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Abstract

The synthesis and characterization of a Co(II) dithiolato complex Co(Mg3TACN)(S,SiMe;) (1) is
reported. Reaction of 1 with O, generates a rare thiolate-ligated cobalt-superoxo species Co(O5)
(M3TACN)(S,SiMe») (2) that was characterized spectroscopically and structurally by resonance
Raman, EPR, and X-ray absorption spectroscopies as well as density functional theory (DFT).
Metal-superoxo species are proposed to S-oxygenate metal-bound thiolate donors in nonheme
thiol dioxygenases, but 2 does not lead to S-oxygenation of the intramolecular thiolate donors, and
does not react with exogenous sulfur donors. However, complex 2 is capable of oxidizing the O-H
bonds of 2,2,6,6-tetramethylpiperidin-1-ol (TEMPOH) derivatives via H-atom abstraction.
Complementary proton-coupled electron-transfer (PCET) reactivity is seen for 2 with separated
proton/reductant pairs. The reactivity studies indicate that 2 can abstract H-atoms from weak X-H
bonds with BDFE <70 kcal mol-1. DFT calculations predict that the putative Co(OOH) product
has an O-H bond dissociation free energy (BDFE) = 67 kcal mol~!, which matches the observed
pattern of reactivity seen for 2. These data provide new information regarding the selectivity of S-
oxygenation versus H-atom abstraction in thiolate-ligated nonheme metalloenzymes that react
with O,.
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Introduction

The activation of dioxygen is of fundamental importance to a number of synthetic and
biological transformations.! The metal-mediated binding and concomitant one-electron
reduction of O, to generate a metal-superoxido species is implicated as the first key step in
substrate oxidation reactions in biology,? catalysis,>* and the oxygen reduction reaction
(ORR).’ Determining the influence of ligand architecture and donor type, as well as metal
ion identity, oxidation and spin states, on the binding and activation of O, continues to be a
focus of much research.

The activation of O, and its reduced analogues (e.g. Oy*—, HyO,) by sulfur-ligated iron
centers is of special importance to certain nonheme iron enzymes, including thiol
dioxygenases, isopenicillin N synthase (IPNS), superoxide reductase, persulfide
dioxygenase (ETHE1), and the sulfoxide synthases, EgtB and OvoA. Proposed mechanisms

I_guperoxo (Felll(0,e—)) intermediates, which

for these enzymes invoke the formation of Fe
are believed to be responsible for oxidation reactions, such as hydrogen-atom abstraction or

S-oxygenation.

In the case of IPNS, experimental evidence supports a mechanism in which the first H-atom
transfer (HAT) step in the cyclization of the tripeptide substrate 6-(L-a-aminoadipoyl)-L-
cysteinyl-D-valine (ACV) is mediated by an Fe!ll(O,s—) species.® In cysteine dioxygenase
(CDO), a mammalian thiol dioxygenase, an Felll(0,e—) intermediate is proposed to
selectively attack the metal-bound thiolate, initiating the dioxygenation of cysteine to
cysteine sulfinic acid, despite the presence of a nearby cysteine-crosslinked tyrosine residue
that should be susceptible to H-atom abstraction (Figure 1).7-%

The sulfoxide synthases EgtB and OvoA catalyze C-S bond formation between cysteine- and
histidine-derived residues as well as S-oxygenation, to give a final coupled sulfoxide
product. However, the mechanism, and especially the ordering of S-oxygenation versus C-S
bond insertion for either of these enzymes, is unknown. One proposed mechanism involves
initial sulfur attack by Felll(O,+—) to form an Fe!V(O)(sulfenate) intermediate, similar to
what has been suggested for CDO, followed by eventual insertion of the sulfenate into the
His C-H bond. Alternatively, the Fell[(O,e—) in termediate may first abstract hydrogen from
a tyrosine residue in close proximity to the Fe center, generating Fe'll(OOH) and a tyrosyl
radical (Figure 1).19-11' A series of subsequent steps leads to C-S bond formation and
sulfoxidation of the thioether to give the final product. The EgtB mutant EgtBy377g, which
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replaces the proximal tyrosine with a phenylalanine group, no longer performs the C-S
insertion reaction, and instead performs CDO-like S-oxygenation reactivity.!2 Furthermore,
studies with OvoA indicate that mutation of the proximal Tyr group can modulate the
amount of sulfinate versus sulfoxide products observed.!? These studies suggest that the Tyr
plays a key role in the reactivity of the sulfoxide synthases, and perhaps H-atom transfer
from Tyr biases the outcome toward C-S bond formation versus S-oxygenation. It is not yet
understood what features of thiolate-ligated M(O,—) species favor S-oxygenation versus H-
atom abstraction.

Early work on the oxidative reactivity of synthetic metal-superoxo species with organic
substrates highlighted the ability of Co complexes to catalyze the oxidation of substituted
phenols in the presence of dioxygen. These studies implicated H-atom abstraction by a Co-
superoxo intermediate as the key step that initiates phenol oxidation.!3-2! However, the
latter studies often involved observations made under catalytic conditions, and did not
examine well-characterized Co(O,¢—) species in direct reaction with H-atom donors.
Recently, the isolated H-atom abstraction step has been studied in detail with well-defined
iron and cobalt superoxo species.2226 Iron and cobalt superoxo complexes have been shown

to exhibit both electrophilic and nucleophilic reactivity,26-27

including a recent case of a
Co'l(superoxo)(L*) species formed via leveraging ligand aminyl/amide redox chemistry. This
species was shown to mediate catalytic O-atom transfer to phosphines as well as catalytic

aldehyde deformylation.2”

Nonheme metal superoxo species bearing thiolate donors remain exceedingly rare, with only
two well-characterized examples (Co and Fe),zg‘29 and in these cases, no substrate reactivity
studies were reported. Thiolate coordination is likely to strongly influence the reactivity
properties of these species. Late transition metal-thiolate bonds are characterized by high
covalency. The archetypal example is the bonding of oxidized blue copper centers, where the
redox-active singly occupied molecular orbital is of effectively equal Cu 3d and S 3p
parentage, facilitating rapid electron transfer.30 Co-S covalency could in principle afford
another means toward generation of a Co-superoxo while effectively foregoing Co-centered
redox in a manner analogous to the aforementioned COH(superoxo)(L’).

To investigate the bonding and reactivity of a thiolate-supported Co-superoxo species, we
prepared a novel dithiolate-li-gated cobalt(IT) complex, Co'l(M 3 TACN)(S,SiM,») (1). We
show that reaction of 1 with O, leads to the mononuclear cobalt superoxo complex Co(O,)
(Mg3TACN)(S,SiMgp) (2), which was characterized structurally by X-ray absorption
spectroscopy (XAS), and spectroscopically by electron paramagnetic resonance (EPR) and
resonance Raman (RR) spectroscopies. Density functional theory (DFT) calculations were
performed to support the spectroscopic analyses. The spectroscopic and calculational results
best accord with the view that superoxide formation occurs via redox reactivity best
described as [CoS,]¥!* rather than Co?*/3*, Treatment of 1 with O, to form superoxide is
attended by an increase in the degree of Co-S mixing in unoccupied molecular orbitals,
allowing the Co to remain in the +2 oxidation state in both species. We then show that while
2 does not oxygenate the sulfur ligands or exogenous sulfur substrates, it is capable of H-
atom abstraction reactivity with weak O-H bonds.
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Results and Discussion

Synthesis.

Compound 1 was prepared by mixing Me3TACN and Co(OAc), in an equimolar ratio in
THF followed by heating to 60 °C, resulting in a purple solution. Following cooling of the
solution to 24 °C, addition of 1 equiv of hexamethylcyclotrisilathiane ((M¢»SiS)3) in hexane
caused an immediate color change to green, and eventual formation of a blue-green
precipitate.

Isolation of the blue-green solid followed by recrystallization from vapor diffusion of
pentane into a THF solution of crude 1 results in the formation of blue-green crystals over
48 h (52%). The single crystal X-ray diffraction analysis (XRD) reveals that 1 is a five-
coordinate Co!l complex with a tau value3! = 0.107, indicating a square pyramidal geometry.
This structure is similar to the analogous Fel! complex previously described.?? The Co-S
distances differ by 0.043 A, and these distances, and the Co-N average distance (2.19 A),
show minor bond contractions compared to the Fell an alogue, as expected for the smaller
ionic radius for Coll.33-33 The 'H NMR spectrum of 1 in CD3CN is consistent with a high-
spin Co!l center, exhibiting paramagnetically shifted resonances from —55 to 100 ppm.
Assignment of the N-Me peak was made possible by synthesis of the selectively deuterated
1-dg. A peak at —52.5 ppm is absent in the 'H NMR spectrum of 1-dg (Figure S1), and the
corresponding 2H NMR spectrum reveals a single peak at —53 ppm. These data allow us to
assign the latter peaks to the N-Me protons, which appear magnetically equivalent in
solution. The "H NMR spectrum for 1 is similar in CD3CN and THF-dy, suggesting that
solvent does not coordinate to the open site (Figure S2). The solution magnetic moment of 1
was measured by Evans method, giving s = 4.89 ug, which is significantly higher than the
expected spin-only value, but is typical for Coll (5= 3/2) complexes with significant orbital
angular momentum.36-39

The X-band EPR spectrum of 1 in a butyronitrile glass at 12 K is shown in Figure 2b, and is
consistent with a .§'= 3/2 system, with g= 6.1, 3.5, 2.7. Cyclic voltammetry of 1 reveals a
single quasi-reversible wave (Ej/, = —0.81 V vs. Fc*/Fc; AEp,, = 200 mV) (Figure 2c). The
Co!l center in 1 is thus highly reducing compared to other Co! complexes that bind
0,,22:25.28.40 Jikely because of the strongly donating, dianionic dithiolato ligand set.

Dioxygen Reactivity.

Addition of O, to a solution of 1 in 2-methyltetrahydrofuran (2-MeTHF), THF,
dichloromethane, or butyronitrile at —80 °C results in an immediate color change from pale
purple to orange. UV-visible spectroscopy shows the appearance of an intense band at 340
nm (e = 12600 M~! cm™!) and a shoulder at 360 nm (e =10600 M~! cm™1), as well as bands
at 445 (e =3100 M~! cm™!) and 555 nm (e = 1300 M~! cm™!) corresponding to a new
species 2 (Figure 3). This species is stable indefinitely at —80 °C. Titration of an O,-
saturated solution of 2-MeTHF at —135 °C into 1 confirms the 1:1 Co/O, stoichiometry for
the formation of 2 (Figure S5), consistent with the formation of a mononuclear Co/O,
species. Bubbling argon for one hour through a solution of 2 results in no spectral change,
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and the formation of 2 cannot be reversed by repeated vacuum/purge cycles. Thus, the
binding of O, to 1 is irreversible.

The resonance Raman spectrum of 2 obtained in frozen 2-MeTHF with Aqy. =407 nm
exhibits a peak at 1133 cm™!, which shifts to 1070 cm™! upon 80, substitution. This down-
shift of 63 cm~! is comparable to the expected shift of 65 cm™! predicted by Hooke’s law for
an O-O bond. This v(O-O) frequency is within the typical range seen for six-coordinate,
end-on, Co-superoxo complexes.*> Another O,-sensitive band at 1123 cm™! (Av(18 O, -
160,) = 64 cm™!) suggests the presence of a second superoxo conformer; these two v(O-0)
components likely reflect different rotamers of the superoxo ligand relative to the N2S2
equatorial plane. A DFT geometry scan varying the N-Co-O-O dihedral angle shows a
relatively flat potential energy surface, supporting the assignment of the two v(O-O)
components (vide infra). The presence of two conformations for Co-superoxo species has
also been suggested from RR data for oxycobalt hemoglobin#* and a corrole Co-superoxo
complex.*? In the latter complex, two O-O stretches were observed, resulting from either
two conformers or the presence of Fermi coupling. In the case of 2, Fermi coupling is ruled
out by the fact that 180, substitution results in no change in the relative intensity of the two
observed vibrational bands. The O-O stretching frequencies in 2 are on the low end of the
range reported for other 6-coordinate Co-superoxo complexes (Table 1), likely due to the
presence of the strongly donating thiolate ligands in 2. Additional O,-sensitive RR bands are
seen for 2 at 520 cm™! (Av(18 O, - 100,)= -29 cm™!) and 367 cm™! (Av(180, - 160,)= —9
cm™1). These bands are assigned to the Co-O stretching and Co-O, bending modes,
respectively, which is supported by density functional theory (DFT) calculations (vide infra).
A Badger’s rule analysis*® of the O-O stretch at 1133 cm™! predicts an O-O bond length of
1.34 A, which matches the bond length obtained from DFT calculations (vide infra).

The X-band EPR spectrum of 2 in 2-MeTHF obtained at 12 K exhibits a rhombic signal
with g~2.11, 2.02, and 1.98 from simulation of the experimental spectrum. Simulating the
spectrum with a single species gave unsatisfactory results. However, an improved simulation
required a second species with g~2.11, 2.03, and 2.02, representing ~30% of the signal. The
requirement of two species for a good EPR simulation is consistent with the resonance
Raman data that indicates two conformers exist in a similar ratio to that seen by EPR.
Resolved Co hyperfine splitting showing 8 lines is observed on the high g side of the
spectrum with hyperfine coupling constant A(°°Co) = 30.3 G for the major species. The
significantly smaller cobalt hyperfine coupling constant for 2 as compared to 1 is consistent
with the un-paired electron residing primarily on the superoxido ligand. These spectral
features are typical for a mononuclear Cosuperoxo species.28: 4749

Co K-edge X-ray absorption spectroscopy (XAS) was carried out to evaluate the
participation of Co in the redox reaction between 1 and O,. Differences in the spectra of 1
and 2 are predominantly absorptivity-based, and rising edge energies vary insignificantly.
The pre-edge region of the K-edge XAS spectrum obtained for 1 shows a clearly resolved
peak at 7710.4 eV, and the rising edge inflection point occurs at 7719.5 eV. The spectrum
obtained for 2 itself shows a distinct pre-edge peak, although this peak is red-shifted by 0.3
eV to 7710.1 eV. The rising edge of the spectrum obtained for 2 appears at 7719.4 eV. While
rising edge energies are commonly used to ascertain differences in physical oxidation state,
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we and others have noted that changes to coordination geometry and ligand identity can
confound these interpretations.’%-31 In the current case, addition of a sixth ligand to 1 results
in diminished intensity, but no significant edge shifts. Addition of electronegative donors
such as O would be expected to lead to a blue shift of the rising edge even in the absence of
Co-centered redox. That the energies remain invariant suggest that not only does the Co not
undergo oxidation, but that the metal center may have obtained a higher electron population.

Changes to the structural and electronic properties at Co upon formation of 2 are more
clearly evident following analysis of the extended X-ray absorption fine structure (EXAFS)
in the Co K-edge XAS. The EXAFS of 1 is in good agreement with the XRD data, providing
best fits with Co-Nyye = 2.14 A and Co-S,ye = 2.36 A. The EXAFS of 2 is best fit with a 6-
coordinate Co ion, including three Co-N/O scatterers at 2.04 A, two Co-Syye = 2.29 A, and
one short Co-N/O scatterer at 1.85 A. The Co-N/O scatterer at 1.85 A is assigned to the Co-
05 bond, which is in agreement with a 1.90 A distance predicted from a Badger’s rule
analysis using the experimental vibrational data. The contractions in Co-N and Co-S bond
distances in 2 are consistent with a change from an .S= 3/2, hs-Co!! center in 1 to an S'= 1/2
species upon binding O,. Shortening of the Co-S distances would also lead to a greater
degree of Co 3d/S 3p mixing, which would de-localize hole character from Co to S.

Geometry optimization of 1 by DFT accurately reproduced the metrical parameters for this
complex as determined by XRD. The DFT geometry optimization for 2 produces a 6-
coordinate Co center that is bound by one oxygen atom, two sulfur and three nitrogen atoms,
and exhibits bond metrics that reproduce the EXAFS data (Table S4). The resonance Raman
spectra indicated that there are likely two Co(O,*") conformers, and a DFT geometry scan of
different orientations of the O,"~ ligand along the N2S2 equatorial plane reveals that
different conformers are close in energy, with barriers to rotation < 2 kcal mol~!(Figure S8).
Due to the inherent errors in calculating energies by DFT,? it is not possible to definitively
assign which two rotamers are present in solution. However, frequency calculations on
several of these rotamers reveals that the O-O stretching frequency varies by as much as 15

1, consistent with the experimental vibrational data, which shows a shift of 10 cm™! for

cm
the two conformations. Taken together, the DFT data support the presence of two
conformers of 2 present in solution. All subsequent calculations utilize the conformer 2-A,
which most closely matches the experimental data for the major conformer (see Supporting
Information). Frequency calculations predict an O-O stretching frequency of 1126 cm™!, a
Co-O stretching frequency of 518 cm~! and a Co-O, bending mode at 363 cm™!, which
match closely with the experimental data. The calculated O-O bond length is 1.311 A, which
is close to that calculated by Badger’s rule using the experimental vibrational data and

consistent with the superoxido character of the O, unit.
The electronic structures of 1 and 2 were calculated by DFT to provide further insight into

the experimental data. An electronic configuration of [d ,,d ,,d |, d

Xz~ Xy

pd 1 for1
2.2
z X7-y

2 1
yz

was calculated, with predominantly sulfur character in the Co-S m-bonding orbitals, and
mainly Co character in the corresponding S-Co m* orbitals. In contrast, the * anti-bonding

orbitals in 2 are predominantly S in character, suggesting a large degree of covalency within
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the complex. This covalency also likely contributes to a donation of electron density into the
O, t* orbitals, which in turn should weaken the O-O bond in comparison to non-thiolate-
ligated Co-superoxo complexes. The singly occupied molecular orbital is primarily O, t*op
in character (where op is out of plane with respect to the Co-O-O plane). Lowdin spin
population analysis reveals that a significant amount of spin density is localized on the O,*~
ligand, with a small amount remaining on the cobalt center (O,: 93.4%; Co: 3.1%),
corroborating the EPR data.

As predicted by the EXAFS structural analysis, a substantial elevation of Co-S covalency
attends oxygenation of 1. The two LUMOs of 2 feature substantially lower Co 3d character
than the three SOMOs of 1 (Figure 6). Weighting the four vacancies among the two LUMOs
of 2 by their Co 3d character, it is estimated that 2 is lacking 2.3 electrons from the Co 3d
manifold. Taking a similar approach to 1, there are 2.6 holes in the d-manifold. This

/1+ is the redox couple that should be invoked in reactivity

observation suggests that [CoS,]°
with O,. Moreover, the apparent increase in d-count on going from 1 to 2 accords with the
observed XAS behaviour. Taken together, the DFT calculations provide good support for the

structural and spectroscopic data obtained for 2.

Substrate Reactivity.

Thiolate ligands can be susceptible to oxidation, e.g. through S-oxygenation or disulfide
formation by reaction with 0,.33-5% However, complex 2 exhibits good stability at low
temperature, indicating that there is no direct attack of O, on the S donors under these
conditions. Complex 2 also appears unreactive toward external reductants such as PPh3,
PhSMe, PhSH, or cysteine methyl ester. However, 2 does react with the hydrogen atom
donors 4-methoxy-2,2,6,6-tetramethylpiperidin—1-ol (4-OMe-TEMPOH) and 2,2,6,6-
tetramethylpiperidin-1-ol (TEMPOH). Addition of either of these substrates to solutions of 2
in 2-MeTHF at —80 °C results in the rapid disappearance of 2 by UV-vis spectroscopy
(Figure 7). EPR spectroscopy of the reaction mixture reveals that the .S = V2 signal associated
with 2 has disappeared, and the EPR spectrum typical of a nitroxyl radical has formed. Spin
quantitations by double integration and comparison with a calibration curve indicate one
equiv of both the unsubstituted and 4-OMe nitroxyl radical is formed. These results are
consistent with a single H-atom transfer from the TEMPOH derivatives to the Co(O,"")
species to give TEMPO radical and a putative Co(OOH) product.

Attempts to characterize the putative Co(OOH) species by RR spectroscopy were
unsuccessful, with no resonance-enhanced O,-sensitive bands observed, which is not
surprising in view of the lack of visible absorption features after exposure of 2 to TEMPOH
(Figure 7). The 'H NMR spectra of reaction mixtures with TEMPOH at —80 °C were also
featureless, showing only residual solvent peaks. Gradual formation of precipitates in the
NMR tube was evident, consistent with the absence of peaks associated with the cobalt
complex. These observations suggest that the expected Co(OOH) species is unstable and
decays to intractable products. For comparison, a related nonheme cobalt-hydroperoxo
complex, [Co(15-TMC)(OOH)]?*, was also found to be unstable, rapidly decaying via
hydroxylation of the 15-TMC ligand.%°
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Further insight into the mechanism of HAT by 2 was provided by kinetic analysis of the
reaction with 4-OMe-TEMPOH. Addition of excess 4-OMe-TEMPOH(D) (12 — 60 equiv) to
2 in 2-MeTHF at —105 °C results in a first-order decay of 2 as seen by UV-vis spectroscopy.
A second order rate constant of 0.87(3) M~! s~ was determined from the slope of a plot of
kops versus [4-OMe-TEMPOH] (Figure 7). This kinetic behaviour is consistent with a
second-order process for a bimolecular reaction between 2 and the substrate. A comparison
of the rate constants for H versus D leads to a large kinetic isotope effect (KIE) of 8.8 at
—105 °C (Figure 7). The observed KIE indicates that HAT from 4-OMe-TEMPOH to 2 is the
rate-determining step.

Temperature-dependent kinetic studies were performed to provide further mechanistic
information on reaction between 2 and 4-OMe-TEMPOH. An Eyring plot of In(&/T) versus
1/T exhibits good linearity from —80 °C to —115 °C (Figure 8). The Eyring analysis yields
activation parameters AHF = 3.6 kcal mol-1 and AS* = —46.2 cal mol-1 K-1. Small values for
AH: have been observed for H-atom abstraction reactions by other metal-superoxo
complexes.®1=62 The significantly negative AS* is indicative of an ordered transition state,
and expected for a bimolecular reaction. However, the AS* observed for the reaction of 2
with 4-OMe-TEMPOH is even more negative than most AS* values reported for HAT
reactions with TEMPOH as substrate and a range of M(OR) oxidants (M = Mn!l, Cul'l; R =
H, Me, O, Cu).92-6 This highly negative AS* may arise from a requirement of the superoxo
ligand in 2 to adopt the appropriate conformation for productive H-atom abstraction.

In contrast to the TEMPOH derivatives, stronger O-H substrates (e.g. 2,4,6-tri-tert-
butylphenol, which has an O-H bond dissociation free energy (BDFE) = 80.6 kcal mol~! in
CH3;CN),%7 or C-H substrates (e.g. xanthene, BDFE(C-H) = 73.3 kcal mol~! in DMS0)%7
are not oxidized by 2. This lack of reactivity suggests that HAT to 2 is thermodynamically
unfavorable, and implies that the strength of the O-H bond in Co(OOH) is relatively weak
compared to the X-H substrates. DFT calculations to estimate the O-H bond strength in
Co(OOH)(Me3;TACN)(S,SiMe,) were performed, and gave a BDFE(O-H) = 67 kcal mol~L.
This value, which is higher than the TEMPOH derivatives and lower than the stronger C-H
and phenolic O-H BDFE values, is in line with the observed HAT reactivity.

To provide further experimental validation for the calculated O-H bond strength, we
examined the reactivity of 2 with separated H*/e~ donors. Individual acid/reductant pairs
exhibit effective BDFE values that can be calculated from their respective pKa/E°values,
67-68 and we have previously used these effective BDFE values to bracket the O-H bond
strengths of Mn!V- and Cr'V-hydroxo corrolazine species.®® Addition of the acid/reductant
pairs [Et;NH]BF,/dimethylferrocene (Me,Fc) (BDFE = 75 keal mol~!) or [EtsNH]BF4/
decamethylferrocene (Fc*) (BDFE.¢ = 70 kcal mol-1) results in no reaction with 2.
However, employing lutidinium tetrafluroborate/Fc* (BDFEg = 63 kcal mol~!) results in
the decay of 2 and concomitant formation of Fc**, which gives a characteristic UV-vis
feature near 780 nm (Figure S19). These results suggest that 2 can abstract H-atoms from
bonds weaker than 70 kcal/mol. This upper limit is consistent with the inability to oxidize
phenol O-H bonds, and the observed oxidation of TEMPOH (BDFE = 66.5 kcal mol~! in
CH;CN)%7 or 4-OMe-TEMPOH (BDFE = 65.0 kcal mol-1 in CH3CN).%7 These results are
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also nicely in line with the DFT calculated BDFE of 67 kcal mol-1 for the O-H bond in the
Co(OOH) product.

While 2 does not react with phenols, the related TACN-ligated superoxo complex
[Co(PyTACN)(CH3CN)(02)]2+ oxidizes 2,4,6-tri-tert-butylphenol (ttbp) with a rate constant
of 0.59 M~! 571 at =80 °C.24 The putative cobalt(III)-hydroperoxo product was not
characterized, but the oxidation of ttbp suggests that this species has a stronger O-H bond
than the proposed Co(OOH) product for 2. The dianionic, dithiolato donors in the neutral
complex 2 should give a significantly less electrophilic superoxo species as compared to the
dicationic PyTACN complex. The difference in electrophilicity may account for the
difference in reactivity, and contribute to the proposed difference in BDFEs for the
Co(OOR) species. This analysis is in line with a recent study involving a series of TMC-
based Cr'(0,"") complexes with various axial ligands, in which the most electron-poor
axial donor led to the most reactive H-atom abstractor.”0

Predictable trends for the reactivity of M-superoxo species are not well-established.
Computations have suggested that electrophilicity, reaction driving force, and coupling
between the metal center and superoxo ligand may play key roles in controlling the
reactivity of M-superoxo species in HAT reactions.”!~72 In one computational study, it was
shown that the H-atom abstraction reactivity of a series of hypothetical heme and nonheme
Fe-superoxo complexes correlated with the BDE of the formed O-H bond, which increased
with increasing electrophilicity of the Fe-superoxo complex.”! More experimental studies
are clearly needed to validate or refute these computational trends.

A small number of experimentally measured or calculated BDFE values for the O-H bonds
of M(OOH) complexes are available, and some are tabulated in Table 2. They span a
relatively wide range, with Co(OOH)(Me3TACN)(S,SiMe,) on the weak end. In most cases,
the metal-bound species tend to exhibit significantly weakened O-H bonds compared to
those for HyO, or organic hydroperoxo (ROOH) species. They also tend to have weak O-H
bonds compared to high-valent metal-hydroxo (M(OH)) species.71 However, some
metalloenzymes are proposed to employ metal-superoxo species for abstracting H atoms
from relatively strong C-H bonds.”? For example, the ferric-superoxo intermediates in the
nonheme iron enzymes IPNS and myo-inositol oxygenase (MIOX) are proposed to abstract
H atoms from C-H bonds with BDE(C-H) > 90 kcal mol~!.73 More work needs to be done
to determine the factors that dictate the O-H bond strengths in M(OOH) species, and control
the overall oxidative potency of these metal-superoxo species.

Conclusions

We report here a new thiolate-ligated Coll complex Co'l(Me3;TACN)(S,SiMe,) (1) that
reacts with O, to generate a mononuclear Co-superoxo complex Co(O,)(Me3;TACN)
(S,SiMe)) (2). There are few examples of well-characterized thiolate-ligated metal-superoxo
complexes; only two other complexes (with Fe and Co) have been described thus far.28-29
Complex 2 was characterized structurally and spectroscopically by XAS, resonance Raman,
and EPR spectroscopies, and DFT calculations supported the spectroscopic assignments.

The XAS data combined with the DFT calculations suggest that the dithiolato ligation in 2
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leads to highly covalent ligand-metal bonding interactions. As a consequence, the reaction of
1 with O; is best described as a redox process involving the covalently bonded CoS, unit.

This work is the first study of HAT reactivity for a thiolate-ligated metal-superoxo complex,
and it was found that H-atom abstraction occurs rather than S-oxygenation. However,
complex 2 is capable of cleaving only weak O-H bonds (BDFE <70 kcal mol~!). The DFT-
calculated BDFE of 67 kcal mol™! for the Co(OOH) product is consistent with the observed
HAT reactivity, as is the experimental bracketing of the BDFE value obtained with the
separated PCET reagents. In comparison, non-thiolate-ligated Co(O,"") species appear to be
more reactive toward H-atom abstraction, possibly due to their greater electrophilicity and
subsequently stronger O-H bond strengths.

The findings presented here suggest that mechanisms involving H-atom abstraction by
metal-superoxo species, such as in the EgtB enzyme (Figure 1), are viable, even with the
possibility of a competing S-oxygenation pathway. However, the phenolic O-H bond in EgtB
is significantly stronger than the O-H bonds cleaved in this study, and suggests that the
proposed Fell[(0,°7) intermediate is a more potent oxidant. In contrast, the enzyme CDO
favors S-oxygenation over H-atom abstraction, even though a cross-linked cys-tyrosine

75-76 i5 poised near the iron center. The

group, which is a reasonable H-atom donor,
fundamental properties of thiolate-ligated metal-superoxo species that dictate S-oxygenation
versus H-atom abstraction reactivity, and more generally, the reactivity of metal-superoxo

species in biomimetic environments, warrants further examination.

EXPERIMENTAL SECTION

Materials.

All syntheses and manipulations were conducted in an N»-filled drybox (Vacuum
Atmospheres, O, < 0.2 ppm, HyO < 0.5 ppm) or using standard Schlenk techniques under an
atmosphere of Ar unless otherwise noted. MesTACN was purchased from Matrix Scientific,
degassed by three freeze-pump-thaw cycles, and stored over 3 A molecular sieves.
MesTACN-dy was synthesized according to a published procedure.>?
Hexamethylcyclotrisilathiane ((Me,SiS)3;) was prepared according to a published procedure.
32 Co(OAc), was purchased from Alfa Aesar. Formalde-hyde-d», formic acid-d»in D,O
(21% w/w), and 1802 (98 atom %) were purchased from ICON Isotopes (Summit, N.J.).
TEMPOH, 4-OMe-TEMPOH, and 4-OMe-TEMPOD were synthesized according to a
published procedure.”’~78 All other reagents were purchased from commercial vendors and
used without further purification. Acetonitrile, acetonitrile-d3 and hexamethyldisiloxane
were distilled from CaH,. Tetrahydrofuran, pentane, hexane, and 2-MeTHF were dried over
Na/benzophenone and subsequently distilled. Butyronitrile was distilled from NayCO3/
KMnOy according to a reported procedure.”® Diethyl ether was obtained from a PureSolv
solvent purification system (SPS). All solvents were degassed by a minimum of three freeze-
pump-thaw cycles and stored over freshly activated 3 A molecular sieves in the drybox
following distillation.
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Instrumentation.

The 'H spectra were measured on a Bruker 300 MHz or a Bruker 400 MHz spectrometer. 2H
NMR spectra were recorded with a broad-band coil on a 300 MHz instrument with 2H
resonance at 46 MHz. Solution magnetic susceptibilities were determined by a simplified
Evans method.8%-8! Chemical shifts were referenced to reported solvent resonances.82 UV-
vis experiments were carried out on a Cary bio-50 or Cary 60 UV-Vis Spectrophotometer
equipped with a Unisoku USP-203A cryostat using a 1 cm modified Schlenk cuvette.
Midwest Microlab (Indianapolis, IN) conducted elemental analyses on samples prepared and
shipped in ampules sealed under vacuum. EPR measurements were performed on a Bruker
X-band EPR in 5 mm quartz EPR tubes (Willmad). EPR Spectral simulations were
performed using EasySpin.83 Infrared spectra were recorded on a ThermoNicolet Nexus 670
FTIR Spectrometer with an ATR diamond crystal stage using the OMNIC 6.0a software
package. Infrared spectra were collected on crystalline solids that were crushed into a fine
powder. Cyclic voltammetry experiments were performed in a N2 atmosphere glovebox
using a Princeton Applied Research Versastat II potentiostat and a three-electrode setup (2
mm glassy carbon working electrode, Pt wire counter electrode, and Ag/AgNOj reference
electrode) with electrodes purchased from BASi, Inc., and/or CH Instruments, Inc.

Computational Methods.

All geometry optimizations were performed in the ORCA-4.0.1.2 program package.3* Initial
geometries were obtained from the X-ray crystallo-graphic model of 1 and altered as
needed. Optimized geometries were calculated using the BP86 functional3>-80 in com
bination with the D3 dispersion correction.8” The triple-£ basis set (def2-TZVP)88-90 was
used for all Co, S, N, O, and Si atoms, and the def2-SVP basis set was used for all C and H
atoms. Solvent effects in these calculations were accounted for by using the conductor-like
polarizable continuum model (CPCM), specifying the dielectric constant (g) for THF in all
cases.?! To reduce computational costs, the resolution of identity and chain of sphere
(RIJCOSX) approximations®? in tandem with the def2/J auxiliary basis set”> were
employed. Due to SCF convergence difficulties in some cases, damping parameters were
altered using the slowconv function in ORCA. Frequency calculations at the same level of
theory confirmed that all optimizations had converged to true minima on the potential energy
surface (i.e., no imaginary frequencies). Single point calculations were carried out using the
B3LYP?4 hybrid density functional to generate quasi-restricted molecular orbitals (QROs).%
These calculations employed zeroth order regular approximation (ZORA)?-98 for
relativistic effects. Single point calculations used the CP(PPP)?-190 basis set on Co and the
ZORA-def2-TZVP(-)88-90 basis set on all other atoms. Molecular orbitals were visualized
in UCSF Chimera 7.7/0.191 Bond dissociation free energies were calculated at 1 atm and

25 °C using the geometry optimization and frequency calculations performed with BP86.
Corrections for vibrational, zero-point energy, and contributions from translational,
rotational, and vibrational modes to the energy and entropy of the H-atom transfer were
accounted for. The electronic energy of H® used in the calculation of the BDFEs is 313.1
kecal mol 1.
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Synthesis of Co'|(Me3TACN)(S2SiM,5) (1).

To a solution of Me3TACN (159 mg, 0.926 mmol) in THF (~ 4 mL) was added Co(OA.);
(164 mg, 0.926 mmol) to afford a purple slurry. The slurry was heated to 60 °C until all the
solids are dissolved, affording a purple solution, which was then allowed to cool to 24 °C. A
solution of hexamethylcyclotrisilathiane (251 mg, 0.926 mmol) in hexane (~ 2 mL) was
added dropwise to the purple solution resulting in a rapid color change to dark green and the
formation of a green precipitate. The reaction was allowed to stir for 2 h, and the precipitate
was allowed to settle. The solution was removed from the precipitate, which was then
washed twice with Et,O. The remaining blue solid was dried and redissolved in minimal
THF. Vapor diffusion of pentane afforded 1 as green/blue crystals after 48 h (171 mg, 52%)
UV-vis (2-MeTHF): Apax = 287 nm (e = 3650 M~ cm™1), 347 nm (e = 1150 M~ cm™),
404 nm (e = 1300 M~! cm™1), 483 nm (e = 300 M~! cm™!), 604 nm (e = 200 M~ cm™1),
751 nm (e = 100 M~! cm™1). Selected IR bands, v (cm™1): 2889, 1499, 1447, 1295, 1060,
1009, 826, 783, 666. 'H NMR: (CD3CN, 400 MHz): & 96.03, 20.60, —=52.46 ppm. Evans
method (CD3CN, 400 MHz): uff = 4.89 uB. Anal. Calcd for C;;H,7N3S,Co: C, 37.48; H,
7.72; N, 11.92. Found: C, 37.16; H, 7.52; N, 11.50. Col(Me3TACN-d)(S,SiM¢,) (1-do)
was synthesized using the same procedure as that for 1 using Me3TACN-dj.

Titration of Dioxygen to Generate 2 as Monitored by UV-vis Spectroscopy.

An O, saturated solution of 2-MeTHF was prepared by sparging 2-MeTHF with dry O, for
30 min at 40 °C (5.75 mM).192 The O, saturated solution was drawn into a gas-tight syringe
and added in 50 pL (0.19 equiv) aliquots to a solution of 1 in 2-MeTHF (2.45 mL, 0.614
mM) at —135 °C. Following addition of 0.88 equiv, excess O, was bubbled into the solution
to fully generate 2. The formation of 2 was monitored by observing the growth of the band
at 555 nm, and full formation was reached with ~1 equiv of O,, consistent with the
formation of a 1:1 Co/O, species.

Preparation of Resonance Raman Samples.

A stock solution of Col(MesTACN)(S,SiM,») (1) was prepared in 2-MeTHF (2.6 mM). An
aliquot of the stock solution of 1 was transferred in to a 5 mm NMR tube and sealed with a
septum in a drybox. The sealed NMR tube was removed from the drybox and cooled to
—135 °C in a pentane/N,(1I) bath. Using a 3-way gas-tight syringe, 2 mL of 10, (natural
abundance) or 180, (98%) was added to the solution of 1, yielding a color change from pale
purple to dark orange. The reaction was allowed to proceed with frequent manual mixing for
5 min, and then the reaction mixture was slowly annealed in liquid nitrogen and stored at 77
K until needed.

Resonance Raman spectra were obtained on samples maintained at 110 K using a
backscattering geometry and a McPherson 2061/207 spectrograph equipped with a liquid-
nitrogen-cooled CCD camera (LN-1100PB, Princeton Instruments). The 407-nm excitation
was derived from a Kr laser (Innova 302C, Coherent). Frequencies were calibrated using
aspirin and are accurate to + 1 cm~!. The photosensitivity of 2 was assessed as minimal by
comparing short data acquisition with laser powers ranging from 5 to 20 mW and continuous
spinning of the samples in NMR tubes.
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Preparation of XAS Samples.

A stock solution of Col(MesTACN)(S,SiM,») (1) was prepared in 2-MeTHF (4 mL, 6 mM).
An aliquot of this stock solution (300 pL) was transferred in a drybox to an XAS cell with
slit width 9 x 2 mm. The slits were covered with Kapton tape (38 um thickness) to make X-
ray transparent windows. The XAS cell was sealed in a vial, removed from the drybox, and
the vial was submerged in liquid nitrogen. For preparation of the super-oxo complex 2,
approximately 2 mL of the stock solution of 1 was sealed in a vial and subsequently cooled
to —135 °C. Excess O, was added to the pale purple solution resulting in a color change to
dark orange. The reaction mixture was stirred for 5 min, and then quickly poured into a
small volume of liquid nitrogen to produce a frozen orange powder. The powder was
pulverized with a spatula while being maintained under liquid nitrogen, and then transferred
to a Delrin XAS cup with slits (1 x 4 mm). The slits were covered with Kapton tape (38 um)
to make X-ray transparent windows.

Co K-edge XAS data were obtained at the Stanford Synchrotron Radiation Lightsource
under ring conditions of 3.0 GeV and 500 mA. Data were obtained at either beamline 93 (1)
or 7-3 (2). In both cases, incident energy selection was achieved using Si(220) double-
crystal monochromators, and harmonics were rejected using Rh-coated mirrors set to an
energy cutoff of 9000 eV. Data were collected in fluorescence mode using either a Lytle
detector (1) or a Canberra 30-element solid state Ge detector windowed on Co Ka emission.
Samples were maintained at 10 K in a liquid He flow cryostat. Internal energy calibration
was performed by assigning the first inflection point of a Co foil spectrum to 7709.5 eV.
Data represent 4 scan averages. Spectra were processed using the SIXPACK software
package.!03 A second-order polynomial was fit to the pre-edge region, and this background
was subtracted from the entire spectrum. A three-region cubic spline was used to model the
smooth background above the edge. Data were normalized by subtracting this spline and
normalizing the post edge (7750 eV) to 1.0. EXAFS data were fit using the OPT module of
EXAFSPAK!%4 with input scattering paths calculated using FEFF7.105-106

Preparation of EPR Samples for Quantitation of TEMPO Radical Derivatives.

A stock solution of Co!! (Me3TACN)(S>SiM,) (1) was prepared in 2-MeTHF (1.23 mM).
An aliquot of the stock solution (450 pL) of 1 was transferred into a 5 mm EPR tube and
sealed with a septum in a drybox. The tube was removed from the drybox and cooled to

—80 °C. Excess O, was then bubbled directly through the solution of 1 resulting in a color
change from purple to orange, and the solution was then deoxygenated by sparging with
Ar(g) for 1 min. An amount of TEMPOH or 4-OMe-TEMPOH (25 or 50 uL; 2.5 or 5 equiv)
was added to the reaction mixture and the reaction was allowed to proceed for 25 min with
frequent manual mixing. Samples were then slowly annealed in liquid nitrogen and stored at
77 K until needed.

Kinetic Studies.

Co(M3TACN)(S7SiMep)(05) (2) was generated 7n situ by bubbling excess O, through a
solution of 1 in 2-MeTHF (0.525 mM, 1.95 mL) at the desired temperature. Following full
formation of 2, the solution was deoxygenated by sparging with Ar(g) for 10 min. Varying
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amounts of 4-OMe-TEMPOH (5.8 mM - 29.0 mM) were added, resulting in the decay of 2
as monitored by UV-vis spectroscopy. The pseudo-first-order rate constants (4qpg) for these
reactions were obtained by non-linear least-squares fitting of the plots of absorbance at 554
nm (Abs,) versus time (t) according to the equation Abs, = Abss + (Absg - Absg) exp(—Kopst)
where Absg and Abs are initial and final absorbance, respectively. Second order rate
constants (k) were obtained from the slope of the best-fit line from a plot of &y, versus
substrate concentration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Divergent reactivity performed by nonheme Fe thio-late-ligated enzymes.
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Figure 2.
(a) Displacement ellipsoid plot (50% probability level) for 1 at 110(2) K. Hydrogen atoms

have been omitted for clarity. Selected bond distances (10%): Col-S1, 2.3928(8), Co1-S2,
2.3498(9), Col-N1, 2.121(3), Col-N2, 2.222(3), Co1-N3, 2.218(3). (b) X-band EPR
spectrum of 1 (2 mM) in butyronitrile at 12 K (black line) and simulation (red line).

Conditions: microwave freq. = 9.415912 GHz; microwave power = 0.20 mW; modulation
amp. = 10 G; receiver gain = 5 x 103. (c) Cyclic voltammogram of 1 (3 mM) in butyronitrile
at 23 °C, using 0.3 M 7B 4NPF as supporting electrolyte. Working electrode: glassy carbon;
reference electrode: Ag/AgNOj3; counter electrode: Pt wire. Scan rate: 0.2 V/s.
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Figure 3.
UV-vis spectra of 1 (black line) and 2 (red line) in 2-MeTHF. Inset: X-band EPR spectrum

of 2 (2 mM) in 2-MeTHF at 12 K (black line) and simulation (red line). Conditions:
Microwave frequency = 9.420351 GHz; microwave power = 0.20 mW; modulation amp. =
10 G; receiver gain = 5 x 103.
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Figure 4.

Resonance Raman spectra of 2 in 2-MeTHF at 110 K (A¢xc = 407 nm). Black spectrum for 2
with 1602 (natural abundance); red spectrum for 2 with 1802 (98%); blue spectrum is the

difference spectrum (100, - 180,).
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Figure 5.
Co K-edge XAS data obtained for 1 (black) and 2 (red). Data were collected on 2-MeTHF

solution frozen at 10 K.
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Figure 6.
(a) Molecular orbital diagram for 2 obtained from quasi-restricted DFT (B3LYP, CP(PPP)

on Co, ZORA-def2-TZVP(-f) on all other atoms. (b) Singly occupied molecular orbitals for
1 obtained using the same calculational approach as in (a). Isosurfaces are plotted at values
of +/-0.03 a.u.
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Figure 7.

UV-vis spectra showing decay of 2 (0.53 mM) in 2-MeTHF (blue line) following addition of
excess 4-OMe-TEMPOH at —80 °C, with grey lines denoting 14 s intervals. Inset: Plot of
kops versus [4-OMe-TEMPOH] (blue points) and [4-OMe-TEMPOD] (red points) at

—105 °C. Best fits are shown as blue and red dashed lines, yielding second order rate
constants of 0.87(3) M1 s~ and 0.098(6) M1 571, respectively.
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Eyring plot for the reaction of 2 (0.53 mM) with 4-OMe-TEMPOH (6 mM) in 2-MeTHF

from —80 °C to —115 °C.
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Scheme 1.
Synthesis of 1
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Scheme 2.
Reaction of 2 with O,
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Scheme 3.
Reaction of 2 with TEMPOH derivatives
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Table 1.

Vibrational data (cm™!) for selected Co-super-oxo speciesa

Complex

v(0-0)

Co(0,)(Me;TACN)(S,SiMe,) (2)  1133/1123

Co(0x)(TpMe2) LM
Co(0,)(BDPP)©
Co(05)(py)(salen)”
Co(0)(TpM2)(CysOE)”
Co(0,)(py)(TPP)
Co(O)(py)(tpfe)®
Co(0)(py)(Clgtpfe)®

Co(0)(Hb)"

1150

1135

1144

1152

1143

1138/1094

1146

1153/1122

A(ISO)
63/64

60

65

61

57/56

v(Co-0)

520

543

n.r.

527

520

547

509

537

A(lso)
29

21

n.r.

21

23

an‘r.indicates not reported.
bRef. 25.
“Ref. 22.
dRef. 41.
“Ref. 28.
qief. 42.
&

Ref. 43.

[]Ref. 44.
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Experimental and Calculated O-H BDFEs of Selected M(OOH) Complexes

Table 2.

Complex Exp BDFE(O-H) Caled BDFE(O-H)
Co(00-H)(Me;TACN)(S,SiMe,) 66 — 707 67
Co(OO-H)(BDPP)” > 667 69
LMe,Cull,(00-H)“ 729 —
Fe!' TMC)(SH)(00-H)° — 703"
[Fel(TMC)(NCH)(OO-H)]** - 75.4f
[Fell TMC)(00-H)]*¥ - 77 .2f
[(Meécyclam)Rhm(HO)(OO—H)]*h 79.5[] -
[(Megeyclam)RhI(H,0)(O0—H) 2+ go” —
[([14]aneN4)Coll(HO)(OO-H) 12+ 80.9" —
[(H,0)sCrO0-H]2+ & 814" —
[(Megeyclam)Co!! (H20)(00—H)]2+h 81 .9b —
H-00~" 816" —
HOO-H" o1 _
¢Bu0O-H" 015" —

h i
CH;C(0)00-H 95.1 —

a . ..
estimated based on reported reactivity.
b
ref22.

“ref 62.

d
‘measured from £0 and pK4 values in CH3CN.

6.ref 71.

f.

BDE, not BDFE, was calculated.
gref 74.

bref 67.

"measured from £0 and pKa values in H2O.
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