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Abstract

High-valent first row transition metal-oxo complexes are important intermediates in biologically
and chemically relevant oxidative transformations of organic molecules and in the water splitting
reaction in (artificial) photosynthesis. While high-valent Fe- and Mn-oxo complexes have been
characterized in detail, much less is known about their analogs with late transition metals. In this
study, we present the synthesis and detailed characterization of a unique mononuclear terminal
Ni—-O complex. This compound, [Ni(TAML)(O)(OH)J*, is characterized by an intense charge-
transfer (CT) band around 730 nm and has an S; = 1 ground state, as determined by MCD
spectroscopy. From EXAFS, the Ni—O bond distance is 1.84 A. Ni K edge XAS data indicate that
the complex contains a Ni(lll) center, which results from an unusually large degree of Ni—O r-
bond inversion, with one hole located on the oxo ligand. The complex is therefore best described
as a low-spin Ni(lll) complex (S = 1/2) with a bound oxyl (O*) ligand (S = 1/2), where the spins of
the Ni and the oxyl are ferromagnetically coupled, giving rise to the observed S; = 1 ground state.
This bonding description is roughly equivalent with the presence of a Ni—O single (c) bond.
Reactivity studies show that [Ni(TAML)(O)(OH)]*~ is a strong oxidant capable of oxidizing
thioanisole and styrene derivatives with large negative p values in the Hammett plot, indicating its
electrophilic nature. The intermediate also shows high reactivity in C-H bond activation of
hydrocarbons with a KIE of 7.0(3) in xanthene oxidation.



1. Introduction

High-valent first-row transition metal-oxo species are active intermediates in oxidation reactions
that are important in biology, oxidative chemical transformations, and water splitting for the
generation of renewable energy carriers.? Fe- and Mn-oxo species are active intermediates in
enzymes like Cytochrome P450s, methane monooxygenase, mononuclear non-heme iron
enzymes, and photosystem I, to name a few examples.3* While Fe, Mn, and Cu are the favored
metals for biology — high-valent Cu intermediates have been proposed for some enzymes but are
less studied®’ — outside of bioinorganic chemistry, similar species with other transition metals
have been used in chemical oxidation reactions, i.e. oxygen atom transfer (OAT) and C-H
activation.®'* Metal-oxo moieties are also relevant for renewable energy related reactions, like
the oxidative side of water splitting, referred to as the oxygen evolution reaction (OER), and the
reduction of O, to water in fuel cells.'*'® A notable example of the latter is Nocera’s artificial leaf,
which catalyzes the OER via a high-valent Co-oxo intermediate.’® Additionally, though more
recently developed, there are several molecular Ni OER catalysts that likely also operate through

high-valent Ni—O intermeditates.®

Well studied, mononuclear, terminal Ni-oxo complexes are much more rare than their
lower atomic number counterparts.’?° This is related to the concept of the ‘oxo wall’.2'-2 A metal-
oxo bond results from overlap of the metal(d) and the oxygen(p) orbitals. As one moves from left
to right in the periodic table, for a particular metal oxidation state, the metal gains further d-
electrons which populate the antibonding T and ¢* orbitals of the metal-oxo bond. Populating
antibonding orbitals lessens the formal M—O bond order, destabilizing the species. Specifically,

with low-spin M'V-oxo species in tetragonal C4, symmetry, a formal M—O double bond (bond order
of 2) is not possible past iron. This is referred to as the ‘oxo wall’ and is explained in more detail
in @ number of review articles.’?? Nickel is past this ‘oxo wall’, having two additional metal(d)
electrons compared with iron. This makes corresponding Ni'V-O complexes extremely unstable
and reactive. A NiV—O complex in the low-spin (St = 0) state has a formal bond order of 1, which
would not qualify as a metal=0 unit. In addition, a metal-oxyl species may be expected, where
bond inversion (valence tautomerization) gives rise to a radical on the oxo ligand. However, with
intermediate (St = 1) or high-spin (St = 2) ground states, it is theoretically possible to have a formal
Ni—O bond order of up to 1.5. This spin-state dependent Ni'V-O bond order is illustrated in Scheme
1.

In line with this predicted instability, high-valent Ni-O species are rare in the literature.
Some reports propose these types of species as intermediates for reactions like olefin
epoxidation,?*25 alkane hydroxylation,?® and for gas phase methane oxidation to methanol
(Scheme 2A, B).?"22 Even in these cases, the involvement of a high-valent Ni—O species is
debated.?®*30 For example, isotopic labeling and selectivity studies suggest that a m-
chlorobenzoyloxy radical is the active species in C-H activation when m-chloroperbenzoic acid
(m-CPBA) is reacted with nickel complexes featuring a variety of nitrogen-based coligands and
appropriate substrates for C-H activation.?® Nevertheless, high-valent Ni-O species have great
potential as catalysts, and there is great interest in the field in isolating and understanding these
reactive intermediates.’?'
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Scheme 1. Electronic structure of Ni-oxo complexes in different spin states and the resulting
formal Ni—O bond order, illustrating the instability of metal-oxo species past the ‘oxo wall’.

To date, only a few high valent Ni—O species have been proposed and/or successfully
synthesized and characterized, as shown in Scheme 2. General strategies to obtain these species
mirror those used for other types of metal-oxo complexes. This includes, in particular, the reaction
of Ni(ll) precursors with O-atom transfer reagents like m-CPBA, as first reported in 2012 by Ray
and co-workers.3? Here, reaction of a Ni" precursor, [Ni'(TMGstren)(OTf)]*, with m-CPBA yielded
[NI"(TMGstren)(O or OH))(OTH)]'* ° 2* in 15% yield, distributed across two isomers (Scheme 2C).
Characterization by EPR revealed two rhombic S; = 1/2 species consistent with a Ni-O or Ni-OH
complex, and UV-Vis spectroscopy showed a new band at 520 nm for these intermediates. Both
isomers were deemed reactive for OAT and C-H activation. In 2015, Company and co-workers
reported a [Ni"'(L)(O")] complex, which was described as a Ni'"-oxyl species (Scheme 2D, H.L =
6-methyl-3,6,9-triaza-1(2,6)-pyridinacyclodecaphane-2,10-dione).3® This EPR-silent species was
characterized by UV-Vis and rRaman spectroscopy, XANES, and EXAFS, the latter indicating a
rather long Ni—O bond distance of 2.12 A. Finally, a mix of NiV(O) and Ni"(O) species was
reported by Kim and co-workers in 2016 as intermediates in the catalytic epoxidation of olefins by
[Ni"(dpaq)Cl] treated with the oxidant m-CPBA (Scheme 2E).3 Since our 2020 review, there have
been a few proposed Ni(O) intermediates,®>® but these lack in depth spectroscopic
characterization. Recently, O-NiF, has been prepared in a solid neon matrix by Riedel and co-
workers. Here, a '880-sensitive band was observed in IR spectroscopy at 640 cm! and assigned
to the Ni-F2 symmetric stretch with some influence of the adjacent O. This species was further
concluded, based on CASSCF/CASTP2/VTZ-DK calculations, to have a strong degree of oxyl
character in the ground state (Scheme 2F).3° Despite the interest in mononuclear, terminal Ni—O
species and aforementioned in-depth studies of these reactive and unstable intermediates, there

is still no direct spectroscopic evidence for a Ni-O bond other than in O—NiF..

In this paper, we report the synthesis, spectroscopic characterization, and reactivity of a
formally NiV(O)(TAML) (TAML# = tetraamido macrocyclic ligand) complex, which has a near
4



tetragonal ligand field symmetry. UV-Vis, XAS, and MCD spectroscopic and EXAFS studies show
that this species corresponds to a six-coordinate formally Ni'V-O complex with an axially-
coordinated hydroxide ligand and an S; = 1 ground state. We further analyze the electronic
structure of this complex, using experimentally calibrated DFT calculations, which show a distinct
amount of bond inversion for one of the Ni-O n-bonds, giving this complex dominant Ni"-oxyl
character. The proposed structure of this species is shown in Scheme 2G. Finally, the reactivity
of this complex with respect to C-H bond activation and OAT is investigated, including full kinetic
analyses. Our data show that [Ni(TAML)(O)(OH)J*- is a particularly active catalyst for the OAT
reaction and that this species can activate moderately strong C-H bonds. The reactivity of the Ni
intermediate in oxidation reactions is summarized in this paper.
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Scheme 2. Previously reported Ni—O complexes (A — F) and [Ni(TAML)(O)(OH)]*- (G) presented in this
paper. HoL = 6-methyl-3,6,9-triaza-1(2,6)-pyridinacyclodecaphane-2,10-dione.

2. Results and Analysis
2.1. Synthesis and Characterization of [Ni"(TAML)]?>~ (1) and [Ni"(TAML)]- (2).

The Ni(ll) complex [Ni'(TAML)]?>- (1) was synthesized by reaction of deprotonated ligand, TAML*-
(TAML* = tetraamido marcrocyclic ligand, 3,4,8,9-tetrahydro-3,3,6,6,9-hexamethyl-1H-1,4,8,11-
benzotetraazocyclotridecane-2,5,7,10-(6H,11H)-tetrone) with 1.2 equiv of [Ni'(acac),] in dry THF
under an argon atmosphere*® (see Experimental Section for the detailed synthetic procedure). 1
shows an electronic absorption band at 435 nm (¢ = 60 M~" cm™) in acetonitrile (MeCN;
Supporting Information (Sl), Figure S1a). Cold-spray ionization mass spectrometry (CSI-MS) of 1
shows a prominent ion peak in negative mode at a mass to charge ratio of m/z = 435.1 (Figure
S1b), whose mass and isotope distribution pattern correspond to Li[Ni'(TAML)]- (calcd. m/z =
435.1). The X-band electron paramagnetic resonance (EPR) spectrum of 1 along with the Evans
method using '"H NMR experiments revealed that 1 is a diamagnetic complex with S; = 0 spin
state (Figure S1c). Crystals of 1 suitable for X-ray crystallographic measurements were obtained
by layering a MeCN solution of 1 with EtoO at room temperature (see Experimental Section for
more details). On collection of crystal data and structural refinement, the crystals were determined
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to be a [Ni'(TAML)J]> complex with a Ni-Nayg bond length of 1.839(2) A (Figure S2, Tables S1 -
S2).

The Ni(lll) complex [Ni'"'(TAML)]- (2) was generated by using a one-electron oxidant such
as cerium(lV) ammonium nitrate (CAN). 2 was synthesized by reacting 1 with 1 equiv of CAN in
MeCN at 25 °C. 2 shows electronic absorption bands at 730 and 1030 nm (¢ = 1800 and 3200 M-
Tem™, respectively) in MeCN (Figure S3a). A titration experiment showed that 1 equiv of CAN is
required for the full conversion of 1 to 2 (Figure S3a, inset). CSI-MS of 2 shows a prominent ion
peak in negative mode at a mass to charge ratio of m/z = 428.1 (Figure S3b), whose mass and
isotope distribution pattern correspond to [Ni"(TAML)]- (calcd. m/z = 428.1). The X-band EPR
spectrum of 2 revealed that 2 is a paramagnetic complex with S; = 1/2 spin state, having g values
at 2.20, 2.07, and 1.99 (Figure S3c). The S; = 1/2 spin state of 2 was confirmed by Evans method
using "H NMR experiments. Crystals of 2 suitable for X-ray crystallographic measurements were
obtained by layering an acetonitrile solution of 2 with Et,O at —20 °C (see Experimental Section
for more details). On collection of crystal data and structural refinement, the crystals were
determined to be the [Ni"(TAML)]- complex with a Ni-Nayg bond length of 1.825(2) A (Figure S4,
Tables S3 - S4).

2.2. Synthesis and Basic Characterization of [Ni(TAML)(O)(OH)J* (3).

The formally Ni(IV)-oxo-hydroxo complex [Ni(TAML)(O)(OH)]*- (3) was generated by reacting 1
with 2 equiv of CAN (or by reacting 2 with 1 equiv of CAN) in the presence of H>O (5.0 uL) in
MeCN at -40 °C. When 1 was reacted with 2 equiv of CAN, a distinct color change was observed
from yellow (starting) to bright blue within few seconds. 3 shows a prominent electronic absorption
band at 728 nm (¢ = 4000 M~" cm™") in MeCN (Figure 1a, also see Figure S5). A titration
experiment showed that 1 equiv of CAN is required for the full conversion of 2 to 3 (Figure 1a,
inset). Alternatively, 3 can also be generated by reacting 1 with 1.5 equiv of PhIO (dissolved in
trifluoroethanol (TFE)), followed by addition of 1 equiv of trifluoromethanesulfonic acid (HOTTf) in
MeCN at —40 °C (Figure S6).

Complex 3 is metastable at —40 °C (t12 ~3 h), which allowed us to characterize it with
various spectroscopic techniques. CSI-MS of 3 shows poor intensity in positive and negative
mode under above conditions. In order to trap the intermediate using CSI-MS, 1 equiv of inactive
metal triflates, such as zinc triflate [Zn(OTf).]?*, was added to a solution of 3, generated using
PhlO in the presence of HOTf in MeCN:TFE (v/v = 1:1) at —40 °C. The peak at a mass to charge
ratio of m/z = 445.2 in positive mode was assigned to be {H*+[Ni(TAML)(O)]} (calcd. m/z = 445.2),
with isotope distribution pattern for Ni-oxygen species. When 3-'80 was used, a two-mass unit
shift was observed at m/z = 447.2 (Figure 1b). The observation of the two-mass unit shift upon
80-introduction indicates that 3 contains one isotope sensitive oxygen atom.
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Figure 1. (a) UV-Vis spectral changes showing the formation of 3 in the reaction of 2 (0.20 mM)
with CAN (0 — 0.20 mM) in MeCN at —40 °C. The inset shows titration data of [Ni"'(TAML)]- (0.20
mM) with CAN (0 — 0.28 mM). (b) CSI-MS spectra of 3 in positive ion mode. The peaks at m/z =
445.2 correspond to {H*+[Ni(O)(TAML)]} (calcd. m/z = 445.1). Inset shows the observed isotope
distribution pattern for 3-'60 (left panel) and 3-'80 (right panel). The peaks marked with an asterisk
(*) originate from zinc triflate, Zn(OTf)2, {Na*+[Zn(OTf)(CFsCH.OH)]}, (m/z = 336.0) and
{Na*+[Zn(OTf)(CF3CH2OH)(H20)1}, m/z = 354.0).

The X-band EPR spectrum of 3, measured at 5K, is silent (Figure S7a). In contrast, the
EPR spectrum of [Ni"(TAML)]- shows signals around g ~ 2 (see above), while its one-electron
oxidized species, equivalent to 3, shows no EPR signal (EPR spectra of 2 and 3 are compared in
Figure S7b). This reveals that the oxidation state of 3 is consistent with a formally +4 species, one
oxidation state higher than that of the Ni(lll) complex 2. To confirm the oxidation state of 3,
reduction of 3 was carried out using ferrocene derivatives. Addition of 1 equiv of ferrocene (Fc) to
3 led to the formation of the one-electron reduced species, [Ni"(TAML)]~ (2), and addition of 2
equiv of decamethylferrocene (MeioFc) to 3 gave rise to its two-electron reduced species,
[Ni'"(TAML)]?- (1). The formation of the reduced species from 3 was confirmed using UV-Vis and
EPR experiments (Figure S8). The oxidation state of 3 was also confirmed by cyclic voltammetry
(Figure S9). The cyclic voltammogram (CV) of [Ni'(TAML)]> (1) in MeCN/H2O (v/v 19:1) displays
two reversible oxidation waves at E1z vs SCE = 0.19 and 0.85 V (Figure S9a). The second-
electron oxidation potential (Eox = 0.85 V vs SCE) of 1 is the same as the one-electron reduction
potential of Ni-oxyl (3) species (Erq = 0.85 V vs SCE), which was generated by reacting 1 (2.0
mM) with CAN (2.0 equiv) in MeCN/H2O (v/v 19:1) at =40 °C (Figure S9b). It should be noted that
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3 undergoes a comproportionation reaction with 1, leading to the formation of [Ni"(TAML)]- in
stoichiometric yield (Figure S10). For a formally d® Ni'V species, this means that the Ni'V(O) unit
could be high-spin (S; = 2), intermediate spin (St = 1), or low-spin (S; = 0). The question of the
spin state is addressed using MCD spectroscopy (see below), which demonstrates that the
species associated with the 728 nm absorption feature has an S; = 1 ground state. Following the
synthesis of intermediate 3, a variety of characterization techniques were used to determine its
geometric and electronic structure.

2.3. X-ray Absorption Spectroscopy and Analysis.

To determine the coordination environment and metric parameters associated with 3 we
examined cryogenic solutions of 3 by nickel K-edge X-ray absorption spectroscopy. We note that
samples of 3 are highly susceptible to photoreduction, and even with significant X-ray beam
attenuation the beam had to be moved after every scan owing to photodamage of the sample.
The XANES region of the Ni K-edge X-ray absorption spectra for 1, 2, and 3 are depicted in Figure
2a. All three complexes display a weak Ni(1s — 3d) feature at ~8331 eV signifying that the three
complexes contain nickel in a centrosymmetric ligand environment (i.e. four-coordinate square-
planar or six-coordinate quasi-octahedral). Complexes 1 and 2 display a prominent feature at
~8335 eV, which is assigned as a Ni(1s — 4p;) transition. Such a feature is characteristic of
square planar nickel-centers, as this feature significantly blue-shifts into the edge upon
coordination of axial ligands. It is noteworthy that this feature is lacking for 3, signifying that Ni is
not contained in a four-coordinate square planar ligand environment in this case, but is instead
contained in a six-coordinate ligand environment. Furthermore, the weak pre-edge feature is
inconsistent with a short axial oxo ligand as has been observed in other metal-oxo complexes
generated to date — a short Ni-O bond (1.60 — 1.75 A) would be expected to generate a more
intense pre-edge feature. This is fully supported by simulations of the pre-edge region of the Ni
K-edge X-ray absorption spectrum using TD-DFT methods; the pre-edge features of 3 can only
be reproduced using six-coordinate models with axial Ni-O bond lengths longer than 1.8 A (Figure
S11). The edge position of 3 is also not consistent with a Ni'"V center. The edge displays only a
0.8(2) eV blue shift from 1, which contains a formal Ni' center, and no shift relative to 2, which
contains a formal Ni"' center. Therefore, the oxidation state of nickel in 3 is most consistent with
a formal Ni'' center.

The unfiltered and magnitude FT k® EXAFS spectrum of 3 is depicted in Figure 2b. Owing
to extensive photodamage of the samples upon prolonged beam exposure, data could only be
modeled out to a k = 13 A-!, which limited the resolution of two similar scatterers to a Ar = 0.14
A.4" Solutions to the EXAFS region are consistent with a six-coordinate nickel center. The data
are best modeled with four Ni-N scatterers at 1.96 A, one Ni-O scatterer at 1.84 A, and one long
Ni-O scatterer at 2.2 A42 These three inner-sphere shells are therefore within the resolution of
the experimental data. We note that the longer Ni-O scatterer is reasonably disordered (g% = 0.008
A-2) suggesting it may be an artifact in the data fitting. However, if this shell is omitted from the
refinements and included in either the Ni-O or the Ni-N shell, the resulting model yields
unreasonably large Debye-Waller factors for that shell and an increase in both the Ni-O (to ~1.9
A) and Ni-N distances (> 2.0 A). The data are therefore most consistent with a Ni'" center
coordinated by the TAML amidate nitrogen atoms, a short axial O or OH ligand and a longer
axially-coordinated ligand.
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Figure 2. A: XANES region of the Ni K-edge spectra for 1 (blue), 2 (black), and 3 (red). B:
Magnitude FT k3 EXAFS spectrum of 3 with the experimental spectrum depicted as the solid red
line and the best fit as the blue dashed line. The inset displays the k* EXAFS data of 3 with the
experimental data depicted as the solid red line and the best fit as the blue dashed line. Best Fit:
Eo, = 8336.2 eV; Shell #1 (Ni-N): n = 4, r = 1.964(8) A, 02 = 0.0029(7) A-2; Shell #2 (Ni-O): n = 1,
r=1.841(15) A, 02 = 0.004(2) A-2; Shell #3 (Ni-O): n =1, r = 2.24(2) A, 02 = 0.0083(17) A-2; Shell
#4 (Ni-C): n = 3.4(1), r = 2.875(5) A, 02 = 0.0093(7) A-2; Shell #5 (Ni-C): n = 2.2(1), r = 3.143(5)
A, 02 =0.0059(6) A-2; Shell #6 (Ni-C): n = 2.3(1), r = 3.996(10) A, 02 = 0.0080(13) A2 £2 = 0.81.

2.4. Magnetic Circular Dichroism Spectroscopy.

MCD spectroscopy was further used to understand the electronic structure of intermediate 3, to
determine the spin state of this species (since MCD C-term intensity is obtained for all
paramagnetic species, including integer spin species,**-" unlike EPR), and to assign its optical
data. Figure 3 shows a comparison of the UV-Vis and low-temperature MCD data of 3. As shown
Figure 3, the characteristic UV-Vis feature of 3 at 728 nm is also present in the MCD data, and
hence, a fit of the variable-temperature variable-field (VTVH) MCD data obtained for this band
provides direct insight into the magnetic properties of 3, especially its spin state (see below). A
correlated Gaussian fit of the UV-Vis and MCD data shown in Figure 3 identifies seven electronic
transitions in the optical spectra, as listed in Table 1. Our results show that the feature at 728 nm
actually corresponds to three different electronic transitions, bands 1 — 3, located at 12440, 13540
and 15080 cm'. Here, band 2 is the dominant feature in the MCD data, indicating that this
transition involves a significant amount of metal character, and likely corresponds to either a d-d
or a charge-transfer (CT) transition. To higher energy, bands 4 — 6 at 18440, 20580 and 23960
cm™' are quite intense in the absorption but weak in the MCD spectrum, suggesting that these
could be ligand-based transitions. Finally, band 7 is again intense both in the UV-Vis and MCD
data, and could originate from a second CT transition. Further insight into the assignments of
bands 2 and 7 can be obtained from the analysis of the VTVH data of these features.
Unfortunately, the other optical features are too weak in the MCD spectra to obtain reliable VTVH
data for further analysis.



—— Measured Data
i - - - - Sum of Gaussian Fit
2~ 4000 - 2
-
5 ]
g 2000 —
> w _
‘0
c 0
L~ 104 7
c - ]
g 5 | 4
i 0 — e
= ] 6
S 51
<4 . /
-10 — \ 7
- 2 -
1 | I T | I | 1 I T T I 1 1 I T T

30000 27000 24000 21000 18000 15000
Energy (cm‘1 )

Figure 3. UV-Vis and MCD data for intermediate 3, along with a correlated Gaussian fit of these
data (see Table 1). Top: UV-Vis spectrum of 3 obtained at 0.20 mM concentration in MeCN at —
40 °C. Bottom: MCD data of 3 obtained at 3 mM concentration at 2 K 7 T, in a frozen glass
prepared by reacting Liz[Ni"(TAML)] (3.0 mM) with CAN (2.0 equiv.) in the presence of H,O (5 uL)
in acetonitrile/butyronitrile (1:2) at —60 °C. Temperature and field-dependent MCD data are shown
in Figures S12 and S13, respectively. Further details on the Gaussian fits of these spectra can be
found in Figures S15 and S16.

From the temperature- and field-dependent MCD data of bands 2 and 7, obtained at
various magnetic fields, 0 - 7 T, and various temperatures, 2 - 50 K, the magnetic saturation data
shown in Figure 4 were obtained. First, since the MCD features of 3 are temperature-dependent,
they correspond to C-term signals, which demonstrates that the complex is paramagnetic (St = 1
or 2). We then attempted to fit the VTVH data for both main MCD features for the Si = 1 and 2
states. However, as shown in Figure 4, the data cannot be fit with an S; = 2 ground state, due to
the wrong curvature of the saturation curves (see Figure S17 for further S; = 2 fitting attempts).
As the spin multiplicity increases, the MCD saturation curves become more strongly curved, which
is already evident from the simple Brillouin function. The analysis of our VTVH data therefore
clearly demonstrates that the formally Ni'"V(O) species 3 has an intermediate spin state, St = 1
(Figure 4, top). The best fit of the VTVH data was obtained using D = 4.0 cm™', E/D = 0.24, and g
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= 2.013, 2.070, 2.078, which are based on DFT-predicted zero-field splitting parameters as
discussed below. Note that the VTVH MCD data could be reasonably fit with a positive D value
of up to 6 cm-, see Figure S18. This D value is consistent with the relatively large positive D value
calculated for DFT structures B3LYP (2) and B3LYP (3), which are the best models for the
structure of the intermediate, see Table 1 and Section 2.5. The E/D and g values had to be
determined by calculation, as the integer spin EPR-silent species 3 prevented experimental
determination of these parameters. B3LYP (2) and B3LYP (3) show good agreement for these
ZFS parameters, but B3LYP (3) was ultimately chosen as it better models the Ni-OH bond length
observed experimentally.

In addition, the fitting of the magnetic saturation curves also provides insight into the
polarizations of the corresponding electronic transitions. Based on our fits, both bands 2 and 7
show a large degree of z-polarization, which some additional contribution from y polarization.
These polarizations are relative to the orientation of the ZFS-tensor, which is accessible from DFT
calculations. As one would expect, the DFT calculations show that the z direction of the ZFS-
tensor is associated with the unique Ni—-O axis (see Figure S19). These results indicate that bands
2 and 7 have charge transfer character between the Ni center and the oxo ligand. Further insight
into the assignments of these bands is available from the TD-DFT data, as discussed below.

—=—2K —=—2K

—=—4K —=—4K

Normalized MCD Intensity
o
o

Normalized MCD Intensity
o
o

/ Band 7, S=1 ek Band 2, S=1 DAY
() 0, 0,
g 5%x, 22%Y, 73% z - 2K . 7%x,30%Y, 62%z - 20K
“00 02 0.4 06 08 10 1.2 0.0 02 0.4 06 08 10 1.2
BHI2KT BHI2KT

- —a—2K

Normalized MCD Intensity
o
o

Normalized MCD Intensity
o
o
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—=—8K '; —=—8K
—=—12K o —=—12K
= 20K . = 20 K
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“00 02 0.4 06 08 10 1.2 “0.0 02 0.4 06 08 10 1.2
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Figure 4. MCD VTVH data of 3 obtained at temperatures of 2 - 50 K and magnetic fields of 0 - 7
T, for the two main signals in the MCD spectra, bands 2 (VTVH data obtained at 14265 cm-', 701
nm, right) and 7 (VTVH data obtained at 28570 cm-', 350 nm, left). Top panels: the data fit very
well with an S; = 1 ground state, using D = 4.0 cm™', E/D = 0.24, and g = 2.013, 2.070, 2.078.
Bottom panels: all attempt to fit the data with S; = 2 failed. The dots are the experimental data
while the lines correspond to the fits.
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Table 1. Summary of Gaussian fitting and band assignments of the optical spectra for 3. See
Table S16 for further TD-DFT information.

Intensity Polarization
Energy MCD Ae¢ UV-Vis ¢ (%X, %y,
No. (cm™) M'T'em™2 | (M'cm™) Assignment %2z)
1 12440 -2.6 1060 -
coligand (n*), O(py)_dyz
(n*) = dx2-y2/dz2_O(p-)
2 13540 -26.7 2553 (0%), 7, 30, 62
Ni-OH/O (rt*) - O(px)_dxz
(n*)
3 15080 -4.3 2026 -
4 18440 3.5 831 -
5 20580 2.7 600 -
6 23960 2.2 1682 -
6b 27450 --b 2175 -
7 29450 42.9 3528 5,22,73

@ MCD intensity given for the 2 K 1 T spectrum, see Figure S16 for fit details.
® Band 6b not observed by MCD.

2.5. Density Functional Theory (DFT) Calculations.

With these experimental results in hand, we set out to model the putative high-valent Ni(O)
intermediate using DFT calculations, in direct comparison to our experimental results. Based on
the EXAFS analysis, which shows a short Ni-O vector and indicates that the complex is six-
coordinate, we used the DFT calculations to interrogate the nature of the sixth ligand, X, and
develop structural models for the intermediate. We also investigated a five-coordinate species,
for comparison. As discussed above, the MCD data indicate that 3 has an St = 1 ground state,
though we also investigated analogous St = 2 species, to compare structural features and total
energies. For this purpose, B3LYP and other functionals were employed, in combination with the
TZVP basis set. The results from our DFT calculations are summarized in Table 2, and selected
structures are shown in Figure S20.

To begin, we optimized the structure of a simple, five-coordinate model, with a square-
pyramidal structure where the oxo ligand occupies the apical position, in the St = 1 state. This
structure shows a rather long Ni—O bond of 1.98 A, which does not reproduce the experimental
Ni—O distance well, especially when compared to a five-coordinate fit of the EXAFs data, which
puts the Ni—O distance at 1.73 A. Since our XAS data indicate that 3 is a six-coordinate species,
we then explored structures with the sixth ligand, X, corresponding to ammonia, water,
acetonitrile, and hydroxide, which are all species that are present in solution. However, in our DFT
geometry optimizations (B3LYP/TZVP), the neutral ligands ammonia, water and acetonitrile all
dissociated from the Ni center, which remained five-coordinate. The only six-coordinate structure
that we could optimize has hydroxide coordinated in trans position to the formally oxo group.
However, this structure, designated as B3LYP (1) in Table 2, has a very long Ni-O bond length
of 2.15 A, compared to the experimental Ni-O distance from the EXAFS fit for a six-coordinate
complex, 1.84 A. In this structure, the predicted Ni—-OH distance is 2.27 A. In this case, the Ni
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center has the (antibonding) d.2 orbital singly occupied, as shown in Scheme 3, left, leading to a
weakening of the axial Ni-O/OH bonds. The d,2_y2 orbital constitutes the LUMO in this case, as
shown in Scheme 3, left. However, complex 3 can also exist in the alternative valence tautomer
where instead, the (antibonding) dx2_y2 orbital is singly occupied and d,2 is empty (and constitutes
the LUMO), which should lead to a strengthening of the axial Ni-O/OH bonds (Scheme 3, right).
Starting our geometry optimization by locking the Ni—O distance at the experimental distance
(1.84 A), letting this structure relax into a local minimum, and then fully optimizing this structure,
we are able to obtain a fully optimized structure for the alternative valence tautomer as well. This
optimized structure, B3LYP (2), shows a Ni—O bond length of 1.84 A and is only 2 kcal/mol higher
in energy than B3LYP (1). However, the Ni-OH bond length predicted for B3LYP (2) is much
shorter, 1.94 A, than the experimental value of 2.22 A. This Ni-OH bond, however, is a very soft
coordinate. When the Ni-OH bond length is increased from 1.94 to 2.22 A in a relaxed potential
energy surface (rPES) scan, the calculated energy increases by only ~3 kcal/mol (Figure S21).
Interestingly, as the Ni-OH distance is increased in this rPES scan, the LUMO gradually converts
from the dxo.y2 to the d,; orbital, via linear combinations of these two orbitals (Figure S22). Due to
the flexibility of the Ni-OH bond, it is likely that hydrogen bonding, via the ammonia or water
molecules in solution, could contribute to a longer Ni-OH bond length experimentally. Optimized
structures of the relevant valence tautomer (2) with TPSSh and BP86 were also obtained, as
shown in Table 2.

"Tf de-yZ dzZ -T_

d
dzZ x2-y2

o+ # o+

dyy O(p,)_d,, O(p,)_d,, - O(p,)_d,, O(p,)_d,,

d,,., Orbital as LUMO d,, orbitalas LUMO
Ni-O=2.15A Ni-O=1.84 A
Ni—OH = 2.27 A Ni—OH = 1.94 A

Scheme 3. Six-coordinate structures for two different valence tautomers of [Ni(TAML)(O)(OH)]*
were optimized for the S; = 1 ground state, using B3LYP/TZVP. Left: the valence tautomer (1) has
the d»2 orbital singly occupied, and the LUMO corresponds to the d2_y2 orbital (contour plot shown
on the bottom). Right: the valence tautomer (2) has the d.2_y2 orbital singly occupied, and the
LUMO corresponds to the d,» orbital (contour plot shown on the bottom). The calculated bond
lengths are also included. The colors used in the ligand field diagrams on the top correspond to
the bonding properties of these d-orbitals with respect to the oxo ligand (as in Scheme 1): blue is
o-antibonding, black non-bonding, and red 1r-antibonding.
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Calculated ZFS parameters for both valence tautomers (St = 1) are also included in Table
2. While B3LYP (1) shows a negative D value around -5 cm™ and moderate rhombicity, the other
valence tautomer, B3LYP (2) and also B3LYP (3), shows a positive D value around 8 — 10 cm™’
and more pronounced rhombicity. The calculated rhombicity is somewhat surprising, given the
general octahedral symmetry of the coordination environment of the Ni center, but note that the
benzene ring in the coligand restricts two of the nitrogens such that there is a tight <N-Ni-N angle
of 85°, while the opposing angle extends to 103°.The experimental VTVH data are best fit with D
= 4.0 cm™" (with E/D fixed at the calculated value of 0.24; see Figure 4 and discussion above).
The calculated orientation of the ZFS-tensor for B3LYP (3) is shown in Figure S19, with the z-
direction oriented along the Ni—O vector.

For comparison, we further optimized the five- and six-coordinate structures (the latter
with bound hydroxide) in the St = 2 state, and these results are included in Table 2. Importantly,
both the five- and six-coordinate St = 2 structures are significantly higher in energy than their St
= 1 counterparts, by 9 and >15 kcal/mol, respectively. Taking further into consideration the results
from the analysis of the VTVH MCD data (see above), it is clear that the St = 2 ground state can
be ruled out for 3.

In summary, while the [Ni(TAML)(O)(OH)J]*" intermediate (3) could exist in two possible
electronic ground states, based on the EXAFs data, the valence tautomer with the shorter Ni-O
bond length, (2), is favored (with d..,» singly occupied). The sixth ligand is modeled with
hydroxide, which forms a flexible Ni-OH bond, likely modulated by hydrogen bonding. For further
analysis of the electronic structure of this intermediate, we generated a third structure, B3LYP (3),
where the Ni-O and Ni-OH bond distances were fixed based on the experimental (EXAFS)
distances, and the rest of the structure was reoptimized (see Table 2). This model is only slightly
higher in energy than both of the minimum structures, B3LYP (1) and B3LYP (2).
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Table 2. DFT-calculated properties for 3, compared for different coordination numbers, spin states, and using different functionals. All
calculations were performed with the basis set TZVP. Relative energies are only compared across analogous structures, applying the
same functional, and are color coded for guidance. See Figure S20 for select structures and Tables S6 — S15 for Cartesian coordinates.

St=1 St=2
5Ce 6CP 5C 6C
Exp. B3LYP | B3LYP | B3LYP
(EXAFS) | B3LYP (1)° (2)8 (3)° TPSSh BP86 B3LYP | B3LYP | TPSSh PBEO
Relative Energy
(kcal/mol) 0 0 2 5 0 9 18 17
Ni-O bond (A) 1.84 1.98 2.15 1.84 1.84f 1.81 1.79 1.70 1.84 1.77 1.75
> Ni-OH bond (A) 22 - 2.27 1.94 2.22f 1.93 1.97 - 2.26 2.28 2.20
< Avg. Ni-N bond (A) 1.96 1.88 1.89 1.97 1.93 1.96 1.98 1.99 1.98 1.98 1.97
g ><N-Ni-N (°) - 356 360 360 360 360 360 337 358 355 360
3 <O-Ni-OH (°) - - 179 179 179 178 178 - 179 178 179
<Ni-O-H (°) - - 97.3 101.1 97.6 100.4 99.1 - 98.4 95.9 98.6
[C18-Ni-O-H (°)¢ - - -0.1 -20.6 04 -8.0 -15.0 - -8.5 -0.1 -0.1
258, 392
c 385 262, (375,36 613,
S Ni-O (cm™) - (393) 270 507 N/A 540 585 734 3) 585 615
© 169, 133,
= 175, 160, 184,
202, 451, 225, 227, 242,
Ni-OH (cm™) - - 213 439 N/A 457 399 - 229 281 292
- Ni - 0.65 0.64 0.75 0.73 0.78 0.83 1.82 1.85 1.82 1.81
’é O - 1.31 1.18 0.95 1.07 0.9 0.74 1.28 1.32 1.30 1.40
) OH - - 0.15 -0.06 0.03 -0.05 -0.01 - 0.21 0.23 0.19
2 Ns (coligand) - 0.04 0.04 0.34 0.19 0.36 0.39 0.80 0.61 0.64 0.63
'5_:). coligand (except
Ns) - 0 -0.02 0.01 -0.02 0.01 0.04 0.10 0.01 0.01 -0.03
g D - NCh -4.76 8.93 10.47 NC NC -1.03 -113 NC NC
] EID - NC 0.11 0.30 0.24 NC NC 0.11 0.10 NC NC

a 5C: five-coordinate structure. ® 6C: six-coordinate structure. ¢ B3LYP (1) is the fully optimized, minimum energy six-coordinate
structure for S; = 1, with d,2 singly occupied. ¢ B3LYP (2) is the fully optimized, six-coordinate structure for S; = 1, with dy2.,2 singly
occupied (which constitutes a local minimum). ¢ B3LYP (3) is a partially optimized structure with the Ni—O and Ni—OH bonds locked at

the experimental (EXAFS) distances. f These bond distances were fixed during the optimization of structure B3LYP (3). 9 C18 is the

dimethylated carbon between the two carbonyls of the amide groups in the TAML*" ligand. " NC: not calculated.
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Scheme 4. MO diagram of [Ni(O)(OH)(TAML)]*. These molecular orbitals were calculated using
TPSSh/TZVP for the B3LYP (3) optimized structure and visualized in Avogadro. Shown are the
corresponding B-spin MOs.

To further interrogate the electronic structure of the [Ni(TAML)(O)(OH)J*" intermediate (3),
we then analyzed the MO diagram for the B3LYP (3)-optimized structure, using TPSSh/TZVP
calculations. As shown in Scheme 4, with the Ni-OH bond set to 2.22 A, the dx2-y2 and d,2 orbitals
become somewhat mixed, making it difficult to assess the strength of the Ni-O o bond. This
information is more readily available from the MO diagram of the B3LYP (2) structure with the
shorter Ni-OH bond. In this case, the LUMO of the complex is the antibonding combination of d.2
and the O(p;) orbital, d.2_0O(p.), which has 54% Ni(d) and 16% O character, as shown in in Figure
S23. The corresponding bonding MO at lower energy is fully occupied, giving rise to a Ni-O o
bond with a formal bond order of 1. To lower energy, the first SOMO is the d,2-y2 orbital, which is
non-bonding to the oxo ligand. As shown in Scheme 4, the two d= orbitals of Ni, dx, and dy,
undergo w-bonding interactions with the O(px) and O(p,) orbitals. Here, both n-bonding
interactions are inverted, with the antibonding combinations shown in Scheme 4 having dominant
O(p) character. However, in the case of dy;, both the bonding combination with O(py) at lower
energy and the antibonding combination at higher energy, shown in Scheme 4, are fully occupied,
which means that this orbital interaction does not contribute to the Ni—O bond. In the case of dy.,
the bonding combination with O(px) at lower energy is doubly occupied, but the corresponding
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antibonding MO is only singly occupied, as shown in Scheme 4, which means that this orbital
interaction could contribute 1/2 bond order to the Ni-O bond. However, as shown in Scheme 4,
the orbital O(px)_dx. shows very strong bond inversion, with 82% O(p) and only 9% Ni(d)
contribution. Hence, this interaction constitutes a very weak Ni—O n-bond, which means that the
Ni—O bond in 3 is de facto a Ni—O single (c) bond. In addition, the oxo ligand in 3 is oxidized and
has very clear oxyl character, as reflected by its large amount of spin density of about +1.0,
creating a “hole” in the O(px) orbital (see Figure S24 for a larger image of the electron hole).
Therefore, the electronic structure of 3 is best described as a Ni(lll)-O*~ complex, where the spins
of the Ni(lll) (S = 1/2) and the oxyl ligand (S = 1/2) are ferromagnetically coupled (see spin
densities listed in Table 2), giving the experimentally observed S: = 1 ground state. In other words,
the oxo ligand serves as a non-innocent ligand in 3. In contrast, and surprisingly, the TAML*
ligand is not redox-active in complex 3, and does not accumulate any notable spin density. This
is surprising, considering that large number of M(IV)-TAML*" complexes have been reported
where the TAML ligand is bound in the one-electron oxidized, TAML*3", form.'48-50 The Ni(lll)-O*~
electronic structure description of 3 as outlined above implies that the Ni—-O bond is actually quite
weak. In agreement with this finding, the calculated Ni—O stretching frequency is located around
500 cm™', as shown in Table 2, which reflects the single bond character of the Ni—O interaction.
Finally, as expected, the nonbonding dyy orbital is lowest in energy and has no contribution from
the oxyl ligand.

To further assign the optical spectra of 3, we performed TD-DFT calculations, using the
B3LYP (3) structure and the functionals B3LYP, TPSSh, BP86, and PBEO, which contain varying
amounts of Hartree-Fock exchange. Figure 5 compares the absorption spectra calculated with
these functionals to the experimental data. As evident from the figure, TPSSh matches the
experimental absorption spectrum the best. TD-DFT predicts a broad absorption band around
550 nm (18000 cm-"), which corresponds to the calculated transitions 6 — 13 and which we assign
to the experimental absorption band at 728 nm (13740 cm™') that is indicative of the formation of
3. Through TD-DFT, we found that this spectral region is mostly dominated by mixed ligand-to-
metal charge transfer (CT) transitions, mostly into dx2-y2/d,.2_O(p,) (c*) as the acceptor MO, in
agreement with the mixed polarizations observed for band 2 (see Figure 3 and Table 1).
Interestingly, we do not see much CT into the O(px)_dx. hole in the low-energy region of the
absorption spectrum. Of the TD-DFT predicted excitations, transition 10 is the only one with
significant z polarization (88%), corresponding to a coligand (n) 2 dx2-y2/d,2_O(p:) (c*) and Ni-
OH/O (n*) = O(px)_dx (7*) transition.

In the visible range of the spectrum (experimental bands 4 - 6), TD-DFT predicts mostly
CT transitions originating from aryl/amide(r) and amide-O lone pairs into the dx2-y2/d;2_O(p;) (c*)
and O(px)_dx. orbitals of the Ni—O unit, none of which have much oscillator strength (calculated
bands 18 to 39; see Table S16). Finally, a number of calculated bands (44 — 58) with larger
oscillator strengths are found in the energy region of band 7. However, these features are mostly
intra-coligand © - =* transitions, with some admixture of Ni-O (n*) = aryl/amide (n*) and amide-
O lone pair 2 dx2-y2/dz2_0O(pz) (c*) and O(px)_dx. CT character, with anywhere between 5 — 25%
z polarization. Further information on the TD-DFT results and assignments can be found in Table
S16.
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Figure 5. TD-DFT calculations on structure B3LYP (3), where the Ni-O and Ni-OH bond lengths
were fixed at the experimental values (from EXAFS; see Table 2 and text). All TD-DFT
calculations were performed with the program ORCA, using the indicated functionals and the
TZVP basis set.

We also performed TD-DFT calculations for the other structures, B3LYP (1) and B3LYP
(2), and these results are shown in Figure S25. It is notable here that the TD-DFT calculations for
valence tautomer B3LYP (1) with the long Ni—-O bond (d.2 orbital singly occupied) show by far the
worst agreement with the experimental absorption spectrum, further indicating that this is not the
experimentally observed valence tautomer. Comparing the TD-DFT results for structures B3LYP
(2) with the short Ni—O bond (dx2-y2 orbital singly occupied) and the analogous B3LYP (3) with the
longer Ni—OH bond, it is notable that B3LYP (3) with the weakly coordinated sixth ligand does in
fact reproduce the experimental absorption spectrum the best, in support of the EXAFS results.

2.6. Reactivity Studies of 3.

We investigated the reactivity of 3 in oxygen atom transfer (OAT) and hydrogen atom transfer
(HAT) reactions.

(i) OAT Reaction by 3. First, the reactivity of 3 was investigated with thioanisole
derivatives. Upon addition of thioanisole to a solution of 3 in MeCN at —40 °C, 3 disappeared at a
very fast rate. Therefore, a stopped-flow UV-Vis spectrophotometer was used to determine the
reaction rate. The reaction obeyed the first-order kinetics, and the rate constant increased linearly
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with increasing the thioanisole concentration to give a second-order rate constant (kz) of 4.3 x 103
M- s~' at —40 °C (Table S17). Reactions of 3 with thioanisole derivatives bearing an electron-
donating substituent (4-MeO-thioanisoles and 4-Me-thioanisoles) were too fast to follow even at
—-40 °C using stopped-flow UV-Vis spectroscopy. Hence, electron-withdrawing para-substituted
thioanisoles were used to determine reaction rates. The second-order rate constants (k2) of 4-X-
substituted thioanisoles (X = NO2, CN, Br, and CI) were determined in MeCN at —40 °C (Table
S17 and Figures S26 and S27). When the logarithm of the second-order rate constants (log k2) is
plotted against the one-electron oxidation potentials (Eox) of 4-X-substituted thioanisoles, a large
negative slope of —12 is obtained (Figure 6. Plots of log k2 against (a) the Eox values and (b) the
op+ values of 4-X-substituted thioanisoles (X = NO2, CN, Br, Cl, and H) in the reactions of 3 and
thioanisole derivatives in MeCN at —40 °C. (Figure 6a) indicate that the OAT reaction occurs via
an electron-transfer mechanism. In addition, when the logarithm of the second-order rate
constants (log k) is plotted against o,* values of 4-X substituted thioanisole derivatives, a large
negative p value of —5.3 is obtained in the Hammett plot (Figure 6b), indicating an electrophilic
nature of 3. Product analysis of the thioanisole oxidation reactions revealed the formation of
methyl phenyl sulfoxide as an organic product. In addition, the thioanisole oxidation reaction
carried out with 3-'80 revealed the 85% '80 incorporation into the methyl phenyl sulfoxide (Figure
S28). The main inorganic product, characterized by CSI-MS and EPR spectroscopy, was
[NI"(TAML)]- (Figure S29). Thus, the results of the product analysis led us to propose that the
reaction of 3 and thioanisole afforded the methyl phenyl sulfoxide and [Ni"(TAML)]?>- products and
the [Ni'(TAML)]?>- product reacted with 3 to give [Ni"(TAML)]- via a comproportionation reaction
(Figure S10).
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Figure 6. Plots of log k2 against (a) the E.x values and (b) the o,* values of 4-X-substituted
thioanisoles (X = NO, CN, Br, Cl, and H) in the reactions of 3 and thioanisole derivatives in MeCN
at —40 °C.

Next, styrene derivatives were used to investigate the reactivity of 3 in the OAT reaction.
A second-order rate constant (k2) of 2.5 M-' s=' was determined in the oxidation of styrene by 3
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in MeCN at —40 °C (Table S18 and Figure S30). Similarly, second-order rate constants (kz) of X-
substituted styrenes (X= 4-Me, a-Me, 3-Me, and 4-Cl) were determined in MeCN at —40 °C (Table
S18 and Figure S31). When the logarithm of the second-order rate constants (log kz) is plotted
against the one-electron oxidation potentials (Eox) of X-substituted styrenes, a large negative
slope of —9.6 is obtained (Figure S32a). This result indicates that the oxidation of styrene
derivatives by 3 occurs via an electron transfer mechanism. Also, a large negative p value of —
6.5 was obtained in the Hammett plot (Figure S32b), indicating again the electrophilic nature of
3. Product analysis of the reaction solution of the styrene oxidation by 3 revealed the formation of
benzaldehyde as a major organic product and [Ni"(TAML)]- as an inorganic product (Figure S33).

(ii) HAT Reaction by 3. A reactivity study of 3 was performed in C-H bond activation of
hydrocarbons with the bond dissociation energies (BDEs) of 75 — 82 kcal mol~', such as xanthene
(75.5 kcal mol'), 1,4-cyclohexadiene (CHD, 78 kcal mol-'), fluorene (80 kcal mol-'), and
diphenylmethane (DPM, 82 kcal mol~").5" Addition of xanthene to a MeCN solution of 3 at 0 °C
resulted in the decay of 3 (Figure 7a). The observed first-order rate constant increased with an
increase in the xanthene concentration, affording a second-order rate constant (kz) of 1.2 M-' s
at 0 °C (Figure 7b). The kinetic isotope effect (KIE) for the xanthene oxidation was determined to
be 7.0(3) (Figure 7b). The second-order rate constants for the reactions of CHD, fluorene, and
DPM were also obtained (Table S19 and Figure S34). A plot of log k2’ versus C-H BDEs of the
substrates shows a good linear correlation (Figure S35). Product analysis of the reaction solution
of the oxidation of xanthene by 3-'80 revealed the formation of xanthone (with 72% '80
incorporation) as a major organic product (Figure S36) and [Ni"'(TAML)]- as an inorganic product
(Figure S37).
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Figure 7. (a) UV-Vis spectral changes observed in the reaction of 3 (0.10 mM) and xanthene (2.0
mM) in MeCN at 0 °C. Inset shows a time trace monitored at 728 nm due to the disappearance
of 3. (b) Plot of the pseudo-first-order rate constants (kobs) against the concentrations of xanthene-
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hz (blank circles) and xanthene-d; (red circles) for the reactions of 3 with xanthene and xanthene-
d> in MeCN at 0 °C.

3. Discussion

In this paper, we present the preparation and rigorous spectroscopic and theoretical
characterization of a terminal Ni-oxyl complex, [Ni(TAML)(O)(OH)]*~ (3). This reactive
intermediate, formally a Ni(IV)-oxo complex, is generated by the oxidation of the corresponding
four-coordinate Ni(ll)- and Ni(lll)-TAML*" precursors, using either CAN or an O-atom transfer
agent like PhlO, at low temperature. Generation of 3 is accompanied by the rise of a new
absorption feature at 728 nm in the UV-Vis spectrum. The presence of an oxo-type ligand in 3 is
supported by CSI-MS spectroscopy in conjecture with 80 isotope labeling. In agreement with the
formal Ni(IV) state, the complex is EPR silent. For example, upon addition of 1 equiv. of CAN to
a solution of the EPR-active Ni(lll) precursor (S = 1/2), the EPR signal of this species disappears,
but can be regenerated when 1 equiv. of reductant is subsequently added. These results
demonstrate that complex 3 is a one-electron oxidized species compared to the Ni(lll) precursor.
But what is the actual nature of this species? Based on these data, it is tempting to assign 3 as a
Ni(IV) complex. However, there is a reason that Ni(IV) complexes are sparse, and reports of well-
characterized Ni(IV) complexes in the literature are lacking. Considering the presence of the non-
innocent TAML*" ligand in 3, it is clear that a thorough spectroscopic characterization is needed
to order to make any claims about a high oxidation state of the Ni center in 3.

From XAS, complex 3 shows a Ni K-edge that has an edge-energy that is essentially
identical with that of the Ni(lll) precursor complex, indicating that the oxidation state of the Ni
center in 3 is better described as Ni(lll). EXAFS shows a Ni—O vector at 1.84 A, again confirming
the presence of an oxo-type ligand, but also the presence of a sixth scatterer at about 2.2 A from
the Ni center although the nature of which cannot be identified from those data. Since 3 is EPR
silent, we used low-temperature MCD spectroscopy to further delineate the optical and magnetic
properties of 3. Analysis of the VTVH MCD data of the 728 nm feature clearly shows that the
intermediate has an St = 1 ground state with a [dxy,O(py)_dyz,O(px)_dx]°[dx2-y2,d-2]" electron
configuration. The 728 nm absorption feature is deconvoluted into three transitions, which, based
on the TD-DFT results, corresponds to mixed ligand-to-metal charge transfer (CT) transitions,
mostly into dx2-y2/d.2_O(p;) (c*) as the acceptor MO, in agreement with the mixed polarizations
observed for band 2. This indicates the coligand oxidation and reduction of the Ni-O unit in the
excited state. It is notable that this absorption feature has a quite substantial intensity in the
absorption spectrum (¢ = 2500 M-'cm-"), but that laser excitation of this band does not lead to the
resonance enhancement of the Ni-O stretch. The complex shows a relatively small D value of
about 4 cm~" and a moderate rhombicity arising from the lack of the four-fold symmetry of the
TAML#* ligand.

In order to obtain further insight into the nature of 3, we then turned to DFT calculations.
Structure optimizations with neutral molecules like water, solvent (CHsCN), ammonia, etc. as the
sixth ligand led to five-coordinate structural models for 3, where the sixth ligand is expelled.
However, an anionic ligand like hydroxide is able to stably coordinate to the Ni center, generating
a six-coordinate structure in agreement with the EXAFS results. We therefore propose that 3
corresponds to the complex [Ni(TAML)(O)(OH)]*". This complex could in theory exist in either the
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St = 1 or 2 state, but the DFT calculations show that the S; = 2 state is >15 kcal/mol higher in
energy, in agreement with the MCD result that shows an S; = 1 ground state for 3. DFT
calculations further show that in the S; = 1 state with a [dx,O(py)_dyz,O(px)_dxz][dx2-y2,dz2]"
electron configuration, the d,2 and dy2-,2 orbitals are quasi degenerate, which means that the
complex can exist in two valence tautomers where either the d,2 or the dx2-y2 orbital is singly
occupied. We were able to generate optimized structures for both valence tautomers, and show
that they are within 2 kcal/mol (B3LYP). However, the two valence tautomers lead to very different
geometric structures for 3, where single occupation of d,2 (isomer B3LYP (1) in Table 2, with the
z axis along the Ni—O vector) causes a substantial increase in the Ni-O bond to 2.15 A, in stark
contrast to the experimental data. On the other hand, the valence tautomer, in which d,2-2 is
singly occupied (isomer B3LYP (2) in Table 2), reproduces the experimental Ni—O distance of
1.84 A exactly. Based on these results, complex 3 has the electron configuration [dyy?,dy,2,dx.",dx2-
y2'] (in the coordinate system applied here), which should give rise to a strong Ni—O bond with a
formal bond order of 1.5 (see Scheme 1), which is somewhat at odds with the experimental Ni—O
distance of 1.84 A.

Further analysis of the electronic structure of [Ni(TAML)(O)(OH)]®>" shows that the Ni—-O &-
bond shows an unprecedented amount of bond inversion, where the antibonding combination of
O(px) and dy. is largely located on the oxo ligand (82% O(p) character according to the TPSSh
calculation). Therefore, the electronic structure of 3 is best described as a low-spin Ni(lll) complex
(S = 1/2) with a bound oxyl (O*) ligand (S = 1/2) where the spins of the Ni and the oxyl are
ferromagnetically coupled, giving rise to the observed S: = 1 ground state for 3. In other words,
the oxo group serves as a non-innocent ligand in 3, in agreement with the XAS results that show
that the Ni center in 3 is best described as Ni(lll). With this large degree of bond inversion, the
Ni—O interaction is best described as a single o-bond, in line with the observed Ni—O distance of
1.84 A. In contrast, and surprisingly, the TAML*" ligand is innocent, and simply serves as a
strongly donating ligand, further stabilizing the Ni—O unit in 3. These results were further
corroborated using post HF computations. NEVPT2 calculations of 3 show the compound
possesses little multiconfigurational character with the leading Ni(lll)-O*~ configuration comprising
over 99% of the CASSCF wavefunction. Thus, the compound is best described as possessing a
Ni(lll)-oxyl moiety coordinated by a redox innocent TAML*- ligand framework.

The fact that 3 contains a Ni(lll)-O*~ unit, and not a Ni(IV) center, is again in agreement
with the notion that the Ni(IV) oxidation state is difficult to stabilize in complexes with organic
coligands that contain N- and O-donor groups, due to the strongly oxidizing nature of Ni(IV).
Correspondingly, claims of Ni(IV) complexes in the literature have to be taken with some
skepticism. For example, in a recent study, the preparation of a Ni(IV)-nitrato complex was
claimed.5? Although the authors note an ~0.7 eV blue-shift of Ni K-edge XAS features of this
complex relative to the Ni(lll) starting material, they also acknowledge the difficulties of making
oxidation state assignments on the basis of XANES edge-shifts alone. Furthermore, the authors
highlight that both formal Ni(lll) and Ni(IV) complexes possess significant ligand non-innocence.
Therefore, the authors note that the putative Ni(IV)-nitrato complex can actually be described as
a physical d® Ni(ll) species. In other cases, the difficulty of stabilizing Ni(IV) has also been
acknowledged in the literature, for example for complexes [Ni"'(L)(O")] and [Ni"(dpaq)(O°)]* (see
Scheme 2),333* which the authors cautiously describe as Ni(lll)-oxyl species (despite the fact that
insufficient characterization of these complexes is available to fully support this claim, see
discussion in Introduction). In addition, bond inversion is a known problem for Ni complexes, and
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has even been invoked for explaining the photochemistry of Ni'-aryl complexes, where a
photochemically accessible ligand-field excited state induces inversion of the Ni(ll)-C bond,
leading to C-H activation of a THF solvent molecule.® Based on these considerations,
[Ni(TAML)(O)(OH)J* is, in fact, the first well-characterized, terminal Ni-O complex reported to this
date. The quest for a true Ni(IV)-oxo complex continues.

4. Experimental Section

Materials. All chemicals, obtained from Aldrich Chemical Co. and Tokyo Chemical Industry, were
the best available purity and used without further purification unless otherwise indicated.
Cerium(lV) ammonium nitrate, Ni'(acac). and other substrates such as xanthene, 1,4-
cyclohexadiene, fluorene, triphenylmethane, thioanisole derivatives, styrene derivatives were
purchased from Aldrich Chemical Co. and used as received. Trifluromethanesulfonic acid was
purchased from Tokyo Chemical Industry. H,'80 (95% '80-enriched) was purchased from Berry
& Associates/ICON Isotopes (Dexter, MI, USA). lodosylbenzene (PhlO) was prepared by the
literature method.%* Phl'®0 prepared by mixing PhlO (in 50 L trifluroethanol) and 5 pL of H,'80
at 25 °C and using it after 20 minutes. The deuterated xanthene-d» was synthesized by a literature
method.>® Purity of >99% deuteration was confirmed by 'H NMR. The Hs-TAML (TAML* =
tetraamido marcrocyclic ligand, 3,4,8,9-tetrahydro-3,3,6,6,9-hexamethyl-1H-1,4,8,11-
benzotetraazocyclotridecane-2,5,7,10-(6 H,11H)-tetrone) was purchased from GreenOx Catalyst,
Inc. (Pittsburgh, PA, USA) and used as received. The Liz[Ni"(TAML)] complex was synthesized
by reaction of deprotonated TAML#*- ligand with Ni'"(acac), under inert atmosphere in dry and
deoxygenated tetrahydrofuran (THF).

Instrumentation. UV-Vis spectra were recorded on a Hewlett Packard Agilent 8453 UV-Vis
spectrophotometer equipped with an UNISOKU USP-203 cryostat system and a UNISOKU RSP-
601 stopped-flow spectrometer equipped with a MOS-type highly sensitive photodiode array
detector with an UNISOKU USP-204-09 cryostat system (UNISOKU, Japan), or on a Hi-Tech
Scientific SF-61 DX2 cryogenic stopped-flow spectrometer equipped with a Xe arc lamp and a
KinetaScan diode array rapid scanning unit (TgK Scientific, U.K.). The cold-spray ionization time-
of-flight mass (CSI-TOF-MS) spectral data were collected on a JMS-T100CS (JEOL, Japan) 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 spectra of Ni complexes were obtained by infusing the
reaction solution directly into the ion source through a pre-cooled tube under high N> gas
pressure. X-band CW-EPR spectra were recorded at 5 K using X-band Bruker EMX-plus
spectrometer equipped with a dual mode cavity (ER 4116DM). Low temperature was achieved
and controlled with an Oxford Instruments ESR900 liquid He quartz cryostat with an Oxford
Instruments ITC503 temperature and gas flow controller. The experimental parameters for EPR
measurements were as follows: Microwave frequency = 9.647 GHz, microwave power = 1.0 mW,
modulation amplitude = 10 G, gain = 1 x 104, and modulation frequency = 100 kHz. EPR spectra
were also recorded at 77 K with use of JEOL X-band spectrometer (JES-FA100). The g value
was calibrated using the Mn?* marker. The EPR spectra were recorded under non-saturating
microwave power conditions. The magnitude of modulation was chosen to optimize the resolution
and the signal-to-noise (S/N) ratio of the observed spectra. The experimental parameters for EPR
measurements by JES-FA100 were as follows: microwave frequency = 9.007 GHz, microwave
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power = 1.0 mW, modulation amplitude = 3.0 G, modulation frequency = 100 kHz and time
constant = 0.03 s. Product analysis was performed using an Agilent Technologies 6890N gas
chromatograph (GC), and an ISQ 7000 (single quadrupole) mass spectrometer (Thermo
Scientific, Austin, Texas, USA) interfaced with TRACE 1310 gas chromatograph (GC-MS), or high
performance liquid chromatography (HPLC, Waters 515) equipped with a Waters 2998
Photodiode array detector. Product analysis was performed using high performance liquid
chromatography (HPLC, Waters 515) on Hypersil GOLD column (5 ym, 4.6 x 250 mm), and
product yields were determined with a UV Detector at 215 and 254 nm. Cyclic voltammetry (CV)
measurements were performed on a CHIB30B electrochemical analyzer (CH Instruments, Inc.)
under an Ar atmosphere in a deaerated mixture of MeCN/H.O (v/v 19:1) containing 0.10 M
"BusNPFs (TBAPFs) as the supporting electrolyte at -40 °C. A conventional three-electrode cell
was used with a platinum working electrode (surface area of 0.30 mm?), a platinum wire used as
a counter electrode and an Ag/AgNO; (0.010 M) electrode as a reference electrode. The
measured potentials were recorded with respect to an Ag/Ag* reference electrode. All potentials
(vs Ag/Ag*) were converted to values vs SCE by adding 0.29 V.

The MCD spectroscopy setup uses an Oxford SM4000 cryostat and a JASCO J-815 CD
spectrometer. The SM4000 cryostat uses a liquid helium-cooled super conducting magnet,
providing magnetic fields of 0-7 T. A gaseous nitrogen-cooled xenon lamp is the light source for
the JASCO J-815 CD spectrometer, and the detector is a photomultiplier in the UV-Vis range. The
samples are loaded into the Oxford Cryostat variable temperature insert (VTI) chamber, which
can reach temperatures 1.5 K — 300 K and has four optical windows made of Suprasil B quartz
for optical access to the sample. The temperature was set to 2, 4, 8, 12, 20, and 50 K in sequence
and spectra were recorded between 300 and 900 nm at varying fields (-7 to +7 T) for each
temperature. The UV-Vis and MCD data were fit using the program PeakFit (v. 4.12) using the
fewest Gaussians required, with the quality of fit evaluated by X2.

Electronic Structure Calculations. Geometry optimization and frequency calculations were
performed using Gaussian 09.%¢ The functionals B3LYP,%-%° BP86,5-¢* PBEOQ,%' and TPSSh6%-64
were used with the basis set TZVP for all of these calculations. ORCA (version 4.0)% was used
to perform the EPR and time-dependent DFT calculations on the corresponding, optimized
structures. Ni K-edge TD-DFT calculations were performed using ORCA (version 5.0.3) on all
optimized structures from above using the B3LYP hybrid density functional, the ZORA relativistic
approximation, and employing the ZORA-def2-TZVP(-f) basis set and SARC/J auxiliary basis set
on all atoms. The first 25 roots were calculated. The resulting calculated transitions were blue-
shifted 247.1 eV. A Gaussian was applied to each transition (1.2 eV peak width) and summed.

Synthesis of [Ni"(TAML)]?>- (1). The Liz[Ni"(TAML)] was synthesized by deprotonating Hs-TAML
(200 mg) ligand with lithium bis(trimethylsilyl)amide (3.0 mL of 1.0 M THF solution) under argon
atmosphere in dry and deoxygenated tetrahydrofuran (THF) (30 mL) at 25 °C, followed by slow
addition of Ni(acac), (210 mg) dissolved in 2 mL CH3CN. The reaction mixture was stirred
overnight and then the solvent was removed on the rotary evaporator, giving dark yellow solid.
The solid was dissolved in minimum amount of H,O and filtered, and the filtrate was evaporated
to dryness under reduced pressure, leaving yellow solid of Li[Ni"(TAML)]. The complex was
further purified using water-acetonitrile mixture. Liz[Ni"(TAML)] is highly soluble in water but have
poor solubility in organic solvents. Hence for all reactions, 5.0 uL of H,O was used to dissolve 1
which was then added to 2 mL of acetonitrile. To improve solubility of 1 for crystallization, counter-
ion Li* was exchanged with (K(2.2.2-cryptand))*. (K(2.2.2-cryptand))[Ni"(TAML)] complex was
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synthesized by stirring the solution of Liz[Ni"(TAML)] with KCI (excess) and 2,2,2-cryptand (5
equiv) in water. The obtained solid was filtered, washed with water, dried and recrystallized in
acetonitrile/Et20 solution. Yellow crystals suitable were successfully grown by storing a solution
of [Ni'"(TAML)]? in acetonitrile/diethyl ether (1:10) at 25 °C.

Generation and isolation of [Ni"(TAML)]- (2). Li[Ni"(TAML)] was generated by oxidizing
Lio[Ni"(TAML)] with 1 equiv of CAN in MeCN at 25 °C. 2 is highly stable at room temperature and
it does not show reactivity with substrates such as thioanisole, styrene or xanthene. Solid powder
was isolated by adding diethyl ether directly into an MeCN solution of Li[Ni"(TAML)]. For
crystallization of 2, cation exchange from Li* ion to PPh4* ion was performed by adding 10 equiv
of PPh4Cl to a solution of Li[Ni"(TAML)] in MeCN. Single crystals of PPh4[Ni"(TAML)] were
obtained by slow diffusion of Et,O into a saturated MeCN solution of PPh4[Ni"'(TAML)] at =20 °C.

Generation of [Ni"V(O)(OH)(TAML)]J?*- (3). 3 was generated by reacting 1 (0.20 mM) with CAN
(0.40 mM) in the presence of H2O (5.0 pL) in MeCN at -40 °C. Alternatively, 3 can also be
generated by reacting 1 (0.20 mM) with PhlO (1.5 equiv dissolved in trifluoroethanol (TFE))
followed by addition of HOTf (1 equiv) in MeCN at —40 °C. For all reactivity studies, 3 was
generated by reacting 1 with 1.5 equiv PhIO (in TFE) followed by addition of 1 equiv of HOTf in
MeCN at =40 °C or at 0 °C. 3-80 was prepared using Phl'80 instead of Phl'®O. 3 can be
generated in more than 95 % yield using other solvents such as acetone, TFE and also mixture
of solvents such as acetonitrile:acetone (v/iv = 1:9) and acetonitrile:butyronitrile (v/v = 1:2). For
characterization techniques (such as EXAFS, MCD, EPR, and '"H-NMR), higher concentration of
3 was prepared (up to 8.0 mM) in MeCN or mixture solvent depending on the requirement of
technique used.

X-ray Crystallography. Single crystals of 1 and 2 were picked from the solutions using a nylon
loop on (Hampton Research Co.) a copper plate mounted on a goniometer head in nitrogen
cryosteam. Data collections were carried out at 100 K on a Bruker APEX-Il CCD diffractometer
equipped with a monochromator using a MoKa (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 ShelXL.%667 All the non-hydrogen atoms were refined anisotropically. All
hydrogen atoms were added to their geometrically ideal positions. The crystallographic data and
selected bond distances and angles for 1, and 2 are listed in Sl, Tables S1 — S4 and Figure S2
and Figure S4. The X-ray crystallographic coordinates for structures reported here have been
deposited at the Cambridge Crystallographic Data Centre (CCDC) with the deposition number,
CCDC-2182967 for 1 and CCDC-2182968 for 2.

Spin-State Determination of 1 and 2 by Evans Method. The spin states of 1 and 2 were
obtained at room temperature by using the modified '"H NMR method of Evans.?8-70 A sealed
capillary (WILMAD® coaxial insert) tube with blank MeOD or acetone-ds solvent (containing 1.0%
TMS) was placed into the normal NMR tubes containing 2.0 mM the complex solution in MeOD
or acetone-ds (containing 0.1% TMS). The chemical shift of the TMS peak in the presence of the
metal complexes were then compared with the TMS peak in the outer NMR tube. The magnetic
moment was then calculated using the following equation,

= 0.0618(AvVT / 2fM)"2

where oscillator frequency of the superconducting spectrometer in MHz is denoted as f, T stands
for absolute temperature, molar concentration of the metal ion is denoted as M, and v represents
the difference in frequency (Hz) between the two reference signals. '"H NMR Evans method

25



allowed us to determine magnetic moment of complex 1 in MeOD and 2 in acetone-ds solvent.
The spin state of 1 and 2 were found to be S; = 0 and S; = 1/2, respectively.

Kinetic Measurements. All the reactions were run in a 1.0 cm UV cuvette by monitoring UV-Vis
spectral changes of reaction solutions. First-order rate constants for the oxidation of substrates
by 3 were determined under pseudo-first-order conditions (e.g., [substrate]/[3] > 10) by fitting the
decay of absorbance at 728 nm due to 3 in the oxidation of substrates by 3 in MeCN at —40 °C.
The first-order plots were linear for three or more half-lives with the correlation coefficient of p >
0.99. The pseudo-first-order rate constants increased proportionally with the concentrations of
substrates, from which second-order rate constants were determined. In the cases of stopped-
flow data, the raw kinetic data were treated with KinetAsyst 3 (Hi-Tech Scientific) and Specfit/32
Global Analysis System software from Spectrum Software Associates. Reactions were run at
least in triplicate, and the data reported represent the average values of these reactions. Kinetic
isotope effect (KIE) values were determined by comparing the second-order rates obtained in the
oxidation of xanthene-h; versus xanthene-d> by 3 in MeCN at 0 °C.

Nickel K-edge X-ray Absorption Spectroscopy. Nickel K-edge X-ray absorption spectroscopic
data were collected on the HXMA beamline at the Canadian Light Source (Saskatoon, SA,
Canada). Solutions of 1, 2 and 3 (2.0 mM in acetonitrile) were injected between Kapton tape
windows in aluminum sample holders and quickly frozen in liquid nitrogen. Data were collected at
20 K with sample temperatures maintained using an Oxford liquid He cryostat. Light was
monochromatized using a Si(220) double crystal monochromator, which was detuned by 50%
(80% for 3) for harmonic rejection, and focused using a Rh mirror. Spectra were obtained in
fluorescence mode using a 32-element solid-state Ge detector with a 3 micron cobalt filter placed
between the sample and detector, and spectra were calibrated against the first inflection point of
Ni-foil, which was simultaneously recorded with the data. EXAFS and XANES data for 3 were
obtained in 10 eV steps in the pre-edge region (8133 — 8313 eV, 1 s integration time), 0.3 eV
steps in the pre-edge region (8313 — 8363 eV, 3 s integration time), 1.0 eV steps in the edge
region (8363 — 8433 eV, 3 s integration time), 2.0 eV steps in the near edge region (8433 — 8633
eV, 3 s integration time), and 0.05 k steps in the far edge region (8633 eV — 16.0 A", 3 s
integration time). XANES data for 1 and 2 were obtained data were obtained in 10 eV steps in the
pre-edge region (8133 — 8313 eV, 1 s integration time), 0.3 eV steps in the pre-edge region (8313
— 8363 eV, 3 s integration time), 1.0 eV steps in the edge region (8363 — 8433 eV, 3 s integration
time) and 2.0 eV steps in the far edge region (8433 — 10 k, 3 s integration time. To avoid sample
photoreduction the 1 x 1 mm beam spot was moved after every scan. Total fluorescence counts
were maintained under 30 kHz, and a deadtime correction yielded no appreciable change to the
data. The reported XANES spectra for 1 and 2 represent the averaged spectra from 3 data sets
while the XANES and EXAFS spectra for 3 represents 10 individual data sets. Prior to data
averaging each spectrum and detector channel was individually inspected for data quality.
Although data were recorded to 16 A1, the data were analyzed only from 2.0 — 13.0 A-" owing to
noise at high k. Data were subsequently processed and analyzed as previously reported using
EXAFS123, LARCH, and FEFF 9.4.71-73

Product Analysis. Products produced in the oxidation of thioanisole and styrene by 3 in MeCN
were analyzed by HPLC, GC and GC-MS. Thioanisole (10 mM) or styrene (10 mM) were added
directly to a solution of 3 (1.0 mM) at -40 °C and then the mixture was stirred for 10 min. Methyl
phenyl sulfoxide and benzaldehyde were obtained as the major product in the oxidation of
thioanisole and styrene respectively by 3. Product yields were determined by comparing the peak
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areas of sample products in GC chromatograms against standard curves prepared with known
authentic references using decane as an internal standard. Products formed in the oxidation of
xanthene by 3 were analyzed by GC and GC-MS. Xanthone was obtained as a major product in
the C—H bond activation reaction of xanthene by 3 under an Ar atmosphere. The nickel products
formed in the reaction of 3 with thioanisole, styrene and 1-4-cyclohexadiene were analyzed by
CSI-MS and EPR techniques. In all the reactions, Ni'' species were produced as a major product.
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