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CONSPECTUS: Selective oxidation reactions have extraordi-
nary value in organic chemistry, ranging from the conversion
of petrochemical feedstocks into industrial chemicals and
polymer precursors to the introduction of heteroatom
functional groups into pharmaceutical and agrochemical
intermediates. Molecular oxygen (O,) would be the ideal
oxidant for these transformations. Whereas many commodity-
scale oxidations of simple hydrocarbon feedstocks employ O,
as an oxidant, methods for selective oxidation of more complex
molecules bearing diverse functional groups are often incompatible with existing aerobic oxidation methods. The latter limitation
provides the basis for our interest in the development of new catalytic transformations and the elucidation of mechanistic
principles that underlie selective aerobic oxidation reactions. One challenge inherent in such methods is the incommensurate
redox stoichiometry associated with the use of O,, a four-electron oxidant, in reactions that achieve two-electron oxidation of
organic molecules. This issue is further complicated by the use of first-row transition-metal catalysts, which tend to undergo facile
one-electron redox steps. In recent years, we have been investigating Cu-catalyzed aerobic oxidation reactions wherein the
complexities just noted are clearly evident. This Account surveys our work in this area, which has emphasized three general
classes of reactions: (1) single-electron-transfer reactions for oxidative functionalization of electron-rich substrates, such as arenes
and heterocycles; (2) oxidative carbon—heteroatom bond-forming reactions, including C—H oxidations, that proceed via
organocopper(IIl) intermediates; and (3) methods for aerobic oxidation of alcohols and amines that use Cu" in combination
with an organic redox-active cocatalyst to dehydrogenate the carbon—heteroatom bond. These reaction classes demonstrate three
different pathways to achieve two-electron oxidation of organic molecules via the cooperative involvement of two one-electron
oxidants, either two Cu" species or Cu" and a nitroxyl cocatalyst. They show the ability of Cu to participate in traditional
organometallic steps commonly associated with precious-metal catalysts, such as C—H activation and reductive elimination, but
also demonstrate the accessibility of reaction steps not typically associated with precious-metal catalysts, such as single-electron
transfer. Many of the Cu-catalyzed reactions offer advantages over analogous two-electron oxidation reactions mediated by
palladium or other noble metals. For example, carbon—heteroatom oxidative coupling reactions in the first two reaction classes
noted above are capable of using O, as the terminal oxidant, while analogous reactions with Pd commonly require less desirable
oxidants, such as hypervalent iodine or electrophilic halogen sources. In addition, the alcohol and amine oxidations in the third
reaction class are significantly more efficient and show much broader scope and functional group tolerance than related Pd-
catalyzed reactions. The mechanistic basis for these differences are described herein.

1. INTRODUCTION

The selective oxidation of organic molecules is a formidable
challenge in synthetic chemistry. Molecular oxygen is the most
abundant and least expensive oxidant available, but its use is
largely confined to commodity-scale oxidation reactions where
economic and environmental considerations dictate that O, is
the only viable oxidant." Safety concerns and limitations in
reaction scope and/or selectivity have inhibited the use of
aerobic oxidation reactions in the fine chemical, pharmaceutical,
and related industries.” On the other hand, aerobic oxidations
are widespread in nature, and biological aerobic oxidation
reactions provide valuable insights into catalytic mechanisms
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that are compatible with selective liquid-phase oxidation of
organic molecules. Two different classes of these enzymes exist,
oxygenases and oxidases, which differ in the role of O, in the
reaction. Oxygenases directly incorporate oxygen atoms into
the organic molecule (Scheme 1A), while oxidases couple
diverse oxidation reactions to the reduction of O, to water or
hydrogen peroxide (Scheme 1B).

Synthetic modeling of binuclear Cu oxygenases has been the
subject of extensive investigation.” Recent progress includes, for
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Scheme 1. Catalytic Cycles for Copper-Based (A)
“Oxygenase” and (B) “Oxidase” Pathways for Aerobic
Oxidation of Organic Molecules
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example, selective catalytic ortho oxygenation of phenols,
resembling tyrosinase activity.* Our efforts toward the develop-
ment of synthetically useful aerobic oxidation reactions have
taken inspiration from the “oxidase” class of enzymes because
they do not require a sacrificial reductant to activate molecular
oxygen (e.g, NAD(P)H is a common reductant used in
enzymatic oxygenase reactions). Such methods formally enable
any oxidation reaction to be coupled to O, as the
stoichiometric oxidant. Historically, much of our effort has
focused on palladium-catalyzed reactions® involving a Pd™°
cycle in which Pd"-mediated oxidation of alcohols, alkenes, or
C—H bonds is coupled to aerobic oxidation of Pd° to Pd™. The
use of a noble metal, such as palladium, promotes selective
oxidation of the organic molecules because of its tendency to
undergo two-electron redox reactions.

Copper catalysts represent an appealing alternative to
palladium. Not only is copper much less expensive and less
toxic than palladium, but also, Cu-containing oxidases mediate
a wide range of important oxidation reactions in nature, ranging
from outer-sphere electron transfer (e.g., laccases) to
dehydrogenation (e.g,, galactose oxidase).® Extensive efforts
by numerous groups have been directed toward the develop-
ment of nonenzymatic copper catalysts for aerobic oxidation.”
One particular challenge in these reactions, however, is the
tendency of copper to undergo one-electron redox trans-

formations. Whereas Cu!/Cu'l is isoelectronic with Pd°/PdY,
Cu" is the most stable redox state under aerobic conditions.
Therefore, Cu-catalyzed aerobic oxidation reactions must
successfully manage one-electron redox steps to achieve
selective two-electron oxidation of organic molecules.

Numerous successful Cu-catalyzed aerobic oxidation reac-
tions have been developed,” but the mechanisms of these
reactions are not as well understood as aerobic oxidation
reactions catalyzed by palladium and other noble metals. The
present Account summarizes our contributions to the develop-
ment and/or mechanistic characterization of a series of different
Cu-catalyzed aerobic oxidation reactions. The reactions fit into
three general mechanistic pathways (Scheme 2). The first is
initiated by single-electron transfer (SET) from electron-rich
substrates to Cull, as observed in the oxyhalogenation of arenes
and heterocycles (Scheme 2A).° The second involves an
organometallic mechanism that features disproportionation of
two Cu" species into Cu' and Cu™ species (Scheme 2B). Our
work in this area provided the first direct evidence for an
organocopper intermediate in an aerobic oxidation reaction and
revealed factors that contribute to SET versus organometallic
reaction pathways.” The third pathway involves redox
cooperativity between Cu" and a redox-active nitroxyl
cocatalyst (Scheme 2C), which enables highly versatile and
efficient alcohol and amine oxidation reactions.’

The results of our studies have important implications for the
relationship between precious-metal and nonprecious-metal
catalysis. Cu-catalyzed reactions are often more complex
mechanistically than reactions catalyzed by palladium and
other precious metals, but they can offer important advantages.
For example, organo-Cu'™ species undergo more facile
reductive elimination than isoelectronic Pd" species. This
feature explains why organometallic Cu-catalyzed oxidations
(cf. Scheme 2B) can form carbon—heteroatom bonds under
aerobic conditions, while Pd-catalyzed reactions require
hypervalent iodine or other stoichiometric oxidants in related
transformations.**'* In addition, Cu/nitroxyl-catalyzed aerobic
alcohol oxidations exhibit much faster rates and broader
functional group compatibility than analogous Pd-catalyzed
reactions. It is hoped that catalyst development and mechanistic
studies of the type elaborated here will continue to expand the

Scheme 2. Mechanistic Pathways for Copper-Catalyzed Oxidation of Organic Substrates
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scope and utility of aerobic oxidation reactions capable of using
nonprecious-metal catalysts.

2. SINGLE-ELECTRON-TRANSFER AND
ORGANOMETALLIC OXIDATIONS: CATALYTIC
METHODS

The tendency of Cu" to participate in one-electron redox
reactions is often manifested in oxidation reactions of electron-
rich substrates initiated by single-electron transfer. An
advantage of using Cu" as a SET reagent over other reagents
such as Ce', ferrocenium, or high-potential quinones (e.g.,
DDQ) is that it can be regenerated by aerobic oxidation of the
Cu' byproduct.” In an early effort to explore Cu-catalyzed
oxidative functionalization of arenes, we discovered a new
method for regioselective bromination and chlorination of
electron-rich arenes and heterocycles under aerobic conditions
(Figure 1).'"'* Cu-catalyzed aerobic oxyhalogenation of
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Figure 1. Aerobic oxidative halogenation of electron-rich arenes
catalyzed by CuX, sources (X = Br, Cl)."!

electron-rich aromatic molecules provides access to aryl halides,
which are important industrial chemicals and useful inter-
mediates in organic synthesis. The ability to use lithium halide
salts as the source of halogen offers practical advantages over
classical electrophilic halogenation methods that utilize Cl,, Br,,
or other electrophilic halogenation reagents. The results
complement prev10usly reported oxyhalogenation reactions of
phenols and anilines.'>* The strong dependence of the reaction
on the electronic richness of the arene was interpreted as
support for an SET mechanism involving arene radical-cation
intermediates, at least in the case of the oxychlorination
reaction. For example, electron-deficient and electronically
neutral arenes, such as benzene, are unreactive under these
conditions. An electrophilic bromination pathway was also
considered for the oxybromination reactions, which could arise
from in situ aerobic oxidation of bromide to Br,."*
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In the course of these studies, our attention was drawn to
Chan—Evans—Lam coupling reactions, which are versatile Cu-
catalyzed methods for oxidative coupling of arylboron reagents
and diverse N- and O-based nucleophiles (Figure 2)."* Many of
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Figure 2. Chan—Evans—Lam reaction and scope of heteroatom
nucleophiles."

these reactions undergo catalytic turnover in the presence of
O,, but they do not display the reactivity trends expected from
SET reactivity. Instead, it seemed likely that these reactions
represented an unusual example of “organometallic” Cu-
catalyzed aerobic oxidation reactions. The lack of precedent
for organo-Cu intermediates in aerobic oxidation reactions
prompted us to undertake a mechanistic study of these
reactions, which is presented in the next section.

The Glaser—Hay oxidative homocoupling of alkynes (eq 1)
traces its origin to the 19th century. While the mechanism of

cat. CuCI/TMEDA

os)

R

(1)

Acetone, 1 atm O,, RT

these reactions remains the subject of debate,'* the electronic
trends observed in these reactions (i.e., they are not limited to
electron-rich alkynes), the facile activation of the acidic alkyne
C—H bond by copper salts, and the stoichiometric coupling
reactions observed with copper acetylides support the
involvement of an organometallic mechanism. Taking inspira-
tion from the Chan—Evans—Lam and Glaser—Hay oxidative
coupling reactions, we developed a Cu-catalyzed method for
aerobic oxidative amidation of terminal alkynes that combines
features from the two coupling reactions (Figure 3)." After this
report, a number of related reactions involving selective cross-
coupling between terminal alkynes and diverse nucleophiles
have been published by others.”

In an effort to extend Cu-mediated C—H oxidation from
alkynes to alkenes, we developed a method for the preparation
of oxazoles (Figure 4) via oxidative cyclization of enamides.'”
The mechanism of these reactions was not studied in detail, but
the electron-rich nature of the enamide substrate leads us to
believe that an SET mechanism rather than an organometallic
mechanism may be involved. These methods resemble earlier
Cu-catalyzed methods reported by Nagasawa'® and Buchwald"”
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Figure 3. Aerobic Cu-catalyzed amidation of terminal alkynes.">
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Figure 4. Substrate scope of Cu-mediated enamide cyclization."”

for the oxidative synthesis of benzoxazoles and benzimidazoles
from N-aryl amides and amidines.

The small subset of reactions surveyed above highlights
distinctions commonly observed in Cu-catalyzed C—H
oxidation reactions. Different electronic trends in substrate
reactivity provide qualitative evidence that at least two different
pathways could be involved. Nevertheless, a mechanistic
framework for understanding these distinctions was lacking at
the time we began our work, particularly for the “organo-
metallic” reactions.

3. SINGLE-ELECTRON-TRANSFER AND
ORGANOMETALLIC OXIDATIONS: CATALYTIC
MECHANISMS

Our initial foray into the mechanistic investigation of Cu-
catalyzed oxidative coupling reactions focused on the Chan—
Evans—Lam reactions, specifically Cu(OAc),-catalyzed methox-
ylation of p-tolylboronic dimethyl ester.”® The overall reaction
stoichiometry is consistent with a two-stage oxidase-style
mechanism (cf. Scheme 1A), in which two equivalents of
Cu" promote oxidative coupling of the arylboron reagent and
methanol in the first stage, followed by aerobic oxidation of Cu'
to Cu' in the second stage. A more detailed mechanism is
provided in Scheme 3. EPR analysis of the catalytic reaction
mixture showed that the catalyst resting state consists of Cu"
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Scheme 3. Proposed Catalytic Mechanism for Chan—Evans—
Lam Reactions™’
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species with acetate, methanol, and boronic ester-based
methoxide ligands. Kinetic studies showed that the turnover-
limiting step involves transmetalation of the aryl group from
boron to copper (step ii). Steps beyond formation of the aryl-
Cu" intermediate (i.e., steps iii—v) are kinetically invisible, and
two mechanistic pathways were considered to account for the
2:1 Cu:ArB(OMe), stoichiometry of the reaction (Scheme 4).

Scheme 4. Possible Pathways for C—O Bond Formation
from an Aryl-Cu” Species®
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The first involved C—O reductive elimination from Cu"
followed by comproportionation of Cu’ and a second
equivalent of Cu" (Scheme 4A), and the second involved
oxidation of the aryl-Cu" intermediate by a second equivalent
of Cu" followed by C—O reductive elimination from an aryl-
Cu' species (Scheme 4B). The latter mechanism was strongly
favored on two grounds: (1) comproportionation of Cu’ and
Cu" was shown to be thermodynamically unfavorable under the
reactions conditions (instead, Cu' undergoes disproportiona-
tion to Cu’ and Cu'), and (2) the aryl-Cu''/Cu'!
“disproportionation” reactions had direct precedent in a well-
defined stoichiometric reaction, as described further below.?!
An alternate mechanism in which O, oxidizes the aryl-Cu"
intermediate to aryl-Cu™ was excluded on the basis of the
ability of Cu(OAc), to mediate kinetically competent
stoichiometric oxidative coupling of the boronic ester and
methanol under anaerobic conditions. The role of O, is simply
to promote oxidation of Cu' to Cu" in the final step of the cycle

(step v).
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Our studies of the Chan—Evans—Lam reactions highlighted
the potential involvement of organo-Cu" and/or -Cu™
intermediates in Cu-catalyzed aerobic oxidation reactions. At
the time, very little was known about the organometallic
chemistry of Cu" and Cu";?* however, Ribas, Llobet, Stack,
and co-workers had previously reported a unique stoichiometric
C—H activation reaction in which the macrocyclic arene 1
reacted with Cu" salts to form the aryl-Cu™ complex 2. The

00,

H' NH HN—Cul-NH
N ) N
| l
1

2

aryl-Cu™ species 2 was appealing as a model for the proposed

Cu' intermediate in Chan—Evans—Lam chemistry because it
features a Cu—C,,,; bond within a square-planar coordination
environment similar to that expected to be present in the cross-
coupling reactions (cf. Scheme 3). The reactivity of aryl-Cu™
species 2 was assessed by combining it in acetonitrile solution
with nitrogen nucleophiles commonly encountered in Chan—
Evans—Lam coupling reactions (Scheme SA). 23 More acidic

Scheme 5. C—N and C—O Bond-Forming Reductive

Elimination Reactions Observed with the Aryl-Cu™ Species
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(less nucleophilic) amides reacted more rapidly; however, facile
C—N bond formation was observed with a wide range of
nucleophiles, even in the absence of a Bronsted base.
Subsequent work in collaboration with Ribas demonstrated
analogous C—O bond-forming reactions with phenol and
carboxylic acid nucleophiles (Scheme SB—D).****

The first direct evidence for the involvement of organo-Cu
intermediates in aerobic C—H oxidation reactions was obtained
from further studies of arene 1.° The macrocyclic arene was
combined with a catalytic Cu" source, Cu(ClO,), or CuBr, (10
mol %), in methanol under an atmosphere of O,, and the
reaction led to the formation of the corresponding Ar—OMe

111
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Scheme 6. Catalytic Mechanism of Aerobic C—H Oxidation
of Macrocyclic Arene 1%
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product in 81% yield (Scheme 6). A C—N oxidative-coupling
product was obtained in 84% yield when pyridone was included
in the reaction mixture. Direct evidence for the formation and
disappearance of the aryl-Cu'™ intermediate in the reaction was
obtained by monitoring the reaction by UV—vis spectroscopy.
While the macrocyclic nature of the arene substrate 1
undoubtedly influences the relative stability of the correspond-
ing aryl-Cu intermediate(s), the catalytic mechanism arising
from this work (Scheme 6) directly aligns with the mechanism
proposed previously for the Chan—Evans—Lam coupling
reactions (cf. Scheme 3).

In order to probe Cu'-catalyzed C—H oxidation reactions of
less biased substrates, we turned our attention to the reactivity
of N-benzoyl-8-aminoquinoline (3).>” The amidoquinoline
directing group was pioneered by Daugulis in Pd-catalyzed
C—H functionalization reactions’® and has been used more
recently by a number of researchers in Cu-catalyzed C—H
functionalization reactions.””*° Cu'-mediated reactions of
amidoquinoline substrate 3 led to different products depending
on the identity of the Cu" source and the reaction conditions
(Scheme 7). The use of CuCl/LiCl in AcOH led to

Scheme 7. Divergent Reactivity in Cu"-Mediated C—H
Oxidation of 3”7
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chlorination of the quinoline ring, whereas use of Cu(OAc),/
Cs,CO;/pyridine in methanol led to ortho methoxylation of the
N-benzoyl aromatic ring. These observations and subsequent
studies provided unique insights into mechanisms of Cu'-
mediated C—H oxidation reactions.

The two reactions show very different kinetic isotope effects
(KIEs). An intermolecular competition KIE of 1.04 + 0.05 was
determined for chlorination of the quinoline ring. This
observation resembles a KIE of 1.0 noted by Yu and co-
workers in the aerobic Cu-catalyzed halogenation of 2—
phenylpyridine, for which a SET mechanism was proposed.'

In contrast, a KIE of 5.7 + 0.8 was obtained from a comparison
of independent rates of methoxylation of the N-benzoyl-hg
versus -ds substrates. This observation was interpreted as
evidence for organometallic C—H activation as the rate-
determining step of the reaction. Hammett analysis of 4-
substituted benzoyl groups provided further support for the
organometallic mechanism (Figure 5). The data revealed that

0.25

-0.05

Figure 5. Hammett plot for methoxylation of the benzoyl moiety.
Reproduced from ref 27. Copyright 2013 American Chemical Society.

C—H bonds of less electron-rich aryl rings (i.e., more acidic C—
H bonds) react more rapidly, reflecting an electronic trend
opposite to that expected as expected from an SET-based
mechanism. DFT calculations, performed in collaboration with
Ertem and Cramer,”” provided support for a concerted
metalation—deprotonation mechanism in which formation of
the aryl-Cu' intermediate proceeds via carbonate-assisted
cleavage of the arene C—H bond (Scheme 8). Subsequent
formation of an aryl-Cu™ species arises from a quasi-
disproportionation step involving oxidation of the aryl-Cu"
species by a different Cu" species. The functionalized product is
then formed via C—O reductive elimination from a downstream
five-coordinate aryl-Cu' intermediate.”’”

DFT studies of the chlorination reaction show that the SET
step involves oxidation of the (8-amidoquinoline)-Cu"" species
by a second Cu" species, analogous to the Cu" disproportio-
nation step in the organometallic mechanism (cf. Scheme 8). In
the chlorination reaction, however, this step favors oxidation of
the amidoquinoline fragment rather than the Cu" center
(Scheme 9). The intermolecular SET (free energy of +8.6 kcal/
mol) is calculated to be significantly favored over intra-
molecular SET from the amidoquinoline to the Cu"" center to
which it is coordinated (+31.4 kcal/mol; eq 2). The strongly
donating amidate ligand stabilizes Cu" and significantly lowers
the reduction potential of the Cu' center, thereby disfavoring
the intramolecular SET process in eq 2. Chlorination of the
arene radical (or radical cation, if represented in a zwitterionic
formulation) resulting from intermolecular SET was found to
proceed via chlorine-atom transfer from another equivalent of
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Scheme 8. Key Steps in the Simplified Calculated
Mechanism of the Cu"”-Mediated Benzamide C—H
Methoxylation Reaction””
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CuCl,, assisted by chloride and an equivalent of acetic acid
(Scheme 9).

The results of this study are noteworthy for the insights they
provide into the switch between the SET and organometallic
C—H activation pathways. DFT studies showed that the
reduction potentials of Cu' species present under the acidic
chlorination conditions are nearly 1 V higher than those of Cu"
species under the basic methoxylation conditions (Scheme 10).
Thus, the basic carbonate ligand not only participates in the
organometallic arene C—H activation step (cf. Scheme 8) but
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Scheme 10. Computed Reduction Potentials for the Lowest- including catalyst instability, relatively low rates, and limited
Energy Species in the Cu"-Mediated Chlorination and functional group tolerance.®’ A subsequent literature search
Methoxylation Reactions in Scheme 777 suggested that Cu/2,2,6,6-tetramethylpiperidine N-oxyl

(TEMPO) catalyst systems had the potential to address these

A) Chiorination Reaction T 3 o o . i
limitations,” and initial empirical studies led to the discovery of

CU''Cly(AcOH), RANS CU'Cly™ + 2 AcOH a highly practical method for chemoselective aerobic oxidation
[£(v) v NHE =+ 0.18 of primary alcohols to aldehydes (Figure 6).*> The catalyst

High Cull Reduction Potential

o | 0,
Favors SET Mechanism 5 mol% [Cu'(MeCN),]JOTf, 5 mol% bpy

5 mol% TEMPO, 10 mol% NMI

B) Methoxylation Reaction air or O,
MeCN, rt

Cull(py),CO3 + CHgOH —— > Cul(py)(OCHSs) + py + HCO5~

NH X
X 2 o (o)
E(V) vs. NHE = - 0.80 | \@*o Y ©?
z -0 N
N cl NHz

Boc
Low Cu''Reduction Potential + Basic Ligand >98%
Favors Organometallic Mechanism

95% 96% >20:1 er >98%

also stabilizes Cu" and Cu'™, reducing the tendency of Cu" to OH . i i
initiate SET reactivity and facilitating access to the aryl-Cu™ 9% % 78% 9%
intermediate. In contrast, weak ligands (Cl~, AcOH) and acidic Q@Ao AN~ @ﬁomo
reaction conditions destabilize Cu" and promote SET
reactivity. o 92% >98%

Collectively, the studies outlined in this and the previous ] o _ ) X
section highlight the accessibility of both SET and organo- ?‘Egll\‘/[r;ggﬁemblc oxidation of primary alcohols with bpy/Cu’/NMI/

metallic reaction pathways in aerobic Cu"-catalyzed C—H
oxidation reactions. The two mechanisms exhibit obvious
differences, but they also share a number of common features.
In both cases, two Cu'' species participate in the two-electron
oxidation reaction, and the role of O, is to regenerate Cu" via
oxidation of Cu. In the examples described in this section, the
first Cu" center activates the substrate via formation of a Cu"—
substrate adduct, and the second Cul center oxidizes this
intermediate. In the SET pathway, the oxidation step removes
an electron from the electron-rich aromatic ring, while in the
organometallic pathway, the oxidation step removes an electron
from the metal center, converting an organo-Cu'"" species to an

consisted of an inexpensive copper(I) salt, [Cu(MeCN),]OTf,
and TEMPO. Use of a Cu' source, especially with non-
coordinating anions, leads to significantly faster rates than use
of a Cu" source. Efficient reactivity was observed with a wide
range of primary alcohols bearing diverse functional groups, in
many cases at room temperature using ambient air as the
source of oxidant.
The unique reactivity and practical utility of this new Cu/
TEMPO catalyst system prompted us to explore the
. . L 34,35 ey .
I . = : . . mechanism of the catalytic reaction. Stoichiometric
organo-Cu™ species. The oxidized intermediates in both . . I
) reactivity studies showed that both Cu” and TEMPO
pathways are then susceptible to carbon—heteroatom bond - in the alcohol oxidati d bic oxidati
formation, via either atom transfer (SET) or reductive part1c1lpate n the a conol oxication Isltep' e derovic pridation
S ’ of Cu’ and TEMPO—H affords Cu” and TEMPO. The origin
elimination (organometallic). The nature of the substrate as . - I . i
1 as the catalost and " ditions dictate the f d of the superior reactivity of Cu' relative to Cu" catalyst sources
well as the catalyst and reaction conditions dictate the favore can be attributed to the formation of a Cu"—OH species in the

reaction pathway. aerobic oxidation step. The basic hydroxide ligand can react

i I s o
5. CU/NITROXYL-CATALYZED ALCOHOL OXIDATION with the alcohol to afford the Cu”—alkoxide intermediate in the

REACTIONS substrate. oxidation half-reaction (Scheme 11). Benzylic. an.d
other activated alcohols react more rapidly and show no kinetic

The oxidation of alcohols to carbonyl compounds is one of the dependence on [alcohol] or [TEMPO]. A kinetic dependence
most widely used oxidation reactions in organic chemistry, and on [Cu] and [O,] in these reactions suggests that aerobic
Cu-catalyzed aerobic alcohol oxidation reactions have emerged oxidation of the Cu catalyst (step i) is the turnover-limiting

as some of the most practical methods for effecting these
transformations.” The acidic nature of the O—H bond in Scheme 11. Mechanism of (bpy)Cu/TEMPO-Catalyzed
alcohols enables relatively facile formation of a Cu"—alkoxide, Alcohol Oxidation>*

but pathways for two-electron oxidation of the bound alkoxide
are not especially clear. The most versatile methods reported to

A

date employ nitroxyl radicals as redox-active organic cocatalysts O "R + TEMPO-H LnCu! 120,
to facilitate the 1 H"/2 e~ process associated with conversion of g
an alkoxide ligand to a carbonyl compound. In this section, we TEMPO- v !
summarize our recent contributions to development and H H
mechanistic characterization of Cu/nitroxyl catalysts of this LnCu"—OxR 112 [L,Culo(O)
type.

Earlier work in our lab had been focused on homogeneous "

. CToes . m n TEMPO-H
Pd-catalyzed aerobic alcohol oxidation reactions. A collabo- H,0
rative effort with Eli Lilly to develop scalable methods for this L,Cu''-OH TEMPO
chemistry revealed several limitations of these methods, HO R
1762 DOI: 10.1021/acs.accounts.5b00060
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step of the reaction. Aliphatic alcohols react more slowly than
activated alcohols, and they exhibit a saturation dependence on
[alcohol] and a first-order dependence on [TEMPO]. These
data are consistent with pre-equilibrium formation of a Cu"—
alkoxide species followed by turnover-limiting hydrogen
transfer to TEMPO (steps iii and iv).

The insights from these mechanistic studies provided a
foundation to address two limitations of the (bpy)Cu/
TEMPO/NMI catalyst system: (1) oxidations of unactivated
aliphatic alcohols are significantly slower than those of activated
alcohols, and (2) secondary alcohols are unreactive. While the
latter feature can lead to highly chemoselective oxidation of
primary alcohols even in the presence of unprotected secondary
alcohols, it limits the reaction scope.33 Both limitations were
overcome by replacing TEMPO with a less hindered bicyclic
nitroxyl such as 9-azabicyclo[3.3.1]nonane N-oxyl (ABNO) or
ketoABNO. This change significantly enhances the rate of
aliphatic alcohol oxidation and also enables efficient oxidation
of secondary alcohols.***” The optimized Cu/ABNO catalyst
system shows excellent reactivity with a broad range of
activated and aliphatic primary and secondary alcohols,
including those bearing diverse functional groups and stereo-
centers adjacent to the product aldehyde group (Figure 7).

5 mol% [Cu(MeCN)4]OTf, 5 mol% MeOppy,
1 mol% ABNO, 10 mol% NMI

R” "OH MeCN, r.t., ambient air, 1 h RS0
1° alcohols 2°alcohols
~o 0 o o]
Yo |
cl NG, NHBoc

>98% o
(>95% ee) 7%

Y il A7 ﬁ\f

98% 82% 7%

96% 98% >98%

(o}

>98% 95%

ﬁ/_k @fg o L1

>98%

)’\/

NHB N
oc N

95%
(>99% ee)

e
6% 95% 91%
Figure 7. Cu/ABNO catalyst system that is effective with diverse

primary and secondary alcohols under ambient conditions.*®

Whereas the Cu/TEMPO catalyst system shows significantly
different rates for different classes of alcohols (i.e., 1° benzylic >
1° aliphatic/2° benzylic > 2° aliphatic and/or sterically
hindered 2° benzylic), the Cu/ABNO catalyst system exhibits
nearly identical rates with all classes of alcohols (Figure 8).

These catalysts bear a resemblance to the active site of
galactose oxidase, which features a Cu" center and phenoxyl
radical ligand (Figure 9).° In a recent mechanistic study,
however, we showed that the mechanisms of Cu/nitroxyl- and
galactose oxidase-catalyzed alcohol oxidations are different.*®
For example, a series of radical-clock substrates undergo alcohol
oxidation to the corresponding carbonyl compounds with no
evidence for radical intermediates, which have been implicated
in galactose oxidase. DFT studies provided numerous addi-
tional insights, including the basis for the substantially different
reactivities with the TEMPO and ABNO cocatalysts.

Three different mechanisms for oxidation of the alkoxide
ligand were evaluated in our DFT studies (Scheme 12):
bimolecular H-atom transfer, H-atom transfer to an 7”-nitroxyl
ligand, and hydrogen transfer to an 7'-nitroxyl ligand. The last
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Figure 8. Rate comparison of five different alcohols with the Cu'/
TEMPO and Cu'/ABNO alcohol oxidation systems. Adapted from ref
36. Copyright 2013 American Chemical Society.
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Figure 9. Active-site structure of galactose oxidase.

Scheme 12. Mechanistic Proposals for Cu"/Nitroxyl-
Mediated Alcohol Oxidation

A. Bimolecular Hydrogen-Atom Transfer
t

RoN-O, R.N-O R2N-OH
\
HH —_— H\ —_— H
10X 4 o~
L,Cul-O "R L,Cu-O "R L,Cu -O"'R
* G) (HY)
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R H Ryl
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C. H-Atom Transfer to an /-Nitroxyl
R 1 R
H
/°J<H . o—V __,.L,.,Cu'-O”\\H
LnCU\ L, C
O-NRy "0+ NH2 HO-NR,

mechanism (Scheme 12C) exhibits the lowest-energy pathway
for alcohol oxidation, rationalizes the observed selectivity for
primary over secondary alcohol oxidation, and accounts for the
bimolecular [Cu]-[TEMPO] kinetic dependence of the
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Scheme 13. Potential Energy Surface for Cu/TEMPO-
Mediated Alcohol Oxidation®®

Hydrogen Transfer
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(Scheme 12C)
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reaction (Scheme 13, black pathway). Hydrogen transfer from
the alkoxide to the #7'-nitroxyl is the highest point on the energy
surface (i.e., the rate-limiting step), but formation of the 7'-
nitroxyl—Cu adduct is the most significant contribution to the
overall energy barrier (Scheme 13).

A comparison of the energy profiles for Cu/TEMPO- and
Cu/ABNO-mediated alcohol oxidation provides clear insights
into the enhanced activity and broader scope observed with the
Cu/ABNO catalyst system (Scheme 14). The #'-nitroxyl—Cu
adduct with ABNO is stabilized by ~8 kcal/mol relative to the

Scheme 14. Comparison of Computed Reaction Pathways
for Cu/TEMPO- and Cu/ABNO-Mediated Oxidation of 1-
Propanol and 2-Propanol*®
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analogous TEMPO adduct. The C—H bond-cleavage transition
state is also much lower in energy for ABNO relative to
TEMPO, and the ABNO transition-state energies exhibit
virtually no distinction between primary and secondary
alcohols, as observed experimentally (cf. Figure 8B). In
contrast, the difference between the TEMPO transition-state
energies for the oxidations of 1- and 2-propanol is >6 kcal/mol
(Scheme 14).

Recently we have exploited insights gained from these studies
to develop four-electron oxidation reactions, including oxidative
lactonization of diols via sequential oxidation of a primary
alcohol followed by oxidation of an intermediate hemiacetal,”
sequential dehydrogenation of primary amines to nitriles,** and
oxidative couphng of primary alcohols and ammonia to nitriles
(Figure 10).* These results complement numerous recent
contributions by other groups in this area.*'

[0]

HOY\M;\OH—>

HO

(¢} (¢}
AN, —2 s [a S| 2 rcan
+NHBWL
R [RQO ] | [O] = cat. [Cu]/nitroxyl, O,

Figure 10. Cu/nitroxyl-catalyzed four-electron aerobic oxidation

reactions for the preparation of lactones and nitriles.*>*

6. CONCLUSION

Cu-catalyzed aerobic oxidation reactions exhibit significant
potential for the selective oxidation of organic substrates. These
reactions not only avoid the use of precious metals but also
exhibit a number of advantages over aerobic oxidation reactions
catalyzed by precious metals. For example, the C—H oxidations
and boronic acid oxidative coupling reactions described above
can use O, as the stoichiometric oxidant, while many analogous
Pd-catalyzed reactions require oxidants other than O, (e.g,
PhI(OAc),, Ag' salts, etc.). The Cu/nitroxyl-catalyzed aerobic
alcohol oxidations show much higher activity and functional
group compatibility than analogous reactions catalyzed by
precious-metal catalysts. These characteristics are undoubtedly
linked to the weaker metal—ligand bonds and increased kinetic
lability of first-row transition metals relative to second- and
third-row transition metals. Continued mechanistic character-
ization of Cu-catalyzed aerobic oxidation reactions should
provide a foundation for the development of new chemical
transformations that exploit the unique reactivity patterns
evident in these systems, wherein coupled one-electron redox
partners (Cu"/Cu" or Cu'/organic cocatalyst) combine to
achieve efficient and selective two-electron oxidation of organic
molecules.

B AUTHOR INFORMATION
Corresponding Author
*E-mail: stahl@chem.wisc.edu.

DOI: 10.1021/acs.accounts.5b00060
Acc. Chem. Res. 2015, 48, 1756—1766


mailto:stahl@chem.wisc.edu
http://dx.doi.org/10.1021/acs.accounts.5b00060

Accounts of Chemical Research

Notes

The authors declare no competing financial interest.
Biographies

Scott D. McCann received a B.S. in chemistry from Saginaw Valley
State University in 2012. He began pursuing his Ph.D. in 2012 and is
currently a third-year graduate student studying Cu-catalyzed aerobic
oxidation reactions in Professor Shannon S. Stahl’s research group at
the University of Wisconsin-Madison.

Shannon S. Stahl is a a Professor of Chemistry at the University of
Wisconsin-Madison. He was an undergraduate at the University of
Mlinois at Urbana—Champaign and subsequently attended Caltech
(Ph.D., 1997), where he was an NSF Predoctoral Fellow with Prof.
John E. Bercaw. From 1997 to 1999, he was an NSF Postdoctoral
Fellow with Prof. Stephen J. Lippard at MIT.

B ACKNOWLEDGMENTS

We are grateful to the DOE for financial support of this work
(DE-FG02-0SER15690). Additional generous support was
provided by the ACS GCI Pharmaceutical Roundtable, the
Camille and Henry Dreyfus Postdoctoral Program in Environ-
mental Chemistry, and a consortium of pharmaceutical
companies (Eli Lilly, Pfizer, and Merck).

B REFERENCES

(1) Cavani, F.; Teles, J. H. Sustainability in Catalytic Oxidation: An
Alternative Approach or a Structural Evolution? ChemSusChem 2009,
2, 508—534.

(2) For further discussion, see: Osterberg, P. M.; Niemeier, J. K;
Welch, C. J; Hawkins, J. M.; Martinelli, J. R.; Johnson, T. E,; Root, T.
W.; Stahl, S. S. Experimental Limiting Oxygen Concentrations for
Nine Organic Solvents at Temperatures and Pressures Relevant to
Aerobic Oxidations in the Pharmaceutical Industry. Org. Process Res.
Dev. 2014, DOI: 10.1021/0p500328f.

(3) (a) Mirica, L. M.; Ottenwaelder, X.; Stack, T. D. P. Structure and
Spectroscopy of Copper—Dioxygen Complexes. Chem. Rev. 2004, 104,
1013—104S. (b) Lewis, E. A,; Tolman, W. B. Reactivity of Dioxygen—
Copper Systems. Chem. Rev. 2004, 104, 1047—1076. (c) Hatcher, L.
Q.; Karlin, K. D. Ligand Influences in Copper—Dioxygen Complex-
Formation and Substrate Oxidations. Adv. Inorg. Chem. 2006, 58, 131—
184. (d) Itoh, S.; Fukuzumi, S. Monooxygenase Activity of Type 3
Copper Proteins. Acc. Chem. Res. 2007, 40, 592—600.

(4) (a) Rolff, M.; Schottenheim, J.; Decker, H.; Tuczek, F. Copper—
O, Reactivity of Tyrosinase Models towards External Monophenolic
Substrates: Molecular Mechanisms and Comparison with the Enzyme.
Chem. Soc. Rev. 2011, 40, 4077—4098. (b) Hoffmann, A,; Citek, C.;
Binder, S.; Goos, A; Riibhausen, M.; Troeppner, O.; Ivanovic-
Burmazovi¢, I; Wasinger, E. C,; Stack, T. D. P.; Herres-Pawlis, S.
Catalytic Phenol Hydroxylation with Dioxygen: Extension of the
Tyrosinase Mechanism beyond the Protein Matrix. Angew. Chem., Int.
Ed. 2013, 52, 5398—5401. (c) Citek, C.; Lyons, C. T.; Wasinger, E. C.;
Stack, T. D. P. Self-Assembly of the Oxy-Tyrosinase Core and the
Fundamental Components of Phenolic Hydroxylation. Nat. Chem.
2012, 4, 317—322. (d) Esguerra, K. V. N; Fall, Y.; Petitjean, L.; Lumb,
J.-P. Controlling the Catalytic Aerobic Oxidation of Phenols. J. Am.
Chem. Soc. 2014, 136, 7662—7668. (e) Esguerra, K. V. N.; Fall, Y,;
Lumb, J.-P. A Biomimetic Catalytic Aerobic Functionalization of
Phenols. Angew. Chem., Int. Ed. 2014, 53, 5877—5881.

(5) (a) Stahl, S. S. Palladium Oxidase Catalysis: Selective Oxidation
of Organic Chemicals via Direct Dioxygen-Coupled Catalytic
Turnover. Angew. Chem,, Int. Ed. 2004, 43, 3400—3420. (b) Stahl, S.
S. Palladium-Catalyzed Oxidation of Organic Chemicals with O,.
Science 2005, 309, 1824—1826. (c) McDonald, R. I; Liu, G; Stahl, S.
S. Palladium(II)-Catalyzed Alkene Functionalization via Nucleopalla-
dation: Stereochemical Pathways and Enantioselective Catalytic

1765

Applications. Chem. Rev. 2011, 111, 2981—3019. (d) Campbell, A.
N.; Stahl, S. S. Overcoming the “Oxidant Problem”: Strategies To Use
O, as the Oxidant in Organometallic C—H Oxidation Reactions
Catalyzed by Pd (and Cu). Acc. Chem. Res. 2012, 45, 851—863.

(6) Copper—Oxygen Chemistry; Karlin, K. D, Itoh, S., Rokita, S., Eds.;
John Wiley & Sons: Hoboken, NJ, 2011.

(7) Por leading references, see the following review articles:
(a) Gamez, P.; Aubel, P. G.; Driessen, W. L.; Reedijk, J. Homogeneous
Bio-Inspired Copper-Catalyzed Oxidation Reactions. Chem. Soc. Rev.
2001, 30, 376—385. (b) Punniyamurthy, T.; Rout, L. Recent Advances
in Copper-Catalyzed Oxidation of Organic Compounds. Coord. Chem.
Rev. 2008, 252, 134—154. (c) Wendlandt, A. E.; Suess, A. M.; Stahl, S.
S. Copper-Catalyzed Aerobic Oxidative C—H Functionalizations:
Trends and Mechanistic Insights. Angew. Chem., Int. Ed. 2011, S0,
11062—11087. (d) Shi, Z; Zhang, C.; Tang, C; Jiao, N. Recent
Advances in Transition-Metal Catalyzed Reactions Using Molecular
Oxygen as the Oxidant. Chem. Soc. Rev. 2012, 41, 3381—3430.
(e) Allen, S. E.; Walvoord, R. R;; Padilla-Salinas, R.; Kozlowski, M. C.
Aerobic Copper-Catalyzed Organic Reactions. Chem. Rev. 2013, 113,
6234—6458.

(8) (a) Zhang, C; Tang, C.; Jiao, N. Recent Advances in Copper-
Catalyzed Dehydrogenative Functionalization via Single Electron
Transfer (SET) Process. Chem. Soc. Rev. 2012, 41, 3464—3484.
(b) Girard, S. A.; Knauber, T.; Li, C.-J. The Cross-Dehydrogenative
Coupling of Cy*—H Bonds: A Versatile Strategy for C—C Bond
Formations. Angew. Chem., Int. Ed. 2014, 53, 74—100.

(9) For recent reviews, see: (a) Ryland, B. L.; Stahl, S. S. Practical
Aerobic Oxidations of Alcohols and Amines with Homogeneous
Copper/TEMPO and Related Catalyst Systems. Angew. Chem., Int. Ed.
2014, 53, 8824—8838. (b) Cao, Q.; Dornan, L. M.; Rogan, L.; Hughes,
N. L; Muldoon, M. J. Aerobic Oxidation Catalysis with Stable
Radicals. Chem. Commun. 2014, 50, 4524—4543.

(10) Hickman, A. J.; Sanford, M. S. High-Valent Organometallic
Copper and Palladium in Catalysis. Nature 2012, 484, 177—185.

(11) Yang, L; Lu, Z; Stahl, S. S. Regioselective Copper-Catalyzed
Chlorination and Bromination of Arenes with O, as the Oxidant.
Chem. Commun. 2009, 6460—6462.

(12) For related work by others, see: (a) Chen, X;; Hao, X.-S;
Goodhue, C. E.; Yu, J.-Q. Cu(II)-Catalyzed Functionalizations of Aryl
C—H Bonds Using O, as an Oxidant. J. Am. Chem. Soc. 2006, 128,
6790—6791. (b) Uemura, T.; Imoto, S.; Chatani, N. Amination of the
Ortho C—H Bonds by the Cu(OAc),-Mediated Reaction of 2-
Phenylpyridines with Anilines. Chem. Lett. 2006, 35, 842—843.
(c) Menini, L; Gusevskaya, E. V. Novel Highly Selective Catalytic
Oxychlorination of Phenols. Chem. Commun. 2006, 209—211.

(13) (a) Qiao, J. X;; Lam, P. Y. S. Copper-Promoted Carbon—
Heteroatom Bond Cross-Coupling with Boronic Acids and Deriva-
tives. Synthesis 2011, 829—856. (b) Neuville, L. Alternative and
Emerging Reagents for the Arylation of Heteronucleophiles. In
Copper-Mediated Cross-Coupling Reactions; Evano, G., Blanchard, N.,
Eds.; John Wiley & Sons: Hoboken, NJ, 2011; pp 113—18S.

(14) (a) Siemsen, P.; Livingston, R. C.; Diederich, F. Acetylenic
Coupling: A Powerful Tool in Molecular Construction. Angew. Chem,,
Int. Ed. 2000, 39, 2632—2657. (b) Bai, R;; Zhang, G; Yi, H.; Huang,
Z.; Qi, X; Liu, C; Miller, J. T.; Kropf, A. J.; Bunel, E. E; Lan, Y.; Lej,
A. Cu(II)—Cu(I) Synergistic Cooperation To Lead the Alkyne C—H
Activation. J. Am. Chem. Soc. 2014, 136, 16760—16763.

(15) Hamada, T.; Ye, X; Stahl, S. S. Copper-Catalyzed Aerobic
Oxidative Amidation of Terminal Alkynes: Efficient Synthesis of
Ynamides. J. Am. Chem. Soc. 2008, 130, 833—835.

(16) For example, see: (a) Gao, Y.; Wang, G.; Chen, L.; Xu, P.; Zhao,
Y.; Zhou, Y; Han, L.-B. Copper-Catalyzed Aerobic Oxidative
Coupling of Terminal Alkynes with H-Phosphonates Leading to
Alkynylphosphonates. ]. Am. Chem. Soc. 2009, 131, 7956—7957.
(b) Wie, Y,; Zhao, H.; Kan, J.; Su, W.; Hong, M. Copper-Catalyzed
Direct Alkynylation of Electron-Deficient Polyfluoroarenes with
Terminal Alkynes Using O, as an Oxidant. J. Am. Chem. Soc. 2010,
132, 2522—2523. (c) Chy, L,; Qing, F.-L. Copper-Mediated Aerobic

DOI: 10.1021/acs.accounts.5b00060
Acc. Chem. Res. 2015, 48, 1756—1766


http://dx.doi.org/10.1021/op500328f
http://dx.doi.org/10.1021/acs.accounts.5b00060

Accounts of Chemical Research

Oxidative Trifluoromethylation of Terminal Alkynes with Me;SiCFs. J.
Am. Chem. Soc. 2010, 132, 7262—7263.

(17) Wendlandt, A. E.; Stahl, S. S. Copper(II)-Mediated Oxidative
Cyclization of Enamides to Oxazoles. Org. Biomol. Chem. 2012, 10,
3866—3870.

(18) Ueda, S.; Nagasawa, H. Synthesis of 2-Arylbenzoxazoles by
Copper-Catalyzed Intramolecular Oxidative C—O Coupling of
Benzanilides. Angew. Chem., Int. Ed. 2008, 47, 6411—6413.

(19) Brasche, G.; Buchwald, S. L. C—H Functionalization/C—N
Bond Formation: Copper-Catalyzed Synthesis of Benzimidazoles from
Amidines. Angew. Chem., Int. Ed. 2008, 47, 1932—1934.

(20) (a) King, A. E,; Brunold, T. C,; Stahl, S. S. Mechanistic Study of
Copper-Catalyzed Aerobic Oxidative Coupling of Arylboronic Esters
and Methanol: Insights into an Organometallic Oxidase Reaction. J.
Am. Chem. Soc. 2009, 131, 5044—504S. (b) King, A. E,; Ryland, B. L,;
Brunold, T. C,; Stahl, S. S. Kinetic and Spectroscopic Studies of
Aerobic Copper(II)-Catalyzed Methoxylation of Arylboronic Esters
and Insights into Aryl Transmetalation to Copper(II). Organometallics
2012, 31, 7948—7957.

(21) Ribas, X;; Jackson, D. A.; Donnadieu, B.; Mahia, J.; Parella, T.;
Xifra, R.;; Hedman, B.; Hodgson, K. O.; Llobet, A,; Stack, T. D. P. Aryl
C—H Activation by Cu" To Form an Organometallic Aryl—Cu'
Species: A Novel Twist on Copper Disproportionation. Angew. Chem,,
Int. Ed. 2002, 41, 2991—2994.

(22) For recent reviews of high-valent organocopper species, see ref
7¢, ref 10, and the following: Casitas, A.; Ribas, X. The Role of
Organometallic Copper(III) Complexes in Homogeneous Catalysis.
Chem. Sci. 2013, 4, 2301—-2318.

(23) (a) Huffman, L. M; Stahl, S. S. Carbon—Nitrogen Bond
Formation Involving Well-Defined Aryl—Copper(IlI) Complexes. J.
Am. Chem. Soc. 2008, 130, 9196—9197. (b) Huffman, L. M.; Stahl, S.
S. Mechanistic Analysis of trans C—N Reductive Elimination from a
Square-Planar Macrocyclic Aryl—Copper(III) Complex. Dalton Trans.
2011, 40, 8959—8963.

(24) Huffman, L. M.; Casitas, A.; Font, M.; Canta, M.; Costas, M.;
Ribas, X; Stahl, S. S. Observation and Mechanistic Study of Facile C—
O Bond Formation between a Well-Defined Aryl—Copper(III)
Complex and Oxygen Nucleophiles. Chem.—Eur. ]. 2011, 17,
10643—10650.

(25) For leading references to additional studies of aryl-Cu" and aryl-
Cu"™ complexes, see: (a) Furuta, H.; Maeda, H.; Osuka, A. Doubly N-
Confused Porphyrin: A New Complexing Agent Capable of Stabilizing
Higher Oxidation States. ]. Am. Chem. Soc. 2000, 122, 803—807.
(b) Wang, Z.-L,; Zhao, L.; Wang, M.-X. Regiospecific Functionaliza-
tion of Azacalixaromatics through Copper-Mediated Aryl C—H
Activation and C—O Bond Formation. Org. Lett. 2011, 13, 6560—
6563. (c) Zhang, H.; Yao, B.; Zhao, L.; Wang, D.-X;; Xu, B.-Q.; Wang,
M.-X. Direct Synthesis of High-Valent Aryl—Cu(II) and Aryl—Cu(III)
Compounds: Mechanistic Insight into Arene C—H Bond Metalation. J.
Am. Chem. Soc. 2014, 136, 6326—6332.

(26) (a) King, A. E.; Huffman, L. M.; Casitas, A.; Costas, M.; Ribas,
X.; Stahl, S. S. Copper-Catalyzed Aerobic Oxidative Functionalization
of an Arene C—H Bond: Experimental Evidence for an Aryl-
Copper(Ill) Intermediate. J. Am. Chem. Soc. 2010, 132, 12068—
12073. (b) Casitas, A.; King, A. E.; Parella, T.; Costas, M.; Stahl, S. S.;
Ribas, X. Direct Observation of Cu'/Cu Redox Steps Relevant to
Ullmann-Type Coupling Reactions. Chem. Sci. 2010, 1, 326—330.

(27) Suess, A. M.; Ertem, M. Z.; Cramer, C. J.; Stahl, S. S. Divergence
between Organometallic and Single-Electron-Transfer Mechanisms in
Copper(I1)-Mediated Aerobic C—H Oxidation. J. Am. Chem. Soc.
2013, 135, 9797-9804.

(28) Daugulis, O.; Do, H.-Q.; Shabashov, D. Palladium- and Copper-
Catalyzed Arylation of Carbon—Hydrogen Bonds. Acc. Chem. Res.
2009, 42, 1074—1086.

(29) Rouquet, G.; Chatani, N. Catalytic Functionalization of C(sp?)—
H and C(sp*)—H Bonds by Using Bidentate Directing Groups. Angew.
Chem,, Int. Ed. 2013, 52, 11726—11743.

(30) For selected recent examples of the use of 8-aminoquinoline
directing groups in Cu-mediated C—H oxidation reactions, see:

1766

(a) Roane, J.; Daugulis, O. Copper-Catalyzed Etherification of Arene
C—H Bonds. Org. Lett. 2013, 1S, 5842—584S. (b) Wang, Z.; Nj, J;
Kuninobu, Y.; Kanai, M. Copper-Catalyzed Intramolecular C(sp*)—H
and C(sp*)—H Amidation by Oxidative Cyclization. Angew. Chem., Int.
Ed. 2014, 53, 3496—3499.

(31) Ye, X; Johnson, M. D.; Diao, T.; Yates, M. H; Stahl, S. S.
Development of Safe and Scalable Continuous-Flow Methods for
Palladium-Catalyzed Aerobic Oxidation Reactions. Green Chem. 2010,
12, 1180—1186.

(32) For important precedents of Cu/TEMPO-catalyzed alcohol
oxidation, see ref 9 and the following: (a) Semmelhack, M. F.; Schmid,
C. R; Cortés, D. A; Chou, C. S. Oxidation of Alcohols to Aldehydes
with Oxygen and Cupric Ton, Mediated by Nitrosonium Ion. J. Am.
Chem. Soc. 1984, 106, 3374—3376. (b) Gamez, P.; Arends, I. W. C. E,;
Sheldon, R. A; Reedijk, J. Room Temperature Aerobic Copper-
Catalysed Selective Oxidation of Primary Alcohols to Aldehydes. Adv.
Synth. Catal. 2004, 346, 805—811. (c) Kumpulainen, E. T. T,
Koskinen, A. M. P. Catalytic Activity Dependency on Catalyst
Components in Aerobic Copper—TEMPO Oxidation. Chem.—Eur. J.
2009, 15, 10901—10911.

(33) (a) Hoover, J. M; Stahl, S. S. Highly Practical Copper(I)/
TEMPO Catalyst System for Chemoselective Aerobic Oxidation of
Primary Alcohols. J. Am. Chem. Soc. 2011, 133, 16901—-16910.
(b) Hoover, J. M,; Steves, J. E; Stahl, S. S. Copper(I)/TEMPO-
Catalyzed Aerobic Oxidation of Primary Alcohols to Aldehydes with
Ambient Air. Nat. Protoc. 2012, 7, 1161—1166.

(34) (a) Hoover, J. M; Ryland, B. L.; Stahl, S. S. Mechanism of
Copper(I)/TEMPO-Catalyzed Aerobic Alcohol Oxidation. J. Am.
Chem. Soc. 2013, 135, 2357—2367. (b) Hoover, J. M.; Ryland, B. L;
Stahl, S. S. Copper/TEMPO-Catalyzed Aerobic Alcohol Oxidation:
Mechanistic Assessment of Different Catalyst Systems. ACS Catal.
2013, 3, 2599—-2605.

(35) For leading references to mechanistic studies of Cu/TEMPO-
catalyzed alcohol oxidation by others, see ref 9a, ref 32¢, and the
following (and references cited therein): (a) Dijksman, A.; Arends, L
W. C. E; Sheldon, R. A. Cu(II)-Nitroxyl Radicals as Catalytic
Galactose Oxidase Mimics. Org. Biomol. Chem. 2003, 1, 3232—3237.
(b) Belanzoni, P.; Michel, C.; Baerends, E. ]J. Cu(bipy)“/TEMPO-
Catalyzed Oxidation of Alcohols: Radical or Nonradical Mechanism?
Inorg. Chem. 2011, 50, 11896—11904.

(36) Steves, J. E.; Stahl, S. S. Copper(I)/ABNO-Catalyzed Aerobic
Alcohol Oxidation: Alleviating Steric and Electronic Constraints of
Cu/TEMPO Catalyst Systems. J. Am. Chem. Soc. 2013, 135, 15742—
1574S.

(37) The Iwabuchi and Muldoon groups subsequently reported
similar advances by pairing Cu catalyst sources with bicyclic nitroxyl
cocatalysts. See: (a) Sasano, Y Nagasawa, S.; Yamazaki, M.; Shibuya,
M,; Park, J.; Iwabuchi, Y. Highly Chemoselective Aerobic Oxidation of
Amino Alcohols into Amino Carbonyl Compounds. Angew. Chem., Int.
Ed. 2014, 53, 3236—3240. (b) Rogan, L.; Hughes, N. L; Cao, Q;
Dornan, L. M.; Muldoon, M. J. Copper(I)/ketoABNO Catalysed
Aerobic Alcohol Oxidation. Catal. Sci. Technol. 2014, 4, 1720—1725.

(38) Ryland, B. L,; McCann, S. D.; Brunold, T. C.; Stahl, S. S.
Mechanism of Alcohol Oxidation Mediated by Copper(II) and
Nitroxyl Radicals. J. Am. Chem. Soc. 2014, 136, 12166—12173.

(39) Xie, X; Stahl, S. S. Efficient and Selective Cu/Nitroxyl-
Catalyzed Methods for Aerobic Oxidative Lactonization of Diols. J.
Am. Chem. Soc. 2018, 137, 3767—3770.

(40) Kim, J.; Stahl, S. S. Cu/Nitroxyl-Catalyzed Aerobic Oxidation of
Primary Amines into Nitriles at Room Temperature. ACS Catal. 2013,
3, 1652—1656.

(41) Word-count limitations prevent full citation of important
contributions from other groups. For a thorough presentation, see ref
9a.

DOI: 10.1021/acs.accounts.5b00060
Acc. Chem. Res. 2015, 48, 1756—1766


http://dx.doi.org/10.1021/acs.accounts.5b00060

