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ABSTRACT: Transition metal-oxo complexes are key intermedi-
ates in a variety of oxidative transformations, notably C-H bond
activation. The relative rate of C-H bond activation mediated by
transition metal-oxo complexes is typically predicated on substrate
bond dissociation free energy in cases with a concerted proton-
electron transfer (CPET). However, recent work has demonstrated
that alternative stepwise thermodynamic contributions such as
acidity/basicity or redox potentials of the substrate/metal-oxo may
dominate in some cases. In this context we have found basicity-
governed concerted activation of C-H bonds with the terminal
Co"-oxo complex PhB(*™Im)Co™O. We have been interested in
testing the limits of such basicity-dependent reactivity and have
synthesized an analogous, more basic complex, PhB(*Im)Co"O,
and studied its reactivity with H-atom donors. This complex dis-
plays a higher degree of imbalanced CPET reactivity than
PhB(*™Im)Co™O with C-H substrates and O-H activation of
phenol substrates displays mechanistic crossover to stepwise PTET
reactivity. Analysis of the thermodynamics of PT and ET reveal a
distinct thermodynamic crossing point between concerted and
stepwise reactivity. Furthermore, the relative rates of stepwise and
concerted reactivity suggest that maximally imbalanced systems
provide the fastest CPET rates up to the point of mechanistic
crossover which results in slower product formation.

INTRODUCTION

Proton-coupled electron transfer (PCET), the transfer of a proton
and an electron (equivalently a net hydrogen atom), and more specifi-
cally concerted proton-electron transfer (CPET, Scheme 1, purple diag-
onal) are fundamental elementary steps in synthetic and biological
chemical reactions such as the activation and subsequent functionaliza-
tion of kinetically inert C-H bonds by transition metal-oxo, imido, or
nitrido complexes."'* One prominent example in biology is Com-
pound I, a high-valent Fe-oxo species formed in cytochrome P450
enzymes that is responsible for the degradation of compounds such as
pharmaceuticals via selective hydroxylation of unactivated aliphatic C-
H bonds."*'® A number of synthetic transition metal-oxo model com-
pounds have been isolated and studied in the context of C-H bond
activation, yet harnessing these potent oxidants for controlled, selective
reactivity remains an area of active research.>”!%-3!

The selectivity of transition metal-oxo complexes in CPET reactivity
has traditionally been understood by comparing the BDFEs (bond
dissociation free energies) of the substrate C-H bond being broken
and the transition metal-hydroxide O-H bond being formed. The
BDEFE of a specific bond can be determined by using Equation 1,

BDFE = 23.06(F) + 137(pK) + Co (1)
where pK. is an acid dissociation constant for the given compound, E°
is a one-electron reduction potential, and Cg is the standard reduction
potential of H*/H' in a given solvent.*>** While these BDFE compari-
sons are founded on purely thermodynamic parameters, rates for con-
certed H-atom abstraction can be linked to the thermodynamics of net
H-atom transfer, AGcrer, by the Bell-Evans-Polanyi principle which
holds that as a reaction becomes more exergonic, the activation barrier
should become smaller leading to faster reactivity.***” Indeed, several
decades of study have demonstrated this trend dominates for H-atom
abstraction by metal-oxo and related complexes.?”%

While concerted reactivity often dominates, particularly with C-H
substrates, off-diagonal or stepwise processes with initial proton trans-
fer (PT) or electron transfer (ET) must also be considered (Scheme 1,
corner pathways). In fact, mechanistic crossover between concerted
and stepwise reactivity has been observed in some cases.**** Even in
well-defined examples of CPET, the energies of stepwise PT or ET
manifest through their net contribution to BDFEs and AGcerer as seen
in Equation 1.233340:56-60

Although the idea that metal-oxo mediated C-H activation rates are
dependent on AGcrer has been the dominant mechanistic paradigm,
recent experimental and computational results have suggested that the
energetics of stepwise, or off-diagonal, intermediates can influence the
rates of concerted reactions beyond their contributions to AGcper.*!

Scheme 1. Square scheme depicting limiting stepwise pathways
and PT-dependent CPET pathways.
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Scheme 2. Co complexes discussed in this work and possible
elementary reaction steps.
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Srnec and coworkers introduced an asynchronicity parameter, 7, to
quantify the thermodynamic difference between driving forces for
stepwise PT or ET.**%> A positive value of 5 corresponds to a CPET
reaction with dominant PT character, while a negative value of 7 corre-
sponds to a CPET reaction with dominant ET character. For similar
overall AGcrer, a greater magnitude (|5]) is expected to indicate a more
imbalanced CPET transition state and a faster reaction. While such
imbalanced transition states have been proposed in other reactions
such as organic hydrogen transfer,® hydride transfer,** and pericyclic
reactions,*** there is significantly less support for such a phenomenon
in metal-oxo mediated CPET reactions. Nevertheless, several groups,
including our own, have recently observed CPET reactivity which
displays a distinct dependence on the acidity and/or oxidation poten-
tial  of
mechanisms.***3%6% These combined computational and experimental

substrates, despite  having apparent  concerted
observations suggest that, in addition to limiting concerted or stepwise
mechanisms, asynchronous or imbalanced pathways (Scheme 1,
curved arrows) are viable, and perhaps common, in CPET reactivity.
Indeed, there has been a vigorous debate in the literature around this
possibility, particularly about how such trends would manifest in

nonadiabatic systems with extensive proton tunneling.’%*%¢7-73

Our previous investigations of a terminal Co™-oxo complex,
PhB(**Im)3Co™O, revealed rates of C-H activation that more strong-
ly correlate with substrate pK. rather than BDFE, consistent with an
imbalanced CPET reaction in favor of basic (PT) reactivity. 05759667476
Based on these results, we have been interested in synthesizing metal-
oxo complexes with greater basicity to explore the frontier between
imbalanced CPET reactivity and stepwise PTET reactivity. We recent-
ly reported an adamantyl (Ad) substituted Co'-oxo complex,
PhB(*9Im)3Co™O, which, given the greater electron donating proper-
ties of the Ad groups, is more basic than our previous Co™-oxo com-
plex.”” Here we demonstrate that this enhanced basicity leads to more
highly imbalanced CPET reactivity with C—H substrates. Exploration
of activity with acidic phenol substrates reveals a switch from imbal-
anced CPET to stepwise reactivity featuring initial PT. Computational
analysis of the thermodynamics of the reactivity with phenol substrates
suggests that stepwise reactivity dominates when the energy to form
stepwise intermediates becomes thermodynamically favorable. Inter-
estingly, we observe that net PCET through stepwise PTET is signifi-
cantly slower than CPET for substrates with BDFEs that differ by only
~1 kcal/mol. These results suggest that faster rates for H-atom abstrac-

tion can be realized with imbalanced transition states that take ad-
vantage of lower energy trajectories in the potential energy surface
owing to more stable off-diagonal intermediates, but only up to the
point where formation of these intermediates becomes favorable, lead-
ing to stepwise reactivity.

RESULTS AND DISCUSSION
C-H Activation Reactivity of PhB(*/Im)3Co™O

The synthesis and characterization of PhB(***Im)3;Co™O (1**) and
PhB(*9Im)3Co™O (14%) have previously been reported by our group
(Scheme 2).5776 A detailed mechanistic study of C-H activation reac-
tivity was conducted for 1", but a similar systematic study for 144 has
not been performed. We have previously demonstrated that 144 is more
basic and more reducing than 1", as expected based on the more elec-
tron-donating Ad substituents on the imidazol-2-ylidene ligand scaf-

fold.”” Additionally, the BDFE of 324 is larger than that measured for
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Figure 1. (A) Plot of In(kobs)RT versus AGpr1 for 1% and 144
reacting with various C—H substrates. AGprr1 was calculated
by DFT. R? = 14 .96, 149, 2° substrates: 0.77, 149, 3° sub-
strates: 0.99. (B) Hammett analyses for the reaction of 1B
and 149 with p-substituted 9-phenylfluorenes. The red dot for
X = H for 14¢ is hidden under the black dot for 1%, Solid
lines indicate linear fits to the data. R? = 1Bu: >(.99, 1Ad:
0.97. All reactions with 18" were carried out with 10 equiv.
substrate and the data is from Ref. 57. Reactions with 144
were carried out with 50 equiv. substrate, kobs values were
divided by 5 for the plot in (A).



3, providing additional driving force for H-atom abstraction. As 1%*
displays concerted C-H activation reactivity that predominantly trends
with substrate pK, (via imbalanced CPET), we hypothesized that the
enhanced basicity of 144 would lead to more pronounced imbalanced
CPET reactivity.

Initially we sought to reproduce the series of substrates screened
with 1%, While 1™ reacts with 9,10-dihydroanthracene (DHA,
pK:(DMSO) = 30) to form PhB(*'Im);Co"OH (3%") and half an
equivalent of anthracene in an isosbestic fashion, we were surprised to
see that 144 did not perform the analogous reaction over several days.
We thus investigated more acidic substrates that displayed faster reac-
tivity with 1. Indeed, 12 reacts cleanly with fluorene (pK.(DMSO)
= 18) to generate PhB(*!Im);Co"OH (39), albeit at a rate slower than
1%, contrary to what we would have predicted given the larger BDFE
and pK. of 3% relative to 3. This is consistent with the increased
steric bulk of the Ad groups playing a significant role in the C-H activa-
tion reactivity of 144, We therefore screened a variety of substrates with
either secondary (2°) or tertiary (3°) reactive C-H bonds to account
for steric differences between substrates that might affect reaction rates
(Figure 1A, S1-6).

Not all of the thermodynamic parameters of interest (BDFE, oxida-
tion potential, pK.) have reliable literature values reported for all of the
tested substrates, so we instead used DFT calculations to estimate the
free energies of the CPET, PT1, and ET2 reactions between the metal-
oxo and the substrate. We used an O3LYP/def2-SVP functional and
basis set combination for these calculations and while it is likely that
there are some systematic errors in the absolute values of these free
energies, comparison between computed and experimental values
shows a good correlation (Figure $7).75% Furthermore, we note that
the reactivity of 1, which was previously shown to correlate with
experimental substrate pK,, also shows a good correlation with com-
puted AGpr (Figure 1A, R? = 0.96).

Screening several C-H substrates reveals a linear trend between
In(kebs)RT and AGer: for reaction with 144 (Figure 1A). Interestingly,
we note that the trendlines for the 2° and 3° C-H substrates are parallel
to each other, with similar slopes of ~0.4, within error. The identical
slopes between the 2° and 3° demonstrates that steric effects don’t
influence the dependence on AGpri; the 3° phenylfluorene Hammett
series should all be sterically very similar, and the same slope vs. AGpr1
in the 2° series suggests that sterics are not a major factor in the relative
reactivity of this set either. However, the generally slower rates for the
3° substrates, manifested by the offset of this series from the data for
the 2° series, suggests that the larger steric profile of the phenylfluorene
substrates does impact reactivity relative to the 2° substrates. This
steric influence is not observed for 1®®". These comparisons support
that the observed trends with AGpr1 do not primarily arise from varia-
tions in proton tunneling distance, which has been invoked to explain
imbalanced CPET reactivity in other systems.®”! Thus, despite this
steric convolution in the Ad-system, the similar slopes observed for
both substrate sets for 1*¢ allow us to compare its dependence on
AGpr1 with that of 1%°,

A comparison of the trendlines in the plots of In(kobs)RT versus
AGer: for 1™ and 1% is consistent with more basic 144 exhibiting a
larger rate dependence on AGer1 than 1" Indeed, the slope observed
for 144is roughly double that of 1™ (0.4 vs. 0.2). The observed slopes

1 Ad

for are quite large, supporting a large degree of PT transition state

character. For contextualization, a value of 0.5 might be expected for a
pure PT event.*® Interestingly, extrapolation of the trendline for 2°

lAd

substrates reacting with suggests that the expected pseudo-first

order rate constant for the reaction with DHA would be smaller than

that for the self-decay of 14 (10-°-10"s™"). This suggests that, in addi-
tion to steric hindrance, the large AGrr1 dependency of 149 makes
reactivity with weakly acidic C—H bonds sluggish.

We also performed a Hammett analysis to further understand the
effects of the more donating Ad substituent on the character of the C-
H activation transition state. In analogy with our previous study, we
used a series of substituted 9-((4-X-phenyl)fluorenes. We note that the
substrate scope of 14 is limited relative to 1 due to side reactions
observed with some substrates. In these cases, the UV-vis transfor-
mations are not isosbestic which we ascribe to organic radical products

1** or 3% to form as-of-yet unidentified Co-

further reacting with
containing products. Nevertheless, the Hammett slope determined for
144 is positive and steeper than that of 1°®* (Figure 1B). This observa-
tion is consistent with a greater buildup of negative charge at the car-
bon atom of the C-H bond as would be expected for greater PT char-
acter in the transition state.’**S Finally, we note that comparison of
rates with AGer1 shows no clear correlation, consistent with PT driven
reactivity (Figure $33).

These trends indicate that for a given substrate, 144 lies further than
1"® from a perfectly synchronous or balanced CPET diagonal in a
thermodynamic square scheme and closer to a stepwise PTET pathway
(Scheme 1). However, the enhanced steric profile of the Ad substitu-
ents generally mutes reactivity, mandating a narrower substrate scope
for 124 Given this, we turned to a series of 4-X-2,6-di(tert-
butyl)phenols to provide a larger set of substrates with constant steric
bulk around the reactive O-H bond to enable further exploration of
the H-atom abstraction reactivity of 149. Additionally, these substrates
comprise a set of more acidic H-atom donors, allowing us to test the
limits of imbalanced CPET.

H-atom Abstraction from Phenols: Mechanistic Crossover to Stepwise
Reactivity

While O-H bonds differ from C-H bonds due to their polarity, we
reasoned that this isosteric series of phenols would allow us to examine
a greater number of viable substrates with a pK. range spanning 11
units (7.3-18.2, Table $3).%%%7 Furthermore, we were interested in
seeing if the enhanced acidity of phenol substrates led to even more
imbalanced reactivity or other emergent trends.

Complex 1*4 exhibits clean reactivity with 10 equivalents of a subset
of 4-X-2,6-di(tert-butyl)phenols (pK.(DMSO) = 17.3-18.2) at -100 °C
to form 344 over ~S minutes (Figures $9-S12). A representative reac-
tion with 2,4,6-(‘Bu)s-C¢H.OH in THF is shown in Figure 2A. We
measure a small deuterium KIE of 1.1(3) for this substrate, although it
is difficult to interpret this value without more detailed variable tem-
perature KIE measurements. During these studies, however, we noted
distinct reactivity with some substrates, particularly those with en-
hanced acidity. For instance, 144 reacts with 10 equivalents of 4-
CO2Me-2,6-("Bu)>CsH.OH (pK.(DMSO) = 11.9) at 100 °C to form
a new green intermediate which can be assigned as
[PhB(*9Im);Co™OH]* (249) based on comparison to independently
prepared samples (Figure 2B).”” This suggests that, unlike C-H sub-

strates and less acidic phenols, 14

reacts initially via PT with this sub-
strate at low temperature. The subsequent electron transfer is observed
only upon warming to 0 °C, resulting in the formation of 3*¢ (Figure
2C), indicating a slower net rate of product formation. We note that we
are not able to observe the final organic phenoxy radical presumably
formed upon net H-atom transfer, although this is perhaps unsurpris-
ing as similar phenoxy radicals have been reported to undergo dimeri-
zation in solution.*® Gas Chromatography/Mass Spectrometry analysis
of the reaction mixtures supports the formation of dimerized phenoxy
radicals for the 4-H and 4-NO: substituted phenols (Figures $34 and
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Figure 2. UV-vis traces of phenol substrates with 144 in THF. A)
2,4,6-(tBu);CsH.OH at —100 °C showing a concerted mechanism.
B) 4-CO:Me-2,6-(tBu).CsH.OH at —100°C showing only PT. C)

Warming of B) to 0 °C showing ET. Gray traces show interme-
diate time point spectra.

§35). The clear suggestion from these studies is that a substrate de-

pendent mechanistic switch is observed for more acidic phenols.

Kinetic Trends with Thermodynamic Parameters

This clear mechanistic switch prompted us to examine trends be-
tween In(kobs)RT calculated for phenol O-H activation and various
thermodynamic parameters, akin to our analysis with C—H substrates
above (Table 1). As with the C-H substrates, not all of the parameters
of interest (oxidation potential and pK.) have reliable literature values
reported for all of the tested substrates and thus we again used DFT
calculations to estimate the free energies of CPET, PT1, and ET2. As
above, comparison between computed and experimental values shows
a good correlation (Figures $23-25).

Initial comparison between the rate constants (adjusted for the tem-
perature of reaction) and the free energies of net H-atom transfer,
AGcrer, shows no clear correlation (Figure 3A). While a general trend
of smaller In(kebs)RT values for less exergonic reactions is observed for
the substrates that display concerted reactivity, as is typical for phenol
substrates, the linear fit has an extremely shallow slope of ~0.03. Simi-
larly unconvincing trends are observed with the asynchronicity param-
eter, n (a measure of the imbalanced nature of the transition state,
Figure S28), despite clear correlations being observed previously for
the C—H activation reactivity of 1®*5” The substrates that are observed
to follow a stepwise PT pathway also do not display any easily inter-
pretable correlation with AGcrer or 7, however they do give a better
linear correlation with AGery, as expected (Figure 3B). Still, we note
an anomalously small slope of 0.01 even with this expected trend. In
contrast, the CPET substrates do not display any interpretable correla-
tion with AGer1. The origin of the unclear and shallow correlations in
these data is not immediately apparent. It is possible that cross-
correlations between the energetics of CPET and PT, significant tun-
neling effects as we have observed with C—H substrates, hydrogen
bonding effects, or some combination of these factors convolute reac-
tivity trends.®® Despite the complicated trends between the observed
kinetics and computed thermodynamic parameters, there are several
key conclusions that can be drawn from this data.

Firstly, the correlation between kobspr for the stepwise substrates and
AGpr1 can be used to assess the possible agency of similar stepwise
PTET mechanisms for the apparently concerted substrates. Extrapola-
tion of this trend to the AGpr: values for the concerted substrates pro-
vides a “ceiling” for the maximum expected kobspr for such a process
(see SI). While some substrates lie near or below this line, the OMe
substituted phenol is clearly above this line, demonstrating that for this

Table 1. Thermodynamic and Kinetic Data for the Reaction
of 144 with 4-X-2,6-di(fert-butylphenols.

X AGcper AGpri f In(kobs)RT*

OMe -10.42 8.20 -52.3 —1.29(6)
Me —6.92 5.21 -59.2 —1.43(9)
Bu ~6.06 5.44 ~60.1 ~1.4(1)
H 427 458 ~64.1 ~1.5(1)

_ _ -1.45(2) (PT)

Br 4.96 1.30 65.4 ~2.1(1) (ET)

_ _ _ —1.4(1) (PT)

CO,Me 2.03 3.87 74.8 ~6.5(5) (ET)

NO, 0.52 —11.14 —85.1 —1.3(1) (PT)

Units for all values in kcal/mol. “CPET reaction between 144
and 10 equivalents of phenol substrate at —100 °C unless oth-
erwise noted. Stepwise substrates (X = Br, CO2Me, and NO2)
have both the In(kobs)RT values for initial PT (with the same
conditions as the concerted substrates) as well as the
In(kobs)RT values for ET (reaction between 244 and 10 equiva-
lents of phenolate, extrapolated to —100 °C with an Arrhenius
analysis) reported. Note that the kobs for ET for X = NO2 was
not determined.
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Figure 3. In(kobs)RT for the reaction between 14%and 10 equiv. of
a substituted phenol plotted vs. A) the free energies for CPET and
B) the free energies for PT1. In A) The Y-axis has a break from
—2.5 to —6. Error bars indicate the standard error of the mean
from multiple trials. Solid red circles indicate PT rates, hollow red
circles indicate ET rates, and solid black spheres indicate PCET
rates, as determined from UV-vis analysis as discussed and shown
in Figure 2. In B) the gray dashed line delineates a crossover be-
tween stepwise and concerted reactivity and the red dashed line
shows an extrapolation of the expected In(kobs)RT values if were
able to observe only PT for all substrates, illustrating the maxi-
mum expected In(kobs)RT values for stepwise PTET mechanisms
(see discussion in SI). The kobs values used to determine
In(kobs)RT for the stepwise (red) substrates are for PT1 to generate
244 and the corresponding phenoxide and the kobs values used to
determine In(kobs)RT for the concerted (black) substrates are for
CPET to generate 349 and the corresponding phenoxyl radical.

substrate, and likely all the concerted substrates, a stepwise mechanism
is not viable. This clearly supports the agency of a concerted mecha-
nism in these reactions, a conclusion which is supported by data for the
rates of ET reactivity with the stepwise phenols (see below).

The second conclusion is a thermodynamic “crossover” point be-
tween stepwise and concerted substrates. While plots of In(kobs)RT vs.
AGcrer and 7 do not have a clear delineation between these mechanis-
tic regimes, the plot of In(kobs)RT vs. AGeri shows a break at ~+2
kcal/mol. As mentioned above, while the relative trend with AGor is

reliable, it is likely that there is some systematic error in the DFT-
computed values of AGrr1. Thus, this break point can be crudely ap-
proximated as thermoneutral. This observation is somewhat intuitive:
substrates which adopt a stepwise mechanism are those for which the
PT1 intermediate is thermodynamically favorable. This also serves as a
simple metric for determining whether a given PCET reaction will
likely proceed through a stepwise or concerted mechanism in this sys-
tem. A roughly thermoneutral breakpoint between concerted and
stepwise reactivity has also been proposed for basic Mn-oxo complexes
and oxidizing Cr-oxo complexes.®*°

The last major conclusion relies upon comparing the overall step-
wise versus concerted rates. The stepwise nature with some substrates
provides the ability to investigate the relative rates of the fundamental
PT1, ET2, and unified CPET steps in more detail. Specifically, we were
interested in comparing rate-limiting kobser of the stepwise process to
kobscrer of the concerted phenol substrates. We measured the pseudo-
first order rate constant for the reaction between independently pre-
pared 224 and 10 equivalents of [TBA][4-CO.Me-2,6-(‘Bu)>CsHO]
(TBA = tetrabutylammonium) at varying temperatures (Figures S16-
S18 and Table S4). An Arrhenius fit suggests that kbser at =100 °C is
very small, ~10-® s-! (Figure S$19). Importantly, this rate constant is
many orders of magnitude smaller than any of the kobscrer values
measured for the concerted phenol substrates at the same temperature
(see below, Table 1). We have also analyzed the reaction of 249 with 10
equivalents of [TBA][4-Br-2,6-(‘Bu).CsH.O] (Figure $20, Table
$4). While this data quality is somewhat poorer, we can estimate a rate
constant of ~107% s~! for this ET reaction at —100 °C, which is also
significantly smaller than kebsceer for any of the concerted substrates.
This suggests that stepwise mechanisms are overall slower than con-
certed reactions with similar driving forces for net H-atom transfer.
This likely arises from a slow ET step which implies a large reorganiza-
tion energy. Such a large reorganization energy might be expected for a
change from low-spin Co(III) to high-spin Co(II), and DFT calcula-
tions support this hypothesis with an estimated energy of 43 kcal/mol
(Table S6). As a final note, the relative trend in ET rates further ex-
cludes stepwise PTET reactivity for the concerted substrates. Using
extrapolated PT and ET rates from the stepwise reactions suggests that
a PTET mechanism should be several orders of magnitude slower than
the observed rates for the concerted phenols (see Table S5).

The slow observed ET rates allow for an illustrative comparison be-
tween 4-Br-2,6-("Bu).CsH20H and 2,6-(‘Bu)C¢H2OH. These two
substrates have very similar (within ~1 kcal/mol) driving forces for
CPET as well as asynchronicity values (Table 1). Despite this similari-
ty, the kobs,crer or kobser rates for net H-atom transfer are very different
between the two substrates, roughly an order of magnitude slower for
the Br-substituted phenol. This observation is noteworthy as, despite a
slightly smaller computed driving force, the concerted substrate reacts
significantly faster. Thus, in thinking of design parameters for rapid H-
atom abstraction, concerted reactivity seems to be beneficial.>* Fur-
thermore, systems with imbalanced thermodynamic driving forces
should realize their fastest net H-atom transfer rates up until the point
where stepwise PT or ET reactivity becomes thermodynamically favor-
able. At this point, a crossover to stepwise reactivity may be expected to
slow rates as the system becomes trapped in an intermediate state.

This conclusion is somewhat different than observations for other
PCET systems with concerted or stepwise reactivity, particularly in

71 In

multi-site electrochemical or photochemically driven systems.
these systems, mechanistic crossover to stepwise reactivity is also ob-
served for larger driving forces of separate proton transfer and electron

transfer (i.e. smaller AGpr1 or AGer2). However, this stepwise reactivi-



ty is noted to be faster, not slower, than a concerted mechanism. One
key difference to note between these examples and our system is that in

144, variations in PT energetics are typi-

synthetic complexes, such as
cally compensated by similar and counteracting changes in ET energet-
ics. This leads to the overall driving forces for net CPET being relative-
ly constant, i.e. alower AGrr: typically correlates to less negative AGer,
and therefore a similar AGcper. For comparison, in multi-site PCET
systems with electrochemical, and in some cases photochemical, driv-
ing forces, changing the base does not affect the thermodynamics of
ET, and instead the overall driving force changes, i.e. A lower AGrr1 has
no bearing on AGer2 and therefore directly impacts AGceer. This pre-
vents the stepwise intermediates from becoming a thermodynamic
well. Thus, these different approaches probe the effect of thermody-
namic parameters in different contexts. Regardless, all of these systems
provide useful information for how different thermodynamic parame-
ters can influence PCET reactivity, and further studies will be required
for a holistic model in this evolving area.

CONCLUSION

We have investigated the H-atom abstraction reactivity of a highly
basic Co-oxo complex. Reactivity with C—H substrates is consistent
with prior findings of imbalanced or asynchronous CPET reactivity,
with a more pronounced effect of AGpr: attributed to the enhanced
basicity of this oxo complex. Investigation of more acidic phenol sub-
strates reveals a mechanistic crossover from CPET to stepwise PTET
reactivity. Such mechanistic crossover is rare in molecular PCET reac-
tions and provides the opportunity to investigate how the individual
PT, ET, and CPET thermodynamics govern reaction pathways.

An analysis of these thermodynamics reveals that the determining
factor governing mechanistic crossover in this case is AGeri, where a
mechanistic switch occurs when PT1 becomes thermodynamically
favorable. Furthermore, kinetic analysis of the individual PT1 and ET2
steps verifies a concerted mechanism for the apparently concerted
substrates and goes further to suggest that concerted mechanisms have
faster overall rates than stepwise mechanisms for similar driving forces.
These findings suggest an optimal thermodynamic paradigm for fast H-
atom transfer reactivity, at least for imbalanced or asynchronous sys-
tems. Imbalanced reactions will be accelerated as the thermodynamics
of stepwise intermediates become increasingly favorable. However, this
gain in rate only occurs up to the point where the formation of stepwise
intermediates becomes exergonic. At this point, stepwise mechanisms
can occur and trap the system in an intermediate state, which slows
down net PCET reactivity. This emergent mechanistic picture has
implications for the design of more rapid and selective PCET reactions,
namely suggesting that the fastest rates will be realized with low-lying
stepwise intermediates, as long as the formation of those stepwise in-
termediates is not energetically downhill.

EXPERIMENTAL SECTION

Materials and Instrumentation

All manipulations were performed under a dry nitrogen atmosphere
using either standard Schlenk techniques or in an mBraun Unilab Pro
glove box unless otherwise stated. All chemicals were obtained from
commercial sources and used as received unless otherwise stated. Sol-
vents were dried on a solvent purification system from Pure Process
Technologies and passed through a column of activated alumina before
storing over 4 A molecular sieves under Na. Diethyl ether and tetrahy-
drofuran (THF) were stirred over NaK alloy and passed through a
column of activated alumina prior to storing over 4 A sieves under Na.
The substituted phenylfluorenes, and 3-phenylindene as well as com-

pounds 1-3 were prepared according to literature procedures.’”?!

HNEt;BF, was synthesized by stirring equimolar HBF4¢EtO and NEt;
(500 mg) in Et,O for 1 h. The reaction mixture was then concentrated
in vacuo and the product was obtained as a white solid. Tetrabu-
tylammonium phenolate salts were generated by adding tetrabu-
tylammonium hydroxide (in methanol) to a solution of the substituted
phenol (2 mmol) in benzene. The corresponding phenolate salt was
then concentrated in vacuo and isolated. "H NMR of these reaction
mixtures confirms consumption of the starting material through disap-
pearance of the phenolic proton peak. UV-vis spectra were recorded on
a Thermo Scientific Evolution 300 spectrometer with the VISIONpro
software suite. A standard 1 cm quartz cuvette with an air-tight screw
cap equipped with a puncturable septum was used for all measure-
ments. A Unisoku CoolSpek cryostat was used for low temperature
measurements. All kinetic traces were fit to the following equation: A =
Aun + (Ao - Aing)*exp(-kt), where A; is absorbance at time #, Ainf is the
absorbance of the products at infinite time, Ao is the initial absorbance
of the reactants, k is the rate constant, and t is time in seconds. Errors
are reported as the standard errors of the mean, except for ker2 extrapo-
lations for stepwise substituted phenols, which are reported as standard
errors. '"H NMR spectra were recorded using either Bruker DRX-400
or AVANCE-500 spectrometers and referenced to residual solvent
peaks. Gas chromatography/mass spectrometry (GC/MS) data were
collected on an Agilent SQ GC/MS with 5977A single quad MS and
7890B GC.

Density Functional Theory (DFT) Calculations
DFT calculations for the ground state energies of the C-H and O-H

substrates were performed using the def2/SVP basis set and O3LYP
functional on all atoms.**®® For calculations of the ground state ener-
gies of compounds 1-3, the def2/SVP basis set and O3LYP functional
was used except for Co, O, N and carbene C’s where def2/TZVVP was
used. All computations were carried out with the RIJCOSX approxima-
tion and a COSMO THE solvent correction with the ORCA program
package (version 4.2.0).®* Numerical frequency calculations were
performed verify the optimized geometries were true minima and to
obtain the free energies of all compounds. The Gibbs free enthalpy was
used for all G values, defined as the total enthalpy (zero-point, elec-
tronic, vibrational, rotational, and translational components) less the
total entropy correction (electronic, vibrational, rotational, and transla-
tional components). As defined in Scheme 2, AGcper, AGeri, AGera
and 7 values were calculated using the following equations:

AGceper = Guvon + Ge- — Gu=o - Gen~ (2),

AGrr1 = Gmonr + Ge- — Gu=o - Gen (3),

AGer = Gmo- + GeHe — Gu=o — Gen - (4),

N = Gmon+ + Ge:- = Gmo- — Ge-H+. (5),
where Gu=o is the calculated free energy of the Co-oxo com-
plex, and Gc-n is the calculated free energy of the substrate.62
All other free energies are defined analogously.

Kinetic Measurement Procedures
General Experimental Procedure for C-H Substrate Kinetics

To a screw-top cuvette equipped with a stirbar was added 2.0 mL of
a 1.25 mM solution of 144 in THF in the glovebox. The cuvette was
sealed and brought out of the glovebox. The cuvette was then trans-
ferred to a Unisoku cryostat, with positive Ar gas flow. At room tem-
perature, SO equiv. substrate dissolved in THF (100 pL) was injected
through the septum, and the reaction was monitored by UV-vis spec-
troscopy (with stirring) for approximately 3 half-lives. Single wave-
length monitoring at 720 nm was used for 3-phenylindene (0.5 s inter-



vals). Full wavelength (300-1100 nm) monitoring was used for fluo-
rene (3 min intervals). For indene, the region between 300 and 800 nm
was scanned (30 s intervals). The absorbance data at 470 nm were used
to generate the fit to the kinetic data to determine the observed rate
constant. Three trials were carried out for each substrate and the rate
constants averaged.

General Experimental Procedure for O—H Substrate CPET and PT Kinet-
ics

To a screw-top cuvette equipped with a stirbar was added 2.0 mL of
a 1.25 mM solution of 144 in THF in the glovebox. The cuvette was
sealed and brought out of the glovebox. The cuvette was then trans-
ferred to a Unisoku cryostat, with positive Ar gas flow. The cryostat was
cooled to ~100 °C, and 10 equiv. 4-X-2,6-di(tert-butyl)phenol sub-
strate (X = H, Me, OMe, '‘Bu, CO>Me, Br, NO>) dissolved in THF
(100 pL) was injected through the septum, and the reaction was moni-
tored by UV-vis spectroscopy (with stirring) at 720 nm for three half-
lives with data recorded (1 second intervals). The absorbance data at
720 nm were used to generate the fit to the kinetic data to determine
the observed rate constant. Three trials were carried out for each sub-
strate and the rate constants averaged.

General Experimental Procedure for O-H Substrate ET Kinetics

To a screw-top cuvette equipped with a stirbar was added 2.0 mL of
a 1.25 mM solution of 144 in THF in the glovebox. The cuvette was
sealed and brought out of the glovebox. The cuvette was then trans-
ferred to a Unisoku cryostat, with positive Ar gas flow. The cryostat was
cooled to —100 °C, then 1.5 equiv. HNEt;BF4 as a solution in MeCN
(100 pL) was injected through the septum, and the reaction to form
24 was monitored by UV-vis spectroscopy. After § minutes, the cryo-
stat was set to the temperature of interest (T = 0 °C, 5 °C, and 10 °C
for X = CO:Me; T = -90 °C, -85 °C and —-80°C for X = Br) and allowed
to equilibrate for 15 minutes before 10 equiv. of TBA 4-X-2,6-di-tert-
butylphenolate was added as a solution in THF (X = Br, CO;Me). The
reaction was monitored by UV-vis spectroscopy (with stirring) at 720
nm for approximately 3 half-lives (1, S or 20 second intervals). The
absorbance data at 720 nm were used to generate the fit to the kinetic
data to determine the observed rate constant. Three trials were carried
out at § °C for X = CO:Me, while the other substrate/temperature
conditions were run once. The average rate constant obtained at 5 °C
for X = CO:Me was assumed to be representative of the error at other
temperatures for that substrate. The variable temperature data were
subsequently fit using the Arrhenius equation to determine the ex-
pected rate constants at =100 °C.
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