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There has been recent interest about how the rates of concerted
proton electron transfer (CPET) are affected by the thermodynamic
parameters of intermediates from stepwise PT or ET reactions.
Semiclassical arguments have been used to explain these trends
despite the importance of quantum mechanical tunneling in CPET
reactions. Here we report variable temperature kinetic isotope
effect (KIE) data for the reactivity of a terminal Co-oxo complex
with C-H bonds. The KIEs for the oxidation of both 9,10-
dihydroanthracene (DHA) and fluorene have significant tunneling
contributions and fluorene has a largely temperature-insensitive
KIE which is inconsistent with semiclassical models. These findings
support recent calls for a more detailed understanding of tunneling
effects in thermodynamically imbalanced CPET reactions.

The activation of C-H bonds by transition metal-oxo complexes
is a central reaction in biological and synthetic systems.* It
can be viewed as a subset of concerted proton electron transfer
(CPET) reactions in which an electron in the C-H bond is
transferred to the metal and the proton is transferred to an
oxo ligand. The broad interest in transition metal-oxo reactivity,
and CPET reactions more generally, has motivated a wide array
of experimental and theoretical studies to better understand
C-H activation by transition metal-oxo complexes.

Recently, there has been substantial discussion around
asynchronous or imbalanced CPET where the thermodynamic
energy of transferring either only an electron or a proton to
generate formally stepwise electron transfer (ET) or proton
transfer (PT) intermediates has a large influence on the rate
of a concerted reaction (Scheme 1, top). There is building
experimental evidence attesting to the importance of ET and
PT free energies in CPET reactions,”™ but the substantial
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Scheme 1 Top: Square scheme depicting imbalanced CPET. Bottom:
Compounds and reactions discussed in this work.

quantum tunneling known to occur in CPET reactions has
raised questions about whether or not the physical underpin-
nings of these trends is properly understood.">™"” Specifically,
most free energy trends are couched in a semiclassical frame-
work, whereas tunneling in CPET reactions is a fundamentally
nonclassical quantum phenomenon.

To better understand the intersection of proton tunneling
and asynchronous CPET reactivity, we used variable tempera-
ture kinetic isotope effect (VI-KIE) studies to evaluate the
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nature of proton tunneling in the reactivity of a terminal Co-oxo
complex which displays imbalanced reactivity with C-H bonds
(Scheme 1, bottom).® We find significant tunneling with 9,10-
dihydroanthracene (DHA) and even more so with fluorene. These
observations demonstrate that proton tunneling must be treated
as an inherent feature, and not a correction to, physical models of
imbalanced CPET reactivity. They further motivate theoretical
studies aimed at reconciling quantum mechanical tunneling
with more classical free energy relationships.

Reactivity trends in CPET, including imbalanced or asyn-
chronous CPET, are often explained by evoking textbook
structure-reactivity relationships, such as the influence of step-
wise intermediates invoked in More-O’Ferrall-Jenks plots.'® Such
analyses are based on a semiclassical view of the transferring
proton, which is pictured in the transition state as localized
midway across the reaction coordinate. Tunnelling effects can be
added as a small correction in this semiclassical framework,"**°
but are fundamentally treated as a secondary perturbative effect.
In contrast, modern theoretical treatments of CPET reactions
stress the importance of treating the transferring proton as a
quantum mechanical particle.>’* In these theories, the entire
H-atom directly tunnels from a vibronic state localized on the
reactant to a vibronic state localized on the product. The proton
is treated with a quantum mechanical wavefunction that is never
localized halfway across the reaction coordinate. While this
theory is firmly established, experimental investigations into
the nature of proton tunneling are more limited. Variable tem-
perature kinetic isotope effect (VI-KIE) experiments are the most
rigorous way to evaluate tunneling reactivity and have revealed
that tunneling is highly optimized in enzymatic reactivity.**?
However, there have been comparably few studies on the tem-
perature dependence of kinetic isotope effects in molecular
systems, particularly with transition metal-oxo complexes.

VT-KIE studies inform on tunneling by breaking the KIE
down into effects on the activation energy (E,) and the Arrhe-
nius prefactor (A)."®**** Analogous to rate constants, a plot of
In(KIE) against 1/RT is expected to be linear. The slope, E,(D) —
E,(H), gives the isotope effect on E,. The intercept, In(An/Ap),
gives the isotope effect on A. In semiclassical treatments KIEs
are interpreted as the loss of zero-point energy in the transition
state. This creates an isotope effect on E, (slope), with minimal
effect on A (intercept). Based on the frequencies of typical C-H
and C-D bonds, this loss of zero-point energy can explain a
value of E,(D) — E,(H) as high as ~1.4 kcal mol™ ', which
corresponds to a KIE of ~10 at room temperature. Proton
tunneling is expected to increase the magnitude of ky and
decrease its temperature dependence. This would result in
larger KIEs and an extrapolated intercept of In(Ax/Ap) much
less than 0. Therefore, the traditional markers of substantial
tunneling effects assayed via variable temperature KIE mea-
surements have been observation of a KIE greater than 10, of a
slope E,(D) — E,(H) greater than 1.4 kcal mol !, or of an
intercept In(Ay/Ap) less than —0.7.°

The above scenario considers significant tunneling effects,
but still relies on a semiclassical framework. However, if the
transferring proton is treated as a quantum mechanical particle
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positioned in discrete vibrational energy states, then both H
and D can tunnel extensively during a reaction. Without
complicating factors such as variations in tunneling distance,
this leads to a largely temperature independent KIE, and thus a
small isotope effect on the slope, E,(D) — E,(H).>* Instead, the
isotope effect will primarily manifest as a positive intercept,
In(Ap/Ap). This results in the counter-intuitive scenario where
more extensive tunneling manifests in a smaller slope, gener-
ally smaller KIEs, and the above-mentioned positive intercept.
A significantly positive intercept, above 0.4 as a conservative
value, indicates this most extensive tunneling regime, even with
traditionally small KIE values (<10). Notably, this limiting
regime of extensive tunneling can only be observed through
variable temperature KIE measurements.

With these experimental benchmarks in mind, we measured
the temperature dependent KIEs of PhB(‘Bulm);Co™O (CoO)
reacting with both fluorene and DHA (Scheme 1, Fig. 1, and
Table 1). We measured KIEs for fluorene oxidation by competition,
analyzing the deuteration of the dimerized radical product
(bifluorenyl) from reactions with d;-fluorene (intramolecular KIEs)
and with 50% d,-fluorene/50% d,-fluorene (intermolecular KIEs).
This allowed us to determine both the primary and secondary KIEs
for this reaction. In contrast, the KIEs from the reaction of CoO
with DHA were too large for analysis via product composition;
instead, we measured the KIEs by separately measuring ky and kp
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Fig. 1 Plots of In(KIE) vs. 1/RT for the reactions of CoO with fluorene and
DHA and the corresponding linear fits. The cyan colored data point at
263 K for DHA had kp determined via initial rates. This data point is graphed
to demonstrate consistency with the other data points, but not included in
the linear fits to variable temperature. The activation parameters shown for
fluorene are for the primary KIE; the secondary isotope effect has E,(D) —
E4(H) = 0.01(6), In(An/Ap) = 0.1(1). For graphical purposes, the observed and
predicted proton proportions (py) and deuteron proportions (pp) from the
competition data are displayed as KIE ~ pu/pp for intermolecular com-
petition between 1:1 do-fluorene d,-fluorene and as KIE ~ pp/py for
intramolecular competition within d;-fluorene.
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Table 1 Isotope dependence of Arrhenius parameters for various
reactions
Ey(D) — Ey(H)

Reaction Ref. (keal mol ™) In(An/Ap)
CoO + DHA g 3.7(3) —3 3(5)
CoO + Fluorene g 0.28(8) 0.8(2)
TAMLFe'O + EtPh 26 3.3(8) —4(2)
(TMP)*"*Fe"™(0) + BnOH 27 7.0(6) —8(1)
L"MCFe™(MeCN)(0)*" + DHA 28 4.5(5) —5(1)
PiPMer cu'OH + DHA 29 2.9(4) 3(2)
LCu™OH + DHA 29 0.4(2) 3(3)
NLcu™OH + DHA 29 3.6(3) —5.0(7)
(L*cu™),(u-0),2" 30 0.5(7) 2.0(7)

31 1.9(7) —-0.7(1)
(LBCu'™),(u-0),> 31 2.5(7) —1.6(1)
(Tp"Co™),(u-0,)* 32 2.8(7) —2.0(7)
Ru"(bpy);**/H,0 + PhOH 33 1.68(4) —1.40(7)
4-0x0-TEMPO® + TEMPOH" 34 0.3(6) 1.1(6)
9aH-Quinolozine? 35 —0.01(2) 1.64(3)
SLO* 36 0.9(2) 2.9(3)
PHM 37 0.4(3) 1.8(5)

¢ Activation of a ligand C-H bond Two distinct sets of parameters are
reported for this cornpound Values reported in DCM; similar results were
also reported in MeCN. ¢ Sigmatropic rearrangement to 4H-Quinolozine.

¢ Soybean Lipoxygenase-1.7 Peptidylglycine oc—hydroxylatlng monoxogye-
nase. ¢ This work. Where necessary, reported changes in entropy of activa-
tion in e.u. were converted to unitless In(4x/Ap) by multiplication of both
value and error by 0.503; changes in enthalpy of activation were used as
reported for activation energy differences.

for dy,-DHA and d,-DHA, respectively. Data analysis accounted
for the true isotopic composition of the starting substrates (see
ESIt). For completeness, we also performed kinetic measure-
ments for reactivity of CoO with fluorene. Similar magnitudes
were found for most of the KIE values; however, slight curvature
in the variable temperature data arising from experimental
artifacts made it difficult to confidently estimate the slope
In(An/Ap) (see ESIT). Thus, we discuss the values obtained from
the competition experiments.

KIEs for the oxidation of DHA are larger than 10 and have a
temperature dependence significantly steeper than 1.4 kcal mol ™
(Fig. 1). This importantly suggests significant tunneling contribu-
tions in this reaction. It is consistent with either semiclassical
theories with a tunneling correction, or with non-adiabatic rate
theories with extensive tunneling. For instance, the reactivity of
impaired enzymes often displays this behavior, and it is explained
by invoking deuterium being more sensitive to tunneling
distance.” In any case, the KIE data for DHA clearly indicates
there is significant proton tunnelling in the C-H activation
reactions of CoO.

For fluorene, we instead observe a shallow slope and a
significantly positive intercept of 0.8(2) in the plot of In(KIE)
vs. 1/RT. This indicates extensive tunnelling in this reaction,
with proton and deuterium tunnelling being similarly efficient
(Fig. 1). This observation supports that tunnelling is so exten-
sive that semiclassical transition states are not sufficient (see
ESIT). Much like in enzymatic systems, this behaviour can only
be understood if the transferring proton is treated fundamen-
tally as a quantum mechanical particle. This means that factors
more typically thought of in the context of electron transfers,
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such as the effect of tunnelling distance and the reorganization
energy, are central in understanding this reactivity.

The temperature insensitive KIEs for reactions between CoO
and fluorene and the resulting positive value of In(Ay/Ap) are
uncommon in small molecule reactions; however, they are the
norm in enzymatic systems (see Table 1 for a representative
sample of other systems).'®?®”” Within the more specific
context of metal complex mediated C-H activation, the paucity
of data makes it difficult to draw general conclusions regarding
the temperature dependence of KIEs and the importance of
tunneling. Most reported data have negative intercept In(Ay/Ap)
values which suggest tunneling, but are technically still com-
patible with semiclassical theory.

In comparing CoO with other model complexes, our results
are most reminiscent of a series of three copper hydroxide
complexes’ reactivity with DHA.?® Two of these complexes dis-
play negative intercepts (In(4y/Ap) = —3(2) and —5.0(7)) but one
displays a positive intercept (In(Au/Ap) = 3(3)). Similar results
have been reported for bis-p-oxo complexes of copper.®**"3* It is
not immediately apparent why reactivity between CoO and fluor-
ene and some of these copper reactions are more “enzyme-like”
with a positive intercept In(Ay/Ap) whereas reactivity between CoO
and DHA and most small molecule CPET reactions are not;
however, these studies suggest that evidence for tunneling is
perhaps best evaluated in a series of reactions rather than with
just one substrate. As one general conclusion from our study, we
note the need for additional variable temperature KIE data for
molecular model complexes. Notably, many experimental studies
use room temperature KIE values to determine whether tunneling
is important. While room temperature KIE values >10 do man-
date that tunneling is important, our study illustrates that values
<10 can still indicate extensive tunneling.

The second major conclusion we draw is that the experi-
mental evidence for extensive tunneling that we find in the
reactivity of CoO with C-H bonds highlights the need to consider
the quantum mechanical nature of the proton and non-adiabatic
effects when explaining imbalanced reactivity trends in CPET; the
use of semiclassical structure-reactivity relationships is not suffi-
cient. Experimental demonstrations of imbalanced CPET must
therefore be based on factors such as the tunneling distance,
reorganization energy, and vibronic coupling. As an example, two
recent studies found that lower PT energies correlated with shorter
distances between the proton donor and the proton acceptor.*>*°
The experimental data we present here bolsters recent questions
about the compatibility of imbalanced thermodynamic driving
forces with tunneling in CPET reactions."™”

The need to properly address quantum mechanical tunneling
more broadly within studies of transition metal-oxo mediated C-H
activation also raises broader implications. For instance, many
hypotheses regarding the acceleration of C-H activation by transi-
tion metal-oxo complexes have been supported primarily with
DFT-calculated transition states which do not treat the proton as
a quantum particle.>*>*""™ Treating the proton quantum
mechanically could blur the distinction between ¢ and n reaction
pathways for metal-oxo mediated C-H activation. Extensive proton
tunneling also complicates the consideration of spin states in
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metal oxo reactivity, as tunneling may circumvent spin-forbidden
transitions.

In sum, we find that significant tunneling is present in the
imbalanced CPET reactivity of CoO via variable temperature
KIE measurements. This experimentally supports recent calls to
rationalize imbalanced CPET reactions with quantum mechan-
ical proton tunnelling. Furthermore, this underscores the need
for additional variable temperature KIE data and analysis on
model complexes for CPET. More work is needed, both from
theoretical and experimental chemists, to fully understand the
role of tunneling in the reactivity of transition metal-oxo
complexes.
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