H2CHO, which 

dimerized to form succinic dialdehyde. The lack of chloroacetaldehyde product suggested 

that the oxidation occurs via H atom abstraction (1e− pathway) rather than hydride transfer 

(2e− pathway).

Markó developed one of the first synthetically relevant Cu-based protocols for the oxidation 

of alcohols (Figure 7).95 The authors combined catalytic amounts of CuCl, phenanthroline 

(phen), and di-tert-butylazodicarboxylic acid (DBADH2) to oxidize a wide array of primary 

and secondary alcohols to the corresponding aldehydes and ketones in the presence of 

stoichiometric amounts of base (2 equiv) at moderate temperatures (70–90 °C) and short 

reactions times (1–2 h). It was proposed that a mononuclear CuI–OH/phen/DBAD complex 

(species A in Figure 7) performed the initial deprotonation and coordination of the alcohol 

substrate (species B), which could be oxidized via hydride transfer by the coordinated 

DBAD moieity. The resulting CuI/phen/DBADH−/product adduct (species C) could react 

with dioxygen to generate a dicopper(II)-peroxide intermediate (speceis D), which could 

promote the intramolecular oxidation of the two DBADH− ligands to regenerate the active 

CuI catalyst.

In a follow-up article, the same research group slightly varied the reaction conditions (i.e., 

use of C6H5F instead of toluene and replacing the 2 equiv of K2CO3 with 5% of tBuOK) to 

oxidize a wider range of primary and secondary alcohols.96

Inspired by pioneering research by Semmelhack, Markó, and others,95,97–100 Stahl reported 

one of the breakthrough findings on modern copper catalysis in which a practical, mild, and 

efficient method for the oxidation of a widespread range of alcohols was described (Figure 

8).101 Primary alcohols were oxidized using air as the O2 source by combining catalytic 

amounts of a CuI source, bpy (4,4′-bipyridine), TEMPO, and NMI (1-methylimidazole). 

The reaction mechanism was extensively studied, including kinetic analysis, spectroscopic 

characterization of reaction intermediates, and computational analysis.102,103 In the 

mechanistic proposal, a CuI/bpy/NMI complex (species A in Figure 8A) reacts with O2 to 

generate sequentially a mononuclear CuII-superoxide complex (speciesB) and a 

dicopper(II)-peroxide intermediate (species C), which abstracts a H atom from TEMPO-H to 

form a mononuclear CuII-hydroperoxide complex (species D in Figure 8A, iv). This putative 
EHPII,II intermediate could be protonated by water to release H2O2 (that could be further 

reduced to water via disproportionation by the Cu/bpy system) to produce a CuII–OH 

complex (species E in Figure 8A, v) that then deprotonates and binds the alcohol substrate 

(species F). Ligand exchange (TEMPO by NMI) could generate a CuII-alkoxy-TEMPO 

species (species G in Figure 8A), which could then promote the intramolecular oxidation of 

the alkoxy substrate via H atom abstraction and e− transfer to form a CuI-TEMPO-H adduct 

(species H) and the corresponding aldehyde product.
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In a related system, Stahl reported that replacing TEMPO for the less sterically hindered N-

oxide ABNO and the use of a slightly more electron-donating ligand, MeObpy, permitted the 

oxidation of secondary alcohols (Figure 8B).104 Interestingly, this method allows for 

oxidizing α-chiral alcohols without erosion of enantiomeric excess (Figure 8B, iii). The 

reaction was proposed to occur via a mechanism analogous to the one proposed for the Cu/

TEMPO/bpy system.

Lancaster and Stahl have recently studied the electronic structure of the putative reactive 

intermediates in the CuII-TEMPO/ABNO alcohol oxidations described above (species G in 

Figure 8), which was found to be better described as CuI-TEMPO+ species.105

Lumb and Arndtsen reported a method for the catalytic oxidation of alcohols with copper(I), 

amine, and pyridine ligands using dioxygen as oxidant (Figure 9).106 The catalytic system 

oxidized a wide array of primary and secondary alcohols with good yields in short reaction 

times at room temperature. A mechanistic study suggested that the secondary amine DBED 

was oxidized to the corresponding N-oxide product to generate reaction intermediates 

similar to the ones formed in the Cu/TEMPO/bpy system, including the key CuII/N-oxide/

alkoxy adduct (species D in Figure 9).107 These findings might trigger the development of 

oxidation protocols based on the in situ generation of these oxidants (i.e., N-oxides). Given 

the ubiquity of amines in catalysis, the implication of N-oxides in oxidative 

functionalizations might not be unusual.108

2.2.2. Other Cu-Catalyzed Oxidase-Like Reactions.—The copper-nitroxyl 

catalytic systems developed for the oxidation of alcohols (see sections above) have also been 

used for other oxidase-like transformations (Figure 10). For example, Oisaki and Kanai 

described the oxidation of amines to imines catalyzed by CuI in a combination of 

ketoABNO, 2tBubpy, DMAP, and O2 (Figure 10A).109 This catalytic system was used for the 

oxidation of secondary amines to imines and for the oxidative homocoupling of primary 

amines to imines via in situ condensation of the starting amines and the generated imines 

(see Figure 10A, ii). It was proposed that the oxidation occurred via formation of CuII-

nitroxyl intermediates similar to the ones proposed in the oxidation of alcohols in the Cu/

TEMPO system (see Figure 8 above).

Stahl studied the catalytic performance of the CuI/ABNO/4tBubpy/DMAP in the oxidation of 

primary amines to nitriles (Figure 10B).110 It was found that this catalytic system was able 

to avoid the formation of the homocoupling imine products generated in the CuI/ketoABNO/
2tBubpy/DMAP described above. Preliminary mechanistic studies suggested that an active 

CuII/nitroxyl intermediate species promoted two consecutive 2H+/2e− oxidations of amines 

to imines and imines to nitriles.

The same research group also reported the use of the CuI/ABNO/4MeObpy/NMI catalytic 

system for the synthesis of amides via oxidative coupling of alcohols and amines (Figure 

10C).111 The catalytic system was selective toward the formation of amides, avoiding the 

generation of products derived from the oxidation of alcohol (aldehydes) and amines 

(nitriles or imines). This methodology was applied for a wide range of substrates with 

excellent yields (Figure 10C, iii). It was suggested that the oxidation of primary alcohols 
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formed the corresponding aldehydes, which reacted with amines to generate hemiaminal 

intermediates that could be further oxidized by the CuII/nitroxyl system to yield the final 

amide products.

Stahl also reported that the catalytic CuI/nitroxyl/bpy/NMI could be used for the 

lactonization of diols (Figure 10D).112 The system was very efficient in the lactonization of 

a wide array of diols using air as a dioxygen source in short reaction times and at room 

temperature. The reaction occurred via oxidation of one of the alcohol moieties followed by 

fast cyclization to produce hemiacetal intermediates (avoiding formation of dialdehyde 

products), which could be oxidized by a CuII/nitroxyl species to the final lactone products.

Lumb and Arndtsen also developed a synthetic protocol based on copper and O2 to oxidize 

amines to the corresponding homocoupling imine products and nitriles (Figure 11).113 

Surprisingly, it was found that copper(I) sources, O2, and molecular sieves promoted these 

oxidations without using N-oxides (e.g., TEMPO, ABNO) or additional ligands. They also 

reported that changing the Cu source had a deep impact on the selectivity of the reaction; 

[CuI(CH3CN)4](PF6) catalyzed the oxidation of amines to nitriles and copper(I) iodide 

catalyzed the oxidation of amines to the coupling imine products (Figure 11, ii). It was 

proposed that the amines had a dual role in the catalytic system, serving as substrates and as 

ligands for the copper ion (Figure 11, iv). It was suggested that a CuI-amine complex 

(species A in Figure 11) reacted with O2 to form a putative Cu2O2 intermediate (SPII,II or 

O,OIII,III, species B) that could oxidize one of the amine ligands in an intramolecular 

fashion to produce a CuI-imino-amine complex (species C). This intermediate could react 

with another equivalent of amine substrate to generate the homocoupling imine product 

(species D in Figure 11) when [CuI(CH3CN)4](PF6) is used as Cu source. In the case of 

copper(I) iodide, the CuI-imino-amine complex could react with O2 to form another Cu2O2 

adduct (SPII,II or O,OIII,III, species E) that could oxidize the imine ligand to the nitrile 

product.

2.2.3. 1H+/1e− Oxidation of Phenols: Stoichiometric and Catalytic Reactions.
—The 1H+/1e− oxidation of phenols catalyzed by copper/O2 species is a common reaction 

in natural metabolic processes. For example, plant laccases couple the 4e−/4H+ reduction of 

O2 to water with the oxidation of phenols to form phenoxyl radicals, which polymerize to 

form phenolic oligomers.114 Another example of Cu-mediated oxidation of phenols is the 

cofactor biogenesis in copper amine oxidases in which the protein-derived organic cofactors 

2,4,5-trihydroxyphenylalanine-quinone (TPQ) and lysine tyrosyl-quinone (LTQ) are 

synthesized via 1H+/1e− oxidation of a tyrosine residue and subsequent coupling with O2 

and lysine, respectively (Figure 12).115

The mechanism by which phenols are oxidized by Cu/O2 systems has been studied by 

several research groups (Figure 13). These reports usually included generation of metastable 

Cu/O2 species at low temperature and kinetic analysis of their reactivity toward phenol 

substrates with varying stereoelectronic properties (note: the reaction of phenolates with 

Cu2O2 cores usually leads to the ortho-hydroxylation of the substrate, see section 2.3.2). 

Comparison of the reaction rates with the thermodynamic properties of the O–H bond that 

will undergo oxidation, including pKa, redox potential (E0
ox.), and bond dissociation free 
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energy (BDFE), is commonly used to determine the reaction pathway by which Cu/O2 

species carry out the oxidation of phenols (Marcus plot in Figure 13A).116 These pathways 

may consist of (i) proton-transfer followed by electron transfer (PT-ET); (ii) initial electron 

transfer followed by proton transfer (ET-PT); or (iii) coupled-proton electron transfer or 

hydrogen atom transfer (CPET or HAT).

Karlin provided a detailed analysis of the reactivity of a monononuclear CuII-superoxide 

complex (ESII) bearing a tetradentate electron-donating TMPA derivative ligand toward 2,6-

di-tert-butyl-4-substituted phenols (Figure 13B).117 It was found that the rate-determining 

step of the reaction was the oxidation of the phenol by the LCuII(O2
•−), which generated a 

phenoxyl radical that was trapped by remaining ESII species to form a peroxy CuII–O2–X–

PhO intermediate (species C in Figure 13B). With dependence on the identity of the 4-X-

substitutent of the phenol, the peroxy intermediate could evolve to form H2O2 (4-MeO) or to 

eliminate isobutylene (4-tBu) with concomitant formation of the benzoquinone product. 

Kinetic analysis of the reaction using 4-substituted phenols with different E0
ox. led to a 

Marcus plot with a slope value between −0.5 and 0 (slope = −0.29). Comparison of the 

reaction rates obtained in the oxidation of phenols with the rates found for the deuterated 

analogues led to relatively high kinetic isotope effects (KIE = 4.2–11). The mechanistic 

evidence suggested that during the r.d.s. an H atom was transferred from the PhOH to the 

Cu-superoxide species via HAT.

Dinuclear Cu2O2 species can also promote the stoichiometric oxidation of phenols to the 

corresponding coupling products (Figure 13C). Itoh and Fukuzumi reported that side-on 

dicopper(II)-peroxo (SPII,II) and dicopper(III) bis-μ-oxo (O,OIII,III) complexes reacted with 

phenols via endergonic electron transfer (from the phenol to the Cu2O2 core) coupled with 

the proton transfer (slope between −0.5 and −1.0, KIE = 1.2–1.6).118 Interestingly, the 

O,OIII,III species was found to oxidize phenols with reaction rates 20–50 times faster than 

the SPII,II complex.

Costas and Ribas also studied the reactivity of an end-on dicopper(II)-peroxo complex 

(EPII,II) toward phenols.119 It was found that the Cu2O2 core reacted with phenols in a two-

step fashion via fast substrate association followed by slow H atom abstraction in the r.d.s. 

The slope obtained in the Marcus plot (−0.5) and the KIE (1.5–2.0) were in accordance with 

a CPET mechanism during the r.d.s. It was emphasized that the unique structure of the EPII,II 

complex, in which one of the copper(II) centers was coordinatively unsaturated (three 

nitrogens and one oxygen), allowed for binding and substrate oxidation in a Cu2O2 core that 

is typically considered nucleophilic.120

Karlin, Solomon, and Garcia-Bosch have also recently reported the reactivity toward 

phenols of a family of O,OIII,III complexes bound by Lewis acids (LA: Sc3+, H+, B(C6F5)3) 

in the secondary coordination sphere (Figure 13C).121 The authors proposed that the 

reaction occurred via slow electron-transfer (r.d.s.) followed by fast proton transfer (ET-PT), 

which was supported by a Marcus plot slope of −1.0 and KIE of 1.0. The authors also 

showed that the reaction rates were dependent on the Lewis acid identity, with the 

L2CuIII
2(O2−)2-2H+ and L2CuIII

2(O2−)2-Sc3+ cores more reactive than the corresponding 

L2CuIII
2(O2−)2-2B(C6F5)3 analogue (see Figure 13 bottom left and Figure 30).
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The oxidative coupling of phenols was popularized in the 1960s when Hay reported the 

polymerization of 2,6-dimethylphenol using Cu and O2.32 Despite this important finding, the 

controlled coupling of phenols for synthetic purposes has been challenging, due to the 

inherent reactivity of the substrate-based radical intermediates which can generate multiple 

C–C and C–O coupling products.

Lumb reported that slight changes in the reaction conditions (ligand and copper source used, 

presence of water or anhydrous conditions) allows for obtaining oxygenation and oxidation 

products, selectively (Figure 14).122 The authors showed that combining [CuI(CH3CN)4]

(PF6), triethylamine, molecular sieves (4 Å), and phenol substrates in the presence of 

dioxygen led to the formation of the oxygenation ortho-quinone product. However, if 

molecular sieves were not added and the CuICl was used as a Cu source, the phenol 

substrate was converted to the 1H+/1e− C–C coupling product. It was also found that if NEt3 

was replaced with DBED, the C–C coupling product could be further oxidized to the 

benzoxepine product. This methodology was applied to a wide array of phenol substrates 

with excellent yields and selectivity (some of these results are included in Figure 14, iii). It 

was suggested that phenols (species A in Figure 14) in the presence of [CuI(CH3CN)4](PF6), 

NEt3, and O2 are deprotonated to form phenolates that could be oxidized by Cu2O2 species 

(e.g., side-on dicopper(II)-peroxo or dicopper-(III) bis-μ-oxo) via a tyrosinase-like 

mechanism (see sections below). When phenols are exposed to CuI/base/O2 and no 

desiccant, the reaction could occur via 1H+/1e− oxidation promoted by a putative Cu2O2 

species to generate a phenoxyl radical (species D in Figure 14). After dimerization, the C–C 

coupling product could be further oxidized to benzoxepine by a putative Cu2O2 species in 

the presence of DBED. Ortho-silyl phenol was used to provide further evidence for the 

proposed mechanism since the 1H+/1e− oxidation of this substrate leads to the formation of 

the byproduct derived from intramolecular C–Si fragmentation and Si–O bond formation 

(Brook rearrangement), which was observed under the Cu/O2 oxidation conditions.

In 2001, Kozlowski reported a Cu-catalyzed method for the stereoselective C–C coupling of 

napthols (Figure 15).123 A copper(II)-hydroxide-iodide complex bearing a bidentate ligand 

(1,5-diaza-cis-decalin) was utilized to catalyze the oxidative coupling of a series of 

naphthols to the corresponding BINOL derivatives with high yields and excellent ee’s using 

O2 as oxidant (Figure 15, ii). In collaboration with Stahl, a mechanistic study was reported 

that included a kinetic analysis of the oxidant consumption under different conditions 

(varying the concentration of substrate, O2, and catalyst).124 It was proposed that the 

oxidation of the naphthol substrate could occur via two different routes (Figure 15, iv). The 

first oxidation pathway involved initial deprotonation and coordination of the substrate to 

LCuII(OH) (species A in Figure 15) to form a LCuII(NapH) species (species B) that upon 

intramolecular electron transfer could generate an LCuI(NapH•) intermediate (species C). 

This ligand-centered radical species could react with another equivalent of LCuI(NapH•) to 

produce the cuprous complex (species D in Figure 15) and the C–C coupling product (Nap-

Nap). Oxidation of LCuI with molecular oxygen could regenerate the active LCuII(OH) 

catalyst (species A) or coordinate the substrate (species E), which could be oxygenated to 

form the cofactor NapOX (two structures were proposed). The LCuI(NapOX) complex 

(species F in Figure 15) could oxidize the naphthol substrate via coordination (species G) 

and subsequent intramolecular electron transfer and dimerization.
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Lumb reported a Cu-based catalytic system for the oxidative C–O coupling of phenols and 

quinones (Figure 16).125 The authors found that catalytic amounts of CuI sources and a 

ligand (DBED or 4-MeO-pyridine) promoted the C–O coupling of phenols and quinones 

using O2 as oxidant (Figure 16, ii). A wide array of ether cross-coupling products were 

synthesized with excellent yields and selectivity (Figure 16, iii). It was suggested that the 

oxidation occurred via coordination of the quinone substrate to the CuI ion to generate a 

CuII-semiquinone complex (species A in Figure 16, iv) that could react with O2 to produce a 

CuII-quinone-superoxide intermediate (species B in Figure 16). This complex could couple 

the phenol substrate to generate a putative copper(II)-semiquinone-phenol hydroperoxide 

intermediate (species C in Figure 16) that could release H2O2 to produce a CuII-

semiquinonephenol species (species D in Figure 16). Substitution of the quinone-phenol 

product by the starting quinone substrate could regenerate the initial CuII-semiquinone 

species.

Very recently, the Baran research lab has used stroichiometric amounts of CuI and TMEDA 

(tetramethylethylenediamine) to synthesize arylomycin derivatives via intramolecular 

oxidative macrocyclization of phenols (Figure 17).126 On the basis of literature precedent, it 

was suggested that a putative O,OIII,III core mediated the 1H+/1e− oxidation of the phenol 

moieties.

2.3. Monooxygenase-Like Reactivity

The oxygenation of organic substrates is commonly found in many natural metabolic 

pathways, including the degradation of pharmaceuticals,127 biosynthesis of hormones,128 

and cellular energy production (e.g., oxidation of methane to methanol in methanotropic 

bacteria129). Many of these reactions are catalyzed by metalloenzymes, in which O2 serves 

as an oxygen donor and as a proton and electron sink (to generate H2O).130,131 Despite the 

ubiquity of these processes in nature, many of the oxygenations in organic synthesis rely on 

the use of stoichiometric oxidants such as NaOCl, KMnO4, MnO2, etc.132,133 Inspired by 

the reactivity of Fe-dependent metalloenzymes, several research groups have developed iron 

catalysts able to catalyze C–H hydroxylations, epoxidations, and cis-dihydroxylations using 

H2O2 as oxidant.134–136 On the other hand, the use of Cu to carry out oxygenations is less 

explored.137 In this section, we describe the reactivity of Cu systems that perform 

bioinspired C–H hydroxylations (sp3 and sp2 C–H bonds) and other oxygenations.

2.3.1. sp3 C–H Hydroxylations.—Peptidylglycine α-hydroxylating monooxygenase 

(PHM) catalyzes the hydroxylation of a C-terminal glycine residue of a prohormone (Figure 

18). This copper-containing monooxygenase enzyme is part of a group of natural systems 

that have similar structure and function that also includes dopamine β-monooxygenase 

(DβM) and tyramine β-monooxygenase (TβM).27 These enzymes contain a noncoupled 

dinuclear active center where the two copper ions are separated by ~11 Å. The CuH site is 

coordinated by three histidine residues, and it is proposed to provide electrons during 

catalysis. The CuM is coordinated by one methionine and two histidine residues, and it is 

believed to be the site responsible for O2 binding, reduction, and substrate oxidation. The 

mechanism by which these enzymes carry out the hydroxylation of C–H bonds has been 

studied in detail, but there is still disagreement on some reaction key steps (Figure 18, iii). 
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The main divergence stands on which of the putative CuO2 species abstracts an H atom from 

the substrate and in which step CuH transfers the electron. All the mechanistic proposals 

agree on the first reaction step, in which substrate coordination triggers dioxygen binding to 

form a mononuclear CuII-(O2
•−) intermediate (species B Figure 18). Klinman and Solomon 

proposed that this ESII species, which could be crystallographically characterized,138 

oxidizes the C–H bond via hydrogen atom transfer.139–141

Other proposals suggest that before substrate oxidation, e− transfer from the CuH center with 

concomitant protonation produces a mononuclear LCuII(OOH) complex (species C in Figure 

18) which can undergo O–O cleavage to generate high-valent Cu-oxyl intermediates (species 

C2 and D in Figure 18) that could be the active oxidants.66

Particulate methane monoooxygenase (pMMO): Little is known about how these Cu-

dependent metalloenzymes oxidize methane to methanol. In the active center, two histidine 

and an unusual histidine-amine residue acting as bidentate ligand (histidine brace) are found 

(Figure 19A).64 The number of copper ions involved in the active center is under debate: 

initial structural reports by Rosenzweig indicated that a dicopper center might be responsible 

for substrate oxidation, but recent investigations suggest that the active center might bind 

only one copper ion.142,143 On the basis of reactivity studies, a dicopper(II) side-on peroxide 

(SPII,II) species has been proposed as a possible competent reactive intermediate.144 Other 

species such as CuIII
2(O2−)2 and CuIII(O2−)2 CuII havess also been invoked (note: several 

authors currently suggest that a mononuclear Cu species is involved in the oxidation of 

methane in pMMO).64,145,146

Lytic polysaccharide monooxygenase (LPMO): Recently discovered, these copper 

metalloenzymes promote the degradation of polysaccharides (e.g., cellulose, chitin, and 

starch) by oxidative cleavage of the glycosidic bond (Figure 19B).147–149 In the 

mononuclear active site, the Cu ion is bound by a histidine amino acid and a histidine-amine 

residue (similar to the histidine-brace in pMMO).150,151 Mechanistic studies have suggested 

the involvement of mononuclear species derived from the reaction of CuI with O2 [e.g., 

CuII(O2
•−), CuII(OOH), CuII(O•), or CuIII(OH)].152 Recent studies by Eijsink and Walton 

proposed that the active oxidant in LPMO could be H2O2, which, in combination with CuI, 

could generate hydroxyl radicals that could be responsible for C–H bond oxidation or could 

generate an active O·II species via H atom abstraction of an OHII species.153,154

2.3.1.1. Stoichiometric sp3 C–H Hydroxylations with Model Systems.: Itoh reported 

the first example of metastable CuII-superoxide bearing a tridentate ligand (species B in 

Figure 20).62,155 The complex reacted in an intramolecular fashion to oxidize the benzylic 

position of the ligand. Mechanistic studies suggested that the ESII species abstracted an H 

atom from the ligand to generate a fleeting EHPII complex (species C in Figure 20), which 

upon rebound with the C-centered radical could produce a CuII-hydroxyl radical 

intermediate (species E in Figure 20). This species could be trapped by unreacted CuI 

complex to form the final Cu-alkoxide product (species F in Figure 20). The yields obtained 

(35%) were consistent with the proposed mechanism (50% threshold).
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Karlin reported the first mononuclear CuII-superoxide species capable of performing 

intermolecular C–H oxidations (Figure 21).60 The authors made use of a TMPA derivative to 

stabilize the ESII adduct via H-bonding interactions.156 It was suggested that the LCuII(O2
•−) 

complex reacted with substrates containing weak C–H bonds (e.g., BNAH, 1-benzyl-1,4-

dihydronicotinamide) via HAT. The substrates used (hydride donors) were proposed to 

produce a mixture of the unstable mononuclear LCuIIOOH and LCuII(O2 2−) species, which 

could evolve to form the final EPII,II product (quantified by UV–vis). A similar reactivity 

was reported recently by Castillo, in which a tetradentate N3S ligand system was able to 

stabilize a side-on LCuII-superoxide species that reacted with 9,10-dihydroanthracene to 

form 0.5 equiv of the corresponding dehydrogenation product (anthracene).157

Karlin has also studied the reactivity of a mononuclear copper(II) hydroperoxide species 

(Figure 22).158 An EHPII intermediate was generated by addition of H2O2 and a base 

(triethylamine) to the corresponding LCuII(ClO4)2 complex. The LCuII(OOH) complex 

decayed at low temperatures to oxidize the ligand scaffold (i.e., intramolecular N-

dealkylation). Mechanistic studies suggested that the CuII-hydroperoxide underwent 

homolytic Cu–O cleavage to produce a hydroperoxyl radical and CuI (species B, Figure 22). 

The reaction was carried out under excess amounts of H2O2 that would permit the oxidation 

of the resulting CuI complex to the LCuII-OH and hydroxyl radical (species C), which could 

abstract one of the benzylic H atoms of the ligand scaffold (species D). Rebound of the 

radical with the CuII-OH center could form the C–O bond (species E in Figure 22), which, 

upon N-dealkylation, forms benzaldehyde, the cleaved ligand scaffold, and CuI (species F). 

This mechanistic proposal was supported by the KIE observed (KIE = 1.0). It was also 

found that the copper complexes bearing analogues of the ligand (4-substitution of the 

internal benzylic substrate) decayed with similar rates to the ones found for the 

nonsubstituted systems.

In collaboration with Baran, Garcia-Bosch has also studied the reactivity of Cu systems 

toward intramolecular hydroxylations.159 This contribution was inspired by the initial 

findings of Schönecker and co-workers (based on earlier work by Réglier 160), in which 

they reported the hydroxylation of sp3 γ–C-H bonds of cyclic ketones using imino-pyridine 

systems as directing groups, Cu and O2 (Figure 23A).161 On the basis of the yields obtained 

(below 50%), the involvement of dinuclear L2Cu2O2 species (e.g., SPII,II, O,OIII,III) as active 

oxidants was suggested (Figure 23A, right). Baran was able to overcome the 50% threshold 

by the addition of excess amounts of reductant, which was proposed to reduce the 

nonhydroxylated LCuII system to LCuI in order to regenerate the putative L2Cu2O2 cores 

(Figure 23A).162 The copper complexes bearing the substrate–ligand scaffolds were isolated 

and characterized (e.g., S1-CuI and S3-Me-CuI in Figure 23B). Interestingly, the Cu ion and 

the C atom that undergoes C–H oxidation were found by X-ray diffraction analysis to be in 

close proximity (Cu–Coxid.: 3.1–3.3 Å). With the use of the isolated complexes, the 

oxidation with O2 was carried out, and it was observed that the hydroxylation yields 

overcame the 50% theoretical maximum imposed by the L2Cu2O2 intermediacy. The new 

mechanistic scenario (Figure 23C) proposed the formation of a mononuclear LCuII(OOH) 

species prior to C–H bond oxidation. The extensive experimental evidence suggested that 

the copper(I) complexes reacted with O2 to generate a putative LCuII(O2
•−) species (species 
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B in Figure 23C), which could release free superoxide and the LCuII complex (species C). 

The free superoxide could oxidize the solvent (products derived from acetone oxidation 

were quantified) to generate H2O2, which reacts with the LCuII complex to form an 

LCuII(OOH) intermediate (species D in Figure 23). This LCuII(OOH) species, along with 

related LCuII(OOR) analogues, could be independently generated by the addition of ROOH 

oxidants (R:H, tBu, Cum) to LCuI or LCuII in the presence of a base. During the reaction, 

the putative LCuII(OOH) could undergo homolytic O–O bond cleavage to generate hydroxyl 

radical that abstracts an H atom from the ligand scaffold in an intramolecular fashion 

(species E in Figure 23). The ligand C-centered radical generated could rebound with the 

O·II core to form the C–O bond (radical trap experiments confirmed the formation of ligand 

C-centered radicals). On the basis of the proposed mechanism, the oxidation protocol was 

redesigned to use stoichiometric amounts of inexpensive CuII sources (e.g., CuII(NO3)2) and 

H2O2 as oxidant (Figure 23A), which improved the previous methods in terms of 

practicability (no need for O2 gas, and reactions could be perfomed at room temperature for 

shorter periods of time), cost (no addition of external reductant, cheaper copper source), and 

yields.

Karlin reported the reactivity of an isolable CuII-superoxide species using TMG3Tren as 

ligand (previously crystallized by Schindler’s lab).67 It was found that an ESII complex 

(species A in Figure 24) reacted at low temperatures with external substrates containing 

weak O–H bonds (e.g., TEMPO-H) to generate a fleeting LCuII(OOH) intermediate (species 

B in Figure 24). With the use of UV–vis and EPR, the authors proposed that the EHPII 

species underwent homolytic O–O bond cleavage to form an O·II intermediate (species C in 

Figure 24) that could oxidize the ligand scaffold in an intramolecular fashion (species D in 

Figure 24). The EHPII species (LCuII + H2O2 + base) and the fleeting O·II species (LCuI + 

PhIO) were independently generated, and in both cases ligand oxidation was observed.

Tolman has reported a series of research articles on the reactivity of a new type of 

mononuclear copper–oxygen core (Figure 25). In the first article, the synthesis of an 

LCuIII(OH) intermediate via 1e− oxidation of a LCuII(OH) complex bearing a tridentate 

dianionic ligand was described.65 This OHIII species was characterized using UV–vis, EPR, 

EXAFS, and DFT calculations. It was found that these high-valent cores oxidize various C–

H bonds (BDFE: 75 to 99 kcal/mol) via H atom transfer (slower reaction rates were 

measured in the reaction with substrates containing strong C–H bonds). The use of ligand 

scaffolds with different stereoelectronic properties allowed for tuning the redox potential and 

the basicity of the OHIII cores.163 It was reported that the reaction rates were dependent on 

the reduction potential of LCuIII(OH), with the species with higher E0 having the faster rate. 

The authors described that the OHIII core carried out the intermolecular oxidation of C–H 

bonds via HAT (KIE > 20) to generate the corresponding C-centered radical and the 

LCuII(OH2) complex(i.e., the LCuIII(OH) core acts as a 1H+/1e− oxidant).

In 2017, Meyer reported the synthesis, characterization, and reactivity of a CuII(O2
•−)CuII 

core (species A in Figure 26).72 This species was generated via 1e− oxidation of a 

CuII(O2
2−)CuII core (species B in Figure 26). Interestingly, the report also described the 

synthesis and characterization of the corresponding CuII(OOH)CuII intermediate (species C 

in Figure 26), which is the reaction product of the reductive protonation (1e−/1H+) of the 
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ESII,II complex. The Bordwell equation was used (E0 and pKa measured in CH3CN) to 

calculate the thermodynamic driving force of the ESII,II core to perform 1H+/1e− oxidations. 

The BDFE value obtained (72 kcal/mol) fitted the reactivity observed, in which the 

CuII(O2
•−)CuII species oxidized TEMPO-H (BDFE: 67 kcal/mol) but not DHA (BDFE: 78 

kcal/mol).

Suzuki studied the reactivity of a SPII,II species toward external substrates (Figure 27).164 

The Cu2O2 core was reactive toward substrates containing weak and relatively strong C–H 

bonds (75–92 kcal/mol). It was proposed that the dicopper(II) peroxide (species A in Figure 

27) abstracted an H atom from C–H bonds via HAT in the rate-determining step (KIE = 9–

34). The resulting putative CuII,CuIII-oxo-hydroxo complex (species B in Figure 27) could 

react with the C-centered radical to form the hydroxylation product (species C in Figure 27). 

The formation of C–C coupling products was also observed (species D in Figure 27) that 

could be derived from a second HAT carried out by the mixed-valence oxo-hydroxo core. 

The C–C coupling products derived from the coupling between the susbtrate and the ligand 

scaffold were also characterized and quantified. It was proposed that the LCuIICuIII(O2−)

(OH) core (species B) could abstract an H atom from the ligand scaffold (species E), which 

could be coupled with the substrate C-centered radical produced in the first reaction step 

(species F). It is worth mentioning that the intermolecular oxidations performed by this 
SPII,II species led to the oxygenation of the substrate (i.e., formation of C–O bonds). This 

differs from the oxidations performed by Tolman’s mononuclear OHIII complex and by 

Meyer’s CuII(O2
•−)CuII core (see above), in which the substrate was not oxygenated.

Itoh pioneered the study of the reactivity of O,OIII,III cores.165 A remarkable research article 

described that small changes in the structure of the ligand led to intramolecular or 

intermolecular reactivity (Figure 28).166 For example, the use of a bidentate ligand in which 

the benzylic positions are protected (L:HPy1Et‑Bz‑d2) led to intermolecular C–H oxidation of 

external substrates with weak C–H bonds (e.g., 1,4-cyclohexadiene). Interestingly, second-

order kinetics were observed, which suggested disproportionation of the O,OIII,III complex 

(species A in Figure 28) to form a dicopper(III)-oxo-oxyl complex (species B) and a mixed-

valent CuII(O2−)2CuIII core (species C) that could be responsible for C–H oxidation. When 

the ligand was slightly modified (L: HPy1Et,Phe), the authors observed generation of a 

O,OIII,III species that decayed to form the ligand hydroxylation product (species E in Figure 

28).167

Stack has used a series of diamine ligands that combined with CuI and O2 to generate 

O,OIII,III cores at very low temperatures (Figure 29).22,168 The authors studied the reactivity 

of the different L2CuIII(O2−)2 intermediates toward C–H bonds. It was found that the rates of 

H atom abstraction (KIE: 14–31) and stability of the formation of the Cu2O2 species were 

dependent on the ligand sterics, with the most accessible structures being more reactive than 

the sterically hindered systems (e.g., RNH2 vs RNMe2). It was emphasized that the ligands 

used resemble the ones found in the active site of pMMO (histidine-brace), which could 

suggest that an O,OIII,III core might be formed during enzymatic catalytic turnover.

Lewis acids have been recently used to tune the reactivity of metal-O2 and metal-

oxo(hydroxo) species.169–172 Karlin, Solomon, and Garcia-Bosch have reported the 
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reactivity of a series of O,OIII,III cores bound by Lewis acids (Figure 30).121 It was 

described that an L2CuII
2(O2

2−) species isomerized to the L2CuIII
2(O2−)2 core upon addition 

of stoichiometric amounts of Lewis acids (2 equiv of DMF·CF3SO3H, 1 equiv of Sc-

(CF3SO3)3 or 2 equiv of B(C6F5)3). Detailed spectroscopic (UV–vis, rRaman) and 

computational analysis (TD-DFT calculations) suggested that isomerization occurred via 

coordi-nation of the Lewis acid to the ligand scaffold (species B in Figure 30). It was found 

that the starting SPII,II species was unreactive toward substrates with weak C–H bonds but 

that the O,OIII,III-LA adducts were able to perform C–H oxidations (note: the substrates 

underwent a 1H+/2e− oxidation without formation of the C–O bond). Interestingly, the H 

atom abstraction rates were dependent on the Lewis acid identity. The KIE observed, along 

with the faster reaction rates observed for substrates with weaker C–H bonds, indicated HAT 

during the rate-determining step.

In 2017, Kieber-Emmons reported the reactivity of a LCuII-(μ-O2−)-CuIIL core toward H-

abstraction of substrates with weak C–H and O–H bonds (i.e., 1,2-cyclohexadiene, TEMPO-

H).74 An OII,II species was generated via deprotonation of the isolated OHII,II complex, 

which allowed for calculation of the pKa of this conversion. The reduction potential of 

OHII,II complex (species B in Figure 31) was also obtained, which, in combination with the 

pKa, enabled the calculation of the thermodynamic driving force of the OII,II core (species A 

in Figure 31) to perform 1H+/1e− oxidations (BDFEO–H = 77 kcal/mol, note: pKa and 

reduction potentials were obtained in CH3CN). It was observed that the dicopper(II) μ-oxo 

intermediate was able to abstract an H atom from 1,4-cyclohexadiene (BDFEC–H = 73 kcal/

mol) to generate benzene (75% yield) and to stoichiometrically oxidize TEMPO-H 

(BDFEO–H = 67 kcal/mol) to TEMPO radical.

2.3.1.2. Catalytic Hydroxylation of sp3 C–H Bonds.: Sir D.H. R. Barton reported one of 

the first examples of Cu-catalyzed hydroxylation of alkanes that combined Cu powder, 

pyridine, acetic acid, and H2O2.173 Alkane oxidation occurred via formation of O-centered 

and C-centered radical species, although low yields were obtained (<5%).174 Using a similar 

system, Sawyer found that the CuI(bpy)2/pyridine/H2O2 system (bpy: 2,2′-bipyridine) 

reached moderate efficiency in terms of oxidant used (up to 30%), but the yields obtained 

were too low for synthetic purposes (<5%).175 Kitagawa also reported the catalytic 

hydroxylation of cyclohexane with H2O2 using Cu complexes bearing N3S tetradentate 

ligands.176 The authors observed modest yields, which suggested catalyst decomposition 

during catalytic turnover via intramolecular sulfoxidation of ligand scaffold.

Pombeiro reported one of the first examples of Cu-catalyzed oxidation of C–H bonds that 

reached substantial yields (Figure 32).177,178 A tetranuclear CuII-oxo cluster (OII,II,II,II) 

catalyzed oxidation of cyclohexane to cyclohexanol and cyclohexanone with yields up to 

38%. Surprisingly, methane was oxidized to methanol with modest yields (TON: 44, 2.2% 

yield). It was suggested that the active oxidants were O-centered radicals (i.e., hydroxyl and 

hydroperoxyl) that formed a cyclohexylhydroperoxide product, which decayed to 

cyclohexanol and cyclohexanone under the reaction conditions, via 1e− oxidation pathways.

Garcia-Bosch has also explored the use of mononuclear Cu complexes to catalyze the 

oxidation of strong C–H bonds with H2O2 (Figure 33).179 An oxidation method was 
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developed by which a wide array of ligand scaffolds could be tested, which consisted of 

mixing catalytic equimolar amounts of the ligand and the Cu source (1 mol %), cyclohexane 

(1 equiv), and hydrogen peroxide (10 equiv) in CH3CN. The reaction was stirred for 6 h at 

room temperature, and the organic products derived from the oxidation of the substrate were 

analyzed by gas chromatography (Figure 33, top left). The GC analysis was carried out by 

(i) direct injection of the crude reaction in the presence of an internal standard and (ii) 

injection of the crude reaction previously treated with PPh3 to convert the cyclohexyl 

hydroperoxide product to cyclohexanol. This analysis protocol, developed by Shul’pin,180 

permitted for quantification of the alkyl hydroperoxide along with the alcohol and ketone 

products. It was observed that copper complexes bearing tetradentate ligands such TMPA 

(tris(2-pyridilmethyl)amine) and (R,R)-BPBP ((2R,2’R)-1,1′-bis(2-pyridilmethyl)-2,2′-

pipyrrolidine) were able to catalyze the oxidation of cyclohexane with H2O2 in 

unprecedented yields (up to 56%). While tetradentate and tridentate ligands bearing alkylic 

amines (e.g., Me6Tren, MeAN) were unable to catalyze this transformation, other copper 

complexes with simple ligands such as bpy were able to promote this catalytic oxidation 

with remarkable yields. The Cu/TMPA and Cu/(R,R)-BPBP systems catalyzed the oxidation 

of a series of cyclic alkanes (C5–C8) reaching notable yields (36–56%).

In all the oxidations with Cu and H2O2, the alkyl hydroperoxide was obtained as major 

product, which suggested the formation of 1e− oxidants during catalysis (•OH, •OOH). The 

formation of O-centered radicals is representative of Fenton-like chemistry (i.e., Fe + H2O2). 

In the oxidation of cyclohexane when [FeII((R,R)-BPBP)]2+ was used as catalyst in the 

presence of AcOH as cocatalyst, formation of cyclohexyl hydroperoxide was not observed 

(Figure 33, iii).181,182 It has been proposed that in the LFeII/H2O2/AcOH system, a high-

valent iron(V)-oxo intermediate acts as a 2e− oxidant that will oxidize C–H substrates via H 

atom abstraction followed by Fe(IV)−OH/C• rebound which avoids the formation of O-

centered radicals.183 The possible involvement of O-centered radicals in the LCuI/H2O2 

oxidations was also reflected in the results found in the oxidation of n-hexane, which formed 

a mixture of C1, C2, and C3 oxidation products. White observed that in the LFeII/H2O2/

AcOH system, selective methylenic oxidation was accomplished, suggesting the 

involvement of a selective oxidant (i.e., Fe(V)-oxo).182 In the oxidations with the LCu/H2O2 

in the presence of CCl3Br (radical trap), the authors observed the formation of cyclohexyl 

bromide and cyclohexyl chloride as main products (C-X/C–O ratio: 12–14), which 

suggested the generation of C-centered radicals (cyclohexyl radical) during the catalytic 

turnover. The substrate cis-1,2-dimethylcyclohexane (cis-1,2-DMCH) was also used as a 

mechanistic tool to determine the formation of C-centered radicals. Oxidation of this 

substrate by 1e− oxidants (e.g., O-centered radicals) leads to epimerization of the C–C bond 

to form a mixture of cis- and trans-hydroxylation products. Otherwise, if the oxidation 

follows a hydrogen-abstraction/radical-rebound mechanism, the stereochemistry is retained.

The results observed were indicative of formation of 1e− oxidants under the LCu/H2O2 

oxidation conditions (cis:trans product mixtures) and 2e− oxidants in the LFe/H2O2/AcOH 

oxidations (stereoretention).

In the kinetic analysis of the oxidation of cyclohexane with LCuI and H2O2, first-order 

dependence on the concentration of metal and oxidant and zero-order dependence on the 
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concentration of substrate was observed. With all the mechanistic information in hand, it 

was proposed that in the first reaction step the LCuI complexes (species A in Figure 33) 

were oxidized to the corresponding LCuII (species B in Figure 33), which is the resting state 

of the catalysts (observed spectroscopically). It was suggested that during the rate-

determining step, LCuII reacted with H2O2 to generate hydroxyl radicals and a LCuIII–OH 

complex (species C in Figure 33). The resting state of the catalysts could be regenerated via 

reduction of the OHIII complex with H2O2 that produced hydroperoxyl radicals. Both O-

centered radicals (•OH, •OOH) could react with the substrate after the rate-determining step 

to generate the oxidation products.

Pérez established that mononuclear Cu complexes could also catalyze the oxidation of 

strong C–H bonds using H2O2 as oxidant (Figure 34).184 Interestingly, the oxidation of 

cyclohexane generated products derived from the dehydrogenation of alkanes (i.e., 

cyclohexene) along with cyclohexanol and cyclohexanone (yields up to 25%). The authors 

proposed a mechanism in which the LCuI complex (species A in Figure 34) was oxidized by 

H2O2 to form an O·II intermediate that could abstract an H atom from the substrate to 

produce a LCuII–OH complex (species C in Figure 34) and a C-centered radical. A second H 

atom abstraction from the C-centered radical could regenerate the CuI complex and form the 

alkene product (species D in Figure 34). Alternatively, the OHII complex obtained in the 

first H atom abstraction could react with the C-centered radical via hydroxyl rebound to 

form the 2e− oxygenation product (species E in Figure 34). The mechanism proposed was 

supported by DFT calculations and experimental data by varying the oxidants used (i.e., the 

O-transfer reagent oxone generated the same oxidation products with similar ratios).

Simaan has recently reported the LPMO-like reactivity of mononuclear Cu(II) complexes 

using H2O2 as oxidant (Figure 35).185 These copper complexes catalyzed the oxidative 

cleavage of 4-nitrophenyl-β-D-glucopyronaside via C–H oxidation of the 1-position of the 

glucose derivative to produce glucolactone and 4-NO2-phenolate (observed and quantified 

by UV–vis). It was suggested that the LCuII reacted with H2O2 under aqueous conditions to 

form a mononuclear LCuII(OOH) species that could be characterized by UV–vis (λ: 305 

nm) and EPR spectroscopy.

Itoh has also shown that H2O2 can be used to oxidize alkane using copper complexes 

bearing β-diketiminato ligands (Figure 36).186 These copper(II) complexes catalyzed the 

oxidation of strong C–H bonds such as cyclohexane with low yields but good efficiency in 

terms of H2O2 used (up to 26 TN). It was found that the initial copper(II) complexes 

generated O,OIII,III species in their reaction with H2O2. It was also reported that the same 

species could be formed in the reaction of the corresponding LCuI complexes with O2. The 

experimental data suggested that the L2CuIII
2(O2−)2 intermediate (species A in Figure 36) 

carried out the H atom abstraction of the C–H substrate in the rate-determining step (KIE: 

2.4). The resulting C-centered radical could rebound with the putative CuIIICuII-hydroxo-

oxyl (species B in Figure 36) to form a product-bound dicopper(II) complex (species C), 

which can regenerate the active O,OIII,III core by reaction with H2O2 with concomitant 

release of water and the oxidized alkane.
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Only a handful of copper complexes are able to carry out the oxidation of strong C–H bonds 

using O2 as oxidant.187 One of the landmark examples was reported by Schindler, where 

isolable end-on LCuII(O2
2−)CuIIL species (L: TMPA and Me6Tren and using BPh4

− as 

counteranion) were utilized as catalysts for the oxidation of toluene (Figure 37). It was 

found that the EPII,II complexes were able to convert toluene to benzaldehyde using O2 as 

oxidant with yields up to 20%.

Chan research group has used trinuclear copper complexes to catalyze the oxidation of 

substrates containing strong C–H bonds (Figure 38).188 Oxidation of cyclohexane to 

cyclohexanol and cyclohexanone with H2O2 reached low yields (up to 10%) but moderate 

efficiency in the use of oxidant.189 The authors proposed a reaction mechanism in which the 

tricopper(I) complex (species A in Figure 38) is oxidized with two equivalents of H2O2 to 

form sequentially a CuICuIICuII (O2−)2 intermediate (species B) and a CuIICuIICuIII(O2−)2 

core (species C), which could oxidize the C–H bond. It was proposed that the tricopper(I) 

complex was regenerated by H2O2 which could also act as sacrificial reductant. In a second 

seminal contribution, they reported that the trinuclear complex could also catalyze the 

oxidation of methane to methanol.190 A mixture of O2 and H2O2 was used to carry out the 

oxidation, in which it was proposed that O2 was responsible for the formation of the active 

O,OII,II,III intermediate and that H2O2 could act as a 2e− electron source (species C in Figure 

38, iii).

2.3.2. sp2 C–H Hydroxylations.—Tyrosinase is a binuclear Cu enzyme responsible for 

the aromatic hydroxylation of tyrosine to form catechols and subsequently quinones in the 

first step of melanin biosynthesis (Figure 39).55,191 Related metalloproteins such as 

hemocyanin (oxygen carrier for arthropods and molluscs) and catechol oxidase (enzyme that 

catalyzes the oxidation of catechols to quinones) share the same active site, but only 

tyrosinase is able to both bind O2 and carry out the 4e−/4H+ oxidation of the natural 

substrates.192,193 Analysis of the crystal structure of the three enzymes indicates that 

substrate access to the active center is critical for oxygenase and oxidase reactivity (i.e., the 

active center of hemocyanin is buried in the protein). Mechanistic studies suggest that the 

reduced form of tyrosinase (species A in Figure 39) reacts with O2 to form a stable SPII,II 

species (species B) that binds the deprotonated form of tyrosine before aromatic 

electrophilic hydroxylation (species C).

2.3.2.1. Tyrosinase-Like Oxidations: Stoichiometric and Catalytic Reactions.: Over 

the last decades, many research groups have studied the reactivity of Cu2O2 species with 

phenolates in order to understand the reaction mechanism of tyrosinase (Figure 40). In 2000, 

Casella reported one of the first model systems able to perform the stoichiometry ortho-

hydroxylation of phenolates (species B in Figure 40).194,195 A bridging dinucleating ligand 

with two symmetric N3 sites was used to stabilize a side-on CuII
2(O2

2−) intermediate that 

upon addition of 4-substituted phenolates formed a putative CuII
2 (O2

2−)-phenolate adduct 

prior to electrophilic aromatic oxidation (Hammett constant ρ = −1.84). Shortly after, Itoh 

reported the reactivity of another SPII,II bearing tridentate ligands capable of performing the 

hydroxylation of phenolates via electrophilic aromatic attack (species C in Figure 40).196 

Interestingly, the same Cu2O2 core reacted with phenols to form the C–C coupling product 
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derived from the 1H+/1e− oxidation, suggesting that in tyrosinase the substrate is 

deprotonated before binding the Cu2O2 center and being oxidized.118 In a seminal report, 

Stack reported a SPII,II complex (species F in Figure 40) that, upon addition of phenolate, 

isomerized to a metastable O,OIII,III-phenolate adduct (characterized by UV–vis, rRaman, 

EXAFS) before electrophilic hydroxylation, hypothesizing that a similar high-valent core 

could be formed in the natural system.57 Costas and Ribas described a CuIII
2(O2−)2 core 

(species E in Figure 40) able to bind and oxidize phenolates in a analogous fashion (i.e., via 

formation of a O,OIII,III-phenolate adduct).197 The same research lab reported the 

tyrosinase-like reactivity of an end-on dicopper(II)-peroxide intermediate stabilized by a 

N3–N4 unsymmetric dinucleating ligand (species A in Figure 40).198 This example of EPII,II 

species able to perform electrophilic oxidation of substrates. On the basis of DFT 

calculations, Solomon suggested that the EPII,II core isomerized to an O,OIII,III-phenolate 

intermediate before oxygenation of the substrate.199 Stack has also shown that small changes 

in the stereoelectronic features of the ligands binding O,OIII,III cores (species G in Figure 

40) have a deep impact on the reactivity toward phenols and phenolates (i.e., ortho-

hydroxylation vs 1H+/1e− C–C coupling vs no reaction).200

In a groundbreaking article, Stack has recently reported the generation of metastable SPII,II 

cores bearing monodentate imidazole ligands (species H and I in Figure 40).201 

Interestingly, these tyrosinase-like cores are able to perform the hydroxylation of phenolates 

at very low temperatures (−135 °C). A recent study by the same research group reported that 

these CuII
2(O2

2−) species also isomerize to the corresponding CuIII
2(O2−)2-phenolate adduct 

before substrate hydroxylation.202

Costas reported that O,OIII,III cores are able to perform the electrophilic ortho-hydroxylation 

of 2-F-substituted phenolates (species E in Figure 40).203 Karlin, Solomon, and Garcia-

Bosch have showed that an unreactive SPII,II core (species D in Figure 40) performed this 

oxidation (ortho-hydroxylation of 2,6-F2-phenolate) via formation of a O,OIII,III-phenolate 

core (characterized by UV–vis and rRaman spectroscopy).121 It is worth mentioning that the 

ortho-hydroxylation of these substrates is not an oxidative transformation (the C–F bond is 

replaced by a C–O bond) but that the above-mentioned Cu2O2 cores are proposed to perform 

this C–F functionalization via reaction pathways similar to the ones found in the C–H ortho-

hydroxylation of phenolates.

The above-mentioned reports were focused on the stoichiometric reactivity of Cu/O2 species 

toward phenols or phenolates. On the basis of precedents by Réglier204 and Casella,205 

Tuczek described that a mononuclear copper(I) complex (Figure 41, i) bearing a bidentate 

ligand performed the catalytic oxidation of 2,4-tBu-phenol in the presence of 2 equiv of 

triethylamine.206 The reaction was carried out under very dilute conditions, the substrate 

was not fully converted, and a mixture of reaction products was obtained (catechol: 3%, 

quinone: 52%), which precluded its utilization for synthetic purposes. Kinetic studies of the 

reaction suggested that the CuI complex (species A in Figure 41) reacted with PhOH and 

base to form a CuI-phenolate intermediate (species B). Oxygenation of the cuprous-

phenolate species led to the formation of a putative SPII,II-phenolate adduct (species C) 

before generation of the quinone product.
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Stack and Herres-Pawlis reported a Cu2O2 system (Figure 42, i) able to perform the 

hydroxylation of a series of phenolic substrates.207 The catalytic oxidation of phenols was 

accomplished at room temperature under O2 (1 atm) and in the presence of NEt3 (2 equiv), 

which allowed for achievement of remarkable yields (up to 60%) but modest turnover 

numbers (4 to 15 TN). It was proposed that the reaction of the CuI complex (species A in 

Figure 42) with O2 formed a SPII,II core (species B) that could bind the substrate in the 

phenolate form (species C) before product generation.

In a series of articles, Lumb reported a catalytic method that utilizes Cu and dioxygen to 

oxygenate and functionalize phenols. It was described that combining CuI with amines 

(DBED or NEt3) promoted the ortho-hydroxylation of phenols and subsequent coupling with 

nucleophiles (Figure 43).208 For example, oxidation of 4-methoxyphenol produced the 

corresponding ortho-quinone with another unit of 4-MeO-PhOH oxidatively coupled in the 

fifth position (Figure 43, iii). The oxygenation/oxidative-coupling of a series of substituted 

phenols was accomplished, reaching excellent yields for most of the substrates. In a follow 

up article, the reaction mechanism was studied using 4-tBu-PhOH as substrate.209 It was 

proposed that the CuI complex reacted with O2 to form a SPII,II intermediate, which was 

characterized at low temperature by UV–vis spectroscopy (species B in Figure 43). It was 

suggested that the side-on dicopper(II)peroxo complex reacted with phenols to produce the 

corresponding catechol (species C) that upon protonation released CuI and a product-bound 

Cu(II)-semiquinone complex (species D). It was proposed that the cupric-semiquinone 

species reacted with phenol to form the oxidation C–O coupling product (species E in Figure 

43). In fact, oxidation of 3,5-substituted phenols led to the selective formation of the 

uncoupled ortho-quinone product (see Figure 14).122

The Lumb research group has followed a similar approach(i.e., CuI/DBED/O2) to synthesize 

ortho-azophenols (via dehydrogenative coupling and phenols with hydrazines or hydrazides) 

and to synthesize dehydronornuciferine.210,211

2.3.2.2. sp2 Hydroxylations of Nonphenolic Systems: Stoichiometric and Catalytic 
Reactions.: Karlin reported the generation of a mononuclear cupric hydroperoxide species 

(species B in Figure 44) via addition of H2O2 and a base (NEt3) to the corresponding 

copper(II) complex.212 The EHPI complex was stable at low temperatures (−80 °C) but 

decayed fast at higher temperatures to form a copper(II) complex in which the ligand 

scaffold has undergone intramolecular hydroxylation of the aryl substituent (species C in 

Figure 44). Although the mechanism by which the LCuII(OOH) oxidized the arene ring was 

not described, the authors suggested that dinuclear Cu2O2 species were not involved in the 

intramolecular oxidation (generation of the O,OIII,III intermediate bearing the same ligand 

scaffold did not lead to sp2 hydroxylation of the arene system).

Itoh research lab has also studied in detail the reactivity of mononuclear CuII-hydroperoxide 

and CuII-alkylperoxide species (Figure 45). Addition of stoichiometric amounts of H2O2 and 

NEt3 into an acetone solution of a copper(II) complex bearing a tridentate ligand led to the 

formation of an unusual copper(II)-alkylperoxo species that was characterized by UV–vis, 

EPR, and rRaman spectroscopy.213 The LCuII(OOR) species decayed at low temperatures 

(−70 °C) to oxidize the ligand in an intramolecular fashion. Computational studies suggested 
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that the sp2 hydroxylation occurred via formation of a metastable carbocation intermediate 

(species C in Figure 45) before generation of the final hydroxylation product (speciesD).214 

Interestingly, the analogous mononuclear LCuII-cumylperoxo intermediate (species E in 

Figure 45) decayed via homolytic O–O bond cleavage to generate a putative LCuII-oxyl 

species (O·II) that was not able to oxidize the ligand scaffold but reacted with external 

substrates containing weak C–H bonds (e.g., 1,4-cyclohexadiene).68

In 2007, Tolman reported that the reaction of copper(I)-α-ketocarboxylate complexes with 

O2 led to intramolecular sp2 hydroxylation (Figure 46).215 It was suggested that oxygenation 

of the cuprous complex generated a CuII-superoxide adduct (species B in Figure 46), which 

released CO2 (decarboxylation) to form a CuI-peracid complex (species C) before ligand 

hydroxylation. Computational studies proposed that the CuI-peracid adduct could oxidize 

the arene ring via a concerted mechanism (species D1 in Figure 46) or via heterolytic O–O 

cleavage to generate a CuII-oxyl species before ligand oxidation (species D2).

In 1984, Karlin reported one of the first copper systems able to hydroxylate sp2 C–H bonds 

(Figure 47).216,217 Dinuclear copper(I) complexes were found to react with O2 and oxidize 

intramolecularly the bridging arene ring with high yields (Figure 47, (i).218 Oxygenation of 

the dicopper(I) complex at low temperatures generated a metastable side-on peroxodicopper-

(II) intermediate (species B in Figure 47) that was spectroscopically characterized. 

Computational studies suggested that the SPII,II adduct attacked the phenyl ring with 

concomitant O–O bond cleavage in the transition state (species C) to produce a dicopper(II)-

phenoxyl–oxyl intermediate (species D) that upon radical recombination and deprotonation 

could sequentially form a dicopper(II) μ-oxo complex and a dicopper(II) μ-hydroxo species 

bearing the hydroxylated ligand scaffold (species E and F in Figure 47).219

The Tolman research group also studied the ability of Cu2O2 species to promote the 

intramolecular hydroxylation of sp2 C–H bonds (Figure 48).220 A series of metastable 

O,OIII,III cores bearing bidentate aminopyridine ligands were generated at low temperatures 

(−70 °C). These Cu2O2 cores decayed (slow decomposition at −70 °C or fast decay upon 

warming up) to generate equimolar mixtures of the starting ligand scaffolds (LH in Figure 

48) and the intramolecular hydroxylation products (LOH in Figure 48). Two competitive 

pathways for the degradation of the CuIII
2(O2−)2 species were suggested, one consisting of 

electrophilic attack to oxidize the arene ring (favored for the electron-rich systems R1: MeO, 

H) and an unknown self-decay pathway that did not generate the hydroxylation product 

(favored for electron-poor systems R1:NO2).

A similar ligand scaffold was used by Schindler to analyze the reactivity of Cu2O2 cores 

toward sp2 C–H bonds (Figure 49).221 It was proposed that the bidentate imino-amine 

system reacted with a CuI source and O2 at low temperatures to form an O,OIII,III core 

(characterized by UV–vis spectroscopy and favored by DFT), which could attack the phenyl 

ring to produce a dicopper(II) complex in which one of the ligands is hydroxylated (species 

C in Figure 49). GC/MS confirmed that only 50% of the ligand scaffold was oxidized. The 

hydroxylation imine product was hydrolyzed to isolate salicylaldehyde with modest yields 

(8%).
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Casella described a unique dicopper system able to undergo two consecutive intramolecular 

sp2 hydroxylations of an m-xylene linker (Figure 50).222 It was proposed that addition of 

excess amounts of H2O2 to the dicopper(II) complex (species A in Figure 50) generates a 

dicopper(II) μ-hydroperoxo complex (species B), which could attack the meta position of the 

arene ring to form the monohydroxylation product (species D). A similar reaction pathway 

was proposed for the hydroxylation of the ortho position of the phenyl ring (species E and F 

in Figure 50). Spectroscopic evidence (UV–vis, EPR) for the formation of the first 

dicopper(II) μ-hydroperoxo complex was provided (species B in Figure 50).

Pérez and Diaz-Requejo discovered that trispyrazolylborate cuprous systems catalyzed the 

hydroxylation of benzene using H2O2 as oxidant (Figure 51).223,224 The authors used small 

catalysts loadings (1 mol %) and excess amounts of oxidant (10 equiv) to convert benzene to 

phenol (24%) and 1,4-benzoquinone (4%) using CH3CN at 80 °C. Toluene could also be 

converted to a myriad of oxidation products (benzaldehyde, phenols, and quinone) with 

remarkable yields (up to 35%). DFT calculations were carried out in order to understand the 

reaction mechanism, and it was proposed that the copper(I) complex reacted with H2O2 to 

generate a LCuII-oxyl intermediate (species B in Figure 51) that could oxidize benzene via 

H atom abstraction followed by hydroxyl rebound (species C and D) or via electrophilic 

substitution (species E and F). Fenton species were not invoked in the mechanism of 

substrate oxidation since the addition of radical traps (halogenated solvents) did not affect 

the catalytic performance of the system (similar conversion and reaction yields). The small 

KIE values observed (1.1) also supported their mechanistic proposal (a KIE value of 1.7 was 

previoulsy reported for Fenton-type sp2 hydroxylations).225

Karlin and Fukuzumi also reported the use of a well-defined Cu complex for the catalytic 

conversion benzene using H2O2 (Figure 52).226 The copper(II)-TMPA complex oxidized 

benzene to phenol under mild conditions with modest yields (2%) but high turnover numbers 

when the catalyst was immobilized in mesoporous silica–alumina (NOTE: use of higher 

amounts of catalyst and excess of H2O2 reached 17% yield of phenol, with 100% 

selectivity). A detailed mechanistic study, including kinetic analysis and the use of radical 

traps, suggested that the copper(II) complex reacted with H2O2 to generate a LCuIII(OH) 

core and hydroxyl radical (species B in Figure 52), which could further react with hydrogen 

peroxide to produce hydroperoxyl radicals (observed by EPR using DMPO as radical trap). 

A radical chain reaction initiated by the hydroperoxyl radicals would lead to the formation 

of phenol (see Figure 52, iii).

2.3.3. Other Cu-Promoted Oxygenase-Like Reactions.—In a milestone 

contribution, Karlin reported a comparison in reactivity of dicopper(II)-peroxo species.120 It 

was found that EPII,II complexes were basic and nucleophilic, reacting with Brönsted acids 

to release hydrogen peroxide and reacting with CO2 to generate a percarbonate complex. 

The authors also found that SPII,II cores were better described as nonbasic/electrophilic 

species, reacting with 2,4-tBu2-PhOH to form the C–C coupling product and with PPh3 to 

form O=PPh3 but not reacting with acids. Since then, many reports have shown that these 

initial findings could be applied in a universal fashion to describe the reactivity of Cu2O2 

cores with only a few selected exceptions in which end-on CuII
2(O2

2−) species could act as 

electrophilic oxidants and side-on CuII
2(O2

2−) complexes could behave as basic cores.198,227
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McDonald has studied the reactivity of a mononuclear CuII-superoxide complex, which was 

previously described by Tolman (Figure 53).228 It was found that the ESII species had 

nucleophilic character and was able to oxidize acyl chloride substrates (benzoyl chloride to 

benzoic acid) and carry out aldehyde deformylation reactions (cyclohexanecarboxaldehyde 

to cyclohexanone). The authors proposed that the reaction with acyl chloride substrates 

occurred via nucleophilic attack of the Cu–O2 moiety to produce a CuIII–peracetate complex 

intermediate (species C in Figure 53), which upon O–O cleavage generates the oxygenation 

product. On the other hand, reaction with alkylic aldehydes was proposed to occur via 

Criegee rearrangement prior to O–O scission (species D) to produce the ketone products.

Cho has recently reported the nucleophilic character of mononuclear copper systems. 

Mononuclear copper(II)-alkylperoxide complexes were generated by addition of 

alkylhydroperoxides in the presence of triethylamine (Figure 54).229 These EAPII species 

were characterized by low-temperature UV–vis, CSI-MS, rRaman, and EPR. It was also 

found that these complexes reacted with benzoyl chloride and 2-phenylpropionaldehyde to 

yield the corresponding oxidation products (benzoic acid and acetophenone). A reaction 

mechanism was proposed in which Cu–O bond cleavage could promote formation of a 

nonmetallic peroxyhemiacetal-like intermediate before formation of the oxidation products 

and release of the initial LCuII complex. Interestingly, it was found that the copper(II) 

complex, under excess of alkyl-hydroperoxide oxidant, carried out the catalytic 

dehydrogenation of 1,4-cyclohexadiene to benzene (up to 10 turnover numbers).

In 2017, Betley reported the reactivity of a mononuclear Cu–O2 species bearing a 

dipyrromethene bidentate ligand (Figure 55).230 The Cu/O2 adduct was characterized by X-

ray diffraction analysis, which confirmed the side-on binding mode (the Cu–O2 core could 

be described as CuIII-peroxide or CuII-superoxide). The mononuclear Cu-dioxygen complex 

performed electrophilic oxidations including oxygen-transfer reactions (PPh3 to O=PPh3) 

and 2,4,6-tBu3-phenol oxygenation (formation of quinone) and 2,4-tBu2-phenol 1e− 

oxidations (C–C coupling product). Moreover, it was found that the LCuO2 species reacted 

with phenol to release H2O2 in an acid–base fashion. This is an unique example of 

mononuclear Cu–O2 species depicting chameleonic reactivity and is similar to the 

ambiguous character found for some unsymmteric Cu2O2 cores.198,231

In an unique example, Masuda reported that a mononuclear copper(II) complex bearing a 

tridentate N3 ligand catalyzed the sulfoxidation of dimethyl sulfide and thioanisole under 

low catalyst loadings (0.2 mol %), mild conditions (CH3CN at 0 °C), and short reaction 

times (Figure 56).232 The reaction of the copper(II) complex with H2O2/NEt3 mixtures 

generated a mononuclear LCuII(OOH) species (characterized by UV–vis, EPR, and ESI-

MS), which was proposed to react as oxygen transfer reagent.

3. Cu-PROMOTED FUNCTIONALIZATION OF ORGANIC MOLECULES 

BEYOND ENZYMATIC MIMICRY

After millions of years of evolution, nature has mastered the direct hydroxylation of C–H 

bonds utilizing oxygenase enzymes.6 On the other hand, enzymatic processes in which C–H 

bonds can be converted directly to C–C, C–N, and C–halogen bonds are scarce.233–235 
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Outstanding research is in progress to “teach” metalloenzymes to promote these organic 

transformations under in vitro conditions.236–238 Inspired by the features of metal-dependent 

oxidase and oxygenase reactions(i.e., use of bioavailable metals with rich redox chemistry in 

combination with rationally designed ligand scaffolds and mild reaction conditions), 

chemists have utilized metals such as copper to promote oxidative transformations beyond 

enzymatic activity. In this section, we summarize some of these processes, including Cu-

nitrene reactivity (that can lead to C–H amination and C=C aziridination),239 organometallic 

transformations such as C–C and C–heteroatom coupling reactions (classically catalyzed by 

heavy metals such as Pd), and a “hybrid” class of reactions in which organometallic Cu–O2 

species (Cu/O2 intermediates similar to the ones formed in Cu-dependent metalloenzymes) 

carry out diverse oxidative transformations.

3.1. Cu-Nitrene Species in C–N Bond Formation

The predominance of nitrogen atoms found in natural products, synthetic drugs, and new 

petroleum-derived materials has caused the emergence of synthetic methods for the 

formation of C–N bonds.240 The classic approach to introduce the N functionality is based 

on multistep nucleophilic displacement routes that generate stoichiometric amounts of 

leaving groups. The discovery of the Pd-catalyzed C–N cross-coupling reaction has been a 

major breakthrough in this field, leading to the efficient synthesis of a wide-range of amines.
241 Apart from the high cost of Pd, they require the use of preactivated substrates such as 

aryl halides (Ar–X) that generate stoichiometric amounts of halide salts. Also, their 

functional group tolerance is limited. To address these shortcomings, direct amination of C–

H bonds catalyzed by transition metals via metal-nitrenoid/imido species has emerged as a 

one-step, economical, and environmentally friendly alternative.242–244

Metal–nitrene species are considered reactive intermediates in some metal-catalyzed C–N 

bond formation reactions, including C=C aziridinations and C–H aminations.245 The study 

of their structure, spectroscopy, and reactivity can also give some insight into the chemical 

properties of biologically relevant fleeting intermediates: copper-oxyl species (i.e., CuII-

oxyl) are proposed to be formed in copper-catalyzed C–H hydroxylations but have not yet 

been been isolated; however, some of the isoelectronic copper-imido radical intermediates 

have been characterized (Figure 57). In this section, we describe the most relevant examples 

of copper-nitrene species, including their generation, isolation, and characterization, and the 

organic transformations that they perform.

Copper-catalyzed nitrene transfer reactions were discovered in the early 90s. In two back-to-

back research articles, Jacobsen and Evans reported the use of copper catalysts to promote 

the enantioselective aziridination of alkenes (Figure 58).246,247 Jacobsen used a copper(I) 

source (10 mol %), chiral diimine ligands (10 mol %), and PhI = NTs as nitrene source (1.5 

equiv) to convert the alkene substrates to the corresponding aziridines with good yields and 

remarkable ee’s when the reaction was carried out at low temperatures. It was suggested that 

the active oxidant, a putative Cu-nitrene species, was bound by a single chiral ligand. Using 

a similar approach (i.e., CuI, chiral ligand and PhI = NTs), Evans found that high 

enantioselectivites (up to 97%) could be obtained for cinnamate esters. Interestingly, similar 

enantioselectivities were observed when a CuII source was employed, which led to the 
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speculation that the copper was functioning as a catalyst in the CuII oxidation state. In a 

follow-up article, Evans expanded the substrate scope of the aziridination reaction and 

studied in detail the reaction mechanism.248 The use of copper sources in different oxidation 

states, analysis of the epimerization of cis and trans olefins and the oxidation of substrates 

containing a cyclopropyl-based radical trap suggested that the oxidation occurred via a 

concerted mechanism involving a CuII species.

Later on, the Che research group reported that enantioselective aziridination reactions could 

be accomplished in a one-pot fashion using catalytic amounts of CuI and a chiral 

bisoxazoline ligand (previously used by Evans), sulfonamides, and PhI(OAc)2 as oxidant 

(Figure 58C).249 This advantageous procedure avoided the independent synthesis of the 

nitrene source, which was proposed to be generated “in situ” in the reaction of the 

sulfonamide and the iodine(III) oxidant. The authors reported the synthesis of aziridine 

products derived from styrene substrates and aromatic sulfonamides with good yields (up to 

95%) and moderate enantioselectivity (30–70%).

Since Jacobsen’s and Evans’ initial findings, several reports have described the use of 

copper catalysts for the aziridination of olefins using PhI=NTs as a nitrene source.250,251 

Pérez reported that mononuclear CuI complexes bearing tris-(pyrazolylborate) ligands 

catalyzed the aziridination of styrene and alkylic olefins (e.g., 1-hexene) using PhI=NTs and 

chloramine-T as nitrene sources (Figure 59).252 In a follow-up article, the mechanism of 

aziridination was studied, including competition experiments between different olefins 

(Hammett’s analysis for the aziridination of 4-substituted styrene substrates), use of radical 

inhibitors, oxidation of substrates containing radical clock probes, and stereoretention 

experiments (e.g., aziridination of cis and trans olefins). On the basis of the DFT 

calculations and the experimental findings, the authors proposed a reaction mechanism that 

involves the formation of a Cu-nitrene species in the triplet state ([CuII-(N•)-Ts]), which 

could react with alkenes in a stepwise pathway maintaining the stereoretention of the 

substrate (Figure 59, iii).

In two key contributions, the same research group reported that cuprous tris(pyrazolylborate) 

complexes also catalyzed the amination of strong C–H bonds using the nitrene donors 

PhI=NTs and chloramine T (Figure 59, iv).253,254 Oxidation of cyclohexane and benzene 

formed the corresponding amination products with remarkable yields (40–65%) using the 

organic substrates as solvents (note: the yields are based on equivalents of oxidant, the 

limiting reagent of the reaction). Interestingly, the oxidation of toluene selectively produced 

the amination product derived from sp3 C–H oxidation (95% yield). Oxidation of cumene 

formed a mixture of products derived from the oxidation of the tertiary sp3 C–H bond (30%) 

and the primary sp3 C–H bond (20%). It was also found that the regioselectivity of the 

amination reactions was dependent on the ligand scaffold. All these studies seem to indicate 

that these oxidations are metal-centered (i.e., C–H abstraction and C–N bond formation 

occur in the vicinity of the copper center).

The same cuprous tris(pyrazolylborate) complexes have been recently used to synthesize 

sulfinamides and isothiazoles via nitrene transfer to alkynes (Figure 60).255 In the presence 

of catalytic amounts of copper, terminal alkynes (e.g., 1-phenyl-1-propyne) reacted with 
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PhI=NTs to form mixtures of sulfinamides and isothiazoles (Figure 60, ii). For terminal 

alkynes (e.g., phenyl acetylene), selective formation of sulfinamides was observed. The 

reaction mechanism was studied computationally, and it was suggested that a putative 

copper-nitrene species reacted with the alkynes to form an intermediate in a triplet state with 

2 unpaired electrons on the benzylic carbon of the substrate (species C in Figure 60). This 

species could produce a copper–carbene intermediate (species D) or isomerize to a second 

imine complex (species E), with either species evolving to generate a cyclization product 

(species F). It was suggested that this cyclization complex could undergo S–O bond cleavage 

to form the sulfinamide product. The second imine intermediate (species E in Figure 60) 

could also undergo intramolecular C–C bond formation (species H) to form the isothiazole 

product. It was proposed that both reaction products could be formed from terminal alkynes, 

but the reversibility of the last reaction step in the generation of the isothiazole product leads 

to the selective formation of the sulfinamide product since it was computed to be a 

thermodynamic sink.

Over the past decade, the Warren research lab has contributed enormously to the 

understanding of Cu-catalyzed C–N bond formation reactions. A dicopper nitrene species 

was generated in the reaction between 1-adamantylazide (N3-Ad) and 2 equiv of a CuI 

complex bearing a bidentate β-diketiminato ligand (Figure 61, i).256 This reaction 

intermediate was characterized using X-ray diffraction analysis in which a short Cu–Cu 

distance (2.9 Å) was observed (note: Warren previously reported the synthesis of a similar 

dicopper nitrene species using aryl azides257). Interestingly, the use of excess amounts of 

alkyl azide formed a dimeric product in which the ligand scaffold underwent intramolecular 

insertion of the adamantylnitrene species (Figure 61, i). It was found that the use of 

chemically inert substituents in the ortho-positions of the β-diketiminate ligands precluded 

intramolecular C–H amination and enabled exogenous C–H amination reactions. The 

isolated dicopper nitrene complex stoichiometrically oxidized strong C–H bonds reaching 

excellent reaction yields. Interestingly, alkanes could also be converted to the corresponding 

amination products using catalytic amounts of the CuI complex (Figure 61, ii). A reaction 

mechanism was suggested in which the CuI complex reacted with the alkylic azide to 

generate a dicopper-nitrene complex (isolated), which is in equilibrium with a terminal Cu-

nitrene complex (species C in Figure 61). This terminal nitrene could then react with C–H 

bonds via H abstraction followed by NH-R rebound. This mechanistic proposal was 

supported with kinetic experiments, in which the rates of amination were found to be 

dependent on the strength of the C–H bond oxidized (i.e., stronger C–H bonds, slower 

reaction rates). The KIE values observed (5.3–6.6) were also in agreement with the proposed 

mechanism, which suggests that H atom abstraction is the rate-determining step. DFT 

calculations predicted that the electronic structure of the terminal monocopper-nitrene 

species is ambiguous (triplet and singlet states were close in energy), with the singlet species 

being probably responsible for C–H amination due to the bent coordination of the nitrene to 

the copper ion, which would allow access of the substrate to the Cu–N core. In a related 

research article, the reactivity of a dicopper alkylnitrene complex was studied in detail and it 

was implied that the active intermediate in the C–H amination reactions was the terminal 

mononuclear Cu-nitrene species.258 It was noted that the dicopper nitrene species derived 
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from 1° and 2° alkyl azides were unstable and tautomerized to the corresponding CuI imine 

complexes.

In 2010, the Warren research group reported the synthesis of the analogous LCuII-amide 

complex using a dicopper(II)-dichloride complex and LiNHAd (Figure 62).259 This cupric 

complex reacted with benzylic C–H bonds to generate 0.5 equiv of the amination product 

and 0.5 equiv of the alkylic amine (Ad-NH2). On the basis of the stoichiometry of the 

reaction, it was suggested that the CuII-amide complex reacted with the C–H substrates to 

form a LCuI-amine complex and a C-centered radical, which could be trapped with a second 

equivalent of CuII-amide to yield the C–N reaction product. It was also found that catalytic 

amounts of the LCuI complex could perform the amination of C–H bonds using tBuOOtBu 

as oxidant and alkylic amines as N sources (Figure 62, ii).260 The authors proposed that the 

LCuI complex reacted with tBuOOtBu to produce a LCuII-OtBu species (independently 

synthesized and characterized with X-ray diffraction analysis) and tBuO•, which abstracts H 

atoms from the C–H substrates (note: it was previously shown that in the absence of 
tBuOOtBu, the Cu-amide complex was the active H abstractor259). The resulting carbon-

centered radicals could be trapped by a LCuII-amide species (species C in Figure 62), 

generated in an acid–base reaction between the LCuII-OtBu and the corresponding amine, to 

form the amination organic product and regenerating the LCuI catalysts. In a follow-up 

article, Warren reported that aromatic amines could also be used as nitrogen sources under 

similar C–H amination reaction conditions (catalytic amounts of CuI and tBuOOtBu as 

oxidant).261 A further detailed mechanistic study on the reaction mechanism pointed toward 

the mechanistic hypothesis proposed for the amination with alkylic amines (i.e., H atom 

abstraction by tBuO• followed by C–N bond formation via reaction between the C-centered 

radical and a CuII-anilide species).260

In a recent attempt to isolate terminal Cu-nitrene species, Warren reported the 

characterization of a dicopper(II) ketimide complex derived from the dimerization of a LCu-

nitrene species and a k2-diazametallocyclobutene complex derived from the addition of 

CH3CN to a terminal LCu-nitrene intermediate (Figure 63).262 It was reported that this 

species can act as “masked” terminal Cu-nitrene complex, releasing the mononuclear 

copper-nitrene intermediate that can then perform the 2e− amination of benzylic C–H bonds 

(H atom abstraction followed by C–N bond formation).

In a landmark research article, Ray reported that a Lewis acid could be used to stabilize and 

characterize a terminal copper-nitrene complex (Figure 64).263 The reaction of a LCuI 

complex bearing a tridentate ligand (previously used by Karlin research group to stabilize an 

O,OIII,III core264) with a soluble nitrene source SPhI=NTs at room temperature formed a 

CuII-amide complex (characterized by X-ray diffraction analysis, EPR, and UV–vis). It was 

suggested that this species was formed via generation of a metastable Cu-nitrene complex, 

which could then abstract an H atom from the solvent. Reaction between the CuI complex 

and the nitrene source in the presence of Sc(CF3SO3)3 at −90 °C produced a purple species 

that was formulated as a Cu-nitrene-Sc adduct (Figure 64, i). The authors were unable to 

characterize this species by X-ray diffraction analysis, but detailed spectroscopic evidence 

was provided, including UV–vis, resonance Raman, and X-ray absorption spectroscopy 

(XAS and XANES). DFT calculations suggested that the Cu-nitrene-Sc adduct was a 
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terminal Cu-nitrene species in a singlet state with the Sc3+ ion bound to the N atom of the 

nitrene moiety. Analysis of the reactivity of the Cu-nitrene-Sc core toward a series of 

hydrocarbons was also carried out (Figure 64, ii). The reaction rates were found to be 

linearly dependent on the BDFEC–H of the substrate (i.e., higher BDFEC–H, slower reaction 

rates), and a KIE of 5.1 was observed, which suggested that the Cu-nitrene-Sc species 

oxidized C–H bonds via H atom abstraction followed by NH-R rebound (i.e., Cu-nitrene-Sc 

species acted as a 2e− oxidant). In a second contribution, Ray characterized a second Cu-

nitrene-Sc core derived from the oxidation of the same CuI complex with an organic azide in 

the presence of the Lewis acid (Figure 64, i).265 DFT calculations suggested that in this case, 

the copper ion was only bound by two N atoms of the ligand scaffold and the N atom of the 

nitrene, which was also coordinated by Sc3+. Reactivity studies found that this second Cu-

nitrene-Sc species was a better nitrene transfer reagent (faster reaction rates with PPh3 to 

form RN=PPh3) but a worse H atom abstractor (slower rates in the reaction with C–H 

bonds) than their previous example.

Ribas, Ray, and Company have recently reported the characterization and reactivity of a 

mononuclear Cu-nitrene species that is generated using an azide triazamacrocycle which 

serves as ligand and nitrene source (Figure 65).266 The authors were unable to obtain X-ray 

diffraction data but UV–vis, rRaman, CSI-MS (cold spray ionization mass spectrometry), 

and X-ray absorption spectroscopy (XANES and EXAFS) confirmed the formation of a 

mononuclear Cu-nitrene complex. DFT calculations suggested that the Cu-nitrene 

intermediate was a triplet system in the ground state (S = 1), which matched the effective 

magnetic moment determined using the Evans method. The mononuclear CuII-(L-N•) 

species decayed slowly at room temperature to produce a dimeric complex in which the 

ligand scaffold had undergone N–N bond formation (Figure 65). It was also reported that the 

CuII-nitrene species reacted with PPh3 to form the corresponding L–N=PPh3 product with 

moderate yields. It was also found that the Cu-nitrene core reacted with weak C–H bonds 

such as 1,4-cyclohexadiene (note: the organic products derived from those reactions were 

not characterized nor quantified).

Bertrand reported the first crystal structure of a monocopper-dinitrene complex (Figure 66).
267 A phosphonitrene ligand reacted with 2 equiv of CuI(CF3SO3) to form a dicopper-nitrene 

complex (colorless crystal), a species similar to the dicopper-nitrene species reported by 

Warren (see above).256 On the other hand, the use of 0.5 equiv or 1 equiv of CuI produced 

the corresponding Cu-dinitrene and Cu-mononitrene complexes, respectively. X-ray 

diffraction analysis of the dicopper-nitrene and copper-dinitrene species was carried out. 

Attempts to isolate the copper-mononitrene complex (characterized by 31P NMR) led to the 

formation of a mixture of the dicopper-nitrene and the copper-dinitrene complexes, which 

suggested that the terminal Cu-nitrene complex underwent dismutation.

The Ottenwaelder research group has recently reported the generation and characterization 

of a dicopper(II)-arylnitroso complex (species A in Figure 67).268 The Cu2
II-arylnitroso 

species was characterized by X-ray diffraction analysis, in which the Ar-NO is bound in a 

side-on fashion with one of the trifluoromethanesulfonate anions bridging between the 

copper centers. Interestingly, this structure is reminiscent of the SPII,II complexes derived 

from the oxygenation of similar LCuI complexes.52 This unusual intermediate (stable at 
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room temperature) was able to react with 2,4-tBu2-PhONa to perform a tyrosinase-like 

nitrene insertion in the ortho-position of the substrate (species B in Figure 67). After nitrene 

insertion, the resulting iminoquinone-CuII complex could be reduced with Na2S2O4 to 

isolate the corresponding 2-aminophenol product with good yields.

3.2. Cu-Promoted Organometallic Functionalization Reactions

C–C and C–heteroatom coupling reactions are widely applied in organic chemistry and have 

replaced, in some instances, other classic routes of molecule synthesis. A more appealing 

approach is the direct functionalization of C–H bonds, but it entails overcoming some 

synthetic challenges such as the inherent inertness of C–H bonds, group tolerance (i.e., other 

functionalities are usually more prone to react), and their ubiquity, which usually leads to 

nonselective product formation. For economical and environmental reasons, enormous 

research efforts are currently devoted to the development of synthetic protocols to carry out 

organic transformations based on first row transitions metals (Ti, Mn, Fe, Co, Ni, and Cu) 

that are classically catalyzed by expensive metals such as Pd, Pt, Ru, or Rh (e.g., C–H 

functionalizations, coupling reactions, etc.).269–272 The ability of copper to promote 

organometallic transformations has been know since the beginning of the 20th century, but 

recent research developments have shown that this metal could replace (or complement) Pd 

in selected applications such as C–C and C–heteroatom coupling reactions.273,274 In this 

section, we summarized the most relevant examples of Cu-promoted and Cu-catalyzed 

organometallic transformations, focusing on specific examples of high mechanistic 

relevance. Nucleophilic organocopper(I) reactions are not discussed in detail in this review 

article, but they have been meticulously described by Nakamura in a recent publication.275 

Research in which copper promotes reductive transformations (i.e., CuH catalysis) is outside 

of the scope of this review article.276

3.2.1. Two-Electron Reactivity (CuI/CuIII Catalytic Cycles).

3.2.1.1. Ullman-Like Coupling Reactions.: Copper-promoted Ullman-Goldberg coupling 

reactions were discovered more than a century ago.277 Stoichiometric amounts of copper(II) 

sources were used to perform the C-heteroatom bond formation (C–O, C–N, and C–S) of 

aryl halide substrates with nucleophiles under harsh conditions (extremely high temperatures 

and use of stoichiometric amounts of base).278 A significant advance was made when 

Hartwig, Taillefer, and Buchwald reported that addition of ancillary ligands allowed for 

milder reaction conditions and catalytic amounts of copper.279,280 Taillefer studied the 

catalytic performance of different neutral bidentate ligands in the oxidative coupling of aryl 

iodide and phenols (Figure 68).281 It was described that simple imino-pyridine and 

bipyridine ligands, in combination with CuI, could catalyze these coupling reactions. 

Interestingly, they found that changes in the stereoelectronic properties of the ligands had an 

impact on the overall reaction yields. For example, addition of electron-donating groups in 

the aromatic substituent of the imine diminished the reaction yields. On the other hand, an 

increase in the reaction yields was observed when electron-rich bipyridine scaffolds (e.g., 4-

MeO-bpy) were used. It was rationalized that this behavior was based on the proposed 

mechanism, in which the LCuI catalyst reacts with aryl iodide to form a putative copper(III)-

aryl-iodide intermediate (oxidative addition) that could undergo nucleophilic substitution of 

the iodide ligand to produce an organocopper(III)-aryl-phenolate complex (species C in 
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Figure 68). Reductive elimination could form the C–O coupling product and regenerate the 

active cuprous catalyst. It was suggested that electron-donating groups in the imine-pyridine 

systems would disfavor the reaction steps in which a more electrophilic copper center is 

required (i.e., nucleophilic substitution and/or reductive elimination), and that use of 

electron-rich systems in the bipyridine ligand would accelerate the oxidative addition step 

(i.e., favor the formation of the copper(III)-aryl-iodide complex).

The Hartwig research lab studied in detail the reaction mechanism of Ullman amination 

reactions (oxidative coupling of aryl iodides and amines using catalytic CuI and ligand 

auxiliaries).282,283 The authors synthesized a series of CuI-amido complexes that were 

competent intermediates in the Ullman reaction (Figure 69). Reactions of the isolated CuI-

amido compounds with aryl iodide in the presence of dative ligands (phen) enhanced the 

reactivity of the CuI diamido complexes by replacing the amide groups (Figure 69, ii). 

Kinetic experiments showed that the reaction was first-order on iodoarene concentration. 

Selectivity experiments (competition between amination of ortho- and para-iodotoluene) 

suggested that a CuI-phen-amide was formed before addition of the aryl iodide. The 

formation of free aryl radicals was excluded by using ortho-(allyloxy)-iodobenzene as a 

substrate (i.e., formation of aryl radical would lead to the cyclization product, see Figure 69, 

ii). On the basis of the extensive experimental data and DFT calculations, the authors 

proposed a reaction mechanism that could be initiated by the phen-CuI-iodide complex, 

which could be converted to an alkali-metal cuprate in the presence of amine (species B in 

Figure 69). This complex could generate the active CuI-phen-amide intermediate (species C) 

that could then react with aryl iodide via oxidative addition to produce a copper(III) species 

(species D) before reductive elimination of the amine aryl product. In a similar research 

article, Hartwig and co-workers studied the reaction mechanism of etherification of aryl 

halides catalyzed by CuI-iodide and phenanthroline.284 The experimental findings suggested 

that in those coupling reactions, a copper(III)-aryl-phenoxide complex was formed before 

reductive elimination of the ether product.

Buchwald have also studied the mechanism of Cu-catalyzed coupling reactions. Kinetic 

analysis of the reaction between amides and aryl iodide was catalyzed by CuI and diamine 

ligands.285 Like in Hartwig’s proposal, a CuI-amide-diamine complex was identified as the 

active intermediate, which reacts with the aryl iodide substrate before C–N bond formation 

(note: both CuI/CuII and CuI/CuIII aryl iodide activation pathways were proposed). Suresh 

and co-workers reported a noteworthy application of the Ullman reaction in a tandem 

copper-catalyzed synthesis of 1,4-benzodiazepines and imida-zobenzodiazepines (Figure 

70).286 The reaction of 1,2-diamines with ortho-haloaryl carbonyl compounds in the 

presence of catalytic amounts of copper(I) iodide and DMEDA (N,N′-

dimethylethylenediamine) under basic conditions produced 1,4-benzodiazepines in high 

yields. Interestingly, a one-pot strategy to synthesize imidazobenzodiazepines was 

developed; these compounds were generated in the reaction of the 1,4-benzodiazepines with 

TosMIC (toluenesulfonylmethyl isocyanide). This tandem reaction was proposed to be 

initiated by the coordination of the diamine to the CuI source (species A in Figure 70) 

followed by the formation of the imine synthon (species B), which triggers oxidative 

addition of the C-halogen bond to generate an organocopper(III) intermediate (species C). 

Deprotonation of the organocopper(III) (species D) followed by the reductive elimination 
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step could then generate the 1,4-benzodiazepine product (species E in Figure 70) and 

regenerate the CuI catalyst. In the presence of base, the TosMIC could add to the imine 

product to form an anionic intermediate (species F in Figure 70) that could then undergo 

cyclization (species G) and elimination to produce imidazobenzodiazepine (species H).

Hartwig has also studied the reaction mechanism of the Cu-catalyzed Ullman C–O coupling 

of phenols and aryl halides (Figure 71).287 In that research article, the authors focused on 

understanding the reactions catalyzed by CuI and anionic ligand donors. Three-coordinate 

heteroleptic complexes were characterized, which were proposed to be formed before the 

oxidative addition of the aryl iodide substrate (Figure 71, i). Kinetic analysis of the reaction 

using 13C-labeled aryl iodide revealed a KIE that was in agreement with an irreversible 

oxidative addition of aryl halide to the CuI anionic species to form the organocopper(III) 

intermediate (species B in Figure 71). DFT calculations suggested that after oxidative 

addition, dissociation of the halide substituent occurred (species C) before the reductive 

elimination step. Very recently, Warren proposed the formation of a similar 

organocopper(III)-phenolate intermediate in the stoichiometric reaction between a β-

diketiminato arylcopper(II) complex with phenolates which afforded C–O coupling 

products.288

In 2012, the Hartwig research lab reported the mechanism of copper-catalyzed Hurtley-type 

reactions (e.g., C–C coupling of diethyl malonate with phenyl iodide).289 Bis-phenanthroline 

copper(I)-enolate complexes were synthesized by addition of 2 equiv of phenanthroline to an 

equimolar mixture of CuIOtBu and enolate sources (Figure 72, i). It was found that the 

reactivity of the [(phen)2CuI](CH(CO2Et)2) complex with PhI to produce PhCH(CO2Et)2 

was accelerated when copper iodide was added, which suggested that a monophen CuI-

enolate species was the active catalytic intermediate (species A in Figure 72). As in 

Hartwig’s Cu-catalyzed amination reactions,282,283 the oxidation of ortho-

(allyloxy)iodobenzene did not form the cyclization product (see Figure 72), which suggested 

nonradical oxidation pathways. With all the mechanistic information in hand, it was 

proposed that the reaction occurred via oxidative addition (formation of an arylcopper(III) 

iodide enolate complex) followed by reductive addition to generate the C–C coupling 

product (Figure 72, iii).

Ribas and Stahl have extensively explored the use of model systems to understand the 

Ullman-Goldberg reaction mechanism.39 Macrocylic ligands with an aryl-halide internal 

substrate allowed for observation, isolation, and characterization of organocopper 

intermediate species. In one of their first joined efforts, they reported that C–N bond 

formation could be achieved using catalytic amounts of copper(I) and pyridone as a 

nucleophile (Figure 73).290 In a follow-up article, Ribas reported that other nucleophiles also 

promoted C-nucleophile bond formation (C–S, C–Se, and C–P).291 On the basis of their 

evidence, it was proposed that copper(I) coordination to the macrocyclic ligand would 

trigger oxidative addition to produce an organocopper(III)-bromide intermediate (species B 

in Figure 73) that reacts with nucleophiles to generate the C-nucleophile product via 

reductive elimination. Kinetic analysis of the reaction was performed (by low-temperature 

UV–vis and NMR) in which the organocopper(III) intermediate formed and decayed with 
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concomitant generation of the coupling product (note: see section below for further details 

on organocopper-(III) synthesis and reactivity).

In a milestone research article, the Ribas research lab used the same macrocylic system to 

study nucleophilic aryl fluorinations and aryl halide exchange reactions (Figure 74).292 

Catalytic amounts of copper(I) and excess amounts of halide sources (NBu4X, NaX, LiX for 

X: Cl, Br, I) promoted halide exchange in the aryl-halide substrate–ligand system (Figure 

74, i). Exchange of the aryl-I substrate was rapidly achieved when exposed to CuI and 

NBu4Cl or NBu4Br due to the higher reactivity of the aryliodide systems. Interestingly, the 

aryl-iodide product could also be obtained from the less reactive aryl-chloride and aryl-

bromide taking advantage of the poor solubility of NaCl and NaBr in CH3CN: addition of a 

CuI source and excess NaI (soluble in CH3CN) triggered halide-exchange with concomitant 

precipitation of the NaCl or NaBr byproducts. In order to generate the aryl-fluoride coupling 

product, AgF was used as fluoride source (yields up to 76%). It was proposed that the 

oxidative coupling occurred via oxidative addition to form an organocopper(III)-halide 

intermediate (species B in Figure 74) that could exchange the halide ligand (species C) 

before reductive elimination.

In 2012, Hartwig reported that copper could be utilized to mediate the fluorination of aryl 

iodides.293 The use of a cationic copper reagent [CuI(tBuCN)2](CF3SO3) (3 equiv) and AgF 

(2 equiv) under relatively harsh conditions (DMF, 140 °C, 22h) converted a wide array of 

aryl iodides to the corresponding aryl fluorides (yields: 40–96%). Similar to the mechanism 

proposed by Ribas, it was suggested that the copper(I) complex could undergo oxidative 

addition to form an organocopper(III)-iodide intermediate that upon halide exchange forms 

an organocopper-(III)-fluoride complex before reductive elimination of the aryl-fluoride 

product. Using the same copper(I) complex, the Hartwig research group reported that 

arylboronate esters could also be fluororinated.294 In this case, [CuI(tBuCN)2](CF3SO3) (2 

equiv), excess amounts of the F+ source [Me3pyF](PF6) (3 equiv), and AgF (2 equiv) were 

used to fluorinate Ar-BPin substrates under milder conditions (THF, 50 °C, 18h). It was 

proposed that an arylboronate copper(III)-fluoride complex underwent transmetalation to 

generate an aryl copper(III) fluoride intermediate before reductive C–F bond formation.

In 2013, the Sanford research lab reported a mild fluorination method of aryl stannanes and 

aryl trifluoroborates using [CuI(tBuCN)2](CF3SO3) and N-fluoro-2,4,6-trimethylpyridinium 

triflate (NFTPT), which acts both as an oxidant and fluorine source.295 Surprisingly, the 

fluorination of aryl stannanes could be accomplished at room temperature using 

stoichiometric amounts of copper (1 equiv) and 2 equiv of the F+ source in EtOAc for 5 min. 

A CuI/CuIII reaction mechanism with the formation of an aryl copper(III) fluoride complex 

was proposed as a key intermediate.

The Chan-Evans-Lam coupling reaction uses boronic acids (or arylboronic esters) as aryl 

donors, which, in combination with nucleophiles such as amines, yields C–X coupling 

products.296 Stahl studied the mechanism of the copper-catalyzed aerobic oxidative C–O 

coupling of arylboronic esters and methanol (Figure 75).297 Kinetic studies, EPR 

characterization of the reaction intermediates, and oxidation of the substrate under anaerobic 

and aerobic conditions all supported a reaction mechanism that could be initiated by 
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coordination of the arylboronic ester (species A in Figure 75) before transmetalation to 

generate a copper(II)-aryl intermediate in the rate-determining step (species B). It was 

proposed that oxidation of this organocopper(II) complex via disproportionation would 

produce aryl-copper(III) intermediates (species C and D) before C–O bond formation. In a 

follow-up article, Stahl studied the copper(II) species that led to the formation of the key 

copper(II)-aryl intermediate.298 Warren has recently reported the reactivity of a CuII-aryl 

species, which reacts with phenolates to produce the C–O coupling product via formation of 

a CuIII-aryl-phenolate intermediate (analogous to species D in Figure 75).288

Watson have recently studied in detail the reaction between boronic acids and amines in the 

presence of CuII (Figure 76, i).299 The C–N coupling products and the byproducts derived 

from the oxidation/protodeboronation side reaction were characterized and quantified. The 

inhibitory effect of species present in solution such as AcOH, AcOK, and pinacol was also 

analyzed. With all the mechanistic information in hand, the authors proposed a complex 

reaction mechanism that relies on the formation of a mononuclear copper(II)-amine complex 

(species A in Figure 76) that is in equilibrium with other dinuclear and tetranuclear copper 

species. The mononuclear CuII complex could react with aryl boronic acid to generate a 

copper(II)-hydroxo/boronic acid adduct (species B) that could undergo transmetalation to 

produce an organocopper(II) aryl intermediate (species C). Oxidation of this copper(II) 

complex via disproportionation could generate an organocopper(III) intermediate (species 

D) that upon reductive elimination forms the C–N coupling product. On the basis of the 

proposed mechanism, it was found that addition of B(OH)3 and an increase in the amine 

concentration improved the reaction yields (Figure 76, iii). These reaction conditions were 

applied for the synthesis of a wide variety of C–N coupling products.

In a recent contribution, Taylor described the selective copper-mediated O-arylation of 

carbohydrate derivatives.300 Arylboronic acids and excess amounts of CuII(OAc)2 were used 

to synthesize sugar-derived aryl esters with remarkable yields and selectivity. It was 

proposed that reaction of the boronic acid and the carbohydrate formed a substrate-derived 

boronic ester that could direct the oxidative coupling via formation of an arylcopper(III)/

substrate-boronic ester intermediate before reductive C–O elimination.

The Zhang research group has recently studied the reactivity of copper trifluoromethyl 

complexes in C–C coupling reactions (Figure 77).301 The authors isolated an ion-pair 

CuI/CuIIItrifluoromethyl species and a monocopper(III) tris-trifluoromethyl complex and 

used them as stoichiometric trifluoromethylation reagents of arylboronic acids. It was found 

that the ion-pair CuI/CuIII complex was unable to generate the C–C oxidation product. On 

the other hand, the [(bpy)CuIII(CF3)3] transferred the CF3 group with high yields in the 

presence of KF. A reaction mechanism was proposed in which the mononuclear copper(III) 

complex reacted with the arylboronic acid in the presence of a fluoride source to generate a 

copper(III)-aryl intermediate (species B in Figure 77), which would undergo reductive 

elimination to form the aryl-CF3 coupling product. Oxidation of the resulting 

[(bpy)CuI(CF3)] complex in the presence of O2 and water could produce a 

LCuIII(OH)2(CF3) intermediate (species D) that could activate another molecule of 

arylboronic acid to form a second equivalent of C–C coupling product. In a follow-up 

article, the synthesis of ion-pair CuI/CuIII trifluoromethyl complexes bearing bisphosphine 
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ligand donors was described.302 In this case, it was found that these complexes resulted in 

C–C bond formation when reacted with arylboronic acids. It was proposed that the ion-pair 

complex was in equilibrium with a monocopper(III) species, which is the active CF3 transfer 

reagent.

Grushin research lab studied the reaction mechanism by which Cu complexes carry out 

oxidative trifluororomethylation reactions in the presence of O2 (Figure 78).303 A well-

defined copper(II) fluoride complex reacted with TMSCF3 to form a mixture of CuIII and 

CuI species. Of those, only one of the CuI complexes reacted with O2 to produce a key 

intermediate [CuIII(bpy)(CF3)2(OSiMe3)] (species C), which, upon reaction with aryl 

boronic acid, would generate a CuIII–aryl complex before C–C reductive elimination. It was 

proposed that oxidation of the TMS ligand occurred via generation of dinuclear Cu2O2 

species, which were not spectroscopically observed.

The Grushin research lab also developed a synthetic protocol for the pentafluoroethylation 

of acid chlorides using well-defined CuIC2F5 complexes (Figure 79).304 The reaction of 

stoichiometric amounts of [CuI(PPh3)(phen)(C2F5)] with acid chlorides in THF at 65 °C 

generated the corresponding RCOC2F5 products with good-to-excellent yields. The reaction 

mechanism was not studied in detail, but based on the chemoselectivity, the authors 

proposed that C2F5
• radicals were not formed and that the oxidative coupling probably 

occurred via oxidative addition of the C–Cl to CuI followed by C–C2F5 reductive 

elimination of the resulting CuIII intermediate.

Desage-El Murr and Fensterbank have studied the reactivity of copper-CF3 species bearing 

redox-active ligands (Figure 80). In their first report, they described the synthesis of a 

copper(II)-trifluoromethyl complex by reaction of the bis-iminosemiquinone copper(II) 

species with a CF3
+ source, which triggered the 1e− oxidation of the two ligand scaffolds to 

form the copper(II)-CF3 bond (Figure 80, i).305 It was observed that the CuII–CF3 species 

decayed slowly at room temperature to generate a C–CF3 ligand oxidation product (CF3 

umpolung transfer product). Heating up the copper(II)-CF3 complex formed a second C–

CF3 coupling product, which could be also obtained by heating up the C–CF3 oxidation 

product formed at room temperature. Interestingly, the L2CuII (CF3) complex catalyzed the 

CF3 transfer to aminophenol substrates with similar structure to the ligand scaffold (Figure 

80, i). In a second contribution, the authors reported that the bis-iminobenzoquinone CuII–

CF3 complex reacted with arylboronic acids to generate the C–N coupling product derived 

from the oxidation of the ligand scaffold (Figure 80, ii).306 It was proposed that 

intramolecular CF3
− transfer produced a copper(III) complex bearing the oxidized ligand 

scaffold and an iminosemiquinone radical species (species C in Figure 80). It was also 

implied that addition of PhB(OH)2 could generate a copper(II) species with the phenyl 

bound to the copper in a trans position relative to the CF3 group (species D in Figure 80). 

Reductive C–N bond formation with concomitant ligand dissociation could achieve the 

ligand C–N coupling product.

Zhang and Xi described the synthesis, characterization, and reactivity of organocopper(III) 

spiro complexes (Figure 81).307 The biphenyl dilithio reagent was reacted with CuIBr·SMe2 

to form an organocuprate(I) complex that upon reaction with a stoichiometric oxidant (e.g., 
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p-benzoquinone) produced the spiro organocopper(III) in good yields. Remarkably, both 

copper(I) and copper(III) complexes could be characterized by X-ray diffraction analysis. 

The reactivity of the organocopper-(III) complex toward a series of electrophiles was also 

described (Figure 81, ii). Addition of HCl promoted the formation of the o-quaterphenyl 

product. Excess amounts of I2 produced a diiodo-o-quaterphenyl product. Addition of 1 

equiv of [Me3S]-(BF4) afforded a novel arylcopper(I) species that could react further with 

other reagents such as MeI, I2, or PhCOCl to generate the corresponding coupling products.

3.2.1.2. C–H Activation Reactions Involving CuIII Species.: Ribas et al. reported one of 

the first examples of copper-promoted aryl C–H activation to generate stable organocopper-

(III) complexes (Figure 82).308 It was observed that addition of 1 equiv of a copper(II) 

source to a triazamacrocylic ligand triggered a disproportionation reaction that produced 

equimolar amounts of an arylcopper(III) complex and the copper(I) complex. Later on, 

Ribas studied the C–H activation mechanism, which involved coordination of the copper(II) 

ion to the ligand scaffold to form an unstable three-center three-electron C–H⋯CuII species 

before disproportionation, which was proposed to occur via CPET with simultaneous C–H 

bond cleavage and copper(II) oxidation (note: kinetic analysis of the reaction suggested the 

formation of an L2CuII complex that acted as an electron and proton acceptor during C–H 

activation to generate LH+, L, and CuI).309

With a similar ligand scaffold, Stahl and Ribas reported that addition of CuII halide sources 

promoted the formation of the corresponding arylcopper(III)-halide complexes via 

disproportionation (Figure 82, i).290 In a remarkable contribution, the same authors showed 

that these copper(III)-halide complexes could be generated stoichiometrically using acetone 

as a solvent and O2 as a sacrificial oxidant.310 Interestingly, it was described that the 

functionalization of the triazamacrocylcic ligand could be accomplished using catalytic 

amounts of copper(II) and O2 (Figure 82, ii). Ribas and Stahl have studied extensively the 

stoichiometric reactivity of the isolated copper(III) species with nucleophiles that leads to 

the formation of the C-nucleophile coupling products.311–314 Under catalytic amounts of 

copper and using MeOH as nucleophile, they observed the formation and decay of the 

arylcopper(III)-halide complex with concomitant formation of the aryl-OMe coupling 

product. It was proposed that the reaction of the triazamacrocylcic ligand with CuII produced 

the corresponding copper(II) complex (species B in Figure 82) that could react with the CuII 

present in solution to generate the arylcopper(III)-halide intermediate via disproportionation 

(species C). This organocopper(III) complex could react with nucleophiles to generate the 

Ar-Nuc products via reductive elimination (species D). It was suggested that O2 could be 

reduced to H2O by capturing electrons from CuI (regenerating CuII) and protons from the 

substrate and the nucleophile.

Wang have also studied the ability of copper to activate C–H bonds. In one of their first 

contributions, they described the reaction between a tetrazacalix[1]arene[3]pyridine ligand 

with CuII in a CHCl3:MeOH mixture (1:1) that under aerobic conditions formed an 

arylcopper(III) complex, which was characterized using X-ray diffraction analysis (Figure 

83).315 Like in the Ribas organocopper system (described above),308 it was proposed that the 

copper(III) complex was formed via a disproportionation reaction. In this article, the authors 

also included the reactivity toward nucleophile sources such as halide sources (e.g., NEt4Cl) 
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or carboxylate salts (e.g., PhCO2Na), which reacted at room temperature with the 

arylcopper(III) complex to generate the aryl-nucleophile coupling products (Figure 83, ii). In 

a series of research articles, the same research group also described the reactivity of the 

organocopper(III) species toward alcohols (e.g., EtOH in the presence of a strong base led to 

the formation of the aryl-OEt product) and alkynyllithium reagents (e.g., phenylethynyl 

lithium generated the C–C coupling product).316,317

In a remarkable research article, the Wang research lab described the synthesis of a series of 

organometallic arylcopper-(II) and arylcopper(III) complexes and the reaction pathways by 

which these species are formed (Figure 84).318 The authors used the 

tetrazacalix[1]arene[3]pyridine system and derivatives in which the 4-position of the arene 

system had been substituted with electron-donating (R: MeO, Me) and electron-withdrawing 

groups (R: F, Cl, CO2Me, CN, and NO2). It was discovered that the arylcopper(II) and 

arylcopper(III) complexes could be isolated selectively with minor variations of the reaction 

conditions. If the reaction was carried out using 1.5 equiv of the CuII under their standard 

conditions (i.e., CH2Cl2:MeOH (1:1), air at room temperature), the organocopper(III) 

complex was obtained with excellent yields (99%). On the other hand, combining 1 equiv of 

the CuII source with 5 equiv of base (e.g., 2,4,6-trimethylpyridine or triethylamine) led to the 

isolation of the organocopper(II) complexes, which were characterized by different means, 

including X-ray diffraction analysis and EPR. It was also found that the isolated 

arylcopper(II) complexes could be quantitatively transformed to the corresponding 

arylcopper(III) analogues by addition of an equivalent of CuII (i.e., disproportionation to 

form CuI and the CuIII complex). The authors studied the electrochemistry of the 

arylcopper(II) complexes, which could be oxidized reversibly at redox potentials that 

depended on the aryl substituent: electron-donating groups such as MeO led to a lower E1/2 

than the systems with electron-withdrawing groups (e.g., E1/2
NO2 – E1/2

MeO = 200 mV). 

Kinetic analysis of the formation of the arylcopper(II) complex bearing the different ligand 

scaffolds was also performed using stopped-flow technology. It was found that the 

generation of the arylcopper(II) complex was faster for the electron-donating ligand systems 

(e.g., 4-MeO-arene), and Hammett analysis supported the formation of a positive charge 

during the course of the reaction (ρ = −1.56). The reaction rates of the 

tetrazacalix[1]arene[3]pyridine system with the corresponding deuterium-substituted 

analogue were compared. The KIE observed (1.13) suggested that C–H bond cleavage was 

not involved in the rate-determining step of the arylcopper(II) formation. With all the 

mechanistic evidence in hand, it was proposed that the reaction between CuII and the ligand 

scaffold produced a tridentate copper(II) complex (species A in Figure 84) that could form a 

Wheland intermediate during the rate-determining step of the reaction (species B) before 

deprotonation and formation of the arylcopper(II) complex (species C).

Wang have also reported that the tetrazacalix[1]arene[3]-pyridine system could be oxidized 

to the corresponding C–C coupling product using catalytic amounts of CuII, boronic acids, 

and oxygen as oxidant (Figure 85).319 Interestingly, the coupling products were obtained in 

remarkable yields using aryl, alky, and alkenyl boronic acids. In a follow-up article, the 

authors studied the mechanism of the C–C coupling reaction in detail (Figure 85, ii).320 

Surprisingly, it was found that addition of arylboronic acids to the isolated arylcopper(III) 

complexes did not generate the coupling products. On the other hand, under the same 
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reaction conditions the isolated arylcopper(II) complexes stoichiometrically formed the 

aryl–aryl coupling products. It was suggested that reaction of the arylcopper(II) complex 

with aryl boronic acid could generate an aryl-CuII-aryl′ intermediate (species B in Figure 

85), which could then react with the initial arylcopper(II) complex to produce an aryl-CuIII-

aryl′ complex (species C). In the last reaction step, reductive elimination could form the 

aryl–aryl′ coupling product.

In 2013, the Stahl research group reported a study of the reaction pathways by which 

copper(II) can promote aerobic C–H activation (Figure 86).321 A model substrate (N-(8-

quinolinyl)benzamide) was used, which, under different reaction conditions, underwent 

various C–H oxidation processes. For example, addition of 2 equiv of CuII(OAc)2 under 

basic and aerobic conditions in MeOH led to the C–O functionalization of the ligand 

(directed C–H methoxylation). If CuCl2 was used as copper source and Na2CO3 as base, 

ligand chlorination was observed (directed C–H chlorination). On the other hand, if the 

functionalization reactions were carried out under acidic conditions and catalytic amounts of 

CuICl, the authors observed the selective chlorination of the quinoline directing group 

(nondirected C–H chlorination). The mechanism of both reactions (directed and nondirected 

C–H functionalizations) was studied in detail, including kinetic analysis (substrates with 

different substituents and KIE) and DFT calculations. The authors suggested that the 

CuII(OAc)2 promoted the methoxylation of the substrate–ligand via coordination of the 

copper source (species A in Figure 86) followed by deprotonation to form an 

organocopper(II) acetic acid complex (species B) that reacts with methanol to generate an 

arylcopper(II) methoxide intermediate (species C). Disproportionation could promote the 

formation of an organocopper(III) complex (species D) that, upon reductive elimination 

(triggered by methoxide coordination), could generate the aryl-OMe coupling product 

(species E). DFT calculations predicted that the r.d.s. of the reaction was the formation of 

the arylcopper(II) complex, which was in agreement with the KIE observed experimentally 

(KIE(exp.), 5.7; KIE(DFT), 4.9). The nondirected chlorination reaction was proposed to occur 

via a single-electron transfer mechanism (see SET reactivity in the section 3.2.2 below), 

which was initiated by coordination of CuCl2 (species F in Figure 86). Electron transfer 

from the quinoline ring to the copper center and disproportionation would produce a CuII 

complex bound by a radical-cation amidoquinoline ligand (species G). Chlorination of the 

radicalcation system was proposed to occur via chlorine-atom transfer from CuCl2 with the 

involvement of acetic acid (species H). Deprotonation of the Wheland intermediate (species 

I) would afford the chlorination product. The proposed SET mechanism was consistent with 

the kinetic isotope effect observed (KIE:1.0).

Yu have also used amides as directing groups to functionalize sp2 C–H bonds (Figure 87).322 

The ortho-trifluoromethylation of arenes was achieved using the Ruppert-Prakash reagent 

(TMS-CF3), stoichiometric amounts of CuII(OAc)2, and various additives (1.5 equiv of 

Ag2CO3, 4 equiv of KF, and 2 equiv of N-methylmorpholine-N-oxide). These oxidation 

conditions were used to functionalize various arene substrates, including heteroarene 

systems, with good yields and excellent selectivity (Figure 87, i). A primary KIE (3.2–3.5) 

in the intra- and intermolecular C–H/C–D competition experiments was observed. It was 

also observed that addition of TEMPO (radical scavenger) did not affect the final reaction 

yield, which suggested that the oxidation did not involve the formation of radical species. It 
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was proposed that the reaction was initiated by a copper-mediated C–H activation step to 

form an organocopper(II) complex (species A in Figure 87) that upon disproportionation 

would generate an organocopper(III) intermediate (species B). Transmetalation would 

produce a CuIII–CF3 complex (species C in Figure 87) before reductive C–C bond 

formation.

In a series of research articles, the same research group have used similar approaches (i.e., 

utilization of amide as directing groups) to functionalize sp2 C–H bonds, including 

hydroxylations (using stoichiometric amounts of copper and O2 as oxygen source),323 

aminations,324 alkynylations,325 and arylations326 (using catalytic amounts of CuII and 

arylboron reagents). In some of these reports, the authors suggested a reaction mechanism 

similar to the one proposed for the Cu-mediated trifluoromethylation reaction, where the 

formation of organocopper(II) and organocopper(III) intermediates occur before reductive 

elimination (see Figure 87, ii).

3.2.1.3. Other Relevant Organometallic Reactions Involving CuIII Species.: In 2014, 

the Hartwig research group explored the use of copper to catalyze the amidation and 

imidation of unactivated alkanes using amides and imides as nitrogen sources and tBuOOtBu 

as oxidant (Figure 88).327 Catalytic amounts of CuII (2 mol %), (MeO)2phen (2.5 mol %), 

and tBuOOtBu (2 equiv) converted cyclohexane to the corresponding C–N coupling products 

using benzene as solvent (100 °C, 24 h). These reaction conditions were applied to 

functionalize other alkanes such as cis-1,4-dimethylcyclohexane, adamantane, 3-

ethylpentane, etc. Strikingly, the amidation of cis-1,4-dimethylcyclohexane using benzamide 

led to the functionalization of the primary and secondary C–H bonds (i.e., no oxidation of 

the tertiary C–H bonds), which is unusual since the products derived from the cleavage of 

the tertiary C–H bonds (weaker C–H bond) are usually the major products in most of the 

oxidations involving 1e− oxidants (e.g., O-centered radicals) or 2e− oxidants (i.e., metal-oxo 

or metal-nitrene species). The copper(I) and copper(II) complexes containing imide and 

amide as ligands were isolated and characterized by X-ray diffraction analysis. With the use 

of these copper complexes, it was found that C–N functionalization was only accomplished 

in the presence of tBuOOtBu (i.e., the Cu complexes were not able to oxidize strong C–H 

bonds). The authors proposed a reaction mechanism initiated by the reaction between the 

LCuI-imidate complexes (species A in Figure 88) and tBuOOtBu that generates tert-butoxy 

radical (tBuO•) and the LCuII(NR2)2 complex (species B). The tBuO• could then abstract a H 

atom from the alkane to form an alkyl radical that could be trapped by the LCuII(NR2)2 

complex to form an organocopper(III) intermediate (species C) that upon reductive 

elimination would afford the C–N coupling product.

Stahl research lab also used CuI and tBuOOtBu to functionalize sp3 C–H bonds (Figure 89).
328 Arylboronic esters and benzylic substrates (e.g., toluene) were converted to the 

corresponding C(sp3)-aryl coupling products in the presence of catalytic amounts of a CuI 

source (3 mol %) and phenantholine (15 mol %) using toluene as substrate and solvent 

(note: for other substrates such as ethylbenzene, PhCl was used as solvent). It was observed 

that the selectivity of the reaction was similar to the one found in the Cu-catalyzed 

amidations reported by Hartwig (see above),327 in which the secondary and primary C–H 

bonds were more reactive than tertiary C–H bonds. A reaction mechanism based on the one 
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proposed for the Kharasch-Sosnovsky C–O coupling reactions was proposed, in which the 

LCuI complex triggers the homolytic O–O bond cleavage of tBuOOtBu to produce tBuO• 

and LCuII–OtBu. Hydrogen atom abstraction from the alkane by the tert-butoxy radical 

could then produce a C-centered radical that then reacts with the LCuII–OtBu and the 

arylboronic ester to generate an aryl-alkyl-copper(III) intermediate (species C in Figure 89) 

before C–C bond formation.

Stahl and Liu have recently reported the enantioselective cyanation of benzylic C–H bonds 

catalyzed by copper complexes (Figure 90).329 It was envisioned that hydrogen atom 

abstraction of these substrates could generate achiral benzylic radicals that could then be 

trapped by a chiral copper catalyst to form asymmetric Csp3-CN bonds (radical relay). It was 

found that using catalytic amounts of CuI(OAc) (10 mol %), bis(oxazoline) ligands (12 mol 

%) in the presence of excess amounts of a cyanide source (3 equiv of TMSCN) and N-

fluorobenzenesulfonylimide (NSFI) as oxidant (1.5 equiv) allowed for the synthesis of a 

wide variety of benzylic nitriles with very good yields and enantioselectivities. It was 

proposed that the reaction between the CuI complex and the oxidant generated a reactive 

imidyl radical that could be the H atom abstractor in the reactions. The benzylic radical 

could then be trapped by the LCuII(CN)2 complex (formed in the reaction between LCuII–F 

and 2 equiv of TMSCN) to produce a benzyl-copper(III) intermediate (species D in Figure 

90) before the enantioselective reductive elimination of the C–C coupling product.

Nicholas reported that simple CuI sources [e.g., [CuI(CH3CN)4](PF6)] can catalyze allylic 

aminations (Figure 91).330 Under excess amounts of olefin, mixing catalytic amounts of CuI 

(10 mol %) and phenyl-hydroxylamine (1 equiv) in 1,4-dioxane produced N-aryl-N-

allylamines in good yields. It was found that the key intermediate [CuI(R-PhNO)3](PF6) 

could be isolated, which was characterized by X-ray diffraction analysis and various 

spectroscopic techniques (FT-IR, NMR, etc.). Kinetic analysis of the reaction between the 

isolated [CuI(PhNO)3]+ species and α-metylstyrene as substrate was carried out, and it was 

found that the rate of the reaction was first order in the concentration of CuI and substrate. 

Computational studies were conducted to gather information on the reaction mechanism. It 

was proposed that CuI reacted with the PhNHOH to generate PhNH2 and CuII. The resulting 

CuII could be reduced to CuI with concomitant oxidation of PhNHOH to PhNO. Reaction of 

3 equiv of PhNO with CuI could form a stable [CuI(PhNO)3]+ complex (species A in Figure 

91) that could coordinate the alkene substrate to produce a [(η2-alkene)Cu(PhNO)3]+ 

intermediate (species B). This putative complex would then be converted to an allyl-CuI 

species via allyl-H transfer followed by Cu-haptotropic shift (species C). Reductive 

elimination (species D) would generate an allyl hydroxylamine product that upon reduction 

with CuI would form the allyl amine product.

In a recent report, Mankad described the synthesis of allylic alcohols via hydrocarbonylative 

coupling of alkynes with alkyl halides using CuI catalysts (Figure 92).331 Catalytic amounts 

of a copper(I) carbene complex (10 mol %) in the presence of CO (6 atm), a base (3 equiv of 

KOMe), and a silane reducing reagent (PHMS: polymetyhlhydrosiloxane, 6 equiv) allowed 

for the conversion of alkynes and alkyl bromide reagents to the corresponding allylic 

alcohols with remarkable yields and selectivity. Mechanistic studies indicated that the alkyl 

halide reacted via radical activation (no product formation was observed when TEMPO was 
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added to the reaction mixture). It was also observed that stoichiometric coupling of the 

alkenyl copper intermediate with an acyl halide formed the α,β-unsaturated ketone product. 

It was also found that this α,β-unsaturated ketone could generate the allylic alcohol product, 

consistent with the ketone being an intermediate product. With all the information in hand, 

the authors proposed a reaction mechanism that is initiated by formation of an alkyl radical 

(from the reaction between alkyl bromide and a silyl radical) that could undergo 

carbonylation with CO to generate an acyl radical. Reaction of this acyl radical with alkyl 

halide could form an acyl halide product that could then react with the alkenyl copper 

complex via oxidative addition to generate a copper(III)-alkenyl-acyl complex (species B in 

Figure 92). Reductive elimination could produce the α,β-unsaturated ketone that upon Cu-

catalyzed 1,2-reduction (species C and D) provides the allylic alcohol product.

3.2.2. One-Electron Reactivity (Cun/Cun+1).

3.2.2.1. Ullman-Like Reactivity via Single Electron-Transfer (SET).: During the last 

years, Peters and Fu have revolutionized the field of copper-catalyzed cross-coupling 

reactions by developing synthetic methods that use light to trigger reactivity (i.e., 

photoredox catalysis). In one of their first reports, the authors studied the stoichiometric and 

catalytic cross-coupling C–N bond formation reaction using a CuI catalyst and light (Figure 

93).332 The copper(I) complex utilized was bound by two phosphine ligands and a 

carbazolide moiety that, upon irradiation with a fluorescent light bulb and in the presence of 

aryl halides (Ph-I, Ph-Br, and Ph-Cl), produced the C–N coupling product with good yields 

(Figure 93, i). It was also observed that catalytic amounts of the copper-carbazolide complex 

could be used in the coupling reaction between Ph-I and lithium carbazolide. It was 

proposed that the reaction is initiated by the irradiation of the CuI complex to promote it to 

the excited state. This could trigger an electron transfer (SET) from the copper(I) complex to 

the aryl halide substrate to generate a radical ion pair (aryl-halide radical species/copper-(II) 

radical species). C-halide bond cleavage (species C in Figure 93) and radical rebound could 

then form the Ar-carbazolyl product. Alternatively, it was also proposed that SET could 

generate a CuII-halide complex (species B′ in Figure 93), which could react with the aryl 

radical to form the C–N bond.

In one of their most prominent research articles, Peters and Fu reported the enantioselective 

C–N bond formation between racemic tertiary alkyl chlorides and amines (Figure 94).333 It 

was found that irradiation of a solution of the reactants (α-halocarbonyl compounds and 

carbazoles) with a blue light at low temperatures in the presence of a Brönsted base (1.5 

equiv), catalytic amounts of CuCl (1 mol %), and a chiral phosphine ligand (1.2 mol %) 

provided the desired C–N coupling products with high yields and high enantiomeric excess 

(Figure 94, i). The authors proposed a reaction mechanism that is initiated by the irradiation 

of the CuI-nucleophile complex (species A in Figure 94), which is promoted to the excited 

state (species B) and reacts with the alkyl halide via single electron-transfer to generate an 

alkyl radical and a copper(II)-nucleophile adduct (species C). Inner-sphere C–N bond 

formation (explains the high enantiomeric excesses observed) forms the coupling product 

with concomitant regeneration of the CuI catalyst. A CuI complex bearing two phosphine 

ligands and carbazole was isolated and characterized. It was found that the isolated complex 

was stoichiometrically converted to the C–N product only under light, reaching ee’s similar 
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to the ones observed in the catalytic reaction. It was hypothesized that this complex could be 

involved in the catalytic cycle (species A in Figure 94) or could be the precursor of a more 

active copper(I) complex bound by only one phosphine ligand and carbazole.

The same research groups have also used copper and light to catalyze Ullman-like cross-

coupling reactions using a variety of nucleophiles and electrophiles.334–337 A photoredox 

copper(I) complex able to catalyze the synthesis of carbamate-protected amines using 

carbamate nucleophiles and unactivated secondary alkyl bromides was designed (Figure 95).
338 The experimental findings suggested that the reaction proceeded via photo-activation of 

the copper(I) catalyst to generate an excited state (species B in Figure 95) that could trigger 

the formation of carbon-centered radicals by transferring an electron to the alkyl bromide 

with concomitant C–Br bond cleavage. The presence of another copper catalyst could allow 

nucleophile activation via formation of a CuI–Nuc complex (species D) that upon reaction 

with the copper(II) complex resulting from electrophile activation (species C) could form a 

copper(II)-nucleophile intermediate (species E), which then can trap alkyl radicals to afford 

the C–N coupling product.

Hwang have also used light, in combination with copper, to synthesize ketones via oxidative 

coupling of phenols and terminal alkynes (Figure 96).339 Acetonitrile solutions of the 

organic substrates were combined with CuCl (5 mol %) and O2 and exposed to a blue light 

LED to afford the corresponding C–C oxygenation coupling products (coupling of the 

phenol in the para position) with remarkable yields and excellent regioselectivity. It was 

suggested that the reaction proceeded via activation of the alkyne substrate by the Cu 

complex to form a CuI-acetylide intermediate (species A in Figure 96) that upon visible light 

irradiation could generate the excited state of the CuI complex. This species could then react 

with O2 via a SET mechanism to generate superoxide and the corresponding CuII-acetylide 

adduct (species B in Figure 96). Simultaneously, the phenol substrate would be transformed 

to the corresponding 1,4-quinone in the presence of O2, CuCl, and light. A Paterno-Buchi 

type 2 + 2 reaction between the CuII-acetylide species and the 1,4-quinone product could 

generate a copper(II)-oxetane ring (species C) that upon rearrangement would produce a 

copper(II)-quinone/methide intermediate (species D). Homolytic CuII–C cleavage could 

generate an acyl radical intermediate that could react with molecular oxygen and protons to 

produce an unstable peracid product (species E in Figure 96), which then could undergo 

radical cleavage and aromatization to form the aryl ketone product. With the use of 1,4-

quinone as a starting point, incorporation of labeled 18O was observed (experiments under 

an 18O2 atmosphere). It was also found that the use of the radical trap TEMPO precluded the 

formation of the aryl ketone product. EPR experiments supported the formation of a CuII-

acetylide intermediate and superoxide.

In 2016, Nishikata reported that CuBr2 and CsF promoted the formation of C–F bonds from 

reaction with α-bromoamide substrates (Figure 97).340 It was found that these 

transformations could be carried out for a remarkable array of amides under catalytic 

amounts of copper(II) using N-containing ligands such as PMEDTA and excess amounts of 

the fluoride source. A series of control experiments revealed that (i) the C–F bond formation 

reaction was quenched in the presence of the radical trap BHT (2,6-Di-tert-butyl-4-methyl-

phenol) and the formation of the C–O product derived from the C–O coupling between the 
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amide substrate and the phenoxyl radical was observed; and (ii) substrates with tertiary 

amides were not converted to the corresponding C–F product, which suggested the amide 

was acting as directing group; and (iii) other less ionic fluoride sources such as KF or NaF 

did not lead to C–F bond formation. With this mechanistic information, it was proposed that 

in the first reaction step the copper(I) catalyst promoted C–Br cleavage to generate a 

copper(II)-Br complex and a carbon-centered radical (species A in Figure 97), which could 

be trapped by CuF2 (generated in situ from CuBr2 and CsF) via coordination to the amide 

group (species B). Subsequent intramolecular C–F bond formation yields the C–F product 

and the active CuI catalyst.

3.2.2.2. Direct C–H Activation Reactions Involving CuI/CuII or CuII/CuIII Cycles.: In 

a landmark research article, Yu described that catalytic amounts of CuII(OAc)2 or CuIICl2 

could be used to carry out the ortho-functionalization of aryl C–H bonds using pyridyl as 

directing group (Figure 98).341 It was also described that using CuII(OAc)2 and anion 

sources allowed for the synthesis of the C-anion coupling products with good yields (Figure 

98, ii). It was proposed that a single-electron transfer mechanism (SET) was initiated by the 

coordination of the CuII source (species A in Figure 98), which triggered electron transfer 

from the arene group to the CuII ion to form a CuI/radical-cation intermediate (species B) 

before anion transfer. The KIE observed (1.0) supported the proposed reaction mechanism, 

although other mechanisms involving the formation of an organocopper(III) intermediate 

could not be discarded.273 In a follow-up article, it was found that the 2-phenylpyridine 

systems were oxidatively dimerized at the ortho-position of the phenyl group in the presence 

of stoichiometric amounts of CuII(OAc)2 and I2.342 In this article, it was stated that Cu-

mediated oxidation of 2-phenylpyridine could occur via SET or via electrophilic metalation 

followed by Ullman coupling.

Baran has reported the Ritter-type C–H amination of sp3 C–H bonds catalyzed by copper 

and selectflour reagent (F-TEDA-PF6) using CH3CN as N source in the presence of a Lewis 

acid (Figure 99).343 It was found that substrates containing directing groups such as alcohols 

and ketones were aminated in the γ-position with remarkable yields and selectivity (Figure 

99, i). More importantly, under similar reaction conditions, unactivated sp3 substrates (e.g., 

cyclohexane) were also converted to the C–N coupling products (Figure 99, ii). A reaction 

mechanism initiated by the oxidation of the copper(II) salt by F-TEDA+ via a SET 

mechanism was proposed that, in the presence of the substrate, could generate a copper(III) 

intermediate and HF. The resulting carbon-centered radical could then react with the 

copper(III) complex to regenerate the copper(II) catalyst and a carbocation center, which 

would be trapped by CH3CN to form a Ritter nitrilium intermediate (species B in Figure 99, 

iii). The authors observed a primary KIE in the competition experiments between 

cyclohexane and cyclohexane-D12, which suggests that the C–H cleavage step was rate-

limiting. It was also found that addition of TEMPO (radical trap) inhibited the formation of 

the C–N coupling product, in agreement with the formation of radical species during the 

amination reaction. A recent research article by Zare studied the mechanism of this 

amination reaction in detail using UV–vis spectroscopy and online ESI-MS spectrometry, 

which allowed the characterizion and analysis of the evolution of the reaction intermediates 

over time.344 The results obtained were consistent with the mechanism proposed previously 
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by Baran in which the copper(II) catalyst reacts with the oxidant to generate a radical 

carbocation intermediate (species A in Figure 99, iii) that could act as H atom abstractor.

Yu reported the copper-catalyzed bromination of sp3 C–H bonds distal to functional groups 

(Figure 100).345 This transformation required catalytic amounts of copper(II) (10 mol %), 

phenanthroline (10 mol %), NBS (3.0 equiv), and TMSN3 (3.0 equiv), which enabled the 

bromination of various amides (γ and δ-functionalization) and amines (δ and ε-

functionalization) with good yields and good selectivities. It was proposed that the reaction 

between NBS and TMSN3 produces BrN3, which undergoes homolytic cleavage to generate 

azidyl radical, which can then abstract an H atom from the N–H bond of the substrate 

(amine or amide) to form HN3 and the N-centered radical product (species B in Figure 100). 

The Br• radical generated during BrN3 cleavage could then be trapped by the CuII catalyst to 

form a CuIII–Br species that reacts with the substrate C-centered radical (produced via 

intramolecular H atom abstraction by the N-centered radical species) to form the C–Br 

oxidation product.

Su used catalytic amounts of copper(II) acetate, bipyridine, and stoichiometric amounts of 

TEMPO radical to promote the β-functionalization of saturated ketones by sequential 

dehydrogenation and subsequent conjugate addition with nucleophiles (Figure 101).346 This 

protocol was used to functionalize a wide range of ketones using amines, alcohols, and 1,3-

dicarboyl compounds as nucleophiles with good yields and excellent selectivity. It was 

found that under the reaction conditions (CuII, TEMPO) and without the presence of 

nucleophile, the dehydrogenation product was formed. It was also observed that addition of 

CBr4 (radical trap) formed the α-bromosubstituted product, which supported that the 

dehydrogenation step involved the formation of a C-centered radical. Kinetic analysis of the 

reaction showed that the rates were first-order dependent on the concentration of catalyst and 

substrate and zero-order dependent on the concentration of TEMPO radical. It was also 

observed that deuteration of the α position of the substrate led to a primary kinetic isotope 

effect (KIE: 5.3), but when the β position of the unsaturated ketone was deuterated, similar 

reaction rates were observed for the undeuterated substrate (KIE: 1.02). With all that 

information in hand, it was proposed that the copper(II) catalyst reacted with the substrate to 

form a metal-enolate complex (species A in Figure 101) that upon homolysis would generate 

a copper(I) and a ketone-radical (species B). This radical species would be trapped by 

TEMPO to produce an α-TEMPO-substituted ketone intermediate (species C in Figure 101). 

This intermediate was independently synthesized and characterized, and it could be 

converted to the saturated ketone under the reaction conditions. The α-TEMPO-substituted 

ketone was also detected during the oxidation of the saturated substrate. Fast elimination of 

TEMPO-H, most likely promoted by another TEMPO molecule, could produce the enone 

synthon that is able to react with the nucleophiles present in solution to form the coupling 

product. Regeneration of the copper(II) catalyst could proceed via reduction of TEMPO-H 

(generated during the oxidation of the substrate) to form 2,2,6,6-tetramethylpiperidine and 

water.

3.2.2.3. Cu-Catalyzed C–O Coupling Reactions Involving the Generation of O-
Centered Radicals.: In 2012, the Warren research lab reported that copper(I) complexes 

were able to catalyze etherification of strong C–H bond using dialkylper-oxides as oxidants 
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(Figure 102). It was described that cyclohexane (substrate and solvent) was converted to the 

Cy-OtBu product using catalytic amounts of the diketiminato CuI catalysts at room 

temperature (up to 60% yields).347 A detailed mechanistic analysis of the reaction (including 

kinetic analysis, isolation of Cu intermediates, analysis of the organic products derived from 

the decomposition of the ROOR species and DFT calculations) suggested that the copper(I) 

complex triggered the homolytic O–O bond cleavage of the tBuOOtBu oxidant to generate 

an O-centered radical (tBuO•) and the copper(II)-alkoxide complex (isolated and 

characterized by X-ray diffraction analysis). The tBuO• species would abstract an H atom 

from the substrate to produce a C-centered radical that could be rapidly trapped by the CuII–

OtBu to form a product-bound CuI complex. In a recent article, the same research group 

reported that the Cu-catalyzed etherification of sp3 C–H bonds could also be accomplished 

using acyl protected phenols as O-sources.348 Catalytic amounts of a diketiminato CuI 

complex (5 mol %) and 1.2 equiv of tBuOOtBu were used to transform the C–H substrates 

(10 equiv, neat) and the acyl phenol to the corresponding C–O coupling products. The 

oxidation of isobutylbenzene formed a mixture of products, in agreement with the poor 

selectivity of the proposed active H atom abstractor (tBuO•). Like in their previous report, it 

was proposed that the LCuI complex reacted with tBuOOtBu to form tBuO• and 

LCuII(OtBu). A transesterification reaction could replace the alkoxide ligand to produce the 

LCuII-phenolate adducts (synthesized and characterized independently), which could then 

trap the C-centered radicals (generated in the reaction between tBuO• and the C–H 

substrates) and result in the C-OAr oxidation products.

In 2014, Hartwig used copper(I) sources to catalyze the dehydrogenative carboxylation of 

unactivated alkanes to form allylic esters (Figure 103).349 It was observed that warming up 

benzene solutions containing catalytic amounts of CuI (5 mol %), carboxylic acids (1 equiv), 

C–H substrates (20 equiv), and tBuOOtBu (3 equiv) generated the corresponding allylic 

esters with good yields. A well-defined CuI complex bearing the BPI anionic ligand was 

used to study the reaction mechanism (Figure 103, ii). The [(BPI)CuII(O2CPh)] complex 

was synthesized (an analogue was also characterized by X-ray diffraction analysis), and it 

was used as a stoichiometric reagent to functionalize C–H bonds. It was found that this 

copper(II)-benzoate complex was only able to oxidize C–H bonds in the presence of 
tBuOOtBu and that when used as a catalyst in the oxidation of cyclohexane and tBuOOtBu 

without carboxylic acid, cyclohexene was obtained as an oxidation product. The authors 

proposed a reaction mechanism that is initiated by the reaction of the CuI complex (species 

A in Figure 103) and tBuOOtBu in the presence of the carboxylic acid to give the CuII-

benzoate complex (species B) and tBuO•, which could react with the C–H substrates to 

generate C-centered radicals. The alkyl radicals would be trapped by the CuII-benzoate 

complex via SET and deprotonation (species C) to generate the dehydrogenation product. 

This alkene could then undergo a second H atom abstraction to produce an allylic radical 

that could react with the CuII-benzoate to form the C–O coupling product. A KIE of 2.8 

(C6H12 vs C6D12) was observed, which indicated that C–H bond cleavage occurred during 

the turnover limiting step.

In a series of research articles, Li reported the functionalization of tertiary amines using 

copper(I), nucleophiles, and tBuOOH as oxidant (Figure 104).350–352 Klussmann, Thiel, and 

Bietti studied the reaction mechanism of these copper-catalyzed oxidative coupling 
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transformations using N-aryl tetrahydroisoquinolines as substrates and without adding 

nucleophiles.353 It was observed that under these reaction conditions, the substrates were 

converted to the peroxide product derived from the C–O coupling between the 

tetrahydroisoquinolines and tBuOOH. Kinetic analysis of the reaction using N-aryl amines 

with different substituents in the fourth position of the aryl ring supported a HAT mechanism 

(the Hammett plot was compared with the one obtained when CumO• was used as oxidant). 

A primary KIE suggested that the C–H cleavage occurred during the rate-determining step. 

A reaction mechanism was proposed in which CuIBr would undergo oxidation to the 

corresponding CuIIBr(OH) intermediate with concomitant formation of tBuO•. The CuIBr 

catalyst would be regenerated via reduction of the tBuOOH by the CuIIBr(OH) that could 

then produce tBuOO• and water. The generated O-centered radicals (i.e., tBuO• and tBuOO•) 

could abstract an H atom from the substrate to produce a C-centered radical intermediate 

(species B in Figure 104) that would then be trapped by tBuOO• to yield the C–O coupling 

product (species C). This peroxy product was proposed to be in equilibrium with the 

iminium ion (species D), which, in the presence of nucleophiles, could form the C-Nuc 

coupling product (species E).

The Ball research lab have reported the remote sp3 C–H chlorination of alkyl 

hydroperoxides catalyzed by CuICl (10 mol %), PMDTA ligand (N,N,N′,N″,N″-

pentamethyldiethylenetri-amine, 12 mol %), acetic acid (4 equiv), and NH4Cl as chlorine 

source, which gave chlorinated alcohols with good yields and notable selectivity (Figure 

105).354 The authors proposed a reaction mechanism initiated by the CuICl catalyst (species 

B in Figure 105) which triggers the homolytic cleavage of the O–O bond to generate a 

CuII(OH)(Cl) complex and an alkoxy radical (species C) that abstracts an H atom 

intramolecularly (1,5-hydrogen atom abstraction). This radical would be trapped by the 

CuII(OH)(Cl) complex to form the chlorination product.

In 2015, Zhu reported the synthesis of functionalized epoxides via Cu-promoted alkylative 

epoxidation of allylic alcohols with alkyl nitriles (Figure 106).355 Substoichiometric 

amounts of CuII(OAc)2 (0.5 equiv), phenanthroline (0.5 equiv), and excess amounts of 
tBuOOtBu (4 equiv) were used to transform allylic alcohols (tertiary and secondary) to the 

corresponding epoxide using CH3CN as a C and N source. It was proposed that the reaction 

was initiated via Cu-promoted homolytic O–O bond cleavage of the peroxide that generates 

LCuII(OAc) (or LCuII(OtBu)), which then reacts with acetonitrile to form an 

organocopper(II) complex (species D in Figure 106). Homolytic Cu–C cleavage would 

produce a cyanomethyl radical (species E) that could add across the double bond to generate 

a radical intermediate (species G), which could then be trapped by the CuII complex to 

produce an organocopper(III) intermediate before reductive C–O bond formation. 

Alternative reaction pathways were also suggested, which involved the generation of a 

second organocopper(II) complex (species F) and a carbocation intermediate (species H) 

before C–O bond formation.

3.2.2.4. Other Organometallic Reactions Involving CuI/CuII or CuII/CuIII 

Cycles.: During the last few years, Q. Wang has used copper to functionalize alkenes using 

hypervalent iodine or hydroxylamines as oxidants.356–360 In a prominent research article, the 

intramolecular aminoazidination of alkenes using catalytic amounts of copper(I) acetate and 
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excess amounts of azidoiodinane (1.5 equiv) was described (Figure 107, i).359 Mechanistic 

studies suggested the formation of alkyl radical species (trapped using TEMPO radical). On 

the basis of their results, it was proposed that the oxidation of the substrate could occur via 

two plausible pathways. The first one involved an intramolecular aminocupration of the 

substrate via activation of the alkene by CuII (species B in Figure 107) that could form two 

organocopper(II) intermediates (species C), which could either form the exo (5-membered 

ring) and endo (6-membered ring) oxidation products. It was also suggested that the reaction 

could occur via formation of copper(III)-azido intermediate (species A′) that would 

coordinate the substrate to produce two organocopper(III) species before reductive C–N 

bond formation. In both proposals, it was proposed that the organocopper species were in 

equilibrium with copper-alkyl radical intermediates, which could be trapped by the radical 

scavenger TEMPO.D.

H. Wang has recently reported the ortho-amination of phenols catalyzed by CuII(OAc)2 

using R1R2NCH2BF3 as nitrogen sources (Figure 108).361 The reaction was found to be 

very selective for a wide array of phenolic substrates and reached remarkable yields (up to 

98%). It was proposed that the reaction between phenol and CuII produced a CuII-phenolate 

species that could react with the N source to form an aminophenol-CuII adduct (species B in 

Figure 108). Oxidation of the trifluoroborate by another copper(II) center could generate a 

boron radical species that, upon homolytic B–C cleavage, would form a C-centered radical 

(species D), which could then intramolecularly attack the phenol substrate via a six-

membered cyclic transition state. The resulting CuI complex (species E) could release the 

ketone synthon, which, upon tautomerization, would form the final C–C coupling product. 

The copper(II) catalyst could then be regenerated by the reaction of the resulting CuI 

complex and O2.

3.2.3. Reactivity without Change in the Oxidation State of Copper (Cun/Cun).
—Organometallic oxidative transformations in which the copper ion is proposed to maintain 

the same oxidation state during the catalytic cycle are rare. Instead, for other Cu-catalyzed 

organic reactions such as Cu–H hydrogenations and Cu-catalyzed cycloadditions (e.g., click 

chemistry), the copper ion is believed to stay in one oxidation state.36,276 Bertrand has 

described the dehydrogenative borylation of terminal alkynes using copper(I) complexes 

bearing cyclic alkylamino carbene ligands (Figure 109).362 It was observed that using 

benzene as solvent, NEt3 as base (5 mol %), and catalytic amounts of the copper complex 

(2.5 mol %) resulted in the corresponding C–B coupling products with excellent yields and 

remarkable selectivity. On the basis of previous research findings,363 kinetic studies, and 

labeling experiments, the authors proposed a mechanism that was initiated by the reaction 

between the copper catalyst and the substrate to produce a dicopper(I) intermediate (species 

B in Figure 109). This dicopper(I) species was proposed to react with pinacolborane to 

generate the C–B product in one step via σ-bond metathesis in the transition state (species 

C). The resulting copper(I)-hydride complex (species D) could then react with the protons 

generated in the first reaction step to form H2.

In 2015, Lei described the cross-coupling reaction between N-methoxyarylamides and 

allylic substrates using catalytic amounts of copper(II) triflate and tBuOOtBu as oxidant 

(Figure 110).364 EPR spectroscopy, DFT calculations, and high-resolution ESI-MS analysis 
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were carried out in order to gather some insight into the reaction mechanism. It was 

proposed that the copper(II) source coordinates the N-methoxyarylamide substrate (species 

B in Figure 110) before H atom abstraction of the bound substrate by the tBuO• radical 

(generated by homolysis of tBuOOtBu) to produce the copper(II) complex bound by the 

oxidized substrate (species C). The C-centered radical, generated in the reaction between 
tBuO• and the allylic C–H substrates, could react with the CuII-radical complex (species C) 

to form the product-bound cupric adduct (species D) which releases the C–N coupling 

product and the copper(II) ion before initiating the catalytic cycle again.

3.3. Organic Transformations Involving Organocopper-O2 Species

During the past decade, several research reports have proposed the formation of 

organometallic copper/O2 during the catalytic oxidative functionalization of organic 

molecules. However, it is important to note that most of the proposed intermediates 

throughout this section have yet to be trapped and characterized. Chiba research lab has 

pioneered this field, carrying out oxygenase-like and oxidase-like syntheses of useful 

organic molecules. One of their first contributions described the Cu-catalyzed C–C cleavage 

of α-azido carbonyl compounds to generate the corresponding nitriles and carboxylic acids 

(Figure 111).365 This methodology was applied in the synthesis of a wide variety of alkyl 

and aryl nitriles with remarkable yields (Figure 111, ii). A reaction mechanism was 

suggested, in which the copper(II) salt reacted with the α-azido substrate to generate an 

iminyl copper(II) intermediate (species B in Figure 111), which could react with dioxgen to 

form a putative peroxycopper-(III) species (species C). This peroxy complex then releases 

the nitrile product via homolytic C–C cleavage to produce an acylperoxocopper(II) complex 

(species D) that, upon protonation, regenerates the CuII catalyst and forms the carboxylic 

acid product via an unknown O–O cleavage event.

Chiba used a similar approach to synthesize azaspirocyclo-hexadienones by oxidation of α-

azido-N-arylamides with copper and O2 (Figure 112).366 Copper(II) acetate catalyzed this 

transformation for a varied range of substrates in the presence of stoichiometric amounts of a 

base (Figure 112, ii). It was suggested that the copper(II) catalyst reacted with the α-azido-

N-arylamides susbtrates to generate a copper(II)-iminyl complex (species B in Figure 112) 

that reacts with O2 to produce a copper(III)-peroxo intermediate (species C). It was 

proposed that an intramolecuar imino-cupration would form an ipso C–N and a para Cu–C 

bond (species D) that, upon isomerization, could generate a copper(II)-peroxydiene 

intermediate (species E), which then eliminates the oxygenation products.

In a similar fashion, Chiba’s research group reported the Cu-catalyzed spirocyclization of 

biaryl-N-H-imines (Figure 113).367 Biaryl-2-carbonitrile were used as starting materials 

that, upon reaction with Grignard reagants, generated biaryl N–H imine intermediates which 

reacted with Cu and O2 to form the oxidation products via intramolecular 1,4-

aminooxygenation. It was proposed that an intermediate iminyl-Cu-superoxo was formed 

(similar to species C in Figure 112) before sp2 oxygenation. It was observed that addition of 

nitrogen ligands (phen) and water led to remarkable reaction yields for a wide array of 

biaryl-2-carbonitrile substrates and various Grignard reagents (Figure 113, ii). The scope of 
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this reaction was expanded (i.e., use of N–H imines to direct Cu oxygenations) to synthesize 

azaheterocycles and to oxidize benzylic C–H bonds.368,369

Chiba has also explored the use of N-alkylamidines to direct C–H oxygenation and 

cyclization for the synthesis dihydrooxazoles (Figure 114).370 It was found that a mixture of 

CuBr· SMe2 (20 mol %) and 2,2′-bipyridine (20 mol %) in DMSO-PhCF3 (5:1) under O2 (1 

atm) triggered the oxygenation/cyclization reaction for a wide range of N-alkylamidines 

with good yields. It was proposed that the amidine substrates reacted with CuII (generated 

via oxidation of the CuI source) to form a CuII-substrate adduct (species B in Figure 114) 

that undergoes 1e− oxidation to produce CuI and a 1,3-diazaallyl radical (species C). 1,5-H 

radical shift could form a tertiary carbon radical (species D), which could then be trapped by 

O2 to generate a C-superoxo intermediate (species E). This radical species was proposed to 

react with CuI to form a CuII-alkoxide intermediate (species F) in a Fenton-like 

fragmentation. Intramolecular nucleophilic attack followed by elimination of ammonia 

(species G in Figure 114) produces the dihydrooxazole product. The authors also showed 

that the dihydrooxazole products could be transformed into vicinal amino alcohols via 

reduction (LiAlH4, AlCl3) or by acid-mediated hydrolysis (Figure 114, iv).

The Jiao research group has also contributed significantly to the field of copper-catalyzed 

aerobic organic transformations.371 One of their first reports described the synthesis of α-

ketoamides from amines, terminal alkynes, and dioxygen using catalytic amounts of Cu 

(Figure 115, i).372 An array of terminal alkynes (mainly phenylic) and aromatic amines were 

coupled with good reaction yields (Figure 115, ii). It was proposed that copper(II) reacted 

with the amine to generate an amino-CuII species (species A in Figure 115) that could 

couple with the terminal alkyne to form an organocopper(II) intermediate (species B). 

Homolytic cleavage of the Cu–C bond could produce CuI, which could then react with O2 to 

regenerate the CuII catalyst and form a C-centered radical (species C). This radical species 

could then be trapped by O2 to generate a superoxide radical species (species D in Figure 

115). Intramolecular cycloaddition would form an aminyl radical intermediate (species E), 

which could undergo hydrogen atom abstraction by reacting with TEMPO to produce a 

cyclic peroxide intermediate (species F) which, upon fragmentation, would yield the final 

dioxygenation α-ketoamide product.

The same research group reported another protocol for the synthesis of α-ketoamides that 

improved the previous methodology (see above) in terms of substrate scope and efficiency. 

In this new approach, copper catalyzed the aerobic oxidative coupling of aryl acetaldehydes 

with anilines (Figure 116, i).373 The optimized oxidative conditions were applied to produce 

an array of α-ketoamides with different substituents reaching remarkable yields (Figure 116, 

ii). A reaction mechanism was proposed that involved initial formation of an imine substrate 

(species A in Figure 116), which, in the presence of pyridine and O2, could generate an 

organic superoxide intermediate (species B) that, upon reacting with CuII, would produce a 

putative copper(III)-alkylperoxide complex (species C). Intramolecular cyclization (species 

D in Figure 116) could be followed by hydrogen atom abstraction to form peroxide 

intermediate (species E) that could undergo fragmentation to achieve the reaction product. 

Oxidation reactions with 18O2 generated the labeled dioxygenation product with 80% 

incorporation of 18O. In a follow-up article, a third method for the synthesis of α-
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ketoamides was descibed based on oxidative cross-coupling of amines and α-

carbonylaldehydes using copper(I) bromide as catalyst and oxygen as terminal oxidant.374

Using a similar approach, Kumar reported the synthesis of primary α-ketoamides by copper-

mediated aerobic oxidation of benzylimidates (Figure 117).375 The substrates were 

converted to the corresponding oxygenation products using stoichiometric amounts of 

Cu(OAc)2 (2 equiv) and O2 in DMF (80 °C, 6 h). For most of the substrates, yields higher 

than 50% were observed (Figure 117, ii). The authors envisioned a mechanistic scenario in 

which the benzylimidate substrate was coordinated by copper(II) to generate an aminyl-

copper(II) complex (species A in Figure 117). This CuII-aminyl species could react with O2 

to produce a substrate-centered superoxide radical intermediate (species B) or could 

sequentially form a copper(III)-superoxide (species C) and copper(II)-peroxide complex 

(species D) before formation of a 6-membered transition state (species E). Intramolecular 

addition to the imine group (species F in Figure 117) followed by H atom abstraction 

assisted by copper or O2 (species G) would lead to peroxide fragmentation to form the final 

dioxygenation product. Addition of radical scavengers such as TEMPO led to a substantial 

decrease of the reaction yields, which suggested that the reaction involved the formation of 

radical species.

In 2012, Jiao also described the synthesis of oxazoles via aerobic oxidative dehydrogenative 

annulation and oxygenation of aldehydes and amines using O2 as oxidant and stoichiometric 

amounts of copper (Figure 118).376 An array of oxazoline synthons with different 

substituents were synthesized reaching moderate-to-good yields (Figure 118, (ii). The 

reaction was proposed to proceed via initial formation of an imine (species A in Figure 118) 

that, in the presence of a base and copper, would be oxidized to form an alkylsuperoxide 

intermediate (species B). Copper could trigger the 1,5-H atom abstraction and subsequent 

O–O cleavage to produce a diradical intermediate (species C in Figure 118) that could then 

undergo intramolecular radical coupling to form a 4,5′-dihydrooxazole ring (species D). 

This ring could be easily oxidized under the reaction conditions to form the final aromatic 

oxazole product (species E). Similar reaction conditions have been employed by Jiao to 

synthesize esters from ketones via C–C(O) cleavage followed by coupling with alcohols and 

to produce α-ketoesters by esterification of 1,3-diones.377,378

Li reported the Cu-catalyzed intramolecular 6-exo-trig cyclization of 1,6-enynes to 

synthesize 1,4-napthoquinones (Figure 119).379 CuCl2, Ce(SO4)2, O2, and H2O were 

combined with the substrates to obtain the oxygenation products with moderate-to-good 

yields (Figure 119, ii). It was suggested that substrate coordination to CuII (species A in 

Figure 119) could trigger a Wacker oxidation of the C–C double bond with H2O as oxygen 

source (species B). Subsequent cyclization could produce an organocopper(II) intermediate 

(species C) that could then react with O2 to generate an organocopper(III)-superoxide 

complex (species D). Reductive elimination (species E) followed by alcohol oxidation would 

deliver the oxidation product (species F) and regenerate the active copper(II) catalyst. 

Oxidation experiments in the presence of H2
18O confirmed that one of the oxygen atoms in 

the napthoquinone product originated from water and the other from dioxygen.
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Li research lab has also used Cu to catalyze the C–C cleavage of α-aminocarbonyl 

compounds to formylamides and carboxylic acids (Figure 120).380 A reusable 

heterogeneous copper on iron catalyst was utilized, which, in combination with TEMPO and 

O2, generated the C–C cleavage products with moderate-to-good yields (Figure 120, i). The 

authors suggested a reaction mechanism that was initiated by the 1H+/1e− oxidation of the 

α-aminocarbonyl substrate (involving Cu, O2, and TEMPO) to generate an imine 

intermediate (species B in Figure 120) that could react with a putative Cu2O2 core to form 

an unusual dicopper complex (species C). C–C cleavage (species D) followed by reductive 

O–O cleavage generates the oxidation products.

Zhang and Zhu discovered that copper(II) catalyzed the formation of formyl-substituted 

aromatic N-heterocycles via intramolecular dehydrogenative aminooxygenation (Figure 

121).381 The reaction conditions were optimized (use of 20 mol% of CuII(hfacac)2, hfacac: 

hexafluoroacteylacetonate; O2: 1 atm; in DMF at 105 °C) to synthesize substituted 

imidazo[1,2-a]pyridine-3-carbaldehydes with good yields (Figure 121, ii). A reaction 

mechanism was proposed in which the copper(II) source coordinated the pyridine substrate 

to form an imino-copper(II) complex (species A in Figure 121) that could react with O2 to 

generate a putative CuIII-superoxide intermediate (species B). This CuIII(O2
•−) species could 

undergo insertion into the C–C double bond to form a putative organocopper-(III)-

superoxide complex (species C). Isomerization of the copper-superoxide complex could 

produce a copper(II)-alkylperoxide intermediate (species D) that upon elimination could 

generate CuII–OH and an aldehyde product (species E), which could then be spontaneously 

aromatized to the final oxidation product. The proposed mechanism was supported by 

labeling experiments (use of 18O2 led to the formation of the oxygenation product with 95% 
18O incorporation) and by using the radical scavenger TEMPO (no formation of C-TEMPO 

products was observed, which suggested that C-centered radicals were not formed during the 

reaction).

The synthesis of 4-carbonyl-quinolines by oxidative cyclization of enynes using CuII as 

catalyst and O2 as oxidant was reported by Liang (Figure 122).382 Intramolecular cyclization 

of a wide range of substrates was accomplished using CuCl2 (10 mol %), phenanthroline as 

ligand (20 mol %), and 2 equiv of DABCO under 1 atm of O2 (DMF,100 °C). A reaction 

mechanism was proposed in which the substrate reacted with a putative CuIII-superoxide 

species to form a CuIII-superoxosubstrate adduct (species A in Figure 122), which could be 

in equilibrium with an organocopper(III)-superoxide intermediate (species B). 

Carbocupration could produce a vinyl copper(III)-superoxo intermediate (species C) that 

could then isomerize to a copper(II)-alkylperoxo complex (species D) before under-going 

deprotonative O–O bond cleavage to yield the oxidation product. The mechanistic proposal 

was supported by labeling experiments (incorporation of 18O into the products when 18O2 

was used as oxidant) and by ESI-MS (a mass matching that of species C in Figure 122 was 

detected). Interestingly, the reaction conditions were optimized to carry out this 

transformation in an intermolecular fashion by reacting substituted 2-

(phenylethynyl)anilines and but-2-eyenedioate substrates with CuICl (15 mol %) and O2 (1 

atm) in DMA at 100 °C.
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Lu and Wang reported the synthesis of 3-functionalized indoles in a three-component 

reaction that combined indoles, sulfonyl azides, and alkynes, using copper(I) bromide as a 

catalyst and O2 as an oxidant (Figure 123).383 Interestingly, this transformation was 

accomplished under mild conditions (room temperature and 1 atm of O2) for an extensive 

variety of substrates (17 indole derivatives were synthesized and characterized). A cascade 

mechanism with two Cu-catalyzed independent cycles was proposed. In the first cycle, a 

click reaction between the azide, the alkyne, and the CuI ion generates a triazole-copper 

complex (species A in Figure 123), which upon Dimorth rearrangement and concomitant N2 

release could form a ketenimine intermediate (species B). Nucleophilic attack of this species 

on the electron-rich sp2 carbon in the indole substrate closes the first catalytic cycle and 

generates the C–C coupling product (species C). In the presence of a base, this coupling 

product could react with CuII-OH (generated in situ under the reaction conditions) to 

produce an amidocopper(II) complex (species D in Figure 123) that in the presence of O2 

could generate a putative copper(III)-superoxide adduct (species E). Intramolecular electron 

transfer and subsequent isomerization could form a putative organocopper(III)-super-oxo 

intermediate (species F) that could isomerize to a copper(II)-alkylperoxide complex (species 

G) before elimination of CuII-OH and formation of the oxygenation product. As predicted 

by the proposed reaction mechanism, when the reaction was carried out under anaerobic 

conditions (i.e., Ar atmosphere, no O2), the indole-imine coupling products were obtained 

(species C in Figure 123).

In 2016, the Sun research lab reported the synthesis of benzoimidazo[1,2-a]imidazolone in a 

one-pot three-component coupling cascade reaction using 2-aminobenzimidazoles, 

aldehydes, and terminal alkynes in the presence of catalytic amounts of copper and 

employing O2 as an oxidant (Figure 124).384 A reaction mechanism was proposed which 

was initiated by the “in situ” formation of the imine from the 2-aminobenzylimidazole 

(amine) and the aldehyde substrate (species A in Figure 124). In the presence of CuI and 

base, this imine could react with the alkyne to afford a propargylic amine CuI adduct 

(species B). Copper would trigger a 5-exo dig cyclization to produce an organocopper(I) 

intermediate (species C in Figure 124), which could react with O2 to generate sequentially 

an organocopper(II)-superoxide complex (species D) and a copper(I)-alkylperoxide 

intermediate (species E). In the presence of a base, this species could undergo homolytic O–

O bond cleavage to achieve the oxygenation product and CuI hydroxide.

In a follow-up article, the same authors prepared and isolated the benzimidazole Schiff base 

before exposing it to the alkyne substrate, copper, and O2, which allowed preparation of 

benzimidazole-linked pyrroles via intramolecular 6-endo-dig cyclization of the 

propargylamine intermediate.385

Very recently, Yin and Newhouse reported the vinylogous aerobic oxidation of unsaturated 

compounds (Figure 125).386 It was found that catalytic amounts of copper(II) trifate (5 mol 

%), stoichiometric amounts of a strong base (1.2 equiv of TMG: tetramethylguanidine), and 

a reductant (PPh3, 1.5 equiv) led to the hydroxylation of wide variety of γ-β and α-β-

unsaturated esters using air as oxidant under mild conditions (THF, r.t., 10–24 h). 

Interestingly, the report also included the hydroxylation of unsaturated aldehydes, ketones, 

nitriles, amides, and sulfones under similar reaction conditions (Figure 125, ii). On the basis 
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of labeling experiments and other experimental observations, it was proposed that the 

reaction proceeded via coordination of the TMG base to the copper(II) ion to generate a 

copper(II) complex (species A in Figure 125), which could trap the substrate to form a 

copper(II) dienolate intermediate (species B′). This complex would be in equilibrium with 

an organocopper(II) intermediate (species B) that could be oxidized by O2 to produce a 

copper(II)-peroxo complex (species D), which, upon reduction by PPh3, could form the 

hydroxylation product.

A novel methodology for the functionalization of C–H bonds has been recently introduced 

by Hirano and Uchimaya, in which the hydroxylation and amination of sp2 C–H bonds was 

accomplished using amide directing groups, stoichiometric amounts of a cuprate base, and 

excess amounts of oxidant (Figure 126).387 The ortho-hydroxylation and ortho-amination 

products of aromatic N,N-diisopropyl amides were synthesized with very good yields. DFT 

calculations were carried out to understand the reaction mechanism, which was proposed to 

be initiated by the reaction between the cuprate base and the substrate (via deprotonation) to 

form an arylcopper(I) complex (species A in Figure 126). Oxidant coordination and 

displacement of the amide ligand (species B in Figure 126) could trigger the oxidative 

addition of the oxidant to generate an organocopper(III) intermediate (species C in Figure 

126) before reductive C–O (or C–N) bond formation.

4. SUMMARY AND FUTURE PERSPECTIVES

In this review, we illustrated the high versatility of copper to carry out transformations useful 

in organic synthesis. Inspired by metalloenzymes that use bioavailable nontoxic metals such 

as copper and green oxidants (i.e., O2 and H2O2), current research efforts aim to develop 

selective, cheap, and environmentally benign oxidation and oxygenation synthetic protocols. 

For example, White’s research lab has shown that nonheme Fe complexes can catalyze the 

regioselective hydroxylation of C–H bonds with H2O2.181,182 Despite the established nature 

of this approach, most of the oxidations in academia and industry still rely on the use of 

stoichiometric oxidants such as NaOCl, OsO4, or KMnO4.85 So why are these green 

protocols not widely employed in organic synthesis? The first reason could be the cost of 

implementing these technologies, such as the optimization of big-scale conditions. Most 

research articles report these functionalization reactions at a μmol/mmol scale, and they 

employ expensive ligand scaffolds. The use of 5–10 mol % catalysts bearing ligand systems 

that are synthesized in a multistep fashion increases the overall cost, environmental impact 

and practicality of the method. A second factor to consider is the fact that researchers have 

been devoting most of their efforts on expanding the substrate scope of these reactions. 

Rather than focusing on the functionalization of similar substrates with comparable C–H 

bonds, we should dedicate our resources to target specific substrates and amplify their 

product scope (e.g., functionalization of the same C–H bond with different organic 

substitutents), which is more appealing for late stage derivatization for pharmaceutical 

applications.388,389 Fortunately, academics are actively collaborating with chemical 

companies to develop synthetic protocols that utilize first row metals to synthesize useful 

organic molecules.162,390 With the numerous examples of dehydrogenations and 

hydroxylations promoted by bioinspired metal-O2 species,183,391 the promising findings on 

the use of redox-active ligands in 3d metal catalysis,392,393 which can provide reactivity 
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features characteristic of 4d and 5d metals, and the new approaches to perform selective 

functionalization via formation and control of C-centered radicals394 (i.e., metal-catalyzed 

radical relay), we foresee that the implementation of these synthetic routes will increase in 

the coming years.

With new examples appearing on a daily basis in the literature, most of the mechanisms by 

which Cu-promoted tranformations take place are still unknown. Spectroscopic 

characterization of relevant reaction intermediates such as the Cu/O2 species responsible for 

the oxidation of strong C–H bonds like methane, kinetic analysis, oxidation of substrates 

designed to serve as mechanistic probes, the effect of the addition of radical traps, and 

computational analysis are part of the box of tools that will be increasingly employed to 

investigate the reaction pathways of these Cu-promoted processes. A deeper knowledge of 

these mechanisms must allow for designing cheaper, greener, safer, and more practical 

synthetic methods based on Cu catalysis with higher efficiency and divergent selectivity. 

With all of these considerations in mind, it is certain that copper will be in the avante garde 

of metal catalysis in the 21st century.
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Figure 1. 
Scope of this review article.
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Figure 2. 
(A) Energetics of the stepwise 4H+/4e− reduction of dioxygen to water. (B) Mononuclear, 

(C) dinuclear, (D) trinuclear and tetranuclear Cu/O2 species formed in the reduction of O2 

(and its reduced forms).
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Figure 3. 
Galactose oxidase (GAO): active center (i), reaction catalyzed (ii), and proposed catalytic 

cycle (iii).
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Figure 4. 
Galactose oxidase model system.90,91
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Figure 5. 
(A) Dinuclear and (B) mononuclear galactose oxidase model systems.92,93
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Figure 6. 
Copper (and zinc) galactose oxidase model systems.94
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Figure 7. 
Cu-catalyzed oxidation of alcohols.95
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Figure 8. 
Cu-catalyzed oxidation of (A and B) primary and (B) secondary alcohols.101–105
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Figure 9. 
Synthetic method for the oxidation of alcohols.106,107
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Figure 10. 
Catalytic copper-nitroxyl systems beyond oxidation of alcohols: oxidation of amines to (A) 

imines109 and to (B) nitriles;110 (C) oxidative coupling of alcohols and amines111 and (D) 

lactonization of diols.112
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Figure 11. 
Copper-catalyzed oxidation of amines to imines and nitriles.113
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Figure 12. 
Biosynthesis of 2,4,5-trihydroxyphenylalanine-quinone (TPQ) and lysine tyrosyl-quinone 

(LTQ).115
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Figure 13. 
1H+/1e− oxidation of phenols promoted by Cu/O2 species: (A) mechanistic tools to identify 

possible reaction pathways and research reports in which this methodology has been used to 

understand the reactivity of Cu/O2 species [(B) mononuclear and (C) dinuclear] toward 

phenols.
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Figure 14. 
Cu-catalyzed aerobic oxidation of phenols.122
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Figure 15. 
Cu-catalyzed naphthol coupling.123,124
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Figure 16. 
Cu-catalyzed oxidative C–O coupling of phenols and quinones.125
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Figure 17. 
Cu-promoted synthesis of arylomycin cores.126
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Figure 18. 
Peptidylglycine α-hydroxylating monooxygenase (PHM): (i) active center, (ii) reaction 

catalyzed, and (iii) proposed catalyztic cycle. Note: For C2, it was proposed that a radical 

cation, located over the three ligands bound to the Cu, was formed.
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Figure 19. 
(A) Particulate methane monoooxygenase (pMMO) and (B) lytic polysaccharide 

monooxygenase (LPMO): active centers, reactions catalyzed, (C) histidine brace binding 

motif, and (D) putative Cu/O2 species responsible of C–H oxidation.
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Figure 20. 
Intramolecular C–H hydroxylation promoted by an ESII species.62,155
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Figure 21. 
Intermolecular C–H hydroxylation promoted by an ESII species.60
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Figure 22. 
Intramolecular N-dealkylaiton oxidation promoted by an EHPII species.158
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Figure 23. 
Intramolecular C–H hydroxylations (promoted by putative EHPII species) for synthetic 

purposes.159,161,162
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Figure 24. 
Cu-promoted intermolecular oxidations and intramolecular hydroxylation involving ESII, 
EHPII, and O·II intermediates.67
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Figure 25. 
Intermolecular 1H+/1e− oxidation of C−H bonds by high-valent OHIII complexes.65,163
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Figure 26. 
Thermodynamic analysis of the 1H+/1e− reactivity of an ESII,II core.72
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Figure 27. 
Inter- and intramolecular C–H oxidations performed by an SPII,II species.164
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Figure 28. 
Inter- and intramolecular C–H oxidations performed by O,OIII,III cores.165–167
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Figure 29. 
Intermolecular oxidation of weak C–H bonds by O,OIII,III cores bearing biologically relevant 

ligands.168
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Figure 30. 
Generation of O,OIII,III cores bound by Lewis-acids and their reactivity toward weak C–H 

bonds.121
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Figure 31. 
Thermodynamic analysis of the 1H+/1e− reactivity of an OII,II core.74
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Figure 32. 
Cu-catalyzed hydroxylation of cyclohexane using H2O2 as oxidant.177,178
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Figure 33. 
Cu-catalyzed peroxidation of strong C–H bonds using H2O2 as oxidant.179
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Figure 34. 
Cu-catalyzed oxidation of alkanes using H2O2 as oxidant.184
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Figure 35. 
LPMO-like oxidation of C–H bonds with H2O2.185
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Figure 36. 
Cu-catalyzed hydroxylation of C–H bonds with H2O2. Note: these oxidations were carried 

out under excess amounts of substrate (i.e., H2O2 was the limiting reagent), which led to 

very low product yields.186
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Figure 37. 
Cu-catalyzed sp3 C–H oxidation of toluene using O2 as oxidant.187
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Figure 38. 
Cu-catalyzed hydroxylation of strong C–H bonds using O2 and H2O2 as oxidants.188–190
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Figure 39. 
Tyrosinase: active center (i), reaction catalyzed (ii) and proposed catalytic cycle (iii).
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Figure 40. 
Cu2O2 model systems able to perform tyrosinase-like stoichiometric ortho-hydroxylation of 

phenolates: types of cores, (i) mechanistic evidence, and (ii) proposed hydroxylation 

pathways.
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Figure 41. 
Catalytic tyrosinase-like reactivity.206
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Figure 42. 
Catalytic tyrosinase-like reactivity.207
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Figure 43. 
Cu-catalyzed oxygenation and functionalization of phenols for synthetic purposes.208,209
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Figure 44. 
Intramolecular sp2 C–H hydroxylation involving an EHPII species.212
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Figure 45. 
Intramolecular sp2 C–H hydroxylation and intermolecular oxidations involving EAPII 

species.213,214
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Figure 46. 
Intramolecular hydroxylation of sp2 C–H bonds in a mononuclear copper complex using O2 

as oxidant.215
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Figure 47. 
Intramolecular hydroxylation of sp2 C–H bonds in a dinuclear copper complex using O2 as 

oxidant.216–219
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Figure 48. 
Intramolecular hydroxylation of sp2 C–H bonds promoted by O,OIII,III cores.220
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Figure 49. 
Intramolecular hydroxylation of sp2 C–H bonds promoted by O,OIII,III cores.221
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Figure 50. 
Intramolecular double hydroxylation of sp2 C–H bonds in a dinuclear copper complex using 

H2O2 as oxidant.222
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Figure 51. 
Cu-catalyzed hydroxylation of sp2 C–H bonds using H2O2 as oxidant.223,224

Trammell et al. Page 128

Chem Rev. Author manuscript; available in PMC 2019 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 52. 
Cu-catalyzed hydroxylation of benzene using H2O2 as oxidant.226
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Figure 53. 
Nucleophilic reactivity of an ESII complex.228
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Figure 54. 
Nucleophilic reactivity of EAPII complexes.229
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Figure 55. 
Electrophilic and acid–base reactivity of a mononuclear Cu/O2 species.230
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Figure 56. 
Cu-catalyzed sulfoxidations using H2O2 as oxidant.232
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Figure 57. 
Putative intermediates formed in the reaction between Cu and oxene and nitrene sources.
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Figure 58. 
Cu-catalyzed aziridinations.250–252
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Figure 59. 
Cu-catalyzed aziridinations and aminations.252–254
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Figure 60. 
Cu-catalyzed synthesis of sulfinamides and isothiazoles.255
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Figure 61. 
Cu-catalyzed intermolecular aminations.256–258
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Figure 62. 
Cu-catalyzed amination of C–H bonds using tBuOOtBu as sacrificial oxidant and amines as 

N-sources.259–261
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Figure 63. 
Generation and reactivity of “masked” copper-nitrene species.262
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Figure 64. 
Generation and reactivity of copper-nitrene species stabilized by Lewis acids.263
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Figure 65. 
Generation and reactivity of a mononuclear copper-nitrene species.266
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Figure 66. 
Generation of mononuclear and dinuclear copper- (di)nitrene species.267
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Figure 67. 
Generation and tyrosinase-like reactivity of a dicopper(II)- arylnitroso complex.268
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Figure 68. 
Cu-catalyzed C–O coupling reactions between aryl halides and phenols.281
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Figure 69. 
Cu-catalyzed C–N coupling reactions between aryl iodides and amines.282,283
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Figure 70. 
Tandem copper-catalyzed synthesis of 1,4-benzodiazepines and imidazobenzodiazepines.286
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Figure 71. 
Mechanistic study on Cu-catalyzed C–O coupling reactions with auxiliary anionic ligands.
287
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Figure 72. 
Mechanistic study on the Cu-catalyzed Hurtley-type reactions.289
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Figure 73. 
Cu-catalyzed coupling reactions in macrocylic ligands.290,291

Trammell et al. Page 150

Chem Rev. Author manuscript; available in PMC 2019 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 74. 
Cu-catalyzed aryl halide exchange reactions in macrocylic ligands.292
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Figure 75. 
Mechanistic study of the Cu-catalyzed Chan–Evans–Lam C–O coupling reaction.297,298
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Figure 76. 
Mechanistic study and synthetic applications of the Cu-catalyzed Chan–Evans–Lam C–N 

coupling reaction.299

Trammell et al. Page 153

Chem Rev. Author manuscript; available in PMC 2019 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 77. 
Stochiometric Cu-promoted trifluoromethylation of arylboronic acids.301
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Figure 78. 
Mechanism of Cu-catalyzed oxidative aerobic trifluoromethylation.303
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Figure 79. 
Cu-promoted pentafluoroethylation of acid chlorides.304
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Figure 80. 
Mechanistic studies of the Cu-promoted intramolecular C– C and C–N coupling reactions 

using copper complexes bearing redox-active ligands.305,306
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Figure 81. 
Synthesis, characterization, and reactivity of organocopper- (III) spiro species.307
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Figure 82. 
Synthesis, characterization, and reactivity of organocopper- (III) species.308–314
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Figure 83. 
Synthesis, characterization, and reactivity of organocopper- (III) species.315–317
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Figure 84. 
Synthesis, characterization, and reactivity of organocopper- (II) and organocopper(III) 

species.318
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Figure 85. 
Mechanistic studies of the Cu-catalyzed functionalization of sp2 C–H bonds using a 

macrocylic ligand as substrate.319,320
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Figure 86. 
Mechanistic study of the Cu-promoted functionalization of sp2 C–H bonds using N-(8-

quinolinyl)benzamide as model substrate.321
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Figure 87. 
Cu-promoted trifluoromethylation of sp2 C–H bonds using directing groups.322
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Figure 88. 
Cu-catalyzed amidation and imidation of unactivated alkanes using amides and imides as N-

sources and tBuOOtBu as oxidant.327
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Figure 89. 
Cu-catalyzed C–C coupling reaction of benzylic C–H bonds and arylboronic esters using 
tBuOOtBu as oxidant.328
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Figure 90. 
Cu-catalyzed enantioselective cyanation of benzylic substrates.329
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Figure 91. 
Cu-catalyzed allylic aminations.330
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Figure 92. 
Cu-catalyzed synthesis of allylic alcohols via hydrocabonylative coupling of alkynes with 

alkyl halides.331
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Figure 93. 
Cu-catalyzed C–N cross-coupling reaction with light.332
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Figure 94. 
Cu-catalyzed enantioselective C–N cross-coupling reaction with light.333
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Figure 95. 
Cu-catalyzed synthesis of carbamate-protected amines using carbamate nucleophiles, 

unactivated secondary alkyl bromides and light.338
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Figure 96. 
Cu-catalyzed oxidative coupling of phenols and terminal alkynes to synthesize ketones using 

light.339
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Figure 97. 
Cu-promoted intramolecular fluorinations of α-bromoamide substrates.340
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Figure 98. 
Cu-promoted ortho-functionalization of aryl C–H bonds using pyridyl as directing group.341

Trammell et al. Page 175

Chem Rev. Author manuscript; available in PMC 2019 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 99. 
Cu-catalyzed Ritter-type C–H amination of sp3 C–H bonds.343
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Figure 100. 
Cu-catalyzed bromination of sp3 C–H bonds distal to functional groups.345
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Figure 101. 
Cu-catalyzed β-functionalization of saturated ketones.346
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Figure 102. 
Cu-catalyzed etherification of alkanes using tBuOOtBu as oxidant.347

Trammell et al. Page 179
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Figure 103. 
Cu-catalyzed dehydrogenative carboxylation of unactivated alkanes to form allylic esters 

using tBuOOtBu as oxidant.349
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Figure 104. 
Mechanistic studies of the Cu-catalyzed functionalization of N-aryl tetrahydroisoquinolines.
350–353
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Figure 105. 
Cu-catalyzed remote sp3 C–H chlorination of alkyl hydroperoxides.354
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Figure 106. 
Cu-promoted synthesis of functionalized epoxides.355
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Figure 107. 
Cu-catalyzed intramolecluar functionalization of alkenes.359
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Figure 108. 
Cu-catalyzed ortho-amination of phenols.361
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Figure 109. 
Cu-catalyzed dehydrogenative borylation of terminal alkynes.362
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Figure 110. 
Cu-catalyzed C–N coupling reactions using tBuOOtBu as oxidant.364
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Figure 111. 
Cu-catalyzed sysnthesis of nitriles via C–C cleavage of α- azido carbonyl compounds.365
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Figure 112. 
Cu-catalyzed synthesis of azaspirocyclohexadienones.366
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Figure 113. 
Cu-catalyzed spirocyclization of biaryl-N-H-imines.367
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Figure 114. 
Cu-catalyzed synthesis of dihydrooxazoles.370
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Figure 115. 
Cu-catalyzed synthesis of α-ketoamides.372
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Figure 116. 
Cu-catalyzed synthesis of α-ketoamides via oxidative coupling of aryl acetaldehydes and 

anilines.373
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Figure 117. 
Cu-mediated the synthesis of primary α-ketoamides.375
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Figure 118. 
Cu-promoted synthesis of oxazoles.376
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Figure 119. 
Cu-catalyzed synthesis of 1,4-napthoquinones.379
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Figure 120. 
Cu-catalyzed C–C cleavage of α-aminocarbonyl substrates.380
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Figure 121. 
Cu-catalyzed synthesis of formyl-substituted aromatic N-heterocycles.381
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Figure 122. 
Cu-catalyzed synthesis of 4-carbonyl-quinolines.382
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Figure 123. 
Cu-catalyzed synthesis of 3-functionalized indoles.383
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Figure 124. 
Cu-catalyzed synthesis of benzoimidazo[1,2-a]-imidazolone.384
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Figure 125. 
Cu-catalyzed vinylogous aerobic oxidation of unsaturated compounds.386
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Figure 126. 
Cu-promoted hydroxylation and amination of sp2 C–H bonds using directing groups.387
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