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I.  Abstract

High-valent metal-oxo species with multiple metal-oxygen bonds are one of the key
intermediates proposed in many catalytic cycles of biological and abiological oxidation
reactions. These intermediates have been implicated as active oxidants in alkane hydroxylation,
olefin epoxidation, and other oxidation reactions. For example, iron(IV)-oxo porphyrin n-cation
radicals are used to oxidize organic substrates in Cytochrome P450s, a class of enzymes
common to many life forms. High-valent manganese-oxo species are reported to be active in
the oxidation of water in Photosystem Il. Both of these examples in Nature have spurred
chemists to model highly oxidized transition metal complexes. Indeed, many examples of iron-
and manganese-oxo complexes have now been reported, but analogs of the late transition
metals, groups 9 — 11, are rare. In addition, late transition metal-oxo complexes in a tetragonal
(four-fold) symmetry should be electronically unstable, a rule commonly referred to as the “oxo
wall”. However, by using other symmetries or spin states, a few of these reactive compounds of
the late transition metals have been synthesized and studied using spectroscopic methods in
correlation with theoretical investigations. This review highlights the mononuclear non-heme
iron- and manganese-oxo species, the nature of the “oxo wall”, and the recent advances in the
late transition metal-oxo complexes of cobalt, nickel, and copper.

II.  Introduction
Transition metal-mediated O—-O bond formation and cleavage reactions are involved in a variety
of biological and chemical oxidation reactions, which are relevant for many processes related to
renewable energy."-'* High-valent metal-oxo complexes often act as common reactive
intermediates in many of these oxidation reactions. Nature mainly uses iron and manganese for
these transformations, due to their availability, appropriate binding of oxygen species, and rich
redox chemistry.'>'®> These findings inspired in-depth studies of Mn- and Fe-oxo systems and



from there, these studies have been extended to similar systems with later transition metals. For
example, the O-O bond formation step leading to the evolution of dioxygen in the oxygen
evolving complex (OEC) in Photosystem Il (PS Il) is proposed to occur via a transient but not
isolated manganese-oxo intermediate (Figure 1a).'®2° The Mn oxidation states and the
mechanism of O-O bond formation remain, however, elusive. Two mechanisms for the
formation of O-O bond at metal-oxo active sites have been proposed; the acid—base mechanism
involves the attack of a nucleophilic oxygen species (i.e., H2O) on an electrophilic metal-oxo
species (Figure 1b). For the radical coupling mechanism (Figure 1b), two high-valent metal-oxos
containing sufficient spin densities on the oxygen atoms are needed to drive O-O bond coupling.
Detailed experimental and theoretical mechanistic studies to discern between the two possible
0-O bond formation mechanisms have previously yielded controversial results,?"?? though
recent work favors an oxyl/oxo coupling mechanism.?32* The major problem is the absence of
any isolable intermediates associated with the O-O bond formation step, which prevents the
unambiguous assignment of the mechanism(s). This continues to inspire bioinorganic chemists
to synthesize and study model complexes.

The mechanism of the microscopic reverse process, which is the activation of dioxygen to
generate high-valent metal-oxo intermediates via homolytic or heterolytic O-O bond cleavage of
initially formed metal-dioxygen intermediates, is better understood.'-'* This understanding has
been aided by the trapping and in-depth spectroscopic characterization of the various high-
valent iron-oxo cores in heme and non-heme oxygenases, which can undergo hydroxylations,
O-atom transfers, and other reactions (Figure 1C).1225-27 |In alkane hydroxylation reactions, the
iron-oxo intermediate abstracts a hydrogen atom (H-atom) from substrates to generate a
substrate radical and iron-hydroxide, which can either undergo a fast recombination to yield a
hydroxylated product via an oxygen-rebound mechanism or performs a second H-atom
abstraction leading to desaturation product.?® A mononuclear iron(lV)-oxo intermediate J has
been identified in the catalytic cycle of taurine dioxygenase as a kinetically competent oxidant
for the hydroxylation of taurine (Figure 1a).2® Similarly, a dinuclear iron(IV)-oxo species is
believed to be the active oxidant responsible for the hydroxylation of methane in soluble
methane oxygenase (sMMO).3%3" However, the structure of the active oxidant in sMMO has
been controversially discussed in the literature. While initial resonance Raman (rRaman)
investigations® suggested a diamond core Fe'V,0O; structure, recent Ka high-energy resolution
fluorescence detected (HERFD) X-ray absorption spectroscopy®' revealed a large Fe-Fe
distance of 3.9 A, consistent with an open core O=Fe'V-O-Fe'V=0 assignment (Figure 1a). The
involvement of high-valent iron-oxo cores in iron-mediated biological oxidation reactions also
inspired chemists to implicate high-valent copper-oxo cores in the mechanisms of copper-
mediated biological oxidation reactions (Figure 1a).3>-3% For example, terminal copper(lll)-oxo
and bis(y-oxo)dicopper(lll) cores have been suggested as reactive intermediates responsible for
the oxidative C-H bond cleavage of biopolymers and other substrates, including methane, at the
active sites of mononuclear and coupled and non-coupled dinuclear copper-oxygenases.
However, direct evidence of such intermediates is rare, and a Cu'' oxidation state has not yet
been definitively assigned to any redox mechanisms in biology.

The uncertainty related to the O-O bond formation mechanism in PS Il and the nature of the
reactive intermediates in many iron- and copper-containing oxygenases inspired bioinorganic
chemists to simulate corresponding structural motifs (Figure 1c). In using molecular complexes
for the O-O bond formation and cleavage reactions they obtain a better understanding of the
biological oxidation reactions. Studies have also extended beyond Nature’s choice of transition
metals for these reactions, such as manganese, iron, and copper. In total, this has led to the
synthesis of a large variety of bioinspired and biomimetic chromium, manganese, iron, cobalt,
nickel, and copper complexes,®12-14.25.36-39 some of which have provided valuable spectroscopic
models for the enzymatic active sites. In addition, a few heavy late transition metal complexes
have been prepared and studied.*?4! The reactivity of high-valent Mn-, Fe-, Co-, Ni-, and Cu-



oxo cores towards O-O bond formation, hydrogen atom transfer (HAT), and oxygen atom
transfer (OAT) reactions has also been investigated. In the nickel and copper chapters,
evidence for such high-valent intermediates is discussed. In this review, we will discuss
milestones that have been achieved in the last 5 — 10 years for the mononuclear non-heme
chemistry involving the first row, high-valent transition metal-oxo complexes beginning with the
better studied Mn and Fe species used in Nature and continuing to the late transition metals Co,
Ni, and Cu.
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Figure 1. Selected high-valent biological intermediates (a), proposed mechanisms of dioxygen evolution
at the oxygen-evolving complex (OEC) in Photosystem Il (PS II) (b), and reactivities of biologically
relevant iron-oxo species (c).

1"l. Metal-Oxo Bonding and the Oxo Wall
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Figure 2. (a) The d-orbital splittings in the effective symmetries often found in metal-oxo complexes.
Molecular orbitals calculated for [V(O)(H20)s]?* are included under tetragonal (C4v) symmetry, to indicate
o- and n-bonding interactions between the metal and the oxo ligand. The Co-oxo - and n—antibonding
interactions are highlighted. Here, the M-O bond constitutes the z axis of the complex. (b) Effect of
different spin states on the formal bond order (BO) in tetragonal Co(IV)-oxo complexes.

The reactivity and stability of terminal metal-oxo cores can be derived from simple ligand-field
theory considerations. To understand the bonding between the metal center and the oxo ligand,
one first needs to evaluate the relevant metal and ligand orbitals involved in the bond. For the
oxo dianion (O?"), the occupied valence 2p orbitals can make o- and n-donor bonds to the metal
center. For the first row transition metals, 3d-orbitals are the most relevant for bonding,
especially for highly oxidized metal centers. The d-orbitals split in energy by the ligand field



created by all of the ligands coordinated to the metal center. In an octahedral ligand field, the d»
and dx.y2 orbitals that overlap directly with the ligands are raised in energy relative to the dyy,
dxz, and dy; orbitals. If one of the metal-ligand bonds is significantly stronger than the other ones,
such as in the case of a metal-oxo compound, effective tetragonal or C4, symmetry results. In
C4v symmetry, the metal-oxo bond is aligned with the z-axis. Compared to the d,y orbital, the dx,
and dy, orbitals are distinctively raised in energy due to their t-antibonding interactions with the
oxo group. Likewise, the d,; is raised due to the strong M-O o-bonding interaction. This leads to
the MO diagram shown in Figure 2a, left. In most cases, the d,, orbital is essentially non-
bonding with respect to all ligands. The dx.,» orbital is in the xy plane, perpendicular to the
metal-oxo bond, and makes o bonds with the other ligands, whose electron donating or
withdrawing abilities provide a good way to tune the properties of the metal-oxo complexes.

The average energy of the d-orbitals, which depends on the effective nuclear charge of the
metal cation, decreases (a) across the first row (from left to right) and (b) with increasing
oxidation state of the metal. This means that for early transition metals, the filled 2p orbitals of
the oxo group are much lower in energy than the metal 3d-orbitals. Therefore, when the bonding
and antibonding M-O orbitals form, the bonding combinations are mostly localized on the oxo
anion and the antibonding combinations are identified with the metal d-orbitals (see Figure 2a,
left). Going across the periodic table towards the late transition metals, the covalency of the
metal-oxo bond then increases, as the d-orbitals shift to lower energy.

In the MO diagram for C4, symmetry, leftmost in Figure 2a, the electrons of the oxo group
formally occupy the bonding metal-oxo orbitals (at lower energy and not shown). The number of
electrons in the d-orbitals then depends on the nature and oxidation state of the metal. In
[V(O)(H20)s]?, initially studied by Ballhausen and Gray in 1962,%? vanadium is in the +4 state,
and in the resulting d' system, the single d-electron is placed in the non-bonding d, orbital. This
gives a formal vanadium-oxo triple bond. Advancing across the first row increases the electron
count. In a tetragonal Cr(IV)-oxo (d?) complex, a second electron is added to d,y. For Mn(IV)-oxo
(d3), a first electron is now added to the M-O antibonding =* orbitals (dx./dy.), decreasing the
formal M-O bond order to 2.5 (and causing a Jahn-Teller distortion). For Fe(IV)-oxo (d*), which
is a key intermediate in C-H bond activation by high-valent heme and non-heme iron-oxo
intermediates (see Introduction), the famous Fe(IV)=0 double bond results. Then, one hits the
oxo wall. Advancing from iron(IV) to cobalt(IV) adds another electron to an M-O = antibonding
orbital, decreasing the bond order to 1.5. As the bond order decreases, the oxo ligand becomes
more and more basic and nucleophilic. This destabilizes the metal-oxo unit making it much
more reactive, leading to protonation and/or formation of bridged M-O-M units. With substrates
available, this likely increases reactivity for OAT and HAT, as mentioned in the Introduction and
discussed further below. The problem of decreasing bond order only worsens as one adds
additional antibonding electrons for nickel and copper. This instability and corresponding
increased reactivity was first noted by Ballhausen and Gray, along with their detailed analysis of
the vanadyl-oxo bond in 1962, which is now widely known as the “oxo wall”.343 This term was
coined by Harry Gray in the 1990s and first used in his advanced inorganic chemistry course.*

The discussion so far has focused on low-spin (Is) complexes. There is, however, a
possibility to break the oxo wall if higher spin states are considered, at least in the case of
Co(lV). Figure 2b shows simplified MO diagrams of tetragonal, formally Co(IV)-oxo complexes,
in different spin states to illustrate this concept. The diagrams illustrate that a Co(IV) center in
an intermediate spin state (S = 3/2) is actually able to form a Co-oxo double bond — a direct
violation of the oxo wall. One example for such a complex is [Co(13-TMC)(O)]** (13-TMC =
1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclotridecane), as described below.*> In the case of a
Ni(IV)-oxo complex in the high-spin (hs) state (S = 2), a maximum Ni-O bond order of 1.5 could
stil be achieved. However, whether this latter type of complexes can be accessed
experimentally is unclear.



A strategy to circumvent the oxo wall is to change the symmetry of the complex. Since the
oxo wall is based on tetragonal symmetry, this strategy does not breach the oxo wall, despite
corresponding claims in the literature. For example, in trigonal-bipyramidal (TBP) Cs, symmetry,
a different splitting pattern of the d-orbitals results as shown in Figure 2a, middle. Here, the
lowest-energy d-orbitals are dx.,» and dxy, both perpendicular to the metal-oxo bond. Hence,
four electrons can be stored in these d-orbitals (in the Is state), without affecting the (formal)
metal-oxo bond order. In the case of Co(lV) and Ni(lV) complexes, one and two additional
electrons are added to the n-antibonding dx. and dy, orbitals, which leads to the formal metal-
oxo bond orders of 2.5 and 2, respectively. With Cu(lV), a third electron is added to these
orbitals, destabilizing the metal-oxo bond to a maximum formal bond order of 1.5. Researchers
have attempted to prepare a Co(lV)-oxo complex with TBP symmetry, but so far, only one
example with a Lewis acid bound to the oxo group could be obtained (see below).46

Starting from TBP symmetry and removing the trans ligand to the oxo group allows the three
remaining ligands to bend down, giving rise to pseudo-tetrahedral (PTD) Cs, symmetry (see
Figure 2a, right). PTD leads to a similar orbital ordering as TBP, but the d,, orbital could
potentially drop in between the d..,»/dyy and dx./dy, pairs, by mixing with the metal 4s and 4p
orbitals as proposed for an iron-nitrido complex.#” On the other hand, density functional theory
(DFT) calculations on PTD vanadium- and chromium-oxo complexes predict d,» to be the
highest energy d-orbital in TBP symmetry,*® so this point requires further study. In the former
case, Co(IV)- and Ni(lV)-oxo complexes in the Is state would then lead to the population of the
c-antibonding d.» orbital before population of the n-antibonding dx./dy. orbitals, which would be a
truly unique bonding situation. Notably, in 1993, a heavy late transition metal complex with this
symmetry, [IrV(O)(mesityl)s], was synthesized and characterized.*°

Another potential contributor to the lack of stability of the late transition metal-oxo complexes
is valence tautomerization, leading to the formation of metal-oxyl (O+") complexes, which are
expected to be much more reactive (and less stable) than their metal-oxo valence
tautomers.*%50 This is particularly likely for late transition metal-oxo complexes, where the d-
orbitals are already very low in energy. If the d-orbitals drop in energy below the occupied
oxo(2p) donor orbitals, a so-called “bonding inversion” results, which means that now the metal-
oxo bonding orbital combinations have more dominant metal contributions, and the antibonding
orbital combinations have more ligand character.%5! In this way, the oxo ligand obtains distinct
radical (oxyl) character, and a weaker metal-O bond results, which both lead to an activation of
the metal-O group for further reactivity.

Examples of mononuclear non-heme metal-oxo complexes of the first transition metal ions
from Mn to Cu are provided below, and their electronic structures and reactivities are discussed
as well.

IV.  Mononuclear Non-Heme Metal-Oxos of Fe and Mn

Iron- and manganese-oxo complexes bearing non-heme ligands have been well investigated
over the past two decades. In this section, the characterization, electronic structure, reactivity,
and implications for biological systems of these complexes are discussed. Analysing these
isolable complexes helps researchers better understand unstable metal-oxo complexes in late
transition metals.

a. Terminal Iron-Oxo Complexes

The first generation of a metastable non-heme iron(IV)-oxo complex, [(cy-ac)Fe'V(O)(CF3SOs)]*
(cy-ac = 1,4,8,11-tetraazacyclotetradecane-1-acetate), which employs an N4-cyclam (cyclam =
1,4,8,11-tetraazacyclotetradecane) ligand is shown in Figure 3a.5?2 An S = 1 Fe(lV) assignment
with an electronic configuration of (dxy)?(dx.)'(dy.)' was proposed based on Mdssbauer data with
an isomer shift () of 0.1 mm s~' and a quadrupole splitting (AEq) of 1.39 mm s~' (Table 1 and
Sl, Table S1). Later, a modified cyclam ligand was employed to report the first X-ray crystal
structure of a mononuclear non-heme S = 1 iron(IV)-oxo complex, [(TMC)Fe'V(O)(CHsCN)]?*



(TMC = 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane) (Figure 3a).>® Since then, a
large number of mononuclear non-heme iron(lV)-oxo complexes have been reported by utilizing
a wide range of strong field nitrogen-rich or carbene-based polydentate ligands,'?'42% which
stabilize the S = 1 ground state of the d* Fe(lV) center. In contrast, enzymatic non-heme
iron(IV)-oxo cores possess an S = 2 ground state,'3'4% presumably because of the binding of
the weak field carboxylate donors at their iron active sites. By enforcing a Cs symmetry about
the iron(IV) center, however, it has been possible to stabilize a few synthetic S = 2 iron(IV)-oxo
units with a (dxz-y2,dxy)?(dxz)'(dyz)" electronic configuration'2%5-5% (Figure 3a). In both S=1and S
= 2, the iron-oxo bond is a formal double bond as the m-antibonding orbitals are both singly
occupied. For these high-valent Fe-oxo complexes, detailed analyses of their electronic
structures as a function of spin- and oxidation state are available in the literature.12-14.5557.58
Although common synthetic procedures involve the reaction of the reduced iron complexes,
[LFe?*], with oxo transfer agents, [O], such as iodosylbenzene (PhlO), N,O, and peracids,
iron(IV)-oxo model complexes have also been synthesized by using dioxygen® or hydrogen
peroxide®'6? as oxidants via mechanisms reminiscent of the O, and H.,O; activation process
proposed in biology. Activation of Oz at non-heme iron(ll) model complexes has been achieved
generally in the presence of additional electron and proton donors. Very recently, the role of
sulphur donors in initiating a novel bimolecular activation of dioxygen at a model iron(ll) center
to generate an oxoiron(lV) species, reminiscent of the proposed O activation mechanism in
methane monooxygenase has also been demonstrated.®® All the synthetic iron(IV)-oxo
complexes show characteristic near-IR feature (Amax = 600 — 1100 nm with ¢= 100 — 450 M
cm™) in the absorption spectrum, which, on the basis of magnetic circular dichroism (MCD)
studies,®*%% have been assigned to ligand field-excited states originating from the d* Fe'V center
in both S =1 and S = 2 states (Table 1 and SlI, Table S1). In the S = 1 state the Amax of this
near-IR spectral Fe'V=0 signature is in general more blue-shifted than the S = 2 state, because
of the higher destabilization of the dxzy2 orbital relative to dy,.

Detailed investigations on the reactivities of the reported iron(IV)-oxo complexes in HAT,
OAT, and arene hydroxylation reactions have been carried out with both experimental and
theoretical methods. In all of these studies, the spin states of the iron(IV)-oxo cores are shown
to play a vital role in controlling the reactivity of the complexes. So far, all theoretical studies®-"!
have predicted that the Fe!V=0 species in the quintet state are better oxidants for HAT and
aromatic hydroxylation reactions than those in the triplet state. The higher reactivity of the
quintet state Fe'V=0 species is attributed to the limited steric interactions between the substrate
and the Fe=0 cores, because of the presence of a linear transition state involving a o-attack of
the substrate on the low-lying d,2 o*-orbital. In contrast, in the triplet state, the d,, o*-orbital lies
too high in energy, and hence is not available for interaction with the substrate. Accordingly, the
reactivity of the iron(lIV)-oxo in the S = 1 state is predicted to be quite low, as the steric
interaction between the incoming substrate and the equatorial ligands of the iron(IV)-oxo core
blocks access to the key n*(dxy.) frontier orbitals that are available for interaction with the
substrate (Figure 3a). Nevertheless, the experimentally observed HAT reactivity of the S = 1
iron(IV)-oxo model complexes is much higher than that predicted from the theoretically-
calculated activation barriers. Accordingly, a two-state-reactivity (TSR) model®®7° was put
forward, which postulates that the net activation barrier for the cleavage of a C-H bond by S = 1
iron(IV)-oxo complexes represents a weighted blend of the barrier on the ground triplet state
and the excited quintet state surfaces. Thus, ligand-field effects that would decrease the energy
gap between the ground triplet state and the excited quintet state are predicted to increase the
rate of C—H bond cleavage by S = 1 iron(IV)-oxo complexes. Indeed, the three most reactive
iron(IV)-oxo complexes in HAT reactions known to date possess either an S = 2 ground state
(e.g., [(TQA)FeY(O)(CH3CN)]?* (TQA = tris(2-quinolylmethyl)amine))®” or a highly reactive S = 2
excited state that lies in close proximity to the S = 1 ground state, such as in



[(MesNTB)FeV(O)]** (MesNTB = tris((N-methylbenzimidazol-2-yl)methyl)amine)?  and
[(TMCO)FeY(O)(CHsCN)]>** (TMCO = 4,8,12-trimethyl-1-oxa-4,8,12-triazacyclotetradecane)’®
(Figure 3a). Extremely weak equatorial donation from the co-ligand reduces the energy
separation between the dx.,» and dy, orbitals in these complexes, thereby stabilizing the S = 2
state. The nature of the axial donor groups can also control the reactivity of the iron(IV)-oxo
cores. Increase in axial donation on one hand will increase the barrier for HAT at the S = 2
surface, owing to increasing energy of the acceptor d,. orbital. At the same time, the dy».,» orbital
will be stabilized with increasing axial donation,’ thereby providing better access to the more
reactive S = 2 state. These two contrasting effects lead to the increase of HAT reaction rates
with increasing axial donation for the [(TMC)Fe'V(O)(X)]™* (X = NCCHj3, CF3COO-, N5-, and RS")
series’ (Figure 3a), where the increase in the classical activation barrier is compensated by the
effect of decreasing the triplet-quintet energy gap. In contrast, a different reactivity pattern is
noted for the [((TMC)FeV(O)(CH3CN)?, [((TMC)FeV(O)(CH.CONMe2)J?*, and
[(TMC)Fe'V(O)(CH=C(O-)NMe3)]* complexes’® (Figure 3a), where the effect of destabilization of
the d,2 orbital with increasing axial donation plays a dominant role in controlling the reactivity. In
contrast to HAT where TSR predominates, OAT occurs via a single state and is controlled solely
by the electrophilicity of the iron(IV)-oxo core.

In addition to TSR, the HAT ability of the iron—oxo cores can also be correlated with the
strength of the O-H bond that forms after HAT.””-"° In this regard, it has been shown that the
rates of toluene oxidation by a series of oxygen-centered oxidants does not depend on the
amount of radical character associated with the oxygen atom of the oxidant, but instead
correlates linearly with the strength of the O-H bond formed upon reduction of the oxidant
[D(O-H); Eq. 1, (where C is a constant)].”

Do.n=23.06 E;» + 1.32 pKa +C............ (1)

According to this equation the affinity (D(O-H) in kcal mol™) for HAT reaction of an iron(IV)-oxo
complex is equivalent to its affinity for an electron (redox potential Ei» in V for the
Fe'V=0/Fe"=0O couple) and the affinity of the reduced iron(lll)-oxo species for a proton (acid
dissociation constant K, of the conjugate base Fe''-OH). Consistent with eq 1 the reactivity of
the non-heme iron(lV)-oxo complexes can also be controlled by adding redox-innocent Lewis
acid metal ions or protons, which results in a large positive shift of the Fe'V' reduction potentials
(Ereq), thereby contributing to the enhancement of both HAT and OAT reaction rates.8-8" The
binding of Lewis acid metal ions can also activate an iron(IV)-oxo core for a radical-coupling O-
O bond formation reaction with a hydroxide radical.®¢ For example, an Fe'V-O—Ce'V species
(Figure 3b), which is the closest structural and functional model for the essential
heterodimetallic MnV—O—Ca'' centre involved in the water oxidation event in PS Il, has been
identified as the last detectable intermediate in Fe-catalyzed water oxidation reactions. A novel
hexanuclear non-heme ligand system supported on a stannoxane core® has also been used as
a suitable scaffold to preorganize two or more iron(IV)-oxo centers in a cofacial arrangement,
thereby enforcing a radical-coupling O-O bond formation reaction.

The synthesized iron(IV)-oxo cores mostly exhibit moderate and noncatalytic reactivities,
and they are often not kinetically competent to perform the rapid C-H or C=C oxidations
observed in various catalysis systems based on iron(ll) complexes of tetradentate N4-donor
ligands and H:O,. The only exception is the [(cyclam)Fe'V(O)(CH3sCN)J]?** complex, which has
been recently demonstrated to be a catalytically competent intermediate in the stereo- and
regioselective epoxidation of olefins.®? This study suggests that non-heme iron(IV)-oxo species
cannot generally be excluded as viable intermediates in catalytic oxidation reactions.

In previous studies, iron(IV)-oxo cores have been excluded as the actual oxidants in iron-
catalyzed epoxidation and cis-dihydroxylation reactions. An FeY(O)(OH) or FeY(O)(COOR)
intermediate generated by O-O bond heterolysis of H2O, at Fe(lll) centers in the presence of



H,O or carboxylic acids (RCOOH) is instead implicated as the active oxidant in such cases.®®
Notably, an FeY(O)(OH) species formed by the isomerization of the Fe(lll)-OOH precursor is
also proposed as the active oxidant responsible for the hydroxylation of aryl C—H bonds,
epoxidation, and cis-dihydroxylation of arenes in Rieske oxygenases.®’-** However, direct
evidence of such cores is lacking in biology. In contrast, in chemical oxidation reactions, few
Fe(V)-oxo species have now been detected®¢:°>-°7 under catalytic turnover conditions and
characterized by a variety of low-temperature mass spectrometry (MS), electron paramagnetic
resonance (EPR), Mossbauer, and isotopic labeling studies (Figure 3a and Table 1 and SI,
Table S1). Fe(V)-oxo mediated O-O bond formation reactions have also been proposed during
iron-catalyzed water oxidation reactions;*® however, direct experimental evidence is lacking,
thereby making the mechanism ambiguous.

In contrast to the wealth of synthetic iron(IV)-oxo (>80) and few iron(V)-oxo complexes®-102
reported to date, stabilization of iron-oxo cores in other Fe oxidation states is extremely rare
(Figure 3a). The only known example of an iron(VI) species is the tetrahedral [FeV'O4]?~ anion
derived from mineral salts.’® Two iron(lll)-oxo species with a (dxzy2,dxy)?(dxz)'(dyz)'(d22)' (S =
5/2) electronic configuration'041% have been crystallographically characterized by employing
second-sphere hydrogen-bond donors to stabilize the terminal oxo unit within the trigonal ligand
framework (Figure 3a). The effect of secondary H-bonding interactions and the low Fe-O bond
order of only 0.5 are reflected in the low energy of the Fe-O stretch of 670 cm™ for
[(Hsbuea)Fe(O)]>~ (Hsbuea = tris[(N'-tert-butylureaylato)-N-ethylene]Jaminato). Notably, the
much higher energies of the Fe-O stretch for tetragonal [(N4Py)Fe'(O)]* at 851 cm™' and for
trigonal [(TPA)Fe'(O)]* at 856 cm in the gas phase have been attributed to proposed S = 3/2
ground-states with electron configurations of (dyy)?(dxz)'(dyz)'(dxz-y2)! @nd (dxa-y2,dxy)3(dxz)'(dyz)",
respectively'%® (Table 1 and SI, Table S1). It is important to note that in [(N4Py)Fe'(O)]* (Figure
2a), a formal Fe-O bond order of 2 (and hence Fe-O n-bonding) is achieved at the expense of
the weakening of the Fe-pyridine(N) bonds in the equatorial plane, which represents a way to
stabilize terminal metal-oxo cores with a d-electron count of greater than 4. Theoretical studies
have also been performed to understand the trends in the HAT abilities of iron-oxo complexes
as a function of the iron oxidation state. Here, the calculated reaction barrier decreases in the
order of Fe!V > FeV > FeV! in the HAT reactivities of a series of iron(IV)-, iron(V)-, and iron(VI)-
oxo complexes with a nearly identical coordination geometry.'®” However, in contrast to this
theoretically predicted trend, [(Hsbuea)Fe'(O)]> performs HAT at a much faster rate, compared
to the corresponding [(Hsbuea)Fe'V(O)]?~ complex'®® (Figure 3a). This puzzling reactivity pattern
has been attributed to the high basicity of the [(Hsbuea)Fe"(O)]>~ complex, which initiates a
proton transfer prior to the electron transfer for the abstraction of a H-atom from a substrate.
This is in contrast to [(Hsbuea)Fe'V(O)]-, which abstracts a H-atom by a more traditional
mechanism of near-concerted proton and electron transfer.

b. Terminal Manganese-Oxo Complexes

A number of manganese-oxo complexes have been synthesized and investigated for their ability
to initiate O-O bond formation, HAT, and OAT reactions (see Figure 3b).19%11°% Mn(V)-oxo
mediated O-O bond formation reactions have been demonstrated in two cases. One study
reported that the reaction of Mn(V)-oxo corroles (corrole = tolylcorrole or nitrophenylcorrole) and
hydroxide affords O, evolution;!"" the O-O bond formation in the reaction was demonstrated to
occur via nucleophilic attack of the hydroxide ion on a Mn(V)-oxo moiety. Another study
demonstrated a reversible O-O bond cleavage and an interconversion between high-valent
Mn(V)-oxo and Mn(IV)-peroxo units, supported by a tris(3,5-tri-fluoromethylphenyl) corrole
ligand, upon addition of hydroxide to a low-spin S = 0 Mn(V)-oxo species.''? Similar to the
Fe(V)-oxo cores, non-heme Mn(V)-oxo complexes generated by carboxylic acid-assisted
heterolytic cleavage of Mn(ll)-OOH species with two available cis-binding sites, which are
formed from the reactions of Mn(ll) precursors and H:O;, also act as efficient catalysts for



asymmetric epoxidation reactions.’3-"9 Manganese complexes based on pentadentate non-
heme ligands can also act as efficient epoxidation catalysts in the presence of PhlO as an
oxidant.""® Second-sphere hydrogen-bonding interactions between the H-atoms of the
carboxylic acid and the oxo-group of the Mn(V)-oxo species presumably explain the formation of
a highly reactive Mn(V)=0---H intermediate responsible for the enantioselective epoxidation
reaction. The reactivity of the one-electron reduced Mn(IV)-oxo core has also been investigated,
albeit in mostly non-catalytic HAT and OAT reactions.'?-124 A TSR reactivity is also evident in
few well-characterized Mn(IV)-oxo cores, which have all been stabilized in the S = 3/2 ground
state with an electronic configuration of (dx,)'(dx.)'(dy2)"(dx2-y2)°(d22)°. Notably, the lower effective
nuclear charge of Mn, compared to Fe, ensures that the Mn d,2 orbital is placed at high energy
so that the sterically less hindered oc-pathway is not available for HAT reactions. This
contributes to the predominance of the steric control of Mn(IV)-oxo reactivity, and in general the
lower reactivity of the Mn(IV)-oxo cores relative to the Fe(lIV)-oxo cores. Accordingly, an inverse
reactivity pattern is observed in the HAT reactivity of the Mn(lIV)-oxo complexes supported by
the bispidine BP1 and BP2 ligands,'?® relative to the analogous Fe(IV)-oxo complexes. In
contrast to the higher HAT and OAT reactivities of the [(BP2)Fe'V(O)]** complex relative to
[(BP1)FeV(O)]?*, owing to the higher Fe'V/Fe!" reduction potential of the former, the
corresponding [(BP2)Mn'VY(O)]** complex was found to be less reactive than [(BP1)Mn"V(O)]?*
because of the higher steric demand of BP2 relative to BP1. Furthermore, a transition to the
excited S = 1/2 state has been discussed as a prerequisite before any HAT reactions can occur.
Thus, one way to increase the reactivity of the Mn(IV)=0 core would be to stabilize the more
reactive S = 1/2 state by tuning the ligand field at the Mn(1V) center.
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Figure 3. Structures of S =2 and S = 1 Fe(IV)-oxo complexes discussed in this section and comparison
of FMOs involved in the HAT and OAT reactions; selected structures of Fe(V)- and Fe(lll)-oxo complexes
(a); iron-oxo moieties involved in O-O bond formation (b); structures of selected Mn(V)- and Mn(IV)-oxo
species involved in O-O bond formation, HAT, and OAT reactions and comparison between S =1/2 and S
= 3/2 Mn(lIV)-oxo FMOs involved in HAT reactivity (c).

V.  Mononuclear Late Transition Metal-Oxos
This section discusses the state-of-the-art in cobalt-, nickel-, and copper-oxo complexes. These
complexes are unstable, as is predicted (section Ill), but have long been claimed as
intermediates in reactions and catalytic cycles. Recently, researchers have stabilized and
characterized a few putative metal-oxo complexes past the oxo wall.
a. Terminal Cobalt-Oxo Complexes
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Figure 4. Structures of Co-oxo complexes discussed in this section.

High-valent Co-oxo complexes have been proposed as intermediates in several catalytic cycles
(see Introduction). However, due to their high reactivity and instability, it has been challenging to
isolate or observe them spectroscopically. Here we discuss Co-oxo complexes with some
spectroscopic characterization, giving particular attention to how they inform our understanding
of the Co-oxo bond. In 2013, a previous review on the subject described four complexes that
are likely to be Co-oxo intermediates.%° In particular, in 2011 [Co(TMGstren)(O)]?* (TMGstren =
tris[2-(N-tetramethylguanidyl)ethyllamine), with a cobalt-oxo bond that is stabilized by
scandium(lll) triflate, was reported.*® This complex, shown in Figure 4A, has a TBP structure
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and was characterized by X-ray absorption spectroscopy (XAS), extended X-ray absorption fine
structure (EXAFS), EPR, and DFT calculations. Specifically, the EPR derived spin of S = 3/2
was proposed to support a hs complex with an electron configuration of (dxz-y2,dxy)3(dxz)'(dyz)".
This supports a Co(IV)-O and not Co(lll)-OH bond, as a Co(lll)-OH species would have an
electron configuration of (dxz-y2,dxy)*(dxz)'(dyz)!, therefore having a spin of S = 2 and being EPR
silent. In 2012, others proposed that this spin of S = 3/2 EPR signal was likely derived from
remaining Co(ll) in the sample, and that the species created was more likely Co(lll) with a
bridging hydroxide to the scandium ion.'?¢ It is also possible that a Co(lll)-oxyl complex forms,
but the crystal structure and IR spectra of the corresponding Co(lll) complex with a bridging
hydroxide to Ca?* from the 2012 study suggest otherwise. Reactivity studies in both papers
show hydrogen abstraction to aromatize organic molecules. In addition, the [Co(TMGstren)(O)]?*
complex reported in 2011 shows an OAT reactivity.*6

Since 2013, additional Co-oxo complexes have been claimed in further work. A new Co-oxo
intermediate, [Co(®*HBA-Et)(O)>  (H4PHBA-Et] = N,N*-(ethane-1,2-diyl)bis(5-bromo-2-
hydroxybenzamide); see Figure 4B), was generated via peroxide cleavage or by oxo transfer,
which then quickly reacts with C-H bonds of acetonitrile.’?” This is another example of C-H
activation by a Co-oxo complex. A cobalt porphyrin covalently bound in a cellulose matrix was
reported, as shown in Figure 4C.'28 In this study, the linear dodecylbenzenesulfonate as a
proximal ligand was found to stabilize the proposed Co-oxo complex, by donating electron
density to the cobalt center. Isolating the complex in the matrix further prevents self-
degradation. In this way, the authors claimed to have stabilized a Co(IV)-oxo species, enough to
briefly observe it in situ at room temperature. They observed an S = 1/2 EPR signal at g = 2.1
for the intermediate, which could correspond to a distorted octahedral Is Co(IV)-oxo complex. In
terms of reactivity, this intermediate degrades dye effluents through oxo transfer reactions.

In 2014, a Co-oxo species with TAML (TAML = tetraamidomacrocyclic ligand) as a
supporting ligand was reported.'? In this study, a transient blue species was formed in solution,
which they believed to be [Co"(TAML)(O+)]> and which valence tautomerizes to the
[CoV(TAML)(O)]> complex when stabilized by a Lewis acid (LA; e.g., Sc3* ion).’?® The latter is
shown in Figure 4D. EPR confirmed that the complex in Figure 4D has an S = 1/2 ground state,
as expected for a square-pyramidal Is complex with an electron configuration of (dxy)?(dxz,dyz)3.
This would give a Co-O bond order of 1.5, and a very reactive Co-oxo/oxyl species. The
complex was further characterized by UV-vis, XAS, and EXAFS. The best EXAFS fit assigned a
Co-O distance of 1.67 A, which is significantly shorter than the Co-O distance of 1.85 A in
[Co(TMGstren)(O)]?*. Since LAs are necessary to stabilize the CoV-O core in both
[Co(TMGgstren)(O))?* and [CoV(TAML)(O)]%; the shorter Co-O distance in [Co'Y(TAML)(O)]>- may
imply the binding of the LA to the TAML coligand in contrast to the bridging Co'V-O-LA core in
[Co(TMGstren)(O)]?*. Note that binding of LAs to TAML is not unprecedented in the literature; for
example MnY(O)(TAML) is reported to be activated for various oxidation reactions by binding
LAs to the TAML backbone.'® Reactivity studies show that [CoV(TAML)(O)]* abstracts a H-
atom from weaker C-H bonds and oxidizes thioanisole to thioanisole oxide. In 2016, another
group modified the TAML ligand to give bTAML (bTAML = biuret-modified
tetraamidomacrocyclic ligand), which includes a nitrogen in the ring as shown in Figure 4E."
Electrochemical evidence suggested formation of a highly oxidized Co-oxo species, and the UV-
vis spectrum of this species matches the previously proposed [CoV(TAML)(O)]? intermediate.
Similarly, they found that a Lewis acid, ZnCl,, was able to stabilize this species. This modified
TAML ligand complex was used in water oxidation, and a Co(IV)-O species was suggested as a
key intermediate.

As a note of caution, many of the ligands used to support Co-oxo complexes, especially
TAML and its derivatives, are non-innocent (redox-active) ligands (L) that are able to form
oxidized ligand radicals. This leads to uncertainties about the cobalt oxidation state, not only
with respect to the Co(lll)(O)/Co(IV)(O) valence tautomerism, but in addition, also the
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Co(ll)(L)/Co(IV)(L) valence tautomerism. This requires particularly careful studies to determine
the true nature of the ground state of a putative Co(IV)-oxo complex. This may be the case in
the putative [Co'V(TAML)(O)J*- complex, as indicated in previous studies.'32133 The blue species
investigated above may therefore also involve an oxidized [TAML3-] radical or a [Co(TAML)]-
type species, as reported previously.

A second note of caution, when Lewis acids are used to stabilize terminal metal-oxo species
there is concern whether the resulting adduct is best described as a bridging oxo. Several
examples show that Lewis acids can impact the reactivity of the metal-oxo intermediates.'3* On
one hand, the Lewis acid — oxygen interaction could be electrostatic, or the LAs can bind to the
coligand instead of the oxo ligand, and the metal-oxo complex can then be best described as
terminal. This would make sense in the [CoV(TAML)(O)]* case, where it has been proposed
that the Co(lll) is oxidized to Co(IV) upon interaction with the Sc3*. On the other hand, careful
investigation found scandium triflate’s interaction with an electrophilic Fe(IV)-oxo complex
caused reduction to the more basic Fe(lll)-oxo species, which binds preferentially to Sc®* and
leads to the formation of an Fe''-O-Sc3* core.'3513¢ Either way, these species help describe the
Lewis acid interactions in PS Il and indicate the initial (transient) formation of a terminal metal-
oxo intermediate.

In 2017, a metastable Co(IV)-oxo species was prepared with a cobalt complex bearing the
13-TMC co-ligand and stabilized in the presence of a proton donor. This is the best
characterized Co(lV)-oxo complex reported so far, including in-depth spectroscopic and
theoretical studies (Figure 4F).*> This species is metastable at —-40 °C for ~3 h, allowing for
further characterization and reactivity studies. In particular, rRaman spectroscopy shows the
Co-O stretch at 770 cm™, which proves the presence of an oxo/oxyl ligand, and this Co-O unit
was confirmed by MS. The coordination environment of the Co center was further investigated
by EXAFS, giving average Co-N distances of 2.02 A and a Co-O distance of 1.72 A. EPR
results were interpreted with an S = 3/2 ground state for the complex, which was further
supported by theoretical investigations. Based on the latter, the valence electron configuration
of the complex was assigned as (dxy)?(dxz,dyz)?(dx2-y2)", giving a formal Co-O bond order of 2 as
discussed above. Reactivity studies show C-H activation of relatively weak C-H bonds and OAT
reactions for this complex.

In 2018, a Co(lll)-oxo species with a PTD ligand structure was reported.'®” By oxidizing and
then deprotonating a Co(ll)-OH species, the authors were able to isolate a Co(lll)-oxo complex
supported by Li* coordination. Precipitating a lithium salt then generates the terminal Co(lll)-oxo
species, [Co(PhB(tBulm)3)(O)] (PhB(tBulm); = tris(imidazol-2-ylidene)borate), shown in Figure
4G. This complex was characterized by X-ray crystallography and IR spectroscopy. DFT
calculations suggests a (dx-2)?(dxy)?(dz2)? electronic configuration. Initial reactivity studies
showed OAT and HAT abilities, and a related compound was investigated for electrochemical
water oxidation.”® A following study explored the C-H bond activation mechanism of the
complex, finding evidence for an asynchronous proton-coupled electron transfer (PCET), where
proton transfer to the basic oxo group precedes electron transfer.3°

Most recently, the gas phase synthesis of [Co"(N4Py)(O)]** (N4Py = N,N-bis(2-
pyridylmethyl)-N-bis(2-pyridyl)methylamine) was reported, as shown in Figure 4H.'40
Electrospray ionization of [Co"'(N4Py)(ClO3))? resulted in the loss of CIO2+ and gave the desired
complex as evidenced by MS. Helium-tagging IR photodissociation spectroscopy and DFT
supported a weak Co-oxo bond (= 659 cm™ stretch) and an electron configuration of
(dxy)?(dyzdxz)?, meaning that this complex is best described as a Co(lll)-oxyl species. They
similarly made and characterized the one electron reduced Co(lll)-oxo species, which had a
stronger Co-oxo bond (752 cm! stretch). In both cases, the Co-O stretches were confirmed
through 80 labeling studies.

b. Terminal Nickel-Oxo Complexes
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Figure 5. Structures of proposed nickel and copper complexes discussed in this section.

High-valent nickel-oxo complexes have also attracted much attention. Compared with
analogous cobalt complexes, the extra electron further destabilizes the nickel-oxo bond making
these unstable, highly reactive, and elusive complexes. Earlier reactivity studies have supported
Ni(IV)-oxo species as plausible intermediates in a number of nickel catalyzed epoxidation and
alkane hydroxylation reactions. In 1987, it was reported that nickel cyclam and similar
complexes could perform olefin epoxidation when activated by PhIO, and a Ni(lV)-oxo
intermediate was proposed (Figure 5A) as the active species.'! A further exploration of this
reaction showed that the intermediate had significant Ni(lll)-oxyl character,'*? and in 2006 a
nickel-oxo complex was suggested as the active species in alcohol formation when activated by
meta-chloroperbenzoic acid (mCPBA) (the precursor [Ni(OH2)(acety)(TPA)]* (TPA = tris(2-
pyridylmethyl)amine) is shown in Figure 5B).143144 Additionally, the [Ni"-O]* species is also
suggested as a potent oxidant for the chemically challenging conversion of methane to
methanol in the gas phase based on experimental’#-'4" and theoretical studies.'#6.'48 However,
no direct spectroscopic evidence for a high-valent nickel-oxo species has been reported until
very recently, leaving the assignment ambiguous. The first stabilization of a Ni-oxo species was
reported in 2012, as evidenced by EPR and UV-Vis spectroscopy.'*® The authors reported
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formation of a [Ni(lll)(TMGstren)]** (TMGstren = tris[2-(N-tetramethylguanidyl)ethyl]amine) type
species, which, based on its ability to perform oxo-transfer reaction and C—H activation with a
rate-determining H-atom abstraction process, was assigned to a terminal Ni(lll)-oxo/hydroxo
complex in a TBP geometry, as shown in Figure 5C. This intermediate was formed by reacting
the starting Ni(ll) compound with mCPBA. EPR showed a total yield of 15% of Ni(lll) species in
solution, with 85% corresponding to one Ni(lll) complex and 15% to a second species, each of
which with a S = 1/2 ground state. These species are metastable with a half-life of 1 h at —-30°
C. The time course tracking of the EPR and UV-vis signals of these two intermediates matches,
suggesting that they form and decay in similar ways or are somehow related. These
intermediates are able to perform H-atom abstraction from 9,10-dihydroanthracene with a KIE
value of 3.9, similar to that seen for the [Ni(OHz)(acetyl)(TPA)]* catalyzed alkane hydroxylation
reaction.’® MS data did not show a Ni-oxo species but included reasonable degradation
products.

Since 2012, research has continued toward isolating stable nickel-oxo species. In 2015, a
Ni(lll)-oxyl species, [Ni(lll)(O)(L)] (L = bis(amidate) macrocycle, 6-methyl-3,6,9-triaza-1(2,6)-
pyridinacyclodecaphane-2,10-dione), with a half-life of 4.5 h at —30° C was reported to be
gererated by reacting the Ni(ll) precursor with mCPBA (Figure 5D)."®® This intermediate
exhibited UV-vis bands at 420 and 580 nm and two rhombic EPR signals with S = 1/2 for a total
of 16% yield. However, formation rates for the Ni(lll) species observed by EPR and the species
observed by UV-vis are not the same. Instead, DFT studies suggest that the Ni(lll)-oxyl species
is EPR silent and that the species observed by EPR is a decay product. X-ray absorption near-
edge structure (XANES) spectroscopy suggest Ni(lll) as well. In addition, EXAFS shows two
long N/O scatters at 2.12 A and three short ones at 1.88 A, which is evidence for an oxo or oxyl
ligand weakly bound to the nickel center. rRaman shows bands at 450 and 477 cm-' that they
suggested originate from Ni-oxo species, but this was not confirmed with isotope labeling
studies. This complex is able to react with thioanisole, activate weaker C-H bonds, and form
epoxides from olefins. In 2016, [Ni(O)(dpaq)]* (dpag = 2-(bis(pyridin-2-ylmethyl)amino)-N-
(quinolin-8-yl)acetamide) was proposed to be formed by reacting the Ni(ll) precursor with
mCPBA in the catalytic epoxidation of olefins at room temperature (Figure 5E).'>' The authors
proposed a mixture of Ni(lll)- and Ni(IV)-oxo species based on reactivity studies with
peroxyphenylacetic acid, where the decay products of the acid are characteristic for O-O bond
breaking via homolysis or heterolysis, suggesting formation of a Ni(lll)- or Ni(IV)-oxo species,
respectively. This study proposed that Ni(IV)-oxo (74%) was formed along with Ni(lll)-oxo
(26%). EPR gave a Ni(lll) species and MS is indicative of a Ni(IV)-oxo complex. However, it
should be noted that no spectroscopic evidence for the proposed high-valent Ni intermediates
was obtained in this study.

These examples show how Ni-oxo species have been suggested and supported by various
groups in the literature, but solid evidence for these species is challenging to obtain, given their
high reactivity and resistivity to being isolated. This makes it difficult for us to elucidate the exact
geometric and electronic structures of these Ni species.

c. Terminal Copper-Oxo Complexes

The catalytic cycles of peptidylglycine a-hydroxylating monooxygenases (PHM) and dopamine
B-monooxygenase (DBM) have attracted much attention in the communities of bioinorganic and
biological chemistry but still remain controversial.32152153 Different mechanisms have been
proposed, but all of them incorporate the formation of mononuclear high-valent copper-oxo
intermediates in the catalytic cycles. Nevertheless, a major subject of controversy is whether the
generated copper-oxo units are reactive intermediates responsible for the hydroxylation of C-H
bonds'®*1%5 or whether they are only formed after the HAT reactions mediated by Cu(ll)-
superoxo species and are then reduced via a PCET mechanism to regenerate the Cu(l) active
state of the enzyme, which is responsible for Oz-activation.'® Gas phase studies of [CuO]* have
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shown its high reactivity for C-H activation,'®-%2 but complexes stable enough for
characterization in condensed phase are rare. An effort to investigate the potential of copper-
oxo cores in initiating oxidative transformation reactions found that the oxidative decarboxylation
pathway for substrate oxidations typically known for iron(ll) a-ketocarboxylate active sites in
enzymes can also be extended to the copper analogs.'®® Thus, a series of newly synthesized
Cu(l) a-ketocarboxylate complexes performed arene hydroxylation reactions upon exposure to
Oo; theoretical calculations implicated hydroxylation pathways that involve novel [Cu'-
OOC(O)R] and [Cu'"-Oe« < Cu''=Q] species (Figure 5F). In particular, the ability of transient
copper-oxo cores to induce the hydroxylation of arenes clearly establishes copper(lll)-
oxo/copper(ll)-oxyl cores as viable intermediates during copper-mediated oxidation reactions.
Copper-oxo mediated O-O bond formation reactions have also been suggested during copper-
mediated O, generation.’®'%* The proposed copper-oxo intermediates in the above studies are,
however, all too fleeting to be isolated. Very recently, the same group reported the isolation of
LCuOH [L = N,N'-bis(2,6-diisopropylphenyl)-2,6-pyridinedicarboxamide] by one-electron
oxidation of the tetragonal Cu" complex [NBus][LCuOH] at —80 °C."85 Subsequent XAS and DFT
studies confirmed the presence of a Cu'"-OH moiety in [LCuOH] (Figure 5G). Notably, the
stabilization of [LCuOH)] further corroborates the applicability of the general strategy to stabilize
late transition metal-oxo complexes via stabilizing interactions of nucleophilic oxo ligands with
Lewis acidic redox-innocent metal ions or protons. [LCuOH], which can be considered as a
tamed LCu-O species, was found to be a strong oxidant, and its HAT ability is significantly
greater than that of most of the synthetic non-heme iron(IV)-oxo complexes. This is consistent
with gas phase studies,'®® where [CuO]* ions were demonstrated to be better oxidants than the
[FeOJ?* analogs.

VI.  Conclusions and Perspectives

In summary, the present review summarizes the versatile library of synthetic routes available to
the synthetic chemist that has led to the isolation and in-depth characterization of a number of
novel mononuclear terminal metal-oxo complexes and Lewis acid adducts of the oxo complexes
of Mn, Fe, Co, Ni, and Cu. Successful synthetic strategies have mainly employed
low-coordinate and non-tetragonal geometries and/or bulky ligands, which have helped to
prevent the bimolecular decay pathways initiated by the highly basic oxo ligands of the metal-
oxo cores. Further, equatorial donation of the ancillary ligands has been tuned to stabilize
terminal metal-oxo cores beyond the so-called oxo-wall. In particular, the demonstrated
stabilities and high OAT and HAA abilities of the tamed Lewis acid adducts of the otherwise
transient Co'V-O, Ni"-O, and Cu"-O cores corroborate their plausible involvement as reactive
intermediates in Co, Ni and Cu catalyzed oxidation reactions. For the metals past the oxo wall,
Co, Ni, and Cu, the initial analysis by Gray and co-workers in the 1960s predicted that the
decrease in bond order makes the oxo ligand more reactive. The lack of stability of the Co- and
Ni-oxo complexes described in this review suggests that this prediction holds and further
indicates these complexes might be powerful oxidants with future applications in C-H activation
and other useful reactions.

Convincing evidence is gathered based on reactivity studies of the synthesized metal-oxo
cores that support the involvement of such intermediates in a number of metal-catalyzed HAT
and OAT reactions that are well known in chemistry and biology. Secondary H-bonding
interactions and spin states often play vital roles in improving the reaction rates and product
yields and ensuring stereo-, regio-, and enantioselectivities. However, the reactions exhibited by
the model metal-oxo complexes are mostly noncatalytic. One major problem is the non
favorable oxygen rebound step and the preferable dissociation of the substrate radical (formed
via the metal-oxo mediated HAT from hydrocarbons) to yield one electron reduced metal
complex products, which cannot be further oxidized to regenerate the metal-oxo species. This
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leads to a non-catalytic behavior, and an initiation of an autoxidation reaction by the substrate
radical may occur. A fundamental understanding of the factors controlling the efficiency of the
oxygen rebound step in nonheme metal-oxo systems is therefore warranted to achieve catalytic
alkane hydroxylation reactions. Suitable ligand designs leading to the introduction of Lewis-
acidic interaction in the secondary coordination sphere can not only result in enhanced metal-
oxo mediated HAT rates but may also aid in the rebound step owing to the increasing
electrophilicity of the Lewis-acid bound iron(lll)-hydroxide species. For catalytic OAT reactions,
on the other hand, the bimolecular decay pathway resulting from the reaction of the metal-oxo
oxidant with the reduced metal complex formed after OAT to form the oxo-bridged dimetal
thermodynamic sink should be avoided. Metal-oxo mediated O-O bond formation reactions have
also been observed. Binding of metal-oxo cores to Lewis acidic centers or species possessing
oxyl radical character has been discussed as the prerequisites necessary for the O-O bond
formation step. However, the number of such examples is extremely rare and further studies are
necessary before any definite reactivity trends for metal-oxo mediated O-O bond formation
reactions can be established. Thus, new and innovative synthetic strategies and spectroscopic
techniques are still needed to subdue thus far inaccessible oxo reactivities. Examples include
the demonstration of the metal-oxo mediated methane oxidation reaction as well as trapping of
metal-oxo cores under catalytic turnover conditions during the metal-mediated oxidation of
water to dioxygen. The present review, in this context, provides a clear picture of the state-of-
the-art as well as the insights into potential future synthetic endeavors; it may serve as a guide
in making new types of synthetic metal-oxo cores and to the understanding of how they perform
HAT, OAT, and O-O bond formation reactions.
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Table 1: Summary of the selected spectroscopic properties of the early and late transition metal-oxos.?

) v(M="60) ) v(M="°0)
Complex I“Enx%Fé S:ﬁ) Ref Complex glx(;)\’pé ((::;)1) Ref
Fe(IV) S =2
Mn(V) S=0
[(TQA)Fe"(O)(CHsCN)** - 838 (803) 57
[(Hsbuea)Fe"(O)[ 1.680(1) 798 (765) 58 [(TFMPC)MnY(0)] - 957 (920) 112
[(TMGtren)Fe(O)P* 165 843 (810) 55 [(TPFC)MnY(O)] - 958 (918) 109,172
[(TMG.dien)Fe"(0)CIJ* 1,65 810 (775) 56
Mn(IV) S = 3/2
[(TMGdien)Fe"(O)Ng]* ph‘;t;’g:gzm 833(795) 56 ™

Mn-O-H
[(TMG.dien)Fe"(O)CH:CNJZ* 1,65 807 (773) 56 | [(N4py)Mn“(O)(TfOH),  1.74 (Mn-O - 120

1.673)

17
[(tpa™)Fe"(O)] 165 FT(:; f)so 50 | [(Me.EBC)MNV(O)OH)I* ('\"1”;?)’ ; 173

(Mn-OH)
Fe(IV) S = 1 involved in 0-O bond formation reaction [(2pyN2B)Mn"(O)* (N:fc;) . ; 174
[(Napy)Fe"(O)]2* - 840 (806) 171 | [(BQCN)Mn“(O)OH)*  1.67/1.69% 707 (676) 175
82er (_7532) Co(IV)/Co(lll)
~ v N IVy4+ _ =0,
a-[(mcp)Fe"(0)(u-0)Ce"] 677 (643) 88 [(TMthren)Co'V(O)]Z* 185 46
Fe-O-Ce S=3/2 : -

Fe(V) S=1/2 [(TAML)COV(O) S = 1/2 1,67 - 129
[(TAML)Fe"(O)f 1.58 ; 99 g 3-Tl\éc=)§/02"’(0)]2* 172 770(736) 176
[((TAML')Fe¥(O)f 1.59 862 (824) fgé [(PhB(th'T)S)C""'(O)] ] éstE()s) 815 (782) 137

[(TMC)Fe"(O)(CN(O)CHa)* - 798 (763) 101 [(N4 Py)=C°}VZ(O)]Z+ ; <650 (<648) 140
[(TMC)Fe¥(O)(CN(OH)CH)2* - 811 (775) 101 i
[(pyNMes)FeV(O)OACE" 163 : 102 i
Fe(lll)
_ [(LENI"(O)], S = 1/2 2.12 450,477 150
[(Hsbuea)Fe"(O)%, S = 5/2 1.81(3) 671(645) 104
[N(afa®)sFe" ()", S = 5/2 1.8079(9) - 105 cu(in)
N4py)Fe"(O)]", S = 3/2 - 851(815) 106
[py)Fe (O) (615) [(L)*Cu"(OH)], S=0 1.86 - 165
[(TPA)Fe"(O)", S = 3/2 - 856 (820) 106

2 See Supplementary Information for more spectroscopic information of metal-oxo complexes.

b DFT-computed distance.

¢ L = bis(amidate) macrocycle, 6-methyl-3,6,9-triaza-1(2,6)-pyridinacyclodecaphane-2,10-dione.

dL= N,N'-bis(2,6-diisopropylphenyl)-2,6-pyridinedicarboxamide.
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High-valent metal-oxo species are key intermediates in biological oxidation processes and
implicated as active oxidants in industrially important reactions. This review highlights
mononuclear iron- and manganese-oxo species, the nature of the “oxo wall”, and recent
advances in late transition metal-oxo complexes.
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