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The Role of Basicity in Selective C—H Bond Activation by
Transition Metal-Oxidos

Alec H. Follmer”, A. S. Borovik”
Department of Chemistry, University of California—Irvine, Irvine, CA 92697-3900

Abstract

The development of (bio)catalysts capable of selectively activating strong C—H bonds is a
continuing challenge in modern chemistry. In both metalloenzymes and synthetic systems capable
of activating C—H bonds, transition metal-oxido intermediates serve as the active species for
reactivity whose thermodynamic properties influence the bond strengths they are capable of
activating. In this Frontier article, we present current ideas of how the basicity of transition
metal-oxidos impacts their reactivity with C—H bonds and present new opportunities within this
field. We highlight recent insights into the role basicity plays in the activation process and its
influence on mechanism, as well as the important role that secondary coordination sphere effects,
such as hydrogen bonds, in tuning the basicity of the metal-oxido species is discussed.
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Introduction

The selective functionalization of C—H bonds is a fundamental challenge in modern
chemistry. Both the thermodynamic stability and ubiquity of C—H bonds makes the
design of catalysts capable of their selective activation difficult because the juxtaposition
of potency and selectivity in catalysis, in which an increase in reactivity often results

in loss of selectivity.12 In biology, metalloenzymes utilize a combination of transition
metallocofactors and elements of their macromolecular structures to circumvent this
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tradeoff.34 This control is exemplified by transition metallocofactors that achieve high-
valent oxidation states, as they are potent catalysts that could lead to nonspecific reactivity
leading to afford harmful and undesirable products. To maintain selectivity, metalloenzymes
have evolved several strategies to control both the formation of these high-valent states

as well as the orientation of substrates within their active sites. Through electrostatic
interactions, non-polar contacts, and hydrogen bonds (H-bonds), substrates are positioned
within active sites whereby the substrate sites to be reacted upon are nearest the catalytic
center. This combination of structure, dynamics, and function remains unrivaled by synthetic
systems.

A class of metalloenzymes that utilize these concepts are those that cleave C—H bonds
through the use of an Fe-containing cofactor and dioxygen as the primary oxidant.2%~" The
binding and activation of O, by Fe cofactors results in the formation of transient monomeric
Fe!V—oxido intermediates which serve as the catalytically competent species for C-H bond
functionalization. The mechanisms that explain the reactivity of these intermediates and the
factors that control their function are still the subject of continued investigation. In this
Frontier, we present the current understanding of C—H bond activation by metal-oxidos in
both metalloenzymes and synthetic systems and provide our perspective on opportunities
for developments in the field. We emphasize recent insights into the role that basicity of
transition metal-oxidos has in the activation process, its impact on mechanism, and how
secondary coordination sphere effects, like H-bonds, can have a significant influence on
function.

Thermodynamic Considerations

One way to gauge whether a C—H bond may be activated is by evaluating its bond

strength, commonly reported in terms of either its bond dissociation enthalpy (BDE) or bond
dissociation free energy (BDFE). In nature, C—H bond functionalization is initiated through
the homolytic cleavage of the C—H by a high-valent metal-oxido intermediate, which forms
a carbon containing radical and a metal-hydroxido species — note that this new hydroxide
species is reduced by one electron from the metal-oxido species (Figure 1A).%7 From a
ground state thermodynamic perspective, for a reaction to be spontaneous, the resultant
O-H bond must be at least as strong as the bond that was broken; thus, the BDFE of

the metal-hydroxido O—H bond formed in the reaction acts as the key determinant for the
C-H bonds that a particular metalloenzyme can activate. The considerations that govern the
BDFE of the resultant O-H bond are described by the Bordwell equation (eq 1) consisting
of the appropriate £7/, and related pK, value for the conjugate acid (M-OH), and a solvent
dependent term Cg (Figure 1B).8-12

BDFE,_,, (kcal mol™!) = 23.06 (kcal mol™! V™) E (V) + 1.37 (kcal mol™})

-1 @
pK, + C, (kcal mol ")

Eq 1 illustrates that the process of homolytic C—H bond activation is formally equivalent
to that of abstracting a hydrogen atom with the net transfer of a proton and electron.
This formal hydrogen atom transfer (HAT) is a subdomain within the larger field of proton-
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coupled electron transfer (PCET), where the mechanisms of transfer and localization of the
proton and electron act as the classifying criteria. Our goal here is to demonstrate how
PCET concepts can be applied to mechanisms of C—H bond cleavage by biological and
synthetic transition metal-oxido complexes. PCET is a broad fundamental process and has
been reviewed in several comprehensive accounts.11-17 The type of PCET we are concerned
with is a variation where the electron and proton derive from the same place but end-up

in different locations whereby the proton transfers to the oxido ligand and the electron is
transferred to the metal center (Figure 1A).

Within this class of reactions, there are several possible mechanisms of PCET and the

three limiting cases are commonly represented by a square-scheme (Figure 1B) with the
“uncoupled” paths or stepwise proton transfer-electron transfer (PT-ET) and stepwise
electron transfer-proton transfer (ET—PT) defining the outer edges and a concerted proton-
electron transfer (CPET) represented by the diagonal. However, a growing area of interest in
inorganic chemistry are mechanisms of C—H bond activation that fall between these limits
off the diagonal often referred to as “asynchronous”, “nonsynchronous”, or “imbalanced”
PCET.18-30 These types of reactions are still considered concerted, as compared to stepwise,
because a thermodynamically stable intermediate is not formed during the transfer process
but differ from CPET as the degree of charge transfer or delocalization of either the proton
or electron lags behind the other (Figure 2). Nonsynchronous transfer, imbalanced transition
states, and nonadiabatic PCET have a rich history in physical organic chemistry where
there are numerous examples of these concepts.31-33 In fact, anytime a reaction involves
more than one process such as making or breaking bonds, changes in charge localization,
or solvation, it has the possibility to pass through an imbalanced transition state making

the potential for asynchronous mechanisms more likely than CPET.3! With this said, it is
then perhaps surprising that most studies of C—H bond activation by transition metal-oxidos
involving synthetic Fe!V=0 systems appear to follow the CPET path.34-41 Experimentally,
this is verified by a linear relationship between the log of the second order rate constant
(log(k)) and the BDFE of the C—H bond. This result follows from the Bell-Evans—Polanyi
(BEP) principle,#243 which predicts that either a decrease in BDFE_g of the cleaved C-
H bond or an increase in BDFEq_p of the M—OH bond formed leads to an exponential
increase in observed rate constant (Figure 2A,B). As a result of this correlation, deviations
from this relationship provide indications that the contributions of the energetics of the

PT and ET processes to the overall activity are not equal. When situations like this arise,

it hints either at the presence of an imbalance in the transition state and/or nonadiabatic
contributions to the rate constant. In some cases, mechanistic insight can be found in
examining the individual variables that control the BDFEq_p such as its pK, and the £1/»

of its associated conjugate acid. Plotting these factors that determine bond strength versus
log(k) have proved valuable in determination of PCET mechanisms exhibiting imbalanced
transition states, 22232730

While discussions of semiclassical CPET provide important insight into the mechanisms

of C—H bond activation, essential aspects of this reaction cannot be sufficiently explained
without a more complete quantum mechanical treatment. Effects like nonadiabatic couplings
and tunneling can alter the mechanisms and therefore rates of both the proton and electron
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transfer.14.25.32 The necessity of including these effects depends on the nature of the
mechanism or identity of the transition state (i.e., whether it is concerted or imbalanced)
because the degree of nonadiabaticity and tunneling will directly depend on the proximity of
the two potential energy surfaces near their crossing point. The closer the passage through
the transition state is to a conical intersection, the more nonadiabatic it becomes. The role of
nonadiabatic couplings in PCET and C-H bond activation specifically have been extensively
theoretically treated.13:14.25-27.32 However, unambiguous delineation of these mechanisms
experimentally is challenging as they are controlled by factors that are hard to isolate and
systematically control such as the symmetry and energy differences between the ground and
excited states of the reactants and products.

Controlling Basicity for Selectivity in C—H bond Activation

Although quantum mechanical effects play a significant role in describing C-H bond
activation, as experimental chemists, we are focused on controllable aspects like the
identities and concentrations of the reactants and metal complexes, as well as environmental
factors like solvent composition, temperature, and pressure. Together these reaction
conditions govern the likelihood of all possible mechanisms our compounds can take. As
such, we want to understand the aspects of coordination complexes and metalloenzyme
active sites that increase the likelihood for selective activation of strong C-H bonds

and which predispose them towards transition states and mechanisms that improve their
reactivity based solely on ground state thermodynamic properties of our reactants and
products. As previously mentioned, from a thermodynamic perspective, one strategy to
achieve the functionalization of stronger C—H bonds is to increase the strength of the formed
O-H bond; from eq 1, there are two parameters that can be modulated to change its strength:
acidity and redox potential. Modulation of the redox potential presents a chemically logical
strategy, but often comes at a loss of stability and selectivity. Tuning of the pk,, on the

other hand, is a relatively unexplored yet appealing approach for achieving selective C-H
bond activation.23:2744-48 Not only does a more basic metal-oxido decrease the oxidation
potential required for a given C-H bond, but also can be used to select for the most acidic
C-H bond rather than one with the weakest BDFE. Modulation of the redox potential and
pK, are not entirely independent, however there are several strategies that can be employed
to achieve greater alteration of one over the other. Looking to nature, we find examples of
this type of selective modification of these factors where achieving the activation of strong
bonds is necessary, but the regulation of redox potentials is crucial to preventing unwanted
side reactions or damage to the protein scaffold.

Protein Examples

Cytochromes P450 (P450s) are the canonical examples of C—H bond activation catalysts in
biological systems.649 They play essential roles in metabolism as well as the biosynthesis

of many natural products. P450s are a superfamily of monooxygenases that utilize molecular
dioxygen and their heme cofactors to activate strong C—H bonds of their substrates (with
BDFEs from ~60-100 kcal/mol). Although there are many heme enzymes, only P450s are
capable of functionalizing alkane C—H bonds. This increased reactivity is attributed to P450s
having an axial cysteine ligation to their heme cofactor rather than a histidine commonly
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found in other heme enzymes.#® During the catalytic cycle, dioxygen binds to a heme Fe!!
species and is cleaved via a series of ET and PT steps to form the active intermediate,

an Fe!V=0 porphyrin radical (compound 1).6:50:51 Although compound 1 is formed in the
catalytic cycles of many heme-enzymes, it was proposed that the increased electron donation
from the axial thiolate ligand weakens the Fe!V=0 bond and raises the basicity of the oxido
ligand, resulting in the ability of P450s to activate stronger C—H bonds.#%:52-55 Support for
this premise comes for the experimentally determined pK, value of 12 for compound 11, the
ferryl hydroxide species formed after C—H bond cleavage. This value is unusually high for
metal-oxido complexes, including other Fe heme proteins, that are normally less than 5.45:56

The pK, values of metal-oxidos is mainly determined by the ligands within the

primary coordination sphere, but secondary coordination sphere interactions such as
H-bonds are also thought to regulate the basicity, leading to differences in reactivity
between metalloenzymes bearing identical cofactors. For example, the heme cofactor of
chloroperoxidase (CPO) is also attached to its protein host via cysteine ligation; however, it
is unable to match the reactivity of P450s toward C—H bonds. One proposed explanation for
this discrepancy in reactivity is the differences in the H-bonding networks to their respective
thiolate ligands (Figure 3). CPO exhibits stronger H-bonds to its thiolate ligand than what is
found in P450s, resulting in a longer Fe—S bond by 0.1 A.57 The different potency of the two
proteins has thus been attributed to their dissimilar Fe-S bond lengths. Any variation in the
Fe—S bond length will lead to differences in both the electron donating ability of the S-atom
to the trans oxido ligand as well as the unpaired spin population distribution and covalency
within the Fe=0 unit.

Within a broader context, the role of unpaired spin-density on the oxido ligand, and
spin-states generally, have been proposed as being key determinants for facile C—H bond
activation;®8-61 however, other argue spin-based effects have a limited role in dictating
reactivity.52 Direct experimental observation and correlation of the degree of spin density
with reactivity is challenging and, accordingly these arguments have largely been driven

by theory. One recent exception is the work of Field and Green, who utilized electron
nuclear double resonance (ENDOR) spectroscopy to explore these differences and measured
the electron spin and charge density on the oxido ligands of three compound | type
intermediates of chloroperoxidase (CPQO), a P450 and a P450 with a selenium substituted
axial ligation (SeP450).%° The utility of this approach was first exemplified by Hoffman and
coworkers to assign the identity and spin distributions of compound | species horseradish
(HRP) and cytochrome ¢ (CCP) peroxidases and CPO, respectively. In their work, Field
and Green prepared 170-labelled compound | species of CPO, P450 and SeP450 and
experimentally examined the resultant 17O hyperfine coupling to directly measure the

spin populations on the oxido ligands. The terminal oxido ligand of compound I in P450
exhibited 20% less spin population that that in compound I of CPO. Hence, despite having
a longer Fe-S bond and a less donating axial ligand, CPO exhibited increased unpaired
electron spin density on the oxido ligand compared to the P450 systems. This insight is
crucial because the difference in reactivity between these two systems is controlled by non-
covalent interactions to the S-ligand trans to the oxido. Theoretical support for the increased
charge donation comes from a simple Hiickel-type molecular orbital (MO) analysis that
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suggested an inverse relationship between electron donation and oxygen spin population.
The central point of this argument is that stronger electron donation of the axial ligand
decreases the unpaired spin population on oxido ligand because increased donation raises
the energy of the d-orbitals relative to the O p-orbitals. Constrained density functional theory
(CDFT) calculations further supported this conclusion whereby it was demonstrated that as
negative charge accumulates on the oxido ligand, the associated spin density decreases.

Comparison of CPO and P450 to the selenium substituted P450 yielded some surprising
results. The isoelectronic substitution of axially donors from Se to S resulted in a more
reactive and less stable compound I species in SeP450 compared to the native system.

Based on the inverse correlation found between spin density and charge density in CPO

and P450, one would expect the oxygen spin-density of SeCYP compound I to be the

lowest of the three systems. However, the thiolate ligated P450 was found to have the

same oxygen spin population within error as its selenolate counterpart. This result is at

odds with resonance Raman studies which clearly demonstrate the increased donating ability
of SeP450 over the native system.53:64 While more experiments are necessary to identify

the origin of this discrepancy, a key reason could come from the analysis of the ENDOR
hyperfine anisotropy. Compound I of the selenolate ligated P450 exhibited a highly rhombic
hyperfine tensor, which indicates that the populations of the oxygen Py and Py, orbitals are
substantially different which may be a result of the greater z-donation of the selenolate.
Taken together, these studies highlight the impact pK, can have on the strength of C—H bonds
that metal-oxidos can activate. Moreover, they reveal that tuning of the pkK, can be achieved
through subtle interactions like H-bonds involving the oxido and/or axial ligand.

Offsetting the need for a high potential intermediate through an increase in the pK, will
obviously also alter the contributions of the PT and ET energetics to the C—H bond
activation process (eq 1, Figure 2). Accordingly, it will affect both the rate and mechanism
with the propensity for passing through an imbalanced transition state, but this remains to be
shown in a biological context. Although tuning of the pk, and mechanism through changes
to the H-bond interactions of the axial ligand of P450 is an alluring approach, it would
require detailed studies to systematically tune the strength of single hydrogen bond in such
a complex biological setting. Another approach to studying this concept is using synthetic
complexes: bioinspired coordination complexes have advantages and can offer key insights,
as their ligands are often modular and can be rationally modified to alter the strength of
H-bonding interactions.

Synthetic Complexes

Our group has shown that it is possible to emulate this strategy employed by biology
and prepared Fe!' and Mn!"! complexes baring basic metal-oxido units for the activation
of C—H bonds.22:23:48.65n particular, in a variation of our tripodal ligand, [Hzbuea]®",
we prepared the [Mn!!"H3buea(0)]2~ complex (Figure 4A) that showed reactivity toward
dihydroxyanthracene (DHA) despite a redox potential that is bounded at —2.0 V versus
[Fe''ViCp,]*0, a potential that is similar to decamethylcobaltocene (-1.94 vs versus
[Fe!""'Cp,]*0) which is a well-known reductant. Based on the electrochemical potential
alone, the Mn!!'-oxido complex should not be expected to perform oxidative cleavage
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of C—H bonds, however its conjugate acid, the Mn''-OH complex, [Mn'"H3buea(OH)]

~, compensates for the negative potential with a sufficiently high pK, of ~28 that was
experimentally measured in DMSO. This pKa is greater than 15 units higher than that

of the corresponding Fe!V-hydroxido counterpart, [Fe!VHsbuea(OH)]™, that demonstrated
negligible towards DHA.47:66 With the exception of a slightly shorter M=0 bond by 0.1 A
in the case of Mn, the molecular structures of [Mn'!"Hgbuea(0)]?~ and [Fe!VHsbuea(O)]~
complexes are nearly isomorphic and both compounds exhibit EPR spectra consistent with
the assignment of S=2 ground states (Figure 4). Together these results suggest that the
differences in reactivity between these two complexes arises from their relative basicity.
Moreover, a key difference between the Mn'!' and Fe!V oxido complexes is their charge.
While the nonpolar nature of the substrate makes any differences in stabilization of substrate
through electrostatics unlikely, it is reasonable that the increased effective nuclear charge of
the metal center upon going from the Mn'!! to Fe!V provides increased stability to the oxido
ligand, resulting in a decrease the relative pk, of the Fe!V—OH complex.

As previously discussed, both electron donation and oxygen spin population have been
proposed as key components that in C—H bond cleavage. It was further experimentally
determined through analyses of the hyperfine coupling of 17O-enriched samples by electron
paramagnetic resonance (EPR) spectroscopy that the Mn'!'-oxido complex exhibited
significantly less spin-density residing on the oxido ligand than the Fe!V-oxido complex.
We found that the less reactive Fe complex exhibits both a lower pK, and higher an oxygen
spin population (p,) of 0.56 compared to the more basic and more reactive Mn complex
that displays a decreased p, of 0.30. Note that these results agree with the findings of Field
and Green in that reactivity and spin-density have an inverse correlation with charge-density
on the terminal oxido (that is, more reactivity systems are basic and have lower spin
populations).

The demonstration of the importance of metal-oxido basicity prompted us to investigate
the degree to which modulating the basicity of our Mn oxido complexes could influence
reactivity. One advantage of our ligand frameworks is their modular nature and ability to
regulate the secondary coordination sphere of the metal center through the incorporation of
intramolecular H-bonds. We were therefore able to redesign the [Hsbuea]3~ complexes to
incorporate a single tripodal arm exhibiting a para-substituted phenylurea group whereby
he substituents in the para position were varied, [Mn!!"Hsbpuea-R(0)]2~ (Figure 5).23
Systematic changes in the R-group modified the H-bond strength of the unique NH group
to the oxido unit, which tuned the basicity of the metal-oxido complex and allowed us to
examine the impact these changes had on reactivity. Through this approach we modulate
the pK, by >2 units, but found a lack of linear correlation between the second-order

rate constants and the BDFC_n of DHA; these results suggested a deviation from BEP-
behavior and a CPET mechanism. Although, we did find substantially better correlation
of log(k) with the pk,(Mn'""OH) values, our combined results did not support a stepwise
mechanism involving rate-limiting proton transfer. For example, while xanthene and DHA
exhibit similar pK, values of their respective C—H bonds, their second order rate constants
were substantially different. We are not alone in finding discrepancies in rate data for

C—H cleavage process by metal-oxido complexes.18:20.24.28.30 For instance, Anderson has
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reported that the rates of reactivity of his CO!"-oxido complex deviate from a BEP-type
relationship in favor of a good correlation between log(k...) and the pK,(C—H) values from the
C-H bonds of the substrates.2’ Like the Mn'"'-oxido complexes, this Co'!'-oxido complex
is strongly basic (pk,(Mn!'OH) of ~15 in DMS0),2 leading in both cases to mechanistic
suggestions that favor proton transfer (PT)-dominated imbalanced transition states (Figure
2F). In addition, Anderson has explored imbalanced transition states in the context of his
complexes that includes a theoretical treatment of asynchronous mechanisms involving
metal-oxido C—H bond.20:25

We have also further explored this possibility of non-BEP behavior in our Mn'V-oxido
complex, [Mn!VH3buea(O)]~, which allowed us to examine a wider variety of substrates.
One noticeable finding was the large spread of ~10% in the value of the second order

rate constants that trended with increasing acidity of the C—H bond. However, there were
again inconsistencies in the trend that precluded the assignment of a two-step mechanism,
such as a large disparity between the second order rate constants of xanthene and DHA.
Based on the observation that the basicity of our complexes played an important role in
their reactivity, we further considered whether our compounds were passing through a
PT-dominated imbalanced transition state. When contributions of A G and A G to the
transition state are equal, synchronous transfer of the proton and electron is expected and the
reaction barrier, A G‘ﬂ“, is proportional to the driving force for the CPET process, A G’cper
(egs 2-4, Figure 2A). Recognizing that when the free energy contributions

A GOisyn = a( A GOCPET) + ﬂ (2)
A GOCPET = A Gorrr + A GOET ®

of the PT and ET processes are not equal, we expect deviations from a linear relationship

of the BDFE, described by A G°»r + A G’ir, With the second order rate constant (Figure
2D-F). We therefore reasoned that a modified version of the eq 4 that accounts for the
differing PT and ET contributions to the transition state would be better suited to model our
results. This insight led to eq 5 and we utilized it to developed a semi-empirical method

to evaluate the degree of imbalance.22 In this method, a PT-dominated process would show
linearity between log(k) and (A G%: + x A G%x), wWith X representing the relative degree of ET
character and determination of the appropriate value of x is evaluated by maximizing the R2
of the line of best fit to the data (Figure 6).

A GOisyn = (X( A GOE’T + A GOET) + ﬁ (4)
AG ., =a(AGr+xAGw)+p ©

From this analysis, we found that reactivity of [Mn!YHgbuea(O)]~ exhibited improved fits of
log(k) to the driving force with scaled ET coefficients of 0.56. We believe this trend supports
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our assignment of an asynchronous mechanism PT mechanism. The basicity is therefore
found to provide a useful handle for altering the rate and influencing the mechanism of C-H
bond activation. We note that a similar correlation was observed with the Co'!'-oxido system
of Anderson; in this case, an ET coefficient of 0.45 was found.22

Conclusions and Future Directions

In recent years, the impact of the basicity of transition metal oxidos PCET reactions has
garnered increasing attention as attractive strategy for activating increasingly strong C-H
bonds while mitigating the need for excessively high redox potentials. The basicity of a
metal-oxido unit can be influenced by a variety of factors in the primary coordination sphere
including the degree of covalency or donating ability of the ligands as well as non-covalent
interactions in the secondary coordination sphere. Of the second coordination sphere factors,
H-bonds have emerged as useful interactions to regulate functional properties and their
ubiquity within the active sites of metalloprotein provides evidence for their importance.
Within the context of C—H bond functionalization, there is a need for more experimental
support for mechanistic ramification of H-bond, especially a quantitative assessment of the
extent to which H-bonds can influence the degree of imbalance in a transition state.

We use this Frontier as an opportunity to suggest two areas for development in this area.
First, as we have highlighted here with the incorporation of selenocysteine as axial ligands
cytochrome P450s, the utility of noncanonical amino acids is a powerful potential avenue
for the study of the influence of the strengths that H-bonds may have reactivity. Similar
approaches have shown their utilized in synthetic systems: we have demonstrated how the
systematic modification of single H-bond donating group within a Mn-oxido can regulated
the rate of C—H bond activation. In analogy to this, protein systems could be developed
that incorporate non-canonical tyrosine derivatives into metalloenzymes that interact directly
with the metal-oxido unit, or via an axial ligand like the H-bonding network formed in
P450s (Figure 7A). In doing so, one can systematic tune the strength of a single H-bond
and examine its effect on metal oxido basicity in a complex biological environment.

A similar approach was recently taken in the study of a HAT by a nonheme iron

(NHFe) endoperoxidase, verruculogen synthase (FtmOx1) where the authors incorporate
ring-halogenated tyrosine derivatives to aid in the identification of the tyrosine responsible
for controlling radical reactivity in the synthesis of the natural product, verruculogen.67

A second approach takes advantage of the advances of X-ray spectroscopy techniques

at synchrotrons and x-ray free electron lasers (XFELS) that enable real-time observation
of electronic state changes in enzymatic metallocofactors.58-80 K-edge X-ray absorption/
emission spectroscopies (XAS/XES) are powerful techniques for studying the protonation
states of transition metal oxidos as they are element selective and highly sensitive to the
local electronic and geometric structure of the metal center. Three cases illustrate the utility
and promise of these methods in which K-edge X-ray emission spectroscopy was applied
to determine the protonation states of the oxido ligands of dinuclear Mn!V, Ca complexes,
and the Mn4Ca cofactor of photosystem I respectively.”381.82 |n particular, emission lines
arising from valence-to-core (VtC) transitions are exceptionally sensitive to features of
transition metal ligands allowing for determination of important chemical properties like
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ionization potential, protonation state, and hybridization.”3:76.81.83 Upon X-ray absorption
at the metal K-edge, electrons are excited from the 1s orbital to continuum levels and

when electrons from the ligand np or ns orbitals fall to fill the core hole created by the

1s excitation, X-rays are emitted giving rise to spectral features known as K g, s and K p’’,
sometimes referred to as valence-to-core (VtC) transitions (Figure 7B). As the origin of the
emission features reflect orbitals that have strong ligand /p and s (and metal 3d) character,
making them very sensitive to changes in the primary coordination sphere. Continued
developments in both steady-state and time-resolved versions of these techniques will

open exciting opportunities to study challenging chemical mechanisms with unprecedented
temporal and spectral resolution especially when combined with structural information.
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(A) Activation scheme of C-H bond by a metal oxido complex. (B) Thermodynamic square
scheme of potential HAT mechanisms by transitional metal-oxido complexes in C-H bond

activation.
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(A and B) An illustration of the linear free energy relationship. Intersecting parabolas for
a general PCET reaction demonstrating how a change in the driving force, A G, results in

a proportional change in the energy of the transition state A G*. This results in a linear
relationship between log(k) and the BDFE ( A G) of the C—H bond, where k is the reaction
rate constant. (C) The coupling of the proton and electron along the reaction coordinate
in a PCET reaction results in an effective adiabatic double-well ground state potential for

C-H bond activation. In a concerted proton electron transfer (CPET), the proton and electron
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move effectively together through the transition state (TS) along this ground-state potential
(red curve). Stepwise intermediates of the HAT reaction are shown as vertical transitions
above reactant and product minima representing higher energy minima of on the same
ground state surface. (D) In reactions where the proton and electron are coupled but do not
move synchronously along the reaction coordinate, the TS becomes imbalanced (blue curve)
visualized by projection along the proton transfer (PT) coordinate. In this example, the TS
is PT-dominated compared to CPET. (E) A comparison of concerted and imbalanced PCET
reactions demonstrating how reactions with equivalent thermodynamic properties result in
different rates depending on the nature of the transition state. (F) A More O’Ferrell-Jencks
plot with step-wise ET-PT and PT-ET mechanisms along ET and PT coordinates with the
CPET mechanism along the diagonal. Any transition state that falls within the step-wise
borders but not along the diagonal is considered imbalanced with ET-like above the diagonal
and PT-like below.
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Figure 3.
H-bond to axial thiolate of compound | intermediate of P450.
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Structures, spin ground states (S), and oxido spin densities (px) experimentally derived of
(A) [Mn'""H3buea(0)]~ and (B) [Fe!VH3buea(O)] ™. (C) Overlay of the molecular structures
of [Mn'""Hsbuea(0)]%™ (gray) and [Fe!VH3buea(0)]~ (black).
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Figure5.
Intramolecular H-bonding network involving a reactive Mn'!'—oxido unit within a series of

synthetic Mn!!' complexes, [Mn!!"Hsbpuea-R(0)]?~ (R = OMe, H, CI, F, CF3).
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Figure 6.
Semi-empirical analysis of our Mn'"! complex, [Mn!""Hsbpuea-R(0)]2-, reacting with

various substrates. (A) Plot of log (k) versus A G%: + x A G highlighting fits of our
reaction data to PT-driven (x = 0) (green), equally PT-and ET-driven (x=1) (red), and
PT-dominated or imbalanced mechanisms. (B) Plot of R? of the lines of best fit versus x
demonstrating that when x=0.56, R2 is maximized.
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Figure7.
Frontier approaches for studying mechanisms and the role of basicity in the activation of

C-H bonds by transition metal oxido complexes. (A) Modulation of hydrogen bond strength
to metallocofactors with noncanonical amino acid incorporation to tune thermodynamic
properties through secondary coordination sphere effects. (B) X-ray emission spectroscopy
as a sensitive probe of metal-ligand protonation state. X-rays are absorbed by the sample
(blue) and then emitted at lower energies (green and red) upon electronic relaxation.
Illustrative spectra demonstrate potential expected differences in the emission spectral
profiles that can be used to differentiate between oxido ligand protonation states upon
examination of the valence-to-core K-edge energies and intensities.
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