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ABSTRACT

In this paper, we report the preparation, spectroscopic and theoretical characterization, and
reactivity studies of a Co(lV)-oxo complex bearing an N4-macrocyclic co-ligand 12-TBC (12-TBC
=1,4,7,10-tetrabenzyl-1,4,7,10-tetraazacyclododecane). Based on the ligand and the structure of
the Co(ll) precursor, [Co'"(12-TBC)(CF3S0s3),], one would assume that this species corresponds
to a tetragonal Co(IV)-oxo complex, but the spectroscopic data do not support this notion. Co K-
edge XAS data show that the treatment of the Co(ll) precursor with iodosylbenzene (PhlO) as an
oxidant at —40 °C in the presence of a proton source leads to a distinct shift in the Co K-edge, in
agreement with the formation of a Co(lV) intermediate. The presence of the oxo group is further
demonstrated by resonance Raman (rRaman) spectroscopy. Interestingly, the EPR data of this
complex show a high degree of rhombicity, indicating structural distortion. This is further
supported by the EXAFS data. Using DFT calculations, a structural model is developed for this
complex with a ligand-protonated structure that features a Co=0---HN hydrogen bond and a four-
coordinate Co center in a seesaw-shaped coordination geometry. Magnetic circular dichroism
(MCD) spectroscopy further supports this finding. The hydrogen bond leads to an interesting
polarization of the Co-oxo 11-bonds, where one O(p) lone-pair is stabilized and leads to a regular
Co(d) interaction, whereas the other -bond shows an inverted ligand field. The reactivity of this
complex in hydrogen atom and oxygen atom transfer reactions is discussed as well.



1. Introduction

High-valent metal-oxo species are of great interest as short-lived highly reactive intermediates in
important biological processes and chemical transformations.’'" Notable reactions that involve
metal-oxo complexes include the O-O bond formation step for water oxidation in Photosystem
[1'>16 and reactive intermediates in heme and nonheme iron oxygenases.'% '7- '8 While ingenious
studies of these systems have provided important information on the geometric and electronic
structure, function, and reactivity of these species, much is still unknown. Since these metal-oxo
moieties in Nature are too short-lived to be fully characterized, chemists have synthesized model
complexes to further investigate their bonding and reactivity and establish structure/function
correlations for these species.? 1920 Synthetic chemists have also expanded beyond Nature’s iron
and manganese complexes to other transition metals.” 19 1. 2123 High-valent cobalt-oxo species
are particularly relevant for their proposed role in artificial water oxidation and their ability to
function in oxygen atom transfer (OAT) and hydrogen atom transfer (HAT) reactions.?+28
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Scheme 1. d-Orbital splitting diagrams for square pyramidal/tetragonal cobalt(IV)-oxo complexes,
illustrating how different spin states cause different Co-oxo formal bond orders as the electrons fill orbitals
that are non-bonding (black), -antibonding (red), or g-antibonding (blue) with respect to the Co-oxo bond.

While quite a number of early first row transition metal-oxo complexes have been prepared
and characterized, examples of the later first row transition metals, such as cobalt and beyond,
are rare. The reason why these are so challenging to observe is their electronic instability, known
as the oxo wall.?® This and recent advances in the field are described in more detail in a recent
review by some of us.?° In brief, a terminal metal oxygen bond is destabilized for transition metal-
oxo complexes of groups 9, 10, and 11 with tetragonal symmetry, because the d-electrons
populate the metal-oxo 1-antibonding orbitals, lowering the metal-oxo bond order (see Scheme
1). This increases the reactivity of the metal-oxo unit and makes it more prone to protonation or
formation of oxo-bridged clusters. In addition, the bonding orbitals are increasingly localized on
the high-valent metal ion, giving the complex more of a metal-oxyl character. This reduction in the
metal-oxo bond order and the oxygen Lewis basicity lead to highly reactive complexes. However,
changing the spin state or geometry of the complex can allow for a circumvention (or even
breaking) of the oxo wall,?® and formation of moderately stable metal-oxo complexes for these

later transition metals.

Previously, only a few spectroscopically well-characterized terminal metal-oxo complexes
past the oxo wall have been reported.®® Early examples employed heavy metals, such as a
trigonal-bipyramidal iridium complex3' and a square-planar platinum complex.32 These complexes
are challenging to study; a few different heavy metal-oxo complexes were thought to break the

oxo wall, but their structures were later revised.33
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Figure 1. Proposed structures of Co(IV)-oxo complexes reported previously (a — d) and the new Co(IV)-
oxo complex reported here (e).

While terminal Co-oxo complexes are rare, they have been supported as active intermediates
in several reactions, and in recent years a few complexes stable enough for spectroscopic
characterization have been prepared, for example by Anderson and coworkers.3*35 In addition,
high-valent Co-oxo complexes have been hypothesized in C-H activation®-3% and OAT
reactions.3940 In 2011, [Co(TMGgstren)(O)]?* (TMGstren = tris[2-(N-
tetramethylguanidyl)ethylJamine), stabilized by scandium triflate (Figure 1a), was reported by Ray
and co-workers and characterized by electron paramagnetic resonance (EPR), X-ray absorption
spectroscopy (XAS), extended X-ray absorption fine structure (EXAFS), and density functional
theory (DFT) calculations.*! This complex was shown by EPR to have an intermediate-spin (IS)
S = 3/2 ground state, which supports a Co(IV)-O type species bridged to the Sc®* ion. Later,
Borovik and co-workers suggested that a hydroxide ligand actually bridges the cobalt and

scandium center and that the complex contains a Co(lll) center.#? [Co(TAML)(O)]> (TAML =



tetraamido macrocyclic ligand), also stabilized with scandium ftriflate, was reported in 2014 by
Nam, Ray, and co-workers and characterized by EPR, UV-vis, XAS, and EXAFS (see Figure
1b).*3> However, since the TAML*- ligand is non-innocent, as demonstrated by Collins and co-
workers (for example, [Co(IV)(TAML)] was identified as a Co(lll)(TAML*") complex),*4 4% questions
remained with respect to the actual presence of a Co(IV) center in this complex. The
corresponding biuret-modified complex reported by Sen Gupta and co-workers is stabilized by
zinc chloride (see Figure 1c), and this species was characterized by electrochemistry and UV-vis
spectroscopy, showing similarities to [Co(TAML)(O)]>.#6 Note that a Lewis acid (LA) can stabilize
a metal-oxo unit in several ways. It can interact directly with the oxo ligand, sometimes changing
the oxidation state of the metal.”- 48 In other cases, the LA has been shown to interact with the
co-ligand, stabilizing the metal-oxo unit by reducing the axial donation to the metal center.*® While
LAs are useful in modeling corresponding interactions in Photosystem Il and have allowed for the
first spectroscopic characterization of a Co(IV)-oxo species, synthetic chemists next tried to find

such a complex without the presence of a LA, at least not coordinated to the metal-oxo unit.

In 2017, Nam and co-workers reported a Co(IV)-oxo complex, [Co(13-TMC)(O)]?>* (13-TMC
= 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclotridecane) (Figure 1d),%° which is of particular
relevance to this study as it constitutes by far the best characterized terminal high-valent Co(IV)-
oxo complex to date. In addition, 13-TMC is very similar to the 12-TBC co-ligand (12-TBC =
1,4,7,10-tetrabenzyl-1,4,7,10-tetraazacyclododecane) used here; while 13-TMC has N-methyl
substituents, this 12-TBC ligand has benzyl groups at the central nitrogen atoms of the (slightly
smaller) N4-macrocycle. The Co-oxo complex [Co(13-TMC)(O)J?* has a t12 of 3 h at —40 °C, and
could therefore be characterized by UV-vis, resonance Raman (rRaman), EPR, XAS, EXAFS,
and mass spectrometry (MS). From rRaman, MS, and EXAFS studies, the presence of a cobalt-
oxo moiety in this complex was confirmed with a cobalt-oxo distance of 1.72 A. EPR shows a

complex with an IS S = 3/2 ground state, allowing a formal Co-O bond order of 2. Interestingly,
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this species is only stable in the presence of a proton donor. This complex shows reactivity
consistent with a metal-oxo species, including intermetal oxo transfer, C-H bond activation, and

olefin epoxidation.

Herein, we describe the synthesis and characterization of a new Co-O complex, [Co(12-
TBC)(0)]?*, schematically shown in Figure 1e, which was prepared from the corresponding Co(ll)
precursor using iodosylbenzene (PhlO) at —40 °C. Several spectroscopic techniques, including
UV-vis, rRaman, EPR, XAS, EXAFS, MS, and magnetic circular dichroism (MCD), were used to
investigate this intermediate. DFT and CASSCF/NEVPT2 calculations were further used to
corroborate these experimental studies. Our results constitute only the second report of a well-
characterized, formally Co(lV)-oxo species. In addition, detailed analysis of the spectroscopic
results shows an interesting tetrahedral distortion of the complex, caused by ligand protonation,
which leads to a T-shaped coordination geometry about the Co center. This unexpected structure
might be relevant for other Co-oxo complexes, such as those previously reported, especially
[Co(13-TMC)(O)J?*. With the symmetry of the complex being distorted from tetragonal symmetry,
we conclude that the oxo wall still holds, despite the presence of a Co=0 double bond. These

results are discussed in this manuscript.

2. Results & Analysis

21 Synthesis and Basic Characterization of the Co(IV)-oxo Complex

The starting cobalt complex, [Co'"(12-TBC)(CF3S0s3);] (1), was synthesized and structurally and
spectroscopically characterized (see Experimental Section; Supporting Information (Sl), Tables
S1 and S2 and Figures S1 and S2). Addition of PhlO as an oxidant to a solution of 1 in
acetone/trifluoroethanol (TFE; v/v = 4:1) at —40 °C afforded the gradual change of the solution

color from red to deep brown with Anax = 720 nm (Figure 2a). The intermediate, denoted as 2, was
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metastable (ti2 ~2 h) at -40 °C, allowing us to characterize it with various spectroscopic
techniques, such as UV-vis, cold spray time-of-flight mass spectrometry (CSI-MS), EPR, rRaman,

MCD, and XAS/EXAFS (vide infra).
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Figure 2. (a) UV-vis spectral changes observed upon addition of PhIO (3.5 equiv) to a solution of 1 (black
line; 0.50 mM) in acetone/TFE (v/v = 4/1) at =40 °C. The inset shows the time course monitored at 720 nm
due to the formation of 2. (b) CSI-MS spectrum of 2. Peak at m/z = 756.3 corresponds to [Co(12-
TBC)(O)(CF3S0s3)]* (caled. m/z = 756.2). The insets show the observed isotope distribution patterns for 2-
60 (left panel) and 2-'80 (right panel).

The CSI-MS of 2 in positive mode shows a prominent ion peak at a mass-to-charge ratio
(m/z) of 756.3, which corresponds to [Co(12-TBC)(O)(CF3SOs)]* (calcd. m/z of 756.2) (Figure 2b).
When 2 was generated with isotopically labeled Phl'80, a two-mass unit shift from m/z = 756.3 to
758.3 was observed (Figure 2b, inset, right panel), demonstrating that 2 contains an oxygen atom
derived from PhIO. Following the synthesis of this molecule, a variety of characterization

techniques were used to determine its geometric and electronic structure.

2.2. XAS and Structural Characterization by EXAFS
Compound 2 was analyzed by cobalt K-edge X-ray absorption spectroscopy. Figure 3 displays
the XANES region of the cobalt K-edge X-ray absorption spectra of 1 and 2. Compound 1, which

contains a formal Co(ll) center, possesses a pre-edge feature at 7709.8(1) eV and an edge jump
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at 7717.3(3) eV. Upon oxidation to 2, the edge blue-shifts by 4.7(3) eV to 7722.0(3) eV indicating
a change in oxidation state from Co(ll) to Co(IV).5" %2 Furthermore, the pre-edge feature
corresponding to the nominal Co(1s — 3d) transition, which blue-shifts to 7710.9(1) eV,
significantly increases in intensity, demonstrating that the complex retains a non-centrosymmetric
coordination environment about cobalt.>? This increase in intensity is consistent with the formation
of a short Co-ligand bond upon the oxidation of 1 to 2,5* %5 or a change in coordination geometry
about the Co-center upon the oxidation of 1 to 2 (i.e., Co is contained in a quasi-tetrahedral
coordination environment).5? Lastly, a second weak pre-edge feature appears at 7716.3(2) eV;

the origin of this feature will be discussed in detail below (Section 2.7).
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Figure 3. (a) XANES region of the cobalt K-edge X-ray absorption spectrum of 1 (black) and 2 (red). Inset
displays the pre-edge feature corresponding to the nominal Co(1s — 3d) transition. (b) Magnitude Fourier
transformed k3-weighted EXAFS region of the cobalt K-edge X-ray absorption spectrum depicting the
experimental data (solid red spectrum) and best fit to the data (dashed black spectrum). Inset: k3-weighted
EXAFS region of the cobalt K-edge X-ray absorption spectrum depicting the experimental data (solid red
spectrum) and best fit to the data (dashed black spectrum). Best fit to the EXAFS data of 2: E, = 7722.3
eV; Shell #1: Co-O n = 1; r = 1.706(4) A; 02 = 0.0013(4) A% Shell #2: Co-N n = 3; r = 1.880(2) A; 0? =
0.0028(2) A% Shell #3: Co-N n = 1; r = 2.244(8) A; 0? = 0.0025(6) A%, Shell #4: Co-C n = 3;r = 2.806(5) A;
02 = 0.0054(5) A2, Shell #5: Co-C n = 5; r = 3.158(5) A; 02 = 0.0044(5) A%, Shell #6: Co-C n =8; r = 4.178(8)
A; 6%2=0.0061(8) A% €2 = 1.06.



The EXAFS region of the cobalt K-edge X-ray absorption spectrum of 2 is best modeled with
Co contained in a four-coordinate ligand environment with three Co-N scatterers at 1.88 A and a
short Co-O scatterer at 1.71 A (Table S3). A longer Co-N vector could further be located at 2.24
A, which is well separated from the shorter Co-N ligand donors, and the longer Co-C scatterers
comprising the ligand framework. In addition to this four-coordinate model, a statistically
significant five-coordinate model to the EXAFS data can also be located (see supporting
information). Taken together, the Co K-edge X-ray absorption data therefore suggests that 2 is a
Co(IV)-oxo complex in either a four-coordinate quasi-tetrahedral coordination environment or a
five-coordinate square pyramidal coordination environment; however, detailed spectroscopic and
computational studies support a four-coordinate quasi-tetrahedral coordination environment for

the Co(IV) ion of 2 (vide infra).

2.3. Resonance Raman Spectroscopy
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Figure 4. rRaman spectra of 2-'°0 (6.0 mM, black line) and 2-'30 (6.0 mM, red line) obtained upon 442 nm
laser excitation in acetone-ds/TFE (v/v = 4:1) at —40 °C. The blue line corresponds to the difference
spectrum of 2-'0 and 2-'80. The peaks marked with an asterisk (*) originate from solvents.
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The presence of an oxo ligand in 2 was further confirmed by rRaman spectroscopy. The rRaman
spectrum of 2 obtained upon 442 nm laser excitation in acetone-de/TFE (v/v = 4:1) at —40 °C
shows two isotopically sensitive features centered at 782 cm~', which shift to lower energy upon
80-incorporation (Figure 4). In the latter case, two new bands are observed, but with much altered
relative intensities (centered at 745 cm-"). We attribute the splitting of the Co-O stretch to mixing
with other vibrations in this energy region. An alternative explanation is that there are two
structurally similar Co-oxo species present in solution, giving two rRaman bands in the '6O- and
80-labeled complexes. However, if the two signals observed in the rRaman data around 782 cm-
" would originate from two slightly different forms of the complex, then upon 80 labeling, these
two bands would simply move to lower energy without a change in their relative intensities. This
is not observed experimentally. Based on our data, we therefore favor the model where mode
mixing causes a splitting of the Co-O stretch. The observed isotopic shift of Av = 37 cm~' upon
80-incorporation is in good agreement with the calculated value of Av = 36 cm~' expected for a
diatomic Co—-O oscillator (Hooke’s Law). It should be noted that the energy of the Co-O stretching
vibration in 2, centered at 782 cm~', is 12 cm~" higher than the Co-O stretch of the related complex
[CoV(O)(13-TMC)]?* (772 cm™') bearing a similar supporting ligand.®® However, this Co-O
stretching frequency is still lower than that of cobalt oxide, Coz04 (v(Co-O) = 840 cm~"),2* and the
corresponding Fe-O stretch in mononuclear nonheme Fe'V-O complexes (v(Fe-O) = 820 — 850
cm~).56.57 Therefore, we conclude that 2 contains a Co-oxo moiety, with a somewhat weak Co-O

bond and that this species does not correspond to a Co-hydroxide complex.

Figure S3 further shows a comparison of the rRaman spectrum of 2 with that of the solvent
only, to identify other rRaman signals originating from the Co-oxo unit and the NH group putatively
formed by ligand protonation (vide infra). Unfortunately, no further signals could be identified in

these experiments (see Figures S3 — S5).
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2.4. EPR Spectroscopy
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Figure 5. (a) X-band EPR spectra of the Co(ll) precursor 1 (orange line) and the high-valent complex 2
(black line) recorded in acetone/TFE (v/v = 4/1) at 5 K. The X-band EPR spectrum of 2 shows signals at
gert = 5.9, 3.4, and 2.00. (b) Fits of the EPR spectrum of complex 2 using the following parameters: gx =
2.15,gy=2.18, g.=2.14, D = -6 cm™ and E/D = 0.16 (blue line) and gx = 2.20, gy=2.25, g.=2.15,D =5
cm™ and E/D = 0.17 (red line). EPR fits were performed with the program Spin Count by Hendrich and co-
workers.58

EPR spectroscopy was used to further investigate the spin state of the complex. Figure 5a shows
the EPR data of the Co(ll) precursor 1, which has an S = 3/2 ground state with clearly
distinguishable Co hyperfine coupling for the signal around gesr = 7.2. Upon reaction with PhlO,
complex 2 forms, which has clearly distinct EPR features from 1, with ge« = 5.9, 3.4 and 2.00. We
initially attempted to fit these data with an S = 5/2 ground state as shown in Figure S6; however,
this leads to a fit of insufficient quality, especially with respect to the broad signal between 2000
and 3000 G (g ~3.4) that cannot be reproduced with the S = 5/2 spin state. On the other hand,

the spectrum can be fitted well if we assume an S = 3/2 total spin, as shown in Figure 5b. We can
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readily achieve a good fit of the data with g« = 2.15, g, =2.18, 9. =2.14, D =—-6 cm™, and E/D =
0.16. If D is assumed to be positive, the data can be fit with slightly larger g values (gx = 2.20, gy
= 2.25, g.= 2.15) and a similar E/D = 0.17. The high degree of rhombicity obtained from the fit is
surprising and does not agree with the initially assumed tetragonal structure of the complex (see
Figure 1e). A tetragonal N4Co=0O unit would show an axial EPR spectrum with E/D ~0, in
agreement with the DFT and CASSCF/NEVPT2 results for such a structure (see below Section
2.5). Together with the EXAFS results, this clearly indicates that the structure of the complex 2 is
no longer four-fold symmetric, but instead, this finding further supports a distorted tetrahedral

structure for 2.

With this result in mind, the question then arises what the origin for this structural distortion
could be. In this regard, it should be noted that the complex 2 only forms in the presence of a
proton source, which is not unusual, and has been noted for [Co(13-TMC)(O)J?* as well.®® Thus,
we started to suspect that the complex might be protonated, and based on the Co-O stretch that
indicates the presence of a Co-oxo (and not hydroxo) unit, the most logical assumption is a

protonation of the 12-TBC co-ligand. These ideas were further explored using DFT calculations.

2.5. Density Functional Theory (DFT) Calculations

13
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Figure 6. DFT-optimized structures with B3LYP/TZVP of tetragonal [Co(12-TBC)(O)J** (a) and of the two
isomers of [Co{H(12-TBC)}(O)]** where one of the tertiary amine groups of the ligand is protonated (all S =
3/2) (b and c). In (b), the proton is hydrogen bonding with the oxo unit, whereas in (c) the proton is facing
away from the Co-oxo group. In both (b) and (c), the protonation breaks the tetragonal symmetry of the
Co(12-TBC) unit. The structure in (b) shows a Co=0---HN hydrogen bond and is energetically favored by
>10 kcal/mol, compared to the structure in (c), which lacks the hydrogen bond.

In order to analyze the structural distortions arising from ligand protonation in complex 2 and the
implications for electronic structure, we turned to DFT calculations. Since we know from EXAFS
and rRaman that the complex contains a Co-oxo unit, and not Co-hydroxo, we then investigated
the two possible protonated structural isomers shown in Figures 6b and 6c¢ that could potentially
form under our reaction conditions. Each structure was fully optimized using B3LYP/TZVP and
PBEO/TZVP with S = 3/2 as determined from EPR spectroscopy. While this works

straightforwardly for the unprotonated tetragonal complex (Figure 6a and Table 1), optimization
14



of the protonated structures (with and without the Co=0---HN hydrogen bond) leads to the
oxidation of the benzyl groups and creation of a H(12-TBC)?* ligand radical with a bound Co(lll)-
oxo group (see Table S4 for the calculated spin distributions). This electronic structure, however,
is not in agreement with the XAS data, and therefore represents an artifact from the DFT
calculations. TD-DFT calculations further predict that formation of a benzyl radical would lead to

the appearance of intense ™ — 1* transitions in the NIR absorption spectra, which is not observed

either experimentally. Therefore, the valence tautomer that shows benzyl group oxidation and
reduction of the Co center can be ruled out for 2. Interestingly, inclusion of an acetone solvent
field in the DFT calculations is able to remediate this problem (with the exception of the PBEO
calculation on the protonated complex that lacks the hydrogen bond), leading to minimal spin
densities on the 12-TBC co-ligand. Table 1 provides a comparison of the DFT-calculated
structural and spectroscopic properties with our experimental data. CASSCF/NEVPT2
calculations were further used to provide a higher-level view of the EPR parameters. These
results agree well with the DFT calculations, as shown in Table 1 (also see Figure S7). The
tetragonal Co-oxo complex gives good agreement with the structural data (exp. Co-O bond length:
1.71 A versus calculated: 1.69 — 1.70 A) but does not reproduce the experimental EPR
parameters and the tetrahedrally distorted structure (from EXAFS). As dictated by symmetry, the
tetragonal complex should give a very axial EPR spectrum with a predicted D = -3 to -5 cm~' and

E/D = 0, which sharply deviates from our EPR results.

Upon ligand protonation, but in the absence of a Co=0---HN hydrogen bond, the structure
about the Co center becomes distorted trigonal-pyramidal (Figure 6c¢), and hence, rhombic. Our
DFT calculations are very consistent and estimate the E/D for such a structure to be ~0.20, which
is close to experiment. Interestingly, the reduced coordination number compared to the tetragonal
structure leads to a distinct decrease in the predicted Co-O distance (calculated: ~1.61 A with

B3LYP/TZVP; note that the PBEOQO/TZVP calculation still gives the wrong ground state, as
15



mentioned above), which deviates significantly from experiment. The protonated amine group of
the ligand is flipped around and points away from the Co center, as shown in Figure 6¢c. The

resulting Co-N distance is 3.79 A.

Finally, the ligand protonated structure in Figure 6b features a Co=0---HN hydrogen bond,
which further distorts the geometry of the complex. The resulting geometry about the Co center
is best described as a seesaw (i.e., a trigonal bipyramid where one of the corners in the trigonal
plane is empty). DFT calculations predict this structure, [Co(12-TBC)(O---HN)J**, to be >10
kcal/mol lower in energy compared to the ligand protonated structure that lacks the hydrogen
bond (see Figures 6b and 6¢). Although the B3LYP- and PBEO-calculated structures overlay
almost perfectly (see Figure S8), they show some differences in the calculated EPR properties
(see Table 1). In particular, B3LYP predicts E/D = 0.15, which is in excellent agreement with
experiment, whereas PBEOQ vyields a calculated E/D ~0.3, which overestimates the degree of
rhombicity. The CASSCF/NEVPT2 calculations give E/D = 0.14 for this structure, which matches
the B3LYP-calculated and experimental E/D. The calculated g values are in good agreement with
the experimental data, considering that they are often underestimated by DFT. It is also notable
that the DFT and CASSCF/NEVPT2 calculations, across the board, predict the D value to be
negative. From the EPR simulation, we predict that |D] = 4 — 7 cm', which is in excellent
agreement with the DFT and CASSCF/NEVPT2 results, but we lack the ability to unequivocally
predict the sign of D (see Figure 5b) from the EPR data. However, based on the highly consistent
DFT results, we conclude that D is negative. In terms of the Co-O distance, we note that the
hydrogen bond leads to an elongation of the Co-O bond length (~1.65 A), compared to the
structure that lacks the hydrogen bond (1.61 A). The EXAFS fit estimates the Co-O distance at
1.71 A, which agrees well with the DFT predictions. The EXAFS data further support the overall
distorted tetrahedral structure of 2. The average Co-N distance of 1.88 A compares reasonably
well with the computed value of 1.99 A. Finally, due to the hydrogen bond, the Co-N distance of
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the protonated amine is shorter compared to the structure without the hydrogen bond, predicted

at ~3.32 A.

While the DFT calculations are highly successful in reproducing the structural and EPR-
spectroscopic properties of 2, some deviations are observed for the Co-O stretch. Of the three
different structures evaluated for 2, the ligand protonated complex without the hydrogen bond
shows the most significant deviation from the experimental value (782 cm™), and greatly
overestimates the Co-O stretch. The other two structures lead to better agreement, and generally
underestimate the vibrational frequency of this mode (see Table 1). However, considering the

spread in DFT-predicted frequencies, no further conclusions were drawn from these results.

In summary, we propose that the structural distortions of 2 identified by spectroscopy
originate from protonation of the complex. The unique Co=0---HN hydrogen bonding interaction
that is proposed to form in 2 stabilizes the Co-oxo complex and breaks the tetragonal symmetry,
which is in agreement with our experimental data. Based on these results, we conclude that the
ligand-protonated structure with the NH hydrogen bond pointing towards the oxo ligand (Figure
6b) is the best structural model for 2, as this model reproduces all available spectroscopic data.
We then used this model for the further analysis of the optical properties of 2. Because of this,
“[Co(12-TBC)(O)]?*” should actually be designated as [Co{H(12-TBC)}(O)]** or [Co(12-TBC)(O---

HN)J3*.
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Table 1. Comparison of Experimental and Calculated Structural and Spectroscopic Properties of 2

Co-0 d(Co-0) Spin density D Rel. E
. o- o- ) el. Energy
Calculation type 05 A) _ cmn  EP g-tensor (kcal/mol)
Co (0] ligand
N-protonated with hydrogen bond to Oxo complex

) 0.16 [2.15, 2.18, 2.14] -
Exp. Data 782 1.71 N/A N/A N/A

5 0.17 [2.20, 2.25, 2.15] -
B3LYP/TZVP @ 747 1.65 2.00 0.94 0.06 -3 0.15 [2.04, 2.06, 2.11] 0
PBEO/TZVP @ 700 1.64 2.02 0.95 0.03 —4 0.30 [2.04, 2.06, 2.11] 0
CASSCF/NEVPT2 - - 1.97 0.97 0.06 -5 0.14 [2.05, 2.08, 2.13] -

N-protonated_without hydrogen bond to Oxo complex

B3LYP/TZVP @ 873,885° 1.61 2.08 0.88 0.04 -3 0.22 [2.04, 2.04, 2.08] +12
PBEO/TZVP @ 797 1.65 2.69 1.05 -0.74° -8 0.18 [2.04, 2.06, 2.10] +24

Non-protonated Oxo complex

B3LYP/TZVP 765 1.70 1.74 1.35 -0.09 -3 0.00 [2.02, 2.05, 2.05] -
PBEO/TZVP 764 1.69 1.74 138 -0.12 -5 0.00 [2.02, 2.05, 2.05] -
CASSCF/NEVPT2 - - 1.56 152 -0.08 -5 0.00 [2.03, 2.04, 2.04] -

@ Calculated with an acetone solvent field. » Coupled to ligand C-H wagging vibrations. ¢ In this calculation,
the ligand H(12-TBC)" is oxidized, evident from a calculated spin density on the ligand of —0.74.
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Figure 7. (a) UV—vis spectrum of complex 2 (1.0 mM) at —40 °C. (b) MCD data of complex 2 (4.0 mM)
measured at2Kand 7 T.

2.6. UV-vis and MCD Spectroscopy

The UV-vis spectrum of complex 2, shown in Figure 7, exhibits a weak signal at 720 nm (band
no. 1in Figure 7) that grows upon formation of the oxo complex (see Figure 2) and broad features
in the higher energy region. To gain further insight into the nature of these electronic transitions,
we then performed low-temperature MCD experiments on complex 2, using variable temperatures
between 2 — 50 K and magnetic field strengths from 0 to 7 T. Figure 7 shows a direct comparison
between the UV-vis and the MCD spectra of the complex, along with a correlated fit of these data.
Besides the weak feature at 720 nm, the MCD spectrum exhibit two major signals at 485 and 541
nm (band nos. 5 and 4, respectively, in Figure 7). All of these signals are temperature-dependent
(see Figure S9) and therefore correspond to MCD C-term signals. In comparison, the MCD
spectrum of the Co(ll) precursor 1 is featureless, and the decomposition product of 2 exhibits a

completely different MCD spectrum with very broad features that are really low in intensity (see
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Figures S10 and S11). Based on these findings, we are confident that the data shown in Figure

7 correspond to the authentic optical spectra of the Co-oxo complex 2.

Table 2. Summary of Gaussian Deconvolution of the Optical Spectra of Complex 2, in Direct Comparison
to the TD-DFT Calculations (B3LYP/TZVP)

MCD UV-vis
No. Assignment Polarization (%)?
Energy (cm™) mdeg Energy (cm ™) & (M'cm™)
1 13184 46 13068 135 n. d.
2 15101 29 15151 208 n.d.
3 17650 -122 17503 302 n. d.
4 18497 -312 18914 413 oxo-t0-Co(IV) CT 15 (x), 8 (y), 77 (2)
5 20540 -929 20526 808 oxo-to-Co(IV) CT 22 (x), 8 (y), 70 (2)
6 22009 -176 22206 1350 n. d.

2n. d. = not determined

The optical spectra of the Co-oxo species can be deconvoluted into five individual electronic
transitions as listed in Table 2. To derive polarizations for the main transitions observed in the
MCD spectra, the variable-temperature variable-field (VTVH) data for bands 4 and 5 are analyzed
in Figure 8. The VTVH data for band 4 show distinct nesting, which rules out an S = 1/2 ground
state for the complex, in agreement with the EPR data. The saturation curves obtained from the
VTVH measurements were fitted using the ground state magnetic properties obtained from the
EPR fit, as listed in Table 1 (negative D). Using these parameters for D, E/D and the g values and
a spin of S = 3/2, the fits shown in Figure 8 were obtained. The results show that both bands have
mixed polarizations with x, y, and z contributions, which is not surprising, considering the strongly
distorted structure of 2. The dominant contribution, however, is z polarization. The numbers in
square brackets in Figure 8 give a range for the polarizations, when gx and gy are varied between
2.15 - 2.25 and D is varied between -5 to —7 cm~'. These ranges show that the polarizations

observed for bands 4 and 5 in Table 2 (also see Figure 7) are stable within this parameter space.
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In order to map these polarizations back onto the molecular coordinate system, we used the
orientation of the principal axes of the ZFS tensor obtained from the B3LYP/TZVP calculations.
As shown in Figure S12, the principal z-axis of the tensor is closely aligned with the Co-O bond,
whereas the x and y directions do not align with any Co-ligand bond vector. The x component
points downward and dissects one of the N-Co-N planes (see Figure S12). Based on these
results, both bands 4 and 5 are assigned to oxo-to-Co(lV) charge transfer (CT) transition,
apparent from their large degree of z polarization. This is further supported by the strong MCD
and medium strong UV-vis absorption intensity of band 5, which is typically observed for CT
transitions.5% 80 Finally, this is supported by the observed resonance enhancement of the Co-O
stretch upon excitation at 442 nm (22625 cm~"), which is in the foot of band 5, providing further

evidence for the presence of a oxo-to-Co(lV) CT transition in this spectral region.
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B 04- = 2K 15% [13-18%] x-pol T 04 = 2K  22% [17-22%] x-pol
g e 4K 8% [8-12%) y-pol 2 } e 4K 8% [8-9%)y-pol
s A 8K  77% [70-79) z-pol 5 b A 8K 70% [70-75%) z-pol
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Figure 8. Saturation magnetization curves of the bands 4 and 5 (in Figure 7) at 541 nm (a) and 485 nm (b)
(data points), and fits of these data (black lines) using the magnetic parameters determined from the EPR
fitt D=-6 cm™, E/D = 0.16, gx = 2.15, gy = 2.18, g- = 2.14.

In summary, the analysis of the VTVH MCD data further supports an S = 3/2 ground state for
2. The experimentally derived polarizations indicate that the major electronic transitions around
20,000 cm~" arise from CT transitions with dominant oxo-to-Co(lV) CT character. The successful

fit of the VTVH MCD saturation curves further provides strong support for the accuracy of the ZFS
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parameters for 2, and the negative D value, as derived from the EPR fit (see above).

Unfortunately, band 1 at 720 nm could not be further analyzed, due to its weak MCD intensity.
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Figure 9. Comparison of the experimental UV-Vis spectrum of 1 mM 2 in acetone to those generated by

TD-DFT calculations (on the B3LYP/TZVP optimized structure of [Co{H(12-TBC)}(O)]** with the Co=0---
HN hydrogen bond; see Figure 6b). Each of the spectra were calculated with TZVP as the basis set, using

an acetone solvent field and the indicated functional.

To further understand the nature of the observed electronic transitions, we performed TD-DFT
calculations on the ligand-protonated structure of 2 with the Co=0---HN hydrogen bond. Figure 9
shows that B3LYP and PBEO give the best agreement with the experimental absorption spectrum
of 2. In the lower energy region where bands 1 and 2 are observed, TD-DFT predicts mainly CT
transitions from the co-ligand to the Co center and d-d transitions (see Table S5). Bands 4 and 5
could be assigned to oxo-to-Co(IV) CT transitions, based on the analysis of the MCD VTVH data,
as described above. In agreement with this, TD-DFT predicts the oxo-to-Co(lV) n-CT transitions

roughly in the 15000 - 20000 cm' range, although these transitions are distributed over quite a
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number of electronic transitions in the TD-DFT results (see Table S5). Other significant transitions
in this energy region predicted by TD-DFT correspond to transitions from the n-bonding
Co(d)/O(p) MOs into Co(d) orbitals, which would also be z-polarized. Therefore, the TD-DFT

calculations further support the spectral assignments obtained here.

2.7. Electronic Structure

The pre-edge region of the Co K-edge X-ray absorption spectrum of 2 was modeled using TD-
DFT methods (PBEO/def2-tzvp(-f)/ZORA). In addition to the computational models containing a
protonated ligand amine nitrogen atom hydrogen bonded to the Co(IV)-O moiety ([Co(12-TBC)(O-
--HN)]**), we also considered two five-coordinate formal Co(IV) computational models. One
contained a protonated oxo ligand ([Co(12-TBC)(OH)]**) and the other contained an unprotonated
oxo ligand ([Co(12-TBC)(O)J?*; Figure 10). The resulting TD-DFT spectrum of [Co(12-TBC)(OH)J®*
is inconsistent with the available data — it produced a pre-edge feature that was weak relative to
the experimental data and did not reproduce the weak transition ~5 eV higher than the pre-edge
observed in the experimental data. Owing to increased mixing of Co(4p) character into the low-
energy acceptor states resulting from the short Co-O bond, the pre-edge feature is better
reproduced by TD-DFT with unprotonated ([Co(12-TBC)(O)J**. However, similar to [Co(12-
TBC)(OH)J**, this computational model does not reproduce the weak transition ~5 eV higher in
energy than the pre-edge transition observed in the experimental data.

In contrast to these two formal Co(lV)-oxo species, the four-coordinate model [Co(12-
TBC)(O---HN)J** reproduces both the pre-edge transition and the higher energy feature observed
in the XANES. Owing to both the low-symmetry about Co and the short Co-O bond, the pre-edge
transition gains intensity through mixing of Co(4p) character into the Co(3d) dominated acceptor
states. The feature that is approximately 5 eV higher in energy results from a transition into a

ligand m* dominated final state (a Co(1s) — L(11%) transition). As demonstrated by single crystal
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XAS studies of [Cu(bpy)2]>*"* complexes by Lancaster and co-workers,®! these transitions are best
thought of as Co(1s — 4p) transitions, not XAS-MLCT transitions; although the acceptor state is
dominated by oxygen, nitrogen and phenyl carbon 2p character, the minor degree of Co(4p)

character (~2% Co(4p)) in the L(11*) acceptor state allows the transition to gain intensity.

] -2 (exp. data)

0.25 5

1 - [Co(12-TBC)(O#++H-N)]

I (TD-DFT)
0.20 o Y, - N

1 - [Co(12-TBC)(O)] (TD-DFT)
sl - [Co(12-TBC)(OH)*" (TD-DFT)

XAS Normalized to Edge Jump

000l=—== 0 =g 00000
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Figure 10. Experimental Co K-edge X-ray absorption spectrum of 2 (black) and TD-DFT calculated Co K-
edge X-ray absorption spectra (PBEOQ/def2-tzvp(-f))ZORA) of [Co(12-TBC)(O---HN)]** (red), [Co(12-
TBC)(OH)** (blue) and [Co(12-TBC)(O)]** (gold). The isosurface plot (0.005 au cut-off) depicts the
transition density plot of the dominant acceptor state comprising the feature found ~5 eV higher in energy
than the pre-edge transition for [Co(12-TBC)(O---HN)J**.
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Figure 11. MO diagram of the ligand-protonated Co(IV)-oxo complex [Co{H(12-TBC)}(O)]** with the NH---
0O=Co hydrogen bond, generated using unrestricted natural orbitals (UNOs; obtained with PBEO/TZVP). In
the labeling scheme applied here, for example “O(py)_dyz", the orbital “O(py)” listed first makes the larger
contribution than “dy;” to the resulting molecular orbital “O(py)_dy-".

To further elucidate the electronic structure of the ligand-protonated and Co=0---HN
hydrogen-bonded form of 2, the PBEO/TZVP-calculated wave function was analyzed using
unrestricted natural orbitals. Complex 2 has an intermediate spin state (S = 3/2) with five valence
electrons, with one of the d-orbitals being doubly occupied. The resulting MO diagram is shown
in Figure 11 (also see Tables S6 and S7). The lowest unoccupied molecular orbital (LUMO)
corresponds to the antibonding combination of the d,2 orbital of Co and the O(p;) orbital
(dz2_0O(pz), 50% Co and 16% O), which is found at high energy due to the strong Co-O o-bond.
In the applied coordinate system used here with the x direction along the Co=0---HN hydrogen

bond (see Scheme 2), the highest singly occupied molecular orbital (SOMO) corresponds to the

25



dxy orbital (85% Co), which interacts with some of the nitrogen atoms of the H(12-TBC)* co-ligand.
This is followed by the SOMO-1 and SOMO-2, which correspond to the two Tr-antibonding
interactions between the dyx; and dy, orbitals of Co and the O(px) and O(py) lone pairs. The SOMO-
1, dx._O(px), has 59% Co and 35% O(px) character, and corresponds to a typical metal-oxo *
orbital in which the major contribution originates from the metal center. On the other hand, the
SOMO-2, O(py)_dy-, shows an inverted interaction, where the resulting T orbital now has 40%
Co and 56% O(py) contributions, and hence, dominant oxo character. As we move from the left
to the right in the periodic table, the effective nuclear charge of the transition metal ions increases,
thus lowering their d orbitals in energy. If the d orbitals drop in energy below the O(p) donor
orbitals, then the doubly-occupied bonding MOs will now have dominant metal character, whereas
the partly occupied, antibonding MOs have dominant ligand character. In a case where the
antibonding orbitals are singly occupied, this effectively corresponds to an oxidation of the ligand,
creating distinct radical character on the ligand (see Scheme 3). Inverted metal-ligand bonding
schemes have recently been elucidated in a number of high-valent mid- and late-first row
transition metal species, suggesting this may be a common yet under-appreciated feature of such

systems.62-64

Scheme 2. Coordinate system used for the MO discussion. The structure is derived from the optimized

structure of [Co{H(12-TBC)}(O)J** using PBEO/TZVP.
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Scheme 3. Normal (black) versus inverted (red) bonding scheme for the Co-O 1 bond.

This interesting dichotomy between the two Co-oxo Tr-bonds relates back to the presence of
the Co=0---HN hydrogen bond, which is located along the x-axis (in our coordinate system, see
Scheme 2). Here, the hydrogen bond stabilizes the O(px) orbital, which shifts this orbital to lower
energy and causes the normal Co-O Tr-interaction. In contrast, without the hydrogen bond, the
Co-O m-interaction becomes inverted (see Scheme 3). This finding has general implications and
shows how second coordination sphere (SCS) interactions can tune late transition metal-oxo
bonds, which are on the borderline of bond inversion.° This is important for the reactivity of these
complexes, as bond inversion increases the amount of radical character on the oxo ligand, giving
it distinct oxyl character, and this is thought to increase the reactivity of the metal-oxo unit towards
H-atom abstraction. In the case of [Co{H(12-TBC)}(O)]**, the DFT calculations indicate that the
bond inversion is quite small, and this finding is supported by XAS results (see above) which show

a large shift in the Co K edge upon formation of the Co-oxo complex, indicating that this species
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is best described as a Co(lV) complex with two very covalent Co-oxo n-bonds (and not a Co(ll)
complex, which would imply a significantly enhanced degree of ligand oxidation).

The last valence orbital of the complex is the SOMO-3, which is doubly occupied and
corresponds to the dx22 orbital in our coordinate system. This orbital shows strong ligand
contributions, with 39% Co and 29% N character. We note that the NEVPT2 calculations of 2
demonstrate that the complex, although well described using hybrid-DFT methods, possesses a
moderate degree of multiconfigurational resulting from promotion of Co-O bonding electrons into
Co-0 antibonding orbitals (see Supporting Information). Furthermore, the NEVPT2 calculations
also demonstrate that the high energy Co-N* antibonding orbital has partially occupancy as
opposed to being doubly occupied. This is the likely origin of the deviation in the calculated vs
experimentally derived bond lengths. The additional antibonding character of the Co-O bond
would be expected to lead to an elongation of the Co-O bond length while the reduction in Co-N

antibonding character will lead to a net reduction in the Co-N bond length.

2.8. Reactivity

The reactivity of the Co(IV)-oxo complex (2) was investigated in hydrogen atom transfer (HAT)
and oxygen atom transfer (OAT) reactions. The oxidation reactions with weak C—H bonds
substrates were carried out with in situ generated 2. Addition of xanthene to a solution of 2 in
acetone/TFE (v/v = 4:1) at —40 °C resulted in the disappearance of 2 with a first-order decay
profile (Figure 12a). The first-order rate constants, determined by pseudo-first-order fitting of the
kinetic data for the decay of 2, increased linearly with the increase of xanthene concentration
(Figure 12b), giving a second-order rate constant of 3.2 x 102 M~' s~'; this reaction is slower than
the reaction of [Co'V(13-TMC)(O)]?* with xanthene since the second-order rate constant in acetone
at —40 °C was 1.5 x 10~" M~" s71.50 A kinetic isotope effect (KIE) value of 4.5(2) was obtained in

the oxidation of xanthene and xanthene-d. by 2 (Figure 12b). We also determined the second-
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order rate constant in the oxidation of 1,4-cyclohexadiene (CHD) (Figure S13). On the basis of
the KIE value and the dependence of the rate constant on substrate concentration, we conclude
that hydrogen atom (H-atom) abstraction from the C-H bonds of substrates by 2 is the rate-
determining step (r.d.s.) in the C-H bond activation reactions. Product analysis of the xanthene
oxidation by 2 revealed the formation of xanthone in 60(5)% yield. When the reaction was
performed with '80O-labeled 2 (2-'80), the oxygen in xanthone was found to derive from the Co(IV)-
oxo species (Figure S14). We also characterized the decay product of 2 in the xanthene oxidation
using various spectroscopic methods, such as UV-vis, EPR, and CSI-MS spectroscopies (Figure

S15), showing that 2 was converted to the starting [Co'(12-TBC)J?*.
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Figure 12. (a) UV-vis spectral changes observed in the oxidation of xanthene (60 mM) by 2 (0.50 mM, red
line) in acetone/TFE (v/v = 4:1) at —40 °C. Inset shows the time trace monitored at 720 nm due to the decay
of 2. (b) Plots of kabs (s~') against concentration of xanthene (black circles) and xanthene-d> (red circles) for
the oxidation of xanthene-(hz or d2) by 2 (0.50 mM) in acetone/TFE (v/v = 4:1) at —40 °C to determine the
second-order rate constants (k2, M~" s71) and KIE value.

The reactivity of 2 was also investigated in OAT reactions (i.e., sulfoxidation of para-X-
substituted thioanisole derivatives) in acetone/TFE (v/v = 4:1) at —40 °C (see Figure 13). Upon
addition of thioanisole to an acetone/TFE (v/v = 4:1) solution of 2 at —40 °C, the absorption band
at 720 nm due to 2 decreased with the first-order kinetics profile, giving the first-order rate constant
(Kobs) of 5.8 x 10-3 s~' (Figure 13a). The kos value was in proportion to the concentration of
thioanisole to give the second-order rate constant (kz) of 1.9(1) x 102 M~" s~" at —40 °C (Figure
13b). Similarly, the second-order rate constants were determined for other para-X-substituted
thioanisole derivatives, such as para-MeO-thioanisole, para-Me-thioanisole, and para-F-
thioanisole (Figure S16). A Hammett plot of the second-order rate constants against Hammett
parameter o,* of para-X-substituents afforded a p value of —4.3 (Figure S17a and Table S8). Such
a negative p value illustrates the electrophilic character of 2 in OAT reactions, as frequently
observed in the sulfoxidation of thioanisoles by high-valent metal-oxo and metal-oxidant adduct
species in heme and nonheme systems.®%70 In addition, we observed a good linear correlation
when the rates were plotted against oxidation potentials (Eox) of thioanisoles (Figure S17b and
Table S8). The negative slope of —15 of this correlation indicates that the oxidation of sulfides by

2 proceeds via an electron-transfer mechanism.”"
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Figure 13. (a) UV-vis spectral changes observed in the oxidation of thioanisole (300 mM) by 2 (0.50
mM, red line) in acetone/TFE (v/v = 4:1) at —40 °C. The inset shows the time trace monitored at 720
nm due to the decay of 2. (b) Plot of kobs against concentration of thioanisole for the sulfoxidation of
thioanisole by 2 (0.50 mM) in acetone/TFE (v/v = 4:1) at —40 °C to determine the second-order rate

constant (kz, M1 s71).

Product analysis of the reaction solution obtained in the oxidation of thioanisole by 2 revealed
that methyl phenyl sulfoxide was yielded as the sole product (Figure S18). In addition, based on
the '80-labeling experiment performed with 2-'80, the oxygen atom in the oxide product (84(3)%
80) was found to derive from the Co—oxo group (Figure S18c). The decay product of 2 in the

sulfoxidation of thioanisole was also analyzed using various spectroscopic methods, such as UV-
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vis, EPR and ESI-MS spectroscopies (Figure S19), showing the conversion of 2 to the starting

cobalt(ll) complex.

3. Discussion

In recent years, a great interest in the late transition metal-oxo complexes developed due to
their interesting properties and the expectation that these complexes could be highly active
catalysts for the functionalization of C-H bond and other oxidative transformations.3% 72 In
particular, Co(IV)-oxo complexes have been the target of a number of recent studies. However,
at the same time, these complexes are unstable, can often only be observed at low temperatures,
and are difficult to characterize. Also, the preparation of these intermediates often requires the
presence of certain additives (e.g., Brgnsted and/or Lewis acids), but the roles that these additives
play for the geometric and electronic structures of the complexes are often not clear. In 2017,
Nam, Shearer, and co-workers reported the preparation of a Co(IV)-oxo complex with a 13-TMC
co-ligand (see Figure 1), which was spectroscopically characterized along with its reactivity
investigation.5® This complex was described as [Co(13-TMC)(O)]?** (see Figure 1d), a five-
coordinate square-pyramidal complex, but some questions remained, relating, for example, to the
fact that this species can only be prepared in the presence of acid. In this study, we investigated
an analogous complex [Co(12-TBC)(O)]?** (2), which uses a similar 12-TBC ligand and was
prepared in a similar way from the corresponding Co(ll) precursor. At a first glance, this seems
like a simple task; based on the analogy of the 13-TMC and 12-TBC ligands, one would expect

that these complexes behave similarly and have similar structures, as indicated in Figure 1.

Our detailed spectroscopic studies show that 2 indeed contains a Co-oxo group with a Co-O
stretching frequency of 782 cm~", which is very similar to the Co-O stretch of [Co(13-TMC)(O)J**,

observed at 770 cm~'.5° MS characterization supports the assignment of 2 as a Co-oxo complex
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(see Figure 2), and Co K-edge XAS data show that the complex contains a Co(lV) center (see
Figure 3). This clear-cut characterization of 2 becomes murky when the EPR data of this complex
are considered. A tetragonal N4Co=0 complex with four-fold symmetry should show an axial EPR
spectrum with E/D ~0, which, however, is not what we observe. The EPR data show that 2 has
an S = 3/2 ground state with significant rhombicity (E/D = 0.16; see Figure 5), indicating that the
complex has a distorted geometry. This conclusion is also supported by the EXAFS data of this
compound, which are best fit with a quasi-tetrahedral coordination environment for 2. Our
spectroscopic results therefore clearly show that 2 is not a simple N4Co=0 type species with a
tetragonal structure, but that the complex is strongly distorted. What the spectroscopic results do
not tell us is why this is the case. Clearly, the complex would not adopt such a geometry if left to
itself. Considering the experimental conditions under which 2 forms, we then explored what
process could be responsible for this distortion. This is where we note again that 2 only forms in
the presence of proton source. Consequently, we propose that the structural distortion of the
complex is caused by protonation. We developed structural models of protonated versions of 2,
using DFT calculations. Since 2 contains an unprotonated oxo ligand, this further indicates
protonation of one of the amine nitrogens of the 12-TBC ligand scaffold. Further analysis then
showed that 2 corresponds to a Co-oxo complex with a Co=0---HN hydrogen bond (see Figure
6b) and a seesaw-shaped coordination geometry about the Co center. While this constitutes a
certain degree of speculation, this structure is able to reproduce all spectroscopic features of 2 in
our DFT and CASSCF/NEVPT2 calculations (see Table 1). The chemical formula of 2 should
therefore be given as [Co{H(12-TBC)}(O)]** or [Co(12-TBC)(O---HN)]3*. We further propose that
the hydrogen bond actually stabilizes the Co(lV)-oxo core, which is the reason why this

intermediate cannot be generated (or is not stable) in the absence of acid.

Support for the proposed hydrogen bond comes from MS experiments. Here, the peak at m/z
= 756.3, which corresponds to 2(OTf), shifts by one unit to m/z = 757.3 when the CSI-MS of 2 is
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measured in acetone:TFE-ds; and acetone-ds: TFE-ds (see Figure S20). The latter results indicate
that one H in [Co(O)(12-TBC)]?* is substituted by one D in deuterated TFE. Although it is of interest
to observe this deuterium exchange in deuterated TFE, this deuterium experiment does not strictly
prove the presence of a Co=0---HN hydrogen bond in 2, but it further supports our conclusions

presented above.

Further analysis of the optical spectra (UV-vis and low-temperature MCD data) shows that 2
is indeed a paramagnetic species with S = 3/2. The UV-vis absorption spectrum shows a weak
absorption band around 720 nm and then just a featureless rise in absorbance up to 400 nm.
MCD spectroscopy is able to further resolve a number of optical transitions in the visible range,
in particular an intense feature at 490 nm (= 20540 cm"), that is largely z polarized. Further
analysis shows that this band corresponds to an oxo-to-Co(lV) charge-transfer transition, directly
supporting the presence of an oxo ligand in 2. This conclusion is further supported by the
resonance Raman data, showing resonance enhancement of the Co-O stretch upon laser
excitation in this spectral region. The success in fitting the VTVH MCD data also supports the
accuracy of the EPR-derived ZFS parameters, in particular the conclusion that the complex shows

a strong rhombic distortion and that D is negative.

Since hydrogen bonds are relatively weak, we further propose that the Co=0---HN hydrogen
bond is a “soft” bond and likely dynamic, which means that there could be an ensemble of very
similar structures present in solution that vary in the NH---O=Co distance and the N-H-O(Co)
angle, especially if one considers that solvent molecules could further participate in the H-bonding
interactions. Such species would then slightly differ in their EPR properties (whereas other
techniques would be rather insensitive to such slight structural variations), which could contribute

to the observed broadness of the EPR spectra.
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As discussed in the Introduction, with an S = 3/2 ground state, the Co(IV)-oxo complex 2 has
a formal bond order of 2 (see Scheme 1), which would constitute a violation of the famous “oxo
wall”.?® 30 However, since 2 does not have a tetragonal structure, it is better to say that 2
“circumvents” the oxo wall instead of breaking it. Nevertheless, complex 2 is therefore part of a
small and elite group of authentic Co(lV)-oxo complexes, and in fact, is probably the best
characterized example for such a species to this date. A second important issue with late
transition metal-oxo complexes is the potential for bond inversion of the metal-O interactions,
especially the 1T-bonds. The metal-O o-bond, using a coordinate system where the metal-O vector
is roughly associated with the z-axis, is mediated by the d.,2 orbital, which also shows o-
interactions with other ligands in a given complex (especially a ligand bound trans to the oxo
group). These additional interactions usually push the d,2 orbital to higher energy, and thus, a
bond inversion is generally not expected for the metal-O o-bond. Accordingly, the d,2 orbital of 2
shows about 15 — 20% O(p.) character (from the DFT calculations). On the other hand, the Co-O
1-bonds in 2 show a very interesting dichotomy that relates back to the presence of the key Co=0-
--HN hydrogen bond, which is oriented along the x-axis in our coordinate system (see Scheme
2). Here, the proton participating in the hydrogen bond interacts exclusively with the O(px) orbital,
lowering this orbital in energy below the Co(d) manifold, leading to a “regular’ Co-O T11x-bond,
where the dx, orbital of Co has about 35% O(px) contribution, corresponding to a very covalent
interaction. The O(py) orbital, which lacks the hydrogen bond, shows bond inversion, where the
bonding MO now has predominant metal(d) character, and the antibonding MO shows a larger
O(p) admixture. In the case of 2, the antibonding orbital shows 55 — 60% O(py) character, as
predicted by the DFT calculations. So, although the dy,/O(py) interaction is inverted, we are still in
the regime of maximum covalency, thus limiting the amount of oxyl character associated with the

oxo ligand of 2. As a result of all of the Co(IV)-oxo interactions, the calculated spin density of the
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0xo group is about 0.9 — 1.0 in 2, which is larger compared to typical Fe(lV)-oxo complexes,

supporting the partial oxyl character of the oxo group in 2.

2 shows an electrophilic reactivity in HAT and OAT reactions. In HAT reactions, a KIE of
4.5(2) was obtained in the oxidation of xanthene and xanthene-d> by 2 and the dependence of
the rate constant on C-H bond dissociation energy of the substrates was also observed, indicating
that H-atom abstraction from the C—H bonds of substrates by 2 is the r.d.s. in the C-H bond
activation reactions. In OAT reaction, a negative p value of —4.3 in Hammett plot and a negative
slope of —15 in the plot of the rates against oxidation potentials (Eox) of thioanisoles were
determined in the oxidation of para-X-substituted thioanisoles by 2, which indicate the electrophilic
character of 2 in OAT reactions, as frequently observed in the sulfoxidation of thioanisoles by

high-valent metal-oxo species.

Thus, we believe that the present study provides valuable insights into the structure and
reactivity of Co-O complexes. Our findings have general implications and show how second
coordination sphere interactions can tune late transition metal-oxo bonds, which are on the
borderline of bond inversion. We predict that this effect has a distinct effect on reactivity, where
hydrogen bonds in fact tame highly reactive Co-oxo cores by preventing =-bond inversion. This
result therefore has general implications for late transition metal-oxo complexes, their stability and

reactivity. We will conduct further studies to learn more about late transition metal-O species.

4. Experimental Section

Materials. Commercially available chemicals were purchased from Aldrich Chemical Co. and
Tokyo Chemical Industry with the maximum purity available, and used as received unless
otherwise indicated. Solvents, such as acetonitrile (CH3CN), acetone, and diethyl ether (Et,0),

were dried according to published procedures and distilled under an Ar atmosphere prior to use.”
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H2'80 (98% '80-enriched) was purchased from Berry & Associates/ICON Isotopes (Dexter, MI,
USA). lodosylbenzene (PhlO) was synthesized by a literature method,”* and Phl'®0 was also
prepared by the addition of H»'8O (5 pL) to PhI'®O (50 L) in trifluoroethanol (TFE) at ambient
temperature, followed by waiting for 20 min for the ®0-exchange to complete. Co"(OTf),2CH3CN
was synthesized according to a literature method.” The ligand, 12-TBC (= 1,4,7,10-tetrabenzyl-
1,4,7,10-tetraazacyclododecane), was synthesized by a previously reported method.”® Co'(12-
TBC)(OTf), (1) was synthesized in a dry box: Equimolar amounts of 12-TBC (0.28 mmol, 150 mg)
and Co'(CF3S03)2-2CH3CN (0.28 mmol, 120 mg) were dissolved in CH3CN and stirred at ambient
temperature for 12h in a dry box, resulting in a color change of the reaction solution to red. The
resulting solution was filtered and a large volume of ether was added to the solution, giving the
red precipitate of the desired product. When the red precipitate was dissolved in acetone, the
color changed to purple because of the release of the coordinated acetonitrile. The purple solution
in acetone was filtered and a large volume of ether was added to the solution, giving a pink
precipitate. Finally, the pink precipitate was crystalized by slow diffusion of Et,O into a saturated
acetone solution of 1 at 25 °C, giving 80% yield (185 mg). It should be noted that the spin-state

of 1 in acetone is high-spin (S = 3/2), whereas in CH3;CN it is low-spin (S = 1/2).

Instrumentation. UV-vis spectra were recorded on a Hewlett Packard Agilent 8453 UV-vis
spectrophotometer equipped with an UNISOKU cryostat system (USP-203; UNISOKU, Japan).
The cold-spray ionization time-of-flight mass (CSI-MS) spectral data were collected on a JMS-
T100CS (JEOL) mass spectrometer equipped with the CSI source [conditions: needle voltage =
2.2 kV, orifice 1 current = 50-500 nA, orifice 1 voltage = 0-20 V, ring lens voltage = 10 V, ion
source temperature = 5 °C, spray temperature = —40 °C]. CSI-MS data of [Co'V('%0)(12-TBC)]**
(2-'%0) and [Co'V(80)(12-TBC)J?** (2-'80) were obtained by infusing the reaction solution directly
into the ion source through a pre-cooled tube under high N2 gas pressure. Resonance Raman
(rRaman) scattering was dispersed by a single polychromator (Ritsu Oyo Kogaku, MC-100DG)
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and detected by a liquid-nitrogen-cooled CCD detector (HORIBA JOBIN YVON, Symphony
1,024*128 Cryogenic Front llluminated CCD Detector). Raman spectral data in Figure 4 were
collected in backscattering geometry at an excitation wavelength (Aex) of 442 nm, using a spinning
sample cell (NMR tube (56 mm OD)), which was placed in a thermostated quartz Dewar at -45 °C
(cooled by flashing with cold N2 gas). The laser power at the measuring point in front of the quartz
Dewar was adjusted to 20 mW. rRaman spectra in Figure S3 — S5 were collected with the
UniDRON (UniNanoTech, Korea) Microscope Raman chamber with 20x long working objective
lens and Kymera328i-A Raman spectrometer in combination with the DR316-LDC-DD (ANDOR,
UK) TE cooled CCD detector, cooled to -55 °C. The He-Cd laser (442 nm He-Cd laser set,
Kimmon Koha, Japan) beams at the wavelength of 441.5 nm was used as the light source. The
laser beam was focused using an objective lens with a magnifying power of 10. The solution
sample in UV-vis cell (path length 0.2mm) was located into a UNISOKU Scientific Instruments
(CoolSpeK UV USP-203-B, UNISOKU, Japan) for low-temperature experiments with LN> and N2
gas flow. Raman shifts were calibrated using indene (accurate to within +1 cm'). Compared the
[Co(O)(12-TBC)J?* spectra under the same reaction conditions at Hyogo University and Ewha
Womans University, the doublet frequency for Co-O stretching were obtained identically. Low-
temperature EPR spectra were recorded at 5 K using an X-band Bruker EMX-plus spectrometer
equipped with a dual mode cavity (ER 4116DM) [Experimental parameters as follow: microwave
frequency = 9.646 GHz, microwave power = 1.0 mW, modulation amplitude = 10 G, gain = 1 x
10, modulation frequency = 100 kHz, time constant = 40.96 ms, conversion time = 81.00 ms].
Low temperatures for EPR measurements were achieved by using an Oxford Instruments
ESR900 liquid He quartz cryostat with an Oxford Instruments ITC503 temperature and gas flow
controller. The MCD setup employs an Oxford SM4000 cryostat and a JASCO J-815 CD
spectrometer. The SM4000 cryostat consists of a liquid helium-cooled superconducting magnet

providing horizontal magnetic fields of 0 — 7 T. The J-815 spectrometer uses a gaseous nitrogen-
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cooled xenon lamp and a detector system consisting of two interchangeable photomultiplier tubes
in the UV-vis and NIR range. The samples were loaded into a 1.5 — 300 K variable temperature
insert (VTI), which offers optical access to the sample via four optical windows made from Suprasil
B quartz. The spectra were recorded at different temperatures (2, 4, 8, 12, 20, and 50 K) and
magnetic fields (0 — 7 T). Experiments were conducted by varying the magnetic field at the
respective temperatures. Gaussian fitting of the UV-vis and MCD spectra was carried out using
the program PeakFit (version 4.12). The smallest number of Gaussian functions necessary to fit

the data was used for the analysis, and the quality of the fits was accessed by .

Generation and Characterization of Co'V-O Species. The brown intermediate, [Co'(O)(12-
TBC)J?* (2), was generated by reacting Co''(12-TBC)(CF3S0s). (1) with PhIO (3.5 equiv.; dissolved
in trifluoroethanol (TFE)) in acetone/TFE (v/v = 4:1) at —40 °C. The full formation of 2 was
confirmed by monitoring UV-vis spectral changes as evidenced by the appearance of a
characteristic band at 720 nm. Similarly, the '80O-labeled complex, [Co'V('80)(12-TBC)]?* (2-'80),
was generated by using Phl'80, which was prepared by mixing Phl'®O (dissolved in TFE) with
H,'®0O (5 uL). For solution rRaman measurements, 6.0 mM solutions of [Co'V(O)(12-TBC)J** (2-

80) and [Co'V('80)(12-TBC)J?** (2-'80) were prepared by the same method described above.

X-ray Structural Analysis. The purple rhombic single crystals of [Co'(12-
TBC)(CF3S0s3)2]-2CH3COCH; (1) were grown by the slow diffusion of Et,O into a saturated
acetone solution of 1. The crystals were mounted on a glass fiber tip with epoxy cement.
Crystallographic diffraction data for 1 were collected at 100 K on a Bruker SMART AXS
diffractometer equipped with a monochromator using a Mo Ka (A = 0.71073 A) incident beam.
The CCD data were integrated and scaled using the Bruker-SAINT software package, and the
structure was solved and refined using SHELXTL V 6.12.5.7” The crystallographic data for 1 are
listed in Table S1, and Table S2 lists the selected bond distances and angles. The X-ray

crystallographic coordinates for structures reported here have been deposited at the Cambridge
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Crystallographic Data Centre (CCDC) with the deposition number CCDC-1986346. These data
can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif (or from the Cambridge
Crystallographic Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax:(+44) 1223-336-

033; or email deposit@ccdc.cam.ac.uk).

Cobalt K-edge X-ray Absorption Spectroscopy. Acetone/TFE (v/v = 4:1) solutions of 1 and 2
(2.0 mM) were injected into aluminum sample holders at low temperatures between Kapton tape
windows and quickly frozen in liquid nitrogen. All data were recorded at the Canadian Light Source
(Saskatoon, Saskatchewan, CA) on beamline 07ID-2 (BioXAS-Spectroscopy) at 20 K with
temperatures maintained using an Oxford liquid He cryostat. Light was monochromatized using
a Si(220) double crystal monochromator, which was detuned 50% for harmonic rejection, and
focused using a Rh mirror. Spectra were obtained in fluorescence mode using a 32 element solid-
state Ge detector (Canberra) with a 3 micron cobalt filter placed between the sample and detector.
Spectra were calibrated against the first inflection point of Co-foil, which was simultaneously
recorded with the metallopeptide data (7709 eV). Data were obtained in 10 eV steps in the pre-
edge region (7508 — 7700 eV, 1 s integration time), 0.3 eV steps in the pre-edge region (7700 —
7725 eV, 2 s integration time), 1.0 eV steps in the edge region (7725 — 7755 eV, 2 s integration
time), 2.0 eV steps in the near edge region (7755 — 8000 eV, 3 s integration time), and 0.05 k
steps in the far edge region (8000 eV — 16.0 A", 3 s integration time). To avoid sample
photoreduction the 1 x 1 mm beam spot was moved after every 2 scans. Total fluorescence
counts were maintained under 30 kHz, and a deadtime correction yielded no appreciable change
to the data. The reported spectra represent the averaged spectra from 6 individual data sets. Prior
to data averaging each spectrum and detector channel was individually inspected for data quality.
Although data were recorded to 16 A-', the data were analyzed only to 14.5 A-" owing to noise at
high k. Data were subsequently processed and analyzed as previously reported using EXAFS123
and FEFF 9.4.78 Errors to the models are reported as €2 values.
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Electronic Structure Calculations. Gaussian 097° was used to carry out the majority of the
geometry optimizations and frequency calculations performed here. The ORCA program version
4.08 was used to perform geometry optimizations (and following frequency calculations) in an
acetone solvent field. The functionals B3LYP?'-8 and PBEO,®* and the TZVP?. & basis set were
used for all geometry optimizations. ORCA 4.0 was further used to perform time-dependent DFT
calculations, using a variety of functionals including BP86,%" 87 B3LYP, PBEO and TPSS,8
combined with the TZVP basis set, in an acetone solvent field. In addition, the EPR and zero-field
splitting parameters were calculated with ORCA using B3LYP/TZVP and PBEOQO/TZVP on the
corresponding optimized structures obtained with the same methods. Cobalt K-edge X-ray
absorption spectra were calculated using ORCA version 4.2.0 using the PBEO hybrid functional,
the def2-TZVP(-f) basis set, the ZORA relativistic approximation, and an acetone solvent field.
The first 30 lowest-energy transitions were calculated for each spectrum. The spectral line-shapes
were simulated by applying a 257.1 eV blue-shift and Gaussian line shape (1.3 eV peak width) to
each individual transition, and summing the individual Gaussians. ORCA version 4.2.1 was used
to perform the N-electron valence state perturbation theory (NEVPT2) calculations employing the
def2-TZVPP basis set. Natural orbitals from an initial MP2 calculation were used as guess orbitals.
The NEVPT2 calculation utilized a CAS-SCF(15,11) active space, the DLPNO variant of the fully

internally contracted NEVPT2 method, and the RI approximation (def2/JK auxiliary basis set).
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