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Abstract

Cu systems feature prominently in aerobic oxidative catalysis in both biology and synthetic
chemistry. Metal ligand cooperativity is a common theme in both areas as exemplified

by galactose oxidase and by aminoxyl radicals in alcohol oxidations. This has motivated
investigations into the aerobic chemistry of Cu and specifically the isolation and study of Cu
superoxo species that are invoked as key catalytic intermediates. While several examples of
complexes that model biologically relevant Cu(ll) superoxo intermediates have been reported,
they are not typically competent aerobic catalysts. Here, we report a new Cu complex of the redox-
active ligand BUTIDHP (2,5-bis((2- £butylhydrazono)(p-tolyl)methyl)-pyrrole) that activates O,
to generate a catalytically active Cu(l1)-superoxo complex via ligand-based electron transfer.
Characterization using UV-visible spectroscopy, Raman isotope labeling studies, and Cu extended
X-ray absorption fine structure (EXAFS) analysis confirms the assignment of an end-on !
superoxo complex. This Cu-O, complex engages in a range of aerobic catalytic oxidations

with substrates including alcohols and aldehydes. These results demonstrate that bio-inspired Cu
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systems can not only model important bioinorganic intermediates but can also mediate and provide
mechanistic insight on aerobic oxidative transformations.

INTRODUCTION

Dioxygen is an abundant, inexpensive, atom-economical, and environmentally benign
oxidant compared to widely used stoichiometric reagents such as chromium and manganese
oxides, peracids, and hypervalent iodine species.1~11 Nevertheless, implementing O in

a catalytic regime requires mechanistic control over its kinetically unfavorable activation
and overoxidation of substrates. Copper-based systems, particularly those coupled with
redox-active additives such as aminoxyl radicals, have emerged as effective catalysts for
aerobic oxidations (Figure 1A).12-26 Enabled by Cu’s accessible redox chemistry, facile
ligand exchange, and broad functional group compatibility, synthetic C-H functionalization
methods have been developed to access two-electron processes, especially when combined
with co-catalysts.27-31

The efficacy of Cu in aerobic oxidation chemistry is in large part motivated by its prevalence
in biological oxidations.32 This prevalence has spurred efforts to synthesize compounds

that model the active sites of Cu-containing monooxygenase and oxidase metallo-proteins
(Figure 1B). Efforts over many years have successfully isolated examples of several
oxygenated Cu intermediates such as mononuclear Cu-superoxo species.20:22-24.33-42 \\/hjle
synthetic Cu(l1)-superoxo complexes have been characterized,35-374041 well-characterized
end-on examples in a monooxygenase-like N3 T-shaped ligand geometry are comparatively
rare.24:38.43 These bioinspired Cu systems have also been applied to alcohol oxidation

and hydroxylation reactivity, but in these cases thorough observation or characterization

of discrete intermediates, such as Cu-superoxo complexes, is often not possible; detailed
characterization on unifying intermediates such as Cu-superoxo complexes is lacking
generally for catalytic systems.17:182444 Thys, while enzyme model com plexes enable

the isolation of putative catalytic intermediates, these model systems are typically not
competent catalysts. In support of this scarcity, there has been only one example of a
catalytic transformation mediated by a well-characterized Cu-superoxo complex, and we
note this example is a redox-neutral aldol coupling.#3 Conversely, thoroughly characterized
superoxo intermediates in aerobic catalysis have been observed in Mn, Fe, and Co-based
systems which makes the rarity of similarly observable species in the ubiquitous aerobic
catalysis of Cu even more notable.45-48

We have recently been interested in using biomimetic approaches with dihydrazonopyrrole
(DHP) ligand scaffolds that can support H*, e~, H-atom, or H2 transfer similar to
biological cofactors or active sites. This strategy has enabled the generation of superoxo
and hydroperoxo intermediates with Ni and Fe respectively,4%50 but no aerobic catalysis
was observed in these systems. We rationalized that the noted aerobic chemistry of Cu
might enable oxidative catalysis, and that the established redox-activity of the DHP ligand
might facilitate the observation and characterization of catalytic intermediates such as
superoxo complexes. Here we demonstrate the success of this strategy with the thorough
characterization of a Cu-superoxo intermediate which notably engages in aerobic catalysis
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at room temperature with a variety of substrates (Figure 1). These results further underscore
how biomimetic approaches can facilitate aerobic catalysis and provide insights into the
possible agency of oxygenated Cu intermediates such as superoxo and hydroperoxo species
as active oxidants.

RESULTS AND DISCUSSION

Synthesis and Electronic Structure of 1 and 2

Deprotonation of the previously reported dihydrazonopyrrole proligand BY.TolDHP«2 HCI
with 4 equiv of 7-BuLi and 0.5 eq 1-hexene followed by addition to CuCl, yields
[BuToIDHP2-*]Cu (1) as a deep blue complex in 37% yield (Scheme 1).50 Single crystal
X-ray diffraction (SXRD) reveals a T-shaped complex with Cu—-N1/N5 bond lengths of
1.895(3) and 1.890(3) A and N3-Cu-N5/N1 bond angles of 93.83(1)° and 93.66(1)° (Figure
2A). Complex 1 is diamagnetic (Figure S1), but ligand-based redox events previously
characterized for [B4T0IDHP2~*]Ni raise the possibility of an antiferromagnetically coupled
(DHP2=")Cu(11) electronic description for 1 rather than a &*% (DHP)Cu(l) complex.47:50.51
The cyclic voltammogram (CV) of 1 shows three reversible redox features: an oxidation at
-0.05 and reductions at —1.45, and —2.03 V vs Fc/Fc* (Figure 2B, black). Based on the
observed features for [BU:ToODHP2~*|Ni (Figure 2B, gray) and a putative Cu(ll)/DHP2~*
electronic structure for 1 (see below), these three features can be tentatively assigned

as the (DHP™)Cu(11)/(DHPZ=")Cu(Il), (DHPZ=*)Cu(I1)/(DHP3-)(Cu(l1), and (DHP3-)Cu(l1)/
(DHP37)Cu(l) couples respectively. The oxidative feature at =5 mV is shifted 250 mV more
positive compared to [BYToIDHP2=*]Ni, which demonstrates that the Cu system is more
oxidizing.

Based on this electrochemical data, we chemically oxidized 1 with 1.1 equiv of

AgOTHT, resulting in an immediate color change from blue to green and formation of
[BU.TOIDHP-]CUOTf (2) (Scheme 1). The SXRD structure for 2 shows a Cu-OTf bond
length of 2.076(2) A and a distorted tetrahedral geometry with t4 and t,’ values of 0.49
and 0.50, respectively (Figure S$43). Complex 2 has broad 1H NMR resonances typical of

a paramagnetic Cu(ll) center. Evans method analysis provides a gt of 1.72 tg which is
consistent with an S=%: spin state (spin only: 1.73 yg) (Figure S3). The X-band EPR
spectrum of 2 in 1:1 toluene:methylene chloride is consistent with this assignment, with a
near-axial signal at g = 2.063, 2.064, and 2.083 (Figure S19). The 1°F NMR signal for 2

is broadened and shifted compared to free triflate consistent with some solution state anion
binding (Figure S4). Changes to the DHP bond lengths upon oxidation of 1 to 2 support
that ligand-based oxidation may be occurring. Notably, the shortening of the N1-N2/N5-N4
hydrazone arms and C9-C10 pyrrole backbone bond lengths matches a simplistic resonance
description of the expected bond contractions upon oxidation of the radical dianion ligand
to the monoanion (Table S19). Nevertheless, we wanted to obtain additional support for this
(DHP2=*)Cu(l1) electronic structure assignment.

We acquired Cu K-edge X-ray absorption spectroscopy (XAS) spectra of 1 and 2 to
further probe the geometry and proposed electronic structures using 2 as a bona-fide Cu(ll)
reference complex (Figure 3A). Complex 1 has an intense rising-edge feature at 8982.5 eV
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which we assign as a shakedown 1s — 4p transition with a simultaneous ligand-to-metal
charge transfer excitation by analogy to the same feature observed in the isostructural
complex [BUToIDHP2-*INi.50 Similar rising edge shakedown features are observed for
Cu(11) complexes which supports our assignment of a (DHP2~*)Cu(l1) electronic structure,
however we note that rising edge features are also observed for Cu(l) complexes which
convolutes this assignment.52-55

The energy of the 1s — 4p transition for 1 is lower than that for square planar Cu(ll)
complexes, which may reflect that the open coordination site trans to the pyrrole for this
T-shaped complex stabilizes the 4px orbital and shifts the transition to lower energy.>6-60
Related rising edge features have also been associated with some T-shaped Cu(l) complexes,
where the electric dipole-allowed 1s — 4p transition corresponds to a sharp rising edge
peak, although such peaks are typically of a larger normalized intensity than what is
observed for 1.1.62 |n addition to the rising-edge feature, there is a notable absence of

a pre-edge feature which might be expected for a Cu(ll) center. However, we note that

the intensity of the rising edge feature might obscure any pre-edge peak. Further insight
into the electronic structure of 1 can be obtained by comparing its K-edge position to that
of 2. Visual inspection of the edge energies at half-maximum for 1 and 2 reveal nearly
superimposable edges suggesting very similar Cu(ll) oxidation states.#’+20 Inspection of the
first derivative of the edge (Figure 3A inset) reveals a slight shift to lower energy for 2

(~1 eV), but edge-shifts between Cu(l) and Cu(ll) complexes are typically larger, on the
order of 2 eV.%3.64 Finally, we note that the intense shakedown peak in 1 is significantly
attenuated and shifted to higher energy in 2, changes which are consistent with a higher
coordination number in 2 versus 1.64 In short, the XANES spectra of 1 and 2 are slightly
more suggestive of a (DHP2~*)Cu(I1) electronic structure in 1, but convolutions prevent a
definitive assignment.

To gain more insight on the electronic structure of 1, particularly regarding the oxidation
state at Cu, we undertook computational investigations. Geometries of the singlet and
triplet states of the LCu complex were optimized using Density Functional Theory (DFT)
at the B3LYP/6-31G* level of theory, revealing a singlet ground state with a adiabatic
triplet-singlet gap of AH(T - S) = 3.94 kcal/mol (Figure S40 and S41). To resolve the
effects of multi-reference correlation in a possible (DHP2=")Cu(ll) open shell singlet, further
calculations were then carried out using the variational two-electron reduced-density-matrix
(V2RDM) complete active space self-consistent field (CASSCF) method. Utilizing the
singlet ground state DFT geometry in combination with an active space of 14 electrons
distributed in 14 spatial orbitals, [14,14], and a 6-31G* basis set, the V2RDM calculations
also predict a strongly correlated singlet ground state and a vertical triplet-singlet gap of
1.51 kcal/mol.

The singlet ground state displays significant biradical character with frontier natural
occupation numbers (NON) of 1.28 and 0.73 for the highest occupied natural orbital
(HONO) and the lowest unoccupied natural orbital (LUNO), respectively. A molecular
orbital diagram of the frontier natural orbitals shows the unpaired electron density to be
delocalized across both the Cu center as well as the 1t system of the ligand (Figure 3B). To
further analyze the delocalization of the unpaired electron density, the fraction of Cu atomic
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orbital contributions to the frontier NOs was calculated, revealing the HONO and LUNO to
be localized to 47% and 41% on the Cu center, respectively (Table S18). Thus, while the
bonding in 1 appears to be highly covalent, with contributions from both Cu(l) and Cu(ll)
limiting resonance structures, the sum of the experimental and theoretical studies suggest
that a Cu(ll) oxidation state is most appropriate.

Reactivity with O,

With the assignment of a DHP ligand radical for 1, we then wanted to determine if this
ligand-stored electron could activate O in analogy with proposals for galactose oxidase
(GO) and previously observed reactivity with DHP complexes of Ni.49:50 Addition of

an excess of dry O, to complex 1 elicits a color change from blue to green and a

broadened 'H NMR spectrum indicative of the formation of a paramagnetic product
(Scheme 1, Figure S5). This product has been assigned as an end-on k! Cu-superoxo
complex [B4TIDHP~]CuO, (3) based on various spectroscopic methods. The conversion of
1 to 3 was monitored by UV-visible spectroscopy revealing an isosbestic transition (Figure
4A). The intense absorbance of 1 at 618 nm, assigned as a Tt — m* transition on the

DHP ligand, diminishes as new features centered at 420 and 670 nm arise. The growth of

a feature at 420 nm is consistent with an O — Cu charge transfer absorption frequently
observed for Cu-superoxo complexes.39 The extinction coefficient of the shoulder at 420
nm (13,600 M~1cm™1) is higher than would be expected for an end-on superoxo complex
(4,000-5,000 M~1cm~1), but we note overlapping higher energy absorbances which likely
increase the overall absorbance in this region.%® The isosbestic transformation occurs at
room temperature as well as at =80 °C with no other noticeable intermediates. The rate of
the disappearance of the major absorbance of 1 in the presence of excess O, can be well-fit
to a pseudo first-order decay (Figure S23).

Raman vibrational spectra were collected on thin films of 3 to confirm the presence of a
Cu-superoxo moiety (Figure 4B). Laser excitation at 633 nm gave a band at 1067 cm1

that shifts upon18 O, labeling to 1006 cm™1, consistent with the simple harmonic oscillator
predicted shift for an O-O stretch of 60 cm~1 and also in good agreement with previous
reports of end-on superoxo complexes.38-40 In contrast, bridging and mononuclear peroxo
complexes typically have stretches in the 750-950 cm™ region.56 We have not identified
isotopically sensitive peaks in the Cu-O stretching region, however these low energy
features are not as easily interpretable, putatively due to coupling to other vibrational modes
as suggested by frequency calculations. This data supports the presence of a superoxo ligand
in 3, but we wanted to acquire further data to determine whether the superoxo binding mode
was end-on or side-on.

We therefore acquired XAS data on 3 both to understand the electron transfer to form

the superoxo as well as to obtain structural characterization on this complex. The XANES
region of 3 shows clear changes compared to 1 including a low intensity pre-edge feature

at 8975.5 eV assigned as a 1s — 3d transition (Figure 4C). The intensity of the pre-edge
feature depends on the degree of p—d mixing, with DFT calculations predicting the p-orbital
contribution to the highest lying d-orbital to be 1.1% (Table S8). The K-edge energies at half
maximum intensity for 1 and 3 are nearly superimposable, consistent with a ligand to O,
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electron transfer event as would be expected from the (DHPZ=")Cu(lI) electronic structure
of 1.47:50 The extended X-ray absorption fine structure (EXAFS) region was also fit for

the first three shells surrounding Cu with a k-space window from 2 to 12.5 A-1 (Figure

4D). The fit confirms the assignment of an end-on Cu-superoxo complex, with a primary
coordination shell (R = 1.94(2) A) consisting of 4 N/O scatterers (Table S3). The terminal
Cu---O scattering path was also fit in the second shell with a distance of R = 2.89(2) A. This
length is in remarkably good agreement with the DFT computed structure of 3 (see below,
Table S4). We note that the inclusion of the superoxo ligand is essential to achieve good fits;
removing either the p Cu---O scatterer or the superoxo entirely resulted in worse o2 values
and larger errors (Table S5).

DFT computations also support the assignment of 3 as an end-on Cu-superoxo complex.
The optimized open-shell triplet electronic configuration of 3 is predicted to be 4.6 kcal/mol
more stable than the optimized open-shell singlet. Evan’s method measurements support
the assignment of a triplet ground state with geff = 3.1 4B (spin only: 2.83 ig), although
some degradation of the sample convolutes interpretation of this data (Figure S6). The
predicted triplet ground state for 3 is unsurprising as there is precedent for triplet states in
Cu-superoxo complexes that arise from O-O rt* character mixing with the Cu dz2 orbital.6”
The optimized geometry of 3 has a Cu—O-0 angle of 113° and a distance between Cu and
the distal O-atom of 2.84 A which again matches very well with the parameters obtained
from EXAFS fitting (Figure S34).

Oxidative Catalysis and Mechanism

After rigorously characterizing 3 as an open-shell triplet Cu-superoxo complex, we
monitored its oxidative reactivity with diphenylhydrazine (DPH) by UV-visible spectroscopy
(Figure S24). After monitoring the conversion from 1 to 3 under O,, the cuvette was purged
with N, before injecting 10 equiv of DPH. Within 20 sec the main superoxo absorbance at
670 nm was quenched, and the characteristic absorbance of 1 at 618 nm along with features
from 300 to 450 nm corresponding to azobenzene were observed. This observation supports
that 3 is a competent oxidizing species and prompted us to determine whether catalytic
oxidations mediated by 3 might be possible (Scheme 2).

Addition of 1 atm of O, to either DPH or 1,4-hydroquinone in the presence of 10 mol % of
1 results in the formation of azobenzene and paraquinone respectively, both in >90% yield
(Figure S7 and S10). Catalytic O-atom transfer with triphenylphosphine proceeds similarly
with nearly 6 turnovers (Figure S8). This catalytic system is also competent for substrates
with homolytically stronger E-H bonds if strong bases are used. Benzyl alcohol conversion
to benzaldehyde occurs catalytically if 0.5 equiv of KO™Bu are added to the catalytic mixture
(Figure S9). We hypothesize that deprotonation to generate benzyloxide may facilitate
alkoxide binding or other subsequent mechanistic steps. We note related deprotonations

in the mechanisms of both GO and Cu aminoxy| catalysis, so the need for base in our
system is not unexpected. The muted reactivity of 1 with other stronger C—H bonds such

as dihydroanthracene suggests a weak O—H BDE for the putative Cu-hydroperoxo product.
Indeed, DFT calculations predict an O-H BDE of 70 kcal/mol for this species, supporting
this hypothesis (Table S7).
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Complex 1 also serves as a competent catalyst for oxidative reactivity beyond H-atom
abstraction or phosphine oxidation. Catalytic deformylation of 2-phenylpropionaldehyde
proceeds with 1 equiv of Et3N to afford acetophenone in 91% vyield (Figure S11). The
proposed mechanism for aerobic deformylation involves initial nucleophilic attack by the
superoxo moiety, likely aided in this system by the donating nature of the Bu.ToIpHp
ligand’s electron-rich Bu groups.8 Previously reported examples of aerobic aldehyde
deformylation catalysts employ Fe and Co, but this reactivity profile is rare for Cu-superoxo
species. 447

Inspired by studies of hydrazone oxidation to form diazo compounds by synthetic Cu
systems,® we also examined the reaction of 10 mol % 1 and benzophenone hydrazone
under O». This reaction yields a 1:2 mixture of benzophenone and coupled azine with

no detectable diazo product (Figure S14). This product mixture has been reported as the
result of downstream reactivity of diazo complexes via hydrolysis.”® While the coupled
azine may formally be the product of self-condensation, we note it is not observed in
significant quantities from self-decay of the starting hydrazone or in the presence of simple
Cu salts as possible Lewis acids (Table S1). This instead suggests an oxidative process,
similar to previously reported transformations.”® Control reactions for all tested catalytic
transformations support the importance of the (DHP)Cu complexes in supporting oxidative
catalysis. While some examples exhibit background reactivity with simple Cu salts, the
(DHP)Cu system shows uniformly higher reactivity (Table S1).

With the catalytic activity of 1 established, we then wanted to understand the mechanism of
oxidative catalysis more thoroughly. We first investigated whether O, was being reduced
directly to water, or if H,O, was generated as a byproduct of catalysis. A test for

H,0, formation was carried out for the reaction with DPH by the addition of the H,0,
selective chemical test agent 1,3-diphenylisobenzofuran (DPBF).”! Mass spectrometric
analysis of the reaction mixture reproducibly showed the formation of the product 9-
hydroxyanthracen-10(9H)-one which is diagnostic for the presence of H,0, (Figure S15).
Quantification of H,0, via iodometric titration from reactions with hydrogquinone show
that the yield of H,O5 is small, but reproducible (Table S2, Figure S18). The formation of
H,0, is reasonable for a reaction mechanism where two H-atom equivalents from DPH or
hydroquinone are transferred to a superoxo moiety resulting in the azobenzene product and
H»0, as a byproduct. The low observed yield of H,0, is consistent with its ability to also
serve as an oxidant for either substrate or in-situ formed Cu complexes (Figure S27).

The thermodynamic barriers of such a pathway along with putative transition states and
intermediates were then investigated using DFT calculations for 3 (Figure 5). Hydrazine was
used as a substrate for computational efficiency, assuming that the transition state barriers
should either be similar to or higher than DPH. Calculations comparing the thermodynamic
favorability of DPH and hydrazine dehydrogenation predict that the former reaction is
approximately 9 kcal/mol more downhill in energy, supporting that the use of hydrazine
instead of DPH is a conservative model (Table S14). The first optimized transition state to
form a Cu-hydroperoxo intermediate has a barrier of 13.2 kcal/mol, followed by a nearly
barrierless (0.3 kcal/mol) second H-atom abstraction. Inspection of the Mulliken charges
along the reaction coordinate suggest that each transition state is best described as an
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H-atom (H* + e) transfer rather than a heterolytic proton and hydride transfer (Table S15).
The calculated transition state barriers are reasonable for a room temperature reaction and
show that the Cu-superoxo species is a feasible active oxidant in the dehydrogenation of
DPH. These calculations support the hypothesis that 3 is an active oxidant in catalysis.
Indeed, we observe substantially enhanced rates of decay of independently generated 3
under N5 in the presence of substrates (Figure S26).

The muted aerobic catalysis of 1 with alcohol and hydrocarbon substrates prompts questions
about the identity of the active oxidant more broadly in aerobic Cu catalysis (Scheme 3).

In many Cu/aminoxyl catalytic cycles, the oxidizing species for C—H activation is proposed
to be a free or complexed aminoxyl radical.”273 In these cases, the primary role of O

is proposed to be re-oxidation of the metal center and regeneration of aminoxy| species
from hydroxylamines. Parallel trends can be drawn in biological systems. For instance,
proposed GO enzymatic cycles involve a H-atom transfer to a coordinating modified tyrosyl
radical residue along with electron transfer to the Cu center as the active alcohol oxidizing
steps, with O, serving to regenerate the oxidized active site.”# Conversely, studies of

lytic polysaccharide monooxygenase (LPMO) active sites implicate a more direct substrate
oxidizing role for O, derived species such as Cu oxyl or Cu hydroxo species.”>76 While
several Cu-superoxo complexes have been shown to initiate the oxidation of moderately
strong C-H and O-H bonds (BDE’s of ~70-83 kcal~mol~1), most model systems have not
been able to mimic the reactivity of monooxygenase enzymes which commonly activate
C—H bonds with strengths of up to 87 kcal~tmol-1.77-80

We observe no hydroxylation reactivity with aliphatic C—H substrates in the present system.
This observation supports the proposed mechanistic paradigms of synthetic Cu systems

and GO where oxygenated Cu species are primarily invoked as intermediates en-route to
the active oxidizing species as opposed to directly oxidizing substrates. In this way, the
importance of metal-ligand cooperativity in these systems is further underscored in that

the supporting ligand (or co-catalyst in the case of aminoxyl systems) must be suitably
oxidizing to directly react with substrates in order to be regenerated by, or otherwise react
with, O,. Indeed, while we observe that DPH is readily converted to azobenzene by the
oxidized (DHP™) complex 2, this complex shows no reactivity with other substrates such

as alcohols or hydrocarbons under N, (Table S1). Conversely, the oxidative deformylation
and phosphine oxidation reactivity must stem from an oxygenated Cu compound, i.e. 3.
Thus, our studies suggest that while Cu-superoxo complexes are important catalytic species
in aerobic oxidative reactivity, for instance in reactions with net O-atom transfer or in the
activation of weak E—H bonds, in more demanding dehydrogenation cycles they may be
more commonly involved in regenerating the active species as opposed to directly oxidizing
substrates themselves.

CONCLUSION

Herein, we have described the synthesis and characterization of a mononuclear Cu

complex with a T-shaped geometry. Detailed spectroscopic and computational investigations
support a ligand-radical Cu(ll) electronic structure for this complex. Addition of O,

at room temperature results in the formation of a superoxo complex which has been
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thoroughly characterized by several spectroscopic methods. This complex is a catalyst at
room temperature for the aerobic oxidation of hydrazine, alcohol, phosphine, aldehyde,
and hydrazone substrates. This work represents an unusual example of a thoroughly
characterized Cu-superoxo complex which also mediates aerobic oxidation. The predicted
weak BDE of a putative Cu-hydroperoxo intermediate and the observed sluggish reactivity
of this system towards alcohols and hydrocarbons suggests that superoxo intermediates
may commonly feature in the regeneration of active substrate oxidants in aerobic catalysis
as opposed to featuring as active oxidants themselves. This proposal underscores the
importance of metal-ligand cooperativity in aerobic catalysis in the design of synthetic
systems.

EXPERIMENTAL SECTION

General Considerations.

All reagents were purchased from commercial suppliers and used without further
purification unless otherwise specified. All manipulations were carried out under an
atmosphere of N, using standard Schlenk and glovebox techniques. Glassware was dried

at 180 °C for a minimum of 2 h and cooled under vacuum prior to use. Solvents were

dried on a solvent purification system from Pure Process Technology, passed over a column
of activated alumina, and stored over 4 A molecular sieves under N,. Tetrahydrofuran was
stirred over NaK alloy and run through an additional activated alumina column prior to use
to ensure dryness. CgDg, CD5Cls, and dg-THF were stored over 4 A molecular sieves under
N,. Solvents were tested for H,O and O, using a standard solution of sodium-benzophenone
ketyl radical anion. O, was passed through packed Drierite (calcium sulfate, anhydrous)
drying agent before addition to the reaction vessel.

1H, 31p{1H}, and 19F{1H} NMR spectra were recorded on a Bruker DRX 400 or 500
MHz spectrometer. Chemical shifts are reported in ppm units referenced to residual solvent
resonances for 1H spectra, UV-visible spectra were recorded on a Thermo Evolution

300 spectrometer, and the addition of gases were performed by injecting via syringe

into a cuvette sealed with a septum. UV-visible spectra at low temperature were done
using a Unisoku cryostat. Raman spectra were recorded using a Horiba LabRAM HR
Evolution system. EPR spectra were recorded on an Elexsys E500 spectrometer with an
Oxford ESR 900 X-band cryostat and a Bruker Cold-Edge Stinger and were simulated
using the Easyspin suite in Matlab software.81 GC/MS was collected on an Agilent SQ
GCMS with 5977A single quad MS and 7890B GC. Elemental analysis was performed
by Midwest Microlabs. Electrochemical measurements were performed using a BAS
Epsilon potentiostat and analyzed using BAS Epsilon software version 1.40.67NT. Cyclic
voltammetry measurements were made using a glassy carbon working electrode, platinum
wire counter electrode, and silver wire pseudoreference electrode and were referenced to
internal Fc/Fc*.

X-ray Structure Determination.

The diffraction data were measured at 100 K on a Bruker D8 VENTURE with PHOTON
100 CMOS detector system equipped with a Mo-target microfocus X-ray tube (A =
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0.71073 A). Data reduction and integration were performed with the Bruker APEX3
software package (Bruker AXS, version 2015.5-2, 2015). Data were scaled and corrected
for absorption effects using the multiscan procedure implemented in SADABS (Bruker
AXS, version 2014/5, 2015, part of the Bruker APEX3 software package and APEX4
software package). The structure was solved by the dual method implemented in SHELXT
and refined by a full-matrix least-squares procedure using the OLEX2 software package
(XL refinement program version 2014/7). Suitable crystals were mounted on a cryo-loop
and transferred into the cold nitrogen stream of the Bruker D8 Venture diffractometer.
Most of the hydrogen atoms were generated by geometrical considerations and constrained
to idealized geometries and allowed to ride on their carrier atoms with an isotropic
displacement parameter related to the equivalent displacement parameter of their carrier
atoms. Compound 1 was modeled for three-component disorder of one of the p-Tol rings.
For compound 2, a solvent mask as implemented in OLEX2 was used as the exact solvent
composition could not be identified. A mixture of solvents was used for crystallization and
the presence of multiple solvents was identified by NMR.

X-Ray Absorption Measurements.

Frozen solution samples were prepared by making a 0.02 M solution of 1 in THF of

the starting material for 1 and 2, and for 3 the solution was removed from the glovebox

and reacted with O, by syringing the gas into the sample and bubbling through. For

sample solutions of 1, 2, and 3 the solution was transferred with a syringe to a Teflon
window lined with Kapton tape. The solution was frozen using liquid nitrogen, then stored
in liquid nitrogen until collection. Data were acquired at the Advanced Photon Source

at Argonne National Laboratory with a bending magnet source with ring energy at 7.00
GeV. Cu K-edge data were acquired at the MRCAT 10-BM beam line. The incident,
transmitted, and reference X-ray intensities were monitored using gas ionization chambers.
A metallic Cu foil standard was used as a reference for energy calibration and was measured
simultaneously with experimental samples. X-ray absorption spectra were collected at room
temperature. The first inflection point of the foil spectrum was assigned to 8978.9 eV.
Normalization and background subtraction of the data were performed using Athena from
the Demeter software suite. The EXAFS curve-fitting analysis program OPT in EXAFSPAK
(George, G.N. Stanford Synchrotron Radiation Laboratory: Stanford, CA, 2000) was used
to fit the EXAFS data. The theoretical paths were generated using FEFF (version 7.0).

The starting structural model for 3 was obtained from the DFT optimized structure. During
the fitting process, the bond distance (/) and the mean-square thermal and static deviation
in R (62), were allowed to vary. The threshold energy (£p), was allowed to vary but was
constrained as a common value for all components in a given fit. The amplitude reduction
factor (Sp2) was fixed at 0.9 and the coordination numbers () were systematically varied to
achieve the best fit.

Synthesis of [tBUTOIDHP*ICu (1).

To a stirring THF (10 mL) solution of BYToIDHP 2HCI (100 mg, 0.19 mmol) was added
2.5 M n-BuLi in hexanes (0.31 mL, 4 eq), which turned the solution from yellow to red.
The red mixture was stirred for 5 min and before adding 1-hexene (12 L, 0.5 eq) and the
resulting mixture was added to a stirring slurry of CuCl, in THF (27 mg, 0.19 mmol, 1
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eq), turning deep blue. 1-hexene is thought to serve as an H-atom acceptor and improves

the yield of the metalation moderately. After stirring for 2 h, the solution was filtered and

all volatiles were removed under vacuum, resulting in a dark blue residue. The residue was
taken up in benzene, passed through a silica plug, and then evaporated under vacuum to
give 1 as a blue powder. Yield: 47 mg, 0.09 mmol, 37%. Single crystals suitable for X-ray
diffraction were obtained by crystallization from concentrated petroleum ether at —35 °C. 1H
NMR (400 MHz, CgDg, 25 °C): 6 7.87 (d, 4H), 7.67 (s, 2H), 7.19 (d, 4H), 2.24 (s, 6H),

1.69 (s, 18H). 13C{1H} NMR (125 MHz, C¢Dg, 25 °C) & 142.02, 138.75, 137.02, 135.59,
134.03, 131.38, 129.39, 69.62, 30.81, 21.22. UV-visible spectrum (DCM solution): 440 nm
(£9 12,400 M~em™1), 616 nm (&9 38,700 M~1cm™1).IR (nujol mull, cm™1): 2720 (m), 2672
(m), 1510 (s, C=N), 1297 (s), 1254 (m), 1171 (s), 1091 (m), 1016 (m), 823 (s), 785 (M), 720
(s). Anal. Calc. C, 66.7; H, 6.8; N, 13.9; Found: C, 66.9; H, 7.1; N, 13.0. HRA-MS (m/2)
[M]* CgH34CuNs: 503.211 Found: 503.211. Bulk purity also determined to be 99.5% by
1H NMR referenced to a mesitylene internal standard (Figure S12).

Synthesis of [(BU.TOIDHP]CUOTT (2).

To a stirring solution of 1 in THF (0.020 g, 0.04 mmol, 5 mL) was added a THF (2 mL)
solution of AgOTf (0.01 g, 2 mL, 1 equiv), resulting in color change from blue to deep
green. The reaction was stirred for 30 min, then filtered and evaporated under vacuum.
Single crystals suitable for X-Ray diffraction were obtained from a concentrated petroleum
ether solution at =35 °C. 1H NMR (400 MHz, CgDg, 25 °C): 7.54, 5.93, 3.86, 2.04, 1.34.
19F{1H} NMR (125 MHz, CgDg, 25 °C) 6-74.08. Evans method (CgDg, 25 °C, 1B) 1eff

= 1.72. UV-visible spectrum (DCM solution): 448 nm (gp 11,200 M~1cm™1), 638 nm (e
11,300 M~1cm™1), 704 nm (shoulder). IR (nujol mull, cm~1): 2720 (m), 2667 (m), 1306 (M),
1267 (m), 1167 (s), 1101 (m), 1006 (s), 960 (m), 887 (m), 843 (m). Anal. Calc. C, 53.3;

H, 5.3; N, 10.7; Found: C, 53.2; H, 5.0; N, 10.5. HRA-MS (m/2) [M]" C29H34CuF3N505S:
652.163 Found: 652.173.

Synthesis of [(BU.TOIDHP]Cu 05, (3).

A solution of 1 in DCM (or THF) was removed from the glovebox, and an excess of dry

O, was bubbled through the solution using a 500 pL gas syringe, resulting in a color change
from blue to green. The completeness of the reaction was tracked by taking aliquots for UV-
visible spectroscopy. UV-visible spectrum (DCM solution): 420 nm (&y 16,900 M~1cm™1)
670 nm (g 13,600 M~1cm™1),

Raman Sample Preparation of 3.

A concentrated solution of 1 in DCM was removed from the glovebox in a sealed vial with
a septum. O, was syringed into the vial (3 mL) and the reaction was allowed to stir as the
solution turned green, indicating formation of 3. The reaction progress could be tracked by
diluting aliquots and taking a UV-vis spectrum. When the conversion to 3 was complete,
the concentrated solution was drop-cast onto a glass microscope slide under a positive flow
of N, that rapidly evaporated the solvent. The sample was then covered with a microscope
cover glass, and an adhesive spacer sealed the sample between the microscope slide and
cover glass to prevent contact with air during data collection. The Raman spectrum was
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collected with 633 nm laser on 1% power, 30 s acquisition times, 12 acquisitions, and 50X
LWD microscope objective.

Oxidative Reactivity.

In a nitrogen glovebox, to a solution of 1 in CD2CI2 (1 mg, 0.002 mmol) was added
diphenylhydrazine (4 mg, 0.02 mmol, 10 equiv) and mesitylene (2.8 pL). This was added to
a 50 mL Schlenk tube with a stir bar and removed from the box. After one freeze pump thaw
cycle, the tube was charged with 1 atm of dry O, and stirred overnight. The solution was
then transferred to an NMR tube for product characterization. For benzyl alcohol, BuOK (1
mg, 0.01 mmol, 5 equiv) was added along with the substrate. For 2-phenylpropionaldehyde,
Et3N (2.8 uL, 0.02 mmol, 10 equiv) was added with the substrate. 1H NMR yields were
determined by integration against the internal mesitylene standard. 31P{*H} NMR vyields

for the oxidation of PPh3 were determined from the ratio of product/(product + starting
material) integrations. Yields for benzophenone hydrazone oxidation were determined by
gas chromatography (versus a mesitylene internal standard) due to overlapping NMR signals
for the different product species and the starting material.

Reactivity with diphenylisobenzofuran (DPBF).

In a 100 mL Schlenk tube, 1 (1 mg, 0.002 mmol), diphenylhydrazine (DPH) (4 mg, 0.02
mmol), and DPBF (5 mg, 0.02 mmol) were dissolved in DCM (0.5 mL). After 1 freeze
pump thaw cycle, the tube was charged with 1 atm O, and allowed to react for 1 h (this
completion time with DPH previously determined by *H NMR). The product mixture was
then diluted with DCM to 1.5 mL, filtered, and analyzed by GC-MS.

Computational Methodology.

For V2RDM CASSCF, geometry optimizations were carried out with DFT, utilizing

the B3LYP functional®? in combination with the 6-31G* basis set,83 as implemented

in Gaussian 16 Rev. A.03.84 Multireference correlation was resolved with variational
2-electron reduced density matrix (V2RDM) complete active space self-consistent field
(CASSCF)85:86 calculations as implemented in the Maple Quantum Chemistry Package.87:88
V2RDM calculations utilized an active space of 14 electrons distributed in 14 spatial
orbitals, [14,14], and a 6-31G* basis set. Structures of 3 as well as the intermediates and
transition states for the reaction coordinate with hydrazine were optimized in ORCA89 using
the MO6L functional and def2-TZVPP basis set on Cu, def2-TZVP basis set on all other
atoms. Frequency calculations were performed to confirm the structures are at local minima
on the potential energy surface.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Overview of representative (A) Cu(l) + aminoxyl catalysts for aerobic oxidations, (B)

Page 18

general model compound structures based on Cu monooxygenase and oxidase active sites,
and this work: a bioinspired Cu(ll) aerobic oxidation catalyst with a well-characterized

Cu-superoxo intermediate.
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Figure 2.
(A) SXRD of 1. Ellipsoids are set to 50% probability and hydrogen atoms have been

omitted for clarity. Selected bond lengths and angles: Cul-N1 1.895(3) A, Cu1-N3 1.952(3)
A, Cul-N51.890(3) A, N1-N2 1.289(3) A, N5-N4 1.293(4) A, C9-C10 1.347(5) A, N1-
Cul-N393.66(1)°, N5-Cul-N393.83(1)°. (B) Cyclic voltammogram of 1 (black line) and
[BuToIDHP*NI (gray line) in THF (1 mM [Cu] or [Ni], 0.1 M NBu4PF6, scan rate 100

mV s71). The small shoulder at —0.3 V for 1 arises from a small impurity in the electrolyte
(Figure S29).
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Figure 3.
(A) Cu K-edge X-ray absorption data for 1 (black) and 2 (green) with the smoothed

first derivative of normalized absorbance (inset). Dashed line indicates the energy at half-
maximum normalized absorbance. (B) Frontier natural orbitals and their natural occupation
numbers (A) for 1 along with fractional atomic orbital contributions to the natural orbitals
for Cu (Cuggc). Data obtained via [14,14] V2RDM CASSCEF calculations with the 6-31G*
basis set.
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Figure 4.
(A?) UV-visible spectroscopy of 0.015 mM 1 in DCM at 25 °C upon addition of 2 mL of O,
where 1 is black and 3 is red. Formation of 3 with scans every 2 minutes starting 4 minutes
after O, addition. Extinction coefficient is based on initial concentration of 1, assuming
complete conversion to 3. (B) Variable isotope Raman spectra of the reaction of 1 with O,
at room temperature to form 3. The reactions with 160, vs. 180, are shown in the superoxo
stretching region. (C) Cu K-edge X-ray absorption data for 1 (black) and 3 (red) with an
expanded pre-edge region (inset). (D) R-space EXAFS fitting for 3, with k-space shown in
the inset (data, black; fits, red).
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Figure 5.
DFT computed geometries and energies of hydrazine dehydrogenation by 3. Calculations

were carried out with the MO6L functional and a def2-TZVP basis set, with a def2-TZVPP
basis set for Cu. Cu is shown in orange, C in gray, N in blue, O in red, and H in white. Only
H-atoms involved in substrate dehydrogenation are shown.
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Scheme 1.
Synthesis of 1, 2, and 3.
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Catalytic oxidative reactivity of 3. All reactions were carried out with 10 mol% 1 under

1 atm O, for 18 h in DCM, with the exception of benzyl alcohol which was in THF to

better tolerate BuOK. Yield determined by 1H NMR spectroscopy (3P NMR for PPh3)
and is based on integration compared to an internal standard (mesitylene) or the ratio of

product/(product + starting material) for PPhs.
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Scheme 3.
Mechanistic comparison of synthetic and biological Cu aerobic oxidative catalysts.

The colored arrows and structures refer to mechanistic steps and intermediates for

the [tBY TOIDHP]Cu (black), GO (red), and Cu/aminoxyl (blue) catalytic systems, with
overlayed multi-color arrows and boxes notating steps or intermediates that are shared by
the indicated systems. Note that the two rightmost steps for GO are intramolecular proton
transfers mediated by an active site phenol/phenolate which is not shown.
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