Spin-forbidden reactivity of transition metal-oxo species:
exploring the potential energy surfaces

Damiano Ricciarelli,a Leonardo Belpassinc, Jeremy N. Harveyd, Paola Belanzoniabc

a Department of Chemistry, Biology and Biotechnology, University of Perugia, via Elce di Sotto 8, 06123 Perugia, Italy
E-mail: paola.belanzoni@unipg.it

b CNR Institute of Chemical Science and Technologies “Giulio Natta” (CNR-SCITEC), via Elce di Sotto 8, 06123
Perugia, Italy

¢ Consortium for Computational Molecular and Materials Sciences (CMS)2, via Elce di Sotto 8, 06123 Perugia, Italy

d Department of Chemistry, KU Leuven, Celestijnenlaan 200F, B-3001 Leuven, Belgium E-mail:
jeremy.harvey@kuleuven.be

Abstract

Spin-forbidden reactions are frequently encountered when transition metal-oxo species are
involved, particularly in oxygen transfer reactivity. The computational study of such reactions is
challenging, because reactants and products are located on different spin potential energy surfaces
(PESs). One possible approach to describe these reactions is the so-called minimum energy crossing
point (MECP) between the diabatic reactants and products PESs. Alternatively, inclusion of spin-
orbit coupling (SOC) effects allows to locate a saddle point on a single adiabatic PES (TS SOC).
The TS SOC approach is rarely applied yet because of its high computational cost. Recently
evidence for a TS SOC impact on significantly lowering the activation barrier in dioxygen addition
to a carbene-gold(l)-hydride complex reaction (Chem. Sci. 2016, 7, 7034-7039) or even on
predicting a qualitatively different reaction mechanism in mercury methylation by cobalt corrinoid
(Angew. Chem. Int. Ed. 2016, 55, 11503-11506) has been put forward. Using MECP and TS SOC
approaches we provide here a systematic analysis of three prototypical transition metal-oxo spin-
forbidden processes to investigate their implications on reactivity. Cycloaddition of ethylene to
chromyl chloride (CrO2Cl2 + C2Ha), iron oxide cation insertion into the hydrogen molecule (FeO+ +
H2) and H-abstraction from toluene by a Mn(V)-oxo-porphyrin cation (MnOP(H20)+ + CeHsCH3)
are case studies. For all these processes we compare the MECP and TS SOC results which show
that the spin-forbidden reactivity of transition metal-oxo species can be safely described by a MECP

approach, at least for the first row transition metals investigated here, where the spin-orbit coupling



is relatively weak. However, for the Mn-oxo reactivity, the MECP and TS SOC have been found to
be crucial for a correct description of the reaction mechanism. In particular, the TS SOC approach
allows to straightforwardly explore detailed features of the adiabatic potential energy surface which
in principle could affect the overall reaction rate in cases where the involved diabatic PESs are

tricky.

Introduction

Spin-forbidden processes involve a change in the total electronic spin state from reactants to
products during the reaction event. These reactions are very common in the chemistry of first row
transition-metal containing compounds,1 such as manganese or iron. Particularly, transition metal-
oxo intermediates represent fundamental reactive species, which play an important role both in
inorganic and bio-inorganic catalytic processes.. They are especially relevant in biological
transformations involving oxygen activation and transfer. High-valent iron-oxo porphyrin
complexes with a strong oxidant character, for instance, have a key role in C-H hydroxylation in
heme enzymes like cytochrome P4503 and synthetic manganese porphyrins are excellent C-H
hydroxylation catalysts as well.4 Manganese-oxo species are also relevant to oxygen transfer
reactions in biological systems like oxidation of water to molecular oxygen in photosystem Il.5

The computational study of such reactions is challenging, because reactants and products are
located on different spin potential energy surfaces (PESs). One possible approach to describe these
reactions using the standard electronic structure theory Hamiltonian is to calculate the electronic
states corresponding to such potential energy surfaces (defined as diabatic PESs), which are
disconnected from each another, and to locate the regions in which the different PESs cross one
another.s More specifically, the basic idea is to find minima on the crossing hypersurfaces, i.e. the
so called minimum energy crossing points or MECPs.7 The properties of these MECPs can be used
to predict the rate with which the system can move from one surface to another around the MECP
(“hopping” between two diabatic PESs of pure spin states).s Such description is suitable when
coupling between potential energy surfaces of different spin is weak, namely when spin-orbit
coupling (SOC) effects are small. This MECP approach has been applied with success to a number
of spin-forbidden reactions, both in a qualitative ways and more quantitatively.i.o However, the
MECP is not a stationary point and therefore the activation energy barrier of the reaction can be
only estimated. An alternative approach consists of evolving smooth transition from one spin state

to another along an adiabatic PES which is a mixture of the two different spin states, with a well-
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defined transition state (TS SOC). This approach is more adequate when SOC effects are large,
usually for very heavy atoms. The most accurate methods to include SOC in a calculation are those
based on four-component Hamiltonian derived from the Dirac equation. However, since four-
components approaches cannot be used in routine studies yet, due to the high computational cost,
two-component electronic structure methods which include spin-orbit coupling and which are
available in some electronic structure codes, have to be used.11

Since the MECP is not a stationary point, the computation of the activation barrier AG; of a spin-
forbidden reaction would require to locate the TS on an adiabatic SOC PES (TS SOC). However,
evaluating SOC effects typically requires expensive relativistic calculations. Hence such reports are
not yet widely available. To our knowledge, only two papers on TS search including SOC were
available from literature on the reaction of Ti+ with acetonei2 and on the C-H activation in the
reactions of Os+ with CHsF, which was found to be facilitated by strong SOC.13 More recently, the
TS SOC approach has been applied to a couple of spin-forbidden reactions, namely dioxygen
addition into a carbene-gold(l)-hydride complexi4 and mercury methylation by cobalt corrinoid,1s
where it has been shown to be fundamental for a correct description of the reaction mechanism. In
the gold chemistry investigation by some of us, MECP and TS SOC methodologies are found to
qualitatively agree with the oxidation addition step representing the rate determining step (RDS) of
the reaction, although quantitatively inclusion of SOC effects has a sizable impact on lowering the
activation energy barrier (by about 3 kcal/mol).14 In the mercury chemistry study, inclusion of SOC
effects predicts even a qualitatively different mechanism with respect to the MECP approach.1s
Inspired by the relevance of transition metal-oxo species in living organisms and by the
implications of the TS SOC approach on reactivity in the few cases for which it has only be tested
so far, we decided to investigate whether the reactivity of such key transition metal-oxo species
could be dramatically (or weakly) changed by the inclusion of spin-orbit coupling SOC effects. To
this aim, we carried out mechanistic studies on three prototypical spin-forbidden processes
involving transition metal-oxo compounds and we compare MECP and TS SOC results, pointing
out the implications of SOC on reactivity. In this paper, for the first time the TS SOC approach is
applied for a transition metal-oxo reactivity study. Specifically, we investigated: (I) cycloaddition of
ethylene to chromyl chloride (CrO2Cl2 + C2Ha), (I1) iron oxide cation insertion into the hydrogen
molecule (FeO+ + H2) and (l1lI) H-abstraction from toluene by a Mn(V)-oxo-porphyrin cation
(MnOP(H20)+ + CeHsCHs, P=porphyrin). For each of these spin-forbidden processes, we
performed two-component density functional theory (DFT) calculations with the zero-order regular
approximation (ZORA)1s either including spin-orbit coupling (relativistic SOC) and not including

SOC (relativistic scalar), namely by applying both the TS SOC and MECP approaches, respectively.
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A schematic representation of the three studied prototypical reactions is shown in Scheme 1.
Prototypical reaction (I) is representative of transition metal-oxo species used as oxidants in
processes where oxygen is added to an olefin double bond,17 and prototypical reaction (I1) is an
important model for many similar inorganic and bio-inorganic oxidations occurring through
dihydrogen activation yielding the inserted intermediate [HFeOH]+ which successively undergoes
reductive elimination to form water.18 Prototypical reaction (I11) represents a model for C-H bond
hydroxylation by high valent metal-oxo porphyrin species in connection with enzymatic oxidation
by heme enzymes for which the rebound mechanism involving H-abstraction from the substrate is
widely accepted as the rate-determining step (RDS).19 For all the three reaction typologies some
studies are available in the literature.2o,21,22,23,24 A brief summary of the most relevant theoretical

and experimental data on each reaction-type is given at the beginning of the corresponding section.
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Scheme 1: Schematic representation of prototypical reactions (1) CrO2Cl2 + C2Ha4 (top), (1) FeO+ +
H2 (middle) and (111) MnOP(H20)+ + CeHsCHs (bottom) studied in this work.



Computational details

All calculations to locate reactants, transition states, intermediates and products involved in the
considered reaction processes were carried out with the ADF 2014.04 program package,z2s
employing a BP86 functional,2s Grimme3 BJ damping dispersion corrections (DFT-D3-BJ),27 a
Slater-type TZ2P quality basis set and a ZORA Hamiltonian to include relativistic effects.i.s6 We
used both scalar and spin-orbit (SOC) ZORA Hamiltonians. The DFT + ZORA including spin-orbit
coupling effects approach was employed within the unrestricted noncollinear approximationzs in
order to locate transition states of the reactions on the lowest adiabatic PESs. The computation of
the minimum energy crossing points (MECP) was carried out using a program developed by J.N.
Harvey7c) and interfaced with the ADF package, with the computational details described above. All
calculations were performed in the gas phase.

The level of the DFT theory (BP86) used to describe the spin state energetics has been validated in
a previous work of some of us2e vs. highly accurate DMRG-CASPT2/CC calculations for the
reactivity of the Mn(V)OP(H20)+ system in substrate hydroxylation. The BP86 functional has been
shown to overestimate the singlet-triplet energy gap for the Mn-oxo complex by only 1.9 kcal/mol,
which is accurate for the modelling of the systems under study. Along the same lines, an
investigation on the Mn(V)OP+ system performed by Pierloot et al.2z with correlated ab initio
methods (CASPT2, RASPT2) has shown that in a density functional theory framework pure
functionals have to be preferred over hybrid ones, since for the system in study the hybrid
functionals are extremely dependent on the contribution of exact exchange and hence, inadequate

for quantitative reaction mechanism studies.

Results and Discussion

Spin-forbidden reactivity by MECP and TS SOC approaches

Cycloaddition of ethylene to chromyl chloride - CrO2Cl2 + C2H4

The first prototypical process selected for our quantitative analysis on transition metal-oxo
reactivity was theoretically investigated by Ziegler et al. using density functional theory.2o This is
5



the cycloaddition of ethylene to chromium-oxygen bonds in chromyl chloride, as schematically
shown in Scheme 1.

Transition metal oxides are applied extensively as oxidants in processes where oxygen is added to
an olefin double bond.17 In general, it was found that these oxidizers are gentler and remarkably
more specific than the direct application of elemental oxygen. Mechanistic studies, on both
experimental and theoretical side, carried out for molybdenum complexes, permanganate,
ruthenium tetraoxide and osmium tetraoxide showed that the main products of the reaction with
olefins are diols.3o0 In the case of the reaction of chromyl chloride (CrO2Cl2) and olefins a complex
mixture is produced rather than diols, where the main products are epoxides and cis-
chlorohydrins.17c) Ziegler et al.2o demonstrated that, in the case of oxidation of olefins by CrO2Clz,
the [2+3] cycloaddition was favored over the [2+2] one, with the final evolution to epoxides and
cis-chlorohydrins, arising from a subsequent arrangement of the [2+3] intermediate. Such a [2+3]
ethylene addition path to a Cr=0 bond was found to be exothermic with an enthalpy of -9.6
kcal/mol and an activation barrier of 15.8 kcal/mol. The reactants were studied on a singlet spin
PES, since both CrO2Cl2 and ethylene have a singlet ground state, whilst the product was
investigated on a triplet PES. The five-membered ring transition state TS was found on the singlet
PES.

Based on the work of Ziegler et al.,20 we have studied this spin-forbidden reaction where singlet
ethylene adds to Cr=0 bonds in singlet CrO2Cl2 via a [2+3] pathway leading to a triplet five
membered ester product. Firstly, we have explored the reaction along the singlet (reactants spin
state) and triplet (product spin state) potential energy surfaces by estimating the activation barrier at
the minimum energy crossing point (MECP, at scalar relativistic level). A preliminary PES scan has
been done by considering the two CrO2Cl2-ethylene O-CH: distances having the same magnitude
and varying to the same extent as reaction coordinate. Constrained geometry optimizations have
been performed for both the singlet and the triplet spin states by varying the above two distances
from 2.2 to 1.3 A. Results of the two PES scans are reported in Figure S1 in the SI. The final
reaction profile is shown in Figure 1 (top).
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Figure 1: Reaction profile for the [2+3] cycloaddition of ethylene to CrO2Cl2 at the scalar ZORA
(top) and SOC ZORA (bottom) level of theory.

Our results show that a transition state is located on the singlet potential energy surface and it is
responsible for the energy activation barrier of the reaction which amounts to 18.0 kcal/mol, with
the reaction being exothermic by -12.3 kcal/mol.

These findings are in full agreement with those obtained by Ziegler et al. at a different level of
theory.2o The reaction path involves a spin crossover from the singlet PES to the triplet PES once
the transition state has been past. This singlet/triplet crossover occurring after the transition state
1TS on the singlet potential energy surface is described by the MECP geometry which is very close
to that of 1TS (Figure 1, top).

The corresponding reaction profile calculated by including SOC effects is also shown in Figure 1
(bottom). The SOC PES scan is also reported in Figure S1 in the SI. The energy stabilization of the
transition state TS SOC is negligible (about 0.1 kcal/mol) and it could be considered within the
error of the functional. The TS SOC geometry is very close to both the 1 TS and MECP geometries.
Inclusion of SOC effects for the TS search neither lowers the activation barrier nor changes the

reaction path of this prototypical reaction.

Iron oxide cation insertion into the hydrogen molecule - FeO+ + Hz

The second reaction we studied is the FeO+ insertion into the hydrogen molecule. This process is
part of the more general reaction FeO+ + H2 — Fe+ + H20.31 It is known that the iron oxide cation
FeO-+ is a remarkable oxidant, capable of transferring oxygen to very unreactive species such as
dihydrogen or methane in the gas phase.

The entire reaction mechanism has been previously investigated by Harvey et al.21 and Mondal et
al.22 and it was shown that this reaction is a prototype of “Two-State Reactivity”.1 The iron oxide
cation and the iron cation product both have a sextet ground state as well as Hz co-reactant and H20
co-product both are singlet species, therefore the sextet PES represents the ground states for both
reactants and products. However, evidence for key transition states and intermediates along the path
towards the products lying on a lower quartet potential energy surface has been provided in
different experimental and theoretical investigations1,21,22,32 Particularly, Harvey et al.21 have shown
that the formation of an FeO+ - H2 sextet reactant complex is followed by a spin-state change

through a minimum energy crossing point MECP1 near the quartet FeO+ - H2 reactant complex
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minimum and subsequently the dihydrogen activation occurs through a four membered ring
transition state and yields the inserted intermediate [HFeOH]+. Hence, the process studied is of
spin-forbidden type since it involves a crossing from a sextet (reactants) to a quartet (product) spin
state.

According to the picture provided by Mondal et al.22 a reasonable reaction coordinate to carry out
our investigation is the angle formed by Fe, O and the closest H atom, defined as shown in Scheme
2.

o
A+ H __+H
Fe=—0O Fe—0O Fe—0O

Yy

reaction coordinate

Scheme 2: Reaction coordinate definition for the iron oxide cation insertion into the hydrogen

molecule reaction.

A preliminary scan of the sextet (reactant ground state) and the quartet (product ground state)
potential energy surfaces obtained by varying the chosen reaction coordinate from 180 to 0 degrees
IS reported in Figure S2 in the SI. The sextet PES shows a reactant complex geometry minimum,
6RC , from which the energy continuously increases without showing any reactivity behavior.

The quartet PES is somewhat more tricky. It shows two minimum energy structures (intermediates),
one saddle point structure (transition state) and a crossing with the sextet PES occurring between
the first saddle point and the second minimum energy structure before forming the final product
[HFeOH]+. Along the quartet PES, a rotation of the H2 molecule from a parallel to a perpendicular
and back to a parallel position with respect to the [HFeO]+ plane is observed, suggesting possible
different orientations of the FeO-+ attack on the H2 molecule.

The reaction profile, calculated at the scalar ZORA level of theory, is reported in Figure 2 (top). It
actually shows two possible pathways to reach the final 4ls intermediate from the sRC reactant
complex. They only differ for the orientation of the hydrogen molecule with respect to the [HFeO]+
plane and they are characterized by two different MECPs (MECP1 and MECP2) and intermediate
(411 and 4l2) structures. Note that 411 is a local minimum and a rotation of Hz out of the HFeO plane,
accompanied with a H-H bond elongation, leads to a lower energy minimum, represented by 4l2. In
MECP1 the H2 molecule lies on the overall molecular plane, while in MECP?2 it is rotated by 90°

with respect to such a plane.
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Figure 2: Reaction profiles (path 1 and path 2) for the iron oxide cation FeO+ insertion into the
hydrogen molecule at the scalar ZORA (top) and SOC ZORA (bottom) level of theory.

A scan of the SOC potential energy surface for path 1 and path 2 is depicted in Figure S3 in the SI.
The presence of the two 4l1 and 4l2 intermediates was also detected in the literature. In ref. 32 b) two
quartet states, 4A’ and 2A”, with different energies were calculated for the excited encounter
complex (H2)FeO+ and the transition state for the H-H activation was observed to be lower in the
case of 4A”. Analogously, in ref. 21 a) the 4A” transition state was also found lower, with the 2A’
transition state being not much higher in energy and two different MECPs were found.

The general picture we get for the iron oxide insertion into the hydrogen molecule suggests that the
spin crossover occurs before the transition state for the FeO-+ insertion into H2 is reached.
Particularly, for path 1 the spin crossover occurs at 7.2 kcal/mol above the sRC (MECP1), with an
activation energy barrier for the iron oxide insertion, having a transition state located on the quartet
PES (4TS), of 4.4 kcal/mol. For path 2, the spin crossover takes place at 6.8 kcal/mol above the sRC
(MECP2), with an activation energy barrier of 9.4 kcal/mol for the iron oxide insertion. Notably,
path 1 energy profile is always higher in energy than the path 2 one.

The corresponding reaction profiles obtained employing the TS SOC approach are shown in Figure
2 (bottom).

The energy stabilization arising by inclusion of SOC effects is significant only around the MECPs
region and it is respectively 0.3 kcal/mol for socTS1 and 0.9 kcal/mol for socTS2. Note that
geometries of socTS: and socTS2 are very similar to those of the corresponding MECP1 and
MECP2.

Our study suggests that, even for this second process, a MECP approach could be safely employed
to get a sufficiently accurate quantitative description of the FeO- reactivity and that the benefit from

the TS SOC approach is very low.

H-abstraction from toluene by a Mn(V)-oxo-porphyrin cation - MnOP(H20)+ + CsHsCHs,
P=porphyrin

In this section we present the third and last prototypical reaction considered for our analysis. We

studied the abstraction of a hydrogen from toluene performed by a Mn(V)-oxo porphyrin complex
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with an axial water ligand, MnOP(H20)+, leading to a Mn(IV)-OH intermediate and a toluyl radical
(see Scheme 1).

Generally for metalloporphyrin-catalyzed oxidation of substrates, the so-called Groves rebound
mechanism is widely accepted.19d), 19), 19 It consists of three steps: 1) oxidation of the Mn(l11)P
(P=porphyrin) catalyst to Mn(V)OP oxo intermediate, 2) H atom abstraction from the substrate C-H
bond, leading to an organic radical and a Mn(1V)OHP hydroxo intermediate, and 3) OH-rebound by
OH transfer to the organic radical. The rate-determining step (RDS) is the H-abstraction step and
the key intermediate is the Mn(V)OP oxo species.

Mn(V)OP compounds were first isolated and spectroscopically characterized by Groves and co-
workerssz and successively Nam and co-workersas and Newcomb and co-workersss extended
Groves pioneering work. Nam et al.as showed experimentally that the singlet state of
[MnO(tdcpp)]+ (tdcpp=tetra-(2,6-dichlorophenyl)-porphyrin) was not able to oxygenate alkanes and
thus active species were predicted to be probably high spin. On the basis of Nam et al. findings,34
Eisenstein and co-workers24a) carried out DFT investigations on the Groves rebound mechanism for
the oxidation of toluene catalyzed by a model of [MnO(tdcpp)]+ where it was shown that the singlet
state of the oxo intermediate was not active, and that the reaction could easily take place on the
lowest lying triplet and quintet surfaces with very low energy barriers.

A strong pH dependence of O-transfer reactivity for Mn(V)O TMP (TMP=tetramesitylporphirin)
was experimentally found by Groves and co-workersss which was computationally investigated by
Eisenstein and co-workers.2ab) These studies both rationalized the fact that, experimentally, these
compounds are less reactive in basic than in acid conditions and provided a new perspective about
Mn-oxo porphyrin reactivity based on the finding that the largest the low spin/high spin energy gap
the less reactive the compound.

In a work by Pierloot et al.2s with correlated ab initio methods (CASPT2, RASPT2) the Mn(V)OP+
singlet ground state was proven to lack the oxyl character and to be kinetically inert. As proposed
by Jin and Groves,ss Pierloot and co-workersz2s demonstrated that the release of oxygen from
Mn(V)OP-+ should proceed via a thermally accessible reactive high spin state (triplet or quintet)
which provides a sufficient oxyl character to the system for reacting.

Finally, the [MnOP(H20)]+ mechanism for substrate hydroxylation has been computationally
studied in a very recent work by some of us.29 MECP calculations on H-abstraction from toluene by
[MnOP(H20)]+ have been performed, indicating a first crossover from a singlet spin state of the
Mn-oxo porphyrin system to a low-lying triplet spin state, followed by the RDS which is a facile H-
abstraction by the triplet complex from the toluene substrate. On the basis of our computational

results and experimental kinetic data by Newcomb and co-workerss7, a stepwise model for the
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reaction has been proposed, which consists of a first equilibrium between the singlet and the triplet
Mn(V)OP complex and a second irreversible reaction of the latter with the organic substrate.29

In view of the above results,29 it is interesting to investigate if the proposed reactivity pattern of
[Mn(V)OP(H20)]+ would be confirmed within a TS SOC approach. In the present work, the
Mn(V)OP(H20)+ + CeHsCHs reaction is explored in detail, both on the low spin (singlet) and on
the high spin (triplet) potential energy surfaces, where the O-H distance between the hydrogen of
the organic substrate methyl group and the catalyst oxo group was chosen as reaction coordinate.
Constrained geometry optimizations were performed, starting from 2.2 A up to 1.0 A values of the
reaction coordinate. The results of this PES scan are now reported in Figure S4 in the SI. On the
singlet PES, starting from a well established minimum representing the singlet reactant complex
1RC, the energy increases constantly and neither a saddle point nor a minimum energy structure
representing the products were found.

The triplet surface is somewhat more complicated. At the beginning of the reaction the triplet PES
slightly varies within an energy range between -1.5 and -3.0 kcal/mol and, after a maximum is
reached, it rapidly decreases. In this PES we can detect three stationary points, indicating the
presence of a triplet reactant complex sRC, a triplet transition state 3TS, and a triplet product sl.
From a preliminary look one could establish the spin-crossover from singlet to triplet to occur at a
point placed before the transition state 3TS is reached. However, at the spin-crossover point the two
spin states geometries are significantly different, as shown in Figure S5 in the SI. For instance, the
Mn-OH: distance is larger in the singlet spin state than in the triplet (2.314 vs 2.278 A respectively),
whereas the Mn-O bond is larger in the triplet than in the singlet spin state (1.644 vs. 1.560 A
respectively). Interestingly, this finding suggests that the spin-crossing point detected through scans
of the triplet and singlet PES cannot be an estimate of the MECP. To find a reasonable geometry and
energy of the spin-crossover reaction point a MECP calculation needs to be performed.

The reaction profile calculated at the scalar ZORA level of theory has been reported in ref. 29 and it
is now showed in Figure 3 (top) to compare with the TS SOC approach results (Figure 3, bottom).
The singlet reactant complex 1RC is stabilized by -6.5 kcal/mol with respect to the separated
reactants. The MECP is placed at the beginning of the reaction and it is thermally accessible by the
system (only 3.7 kcal/mol are needed to access the triplet PES within the accuracy of the BP86
functional). Then the triplet reactant complex sRC is formed and the substrate H atom is abstracted
via a transition state located on the triplet PES (sTS) at only 0.5 kcal/mol above the triplet reactant

complex 3RC.
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Figure 3: Reaction profile for the H-abstraction from toluene by MnOP(H20)+ at the scalar ZORA
(top) and SOC ZORA (bottom) level of theory.

In ref. 29 these findings have been rationalized within a reactivity picture where the process occurs
through a preliminary spin-crossover taking place on the MnOP(H20)+ complex from singlet to
triplet and a subsequent H-abstraction of the toluene hydrogen with a very low activation barrier of
0.5 kcal/mol, promoted by the oxyl character of the triplet Mn-oxo-porphyrin complex.

The corresponding reaction profile obtained employing the TS SOC approach is also depicted in
Figure 3 (bottom).

This SOC profile suggests the presence of a transition state in the SOC PES with a geometrical
structure intermediate between those of the MECP and of the 3RC. The socRC geometry as well as
the socli one are nearly identical to the corresponding 1RC and sRC (compare Figure 3, top and
Figure 3, bottom). From a qualitative perspective, these SOC ZORA calculations indicate that also
for this prototypical reaction the inclusion of spin-orbit coupling effects doesn't change the
reactivity picture. From a quantitative point of view, the TS SOC is calculated at a slightly higher
energy than the MECP (-1.7 vs. -2.8 kcal/mol, respectively), which is a surprising result since the
TS SOC is expected at a lower energy than the MECP. However, we should point out here that
convergence has been reached for TS SOC only using the collinear approximation, which has been
coherently also used for calculating all the stationary points along the path. Since the collinear
approach breaks rotational symmetry, in molecular calculations one may find different energies for
different orientation of the molecule.2sb) To test our results, we also optimized the socRC geometry
with the noncollinear approximation and we found that both geometry and energy with respect to
the isolated reactants remain unchanged. In addition, single point SOC calculations employing the
noncollinear approximation on both the MECP and TS SOC geometry give the same energies
obtained with the collinear approximation (i.e. -2.8 and -1.7 kcal/mol, respectively). Thus, the
energy difference between MECP and TS SOC, which is well within the accuracy of the method
employed (DFT BP86), can be genuinely ascribed to their different geometrical structures. In
particular, the different substrate H — OMn and Mn-O moiety distances indicate that the MECP
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should occur earlier than the TS SOC along the path. It has been noted that finding the MECP is not
sufficient when looking at the reactivity of spin-forbidden reactions. The shape of the PES is of
equal importance, as demonstrated in several studies.9 Thus, one possible scenario to rationalize the

higher energy TS SOC with respect to MECP is schematically shown in Figure 4.

SOCTS

Energy

SINGLET
TRIPLET

Reaction coordinate

Figure 4: Spin state scenario for the H-abstraction from toluene by MnOP(H20)+.

The singlet-triplet energy surfaces cross before a saddle point on the triplet PES (TS SOC) occurs,
followed by a local minimum (sRC) and a second saddle point (sTS) which represents the H-
abstraction activation energy barrier. Then, the MECP occurs at a lower energy than TS SOC, which
should be entirely located on the triplet PES. A transition state calculation in the triplet state confirm
the TS SOC as a triplet state structure. To further substantiate this finding single point singlet and
triplet spin calculations have been performed on the TS SOC geometry which show that the singlet
lies at +1.3 kcal/mol and the triplet at -1.7 kcal/mol above the separated reactants, the latter value
being identical to that obtained for the TS SOC.

The above results lead to the important conclusion that the MECP and TS SOC approaches are
crucial for the description of the path from the MECP to 3RC, passing through the triplet state

transition state TS SOC. Previous theoretical studies on C-H oxidation by Mn-oxo species by
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Eisenstein and co-workers24a)b) were based on the assumption that the ground singlet state is
unreactive for these species and only the thermally accessible triplet (or quintet) state has the oxyl
character needed for reactivity. Then the reaction mechanism was studied along the triplet PES
starting from 3RC, thus completely neglecting the transition state on the triplet PES leading to sRC
(TS SOC). On the basis of our results this assumption is certainly valid within the 1.3 kcal/mol
difference between the TS SOC and 3RC energies. In principle, however, neglecting such a MECP-
TS SOC-3RC path could be unsafe, particularly if the TS SOC energy is high, and it could severely
affect the overall reaction rate. An additional interesting conclusion is that MECP structure can also
be significantly different from the TS SOC structure, and thus it could not be a good approximation
of TS SOC, as usually is expected to be. In this case study the TS SOC calculations, although not
changing the qualitative reactivity picture, allow to prevent the pitfalls that one can encounter when
crossing between two PESs occurs, since a complete description of the reaction along the whole

path on the adiabatic PES is given.

Overall, the TS SOC calculations confirm what we have found previously, namely that a rapid
conversion from the singlet to the triplet spin state of the system takes place and the reactivity path

is entirely located on the triplet PES.29

As a general conclusion, based on the results for the three prototypical case studies, the spin-orbit
coupling (SOC) effects appear to do not substantially change, nor qualitatively neither
quantitatively, the spin-forbidden reactivity picture of transition metal-oxo species which can be
safely described by a MECP approach, at least for the investigated first row transition metals Cr, Fe
and Mn. However, the shape of the involved PESs, which plays an important role in the description
of spin-forbidden reactions, can be explored in details by the TS SOC approach, which allows to

straightforwardly locate all the possible intermediates and transition states on the adiabatic PES.

Conclusion

This work represents a pioneering study on the spin-forbidden transition metal-oxo species
reactivity tackled by application of adiabatic transition states using spin-orbit coupled DFT (TS
SOC) approach. The results of our TS SOC investigations on three prototypical spin-forbidden
reactions: (1) CrO2Cl2 + ethylene, (1) FeO+ + Hz and (111) MnOP(H20)+ + toluene are compared to

those obtained by applying the more commonly used minimum energy crossing point (MECP)
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between the diabatic potential energy surfaces (PESs) approach. The aim is to explore the
qualitative and quantitative impact of MECP and TS SOC approaches on the reactivity picture of
such key transition metal-oxo species. The merit of the TS SOC approach is that, allowing the
reaction to occur on a single adiabatic PES, a transition state (TS SOC) as well as an activation free
energy can be calculated, whereas the MECP is not a stationary point and the activation energy can

be only estimated.

Our results suggest that the SOC effects are weak and that generally transition metal-oxo spin-
forbidden reactions could be safely described by the MECP approach rather than by employing the
TS SOC one, at least for first row transition metals considered here (Cr, Fe and Mn). Most of the
reactions (Cr, Fe) show no massive gain in insight from the TS SOC approach. The benefit in these
case studies from the ZORA SOC approach is very low, with non-ZORA calculations together with
the MECPs being reliable. Large ZORA SOC effects are expected with heavy metals and where the
MECP forms the main barrier to reaction. This was the case for the dioxygen addition to a carbene-
Au(l)-H complexi4 and Hg methylation by cobalt corrinoidis chemistry. However, in cases where
these processes are tricky and a potential energy surface with several intermediate and transition
state species is involved, as for the MnOP(H20)+ + toluene process, exploration of their adiabatic
SOC surface is a straightforward approach to find all the intermediates or transition states that could
describe the overall reaction mechanism. Although inclusion of SOC doesn’t change the specific
MnOP(H20)+ reactivity picture, the structurally different MECP and TS SOC species suggested
that, after the singlet-triplet spin crossing occurs at the MECP, the reaction proceeds at the triplet
spin surface, whose topological features can be accurately retrieved through the TS SOC which
locates before the triplet state reactant complex 3RC. In the whole reaction mechanism, the MECP-
TS SOC- 3RC step can be neglected, but in principle and in different transition metal-oxo cases it
could seriously affect the reaction rate. Thus, when tricky PESs are involved, the TS SOC approach
would allow a detailed description of the overall reaction path along the adiabatic PES, avoiding
possible pitfalls. A drawback of the TS SOC approach is that it cannot afford routine mechanistic
studies yet, due to the heavy computational effort and convergence problems for large molecular
systems, such as in the case of MnOP(H20)+ + toluene reaction, where the calculation of a TS SOC
in a noncollinear approximation was not successful. This result should spur the theoretical
chemistry community to develop more efficient algorithms for enabling the TS SOC approach

routine application to large dimension systems.
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Spin-forbidden reactivity of first row transition metal-oxo species is computationally investigated through
both the minimum energy crossing point (MECP) between the diabatic reactants and products PESs
approach and the TS SOC approach which allows to explore a single adiabatic PES through inclusion of spin-
orbit coupling. Both approaches provide qualitatively and quantitatively similar reactivity pictures. The TS
SOC straightforward exploration of a single adiabatic PES can avoid possible pitfalls when tricky diabatic
PESs are involved.

Two diabatic PESs One adiabatic PES
MECP C:l ﬁ :> /0\
S1 Cr,Fe,Mn  SA STOSC

22



	Spin-forbidden reactivity of transition metal-oxo species: exploring the potential energy surfaces

