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ABSTRACT: Transition metal oxo species are key intermediates for the activation of strong C—H bonds. As such, there has been
interest in understanding which structural or electronic parameters of metal oxo complexes determine their reactivity. Factors such
as ground state thermodynamics, spin state, steric environment, oxygen radical character, and asynchronicity have all been cited as
key contributors, yet there is no consensus on when each of these parameters is significant or the relative magnitude of their effects.
Herein, we present a thorough statistical analysis of parameters that have been proposed to influence transition metal oxo mediated
C—H activation. We used density functional theory (DFT) to compute parameters for transition metal oxo complexes and analyzed
their ability to explain and predict an extensive data set of experimentally determined reaction barriers. We found that, in general,
only thermodynamic parameters related to the free energy of hydrogen atom, proton, and electron transfer play a statistically sig-

nificant role.

INTRODUCTION

The activation of C-H bonds through proton-coupled
electron transfer (PCET) underpins a wide range of biologi-
cal and synthetic processes. The applications of this reac-
tion include drug metabolism by cytochrome P450 enzymes
as well as synthetic methods for the preparation of fine
chemicals.’-3 In many cases PCET reactions are mediated by
transition metal oxo intermediates generated within either
protein based or synthetic ligand scaffolds. In these reac-
tions, both a proton and an electron are transferred to an
oxo complex resulting in the net removal of a hydrogen
atom from the organic substrate. The generality of this re-
action combined with the ubiquity of C-H bonds in synthe-
sis has led to considerable interest in determining what
properties govern the PCET reactivity of transition metal
0XO0 species.

A large body of work supports that the free energy of re-
action (AGecer) is central to transition metal oxo mediated
C-H activation and also offers a great deal of explanatory
and predictive power.*7 However, additional properties
have recently been cited as important, notably O-centered
spin density,® spin state,*-11 steric environment,!2-14 the free
energies of proton and electron transfer (AGer and AGer),>~
20 and the asynchronicity (1) of the reaction (Scheme 1).21-
24 While individual cases support the influence of these
characteristics on the rate, mechanism, and selectivity of C-
H activation reactions, there is a lack of consensus regarding
their generality and relative importance.82?> Very few stud-
ies have explored these parameters outside of a narrow
range of complexes,*6102021.26 and none have statistically
examined the significance of parameters other than AGpcer
on the reactivity of a broad set of metal oxo complexes.

We previously found an atypical dependence on AGer in
the concerted C-H activation reactivity of a terminal Co'

oxo complex which contrasts with the more commonly ob-
served rate dependence on AGecer.!® Given the disparity of
this result with the literature, we sought to understand the
interplay of characteristics affecting a broad range of tran-
sition metal oxo mediated PCET reactions using multivaria-
ble linear free energy relationships (LFERs). These models
can be used to relate experimentally determined data, such
as reaction rates, to multiple predictor variables simultane-
ously. LFER models have recently been used as versatile
tools to optimize organic methodology, predict reaction

barrier heights, and investigate underlying mechanisms.?7-
31

We have applied this analysis to examine trends in rates
of PCET mediated C-H activation for a broad dataset of pre-
viously reported metal oxo complexes. This analysis

Scheme 1. Investigated Parameters of Metal Oxo Spe-
cies.
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Table 1. Statistical Results of Various Models.

Parameter(s) Training Set on DHA« All Data for Multiple Substrates?
Regressed with AGpcer R2 LOOc R2 p-valued R2 LOOe R2
AGpcer only 0.70 0.60 <0.00V/ 0.55 0.50
%BV Steric Metrics 0.77 0.64 0.15 0.58 0.43
0xo Spin Density 0.70 0.55 0.78 0.62 0.51
Spin Excitation 0.71 0.50 0.49 0.59 0.52
Il 0.73 0.53 0.22 0.60 0.49
0.0082
AGet, AGeT 0.86 0.71 0.023¢ 0.69 0.56
0.0038~

aA subset of the reactions of 17 metal oxo complexes with DHA. ’Excluding outlier metal oxo complexes (Ru!V oxos and oxo com-
plexes of 13-TMC); substrates are DHA, 1,4-cyclohexadiene, xanthene, and fluorene. cLeave-One-Out. ¢From an F-test where the null
hypothesis is that only AGecer has an effect. ¢eLeave-One-Out, slightly modified such that all reactions for a given metal oxo are left
out together./From an F-test where the null hypothesis is that AGecer has no effect. s9From an F-test where the null hypothesis is that
AGert has no effect. "From an F-test where the null hypothesis is that AGer has no effect.

enables a statistical examination of several hypotheses re-
garding what parameters of metal oxo species determine
their PCET reactivity. We have found that while AGpceris the
most important factor for determining reactivity, AGer and
AGer also play statistically significant roles. Interestingly,
the other parameters investigated do not have broad signif-
icance, although they may be important in specific cases.

RESULTS AND DISCUSSION

We began our analysis by compiling an extensive data set
of second order rate constants (k2) for the oxidation of 9,10-
dihydroanthracene (DHA) by 28 well-characterized metal
oxo complexes.12131517.32-47 This diverse data set comprises
complexes of five different transition metals, tetragonal and
trigonal geometries, spin multiplicities from 1 to 5, charges
from -1 to +3, and d-electron counts from 0 to 6. We manu-
ally divided the data set into a training set of seventeen
metal oxo complexes and a test set of eleven metal oxo com-
plexes such that each set had a diverse mix of species. For
our analysis, we calculated the values of parameters that
have been hypothesized as important to metal oxo medi-
ated PCET reactivity for each metal oxo complex. The inves-
tigated parameters include the steric environment (quanti-
fied by percent buried volume, %BV),*® the spin density on
the oxygen atom (via intrinsic bond order (IBO) analy-
sis),4250 the energetic cost of accessing a higher spin state if
one lies closer to the product spin multiplicity than the re-
actant ground spin state (spin excitation), the thermody-
namic free energies AGpcer, AGrr, and AGer, and the magni-
tude of the asynchronicity parameter (|n|).?! The detailed
approaches used to determine the values for these parame-
ters is provided in the methods section.

We examined the effect of each of these parameters on
experimental reaction barriers by building multivariable
free energy models via ordinary least squares regression of
the barrier heights against the parameters. These models
were used to generate predicted reaction barriers for each
data point, which could be compared with experimental re-
action barriers to assess the utility of the model. Because
AGprcer has strong theoretical and experimental support for
affecting reaction barrier heights,*-¢ we analyzed each pa-
rameter in combination with AGecer and compared the re-
sulting model to regression against AGpcer alone.

We evaluated each regression based on R?, leave-one-out
(LOO) R? (sometimes referred to as Q%), and a statistical F-
test.51-54 R? is a goodness of fit measure which quantifies the
amount of variation explained by a model. The predictive
ability of a model is gauged with LOO R?, in which each data
point is left out and predicted by the remaining data points
and the goodness of fit is then reevaluated. Overfitted mod-
els perform poorly with this metric. For each R? a value
close to 1 indicates a good fit. Finally, we report the p-value
from an F-test on each model, which shows the probability
the observed correlation arises from statistical noise. The
lower this p-value is, the more significant a given parame-
ter.

A summary of our findings is presented in Table 1. In line
with previous reports, we find a strong correlation between
the experimental reaction barriers and AGepcer. This param-
eter alone explains 70% of the variation in reaction barriers
within the training set (R? = 0.70) and has high predictive
ability (LOO R? = 0.60). Interestingly, most other parame-
ters do not significantly improve the model. While we do ob-
serve a small correlation with %BYV steric metrics, the mag-
nitude of the effect is too small to be statistically significant.
Compared to the AGecer only model, spin-based parameters
and |n| barely improve R? and perform similarly or worse in
LOO cross-validation. While it is difficult to rule out the im-
portance of these parameters in individual cases, an F-test
indicates they do not have a statistically significant effect
across our entire data set.

In contrast, addition of AGpr and AGer does significantly
improve the fit. For this {AGecer, AGer, AGer} model, R? in-
creases from 0.70 to 0.86 and LOO R? increases from 0.60 to
0.71, indicating both better explanation of the available data
and better predictive ability. An F-test gives p < 0.01 which
suggests the observed effect is statistically significant. The
equation from this fit is AG¥ = 0.31 AGpcer + 0.07 AGpr + 0.12
AGer - 0.26 (all coefficients unitless; free energies and inter-
cept in kcal/mol). Each coefficient is positive: the more neg-
ative AGecer or the less positive AGpr and AGer, the lower the
reaction barrier. The larger coefficient of AGecer indicates
the reaction barrier is most sensitive to this free energy. Sat-
isfyingly, the AGecer coefficient agrees with experimental
data: for metal oxo complexes that have a demonstrated
trend of log(kobs) vs. substrate BDFE, the average slope of



AG#* vs. substrate BDFE is ~0.3 (see Table S1), very similar
to the 0.31 observed in our analysis.

The significance of AGer and AGer is intriguing because the
literature discussion of these values has often been framed
in terms of how they contribute to AGpcer rather than in
terms of their intrinsic contribution to reaction barrier
heights.16-19 These parameters are distinguished from
AGecer by the fact that AGpcer contains the free energy of in-
itial electron or proton transfer and the free energy of sub-
sequent transfer of the other component of an H-atom to
form a full thermodynamic cycle. In contrast, AGer and AGer
as defined here, are the energies to form the initial interme-
diates involved in such an analysis - the protonated metal
oxo with the deprotonated substrate, or the reduced metal
oxo with the oxidized substrate - and thus do not form a full
thermodynamic cycle with AGpcer. Therefore, AGer and AGer
are independent of AGecer which is supported by the poor
correlations between AGecer and AGer and between AGpcer
and AGer (-0.12 and 0.31, respectively, see Regression S6).
We find these additional free energies have importance in-
dependent of a contribution to AGecer as clearly demon-
strated by the LOO R?s and F-tests.

Assigning a direct role for AGer and AGer is in line with
recent computational studies of PCET transition states
which invoke off-AGpcer diagonal thermodynamic terms
from Scheme 1, such as asynchronicity (1), as key contribu-
tors to DFT derived reaction barriers.21-2* Asynchronicity is
derived not from the sum of AGer and AGer, but rather their
difference. Conversely, we instead find that the sum of AGer
and AGer have a larger effect than [n|. The reason for this
discrepancy is unclear, but a possible explanation is that ex-
perimental noise prevents us from observing a compara-
tively more subtle trend between |n| and the experimental
reaction barrier heights. Furthermore, the well-controlled
nature of the series of complexes previously investigated
for asynchronicity may have too little variation in
(AGer+AGeT) to observe the effect we observe here. Regard-
less, previous studies as well as this current work offer in-
creasing support that off-AGecer diagonal thermodynamic
terms such as AGer and AGer have important effects on reac-
tivity independent of AGpcer.

The all-thermodynamic model we find here provides in-
sights and possible alternative explanations for previously
reported trends in PCET reactivity. In one study,'? steric and
spin state effects were invoked to explain the comparatively
high  reactivity of the S = 2  complex
[FelV(0)(TMGzdien)(CH3CN)]?*. A higher rate of C-H activa-
tion as compared to S = 2 [FeV(0)(TMGstren)]?+ was as-
cribed to reduced steric hinderance in the TMGzdien com-
plex,'3 and the higher rate of C-H activation as compared to
the § = 1 complexes [FelY(0O)(N4Py)]?>* and
[FelV(0O)(TMC)(CH3CN)]?* was ascribed to the S = 2 spin
state in the TMGzdien complex.?+4? However, it was noted
that the even faster reactivity of
[FelV(0)(MesNTB,CH3CN)]?*, which is S = 1 and has a similar
%BV profile to [FeV(0)(TMGzdien)(CH3sCN)]?*,32 is not eas-
ily explained by either hypothesis. Our analysis suggests
that the thermodynamic properties of these complexes may
provide an alternative explanation in all four comparisons
(see Table S4). The Me3sNTB complex has by far the most

exergonic reaction with DHA (AGecer = -16 kcal/mol), fol-
lowed by the TMGzdien complex (AGecer = -9 kcal/mol), fol-
lowed by the complexes of TMGstren, TMC, and N4Py
(AGpcer = -7, -6, and -6 kcal/mol, respectively). Thus, ther-
modynamic parameters would predict the MesNTB complex
to have the lowest reaction barrier and fastest rate of reac-
tion, with the TMGzdien complex being the next most reac-
tive, and the remaining complexes the least reactive as is ob-
served experimentally.

In another study, it was observed that the rates of PCET
reactions performed by [FelV(0)(TMC)(X)]* decrease with
more strongly donating axial ligands X.3* Variation in AGpcer
was ruled out as a cause of this trend, as it was calculated to
be similar for all complexes investigated. It was suggested
that the accessibility of a high-spin state may explain this
variation in the rate, as the energy of the quintet excited
state decreased with stronger X ligands. However, our cal-
culations indicate that while stronger axial donors increase
AGer, AGpr decreases more substantially (see Table S4). In
our model, these changes result in a net decrease in the re-
action barrier, suggesting that despite a similar AGecer, the
reactivity trend could be explained by thermodynamic ef-
fects. These analyses do not rule out that spin state or steric
effects may be important in the previous studies, but
suggest that thermodynamics may also play an important
role.

The fit of the training data to {AGecer, AGer, AGer} and this
model’s performance on the test set is depicted graphically
in Figure 1. It is clear that the reaction barriers for most
metal oxo complexes in the test set are well predicted. This
includes successful extrapolation to the reaction barriers
for Cr'v and Ru"' oxo examples.*04! Nonetheless, several
metal oxo complexes (boxed in the figure) deserve further
discussion.

The model behaves the most poorly in predicting reaction
barriers for the Fe!V oxo and Co'Y oxo complexes of the
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Figure 1. Regression analysis of the experimental reaction bar-
rier vs. AGecer, AGer, and AGer for various metal oxo complexes
reacting with DHA. Specific cases discussed in the main text are
boxed and labeled. The grey line marks where predicted equals
experimental. Predicted values are computed using the given
formula.
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Figure 2. Regression analysis for a Co!ll oxo. The {AGer} fit is
show in black with predicted values computed using the indi-
cated formula, with R2 = 0.94 and LOO R2 = 0.93. The {AGer,
AGpcet} fit is shown in red with predicted values computed us-
ing the indicated formula, with R2=0.97 and LOO R2=0.95. The
negative barriers are due to overestimation of the entropy of
association. The grey line marks where the predicted barrier
matches the experimentally determined barrier.

ligand 13-TMC.#755 The {AGrcer, AGer, AGer} model predicts
essentially no barrier for these reactions, which is not ob-
served experimentally. This is due to a large negative calcu-
lated AGrcer in both cases; in fact, these complexes are out-
liers even in the AGecer only fit (see Regression S1). The
cause of this discrepancy is not entirely clear. However, it
appears to be systemic to the particular ligand scaffold ra-
ther than the identity of the metal center, which suggests
this discrepancy could arise from ambiguity in the primary
coordination sphere of these complexes. No structural char-
acterization is reported for the Fe!V complex, and while a
short Co-0 bond is identified by EXAFS for the Co'V complex,
it is difficult to conclusively determine the primary coordi-
nation sphere. Any discrepancy in coordination sphere
would render our calculated parameters incorrect, poten-
tially explaining their inability to predict the experimental
reaction barriers.

The reaction barrier is overestimated for the two Ru'V oxo
complexes in the set, which we suspect is due to their rela-
tively low structural reorganization energy.3¢43 We quanti-
fied structural reorganization energy for each metal oxo
complex by calculating the electronic energy needed to de-
form the metal oxo complex from its optimized geometry to
the corresponding metal hydroxide optimized geometry. By
this metric, the Ru'V oxo complexes have lower structural
reorganization than every other example in the set, and 6
kcal/mol less structural reorganization energy than the
properly predicted Ru"! oxo (see SI). This explanation is
speculative, however, as inclusion of this parameter does
not quantitatively improve the fit to the whole data set (see
Regression S21). Nonetheless, the qualitative picture is con-
sistent with the previously reported low reorganization en-
ergy of a Ru'v oxo relative to a VV oxo05¢ and highlights that it

is possible for parameter to affect specific cases despite not
being significant globally.

Interestingly, the {AGpcer, AGpr, AGer} model only moder-
ately underestimates the reaction barrier (by 2 kcal/mol)
for a terminal Co' oxo complex which has unusual trends in
its reactivity with various substrates.!> Unlike most metal
oxo complexes, the reactivity of this complex does not have
a clear trend with AGrcer; its kinetics are instead dominated
by AGer. Therefore, its adherence to trends in {AGecer, AGer,
AGer} as seen for the broad set of metal oxo complexes de-
serves further investigation. We regressed the experi-
mental reaction barriers for the reactivity of this complex
with several substrates against only AGpr as well as against
{AGpr, AGrcer} (Figure 2). We find that the inclusion of AGpcer
significantly improves the model, increasing R? from 0.94 to
0.97 and LOO R? from 0.93 to 0.95 and having an F-test p-
value of 0.02. However, the relative weighting of the contri-
bution from AGecer is quite different than for the broader set
of complexes.

In the broader set we observe that AGrecer has a larger ef-
fect on the reaction barriers than either AGpr or AGer, which
is reflected in the larger coefficient for the AGpcer term than
for the AGpr and AGer terms in the fitted equation (Figure 1).
In contrast, AGer has a greater effect than AGecer on the re-
action barriers for the Co'! oxo complex, again reflected in
the magnitude of their coefficients (Figure 2). Furthermore,
the addition of AGer significantly improves the model for
broader set of metal oxo complexes (Table 1) but is insignif-
icant for the series of substrates reacting with the Co" oxo
complex (p-value > 0.05, see Regressions S28 and S29).
Overall, this Co' oxo complex is not so dissimilar from the
broader set of metal oxo complexes in that the same ther-
modynamic free energies explain the reactivity of both.
However, this individual case demonstrates a different
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Figure 3. Regression analysis of the experimental reaction bar-
rier to PCET mediated C—H activation vs. AGecer, AGpt, and AGer
for all non-outlier metal oxo complexes reacting with DHA,
CHD, xanthene, and fluorene. The grey line marks where pre-
dicted equals experimental. Predicted values are computed us-
ing the given formula.



weighting of parameters than that observed in the broad
set.

Our analysis of the Co' reactivity rests on the assumption
that the coefficients of the model do not change appreciably
from substrate to substrate. To test this assumption, we ex-
tended our analysis of the larger set of metal oxo complexes
to include reactivity with 1,4-cyclohexadiene (CHD), fluo-
rene, and xanthene in addition to DHA. We refit the model
with reported data for the reactions between each substrate
and all non-outlier metal oxo complexes (the excluded out-
liers are the previously discussed Ru'v and 13-TMC sup-
ported oxo complexes). As with our regressions for DHA
alone, the inclusion of AGer and AGer notably improves the
fit (Table 1, Figure 3). Other parameters offer comparably
little improvement to the fit and do not perform well by LOO
cross validation. The equation for this model is AG* = 0.27
AGrcer + 0.05 AGpr + 0.10 AGer + 1.84, which is satisfyingly
similar to the equation of the fit to DHA data alone, support-
ing the assumption that the coefficients of the model are not
appreciably affected by the identity of the substrate.

CONCLUSION

Overall, this thorough analysis of the reported C-H acti-
vation reactivity of transition metal oxo complexes demon-
strates that AGrcer, AGrer, and AGer have a statistically signif-
icant correlation with the reaction barrier. Interestingly, no
other parameters examined here, including steric environ-
ment and spin-based parameters, provide a significant im-
provement to a AGecer only model. This is in contrast to pre-
vious literature reports which implicate such factors in ex-
plaining metal oxo mediated PCET. The {AGepcer, AGer, AGeT}
model predicts all but four of the reaction barrier heights to
reactivity with DHA within 2 kcal/mol, and predicts most of
these barrier heights within 1 kcal/mol. We suspect the Ru'v
oxo outliers point towards uncaptured reorganization ef-
fects. We find that the asynchronous reactivity of a Co™™ oxo
complex is also well-predicted, although a fit to the kinetics
of just this complex alone reveals changes in the relative im-
portance of AGecer and AGpr. The structural and electronic
bases for such variation, and whether concomitant changes
in selectivity can be leveraged, are exciting avenues for fu-
ture research. While the relative importance of these ther-
modynamic parameters can vary between metal oxo com-
plexes, and it is possible additional parameters may be de-
terminative in some cases, this study on a broad set of metal
oxo complexes suggests that thermodynamic parameters
provide the greatest contribution to reaction barriers, and
adds to the growing body of literature supporting the im-
portance of off-AGpcer diagonal thermodynamic contribu-
tions.

METHODS

Tabulation of Experimental Kinetics

In this study we used twenty-eight reported k2 values of
metal oxo species reacting with DHA.1213.151732-47 For each
of these oxo complexes, we tabulated various descriptors
(metal, valency, d-count, coordination number, etc.), exper-
imental parameters (M-0 bond length and vibrational fre-
quency, BDFE, pK,, etc.), and the reported kinetics for reac-
tions with various substrates (kz, and, if reported, the

statistical correction to this k2, experimental AH#* and AS#,
and the KIE) along with the conditions these data were re-
ported in (temperature and solvent). A full tabulation is
found in the SI data folder. We excluded a few metal oxo spe-
cies from our analysis despite having reported kinetic data
for reactivity with DHA. The reasons for these exclusions
were varied: several did not have a well-defined primary co-
ordination sphere,>’-¢0 we were unable to calculate the re-
duced form of Mn'' oxo complexes without deprotonation
of the hydrogen-bonding ligands,”2° one VYV oxo has too
much experimental uncertainty in its k2 value,®! corrolazine
complexes were too large to calculate their vibrational fre-
quencies using our methods,!¢2 we did not include third
row complexes or complexes with ligand radicals,3563-65 and
in one case saturation was reported at higher concentra-
tions of DHA.6¢ We also found several reports of metal oxo
mediated C-H activation of substrates besides DHA14:3755.67-
80 and useful reviews.8182 We believe this to be a thorough
list of papers which report quantitative kinetics of metal oxo
mediated C-H activation via PCET, although some addi-
tional reports may exist.

All rate constants utilized here were reported as kz values
with the exception of several rate constants used in the Co™
oxo reactivity analysis.!® In this case, for substrates which
did not have a reported k2, the pseudo-first order rate con-
stant kobs at 0.0125 M of substrate was divided by 0.0125 M
to obtain an approximate k2. We used all substrates with re-
ported Kinetic data in this analysis except for 1,1,3,3-tetra-
phenylpropene. This substrate reacts unusually slowly,
which we believe to be due to large steric hindrance of the
reacting C-H bond. The remaining substrates were steri-
cally similar enough that there is no steric effect on their ki-
netics (see Regression S27).

Determination of Experimental Barrier Heights

Before determining barrier heights from experimental k2
values, we first multiplied each k2 by any reported stochio-
metric and statistical adjustments so as to start from con-
sistently unadjusted k2 rate constants (experimental k- rate
constants are often reported with statistical corrections to
facilitate comparisons between substrates, either for the
stoichiometry of the substrate’s reactivity or for the number
of benzylic C-H bonds). We assume that where no adjust-
ment is noted in a paper, none has been made. The barriers
of PCET reactivity were then determined from the unad-
justed experimental k2 values by solving the Eyring equa-
tion®? and subtracting approximate expressions for the free
energy of metal oxo-substrate association:
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where h is Planck’s constant, ngy is 2 for DHA and CHD and
1 for fluorene and xanthene, n, is the number of oxo ligands
in the metal oxo complex, RT is the thermal energy, u is the
reduced mass of the metal oxo and the substrate, and C° is
1 M. Our ngy adjusts for the typical stoichiometry of each
substrate’s oxidation (DHA and CHD tend to lose two H-at-
oms, fluorene and xanthene one H-atom); we do not adjust
for the number of reactive H-atoms, as ring puckering of the
substrates means that not all reactive C-H bonds are equiv-
alent. For instance, DHA has four benzylic C-H bonds, with



two lying equatorial to the central ring and two lying axial.
It is unlikely that the equatorial and axial positions are
equally reactive, and it is entirely possible that reactivity
predominantly occurs at only one of the positions. It is
therefore not necessarily true that DHA is four times as re-
active as an otherwise similar substrate with only one ben-
zylic C-H bond.

The second and third terms in Equation 1 are an approx-
imation for the free energy of association of the metal oxo
and the substrate.?3 This adjustment allows us to compare
kinetic data collected at different temperatures. As C-H
bonds are poor hydrogen bond donors, we assume that the
cost of association is purely entropic (or at least that enthal-
pic components vary minimally between different metal
oxo complexes and substrates) and further assume this en-
tropy cost is solely the loss of translational entropy. This ne-
glects the loss of rotational entropy and the gain of low fre-
quency metal oxo-substrate vibrational modes, but these ef-
fects will partially cancel. Regression with AGecer and RT
does not fit DHA reaction barrier heights significantly better
than a fit to AGecer alone (see Regression S10), indicating
that this adjustment satisfactorily accounts for the temper-
ature dependence of the reaction barrier.

We do not take into account hydrogen bonding between
the metal oxo complexes and protic solvents as we were un-
able to derive a suitably accurate correction. However, in
the SI we demonstrate that our best attempt to do so does

not change the main conclusions herein (see Table S5).26.84-
86

Calculation of Parameters

For each of these oxo complexes we calculated the values
of parameters that have been proposed to influence metal
oxo mediated PCET reactivity. Specifically, the parameters
investigated were %BV steric metrics, spin density on the
oxygen atom, available spin states, thermodynamic free en-
ergies AGrcer, AGrr, and AGer, and the magnitude of the asyn-
chronicity parameter (|n|). Geometry optimization and fre-
quency calculations were performed in ORCA using the def2
basis sets of Weigend and Ahlrichs and the O3LYP func-
tional.87-92 For the wider set of metal oxo complexes, all
transition metals were given the def2-TZVPP basis set, all
metal-bonded atoms and the transferring hydrogen atom
the def2-TZVP basis set, and the remaining atoms the def2-
SV(P) basis set. Substrates were calculated entirely with the
def2-TZVP basis set. For calculations regarding the Co'"' oxo
and various substrates, Co, N, O, the carbene carbons of the
ligand, and the carbon undergoing C-H activation was given
def2-TZVPP; all other atoms were given def2-SVP. For both
sets of calculations solvent effects were included as a polar-
izable continuum (CPCM with the dielectric constant of ace-
tonitrile for the broader set of metal oxo complexes; COSMO
with the dielectric constant of THF for the Co™ oxo with sub-
strates). This is primarily to mitigate the effect of self-inter-
action error;?3 we assume that the solvent dielectric has lit-
tle effect on the rate of PCET, as reported solvent effects on
similar reactions are typically limited to hydrogen bond-
ing.268694 The def2 ECP was used for ruthenium.”s The reso-
lution of identity approximation was used for coulomb inte-
grals and the chain of spheres approximation for exchange
integrals (with def2 /] as the auxiliary basis). No change was

made to ORCA’s default grid settings. Free energies were de-
rived from the electronic energies and vibrational calcula-
tions using the quasi-harmonic oscillator formulation of
Grimme and coworkers.?®

Unfortunately, several of our optimized structures have
small imaginary frequencies (See SI), which we believe is
due to numerical noise of CPCM solvation. Occasionally
these frequencies lie below -100 cm but in each of these
cases the mode is isolated to a soft dihedral motion, e.g. me-
thyl rotation on an acetonitrile ligand. We used the absolute
value of these frequencies when calculating the thermody-
namic enthalpy and entropy values, believing that to be a
better approximation for these modes than either nonexist-
ence or a frequency of 0 cm~1. We were unable to reoptimize
these structures to remove the imaginary frequencies.

In many cases, the correct ground state multiplicity of a
species was not immediately clear. In such cases we con-
firmed our initial assignment by running ten geometry op-
timization cycles on alternate spin states and confirming
these alternate assignments were several kcal/mol uphill of
the assigned spin state. In a few cases were the energy was
within 5 kcal/mol and the optimization was not close to
convergence, we fully optimized the alternate spin state.
Whenever two spin states had nearly the same energy, we
chose the higher spin state as the ground state due to the
typically higher entropy of high spin states.

To quantify the steric environment around each metal
oxo center or substrate reactive C—H bond, we calculated
percent buried volume (%BV) steric metrics using the
online SambVCA web application.*® We centered the calcu-
lation on the oxygen atom (for oxos) or the transferring hy-
drogen (for substrates), defined the negative z-axis as going
through the metal center (for oxos) or the reacting carbon
center (for substrates), and defined the xz plane as contain-
ing another atom bonded to the metal or carbon (the first
such atom in the .xyz file). We had the center oxygen or hy-
drogen atom deleted from the calculation, included hydro-
gen atoms in the calculation, and left all other settings to
their default value (using Bondi radii scaled by 1.17, a
sphere radius of 3.5 Angstroms, and a mesh setting of 0.10
Angstroms). The application returns a total percent buried
volume, as well as that for individual quadrants of the
sphere. For metal oxo complexes, we used the total percent
buried volume (%BV Tot) and the standard deviation of
these four quadrants (%BV Dev) in our regressions in order
to capture both overall steric bulk and how evenly distrib-
uted this bulk is around the metal oxo moiety. For sub-
strates, we solely used %BV Tot. See the SI for a further dis-
cussion of steric parameters and their effect on reaction
barrier heights.

To evaluate the effect of spin and spin state on reactivity,
we used two parameters that have been discussed in the lit-
erature: spin density on the oxo ligand and the energy to ex-
cite to a higher spin state.81% Atomic spin populations were
determined via IBO analysis using the freely available IBO
Viewer software.*?50 We recorded the spin density on the
metal and on oxygen for each metal oxo complex as well as
how much spin both atoms gain upon PCET reduction; we
also tabulated similar values for the IBO charges. In the re-
gression analysis we solely used the spin density on the oxo



ligand. The “Spin Excitation Energy” is the vertical energy
from the ground spin state of the initial oxo complex to the
lowest lying excited spin state that is within one spin multi-
plicity of the resulting metal hydroxide ground spin state. If
the ground spin state is already one spin multiplicity
greater or lower than the product hydroxide spin state, then
the spin excitation energy is taken to be zero. For instance,
in the case of a triplet Fe!V oxo reacting to give a sextet Fe!l
hydroxide the spin excitation energy is the energy of the
quintet Fe!V oxo relative to the triplet Fe!V oxo at the ground
state optimized geometry. This is the scenario for most FelV
oxos in the data set. But in the case of the two non-heme
FelV quintet oxos,'%13 the spin excitation energy is zero be-
cause the ground spin state is already within one spin mul-
tiplicity of the sextet hydroxide product. Essentially, the
spin excitation energy is the energy needed to reach a spin
surface on which reduction to the metal hydroxide’s ground
spin state is spin allowed. While this simple metric ignores
the nuances of two state reactivity theory (such as the spin
inversion probability) it is relatively simple to compute and
has precedent as a quantitative measure of PCET reactiv-
ity.1034

For each metal oxo-substrate combination assessed here,
we tabulated the free energies of proton coupled electron
transfer (AGecer, Equation 2), proton transfer (AGer, Equa-
tion 3), electron transfer (AGer, Equation 4), and the asyn-
chronicity as defined by Srnec and coworkers (1, Equation
5):21

AGpcer = Gy-on + Ge. — Gu=0 — Gc-n (2)

AGpr = Gy—on+ + Gem — Gu=0 — Ge—p (3)
AGpr = Gy—o- + Ge_py+ — Gy=0 — Ge-n (4)

_ Gy_op+ +Ge- —Gy—o- — GC—H+/ 5
n \/E( )

where G- is the calculated free energy of the oxo spe-
cies, G._y is the calculated free energy of the substrate, and
all other free energies are defined analogously. We also tab-
ulated the absolute value of the asynchronicity (|n|), the av-
erage of AGer and AGer (AGcr average), and the analogous elec-
tronic energies (same notation, with G replaced with E).

Statistical Analysis

All statistical analysis was performed in Python using the
Numpy, Scipy, Pandas, Sklearn, and Matplotlib packages.®’-
101 A script ran a prescribed set of regression models and
reported statistics on each model. All regressions were per-
formed with ordinary least squares. Prior to fitting any re-
gression, we separated the data into a test set and a training
set of metal oxo species. While we show both test and train-
ing sets for each regression in the SI, we initially did not plot
the test set or calculate statistics with it. We solely used the
training set in the earlier stages of our analysis, where we
determined which parameters improved a fit to AGecer only
and which did not. We then examined if the good fits to the
training set extrapolated well to the test set. We had to make
a few changes to the initial division of the training and test
sets, however. Initially, the Co'V oxo was included in the
training set,*” but that was interfering with the fit to AGpcer.
We moved it to the test set, and to provide insight into this

poor fit we calculated the Fe!V oxo complex of 13-TMC and
added it to the test set.>> We also saw, visually, that the in-
clusion of a Ru' oxo in the training set (the other Ru'V oxo
example was always in the test set) was interfering with the
addition of other parameters and moved all Ru oxo com-
plexes to the test set.36:4143

The simplest metrics reported from these models are the
mean square error (MSE) and the goodness of fit R2.51-54
These both give an indication of how well a model fits the
available data but are prone to overfitting; more compli-
cated models can only improve these metrics, regardless of
whether or not the model is actually better.

We also evaluated each model with cross validation (CV)
metrics, which can become worse upon overfitting. In K-fold
cross validation, the training data is further subdivided into
K subsets, and each subset is predicted by the K-1 remain-
ing subsets.>25* When K is the number of data points, i.e.
each data point being predicted by the rest of the data
points, this is known as leave-one-out (LOO) cross valida-
tion. These predicted data points can be used to calculate
the MSE and R? as above. The MSE from LOO cross valida-
tion is an approximately unbiased estimate of the expected
error of a test set; however, it has high variability from
training set to training set because each prediction uses
nearly every pointin a given training set. By repeatedly sub-
dividing into larger groups and averaging the resultant K-
fold MSEs, one obtains a pessimistic but less variable esti-
mate of the expected test error. As we see similar trends for
both LOO and 5-fold CV, we only report LOO R? in the main
text but show all metrics in the SI.

Another way to determine the significance of the model is
to use a statistical F-test.5153 This allows one to compare an
unrestricted model with a more restricted one (fewer pa-
rameters used as regressors, or no parameters regressed, or
restrictions placed on the relationship between coefficients,
etc.). In the language of hypothesis testing, the null hypoth-
esis is that the unrestricted model offers no improvement
on the restricted model and the alternate hypothesis is that
there is an improvement. When both models are fit to the
data, the unrestricted model will have less total squared er-
ror than the restricted model. Assuming said error of each
data point is normally distributed (or that there is enough
data such that the error is approximately normally distrib-
uted), that the average error is zero, and that the model is
properly formulated, it is possible to determine the proba-
bility that this reduction in total squared error is spurious.
This probability is known as the p-value. The test relies on
a well-defined number of degrees of freedom in both the re-
stricted and unrestricted model to draw out what the statis-
tical distribution of total squared error ought to be.

For regressions on multiple substrates at once, the une-
qual weighting of different metal oxo complexes (depending
on how many substrates are reported for them) renders
these statistical metrics unreliable.5* We ameliorate this is-
sue for LOO cross validation by leaving out all reaction bar-
riers for a given metal oxo complex together rather than one
at a time. That is, we leave one metal oxo complex out and
predict its reaction barrier heights based on all other metal
oxos’ reaction barrier heights rather than leave one reaction
barrier height out and predict this barrier based off all other



barriers. We accordingly only report LOO CV metrics for this
set of regressions.
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