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The Kinetic Isotope Effect as a Probe of Spin Crossover in the C—H
Activation of Methane by the FeO" Cation**

Binh Khanh Mai and Yongho Kim*

Abstract: Two-state reactivity (TSR) is often used to explain
the reaction of transition-metal-oxo reagents in the bare form
or in the complex form. The evidence of the TSR model
typically comes from quantum-mechanical calculations for
energy profiles with a spin crossover in the rate-limiting step.
To prove the TSR concept, kinetic profiles for C—H activation
by the FeO" cation were explored. A direct dynamics approach
was used to generate potential energy surfaces of the sextet and
quartet H-transfers and rate constants and kinetic isotope
effects (KIEs) were calculated using variational transition-state
theory including multidimensional tunneling. The minimum
energy crossing point with very large spin—orbit coupling
matrix element was very close to the intrinsic reaction paths of
both sextet and quartet H-transfers. Excellent agreement with
experiments were obtained when the sextet reactant and quartet
transition state were used with a spin crossover, which strongly
support the TSR model.

M ethanol is one of the top 25 chemicals produced world-
wide and has been proposed as a liquid fuel.''! Much attention
has been paid in applied and pure chemistry to the direct
method to convert methane to methanol with efficient
catalysts.”! In 1990, Schroder and SchwarzP! reported that
under thermal conditions, methane-to-methanol conversion
can occur when the gas-phase FeO" cation is used as a catalyst.
Fiedler etal suggested that this methane-to-methanol
conversion is involved in more than one state, and the spin
inversion occurs at the crossing region of two potential energy
surfaces of different spin states, which can help to decrease
the barrier height and increase the efficiency of this con-
version. This phenomenon can be called a “two-state
reactivity” (TSR) and has been proposed by Shaik and co-
workers.”! This idea has been applied to later theoretical
studies by Yoshizawa® and Metz"! with the same reaction.
Other examples for spin-forbidden reactions in an organo-
metallic reaction were also reported by Harvey et al.® The
TSR model has been widely used to explain the reactivity of
many organometallic and bioinorganic systems.”) However,
the evidence for the TSR model came primarily from
quantum mechanical studies showing the crossing of simple
one-dimensional potential energy profiles in the rate-deter-
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mining step. Because it is very difficult to accurately predict
the energetics of transition-metal complexes of two different
spin states,'” there is still some debate whether the spin
crossover plays an important role.

The kinetic isotope effect (KIE) is in principle determined
by the transition state (TS) properties and the shape of the
potential energy surface, which depends on the spin state of
the reactions; therefore, theoretical investigation of KIEs in
comparison with experiments can be used to test whether the
spin crossover played an important role in the methane
hydroxylation by FeO®. Herein, we present variational
transition-state theory calculations including multidimen-
sional tunneling (VITST/MT) to reproduce the kinetic signa-
tures of this reaction, such as rate constants and KIEs for the
hydrogen atom transfer (HAT) based on quantum mechan-
ically generated intrinsic reaction coordinates (IRCs). This
approach has recently been applied successfully to study C—H
activation reactions by transition-metal complexes.'!! The
direct dynamics approach, where energies and frequencies
are calculated as needed on the potential energy surface, was
used to generate the potential energy surface at the B3LYP/
def2-TZVPP level, and the IRC was obtained by following
the minimum energy path (MEP) from the TS to either the
reactant or product using the Page-Mclver method."?! Altun
et al.™¥! recently demonstrated that the B3LYP functional
shows very good benchmark results for the energetics of
similar reactions.

The potential energy profile and some bond lengths and
angles of stationary point structures are shown in Figure 1 and
2, respectively. Methane hydroxylation occurs via two-step
mechanisms through the formation of a hydroxyl intermedi-
ate [H;C-Fe-OH]". The relative energetics in this study are
quite similar to those of previous high-level quantum
mechanical studies, and clearly indicates crossing of two
spin state energies between the reactant complex (RC) and
TS.

The FeO—CH, complexes had an n’ configuration with
three C—H bonds pointing toward Fe, and the binding
energies were 30.7 and 23.4 kcalmol™! for the quartet and
sextet spin state, respectively. The donor—acceptor interaction
energies between C—H o-orbitals and Fe—O antibonding
orbitals (both 0*- and m*-orbitals) were calculated using the
natural bond orbital analysis,"¥ and 20.8 and 15.8 kcalmol™!
were obtained for the quartet and sextet, respectively. The
back-bonding energies between FeO and CH, were calculated
from the interaction energies between Fe—O bonding orbitals
and C—H o*-orbitals, which were approximately 2 kcalmol ™
for both spin states. These results suggest that the donor—
acceptor interaction between C—H bonding and Fe—O anti-
bonding orbitals, which is the stabilization energy owing to
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Figure 1. Potential-energy diagram for the C—H activation by FeO™"
cation at the B3LYP/def2-TZVPP level. The numbers in the parenthesis
and square brackets are at the B3LYP/6-311G***d and CBS-QB3/"!
levels, respectively. All values are in kcal mol™".
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Figure 2. Stationary point structures for the CH, activation by FeO™"
cation at quartet and sextet spin states calculated at the B3LYP/def2-
TZVPP level. All number are in A.

partial charge-transfer from bonding to antibonding orbitals,
is the main factor for the binding of CH, to FeO™. The C-Fe-O
angles were 177° and 166° at the quartet and sextet,
respectively. During the HAT, the C-Fe-O angle decreased
gradually and became smaller than 90° at TS1. TS1 had a four-
membered ring structure, where the C—H and O—H bonds
were 1.34 and 1.37 A, respectively, at the quartet, and 1.42 and
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1.30 A, respectively, at the sextet. When the reaction pro-
ceeded from RC to TS1, the Fe—C distance decreased by
approximately 0.1 A for both spin states. However, the Fe—O
distances decreased from 1.69 A to 1.62 A at the quartet but
increased from 1.64 A to 1.72 A at the sextet. This opposite
trend was probably the most significant spin-dependent
structural change along the reaction coordinate. ‘RC was
lower in energy than “RC, whereas *TS1 was lower in energy
than °TS1. Because of the inversion of relative energies for
RC and TS1 between two spin states, a spin crossover may
occur during the HAT, which is called the two-state reactivity
model.

Figure 3 depicts two possible mechanistic scenarios for the
spin-state change in the C—H activation by FeO™; pre-
equilibrium between two states ‘RC and ‘RC and a spin

Figure 3. Two possible mechanistic scenarios for a pre-equilibrium and
a spin crossover.

crossover during the HAT.™™ The pre-equilibrium mechanism
will be supported if the minimum energy crossing point
(MECP), where the energy and structure of the two spin
states are identical, is far from (or unrelated with) the intrinsic
reaction coordinates (IRCs) of HAT, whereas the spin-
crossover mechanism is supported if the sextet and quartet
IRC:s cross at or near the MECP. The MECP was calculated
using the Crossing2009 program,!'® where the C-Fe-O angle
and Fe—O distance were 111° and 1.66 A, respectively. The
MECP was 8.7 kcalmol ! higher in energy than °RC.

The sextet and quartet potential and free energy surfaces
along the IRCs were calculated (Supporting Information,
Figure S1 and S2). Figure 4 depicts the potential energy
curves and some geometrical parameters of the FeO*
complex along the HAT coordinate defined by ¢,=
(ren—ron)/2, which represents the dislocation of H between
the two end atoms.!'’] The energy and geometrical parameters
of MECP were included in these plots to show its relation
with the IRCs. The Vygp vs. g, plots for sextet and quartet
crossed at a point with about 8.7 kcalmol ™' of energy, which
was nearly identical to the relative energy of MECP
compared with °RC. The g, vs. g, plots for the IRCs of the
sextet and quartet were nearly superimposed, where g,
represents the distance between two end atoms for collinear
reaction. However, the r(C—O) vs. g, plots for the sextet and
quartet were somewhat different and the MECP was in the
middle of these two plots. These results showed that the
MECP was not exactly on the intrinsic HAT coordinates of
either spin states but very close to them, and its energy was
also very close to the closest IRCs of the sextet and quartet.
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Figure 4. The potential energy curves (top) and some geometrical
parameters along the reaction coordinate defined as g, = (rey—ron) /2
The vertical lines and filled circles represent the position and individual
values of MECP, respectively.

Since the MECP was very close to the IRC of HAT (both
geometrically and energetically) and no other low-energy
MECP was found, the spin-crossover mechanism is therefore
more plausible for this reaction.

The g, vs. g, plot was nearly flat at approximately —0.25 <
¢, <035 A with Ag,~0, which indicates that the H-atom
moved very rapidly between two end atoms, while the end
atoms rarely moved. The *C—*O distance vs. g; plot was also
nearly flat. The C—H and O—H bonds were being broken and
formed, respectively, in this region, without heavy-atom
motion. At ¢, <—025 and ¢,>035A, two end atoms
approach and recede from each other, respectively, without
hydrogenic motion. These results indicate that the H atom
motion was well separated from the heavy atom motion
during the HAT. Tunneling was generally very efficient within
this flat region but negligible outside. The MECP appeared
far ahead of this flat region, therefore the tunneling coef-
ficient was hardly affected by the spin crossover.

The KIE is very sensitive to the transition-state properties,
and the shape of the barrier that depends on the spin state;
therefore, KIE can be used as a probe of the spin crossover.
Shaik et al.'® performed quantum mechanical studies for the
mechanisms of C—H hydroxylation of N,N-dimethylaniline in
P450 enzymes, and showed that KIE can be used as a probe of
the reactive spin state by the comparison of the predicted
spin-dependent KIE values with experiments. Harvey® has
studied kinetics of spin-forbidden reactions and proposed
a simple equation for the thermal rate constant of a reaction
with the spin crossover through an MECP:

K1) = () 5 exo (- T 1)

where (pg) is the mean spin-crossover probability roughly
independent of the temperature. For Fe(CO),+ CO with
66 cm™! of spin-orbit coupling matrix element,!') the (pg)
value was approximately 0.05. Typical values of (pg;) might be
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in the range of 0.001-0.1 depending on the coupling matrix
element, which would increase the activation energy by 1-
4 kcalmol .l The spin—orbit coupling matrix element at the
MECP of this study was 183 cm™' at the CASSCF/def2-
TZVPP level, which would introduce quite a large spin-
crossover probability. The TS energies of both sextet and
quartet states were much greater than the MECP, therefore
two spin states of MECP, *“MECP and "MECP, were thermally
equilibrated with each other, and also with the reactant under
the approximation of TST. The tunneling coefficient calcu-
lations in this study require quantal transmission probabilities
at an energy below the top of the barrier; however, this was
negligible at the MECP of both spin states (Supporting
Information, Figure S3) because of the reason described
above.

We divided C—H activation into two parts for rate
calculations; the formation of RC and the actual HAT. The
equilibrium constants of RC formation and the HAT rate
constants are listed in the Supporting Information, Table S1,
and the overall rate constants of C—H activation and KIEs are
listed in Table 1. The tunneling coefficient, which is very

Table 1: Tunneling coefficients (i), rate constants (cm’ molecule™ s™),
and KIEs at room temperature.”!

Spin states  x[H] kg [H] kexp [H] KIE4®  KIE,,P
*RC-*TS1 5.35 2.47x107"° 4.87
‘RC-TS1 534 3.73x107" o 5.46
SRC-STST 348 8.90x10°7 ZOX10T g5 46
‘RC-5TST 344 1.71x1077 48.2

[a] Experimental values are from ref. [3]. [b] Rate constants for H and D
transfers are from the CH,D, reactions, which are listed in Table S2.

sensitive to the shape of potential energy surfaces, was about
65 times greater for the sextet than the quartet, which will
produce quite a different kinetic signature depending on the
spin state. Assuming the reaction was to occur in a single spin
state without the spin crossover, the rate constants would be
very different from the experimental values. The calculated
rate constant and KIE of the sextet (‘RC-°TS) were much
smaller and larger, respectively, than the experimental values.
The rate constant of the quartet (‘RC—*TS) is also much larger
than the experimental value, although the KIE value had the
correct order of magnitude. The rate constant and KIE were
in the best agreement with experimental values only when the
sextet reactants and quartet potential energy surface were
used including the transition state (‘RC-TS). This result
means that RC and TS1 must have different spin states, the
sextet and quartet, respectively, which requires the spin
crossover that reduces the barrier height and catalyzes the C—
H activation.” Recently, Ard et al.”” reproduced experi-
mental rate constants and product branching ratios using
a statistical model with TS energies as adjustable parameters
under the assumption of the spin crossover. We calculated
rate constants using VIST/MT based on the B3LYP/def2-
TZVPP level potential energy surfaces without any artificial
parameters and demonstrated that KIEs were always much
larger for °TS than “TS irrespective of the spin state of RC

Angew. Chem. Int. Ed. 2015, 54, 39463951
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(Table 1), which suggests that KIE can be used as a sensitive
and authentic probe for the spin state of TS and therefore as
the evidence of spin crossover. It is tunneling that causes the
KIE to be highly spin-dependent; the KIE values rarely
changed without tunneling (Supporting Information,
Table S2).

To understand why the spin crossover occurs along the
HAT, the Hirshfeld spin densities,”!! CMS5 partial charge,*
and atomic valence (number of electrons that an atom uses in
bonding) of Fe were monitored along the IRCs of the sextet
and quartet, and the results are depicted in Figure 5. The CM5
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Figure 5. Hirshfeld spin densities, CM5 partial charges, atomic valen-
ces of Fe, and Mayer bond orders along the HAT coordinate. The C—H
bond breaking and O—H bond formation occurred rapidly in the
shaded region with very little heavy atom motion. The closed and open
symbols represent sextet and quartet spin states, respectively. The
green dashed lines and points represent the positions and individual
values of the MECP, respectively.

partial charges of 0O and *H decreased and increased,
respectively, in the shaded region, which suggested that
oxygen abstracts an electron from the C—H o-orbital. How-
ever, the partial charges of the two spin states were nearly
superimposed, which therefore suggests that the spin-depen-
dent reactivity may not be attributed to the charge density.
Furthermore, the spin densities of 0O and CH; changed
differently as the reaction proceeded; the spin density of CHj,
for example, increased and decreased for the sextet and
quartet, respectively. This indicates that HAT utilizes elec-
trons with different spin depending on the spin state. The spin
densities of Fe and *O, which dropped by nearly one unit at
the MECP, and the large increase in the atomic valence of Fe
upon the spin crossover, indicate that the spin inversion
increases the number of bonding electrons. Interestingly, the
two spin densities (sextet and quartet) of MECP were closer
than those of IRC at the same ¢, value for both Fe and *O, and
the Fe atomic valence of MECP was in the middle of the
sextet and quartet values at the IRC. The 2O spin densities
decreased rapidly and were nearly unchanged for the sextet
and quartet, respectively, and the Fe atomic valence
decreased more rapidly for the sextet than the quartet in
the region where the H atom moves very rapidly. The sextet
bond orders of 'Fe—*O and 'Fe—C decreased and increased,
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respectively, along the IRC. The 'Fe—’C bond order was
greater for the quartet than the sextet all along the IRC;
however, the quartet bond order of 'Fe—O started increasing
near the MECP, reached a maximum near the TS, and
decreased after passing the TS of HAT. These results indicate
that the atomic valence of Fe and the associated bond orders,
'Fe—*0 and 'Fe—*C, depend significantly on the spin states,
which must be closely related to the spin-dependent reac-
tivity.

Shiota and Yoshizawal® suggested that the two-orbital—
two-electron interaction between the HOMO orbital of CH,
and the 30 orbital of FeO" is the main factor, and this
interaction destabilizes the 30 orbital of the sextet based on
the extended Hiickel method. The donor—acceptor interac-
tion between the o and 0%, natural bond orbitals, which
represent the stabilization energy owing to a partial charge
transfer from o to 0%, orbitals, was calculated at several
points along the reaction, and the results are depicted in
Figure 6. The donor—acceptor interaction energy was approx-

Quartet ,

, 4 H =

e — 960 — 9o — (Fe — @e
2.48 1.81 0.92 1.31 0.84
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Figure 6. The donor-acceptor interactions for the oc_; and 7w, o
orbitals (top) and the 0. and o*¢, , orbitals (bottom) at some
points along the HAT coordinate. The numbers are interaction energies
in kcalmol ™.

imately 2.7 kcalmol™ greater for ‘RC than ‘RC. For the
sextet, this interaction energy became smaller immediately
after the reaction started and rarely changed along the IRC.
However, for the quartet, the energy increased rapidly after
passing the MECP and became 12 kcalmol ™ at TS1. This
interaction between 0.y and m*p_ orbitals were rarely
changed during the HAT for both sextet and quartet as
depicted in Figure 6. These results mean that the donor-
acceptor interaction between ocy and 0%, orbitals would
be the main source of spin-dependent potential energy curves.
The spin inversion at the MECP helped to enhance this
charge-transfer interaction for the quartet and reduced the
barrier height of HAT.
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In summary, we calculated the spin-dependent rate
constants and KIEs for C—H activation of methane by FeO*
cation using VIST/MT and demonstrated that the excellent
agreement between experimental and predicted KIEs was
obtained only when the reactant and transition state had
sextet and quartet spin states, respectively, which requires
a spin crossover in the reaction. The rate constants were very
different from experiments without a spin crossover. The
MECP occurred very early in the reaction before the hydro-
gen was moving and was very close to the IRC. The spin-orbit
coupling matrix element of MECP was 183 cm™', producing
a large spin-inversion probability. The donor-acceptor inter-
actions between 0. and 0%, orbitals were most crucial for
the spin-dependent energetics of this reaction. This study
demonstrated that experimental rate constants and KIEs
along with the theoretical prediction from the VTST/MT
could be used as a powerful method to investigate the TSR
model, which has been applied for many reactions with
transition-metal complexes.

Methods

The structure of all stationary points (reactant, product, intermediate,
and TS) were fully optimized at the B3LYP level using the
Gaussian09 program.” The def2-TZVPP? basis set was used for
all atoms. Each minimum and TS structure was confirmed to have
zero and one imaginary frequencies, respectively. The MECP
between two spin states was located with the Crossing2009 program
developed by Harvey.'"" The spin-orbit coupling matrix element
between the quartet and sextet spin states was calculated with the
Gamess program®! using the SOC-CI method?® at the converged
CASSCF wavefunction with the same basis set. The CASSCF
calculation was performed with the active space of 17 electrons and
12 orbitals. The donor—acceptor interaction was calculated by the
NBO analysis using the second-order perturbation theory.'*! All rate
calculations were performed with Gaussrate,*” which is the interface
of Gaussian 09 and Polyrate® dynamics programs. A direct dynamics
approach using the canonical variational transition-state theory
(CVT)®! with microcanonical optimized multidimensional tunneling
(uOMT)E approximation was used to calculate rate constants and
KIEs. Detailed information on the VIST/MT method has been
published in several reviews.!!

Keywords: hydrogen atom transfer - kinetic isotope effect -
spin crossover - two-state reactivity -
variational transition-state theory
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