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ABSTRACT: The synthesis and characterization of a hexanuclear cobalt complex 1 involving a non-heme ligand system, L1, sup-
ported on a SnsOs stannoxane core are reported. Complex 1 acts as a unique catalyst for dioxygen reduction, whose selectivity can
be changed from a preferential 4¢/4H" dioxygen-reduction (to water) to a 2e/2H" process (to hydrogen peroxide) only by increasing
the temperature from -50 °C to 25 °C. A variety of spectroscopic methods (''°Sn-NMR, Magnetic circular dichroism (MCD), electron
paramagnetic resonance (EPR), SQUID, UV-Vis absorption, and X-ray absorption spectroscopy (XAS) ) coupled with advanced
theoretical calculations has been applied for the unambiguous assignment of the geometric and electronic structure of 1. The mecha-

nism of the O»-reduction reaction has been clarified based on kinetic studies on the overall catalytic reaction as well as each step in
the catalytic cycle and by low-temperature detection of intermediates. The O.-binding to 1 results in the efficient formation of a stable
end-on pi-1,2-peroxodicobalt(Ill) intermediate 2 at -50 °C, followed by a proton-coupled electron-transfer (PCET) reduction to com-
plete the O»-to-2H2O catalytic conversion in an overall 4e/4H" step. In contrast, at higher temperatures (> 20" °C) the constraints
provided by the stannoxane core, makes 2 unstable against a preferential proton-transfer (PT) step, leading to the generation of H2O:

by a 2e/2H" process. The present study provides deep mechanistic insight into the dioxygen reduction process that should serve as
useful and broadly applicable principles for future design of more efficient catalysts in fuel cells.

1. Introduction: Iytic reduction of Oz by metal complexes in homogeneous sys-
The catalytic four-electron reduction of dioxygen (O2) to water tems (using ferrocene derivatives as one-electron reductants and

has tremendous technological significance, particularly in fuel amdls as proto}lll sc.)urces) fha;/le prov1dled deeper 1ns;ght 1111t0 the
cell applications.! For example, in fuel cells, the four-electron catalytic mechanisms of the two-electron and four-electron

reduction of O: is catalyzed at the cathode by platinum impreg- reductions of 2.7 Here, temperature-dependent kinetic studies in
paced n arpen, e e oadings of s ey Ml U] soltion have denifed  dinuclear metal perosorbydroper- 0x0
considerable activity in the development of catalysts based on com})'le%x as a key intermediate, whose s'tablhty and.subse- quent
nonprecious metals.3> Notably, in biology, the Fe-Cu complex reactivity are found to be the controlling factors in thetwo- vs

four-electron reductions of O.. Accordingly, during copper-
mediated dioxygen reduction reactions, Nam, Fuku- zumi, Karlin
and coworkers have shown that subtle differences in the ligand
architecture®® or the strength of the acid used as proton source®®
can significantly alter the geometric and elec- tronic properties of
the Cu(ll)-OOH intermediate, such that the selectivity of the

o ) . system changes from a preferential 4¢ /4H" O>-reduction to the
as a promising candidate for a sustainable and clean energy car- 2e/2H" Os-reduction.

rier.’ For example, H>O; has si%niﬁcant a%plica_.tions asa hié;hly
S

of cytochrome c¢ oxidase catalyzes the reduction of dioxygen
during aerobic respiration.* Therefore, cheap and readily avail-
able transition-metal complexes of Fe, Co, Ni and Cu have the
potential to replace the expensive Pt alloys in fuel cells to me-
diate this reaction. The catalytic two-electron reduction of O2 to
H20: has also attracted considerable interest as H.O: is regarded

efficient and environmentally Benign oxidant in terms of delig- We have recently reported the synthesis of a novel hexanuclear
nification efficiency and the reduction of negative ecological non-heme ligand system, L1, supported on a stannoxane core
impacts. (Scheme 1), and the iron(I) complex {[L1Fes]'?*} which per-
In recent years, several Fe, Co, and Cu based complexes have forms a rare O-O bond formation reaction - the reverse of di-

oxygen reduction.® Theoretical studies have revealed that a Fe—
0O-O-Fe species is formed as an intermediate following the O-
O bond formation step. This result clearly indicates that the
framework of the complex formed by L1 stabilizes the M—O—

been reported as catalysts for the chemical and electrochemical
reduction of dioxygen.® In particular, investigations of the cata-
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O-M structure. Therefore, L1 is also expected to be a suitable
ligand for a dioxygen reducing catalyst. Herein we report the
synthesis and characterization of the corresponding cobalt com-
plex {[L1Cos]'**} and its unprecedented ability to change the
number of electrons in the catalytic reduction of Oz from two to
four by simply changing the reaction temperature. The reasons

why the same catalyst can act in either the two- or four-electron
reduction of Oz in the presence of decamethylferrocene (Fc*) as
a one-electron reductant and trifluoroacetic acid (TFA) as a pro-

ton source are elucidated on the basis of detailed kinetic studies
of the overall catalytic reactions as well as individual catalytic
steps and the characterization of an end-on p-1,2-peroxodico-
balt(IIl) intermediate, which is presumably formed during the
catalytic cycle. The mechanistic insights obtained in this study
should serve as useful and broadly applicable principles for fu-
ture design of more efficient catalysts for the activation of di-

oxygen.

Scheme 1. The syntheses and structure of complex 1. Color code:
nitrogen-blue; carbon-grey; oxygen-red; cobalt-purple; tin-green;
sulfur-yellow; and fluorine-greenish yellow.

Wly
R
ﬁ,ﬁ_:;%}*‘r Co'(OTH),

acetone

2. Results and Discussion:

2.1. Synthesis and Characterization of {{L1Cos|}(CF3SO2)12
1)

Presence of SnsOs core in 1: The molecular structure of L1 has
been reported in our previous communication.® It consists of a

giant-wheel arrangement of the six non-heme ligand units (in-
volving pyrazole and pyridine N-donors) with a drum-like stan-
ﬁ?xfalne EnsCl)s ?_entral core ser%/}ilng asttlllle strufc:lLllral stlf)gortlggr
e e Mo owing The arocatng: e fepdrie

previously for the {[L1Fes]'?"} complex (Scheme 1). Thus, the
reaction of L1 with six eqv. of Co(OTf):in acetone yields the
metalated species 1 as a yellowish-white powder in 55% yield.

The cobalt content of 1, determined by the inductively coupled
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atoms per hexameric ligand, with two triflates associated with

each cobalt (see SI “synthesis and reactivity studies”). Although

ESI-MS and MALDI-TOF experiments to detect the molecular
ion Eeak of 1 were unsuccessful, in the presence of NBusCN the
MALDI-TOF spectrum of 1 in acetone shows a prominent peak

at m/z = 4080.434, whose mass and isotope distribution pattern
is consistent with the molecular formula
{CiesHi80N36018SnsCosNa} * (M+Na) (Figure S9). The infrared

spectrum of 1 depicts a doublet at 1590 and 1607 cm™! for the
carboxyl absorption (vcoo), and a strong band at 626 cm™! as-
signed to vsn.o for the drum core (Figure S10). The correspond-
ing vibrations for L1 (vcoo at 1590 cm™ and 1605 cm™! and vsn-
oat 624 cm™) are only slightly shifted relative to 1, which re-
veals that the S¢ symmetry of the SnsOs core observed for the
molecular structure of L1 is also maintained in 1. Notably, small
alterations in the symmetry of the SnsOs core were previously
shown to result in large shifts of the vcoo and vsno stretches.’
Furthermore, the ?Sn NMR spectrum (Figure S11) of 1 exhib-
its a sharp singlet at -485 ppm (for L1 it was observed at -482.4
ppm).%? which is the characteristic signature for a hexameric
organostannoxane drum containing a SnsOs core. Based on the
ICP-MS, EA, MALDI-TOF, IR and '"?Sn-NMR it can therefore
be safely concluded that the reaction of L1 with Co(OTf)2 leads
to the metalation of the six metal-binding sites without affecting
the structure and symmetry of the drum-like SnsOs central core.
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Figure 1. Left: Magnetization data Mmo/NgP vs. BH/KT for 1 in
applied fields ranging from 1 to 7 Tesla. Raw experimental data are
presented as black symbols and the scaled best fits are shown as
solid gray lines (with the parameters discussed in the text); Right:
EPR spectra of 1 in CH2Clz at 8 K at increasing concentrations (red:
1 mM, purple: 3 mM, blue: 6mM and black: 10 mM).

Non-interacting pentacoordinated cobalt(II) centers in 1 in-
volving two bound triflate anions: While efforts to obtain sin-
gle crystals of 1 were unsuccessful, UV-Visible absorption, EPR,
magnetic susceptibility, magnetic circular dichroism(MCD), as
well as DFT and ab initio studies were performed to establish the
coordination environment and electronic structure of the cobalt
centers in 1.

a) Magnetic Susceptibility Measurements: Magnetic meas-
urements of 1 were performed to evaluate whether or not the
Co(Il) centers interact with one another within the hexanuclear
complex. The magnetization data M,../NgP3 versus BH/LT of 1
was recorded on a Quantum Design MPMS-XL7 SQUID (Su-
perconducting Quantum Interference Device) magnetometer at
fields ranging from 1 to 7 Tesla (Figure 1 left), where Mo rep-
resents molecular magnetization, N is Avogadro’s number, 3 is
the Bohr magneton, H is the magnetic field, £ is the Boltzmann
constant and 7'is the absolute temperature. The collected data was

modeled using the spin Hamiltonian:
H=gBHS + D[S-S(S+1)/3] +E[S*-S?] (1)

where H is the applied magnetic field, g is the g-tensor, S is the
electronic spin, and D and E are the axial and rhombic zero field
splitting parameters that describe the effects of axial and rhom-
bic ligand fields, respectively. The following magnetic param-
eters provided the best simulations for the observed magnetiza-
tion curves: £=0.5 cm™, D=3.5 cm™! (E/D = 0.14) and gis =
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2.23 for a Co(Il) § = 3/2 complex. Small amounts of diamag-
netic impurity (5%) were also taken into consideration to better
fit the magnetization curves. The fits and parameters thus ob-
tained confirm that the cobalt centers of 1 are in an S = 3/2
ground state and suggest that there is negligible interaction be-
tween the Co(Il) centers within the molecule.

b) EPR Measurements: The X-band EPR spectrum of 1 is pre-
sented in Figure 1, right. The observed spectrum appears
slightly rhombic, with gJ' =42 and g" ~ 2.1, which is charac-

teristic of hi%h—sgin Co(I)."% These simulations support an as-
signment of § = 3/2 for the individual cobalt centers of 1. The
presence of this well-formed $=3/2 signal also implies a lack of

interaction between isolated Co(Il) sites within the complex.
Furthermore, to evaluate the possibility of intermolecular inter-
actions, EPR studies varying the concentration of 1 in CH>CL
were performed (Figure 1, right). A directly correlated decrease
in signal intensity with decreasing concentration is found, sup-
porting the conclusion that no considerable intermolecular in-
teractions occur.

¢) Optical studies of 1: With evidence from EPR and magnetic
susceptibility measurements that the Co centers of 1 are non-

interacting, it was highly interesting to probe the excited states

of the complex to gain insight into the electronic structure of the

Co(II) centers. Magnetic circular dichroism is a particularly at-
racuve ecnnique ds 1t nas ne potenual 1 proviae mrormauon
regarding oxidation state, spin state, spin-Hamiltonian parame-

ters, and coordination geometry in addition to resolving elec-
tronic transitions.!! The UV-Vis/NiR absorption and band-de-
convoluted MCD spectra are presented in Figure 2 and Table 1.
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Figure 2. Absorption (a) and MCD spectra (b) of 1. The expansion of
the MCD spectrum in the 29,000-15,000 cm™ range is shown in (c).

Absorption spectra were recorded at varying concentrations in di-
chloromethane. The MCD spectra were acquired at 2 K and 3 T and
subjected to a band deconvolution. See Table 1 for the exact energies

of the Bands 1-7.

The UV-Vis/NiR absorption of 1 presents a variety of
features across a large energy range. At lowest energy, a minute
feature at ~8,600 cm™! (Band 1, Figure 2a) appears with an ex-
tinction coefficient of € = ~2 M~lem™!. Next, a weak shoulder
(Band 2) appears at ~12,600 cm™' with € = ~10 M~'cm™'. This
is followed by a resolved absorption (Band 3) at 21,600 cm™ (g
= ~260 M~'cm™). The remaining spectrum is dominated by a

long, sloping absorption background from the stannoxane core
with several noticeable shoulders which are not present in the
core spectrum (Bands 4-7; Figures 2a and S12). The MCD spec-
trum of 1, shown in Figure 2b, is dominated by a large, positive
feature ranging from ~27,000-37,000 cm™!, which may be sim-
ulated by a minimum of four bands. Lower in energy, a series
of weak features (Bands 3a-3g; see also Table 1) appears from
~17,000-25,000 cm™! as highlighted in Figure 2c. All observed
features exhibit both temperature- and field-dependence, and
therefore must arise through a C-term mechanism. Notably, two
overlapping bands at 19,690 and 20,690 cm™' (bands 3¢ and 3d),
respectively, form a derivative-shaped signal, corresponding to
a pseudo A-term. Furthermore, bands 3f and 3g both exhibit a
more complex temperature dependence than seen for bands 3b-
3e.

Table 1. Summary of the analysis of the absorption and MCD
spectra of 1. Absorption spectra were recorded at room tem-
perature (298 K) in dichloromethane. Reported intensities re-
fer to the MCD spectra recorded from a polystyrene film at 2
Kand 3 T.

Absorption MCD

Band E(cm') e M'em!') Band E (cm™) Intensity Sign

1 8,600 2
2 12,600 10
3a 17,490 1.3 -
3b 18,100 6.7 +
3¢ 19,690 182 +
3 21,600 260 3d 20,690 14.8
3e 21,350 4.9 -
3f 22,670 8.7 +
3g 24,070 7.7 +
4 29,700 380 4a 29,490 51.5 +
4b 31,340 229 +
5 32,600 650 Sa 32,970 268.8 +

Sb 34,7770 114 +
6 37,200 4,400

7 38,900 5,800 38,460 16.5 -

O

96 keal/mol 0 keal/mol

eke‘\f(

248 keal/mol

Figure 3. Optimized structural models A, B and C for complex 1.

d) Computational Studies: To gain further insight into the po-
tential geometric and electronic structure of the Co(II) centers
of 1, a computational study was performed utilizing a simplified
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model involving a single arm of the stannoxane core. The use
of this model is justified due to the lack of intramolecular inter-
actions between the Co(Il) sites (vide supra). As triflate was the
only counter-anion present during the synthesis, the calcula-
tions were also directed to elucidate whether the complex is
truly bound by triflate, and if so, by how many. Therefore,

model complexes A, B and C were generated, in which zero,
one, and two triflates are bound to the Co(ll) center, respec-
tively. The optimized molecular structures of A, B and C are

shown in Figure 3.

Optimized Structures: Upon optimization, complex A adopts
a T-shaped geometry, while B interestingly forms a square-pla-
nar geometry, and C shows a more typical trigonal bipyramidal
structure (Figure 3). Comparing the calculated free energies of
the three models in conjunction with that of free triflate shows
that formation of C is the most favorable of the three model
complexes, with models B and A being less stable by 96 and
248 kcal/mol, respectively.

TD-DFT Calculations: A comparison of the calculated TD-
DEFT spectra all three possible compounds (A, B, and C) at the
B3LYP/def2-TZVP level'? for the first 50 roots (utilizing
ORCA 3.0)" is presented in Figure 4. The Co(Il)-centered lig-
and-field (LF) transitions have been highlighted in red. Models
A and C predict several charge-transfer (CT) states to appear in

the 10,000-22,000 cm™! r: . In contrast, model B remains fea-
ture}ess n %hzls region, WaIIlll%?l 18 c?ear y not 1n agreement w1?h

experiment. However, model A predicts a very intense feature
at ~30,000 cm™!, which is clearly not in agreement with the ex-
periment. Therefore, model C shows the overall best agreement
with the experimental data. Nevertheless, while generally in-
formative, it is not possible to indisputably correlate the spec-
trum of model C with the experimentally observed spectrum. It
is also difficult to rely upon TD-DFT for an accurate treatment
of the ligand-field of metal complexes. Therefore, a series of
CASSCF/NEVPT?2 calculations ['3 were performed for models

A, B, and C to predict their ground and excited state properties.
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Figure 4. Comparison of the experimentally observed room tem-
erature UV-Vis absorption spectrum of 1 (a), and TD-DFT calcu-
ated spectra of structural models A (b), B (¢), and C (d). Spectra
were generated from the first 50 calculated roots with a Gaussian

bandwidth of 3000 cm™'. For b-c, red bars are used to indicate pre-
dominately Co(Il) centered transitions, while blue bars indicate lig-
and-to-metal and metal-to-ligand charge transfer transitions. Black
bars indicate intra-ligand charge transfer and 7-r* transitions of the
ligand.

CASSCF/NEVPT?2 calculations: Minimal active spaces of
seven electrons in five orbitals were selected to describe the pre-
dominately Co(II)-centered d-orbitals. Absorption and MCD
spectra were calculated for the first 10 quartet and 9 doublet roots
of A, B, and C on the basis of the SOC- CASSCF(7,5)/NEVPT2
method as implemented in ORCA 3.0.131 A summary of the
calculated electronic states is providedin Table S1. Due to the
effective Ci symmetry of all three mod- els, states have been
grouped together in accordance with the parent state from O-
symmetry; it is important to note this is onlydone as a formality
for book-keeping purposes. Comparing the energies of these
transitions, all three models predict major rthombic distortions
based upon the drastic splittings of all T- terms. All three models
depict the presence of ligand-field based electronic transitions
within the range of peaks in the ex- perimental spectrum,
assuming an error of £3,000 cm™'. There- fore, the transition
energies themselves do not appear to partic- ularly support one
model over the other.

Ligand-field analysis of 1: In a high-spin d” system under oc-
tahedral symmetry, the ground state corresponds to a T term,
with possible spin-allowed transitions into 4T, *T;, and *A; ex-
cited states. Lowering the symmetry of the system to either D;
(approximate symmetry of complex C) or D4 (approximate
symmetry of complex B) results in a splitting of the T, term
into “E and *A,, while the T, term splits into “E and *Ai com-
ponents (Figure S13). In reality, the highly distorted geometries
of the three models will result in a further splitting of the “E
terms. Model A, which is of lowest approximate symmetry
(Cav), would be expected to represent the extreme of this effect,
where the *T terms are all reduced to three distinct non-degen-
erate states. The relative positions of the 4T, 4T, and *A terms
are highly dependent upon the ligand field, with a crossover
point for the 4T, and *A; terms occurring around A/B = ~13.
This, along with the particularly strong influence of the ligand
field strength A on the relative energy of the *Az term, allows
for a strong diagnostics of the transition energies for the ligand
field parameters of high-spin Co(II) complexes. However, pre-
cisely assigning the observed ligand-field transitions is non-
trivial since, as mentioned above, each *T-term will be split into
2-3 components, depending on the extent of the distortion.

Absorption bands 1-3 (Table 1) all fall within the range
of possible LF transitions, with band 3 being further re- solved
into six significant features (bands 3b-3g) by MCD. Fig- ure S14
compares the calculated MCD spectra for models A — C with
the experimental data, where C shows a slightly better agreement
compared to A, whereas for model B the match with experiment
is even poorer. In fact, the assignment of structureC to the
experimental complex is further supported by the re- sults
presented above. Combining the observed experimentalfeatures
with insight from the SOC-CASSCF/NEVPT2 calcu- lations of
model C, we presently propose the following band assignments.
First, the 8,600 ¢cm™' band is assigned to a higher energy
component of the split “T». This is followed by the *Az term at
12,600 cm™!. The unusually narrow bandwidth of the positive
feature at 18,100 cm™' would typically suggest that thisoptical
feature corresponds to either a different state or an alter- native
intensity mechanism. However, as this MCD band still exhibits a
strong temperature dependence, it is unlikely to arise from a B-
term mechanism. It is, however, in the expected ener- getic region
of the spin-forbidden *T; --> 2T, or T, --> 2T, tran- sitions.
Therefore, and in view of its unusually narrow band- width, it is
proposed that the 18,100 cm™! feature arises from a
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spin-forbidden transition. The pseudo A-term centered at
20,240 cm™! and formed by bands 3c and 3d is assigned as a
component of the T excited state. Naturally, it is difficult to
decisively assign the third transition due to the possibility of
considerable splitting in this term, and therefore, we simply pro-
pose the negative band centered at 21,350 cm™" as the third com-

ponent of this excited state. The small, higher energy features
are assigned as forbidden charge transfer transitions on the basis

R B R R T 5 L NS R
proposed assignments fit the spectroscopically observed fea-
tures well. Using these assignments, the ligand field parameters
10Dq and B were calculated for models A-C (and compared
with the experiment) using the program AOMX written by H.
Adamsky (summarized in Table S2);!'#l here again the structure
C provides the best agreement to the experimental values.

@

FT amplitude of EXAFS
H

° 1 2 3 a 5 6 -0
Reduced distance (A) 2 4 6

8 10 12 14
k(A1)

Figure 5. Left: Fourier-transformed k*-weighted Co K-edge

EXAFS spectrum of 1. Exg)erimental data (points) is compared to
EXAFS simulations based on the DFT-optimized maodels (solid
lines, from top to bottom) A, B, C, and an EXAFS-optimized ver-

sion of C in which the shell distances were adjusted to optimize the
fit to the experimental data; fit details are shown in Table S3.
Right: The corresponding k3-weighted EXAFS data in the wave-
number (k) scale prior to the Fourier transformation.

e) X-ray absorption spectroscopy: X-ray absorption spectra at
the Co K-edge were collected for 1 at 20 K. The experimental
extended X-ray absorption fine structure (EXAFS) spectra of 1
were compared to EXAFS simulations based on the DFT struc-
tures A, B and C (Figure 5). The comparison of the first peak in
the Fourier-transformed EXAFS (at reduced distance = 1.7 A),
corresponding to the first-sphere Co ligands, clearly shows that

a three- or four-coordinated Co (A and B) cannot adequatel
describe the experimental data. Structure C, on the other hand,

appears compatible with the experimental EXAFS. Slightly ad-
justing the Co-ligand distances in structure C (bottom trace in
Figure 5, Table S3) provides a very good match between simu-
lation and experiment. This analysis, together with the 3/2
ground state, suggests the presence of a penta-coordinated
Co(Il) center in 1, similar to that determined previously for the
Fe centers!®l of {{L1Fes]'*"} and in agreement with the present
MCD and computational results.
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Figure 6. Time profiles of the formation of Fc** monitored at 780
nm during the reduction of Oz (0.18 mM) by Fc* (3 mM) and 1
(0.02 mM) in the presence of TFA (10 mM) in acetone at 25 °C
(gray circles) as well as at =50 °C (black squares).

2.2. Complex 1 catalyzed dioxygen reduction reactions:

a) Catalytic Two-Electron Reduction of O: by Fc* with 1 in
the Presence of TFA at 25 °C: The reaction of 1, Fc*, and TFA
with an O:-saturated acetone solution at 25 °C results in an ef-
ficient oxidation of Fc* by O: (see SI “Evaluation of the Cata-
lytic activity of 1 towards dioxygen reduction”). The reduction of
O> was monitored by a rise in absorbance at 780 nm due to
decamethylferrocenium (Fc**) ion (Figure S1). Figure 6 (gray
circles) shows the time course of formation of Fc** in the re-
duction of O2(0.18 mM) by a large excess of Fc* (3 mM) in the
presence of 1 (0.02 mM) and TFA (10 mM). The concentration
of Fc** (0.34 mM) formed in the complex 1-catalyzed reduction
of O2by Fc* is approximately twice that of the O2 concentration
(0.18 mM). Thus, only two-electron reduction of Oz occurs at
25 °C and no further reduction occurs to produce more than 2
equiv of Fc**,

02+ 2 Fc* + 2 H" — 2 Fe** + H,0, @)

It was confirmed that H.O: (0.14 mM) is formed in the two-
electron reduction of Oz by iodometric measurements (Figure
S2). The slightly lower than expected (0.18 mM) yield of H20O:
can be presumably attributed to the competing reaction involv-
ing the direct reduction of H.O> with Fc* at 25 °C.['5] The rate
of formation of Fc** obeyed pseudo-first-order kinetics under
the conditions that [1] € [Fc*] <[TFA]. The pseudo-first-order
rate constant (koss) increased linearly with an increasing concen-
tration of 1 (Figure 7a). The koss values were also proportional
to concentrations of TFA (Figure 7d) and Oz (Figure 7c). Thus,
the kinetics is given by eqs 3 and 4, where kca is the apparent
fourth-order rate constant for the catalytic two-electron reduc-
tion of Oz by Fc* when ko is given by eq 4.

d[Fc**]/dt = koss[Fc*] 3)
Kovs = ke[ 1][O][TFA ] @)

Consistent with this rate equation, the rate of formation of Fc**
also obeyed pseudo-first order kinetics and the observed
pseudo-first-order rate constant (ko»s) increased linearly with in-
creasing concentration of Fc* (Figure 7b). Notably, the 2e™ O2
reduction by 1, where the rate is proportional to concentrations
not only of 1 but also Oz, TFA, and Fc¥*, is in sharp contrast to
the previously reported case of Co-catalysed (] O, reduction in
which the rate was reported to be rather independent of Oa.
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Figure 7. Studies on the two electron reduction of Oz in acetone at

25 °C catalyzed by 1. a) koss vs [1] for the Oz-reduction in Oz-satu-

rated acetone (11 mM) with Fc* (3 li catalyzed by 1 (0.05-0,2
mM) with TFA (10 mM). b) kops vs [Fc*] for the Oz reduction in

O:-saturated acetone with Fc* (1.5-7.5 mM) catalyzed by 1 (0.1
mM) with TFA (10 mM). ¢) Plot of &oss vs [O2] for the reduction of
02 (1.8-4.2 mM) with Fc* (3 mM) catalyzed by 1 (0.1 mM) with
TFA (10 mM). d) Plot of koss vs TFA concentration for the Oz-re-

duction in O»-saturated acetone with Fc* (3 mM) catalyzed by 1
(0.1 mM) with TFA (2-20 mM).

b) Catalytic Four-Electron Reduction of O: by Fc* with 1 in
the Presence of TFA at -50 °C : Interestingly, when an oxy-
gen-free acetone solution of Fc* (3 mM), TFA (10 mM) and 1
(0.02 mM) was cooled down to =50 °C, the reaction with O:

(0.18 mM) displayed a different behavior (Figure 6, black
squares). Here, the amount of Fc** generated during the Oz cat-
alytic reduction was 0.67 mM, which represents 3.74 equiva-

lents relative to the initial concentration of Oz (0.18 mM). This
clearly indicated that at —50 °C a four-electron reduction takes
place according to eq 5.

O2+4Fc*+2H"— 4 Fc*" + H,O ®)

Iodometric titrations confirmed that no H.O2 was formed after
the reaction was complete. Furthermore, the time profile in Fig-
ure 6 indicates that this process proceeds via a single step rather
than by stepwise reduction of Oz to H2O: and then to H2O. The
formation of Fc** at =50 °C also obeyed a pseudo-first-order
kinetics. The pseudo-first-order rate constant (kobs’’) increased
linearly with increasing concentrations of 1 (Figure 8a), Fc*
(Figure 8b), and TFA (Figure 8d) but, in contrast to the results
at 25°C, did not depend on the Oz concentration (Figure 8c).
Thus, the kinetic equation at —50 °C is

d[Fc**]/dt = kovs”’[Fc*] (6)

kobs”” = keat”’[1][TFA ] (7)

where keat”” is the third-order rate constant for the catalytic 4e—-

reduction of O2 y, Fe#* at —50 °C. Notably, a turnover number

(TON) of 65 during a lapse of 2000 seconds was determined for
the catalyst 1 in the reduction of Oz to H20 in acetone at —50 °C.

This is in contrast to the TON of 16 determined for 1 in the
reduction of Oz to H20; in acetone at 25 °C. Thus, 1 is a more
efficient catalyst for the four-electron reduction of O2 to H20 at
-50 °C than for the two-electron reduction process at 25 °C.
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Figure 8: Studies of the four electron reduction of O in acetone at
=50 °C catalyzed by 1. a) koss vs [1] for the reduction of Oz (11
mM) with Fc* (3 mM) catalyzed by 1 (0.01-0.03 mM) with TFA
(10 mM). b) koss vs [Fc*] for the reduction of Oz (11 mM) with Fc*
(1.5-4 mM) catalyzed by 1 (0.02 mM) with TFA (10 mM). c) Plot
of kons vs [O2] concentration for the reduction of Oz (1.75-4.25 mM)
with Fc* (3 mM) catalyzed by 1 (0.02 mM) with TFA (10 mM). d)
Plot of koss vs [TFA] for the reduction of Oz (11 mM) with Fc* (3
mM) catalyzed by 1 (0.02 mM) with TFA (5-40 mM).

2.3 Formation, characterization and Reactivity of a Cobalt-
peroxide intermediate {{L1Co06(02)3]}(CF3S02)12(2)

Temperature dependent formation kinetics of 2: In order to
elucidate a catalytic mechanism to explain such a unique tem-
perature controlled switch between the 4e/4H* and 2e/2H* O:
reduction processes, we examined the reaction of 1 with Oz (in
the absence of TFA and Fc*) to detect any cobalt—dioxygen in-
termediate. An acetone solution of 1, when treated with O, sat-
urated acetone at —50 °C, results in the formation of an orange
species 2 with an intense absorption maximum Amax (Emax,
M-lecm™) centered at 470 nm (28,000) (Figure 9 Left). Notably,
the 470 nm band resembles the absorption features of the previ-
ously reported end-on p-1,2-peroxo-dicobalt(IIT) complexes,'
which are all characterized by the presence of an intense ab-
sorption band around 300 - 500 nm with molar extinction coef-
ficients (¢) > 5000 M~'cm™'; the alternative side-on-Co(III)
peroxo complexes display absorption features with much lower
molar extinction coefficients (€) < 1000 M~'em™.!7 Generation
of 2 is found to be complete within 300 s following first-order
kinetics with a rate constant (kobs) of 4.5 x 107* s7! at =50 °C
(Figure S15). The rate of the reaction is found to be independent
of the starting concentration of 1 (0.2 — 1.2 mM)), thereby sug-
gesting an intramolecular mechanism (Figure 9, right). Spectro-

photometric O titration experiments indicate that the complete
conversion of 1 to 2 requires 2.5—3 equiv of Oz per hexacobalt

unit (addition of more than 3 equiv of Oz does not lead to a fur-
ther increase of the 470 nm band, shown in Figure 9 left inset).
As the temperature is increased, the absorption band at 470 nm
due to 2 is decreased; at 25 °C the intensity of the 470 nm band
is approximately 35% of that at =50 °C (Figure 10). This pro- cess
is reversible in the temperature range —50 °C to +25 °C. Thus, in
contrast to the high-yield formation of 2 at —50 °C ,
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binding of dioxygen to 1 is not favored at +25 °C and the equi-
librium lies in the direction of 1.
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Figure 9: Left: Absorption spectra of 1 (solid trace) and 2 (dashed
trace) in acetone at —50 °C. The intermediate spectra show the con-
version of 1 to 2 upon addition of dioxygen gas. Inset: Plot of ab-
sorbance at 470 nm vs the equivalents of O used in the reaction.
Right: Concentration-independent rate constant for the conversion

of 1to 2 at —50 °C in acetone.
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Figure 10: Absorption spectra showing the reversibility of dioxy-
gen binding to 1. Bubbling O into an acetone solution of 1 (0.02
mM) produces 2 (in high yield) at —50 °C (brown, solid line). In-
creasing the temperature up to 25 °C produces the green solid spec-
trum. After re-cooling to —50 °C the brown solid spectrum can be

regenerated.

Determination of the electronic and geometric structures of
2: Complex 2 is expected to have an S=0 ground state based
upon the absence of any signal in the EPR or MCD spectra (Fig-

ure S16). The resonance Raman (rR) spectrum (Figure 11A) of
2 in ds-acetone displays two isotopically sensitive vibrational
bands at 868 and 611 ¢cm’! which are downshifted to 819 am}
584 cm’!, respectively, in 80, prepared samples. The 868 cm’
band with an isotopic shift of 49 cm™ (calculated shift

118 A a1, = 50 cm™!) is assigned to the O-O stretching mode of a
peroxo ligand, and the 611 cm™ band ('*'¥Acyp. =27 cm™,
1618 A e = 28 cm™!) is consistent with a Co-O stretching mode.
In order to probe the oxidation state of cobalt in 2, X-ray ab-
sorption spectroscopic studies at the Co K-edge are performed.
Figure 11B depicts a comparison of the normalized Co K-edge
XAS spectra of the oxidized complex 2 with its Co(II) precursor
complex 1. Upon moving from 1 to 2, the pre-edge peak shifts

from 7710.3 eV to 7711.7 eV (Figure 11B inset), thus indicat-
ing an increase in the ligand field strength in 2. A blue shift of
ca. 1.6 eV in edge energy from 1 (7720.4 eV) to 2 (7722.0 eV,
is in agreement with the higher oxidation state of cobalt in

(Co®") relative to 1 (Co*"). The EXAFS data are consistent with

a five-coordinate site in 2 with four short Co—N/O bond lengths
averaging 1.93 A and one long Co-N/O bond length of 2.14 A
(Table S3).
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Figure 11: a) Resonance Raman spectra of 2-130 (red trace), 2-1°0
(black trace), and difference [(2-'*0) - (2-1°0)] spectra (blue trace)
with 458 nm laser excitation in ds-Acetone at —80 °C. Solvent
bands are marked by “s”. b) Comparison of normalized Co K-edge
near edge X-ray absorption spectrum of 1 (solid trace) and 2 (dash-
dotted trace). Inset shows the expansion of the pre-edge region. ¢)
Fourier-transformed Co K-edge EXAFS spectra of 2 [Experimental
data: dotted line, Simulation: solid line]. Insets are showing the
EXAFS data in wave-vector scale before Fourier transformation.

Figure 12: DFT Optimized structure of 2. The distance between
the two carbonyl carbons is fixed at 4.045 A, with all other atoms
allowed to relax during optimization.

The X-ray structure of L1 previously revealed a dis-
tance of > 4 A between the two adjacent metal-binding sites of
L1. DFT calculations were therefore performed to assess the vi-
ability of forming an intramolecularly bridged peroxo-dico-
balt(II) complex in L1. We designed a simplified system con-
taining two monomeric units, where the distance between the two
carbonyl carbons were fixed to 4.045 A, based on the struc- ture
of L1,% in order to approximate the constraints provided by the
stannoxane core. The optimized structure (Figure 12) re- veals a
Co'"-0-0-Co™ unit with the O-O distance of 1.39 A and Co-O
distances of 1.84 and 1.85 A, which are characteristic of peroxo
complexes. Notably, the Co-O distances are predicted to be
slightly shorter than those for either Co-triflate (1.952 A) or Co-
pyridines (1.993 and 1.968 A) which are again shorter than that
of the Co-amine (2.17 A). Thus, the calculations point to one
short, three mid, and one long Co-N/O distance, rather than the
four short and one long Co-N/O distances derived from the
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EXAFS data. However, the calculated vibrational frequencies
with v(Co-0) at 613 and 619 cm—", and v(O-O) at 873 cm™! are
in excellent agreement with the experiment (v(Co-O) and v(O-
0) of 611 and 878 cm™, respectively (Figure 11a). Furthermore,
single-point calculations on the optimized geometry favor an
antiferromagnetically coupled state between two S=1 Co"! cen-
ters with a coupling-constant (J) of -181 cm™! using the Noodle-
man formalism.'® Based on the spectroscopic and structural

characterization, complex 2 is therefore assigned as consisting
of p-1,2-peroxo-dicobalt(ITT) cores, where the O 7~ units act as

I otsetiar Reidge s Lemessnohe SRR R el BPES:
2

balt centers of two different molecules of 1 can be ruled out
based on the non-dependence of the rate of formation of 2 on
the concentration of 1 (Figure 9, right) and also based on the
Ox-titration experiments (Figure 9, left inset). This intramolec-
ular binding mode is also strongly supported by the observed
temperature-dependence of the stability of the Co-peroxide
complex. The formation of an intramolecularly bridged p-1,2-
peroxo-dicobalt(Ill) core imposes significant restraints on the
O R D T A g o g
unfavorable process, and therefore sensibly increasingly favor
the dissociation of O2 with increasing temperature, as observed.
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Figure 13: Comparison of the temperature-dependence of the
PCET vs PT rate constants for the reduction of 2.

Reactivity of 2 with Protons and Electrons: The 4e™ reduction

of Oz 4t —50 °C requires the reduction/protonation of 2 in the

WEEREs O s 8 FE TP e e (sl
protonation of 2 in the presence and absence of Fc*) in deaer-
ated acetone at —50 °C. In the absence of TFA, no reduction of
1 by Fc* was observed. Similarly, in the absence of Fc* no pro-
tonation of 2 was observed. A proton coupled electron transfer
(PCET) reaction was, however, evident in the presence of both
TFA and Fc* (Figure S6), as the absorption band at 470 nm due
to 2 disappeared. The reactivity of 2 with Fc* and TFA was also

investigated at 25 °C. In the absence of TFA, no reduction of 1
lﬁ?/ Fc* was observed, very similar to the findings at —50 °C.
owever, reaction of 2 with > 12 eqv. of TFA (even in the ab-
sence of Fc*) led to the de.cal of the 470 nm band (Figure S7)
and the liberation of H:O2 in> 65% yield.
The stability of the p-1,2-peroxo-dicobalt(Ill) com-
Blé:ETZ and its %bllsl 0t(cj) unéiePr 0 {eigzuSCtéocn l% adpre erential
tunity tgr(c)(c)?glsja%e the temger}ature—?iependencg 0 rt?le B]SEQP %%ﬁ

PT processes of 2. It is intuitively clear that this will be the
controlling factor in determining the temperature dependence of

the 4e/4H" vs 2e/2H" reductions of dioxygen mediated by 1.
PCET rates were determined at —60 °C, —50 °C, —40 °C, and —-30
°C under the condition [2] &€ [Fc*] € [TFA] to ensure pseudo
first-order kinetics. Notably, at these temperatures the contribu-
tion of PT is negligible as evident from the lack of intensity
changes of the 470 nm band (corresponding to 2) in the presence
of large excess of TFA only. Similarly, PT rates were deter-
mined under the condition [2] € [TFA] in the temperaturerange
+20 °C to +32 °C, where PCET contributions were not significant.
As evident from Figure 13, the variation of PT with the
temperature is much more drastic relative {o that of PCET,

which ensures that at temperatures >+ 20 C PT is the prevail-

ing mechanism for the reduction of 2. The predominance of PT at
higher temperatures originates from the demonstrated insta- bility
of the peroxo core in 2 and its tendency to liberate dioxy- gen at
+25 °C (Figure 10), which can presumably be attributedto the
constraints resulting from the rigid attachment of the metal
binding arms to the central stannoxane core of the L1 lig- and via
carboxylate bridging.

Scheme 2. Scheme showing the mechanism of the tempera-
ture dependent 4¢/4H* vs 2¢/2H* reduction of dioxygen me-
diated by the dicobalt(II) units of 1

H® .‘Hz
2Fc* el Coll 2Fe Hy04 col' coll 2Fc*
PCET  2HT, T
2FeH
4H 2Fc* -
-50°C 25 9C 2Fc
Co'! Co coll l/CO‘” co' Col
o T

(3

3. Conclusion:

In a previous study we reported the synthesis of a novel hexa-
nucleating non-heme ligand system, L1, supported on a stan-
noxane core along its iron(Il) complex {[L1Fes]'?*}, which per-
fomed a rare O-O bond formation upon reaction with iodoso-

benze 1 ield a superoxo complex, {[L1(Fe™(Oy"
)Fglz)sﬁg*}.é)Tl% same supe?oxo species v%as alsé [forr(ned L(lpén

the dioxygen activation reaction by {[L1Fes]'?*}. Detailed ex-
perimental and theoretical studies confirmed the involvement of
an end-on bridged Fe''-O-O-Fe'! peroxo species, whose transi-
ent nature, however, prevented its isolation even at low temper-
atures. In the present report we show that the replacement of the
iron centers by cobalt leads to a significant increase in the sta-
bility of the M-O-O-M core, which allows for the isolation of the
{[L1(C0"(02)Co0"™)3]}'?* complex 2 upon dioxygen activa- tion
of the hexanuclear cobalt complex {[L1Co¢]'?*} (1) in the
temperature range —50 °C to 25 °C. Spectroscopic characteriza-
tion (together with theoretical studies) of 2 confirms the pres-
ence of an antiferromagnetically coupled p-1,2-peroxodico-
balt(IIl) cores in 2 with an S=0 ground state. Furthermore, the
different formation kinetics of 2 at different temperatures is at-
tributable to the constraints imposed by the stannoxane core of
L1; at =50 °C the formation of 2 is highly favored (owing to its
high enthalpic stability) that leads to the complete oxygenation of
1. In contrast, an equilibrium binding of Oz occurs at 25 °C
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(due to the entropic instability of 2), such that only a small por-
tion of 1 is converted to 2. The differing stability of 2 at —50 °C
and 25 °C is also reflected in its reactivity with protons and elec-
trons. Although complex 2 does not undergo protonation or re-
duction individually at =50 °C, it is capable of undergoing a
PCET process in the presence of both TFA and Fc*, leading to
the formation of water. In contrast, at 25 °C complex 2 was

found to be unstable upon grotonatation in the presence of TFA,
leading to the liberation of H>O:. The stability of the Co'"-O»-
Co'' core in 2, together with its temperature-dependent reactiv-

ity in the presence of protons and electrons, makes complex 1 a
unique catalyst for dioxygen reduction, whose selectivity can
be changed from a preferential 4e /4H" O»-reduction to a 2e~
/2H" Os-reduction by simply increasing the reaction tempera-
ture from —50 °C to 25 °C. The overall catalytic cycle is sum-
marized in Scheme 2. The most probable intermediate formed
upon dioxygen activation is the {[L1(Co™(O2)Co'")3]}'?* spe-
cies 2, which is reduced to H>O by a PCET mechanism at —50
°C, or to H02 by an uncoupled proton transfer/electron transfer

mechanism at 25 °C. In summary, the present study provides
deep mechanistic insight into the dioxy%en reduction process
which should serve as useful and broadly applicable principles
for future design of more efficient catalysts in fuel cells.
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