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A synthetic iron model can process both halogenation and hydroxylation with vague selectivity, which is

different from halogenase even though these structures are used for the simulation of halogenase. The

key factor of the synthetic oxo-iron model mediated hydroxylation or the halogenation is still under
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1. Introduction

There are many enzymes that can functionalize C-H in organ-
isms, which undertake important physiological functions." For
example, aKG-dependent hydroxylase TauD can hydroxylate
taurine,” while aKG-dependent SyrB2,* CytC3 * and WelO5 >¢
can halogenate many natural products.” The first step of their
catalytic mechanisms is similar, involving the hydrogen atom
being extracted from the C-H substrate to generate carbon
radicals, then undergoing a so-called “rebound” process.® For
hydroxylase, it is the hydroxyl group that rebounds in this
process to produce hydroxylated products; while for halogen-
ase, the rebound of this process is the halogen atom (support as
the ligand of the Fe-O center) to produce halogenated prod-
ucts.”* The catalytic activity of halogenase comes from
controlling the selective transfer of ~-OH or -X to nearby carbon
radicals.

In recent years, many outstanding efforts have been used to
simulate the structure of the active site of halogenase for the
C-H halogenation reaction.”*™ However, the synthesized iron
model can catalyze the simultaneous formation of halogenated
and hydroxylated products, showing lower selectivity
comparing with the natural halogenase.?*** This has aroused
great interest among researchers. Due to the lack of direct
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experimental observation of the short-lived rebound interme-
diates, the key factor of the synthetic oxo-iron model mediated
hydroxylation reaction or the halogenation reaction is still
under debate.* A series of different suggestions try to describe
these factors that affect the selectivity of the reaction process.
Previous studies have shown that alcohol products are more
thermodynamically stable than halogenated compounds,*>¢
therefore, it is expected that halogenation is kinetically
preferred.”**” However, at present, there is no specific and
definitive conclusion to explain the reactivity of [Fe™(OH)(X)]"
species.

In 2016, Que and his co-workers reported the first example of
the synthesis of oxoiron(v)-halide complexes to halogenate C-H
bonds.* The S = 2 complexes 2 and 3 not only exhibit excellent
Mossbauer parameters, which are in good agreement with the
halogenase S = 2 oxygenated iron(wv) intermediate, but also
react much more rapidly. Therefore, 2 and 3 can support
a variety of different spin state options for oxo-iron(IV) oxidants
in halide enzymes® acting as an excellent spectroscopic and
functional models of CytC3 and SyrB2 intermediates.

Our previous studies have shown that the utilization of
pseudo-octahedral structure is the source of the structure to
ensure the § = 2 ground state of the central iron atom.*® The
high-spin state, which is close to the natural spin state of the
iron atom in biological enzymes, provides a guarantee for the
catalytic activity of the entire system. It is important to explore
how it catalyzes the hydroxylation and halogenation reactions of
organic substrates.

It is world-wide known that propylene is the precursor for the
production of various important key compounds.**=* In order to
investigate the influence of different halogen atoms on the
catalytic activity of the oxo-iron system and the chemical
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selectivity of the entire reaction process, we selected three
periodic halogen atoms (F, Cl, Br) as ligands for the catalytic
system (Scheme 1). Herein we report the computational inves-
tigation of three [Fe™(TQA)(X)]" (X = F, Cl, Br) complexes react
with propylene, and one kind of synergistic reaction mecha-
nism is proposed.

2. Computational details

In this work, all the geometric and electronic structures pre-
sented were performed with the Gaussian 09 package®* with the
unrestricted hybrid density functional method unrestricted
Becke, three-parameter, Lee-Yang-Parr (UB3LYP).**** The
geometries of the [Fe"(0)(TQA)(X)]" were fully optimised
without symmetry constraints. We used the double-{ LACVP?***
basis set for iron atom, the 6-311G** for halogen atom and the
6-31G** basis set for the C, H, O, and N (B1 in brief) in the
structure optimization. Furthermore, the single-point energy of
the optimised geometry was calculated with a higher basis set
TZVP*"** (B2 in brief) to achieve improvement of the energetics.
Moreover, acetonitrile solvation including the self-consistent
reaction field (SCRF) was used in optimizing the structures
and calculating single-point within polarizable
continuum model (PCM).*

We also used other functionals and basis sets to ascertain
our UB3LYP functional and B1/B2 selection, and the test results
shown in the ESI 1 were consistent with those obtained from
UB3LYP/B1/B2.

energy,

3. Results and discussion
3.1 Electronic and structural properties

The S = 2 ground state spin state of the iron-oxygen complex
can be rationalized according to its structure. Before discussing
the reaction between the oxo-iron system and the substrate, we
need to consider the influence of different halogen ligands on
the structure.

Scheme 1 Structures of [FeV(O)TQA)(X)I* (X = F, CL, Br).
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Table 1 The optimised geometries features of the [Fe™(O)TQA)(X)I*
complexes in quintet states. p stands for group spin densities, and
bond lengths are in A

Fe-O Fe-X pFe pO pX
X = 1.627 1.949 3.128 0.599 0.099
X=Cl 1.625 2.405 3.079 0.647 0.093
X =Br 1.627 2.546 3.074 0.648 0.096

Table 1 displays the optimized geometries features of the
[Fe™(0)(TQA)(X)]" complexes in quintet spin state. In particular,
the Fe-O distance does not considerably vary with the different
halogen ligands (1.627 A for X = F, 1.625 A for X = Cl and 1.627 A
for X = Br), but the bond length between the iron atom and the
halogen ligand obviously varies, which is reasonable due to the
different atomic radius. From the group spin densities, it can be
seen that Fe atom has the highest spin densities, which means
that the high ground state of the whole complex origins from the
metal atom. The Fe atom has four unpaired electrons leading to
the quintet state.

Scheme 2 (left-hand-side) shows the occupied and virtual
orbitals of the iron(iv)-oxo species. The reactant state has a set of
one-electron-occupied antibonding orbitals (7*) in the xz- and
yz-planes which is the mixture of the metal 3d orbital with O,
orbital. In addition, there is another metal 3d orbital (xy)
located in the plane of the ligands. Two high-lying orbitals
(0;273,2 and o,) in the xy-plane and along the z-axis complement
the series of metal-type orbitals. Thus, the configuration of the

. . . * * *
quintet spin state 1s Bxy1 Tzt 1 Oy

*
21 Gzzﬁ

3.2 Structures and reaction pathways of H atom abstraction

A series of structures along the reaction pathways of [Fe"
Y(0)(TQA)(X)]" with propylene were optimized via DFT studies.
In general, when the substrate is close to the ferrite center, an
electron is activated and transferred into the Fe-O orbital
leading to the O-H bonding. In the quintet spin state, this
electron can either transfer to the o, orbital (55-pathway) or the
Tcy*z orbital (57-pathway). The choice of electron between these
two transfer pathways is the result of many complex factors,
such as the nature of the orbital splitting, the electron-donating
effect of ligand and environmental perturbations.” Scheme 2
shows more orbital details of these two electron transfer path-
ways. Generally, the 5c-pathway is more energetic preferred
because it leads to a more even electron distribution.

As illustrated in Fig. 1, the optimised geometries of the
transition states vary a lot depending on the different halogen
ligands. The C-H bond is the shortest in the reaction between
[Fe"(O)(TQA)(F)]" and propylene (1.287 A), whereas the Fe-O
and the O-H bonds of this reaction are the longest (1.726 A for
the Fe-O bond and 1.280 A for the O-H bond). The transition
states of other two iron(iv)-hydroxo complexes shows similar
features in case of the pivotal bond length. Moreover, the value
of ZFeOH in reaction of [Fe™(0)(TQA)(F)]" (110.2°) is close to
120°, and the values of other two systems are near 180° (168.5°
for Cl and 168.4° for Br). Therefore, the substrate tends to attack
the oxo-iron center from the side in case of the F atom as the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Reactant orbital occupation and electron transfer processes in the hydrogen atom abstraction.
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Fig.1 Geometric details of the hydrogen-abstraction transition states of the [Fe™(O)(TQA)(X)]* react with propylene at the B2 level. (a) X

= Cl (c) X = Br. Bond lengths are in A, angles are in °.

halogen ligands when the catalytic reaction occurs. As we
mentioned earlier, this is exactly when the electron is trans-
ferred through the 5c-pathway. The substrates-attack-angle of
the other two systems are close to 180°, corresponding to the
57-pathway electron transfer path.

In order to further verify whether our conclusions are reli-
able, we analyzed the spin density of the iron atoms in the
reactants, transition states and the intermediates systems. As
shown in Table 2, the spin densities of the iron atoms in the
oxo-iron complexes with Cl and Br as the ligands show an
upward trend after hydrogen atom abstraction, and the spin
densities of iron atoms in the intermediates are close to 4 (4.16
for X = Cl and 4.14 for X = Br). However, for the X = F system,
the spin density of the iron atom in the intermediate after the
catalytic reaction is reduced compared with the initial reactant.
It is precisely because the Tc;z orbital accepts electron, which

Table 2 The spin density of the iron atoms in the reactants, transition
states and the intermediates systems

Transition
Reactants states Intermediates
X=F 3.13 3.79 2.80
X =Cl 3.09 3.79 4.16
X = Br 3.09 3.79 4.14

© 2022 The Author(s). Published by the Royal Society of Chemistry
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increases the number of electron-pairing-orbitals and the spin
density of iron atom will decrease. This further proves that the
electron transfer is carried out by 57-pathway for the reaction of
[Fe™(0)(TQA)(F)]" with propylene.

As illustrated in Fig. 2, the energy barriers of hydrogen atom
abstraction by [Fe™(0O)(TQA)(X)]" (X = F, Cl, Br) with propylene
are 14.30, 9.22 and 9.65 kcal mol ', respectively. The oxo-iron
complex with F atom as the ligand has noteworthy higher
barrier. The different electron-transfer mechanisms have
marked effects on the reaction barriers. These results suggest
that oxidative ligand transfer may be influenced by electronic
factors such as the oxidizability of the ligand, as Cl and Br.*

Fig. 1 shows optimized geometry structures of the transition
states in the first step hydrogen atom abstraction. The O-H
bond length ranges from 1.287 A to 1.388 A (1.287 A for X = F,
1.210 A for X = Cl and 1.214 A for X = Br) at B2 level, and the
O-H bond length is intriguingly related to the hydroxylation
reactivity as can be seen from Fig. 2 (14.30 kcal mol " for X = F,
9.22 keal mol ™" for X = Cl and 9.65 kcal mol ™" for X = Br at B2
level), which indicates that as the O-H bond lengthening, the
hydroxylation reactivity decreases. Our date agrees well with
Mayer theory.**

In addition to the O-H bond length, the reaction energy
barrier is also affected by the Fe-O bond distance in the tran-
sition state structure. The reaction barrier decreases with the
shortening of the Fe-O bond length. Our results support the
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Fig. 2 Energy profile for the hydroxylation/halogenation reactions of
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Red stands for F, blue stands for Cl and green stands for Br.

theory proposed by Roy, that the enhancement of Fe-O bond
along the z-axis promotes the orbital overlap of C-H and O- on
the substrate, so that the oxyl radicals has high electrophilicity
and ensures high reaction activity. Apart from the geometric
bond length parameters, the imaginary frequencies are also
associated with the reaction barrier.**® The imaginary
frequencies values of 11634, 1951, and 1999 cm ™' are obtained
for X =F, X = Cl, and X = Br in the hydrogen atom abstraction,
which indicates sharp and narrow barriers. Data analysis of
theoretical calculation shows that there is a delicate balance

between the energy barriers of the reaction and the transition
state structure.

3.3 Hydroxylation versus halogenation

The C-H bonds in the substrate are broken after hydrogen
abstraction and lead to the formation of carbon radical. The
research shows that both OH- and X-, as two different ligands
of iron center, can bond with carbon radical through rebound
mechanism, and then form hydroxylation or halogenation
product. This is also the reason why the synthetic iron model
does not show specific halogenation activity. The formation of
hydroxylation products is still the bottleneck in the synthesis of
selective halogenated compounds.*

Recent studies showed that substrate positioning between
halide and hydroxide plays a key role in ensuring selectivity for
halogenation.*~>" In order to explore the reaction mechanism in
the rebound process, we simultaneously scanned the bond
lengths of C-O and C-X. In other words, we scanned a reaction
potential energy surface. If there is no interaction between the
hydroxide rebound process and the halide rebound process, we
will observe two transition states structures on the potential
energy surface, corresponding to the hydroxide rebound
process and the halide transfer process. Intriguingly, as shown
in the Fig. 3, there is only one peak on the potential energy
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Fig. 3 The potential energy surface of the bond lengths of C-O and
C-X in the second —OH rebound/-X transfer process.

surface, which is the highest energy point (transition state
structure). This means that during the reaction between the
[Fe™(0)(TQA)(X)]" (X = CI and Br) with propylene, for the
second step of rebound process, the transfer of the halogen
ligand and the rebound of the hydroxide group interfere with
each other. The rebound process follows a cooperative reaction
mechanism. There is only one transition state structure for
these two reaction pathways, leading to two kinds of products.
In order to support this conclusion, we have calculated the
intrinsic reaction coordinate (Fig. S11). Through the analysis of
the intrinsic reaction coordinates, it can be identified that one

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Geometric details of the hydroxyl rebound/halogen transfer transition states of the [Fe'V(O)(TQA)(X)I* react with propylene at the B3 level.

(@ X = F (b) X = Cl (c) X = Br. Bond lengths are in A, angles are in °.

transition state passes through different reaction coordinates to
obtain halogenated products and hydroxylated products
respectively, and the energy of hydroxylated products is lower,
which is consistent with the product energy order shown in
Fig. 2. Moreover, the intrinsic reaction coordinates support our
previous conclusion that two different reaction pathways share
the same transition state.

In order to better explore the cooperative reaction mecha-
nism, herein we show the transition state structures of the
optimized rebound process at B2 level. As shown in Fig. 4, after
the propylene substrate undergoes the hydrogen atom
abstraction, the remaining three carbon atoms are connected to
each other by a conjugated 7 bond, and the electrons dissociate
uniformly among these three carbon atoms, which leads to the
fact that there are actually two identical carbon radicals (C1 and
C3) in the substrate at the same time. When reaching the
appropriate position between the hydroxyl ligand and the
halogen ligand, the two carbon radicals can interact with the
hydroxyl ligand and the halogen atom ligand at the same time
(TSomn-x). The existence of this interaction can cause two kinds
of different products.

Different halogen substituents have a significant impact on
the transition state during the second rebound process. The law
of the increase of the second energy barrier is consistent with
the periodicity of halogen atoms, which suggest that halide
ligand transfer maybe influenced by electronic factors such as
the oxidizability of the ligand, as F, Cl and Br have gradually
decreasing oxidation potentials.

As shown in Fig. 2, for X = F, Cl, Br, the energy of TSon_x
structures are 4.62, 1.94 and 1.71 kcal mol™?, respectively. The
reason why the X = F complex has the highest barrier in the
—-OH rebound/-X transfer process depending on the valence
bond modelling. Previously, valence bond modelling has been
used to rationalize the ligand rebound/transfer preference by
non-heme iron complexes.’>** The energy for breaking the old
bonds and forming the new ones in the transition states is the
crucial determination refers to the barrier height. The 3-elec-
tron wyz/w;z pair of orbitals would be broken during the transfer
of the OH group (rebound) to the radical. One of these three
electrons stays in the 3d,, orbital of Fe whilst the other two pairs
up with the radical to form the C-O bond and pairs up with the
dy, electron separately. Therefore, the level of OH rebound is
dependent on the energy to break the “yz/ny*z orbitals, the
energy to form the C-O bond and the energy to promote an
electron from Ty, to 3.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Since the rebound of the OH group is exactly the same here
in our three complexes (all the same Ttyz/Tt;Z orbitals to break,
C-O bond to form and electron to promote), the energetic
difference between the second transition state would be caused
by breaking the Fe-X bond and forming the C-X bond. In fact,
the stronger electron-withdrawing ability the substituent have,
the higher energy gap between the 7, and TC;Z orbitals exists.>*
Because the F atom has the strongest electron-withdrawing
ability, for X = F complex, the widening of the energy gap will
make it harder to break, leading to a higher transition state
energy.

4. Conclusions

In this work, we present a detailed study into the hydroxylation
versus halogenation of propylene by [Fe™(0)(TQA)X]", X = F, Cl
and Br. A series of density functional theory calculations reveal
the mechanisms of the subsequent pathways for OH/X
concerted rebound following the hydrogen abstraction. Two
electronically different pathways (°TS,_ and °TS._) are
considered for hydrogen atom abstraction. The spin densities of
the iron atoms suggested the electronic configuration of the
metal center and the electronic environment of the ligand as the
determining factors. After the hydrogen abstraction, there are
two indistinguishable carbon radicals. Thus, the mechanism of
rebound step is synergistic reaction, and the barrier heights
change depending on subtle electronic environment. As such,
a combination of potential energy surface and transition state
structure has been used to propose a potential reaction path-
ways leading to a mixture of hydroxylated products and halo-
genated products. It is quite possible that an analogous reaction
can be catalyzed by nonheme iron model by supplying the
system with the next halogen elements I. We hope there will be
further experimental verification in future studies.
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