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Introduction

Solar energy is the most attractive renewable energy source to
combat our current dependence on fossil fuels and reduce the
rising levels of greenhouse gases in the atmosphere.[1, 2] Artifi-
cial photosynthesis represents a key technology that can trans-
form carbon dioxide into solar fuels.[3, 4] Water is the most
viable candidate for a practically unlimited source of electrons
that are needed for the reduction of CO2. Nature employs
a Mn4CaO5 cluster[5] in the oxygen-evolving complex of photo-
system II to oxidize water and much research has been dedi-
cated to synthetic multinuclear water oxidation catalysts,[6–17]

which mimic its reactivity. Homogeneous, mononuclear water
oxidation catalysts are a more recent development;[12, 18–22] es-

pecially those based on first-row, earth-abundant metals, in-
cluding iron,[23–25] and cobalt.[26, 27] Only a few mechanistic com-
putational studies have been performed on homogeneous
first-row catalysts[28–30] and mechanistic insights generally
remain lacking.

One of us recently reported a novel water oxidation catalyst,
[Co(Py5)(OH2)](ClO4)2 (1; Py5 = 2,6-(bis(bis-2-pyridyl)-methoxy-
methane)pyridine), containing only a single Co center[31] and
displaying remarkable stability against decomposition over the
pH range of 7.6–10.3.[32] Electrocatalytic turnover can be ob-
served at pH 9.2 indicated by a sharp rise in voltammetric cur-
rent at approximately 1.4 V versus NHE, which correlates to an
overpotential of only about 0.5 V, one of the lowest reported
for a synthetic water oxidation catalyst. Two oxidation process-
es were observed in the cyclic voltammogram of 1: (i) a single,
pH-dependent, reversible oxidation at 0.75 V at pH 2.2, (ii) a
second oxidation at 1.43 V within a pH range of 7.6–10.3,
which becomes pH-dependent at pH> 10.3. The first oxidation
process was assigned to the [CoIII�OH]2+/[CoII�OH2]2 + redox
couple, whereas the second oxidation was thought to be asso-
ciated with the formation of a [CoIV�OH]3+ species.

To promote productive design strategies for improved cata-
lysts it is necessary to understand how only one metal center
can accomplish this difficult reaction; in particular, it is impor-
tant to understand which electronic feature allows the metal
center to overcome the challenge of forming the O�O bond.
Typically, a high-valent metal oxo species is proposed to

The mechanism of water oxidation performed by a recently
discovered cobalt complex [Co(Py5)(OH2)](ClO4)2 (1; Py5 = 2,6-
(bis(bis-2-pyridyl)-methoxymethane)pyridine) was examined
using quantum chemical models based on density functional
theory. The computer models were first benchmarked against
the experimental cyclic voltammetry data to identify the cata-
lytically competent resting state of the catalyst, which was
thought to contain a CoIV–oxyl complex. The electronic struc-
ture calculations suggest that the low-spin doublet state is en-
ergetically most favorable, but the catalytically most active
species is the intermediate-spin quartet complex that is almost
isoenergetic with the doublet state. The electronic structure of
the quartet state shows significant spin polarization on the ter-
minal oxygen atom, which is consistent with an intramolecular
electron transfer from the oxygen to the metal. Based on the

calculated spin densities, the formally [CoIVPO] can be viewed
as a biradicaloid [CoII�(·O·)]2 + , that is, a cobalt–oxene moiety.
This electronic structure is reminiscent of many other systems
where similar electronic patterns were proposed to be respon-
sible for the oxidative reactivity. In this context, this first-row
transition-metal system constitutes a logical extension, be-
cause the oxyl-radical character is maximized by using the
more easily accessible high-spin configurations in which two
half-filled Co�dp orbitals can work in concert to maximize the
oxyl-radical character to ultimately afford a new reactive inter-
mediate that can be characterized as carrying a biradicaloid
oxene moiety with a formal oxidation state of zero. This con-
ceptual proposal for the catalytically active species provides
a plausible rationale for the remarkable oxidative reactivity.
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couple with water to form the O�O bond[33] and it is a demand-
ing task, as each of the oxygen atoms are formally in a �II oxi-
dation state. It has been proposed, however, that oxyl radical
intermediates are necessary for O�O bond formation in the
multinuclear Mn-based complex of Photosystem II.[34, 35] In pre-
vious work, we found that the terminal oxo moiety in a formally
RuV=O fragment can also adopt this non-classical electronic
structure,[36] where an intramolecular electron transfer from the
oxo to the metal center takes place to afford what is better de-
scribed as a RuIV�O· moiety. The O�O bond formation is pro-
moted by the radicaloid oxyl-group attacking another oxygen
fragment in a radical-recombination type of a reaction.[37–39]

Subsequent work confirmed that these mechanistic interpreta-
tions are plausible and in good agreement with experimental
findings.[40–43] It is both challenging and interesting to consider
the redox catalytic mechanisms of first-row metal systems,
which possess more complex electronic structures by virtue of
having accessible high spin states. Mononuclear catalysts also
present an additional challenge as only one metal center can
store the necessary oxidizing equivalents. This work investi-
gates the unique electronic structure possessed by a single
cobalt center with aims of understanding the features that fa-
cilitate water oxidation.

Computational Details

All calculations were carried out using density functional
theory[44, 45] (DFT) as implemented in the Jaguar 7.7 suite of
ab initio quantum chemistry programs.[46] Geometries were op-
timized with the B3LYP[47–51] functional using the 6-31G** basis
set with Co represented by the Los Alamos LACVP basis
set.[52, 53] Single point energies were computed from the opti-
mized geometries using Dunning’s correlation-consistent
triple-z basis set, cc-pVTZ(-f),[54] where Co was represented
using a modified version of LACVP, designated as LACV3P with
decontracted exponents. Vibrational frequencies computed at
the B3LYP/6-31G** level of theory were used to derive zero
point energy and vibrational entropy corrections from un-
scaled frequencies. Entropy here refers specifically to the vibra-
tional/rotational/translational entropy of the solute(s), as the
continuum model includes the entropy of the solvent. All inter-
mediates were confirmed to be minima possessing zero imagi-
nary frequencies and all transition states were confirmed as
saddle points having only one imaginary frequency. Solvation
energies were calculated at the double-z level using a dielectric
constant e= 80.37 for water. Solvation calculations were done
using a self-consistent reaction field approach (SCRF),[55–57] on
numerical solutions of the Poisson–Boltzmann equation.[58] As
with all continuum models, the solvation energies are subject
to empirical parameterization of the atomic radii that are used
to generate the solute surface. The energy components have
been computed with the following protocol. The free energy
in solution phase G(sol) has been calculated as follows:

GðsolÞ ¼ GðgasÞ þ GðsolvÞ ð1Þ

GðgasÞ ¼ HðgasÞ�TSðgasÞ ð2Þ

HðgasÞ ¼ EðSCFÞ þ ZPE ð3Þ

DEðSCFÞ ¼
X

EðSCFÞ for products�
X

GðSCFÞ for reactants

ð4Þ

DGðsolÞ ¼
X

GðsolÞ for products�
X

GðsolÞ for reactants

ð5Þ

G(gas) is the free energy in gas phase; H(gas) is the enthalpy
in gas phase; T is the temperature (298 K); S(gas) is the entropy
in gas phase; E(SCF) is the self-consistent field energy, that is,

“raw” electronic energy as computed from the SCF procedure
and ZPE is the zero point energy. For computations involving
proton-coupled redox reactions, it is necessary to account for
the free energy of a proton in solution. We used the following
expression to compute G(H+), the free energy of a proton in
solution:

GðHþÞ ¼ HgasðHþÞ�TSþ 5=2RT þ GsolvðHþÞ ð6Þ

where Hgas(H+), the gas-phase electronic energy, is zero by def-
inition; R is the gas constant; T is 298.15 K; S is the translation-
al entropy of a free hydrogen atom calculated using the
Sackur–Tetrode equation (26.04 eu); 5/2RT is the thermal correc-
tion, which amounts to 0.064 eV at 298.15 K; and Gsolv(H+) is
the free energy of solvation of a proton (�265.9 kcal
mol�1).[59, 60] Since experimental redox potentials are reported
at pH 2.2 and 9.2, our computed standard redox potentials
were adjusted to the experimental pH conditions using the
Nernst equation:

E1=2ðcalcdÞpH ¼ E�1=2ðcalcdÞ� RT lnð10Þ
ne

� nHþ � pH ð7Þ

Where ne and nH+ are the numbers of electrons and protons,
respectively. The value of RT is computed to be 0.0257 V at
298.15 K; thus, according to Equation (5), �0.13 V and �0.54 V
should be subtracted from the computed standard redox po-
tentials when one proton is involved in the redox reaction at
pH 2.2 and 9.2, respectively. To account for the energy required
to generate a hydroxide ion at pH 9.2 an additional 0.54 V
(12.51 kcal mol�1) is added to the kinetic barriers for hydroxide
attack on the proposed reactive intermediate 3.

Please note: Coordinates of all calculated structures, and
energy components are available in the online Supporting In-
formation.

Results and Discussion

Before different possible mechanistic scenarios can be com-
pared to each other, it is important to identify intermediates
that may serve as the starting point of the electrocatalytic
cycle. In the current case, identifying the catalytically compe-
tent species is particularly interesting, because it is proposed
to be a CoIV species.[31] Whereas CoIV has been implicated to
play an important role in other water oxidation reactions,[61–64]

not much is known about CoIV species within a homogeneous
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catalyst context as direct spectroscopic evidence is rare.[65] Ide-
ally, both computational and experimental results should con-
verge to an unambiguous conclusion, such that the catalytical-
ly competent intermediate can be used as a benchmark for
connecting the quantum calculations to experiments. Unfortu-
nately, the key intermediates of catalytic cycles are by default
highly reactive, short lived, and often evade precise detection,
making it necessary to utilize indirect observables to bench-
mark our computational results against experiments. In previ-
ous work, we demonstrated that density functional calcula-
tions can be used successfully to compute redox potentials of
transition metal complexes.[66] While these calculations remain
challenging, the computational protocol is sufficiently robust
that good correlation between experimental and calculated
potentials indicates that the most salient features of the redox-
active intermediate may have been captured in the quantum
chemical model. Conversely, disagreements that are greater
than 150 mV suggest that the composition of the redox pairs
assumed in the theoretical model may be different from what
gave rise to the experimental potentials. In short, redox poten-
tials are useful benchmarks to challenge and refine the com-
puter model against experiments.

Table 1 compares the two redox potentials of 1 observed ex-
perimentally using cyclic voltammetry (CV) to DFT-calculated
potentials. The first oxidation, seen as an electrochemically re-
versible event at E�1 = 0.75 V at pH 2.2,[31] was previously as-
signed to a proton-coupled oxidation involving the redox pair
[CoIII�OH]2 +/[CoII�OH2]2 + .[67] Our calculations confirm this as-
signment and predict a redox potential of 0.869 V, in reasona-
ble agreement with the CV data. The second oxidation is elec-
trochemically irreversible, catalytically enhanced and is seen at
an anodic peak potential Ep

2 at ~1.43 V. As there is no cathodic
wave in the CV, it is not possible to obtain the normal redox
potential E�2 for this process using standard electrochemical
techniques. Assuming standard electrochemical and chemical
reaction kinetics, it is plausible to assume therefore that 1.43 V
is the upper limit estimate for the associated normal redox po-
tential. This information is helpful for evaluating our computed
potential for this process: Our calculations only yield the
normal redox potential E�2 because we evaluate the thermody-
namics of the redox pairs, disregarding kinetic phenomena
and other processes that render the redox reaction irreversible.
The DFT-calculated redox potential for the proton-coupled
electron transfer (PCET) involving the redox couple [CoIII�OH]2 +

to [CoIV�O]2 + is 1.332 V at pH 9.2, in good agreement with the
experimental observations discussed above. Although no pH
dependence of the potential was observed within a relatively

narrow pH window experimen-
tally, we suggest that the second
redox event is proton coupled.
The simple one-electron oxida-
tion of [CoIII�OH]2+ to [CoIV�
OH]3 + is calculated to occur at
a normal potential of 2.432 V,
which is much too high. Our cal-
culations estimate the pKa of the
putative [CoIV�OH]3 + species to

be �9.3. Thus, a plausible justification for not observing a pH
dependent behavior in experiments is that the deprotonation
is rapid, such that it cannot be observed within the time scale
of the electrochemical measurement.

Based on the pH dependence of the first redox couple, the
process was previously assigned as a PCET between [CoII�
OH2]2 + and [CoIII�OH]2+ . Scheme 1 visualizes the relative ener-
gies of the most relevant intermediates for the transfer of two
electrons and two protons at pH 9.2. The quartet state for the
starting complex [CoII�OH2]2+ 1 is favored over the doublet
state by 5.3 kcal mol�1. Beginning from the dicationic quartet
ground state 41, the removal of electrons is illustrated in the
vertical direction and the deprotonation events are arranged
along the horizontal line to allow for the proton-coupled elec-
tron transfer energy to be shown on the diagonal lines. The
calculated pKa values of each species are listed on top of the
horizontal arrows, whereas the pH-adjusted free energy associ-
ated with the deprotonation is given underneath the horizon-
tal arrows. At the experimental pH of 9.2, the initial complex
41, with a computed pKa of 8.35, is expected to establish an
equilibrium that slightly favors the deprotonated [CoII�OH]+

containing 44 state. Removal of a single electron from 41 is ex-
pected to lead to a spin crossover into the low-spin manifold
at the CoIII-d6 center,[68] possibly giving rise to the intermedi-
ates 15 and 12. The high-spin analogues of these CoIII species

Table 1. Experimental and computed potentials of 41 in V vs. NHE.

[CoIII–OH]2 +(12)/[CoII–OH2]2 +(41)
(pH 2.2)

[CoIV–O]2 +(23)/[CoIII–OH]2+(12)
(pH 9.2)

experimental E�1 = 0.75 E�2�1.43
computed E�1 = 0.869 E�2 = 1.332

Scheme 1. Relative energies of the most relevant intermediates for the
transfer of two electrons and two protons at pH 9.2.
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lie 31.1 and 6.7 kcal mol�1 higher in energy, respectively. Our
calculations suggest that the aqua ligand at the axial coordina-
tion site in 15 is highly acidic with a predicted pKa of �2.25.
Thus, at pH 9.2 the Gibbs free energy of deprotonation be-
comes �15.56 kcal mol�1. Taken together, we expect intermedi-
ate 12 to be the dominant 1-electron reduced intermediate.

To generate the reactive intermediate bearing the proposed
catalytically competent [CoIVPO]2+ fragment, an additional
electron must be removed from 12, which takes place as an-
other PCET event. As discussed above, the [CoIV�OH]3+ species
is expected to rapidly deprotonate to give the [CoIV=O]2 + spe-
cies 23. This second oxidation step is predicted to occur at
a normal oxidation potential of 1.332 V and the doublet and
quartet spin states of the formally Co(IV)-d5 intermediate, 23
and 43, are calculated to be practically isoenergetic with the
energy difference being only 1.1 kcal mol�1 in favor of the dou-
blet state. The electronic structure of 23 is best represented as
CoIII�O· rather than CoIV=O according to the Mulliken spin den-
sities, which show no unpaired electrons on Co and one un-
paired electron (0.997) on O. This electronic structure is very
reminiscent of what was found for Meyer’s blue dimer, where
we proposed that the catalytically active species contained
a RuIV�O· fragment.[37]

Assuming that 23/43 are the catalytically competent inter-
mediates, the key mechanistic question becomes whether the
key O�O bond forming reaction is an intra or inter-molecular
event. In other words, does the hydroxide substrate first bind
to the Co center to form an adduct or does species 3 interact
with a free hydroxide anion? For the hydroxide-adduct to
form, one of the Co–pyridyl bonds must be cleaved, leaving
a coordination site vacant. Given the well documented inert-
ness of high valent Co towards ligand exchange,[69] it is unrea-
sonable for such a process to happen for intermediate 3. In-
stead, the most likely stage at which one of the pyridyl ligands
will be replaced with an oxo-carrying ligand, which may be an
aqua or a hydroxo ligand, is prior to the electrochemical step.
Intermediate 41 is formally a 19-electron species with a high-
spin configuration at the CoII center with two electrons placed
in metal-N s*-orbitals. Thus, the ligand-exchange reaction
should be easy to accomplish.[70] The axial pyridine ligand trans
to the aqua ligand is protected by the chelate effect, but the
equatorial pyridines can rotate relatively easily around C�C
s bonds connecting them to the methylene carbons of the
Py5 backbone, which should render them vulnerable to ligand-
exchange. Recently, the instability of the CoII–pyridyl bond was
documented in a similar complex based on NMR data.[71]

The energy profile for the detachment of an equatorial pyri-
dine and coordination of a hydroxide ion is shown in Figure 1.
The barrier for cleavage of an equatorial Co�N bond on the
S = 3/2 potential energy surface is only 18.73 kcal mol�1 (41-TS)
and can be readily overcome under ambient conditions to
give a five-coordinate square pyramidal intermediate that is
approximately 9.1 kcal mol�1 above 41. The high- and low-spin
intermediates 48 and 28 are nearly isoenergetic, but the hy-
droxo-adduct intermediates, where the vacant coordination
site is occupied by an OH� ligand are significantly different in
energy. The high-spin complex 49 is 11.96 kcal mol�1 lower than

the low-spin analogue 29, which is easy to understand, as the
anionic hydroxo ligand should decrease the ligand field split-
ting Dq at the CoII center. Interestingly, the hydroxide ion pre-
fers the axial position and the aqua moiety is pushed to the
equatorial binding site, hydrogen bonding with the uncoordi-
nated pyridine fragment (Figure 1). This alternative intermedi-
ate 49 is only 4.6 kcal mol�1 higher in energy than 41, indicating
that there exists a viable intermediate with two oxygen based
ligands coordinated in a cis fashion potentially allowing for in-
tramolecular O�O bond forming to be competitive with inter-
molecular O�O bond formation.

Calculated electrochemical properties of 49 are summarized
in Scheme 2. The proton-coupled oxidation 49 to form the 1-

Figure 1. Energetic requirements for replacing pyridine ligand with hydrox-
ide.

Scheme 2. Calculated electrochemical properties of 49.
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electron oxidized intermediate 112 is predicted to be 0.489 V,
which is nearly identical to the 0.456 V for the analogous oxi-
dation of 41. The potential for oxidizing 112 is found to be
1.481 V, which is notably higher than the oxidation potential of
1.332 V calculated for 12, but this value is still sufficiently close
to the experimentally determined peak potential of ~1.43 V
and we cannot rule out a mechanistically relevant role of the
intermediate 49 ; complex 215 may therefore be a suitable can-
didate for promoting the intramolecular formation of the O�O
bond. Thermodynamically, 215 is only 8.83 kcal mol�1 higher in
energy than 23, the analogous fully oxidized CoIV complex with
all five Co-pyridyl bonds intact.

Mechanism of O�O bond formation

Experimental kinetics studies were consistent with a mecha-
nism that was first order with respect to both catalyst and hy-
droxide concentrations,[32] thus discounting a radical coupling
mechanism between two cobalt oxo species. Therefore, we fo-
cused our efforts on two principal scenarios: intermolecular
nucleophilic attack of water or hydroxide on the [CoIVPO]2+

species 23 or an intramolecular coupling between the oxo and
hydroxyl ligands in 215. Although 215 starts initially at a higher
energy for forming the O�O bond, there is no translational en-
tropy penalty for the intramolecular O�O coupling, which may
provide a sufficient amount of energy to render the intramo-
lecular mechanism competitive. Figure 2 compares the inter-
and intramolecular routes on both the doublet and quartet

surfaces. The intermolecular pathways are shown as solid lines,
whereas the intramolecular mechanisms are represented by
broken lines. The doublet surface is shown in gray and the
quartet surface is given in black. The lowest energy pathway is
an intermolecular nucleophilic attack of hydroxide on the quar-
tet spin surface with a solution phase activation free energy of
21.1 kcal mol�1. The calculated transition state 43-TS is shown
in Figure 3. The O�O distance in the transition state is 2.439 �
and the hydroxide attacks the Co-oxygen atom in a “side-on”
fashion, maintaining some hydrogen-bonding character. The
analogous transition state on the doublet surface was found to
be mechanistically irrelevant with a barrier of 33.2 kcal mol�1.
Not surprisingly, the CoII-d7 center in the final hydroperoxo
product prefers the high-spin configuration and 416 is 10.7 kcal
mol�1 lower in energy than its low-spin analogue 216.

The barrier for the intramolecular coupling of the hydroxyl
and oxo ligands in 415 is calculated to be 29.9 kcal
mol�1. Coincidentally, this barrier is equivalent to the
sum of the intermolecular O�O coupling barrier of
21.1 kcal mol�1 and the preparation energy of species
215 of 8.8 kcal mol�1, suggesting that an intramolecu-
lar O�O bond formation event could take place if
a ligand could be designed permitting two oxygen-
containing ligands to occupy two cis positions while
stabilizing the highly reactive CoIV metal center. In
other words, the inter and intramolecular O�O cou-
pling transition states are energetically equivalent in
principle and the intermolecular mechanism is pre-
ferred in this case because of the non-productive
energy penalty caused by the coordination of the hy-
droxide reactant. Interestingly, both the doublet and
quartet states give nearly identical barriers of the in-
tramolecular O�O coupling, which is in stark contrast
to the intermolecular coupling, where the quartet
state displays a decisive advantage. In addition to
these plausible O�O coupling mechanisms, we also
considered an intermolecular nucleophilic attack of
a hydroxide ion on [CoIV(O)(OH)2]2 + , 214, which is the
conjugate acid of 215 and explored if nucleophilic
attack of a water molecule on 43 provides reasonable
barriers. We found that the barriers are much too
high with the former being at 32.6 and the latter at
41.0 kcal mol�1. Thus, these reaction pathways can be
excluded from further consideration.

Figure 2. Energy profile for the formation of the O�O bond.

Figure 3. Structure of 43-TS.
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Electronic structure

The DFT-optimized structures and schematic representations of
the molecular orbital (MO) diagrams for the initial [CoII�OH2]2 +

complex 1 as well as the putative [CoIVPO]2 + intermediate 3
are shown in Figure 4. The high-spin and low-spin configura-

tions of the CoII-d7 centered within the approximately octahe-
dral coordination geometry were considered to afford the
quartet and doublet intermediates 41 and 21, respectively.
Complex 41 shows an elongation of the Co–N2 and Co–N4
bonds to 2.256 � that is consistent with a 1st order Jahn–Teller-
like distortion arising from asymmetric occupation of the t2g-
like dxz and dyz orbitals. Complex 43 also exhibits a similar
effect via elongations of the Co�N2 and Co�N4 bond distances
shown in Table 2 to 2.309 � coincident with a contraction of

the Co�O bond length from 1.760 � to 1.637 � in order to re-
lieve the degeneracy of the unevenly occupied eg-like orbitals.

The most difficult step in water oxidation is commonly asso-
ciated with O�O coupling and it is therefore important to un-
derstand how this step is accomplished. Here, the O�O cou-
pling transition state is found at only 21 kcal mol�1, which is re-
markably low. In the “blue dimer”[6] we found previously that
the formally [RuV = O] fragments adopt an electronic structure

that is more consistent with [RuIV�O·] moieties,[37] allowing the
oxyl radical to attack a water molecule with ease. In another
case, redox non-innocent quinone ligands assisted this process
by allowing two Ru-centers to develop [RuIII�O·] character and
engage in intramolecular O�O coupling.[38, 72, 73] Many other sys-
tems[28, 35, 43, 74–78] have been identified with similar electronic

structure patterns and there is now a growing con-
sensus on the role of metal-bound oxyl radicals in
water oxidation. From a fundamental mechanistic
perspective, the catalytic cycle proposed above is un-
usual, because the O�O bond is formed between
a metal-bound oxo and a free hydroxide anion: As
the metal-bound oxos are typically in a (�II) or (�I)
oxidation state, the most natural reaction partner for
an intermolecular O�O coupling is a neutral water
molecule, minimizing the Coulombic repulsions be-
tween the two oxygen atoms. The fact that the O�O
coupling can be accomplished with a barrier of only
21 kcal mol�1, despite the anticipated electrostatically
unfavorable interaction, points to an unusual elec-
tronic structure that must be particularly potent in
oxidizing the hydroxyl reactant.

In good agreement with our previous work, the 23
intermediate is best described as [CoIII�(O·)]2+ , with
a Mulliken spin density of 0.997 on the O atom, indi-
cating a significant oxyl radical character on oxygen.
More interestingly, the intermediate 43 that is the
most active species for O�O bond formation, is a dira-

dicaloid metal–oxene species [CoII�(·O·)]2 + with a spin density
of 1.113 on oxygen. A single unpaired electron can be typically
correlated with a Mulliken population of approximately 0.6;
thus, the terminal oxygen atom can be viewed as adopting
a formal oxidation state of zero, which provides an intuitive
justification for why intermediate 43 reacts readily with the hy-
droxide substrate. Iron-bound oxene has long been recognized
as highly oxidizing, for example in cytochrome P450;[79–82] but
this is the first instance where a cobalt-bound oxene is invoked
in a small complex. The most important frontier orbitals of 43
are shown in Figure 5, in which natural bond orbitals are
used.[83, 84] Among the a-MOs, the five Co-centered d-orbitals
are easily identified; as expected, the dxy, dyz, dxz and dx2 orbitals
are occupied and dy2-z2 is empty. The two lone-pair orbitals of
oxygen, O-px and O-py, are also found to be pure valence lone-
pair orbitals, as illustrated in Figure 5 a. In the b-MO space,
only one purely metal-based d-orbital that is identical to the
a-dxy orbital is occupied, thus indicating that the dxy orbital is
doubly occupied. As shown in Figure 5 b, there are two occu-
pied b-MOs that are derived from the dxz and dyz orbitals with
strong Co�O p-bonding interactions, whereas the correspond-
ing p*-orbitals dominated by O-px and O-py orbitals are empty.
The b-MOs in Figure 5 b constitute the electronic foundation
for the aforementioned Co–oxene character : The highly oxidiz-
ing nature of a CoIV-d5 center in the quartet configuration is ex-
pressed in the ability of the two b-MOs based on the Co-dxz

and dyz orbitals, which would be empty in the quartet CoIV-d5

configuration, to pull the O-px and O-py electrons into the
metal center using the Co�O p-bonding interactions. This b-

Table 2. Calculated M�L bond lengths for 41, 12, 23, and 43 in �.

Bond 41 12 23 43

Co–N1 2.257 2.035 2.056 2.025
Co–N2 2.154 2.006 2.028 2.309
Co–N3 2.256 2.013 2.031 2.026
Co–N4 2.151 1.996 2.032 2.309
Co–N5 2.073 2.007 1.973 1.998
Co–O 2.150 1.842 1.760 1.637

Figure 4. DFT-optimized structures of 41, 12, 23 and 43 with corresponding molecular
orbital occupations.
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electron density distribution leads to the calculated excess of
a-electron density on the terminal oxygen that we have as-
signed to be consistent with a CoII–oxene moiety.

Whereas our interpretation of the electronic structure is
plausible and places the emphasis on deriving an intuitive ex-
planation for the observed chemical reactivity, there are alter-
native ways of interpreting the electronic structure. As is
always the case when computed molecular orbitals are corre-
lated to formal concepts like oxidation states, an equally valid
view may be to insist on a CoIV–oxo assignment invoking an
unusually strong p-donation from the Lewis-basic oxo moiety
into a strongly Lewis-acidic CoIV center in the b-orbital space,
which leads to the spin polarization at the oxygen atom. Both
descriptions are legitimate and valid; we prefer the former de-
scription, as it highlights the basis of the water oxidation reac-
tivity in a more intuitive way. More importantly, both interpre-
tations of the electronic structure highlight the advantage of
utilizing a first-row transition-metal to prepare a redox catalytic
site: Whereas the doublet, low-spin spin state 23 is the lowest
energy configuration, the Co center can access the intermedi-
ate-spin configuration in 43 with essentially no energetic penal-
ty, as discussed above. In light of the electronic structure of
the quartet state described above, this finding is easy to un-
derstand, as the high oxidation state is stabilized by intramo-
lecular electron transfer from the oxygen to the cobalt atoms.
This mechanism in turn allows for maximizing the in situ radi-
caloid character at the oxygen atom by engaging both Co-dp

orbitals at the same time; in second- or third-row analogues
the energetic penalty of accessing such a state is much too
great (see the Supporting Information for details).

Generation and release of 3O2

After forming the O�O bond, two more electrons and one ad-
ditional proton must be removed to complete the catalytic
cycle and produce molecular dioxygen. As the cobalt center
has expended all of its oxidative power to generate the CoII-hy-
droperoxo species, it must be “recharged”, that is, electro-

chemically oxidized. This is a significant, but intrinsic, disad-
vantage of mononuclear water oxidation catalysts in compari-
son to multimetallic systems, in which four oxidizing equiva-
lents can be stored across multiple metal centers. Scheme 3

summarizes the energies of the different possible intermedi-
ates. The CoII–hydroperoxo complex 416 is relatively easy to ox-
idize compared to the first oxidation cycle described above.
Our calculations show that the removal of the first electron is
directly coupled to deprotonation: Among the possible one-
electron oxidized intermediates, the low-spin complex 119 has
the lowest energy with the triplet analogue 319 being 6 kcal
mol�1 higher in energy. The pKa of 119 is computed to be 3.17,
however, and we consequently predict that a proton should
be lost simultaneously with the oxidation at the experimental
condition of pH 9.2. Interestingly, our calculations indicate that
the electronic structure of the oxidized intermediate is most
consistent with a CoII–superoxo species, in which the CoII

center adopts a high-spin d7 configuration. There is a total of
1.3 unpaired electrons distributed over the [O2] fragment to
afford an overall quintet state in the intermediate 520. The
final oxidation is again assisted by intersystem crossing at the
metal to install a low-spin CoII center, which is anti-ferromag-
netically coupled to a loosely bound triplet dioxygen. The oxi-
dation potential of this last step is calculated to be 0.443 V and
is therefore only about 300 mV more positive than the proton-
coupled first oxidation. As all these redox reactions are electro-
chemically irreversible and are likely not Nernstian, none of
these formally computed potentials are likely to be physically
meaningful. Most importantly, all oxidation events in this latter
part of the catalytic cycle are predicted to occur at much more
negative oxidation potential than the onset potential of ~1.3 V

Scheme 3. Energies of the different possible intermediates in the mecha-
nism.

Figure 5. Natural orbitals of intermediate 43, the [CoII–(·O·)]2 + intermediate.
(a) a-MOs; (b) b-MOs.

ChemSusChem 2015, 8, 844 – 852 www.chemsuschem.org � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim850

Full Papers

http://www.chemsuschem.org


discussed above and are therefore expected to progress with-
out much difficulty at the catalytic onset potential. The catalyt-
ic cycle is completed finally with the release of triplet dioxygen
and uptake of a new water substrate to return to the catalyti-
cally competent intermediate 41. These processes are associat-
ed with reasonable energies of �17.4 and + 7.9 kcal mol�1, re-
spectively.

Conclusions

Figure 6 summarizes the mechanism that is most consistent
with our calculations. The resting state 41 is activated by a se-
quence of a proton-coupled single electron oxidation at a com-
puted oxidation potential E�1 of 0.456 V followed by a second

proton-coupled oxidation at 1.332 V to afford intermediate 23.
Whereas 23, is the lowest energy spin-state, the quartet state
lies only 1.1 kcal mol�1 higher in energy, such that intermediate
3 possesses character of both spin states. The diradicaloid
character within the fragment [CoII�(·O·)]2+ in 43 increases the
overall radical character of the oxygen fragment promoting nu-
cleophilic attack of an anionic hydroxide substrate on the for-
mally zero-valent oxygen atom that can be interpreted as
a cobalt–oxene moiety. The spin polarization required for this
unusual electronic structure is enabled by empty d-p orbitals
of the highly oxidizing, formally CoIV-d5 metal center in what
would be an intermediate-spin quartet configuration of the
formally CoIV-d5 center. The structurally rigid Py5 ligand is re-
sponsible for generating a ligand field, in which this highly re-
active state is almost isoenergetic to the low-spin doublet
ground state. We examined both the intra- and intermolecular
O�O bond-forming reaction pathways and found the intermo-
lecular trajectory on the quartet potential energy surface to be
most feasible with a barrier of only 21 kcal mol�1 to form the

CoII-hydroperoxo intermediate. Our calculations suggest that
the remaining two oxidation steps of the overall four-electron
process are much easier to accomplish than the first two and
should complete spontaneously.
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