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Theoretical Investigation on the Multi-State Reaction Mechanism for the Propene
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Abstract: The multi-state reaction mechanism for the propene catalyzed by non-heme ferric-superoxo model com-
plex has been investigated at the DFT-B3LYP level. The calculations show that non-heme ferric-superoxo com-
plex can be considered as effective oxidants in hydrogen atom abstraction reaction (single-state-reactivity), for
which we find a lower barrier of AG”=65.6 kJ -mol™ on the septet spin state surface. Single-state-reactivity is
possibly due to the recently proposed exchange-enhanced reactivity (EER) principle with larger exchange stabi-
lization of the Fe center. For the O-O bond activated step, we computed the spin-orbit coupling(SOC) constants of
the septet, S; and quintet, (), state at the crossing region and found it to be 2.26 and 2.19 ¢m™ at the CASSCF
(10, 8)/6-31+G (d)//TZVP levels, respectively. Orbital analysis show that two spin orbitals have the same spatial
component in their wave functions (7*,,), therefore, the S=3 surface cannot effectively intersystem cross to the
S=2 surface through the SOC interactions,and the intersystem crossing is possibly occurred at the exit stage of

the reaction.
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0 Introduction

Mononuclear non-heme Fe enzymes catalyze a
of

hydroxylation, halogenation, ring closure, desaturation

diverse range oxidation reactions, including

and electrophilic aromatic substrate that are important

in  medical, pharmaceutical, and environmental

applications . Several species including ferryl-oxo,
ferric-superoxo, and ferric-peroxy have been proposed
or found to act as oxidants in these enzymes .
However, our understanding of the non-heme ferric-
superoxo complexes is rather scant, as opposed to the
well studied oxy-heme species. Thus, mononuclear

non-heme complexes in enzymes and synthetic

analogues have attracted considerable interest

recently. The lower-valent ferric-superoxo species

have been directly observed in naphthalene

(NDO) and homo-protoctaechute 2,3-
dioxygenase (HPCD)F. Furthermore, synthetic ferric-

dioxygenase

superoxo and other metal-superoxo species were
recently reported to be capable of catalyzing oxidation,

4]

including C-H bond activation Interestingly,

compared with heme enzymes, many non-heme
enzymes can use ferric-superoxo species as an oxidant
but only a few heme enzymes (tryptophan 2,3-
dioxygenase (TDO), and indoleamine 2,3-dioxygenase
(IDO) so far) use ferric-superoxo species™, which has
also attracted our attention as a candidate for the
active oxidant in the non-heme enzymes catalysis.
Morokuma and co-workers compared reactivity of
several vital ferryl-oxo and ferric-superoxo model
complexes including title non-heme complex 1 model
through DFT calculations to provide clues for rational
design of ferric-superoxo oxidants?, where it has been
shown that a dominant feature of these reactions is the
two-state reactivity (TSR) and multistate reactivity
(MSR) that transpires due to the close proximity of the

different multi-spin states in the ground state!”.
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Scheme 1

For ferric-superoxo complexes, the findings show
that ferric-superoxo species can be converted to a
ferryl-oxo complex via O-O bond cleavage, thus these
species seem to share one common fundamental
feature of the TSR/MSR mechanisms, they involve
energy profiles of at least two spin states that either
crossing or remain in proximity. Thus, the title
reaction possibly occurs on two or more potential
energy surfaces(PESs) under thermal conditions.

Therefore, detailed analyses of crossing seam

between the different PESs are important in order to
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A model reaction for the propene catalyzed by non-heme ferric-superoxo species

better understand the TSR/MSR mechanism of the

propene catalyzed by non-heme ferric-superoxo
species(Scheme 1). This kind of knowledge is essential
for understanding the whole reaction mechanism and
is useful for establishing an appropriate model for the
0-0 bond cleavage processes. To our knowledge, a
deep theoretical study for the propene catalyzed by
has

reported. However, since an experimental proof of

non-heme ferric-superoxo species not been

mechanism is not a simple matter, in this sense,

theoretical chemistry, specifically density functional
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theory (DFT) has been playing an essential role in role
in providing mechanistic data and structures of
unstable intermediates and in deriving useful
concepts. In the present paper we have performed
hybrid DFT calculations on the reactions of the
non-heme  ferric-superoxo

propene catalyzed by

compound 1 models (Fig.1) to paint global pictures
and discussed crossing seams, spin-orbit coupling
(SOC) and possible spin-inversion processes in the O-

O bond cleavage step.
1 Computational details

1.1 Geometrical optimization

Energies and geometries of the reaction
intermediates and the transition states were calculated
using the Gaussian 09 program package ™ and the
unrestricted hybrid density functional UB3LYP with
the 6-31+G(d) basis set®. The basis set used in DFT
calculation for single point energies on final
geometries is LACVP +* " which has been widely
used for transition-metal-containing systems and has
an effective potential that accounts for the scalar
relativistic effects in iron. At the non-local functional
UBP86 level, single-point energy calculations were
performed using the LACVP +* basis set for all the
atoms. The PCM approach for accounting solvent
effects
applied in the UBPS86/LACVP +* level. However,

UBP86 tended to overstabilize the low-spin ground

(single points with CH;CN as solvent) was

state resulting in a large energy splitting between spin
states, and in some cases this lead to an incorrect
ground state (see Supporting Information). In addition,
previous investigations of transition metal compounds
employing the B3LYP functional by other groups'and
us " indicated that this approach shows a very
promising performance to predict properties such as
bond dissociation energies, geometries, and harmonic
frequencies with an accuracy comparable to that
obtained from highly correlated wave function based
ab initio methods.
1.2 Treatment of spin-orbit coupling

The SOC matrix elements are treated by an
mean-field (RI-SOMF)

accurate multicenter

approximation*"! with the reasonable complete active
space self-consistent field, CASSCF (10, 8) (ten
activate electrons occupy the eight metal-ligand
activate orbitals). An efficient implementation of the
SOMF concept was explained, which is based on the
following formulation of the effective one-electron
operator“ﬂ:

<¢u‘ flksoc ‘¢V> — <¢u‘ flklel-soc ‘QDV>+

Z Pk-r[(@;#’y ‘ ilkZ(:l—SOC ‘ @K‘pT)_
kT

3/2(@up | B2 | gp,)—
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In Eq.1, the first term <g, |h3¢ | @, > is the one-

electron term of the SOMF approximation, and the
two-electron part (the first term in the summation)
features a Coulomb term, which is efficiently and
accurately represented by the resolution of the identity
(RI) approximation, while the last two in the
summation are much smaller exchange terms in Eq.1.,
which are sufficiently well treated within a one-center
approximation. These operators explicitly take care of
the one- and two-electron parts of the Breit-Pauli SOC
7] (SSO) as

well as spin-other-orbit (SOO) terms in its two-electron

operator!” and includes the spin-same-orbit
part. As for parameters of Eqs.2 and 3, Z, is the
nuclear charge of atom A, r;, is the position of the i'th
electron relative to nucleus A, and [, is the £’ th
component of the angular momentum of the i’ th
electron relative to atom A. Likewise, [;; is the £'th
component of the angular momentum of electron i
These
performed with a development version of the ORCA

relative to electron . calculations  were

2.8 program™,
2 Results and discussion

2.1 Electronic

species

structures of ferric-superoxo

The optimized geometries and energetic data for

the septet, quintet, and triplet electronic states are
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depicted in Fig.l and Table S1 (Supporting Fig.2. From Fig.2, O, here is a superoxide, having a
information), respectively. In order to keep the singly occupied 77* |, which is perpendicular to the

discussion more simple, the goal complex, denoted
as " g or "N 4, is initially formed as Fe center
and O, collide side-on or end-on with each other,
where the superscripts denote the spin multiplicities.

the

complex, ™14, is not an important point discussed.

Compared  to reaction mechanism, side-on
We obtain a septet "1 ., complex, wherein O, is
bound end-on and is an Fe(ll-superoxo complex. The

electronic structure of 1,4, is in detailed shown in

0.129 2 (0.129 9)

0218 6(0.217 4)

0.215 2(0.209 8)
(*]

Fe-O-O plane, while the other doubly occupied 7*
orbital, 7% ; in the Fe-O-O plane, forms a 3-e bond
with the Fe d : orbital. In other words, in the plane
¥, orbital of the superoxo interacts with the d :
orbital of the Fe in a 7-type fashion, which leads to
forming two new orbitals d - +7*, as shown in Fig.2.
Thus, the septet 1,4, will inv o lve ferromagnetic
coupling of S=5/2 Fe(ll) with the S=1/2 superoxo anion
0,.

0.129 6 (0.130 9) [0.131 2]

121.4 (122.2) [116.6]

0.2132(0.201 8) [0.192 1]

geometry: septet (quintet) [triplet]

7)1

side-on

7(5)[3] l end-on

Data are given for septet (quintet) [triplet] states, respectively. Bond lengths are in angstroms

Fig.1

Optimized geometries of the different spin states non-heme Ferric-superoxo complexes at the UB3LYP/6-31+G(d) level
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Fig.2 Electronic configurations of septet, quintet and triplet states of the end-on complex 1

For the quintet °1,4,, complex, one character of
lunton 1s that its formal iron oxidation state can be
assigned as Fe(lV)-peroxo. The reason is that the 7%
orbital of the O, moiety in °l .4, is doubly occupied.
Formally, there are four unpaired a electrons in °1 4o,

spin density on Fe is 4.09. To identify some main

atomic orbital interactions, the main antiferromagnetic
orbital interactions were also inferred from overlaps
calculated from the broken symmetry wave function
(UB3LYP/6-31 +G (d)), the results calculated are
plotted in Fig.3. Calculation results show that d:+7*
electrons  are to

actually  highly  prone spin
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polarization, i.e., partial separation of a- and SB-spin
electrons in the d:+7* ; orbital into spatially different
regions, since electrons paired in orbital repel each
other electrostatically. Restricted open-shell B3LYP
calculations indeed show instability relative to broken-
symmetry (BS) solutions. The overlap between d: and
7* ; is considerably better than the overlap of 7*
and any Fe3d orbital, and the overlap is T'=<d : |
7* ;>=0.64. The singlet coupling between d,. and 7% ;
electron pair is therefore strong enough to lead to a
short of the Fe-O distances (0.201 8 nm) in °1.4., as
compared with that (0.213 2 nm) of "1 ;-

As for 1o 05 is bound end-on and is an Fe(Il)-

A

coupling
0.77 + ______________ 0 -

SNO

superoxo complex, having a singly occupied 7* |
orbital and a doubly occupied 7* ; orbital. Then 1,4,
involves ferromagnetic coupling of S=1/2 Fe(ll) with
the S=1/2 superoxo anion O,". Relative to "1, the
DFT-calculated relative free energy of *l.4., is 48.9
and 51.8 kJ -mol * at the B3LYP/6-31 +G (d) and
B3LYP/LACVP+* levels, respectively. Compared with
the coupling of °l.4m, the singlet coupling between
7%, and d : in 1 endon 18 much stronger, the overlap
T=<d :lm* ;>=~1 with the covalent interaction, which

will lead to decrease the distance of Fe-O bond
(0.192 1 nm).

:: " 0.36
dzz'n'* Il
1.64
t P —
Q( b datat
6]

Occupancy numbers are marked

Fig.3 Spin natural orbitals (SNO) and natural orbitals (NO) obtained with the symmetry broken method in °1,,4.,

2.2 Hydrogen-atom abstraction

The optimized geometries and relative energies in
the triplet, quintet, and septet electronic states are
shown in Fig.4 and Table S2 (Supporting information),
respectively. The calculated potential energy profiles
for the shown in

different spin  states are

Fig.5. Initially, the three reactive states of "1, form
"OBIR1, in which "', is weakly

bound to propene. An electrophilic attack by a "1 .,

reactant complexes,

species is enabled through a o-attack of the superoxo
ar* | orbital. This leads to the transfer of a H-atom
along with a spin-down electron from the C-H bond
of the substrate into the 7* | orbital of O, to generate
a ferric hydroperoxo product and a radical on
substrate. Thus, a strong 77(0,7) bond is broken. Since
the electron is transferred into the superoxo 77* | orbital,

this requires an end-on approach of the C-H bond of

the substrate relative to the Fe-O-O plane to ensure

good orbital overlap.

As can be seen from Fig.5, the lower energy
pathway of the H-abstraction process was occurred on
the high-spin (HS) S=3 state PES. The transition state
TSy has calculated barrier heights of AE7=78.6 kJ -
mol " and AG 7=65.6 kJ -mol " relative to 'RI1. If
electronic energies and free energies in the gas-phase
are compared, the spin state ordering in the reactants
and transition states remains the same. This indicates
that the reaction will take place through single-state
reactivity on the HS S=3 state potential surface only,
which is compared with the behavior of nonheme and
heme iron-oxo complexes where generally two- or
multi-state reactivity modes are obtained on competing
spin state surfaces. This difference is possibly due to
the exchange stabilization of the Fe center during the
H-abstraction.

Based on the

recently proposed exchange-
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Data are given for septet (quintet) [triplet] states, respectively; Bond lengths are in nm

Fig.4 UB3LYP/6-31+G(d) optimized structures for the key species for the 2-propenol reactions of P/, with propene

1 137.1(133.3)
— 136.7(124.9)

110.4(108.3) ,
8049y« 928(782), 7
b ’

40.124.7)

Relative energy

p 1S)BY AS)3]]
TOBIR | TSH TOBIIM1 7(51[31'1‘50H -135.4(-1417) 'P

T T T T T T T T T T T T 1
Reaction coordinate

S=3, 2, and 1 refer to the spin states septet, quintet and triplet, respectively; Energies of parentheses given for AG

Fig.5 Energy profiles (in kJ-mol™) for the 2-propenol reactions of "1, with propene. All energy values are at the
UB3LYP/LACVP+* level

enhanced reactivity (EER) principle by Shaik et al™, unpaired electrons on the metal center increases in

which states that if the number of identical-spin the transition state (or the orbitals get more localized
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on the metal center), this will maximize the exchange
stabilization of the transition state. For the S=3, S=2,
and S =1 spin states, during the H-abstraction, an
electron shifts from the C-H bond to the O, 7%, orbital
and thereby the d

coupling. i.e., the

electron is freed from its

antiferromagnetic number  of
unpaired d electrons of the Fe center is the same from
reactants to  ferric  hydroperoxo  intermediate.
Therefore, the condition of the smaller deformation
energy of the reactants on the spin state, the HS S=5/
2 state has a lower barrier as compared with the low-
spin (LS) states, leading to single-state reactivity. The
suggestion that the HS S=5/2 iron center of all these
electronic structures has a high reactivity due EER is
consistent with the experimental results of the key role
of the HS non-heme iron center in O, activation.

2.3 Calculations of O-O bond cleavage process
2.3.1 Crossing of the different PESs.

From Fig.5, the ground state product in quintet
state, P, will be formed from the intermediate in
septet state, 'IM1 via the transition state with the 0-O
bond broken. Therefore, at least a crossing and spin

inversion process may be take place in the 0O-0O

cleavage reaction pathway. The geometric structure of
the HS S=3 transition state, TSey is very different
from those of the intermediate spin (IS) S=2, TSy and
LS S=1, *TSoy transition states (Fig.4). The TSy has
an O-O bond of 0.168 3 nm, which is shorter than
those of the TSy, and *TSey (0.1711, and 0.173 4 nm,
respectively). These bond lengths indicate the TSy
occurs early in the O-O bond cleavage coordinate. As
the O-O bond distance increases, the HS S =3
potential  energy surface steeply increases in
energy and the S=2 potential energy surface gradually
increases, which will lead to the crossing of different
spin surfaces.

It is noted that the likelihood of such a crossover
seems significant in view of the fact that the spin state
surfaces are so close and cross from "IM1 to the
crossing region (Fig.5). And, the 'IM1 - *IM1 energy
gap is very small (Fig.5). As such, a change in the
geometry of the septet complex IM1 in the direction

SIM 1,

crossing between the two states. Thereafter, the

of the quintet complex geomelry, causes
reaction can proceed on the quintet surface or

bifurcate again to the septet surface. These will

Table 1 Contributions to the calculated ZFS between SOC and Spin-Spin (SS)(all numbers are in cm™)

in the crossing region

CASSCF(10,8) / 6-31+G(d)

CASSCF(10,8) / TZVP

Contributions

X y z x y z
SOC D(0) -0.099 -0.202 -0.193 -0.107 -0.217 -0.207
D(-1) 0.000 0.000 0.000 0.000 0.000 0.000
D(+1) 0.000 0.001 0.001 0.000 0.001 0.001
total 0.247 0.265
SS Coulomb 0.118 0.124
Exchange -0.019 -0.023
total 0.098 0.101

Table 2 Calculated SOC matrix elements (cm™) of septet and quintet states in the crossing region by CASSC

(10, 8) method

Basis stets Septet Quintet
Q0 0.17 1.61 -1.57
6-31+G(d) S1 Q1 -89.82 -535.66 576.37
Q2 507.77 -469.34 -379.17
Q0 0.16 1.56 -1.53
TZVP S1 Q1 95.69 563.72 -607.17
Q2 -535.07 493.07 398.66
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depend on the magnitude of the transition probability.
Among the factors that affect the magnitude of the
transition probability is the SOC interaction between
the states. Let us then discuss the SOC interaction.
2.2.2  Spin-orbit coulping (SOC) in the crossing region.
Because of the intricate interplay of the spin-spin
(SS) dipolar interaction with the SOC of the quintet
state in the crossing seam, here we considered it
desirable to include the calculation of zero-field
splitting (ZFS) parameters (D-tensor, D=D_.-1/2(D,+
D,)) ™. The ZFS and SOC matrix elements were
evaluated at the CASSCF (10, 8) wave function with
6-31+G(d) and TZVP basis sets using quasi-degenerate
perturbation These
performed with the program ORCA 2.8 The mixing

theory. calculations  were
of the S=3 and S=2 levels in the crossing seam by the
spin-dependent terms in the Hamiltonian is treated
approximately. Only the elements of SOC operator
between the lowest HS septet state and the lowest
three quintets are considered, where elements between
quintets and triplets are ignored. These detailed
results of the ZFS calculations are shown in Table 1.
From the results in Table 1, the main contribution is
from the second-order SOC interaction, while the SS
contributions are negligible. The SOC part contains
three parts: the SOC of electronic excited states of the
same spin (Seciea=Sgoms; AS=0, D) into the ground

state; from states differing by one spin flip (Seia=

LI
®»

o [ Py + T

{ 0, o, o spin fli
A v

.<’//'
.
L

$

Septet state(s; 0.96)

$5=37.1%d,_ +26.2%d,,

—+ spin flip -
+, @ TED T

0 0.75

Seumatl; AS=-1, D " and AS=+1, D “"); and the
S=-1),
which are ignored(D™=0.0). The AS=0 contribu-tions
are found to make significant contributions to D, =-
0.099 em™, D,,=—0.202 em™, and D.=-0.193 cm™,

with the main contribution arising from the same spin

elements of quintets, S=2— triplets, S=1

states (i.e., the quintet ground state — excited quintet
mixing). In addition, it is very small that the SOC
contributions come from the spin-raising AS =+1
excitations corresponding to the quintet ground state
septet mixing, which indicates that the quintet and
septet mixing can be forbidden by the SOC
interaction.

In order to further understand the mechanism of
intersystem crossing from the septet state to quintet
state PES, the ROHF orbitals for the construction of
the quintet and septet CASCI wave functions to be
used in the SOC evaluation have been generated in
the crossing region by quintet ROHF calculations,
which were performed with the GAMESS program
package™. At least eight active orbitals, as given in
Fig.6 (in order to save space, the two nonactive
doubly occupied orbitals are omitted), are found to be
essential to reproduce the qualitative trends of SOC in
the O-O bond cleavage step. The SOC matrix elements
between the septet state and the quintet states in the
crossing region are indicated in Table 2, we computed

the SOC constants of the sextet, S; and quintet, @

Quintet states
spin flip

-+ H

0, 0.87

— ~

0, 0.84

¢,=43.7%dap + 26.3%d, +24.4%d,

= ”

\ 9,=31.8%d, +28.9%d  +23.3%d,

Fig.6  Electronic configurations of the SOC interactions of the septet state and quintet states (Qo, Q; and (),) in the vicinity of the

S1/Qy crossing region for the O-O bond breaking step. The labels S and @ refer to the spin states septet and quintet,

respectively.
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state at the crossing region and found it to be 2.26
and 2.19 ¢m™ at the CASSCF(10, 8)/6-31+G(d)//TZVP
levels, respectively. These values are very low and
provide a first hint that intersystem crossing may be
forbidden primarily for an electronic reason. For facile
spin flip from the S=3 to S=2 surfaces, the crossing
points are required to have similar geometries and
energies. Moreover, the electronic configurations must
be able to SOC. SOC is effectively a localized, single-

center, one-electron operator and can be written as

<@0,|L-S |@0> = <@, |L. |0,><6,]8S. |0,>+
0.5<@,| L. | ¢,><0,|S_| 6,>+
0.5<¢,|L |¢,><6,]5.16,>
or
=<@.| L. |@,><6.|S. |6,>+
<@, L. |¢,><6,]8, |6,>+
<@ulL, | @.><6,1S, |6,> C)

where L is the orbital angular momentum operator,
and S is the spin operator, while L +S=[ is the angular
momentum of electron (see formulations 2 and 3 in
Computational details); the ¢ is the space part of the
molecular orbital, € the spin of the electron. The L.S +
L S, operator in Eq.4 performs a spin-flip and this
process is accompanied by a change in the orbital
due to the L/L_raising/lowering operator . Therefore,
two orbitals of opposite spins in SOC have to different
spatial components. In addition, SOC is also feasible
only if two microstates differ solely in the occupation
of two orbitals with the same spin states or two
microstates have the same M, for the two different spin
states and these two orbitals can couple through the L.
operator.

Orbital analysis on the SOC mechanism are listed
in Fig.6, for both spin states, S; and (), the Fe center
remains HS ferric with strong bonding interaction with
the O atom. Hence, the major difference in the
electronic structure between the S=3 and S=2 spin
states at the crossing point lies in the spin of electron
residing in the singly occupied 7%, with a for S=3
and B for S=2. Obviously, two spin orbitals have the
same spatial component in their wave functions (7*,,,).

Therefore, the S =3
intersystem cross to the S=2 surface through the SOC

surface cannot effectively

interactions as the orbital angular momentum
operators associated with SOC in Eq.4 require a
change in orbital occupation. Thus, the reaction
system can still proceed on the S=3 surface.

We also explored the SOC interaction of the
septet state and two low lying quintet excited states,
Q, and (), involving mostly Fe-3d excitations due to a
transition metal complex where there are a number of
near-degenerate states for close lying metal d-orbials.
From Fig.6, because the SOC constant ({y,) is an order
of magnitude greater than the SOC values for oxygen,
it is a reasonable approximation to consider only the
Fe contribution when discussing spin-orbit mixing
with quintet states. Thus for the SOC matrix elements

of S; and (), can be written as'"’%!

<SOC> = nCCy, X, Ln<es| Lis [ @><05S, |0>
k

where 7 is the M.-dependent weighing factor, and 6=a
and/or B . In this case, for the septet state, S;, the
fundamental  open-shell  configuration has one
dominant coefficient, i.e. C, =0.96 1, while the

coefficient for quintet state is C, =0.87. Thus, the Q,
state is generated from the septet S; state by electron

shifts from @5 to ¢y, lead to the d-atomic orbital matrix
L, \d)z> and <d,.

elements, <d.. \L) \ d; :+d:>, <d,
‘Lz ‘dyz>7 <dxy Lz

d;_,?>- Based on transfer of d or-
bitals under the operator of L,,. operators, the former
will generate a y component of the SOC, the latter will
lead to z component of the angular momentum, which
is consistent with the calculated SOC values of <o
|h,° [Pp>= -535.66 cm™ and <@ |h.° | %0 >=576.37
em™ at CASSCF(10, 8)/6-31+G(d) level. Similarly, the

(), state originates from the septet S, state by electron

shifts from @5 to ¢, leading thereby to an x, y compo-
nents of SOC with the <d,,|L. L,

d.> and <d, dxz_y:>
elements, respectively. These calculated results show
that the (), and (), states in crossing point will pro-
duce a significant one-center SOC interaction. There-
fore, this can enhance the probability of intersystem
crossing from the septet to the quintet state. However,
these spin-flip pathways (S;,—Q;, S;—(),) are unfeasi-

ble because the excited crossing points have signifi-
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cantly higher in energy than the S, state, Q, and (),
are approximately 56.2 and 64.2 kJ-mol™ higher than
the S; state at the CASSCF(10,8)/6-31+G(d), respec-
tively. Thus, the O-O bond homolysis step should re-
main on the S=3 surface as the reaction proceeds,
overcoming an activation free energy of 124.9 kJ-mol™
(Fig.5), while the intersystem crossing is possibly oc-
curred at the exit stage of the reaction.

To further understand mechanism of the S,—(,
spin-flip, the corresponding splitting and population
distributions of Zeeman sublevels of an S=2 species
with an applied field B in the vicinity of the S/Q,
crossing region can be seen in Fig.7. In zero magnetic
field, the lowest quintet state (), is split into three
spin states with eigenfunctions 1Q,>, 1Q,>, and 1Q.>,
with an energy splitting described by the parameter D.

For splitting of Zeeman sublevels, the eigenfunctions

Energy / cm

of the quintet spin states are given by 1Q.n>, 10>,
and Qo> and can be related to those at zero field by
mixing coefficients that depend on the strength and
direction of the magnetic field. From Fig.7, three zero
field sublevels Q,, Q,, and (). are selectively populat-
ed, and their relative populations are carried over to
the high field energy levels, Q., ., and Q,, (Q,, and
(). overpopulation and some population on the ), sub-
level. The populations on ,, and (). levels are nearly
equal, 1.17 x10 ™', whereas that on (, is somewhat
smaller, 1.16 x10 ™. These different populations are
mainly attributed to the SOC-ISC interactions (<’¢
|h° [Pp>= 0.17, <o |h* [%9>=1.61, <¢

-1.57 ¢m ™), but these populations are very small,

hZSO ‘ 5¢) >=

which indicate that intersystem crossing from septet to

quintet is low efficient in the crossing region.

1.16x10°1

1.16x10°!
1.17x10°!

1.17x107!

04

1.17x107!

1000 2000

3000 4000

Magnetic field B/ G

B is parallel to the z axis

Fig.7 Splitting and population distributions of Zeeman sublevels of an S=2 species with an applied field B in the vicinity of the

S1/Qy crossing region z axis of the molecule is defined as its Zeeman axis

3 Conclusions

In this study, the multi-state reaction mechanism
for the propene catalyzed by non-heme ferric-superoxo
model complex has been investigated using density
functional theory calculations. For H-atom abstraction
step, an electrophilic attack by a ™1, species is en-
abled through a o-attack of the superoxo 77* | orbital.
This leads to the transfer of a H-atom along with a spin-
down B electron from the C-H bond of the substrate into
the 7% | orbital of O, to generate a ferric hydroperoxo
product and a radical on substrate. Thus, a strong 77(05")

bond is broken. The lower energy pathway of the H-ab-

straction process was occurred on the HS S=3 state po-
tential energy surface (PES). By contrast, the corre-
sponding quintet and triplet H-abstraction barriers are
well higher in energy and will not play a role of impor-
tance. These are possibly due to the exchange stabiliza-
tion of the Fe center during the H-abstraction. As for
the O-O bond broken step, at least a crossing and spin
inversion process may be taken place in the O-O cleav-
age reaction pathway. In order to quantitatively under-
stand the crossing of the S=3, S=2, and S=1 PESs, we
computed the SOC constants (2.26 and 2.19 cm™ at the
CASSCEF (10, 8)/6-31+G (d)//TZVP levels, respectively)

of the septet, S, and quintet, Q) state at the crossing re-
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gion. Orbital analysis show that the S=3 surface cannot
effectively intersystem cross to the S=2 surface through
the SOC interactions as the orbital angular momentum
operators associated with SOC require a change in or-
bital occupation. Thus, the reaction system can still

proceed on the S=3 surface.

Supporting information is available at http://www.wjhxxb.cn
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