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ABSTRACT: Water oxidation can lead to a sustainable source
of energy, but for water oxidation catalysts to be economical
they must use earth abundant metals. We report here 2:1 6,6′-
dihydroxybipyridine (6,6′-dhbp)/copper complexes that are
capable of electrocatalytic water oxidation in aqueous base (pH
= 10−14). Two crystal structures of the complex that contains
6,6′-dhbp and copper(II) in a ratio of 2:1 (complex 1) are
presented at different protonation states. The thermodynamic
acid dissociation constants were measured for complex 1, and
these show that the complex is fully deprotonated above pH =
8.3 (i.e., under water oxidation conditions). CW-EPR,
ENDOR, and HYSCORE spectroscopy confirmed that the 6,6′-dhbp ligand is bound to the copper ion over a wide pH
range which shows how pH influences precatalyst structure. Additional copper(II) complexes were synthesized from the ligands
4,4′-dhbp (complex 2) and 6,6′-dimethoxybipyridine (complexes 3 and 4). A zinc complex of 6,6′-dhbp was also synthesized
(complex 5). Crystal structures are reported for 1 (in two protonation states), 3, 4, and 5. Water oxidation studies using several
of the above compounds (1, 2, 4, and 5) at pH = 12.6 have illustrated that both copper and proximal OH groups are necessary
for water oxidation at a low overpotential. Our most active catalyst 1 was found to have an overpotential of 477 mV for water
oxidation at a moderate rate of kcat = 0.356 s−1 with a competing irreversible oxidation event at a rate of 1.082 s−1. Furthermore,
our combined work supports previous observations in which OH/O− groups on the bipyridine rings can hydrogen bond with
metal bound substrate, support unusual binding modes, and potentially facilitate proton coupled electron transfer.

■ INTRODUCTION
A sustainable energy economy (eqs 1−3) is attainable by
mimicking the catalytic efficiency of the oxygen evolving
complex in photosystem II (PS II).1 The active site of the
oxygen evolving complex in PS II contains hydrogen bonding
residues near its Mn4Ca cluster which plays a role in proton
shuttling to facilitate the kinetically challenging water oxidation
reaction (eq 1).2,3

→ + ++ −2H O O 4H 4e2 2 (1)

+ →+ −4H 4e 2H2 (2)

→ +2H O O 2H2 2 2 (3)

Significant developments utilizing metals such as Ru,4 Ir,5,6

Mn,7 Fe,8 Co,9,10 Ni,11 and Cu12−15 as water oxidation catalysts
(WOCs) have been reported. However, water oxidation
catalysts with low overpotentials remain elusive and are a
major goal of contemporary research. Lower overpotentials can
be achieved by catalysts that facilitate proton coupled electron

transfer (PCET) and stabilize key intermediates.4,16 We
postulated that the recently designed ligand, 6,6′-dihydroxy-
bipyridine (6,6′-dhbp),17−20 could perform both of these
functions with copper, and the results to support this
hypothesis are described herein.
Previously, we reported iridium water oxidation catalysts

featuring 6,6′-dihydroxybipyridine (6,6′-dhbp) and 4,4′-dhbp
ligands. These catalysts show that initial rates of water oxidation
can be increased by a factor of ∼100 simply by changing pH
from 3 to 6.21 Our studies demonstrated that enhanced rates
for water oxidation catalysis are due to ligand deprotonation
which facilitates metal complex oxidation.21 Parallel water
oxidation studies with ruthenium complexes of 6,6′-dhbp and
6,6′-dimethoxybipyridine (6,6′-dmbp) have illustrated that
methoxy and hydroxy groups near the metal form hydrogen
bonds (including with Ru bound aqua substrate) and such
interactions may stabilize reactive intermediates.22 Thus, 6,6′-
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dhbp ligands have interesting, pH sensitive properties,18,23 and
our group and others have shown that metal complexes thereof
catalyze several different types of reactions,17,19,20 including
both oxidative24 and reductive18,25 processes.
We now extend the study of dihydroxy- and dimethoxy-

bipyridine ligand series to copper(II) complexes. Recently,
others have shown that in situ prepared 1:1 mixtures of
copper(II) salts and 6,6′-dhbp ligands form a coordination
polymer in the crystal phase and exhibit electrocatalytic water
oxidation.26 In our study, monomeric copper(II) complexes
exhibiting primarily 2:1 ligand to metal ratios are investigated as
water oxidation catalysts. Equilibrium constants are determined
for deprotonation events and provide insight into catalytically
relevant changes at the metal center. ENDOR and HYSCORE
spectroscopy herein demonstrate the continuous ligation of the
6,6′-dhbp ligand to the copper(II) ion through the pH range
where water oxidation is tested. The activity of catalysts
containing hydrogen bonding OH/O− groups near and far
from the metal center (in 4,4′-dhbp and 6,6′-dhbp) and
hydrogen bond accepting methoxy groups (in 6,6′-dmbp) is
investigated.

■ RESULTS

Inspired by copper WOCs using bipy ligands,12 we synthesized
a series of copper(II) complexes using 6,6′-dhbp and closely
related derivatives, shown schematically in Figure 1 with
noncoordinating anions omitted. Monomeric copper−ligand
complexes were formed from copper(II) nitrate (3) and
copper(II) sulfate (1, 2, 4) to demonstrate the significant
influence of varying anions and solvents. Additionally, a well-
characterized monomeric zinc analogue was prepared as a
control (5). Metal to ligand ratios are 1:1 in 4 and 1:2 in 1, 2, 3,
and 5. Structural diversity in the array of dxbp (x = hydroxy or
methoxy) derived divalent copper and zinc complexes are first
discussed, and subsequently thermodynamic acidities and water
oxidation studies on selected compounds are described.
Synthesis and Structural Studies. Reaction of 2 equiv

6,6′-dhbp + CuSO4 Leads to 1. Treating copper(II) sulfate
with 6,6′-dhbp in ethylene glycol resulted in the clean
formation of complexes with a 2:1 ratio of ligand to metal
which were fully characterized (see Experimental Section and
Supporting Information). Two different protonation states of
[(6,6′-dhbp)2Cu]n+ (1) were obtained as brown crystals and
green crystals, from a single sample by slow evaporation from
methanol. X-ray crystallography was used to identify the brown
crystals as the fully protonated, pentacoordinate copper
bis(6,6′-dhbp) methanol sulfate salt, [(6,6′-(OH)2-bpy)2Cu-
(CH3OH)]SO4 (1a), Figure 2. The green crystals were
identified as doubly deprotonated tetracoordinate copper
bis(6,6′-dhbp) [(6-OH-6′-O-bpy)2Cu]·(CH3OH)2 (1c), Fig-

ure 3. Complexes 1a, 1c, and the other protonation states for 1
(1b, 1d (not observed), 1e) are shown in Scheme 1.

Figure 1. Structural diversity of complexes (1−5) prepared for this study.

Figure 2. Structural diagram of the fully protonated complex, [(6,6′-
dhbp)2Cu(CH3OH)]SO4 (1a). This complex features OH to sulfate
hydrogen bonds, as shown as red dashed lines. Non-hydrogen atom
ellipsoids are shown at 30% probability. Hydrogen atoms are shown as
spheres of arbitrary radius. Most hydrogen atoms are omitted for
clarity.

Figure 3. Structural diagram of the doubly deprotonated complex, [(6-
OH-6′-O-bpy)2Cu]·(CH3OH)2 (1c). This complex features O− to
methanol hydrogen bonds, as shown with red dashed lines. Non-
hydrogen atom ellipsoids are shown at 30% probability. Hydrogen
atoms are shown as spheres of arbitrary radius. Most hydrogen atoms
are omitted for clarity.
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Complex 1a (Figure 2) features a distorted trigonal
bipyramidal copper center with τ = 0.697.27 The coordinated
methanol has a Cu−O bond distance of 2.340 Å, and the 6,6′-
dhbp ligands approach the metal more closely (Cu−N
distances ∼1.96−2.07 Å). Both the bound methanol and the
OH groups of all the 6,6′-dhbp ligands are hydrogen bond
donors to nearby sulfate counteranions (O···O distances range
from ∼2.54 to 2.78 Å indicating hydrogen bonds). The crystal
packing reveals that the copper complex cations are arranged
into sheets divided by interwoven planes of the sulfate anions.
Interestingly, π stacking occurs between the 6,6′-dhbp ligands
of two molecules opposite an inversion center.
Doubly deprotonated 1c (Figure 3) features a distorted

geometry around copper that is intermediate between
tetrahedral and square planar. The twist angles between planes
that contain each 6,6′-dhbp ligand range from 52° to 55°. The
Cu−N bonds are slightly shortened (relative to 1a), and all are
around ∼1.97 Å. This reflects the negative charge on each
ligand and the resulting partial negative charge on N due to
resonance. Consistent with this explanation is a slightly
decreased C−O distance28 due to double bond character
(1.290(3) vs 1.320(3) Å). Note that each dhbp ligand has one
deprotonated and one protonated oxygen. Two crystallo-
graphically distinct methanol molecules are hydrogen bonded
to the 6,6′-dhbp ligand in the crystal phase, but notably they do
not coordinate. Hydrogen bonds exist between OH and O− of
the dhbp ligands (O2···O1 = 2.488(2) Å) in neighboring
molecules in the packing diagram (not shown in Figure 3).
Also, there are moderate strength hydrogen bonds from O− of
dhbp to methanol (O2···O1S = 2.713(3) Å). An infinite head-
to-tail chain of molecules along the crystallographic b axis
results from this hydrogen bonding, as described further in the
Supporting Information. Although the coordination number
differs between these two structures of the crystallized complex
1 in two protonation states, both metal centers have the
capacity for further ligation in the presence of coordinating
solvent. Spacefill models of each structure show the copper(II)
ion as being accessible to a sixth ligand or fifth ligand for
complexes 1a and 1c, respectively.

Reaction of 2 equiv 4,4′-dhbp + CuSO4 Leads to 2.
Complex 2 was prepared in a manner analogous to 1 by using
4,4′-dhbp and copper sulfate in a 2:1 ratio. Complex 2 was
synthesized to investigate the role of hydroxyl groups far from
the copper metal center for water oxidation studies. The light
blue solid was obtained in 82% yield and characterized by UV−
vis and IR spectroscopy and elemental analysis (see
Experimental Section and Supporting Information). Crystals
suitable for X-ray diffraction were not obtained despite several
attempts, but complex 2 is likely to have a coordination
geometry similar to that of complex 1a where the possibility of
coordination of a fifth ligand L (H2O or MeOH) is possible in
solution.

Reaction of 6,6′-dmbp + Cu(II) Leads to 3 or 4 Depending
on Whether Cu(NO3)2 or CuSO4 Is Used. Complex 3 was
formed from the reaction of 6,6′-dmbp and Cu(NO3)2·2.5H2O
(Figure 4). The formula unit obtained by crystallography was
[(6,6′-dmbp)2Cu(NO3)]2[Cu(NO3)4] wherein both copper
ions are divalent (see Supporting Information). This structure
features a five-coordinate trigonal bipyramidal copper(II) ion
ligated by two (N,N) bound 6,6′-dmbp ligands and one κ1-
nitrate ligand with τ = 0.803. The Cu(II) ion in [Cu(NO3)4]

2−

Scheme 1. Complex Hydrogen Ion Interrelationships of [(6,6′-dhbp)2Cu]n (Where n = Charge) Complexes (1) in Water (L =
Solvent)

Figure 4. Copper(II) complex of 6,6′-dimethoxybipyridine (3) with
the formula unit [(6,6′-dmbp)2Cu(NO3)]2[Cu(NO3)4]. Ellipsoids are
shown at 30% probability. Hydrogen atoms are omitted for clarity, and
only one [(6,6′-dmbp)2Cu(NO3)] unit is shown.
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binds each nitrate in an asymmetric κ2 mode with four short
Cu−O bonds and four long Cu−O bonds. This anion is rare
but has been observed in seven crystal structures in the
Cambridge Structural Database.29,30 However, the poor
solubility of this complex (3) in basic aqueous solution
combined with the presence of two distinct copper environ-
ments made this species unsuitable for catalytic water oxidation
studies.
In contrast, the reaction of 6,6′-dmbp with copper(II) sulfate

using a 2-fold excess of the dmbp ligand resulted in isolation of
a monomeric copper complex (4, Figure 5) with a 1:1 ligand to

metal ratio. Complex 4 [(6,6′-dmbp)Cu(SO4)(CH3OH)] was
isolated in 75% yield by recrystallization from methanol and
exhibits a square pyramidal geometry around Cu (τ = 0.075)
with an apical methanol molecule. Hydrogen bonds between
coordinated methanol and neighboring sulfate groups (O5···O7
= 2.671(2) Å) extend along the a direction of the unit cell and
connect the molecules in a two-dimensional network.
Reaction of 6,6′-dhbp + Zn(ClO4)2 Leads to 5. A zinc

complex of 6,6′-dhbp was prepared to determine whether
copper is essential for water oxidation (vide inf ra). Treatment
of zinc(II) perchlorate hexahydrate with 6,6′-dhbp led to clean
formation of [(6,6′-dhbp)2Zn](ClO4)2 (5) in 29% yield after
recrystallization from acetonitrile and hexane (3:1). The crystal
structure (Figure 6) shows that the geometry around zinc is a
nearly perfect tetrahedron (the torsion angle between the
planes containing 6,6′-dhbp ligands is 87−88°), in contrast to
the twisted alignment of ligands in 1c. Hydrogen bonds are
present between all OH groups of 6,6′-dhbp and neighboring
disordered perchlorate anions (O···O hydrogen bonding
distances range from 2.680(5) to 2.93(1) Å).
Protonation and Deprotonation States of Aqueous

Species in Equilibrium. Acid−Base Titrations of Complex 1
for Determining Protonation and Deprotonation States. The
two crystal structures afforded for complex 1 are snapshots of
protonation/deprotonation states of this complex. The complex
[(6,6′-dhbp)2Cu(L)]SO4 (1) contains four acidic hydrogens
from four OH groups of the hydroxypyridine rings, Scheme 1.
Further deprotonation events are possible for pentacoordinated
complexes of 1 (L = aqua or methanol) as seen in the structure
for complex 1a where methanol is coordinated. The neutral,
doubly deprotonated complex [(6-OH-6′-O-bpy)2Cu] (1c) is
tetracoordinate without methanol or water bound in the
coordination sphere in the crystal phase (Figure 3).
Deprotonation of 6,6′-dhbp results in an increase of negative

charge on the ligand and as a result binds more strongly to
copper. Increasing the negative charge of the ligand supports
lower coordination numbers on the metal center through
resonance stabilized pyridinolate rings which delocalize the
negative charge onto the nitrogen atoms.
Acid−base titrations were utilized to elucidate the pKa values

for the proposed species. UV absorption spectra recorded for 1
as a function of pH are shown in Figure 7 for the pH range
2.5−11, highlighting the most significant absorption features.
Aqueous solutions of complex 1 (25 μM) at low pH have poor
solubility and require the use of 0.013% ethylene glycol and
0.013% methanol as cosolvents in water. A plot of absorbance
as a function of pH at λ = 369 nm is shown in Figure 7 (right)
and has two inflection points at pH = 3.9 and 8.3. The region
between pH 5 and 7 is not as well-defined by ∼0.5 pH unit
increments for UV−vis absorbance measurements. Spectral
studies were repeated utilizing increments of ∼0.1 pH units to
better define this region, Figure 7 (right, inset). A plot of
absorbance versus pH in the range pH = 5−6.5 results in the
observation of two additional inflection points at pH values of
5.2 and 6.2. UV absorption spectra recorded for 1 as a function
of pH are shown in Figure 8 for the pH range 9.3−13.4. A plot
of the absorbance at 357 and 331 nm versus pH for the range
12.4−13.4 (see the Supporting Information) affords the
elucidation of another inflection point at pH = 12.8. As
described below, further experiments show that the inflection
points at pH = 5.2, 6.2, and 8.3 are pKa values for complex 1,
and the inflection points at 3.9 and 12.8 represent demetalation
events occurring in the low and high pH regimes.
The pKa values of 5.2 and 6.2 are each tentatively assigned to

the removal of one proton from the 6,6′-dhbp ligands (Scheme
1, 1a goes to 1b goes to 1c). Similarly, our studies of RuII and
IrIII complexes of 6,6′-dhbp showed pKa values of 5−7.27 and
4.6, respectively,18,21,23 for removal of ligand protons which are
typically more acidic than protons of a metal-bound aqua
ligand.21,22 The last pKa value (8.30) is tentatively assigned to
the removal of 2 protons (Scheme 1, 1c goes to 1e, presumably
via 1d). This value is higher or similar to previously observed
values for RuII complexes,22,23 and this makes sense given the
2− charge associated with complete deprotonation of complex
1 to form 1e. Deprotonation of Cu(II)-bound aqua ligands to

Figure 5. Structural diagram of [(6,6′-dmbp)Cu(SO4)(CH3OH)] (4).
This complex features OH of methanol to sulfate hydrogen bonds (not
shown), involving neighboring molecules. Ellipsoids are shown at 30%
probability. All hydrogen atoms are omitted for clarity.

Figure 6. Structural diagram of [(6,6′-dhbp)2Zn](ClO4)2·3CH3CN
(5). This complex features OH to O− of perchlorate hydrogen bonds.
The perchlorate anions are disordered in the crystal (Cl = green and O
= red). Non-hydrogen atom ellipsoids are shown at 30% probability.
Hydrogen atoms are shown as spheres of arbitrary radius. Most
hydrogen atoms are omitted for clarity.
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form hydroxide ligands is not supported by the HYSCORE
evidence (below) until the high pH regime (pH > 12.8).
Similarly, studies of Cu(II) bipyridine complexes have shown
that the concentration of [Cu(bpy)2OH]

+ does not predom-
inate until pH 11.31

It should be noted that the absorption event that is most
significant at 369 nm is primarily the π−π* of the aromatic
dhbp ligand; thus, the largest change in absorption at this
wavelength can be inferred to be a modification of the
aromaticity of the ligand with likely minor to no change in
absorbance for deprotonation of the possible fifth L ligand
(H2O or MeOH). The free 6,6′-dhbp ligand alone shows
significant change in absorbance and the appearance of a
distinct Gaussian signal in this region which can be described
by loss of aromaticity (see the Supporting Information).
EPR studies on 1, described below, show that significant

changes in the coordination geometry (which could include
fifth ligand L coordination of water or hydroxide) do not occur
until above pH 10. As described below, the EPR data, in
particular the HYSCORE, was instrumental in identifying that
the low and high pH inflection points (pH = 3.9 and 12.8,
respectively) are demetalation events for the 6,6′-dhbp ligand.
Below pH = 3.9, the 6,6′-dhbp ligand is singly or doubly
protonated (most likely), wherein the latter structure would
have both oxygen and nitrogen atoms protonated and
aromaticity is maintained. At this pH the copper ion will ligate

six waters as in the known [Cu(H2O)6]
2+ complex. At pH

above 12.8 the 6,6′-dhbp ligand is doubly deprotonated with
two phenoxide groups. It is likely that the drive for
demetalation of the 6,6′-dhbp ligand at high pH is due to
hydroxide out-competing for coordination to the cupric ion.
The distribution of the species 1a−1e has been plotted as a

function of pH, as shown in Figure 9 (calculated from the pKa

values with Hyperquad Simulation and Speciation software).
This shows that from pH 4.5 to 7 species 1a, 1b, and 1c are all
present simultaneously, and perhaps this explains the
cocrystallization of 1a and 1c. Also, above pH 9 (i.e., water
oxidation conditions, vide inf ra), species 1e is dominant.
Discussion of the speciation above pH 10 is in the EPR section
below.
Similar acid−base titration studies of [(4,4′dhbp)2Cu]2+ (2)

by UV−vis absorption and potentiometric titrations were also
performed, and two acid dissociation constants were observed
in the range pH 5−8. Studies to assign acid dissociation
constants using UV−vis spectral methods were inconclusive.
Thus, exact pKa values could not be obtained for 2, see the
Supporting Information. Similarly, potentiometric titration of
the zinc complex 5 led to the observation of two pKa values
(tentatively, each may be the removal of two protons), but
exact pKa values could not be assigned (see the Supporting
Information).

CW-EPR, ENDOR, and HYSCORE Spectroscopy Were Used
To Determine the Speciation of Complex 1 at Different pH

Figure 7. Left: UV−vis absorption spectra of aqueous solutions of [(6,6′-dhbp)2Cu]SO4 (1) as a function of pH from pH = 2.5 to 11 at 25 °C.
Middle: Same as left but from pH = 4.5 to 6.5 in 0.1 pH increments, and the inset shows the full peak shape. Right: Plot of absorbance (at λ = 369
nm) vs pH at 25 °C, and the inset shows the same plot from pH 5.0 to 6.5.

Figure 8. UV−vis absorption spectra of aqueous solutions of [(6,6′-
dhbp)2Cu]SO4 (1) as a function of pH from pH = 9.3 to 13.4 at 25
°C.

Figure 9. Calculated speciation diagram from pH 2.5 to 10 based upon
the pKa values for [Cu(6,6′-dhbp)2]2+ (1a) and the EPR experiments.
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Values. The continuous wave (CW) electron paramagnetic
resonance (EPR) spectra (combined with electron nuclear
double resonance (ENDOR) spectroscopy) can distinguish
between N and O ligands on the copper, since hyperfine
interactions of the N ligands produce broader resonances. The
spectra show that the 6,6′-dhbp ligand(s) are bound to the
metal ion throughout pH 5.7−12.6 (see the Supporting
Information for CW-EPR spectra). This is a wide range that
includes the majority of the deprotonation events observed by
UV−vis absorption (vide supra) and the water oxidation
conditions most extensively studied (vide inf ra). However, the
6,6′-dhbp ligand is not bound to Cu2+ at pH 3.5 and pH 13.3,
and these spectra match those observed for CuSO4 aqueous
solutions prepared at the same pH values and correspond with
previously noted demetalation events at low and high pH values
(inflection points at pH = 3.9 and 12.8, respectively).
The CW spectra taken between pH values 5.7−10.0 are

identical (species A), and thus, the acid dissociation constants
(at pKa = 5.2, 6.2, and 8.3) reported by UV−vis spectroscopy
are indeed consistent with ligand deprotonation events. A
substantial rearrangement at the metal center from pH 5 to 10
would lead to a major change in the EPR spectra. Thus, the
data are not consistent with a fifth ligand, e.g., H2O,
coordinating to any significant extent in this pH regime.
As pH increases from pH 10 to 13.3, the EPR shows that,

from pH 10 to ∼12, species A disappears and species B and C
appear, but species B dominates the spectrum and species C is
around 20% of the EPR spectrum from pH 11.5 to 12.6.
Species D appears at pH 12, and the concentration steadily
increases, ultimately becoming the lone species at pH 13.3, with
the 6,6′-dhbp ligand completely dissociated (see speciation
diagram in the Supporting Information). This transformation
likely involves coordinating hydroxide ligands as the pH
increases. The percentage of each species, g, and A values at
each pH are shown in the Supporting Information. ENDOR
spectroscopy (Supporting Information) further supports that
the same number of 6,6′-dhbp ligands is bound to copper(II) at
pH 8.2 and 11, but ligand loss occurs at pH 13.3.
While these EPR spectra do not account for the impact of

oxidizing potentials on the complex geometry, at least it is clear
that nitrogen ligands are present at pH 10−12.6 wherein water
oxidation begins to occur at pH 11.5. At pH 12.6, which is the
most frequently studied pH for water oxidation, the mixture is
36% species B, 23% species C, and 41% species D by simulating
CW EPR. Thus, at pH 12.6, species B and C (together 59%)
contain 6,6′-dhbp bound to Cu ion from the ENDOR data, but
a significant portion of the sample has unligated copper. Spin
quantification shows that no significant quantity of EPR silent
material is present; thus, dinuclear copper species are unlikely
in our precatalysts used for water oxidation. This helps to
elucidate the nature of the species in solution during water
oxidation in our studies (below) and perhaps present in other
studies.26

Pulsed EPR was utilized to further identify species A, B, and
C. Hyperfine selective correlation Spectroscopy (HYSCORE)
is a pulsed EPR technique used to measure ENDOR
frequencies, that is, NMR frequencies shifted by hyperfine
interactions between the unpaired electron and nuclei near the
copper center. HYSCORE gives a 2D representation of
ENDOR frequencies similar to COSY in NMR. HYSCORE
spectroscopy has been used to detect axial water protons and
axial cysteine protons up to 0.3 nm away from the low-spin,
active site heme of cytochrome P450.32,33 HYSCORE can also

detect 13C up to 0.5 nm from the paramagnetic center.34

Complex 1 has HYSCORE spectra showing protons from
ligated water (pH 10−12.5), 13C from 6,6′-dhbp ligands (pH
10−12.5), and hydroxide (pH 13.3).
HYSCORE spectra of complex 1, up to at least pH = 11,

have a distinct peak from 13C along the diagonal near [4 MHz,
4 MHz]. Figure 10 shows the spectra at pH 11 for 1 compared

to free CuSO4 at the same pH with the same solvent
conditions. There is a less intense streak running through the
diagonal peak from 13C having hyperfine couplings of as much
as 6 MHz. This streak is caused by delocalization of the
unpaired electron spin of the copper onto an aromatic ligand
where the hyperfine couplings from natural abundance 13C had
a variety of values at the different carbons of the ligand. The full
set of HYSCORE spectra is included in the Supporting
Information.
The combined evidence includes the acid−base titrations

interpreted by UV−vis spectroscopy and several EPR
techniques for aqueous solutions of complex 1. These
experiments elucidate which species are present across a wide
range of pH values, including typical water oxidation
conditions. Scheme 1 depicts our interpretation of this data,
including demetalation events as the pH is lowered below 3.9
and above 12.8. The species labeled as A, B, and D from the
EPR data are assigned as 1e, 1e′ (1e with aqua ligand
coordinated), and a copper hydroxide/aqua complex, respec-
tively (Scheme 1). Species C is a minor component at all pH
values so the assignment is uncertain, but it is likely to involve
partial ligand loss to form a 1:1 complex of 6,6′-dhbp and
Cu(II) with water or hydroxide completing the coordination
sphere (the HYSCORE supports predominantly water
coordination to Cu(II)).

Catalytic Water Oxidation Studies. Electrocatalytic
studies of copper(II) complexes of 6,6′-dhbp (1 added as 1a
and 1c) and 4,4′-dhbp (2) were performed in solutions ranging
in pH 10−14. Cyclic voltammetry (CV) experiments utilized 1
mM copper catalyst, 0.1 M NaOH/NaOAc aqueous electrolyte,
glassy carbon working electrode (diameter 3 mm), Ag/AgCl
reference electrode (with saturated KCl), and Pt counter
electrode. Alkaline solutions of 1 showed irreversible and
enhanced anodic current that indicates electrocatalytic water

Figure 10. HYSCORE spectrum at pH 11 of (left) complex 1 and
(right) CuSO4 in 10% glycol. The intense peak near [14 MHz, 14
MHz] is from protons in solvent surrounding the complexes. The arcs
flanking that peak near [18 MHz, 12 MHz] and [12 MHz, 18 MHz]
are from protons on water (complex 1) or hydroxide (CuSO4) directly
coordinated to the copper. Note the tilt of the signals from ligated
water on complex 1 (also seen on CuSO4 at low pH) compared to the
straight lines from copper bound hydroxide in the frozen solution of
CuSO4 at high pH. The peak near [4 MHz, 4 MHz] is from natural
abundance 13C in the 6,6′-dhbp ligands.
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oxidation at high pH values, as shown in Figure 11. Solutions of
1 used in this study were free from precipitate before potential

was applied. CV of complex 1 in dry propylene carbonate with
increasing water additions showed no redox activity until alkali
water (pH 12.6 with NaOH) was added to the system (see the
Supporting Information). Water at high pH is therefore needed
to activate the copper(II) complexes of 6,6′-dhbp in order to
observe its redox activities and electrocatalytic water oxidation.
The scan rate dependence of CVs of 1.0 mM complex 1 at

pH 12.6 in aqueous 0.1 M NaOAc/NaOH was obtained
(Figure 12). At low potential the quasireversible reduction of
CuII/I is seen at −0.387 V (Figure 12). All CVs of complex 1 are
fitted using digital simulation to illustrate its electrocatalytic
activities as highlighted in Figure 13. Although the water
oxidation of Cu complex involves multiple steps of proton
coupled charge transfer steps,4,13,14,35 the data fitting was done
by assuming the Cu complex 1 undergoes a heterogeneous

charge transfer step through its aqua-coordinated product
[(6,6′-(O)2-bpy)2Cu(H2O)]

2−, and two following homoge-
neous reactions, including one catalytic water oxidation and an
irreversible reaction of the oxidized aqua-coordinated complex
1. Such data fitting provides an estimate of the charge transfer
rate and turnover frequency of the Cu complex, although the
true mechanism needs further study to have an improved
understanding. From the EPR and HYSCORE data for complex
1 at pH 12.6 it can be inferred that the major copper species
present at this pH is the aqua-coordinated [(6,6′-(O)2-
bpy)2Cu(H2O)]

2− complex (species B or 1e′). An initial
oxidation of this complex occurs and is calculated with fitting to
be at 0.766 V (vs Ag/AgCl). From this value the overpotential
was calculated to be 477 mV. The subsequent water oxidation
reaction occurs with an average turnover rate of 0.356 s−1. We
also found that an irreversible but noncatalytic pathway of the
Cu complex competes with the water oxidation at a faster rate
of 1.082 s−1, forming some unidentified product (Scheme 2).

Bulk electrolysis of 1.0 mM of complex 1 at pH 12.6 in
aqueous 0.1 M NaOAc at 0.9 V was carried out in an airtight
cell in which the headspace of the vessel was sampled at regular
intervals with a gastight syringe to be injected for manual
sampling of the gas composition via GC−MS. An increase in
the relative quantity of oxygen was observed indicating the
accumulation of oxygen as positive potential was applied to
complex 1 as was expected. Due to the sluggish rate of catalysis

Figure 11. Cyclic voltammogram (CV) plots (non-background-
corrected) of 1.0 mM [(6,6′-dhbp)2Cu]SO4 (1a) as a function of
pH on glassy carbon, scan rate = 100 mV/s in water with 0.1 M
NaOAc/NaOH.

Figure 12. CV plots as a function of scan rate of for a 1.0 mM pH 12.6
solution of complex 1 on glassy carbon in water with 0.1 M NaOAc/
NaOH, corrected for background (see Supporting Information for
non-background-corrected and background scans).

Figure 13. Simulated CVs of aqueous complex 1 at varied scan rate
compared to experimental data (Figure 11) for the mechanistic fitting
of the data.

Scheme 2. Schematic View of the Fitted Water Oxidation
Process Occurring in the Electrochemical Cell for Complex
1
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by complex 1 to generate oxygen versus the rate of formation of
an unknown inactive product the composition of oxygen was
not expected to be and was not observed to be dramatic (see
the Supporting Information).
Furthermore, the combined data support the catalysis (at pH

12.6) by a 6,6′-dhbp ligated copper complex like 1e′ rather than
simple copper salts (e.g., species D). Copper sulfate solutions at
the same pH show no catalytic current. Also, in our study and
another study,26 both copper(II) and 6,6′-dhbp are necessary
for water oxidation at pH 12.6. Other complexes including 4
and 5 (vide inf ra) and the 1:1 complexes of CuSO4 and
4,4′dhbp and 4,4′-dmbp are inactive at water oxidation,26 and
this implies that the 6,6′-dhbp plays a role in water oxidation at
pH 12.6.
For comparison, CV studies of complexes 1−5 were

performed utilizing 1 mM of catalyst, 0.1 M NaOH/NaOAc
pH 12.6 electrolyte, glassy carbon working electrode, Ag/AgCl
reference electrode, and Pt counter electrode, Figure 14.

Solutions of [(4,4′-dhbp)2Cu]2+ (2) did not exhibit any
catalytic waves. Complex 3 precipitated when dissolved in
electrolyte solution, and water oxidation studies were not
performed. Similarly, complex 4 was also insoluble in
electrolyte solution; however, water oxidation was attempted.
A slightly larger current was obtained for 4 than for electrolyte
alone (blank) without the observation of any catalytic waves.
Complex 5 was fully soluble in pH 12.6 electrolyte, and a minor
oxidative peak (Figure 14) was observed which is tentatively
assigned to irreversible oxidation of the ligand in complex 5, as
is consistent with similar observations (at E = 1.16 V vs NHE)
for a 1:1 mixture of ZnII and 6,6′-dhbp.26
Complex 1 exhibits significantly lower TOF (at 0.356 s−1)

than other copper catalysts12,14 but is similar to the value of 0.4
s−1 TOF reported for in situ prepared 1:1 Cu and 6,6′-dhbp
complexes.26 The overpotential observed (477 mV) for 1 places
it at the low end of copper water oxidation catalysts, lower than
reported in two studies (at 640 and 750 mV)12,26 but similar to
two other studies done at comparable pH values (at 450 and
520 mV).13,14 At first glance, it appears that the 2:1 ratio of
6,6′-dhbp to copper (in 1) lowers the overpotential relative to
the in situ prepared 1:1 ratio of the same components (with
overpotential = 750 mV) described in the literature.26 However,

it is also worth noting that there may be an advantage to
complexation of the copper(II) prior to dissolution in base,
such as preventing formation of Cu(OH)2(s) and other
insoluble salts. Small amounts of 2:1 complex could conceivably
form in previously reported studies26 and may perhaps be the
active catalyst. Likewise, in our study changes may occur to the
structure of 1 upon oxidation, which will be the subject of
future investigations including computational studies.

■ DISCUSSION
Mechanistic Possibilities Suggested by Our Studies.

The structures 1 are biomimetic3 and show that 6,6′-dhbp can
support a network of hydrogen bonds. This provides structural
evidence that a high valent copper aqua or hydroxy species
(formed from precatalyst 1) could be stabilized by intra-
molecular hydrogen bonds. This has similarities to how
enzymes use hydrogen bonds for O2 activation and oxygen
binding.36−38 Hydrogen bonds have been shown computation-
ally to facilitate dioxygen activation,39 and dioxygen activation is
the microscopic reverse of water oxidation.
Our evidence (Figure 10) presented herein supports that

precatalyst 1 acts through a mononuclear species. However, 1 is
a sluggish catalyst (as are in situ prepared 1:1 6,6′-dhbp Cu
catalysts26). In our case with 1, O−O bond formation may be
the rate-limiting step. Similarly, with ruthenium catalysts O−O
bond formation is often the rate-limiting step, and binuclear
catalysts have allowed for faster rates.40

Lastly, pyridinol rings are also potentially redox non-
innocent,21,26 and this is a biomimetic strategy41 for performing
multielectron reactions with first row transition metals.42 Thus,
these combined 6,6′-dhbp ligand features can facilitate PCET
and stabilize key intermediates. This provides a reasonable
working hypothesis for the relatively low overpotentials
observed.

■ CONCLUSIONS
The well-characterized 2:1 complex of [(6,6′-dhbp)2Cu]2+ (1a)
has four acidic protons, and upon removal of these protons
with aqueous base, electrocatalytic water oxidation is observed.
It is likely that proximal O−/OH groups play a role in shuttling
protons and stabilizing proposed high valent copper oxo
species, perhaps similarly to the oxygen evolving complex in
photosystem II.2 Furthermore, the crystal structures described
herein support the idea that hydrogen bonding interactions
observed with 6,6′-dhbp facilitate transformations of the water
substrate. Additionally, our prior work21 showed that 6,6′-dhbp
is a noninnocent ligand, and therefore perhaps can mimic the
role of tyrosine in photosystem II by accelerating PCET events.
While the low overpotential (477 mV) observed for 1 is
impressive, the turnover rate was slow (0.356 s−1) and may
reflect slow O−O coupling. This work serves to illustrate what
productive (water oxidation) and nonproductive pathways
(competing irreversible oxidation to form a side product) are
available to copper complexes of 6,6′-dhbp in basic aqueous
solution under electrocatalytic conditions.

■ EXPERIMENTAL SECTION
General. The syntheses of 6,6′-dhbp, 6,6′-dmbp, and 4,4′-dhbp

were adapted from the literature.43,44 All other chemicals were
procured from commercial sources. A Fisher Scientific “accumet” glass
electrode was used to measure pH values and was calibrated with
standard buffer solutions. Electronic absorption spectra were recorded
with a PerkinElmer Lamda 35 spectrophotometer. Electrochemical

Figure 14. Comparison of 1 mM solution of complexes 1, 4, and 5 at
pH 12.6 in 0.1 M NaOAc at glassy carbon electrode at a scan rate of
100 mV/s.
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studies were performed on a CHI760C potentiostat. Additional
synthetic schemes, catalytic tables and plots, spectroscopic data, and X-
ray single crystal diffraction studies are provided in the Supporting
Information. Elemental analyses were performed by Atlantic Microlab,
Inc., Norcross, GA.
Acidity Studies. The pKa studies of solutions of complex 2 were

performed using concentrated solutions of NaOH and HCl to adjust
the pH with neglibible change in volume. The pH was monitored
before and after the solution absorption measurements.
EPR and ENDOR Spectroscopy. CW EPR spectra were measured

on a Bruker ELEXSYS E540 X-band spectrometer with an ER 4102 ST
resonator. CW spectra were measured at a microwave frequency of
9.44 GHz with 2.104 mW of power using 100 kHz magnetic field
modulation with an amplitude of 2.00 mT. Aqueous samples of 2 mM
of 1 at pH values ranging from 3.5 to 13.3 were mixed with 10%
ethylene glycol and frozen at 77 K for spectra acquisition. Spectra were
simulated on Matlab using Easyspin (see the Supporting Information
(SI) for spectra, fits, g and A values).45 Pulsed X-band ENDOR
experiments were made with a Bruker ELEXSYS E-680W/X EPR
spectrometer in an EN 4118X-MD4-W1 resonator in a Flexline
cryostat with an ENI A-500 RF power amplifier using the Mims
ENDOR ((π/2)−τ−(π/2)−T−(π/2)−τ−echo) pulse sequence with a
10 μs RF π-pulse applied during the delay time T with τ set at 128 ns.
ENDOR experiments were ran at 50 K at three different pH values
ranging from 8 to 13.3 for nitrogen interaction with the paramagnetic
copper center.
HYSCORE Spectroscopy. Pulsed EPR measurements were made

at 50 K with a nominal frequency of 9.77 GHz at different pH values
to examine ligands within 0.5 nm of the copper center in frozen
solutions of complex 1. An ELEXSYS E680 EPR spectrometer
(Bruker-Biospin, Billerica, MA) equipped with a Flexline ER 4118 CF
cryostat and ER 4118X-MD4 ENDOR resonator was used to carry out
pulsed measurements. HYSCORE uses a four pulse microwave
sequence (π/2)−τ−(π/2)−t1−π−t2−(π/2)−τ−echo repeated at a
rate of 2 kHz where (π/2) and π indicate microwave pulses with
nominal widths of 16 and 32 ns, respectively, that rotate the spins by
that angle. The time between the first two pulses, τ, was optimized for
proton and 13C detection at 124 ns.34 The times, t1 and t2, after the
second and third pulse were incremented independently and generate
the two axes of the HYSCORE spectrum. Cross-peaks in the spectrum
correlate ENDOR frequencies for the two different values of the
electron spin. HYSCORE measurements were taken at pH = 6.2, 10.0,
11.0, 12.5, and 13.3.
Water Oxidation Studies. A 0.1 M NaOAc/NaOH solution

adjusted to the appropriate pH with either NaOAc or NaOH was used
as the electrolyte in all studies. Specific details are included when
discussed for each experiment. The glassy carbon working electrode
had a disk surface area of 0.28 cm2, and the Pt counter electrode had a
disk surface area of 0.08 cm2. The reference electrode used for the
aqueous electrochemistry was aqueous Ag/AgCl/saturated KCl porous
Teflon tip. The reference electrode used for nonaqueous electro-
chemistry was a AgCl coated Ag wire calibrated against FeCp2/
FeCp2

+. CV data fitting was done by using a DigiElch electrochemical
simulation software (DigiElch 7) for a ECC reaction.
Synthesis of [(6,6′-dhbp)2Cu]SO4 (1 as 1a and 1c). Copper(II)

sulfate pentahydrate (0.133 g, 0.53 mmol) and 6,6′-dhbp (0.200 g,
1.06 mmol) were heated at 160 °C in 10 mL of ethylene glycol for 15
h. The solvent was then reduced and taken up in a 1:1 mixture of
CH2Cl2/CH3OH and filtered to obtain 185 mg of the products (1a
and 1c). Crystals were obtained by slow evaporation from methanol.
IR (ATR): ν(cm−1) = 3109 [b, ν(O−H)], 2764 [m, ν(C−H, Ar)],
1603 [s, ν(C−N, Ar)], 1482 [s, ν(C−N, Ar)]. EPR (X-band 9.7 GHz)
g|| = 2.345 (A|| = 168 gauss due to Cu, I = 3/2), g⊥ = 2.122. MS (FAB):
m/z = 436.1 is consistent with [1c − H]+ = [C20H13N4O4Cu]

+

(expected m/z = 436.02); all peaks showed the expected isotopic
pattern. Anal. Calcd (%) for C20H16O8N4SCu (solvent free 1a): C,
44.82; H, 3.01; N, 10.46; S, 5.98. Found: C, 44.25; H, 3.40; N, 9.82; S,
4.48 (analysis is off relative to calculated 1a, but is consistent with
some in situ deprotonation of 1a to form 1c as observed
crystallographically; also some coordinated water may be present).

Synthesis of [(4,4′-dhbp)2Cu]SO4 (2). 4,4′-dhbp was used in the
synthesis described for 1 to obtain the product in 82% yield. IR
(ATR): ν(cm−1) = 3069 [b, ν(O−H)], 2535 [m, ν(C−H, Ar)], 1624
[s, ν(C−N, Ar)], 1463 [s, ν(C−N, Ar)]. Anal. Calcd (%) for
C20H16O8N4SCu: C, 44.82; H, 3.01; N, 10.46; S, 5.98. Found: C,
44.39; H, 3.02; N, 10.23; S, 5.86.

Synthesis of [(6,6′-dmbp)2Cu(NO3)]2[Cu(NO3)4] (3). Copper-
(II) nitrate hemi(pentahydrate) (0.322 g, 1.38 mmol) and 6,6′-dmbp
(0.100 g, 0.462 mmol) were stirred in 20 mL of a 1:3 dichloro-
methane/methanol solution for 24 h. The solvent was removed under
vacuum to obtain the product in 20% yield after recrystallization (66
mg, 0.046 mmol). Crystals were obtained by slow diffusion of diethyl
ether into a methanol solution of the complex. HRMS (FAB) showed
peaks at m/z = 279.0, 341.0, and 496 (weak) which indicate the
fragments [(6,6′-dmbp)Cu]+, [(6,6′-dmbp)Cu(NO3)]

+, and [(6,6′-
dmbp)2Cu]

+, respectively.
Synthesis of [(6,6′-dmbp)Cu(SO4)MeOH] (4). Copper(II)

sulfate pentahydrate (33.5 mg, 0.13 mmol) and 6,6′-dmbp (58 mg,
0.27 mmol) were heated at 80 °C in 20 mL of methanol for 15 h. The
reaction was evaporated to dryness to obtain the crude product.
Crystals were obtained by slow evaporation from methanol to isolate
recrystallized 4 in 75% yield. IR (ATR): ν(cm−1) = 3109 [b, ν(O−
H)], 2764 [m, ν(C−H, Ar)], 1603 [s, ν(C−N, Ar)], 1482 [s, ν(C−N,
Ar)]. HRMS (LIFDI): m/z = 279.0183 [4 − SO4]

+ = [C12H12N2-
O2Cu]

+ (expected m/z = 279.0195 all peaks showed the expected
isotopic pattern). Anal. Calcd (%) for C12H12O2N2CuSO4CH3OH: C,
38.29; H, 3.95; N, 6.87. Found: C, 39.77; H, 4.48; N, 7.21 (analysis is
off relative to calculated 4, but is consistent with the presence of
residual solvent).

Synthesis of [(6,6′-dhbp)2Zn](ClO4)2 (5). Zinc(II) perchlorate
hexahydrate (197 mg, 0.53 mmol) and 6,6′-dhbp (200 mg, 1.06
mmol) were stirred in 30 mL of deionized water for 3 days. The
reaction was evaporated to dryness and the product dissolved in
acetonitrile and filtered to remove unreacted starting material. The
solution was evaporated to dryness to obtain the crude product in 98%
yield. Crystals were obtained in 1 week by slow diffusion of hexanes
into acetonitrile to obtain the product in 29% yield. 1H NMR (DMSO,
500 MHz, δ in ppm): 6.59 (s, 1H, H−Ar), 7.27 (s, 1H, H−Ar), 7.69
(s, 1H, H−Ar), 11.04 (s, 1H, H−O). IR (ATR): ν(cm−1) = 3180.22
[b, ν(O−H)], 3000 [m, ν(C−H, Ar)], 1602 [s, ν(C−N, Ar)], 1590 [s,
ν(C−N, Ar)]. MS (FAB): m/z = 439.0 [M − 2H]+ = [C20H15-
N4O4Zn]

+ (expected m/z = 439.04), all peaks showed the expected
isotopic pattern. Anal. Calcd (%) for C20H14O4N4Zn (deprotonated
5): C, 54.63; H, 3.21; N, 12.74. Found: C, 53.46; H, 3.57; N, 12.37
(analysis is off relative to calculated deprotonated 5, but is consistent
with the presence of some water and acetonitrile from the synthesis).
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