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I. Introduction and Scope
The chemistry of copper is extremely rich because it can easily access Cu0, CuI, CuII, and
CuIII oxidation states allowing it to act through one-electron or two-electron processes. As a
result, both radical pathways and powerful two-electron bond forming pathways via
organmetallic intermediates, similar to those of palladium, can occur. In addition, the
different oxidation states of copper associate well with a large number of different functional
groups via Lewis acid interactions or π-coordination. In total, these feature confer a
remarkably broad range of activities allowing copper to catalyze the oxidation and oxidative
union of many substrates.

Oxygen is a highly atom economical, environmentally benign, and abundant oxidant, which
makes it ideal in many ways.1 The high activation energies in the reactions of oxygen
require that catalysts be employed.2 In combination with molecular oxygen, the chemistry of
copper catalysis increases exponentially since oxygen can act as either a sink for electrons
(oxidase activity) and/or as a source of oxygen atoms that are incorporated into the product
(oxygenase activity). The oxidation of copper with oxygen is a facile process allowing
catalytic turnover in net oxidative processes and ready access to the higher CuIII oxidation
state, which enables a range of powerful transformations including two-electron reductive
elimination to CuI. Molecular oxygen is also not hampered by toxic byproducts, being either
reduced to water, occasionally via H2O2 (oxidase activity) or incorporated into the target
structure with high atom economy (oxygenase activity). Such oxidations using oxygen or air
(21% oxygen) have been employed safely in numerous commodity chemical continuous and
batch processes.3

However, batch reactors employing volatile hydrocarbon solvents require that oxygen
concentrations be kept low in the head space (typically <5–11%) to avoid flammable
mixtures, which can limit the oxygen concentration in the reaction mixture.4,5,6 A number of
alternate approaches have been developed allowing oxidation chemistry to be used safely
across a broader array of conditions. For example, use of carbon dioxide instead of nitrogen
as a diluent leads to reduced flammability.5 Alternately, water can be added to moderate the
flammability allowing even pure oxygen to be employed.6 New reactor designs also allow
pure oxygen to be used instead of diluted oxygen by maintaining gas bubbles in the solvent,
which greatly improves reaction rates and prevents the build up of higher concentrations of
oxygen in the head space.4a,7 Supercritical carbon dioxide has been found to be
advantageous as a solvent due its chemical inertness towards oxidizing agents and its
complete miscibility with oxygen or air over a wide range of temperatures.8 An number of
flow technologies9 including flow reactors,10 capillary flow reactors,11 microchannel/
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microstructure structure reactors,12 and membrane reactors13 limit the amount of or afford
separation of hydrocarbon/oxygen vapor phase thereby reducing the potential for explosions.

Enzymatic oxidizing systems based upon copper that exploit the many advantages and
unique aspects of copper as a catalyst and oxygen as an oxidant as described in the
preceding paragraphs are well known. They represent a powerful set of catalysts able to
direct beautiful redox chemistry in a highly site-selective and stereoselective manner on
simple as well as highly functionalized molecules. This ability has inspired organic chemists
to discover small molecule catalysts that can emulate such processes. In addition, copper has
been recognized as a powerful catalyst in several industrial processes (e.g. phenol
polymerization, Glaser-Hay alkyne coupling) stimulating the study of the fundamental
reaction steps and the organometallic copper intermediates. These studies have inspiried the
development of nonenzymatic copper catalysts. For these reasons, the study of copper
catalysis using molecular oxygen has undergone explosive growth, from 30 citations per
year in the 1980s to over 300 citations per year in the 2000s.

A number of elegant reviews on the subject of catalytic copper oxidation chemistry have
appeared. Most recently, reviews provide selected coverage of copper catalysts14 or a
discussion of their use in the aerobic functionalization of C–H bonds.15 Other recent reviews
cover copper and other metal catalysts with a range of oxidants, including oxygen, but
several reaction types are not covered.16 Several other works provide a valuable overview of
earlier efforts in the field.17 This review comprehensively covers copper catalyzed oxidation
chemistry using oxygen as the oxidant up through 2011. Stoichiometric reactions with
copper are discussed, as necessary, to put the development of the catalytic processes in
context. Mixed metal systems utilizing copper, such as palladium catalyzed Wacker
processes, are not included here. Decomposition reactions involving copper/oxygen and
model systems of copper enzymes are not discussed exhaustively. To facilitate analysis of
the reactions under discussion, the current mechanistic hypothesis is provided for each
reaction. As our understanding of the basic chemical steps involving copper improve, it is
expected that many of these mechanisms will evolve accordingly.

II. Reactions of Hydrocarbons
Enzymatic copper-dioxygen derived species are highly effective in aliphatic and arene C-H
bond hydroxylations with examples including dopamine β-monooxygenase, peptidylglycine
α-amidating monooxygenase, and particulate methane monooxygenase. Much effort has
focused on biomimetic versions, attempting to achieve the high selectivity and reactivity of
these enzymatic systems with small molecule copper catalysts and oxygen, typically via
radical intermediates. While considerable progress has been made, general, selective
functionalization of C-H groups is not yet efficient as a standard synthetic procedure for a
range of structures. Both selectivity and reactivity remain as significant challenges. In the
section below, the progress to date for oxygenation of different classes of hydrocarbons,
including benzylic, alkyl, alkenyl, alkynyl, and aryl (Scheme 1), is outlined.

II.A. Benzylic Oxidation
Benzylic oxidation is aided by the much weaker benzylic C–H bond, aiding in processes
involving radical abstraction. Consequently, conditions are generally milder than those seen
for alkane or arene oxidation. Oxidation occurs through two primary mechanisms. In acidic
or activated substrates, deprotonation can occur, followed by single electron oxidation to
form the key radical species that then reacts with molecular oxygen. As demonstrated below,
these processes can be highly efficient, but are inherently limited in scope. In unactivated
substrates, the benzylic radical species is formed directly via hydrogen abstraction. These
operations typically require more forcing conditions, and efficiency and selectivity remain
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significant obstacles. For both modes of oxidation, controlling the degree of oxygenation is
critical since the acid, aldehyde, or alcohol can be produced. As of yet there is no general
catalyst available for a broad range of substrates. However, a variety of different copper
catalysts have been devised that operate on electron-poor or electron-rich substrates.

II.A.1 Oxygenation of Acidic Benzylic Positions—Highly acidic benzylic substrates
undergo oxidation more readily by virtue of the greater acidity allowing facile oxidation via
benzyl anion. Although the scope of these transformations is fairly narrow, several useful
cases with copper catalysts have been reported. For example, efficient conversion of
nitrotoluene to nitrobenzoic acid (Scheme 2a) has been demonstrated in the presence of
sodium hydroxide and a copper phthalocyanine catalyst under 2 MPa of oxygen.18 High
selectivity was observed, with only trace amounts of the alcohol and the aldehyde formed.
The process was later demonstrated to proceed in an ionic solvent (Scheme 2b).19 Although
slightly higher temperature was necessary, simple acidification of the aqueous layer
conveniently provided the pure product and allowed recycling of the ionic liquid solvent,
lending the process amenable to large scale industrial applications. Notably, other metal
catalysts gave superior results in this transformation and only one substrate was
demonstrated with the copper catalyst.

In an early report by Allara20, fluorene was readily oxidized to fluorenone at room
temperature using Cu(OBz)(OMe) with triethylenetetraamine (trine) as a ligand and
pyridine/MeOH as solvent. Despite only moderate conversion, excellent selectivity (200:1)
of corresponding ketone to homocoupled 9,9'-bifluorene was observed (Scheme 3). The
proposed mechanism proceeds through oxidation of the fluorenyl anion by copper, coupling
of the radical with molecular oxygen, and decomposition of the resulting peroxide by base
deprotonation to give the ketone product. Kinetic studies using 9,9'-didueterofluorene
indicated that the rate-limiting step was deprotonation of the substrate. Although the
oxidation proceeded in the presence of base (NaOMe) and oxygen, the addition of copper
catalyzed increased the rate by ~500 fold.

Activated substrates can also be oxidized without strongly basic conditions via a similar
system as for unactivated systems (see next Section II.A.2). A striking example by
Züberbuhler and coworkers centers the facile copper-mediated oxidation of bis(1-methyl-
benzimiazol-2-yl)methane (Scheme 4).21 Full conversion to the respective ketone is effected
using just 0.2 mol% Cu(ClO4)2 at room temperature under 1 atm O2.

Little incorporation of 18O at the carbonyl carbon was observed when performing the
reaction in a vast excess of D2

18O, indicating that dioxygen is supplying the ketone oxygen.
While Co+2 displayed comparable catalytic activity, Fe+2, Fe+3, Zn+2, Ni+2, and Mg+2 did
not significantly increase the rate over background. Significantly, addition of either base or
acid strongly inhibited the reaction. No product was detected when subjecting 1,2-
dimethylbenzimidazole or any higher bis(1-methyl-benzimidazolyl)alkanes to the reaction
conditions, illustrating the necessity of the doubly pseudobenzyilic position. Despite these
limitations to the generality of the oxidation, the method was also effectively adapted to
bis(2-pyridyl)methanes.22 One mechanism that is consistent with the data for this reaction is
formation a benzylic radical intermediate that undergoes reaction with dioxygen. On the
other hand, deprotonation and subsequent anion oxidation is also viable and is most likely
occurring for those systems that incorporate strong bases (Scheme 2, Scheme 3). For those
cases without base (Scheme 4, Scheme 5), metal-assisted deprotonation has been raised as a
possibility.22

Garcia and coworkers tested the oxidation of xanthene, another doubly benzylic system,
using a metal organic framework composed of 1,3,5-benzenetricarboxylate (BTC).23
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Although the most selective metal was found to be Fe+2, Cu3(BTC)2 also provided the
ketone product at 70 °C in good yield and usable selectivity (Scheme 5). Under the same
conditions, fluorene could also be converted to fluorenone in moderate conversion but
excellent selectivity. The catalysts were easily recovered and could be reused after drying
with minimal loss in activity.

II.A.2 Oxygenation of Unactivated Benzylic Substrates—Benzylic oxygenation of
simple hydrocarbons using molecular oxygen represents a highly desirable process,
particularly on an industrial scale. Enzymatic systems are capable of performing such
oxidations very well24, and biomimetic systems have been identified. For example, Karlin
and coworkers have recently reported the synthesis of a dicopper(II)-μ-1,2-peroxo complex
at low temperatures (−80 °C).25 Allowing the complex to warm to ambient temperature in
the presence of a toluene or ethylbenzene caused thermal decomposition of the complex
with concomitant benzylic oxidation. Experiments using complexes formed with 18O2
demonstrated that oxygen incorporation occurred from molecular oxygen. A copper peroxo
complex stable at room temperature was similarly reported using tetraamine tripodal
ligands.26 Reaction of the complex with toluene at room temperature yielded benzaldehyde
in 20% yield. Despite the impressive activity of these biomimetic systems, turnover has yet
to be achieved.

Several examples using copper catalysis to achieve oxygenation of aliphatic substrates have
been reported, yet both conversion and selectivity remain significant challenges on
unactivated substrates. An important aspect is that the initial oxygenation product, the
hydroperoxide or peroxide anion, can readily convert to the alcohol and ketone in the
presence of a metal catalyst. Consequently, a mixture of oxygenated products, including
peroxide, alcohol, and carbonyl compounds are often obtained.

While several investigations have probed the oxidation of benzylic compounds that do not
proceed via anionic intermediates27, the exact mechanism is currently unknown. The
complete inhibition of the reaction in the presence of radical trapping agents suggests a
radical chain pathway. Alternately, direct hydroxylation by metal oxo insertion into the
benzylic C–H bond, mimicking the oxidation of alkanes by cytochrome P450, would also be
consistent with this finding. However, the hydroperoxide intermediates have been
demonstrated28,29 in many cases, pointing away from this theory. The subsequent metal-
catalyzed degradation to the alcohol and ketone products are well-established.

Based on these observations, the key benzyl radical intermediate reacts with molecular
oxygen to form the peroxo radical, which continues propagation via benzylic hydrogen
abstraction (Scheme 6). The radical initiation can occur via several modes. In some cases,
reaction occurs in the absence of an obvious radical initiator. The high temperatures and
long induction periods in these examples point to a thermolytic radical formation.
Alternatively, several radical initiators have been employed in the presence of a copper
catalyst. Commonly, a peroxide is employed, although a sacrificial aldehyde, which converts
to the peroxide in situ under the reaction conditions, may also be used. In these cases,
homolytic cleavage of the peroxide would provide a radical that could initiate the radical
chain reaction. However, in the presence of a copper catalyst, reaction of the peroxides with
the copper is likely to occur more rapidly giving rise to a [CuIII–O·] species, which, in turn,
initiates the reaction via benzylic hydrogen abstraction.28 Consistent with these theories,
other radical initiators/mediators such as H2O2, t-BuOOH, AIBN, and ACBN have been
used in conjunction with copper catalysts. In a different paradigm, a stabilized N–O radical
mediator such as N-hydroxyphthalimide (NHPI) has been used as a radical mediator, which
is reoxidized by the copper catalysts.30 In some of these reactions, it is highly likely that
more than one pathway operates (e.g., [CuIII–O·] and peroxyl radical).
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Table 1 displays the results of oxidation on a variety of unactivated benzylic substrates. As
illustrated, the success of the reaction varies based on substrate and initiator. Oxidation of
several substrates has been achieved with varied success without utilizing a clear initiator.
For example, Gardner demonstrated the heterogeneous oxidation of p-xylene, a challenging
substrate, simply using CuBr and catalytic LiBr, but very high temperature and O2 pressure
were required to achieve even low conversion (Table 1, entry 2).31 While the aldehyde was
obtained as the major product, overoxidation to the acid as well as diaryl products were
observed. Interestingly, other substrates demonstrated very poor selectivity using these
conditions, and toluene was converted almost exclusively to benzyl bromide. Oxidation of
cumene to cumyl hydroperoxide represents an industrially significant process that accounts
for the majority of the global production of both phenol and acetone.32 A selective oxidation
of cumene was reported by Cheng and coworkers, in which Cu(OAc)2 on Chelex® was used
as a heterogeneous catalyst in the absence of a radical initiator (Table 1, entry 12).33

Although only minor conversion is observed, the hydroperoxide is formed in almost perfect
selectivity, with only trace (<1%) alcohol detected (Scheme 7).

Orlinska and Zawadiak attempted the oxidation of more complex substrates, 4,4'-
diisopropylbiphenyl and 2,6-diisopropylnaphthalene, using CuCl2 and n-Bu4NBr under
oxygen.41 Monoalcohol and peroxide dimers were the major products, along with smaller
amounts of ketone, monohydroperoxide, and bishydroperoxide. Trace amounts of substrate
underwent oxidation at both benzylic positions.

Oxidations in which a peroxide or aldehyde (which converts to peroxyacid under the
reaction conditions) are present in addition to a copper catalyst are often able to avoid the
induction periods and high temperatures otherwise associated with these processes. For
example, extremely high turnovers (TON = 54,500) have been observed in the room
temperature oxidation of indane using copper(II) acetate (0.0006 mol%) in conjunction with
acetonitrile, which can function as a ligand, and 1 equivalent of acetaldehyde (Table 1, entry
5).42 Moderate conversion was observed, with indanone as the major product (Scheme 8).

Use of N–O radical mediators have also been reported. For example, Orlinska and
coworkers studied the oxidation of cumene in the presence of a variety of metals, a radical
initiator, and NHPI (Table 1, entry 13–14).30 Interestingly, NHPI in the absence of a metal
cocatalyst afforded cumyl hydroperoxide in moderate conversions but excellent selectivity
(>99%). Addition of metal salts changed the product distribution, presumably from
catalyzing the decomposition of the initial hydroperoxide adduct. Copper was found to be
the most effective, affording either the alcohol or rearranged ketone as the major product
depending on solvent and temperature. Notably, much higher conversion but poorer
selectivity was observed in the oxygenation of cumene when NHPI, radical initiator, and
Cu(acac)2 were employed in comparison to the heterogeneous Cu(OAc)2 on Chelex system
(Table 1, entry 12–13).

Recently, the selective oxidation of toluene to benzoic acid was reported through the use of
a modified NHPI structure in conjunction with CuCl2 (Table 1, entry 1).43 Although
elevated temperatures and pressures are used, good conversion to the acid is afforded along
with only a minor amount of intermediate benzaldehyde (Scheme 9). The increased activity
of the HPPDO catalyst in comparison to NHPI may be attributed to the electron-
withdrawing nature of the pyrazine, which creates a more reactive N–O radical. Moreover, a
metal additive was demonstrated to bind to the pyrazine nitrogens, further increasing
destabilizing the radical and increasing the rate. Copper was found to be the most effective
in terms of both conversion and selectivity.
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II.A.3 Directed Benzylic Oxidation—A recent report by Chiba and coworker details an
effective aerobic benzylic oxidation that operates by employing an ortho-imine as a
directing group (Scheme 10).44 The imine is generated in situ via Grignard addition to
nitrile-containing substrates followed by protonation with MeOH. Treatment of the imine
intermediate with Cu(OAc)2 and 1 atm O2 affords the diketone products upon acidic
workup. In certain cases, quenching the reaction with pH 9 buffer afforded the N,O-ketal.
The authors further demonstrated the synthetic utility of the method through direct
transformation of the products to phthalazines (one-pot) or isoindolines (two-pot).
Interestingly, subjecting 2-cyclohexylbenzonitrile to the reaction conditions afforded an
aminoperoxide product in good yield, and the structure was secured by X-ray
crystallographic analysis (Scheme 11). Performing the reaction under 18O2 provided the
diacylbenzene product with labeled oxygens in both carbonyls, suggesting that H2

18O is
produced during the reaction to hydrolyze the imine. The proposed reaction mechanism
proceeds through a key iminyl copper species, which reacts with molecular oxygen to form a
peroxycopper intermediate (Scheme 12). An intramolecular 1,5-H-shift can give rise to a
benzylic peroxycopper species, which releases the active copper species and affords the
ketoimine precursor to either diketone or N,O-ketal products.

II.A.4 Generation of Nitriles from Benzylic Substrates (Ammoxidation)—The
oxidation of hydrocarbons in the presence of both molecular oxygen and ammonia to form
nitriles is known as ammoxidation.45 This reaction is a critical industrial process for the
production of allylic and benzylic nitriles, such as benzonitrile, acetonitrile, and
acrylonitrile.46 As ammoxidation is typically performed using flow reactors, it is not
amenable to small, laboratory-scale purposes, and the forcing conditions required generally
preclude all but the simplest of substrates. Additionally, the combination of oxygen (an
oxidant) with ammonia (a reductant) means that controlling the relative reactivity is crucial.

While several investigations of ammoxidation using copper catalysts have been reported,
selectivity, conversion, and scope remain problematic. For example, Solinas and coworkers
studied the ammoxidation of 1-methylnaphthalene in the presence of copper impregnated
Na-Mordenite as a solid support catalyst (Scheme 13).47 The copper additive was found to
increase conversion while only slightly modifying selectivity. However, even at 350 °C only
slight conversion was observed with an 85% selectivity of oxidation at the benzylic position.
The process afforded a mixture of products, with significant amounts of both the aldehyde
and nitrile forming. In accord with the proposed mechanism involving an aldehyde
intermediate (see below), formation of nitrile products was only observed when aldehydes
were also detected.

Using Cu impregnated zeolites (Cu-H-ZSM-5) under NH3/O2 at 400 °C and 450 °C, para-
xylene has been shown to react more quickly than meta-xylene (~90% selectivity) giving
rise to para-tolylnitrile.48 A broader investigation by Chon and Kim surveyed a series of
metal impregnated ZSM5 zeolite catalysts in the ammoxidation of benzylic hydrocarbons.49

Compared to the other metals tested (Mn2+, Co2+, Ni2+, Zn2+, Ag+1), Cu2+ was found to be
the most active and selective. At 400 °C, good conversions were obtained, particularly for
more electron-rich substrates, as is consistent with a process involving formation of benzylic
radicals (Scheme 14). However, this high temperature led to significant demethylation,
presumably via decarboxylation of an overoxidized carboxylic acid intermediate. While
substituted toluenes generally formed considerable amounts of dealkylation products,
picolines yielded the corresponding nitriles in excellent conversion and selectivity.

When the reaction was performed using benzyl alcohol, benzylamine, or benzaldehyde as
the substrate, benzonitrile was formed in >90% selectivity with full conversion.
Additionally, no conversion of toluene in the absence of oxygen flow was detected up to 500
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°C. These results support a general mechanism similar to that described in Section II.A.2, in
which the key benzyl radical combines with molecular oxygen. Condensation of the
intermediate aldehyde with ammonia affords an N–H imine (Scheme 15), which upon
further oxidation would provide the nitrile product (see Section V.B and Section IX.A.4).
The exact mechanism for the final oxidation remains unclear, but oxidation via an N,O-
acetal is plausible.

II.B. Alkane Oxidation
Aerobic oxidation of alkanes employing copper catalysts shares many of the characteristics
of benzylic analogs. Owing to the higher C–H bond strength in alkanes, more forcing
conditions are required. As a result, control of regioselectivity is challenging and formation
of overoxidized and elimination products is common. Current efforts are primarily focused
on the conversion of base hydrocarbon building blocks into their more oxygenated analogs,
vital industrial processes. An important, and highly studied case, is the conversion of
cyclohexane to cyclohexanone, a key precursor to caprolactam. Commercially, this process
is achieved via aerial oxidation using pressurized air at ~160 °C in the presence of a
homogeneous cobalt catalyst, providing a mixture of cyclohexanone, cyclohexanol, and
cyclohexyl hydroperoxide as approximately 70–90% of the product at <6% conversion.50

Table 2 provides an overview of the reported oxidations of alkanes using copper catalysts,
organized by substrate.

The mechanism for copper-catalyzed oxidation of alkanes (Scheme 16) is similar to that
proposed for benzylic substrates (see Section II.A.2). Initial hydrogen abstraction can occur
by a thermolytic process, although a peroxide initiator (often in the form of an aldehyde
precursor) is more common. The resulting alkyl radical can react with molecular oxygen to
form a peroxy radical and enter the propagation cycle. The hydroperoxide can undergo
copper-catalyzed elimination or O–O bond scission to form the ketone or alcohol products,
respectively.

A series of investigations in hydrocarbon functionalization led by Sir Derek Barton involved
the use of copper catalyst in the oxidation of alkanes.51 The oxidation of cycloctane with
TBHP and homogeneous Cu(fod)2 (fod = 2,2-dimethyl-6,6,7,7,8,8,8-heptafluoro-3,5-
octanedionate) under an oxygen atmosphere afforded the ketone in moderate selectivity
along with the alcohol and elimination product in low conversions at 60 °C (Scheme 17).
Performing the reaction under air or argon drastically changed the product distribution, with
the latter nearly exclusively affording the alkene.

A later report by Schuchardt and coworkers details the oxidation of cyclohexane with the
use of Fe(III) or Cu(II) catalysts and peroxide initiator under pressurized O2 and heat.52 The
iron catalysts were found to generate significant quantities of overoxidized adipic acid
product, which deactivated the catalyst. Copper provided less overoxidized product, but
produced an unselective mixture of ketone, alcohol, alkene, in addition to minor amounts of
adipic acid, glutaric acid, cyclohexenol, and cyclohexenone, illustrating the difficulty in
controlling these reaction systems (Table 2, entries 11–12). In 1993, Murahashi and
coworkers reported the simple oxidation of hydrocarbons using Cu(OH)2 and several
equivalents of acetaldehyde as a peroxide precursor.53 At room temperature and 1 atm O2,
low conversion to mixtures of ketone and alcohol was observed for cyclohexane,
cyclooctane, and adamantane (Table 2, entries 8,17,23). Interestingly, the addition of 18-
crown-6 to this copper(II) system was later found to provide much higher activity, allowing
extremely high TONs, albeit with still low conversion (Scheme 18).34 The crown ether
ostensibly functions via coordination to the copper catalyst, stabilizing an oxo-copper
species responsible for initial hydrogen abstraction from the alkane. These assertions are
strengthened by the isolation and X-Ray analysis of the crown ether-CuCl2 complex.

Allen et al. Page 7

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Several studies incorporating copper-modified solid supports for heterogeneous oxidation of
alkanes have also been reported. For example, Kempe and coworkers recently reported the
reaction of cycloalkanes under air with copper-modified SiCN ceramics (Cu@SiCN).54

Oxidation afforded the ketone as the major product, and larger cycloalkanes afforded greater
conversions, with cyclohexane affording almost no conversion at all (Scheme 19). The
catalysts were formed through the cross-linking of cupper-coordinated
poly(oraganosilazanes), and were able to be recycled with only a small loss of activity.

While the use of a peroxide or peroxide precursor is most common, thermolytic initiation
can also occur under more forcing conditions. Copper nanoparticle-doped solid supports
were tested for the catalytic oxidation of cyclohexane in the absence of a radical initiator.55

At 20 atm O2 and 120 °C, low conversions (~11–14%) were observed and titanium dioxide
was the most selective support, though alumina demonstrated opposite selectivity toward the
alcohol (Table 2, entries 3–5). Immobilized copper(II) catalysts on a fiberglass solid support
have been studied in cyclohexane oxidation using hydrogen peroxide and molecular oxygen,
although selectivities and yields were not reported.56 Interestingly, a series of studies have
demonstrated that irradiation with visible light aids initiation in the oxidation of a variety of
simple hydrocarbons using copper and oxygen.57 In one report employing CuCl2 as the
catalyst, moderate conversion was achieved at comparatively mild conditions (1 atm O2 and
13 °C), yet poor selectivity between the alcohol and ketone products remains an issue, as
well as formation of other side products, including alkyl chloride (Table 2, entry 14). In an
isolated case, the system of CuCl2, 1-10-phenanthroline, and 2 equivalents of potassium
carbonate was reported to oxidize cylohexane to cyclohexanone with 100% selectivity at rt
under air (Table 2, entry 6).58 The ratio of phenanthroline ligand to copper was found to be
critical to both conversion and selectivity. Though the role of the base is not clear, it is
speculated to aid in the initial hydrogen abstraction to allow such facile oxidation. The
importance of base in alcohol oxidation, and particularly potassium carbonate, has been
reported.59

As demonstrated above, studies on alkane oxygenation are largely restricted to simple and
symmetric hydrocarbons due to the lack of selectivity afforded by present systems.
Schönecker and coworkers have, in contrast, demonstrated a highly selective hydroxylation
of steroidal motifs using a copper and molecular oxygen.63 In this system, an 2-iminopyridyl
moiety is effectively used as a directing group, forming a bidentate copper(II) complex.
After reduction to copper(I) by benzoin and triethylamine, the complex reacts with
molecular oxygen to ultimately afford the β-hydroxylated product after decomplexation and
hydrolysis of the directing group.

Working with very simple substrates, a biomimetic oxidation employing a highly active
bis(μ-oxo) dicopper species on a zeolite support was found to be effective by Groothaert and
coworkers.64 While the process was not catalytic, methane was selectively oxidized to
methanol at 398 K and ethane was oxidized to a 4:1 mixture of ethanol:acetaldehyde in just
2 minutes at ambient temperature. The above two examples, while requiring stoichiometric
copper species, demonstrate the potential power of mild, selective alkane C–H oxygenation.
Development of catalytic variants possessing similar control and reactivity would represent
a significant advance in the field.

II.C. Alkene Oxidation
II.C.1. Allylic Oxidation—As was the case for propargylic systems (see preceding
section), aerobic oxygenation of allylic systems is complicated by the potential for the
unsaturated portion (i.e., the alkene) to also react. Many catalysts and oxidants have been
examined to achieve this transformation,65 which has broad utility both in the production of
commodity chemicals and in the synthesis of pharmaceuticals and natural products. The use
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of oxygen as the oxidant in this transformation is still difficult although some examples have
been documented.

Typical allylic oxidations using copper and oxygen occur through either thermolytic or
peroxide initiated hydrogen abstraction at the allylic position, generally under milder
conditions than those for the corresponding alkyl or benzylic substrates (see Sections II.A
and II.B). As for the oxidations in the preceding sections, selective formation of the potential
oxygenation products (alcohol, carbonyl, peroxide) remains challenging although copper
catalysts have been identified that give good conversion and high levels of selectivity.

A key substrate for allylic oxidation is propylene, which is employed in the current process
for acrolein production using various multicomponent mixed metal catalysts.66 Studies of
copper oxides in a flow reactor for this transformation indicate competing combustion,
particularly when the catalyst was oxidized before use.67,68 Even without pre-oxidation, a
ratio of ~52:44 acrolein:CO2 was observed, with small amounts of acetaldehyde and
propionaldehyde also detected.68 A copper phthalocyanine catalyst on a silica matrix at low
loading (<0.1 wt %) has been reported to catalyze the conversion of propene and oxygen to
acrolein at 475–500 °C with approximately 50% selectivity and 10% yield.69 A more highly
studied substrate is cyclohexene, the oxidation products of which are precursors to many
commodity chemicals. Table 3 contains a summary of this transformation with copper
catalysts using oxygen.

A report by Quici and coworkers explored the fluorous biphasic oxidation of hydrocarbons
using a copper catalyst prepared by N-perfluoroalkylation of the commercially available
1,4,8,11-tetraazacyclotetradecane (Table 3, entry 1).70 In this reaction, the metal catalyst is
soluble in perfluorohexane solvent, while the cyclohexene substrate and oxygenated
products are immiscible, allowing convenient recycling of the catalytic system. Use of 1 mol
% TBHP as an initiator provided a 3:1 mixture of cyclohexenone to cyclohexenol in 6%
conversion at ambient temperature (Scheme 21). Notably, no competitive reactivity of the
alkene was observed. Under the same conditions, cyclooctane provided less than 1%
conversion, demonstrating the higher reactivity of allylic C–H bonds. Further work by Fish
and coworkers identified a fluorous-phase copper catalyst able to be recovered and recycled
in the oxidation of cyclohexenone (Table 3, entry 2).71

Copper-salen complexes attached to various mesoporous or amorphous silica supports have
been tested in the oxidation of cyclohexene (Table 3, entry 3).72 These catalysts provided
high conversions at 60 °C with a peroxide initiator and oxygen atmosphere. However, the
alcohol and ketone products were produced in a nearly 1:1 ratio for all copper catalysts
tested. Interestingly, high allylic selectivity was achieved even using stoichiometric H2O2
initiator.

An example of an oxyhemocyanin/oxytyrosinase model compound capable of selective
allylic oxidation of cyclohexene is outlined in Scheme 22 (Table 3, entry 6).74 The
significance of the ligand sphere is particularly evident here in comparison to other copper
systems that result in epoxidation of alkenes (see Section II.C.2). Labeling experiments
confirmed exogenous oxygen as the source of oxygen atoms in the product rather than from
the catalyst peroxo ligand.

The oxidation of a series of hydrocarbon has been tested using a tris(pyrazolyl)borate-
copper complex employing catalytic TBHP and an oxygen atmosphere.35 The results of
these studies provide a useful comparison of the reactivity and selectivity of representative
secondary alkyl, benzylic and allylic substrates under identical conditions (Scheme 23). In
each case, ketone is the predominant product, with smaller amounts of alcohol also forming.
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Notably, no competitive alkene reactivity (epoxide formation) was reported for cyclohexene,
and very high ketone selectivity was observed for ethylbenzene. The conversions are
expectedly dissimilar, with a general reactivity trend of allylic>benzylic>>alkyl observed.
The particular reticence of the unactivated alkyl C–H bond toward oxidation is clearly
observed.

While the above studies are pertinent with regard to industrial processes, poor selectivity
found in current methods precludes allylic oxidation in the routine functionalization of
complex alkenes. Nonetheless, allylic oxidation is a powerful synthetic transformation, and
a copper catalytic system using oxygen under milder conditions would possess many
advantages over reported reagents and catalysts, which rely on toxic metals or costly
oxidants.78

II.C.2. Epoxidation of Alkenes—Catalytic oxidations of alkenes with molecular oxygen
under mild conditions is a significant goal. Though copper containing oxygenase enzymes
can effect successful epoxidation,24a,79 small molecule copper catalysts have been much less
explored in the context of epoxidation (Table 4) due to the potential to undergo competing
allylic oxidation (Section II.C.1).

Propylene oxide is an important synthetic intermediate in the chemical industry. Currently,
methods for production of propylene oxide face environmental issues due to the nature of
the catalyst and oxidants or due to poor selectivity, which requires separations that generate
many byproducts. The catalytic epoxidation of propylene by a “green” oxidant such as
molecular oxygen would be highly desirable. Some success has been seen with copper
catalysts on solid supports80–82 that display stable behavior when using O2 as the oxidant;
however, a large proportion of the substrate is still converted to other byproducts (Table 4,
entries 1–3). Unlike most conditions for alkene epoxidation (see below), the absence of
cooxidant additives implicates copper oxygen intermediates as the reactive species. An
incomplete understanding of these species has limited development of improved catalysts.

An example demonstrating the potential of copper with higher alkene homologues is
outlined in Scheme 24. 34b,53 Using an aldehyde cooxidant, the process works well for di-
and trisubstituted alkenes producing very little of the allylic C-H insertion products.

With copper and oxygen, the aldehyde cooxidant is believed to form peroxy acids. The
epoxidation mechanism appears to involve both peroxy acids and radical species (Scheme
25). The latter is consistent with the formation of mixtures of epoxide diastereomers when
utilizing cis alkenes as subststrates (Scheme 24). The high ratio of hydroxyl directed cis-
epoxidation seen with the copper catalyst, however, is very similar to that observed with
MCPBA (meta-chloroperoxybenzoic acid) supporting the intervention of a peroxy acid
(Scheme 26). The acetate protected version give predominantly the trans-epoxide, again
similar to MCPBA (Scheme 26). Both peroxy acids and radical species appear to form under
the reaction conditions, with the former accounting for product formation except when the
substrates can stabilize radical intermediates (i.e. the stilbenes, Scheme 24).

Other sources of copper have been investigated in similar epoxidations of styrene,
cylcohexene, and decene utilizing air/O2 and an aldehyde with limited success.86 The most
promising system at this time is comprised of a copper perchlorophthalocyanine (CuCl16Pc)
complex, the activity of which is greatly improved by placement in the channels of HSi-
MCM-41 molecular sieves (Scheme 27).84 Notably, this system gave superior results with
molecular oxygen vs TBHP (tert-butylhydroperoxide) as the oxidant. The electron-
withdrawing effect of the chloro substituents on the phthalocyanine stabilizes the reduction
of the copper species thereby facilitating oxidation of the substrates. The hydrophobic nature
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of the cavities containing the copper catalyst in the HSi-MCM-41 molecular sieves further
facilitates the oxidation reaction.

A key drawback to the above reaction formulation is the presence of radical generating
species similar to those employed in allylic C-H functionalization (see Section II.C.1 above).
These species are responsible for the allylic alcohol and allylic ketone byproducts. In an
elegant series of studies, Lambert and coworkers demonstrated that a copper surface
preoxidized with molecular oxygen provided the epoxides in high selectivity with several
substrates including butadiene, styrene, and even β-methyl styrene.87 These studies show
that the high selectivities in copper catalyzed alkene epoxidation with oxygen are possible if
alternate radical reaction pathways can be suppressed.

Apart from flow reactor experiments with propylene, copper catalyzed epoxidations
typically utilize stoichiometric aldehyde as a peracid precursor. In an interesting departure
from this pattern, the epoxidation of norbornene with a copper amidrazone catalyst and
oxygen has been reported in the absence of aldehyde or peroxide (Scheme 28).85 Complete
selectivity to the exo product is reported in high conversion as detected by GC. Due to the
bicyclic structure, the corresponding allylic radical cannot undergo resonance stabilization;
as a consequence, allylic oxidation is not competitive. Hypothetically, the higher
temperatures in this reaction might allow formation of a copper-oxo species, which acts as
the oxygenating source in the absence of typical peracid.

The investigation of epoxidation employing copper and oxygen has overwhelmingly focused
on simple hydrocarbon substrates. However, a unique report by Capdevielle and coworkers
describes the selective epoxidation of tetrahydropyridines with Cu0, oxygen, and acetic acid
(Scheme 29).88 Under the reaction conditions, the epoxide is opened with acetic acid to form
the α-hydroxyacetate products. The authors propose a copper(II) oxo as the active species.
When the N-oxide of the substrate was prepared, the same product was obtained with
stoichiometric Cu(II) under nitrogen. These conditions putatively gives rise the same active
copper(II) oxo species. Although stoichiometric copper is required and conversions are low,
the reaction is notable due to the high selectivity in the presence of another oxidizable
functional group.

II.C.3. Oxidative Difunctionalization of Alkenes—Oxidative difunctionalization has
been more broadly applied to alkynes (see Section II.D.4), but several examples with can
also be found with alkenes. These transformations typically commence with addition of a
heteroatom-copper species across a double bond and subsequent oxidative displacement of
the copper. Examples of initiating heteroatoms and pseudoheteroatoms include oxygen,
nitrogen, sulfur, selenium, and cyanide. In select reactions, radical-mediated processes may
also occur. Formation of polyperoxide polymers has also been shown, for example, by
oxidation of styrene.89

An early report by Owton and coworkers first detailed the catalytic hydroxysulfenylation of
alkenes, a process that previously required stoichiometric lead(IV) salts.90 Simple alicyclic
and aliphatic alkenes were found to react with disulfides in the presence of catalytic copper
acetate under air to afford the corresponding 1,2-hydroxysulfides (Scheme 30). However,
only arylsulfides containing a nitrogen coordinating group afforded product, and yields were
poor to moderate. The proposed mechanism proceeds via copper chelation of the amine and
adjacent sulfur, weakening the disulfide bond and accelerating nucleophilic attack by the
alkene. The resulting cation is trapped by trifluoroacetate, which is subsequently cleaved to
the free hydroxyl group under the reaction conditions (see below).
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Later work by Taniguchi greatly expanded the utility of this process, discovering that a 2,2'-
bipyridyl copper(I) iodide catalyst no longer required a coordinating group on the aryl
disulfide (Scheme 31).91 This method afforded the anti-1,2-acetoxysulfenylated products in
a good yield for a large substrate scope. In addition to disulfides, diselenides could also be
used to good effect (for a similar reaction with alkynes see Section II.D.4).

The mechanism for this reaction proceeds via initial copper coordination to the disulfide,
facilitating nucleophilic attack by the alkene (Scheme 32). The resulting sulfonium ion is
then trapped by acetic acid, releasing the acetoxysulfenylated product. Oxidation of the
PhSCu(I) with oxygen regenerates the Cu(I)X catalyst and disulfide to close the catalytic
cycle while also allowing both “halves” of the disulfide to react. Support for this mechanism
is demonstrated by the finding that preformed PhSCu(I) converts to (PhS)2 in good yield
under the acidic reaction conditions. When the reaction of styrene with (PhS)2 was
attempted under a nitrogen atmosphere, only trace amount of product was observed.

In a recent paper, Taniguchi has also reported the direct, catalytic preparation of alkenyl
sulfones via oxidative coupling of alkenes and sulfinate salts (Scheme 33).92 Although high
temperatures are required, a variety of alkyl and aryl alkenes reacted with bipyridyl
copper(I) iodide under air with sulfinate salts to provide the alkenyl sulfones in good yield.
Interestingly, when KI was omitted from the reaction, small but significant amounts of β-
ketosulfone was detected. Both terminal and internal alkenes could be utilized, with only
(E)-isomers forming regardless of initial alkene geometry. Although the reaction is reported
to proceed via radical mechanism, alternative pathways, including halonium formation, may
also be postulated. For similar reactions with alkynes, see Section II.D.4.

The reaction is reported to proceed via a radical mechanism in which the sulfinate salt is
initially oxidized by a copper species. However, Ratnasamy93 and Stahl94 have reported the
oxidation of bromide to bromine with copper and oxygen in the mechanism for oxidative
oxybromination of arenes (see Section II.E.2). A similar oxidation here would lead to iodine
and alternate mechanisms. Further study is needed to delineate the detailed steps of this
process.

Alkenes can also react with nitrogen nucleophiles in aminofunctionalization reactions. A
useful review of asymmetric aminofunctionalization of unactivated alkenes was reported in
2009.95 Chemler and coworkers described a diasteroselective synthesis of pyrrolidines via
intramolecular copper-mediated aminooxygenation of alkenes.96 In this process,
intramolecular aminocupration of the alkene is followed by oxidative trapping with TEMPO
to afford the aminooxygenated products. Specifically, α-substituted 4-pentenyl sulfonamides
with copper(II) ethylhexanonate [Cu(EH)2] yielded 2,5-cis-pyrrolidines in excellent
diastereoselectivity (dr > 20:1) with excellent yields, while γ-substitution provided 2,3-
trans-pyrrolidines in moderate diastereoselectivity (dr ~ 3:1) (Scheme 34). Further oxidation
of the TEMPO moiety with m-CPBA can afford the pyrrolidyl aldehyde motif, as was
demonstrated in a succinct formal synthesis of (+)-monomorine.

An extension of the method was later reported in which catalytic copper could be employed
under oxygen to afford substituted pyrrolidine and cyclic urea products from the
corresponding alkenylsulfonamides (Scheme 35) and N-allylureas (Scheme 36).97 Again,
excellent (>20:1) diastereoselectivity was observed for α-substituted substrates. Generally,
the use of Cu(OTf)2 with an achiral bisoxazoline ligand was found to provide higher yields
and diastereoselectivities than use of Cu(EH)2 alone for β- or γ-substituted
pentenylsulfonamides. In addition to studying ligand and nitrogen substituent effects on
diastereoselectivity, enantioselective desymmetrization reactions were successful when a
bulky sulfonamide group was employed (Scheme 37).
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The proposed mechanism proceeds with initial coordination and deprotonation of the
sulfonamide to the copper species followed by syn-aminocupration (Scheme 38).
Subsequent homolytic cleavage of the Cu–C bond affords a Cu(I) species and a primary
radical, which is readily trapped with TEMPO. Reoxidation of the Cu(I) to Cu(II) by oxygen
regenerates the active catalyst.

An enantioselective variant of the aminooxygenation of alkenes utilized Cu(OTf)2 with a
chiral bisoxazoline ligand to afford the corresponding indoline and pyrrolidine products in
excellent yield and high optical purity (Scheme 39).98 While TEMPO alone could trap the
proposed alkyl-copper intermediate in addition to acting as the terminal oxidant, performing
the reaction under oxygen was necessary for complete conversion to the pyrrolidine
products.

A catalytic copper and oxygen system has been described for the novel synthesis of γ-
lactones through a formal oxidative [3+2] addition between alkenes and anhydrides (Scheme
40).99 This novel difunctionalization employs Cu(OTf)2 under oxygen to afford a wide array
of functionalized lactones using inexpensive anhydrides, such as acetic anhydride, as
carboesterification agents. High yields were observed for a large array of terminal alkenes.
Internal alkenes however, were not tolerated, and use of secondary anhydrides, such as
propionic anhydride, afforded the products in a 1:1 syn:anti ratio. Alternate oxidants such as
DDQ and TBHP were found to provide only benzaldehyde and recovered starting material
when styrene was the substrate.

Mechanistic studies using stereospecifically deuterium-labeled styrene established a syn-
oxycupration process (Scheme 41). Addition of a TEMPO or BHT did not noticeably affect
the reaction, lending evidence to a non-radical pathway. A potential mechanism for the
reaction involves initial oxycupration via attack of the enolate form of the anhydride with
the alkene. In this instance, the carbocuprate then undergoes carbometalation of a second
alkene to generate the cyclic system. Oxidative decomposition generates the product and
regenerates the catalytic copper species.

Chiba and coworkers have described a unique method for the intramolecular
cyclopropanation of alkenes utilizing stoichiometric copper and oxygen.100 Specifically,
treatment of N-allyl enamine carboxylates with CuBr•SMe2, 2,2-bipyridine, and oxygen
under mild heating affords 3-azabicyclo[3.1.0]hex-2-enes in high yield. Overall, the
transformation represents addition of two carbons across a double bond. Various aryl and
alkyl substituents are tolerated on the enamine (Scheme 42) and allyl (Scheme 43) moieties.
Notably, substrates containing cyclic allyl groups afforded highly strained tricyclic products
in good yield. The reaction of both (Z) and (E)-N-phenylallyl substrates afforded an
approximately 1:1 mixture of diastereomers, providing evidence of a stepwise process.

The reaction occurs sluggishly in the absence of oxygen, providing only small amounts of
cyclized product. Oxygen is therefore proposed to initially react with copper(I) to form a
copper(II)peroxo species. After initial coordination to the substrate (Scheme 44),
carbocupration of the allyl group affords a five-membered ring and an alkyl-copper bond.
Formation of a metallocyclobutane, via deprotonation and ligand exchange, could then
afford the tricyclic product via carbon-carbon bond forming reductive elimination.

Interestingly, simple addition of potassium carbonate to the previously described method
provides orthogonal reactivity, avoiding the cyclopropanation pathway and instead
undergoing carbooxygenation of the allyl double bond. This complementary process utilizes
catalytic Cu(OAc)2 to afford 4-formylpyrroles from N-allyl enamine carboxylate in
moderate yield (Scheme 45). Formation of 4-ketopyrroles by terminal substitution of the
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allyl moiety was not tolerated, affording complex mixtures. However, a variety of 4-
benzoylpyrroles could be formed from substituted N-propargyl enamine carboxylates via
alkyne carbooxygenation (see Section II.D.4).

Although the role of potassium carbonate in controlling product selectivity remains
inconclusive, the authors propose a mechanism beginning with formation of a peroxycopper
adduct with the enamine substrate(Scheme 46). Carbocupration of the N-allyl double bond
affords a cyclized intermediate with a pendant alkyl-peroxycopper species. Subsequent
isomerization and elimination of a reduced copper species installs the aldehyde moiety.
Oxidative aromatization then forms the 4-formylpyrrole product. Subjecting an N-3,3-
dimethylallyl enamine substrate to the reaction conditions provided 2-phenylpyrrole-3-
carboxylate in 24% yield (Scheme 47). Formation of this product may be explained by C–C
bond cleavage to form acetone and a reduced copper species, lending support for a
mechanism involving a peroxide intermediate.

Recently, Zhu and coworkers treated N-(1-phenylallyl)-2-aminopyrazine with a copper(II)
species and oxygen, anticipating a copper-promoted C–H amination of the double bond and
oxidative aromatization.101 However, a heterocyclic aldehyde was formed instead via an
aminooxygenation process. This reaction was found to be general for a wide range of N-
allyl-2-aminopyradines, providing the aldehyde products in good to moderate yields
(Scheme 48). Under slightly different conditions, N-allylamidines provided the imidizolyl
aldehyde products in more modest yields.

Mechanistic studies ruled out formal benzylic C–H or alcohol oxidation following ring
closure as a potential pathway. Addition of TEMPO yielded no carbon-TEMPO adduct, and
no reaction was observed when performing the reaction with superstoichiometric copper
under argon. Using an 18O2 atmosphere provided the product with 95% isotopic
incorporation, precluding adventitious water as the oxygen source. On the basis of the above
results, a mechanism is proposed (Scheme 49) in which initial coordination of the pyridyl
ring to copper is followed by deprotonation. The subsequent adduct reacts with dioxygen to
form a peroxycopper intermediate. Aminocupration of the alkene generates an alkyl-copper
intermediate, which, upon rearrangement and elimination of a reduced copper hydroxide
species, yields the aldehyde product.

In a related system, a direct intramolecular C–H amination of pyridines with alkenes has
been reported to provide complex N-heterocycles in good yields.102 Specifically, pyridyl
substituted 3-methyleneisoindolin-1-ones were treated with catalytic copper(II)
trifluoroacetate under air to afford the polycyclic N-heterocycles in good yield (Scheme 50).
Limitations to the method include little allowance for structural changes in the substrate and
the requirement of several equivalents of pivalic acid.

The mechanism of the transformation proceeds through initial chelation of the pyridyl
moiety with copper and subsequent deprotonation (Scheme 51). In marked contrast to the
aforementioned reactions, the proposed aminocupration results in an internal, tertiary
carbon–copper bond, although an oxidative radical cyclization may also be envisioned.
Further oxidation then provides the conjugated alkene.

A series of studies by Teyssie and coworkers focused on the copper-catalyzed
difunctionalization of vinylogous substrates, and particularly butadiene. In these systems,
reaction at the termini of the substrates is presumably mediated by conjugation. A primary
investigation focused on the oxidative diacetoxylation of butadiene.103 Optimized conditions
consisting of Cu(OAc)2, LiBr, and acetic acid/acetic anhydride solvent provided a mixture
of 3,4 and 1,4-diacetoxybutene in ~60% yield along with 5% monoacetoxybutenes (Scheme
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52). In nearly all of these trials, the diacetoxybutene regioisomers were isolated in an
approximate 1:1 ratio due to a slow isomerization pathway under the reaction conditions.
High pressures of oxygen were necessary to diminish formation of monoacetoxylation
product. The use of LiBr was found to be necessary for catalytic activity. Both epoxybutene
and dihalobutenes, postulated intermediates for the reaction, were tested under the reaction
conditions. Although the epoxide intermediate provided isomer ratios similar to the primary
reaction, other potential pathways and intermediates, including a bromonium species, cannot
be excluded.

Interestingly, when the aforementioned diacetoxylation conditions were applied to 1,5-
diphenylbutadiene, 2,5-diphenylfuran was isolated in good yield (Scheme 53).104 The
unique nature of this substrate ostensibly favors an oxidative vinylogous cyclization
pathway. A possible mechanism may proceed via attack of a peroxo-copper species on the
benzylic position, forming a radical stabilized through extended conjugation. This
intermediate can then close to the furan through O–O bond scission and subsequent
rearomatization.

Oxidative dicyanation of butadiene, a similar reaction, was later investigated and found to be
a more regioselective process.105 Using a combination of copper(I) bromide and copper(I)
iodide with hydrogen cyanide could produce 1,4-dicyanobutene in 60% yield (Scheme 54).
Unfortunately, the process appears restricted to butadiene: reaction of 1,3-pentadiene
yielded <17% of dicyanated product. The fact that radical traps did not retard the reaction
and that a halide source was critical for high conversion, suggest the intermediacy of a
halonium pathway.

II.D. Alkyne Oxidation
II.D.1. Propargylic Oxidation—Aerobic oxidation of propargylic substrates is
complicated by competitive alkyne reaction pathways as well as potential overoxidation to
carboxylic acid products. One system that overcomes these challenges utilizes NHPI in
conjunction with a copper(II) catalyst to selectively oxidize propargylic substrates to the
corresponding conjugated carbonyl products (Scheme 55).106 While NHPI alone can
catalyze the reaction of certain substrates, the addition of the copper catalyst significantly
enhances reactivity, allowing for lower reaction temperatures, as well as playing a key role
in the final oxidation of the initial propargylic alcohol to the ketone product. Presumably,
the mechanism proceeds via formation of the NHPI radical (for example, see Scheme 6).

II.D.2. Glaser-Hay Reaction—The copper-catalyzed dimerization of terminal alkynes to
form 1,3-diynes is a facile C–C bond forming process. It has been employed in numerous
applications, including the construction of linear π-conjugated acetylenic oligomers and
polymers, the synthesis of natural products, and the polymerization of diacetylenes. A
comprehensive review by Cadiot and Chodkiewisz appeared in 1969,107 as well as a further
review by Diederich in 2000.108 A general review of hydrocarbon couplings was published
in 2010.109 In this section, the development of the Glaser-Hay coupling is presented with
representative examples, and a comprehensive overview of couplings from 2000–2011 is
provided.

The origin of the Glaser-Hay reaction dates back to 1869, when Carl Glaser formed the
copper(I) salt of phenylacetylene upon treatment with a copper(I) and ammonia (Scheme
56).110 Upon exposure to air, the homocoupled 1,3-diyne was isolated. It was not until 1956
that Eglinton and Galbraith improved the synthetic viability of the reaction by reporting the
homogeneous coupling of alkynes using stoichiometric copper(II)acetate in the presence of
pyridine and methanol.111 The use of catalytic copper and oxygen to effect the oxidative
homocoupling of terminal alkynes was published in a landmark advance by Hay in 1962.112
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The bidentate tertiary amine ligand N,N,N',N'-tetramethylethylenediamine (TMEDA)
provides enhanced solubility to the reactive copper intermediate, and the classical Hay
conditions (CuCl, TMEDA, and oxygen) continue to be widely used. These mild conditions
typically provide high yields. The reaction conditions permit many functional groups to be
employed including unprotected hydroxyls (see Scheme 56 above). The poor ability of
alkynes to transfer from copper in conjugate addition means that enones and carbonyls are
also compatible. Homocoupling predominates even with mixtures of alkynes. The
appearance of an Organic Syntheses description is a manifestation of the high reliability of
the process (Scheme 57).113

Several studies to further optimize and expand alkyne dimerization have been reported. For
example, Beifuss and co-workers undertook a systematic study of ligand and base effects on
the homocoupling of various acetylenes.114 While TMEDA was again demonstrated to be
the ligand of choice, addition of one equivalent of hindered base further improved the
reaction efficiency. Specifically, DBU was effective for aryl acetylenes and DABCO for
alkyl acetylenes. The authors attribute this difference in the latter case due to the decreased
acidity of the acetylenic proton.

A recent study has demonstrated that the addition of a equimolar amount of a Ni(0) catalyst
to standard Hay conditions greatly increases reaction rate in homocoupling and
heterocoupling of terminal alkynes.115,116 The authors demonstrate that nickel undergoes
redox with oxygen as the oxidant, while Cu forms copper acetylides that transmetallate to
nickel. A similar cooperative behavior has also been reported with iron117 and
palladium118for alkyne coupling.

Wan and coworkers demonstrated the use of piperidine and toluene as alternative conditions
for the dimerization of aryl and alkyl terminal alkynes.119 High yields were obtained for a
variety of substrates, although higher temperatures were necessary in comparison to
classical conditions. In an effort to identify a “greener” modification of the Hay coupling,
Chen and coworkers reported solvent-free conditions, using just 3 mol% CuCl and 3 mol%
pyridine in air.120 Both alkyl and aryl acetylenes were homocoupled in good yield, although
higher temperatures were required in comparison to typical conditions. Similarly,
polyethylene glycol can be used as an environmentally benign reaction medium.121 And,
ionic liquids have been employed with the classical Hay catalyst (CuCl, TMEDA, O2, rt).122

These solvents have the advantage of being easily recyclable after extraction of the product
with an organic solvent.

Heterogeneous catalysis has been applied to the Hay coupling. Examples of supported
catalysts include supported copper hydroxide on titania123 and cuprous chloride-doped
zeolites.124 Although these systems afford good yields of homocoupled products without
added ligand, greatly elevated temperatures (100–110 °C) are required. A homogeneous
copper-containing silicotungstate catalyst has also been reported to effect the Hay
coupling.125 The catalyst could be recycled via precipitation, and no added ligand was
necessary. However, similar to the heterogeneous and ligand-free catalysts, greatly increased
temperatures were necessary. The use of ball milling alkyl or aryl alkynes with KF-Al2O3
and CuI catalyst has also been reported to provide the corresponding diyne products in good
yield.126 This process avoids the use of both solvent and ligand.

Numerous dimerizations via Glaser-Hay coupling have been implemented (see Table 5). In
the context of natural product synthesis, the method proved key in approaching the
caryoynencins, which contain 1,3,5,7-octatetraynes and show potent antibacterial activity.
Specifically, the conjugated polyynes are highly unstable, polymerizing readily, and present
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a significant synthetic challenge. The mild nature of Hay alkyne dimerization afforded the
requisite tetrayne in high yield en route to the caryoynencins (Scheme 59).127

Perhaps more than any other area, the Glaser-Hay coupling has become a critical process in
supermolecular chemistry. The controlled formation of diacetylene linkages allows access to
an array of well-defined molecular architectures such as molecular rods, macrocycles, and
extended π-conjugated systems.128 Possible applications of such advanced materials include
nonlinear optical devices and molecular photochemical switches. Tykwinski and coworkers
have explored extended π-conjugated materials based on the iso-polydiacetylene and iso-
polytriacetylene linkages.129 These unique systems, which lack arene linkers, are assembled
by Sonagashira coupling of vinyl triflates with 1-silylalkynes and Hay dimerization upon
strategic silyl group removal. The products possess interesting structural, optical, and
electronic properties.

More recently, the dibrominated iso-polytriacetylene has been used in studies towards the
realization of carbyne.130 Treatment with 2 equivalents of n-BuLi triggers a Fritsch-
Buttenberg-Wiechell Rearrangement to form the silyl-protected triacetylene intermediate
(Scheme 60). Subsequent silyl deprotection and tandem Hay coupling forms the hexa-
acetylenic dimer in excellent yield. This strategy was used to construct linear polyynes of up
to ten consecutive acetylene linkages, structures typically unobtainable due to the sensitivity
of the substrates.

Extended tetrathiafulvene-based molecules have received considerable attention due to their
unique redox properties and potential use as organic conducting and nonlinear optical
materials.131 An iterative Glaser-Hay process has been used to synthesize thiafulvene units
with polyacetylene linkers (Scheme 61).132 The method first extends the initial monoalkyne
by methanolic cleavage of the more labile silyl protecting group and ensuing Glaser-Hay
cross-coupling with TMS-acetylene (see section II.D.3). Treatment of the resulting TMS-
diyne under similar deprotection/oxidation conditions affords the extended thiafulvene
structure in good yield.

Provided that the ring size permits digonal carbon centers, the Glaser-Hay reaction is also
useful for macrocyclization.133 For example, spontaneous trimerization of a chiral
binaphthalenediyne under the Hay reaction conditions generated receptors for pyranoside
binding (Scheme 62).134 Some tetramer was also observed in this process. Templated
cycloisomerizations have been used to good effect to better control oligomer sizes in other
systems.135

Intramolecular alkynyl coupling can also be utilized as an effective macrocyclization
technique. High dilution promotes the already predisposed substrates toward intramolecular
ring closure over competitive oligomerization processes. This concept has been applied to
the formation of an all-carbon macrocyclic poly-enyne conjugated system formed by initial
alkynyl silane deprotection followed by classic Hay conditions (Scheme 63a).136 A fully
conjugated macrocycle containing a pyridyl ring was formed in a similar manner via silyl
deprotection of an extended enyne system and intramolecular Hay coupling using several
equivalents of copper (Scheme 63b).137 In a final example, an oligomeric arenediyne system
is subjected to sequential silane deprotection and Hay conditions (Scheme 63c).138 This
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process induces multiple intramolecular Hay cyclizations, affording a linearly-fused
benzodehydro[12]annulenes.

The Glaser-Hay reaction can also be employed to form polymers and is remarkably tolerant
of functionality (see Table 7). For example, terminal alkynes in organotransition metal
complexes undergo copper-catalyzed couplings. Bunz has employed Hay conditions to
prepare molecular rods incorporating cyclopentadienyl π-complexes that have interesting
material properties (Scheme 64).139

Mecking and co-workers reported copolymerization under Hay conditions of arenediynes
with modified alkyne-containing dyes to give polymers with interesting photoluminescent
properties.140 Using 4,4'-dinonyl-2,2'-bipyridine as an amphiphilic ligand, allowed
successful microemulsion copolymerization under biphasic conditions to afford a
perylenediimide-containing nanoparticle polymer with fluorescent properties (Scheme 65).

Different bis- and mono-alkynes can be combined resulting in an oligomeric/polymeric
backbone capped with nonreacting termini (see Table 6). The amount and timing of the
addition of the endcapping monoalkyne allows some control over chain length. For example,
Diederich and coworkers have prepared a series of conjugated materials containing “donor-
donor and acceptor-acceptor endfunctionalized poly(triacetylene)oligomers)” using this
method.141 With (E)-1,2-diethynylethene and tetraethynylethene sub-units, statistical
mixtures of extended conjugative oligomers (Scheme 66).142

A similar process was conducted in the oligomerization of a platinum-linked octayne with
phenylacetylene (Scheme 67).143 To promote longer chain length oligomers, addition of the
monoalkyne endcap was delayed until later in the course of the reaction. The hexameric
molecular rod was determined to be over 12 nm in length, and a nearly complete lack of π-
electron delocalization across the system demonstrated the insulative properties of the
platinum centers.

In addition to polymerizing bisalkynes, it is also possible to oxidative couple two different
functional groups under Glaser-Hay condition with complete chemoselectivity. Upon
treatment of an alkyl alkyne-containing naphthol with standard, achiral Glaser-Hay catalyst,
the oxidative biaryl coupling was demonstrated to occur selectively over Hay coupling
(Scheme 68).144 With higher temperatures, a chiral 1,5-aza-cis-decalin copper catalyst was
able to perform the asymmetric oxidative biaryl coupling in tandem with the Glaser-Hay
alkynyl coupling to afford an enantioenriched binaphthyl polymer with excellent
chemoselectivity. Significantly, when as aryl alkyne was incorporated into the naphthol
structure, the Hay process was found to occur faster than the naphthol coupling. Overall the
relative reaction rates of various moieties with the chiral copper catalyst followed the order:
benzyl cyanides >> aryl alkynes > electron-rich 2-naphthols > electron-deficient 2-naphthols
> alkyl alkynes. No cross-reactivity of the phenol with the alkyne coupling was observed in
any case.

Surprisingly few mechanistic investigations of copper catalyzed alkyne couplings have been
reported, given their wide applicability in synthesis, and the potential for improved
conditions that a more complete mechanistic understanding could provide. Most work has
focused on the stoichiometric versions (Glaser and Eglinton, see Scheme 56), and several
hypotheses remain regarding specific oxidation states and structures of the copper
intermediates. The available evidence largely supports at least two mechanisms in which
deprotonation either precedes or accompanies metal complexation, depending on the
reaction conditions. Acidic conditions (pH = 3) decrease the rate of coupling, but activity
can be recovered with a copper(I) salt. This observation supports the theory that the copper
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initially coordinates to the alkyne to form a Cu(I) π-complex, activating the alkyne for
deprotonation. In contrast, the coupling is faster under basic conditions and for more acidic
terminal alkynes, indicating the possibility of a direct deprotonation pathway. ESR studies
on basic solutions detected only copper(II) species, supporting the rapid reoxidation of
copper(I) to copper(II). In contrast, this reoxidation is significantly slower under acidic
conditions, again indicating alkyne complexation to facilitate deprotonation. With mixtures
of alkynes, homocoupled products are formed (see Section II.D.3), making a radical
mechanism unlikely, as statistical distributions would be expected. In conjunction with a
second order rate dependence on alkyne concentration, the above data supports a mechanism
for alkyne dimerization as illustrated in Scheme 69.

A recent DFT study indicated that reaction of two copper acetylide units with molecular
oxygen to form a dicopper-dioxygen complex is the key step.226 However, a mechanism
involving three copper ions (two Cu(I) and one Cu(II)) for each alkyne unit in the rate-
limiting oxidative dimerization step has also been proposed.227 Evidently, a clear
understanding of the copper-mediated oxidative coupling of alkynes remains incomplete.

II.D.3. Cross Coupling with Alkynes—The cross coupling of an alkyne with another
species is difficult as homocoupling via Glaser-Hay reaction is typically favored (see
Section II.D.2). The synthesis of unsymmetrical diynes has been achieved to great success
via Cadiot-Chodkiewicz coupling conditions (Scheme 70).228 However, this nonoxidative,
copper-catalyzed process requires a prefunctionalized bromoalkyne coupling partner.
Consequently, successful development of oxidative cross-coupling of alkynes would
potentially access these unsymmetrical diynes in a more direct manner.

Utilizing Hay conditions with two similar alkynes, formation of cross-coupling products can
be favored by substrate stoichiometry. Many reports have exploited this concept by
employing a vast excess of a less costly alkyne component (see Table 6).119,120 A general
method for the cross-coupling of arylacetylenes was recently studied by Kesavan and
Balaraman.229 After screening a variety of copper catalysts and bases for the homocoupling
of phenylacetylene, the optimized conditions were tested on the cross-coupling of a series of
simple aryl and alkyl acetyelenes (Scheme 71). Good to excellent yields of the cross-
coupled diynes were afforded using Cu(OAc)2·H2O, piperidine, and air at room temperature.
However, a five-fold excess of one of the alkyne partners were required, and, as expected,
large amounts of homodimer were also formed.

A recent example by Schrader and coworkers demonstrates the alkyne-alkyne cross-
coupling of more complex substrates useful for artificial signal transduction (Scheme 72).230

Their construction of these transmembrane structures utilized a cross-coupling under Hay
conditions to afford the diynes in moderate yield. Cadiot-Chodciewiczk conditions were
reported to provide complex mixtures and low yields (<30%) of the unsymmetric dimer.
Employing an excess of the simpler alkyne with several equivalents of copper and ligand
resulted in much more satisfactory yields for a variety of elaborated terminal alkynes
(Scheme 72).

Another example of complex alkynyl cross-coupling was reported in the synthesis of
functionalized oligodeoxynucleotides.196 The reported method allows post-synthetic
modification of resin-supported oligodeoxynucleotides containing a terminal alkyne unit
with a variety of functionalized alkynes via copper-catalyzed coupling. Specifically, alkynyl
modified fluorescein, biotin, and anthroquinone tags were coupled with the resin-bound
substrate, and subsequently deprotected with concentrated ammonium hydroxide (Scheme
73).
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For the direct cross-coupling of alkynes, the strategy of using an excess of one partner is the
state of the art. However, coupling of alkynyl acids and terminal alkynes via a copper-
catalyzed decarboxylative cross-coupling leads to unsymmetric diynes with higher
efficiency (Scheme 74).231 In comparison to the previous cross-couplings, only a slight
excess of the priopiolic acid is used. However, high temperatures are required, the acids are
restricted to aryl and styrylpriopolic acids, and yields are moderate to poor. The process can
be considered a green variant of the Cadiot-Chodciewiczk coupling, which employs a
haloalkyne. Here the only byproducts of the coupling are carbon dioxide and water instead
of hydrochloric acid.

Cross-coupling reactions with a variety of non-alkynyl nucleophiles has also been
demonstrated. An interesting cross coupling of alkynes with trifluoromethyl anions has been
reported (Scheme 75).232 Formation of the alkyne homodimer proved to be highly favorable
and was suppressed by slow addition of the alkyne to the trifluoromethyl anion, “CuCF3”
which was generated in situ by combining TMS-CF3 with CuI/phenanthroline and KF. The
phenanthroline profoundly affects the product distribution. Its role may include stabilization
of the CuCF3 adduct by chelation and increasing the electron density at copper to promote
Cu(II) or Cu(III) formation. In this case, the replacement of air with O2 shifted the outcome
to the homodimer entirely. While some oxygen is required for the oxidation portion, a high
concentration appears to quench the “CuCF3” intermediate.

Stahl and coworkers accomplished the cross coupling of alkynes with amides in the presence
of a moderately strong base (Na2CO3) which presumably assists in deprotonation of the
amide (Scheme 76).233 Accordingly, effective nucleophiles in the reactions exhibit a pKa in
the range of 15–23 (DMSO). Interestingly, not all substrates with a pKa in this range,
including pyridone (17.0) and acetanilide (21.5), are effective. The competitive
homodimerization byproduct could be reduced to <5% by utilizing 5 equivalents of the
nitrogen nucleophile and by slow addition of the alkyne to the reaction mixture over 4 h.
Another process, which may proceed in a similar manner, via alkynyl amines, is outlined in
the Section II.D.4 below (see Scheme 92).

A novel, oxidative construction of C–P bonds was discovered by Han and coworkers when
air was introduced while performing copper(I)-mediated hydrophosphorylation of
alkynes.234 Rather than providing the expected alkenylphosphrous compounds, reaction of
alkynes and H-phosphonates with a copper(I) catalyst in the presence of oxygen provided
the corresponding alkynylphosphonates in excellent yield (Scheme 77). Both copper(I) and
copper(II) sources were found to facilitate the reaction. A large variety of aryl and alkyl
alkynes are tolerated under the reaction conditions. Similarly, complex phosphonates were
incorporated in good yield; secondary phosphine oxides, however, were oxidized to the
phosphinic acid. Notably, an excess of one of the coupling partners is not necessary in the
reaction.

Recently, reports of alkynyl-aryl coupling under copper and oxygen catalysis have emerged
(see Section II.E.4). For example, aryl and heteroaryl alkynes can be coupled with
polyfluoroarenes in good yield with catalytic copper(II) salts under mild conditions.
Additionally, oxazoles have been shown to be capable coupling partners with aryl and alkyl
alkynes, affording the conjugated products in moderate yields. In these alknyl-aryl
couplings, excess amounts of arene substrate are necessary to minimize the favored Hay
dimerizations.

The cross-couplings described in this section may proceed via a bimetallic mechanism
similar to that of the Hay alkyne dimerization (see Scheme 69) as outlined in Scheme 78a. In
this pathway, the redox couple is between two Cu(II) and two Cu(I). On the other hand,
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most of the mechanistic work on the coupling of alkynes with other partners (aryl,
trifluoromethyl, nitrogen nucleophiles, and phosphonates) points to the alternate pathway in
Scheme 78b. Presumably, the mixed copper dimer complex is less stable due to one less π-
bonding interaction. In the monometallic pathway, the alkynyl copper species forms first.
Subsequent coordination of the nucleophilic coupling partner and oxidation provides a
provides a Cu(III) species, which undergoes reductive elimination to a Cu(I) species which
is rapidly reoxidized to a Cu(II) intermediate. In both of the proposed pathways, the primary
competing process is diyne formation. Consequently, a selective process for cross-coupling
must effectively compete with the facile insertion of copper into the C–H bond of an alkyne.

Additional mechanistic studies of these transformations would provide a useful framework
with which to develop improved alkyne cross coupling methods with a broader range of
nucleophiles. Further challenges include lowering the amount of excess coupling partner as
well as reducing copper catalyst loading.

II.D.4. Oxidative Difunctionalization of Alkynes—The following reactions
incorporate functionality at both “termini” of an alkyne. Although difunctionalization with
two heteroatoms is common, C–C bond construction followed by a final oxidative C–
heteroatom formation can also occur.

In extension to studies on alkene oxidative difunctionalization (see Section III.C.3),
Taniguchi has reported the halosulfenylation of internal alkynes.235 This process utilizes
copper (I) iodide, 2,2'-bipyridyl, and a tetralkylammonium halide to provide the
corresponding trans-haloalkenyl sulfide. Good yields could be obtained for bromides and
iodides, whereas chloride was incorporated in low yield. Additionally, both “halves” of the
disulfide could be used. A later report236 expanded the substrate scope, demonstrating the
use of both disulfides and diselenides, and CsCl and tetrabutylammonium isothiocyanide as
successful chloride and isothyocyanide sources, respectively (Scheme 79). The synthetic
utility of the method was further demonstrated with a short synthesis of (Z)-tamoxifen, an
estrogen antagonist effective against metastatic breast cancer (Scheme 80).

The mechanism for the transformation (Scheme 81) mirrors that described earlier for the
acetoxysulfenylation of alkenes (see Scheme 32). It may also be speculated, particularly due
to the sensitivity of halide source utilized, that the reaction proceeds through a halonium
intermediate, followed by oxidative sulfide/selenide coupling.

Alkynes can undergo a related process when treated under identical conditions with a
sulfinate salt and potassium halide (see Section II.C.3).92 The process allows quick access to
(E)-β-haloalkenyl sulfones from terminal alkynes in good to moderate yields (Scheme 82).
Internal alkynes containing substitution larger than a methyl group (e.g. diphenylacetylene)
provided only trace product. Although the reaction is reported to proceed via radical
mechanism, alternative pathways, including halonium formation, may also be postulated.

In a key report by Barluenga and coworkers, the copper-catalyzed cyclization of bis-
propargylic esters to regioselectively form substituted furans was investigated.237 The
reaction was presumed to proceed through formation of a copper carbene intermediate
following cyclization. When the reaction was carried out under air, moderate yields of the
oxidized 2-acylfuran products were formed (Scheme 83).

The reaction is proposed to proceed through an initial copper-catalyzed isomerization
process that is believed to be a 1,2- or 1,3-acyloxy migration238 to afford an α,β,γ,δ-
unsaturated carbonyl (Scheme 84). Copper-promoted 5-exo-dig addition of the carbonyl
oxygen to the alkyne forms a vinyl copper(I) species that can isomerize to a copper(II)
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carbene. Subsequent oxidation with molecular oxygen generates the resultant ketone.
Although the copper(II) carbene did not give rise to any cyclopropanated products upon
treatment with alkenes, incorporation of silicon and germanium hydrides occurred in a
tandem process. Similarly, performing the reaction with several equivalents of ethyl
diazoaceate provided the carbon-carbon double bond providing support for the intermediacy
of the copper(II) carbene.

The oxidation of copper carbenes to afford 2-acylfurans was later effected via
intermolecular cyclization/oxidation sequence using alkynols and an activated alkyne
(Scheme 85).239 The process performs well with small loadings of CuI under oxygen to
afford ketone or aldehyde-containing furans in good yields from readily available starting
materials. Although variation of the alkynol was well tolerated, the activated alkyne is
limited specifically to diethyl but-2-ynedioate.

Subsequent work demonstrated that copper(I) oxide nanoparticles were much more effective
catalysts in the reaction, allowing for lower reaction temperatures (50 °C) and different
alkyne acceptors to be utilized, such as ethyl phenylpropynoate.240 Supporting the presence
of a carbene intermediate, addition of ethyl 2-diazoacetate yielded the anticipated vinylfuran
formed in 32% yield.

The first step in the process is a base-catalyzed conjugate addition of the alcohol into the
activated ester (Scheme 86). Subsequently, a 6-endo dig carbocupration occurs followed by
elimination to form an allenyl intermediate. Further enolization and oxycupration yields the
furan core. Generation of the copper carbene and oxygenation by molecular oxygen leads to
the final product. Notably, no product is observed in the absence of an oxygen atmosphere.
With deuterated alkynol (R-OD), no deuterium incorporation was detected in the products.

An intramolecular oxidative carbocyclization reaction to form 1,4-naphthoquinones was
recently reported by Li and coworkers.241 Moderate yields were obtained when employing
CuCl2 under oxygen and mild heating. Addition of a cooxidant (i.e. cerium sulfate)
noticeably improved the yields, although no product was formed in the absence of either
oxygen or copper catalyst. Interestingly, this process incorporates oxygen atoms from both
water and molecular oxygen, as well as using oxygen as the terminal oxidant. A wide variety
of functionality is tolerated under the reaction conditions, affording elaborated 1,4-
naphthoquinones from the corresponding 1,6-enyne substrates (Scheme 87).

Labeling studies using H2
18O indicated that the exocyclic oxygen derives water, whereas the

naphthoquinone oxygen derives from molecular oxygen. No incorporation of ethyl 2-
diazoacetate was observed under the optimized reaction conditions, pointing away from a
carbene-forming mechanism. A pathway involving addition of water across the alkyne was
refuted by the fact that the ketone substrate expected from this transformation did not form
the naphthoquinone product. Addition of TEMPO or 1,1-diphenylethene greatly inhibited
the reaction, suggesting a radical mechanism may be operating. Based on the above
experiments, a potential mechanism can be postulated (Scheme 88). Addition of water to the
enyne affords a putative copper(II) enolate, which can subsequently undergo carbocupration
with the proximal alkyne. Reaction of the resulting cyclized product with molecular oxygen
forms a peroxocopper(III) species. After rearrangement and elimination, the alcohol
intermediate is further oxidized to form the fully conjugated 2-keto-1,4-benzoquinones.
Expelled Cu(OH)Cl reacts with HCl to regenerate the catalytic species.

An example of copper-catalyzed oxidative cyclizization of alkynes has recently been
described by Chiba and coworkers.100 Specifically, 4-benzoylpyrroles are formed in good
yield from N-propargyl enamine carboxylates upon exposure to CuCl2, DABCO, and

Allen et al. Page 22

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



oxygen (Scheme 89). Several aryl alkynes containing aryl and alkyl substitution on the
enamine were tolerated under the reaction conditions. The reaction may proceed via a
similar mechanism as described for the carbooxygenation of N-allyl enamaine carboxylates
(Section II.C.3, see Scheme 46). After initial formation of a peroxycopper adduct with the
substrate, subsequent carbocupration of the alkyne affords a cyclized alkyl-peroxycopper
intermediate. Isomerization and elimination of a reduced copper species then affords the 4-
benzoylpyrrole product.

Miura and coworkers have reported a novel construction of biaryl heterocycles through a
tandem oxycupration/oxidative coupling process.242 Specifically, 2-alkynylphenols react
with 1,3,4-oxadiazoles using (1,2-phenanthroline)CuF2 and base at room temperature to
afford the biheteroaryl products in good to moderate yield (Scheme 90a). The ratio of 2:1
copper:ligand was found to be crucial to reaction efficiency. Although the majority of the
report focuses on the use of superstoichiometric copper, the use of catalytic copper has been
demonstrated to provide products in slightly lower yield when using MnO2 as a cooxidant
(Scheme 90b). Even with MnO2, oxygen was found to be necessary, as reaction under
nitrogen gave poor yields. However, a strict oxygen atmosphere also provided poorer
efficiency in comparison to air.

A possible mechanism for the reaction (Scheme 91) proceeds via initial oxycupration of the
alkyne following copper coordination. Copper-assisted deprotonation of the oxadiazole with
K3PO4 affords a vinyl-aryl-copper(II) species. Oxidatively induced reductive elimination
provides the biheteroaryl product and subsequent oxidation of the copper regenerates the
copper(II) species.

The first reported synthesis of a-ketoamides via diketonization of alkynes has been reported
by Jiao and coworkers.243 This process oxidatively couples a primary aniline with a terminal
alkyne using catalytic copper(II)bromide and TEMPO under oxygen. Further reaction with
dioxygen forms the dicarbonyl species (Scheme 92). Aryl, heteroaryl, and vinyl alkynes
provide the products in good yield, whereas alkyl alkynes did not give product. Electron-rich
primary anilines afforded higher reaction efficiency than electron-poor substrates, and no
product was observed when alkyl amines were used.

Although addition of several equivalents of water was found to improve the yield, labeling
studies identified molecular oxygen as the source of both oxygen atoms in the ketoamide
products. EPR studies also indicated the presence of a peroxo radical as a key reaction
intermediate. With the above information, a possible reaction pathway (Scheme 93) can be
postulated beginning with initial deprotonative coordination of the aniline to copper.
Subsequent aminocupration of the alkyne yields a vinyl copper(II) species that can undergo
homolytic cleavage, resulting in a stabilized benzylic radical. Reaction with molecular
oxygen, cyclization, and further oxidation by either TEMPO or oxygen then releases the
ketoamide product. An alternative mechanism, in which an oxidative coupling of the aniline
to the alkyne forms an ynamine similar to the couplings of amides to alkynes (see Section
II.D.3), may also be possible. Subsequent oxidation of the ynamine by copper and oxygen
would then lead to the diketone.

II.E. Arenes
Oxidative C–H insertion reactions of arenes has garnered a considerable amount of
attention, and much progress has been seen with palladium catalysts. However, use of
inexpensive metal catalysts, such as copper, in combination with oxygen, is a highly
attractive alternative. Many recent discoveries have provided a strong foundation for the
utility of this approach. Although considerable mechanistic evidence supports the viability
of copper C–H insertion to afford an aryl copper intermediate,244 arene oxidations with
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copper reported in the literature encompass a range of potential mechanisms that can be
broadly divided into three categories: 1) nucleophilic attack of the arene on an electrophilic
metal, 2) reaction of the arene via a radical cation with a substituent coordinated to copper,
or 3) C–H insertion. Pertinent reviews involving C–H bond functionalization of
hydrocarbons245 and arenes246 have been recently published, as well as a review on copper-
mediated oxygen insertion reactions.247

II.E.1. Arene Hydroxylation—This section focuses on the introduction of an hydroxyl
substituent onto arenes via oxygenation. Sections below discuss other oxidative oxidative
C–H insertions of arenes. Oxygenative C–H functionalization of hydrocarbons typically
proceed via radicals. As such, functionalization of the strong arene C–H bonds presents a
significant challenge since other benzylic or alkyl centers possess weaker C–H bonds and
will react competitively or preferentially. Therefore, the main target for arene oxygenation is
the direct conversion of benzene to phenol. Due to the industrial significance of phenol as a
key commodity chemical, an efficient preparation from benzene using an inexpensive
catalyst and oxygen would provide an attractive alternative to the current three-step process
from cumene.

A patent by Dow Chemical Company in 1968 described the generation of phenol from
benzene using a copper(I) source under oxygen and acidic conditions in 7.5% yield with
respect to copper.248 Similar yields of phenol were later reported by Sasaki and coworkers
using dilute aqueous sulfuric acid, CuCl, and oxygen at room temperature (Scheme 94).249

Hydroquinone also forms in significant quantities, along with smaller amounts of catechol.

Copper serves as a reductant in this process, reacting with oxygen under acidic conditions to
form hydroxyl radicals. Copper(II), confirmed to be inactive as a catalyst, is generated
through the process. The mechanism presumably proceeds through attack of the hydroxide
radical on benzene to afford a hydroxycyclohexadienyl radical (Scheme 95). One electron
oxidation and rearomatization affords the phenol product. Alternatively, formation of
hydroquinone byproduct can occur through reaction of the radical intermediate with
molecular oxygen, as observed in an 18O2 labeling study.250 Additional support for this
mechanism was found in the high selectivity of phenol in the absence of oxygen and using
hydrogen peroxide as the hydroxyl radical precursor.

Additional studies have focused on identifying reducing conditions for copper(I)
regeneration, including electrochemically251 or with ascorbic acid (Scheme 96),252 and
conditions to affect the phenol/hydroquinone ratio.253

Several heterogeneous and supported copper-containing catalysts have been tested in this
transformation in both liquid254 and gas phase.255 Unfortunately, conversions remain low
and selectivity remains problematic, with very low yields of phenol (<10%) even in the
presence of a coreductant. Mixtures of O2/H2 can be used in the gas phase reaction for
oxygenation and reduction of copper(II), respectively. However, both conversion and
selectivity remain poor, and combustion products are primarily formed.

When treated under similar reaction conditions, toluene is converted to a mixture of benzyl
alcohol, benzyl chloride, benzaldehyde, benzoic acid, methylhydroquinone in addition to all
three crescol isomers.256

II.E.2. Reactions Involving Nucleophilic Arenes—Oxidative functionalization of
arenes occurs in certain cases wherein the arene acts as a nucleophile. Expectedly, highly
electron-rich arenes are common substrates in these processes. An example of such
nucleophilic coupling was reported in the cross coupling of arylboronic acids with arenes
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using the very electrophilic Cu(OCOCF3)2 reagent and oxygen (Scheme 97).257 This
transformation proceeds via attack of the nucleophilic arene onto Cu(OCOCF3)2 to form an
aryl-copper(II) species and an equivalent of CF3CO2H. Transmetallation with the
arylboronic acid followed by oxidatively induced reductive elimination then affords the
biaryl product and a reduced copper species. Stoichiometric amounts of copper were
necessary for useful yields, as low turnover was observed with catalytic copper. Other
copper salts, including very electrophilic Cu(OTf)2, were found to be ineffective for the
transformation. Interestingly, no homocoupling of either arene or boronic acid substrates
were detected (for homocoupling of arylboronic acids see Section III.C.5.). A range of biaryl
products was afforded through this method in moderate to good yields. Notably, multiple C-
H bond arylations were possible when indoles or pyrroles were used as the arene
nucleophile (right half of Scheme 97).

Raja and Ratnasamy reported an early investigation of oxyhalogenation utilizing a zeolite-
supported copper phthalocyanine catalyst and oxygen.93 In their study, several simple arenes
were subjected to oxidation using oxygen with a catalytic amount of TBHP as initiator, and
either bromide or chloride as the halogen. Both reactivity and selectivity proved particularly
challenging: toluene yielded mixtures of ortho- and para-monohalogenation,
polyhalogenation, as well as significant amounts of benzylic oxidation products. Substrates
lacking benzylic functionality, such as anisole, aniline, and phenol, provided mixtures of
halogenated products. The regiochemical product distribution observed when treating
toluene with Br2 was very similar to that observed under the oxyhalogenation conditions,
lending support to an electrophilic aromatic substitution mechanism. Spectroscopic
detection of Br3

− ion provided further evidence towards the copper-catalyzed oxidation of
bromide to molecular bromine.

A more recent report by Stahl and coworkers reports the efficient substitution of electron-
rich arenes with halides using catalytic copper(II) halides and oxygen (Scheme 98).94

Notably, both LiBr and LiCl can be utilized to regioselectively afford the corresponding aryl
bromide or chloride, although more forcing conditions are required in the latter case. As
previously described, the mechanism for bromination is believed to operate through
formation of Br2 and electrophilic aromatic substitution. Alternatively, chlorination is
postulated to occur through a single electron oxidation of the arene and subsequent reaction
with a chlorine source. In both cases, the possibility of a copper(III) intermediate, however,
cannot be definitively ruled out.

A regioselective oxybromination of arenes using water as solvent can be effected using as
little as 1 mol % Cu(NO3)2 as the catalyst (Scheme 99).258 While this method was largely
explored with phenolic substrates (see Section VII.I.1.), anisole was found to selectively
afford the para-monobrominated product in 95% isolated yield. Toluene, a less activated
substrate, also displayed excellent conversion and selectivity under the mild reaction
conditions, whereas arenes containing electron-withdrawing substituents, such as
chlorobenzene or nitrobenzene, were unreactive. The reported method offers an
environmentally benign and atom-economical approach for halogenation of arenes.

The direct oxidative fluorination of arenes has met with more limited success. A notable
report by Subramanian and Manzer describes the use of CuF2 as a catalyst and fluorinating
agent for the oxidative fluorination of benzene to fluorobenzene (Scheme 100).259 The gas-
phase reaction is performed at high temperatures, and provides approximately 30%
conversion at 550 °C with very high levels of selectivity to fluorobenzene (>95%). When
conversion begins to decrease, the copper catalyst is regenerated by treatment with HF and
oxygen at 400 °C. The described process offers an inexpensive and more environmentally
benign alternative for the formation of aryl C–F bonds in comparison to the classical Balz-
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Schiemann reaction. These conditions are also reported to be suitable for the synthesis of
other fluoroaromatics.260 Exact mechanistic details of this oxyfluorination method remain
undetermined.

The synthesis of aryl sulfides through an aerobic oxidative coupling of highly electron-rich
arenes with disulfides has been accomplished using a copper catalyst (Scheme 101).261

Copper(I) iodide with oxygen were found to be the most effective catalyst and oxidant,
respectively. Aryl, alkyl, benzylic, and allylic disulfides were successfully employed, and
diselenides could also be used to generate the corresponding aryl selenide. Notably, both
“halves” of the disulfide and diselenides starting materials were consumed in the reaction.
Trimethoxyarenes proved suitable arene substrates while dimethoxyarenes provided lower
yields.

Radical inhibitors, such as BHT and TEMPO, did not inhibit the reaction, suggesting a non-
radical pathway. Replacement of the disulfide with preformed PhSCu(I) provided the
product in good yields under oxygen, indicating its potential intermediacy in the reaction.
The authors propose a mechanism in which the arene substrate reacts with the copper
catalyst to form a copper(I) aryl species. Subsequent reaction with the disulfide affords
product and a copper(I)thiolate complex. Oxidation and reaction with arene substrate forms
a copper(II) species, which, upon reductive elimination and reoxidation affords the second
unit of product and regenerates the active catalyst. However, a mechanism similar to that for
oxidative sulfenylation of alkynes and alkenes (see Sections II.C.3. and II.D.4.) may also be
postulated, in which the copper catalyst initial coordinates to the disulfide. This activated
complex is subsequently attacked by the nucleophilic arene to provide product and a
copper(I)sulfide species. Disproportionation, and oxygen mediated reductive elimination
regenerates the initial copper catalyst as well as a molecule of disulfide. Further mechanistic
studies are needed to distinguish between these alternatives.

II.E.3. Directed Insertion of Arenes—Coordinating groups have proven remarkably
effective in directing the position of substitution in palladium catalyzed oxidative arene
insertion chemistry. A similar effect has been observed in copper catalyzed oxidative
insertion chemistry. Perhaps the most widely used directing group is the 2-pyridyl moiety. In
1999, Tollman and coworkers reported the synthesis of a copper complex with a 2-
(diethylaminomethyl)-6-phenylpyridine ligand (Scheme 103).262 Exposure to oxygen gave
rise to a bis(μ-oxo)dicopper species, which upon thermal decomposition and
decomplexation afforded the ortho-hydroxylated ligand. Although the process was ligand
specific, stoichiometric in copper, and low-yielding, the report set an important precedent of
directed oxidative functionalization of arenes using a 2-pyridyl moiety.

Yu and coworkers have described a catalytic oxidative chlorination of arenes using a pyridyl
directing group with CuCl2 with oxygen (Scheme 104).263 Bis-ortho-chlorination was
typically observed, unless an ortho position was blocked or steric hindrance was significant.
Other copper sources and nucleophiles were also investigated.

Catalytic acetoxylation was effected using catalytic Cu(OAc)2 with Ac2O/AcOH as solvent,
providing a mixture of mono- and bis-acetoxylated products (Scheme 105). Although
bromination, iodination, cyanation, alkoxylation, hydroxylation, thiolation, and amination
were achieved in poor to moderate yields, stoichiometric amounts of Cu(OAc)2 were
required.

The reaction is proposed to proceed via a radical cation intermediate after coordination of
CuCl2 to the ortho-pyridyl group (Scheme 106). Subsequent trapping of the radical with the
nearby CuCl2 accounts for the regioselection as well as the fact that biphenyl does not react
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under these conditions. The reaction is first order in substrate and copper catalyst, consistent
with rate determining formation of a radical cation if formation of the pyridyl complex is not
highly favorable, a likely event since the reaction is conducted under acidic conditions (HCl
produced from dichloroethane). Additional evidence for the proposed mechanism is found in
the absence of an isotope effect when using an ortho-deuterated substrate as well as the
slower reactivity of electron poor arenes.

Later work by Cheng and coworkers expanded the oxidative acyloxylation of arenes using
the 2-pyridyl directing group.264 Notably, the reported method utilizes only three
equivalents of anhydride and toluene as solvent (Scheme 107). Again, the bis-ortho-
functionalized product predominates unless steric blocking is introduced. Although high
heat is necessary (145 °C in a sealed tube), ester, halogen, cyano, and ether functionality are
tolerated on the aryl-pyridine substrate. Methanesulfonyl anhydride did not provide any
product. In contrast to the previously discussed mechanism (Scheme 106), a different
pathway was proposed based on the observation that 2 mol% of radical inhibitors TEMPO
or BHT did not suppress the reaction. Instead, a mechanism involving formation of a
metalated aryl-copper(III) species is postulated. Reductive elimination would afford the
acyloxylated product along with a copper(I) species, which can be reoxidized by oxygen to
copper(II) and close the catalytic cycle. However, it is not clear that 2 mol% of a radical
inhibitor would be sufficient to complete suppress the process outlined in Scheme 106. If
rate-limiting metalation is occurring, deuterium labeling studies would provide further
support for this mechanism.

Subsequent work demonstrated the use of acyl chlorides as anhydride precursors, thereby
expanding the scope of available acyloxy coupling partners (Scheme 108).265 Interestingly,
the authors observed high ortho-chlorination yields when the added base was changed from
t-BuOK to Li2CO3 (Scheme 109). This change in reactivity is not yet fully understood.

Catalytic amidation of 2-phenylpyridine has been described with a variety of nitrogen
nucleophiles using Cu(OAc)2 and oxygen (Scheme 110).266 Notably, the reaction is
completely regioselective as well as selective for the monosubstituted products. Solvent was
observed to be critical to achieving catalytic turnover, with a mixture of anisole and small
amounts of DMSO able to overcome product inhibition. Sulfonamides, carboxamides, and
p-nitroaniline were found to serve as successful amidating reagents. Variation of the
arylpyridine substrate was not reported. A similar mechanism to that outlined in Scheme 106
is proposed.

Ortho-nitration of arylpyridines can be effected using AgNO3 with Cu(OAc)2 and oxygen
(Scheme 111).267 Again, solvent was found to be critical in developing a catalytic process.
Examination of nitrating sources showed AgNO2 to be nearly as effective, whereas
Fe(NO3)2 provided no product, and NaNO3 instead gave rise to the ortho-hydroxylated
product. Mono-ortho-nitrated products were afforded in moderate to excellent yield for a
variety of substrates using this method. Replacement of the 2-pyridyl group with pyrimidine,
pyrazole, and thiazole did provide the ortho-nitration product, but in lower efficiencies
(Scheme 112). In contrast, 3-pyridyl and 4-pyridylarenes did not yield any of the product,
demonstrating the necessity of a proximal nitrogen directing group.

Employing an ortho-deuterated substrate exhibited a significant kinetic isotope effect (kH/kD
= 6.5, supporting a mechanism operating differently than was reported for directed ortho-
chlorination (Scheme 106). Additionally, stoichiometric TEMPO completely inhibited the
reaction, indicating a radical pathway. In light of these experiments, a possible mechanism is
postulated to proceed via initial coordination of a copper(II) species to the directing group,
with ligand exchange occurring either before or after coordination (Scheme 113). Nitration
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can then proceed through a 4-centered transition state involving aryl C–NO2 bond formation
with concomitant generation of a Cu(II)(OH)(OAc) species. The proposed process, however,
starts and ends with copper (II) and does not account for the necessity of dioxygen even
though a different product distribution is seen under a nitrogen atmosphere. Further
mechanistic studies are needed to elucidate the exact role of dioxygen as well as the
significant solvent effects.

Copper-catalyzed oxidative formation of phenanthridine derivatives has been reported using
biaryl-2-carbonitriles.268 The process utilizes an N-H imine (for imine oxidations see
Section V.F.), generated from nucleophilic addition of a Grignard reagent to the nitrile, as
the directing group for aryl C–H bond substitution (for a related imine-directed benzylic C–
H oxygenation, see Scheme 10). Several copper salts were found to facilitate the oxidative
bond formation, while other metals such as palladium, cobalt, iron, and manganese provided
only the Grignard addition products. The reaction tolerated aryl and alkyl Grignards,
including sterically encumbered reagents. However, the oxidative cyclization was greatly
inhibited by electron-rich aryl Grignards, perhaps lowering the electrophilicity of copper
(see below). Phenanthridines with halogen, ether, fluoro, and trifluoromethyl substitution
were synthesized in good to excellent yields.

Performing the reaction with stoichiometric copper under a nitrogen atmosphere provided
only 21% yield of the cyclized product, indicating that molecular oxygen plays a critical
role. A potential mechanism for the reaction proceeds via initial addition of the Grignard
reagent to the nitrile and protonation with methanol. After generation of an iminyl copper(II)
species with the resulting N-H imine, intramolecular electrophilic aromatic substitution can
ultimately form a copper(II) metallocycle. Molecular oxygen may help facilitate reductive
elimination of the cyclized product, in addition to reoxidation of the copper species to close
the catalytic cycle.

Tetrahydropyrimidine, a cyclic amidine, can also be effective as a directing group for
oxidative arene C–H functionalization.269 For example, treatment of 2-phenyl-1,4,5,6-
tetrahydropyrimidine with one equivalent of H2O and Cu(OAc)2 under oxygen afforded the
ortho-hydroxylated product in good yield after trapping with triphosgene (Scheme 116).
Amidation could also be achieved, using either BocNH2 or TsNH2 and trapping as the cyclic
carbamate after treatment with triphosgene. The reaction did not proceed when the
pyrimidine nitrogen was methylated. Similarly, replacement with imidazole or
dihydroimidazole moieties abrogated reactivity. Even though oxygen empirically provided
higher reaction efficiencies, stoichioimetric amounts of copper catalyst were required for the
transformation. The reaction was proposed to proceed through a single electron oxidation
mechanism, similar to that for 2-pyridyl-directed hydroxylation (see Scheme 106).

Buchwald and coworkers reported an intramolecular oxidative cyclization to afford
benzimidazoles employing Cu(OAc)2 in the presence of oxygen (Scheme 117).270 In this
case, aryl amidines serve as effective directing groups for oxidative formation of the aryl C–
N bond. Successful cyclization was only observed for with amidines containing hindered R2

substituents. The described method employs inexpensive reagents and produces only water
as byproduct.

The exact mechanism of these types of transformations remains undefined. Three possible
pathways, all which initially form an initial copper adduct with concomitant deprotonation,
are outlined in Scheme 118. Pathways A and B proceed via one-electron oxidation of the
aryl ring to form a radical cation. Attack of the radical on copper can form a metallocyclic
copper(III) species, as shown in pathway A. Reductive elimination then affords product and
a reduced copper. In pathway B, the radical cation directly reacts with the nitrogen of the
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amidine to displace Cu(I)OAc and benzimidazole product upon rearomatization. Finally,
pathway C invokes a copper nitrene intermediate, which may proceed either via direct
insertion of nitrogen into the C–H bond, or through electrocyclic ring closure and [1,3]
hydride shift. Further investigations are necessary to obtain a more accurate mechanistic
understanding.

A formally similar process has been reported in the synthesis of benzoxazoles from
acylanilines.271 The method employs Cu(OTf)2 under air and high temperatures to effect a
regioselective oxidative C–O bond formation and afford the cyclized products in good to
excellent yield (Scheme 119). Coordinating groups at the meta-position, such as acetate, 2-
pyrrolidinone, or pyrazole groups, also direct the C-H insertion and selectively provide the
more hindered 2,7-substituted benzoxazoles (Scheme 120); the observed selectivity is
attributed to the formation of a doubly coordinated copper intermediate. The authors propose
a mechanism proceeding via metallocycle formation and reductive elimination consistent
with pathway A in Scheme 118.

Electronic effects from substituents on the starting anilide greatly affected the rate and yield,
with electron-rich substrates reacting much faster. In line with this observation, the authors
propose initial coordination of the copper catalyst to the amide and subsequent electrophilic
aromatic substitution to form a cyclometallated copper(II) species (see Scheme 118, Path
A). Reductive elimination and reoxidation of the copper provides the cyclized product and
closes the catalytic cycle.

In 2002, Stack and coworkers described a triazamacrocyclic copper(II) complex, which,
under anaerobic conditions, disproportionated to afford a stable Cu(III) species and had
undergone C–H insertion of the nearby arene bond.244a Stahl and coworkers later reported
the coupling of this aryl-copper(III) complex with acidic nitrogen272 as well as oxygen273

nucleophiles in what, overall, represents an oxidative arene C–H functionalization (Scheme
121). Similarly, Wang has reported similar reactivity of a copper(III) complexes of
azacalixaromatics using a variety of nucleophiles including halide, cyanide, thiocyanide,
carboxylate, alkoxide, and phenoxide (Scheme 122).274

In a significant advance, catalytic arene oxidative functionalization was realized in a system
where the copper(III) complex could be spectroscopically detected (Scheme 123).275 Using
the aza-crown macrocyclic system with a copper(II) source and oxygen, oxidative
functionalization of the arene C–H bond with suitable nucleophiles such as methanol or
pyridone could be effected catalytically and in high yield.

Although the described method offers limited synthetic utility due to the necessity of the
macrocyclic “auxiliary”, it provides a highly useful platform for mechanism studies. Kinetic
data revealed the reaction to be first-order in Cu catalyst and substrate and zero-order in
pO2, indicating that the rate-limiting step(s) involve the macrocycle and copper, while the
oxidation processes are comparatively fast. Separate mechanistic studies of the reductive
elimination of Cu(III)macrocyclic species have been reported.276 With additional data from
UV-Vis and EPR spectroscopy, a proposed reaction pathway was postulated beginning with
initial complexation of the macrocycle with copper(II) (Scheme 124). Disproportionation
and concomitant C–H activation affords a copper(III) arene intermediate as well as a
copper(I) species that can be oxidized by oxygen to reenter the cycle. After ligand exchange
with the nucleophile, the copper(III) species undergoes reductive elimination to afford the
functionalized arene product. In these transformations, oxygen acts as the terminal oxidant
to regenerate copper(II) from copper(I) produced from both disproportionation and reductive
elimination processes.
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As early as the 1840's, accounts of the pyrolysis of benzoic acid in the presence of copper
salts reported the formation of small amounts of phenyl benzoate.277 Later studies with
similar experiments identified salicylic acid and phenol in addition to the benzoate.278 This
carboxylate-directed hydroxylation process remained largely unexplored until a series of
patents emerged from the California Research Corporation and Dow Chemical Company in
the 1950's, which reported the synthesis of phenols from benzoic acids using copper salts at
high temperatures.279 Traditionally, phenol is produced along with acetone via cumene
oxidation.32 The synthesis of phenol from inexpensive toluene via initial cobalt-catalyzed
oxidation to benzoic acid was of particular industrial interest as a means to generate phenol
decoupled from acetone production. Subsequent reports in the literature280 more fully
detailed what is now known as the Dow Phenol Process.281 Treatment of benzoic acid with
catalytic copper(II) benzoate, steam, and oxygen at temperatures in excess of 200 °C
provided phenol via an oxidative decarboxylation process. Water, in the form of steam or
generated in the oxidation of the Cu(I) salts with oxygen, is necessary to hydrolyze the
initially formed phenyl ester. Aqueous conditions using CuSO4 have also been reported
(Scheme 125).282 As phenol can be further oxidized under the harsh reaction conditions, it is
necessary to remove it as it forms from the reactor, which is typically achieved through
distillation. A continuous flow system of high temperature water utilizing CuO and oxygen
has also recently been reported for this process (Scheme 126).283

By using stringent aprotic conditions, the process could be conducted without
decarboxylation to afford the salicylic acid intermediate (Scheme 127).284 However,
conversions were low, and only one example was shown to perform with catalytic copper in
the presence of oxygen.

Application of the process to toluic-acids also led to the expected phenolic products.280b

Slightly lower yields are observed due to competitive oxidation of the benzylic position and
formation of ester products. Significantly, both ortho- and para-toluic acid provided the
expected meta-cresols as the sole products, while meta-toluic acid yielded a 1.5:1 mixture of
para- and ortho- cresol. The observed regioselectivity indicated an ortho-functionalization
process, rather than reaction at the ipso-carbon. Unfortunately, application to more advanced
substrates is limited due to the harsh reaction conditions, under which most functionality,
undergoes competitive reaction.285,286

Several studies have been performed to probe the mechanism of this transformation. Buijs
reported a thorough review as well as additional analysis of the mechanism in 1999.287 Key
contributions were made by Schoso and coworkers, using 14C-labeled benzoic acid to
demonstrate that at least 99% of the reaction proceeds through oxygenation at the ortho-
position relative to the carboxyl group.288 A few years later, Furukawa performed the
reaction with 18O-labeled benzoic acid.289 Analysis showed nearly complete incorporation
of 18O at the phenol, indicating benzoic acid as the oxygen source and not water or oxygen.
Both radical inhibitors and radical promoters had only small effects on reaction performance
in terms of conversion and selectivity.290 An early mechanistic proposal put forth by Toland
involved nucleophilic attack of a nearby carboxylate at the ortho-position of another
molecule of benzoate along with two-electron oxidation to form copper(0) and expulsion of
CO2.280a Although copper metal was not detected in the reaction, it was postulated that
rapid reaction with a copper(II) salt formed two copper(I) species. Schoo, and later Kaeding,
propose a homolytic radical cage mechanism, involving two single-electron oxidations.291

The process proceeds via homolytic cleavage of the benzoyl-copper bond and subsequent
formation of the aryl-oxygen bond (Scheme 129). Further oxidation and elimination affords
the initial ortho-ester product. Hydrolysis and decarboxylation affords the phenol. While this
outline has become the most-accepted mechanistic path for the reaction, Buijs has more
recently described the reaction as a two-electron oxidation of a dinuclear copper(II)
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benzoate paddlewheel structure. Subsequent electrophilic aromatic substitution of the
resulting benzyloxy cation with benzoic acid affords the initial product.287 Additional
studies are necessary to delineate a definitive mechanistic account.

Reinaud and coworkers reported the selective ortho-hydroxylation of arenes using an N-
methylalanine amide as a directing group.292 The process utilizes stoichiometric metallic
copper(0) under oxygen as well as several equivalents of trimethylamine N-oxide (TMAO)
to afford the corresponding salicylamides after acid decomplexation (Scheme 130).
Methylation of the amide did not afford product, indicating the importance of amide
chelation in the mechanism. Oxygen is necessary for formation of the copper(II) salt of the
carboxylate starting material, while TMAO is necessary for the hydroxylation. These roles
are confirmed through observation of the copper(II) complexation, but no product formation
under oxygen in the absence of TMAO. Similarly, reaction with Cu(OH)2 and TMAO under
nitrogen affords the ortho-hydroxylated products, albeit at a slower rate. Substitution of the
arene showed pronounced electronic effects on reactivity. Electron-withdrawing substituents
significantly accelerated hydroxylation, with the opposite effect observed for electron-
donating substituents. Decreased amide acidity is proposed to account for these
observations.

The reaction was later investigated by Comba and coworkers, who observed that additional
methylene spacers either between aryl and amide or amide and carboxylate provided none of
the hydroxylated product, indicating the specific nature of the directing group.293 An X-ray
structure of the copper intermediate was identified as a 5-membered amidate-copper
complex with two TMAO ligands. This structure was notably highly preorganized for
oxygen transfer from copper to the ortho-arene carbon. The reaction is postulated to
proceeded via formation of a 5-member copper(II) amidate complex (Scheme 131).
Oxidation of the copper with TMAO would then form an oxycopper(III) species.
Subsequent oxygenation of the aromatic ring and intramolecular hydrogen transfer would
afford the product as its copper(II) salt.

II.E.4. Functionalization of Acidic Arene Positions—The use of copper catalysts
with oxygen to functionalize acid sites of arenes is an area that has garnered significant
attention in recent years. Use of preformed aryl anions is discussed in Section III.A. Here,
certain types of arenes undergo oxidative functionalization either via an SNAr pathway of
via copper insertion into acidic positions. These types of oxidative functionalization are
divided below by the different nucleophilic classes: nitrogen nucleophiles (amines, anilines,
amides, sulfonamides, and sulfoximines - see also Sections VIII and IX), thiols (see also
Section XII), and alkynes (see also Section II.D.3). Alternately, homocoupling can occur to
yield biaryl compounds via C–C bond formation. To date, arenes able to undergo this type
of reactivity are largely limited to azoles and polyfluorarenes, with the majority of reports
focusing on the former.

The coupling of a variety of nitrogen species with azoles at the 2-position has been reported
using catalytic Cu(OAc)2 under oxygen at high temperature (Scheme 132).294 A screen of
several bases revealed NaOAc, a very weak base, to be the most effective. While not critical
for product formation, the addition of a phosphine ligand, PPh3, was found to improve the
yield. Suppression of the favored azole homocoupling pathway was achieved by using 4
equivalents of the nitrogen nucleophile. Under these conditions, secondary amines, anilines,
and sulfonamides could be coupled with (benzo)thiazoles, benzoxazoles, and
benzimidazoles in moderate to good yields.

Schreiber and coworkers independently reported a related method employing similar
reaction conditions.295 Secondary amides, ureas, carbamates, and sulfonamides gave the
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desired heterocoupled products in good yield (Scheme 133). Primary nitrogen nucleophiles
required the use of stoichiometric amounts of copper to due product complexation. While
homodimerization of the aryl substrate was often observed, this process was suppressed by
addition of 5 equivalents of coupling partner. In addition, the coupling of a small number of
tetrafluorobenzenes with 2-pyrrolidinone was achieved in modest yield (Scheme 134).

Coupling of azoles with sulfoximines using catalytic copper catalyst under air has been
reported (Scheme 135).296 In sharp contrast to the preceding reactions, the present
transformation is conducted at room temperature, and the nitrogen nucleophile is used as the
limiting reagent. Other copper salts such as Cu(OTf)2 or CuI could be used with similar
results while addition of amine ligands such as TMEDA showed a deleterious effect. Good
yields were achieved with 1,3,4-oxadiazoles, benzoxazoles, and benzothiazoles, but other
heteroarenes were unsuccessful. The mildness of the reaction allowed for coupling of an
enantioenriched sulfoximine with complete retention of configuration. Use of stoichiometric
copper(II) acetate under nitrogen afforded only trace amounts of product, indicating the role
of molecular oxygen as more than a terminal oxidant.

The process was extended to incorporate several polyfluoroarenes as the aryl coupling
partner (Scheme 136). Highly acidic substrates were necessary as illustrated by only
minimal conversion of 1,2,4,5-tetrafluorobenzene under the reaction conditions.

The coupling of benzoxazoles with secondary amines has recently been described to occur
under acidic conditions (Scheme 137).297 The reaction uses Cu(OAc)2 and oxygen and
relatively mild heating, to afford the coupled products in good yield. Other heteroarenes or
nitrogen nucleophiles were unsuccessful. While an acid additive was not crucial for reaction
efficiency, addition of 2 equivalents of acetic acid slightly increased the yield rather than
having any deleterious effect.

Similar conditions were found to effect amination of benzoxazoles with DMF or N,N-
diethylformamide via a decarbonylation of these solvents (Scheme 138). Interestingly, use
of dimethylacetamide also afforded the dimethylamine product, albeit in low yield (30%),
demonstrating that deacetylation may be feasible.

Another method for C-H insertion of azoles employs a copper catalyst in conjunction with
catalytic TEMPO and molecular oxygen (Scheme 139).298 This system requires the use of
highly acidic para-nitroanilines as a nitrogen coupling partner in combination with a
stronger base (t-BuOK) to effect heterocoupling with benzoxazoles or benzothiazoles in
good to moderate yields. Since more electron-rich amine substrates can be employed in
arene functionalization in the absence of TEMPO (see Scheme 132, Scheme 133), the use of
electron-poor anilines is necessary in this case to resist alternate oxidation pathways with
TEMPO. Support for this hypothesis was established by the oxidative formation of
hydrazobenzene when aniline was subjected to these reaction conditions (see Section
VIII.B). The exact roles of TEMPO and molecular oxygen are not well understood.
However, TEMPO appears to serve in a catalytic function, since 90% was recovered at the
end of the reaction. Additionally, the combination of both TEMPO and oxygen yielded
superior results than with either oxidant alone. The absence of trapped intermediates
suggests a non-radical pathway. See below for additional mechanistic discussion.

Polyhaloarenes also proved effective aryl coupling partners in this process. Increased
reactivity in comparison to azoles was observed, allowing lower reaction temperatures and a
broader range of electron-poor anilines to be employed (Scheme 140). The substrate scope,
however, is still limited to highly fluorinated arenes (four fluorine substituents are necessary
to achieve good yields) or pentachlorobenzene and highly electron-deficient anilines.

Allen et al. Page 32

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Azoles can also be coupled with sulfur nucleophiles. The first such example detailed the use
of catalytic copper to couple benzoxazoles with thiophenols (Scheme 141) or diaryl
disulfides (Scheme 142) under oxygen to afford the corresponding aryl thioethers in
moderate yield.299 The thiophenols are postulated to form disulfides under the reaction
conditions via oxidation by the copper(II) catalyst. Conducting the reaction using PhSCu as
the substrate/catalyst afforded the product in moderate yield, lending evidence to its
involvement in the mechanism. Reaction in the absence of oxygen yielded no product.
Electron-withdrawing groups on the thiophenol strongly inhibited the reaction, suggesting
sulfide nucleophilicity and oxidatizability as important considerations.

Later work expanded the scope of thiol coupling to include additional azole heteroarenes as
well as primary and secondary alkyl thiols (Scheme 143).300 The described method,
however, required use of stoichiometric amounts of CuO in addition to Cu(OAc)2 at high
temperatures to achieve useful product yields. Interestingly, performing the reaction in an
oxygen atmosphere afforded lower yields in comparison to air. Poorer yields were also
observed with use of the corresponding disulfide in place of the thiol.

Stoichiometric amounts of CuI with a bipyridyl ligand and oxygen afforded 2-
mercaptobenzothiazoles in good yield from the corresponding thiols and benzothiazoles
(Scheme 144).301 Other heteroarenes, including thiazoles, benzimidazoles, and indoles also
successfully afforded the thioether products. Similar to the method above (Scheme 143), an
oxygen atmosphere decreased reaction efficiency. However, use of oxygen/nitrogen mixes
with oxygen percentages lower than that of air gave significantly less product. The particular
sensitivity to oxygen was attributed to facile disulfide byproduct formation.

In addition to nitrogen and sulfur nucleophiles, alkynes can also be heterocoupled with
acidic arenes. For example, the direct alkynylation of polyfluoroarenes can occur using
catalytic CuCl2, 1,10-phenanthroline as ligand, and oxygen under very mild temperatures
(Scheme 145).302 In order to promote heterocoupling and suppress the favored Glaser-Hay
coupling (see Section II.D.2) of the alkyne, a significant excess (5 equiv) of arene is utilized.
Use of weak bases such as NaHCO3 and K3PO4 led only to diyne byproduct, while the
stronger base t-BuOLi was capable of deprotonating the arene to afford the desired product.
A catalytic amount of DDQ was found to improve yield by minimizing diyne formation,
although its exact role remains unclear. Under these conditions, a variety of aryl or
heteroaryl alkynes could be coupled with pentafluorobenzene and tetrafluoroarenes in
moderate to good yields. Di- and tri-fluorobenzenes were unreactive due to the increased
arene acidity. Notably, no arene homocoupling is reported.

Miura and coworkers concurrently discovered a very similar conditions for arene-alkyne
coupling while investigating the nickel(II)-catalyzed coupling of terminal alkynes with
azoles.303 When attempting to extend the method to coupling with polyfluoroarenes, no
product was observed using nickel catalysts. However, catalytic Cu(OTf)2 with 1,10-
phenanthroline and strong base under air provided the coupled products in moderate yield
(Scheme 146). The method is limited to aryl alkynes, with electron-rich substrates
performing better than electron-poor substrates. Similar to the method in Scheme 145, an
excess of polyfluoroarene is employed to promote cross-coupling over the Hay process.

An example of direct cross-coupling of alkynes and azoles has also been reported.304

Specifically, 1,3,4-oxadiazoles react with terminal alkynes to afford the heterocoupled
product in good yields using copper(II) chloride under an oxygen atmosphere (Scheme 147).
Additionally, 5-aryloxazoles could also be employed, although the more forcing conditions
were necessary, and the products were formed in more modest yields (Scheme 148). In both
cases, the alkyne was slowly added to an excess of heteroarene to minimize the favored Hay
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product. Use of catalytic amounts of copper catalyst in the presence of a diamine ligand was
shown to effect the coupling in moderate yield (Scheme 149).

In the absence of other coupling partners, the formation of C–H insertion intermediates with
copper and acidic arenes can occur twice. The resulting diaryl copper species can undergo
reductive elimination to afford the corresponding homocoupling product. For an example of
the same reaction using strong base (i.e., i-PrMgCl) see Section III.A.2.

Mori and coworkers have reported the homocoupling of azoles at high temperature using
Cu(OAc)2 and Ag2CO3 under oxygen (Scheme 150).305 Although the exact role of the silver
salt is unknown, the authors speculate it serves as a base to form the bisazole-copper(II)
species. Substitution at the 1-position of benzimidazoles proved important, as electron-
withdrawing groups were not tolerated. This trend may suggest that coordination through the
3-nitrogen is necessary for reactivity.

Bao and coworkers described a similar system for the homocoupling of azoles simply
utilizing Cu(OAc)2 and air at high temperature (Scheme 151).306 The reported method
affords good yields of the corresponding biaryl products from a variety of azoles, although
only methyl and benzyl group functionality is demonstrated. When two different azoles are
subjected to the reaction conditions, a statistical mixture of products is obtained.

Homocoupling of azoles can also be effected using a copper(I) pyridonate catalyst to afford
the corresponding products in high yield (Scheme 152).307 Notably, excellent yields are
observed for a variety of heteroarenes including benzimidazoles, thiazoles, benzothiazoles,
oxazoles, and benzoxazoles with as little as 1 mol% CuCl with 2 mol% ligand. A screen of
ligand structure revealed electron-donating groups on the pyridonate structure to be the most
active. No cross-coupling of the ligand to afford the C–N or C–O coupled products is
reported.

The reactions described in this section are widely reported to operate through a mechanism
involving C-H activation at the acidic site of the arene (Scheme 153). Formation of the
initial copper-aryl species proceeds through ligand substitution with a deprotonated arene
substrate. In cases involving azoles, deprotonation may be facilitated by copper binding to
substrate. Similar deprotonation and ligand exchange can occur with either a different
nucleophile (leading to heterocoupling) or another molecule of arene (leading to
homodimerization) to afford the critical aryl-copper-nucleophile intermediate. A reductive
elimination process may occur with the aid of molecular oxygen to afford the coupled
product and regenerate the initial copper complex. Methods involving either homocoupling
or heterocoupling in the presence of strong bases are likely to proceed through this pathway,
and observation of preferable homodimerization of arene in the absence of large excess of
nucleophile supports this pathway.

In certain cases, initial coordination of the nucleophile to copper may occur prior to arene.
For example, in the coupling of azoles with thiols (Scheme 144), mechanistic investigations
as well as DFT studies revealed the initial reactive species to be a copper-thiolate complex,
rather than a copper-azole species.301 A specific example of this ambivalent mode of
reactivity can be seen in the heterocoupling of polyfluoroarenes with alkynes (Scheme 145).
The reaction presumably proceeds via initial copper-facilitated deprotonation of the
polyfluoroarene and formation of an aryl-copper(II) species (Scheme 154). Subsequent
deprotonation and ligand exchange with the alkyne then forms the key aryl-copper(II)-
alkyne complex, which undergoes reductive elimination to afford the product. Alternatively,
copper(II)-alkyne formation may occur first. Ensuing deprotonation and coordination of
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either additional alkyne or perfluoroarene can afford the Glaser-Hay diyne or heterocoupled
product, respectively.

An alternative possible mechanism, involving nucleophilic aromatic addition, must also be
considered, particularly in the presence of neutral or acidic conditions, where deprotonative
coordination of the arene is unlikely. Under these conditions, protonation or copper-
chelation may activate azoles at the 2-position towards direct nucleophilic attack (Scheme
155). Simple copper-catalyzed rearomatization would then afford the coupled product. A
recent oxidative coupling of benzoxazoles with nitrogen nucleophiles using stoichiometric
amounts of silver salts under acidic conditions is reported to occur through such a
mechanism.308 Although couplings involving polyfluoroarenes typically occur under
relatively basic conditions, a SNAr type pathway could potentially occur via oxidation of the
Meisenheimer complex resulting from nucleophilic attack onto the electron-deficient arene
(Scheme 156). Indeed, direct displacement of fluoride in polyfluoroarenes by nitroanilines
was observed for certain substrates, lending support to this pathway.298

For reactions with mild bases (i.e. KOAc, pKa HOAc in DMSO = 12.3), it is unclear
whether deprotonation of the arenes (pKa azoles in DMSO = 24–27309, pKa
pentafluorobenzene ≈ 26–29310) is favorable relative to a SNAr pathway, especially when
coupling with strong nucleophiles such as thiols.

In addition to the synthetic value of these copper catalyzed arene C-H functionalizations,
these reports illustrate that the role of stoichiometric copper additives in similar palladium
catalyzed oxidative C-H bond transformations may not simply be limited to that of a
reoxidant for palladium(0).

III. Reaction of Carbanions and Carbanion Equivalents
III.A. Alkyl, Aryl, and Alkenyl Anion Coupling

III.A.1 Anion Couplings Using Stoichiometric Copper—A seminal report by
Whitesides and coworkers established that organolithiums readily undergo homocoupling
after formation of a copper(I) ate complex oxidation with O2 (Equation 1).311 In this
instance, coupling of mixed ate complexes gave a mixture of products (Equation 2).
However, the homocoupling proved preparatively useful for the coupling of primary and
secondary alkyl, vinyl, alkynyl, and aryl groups, while Grignard reagents and tertiary alkyl
groups gave poorer yields (Scheme 157).

Equation 1

Equation 2
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Heterocoupling was later achieve by Lipshutz and coworkers, who discovered that the
controlled formation of diary1 higher order cuprates leads to consistently high levels of
unsymmetrical ligand coupling. For example, preformation of PhCu(CN)Li in 2-methyl
tetrahydrofuran, cooling to −125 °C, and then introduction of o-MeOPhLi at this lowered
temperature leads to the higher order reagent Ph(o-MeOPh)Cu(CN)Li. Upon exposure of
such reagents at this temperature to ground-state molecular oxygen, good yields of the
unsymmetrical biaryl Ar-Ar' can be realized (Scheme 158).312 Several different types of aryl
ligands have been examined, including naphthalenes and heteroaryls, to assess the generality
of this method.

Pyridyl cuprates gave poor selectivities in the above process. This deficiency could be
remedied by tethering the two aryl lithiums to be coupled as outlined in Scheme 159.312a

Asymmetric cross couplings with a chiral tether also work well. For example the dibromide
in Scheme 160 readily underwent intramolecular cross coupling to afford the product with S
helical stereochemistry as a single diastereomer.313 This technique has proven a generally
useful for obtaining axial chiral compounds.314

An example of this oxidative coupling in total synthesis can be found in the
atropodiastereoselective synthesis of calphostin A, one of the perylenequinone natural
products (Scheme 161).315 Halogen-metal exchange of an enantiomerically pure (R)-
naphthyl bromide with n-BuLi followed by treatment CuCN and TMEDA afforded the
higher order cuprate. Treatment of this species with dry, precooled oxygen gas at −78 °C
afforded the corresponding 1,l'-binaphthalene in 68% yield as an 8:l mixture of
diastereomers about the axis of chirality. Although excellent atropdiastereoselectivity was
observed in this biaryl coupling, the absolute configuration of the newly formed axis of
chirality was opposite to that required for synthesis of the calphostins. Beginning with the
opposite (S)-enantiomer then yielded the (S,S,Sa)-product that was ultimately converted into
calphostin A.

III.A.2 Anion Couplings Using Catalytic Copper—In a significant advance,
conditions have been found where pregenerated anions can be oxidatively coupled using a
substoichiometric amount of a copper catalyst. For example, aryl zinc reagents generated
from aryl halides and zinc(0) undergo highly efficient homocoupling in the presence of 10
mol% CuBr, air or O2, and 20–50 mol% of a dinitroarene (Scheme 162).316 The
methodology was found to be applicable to a wide range of aryl, heteroaryl, vinyl and
benzyl bromides. Particularly noteworthy is the dimerization can tolerate the presence of
ketones, a functional group that would not be compatible with arylmagnesium halides or
aryl lithiums even at low temperature. In further contrast to the higher order cuprate
couplings described above, low temperatures are not required.

This new method was also found to be useful in the synthesis of a medium sized rings in
high yields (Scheme 163).316 Tethered aryl halides were effectively cyclized to form 10-
membered rings. A total synthesis of buflavine, an Amaryllidaceae alkaloid with anti-
serotonin properties, was also accomplished and shows that the method readily
accommodates unsymmetrical substrates.

For the transformations in Scheme 162 and Scheme 163, the use of an inert atmosphere
compromised the yield which could be recovered if more of the dinitroarene cooxidant was
used or if the reaction mixture was placed under an atmosphere of dry air or molecular
oxygen. When an oxygen atmosphere was used without the arene oxidant present then
significant quantities of phenolic products were produced. If the reaction mixture was
rigorously degassed, then substoichiometric quantities of the cooxidant were ineffective.
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The use of styrene and allyl substrates points away from a simple radical termination
mechanism. These results suggest that the radical anion of the cooxidant is able to catalyze
the reduction of molecular oxygen and compete with the formation of undesired products in
such reactions (Scheme 164). Aryl zinc halides are not oxidized at an appreciable rate under
the reaction conditions which is consistent with this mechanism.

In the above cases, the arylzinc reagent needs to be preformed prior to treatment with the
copper/cooxidant/O2 combination. A system combining in situ deprotonation with oxidative
dimerization has been studied by Daugulis and coworkers.317 Building upon prior results
using copper(I) catalyst to couple aryl anions generated in situ with aryl iodides, a reaction
was attempted without the use of an aryl iodide to determine if oxygen could effect an
oxidative coupling of two equivalents of the anion (Scheme 165). While a good amount
(56%) of aryl anion coupling was observed, a significant amount (38%) of the
corresponding phenol also formed.

Reasoning that this phenol arose from trapping of the in situ formed aryl lithium with
oxygen, other bases were investigated. Ultimately, it was found that hindered amide anions
with LiCl and/or ZnCl2 additives gave rise to an aryl anion species that was less prone to
oxygenation and more likely to form a copper adduct that would undergo oxidative coupling
(Scheme 166).317

See also Section II.E.4 for functionalization of acidic arenes under less basic conditions
(conjugate acid pKa <18). In these cases, similar mechanisms are proposed to those outlined
above except that the aryl anion is not preformed. Rather, deprotonation is closely coupled
to copper coordination.

III.B. Benzyl and Allyl Anion Coupling
The oxidative coupling of zinc reagents using a copper catalyst, oxygen, and dinitroarene
cooxidant as outlined in Scheme 162–Scheme 164 above also proved applicable to other
readily formed organozincs including allyl zinc reagents. Notably, the coupling proceeded to
provide predominately a “head-to-tail” coupling rather than either of the two possible
symmetrical coupling products (Scheme 167).316

III.C. Couplings with Boronic Acids
Independent reports by Chan,318 Evans,319 and Lam320 utilizing stoichiometric copper
reagents to effect formation of aryl C–N and C–O bonds in 1998 transformed the field of
heteroatom arylation reactions. These developments led to new mild methods for C–N, C–O,
and C–S bond forming reactions, which have proven to have broad generality (Scheme 168).
In addition, copper catalysts have been shown useful in C-C bond formation by the oxidative
union of two boronic acids.

III.C.1. C-N Bond Formation—A major advance in the field of oxidative coupling with
boronic acids was reported by Collman and coworkers.321 Recognizing that the readily
available Cu(OH)Cl(TMEDA) catalyst had been successfully employed in aerobic oxidative
coupling of 2-naphthols,322 this same catalyst was employed in this oxidative transformation
leading to a copper-catalyzed modified Ullmann reaction (Scheme 169). This system was
successfully employed and optimized for the cross-coupling reaction of aryl boronic acids
with imidazoles. While the copper catalyzed N–arylations with the related aryllead species
had been reported earlier, the reactions of the boronic acids proceeded under milder
conditions and without the use of toxic lead species.323
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Since the discovery of Collman and coworkers of copper catalyzed N-arylations, numerous
nitrogen compounds have been employed with an array of boronic acid derivatives. A
reactivity pattern for heterocycles (carbazole > imidazole > indole ~ pyrrole > triazole >>
tetrazole) in N-arylation reactions has emerged based on nucleophilicity, complexing ability
of catalyst, and acidity.324e

While boronic acid precursors permit heterocycle N-arylations to proceed at lower
temperatures relative to the metal-catalyzed N-arylation of aryl halides, the formation of the
hindered C-N biaryls remains a challenge,324 but recent efforts indicate that very hindered
C-N biaryls can indeed be generated under mild conditions.325 A collection of the various
permutations include the use of various copper catalysts in combination with many different
boron substrates (aryl, fluorinated aryl, heteroaryl, alkenyl, dienyl, and cyclopropyl boronic
acids; aryl boronic esters; aryl and alkenyl trifluoroborates; aryl boronates; aryl boronate
esters; aryl boroxines; tetraaryl borates; aryl bismuths, aryl leads; aryl and alkenyl
trimethoxysilanes) and nitrogen nucleophiles (ammonia, primary and secondary alkyl
amines, hydroxyl amine, azide, anilines, amides, carbamates, urea, imides, sulfonamides,
sulfoximines, and heterocycles). In addition to the examples above and the table below,
several very good reviews have appeared describing the oxidative copper catalyzed C-N
bond formation with boronic acids.324 This transformation has been particularly useful in
the synthesis of heterocyclic medicinal chemistry agents.324

Recently, the first example of copper-catalyzed cyanate cross-coupling with arylboronic
acids has been reported, which provides an alternate entry to carbamates after condensation
with an alcohol.373 The reaction requires the presence of oxygen suggesting a copper
mediated oxidative process is occurring. Moderate to good yields were obtained for both
electron rich and electron poor boronic acids (Scheme 170). Notably, base and ligand
additive are not required for this transformation. Pinacol arylboronates are less reactive
(48%) than arylboronic acids (75%), and bis–substituted arylboronic acids did not react.
(Scheme 171) outlines the proposed mechanism.

In early work, a mechanism postulated by Evans for the coupling of aryl boronic acids with
phenols319 was proposed by Collmann321. While the reaction does proceed under air, better
yields are seen under O2, implicating dioxygen in the turnover step of the catalytic cycle. A
number of mechanism studies have been undertaken to clarify this observation, revealing
four potential mechanisms. Early studies by Stahl and coworkers revealed an isolable
copper(III) aryl species which would combine with an acidic nitrogen species to generate an
N-aryl (Scheme 172).272 More acidic nitrogen species reacted more rapidly suggesting that
the nitrogen nucleophile undergoes deprotonation before or during the rate-limiting step of
the reaction.

These results, along with the kinetic data and electronic effects, are consistent with at least
two different mechanisms for C-N bond formation: (1) a three-centered C-N reductive
elimination from an (unobserved) CuIII(aryl)(amidate) intermediate (Scheme 173) or (2)
bimolecular nucleophilic attack of an amidate at the aryl carbon to displace the aryl-Cu
bond.272 Support for the former is found in a report from Buchwald and coworkers on a
related copper catalyzed coupling reaction.374 Specifically, evidence is outlined indicating
coordination of the nitrogen nucleophile to the Cu center prior to C-N bond formation

An alternative mechanism has been suggested implicating coordination of the amine prior to
transmetallation with the aryl boronic acid (Scheme 174).336,375 More recently a multi–
technique approach employing several spectroscopic methods was used in an effort to
elucidate the mechanism for the copper(II)–catalyzed N–arylation of imidazole.375 Evidence
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includes isolation of five out of the six intermediates (all except III) providing support for
the mechanism outlined in (Scheme 174).

Intermediate II was isolated and was proven to be kinetically competent upon exposure to
phenyl boronic acid. The formation of a mononuclear (TMEDA)Cu(II)(imidazole)(X)
intermediate was also determined to be the first selectivity determining step. Exclusive C–C
homocoupling was obtained when phenyl boronic acid was added first to stoichiometric
Cu(II) dimer while selective C–N coupling was observed when the order of addition was
reversed. Experiments with increasing amounts of imidazole or phenylimidazole product
added to the reaction mixture resulted in a decrease of the reaction rate, further suggesting
facile coordinate with the catalyst, in this case resulting in inhibition. This evidence strongly
suggests that Cu complex reacts fast with the imidazole in the selectivity–determining step.

First, imidazole reacts with dimer I forming monomer II, which subsequently undergoes
transmetallation with phenyl boronic acid. Reductive elimination of the Cu(II)(imidazole)
(phenyl) intermediate III affords the phenyl imidazole product and a Cu(I) species. The
Cu(I) species is then reoxidized to the dinuclear and mononuclear Cu(II) species by
phenylboronic acid and water. Previously, the authors demonstrated the presence of water
was essential while dioxygen was not required for C–N coupling to occur.336 The proposal
that the phenyl boronic acid acts as an oxidant requires the uphill formation of a highly
reactive boron hydride reagent in the presence of a highly reactive copper(III) species. Since
the reaction was conducted under an air atmosphere, and oxidation by dioxygen cannot be
excluded. An alternate mechanism involving the disproportionation of the Cu(II)
intermediate III to Cu(III) and Cu(I) species, outlined in (Scheme 175), could not be ruled
out based on the experimental results.

All of the catalytic cycles described above are plausible, and the actual reaction trajectory
may change depending on the basicity/nucleophilicity of donor. However, the facility of C-
C homo coupling strongly supports an initial association of the nitrogen donor, whether
before or after deprotonation. For example, deprotonation may only occur after
transmetallation. Additional experiments and kinetic studies are required to fully understand
these transformations.

III.C.2. C-O Bond Formation—With the realization of C-N coupling using a copper
catalyst under aerobic conditions321 (see Section II.C.1 above), the next frontier became a
simple catalytic procedure for oxidative coupling of alcohols with aryl boronic acids given
that the version with stoichiometric copper proceeded readily using variety of phenols and
N-hydroxysuccinimides.318,319,324b, 376 A catalytic protocol utilizing a stoichiometric
chemical oxidant to regenerate the copper catalyst has been reported. However the optimal
oxidant used in the reaction varied depending on the nucleophile and competitive oxidation
of the boronic acids was problematic.328e

The first examples of copper promoted C–O bond formation using arylboronic acids were
reported by Chan in 1998. Triarylbismuth arylating reagents could be replaced with
arylboronic acids to form heteroatom–carbon bonds using stoichiometric amounts of
Cu(OAc)2 and excess base. Only four examples were shown between 3,5–tert-butylphenol
or 2-iodophenol and substituted arylboronic acids generating the diaryl ethers in 40–78%
yield. The yields of the reactions were found to be dependent on nature of substrate,
substitution of the arylboronic acid, and base (pyridine or triethylamine).318 Acyclic and
cyclic arylboronate esters were also shown to arylate 3,5–tert-butylphenol, but in poorer
yields (< 50%).376
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The first example utilizing catalytic amount of Cu(OAc)2 was reported in 2001 by Lam.328e

Four different conditions were explored for the O-arylation of 3,5-tert-butylphenol with
Cu(OAc)2 (Scheme 176). Several oxidants (oxygen, pyridine N-oxide, 2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPO), N-methylmorpholine oxide, sodium perborate,
(1R)-(10-camphosulfonyl)oxaziridine, potassium ferricyanide, and m-chloroperbenzoic acid)
were examined. Over oxidation of the phenylboronic acid was problematic for most of the
oxidants surveyed other than pyridine N-oxide and TEMPO. On the other hand, catalytic
Cu(OAc)2 with oxygen provided the highest yields for O-arylation (79%). Notably, the
conditions employed by Collman using catalytic [Cu(OH)·TMEDA]2Cl2 for the N–arylation
of imidazole were not effective for O-arylation.

Progress in copper mediated C–O bond formation has thrived with discovery that a broad
range of oxygen nucleophiles, besides phenol, can be used. For example, carboxylic acids,
aliphatic alcohols, aryloximes, carboxylic acids, silanols, and N–hydroxyphthalimide have
been cross-coupled successfully. A collection of the various permutations including the use
of different copper sources, bases, and boron substrates are summarized in Table 9. A few of
these methods are discussed below. The reader is also directed to several very good reviews
on the topic.324

Among other nucleophiles, the coupling of water with arylboronic acids had proved very
difficult due to competing oxidation of the phenol products. A highly efficient protocol for
this process utilizing Cu(SO)4 and 1,10-phenanthroline ligand was reported by Hu in 2010
(Scheme 177).392 Organotrifluoroborate salts and arylboronate derivatives also afforded the
hydroxylated product in moderate to good yields (75–87% yield). The formation of aryl
boronic acid was not detected when the organoboron esters were examined (organoboron
ester do not just hydrolyze). The authors speculate the hydroxylation occurs via a
monopotassium trihydroxy(4–methoxy)–phenyl borate salt intermediate. This hypothesis
was supported by synthesizing this intermediate which converted to the product in 90%
yield when subjected to the reaction conditions. The yields improved in the presence of
ligand suggesting that Cu2O was not a catalytically active species. The authors speculated
that a Cu(I) and Cu(II) redox couple is required since the efficiency of the reaction
decreased in the absence of oxygen. Based upon the literature, we propose the mechanism
outlined in (Scheme 178).

Another recent example of copper-catalyzed hydroxylation of arylboronic acids was
conducted in water using an amphiphilic surfactant.393 Notably, the phenol product was not
detected when the reaction was conducted using 5 mol% of CuCl2 under an oxygen
atmosphere in water; the addition of the surfactant was critical for formation of the phenol.
In contrast to the case above, this protocol does not require the use of a ligand or base
additive providing a milder approach. Oxygen was crucial for reactivity. The reaction rate
decreased significantly under air, and no product formed under an argon atmosphere. A wide
range of functional groups including alkoxycarbonyl, acetyl, cyano, and halogens (Scheme
179) can be incorporated. Using H2

18O as the solvent revealed that the phenolic oxygen
arises from water, not oxygen, consistent with observations made by Evans319 and Lam.320

Cheng and co–workers reported the first protocol employing benzoic acid derivatives as the
O–donor for O–arylation of phenyl boronic acids utilizing catalytic amounts of Cu(OTf)2
(Scheme 180 and Scheme 181).394 This method provides a milder protocol for the synthesis
of benzoate derivatives without resorting to strongly basic conditions. Heteroaromatic
carboxylic acids reacted with high yields while ortho–substituted aryl boronic acids did not
react. To rule out hydroxylation of the arylboronic acid to the phenol followed by
condensation to the benozate ester, phenol and phenyl boronic acid were subjected to the
reaction conditions; trace ester (less than 1%) was formed.
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In 2010, Merlic and co-workers reported an inexpensive, mild, and stereospecific method for
the synthesis of vinyl ether products by cross coupling pinacol vinyl boronate esters with
aliphatic alcohols using Cu(OAc)2 at ambient temperature, (Scheme 182).395 Although the
method employs excess copper avoiding the need of added oxidant such as air, this work
will be described since it is preparatively useful for the synthesis of vinyl ether substrates. In
contrast to other previously reported C–O bond forming reactions, vinyl pinacol boronate
coupling partners were optimal while other boronate esters, boronic acids, boroxines, and
boranes were sluggish (19–59% yield). Only 1.0 equiv of coupling partner is required and
water was found to be detrimental. These conditions are compatible with acidic, basic,
nucleophilic, oxidative, and radical conditions. The addition of triethylamine improves the
yield by quenching acetic acid minimizing protodeboronation of the pinacol vinyl boronate,
(Scheme 182). A mechanism is proposed based on the works of Evans319 and Stahl398

(Scheme 183). Transmetallation of the pinacol boronate to Cu(II) initiates the reaction. Next,
a ligand exchange from the Cu(OAc)2 with the alcohol forms Cu(II) species.
Disproportionation with a second equivalent of Cu(OAc)2 forms a Cu(III) speices.
Reductive elimination forms the vinyl ether substrate and one equivalent of CuOAc.

While developing a protocol for the synthesis of alkoxydienes, it was also discovered that
alkene and alkynes could be used as a π-ligands for oxidative copper cross coupling with
vinyl boronates.396 Overall, superior yields were observed using Cu(OAc)2, 4.0 equiv of a
3-hexyne additive, and neat alcohol (37–80%) (Scheme 184). While catalytic amounts of
copper could be used, higher yields were consistently obtained with stoichiometric amounts
of copper.

Building on previous work, Merlic and co-workers have reported the first example of a
copper catalyzed oxidative coupling of silanols with pinacol vinyl boronates to afford enol
silyl ethers (Scheme 185).397 The method is distinctive to classical enol ether synthesis in
that the C–O bond is formed rather than the Si–O bond via O–silylation of carbonyl
derivatives. The importance of pyridine N–oxide and oxygen is unclear, and removing either
reagent leads to poor yields. Substrates with acid and base labile functional groups could
also be coupled in moderate yields. Notably, the coupling of vinylboronate containing both
an alcohol and ketone functional groups was silylated selectively in 43% and 44% yield
respectively (no evidence of alcohol coupling was observed). Aryl silyl ethers could also be
synthesized from the corresponding silanols and aryl pinacol boronate (65% yield). The
authors speculate the mechanism may be analogous to the mechanism of copper based
couplings with alcohols.

Investigation of the mechanism of the etherification reaction by Stahl co-workers revealed
that, under rigorously anaerobic conditions, a 2:1 Cu(II):product stoichiometry occurs.398

Further kinetic and structural experiments supported transmetallation of the aryl group to
copper as the turnover-limiting step, and that most of the copper in solution existed as
copper(II) with weak ligands. On this basis the mechanism in (Scheme 186) was proposed
for this transformation.

Stahl and co-workers have also examined C–O bond formation between oxygen
nucleophiles (carboxylic acids, phenols, and alcohols) and a well defined macrocyclic aryl–
Cu(III) complex.273 The order of reactivity observed for the stoichiometric reactions of the
oxygen nucleophiles with the macrocyclic aryl–Cu(III) complex was: carboxylic acids >
phenols > alcohols. Studies examining the dependence of the reaction rate on the
concentration of the nucleophile, evaluating of the effect of pKa, and identifying the Cu(III)-
nucleophile adducts are outlined. A positive slope was observed for the Brønsted correlation
of carboxylic acids indicating less acidic acids react faster, and a negative slope was
observed for para-substituted phenols except for p-nitrophenol, which behaved similar to
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carboxylic acid nucleophiles. Lastly, UV-visible spectroscopy data suggested the presence
of a ground-state interaction between the macrocyclic aryl-Cu(III) complex and the more
acidic carboxylic acids and phenols. Based on the findings outlined above, a pre-equilibrium
of the carboxylic acid nucleophile and Cu(III)aryl macrocycle is proposed, which can be
stabilized by hydrogen bonding of the acidic H to the acetonitrile solvent, intermediate II
(Scheme 187). Subsequent deprotonation of the nucleophile affords intermediate III, which
then undergoes reductive elimination to form the C–O bond and Cu(I) species. The authors
rationalized that more acidic nucleophiles are able to undergo deprotonation more rapidly
enhancing their ability to coordinate.

A polymer supported Cu(OAc)2 catalyst has been evaluated for C–O coupling of phenols
with phenylboronic acids.399 The polymer supported version was less efficient (yields never
exceeded 50%). The catalyst could be recovered from the reaction; however, the catalytic
activity decreased significantly upon recycling.

Other reagents asides from boronic acids have been investigated in etherification and the
bismuth reagents have proved to be suitable for the etherification for a wide range of
alcohols including tertiary alcohols (Scheme 188).400 This mild transformation, which
proceeds at ambient temperature, is particularly mild tolerating chelating substrates and
various functionality including ketone, carboxylic ester, amide, tertiary amine, and silyloxy
groups. Downsides are that only one aryl group transfers from the Ph4BiF reagent and its
preparation requires several steps.

III.C.3. C-S Bond Formation—As was the case for the C-N and C-O bond forming
reactions, initial C-S bond forming reactions employed stoichiometric copper reagents
(Scheme 189).401 Turnover in this transformation was difficult since the copper(II) species
proposed to be involved (see Scheme 173 above) can oxidize thiols. To circumvent this
problem, a pre-activated N-thiol substrate has been employed.402 While catalytic copper
conditions could be achieved, this change perturbed the reaction so that it was not an
oxidative transformation and oxygen is not required.

The use of oxidized sulfur species was shown to be more successful. In a mild copper-based
protocol, aryl and vinyl sulfones were synthesized via the cross coupling of aryl and vinyl
boronic acids with sodium sulfinate salts (Scheme 190).403 Catalytic amounts of copper(II)
acetate with 1,10-phenanthroline as ligand were employed in the presence of 4 Å molecular
sieves. In the case of aryl boronic acids, the major side products in the reactions were
symmetric copper-based cross-couplings to biaryls, and phenols and biaryl ethers from
oxygenation reactions.

The use of disulfides has also been successful for the synthesis of unsymmetrical disulfides.
Taniguchi described the first example of oxidatively coupling disulfides with boronic acids
utilizing copper salts to synthesize unsymmetrical monosulfides in 2006.404,405 Several
copper(I) and copper(II) sources provided good yields with bipyridine ligands, while amine
and phosphine ligands were not efficient. Aryl, alkyl, and alkenyl boronic acids could be
coupled efficiently (Scheme 191). The alkyl boronic acids required longer reaction times,
and di-n-butyl sulfide proceeded in low yield.

To gain an understanding of the mechanism, PhSCu was treated with 4–MePhB(OH)2
(Experiment A, Scheme 192), the product was formed in moderate yields suggesting that
PhSCu is an intermediate. In the absence of oxygen, less then <10% of the desired product
was detected (Experiment B, Scheme 192).
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Two mechanisms have been proposed based on the observed results (Scheme 193). In cycle
A, the Cu(I)L2 species (I) undergoes transmetallation with arylboronic acid to form a
Cu(I)R2L species (VI). This Cu(I)R2L species (VI) undergoes a metathesis reaction with the
R1SR1 to form R1SCu(I)L species (III) and the desired product R1SR2 species (VII). The
R1SCu(I)L species (III) is subsequent oxidized by oxygen to Cu(II) (IV), which then
undergoes transmetallation with a second equivalent of arylboronic acid to form Cu(II)R1R2

species (V). This species is undergoes oxidative expulsion of the disulfide product and
regenerates the Cu(I)L2 species (I) catalyst. For Cycle B, the disulfide coordinates to the
Cu(I)L2 species (I) and undergoes transmetallation to form 1.0 equiv R1SR2 species (VII) as
well as R1SCu(I)L species (II), which intersects the catalytic cycle A. The formation of
discrete Cu(III) intermediates are not proposed for the formation of C–S bond.

A selective arylation of 1,2-bis(o-amino-1H-pyrazolyl) disulfides with arylboronic acids
using 1,10–phenanthroline ligand and catalytic amounts of copper was achieved in moderate
to excellent yields (Scheme 194).406 Notably, selective S–C bond formation was achieved in
the presence of a free amine group. N–Arylated products were not observed by GC–MS. The
use of oxygen is necessary for the reaction to occur. Arylboronic acids with electron
donating and withdrawing groups are suitable substrates while alkyl boronic acids failed to
react. A 1:2 mixture of water and dimethyl sulfoxide was optimal and the yields decreased
to < 50% in the absence of water. The first example of cross coupling of a disulfide with a
heteroaryl boronic acid was also achieved in a 60% yield.

A protocol to generate unsymmetrical fluorinated arylsulfides was reported via cross
coupling of aryl– and aliphatic disulfides with tris(fluorophenyl)boroxines in the presence of
CuI and 1,10-phenanthroline under an oxygen atmosphere (Scheme 195).407 The presence
of a ligand and oxygen are necessary for the reaction to occur. Notably, this process is
efficient with aryldisulfides containing unprotected hydroxy or amino groups.

A by–product was generated in addition to the desired product when 1,2–dibenzyldisulfide
was employed (Scheme 196a). The benzylic site of the initial cross-coupling product is
expected to be highly reactive. Indeed, debenzylation of this compound generated a new
disulfide, which underwent further coupling (Scheme 196b). As a consequence, dibenzyl
disulfide is a surrogate for elemental sulfur, allowing incorporation of two new aryl groups.

III.C.4. C-Se and C-Te Bond Formation—Another emerging application of copper-
mediated C–heteroatom bond formation has been the use of organoselenium and tellurium
as synthetic reagents for oxidative cross coupling chemistry. Huang and co-workers reported
the first example of cross coupling arylboronic acids with diphenyl– diselenide and
ditellurides utilizing catalytic amounts of copper.408 The reaction proceeds well with 5–15
mol% catalyst loading while yields decrease with 1 mol% copper catalyst, (Scheme 197).
Highly hindered arylboronic acid substrates reacted efficiently. A limitation to this method
is that ditellurides are unstable due to oxidation by oxygen, and must be conducted under an
inert atmosphere. Organotrifluoroborate salts and vinylboronic acids may be used to cross
couple. This reaction can be carried out in ionic liquids such as BmimBF4 with recovery of
the copper catalyst without loss of activity (5 repetitive cycles may achieved).

Taniguchi also demonstrated that unsymmetrical diorgano-selenides and ditellurides could
be easily prepared from cross coupling aryl– or alkylboronic acids with diselenide and
ditellurides (Scheme 197).405 Absence of bipyridine ligand decreased yields while TMEDA
(58%) and triphenylphosphine (4%). Alkenyl and alkyl boronic acids are tolerated the later
required longer reaction times than arylboronic acids.
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Efforts to understand the mechanism of this transformation began by investigating the role
of oxygen. A reaction using CuI or CuCl2 with (PhS)2 and 4–MeC6H4B(OH)2 in the
absence of oxygen provided the desired product in 7% (CuI) or 3% (CuCl2) yield indicating
the presence of oxygen is essential. Next, PhSCu was prepared and subjected to the reaction
conditions with 4–MeC6H4B(OH)2 the sulfide was obtained in 53% yield indicating PhSCu
may be an intermediate. The yield of this same reaction was increased to 68% yield when n–
Bu4NI was used as the anion source of PhSCu(II) after oxidation of PhSCu(I) (other salts
such as KI and LiI yielded the same results 63% and 68% respectively)

Therefore, it was concluded the reaction requires oxygen and demonstrated that PhSCu(I)
can react with boronic acid via the formation of PhSCu(II)X by oxidation of PhSCu(I) in the
presence of oxygen. A reaction mechanism has been proposed and is identical to the
mechanism proposed for cross coupling of diaryl sulfides, (Scheme 193), except the
heteroatom for the diorganochalcogenide in this case is substituted for Se or Te.

Similarly to other C–heteroatom bond forming reactions, other organoboron derivatives
were used as alternative coupling partners for boronic acids. Alves and co–workers were
able to cross couple aryltrifluoroborates with diarylditellurides using similar reactions
conditions mentioned above, (Scheme 198).409 Catalyst loading could be reduced from 10
mol% to 5 and 1 mol% without decreasing yields. In contrast to Taniguchi protocol, this
reaction is sensitive to electronic effects of the aromatic ring of the trifluoroborate salts.
Potassium heteroaryl trifluoroborates could also be used and afforded the product in good
yields. The authors suggest the reaction proceeds through the mechanism proposed by
Taniguchi.

III.C.5. C-C Bond Formation—The first report of the oxidative dimerization of
arylboronic acids came from Demir in coworkers in 2003 showing that Cu(OAc)2 under
oxygen was effective.410 While most of the examples utilized high catalyst loading (50 mol
%), lower loadings worked well (Scheme 199) except with ortho-substituted substrates. This
process is not as facile as the related C-N, C-O, and C-S bond forming reactions since the
homodimers are typically not reported as a major byproduct in these other processes.

In 2009, an improved protocol for oxidative dimerization was reported relying on catalysts
that would facilitate transmetallation.411 Ultimately, the copper(II) bis-μ-hydroxo adduct
with a phenanthroline ligand proved the most effective providing the dimeric products under
ambient conditions with as little as 2 mol% of the copper catalyst (Scheme 200).

In contrast to the mechanisms proposed above for C-N and C-O bonding formation (see
Sections III.C.1 and III.C.2) involving a Cu(III) to Cu(I) redox event, Yamamoto and Kirai
proposed a bimetallic mechanism involving two Cu(II) to Cu(I) redox events (Scheme
201).411 This sequence was proposed in order to accommodate the most ready pathway for
aryl boronic acid incorporation via exchange of a hydroxyl ligand.

Another recent example, which illustrates the potential for oxidative homodimerization to
occur during other desired couplings, can be seen in Scheme 202.337 While
pentafluorophenyl boronic acid underwent clean aryl amination with anilines (see Section
III.C.1), alkylamines gave rise to a quite different product resulting from oxidative
dimerization followed by amination of one of the fluorides. This reaction pathway is
supported by formation of the final product from isolated homodimer and none from the
independently generated pentafluoroaniline compounds.

A selective C–H bond arylation of arenes with aryl boronic acids was also reported for the
synthesis of biaryls.257 Several electron rich arenes were cross coupled with arylboronic
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acids using a Cu(OCOCF3)2 catalyst under an ambient atmosphere (Scheme 203),
presumably via directed insertion of copper into the arene C–H bond.

Notably, homocoupling of the arylboronic acids did not occur; in this case, the reaction was
selective for cross coupling. The copper source for this reaction was important as not all
copper sources promoted the reaction. The presence of oxygen in not required for this
transformation to occur; however, a significant increase in the rate was observed under an
oxygen atmosphere. Multiple arylations could also be achieved for N-methyl indole and N-
methyl pyrrole heterocycles in 54–51% yields respectively. Inductively coupled plasma-
atomic emission spectrometry experiments confirmed this transformation is not mediated by
trace palladium. Efforts to reduce the catalyst loading led to decreased yield thus limiting
this methodology to the use of stoichiometric amounts of copper salt.

A tandem process has been reported by Liebeskind and coworkers wherein a nonoxidative
C-C bond forming reaction to generate a ketone from a thioester and an aryl boronic acid is
accompanied by oxidative coupling of the resultant thiolate with an aryl boronic acid
(Scheme 204).386 While detailed mechanistic studies to elucidate the nature of this
interesting transformation remain to be undertaken, information from studies on the
processes described above suggests the catalytic cycle outlined in (Scheme 205) which is in
accord with all the data described.

More recently, copper catalyzed C(sp2)–C(sp) bond formation via aerobic oxidative
arylation of terminal alkynes with aryl boronic acids has been reported.412 Depending on the
type of alkyne substrate used, pyridine or a pyridine additive is employed in the presence of
catalytic copper under an air atmosphere at ambient temperature to afford the internal
alkynes in good yields, (Scheme 206). Terminal alkynes with an alkyl chain bearing a
hydroxyl or protected amine could also be cross-coupled in moderate yields (Scheme 207).

Similarly Kobayashi and co-workers were able to cross couple alkynes with aryl boronic
acids using low concentrations of copper salts (0.15–3.0 mol%) in a mixture of 2,6-lutidine
and methanol, (Scheme 208).413 The concentration of copper catalyst was found to
dramatically influence the amount of homo coupling observed, higher concentrations led to
increased homo coupling of both the alkyne and the aryl boronic acid. Interestingly, 2,6-
lutidine was the only pyridine derivative found to effectively catalyze the cross coupling
reaction while other amine bases such TMEDA led to the undesired homo coupling side
products.

III.C.6. C-P Bond Formation—Further exploration of the Chan-Lam cross coupling of
arylboronic acids have led to the discovery that C–P bond can also be formed under
oxidative conditions. Zhuang and co-workers have reported the first example of cross
coupling secondary H-phosphonate diesters using catalytic amounts of copper(II)oxide and
phenanthroline catalyst in the presence of excess amine base under an oxygen atmosphere to
afford aryl phosphonates.414 Phenol and diaryl ether side-products arising from competing
oxidation of the arylboronic acids to the phenol and O-arylation were detected. Notably, the
yields decreased from 96% to 56% when the reaction was performed under pure oxygen
instead of air. The authors rationalized that the use of pure oxygen could accelerate
formation of tetraethyl hypodiphosphate, which was detected by 31P NMR. A variety of
dialkylphosphonate esters (Scheme 209) and arylboronic acids (Scheme 210) were coupled
efficiently although dibenzylphosphonate esters afforded lower yields (54%) due to
dealkylation and oxidation side reactions. The more hindered ortho-substituted arylboronic
acids coupled in lower yields than para-substituted substrates, a pattern seen in many
boronic acid couplings (see above sections). This method provides new directions for
formation of C–P bonds.
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III.C.7. Summary of Boronic Acid Couplings—Since the initial discoveries in 1998,
the synthetic community has become skilled at exploiting the use of small molecule copper
catalysts to direct powerful redox chemistry for the formation of new bonds from
arylboronic acids. The use of readily available boronic acids, catalytic amounts of copper,
weak base, ambient temperatures, and molecular oxygen are notable features of the Chan-
Lam coupling methods that make them synthetically valuable. Although tremendous
progress has been made in identifying new heteroatom nucleophiles that have improved
existing protocol or led to the discovery of new C–heteroatom bond forming methods, there
are still limitations that need to be addressed. An understanding of reactivity for each type of
substrate is needed to select appropriate reagents without extensive reoptimization,
especially for complex structures. There is only one method that allows for the synthesis of
hindered heterocycles under mild conditions.325 To date, no asymmetric C–N bond forming
and C–O macrocyclizations protocols have been reported using an oxidative copper-
mediated cross coupling approach even though natural products containing chiral C–N and
C–O bonds are known. Competing oxidation and protodeboronation of the boronic acid has
remained a recurring setback in yield optimization and atom economy. A valuable
improvement would be identification of oxidative conditions that would disfavor or slow
down these types processes. Additional mechanistic studies for these transformations are
needed to further expand this chemistry. For example, a basis to determine whether
deprotonation will occur before or after coordination of the nucleophile to the copper is
needed. An understanding of the transmetallation step and the influence of ligand-copper
and ligand-copper-nucleophile interactions on the copper oxidation state would be highly
beneficial to expanding the scope.

IV. Reactions of Alcohols
Galactose oxidase (GO) is a copper-containing enzyme that catalyzes the two-electron
oxidation of alcohols to aldehydes using molecular oxygen as the terminal oxidant.415 The
obvious utility of this type of transformation, coupled with the understanding of the structure
and mechanism416 of GO has inspired the design of numerous small molecule catalysts to
effect similar transformations. Major challenges to the development of these catalysts
include the extension the substrate scope beyond activated (i.e., allylic and benzylic)
alcohols, identification of effective co-oxidants, and the identification of simple and
inexpensive copper catalysts. The following sections detail various approaches that meet
these challenges.

IV.A. Formation of Carbonyls from Alcohols
Four basic paradigms exist for the copper-catalyzed oxidation of alcohols to carbonyls, each
varying in the manner in which the hydrogen atom bound to the carbon is abstracted from
the coordinated alcohol (Scheme 211). In Mechanism Type I, this hydrogen is abstracted by
molecular oxygen coordinated to the copper center. Note that the structure shown in Scheme
211 is an oversimplification of the intricate interplay between copper(II) and molecular
oxygen, which is well covered in a recent review by Stack and co-workers.79e Mechanism
Type II, pioneered by Semmelhack,417 features a hydrogen radical acceptor, often TEMPO
or one of its analogues, as a cofactor. In Mechanism Type III, largely developed by
Markó,59,418 a hydrogen anion acceptor serves as a cofactor. Mechanism Type IV is the
most analogous to that of galactose oxidase, in which an oxy radical on the ligand itself
abstracts a hydrogen radical.

IV.A.1 Alcohol Oxidation—The reactions of Mechanism Type I represent the aerobic
oxidations of alcohols using copper catalysts without any co-oxidant. Abstraction of the
hydrogen is performed by a copper-oxygen species,419 the exact nature of which depends
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heavily on reaction conditions and ligands. The lack of a co-catalyst renders these reactions
useful for studies of the interactions between copper and oxygen. Much work has been
undertaken to understand the interactions between copper and molecular oxygen, including
the manner in which coppexr activates the oxygen to make it available for catalytic
oxidations.79e By far and large, these reactions are not synthetically useful since they require
forcing conditions and are prone to overoxidation.420 However, their development, which
began with the work of Brackman and Gaasbeek in 1966,421 paved the way for the much
more mild and general reactions that are discussed below.

One of the many proposed mechanisms is shown in Scheme 212.422,423 The binding of the
alcohol to the Cu(I) complex is followed by oxidation of the complex by molecular oxygen
to give a μ-peroxo Cu(II) species. Homolysis of the peroxide bond and proton abstraction
results in formation of the aldehyde and regeneration of the catalyst. However, other
mechanistic studies indicate the presence of H2O2 as a byproduct of the oxidation
process.424 This reaction is inhibited by water, a byproduct of the oxidation reaction,425 as
well as by tertiary phosphine ligands, likely due to competitive binding at the copper
center.426 The oxidation reaction is most effective at pH of 12.6–13.3, indicating that the
alcohol must be deprotonated prior to binding to the copper complex.427 Highly oxidized
copper(III) complexes have also shown to mediate the oxidation of benzyl alcohol to
benzaldehyde, suggesting that these complexes may play a role depending on reaction
conditions (Scheme 213).428

Since the majority of studies into this mechanism type are kinetic and inorganic
investigations, there has been limited study toward expansion of the substrate scope.
Nonetheless, this type of process has been shown to have good utility for selected substrates
(Table 10). For example, Zhang and co-workers found ligand-free conditions to oxidize
benzylic alcohols to benzaldehydes in good yield and with good selectivity (Scheme
214).431 Skibida and co-workers have shown that copper and oxygen catalyze the
degradation of polyethylene glycol under basic conditions.429 At high temperatures (250 –
500 °C), γ-Al2O3 supported copper can effect the oxidation of methanol to HCHO, CO, and
CO2.430

Yao and co-workers demonstrated the utility of copper nanoparticles as a catalyst scaffold
for the aerobic oxidation of alcohols.433 Using 2,2'-bipyridine as a ligand, propargylic
alcohols were oxidized to ketones in excellent yield (Scheme 215).

A unique oxidative intramolecular cyclization of formyl-N-arylformamides has recently
been reported.439 The method employs catalytic CuCl2 under oxygen to induce coupling of
aldehyde with the ortho-aryl position, providing an array of indoline-2,3-diones (isatins) in
good to excellent yield (Scheme 216). Secondary amides failed to provide more than trace
amounts of product, and substrates with strongly electron-withdrawing group at the para-
position also gave poor yields. meta-Substituted substrates afforded regioisomeric product
mixtures.

A small but observable kinetic isotope effect was observed with deutero-substitution for
either the ortho-aryl or aldehydic hydrogen. Radical inhibitors such as TEMPO or 1,1-
diphenylethylene did not affect the reaction. Consequently, a radical mechanism or a
mechanism involving SEAr or chelation-assisted C–H bond cleavage in the rate determining
step is unlikely. The authors propose initial insertion into the aldehydic C–H bond to
generate an acyl copper(II) intermediate (Scheme 219, Path A). The lack of precedent for
this step and for that involving oxidative arene C-H insertion with a Cu(II) to Cu(III) redox
couple raises the possibility of an alternate mechanism (Path B), in which a Friedel-Crafts
reaction is followed by copper-catalyzed oxidation of the alkoxy intermediate. The authors
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noted, in the absence of oxygen, significant amounts of the anticipated Friedel-Crafts adduct
are formed. A rate-determining copper-catalyzed oxidation of this intermediate would
account for the isotope effects, and is also consistent with the mass values and IR stretches
reported.

The second major paradigm in aerobic copper-catalyzed alcohol oxidation utilizes (2,2,6,6-
tetramethyl-piperidin-1-yl)oxyl (TEMPO), or an analogue thereof, as a cocatalytic hydrogen
radical acceptor. Brackman and Gaasbeek first observed the utility of nitroxyl radicals as
promoters of oxidation reactions while studying the oxidation of methanol by cupric
complexes.440 These oxidative conditions are very selective for primary alcohols, and much
work has been done expanding both the substrate scope and optimizing the copper catalyst
and N-oxyl radical co-catalyst (Table 11). Pioneering work by Semmelhack showed that
aliphatic, allylic, and benzylic primary alcohols oxidize easily to the aldehyde, but that
secondary alcohols require forcing reaction conditions (Scheme 218).417

A proposed mechanism for this transformation is shown in Scheme 219. Both TEMPO and
the alcohol coordinate to the copper complex.444 The oxyl radical abstracts a proton from
the alcohol, which in turn reduces the copper center to eject the aldehyde. The N-hydroxide
thus formed is oxidized to the radical by molecular oxygen, and the active Cu(II) catalyst is
regenerated via oxidation by an equivalent of an N-oxy radical. The high selectivity for
primary alcohols arises from steric crowding at the copper center, which prevents the
coordination of secondary alcohols. An analogous mechanism proposed by Sheldon suggests
that the TEMPO is bound via the oxygen rather than the nitrogen;481 an η2-coordination
mode (binding to both the oxygen and the nitrogen) has also been proposed.449

A kinetic study of the reaction by Koskinen and co-workers showed the TEMPO and copper
co-catalyzed oxidation of alcohols to be first order in TEMPO and second order in
copper.447 This led to the proposal of an alternate mechanism (Scheme 220), in which the
rate-determining step is the oxidation of one alcohol molecule to the aldehyde by a binuclear
copper complex, with concurrent oxidation of TEMPOH to TEMPO and reduction of one
copper nucleus to Cu(I). The nitroxyl radical thus formed serves to oxidize a second alcohol
molecule, reducing the second copper atom and releasing a second equivalent of aldehyde.

An ESI mass spectrometry study was conducted by Shyu and coworkers on the copper-9,10-
phenanthroline-TEMPO co-catalyzed reaction, with the goal of detecting the reactive
intermediates proposed in the above reactions.443 Prior to addition of benzyl alcohol, the
ESI MS showed the presence of both monomeric and dimeric copper species. Immediately
after the addition of benzyl alcohol, only monomeric copper complexes were observed.
However, no traces of the alcohol-copper-phen complex or the TEMPO-copper-phen
complexes were observed. Also, the authors observed a peak at 1630 cm−1 in the IR
spectrum, which the authors attributed to an oxoammonium species II. This led a proposed
mechanism (Scheme 221) in which the copper serves only to oxidize the nitroxyl radical I to
the oxoammonium species II; in turn, molecular oxygen oxidizes the copper. This reaction
mechanism is analogous to that of the TEMPO-NaOCl alcohol oxidation system,482 and is
similar to that initially proposed by Semmelhack.417 Computational studies support the
reaction involving charged species,483 but these results vary considerably depending on the
density functional method. It should be noted that none of the above mechanisms are
supported conclusively,484 so it is not unreasonable to expect that different combinations of
three mechanisms contribute in some measure depending on the reaction conditions.

The impressive functional group tolerance and selectivity for primary alcohols was recently
demonstrated by Hoover and Stahl (Scheme 222).441 Using 5 mol% copper and 5 mol%
TEMPO with 10 mol% N-methylimidazole (NMI), many primary allylic, benzylic, and
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aliphatic alcohols were oxidized to the corresponding aldehydes in the presence of a variety
of functional groups including heterocycles, alkenes, and unprotected 2° alcohols.
Limitations of the method were also identified; poor substrates included those with vicinal
diols and other chelating groups in close proximity to the reactive alcohol. Substrate
competition reactions demonstrate that CuBr2 is more selective than Cu(OTf)2, with the
latter giving overoxidation of intermediate hemiacetals to lactones (Scheme 223).

Raguaskas453 and Gree458 have developed methods for utilizing the Cu/TEMPO oxidation
in ionic liquids. Allylic and benzylic alcohols are readily oxidized whereas higher
temperatures and longer reaction times are required for primary aliphatic alcohols. The
products are extracted using organic solvents, and the copper- and TEMPO-containing ionic
liquid can be recycled multiple times without loss of activity.

While investigating the copper-catalyzed aerobic oxidation of sugars using TEMPO,
Hoffmann and Gassama saw a rate acceleration when the reaction was exposed to visible
light compared to reactions kept in the dark (Scheme 224).450 UV/Vis analysis of the
reaction mixture indicated that the irradiated reaction showed a lower concentration of the
Cu(II)–TEMPO adduct, suggesting that the light destabilizes this intermediate. Taking
advantage of the selectivity of this reaction toward primary alcohols, a tetrahydroxyazapane
was synthesized via oxidation of a benzyl glucoside, followed by reductive amination and
nucleophilic ring expansion (Scheme 225).

A fluorous biphasic system and a bipyridyl catalyst with perfluorinated side chains
effectively catalyzes the oxidation of aliphatic and benzylic alcohols to aldehydes in good to
excellent yield (Scheme 226).442 Benzylic and allylic secondary alcohols are also oxidized
to ketones; higher loading of TEMPO is needed for aliphatic secondary alcohols. High
chemoselectivity is observed in the oxidation of cyclohexanols, with axial alcohols reacting
6–8 times faster than equatorial alcohols.

The utility of the Cu/TEMPO-catalyzed aerobic oxidation of alcohols, both in the selectivity
and functional group tolerance, has led to its utilization in a number of total syntheses.
Essigmann selectively oxidized a benzylic alcohol in the presence of an aliphatic primary
alcohol in the synthesis of a known side product of the 2+2 reaction of psoralen (Scheme
227).485

The method has also been applied in the total synthesis of epoxyquinol A and its analogs by
Porco and co-workers, in which a primary allylic alcohol was selectively oxidized in the
presence of a secondary allylic alcohol with no erosion of enantioselectivity (Scheme
228).486 The aldehyde thus formed undergoes a 6π-electrocyliczation in situ followed by a
Diels-Alder cycloaddition. Notably, Dess-Martin periodinane oxidized of both alcohols.
Kuwahara and Imada used the same transformation in their total synthesis of epoxyquinol A.
The Cu/TEMPO-catalyzed aerobic alcohol oxidation followed by a 6π-electrocyclization-
Diels-Alder cascade then yielded the epoxyquinol A (46%) and epoxyquinol B (20%).487

The same method was used to elucidate the mechanism of an oxidation in a related system
(Scheme 229). Selective oxidation of the allylic alcohol with Cu/TEMPO in oxygen yielded
the electrocyclized product, which was then treated with Bobbitt's reagent (4-
acetylamino-2,2,6,6-tetramethylpiperidine-1-oxoammonium tetrafluoroborate)488 to yield
the lactone, indicating that the 2H-pyran is an intermediate in the original reaction.489

The selective oxidation of the primary allylic alcohol in epoxyquinones, epoxyquinols, and
epoxy diols is a motif that features prominently in the work of Mehta and co-workers. The
versatile method has been employed in the total syntheses of (−)-cycloepoxydon,490 (±)-
jesterone,491 (±)-ambulic acid,492 and (±)-acremines A, B, and I (Scheme 230).493 An
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attempt at the total syntheses of eupenoxide and phomoxide led to a revision of the natural
product structures (Scheme 231). The original proposed structures contained cis-diols, but a
moderately diastereoselective reduction of the quinol revealed that the trans-diol compounds
matched the spectral data.

Mehta and co-workers have also applied this method to the synthesis of precursors used in a
number of dimeric natural products. The final steps of the synthesis of torreyanic acid
featured a similar oxidation/6π-electrocyclization/Diels-Alder cascade to that used by Porco
and Imada, though it was initiated by DMP instead of Cu/TEMPO (Scheme 232).494 The
total syntheses of (+)-panepophenanthrin495 and (+)-hexacyclinol496 originate from the
same aldehyde precursor and utilize a [4+2] cycloaddition in the final step (Scheme 233).

An aerobic Cu/TEMPO-catalyzed alcohol oxidation was employed in the synthesis of a
simplified analog of the FGH ring of rubrifloradilactone C (Scheme 234).497 Here, the
primary allylic alcohol is oxidized to the aldehyde in the presence of a secondary allylic
alcohol. The resultant hemiacetal is then oxidized to the lactone. Notably, other oxidants
such as MnO2 did not give the desired selectivity. A similar method, oxidation to the
aldehyde followed by oxidation of the hemiacetal, was also employed by Nonappa and
Maitra in the total synthesis of 16-α-hydroxycholic acid, a component in bile of the shoebill
stork (Scheme 235). Cleavage of the lactone with potassium hydroxide furnished the natural
product.498

Aitken and co-workers tested a number of oxidants in their studies toward the synthesis of
the southern region of cyclotheonamide C. An aerobic Cu/TEMPO-catalyzed oxidation of
the primary allylic alcohol followed by Horner-Wadsworth-Emmons olefination gave the
desired unsaturated ester in 55% overall yield (Scheme 236).499

Fürstner and co-workers demonstrated the mild nature of the aerobic Cu/TEMPO-catalyzed
aerobic alcohol oxidation in the studies toward the total synthesis of iejimalide B.500 The
primary allylic alcohol was selectively oxidized without alkene isomerization in the
presence of a chiral secondary allylic alcohol (Scheme 237).

Christoffers and co-workers employed a Cu/TEMPO-catalyzed alcohol oxidation in the total
synthesis of (+)-canangone.501 A Luche reduction of an enantioenriched α-ketolactone
yielded the diol in a 1:1 mixture of diastereomers which could be separated easily by column
chromatography. Subjection of the separate diastereomers to the oxidation conditions
resulted in selective oxidation of the primary alcohol, yielding (+)-(S,S)-canangone and its
epimer, allowing for the determination of the absolute configuration of the natural product
(Scheme 238).

Mechanism Type III represents the most general method for copper-catalyzed aerobic
oxidation of alcohols and employs catalytic CuCl with a 1,10-phenanthroline (phen) ligand
and a catalytic amount of a diazodicarboxylate (Table 12). Typically di-tert-
butyldiazodicarboxylate (DBAD) is employed, though the reduced form (DBADH2) may
also be used. The reaction requires a base such as t-BuOK, N-methylimidazole, or K2CO3,
unless an ionic liquid is used as the solvent.502 The addition of substoichiometric base
prevents racemization of enantioenriched substrates.503 In addition to primary, allylic, and
benzylic alcohols, the diazodicarboxylate conditions can also be used for the oxidation of
secondary alcohols. Much of the work on developing this method was performed by Markó
and co-workers (Scheme 239).418

The reaction proceeds through a Cu(I)/Cu(II) redox cycle (Scheme 240).418c Commencing
from a copper(I)-phenanthroline hydroxide complex, ligand exchange produces alkoxy
complex II. The oxidation of the alcohol to carbonyl occurs concurrently with reduction of
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the diazodicarboxylate to a diazadicarboxylate species, generating III. After dissociation of
the aldehyde, oxygen converts the Cu(I) complex IV to the Cu(II) μ-peroxo intermediate V.
Homolysis of the peroxide bond reduces the copper and oxidizes the co-catalyst to back to
the diazodicarboxylate, regenerating the active catalyst I.

Mechanism type IV catalysts mimic galactose oxidase, an enzyme that contains a copper
catalytic site in which a ligand-stabilized radical is key to the oxidation.415 Much study has
been devoted to the mechanism of this enzyme, resulting the catalytic cycle depicted in
Scheme 241.416 Key features of the galactose oxidase mechanism include 1) an oxidizable
ligand which expands the effective oxidation state of Cu(II) to Cu(III), even though discrete
Cu(III) species are not formed, 2) abstraction of a hydrogen radical from the carbon of the
bound alcohol substrate, 3) oxidation of the bound carbon radical to the aldehyde by
reduction of Cu(II) to Cu(I), and 4) two electron reoxidation of the catalyst with molecular
oxygen.

The presence of an oxidizing metal and oxidizing ligand in one catalytic entity has inspired a
large number of studies toward mimicking this enzymatic reaction with small molecule
constructs (Table 13). The bulk of these constructs are complex catalytic entities that will be
difficult to implement in preparative procedures. Furthermore, the synthetic utility of these
methods has not been explored broadly, with the substrate scope usually described for
methanol, ethanol, or benzyl alcohol.

Much work has been done to elucidate the mechanism of these catalysts and establish their
relationship to galactose oxidase.514 Stack has shown that the phenol of the ligand illustrated
in Scheme 242 acts as the radical species, which abstracts a proton from the coordinated
alcohol in the rate-determining step.515 Studies on the galactose oxidase model systems have
shown a large kinetic isotope effect for the abstraction of the hydrogen atom.512,512,516

Oxidation to the alcohol is concurrent with reduction of the copper center and is followed by
the oxidation of the copper and ligand by molecular oxygen to regenerate the active catalyst.
This proposed mechanism is supported by theoretical calculations.517

IV.A.2. Asymmetric Alcohol Oxidation—With homochiral copper catalysts, selective
oxidation of alcohols with oxygen is possible via kinetic resolution or desymmetrization.518

For example, an enantiopure complex derived from (R)-BINAM and Cu(OTf) using
TEMPO as the cooxidant and molecular oxygen as the terminal oxidant has been shown to
catalyze the kinetic resolution of chiral diarylmethanols (Scheme 243).519 The achiral
ketone product can be removed easily, leaving behind the enantioenriched unreacted starting
material. While the authors do not report krel values, the enantioselectivities at the given
conversions suggest a moderate resolution (krel ~ 5). Sterically hindered ortho-substituted
substrates gave better resolution than para-substituted substrates.

Using the same catalyst system, Sekar and coworkers performed an asymmetric oxidative
kinetic resolution of benzoin compounds (Scheme 244).519,520 Again, the achiral oxidation
product, a benzil, is readily removed to reveal the enantioenriched benzoin starting material.
The high level of asymmetric induction indicates a high level of enantiodifferentiation,
which requires well-defined interactions between the substrate and catalyst. Such a
requirement is more consistent with the proposed mechanisms of Sheldon and Koskinen, in
which the alcohol coordinates to the copper prior to the oxidation step, rather than the
mechanism of Shyu, in which the alcohol does not coordinate to the copper.

IV.B. Oxidation of Diols and α-Hydroxycarbonyls
The copper-catalyzed oxidation of diols to dicarbonyls is difficult, as over-oxidation occurs
readily (see Section V.D). Specifically, the resultant glyoxyls are oxidized to aldehydes and
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carboxylic acids under the same reaction conditions (Table 14, entries 1–7). Reaction yields
can be improved with increased reaction time, but product ratios are correspondingly more
difficult to control (entries 5 and 6). Copper and oxygen have exhibited more utility in the
oxidation of benzoin compounds, due to the fact that reactivity can be modulated through
proper selection of copper source. Copper(II) sources tend to give benzil products (entries
8–18),521,522,523,524 while copper(I) sources effect oxidative cleavage to yield carboxylic
acids (entries 19–25).525

The mechanism of the oxidation is analogous to that of other alcohols (Scheme 245). The α-
hydroxyketone binds to the copper as the enol tautomer to give complex I. Molecular
oxygen binds to the copper with concurrent oxidation from Cu(I) to Cu(II).536 Homolysis of
the peroxide bridge of II leads to abstraction of the enolic proton to give the radical in III,
which donates an electron to copper to give the product.

Lewbart and Mattox reported the serendipitous discovery of copper-catalyzed aerobic
steroid oxidations in 1959 after linking the decomposition of cortisone samples to trace
copper in the water used in washing their glassware.537 A follow-up study showed that yield
of the glyoxyl products increased when air was passed over the reaction and decreased when
water was added (Table 14, entries 23–33).538 Treatment of the resulting glyoxyl products
with NaOH in methanol gives products arising from intramolecular hydride transfer similar
to the Cannizzaro reaction (Scheme 246).539 This two-step process can also effected in one
step by means of higher copper catalyst loadings (Table 14, entries 34–35).

Corey and Stoltz used this transformation in their synthesis of annulated derivatives of
ouabain for the treatment of heart failure (Scheme 247). Oxidation of the hydroxy ketone
gave the α-ketoaldehyde, which was treated with tosyl hydrazine and DBU to give a diazo
compound. Rhodiumcatalyzed insertion into the methyl group afforded the desired
annulated product.

Kinoshita found that when α-methylbenzoin is subjected to oxidative conditions an
oxidative cleavage occurs to yield a 1:1 ratio of acetophenone and benzoic acid (Scheme
248).526 The reaction is thought to occur via the oxidation of the ketone hydrate (Scheme
249). Oxidation of the copper by oxygen leads to the copper(II) species which is in
equilibrium with the diradical species. Homolytic C–C bond cleavage yields the two
products. This reaction is analogous to the oxidative cleavage of 1,2-diketones (Section
V.D).

A similar oxidative cleavage reaction occurs upon the subjection of lignin model compounds
to oxidation conditions with 20 mol% CuCl and 30 mol% TEMPO at high temperature
(Scheme 250).540 An aldehyde and a methyl ester are obtained in good yield in this simple
system, but the oxidative degradation of a full lignin molecule using copper was not
successful. Benzoin methyl ether, which would result from oxidation of the alcohol, was not
detected at any point, suggesting that a mechanism similar that that in Scheme 249.

IV.C. Oxidative C-C Coupling of Alcohols
Using a binuclear copper complex, Chadhuri demonstrated the oxidation of ethanol to
acetaldehyde and the oxidation of benzyl alcohol to benzaldehyde.508 However, in the case
of isopropanol and diphenylmethanol, homodimer products were formed (Scheme 251). To
account for this observation, a mechanism was proposed in which the oxidation state of the
copper complex does not change; rather, the oxidation is performed by the ligand, and
molecular oxygen serves to regenerate two phenolic radicals (Scheme 252). The formation
of the dimeric product is likely due to the relative persistence of the secondary radicals
obtained from isopropanol and diphenylmethanol.
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IV.D. Tandem Reactions with Alcohol Oxidation
Aldehydes very important functional groups in organic synthesis and feature prominently in
many multicomponent coupling reactions.541 The facile copper-catalyzed aerobic oxidation
of alcohols, which produces only water as a byproduct, is a useful tool for the generation of
aldehydes in situ so that they can be used immediately in a tandem fashion. For example, the
Passerini three-component coupling reaction uses an aldehyde, an isonitrile, and a
carboxylic acid to generate a complex carboxamide in just one step. The addition of CuCl2
and TEMPO with NaNO2 allows for the use of an alcohol in place of the aldehyde (Scheme
253).542 The nitrite salt was necessary for catalyst turnover; a mechanism accounting for this
observation is presented in Scheme 254. Notably, the water byproduct of the alcohol
oxidation reaction does not adversely the subsequent reaction.

Tandem reactions are extremely powerful and efficient reactions, generating significant
complexity in one flask without the need for purification between steps. These reactions can
be made even more efficient when the same catalyst can be employed in multiple steps. The
copper-catalyzed alcohol oxidation has also been used in a tandem alcohol oxidation-
olefination sequence (Scheme 255),543 using the oxidation conditions developed by Markó
and co-workers. Here, the copper serves not only to oxidize the alcohol starting material, but
also to activate the diazo compound in the olefination step. The two-step sequence can
provide a large range of olefins starting from primary and secondary alcohols with excellent
functional group compatibility. Notably, chiral substrates undergo no racemization under the
reaction conditions.

Tandem reactions taking advantage of the utility of copper as both an oxidant and as a Lewis
acid have been reported. Treatment of an alkynylpyranone with water in the presence of
copper(I) and oxygen leads to the formation of substituted furocoumarins in moderate yields
(Scheme 256).544 A possible mechanism for this reaction is outlined in Scheme 257. The
vinylogous ester is activated for nucleophilic attack by coordination of copper(I). Addition
of the oxycuprate across the alkyne generates a furan and a proton displaces the copper. It is
highly likely that the final oxidation of the hemiacetal is facilitated by trace copper(II) that
will form in air.

A similar tandem cyclization-oxidation sequence was used in the synthesis of highly
substituted furans from β-alkynyl-α,β-unsaturated aldehydes. The reaction is performed
open to air using a copper(I) catalyst, generating the desired products in moderate yields
(Scheme 258).545 Here, the copper serves to activate the alkyne for nucleophilic attack by
the aldehyde (Scheme 259). Displacement of the copper followed by hydration generates a
secondary benzylic alcohol, which is then oxidized to the ketone. While the authors do not
suggest that a copper(II) complex participates in the oxidation reaction, it reasonable to
suspect that a copper-catalyzed oxidation takes place.

With dihydronaphthalene scaffolds, an unexpected naphthofuran product is obtained, with
only a minor amount of the expected 2-acetofuran (Scheme 260). The authors propose an
oxidative cleavage reaction in which a molecule of oxygen is captured by a pyran ring
(Scheme 261, path A). However, and an alternative pathway in which a copper complex
activates the molecular oxygen is proposed in path B. This mechanism is analogous to that
seen in the oxidative cleavage reactions seen in Section V.C.2.

The “hydrogen-borrowing” oxidation-reduction sequence of converting alcohols into
secondary amines via the aldehyde and a M–H species (Scheme 262, right) does not require
the addition of a secondary oxidant like molecular oxygen when the metal is Ru or Ir.
However, Deng and coworkers have determined that the copper-catalyzed N-alkylation of
sulfonamides is improved by the use of an air atmosphere (Scheme 262, left). Presumably,
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oxygen facilitates the oxidation of benzyl alcohol, determined to be the rate-determining
step.546 On the other hand, too much oxygen (up to 70% with respect to sulfonamide) shuts
down the reaction by degrading the copper-hydride and thereby inhibiting the transfer
hydrogenation. The reaction shows very little substituent dependence on the benzyl alcohol,
though alkyl alcohols require different copper sources (Scheme 263). The reversible nature
of the hydrogen-borrowing reaction requires an excess of the benzyl alcohol. A similar
reaction using aluminum hydrotalcite-supported catalyst has been reported.547 An alternate
mechanism that does not require a copper-hydride, which is not stable in the presence of
molecular oxygen,548 is described for the next transformation below.

Xu and coworkers proposed a different reaction mechanism for a similar transformation.549

This mechanism avoids the formation of the very reactive CuH intermediate, an intermediate
that would be more reasonable for other hydrogen-borrowing N-alkylations catalyzed by
ruthenium and iridium. Instead, the authors suggest that the copper serves as an oxidation
catalyst for the rate-limiting step, the generation of benzaldehyde from benzyl alcohol
(Scheme 264). Otherwise, the copper catalyst serves as a Lewis acid catalyst, first aiding in
the condensation of the sulfonamide with the aldehyde, and then aiding in the hydride
transfer in a Meerwein-Ponndorf-Verley reduction of the tosyl imine.

The nitroso functional group is useful in organic synthesis due to its tendency to react in
sigmatropic rearrangements. However, nitroso compounds are unstable and must be made in
situ via oxidation of a hydroxamide. In the case of the ene reaction, the byproducts of this
oxidation lead to decomposition of products. The copper-catalyzed oxidation of
hydroxamides using molecular oxygen as the terminal oxidant is ideal because the only
byproduct is water; trace peroxides formed in the reaction can be inhibited using BHT. The
intramolecular (Scheme 265) and intermolecular (Scheme 266) tandem oxidation-ene
reaction affords carbamates and allylic hydroxamides, respectively, in good to excellent
yields.550

The carboxybenzyl acylnitroso can also be trapped in with a Diels-Alder reaction (Scheme
267).551 In fact, the major byproduct of the Diels-Alder trapping reaction is the ene product,
formed when less hindered dienes are used. The ene byproduct can be minimized by altering
the solvent, often at the expense of reaction time.

IV.E. Oxidation of Alcohols with Rearrangement
Under oxidative conditions, tertiary alcohols are either unreactive, undergo rearrangement or
undergo oxidative cleavage. A method for the oxidative rearrangement of allylic tertiary
alcohols to β-substituted enones has been reported using a TEMPO/CuCl2/O2 system in the
presence of molecular sieves (Scheme 268).552

V. Reactions of Carbonyls and Carbonyl Equivalents
V.A. Aldehydes to Acids

Many reagents and catalysts have been developed for the oxidation of aldehydes to
carboxylic acids, but few methods use mild reaction conditions with green oxidants such as
molecular oxygen. CuO has been found to be effective in the catalytic oxidation reaction
(Scheme 269), and the reactions can be performed in water, though a small amount of
cosolvent is needed for some substrates. The CuO catalyst is easily collected and
regenerated for further use.553

A possible mechanism for this reaction is outlined in Scheme 270. Copper-catalyzed
oxidation of one equivalent of aldehyde generates a peracid,554 which reacts with another
aldehyde equivalent to form two molecules of carboxylic acid. This method of peracid
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generation utilizing an aldehyde as a transfer oxidant is used in many alkane and alkene
oxidation reactions (c.f., Section II.B and Section II.C). In spite of the great potential of such
a transformation, little further work has been done with the bulk of efforts focuses on
peroxide as the oxidant.555

Fachinetti and coworkers found that a highly reactive Cu/CuO catalytic couple results from
the thermal decomposition of Cu(NO3)2 followed by exposure to alkaline formaldehyde in
the presence of molecular oxygen.556 The highly exothermic oxidation process produces
formate anion and fuel cell grade hydrogen (Scheme 271). This new chemical loop
represents one step toward the selective oxidative reforming methanol to give clean
hydrogen.

V.B. Aldehydes to Nitriles
Aldehydes condensed with ammonia to generate aldimines can be oxidized using copper and
oxygen to form nitriles in a one-pot oxidative amination reaction (Scheme 272).557 Notably,
this transformation utilizes ammonia, normally a reductant, in conjunction with oxygen. The
reaction can also be conducted using alcoholic starting materials, which are subsequently
oxidized by the catalyst to the aldehyde, at the expense of overall yield. Preformation of the
aldimine is viable, but does not improve the overall yield.

Mechanism studies show that the rate-determining step of this reaction is the deprotonation
of the aldimine to generate the iminylcuprate complex, with the copper catalyst serving as
both a Lewis acid and as an oxidant. (Scheme 273). Formation of the nitrile can result from
oxidation by the copper or by a disproportionation reaction (not illustrated), which also
yields an equivalent of starting material.558

Maumy and coworkers have improved the yields and expanded the substrate scope to
include a host of arenes and heterocycles (Scheme 274).559 CuCl2 and ammonia are
generated in situ from the metal corrosion of metallic copper by ammonium chloride in the
presence of oxygen. Though the copper catalyzes the reaction, a full equivalent is needed to
generate the necessary ammonia. The reaction works well with aryl aldehydes but aliphatic
aldehydes give lower yields due to competing enolization under the basic conditions, and
halogenated arenes tend to exchange with the chloride ligands on the copper.

V.C. Oxidation of Ketones
Ketones readily undergo oxidation with copper catalysts utilizing molecular oxygen as the
oxidant. The predominant reaction mode is oxidation of the enol or enolate form of the
ketone resulting oxidative coupling (C–C bond formation) or oxidative cleavage. A much
rarer reaction mode is Baeyer-Villiger oxidation to form the corresponding ester.

V.C.1. Oxidative Coupling via Enolates—The coupling of enolates by means of
oxidants, including stoichiometric copper reagents, is well documented.560 On the other
hand, the corresponding catalytic transformation is much more difficult. With organozinc
reagents, formed by a Reformatsky reaction from the corresponding α-haloketones,
oxidatively homocoupling could be induced using a catalytic system of copper, oxygen, and
a dinitroarene co-oxidant (Scheme 275).316 The high diastereoselectivity observed is due to
equilibration, as the product ratios are similar to calculated thermodynamic ratios.

In the proposed mechanism for this transformation, organocuprate formation to generate an
anionic CuI species occurs from the zinc intermediate (Scheme 276). Oxidation by the
dinitroarene co-catalyst generates a CuII species, two equivalents of which come together to
eject one molecule of coupled product. Transmetallation with another organozinc complex
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regenerates the organocuprate. The role of molecular oxygen is to quench the radical anion
dinitroarene, forming peroxide radical anion as a byproduct.

More acidic malonate substrates can undergo direct oxidative enolate coupling using a
system very similar to that used in Glaser-Hay couplings (see Section II.D.2 above). For
example, treatment of diphenylnitrile with 1 mol% CuBr in concentrated ammonia gives the
dimeric tetraphenylsuccinonitrile in quantitative yield.561 More recently, a copper TMEDA
catalyst with molecular oxygen has been shown to be highly efficient in the oxidative
dimerization of α-cyanoesters (Scheme 277).562 The reaction is proposed to proceed through
deprotonation followed by the transfer of an electron to the copper catalyst to generate the
resonance-stabilized radical that subsequently dimerizes. The para-substitution of the
substrate is required, as unsubstituted compounds tend to polymerize due contribution of the
para radical to the resonance form. The uniform 3:2 meso:chiral product ratio likely reflects
the thermodynamic ratio, as heat effects homolytic cleavage of the formed carbon-carbon
bond.

The addition of a chiral auxiliary to the malonate allows for the diastereoselective
dimerization of α-cyanoesters (Scheme 278).563 However, the meso compound still
dominates and the diastereoselection imparted by the auxiliary on the chiral product is
modest. Also, the corresponding malonates undergo decarboxylation in the presence of the
copper catalyst.

The copper-catalyzed aerobic coupling of 1,3-diketones with activated alkynes can provide
simple access to functionalized 3-carbonyl furans (Scheme 279).564 Good yields are
observed with aryl and alkyl 1,3-diones and β-ketoesters, but the alkyne must be activated
by electron donating groups; diphenylacetylene gave only trace product.

A proposed mechanism for this transformation is shown in Scheme 280, but no mechanistic
experiments were undertaken. Michael addition of the enol into the activated alkyne
generates an intermediate that undergoes one-electron oxidative cyclization to generate a
hydrofuran radical. A second one-electron oxidation then furnishes the furan product.

A carbonyl with an electron-donating α-group can participate in captodative stabilization of
a radical. The oxidative cyclization of urea-hydrazone followed by hydrolysis offers access
to 2-ketohydrazones in excellent yields (Scheme 281).565 The reaction proceeds through a
disproportionation mechanism in which the starting material (I, Scheme 282), Cu(I), and
molecular oxygen combine to yield a radical species (II) as well as CuI2 and Cu(OH)2. The
radical species undergoes cyclization to form III followed by attack of a Cu(II) complex to
generate IV, a Cu(III) intermediate. Reductive elimination followed by elimination
generates the observed dihydroimidazole product VI. When R2 = Ph, the dihydroimidazole
is not isolated; rather, the compound is hydrolyzed upon aqueous workup to give the isolable
2-ketohydrazone.

V.C.2 Oxidative Cleavage via Enolates—Cycloalkanones have been shown to undergo
regioselective oxidative cleavage in the presence of copper and molecular oxygen (Scheme
283).566 The oxidative cleavage occurs at the more substituted position, forming ketoacids
in good yields and no loss of enantioselectivity in the case of enantiopure starting materials.
A consequence of this trend is that starting materials without α-substitution give complex
product mixtures.

The reaction proceeds through the copper enolate, which accounts for the regioselection
(Scheme 284). Oxidation of the enolate generates a radical that is attacked by molecular
oxygen to generate a dioxetane. Homolytic ring opening of this dioxetane with concurrent
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C–C bond cleavage gives the ketone and the copper carboxylate; the latter is displaced by
acetic acid to release the copper catalyst.

A similar reaction occurs with cycloalkane-1,3-diones. Oxidative cleavage of the copper
enolate results in the formation of α-diketoacids in good to excellent yields (Scheme
285).567 The lower-yielding reactions are caused by oxidative degradation of starting
material or product. The reaction substrate must be symmetrical; if different enolate isomers
can form the reaction will give a complex mixture of products.

The reaction mechanism is similar as well (Scheme 286). Oxidation occurs from the copper
enolate, followed by attack at the radical by oxygen and formation of the dioxetane.
Homolytic cleavage of this ring results in the formation of a carbonyl and the copper
carboxylate, which undergoes proton exchange to release the copper catalyst.

Cyclic β-ketoesters undergo regioselective oxidative cleavage due to the stability of the
ketone enol relative to that of the ester (Scheme 287). Higher catalyst loading is required
due to the electron withdrawing nature of the ester group, corresponding to a higher
oxidation potential to form the radical.

When combined with ammonia, the copper catalyzed aerobic oxidation of enolates can
become a powerful tool for rapid synthesis of complex heterocycles. Treatment of a benzylic
carbonyl with an excess of copper under air in the presence of NH4OH afforded a 2,3,5-
substituted imidazole compound in good yield (Scheme 288).568

A possible mechanism for this transformation is shown in Scheme 289. Oxidation of the
enolate yields a 1,2-dioxetane intermediate that can fragment in two ways. Cleavage of the
peroxide bond with concurrent hydrogen abstraction yields the 1,2-diketone (path a), while
cleavage of the carbon-carbon bond yields an aldehyde and a copper(II) carboxylate (path
b). Condensation of the aldehyde and the 1,2-diketone with ammonia followed by
nucleophilic attack and cyclization yields the imidazole product. The copper is only
necessary to generate the oxidative cleavage products; subjection of the aldehyde and 1,2-
diketone to ammonia in the absence of copper and oxygen still affords the imidazole.

Sayre and coworkers also investigated the oxidative cleavage of benzylic carbonyls by
treating deoxybenzil with a copper(II)-pyridine complex under an oxygen atmosphere
(Scheme 290).569 The major product of the oxidation reaction was benzil (2), though
oxidative cleavage products benzoic acid (3) and benzaldehyde (4) were also obtained.
However, exposure of benzil to the same conditions did not lead to the formation of
appreciable amounts of 3 or 4, suggesting that 2 is not an intermediate in the oxidative
cleavage reaction. The yield of coupled product 5 is lessened by increasing the pressure of
oxygen and probably results from anaerobic coupling of enolate radicals. The mechanism
for formation of benzoin and benzaldehyde/benzoic is the same as that proposed in Scheme
289 except that the secondary amine condensation is absent.

The oxidative cleavage of enolates using CuCl2 in oxygen and refluxing DMF has been
utilized in the removal of the phenacyl ester protecting group to reveal carboxylic acids
(Scheme 291).570 The reaction proceeds with evolution of carbon dioxide; benzoic acid and
benzaldehyde byproducts are also produced.

When phenacyl alcohol is subjected to the reaction conditions the same products are formed,
suggesting that the copper(II) serves as a Lewis acid in the initial hydrolysis step. A full
mechanism is shown in Scheme 292.
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A copper-catalyzed decarboxylation is employed in the oxidative cross-coupling of
alkynes.231 The decarboxylation step precludes the use of an excess of one alkyne coupling
partner through rapid formation of the desired alkynyl cuprate (see Section II.D.3).

Aliphatic aldehydes with an α-hydrogen can be treated with diazabicyclo[2.2.2]octane
(DABCO), copper, and oxygen under mild conditions to effect oxidative decarbonylation to
the ketone (Scheme 293).571 The reaction is first order in DABCO and zero order in oxygen
and copper, indicating that the rate-determining step is likely enolization. The reaction does
proceed in the absence of copper, though at a retarded rate; ketones are known to oxygenate
under strong enolizing conditions. The mechanism of the degradation is shown in Scheme
294. After DABCO-mediated deprotonation of the aldehyde, copper(II) oxidizes the enolate
to the radical which is trapped by oxygen. Abstraction of the aldehydic hydrogen gives a
hydroperoxide species that is reduced by copper(I) to release carbon monoxide and the
ketone.

Linear aliphatic aldehydes undergo stepwise oxidative cleavage to acetaldehyde and methyl
formate in the presence of a methanolic copper-pyridine complex under molecular oxygen at
40 °C, (Scheme 295).572

Oxidative degradation of the aldehyde with concurrent release of methyl formate continues
until acetaldehyde is reached; this final product is not reactive under the oxidation
conditions. The reaction is first order in substrate and half order in triethylamine. This result
coupled with the lack of observable degradation intermediates suggests that initial
deprotonation is the rate-limiting step.573 Ketones were much less reactive than aldehydes,
and ketones without methylene groups, such as acetophenone, were unreactive. Notably,
saturated aldehydes and ketones were unreactive in the absence of oxygen, in contrast to
unsaturated aldehydes and ketones. This may be due to the higher oxidation potential of
enolate ions compared to dienolate ions. A proposed mechanism based on these findings is
outlined in Scheme 296. However, an alternate pathway for the later half of the cycle,
proposed by Sayre,574 (path B) avoids formation of a high energy acyl anion (path A) in the
fragmentation of the α-ketoaldehyde.

V.C.3 Oxidation of Unsaturated Carbonyls—Enolizable unsaturated carbonyls
display unique reactivity in the presence of copper and oxygen under basic conditions.
Deprotonation at the γ-position in the rate determining step yields a conjugated enolate
which is oxidized by copper to yield a conjugated radical;575 this radical can undergo further
reactions depending on the substrate. For example, crotonaldehyde gives as oxidation
product methoxysuccinaldehyde (Scheme 297, top), which is formed from methanol attack
on the oxygenation product, butenedial (Scheme 298). Since the oxidation of 2-
methoxybutryaldehyde is approximately nine times slower than the oxidation of
crotonaldehyde, the Michael addition of methanol is thought to occur after oxidation.576

The oxygenation of dypnone (Scheme 297, bottom) is proposed to occur through a similar
reaction, generating the initial aldehyde oxidation product as in crotonaldehyde. Here,
however, methanol attacks the aldehyde, which closes on the ketone to form a cyclic
hemiketal (Scheme 299).576 Isomerization yields the lactone, and oxidation of this lactone
effects a dimerization to yield the bislactone product. The oxidation to the dimer is facile as
it is much faster than the initial oxidation of dypnone to the aldehyde.

Saito and co-workers increase the scope of this reaction (Scheme 300), finding that under
photooxidative conditions the reaction required both oxygen and copper; exclusion of either
oxidant yielded only cis-trans isomerization products.577
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While a copper complex has been found to effect oxygenation of β-isophorone to
oxophorpone under an oxygen atmosphere, the yield is low compared to other metals and
only the hexadecachlorinated phthalocyanine-copper(II) complex exhibited any activity
(Scheme 301).578 Again, the reaction proceeds through deprotonation of the α-position to
form the dienolate anion, which results in oxygenation at the γ-position.

V.C.4 Baeyer-Villiger—The Baeyer-Villiger reaction, in which oxygen inserts into a
ketone to form an ester, is a useful reaction in organic synthesis, complementing
biosynthetic oxygenations. The Baeyer-Villiger reaction uses reaction conditions similar to
those seen in epoxidation reactions, a fact that Bolm and coworkers capitalized on with their
work on the copper-catalyzed variant using Cu(OAc)2 and molecular oxygen (Scheme
302).579 As seen in other Baeyer-Villiger reactions, the more substituted ketone carbon
undergoes migration. An aldehyde additive is required, likely acting as a transfer oxidant,
forming a peracid with oxygen.554 The reaction can proceed without copper in the presence
of light, but copper is required if the reaction takes place in the dark. Hydrotalcite-580 and
magnesium tinzanate581-supported copper catalysts have been shown to catalyze the Baeyer-
Villiger transformation with moderate success.

The mechanism of the copper-catalyzed Baeyer-Villiger is similar to what is seen in
epoxidation reactions (cf., Section II.C.2). The copper and oxygen serve to transform the
aldehyde into a peracid, which in turn effects the Baeyer-Villiger reaction, releasing an
equivalent of carboxylic acid (Scheme 303).

A copper catalyst bound by chiral ligands can effect a kinetic resolution518 of racemic
ketones through this mechanism (Scheme 304).582 Using 1 mol% of the copper catalyst and
pivaldehyde as a transfer oxidant, 2-arylcyclohexanones afforded the corresponding lactones
in up to 69% ee. An oxazoline catalyst has also been developed for this reaction, albeit with
lower selectivity.583

Bolm and coworkers have also reported a parallel kinetic resolution518 with their copper
catalyst via Baeyer-Villiger reaction, in which the two enantiomers a compound undergo
different transformations (Scheme 305).584 Thus, the treatment of racemic cyclobutanones
with 1 mol% of catalyst resulted in an enantiodivergent oxygenation reaction and two
isomeric lactones in up to 95% ee were obtained. One enantiomer of the substrate interacts
with the catalyst to generate the “normal” product, with migration of the most substituted
carbon, whereas the other enantiomer generates the “abnormal” product, with migration of
the least substituted carbon.

The same catalyst has been used to effect desymmetrization of achiral cyclobutanones
(Scheme 306).585 The complex meso substrate provided the product with the excellent
enantiomeric excess of 91%, whereas the simple β-substituted cyclobutanone afforded
poorer asymmetric induction (44% ee). This disparity suggests that the very hindered
tricycle undergoes greater interaction with the catalyst, permitting better differentiation of
the two prochiral substrate enantiomers.

V.D. Oxidative Cleavage of 1,2-Diketones
Under oxidizing conditions in the presence of a copper catalyst, 1,2-diketones typically
undergo oxidative cleavage to form two carboxylic acids (Scheme 307).526,586 The reaction
is accelerated by addition of KOH, retarded by methanol, and does not require oxygen when
a large excess (10 equivalents) of a copper(II) source is used.569 The oxidative cleavage is
proposed to go through the ketone dihydrate (Scheme 308), which binds to two copper
atoms. One-electron oxidation of the oxygens bound to the copper centers is then proposed
followed by fragmentation to give the carboxylate product. More recently, Sayre has
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suggested the two-electron oxidation of a bridged binuclear species as a mechanism for the
fragmentation step (Scheme 308, inset).569

A different mechanism, analogous to the oxidative cleavage of catechols (see Section VII.E.
2), has been proposed based on Raman scattering studies (Scheme 309).587 The copper
complex first bridges the two carbonyls, and electron transfer occurs to form the ketyl
radical, which has been observed using ESR spectroscopy.588 Attack of oxygen on this
radical yields the bridged bicyclic adduct. This complex then fragments;589 the mechanism
of this fragmentation has not been established experimentally but it may occur through
attack on the carbonyl by hydroxide or by the formation of a 1,2-dioxetane followed by
fragmentation to cleave the C–C bond.

When the 1,2-diketone has enolizable positions, the oxidative initially cleavage occurs
across the enol double bond rather than between the two ketones (Scheme 310), similar to
the oxidative cleavage of unsaturated carbonyls seen above in Section V.C.3. Here,
however, an equivalent of carbon monoxide is also released, yielding a product with one less
carbon atom.590 That the substrates in the last two entries give different products is notable,
as an equilibrium should exist between these two starting materials.

The mechanism proposed for this transformation is similar to that proposed for the oxidative
cleavage of other unsubstituted carbonyls. Oxidation of the copper enolate generates a
radical that is attacked by molecular oxygen to form a peroxo radical (Scheme 311). The
peroxo radical closes on the carbonyl to form a bridged bicycle system, which fragments to
release the open-chain product and an equivalent of carbon monoxide.

Notably, the generation of an enamine analog in situ by use of morpholine allows control of
the oxidative cleavage such that a carbon is not excised (see Section VI.A.3, Scheme 354).
However, oxidative cleavage with carbon excision does proceed in the absence of the
morpholine (Scheme 312). The last degradation step was accomplished utilizing catalytic
amounts of DABCO base and a Cu(OAc)2-2,2'-bipyridyl complex, and afforded the desired
ketone in 95% (Scheme 312).632

Flavonols are 1,2-diketones of particular commercial interest, as they are found in a wide
variety of plants and are key components in a number of herbal remedies.591 The enzyme
flavonol-2,4-dioxygenase (quercetinase), which contains a copper(II) atom at the active site,
has been shown to catalyze the oxidative cleavage of the diketone in the presence of
molecular oxygen, with release of an equivalent of carbon monoxide.592

The isolation and characterization of this enzyme has fueled interest in the elucidation of the
oxygenation mechanism and the investigation of substrate scope, leading to the development
of a number of biomimetic copper complexes. The first non-enzymatic oxidative cleavage of
flavonols was reported by Takeda and coworkers (Scheme 313).593 The electron-rich
quercetin is much more reactive than 3-hydroxyflavone, which required higher temperature
and increased reaction time. The addition of a nitrogen-containing ligand allows for a much
lower catalyst loading, though high reaction temperatures are still needed (Scheme 314).594

A stable complex is formed when 3-hydroxyflavone is treated with copper(II).595 Exposure
of this complex to oxygen then effects the transformation and release of carbon
monoxide.596 The exact mechanism of this step is not well understood; the reaction is
proposed to go through the bridged bicyclic species seen in Scheme 311 or through a 1,2-
dioxetane intermediate (cf., Scheme 309). The absence of chemiluminescence during the
reaction, a common occurrence during decomposition of 1,2-dioxetanes, suggests the former
is more reasonable.597
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When copper(I) chloride is used as a catalyst in the presence of oxygen, only the initial
flavonol-copper complex is obtained. On the other hand, an excess of copper(II) chloride in
the presence of oxygen yields a furanone as the major product (Scheme 315). This material
is formed by oxidation of the enol to the carbocation, which is quenched by water. The
opening and subsequent closing of the hemiketal yields the observed cyclized product
(Scheme 316).598

When treated with copper and oxygen in the presence of ammonia, α-ketoamides undergo
condensation followed by oxidative cleavage to generate nitriles and amides (Scheme 317).
The latter undergo decarboxylation to reveal the free amine (Scheme 318).568 Interestingly,
ammonia has been used to reduce copper(II) to copper metal,599 but is used in this oxidation
reaction without complication.

V.E. α-Hydroxylation of Carboxylic Acids
The enzyme peptidylglycine-α-amidating monooxygenase (PAM) has been shown to
catalyze the hydroxylation of the α-position of specific glycine residues.600 The enzyme has
two subunits; in the first, peptidylglycine α-hydroxylating monooxygenase (PHM), the α-
position is hydroxylated by copper and molecular oxygen. In the second subunit,
petidylhydroxyglycine α-amidating lysase (PAL), the nitrogen-carbon bond is cleaved.601

Inspired by the oxidative properties of the enzyme, Capedeville and co-workers developed a
model for a copper mediated α-hydroxylation of N-salicyloylglycine (Scheme 319).602

Utilizing three different copper sources and oxidants, N-salicyloylglycine was selectively
hydroxylated at the alpha position in moderate to excellent conversion. The major product
was the α-hydroxylated product, and oxygen was the most effective oxidant. Formation of
the cleavage product 3 increased with longer reaction time.

A mechanism involving a transient copper(III) intermediate was proposed for this
transformation (Scheme 320). Benzoyl glycine was unreactive under these conditions,
suggesting that an arene hydroxyl group is necessary to direct the α-hydroxylation.

V.F. Reactions of Imines
Aminophenols condensed with aldehydes to generate Schiff bases undergo oxidative
cyclization in the presence of copper and oxygen to generate 2-substituted benzoxazoles in
good yields (Scheme 321).603 The reaction is tolerant of both electron-withdrawing and
electron-donating aryl groups as well as heterocycles.

The mechanism of this oxidation has been the focus of much study.79e The rate-limiting step
is the oxidation of Cu(I) to Cu(II) by oxygen. Two possible paths have been proposed for the
oxidative cyclization itself (Scheme 322). In the first (path a), oxidation of the phenol
generates a phenolic radical, which closes on the imine to generate an N-centered radical.
Hydrogen abstraction reveals the oxazole product. In the second proposed mechanism (path
b), the cyclization precedes the oxidation: attack on the imine by the phenol generates an
oxazoline that is subsequently oxidized to the oxazole product.

Ketenimines undergo degradation to the ketone when treated with copper(II) chloride in the
presence of oxygen (Scheme 323).604 Isocyanate and isonitrile byproducts are also formed,
though they undergo polymerization and are not easily isolated. The reaction proceeds best
when electron-poor 4-subsituted anilines are condensed with the ketene; electron-rich arenes
give significantly lower yields.

A proposed mechanism is shown in Scheme 324.605 Oxidation of the ketenimine by Cu(II)
would generate a radical cation that could capture a molecule of oxygen. From here, the
mechanism bifurcates. If the peroxide is oxidized further by a second equivalent of
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ketenimine to generate an oxyanion (path a), it closes on the radical cation to generate a 1,2-
dioxetane intermediate. The opening of this ring generates an equivalent of product and
isocyanate. On the other hand, if the peroxo intermediate attacks a second equivalent of
ketenimine (path b), a second radical cation is formed that fragments to form an epoxide, a
ketone, and a cation radical of isonitrile. Further decomposition of the epoxide generates the
ketone and another equivalent of isonitrile. A high ρ–value of −2.13 indicates that an
intermediate of the reaction is stabilized by electron-donating groups, supporting the
proposed radical cation intermediate.

A tandem oxidative cleavage-alcohol oxidation reaction was employed in the synthesis of α-
ketoamides from aryl methyl ketones and secondary amines (Scheme 325).606 Both
electron-rich and electron-poor substitution on the aryl ring is tolerated, though yields are
higher in electron-poor aryls. Aryls with ortho-substitution are also successful. The amine
can be cyclic or acyclic, though the unsymmetrically substituted secondary amines are
isolated as a mixture of cis and trans isomers.

Labeling experiments show that both carbonyl oxygens in the product come from molecular
oxygen. The same product is obtained when starting from an enamine. The proposed
reaction mechanism proceeds first through an oxidation of the enamine followed by
elimination and then nucleophilic addition of the amine (Scheme 326). A copper-catalyzed
oxidation of the intermediate hemiaminal generates the observed α-ketoamide.

A similar condensation-oxidation reaction generates α-ketoamides from
phenylacetaldehydes combined with primary and secondary anilines (Scheme 327).607 The
reaction proceeds best with two equivalents of pyridine, generating N-aryl ketoamides in
moderate to good yield. The method was applied to the synthesis of a known orexin receptor
antagonist, generating the desired product in one step and in 40% yield. The reaction likely
follows a mechanism similar to that seen in Scheme 326.

Directed C–H activation has been the focus of much recent study. Primary imines generated
from the nucleophilic addition of a Grignard reagent into a nitrile can facilitate copper(II)
insertion into a proximal C–H bond (Scheme 114, Section II.E.3). Oxygen-mediated
elimination generates the phenanthridine product.268

Taking advantage of the ability of copper to catalyze [3+2] cycloadditions and enolate
oxidation, Wang and coworkers designed a tandem cycloaddition-oxidation sequence for the
generation of 3-functionalized indoles in moderate to good yields (Scheme 328).608 The
three component reaction requires an alkyl group at the 2-position of the indole and works
best with electron-poor alkynes.

A possible reaction mechanism is shown in Scheme 329. Copper(I)-catalyzed cycloaddition
followed by elimination of nitrogen gas and nucleophilic attack of the intermediate ketimine
generates the tosyl imine. In the absence of oxygen, this product is isolated. Coordination of
copper is followed by oxygenation to give a cyclic peroxide. Elimination of copper(I)
hydroxide gives the observed product.

V.G. Reactions of Hydrazones
Upon treatment with copper catalysts in the presence of molecular oxygen, hydrazones are
oxidized to diazo compounds. Under very mild conditions, these diazo compounds can be
isolated. Otherwise, they decompose in the presence of copper to form carbene complexes;
the reactivity of these carbenes depends on the substitution of the diazo compound. Highly
conjugated hydrazones have been shown to participate in captodative stabilization of radical
species.565
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V.G.1 Formation of Diazo Compounds from Hydrazones—In their investigations
of the copper-mediated oxidation products of benzil hydrazones, Tsuji and coworkers found
that treating benzil monohydrazone with 2 equivalents of copper(I) chloride in the presence
of air resulted in the formation of azibenzil in nearly quantitative yield (Scheme 330).609

Singh and coworkers, expanding on the initial results Tsuji and coworkers, have examined
oxidation products formed from exposure of ketohydrazones to copper and oxygen.610

Treatment of the ketohydrazones with Cu(acac)2 in cold diethyl ether under air atmosphere
affords diazoketone products in good yields. Oxidation under slightly higher temperatures in
dichloromethane leads to the formation of azine products, again in good yields, with a small
amount (3–7%) of benzil side product (Scheme 331).

The authors propose that the copper acetoacetonate first oxidizes the hydrazone to the
diazoketone, which can be isolated under mild reaction conditions. However, warmer
reaction conditions lead to copper-mediated decomposition of the diazo compound to a
carbenoid that can be trapped by a second diazoketone to furnish the azine product (Scheme
332).

Diarylhydrazones treated with Cu(acac)2 under air undergo the same reaction, forming
azines in good yield (Scheme 333).611 This reaction requires higher temperatures and
catalyst loading, so the transient diazo intermediate was not isolated.

The hydrazone can also be formed via condensation of the aldehyde with hydrazine; this
intermediate can then be oxidized by Cu(acac)2 and oxygen to form azines in quantitative
yields (Scheme 334).612 The authors again propose that the resulting hydrazone is oxidized
to the diazo compound, which decomposes under the reaction conditions (Scheme 332). In
this case, no diazo compound could be isolated, which the authors attribute to rapid
decomposition of this intermediate under the reaction conditions. Though a Lewis-acid
catalyzed condensation mechanism may be proposed, the short reaction times and mild
conditions relative to what is needed for acid-catalyzed condensation,613 the known
tendency for Cu(acac)2 to form carbenoid species,614 and the isolation of the diazo
compound in the case of the ketohydrazones,610 suggest that a simple condensation is not
occurring.

V.G.2 Formation of Alkynes from Hydrazones—Treatment of 1,2-dihydrazones with
copper in the presence of molecular oxygen results in the formation of alkynes. This reaction
was first observed by Tsuji and coworkers; treatment of benzil dihydrazone with two
equivalent of CuCl under an oxygen atmosphere gave diphenylacetylene in 97% yield with
release of nitrogen gas (Scheme 335).609

No mechanism for this transformation has been proposed, but it may follow a similar course
as is seen in the oxidation of benzil monohydrazone.610 Copper-catalyzed oxidation of the
hydrazone moiety likely occurs in a stepwise fashion to generate the monodiazo compound,
which can then undergo a further reaction with copper to produce a stabilized carbene
(Scheme 336). Oxidation of the remaining hydrazone would then initiate an elimination
cascade to generate the alkyne and dinitrogen.

Further development showed the reaction can be conducted with catalytic copper, though the
yields are slightly lower (Table 15, Entries 2, 8, and 9).617 Successful oxidation requires the
bubbling of oxygen through the reaction mixture.615 Benzil dihydrazone reacts well (Entries
1–3), as do thiophenes (Entries 4–5),616 though much work remains in expanding the
substrate scope. Dialkyl-1,2-dihydrazones, both symmetrically (Entries 6–8) and
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unsymmetrically (Entries 7–11) substituted, are also suitable substrates. Interestingly,
primary alcohols are not oxidized under the reaction conditions (Entry 11, R = H).

The oxidation of 1,2-dihydrazones to form alkynes is a useful method for the synthesis of
alkyne-containing rings. Tsuji and Mandai applied this method in their synthesis of cis-
civetone, a component in palm oil and a popular perfume ingredient (Scheme 337).620

Exposure of the 1,2-dihydrazone acetal to copper and oxygen in pyridine, followed by
treatment with dilute acid, afforded the cyclic alkyne in 82% yield. Subsequent Lindlar
reduction generated the desired natural product in 92% yield.

V.G.4 Formation of Arenes from Hydrazones—Cherkaoui and Scherowsky used the
oxidative deamination of 1,6-dihydrazones as the key cyclization step in their synthesis of
two hexamethoxyphenanthrene isomers.621 The dialdehyde precursor, made via and
Ullmann coupling, was condensed with hydrazine to yield the dihydrazone (Scheme 338).
Exposure of this dihydrazone to copper and oxygen in pyridine resulted in the formation of
an arene bond to give the phenanthrene system. Notably, many other conditions for ring
closure were unsuccessful.

V.H. Thioamides to Nitrilium Equivalents
Thioamides and selenoamides, when treated with copper and oxygen, are oxygenated to
afford the corresponding amides in excellent conversion (Scheme 339).622 This reaction is
similar to the oxidation of thioamides and subsequent intramolecular nucleophilic attack
(Scheme 342), though this method can also employ tertiary thioamides and thioureas. Both
copper and oxygen are necessary for the transformation, and highly polar solvents such as
DMSO and DMF are required.

Labeling experiments employing 18O2 show that the oxygen atom in the product can come
from both DMSO and O2. The use of DMF as solvent prevents the incorporation of the
solvent oxygen. When a partially labeled amide (16O:18O = 15:85) is exposed to the
optimized reaction conditions no exchange with 16O2 or DMS16O occurs. This novel 18O2
labeling method was demonstrated in the oxidation of sialic acid, which contained several
other ester groups that were unaffected by the oxidation conditions. (Scheme 340).

Though no reaction intermediates have been identified in the oxidative desulfurization, a
plausible mechanism has been proposed (Scheme 341). A stepwise two-electron oxidation
of the thioamide gives a sulfenylium intermediate. The reactivity of tertiary amides (R2 and
R3 ≠ H) suggests the collapse of the sulfenylium to the nitrilium intermediate (cf., Scheme
342 and Scheme 343 below) is unlikely in this transformation. Rather, the sulfenylium
undergoes attack from a nucleophilic oxygen species generated during the oxidation of
copper(I) to copper(II) by molecular oxygen. Subsequent expulsion of elemental sulfur
yields the amide product. The reaction proceeds in the dark suggesting no photochemical
electron transfers are involved.

This method has also been applied to the intramolecular oxidative cyclization of thioamides
(Scheme 342).623 A wide range of five- to seven membered nitrogen-containing
heterocycles can be synthesized in good to moderate yield. Copper and oxygen are both
required for the reaction, and the only co-product is elemental sulfur.

The reaction pathway proposed for the intramolecular cyclization process (Scheme 343) is
similar to that proposed for the intermolecular variant (Scheme 341). Because this reaction
is less sensitive to steric conditions than a similar transformation employing the
intramolecular displacement of alkylated sulfurs,624 the authors suggest that this reaction
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proceeds through a nitrilium intermediate, formed by expulsion of elemental sulfur prior to
nucleophilic attack.

VI. Reactions of Enamines and Enol Ethers
This section covers the oxidative reactions of discrete enamines and enol ethers. Those
reactions involving the enol intermediates from the corresponding dicarbonyl have been
discussed above (Section V.C and Section V.E). Under oxidative conditions, enamine and
enol ethers have been shown to undergo oxidative dehydrogenation, α-oxygenation, and
oxidative cleavage of the C–N single bond or the C–C double bond. More recent efforts
have focused on the development of methods for oxidative C—N and C—O bond formation
of enamines and enol ethers respectively.

VI.A. Reactions of Enamines
VI.A.1 Oxidative Dehydrogenation of Enamines—Examples of preparatively useful
oxidative dehydrogenations of enamines employing copper catalyst are scarce. Seminal
work on this transformation focused on optimizing conditions for selective dehydrogenation
of indoline to indole without concomitant ring scission.625 This goal could be accomplished
using CuCl·pyridine in dichloromethane. Reaction kinetics were performed in an attempt to
broaden the mechanistic understanding. The reaction was found to be first order with respect
to indoline, dioxygen, and the reaction rate law was determined to be rate = kobs[indoline]
[catalyst][O2]. Radical formation was not detected by EPR spectroscopy. The
dehydrogenation reaction with oxygen-containing Cu(II) species formed the desired indole
product along with water as the byproduct suggesting a four electron reduction of dioxygen.
The authors speculate the dehydrogenation occurs in two reactions, one with oxygen and the
second with hydrogen peroxide formed from the first reaction. The first cycle of this
proposed mechanism is outlined in (Scheme 344). For related reactions of amines, see
Section IX.A.

VI.A.2 Enamine α-Oxygenation—Enamines can undergo α-oxygenation, which is also
the first step in oxidative cleavage (see next Section VI.A.3). The catalytic oxygenation of
air stable cyclic enamines was examined with several cases (Scheme 345).626 Enamines
derived from acyclic amines afforded diketone and α-hydroxy ketone products in modest to
low yield (Scheme 345a) while those from cyclic amines afforded those compounds and two
amine derivatives in modest to low yields (Scheme 345b). Application of this method to
acyclic enamines resulted in oxidative cleavage of the enamine which is discussed Section
VI.A.3, Scheme 349. A linear relationship was observed with respect to the reaction rate and
ionization potentials for enamines suggesting the rate-determining step involves one-
electron oxidation of the enamine. Treatment of an equimolar amount of enamine with
CuCl2 in DMF under an argon atmosphere decreased the strength of the copper(II) ESR
signal after five minutes at 0 °C, providing support for a one-electron transfer from the
enamine to the cupric ion. A proposed pathway for the formation of the dicarbonyl and α-
hydroxy ketone is outlined in Scheme 346. Oxygenation reactivity correlates with ionization
potential of the enamines rather than the nucleophilicity of the β-carbon suggesting the rate
limiting step is a one electron transfer from the enamine to the copper salt. Based on the
predominance of the dicarbonyl products over the α-hydroxy ketone, it appears that
elimination of the peroxo intermediate occurs more readily than reductive cleavage. In
addition, the hydroxy group can also be further oxidized by copper catalysts to the
corresponding carbonyl (see Section IV.A).

In later work, the oxygenation of enamines was examined in more detail utilizing reaction
kinetics to explain the difference in reactivity between enamines derives from acyclic vs
cyclic amines.627 Enamines with β-vinylic hydrogens afforded a mixture of products
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(Scheme 347), mostly the result of α-oxygenation. On the other hand, enamines without β-
vinylic hydrogens afforded exclusive double bond cleavage. A singlet oxygen quencher
(1,4-diazabicyclo[2.2.2.]octane) did not inhibit the oxygenation. A metal and halide screen
revealed a metal reactivity trend of Cu > Fe > Co >> Ni and no apparent halide effect was
observed. The authors concluded that the oxygenation reactivity correlates with ionization
potential of the enamines rather than the nucleophilicity of the α-carbon suggesting the rate
limiting step is a one electron transfer from the enamine to the copper salt.

VI.A.3 Enamine Oxidative Cleavage—Vanrheen reported the first example of copper
catalyzed oxidative cleavage of enamines in 1969.628 Sterically hindered and cyclic
enamines afforded ketone and amide products in good yields (Scheme 348). Diketone
formation was problematic for enamines bearing a β-vinylic hydrogens. Copper(II) sources
with polyatomic counterions were inefficient for this process; on the other hand, trace
amounts of halogenated byproducts were observed with copper halide sources.

A few years later, Baloghergovich and co-workers reported similar conditions for the
oxidative cleavage of enamines (Scheme 349).629 The authors suggested that a binuclear
copper species with a bridging oxygen atom could be the catalytically active species.

As mentioned earlier (Section VI.A.2), cupric chloride was shown to be effective for α-
oxygenation as well as oxidative cleavage of enamines (Scheme 345–Scheme 347). In a
modified version, a variety of enamines, including those with vinylic β-hydrogens (c.f.
Scheme 347) were induced to oxidatively cleave to afford ketone and amide products
(Scheme 350).626

For the most part, enamines lacking a β-vinylic hydrogen afforded double bond cleavage in
quantitative yields (Scheme 351) with the exception of one case (last entry in Scheme
351).627 A singlet oxygen quencher (1,4-diazabicyclo[2.2.2]octane) did not inhibit the
oxygenation. A linear relationship was observed between the rate of the reaction and the
oxidation potential suggesting that formation of the radical cation intermediate is the rate-
limiting step. The authors speculated that cupric halides behave as one electron oxidizing
agents toward the enamine and oxygenation reactivity may be correlated with the ionization
potential rather than nucleophilicity of the enamine. A mechanism has been outlined in by
Kaneda and coworkers627 (Scheme 352). Alternately, the initial oxygenation products
(Scheme 346) may form and then undergo further oxidative cleavage via enolic
intermediates.

More recently, exploration of the catalytic abilities of zeolite X-encapsulated copper(II)
chloride complexes were examined for liquid-phase oxygenation of enamines under an
oxygen atmosphere (Scheme 353).630 The oxygenation rate was slower for bulky enamines
compared to the homogeneous system. The difference in reactivity between the
heterogeneous system and the homogeneous system could be attributed to the shape
selective effect of Cu2+ species within the 3-D zeolite pores. The catalyst could be recovered
without appreciable loss of activity.

This type of oxidative cleavage is useful for the degradation of complex molecules,
synthesis of isoquinolones, and the oxidative cleavage of nitrogen containing heterocycles.
For example, a three-step degradation of the bile-acid side chain of a cholanic acid
derivative to the C22-aldehyde was accomplished using this cleavage.631,632 Specifically,
the ketoester pregnane intermediate was converted to the C22-aldehyde in 85% yield using a
catalytic CuCl with morpholine under air (Scheme 354).632 For an example of an oxidative
degradation resulting in loss of a further carbon, see Section V.D, Scheme 312. The
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mechanism of this transformation is similar to that been in detailed in Section V.C.2 and
Section V.D.

Another application employing an enamine oxidative cleavage strategy for the synthesis of
N-substituted isoquinolones has been reported using copper(I) chloride (Scheme 355).633

Good yields were obtained for the N-substituted isoquinolones.

The first examples of copper-mediated oxidative cleavage of indoles were reported as early
as 1977.634 The oxidation of 2,3-dimethylindole substrates was accomplished in good yields
using the Cu–X zeolite complexes. Later, Tsuji and co-workers reported that copper(I)
chloride and pyridine complex could be used to oxidatively cleave 3-methyl indole under an
ambient atmosphere in up to 72% yield (Scheme 356).635

A catalytic protocol for the oxidative cleavage of 3-substituted indoles was then developed
(Scheme 357).636 The relative amounts of pyridine and dichloromethane were important for
the efficiency of the reaction, and the oxygen uptake roughly parallels yield of cleaved
product regardless of the molar ratios of substrate to catalyst. Oxygen is integral to the
cleavage, as copper(II) reagents in the absence of oxygen, a dimerized indole product was
the only material isolated.

Sagawa and co-workers later reported that a copper(I) pyridine complex could also promote
the oxidative ring cleavage of 3-methylindole in tetrahydrofuran (Scheme 358).637 Among
pyridine ligands substituted with electron donating group, methyl pyridines were slightly
more suitable generating product in 42–54%. Weakly basic solvents such as THF provided
higher yields indicating choice of solvent is important. A mechanism was proposed and is
outlined in (Scheme 359).

VI.A.4 Enamine Oxidative C-C Bond Formation—Enamines have also been shown to
undergo oxidative C–C bond formation with alkenes. One example is the cascade carbo-
carbonylation of unactivated alkenes with enamines promoted by an organocatalyst and a
copper catalyst to afford γ-diketones and γ-carbonyl aldehydes under air.638 The use of a co-
oxdiant (MnO2) was required to increase the yields. Electron rich and electron deficient aryl
alkenes reacted smoothly except for strongly electron deficient arylalkenes (Scheme 360).
The pyrrolidine was proposed to act as an organocatalyst, and no experimental evidence was
provided to support the proposed mechanism outline below (Scheme 361).

VI.A.5 Oxidative C-N Formation from Enamines—Another novel transformation
recently discovered is the oxidative C–N bond formation of enamines with iminyl ynoate
Michael acceptors. This transformation is very similar to the reaction of 1,3-carbonyls
outlined in Section V.C.1 (see Scheme 279–Scheme 282), the main difference being that the
amine adduct is utilized resulting in the corresponding enamine substrates (β-enamino
carbonyls). Yan and co-workers developed a copper catalyzed oxidative cyclization of β-
enamino ketones or esters and alkynoates for the synthesis of polysubstituted pyrroles under
an oxygen atmosphere.639 The presence of copper is required for this transformation, and
oxygen was the most efficient oxidant. The choice of solvent was crucial to the reaction, and
DMF was the optimal solvent. A variety of beta enamino ketones or ester substrates were
tolerated (Scheme 362). A slight decrease in yields was observed for β-enamino ketones
with substituents at the meta-position of the aryl group, presumably due to electron
deficiency. A plausible mechanism is outlined (Scheme 363), although no mechanistic
investigations were conducted to support it.
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VI.B. Reactions of Enol Ethers
The oxidative reactions of enols and enolates generated from 1,3-dicarbonyls are discussed
in Section V.C.

In Section VI.A.3, the oxidative cleavage of enamine to afford ketone and amide products
was described. As in the case for enamines, Tokunaga and coworkers were able to
demonstrate that enol ethers could be cleaved using a copper catalyst and oxygen (Scheme
364).640 Both a copper and oxygen are required for this transformation to occur. Notably, 1–
5 mol% copper catalyst in the presence of 5 equiv of water afforded exclusive formation of
the oxidative cleavage product (A) with none of the hydrolysis product (B) observed.
Commencing from the enol ether is crucial as the same reaction conditions from the
corresponding aldehyde, which can form the enolate in situ, provide the oxidative cleavage
product with only 5% yield. The authors propose a mechanism involving a superoxide
anion, but Scheme 365 outlines a mechanism similar to those invoked in the oxidative
cleavage of enolates (see Section V.C.2).

Simple enol ethers have been shown to undergo oxidative cleavage. The 1,3-dicarbonyl
congeners, which react via the enolic form undergo a broader range of oxidative cyclizations
(see Section V.C) Overall, oxidative reactions simple enol ethers with catalytic copper and
oxygen remains an underexplored area of research.

VII. Reactions of Phenols and Naphthols
The presence of coupled phenols and naphthols in natural products, together with their
utility in materials chemistry, has fueled much research into both their biogenesis and into
methods to generate them selectively.641,642,643,644 A facile one-electron oxidation of the
parent phenol, carried out under mild reaction conditions, generates a resonance-stabilized
radical (Scheme 366) which then undergoes coupling. This oxidation typically offers high
functional group tolerance, which makes it a viable alternative other biaryl coupling
methods such as Suzuki coupling, Negishi coupling, Kumada coupling, or nucleophilic
aromatic substitution.324a,645 The transformations allow for functionalization at
unfunctionalized centers, eliminating the need for prefunctionalized starting materials (i.e.,
halides, boronic acids, etc).

A consequence of the lack of pre-functionalization, however, is a loss of regioselective
control. Oxidative phenol and naphthol couplings are typically substrate-controlled, though
the choice of catalyst can allow for some degree of control. The typical mechanisms invoke
hydrogen radical abstraction or deprotonation and electron abstraction, generating the
radical intermediates shown in Scheme 366, or metal bound version thereof. The ortho- and
para-radicals have similar stability, leading to several coupling outcomes;646 direct meta-
coupling is not possible. Even when the para-position is ostensibly blocked by para-
substitution, formation of Pummerer ketone product occurs readily (Scheme 367).647

The 2-naphthols are far more well-behaved, coupling exclusively at the 1-position to give
1,1'-BINOL compounds. Comparison of the reactivities of 1-naphthols and 2-naphthols
reveal that this selectivity is due to the greater stability of the intermediate ortho-1 (Scheme
366), in which aromaticity is retained in one ring and the radical is benzylic. An ongoing
challenge in these oxidative coupling reactions is the selective coupling of electronically and
sterically comparable positions.

VII.A. Naphthol Dimerization
VII.A.1. Racemic and Achiral Naphthol Couplings—Given the utility of the 1,1'-
bis-2,2'-naphthol (BINOL) framework in catalysis and materials studies, much work has
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been directed toward the efficient preparation of 1,1'-binaphthols. The use of stoichiometric
transition metal oxidants in 2-naphthol coupling is well established.648 The use of catalytic
copper, however, required identification of an appropriate terminal oxidant, a role in which
oxygen has proved particularly effective. Initial studies of naphthol oxidation by Brackman
and Havinga found that copper nitrate and 2,4,6-trimethylpyridine (collidine) were effective
in catalyzing the oxidation reaction (Scheme 368).649 However, the product distribution
varied greatly depending on substrate structure. 2-naphthol gave biaryl products, but further
oxidation also occurs to give a complex mixture.

Catechols and hydroquinones of naphthalene also undergo oxidative dimerization in the
presence of copper catalysts (Scheme 369).650 The ease of oxidation of these compounds to
their respective quinones prevents the isolation of the bisphenols. Instead, bis-ortho- and
para-naphthaquinones are isolated.

Sakamoto and co-workers reported the discovery of a copper catalyst system supported on
alumina. No reaction was seen without the alumina support. Furthermore, the premixing and
coevaporation of the copper sulfate and alumina was required. This supported catalyst
couples both electron-rich and halogen-substituted 2-naphthols, but is not successful with
the more difficult to oxidize substrates containing electron- withdrawing groups (Scheme
370).651

Copper-exchanged montmorillonite has been shown to be an effective solid-supported
catalyst in the aerobic coupling of 2-naphthols. The catalyst is even effective in the coupling
of phenols, albeit with just one example (Scheme 371).652

Mastrorilli and co-workers found that metal acetoacetonates, including Cu(acac)2, can
effectively couple 2-naphthol under oxygen atmosphere in the presence of 3-methylbutanal,
which likely forms a peracid in situ (Scheme 372).653

Schiff bases of salicylaldehyde and (±)-methylbenzylamine form a complex with copper that
can oxidatively dimerize 2-naphthols with low catalyst loading, though the system is not
effective with electron deficient substrates (Scheme 373).654

A 2:1 ratio of NMI and CuCl has been found to catalyze the coupling of 2-naphthols,
including those substituted with electron-withdrawing groups (Scheme 374).655

A major breakthrough in the oxidative coupling of 2-naphthols came in the use of the stable
Cu(OH)Cl(TMEDA) complex by Nakajima and co-workers. Good turnover with molecular
oxygen was observed, allowing low catalyst loadings even with electron-poor binaphthols.
Excellent yields were obtained air could also be used, but the reactions were slower (Scheme
375).322 Copper catalyzed coupling of the parent 2-naphthol is now the method of choice for
preparation of racemic BINOL, which has been resolved in numerous ways.648

The copper(II) and molecular oxygen catalyst system has shown broad versatility, as
demonstrated in the synthesis of the ligands phosphonyl BINOL656 and BICOL657 as well
as the natural products amplumthrin and flavathrin (Scheme 376).658

Nakajima and co-workers have further shown that the Cu(OH)Cl(TMEDA)-catalyzed
naphthol coupling does not require solvent. Grinding the substrates and catalyst with a
mortar and pestle, followed by heating at 50 °C open to air, furnished binaphthol products in
excellent yields (Scheme 377). The reaction displays remarkable scalability, as a 50 g
reaction proceeded in 76% yield.653
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The total synthesis of bioxanthracene ES-242-4 utilized a Cu(OH)Cl(TMEDA) coupling of
an elaborated 1-naphthol to produce a 1,1'-bisnaphth-4,4'-ol in excellent yield.
Unfortunately, the stereochemistry of the dihydropyran ring system did not influence the
diastereoselectivity of the biaryl coupling and a 1:1 ratio of diastereomers was obtained
(Scheme 378).659

In their pursuit of binaphthol-based oligomers, Chow and co-workers used Nakajima's
conditions to couple 4-bromo-2-napthol in excellent yield. Subsequent resolution though the
(S)-camphor sulfonate ester, column chromatography, and sulfonate cleavage yielded the
two enantiomers in >98% ee (Scheme 379).660 The 4-bromo-binols were then ethynylated
and subjected to Glaser-Hay coupling (for more on Glaser-Hay coupling, see Section II.D.
2).

The racemic oxidative coupling and subsequent resolution of binaphthols is a popular
paradigm in the development of chiral phosphines for asymmetric synthesis. Keay and co-
workers used Nakajima's method to synthesize a racemic BINOL derivative (Scheme 380),
and then resolved the racemates through their aminoboronated diastereomers, formed via
reaction of the binaphthols first with BH3•SMe2, followed by the addition of proline.661

Subsequently, the enantiopure BINOL derivatives could be converted to the bisphosphines
via O-activation and cross-coupling.

Yudin and co-workers found Cu(OH)Cl(TMEDA) to be an effective catalyst for the cross-
coupling of 2-naphthol and 5,6,7,8-tetrafluoro-2-naphthol (Scheme 381). The racemates
were separated using fractional recrystallization of their menthol carbonates. This method
proved less cumbersome than the Ullmann coupling for the synthesis of partially fluorinated
systems.662

Karikomi and co-workers used excess copper and an amine ligand perform aerobic oxidative
coupling of hydroxybenzophenanthryl compounds (Scheme 382).663 The coupling of 3-
hydroxychrysene proceeded as expected, but the coupling of 2-
hydroxybenzo[c]phenanthrene yielded an overoxidized helical diphenoquinone product, the
structure of which was confirmed by x-ray crystallography. While no enantioselectivity was
seen in the reaction, only the (E)-isomer of the helical diphenoquinone product was formed.
The origin of this stereoselection is unknown.

VII.A.2. Diastereoselective Naphthol Couplings—The diastereoselective coupling of
2-naphthols is an effective method of generating axial chiral compounds with an achiral
catalyst. Lipshutz and co-workers utilized a enantiopure tether to link two naphthols, which
was followed by oxidative coupling with Cu(OH)Cl(TMEDA) to yield the binaphthol
product as a single diastereomer (Scheme 383).664 This method has the added benefit of
facilitating otherwise difficult cross-coupling reactions (see Section VII.A.4).

Diastereoselective couplings can also be effected using chiral auxiliaries. Wang and co-
workers used a proline methyl ester moiety to direct the copper-catalyzed coupling. The
reaction proceeded in lower selectivity than in the tethered case, but chromatography of the
resultant diastereomers, followed by acid hydrolysis of the auxiliaries, yielded the BINOL
diacid in 97% ee and 30% overall yield (Scheme 384).665

VII.A.3. Asymmetric Naphthol Couplings—The utility of axial chiral compounds as
ligands and as precursors in biomimetic synthesis has driven the development of efficient
methods for resolving these materials, especially of the parent BINOL (1,1'-
binaphthalene-2,2'-diol).648 The finding that enzymatic systems can catalyze asymmetric
naphthol coupling inspired the development of many small molecule catalysts.666
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Stoichiometric copper-catalyzed anaerobic asymmetric biaryl couplings are
known,667,668,669,670 though it is not always clear whether the initial coupling proceeds with
selectivity or if a resolution of the resultant binaphthol occurs in situ.667b

Nakajima and co-workers reported the first catalytic asymmetric oxidative coupling of 2-
naphthols. Building on their work using molecular oxygen with racemic copper catalysts,322

they employed a chiral copper catalyst derived from proline (Scheme 385). The selectivity
could be improved by decreasing the temperature to ambient, but the coordinating group at
the 3-position was needed for selectivity, a pattern that persists through much of the copper-
catalyzed aerobic biaryl coupling studies. It was proposed that the copper binds through a
chelated adduct (Scheme 386), as substrates without this coordinating group (e.g., 2-
naphthol) gave no selectivity.671

Using computational chemistry methods, the Kozlowski lab identified diaza-cis-decalin as a
ligand for the asymmetric oxidative coupling of 2-naphthols.672 Both enantiomers of the
diaza-cis-decalin ligand could be isolated via a simple resolution, allowing for the selective
synthesis of either biaryl enantiomer. Though the coordinating group at the 3-position was
still needed, substantial variation in that group was tolerated (Scheme 387), allowing for the
synthesis of sulfonyl- and phosphonyl-substituted BINOL compounds. Highly substituted
substrates could be coupled effectively (Scheme 388), although very electron-rich substrates
underwent atropisomerization in situ (Scheme 388, entries 12–13).

The diaza-cis-decalin-catalyzed asymmetric coupling has been applied to the total synthesis
of a number of natural products, including nigerone, several perylenequinones, and
bisoranjidiol. In the total synthesis of nigerone (Scheme 389), flavasperone was synthesized
and treated to oxidative coupling conditions to yield bisisonigerone. Base-mediated
isomerization and trituration yielded the natural product in 50% yield and 90% ee.673

The oxidative coupling was also utilized in the synthesis of several perylenequinones674 and
perylenequinone natural products (Scheme 390).675 The highly stereoregular asymmetric
coupling could provide either enantiomer of the axial chiral bisiodide shown in Scheme 390,
from which a biscuprate could be generated and added to either enantiomer of propylene
oxide. This allowed for selective synthesis of the diastereomeric series leading to
cercosporin, calphostin D, and phleichrome.675

Incorporation of a ketone substituent into the enantiomer of the axial chiral bisiodide
followed by dynamic stereochemistry aldol reaction provided the natural product
hypocrellin A (Scheme 391).675 These methods allowed for the generation of enantiopure
helical chiral perylenequinones devoid of other stereocenters. Atropisomerization studies of
these compounds proved that they are configurationally stable at ambient temperatures.674 A
number of novel perylenequinones were also generated for structure activity relationship and
biological activity studies.675b

Kozlowski and Podlesny applied the asymmetric biaryl coupling using an copper(II)-diaza-
cis-decalin complex to the first total synthesis of the 1,1'-linked bisanthraquinone natural
product (S)-bisoranjidiol (Scheme 392).676 Enantioselective oxidative biaryl coupling of the
sterically hindered 8-substituted naphthol yielded the biaryl in 62% yield and 87% ee; the
enantiomeric excess was enhanced to 99% ee with a single trituration. This oxidative
coupling represents the most selective coupling of a 2-naphthol with substitution in the 8-
position. Further elaboration and oxidation led to the bisquinone. Subsequent halogen-
directed Diels-Alder reaction followed by deprotection afforded the natural product.

A mechanistic study of the diaza-cis-decalin-catalyzed biaryl coupling revealed different
burst phases depending on the copper precatalyst, but the turnover-limiting step was the
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same oxidation step for all copper sources.677 The study showed that the copper catalyst
generated a cofactor (NapHOX, Scheme 393) from a molecule of substrate, similar to what
has been seen in the studies of the copper-containing enzyme amine oxidase.678

Unfortunately, the C–C bond forming step follows the turnover-limiting step, so few details
are known about this portion of the process.

A gas phase study by Roithová and co-workers showed that the CuCl(OH)TMEDA-
catalyzed biaryl coupling occurs in clusters containing two copper atoms (Scheme 394). The
role of the diamine is to support the dimeric clustering of copper and to weaken the Cu–OAr
naphtholic bond, facilitating C–C bond formation.679 Further infrared multiphoton
disassociation (IRMPD) spectroscopy and DFT calculations showed that the driving force
for the coupling is the keto-enol tautomerization, which may occur while the initial adduct is
still bound to copper. The DFT calculations showed that the C–O and O–O coupled side
products are endothermic and thus disfavored. It is unclear if the more hindered diaza-cis-
decalin complex behaves similarly in solution.

Additional copper catalysts have been developed more recently for the aerobic oxidative
coupling of 2-naphthols (Scheme 395). A diamine ligand derived from BINAM provides the
BINOL-3,3'-dimethyl dicarboxylate in high selectivity (Scheme 395a).680 A catalyst derived
from ethylene diamine and R-(+)-camphor showed similar dependence on chelation, giving
good selectivity for 3,3'-dicarboxylates but low selectivity for benzyl ethers and BINOL
(Scheme 395b).681 A diamine catalyst with a ferrocenyl group gave moderate selectivity and
yield for the dimethyl carboxylate (Scheme 395c)682. The diastereomeric ratio of the
diamine is unknown. A proline methyl ester copper complex was used in the total synthesis
of rigidanthin (Scheme 395d),683 the enantiopurity of which was ascertained by comparison
of the optical rotation to that of the natural source. The absolute stereochemistry was
assigned using comparison of optical rotation with that of similar compounds.684 Martell
and co-workers developed the first copper catalyst to provide high selectivity in
nonchelating substrates using a biscuprate salan catalyst complex (Scheme 395e).685 In their
pursuit of polynaphthalenes with BINOL units, Habaue and co-workers used a copper
PhBox complex to generate the methyl ether-substituted product with moderate selectivity
(Scheme 395f).686

The earliest methods of synthesizing enantiopure BINOL relied on oxidative coupling to
generate the racemic dimer, followed by resolution of diastereomers.648 One of the earliest
asymmetric 2-naphthol couplings with stoichiometric copper catalysts by Brussee and
coworkers668a was determined to be a thermodynamic resolution.668b Wulff and coworkers
have recently reported a thermodynamic kinetic resolution of BINOL and vaulted biaryls
that affords enantiomerically pure biaryl in nearly quantitative yield (Scheme 396).687

Oxidation of copper(I) chloride and concurrent complexation with either (−)-sparteine or
O'Brien's (+)-sparteine surrogate generates the active copper(II) complex. Treating the
racemic biaryl mixture with this complex under argon, followed by either acid or base
quench generates the resolved enantioenriched biaryl. Notably, the enantioselectivity is
improved by using CuCl premixed with sparteine and oxygen instead of CuCl2 and sparteine
without the oxygen pre-treatment.

The difference in thermodynamic stability between the matched and mismatched copper
binaphthol adducts forms the basis for this dynamic thermodynamic resolution. Two
possible pathways are proposed to account for the equilibrium between the matched and
mismatched complexes (Scheme 397). Both pathways depend on the formation of an sp3-
hybridized intermediate, which can allow for rotation about the biaryl axis. In pathway A,
addition of HCl weakens one copper-oxygen bond, protonating an axis carbon. Rotation
about the sp2–sp3 bond, followed by release of HCl, generates the matched complex. In
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pathway B, valence tautomerization of the copper-oxygen bond results in the formation of
an sp3 carbon-copper bond and enables rotation of the biaryl axis. Further valence
tautomerization regenerates the copper-oxygen bond, now in a matched complex.

VII.A.4. Hetero Couplings of Naphthols—The oxidative cross-coupling of two
different naphthol substrates remains a significant challenge. Copper-catalyzed
heterocouplings require a disparity in arene electronics, though even then the
chemoselectivity and enantioselectivity are only moderate.672,688 A copper (+)-PhBox
catalyst has been used to cross-couple electron rich and electron poor substrates with
moderate selectivity (Scheme 398, top). However, the addition of a Lewis acid such as
Yb(OTF)3 significantly improves the reaction outcome (Scheme 398, bottom).689

Interestingly, the addition of a Lewis acid also improved the selectivity of the racemic
heterocoupling catalyzed by CuCl(OH)TMEDA. A mechanism that explains this
improvement is outlined in Scheme 399. The Lewis acid coordinates to the chelating
substrate while the copper catalyst binds and then oxidizes the more electron rich substrate.
Coupling occurs, followed by single electron oxidation and keto-enol tautomerization to
yield the heterobinaphthol product. Given that copper catalysts do not typically give high
selectivity with nonchelating substrates (see Section VII.A.3) many questions remain about
this mechanism.

Oxidative heterocoupling has also been used by Yudin and co-workers in the synthesis of
partially fluorinated BINOL ligands for asymmetric sulfide oxidations (Scheme 381).662

While the chemoselectivity was low, these conditions were still an improvement over the
Ullmann coupling.

Habaue and co-workers have investigated the asymmetric cross-coupling of linked naphthol
compounds as model systems for the enantioselective polymerization reaction (see Section
VII.C.1.c). Treatment of two linked methoxymethylether-capped monomers of differing
electronics with a copper-bisoxazoline catalyst gave excellent selectivity for the cross-
coupled product though the enantioselectivity was low (Scheme 400).690 Similarly, a
pivalate-capped electron-rich 2,6-naphthalene diol underwent effective cross-coupling with
a linked electron-poor monomer to yield the heterocoupled product in comparable isolated
yield and slightly higher enantioselectivity (Scheme 401).691

VII.B. Phenol Dimerization
Compared to the oxidative dimerization of naphthols, the copper-catalyzed aerobic oxidative
coupling of phenols is a much more difficult transformation. Though many bioinspired
catalysts have been developed,79 much work remains in the design of catalysts that can
control product ratios in substrates with multiple reactive sites.

VII.B.1 Intermolecular Phenol Couplings—The oxidative coupling of phenols grew
from studies on the oxidative polymerization of 2,6-dimethylphenol.692 In early studies of
this process, Hay and co-workers at General Electric isolated diphenoquinone byproducts,
eventually determining reaction conditions to maximize diphenoquinone formation and
minimize polymerization.693 Like the oxidative coupling of naphthols, the oxidative
coupling of phenols is typically a very substrate-dependent reaction. Control of the reaction
products requires careful selection of both substitution pattern and reaction conditions
(Scheme 402). Due to the resonance stabilization of the phenol radical, only the para- and
ortho- positions participate in coupling, so some control of reactivity can be gained by
blocking these sites. Even when phenols have only one reactive site, multiple products can
still arise from C-C or C-O coupling depending on the reaction conditions. Phenols with
multiple reactive sites typically generate complex mixtures of products. Notably, phenol
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dimerization competes with phenol oxygenation under many conditions using copper
catalysts with oxygen (see Section VII.D).

Table 16 outlines the outcome of phenol dimerization by class of substrate. In general, 2,6-
disubstituted phenols form diphenoquinones (Entries 1–7, 10–22) and C–O-coupled
polymers (Section VII.D), the former dominating in the case of sterically bulky phenols,
while careful control of conditions can allow for isolation of para-coupled phenols (Entries
8 and 9). Better chemoselectivity is seen in 2,3,6-trisubstituted phenols.709 In cases where
the para-position is blocked, such as in 2,4-disubsituted phenols, ortho-coupling dominates
(Entries 28–32, 38), though further oxidation of the reaction product can lead to oxidative
cyclization (Entries 33–37, 39). The oxidative dimerization of monosubstituted phenols is
far less common due to the higher oxidation potential of these compounds. The availability
of two reactive ortho-positions can lead to oligomerization (Entries 42 and 43).

The ortho-ortho-coupling of 2,4-di-tert-butylphenol is proposed to proceed through a
binuclear diradical mechanism; the rate determining-step is deprotonation719 or coordination
of a molecule of phenol immediately prior to the coupling step (Scheme 403).714 Note that
the peroxide-bridged diradical species is unstable and likely undergoes rapid fragmentation
to the copper(II) complex. However, the nature of the rate-determining step can be catalyst-
dependent.720 In the presence of protic solvents the dimer formed initially undergoes further
reaction, generating either an oxetane711 and or a furan tricycle714 (Scheme 404).
Interestingly, substitution at the meta-position prevents this additional oxidation step.707

Treatment of the ortho-ortho-coupled product with CuCl2 and pyridine in the presence of
oxygen and KOH in methanol also leads only to the benzooxetane product.715

Becker and Gustafsson examined the utility of the benzooxetanes formed by the aerobic
copper-catalyzed oxidative coupling of 2,4-di-tert-butylphenol in alcoholic solvents.717

Treatment of these compounds with primary amines at high temperature leads to formation
of unsaturated ring expanded lactams (Scheme 405). The reaction is believed to occur via a
6-amino-2,4-cyclohexadienone, (II, Scheme 406) formed by nucleophilic displacement of a
spirocyclic phenol ether I. Sigmatropic ring opening followed by tautomerization yields the
lactam product. In the case of secondary amines, intermediate II can be isolated in high
yield (Scheme 407).

VII.B.2 Intramolecular Phenol Couplings—While the intramolecular coupling of
phenols and naphthols was first established as a viable synthetic transformation by Sir Derek
Barton and co-workers,642a the first application of aerobic copper-catalyzed intramolecular
coupling was reported by Kametani in 1976.721 The treatment of (+)-reticuline perchlorate
with cuprous chloride and pyridine under O2 yielded (+)-corytuberine in 28% yield (Scheme
408). Use of the free base of (+)-reticuline resulted in an intractable tarry mixture.

An intramolecular oxidative coupling was employed in the total synthesis of the endothelin
converting enzyme inhibitor TMC-66 (Scheme 409). Treatment of the alkyl-linked
bisphenol with three equivalents of Cu-NMI complex under air in the penultimate step of the
synthesis provided the coupled product in excellent yield. Notably, no other conditions were
able to efficiently promote the desired transformation. Subsequent treatment with BBr3
revealed the desired natural product.722

VII.C. Naphthol and Phenol Polymerization
VII.C.1. C-C Naphthol Polymers—Oligomerization and polymerization of various 2-
naphthol monomers and dimers has been well studied. In order to obtain polymers, two
naphthol functional groups capable of oxidative coupling are required. For monomers
containing a single naphthalene ring, there are three parent substitution patterns that lead to
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efficient coupling to form 1,2'-binaphthyl linkages (Scheme 410.a). Alternately two
oxidizable naphthol units can be linked together in a number of different ways (Scheme
410.b). More rarely, two different oxidizable groups can be employed (Scheme 410.c), a
scenario which requires control of homo- vs. heterocoupling in order to generate a defined
oligomer or polymer. This method has usually been employed in the asymmetric oxidative
polymerization (see Section VII.C.1.c below).

VII.C.1.a Racemic Naphthol Polymerization: Examples of racemic products from the
polymerization motifs outlined in Scheme 410 can be found in Table 17.

VII.C.1.b Diastereoselective Naphthol Polymerization: The availability of enantiopure
BINOL derivatives has led to the development of methods for diastereoselective naphthol
polymerization. Okamoto and co-workers found that for optimum stereocontrol of the
resulting polymer, the stereochemistry of the monomer and amine ligand must be properly
matched. While a matched case can give up to 84:16 (R):(S) ratio of axial stereocenters in
the product, a mismatched case can drop the ratio to nearly 1:1 (Scheme 411).728 However,
using the PhBox ligand completely overrides the stereochemistry of the monomer, resulting
in complete ligand control (Scheme 412), an effect seen both with both binaphthol and
trinaphthol monomers,686,729 as well as dihydroxyquaternaphthyl derivatives (Scheme
413).730

VII.C.1.c. Enantioselective Naphthol Polymerization: The utility of the PhBox ligand in
controlling the absolute stereochemistry is illustrated in the polymerization of achiral
monomers such as 2,3-dihydroxynaphthalene (Scheme 414). Though no optical rotation was
reported for the larger polymers due to solubility problems, a test coupling using a capped
monomer, 3-benzyloxy-2-naphthol, gave 43% ee (S), when exposed to reaction
conditions.727

Realizing that copper-diamine complexes under aerobic conditions can catalyze both the
oxidative asymmetric biaryl coupling (Section II.D.2) and the Glaser-Hay coupling (Section
VII.A), Kozlowski and co-workers applied the diaza-cis-decalin catalyst to the tandem
polymerization reaction. Starting from an achiral alkynyl 2-naphthol, the resulting polymer
formed in 83% yield with approximately 73% ee at each biaryl bond, demonstrating a useful
approach for the organized assembly of multifunctional substrates in a single operation
(Scheme 415).731

VII.C.1.d Hetero Coupling Naphthol Polymerization: The combined utility of the PhBox
diamine ligand for the asymmetric oxidative biaryl heterocoupling (Section VII.A.4) and for
oxidative polymerization (above) has led to its application in cross-coupling polymerization
reactions. Again, the combination of an electron rich and electron poor substrate is crucial.
As seen in Scheme 416, a very chemoselective (80%) oxidative coupling can arise.688c

Since multiple axial chiral bonds are formed, diastereoselection becomes relevant. Here, the
diastereoselection is poor and the enantioselection in the chiral C2 diastereomer is moderate.

By varying the connectivity of the substrates, one of which contains a deactivating, but
chelating electron-withdrawing group and the second of which is electron-rich an highly
reactive, Habaue and coworkers have synthesized a number of interesting polymers. For
example, a heterodimeric monomer consisting of one electron poor naphthol and one
electron rich naphthol linked through the 6,6'-position yielded a polymer with a 96:4
selectivity for cross-coupled biaryl linkages (Scheme 417).690 The cross-coupling of
symmetric 6,6'-linked monomers resulted in a polymer consisting of alternating monomeric
units, with a 93:7 selectivity for cross-coupled linkages (Scheme 418). Lower selectivity
(74:26) was seen when 2,6-dihydroxynaphthalene was used in place of the bi-6,6'-naphth-2-
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ol (Scheme 419).732 Combining both the electron-rich and the electron-poor moieties into
one naphthalene unit resulted in a completely racemic polymer (Scheme 420), although a
small amount of enantioselectivity was seen with higher copper loading and a full equivalent
of (−)-sparteine with respect to monomer.691 A series of hyperbranched polymers were also
synthesized using this method. Interestingly, the stereoselectivity in the polymerization was
much lower with substrates lacking a chelating group in the C3-position (Scheme 421).733

As in the case of copper-bisoxazoline heterodimerizations (Section VII.A.4),689 the addition
of the Lewis acid Yb(OTf)3 improves the chemoselectivity and stereoselectivity at the
expense of yield and degree of polymerization (Scheme 422).734

VII.C.2. C-C Phenol Polymers—While the vast majority of phenol polymers are C–O-
coupled (see Section VII.C.3, below), a few C–C-coupled polymers are known. Taking
advantage of the propensity of tert-butylphenols to form diphenoquinones instead of CO-
coupled polymers, Hay synthesized a monomer consisting of two phenols linked through a
biphenyl group (Scheme 423).735 Alternatively, two phenols can be linked through an ether.
Upon subjection to oxidative polymerization conditions with stoichiometric copper, a
polymer consisting of diphenoquinone linkages was formed. The diphenoquinone polymers
can be used as oxidizing agents, and treatment of these polymers to hydrazine hydrate yields
the C-C linked polyphenol, which have applications as antioxidants.736

By blocking the formation of C-O linked polymer through the use of a bulky tert-butyl
group and blocking the formation of diphenoquinone by functionalizing the para position,
Hirsch forced the formation of C-C linked polymer (Scheme 424).737 The monomer
consisted of two phenols linked through a sulfide group. Exposure to oxidative aerobic
polymerization conditions yielded a polymer with mass-weighted molecular weight of 1,360
amu, which corresponds to 4 monomer units.

VII.C.3. C-O Naphthol and Phenol Polymers—In 1959, Alan Hay reported the first
copper-catalyzed C-O polymerization of 2,6-dimethylphenol to form poly(phenylene) ether,
or PPE,738 using cuprous chloride in pyridine under an oxygen atmosphere.692 The polymer
thus formed is heat-resistant and durable, especially when combined with polystyrene or
other polymers in post-processing. PPE and its derivatives are found in everything from
printer cartridges739 to automobile fenders.740 Given its broad commercial utility, much
work has been done to elucidate the mechanism of polymerization, improve the conditions
for the polymerization process, and develop new substrates and catalysts for the oxidative
polymerization product. This review covers only the copper-catalyzed aerobic oxidative
polymerization of phenols. Commercial applications of polymer products, including post-
production functionalization and the blending of polymer products, such as the formation of
Noryl™, are covered elsewhere,741 as are reactions that use other metals.742

Two products are possible in the initial oxidative coupling of two molecules of 2,6-
dimethylphenol using Cu(I)Cl under oxygen (Scheme 425).692 Diphenylene ether, is formed
by attack of the phenolic oxygen of one monomer on the para position of another monomer.
This C-O coupled dimer can react further to ultimately lead to polymer. Recent studies have
suggested that this process is likely ionic rather than radical,743 but a consensus has not yet
been reached. Diphenoquione arises from the para-para coupling of two monomers,
followed by two-electron oxidation, and is the major contaminant resulting from the
polymerization process. The amount of diphenoquinone can be reduced significantly by
using a large excess of amine or hydroxide base with respect to the copper catalyst.744,745

The polymer can be extended via the mechanism shown in Scheme 425, though early
mechanism studies showed that the polymerization is actually stepwise, i.e., at any given
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point the reaction solution contains a mixture of oligomers and unconsumed monomer (as
opposed to a chain reaction, in which the reaction mixture contains only long-chain polymer
and unreacted monomer).746 Studies of isolated polymerization intermediates show that they
have one free phenol group per molecule.746 Two mechanisms that account for the stepwise
polymerization have been proposed for the aerobic oxidative polymerization of 2,6-
dimethylphenol (Scheme 426). In the ionic pathway, two atoms of copper bind to one end of
the polymer. The phenol is oxidized to create a carbocation at the para-position, which is
attacked by a phenolate anion. This process generates the quinone-ketal intermediate, which
is common to both pathways and has been observed spectroscopically.747 In the radical
pathway, two atoms of copper each bind to one phenolic oxygen.748 Oxidation occurs at
both phenolic centers,749 and the phenolic radical closes on the radical at the para-position
to generate the same quinone-ketal intermediate.750 Historically, the radical pathway has
been accepted,751 though the ionic mechanism has gained significant ground in the past 15
years.743,752

From the quinone-ketal intermediate, redistribution occurs via one of the two mechanisms
(or perhaps both) to generate elongated polymer chains. The degree of polymerization
remains low through the course of the reaction, until the very end when it increases
rapidly.746 Oligomers of 2,6-dimethylphenol react faster than the monomer,753 with the
added benefit of forming less diphenoquinone side product,746 though some diphenoquinone
is formed via redistribution.754

A consequence of the coupling-redistribution mechanism is that the polymers can degrade
upon re-exposure to conditions. Treating the polymer to the Cu/pyr system with an excess of
monomer results in depolymerization, forming lower molecular weight polymers without
affecting the polydispersity index (PDI).755 Treatment of the polymer with an excess of
copper and para-substituted phenols under oxidative conditions leads to the formation of
capped polymers of lower molecular weight.

Understanding of the reaction pathway has been hampered by the fact that the reaction is
first order in copper and first order in oxygen,756 indicating that the rate-limiting step is the
oxidation of copper(I) to copper(II). Extensive studies have been done on the nature of the
copper complex during the course of the reaction.757 The reaction proceeds in the same
manner when performed with catalytic Cu(I) under oxygen or excess Cu(II) under inert
atmosphere, indicating that the sole function of oxygen is to oxidize the copper(I) complex
to copper(II),744 though it may also facilitate the electron transfer from the phenol to the
copper.758

Much work has been performed to control the polymerization reaction, including the
examination of the effect of copper source, oxygen amount, amine ligand, and additive on
the yield, reaction rate, and the intrinsic viscosity (IV) of the resultant polymer.

The reaction can be performed using CuCl,692 CuBr,759 CuPh,760 or copper(II)
sources.757a,c,761 The rate is increased when a high trans-effect counterion is used.762 The
phenoxide monomer itself can also be used as a counterion,763 though larger counterions are
not as effective as they cannot form the necessary μ-X−bridges.764

Other copper complexes have been isolated, exhaustively characterized through X-ray
crystallography, and shown to catalyze the polymerization of 2,6-dimethylphenol (Scheme
427). The macrocyclic X1 forms a dinuclear copper complex.765 The tridentate bispyrazole
X2 also forms a dinuclear complex with two molecules of ligand.766 Two molecules of
ligand also combine in the case of the hexadentate macrocycle X3 to form a tetranuclear
complex.767 The tetradentate X4 forms a binuclear complex that gives PPE in 80%
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conversion from 2,6-dimethylphenol.768 While the steric bulk around X5 increases the
reaction rate, it is not as effective as N-methylimidazole.769 Similarly, the bidentate X6
benefits from steric bulk, but the conversion to PPE is less than 50%.770 The thiophene-
containing X7 gives better results, with 80% conversion to PPE from 2,6-dimethlylphenol.
Interestingly, the tripyridine ligand X8 forms a tetranuclear copper complex with five ligand
molecules and bridging SO4

2− and μ-OH groups. A sample of the isolated crystal catalyzes
the polymerization to give 82% of PPE with Mw = 10,700 amu and PDI = 2.04.771

Functionalization of the tacn ligand to make tacna (X9)772 and the dimeric X10773 increases
water solubility, allowing for effective polymerization in aqueous solvent. A complex
formed from the binding of copper to the dendrimer PAMAMG3 (Scheme 428) also allows
for aqueous polymerization, with the polymerization itself presumably occurring within the
dendrimer.774

The catalytic reaction does not proceed under inert atmosphere.775 The catalyst and phenol
can also be premixed before introduction of oxygen.776 The polymerization reaction is not
sensitive to ambient air or moisture.785e,777 While air can be used as the oxygen source, the
reaction proceeds faster under pure oxygen.778 Increasing the oxygen pressure accelerates
the polymerization,779 while slow addition of oxygen780 or and careful monitoring of O2
pressure781 facilitates control of the reaction. The intrinsic viscosity is increased if a small
amount of another oxidant such as H2O2 or K3Fe(CN)3 is added.782

The first reports of the oxidative copper-catalyzed polymerization used pyridine as the
amine ligand.760 A number of additional amine ligands have also been shown to increase the
reaction rate, including 1,3-diphenylguanidine,783N,N-diphenylformamidine,784

alkylamines,757b,785 bicyclic amidines, 786N-alkylimidazoles,787 bridging heterocycles,788

and 2,2-bipyridines.789,790 Polymeric pyridines, such as polyvinylpyridine (PVP), can also
be used, though the effect on reaction rate is dependent on reaction conditions.791 PVP can
be immobilized on silica, which allows for recycling of catalyst at the expense of
reactivity.792 The addition of styrene793 or methylenebisacrylamide794 during Reversible
Addition-Fragmentation chain Transfer (RAFT) polymerization of PVP creates a random
copolymer with increased activity. Other polymeric catalysts such as polymer-bound 4-
amino pyridine,795 poly[N-(2-ethoxycarbonylethyl)iminotrimethylene,796 and polyureas705

have been used. Non-polymerized pyridine has been supported on silica, though a large
excess (160 equiv with respect to Cu) must be used.797 The use of poly(N-vinylimidazole)
allows for polymerization in water.798

Numerous additives have been explored to tailor the reactivity, increase reproducibility, and
control the intrinsic viscosity (IV). In particular, the degree of polymerization increases
significantly near the end of the reaction due to oligomers combining together. Often,
additives are employed to cap the growing chains to prevent rapid increases in IV. For
example, slow addition of 2,4,6-trimethylphenol, which caps the polymer, limits the IC.799

4-Bromo-2,6-xylenol as an additive serves two roles releasing bromide ions, which controls
of intrinsic viscosity,800 and generating xylenol, which is incorporated into the polymer. The
addition of alkaline bromides also promotes the oxidative coupling.801 On the other hand,
iodine pushes the reaction further and increases the IV.802 Another way to control the IV is
to monitor it as the reaction progresses,803 and then add a complexation agent such as
bisguanide or L-arginine to immediately stop the polymerization.804 The inclusion of a base,
often NaOH, is pivotal in the reaction,805 though too much sodium hydroxide can inhibit the
polymerization reaction due to precipitation of a bis-μ-hydroxide-biscopper complex.806

Low molecular weight alcohol additives increase molecular weight and reaction rate807

while also allowing the use of aqueous solutions of copper sources.808 The reaction
reproducibility can be improved with the addition of 5% H2O in MeOH.809 The addition of
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a quaternary ammonium salt also improves the aqueous reaction.810 Biphasic conditions can
be used,811 though an emulsifier such as sodium dodecylsulfate812 is usually necessary. In
addition, an excess of copper is needed due to competitive solvation with water vs the
amine.813 While EDTA can be used as a ligand for aqueous reactions,814 excess EDTA can
be used to halt the reaction.815 Dialkyl sulfoxide or dialkylformamide promoters can also be
used to increase polymer molecular weight and reaction rates can be increased.816

Unsaturated alkenes can increase the polymer IV.817 Rapidly halting the reaction by
removal of oxygen followed by complexation of copper with sulfide results in no loss of IV
in the workup.818

Original reports of the reaction used nitrobenzene as a solvent,692 but dry acetonitrile has
been found to increase reaction rate.819 Running the polymerization solvent-free in liquid
2,6-xylenol with a salt additive can improve the polymer yield.820 The use of a solvent
mixture of toluene and n-octane causes the polymer to precipitate, useful in industrial
processes.821

Manipulation of the monomer can also be used to control the IV. For example, slow addition
of the monomer over the course of the polymerization improves the IV822 and decreases the
amount of diphenoquinone side product.780 The IV can also be increased by the addition of
small oligomers of 2,6-xylenol.823 For production scale processes, significant work has been
dedicated to optimizing reaction design824 and conditions.825,826,827

Many 4-substituted 2,6-dimethylphenol compounds can undergo oxidative degradation
under oxidative polymerization conditions to form poly(phenylene ether). A sulfide-linked
monomer has been shown to form PPE in the presence of CuCl and pyridine under oxygen.
The resultant polymer has an intrinsic viscosity of 0.41 dl/g (Scheme 429).828 The benzylic
oxidation of 2,4,6-trimethylphenol also results in a polymer consisting of 2,6-
dimethylphenol units. One equivalent of formaldehyde is ejected for every equivalent of
phenol that is incorporated into the polymer (Scheme 430).

Given the commercial success of PPE, much work has been done exploring the substrate
scope in the oxidative polymerization of other phenols (Table 18).829 While 2,6-
dimethylphenol gives mostly polymer, 2,6-di-tert-butylphenol gives 97% diphenoquinone.
Substituents of intermediate size give mixtures of diphenoquinone and polymer.830 Phenols
with long-chained alkyl substituents also undergo successful polymerization,831 as does 2,6-
difluorophenol, though the latter requires a bulky ligand such as 1,4,7-triisopropyl-1,4,7-
triazanonane (tacn) as well as a bulky amine base.832 A dendrimer-bound copper complex
has also been used to polymerize 2,6-difluorophenol.833

The synthesis and utility of 2,6-diarylphenol polymers up to 1999 is well covered in a
review by Hay et al.834 and thus will not be included in this review. Yamada examined the
polymerization of 2-phenyl-6-alkylphenols and found that the identity of the alkyl
substituent had little effect on the electronic character of the resulting polymer.835

The use of bulky ligands allows for the polymerization of phenols with just one ortho group,
including 2-alkylphenols831,836,837,838 and 2,5-dialkylphenols.839,840,841 Even 3-
alkylphenols can be polymerized when the bulky ligand tacn is used.831,842

Phenol can also be used in the oxidative polymerization reaction, but the lack of substitution
leads to extensive cross-linking and difficult characterization and analysis.843d The dimeric
4-phenoxyphenol is more successful, especially when bulky ligands such as
tetraethylethylenediamine (TEEDA)844 or tacn843 are used. A dinucleating hexapyridine
ligand has also been used for this reaction.845
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Efforts have been made to synthesize functionalized polymers. Tsuchida and co-workers
polymerized 2,6-diprenylphenol but found that the resulting polymer had only 1.86 double
bonds per monomer unit, indicating that some prenyl groups were destroyed or reacted
further under polymerization conditions. Upon exposure of the polymer to dibromination
conditions, 94% of the double bonds were brominated.846 Similarly, 98% of the double
bonds in the polymer made from 2-methyl-6-geranylphenol underwent dibromination.847

Cross-polymerizations are also possible, though the interdispersion of monomers is
dependent on their relative rate of reaction, initial ratios, and rates of addition. The cross
polymer made from 2,5- and 2,6-dimethylphenol exhibits higher thermal stability than that
from 2,6-dimethylphenol alone.848 Hay and Gao incorporated 2-methoxy-6-(2-
phenylcyclopropyl)phenol into PPE and found that, upon heating to 350 °C, crosslinking
occurred which increased the thermal stability of the polymer.849 A copolymerization of 2-
allyl-6-methylphenol with 2,6-dimethylphenol resulted in polymer with a very large poly
dispersivity index (PDI), which was attributed to the formation of crosslinks during the
polymerization.850a Performing the polymerization in mesoporous silica decreased the PDI
by a factor of 10.850b

The polymer formed by the oxidative aerobic polymerization of 2,6-dimethylphenol has a
hydroxide at one terminus of the molecule. Efforts have been made to create bifunctional
polymers in which a free phenol group exists at both ends of the polymer. White found that
the diphenoquinone side product formed in the oxidative polymerization reaction is itself a
strong enough oxidant to react with PPE in the absence of oxygen, leading to two polymer
molecules linked by a para-coupled bisphenol (Scheme 431).852

Heitz and Risse determined that a bifunctional polymer can be synthesized in one step if
0.25 equivalents of a dimethylmethylene-linked dimer of 2,6-dimethylphenol is included in
the reaction as a co-monomer (Scheme 432) using standard reaction conditions. Titration of
the reaction product indicates the presence an average 1.87 phenolic hydroxide groups per
molecule of polymer.853 The molecular weight of the resulting polymer is dependent on the
molar ratio of co-monomers,854 and the reaction has been applied on production scale.855

Para-substituted phenols can undergo polymerization, though oxygen-rich compounds can
form both C-C and C-O linkages. Using a silicon-tethered monomer, Habaue and co-
workers formed a polymer consisting of repeated 4-ethoxyphenol units with C-C or a C-O
linkages (Scheme 433). The ratio of C-C to C-O bonds was estimated by measuring the
amount of H2 formed when the resulting polymer was treated with LiAlH4.856

Using a variety of copper sources, Stammann and co-workers reported the polymerization of
para-substituted phenols to form predominantly ortho C-O linked polymers. While all of the
reactions proceeded in at least 95% conversion, the PDI of the resulting polymers were
extremely high.857

Oxidative C-O polymerization of naphthols is rare. As discussed above (Section VII.A), 2-
naphthols oxidize readily and undergo facile C-C coupling. On the other hand, 1-naphthols
do not give rise to a single highly favored radical intermediate (see Scheme 435). Rather,
they behave similarly to phenols including a proclivity for C-O polymerization (Scheme
433).858 As the case in phenol polymerization, a higher ratio of pyridine to copper results in
less diphenoquinone formation.859

VII.D. Oxygenation of Naphthols and Phenols
The enzyme tyrosinase, which contains two copper atoms at the active site, has been shown
to catalyze the oxygenation of tyrosine to dopamine, and dopamine to dopamine-ortho-
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quinone, using molecular oxygen as the sole oxygen source.860 Tyrosinase plays a major
role in the synthesis of melanin in the body, and has been linked to the growth of
melanomas.861 A simplified862 tyrosinase mechanism, based on analysis of the crystal
structure of the protein,863 is shown in Scheme 437.864 Recent DFT calculations support this
mechanism.865

A significant amount of work has been done in developing biomimetic catalyst systems to
probe the mechanism of this enzymatic reaction. Initial studies performed by Brackman and
Havinga showed that solutions of copper salts and morpholine applied to phenols can effect
oxidation to the orthoquinone.866 The morpholine addition products observed (Scheme 438)
form via conjugate addition to the orthoquinone generated initially, followed by further two-
electron oxidation to the quinone (see Scheme 439).

Phenols react significantly slower than naphthols, and the reaction halts when the substrate
concentration drops below 30 mM, making full conversion difficult.867 The reaction has a
significant induction period that can be shortened with addition of trace peroxide.868 A
mechanism that accounts for these observations is shown in Scheme 439.869 The first step of
the reaction is reduction of molecular oxygen to peroxide, which accounts for the observed
induction period in the absence of added peroxide. The dependence on phenol concentration
is caused by side reactions that consume the generated peroxide.

VII.D.1 Formation of Catechols from Phenols—The oxygenation of phenol to
catechol is a binuclear process.877 In cases where a mononuclear ligand is used, dimers with
bridging oxygens have been shown to form in solution.878 Most of the investigations into
this transformation are mechanism studies in which an equivalent of phenolate is bound to
the copper complex and the resulting solution is oxygenated. The 4-carboxylate substrates
are often used for these mechanistic studies because the electron-poor ring prevents further
oxidation to the orthoquinone. Few synthetically useful preparations of catechol by this
method exist. The proposed mechanisms closely follow that of tyrosinase (Scheme 437),
with hydrolysis of the catechol preventing oxidation further oxidation to the ortho-quinone.
Labeling experiments show that the oxygen in the product comes from molecular oxygen,873

and the binding of oxygen to the copper complex is reversible.879

Recent studies by Stack and co-workers with bis-tert-butylphenol suggest that the
oxygenation proceeds through a copper(III) species and that the key step proceeds via
electrophilic aromatic substitution (Scheme 440).877

Many of the reported methods of phenolate oxygenation use alkali borohydride to form the
alkali salt.880 Unfortunately, this method results in the formation of a borane byproduct,
which can effect a reduction of any formed quinone to the catechol. Sayre and coworkers
determined that formation of the cuprous phenolate compound with borohydride, followed
by treatment of the resultant complex with oxygen, resulted in formation of the catechol.
However, treatment of the same phenol with a complex incapable of forming borane
resulted in a CO-coupled bisphenol that results from Michael addition to the ortho-quinone
(Scheme 441).881 However, studies from Maumy and Capdevielle assert that the catechol is
in fact an intermediate to the ortho-quinone.882

VII.D.2 Formation of Quinones from Phenols—The oxidation of phenols to quinones
is more representative of the mode of action of tyrosinase, which does not stop at the
catechol product. The oxidation product ratio (ortho- vs. para-quinone) is determined by
substrate substitution and, to a smaller extent, catalyst structure. Phenols with open para-
positions typically yield para-quinones (see below in this Section); when the para-position
is blocked, ortho-quinones are formed (Table 20).
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Maumy and coworkers have employed the formation of Michael-addition products from the
oxidation of phenols to ortho-quinones in a number of total syntheses and methodology
studies. In the total synthesis of the bactericide dihydromaesanin (Scheme 442), aerobic
oxidation of para-methoxyphenol with CuCl and Cu0 in methanol afforded the dimerized
product in 60% yield (96% based on recovered starting material). The resulting vinylogous
aryl ester served as an excellent leaving group in a base-mediated displacement by an allylic
alcohol. Subsequent Claisen rearrangement and alkene reduction afforded the natural
product in 58% overall yield.885

The mechanism for the oxidation is shown in Scheme 443. The initial oxygenation of the
phenol gives a catechol that undergoes further two-electron oxidation to afford the ortho-
quinone. Nucleophilic attack of this intermediate by a second molecule of substrate gives a
catechol intermediate that is quickly converted to the ortho-quinone.

The oxidation-nucleophilic displacement-Claisen rearrangement sequence was also used in
the synthesis of a series of para-benzoquinones (Scheme 444). A double-displacement of
two equivalents of orthoquinone with a linked diol followed by a double-Claisen
rearrangement was used in the total synthesis of dihydroardisiaquinone A (Scheme 445).886

A similar method was applied to the synthesis of 2H-1-benzopyran-5,8-quinones (Scheme
446). A copper-catalyzed oxygenation/oxidation sequence afforded the dimer in 62% yield
(96% based on recovered starting material). Displacement of the 4-methoxylphenol by a
propargylic alcohol followed by reflux in toluene effected a Saucy-Marbet Claisen
rearrangement, 1,5-hydride shift, and 6-π electrocyclization to yield the pyran ring (Scheme
447).887

The vinylogous aryl ester has also been used as a precursor to 5-methoxy-4-alkylamino-1,2-
benzoquinones (Scheme 448). As shown above, oxidation of para-methoxyphenol affords
the ortho-quinone in 62% yield. Treatment of this oxidized product with an equivalent of
amine effects the displacement of just the phenoxide, affording the amino ortho-quinone in
moderate to excellent yields. The amine addition is sensitive to steric effects, and N-
methyltriphenylmethylamine gives no product. Primary amines can displace either the para-
methoxyphenoxide or the methoxide group. Treatment of this mixture with methoxide
displaces any of the remaining para-methoxyphenoxide resulting in just the illustrated
product.888

In an effort to determine whether an ortho-peroxide is an intermediate in the oxidation of
phenols to ortho-quinones, Sayre and coworkers employed a bis-ortho-substituted phenol
probe (Scheme 449). Interestingly, subjection to an equivalent of a copper(I) complex under
an oxygen atmosphere resulted in an alkyl arrangement, generating a 3,6-di-tert-butyl-1,2-
benzoquinone in 40% yield, with 55% recovered starting material.884 The authors account
for this alkyl migration with the mechanism shown in Scheme 450. Oxygenation of the
phenoxide complex generates a 1,2-dioxetane that is opened by nucleophilic attack by the
copper enolate. The opening of the epoxide as well as the formation of the ortho-quinone
drives the alkyl migration.

Many copper complexes have been employed to oxidize phenols to 1,4-benzoquinones
(Table 21). The industrial synthesis of vitamin E uses 2,3,5-trimethyl-1,4-benzoquinone as a
key intermediate.889 The utility of this compound, as well as the presence of other para-
quinones in a number of herbal medicines known for their antioxidant properties,890 has
driven much research into both the substrate scope of this reaction as well as the mechanism.
Typical side products include diphenoquinones (see Section VII.B.1), catechols (see Section
VII.D.1), and ortho-quinones (see above in this Section).
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VII.E Reactions of Catechols
VII.E.1. ortho-Quinones from Catechols—The dinuclear copper-containing enzyme
catechol oxidase has been shown to catalyze the oxidation of catechols to ortho-quinones
(Scheme 451).908 Due to the low oxidation potential of this reaction, it has become a
common test reaction for new bio-inspired copper complexes, and a remarkable variety of
copper catalysts have been found to effect this transformation.909,910,911 For these
biomimetic studies, 3,5-di-tert-butylcatechol is the most frequently used substrate (Table
22), because the ortho-quinone forms with high selectivity and can be easily monitored by
UV-Vis spectroscopy.912

Common structural motifs found in the catalysts include amines and pyridines to mimic the
histidine ligands found in the active site of tyrosinase as well as bridging phenols to mimic
the μ-hydroxide groups in the enzyme. In general, binuclear copper(II) complexes show
stronger catecholase activity, with an optimum Cu–Cu interatomic distance of 3
Å.928,986,988,991 The utility of binuclear metal complexes suggests that both copper centers
are involved in the formation of one ortho-quinone. This mechanism depends on catalyst
structure, and smaller ligands such as TMEDA appear to react through a mononuclear
species.993 The reaction is promoted by high pH, either in the form of added amine base or
aqueous buffer solution.994 The rate order of the reaction varies across catalyst structures.995

Das reported the most efficient catalyst, a binuclear salen ligand, in 2008.913

A proposed mechanism for this oxidation process is shown in Scheme 452.917 Displacement
of bound water molecules in I by the catechol substrate forms bridging-catechol complex II.
Oxidation of the substrate gives binuclear copper(I) complex III, which is oxygenated to
give peroxo complex VI. A second molecule of catechol displaces the ortho-quinone
product; homolysis of the peroxo bond with concurrent hydrogen abstraction followed by
departure of the second equivalent of ortho-quinone regenerates the active catalyst I.

Though the catechol oxidase enzymatic reaction forms water as its only byproduct,908 some
copper complexes do not effect the full reduction of molecular oxygen, forming hydrogen
peroxide as a byproduct. Uzu and Sasaki took advantage of this difference by utilizing the
peroxide formed in the oxidation of ascorbic acid to effect the chemiluminescence of
luminol (Scheme 453).937 When binuclear complex I is treated with hydrogen peroxide, a
red shift occurs, suggesting that the peroxide binds to the copper to form complex II.
Oxidation of luminol and subsequent chemiluminescence regenerates the active catalyst I.
Notably, no chemiluminescence was observed using Cu(OAc)2 or a mixture of Cu(OAc)2
and ligand, indicating that the pre-formed complex is required for proper catecholase
activity. The copper catalyst displayed activity comparable to that of the standard luminal
substrate hemin, an iron-containing porphyrin.

Other substrates have been examined for the catalytic oxidation of catechol by copper(II)
complexes (Table 23). However, complex mixtures of products are common, and a singular
product is seldom isolated. Instead, rates of ortho-quinone formation are monitored using
the UV-visible spectroscopy.

The facile formation of ortho-quinones has also been leveraged to provide a means of
separating racemic catechols. The first kinetic resolution of dopamine by a copper complex
under an aerobic atmosphere was reported in 1970, using a polymeric (S)-lysine catalyst
(Scheme 454).1007 The krel value, calculated as the ratio of initial rates using either
enantiomer of dopamine, was found to be 1.5, in favor of D-dopamine. The catalyst is
believed to arrange itself into a helix into solution, and the enantiodifferentiation comes
from differences in the interaction of the dopamine with this helical structure.
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BINAM-linked tetraimidazole catalysts have been shown to effect an enantioselective
aerobic oxidative kinetic resolution of dopamine methyl ester (Scheme 455).967,1008 The krel
of the transformation, taken as the ratios of the kcat/KM values for each enantiomer, is 3.96.
The difference in reactivity between enantiomers is attributed to the much stronger binding
of D-dopa to the catalyst and a slightly faster reaction for the D-dopa–catalyst adduct.
Lysine-linked tetrabenzimidazole catalysts give better overall reaction rates by almost an
order of magnitude at the expanse of selectivity (krel = 2.34). Unfortunately, this high
selectivity does not carry over to the unprotected acid, in which case the krel is just 1.36. In
general, the quinone products from these reactions are unstable and prone to further reaction,
so they are trapped through condensation with 3-methyl-2-benzothiazoline hydrazone
(MBTH, Scheme 456).

A similar catalyst has been found to effect a diastereoselective kinetic resolution of catechin
and epicatechin (Scheme 457).1009 Again, the selectivity comes more from the stronger
binding of the reactive diastereomer than the faster rate of the subsequent oxidation. A krel
of 4.04 was observed for this transformation.

The copper-catalyzed aerobic oxidative kinetic resolution has also been performed in
micelles using a long-chain alkyl-substituted histidine catalyst.1010 Enantiomerically pure L-
dopamine is treated with either an L- or a D-histamine catalyst using a micellar solution of
cetyltrimethylammonium bromide in water/methanol. (Scheme 458). A krel as high as 2.5
was observed at 10 °C. Increasing the temperature increased the reaction rate by a factor of
10 but decreased the krel to 1.42.

VII.E.2. Oxidative Cleavage of Catechols—The oxidative cleavage of catechols to cis-
cis-muconate esters is catalyzed by the iron-containing enzyme pyrocatechase.1011,1012 This
same transformation can be effected by stoichiometric copper under an oxygen atmosphere
(Scheme 459).1013 The reaction can also use phenol as a starting material, though a greater
excess of copper (4 equiv) is required. In this case oxidative cleavage follows oxygenation
of the phenol to catechol.1014 The reaction does not work without the alcohol solvent, and
only one carboxylate is esterified in the reaction. When conducted in the presence of
ammonia, the reaction yields a nitrile in place of the ester.1015

Oxygen labeling experiments showed that the atmospheric oxygen is incorporated into the
carboxylic acid of the product as well as the water byproduct.1016 The reaction mechanism,
shown in Scheme 460, is analogous to that of the oxidative cleavage of 1,2-diketones
(Section V.D). The catechol forms a chelated complex with an equivalent of copper; the
intermediacy of this species has been shown by oxidation studies of the isolated
complex.1017 Oxidation of the catechol by copper(II) forms a semiquinone radical that
captures oxygen with concurrent copper oxidation. The exact mechanism of the cleavage
step is not well understood, but it may proceed through methanol-mediated ring opening of
the peroxo complex.1018 Binuclear mechanisms have also been proposed.1019 Later studies
showed that the reaction can be performed using excess copper(II) under a nitrogen
atmosphere, suggesting the oxygen is only required to oxidize the copper(I) to copper(II)
and that the incorporated oxygen comes from that initial catalyst oxidation.1020 The
mechanism shown in Scheme 460 does not account for this observation, and no mechanism
has been reported for the stoichiometric oxidation under inert atmosphere.

The substrate scope of this reaction is limited to electron-rich catechols (Scheme 461).1021

Halogenated substrates give low yields. Unsymmetrical starting materials give mixtures of
isomeric products. The reaction works best with methanol, and larger alcohols give lower
yields. The reaction requires high dilution and slow addition of catechol to prevent
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polymerization. The yield of some substrates can be improved through the use of supported
copper catalyst such as polystyrene-polyvinylpyridine (PSP) copper complexes.1022

VII.F. Reactions of Hydroquinones
VII.F.1 para-Quinone Formation from Hydroquinones—When treated with copper
catalysts under aerobic conditions, hydroquinones undergo facile oxidation to para-
quinones. This reaction is not as well studied as the oxidation of catechols to ortho-
quinones, presumably due to the lack of a similar enzymatic reaction and the poor stability
of hydroquinones, which undergo autooxidation in alkali solutions under air.1023 Copper
nanoparticles embedded in AlO/OH show a good substrate scope, with most substrates
giving good yields of the para-quinone (Scheme 462).1024 The method is successful in the
case of both electron-rich alkyl-substituted and electron-poor halogenated hydroquinones.
An alumina-supported copper complex,651b a copper valproate complex,944 and a metal-
organic framework (MOF) complex1025 have also been shown to oxidize hydroquinone to
para-quinone, albeit in lower yield. Stoichiometric copper(II) can be employed under
anaerobic conditions, but the reaction is much slower.1026

Myers and coworkers applied a very mild copper-mediated aerobic oxidation of
hydroquinones to para-quinones in the total synthesis of the sensitive enediyne (+)-
dynemicin A (Scheme 463). Treatment of a Diels-Alder adduct model system with 4
equivalents of CuCl in the presence of HF-pyridine under an oxygen atmosphere resulted in
selective cleavage of phenolic silyl ethers with concurrent oxidation to the para-
quinone.1027

Love and coworkers applied a copper-catalyzed oxidation of a bisphenol in the total
synthesis of oosporein (Scheme 464).1028 The four step synthesis was completed in 24%
overall yield and required no column chromatography. Notably, the one-step oxidation
procedure produced fewer byproducts than a two-step process that utilized both copper(II)
and iron(III) oxidants.

VII.F.2 Substitution and Oxidation of Hydroquinones to para-Quinones—In the
presence of alcohols under oxidative conditions, para-hydroquinones rapidly form para-
quinones, which are subject to nucleophilic attack to form substituted hydroquinones that
oxidize back to the para-quinone. The utility of this transformation was demonstrated in the
synthesis of 2-acyl-3-alkoxyl-para-quinones from 2-acylhydroquinones (Scheme 465).1029

No oxidation of the alcohols is observed, which is notable in the case of the benzyl alcohol,
a common substrate for alcohol oxidation (see Section IV.A.1). The mechanism of this
reaction is shown in Scheme 466. The regioselectivity observed comes from the greater
electrophilicity of the position ortho to the acyl group.

The same type of transformation occurs with other nucleophiles, such as amines. Treatment
of hydroquinone with two equivalents of a primary or a secondary amine in the presence of
catalytic copper nanoparticle-embedded aluminum oxyhydroxide under an oxygen
atmosphere yields the bisaminoquinone product in excellent yield (Scheme 467).1024

VII.G. Reactions of Quinones via the Hydroquinones
Amine nucleophiles can also be employed in the oxidation, substitution, oxidation sequence.
In 1948 it was determined the use of copper salts in the double addition of dimethylamine to
benzoquinone allows for much higher reaction yields, as the starting quinone was no longer
responsible for oxidizing the nucleophilic addition products.1030 Further investigation of this
method showed that the reaction was amenable to a number of dialkyl secondary amines
(Scheme 468).1031
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In the case of unsymmetrically substituted quinones, the amine adds to the more
electrophilic site on the quinone. For example, in Scheme 469, the 1-position can be
considered as a vinylogous ester, while the 2-position, which leads to the major product, can
be considered as a vinylogous ketone.1032

The addition of amines to unsymmetrical quinones was employed in the synthesis of
functionalized helicenes (Scheme 470).1033 Treatment of a racemic mixture of helical chiral
bisquinones with (S)-2-prolinol in the presence of Cu(OAc)2 and oxygen resulted in
regioselective bisamination. The diastereomers thus formed can be separated, and an X-ray
crystal structure confirmed the absolute configuration of the helicene as well as the
regioselectivity of the amination reaction. The selectivity is believed be guided by the
phenol ethers on neighboring rings.

Anilines can also be used in the nucleophilic oxidative addition to quinones (Scheme
471).1034 The reaction tolerates one ortho-substituent on the aniline, but lower yields are
seen in bis-ortho-substituted nucleophiles. Both electron-withdrawing and electron-donating
groups are tolerated on the aniline, as is N-methylaniline.

Liu and Sun have reported a multicomponent coupling featuring an oxidative nucleophilic
amination reaction. Treatment of a naphthoquinone with an α-bromocarbonyl and three
equivalents of pyridine results in incorporation of one pyridine into a fused tetracycle.1035 A
representative sample of the substrate scope is shown in Scheme 472. The reaction tolerates
pyridine, 4-alkylpyridine, and isoquinoline nucleophiles. The α-bromocarbonyl cannot have
any other enolizable positions; for R2, both alkoxy groups and sterically unencumbered
arenes work well.

A proposed mechanism for this transformation is shown in Scheme 473. Nucleophilic
addition of pyridine followed by oxidation of the intermediate hydroquinone generates a
pyridinium salt. Nucleophilic displacement of the bromide followed by deprotonation
generates a zwitterionic nucleophile that attacks the quinone. Proton transfer and a
nucleophilic attack on the pyridinium followed by elimination of pyridine and oxidation of
the hydroquinone gives the fused tetracyclic product.

VII.H. Tandem Reactions of Phenols and Naphthols
VII.H.1. Ring Contraction of Phenols—While investigating the copper-catalyzed
oxidation of phenol in the presence of methanolic solvent, Rossi and coworkers observed an
unexpected ring contraction (Scheme 474). At ambient temperatures, phenol yielded the
expected 4,5-dimethoxyl-ortho-quinone. However, increasing the temperature to 70 °C
resulted in the formation of a substituted cyclopentenone. A crystal structure, as well as 1H
and 13C NMR confirmed the structure. The mechanism of this reaction is not known, but the
intermediacy of the expected dimethoxy-ortho-quinone was confirmed, as re-exposure of
this compound to reaction conditions results in the same ring-contracted product.1036 The
reaction may proceed through an oxidative ring cleavage (see Section VII.E.2). This method
was extended to a series of substrates incorporating different alcohols (Scheme 475).

VII.H.2. Quinone Formation and Condensation of Phenols—Aminophenols
undergo different transformations upon treatment with copper catalysts in the presence of
molecular oxygen, depending on the substitution pattern.1037Para-aminophenol undergoes
additions and oxidations to form a complex mixture of products; the only identifiable
product is shown in Scheme 476. meta-Substituted aminophenol gives an unsymmetrically
substituted quinone formed by oxygenation para to the phenol followed by oxidative
nucleophilic addition to the quinone (cf., Sections VII.F.1 and VII.D.2). The ortho-
aminophenol undergoes a series of additions, condensations, and oxidations to form an
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oxidized dimeric product in excellent yield. The mechanism for the formation of this
product is shown in Scheme 477.

VII.I. Phenol Functionalization via Reactant Oxidation
VII.I.1. Halogenation of Phenols—Most electrophilic halogenation reactions require a
brominating reagent such as Br2 or N-bromosuccinimide, in which the anionic leaving group
is formed as a byproduct. The aerobic copper-catalyzed oxidative bromination reaction uses
bromide anions as the bromine source and results in no formation of byproducts (Scheme
478).1038 Through extensive mechanism and substrate scope investigations, Stahl and
coworkers have determined that the copper catalyst serves to oxidize the bromide anions to
Br2, which then undergoes electrophilic bromination. The molecular oxygen then oxidizes
the copper(I) back to the active copper(II) catalyst, completing a catalytic cycle similar to
that seen in Section II.F.1.1039

A similar method has been reported for the oxidative chlorination of phenols, using CuCl2
and molecular oxygen.1040 This reaction displays similar regioselectivity and substrate
scope, but it is unlikely that CuCl2 oxidizes the chloride to chlorine. Rather, it is more likely
that the phenol undergoes oxidation to the phenol radical, which is chlorinated by a chlorine
radical.

The regioselective oxidative bromination with low copper catalyst loading and hydrobromic
acid as the sole bromine source is very successful with phenolic substrates (see Section II.E.
2 for non-phenolic substrates).258 The phenol oxygen itself is not oxidized in the reaction;
rather, the phenol acts to direct the electrophilic aromatic substitution of the small amount of
molecular bromine generated in situ by the copper catalyst. The reaction is selective for
monobromination at the para position of the phenol when both the ortho- and para-positions
are open (Scheme 479).

VII.I.2. Nitration of Phenols—Karlin and coworkers have demonstrated an oxidative
nitration of 2,4-di-tert-butylphenol. Treatment of a copper complex with nitric oxide gas,
followed by removal of the gas and bubbling oxygen to give the peroxynitrite complex. This
complex is added to a substoichiometric of phenol with 5 equivalents of t-Bu4NCl at −80
°C, and then warmed to room temperature to give 55% yield of the nitrated phenol and 12%
of the ortho-coupled bisphenol (Scheme 480).711

VII.J. Reactions of 4-Alkylphenols
VII.J.1 Aldehyde from 4-Alkylphenols—Upon treatment of 2,4,6-trimethylphenol to
oxidative conditions using CuCl2 and molecular oxygen, an aldehyde is isolated in good
yield.1041 The yield of the reaction can be improved with addition of acetone oxime, and the
ratio of products can be controlled by moderation of the reaction time (Scheme 481).1042

The reaction is believed to proceed via an ortho-quinone methide that undergoes
nucleophilic attack by the alcohol solvent (Scheme 482). A second oxidation/addition
sequence gives an acetal that can be hydrolyzed to give the aldehyde product. Further
oxidation of this compound gives a radical that captures molecular oxygen. Elimination of
formic acid gives the observed para-quinone product. Alternatively, the para-quinone can
be formed from protonation of the initial peroxy radical followed by rearrangement to expel
methanol.

The substrate scope can be improved considerably through the use of a polymer supported
bipyridyl ligand (Scheme 483). The polymer catalyst can be recovered and reused at least 3
times without appreciable loss of activity.1043
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Matsushima and coworkers found that the addition of copper(II) salts to the autooxidation of
α-tocopherol, vitamin E, greatly accelerated the rate of oxidation and allowed for the
isolation of appreciable amounts of 5-formyl-7,8-dimethyltocol (5-FTD) and α-tocoquinone.
Interestingly, the product ratio is greatly affected by the solubilizing agent used (Scheme
484). When tetradecyltrimethylammonium bromide is used the major product is the
formylated benzopyran (5-FTD). On the other hand, when sodium dodecyl sulfate is used,
the major product is the ring-opened quinone (α-tocoquinone).1044 Both products are
proposed to come from the same phenol radical intermediate (Scheme 485).

VII.J.2 Benzylic Coupling of 4-Alkylphenols—The oxidation of 2,4,6-trimethylphenol
with copper catalysts in the presence of alcohol solvents results in the formation of
benzaldehydes (Scheme 481). When no alcohol solvent is present, the phenol undergoes
benzylic coupling to give stilbenequinone products (Scheme 486).1045 The reaction is
proposed to proceed through a benzyl radical; the high selectivity for the para-position is
presumed to originate from the thermodynamic stability of the product formed. In the
absence of oxygen only the stilbenequinone and unreacted starting material are obtained,
suggesting that the oxidation of the initial coupling product occurs rapidly. A bioinspired
binuclear copper complex1046 and a copper-urea oligomer have been shown to effect the
same transformation in lower yield.698

VII.J.3 para-Quinone Formation from 4-Alkylphenols—As discussed in Section
VII.J.1 (Scheme 481), oxidation of 2,4,6-trimethylphenol for an extended period of time
results in oxidation to the para-quinone. As is common in phenol oxidations, slightly
different conditions are required for the oxidation of each 2,4,6-trisubstituted compound to
the para-quinone. The oxidation of 2,6-di-tert-butyl-4-methylphenol with copper(II)
chloride requires slightly higher catalyst loading than 2,4-di-tert-butyl-6-methylphenol
(Scheme 487).715

The oxidation of 2,6-di-tert-butyl-4-methylphenol with copper(I) is less clean, with 6
identified products formed with 5.5 mol% CuCl in four hours.1047 The major product of this
reaction is 2,6-dimethyl-para-quione, formed in 27% yield (Scheme 488). The oxidation of
2,4,6-tri-tert-butylphenol yields the same para-quinone product with low catalyst loading
and high temperatures, though the yield was not reported.1048

VII.K. Alkenylphenol Coupling
Alkenylphenols can also undergo copper-catalyzed coupling. Here, however, the presence of
the conjugated alkene allows for radical migration beyond the aromatic ring, leading to β,β-
phenolic coupling (Scheme 489). The linked intermediate thus formed is perfectly aligned
for an intramolecular hetero-Diels-Alder cycloaddition, leading to a complex tetracyclic
structure. Using catalytic CuCl2 and (−)-sparteine, the reaction displays remarkable
diastereoselectivity, affording the natural product carpanone as well as a series of congeners
as single diastereomers in excellent yield.1049 Unfortunately, extensive reaction optimization
resulted in <5% ee, suggesting that the chiral complex exerts no influence on the
stereoselectivity in the initial carbon-carbon bond formation.

VII.L. Dearomatization of Phenols and Naphthols
In addition to the dearomatization reactions discussed above (i.e., formation of para-
quinones, Sections VII.D.2 and VII.F, and formation of ortho-quinones, Section VII.E.1),
the copper-catalyzed oxidation of phenols can generate sp3 centers on aromatic rings. For
example, treatment of 1-methoxyl-2-naphthol with CuCl2 and pyridine under oxygen in
methanol generates a dimethyl quinone ketal in excellent yield (Scheme 490).1050
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Phenols require forcing conditions to achieve oxidative dearomatization. Treatment of
methylated hydroquinones with CuCl-pyridine in methanol under oxygen results in
oxidative nucleophilic addition of solvent to generate a ketal (Scheme 491).715 When the
reaction is conducted in the presence of a secondary amine such as morpholine, the
oxidative dearomatization results in a aminal. When no ortho- or para-methoxy group is
present relative the phenol, the oxidative dearomatization reaction results in addition of
solvent to the least hindered ortho- or para-position (Scheme 492). No mechanism has been
reported for this transformation.

Inspired by the investigation of Stack and coworkers on oxygenated copper complexes from
sterically hindered bidentate amine ligands, and the use of these complex as tyrosinase
mimics (see Section VII.D),79e,419,1051,1052 Porco and coworkers utilized a chiral bis-
copper(II)-peroxo complex from (−)-sparteine (Scheme 493). This complex was applied to
the oxidative dearomatization of a highly substituted alkynylphenol to form a vinylogous
carboxylic acid. The treatment of this intermediate with mild acid resulted in the formation
of azaphilones in good yield with excellent enantioselectivity (Scheme 494).1053 The
addition of base facilitates the reaction through formation of a phenolate anion that is
oxidized by the copper complex. This oxidation reaction was applied to the enantioselective
total synthesis of (S)-15183a1053 and (−)-mitrorubin (Scheme 495).1054

Sparteine exists as only one enantiomer in nature and its synthesis is not trivial, so Porco and
coworkers utilized the (+)-sparteine surrogates developed by O'Brien and coworkers1055 to
achieve the total syntheses of (+)-sclerotiorin and (+)-8-O-methylsclerotiorinamine, as well
as a series of natural product congeners (Scheme 496).1056

The copper(II)-(−)-sparteine reagent (Scheme 493) was applied to the synthesis of oxidized
dimers of 5-substituted-2-methylphenols. Treatment of the phenol with the oxidized reagent
leads to formation of a quaternary allylic alcohol which undergoes facile [4+2]
cycloaddition to yield complex adducts in good yield and excellent enantioselectivity
(Scheme 497).1057 This biomimetic oxidative dimerization was employed in the late stages
of the total synthesis of aquaticol. Here, a chiral catalyst was added to a chiral substrate to
provide the product as a single diastereomer (Scheme 498).

The Diels-Alder adducts formed in the oxidative dimerization reaction can be employed as
masked ortho-benzoquinones in further reactions. Heating the adducts results in a retro-
Diels-Alder reaction, revealing a diene that can be treated with different dienophiles to yield
new [4+2] cycloaddition products. This method was applied to the total synthesis of (+)-
chamaecypanone C (Scheme 499).1058 To generate the desired Diels-Alder adduct
enantiomer, lithium 4-isopropyl-2-methylphenolate was subjected the oxidative
dearomatization conditions followed by reflux in benzene to effect an α-ketol
rearrangement. Dimerization of the rearranged benzoquinone afforded the necessary (+)-
adduct in 47% yield and >99% ee over two steps. Oxidation of a cyclopentenone with DDQ
affords a cylopentadieneone, which undergoes a Diels-Alder reaction with the diene that
arises from retro-Diels-Alder reaction of the dimer from the prior step. Subsequent removal
of methyl ethers afforded the enantiopure natural product in 53% yield.

VIII. Reactions of Anilines
Anilines are similar to phenols in that an electron rich aromatic ring can undergo oxidation
in the presence of copper and oxidation. However, two distinct differences, a much less
acidic heteroatom that does not spontaneously deprotonate and coordinate to copper along
with a more nucleophilic heteroatom, give rise to much different outcomes. As a
consequence, C-C coupling of anilines is rare compare to phenols. More often, N-N
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coupling resulting in diazo compounds or C-N coupling resulting in iminoquinones or
polymerization occurs. Depending on the specific nature of the substrate, other oxidative
pathways can occur, such as intramolecular cyclization to afford various heterocycles or
oxidative cleavage of the aromatic ring.

VIII.A. C-C Couplings of Anilines
While the effective oxidative coupling of naphthols and phenols has been accomplished with
copper catalysts using oxygen (see Section VII), the equivalent transformation of anilines
and naphthylamines has been met with limited success. Anilines tend to undergo other
oxidative pathways when treated with copper and oxygen, such as diazo formation or
polymerization (see Sections VIII.B and VIII.C). However, a small number of methods to
produce binaphthyls via C–C bond formation from naphthylamines have been reported. The
use of stoichiometric copper with amine ligands has been described for the homocoupling of
2-naphthylamine as well as heterocoupling with naphthols in moderate yields; the use of
chiral ligands (sparteine, α-methylbenzylamine provides the adduct in moderate
enantiomeric excess, but low yield).670,1059 Unfortunately, extension of this method to other
substrates is complicated by carbazole formation and other pathways.1060 A similar method
has been reported utilizing stoichiometric amounts of a CuCl2(BnNH2)2 complex to
oxidatively couple 2-naphthylamine in good yield (Scheme 501).1061 Performing the
reaction with or without air provided similar reaction efficiency. Notably, lowering the
catalyst loading to 50 mol% afforded the product in 56% yield.

Perhaps the most successful example of an aerobic, copper-catalyzed aniline coupling
utilizes copper(I)iodide with sparteine as ligand in the coupling of 3-methyl-2-
aminonaphthalene.1062 The desired product was obtained in moderate yield and low
selectivity along with significant amounts of byproducts from C-N bond forming pathways
(Scheme 502). In the presence of equal amounts of a naphthol substrate, heterocoupling
could also be effected, with the dimeric naphthol produced as the major byproduct (Scheme
503). Interestingly, better results were afforded with slow addition of oxygen into the
reaction as opposed to an oxygen atmosphere, and no reaction was observed without
oxygen.

VIII.B. N-N Couplings of Anilines: Azo Formation
In contrast to the C–C biaryl bond formation discussed above, primary, unhindered anilines
react with copper and oxygen predominantly via N–N bond formation to afford the diazene
derivative, which is typically referred to as the azo dimer. A useful review on recent
advances of azobenzene chemistry was published in 2009.1063 Intramolecular versions of
oxidative N–N bond formation can occur to form a variety of heterocycles, and are
discussed in Section VIII.D.

Initial work in the 1950's by Terent'ev and coworkers described the use of catalytic amounts
of CuCl in pyridine to afford azo compounds in high yield for a small number of primary
anilines (Scheme 504).1064 Other copper sources, including CuBr, CuI, and CuCl2 as well as
other solvents were ineffective, supporting the notion of a CuCl-pyridine complex as the
active catalyst.

Concurrent work by Kinoshita described a similar system, also utilizing CuCl and pyridine
in air to form azo compounds in high yield (Scheme 505).586,1065 Several key features of the
reaction were established. While para-substitution was well tolerated, substitution at the
ortho-position inhibited azo formation and allowed other reaction pathways. Additionally,
the increased reactivity of electron rich substrates was determined by the selective formation
of 4,4'-azoanisole in the reaction of equimolar amounts of aniline and p-anisidine.
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Subjecting hydrazobenzene (see Section IX.D for oxidation of hydrazines) to the standard
oxidation conditions led to rapid azobenzene formation in nearly quantitative yield (Scheme
506). This result supports the intermediacy of hydrazobenzenes in the reaction.

A later report by Terent'ev and Mogilyanskii further established the effects of substrate
substitution on azo formation (Scheme 507).1066 Poor yields were observed with electron-
withrawing or meta-substitution. While primary aliphatic amines and N-alkyl secondary
anilines did not undergo oxidation, phenylhydroxylamine rapidly oxidized to form
azoxybenzene (for further discussion, see below).

In 2008, nearly 50 years later, a study of aniline oxidation demonstrated that acetonitrile
gave similar results in place of pyridine, although greater amounts of the CuCl catalyst (20
mol% vs 10 mol%) were needed and yields were slightly lower.1067 Very recently, Jaio and
coworkers utilized catalytic amounts of CuBr with pyridine ligand in toluene and mild
heating to produce an array of symmetric azobenzenes in good to excellent yields (Scheme
508).1068 Similar amine ligands, such as 2,2'-bipyridine and 1,10-phenanthroline were
shown to be ineffective in the reaction. Notably, reaction with 2 equivalents of CuCl under a
nitrogen atmosphere afforded none of the desired product, confirming the necessity of
oxygen for product formation.

Significantly, the formation of unsymmetrical azo compounds was also successful using this
method.1068 Because homocoupling of the more electron-rich aniline occurs rapidly, a large
excess of the electron-deficient coupling partner is necessary. Anilines containing ortho-,
meta-, or para-substitution could be used as the limiting partner to afford the cross-coupled
products in moderate to good yield (Scheme 509). This method offers a convenient
alternative to the commonly employed azo coupling of aryldiazonium compounds with
electron rich arenes.

The use of Grignard reagents as strong bases has been reported in the copper-catalyzed
formation of azo compounds.1069 The process utilizes catalytic CuCl2 at rt, and a
coordinating ligand, such as pyridine, is not required. Although only a limited substrate
scope was explored, the described method afforded the desired azo compounds in excellent
yield from even ortho-substituted substrates (Scheme 510). A nitroaniline, however,
afforded no product, instead undergoing nucleophilic aromatic substitution with the
Grignard reagent.

A mechanistic proposal for the formation of azo compounds from anilines proceeds through
initial oxidation of the substrate with copper to produce an aniline radical. Subsequent
reaction with molecular oxygen could then afford nitrosobenzene after further oxidation.
Condensation with unreacted aniline substrate then affords the azo product. However,
subjecting nitrosobenzene and ethyl 4-aminobenzoate to typical coupling conditions did not
afford any of the heterocoupled product (Scheme 511). Thus, intervention of a nitroso
intermediate does not appear to be consistent with empirical data.

In an alternate approach, support for the intermediacy of a nitrosobenzyl radical, which
could form directly from aniline radical and oxygen, has been reported through EPR studies
of the reaction.1070 This species is postulated to then dimerize and subsequently expel
dioxygen after two-electron reduction from copper. In this mechanism, the role of oxygen is
formation of the nitrosobenzyl radical as opposed to oxidation of a reduced copper species.

However, the most commonly invoked mechanism for azo formation proceeds through the
aniline radical via one electron oxidation by a copper species (Scheme 512). The resulting
radical undergoes N–N bond formation to produce the dimeric hydrazobenzene
intermediate. The increased reactivity of electron rich substrates supports this mechanism.
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Improved yields with para-substitution can be rationalized based on sterics that prevent
competitive “head-to-tail” C–N bond forming processes.1067 As demonstrated by Kinoshita
and others, further oxidation of the hydrazobenzene under the reaction conditions rapidly
produces the oxidized azo product. Oxygen not only oxidizes the reduced copper species to
close the catalytic cycle, but also appears to play a role in generation of the initial aniline
radical, possibly via formation of a peroxodicopper(II) complex as the active catalyst.1068

Oxidative N–N bond formation with secondary aniline species can also occur to yield
hydrazine compounds. Tsuji and coworkers reported that treatment of diphenylamine with
stoichiometric amounts of CuCl and oxygen in pyridine afforded the dimerized
tetraphenylhydrazine product in excellent yield (Scheme 513).1071 However, extension of
the method was limited as significant substrate effects were observed. For example, N-
methylaniline afforded the hydrazine product in 52% yield. However, N-ethylaniline and
di-2-naphthylamine did not form the product in significant yield, and other oxidation
pathways including polymerization were noted.

Later work by Huang and coworkers showed that addition of TMEDA as a ligand greatly
expanded the scope of secondary aniline couplings using oxygen and CuBr as catalyst.1072

The use of CuO as a cocatalyst was also found to greatly enhance product yields. Reaction
under a nitrogen atmosphere yielded trace product, and other oxidants, including TBHP and
DDQ, also afforded poor yields. Under the optimized conditions, an array of N-alkylanilines
containing alkyl, ether, and halogen substitution could be coupled in good yields (Scheme
514). Electron-rich substrates exhibited enhanced reactivity and yields, while substrates
possessing strong electron-withdrawing groups, such as para-nitroaniline, did not undergo
coupling under the reaction conditions. Steric hindrance, such as ortho-substitution, or use
of N-isopropylaniline, also inhibited reaction. Interestingly, when employing anilines
possessing ethers at the para-position, none of the anticipated N-N coupled product was
formed. Instead, coupling occurred at the ortho-position, affording the C-N coupling
products in high yields (Scheme 515). It is unclear at this time, why the para-alkyoxy
anilines behave differently.

As first noted by Terent'ev during mechanistic studies on azo formation,1066

phenylhydroxylamine undergoes oxidation with copper and oxygen to afford azoxybenzene
in high yield. A report by Hall and coworkers described the same process using small
amounts of CuCl in pyridine with two N-hydroxyanilines. (Scheme 516).1073

The process was later applied to the polymerization of poly(azoxyarylene)s (see Section
VIII.C). However, further investigation of the optimization and scope of this oxidative
process have not been reported. Presumably, the process proceeds via an aniline radical
similar to azo formation. After N–N bond formation, dehydration can afford the azoxy
product. Alternatively, initial oxidation of the substrate could afford a nitroso compound that
can undergo dehydration with unreacted starting material to directly afford the product.
Further studies are needed to confirm the exact mechanism for this transformation.

VIII.C. Polymerization of Anilines
Many catalysts and oxidants have been studied for the synthesis of the conducting
polyaniline polymers from the corresponding anilines. However, the oxidative
polymerization using copper catalysts and oxygen remains relatively underexplored. A
comprehensive review of oxidative polymerization of aromatic diamines was reported in
2002.1074

A report in 1994 by Toshima and coworkers described the use of copper(II) salts under
oxygen to catalytically polymerize aniline in modest yield (Scheme 517).1075 The use of a
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1:1 mixture of acetonitrile and water as solvent was critical to higher turnover frequency.
The polymer obtained by this method was found to be of the emeraldine form, although
analysis by NMR indicated small amounts of additional branching structures. These
unwanted byproducts are putatively formed via incorporation of an additional aniline unit at
the ortho-position rather than via the normal head-to-tail pathway.

Xylidine isomers were studied under the polymerization conditions to determine the steric
effects of methyl substitution on the outcome (Scheme 518). The reaction of 2,6-
dimethylaniline smoothly produced the polymer, indicating no change in reactivity due to
sterics at the ortho-position. In contrast, 3,5-dimethylaniline did not polymerize, but rather
afforded a stable copper dimer complex. As expected, substitution at the para-position also
blocked the polymerization pathway, and instead led to azo formation (see Section VIII.B).

Bicak and Karagoz have described the oxidative formation of polyaniline using catalytic
Cu(NO3)2 and oxygen under aqueous emulsion conditions (Scheme 519).1076 The
polymerized material obtained in this fashion is in the emeraldine base form and is soluble
in many organic solvents. Use of chloroform as the cosolvent afforded much higher number-
average molecular weights and lower polydispersity index (PDI = 3.17). This method has
been utilized to form polyaniline coatings on polystyrene surfaces.1077

The polymerization of aniline using a layered copper phosphonate, a heterogeneous system,
has been described. However, yields of the polymer are not reported, and the catalyst
materials are destroyed in the process.1078

In another report, the dimer of aniline [N-(4-aminophenyl)aniline] was successfully
converted to the highly conducting emeraldine salt using oxygen as the oxidant in aqueous
solution under mild conditions.1079 Notably, the uncatalyzed oxidation by O2 takes place
only to a small extent (13%) while a strong catalytic effect was observed with various
copper salts, allowing yields of up to 89%.

As discussed briefly in the previous section (Section VIII.B), arylhydroxylamines are
capable of undergoing oxidative dimerization process to afford the corresponding arylazoxy
compounds. This unique reactivity was extended to the synthesis of a poly(arylazoxy)
polymer using a monomer derived from nitrated bisphenol A (Scheme 521).1073 Treatment
of this bis(N-hydroxyaniline) species with CuCl and pyridine afforded the polymer in
excellent yields under mild conditions. Interestingly, subjecting the simpler monoarene
N,N'-dihydroxyl-1,4-phenylenediamine to the oxidation conditions failed to afford any
polymerized material.

VIII.D. Heterocycle Formation from Anilines
Certain aniline-containing substrates are capable of undergoing either intramolecular or
intermolecular oxidative C–N or N–N bond formation to provide a range of heterocycles.
For example, the synthesis of benzimidazoles via copper-mediated oxidative cyclization of
in situ formed N-benzylidene-ortho-phenylenediamines was reported as early as 1936
(Scheme 522).1080 Stoichiometric amounts of copper were necessary due to product
inhibition. Despite this limitation, a large variety of 2-substituted benzimidazoles could be
formed in good to excellent yield.

In a more recent report, Speier and Parkanyi disclosed the formation of 1,1'-bibenzimidazole
through copper-mediated oxidation of the starting o-benzilidine anilines (Scheme 523).1081

Notably, this process effects both oxidative cyclization via C–N bond formation as well as
oxidative dimerization via N–N bond formation. The exact reason for the disparity in
products in comparison to the previous process is unclear, although differences in
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concentration as well as the use of preformed imine substrate should be noted. In the present
method, dimerization did not occur with substrates containing ortho-substitution, likely due
to sterics. Surprisingly, the para-methoxy-containing substrate did not undergo cyclization,
but rather afforded the azo compound (see Section VIII.B) in minor amounts.

Notably, 2-phenylbenzimidazole, a potential reaction intermediate, was inert under the
reaction conditions (Scheme 524). This behavior excludes a mechanism invoking a final
oxidative N–N biaryl coupling. Additionally, a bis(o-benzilidine) azo compound did not
undergo cyclization to the bisbenzimidazole product (Scheme 525). A plausible reaction
scheme explaining the observed products and reactivity is shown below (Scheme 526).
Initial oxidation of the aniline nitrogen affords a reduced copper species and the aniline
radical species II. Subsequent N–N bond dimerization (path a) may occur directly to afford
III, which can undergo further oxidation to form azo byproduct IV via path c, or undergo
cyclization to afford VI. Alternatively, the initial radical II can undergo intramolecular
cyclization (path b) to form radical V and subsequent N–N bond formation, yielding dimer
VI. This common intermediate can then undergo facile oxidative aromatization to afford
product VII.

Anilines with ortho-azo substitution can undergo intramolecular oxidative N–N bond
formation to produce triazoles. Examples using stoichiometric amounts of CuSO4 appeared
as early as the 1920s, reporting the synthesis of a limited number of products but in excellent
yields (Scheme 527).1082

A catalytic variant for the synthesis of benzotriazoles from 2-aminoazobenzenes utilizing
CuCl and pyridine under oxygen was later disclosed (Scheme 528).1083 The method requires
only mild conditions, and the products are formed in excellent yields. Other copper salts,
such as CuCl2, Cu(NO3)2, and, surprisingly, CuSO4 were ineffective catalysts for the
reaction. Pyridine was also necessary for conversion, although other ligands were not tested.

A mechanism for triazole formation may proceed via initial coordination of the substrate
with the copper catalyst (Scheme 529). Single electron oxidation affords a reduced copper
species and an aniline radical. After intramolecular cyclization, another single electron
oxidation affords the triazole product. Oxidation by molecular oxygen regenerates the active
copper species and closes the catalytic cycle.

VIII.E. Iminoquinone Formation from Anilines
Under certain conditions, anilines can undergo self-condensation reactions to give rise to
iminoquinones accompanied by dearomatization of the initial substrate. Oxygenation of the
substrate may also occur, leading to additional condensation pathways. Although this type of
reactivity can quickly build complex structures, control of selectivity is challenging, and the
substrate scope is highly restricted.

An early example of this reactivity was discovered upon treatment of aniline with Cu(OAc)2
and oxygen in alcoholic solvents (Scheme 530).1084 The major product of the resulting
reaction was determined to be 2-amino-5-anilinoparaquinone monoanil. This product is
believed to form via initial ortho-oxygenation and subsequent oxidation/condensation events
(see below), although the exact mechanism is unknown. Smaller amounts of azo and
phenoxazine dimers were also isolated. Reaction in other solvents, such as benzene,
dioxane, and ethyl acetate, did not yield oxidized products.

A less complex dearomatization process was described in the oxidation of 2,6-dialkyl
substituted anilines with CuCl and air (Scheme 531).1067 This substitution pattern was
demonstrated to promote head-to-tail dimerization, as opposed to the N–N coupling to form
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azo dimers under identical conditions with most anilines (see Section VIII.B). Selective
isolation of the anil or quinone anil was achieved through basic or acidic workup,
respectively.

Aminophenols are susceptible to oxidation to afford intermediate iminoquinone species. In a
key study of this reactivity, Rossi and coworkers subjected the three isomers of aminophenol
to various copper catalysts under oxygen (Scheme 532).1037 With catalytic CuCl, ortho-
aminophenol was cleanly transformed into 2-aminophenoxazin-3-one in excellent yield.
While less active than the other isomers, meta-aminophenol also provided a quinone dimer
in high yield. Oxidation of the para-isomer afforded a mixture of products, including a
tetrameric iminoquinone in small amounts.

A thorough investigation of copper source and ligand effects on phenoxazine formation
from ortho-aminophenol was later reported by Speier and coworkers, revealing Cu(NO3)2 or
CuCl with 1,10-phenanthroline as optimal conditions.1085 Kinetic studies with the copper-
phenanthroline system established the reaction to be first order in copper, oxygen, and
aminophenol. A mechanism for the reaction was proposed to occur through formation of
oxidized o-iminoquinone and addition of a molecule of aniline (Scheme 533). Further
oxidation and conjugate addition of the phenol can afford the tricyclic system. In contrast,
meta-aminophenol is postulated to undergo ortho-oxygenation and oxidation to form 2-
aminobenzoquinone (Scheme 534). Conjugate addition of the aniline starting material can
afford the dimerized product.

A heterogeneous catalyst, bis(2-[α-hydroxyethyl]benzyimidazolato)copper(II) anchored
onto chloromethylated polystyrene, has also been utilized for the transformation of ortho-
aminophenol into 2-aminophenoxazin-3-one.1086 However, increased temperatures were
required, and yields were moderate (48%).

While attempting to couple 3-aminocarbazole with a 3-iodoindole via Ullman-Goldberg
condensation, the desired quinoline product was not observed.1087 Rather, the
aminocarbazole had undergone an oxidative cyclodimerization event to afford a
bisindolophenazine product. The process was found to be applicable to a variety of 3-
aminocarbazole and 5-aminoindole substrates through treatment with catalytic CuBr in
DMSO under air (Scheme 535).

Simple anilines were noted to form azo compounds under these conditions (see Section
VIII.B, Scheme 504). However, the absence of azo byproducts here makes a mechanism
proceeding through initial N–N coupling and subsequent [3,3]-sigmatropic rearrangement
unlikely. The reaction is proposed to occur through initial oxidation of the aniline to the
radical and dimerization to form the ortho C–N bond. A series of subsequent oxidations via
copper can occur with concomitant cyclization to afford the phenazine-containing product.
Alternately, the compound may dimerize via an iminoquinone (see Scheme 533).
Mechanistic studies are needed to clarify the reaction pathways here.

An elegant method incorporating intramolecular cyclization with concomitant
dearomatization to generate complex ring systems has been discovered by Chiba and
coworkers.1088 In this reaction, α-azido-N-arylamides react with catalytic Cu(OAc)2,
K3PO4, and molecular oxygen to afford azaspirocyclohexadienones in good to excellent
yield (Scheme 536). Key to this reactivity is the ability of the substrate to undergo
intramolecular cyclization with the proximal aryl ring and induce oxygenation. Here, the
azide functionality undergoes initial copper-catalyzed denitrogenation to form an iminyl
copper species (for oxidation of azides see Section X). Subsequent oxidative
aminocyclization onto the aromatic aniline nucleus generates a para-quinone aminal
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containing a newly constructed quaternary center. Treatment of the para-substituted
tolylamide substrate (bottom right of Scheme 536) to the reaction conditions did not form
the ortho-quinone aminal, but rather to an azaspirocyclohexadienol, since the tertiary
alcohol cannot oxidize to the quinone.

Mechanistic investigations revealed the necessity of molecular oxygen for reactivity, and
one oxygen atom of 18O2 is incorporated in the cyclohexadienone product via a labeling
study (Scheme 537). The proposed mechanism proceeds via initial denitrogenative
formation of an iminyl copper species and subsequent reaction with molecular oxygen to
form a peroxycopper intermediate. The reaction of the para-tolylamide substrate (bottom
right of Scheme 536) suggests the possibility of an intramolecular imino-cupration of the
aniline ring, with concomitant C-N and C-Cu bond formation at the ipso and para positions.
Finally, isomerization to a peroxydiene may occur, followed by elimination to reform the
active copper species in addition to the azospirodienone product.

Dearomatization is a powerful synthetic strategy that allows for rapid construction of
complex systems containing quaternary stereocenters from relatively simple aromatic
materials. As nature is known to exploit similar reactivities, development of these reactions
provides opportunities for biomimetic routes towards natural products and their analogs.

VIII.F. Halogenation of Anilines
Analogous to the halogenation of phenols (see Section VII.I.1), copper-catalyzed oxidative
chlorination and bromination of anilines has been reported.1089 In this method, Cu(OAc)2 is
used as catalyst under oxygen, and LiBr serves as the source of bromide ions. Good
selectivity for monobromination can be achieved, particularly with deactivated anilines, as
their initial products are less prone to undergo further halogenation (Scheme 538).
Surprisingly, N-methylaniline provided only minimal conversion under the reaction
conditions, indicating that the method is restricted to primary anilines. Oxychlorination
under analogous conditions with LiCl proceeded much slower and in low selectivity
(Scheme 539). Interestingly, N-acetylated products, which could also undergo chlorination,
were the major products of these reactions. For example, 4-n-butylaniline afforded the
corresponding acetamide in 80% selectivity as determined by gas chromatographic analysis.

In contrast to oxidation to form the dihalogen as postulated for arene oxyhalogenation (see
Section II.E.2), the reaction is proposed to proceed through an aniline radical (Scheme 540),
similar to that of phenol radical halogenation (see Section VII.I.1). Following initial
coordination of the substrate to copper, single electron oxidation and loss of proton can
afford the key aniline radical. Reaction with copper(II)bromide then affords the halogenated
product and a reduced copper species. Oxidation with molecular oxygen regenerates the
copper(II) species.

VIII.G. Oxidative Cleavage of Anilines
A different mode of aniline reactivity can be exploited using controlled concentration of
substrate and copper. Namely, oxidation of ortho-phenylenediamines at high dilutions can
avoid dimerization processes and instead yield the corresponding bis-nitriles through an
oxidative cleavage mechanism. A series of reports by Tsuji and coworkers in the 1970's
investigated this unique process.617,1090 Treatment of o-phenylenediamine with
stiochiometric amounts of nickel peroxide or lead tetraacetate was known to afford the bis-
nitrile product, albeit in low yields. Similar reactivity was observed using CuCl with
pyridine and oxygen under very mild conditions (Scheme 541). The reaction is conducted by
slow addition of the substrate to the reaction mixture to achieve a low diamine:copper ratio
and inhibit polymerization pathways otherwise seen. While ortho-phenylenediamines with
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various donating groups were transformed into the corresponding cis,cis-mucononitriles in
high yields, electron-withdrawing substitution such as acyl or nitro groups instead produced
polymeric materials. Smooth cleavage of 1,2-naphthalenediamine also afforded the
corresponding bis-nitrile product in good yield.

Although a high copper to substrate ratio was critical for avoiding polymerization, treatment
of ortho-phenylenediamine with just 12 mol% CuCl afforded the product in 90% yield,
albeit with increased reaction time. A large-scale procedure for this substrate was later
described in an Organic Syntheses report.1091 Although a definitive mechanism for the
reaction is unknown, the process is believed to operate via coordination of the substrate to
an initially formed pyr-CuCl-O2 complex. Through a series of electron transfers, a bis-
iminyl radical species can be formed, which then undergoes ring cleavage to
stereoselectively afford the cis,cis-bis-nitrile (Scheme 542). Molecular oxygen may assist or
activate copper for electron transfer in addition to oxidizing copper(II) to copper(I).

IX. Reactions of Amines
This section covers the oxidative reaction of amines with copper. Those reactions involving
the coupling of boronic acids with amines species have been discussed above since they
formally involve oxidation of boronic acid nucleophilic component (Section III.C.1). As
electron rich species, amines are very susceptible to oxidation and the combination of
copper with oxygen has proved potent for this class of compounds. Typically, amines
oxidize to form a radical cation, which is often transformed into an iminium ion. The
iminium ions subsequently undergo reaction with many weak nucleophiles (alkynes,
nitroalkanes, malonates, methyl ketones, silyl ketene acetals, silyl enol ethers, enamines,
aryl boronic acids, and phosphines), even under oxidizing conditions. Use of internal
nucleophiles give rise to several interesting intramolecular cyclization processes.
Deprotonation of the iminium intermediate leads to symmetrical and unsymmetrical imines,
themselves useful precursor for further reactions such as formation of nitriles or precursors
for one-pot cascade processes. Cleavage of iminiums with the copper catalyst can also
provide copper amides, which can be used in further cross-coupling reactions. For the
iminium processes, key mechanistic studies have clarified the nature of many of the
intermediates. Hydrazines, with two nucleophilic nitrogens, undergo mechanistically related
transformations giving rise to neutral diazo compounds. Hydrazides can react similarly, but
give rise to acylated diazo species, which undergo displacement reactions to provide amides
and carboxylic acids.

IX. A. via Iminiums
IX.A.1. Nucleophilic Addition to Iminiums from Tertiary Amines—The oxidative
coupling of amines by formation of a bond with one of the carbons residing on the nitrogen
has received much attention recently.1092 In these reactions, amines are generally believed
to be oxidized to iminium ions (Scheme 543), similar to the action of amine oxidases (see
Section IX.A.3). Subsequent reaction with nucleophiles can occur via a Mannich-like
process. While many metals have been employed in conjunction with a variety of oxidants,
only the copper-catalyzed processes using molecular oxygen as an oxidant are summarized
here.

Seminal work on this type of reaction was described by Miura and coworkers who showed
that N,N-dimethylanilines would couple with alkynes in the presence of oxygen and a
copper(I) chloride catalyst.1093,1094 While formation of other byproducts was problematic
(Scheme 544), this work firmly established that copper and oxygen are a functional pair for
this type of transformation.
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Later work on copper-catalyzed amine to iminium oxidation predominantly focused on tert-
butyl hydroperoxide (TBHP) as the oxidant with a variety of nucleophiles, but has also
recently shown high selectivities with oxygen.625a The oxidation of trimethylamine to the
imminium ion induced by copper or amine N-oxide conversion to amines was also examined
briefly.1095

The reaction of tetrahydroisoquinolines and anilines with nitroalkanes is illustrative
(Scheme 545).1096 This transformation can also take place in ionic liquids with the benefit
that the ionic liquid and copper catalyst could be recycled nine times before loss in activity
was observed.1097 Experiments were conducted to verify that the oxidative coupling could
be done electrochemically.

Other nucleophiles proved effective in trapping the iminium generated by the copper
catalyst and oxygen from tetrahydroisoquinoline. In particular, nucleophiles derived from
very acidic compounds such as malonates worked well (Scheme 546).1096

The use of less acidic nucleophiles such as ketones has also been documented (Scheme
547).1098 Slightly higher yields were obtained using O2 vs TBHP with acetone, but only O2
was effective with butanone. The addition of 3 equiv of acetic acid and molecular sieves
increased yields even further. to 72%. Interestingly, CoCl2 and RuCl3 could also be used as
catalysts, but the reactions were less efficient. For the methyl alkyl ketones, there was a
general downward trend in the product yield as the alkyl chain became longer. Even with
oxygen, diethyl ketone gave poor yield (24%) and poor diastereoselection (1.1:1).

Highly nucleophilic silyl ketene acetals, for which in situ deprotonation was not required,
were also highly effective nucleophiles in this type of transformation (Scheme 548).1099 In
contrast to the direct coupling of the ketones outlined above (Scheme 547), no acid was
needed for the transformation. In this case, the reduction product from O2 must be a silanol
instead of water.

Further work with the silyl ketene acetals along with the less nucleophilic silyl enol ethers is
outlined in Scheme 549.625b Even dienol ethers could be employed to good effect. In this
case, CuCl2, was found to be the catalyst of choice providing good yields of the coupled
products at a 10 mol% loading. In the cases where two stereocenters are formed, low
diastereoselection is observed. Interestingly, the reaction was viable with an N-substituted
pyrrolidine whereas none of the product was observed with the corresponding piperidines.

Similarly, enamine nucelophiles have also been oxidatively coupled with
tetrahydroisoquinolines using catalytic amount of copper and tert-butyl hydroperoxide under
an ambient atmosphere (Scheme 550).1100 This coupling occurs selective at the 3-position of
the indole when the C-2 and C-3 position are unsubstituted and selectively couples at the 2-
position when C-3 is substituted. The indole nitrogen does not need to be protected and a
diverse array of functional groups are tolerated.

Aryl boronic acids have also been successfully employed as nucleophiles in the reaction of
copper-generated iminiums (Scheme 551).1101 The higher reactivity under O2 in the
presence of water is consistent with activation of the boronic acid. It is likely that copper is
playing more than one role in this transformation including oxidizing the aniline to an
iminium and transmetalating the aryl boronic acid in manner similar to that described in
Section II.C on boronic acid couplings.

Copper-generated imminiums have also been successfully coupled with phosphine
nucleophiles. Basle and co-workers reported the first example of oxidative C–P bond
formation using a copper catalyst and molecular oxygen for the synthesis of α-
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aminophosphonates.1102 Diethyl- dimethyl, diisopropyl, and dibenzyl-phosphites were all
employed with high efficiency. The reaction failed when changing dialkyl phosphite to
trialkyl phosphite. Notably, p-methoxyphenyltetrahydroisoquinoline provided good yield
offering a nice alternative to N-phenyltetrahydroisoquinoline since the protecting group can
be removed more easily to afford the secondary amine. This transformation is regioselective
for the benzylic position, and requires the presence of oxygen. Molecular uptakes
experiments revealed oxygen is involved in both the oxidation of diethyl phosphite and of
the amine; one equivalent of oxygen is required to form one full equivalent of product. Half
an equivalent of oxygen consumed in the presence of one equivalent of substrate and one
equivalent of phosphite affords 70% product and 30% trialkyl phosphate. A mechanism was
proposed based on these findings and is outlined in (Scheme 553).

To explore the reaction mechanism of the oxidative transformations of amines with copper
and oxygen, measurement of the molecular oxygen uptake was undertaken in the coupling
with nitroalkanes1096 (see Scheme 545) and ketones1098 (see Scheme 547). Studies showed
that half an equivalent of oxygen was consumed during the oxidation of the aniline under
standard conditions. The reactions also proceed in the presence of two equivalents of BHT, a
free radical inhibitor, strongly suggesting that the reaction does not involve a radical
process.625b,1099,1101,1103 This assertion is further supported by a lack of reactivity when the
single electron oxidant TEMPO is employed.625b These result suggests a two electron
oxidation of the amine by the copper to produce an iminium intermediate that may still
interact with the copper center (Scheme 554). The iminium can reversibly react with water
produced during the reduction of O2 to generate the hemiaminal, which is supported by the
formation of byproducts or alternate products under different conditions (Scheme
555).1098,1103 At this time, the oxidation state couple for the copper has not been reported.
However, under these conditions, it is highly probable that much of the copper is in the
copper(II) oxidation state. Such a copper(II) species would also be able to act as a Lewis
acid to facilitate deprotonation with the nitroalkane, ketone, and malonate substrates
(Scheme 554).

Further studies by Klussman and co-workers on reaction of N-phenyl-tetrahydroisoquinoline
with a trimethyl silyl enol ether (Scheme 556a) provided support for key intermediates in the
proposed mechanism.1104 Subjecting N-phenyl-tetrahydroisoquinoline to the optimized
reaction conditions in the absence of a nucleophile (Scheme 556b) generated a white
precipitate, later identified to be Cu(II)ClOH, an iminium ion 4, and an acetal 5 were
isolated in a 40:60 ratio (Scheme 556b). Crystallography revealed that the counterion to
imminium ion 4 was a dihalocuprate ion as shown in 4a. Thus, the copper species is bound
ionically, not covalently. NMR studies also revealed intermediates 4 and 6 could exchange
with the imminium salt 4a and not with the isoquinolinium salt 7. Reaction of the silyl enol
ether with just 4a provided product 3 in 85% isolated yield after 3 h (Scheme 556c). The
methanol adduct 5 was synthesized from 1 in the presence of copper catalyst in methanol
and subsequent addition of 2 provided 3 in 68% yield after 18 h instead of 1 h. A similar
slower reaction profile was observed for 6 (Scheme 556d) indicating that the enol ether does
not add directly to either 5 or 6. Compound 4a is proposed as the reactive electrophile since
the rate observed with it was comparable to the rates of the oxidative coupling reaction
(Scheme 556a). A tentative mechanism has been proposed based on these mechanistic
findings (Scheme 557). The authors propose that MeOH is favored as a solvent due to
stabilization of the ion pair.

IX.A.2. Imines from Secondary Amines—All of the examples in the prior section are
for tertiary amines, which form iminiums that then react further with nucleophiles. The
above mechanism (Scheme 557) implies that it should be possible to oxidize primary or
secondary amines to the corresponding neutral imines. An example, illustrating
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deprotonation of the iminium intermediate that is formed during the oxidation reaction is
outlined in (Scheme 558).1105

Acyclic secondary amines can also undergo this type of transformation, although avoiding
hydrolysis is more problematic (Scheme 559).1106 Copper(I) and copper(II) salts were
effective for oxidizing a range of acyclic and cyclic amines to the imines in good yields. In
this case, the presence of oxygen and 3 Å molecular sieves were required for the oxidation
to occur. Uptake experiments found that an equivalent amount of dioxygen is consumed to
the product, which would correspond to conversion to hydrogen peroxide in the two-electron
oxidation of the substrate. Under these conditions primary amines are converted into the
nitriles (see Section IX.A.4 below).

IX.A.3. Imines or Aldehydes from Primary Amines—Primary amines can also be
been aerobically oxidized to the imines. In fact, the oxidative deamination of amines to form
aldehydes is a classic example of a reaction catalyzed by copper containing enzymes, the
amine oxidases. The preceding sections showed numerous examples of the oxidation of
tertiary and secondary amines. This section gives an overview the copper catalyzed
conversion of amines to carbonyls or their equivalents.

Several early studies established that copper and oxygen were a potent combination for the
oxidative deamination of amines.1107 Kinetic studies for the oxidation of primary aliphatic
amines to aldehydes by Cu(0)/acetic acid/oxygen system in acetonitrile (Scheme 560) were
examined to probe the mechanism.1108

Two mechanisms have been proposed for this transformation in basic Scheme 561 and
acidic medium Scheme 562. For the mechanism outlined in Scheme 561 the formation of H·
was ruled out since a primary isotope effect greater than one and a rate acceleration on
moving from R = alkyl to R = alkyl aryl were not observed. For the mechanism with an
acidic medium (Scheme 562), the use of copper turnings was necessary for slow release of
Cu(I) via corrosion. A primary deuterium isotope effect of kH/kD = 3.6 was observed
consistent with α C–H (C–D) cleavage as the rate-determining step accompanied by two
electron oxidation of the amine to imine.

Considerable effort has been devoted to developing more efficient catalysts for these
transformations by synthesis of small molecular copper complexes as mimics of the highly
efficient enzyme amine oxidase.678 A survey of the literature reveals the substrate scope of
small molecule copper catalysts mimicking the reactivity of copper-containing amine
oxidase (CuAO) enzymes is limited in substrate scope. Only select cases describing the use
of small molecule copper catalysts for oxidative deamination of amines have been described
below.1109,1110,1111

An example providing mechanistic insight for the oxidative deamination of (p-
sulfonphenyl)glycine utilizing molecular oxygen, Cu(II) metal ion catalyst, vitamin B6
coenzyme pyridoxal 5`-phosphate, and the synthetic analogue 5`-deoxypyridoxal was
reported in 1991 by Martell and Shanbhag.1109 Two reasonable mechanisms (Scheme 563
and Scheme 564) were in line with the experimental data obtained from 18O2 labeling,
kinetic, and spectroscopic studies from the four previously proposed mechanisms described.
Additionally, the authors were able to demonstrate the facile conversion of Cu(II) complex
of the Schiff base to the oxime of the coenzyme.

An example of a small molecule amine oxidase mimic is outlined in Scheme 565. Here, a
bridging biscopper(II) complex converts primary amines with at least one α-hydrogen atom
into the aldehyde which subsequently condenses with additional substrate to provide the
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illustrated imine.510 Notably, the reaction conditions are very mild (ambient temperature,
under air). The development of a simple inexpensive copper catalyst with the same
reactivity would have broad utility in organic synthesis.

By using benzylamine selectively deuterated at the α-carbon as substrate (C6H5CD2NH2), a
kinetic isotope effect (KIE) under turnover conditions of 4 was observed. This result implies
that an oxygen radical abstracts the hydrogen atom abstraction from the α-carbon atom of
the coordinated benzylamine is the rate- determining step. Together with other evidence, this
data supports the mechanistic proposal in Scheme 566. The imine-copper intermediate is
similar to the reactive species proposed in the amine α-functionalizations described in
Section IX.A (see Scheme 554).

The catalytic properties of a copper-polymer system were investigated for the oxidation of
primary and secondary amines to aldehydes in high preparative yield.1112 The oxidase
reactivity for a series of Cu(I) complexes containing 2,2-biquinolyl or 2,2`quinolyl pyridine
ligand fragments in the polymer backbone were examined for the oxidation of primary and
secondary amines. A mechanism similar to that of amine oxidase is proposed for this
transformation (Scheme 568).

Conditions have been identified wherein the products from the oxidation of amines undergo
condensation with a second equivalent of the primary amine precursor to generate
symmetric imines.1113 The benzylic, aliphatic, cyclic, heteroaromatic amines proceed well
with catalytic and stoichiometric amounts of copper (Scheme 569).

The synthesis of unsymmetrical imines by condensation of the initially formed imine with a
different amine nucleophile was more challenging affording the products in good to
excellent yields and moderate selectivity (Scheme 570).1113 As would be expected, poorly
nucleophilic amines, such as the heteroaromatic amines and benzylamines with strong
electron-withdrawing groups, did not compete favorably with the starting primary amine in
adding to the imine intermediate. The authors proposed that the imine forms by β-hydride
elimination of a copper-amine adduct accompanied by two-electron oxygen mediated
reoxidation of the copper.1113

An alternate mechanism in agreement with the mechanistic data described earlier in this
section (see Scheme 554–Scheme 557) is outlined in Scheme 571. The catalytic cycle is
initiate by a one-electron oxidation of Cu(I)Cl to Cu(II)XCl. The amine then undergoes a
one-electron oxidation with Cu(II)XCl to afford a radical cation ion intermediate III.
Deprotonation of III forms intermediate V which undergoes another one-electron oxidation
to afford the imminium intermediate VI. This species may directly condense with another
primary amine (path 1) or may hydrolyze and then condense with another primary amine
(path 2).

Similarly, a copper(II) bromide and TEMPO system under an oxygen atmosphere was
reported to efficiently oxidize primary and secondary amines to imines in aqueous
acetonitrile.1114 The synthesis of unsymmetrical imines by condensation of the initially
formed imine with a different amine nucleophile was also viable under these conditions.
Steric and electron factors influenced the efficiency and selectivity of the reaction.
Interestingly, aldehyde byproducts were not detected by GC analysis of the reaction
mixtures. Electron rich anilines were also shown to undergo dehydrogenative coupling
affording azo product (See Section VIIIB).

In contrast to methods described above without TEMPO (Scheme 559, Scheme 570), the
selectivity was not affected by the electronic properties of the substituents of the primary
and secondary benzyl amines. Notably, the addition of a ligand is not necessary. The authors
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speculate that water and acetonitrile solubilize the copper species formed throughout the
catalytic cycle. A mechanism has been proposed and is outlined in Scheme 572.

A very different approach to oxidative deamination with a copper catalyst utilizes
dehydroascorbic acid (dehydroAsc) as the oxidizing agent. This reagent is known to oxidize
amines to the corresponding aldehydes easily. In this case, however, the dehydroAsc is
generated in situ from a stoichiometric amount of ascorbic acid (Asc) via a copper catalyzed
aerobic oxidation. Under these conditions, a variety of amines could be oxidized under very
mild conditions (Scheme 573).1115

Omission of either the Asc or the copper catalyst from the reaction mixture abrogated the
activity indicating that each plays a critical role as outline in the proposed mechanism
(Scheme 574). Although Asc or its derivative could be, in theory, reoxidized a number of
times, thus rendering Asc catalytic, two equivalents were needed to obtain the full
conversion of amine into the desired carbonyl product. The likely culprit of this
stoichiometry requirement is the reaction of the amine-containing byproduct with
dehydroAsc.

In addition to proceeding under mild conditions, the dehydroAsc oxidation exhibits very
high chemoselectivity. Since alcohols cannot form the requisite imine required by the
mechanism, the selectivity for amines versus alcohols is very high (Scheme 575).

IX.A.4. Nitriles from Primary Amines—Section IX.A.3 illustrated that imines or
aldehydes can be formed from primary amines by copper initiated oxidation to the iminyl
radical cation. Further reaction of the imine to the nitrile is also possible, but is complicated
by a competing hydrolysis of the imine intermediate to the aldehyde. Kametani and co-
workers reported the oxidation of amines to nitriles using copper and oxygen in 1977.1116

Oxidation of amines to nitriles or aldehydes was achieved using copper(I) chloride in
pyridine under an oxygen atmosphere. This method suffered from poor yields ranging in 22–
35% yields (Scheme 576).

Efforts for further developing this type of chemistry lapsed for 12 years before a new report
appeared. Capdevielle and co-workers reported an improved method based on Kametani's
earlier work for oxidation of primary amine to nitriles using copper(I) salt and pyridine
under an oxygen atmosphere in 1989.1117 The improved protocol differs from Kametani's
work in that the reaction is carried out at higher temperatures and 4 Å molecular sieves were
added to minimize hydrolysis of the imine. Catalytic amounts of copper could also be
employed; however, stoichiometric amounts of copper were preferred to push the reaction to
completion. The method has a broad substrate scope providing a diverse array of nitrile in
nearly quantitative yield (Scheme 579). However, the oxidation of 2-phenylethylamine was
problematic affording a mixture of products.

Later, Capdeveille examined the mechanism of primary aliphatic amine oxidation to nitriles
by copper chloride.1118 The oxidation rates of several aliphatic and arylalkyl amines were
examined. A secondary isotope effect (KH/KD = 1.25 ± 0.1) suggesting that no C–H (or C–
D) bond is broken in the rate-limiting step. Catalytic amounts of copper under an oxygen
atmosphere could be utilized for this transformation. The authors speculate that electron-
donating groups can stabilize the imminium species thus explaining the rate enhancement
observed in the oxidation of dodecylamine vs benzylamine vs veratrylamine. In the case of
the veratrylamine oxidation, veratronitrile was isolated in 65% yield with 15% hydrolysis
product suggesting that oxidation of ketimine is faster than competitive addition into the
imine intermediate. A mechanism consistent with these observations is outlined in Scheme
578.
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Minakata and co-workers reported that catalytic amounts of binuclear copper(II) complexes
of 7-azaindole (Scheme 579) could effectively oxidize an amine to an imine in moderate
yield (65%) accompanied by nitrile formation (21% yield).1119

In a further advance Uemura and coworkers developed a system similar to that of Kametani
(Scheme 577), but lacking the base additive. Under these conditions, a variety of primary
amines are converted to the nitriles with just 2 mol% of a copper catalyst (Scheme 580).1106

The method proves useful for electron-poor and electron-rich benzyl amines as well as for
alkyl amines. When the radical scavenger, galvinoxyl, was employed with benzylamine or
isoamylamine, the nitrile did not form. For the former, 92% of the imine, N-
benzylidienebenzylamine was obtained instead. On this basis, the authors propose that an
alkylideneaminyl radical is an intermediate en route to the nitriles.

IX.A.5. Enamine Generation and Reactions—In all of the above reactions, amines are
converted to iminium (from tertiary amines) or imine intermediates (from primary and
secondary amines), which subsequently act as electrophiles for various nucleophilic partners
(alkynyl anions, malonate anions, nitroalkane anions, enolates, enol ethers, indoles, aryl
boronic acids, phosphites, amines, water, etc.). In this section, work is described, which
exploits the oxidation of amines to generate an enamine source after proton transfer of the
initially formed iminium. For example, an unexpected by-product was isolated in 8% yield
in the reaction of N-(2-alkynylbenzylidene) hydrazide with 4–nitrophenylaldimine during
the exploration of new approaches for the synthesis of novel isoquinolines using imines.1120

The formation of H-pyrazolo[5,1-a]isoqunoline did not incorporate the aldimine, but did
include two carbons, presumably from N,N-diisopropylethylamine. The reaction required
oxygen suggesting that the N,N-diisopropylethylamine underwent oxidation of the aliphatic
C–H bond similar to the work described above. Indeed, the addition of 10 mol% CuBr2
improved the yield to 75%. The authors speculated that selective incorporation of the ethyl
into the final product may be due to steric effects and kinetic acidity. Various tertiary
aliphatic amines with para- and meta- substituted N-(2-alkynylbenzylidene)hydrazides
afforded the desired product in good yields (Scheme 581). Poor yields were obtained when
electron donating groups were installed on the aryl ring. A mechanism was proposed based
on previously reported protocols (Scheme 582).

IX.A.6. Amide Anion Generation and Reactions—Aerobic oxidation of amines has
also been exploited to generate a source of a copper amide in situ. For example, Guo and co-
workers demonstrated that an imminium ion, derived from oxidation of a tertiary amine, can
undergo C–N bond cleavage via hydrolysis to afford a copper amide species (LnCu–NR1R2)
which can react further with benzoxazole via a copper mediated C–H insertion to afford the
desired aminated product.1121 Alkyl tertiary amines bearing α–hydrogens reacted efficiently
while amines without an α–H failed to react. An increase in yield was observed when a
phenyl substituent was installed at the α–position of the amine. Both of these last two
observations are fully consistent with oxidation of the amine to the iminium. The substrate
scope is, however, limited to tertiary amines and hindered amines were sluggish. Alkyl
amines with two types of α–hydrogens provided a mixture of products in nearly 1:1 ratio.
Exclusive exocyclic C–N bond cleavage was observed for morpholine derived tertiary
amines. Benzoxazoles with electron donating and electron withdrawing groups were coupled
in moderate to good yields with triethylamine (Scheme 583).

A gram scale reaction of 4-benzylmorpholine and benzoxazole was explored to gain an
understanding of the mechanism. Isolation of benzaldehyde in 87% yield and the aminated
product in 75% yield suggest that C–N bond cleavage may occur prior to the C–N bond
formation step between the amine and benzoxazole. A free radical pathway was ruled out
since the product formed in a 62% and 82% yield in the presence of TEMPO and 1,1-
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diphenylethylene, respectively. Isotope labeling experiments with 18O2 and H2
18O revealed

that the aldehyde oxygen comes from the water produced during hydrolysis leading to C–N
bond cleavage. Cleavage of the C–H bond of the azole was determined to not be involved in
the rate limiting step based on the kinetic isotope effect of 1.4 between a competition
experiment for 5-methylbenzoxazole and 2-deutero-5-methylbenzoxazole. In the case of 4-
benzylmorpholine, a value of 2.7 for the kinetic isotope effect indicates the C–H bond
cleavage of the tertiary amine may be rate limiting. A mechanism with modifications for
forming the amide-copper intermediate is outlined in Scheme 584. The proposal that the
reduced copper species remains bound to the imminium ion via a nitrogen coordination is
unlikely based on the X-ray crystal structure obtained by Klussman and co-workers. An
alternative pathway for imminium hydrolysis involves nucleophilic attack by water to afford
a hemiaminal II`. Coordination of the CuLn to the nitrogen of the hemiaminal facilitates the
C–N bond cleavage for elimination of the copper-amide intermediate IV` and the
corresponding aldehyde. Deprotonation of the C–H bond of the benzoxazole followed by a
copper mediated rearrangement affords intermediate V`, which undergoes a one-electron
oxidation to afford a Cu(III) intermediate VIII`. Reductive elimination of VIII` afford the
aminated product and a Cu(I)Ln species that can re-enter the catalytic cycle.

IX.A.7. Aza Allyl Cations from Imines—For imines, oxidation can give rise to aza-allyl
cations, which can participate in further processes. A protocol to form complex heterocycles
has been reported implementing such an oxidative cyclization strategy.1122 Several new
heterocycles were synthesized in poor to moderate yield (Scheme 585). Three coordination
sites (pyridyl, imine nitrogen, and a heteroatom incorporated into an arene at R1 or R2) are
required for the catalytic reaction while only two are necessary for the stoichiometric
reaction. Other oxidants such as Fe3+, Mn4+, and Pb4+ failed to form the product. A
mechanism for this reaction consistent with the chemistry described above is outlined in
Scheme 586.

IX.A.8. Tandem Reactions Involving Iminiums—Tandem reactions combining the
basic transformations outlined above are also possible. For example, Loh and co-workers
reported an elegant copper-catalyzed rearrangement of tertiary amines via oxidation of
aliphatic C–H bonds under air or oxygen atmosphere for the synthesis of α-amino acetals
Scheme 587.1123 This more complex reaction is a result of a four electron oxidation, which
is proposed to occur via four single electron transfers. Specifically, an amine of an alkyl
amine underwent both an oxidation and an oxidative migration from C1 to C2 via an
aziridine as outlined in Scheme 588. Support for this mechanism includes validating the
involvement of an enamine intermediate, which was accomplished by a trapping and control
experiment. A hydrolysis byproduct, Cy2NH2Br, which would arise from this enamine, was
also confirmed by crystallography. Deuterium labeling experiments revealed that the α- and
the β-carbon of the aliphatic chain are involved and that methanol is not oxidized under the
reaction conditions. In this experiment all of the positions underwent proton exchange with
methanol as judged by 1H NMR suggesting reversible steps for protonation and
deprotonation. Three expected by-products were isolated in low yields when the product was
re-subjected to the reaction conditions also indicating many of the steps are reversible.

A copper-catalyzed domino reaction was employed in the synthesis of substituted pyrroles
from α-diazoketones, nitroalkenes, and primary amines (Scheme 589).1124 The amine
component must be activated toward oxidation (i.e., benzylic or allylic). The α-diazoketone
must be aryl, and electron-poor aryls give improved yields.

The catalytic copper first acts to catalyze the carbene addition into the amine N–H bond
(Scheme 590). The secondary amine thus formed is oxidized to the imine, and the
coordinated copper assists in the formation of an enolate. A [3+2] cycloaddition between
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this zwitterion and the nitroalkene closes the substituted pyrrolidine. Oxidative
dehydrogenation and elimination of HNO2 gives the observed substituted pyrrole.

Grimaud and coworkers reported a tandem cyclization-oxidation of hydrazones to
pyrazolidinones.1125 Treatment of hydrazono amides to oxidative conditions resulted in a
cycloaddition and subsequent oxidation, giving the pyrazolidinone products in moderate to
good yield (Scheme 591). The amide nitrogen can support either allyl or methyl groups,
while the hydrazone aryl is limited to ortho-xylenyl and para-chloro phenyl rings. When run
open to air, the reaction yields are much lower due to oxidative decomposition. Instead, the
reaction is run under an argon atmosphere, with the necessary oxygen coming either from
the solvents or through air diffusion into the reaction flask.

The reaction proceeds through a copper-mediated [3+2] cycloaddition to give the fused 5,5-
ring system (Scheme 592). In the presence of BF3•Et2O, only this initial cycloadduct is
isolated. In the presence of copper(II) and trace molecular oxygen, the hydrazine is oxidized
and traps water to form a hemiaminal which is further oxidized to the hydrazide.

IX.B Iminyl Radical Reactions
An intermediate in all of the chemistry described above in this subsection is the iminyl
radical formed by one electron oxidation of the amine. The copper catalyzed oxygenolysis
of cycloproplyamines to epoxy ketones was described in 1975.1126 The method yielded the
epoxy ketones, but suffered from poor yields (Scheme 593).

The mechanism (Scheme 594) is proposed to involve the iminyl radical which initiates
fragmentation of the cyclopropane ring. Alpha cleavage (Scheme 594, A) is proposed for the
fragmentation leading to imminium ion radical II which is trapped by dioxygen forming a
1,2-dioxolane intermediate V. Intermediate V then undergoes an O–O bond cleavage and
hydrolysis to form the corresponding epoxy ketone VII. An alternate pathway proceeds
through beta-bond cleavage (Scheme 594, B), affording a primary imminium radical III`.
Upon oxygenation of intermediate III` an oxaspiro epoxy ketone IV` can form. The authors
speculate it is unlikely that beta-bond cleavage occurs due to exclusive formation of the ring
expanded epoxy ketone VII. Furthermore the, cation radical III` is speculated to be less
stable then cation radial III formed from the alpha-cleavage pathway. Interestingly, the
oxygen atoms are proposed to arise from dioxygen. However, further experiments were not
conducted to support this hypothesis.

In contrast to this early case, a recent example of a copper catalyzed oxidative
intermolecular cyclization, which intercepts an iminyl radical, has been found to proceed in
high yields.1127 Specifically, N-methylanilines couple with electron deficient alkenes
(Scheme 595). Using various N-methyl anilines a broad array of tetrahydroquinolines could
be generated in moderate to good yields (Scheme 596). The process only works for tertiary
anilines with at least one N-methyl group; attempts to couple N-methyl-3,4-dimethylaniline
or N,N-diethylaniline were unsuccessful. This process has been proposed to proceed via the
radical cation intermediate (II, Scheme 597) instead of an iminium intermediate (VIII).
Experimental evidence supporting this mechanism is the regioselectivity observed for
preferential coupling at the ortho-position of the arene (I). The authors speculate trapping of
II occurs faster than the second one-electron oxidation to form imminium ion VIII (Scheme
596) even though secondary and benzyl radicals are more stable.

IX.C. N-S Bond Formation from Amines
Taniguchi and co-workers have reported a copper-catalyzed synthesis of sulfenamides from
diaryl disulfides.1128 Primary and secondary alkyl amines were reacted efficiently with
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diphenyl disulfide (Scheme 598) and aryl disulfides (Scheme 599) to afford the desired
sulflenamide in moderate to good yields. Anilines were unreactive under these conditions
and oxygen was required for this transformation to occur. Additional transformations
involving further oxygenation of the sulfur atom combined with N-coupling are described in
Section XII.B.

In an effort to understand the mechanism, tert-butyl amine was treated with PhSCu to
determine its possible role as an intermediate. The desired sulfenamide was obtaind in a
59% isolateld yield suggesting PhSCu forms in the course of the reaction. A decrease in
yield was observed in the absence of oxygen. The authors speculate the copper acts as Lewis
acid and co-oxidant with air. A mechanism was proposed based on these findings (Scheme
600).

IX.D. Reactions of Hydrazines
A survey of the literature has revealed the chemistry of hydrazine oxidation mediated by
copper has remained largely unexplored to date. One example of a copper-mediated
oxidation of a hydrazine derivative to the corresponding azo compound in quantitative
yields was reported by Fodor and Wein (Scheme 601).1129 Further examples where
hydrazine compounds are intermediates in the couplings of arylamines to form azo species
are presented in Section VIIIB.

IX.E. Reactions of Hydrazides
The difficulty in hydrolysis of hydrazides has led to examination of numerous oxidative
protocols including those employing copper and oxygen. While the reactions of hydrazides
has been studied more than those of hydrazine, this area also remains underdeveloped. The
driving force for these oxidations is rapid elimination of nitrogen followed by oxidation of
the carbonyl carbon (Scheme 602).

Tsuji and co-workers reported the first example of hydrazide oxidation for the synthesis of
carboxylic acids, esters, and amides using oxygen activated by copper salts in 1975 (Scheme
603).1130 The choice of copper source is important for promoting oxidative cleavage of the
hydrazide, and excess amounts of copper are used. Cu(NO3)2, CuCl2, and copper oxide
showed no activity while Cu(acac)2 was similar in reactivity to Cu(OAc)2. Benzoic acid was
synthesized selectively while the synthesis of esters required in-situ formation of Cu(OMe)
by treatment CuCl with sodium methoxide to achieve good selectivity. A mixture of
products was obtained for ester synthesis when pyridine and methanol was used. An amine
solution of Cu(OAc)2 was required for the synthesis of amides. The authors speculate that a
stepwise oxidation of the hydrazide to form an acyl cation with liberation of nitrogen water
occurs. The acyl cation can then be trapped by the alcohol, amine, or water nucleophile to
afford the desired product.

A copper catalyzed oxidation of hydrazide to carboxylic acids under an oxygen atmosphere
was subsequently developed.617 Although the amount of copper was decreased significantly
from earlier work, only one example was provided for the synthesis of benzoic acid (Scheme
604).

Tsuji and co-workers attempted to broaden the scope of the catalytic protocol for the
synthesis of acids, esters, and amides.1131 Catalytic amounts of Cu(OAc)2 with continuous
bubbling of oxygen through a methanol solution proved to be effective only for the synthesis
of carboxylic acids. For the esters and amides, stoichiometric amounts of copper were
required. Aromatic and aliphatic hydrazides could be oxidized efficiently (Scheme 605).
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Oxidation of para-nitrobenzohydrazide was problematic affording the ester as the major
product.

A possible mechanism for these transformations involves a diazoacyl species which rapidly
expels nitrogen to generate an acyl cation that is trapped by exogenous nucleophiles
(Scheme 606).

IX.E. Oxidative N–N Bond Formation from Amines
The earliest example of an oxidative coupling of secondary amines to the corresponding
hydrazines in good yields using excess copper was reported by Kajimoto (Scheme 607).1132

Secondary amines such as di-2-naphthylamine and N-ethylamine were not efficient (yields
were not reported). Since there are several other reaction pathways available to amines (see
Section IX.A –Section IX.B above), control to achieve high N-N selectivity is difficult.

The authors speculate the secondary amine undergoes a copper mediated one-electron
oxidation to form an amino radical (Scheme 608). The amino radical undergoes coupling
with another amino radical generating the N–N bond. This mechanisms is similar to the
oxidation of anilines to the corresponding azo compounds as described in Section VIII.B.

In a different approach than that outlined above, a catalytic amount of copper is utilized to
first activate a nitrile for addition by 2-aminopyridine in a non-oxidative amidine forming
reaction. Subsequent copper-catalyzed oxidative N–N bond formation then provides the
1,2,4-triazole product (Scheme 609).1133 Other copper sources, such as CuCl, CuBr2, and
Cu(OAc)2 could be used with similar results. An array of aryl- and heteroarylnitriles could
be employed under the reaction conditions to afford the triazolopyridines in good to
excellent yield.

Control studies afforded no product in the absence of copper. The triazole product was also
formed when utilizing the amidine addition intermediate, confirming N–N bond formation
subsequent to aniline addition to the nitrile. This step could also be effected in the absence
of oxygen with stoichiometric copper to give similar yields as the catalytic process. With
these results, a mechanistic proposal is suggested with initial copper activation of the nitrile
and nucleophilic attack by the aniline nitrogen (Scheme 610). Oxidation of the resulting
amidine constructs the N–N bond and affords the triazolopyridine product. The reduced
copper species is oxidized by molecular oxygen to close the catalytic cycle. Since the final
cyclization event occurs in good yield in the absence of zinc, zinc is thought to aid in initial
amidine formation.

The process could also be extended to the formation of 1,2,4-triazoles by replacing the 2-
aminopyridyl substrate with alkyl or aryl amidines. This variant employs stoichiometric base
but does not require the zinc co-catalyst.

X. Reactions of Azides
Transition metal catalyzed β–carbon elimination of iminyl metal species has been explored
recently for the activation of C–C bonds using Rh, Pd, and Mn metals (Scheme 612).

Examples employing copper catalysts for C–C bond cleavage of a transient iminyl copper
species have recently been pioneered by Chiba and co-workers for the synthesis of
nitriles.1134 A diverse array of aliphatic and aryl nitriles containing halogens, electron
donating, and electron withdrawing groups were synthesized in moderate to good yields
from α-azido esters (Scheme 613). Efforts to elucidate the mechanism revealed that the
oxygen atom incorporated into the beta fragment of the carboxylic acid originates from
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molecular oxygen. This result provided an explanation for the dramatic increase in reaction
rate observed under an oxygen atmosphere. A proposed mechanism based on these
observations is shown in Scheme 614.

Formation of benzoic acid and nitrile product from the reaction of azide with 1.0 equiv
Cu(OAc)2 under an inert atmosphere was hypothesized to arise from fragmentation of the
iminyl copper species (center of catalytic cycle in Scheme 614) followed by air oxidation of
acyl copper species during work up. The oxygen mediated beta–fission (outer cycle in
Scheme 614) may be faster than the non-oxygen process thus accounting for the increased
rate observed under an aerobic conditions.

While exploring the scope of the previous reaction, the catalytic conditions were applied to
α-azido-amides for the synthesis of nitriles.1088 Initial studies employed α-azido-morpholine
amide, which provided the desired nitrile product in 73% yield (Scheme 615a). However,
subjecting an α-azido-aryl amide to the reaction conditions instead formed an unexpected
azaspirocyclohexadienone product instead of the anticipated aryl nitrile (Scheme 615b). The
process was found to be general for a variety of substrates, affording moderate to good
yields when aryl substituents containing electron donating and electron withdrawing groups
were installed at the α-position (see Section VIII.E for complete discussion, substrate scope,
and mechanistic proposal).

While examining the reactivity of α-azido–amides, 2-formyl pyrazinone was isolated from
the reaction of N-allyl-N-phenylamide in 18% yield along with formation of the desired
azaspirodienone in 42% yield (Scheme 616). Chiba and co-workers further developed this
chemistry for the synthesis of 2-formyl pyrazinones from α-azido–N-allylamides.1135

Studies with α-azido–N-allyl-N-benzylamide provided the 2-formyl pyrazinone in 62%
isolated yield. Under an inert atmosphere none of this material was detected; instead, a
dihydropyrazinone by-product was isolated in 14% yield suggesting that oxygen is critical
for this transformation (Scheme 617).

Using this method, a variety of pyrazinones were synthesized containing electron-rich aryl
groups and halogens in moderate to good yields. Substrates with a nitrile-substituted aryls
reacted in poor yield, and alkyl groups were not tolerated at the R1 position. Substrates with
alkyl, benzyl and aryl groups on the amide nitrogen provided moderate yields (Scheme 618).

To determine if an iminyl species intermediate is involved in the reaction mechanism, a
transient N-H imine species A was synthesized using basic conditions and subjected to the
optimized reaction conditions (Scheme 619a). Only α-keto amides were isolated indicating
that a copper iminyl species was not formed. Subsequently, α-azido–N-ally-N-benzylamide
was heated at reflux under toluene in the absence of copper catalyst to afford an aziridine
product (Scheme 619b). The formation of the aziridine product was proposed to arise from
1,3-dipolar cycloaddition of the α-azido–N-allyl-N-benzylamide to afford bicyclic
intermediate B, which undergoes rapid denitrogenation. The desired pyrazinone was formed
in 46% yield upon exposure of the aziridine to the optimized reaction conditions.

Based on these control experiments a mechanism has been proposed (Scheme 620). First,
the α-azido–N-allyl-N-benzylamide undergoes a 1,3-dipolar cycloaddition to afford II,
which undergoes rapid denitrogenation to form III. Single electron oxidation of III affords a
radical cation intermediate IV. Deprotonation of IV and subsequent opening of the aziridine
ring forms a primary radial intermediate V. A copper peroxy species then traps the primary
radical to afford VI, which is further oxidized to form the formyl group. Copper mediated
oxidation of VII affords the desired pyrazinone.
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XI. Reactions of Ethers
In general, the radical abstraction at the position alpha to oxygen is less favorable than alpha
to an amine (see Section IX.A). For this reason, the copper catalyzed oxidations of ethers
were typically not useful, giving rise to mixtures. For example, early work surveying the
catalytic activity of a binuclear copper(II) complex with 7-azaindole in the oxidation of
benzyl ethers to esters showed modest turnover, and low isolated yields (Scheme 621).1136

An increase in yield was observed with larger alkyl substituents (tertiary > secondary >
primary) implying that coordination of the ether to copper species is not crucial to oxidation.

In an effort to further understand the effects of ligand tuning on the equilibrium of copper
bishydroxo species, Zhang and co-workers synthesized several Cu(I) complexes containing
tridentate bis[2-(2-prdiyl)ethyl]methyl amine ligands. Varying the electronics of these
ligands by modification of the 4-substituent influenced the reactivity of the copper
complexes in the 2-electron oxidations of tetrahydrofuran, N-methylaniline, and primary
alcohols (Scheme 622).1137 Notably, these reactions are not catalytic. Experiments
employing 18O2 indicated that hydroxylation of tetrahydrofuran involves transfer of an
oxygen atom from the copper bishydroxo complex.

More recent discoveries have shown that use of a catalytic oxidant, such as N-
hydroxyphthalimide (NHPI) can facilitate the process to a useful level. Due to the stronger
bonds in ethers vs amines (see Section IX.A), stronger oxidants than oxygen are typically
required in the copper catalyzed oxidations of ethers.1092a,1138 However, this problem can
be overcome by using a catalytic oxidant, such as N-hydroxyphthalimide (NHPI) (Scheme
623).1139 Under these conditions, cyclic benzyl ethers can be oxidatively coupling with a
range of malonate and ketone nucleophiles. With the exception of ethyl phenyl ketone,
couplings to the ethyl group of ketones do not proceed well.

The mechanism proposed for this transformation (Scheme 624) is similar to that proposed
for the amine oxidation (see Section IX.A). Key differences include a single electron
oxidation catalyzed by NHPI which is in turn reoxidized by dioxygen. The resultant radical
traps oxygen to form a peroxyketal which is then reduced by the copper or indium to
provide a hemiketal. The oxocarbenium formed from the hemiketal can than trap a
nucleophile. The copper/indium plays an additional role as a Lewis acid to facilitate
deprotonation of the nucleophile.

Another example of two oxidants working in tandem can be found in Scheme 625 where
both TBHP and O2 are required to achieve the products.1140 This tandem process is
comprised of a hydroxyalkylation of an alkene followed by further oxidation to the ketone.
A plausible mechanism for this reaction is outlined in Scheme 626.

XII. Reactions of Thiols
XII.A. Sulfoxidation

Sulfoxides are key intermediates in organic synthesis and medicinal chemistry and many
methods have been reported for their synthesis. Even so, the majority uses peroxide or
peracid oxidants. For example, copper catalyzed oxidations of sulfides to sulfoxides with
tert-butyl hydroperoxide (TBHP) have been reported as highly effective.1141 However, the
corresponding reaction with oxygen has lagged due to overoxidation of the sulfides. Some
progress has been made as shown in Scheme 627 suggesting that a general aerobic copper
catalyzed oxidation is viable.1142,1143
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Gamba and co-workers demonstrated that dinuclear copper complexes could be used for
oxygenation of thioanisole in 93% yield (Scheme 628).1144 Isotope labeling experiments
demonstrated that direct oxygen transfer occurs from the copper complex and that binding of
the thioanisole to the copper species is not needed. The reaction was found to be sensitive to
sterics and electronics. A mechanism for this transformation has been outlined in (Scheme
628).

XII.B. S-N Bond Formation
Several protocols involving the formation of sulfur–nitrogen bonds have been reported (see
also N–S bond formation, Section IX.C). The first example involving copper mediated S–N
bond formation was described in 2007 for the synthesis of sulfenamides from diaryl
disulfides (see Scheme 598 and Scheme 599 in Section IX.C).1128

Later, Taniguchi reported the copper-mediated of thiols with amines for the preparation of
sulfenamides, sulfinamides, and sulfonamides. Under very mild conditions using air,
dehydrocoupling occurred to provide the sulfenamides in good yields with a variety of
amine donors (Scheme 629).1145 Aryl amines afforded slightly lower yields in this process
due to competing oxidation of the anilines.

By employing oxygen instead of air and larger amounts of the copper catalyst (10 mol% vs
5 mol%) it was possible to initiate further oxygenation of the sulfur center to generate the
sulfonamides (Scheme 630, top). The reaction could be controlled by using of 30 mol%
PdCl2, 5 mol% CuI, and air resulting in mono-oxygenation to the sulfinamides (Scheme
630, bottom). Product formation was not observed under an inert atmosphere indicating that
oxygen is integral to the reaction. A mechanism for the first step in these transformations,
N–S bond formation, is outlined in Scheme 631.

XII.C. S-C Bond Formation
Several other copper catalyzed oxidation reactions utilizing oxygen have been reported for
sulfur and selenium substrates resulting in formation of S-C and Se-C bonds, respectively.
However, in these cases, the oxidation state of the sulfur and selenium remains unchanged
over the reaction course. As a consequence, these transformations are discussed in Sections
II.D.4, which focus on the oxidation the carbon partners, alkynes and alkenes. The
corresponding couplings of heteroarenes such as azoles, thiazoles, and benzimidazoles with
sulfur nucleophiles to afford thioethers are described in Section II.E.4.

XIII. Oxidation of Phosphorus Compounds
Processes employing copper and oxygen for the oxidation of phosphorus compounds are
rare. In particular, oxygenase reactions to afford P-O bonds have received only limited
attention. Instead, the majority of reports focus on the coupling of H-phosphonates with
various partners in a C-P bond forming process. H-Phosphonates are known to exhibit
tautomeric behavior between the favored phosphonate form and the more nucleophilic
phosphite,1146 which in turn participates in these oxidative couplings.1147 In the context of
copper-oxygen catalysis, however, oxidation at phosphorus is concomitant with carbon-
phosphorus bond formation. In spite of this issue, successful coupling with
tetrahydroisoquinolines,1102 arylboronic acids,1148 and alkynes234 have been achieved
(Scheme 77).

In some of these processes, other phosphorus oxidation products are observed. For example,
trialkyl phosphates are observed as byproducts in the coupling with tetrahydroisoquinolines,
and oxidative dimerization to form diphosphates was observed when using an oxygen
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atmosphere (rather than air) involving coupling with aryl boronic acids. For additional
details as well as mechanistic discussion, see the sections noted in Scheme 77.

Phosphines are more often used as ligands in copper catalyzed reactions than substrates.
However, the oxidation of triphenylphosphine has been effected in quantitative yield to
afford the phosphine oxide with a copper(I)-tris(pyrazolyl)borate catalyst, oxygen, and a
peroxide additive (Scheme 633).35 The authors note that under concentrated conditions,
reaction inhibition was observed due to competitive binding of the active catalyst with the
phosphine substrate.

XIV. Summary
Much is still unknown about copper and, in particular, its reaction with molecular oxygen
under different sets of conditions. However, it is clear that copper is highly versatile with
different ligand spheres and different reaction conditions giving rise to a large range of
reaction chemistries useful in organic synthesis. Molecular oxygen is readily available and
the byproduct from its use, water, is benign. Copper is also an inexpensive metal that is
readily available. With the drive toward sustainable and environmentally benign synthetic
methods, oxidative and oxygenation reactions with copper catalysts and reagents that
employ O2 as the terminal oxidant are logical targets for further development.

This review provides comprehensive coverage through 2011 and a testament to the attention
that this area of research is receiving can be found in the 108 papers that have appeared in
the period from January 2012 to Feburary 2013. These reports include: reviews (Section
I),1149,1150,1151,1152 oxygenation of unactivated benzylic substrates (Section IIA.
2),1153,1154,1155 alkane oxidation (Section II.B),1156,1157,1158 epoxidation of alkenes
(Section II.C.2),1159 oxidation difunctionalization of alkenes (Section II.C.
3),1160,1161,1162,1163,1164 cross coupling with alkynes (Section II.D.3),1165 oxidation
difunctionalization of alkynes (Section II.D.4),1166,1167,1168 arene hydroxylation (Section
II.E.1),1169 reactions involving nucleophilic arenes (Section II.E.2),1170 direction insertion
of arenes (Section II.E.3), 1171,1172,1173,1174,1175 functionalization of acidic arene positionos
(Section II.E.4),1176,1177,1178 coupling of carbanion equivalents with boronic acids (Section
III.C),1179,1180,1181,1182,1183,1184,1185 alcohol oxidation (Section IV.A.1),
1186,1187,1188,1189,1190,1191,1192,1193,1194,1195,1196,1197,1198,1199 tandem
reaction with alcohol oxidation (Section IV.D),1200,1201,1202,1203,1204,1205,1206,1207,1208

oxidation of aldehydes to amides (Section V.A),1209 enolate oxiation without cleavage
(Section V.C),1210,1211 oxidative coupling of enolates (Section V.C.1),1212 α-oxygenation of
carboxylic acids (Section V.E),1213 reaction of hydrazones (Section V.G),1214 oxidation of
hydrazones with cyclization (Section V.G),12151216 reactions of enamines (Section
VI.A),1217,1218,1219,1220 α-oxidation of enamines (Section VI.A.2),1221,1222,1223

intermolecular phenol coupling (Section VII.B.1),1224 C-O naphthol polymerization
(Section VII.C.3),1225,1226,1227 formation of catechols from phenols (Section VII.D.
1),1228,1229 formation of quinones from phenols (Section VII.D.2),1230 formation of ortho-
quinones from catechols (Section VII.E.1),1231,1232,1233,1234 (Section VII.B.1), C-C
couplings of anilines (Section VIII.A),1235 heterocycle formation from anilines (Section
VIII.D),1236,1237,1238 reaction of amines via iminiums (Section IX.A),
1239,1240,1241,1242,1243,1244,1245,1246,1247,1248,1249,1250,1251,1252 reactions of
ethers (Section XI),1253 S–C bond formation from thiols (Section XII.C),1254,1255 and
oxidation of phosphorous compounds (Section XIII).,1256

Many of the above transformations are biomimetic. Even with the successes achieved to
date, considerable work remains to reach the levels of reactivity and selectivity seen in many
of the enzymatic counterparts. A wealth of non-biomimetic copper catalyzed processes have
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also been discovered. As the understanding of the fundamental mechanisms of copper
improves in both of these spheres, the prospects for achieving new or improved oxidative
processes with this highly versatile metal is very promising.
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Scheme 1.
Copper-catalyzed oxidations of hydrocarbons.

Allen et al. Page 150
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Scheme 2.
Selected oxidations of nitrotoluene.
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Scheme 3.
Copper(II)-catalyzed oxygenation of fluorene.
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Scheme 4.
Oxidation of bis(1-methyl-benzimiazol-2-yl)methane.
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Scheme 5.
Cu3(TBC)2 catalyzed oxidation of xanthene and fluorene.
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Scheme 6.
General mechanism for benzylic oxidation of unactivated substrates.
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Scheme 7.
Cumene oxidation with a copper catalyst and oxygen.

Allen et al. Page 156

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 8.
Indane oxidation with an aldehyde additive.
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Scheme 9.
Selective oxidation of toluene with N–O radical mediator.
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Scheme 10.
Directed benzylic oxidation.
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Scheme 11.
Directed oxygenation to form an aminoperoxide.
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Scheme 12.
Mechanism for imine-directed benzylic oxidation.
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Scheme 13.
Ammoxidation using Cu-impregnated mordenite.
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Scheme 14.
Ammoxidation using CuNa-ZSM-5.
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Scheme 15.
General mechanism of ammoxidation.
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Scheme 16.
General mechanism for alkane oxidation.
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Scheme 17.
Oxidation of cyclooctane under various atmospheres.
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Scheme 18.
Copper-crown ether catalyzed oxygenation of alkanes.
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Scheme 19.
Oxidation of cycloalkanes with copper-modified ceramic.
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Scheme 20.
Directed alkane oxidation of a steroid.
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Scheme 21.
Allylic alkene oxidation with a tetraazacyclotetradecane copper catalyst.
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Scheme 22.
Allylic alkene oxidation with an oxyhemocyanin/oxytyrosinase model compound.
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Scheme 23.
Comparative oxidation of secondary hydrocarbons.
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Scheme 24.
Epoxidation of alkenes with a copper catalyst.
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Scheme 25.
Mechanism of epoxidation of alkenes with a copper catalyst.
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Scheme 26.
Substrate directed copper catalyzed epoxidation.
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Scheme 27.
Copper perchlorophthalocyanine catalyzed epoxidation.
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Scheme 28.
Epoxidation of norbornene in the absence of aldehyde or peroxide.
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Scheme 29.
Selective epoxidation of tetrahydropyridines.
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Scheme 30.
Hydroxysulfenylation of alkenes with disulfides containing proximal directing groups.
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Scheme 31.
Acetoxysulfenylation of alkenes.

Allen et al. Page 180

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 32.
Mechanism for the acetoxysulfenylation of alkenes.
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Scheme 33.
Oxidative sulfonylation of alkenes.
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Scheme 34.
Aminoxygenation of alkenes with stoichiometric copper.
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Scheme 35.
Aminooxygenation of alkenes with catalytic copper and oxygen.
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Scheme 36.
Catalytic aminooxygenation of alkenes to form cyclic ureas.
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Scheme 37.
Catalytic asymmetric desymmetrization via aminooxygenation.
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Scheme 38.
Mechanism for the catalytic aminooxygenation of alkenes.
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Scheme 39.
Asymmetric catalytic aminooxygenation of alkenes.
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Scheme 40.
Carboacetoxylation of alkenes with anhydrides.
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Scheme 41.
Potential mechanism for the carboacetoxylation of alkenes.
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Scheme 42.
Cyclopropanation of N-allyl enamine carboxylates.
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Scheme 43.
Cyclopropanation of substituted N-allyl enamine carboxylates.
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Scheme 44.
Mechanism for the cyclopropanation of N-allyl enamine carboxylates.
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Scheme 45.
Carbooxygenation of N-allyl enamine carboxylates to afford 4-formylpyrroles.
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Scheme 46.
Carbooxygenation mechanism for N-allyl enamine carboxylates.
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Scheme 47.
Fragmentation mechanism under carbooxygenation conditions
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Scheme 48.
Aminooxygenation of N-allyl-2-aminopyridines and N-allylamidines.
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Scheme 49.
Aminooxygenation mechanism of N-allyl-2-aminopyridines.
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Scheme 50.
Oxidative alkene C–H amination to afford complex N-heterocycles.
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Scheme 51.
Mechanism for cyclization of pyridyl substituted 3-methyleneisoindolin-1-ones.
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Scheme 52.
Oxidative diacetoxylation of butadiene.
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Scheme 53.
Oxidative vinylogous cyclization.
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Scheme 54.
Oxidative vinylogous dicyanation of butadiene.
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Scheme 55.
Oxygenation of alkynes to α,β-acetylenic ketones.
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Scheme 56.
Evolution of the Glaser-Hay process.
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Scheme 57.
Preparative scale Hay coupling.
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Scheme 58.
Hay coupling with hindered amine additive.
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Scheme 59.
Glaser-Hay coupling en route to the caryoynencins.
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Scheme 60.
Rearrangement/Hay dimerization to form a linear polyyne.
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Scheme 61.
Extended tetrathiafulvene synthesis via Hay couplings.
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Scheme 62.
Cyclooligomerization via Hay coupling.
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Scheme 63.
Substrates used in desilylation-Hay intramolecular macrocyclization.
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Scheme 64.
Hay coupling of stable organometallic adducts to form polymers.
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Scheme 65.
Copolymerization with biphasic Glaser-Hay conditions.
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Scheme 66.
Oligomerization and end-capping of an ene-dyne via Hay coupling.
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Scheme 67.
Oligomerization and end-capping of a platinum octayne via Hay coupling.
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Scheme 68.
Tandem asymmetric oxidative biaryl coupling/Glaser-Hay coupling.
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Scheme 69.
Mechanism of the Hay version of alkyne dimerization.
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Scheme 70.
General example of Cadiot-Chodkiewicz heterocoupling.
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Scheme 71.
Oxidative cross coupling of alkynes.
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Scheme 72.
Cross-coupling of complex alkynes.
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Scheme 73.
Cross-coupling of resin-bound oligodeoxynucleotides.
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Scheme 74.
Decarboxylative cross-coupling of alkynyl acids and alkynes.
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Scheme 75.
Oxidative cross coupling of alkynes and the trifluoromethyl anion.
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Scheme 76.
Oxidative amination of terminal alkynes.
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Scheme 77.
Oxidative cross coupling of alkynes with H-phosphonates.
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Scheme 78.
Possible alkyne-anion coupling mechanisms.
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Scheme 79.
Halosulfenylation of alkenes.
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Scheme 80.
Synthesis of (Z)-tamoxifen.
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Scheme 81.
Mechanism of the halosulfenylation of alkynes.
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Scheme 82.
Oxidative halosulfonylation of alkynes.
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Scheme 83.
Tandem copper-catalyzed cycloisomerization/oxidation of bis-propargylic esters.
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Scheme 84.
Oxidative formation of 2-acylfurans from bis-propargylic esters.
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Scheme 85.
Intermolecular oxidative formation of 2-acylfurans.
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Scheme 86.
Possible mechanism of the intermolecular oxidative formation of 2-acylfurans.
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Scheme 87.
Oxidative cyclization to form 1,4-naphthoquinones.
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Scheme 88.
Mechanism for the oxidative formation of 1,4-naphthoquinones.
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Scheme 89.
Carbooxygenation of N-propargyl enamine carboxylates to afford 4-benzoylpyrroles.
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Scheme 90.
Tandem oxycupration/oxadiazole coupling with superstoichiometric copper.
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Scheme 91.
Possible mechanism for the oxycupration/oxadiazole coupling.

Allen et al. Page 240

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 92.
Tandem oxidative amination/diketonization of primary anilines and terminal alkynes.

Allen et al. Page 241

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 93.
Possible mechanism for oxidative amination/diketonization.
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Scheme 94.
Copper-mediated oxygenation of benzene.
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Scheme 95.
Postulated mechanism for the copper-mediated oxygenation of benzene.

Allen et al. Page 244

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 96.
Copper-mediated oxygenation of benzene with a coreductant.
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Scheme 97.
Oxidative coupling of nucleophilic arenes with aryl boronic acids.
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Scheme 98.
Copper catalyzed oxidative halogenation of non-phenols.
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Scheme 99.
Aqueous copper catalyzed oxidative bromination of non-phenols.
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Scheme 100.
Gas-phase oxyfluorination of benzene.
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Scheme 101.
Copper catalyzed oxidative thiolation of electron-rich arenes.
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Scheme 102.
Proposed mechanism for arene thiolation.
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Scheme 103.
Arene hydroxylation of a bis(μ-oxo)dicopper complex.
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Scheme 104.
Copper catalyzed directed chlorination of 2-pyridylarenes.
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Scheme 105.
Copper catalyzed directed acetoxylation of 2-phenylpyridine.
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Scheme 106.
Putative mechanism of the directed chlorination of 2-pyridylarenes.
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Scheme 107.
Directed oxidative acyloxylation of 2-pyridylarenes.
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Scheme 108.
Directed oxidative acyloxylation using acyl chlorides.
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Scheme 109.
Directed oxychlorination using benzoyl chloride.
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Scheme 110.
Directed oxidative amidation of 2-phenylpyridine.

Allen et al. Page 259

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 111.
Directed ortho-nitration using a pyridyl directing group.
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Scheme 112.
Copper-mediated nitration with varying directing groups.
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Scheme 113.
Proposed mechanism for directed ortho-nitration with a pyridyl directing group.
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Scheme 114.
Copper-catalyzed oxidative formation of phenanthridines.
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Scheme 115.
Possible mechanism for the oxidative formation of phenanthridines.
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Scheme 116.
Arene hydroxylation using a cyclic amidine directing group.
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Scheme 117.
Amidine-directed oxidative intramolecular C-H insertion into arenes.
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Scheme 118.
Possible mechanisms for the directed oxidative insertion.
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Scheme 119.
Directed oxidative cyclization of acylanilines.
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Scheme 120.
Oxidative cyclization of acylanilines with meta-coordinating groups.
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Scheme 121.
Arene C–N and C–O bond formation of an aryl-copper(III) macrocycle.
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Scheme 122.
Arene functionalization of a copper(III)-azacalix[1]arene[3]pyridine complex.
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Scheme 123.
Catalytic C–N and C–O functionalization of a triaza-macrocyclic arene.
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Scheme 124.
Proposed mechanism for the oxidative functionalization using an aza-macrocycle.
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Scheme 125.
Oxidative decarboxylation of benzoic acid.
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Scheme 126.
Oxidative decarboxylation in a high temperature water continuous flow system.
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Scheme 127.
Oxidation of benzoic acids to form salicylic acids.
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Scheme 128.
Ortho-hydroxylation of toluic acid isomers.
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Scheme 129.
Possible mechanism for the oxidative decarboxylation of benzoic acid.
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Scheme 130.
Ortho-hydroxylation of N-methylalanine benzamides.
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Scheme 131.
Possible mechanism for ortho-hydroxylation of N-benzoyl-2-methylalanine.
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Scheme 132.
Copper-catalyzed coupling of azoles with amine nucleophiles.
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Scheme 133.
Copper-catalyzed coupling of azoles with acidic nitrogen nucleophiles.
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Scheme 134.
Copper-mediated coupling of polyfluoroarenes with 2-pyrrolidinone.
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Scheme 135.
Copper-catalyzed sulfoximination of azoles.
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Scheme 136.
Copper-catalyzed sulfoximination of polyfluoroarenes.
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Scheme 137.
Coupling of benzoxazoles and secondary amines under acidic conditions.
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Scheme 138.
Decarbonylation and oxidative coupling of benzoxazoles with formamides.
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Scheme 139.
Copper/TEMPO catalyzed C–H insertion into azoles.
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Scheme 140.
Copper/TEMPO catalyzed C–H insertion into perhaloarenes.
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Scheme 141.
Catalytic oxidative thiolation of benzoxazoles with thiophenols.
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Scheme 142.
Catalytic oxidative thiolation of benzoxazoles with disulfides.
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Scheme 143.
Copper-mediated thiolation of azoles with alkyl and aryl thiols.
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Scheme 144.
CuI/bipyridyl-mediated thiolation of azoles with alkyl and aryl thiols.
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Scheme 145.
Oxidative coupling of polyfluoroarenes with aryl and heteroaryl alkynes.
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Scheme 146.
Cross-coupling of alkynes with polyfluoroarenes.
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Scheme 147.
Cross-coupling of alkynes with 1,3,4-oxadiazoles.
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Scheme 148.
Cross-coupling of alkynes with 5-aryloxadiazoles.
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Scheme 149.
Catalytic cross-coupling of alkynes with 1,3,4-oxadiazoles.
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Scheme 150.
Oxidative dimerization of azoles with Cu(OAc)2 and Ag2CO3.
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Scheme 151.
Oxidative dimerization of azoles with Cu(OAc)2.
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Scheme 152.
Oxidative dimerization of azoles with a copper-pyridonate catalyst.
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Scheme 153.
Deprotonative mechanism for the copper-catalyzed coupling of acidic arenes with
nucleophiles.
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Scheme 154.
Mechanistic pathways for the coupling of polyfluoroarenes with alkynes.
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Scheme 155.
Nucleophilic aromatic substitution pathway for azole couplings.
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Scheme 156.
Nucleophilic aromatic substitution type pathway for polyfluoroarene couplings.

Allen et al. Page 305

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 157.
Coupling of mixed diarylcyanocuprates using oxygen.

Allen et al. Page 306

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 158.
Coupling of mixed diarylcyanocuprates using oxygen.
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Scheme 159.
Coupling of tethered diarylcyanocuprates using oxygen.
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Scheme 160.
Asymmetric coupling of mixed diarylcyanocuprates using a chiral tether.
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Scheme 161.
Oxidative diarylcyanocuprate coupling en route to calphostin A.
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Scheme 162.
Copper catalyzed reaction of aryl and alkenyl zincs with oxygen.
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Scheme 163.
Copper catalyzed intramolecular coupling of aryl zincs.
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Scheme 164.
Aryl zinc coupling with catalytic copper and a cooxidant.
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Scheme 165.
Copper catalyzed reaction of aryl lithium with oxygen.
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Scheme 166.
In situ deprotonation, symmetric dimerization with catalytic copper.
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Scheme 167.
Copper catalyzed reaction an allyl zinc with oxygen.
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Scheme 168.
Boronic acids in copper catalyzed oxidative bond formation with oxygen, nitrogen, and
sulfur nucleophilic substrates.
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Scheme 169.
Copper catalyzed coupling of arylboronic acids with azaheterocycles.
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Scheme 170.
Cyanate coupling with aryl boronic acids.
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Scheme 171.
Mechanism of the copper catalyzed cyanate coupling.

Allen et al. Page 320

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 172.
Isolated Cu(III) intermediates that undergo N-arylation.
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Scheme 173.
Proposed mechanism for the copper catalyzed N-arylation.
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Scheme 174.
Alternate mechanism for the copper catalyzed N-arylation.
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Scheme 175.
Disproportionation N-arylation mechanism.
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Scheme 176.
Catalytic O-arylation.
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Scheme 177.
Oxidative hydroxylation of aryl boronic acids.
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Scheme 178.
Outline of proposed mechanism for oxidative hydroxylation of arylboronic acids.
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Scheme 179.
Substrate scope oxidative hydroxylation of various arylboronic acids.
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Scheme 180.
O-Arylation of benzoic acid with various aryl boronic acids.
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Scheme 181.
O-Arylation of various benzoic acids with phenyl boronic acids.
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Scheme 182.
Pinacol vinyl boronate coupling.
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Scheme 183.
Proposed mechanism pinacol vinyl boronate coupling.
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Scheme 184.
Pinacol vinyl boronate coupling with an alkyne additive.
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Scheme 185.
Formation of silyl enol ethers from vinyl boronates.
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Scheme 186.
Proposed mechanism of copper catalyzed etherification with boronic acids.
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Scheme 187.
Mechanism proposed for alkoxylation of a Cu(III)-aryl species.
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Scheme 188.
O-Arylation using a phenyl bismuth reagent.
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Scheme 189.
Cross–coupling of cyclohexane thiol.
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Scheme 190.
Copper catalyzed sulfonylation (arrow indicates the bond formed).
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Scheme 191.
Aryl– or alkylation of disulfides.
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Scheme 192.
Experiments for mechanistic studies.
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Scheme 193.
Mechanisms for copper catalyzed thiolation of disulfides with aryl boronic acids.
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Scheme 194.
S–Arylation in the presence of an amino group.
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Scheme 195.
Synthesis of unsymmetrical fluorinated arylsulfides (arrow indicates C–S bond formed).
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Scheme 196.
Byproducts in the cross-coupling of dibenzyl disulfide with aryl boroxine.
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Scheme 197.
Scope in generating selenides and tellurides.
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Scheme 198.
Forming unsymmetrical tellurides.
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Scheme 199.
Oxidative dimerization of arylboronic acids.
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Scheme 200.
Oxidative dimerization of arylboronic acids with a copper(II) bis-μ-hydroxo catalyst.
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Scheme 201.
Potential mechanism for oxidative dimerization of aryl boronic acids.
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Scheme 202.
Tandem oxidative dimerization/amination of an aryl boronic acid.
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Scheme 203.
C–H Arylation with various arylboronic acids.
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Scheme 204.
Tandem copper catalyzed C-C and C-S bond formation (arrow indicates the bond formed).
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Scheme 205.
Possible mechanism for tandem copper catalyzed C-C and C-S bond formation.
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Scheme 206.
Oxidative coupling of ester- and aryl-substituted terminal alkynes with aryl boronic acids.
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Scheme 207.
Oxidative coupling of hydroxyl- and amino-functionalized terminal alkynes with aryl
boronic acids.
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Scheme 208.
Cross coupling of alkynes with aryl boronic acids.
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Scheme 209.
C–P bond formation with various H-phosphonates and formation of hypodiphosphate with
pure O2.

Allen et al. Page 358

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 210.
C–P bond formation with various boronic acids.
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Scheme 211.
Mechanism paradigms for copper-catalyzed alcohol oxidation.
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Scheme 212.
The mechanism of the aerobic alcohol oxidation without co-catalyst.
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Scheme 213.
Oxidation of benzyl alcohol with a bis-copper(III) complex.
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Scheme 214.
Oxidation of benzylic alcohols catalyzed by CuCl2•CsCO3.

Allen et al. Page 363

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 215.
Aerobic oxidation of propargylic alcohols using copper nanoparticles.
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Scheme 216.
Directed oxidative cyclization to afford isatins.
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Scheme 217.
Two possible mechanisms for the oxidative cyclization to afford isatins.
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Scheme 218.
Oxidation of primary alcohols using CuCl and TEMPO.
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Scheme 219.
Proposed mechanism of the copper-TEMPO aerobic alcohol oxidation.
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Scheme 220.
Binuclear mechanism for the TEMPO and copper co-catalyzed aerobic alcohol oxidation.
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Scheme 221.
Oxoammonium-mediated mechanism the TEMPO and copper catalyzed alcohol oxidation.
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Scheme 222.
Selected examples in the Cu/TEMPO/NMI-catalyzed aerobic alcohol oxidation.
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Scheme 223.
Preference for unhindered alcohols and overoxidation by CuOTf in the Cu/TEMPO/NMI-
catalyzed alcohol oxidation.
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Scheme 224.
Copper and TEMPO-catalyzed aerobic oxidation of sugar derivatives.
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Scheme 225.
Synthesis of a tetrahydroazapane using the light-activated Cu/TEMPO-catalyzed aerobic
alcohol oxidation.
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Scheme 226.
The Cu/TEMPO-catalyzed aerobic oxidation of alcohols using a fluorous biphasic system.
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Scheme 227.
Application of the chemoselective Cu/TEMPO-catalyzed alcohol oxidation.
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Scheme 228.
The Cu/TEMPO-catalyzed alcohol oxidation in the synthesis of Epoxyquinol A.

Allen et al. Page 377

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 229.
The use of Cu/TEMPO in mechanism elucidation.
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Scheme 230.
Total syntheses of epoxyquinol natural products.
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Scheme 231.
Total synthesis and structure revision of eupenoxide and phomoxide.
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Scheme 232.
The application of the Cu/TEMPO-catalyzed alcohol oxidation to an intermediate in the
total synthesis of torreyanic acid.
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Scheme 233.
Selective Cu/TEMPO-catalyzed oxidation of alcohols in syntheses of (+)-
panepophenanthrin and (+)-hexacyclinol.
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Scheme 234.
Selective alcohol oxidation in studies toward the synthesis of rubrifloradilactone C.
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Scheme 235.
Selective oxidation of a primary alcohol in the presence of secondary alcohols in the
synthesis of bile acids.

Allen et al. Page 384

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 236.
Application of the Cu/TEMPO-catalyzed alcohol oxidation in the studies toward the
synthesis of cyclotheonamide C.
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Scheme 237.
A mild and chemoselective Cu/TEMPO-catalyzed aerobic alcohol oxidation in studies
toward the synthesis of iejimalide B.
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Scheme 238.
Aerobic Cu/TEMPO-catalyzed alcohol oxidation in the synthesis and determination of
absolute configuration of (+)-(S,S)-canangone.
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Scheme 239.
Aerobic copper catalyzed alcohol oxidations using a diazodicarboxylate as a cocatalyst.
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Scheme 240.
Mechanism of the copper-diazodicarboxylate aerobic alcohol oxidation.
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Scheme 241.
Proposed mechanism of the galactose oxidase-catalyzed alcohol oxidation.
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Scheme 242.
Mechanism of a small molecule galactose oxidase mimic.
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Scheme 243.
Asymmetric oxidative kinetic resolution of diarylmethanols.
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Scheme 244.
Asymmetric oxidative kinetic resolution of benzils.
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Scheme 245.
Mechanism of the copper-catalyzed aerobic oxidation of benzoins and
hydroxymethylketones.
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Scheme 246.
Oxidation of a steroid followed by intramolecular hydride transfer reaction.
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Scheme 247.
Oxidation of a hydroxy ketone in the synthesis of ouabain derivatives.
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Scheme 248.
Oxidative cleavage of α-methylbenzoin with CuCl and molecular oxygen.
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Scheme 249.
Proposed mechanism for the oxidative cleavage of tertiary benzoins.
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Scheme 250.
Copper-catalyzed aerobic oxidative cleavage of a lignin model substrate.
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Scheme 251.
Oxidation and homodimerization of alcohols with a bimetallic catalyst.
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Scheme 252.
Proposed mechanism for the binuclear catalyst account for oxidation to alcohol (solid lines)
and homodimer (dashed lines).
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Scheme 253.
Tandem alcohol oxidation and Passerini three component coupling.
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Scheme 254.
Copper(II), TEMPO, and NaNO2 co-catalyzed oxidation of aldehydes leading to a
multicomponent coupling.
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Scheme 255.
One-pot aerobic oxidation and methylenation of alcohols.
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Scheme 256.
Copper-catalyzed tandem reaction to generate substituted furocoumarins.
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Scheme 257.
Mechanism for the copper-catalyzed tandem cyclization-hemiacetal oxidation reaction.
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Scheme 258.
Tandem cyclization-oxidation reaction for the generation of highly substituted furans.
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Scheme 259.
Proposed mechanism for the tandem cyclization-oxidation reaction leading to substituted
furans.
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Scheme 260.
Formation of an unexpected naphthofuran product from CuCl under air.
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Scheme 261.
Two possible reaction paths in the tandem cyclization-oxidative cleavage formation of
naphthofurans.
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Scheme 262.
“Hydrogen-borrowing” N-alkylation of sulfamides and its dependency on atmosphere.
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Scheme 263.
Selected substrate scope in the copper and oxygen co-catalyzed amination of benzyl
alcohols.
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Scheme 264.
New mechanism proposed for the oxidative N-alkylation of sulfonamides.
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Scheme 265.
Mechanism and scope of the intramolecular ene reaction.
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Scheme 266.
Copper-catalyzed hydroxamide oxidation and intermolecular ene reaction.
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Scheme 267.
Oxidation of hydroxamides to nitrosos and in situ Diels-Alder trapping.
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Scheme 268.
Oxidative rearrangement of tertiary alcohols.

Allen et al. Page 417

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 269.
Copper catalyzed oxidation of aldehydes to carboxylic acids.
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Scheme 270.
Putative mechanism of aldehyde oxidation with copper and oxygen.
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Scheme 271.
Generation of fuel cell grade hydrogen and formic acid from formaldehyde.
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Scheme 272.
Oxidative synthesis of nitriles from aldehydes using copper and oxygen.
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Scheme 273.
Mechanism of the copper and oxygen catalyzed oxidation of aldimines to nitriles.
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Scheme 274.
Oxidative amination of aldehydes using copper and oxygen.
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Scheme 275.
Copper catalyzed reaction of zinc enolates with oxygen.
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Scheme 276.
Mechanism for the oxidative coupling of α-haloketones.
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Scheme 277.
Oxidative enolate coupling of α-cyanoesters.
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Scheme 278.
Diastereoselective oxidative enolate coupling of α-cyanoesters.
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Scheme 279.
Oxidative coupling of alkynoates and 1,3-diketones using copper and molecular oxygen.
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Scheme 280.
Postulated mechanism for the oxidative aerobic coupling of alkynes and β-diketones.
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Scheme 281.
Oxidative cyclization and subsequent hydrolysis in the synthesis of 2-ketohydrazones.
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Scheme 282.
Proposed mechanism for the oxidative cyclization of urea-hydrazones.
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Scheme 283.
Oxidative cleavage of cycloalkanones with copper and oxygen.
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Scheme 284.
Mechanism for the oxidative cleavage of cycloalkanones by copper and oxygen.
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Scheme 285.
Oxidative cleavage of cycloalkane-1,3-diones using copper and oxygen.
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Scheme 286.
Mechanism of the catalytic oxidative cleavage of cycloalkane-1,3-diones.
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Scheme 287.
Catalytic oxidative cleavage of β-ketoesters using copper and molecular oxygen.
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Scheme 288.
Tandem oxidation and oxidative cleavage of an α-aryl ketone to yield an imidazole.
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Scheme 289.
A possible mechanism for synthesis of imidazoles from ketone.
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Scheme 290.
Oxidation and oxidative cleavage of deoxybenzil.
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Scheme 291.
Oxidative deprotection of phenacyl esters using copper and molecular oxygen.
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Scheme 292.
Mechanism for the oxidative deprotection of phenacyl esters.
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Scheme 293.
Oxidative decarbonylation of aldehydes to ketones.
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Scheme 294.
Mechanism for the DABCO-mediated oxidative degradation of aldehydes.
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Scheme 295.
Stepwise degradation of aliphatic aldehydes.
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Scheme 296.
Mechanism of the oxidative degradation of linear aliphatic aldehydes.
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Scheme 297.
Copper-catalyzed oxygenation of crotonaldehyde and dypnone.
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Scheme 298.
Mechanism of the oxygenation of crotonaldehyde with copper and molecular oxygen.
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Scheme 299.
Formation of lactone dimer from the dypnone oxidation product.
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Scheme 300.
Photooxidation of dypnone in the presence of copper and molecular oxygen.
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Scheme 301.
Oxygenation of β-isophorone by a copper(II)-phthalocyanine complex.
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Scheme 302.
Copper catalyzed Baeyer-Villiger reaction.
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Scheme 303.
Mechanism of the aldehyde-mediated copper-catalyzed Baeyer-Villiger oxygenation.
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Scheme 304.
Copper catalyzed asymmetric kinetic resolution in the Baeyer-Villiger reaction.
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Scheme 305.
Parallel kinetic resolution in the copper catalyzed Baeyer-Villiger reaction.
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Scheme 306.
Enantioselective copper catalyzed Baeyer-Villiger reactions.
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Scheme 307.
Oxidative cleavage of benzil using a copper catalyst under oxygen.
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Scheme 308.
Mechanism of the copper-catalyzed oxidative cleavage of 1,2-diketones.

Allen et al. Page 457

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 309.
Mononuclear mechanism for the oxidative cleavage of 1,2-diketones.
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Scheme 310.
Oxidative cleavage of enolizable 1,2-diketones.
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Scheme 311.
Proposed mechanism for the oxidative cleavage and decarbonylation of 1,2-diketones.
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Scheme 312.
Oxidative degradation of a ketoester.
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Scheme 313.
Biomimetic oxidative cleavage of flavonols using a copper complex and molecular oxygen.
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Scheme 314.
Biomimetic oxidative cleavage of 3-hydroxyflavone with lower catalyst loadings.
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Scheme 315.
Oxidative ring contraction of 3-hydroxyflavonol with an excess of CuCl2.
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Scheme 316.
Mechanism of the oxidative ring contraction of 3-hydroxyflavonol.
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Scheme 317.
Oxidative amination of an α-ketoamide by copper and oxygen.
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Scheme 318.
Proposed mechanism for the oxidative amination of an α-ketoamide.
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Scheme 319.
α-Hydroxylation of N-salicyloyl-glycine.

Allen et al. Page 468

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 320.
Proposed mechanism for α-hydroxylation of N-salicyloylglycine.
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Scheme 321.
Oxidative cyclization of iminophenols with copper and molecular oxygen.
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Scheme 322.
Two possible mechanisms for the oxidative cyclization of 2-iminophenols.
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Scheme 323.
Oxygenolysis of ketenimines by copper and oxygen.
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Scheme 324.
Proposed mechanism for the formation of ketones, isocyanates, and isonitriles from
ketenimines.
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Scheme 325.
Tandem enamine oxidation-aminal oxidation toward the synthesis of α-ketoamides.
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Scheme 326.
Proposed mechanism in the copper-catalyzed aerobic synthesis of α-ketoamides.
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Scheme 327.
One-pot copper-catalyzed oxidative synthesis of N-aryl α-ketoamides.
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Scheme 328.
Tandem copper catalyzed cycloaddition-aerobic oxidation.
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Scheme 329.
Possible mechanism for the tandem cycloaddition-aerobic oxidation reaction.
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Scheme 330.
Diazotization of benzil monohydrazone using CuCl and molecular oxygen.
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Scheme 331.
Oxidation of ketohydrazones using Cu(acac)2 and oxygen.

Allen et al. Page 480

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 332.
Copper-catalyzed oxidation of hydrazines to diazo species and subsequent decomposition to
form diazines.
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Scheme 333.
Oxidative coupling of diarylhydrazines to yield diaryldiazabutadienes.
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Scheme 334.
Oxidation of in situ-generated hydrazones to yield azines.

Allen et al. Page 483

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 335.
Oxidative deamination of benzil dihydrazone using copper and oxygen.
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Scheme 336.
Possible mechanism for the oxidative deaminiation of 1,2-dihdyrazones to form alkynes.
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Scheme 337.
Oxidation of 1,2-dihydrazones in the total synthesis of cis-civetone.
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Scheme 338.
Oxidative cyclization through the copper-mediated oxidation of 1,2-dihydrazones.
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Scheme 339.
Oxidation of thioamides and selenoamides to amides.
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Scheme 340.
18O labeling an amides by oxidation of the thioamide.
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Scheme 341.
Proposed mechanism of the oxidation of thioamides to amides.
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Scheme 342.
Copper catalyzed oxidation of thioamides to oxazolines and amidines.
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Scheme 343.
Proposed mechanism for the oxidation of thioamides to oxazolines and amidines.
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Scheme 344.
Proposed mechanism for oxidative dehydrogenation of indole.

Allen et al. Page 493

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 345.
α-Oxygenation of enamines.
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Scheme 346.
Mechanism of the α-oxygenation.
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Scheme 347.
Substrate scope for α-oxygenation of enamines.
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Scheme 348.
Oxidative cleavage of enamines.
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Scheme 349.
Baloghergovich's copper catalyzed enamine cleavage.
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Scheme 350.
Oxidative cleavage of acyclic enamines.
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Scheme 351.
Substrate scope oxidative cleavage of enamines.
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Scheme 352.
Proposed mechanism for oxidative enamine cleavage.
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Scheme 353.
Oxidative cleavage of enamines catalyzed by Cu–X zeolite complexes.
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Scheme 354.
Oxidative cleavage of an α-ketoester derivative.
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Scheme 355.
Oxidative cleavage of isoquinolone.
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Scheme 356.
Oxidative cleavage of 3-methylindole.
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Scheme 357.
Oxidative cleavage of 3-subsituted indoles.
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Scheme 358.
Oxidative cleavage of 3-methyl indole.
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Scheme 359.
Proposed mechanism for oxidative cleavage of indoles.
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Scheme 360.
Substrate scope for cascade carbo-carbonylation of unactivated alkenes with enamines.
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Scheme 361.
Proposed mechanism for cascade carbo-carbonylation of unactivated alkenes with enamines.
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Scheme 362.
Substrate scope for synthesis of polysubstituted pyrroles.
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Scheme 363.
Proposed mechanism for the oxidative cyclization of β-enamino ketones or esters with
alkynoates.
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Scheme 364.
Oxidative cleavage of various enol ethers under an oxygen atmosphere.
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Scheme 365.
Proposed mechanism for oxidative cleavage of enol ethers.
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Scheme 366.
Radicals arising from phenols, 2-naphthols, and 1-naphthols.
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Scheme 367.
Different coupling patterns for phenols.
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Scheme 368.
Early studies on the aerobic copper-catalyzed oxidative coupling of 2-naphthol.
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Scheme 369.
Copper-catalyzed aerobic dimerization of naphthalene catechol and hydroquinone.
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Scheme 370.
Oxidative dimerization of 2-naphthols with alumina-supported catalyst.
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Scheme 371.
Copper-exchanged montmorillonite as a catalyst for the oxidative dimerization of 2-
naphthols.
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Scheme 372.
The oxidative coupling of 2-naphthol with Cu(acac)2.
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Scheme 373.
A Cu-Schiff base complex for the oxidative coupling of 2-naphthols.
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Scheme 374.
Oxidative coupling of 2-naphthols using CuCl and NMI.
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Scheme 375.
Formation of binaphthols and related compounds using Cu(OH)Cl(TMEDA) complex.

Allen et al. Page 524

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 376.
Formation of binaphthols and related compounds via oxidative coupling with copper
catalysts and oxygen.
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Scheme 377.
Solvent-free oxidative coupling of 2-naphthols with Cu(OH)Cl(TMEDA).
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Scheme 378.
Total synthesis of bioxanthracene (−)-ES-242-4 via oxidative naphthol coupling.
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Scheme 379.
Oxidative coupling and diastereomeric resolution en route to binaphthol oligomers.
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Scheme 380.
Synthesis of axially chiral phosphine ligands via racemic coupling and resolution of
binaphthols.
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Scheme 381.
Cross coupling of 2-naphthol and tetrafluoronaphthol using Cu(OH)Cl(TMEDA).
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Scheme 382.
Aerobic synthesis of helical binaphthyls using stoichiometric copper.
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Scheme 383.
Diastereoselective intramolecular naphthol coupling.
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Scheme 384.
Diastereoselective coupling using a prolyl chiral auxiliary.
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Scheme 385.
The first copper-catalyzed enantioselective naphthol coupling.
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Scheme 386.
Scope of first copper-catalyzed enantioselective naphthol coupling.
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Scheme 387.
Scope of coordinating group in diaza-cis-decalin catalyzed asymmetric naphthol coupling.
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Scheme 388.
Highly substituted substrates in the diaza-cis-decalin-catalyzed asymmetric naphthol
coupling.
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Scheme 389.
Asymmetric naphthol coupling in the synthesis of nigerone.
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Scheme 390.
Asymmetric naphthol coupling in the synthesis of perylenequinone natural products.
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Scheme 391.
Asymmetric biaryl coupling and dynamic aldol reaction in the synthesis of hypocrellin A.
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Scheme 392.
The first total synthesis of (S)-bisoranjidiol.
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Scheme 393.
Mechanism of the copper diaza-cis-decalin catalyzed naphthol coupling.
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Scheme 394.
Mechanism of CuCl(OH)TMEDA-catalyzed biaryl coupling in the gas phase.
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Scheme 395.
Formation of binaphthols and related compounds via oxidative coupling with other copper
catalysts and oxygen.
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Scheme 396.
Dynamic thermodynamic resolution of BINOL and vaulted biaryls.
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Scheme 397.
Two possible pathways for the dynamic thermodynamic resolution of BINOL and vaulted
biaryls.
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Scheme 398.
Enantioselective cross coupling of naphthols.
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Scheme 399.
Mechanism of cross-coupling with Lewis acid.
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Scheme 400.
Oxidative aerobic cross-coupling of linked naphthol units.
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Scheme 401.
Asymmetric oxidative cross-coupling of an electron-rich capped 2,6-naphthalene diol with a
linked electron-poor monomer.
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Scheme 402.
Product distributions on the copper-catalyzed aerobic oxidative dimerization of phenols.
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Scheme 403.
Proposed reaction mechanism to bisphenol.
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Scheme 404.
Formation of a furan tricycle and oxetane from the ortho-coupled product of 2,4-di-tert-
butylphenol.
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Scheme 405.
Formation of unsaturated lactams from benzooxetanes.
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Scheme 406.
Proposed mechanism for the formation of unsaturated lactams from benzooxetanes.
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Scheme 407.
Trapping of the 6-amino-2,4-dieneone intermediates with secondary amines.
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Scheme 408.
Intramolecular biomimetic phenol coupling to (+)-corytuberine with copper and oxygen.
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Scheme 409.
Intramolecular phenol coupling in the total synthesis of TMC-66.
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Scheme 410.
Monomers for naphthol polymerization.
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Scheme 411.
Matched and mismatched cases in the diastereoselective AOCP.
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Scheme 412.
PhBox ligand overrides the stereochemistry of monomer in diastereoselective AOCP.
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Scheme 413.
Polymerization of dihydroxyquaternaphthyl derivatives.
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Scheme 414.
Asymmetric oxidative coupling polymerization of an achiral monomer with a chiral catalyst.
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Scheme 415.
Tandem asymmetric naphthol coupling and Glaser-Hay coupling.
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Scheme 416.
Enantioselective cross coupling oligomerization.
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Scheme 417.
Heteropolymerization of a heterodimeric monomer using copper and molecular oxygen.
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Scheme 418.
Heterocoupled polymerization of two 6,6'-homodimeric monomers.
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Scheme 419.
Crosspolymerization of 2,6-dihydroxynaphthalene with a homodimeric 6,6'-linked chelating
monomer.
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Scheme 420.
Oxidative polymerization of methyl 3,6-dihydroxy-2-naphthoate.
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Scheme 421.
Synthesis of hyperbranched polymer having binaphthol units via oxidative cross-coupling
polymerization.
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Scheme 422.
Enantioselective cross coupling oligomerization with Lewis acid additive.
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Scheme 423.
Polymerization by formation of diphenoquinones.
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Scheme 424.
Formation of a C-C linked phenol from a sulfide-linked monomer.
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Scheme 425.
Oxidative phenol polymerization via C-O coupling.
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Scheme 426.
The two possible pathways for the copper-catalyzed oxidative polymerization of phenols(n
and m can equal zero).
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Scheme 427.
Ligands for the oxidative polymerization of 2,6-dimethylphenol.
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Scheme 428.
Dendrimeric ligand PAMAMG3 used in the aerobic copper-catalyzed oxidative
polymerization of 2,6-dimethylphenol.
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Scheme 429.
Formation of PPE from a sulfide-linked monomer.
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Scheme 430.
Formation of PPE from oxidative degradative polymerization of 2,4,6-trimethylphenol.
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Scheme 431.
Synthesis of a bifunctional polymer linked through a hydroquinone.
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Scheme 432.
Synthesis of a bifunctional polymer linked via a linked dimer of 2,6-dimethylphenol.
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Scheme 433.
Oxidative polymerization of a silicon-tethered para-substituted phenol.
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Scheme 434.
Oxidative polymerization of para-substituted phenols to obtain predominantly C-O coupled
product.
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Scheme 435.
Radical intermediates in the oxidation of 1-naphthol.

Allen et al. Page 584

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 436.
Oxidative polymerization of 1-naphthol.

Allen et al. Page 585

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 437.
Mechanism for the oxygenation and subsequent oxidation of phenols to ortho-quinones by
tyrosinase.
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Scheme 438.
Copper-catalyzed aerobic oxygenation of naphthols and phenols.
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Scheme 439.
Proposed mechanism for the oxygenation of phenols and naphthols by copper and
morpholine.
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Scheme 440.
The oxygenation of phenol to catechol via a copper(III) intermediate.
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Scheme 441.
Oxygenation of phenolate complexes formed with and without borohydride.

Allen et al. Page 590

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 442.
Copper-catalyzed aerobic phenol oxidation in the total synthesis of dihydromaesanin.
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Scheme 443.
Mechanism for the copper-catalyzed oxidation of para-methoxyphenol to a vinylogous
ester.
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Scheme 444.
Synthesis of substituted benzoquinones from para-methoxyphenol via a dimeric
orthoquinone.
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Scheme 445.
Synthesis of dihydroardisiaquinone A via an orthoquinone derived from para-
methoxyphenol.
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Scheme 446.
Synthesis of 2H-1-benzopyran-5,8-quinones from para-methoxyphenol.
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Scheme 447.
Mechanism of the tandem Saucy-Marbet Claisen, [1,5]–hydride shift, and 6-π
electrocyclization.
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Scheme 448.
Synthesis of amino ortho-quinones from para-methoxyphenol via a dimeric orthoquinone.
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Scheme 449.
Alkyl rearrangement in the copper-mediated oxygenation of a bis-ortho-substituted phenol.
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Scheme 450.
Proposed mechanism for the observed alkyl migration.
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Scheme 451.
Catechol oxidation to an ortho-quinone.
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Scheme 452.
Proposed mechanism for the aerobic oxidation of 3,5-di-tert-butylcatechol with a binuclear
copper complex.
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Scheme 453.
Mechanism of the oxidation of ascorbic acid with concurrent luminol chemiluminescence.
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Scheme 454.
The first oxidative kinetic resolution of dopamine using copper and molecular oxygen.
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Scheme 455.
Oxidative kinetic resolution of dopamine methyl ester.
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Scheme 456.
In situ trapping of the quinone product with 3-methyl-2-benzothiazoline hydrazone
(MBTH).
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Scheme 457.
Kinetic resolution of catechin and epicatechin.
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Scheme 458.
Effect of temperature on the krel of a diastereoselective aerobic oxidation of L-dopamine
with a chiral copper complex.
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Scheme 459.
Oxidative cleavage of catechols by stoichiometric copper under oxygen.
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Scheme 460.
Possible mechanism for the copper-mediated oxidative cleavage of catechols under oxygen
atmosphere.
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Scheme 461.
Substrate scope in the oxidative cleavage of catechols.
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Scheme 462.
Oxidation of 1,4-hydroquinones to para-quinones using embedded copper nanoparticles.
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Scheme 463.
Copper-mediated aerobic oxidation to a para-quinone in the total synthesis of (+)-dynemicin
A.
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Scheme 464.
Quinone oxidation in the total synthesis of oosporein.
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Scheme 465.
Preparation of 2-acyl-3-alkyoxy-para-quinones via oxidation, nucleophilic addition, and
oxidation.
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Scheme 466.
Mechanism for the sequential oxidation, nucleophilic addition, and oxidation.
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Scheme 467.
Oxidative bisamination of hydroquinones to 2,5-diamino-para-quinones.

Allen et al. Page 616

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 468.
Substrate scope of the nucleophilic addition of dialkyl amines to quinones under oxidizing
conditions.
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Scheme 469.
Amine addition to unsymmetrically substituted quinones under oxidative conditions.
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Scheme 470.
Oxidative bisamination in the synthesis of functionalized helicenes.
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Scheme 471.
Oxidative addition of anilines to naphthoquinone.
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Scheme 472.
Multicomponent coupling via oxidative addition to 1,4-naphthoquinone.
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Scheme 473.
Proposed mechanism for the oxidative multicomponent coupling of naphthoquinone,
pyridine, and α-bromoacetophenone.
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Scheme 474.
Unexpected ring contraction in the aerobic copper-catalyzed oxidation of phenol.
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Scheme 475.
Screening various alcohols in theoxidative ring contraction of phenols.
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Scheme 476.
The effect of substitution pattern on the oxidation of aminophenol.
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Scheme 477.
Mechanism for the formation of an oxidized dimer of ortho-aminophenol.
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Scheme 478.
Oxidative halogenation of phenols.
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Scheme 479.
Aqueous copper catalyzed oxidative bromination of phenols.
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Scheme 480.
Oxidative nitration of a phenol.
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Scheme 481.
Oxidation of 2,4,6-trimethylphenol to 3,5-dimethyl-4-hydroxybenzaldehyde or 2,6-
dimethyl-para-quinone.
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Scheme 482.
Mechanism for the oxidation of 2,4,6-trimethylphenol to a benzaldehyde and a para-
quinone.
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Scheme 483.
Oxidative benzylic C-O coupling of a phenol using a supported catalyst.
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Scheme 484.
Oxidation of α-tocopherol in the presence of solubilizing agents.
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Scheme 485.
A common intermediate in the oxidation of α-tocopherol to 5-FTD and α-tocoquinone.
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Scheme 486.
Oxidation of 2,4,6-trimethylphenol to yield stilbenequinone in the absence of alcohol.
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Scheme 487.
Oxidation of two isomers of di-tert-butyl-methylphenol
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Scheme 488.
Products obtained in the copper-catalyzed aerobic oxidation of 2,6-di-tert-butyl-4-
methylphenol.
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Scheme 489.
Oxidative alkenylphenol coupling to carpanone.
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Scheme 490.
Oxidative dearomatization of 1-methoxy-2-naphthol.
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Scheme 491.
Oxidative dearomatization of dialkyl-monomethoxyphenols.
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Scheme 492.
Oxidative dearomatization by addition of solvent to the least hindered position.
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Scheme 493.
(−)-Sparteine derived tyrosinase mimic.
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Scheme 494.
Asymmetric dearomatization of bisphenols en route to azaphilones.
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Scheme 495.
Total syntheses using asymmetric dearomatization as a key step.
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Scheme 496.
Utilization of a (+)-sparteine surrogate in an oxidative dearomatization.
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Scheme 497.
Tandem asymmetric dearomatization.
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Scheme 498.
Total synthesis of aquaticol via asymmetric dearomatization.
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Scheme 499.
Oxidative Diels-Alder and retro-Diels-Alder in the total synthesis of (+)-chamaecypanone C.
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Scheme 500.
Potential oxidation pathways of anilines.
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Scheme 501.
Oxidative coupling of 2-naphthylamine with a benzylamine-copper catalyst.
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Scheme 502.
Asymmetric, catalytic, oxidative coupling of a 2-naphthylamine.

Allen et al. Page 651

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 503.
Asymmetric oxidative cross-coupling of a 2-naphthylamine and a 2-naphthol.
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Scheme 504.
Early example of copper-catalyzed azo formation.
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Scheme 505.
Effect of ortho-substitution on azo formation from anilines.
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Scheme 506.
Copper-mediated oxidation of hydrazobenzene to azobenzene.
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Scheme 507.
Substrate effect on copper-mediated oxidative diazo formation.
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Scheme 508.
Catalytic, oxidative formation of azobenzenes.
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Scheme 509.
Copper-catalyzed formation of unsymmetric azobenzenes.
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Scheme 510.
Copper-catalyzed formation of azo compounds with strong base.
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Scheme 511.
Postulated formation of azo compounds from nitroso intermediates.
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Scheme 512.
Mechanism of azo formation via oxidative N-N bond formation.
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Scheme 513.
Copper-mediated formation of hydrazines from secondary anilines.
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Scheme 514.
Copper-catalyzed formation of hydrazines from secondary anilines.
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Scheme 515.
Oxidative formation of ortho-semidines from secondary anilines.
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Scheme 516.
Copper-catalyzed formation of azoxyarenes from N-hydroxyanilines.
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Scheme 517.
Copper(II)-catalyzed polymerization of aniline.
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Scheme 518.
Effect of substitution on the oxidative polymerization of dimethylanilines.
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Scheme 519.
Oxidative polymerization of aniline under biphasic conditions.
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Scheme 520.
Oxidative polymerization to form polyaniline.
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Scheme 521.
Oxidative polymerization to form a poly(azoxyarelene).
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Scheme 522.
Copper-mediated oxidative cyclization to afford benzimidazoles.
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Scheme 523.
Copper-mediated oxidative dimerization to afford 1,1'-bibenzimidazoles.
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Scheme 524.
Benzimidazoles not productive intermediates under the copper oxidation conditions.
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Scheme 525.
Azo not a productive intermediate under the copper oxidation conditions.
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Scheme 526.
Possible mechanism for copper-mediated bisbenzimidazole formation.
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Scheme 527.
Early examples of copper-mediated cyclization to afford triazoles.
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Scheme 528.
Copper-catalyzed oxidative cyclization to afford triazoles.
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Scheme 529.
Potential mechanism for the oxidative cyclization to afford triazoles.
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Scheme 530.
Copper-catalyzed oxygenative dimerization of aniline.
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Scheme 531.
Iminoquinone formation from 2,6-dialkylanilines.
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Scheme 532.
Copper-catalyzed oxidation of aminophenol isomers.
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Scheme 533.
Possible mechanism for phenoxazine formation from o-aminophenol.
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Scheme 534.
Possible mechanism for quinone formation from meta-aminophenol.
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Scheme 535.
Copper-catalyzed oxidative dimerization to construct phenazine-containing heterocycles.
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Scheme 536.
Copper catalyzed synthesis of azaspirocyclohexadienones.
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Scheme 537.
Proposed mechanism of copper catalyzed azaspirocyclohexadienone formation.
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Scheme 538.
Oxybromination of primary anilines.
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Scheme 539.
Oxychlorination of primary anilines.
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Scheme 540.
Postulated mechanism of the oxybromination of primary anilines.
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Scheme 541.
Oxidative cleavage of ortho-phenylenediamines.
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Scheme 542.
Possible mechanism of the oxidative cleavage of ortho-phenylenediamines.
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Scheme 543.
Oxidative coupling of amines with nucleophiles.
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Scheme 544.
Oxidative coupling of amines with alkynes.
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Scheme 545.
Oxidative coupling of amines and nitroalkanes.
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Scheme 546.
Oxidative coupling of amines and malonates.
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Scheme 547.
Oxidative coupling of amines and ketones.
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Scheme 548.
Oxidative coupling of amines and silyl ketene acetals.

Allen et al. Page 697

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 549.
Oxidative coupling of amines with silyl enol ethers and silyl ketene acetals.
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Scheme 550.
Cross-dehydrogenative coupling reaction of indoles with tetrahydroisoquinolines.
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Scheme 551.
Copper catalyzed oxidative coupling of an amine with an aryl boronic acid.
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Scheme 552.
Substrate scope for copper catalyzed aerobic phosphination.
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Scheme 553.
Proposed mechanism for the copper catalyzed aerobic phosphonation.
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Scheme 554.
Copper catalyzed oxidation of an amine to an iminium using oxygen followed by
nucleophilic trapping.
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Scheme 555.
Experiments supporting formation of an iminium in the copper-catalyzed amine oxidative
couplings.
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Scheme 556.
Mechanism experiments of the amine oxidations.
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Scheme 557.
Proposed mechanism of the copper-catalyzed amine to iminium oxidation.
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Scheme 558.
Oxidation of tetrahydroisoquinolines to dihydroisoquinolines.
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Scheme 559.
Oxidation of acyclic and cyclic amines to imines.
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Scheme 560.
Oxidation of primary aliphatic amines by copper in acidic medium.
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Scheme 561.
Proposed mechanism for primary aliphatic amines by copper(II) species (basic conditions).
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Scheme 562.
Proposed mechanism for primary aliphatic amines by copper(I) species (acidic conditions).
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Scheme 563.
Proposed mechanism I Vitamin B6 catalyzed oxidative deamination.
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Scheme 564.
Proposed mechanism II Vitamin B6 catalyzed oxidative deamination.
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Scheme 565.
Oxidative deamination of amines.

Allen et al. Page 714

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 566.
Mechanism of an amine oxidase mimic.
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Scheme 567.
Oxidation of primary and secondary amines using polymer bound copper catalyst.
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Scheme 568.
Proposed mechanism for the polymer bound copper catalyst.
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Scheme 569.
Oxidation of primary amines in the synthesis of symmetrical imines.
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Scheme 570.
Oxidation of primary amines in the synthesis of unsymmetrical imines.
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Scheme 571.
Proposed mechanism for copper-catalyzed oxidation of primary amines to imines.
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Scheme 572.
Proposed mechanism for copper catalyzed oxidation of amine to imines with TEMPO.

Allen et al. Page 721

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 573.
Dehydroascorbic acid mediated, copper catalyzed oxidation of amines.
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Scheme 574.
Mechanism of the dehydroascorbic acid mediated oxidation of amines.
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Scheme 575.
Chemoselectivity of the dehydroascorbic acid mediated oxidation.
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Scheme 576.
Oxidation of various alkyl amines to aryl nitriles.
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Scheme 577.
Oxidation of primary amines to nitriles.
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Scheme 578.
Proposed mechanism of primary aliphatic amine oxidation to nitriles.
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Scheme 579.
Catalytic oxidation of primary amines to imines and nitriles.
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Scheme 580.
Catalytic oxidation of primary amines to nitriles.
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Scheme 581.
Substrate scope for the three-component reaction.
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Scheme 582.
Proposed mechanism for silver(I)-catalyzed intramolecular cyclization and copper(II)-
catalyzed oxidation of tertiary amines.

Allen et al. Page 731

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 583.
Substrate scope for various substituted azoles with triethylamine.
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Scheme 584.
Proposed mechanism for oxidative C–H amination.
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Scheme 585.
Substrate scope for synthesis of complex heterocycles from benzylic amines.
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Scheme 586.
Mechanism of the synthesis of complex heterocycles from benzylic amines.
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Scheme 587.
Substrate scope oxidative rearrangement of tertiary amines.
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Scheme 588.
Proposed mechanism for oxidative rearrangement of tertiary amines.
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Scheme 589.
Aerobic copper-catalyzed domino reaction for the synthesis of substituted pyrroles.
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Scheme 590.
Mechanism of the copper-catalyzed domino synthesis of pyrroles.
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Scheme 591.
Tandem copper-catalyzed cyclization-aerobic oxidation to pyrazolidinones.
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Scheme 592.
Mechanism for the tandem cyclization-oxidation.
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Scheme 593.
Oxygenolysis of cyclopropylamines to epoxy ketones.
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Scheme 594.
Mechanism of the oxygenolysis of cyclopropylamines.
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Scheme 595.
Oxidative cyclization of iminyl radicals with alkenes.
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Scheme 596.
Substrate scope of the oxidative cyclization of iminyl radicals with alkenes.
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Scheme 597.
Mechanism of the oxidative cyclization of iminyl radicals with alkenes.

Allen et al. Page 746

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 598.
Copper–catalyzed coupling of diphenyl disulfide with various alkyl amines.
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Scheme 599.
Copper–catalyzed coupling of various aryl disulfides with alkyl amines.
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Scheme 600.
Proposed mechanism of the sulfonylation reaction.
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Scheme 601.
Oxidation of a hydrazine to an azo compound
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Scheme 602.
Copper mediated oxidation of hydrazides.
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Scheme 603.
Oxidation of hydrazide to carbonyl derivatives.
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Scheme 604.
Synthesis of benzoic acid from phenyl hydrazide.
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Scheme 605.
Synthesis of various aromatic carboxylic acids and esters.
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Scheme 606.
Mechanism of copper catalyzed conversion of hydrazides to carboxylic acids.
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Scheme 607.
Oxidative coupling of secondary amines.
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Scheme 608.
Proposed mechanism for oxidative coupling of secondary amines.
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Scheme 609.
Tandem amidine formation and oxidative cyclization to afford triazolopyridines.
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Scheme 610.
Mechanistic proposal for the tandem addition/oxidative cyclization of benzonitriles with 2-
aminopyridines.
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Scheme 611.
Oxidative cyclization of amidines to afford triazoles.
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Scheme 612.
Metal catalyzed β–carbon elimination of iminyl metal species.
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Scheme 613.
Substrate scope for synthesis of nitriles from azidoesters.
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Scheme 614.
Proposed mechanisms for the synthesis of nitriles from azidoesters.
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Scheme 615.
Orthogonal oxidation products of α-azido amides.
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Scheme 616.
Reaction of N-allyl-N-phenylamide.
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Scheme 617.
Reaction of α-azido–N-allyl-N-benzylamide.
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Scheme 618.
Substrate scope for synthesis of pyrazinones from α-azido–N-allylamides.
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Scheme 619.
Control experiments investigated to elucidate mechanism of pyrazinone formation.
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Scheme 620.
Proposed mechanism for the synthesis of pyrazinones from α-azido–N-allylamides.
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Scheme 621.
Oxidation of benzyl ethers.
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Scheme 622.
Oxidation of tetrahydrofuran.
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Scheme 623.
Oxidative coupling of ethers and ketones using the cooxidant, NHPI.
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Scheme 624.
Mechanism of the oxidative coupling of ethers and ketones.
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Scheme 625.
Oxidative coupling of ethers and alkenes.
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Scheme 626.
Possible mechanism the copper catalyzed coupling of ethers and alkenes.
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Scheme 627.
Copper catalyzed oxidation of sulfides to sulfoxides.
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Scheme 628.
Sulfoxidation by a dinuclear copper complex.
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Scheme 629.
Sulfenylation of thiols.
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Scheme 630.
Sulfonamides and sulfinamides by coupling of amines and thiols followed by sulfur
oxygenation.
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Scheme 631.
Mechanism for formation of the N–S bond.
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Scheme 632.
Oxidative coupling of H-phosphonates to form C-P bonds.
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Scheme 633.
Oxidation of triphenylphosphine with copper, oxygen, and peroxide additive.
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Chart 1.
Ligands utilized in Table 1.

Allen et al. Page 783

Chem Rev. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Chart 2.
Ligands utilized in Table 2.
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Chart 3.
Ligands utilized in Table 3.
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Chart 4.
Ligands utilized in Table 4.
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Table 1

Benzylic oxidation of unactivated hydrocarbons.

product distribution (%)

entry substrate radical initiator catalyst
a conditions conv (%) hydroperoxide alcohol carbonyl ref

1 Toluene HPPDO CuCl2 4.9 atm O2, 71
4:94

b 43

2 p-Xylene none CuBr cat LiBr, 7.8 atm
O2, 150 °C, 2 h

20
88

c 31

3 Ethylbenzene aldehyde CuCl2, 18-Crown-6 1 equiv MeCHO,
1 atm O2,

CH2Cl2, 24 h, rt

8.5 24 76 34a

4 peroxide [CuI(pyr)(tpb)] 1 mol% TBHP, 1
atm O2, 1:2

AcOH:pyr, rt, 24
h

5.8 1 99 35

5 Indane aldehyde Cu(OAc)2 1 equiv MeCHO,
MeCN/CH2Cl2,

rt, 36 h

35 23 77 42

6 aldehyde Cu(TPIP)2 6 equiv
isobutyraldehyde,
O2 DCE, rt, 4 h

49 63 12 24 28

7 aldehyde CuCl2, 18-Crown-6 1 equiv MeCHO,
1 atm O2,

CH2Cl2, 70 °C,
24 h, rt

36 31 69 34a

8 Tetralin none [Cu(CTZ)2Cl2]2 35 atm air, 100
°C, 9 h

57 25 75 36

9 none Cu(2-pymo)2 1 atm air, 90 °C,
48 h

52 2 26 71 37

10 aldehyde CuCl2, 18-Crown-6 1 equiv MeCHO,
1 atm O2,

CH2Cl2, 70 °C,
24 h, rt

37 25 75 34a

11 peroxide Cu(OH)2 cat H2O2, 14.6
atm O2,

i-PrOH/DMA,
cat FeCl3, 90 °C,

30 min

49 21 79 38

12 Cumene none Cu(OAc)2 on Chelex 0.9 atm O2, 80
°C, 12 h

5.4 99 33

13 AIBN Cu(acac)2, NHPI 3 mol% AIBN, 1
atm O2, MeCN,

60 °C, 4.5 h

72 19 63 15 30

14 ACBN Cu(acac)2, NHPI 3 mol% ACBN,
1 atm O2,

benzonitrile, 90
°C, 3 h

29 4 26 57 30

15 Cyclohexyl-benzene none α,β,γ,δ-tetraanthracyl-porphinato-copper(II) 13.6 atm O2, 115
°C, 4.9 h

14
99

d 39, 40

a
See Chart 1 for ligand structures.

b
4:94 benzaldehyde:benzoic acid.

c
Acid and diaryls were the other major products.

d
Includes oxidation products at other positions of the cyclohexyl ring.
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Table 2

Alkane oxidation with copper catalysts.

product distribution (%)

entry substrate radical initator catalyst
a conditions conv (%) ketone alcohol ref

1 Cyclohexane none CuSO4·5H2O on
functionalized silica

Zn0,
AcOH, 1

atm O2, 24
h, rt

0.6 90 10 60

2 none Cu0 on functionalized silica Zn0,
AcOH, 1

atm O2, 24
h, rt

1.3 85 15 60

3 none Cu nanoparticles on TiO2 20 atm O2,
120 °C, 24

h

11.5 92 8 55

4 none Cu nanoparticles on γ-Al2O3 20 atm O2,
120 °C, 24

h

13.7 58 42 55

5 none Cu nanoparticles on Fe2O3 20 atm O2,
120 °C, 24

h

14.2 34 66 55

6 none 1:2 CuCl2:1,10-phenanthroline 2 equiv
K2CO3,
MeCN,

air, rt, 72 h

24.4 100 0 58

7 aldehyde CuCl2, 18-crown-6 1 equiv
MeCHO, 1

atm O2,
CH2Cl2,
70 °C, 24

h

4.1 76 24 34a

8 aldehyde Cu(OH)2 3 equiv
MeCHO, 1

atm O2,
CH2Cl2, rt,

17 h

4.5 58 38 53

9 aldehyde CuIICl16Pc-AM(PS) 3 equiv
PhCHO,
MeCN, 1

atm O2, 50
°C

9.4 68 32 61

10 peroxide CuI(pyr)(tpb) 1 mol%
TBHP, 1
atm O2,

1:2
AcOH:pyr,

rt, 24 h

~1 87 13 35

11 peroxide Cu(en)2(NO3)2 11 mol%
TBHP, 25
bar O2, 70
°C, 24 h

4.9 26
43

b 52

12 peroxide Cu(OPiv)2 11 mol%
TBHP, 25
bar O2, 70
°C, 24 h

5.0 28
38

c 52

13 peroxide CuII(H2O)4(arhpd)2 10 equiv
H2O2,
HNO3,
MeCN/

19.8 10.9
8.9

d 62
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product distribution (%)

entry substrate radical initator catalyst
a conditions conv (%) ketone alcohol ref

H2O, air,
rt 6 h

14 halogen lamp irradiation CuCl2·2H2O 1 atm O2,
13 °C,

MeCN, 18
h

58 22 24 57c

15 Cycloheptane peroxide Cu@SiCN 2 mol%
TBHP, 20
bar air, 80
°C, 75 h

6.0 68 25 54

16 Cyclooctane aldehyde CuCl2, 18-crown-6 1 atm O2,
MeCHO,
CH2Cl2,
70 °C, 24

h

4.6 80 20 34a

17 aldehyde Cu(OH)2 3 equiv
MeCHO, 1

atm O2,
CH2Cl2, rt,

17 h,

9.9 88 9 53

18 peroxide Cu(fod)2 18 mol%
TBHP, 60
°C, 24 h,

air

6.0 38
14

e 51

19 peroxide Cu(fod)2 18 mol%
TBHP, 60
°C, 24 h,

Ar

11.3 <2
<1

e 51

20 peroxide Cu(fod)2 18 mol%
TBHP, 60
°C, 24 h,

O2

13.4 77
19

e 51

21 peroxide Cu@SiCN 2 mol%
TBHP, 20
bar air, 80
°C, 75 h

13.9 73 16 54

22 Cyclodecane peroxide Cu@SiCN 2 mol%
TBHP, 20
bar air, 80
°C, 75 h

16.0 74 19 54

23 Adamantane aldehyde Cu(OH)2 3 equiv
MeCHO, 1

atm O2,
CH2Cl2, rt,

17 h

29 3
92

f 53

24 peroxide [CuI(pyr)(tpb)] 10 mol%
TBHP, 1
atm O2,

1:2
AcOH:pyr,

rt, 24 h

~2.5 26
74

g 35

25 n-Hexane aldehyde CuCl2, 18-crown-6 1 atm O2,
MeCHO,
CH2Cl2,
70 °C, 24

h

2.4
91

h 9 34a

26 n-Decane aldehyde CuIICl16Pc-AM(PS) 3 equiv
PhCHO,
MeCN, 1

15.4
100

i 61
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product distribution (%)

entry substrate radical initator catalyst
a conditions conv (%) ketone alcohol ref

atm O2, 50
°C

a
See Chart 2 for ligand structures.

b
Also 28% cyclohexene.

c
Also 26% cyclohexene.

d
Mixture of alcohol and hydroperoxide.

e
Remainder of product is cyclohexene.

f
Approximately 93:7 of 1-adamantol:2-adamantol.

g
Approximately 98:2 of 1-adamantol:2-adamantol.

h
Afforded oxidation products in an approximately 1:1 ratio at the 2- and 3-positions.

i
Mixture of decanones.
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Table 3

Allylic oxidation of cyclohexene.

product distribution (%)

entry radical initator Catalyst
a conditions conv (%) ketone alcohol epoxide ref

1 peroxide CuCl-cyclam 1 mol% TBHP, 1 atm
O2, rt, 8 h

perfluorohexane

6 75 25 0 70

2 peroxide CuCl-Rf-TACN 1 mol% TBHP, 1 atm
O2, rt, 24 h,

perfluoroheptane

5 78 22 0 71

3 peroxide Cu+2 on SBA 15 1 equiv H2O2, 1 atm
O2, 60 °C, 27 h,

MeCN

84 48 46
1
b 72

4 peroxide CuI(pyr)(tpb) 1 mol% TBHP, 1 atm
O2, 1:2 AcOH:pyr, rt,

24 h

26 91 19 0 35

5 peroxide Cu-polyphthalocyanine 1 mol% cumyl
peroxide, pyridine – 

c 73

6 none oxyhemocyanin/oxytyrosinase model 1 atm O2, CHCl3, rt, 2
h

6 48 50 2 74

7 none Cu[salen-Py][PF6] 1 atm O2, 78 °C, 22 h,
MeCN

100 63 31
5
d 75

8 none polystyrene supported tridentate Cu+2 1 atm O2, 70 °C, 10 h 52 41 33
2
e 76

9 none CuMOF [Cu(bpy)(H2O)2(BF4)2(bpy)] 1 atm O2, neat, 45 °C,
15 h

8 7 4
2
f 77

a
See Chart 3 for ligand structures.

b
5% diol observed.

c
Exact conversion and distribution not reported. At lower temperatures, hydroperoxide is the major product, with alcohol and ketone principally

forming as the temperature is increased. The alcohol entry typically represents the sum of peroxide and alcohol products generation in the reaction.

d
~95% allylic selectivity.

e
24% peroxide observed.

f
87% peroxide observed.
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Table 4

Copper-catalyzed epoxidation of alkenes.

entry substrate catalyst
a conditions conv (%) epoxide selectivity (%) ref

1 Propylene
Cu nanoparticles on

SiO2
1 atm O2, 225 °C 0.25 53 80

2 Propylene
CuNO3 on KOAc
modified SBA-15

1 atm O2, 225 °C 0.4 59 81

3 Propylene K+-CuOx-SiO2 1 atm O2, 250 °C 2.3 <33 82

4 Cyclohexene Cu(OH)2
3 equiv CyCHO, 1 atm O2,

CH2Cl2, rt, 17 h 100 79
a 34b

5 Cyclohexene Cu2+ on
functionalized silica

3.4 equiv i-PrCHO, 1 atm O2, rt,
6 h

80 99 83

6 Cyclohexene
CuCl16Pc on

modified MCM-41
3 equiv i-PrCHO, 1 atm O2,

MeCN, 40 °C, 8 h
80 96 84

7 1-Decene Cu(OH)2
3 equiv CyCHO, 1 atm O2,

CH2Cl2, rt, 17 h 32 84
b 34b

8 1-Decene
CuCl16Pc on

modified MCM-41
3 equiv i-PrCHO, 1 atm O2,

MeCN, 40 °C, 8 h
44 92 84

9 trans-5-Decene Cu(OH)2
3 equiv CyCHO, 1 atm O2,

CH2Cl2, rt, 17 h 83 96
b 34b

10 cis-5-Decene Cu(OH)2
3 equiv CyCHO, 1 atm O2,

CH2Cl2, rt, 17 h 96 85
b 34b

11 Styrene
CuCl16Pc on

modified MCM-41
3 equiv i-PrCHO, 1 atm O2,

MeCN, 40 °C, 8 h
100 74 84

12 trans-Stilbene Cu(OH)2
3 equiv CyCHO, 1 atm O2,

CH2Cl2, rt, 17 h 93 82
b 34b

13 cis-Stilbene Cu(OH)2
3 equiv CyCHO, 1 atm O2,

CH2Cl2, rt, 17 h 81 79
b 34b

14 Norbornene Cu-amidrazone 1 atm O2, THF, 70 °C, 24 h 83 100 (exo) 85

15 α-Pinene Cu(OH)2
3 equiv CyCHO, 1 atm O2,

CH2Cl2, rt, 17 h 100 83
b 34b

16 Cyclohex-2-enol Cu(OH)2
3 equiv CyCHO, 1 atm O2,

CH2Cl2, rt 99 55
b 34b

17 Cyclohex-2-en-1-yl acetate Cu(OH)2
3 equiv CyCHO, 1 atm O2,

CH2Cl2, rt 33 58
b 34b

a
See Chart 4 for ligand structures.

b
Based on GLC yield of epoxide.

Chem Rev. Author manuscript; available in PMC 2014 August 14.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Allen et al. Page 793

Table 5

Glaser Hay dimerization reactions.

entry substrate conditions yield(%) ref

1 8 mol% Cu(OAc)2·H2O, TMEDA, acetone, air, rt, 2h 91 145

2 CuCl, TMEDA, O2, MeOH, THF
81

a 130

3 5 mol% CuI, TMEDA, DME, O2, 55 °C, overnight ≥90 146

4 15 mol% CuCl, 30 mol% pyridine, MeOH, O2, rt Ar1 = 91 147

Ar2 = 93

Ar3 = 75

5 10 mol% CuCl, TMEDA, MeOH, air, rt, 24 h 60–72 148

6 10 mol% CuI, TMEDA, O2, acetone, rt, 3 h 84–100 149

7 CuCl, TMEDA, air, CHCl3 94 150

8 10 mol% CuI, 20 mol% TMEDA, acetone, air, rt 67 151

9 3 equiv CuCl, TMEDA, acetone, O2, 1 h, rt 76 (n = 3, R = Me) 152

86 (n = 3, R = H)

95 (n = 6, R = H)

10 4 mol% CuCl, TMEDA, acetone, O2, rt, 6 h 84 153
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entry substrate conditions yield(%) ref

11 14 mol% CuCl, TMEDA, acetone, O2, rt, 4 h 52 154

12 CuCl, TMEDA, CH2Cl2, O2 50
a
 (n = 2)

155

44
a
 (n = 3)

19
a
 (n = 4)

13 CuCl, TMEDA, CH2Cl2, O2 92 (n = 2) 156

66 (n = 3)

97 (n = 4)

14 40 mol% CuCl, pyridine, air, 24 h, rt 95 157

15 25 mol% CuCl, pyr, air, 40 °C, 1.5 h 60 158

16 1 equiv CuCl, TMEDA, CH2Cl2, air, 30 °C, 2–4 h 99 159

17 6.3 equiv CuCl, TMEDA, CH2Cl2, air, rt, 12 h 91 160

18 CuCl, TMEDA, CH2Cl2, air 68 161

19 CuCl, TMEDA, air, acetone, rt, overnight 43 162

20 12 mol% CuCl, TMEDA, chlorobenzene, O2, rt, 3d 50 163

21 4.8 equiv CuCl, TMEDA, acetone, O2, rt, 48 h 88 164
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entry substrate conditions yield(%) ref

22 CuCl, TMEDA, CH2Cl2, O2, rt, 24 h 91 165

23 30 mol% CuCl, O2, DMF, rt, 12 h 26 166

24 CuCl, TMEDA, O2, CH2Cl2, rt 99 167

25 1 equiv CuCl, TMEDA, CH2Cl2, O2, rt, 4 h 60 168

26 5 mol% CuCl, TMEDA, toluene, 65 °C, 1.5 h 45 169

27 catalytic CuCl(OH)·TMEDA, CH2Cl2, O2, rt, overnight 57 170

28 20 mol% CuCl, pyr, O2, rt, 24 h 86 171

29 30 mol% CuCl, TMEDA, O2, acetone, rt, 48 h 89 172

30
a 4 equiv CuI, TMEDA, CH2Cl2, O2, rt

96
a
 (n= 1)

173

78
a
 (n = 2)

68
a
 (n = 3)

31 CuCl, TMEDA, CH2Cl2, rt, O2 R1 = 87 174

R2 = 68

32 4 equiv CuCl, TMEDA, CH2Cl2, O2, rt
32

a
 (n =2)

175

20
a
 (n = 3)
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entry substrate conditions yield(%) ref

34
a
 (n = 4)

34
a
 (n = 5)

22
a
 (n = 7)

(cyclic dimers)

33 CuCl, TMEDA, O2, CH2Cl2 R1 = 70 176

R2 = 86

R3 = 54

34 CuCl, TMEDA, air, CH2Cl2, rt, 6 h 70 177

35 5 equiv CuCl, TMEDA, O2, CH2Cl2 64
a 178

36 CuCl, TMEDA, O2, CH2Cl2 R1 = 65
a 132

R2 = 55
a

R3 = 69
a

37 CuCl, TMEDA, air, CH2Cl2, rt
51

a 132

38 CuCl, TMEDA, air, CH2Cl2 48
a 132

38 10 equiv CuCl, 5 equiv CuCl2, O2, DMF, rt, 4d 82 179

39 CuCl, TMEDA, air, DCE, 50 °C 91 180

40 2.8 equiv CuCl, TMEDA, CHCl3, O2, rt 68 181

Chem Rev. Author manuscript; available in PMC 2014 August 14.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Allen et al. Page 797

entry substrate conditions yield(%) ref

41 50 mol% CuCl, TMEDA, air, CH2Cl2, rt 86 182

42 CuCl, TMEDA, acetone, air, 17 h, rt 93 183

43 2.6 equiv CuCl, TMEDA, CH2Cl2, air, overnight 93 184

44 10 mol% CuCl, TMEDA, O2, isopropanol, acetone, rt, 5 h 81 185

45 20 mol% CuCl, 20 mol% TMEDA, acetone, O2, 35 °C, 1.5 h 82 186

46 14 mol% CuCl, pyr, air, 40 °C, 6.5 h 36 187

47 20 mol% CuCl, TMEDA, DME, rt, air, overnight 59 188

48 CuCl, TMEDA, O2, CH2Cl2, rt 81 189

49 10 mol% CuI, pyrrolidine, air, rt 48–90 190
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entry substrate conditions yield(%) ref

50 1.1 equiv CuCl, air, TMEDA, acetone, rt, 5 h 64 191

51 3.6 equiv CuCl, TMEDA, CH2Cl2, O2, rt, overnight 83 192

52 2.5 equiv CuCl, TMEDA, CH2Cl2, air, rt, 15 min yield not reported 193

53 0.5 mol% CuCl, DBU, pyridine, O2, 3 h, 45 °C 96 194

54 1 equiv CuCl, TMEDA, CH2Cl2, air, 4 h, rt 100 195

55 2 equiv CuCl, TMEDA, O2, H2O, rt 3 d 68 196

56 CuCl, TMEDA, DMF, O2, 40 °C, 4 h 99 197

57 CuCl, TMEDA, acetone, O2, rt, 4h 96 198

58 30 mol% CuCl, TMEDA, DMF, O2, 40 °C, 2 h 86 (X = O) 199

83 (X = S)

59 42 mol% CuCl, TMEDA, acetone, O2, rt, 25 200

60 50 mol% CuCl, TMEDA, acetone, O2, 4 h, rt 95 201
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entry substrate conditions yield(%) ref

61 superstoich. CuCl, TMEDA, acetone, air, rt, 1.5 h 60 (R = Cr) 202

55 (R = W)

62 1 equiv CuCl, TMEDA, CH2Cl2, O2, 4Å mol sieves, 12 h, rt 75 203

63 1.05 equiv CuCl, DBU, pyridine O2, 45 °C, 2h >72 (n = 2) 204

>87 (n = 4)

(cyclic dimer)

64 11 mol% CuCl, pyridine, O2, rt, 30 h, 32% 32 (cyclic dimer) 205

65
b 7.5 equiv CuI, TMEDA, CH2Cl2, air, rt 51 (cyclic dimer) 206

66 CuCl, TMEDA, air, CH2Cl2, rt, 18 h 72 (mixture of four diastereomer ic
cyclic dimers)

207

67 2 equiv CuCl2, TMEDA, acetone, O2, rt, 5 h 32 (cyclic dimer) 208

68 CuCl, TMEDA, CH2Cl2, air, 0 °C
71

a
 (cyclic trimer)

209

a
Substrate coupled directly after deprotection from silyl-protected precursor.

b
For cyclodimerization of a similar substrate with excess copper catalyst see ref 210.
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Table 6

Glaser Hay cross-coupling reactions with endcaps.

entry substrate endcap
a conditions yield (%) ref

1 CuCl, TMEDA, O2, CH2Cl2, rt
60

b 173a

2 1.7 equiv CuCl, TMEDA, CH2Cl2, O2 81
b 178

3 CuCl, TMEDA, air, CH2Cl2 55
b 132

4 CuCl, TMEDA, O2, CH2Cl2 40
b 132

5 CuCl, TMEDA, CH2Cl2, air 60 211

6 CuCl, TMEDA, CH2Cl2, air
18

b 212

7 1.1 equiv CuCl TMEDA, O2 1,2-
dichlorobenzene 80 °C

67 (mixture of oligomers
with n = 2–6)

143

8 CuCl, TMEDA, CH2Cl2, O2, rt 64 (along with 7% end-
capped dimer)

192
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entry substrate endcap
a conditions yield (%) ref

9 1.6 equiv Cu(OAc)2, pyr, O2, 90 °C 46 213

10 1.6 equiv Cu(OAc)2, pyr, O2, 90 °C 44 213

11
d 20 mol% CuCl, TMEDA, CH2Cl2, air, 4Å

mol sieves, rt, 2 h
94 (R = NO2, mixture of

oligomers n = 2–6)
142

93 (R = NMe2, mixture of
oligomers n = 2–6)

a
Unless noted, a vast excess (10–90 equivalents) of the endcap alkyne was used.

b
Substrate coupled directly after deprotection from silyl-protected precursor.

c
Performing the reaction with 1 equiv phenylacetylene afforded nearly equal amounts of endcapped monomer, dimer, and trimer.

d
For related examples of enediyne oligomerization in lower yields see ref 214.
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Table 7

Glaser Hay oligomerization and polymerization reactions.

entry substrate conditions yield ref

1 CuCl, pyr, nitrobenzene, O2, rt, 40 h yield not reported
Mw = 3000

215

2 CuCl, pyr, nitrobenzene, O2, rt, 40 h yield not reported
Mw = 12000

215

3 2 mol% CuCl, pyr, O2, 35°C, 24 h 85 216

4 30–40 mol% CuCl, TMEDA, pyr, O2 86 (R = H)
82 (R = n-Bu)

45 (R = On-Bu)

217

5 14 mol% CuCl, 4,4'-dinonyl-2,2'-bipyridine, 1 mol % tetradecyltrimethyl-
ammonium bromide, toluene, H2O, air, rt, 48 h

yield not reported
Mw = 76000

140

6 14 mol %CuCl, 4,4'-dinonyl-2,2'-bipyridine, 1 mol % tetradecyltrimethyl-
ammonium bromide, toluene, H2O, air, rt, 72 h

yield not reported
Mw = 10000

140

7 CuCl, pyr, O2,45 °C, 40 min 63 218

8 12 mol% CuCl, 12 mol% TMEDA, pyr, DMF, O2, rt, 17 h 99 conv.
(n = 8)

219

9 31% CuCl, pyr, toluene, O2, rt, 72 h 80 220

10 6 mol% CuCl, TMEDA, 1,2-dichlorobenzene, O2,75 °C, 2 h 100 221

11 CuBr, bpy, THF, O2, rt, 48h yield not reported 222

12 CuCl, TMEDA, CH2Cl2, air, rt
28

a
 (dimer)

14
a
 (trimer)

6
a
 (tetramer)

223
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entry substrate conditions yield ref

13 CuCl, TMEDA, O2, acetone, 30 °C, 2 h 68 139

14 CuCl, DBU, pyr, O2, 45°C, 5 h yield not reported
n(average) = 8

194

15 20 mol% CuCl, TMEDA, o-dichlorobenzene, air, 50 °C, 15 min 80 (copolymer) 224

16 24 mol% CuCl, TMEDA, o-dichlorobenzene, air, 55 °C, 1.5 h 37 (copolymer) 225

17 CuCl,4,4'-dinonyl-2,2'-bipyridine, 1 mol % tetradecyltrimethyl-ammonium
bromide, toluene, H2O, air,

yield not reported
Mw = 95000
(copolymer)

140

a
Substrate coupled directly after deprotection from silyl-protected precursor.
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Table 8

N-Arylation conditions.

Entry Coupling Partner Copper Source Nitrogen Nucleophile Number of Examples Base Conditions Yield (%) Ref

Catalytic Copper

1 Aryl boronic acids CuBr Hydroxylamine hydrochloride 13 K2CO3, MeCN, 70 °C 40–84 326

2 5 mol% CuCl imidazole 8 – MeOH (or water),
reflux, air

92–99 327a

3 Cu(OAc)2 Imidazoles, imides, primary and
secondary amines, amides, anilines,

sulfonamides

> 20 – [bmim][BF4] 70 °C 30–95 328a

4 aniline, primary and secondary alkyl
amines

23 lutidine 10–40 mol%
myristic acid,
toluene, air, rt

51–91 328c

5 Cu(OAc)2 anhydrous Inosine and guanosine 18 2.0 equiv Pyridine 2.0 equiv pyridine
N-oxide, 4 Å MS,

CH2Cl2, rt
O2

32–100 329

6 Sulfoximines 10 — MeOH, rt 62–93 330

7 Cu(OAc)2·H2O Aqueous ammonia 8 50 mol% Benzoic
acid, ethyl,

propionate, 80 °C,
air

57–85 331

8 Cu(OAc)2·H2O cytosine, adenine, uracil, thymine 20 > — 2.0 equiv TMEDA,
MeOH, H2O, rt, air

28–90 332

9 CuSO4·5H2O Aqueous ammonia 11 NaOH aqueous NH3, rt air 55–92 333

10 Cu2O Aqueous ammonia 21 — MeOH, 20 °C, air 65–93 334

11 Cu2O Imidazole, benzimidazole, pyrazole,
primary and secondary alkyl amines,

and aniline

23 — MeOH, rt, air 80–95 335

12 Cu(NO3)2 Imidazole, benzimidazole, 2-
substituted imidazole, 2-substitued

benzimidazole

22 — TMEDA, MeOH, rt
O2

48–99 325

13 5 mol% [Cu(II)(OH)(ligand)]2Cl2 imidazole 8 — (1:1 v/v) NMP/
H2O, 20 °C, air

ligand = TMEDA,
substituted

bipyridine, amino
alcohols,

substituted
phenanthroline

10–99% 336

14 CuCl2 Imidazole, 2- and 4-substituted
imidazole, benzimidazole

10 — TMEDA, CH2Cl2,
rt, O2 or air

58–98 321

15 Cu(OAc)2 50 mol% Anilines and aliphatic amines 17 — Ethyl acetate, O2

(1.01·105 PA), rt
40–80 337

16 CuFAP (FAP = fluor-apatite) 100 mg Imidazole, benzimidazole, anilines,
primary alkyl amines

> 20 — MeOH, rt 78–93 328b

17 Silica supported copper catalyst 10 mol
%

Imidazole, benzimidazole, phthalimide 10 — MeOH, 70 °C 78–98 338

18 Silica tethered Copper complex Imidazole benzimidazole 10 — MeOH, 80 °C air 88–94 327

19 Cellulose supported Cu(0) catalyst Imidazole 8 Et3N MeOH, reflux, air 77–98 339

20 Cu–Al Hydrotalcite catalytic Imide 10 — MeOH, air
(continuous

bubbling), reflux

87–91 340
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Entry Coupling Partner Copper Source Nitrogen Nucleophile Number of Examples Base Conditions Yield (%) Ref

21 Aryl and heteroaryl
boronic acids

Sulfonato Cu(II) salen) complex Imidazole 20 — H2O, 100 °C, air 43–95 341

22 Cu-NHC (Cu powder) 0.5 mol% Imidazole, 2-substituted imidazole,
benzimidazole, aromatic amines

15 — MeOH, rt, air 51–98 342

23 Aryl, heteroaryl,
alkenyl boronic acids

Copper fluorapatite Pyrazoles, imidazole, benzimidazole 20 > — MeOH, rt, air 30–96 343

24 Aryl and alkenyl
boronic acids

Cu(OAc)2 Benzimidazolinone, benzimidazole,
isatine, phthalamide, piperidine,

indazole, aniline, pyridone,
sulfonamide, acylsulfonamide

>20 Et3N or Pyridine 4 Å MS, 1.1 equiv
TEMPO, CH2Cl2,

air, (Several
conditions)

3–97 328e

25 N3–protected thymine and uracil,
cytosine and uracil precursor, bis-Boc-

adenine, guanine precursor

20 > Pyridine 3 Å MS, CH2Cl2,
rt, air

40–98 344

26 CuSO4 NaN3 8 — MeOH, rt, air 70–98 345

27 Alkenyl boronic acids Cu(OAc)2 Benzimidazolinone, 2–pyridinone,
benzimidazole, indazole, phthalimide

18 Et3N 4 Å MS, TEMPO,
rt, air

5–99 346

28 Cyclopropy 1 boronic
acid

Cu(OAc)2 Indole, azoles (imidazole,
benimidazole, 2-acetylpyrrole,

benzotriazole, carbazole,
oxazolidinone), amides, and

sulfonamides

19 NaHMDS, DMAP toluene, 95 °C, air 36–87 347

29 Aryl boronic acids and
boronate esters

CuCl TMS–N3 26 — 1.2 equiv TBAF,
MeOH, reflux, air

67–100 348

30 Aryl boronic acids,
boronate esters,

boroxines

Cu(OAc)2·H2O benzimidazole 7 Pyridine DMF, 1.0 equiv
H2O, 30 °C, air

48–99 349a

31 Alkoxydien yl and
alkoxystyry 1 boronate

esters

Cu(OAc)2 Imidazole, pyrrole, pyrazole, indazole,
benzimidazole

15 t-BuOK CsF, CH2Cl2, air 5 < – 89 350

32 Aryl boronic acids, aryl
trifluoroborates

Cu(OAc)2·H2O Primary and secondary alkyl amines,
anilines, ammonium salts

>20 — 4 Å MS, rt – 40 °C,
CH2Cl2, O2,

26–34 351

33 Aryl trifluoroborates Cu(OAc)2 Aniline 16 Pyridine MW, air (solvent
free)

42–87 352

34 Aryl trifluoroborates Cu(II) ethyl acetoacetate Imidazole 15 — H2O, 40 °C, air 41–92 353

35 Alkenyl trifluoroborates Cu(OAc)2 Cyclic and acyclic amides 17 — 4 Å MS, CH2Cl2 or
CH2Cl2/DMSO, O2

25–97 354

36 Cu(OAc)2 Amide, heterocyclic amides, imides,
carbamates, benzamides, and

acetamides

> 20 — 4 Å MS, CH2Cl2 or
CH2Cl2/DMSO, 40

°C, O2

22–quant. 325, 355

37 Aryl trialkoxyborates Cu(OAc)2 Primary and secondary alkyl amines,
anilines, amide, imide, imidazole

>20 (10) — 4 Å MS, toluene,
O2, some

experiments: 1.1
equiv Et3N N-oxide

53–98 (43–95) 349b

38 ArPb(OAc)3 Cu(OAc)2 Pyrazole, indazole, imidazole,
benzimidazole, 1,2,4–triazole anion

8 — CH2Cl2 or CH2Cl2/
DMF, 25–140 °C

24–98 323

39 Ph3Bi(OAc)2 Cu(OAc)2 Imidazole, benzimidazoles, pyrazole,
1H-indazole, tetrazole

6 — THF, 50 °C, air
N,N,N',N'-

tetramethylguanidin
e

33–93 356

40 Aryl and vinyl
trimethoxysilanes

Cu/FeCl3 Imidazole and triazole 12 — 3.0 equiv
TBAF3H2O, 50 °C,

air

33–96 357

Stoichiometric Copper
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Entry Coupling Partner Copper Source Nitrogen Nucleophile Number of Examples Base Conditions Yield (%) Ref

41 Aryl boronic acids Cu(OAc)2 N-nucleobases (adenine and cytosine) 14 — TMEDA, MeOH/
H2O, rt, air

50–90 327b

42 Cu(OAc)2 Protected guanine and adenine
derivatives

11 — 2.0 equiv TMEDA/
o-phenanthroline, 4
Å MS, CH2Cl2 or

MeOH, CaCl2 tube

60–95 358

43 Cu(OAc)2 Purine 11 — 1.0 equiv
phenanthroline, 4 Å
MS, CH2Cl2, rt, air

41–81 359

44 Cu(OAc)2 Quinazolin-4(3H)-ones 15 Et3N, CH2Cl2, rt, air 55–88 360

45 Cu(OAc)2 1.1 equiv α–aminoester 15 Et3N CH2Cl2, air 17–67 361

46 1.5 equiv Imidazole, pyrazole, indazole,
benzimidazole, triazoles

7 Pyridine, 4 Å MS, CH2Cl2,
rt, air

6–88 320a

47 Cu(OAc)2 1.5 equiv Pyrrole 19 Pyridine CH2Cl2, air 14–99 362

48 Cu(OAc)2 1.5 equiv Aminotriazole nucleoside 19 Pyridine 4 Å MS, CH2Cl2,
air

24–77 363

49 Cu(OAc)2 1.5 equiv 3-trimethyl-silylindazole 12 Pyridine, 4 Å MS, CH2Cl2,
air, rt

82–99 364

50 Cu(OAc)2 1.5 equiv Secondary amines, Pyridines, N-
hydroxybenzotriazole

19 Pyridine or Et3N, 4 Å MS, CH2Cl2,
air

19–75 365

51 Cu(OAc)2 2.0 equiv Pyrazinone 8 Et3N/Pyridine CH2Cl2, MW, 0 °C,
air

83–97 366

52 Polymer–supported Cu(OAc)2 (catalytic) Aniline 7 Et3N 4 Å MS, CH2Cl2,
air

43–93 367

53 Cyclopropy 1 boronic
acid

Cu(OAc)2 Indole, cyclic amides 15 Na2CO3 1.0 equiv
bipyridine, DCE,

air 70 °C

15–93 368

54 Cu(OAc)2 (1 equiv) Anilines, primary and secondary
aliphatic amines

17 Na2CO3 Air, DCE, 70 °C 36–99 369

55 Aryl boronate esters Cu(OAc)2 3.0 equiv Cyclic imides 4 Et3N 4 Å MS, CH2Cl2,
40 – 45 °C, O2

43–97 370

56 Aryl boronic acids or
tetraphenyl borate

Cu(OAc)2 Primary alkyl amine, aromatic amine 14 KF-alumina, MW
(160 W), air

64–88 371

57 Aryl boronic acids,
boronate esters,

boroxines

Cu(OAc)2 1.5 equiv Amines, urea 22 Pyridine, CH2Cl2, air, rt 6–76 326

58 Aryl boronic acids and
triarylbismuth

Cu(OAc)2 2.1 equiv Imide 20 > Pyridine CH2Cl2, O2 (5
min), rt

8–98 372

59 Aryl and vinyl
siloxanes

Cu(OAc)2 Benzimidazole, aniline,
benzimidazolidinone, piperidine, 2–

picolinamide

22 pyridine, Et3N, or
no base

2.0 equiv TBAF,
CH2Cl2 or DMF.

air, rt

27–98 320b

a
Microwave (MW), NHC, molecular sieves (MS), N-heterocyclic carbene (NHC), 2,2,6,6,–tetramethylpiperidinooxy (TEMPO),

tetrabutylammonium fluoride (TBAF), dimethyl formamide (DMF), dichloroethane (DCE), `N,`N,`N,N–tertramethylethylenediamine (TMEDA).
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Table 9

O-Arylation with aryl boronic acid derivatives.

Coupling Partner Copper Source Nuc Base Conditions Number of examples Yield Ref

Catalytic Copper

1
a Aryl boronic Acid Cu(OAc)2

10 mol%
Phenol Pyridine 50 °C, O2

DMF
1 79% 328e

2
a Cu(OAc)2

(0.5 equiv)
Phenol Et3N H2O2 (30%)

4 Å MS
7 55–90% 377

3
a Cu(OAc)2

20 mol%
Aryloxime Pyridine 3.0 equiv 4 Å MS, DCE,

24–36 h, air, rt
12 81–34% 378

4 Cu(OTf)2

40 mol%
Carboxylic Acid Urea 1.0 equiv Ethyl Acetate,

60°C, air, 12h
25 51–98% 379

5
a Aryltrifluoroborate salts Cu(OAc)2·H2O

10 mol%
Aliphatic ROH 20 mol% DMAP O2 4 Å MS,

CH2Cl2, rt 24
h

29 30–95% 380

6 Vinyl boronic acid Cu(OAc)2

10 mol%
Phenol 2.0 equiv Et3N O2, DMF, 50

°C or N-
pyridine

oxide, air,
DMF, 50 °C

2 6–12% 346

7 Vinyl pinacolborates 0.5 equiv
Cu(OAc)2

Silanols 4.0 equiv Et3N 4.0 equiv 3–
hexyne

1.0 equiv
pyridine
N–oxide

1 atm O2, 50
°C

15 28–72% 397

8
a Alkenyltrifluorobor ate Salts Cu(OAc)2·H2O

10 mol%
Aliphatic ROH (2-furfuryl

alcohol)
20 mol% DMAP O2 4 Å MS,

CH2Cl2, rt 24
h

2 55–61% 380

Stoichiometric and Excess Copper

9 Arylboronic Acid Cu(OAc)2

(1.0 equiv)
Phenol Et3N CH2Cl2, rt,

N2, 48 h
5 5<–54% 381

10
a Arylboronic Acid Cu(OAc)2

(1.0 equiv)
Phenol pyridine 4 Å MS, O2,

rt, CH2Cl2

1 80% 382

11
a Arylboronic Acid Cu(OAc)2

1.0 equiv
Phenol NEt3 5.0 equiv 4 Å MS,

CH2Cl2, rt
6 39–94% 383

12
a Aryl Boronic acid Cu(OAc)2

(1.0 equiv)
Phenol DMAP 4 Å MS,

CH2Cl2, rt, air
2 35%–55 384

13
a 4–(trifluoromethyl)ben zeneboronic acid Cu(OAc)2

1.1 equiv
Phenol NEt3 5.0 equiv 4 ÅMS,

CH2Cl2, rt, 18
h air

1 57% 385

14
a Arylboronic acids 1.0 equiv

CuCl or
Cu(OAc)2

N–Hydroxyph thalimide 1.1 equiv pyridine 4 Å MS, 1,2-
dichloroethane
air 24–48 h, rt

15 37–90% 386

15
a Arylboronic Acids Cu(OAc)2

(1.0 equiv)
Hydroxyqui nolin–4(1H)–one Pyridine 5.0 equiv 4 Å MS,

CH2Cl2, 24–
48 h, rt, air

8 40–53% 387

16
a Arylboronic Acids Cu(OAc)2

(1.0 equiv)
aromatic oximes Pyridine 2.0 equiv 4 Å MS, rt, 24 28–66% 388

17
a Pinacol Arylboronic ester Cu(OAc)2

2.0 equiv
Phenol Et3N 10 equiv 4 Å MS

10 equiv
MeOH,

1 50% 389
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Coupling Partner Copper Source Nuc Base Conditions Number of examples Yield Ref

CH2Cl2, 22
°C , 5 h

18 2,4,6–Trivinylcyclotriboro xane–pyridine complex Cu(OAc)2

1.0 equiv
Phenol Pyridine 10 equiv CH2Cl2, rt, 24

h, air
12 70–92% 390

19
a Halopyridylboronic esters Cu(OAc)2

(1.0 equiv)
Halopyridin ol Phenol Pyridine 5.0 equiv 4 Å MS, rt, 4

d
7 11–79% 391

a
Molecular sieves (MS), dimethyl formamide (DMF),
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Table 10

Oxidation of alcohols with copper catalysts using oxygen.

Entry Substrates Co-oxidant Ligand/Complex Additive Reaction conditions Yields # of examples Ref

1 Benzylic 1 mol% CuCl2 1.2 equiv CsCO3 Toluene, 40 °C, O2,
12 h

72–94% 9 431

2 Benzylic 1° Aliphatic 0.25 M NaOH H2O, 100 °C, 10 atm
O2, 3 h

57–99% conv 5 432

3 Propargylic 10 mol% Cu-
nanoparticles
10 mol% bipyridine

PhMe, air, 80 °C, 8
h

80–95 6 433

4 Benzylic Allylic 1°
Aliphatic 2°
Aliphatic

Graphite
electrode,
−0.55 V

0.03 mol% 2,2'-
bisquinoline polymer

0.15 M LiClO4,

0.05 M
Bu4NBF4

CH2Cl2, air, rt 85–94% 5 434

5 Benzylic 2 equiv CuCl
2 equiv phen

2 equiv K2CO3 Benzene, reflux, O2 83–93% 3 435

6 Benzylic 2 equiv CuCl
2 equiv phen

2 equiv K2CO3 Benzene, reflux, O2 65–86% 4 436

7 Benzylic 5 mol% Cu(OAc)2

5 mol% phen
1:1 DMF/Benz ene,
reflux, O2, 2 h

54–70% 3 437

8 Benzylic NaOH (pH 13.2) H2O, 80 °C, 10 bar
O2,

54–74% 5 438
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Table 11

Aerobic alcohol oxidations employing the copper and N-oxyl radical co-catalytic system.

Entry Substrates Co-oxidant Ligand/Complex Additive Reaction conditions Yields (%) # of Ref
examples

1 Benzylic
Allylic
1° Aliphatic

5 mol%
TEMPO

5 mol% Cu(MeCN)4X
X = OTf−, BF4

−, PF6
−

5 mol% bipy

10 mol%
NMI

MeCN, air, O2, rt 79–98 37 441

2 Benzylic,
Allylic
1° Aliphatic

10 mol%
TEMPO

10 mol% CuCl DMF, 25 °C, 1
atm O2, 1–7 h

85–96 8 417

4 Benzylic
Allylic 1° and
2°
Aliphatic

3.5–10 mol%
TEMPO

C8F17Br/PhCl, 90
°C, O2, 1–10h

69–97 21 442

5 Benzylic
Allylic
1° and 2°
Aliphatic

5 mol%
TEMPO

2.5 mol%
[phenCu(μCl)]2Cl2

50 mol%
K3PO4 or
K2CO3

MeCN, rt, O2, 2 h 65–95 13 443

6 Benzylic
Allylic
1° Aliphatic

5 mol%
TEMPO

5 mol% CuBr2

5 mol% bipy
5 mol%
t-BuOK

2:1 MeCN/H2O, 25
°C, air, 2.5–5 h

91–100 (conv) 4 444

7 Benzylic
Allylic
1° Aliphatic

5 mol%
TEMPO

Toluene, 100 °C,
O2, 9–26 h

70–99 12 445

8 Benzylic
1° Aliphatic

3.5–10 mol%
TEMPO

PhCl, 90 °C, O2,
6–9 h

96–100 10 446

9 Benzylic
Allylic
1° Aliphatic

3 mol%
TEMPO

3 mol% CuBr2 or
Cu(OTf)2

3 mol% bipy,

6 mol% NMI
or DBU

MeCN, rt, 1–5 h, 1
atm O2

55–94 11 447

10 Benzylic
Allylic
1° Aliphatic

Built into
ligand

5 mol%
t-BuOK

2:1 MeCN/H2O,
50 °C, O2, 3–10h

61–100 (conv) 3 448

11 Benzyilc
Allylic
1° Aliphatic

5 mol%
TEMPO

5 mol% CuBr2

5 mol% bipy
5 mol% t-BuOK 2:1 MeCN/H2O,

rt, O2, 2–14h
61–100 (conv) 4 449

12 1° Aliphatic 50 mol%
TEMPO

50 mol%
CuCl

Visible light DMF, 25 °C, air,
14–140 h

50–72 5 450

13 1° Allylic 10 mol%
TEMPO

10 mol% CuCl DMF, O2 rt, 2 h 75–92 6 451

14 Benzylic Allylic 5 mol%
TEMPO

0.5–2.5 mol% Cu(0)
powder
2.5–5 mol% bipy

NaOH (pH
13)

2:1 MeCN/H2O,
25 °C, O2, 4–30 h

69–99 (conv) 5 452
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Entry Substrates Co-oxidant Ligand/Complex Additive Reaction conditions Yields (%) # of Ref
examples

15 Benzylic Allylic 5 mol%
Cu(ClO4)2•H2O
10 mol% DMAP

[bmpy][PF6], rt,
O2, 5 h

77–92 11 453

16 Benzylic
Allylic

10 mol%
DABCO

DMSO, rt, O2, 2 h 71–98 9 454

17 Benzylic
Allylic

10 mol% t-
BuOK

2:1 MeCN/H2O,
80 °C, O2, 18 h

32–100 18 455

18 Benzylic
Allylic

2 mol%
TEMPO

Toluene, 60 °C,
O2, 1–2 h

26–100 (conv) 20 456

19 Benzylic
Allylic

5 mol% CuBr2 5 mol% t-
BuOK

Air, MeCN/H2O,
rt, 84 h

64–96 17 457

20 Benzylic
Allylic

5 mol%
TEMPO

5 mol% CuCl [bmim][PF6], 65
°C, O2, 15 h

50–96 12 458

21 Benzylic
Allylic

12.5 mol%
TEMPO

10 mol% CuBr2

10 mol% bipy
10 mol%
NaOMe

2:1 MeCN:H2O,
microbubbled air,
30 °C, 12 h

73–98
(conv)

7 459

22 Benzylic
Allylic

3 mol%
TEMPO

1:1 MeCN:H2O, O2,
80 °C, 2 h

83–10 (conv) 9 460
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Entry Substrates Co-oxidant Ligand/Complex Additive Reaction conditions Yields (%) # of Ref
examples

23 Benzylic,
allylic

2° 6 mol%
TEMPO

– Perfluoroheptane/
PhCl
O2, 90 °C, 8 h

60–100 (conv) 3 461

24 Benzylic 5 mol%
TEMPO

1–5 mol% CuSO4

1–5 mol% phen
NaOH (pH
12.6–13.5)

H2O, 10 bar O2,
80 °C

62–100
(conv)

11 462

25 Benzylic 5 mol%
TEMPO

5 mol% CuCl
5 mol% DABCO

Toluene, 100 °C,
O2, 2–24 h

51–98 20 463

26 Benzylic 5 mol% CuCl 3 Å MS [bmim][PF6], 80
°C, O2, 3–9.5 h

70–91 6 464

27 Benzylic 5 mol%
TEMPO

5 mol% CuCl 10 mol%
pyridine

[bmim][PF6], 65
°C, O2, 2–7 h

71–90 7 465

28 Benzylic 1 mol% CuBr
2 mol% DMAP

Piperylene
sulfone, rt, O2, 3–5 h

84–98 9 466

29 Benzylic Neat, 25 °C, O2,
0.5–1 h

89–96 8 467

30 Benzylic 50 mol%
TEMPO

73 mol% Cu3(BTC)2

MOF
1 equiv
Na2CO3

MeCN, 75 °C,
O2, 22 h

52–89 5 468

31 Benzylic 20 mol%
resin-
supported
TEMPO

20 mol% resin-
supported
CuCl-Phen

DMF, air, rt, 24 h 100
(conv)

4 469
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Entry Substrates Co-oxidant Ligand/Complex Additive Reaction conditions Yields (%) # of Ref
examples

32 Benzylic 5 mol%
TEMPO

33 mol%
K2CO3

H2O, 50 °C, air,
22–44 h

68–95 4 470

33 Benzylic 5 mol%
TEMPO

0.1 M K2CO3 H2O, rt, O2, 2–20 h 68–100 (conv) 7 471

34 Benzylic 5 mol% TEMPO 0.1 M K2CO3 H2O, 40 °C, air,
6–22 h

91–99 2 472

35 Benzylic 5 mol%
TEMPO

0.1 M K2CO3 H2O, 50 °C, air,
22 h

29–91 5 473

36 Benzylic 5 mol%
TEMPO

0.1 M K2CO3 H2O, 50 °C, air,
22 h

48–99 5 474

37 Benzylic 5 mol%
TEMPO

0.1 M K2CO3 H2O, 80 °C, air,
18 h

74–98 5 475

38 Benzylic 3 mol% TEMPO 2:1 MeCN/H2O,
70 °C, O2, 4–6 h

54–74 4 476

39 Benzyl Alcohol 5 mol%
TEMPO

5 mol% t-
BuOK

2:1 MeCN/H2O,
50 °C, O2, 24 h

99%
(conv)

1 477
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Entry Substrates Co-oxidant Ligand/Complex Additive Reaction conditions Yields (%) # of Ref
examples

40 Benzyl Alcohol 10 mol% CuCl DMF, 25 °C, O2,
1.5 h

96%
(conv)

1 478

41 4-nitrobenzyl
alcohol

6 mol%
TEMPO

C7FI6, 90 °C, O2,
8 h

96
(conv)

1 71

42 Benzyl Alcohol Built into
ligand

5 mol% t-
BuOK

2:1 MeCN/H2O,
50 °C, O2, 24 h

84
(conv)

1 479

43 Benzyl Alcohol 20 mol%
TEMPO

2:1 MeCN/H2O,
rt

TON =
9 h−1

1 480
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Table 12

Aerobic alcohol oxidations employing the copper and diazodicarboxylate co-catalytic system.

Entry Substrates Co-oxidant Ligand/Complex Additive Reaction conditions Yields (%) # of Ref
examples

1 Benzylic
Allylic
1° and 2°
Aliphatic

5 mol% DBAD 5 mol% CuCl
5 mol% phen

2 equiv
K2CO3

Toluene, 1 atm
O2, 79–90 °C,
1–2 h

78–97 9 418a

2 Benzylic
Allylic
1° and 2°
Aliphatic

5 mol% DBAD 5 mol% CuCl
5 mol% Phen

25 mol%
K2CO3

PhF, 1 atm O2,

80 °C, 3–8h
65–93 9 418b

3 Benzylic
Allylic
1° and 2°
Aliphatic

5 mol% DBAD 5 mol% CuCl
5 mol% Phen

2 equiv
K2CO3

PhMe, 1 atm O2,
90 °C

65–89 9 418c

4 Benzylic
Allylic
1° and 2°
Aliphatic

5 mol% DBAD 5 mol% CuCl
5 mol% Phen

5 mol%
KOt-Bu

PhF, 1 atm O2,

80 °C, 3–8h
78–97 9 503a

5 Benzylic
1° and 2°
Aliphatic

5 mol% DBADH2 [bmim][PF6], 80
°C, O2, 1.5–3 h

81–99
(conv)

8 502

6 Benzylic
1° Aliphatic

5 mol% DBAD 5 mol% CuCl
5 mol% phen
7 mol% NMI

5 mol% t-BuOK PhF, 70–80 °C, O2, 83–95 12 503b

7 Allenic 20 mol% DBAD 20 mol%
CuCl 10 mol% phen
10 mol% bipy

50 mol%
K2CO3

PhMe, air (20
atm), 35 °C, 10 h

61–91 10 504

8 Benzylic o-xylene, O2, 60
°C

75–99 6 505
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Table 13

Aerobic alcohol oxidations employing galactose oxidase mimics.

Entry Substrates Co-oxidant Ligand/Complex Additive Reaction conditions Yield (%) # of examples Ref

1 Benzyl Alcohol
Ethanol Methanol

– 90 mol% Bu4NOMe CH2Cl2, rt, air, 15 h 72 1 506

2 Benzylic Allylic 1°
Aliphatic

t-BuOK MeCN/H2O, O2, 8 h 65–92 (conv) 5 507

3 Ethanol Benzyl alcohol – 0.4 mol% NEt3, 20° C, THF, 12 h,
air

60–63 2 508

4 Ethanol Benzyl alcohol – 20 °C, air, 20 h 55 2 509

5 Benzyl Alcohol – 2 mol% Bu4NOMe MeCN, rt, air, 10 h Not given 1 79d,510

6 Ethanol iso-propanol
hydroxyaceto ne

– 0.1 M KOH in
EtOH

40 °C, 1 atm O2, 10
h

Not given 3 511

7 Benzyl alcohol – cat. KOH O2 Not given 1 512
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Entry Substrates Co-oxidant Ligand/Complex Additive Reaction conditions Yield (%) # of examples Ref

8 Methanol – O2, CH2Cl2 Not given 1 513
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Table 14

Oxidation of diols, benzoins, and steroids by copper and molecular oxygen.

Entry Substrate Product Ligand/Complex Additive Reaction conditions Yield (%) Ref

Oxidation of diols

1 1 equiv CuCl pyridine air, 30°C, 4 h 50 526

2 1 equiv Cu° Pyridine 3 atm O2, rt, 5 h 60 527

3 1 equiv Cu° Pyridine 3 atm O2, rt, 24 h 90 527

4 1 equiv Cu° Pyridine 3 atm O2, rt, 5 h 88 527

5 1 equiv Cu° Pyridine 3 atm O2, rt, 24 h 70 527

6 1 equiv Cu° Pyridine 3 atm O2, rt, 5 h 50 527
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Entry Substrate Product Ligand/Complex Additive Reaction conditions Yield (%) Ref

7 1 equiv Cu° Pyridine 3 atm O2, rt, 24 h 82 527

Oxidation of benzoins to benzils

8 2 equiv CuSO4 Pyridine Air, H2O, 90 °C, 2 h 86 521

9 2 equiv CuSO4 Pyridine Air, H2O, 90 °C, 2 h 97 522

10 20 mol%
[Cu(CH3CN)4]B F4

O2, DMSO, 20 °C, 2
h

88 523

11 20 mol%
[Cu(CH3CN)4]B F4

O2, DMSO, 20 °C, 2
h

86 523

12 20 mol%
[Cu(CH3CN)4]B F4

O2, DMSO, 20 °C, 2
h

36 523

13 20 mol%
[Cu(CH3CN)4]B F4

O2, DMSO, 20 °C, 2
h

61 523

14 20 mol%
[Cu(CH3CN)4]B F4

O2, DMSO, 20 °C, 2
h

85 523

15 1 equiv Cu(acac)2 Air, CH2Cl2, reflux,
4 h

62 524
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Entry Substrate Product Ligand/Complex Additive Reaction conditions Yield (%) Ref

16 3 equiv Cu(acac)2 Air, CH2Cl2, reflux,
4 h

60 524

17 1 equiv Cu(acac)2 Air, CH2Cl2, reflux,
4 h

62 524

18 1 equiv Cu(acac)2 Air, CH2Cl2, reflux,
4 h

58% 524

Oxidative cleavage of benzils

19 4 equiv CuCl Pyridine air, 30 °C, 4 h 86 526

20 1 equiv CuCl Pyridine O2, 20 °C, 1.5 h 92 525

21 1 equiv CuCl Pyridine O2, 20 °C, 2 h 96 525

22 1 equiv CuCl Pyridine O2, 20 °C, 1.5 h 88 525

23 1 equiv CuCl Pyridine O2, 20 °C, 2.5 h 92 525

24 1 equiv CuCl Pyridine O2, 20 °C, 2 h 90 525
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Entry Substrate Product Ligand/Complex Additive Reaction conditions Yield (%) Ref

25 1 equiv CuCl Pyridine O2, 20 °C, 2 h 85 525

Oxidation of steroids

26 3 mol% Cu(OAc)2 Air, MeOH, H2O,
AcOH, 55 °C, 14 h

Not given 528

27 3 mol% Cu(OAc)2 Air, MeOH, H2O,
AcOH, 55 °C, 14 h

Not given 528

28 12.5 mol% Cu(OAc)2 Air, MeOH, rt, 15
min

94 538

29 28 mol% Cu(OAc)2 Air, MeOH, rt, 1 h 60 529

30 50 mol% Cu(OAc)2 Air, MeOH, rt, 1 h 95 530

31 45 mol% Cu(OAc)2 Air, MeOH, rt, 40
min

90 531

32 Cu(OAc)2 O2, MeOH 90 532

33 8 mol% Cu(OAc)2 Air, MeOH, 1.5 h 80 533

Oxidation of steroids with hydride transfer
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Entry Substrate Product Ligand/Complex Additive Reaction conditions Yield (%) Ref

34 50 mol% Cu(OAc)2 Air, MeOH, 1 h Not given 534

35 Cu(OAc)2 O2, MeOH Not given 535
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Table 15

Oxidative deamination of 1,2-dihydrazones using copper and oxygen.

Entry Substrate Product Ligand/Complex Reaction conditions Yield (%) Ref

1 2 equiv CuCl O2, pyridine, rt, 1.5 h same as
scheme above

97 609

2 20 mol% Cu(OAc)2 O2, MeOH, PhH, rt. 1.5 h 78% 617

3 4 equiv CuCl O2, pyridine, CH2Cl2, rt 78 615

4 2 equiv CuCl Air, pyridine, rt, 18 h 87 616

5 2 equiv CuCl Air, pyridine, rt, 18 h 81 616

6 40 mol% CuCl O2, pyridine, rt, 3 h 72 617

7 50 mol% CuCl O2, CH2Cl2, rt, 3 h 97 615

8 2.5 equiv CuCl O2, pyridine, rt, 2 h 57 618

9 2.5 equiv CuCl O2, pyridine, rt, 2 h 82 618
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Entry Substrate Product Ligand/Complex Reaction conditions Yield (%) Ref

10 2.5 equiv CuCl O2, pyridine, rt, 2 h 81 618

11 1.7 equiv CuCl O2, pyridine, rt, 1 h 82–88 619
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Table 16

Oxidative dimerization of phenols using copper and molecular oxygen.

Entry Starting Material Product(s) Copper Complex conditions Yield (%) ref

2,6-disubstitutcd phenols

1 12 mol% CuCl O2, DMA, 90 °C,
40 Min

74 693

2 O2, CH2Cl2, 15
Min

not given 694

3 7.4 mol% CuC 14.8 mol%
TMEDA

O2, neat, 85°C 55 695, 696

4 O2, CH2Cl2, rt, 2 h TON = 2
h−1

697
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Entry Starting Material Product(s) Copper Complex conditions Yield (%) ref

5 0.1 mol% Cu(II)-urea oligomer air, CHCl3, rt, 3 h 35 698

6 O2, CH2Cl2, rt not given 699

7 O2, CH2Cl2, rt not given 700

8 0.5 mol% Cu(OAc)2 0.17 mol%
sodium lauryl sulfate

O2, NaHCO3 H2O,
80 °C, 6 h

80 701
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Entry Starting Material Product(s) Copper Complex conditions Yield (%) ref

9 0.25 mol% 0.5 mol% Cu(OAc)2 O2, 1M NaOH,
H2O, 60 °C, 6 h

62 702

10 0.075 mol% CuCl(OH)TMEDA O2, MeOH, 50 °C,
3.5 h

38 703

11 O2, phosphate
buffer (pH=6.8), 6
h

85 703

12 Cu(NO3)2 02, MeCN 100 704

13 1.3 mol% Cu(morpholine-)2Cl2 O2, MeOH, rt, 3 h 90 715
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Entry Starting Material Product(s) Copper Complex conditions Yield (%) ref

14 02, MeOH, PhH,
rt, 20 h

80 705

15 5 mol% Cu(OAc)2 20 mol%
LiBr

02, AcOH/Ac2O,
70 °C, 1 h

60 104

16 O2, CH2Cl2, rt, 2 h TON = 2.3 697

17 Cu(II)-poly(vinylpyridine) KOH O2, CHCl3/MeOH,
30 °C

not given 697

18 O2, DMF, 24 h, rt not given 706
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Entry Starting Material Product(s) Copper Complex conditions Yield (%) ref

19 cat. CuCl cat. TMEDA O2, 97 °C, 1 h 47 707

20 25 mol% CuCl 50 mol%
TMEDA

O2, 95% EtOH, 2
h, rt

86 708

21 O2, MeOH, PhH,
rt, 20 h

91 705

22 1.1 mol% Cu(morpholine-)2Cl2 O2, MeOH, rt, 3 h 85 715

2,3,6-trisubstituted phenols

23 0.01 mol% Cu(OAc)2 sodium
lauryl sulfate NaOH (ph = 13 ±
0.5)

O2, H2O, 85 °C 89 709

2,4,6-trisubstituted phenols
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Entry Starting Material Product(s) Copper Complex conditions Yield (%) ref

24 22 mol% CuCl morpholine O2, MeOH, rt, 3 h 85 715

25 1.4 mol% Cu(morpholine-)2Cl2 O2, MeOH, rt, 3 h 90 715

26 47 mol% CuCl morpholine O2, MeOH, rt, 3 h 95 715

2/1-disubstitutcd phenols

27 O2, phosphate
buffer (pH=6.8), 6
h

91 710

28 O2, CH2Cl2, rt, 20
min

80 711
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Entry Starting Material Product(s) Copper Complex conditions Yield (%) ref

29 2.8 equiv Cu(OAc)2 7.6 equiv
imidazole

CHCl3, MeOH rt,
3 h

80 715

30 0.5 mol% CuCl 1 mol%
TMEDA

air, o-
dichlorobenzene,
40 °C, 2 h

91 712

31 O2, MeOH, rt, 30
min

86 713

32 8 mol% CuCl 8 mol% TMEDA air, EtOH, 40 °C,
2 h

64 712

33 94 mol% Cu(morpholine)2Cl2 O2, MeOH,
MeCN, rt, 3 h

95 715
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Entry Starting Material Product(s) Copper Complex conditions Yield (%) ref

34 2 mol% CuCl2 4 mol% ethylene
diamine

O2, MeOH, 25 °C,
24 min

85 714

35 O2, CH2Cl2, rt, 2 h TON = 8.5
h−1

697

36 4.9 mol% CuCl morpholine O2, MeOH, rt, 3 h 60 715, 716

37 0.59 mol% Cu(morpholine)2Cl2 O2, MeOH, rt, 3 h 90 715

38 O2, KOH, MeOH,
3 Å MS, 35 °C, 4
h

64 717

2,4,5-trisubstitutcd phenols
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Entry Starting Material Product(s) Copper Complex conditions Yield (%) ref

39 24 mol% CuCl pyridine O2, MeOH, rt, 3 h 80 715

40 cat. CuCl2 cat. TMEDA air, MeOH, 50 °C,
1 h

84 707

4-substituted phenols

41 O2, MeCN/CH2Cl2 65 718

3/1-disubstitutcd phenols

42 2.3 mol% Cu(morpholine)2Cl2 O2, MeOH, rt, 3 h 95 715

catechols and hydroquinones
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Entry Starting Material Product(s) Copper Complex conditions Yield (%) ref

43 O2, EtOH, AcOH,
78 °C, 3 h

75 650

44 O2, EtOH, AcOH,
78 °C, 3 h

75 650

45 O2, EtOH, AcOH,
78 °C, 3 h

75 650

46 O2, EtOH, AcOH,
78 °C, 3 h

65 650
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Table 17

Racemic copper-catalyzed aerobic oxidative polymerization of naphthols.

Entry Monomer Cu cat Ligand Conditions MW MN MW/MN Yield (%) Ref

Naphthols with two reactive sites

1 5 mol% CuCl(OH)TMEDA - Air,
MeO(CH2)2O
H, 25 °C, 3 h

- 52,000 1.8 100 723

2 5 mol% Cu(EDTA)•4H2O 14 equiv (HOCH2)3CNH2 Air, H2O, rt,
24 h

- 5,300 4.19 71 724

3 20 mol% CuCl2 O2, CH2Cl2/
Me0 H, rt, 48

h

- 4,400 1.8 79 725

4 20 mol% CuCl2 O2, CH2Cl2/
Me0 H, rt, 48

h

- 4,400 3.0 63 725

Two Linked Naphthols

5 5 mol% CuCl(OH)TMEDA air, CH2Cl2,
rt, 24 h

33,0 00 12,700 2.6 98 726
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Entry Monomer Cu cat Ligand Conditions MW MN MW/MN Yield (%) Ref

6 5 mol% CuCl(OH)TMEDA air, NMP,
MeO(CH2)2O

H, 18 h, rt

- 10,500 4.1 83 727
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Table 19

Aerobic copper-catalyzed oxygenation of phenols to catechols.

Entry Starting Material Product(s) Copper Complex conditions Yield (%) ref

1 O2, acetone, then
phenolate, −55 °C, 0.5 h

90 870

2 Ar, pH 5.1, then O2, 20 °C,
1 h

83 871

3 O2, acetone, then phenolate 60 872

4 Ar, MeCN, 2 h, then O2, 2
h −23 °C

37 873,874
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Entry Starting Material Product(s) Copper Complex conditions Yield (%) ref

5 Ar, MeCN, 2 h, then O2, 2
h, rt

76 874

6 Cu0 O2, MeCN, 50 °C 100 875

7 O2, acetone, then phenolate 69 872

8 O2, acetone, then phenolate 90 872

Chem Rev. Author manuscript; available in PMC 2014 August 14.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Allen et al. Page 847

Entry Starting Material Product(s) Copper Complex conditions Yield (%) ref

9 O2, 5:1 CH2Cl2:MeCN, rt,
14 d

68 876
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Table 20

Copper-catalyzed oxygenation of phenols to ortho-quinonts.

Entry Starting Material Product(s) Copper Complex conditions Yield (%) rate info ref

1 O2,
CH2C12 rt,
24 h

100 883

2 O2,
MeOH,
pH 5.1
buffer,

kcat/KM = 9800 871

3 O2,
MeCN, rt,
15 min

40 884

4 Cu0 O2,
MeCN, 25
°C, 4h

62 885,886,887,888
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Table 21

Copper-catalyzed aerobic oxygenation of phenols to para-quinones.

Entry Starting Material Product(s) Copper Complex conditions Yield (%) ref

1 7 mol% CuBr 70 atm O2,
MeCN, 60 °C, 1 h

74 891

2 42 mol% CuCl2 34 atm O2 DMF,
100 °C, 30 min

58 892

3 7 mol% CuCl2
7 mol% BeO

51 atm 2:3 O2/N2

MeCN, 65 °C, 3 h
55 893
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Entry Starting Material Product(s) Copper Complex conditions Yield (%) ref

4 10 mol% CuCl 136 atm O2

MeCN/MeOH,
100 °C, 1 h

54 894

5 1.2 equiv CuCl2 30 atm O2,
acetone/H2O, 60
°C, 3 h

75 895

6 8 mol% CuCl 95 atm O2,
MeCN, 40 °C, 20
min

67 891

7 8 mol% CuCl 105 atm O2,
MeCN/H2O,
60 °C, 20 min

69 891
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Entry Starting Material Product(s) Copper Complex conditions Yield (%) ref

8 1.2 equiv CuCl2 30 atm O2, DMF,
60 °C, 3 h

41 895

9 1.2 equiv CuCl2 29 atm O2,
MeCN/H2O,
50 °C, 20 min

84 891

10 1.2 equiv CuCl2 30 atm O2,
acetone/H2O, 60
°C, 2.5 h

75 895

11 5 mol% CuCl2 33 atm O2,
MeCN, 40 °C, 20
min

86 891

12 1.2 equiv CuCl2 30 atm O2, DMF,
60 °C, 2 h

77 895
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Entry Starting Material Product(s) Copper Complex conditions Yield (%) ref

13 10 atm O2,
DMSO, 60 °C

43 1043

14 10 mol% CuCl 29 atm O2,
MeCN/H2O,
50 °C, 20 min

96 891

15 1.2 equiv CuCl2 30 atm O2,
acetone/H2O, 60
°C, 2.5 h

85 895

16 10 mol% CuCl 29 atm O2,
MeCN/H2O,
50 °C, 20 min

82 891

17 1.2 equiv CuCl2 30 atm O2,
acetone/H2O, 60
°C, 2.5 h

82 895

18 10 atm O2,
DMSO, 60 °C

68 1043

19 1 equiv KSCN 34 atm O2, DMF, 100 896
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Entry Starting Material Product(s) Copper Complex conditions Yield (%) ref

60 °C, 7 min

20 10 atm O2,
DMSO, 60 °C

93 1043

21 1 equiv CuCl O2, MeCN, rt, 80 897

22 1 equiv Cu(ClO4)2 air, MeCN/H2O,
pH = 10, 30 min,
rt

53 898

23 1.2 equiv CuCl2 O2, DMF/H2O,
60 °C, 3 h

99 895

24 O2, n-hexanol, 75
°C, 5 h

96 899

25 1.2 equiv CuCl2 O2, acetone/H2O,
60 °C, 3 h

96 895

26 5 mol% CuCl2 • H2O
10 mol% NH2OH • HCl

1.13 atm O2, t-
BuOH, 40 °C, 2 h

96 900, 901
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Entry Starting Material Product(s) Copper Complex conditions Yield (%) ref

27 10 mol% CuCl2
10 mol% MgCl2

O2, n-
dodecanol, 80 °C,
6.5 h

95 902

28 10 atm O2,
DMSO, 60 °C

95 1043

29 1 equiv Li[CuCl] • 2H2O
3 equiv LiCl

1 atm O2, H2O/n-
hexanol, 60 °C, 1 h

95 889

30 1 equiv CuCl • H2O
6 equiv LiCl

O2, toluene/n-
PrOH, 60 °C, 4 h

95 903

31 O2, 80 °C, 1 h 89 904

32 9.9 atm O2, n-
BuOH, 60 °C, 5 h

86 905

33 10 mol% CuCl2 • 2H2O
10 mol% Et2NH•HCl

1 atm O2, n-
hexanol, 60 °C, 4 h

84 906
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Entry Starting Material Product(s) Copper Complex conditions Yield (%) ref

34 10 mol% Cu2O HCl(g) then
NaOMe, air, i-
PrOH/MeOH, 60 °C, 21
h

72 907

35 1.2 equiv CuCl2 O2,
HO(CH2)2OMe,
60 °C, 4 h

99 895

36 1 equiv CuCl O2, MeCN, rt 70 897

37 10 mol% CuCl 28 atm O2,
MeCN/H2O,
50 °C, 20 min

61 891

38 1 equiv CuCl O2, MeCN, rt 80 897

39 9.9 atm O2, n-
BuOH, 60 °C, 5 h

47 905
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Table 22

Catalysts for the copper-catalyzed aerobic oxidation of 3,5-di-tert-butylcatechol to 3,5-di-tert-butylquinone.

Entry Copper Complex Conditions yield (%) Rate information Ref

1 O2, MeOH kcat = 32400 h−1 913

2 O2, MeOH kcat = 7200 h−1 914

3 O2, MeCN kcat = 5470 h−1 915

4 O2, MeOH kcat = 12.4 h−1 916

5 O2, MeOH kcat = 941 h−1 917

6 O2, 5% H2O, in MeOH kcat = 5048 h−1 918
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Entry Copper Complex Conditions yield (%) Rate information Ref

7 O2, MeOH kcat = 3800 h−1 919

8 O2, MeOH kcat = 3300 h−1 920

9 O2, DMF kcat = 3120 h−1 921

10 O2, MeOH kcat = 393 h−1 922

11 O2, MeOH kcat = 283 h−1 923

12 MeOH, NaOMe, 99% TON = 216 h−1 924

13 O2, MeCN kcat = 215 h−1 925

Chem Rev. Author manuscript; available in PMC 2014 August 14.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Allen et al. Page 858

Entry Copper Complex Conditions yield (%) Rate information Ref

14 O2, MeOH kcat = 109 h−1 926

15 O2, MeOH kcat = 81 h−1 927

16 O2, MeOH kcat = 48 h−1 928

17 O2, MeOH, 100 min 68% conv TON = 41 h−1 929

18 O2, MeOH TON = 31.6 h−1 930

19 O2, MeOH kcat = 28.2 h−1 931

Chem Rev. Author manuscript; available in PMC 2014 August 14.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Allen et al. Page 859

Entry Copper Complex Conditions yield (%) Rate information Ref

20 O2, MeOH kcat = 18 h−1 932

21 O2, MeOH, 15 °C, 6 h 100% kcat = 16 h−1 933

22 O2 MeOH TON = 1.3 h−1 934

23 O2, DMF, 40 °C kcat = 1.09 h−1 935

24 O2 not given 936

25 O2, MeOH not given 937

26 O2, MeCN kcat = 28908 h−1 938
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Entry Copper Complex Conditions yield (%) Rate information Ref

27 O2, MeOH kcat = 2994 h−1 939

28 O2, MeOH kcat = 64 h−1 940

29 O2, MeOH kcat = 41.3 h−1 941

30 O2, MeOH TON = 41 h−1 942

31 O2, MeOH kcat = 28.2 h−1 943

32 O2, MeOH TON = 22 h−1 944

33 O2, MeOH TON = 21.5 h−1 945
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Entry Copper Complex Conditions yield (%) Rate information Ref

34 O2 sodium dodecyl sulfate, H2O kcat = 12.6 h−1 946

35 O2, MeOH kcat = 12.4 h−1 947

36 O2, MeOH kcat = 6 h-2 948

37 O2, MeOH, pH = 6.8 kcat = 5.69 h−1 949

38 O2, MeOH kcat = 5.24 h−1 950

39 −80 °C, CH2Cl2 95% 951

40 O2, KOH, MeOH kobs = 0.0050 h−1 952

41 O2, MeOH not given 953
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Entry Copper Complex Conditions yield (%) Rate information Ref

42 O2, MeOH does not follow Michaelis-Menten 954

43 O2, MeOH kcat = 6502 h−1 955

44 O2, MeOH kcat = 2804 h−1 956

45 O2, NaOH, MeOH kcat = 576 h−1 957

46 O2, MeOH kcat = 66 h−1 958

47 O2, 70% MeCN in H2O kcat = 1.8 h−1 959

48 O2, MeOH/aq buffer pH = 5.0 kcat = 1044 h−1 960

49 O2, MeOH kcat = 331 h−1 961

50 O2, MeOH kcat = 118 h−1 962
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Entry Copper Complex Conditions yield (%) Rate information Ref

51 O2 MeOH, pH=8.5 kcat = 23.4 h−1 963

52 O2, MeCN kcat = 23 h−1 964

53 O2, MeOH kcat = 21.2 h−1 965

54 O2, MeOH kcat = 20.5 h−1 966

55 O2, MeOH/aq buffer pH = 5.0 kcat = 19.8 h−1 967

56 O2, MeOH, pH=8 kcat = 11.2 h−1 968

57 O2, MeOH/aq buffer pH = 5.1 kcat = 3 h−1 969

58 O2, MeOH not given 970

59 O2, MeCN kcat = 900 h−1 971
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Entry Copper Complex Conditions yield (%) Rate information Ref

60 O2, MeOH kcat = 214 h−1 972

61 O2, MeOH kcat = 189 h−1 973

62 air, MeOH kcat = 40.0 h−1 974

63 O2, MeOH kcat = 36.5 h−1 975

64 O2, MeOH kcat = 25.8 h−1 976

65 O2, MeOH kcat = 21.4 h−1 977

66 O2, DMF kcat = 4.31 h−1 978
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Entry Copper Complex Conditions yield (%) Rate information Ref

67 O2, MeCN kcat = 3.19 h−1 979

68 O2, DMF kcat = 0.804 h−1 980

69 O2, MeCN TON = 36 h−1 981

70 O2, MeOH kcat = 24.2 h−1 982

71 O2, MeOH/MeCN 67% conv TON = 12 h−1 983

72 air, DMF kcat = 0.9511 h−1 984

73 O2, MeOH, rt, 6 h 65% conv 985
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Entry Copper Complex Conditions yield (%) Rate information Ref

74 O2, MeOH kcat = 10.1 h−1 986

75 O2, 60% MeOH in H2O kcat = 9.6 h−1 987

76 O2, MeOH, pH = 9.0 kcat = 9.36 h−1 988

77 O2, NEt3, MeOH TON = 174 h−1 989

78 O2, NEt3, MeOH TON = 137 h−1 990

79 O2, MeOH, 48 h 92.6% kcat = 12.8 h−1 991

80 O2, MeOH kcat = 2.4 h−1 992
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Table 23

Other catechols examined in the copper-catalyzed aerobic oxidation reaction.

Entry Starting Material Product(s) Copper Complex conditions rate info ref

1 kobs = 349 h−1 996

2 air, water, pH =
7.05

kobs = 15.6 h−1 1003

3 air, H2O kobs = 2.28 h−1 1002

4 O2, MeOH kobs = 1.08 h−1 997

5 O2, DMF kobs = 0.804 h−1 998

6 O2, MeOH/H2O kcat = 0.047 h−1 999
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Entry Starting Material Product(s) Copper Complex conditions rate info ref

7 Cu(NO3)2•3H2O O2, H2O, pH = 5.3 kobs = 5.28×105 M−1/2

s−1

1000

8 O2, MeOH kobs = 1.44 h−1 1001

9 air, H2O kobs = 1.44 h−1 1002

10 air, water, pH =
7.05

kobs = 0.54 h−1 1003

11 O2, 70% Dioxane
in H2O

none given 1004

12 air, water, pH =
7.05

kobs = 32.4 h−1 1003

13 air, H2O kobs = 2.16 h−1 1002

14 air, H2O, pH = 6.5 kobs = 1.14 h−1 1005

15 air, water, pH =
7.05

kobs = 6.06 h−1 1003
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Entry Starting Material Product(s) Copper Complex conditions rate info ref

16 O2, MeOH TON = 4 h−1 983

17 O2, MeOH/H2O kcat = 0.0058 h−1 999

18 O2, MeOH/H2O kcat = 0.0058 h−1 999

19 air, water, pH =
7.05

kobs = 47.4 h−1 1003

20 air, H2O kcat = 0.78 h−1 1002

21 air, H2O kcat = 0.48 h−1 1002

22 O2, DMF, pH =
8.0

kcat = 750 h−1 1006
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