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ABSTRACT: In this research article, we describe a 4H*/4e™ MeQ  OMe 1+

electron-coupled-proton buffer (ECPB) based on Cu and a

redox-active ligand. The protonated/reduced ECPB (complex 1: 0\>_NH W _(0

[Cu(8H'/14e7)]™), consisting of Cu' with 2 equiv of the ligand ‘8- HN-Bu

(“*LH,: 1,1'-(4,5-dimethoxy-1,2-phenylene)bis(3-(tert-butyl)- Cu!

Bu—NH HN-'Bu

0>—NH HN—<0

urea)), reacted with H*/e™ acceptors such as O, to generate the
deprotonated/oxidized ECPB. The resulting compound, (complex
5: [Cu(4H'/10e7)]"), was characterized by X-ray diffraction
analysis, nuclear magnetic resonance ('H-NMR), and density
functional theory, and it is electronically described as a cuprous
bis(benzoquinonediimine) species. The stoichiometric 4H"/4e™ reduction of 5 was carried out with H"/e™ donors to generate 1
(Cu' and 2 equiv of “'LH,) and the corresponding oxidation products. The 1/5 ECPB system catalyzed the 4H"/4e™ reduction of
O, to H,O and the dehydrogenation of organic substrates in a decoupled (oxidations and reductions are separated in time and
space) and a coupled fashion (oxidations and reductions coincide in time and space). Mechanistic analysis revealed that upon
reductive protonation of 5 and oxidative deprotonation of 1, fast disproportionation reactions regenerate complexes S and 1 in a
stoichiometric fashion to maintain the ECPB equilibrium.

Me0' OMe

B INTRODUCTION electrode, and the resulting protons and electrons are utilized
to protonate/reduce the ECPB) and the H, evolving reaction
(HER: the protons and electrons stored in the ECPB are used
to generate H, at the Pt electrode).'* Other advantages of this
setup are the relatively low operational potentials (determined
by the potential difference of the ECPBs and the Pt HER and
OER), the purity of the gases synthesized, and the higher
durability of the cell components (e.g., the Nafion membrane
is easily degraded by the reactive oxygen species that result
from H, and O, mixing).

In a landmark contribution, Deng and coworkers have
developed a liquid-phase fuel cell based on POMs that act as
ECPBs (Figure 1C)."” With this setup, one of the POMs
(ECPB,) catalyzes the oxidation of biomass in solution and
delivers the H, equivalents to the anode. Protons and electrons
are captured at the cathode by the second POM (ECPBy, E,
of ECPB; > E, , of ECPB,), which catalyzes the reduction of
O, to H,0. By decoupling the two redox processes and
moving the catalytic process from the electrode surface to the

Many important natural and industrial processes involve the
transfer of multiple protons and electrons usually in a
concerted fashion (i.e., proton-coupled electron transfer' ),
including O, reduction,” H,0 oxidation,” N, reduction,® H,
formation,” among others.” Nature has developed mechanisms
by which protons and electrons can be stored, transported, and
released when needed. For example, the protons and electrons
obtained during water oxidation in photosystem II are stored
in plastoquinone (PLQ), which is protonated and reduced to
plastoquinol (PLQol), and are transported to cytochrome bgf
and photosystem I to convert NADP* to NADPH (Figure
1A).”"° The PLQ/PLQol couple is a redox mediator that acts
as an electron-coupled-proton buffer (ECPB), responding to
protonating/reducing conditions by storing H, equivalents and
deprotonative/oxidative conditions by delivering H, equiv-
alents in a reversible fashion.

Inspired by these natural systems, soluble redox mediators
are currently utilized in fuel and electrochemical cells."" Cronin
and co-workers have developed ECPBs based on polyox-
ometalates (POM) or quinones that are used to decouple the Received:  May 23, 2022
half-reactions of electrolytic H,O splitting into H, and O, Published: September 9, 2022
formation (Figure 1B).'»"* The utilization of ECPBs
introduces an additional electrochemical step, which allows
for separating, in time and space, the O, evolving reaction
(OER: H,0 is deprotonated/oxidized to O, in the Pt
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A. Natural electron-coupled-proton buffers (ECPBs).
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B. Use of ECPBs in decoupled O, and H, generation from H,O-spliting.
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C. Use of ECPBs in biomass fuel cells.
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Figure 1. (A) Natural 2H*/2e~ ECPB. (B) Use of ECPBs for the
decoupled generation of O, and H, from H,O splitting. (C) Use of
ECPBs in biomass fuel cells. (D) 4H*/4e™ ECPB based on Cu and
redox-active ligands.

solution, nonmetallic electrodes could be used (cheap graphite
felt), and the oxidation and reduction processes could be
performed in separate tanks, which allows for applying heat
and/or light to the reactive solutions.

In the present work, we describe an ECPB based on Cu and
a redox-active ligand that is capable of decoupling the

reductive protonation of O, to H,O with the oxidative
deprotonation of organic substrates in an unprecedented 4H*/
4e” fashion (Figure 1D).

B RESULTS AND DISCUSSION

Synthesis and Characterization of the Copper
Complexes. The reaction between the ligand ““LH, (1,1'-
(4,5-dimethoxy-1,2-phenylene)bis(3-(tert-butyl)urea)) and 0.5
equiv of [Cu'(CH;CN),](PF;) in air produced the cationic
complex 5, [Cu(4H*/10e”)]"* (see the Supporting Informa-
tion, SI, for details on the synthesis and naming of the
complexes). Based on our previous work, we prepared the
dianionic complex 2, [Cu(4H*/13e7)]*", via deprotonation of
“‘LH, with 2 equiv of KH followed by addition of 0.5 equiv of

Cu(OAc), under anaerobic conditions (Figure 24)."*"”

A. Synthesis of the copper complexes
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B. Single crystal X-ray diffraction analyses.
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Figure 2. (A) Synthesis of complexes 2 and 5. (B) Single crystal X-ray
diffraction analyses of the complexes 2 and 5 (H-atoms, K
countercations, PF4 counteranions, and solvent molecules were
omitted for clarity, see the SI for details).

Both Cu complexes were characterized by single crystal X-
ray diffraction analyses (SCXRD, Figure 2B). Complex 2
adopts a square-planar geometry that is stabilized via
intramolecular N—H---N H-bonding interactions between the
ureanyl substituents of one of the ligands and the basic Na of
the other ligand (d(Ha'--Na): 2.151(9)—2.20(2) A). Analysis
of the bond distances of the diamine scaffolds indicates that
the two ligands in complex 2 are fully reduced (d(C—N):
1.418(2) A), consistent with a Cu" ion bound by two
catecholate-like ligands (ie., [(“‘LH,>7),Cu']*").'"® Con-
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versely, complex S adopted a pseudo-tetrahedral geometry in
which the bond distances measured for the diamine backbone
indicated that the redox-active ligand is fully oxidized (d(C—
N): 1.305 (2) A), su%;gesting that 5 is a Cu' complex with two
quinone-like ligands.

Electrochemistry. In one of our previous articles, we
showed that Cu complexes bearing similar ligands are able to
reach five molecular oxidation states via reduction/oxidation of
the metal center or the ligand scaffold.'® Cyclic voltammetry
(CV) measurements for [Cu(4H*/13e7)]>~ (2) found that
this complex was reversibly oxidized to three “high-valent”
oxidation states, namely, [Cu(4H'/12¢7)]'" (3), [Cu(4H"/
11e7)]° (4), and [Cu(4H'/10e7)]'* (5) at relatively low
redox potentials (from —0.5 to —0.9 V vs Fc”/*, see Figure 3A).
CV experiments using the isolated complex $ led to identical
results, suggesting that the oxidation of 2 and reduction of §
occur via equivalent le™ processes.

Oxidation of 2 using stoichiometric amounts of ferrocenium
hexafluorophosphate (FcPFg) produced 3, 4, and S (Figure
3B). Reduction of § with stoichiometric amounts of CoCp,
(CoCp,: cobaltocene) also produced 4, 3, and 2 (see Figures
S10—S12 in the SI). Complex 5 was characterized by 'H-
NMR, confirming that is diamagnetic Cu' complex (S = 0).
EPR measurements for 2 and 4 confirmed their paramagnetic
nature (S = 1/2), with signals characteristic of a Cu-centered
unpaired electron for 2 and ligand-centered unpaired electron
for 4 (see Figure 3C)" The g,-value (2.21) and A,-value (14.9
mT) of the Cu" center in complex 2 were typical of Dy, or D,y
coordination.'®"” The intensity of the signals was quantitative
for the amount of Cu added to form the complex. Because of
the redox noninnocent nature of the ligand scaffolds, assigning
the oxidation state of the metal (Cul, Cu', Cu') and the
ligand scaffold (““LH,*", *ILH,'"or 9LH,) is not trivial (see
Figure 4A).”" For example, complex 3 was EPR-silent in both
perpendicular and parallel mode (S = 0), which might result
from the formation of a d® Cu™ ion bound by two catecholate-
like ligands ([(““LH,*"),Cu™]'"), a d° Cu" complex with the
metal antiferromagnetically coupled with a ligand-centered
radical ([(““LH,*")(*ILH,'")Cu™]'", or a d'° Cu' center
bound by two semiquinone-like ligands that are antiferromag-
netically coupled [(*ILH,'"),Cu']'".

DFT calculations were conducted to gather insight into the
electronic structure of complexes 2, 3, 4, and 5 (Figure 4B).
These computations included the optimization of the
complexes in different geometries (D, vs D,4) and different
spin states (see details in section 8 of the SI). For all of the
complexes, the D,y structures were more stable than the
corresponding D,,. For complex 2, the computed Cu---Na,
Na--C,, and C,,---C,, distances were similar to the values
measured by XRD analysis. Oxidation of complex 2 to 3, 4,
and S led to a gradual increase in the computed C,---Cy,
distances (from 1.40 to 1.42 A) and decrease in the Na-C,,
distances (from 1.38 to 1.32 A), in agreement with the
proposed ligand-centered oxidations. Spin-density plots also
supported this proposal (see Figure 4B). For complex 2, the
spin density was localized in the Cu and the Na, consistent
with the formulation of 2 as an Cu" ion bound by two
catecholate-like ligands, [(““LH,*”),Cu"]*". The d-orbital
occupancy also suggested that the Cu center in complex 2
was a d’ metal (note: occupancy factors lower than 0.7 indicate
that the d-orbital is unoccupied”'). Oxidation of complex 2 to
3 caused delocalization of the spin density from the Cu and
Na to the aromatic backbones and a d-orbital occupancy

A. Cyclic voltammetry for the oxidation/reduction of complex 2.
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%10 -0.69 (n.d.)°
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B. UV-vis spectra of complexes 2, 3,4 and 5. .
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C. EPR spectra of complexes 2 and 4.
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Figure 3. (A) CV measurements for the reversible oxidation/
reduction of complexes 2 and 5. (B) UV—vis spectra for the
complexes 2, 3, 4, and S. (C) EPR spectra for complexes 2 and 4.

characteristic of a d'® metal. Hence, the electronic structure of
complex 3 was consistent with a Cu' complex containing two
antiferromagnetically coupled semiquinone-like ligands
[("ILH,'"),Cu']'~ (Note: for complex 3, the computed singlet
and triplet states had similar energy, but experimental evidence
indicates that complex 3 is diamagnetic, see the SI). Oxidation
of 3 to 4 led to a decrease on the spin density on one of the
aromatic backbones while maintaining a d'° orbital occupancy,
which suggested that complex 4 was a Cu' system bound by a
semiquinone-like and a quinone-like ligand, [(*'LH,'~)(LH,)-
Cu']’. For complex §, the computed distances (similar to the
ones obtained by X-ray diffraction analysis), the spin-density
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A. Molecular oxidation states formed upon oxidation/reduction of complexes 2 and 5.
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B. DFT calculations on the electronic structure of complexes 2, 3, 4 and 5.
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Figure 4. (A) Summary of the characterization of complexes 2, 3, 4, and S. (B) DFT calculations on the electronic structure of complexes 2, 3, 4,
and S (see the SI for details on the calculations of the complexes in different geometries and spin states).

plot (no spin density in the ligand or the metal ion) and the d-
orbital occupancy (d'°) were consistent with a Cu' ion bound
by two quinone-like ligands, [(LH,),Cu']"".

Overall, the spectroscopic and computational evidence
suggest the involvement of ligand-based redox processes in
the oxidation of complex 2 to 5 (Figure 4A). Paradoxically, the
lower oxidation state (2) is a Cu" complex while the highest
oxidation state (5) is formally a Cu' complex. This behavior is
paradigmatic of metal complexes bound by redox-active ligands
and has a direct impact on the reactivity of this species:
complex 2 is O, sensitive, as opposed to most Cu" complexes,
and complex 5 is not oxidized by O,, as opposed to most Cu'
complexes.

Reactivity with Proton/Electron Donors and Accept-
ors. The stoichiometric conversion between complex 1 and
complex § was carried out in DMF using H*/e™ donors and
accezptors with varying bond dissociation free energy (Figure
5).”* We have recently reported that “high-valent” CuOH
intermediates perform the 2H'/2e” oxidation of 2,6-di-tert-
butylzphenol (2,6-DTBP; BDFEq_;;"MS© = 76.7 kcal/
mol"****) via formation of a fleeting phenoxyl radical (2,6-
DTBPe) that undergoes dimerization to the corresponding
diphenol (H,DPQ) before being oxidized to 3,3',5,5'-tetra-
tert-butyldiphenoquinone (DPQ, see Figure 6A).”° The
reaction of 5 with 2,6-DTBP was followed by 'H-NMR
(Figure 6B), and we observed that the 4H*/4e™ reduction of §
produced Cu' and 2 equiv of “'LH, (complex 1 in 99% yield),
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BDFE,g(1H*/1e)

Proton/electron acceptors
kcal/mol in DMF

H,0, + 2H* + 26 —— 2 H,0 93.5
0, + 4H* + 4= — > 2H,0 81.4
Fc* + NEt; + 1H" + 1e= —— Fc + NEty'H* 80.2
Fc* + pyr + 1H*+ 1e= —3—> Fc + pyrH* 721

| -AH*-4e" l

[Cu(8H*/14e7)]"™ (1) [Cu(4H*/10e7)]™ (5)

T 4H*/4e~ |

BDFEqq(1H*/1€)
kecal/mol in DMF

Proton/electron donors

Me2FG + 4-F-PhOH —3¢— Me2Fct + 4-F-PhO~+ 1H* + 1e=  91.1
2,6-DTBP ——> 2,6-DTBPe + 1H* + 1e~ 76.7
PhNHNHPh ——> PhN=NPh +2H* + 2e~ 65.2
CoCp; + pyrH* ———> CoCp,* + pyr + 1H* + 1e~ 42.4

Figure S. Reactivity of the 4H*/4e™ ECPB system 1/S toward H*/e™
acceptors (top) and H*/e~ donors (bottom).>

with DPQ as the main phenol oxidation product (95% yield).
The ECPB mass balance ([1] + [5]) remained above 70%
throughout the reaction.

Complex § was also quantitatively reduced to 1 using other
2H*/2e” donors (e.g, diphenylhydrizine, PhANHNHPh; see
section S5 of the SI) and combinations of acids and le~
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A. Thermochemistry of the 2H*/2e~ dehydrogenation of 2,6-DTBP
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Figure 6. (A) Thermochemistry of the 2H*/2e™ dehydrogenation of
2,6-DTBP. (B) Stoichiometric 4H"/4e” reductive protonation of
complex § to 1 with 2,6-DTBP followed by '"H-NMR.>®

reductants (Figure 5). For example, stoichiometric amounts of
pyridinium triflate (pyr-H*) and cobaltocene (CoCp,) reduced
S to 1 (yield: 99%), but the use of a weaker acid (4-
fluorophenol, 4-F-PhOH) and a weaker reductant (dimethyl-
ferrocene, Me,Fc) did not.

Complex § did not react with substrates containing weak
C—H bonds such as xanthene (BDFE._j;"™° = 70.2 kcal/
mol), 9,10-dihydroanthracene (BDFEq_;"™°© = 72.9 kcal/
mol), and 9-fluorene (BDFE_;PM5° = 74 3 kcal/ mol) despite
having similar bond dissociation free energy (BDFE) to the
phenols oxidized by complex 5§ (e.g., 2,6-DTBP,
BDFE,_;;"™5° = 76.7 kcal/mol). It has long been determined
that O—H bonds undergo H-atom abstraction more quickly
than C—H bonds, and it is predicted that at the same driving
force (BDFE_y = BDFEq_y), O—H bonds react 10,000 times
faster than C—H bonds.”

As we mentioned, the oxidative deprotonation of 1 to § can
be coupled with the reduction of O, to H,O (Figure 7A). This
reaction was also followed by 'H-NMR (Figure 7B), and we
observed that the 4H"/4e™ oxidative deprotonation of complex
1 produced complex S in remarkable yields (91%) and
maintained an ECPB mass balance above 90% during the

A. Thermochemistry of the 4H*/4e~ reductive protonation of dioxygen.

4H*/4e
BDFEq,q
81.4 kcal/mol
2H*/2e~ 2H*/2e~
0, R —— H,0, —_— 2 H,0
BDFE 0.1y BDFE,q

69.3 kcal/mol 93.5 kcal/mol

B. Conversion of 1 to 5 with O,.
[Cu(8H+I14e‘)]1+(1) + 0, —> [Cu(4H*10e7)]™ (5) + 2H,0
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Figure 7. (A) Thermochemistry for the 4H*/4e™ reductive
protonation of dioxygen. (B) Stoichiometric 4H'/4e” oxidative
deprotonation of complex 1 to complex 5 with O, followed by 'H-
NMR.

oxygenation. In the oxidation of complex 1 to § with O,, H,0,
was not formed (the '"H-NMR peak at 11 ppm corresponding
to H,O, was not observed). In fact, the 4H"/4e™ trans-
formation of complex 1 to 5 could also be accomplished using
stoichiometric amounts H,0, (2H"/2e™ acceptor, 70% yield).
While the reaction of 1 with O, to produce complex § was
slow (hours), the reaction between 1 and H,0, was extremely
fast (minutes). These results suggest that the reaction between
1 and O, could potentially lead to the formation of H,O,, but
its accumulation in solution is precluded.

The oxidative deprotonation of 1 to $5 could also be
performed using combmatlons of le” oxidants and bases (see
section 4.2 of the SI).”* For example, addition of ferrocenium
(Fc*) and triethylamine (NEt;) to a DMF solution of 1
produced § in good yields. Conversely, complex 5 was not
formed when Fc* and pyridine (weaker base than NEt;) were
used.

To support that the Cu system could be used as a buffer for
protons and electrons, we reacted equimolar mixtures of 1 and
5 with H*/e™ donors (e.g., CoCp,/pyr-H', PhANHNHPh, and
so forth) and H*/e™ acceptors (e.g, Fc'/NEt;, H,0,) in a
substoichiometric fashion (see section 4.3 of the SI). In all of
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A. Decoupled 4H*/4e~ O,-reduction and substrate oxidation with the Cu-based ECPBs.
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B. Coupled 4H*/4e~ O,-reduction and substrate oxidation with the Cu-based ECPBs.
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Figure 8. (A) Decoupling O,-reduction and substrate oxidation with
with the 1/5 ECPB system.

the 1/5 ECPB system. (B) Coupling O,-reduction and substrate oxidation

the cases, the 1/5 equilibrium was maintained with good
ECPB mass balance and for reactants with a wide range of
pK.’s, E, ), and BDFEs (see the SI).

Decoupled O,-Reduction and Substrate Oxidation
with the ECPB. By definition, ECPB systems capture and
deliver H, equivalents (i.e. protons and electrons) in a
decoupled and reversible fashion.'” To demonstrate that our
ECBP system was capable of performing such transformations,
we used 1/5 to decouple the reductive protonation of O, with
the oxidative deprotonation of PhNHNHPh (Figure 8A).
During the first oxidative cycle, oxygenation of 1 (followed by
NMR) produced § in remarkable yields (90%). After full
consumption of 1, the excess of O, was removed and 2 equiv
of PANHNHPh were added. During this first reductive cycle,
we observed that complex 5 was stoichiometrically converted

16910

to complex 1 with concomitant formation of 2 equiv of PhN=
NPh.

The second oxidative cycle was then carried out by bubbling
O, in the DMF-d, solution containing complex 1 and PhN=
NPh, which regenerated complex § with good yields (75%).
Removal of O, and addition of PhANHNHPh initiated the
second reductive cycle, which produced 1 and PAN=NPh. A
third oxidative cycle (addition of O,) and a third reductive
cycle (addition of PANHNHPh after removal of O,) were
performed, and the ECPB mass balance was maintained above
70% (each of the oxygenation cycles led to a reduction of the
ECPB mass balance of 10%). To the best of our knowledge,
this constitutes one of the first examples of a metal complex
capable of decoupling the reductive protonation of O, with the
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Figure 9. BDFE calculations for the IH"/1e™ protonation/reduction of 5 using the Bordwell equation (top left) and determination of the BDFE,,,
for the 4H"/4e™ conversion between 1 and § determined using open circuit potential measurements (OCP, see top right).

oxidative deprotonation of organic substrates in multiple
cycles.

Stoichiometric and Catalytic Oxidation of Phenols.
The ECPB system could also be used in the coupled oxidation
of 4-X-2,6-DTBPs with O, (Figure 8B). Complex § (10 mol
%) catalyzed the aerobic oxidation of 2,6-DTBP to DPQ with
remarkable conversion and selectivity (100% conv., 99% yield).
Oxidation of 4-Me-2,6-DTBP under stoichiometric anaerobic
conditions (uncoupled oxidation) and -catalytic aerobic
conditions (coupled oxidation) led to different oxidation
products. While under anaerobic conditions the quinone
methide dehydrogenation product was obtained (PM in Figure
8B), under catalytic aerobic conditions, the C—C coupling
product 2,6-di-tert-butyl-4-methyl-4-(3,5-di-tert-butyl-4-hy-
droxyphenyl)-2,5-cyclohexadien-l-one (PQ in Figure 8B) was
formed (see the SI for details on the product analysis). The
slow reactivity of the PhOH substrates did not allow for
uncoupling the reduction of O, with the oxidation of these
substrates (like we have done with PhANHNHPh) because full
conversion of complex 5 to 1 required excess amounts of
phenol, (phenol substrates are oxidized by combining
copper(I) and dioxygen without redox-active ligand). These
background catalytic reactions (Cu' + O, + PhOH) were also
analyzed, and we observed the formation of the same phenol
oxidation products (DPQ for 2,6-DTBP and PQ for 4-Me-2,6-
DTBP) but with poorer substrate conversion, product
selectivity, and yields, suggesting that complex S is the main
active oxidant in the coupled oxidations catalyzed by the ECPB
system.

Many Cu complexes catalyze the aerobic oxidation of
phenols, but reports on the Cu-catalyzed oxidation of 4-
substituted 2,6-di-tert-butylphenols are scarce.”” For 4-Me-2,6-
DTBP, it has been found that the utilization of Cu salts (e.g.,
CuCl,) and simple bidentate ligands (e.g, morpholine,
ethylenediamine) produced several oxidation products (poor

selectivity), and the formation of the quinone methide product
(PM) was postulated but could not be observed.”*” These
precedents clearly differ from our findings, in which complex §
could generate selectively PM or PQ only by varying the
reaction conditions (i.e., decoupled stoichiometric oxidation
under N, or coupled catalytic oxidation under O,).

Determination of the Bond Dissociation Free En-
ergies in the ECPB. All of the reactivity results described
above indicate that the oxidative deprotonation of 1 requires
proton/electron acceptors capable of oxidizing X—H bonds
with a BDFE higher than 80 kcal/mol (Figure 9). By
combining le~ oxidants and bases, which act together as H-
atom acceptors, we determined that the BDFE for the 1H*/
le™ deprotonation/oxidation of $ had a value between 80.2
kcal/mol (complex 1 was oxidized by NEt; and Fc*, which
have a BDFE, of 80.2 kcal/mol) and 79.6 (complex 1 was not
oxidized by proton sponge and Fc*, which have a BDFE of
79.6 kcal/mol).

The reactivity experiments suggest that complex $ is capable
of abstracting H-atoms from substrates with BDFEs lower than
77 kcal/mol (e.g., 2,6-DTBP). Combinations of acids and
reductants, which can act as H-atom donors, were used to
determine the BDFE for this IH*/1e™ process. Complex § was
reduced by Me,Fc/4-NO,-PhOH (BDFE, of 72.9 kcal/mol)
but was not reduced by Me;;Fc/4-NO,-PhOH (BDFE; of
82.2 kcal/mol) and was partially reduced by Me,Fc/4-NO,—
2,6-DTBP (BDFE of 76.7 kcal/mol), indicating that the
BDFE for the 1H"/1e™ reductive protonation of complex § is
close to 76 kcal/mol. We were also able to determine the
BDEFE for the 1H"/1e™ reduction of § with the E, /, of the 4/§
couple (—0.60 V vs Fc”*) and the pK, for the protonation of 4
(ca. 16 in DMF) using the Bordwell equation (BDFE = 76
kcal/mol, see Figure 9; Note: the protonation of 4 was
irreversible but the pK, could be estimated using acids with
different strength, see the SI).
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A. Disproportionation reactions to regenerate the ECPB system.
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B. Comparison of Cu-based EPCB with other complexes capable of storing multiple H, equivalents.
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32
coworkers™).

Following the protocol recently described by Mayer and
coworkers, we determined the BDFE,,, for the 4H'/4e”
conversion between 1 and 5 (See Figure 9 inset).”’ Open
circuit potential (OCP) measurements using different ratios of
1 and S in a NEt;/NEt;H" buffer in DMF showed Nernstian
dependence with a slope of —0.0155, confirming that the
transformation between 1 and § involves 4 protons and 4
electrons (Note: In these OCP measurements, the ideal slope
should be —0.059 for 1H"/1e™ processes, —0.0295 for 2H"/
2e” processes, and —0.01475 for 4H'/4e™ processes). To
validate our results, we carried out OCP measurements for
PhNHNHPh/PhN=NPh mixtures (2H"/2e", slope
—0.0305) and TEMPO/TEMPO-H mixtures (TEMPO-H:
2,2,5,5-tetramethyl-N-hydroxy-piperidine; 1H*/le™, slope
—0.0546) under the same conditions.

The BDFE,,, for the 4H"/4e™ reductive protonation of 1 to
5 was 70.3 kcal/mol (see the SI for details on the calculations).
Taking into account the BDFE value for the 1H'/le™
reductive protonation of § (76 kcal/mol) and the BDFE
value for the 1H*/le” oxidative deprotonation of 1 (80 kcal/
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mol), we can estimate that two of the intermediate
protonation/oxidation states between 1 and § ([Cu(SH*/
11e7)]"" and [Cu(6H'/12e7)]'" (see Figure 9) are poor
proton/electron acceptors (BDFEan for the 2H*/2e™ reduc-
tion of [Cu(SH*/11e7)]** is 63 kcal/mol).

Mechanism of Regeneration of the ECPB in the
Protonation/Reduction and Deprotonation/Oxidation
Reactions. The protonation of complex 4 with 4-NO,—2,6-
DTBP (4-nitro-2,6-di-tert-butylphenol; pK,°MF: 8.3%°!) re-
sulted in the formation of § and 1 via disproportionation. The
stoichiometry for this disproportionation process (formation of
0.75 equiv of § and 025 equiv of 1) was obtained by
determining the concentrations of § and 1 by UV—vis and 'H-
NMR (Figure 10A, see also SI). The 1H'/le” oxidative
deprotonation of complex 1 was carried out using 1 equiv of
KH and 1 equiv of Fc*, leading also to the formation of 1 and
S. UV—vis and NMR experiments confirmed that this
disproportionation process produced 0.25 equiv of 5 and
0.75 equiv of 1. The ability of this Cu-based system to undergo
clean and fast disproportionation reactions to selectively
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produce 1 and S upon reduction/protonation of § and
deprotonation/oxidation of 1 is critical to explain its ECPB
reactivity (Figure 10A). When we followed the reaction
between S and proton/electron donors (e.g., 2,6-DTBP), and
the reaction between 1 and proton/electron acceptors (e.g.,
0,), no Cu species other than 1 and § were observed (see the
SI). This suggests that the protonation/oxidation states
between 1 and S are less stable than 1 and §, the latter
being thermodynamic sinks (Figure 10A). These results are in
agreement with the thermodynamic analysis described above
which suggests that the ECPB reactivity of the Cu-based
systems relies on the oxidative power of complex 5 and the
strength of the N—H bonds in complex 1 (ie., the reductive
protonation of complex S leads to the formation of good
proton/electron donors that will disproportionate to produce
strong N—H bonds in complex 1).

Mechanistic Discussion. The 4H*/4e™ conversion of O,
to H,O is a thermodynamically favored process (—AG° =
324.7 kecal/mol), but the reactivity of O, with most organic
molecules is kinetically disfavored because of its triplet spin
state and the poor driving force of the 1H"/1e™ reduction of
O, to hydroperoxyl (HO,), associated with the low bond
dissociation free energy of the O—H bond formed
(BDFE(o_g): 51.2 keal/mol)." The 1/5 ECPB system allows
for harnessing the 4H"/4e™ oxidative of power of O, in a single
oxidant, complex 5, which is formed via the oxidative
deprotonation of 1 and regenerated via disproportionation
after undergoing reductive protonation. We believe that copper
plays a critical role in this ECPB system, stabilizing the “high-
valent” complex 5 (Cu' center bound by four imine ligands in a
pseudo-tetrahedral geometry) and promoting O, reduction in
complex 1 (Note: Mn', Fel!, Co™, Ni", and Zn" did not lead to
“‘LH, oxidation when exposed to O,).

The reactivity of the Cu-based ECPB systems described
herein differs from most of the metal complexes capable of
reversibly accumulating H-atom and H, equivalents in their
structure (Figure 10B).>*7*° Many of the complexes that
perform multiproton multielectron transformations (see Zn
example in Figure 10B””) rely on the formation of multiple
protonation/oxidation states and the coordination of the
organic substrates prior to oxidation (e.g, most of these
systems mimic the reactivity of galactose oxidase, which carries
out the aerobic dehydro%enation of alcohols to aldehydes upon
alkoxide coordination®*”), and their ability to act as ECPBs
was not reported.

B CONCLUSIONS

We believe that the findings described in this article will inspire
the development of other metal-based ECPB systems capable
of promoting multiproton multielectron transformations. We
are currently working on studying the kinetics of the
interconversion between 1 and S with different proton/
electron donors and acceptors to determine if the reaction
rates are dependent on the thermodynamic driving force of
these transformations (i.e., difference in BDFE between the H-
atom donor and acceptor) or if other factors should be
considered (e.g., identity of the bonds formed and broken,
difference between the pK, or E,, of the acceptor and donor,
etc.). By modifying the ligand scaffold and/or the metal ion,
we envision that ECPBs capable of promoting multiproton
multielectron transformations that require low BDFEs (e.g.,
N,/NHj interconversion) or high BDFEs (e.g., dehydrogen-
ation of strong C—H bonds) will be developed, and some of

them will be utilized in electrochemical and/or photochemical
devices for reversible H, abstraction, storage, and delivery.ﬂ’38
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