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The mechanism of oxygen activation at a dicobalt bis-p-hydroxo core is probed by the implementation of synthetic

methods to isolate reaction intermediates. Reduction of a dicobalt(lll,Ill) core ligated by the polypyridyl ligand

dipyridylethane naphthyridine (DPEN) by two electrons and subsequent protonation results in the release of one water

moiety to furnish a dicobalt(ll,Il) center with an open binding site. This reduced core may be independently isolated by

chemical reduction. Variable-temperature 'H NMR and SQUID magnetometry reveal the reduced dicobalt(ll,1)

intermediate to consist of two low spin Co(ll) centers coupled antiferromagnetically. Binding of O, to the open

coordination site of the dicobalt(ll,Il) core results in the production of an oxygen adduct, which is proposed to be a

dicobalt(Il1,111) peroxo. Electrochemical studies show that the addition of two electrons results in cleavage of the 0O-O

bond.

Introduction

Self-healing water splitting catalysts form from the self-
assembly of Co [1,2], Mn [3-5] or Ni [6—8] ions in the presence
of phosphate (P;) or borate (B;) anions. The active sites of the
catalysts are metallate clusters with the exemplar CoP; catalyst
exhibiting cluster sizes of ~10 cobalt atoms [9-11]. The OER
products of isotopically labelled CoP; indicate that the
mechanism of O—O bond formation proceeds, at least in part,
by an intramolecular coupling between oxygens atoms bound
to a binuclear cobalt edge site of the cobaltate catalyst. The
CoP; edge site reactivity may be captured by a dimensionally
reduced minimal model of a diamond Co,(OH), core stabilized
by the six-coordinate dipyridylethane naphthyridine ligand
(DPEN) [12]; and the compound has been discussed as a
mechanistic model for water splitting by CoP; [13]. The energy
stored in water splitting by the oxygen evolution reaction
(OER) may be recovered on demand with a fuel cell thus
furnishing a complete fuels cycle [14]. In the case of the
dicobalt DPEN molecular system, ORR to H,0O is observed
selectively to occur by the 4e” | 4H" PCET reaction when the
proton donor pK, of the system is sufficiently low to result in
appreciable driving force [15,16].
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Scheme 1. Dicobalt(ll1,111) and Dicobalt(Il,Il) DPEN Complexes.
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As the OER and ORR reactions may be thought to be the
microscopic reverse of each other, ORR may inform on OER
and vice Especially important, intermediates
unobservable in one reaction may be captured in the reverse
reaction. For the case of OER in CoP; or molecular cobalt model
compounds, no oxygen intermediate has yet to be observed.
Realizing that the reverse ORR reaction might allow
intermediates of relevance to OER at cobalt catalysts to be
observed, we turned our attention to the reaction of oxygen at
the binuclear site of Co,-DPEN with the goal of capturing
oxygen intermediates. To this end, in this work we utilize an
organic-soluble dicobalt complex (1, Scheme 1), which is
capable of promoting ORR [17]. We implement conditions that
allow coordinatively unsaturated intermediates to be isolated
and their formation to be examined by a combination of CV,
synthetic and spectroscopic techniques. Oxygen binds to a
reduced form of 1 to furnish an adduct that is consistent with
the formation of a peroxo complex as deduced from chemical
reaction studies. Addition of two electrons to this putative
peroxo species results in O—O bond cleavage. These results
demonstrate peroxo as an intermediate in the O—-O bond
cleavage of ORR and accordingly may implicate the peroxo as a
bond-forming oxygen intermediate in OER at dicobalt centres
of CoP; and associated molecular model complexes.

versa.
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Figure 1. Solid-state crystal structure of 1, 50% probability
ellipsoids. DPEN hydrogen atoms, solvent molecules, and anions
removed for clarity. Selected bond distances: d(Col-Co2) = 2.658 A,
d(Col-N1) = 1.897 A, d(Co2-01) = 1.907 A, d(Co1-N2) = 1.906 A,
d(Co1-N3) = 1.901 A, d(Col-N4) = 1.945 A, d(Co2-N5) = 1.932 A,
d(Co2-N6) = 1.902 A, d(Co2-N7) = 1.900 A, £(Col-02-Co2) =
90.374°, £(Co1-03-Co2) = 89.835°.

Results and discussion

Complex 1 was synthesized as previously reported [17] by
metallating the dipyridylethane naphthyridine (DPEN) ligand
with Co(NOs3), in a 1:1 mixture of water and acetone, followed
by oxidation to Co,(lll,Ill) by an excess of H,0,, and finally
heating in acetonitrile to create the bridging acetamidate
ligand. The amide proton is observed in the 'H NMR spectrum
of 1 at 9.1 ppm (Figure S1). Crystals of 1 suitable for X-ray
diffraction were obtained by the vapour diffusion of diethyl
ether into a solution of 1 in acetonitrile. The resulting solid-
state crystal structure of 1, presented in Figure 1, features a
diamond Co,(OH), core with a close Co—Co distance of 2.658 A.

The CV of 1 in acetonitrile (MeCN), under an inert Ar
atmosphere and in the absence of protons, shows a one-
electron reversible reduction at —0.012 V vs. NHE (Figure 2a).
The heterogeneous electron transfer is fast, as the
anodic/cathodic peak separation is consistently 59 mV over a
scan rate range from 0.1to 5V s . The peak height of a such a
Nernstian CV wave is [18],

ip = 0.446nFSC_ |22 (1)
RT

where n = number of electrons transferred, F = Faraday’s
constant, S = electrode surface area, D = diffusion coefficient, v
= scan rate, and C = substrate concentration. The diffusion
coefficient of 1 was determined by diffusion-ordered
spectroscopy (DOSY) NMR (Figure S2) to be 8.5 x 10° em? s
Substituting D into eq. (1) yields as n = 1, establishing that the
CV wave in Figure 2 corresponds to the reversible Co(ll/Ill)
couple.

Figure 3a shows the change in the CV with the titration of
trifluoroacetic acid (TFA, pK, = 12.6 in MeCNw) into a solution
of 1 under anaerobic conditions. A loss of reversibility of the
CV wave is accompanied by an anodic shift of the peak
potential, and an increase in magnitude to twice the
integrated current of the Co(ll,lll) wave (black trace), indicating
a two-electron process with the addition of acid. Indeed, this
two-electron wave (in strong acid) separates to two one-
electron waves in the presence of weaker acid, as shown in

2 | Dalton Transactions, 2018, 47, 1-5
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Figure 2. Cyclic voltammogram of 1 (0.5 mM) in MeCN and 0.1 M n-
BuyNPFg (a) under Ar at scan rates 0.1 (==), 0.2, 0.5, 1, 2, and 5 (==)
Vv s_l, (b) in the presence of 1.62 mM O, with titration of TFA from 0
(=) to 100 (==) MM at a scan rate of 0.1V s
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Figure 3. CV of 1 (0.5 mM) in MeCN and 0.1 M n-BusNPFg under Ar
in the presence of increasing concentrations of (a) TFA from O (=)
to 50 (==) mM and (b) AcOH from O (=) to 100 (==) mMM; v=0.1V s~
1

Figure 3b for 1 in the presence of AcOH. Whereas the first
reduction wave is invariant with acid concentration, the
second reduction wave is broad suggesting a kinetic control by
electron transfer but it shifts to more anodic potentials with an
increase in acid concentration, suggesting the involvement of a
proton transfer upon the addition of the second electron.
These observations are consistent with the concomitant
transfer of one proton and two electrons to 1 where the
transfer of a proton and the second electron are concerted.
The E(EC) mechanism for the reduction of 1 in the absence of
oxygen is captured by simulations of the CV using DigiElch
software [20] for the weak (AcOH) and strong (TFA) acid; as
shown in Figure S3, simulated CV waveforms are well-matched
to the experimental CVs.

The current of the cathodic CV of 1 in TFA increases upon
the addition of O, (Figure 2b). The CVs do not have the
characteristic S-shaped form of a rate-limiting catalytic
process, but rather the waveform is peak-shaped, indicating a
diffusion-controlled, substrate limiting process [21,22]. The
increase of i,(ORR) over j,(1) by a factor of ~4 implies that 1
binds and activates O, in the presence of acid in an overall four
electron process (vide infra).

Synthetic Isolation of Reaction Intermediates. The doubly
reduced, singly protonated compound implied by the CVs in
Figure 3 was isolated synthetically. A stoichiometric quantity of

This journal is © The Royal Society of Chemistry 2018

Page 2 of 5



Dalton Transactions

(@) D b)

g NET) NG)

\ /
\ Co2) Co(ty/

Figure 4. Solid-state crystal structure of 2, 50% probability
ellipsoids. DPEN hydrogen atoms, solvent molecules, and anions
removed for clarity. Selected bond distances: d(Col-Co2) = 2.438
A, d(Co1-N1) = 1.905 A, d(Co2-01) = 1.907 A, d(Col-N2) = 1.915
A, d(Co1-N3) = 2.032 A, d(Co1-N4) = 1.927 A, d(Co2-N5) = 1.917
A, d(Co2-N6) = 2.008 A, d(Co2-N7) = 1.921 A, £(Co1-02-Co2) =
80.400°.

lithium triethylborohydride (LiHBEt;, superhydride) was added
dropwise to a solution of 1 in DMF, and over the course of two
days the solution changed from orange to dark green. The
reduced compound (2) could also be obtained by the reduction
of 1 with two equivalents of decamethylcobaltocene in the
presence of one equivalent of protonated DMF. Dark green
crystals of 2 suitable for X-ray diffraction were obtained by
vapour diffusion of diethyl ether into MeCN. The structure of
2, shown in Figure 4, indicates that one bridging hydroxo
moiety is lost upon reduction of the Co,(lll,lll) core with two
Co—N distances increasing from ~1.9 to ~2.0 A and a decrease
in the Co—Co distance from 2.658 A in 1to0 2.438 A in 2.

The 'H NMR of 2 exhibits sharp peaks but is
paramagnetically shifted as compared to that of 1 (Figure S1).
The paramagnetism of the complex was probed with variable
temperature 'H NMR (Figures 5a and 5b). As the temperature
is increased from 25 to 85 °C, all peaks broaden and the peak
at 6.6 ppm, assigned to the acetamidate N—H proton, is
paramagnetically shifted upfield. This observation is consistent
with thermal population of the triplet ferromagnetically
coupled state from a singlet ground state of 2, arising from
antiferromagnetic coupling within the Co,(ll,ll) centre. The
energy separation between the singlet and triplet states (AE;_s)
may be determined from fitting the N—H proton paramagnetic
shift versus temperature according to eq. 3 [23,24],

gBe aS(S+ 1)
InNPN KT » 3)

)
RT

A AE;_ of 11.01 kJ/mol (919 cm™) is obtained from fitting eq.
(3) (Figure 5b). From this energy separation, the population of
the triplet state, as may be determined from the Boltzmann
distribution,

NS eXp( KT ) @

8 (ppm) = é‘singlet +10°

x[3+exp<
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Figure 5. (a) Variable temperature (VT) 'H NMR of 2 in DMSO-dg,
from 25 to 85 °C. (b) NMR shift of the acetamidate N—H proton
versus temperature (blue squares) with a curvilinear fit to eq 3
(black line). (c) SQUID magnetometry for a solid sample of 2, fit
toeq5.
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Figure 6. (a) Spectroelectrochemistry of 1 in MeCN (1 mM) in the
presence of TFA (1.5 mM), under an applied potential of —0.4 V vs.
NHE. (b) UV-vis absorption spectra of chemically and
electrochemically reduced 1: chemical reduction (2) in DMF (dotted
green trace) and the final spectrum obtained in
spectroelectrochemistry (solid green trace) in DMF.

is 3.5% triplet state at room temperature. An independent
measure of AE;s was provided by SQUID magnetometry
measurements (Figure 5c) of 2. Fitting xT plots with the
Hamiltonian,

H=—]SySp+B(Sa~9a+3p9s) B (5)

using the PHI software package [25], yields a AE;_s of 10.67
kJ/mol (892 cm'l) [26], which agrees well with the energy
separation measured from VT NMR data.

To correlate the chemical reduction and electrochemical
reductions, spectroelectrochemistry was performed on the
electrochemical reduction of 1 (Figure 6a). In the presence of a
slight excess of TFA and an applied cathodic potential of —0.4 V
vs. NHE, the spectrum of 1 converts in 15 min to the spectrum
shown in green. This spectrum is consistent with that of the
chemically reduced compound 2 (Figure 6b) confirming that
chemically isolated 2 represents the same product obtained in
anaerobic electrochemical reduction in the presence of TFA.
Thus the reduction (electrochemical and chemical) of 1 in the
presence of acid is consistent with the following reaction
sequence,

Dalton Transactions, 2018, 47, 1-5 | 3
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Figure 7. UV-vis absorption spectra of O, binding (a) to 2 in DMF
and (b) to electrochemically reduced 1 in DMF.

H
0.,

e, H" “Coll
0

“Coll S colt™* ool I
- == ~Nn 0 > Co

H
COIH. \OI,

~o

H

1 2

The ability to isolate the two-electron and coordinatively
unsaturated intermediate 2 presents a unique opportunity to
examine ORR intermediates. When a solution of 2 in DMF is
exposed to O, at room temperature, the solution changes
from dark green to orange over the course of 4 h, as followed
by UV-vis absorption spectroscopy in Figure 7a. In the first
three hours, the spectrum exhibits an overall decrease in
intensity with clear isosbestic points to yield an intermediate
with bands at 370 and 420 nm (Figure 7a, blue trace). This
intermediate cleanly converts in 1 h to the final spectrum of
compound 3, which exhibits a band at 360 nm (Figure 7a,
orange trace); in DMSO, the intermediate with two bands is
observed after 5 h and is stable without conversion to the final
product (i.e. orange spectrum). The same final spectrum was
also obtained by electrochemically reducing 1 in the presence
of TFA in DMF by bulk electrolysis at —0.4 V vs. NHE followed
by the addition of O, (Figure 7b); the low overpotential allows
ORR to be arrested and 3 obtained. Additionally, the spectrum
of 3 was obtained by the direct reaction of 1 in DMF with 20
equiv of urea hydrogen peroxide (UHP) at room temperature
for 1 h (Figure S6); UHP provides a direct source of peroxide as
well as protons, in the absence of water. Compound 3 may be
obtained as a solid by removing DMF in vacuo and dissolving
the orange solid in MeCN, followed by vapour diffusion of
diethyl ether into the MeCN solution. Crystals of 3 were
obtained but did not diffract. The "H NMR of 3 appears as a
diamagnetic compound and its spectrum is very similar to the
diamagnetic Co,(lll,Ill) 1 species (Figure S1). As observed by
UV-is spectroscopy, 'H NMR (Figure S4) shows conversion of 2
to 3 in 5 h. In the absence of protons, CV measurements on
the intermediate under inert N, conditions. A reversible one
electron reduction peak is observed at —0.006 V vs. NHE. When
TFA is added to solution, the reduction becomes irreversible
and the wave shifts anodically (Figure S7a), consistent with
breaking an O—O bond. The overall CV and this anodic shift of
3 in the presence of TFA is similar to that obtained for the CV
of 1 under ORR conditions of TFA and O, (Figure S7b).

That 3 can be obtained independently by direct reaction of
1 with UHP is in line with the speciation of 3 as a Co,(lll,Il1)
peroxo. X-ray photoelectron spectroscopy (XPS) spectra are

4 | Dalton Transactions, 2018, 47, 1-5

consistent with a Co,(lll,lll) centre for 3. Figure S5 shows the
Co 2p spectrum for complex 3 alongside those of 1 and 2 as
authentic Co,(lI,111) and Co,(ll,Il) samples, respectively. The
edge shift of 3 matches that of 1. Moreover, the characteristic
broad “shake-up” satellite features [27] at higher binding
energies in 2 at ca. 786 and 803 eV are absent in 3.
Characterization of the vibrational spectrum of the adduct is
obviated by intense vibrations associated with the ligand.
Peroxide O—O stretches appear between 700-1000 cm™ [28],
but any possible vibrational signatures in this region are
obscured by intense ligand stretches, most prominently
appearing at 840 cm™" [29].

Density functional theory (DFT) calculations with the B3LYP
functional and 6-311G(d,p) basis set in an implicit CPCM
acetonitrile solvation environment support a stable u-nl-nl-
peroxo-Co,(llLIII) complex (Figure S8). To determine the
binding orientation of the nonplanar peroxo, configurations
with the O, unit pointing upwards towards either the
acetamidate N or O were evaluated with the former structure
slightly lower in energy by 2.9 kl/mol, suggesting that both
configurations are viable at room temperature.

On the basis of the absorption spectrum of the dicobalt O,
adduct 3 would appear to be most closely aligned to a u-nl-nl-
peroxo with a nonplanar Co—0-0—-Co unit [30-33] as
suggested by the DFT calculations. The UV-vis absorption
spectra of such u-r]l-r]l-peroxos exhibit a weak band in the
300-400 nm region, attributed to the 022_(n*) to metal-based
orbital LMCT transition, broadened by the excitation of
multiple vibrational modes. The putative peroxo species,
shows a band at 360 nm with an extinction coefficient of
~2500 M7 em™ Bipyridine
ligated dicobalt centers bridged by a cis u-nl-nl-peroxo and a
hydroxide are characterized by a 390 nm absorption band [33—
35]. Systems that do not bear a hydroxo moiety but do possess
a structurally characterized u-nl-nl-peroxo spanning two
dicobalt centers show a bands in the 350-370 nm spectral
region [36,37]. In the latter work, the electronic properties of a
bridging acetate ligand, akin to the bridging acetamide in this
work, cause a red shift in the LMCT absorption of the peroxo.
As the electron donicity of the bridging ligand is attenuated
the band shifts from 350 nm (7700 M cm_l) to 370 nm (9700
M cm_l). The acetate compound, which is most similar to the
acetamidate, shows an absorbance of 350 nm for the peroxo
LMCT.

, to relevant literature values.

Conclusions

Dicobalt dipyridylethane naphthyridine (DPEN) is a
dimensionally reduced minimalist model of the self-healing
CoP; water-splitting catalyst. The complex has captured the
edge site equilibrium reactions involving P; that deliver the
open coordination sites needed for the intramolecular O—0O
bond forming reaction of CoP; as identified by o) isotope
studies [12]. The open edge coordination site has been shown
here in the dicobalt model to support the binding of O,,
leading to O—O bond cleavage. Inasmuch as the O—O bond
forming of OER is the microscopic reverse of O—O bond

This journal is © The Royal Society of Chemistry 2018
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breaking of ORR, our results suggest that peroxo species may
be possible in the OER chemistry of CoP;.
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