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ABSTRACT: High-valent cobalt oxides play a pivotal role in
alternative energy technology as catalysts for water splitting and as
cathodes in lithium-ion batteries. Despite this importance, the
properties governing the stability of high-valent cobalt oxides and
specifically possible oxygen evolution pathways are not clear. One
root of this limited understanding is the scarcity of high-valent
Co(IV)-containing model complexes; there are no reports of stable,
well-defined complexes with multiple Co(IV) centers. Here, an
oxidatively robust fluorinated ligand scaffold enables the isolation
and crystallographic characterization of a Co(IV),-bis-u-oxo
complex. This complex is remarkably stable, in stark contrast
with previously reported Co(IV), species that are highly reactive,
which demonstrates that oxy-Co(IV), species are not necessarily
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unstable with respect to oxygen evolution. This example underscores a new design strategy for highly oxidizing transition-metal
fragments and provides detailed data on a previously inaccessible chemical unit of relevance to O—O bond formation and oxygen

evolution.

B INTRODUCTION

High-valent cobalt complexes have been a topic of intense
interest recently due to their relevance to oxygen evolution
reactivity. This reaction is a critical ste}) in the generation of
sustainable fuels and energy sources,' " and it is also a decay
pathway limiting the voltage of metal-oxide cathodes.” Cobalt-
oxide films have emerged as notable platforms for the
electrochemical oxidation of water to form gaseous oxygen,”™*
and the key intermediates that are typically invoked in these
systems are high-valent, formally Co(IV) or higher, Co-oxo
complexes.”” ™" Despite the importance of highly oxidized Co
complexes,lé_19 Co(IV) complexes of relevance to O,
activation or evolution (oxos, superoxos, peroxos, etc.) are
rare.

Oxygenation of Co complexes does not typically generate
species with oxidation states greater than III. Specifically,
Co(II) complexes commonly activate O, to form either
Co(III)—sugeroxide complexes or bridging Co(III),-peroxide
complexes.””*" Co(III)-superoxide complexes can further react
via H atom abstraction to form Co(IlI)-hydroperoxide
complexes,””~>* but there is only one report of an oxygenated
Co(11I)-superoxide complex being further converted into a
Co(IV) complex.” Protonation and/or reduction of Co(III),-
peroxide complexes can lead to cleavage of the O—O bond;
Co(IV) intermediates are invoked in these reactions but only
terminal Co(III) products have been observed.'* This
contrasts with similar Fe(III),-peroxide complexes, which can
cleave the O—O bond and form dimers with octavalent
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Fe(IV), cores.”’~*’ Bridging Co(III),-peroxide complexes can
be oxidized to superoxide complexes, and further oxidation
typically results in the loss of dioxygen, not the isolation of
Co(IV) species.””*°~

Co(IV) complexes with oxygen-based ligands have most
commonly been generated via oxidative pathways. Co oxide
cuboidal clusters can be oxidized to form stable complexes
with a single Co(IV) center and an average oxidation state of
Co(3.25).”**° Doubly oxidized, Co(IV),Co(III), cuboidal
clusters have been spectroscopically characterized under
oxidative electrochemical polarization, but this potential must
be maintained in order to observe the oxidized species.’**’
Other attempts to identify Co(IV), species were noted to
result in the evolution of oxygen gas.”* Nam and co-workers
demonstrated the formation of a Co(IV)-oxo complex via the
oxidation of a Co(II)-aquo species.”” While this represents a
rare oxy-Co(IV) complex, the instability of this compound has
limited characterization to in situ spectroscopic methods that
has made firm assignment of its structure challenging.*’
Similarly, previous results from this laboratory generated a
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Scheme 1. Synthesis of Complexes 1 and 2
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Figure 1. (A) Crystal structure of 2. Hydrogen atoms bound to carbon atoms and cocrystallized solvent removed for clarity. Selected bonds (in A):

01-02 =1.335(12), Co—O1 = 1.955(8), Co—02 = 1.917(8), Co—Cl =

2.285(3); Co—C1 = 1.936(10); Co—C2 = 1.955(10), Co—C3 1.961(10).

(B) IR spectra of '*0-2 (black) and '*0-2 (red) of 2 with the shift of the O—O stretching frequency at 1102 cm™ shown. (C) Plot of the 0—O
stretching frequency against the O—O bond length for 2 (black star), end-on Co(III)-superoxides (teal), side-on Co(III)-peroxides (red), and side-
on metal—dioxygen complexes more generally (green). Data from refs 22,51—62,66,67 The gray curve gives a fit to Badger’s rule, L = 757807 +
0.60. Note that the fit includes O,, which is not shown, as it is not within the plotted values.

Co(IV)-oxo complex from a Co(II)-hydroxide complex, but
this compound decays rapidly even at cryogenic temper-
atures.”’ Recently, Wang and co-workers made a key step
forward with the report of a mixed-valent Co(IV)—Co(III)
dimer."** This complex can be generated and studied at low
temperatures; however, thermal instability similarly prevents
the isolation or crystallographic characterization of this species.
Thus, no isolated or crystallographically characterized cobalt-
oxo complex has been reported containing all-Co(IV) centers.

One key challenge in this area is intramolecular ligand C—H
bond oxidation, and this has been noted as a general problem
in the isolation and study of highly oxidizing species.”* A key
example comes from Theopold and co-workers who showed
that while a Co(I) scorpionate complex can dimerize with O,
to form a Co(III),-bis-u-oxo core, isolation of this dimer is not
possible due to oxidation of a flanking isopropyl group.** This
decay pathway has also been observed for a Co(IV)-imide
complex and the Co(IV)-oxo complex from our laboratory
mentioned above,'®*' among many related examples in the
literature.

To meet this challenge, we recently developed a new
oxidatively stable scorpionate ligand scaffold, tris(4-trifluor-
omethyl-3-methyl-2-phenylimidazol-5-ylidene )borate ([(HB-
(°®™mIm),)]", Scheme 1).** This scaffold uses oxidatively
robust fluoroalkyl flanking groups on mesoionic carbene arms
and has strong donor properties suitable for the isolation of
high-valent transition-metal complexes. We were interested in
understanding how this scaffold might support various
oxygenated intermediates, particularly those of possible
relevance to O, evolution, in addition to understanding how
this system could stabilize high oxidation-state species more
generally. Here, we find that a Co(II)-chloride complex of this
ligand forms a stable Co(I1I)-superoxide adduct with dioxygen.

Further activation of this dioxygen unit with a second
equivalent of Co(II)-chloride breaks the O—O bond to
generate a highly oxidized octavalent Co(IV),-bis-u-oxo
dimer. Despite the thermodynamic potency of this core as a
H atom abstractor, this complex displays remarkable stability,
which demonstrates how fluorinated ligand scaffolds can be
used to stabilize highly oxidized materials. Furthermore, the
isolation of this complex demonstrates that Co(IV),-oxo
complexes are not necessarily unstable with respect to O—O
coupling.

B RESULTS AND DISCUSSION

Metalation and Synthesis of a Co(lll) Superoxide
Complex. We synthesized Co(II)-chloride complex 1 with a
two-step metalation procedure (Scheme 1). Deprotonation of
the proligand [HB(“"™mIm),H,](OTf), with two equiv-
alents of lithium hexamethyldisilazide followed by addition of
CoCl, and stirring overnight yields a blue precipitate. This
material has not been thoroughly characterized, but we identify
it as a complex with two ligand arms coordinated to Co and
one unligated and protonated arm, [Co''(x*-HB-
(“*,PhmIm);H)CL,], based on nuclear magnetic resonance
(NMR) spectroscopy and single-crystal X-ray diffraction
(SXRD) structure determination. This intermediate blue
precipitate is observed even if three equivalents of LIHMDS
are used for deprotonation. Stirring a slurry of this
intermediate in THF with one equivalent of potassium
hexamethyldisilazide for 4 h yields the Co(II)-chloride
complex [Co"(HB(“**"mIm),)Cl] (1) based on NMR,
infrared (IR), and electron paramagnetic resonance (EPR)
spectroscopy; SXRD structure determination; and elemental
analysis (see Experimental Section and Supporting Informa-
tion).
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Complex 1 slowly turns from blue to brown upon exposure
to dry O, in the solid state (Scheme 1). The product of this
reaction was identified as the side-on Co(Ill)-superoxide
complex [Co™(HB(“*™mIm),;)Cl(*0,%)] (2) by a suite of
techniques discussed below. Superoxide complexes have been
identified as intermediates in both O, evolution and reduction
reactions.'”">*" 7" Thus, the properties of 2 and the degree of
O, activation in this species are metrics of interest.

Diftusion of pentane into a saturated solution of 2 in DCM

—35 °C yields crystals suitable for structural determination
by X-ray diffraction (Figure 1A). The structure supports the
assignment of a side-on complex with an O---A bond length of
1.335(12) A. The side-on binding of 2 is unusual for a Co(III)-
superoxide adduct; previously reported Co(Ill)-superoxide
complexes invariably display end-on binding.”"*'~>* Con-
versely, there are several reports of side-on Co(III)-
peroxides.”>~* This may partly be a result of the coordination
number. Co(IIl)-superoxide adducts have typically been
supported with macrocyclic ligands that disfavor two adjacent
binding sites necessary for side-on dioxygen binding. None-
theless, the absence of side-bound superoxide complexes
represents an interesting gap in Co-O, coordination chemistry.
The observed O—O bond length in 2 is long for a superoxide
moiety, meriting the evaluation of a possible Co(IV)-peroxide
character.

IR spectra with both '°0, and '®0, isotopologues reveal an
isotope-dependent peak that occurs at 1103 cm™' for the
lighter isotopologue and ~40 cm™" lower in frequency for the
heavier congener (Figure 1B). This frequency region and shift
are consistent with the assignment of a superoxide ligand.”’
We also observe a peak at 416 cm™ that is ~5 cm™ lower in
energy with 'O, labeled material; this is assigned to a Co—
(O,) stretch (see Figure S16). We note that these observed
isotopic shifts are smaller than those predicted by ideal
harmonic oscillators (60 and 15 cm™, respectively). We
attribute these diminished shifts to mixing with C—F stretching
modes, and this conclusion is supported by density functional
theory (DFT) analysis (see Figure S17).

X-band EPR spectroscopy further supports a superoxide
assignment. The room-temperature spectrum of 2 reveals an
isotropic signal with g = 2.03 and an 8-line pattern consistent
with hyperfine coupling of 32 MHz to a single *’Co nucleus
(see Figure S25). This spectrum supports the assignment of an
S = 1/2 Co complex with a ligand-centered radical. The
magnitude of the hyperfine coupling is similar to previously
reported end-on superoxide complexes, which typically have
isotropic ¥Co hyperfine coupling of <45 MHz.”" Moreover,
comparison of **Co hyperfine couplings with 1 as a control
with all spin centered on Co suggests that <30% of the spin in
2 is located on Co (see Figures S24 and S25), supporting the
assignment of a superoxide adduct.*>**%

Figure 1C and Table 1 compare the O—O vibrational energy
and bond length of 2 with other known transition-metal—
dioxygen adducts,”>*'~ 626667 alongside a Badger’s rule fit to
these data that is similar to previous literature analyses.®*®’
Complex 2 has an O—O vibrational frequency much greater
than that typical for peroxide complexes but well within the
range of that for a superoxide complex. The length of the O—O
bond, while longer than those measured for end-on cobalt-
superoxide complexes, is still typical for superoxide complexes
more generally. Overall, all analyses—SXRD, IR spectroscopy,
and EPR spectroscopy—support the assignment of 2 as a side-
on Co(IlI)-superoxide complex. DFT also predicts that the

Table 1. Comparison of Selected Co(III)-Superoxide and
Co(IIT)-Peroxide Complexes”

Vo—o Lo_o refs

1105 1.335(12) this work
[C M(Tp™M) (177-0,)] 961 1.355(3) 55,71
[Co™(tmen),(17>-0,)]* 861° 1.457(3) 62
[Co,"(CN),(Pme,Ph);(7*-0,)] 881” 1.44 60
[Co™(TBDAP)(17-0,)]" 879 1.456(3) 57
[Co™(TIMEN™)Co(17%-0,)]* 890 1.429(3) 56
[Co™(2=phos),(*-0,)]* 909" 1.42(1) 59
[Co™(NacNACP#P) (5-0,)] 901 1.361(5) 58
[Co"(12-TMC)(1*-0,)]* 902 1439(2) 61
[Co"(13-TMC) (*-0,)]* 902 1.438(4) 61
[Co™(TPA) (17-0,)]** 845 63
[Co™(Tp™2)(L™)('-0,%)] 1147 1.301(5) 51
[Co"(acacen) (py) ('-0,")] 1025 1.26(4)° 52,54,66

“Headers are, respectively, the O—O stretching frequency vo_o
(cm™), the O—O bond length Ly_o (A), and references. bNot
confirmed by isotopic labeling. “Determined with bzacen in place of
acacen. “No experimental bond length reported.

majority of the spin density is located on the superoxide ligand
(Figure S40).

While Co(III)-superoxide complexes typically release O,
readily,”’ we observe that 2 is stable to vacuum. Co(II)
oxidation potentials and O, binding affinities are often
correlated, which provides a way to assay the origin of this
irreversible O, binding in 2.”° The cyclic voltammogram of 1
exhibits a quasi-reversible reduction with a peak oxidative
current at —0.7 V vs Fc/Fc" (see Figure S28). Because this
potential is within the range of other Co(II) complexes that
reversibly bind dioxygen (reversible E, /, of approximately —0.6
to —1.0 V vs Fc/Fc*), the stability of 2 does not arise from a
more favorable reduction of O, to a superoxide anion.” It is
therefore likely that the additional stability of 2 is due to the
unusual side-on binding mode, which provides an additional
contact between the superoxide ligand and the metal center.
This is consistent with the superoxide ligand 2 being similarly
activated to other Co(IlI)-superoxide complexes, as suggested
by the typical values 2 displays for the O—O stretching
frequency and the ¥Co hyperfine coupling.”**'~*>¢>%

Formation of an Octavalent Co,0, Diamond Core.
Oxygenated Co complexes are known to spontaneously
dimerize in solution and thereby further activate the O,
unit.””*" Theopold and co-workers observed such a dimeriza-
tion with a scorpionate ligand whose isopropyl groups
resemble the steric profiles of trifluoromethyl groups.”’*”
However, the resulting Co(IIl),-bis-y-oxo complex decays
through the oxidation of a C—H bond on the flanking
isopropyl groups. In contrast, unlike many Co(III)-superoxide
complexes, complex 2 is stable in solution at room temper-
ature. We ascribe this stability to the irreversible binding of
dioxygen, which prevents spontaneous dimerization.

We rationalized that dimerization and further activation of
the dioxygen moiety might occur upon the addition of
nonoxygenated complex 1, particularly in the presence of a
halide abstractor. Indeed, slow addition of 1 cosolubilized in
DCM with 2 equiv of sodium tetrakis(3,5-
bistrifluoromethylphenyl)borate ([BAr,"]”) to a chilled
solution of 2 in DCM results in a deep green solution. 'H
and F{'H} NMR spectroscopies suggest that this mixture
produces one major paramagnetic product, 3, and analysis by
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Scheme 2. Dimerizations of 1 and 2 to Generate Bis-¢-oxo Complex 3 and Subsequent Reduction to Bis-¢-hydroxo Complex 4
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Figure 2. Structures of diamond core complexes 3 and 4. Hydrogens bound to carbon, cocrystallized solvent, and [BAr,f]™ counteranions are
omitted for clarity. (A) 3 Col—Col’ = 2.6801(8) A, Col—O1 = 1.832(2) A, Col—O1’ = 1.836(2) A, Col—Cl1 = 1.926(3) A; Col-CI2 =
1.976(3) A; Col—C23 = 1.974(3) A. The Co centers are equivalent by inversion symmetry, and C1 is located on the axial carbene. (B) 4 Col—
Col =2.980(1) A, Col—01 = 1.885(3) A, Co1—01 = 1.892(3) A, Col1—C1 = 1.920(4) A; Col—C12 = 1.888(4) A; Col—C23 = 1.948(4) A. The
Co centers are equivalent by inversion symmetry and C12 is located on the axial carbene.

the Evans method shows a g of 2.8 Bohr magnetons
(calculated for a dimeric product). This magnetic susceptibility
matches the expected spin-only value for a triplet (see Figure
$6).”*~7° This product is indefinitely stable in DCM solution
at —78 °C, although it bleaches slowly at room temperature in
solution. No reactivity is observed between 3 and weak C—H
bonds, such as 9,10-dihydroanthracene or 1,4-cyclohexadiene.
However, the addition of 2,4-di-tert-butylphenol to a solution
of 3 causes the solution to bleach to a lighter shade of green
(see Figure $30). 'H and "F{'H} NMR spectroscopies reveal
the formation of a single diamagnetic product, 4. Based on
these NMR spectra, as well as additional spectroscopic and
structural evidence discussed below, 3 is assigned as a
Co(IV),-bis-u-oxo complex and 4 as a Co(III),-bis-u-hydroxo
complex (Scheme 2).

Fortunately, we were able to grow crystals suitable for SXRD
analysis of both 3 and 4 (Figure 2). Both complexes have a
diamond core structure, with two square-pyramidal Co centers
that are equivalent by a molecular inversion center (75 = 0.02
for 3 and 0.03 for 4). The presence of one [BAr,"]”
counteranion per Co indicates that both dimers are dicationic.
DOSY NMR analysis on diamagnetic 4 reveals a slower
diffusion constant than a reference monomeric complex that
suggests 4 remains a dimer in solution (see Figures S12 and
S13).

Geometric changes support our assignment that the Co,O,
core in 3 is more highly oxidized than that in 4 (see Table S6).
The Co—Co distance in 3 is 2.6801(9) A; this is much shorter
than the Co—Co distance of 2.9804(9) A in 4. Complex 3 also
has somewhat shorter Co—O lengths (1.833(2) and 1.836(2)
A) than the corresponding bond distances in 4 (1.885(2) and
1.892(2) A). The Co—Co distance in 4 is longer than might be
expected from previously reported Co(III), hydroxide dimers

24001

due to the absence of a carboxylate bridge in 4.”77*

Furthermore, the O—H hydrogen atoms in 4 are visible in
the difference Fourier map and can be freely refined without
using any restraints. There is no obvious analogous residual
electron density in the structure of 3. IR spectroscopy also
supports the absence of the O—H bonds in 3 (see Figure S22).
IR spectroscopy on both '°O and 'O isotopologues reveals
potential differences in the regions where DFT predicts Co,0,
stretches, but convolutions with other ligand-based stretches
make concrete assignments difficult (see Figure S19).

This assignment of 3 as a Co(IV),-bis-u-oxo complex is
supported by X-ray absorption spectroscopy (XAS). There is
an ~1 eV shift in the edge energy upon dimerization to form 3
(Figure 3A, see also Figure S31). These edge shifts support the
idea that 3 contains Co centers that are oxidized beyond the
Co(III) oxidation state found in 2. The more intense 1s to 3d
XANES pre-edge signal in 3 is indicative of a change to a
square-pyramidal geometry, with consequently greater 3d-4p
mixing.”” TD-DFT calculations support this increased
intensity, and these calculations also reproduce the relative
energy of each compounds’ maximum XANES absorption (see
Figure S32).

The extended X-ray absorption fine structure (EXAFS)
spectrum of 3 further corroborates the formation of a diamond
core complex with a short Co—Co distance (Figure 3B). This
data can be fit with five first-sphere Co—C/O scatterers at an
average distance of 1.90 A, three second-sphere Co—N
scatterers at an average distance of 2.82 A, and one Co—Co
scatterer at 2.56 A. The difference between this EXAFS
measurement of the Co—Co distance and the 2.6801(9) A
distance observed crystallographically may arise from several
reasons, such as the solid-state packing in the crystal
Nevertheless, both measurements support that the Co—Co
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Figure 3. (A) Co K-edge spectra of peaks 1, 2, and 3. (B) Fourier
transform EXAFS spectrum and fit of 3 along with the spectrum and
fit in k-space (inset). The fit indicates a Co—Co bond distance of 2.6
A

distance in 3 is substantially shorter than the Co—Co distance
in 4 as well as the ~2.8 A Co—Co distance estimated for the
single literature example of a Co(III)—Co(IV)-bis-u-oxo
complex.

Altogether, these spectroscopic and crystallographic data
strongly support the assignment of 3 as a Co(IV),-bis--oxo
complex. Both SXRD and XAS methods suggest a Co—Co
distance shorter than 2.7 A, which is substantially shorter than
the Co—Co distance of Co(III), complex 4 as well as literature
reports of the Co—Co distance for a Co(III)—Co(IV)
diamond core complex.”” The NMR spectra of 3 are clearly
paramagnetic, and the Evans method is supportive of a high-
spin triplet ground state. Such a triplet state in 3 is inconsistent
with diamagnetic Co(III) centers (as observed in 4). The
presence of Co centers with an oxidation state higher than III
is further corroborated by the Co K-edge energy. Complex 3 is
also silent by X-band EPR spectroscopy that is inconsistent
with a possible mixed-valent Co(III)—Co(IV) assignment (see
Figure S26). Thus, the most plausible assignment for 3 is a
Co(IV),-bis-u-oxo complex.

DFT analysis of 3 supports the experimental data presented.
Calculations predict a triplet ground state, which is consistent
with our assignment. Interestingly, the unpaired spin density in
3 is not localized to a matching pair of orbitals on each cobalt
center. One unpaired electron resides in a Co—Co/Co—0 o*
orbital, while the other resides in a Co—O #* orbital, and each
of these orbitals has O-character (see Figure S41). The
resulting spin distribution is evenly divided around the Co,0,
core (see Figure S42). This raises the possibility of a Co(I1II)—
Co(IV) complex with a delocalized u-oxo-u-oxyl bridging

ligand as a plausible assignment, but additional experiments
and analyses are required to concretely explore this possibility.

The apparent stability of 3 is notable in comparison to prior
literature reports. For instance, the Co(III),-bis-u-oxo
complexes formed from the analogous activation of oxygen
by Co(I) tris(pyrazolyl)borate complexes decay via oxidation
of ligand C—H bonds.” A similar decay pathway is observed in
a monomeric Co(IV)-oxo complex supported by a similarly
strongly donating triscarbeneborate ligand."' We propose this
stability toward intramolecular ligand oxidation arises from the
trifluoromethyl flanking groups that are oxidatively robust.
Indeed, these flanking groups may in fact result in over-
stabilization as 3 does not react with 9,10-dihydroanthracene
or 1,4-cyclohexadiene to form 4. The formation of 4 from the
reaction with 2,4-di-tert-butylphenol suggests that this is a
kinetic limitation in the reactivity of 3, not a thermodynamic
one. The O—H bond in 2,4-di-tert-butylphenol is stronger
(BDE 86 kcal/mol) than the C—H bonds we tested (BDEs ~
80 kcal/mol), but O—H bonds are kinetically more reactive for
many systems.”’"*” Thus, 3 is a thermodynamically potent H
atom abstractor but only reacts with a kinetically favorable
substrate. DFT supports this hypothesis; despite the absence of
C—H oxidation reactivity, 3 is expected to be a thermodynami-
cally potent H atom abstractor as each O—H bond strength in
4 is calculated at ~100 kcal/mol (as referenced to phenol, see
Table S7).80 Therefore, regardless of the mechanism of 2,4-di-
tert-butylphenol oxidation, the absence of reactivity between 3
and C—H bonds is not attributable to an insufficient
thermodynamic driving force. We hypothesize this kinetic
stability of 3 toward intermolecular C—H oxidation is due to
steric protection of the oxo ligands. A percent buried volume
calculation indeed shows that the oxygen atoms are 92%
buried (see Figure S44)." Thus, the oxidative robustness and
steric profile of the trifluoromethyl groups appear to shield the
oxo bridges from the solvent and other reagents.

When Co oxide cuboidal clusters are oxidized to the point of
containing two Co(IV) centers, they are known to decay back
to an all-Co(III) state, likely through the formation of O—O
bonds and release of hydrogen peroxide or dioxygen.’®**
Similarly, overcharging LiCoO, cathodes can lead to loss of
oxygen.” Our ability to form 3 from the activation of dioxygen
clearly indicates that this is not a thermodynamically favorable
decay pathway. The reasons for this stability are not entirely
clear, but it may simply be due to the strong donor properties
of the supporting scorpionate ligand, stabilizing the Co(IV),0,
unit. Alternatively, we hypothesize the stability may be due to
the lack of terminal oxo ligands that are typically invoked in the
formation of O—O bonds in water oxidation.'”**** This
hypothesis motivates additional studies of high-valent Co
complexes to better understand the factors governing O—O

bond coupling.

B CONCLUSIONS

We report the isolation of an octavalent Co(IV) moiety, along
with its crystallographic characterization. This complex is
formed through the stepwise activation of dioxygen by a
Co(1I)-chloride complex, first to form a Co(III)-superoxide
complex followed by further reduction of the dioxygen unit
and O—O bond cleavage by dimerization with another
equivalent of Co(II)-chloride. The resulting Co(IV),-bis-u-
oxo complex can be reduced to form the analogous Co(III),-
bis-p-hydroxo complex with suitable H atom donors. These
assignments are supported by crystallographic characterization
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as well as NMR, EPR, and X-ray absorption spectroscopies.
The isolation of the Co(IV),-bis-u-oxo complex is enabled
through the use of a highly donating scorpionate ligand
featuring flanking perfluoroalkyl groups. These oxidatively
robust flanking groups encapsulate and protect the reactive
octavalent diamond core. The inherent stability of this complex
to loss of dioxygen is intriguing and motivates further studies
of the factors governing the stability of dicobalt(IV) cores and
the formation of O—O bonds.

B EXPERIMENTAL SECTION

All manipulations were performed under a dry nitrogen atmosphere
using either standard Schlenk techniques or an mBraun Unilab Pro
glovebox unless otherwise stated. All chemicals were obtained from
commercial sources and used as received, unless otherwise stated. The
proligand [HB(“*™mImH),](OTf), was synthesized according to a
previously reported procedure.”® Sodium tetrakis[3,5-bis-
(trifluoromethyl)phenyl]borate (Na[BAr,"]) was dried under vacuum
at 100 °C prior to use. All solvents except for 1,2-difluorobenzene
were dried on a solvent purification system from Pure Process
Technologies before being stored over 4 A molecular sieves under N,.
Tetrahydrofuran (THF) and diethyl ether (Et,O) were stirred over
NaK alloy and passed through a plug of activated alumina prior to
storing over 4 A sieves under N,. 1,2-Difluorobenzene was purified
with acidified potassium permanganate (CAUTION: exothermic
reaction), washed with water, dried with anhydrous magnesium
sulfate, distilled from calcium hydride, and stored over 4 A molecular
sieves under N,.

'H, "B{'H}, *C{'H}, and YF{'H} NMR spectra were collected
on a 400 MHz Bruker DRX spectrometer equipped with a BBO
probe, with the exception of the *C{'H} spectrum of 4 that was
collected on a 500 MHz Bruker Avance-III-HD spectrometer
equipped with a BBFO SmartProbe. 'H and “C{'H} spectra were
referenced to the appropriate solvent peaks. DOSY spectra were
collected with a pulse sequence that utilized a double stimulated echo
for convection compensation. CW-EPR spectra were collected on a
Bruker Elexsys 500 3500 spectrometer with an X-band dual mode
resonator and simulated using EPRsim.** IR spectra were collected as
solids on a Bruker & II instrument using a Platinum Diamond ATR
module. Ultraviolet—visible (UV—vis) spectra were recorded on a
Thermo Scientific Evolution 300 spectrometer. Electrochemical
measurements were made using a BAS Epsilon potentiostat with a
glassy carbon working electrode, platinum wire counter electrode, and
silver wire pseudoreference electrode. Combustion analysis was
performed by Midwest Microlabs with sample manipulation occurring
in a glovebox with at most 40 ppm oxygen. High-resolution mass
spectroscopy was performed with an Agilent 6224 TOF instrument
with electrospray ionization.

Synthetic Procedures. Synthesis of 1. A suspension of
[HB(“""™mImH),](0Tf), (0.75 g 0.76 mmol) in 15 mL of
tetrahydrofuran was chilled to —55 °C. Lithium hexamethyldisilazide
(0.27 g, 1.6 mmol) was added as a solid, and the reaction was stirred
cold until homogeneous, for approximately 15 min. Anhydrous CoCl,
(0.10 g, 0.76 mmol) was added as a solid, and the reaction mixture
was stirred at room temperature overnight. The resulting blue powder
was filtered out from the solution, washed with THF, and dried under
vacuum (520 mg, 0.64 mmol, 86% yield). 'H NMR (CD,Cl,, 400
MHz): § 12.1 (6H, Me-H), § 9.9 (2H, Ph-H), § 9.4 (2H, Ph-H), § 9.3
(2H, Ph-H), 7.7 (2H, Ph-H), 7.5 (1H, Imid-H of Ph-H), 7.4 (1H,
Imid-H or Ph-H), 7.2 (2H, Ph-H), 6.7 (2H, Ph-H), 3.1 (3H, Me-H).
YE{IH} NMR (CD,Cl,, 400 MHz): § 31.7 (6F), —52.9 (3F). We do
not observe a signal from the B-H proton by 'H NMR spectroscopy.
One pair of Ph-H peaks is also not observed by 'H NMR
spectroscopy; we believe this peak is plausibly too broad to
conclusively identify underneath the other Ph-H peaks. Crystals
suitable for SXRD were grown by vapor diffusion of pentane into
saturated dichloromethane. Without any further characterization or
purification, this blue powder was suspended in 15 mL of

tetrahydrofuran, and potassium hexamethyldisilazide (0.13 g, 0.64
mmol) was added as a solid. The mixture was stirred at room
temperature for 4 h. The resulting blue powder was filtered onto
Celite, washed with tetrahydrofuran, and extracted with acetonitrile.
The green acetonitrile solution was concentrated under vacuum and
layered under diethyl ether. After diffusion at room temperature
overnight, a blue precipitate was collected (340 mg, 58% yield over
two steps). Crystals suitable for SXRD were grown by layering in
acetonitrile under diethyl ether, diffusing at —35 °C, and warming to
room temperature. '"H NMR (CD,Cl,, 400 MHz): § 10.6 (9H, Me-
H), § 6.2 (6H, Ph-H), 4.4 (3H, Ph-H), 1.8 (6H, Ph-H). We do not
observe a signal from the B-H proton by '"H NMR spectroscopy.
YE{'H} NMR (CD,Cl,, 400 MHz): § —1.2. IR (solid, cm™): 2573
(w, B-H). Anal. Calcd for C43H,;BCICoFyNg: C, 50.70; H, 3.22; N,
10.75. Found: C, 47.87; H, 3.19; N, 10.27. The same batch of material
passed EA as the dioxygen adduct 2, so we attribute the low value
obtained for C to incomplete combustion of trifluoromethyl groups.
The low solubility of 1 prevented characterization by Evans method,
although an EPR signal at a high g-value is consistent with a high-spin
quartet, similar to previously reported triscarbene Co(II)-chloride
complexes.* This compound is rigorously dried under vacuum to
remove residual acetonitrile prior to any further synthetic steps.

In neat acetonitrile or in dichloromethane with a few drops of
acetonitrile, 1 changes color from blue to green. The 'H NMR
spectrum of 1 in acetonitrile shows less shifted peaks, and the °F
NMR spectrum is silent. 'H NMR (CD;CN, 400 MHz): § 7.32 (6H,
Ph-H), 7.24 (3H, Ph-H), 6.9 (6H, Ph-H), 5.3 (9H, Me-H). An EPR
spectrum of 1 containing several drops of acetonitrile is consistent
with a spin change to § = 1/2 (see Figure S20).

Synthesis of 2. 10 mg of 1 was sealed in a septum-capped vial and
the vial was sparged with dry O, and allowed to react overnight. The
excess dioxygen was removed by vacuum, and the material was
thereafter handled under an inert atmosphere. No mass was lost
during this procedure. '®0,-enriched material was synthesized by
injection of 6 equiv of enriched oxygen gas instead of sparging.
Crystals suitable for SXRD were grown by layering a DCM solution
under pentane and diffusing at —35 °C. 'H NMR (CD,Cl,, 400
MHz): § 7.46 (3H, Ph-H), 6 7.18 (4H, Ph-H), 6 7.07 (2H, Ph-H),
6.9 (4H, Ph-H), 6 6.82 (2H, Ph-H), 6 3.60 (Me-H). We do not
observe a signal from the B-H proton by 'H NMR spectroscopy, and
no signals are observed by "F{'H} NMR spectroscopy. IR (solid,
em™): 2570 (w, B—H), 1103 (O—0), 416 (Co—0,). Anal. Calcd for
C43H,BCICoF,Ng: C, 48.71; H, 3.10; N, 10.33. Found: C, 48.07; H,
3.16; N, 10.07. This compound retains its brown color even after 20 h
at 515 pmHg.

Synthesis of 3. A solution of 2 (10 mg, 0.013 mmol) in S mL of
DCM and a solution of 1 (10 mg, 0.013 mmol) cosolubilized with 2
equiv of [Na][BAr,"] (22 mg, 0.026 mmol) in S mL of DCM were
chilled to —100 °C. The solution of 1 was slowly added to the
solution of 2 while stirring vigorously. The reaction was allowed to
warm to room temperature, stirred for 10 min, and filtered through
Celite. The dark green solution was layered under pentane and
allowed to diffuse at —35 °C. Green crystals suitable for SXRD were
collected after two nights (26 mg, 62% yield). "H NMR (CD,Cl,, 400
MHz): § 9.6 (6H, Ph-H), 8.7 (3H, Ph-H), 8.5 (3H, Ph-H), 7.5
([BArf]7), 7.4 ([BAr,]7), 42 (9H, Me-H). We do not observe a
signal from the B-H proton by "H NMR spectroscopy. *F{'"H} NMR
(CD,Cl,, 400 MHz): § ~14 (b), =62 ([BAr,f]7). IR (solid, cm™):
3735 (w, O, H); 2573 (w, B—H). EA and high-resolution mass
spectrometry (HRMS) were not possible due to the comparably low
stability of the compound.

Synthesis of 4. A solution of 2 (S mg, 0.0065 mmol) in S mL of
DCM and a solution of 1 (S mg, 0.0065 mmol) cosolubilized with 2
equiv of [Na][BAr,f] (22 mg, 0.013 mmol) in 5 mL of DCM were
chilled to —100 °C. The solution of 1 was slowly added to the
solution of 2 while stirring vigorously. The reaction was allowed to
warm to room temperature, stirred for 10 min, and chilled back to
—100 °C. 2,4-Di-tert-butyl-phenol (2.5 mg, 0.013 mmol) was added,
and the reaction was again allowed to warm to room temperature,
stirred for 10 min, and then filtered through Celite. The dark green
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solution was layered under pentane and allowed to diffuse at —35 °C.
Blue crystals were collected after two nights (16 mg, 76% yield).
Crystals suitable for SXRD were collected by vapor diffusion of
hexanes into a 1.25 mM solution of 3 in 1,3-difluorobenzene at room
temperature overnight. '"H NMR (CD,Cl,, 400 MHz): § 7.7
([BArf]7), 8.53 (3H, Ph-H), 7.24 (6H, Ph-H), 691 (6H, Ph-H),
3.67 (9H, Me-H), 0.25 (1H, O-H). We do not observe a signal from
the B-H proton by 'H NMR spectroscopy. The assignment of the O-
H resonance was confirmed by exchange with D,O (Figure S11).
YE{'H} NMR (CD,Cl, 400 MHz): 6 —56.4 (9F, CF,), —62.9
([BAr,]7). We did not observe a signal from the ligand boron by
UB{'H} spectroscopy. IR (solid, cm™"): 3735 (w, O—H), 2573 (w,
B—H). We see contamination with residual [Na][BAr] by 'H and
F NMR spectroscopies; therefore, EA was not attempted for this
compound. HRMS (EI) m/z. [M]** calculated for
CesHyoB,Co0,F N ,0,: 763.145; found: 763.151.

XAS Data Collection. XAS data collection was performed at the
Stanford Synchrotron Radiation Lightsource on beamline 7-3 using an
Oxford Helium cryostat at 10 K and collected in fluorescence mode
using 30-element solid-state Canberra germanium detectors. Incom-
ing X-rays were detuned to 50% to remove harmonic overtones.
Photoreduction was monitored by varying the sample position
irradiated for each scan. Data was referenced to Co foil with an
edge energy of 7709.3 eV and normalized at 8000 eV. Data was
processed with EXAFSPAK.® Derivative spectra were regularized to
minimize noise (TVDiff).*®

The Co K-edge XAS spectrum of 1 was obtained as a solid
dispersed in dextrose. The Co K-edge XAS spectra of 2 and 3 were
collected as 2.5 mM [Co] 1,2-difluorobenzene frozen solutions. The
sample of 3 was prepared following the same procedure as above
except at —50 °C in 1,2-difluorobenzene instead of at —100 °C in
dichloromethane, and it was not allowed to warm to room
temperature. This sample was immediately frozen and stored cold
prior to data collection.

EXAFS fitting was performed by first fitting with amplitudes and
phases computed by EXAFSPAK. We found that the best fit was
obtained with five identical first-sphere scatters, one heavy Co—Co
scatterer, and three second-sphere scatterers. Splitting the first sphere
into two shorter oxygen scatterers and three longer carbon scatterers,
addition of a second-sphere fluorine scatterer, replacement of the
Co—Co scatterer with a Co—Cl scatterer, and removal of the second-
sphere scatterers and/or the Co—Co scatterer all resulted in either an
unphysical Debye—Waller factor or a substantially worse fit. A
structure of 3 with the primary-sphere and Co—Co distances
constrained to those of the best fit from EXAFSPAK was generated
using one-iteration geometry optimization and was used to computed
amplitudes and phases with FEFF8."” We used these amplitudes and
phases to calculate a final fit for the EXAFS data; this fit included all
unique scattering pathways but constrained the ones that were
unresolvable by EXAFSPAK to have the same final scattering distance
and Debye—Waller factor. We found that the secondary sphere could
be explained with the three boron-binding nitrogens adjacent to the
cobalt-binding carbons; while they were not constrained to the exact
distances found by EXAFSPAK, they were each within the expected
resolution of the fit.

XRD Structure Determination. The diffraction data for the
initial product formed during the synthesis of 1 were measured at the
Advanced Photon Source of Argonne National Laboratory (beamline
15-ID B,C,D) using X-ray radiation with a wavelength of 4 = 0.41328
A. The diffraction data for 1 and 4 were measured at 100 K on a
Bruker D8 VENTURE with PHOTON 100 CMOS detector system
equipped with a Mo-target microfocus X-ray tube (1 = 0.71073 A).
The diffraction data for 3 were measured at 100 K on a Bruker D8
VENTURE diffractometer equipped with a microfocus Mo-target X-
ray tube (4 = 0.71073 A) and a PHOTON II Charge-Integrating Pixel
Array Detector (CPAD). Data reduction and integration were
performed with the Bruker APEX4 software package (Bruker AXS,
version 2021.4—0, 2021). Data for all structures were scaled and
corrected for absorption effects using the multiscan procedure as
implemented in SADABS (Bruker AXS, version 2016/2, part of

Bruker APEX4 software package). The diffraction data for 2 were
measured at 100 K on an XtalAB Synergy-S dual-source single-crystal
X-ray diffractometer using a PhotonJet-S Cu 50 W Microfocus X-ray
source (1 = 1.54184 A) and a HyPix-6000HE Hybrid Photon
Counting detector. Data reduction and integration for 2 were
performed with the CrysAlisPro 1.171.43.75a (Rigaku Oxford
Diffraction, 2023) software package, with numerical absorption
correction based on Gaussian integration over a multifaceted crystal
model and empirical absorption correction using spherical harmonics,
implemented in the SCALE3 ABSPACK scaling algorithm.

All structures were solved by the dual method implemented in
SHELXT (version 2018/2) and refined by a full-matrix least-squares
procedure using OLEX2 software package (SHELXL refinement
program version 2019/3).%*"° C—H hydrogen atoms were generated
by geometrical considerations and allowed to ride on their carrier
atoms with an isotropic displacement parameter related to the
equivalent displacement parameter of their carrier atoms. Structure 1
was refined as a two-component twin crystal. Several phenyl rings
were found to be rotationally disordered. The Cl atom was also
disordered over two positions. The structure of 3 contains a mask
over a disordered solvent region in the crystal; while we could not
resolve this disorder, electron count and void volumes consist of
molecules of dichloromethane or pentane or a mixture of both.

The structure of 2 shows an interesting cofacial orientation of Cl
and O, ligands attached to Co. Initial refinement of the Cl and O,
ligands as fully occupied revealed some small residual electron
densities at two positions at the same distances as the position of the
Cl atom from Co. These were assigned to Cl atoms of two other
minor isomers with different orientations of Cl and O, ligands. The
occupancies of all three Cl atoms were refined but constrained to be
equal to unity (SUMP command in SHELXL: SUMP 1 0.001 1213
1 4). This led to refined occupancies as 89.7, 6.7, and 3.6%. At the
final refinement steps, the occupancies of the O, ligand were adjusted
to be the same as for the refined occupancy of the Cl atom in the
major isomer. Reliably finding minor orientations of O, ligands with
such small occupancies was problematic, and so only a major
orientation of O, was used in the final structure (Figure S33). We
note that crystal packing is the most probable reason for the high
preference for a particular Cl and O, orientation in the solid-state
structure of 2. The crystal contains extra cocrystallized dichloro-
methane molecules, which are involved in the crystal packing beyond
simple pore-filling. Two DCM molecules form intermolecular
hydrogen bonds connecting two complexes with C(Cl,)—H-+-Cl(Co)
distances ranging from 2.57 to 2.77 A (C atoms in CH,Cl, to Cl(Co)
distances range from 3.481(15) to 3.635(15) A, Figure S34). This
crystal packing is putatively most favorable for only one of the
isomers.

The hydrogen atom attached to oxygen in 4 is visible in the
difference Fourier map and can be freely refined without using any
geometric or thermal parameter restraints. This is not the case for
compound 3. In contrast, the largest residual electron density in the
vicinity of oxygen is less than 0.3 e-A™>, and attempts to refine it as a
H atom were not successful. Importantly, the geometric parameters of
the Co,0, core change on going from 3 to 4 (Table S6). We should
note that the situation where a small submixture of a cocrystallized
hydroperoxide formed, for example, due to a small degradation during
the slow process of crystal growth, cannot be fully excluded. In such a
case, that would lead to apparent elongation of the Co—Co distance
observed in 3. In any case, probing the existence of a proton that is
only partially occupied and attached to a heteroatom can hardly be
conclusive from the X-ray diffraction experiment only, and so a range
of other analytic methods were utilized to address the issue of the Co
oxidation state in 3 and 4.

DFT Calculations. All DFT calculations were performed in the
ORCA 5.0.2 software suite using the TPSSh functional with the
resolution of identity and chain of spheres approximations, the D3
dispersion correction with Becke—Johnson damping, and a solvent
correction using the conductor-like polarizable continuum model with
the dielectric properties of dichloromethane.”' ™ The cobalt center
was given the def-TZVPP basis set, all atoms bound to the cobalt
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center were given the def2-TZVP basis set, and all other atoms were
given the def2-SV(P) basis set.”*”> Geometries were optimized using
the default convergence criterion and numerical frequency to confirm
convergence to a stable minimum and predict the IR spectra. There
was one spurious imaginary frequency found in the frequency
calculation of 4 that was delocalized throughout the entire molecule.
It was used as the absolute value for thermochemistry calculations.
Free energies were computed using the quasi-RRHO approximation
of Grimme and co-workers with a standard temperature of 296 K and
a standard concentration of 1 M for solution species and 1 atm for
gaseous species.”® Optimized structures are included in the
Supporting Information as xyz files.

Percent buried volume was determined using the online SambVca
application with the sphere centered on an oxygen atom and the
negative z-axis going defined by the second oxygen atom.*’> We
removed the center oxygen atom, used scaled bondi radii, included
hydrogens, and had a sphere radius of 3.5 A.
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