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Water oxidation catalysed by a mononuclear CoII polypyridine 
complex; possible reaction intermediates and the role of the 
chloride ligand 
Biswanath Das, Andreas Orthaber, Sascha Ott*, and Anders Thapper*

A mononuclear cobalt(II) complex as a homogeneous molecular 
catalyst for photochemically, electrochemically and chemically 
induced oxygen evolution reactions is presented. Experimental 
evidence points towards the presence of a chloride ligand at the 
cobalt centre throughout the catalytic cycle, and the temporary 
detachment of a pyridine ligand to open a coordination site for 
substrate binding. 

The increasing problems associated with non-renewable energy 
sources have encouraged researchers to look for methods that can 
convert sunlight, an abundant energy source, to a chemical fuel. 
This could for example be achieved by splitting water to hydrogen 
and oxygen. The oxidative part of water splitting involves a four 
electron, four proton processes (eqn 1). In nature it is the Mn4Ca 
core of the oxygen evolving centre in PSII that does this formidable 
job, using sunlight as the only energy input.1 

 
The blue dimer, a diruthenium(III) complex [(bpy)2(OH2)RuIII–O–
RuIII(OH2)(bpy)2]4+, reported by Meyer et al. in 1982 opened up the 
field of small molecular units as water oxidation catalysts.2 
Thereafter, a large number of ruthenium and iridium complexes 
have been reported that show in some cases very promising water 
oxidation capabilities.3 It is now well established that even 
mononuclear ruthenium and iridium complexes with robust ligand 
environment can act as catalysts for water oxidation.3f-i 
While important catalysis principles can be studied in these 
catalysts, their large scale use is precluded because of the scarce 
nature of these noble metal complexes. In contrast, catalysts based 
on first row transition metals could be implemented in large scale 
applications as they are cheap, nontoxic and earth abundant. In this 
respect cobalt complexes have attracted attention, and a handful of 
them have been reported as water oxidation catalysts. These 
include molecular mononuclear complexes,4 dinuclear complexes,5 
Co4O4 cubanes,6 and tetracobalt polyoxometallates.7 In order to 
arrive at a stable and efficient catalyst it is essential to find a robust 
ligand system that can hold the metal centre firmly and does not 
undergo self-oxidation in the oxidizing environment.4a Moreover, 
there must be at least one labile ligand at the metal to allow for 

substrate water binding.4a Polypyridyl ligands have the potential to 
be used in this respect, but there are only a few examples of CoII 
polypyridyl complexes reported to catalyse water oxidation thus 
far.4a,4c,5 On the basis of pH dependent electrochemical studies of 
the mononuclear CoII complex {[CoII(Py5)(OH2)](ClO4)2} (Py5 = 2,6-
bis(methoxydi(pyridin-2-yl)methyl)pyridine) in the pH range 7.6-10, 
Wasylenko et al. have demonstrated that the complex acts as an 
electrocatalyst for water oxidation and proposed a possible 
pathway for oxygen evolution where the O-O bond forms through a 
nucleophilic attack by an incoming water/hydroxide substrate on a 
CoIV-hydroxy/oxo species to give a CoIV–peroxide complex.4a  
Very recently, Crandell et al. have presented theoretical studies on 
the catalytic cycle of water oxidation catalysed by the same 
{[CoII(Py5)(OH2)](ClO4)2} complex. The spin quartet CoIV-oxyl 
complex has been proposed to be the catalytically most active 
species which undergoes nucleophilic attack by a hydroxide ion on 
the oxyl moiety to form a CoII-peroxy intermediate, followed by 
oxygen evolution.8 

 
Scheme 1. Synthesis of [CoII(Py5OH)(Cl)](BF4) (2). 

Inspired by these results, we have chosen Py5OH (1) (Scheme 1) as 
a robust, polydentate ligand framework to coordinate the Co 
centre. In contrast to the Py5 ligand reported by Wasylenko et al,4a 
ligand 1 features free OH groups which can be used as a starting 
point for further functionalization e. g. by linking anchoring groups 
for surface immobilization. Herein, we present the synthesis and 
characterization of the CoII complex of 1, [CoII(1)Cl](BF4) (2), isolated 
with a chloride as the sixth ligand (Figure S1). Complex 2 has been 
investigated in electrochemical, photochemical and chemical water 
oxidation and oxygen evolution reactions. A combination of ESI-MS, 
UV-Vis, and EPR (electron paramagnetic resonance) spectroscopy 
allows us to propose a possible oxygen evolution mechanism 
(Scheme 2) where the chloride ligand stays coordinated to the 
metal and the coordination of the Py5OH ligand adapts during 
catalysis to allow binding of the substrate. 
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The pentapyridylcarbinol ligand (1) was prepared by the reaction of 
2-bromopyridine, 2,6-pyridine dicarboxylic acid chloride and n-butyl 
lithium following the procedure reported by Jonas et al.9 The 
mononuclear cobalt(II) complex 2 was obtained as a brown 
precipitate by adding one equivalent of Co(BF4)2 to a methanol 
solution of 1, followed by the addition of one equivalent NaCl 
(Scheme 1). The brown precipitate was dissolved in a 10:1 CH3CN-
toluene mixture and slow evaporation of the solvents over a period 
of seven days produced shining brown black crystals of 2 of X-ray 
diffraction quality. The X-ray crystal structure of 2 (Fig. S1 and Table 
S1) reveals that the CoII ion is firmly held by the pentadentate ligand 
with a Co-N (central pyridine) distance of 2.12(1) Å whereas the 
average Co-N distance for the other pyridine moieties is 2.14(1) Å. 
The two hydroxyl groups of the ligand stay at a Co···O distance of 
more than 4.5 Å, presenting no plausible direct interaction with the 
metal centre. The sixth coordination site of the CoII ion is occupied 
by a chloride ion with Co-Cl distance of 2.44(2) Å.  

 
Fig. 1 Cyclic voltammetry of 2 (0.5 mM, pH 9 (green), pH 8 (red)) in 0.2 M 
borate buffer, and the buffers alone (pH 9 (blue), pH 8 (black)) at a scan rate 
of 50 mV s−1 under Ar atmosphere with a 3 mm glassy carbon working 
electrode, a glassy carbon rod counter electrode, and a Ag/AgCl (with 
saturated KCl aqueous solution) reference electrode. 

The UV-Vis spectrum of a solution of complex 2 (0.5 mM) in a 
borate buffer (pH 8) shows a broad absorption shoulder at 485 nm 
(Fig. S2a). The EPR spectrum at 7 K shows an axial EPR signal with g 
values of 4.5 and 2.1 suggesting the presence of a high spin Co(II) 
centre (Fig. S3). The ESI-MS shows characteristic mass peaks at m/Z 
= 253.1 ([M+−Cl−]/2)2+, 505.1 ([M+−Cl−]) and 541.1 ([M+]) in the 
positive detection mode (Fig. S4). These results show that 2 stays as 
a mononuclear complex in aqueous solution, and that the chloride 
ligand is not substituted by water. 
The cyclic voltammetry of 2 in borate buffer (pH 8 and 9) is shown 
in Figure 1. A first quasi-reversible oxidation is found around 0.9V–
1.0V (vs NHE), and is followed by a catalytic water oxidation wave at 
1.2V-1.3V. This indicates that 2 can be effective as catalyst for water 
oxidation in the presence of photo-generated [Ru(bpy)3]3+ as 
oxidant (Eox = 1.3 V vs. NHE).4c, 5a The overpotential for water 
oxidation in the presence of 2 is 540 and 510 mV at pH 8 and 9, 
respectively,† very similar to that reported by Wasylenko et al. for 
[Co(Py5)(OH2)](ClO4)2 at pH 9.2 (500 mV; 0.1 M phosphate buffer).4a  
Light-driven water oxidation using 2 (0-10 µM) as catalyst was 
investigated in the borate buffer (pH 8) in the presence of 
[Ru(bpy)3]2+ as photosensitizer and S2O8

2- as sacrificial electron 
acceptor.10 Under illumination build-up of [RuIII(bpy)3]3+ can be 
observed at 675 nm (Fig. S5), and photoproduction of oxidant is 
thus not limiting catalysis. Upon illumination oxygen evolution was 

observed with a turnover frequency (TOF) of 1.3±0.2 
mol(O2)mol(2)−1s−1 and a maximal turnover number (TON) of 51±3 
mol(O2)mol(2)−1 (Fig. 2). The rate of oxygen evolution scales linearly 
with the concentration of 2 under the experimental condition (0–10 
µM of 2) (Fig. 2, inset).  

 
Fig. 2 Light-induced water oxidation in a solution (1 mL) containing 2 (0, 1.0 
μM, 2.0 μM, 5.0 μM, and 10.0 μM), [RuII(bpy)3](ClO4)2 (0.15 mM), and 
Na2S2O8 (3 mM) in borate buffer (0.1 M, pH 8). The Clark cell was kept 
constant at 20.1 °C, and the system was irradiated using LEDs 
(λ=470±10 nm, 820 μE cm−2 s−1). The arrow indicates the start of the 
illumination. Inset: plot of oxygen evolution initial velocities (v) versus [2]. 
The rate, v, is calculated in the linear part of the oxygen evolution curves 
during the first 30 s of illumination. 

Catalytic activity for water oxidation of 2 using chemical oxidation 
was also investigated. A freshly prepared aqueous solution of 
[Ru(bpy)3]3+ was added to a solution of 2 (2 µM) in borate buffer 
(pH 8) giving an initial Co to RuIII molar ratio of 1:100 (Fig. S6a). A 
TON of 15±1 mol(O2) mol(2)−1 was observed, equivalent to a yield of 
~60%. In a separate experiment a second addition of RuIII triggered 
more oxygen evolution at a lower rate (Fig. S6b) demonstrating that 
the catalyst was still active at the end of the oxygen evolution. 
The molecular integrity of 2 was investigated after oxidation with 
10 eq of RuIII. The addition of RuIII led to oxygen evolution 
corresponding to ~1.5 mol(O2) mol(2)−1, i.e. a yield similar to when 
100 eq Ru was used. Using ESI-MS we could detect peaks after the 
reaction corresponding to the presence of 2 (m/Z = 253, 505, and 
541, Fig. S7). The integrity of the catalyst was also confirmed using 
dynamic light scattering (DLS) in borate buffer between pH 7.5–10, 
before and after illumination. No nanoparticle formation (1 nm–
1000 nm) was observed in any of the samples prepared at pH <10. 
In contrast, at pH 10, the experiment after illumination shows 
distinct nanoparticle formation (of average hydrodynamic radius 
~90nm) (Fig. S8). 
Initial attempts to obtain further insights into intermediates that 
are involved in the catalytic cycle were conducted in borate buffer 
at pH 8. Addition of 5 eq of [RuIII(bpy)3]3+ to 2 results in quantitative 
oxidation of the sample as evidenced by the disappearance of the 
CoII signal in the EPR spectra at 7 K. Interestingly, the generated 
sample is EPR-silent (Fig. S3) which indicates the absence of any 
CoIV species and the presence of a low spin CoIII complex as the 
dominating species under these conditions.  
Since no oxidation states of the catalyst higher than +III could be 
observed in aqueous media, the oxidation of 2 was further studied 
in CH3CN, i.e. a solvent that is not the substrate for the catalyst. 
Oxidations were performed using m-CPBA, a chemical oxidant 
which can also transfer an oxygen atom to the metal center. 
Although the pathway for water oxidation and oxygen evolution 
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catalysed by 2 may be different in the two types of experiments, we 
argue that m-CPBA induced oxidation studies can be used to 
improve the understanding of key features in the catalytic cycle.  
The EPR spectrum of 2 at 7 K in frozen CH3CN shows an axial EPR 
signal very similar to that observed in borate buffer with g values of 
4.5 and 2.1 (Fig. S9). ESI-MS of the CH3CN solution shows the same 
mass peaks at m/Z = 253.1 ([M+−Cl−]/2), 505.1 ([M+−Cl−−H+]) and 
541.1 ([M+]) as in aqueous solution (Fig. S4b), confirming the 
integrity of 2 in CH3CN. A cyclic voltammogram of 2 in CH3CN shows 
two quasi reversible redox waves at 0.65 and 1.05 V vs. NHE 
corresponding to the Co(III)/Co(II)11 and Co(IV)/Co(III) redox 
couples, respectively (Fig. S10).  
Interestingly, the UV-Vis spectrum of the greenish-blue CH3CN 
solution of 2 (0.5 mM) shows two distinct absorption bands with 
maxima at 588 (ε = 860 M−1 cm−1) and 685 nm (ε = 1180 M−1 cm−1) 
and a shoulder at 660 nm (ε = ~1020 M−1 cm−1), and is thus very 
different from the spectrum in borate buffer (Fig. 3). Addition of 2 
eq of AgBF4 to a CH3CN solution of 2 (0.5 mM) results in substitution 
of the chloride ligand by a solvent molecule and the formation of 
[CoII(Py5OH)(CH3CN)]2+ (3). This transformation can be followed by 
the disappearance of the ESI-MS peak for 2 at 541.1 
([CoII(Py5OH)(Cl)]+) and the emergence of a new peak at 548.5 
(m/Z) ([CoII(Py5OH)(CH3CN)]+-H+) (Fig. S11). Ligand substitution 
from chloride to CH3CN is also characterized by the disappearance 
of the distinct features in the UV-Vis spectrum of 2 at 588 nm and 
685 nm and the appearance of a broad absorption at 505 nm (Fig. 
S2b). The sharp bands in the UV-vis spectrum of 2 in CH3CN are thus 
markers for the presence of the chloride ligand at the CoII centre.  

 
Fig. 3 UV-visible spectra of 2 (0.5 mM) in CH3CN before (black) and after 
addition of 10 eq of m-CPBA (red). Inset: Recovery of 2 over a period of 2 h. 

Upon addition of 10 eq m-CPBA to a CH3CN solution of 2, the sharp 
peaks at 588 and 685 nm disappear and a broad absorption with a 
maximum at 585 nm (ε ~ 360 M−1 cm−1) emerges (2ox red trace, Fig. 
3). Within one minute after addition of m-CPBA, the initially 
obtained spectrum of 2ox changes and starts to revert back to the 
characteristic spectrum of 2 over a timescale of 2 h.  
After the first minute, the spectral changes have clear isosbestic 
points at 570, 615 and 725 nm (Fig. 3, inset) which is indicative for 
the formation of 2 and the absence of any intermediate that would 
be stable on these timescales.‡ ESI-MS investigations of the 
yellowish brown solution of 2ox at rapid positive detection mode 
shows a major peak at 522.1, which corresponds to 
[CoIII(O)(Py5OH)]+ and an additional peak at 261.6 that can be 
assigned to [CoIII(OH)(Py5OH)]2+ (Fig. S4c). Addition of 2 V% water 
to 2ox leads to faster regeneration of the spectral features 
associated with 2, indicating that the active intermediate after 
addition of m-CPBA can utilize water as a substrate. Oxygen 

evolution induced by the addition of 10 eq of m-CPBA to CH3CN 
solutions of 2 in the presence of 2 V% water was monitored by a 
Clark electrode (Fig. S12a), and a quantitative amount of oxygen 
(TON ~5 mol O2/mol 2) could be detected. It is important to note 
that the chloride ligand is present at the CoII centre also after 
catalytic turnover. 
Addition of 10 eq of m-CPBA to a solution of the CH3CN complex 3 
results in the formation of a new species 3ox with broad absorption 
bands at 520 nm and 785 nm in its UV-VIS spectrum (Fig. S13a). ESI-
MS spectra in rapid positive detection mode of 3ox show a distinct 
peak at 1024.8 (m/Z) (inset of Fig. S13b). This peak is assigned to an 
oxo-bridged dinuclear CoIII species [(Py5OH)CoIII(O)CoIII(Py5OH)-

3H+]. A multi-step regeneration of 3 (absorbance at 505 nm) can be 
observed during 30 min after the addition of m-CPBA (Fig. S13b) 
producing at least one more species with absorption in the NIR 
region (900-1000 nm). A second addition of m-CPBA after 30 min 
again leads to the formation of 3ox but with lower concentration. 
Oxygen evolution induced by 10 eq of m-CPBA in the presence of 
2V% water and in situ generated 3 (Fig. S12b) proceeds in much 
lower yield as compared to the analogous experiment with 2, and 
only 1.5 mol O2/mol 3 can be detected.  
These experiments clearly show that the presence of the chloride 
ion in the primary coordination sphere of the Co centre is important 
for oxygen evolution induced by m-CPBA. In the presence of the 
chloride, the reaction proceeds smoothly and oxygen is evolved 
quantitatively. The chloride appears to be coordinated throughout 
the reaction as 2 is regenerated after catalytic turnover. In contrast, 
when the chloride is absent, a relatively stable bridged dinuclear 
species accumulates in the reaction mixture and can be detected 
during the oxygen evolution reaction (Fig. S13 and Scheme 2).  

 
Scheme 2 Proposed pathways for oxidation of 2 and 3 using m-CPBA. X is a 
labile ligand, probably MeCN. 

The presence of the chloride ligand throughout the catalytic cycle 
requires the temporary detachment of a pyridine ligand to liberate 
a coordination site for substrate binding. We suggest that one of 
the four equatorial pyridine arms detaches during catalysis and re-
binds after turnover (Scheme 2). This type of adaptive ligand 
coordination is unusual, but has recently been proposed to explain 
the water oxidation activity of a dinuclear cobalt complex.5d A 
similar detachment of an equatorial pyridine to allow the 
coordination of an hydroxide ion has also been proposed by 
Crandell et al. in a theoretical study on the closely related Co(Py5) 
complex.8 In comparison to Co(Py5) where the sixth coordination 
site is occupied by a water molecule, the higher donor strength of 
the chloride in 2 could energetically facilitate the detachment of 
one of the equatorial pyridine ligands. 
Having established the importance of the chloride ligand for facile 
catalysis in CH3CN, a similar investigation was conducted in water. 
Also in water, removal of the chloride in 2 can be achieved by the 
addition of AgBF4, and followed by the evolution of a UV-Vis 
spectrum with an absorption maximum at 505 nm (Fig. S2a). This 
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spectrum is very similar to that of the corresponding species 3 in 
CH3CN. Moreover, after the reaction of 2 with AgBF4 in water the 
peak at 541.1 ([CoII(Py5OH)(Cl)]+ completely disappears in the mass 
spectrum of 2 (Fig. S14). It is thus clear that the chloride is 
substituted by a water molecule under these conditions, and the 
product is assigned to [CoII(Py5OH)(H2O)](BF4)2 (4). 
Water oxidation activity for 4 was investigated using a freshly 
prepared solution of [RuIII(bpy)3]3+ as chemical oxidant at pH 8 
(borate buffer) with a Co to RuIII ratio of 1:100 (Fig. S6a). Only 6.5 
mol(O2) mol(4)-1 were evolved using 4 as catalyst, equivalent to 
~25 % yield compared to the 60 % yield observed for 2. The 
experiments thus indicate that the presence of the chloride ligand 
plays an important role for water oxidation also in aqueous 
solution. Mechanistically, this implies that a pyridine has to detach 
from the Co centre during the cause of the catalytic cycle to allow 
for substrate binding.  
In conclusion, the efficiency of [CoII(Py5OH)Cl](BF4) (2) for catalytic 
water oxidation and oxygen evolution has been investigated. DLS 
measurements and the regeneration of the characteristic UV-Vis 
spectrum of 2 after m-CPBA induced oxygen evolution confirm the 
molecular integrity of the catalyst during turnover. The importance 
of the chloride ligand as integral component of the catalyst has 
been established, and was found to prevent the formation of a 
dinuclear CoIII

2 species that impedes catalytic turnover in wet 
CH3CN. With the chloride ligand present, complex 2 shows higher 
catalytic activity than in situ generated 3 and 4 that lack the 
chloride ligand. These observations together with ESI-MS 
measurements allow us to propose a mechanism for water 
oxidation catalysed by 2 where the chloride stays coordinated 
during catalysis and one of the pyridine arms detach from the first 
coordination sphere to enable substrate binding (Scheme 2). 
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