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Efficient activation and functionalization of the C—H bond under mild conditions are of a great interest
in chemical synthesis. We investigate the previously proposed spin-accelerated activation of the C(sp?)-
H bond by a Fe(i)-based catalyst to clarify the role of the intermediate triplet state in the reaction
mechanism. High-level electronic structure calculations on a small model of a catalytic system utilizing
the coupled cluster with the single, double, and perturbative triple excitations [CCSD(T)] are used to
select the density functional for the full-size model. Our analysis indicates that the previously proposed
two-state quintet—singlet reaction pathway is unlikely to be efficient due to a very weak spin—orbit cou-
pling between these two spin states. We propose a more favorable multi-state quintet—triplet—singlet
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Accepted 5th August 2022 a spin-accelerated reaction mechanism by strongly coupling to both quintet and singlet states. Our
calculations show that the C—H bond activation through the proposed quintet—triplet—singlet reaction

pathway is more thermodynamically favorable than the single-state quintet and two-state singlet—
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1. Introduction

Catalytic C-H bond activation and functionalization are impor-
tant for efficient synthesis of organic molecules with applica-
tions in materials science, biochemistry, and the petroleum
and pharmaceutical industries.””” The development of new
catalysts capable of activating C-H bonds using earth-
abundant and non-toxic first-row transition metals, instead of
the traditionally used precious metals, is critical for economy
and sustainability.”” Norinder et al. reported efficient iron-
catalyzed C(sp®)-H bond activation and arylation at tempera-
tures as low as 0 °C.*> While it was demonstrated that the C-H
bond activation is the rate limiting step in the arylation
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reaction,’ the overall reaction mechanism remained a mystery
(Fig. 1). Understanding the mechanisms of this and similar
catalytic reactions proceeding under very mild conditions is
critical for the development of novel catalysts based on non-
toxic and earth-abundant transition metals.

To explain the thermodynamic efficiency of the C-H bond
activation by first-row transition metals, Sun et al. carried out
an extensive computational study of the catalytic cycles.! This
study showed that the reaction mechanisms involving transi-
tions between two electronic states with different spin multi-
plicities often have lower reaction barriers than the
mechanisms limited to a single spin state. For the iron-
catalyzed C-H bond activation, based on the density functional
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Fig. 1 Schematic representation of the C(sp?)—H bond activation in the
Fe(bgn)(phen)(Ph)Cl complex (bgn — a-benzoquinoline, phen - 1,10-
phenanthroline, Ph — phenyl).
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theory (DFT) and small model coupled cluster calculations,
they proposed a two-state mechanism involving the quintet and
singlet state of Fe(u).* This two-state mechanism can accelerate
a chemical transformation by following a reaction path that
involves transition between electronic states with different spin
multiplicities and have a lower activation energy compared to
the traditional single-state mechanism. The two-state, formally
spin-forbidden, reaction mechanism requires a non-zero cou-
pling between the participating electronic states with different
spins. The spin-orbit coupling (SOC) is often the main con-
tributor to this interstate coupling. In recent years, the two-state
reaction mechanisms®” received significant attention due to their
important roles in C-H bond activation,® " hydrogen atom trans-
fer and oxidation reactions,"*™® catalyzed hydroxylation,***8
isomerization,' catalytic and electron-transfer properties of
metalloproteins,®® 2> excited-state relaxation,”® and interstellar
chemistry.*

To explain the efficient low-temperature iron-catalyzed C-H
bond activation,® Sun et al. proposed a two-state mechanism
involving a transition between the singlet and quintet spin
states of Fe(u)." The proposed two-state C-H bond activation
mechanism has a lower energy barrier than the single-state
mechanism involving only the quintet state. However, the
direct transition between the quintet and singlet states is
expected to be very inefficient because the SOC between the
states with the spin multiplicities different by more than one
unit is small (zero according to the fist-order perturbation
theory). In this work, we demonstrate the importance of the
intermediate-spin triplet state that is strongly coupled to both
the quintet and singlet states, facilitating the indirect quintet-
singlet coupling. Based on these findings we propose a new
multi-state reaction mechanism for iron-catalyzed C-H bond
activation.

2. Computational details

The critical points on the potential energy surfaces (PESs) of the
lowest-energy singlet, triplet, and quintet states were obtained
by fully optimizing the geometries of reactants, transition states
(TS), and products. The harmonic vibrational analysis was
performed at each critical point to characterize it as a mini-
mum (no imaginary frequency) or TS (one imaginary fre-
quency). All geometries were optimized with the unrestricted
density functional theory (DFT) using the B3LYP functional®* >’
with the def2-SVP basis set.”® The single point energy calcula-
tions for the optimized geometries were performed using the
B3LYP with Grimme’s dispersion correction and Becke-John-
son damping [D3(BJ)],>**° MN15-L,*" and ©B97X-V** func-
tionals combined with the larger def2-TZVP basis set.>®** The
solvent effect was accounted for with the conductor-like screen-
ing model (COSMO).** High-level electronic structure calcula-
tions on a small model of the complex were performed using
the restricted coupled cluster with singles, doubles and
perturbative triples [CCSD(T)] method,* as well as the
domain local pair natural orbital (DLPNO) approximation
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[DLPNO-CCSD(T)],>**®* combined with the def2-TZVP basis
set. The initial screening of the enantiomers of the Fe complex,
TS search, and harmonic vibrational analysis were performed
using the GAMESS software package.>**° The following geome-
try optimization for the lowest energy enantiomer was carried
out in the Molpro package.*’ For the calculations with the
MN15-L and ®B97X-V density functionals, the Q-Chem
package®® was used. All CCSD(T) calculations were carried out
with Molpro, while the DLPNO-CCSD(T) calculations and mini-
mum energy crossing point (MECP) searches were performed
using the ORCA package.*® To compare the Hartree-Fock and
DFT wave functions, Hirshfeld atomic charge analysis** was
performed with Multiwfn software.*> The SOC values between
the spin states were calculated with the first-order perturbation
theory using the state-averaged complete active space self-
consistent field (SA-CASSCF) wave functions and the two-
electron Breit-Pauli Hamiltonian.*® The CASSCF active space
comprised of six electrons and five d-orbitals of Fe(u), and the
state-averaging was done over the two spin states of interest
(quintet and triplet, or triplet and singlet). At the first-order
perturbation theory, the SOC between the quintet and singlet
states is zero. All SOC calculations were performed using the
GAMESS package. The localized orbitals were obtained with the
JANPA package using the chemist’s localized property-
optimized orbital procedure,”””*® and visualized using Jmol.*’

3. Results and discussion
3.1. Selection of stereoisomers and density functionals

To find the most stable stereoisomer of the [Fe"(bgn)(-
phen)(Ph)C1]° complex (bgn - a-benzoquinoline, phen - 1,10-
phenanthroline, Ph - phenyl) proposed by Sun and co-workers,*
we optimized the geometries of all twelve possible stereoi-
somers with the B3LYP-D3(BJ)/def2-SVP level of theory
(Fig. 2). We assumed that o-benzoquinoline cannot rotate
around the N-Fe bond and no isomerization occurs before
the C-H bond activation step. The geometries were optimized
for the lowest-energy singlet, triplet, and quintet states. The
order of the spin state in each stereoisomer was found to be
Equintet < Etriplet < Esingler- The quintet state of the stereoisomer
in the dashed box in Fig. 2 was found to have the lowest energy
and used in all following calculations.

To select the best DFT functional to study the catalytic C-H
activation involving multiple spin states, we preformed the
CCSD(T) calculations on a small model of the complex and
compared the relative energies of the spin states with those
obtained with different density functionals. The small model
was constructed from the full-size model of the selected stereo-
isomer by replacing the atoms of the iron’s second coordina-
tion sphere with hydrogens (Fig. 3). The positions of these
hydrogen atoms were optimized, while the coordinates of all
other atoms were kept fixed. In addition to the B3LYP func-
tional that has been shown to reproduce spin-dependent
properties of iron complexes,”® > we tested the MN15-L and
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Fig. 2 Stereoisomers of the Fe(bgn)(phen)(Ph)Cl complex (bgn - a-
benzoquinoline, phen - 1,10-phenanthroline, Ph — phenyl). The hydrogen
atom of the activated C(sp?—H bond is shown in red. The lowest energy
stereoisomer is in the dashed box.

Full-size model Small model

Fig. 3 Full-size and small models of the [Fe'(bgn)(phen)(Ph)ClI° complex.

®B97X-V functionals, which are known to work well for transi-
tion metal compounds.**>*>>

All three density functionals predict the same order of the
spin states for the reactant geometries (Equintet < Euiplee <
Eginglee) and the TS geometries (Esinglet < Equintet < Etriplet), With
the exception of the isoenergetic singlet and triplet states at the
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reactant geometry predicted by ®B97X-V and the different state
order at the TS geometries predicted by MN15-L (Table 1). For
the TS geometries, this order of the spin states is also consis-
tent with the CCSD(T) results. For the reactant geometry,
CCSD(T) predicts the singlet state to be 5.4 kcal mol™" below
the triplet state.

The three density functionals and CCSD(T) predict similar
relative energies for the quintet and triplet states at the reactant
and TS geometries. The MN15-L singlet state energies are
significantly overestimated compared to those of CCSD(T)
and the other two density functionals. However, all three
density functionals and CCSD(T) predict similar TS barriers
(the energy differences between the reactant and TS structures)
for the singlet, triplet and quintet states. For each spin state,
the highest occupied molecular orbital (HOMO), singly occu-
pied molecular orbitals (SOMOs) and the Hirshfeld atomic
charges obtained with different density functionals are similar
(Fig. S2-S13, ESIt), indicating convergence to the same self-
consistent field solutions. The quantitative differences in the
relative energies of the spin states predicted by three DFT
functionals are likely related to the different treatment of the
exchange interaction.’®®” The energy gaps between different
spin states predicted by hybrid functionals are sensitive to the
amount of the Hartree-Fock (HF) exchange.’”*® For example,
the B3LYP containing 20% of HF exchange is known to over
stabilize high-spin states.’®®" This can be seen in Table 1 by
comparing the singlet-triplet energy gaps at the reactant and
TS geometries. For example, for reactants, these gaps are
18.9 keal mol™" for MN15-L (0% HF exchange), 4.5 kcal mol ™"
for B3LYP-D3(BJ) (20% HF exchange) and 0.0 kcal mol " for
range-separated ®B97X-V (16.7% HF exchange for short-range
and 100% for long-range). These values can be compared with
—5.4 kcal mol™' predicted by CCSD(T). A similar trend is
observed for the singlet-quintet energy gap.

The efficiency of the C-H bond activation, which is known to
proceed at temperatures as low as 0 °C, depends on the lowest
TS barrier. The CCSD(T) predicts the singlet TS to be signifi-
cantly lower than triplet and quintet TSs. The CCSD(T) singlet
TS energy (23.8 kcal mol ™) is in very good agreement with the
©B97X-V value (24.0 kcal mol '). Therefore, based on the
agreement between the CCSD(T) and ®wB97X-V values for
the interstate energy gaps and the lowest TS energy, all energy
calculations on the full-size model were performed with the
®B97X-V functional.

To ensure the applicability of the single reference methods,
the CCSD(T) T, diagnostic and the unrestricted DFT spin
contamination were calculated. In all CCSD(T) calculations,

Table 1 Relative energies (kcal mol™) of the spin states for the small model obtained with the def2-TZVP basis set

B3LYP-D3(BJ) MN15-L ®BI7X-V CCSD(T)
Transition Transition Transition Transition
Spin state Reactant State Reactant State Reactant State Reactant State
Singlet 14.7 31.7 33.1 48.4 9.6 24.0 5.8 23.8
Triplet 10.2 47.3 14.2 56.4 9.6 45.2 11.2 52.9
Quintet 0.0 41.3 0.0 40.2 0.0 37.8 0.0 37.2
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the T; diagnostic for the triplet and quintet states was always
below the critical value of 0.05,°>°* while for the singlet
reactant and TS the corresponding values were 0.059 and
0.053. For the ®B97X-V functional, the spin contamination
calculated as a difference between the expectation value of §>
operator and the exact value of S(S + 1) was below 0.2.

3.2. Effects of model size, molecular geometry, basis set and
solvent on the spin state energies

According to the ®B97X-V calculations on the small model, the
singlet and triplet reactants were predicted to be isoenergetic
(Table 1). In the full-size model, the triplet reactant energy is
predicted to be 1.9 kcal mol " lower than the singlet, as seen in
Fig. S14 (ESIt). The order of the spin states at the TS geometries
for small and full-size models are the same; however, the TS
energies of the quintet and triplet states are noticeably lower in
the full-size model. Therefore, the CCSD(T) energies calculated
for the small model, while providing useful insight into the
relative stability of the spin state, are not necessarily more
accurate than the full-size model values obtained with
®B97X-V.

To estimate the effect of the B3LYP-D3(BJ) geometry optimi-
zation on the spin state energies, the selected geometries were
also optimized with ®B97X-V, using the same def2-SVP basis
set. The single point energies were recalculated with the ®B97X-
V/def2-TZVP level of theory. As illustrated in Fig. 4, the largest
difference between the relative energies obtained for the
®B97X-V and B3LYP geometries is 4.2 kcal mol " for the triplet
TS. Thus, the relative energies of the spin states are not very
sensitive to the functional used for the geometry optimization.

In Table 2, we compare the relative energies of the spin
states calculated using the def2-SVP and the larger def2-TZVP
basis sets. There are two sets of the energies reported, one in
the gas phase and another in the tetrahydrofuran (THF) solvent
using the dielectric constant value of 7.58. The largest differ-
ence between the relative energies obtained with the two basis
sets is 6.7 kcal mol™" for the triplet reactant in THF. This
indicates that the def2-TZVP energies are likely converged
within the chemical accuracy with respect to the basis set limit,
which is expected for the DFT energies calculated with the
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Fig. 4 Relative energies of the spin states calculated with the ®B97X-V/
def2-TZVP level of theory for the geometries optimized using the B3LYP
and ©B97X-V functionals with the def2-SVP basis set.
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triple-zeta basis set.”®** The implicit solvent effect described by
the COSMO model slightly stabilizes the singlet and triplet
states with respect to the quintet, with the largest stabilization
of 3.6 kcal mol " observed for the triplet reactant. While the TS
of the quintet state in THF is destabilized by 1.5 kcal mol™*
with respect to the gas phase. These small energy changes are
not expected to influence the overall reaction mechanism. To
estimate the explicit solvent effect, a single THF molecule was
placed next to the TS structure of the quintet state (Fig. S15,
ESIt). The geometry optimization indicates that this THF
molecule does not bind to the complex and, therefore, should
not affect the overall C-H bond activation reaction.

3.3. Spin-accelerated reaction mechanism

The C-H bond activation by transition metal complexes, includ-
ing spin-accelerated mechanisms,** requires the presence of
an unoccupied 3d-orbital.”> The donation of the sigma-bond
electrons to the d-orbitals of iron facilitates the C-H bond
activation. There are no unoccupied 3d-orbitals in the quintet
state (the ground state of the reactant); hence, the lowest-energy
TS is likely to correspond to the singlet or a triplet spin state.
The chemist’s localized property-optimized orbitals shown in
Fig. 5 clearly demonstrate the contribution of the d,. orbital
of iron and the C-H sigma bond to the same molecular
orbitals. As a result of this orbital mixing, even at the reactant
geometries, the C-H bond goes out of the plane of the
a-benzoquinoline ligand. This effect is present in all three spin
states but especially prominent in the singlet state (Fig. S16,
ESIt).

Fig. 6 depicts the crystal-field diagrams of the distorted
octahedral reactant geometries for the three spin states, show-
ing the electron distribution over d-orbitals. The weak inter-
action between the hydrogen atom on the z-axis and the iron
center leads to the d,» orbital to be less destabilized than the
d,>_y» orbital, which strongly interacts with the ligands on the
x- and y-axis. According to these crystal field diagrams, the d,»
orbital is unoccupied only in the singlet state. For the C-H
bond to be activated, this d,. orbital must accept electron
density from the C-H sigma bond. For the quintet and triplet
states, this electron transfer will result in an energy penalty due
to the repulsion with the single electron already present on the
d,» orbital. Therefore, the C-H bond activation must be more
efficient in the singlet state with the empty d,. orbital.

The more efficient C-H bond activation in the singlet state
predicted by the simple crystal-field diagrams is supported by
the reaction pathways obtained from the electronic structure
calculations (Table 2 and Fig. 7). The singlet reaction pathway
has the lowest activation barrier compared to the triplet and
quintet pathways. Based on this picture, we propose the follow-
ing mechanism for the iron-catalyzed C-H bond activation. The
reaction starts on the lowest-energy high-spin quintet state and
proceeds to the crossing point between the quintet and triplet
states. After crossing to the triplet state, the second crossing
from the triplet to singlet takes place, allowing the C-H bond
activation to proceed through the lowest energy barrier. The
existence of the interstate crossings was confirmed by locating

This journal is © the Owner Societies 2022
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Table 2 Relative energies (kcal mol™) of the spin states for the full-size model obtained with the ®B97X-V functional. The molecular geometries

optimized at the B3LYP-D3(BJ)/def2-SVP level of theory in the gas phase

Gas phase THF solvent
def2-SVP def2-TZVP def2-SVP def2-TZVP
Reactant Transition State Reactant Transition State Reactant Transition State Reactant Transition State
Singlet 16.5 26.1 13.1 24.2 15.7 26.6 11.5 24.1
Triplet 16.1 36.0 11.2 35.4 14.3 36.0 7.6 35.1
Quintet 0.0 28.0 0.0 27.0 0.0 29.3 0.0 28.5

Quintet ' O

Triplet '} Singlet

Fig. 5 The C—H bond localized molecular orbital for three different spin
states. The plots demonstrate the contribution of the d orbital of iron to
this molecular orbital at the reactant geometries. Similar plots for the TS
geometries are shown in Fig. S17 (ESIT).
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Fig. 6 Cartesian coordinates defined for the octahedral reactant geome-
tries and the crystal-field diagrams for the three spin states.

the MECPs between quintet-triplet and triplet-singlet states
(Fig. S18, ESIf). The proposed multi-state mechanism is ther-
modynamically more favorable than the single-state reaction

SOC 420 cm?! 35.1 - Singlet
S0C ~ 2 - Triplet

S0C 660 cm-! - Quintet

y (kcal/mol)
=
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e
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Fig. 7 Multi-state reaction mechanism for the iron-catalyzed C(sp?)—H
bond activation involving three different spin states. The energies are
obtained with the ®B97X-V/def2-TZVP//B3LYP-D3(BJ)/def2-SVP level of
theory. The bold blue, black and red numbers are relative energies in kcal
mol ™! with respect to the quintet reactant energy. The values of spin—orbit
coupling between the spin states at MECPs are shown in gray boxes.
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mechanism involving only the quintet state with a higher
energy barrier. Also, this multi-state mechanism proceeding
through the intermediate triplet state is expected to be more
efficient than the two-state mechanism with the direct quintet-
singlet transition proposed earlier. The rates of transitions
between the electronic states with different spin multiplicities
strongly depend on the magnitude of SOC between these states.
The SOC values calculated with the perturbation theory at the
MECP geometries are 660 and 420 cm™ " for the quintet-triplet
and singlet-triplet crossings, indicating significant transition
probabilities between these states. In contrast, for the two-state
reaction mechanism, the coupling between the quintet and
singlet states is expected to be very small (zero within the first-
order perturbation theory). Therefore, we expect the spin-
accelerated C-H bond activation to proceed via a multi-state
mechanism involving all three electronic states, as shown in
Fig. 7.

4. Conclusion

We presented a detailed study of the Fe(u)-catalyzed C(sp*)-H
bond activation mechanisms involving multiple electronic
states with different spin multiplicities. In an earlier study,
based on the calculated relative energies of the different spin
states, a two-state mechanism with the direct transition from
the quintet to the singlet state was proposed.” In this work, we
investigated the importance of the intermediate triplet state in
this catalytic C-H bond activation reaction. The CCSD(T) cal-
culations on the small model of the reaction complex was used
to select the density functional capable of accurately predicting
the relative energies of the spin states. The energies of the
reactants, TSs and MECPs of the full-size model were calculated
at the ®B97X-V/def2-TZVP level of theory. The spin-orbit cou-
pling between the states at the MECP geometries were obtained
with the state-averaged CASSCF method and the Breit-Pauli
Hamiltonian. The large SOC values between the quintet-triplet
and triplet-singlet states indicate the high interstate transition
probabilities and rates, while the very small coupling between
the quintet and singlet corresponds to a very low transition rate
between these states. Therefore, we proposed a multi-state
quintet-triplet-singlet reaction mechanism for the iron-
catalyzed C(sp?)-H bond activation, which is more favorable
than the direct two-state quintet-singlet mechanism. We
believe that this multi-state reaction mechanism could open a
new direction in the development of the next-generation of
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efficient catalysts based on the earth-abundant and inexpensive
first-row transition metals.
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