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CONSPECTUS: Characterization of monocopper intermediates in
enzymes and other catalysts that attack strong C—H bonds is important
for unraveling oxidation catalysis mechanisms and, ultimately, designing
new, more efficient catalytic systems. Because initially formed 1:1 Cu/O,
adducts resulting from reactions of Cu(l) sites with O, react relatively
sluggishly with substrates with strong C—H bonds, it has been suggested
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that reductive O—O bond scission might occur instead to yield more

reactive [CuO]" or protonated [CuOH]*" cores. Experimental and theoretical studies of [CuO]" species in the gas phase have
provided key insights into the possible reactivity of these species, but detailed information is lacking for discrete complexes with
the [CuO]* or [CuOH]*" core in solution or the solid state. We describe herein our recent efforts to address this issue through
several disparate approaches. In one strategy based on precedent from studies of enzymes and synthetic compounds with iron-a-
ketocarboxylate motifs, reactions of O, with Cu(I)-a-ketocarboxylate complexes were explored, with the aim of identifying
reaction pathways that would implicate the intermediacy of a [CuO]"* species. A second approach focused on the reaction of
N-oxides with Cu(I) complexes, with the goal being to elicit O—N bond heterolysis to yield [CuO]* complexes. For both
strategies, the course of the reactions depended on the nature of the supporting bidentate N-donor ligand, and indirect evidence
in support of the sought-after [CuO]" intermediates was obtained in some instances.

In the final approach discussed herein, strongly electron donating and sterically encumbered pyridine-dicarboxamide ligands (L)
enabled the synthesis of [LCu(II)OH]~ complexes, which upon one-electron oxidation formed complexes with the [CuOH]**
core that were characterized in solution. Rapid hydrogen atom abstraction (HAT) from dihydroanthracene (DHA) was
observed, yielding LCu(II)OH,. The O—H bond dissociation enthalpy (BDE) of ~90 kcal/mol for this complex was determined
through evaluation of its pK, (~19) and the [LCu(II)OH] /LCu(III)OH reduction potential (approximately —0.08 V vs
Fc/Fc*). Thus, the poor oxidizing power of the complex is offset by the high basicity of the hydroxide moiety to yield a strong
O—H bond. This high BDE provided a thermodynamic rationale for the rapid HAT rate from DHA and suggested that stronger
C—H bonds could be attacked. Indeed, using an inert solvent (1,2-difluorobenzene), substrates with C—H bond strengths as high
as 99 kcal/mol were shown to react with the [CuOH]** complex, and a linear log k vs C—H BDE plot supported similar HAT
pathways across the series. Importantly, these results provided key evidence in favor of the possible intermediacy of this core in
oxidation catalysis, and we suggest that because it is a more energetically accessible intermediate than the [CuO]* moiety, it
should be considered as an alternative in proposed mechanisms for oxidations by enzymes and other synthetic systems.

B INTRODUCTION Scheme 1. Proposed Cu/O, Activation Pathways and

Intermediates

Oxidation reactions promoted by copper centers in enzymes and

by other catalysts are critical for transforming organic molecules 0, O .. _o?% _o"”
for life processes and synthetic applications."”” A longstanding Cul —>cu'” "0 or |CU"\ L <— Cu'\ |
research objective has been to understand the mechanisms 1 2

of such oxidation reactions, and in particular, to reveal how lze_’ 2H*

copper centers react with O, or other oxidants and to determine ~Hz0

the nature of the key resulting copper—oxygen intermediates
responsible for attacking substrate C—H bonds.” In general, it is
postulated that Cu(I) centers in enzymes and other catalytic
systems react with O, to yield initial 1:1 Cu/O, adducts; higher
nuclearity species are important in multicopper systems,* but we
focus here only on mononuclear sites. A number of 1:1 Cu/O,
adducts have been identified in synthetic studies using suitably
designed supporting ligands, and they have been described as end-on
(1) or side-on (2) copper(Il)—superoxide or copper(Ill)—peroxide
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species on the basis of computational and experimental evidence
(Scheme 1).° Armed with the precedent provided by these synthetic
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efforts, as well as more direct experimental and computational data
on the catalytic systems themselves, a functional role for 1 and 2 in a
variety of enzymes has been proposed."® This role commonly
involves a hydrogen atom transfer (HAT) from a substrate C—H
bond in a key rate-determining step of the catalytic mechanism. Yet,
while HAT reactions of discrete, well-characterized examples of
complexes with moieties 1 and 2 have been observed, they typically
only occur at reasonable rates with substrates having relatively low
C—H bond dissociation free energies (weaker bonds than the
catalytically relevant substrates).>” As a result, questions have been
raised about the feasibility of intermediates 1 and 2 as oxidants in
catalytic systems that transform substrates with strong C—H bonds
such as, for example, particulate methane monooxygenase (pMMO),
for which multicopper oxidants have been proposed, including
dicopper species with monocopper—oxygen units. o8

An obvious alternative to 1 and 2 as intermediates that is
inspired by the mechanistic paradigm for iron-containing
catalysts” is addition of protons and electrons prior to attack
on substrate, resulting in scission of the O—O bond to yield a
high valent metal—oxo species that would be a more potent
oxidant (3, Scheme 1). While examples of well-characterized
mononuclear iron(IV)—oxo complexes now abound, and
advances in our understanding of their reactivity have been
substantial,'® much less is known about copper congeners having
a [CuO]" core (3). Many proposals for the involvement of
[CuO]" species, as well as the protonated version [CuOH]** (4),
in oxidation reactions have appeared, but supporting evidence is
sparse and indirect, and such species have not been observed
directly as discrete complexes in condensed phase.'' Compelling
evidence for [CuO]* has come from gas phase studies supple-
mented by theoretical calculations.'” These studies suggest
extraordinarily high reactivity and strong thermodynamic driving
forces for HAT reactions with C—H bonds by a species best
described as a triplet copper(I)—oxyl radical. Computational
work supports this bonding picture and similarly high reactivity
for putative [CuO]" intermediates in enzymes such as dopamine
p-monooxygenase (DBM),"? peptidylglycine a-amidating mono-
oxygenase (PHM),"* and lytic polysaccharide monooxygenase
(LPMO)." Inspired by these provocative findings and the over-
arching goal of defining the nature of copper—oxygen oxidants
involved in metalloenzyme and other catalysts, we targeted
complexes containing the [CuO]* core for synthesis and
characterization.

In this Account, we summarize our efforts to prepare com-
plexes with the [CuO]* and [CuOH]** cores. We first describe
initial work aimed at accessing [CuO]* complexes through
oxidative decarboxylation of Cu(I)-a-ketoacid complexes and
reactions of Cu(I) complexes with oxo-transfer reagents, before
turning to more recent efforts to prepare and understand the
properties of [CuOH]** compounds. The recently demonstrated
ability of these [CuOH]*" cores to attack strong C—H bonds has
provided an experimental foundation for the hypothesis that
such species are possible reactive intermediates in oxidation
catalysis.

B DECARBOXYLATION OF Cu(l)-a-KETOACID
COMPLEXES

An intriguing route to Fe(IV)—oxo species followed by non-
heme iron enzymes involves reaction of O, with an Fe(II)—
aketocarboxylate (5, M = Fe, Scheme 2).”> ™ The result is ejection
of CO, and O—O bond homolysis to form the reactive Fe(IV)=0
that attacks substrate C—H bonds. We envisioned that a target
[CuO]* species could be formed via a similar pathway starting
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Scheme 2. General Mechanism for Reaction of a Metal
a-Ketocarboxylate Complex with O,
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from a Cu(I)—a-ketocarboxylate complex (5, M = Cu). Choice
of a proper supporting ligand was viewed as key in order to
observe decarboxylation and enable trapping of what was
expected to be an extraordinarily reactive and likely quite
unstable [CuO]" core.

In one approach,16 we used Me,pda and tBu,Me,eda (Scheme 3),
strongly electron donating bidentate diamines known to promote

Scheme 3. Proposed Mechanisms for Decarboxylation of
Cu(I)—a-Ketocarboxylate Complexes Supported by Diamine
Ligands®
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“N diamine donor atoms; R = phenyl or para-nitrophenyl;
S = cyclohexene or CH;CN.

Cu(1)/0, reactions.'” The model a-ketocarboxylates, benzoyl
formate (BF) or p-nitrobenzoyl formate (nitro-BF), were found
to bind in mono- or bidentate fashion via their carboxylate
moieties to the (tBu,Me,eda)Cu(I) moiety (Scheme 3).
Oxygenation of solutions of the complexes (tBu,Me,eda)Cu-
(BF) or -(nitro-BF) at room temperature failed to induce de-
carboxylation, but modest yields (11—16%) of the appropriate
benzoic acid resulting from decarboxylation were isolated in the
presence of excess cyclohexene or CH;CN. To explain these
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results, two possible mechanisms were considered (Scheme 3).
In path A, binding of the additive (S) to the Cu(I) center
enhances decarboxylation in some unknown manner, while in
path B, displacement of BF or nitro-BF by the additive is followed
by formation of a peroxo- or bis(oxo)dicopper complex that then
reacts with the a-ketocarboxylate and induces decarboxylation.
To test the feasibility of path B, solutions of [LCu(CH,CN)]OTf
in CH,Cl, at —80 °C were oxygenated to yield either a mixture
of the peroxodicopper(II) and bis(oxo)dicopper(I1I) com-
plexes (L = tBu,Me,eda) or the bis(oxo)dicopper(III) species
alone (L = Me,pda), as reported previously.”'” Subsequent
addition of BF to these complexes resulted in decarboxylation,
demonstrating the feasibility of path B, an undesired route in
efforts to traverse the mechanism shown in Scheme 2.

To obviate Cu(I)/O, reactivity in the absence of a coordinated
a-ketocarboxylate, we used the less electron donating pyridyl-
imine ligands 6 (Scheme 4), with various phenyl groups

Scheme 4. Pyridyl-imine Ligands 6 (R=X=H; R=Me, X = H;
R = H, X = OMe) and the Decarboxylation Product 7 (R=X =
H; R = H, X = OMe)
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strategically placed in the pyridyl 2-position in order to trap a
transient oxidizing intermediate.'® Oxygenation of the Cu(I)—
BF complexes of 6 (R = H; X = H or OMe) followed by aqueous
workup revealed formation of benzoic acid, signifying decarbox-
ylation, and the product of hydroxylation of the arene of the
supporting ligand (7). The extent of hydroxylation was enhanced
for X = OMe, consistent with attack by an electrophilic copper—
oxygen species. Notably, the complex (6)Cu(O;SCF;) (R = Me,
X = H) was unreactive with O,, arguing against involvement of an
initially formed peroxo- or bis(oxo)dicopper species in the
hydroxylation reaction.

The hydroxylation mechanism was explored for a variety of
derivatives of 6 using density functional theory (DFT) and
multireference second-order perturbation theory (CASSCF/
CASPT2) calculations."®"” The results support the pathway
shown in Scheme S, with the formation of the Cu(I)—peracid
intermediate 9 from the initial adduct 8 being quite exergonic
(>40 kcal/mol). Importantly, two pathways for the arene
hydroxylation were found, one involving direct attack at the arene
7 system concomitant with peracid O—O bond cleavage along a
singlet surface (path B), and the other involving O—O bond scission
followed by attack at the arene by the resulting triplet [CuO]" core
(path A). A preference for the latter pathway was indicated by its
smaller barrier (12 vs 18 kcal/mol), a provocative finding in support
of the intermediacy of the [CuO]* core in this system.

B REACTIONS OF Cu(l) COMPLEXES WITH OXO
TRANSFER REAGENTS

Another method for preparing metal—oxo complexes is to react
low valent precursors with oxo transfer reagents, such as R;NO,
pyridine-N-oxides, or PhIO. Of particular relevance are reports of
reactions of PhIO with Cu complexes that have been proposed to
involve [CuO]* intermediates''** and catalytic arene hydrox-
ylations by Cu/Me;NO systems, for which Cu(Il)~ONMe,
adducts were proposed on the basis of theory to generate
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Scheme 5. Computed Pathways for Arene Hydroxylation
of Cu(I)—a-Ketocarboxylate Complexes Supported by 6°
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“Full ligand structure not shown.

[CuO]* or, upon protonation, [CuOH]*" intermediates via
O—N bond homolysis."'***° Hypothesizing that similar inter-
mediates could be generated from heterolytic scission of the
O—N bond in Cu(I)—OX adducts (X = NMe;, pyridine), we
examined the reactions of various oxo transfer reagents with
Cu(I) complexes of the ligands 6 (Scheme 4, R=Me, X = H), 10,
and 11 (Scheme 6).>' For complexes of 6, 10 (Y = CF;), and 11,

Scheme 6. Reactions of Cu(I) Complexes with N-Oxides
(S = CH;CN or O,SCFs)
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novel examples of stable Cu(I)—OX adducts formed, but O—N
heterolysis could not be induced (no decomposition at 80 °C in
THEF for 1 d). In contrast, reaction of Me;NO with the Cu(I)
complex of the more electron donating 10 (Y = Me) at low tem-
perature yielded a bis(oxo)dicopper species,”> a motif previously
only accessible from O,.*> While it is tempting to postulate that
this product resulted from dimerization of [CuO]" species, it is
also possible that it resulted from O—N cleavage after dimeriza-
tion of a Cu(I)—ONMe; intermediate.

B COMPLEXES WITH A [CuOH]** CORE

In another approach, we postulated that a protonated version of
the elusive [CuO]* core, [CuOH]*, might be accessed through
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simple one-electron oxidation of a Cu(II)—OH precursor and, if
supported by a suitably electron donating ligand, could be
stabilized sufficiently to be identified. Inspired by precedent for
stabilization of Cu(IIT) complexes by amide ligands** and a prior
report of the synthesis of a Ni(I)~OH complex using 12
(R = Me),** we prepared complexes 13 (Scheme 7, R = Me or

Scheme 7. Synthesis and Reactivity of [CuOH]** Complexes 14
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“R = Me or iPr; S—H is a hydrocarbon C—H bond.

iPr).>?® Oxidation of solutions of 13 by FcPF¢ at low
temperature resulted in the development of deep purple color
and intense absorption features at ~540 nm (¢ =~ 12000
M~ cm™") that bleached upon warming. The species giving rise
to these characteristics were identified as Cu(Ill)—OH com-
plexes 14 on the basis of (a) spectrophotometric titration and
cyclic voltammetry results that indicated they were formed via a
reversible one-electron oxidation (E,;,, = —0.076 V vs Fc/Fc" in
acetone), (b) EPR silence, (c) DFT calculations indicative of a
singlet ground state with shortened metal—ligand bond distances
and no evidence for ligand-based oxidation, (d) TD-DFT
calculations that identified the intense absorption feature as a
predominantly arene 7z-to-Cu(d;_,?) ligand-to-metal charge
transfer transition, and (e) Cu K- edge X-ray absorption edge
energies for 14 (R = iPr) that are shifted by >1 eV relative to
precursor 13.

In an initial study of the reactivity of 14 (R = iPr) aimed at
drawing comparisons to other metal—oxo or —hydroxo com-
plexes, hydrogen atom abstractlon (HAT) from dihydroan-
thracene was examined.”® Clean conversion to anthracene and
the Cu(II)—OH, complex 15 was observed, and kinetic studies
revealed a second order rate law and a large kinetic isotope effect
consistent with C—H bond scission in the rate-determining step
via a HAT mechanism. An Eyring analysis of temperature depen-
dent data provided the activation parameters AHf; = 5. 4(2) kcal
mol™!, AS = —30(2) eu, AHE = 6.2(3) kcal mol™!, ASH =
—34(3) eu; from these parameters a KIE of 29 at 20 °C was
calculated, which is far above the semiclassical limit. Comparison
of the rate constants for reaction with DHA at —80 °C to others
reported in the literature (or extrapolated via reported activation
parameters) for various metal—oxo/hydroxo complexes®’
revealed that the value of log k for 14 (0.93) was superseded
only by a few high valent iron spec1es (for example, log k = 2.51
fora Fe(III)OFe(IV) O species;” log k = 1.352 for a Fe(V)=0
complex®). The high rate of HAT by 14 is notable insofar as it is
a rather weak oxidant accessible by oxidation of 13 with FcPF.

In order to understand the thermodynamic basis for the high
reactivity of 14 (R = iPr), we determined the bond dissociation
energy (BDE) of the O—H bond in the product 15 by application
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of eq 1.” The 13/14 redox potential (—0.074 V vs Fc/Fc*) and
the pK, of 15 (18.8 + 1.8) were

BDE = 1.37pK, + 23.06E° + Cy (1)

measured in THF (Cy = 66 kcal/mol), yielding BDE = 90 + 3
kcal/mol.>® This O—H BDE is quite high relative to others
reported for metal—oxo or —hydroxo complexes (see Table 1 in
ref 30), with the strong basicity of 13 (accentuated in THF, as
shown for neutral organic acids like phenols®") counteracting the
weak oxidizing power of 14 to yield a strong thermodynamic
driving force for attack at C—H bonds. In a further expression
of the high basicity of 13, the less sterically hindered variant
(R = Me) reacted smoothly with CH;CN to yield the product of
deprotonation, a novel Cu(1l)-CH,CN complex The high
BDE for the O—H bond of 185 is consistent with the high rate of
HAT from DHA by 14 and suggests that other substrates with
stronger C—H bonds could be attacked under suitable conditions.
Indeed, by using relatively inert 1,2-difluorobenzene as solvent, the
kinetics of the decay of 14 (R = iPr) in the presence of an excess of
a range of substrates with C—H BDEs as high as 99 kcal/mol
(cyclohexane) were examined. From these data, a plot of log k vs
C—H BDE was constructed, the linear fit to which is consistent with a
similar HAT mechanism across the series (Figure 1)

R? = 0.9264

Fluorene
{

Diphenylmethane
Cyclohexene

log k

Toluene

Cyclohexane

75 80 85 90 95
BDE of C-H bond broken (kcal/mol)

T 1
100 105

Figure 1. Plot of log k vs BDE for the reaction of 14 (R = iPr) with the
indicated substrates. Reproduced with permission from ref 30.
Copyright 2015 American Chemical Society.

B SUMMARY AND CONCLUSIONS

Studies of the reactions of Cu(I)—a-ketocarboxylate complexes with
0, and Cu(I) complexes with N-oxides led to intriguing findings,
including ligand arene hydroxylation, the characterization of stable
Cu(I)—N-oxide complexes, and the formation of the bis(oxo)-
dicopper core via oxo-transfer. Support for the intermediacy of
[CuO]" species in some of these reactions was found, although
alternative pathways could not be ruled out. Thus, direct
identification in solution or solid state of complexes with the
[CuO]* core has not yet been achieved. On the other hand, by using
a strongly electron donating ligand (12), complexes with the
protonated variant [CuOH]** (14) were characterized. Importantly,
we found that the [CuOH]** core of 14 is capable of attacking strong
C—H bonds, thus providing precedent for the possible involvement
of this core in oxidation catalysis. Indeed, we speculate that such a
core is a more energetically accessible intermediate than the [CuO]*
moiety and should be considered as an alternative in proposed
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mechanisms for oxidations by enzymes and other catalytic
systems. For example, in LPMO, one can envision that protona-
tion of the putative [CuO]* unit could yield a [CuOH]** core,
perhaps stabilized by the anionic amide resulting from
tautomerization of the “histidine brace” supporting ligand
(Scheme 8). Similar processes to form a reactive [CuOH]*

Scheme 8. Hypothesized Tautomerization of [CuO]* and
[CuOH]*" Cores in the Active Site of LPMO
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core can be envisioned for other copper oxygenases, including
those that activate O, at a single site (e.g.,, PHM or DSM) or at
one copper ion in multicopper sites (such as pMMOS).

Within an even broader context, 14 is a member of a larger
class of complexes and active sites that are weak oxidants yet
through enhanced basicity attain high BDE values and fast C—H
bond attack rates. Invariably, these properties arise from the
presence of strongly electron donating, anionic supporting
ligands that stabilize a high oxidation state for the metal ion while
enhancing the basicity of the oxo or hydroxo ligand. Examples
include the axial thiolate in cytochrome P450>* and aromatic
peroxygenase enzymes,33 the tetranionic corrolazine in Mn(V)—
oxo complexes,®* and the trianionic tripodal amides in Mn— or
Fe—oxo/hydroxo complexes.®® The degree to which electron
and proton transfer are coupled in the reactions of these com-
plexes can differ, and understanding the bases for mechanisms
between the extremes of “pure” HAT and sequential proton and
electron transfer®® is a topic of considerable current interest.>’
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