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Concerted proton electron transfer (CPET) and hydrogen atom transfer (HAT) are two important
mechanisms in many fields of chemistry, which are characterized by the transfer of one proton and one
electron. The distinction between these mechanisms may be challenging in several reactions; thus,
different computational methods have been developed for this purpose. In this work, we present a
computational strategy to distinguish the two mechanisms, rationalizing the factors controlling the
reactivity in four different model reactions. Fist, the transition state SOMO (singly occupied molecular
orbital) is visualized, presenting all the limits and ambiguities of this analysis. Then, the electron flow
along the reaction path is evaluated through the intrinsic bond orbitals (IBOs); this analysis allows to
describe correctly the mechanism of each reaction in agreement with previous studies. Furthermore,
some structural modifications are applied to the transition state of each system and the energetic
differences are rationalized in the framework of the activation strain analysis to understand the
geometrical and electronic factors governing the reactivity and the selection of CPET or HAT
mechanism. Lastly, the effect of the donor—acceptor distance is evaluated. It emerges that a combined
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computational analysis is crucial to understand not only the distinction between the two mechanisms,
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Introduction

Proton-coupled electron transfer (PCET) is a class of reactions
involving the transfer of one proton and one electron (H'/e~
transfer), which are popular chemical steps in many fields
encompassing photochemistry, electrochemistry,”® redox
biology,* photosynthesis,” catalysis,® and medicinal chemistry
with applications, for example, in the scavenging of harmful
radicals.” The term PCET was first used in 1981 by the research
group of T. J. Meyer to describe a peculiar electron transfer in
ruthenium complexes, which was coupled to a proton transfer.®
Later, after more than four decades, the definition of PCET has
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but also the molecular reasons why one mechanism is operative in a specific reaction.

become very broad.’ It includes stepwise and concerted mechan-
isms, involving either the same site or separate sites as proton
and electron donors/acceptors; multiple reactants may be
involved in the process t0o.'® In detail, in the stepwise pathway,
the proton and the electron transfer (or vice versa) are subse-
quential; conversely, in concerted PCET (cPCET), the proton and
the electron are transferred in a single step. This mechanism is
also called Concerted Proton Electron Transfer (CPET)."*

A particular case of CPET is hydrogen atom transfer (HAT),
which consists on a single-step mechanism involving the transfer
of a hydrogen atom. The different name comes from the previous
interest in this kind of reactivity by organic chemists,">"* who
studied hydrogen abstractions before the term PCET was coined.
Particularly, the acronym HAT first appeared in the literature in
1941, in a contribution by J. Weiss,* who studied the mechanism
of Cannizzaro reaction (discovered in 1853)."

CPET and HAT mechanisms are identical from a thermo-
dynamic point of view, since a H'/e™ transfer or a hydrogen atom
transfer from the same reactants leads to the same products;
moreover, they both occur in a single step (Scheme 1). Currently,
the definitions of the two mechanisms are ambiguous in the
literature and, sometimes, chemically imprecise."" However, a
clear and correct definition of these two mechanisms allows to
state that when the electron and proton are transferred together at
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Scheme 1 CPET and HAT mechanisms for a generic HX molecule and R*®
radical.

any point of the reaction coordinate, the mechanism is HAT;
conversely, CPET occurs when the proton and the electron are
transferred separately, usually starting from or arriving at different
sites of the molecular species involved in the reaction. This implies
that the orbital associated to the transferred electron is not located
on the transferred proton in the reactants or in the products; this
discrimination is consistent with previous works on this topic.*'®

While thermodynamics is identical, the difference between
CPET and HAT lies in the kinetics of these processes. Thus, in
the past decades, different computational methods have been
employed to rationally discriminate these two mechanisms.
In 2002, J. Mayer and co-workers wrote one of the first papers on
the topic;'” they studied several model systems and distinguished
the mechanisms referring to the set of orbitals involved in the
proton and electron transfer. In the same year, S. Hammes-
Schiffer presented a different approach to address the topic, based
on the adiabaticity of the processes.'® From these pioneering
works, two of the most popular methods to understand the
H'/e~ transfer mechanism have stemmed out and have become
widespread in the community, which are based on the analysis of
the transition state SOMO (Singly Occupied Molecular Orbital) and
the nonadiabaticity of the proton transfer, respectively.

The symmetry of the transition state SOMO may indeed give
an idea of the mechanism: a © orbital orthogonal to the proton
transfer direction is associated with CPET, while a ¢ orbital
along this direction corresponds to HAT; this straightforward
method is commonly used in the scientific community."*""
However, in some cases, which will be discussed in this work,
this approach may lead to ambiguity or inconsistency.

Alternatively, CPET can be described in terms of electronically
nonadiabatic proton transfer, while HAT represents the analogous
adiabatic mechanism.”*> This distinction was found in well-
known systems and may be rationalized in terms of the distance
between the electron donor and acceptor. In detail, the electron
transfer distance is relatively short in HAT, while it is generally
longer in CPET reactions, which reflects in a higher extent of
nonadiabadicity.®® Indeed, this method is quantitatively accurate
to calculate the kinetic constants, but is quite elaborate and less
chemically intuitive, especially if interested in the chemical mod-
ifications influencing the reactivity. This may lead to a scarce
applicability of the method by the wide chemistry community
(and beyond) interested in this reactivity, as already pointed out
in the literature.”
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Other approaches have been used to distinguish CPET and
HAT, like the analysis of deformation energies proposed by
Shaik,® or the analysis of the charge displacement function
proposed by Swart.>?> Furthermore, a recent strategy relies on
localized orbitals, which represent a powerful tool for orbital
analysis.'®?*?* In this context, the Intrinsic Bond Orbital (IBO)
approach allows to follow the electron flow along the reaction
path.*>3® Thus, it is possible to describe the orbital change
during the reaction, evaluating if the proton and the electron
are transferred together or separately in a quantum-
mechanically accurate but still chemically intuitive procedure.

In this work, we propose an unequivocal computational strat-
egy to discern the nature of the CPET/HAT mechanism and
illustrate its application to different model systems. The ability
of phenols to quench free radicals,”””® ie., their scavenging
potential, is analyzed first. Indeed, hydrogen abstraction is one
of the most relevant paths, allowing the reduction of harmful
radicals to less reactive species and plays a crucial role in redox
biology.*® The action of many natural substances and drugs
consists in maintaining or recovering physiological redox balance
via radical quenching.’®™** Phenols represent the chemical motifs
of popular scavengers, ie., the class of polyphenols. Furthermore,
the oxidation of phenols plays an important role in sustainable
and environmental chemistry, since the pyrolysis of lignin gen-
erates phenolic species involved in radical reactions.*>**

Beyond the model scavenging reaction of phenols, the well-
known phenoxyl/phenol, benzyl/toluene and methoxyl/methanol
systems and their self-exchange reactions are included in the CPET/
HAT mechanism study, which is based on electron flow analysis
(description) and activation strain analysis (ASA) combined with the
energy decomposition analysis-natural orbital for chemical valence
(EDA-NOCV) scheme (rationalization) (see Computational details).
To perform this latter, selected structural modifications were applied
to all systems; the use of suitably constrained geometries allow to
understand the mechanistic picture emerging from IBOs.

Results and discussion

The distinction between CPET and HAT is not always straight-
forward, and it may become very tricky when the proton and
electron donors and acceptors are not spatially separated; this
critical situation is frequent in the radical scavenging panor-
ama. In this context, hydrogen abstraction is a quite popular
mechanistic path, but the distinction between CPET and HAT is
usually not specified, generating misinterpretation and
ambiguities.*™*” Sometimes, this kind of reactivity is generally
referred to as formal HAT (fHAT),*®*° especially if the investi-
gation is focused on the thermodynamics of the process and no
mechanistic distinction is required. However, only an accurate
description of the radical scavenging mechanism may give
insight into the chemical factors controlling the reactivity.

A popular class of antioxidants with scavenging activity is repre-
sented by polyphenols, which are able to quench also peroxyl
radicals.**' We used their chemical motif, ie., the phenol, and a
hydroperoxyl radical to assess the CPET/HAT mechanism (Fig. 1(A)).
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Fig. 1

(A) Hydrogen abstraction from phenol by a hydroperoxyl radical. (B) Structure of the transition state for the hydrogen abstraction from phenol by

*OO0OH. The C-C-0O-0 dihedral angle is highlighted by red labels. (C) Optimized structures of the relaxed structure with a C-C-O-0O dihedral angle of
70° and (D) of the partially constrained structure with a C—C-0O-0 dihedral angle of 18°. Level of theory: M06-2X/6-31G(d).

In gas phase, the reaction proceeds through the initial for-
mation of a reactant complex (RC) due to the stabilizing inter-
action between the two reactants. Then, upon crossing a
transition state (TS), a product complex (PC) is reached, which
is also generally more stable than the free products. In the RC, the
phenolic hydroxyl group lies in the ring plane resulting in a better
orbital overlap between the n system and the O-centered p orbital.
As the hydroperoxyl radical approaches, the OH group moves out
of the plane and, in the TS, the radical lies almost above the
aromatic moiety. This relative position of the reactants suggests a
possible involvement of the benzene ring in the mechanism.

To evaluate the effect of the interaction between the two
reactants in the geometrical structure of the TS, which will be
quantified in the framework of ASA (see below), we applied a
structural modification to understand how the relative orientation
of the donor and acceptor affects the mechanism. Particularly, an
important parameter is the C-C-O-O dihedral angle (Fig. 1(B)),
which shows the position of the peroxyl oxygen with respect to the
ring plane. In the TS (Fig. 1(C)), its value is 70° implying that the
proton transfer direction is nearly orthogonal to the aromatic ring.
A partially constrained TS is optimized by keeping fixed the
dihedral C-C-O-O angle with a value of 18° (Fig. 1(D)), in which
the peroxyl moiety lies closer to the ring plane.

The partially constrained TS is higher in energy by
5.9 keal mol™" at M06-2X/6-311+G(d,p)//M06-2X/6-31G(d) level of
theory (see Computational details). These relative energy values
have been computed also running MP2 as well as highly corre-
lated DLPNO-CCSD(T) calculations. Moreover, different basis sets
and functionals were tested to validate the chosen DFT level
of theory, which is fully consistent with the frequently used
QM-ORSA protocol (see Computational details). These results
are included in the ESIt (Tables S1-S3).

Transition state SOMO analysis

To obtain preliminary and qualitative insight into the mechanism,
the SOMOs of the two TSs were inspected. As reported in the
Introduction, this simple approach is frequently adopted in the
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literature. Fig. 2(A) shows that the SOMO of the TS is essentially
localized on the peroxyl moiety; thus, at this point of the reaction
coordinate, the unpaired electron still mostly belongs to the
peroxyl radical, which is not ideal to draw assumptions about
electron transfer. Moreover, the symmetry of the SOMO is not
useful to understand the mechanism; the orbital lobes are neither
aligned along the proton transfer direction (which is typically
associated to HAT) nor orthogonal to it (which is typically
associated to CPET). The SOMO has a pseudo atomic p shape
on both the oxygens involved in the proton exchange, which are
mutually orthogonal; thus, the proton does not lie in a planar
node, since the SOMO partially covers the O-H-O region of space.
Nevertheless, the SOMO may be more confidently associated to
CPET mechanism rather than to HAT; however, the mechanistic
recognition remains ambiguous according to this analysis and the
aromatic ring seems to play no significant role in the mechanism.

Conversely, the SOMO of the partially constrained TS
(Fig. 2(B)) has a strong 7 contribution from the ring, while,
on the oxygen atoms, the lobes are localized mostly along the
proton transfer direction, which defines the HAT mechanism.
Thus, the imposed geometrical deformation suggests a varia-
tion of the mechanism, but the participation of the & system in
the reactivity remains still uncertain.

Fig. 2 SOMO of the transition state for the hydrogen abstraction from
phenol by *OOH. (A) Relaxed structure and (B) partially constrained
structure with a C-C-0O-0 dihedral angle of 18°. Level of theory: M06-
2X/6-311+G(d,p)//M06-2X/6-31G(d).
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To extend and generalize the analysis of the factors controlling
the H'/e™ transfer mechanism, the same computational strategy
was applied to a series of reference systems used as minimal
models for CPET/HAT processes, Le., phenoxyl/phenol, benzyl/
toluene and metoxyl/methanol self-exchange reactions. These
symmetric systems were selected to investigate the effect of
aromaticity, the presence of heteroatoms as well as their combi-
nation. In the literature, hydrogen abstraction is described as
CPET for the phenoxyl/phenol system; while the HAT mechanism
describes the other two self-exchange reactions.'”***”>> However,
the rationalization of the observed mechanisms is still lacking.

Starting from the phenoxyl/phenol system, a symmetric TS was
found with a m-m stacking configuration and the transferred
proton was found equidistant from both oxygen atoms. To assess
the effect of the n-n interaction, a geometrical distortion was
applied to obtain the opposite configuration. Particularly, the
relaxed m— stacking structure possesses a C-O-O-C dihedral angle
of 14°, which was increased to 174° to obtain a partially con-
strained TS with the two aromatic rings in anti configuration.
Fig. 3(A)«C) show the geometry of the optimized structures
highlighting the dihedral angle together with the corresponding
SOMOs. Although in the literature there is consensus on a CPET
mechanism, the SOMO of the TS (Fig. 3(B)) suggests a HAT
mechanism since the orbital has a 6 symmetry along the proton
transfer (O-H-O) direction. Conversely, the partially constrained
TS (Fig. 3(C)) recovers the CPET behavior of the SOMO: & symmetry
with a planar node along the proton transfer direction. Hence, the
SOMO analysis may indeed lead to a misinterpretation of the
mechanism.

Moving from the phenoxyl/phenol to the benzyl/toluene self-
exchange reaction, the mechanism becomes HAT. For this
system, two fully optimized TSs are found without imposing
any constraint: a - stacked structure similar to the previous
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case and the corresponding anti configuration with a dihedral
angle of 180°. The former is more stable by 3 kcal mol™" than
the latter, which maintains the benzene rings orthogonal to the
plane containing the dihedral angle of 180° rather than an
almost planar structure like in the phenoxyl/phenol system.
The SOMO analysis (Fig. 3(E) and (F)) confirms the HAT
mechanism for both reaction paths. These MOs represent the m
system of each ring assuming the typical shape of HAT due to the
geometry of the TSs. Interestingly, the SOMO of the n-n stacking
benzyl/toluene structure is perfectly analogous to the corres-
ponding SOMO of the phenoxyl/phenol TS, although the H'/e™
transfer mechanisms are reported to be different. Thus, the transi-
tion state SOMO may be insightful in some cases, but it can fail the
CPET/HAT discrimination even with the simplest minimal model.
Lastly, the methoxyl/methanol self-exchange reaction is briefly
presented. A TS was found with a dihedral angle between the two
methyl groups of 98° while a partially constrained structure was
optimized with a dihedral angle of 175°, lying 1.6 kcal mol ™" above
the relaxed geometry. This structure closely resembles the so-called
“hilltop structure” analyzed in a previous study by J. Mayer’s group."”
The SOMOs (Fig. S1, ESIt) are consistent with a HAT
mechanism for both reaction paths, being similar to those of
the benzyl/toluene systems. This finding contrasts with the
description of a PCET mechanism for the “hilltop structure”
by Mayer et al.'” with an electron transfer occurring between
the oxygen lone pairs. Indeed, HAT mechanism is found for the
partially constrained structure; this outcome leads us to the
conclusion that the oxygen lone pairs are not able to promote a
CPET mechanism without the presence of an aromatic moiety.

Electron flow analysis with IBO

Since the result of the SOMO analysis is not consistent with the
mechanism established in the literature for the considered

J

Fig. 3

(A) Structure of the transition state for the phenoxyl/phenol self-exchange reaction. The C-O-0O-C dihedral angle is highlighted by red labels.

(B) SOMO of the relaxed transition state and (B) SOMO of the partially constrained structure with a C—O-0O-C dihedral angle of 174°. (D) Structure of
the transition state for the benzyl/toluene self-exchange reaction. The C-C-C-C dihedral angle is highlighted by red labels. (E) SOMO of the transi-
tion state with n—r stacking configuration and (F) SOMO of the structure with anti configuration (C—C-C-C dihedral angle of 180°). Level of theory:
M06-2X/6-311+G(d,p)//M06-2X/6-31G(d).
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systems, a different approach was applied. For the hydrogen
abstraction from phenol by *OOH, the structure of the TS suggests
the involvement of the m system in the mechanism, facilitating
some kind of interaction between the two reactants. Thus, we
followed the electron flow during the reaction through the IBOs,
which are non-empirical localized molecular orbitals, useful to
gain insight and to provide intuitive chemical interpretation.
Fig. 4(A) shows the change in the main o and B spin IBOs
involved in the quenching of *OOH from the reactants, through
the TS, to the products. The proton is progressively transferred,
along the reaction path, from the hydroxyl group of the phenol
to the peroxyl radical. Conversely, the description of the elec-
tron flow is less straightforward, since the m system of the
aromatic ring is involved in the electron transfer, as shown by
the blue spin IBO (B, in Fig. 4(A)). This B spin IBO is initially
localized on the ring, as one of the n orbitals of the phenol.
Then, it changes during the reaction, evolving in the direction
of the phenolic oxygen and the peroxyl moiety, until the TS is

View Article Online

Paper

reached, covering the proton transfer (O-H-O) region of space.
Finally, as the reaction proceeds, this spin IBO remains loca-
lized only on the peroxyl moiety, as one spin orbital of the newly
formed OH o bond. While this B, spin IBO localized on the
phenolic ring moves to the peroxyl radical, the corresponding o
spin orbital (o, orange IBO in Fig. 4(A)) does not change during
the reaction and determines the radical character of the phe-
noxyl product.

Since the transferred electron comes from a spin orbital
which is not localized on the transferred proton, the reaction
mechanism is CPET. Indeed, the 3 spin orbital of the OH ¢ bond
(Bou green IBO in Fig. 4(A)) does not move together with the
proton; instead, it remains localized on the phenol as a 1 C—0
bond orbital. In the case of HAT, this spin IBO would have been
transferred to the peroxyl radical, so that the proton and the
electron traveled together. Indeed, the early stage of the reaction
resembles this situation, since the green spin IBO partially
covers the proton transfer region. However, as the blue B, spin

~

Fig. 4

(A) Changes in the main spin IBOs involved in the hydrogen abstraction from phenol by *OOH along the reaction path: B, spin IBO (blue)

transferred from the m system of the ring to the peroxyl radical and the corresponding o, spin IBO (orange), Bon spin IBO of the OH o bond (green), and
the O-centered o’ spin IBO (purple) of the peroxyl moiety. (B) Changes in the main spin IBOs involved in the hydrogen abstraction from phenol by *OOH
along the energetically disfavored reaction path via the partially constrained transition state: B, spin IBO (blue) transferred from the © system of the ring to
the peroxyl moiety, and Bon spin IBO of the OH o bond (green). Level of theory: M06-2X/def2TZVP//M06-2X/6-31G(d).
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IBO reaches the same region of space, the green Boy spin IBO
moves back to the phenolic moiety, while the former spin orbital
moves to the peroxyl moiety. Moreover, the corresponding o spin
orbital of the OH o bond (Fig. S2, ESIt) behaves in a similar way,
confirming that both electrons of the OH o bond remain
localized on the phenolic system. Lastly, the o unpaired electron
of the peroxyl radical belongs to the purple o’ spin IBO as an
O-centered orbital (o' in Fig. 4(A)), which becomes part of the
newly formed OH o bond, pairing to the B, spin IBO in the
closed-shell electronic configuration of hydrogen peroxide, as
the reaction product.

The changes of the B, and Boy spin IBOs (Fig. 4(A)) along
the reaction path clearly indicate a CPET mechanism, but the
shape of the B, spin IBO in the proton transfer region at the TS
ambiguously suggests a HAT mechanism. However, there is still
a non-zero probability of finding the electron on the aromatic
ring in the TS, unlike in a canonical HAT mechanism. Therefore,
the CPET/HAT distinction relies on the involved orbital, rather
than on the absence/presence of a ‘“naked” proton, which is
transferred from one molecule to the other. Indeed, no such
species really exists since the proton is always surrounded by an
orbital: initially the Boy spin IBO, then the 3, one.

The SOMO analysis of the partially constrained TS state
suggested a HAT mechanism; however, this picture drastically
changes when looking at the spin IBOs along this energetically
disfavored reaction path. Fig. 4(B) shows the changes in f, and
Bow spin IBOs involved in the reaction, which allow to discrimi-
nate between CPET and HAT mechanisms. As in the previous
case, the n system is indeed involved in the reactivity, since one n
spin IBO of the ring contributes to the OH ¢ bond of the peroxide.
Meanwhile, the Boy spin IBO is delocalized on the adjacent
carbon atom on the phenoxyl radical. Likely in the fully relaxed
reaction path, the Boy spin IBO is partially delocalized in the
proton transfer region at the early stage of the reaction; then, the
B spin IBO actually becomes associated to the peroxyl moiety.
Interestingly, oxygen lone pairs are not involved in the electronic
flow from the donor to the acceptor, not even when forcing the
structure to maintain a p orbital orthogonal to the ring plane to
promote a better overlap with the aromatic © system. Therefore,
the mechanism is described with confidence as a CPET from the
aromatic ring and the limits of the SOMO analysis clearly emerge.

The same strategy was applied to the phenoxyl/phenol, benzyl/
toluene and methoxyl/methanol self-exchange reactions to assess
if the analysis based on IBOs might reproduce the established
mechanisms of these well-known systems. Starting with the
phenoxyl/phenol reaction, the electron flow was evaluated along
the reaction path, highlighting the main spin IBOs involved. Fig. 5
shows that the electron associated with the B, spin IBO (blue) is
transferred from one phenol ring to the other via a direct n-n
interaction. The oxygen atoms and the proton transfer region are
hardly involved in the process, resulting in a CPET mechanism
with an electron transfer between the two aromatic moieties. The
OH o spin IBO (green) does not change following the proton
transfer but is rather delocalized on the C—O group of the same
system. Similar results are also found in the absence of the n-n
interaction, along the reaction path via the partially constrained

This journal is © the Owner Societies 2025

View Article Online

PCCP

Fig. 5 Changes in the main spin IBOs involved in the phenoxyl/phenol
self-exchange reaction along the reaction path: B, spin IBO (blue) trans-
ferred from the n system of the ring, and Bon spin IBO of the OH ¢ bond
(green). Level of theory: M06-2X/def2TZVP//M06-2X/6-31G(d).

TS in the anti configuration (Fig. S3, ESIt). The process prefers to
maintain the CPET mechanism characterized by an electron
transfer between the n systems of the aromatic rings, rather than
involving the oxygen lone pairs and switching to HAT.

The CPET mechanisms of the systems above described
involve their n aromatic moieties, but their presence does not
necessarily imply a mechanistic preference. Conversely, the role
of the heteroatom (oxygen in our case) is crucial in this context;
indeed, the electron flow analysis revealed a change of mecha-
nism when moving from the phenoxyl/phenol to the benzyl/
toluene self-exchange reaction. Particularly, the spin IBOs (Fig. S4,
ESIt) clearly show a HAT process along both reaction paths; the
CH o bond orbital progressively moves to the other molecule
following the proton at each step, until the new CH bond is formed
and the spin IBO maintains the same ¢ symmetry.

Lastly, the methoxyl/methanol self-exchange reaction is
described by a HAT mechanism according to our IBO-based
analysis (Fig. S5, ESIt) for each reaction path, as found in the
SOMO analysis. Indeed, no differences can be found when
compared to the benzyl/toluene system looking at the spin
IBOs involved in both reaction paths.

Table 1 summarizes the outcomes of the SOMO and IBO
analysis for all the reactions studied, i.e., whether the mecha-
nism is CPET or HAT according to the specific method. Overall,
the HAT mechanism is well reproduced by the established
SOMO analysis, while the CPET is not always correctly assigned

Table 1 Results of the CPET/HAT recognition according to SOMO and
IBO-based analysis

Reaction Path SOMO IBO  Literature

Phenol + *OOH Relaxed CPET* CPET —
Partially constrained HAT  CPET

Phenoxyl/phenol Relaxed HAT CPET CPET
Partially constrained CPET CPET

Benzyl/toluene Relaxed HAT  HAT HAT
Partially constrained HAT HAT

Methoxyl/methanol Relaxed HAT  HAT HAT
Partially constrained HAT  HAT

% The recognition is uncertain due to SOMO ambiguity.
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by this method. Particularly, the SOMO analysis is intrinsically
limited since it is focused on a single point along the PES, i.e. the
transition state. Although it may lead to the correct assessment
of the mechanism, it is not a guarantee of success. Conversely,
the IBO-based analysis correctly assigns the mechanism of each
system in a chemically intuitive way, by following the electron
flow during the whole reaction path. Moreover, the IBO analysis
gives information about the molecular moiety involved in elec-
tron transfer, providing a complete picture of the phenomena;
however, no general rationalization can be drawn. Therefore, we
propose to combine the IBO-based analysis with ASA to under-
stand the determining factors that control the reactivity.

Mechanistic insights through ASA

In all systems, the IBO-based analysis revealed that the mecha-
nism does not change when comparing the relaxed and partially
constrained reaction paths; however, the relative orientation of
the two reactants affects the energy of the TSs. Thus, ASA (see
Computational details) was employed to accurately evaluate the
structure-reactivity relation, particularly the factors controlling
the preferential geometry of the approaching reactants, high-
lighting the differences between CPET and HAT mechanisms.

First, the hydrogen abstraction from phenol by *OOH was
evaluated. AEgin and AE;, were calculated along a reaction
coordinate, which is the distance between the peroxyl radical’s
oxygen accepting the proton and the transferred proton itself;
that is, the reaction coordinate is the O-H bond formation with
respect to the initial O-H distance at the beginning of the
reaction, Le., in the reactant complex.

Fig. 6(A) shows the energy profiles for the CPET of phenol
with *OOH and, as expected, the energy path crossing the
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partially constrained TS lies at higher energies than the relaxed
path. AEg.in is not responsible for the energy difference
between the two paths; the lines are superimposed, revealing
that the same strain destabilizes the two systems at each step of
the reaction coordinate. In contrast, AFEj, reproduces the
observed trend, with much favorable interaction energy com-
puted along the relaxed reaction path.

A different reaction coordinate could be used for the analysis
without significant difference in the interpretation (Fig. S6, ESIT).
Particularly, the distance between the phenol oxygen and hydro-
gen represents the complementary O-H breaking coordinate, with
respect to the initial O-H distance. With this reaction coordinate,
the reactivity is still interaction-controlled; however, AEg;ain
curves are no longer superimposed, following the opposite trend
compared to the total energy. This indicates that the relaxed path
is characterized by a slightly higher A E;ain, which is probably due
to the shift of the hydroxyl group out of the ring plane. Conversely,
along the partially constrained path, this deformation is less
pronounced since the proton transfer occurs closer to the ring
plane. Since the energy trend is ruled by AE;,, EDA scheme
was applied. AEp,,; (Fig. 6(B)) and AV (Fig. 6(C)) curves
are superimposed for the two reaction paths at any point of the
reaction coordinate; in contrast, AEq; (Fig. 6(D)) reproduces the
energy trend. Thus, a more stabilizing orbital interaction is
computed for the relaxed path, justifying why the relaxed geome-
try of the TS is preferred.

Finally, to gain insight on the nature of the orbital inter-
action, the EDA-NOCYV scheme was applied to further decom-
pose AEq;. The reaction coordinate corresponding to the TSs
was selected (r.c. = 0.54) and one main contribution to the
energy was found for specific & and f NOCV pairs in both
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Fig. 6 (A) Activation strain analysis of the hydrogen abstraction from phenol by *OOH: energy profiles (solid lines), AEgain (dashed lines), AE;, (dash-
dotted lines) along the relaxed (blue lines) and the disfavored (green lines) reaction path. Energy decomposition analysis: (B) AEpayuii, (C) AVestat, (D) AEo).
The filled circles represent the position of the transition states. The reaction coordinate is defined as the degree of O—H bond formation with respect to
the same distance in the reactant complex. (E) Deformation densities of the dominating contributions to AEg, of the relaxed and (F) the partially
constrained transition states (r.c. = 0.54) for the hydrogen abstraction from phenol by *OOH, according to the EDA-NOCV scheme. Blue/red phases
correspond to accumulation/depletion of o and B electron densities, respectively; isosurface value 0.003. Level of theory: ZORA-M06-2X/TZ2P//M06-
2X/6-31G(d).
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selected points. Fig. 6(E) and (F) shows the o and 3 deformation
densities associated to the main AEX, for each species. In both
cases, the o densities correspond to the charge flow of the
peroxyl O-H bond formation and the phenolic O-H bond
cleavage. The B densities are more interesting since they show
a net charge flow from the aromatic moiety to the peroxyl one.
This finding nicely agrees with the IBO-based analysis, support-
ing the outcome that the n system is indeed involved in the
electron transfer in a CPET mechanism.

The energy difference in AEq; for the two TSs can be rational-
ized by the AES contribution associated to the NOCV pairs.
Particularly, similar AEL, are computed for the two o densities
of the relaxed and the partially constrained TSs (—20.5 and
—21.0 keal mol ™", respectively). Conversely, a larger energy
difference is computed for the B densities, ie.,, —40.3 and
—30.7 kecal mol™?, respectively; indicating a better orbital
interaction associated with the B charge flow in the relaxed
TS. Thus, overall, the © system acts as a better electron donor to
the peroxyl radical in the relaxed structure. In the end, the
reduced orbital stabilization associated to the charge transfer
in the partially constrained TS is responsible for its reduced
stability.

The same approach was also employed in the phenoxyl/
phenol case to evaluate the origin of the preferential transition
state geometry and, thus, the reaction path. To remain consis-
tent with the previous analysis, the chosen reaction coordinate
is the formation of the O-H bond. Fig. 7(A) shows the energy
profiles of the two reaction paths; particularly, an additional
energy of 4 kcal mol ™" is required to cross the barrier via the
partially constrained TS. This overall energy amount is due to
AE;y, which is highly more stabilizing for the fully relaxed
path. Conversely, AEg.in is lower in the partially constrained
reaction path, since it occurs without any significant distortion
of the hydroxyl group out of the ring plan. However, the higher
AEgain leading to the n-n stacking configuration is not suffi-
cient to compensate for the AE;,, difference, which represents
the key contribution for the path preference.

The TSs fall at similar points of the reaction coordinate.
Particularly, a slightly later transition state characterizes the
partially constrained path along the chosen reaction coordi-
nate. Actually, if the curves are projected along the O-H bond
breaking coordinate (Fig. S7, ESIt), the relaxed TS becomes
slightly later. However, the same conclusions can be drawn.

The decomposition of AE;,, shows AEy; (Fig. 7(B)) as the
sole contribution consistent with the observed trend, while
AEpayi and AVegeae (Fig. S8, ESIt) do not support the AEj,,
energy order, consistently with the previous CPET reaction
analyzed. Thus, since AEo; is responsible for the preference
of one configuration of the TS, the EDA-NOCV scheme was
applied to understand quantitatively the orbital interaction.
The o deformation densities associated to the main AES;
(Fig. 7(C) and (D)) correspond to the charge flow of the O-H
bond formation and breaking; while the corresponding f
densities show a net charge flow between the two aromatic
moieties. As found for CPET with *OOH, the o densities do not
affect the reaction path, since AE%; are very similar in both
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Fig. 7 (A) Activation strain analysis of the phenoxyl/phenol self-exchange
reaction: energy profiles (solid lines), AEgyain (dashed lines), AE;, (dash-dotted
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reaction path. (B) Energy decomposition analysis for AEq,. The filled circles
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AEg, of the relaxed and (D) the partially constrained reaction path at r.c. = 0.35
of the phenoxyl/phenol self-exchange reaction, according to the EDA-NOCV
scheme. Blue/red phases correspond to accumulation/depletion of o and B
electron densities, respectively; isosurface value 0.003. Level of theory: ZORA-
MO06-2X/TZ2P//M06-2X/6-31G(d).
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cases (—22.1 and —21.7 kecal mol ', respectively). Indeed, the B
deformation density for the n-m stacking system is associated
with a AEE; value of —28.9 kcal mol™?!, while a value of
—16.1 keal mol ™ is computed for the anti configuration. Thus,
a better orbital interaction is observed in the former, justifying
the relaxed reaction path as the most favored for the CPET
mechanism with electron transfer between the n systems of the
aromatic moieties.

A different picture is observed for the benzyl/toluene self-
exchange reaction, which represents a HAT process without the
participation of the m system of the aromatic moieties to the
electron transfer. However, also in this case, two TSs are found
with different energies; therefore, ASA helped to understand why
one is preferred over the other (Fig. 8(A)). As in the previous
cases, the degree of C-H bond formation was chosen as the
reaction coordinate. Once again, AE;,, explains the energy trend,
since it is more stabilizing for the lower energy path. As result of
AE;, decomposition, both AVjge, (Fig. 8(C)) and AEq; (Fig. 8(D))
are equally responsible for the energy difference of the two
reaction paths. The orbital contribution is still partially signifi-
cant due to the presence of aromatic moieties, which stabilize
the m-n stacking configuration, although they are not directly
involved in the electron transfer process. Interestingly, AVeistat
arises as a dominant contribution for this HAT process, while
only AEq; affects the CPET mechanisms previously analyzed.

To confirm that the aromatic moieties are not involved
in the electron transfer, the B deformation densities were
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computed (Fig. S9, ESIT). Indeed, they show a net charge flow
confined in the hydrogen atom transfer region between the
methylene groups of the two molecules.

Lastly, Fig. S10 (ESIt) shows ASA/EDA results for the methoxyl/
methanol self-exchange reactions. AE;,, and particularly AVjgeac
are responsible for the reaction path selection, while AEq; has no
role in explaining the lowest energy one. This confirms that in
HAT mechanisms, unlike in CPET, the orbital interaction does not
impact the structure of the transition state and the reaction path
choice, but rather the electrostatic effects seem to dominate the
reactivity. Thus, the effect of donor-acceptor distance is evaluated
to understand how the CPET mechanism responds to a decreased
orbital interaction.

Donor-acceptor distance effects

The CPET mechanism requires the transfer of an electron and a
proton as separate processes; however, as above described, a
naked proton is not observed since it is always surrounded by
electron density, making the distinction between hydrogen atom
or proton transfer difficult to detect even experimentally.* Thus, a
computational experiment was set up by increasing the reaction
distance between the phenol and the *OOH radical, in order to
facilitate the separation of the two transfer processes.

A TS was found by increasing the distance, from 2.3 A to
3.3 A, between the two oxygen atoms donating and accepting
the proton. Indeed, this transition state is highly destabilized
by 56.4 kcal mol~" with respect to the relaxed one. To evaluate
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Fig. 8

(A) Activation strain analysis of the benzyl/toluene self-exchange reaction: energy profiles (solid lines), AEgain (dashed lines), AE;. (dash-dotted

lines) along the relaxed (blue lines) and the partially constrained (green lines) reaction path. Energy decomposition analysis: (B) AEpaui (C) AVestat.
(D) AEq,. The filled circles represent the position of the transition states. The reaction coordinate is defined as the degree of C—H bond formation with
respect to the same distance in the reactant complex. Level of theory: ZORA-M06-2X/TZ2P//M06-2X/6-31G(d).
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Fig. 9 Changes in the main spin IBO involved in the hydrogen abstraction
from phenol by *OOH along a reaction path with an increased distance
between the two reactants. Level of theory: M06-2X/def2TZVP//M06-2X/
6-31G(d).

the effect of this distance on the mechanism, the spin IBO
(Fig. 9) associated with the transferred f electron was analyzed
along the new reaction path. Instead of obtaining a better
separation of the electron and proton transfers, the IBO-
based analysis reveals a change in the mechanism, which
becomes HAT. The f spin IBO of the OH ¢ bond progressively
follows the proton, becoming part of the new OH ¢ bond on the
peroxide. Moreover, the same spin IBO covered the whole
proton transfer region at the TS and this shape clearly indicates
a HAT mechanism. Thus, at higher donor-acceptor distance
the orbital interaction is no longer efficient to allow a CPET
mechanism and, in order to avoid the presence of a naked
proton, the mechanism switches to HAT, maintaining the
electron density on the proton itself.

The same experiment was performed for the phenoxyl/
phenol system; thus, the distance between the two molecules
was increased to assess how the electron transfer mechanism
changes. In this case, the increase in the TS O-O distance by 1 A
(from 2.4 A to 3.4 A) is not sufficient to switch the mechanism,
which remains CPET (Fig. S11A, ESIt). However, the proton
transfer character of the process is reduced since the spin IBO
is also delocalized on the proton in the transition state to avoid
the presence of a naked traveling proton. Again, a proper HAT
mechanism is found when the O-O distance is further
increased to 4.4 A (Fig. S11B, ESIt), since the aromatic moieties
are too far to interact and HAT is the only possible mechanism
to occur.

Conclusions

A computational strategy is presented to distinguish CPET and
HAT mechanisms and to evaluate the factors controlling the
reactivity of four model reactions: hydrogen abstraction from
phenol by a hydroperoxyl radical and the well-known phenoxyl/
phenol, benzyl/toluene and methoxyl/methanol self-exchange
reactions.

The analysis of the SOMO of the transition state shows some
ambiguities for the hydrogen abstraction form phenol and
inconsistencies for the phenoxyl/phenol system, if compared to
the mechanism established in the literature. Thus, this
approach, focused on a single point along the reaction path,
seems limited and although it works nicely in some cases, it may
fail in others. Conversely, the electron flow along the reaction
path computed by following the change of the main spin IBOs
involved in each reaction allows the correct identification of the
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mechanism. The results clearly show the distinction between
CPET and HAT; particularly, the hydrogen abstraction form
phenol and the phenoxyl/phenol self-exchange reaction are
associated with the CPET mechanism with electron transfer
from the n system of the aromatic moieties. Conversely, the
benzyl/toluene and methoxyl/methanol systems are associated
with the HAT mechanism.

The rationalization of the mechanistic picture of IBOs is
evaluated in the framework of ASA/EDA, through a comparison
with partially constrained structures selected according to
chemical intuition. According to this decomposition scheme,
the energy trend of the different reaction paths for the CPET
mechanism is ruled by orbital interaction, while the electrostatic
contribution becomes significant in the HAT mechanism. These
results suggest that the orbital and electrostatic contributions
determine the geometrical structure of the transition state for
CPET and HAT mechanisms, respectively.

Lastly, the effect of the donor-acceptor distance is evaluated
for CPET reactions by increasing the O-O distance in the
transition state of the considered systems. At a sufficiently
large distance the CPET mechanism switches to HAT, since
the orbital interaction is no longer efficient to allow the
electron transfer involving the m system of the aromatic moi-
eties. Thus, HAT is the only possibility to perform a H'/e™
transfer under these conditions.

Overall, we recommend that due to the intrinsic difficulties
in discriminating between CPET and HAT, a combination
of the illustrated approaches should be used. The SOMO
analysis is qualitative and must be taken with caution; the
IBO-based study in principle provides a correct identification of
the mechanism but does not offer a thorough explanation
especially if a comparison between similar substrates is con-
sidered; particularly useful, in this case, is ASA which helps to
rationalize also the mechanistic changes occurring upon defor-
mations or atom variations in series of analogous compounds.

Computational methods

All density functional theory (DFT) calculations were carried
out using Gaussian16.”® For all geometry optimizations, the
M06-2X>* functional was used combined with the 6-31G(d) basis
set. Frequency calculations were performed for all optimized
structures to assess the nature of each stationary point. Particularly,
it was ascertained that all minima have real frequencies, whereas
transition states have one imaginary frequency associated with the
correct normal mode along the reaction coordinate. The reaction
paths were calculated using the intrinsic reaction coordinate (IRC)
method.”> To obtain more accurate estimates of the electronic
energies, single-point calculations were carried out, using
the same functional combined with the extended 6-311+G(d,p)
basis set (level of theory: M06-2X/6-311+G(d,p)//M06-2X/6-31G(d)),
in agreement with hydrogen abstraction reactions performed
on small organic molecules and the QM-ORSA protocol applied
to quantify their scavenging potential.”>*®" Electron flow was
analyzed along the reaction path using the intrinsic bond orbital
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(IBO) formalism,*>*® as implemented in IboView software. Since
this software does not support the 6-31G basis set family, single
point calculations were performed using the def2TZVP basis set.
Spin contamination was checked for all doublet species and was
found to be negligible; also, each wave function stability was
assessed.

Partially constrained transition states were optimized by
imposing a frozen dihedral angle for each species during the
optimization; by relaxing the constraints, the optimization of
these transition states leads to the structures obtained by the
full optimization. The values of the frozen dihedral angles are
different and depend on the system since they were selected by
performing an initial scan of the potential energy surface (PES)
along a specific coordinate. This scan was conducted with the
initial purpose of obtaining the energetically disfavored path
without imposing any constraint. When not possible (the
relaxation lead to the fully optimized transition state structure),
the computed dihedral angle was maintained frozen and a
partially constrained structure was optimized.

For the sake of comparison and completeness, highly corre-
lated CCSD(T) energies were calculated, starting from the
previously optimized structures, through the DLPNO-CCSD(T)
method,®” as implemented in the Orca 4.2.1 package.®*** The
all-electron relativistic contracted basis set cc-pVTZ-DK with
Douglas-Kroll-Hess (DKH) scalar relativistic Hamiltonian
was used for all atoms.®>®® This level of theory is denoted as
DLPNO-CCSD(T)/cc-pVTZ-DK//M06-2X/6-31G(d). Moreover, the
second-order Moller-Plesset (MP2)°” method was tested in
single point calculations, combined with the aug-cc-pVTZ basis
set. Finally, in the DFT framework, different functionals (BLYP,
BLYP-D3(B]), MO6L, PBE1PBE, PBE1PBE-D3(BJ), M06 and M05-
2X) and different basis sets combined to M06-2X (cc-pVTZ,
def2TZVP and 6-311+G(d,p)) were tested in the geometry opti-
mizations for the methoxyl/methanol self-exchange reaction.

Activation strain analysis (ASA) and energy decomposition
analysis (EDA) were performed along a selected reaction
coordinate,®® 7! using IRC profiles and the program PyFrag.”>
Therefore, single point calculations along the energy profiles
were performed using amsterdam density functional (ADF)
2019.307.”*7* Zeroth-order regular approximation (ZORA) was
employed to include scalar relativistic effects.”> The same
functional used for the optimization procedure was employed
together with the all electron TZ2P basis set for all atoms (level
of theory: ZORA-M06-2X/TZ2P//M06-2X/6-31G(d)).

ASA is an approach based on the definition of chemically
meaningful fragments, in which the total energy is expressed as
the sum of two contributions at any point along the reaction
coordinate ({):

AE(O = AEstrain(é) + AEint(C) (1)

where AEg..in is the energy required to distort the relaxed
fragments until they assume the structure they have when
combined at each point along the reaction path, and AE;,,
represents the actual interaction energy between these dis-
torted fragments. Furthermore, in the framework of EDA, this
latter term can be split into different contributions:
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AEint(C) = AVelstat(C) + AEOI(C) + AEPauIi(C) + AEdisp(C) (2)

where AV.ga: 1S the semiclassical electrostatic interaction
between the unperturbed electron densities of the distorted
fragments; AEo; accounts for all the occupied-void orbital
interactions; AEp,,; (Pauli or exchange repulsion) represents
the repulsion between occupied orbitals localized on the two
fragments, and AEgy;, accounts for dispersive interactions,
within the model of dispersion used in the calculations.

The orbital contribution AEq; was further decomposed accord-
ing to EDA-NOCYV (energy decomposition analysis-natural orbital
for chemical valence) scheme:”®””

AEor =Y AE, )
k

where AES, represents the energetic contribution of each NOCV
pair (¥, ¥_) which are eigenvectors of the deformation density
matrix Ap with eigenvalue +1. Ap is decomposed into NOCV
contributions Ap; according to eqn (4):

Ap =Y e[l =il = 3 Any @)
k k

However, since M06-2X functional was used, a meta-hybrid
correction term is included in AEy; of EDA in eqn (2); this
correction term is not decomposed in this framework according
to eqn (3), thus generating a discrepancy between the AEq; of
the two schemes. In our systems, this term is positive and
smaller than the dominating AEE, (in absolute value); most
importantly, this term remains approximately constant in the
analyzed systems. Thus, the meta-hybrid correction is not
fundamental for this orbital analysis.
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