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Previous experimental results revealed that the C-H bond activation

reaction by a synthetic trans-dioxo MnY porphyrin complex,
[(TFaTMAP)OMNVO]*, does not occur via the well-known oxygen rebound
mechanism, which has been well demonstrated in FeVO porphyrin n-
cation radical reactions. In the present study, theoretical calculations offer
an explanation through the energetics involved in the C-H bond activation

reaction, where a multi-spin state scenario cannot be excluded.

High-valent metal-oxo species highly  reactive
intermediates capable of abstracting hydrogen atoms in C-H
bond activation reactions by enzymes and their biomimetic
compounds.’”” C-H bond activation mechanisms have been
extensively investigated in cytochromes P450 enzymes and
iron porphyrin models, especially using synthetic iron(IV)-oxo
porphyrin m-cation radicals (Compound 1), thereby proposing
the so-called “oxygen rebound mechanism (ORM)” (Scheme
1A, pathway b).8-11 Although the ORM has been widely
accepted in alkane hydroxylation reactions by high-valent
metal-oxo species over the several decades, the ORM has been
challenged recently in the C-H bond activation of hydrocarbons
by nonheme metal-oxo complexes.12-17 |n the latter reactions,
the energy barrier for the oxygen rebound step between the
metal-hydroxo species and the carbon radical is proposed to
be higher than that for the escape of the carbon radical from
the cage; recent experimental and computational results
demonstrate that the C-H bond activation of hydrocarbons by
nonheme metal-oxo species occurs via the oxygen non-
rebound mechanism (ONRM) (Scheme 1A, pathway c).12°17
However, the ORM versus ONRM has been discussed rarely in
metalloporphyrin systems in a systematic way.

Compared to the iron(lV)-oxo porphyrin m-cation radical
species, the chemistry of synthetic high-valent manganese(V)-
oxo porphyrin species has been less clearly understood in
oxidation reactions.’® In the manganese porphyrin systems,
trans-dioxo MnV porphyrin species (OMnVYO) has been
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A. Oxygen rebound versus oxygen non-rebound mechanisms.
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B. H-atom abstraction by a trans-dioxo Mn(V) porphyrin complex.
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Scheme 1 (A) ORM (b) versus ONRM (c) pathways after hydrogen atom abstraction b a
metal-oxo species (a) occurs. (B) ONRM in the hydrocarbon C-H bond activation by «
trans-dioxo MnV porphyrin species.

proposed as a potential catalyst that has shown to be reactive
reactions.1%20  While the (OMr" ,
complex was fully characterized relatively recently,’® earlie,
studies have postulated it coexisting with its protonated forms,
(HOMNVY0) and (H,OMnV0), depending on the solution pHs.21.??
energetics of

in substrate oxidation

The these species were also studie

Fig. 1 The catalyst used in the current study, [(TF,TMAP)OMnV0]3* (1, TF,TMAP = mes. -
tetrakis(2,3,5,6-tetrafluoro-N,N,N-trimethyl-4-aniliniumyl)porphyrinato dianion).
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theoretically,232* and it was shown to involve spin state
changes when it comes to simple oxygen transfer reactions to
a free Br ion by (H,OMnVY0).23 Indeed, early experimental
studies indicated that MnVO porphyrin species may react
through spin inversion, depending on ligands.2> For our part,
we have previously shown experimentally that the (OMnVO)
species can perform hydride transfer reactions.26 This reaction,
possibly being performed by the (OMnYOH) species after
protonation by solvent, was shown to do a proton-coupled
electron transfer reaction, followed by an electron transfer.26
Subsequent work also showed that a (OMnYO) porphyrin
complex, [(TFaTMAP)OMnNVO]3* (1, Fig. 1), performed weak C-H
bond activation reactions, but not strong C-H bond activations,
as this may require protonation.’® The Mn product formed in
the weak C-H bond activation reactions was shown to be
[(TF,TMAP)OMN'VOH]3* (Scheme 1B).27 This indicates that the
Mn complex was dissociated from the cage without
recombining to the carbon radical (Scheme 1A, pathway b vs.
c); it is consistent with a dissociation mechanism that we have
shown recently for nonheme Fe'VO, FeVO, Mn'VO, Cr'VO and
RuVO cases.2812-17 Herein, we attempt to describe this
particular reaction in detail by theoretical Such
calculations are not as trivial as it might seem, and we outline
below some important aspects that has not been considered in
other theoretical studies. We also gain some additional
understanding of the structure and function of (OMnNVO)
species that are not easily obtained by experimental methods.

To calibrate the calculations, we have compared the
different spin states of 1. We first used the B3LYP functional
(B3LYP/Def2-TZVPP//LACVP, see methods section in ESI) as
previous experiences with it in heme systems are very good.!
Using a truncated model (for calibration purposes only) with H
atoms replacing the four meso substituents, the calculations
yielded the S = 0 (singlet) spin state as the ground state, 7.7
and 10.6 kcal/mol lower than the S = 1 (triplet) and S = 2
(quintet) states, respectively. Description of the valence
orbitals have been discussed in the literature for trans-dioxo
metal porphyrin species,?® which can be applied to the OMnO
case as well. The singlet state was found to be a closed shell
species with the & orbital as HOMO (Fig. 2). The two Mn-O
distances were found to be symmetrical at 1.65 A each.

The lowest triplet state has a (my?, m;2, 8% m*% m*,°
configuration. However, the one electron occupancy of the
n*y, orbital breaks the symmetry of the electron distribution,
and one Mn-O bond length is now clearly longer than the
other (1.72 vs. 1.95 A). This results in uneven orbital mixing
between the p orbitals of the two oxygens and the d orbitals of
the metal, departing from the simplistic and symmetric view in
Fig. 2. Many more electron configuration possibilities are now
created, and several higher energy configurations are readily
obtained by calculations as well (ESI, Table S1). Thus, we found
it imperative to perform a detailed analysis of the obtained
wave function whenever the triplet state was involved in every
stage of the calculations, to ensure that the electron
configuration is the lowest energy one.

The quintet state features a (2, m,% 8% m*% 1*,%)
configuration. Notably, the lack of a singly occupied porphyrin

means.
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Fig. 2 Five valence orbitals of trans-dioxo metal species that are of interest in the
current study. The black+grey+blue arrow combination represent the electron
configuration for the singlet trans-dioxo OMnYO species. The black+grey ...

combination represent the energetically lowest triplet state, and the black+red+wh. »
combination the lowest quintet state. Other higher energy configurations are quite
easily obtained computationally, requiring careful analysis of the output. In ma y
configurations, the both Mn-O bond lengths are not the same, causing less symmetricc

orbital hybridisation.

ligand a,, orbital even in this configuration shows that tF s
orbital is unlikely to play a role in the trans-dioxo M..
chemistry, unlike for instance in Compound | in P450. Als .
here, an alternative high energy configuration was found tha.
was discarded after analysis (ESI, Table S1).

The singlet state as the ground state has been verifiec
experimentally?’” and is also in agreement with two othr .
computational studies.?324 However, these studies put thc
singlet-triplet state energy difference significantly higher thar
7.7 kcal/mol as in the current case. One study put the _, '~
state energy difference to 21.3 kcal/mol using the PW91PW91
functional (within the Car-Parrinello scheme),23 while the other
calculated this difference to be at 25.5 kcal/mol using the BL\ ~
functional.2* Thus, to verify this large functional dependenc ,
we performed single-point calculations with differel..
functionals on the B3LYP obtained geometry (X/Def”
TZVPP//B3LYP/LACVP, where X is the functional tested). Tk
calculations verified that all of the tested functionals yie'"
significantly higher energy difference than B3LYP (ESI, Tabl~
S2). This may have consequences for the two-spin sta >
reactivity as discussed later (vide infra). For now, we present in
this study energy values from B3LYP/Def2-TZVPP//LA VP
calculations, as detailed in ESI, Methods section.

We then investigated the C-H bond activation reaction ¢~
xanthene by 1 (including the meso substituents). The startin
singlet ground state (i.e., reference point 1, RP1, Fig. 3) leac.-
to a transition state 17.0 kcal/mol higher than RP1. The
resulting (OMnVOH) intermediate together with the substra: »
radical rests at 15.4 kcal/mol below RP1. In comparison, the
triplet state starts the reaction at 9.5 kcal/mol above RP1, bt
the transition state is lower than the singlet state, at 13.4

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Energy profile of the C-H activation reaction of xanthene by 1 in different spin
states. The singlet state (@, black, short dashed line) is the ground state at the
beginning of the reaction, but has the third highest energy barrier of the spin states
studied here, surpassing even that of the quintet state (&, blue, long dashed line) at
TS1. The lowest energy barrier is found by one of the triplet states (®, green, solid
line), while an alternative triplet spin configuration (X, red, dotted line, “(x)") is
consistently higher in energy.

kcal/mol. Hence, a spin state change before the transition
state would allow the reaction to utilize a 3.6 kcal/mol lower
barrier than a spin-conserved singlet pathway. Moreover, at
the intermediate state, the triplet is clearly more favourable at
-22.9 kcal/mol relative to RP1. Hence, while we do not know
the spin-orbit coupling matrix for the system, which is required
to predict how facile the spin state change occurs, there are
incentives for the reaction to spin-flip at any point of the
reaction before the Indeed, our
minimum energy crossing point (MECP) search resulted in
structures both before (at 10.8 kcal/mol) and near the
transition state (16.3 kcal/mol), see ESI Table S4, where spin
crossing could occur. As a comparison, we also used one of the

intermediate formation.

high energy triplets (“x”) to perform the reaction. This resulted
in a consistently higher energy than the other triplet state,
showing that care must be taken in choosing the right triplet
for calculations. The quintet state exhibits a low transition
state barrier as well (15.8 kcal/mol), thus being a contender to
mediating the reaction, if an initial double spin flip can occur.
Going beyond the initial C-H activation reaction, the
competition between a P450-type ORM versus a dissociative
ONRM was investigated by comparing the rebound barrier
versus the dissociation energy of the substrate radical (Fig. 4).
Setting the reference point as the triplet intermediate
structure (RP2), the ORM features a barrier of 24.5, 14.5 and
15.5 kcal/mol relative to RP2 for the singlet, triplet and
quintet, respectively. Such high barriers would have most likely
rendered this step as rate-limiting, which is not supported by
KIE measurements.?’ state,
substrate radical is considered to have dissociated out of the
cage, is in contrast 7.9, 0.7 and 0.7 kcal/mol above RP2 for the
singlet, triplet and quintet states, respectively. Hence, the
calculations clearly favour ONRM in this reaction, which is
consistent with the experimental

The dissociated where the

results.?” It is also in

This journal is © The Royal Society of Chemistry 20xx

Reaction coordinate
Fig. 4 Starting from the Intermediate stage, substrate dissociation (going left) require
much less energy than performing the rebound reaction (going right) when rec =
[(TF,TMAP)OMnYOH]?** with xanthene radical, in all the spin states. A dissociation
reaction is therefore suggested, with ensuing secondary reactions that leads tc
than 50% hydroxylated products as proposed earlier.2812-17

agreement with the postulation that ORM is slow with struir,
donor axial ligands (i.e. =0, vide infra).18

We are now ready to discuss the question of functiona'.
versus multi-spin state reactions. As stated before, use ¢~
alternative functionals yield very high triplet energies at ** -
reactant state (ESI, Table S1). On one hand, these highe-
energies according to the other functionals would make th »
singlet to triplet excitation impossible, and the reaction would
occur on the singlet surface. The high-spin bias of B3LYP is we |
known, which seems to be manifested here, and this could be
one of the uncommon cases where B3LYP fails spectacularl .
On the other hand, B3LYP has worked well for heme systems
in the past,’! and the fact that the triplet state is lower 1
energy at the intermediate state (verified by experiment?’ as
well as with the tested functionals, ESI Table S3) means t-
the system probably changes its spin state somewhere aloi,
the reaction pathway anyway. In a theoretical study, it was
indeed found with B3LYP that a spin state change should occu~
in related corrolazine-MnVO species as long as the correct
triplet electron configuration is calculated.3%31 This two-sp.1
state reactivity with two electron displacements are akin to
what has been proposed in a number of papers regardir 2
metal-oxo reactions, and indeed shown recently in a combine a
experimental and theoretical work in FeVO systems.32 A,
experiments cannot confirm exactly how much higher 7.
energy the triplet is at the reactant state, we regard this issu.
somewhat unresolved until ab initio calculations ‘e
performed on this system. Hence, we merely observe th. ! if
B3LYP is reliable, a spin crossing before the TS should be a
substantial possibility. Nevertheless, this issue does not alti «
the conclusion that the ONRM occurs in the present stud .
Moreover, the results also support that 1 is not complete.,
inactive but it is within possibility that it can do weak C-'.
activation reactions without an initial protonation, in line wit.
experiments done at pH 10.5.27 The obtained reaction energ
barriers, 17.0, 13.4 and 15.8 kcal/mol for the singlet, tri='~

J. Name., 2013, 00, 1-3 | 3
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and quintet spin states, respectively, all lie within conceivable
error margins to the experimentally obtained value of 13.2
kcal/mol (derived from the k; value of 5.7-:102 M1 s1 at 15 °C
through the Eyring equation),?” with incidentally the triplet
value being closest to the experiments.

It was postulated that with less strong axial ligand, the
rebound activity of the Mn(V)O species would be enhanced
compared to the trans-dioxo species.181® To verify this, we
attempted to calculate the rebound barrier for the acetonitrile
substituted intermediate, [(TF4sTMAP)(CH3CN)Mn'VOH]5*, in the
presence of the xanthene substrate radical. However, despite
orbital swapping efforts, these species were not obtained.
Instead, [(TF4TMAP)(CH3CN)Mn""OH]4* (2) and a substrate cation
were obtained, indicating that a hydride transfer has occurred.
This stands to reason considering that the charge of the
catalyst is very high positive (+5, including the charge of the
meso-groups), facilitating a second electron abstraction. It has
indeed been shown experimentally that a hydride transfer can
occur in (OMNVO) systems, possibly preceded by a ((OH)MnVO)
formation.2® The calculated rebound barrier for the triplet 2 is
7.0 kcal/mol, considerably lower than that of 1 (14.5 kcal/mol).
This lowers the energy gap between dissociation and rebound
barrier to 8.7 kcal/mol, down from 13.9 kcal/mol with 1.
Hence, while the dissociation is still preferred, the rebound
product is now more accessible compared to 1. Further
research is needed to explore whether a more charge-neutral
environment (e.g. use of counter ions in the modelling33)
would decrease the gap even further, favouring ORM over
ONRM in 2, but these results show clearly that the rebound
reaction rate can be enhanced by less strong donating ligands.
Presumably, protonation of 1 (i.e. creating a hydroxyl ligand)
would lead to the same behaviour vis-a-vis 1.

In conclusion, we have investigated the C-H bond
activation of xanthene by the [(TFaTMAP)OMNVO]3* species
theoretically. It is found that this reaction indeed should be
possible without a prior protonation of one of the oxygen
atoms. Care must be taken in determining the correct wave
function, since multiple configurations are found within the
same spin states. The possibility of a spin state crossing before
the transition state cannot be excluded based on the B3LYP
calculations, as the lowest barrier is obtained by the triplet
state. Whether this is a result of B3LYP bias for higher spin
states remains to be verified. Experiments and calculations do,
however, agree that a spin state change has occurred by the
time the reaction reaches the intermediate state. All the spin
states exhibit energy barriers reasonably close to the
experimentally determined one. In the following step, the
rebound barriers are found to be clearly higher than the
dissociation energies of the substrate radical, thus rendering
the rebound step improbable. This is in agreement with our
earlier experimental results for the current model system?’
and work of others.18 It is also shown that less strong donor
axial ligands have a lower rebound barrier.
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