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ABSTRACT: We performed ONIOM QM/MM calculations
to understand how ethane is hydroxylated and ethanol is
converted to acetaldehyde by an oxoiron(IV) species
generated within an iron-containing metal—organic framework
called Fe-MOF-74. The calculations showed that the ethane
hydroxylation proceeds via a high-spin rebound mechanism.
The conversion of ethanol into acetaldehyde should occur
more favorably via H-abstraction from the O—H bond than via
C—H cleavage, although the O—H bond of ethanol is stronger
than the C(1)—H bond. This trend can be rationalized by the
effect of proton-coupled electron transfer, which stabilizes the
transition state for O—H cleavage.
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he high-valent oxoiron(IV) active species plays crucial tionally derived scenario hinted that, if a high-spin oxoiron(IV)

roles in the enzyme catalysis of alkane hydroxylation, is stable enough to participate in a reaction, an essentially
olefin epoxidation, and other types of oxidation reactions difficult chemical transformation may become easier. Synthetic
occurring in heme and non-heme iron enzymes."” For example, non-heme oxoiron(IV) complexes also tend to have low-spin
cytochrome P450 enzymes (P450s) are representative of the ground states, and thus, synthetic realization of their high-spin
heme enzymes that utilize oxoiron(IV) for catalysis,’™> and versions has been a difficult challenge. Nevertheless, several
taurine:a-ketoglutarate dioxygenase (Tau-D) is often cited as high-spin complexes have been synthesized by skillful
an exemplary case in which 0x01r0n(IV) is generated and used experimentalists.'*™>' Furthermore, a reactive high-spin
in a non-heme iron enzyme.” Traditionally, the oxoiron(IV) oxoiron(IV) species has recently been synthesized and
porphyrin 7-cation radical species of P450s is called Cpd I, and characterized.'?
the oxoiron(IV) species of Tau-D is termed TauD-J. The Meanwhile, metal—organic frameworks (MOFs) (also called

remarkable oxidative reactivity of Cpd I has inspired synthetic
efforts to prepare oxoiron(IV) porphyrin complexes.’”®
Substantial efforts have also been devoted to the synthesis
and characterization of biomimetic oxoiron(IV) supported by
non-heme ligands,”~" especially since the ﬁrst isolation of a
synthetic non-heme oxoiron(IV) complex.'’

In addition to the experiments, many computational studies
have been undertaken. The previous computational studies
have elucidated the electronic details of various oxoiron(IV)
species and thereby helped advance our understanding of their

reactivity trends.'” For example, density functional theory o _ X
(DFT) studies performed by one of us (H.H.) and Shaik metals may ex}.11b1t behav1.or analogous  to that. mn meta.l-
predicted that high-spin states (sextet or quintet) of oxoiron- loenzymes, possibly conferring powerful enzyme-like catalytic

(IV) species of P450s and synthetic non-heme complexes activity on MOFs. 4_Such MOF s indeed exist. F or example,
should have lower-barrier energy surfaces than low-spin states Fe,(dobdc) (dobdc*™ = 2,5-dioxido-1,4-benzenedicarboxylate),

because there is enhancement of exchange stabilization at the

porous coordination polymers) have emerged as another
important class of molecular systems that can use iron or
other metals for heterogeneous catalysis.”*~>" The inner pores
of these materials affect reaction selectivies,”® and notably, the
size and shape of the pores can be changed by varying the
organic linkers and metal nodes used. In addition, if the
numerous metal centers existing in a single MOF are used
simultaneously for catalysis, the catalytic efficiency will become
very high. Another attractive feature of MOFs is that redox-
active metals can be utilized as metal nodes. Redox-active

iron center in the reactions of high-spin states."*”'” Although Received: March S, 2015
the strong ligand field in P450 Cpd I might render the low- Revised:  April 20, 2015
barrier, high-spin energy surface hard to access, this computa- Published: April 22, 2015
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Figure 1. (a) The entire system used for our QM/MM study of ethane hydroxylation. The QM atoms are shown in ball-and-stick representation,
and the atoms are shown in stick (for optimized atoms) and wire representations. (b) A schematic drawing of the QM region. A wavy line indicates a
QM/MM boundary at which a H-link atom is attached on the QM side.
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Figure 2. Potential energy profiles (in kcal/mol) for the reaction between ethane and the oxoiron(IV) species in the quintet and triplet states, as
determined at the ONIOM(B3LYP/B2:UFF)//ONIOM(B3LYP/B1:UFF)+ZPE level. The optimized transition states in the quintet state are also
depicted, and key distances are shown in A.

also called Fe-MOF-74 or CPO-27-Fe, allows phenol a high-spin oxoiron(IV) species should be generated within Fe-

hydroxylation,” conversion of methanol to formaldehyde,™ MOF-74 and eftects the hydroxylation of ethane; this reaction
oxidation of 1,4-cyclohexadiene, and hydroxylation of ethane’' is unlikely to occur with other types of iron species, such as
to proceed. Interestingly, Xiao et al. have recently proposed that ferric hydroxide (Fe(III)OH), because ethane has very strong
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C—H bonds.” The weak ligand field in Fe-MOF-74 appears to
provide an excellent environment for a high-spin oxoiron(IV).

As a continuation of our efforts to gain in-depth knowledge
of oxoiron(IV), we wished to understand how the reactivity of
oxoiron(IV) in Fe-MOF-74 differs from that of P450s and non-
heme synthetic complexes. However, MOFs generally have
remarkably high dimensionality in structure, the theoretical
description of which may require multiscale models or hybrid
quantum mechanics and molecular mechanics (QM/MM)
calculations. Even though computational studies of chemical
reactions in MOFs using QM/MM are still very scarce today in
comparison with the numerous applications of QM/MM to
enzymes,””*° QM/MM must have great potential for
elucidating the catalytic mechanisms of MOFs containing
oxoiron(IV) or any other reactive metal species. We herein
attempt to apply QM/MM to the reactions of ethane and
ethanol in Fe-MOF-74.

To build a QM/MM model, a published crystal structure of
Fe-MOF-74, in which the iron center has an Fe(III)OH state,
was modified (Figure 1).>! Three Fe(IlI)OH ions were
included in the QM region. The central Fe(II[)OH was
replaced with Fe(IV)O (Figure 1a), and this Fe(IV)O is to
abstract hydrogen from a substrate. To simplify the electronic
structure of the QM atoms, the other two Fe(III)OH units in
the QM region were replaced with Mg(Il) (Figure 1b). This
simplification was based on the experimental observation that a
magnesium-diluted analogue of Fe-MOF-74, that is,
Fey Mg, o(dobdc), also showed catalytic activity.”' The
ONIOM method implemented in Gaussian09 was used for
the QM/MM calculations.”’~* The B3LYP/[SDD(Fe),6-
31G*(others)] method was used for the QM atoms,” ~* and
the universal force field (UFF) was used for the MM
calculations within ONIOM.*® Zero-point vibrational energies
(ZPEs) obtained from frequency calculations were included in
the reported energy data. In addition to the above-mentioned
basis set (B1), which was used for geometry optimization, the
6-311+G(dfp) basis set (B2) was also used for single-point
energy calculations. G4 calculations were performed to evaluate
the homolytic bond dissociation energies (BDEs) of ethane and
ethanol.” Additional technical details can be found in the
Supporting Information (SI).

Figure 2 shows the computationally determined energy
diagrams for the hydroxylation of ethane. Unlike the reactions
of P450 Cpd I and most of the synthetic non-heme
oxoiron(IV) complexes, the high-spin state is more stable
than the low-spin state at the stage of a reactant complex (RC).
This trend is consistent with the computational results
presented by Xiao et al.”' Interestingly, the figure also shows
that the quintet state is always the ground state throughout the
reaction, which is distinctly different from the cases of many
non-heme oxoiron(IV) complexes in which the triplet state is
the ground state at the outset of the reaction.'” Another
interesting finding is that the barrier for H-abstraction is only
15.6 kcal/mol, despite the fact that the G4-calculated homolytic
C—H BDE of ethane is as large as 100.7 kcal/mol (Table S2).
This result suggests that the high-spin oxoiron(IV) species in
Fe-MOF-74 can abstract hydrogen from ethane and supports
Xiao et al.’s conclusion that the ethane hydroxylation should be
effected by oxoiron(IV).>" This calculated barrier height might
contain some error because of the limited accuracy of B3LYP,
but importantly, the high-spin reactivity was also predicted by
two other DFT functionals (Figure S1). The H-abstraction via
TS1 leads to the formation of an intermediate (Int) containing
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an ethyl radical and an Fe(II[)OH species. The ethyl radical
then undergoes a radical rebound via a transition state (TS2),"*
to form an alcohol product complex (PC). The resultant
ferrous species in PC may be later converted to Fe(III)OH via
a reaction with N,O in the system.”’ It should be noted that
although the calculated rebound barrier is low (3.9 keal/mol),
our calculation does not necessarily rule out the possibility that
the ethyl radical attacks some other Fe(III)OH or Fe(IV)O
unit within the MOF instead of attacking the Fe(II[)OH at
which H-abstraction from this substrate has taken place. This is
because the position and orientation of the substrate are not
tightly restricted in the pore space of the MOF (Figure la), and
this situation is very different from that in enzyme active sites
that generally have a high degree of shape complementarity to
substrates. In fact, for the reaction of a synthetic non-heme
oxoiron(IV) complex, which cannot anchor the substrate
strongly to the reaction center, it has been shown that the
substrate radical can dissociate from the Fe(III)OH after H-
abstraction.*’

The barrier heights for H-abstraction in the quintet and
triplet states were calculated as 15.6 and 19.1 kcal/mol,
respectively. The somewhat lower barrier obtained for the
quintet state can be rationalized in terms of exchange
enhancement at the iron center. Figure 3 shows changes in

6.0

~®-Fe
5.0 “0
7 (0}
4.0 / \ 4 \
c
02 30
s
=
o 20
o
Qo
i=
£ 10
w -
0.0 = —
1.0
2.0
RC TS1 Int TS2 PC

Figure 3. Changes in atomic spin population on Fe, O, and C in the
quintet state along the reaction coordinate. The values were obtained
with B1.

the atomic spin population values for Fe, O (oxygen of
oxoiron(IV)), and C (carbon of ethane from which hydrogen is
abstracted) along the reaction coordinate in the quintet state.
The value for Fe is seen to increase from 3.3 to 4.1 in going
from RC to TSI, whereas the value for C decreases from 0.0 to
—0.5. These values indicate that the formal oxidation state of Fe
changes from 4+ to 3+, and the number of unpaired electrons
increases from 4 to S during the H-abstraction. This electronic
reorganization gives rise to an increase in exchange stabilization
as H-abstraction progresses and is a typical pattern that has
been observed in the exchange-enhanced reactions of high-spin
oxoiron(IV) in heme and non-heme systems.'*~"”

Xiao et al. showed experimentally that acetaldehyde was also
included in the product mixture.”’ Acetaldehyde was formed
presumably as a result of the reaction of the above ethanol
product with oxoiron(IV). To gain insight into how
acetaldehyde is formed, we examined two possible pathways
involving initial H-abstraction from the C(1)—H bond and
from the O—H bond by oxoiron(IV). Because we have already
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Figure 4. (a) Potential energy diagrams (in kcal/mol) for the reactions between ethanol and the oxoiron(IV) species in the quintet state, as
determined at the ONIOM(B3LYP/B2:UFF)//ONIOM(B3LYP/B1:UFF)+ZPE level. (b) Bl-calculated SNOs for TSI, and TSI,

seen above that the quintet state is much more stable than the
triplet state in the reaction of ethane, we considered only the
quintet state here. The G4-calculated BDEs for the C(1)—H
and O—H bonds of ethanol were 94.5 and 104.1 kcal/mol,
respectively (Table S2), indicating that the O—H bond is much
stronger than the C—H bond. However, surprisingly, the barrier
for H-abstraction from the O—H bond of ethanol (7.2 kcal/
mol) was somewhat lower than that for the C—H bond (9.9
kecal/mol) (Figure 4a).

To better understand these results, we further analyzed the
spin natural orbitals (SNOs), having an eigenvalue of ~—1, for
the transition states for H-abstraction from the O—H bond
(TS1,.,) and the C—H bond (TS1g,). Interestingly, the SNO
for TS1,, was not localized on the O—H bond, but it had an
amplitude perpendicular to the bond (Figure 4b). Thus, this
orbital has a significant character of the oxygen lone-pair orbital,
and the transition state is stabilized by the effect of proton-
coupled electron transfer (PCET).”’ By contrast, the SNO for
TS1g4 was well localized on the breaking C—H bond, which
suggests that in this case, H-abstraction can be characterized as
hydrogen-atom transfer. It is interesting to note that Wang et
al. experimentally observed that a synthetic non-heme diiron-
(IV) complex cleaved the O—H bonds of methanol and tert-
butyl alcohol rather than their weaker C—H bonds.”’ Our
computational results and the PCET scenario appear to be
consistent with the experimental trend observed by Wang et al.

Finally, we examined the ethane hydroxylation reactivity of
the Fe(III)OH species in Fe-MOF-74 in the sextet spin state.
As can be seen in Figure 5, the barrier for H-abstraction by
Fe(III)OH is very high (34.9 kcal/mol), much higher than the
barrier for oxoiron(IV). Our calculation therefore rules out the
possibility that Fe(III)OH acts as a reactive species for the
hydroxylation of ethane. We have seen above that the barrier
for the reaction of ethane with oxoiron(IV) is reasonably low;
however, in the experiment, the reaction yield was not very
high. This disparity might be attributed to the fact that the
oxoiron(IV) species quickly decays to Fe(II[)OH,*" which is
unreactive, as shown here, possibly even before ethane starts to
undergo a reaction.

In conclusion, our QM/MM study showed that the ethane
hydroxylation in Fe-MOF-74 proceeds in a rebound mecha-
nism on the quintet-state energy surface.”” The use of the high-
spin quintet state makes the barrier for the H-abstraction
reaction from the strong C—H bond of ethane reasonably low,
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Figure S. Potential energy diagram (in kcal/mol) for H-abstraction
from ethane by Fe(III)OH, as determined at the ONIOM(B3LYP/
B2:UFF)//ONIOM(B3LYP/B1:UFF)+ZPE level.

as a result of exchange enhancement at the iron center. The
conversion of ethanol to acetaldehyde was also studied, and if
oxoiron(IV) acts as the active species here, this reaction is
suggested to occur via H-abstraction from the strong O—H
bond of ethanol because the transition state for O—H cleavage
is stabilized by PCET.
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