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CONSPECTUS:

In this Account, we overview and highlight synthetic bioinorganic chemistry focused on initial
adducts formed from the reaction of reduced ligand—copper(l) coordination complexes with
molecular oxygen, reactions that produce ligand-Cu'!(0,°~) complexes (05"~ = superoxide anion).
We provide mostly a historical perspective, starting in the Karlin research group in the 1980s,
emphasizing the ligand design and ligand effects, structure, and spectroscopy of these O, adducts
and subsequent further reactivity with substrates, including the interaction with a second ligand-
Cu' complex to form binuclear species. The Account emphasizes the approach, evolution, and
results obtained in the Karlin group, a synthetic bioinorganic research program inspired by the
state of knowledge and insights obtained on enzymes possessing copper ion active sites which
process molecular oxygen. These constitute an important biochemistry for all levels/types of
organisms, bacteria, fungi, insects, and mammals, including humans.

Copper is earth abundant, and its redox properties in complexes allow for facile Cu'!!/Cu!
interconversions. Simple salts or coordination complexes have been well known to serve as
oxidants for the stoichiometric or catalytic oxidation or oxygenation (i.e., O-atom insertion) of
organic substrates. Thus, copper dioxygen- or peroxide-centered synthetic bioinorganic studies
provide strong relevance and potential application to synthesis or even the development of
cathodic catalysts for dioxygen reduction to hydrogen peroxide or water, as in fuel cells. The
Karlin group’s focus however was primarily oriented toward bioinorganic chemistry with the goal
to provide fundamental insights into the nature of copper—dioxygen adducts and further reduced
and/or protonated derivatives, species likely occurring in enzyme turnover or related in one or
more aspects of formation, structure, spectroscopic properties, and scope of reactivity toward
organic/biochemical substrates.

Prior to this time, the 1980s, O, adducts of redox-active first-row transition-metal ions focused on
iron, such as the porphyrinate—Fe centers occurring in the oxygen carrier proteins myoglobin and
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hemoglobin and that determined to occur in cytochrome P-450 monooxygenase turnover. Deoxy
(i.e., reduced Fe(l1)) heme proteins react with O, giving Fe!!'-superoxo complexes (preferably
referred to by traditional biochemists as ferrous—oxy species). And, it was in the 1970s that great
strides were made by synthetic chemists in generating hemes capable of forming O, adducts,
their physiochemical characterization providing critical insights to enzyme (bio)chemistry and
providing ideas and important goals leading to countless person years of future research.
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1. INTRODUCTION

Dioxygen reducing processes lie at the center of biological and societal/industrial energy
requirements; they include cellular respiration* and metal-ion-mediated reactions utilizing
0,.% Aqueous environment reduction (Figure 1) includes stepwise electron—proton transfers
involving overall 4-electron—proton transformation of O, to H,O. One-electron addition to
dioxygen is a slightly uphill process, yielding superoxide radical anion (O5°7). H,O is
afforded by the further one-electron two-proton reduction. Peroxide O-O reductive cleavage
is critically important in chemistry—biology; homolysis gives hydroxyl radical, a powerful
indiscriminate oxidant.5

With a research focus on copper(1)-O, chemistry®7 relevant to copper enzymes® activating
0, for oxidation-oxygenation reactions, the copper ion is an electron donor (Cu') or Lewis
acid (Cu?*; instead of H*) and facilitates O, reduction—protonation by coordination to
O,-derived fragments (Figure 1). Protein— or ligand—Cu'/O, reactivity gives Cu''-superoxide
species.8:? Supplementation by one e”/H* gives copper(l1)-hydroperoxide species. A Cul'-
oxyl1¥ is a copper-ligated deprotonated hydroxyl radical Cu''-O* formed via peroxide O-O
bond cleavage and reduction—protonation (Figure 1). Further addition of a e™/H* yields

a copper(I)-hydroxo species which may act (i) as a substrate oxidant/proton acceptor

or (i) via rebound, Cu''OH + R* — Cu! + ROH.1! Elucidation of the (bio)chemistry

of copper—oxygen fragments and their transformations or interconversions is the goal of
multiple research communities. How are Cu'!(0,*"), Cu''OOH, and Cu''O® formed, what
are their structures/physical/spectroscopic and bonding properties, how are they related by
redox/proton transfer, and what is their substrate reactivity? Many copper enzymes possess
active sites with two, three, or even four Cu’s in proximity; thus, the nature of O,-derived
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fragments bound to 2—4 copper ions expands the landscape of interest and importance.
Figure 1 illustrates known Cu,0O; structures.’

2. COPPER(Il)-SUPEROXIDES IN METALLOENZYMES

As this Account focuses on copper(l1)—superoxides, we indicate how such species pervade
copper biochemistry, participating in key hydrogen-atom abstractions (HAA) (Figure 2). In
the monooxygenase catalytic cycle,? initial Cu'/O, reactivity gives the cupric—superoxide.
Further reductive steps would lead to a Cu''—oxyl or localized hydroxyl radical (Figure 1),
oxidants powerful enough to attack the very strong substrate C—H bonds. Peptidylglycine
a-hydroxylating monooxygenase (PHM) and dopamine g-monooxygenases (DAM) are
ascorbate-dependent enzymes involved in hormone/neurotransmitter biosynthesis, 812
referred to as “noncoupled” binuclear enzymes. Biochemical, structural, spectroscopic,
and computational investigations have shown that Cup, (Figure 2), with its two histidine
imidazolyl plus methionine thioether ligands, undergoes Cup'-O, reactivity, giving a
Cu''ys—superoxide (with an X-ray structure determined)!22 which initiates catalysis via
substrate HAA. Lytic polysaccharide monooxygenases (LPMOs)!3 and particulate-methane
monooxygenase (/MMO),14 both possessing a “histidine brace” (imidazolyl and chelating
amine terminus),130 effect polysaccharide oxidative breakdown or methane to methanol
conversion, respectively; their (bio)chemistries are critical in energy conversion. The
formylglycine generating enzyme (FGE)!® features a copper(l) bis-cysteinate which when
further ligated by a substrate cysteine reacts with O,, giving a Cu!'-superoxide which
attacks the methylene group via HAA; further steps lead to products C,-formylglycine and

H25(9).

Galactose oxidases (GOs)16 (Figures 2 and 3) and amine oxidases (AOs)16 effect two-
electron substrate oxidations, producing HoO». Their active sites bear post-translationally
modified amino acid cofactors, a cross-linked Tyr—Cys for GO (Figure 3). In normal
turnover, a Cu''-superoxide abstracts an H atom from the Tyr-Cys group, generating a
ligated Cu''-phenoxyl radical intermediate, ready to effect substrate HAA, providing for
overall RCH,0H to RC(O)H conversion.8

Cytosolic Cu-Zn superoxide dismutases (SOD1’s)? detoxify superoxide by
disproportionation. With active site copper(ll), a central imidazolate bridges the copper and
structural zinc ions. Cu''-SOD plus O,"~ effects copper(l1) reduction and O,(g) release. The
Cu' produced is now three coordinate; the bridging imidazolate has been protonated and
only binds zinc(l1). Reaction of a second superoxide substrate with the Hisg—copper(l) leads
to H,O», regenerating copper(ll) (Figure 4a).

Mitochondrial cytochrome ¢ oxidase (Cc0)*18 catalyzes the 4e7/4H™ reduction of O, to
two waters, coupling this downhill reaction to membrane proton translocation and ATP
biosynthesis. A transient Cu''-superoxide intermediate forms during turnover (Figure 4b).

3. N4 TETRADENTATE LIGANDS

The extensive copper(1)/O, biochemistry highlights the reasons for fundamental
investigations relating to cupric—superoxo species including when a Cu''-superoxide
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reacts with a substrate or undergoes reduction—protonation (Figure 1). When this PI

started research, no synthetic chemistry Cu'-O, adducts or derived species existed.

A copper—protein X-ray structure was a “blue” Type-1 electron transfer protein,
plastocyanin.1® “Blue” multicopper oxidases possessed a biochemistry—biophysics (UV-vis
and EPR spectroscopies; electron transfer investigations).2% For hemocyanins (dicopper

O, carriers in arthropods and mollusks with Cu'(His)3 ligation) and tyrosinases (dicopper
monooxygenases; o-phenol hydroxylation, melanin biosynthesis),® deeply colored O,
adducts were known, later identified (X-ray)?! as (His)3Cul'—(1- 72: 17-0,27)-Cu'!(His)3
species (Figure 1).

While we and others designed binucleating ligands toward modeling dicopper proteins,’ we
also strived to elucidate simpler fundamentals, where one ligand—copper(l) entity reacted
with dioxygen. One investigative track utilized tripodal tetradentate ligands (Figure 5).98.22
Important considerations were as follows.

a. Ligand—copper(l) complex O, binding would involve partial or full electron
transfer; an O, adduct would be a Cu'' complex with bound superoxide radical—
anion.

b. N-donor ligands should be most suitable as they accommodate both copper(l)

and copper(l1). Histidyl imidazoles are ligands in hemocyanins, tyrosinases,
multicopper oxidases, and Type-1 electron transfer proteins.

C. Consideration of copper(l) vs copper(ll) coordination preferences would
be required. Copper(l) forms two-, three-, and four-coordinate (tetrahedral)
complexes. Copper(l1) prefers tetra- (planar) or pentacoordination. Ligand—Cu'!/!
redox relationships23 revealed that three-coordinate copper(l) exhibits positive
reduction E£%Ey, potentials (favoring Cu(l)). Tetradentate ligands which enforce
planar copper coordination exhibit negative values.

d. Zuberbiihler’s kinetics investigations? led to hypotheses concerning suitable
coordination in hemocyanins in order to facilitate reversible O, binding; 2-3
imdazolyl donors provide optimal copper(l) coordination, while O, addition
would bestow a not too “cupric-like” (No/N3)Cul'-(0527)-Cu'/(N/N3) adduct.

Tripodal tetradentate ligands were in part chosen because neither Cu(l) nor Cu(ll) complexes
would be able to form planar coordination environments; copper(l) salts or complexes may
readily disproportionate if the surrounding ligand favors copper(ll). The ligands in Figure

5 vary systematically in chelate ring size (TMPA, 5-membered rings; TEPA, 6-membered
rings). Rorabacher’s2® broad studies of ligands of varying denticity, chelate ring size, and
donor atom type showed that ligand—copper!"! reduction potentials depended on the ligand
binding Kgq to copper(Il) and not copper(l); six-membered chelate rings favor copper(l),
while copper(Il) prefers five-membered chelate rings. For copper complexes with TMPA
through TEPA (Figure 5), an ~0.5 V variation in ligand—copper'"/! £/, value was observed.

3.1. Ny Pyridylalkylamine Ligands

The copper(l) complex with TEPA ligand was unreactive toward O,; by contrast, [Cu'(tmpa)
(MeCN)]* is extremely O, sensitive. We successfully crystallized the first known copper—
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dioxygen adduct, the trans-11,2-peroxodicopper(l1) complex [{Cu'(tmpa)}»(0,27)]%*
(Figure 6).28 Important insights were obtained utilizing UV-vis-monitored low-temperature
stopped-flow kinetics.127 An intermediate, later proven to be [Cu'l(tmpa)(0,"")]*, forms in
milliseconds (Figures 6 and 7).

Nitriles are excellent Cu' ligands; the propionitrile solvent inhibits O, binding. We were
able to devise “flash-and-trap” experiments on [Cu'(tmpa)(CO)]* in the presence of O, in
tetrahydrofuran (noncoordinating). The binding of O, approaches the diffusion limit, Ay, =
1.3 x 109 M1 s71 (RT);18.28 k. is greater than that known for other ligand—Cu' complexes
and even heme proteins (Figure 7), pointing to the biological and/or chemical synthetic
utility of copper in redox processes. These findings are explained as related to the imposed
geometry and electronic structure for a ligand—metal system.18.27b

The O, reduction reaction (ORR) is of contemporary importance in energy considerations
and application to fuel-cell cathodic catalysis. Both 2e7/2H* (to H,05) and 4e~/4H™ (to
2H,0) reductions are important, and selectivity is a research goal. Interestingly, [Cu'(tmpa)]
* catalyzes O, reduction to water in the presence of decamethylferrocene (Fc*) and
HCIOy in acetone.?® Mechanistic studies reveal [Cu!(tmpa)(O,*7)]* formation followed
by the appearance of [{Cu'!(tmpa)},(0227)]%*, which is further reduced/protonated to give
water and not H,0,.2%9 By replacing HCIO,4 with Sc(OTf)3, a two-electron reduction
instead occurs. [Cul(tmpa)]*/O, reactivity gives [Cu'!(tmpa)(O5°")]*, which undergoes
fast reduction and trapping of peroxide dianion by Sc3* ; no “dimerization” giving
[{Cu'l(tmpa)},(0,27)]?* occurs (Figure 8).2 In contrast, quinolyl ligands confer a very
positive reduction potential for [Cu'"!(BzQ)]*; now, weaker reductants (Me,Fc or Fc,
compared to Fc*) promote O, activation and two-electron ORR (Figure 8).290

Tetradentate ligands with quinolyl rather than pyridyl “arms” were also generated (Chart
1; Figure 9) to probe resultant copper complex steric and/or electronic effects. For ligand—
Cu' complexes, TMQA confers a more positive Cu''! £/, by 370 mV.278 Dramatic
differences in O, reactivity are also observed. No 1:1 Cu!'-(0,"") complex could be
observed in the [Cu'(bpga)]*/O, reaction; only the peroxo-dicopper(I1) complex analog
[{Cu'(bpga)},(0,27)]?* forms. For BQPA, a differing scenario occurs.

Inca. 1sat-80 °C, the trans-peroxo complex forms, but this slowly isomerizes to a bis-4+
oxo—dicopper(l11) complex, Amax = 380 nm, a close analogue to that complex discovered
and characterized by Suzuki using Mestpa (with two 6-methylpyridyl rather than quinolyl
arms).30 Here, O, can be recovered from the bis-z~oxo—dicopper(111) complex, indicating
that the BQPA chemistry steps shown (Figure 9) are reversible. Ligand 2-quinolyl steric
effects make [Cu'(tmga)]* unreactive toward O,.

Scheme 1 most generally applies to [Cu'(ligand)]*/O5 reactivity. Thermodynamic
stabilization drives [Cu'!(ligand)-(O5"")]" to react with a second Cu' species, giving
binuclear peroxo—dicopper(ll) products. However, we could cryogenically stabilize the
cupric—superoxo species by utilizing TMPA derivatives employing strong donor groups in
the pyridyl para position. Kinetic/thermodynamic studies using PMMTMPA or PMATMPA
(Chart 1) show that Ao, increases and k_g decreases (thus, Koo (= ko2/ k_o2) increases) (i)
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consistent with oxygenation being accompanied by electron transfer from copper(l) to O,
(giving superoxide anion) and (ii) large Ko values suppress binuclear peroxo—dicopper(ll)
formation, because the ligand—Cu' concentration present decreases. In fact, benchtop
handling of ligand—Cu'/O solutions with these two ligands provides for almost exclusive
stabilization of [Cu''(ligand)(O,")]* species (£, = 4 h, =85 °C for PMAtmpa).27b:31

Such stabilization allowed for in-depth characterization and insightful comparisons.

For [Cul(tmpa)]* vs [Cu'(PMAtmpa)]*, £y, for the latter is 300 mV more positive;

for [Cu'(tmpa)-(CO)]* vs [Cu!(PMAtmpa)(CO)]*, Y(CO) values are 2092 and 2079
cm~1.270 Thus, [Cu'(PMAtmpa)]* is a much better electron donor than is [Cul(tmpa)]™.
[Cul'(PMAtmpa)(0,")]* is a brilliant green color in solution, exhibiting multiple UV-vis
absorptions, and it is EPR silent. In resonance Raman (rRaman) spectroscopy, O-0)
=1121 cm™1, shifted to 1058 cm™ for 180,. Further analysis of rRaman spectra of
[Cull(PMAtmpa)(0,")]* using gas mixtures with 160-180 (Figure 10) revealed that the

O atoms of the superoxo fragment in this (and these complexes with tripodal tetradentate
ligands) are chemically inequivalent, thus consistent with possessing an end-on geometry,
with only one O atom binding to the copper(I1) ion.312 This is as we depicted in our 1993
kinetic study (Figures 7 and 8) and corroborated by the X-ray structure from Schindler
and co-workers32 using the TMGstren ligand (Chart 2; also discussed below). Roth, using
low-temperature NMR spectroscopy,33 followed by a detailed MCD spectroscopic and
computational investigation from Solomon and co-workers34 provided electronic structural
and bonding characterization of such end-on-bound copper(Il)-superoxo complexes. They
possess S =1 ground-state structures; the copper(l1) ion and superoxide ligand unpaired
electrons are ferromagnetically coupled.

The stability of [Cu'l(PMAtmpa) (0, )] * allowed for first time reactivity studies. Addition
of p-MeO-2,6-di-tert-butyl-phenol (0-MeO-2,6-DTBP) yielded p-MeO-2,6-di- fert-butyl-
phenoxyl radical (UV-vis 405 nm peak; EPR g ~ 2 signal) via HAA. Reaction with
P-X-2,6-DTBP (X = -Bu, —H) gave 2,6-di-tert-butyl-1,4-benzoquinone products, arising
from further reaction of the phenoxyl radical with a second equivalent of [Cu'!(PMAtmpa)
(0,°7)]1*.312 [cu! (PMMtmpa)(0,°7)]* was utilized in a more detailed mechanistic study
for oxidation of various p-X-2,6-DTBP’s. The deuterium Kinetic isotope effects (KIES)
determined were consistent with the conclusion that phenol oxidations proceeded via HAA.
Further insights were derived from correlations of the reaction rate constants between

the cumyl peroxyl radical toward the same phenols; HAA is rate determining, but these
reactions occur via “partial” concerted electron and proton transfer.310

To generate highly thermally stable copper(ll)-superoxo complexes, England and co-
workers3® introduced bulky meta-aryl-substituted TMPA’s (Ar = tpb, dpb, or dtbpb;

Chart 1), The [Cu!(A"3tmpa)]* complexes were characterized by cyclic voltammetry (CV):
the bulky substituents do not meaningfully influence the pyridyl group’s donor ability.
[Cul(Ar3tmpa)]* solutions in tetrahydrofuran at —80 °C bubbled with O,(g) afforded

green superoxo complexes; characterization was derived from UV-vis, rRaman, and NMR
spectroscopies and magnetic measurements. These confirmed the superoxide end-on binding
and complex S= 1 ground states. The particular stability of [Cu'!(P*3tmpa)(0,*")]*
permitted further substrate reactivity investigations. Oxidation of O—H (phenols), N-H (e.g.,

Acc Chem Res. Author manuscript; available in PMC 2024 August 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim and Karlin

Page 7

hydrazines), and C—H bonds containing substrates occurred via HAA, as corroborated with
the observation of large KIEs.

Karlin and Hoffman36 recently reported an EPR and ENDOR spectroscopic interrogation of
(frozen) solutions of, for example, [Cu''(PMMtmpa)(0,"7)]* (Figure 11). By cryoreduction
(y-irradiation) and protonation by annealing (i.e., warming), electron transfer and/or
protonation interrelationships could be established. Cryoreduction of [Cu''{(PMMtmpa)
(O,")]* resulted in initial electron transfer to the copper(ll) ion, yielding a new molecular
type, a copper(l)-superoxo species. Internal electron transfer followed, giving a copper(Il)-
peroxide, which when warming picked up a proton to give [Cu!'(PMMtmpa)(OOH)]*.

3.2. Hydrogen-Bonded Cupric—Superoxide Complexes

In coordination or organometallic chemistry, there has been considerable interest in
utilization of multidentate ligands with built-in hydrogen-bonding functionalities. In fact,
Masuda and co-workers3” utilized TMPA derivatives with 2-pyridylamino or pivalamido
substituents to study the effects of these input H-bonding groups on the chemistry/
spectroscopy of copper(l1)—azido or peroxodicopper(ll) complexes. We chose to examine
these or related ligands to learn about their influences on copper(l1)-superoxo complexes.

By adopting amino (NH>), pivalamido (PV), or penta-fluorobenzylamine (FsBA) groups at
the 2 position of one or more of the pyridyl arms (Chart 1), ligand—copper(l) precursor
oxygenations led to cryogenically (=135 °C; 2-methyltetrahydroluran (MeTHF)) stabilized
[Cu!'(F5BAtmpa)-(0,")]* and [Cu!'(tPVtmpa)(0,"7)]* complexes.38 Studies with azido
complexes of these ligands, N3~ being a good spectroscopic surrogate for superoxide or
(hydro)peroxide anions,238a revealed that significant H bonding occurs between the PV (or
—-NH5) ligand group (Chart 1) and the proximal (to copper) N atom (in azide) or O atom (in
superoxide). Studies with azido complexes indicated the relative strength of H bonding with
the varying ligands employed (Figure 12 and Chart 1); an upshift in the multiply bonded
N-N stretch (due to a change in azido resonance form preferred) occurs with stronger H
bonding to the proximal N atom,382 Figure 12.

Oxidative reactions of p-MeO-2,6-DTBP with [Cul!(F2BAtmpa)(0,°7)]* and [Cu!!(1PVimpa)
(O] were carried out. The results revealed that H bonding results in a higher efficiency
in HAA reactivity (k= 3.1 x 101 M~1 571 ([Cu!!(tmpa)(0,")]*), 11.5 x 1071 M1 571
([CuM(F5BAtmpa)(05")]%), and 9.9 x 10~ M1 571 ([cuM(PVimpa) (0, )]H).

In another study,? the physical properties and reactivities of [Cu!!(NH2tmpa)(0,*)]",
[Cu''(NH2)2tmpa)(0,°7)]*, and [Cu!!(PVimpa)(O,")]* vs [Cul'(3PVtmpa)(0,*)]* (-135
°C, MeTHF), now stable to conversion to frans-peroxo—dicopper(ll) analogues, were
surveyed. For this series, a strong charge transfer band in the 400-420 nm range
underwent a blue shift with increased H-bonding capability. In rRaman spectroscopy, the
0-0 stretching frequencies occurred over the range 1121-1130 cm™1. HAA oxidations
of phenols by [Cu!'(Rtmpa)(O5"")]* were studied, all giving a phenoxyl radical plus
hydroperoxo—copper(11) complexes [Cu'/(Rtmpa)-(—~OOH)]* (Figure 13), i.e., superoxide
plus an electron and proton gives hydroperoxide. The oxidative ability of the series

was dramatically enhanced with an increase in strength and/or number of intramolecular
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H-bonding groups (Figure 13). All four of the superoxo—copper(Il) complexes could
oxidize p-Me0-2,6-DTBP with a weak O-H bond (bond dissociation energy (BDE) =

80.8 kcal/mol). [Cu!(tmpa)(O5")]+ and [Cu!'(NH2tmpa)(0,"")]* were unable to react with
p-methoxyphenol as substrate, However, [Cu'!(PVtmpa)-(0,°7)]*, [Cu'(NH22tmpa)(0,°7)]
* and [Cu''(2PVtmpa)-(0,"")]* could effect these HAA reactions, k= 0.02, 0.04, and

0.21 M1 571 respectively. Furthermore, [Cu!'(2"Vtmpa)-(0,"")]* could oxidize p-cresol
(O-H BDE = 91.5 kcal/mol) and also the C—H substrate 9,10-dihydroanthracene (BDE =
79.7 kcal/mol). Previously, we showed that [Cu''(*PVtmpa)-(O,"")]* could effect an HAA
reaction on the C—H bond in 1-benzyl-1,4-dihydronicotinamide (BDE = 70.7 kcal/mol).38P

As H bonding leads to more stabilized superoxo—copper(ll) complexes, the greater the Ko,
value (Ko = ko2l k-02), leaving behind decreased concentrations of copper(l) precursors
[[Cu'(Rtmpa)]*], those needed to form peroxodicopper(11) complexes in the second step
(Scheme 1). This is analogous the effect of H bonding to the superoxo moiety in
hemoglobins, which decreases O, dissociation (kq>).382

3.3. N4 Tris(2-aminoethyl)amine (tren)-Type Ligands

Schindler, Sundermeyer, and co-workers32:3% employed the very strongly donating ligand
TMGatren. Its copper(l) complex reversibly binds O,; dimerization to give a binuclear
peroxo-dicopper(11) complex does not occur. [Cu!!(TMGgtren)(O,")]*, first formed in
acetone at =70 °C, is the only crystallographically characterized end-on superoxo—copper(I1)
complex (Figure 14). The strong UV-vis bands at 442 and 690 nm closely match those for
[Cu!(tmpa)(O,")]* (Figure 6). The OO stretching frequency of [Cu''(TMGstren)(0,")]

* was detected at 1122 and 1117 cm™2 by IR and rRaman spectroscopies, respectively.

Also, it is an S= 1 complex. As for heme-O, adducts (porphyrinate—Fe!!!—superoxides),
dioxygen could be photoejected from [Cu!'(TMGgtren)(O5"")]* and [Cu!'(*PVtmpa)(0,*)]*,
the kinetics of O, recombination could be followed by transient absorption spectroscopy
(Figure 14a and 14c), and very large rate constants were determined (Figure 7).18

We further utilized [Cu'!(TMGstren)(O,")]* for reduction/protonation studies,*° as

such e/H* chemistry pervades (bio)chemical O, activation (Figure 1). Fc* will not
reduce [Cu!'(TMGastren)(05°")]*. However, with trifluoroacetic acid (HOAcg) added to
form an adduct, [Cu''(TMGgtren)(0,"")-(HOAcg)]™ (Figure 14d), reduction by Fc* or
octamethylferrocene occurs (Fc* is 6.1x faster (—=80 °C)); dimethylferrocene is unreactive.
We could thus bracket this superoxide to hydroperoxide transformation as having +0.12
V < £’ < +0.44 V vs SCE (in 2-methyltetrahydrofuran) (roughly from -0.4 to —0.1 V

vs Fc*/Fc). While measured at low temperature in organic solvents, such redox potentials
can still have a meaning that can be appreciated as having biological implications. The
agents cytochrome ¢ and ascorbate in acetonitrile possess redox potentials lying between
those of octamethylferrocene and dimethylferrocene.*! Thus, a metal-ligand—(0,"") species
that undergoes reduction/(protonation) within the octamethylferrocene/dimethylferrocene
“window” in organic solvents would be reduced if placed in biological media (such as in
a metalloenzyme active site). In other works,#! we demonstrated that a superoxide anion
ligated as a bridging ligand in binuclear copper(ll) complexes undergoes reduction (to
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coordinated/bridged peroxide dianion) with roughly -0.6 V < £’ < -0.3 V vs Fc*/Fc (in
organic solvents).

Schindler#2 and Suzuki43 and co-workers were able to generate and study superoxo—
copper(1l) and/or peroxodicopper(ll) complexes with amino-derivatized tren ligands.
[Cull(Me.Metren)(0,°7)]* 4243 (see also a kinetic study, Figure 7),42 [Cu'!(H-BNtren)
(0,°7)]*, and [Cu!'(Me:Bntren)-(0,°7)]43 were detected/characterized by UV-vis and
rRaman spectroscopies exhibiting behavior very similar to TMPA derivatives; trans-
peroxo-dicopper(11) analogs also form.#243 |toh*4 designed/synthesized a tren ligand
derivative having very bulky and hydrophobic HIPT substituents (Chart 3), stabilizing
[Cull(HIPT3tren)(O5")]* (end-on superoxo ligand, S= 1 ground state) in acetone at —90
°C.

Comba and co-workers*® studied the oxygenation of copper(l) complexes with second-
generation bispidine ligands (L2R; Chart 3). Via spectroscopic and computational analyses,
several O,-derived species were observed under cryogenic conditions, including an end-on
superoxo—copper(ll) complex (Amax = 402 and 664 nm).

Reinaud and co-workers* carried out investigations of copper(1)/O, chemistry utilizing
elaborated tren-based Calixarene ligands. [Cu'(Calix[6]amido-tren)]*/O, (Chart 3)
chemistry yielded an end-on cupric superoxide complex capable of a remarkable four-
electron oxygenation of a ligand methylene group (giving a ketone). Overall, the Reinaud
group’s supramolecular chemistry studies led to many new insights into copper(1)/O,
oxidative reactivity.

It is worth mentioning the superoxo—copper(I1) complex early on reported by Valentine*
using the N4 macrocycle tet b (Chart 3). This EPR-silent species was generated via reaction
of [Cu'!(tet b)]2* with KO,/crown ether. Via low-temperature oxygenation of [Cul(tet b)]*,
Shindler?8 recently crystallized the peroxo-dicopper(l1) analogue.

3.4. N3S Tetradentate Ligands

Castillo*® recently reviewed the coordination chemistry of copper with thioether ligands
as relevant to the PHM and DAM enzyme Cuy. The presence of this RSR” ligand has
long puzzled (bio)chemists and spurred experimental and computational investigations.
[Cu!(PMANSS)(0,"7)]* (Chart 4) was the first example from our laboratories of a relevant
synthetic model involving O, reactivity. Cryogenic oxygenation of [Cu'(PMAN3S)]* led
to solutions of a binuclear peroxo species [{Cu'(PMAN3S)}o(1+1,2-0027)12* (Voo = 547
cmL, vo_o = 821 cm™1). However, a change to a MeTHF:trifluoroethanol solvent at 135
°C stabilized the superoxo complex [Cu''(PMAN3S)(05e-)]* (veu—0 = 460 cm™, oo

= 1117 cm™1). Reactivity studies revealed that [Cu''(PMAN3S)-(0,"7)]*, with its weaker
thioether donation to copper(Il) as compared to complexes with N4 ligation, could affect
HAA from p-OMe-DTBP and A-methyl-9,10-dihydroacridine, whereas [Cu''(PMAtmpa)
(0,°7)]" is unable to react (Figure 15).50

The study of the N3S-containing complex [Cu''(TMCN3S)(0,")]* (Figure 16) provided
further insights. X-ray absorption fine structure (EXAFS) spectroscopy proved Cu—Sinioether
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ligation (2.55 A). For the copper(l) precursor, [Cu'(TMGN3S)](B(CgFs5)a), Cu'-Sthivether =
2.50 A.3 Here also, comparison of the HAA reactivity of [Cu!'(TMCN3S)-(0,")]* vs that
for the N4 analog [Cu!'(TMGgtren)(O5"")]* gives a somewhat enhanced reactivity for the
former. A deeper understanding of the role of the thioether ligand here and for copper
enzymes is needed.

Castillo and co-workers®! recently studied the low-temperature copper(1)/O, chemistry with
the benzimidazole-containing N3S ligand LR, Chart 4. The superoxide complex proposed

to form possesses 77-side-on binding. A triplet ground state is implicated based on the
observation of paramagnetically broadened ligand signals. [Cu''(LR)(0,*")]* complexes
were shown to oxidize dihydroanthracene to give anthraquinone.

4. N3 OR N, TRIDENTATE OR BIDENTATE LIGANDS

In 1994, Fujisawa and Kitajima reported on the oxygenation of a copper(l) complex bearing
the hydrotris(pyrazolyl)borate (HB(3-/Bu-5-Prpz)s) anionic ligand (Chart 5). The break-
through X-ray structure of [Cu!'(HB(3-Bu-5-Prpz)3)0,"7)] (Figure 17) revealed (the first)
side-on superoxo binding with {(0-0)=1.22 A. A O-0) stretch was observed at 1111
cm~1in the IR study, and later rRaman interrogation gave O-0) as 1112 cm™1 for the
close analog complex [Cu'!(HB(3-Ad-5-Prpz)3)(0,°7)] (Ad = adamantyl).>2 Sharp ligand
signals in the TH NMR spectra and a measured value of /¢ = 0 confirmed the complex

to have a diamagnetic singlet ground state (S = 0) attributed to antiferromagnetic coupling
between copper(I1) 3d° and superoxo unpaired electrons, highlighting the difference in
electronic structure/bonding for side-on vs end-on superoxide—copper(Il) species.

Itoh and co-workers®3 carried out important studies utilizing RPPEDC ligands (Chart

5) designed to generate cupric—superoxide species with distorted tetrahedral geometries.
[Cu'(MPPEDC)(0,"")]* possessed distinctive UV-vis charge transfer features and {O-0)
=1033 cm~L. A parallel-mode EPR spectrum suggested the complex has a triplet ground
state (S = 1), as do cupric—superoxides with TMPA-type ligands. [Cu''(RPPEDC)(0,"7)]

* complexes effect ligand benzylic hydroxylation, chemistry which may closely model
DAM biochemistry (Figure 2). While the RPPEDC (tridentate) cupric superoxides and those
with TMPAs (tetradentates) share similar UV-vis charge transfer spectroscopy and S=1
ground state properties, their reactivity grossly varies. [Cu!!(HPPEDC)(0,"")]* and phenol
substrates undergo simple acid—base chemistry; reactions with phosphines lead to O-atom
transfer (OAT); [Cu'!(Rtmpa)(0,°")]* undergo HAA reactions with phenols, and they do not
convert phosphines to phosphine—oxides (Figure 18). Itoh commented that the RPPEDC Cu-
superoxide chemistry considerably differs from that for ligands like TMPA and TMGgtren
because of the imparted lower coordination number and differing donor atom type.

With the ligand derivative "'PPMDC, Itoh and co-workers®* showed that the corresponding
cupric superoxide complex [Cu!!(HPPMDC)(0,")]* facilitates an aldol-type reaction with

carbonyl compound substrates and solvent molecule (acetone) through catalytic C—C bond

formation. With the TMG-type ligands (Chart 5), Himmel and co-workers®® also reported a
similar aldol reactivity involving a cupric superoxide complex, e.g., [Cu(TMGMP)(05*)]*
(Figure 19).
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An important reactivity study was carried out by Tolman’s group using the cupric—
superoxide complex derived from the P'PCA ligand.5¢ [Cu!'(P"PCA)(O,*7)] is an end-on
superoxide S=1 complex ({0-0) = 1104 cm™1). A mechanistic study revealed that net
HAA reactions with phenols XArOH (X = NO,, CF3, Cl, H, Me, Bu, OMe, and NMey)
divide into two groups. The reaction rate constants of [Cu!'(F"PCA)(0,"")] toward XArOH
(X =NOy, CF3, Cl, H, and Me) increased with increasing electron-withdrawing character,
acidity, and redox potential of phenol substrates, suggesting proton transfer is involved in
the rate-determining step and thus a stepwise proton transfer/electron transfer mechanism.
With electron-rich phenols (X = /Bu, OMe, and NMe;), a negative Hammett value (o = —2.5)
and decreasing & values with increasing phenol acidity and/or redox potential indicate the
reaction mechanism involved concerted proton transfer- electron transfer (CPET) (or HAA).

Quite recently, Anderson and co-workers® devised a new (redox-active) ligand BU.ToIDHP
which led to a T-shaped cupric superoxide [Cu'(BUTOIDHP™)(0,*7)], characterized by an
array of spectroscopies and analyzed using DFT. Interestingly, [Cu!'(BYToIDHP™)(0,*)]
could deformylate aldehydes or effect catalytic OAT to triphenylphosphine, all at RT.
Moreover, [Cu'!(BU.ToIDHP~)(0,*")] showed catalytic behavior in oxidations of alcohol and
hydrazine substrates, affording byproduct H,0,.

The Tolman group reported on the copper(1)/O, chemistry with several bidentate
anionic BKI-type N5 ligands (Chart 5). These gave rise to cryogenically stabilized
cupric superoxo complexes with 77-side-on binding. [Cu''(RBKI)(O,"")] species were
characterized crystallographically, spectroscopically, and with DFT calculations.’?

Along with the many copper—dioxygen adducts described utilizing newly designed
low-coordinate ligands is the sterically encumbered peralkylated hydridacene (EMind)-
substituted dipyrrin ligand.>8 Betley and co-workers could isolate the superoxo complex
[Cu''(EMindDP)(O,*7)]* upon exposure of [Cu'(EMINADP)(N,)]* to air. X-ray crystallography
reveals the superoxo ligand to be side-on bound in this diamagnetic compound, possessing
an 0-0 stretch at 1003 cm™2, [Cu!'(EMINdDP)(0,*)]* could rapidly oxidize arylhydrazines,
giving azoarene analogues and H,0,.

5. CONCLUSIONS

We have summarized, from our own works and perspectives, the synthetic bioinorganic
chemistry of cupric superoxide complexes. The key take-home message is that the ligand
architecture and variations define ligand—Cu'/O, reactions and ligand—Cu'/(0,"~) chemical
behavior. Key questions remain.

What is the true extent of reactivity of ligand—Cu''(O,*~) complexes toward C-H, O-H,

or N-H HAA chemistry? Can newer ligand designs enhance such oxidative chemistry?

(@) In the Itoh system (Figure 18), use of a tridentate ligand affords an electrophilic
pseudotetrahedral cupric—superoxide complex which effects HAA from a benzylic C—

H bond (BDE = 85 kcal/mol). This system is special; we ourselves have never (yet)
successfully generated a cupric—superoxide complex employing a neutral tridentate ligand.
Such a target goal is of interest. (b) While ligand H bonding toward copper-bound
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superoxide ligands enhances C—H and O—H oxidative behavior, what are the inherent
chemical/electronic structure origins? Can a ligand with H bonding to the distal (rather than
proximal) superoxide O atom be studied? (c) We note that recent outlooks on the PHM/DAM
mechanism suggest the involvement of an O,-derived dicopper active intermediate.>®

Monooxygenases most often proceed beyond Cu'/(0,"") intermediates via subsequent
superoxide reduction—protonation. Fundamental insights concerning these downstream steps
are needed. How basic (toward protons) is a coordinated superoxide? How, in detail and
with mechanistic insights, is reduction coupled to the protonation to afford a copper
(hydro)peroxide or HoO5 itself (e.g., in LPMOs or pMMQs)? Perhaps most critical is the
elucidation of reductive O-O cleavage mechanisms in copper complexes and enzymes.

Ligand design and systematic variations in these synthetic bioinorganic studies represent

a dominant theme of our work and that of others. Other researchers have also adapted
TMPA and analogues for other copper chemistry purposes. These include application

to (i) catalytic atom transfer radical polymerization (ATRP),®0 (ii) the ORR (to water

or H,05), e.g., in fuel cell-type applications,®! (iii) water-oxidation chemistry,52 (iv)
supramolecular chemistry,®3 (v) redox-triggered molecular switches,54 (vi) use of complexes
having anticancer activity,%° (vii) biological “activity-based sensing” and “bioorthoganol
tracking”,%6 (viii) use of nitrosobenzene as a surrogate for a superoxo ligand, with

the finding of varying ligand-Cu(11)(PhNQO*®") coordination structures with differing spin
states®” and (ix) confirmation of HAA mechanisms via in-depth DFT calculations of the
kinetics-mechanisms for the [Cu!!(Rtmpa)(O,")]*/*ArOH reactions (Figure 13) as well

as the internal ligand benzylic C—H bond hydroxylation in Itoh’s monooxygenase model
system reaction (Figure 18).58 Such researchers also optimize their chemistry and elucidate
fundamental principles through systematic ligand variation and then carry out detailed
analyses of ligand—copper geometries, redox potentials, or other properties.

The study of copper(l)-dioxygen reactions will continue to be of considerable biological and
abiological-chemical interest and importance.
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Figure 1.

Agueous O reduction chemistry, O, derivatives bound to copper, and reactions of cupric—
superoxides giving dicopper intermediates.
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Figure 2.
Copper monooxygenase active site structures and their reactions.
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GO RCH,0H oxidation catalysis.
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Figure 4.
(a) Mechanism of SOD1 O,"~ disproportionation. (b) Cu''-superoxide formation during O,

addition to the reduced CcO heme-Cu
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Preferred geometry and redox preferences for copper(ll) complexes with tripodal
tetradentate ligands.
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(a) Oxygenation of [Cu'(tmpa)(EtCN)]*. (b) Stopped-flow UV-vis spectroscopic
changes revealing the intermediacy of [Cu'!(tmpa)(O,°")]* but reacts further giving
[{Cu'!(tmpa)}2(0,27)]*. (c) Time courses for the 415 and 525 nm absorbances.
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[Cu'(ligand)]*/O5, reactivity for BPQA and BQPA, and time course for [Cu(bqpa)]*/O5
reactivity.
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Figure 10.
Resonance Raman spectra of [Cu''(PMAtmpa)(0,")]+ when 160, (red), 180, (blue), or

160,/180, (green) was utilized. Adapted with permission from ref 31a. Copyright 2007
American Chemical Society.
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Figure 11.
Cryoreduction/annealing of [Cu'!(PMMtmpa)(0,*7)]* with (a) ENDOR and (b) EPR

spectroscopic monitoring. Adapted with permission from ref 36. Copyright 2022 American
Chemical Society.
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Figure 12.
Solution (CH3CN) infrared spectra of [Cu!!(Rtmpa)(N3)]™ complexes. X-ray structures of

[Cu"'(PVtmpa)(N3)]* and [Cu'(*"Vtmpa)(N3)]*.
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Stability and reactivity of [Cu'!(Rtmpa)(O,")]* complexes as controlled by ligand hydrogen-
bonding groups.
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Copyright 2013 American Chemical Society.
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Figure 15.
Physical properties and reactivity of selected superoxo—copper(ll) complexes.
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Figure 16.
Depiction of O,-bound Cuy in PHM and [Cu!'(TMGN3S)(0,"7)]* (vo_o = 1105 cm™1).
Adapted with permission from ref 3. Copyright 2021 American Chemical Society.
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Figure 17. )
Depiction of the X-ray structure of [Cu!'(HB(3-Bu-5-PrPz)3)(0,")].
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Figure 18.
Reaction pathway of [Cu!(HPPEDC)]* plus O, and/or TEMPO-H.
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Figure 19.
A cupric—superoxide complex with the TMGMP ligand. Adapted with permission from ref

55. Copyright 2019 Wiley-VCH.
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Chart 1.
N4 Pyridylalkylamine Ligands
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Voo = 1120 cm"’
Cu-0=193A.0-0=1.28A

Structural Representation of [Cu!!(TMGgtren)(0,™)]*
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Chart 3.
Ny4 tren-Type Ligands
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Chart 4.
N3S Tetradentate Ligands
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N3 or N, Tridentate or Bidentate Ligands
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Scheme 1.
Kinetic Scheme Pertaining to Cu''-Superoxo and Then Binuclear Peroxo-Dicopper(I1)

Complexes
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