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Copper(ll) complexes for electrocatalytic dioxygen reduction:
controlling selectivity via proton relay mode

Mofijul Molla,2 Ayyan Ghosh,? Santanu Ghora,? and Sukanta Mandal*2

Two mononuclear Cu(ll) complexes, [Cu(L1)]* (1*) and [Cu(L;)(H20)]* (2*), were synthesized as molecular electrocatalysts for
the oxygen reduction reaction (ORR). Ligand L;” provides an Ns-donor framework, whereas L,” furnishes an N4-coordination
environment; both incorporate a redox-active N-carboxyamidoquinolate unit that functions as a local proton reservoir and
electron storage site during catalysis. Electrochemical studies at pH 7 reveal markedly different ORR selectivity for the two
complexes. The Ns-ligated complex 1* preferentially catalyzes the 4e-/4H* reduction of O, to H,O with pH-independent rates
and a negligible solvent kinetic isotope effect (KIE = 1.05). Computational study identifies a strong intramolecular hydrogen
bond between the protonated amide N-H group and the distal oxygen atom of a putative Cu(l)-OOH intermediate, which
promotes internal proton delivery and facilitates reductive O-O bond cleavage to produce H,0. In contrast, the Ns-ligated
complex 2* predominantly catalyzes the 2e7/2H* reduction of O, to H,0,, displaying pronounced pH-dependent ORR
behaviour and a larger solvent KIE (2.24), consistent with a rate-limiting external protonation step. Computational analysis
reveals an unfavourable geometry for internal proton transfer in the 2e//H* reduced form of the Cu(Il)-OOH intermediate
derived from 2*, accounting for its preference for partial oxygen reduction. These results, therefore, highlight how proton-

relay pathways (internal vs. external) control product selectivity in oxygen reduction reactions.

Introduction

The oxygen reduction reaction (ORR) is an important electrochemical
process that occurs in fuel cell devices.!® These devices generate
electrical energy by combining oxygen reduction with fuel oxidation
in an electrochemical cell. For efficient fuel-to-energy conversion,
the ORR must proceed at a high rate and with high energy efficiency.
The ORR occurs via two primary routes, governed by distinct
mechanistic processes and thermodynamic factors. In protic
environments, O, can be reduced via either a two-electron/two-
proton (2e’/2H*) mechanism, producing hydrogen peroxide (H20),
or a four-electron/four-proton (4e"/4H*) pathway that directly forms
water. The 4e"/4H* process may also occur in two sequential 2e/2H*
steps, in which H,0; is first formed and then reduced to H,0.

0, +2e~ +2H*=H,0, +0.289V vs. NHE, at pH 7
0, +4e~ +4HT=2H,0 +0.815V vs. NHE, atpH 7
H,0, + 2e™ + 2HY=22H,0 + 1.349V vs. NHE, at pH 7
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The direct 4e’/4H* reduction of molecular oxygen to water (O, + 4H*
+ 4e- - 2H,0) has attracted significant attention due to its high
thermodynamic efficiency and superior energy conversion
performance without producing reactive oxygen species (ROS). This
pathway is especially critical in fuel cell applications, where oxygen
reduction is often the rate-limiting step at the cathode.

Platinum and its alloys have dominated the field of ORR electro-
catalysis,* demonstrating high activity and selectivity toward the
desired four-electron reduction pathway. However, the widespread
implementation of platinum-based technologies faces significant
economic challenges due to the metal's scarcity and high cost.
Extensive research has been conducted to develop alternative
catalysts based on earth-abundant 3d transition metal ions.35%7 The
partially filled d-orbitals of these 3d metal ions allow them to form
coordinative bonds with oxygen molecules and facilitate electron
transfer. Additionally, their ability to exist in multiple oxidation states
enhances their catalytic versatility.

Understanding the mechanistic aspects of oxygen reduction is crucial
to advancing energy conversion. One key research topic is
determining the factors that control the selectivity between the 2e-
/2H* and 4e’/4H* reduction pathways. In biology, heme/copper
oxidases, such as cytochrome c oxidase (CcO), efficiently catalyze the
selective reduction of O, to H,O during the final stages of
respiration.88 Similarly, the multicopper oxidase laccase catalyzes
the 4e-/4H* reduction of O, at near thermodynamic potential with
high efficiency.”%’! These natural systems inspire researchers to
develop synthetic catalysts that mimic enzymatic functions.
Significant progress has been achieved in heterogeneous ORR
catalysis, where metal complexes are grafted onto graphene,®!!
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carbon nanotubes,'?6 and metal-organic frameworks.!” The ORR in
a homogeneous system catalyzed by molecular catalysts is
particularly intriguing due to the ease of elucidating reaction
mechanisms and understanding the design principle of efficient ORR
catalysts. Most research in homogeneous catalysis has focused on
macrocyclic ring-based complexes inspired by the heme systems in
natural enzymes.'83® Recently, attention has also turned to non-
heme complexes, which represent a growing area of interest as
potential ORR catalysts.

In recent literature, certain non-heme 3d transition-metal ion
complexes (M = Mn,3%41 Fe,4245 Co,%6-50 Ni,>1>2 Cu®3%7) have been
reported to exhibit chemical and/or electrocatalytic reduction of O,.
Among these, Cu-based complexes have emerged as promising ORR
catalysts. One notable example is a Cu(ll) complex derived from the
Ns-donor ligand tris(2-pyridylmethyl)amine (tmpa) (Cu-tmpa). Karlin,
Fukuzumi, and coworkers demonstrated that this complex efficiently
and selectively catalyzes the 4e/4H* reduction of O, by ferrocene
derivatives in the presence of HClO4 in acetone.>®* Mechanistic
studies revealed that the reaction proceeds via the formation of a
dinuclear "Cu"-00-Cu"" intermediate, with no detectable formation
of H,0; during the chemical reduction process. Later, Hetterscheid et
al. explored the electrochemical ORR reactivity of the Cu-tmpa
complex in neutral aqueous solutions.®® They observed a rapid 4e
/4H* reduction of 0, achieving a remarkably high turnover
frequency (1.5 x 10° s%). Under electrochemical conditions, however,
the reduction proceeds via a stepwise 2e” + 2e- mechanism at a single
copper center, producing significant amounts of H,0,, which are
subsequently reduced to H,O during catalysis. This observation
underscores that the O, reduction mechanism may vary under
chemical and electrochemical conditions, depending on the electron-
delivery method. Further advancements by Karlin, Fukuzumi, and
coworkers involved modifying the tmpa ligand by introducing a
pivalamido group to one of its pyridyl arms, producing the Cu-PV-
tmpa complex.>® This modification significantly enhanced the
catalytic performance compared to Cu-tmpa, highlighting the
influence of ligand design on catalyst efficiency. One reason the Cu-
tmpa complex and its derivatives exhibit efficient ORR catalysis is the
flexibility of the tmpa ligand, enabling easy structural reorganizations
between tetrahedral Cu(l) and non-tetrahedral Cu(ll) configurations.
Hetterscheid et al. demonstrated that ligand denticity and flexibility
can influence the ORR activity and product selectivity of copper
complexes.! The rigid Cu-terpy (terpy = 2,2":6’,2"-terpyridine) and
relatively less rigid Cu-bmpa (bmpa = bis(2-pyridylmethyl)amine)
complexes, which feature Ns-donor ligands, exhibited poor 4e-/4H*
ORR activity in comparison to the flexible Cu-tmpa complex.®! The
reduced catalytic performance of these complexes was attributed to
their inability to quickly adopt the preferred tetrahedral geometry
for Cu(l), leading to slower electron transfer and decreased
formation of active ORR catalysts. Nevertheless, both Cu-terpy and
Cu-bmpa complexes demonstrated high selectivity for the two-
electron reduction of O, to H,0,.

Recent studies have highlighted the importance of the second
coordination sphere in modulating ORR selectivity.*>4%5¢ For
instance, Kojima's work demonstrated that a mononuclear copper(ll)
complex with a pendant non-chelating pyridyl moiety as a proton
acceptor exhibited an enhanced four-electron reduction of O; in
acidic aqueous solutions compared to a similar complex lacking the

2| J. Name., 2012, 00, 1-3

pendant group.®® This finding emphasizes the critical yoleof protop
relay mechanisms facilitated by strategicaljpdsitighed Fanetioral
groups for improving catalytic efficiency. Furthermore, the redox-
non-innocent character of the ligand framework was found to play a
crucial role in storing electrons during O; reduction. In this context,
Biswas and coworkers' investigation of a mononuclear Cu(ll) complex
derived from the dpaq ligand (Hdpag = 2-[bis(pyridine-2-
ylmethyl)]Jamino-N-quinolin-8-yl-acetamidate) is particularly
noteworthy.®2 The dpaq ligand features a redox-non-innocent
property, and the carboxamido unit acts as a proton port. It was
observed that integrating proton-relay capabilities with redox-non-
innocent properties synergistically enhanced proton and electron
transfer processes and facilitated the reduction of O, to H,0 via the
2e” + 2e pathway. All these research outcomes provide valuable
insights into the key factors influencing ORR catalysis and suggest
promising directions for future catalyst development. Investigating
ORR catalysis and identifying the critical parameters that control
electron-proton transfer and product selectivity between H,0, and
H,O formation continue to fascinate researchers,
pursue further studies.

Herein, we report the preparation of two new mononuclear Cu(ll)
complexes, [Cu(L1)]* (1*) and [Cu(L2)(H20)]* (2*), with ligands L1~ {HL,
= 2-(methyl(2-(methyl(pyridin-2-ylmethyl)amino)ethyl)amino)-N-
(quinolin-8-yl)acetamide} and [Py {HL, = 2-((2-
(benzyl(methyl)amino)ethyl)(methyl)amino)-N-(quinolin-8-
yl)acetamide}, respectively, as potential ORR electrocatalysts (Figure
1). The ligand L~ serves as a penta-dentate chelating ligand,
providing Ns-donor sites. We reduced the denticity of ligand HL1 by
replacing its pyridyl-benzylic moiety (-CH,Py) with a benzylic group (-
CH2Ph) and created the ligand HL, with Ns-donor centers. Both
ligands contain a redox-active N-carboxyamidoquinolate moiety. As
described by Biswas et al.,%? this moiety facilitates proton shuttling
and electron storage, which are crucial for ORR processes.
Electrochemical studies revealed that both Cu(ll) complexes exhibit
catalytic O, reduction activity in neutral aqueous solutions, with a
significant difference in product selectivity. At an onset potential of
0.39 V vs. RHE, complex 1* catalyzed the nearly quantitative 4e /4H*
reduction of O, to water, with only 14% H,0, formation. Achieving
this direct 4e/4H* reduction of O, to water at a single copper site is
noteworthy. In contrast, complex 2* exhibited higher selectivity for
the 2e/2H* reduction of O,, producing 85% H,0, at an onset
potential of 0.25 V vs. RHE. This difference in O, reduction selectivity
is attributed to ligand denticity, which controls the internal proton
transfer process by adjusting the position of the proton relay site
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Figure 1. ChemDraw representations of Cu(ll) complexes 1* and
2+,
Results and Discussion
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Synthesis and characterization. Figure S1 illustrates the synthetic
protocol for preparing the ligands HL; and HL,. Both ligands were
characterized by ESI(+)-MS, ATR-FTIR, and NMR (*H & 13C) studies
(see Experimental Section and Figures $S2-S13). Using these ligands,
we synthesized two mononuclear Cu(ll) complexes, [Cu"(L1)](ClO4)
(1(Cl0g4)) and [Cu"(L2)(MeOH)](CIO4) (2a(ClO4)). Both complexes were
thoroughly characterized by elemental analysis, thermogravimetry,
mass spectrometry, and various spectroscopic techniques. A
metathesis reaction between complex 1(ClO4) and KPFs produced
[Cu'(L1)](PFs) (1(PFe)), which was characterized by X-ray
crystallography (vide infra). We prepared an additional compound
[Cu"(L,)(k-NCS)] (2b) by reacting 2a(ClO4) with NaNCS for structural
analysis (vide infra).

The ESI(+)-MS analysis of complexes 1(ClOs) and 2a(ClO4) in
methanol revealed major peaks at m/z 425.1 and 424.1,
corresponding to [Cu(L1)]* and [Cu(L2)]* ions, respectively, validating
the formation of mononuclear complexes (Figures S14 and S15). The
TGA curve of 2a(ClO4) exhibited an initial 5.7% weight loss at a
temperature range of 50-130°C due to the loss of the coordinated
methanol (Figure S16b). However, such weight loss was absent in the
TGA curve for 1(ClO4), indicating the absence of solvent molecules in
the complex structure (Figure S16a). These observations are
consistent with the molecular formula of the complexes:
[Cu"(L1)]1(ClO4) (1(ClO4)) and [Cu'(L)(MeOH)](CIO4) (2a(ClOas)), as
determined from the elemental analyses. Thus, the Cu(ll) center
appears to adopt a five-coordinate geometry in both complexes. In
ATR-FTIR spectra, complexes 1(ClO4) and 2a(ClO,4) displayed strong
bands at 1624 cm™ and 1601 cm?, respectively, attributed to the C=0
stretch of the amide group (v(C=O)amide) present in ligand
frameworks (Figure S17a,b). Complex 2a(ClO4) showed a broad band
near 3400 cm™, assignable to methanol's v(O-H) vibration. Both
complexes exhibited v(ClO,) vibration bands at ~1100 and 620 cm™™.
Complex [Cu'(L2)(k-NCS)] (2b) exhibited the v(C=0)amide band at 1618
cm and a prominent v(CN) band at 2076 cm™ for the thiocyanate
group (Figure S17c).

We recorded the EPR spectra of 1(ClO4) and 2a(Cl04) complexes in
methanol at 7 K under frozen conditions (Figure S18). Complex
1(ClO4) exhibited an axial EPR spectrum with g = 2.22 and gs = 2.05.
The signal in the g| region showed four well-resolved hyperfine lines,
with an Aj value of approximately 538 MHz. Complex 2a(ClOa) also
displayed a similar axial spectrum (g; = 2.23 and gg = 2.05), with
hyperfine splitting in the gy region and an Aj value of ~ 531 MHz.
These hyperfine lines originated from the interaction between the
unpaired electron spin and the nuclear spin (/ = 3/2) of the Cu(ll)
center. Additionally, for complex 2a(ClOs), super-hyperfine lines
were observed due to the interaction of the Cu(ll) unpaired electron
spin with the *N (/ = 1) nuclear spin. The experimental spectra of
both complexes were simulated using the EasySpin program,’?73 and
the fitting parameters are listed in Table S1. The axial spectral
behavior (g > ga > 2) of both complexes suggests a square- or square
pyramidal-based geometry around the Cu(ll) ion, with the unpaired
electron occupying the ds?-,2 orbital as the ground state.”

The electronic spectra of 1(ClOs) and 2a(ClOs) complexes in
methanol exhibited high-intensity bands at 257 and 365 nm in the
UV region, attributed to charge-transfer transitions. Complex 1(ClO4)
showed three low-intensity d-d bands at 975, 820, and 598 nm
(Figure S19a). These bands are tentatively assigned to the transitions

This journal is © The Royal Society of Chemistry 20xx
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2B; - 2A;, 2B1 = ?B,, and ?B; -> 2E, respectively, charagteristicyof.@
square-pyramidal geometry (vide infra).”> F&¢l'cBMpRXCEA[TIOLFAN
methanol, the d-d bands appeared at 620 and 930 nm; however, the
latter band was not well-resolved (Figure S19b). Notably, the d-d
band at 620 nm was blue-shifted to 610 nm when the absorption
spectrum of 2a(Cl04) was recorded in water (Figure S20). This shift
can be attributed to the formation of an aqua-ligated species,
[Cu™(Ly)(H20)]* (2*), resulting from the replacement of methanol in
complex [Cu"(L;)(MeOH]*.”® Complex [Cu"(L,)(k-NCS)] (2b) showed d-
d bands at 632 and 970 nm in methanol (Figure S21).

To investigate the redox-non-innocent behavior of the ligands, we
synthesized zinc(ll) complexes, [Zn'(L1)(MeOH)](ClO4) (3(ClO4)) and
[Zn"(Ly)(MeOH),](ClO4) (4(Cl04)), as reference compounds. These
complexes were thoroughly characterized using analytical and
spectroscopic techniques (see Experimental Section and Figures $22-
S29).

Structure of copper(ll) complexes. We obtained single crystals of the
complex [Cu'(L1)](PFs) (1(PFe)) by slowly diffusing diethyl ether vapor
into a methanol solution of the complex. Complex 1(PFg) crystallized
in an orthorhombic crystal system belonging to the Pna2; space
group. The X-ray diffraction study revealed a square-pyramidal
geometry for 1* (Figure 2a), with an Addison’” t value of 0.017. The
angles around the Cu(ll) center deviate significantly from the ideal
square pyramidal angles (Table S2), implying a distorted geometry.
The four donor atoms of the Ly~ ligand, namely, the quinoline
nitrogen (N1), amide nitrogen (N2), one of the tertiary amine
nitrogens (N3), and pyridyl nitrogen (N5), occupy the four equatorial
coordination sites. Among them, the quinoline N1 and tertiary amine
N3 are trans to each other, as are amide N2 and pyridyl N5. The other
tertiary amine nitrogen (N4) of the ligand Li~ occupies the axial
coordination site. The axial Cu-N4 bond (2.266 A) is longer than the
equatorial Cu-N distances (1.929-2.053 A, Table S$2). This axial
elongation arises from the Jahn-Teller distortion, typical for a d°
Cu(ll) complex. Notably, the geometry of complex 1* differs distinctly
from that of the analogous [Cu(dpaqg)]* complex, which has a
geometry closer to trigonal bipyramidal.®> We optimized the
structure of 1* in its doublet ground state by Density Functional
Theory (DFT) methods, incorporating a water solvation model (Figure
2b). The optimized structural parameters (bond lengths and angles)
closely match the crystallographic data (Table S2). A Mulliken spin
density value of 0.53 was determined for the copper center,
confirming its +ll oxidation state in 1*. Interestingly, the spin density
plot on the Cu(ll) center closely resembles the shape of a dy?-2
orbital, indicating that the unpaired spin resides on the d,?.,? orbital,
as expected for a square-pyramidal geometry (Figure 2c).

The crystallographic structure of the complex [Cu'(Ly)(k-NCS)] (2b)
revealed a square-pyramidal geometry around the Cu(ll) center
(Figure 2d), with a t value of 0.076. The three N-donor atoms of
ligand Ly, viz., the quinoline nitrogen (N1), amide nitrogen (N2), and
one tertiary amine nitrogen (N3), occupy the equatorial coordination
sites. An external thiocyanate ligand occupies the fourth equatorial
position. The remaining tertiary amine nitrogen (N4) of the ligand L~
coordinates to the copper center at the axial position, exhibiting an
elongated Cu-N(4) bond distance of 2.342(2) A (Table $3).

In the absence of a crystal structure of [Cu'(L2)(H20)]* (2%), we
determined its DFT-optimized structure (Figure 2e) using the x, y, and
z coordinates of structure 2b and replacing the thiocyanate group

J. Name., 2013, 00, 1-3 | 3
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Figure 2. (a) ORTEP diagram (30% thermal ellipsoids) of the complex cation 1* in the crystal structure of [Cu"(L1)](PFe) (1(PFs)) (counter
anion is not shown), (b) DFT-optimized structure of 1* and (c) the corresponding Mulliken spin-density plot at the doublet ground state.
(d) ORTEP diagram (30% thermal ellipsoids) of complex [Cu'(L;)(k-NCS)] (2b). (e) DFT-optimized structure of the complex [Cu'(L2)(H.0)]*
(2+%), and (f) the corresponding Mulliken spin-density plot at the doublet ground state.

with an aqua ligand. The optimized structure of 2* in the doublet
ground state exhibits a distorted square-pyramidal geometry (t =
0.32) around the Cu(ll) center, with Jahn-Teller elongation observed
along the Cu-OH, bond (2.383 A, Table S4). Like 1*, the Mulliken spin
density plot of 2* indicates a +l oxidation state for the copper center
(Figure 2f).

Additionally, we performed frontier molecular orbital analysis of 1*
and 2%, revealing two adjacent lowest unoccupied molecular orbitals
(LUMOs) separated by a narrow energy gap in both complexes: one
centered on the Cu(ll) (B-LUMO) and the other on the quinoline (a-
LUMO+1), as shown in Figure S30. These orbitals are likely to be
involved in accommodating electrons during the reduction of 1* and
2* (vide infra).

Stability of the copper(ll) complexes in buffer solutions. Before
investigating the electrocatalytic ORR activity of complexes 1* and 2*,
we first evaluated their stability in aqueous phosphate buffer using
mass spectrometry, EPR, and UV-vis spectroscopy. The ESI(+)-MS
spectra of the complexes in pH 7 phosphate buffer (Figures $31-S32)
displayed intense signals at m/z 425.1 and 424.1, corresponding to
[Cu(L1)]* and [Cu(L,)]*, respectively. These results are consistent with
those observed in methanol solution (Figures S14-S15), indicating
that the ligand-bound Cu complexes remain stable in aqueous
phosphate buffer.

Further evidence for the stability of the complexes was obtained
from EPR spectroscopy. The EPR spectra of 1* and 2*, recorded at 2
mM concentration in a 70% aqueous phosphate buffer and 30%
MeOH mixture at 77 K, exhibited axial spectral features similar to
those observed in frozen MeOH (Figure S33). To determine whether
these spectral features of 1* and 2* originate from ligand-bound Cu

4| J. Name., 2012, 00, 1-3

species or from free Cu?* ions, we recorded the EPR spectrum of
copper(ll) acetate in the same solvent mixture. However, the
copper(ll) acetate sample (~2 mM) in phosphate buffer produced a
precipitate, likely due to the formation of copper phosphate, and
showed weak EPR signals (Figure S34). To avoid this precipitation, the
EPR spectrum of copper(ll) acetate was measured in a 70% non-
buffered water/30% MeOH mixture at 77 K. Under this condition, it
exhibited an axial EPR spectrum (Figure S35), suggesting the
dissociation of its dimeric form to a monomer in aqueous medium.”®
The spectra of 1* and 2* were also measured under identical non-
buffered conditions for comparison. Notably, Cu(OAc), displayed a
higher g, value (2.33) than complexes 1* (2.22) and 2* (2.23). This
observation indicates that the metal-ligand interactions in Cu(OAc),
are predominantly ionic in nature, whereas those in complexes 1*
and 2* are more covalent.®®7° These spectral differences, therefore,
clearly demonstrate that the coordination environments of the Cu?*
ions in complexes 1* and 2* differ from that of Cu(OAc), in aqueous
solution, establishing that the EPR signals for 1* and 2* originate from
the ligand-stabilized Cu?* centers rather than free Cu?* species.
Furthermore, we recorded electronic spectra of 1* and 2* in both
phosphate-buffered and non-buffered aqueous solutions. In both
media, the d-d band positions of the respective copper complexes
remained nearly identical, indicating that the phosphate anions did
not coordinate to the Cu(ll) centers. In contrast, Cu(OAc); in non-
buffered water exhibited a weak d-d band at ~770 nm, which is
distinctly different from those observed for 1* (595 nm) and 2* (610
nm) (Figure S36).

Taken together, these controlled experiments demonstrate that
complexes 1* and 2* retain their ligand-bound coordination

This journal is © The Royal Society of Chemistry 20xx
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structures in both phosphate-buffered and non-buffered aqueous
solutions.

Electrochemical study. To explore the redox properties of complexes
1* and 2%, we conducted cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) measurements in a pH 7 aqueous 0.1 M
phosphate buffer at room temperature under a dinitrogen
atmosphere (Figure 3 and Figure S37, respectively). Complex 1*
showed a quasi-reversible cyclic voltammogram at E1/, =-0.076 V vs.
RHE, with a peak-to-peak separation of 168 mV. In contrast, complex
2* exhibited an irreversible reduction wave at £, =-0.140 V vs. RHE.
The Ey/; for 2* was determined to be 0.114 V vs. RHE by DPV, which
is more anodic than the Ei for 1*. Furthermore, the CV of a
suspension of Cu(OAc), in phosphate buffer (pH 7) under N;
displayed a featureless profile, except for a small redox wave at 0.56
V vs. RHE, likely arising from the deposition of copper phosphate on
the electrode surface (Figure 3). This finding confirms that the redox
responses of 1* and 2+ arise from ligand-bound copper species rather
than free Cu?* ions or electrode deposits, further establishing the
molecular integrity of both copper complexes in phosphate buffer.

10
5
3o
=
£5-
=
a1
104 Blank
JPS— 1'
15 —
Cu(OAc),
_20 T T T T E
06 03 0.0 0.3 0.6 09
E (V vs. RHE)

Figure 3. CVs of complexes 1* (black), 2* (blue), and Cu(OAc); (red) in
a pH 7 aqueous 0.1 M phosphate buffer under an inert N;
atmosphere ([complex] ~ 1 mM; scan rate = 100 mV/s). The gray line
represents a blank CV under identical conditions.

In the CV diagrams, the relatively large peak-to-peak separation for
1* and the irreversible nature of the CV response for 2* suggest
significant structural rearrangement during reduction, tentatively
converting from a square-pyramidal to a (pseudo)trigonal geometry
(vide infra). Notably, the structural rearrangement in 2* appears
slower than in 1* on the CV time scale, resulting in an irreversible
voltammogram for 2*. Measuring the CV of 2* at a very high scan rate
(e.g., 5V/s) also produced an irreversible response. The irreversibility
observed for 2* might also indicate that the complex breaks down
during reduction, potentially releasing Cu(l) ions into solution.
However, no CV features due to deposited metallic copper on the
electrode surface, expected from Cu(l) disproportionation, were
observed under inert conditions. In addition, a rinse test with 2*
confirmed the absence of deposited material on the electrode
surface under nitrogen (Figure S38). These findings demonstrate that
complex 2* was stable during cathodic scans, attesting that the
irreversible CV behavior of 2* was due to slower structural
rearrangements, a phenomenon commonly observed for copper
complexes. For both complexes, the peak currents show linear
correlations with the square root of the scan rates, indicating
diffusion-controlled homogeneous behavior near the electrode and
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negligible deposition of the complexes on the elegtrode;susface
(Figures S39 and S40). DOI: 10.1039/D6DT00632A
Furthermore, we performed electrochemical studies of both 1* and
2* complexes over a pH range of 3 to 9 to clarify the electro-reduction
processes. The Pourbaix diagrams revealed that the reduction
processes were pH-dependent for both complexes, decreasing
linearly with a slope close to -30 mV/pH (Figures S41 and S42). These
trends suggest a 2e/1H* proton-coupled electron transfer (PCET)
process. We tentatively attributed these redox events to the
reduction of Cu'" to Cu', accompanied by a ligand-centered proton-
coupled reduction. A similar mixed metal-ligand-based 2e7/1H*
reduction was previously observed in the [Cu'(dpaq)]* complex
reported by Biswas et al.5?

To assess the redox-non-innocent nature of the ligands L;~ and L;,
we conducted CV studies on their corresponding zinc(ll) complexes,
[Zn"(L1)(MeOH)]* (3*) and [Zn"(Ly)(MeOH),]* (4*), under pH 7
conditions. Both Zn(ll) complexes showed electrochemical activity
during a cathodic scan, displaying irreversible reductive waves at E1/»
=-0.60 V vs. RHE for 3* and E1/; = -0.65 V vs. RHE for 4* (Figure S43).
Interestingly, these reduction processes were pH-sensitive, as
indicated by the Pourbaix diagram (Figure S44), which showed a
slope of nearly -59 mV/pH, consistent with a 1e’/1H* PCET process.
The free ligands also displayed cathodic reduction waves, similar to
those of their Zn(Il) complexes. By comparing the electrochemical
behavior of the Cu(ll) and Zn(ll) complexes, we confirm that the
reduction mechanism in 1* and 2* involves two-centered processes:
one centered on the Cu(ll) and another based on the ligand. These
findings highlight the ability of the Cu(ll) center and its coordinated
ligand to store electrons and protons, which may facilitate oxygen
reduction reactions.

We performed DFT calculations to get deeper insights into the nature
of the 2e/1H* reduced species of 1* and 2*. Among the two most
likely protonation sites, anionic amidate-N and -O, protonation at the
amidate-N generated the most stable reduced form in both cases.
The DFT-optimized structures of the 2e"/1H*-reduced forms of 1*and
2*in their doublet ground states reveal distorted trigonal-planar and
trigonal-mono-pyramidal geometries, respectively, around the
copper center (Figures S45a,c). Spin density plots indicate a Cu(l)
state in both reduced species, with the unpaired spin mostly
delocalized over the quinoline moiety (Figures S45b,d). These
calculations, therefore, indicate that during the 2e- reduction, the
Cu(ll) center accepts one electron to form Cu(l), and the second
electron occupies a quinoline-based orbital. This interpretation is in
good agreement with the frontier molecular orbital analysis of 1* and
2* discussed above.

Electrocatalytic O, reduction by the Cu(ll) complexes. We
investigated the electrocatalytic ORR reactivity of 1* and 2* in an
oxygen-saturated 0.1 M aqueous phosphate buffer (pH 7) at room
temperature. The cyclic voltammograms of both complexes
displayed distinct catalytic currents in the presence of dioxygen, as
shown in Figure 4. Complex 1* exhibited the catalytic wave with an
onset potential of 0.39 V vs. RHE, while complex 2* showed the
catalytic wave initiating at 0.25 V vs. RHE, which are cathodically
shifted as compared to the onset potential of Cu-tmpa and
[Cu(dpaq)]* complexes (e.g., +0.50 V vs. RHE).6%62 The catalytic waves
due to oxygen reduction by 1* and 2* displayed well-defined peak
shapes, indicating controlled electron transfer processes. The control
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experiment with a bare GC electrode (without complex) also
exhibited an oxygen reduction current (Figure 4). However, the
electrocatalytic current at the bare electrode was much lower than
that of both complexes. Moreover, the bare GC electrode showed
ORR at a more negative onset potential than the copper complexes.
These findings confirm the effectiveness of the present copper
complexes in electrocatalytic oxygen reduction reactions.
Comparative CVs of complexes 1* and 2* in oxygen-saturated and
nitrogen atmospheres revealed that the 2e’/H*-reduced forms of
both complexes trigger electrocatalytic oxygen reduction. We
observed that the half-wave potential of the catalytic wave (Ecat/) is
greater than Ey/; (particularly for 1*), likely due to substrate depletion
near the electrode.®® In both systems, the electrocatalytic current
demonstrated a linear first-order correlation with the catalyst
concentrations (Figures S46-S47), indicating the homogeneous
nature and the involvement of a single Cu-complex during ORR.60,62

Figure 4. CV diagrams of complexes (a) 1* and (b) 2* in the presence
(red line) and absence of O, (black line) ([complex] ~ 1 mM; scan rate
=100 mV/s; pH 7, 0.1 M phosphate buffer). The gray lines correspond

(b)

0| /:/_/——_/;i;;.
-7

3 z < _ 7
2 2 20+ o
= - = P
; 40 /, 5 // ’.f
E {
5 5 {
o -40 4 /

60 i / 3 2 / /

\ / —1"(inN) { / —2 (inN))
N // GC electrode (in 0,) / GC electrode (in 0,)
N\ . o /
-804 N 1'(in0y) -60 \ e —2'(in0,)

T T T T T T T T
0.0 0.2 0.4 06 08 -06 04 -02 00 02 04 06 08
E (V vs. RHE) E(V vs. RHE)

to the oxygen-saturated pH 7 phosphate buffer CVs with a bare GC
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We conducted rinse tests to further investigate whether the
observed ORR activity originated from molecular copper complexes
in solution or from small deposits on the electrode surface. As shown
in Figure S48, repeated CV scans resulted in a gradual decrease in the
catalytic currents for both Cu(ll)-complexes, reaching a stable value
after ~9 consecutive ORR cycles. For both complexes, a new,
however small, redox wave at around 0.56 V vs. RHE appeared during
consecutive scans. This new redox peak is associated with the
formation of a polymeric copper phosphate deposit on the electrode
surface, as previously reported for other copper complexes in
phosphate buffer during ORR.64%5 However, rinse-test experiments
with the unpolished GC electrode bearing the tiny deposited
materials showed no significant electrocatalytic ORR activity during
CV measurements in catalyst-free, oxygen-saturated phosphate
buffer (Figure S49). The catalytic peak current observed for the
rinsed GC electrode was nearly the same as that of the freshly
polished GC electrode under the same conditions. These results
demonstrate that the deposited Cu-phosphate species did not
contribute to the observed ORR activity. Moreover, the CV of
Cu(OAc), recorded under identical conditions in oxygen-saturated
phosphate buffer exhibited considerably smaller catalytic currents
than those observed for 1* and 2* (Figure S50), supporting that the
ORR activity of 1* and 2* originated from the ligand-bound Cu
complexes rather than from free Cu?* ions.5¢

Additionally, we assessed the stability of the complexes during ORR
by controlled-potential electrolysis in oxygen-saturated pH 7

6 | J. Name., 2012, 00, 1-3

phosphate buffer, with an FTO (~1.5 cm?) as the working.electsade
(Figures S51a and S52a). The applied poPéntidl 1Az DsdtTe86¢Re
corresponding Ecat/z value of the complexes: 0.007 V for 1* and 0.057
V for 2* vs. RHE. The electrolysis was conducted for 1 hour, during
which a constant current was maintained for both complexes,
indicating that they retained their electrocatalytic performance for
the entire duration of the experiment. Electronic spectra, recorded
before and after electrolysis, showed a slight decrease (~5% for 1*
and ~10% for 2*) in the absorbance of the d-d bands for both
complexes (Figures S51b and S52b). These results suggest that the
complexes largely maintained their molecular integrity, although
they underwent minor decomposition under long-term
electrocatalytic conditions. We examined the post-catalysis FTO
electrodes using scanning electron microscopy (SEM), energy-
dispersive  spectroscopy (EDS), and X-ray photoelectron
spectroscopy (XPS) to investigate the nature of the decomposition
products (Figures $53-S55). SEM imaging revealed a deposited layer
on the electrode surface in both cases. EDS analysis detected copper
in the deposited substances, whereas phosphorus was detected only
at trace levels, indicating nominal deposition of copper phosphate on
the electrode surface. Analysis of the high-resolution Cu 2p XPS
spectra revealed both metallic Cu(0) and Cu(ll) species in the
deposited layer. These results suggest that during the
electrocatalytic oxygen reduction process, a fraction of the Cu(l)
intermediates undergoes decomposition followed by
disproportionation to form Cu(0) and Cu(ll), which may represent a
potential deactivation pathway for the complexes under prolonged
electrolytic conditions.

We performed rotating ring-disk electrode (RRDE) voltammetry to
determine the number of electrons transferred and the product
distribution (H,0; vs. H,0) during O reduction by complexes 1* and
2* at pH 7 (Figure 5). The RRDE setup employed a glassy carbon disk
electrode, which was scanned over a potential window of 0.80 V to -
0.27 V vs. RHE for 1*and 0.80 V to -0.50 V vs. RHE for 2*, coupled with
a platinum ring electrode held at 1.4 V vs. RHE. This ring potential
was selected to oxidize any H;0, generated, which was
hydrodynamically transported to the ring during the electrocatalytic
ORR process. Thus, simultaneous measurement of the ring and disk
currents enabled us to quantitatively analyze the reaction products.
The percentage of generated H,0, and the total number of electrons
transferred (n) were determined using equations (1) and (2),
respectively, with a collection efficiency (N) of 0.25 (Supporting
Information).60.6280 Complex 1* produced around 14% H,0; during
electrochemical oxygen reduction catalysis, with an n value of 3.71
at an onset potential of 0.39 V vs. RHE. In contrast, complex 2*
generated approximately 85% H,0, during electrochemical ORR,
with an n value of 2.30 at an onset potential of 0.25 V vs. RHE. The
formation of H,0; during ORR catalyzed by complex 2* was further
confirmed by iodometric measurements (Figure S56), which showed
~60% H,0, during controlled-potential electrolysis at an applied
potential of 0.057 V vs. RHE at pH 7. Notably, the bare GC electrode
and Cu(OAc), exhibited distinct RRDE voltammograms with more
negative ORR onset potentials than 1* and 2* (Figure S57). These
findings again confirm that the observed ORR activity arises primarily
from the molecular Cu(ll) complexes in solution rather than from free
Cu?* ions or heterogeneous materials.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. (a) RRDE data of complexes 1* and 2* under oxygen in a 0.1 M pH 7 phosphate buffer. (b) Amount of %H,0, and number of
electrons (ngroe) calculated from RRDE chronoamperometry measurements with complex 1*, and (c) corresponding with complex 2*.
Conditions: [complex] = 0.1 mM; rotation speed = 900 rpm; ring potential: 1.4 V vs. RHE.

In the chronoamperometric measurements (Figures S58-559), as the
applied potential was shifted more cathodically relative to the onset,
H,0, production gradually decreased while the number of electrons
transferred increased (Figure 5). For complex 1*, the H,0, amount
was 14% at the onset potential of 0.39 V vs. RHE, decreasing to 1.62%
at -0.26 V vs. RHE, while n increased from 3.71 to 3.97 (Table S5). On
the other hand, for complex 2*, H,0, formation decreased from 85%
at the onset potential of 0.25 V vs. RHE to 50% at -0.48 V vs. RHE,
with n increasing from 2.30 to 3.00 (Table S6). These results reveal
distinct electrocatalytic behaviors of complexes 1* and 2%,
particularly in their selectivity for ORR. Complex 1* exhibited greater
selectivity for the 4e"/4H* electrocatalytic reduction of dioxygen to
H,0, whereas complex 2* showed higher selectivity in the 2e”/2H*
reduction of dioxygen to H,0,.

2 ¢ ()

%H,0, = X100 (M)
laisk + (T)
n= 4 X igisk @
. n (iring)
Laisk N

The product H,0, was formed only in minor amounts during the
electrochemical reduction of O, by complex 1%, as revealed by
chronoamperometry. This observation indicates that 1*
preferentially catalyzes the direct 4e-/4H* reduction of dioxygen to
water, unlike Cu-tmpa and [Cu(dpaq)]*, which followed a sequential
2e + 2e reduction mechanism under electrochemical conditions.5%:62
In contrast, for complex 2*, the H,0, accumulation decreased from
about 85% at the onset potential (0.25 V vs. RHE) to 50% at a more
cathodic potential (-0.48 V vs. RHE), suggesting an initial rapid 2e-
reduction of O, to H,0,, followed by a sluggish 2e” reduction of H,0;
to water at more negative potentials. To validate these
interpretations, RDE linear sweep voltammetry (RDE-LSV)
experiments were conducted at 900 rpm in the presence of H,0;
under argon, using complexes 1* and 2*. The resulting catalytic
currents were then compared with those obtained with O, and a
mixture of H,0, and O, (Figure S60). Before analyzing the results of
these control experiments, we cross-checked the stability of both
complexes in the presence of H,0, using UV-vis spectroscopy. The d-
d bands in the absorption spectra remained unaffected upon
addition of H,0, to aqueous phosphate buffer (pH 7) solutions of the
complexes at room temperature (Figure S61), indicating that H,0,

This journal is © The Royal Society of Chemistry 20xx

neither binds with  Cu(ll) complexes undergoes
disproportionation in the presence of these complexes. As shown in
Figure S60a, the controlled RDE-LSV experiments with complex 1*
showed only a slight catalytic current upon addition of H,0O,, with an
onset at 0.24 V vs. RHE. Moreover, the current response obtained in
the presence of both H,0, and O; differed only slightly from that
observed with O, alone. These results demonstrate that 1* does not
effectively catalyze the electrochemical reduction of H,O,, thereby
ruling out the stepwise 2e” + 2e” pathway and supporting the direct
4e°/4H* reduction of O, to H,0. On the contrary, for complex 2+, the
presence of both H,0, and O, produced a considerably enhanced
catalytic current relative to O, alone as the potential was scanned
toward more cathodic values from the onset potential (Figure S60b).
This finding supports the notion that 2* can promote the sequential
2e + 2e reduction of dioxygen to some extent, particularly at more
negative potentials.

We further constructed Tafel plots (Figures S62 and S63) for the ORR
catalyzed by complexes 1* and 2* by plotting the applied potential
against the logarithm of the disk current density (log(jk)),?° as
obtained from RDE responses. To determine the Tafel slope values,
we considered the potential range from the onset potential to the
potential at which the measured disk current was not mass-transport
limited. A single linear Tafel slope of -225 mV/dec was observed for
complex 1* within this potential range (Figure S62). This Tafel profile
of 1* differs from that of the Cu-tmpa complex reported by
Hetterscheid et al.®° The Cu-tmpa complex exhibited two distinct
potential regions with different Tafel slopes, consistent with the
stepwise 2e” + 2e” reduction of O,. Therefore, the observation of a
single linear Tafel slope for 1* may suggest a different ORR
mechanism from the 2e + 2e- pathway, possibly indicating a direct
4e"/4H* reduction of O,. However, this single linear Tafel slope for 1*
does not provide definitive evidence for the direct 4e /4H* ORR
mechanism; hence, this interpretation should be considered
speculative at this stage. On the contrary, complex 2* showed two
distinct potential regions, one from 0.20 to 0.025 V and another from
0.025 to -0.14 V, with corresponding Tafel slopes of -228 mV/dec and
-337 mV/dec, respectively (Figure S63). Notably, the Tafel slope for
H20; reduction by 2* under inert conditions is -322 mV/dec, which is
close to the -337 mV/dec slope observed in the 0.025 to -0.14 V
region during the ORR. This observation suggests that 2* can
promote the 2e” + 2e mechanism in this potential regime, as
discussed above. Nevertheless, for homogeneous molecular
catalysts that involve multi-electron, multistep reactions with several
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diffusing species, Tafel slope values should be interpreted with
caution. Therefore, the Tafel analyses presented here provide only
qualitative information.

We determined the rate constants for oxygen reduction (kcat)
catalyzed by 1* and 2* using the peak current method, as described
in equation (3). In this equation, ic represents the catalytic peak
current, ip is the peak current of the catalyst reduction in the absence
of dioxygen, n.is the number of electrons transferred at the catalytic
peak potential (here, nc = 3.96 at Ereq = —0.180 V vs. RHE for 1%, and
ne=2.59 at Ereq =—0.138 V vs. RHE for 2* in pH 7), n, is the number of
electrons transferred in non-catalytic conditions (here, n, = 2 for
both complexes), R is the gas constant (8.314 J-mol %K), F is the
Faraday constant (96,485 C-mol?), T is the absolute temperature
(298 K), and v is the scan rate. The CV experiments for the catalytic
oxygen reduction by 1* and 2* under oxygen-saturated conditions at
pH 7 were performed at different scan rates (Figure S64). From these
data, the kca: values were determined to be 0.80 s and 0.033 s at
pH 7 for 1* and 2*, respectively, based on the slope of the plots of
ic/ip vs. v¥/2, as shown in Figure 6. These kcat values are higher than
those reported for Kojima's Cu(ll) complexes,>® determined using the
same method. The higher ORR rates observed for 1* and 2* compared
to Kojima's complexes may come at the cost of higher overpotentials.
However, the ket value for the overall 4e” reduction of O, by 1* is
significantly lower than that of the benchmark Cu-tmpa® complex
(kat = 1.5 x 10> s?). Comparisons of the rate constants with
[Cu(dpaq)]*,6? and other Cu-based ORR catalysts®® could not be
made, as the ket values of those reported compounds were
determined using a different approach, i.e., the foot-of-the-wave
analysis,®82 which is not appropriate for the present complexes.
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Figure 6. Plots of ic/i, vs. v¥/2 for complexes (a) 1* and (b) 2*.
Conditions: [complex] = 1 mM, pH 7 phosphate buffer, 298 K. The
background current produced by the bare GC electrode under
oxygen-saturated conditions at a particular scan rate was subtracted
from the corresponding ic value.

Discussion on mechanisms. The proposed mechanisms of O,
reduction catalyzed by 1* and 2* near the onset potential are
depicted in Figure 7. Upon scanning towards cathodic potentials,
both Cu(ll) complexes, 1* and 2*, undergo simultaneous metal- and
ligand-centered 2e/H* reductions, generating the Cu(l) species
[Cu'(HL1)] and [Cu'(HL2*")(H20)], respectively, where the second
electron is stored in the quinoline moiety and, the amidate-N atom
is protonated in the corresponding ligand system as predicted from
the DFT calculations. These reductions and the associated amide-N
protonation result in significant structural transformation: complex

8| J. Name., 2012, 00, 1-3

1* converts from a square-pyramidal geometry to a trigonal planar
geometry, and complex 2* adopts a tFgONEl 1GADREPYIARRITHA
geometry, as revealed by the DFT-optimized structures of the
respective reduced species discussed previously (Figure S45). This
structural change involves the decoordination of certain donor
atoms, including the protonated amide-N. These reduced copper
species subsequently activate dioxygen, initiating the oxygen
reduction reactions. In both catalytic reactions, O, reduction occurs
at a single-site copper species, as previously demonstrated (Figures
S46 and S47).

The O, molecule is initially reduced by 2e-/H* during ORR to form a
putative "Cu"-OOH" intermediate. The formation of the Cu"-OOH
intermediate likely occurs through the binding of O, to the Cu(l)
center, forming a Cu"-0-O°~ superoxide species, which undergoes
subsequent 1e’/1H* reduction to produce the hydroperoxide species
(Cu"-O0H). Notably, in the later reduction step, the quinoline moiety
supplies the additional electron, while the protonated pendant
carboxamido group intramolecularly delivers the proton, facilitating
the hydroperoxide formation. Similar reaction steps have been
proposed for the O; reduction catalyzed by the [Cu(dpaq)]*
complex.®?

We conducted DFT calculations to gain insight into the structure of
the Cu"-OOH intermediates. Figure S65 presents the DFT-optimized
structures and spin-density plots of [Cu'(L;)(OOH)] and
[Cu"(L2)(OOH)] in their doublet ground states. In both complexes, the
calculated O-O bond length is approximately 1.46 A, ascertaining the
peroxo nature of the bound dioxygen species. The optimized
structure of [Cu"(L;)(OOH)] features a six-coordinate Cu' center in a
distorted octahedral geometry, with the OOH group positioned cis to
the amide nitrogen. In contrast, the calculated structure of
[Cu™(L,)(OOH)] exhibits a distorted square-pyramidal geometry
around the Cu(ll) center, with the OOH ligand occupying the
equatorial site and oriented trans to the amide nitrogen. Our
attempts to optimize [Cu'(Ly)(OOH)] by adding an aqua ligation
resulted in the water molecule remaining non-coordinated,
indicating a preference for a five-coordinate geometry in this
intermediate.

Experimental results (RRDE experiments) on the selectivity of the
oxygen reduction reaction catalyzed by complexes 1* and 2* suggest
that the corresponding hydroperoxide species, [Cu'(L1)(OOH)] and
[Cu"(L2)(OOH)], exhibit distinct reactivity in subsequent steps (Figure
7). The [Cu"(L1)(OOH)] intermediate is more activated toward further
PCET reduction, leading to O-O bond cleavage and predominantly
producing H>O. On the contrary, the [Cu'(Ly)(OOH)] species is
protonated at the hydroperoxo ligand, resulting in the release of
H,0; as the primary product near the onset potential. To elucidate
these mechanistic differences, we conducted DFT calculations on the
2e/H* reduced forms of both [Cu'(L1)(OOH)] and [Cu'(Lz)(OOH)]
species, with protonation at the amidate-N. We emphasized these
species because their formation is necessary to achieve the 4e"/4H*
reduction of O,. The optimized structures and corresponding spin-
density plots of both reduced hydroperoxo species are shown in
Figure 8. The Mulliken spin-density analysis indicates a Cu(l)
oxidation state in both species, with the unpaired electron density
mainly delocalized over the quinoline moiety. Interestingly, for the
2e/H* reduced species of [Cu'(L1)(OOH)], i.e., [(HL:*")Cu'-OOH], the
optimized structure revealed a strong intramolecular hydrogen bond

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. The proposed mechanisms of the ORR (near to the onset potentials) catalyzed by the copper(Il) complexes (a) 1* and (b) 2*.

between the pendant amide N-H and the distal oxygen of the Cu'-
OOH unit (Figure 8a). This hydrogen-bonding interaction likely
facilitates an internal proton relay mechanism that assists in the
reductive cleavage of O-O bond to produce H,O (Figure 7a).508
Conversely, in the 2e/H* reduced form of [Cu"(L,)(OOH)] (i.e. [(HL>"~
)Cu'-O0H]"), the optimized structure reveals that the pendant amide
N-H and the OOH group are oriented on opposite sides (Figure 8c).
This opposite spatial arrangement precludes the formation of a
similar intramolecular hydrogen bond as found in [(HL;*")Cu'-OOH]~
species. As a result, further PCET reduction of the [Cu'(L2)(OOH)]
intermediate to yield H,O becomes less favorable. Instead, the
[Cu"(L2)(OOH)] intermediate is protonated at the proximal oxygen
atom of the Cu"-OOH moiety by an external proton from the solvent,
leading to the release of H,O; (Figure 7b). Therefore, the superior
performance of complex 1* over 2* in catalyzing the 4e" reduction of
0, stems from efficient proton transfer from the pendant amide N-H
to the active Cu'-OOH site, which facilitates reductive 0O-O bond
cleavage, thereby enabling the 4e” reduction of O, to proceed. Here,
the protonated amide N-H functions as a local proton source,
facilitating the internal proton relay mechanism analogous to the
role of the tyrosine residue in the active site of cytochrome c
oxidase.%86°

Elucidation of the internal and external proton relay. To rationalize
the proposed internal and external proton-transfer mechanisms, we
investigated the ORR activity of complexes 1* and 2* over a pH range
of 7-9 (Figure S66). For complex 2*, an enhanced catalytic peak
current was observed when the pH was changed from basic (pH 9) to
neutral (pH 7) (Figure S66b). This catalytic current disappeared upon
nitrogen purging, confirming that it originated solely from ORR and
not from hydrogen evolution reactions. Interestingly, the kca: values
for ORR catalyzed by 2* showed significant pH dependences,
increasing as the pH decreased from 9 to 7. A plot of log(kcat) vs. pH
showed a linear correlation with a slope value of -0.88 (Figure S67).
The slope of the log(ket) vs. pH plot® provides insights into the
nature of the proton transfer mechanism, intermolecular vs.

This journal is © The Royal Society of Chemistry 20xx

intramolecular, as demonstrated in previous studies of the hydrogen
evolution reaction, where a higher slope indicates an intermolecular
proton transfer from the bulk solvent to the active species, while a
zero or smaller slope suggests an intramolecular proton transfer
pathway.8* In this case, the relatively large magnitude of the slope
indicates mainly an intermolecular solvent proton transfer to the
proximal oxygen atom of the [Cu"(L,)(OOH)] intermediate, producing
a [Cu"(Lz)(H20,)]* species that rapidly releases H,0; into solution. For
such a reaction pathway, relatively less basic conditions are expected
to favor the generation of the [Cu"(L;)(H202)]* species and,
consequently, enhance the H,0, production. In fact, H,0,
accumulation at the onset potentials increased significantly when
the pH was changed from pH 9 (H20; 62%) to pH 8 (H,0, 72%) to
neutral pH 7 (H,0, 85%), as determined by RRDE experiments (Figure
S68a). Nevertheless, the bare GC electrode showed no noticeable
changes in ring current with pH variation (Figure S68b). The plot of
the amount of H,0; generated at different pHs for 2* (Figure S69)
demonstrates the presence of a protonation equilibrium involving
the Cu"-OOH species. From the sigmoidal simulation of the data, the
pK, of Cu"-O(H)OH was estimated to be approximately 7.7. A solvent
kinetic isotope effect (KIE) of ~2.24 was determined using the peak
current method at neutral pH(H20)/pD(D20) conditions (Figure S70).
This deuterium isotope effect indicates that solvent proton donation
is involved in the rate-determining step. Notably, the observed KIE
value is consistent with those reported for similar protonation steps
in enzymatic systems.8586

On the other hand, the ORR peak currents for 1* did not vary with
changes in pH (Figure S66a). The corresponding log(kcat) vs. pH plot
(Figure S71) shows a slope of zero, indicating that the reaction rate
is independent of solvent proton concentrations. This behavior
apparently suggests an intramolecular proton transfer from the
pendant amide N-H to the Cu'-OOH moiety, as discussed above. In
addition, the amount of the reduced oxygen products remained
almost constant across the pH range from 9 to 7: pH 9, 87% H,0 and
13% H,05; pH 8, 86 % H,0 and 14 % H,0»; pH 7, 86% H,0 and 14%
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Figure 8. (a) DFT-optimized structure of the [(HL;°")Cu'-OOH] species, and (b) the corresponding spin density plot in the

doublet ground state. (c) DFT-optimized structure of the [(HL,*~)Cu'-OOH]~ species, and (d) the corresponding spin density plot

in the doublet ground state. Color code: Cu magenta; N blue; O red; C gray; H white.

H,0; (Figure S72), determined by RRDE at the onset potential. This
consistency in product formation across the investigated pH range
supports a localized proton-transfer mechanism that does not
depend on bulk solvent protons. A KIE value of 1.05 was determined
for the O, reduction reaction catalyzed by 1* under neutral
pH(H20)/pD(D,0) conditions (Figure S73). This KIE of about 1 implies
that no proton shuttle is involved in the rate-determining step. Thus,
the internal proton transfer likely occurs at a relatively faster rate
and is assigned as the selectivity-determining step. The rate-
determining step may occur either before or after the selectivity-
determining step; however, no further conclusions can be made at
this point.

Previous studies by Hetterscheid et al. showed that ORR selectivity
might also depend on the E1/, values of copper complexes, with more
positive values favoring the overall four-electron reduction to water
and more negative values favoring H,0, accumulation.?’ In the
present complexes, however, we observed a reversal of this
expected trend. Complex 2*, which has a more positive E1/; (0.114 V),
accumulates more H,0,, whereas complex 1*, with a lower Eq; (-
0.076 V), preferentially catalyzes the complete four-electron
reduction to water. This reverse selectivity based on the E1/; values,
together with the observed pH effects, strengthens our conclusion
that the nature of the proton shuttle (internal vs. external) plays a
dominant role in determining ORR product selectivity for complexes
1*and 2*.

Summary and Conclusions

10 | J. Name., 2012, 00, 1-3

In this work, we reported the electrocatalytic ORR activity of two
Cu(ll) complexes, [Cu(Li)]* (1*) and [Cu(Lz2)(H20)]* (2*), in neutral
aqueous solutions. Complex 1*, supported with a penta-dentate L~
ligand, preferentially catalyzes the direct 4e/4H* reduction of O; to
H2O over the 2e7/2H* reduction, while complex 2*, having the
tetradentate ligand framework L;~, primarily catalyzes the 2e"/2H*
reduction of O, to H,0,. The 4e/4H* ORR rates of 1* are pH-
independent, exhibiting a solvent KIE of only 1.05 estimated at
neutral pH/pD conditions. Furthermore, the RRDE experiments
showed that the product distribution for ORR with 1* remains nearly
unchanged over the pH range from basic (pH 9) to neutral (pH 7).
These observations suggest that the ORR of 1* is practically
unaffected by external solvent proton concentration, which
endorses an internal proton transfer mechanism. Supporting this,
the DFT-optimized structure of the 2e/H* reduced form of the Cu'-
OOH intermediate derived from 1* reveals a strong intramolecular H-
bond between the pendant amide N-H and the distal oxygen atom of
the Cu'-OOH moiety. This interaction is proposed to facilitate the
internal proton transfer during the reductive cleavage of O-O bond,
ultimately yielding H,0.

In contrast, the 2e”/2H* O, reduction rates of 2* showed significant
pH dependence, increasing as pH decreased from 9 to 7. The relative
H,0, production increased from 65% at pH 9 to 85% at pH 7, as
determined in the RRDE experiments at the onset potential. A
moderate solvent KIE of 2.24 was estimated for the 2e?/2H* O,
reduction for 2* at neutral conditions. The KIE of 2.24 suggests that
protonation of the Cu'-OOH species by an external solvent proton
likely occurred in a rate-determining step of the ORR catalyzed by 2*.
Analysis of the calculated structure of the 2e"/H* reduced form of

This journal is © The Royal Society of Chemistry 20xx
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Cu"-OOH, derived from the 2% discards the possibility of
intramolecular proton transfer. The pendant amide N-H and the Cu-
OOH moiety lie on opposite sides, precluding any effective internal
proton relay and disfavoring the 4e" reduction of O, to water.

In summary, using complexes 1* and 2*, we demonstrated how
internal and external proton-transfer pathways influence ORR
product selectivity. Although complexes 1* and 2* exhibit larger
overpotentials, the results show that a proximal proton-donor site
near the reactive Cu-OOH center, capable of participating in
intramolecular proton transfer, is crucial for achieving the direct 4e
/4H* reduction of dioxygen to water. However, achieving control
over selectivity alone is not sufficient. Lowering the overpotential is
also essential for developing energy-efficient ORR catalysts. Fine
control over ligand donor strength through electronic modulation,
along with the incorporation of redox-active and proton-reservoir
sites, and optimization of proton relay pathways, may improve
catalytic efficiency and selectivity.

Experimental Section

General. All chemicals and reagents were obtained commercially,
and no further purification was performed. Organic solvents were
dried before use. Phosphate buffer solutions were prepared using
Milli-Q water. The synthesis of 2-chloro-N-(quinol-8-yl)acetamide
was performed following a previously reported procedure.®’
Synthesis of ligands. (a) The ligand 2-(methyl(2-(methyl(pyridin-2-
ylmethyl)amino)ethyl)amino)-N-(quinolin-8-yl)acetamide (HL:) was
synthesized in a two-step procedure described below.

Step I: Synthesis of N,N'-dimethyl-N-(pyridin-2-ylmethyl)ethane-
1,2-diamine. N,N'-dimethylethylenediamine (0.500 g, 5.672 mmol)
and 2-pyridinecarboxaldehyde (0.608 g, 5.672 mmol) were dissolved
in 30 mL of ethanol and stirred for one hour. After removing the
solvent, the residue was dissolved in 50 mL of methanol, cooled to
0°C, and treated with two equivalents of sodium cyanoborohydride
(NaBH3CN). The reaction mixture was stirred at room temperature
for 10 minutes, and 2 mL of trifluoroacetic acid (TFA) was added. The
mixture was stirred overnight under a dinitrogen atmosphere and
then quenched by adding 100 mL of 4 M sodium hydroxide. The
aqueous phase was extracted twice with chloroform to separate the
product. The combined organic layers were dried over anhydrous
Na,SO4 and evaporated to obtain the desired product as an oily
residue. Yield: 0.712 g, 70%. ESI(+)-MS (in methanol containing
ammonium formate buffer): m/z 180.1547 (simulated for CioH1sN3
[M + HJ*: m/z 180.1501). 'H NMR (400 MHz, CDCls, 300 K): &(ppm)
8.53 (d, 1H), 7.64 (t, 1H), 7.39 (d, 1H), 7.15 (t, 1H), 3.66 (s, 2H), 2.68
(t, 2H), 2.58 (t, 2H), 2.40 (s, 3H), 2.26 (s, 3H).

Step : Synthesis of 2-(methyl(2-(methyl(pyridin-2-
ylmethyl)amino)ethyl)amino)-N-(quinolin-8-yl)acetamide (HL;). In
a round-bottom flask, N,N'-dimethyl-N-(pyridin-2-ylmethyl)ethane-
1,2-diamine (0.600 g, 3.347 mmol) and 2-chloro-N-(quinol-8-
yl)acetamide (0.740 g, 3.353 mmol) were taken together and
dissolved in 70 mL of acetonitrile. Into this solution, N,N-
diisopropylethylamine (DIPEA) (5.8 mL, 33.297 mmol) and potassium
iodide (0.060 g) were added. The mixture was stirred and refluxed
under a dinitrogen atmosphere for 72 hours. Subsequently, it was
cooled to room temperature, and the solvent was removed under
reduced pressure to isolate a reddish oily residue. This oily substance
was purified by column chromatography on silica using

This journal is © The Royal Society of Chemistry 20xx

Dalton Transactions

CH.Cl,/CH30H as the eluent to obtain the pure reddish,aily-ligang.
Yield: 0.815 g, 67%. ESI(+)-MS (in methanoPebnitaiRiry ArRishitin
formate buffer): m/z 364.2138 (simulated for C1H26NsO [M + H]*:
m/z 364.2137). ATR-FTIR (cm™, a few selected bands): 3290 (v(N-
H)amide), 1682 (V(C=0)amige). *H NMR (400 MHz, CDCls, 300 K): &(ppm)
11.31 (s, 1H, NH), 8.81 (d, 1H), 8.74 (d, 1H), 8.45 (d, 1H), 8.13 (d, 1H),
7.58-7.52 (m, 2H), 7.47-7.42 (m, 3H), 7.02 (t, 1H), 3.69 (s, 2H), 3.32
(s, 2H), 2.76 (s, 4H), 2.47 (s, 3H), 2.29 (s, 3H). 13C NMR (125 MHz,
CDCl3, 300 K): &(ppm) 169.9 (-CONH-), 159.3, 148.8, 148.3, 138.9,
136.2, 135.9, 134.4, 127.9, 127.2, 122.9, 121.8, 121.6, 121.4, 116.6,
64.2, 62.8, 55.7, 43.8 (-CH3), 42.7 (-CHs).

(b) The synthesis of ligand
(benzyl(methyl)amino)ethyl)(methyl)amino)-N-(quinolin-8-
yl)acetamide (HL>) comprises the following two steps.
Step I: Synthesis of N,N'-dimethyl-N-benzyl-ethane-1,2-diamine.
This compound was synthesized following a procedure similar to that
described above for N,N'-dimethyl-N-(pyridin-2-ylmethyl)ethane-
1,2-diamine, except that benzaldehyde (5.672 mmol) was added in
place of 2-pyridinecarboxaldehyde in the reaction mixture. Yield:
0.750 g, 74%. ESI(+)-MS (in methanol containing ammonium formate
buffer): m/z 179.1594 (simulated for CiiHisN; [M + H]*: m/z
179.1548). *H NMR (400 MHz, CDCls, 300 K): §(ppm) 7.33 (s, 5H), 3.45
(s, 2H), 2.62 (t, 2H), 2.48 (t, 2H), 2.35 (s, 3H), 2.14 (s, 3H).
Step 1 Synthesis of
(benzyl(methyl)amino)ethyl)(methyl)amino)-N-(quinolin-8-
yl)acetamide (HL;). The ligand HL, was synthesized from a reaction
between N,N'-dimethyl-N-benzyl-ethane-1,2-diamine (0.600 g,
3.366 mmol) and 2-chloro-N-(quinol-8-yl)acetamide (0.743 g, 3.366
mmol) in the presence of DIPEA and a catalytic amount of Kl in
acetonitrile solvent under reflux conditions for 3 days. The procedure
followed was as described for the synthesis of HLi. The pure,
yellowish, oily product was isolated by column chromatography on
silica gel using CH,Cl,/methanol as the eluent. Yield: 0.855 g, 70%.
ESI(+)-MS (in methanol containing ammonium formate buffer): m/z
363.2198 (simulated for C;oH27N4O [M + H]*: m/z 363.2185). ATR-
FTIR (cm™, a few selected bands): 3325 (V(N-H)amide), 1677
(V(C=0)amide). *H NMR (400 MHz, CDCls, 300 K): 5(ppm) 11.32 (s, 1H,
NH), 8.81 (d, 1H), 8.74 (d, 1H), 8.13 (d, 1H), 7.56-7.50 (m, 2H), 7.42-
7.40 (m, 1H), 7.29 (d, 2H), 7.21-7.15 (m, 3H), 3.52 (s, 2H), 3.31 (s, 2H),
2.73 (m, 4H), 2.46 (s, 3H), 2.23 (s, 3H). $3C NMR (125 MHz, CDCls, 300
K): 8(ppm) 170.5 (-CONH-), 148.8, 139.5, 139.4, 136.4, 134.9, 129.4,
128.5, 127.7, 127.3, 122.0, 121.9, 117.1, 63.3, 63.2, 56.2, 55.9, 44.3
(-CHs), 42.9 (-CHs).

2-((2-

2:((2-

Synthesis of Cu(ll) complexes.

The Cu(ll) complexes with ligands HL; and HL, were synthesized using
a similar procedure. The corresponding ligand (0.260 mmol) was
dissolved in 15 mL of methanol. An equimolar amount of sodium
methoxide was added to this solution, and the mixture was stirred
for 20 minutes. Subsequently, a separate methanolic solution of
Cu"(ClO4)2:6H,0 (0.260 mmol) was added dropwise to the ligand
solution. The reaction mixture was stirred for an hour at room
temperature under aerobic conditions. Any insoluble materials were
filtered off, and the solution volume was reduced to approximately
3 mL using a rotary evaporator. After that, excess diethyl ether was
added to precipitate the complex, which was collected by filtration,
washed with diethyl ether, and dried under vacuum.
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[Cu'(L1)](CIO4) (1(ClOg4)). Yield: 0.083 g (60%). Color: green. Anal.
caled for C21H24CICuNsOs: C 48.00, H 4.60, N 13.33; Found: C47.96, H
4.52, N 13.20. ESI(+)-MS (in methanol): m/z 425.1263 (simulated for
C21H24CuNsO [Cu(L1)]*: m/z 425.1277). ATR-FTIR (cm™?, solid sample,
a few selected bands): 1624 (v(C=0)amide), 1080 & 622 (v(ClO4)). UV-
Vis [Amax, Nm (g, Mt cm)]: (in methanol) 257 (36700), 365 (3825),
598 (87), 820 (25), 975 (sh, 15).

[Cu'(L)(MeOH)](CIOs) (2a(ClOs4)). Yield: 0.100 g (69%). Color:
greenish yellow. Anal. calcd for Ca3H29CICuN4Og: C 49.64, H 5.25, N
10.07; Found: C 49.52, H 5.10, N 9.97. ESI(+)-MS (in methanol): m/z
424.1312 (simulated for Ca2Ha5CuN4O [Cu(Ly)]*: m/z 424.1324). ATR-
FTIR (cm™, solid sample, a few selected bands): 3590-3384 (br,
(V(OH)methanot), 1601 (v(C=0)amide), 1080 & 620 (v(ClOa)). UV-Vis [Amax,
nm (g, Mt cm)]: (in methanol) 257 (28590), 365 (3190), 620 (145),
930 (br, 20). Dissolving the compound in water produced in situ an
aqua-ligated complex [Cu'(L2)(H20)](ClO4) (2(Cl04)). UV-vis [Amax, NM
(e, Mt cm™)]: (in water) 254 (30210), 348 (3980), 610 (154), 954 (br,
50).

When the complex [Cu'(L,)(MeOH)](ClO4) was charged with NaNCS,
a thiocyanate-coordinated compound [Cu'(Ly)(k-NCS)] (2b) was
isolated in crystalline form. Single crystals for X-ray crystallographic
analysis were obtained by slow diffusion of diethyl ether vapor into
a methanolic solution of the thiocyanate complex. ATR-FTIR (cm?,
solid sample, a few selected bands): 2076 (v(NCS)), 1618
(V(C=0)amide). UV-vis [Amax, nm (g, M cm™?)]: (in methanol) 257
(28140), 363 (3240), 632 (170), 970 (br, 80).

Synthesis of Zn(ll) complexes.

The Zn(ll) complexes with ligands HL; and HL, were synthesized
according to the procedure described for the Cu(ll) complexes;
however, Zn"(ClO4),-6H,0 (0.260 mmol) was added instead of
Cu'(ClO4)2:6H20 in the reaction solutions.

[Zn"(L1)(MeOH)](ClO4) (3(ClO4). Yield: 0.085 g (58%). Color: pale
yellow. Anal. calcd for Cy;HsCINsOgZn: C 47.24, H 5.05, N 12.52;
Found: C 47.14, H 4.92, N 12.28. ESI(+)-MS (in methanol): m/z
426.1268 (simulated for C21H2aNsOZn [Zn(L1)]*: m/z 426.1272). ATR-
FTIR (cm™, solid sample, a few selected bands): 3595-3420 (br,
(V(OH)methanot), 1555 (V(C=0)amide), 1080 & 621 (v(ClO4)). UV-vis [Amax,
nm (g, M cm)]: (in methanol) 256 (27730), 360 (3810). 'H NMR
(400 MHz, CDs0D, 300 K): &(ppm) 9.02 (d, 1H), 8.94 (d, 1H), 8.54 (d,
1H), 8.26 (t, 1H), 8.00 (d, 1H), 7.78 (t, 1H), 7.75 (d, 1H), 7.67 (t, 1H),
7.62-7.57 (m, 2H), 3.97 (s, 2H), 3.53 (d, 1H), 3.20 (d, 1H), 3.00 (t, 1H),
2.69 (t, 1H), 2.45 (t, 2H), 2.31 (s, 3H), 1.90 (s, 3H). 13C NMR (125 MHz,
CD50D, 300 K): 8(ppm) 172.4 (-CON-), 157.2, 150.1, 147.7, 142.5,
141.6, 141.2, 140.9, 130.6, 129.9, 126.8, 126.2, 122.9, 121.2, 65.2,
60.8,56.3,54.2,42.6,42.2.

[Zn"(L2)(MeOH).](ClO4) (4(Cl0O4)). Yield: 0.084 g (55%). Color: yellow.
Anal. calcd for Cy4H33CIN4O7Zn: C 48.83, H 5.63, N 9.49; Found: C
48.72, H 5.35, N 9.30. ESI(+)-MS (in methanol): m/z 425.1317
(simulated for C2;H25N40Zn [Zn(L2)]*: m/z 425.1320). ATR-FTIR (cm™?,
solid sample, a few selected bands): 3650-3480 (br, (V(OH)methanol),
1556(v(CO)amide), 1086 & 621 (v(ClO4)). UV-vis [Amax, nm (g, Mt cm™1)]:
(in methanol) 253 (27890), 356 (4420). 'H NMR (400 MHz, DMSO-ds,
300 K) &(ppm): 9.04 (d, 1H), 8.85 (d, 1H), 8.61 (d, 1H), 7.78 (dd, 1H),
7.61-7.53 (m, 2H), 7.32-7.21 (m, 5H), 3.76 (d, 1H), 3.16 (d, 1H), 3.11
(d, 1H), 2.97 (t, 1H), 2.87 (t, 1H), 2.64 (d, 1H), 2.54 (s, 3H), 2.31(d, 1H),
2.22 (d, 1H), 1.90 (s, 3H).
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