@ (O\-LUW LMl Hot Paper

GDCh
=

Research Articles

W) Check for updates

Angewandte
internatianalditiony Chemie
www.angewandte.org
How to cite: Angew. Chem. Int. Ed. 2023, 62, €202214074
International Edition:  doi.org/10.1002/anie.202214074

German Edition: doi.org/10.1002/ange.202214074

Evidence of Sulfur Non-Innocence in [Co"(dithiacyclam)]**-
Mediated Catalytic Oxygen Reduction Reactions

Beatrice Battistella, Linda Iffland-Miihlhaus, Maximillian Schiitze, Beatrice Cula,
Uwe Kuhlmann, Holger Dau, Peter Hildebrandt, Thomas Lohmiller, Stefan Mebs,

Ulf-Peter Apfel,* and Kallol Ray*

Abstract: In many metalloenzymes, sulfur-containing
ligands participate in catalytic processes, mainly via the
involvement in electron transfer reactions. In a biomi-
metic approach, we now demonstrate the implication of
S-ligation in cobalt mediated oxygen reduction reactions
(ORR). A comparative study between the catalytic
ORR capabilities of the four-nitrogen bound [Co-
(cyclam)]** (1; cyclam=1,5,8,11-tetraaza-cyclotetrade-
cane) and the S-containing analog [Co(S,N,-cyclam)]**
(2; S,N,-cyclam =1,8-dithia-5,11-diaza-cyclotetradecane)
reveals improved catalytic performance once the chalc-
ogen is introduced in the Co coordination sphere.
Trapping and characterization of the intermediates
formed upon dioxygen activation at the Co" centers in 1
and 2 point to the involvement of sulfur in the O,
reduction process as the key for the improved catalytic
ORR capabilities of 2.
N J

Introduction

Metal-sulfur centers are widespread in biology and are
involved in promoting a number of critical biological
processes.? For example the active site of galactose oxidase
(GO)P! is composed of a copper center attached to a post-
translationally generated Tyrosine-Cysteine (Tyr-Cys) ligand,
which facilitates the formation of the catalytically relevant
oxidized state at a low potential (Scheme 1). Similarly, in Ni-
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Scheme 1. Active sites of various enzymes containing sulfur in the first
or second coordination spheres; the proposed mechanism of cysteine
dioxygenase (CDO) is highlighted in the inset.

dependent superoxide reductase (NiSOD) the Cys residues
are proposed to be crucial for the efficient degradation of
superoxide ion by stabilizing a square planar geometry in the
reduced form of NiSOD and tuning the Ni"/Ni'™ redox
potential.®” Furthermore, the presence of a Cys residue in
Isopenicillin N-synthase (IPNS)®! makes this enzyme a
special class of aKG-dependent Fe/O, activating enzymes,
which exhibits oxidase rather than the usual oxygenase
activity. In addition, the active site of superoxide reductases
(SORs)!" containing a redox-active Fe ion ligated by four
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equatorial histidines and an axial Cys ligand, enables the
selective transformation of superoxides to hydrogen peroxide,
in contrast to Fe-containing superoxide dismutases,"*'* which
lack the Cys ligand and disproportionate superoxide to afford
both hydrogen peroxide and dioxygen. In cysteine dioxyge-
nase (CDO) the Fe-coordinated thiolate of Cys is proposed
to be directly involved in dioxygen activation, by the
formation of a transient (Fe"-O,-S—Cys) moiety, followed by
further oxidation to yield the corresponding sulfonate
(Scheme 1)1

Understanding the reason for Nature’s choice of employ-
ing cysteinate and thioether residues to promote specific
biological functions in metalloenzymes requires a comprehen-
sive investigation of the influence of thiolate or thioether
ligands on the electronic, magnetic, and reactivity properties
of first-row transition metal ions. Based on detailed spectro-
scopic and theoretical studies the unique reactivities of the
metal-sulfur sites in oxidases and oxygenases has been
attributed to the stabilization of reactive intermediates
formed by the unfavorable one-electron reduction of O,, by
delocalization of the redox active orbitals onto the thioether
or cysteinate sulfur atoms.*'! Consistent with this explan-
ation the presence of sulfur ligation is shown to induce novel
dioxygen reactivity in bioinspired iron,*'" " copper,**!
manganese®?® and cobalt® complexes, which led to the
stabilization of well-defined metal-oxygen intermediates.
However, there is little evidence to support the redox non-
innocence of sulfur in these research works.

In previous studies, we demonstrated that the replace-
ment of the opposing nitrogen atoms in 1,4,8,11-tetraazacy-
clotetradecane (cyclam) with two sulfur atoms in 1,8-dithia-
4,11-diaza-cyclotetradecane (dithiacyclam) enabled the elec-
trochemical reduction of protons and CO, by the correspond-
ing Ni"?" and Co"P complexes at more positive potentials.
The lack of any isolable reactive intermediates in these
reactions, however, prevented us from obtaining detailed
mechanistic insights into the role of sulfur in enabling the
[M"(dithiacyclam)(CH,CN),]** (M= Co, Ni) mediated CO,
and H™ reductions at low overpotentials. In the present study,
we show that the [Co"(dithiacyclam)(CH,CN),]*" (2) com-
plex (Scheme 2) is also an excellent catalyst for the oxygen
reduction reaction (ORR) which is crucial to diverse proc-
esses ranging from biological respiration®’ and fuel cells®™ to
the selective oxidation of organic molecules.”"! Most impor-
tantly, 2 performs the 2e/2H™ reduction of dioxygen to
H,0, with high selectivity at an effective overpotential as low
as 66 mV, in contrast to the significantly higher value
(419 mV) determined for [Co"(cyclam)(CH;CN),J*" (1;
Scheme 2) under analogous conditions. The difference in the
ORR capabilities of [Co"(dithiacyclam)(CH;CN),]**, contain-
ing a S,N, macrocyclic ligand, and [Co"(cyclam)(CH,CN),]**,
based on the popular N,-cyclam ligand, is demonstrated to
originate from distinct Co—O, intermediates formed upon
dioxygen activation in the two cases. Although, diverse
complexes have been previously reported in the literature*!
that exhibit high rates and/or high selectivity for O, reduc-
tions to H,O or H,O,, a particular challenge is the
identification of molecular catalysts that operate with low
effective overpotentials. The mechanistic insights obtained in
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Scheme 2. Schematic structures showing the distinct reaction inter-
mediates formed in the reactions of 1 and 2 with O,.

this study should, therefore, provide useful and broadly
applicable principles for future design of more efficient ORR
catalysts working at low overpotentials, by making use of the
redox non-innocence of sulfur containing ligands.

Results and Discussion

Combining the tetradentate cyclam and dithiacyclam ligands
with Co(ClO,), in CH;CN yielded the previously
characterized®!  [Co"(cyclam)(CH,CN),](ClO,), (1) and
[Co"(dithiacyclam)(CH,CN),](CIO,), (2), respectively. The
molecular structures of 1 and 2 have been reported
previously, and display a six coordinate geometry with axially
bound CH;CN ligands in both cases (Scheme 2). The S,N,
donor atoms of dithiacyclam in 2 and N,-donor atoms in 1
occupy the equatorial coordination sites. The X-band EPR
spectra in frozen CH;CN solutions at 13 K show an axial
signal (g,=2.27, g;=1.94) for 1 and a nearly isotropic signal
at Gyyerage = 2.19 for 2, confirming the S=1/2 spin state in both
cases (Figure Sla, b). Whereas the exchange of the axial
ligands has no significant effect on the coordination sphere or
the spin-state of the central Co" ion in 1, replacement of the
CH;CN ligands with methanol, acetone or trifluoroacetate
ligands leads to an altered geometry with axial sulfur donor
atoms and stabilization of the S=3/2 ground state in [Co"-
(dithiacyclam)(X),]¥* (Figure Slc; X=MeOH, CH;COCHs,,
Y=2+ or X=TFA", Y=0, Tables S7, S8, 2-cis). Cyclo-
voltammetric studies on 1 and 2 in CH;CN reveal a quasi-
reversible oxidation wave corresponding to a Co™" couple
(Figure S2). A large anodic shift of the Co™" potential is
observed for 2 in acetone (Figure S2), likely because of the
gradual replacement of the CH;CN ligands with acetone to
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form 2-cis, as also evident from X-band EPR studies (Fig-
ure Slc).

The ORR capability of 1 and 2 was further investigated
by UV/Vis spectroscopy. Both 1 and 2 performed catalytic
ORR even in presence of a weak electron donor like
ferrocene (Fc) using trifluoroacetic acid (TFA) as a proton
source. Catalytic ORR was monitored by a rise in absorbance
at 619nm, which is attributable to the formation of a
ferrocenium (Fc*) cation.” Iodometric titration® (Figure 1,
insets) of the final reaction mixture shows that H,O, is
formed with high selectivity in both cases (100% yield of
H,0, for 2 and 62 % for 1 based on the maximum expected
yield of H,O, considering 2e~ reduction of O,), according to
the mechanism reported in Equation (1). Notably, in absence
of 1 and 2, the formation of Fc* could not be detected by
UV/Vis spectroscopy and no H,0O, was shown to be formed
under the employed experimental conditions (Figure S3). The
ORR capabilities of 1 and 2 were then compared under a
uniform set of conditions in acetone and CH;CN using
decamethylferrocene (Fc*) as an alternative chemical
reductant.’>*>* O, and iodometric titrations® and
"H NMRP” (Figures S4-S6) studies confirmed the two-elec-
tron reduction of O, to H,O, with high selectivity in both
cases. Turnover frequencies (TOFs) for the conversion of O,
to H,0O, were determined from the initial rates of decameth-
ylferrocenium ion (Fc**) formation by UV/Visible spectro-
scopy under buffered conditions (TFA and NaTFA =sodium
trifluoroacetate, 10 mM each) (Figures S7, S8).F2%%1 The
collected data were further analyzed to assess the effective
overpotential (7.;) for the reactions (Scheme S1), which is
defined as the difference between the thermodynamic
potential for O, reduction to hydrogen peroxide (E(O,/
H,0,)) and the E;,(Co™") values under buffer conditions
[Eq. (2); Figures S9-S11]. Following the reported method-
ology for the determination of the overpotential under non-
aqueous conditions, Eo,p,0, could be determined in the
solvents of use by open-circuit potential (OCP) measure-
ments (Ey.,y, determination, Figures S12, S13, see Support-
ing Information for details).*>*! The thermodynamic analy-
sis yielded an 7. value of 66 mV for 2 in acetone, which is
the lowest overpotential that has been measured (typical
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Figure 1. UV/Vis spectral changes in the two-electron reduction of O,
by Fc (3 mM) with 0.1 mM 1 (a) and 2 (b) in presence of 10 mM TFA
in O,-saturated (12.1 mM) CH,;CN (total volume=2.0 mL) at 25°C;
inset: iodometric titration performed on an aliquot (0.1 mL) of the final
reaction mixture confirmed H,0, formation. The yield is based on the
maximum possible yield of H,0, (0.075 mM) according to Equation 1.
See also Figures S4, S5.
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range 150-550 mV) for the cobalt mediated catalytic reduc-
tion of O, to H,O, under buffer conditions.*? Most
importantly, complex 1 showed a significantly lower TOF and
higher overpotential (7.,=419 mV in acetone, Table S1)
under similar conditions, thereby demonstrating the benefi-
cial influence of sulfur-based ligands on O, reduction
processes.

02 —+ ZH+ + 2@7 — H202

E° =0.68V vs. NHE @

Nett = E(Oz/HzOz)—E1/2(C0m/u) 2)

In order to elucidate the catalytic mechanism and to
explain the differences in the O,/H,O, 7 for 1 and 2, we
examined the reactions of 1 and 2 with O, (in the absence of
TFA/NaTFA and electron donors) to detect the formation of
any cobalt-dioxygen intermediates. Treatment of an acetone
solution of 1 with O, at —70°C resulted in the formation of a
metastable (#, at —55°C=2.5h) yellow species la with
absorption maxima A, (£max) at 330 nm (1900 M~' cm™') and
455 nm (220 M~'cm™) (Figure 2a). Such features are in line
with what has been reported for Co™-superoxo moieties,
which often present intense absorption in the range 330-
380nm and a less intense feature in the range 420-
480 nm."*! The conversion of 1 to 1a is associated with the
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Figure 2. a) UV/Vis spectral changes associated with the reaction of 1
with O, at —70°C in acetone. The time trace of the development of the
455 nm band is shown in the inset. b) X-band EPR spectrum (red) of a
1/0, mixture in acetone (1 mM) at 13 K and the corresponding
simulated spectrum (black). Experimental details: perpendicular mode,
ca. 9.35 GHz, 1 mW power; simulation parameters: g, =2.10, g, =2.00,
A;=2.31 mT, A;=1.35 mT. ¢) rRaman spectra of a 8 mM 1/O, mixture
in acetone-d, (top) and acetone (bottom) at —70°C upon excitation
with 406 nm laser; the corresponding spectrum in CH,Cl, is shown as
an inset; the spectra in presence of O, are shown in red and 0, in
blue. Asterisks indicate the solvent bands. d) Co K-edge XAS spectra of
1 (black) and of a 1/O, mixture (red) in frozen acetone solutions at

20 K.
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appearance of a new axial EPR spectrum with g, =2.10, and
g,=2.00 (Figure 2b) and well resolved *Co hyperfine features
with couplings A =231 mT, and A;=1.35mT. These EPR
parameters resemble those of Co™(0,*") superoxo species
reported previously.***! Quantification of the Co" and Co'-
(0,°7) EPR spectra in acetone reveals that only approx-
imately 25 % of the total number of spins present in the initial
anaerobic Co" sample are converted to the Co™(O,”)
intermediate (Figure S14). The low quantity of the Co™(O,"")
signal may be rationalized by the simultaneous formation of a
peroxide-bridged Co™ dimer 1b (Scheme 2, Co0:0,=2:1)
which is EPR-silent under the employed experimental
conditions (X-band, perpendicular mode). Such dimeric
species have been observed with other Co complexes bearing
tetradentate ligands*"*! and have also been suggested as a
plausible intermediate during the complex 1 mediated
electrocatalytic ORR process.”™! The resonance Raman
(rR) spectra of the reaction mixture of 1 and O, in acetone
and acetone-d, (Figure 2¢) display two isotopically sensitive
vibrational bands at 757 and 641 cm™', which in "*O, prepared
samples are downshifted to 727 and 610 cm ™', respectively.
The 757 cm™ band with an isotopic shift of 30 cm™ (calcu-
lated shift "**A . =43 cm™) is assigned to the O—O stretch-
ing mode of a peroxo ligand in 1b, and the 641 cm™" band (**
BAep =31cem ™, A =29 cm™) is consistent with a Co—O
stretching mode. Solvent bands mask the region between
1000-1150 cm™ in acetone and acetone-d;, preventing the
observation of the O—O stretching mode from the Co™(0,"")
species 1a under these conditions. Changing the solvent to
dichloromethane allowed the isolation of an additional
8O—isotope sensitive vibrational band at 1099 cm™" with an
80-isotopic shift of 60 cm™" (Figures 2c inset, S15), consistent
with its assignment to the O—O stretching mode of the
superoxo ligand in 1a. Notably, no Co—O vibration corre-
sponding to la could be observed, which is presumably
masked by the solvent signal (Figure 2c) or by the intense
Co—O vibration band of 1b (at 636 cm ™), which is formed in
much higher yield relative to 1a. The DFT calculated O—-O
and Co—O vibrational modes of 1a and 1b are in reasonable
agreement with the experiment (Table S2). Furthermore,
topological analysis of the electron density (AIM) and non-
covalent interaction index (NCI) on the DFT computed
structure of 1a (Figure S16) show that two of the four -NH
hydrogens of the cyclam macrocycle point towards the
superoxo ligand and are located at only 2.1 A distance from
the distal oxygen atom of the end-on bound (O,)*” moiety.
The negative charge on (O,)*” promotes the hydrogen
bonding interaction and electron density transfer from the
N—H groups to (O,)*", stabilizing the superoxo species by
conferring it a higher peroxo-character. This results in a O—O
stretching frequency (calculated: 1078 cm™'; experimental:
1099 cm™), which is significantly lower compared to the
previously reported Co"(0,*") species (1153-1123 cm™).[#0
In order to probe the oxidation state of cobalt in 1a/1b, X-
ray absorption spectroscopic (XAS) studies at the Co K-edge
were performed. Figure 2d depicts a comparison of the
normalized Co K-edge XAS spectra of the 1/O, reaction
mixture with the Co™ precursor complex 1. A blue shift of ca.
25eV in edge energy from 1 (7718.8eV) to 1a/lb
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(7721.3 eV) and comparison to cobalt standards of known
oxidation states agree with the higher oxidation state of
cobalt in 1a/1b (Co™) relative to 1 (Co") (Figure S17). The
presence of a Co—O, unit in 1a/1b was confirmed by EXAFS
analysis, which yielded the best-fit plot (Figure S17, Table S3)
with an O/N scatterer at 1.86 A (assigned to the Co—O
scatterer) and a further shell of five O/N scatterers at 1.96 A
(corresponding to the N-donors of cyclam and CH;CN). Fine
structural details are visible in the EXAFS wave, which were
calculated for the DFT models of 1a/1b and compared to the
experimental spectra. The best fit corresponds to the
presence of a mixture of 1a/1b in the O, saturated solution of
1 (Figure S18, Table S4), consistent with EPR studies.
Complex 2 reacts with O, in CH;CN or acetone at —30°C
to form a deep red species 2a/2b, whose absorption bands at
Jmax =495 and 695 nm (g,,,=1550 and 350 M~'cm™!, respec-
tively; #., at 10°C=250s; Figure 3a) are clearly distinct from
the absorption spectrum of 1a/lb and similar to what has
been reported for several Co™-peroxo moieties, which
generally exhibit absorption features in the range from
500 nm to 700 nm.” Furthermore, in contrast to the irrever-
sible conversion of 1 to 1a/lb, the formation of 2a/2b is
reversible. Flushing with argon for 30seconds led to the
decay of 2a/2b, which could then be regenerated upon
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Figure 3. a) UV/Vis spectral changes associated with the reaction of 2
with dioxygen at —30°C in CH;CN. The time trace of the development
of the 495 nm band is shown in the inset. b) X-band EPR spectrum
(red) of 2/O, mixture in CH;CN (1 mM) at 13 K and the corresponding
simulated spectrum (black). Experimental details: perpendicular mode,
9.35 GHz, 1 mW power; simulation parameters: g*f =5.59, ge“y:3.65,
g*",=1.94). ) Co K-edge XAS spectra of 2 (black) and of a 2/0,
mixture (red) in frozen CH;CN solutions at 20 K. d) rRaman spectra of
a 8 mM 2/0O, mixture in CD;CN at —30°C upon excitation with

514 nm; the red, blue and black traces correspond to the data recorded
in presence of '°0,, '®0, and a statistical mixture of °0,:'*"¥0,:"*0,
(1:2:7 ratio), respectively. The DFT calculated vibrational modes for 2a
(grey) and 2b (black) in presence of a statistical mixture of '°0,:"%/
80,:'%0, (1:2:1 ratio) are shown by the bars. Asterisks indicate the
solvent bands.
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addition of O, (Figure S19). The EPR spectrum of the
reaction product of 2 with O, exhibits a rhombic signal with
g™, =5.59, g, =3.65 and g™, =1.94, which corresponds to
50 % of the total number of cobalt spins (Figures 3b, S20). Its
significant anisotropy evidences a S >1/2 ground state, which
is attributed to the mononuclear Co—O, adduct 2a
(Scheme 2), the ground total spin state of which is identified
as 3/2 rather than 5/2 (see below). The remaining 50 % of
cobalt is attributed to the EPR-silent peroxo-bridged
dicobalt(IIT) species (2b), which is characterized by X-ray
crystallography. Single crystals of the metastable intermediate
(Figure 4a) were obtained by Et,O diffusion into a CH;CN
solution of the triflate salt of 2 cooled at —25°C and exposed
to O,. As evident from the R-factor (8.1 %; Table S5) and
estimated standard deviations, the structure of 2b is of high
quality. The ORTEP diagram in Figure4a shows a
[(CH;CN)Co™(dithiacyclam)],(trans-p-1,2-0,)(OTf),  (2b)
moiety containing an O, ligand bridging two cobalt ions in an
end-on trans configuration. Each Co ion is ligated by two
sulfur and two nitrogen atoms in the equatorial plane, and an
O,-derived oxygen and CH;CN in the axial sites. Notably, the
0O-O bond length in 2b (1.508(6) A, Table S6) is significantly
longer than the typical values (1.43-1.48 A) determined by X-
ray crystallography for metal-peroxo complexes,?*>" con-
sistent with strong reductive activation of the O—O bond.
Furthermore, XRD analysis displays hydrogen bonding
interactions between one of the N-H moieties in each
macrocyclic ligand and the bridging peroxo moiety
(N-H-01=2.477 A; N-H-02=2.101 A, Figure 4a), which
presumably contributes to the elongation of the O—O bond in
2b. Dioxygen reduction by 2 is accompanied by a 1.3 eV blue
shift of the Co K-edge in the XANES spectrum (Figures 3c,
S21; from 77182 eV in 2 to 7719.5 eV upon oxygenation),
which is significantly smaller than the 2.5eV blue shift
observed during the oxygenation of 1. Nevertheless, the O—O
stretching mode in 2b (Voo (""A.,): 764 (39)cm™) as
obtained from rRaman measurements (Figure 3d) is compa-
rable to that observed for 1b (vo o (*"®A.,): 757 (30) cm™).
Thus, although the reductive activation of the O—O bond is
comparable in 1b and 2b, the cobalt centers are more
reduced in 2b. This may point to a significantly higher charge

Figure 4. a) XRD determined molecular structure of [(CH;CN)Co"-
(dithiacyclam)], (trans-p-1,2-0,) (OTf) , 2b.*! See Table S6 for bond
lengths in 2b. H-bonding interactions are shown as dotted lines.

b) DFT optimized molecular structure of 2a, showing the loss of the
Co- S(oxidized) atom ligation. The Co—S(oxidized) distance is shown
as a dotted line. Color code: C grey, N blue, H white, S yellow, O red,
Co purple.
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donation to O, from the S,N, donor atoms in 2b relative to
that of the N, centers in 1b.

The rRaman spectrum of the 2/0O, mixture shows an
additional "*O-isotope sensitive band at 795 cm ™', which shifts
to 764 cm™! upon *O labelling. This is assigned to the O—O
stretch of the Co—O—-O-S motif of a mononuclear S=3/2
cyclic peroxythioether [(CH;CN)Co™(dithiacyclam-O,*)]**
(2a) intermediate (Scheme 2) formed by the plausible attack
of the initially formed Co™-superoxido species (2a’) to one of
the thioether sulfur atoms of the dithiacyclam ligand. A
rRaman investigation was also done in presence of mixed
isotope O, (“!%'*0,”) containing a statistical mixture of O,:'¢
%0,:*0, (1:2:1 ratio), which further confirms the presence
of both 2a/2b in an oxygenated solution of 2. Since the
795 cm™' mode corresponds to an O—O stretching of an
asymmetric Co—O—O-S unit in 2a, four modes are expected
corresponding to the Co—*0-0"-S, Co-'"*0-0"-S,
Co—*0—0"-S and Co—"*0—0"-S moieties in 1:1:1:1 ratio
(grey bars in Figure 3d). In contrast, for the symmetric
Co—0O—0—Co moiety in 2b, we should expect three peaks at
764, ~746 and 725cm™' in 1:2:1 ratio (black bars in
Figure 3d). A superposition of all the above signals presum-
ably gives rise to the complex pattern with an intense signal
at ~764 cm™' and shoulders at 725, 745 and 794 cm™' in the
experimental spectrum (Figure 3d), which is reproduced by
the optimized DFT structures (see below, Figure S22,
Table S2). Thus, in contrast to the Co"(cyclam) motif, which
acts as a one electron donor, the Co"(dithiacyclam) core
involving a S,N, macrocyclic ligand acts as a two-electron
donor. The non-innocence of the dithiacyclam ligand is
associated with the formation of a S—O bond to yield the
Co—O—0O-S moiety in 2a. Furthermore, the oxidized sulfur
atom stays away from the coordination sphere of cobalt, as
confirmed by EXAFS analysis (Figure S21). While the
EXAFS spectrum of 2 can be best fitted with two Co—S
scatterers at 226 A, the corresponding spectrum for an
aerobic solution of 2 can be best modelled by a partial loss of
S-shell contribution (1Co-S=227 A, 0.5Co-S=2.44A),
consistent with the presence of equal amount of 2a and 2b
(Table S3), in excellent agreement with the EPR results, and
the presence of only one Co—S scatterer in 2a. Geometry
optimization performed by DFT calculation on 2a (Fig-
ure 4b) in the S=23/2 state (involving an S=1Co™ center that
is ferromagnetically coupled to S=1/2 dithiacyclam-O,"") can
nicely reproduce the EXAFS determined metrical parameters
(Table S4) and fine structures (Figure $23)."2 The asymmet-
ric O—-O stretching of the Co—O—O-S core is calculated at
789cm™!, in excellent agreement with the experiment
(795 cm™). However, the '*®A_,. shift is calculated to be
42 cm™, in contrast to the experimentally observed A,
shift of only 30 cm™'. This discrepancy can be attributed to
the coupling of the O—O stretching coordinate with other
coordinates, which may be underestimated in the calculations,
or because of intermolecular interactions, which are not
considered in DFT.

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Conclusion

The catalytically relevant, oxidized state of the active site
[Cu"-Y*—C] of galactose oxidase (GO) is composed of
antiferromagnetically coupled Cu" and a post-translationally
generated Tyr-Cys radical cofactor [Y*—C].¥! The thioether
bond of the Tyr-Cys cross-link has been shown experimen-
tally to affect the stability, the reduction potential, and the
catalytic efficiency of the GO active site. Similarly, in various
non-heme iron enzymes the charge donation from the
thiolate ligand is proposed to render the formation of the
Fe'-superoxide complex energetically favorable, driving the
reaction at a single Fe center rather than the energetically
more demanding bimolecular pathway.'"! Although the non-
innocence of thioether and thiolate sulfur atoms is implicated
in these processes, direct evidence is lacking. In a bioinspired
approach we now demonstrate that the presence of thioether
ligation significantly affects the ORR capability of a cobalt
complex; complex 2 performs the catalytic reduction of O, to
H,0, at an effective overpotential as low as 66 mV. The high
efficiency of 2 can be attributed to the formation of a cyclic
peroxythioether intermediate 2a by the attack of the initially
formed Co™-superoxide species at one of the thioether sulfur
atoms of the dithiacyclam ligand. As suggested before in
enzymatic systems,"¥ this presumably opens up a low-energy
mononuclear pathway for catalytic ORR processes. The
formation of the novel Co—O—O-S moiety in 2a is concluded
based on combined EPR, EXAFS (loss of 1 Co—S ligation)
and rRaman (O—O vibration at 795 cm™') studies, and it
represents a bioinspired model of the cyclic peroxythiolate
intermediate proposed in cysteine dioxygenase (Scheme 1
inset).">!% In the absence of sulfur ligation, the S=1/2 Co™-
superoxide species 1a can only be reduced by an energetically
more demanding dinuclear mechanism, which may contribute
to the large overpotential (419 mV) required for catalytic
ORR mediated by 1. Notably, the presence of two thioether
ligands does not completely shut down the dinuclear mecha-
nism in 2, as evident from the isolation of the crystals of 2b.
Complex 2b features a highly activated dioxygen center with
a large O—O bond length of 1.51 A, which further signifies
the strong charge donation from the dithiacyclam ligand.
Whether the overpotential for O, reduction can be further
lowered by steric inhibition of the dinuclear mechanism in 2
is now an inherent question, which will be investigated in
future studies.
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