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Abstract

a-Ketoglutarate (aKG)-dependent nonheme iron enzymes utilize a high-spin (HS) ferrous center
to couple the activation of oxygen to the decarboxylation of the cosubstrate aKG to yield
succinate and CO,, and to generate a high-valent ferryl species that then acts as an oxidant to
functionalize the target C—y bond. Herein a detailed analysis of the electronic-structure changes
that occur in the oxygen activation by this enzyme was performed. The rate-limiting step, which is
identical on the septet and quintet surfaces, is the nucleophilic attack of the distal O atom of the O,
adduct on the carbonyl group in aKG through a bicyclic transition state (°>’TS1). Due to the
different electronic structures in >/TS1, the decay of /TS1 leads to a ferric oxyl species, which
undergoes a rapid intersystem crossing to form the ferryl intermediate. By contrast, a HS ferrous
center ligated by a peroxosuccinate is obtained on the quintet surface following °TS1. Thus,
additional two single-electron transfer steps are required to afford the same Fe!V—oxo species.
However, the triplet reaction channel is catalytically irrelevant. The biological role of aKG played
in the oxygen-activation reaction is dual. The aKG LUMO (C=0 7*) serves as an electron
acceptor for the nucleophilic attack of the superoxide monoanion. On the other hand, the aKG
HOMO (C1-c2 o) provides the second and third electrons for the further reduction of the
superoxide. In addition to density functional theory, high-level ab initio calculations have been
used to calculate the accurate energies of the critical points on the alternative potential-energy
surfaces. Overall, the results delivered by the ab initio calculations are largely parallel to those
obtained with the B3LYP density functional, thus lending credence to our conclusions.
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Introduction

The Fe!l- and a-ketoglutarate (aKG)-dependent dioxygenases constitute the largest class of
mononuclear nonheme iron enzymes and catalyze a broad range of pivotal metabolic
transformations. For example, these enzymes are involved in many important biochemical
processes such as degradation of xenobiotics,[11 synthesis of antibiotics and collagen,[?]
repair of DNA and RNA bases,[3] control of oxygen homeostasis, 4! and regulation of gene
expression.[®! The most studied and prototypical member of the aKG-dependent enzyme
family is taurine (2-aminoethane-1-sulfonic acid)/aKG dioxygenase (TauD),[] which
enables Escherichia coli to use the aliphatic sulfonate taurine as a sulfur source during
periods of sulfate starvation.[’]

It is commonly assumed that all Fe!l- and aKG-dependent dioxygenases utilize a common
mechanism, which was initially proposed by Hanauske-Abel and Gunzler for prolyl-4-
hydroxylase (P4H)[8] (Scheme 1). This mechanism involves 1) binding of the cosubstrate
aKG to the high-spin (HS) ferrous center in a bidentate fashion; 2) binding of substrate in
the vicinity of the active site, which causes dissociation of the remaining water ligand from
the Fe!l site; 3) addition of oxygen to the quaternary enzyme/Fe!//aKG/substrate complex to
yield intermediate |, a {FeO,}8 complex in which O is proposed to bind in an end-on mode
to the iron center; 4) nucleophilic attack of the uncoordinated O atom on the C2 atom of
aKG to form a bicyclic intermediate I1; 5) decarboxylation of aKG and cleavage of the O-
O bond, which leads to formation of a high-valent Fe!V—oxo intermediate 111, concurrent
with release of COy; 6) cleavage of the target C—H bond by the Fe!V—oxo species to generate
an Fel''-hydroxide complex and a substrate radical; 7) rebound of a hydroxyl radical by the
“oxygen rebound” mechanisml® to afford the hydroxylated product and an Fe!' center; and
8) dissociation of the product.

The steps that precede the addition of oxygen to the Fe!! center have been studied in detail
by Solomon and co-workers for several aKG-dependent hydroxylases and halogenases by
means of circular dichroism and magnetic circular dichroism spectroscopy.[1%] The hallmark
features are bidentate binding of aKG to the Fe!! center, which gives rise to a metal-to-
ligand charge transfer (Fe!! to a-ketoacid) band, and dissociation of the remaining water
ligand upon substrate binding, which results in the creation of an open coordination site for
oxygen to bind. These conclusions are corroborated by X-ray crystallographic studies.[!1]

Application of a combination of rapid kinetic and spectroscopic techniques to the reaction of
TauD resulted in the detection of two intermediates. Méssbauer and EPR spectroscopy
suggested that the first intermediate is best formulated as a high-valent Fe!V species (termed
J) with an unusual HS (S=2) configuration.[*2] Use of the 1,1-[D,]taurine isotopomer results
in a large deuterium kinetic isotope effect (2H-KIE) of around 50 on the decay of J, which
demonstrates that this intermediate is responsible for hydrogen-atom abstraction.[13] In the
consensus mechanism, the C-H-cleaving species is proposed to be the Fe!V—oxo (ferryl)
complex (111). The presence of the ferryl unit was experimentally verified by resonance
Raman spectroscopy, which exhibited an Fe—oxo stretching mode at 821 cm™! that was
downshifted to 787 cm=1 upon use of 180,,[24] and by X-ray absorption spectroscopy, which
demonstrated that J has a very short iron-ligand interaction (1.62 A) that is typical for the
Fe!V—oxo group.[!3] Considerable insight into the geometric and electronic structure of this
key reaction intermediate was obtained by comparing experimentally observed
spectroscopic parameters to those calculated by density functional theory (DFT) for various
hypothetical model structures of J, which suggest that J has either a trigonal bipyramidal or
a distorted octahedral geometry.[18] Ferryl reaction intermediates with similar spectroscopic
properties have been experimentally observed in several other mononuclear Fe!'-dependent
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enzymes.[17] The second intermediate that accumulates upon reaction of the enzyme/Fe'l/
aKG/substrate complex with oxygen is an Fe!! product(s) complex.[17ac..18]

Insight into the oxygen activation at an a-ketoacid-ligated Fe!! center was also obtained
from low-molecular-weight inorganic complexes.l¥ The structures of the model complexes
show that the a-ketoacid can bind to the Fe! center in a mon odentate or a bidentate
mode.[20] Comparison of the diagnostic metal-to-ligand charge-transfer transition of the
enzyme/Fe!/aKG complexes to those of the model complexes indicates that «KG must be
bound to the metal in a bidentate way at the enzyme active site. The acceleration of
decarboxylation caused by electron-withdrawing substituents on the a-ketoacid in the model
complexes is in line with the proposed nucleophilic attack of the distal O atom derived from
the oxygen on C2 of the a-ketoacid.[*%] Que and co-workers reported an excellent
functional model compound for the aKG-dependent dioxygenases, [Fe(Tp""2)(BF)]
(TpPM2=hydrotris(3,5-diphenylpyrazol-1-yl)borate, BF=benzoylformate).[192.b] Upon
reaction with O,, this complex is able to hydroxylate one of the phenyl rings of the TpPh2
ligand coupled with decarboxylation of the BF ligand, as confirmed by isotope labeling
experiments; this reaction captures several of the salient features of the Fe!l- and aKG-
dependent enzymes, that is, decarboxylation of the coordinated a-ketoacid and generation of
the ferryl intermediate. However, the reactivity of the ferryl intermediate presumably entails
an electrophilic attack on the electron-rich benzene ring, as was observed for the recently
discovered Fe''- and aKG-dependent epoxidase DdaD,[2!] the enzyme 4-hydroxyphenyl-
pyruvate dioxygenases (HPPD),[22] and the related Fe'l- and tetrahydropterin-dependent
aromatic amino acid hydroxylases.[23] Recently, the proposed Fe!V-oxo intermediate formed
by oxygenation of the above complex was found to oxidize hydrocarbons with some shape
selectivity.[19] Moreover, several Fe!V—oxo complexes, analogues of J, have been
synthesized and characterized by various spectroscopic techniques (for a recent review, see
ref. [24]). Although most of those complexes have an intermediate-spin (S=1) ground state,
more recently, several examples of high-spin ferryl model complexes have been reported.[2°]

DFT studies on oxygen activation in aKG-dependent enzymes and related model complexes
have been performed,[26] but a consensus mechanism has not yet emerged from these
studies. The DFT results suggested that in the enzyme system the reaction of oxygen
activation takes place on the quintet surface.[262] Specifically, the distal O atom of |
performs a nucleophilic attack on the carbonyl group in aKG through a bicyclic transition
state (TS) similar to the proposed intermediate |1 to afford a Fe!'-peroxosuccinate complex
and COy; further heterolytic cleavage of the O-O bond in the peroxosuccinate yields an
Fe!V—oxo species, in which the formation of the Fe!!—peroxosuccinate complex was found to
be the rate-determining step.[262.b] |n a different report, the same reaction was also suggested
to proceed on the quintet surface.[269] However, the proposed bicyclic structure |1 was
identified as a local minimum derived from the nucleophilic attack of intermediate | on the
carbonyl carbon in aKG. Following this step, release of CO, generated the same Fe!l—
peroxosuccinate complex, whereas cleavage of the peroxo O-O bond to yield an Fe!V-oxo
intermediate was shown to be the rate-limiting step.[269] Recently, Solomon and co-workers
proposed that the enzymatic reaction might start from the triplet O, adduct, and that the rate-
determining step is the triplet—quintet spin-crossover of the bi cyclic intermediate 11.[26¢] |n
the case of the biomimetic model complex [Fe(TpP"2)(BF)], DFT calculations showed that
the oxygen activation process proceeds along a concerted reaction pathway on the septet
surface in which the O-O bond in O; and the C1-¢5 bond in aKG are simultaneously
cleaved.[26c]

Despite this considerable body of work, there are still a number of open questions. Why is

the cosubstrate aKG indispensable to the reactivity of this family of nonheme iron enzymes?
What is the difference of the reaction mechanism on the quintet and septet surfaces? In the
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present work, we attempt to address these questions through detailed electronic-structure
calculations of the catalytic cycle in the three alternative spin states. The cosubstrate aKG
has a dual role, namely, it acts not only as an electron acceptor to stabilize the superoxide
monoanion (the one-electron-reduced form of the cosubstrate O,) to facilitate the second
electron transfer, but also as an electron donor to provide the second and third electrons for
the further reduction of the superoxide. One prominent feature of the present work is the use
of single and multireference-correlated ab initio methods in addition to DFT. Thus, the
energies of the local minima and saddle points on the potential-energy surface (PES) were
calculated with the highly correlated ab initio coupled cluster singles and doubles with
perturbative triples [CCSD(T)] method in an attempt to proceed beyond the accuracy and
reliability inherent to standard DFT methods. In addition, the strongly contracted second-
order n-electron valence space perturbation theory (NEVPT2)[27] was used on top of
complete active space self-consistent field (CASSCF) wavefunctions to shed light on the
intricate details of O, binding to a HS Fe!! center.

Results and Discussion

Energetics

The overall energy profile of the catalytic cycle—Reaction of the five-coordinated
HS ferrous center (Sge=2) with triplet oxygen (Sp,=1) led to three possible total spin
multiplicities: septet (S=3), quintet (S=2), and triplet (S=1). Recently, a singlet O, adduct
was suggested to be implicated in the oxygen-activation process of cysteine dioxygenase
(CDO).[28] However, the singlet O, adduct of the TauD system was calculated to be
approximately 14 kcal mol~1 higher in energy than the corresponding triplet species, and
thus has not been investigated further. Figure 1 shows the PES of the three spin states for the
oxygen activation by TauD calculated by the B3LYP density functional in the present work.
Clearly, there are large differences in the number and energies of the intermediates and
transition states along each reaction pathway (Table 1). A comparison to previous results in
the literature will be provided after discussing the most salient features of the calculated
PES.

Oxygen binding—If one considers the adiabatic approach of a triplet O, molecule to a
quintet ferrous center, there are three spin states that can arise: triplet, quintet, and septet.
Furthermore, since distorted octahedral ferrous centers are orbitally near-degenerate (the
ground state derives from a low-symmetry split 5ng term), there are up to nine electronic
states that may be low-lying enough to warrant further analysis. In DFT calculations one can
only (and even here only approximately) access three of these states, namely, the lowest
energy triplet, quintet, and septet states. In the present case, the low-symmetry effects are
large enough to leave a single-orbital configuration at the iron center lowest in energy and
hence it is sufficient to concentrate on the three lowest-energy electronic states with triplet,
quintet, and septet spin multiplicities.

According to the B3LYP results, the three spin states are very close in energy with the order
triplet < septet < quintet. However, one should note that the energy differences of less than 2
kcal mol~1 are within the uncertainty of the methodology. Consistent with previous
studies,[26] the binding of O, to the iron center is calculated to be endergonic on all three
investigated PES. Taken at face value, this may suggest that theory predicts that the
chemistry observed for the Fe!l- and aKG-dependent enzymes cannot happen. However,
Friesner and co-workers have shown that there is a large protein contribution to the free
energies of oxygen addition reactions that can make the reactions more exergonic by as
much as 10 kcal mol=2.[29] Thus, the actual situation in the protein is more favorable, and
the oxygen-binding step may be even slightly exergonic as observed in hemerythrinl3%l and
model systems.[31]
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An important aspect of the calculations is that, following oxygen binding to the Fe!! center,
the three spin states barely split (less than 2 kcalmol 1). This result has not been anticipated
as normal reactions between open-shell fragments will tend to lead to repulsive surfaces for
ferromagnetic spin alignment and deep wells that correspond to bond formation for
antiferromagnetic spin alignment. To obtain more insight into the O, addition step, we have
resorted to multiconfigurational ab initio quantum chemistry, which has the advantage that
on all PES, the many particle wavefunctions can be properly represented by spin
eigenfunctions. As described in the Experimental Section, CASSCF calculations with a large
16-in-13 active space were carried out on the small model to study the oxygen-binding
process. Dynamic correlation effects were covered with the NEVPT2 method.

Consistent with the B3LYP results, CASSCF and NEVPT2 calculations show that the
triplet, quintet, and septet O, adducts are energetically within 4 kcal mol~ of each other
(Table 2). Equally consistently, all multiconfigurational calculations predict the triplet
species to be lowest in energy. By using the CASSCF and NEVPT2 methods, the quintet
and septet species are estimated to be almost degenerate with the quintet complex being
lower in energy. The differences between the septet and quintet O, adducts only amount to a
few tenths of 1 kcal mol~L. Both results are consistent with CCSD(T) calculations, which
deliver slightly larger energy separations between the different spin multiplicities. However,
even here the septet species is predicted to be only 6.3 kcal mol~1 higher than the triplet
analogue. It thus appears to be safe to conclude that for the O, adduct of TauD there are
three low-lying states of different spin multiplicities, all of which could serve as the basis for
further reactivity.

The calculated PES for O, binding by using CASSCF and NEVPT2 methods on structures
obtained from relaxed surface scans are shown in Figure 2. In contrast to the B3LYP results
that estimated O, addition to be marginally endothermic (=3 kcal mol-1), the CASSCF and
NEVPT2 calculations show that the oxygen-binding process is moderately exothermic by
approximate 10 kcal mol~1. Thus, the binding energy may cancel out the entropy term (=10
kcal mol~1) for oxygen addition and hence leads to the binding process being nearly
thermoneutral. In nonheme iron proteins, both factors (the environmental effects and the
moderate exothermic addition of O,) may make the O, addition take place easily as
observed experimentally.[39:31] As expected, all three spin states are nearly degenerate at
Fe-O, distances beyond 2.4 on account of the lack of interaction between the ferrous active
site and O,. At shorter distances, the formation of a weak bond preferentially stabilizes the
triplet O, adduct. However, in the entire process of O, binding, the quintet and the septet
complexes remain nearly degenerate with the quintet species lying at marginally lower
energy. The dynamic correlation energy brought in by the NEVPT2 correction does not
appreciably change the situation.

The first transition state—The most straightforward situation exists on the septet
surface. Following binding of O, the system passes through a single TS, the bicyclic
peroxyhemiketal complex, to afford an oxo-like species with concomitant decarboxylation
of the aKG cosubstrate. It will be shown below that on this surface, the bonding of this
intermediate is best described as a HS ferric ion bound to an oxyl radical. Thus, on the septet
surface, decarboxylation of aKG appears to be concurrent with the cleavage of the O-O
bond to form a Fe!!'-oxyl compound.

On the quintet surface, a much more complicated stepwise reaction mechanism is operative.
Following oxygen addition, the quintet O, adduct traverses through a decarboxylation TS
that is geometrically and electronically similar to that found on the septet surface and then
releases CO;, to yield an Fe!l-peroxosuccinate complex that is accompanied by a large drop
in energy. Subsequently the O—-O bond is broken by means of two single-electron transfer
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steps via the half-bond intermediate (see Figure 1) to produce the experimentally observed
quintet Fe!V—oxo intermediate that functions as a C-H cleaving agent.

Finally, on the triplet surface the first TS is difficult to locate. However, we noted that the
energy of the triplet bicyclic intermediate 11 is already approximately 5 kcal mol~ higher
than ®7TS1 on the quintet and septet surfaces. It follows that an even higher barrier is
needed to form this species; thus, the triplet surface can be ruled out as an explanation of the
TauD dioxygen chemistry.

The energy profile displayed in Figure 1 is in good agreement with that reported by
Siegbahn et al. in ref. [26a] except for the relative free energies for °TS1 and 7TS1. As
indicated by their electronic structures (vide infra), these two species should be nearly
isoenergetic; according to our results described below, it is the difference in entropy that
leads to the slightly lower free energy of TS1.

Calculations of PES with the small model by using B3LYP and CCSD(T) methods were
performed. Overall, the B3LYP PES of the small model are consistent with those of the
large one with comparable barriers for the quintet and septet reaction channels (Table 3).
However, in the case of /TS1, the barrier height predicted by the CCSD(T) calculations is
approximately 4 kcal mol~ lower than that estimated by B3LYP. Thus, for the real model,
the B3LYP calculations may also slightly overestimate the barriers of the rate-determining
steps. The significant difference occurs for the relative energies of the septet and quintet
Fe!V—oxo intermediates. It turns out that the energy difference between these two species is
significantly underestimated by the B3LYP method. For the quintet ferryl species, the
unrestricted Hartree—Fock (UHF) calculation converged to an electronic state that is best
characterized as a HS ferric ion (g —3) bound to an oxyl radical (So="2) in an
antiferromagnetic fashion. Consequenﬁy, the subsequent CCSD(T) calculations based on the
UHF reference orbitals converged to the same erroneous electronic state (for further
discussion, see ref. [32]). The calculations predict a marginal energy separation (3.5 kcal
mol~1) between the septet and quintet Fe!V—oxo intermediates since both species have a
nearly identical electronic structure except for the different spin coupling between the HS
ferric center and the oxyl radical. To guide the CCSD(T) calculations to the correct
electronic states that are in accordance with experimental data, orbitals from the CASSCF
(CAS(10,8)) reference wavefunction had to be employed. Because coupled-cluster theory is
known to be nearly invariant with respect to the choice of the reference determinant, such a
choice is justified. Finally, the CCSD(T) calculations yielded an energy splitting of 26.1 kcal
mol~1. Moreover, the relative energies of the septet and quintet ferryl species were also
computed by the simplified multireference spectroscopy-oriented configuration interaction
(SORCI) method. The SORCI calculations on top of the CASSCF reference space
(CAS(10,8)) estimated that the quintet species is stabilized by 23.7 kcal mol=1 in energy
relative to the septet analogue. Both values are in good agreement with that delivered by the
CASPT?2 calculations on the Fe!V—oxo intermediate of the aKG-dependent halogenases
(27.2 keal mol-1).133]

Electronic-structure analysis

In this section, insights into the calculated reaction pathway were obtained by means of a
detailed analysis of the changes in the electronic structure that occur while traversing the
various intermediates and TSs.

The O,-bound species {FeO,}8—According to the energy profile of the oxygen
activation, the O, adduct is the only candidate other than the ferryl species that may be
trapped experimentally. Figure 3a exhibits the geometries of the O, adducts on the septet,
quintet, and triplet surfaces. Table 4 summarizes key geometric parameters for them.

Chemistry. Author manuscript; available in PMC 2014 March 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ye et al.

Page 7

Comparison of the three geometries reveals that the most noticeable difference is the relative
orientation of the O, moiety relative to aKG. In the septet and quintet O, adducts, the O,
group is situated above the carbonyl group of aKG, whereas in the triplet species the O,
motif is situated above the acetic acid of Asp. Recently, the {FeO,}® adduct of the extra-diol
dioxygenase was trapped and spectroscopically characterized.[34 It contains a HS ferric
center (5 _5) that is antiferromagnetically coupled to a superoxo  radical (So2 =1%), thus
yielding an overall quintet ground state (S=2).134] The same electronic structure is found for
the quintet O,-bound species investigated here (Figure S2 in the Supporting Information).
However, the corresponding O, adducts of the aKG-dependent nonheme iron enzymes have
not been trapped and characterized; thus, the corresponding NO adducts, which are
{FeNO}’ complexes, have been prepared for many of these enzymes and served as a
structural model for the {FeO,}8 state. Specifically, the {FeNO}’ complex of the aKG-
dependent enzyme clavaminate synthase (CS) has been structurally characterized in which
the NO-derived O atom is situated above the aKG group.[35] Moreover, the iso-electronic
{FeNO}® complex in TauD was generated by cryogenic reduction and characterized by
Mésshauer spectroscopy.[38] The combined experimental and theoretical spectroscopic
studies demonstrated that the TauD—{FeNO}® species is best described as having a triplet
ground state that arises from antiferromagnetic coupling between a HS ferrous center
(See=2) and a triplet NO™ (Syo=1). This electronic-structure description is identical to what
we found for the triplet O, adduct (vide infra), except that NO is replaced by O,. In line with
this observation, the proposed geometry of the triplet TauD—{FeNO}® species shows that the
relative NO orientation with respect to aKG is similar to that of O, in the triplet O, adduct.
Experimentally, septet O, adducts have not been detected thus far; according to our
calculations, its electronic structure may best be rationalized as two resonance structures: 1)
a HS Fe!' center (Se=2) ferromagnetically coupled to a triplet O, (So,=1), and 2) a HS Fe'l!
ion (5 :_) bound to an O, radical ligand with S5,=% in a ferromagnetic fashion (Figure
S1in the Supportlng Information). The detailed analysis of the geometric and electronic
structures for O, adduct can be found in the Supporting Information.

The septet reaction mechanism—To understand the different reaction mechanisms of
the oxygen activation on the alternative PES, the electronic structures of the key local
minima will be separately discussed.

A salient feature of the septet reaction mechanism is that only a single TS is required to
achieve the O, activation following O binding. The optimized structures of the
decarboxylation TS on the quintet and septet surfaces (°/TS1) are shown in Figure 3b. It is
worth emphasizing at this point that in both cases the TSs have the bicyclic structure that is
proposed to be an intermediate in the consensus mechanism (Figure 1). By contrast,
according to our calculations, such bicyclic geometries do not exist as local minima on the
quintet and septet surfaces but only as TS. However, a similar bi- cyclic intermediate has
been detected in a single crystal of the extradiol catechole dioxygenases.[37]

The geometry of 7TS1 exhibits a shorter O(O,)—-C2 and a longer C2-O(C=0) bond relative
to those in the O,-bound species, and the most noticeable geometric feature is the
significantly elongated C1-C2 bond (2.5 A) in aKG (Table 5). This indicates that the C2=0
double bond of the carbonyl group has changed to a single bond. This process is
accompanied by formation of a single bond between the C2 atom of aKG and the distal O
atom of O, and by partial cleavage of the aKG Cl—¢, o bond.

A qualitative molecular orbital (MO) scheme of "TS1 is depicted in Figure 4a. In the upper
valence region, the five unpaired electrons reside in the five Fe 3d-based MOs; the last
singly occupied MO represents the aKG Cl-¢, o-bonding orbital. Thus, the electronic
structure of "TS1 is best formulated as a HS ferric ion (SFe:%) ferromagnetically coupled to
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a C-C o radical (Scc=%2). By inspection of the localized MOs on the O, moiety, one can
identify that the O—O o-bonding MO and two atomic p orbitals on each O atom are doubly
occupied. This implies that there is no net m-bonding interaction left in the O, fragment, but
that the O-0O o bond is still intact. Thus, the O, moiety is best interpreted as a peroxy-level
species, and at that stage of the reaction cycle the two-electron reduction of O, has been
accomplished. It follows that, relative to the O, adduct, one electron has been transferred
from the HS ferrous center to O, and the other electron originates from the C1-C2 o-
bonding orbital. In 7TS1, a o bond between the distal O atom of O, and the aKG C2 atom is
formed, similar to intermediate Il in the proposed mechanism. However, intermediate 11
does not exist as an intermediate on either the quintet or the septet surface, but rather
representsa TS.

To gain further insight of the electronic structure changes into the mechanism by which the
system approaches 'TS1, an MO diagram of a pre-'TS structure is presented in Figure 5a. It
was obtained by fixing the C1-C2 distance to 1.80 A in the relaxed surface scan. The
electronic structure of this pre-TS1 may be best rationalized as a HS ferric center (5F —3)
ferromagnetically coupled to a four-center radical with the spin being delocalized over the
0-0-C1-C2 fragment. The four-centered radical SOMO is composed of the O, myp* and the
aKG C1-C2 o-fragment orbitals. Thus, one can deduce that for the oxygen activation the
first electron comes from the HS ferrous center and the O, mijp* orbital acts as the first
electron acceptor. The second electron transfer between the O, op* and the C1-C2 0 MO
appears on the way to /TS1 at the present stage.

The decay of “TS1 was also investigated by a relaxed surface scan in which the O—O bond
was successively lengthened. The MO diagram of a species with an O-O bond length of
1.70 A is displayed in Figure 5b. This species contains a HS ferric ion (SFe:%) that is
ferromagnetically coupled to an O-O o* radical (So,="2). Thus, after traversing TS1, the
electron that previously occupied the C1-C2 o orbital shifts into the O-O o™ orbital to
perform the third electron reduction of O,. At this point the final O-O o bond tends to break.
Eventually, the O-O bond cleavage leads to an Fe!!'-oxyl species as the final product of
oxygen activation on the septet surface (Figure S4 in the Supporting Information). This
assignment is corroborated by the calculated isomer shift of 0.57 mm s~1, which is typical of
HS Felll_[38]

Relative to the quintet ground state of the Fe!V—-oxo species (vide infra), the septet (Fe0)2*
core is approximately 16 kcal mol=2 higher in energy[39] and may be interpreted as a ligand-
to-metal charge transfer (LMCT) spin-flip excited state. It should easily decay into the
quintet counterpart by “de-excitation” of the electron in the o-antibonding Fe d» MO into
the m-bonding O py orbital concomitant with a spin flip that may be transmitted by an
efficient spin—orbit coupling pathway and large driving force.

Quintet reaction mechanism—On the quintet surface, the first electron transfer takes
place upon addition of O, to the HS ferrous center, thus leading to a HS ferric ion
antiferromagnetically coupled to a superoxo radical in the O, adduct (vide supra).

As depicted in Figure 4b, a decarboxylation TS (°TS1) similar to that found on the septet
surface was located on the quintet surface. Compared to 'TS1, the most remarkable
difference is the much shorter C1-C2 bond length in °TS1 (2.5 A in 7TS1 versus 1.7 A

in 9TS1), thereby reflecting that °TS1 is a relatively “early” TS for the decarboxylation of
aKG. The electronic structure of 5TS1 closely resembles that of “TS1 except that an electron
with opposite spin to the majority iron spin resides in the C1-C2 o-bonding orbital. Thus,
the bonding situation is best rationalized as antiferromagnetic coupling between a HS Fe'!!
(Spfé) and a C—C o radical (Sx=%). Analogous to 'TS1, the O, motif is in a peroxy-level
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state. Given the relatively large distance between these two exchange-coupled fragments, the
electronic energy of 5TS1 should be nearly identical to that of “TS1. In fact, B3LYP predicts
that °TS1 lies 0.5 kcal mol~! lower in energy than the corresponding “TS1. However, if one
regards the release of CO, as a decomposition reaction, the entropy effect should favor TS1
since the septet decarboxylation reaction proceeds more completely, as evidenced by the
much longer C1-C2 distance. As a consequence, °TS1 lies 2.1 kcal mol-1 higher in the free
energy than the corresponding “TS1. However, since the entropic contributions to the TS are
only crudely modeled in these calculations, the energetic ordering of the septet and quintet
TS is certainly open to debate.

The fact that in °TS1 the o-radical electron is aligned anti-parallel to the iron spin has
decisive consequences for the further reactivity. After passing through TS1, the B electron
in the C1-C2 o orbital shifts to the HS Fe!!! center instead of the 0-O o bond, thus forming
a HS Fe!l center (Sz=2) bound to a peroxosuccinate (Figure S5 in the Supporting
Information). This electronic-structure description is corroborated by the calculated isomer
shift of 0.99 mms~1, which is typical of HS Fe!!. However, the same electron-transfer
pathway is spin-forbidden on the septet surface because an a electron rather than a 8 electron
resides in the C1-C2 o orbital in the corresponding TS (“TS1). Therefore, the a electron can
only move into the low-lying unoccupied O-O o* orbital during the decay of "TS1.

To accomplish the four-electron reduction of O, two electrons (one a and one f3) are still
required to be shifted into the O-O o* orbital so as to completely cleave the O-O bond. On
the quintet surface, we found that the two-electron transfer needs two steps before ending up
with the experimentally characterized Fe!V—oxo species: a B-electron transfer from the Fe
dyy orbital to yield a “half-bond intermediate” followed by an a-electron transfer from the Fe
dz/xz Orbital. (The MO diagrams of the relevant local minima and saddle points are gleaned
in the Supporting Information.) The TS that connect the relevant minima are extremely low
in energy such that these two electron-transfer reactions should occur very fast and the
intermediates do not accumulate to levels that allow for their spectroscopic characterization.

Triplet reaction mechanism—In the case of the oxygen activation on the septet and
quintet surfaces, the first electron-transfer pathway involves the HS ferrous center and the
O, mjp* orbital. If the same electron-transfer process took place from the triplet O, adduct
(best formulated as HS Fe!! anti-ferromagnetically coupled to 30,), one would obtain an
intermediate spin (1S) Fe'!! (s —3) coupled to a superoxo radical (So,=¥2) in an
antiferromagnetic fashion. However, the 1S Fe!!l ion cannot be stabilized by the weak field
ligands provided by the TauD active site. It follows that this electron-transfer step would be
accompanied largely by a structural rearrangement of the entire first coordination sphere of
the iron center. Hence, a very high energy barrier is expected. Unfortunately, we have not
been able to successfully locate the relevant TS. Instead, the proposed bicyclic intermediate
I was found to be a real intermediate on the triplet surface, rather than a TS as calculated on
the septet and quintet surfaces. However, it turns out that the bicyclic intermediate is
destabilized by 4.6 kcal mol~2 in energy relative to “TS1. This observation rules out the
possibility that the O, activation can proceed on the triplet surface. Therefore this surface
was no longer investigated.

On the role of aKG—TFor the septet mechanism, there essentially occurs a two-electron-
transfer step from the O, adduct to achieve the decarboxylation of aKG in “TS1. Due to the
fact that the electron affinity of the superoxide anion is substantially lower than that of
neutral dioxygen, the direct reduction of superoxide to a peroxo-level product should be
energetically very costly. Thus one might argue that another intermediate might exist before
approaching "TS1. However, this does not appear to be the case. It signifies that there are
subtle electronic effects that compensate for the attenuated electron affinity of the O, group
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following one-electron reduction and therefore allow for the second electron transfer to
happen. In analogy to the quintet reaction channel, the first electron transfer on the septet
surface is achieved by transferring an electron from the HS ferrous center to the O ijp*
orbital, which should produce a HS ferric ion (5 —2) that is ferromagnetically coupled to a
superoxo radical (Sp,=%2). In fact, a similar electronic structure was found for the quintet
O»-bound species, except that these two fragments are antiferromagnetically coupled. The
nucleophilic attack of superoxide on carbonyl group in aKG results in the electron transfer
from the doubly occupied O Tijp* orbital into the aKG LUMO, which is mainly the C=0 7*
orbital and eventually transforms the aKG carbonyl group into an alkoxide.[28¢] As a
consequence, the negative charge is effectively transferred from the superoxide to aKG, and
accordingly the electron affinity of the O, fragment is restored. On the other hand, the
nucleophilic attack can be viewed as a two-electron reduction of aKG. This should lower
the oxidation potential of aKG and render it easily oxidizable. Therefore, the second
electron transfer from the aKG HOMO, which is largely composed of the C1-C2 o orbital,
can easily occur, thereby leading to a C—C o radical.

Due to the fact that a-keto acids are stable in air, the above discussion raises the question of
why such nucleophilic attack only occurs in the enzyme. As described above, the aKG
LUMO functions as a two-electron acceptor. The energy of the electron accepting orbital
obviously affects the efficiency of the electron transfer. As noted previously, the binding of
aKG to the Fe center dramatically lowers the energy of the aKG LUMO.[102] Because the
C1-C2 bond in aKG is a single bond, the carbonyl and carboxylate groups are not coplanar
in the free aKG. However, once it coordinates to the Fe center as a bidendate ligand, the two
groups are forced to be coplanar so that the w-conjugation system is enlarged. Thus the
bidentate bonding mode of aKG in the active site of the enzyme stabilizes its LUMO and
enhances the capability of its LUMO to serve as an electron acceptor (Figure 6). On the
other hand, the contribution from the C=0 n* orbital to the aKG LUMO is reduced due to
the extended mr-conjugation. One may argue that the overlap between the O, mijp* orbitals
and the C=0 > orbitals would be diminished, which would disfavor bond formation
between them. However, the relative contribution of the carbon p orbital to the C=0 r*
orbital increases because the binding of the carbonyl group to the Fe center brings down the
energy of the oxygen-derived atomic p orbitals. The second effect will overcompensate the
first one and increase the nucleophilicity of aKG (electrophilic assistance).[8] In the active
site of the enzyme, the aKG LUMO has a much lower energy and a larger contribution of C
p orbitals. Both factors work in synergy to make the enzyme work in the way it does.

Comparison of the computationally predicted reaction pathway to
experimental data—Using the calculated reaction energies and free-energy barriers for
oxygen activation (see Table 1) as well as those for hydrogen-atom abstraction taken from
ref. [39b], the Arrhenius equation was set up for each step of the reaction. Assuming the
forward and backward reaction of each step was in equilibrium, we computed the relative
amounts of key intermediates of the catalytic cycle at each time point by numerically
solving the simultaneous rate equations.

As shown in Figure 7, the ferryl species is the only intermediate that, according to our
calculations, is expected to accumulate to significant levels during the reaction. Perhaps the
most significant uncertainty for this analysis is the predicted accumulation of the {FeO,}®
adduct to very low levels, because the large protein contribution to O, binding renders its
relative energy uncertain.[2%] However, the fleeting nature of the {FeO,}8 intermediate is
also borne out from experiment. First, we have calculated the Mdssbauer parameters of the
{Fe0,}® complexes (see Supporting Information). For the quintet and septet {FeO,}8
complexes, this analysis predicts that their high-energy lines are at 1.04 and 1.29 mms 1,
respectively, that is, it would not overlap with the ferryl intermediate or the Fe'!-containing
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reactant or product complexes. From the freeze-quench (FQ) Mdssbauer spectra reported
previously,[122.18] we can effectively rule out accumulation of such a species to more than
5% of the total Fe. The triplet {FeO,}® complex is best described as a HS Fe!! complex. Its
high-energy line is predicted to be at 2.45 mms 1 and would therefore overlap significantly
with the features of the Fe!!-containing reactant and product complexes and not allow for its
unambiguous detection. Second, the approximate first-order dependence of the absorption
features of the ferryl intermediate on [O,] reveals that if an intermediate state that preceded
the ferryl intermediate were to accumulate rapidly, it would accumulate to around 0.3 equiv
after approximately 1 ms of reaction time.[!8] Taken together, the experimental kinetic and
spectroscopic data is consistent with our prediction that the {FeO,}® complex does not
accumulate. Likewise, additional intermediates past the first transition state on the quintet
surface also do not accumulate to levels detected by spectroscopic methods because the
barriers for their interconversions are so low that the reactions will be extremely fast.

Discussion

In this paper, we have given a detailed interpretation of the electronic-structure changes
occurring during oxygen activation in the active site of Fe!l- and aKG-dependent nonheme
enzymes. To this end, we have investigated the three feasible PES with triplet, quintet, and
septet spin multiplicities, respectively. In terms of the calculated structures and energies our
results are, apart from some small details, consistent with the earlier work by Siegbahn,[26a]
but deviate in some aspects from the analogous studies reported by de Visser and
Solomon.[26d.€] Notably, a different density functional (BP86) was employed in the study
reported in ref. [26e]. In our previous work,[3¢] the B3LYP functional has been used to
evaluate the electronic structure of the TauD—{FeNO}’ and TauD—{FeNO}? species with
the latter being isoelectronic with the O, adduct. The calculated spectroscopic parameters
based on the predicted electronic structure successfully reproduce the experimental data,
thereby lending credence to the employed computational method in the present work. The
reasons for the discrepancies with the study reported in ref. [26d] that was also carried out
with the B3LYP functional are not clear. Our calculations revealed that the nucleophilic
attack of the distal O atom of the O, adduct on the carbonyl group in aKG via a bicyclic
transition state (TS1) is the rate-limiting step, which is between the addition of O, to the
enzyme:Fe!l/aKG/substrate complex and the generation of the Fe!V-oxo intermediate, as
confirmed by recent experimental studies.[4%] Decay of 7TS1 affords a HS Fe!'! bound to an
oxyl radical, whereas °TS1 evolves into a HS Fe!! chelated by peroxosuccinate. According
to the calculated energetics using DFT and ab initio methods, the septet reaction pathway
might compete with the quintet channel.[*1] This might help to reconcile the discrepancies in
the reaction pathways between the model complex [Fe(TpP"2)(BF)] and the enzyme. In the
former, O, activation is proposed to proceed on the septet surface, whereas the quintet
mechanism is suggested to be the reaction channel for the latter. A qualitative difference was
found in a different study in which the quintet bicyclic structure 11 was identified as a local
minimum rather than a TS, and the cleavage of the peroxo O-O bond is suggested to be the
rate-determining step.[26d]

The new aspect of this work is the detailed electronic-structure interpretation and, secondly,
the use of highly correlated ab initio methods for the investigation of the reaction
mechanism. We will highlight these chemical and methodological advances below. Quite
surprisingly, the interaction of the five-coordinate quintet Fe!! active site in aKG-dependent
nonheme iron enzymes and 30, does not lead—as in normal radical reactions—to a
substantial splitting of the possible PES. Rather, the quintet, and septet states of the system
remain essentially degenerate throughout the approach of O, to the active site with the
triplet species lying slightly lower in energy (<4 kcal mol~1). However, following the
thermoneutral O, binding step, only the quintet and septet reactions are kinetically feasible
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whereas the triplet surface is energetically inaccessible. This is readily traced back to the
fact that the first electron transfer from the HS Fe!! ion to O, on the triplet surface would
lead to an IS Fe!!! center that cannot be stabilized by the ligand framework in nonheme iron
proteins.

On the septet and quintet surface, analogous TS are found in which two electrons have been
transferred to the O, fragment: one electron derives from the iron center and the other from
the aKG cosubstrate. The geometries of >/TS1 closely resemble the proposed bicyclic
intermediate 1. However, on neither surface does a genuine bicyclic structure exist as an
intermediate; instead this structure represents a TS. This is a major change relative to the
formulated consensus mechanism that had been proposed more than 20 years ago.[®] The
quintet and septet TS differ in their electronic structure mainly in the fact that on the septet
surface, the aKG o radical is coupled ferromagnetically to the HS Fe!!l center, whereas on
the quintet surface the coupling is antiferromagnetic. Since the two exchange-coupled
fragments are well separated, the coupling is very weak and TS1 and °TS1 are therefore
nearly isoenergetic. The energetic near-degeneracy between ’TS1 and °TS1 results from the
similarity of their electronic structures; hence, one may anticipate that the influence that
arises from the protein environment on their relative energetics should be quite limited.[33]
However, the distinct spin coupling has major consequences on further reactivity. On the
septet surface, the system is forced to execute the next electron transfer into the O-O o*
orbital, thus leading to immediate cleavage of the O-O bond and formation of the Fe!l'-oxyl
intermediate. On the quintet surface, however, the unpaired electron from the aKG s radical
can be transferred in a spin-allowed fashion directly to the iron center, thereby yielding a
Fe!l—peroxosuccinate intermediate that then decays quickly to the Fe!V-oxo species. To the
best of our knowledge, this insight into the observed shapes of the three PES has not been
put forward before.

In the present study, the role of the cosubstrate aKG is also discussed. Upon the initial
formation of superoxide radical by electron transfer from the ferrous active site, the electron
affinity of the O, fragment is significantly attenuated. Thus, the system requires an electron
acceptor to recover the electron affinity of the O, moiety to facilitate the second electron-
transfer step. This electron acceptor is the LUMO of aKG. The nucleophilic attack of the
superoxide on the C=0 group in aKG is essentially a two-electron transfer process from the
O3 ip* orbital into the aKG LUMO that is accompanied by formation of a o bond between
the distal O and C2 atoms. This bond may then serve as a conduit for the further electron
transfer from aKG to the O, moiety. More importantly, during this process the aKG
cosubstrate is reduced, which in turn facilitates the second electron transfer from its HOMO
to the iron center.

Our DFT results have been backed up with results from high-level ab initio methods
obtained for the small models of the active site. First of all, CASSCF and NEVPT2
calculations were used to investigate the qualitative behavior of the three spin states upon O,
binding without the issue of spin contamination or broken symmetry. Overall, the results
essentially confirm the picture delivered by the B3LYP functional, despite the fact that the
B3LYP calculations may slightly overestimate the barrier height relative to the energies
delivered by the high-level CCSD(T) method. An interesting case has been identified for the
septet—quintet separation in the (FeO)2* species. Here, the quintet UHF reference
wavefunction is qualitatively wrong and corresponds to a HS Fe!l'-oxyl description rather
than the correct Fe!V—oxo formulation. Consequently, the CCSD equations converge to a
qualitatively erroneous state that is high in energy. This can be remedied by feeding the
natural orbitals of a reasonably sized CASSCF calculation—which does yield a qualitatively
correct electronic structure—into the CCSD(T) procedure. In this way one obtains a much
lower energy of the quintet species, and the computed septet—quintet separation is in good
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agreement with the multireference SORCI calculations. Hence, this result serves as a
significant warning that one has to very carefully investigate the reference determinant for
coupled-cluster-type calculations on open-shell transition-metal complexes since in many
cases it will be qualitatively wrong, and even the powerful coupled-cluster procedure cannot
compensate for a qualitatively erroneous electronic configuration.

Conclusion

In the present contribution, a detailed analysis of the electronic structure changes that occur
in the oxygen activation by Fe!l- and aKG-dependent nonheme enzymes was performed.
The reaction may take place either on the septet or on the quintet surfaces with the same
rate-limiting steps, whereas the triplet reaction channel is catalytically irrelevant. For the
septet mechanism, only one step is required to achieve oxygen activation. By contrast, the
quintet mechanism features a multistep pathway. High-level ab initio calculations have been
used to verify DFT results and thus lend credence to our conclusions.

The biological role of the cosubstrate aKG is discussed. It functions not only as a two-
electron donor, which has long been identified, but also, and in our opinion more
importantly, as an electron acceptor.

Experimental Section

Al calculations were performed with the ORCA program package.[42] Our models are based
on the crystal structure of TauD (PDB code: 1 gqw).[11P] We employed an active-site model
of TauD in which an iron center is coordinated by two imidazole ligands (His) and one
acetate ligand (Asp) to form a facial plane, and one a-ketopropionate (aKG) that occupies
the equatorial plane.

The hybrid B3LYP density functionall43] was used in combination with the triple- quality
TZVP4] hasis sets on Fe, O, and N, and the SV(P)[4] basis sets were used on the
remaining atoms. The RIJDX[46] approximation was used to accelerate the calculations
using the auxiliary basis sets TZV/J (Fe, O, and N) and SV/J (the rest).[47] The geometry
optimizations were performed without constraints. The subsequent numerical frequency
calculations verified that all structural local minima display real frequencies only and TS are
characterized by a single imaginary frequency. The zero-point energies, thermal corrections,
and entropy terms for the optimized geometries were obtained from the frequency
calculations.

A previously introduced general notation BS(m,n)[#8] was adopted to denote several broken
symmetry solutions to the spin-unrestricted Kohn—Sham equations. The nature of these
solutions was revealed by the corresponding orbital transformation,[4%] which, by means of
the corresponding orbital overlaps, demonstrates whether the system is to be described as a
spin-coupled or an almost spin-pure solution.[48]

Final energy calculations were performed with the hybrid B3LYP density functional by
using the def2-TZVPP basis sets that are of triple-C quality and include high angular
momentum polarization functions for all elements. The density fitting and “chain of
spheres” (RIJCOSX)[30 approximations were employed in these calculations. The effect of
the RIJCOSX approximations on the relative energies reported here have been verified to be
less than 1 kcal mol=1, yet the calculations are up to 50 times faster.[59 The protein
environment was crudely modeled by the conductor-like screening model (COSMO)[®1]
model. As suggested by Siegbahn,[52] the dielectric constant was taken to be 4.0.

Chemistry. Author manuscript; available in PMC 2014 March 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ye et al.

Page 14

A smaller model in which the His residues were replaced by NH3, Asp by OH~, and aKG by
a-ketopropionate was employed to use computationally demanding wavefunction-based ab
initio methods for the calculation of selected points on the PES. Namely, the CCSD(T)
method was used to calculate the energy profiles of the quintet and septet states. In all ab
initio calculations, the TZVP (Fe, O, N, and C) and SV(P) basis sets (hydrogen elements)
were applied. Given the computational cost, the basis sets employed are reasonable although
they are certainly not able to recover the entire correlation energy. The reliability of model
truncation was checked with DFT calculations on the same model in comparison with the
nontruncated model. It turns out that the results are generally very similar and have an
energy difference less than 3 kcal mol~1, hence the comparison between ab initio results on
the small model and DFT results on the large model is justified.

CASSCF and NEVPT2 calculations were carried out to compute the relative energies of the
O, adduct with different spin multiplicities. In the active space, sixteen electrons are
distributed into the five Fe 3d orbitals, the six O, valence orbitals (o, 0*, 2w, and 27*) and
the m-bonding and the corresponding antibonding orbitals of the C=0 group in aKG (CAS-
(16,13)). To investigate the energy splittings between different spin multiplicities in the
course of O, binding, relaxed surface scans with a series of Fe—O, distances on the triplet,
quintet, and septet surfaces were performed using the small model. The relaxed surface was
computed with the B3LYP method. At each point of the curve, the binding energy was
calculated by the CASSCF (CAS(16,13)) method. In the vicinity of the equilibrium
geometry, NEVPT2 calculations were conducted to capture dynamic correlation effects.
NEVPT2 is similar to the popular complete active-space second-order perturbation theory
(CASPT2) but is not plagued by intruder state problems.

For the quintet Fe!V—oxo species and the corresponding septet species, we have performed
CASSCF and more rigorous multireference configuration interaction (MRCI) calculations in
form of the spectroscopy-oriented configuration interaction (SORCI)[>3] on top of the
CASSCEF reference space. In the CASSCF calculations, the active space that consisted of ten
electrons in the five Fe 3d orbitals and the three oxo p orbitals (CAS(10,8)) was chosen. In
the SORCI calculations, the thresholds Tyre, Tpat, and Tse Were set to 1075, 1075, and 10°°
Eh, respectively.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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The optimized geometries of a) the O, adducts on the septet, quintet, and triplet surfaces and
b) the decarboxylation TS on the septet and quintet surfaces.
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Schematic MO diagrams for a) pre-’TS1 and b) the decay of “TS1. Quasi-restricted orbitals

were employed.
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The calculated (B3LYP/def2-TZVPP) relative enthalpies and Gibbs free energies[a] [kcal mol~1] for the

Table 1

catalytic cycle of oxygen activation of different spin states.

AH AG
septet O, adduct 31 o elh
Ts1 112 264
7(Feo)2+ —458 —400
quintet O, adduct 39 14,6[b]
— 120 285
quintet Fe''-peroxosuccinate  —42.3  -32.3
5(Feo)2+ -61.8 -56.7
triplet O, adduct 26 1, ,0hl
triplet bicyclic intermediate 145 31.0

[a]
triplet O2.

[b]

Page 26

All energies reported here are relative enthalpies and Gibbs free energies computed with respect to the five-coordinate Fell complex and free

The addition of O2 to the iron center of TauD was predicted to be endergonic by approximately 13 kcal mol~L, which is mainly an entropic

effect. As shown in the quantum mechanical/molecular mechanical (QM/MM) calculations on the O2 binding to hemerythrin, van der Waals and

electrostatic contribution from the protein environment amount to —10 kcalmol 1 to the free energy. [29] Thus, if one takes these effects into

account, the O2 binding reaction in TauD is only slightly endergonic or isoenergetic given the error of the employed methodology.
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Table 2

Comparison of the calculated relative electronic energies [kcal mol~1] for the {FeO,}8 adducts with the
different spin multiplicities using DFT B3LYP and ab initio CASSCF, NEVPT2, and CCSD(T) methods.

B3LYP CASSCF NEVPT2 CCSD(T)

{Fe0,}® 13 35 3.7 6.3
5{Fe0,}® 15 3.0 3.0 45
3{Fe0,}? 0 0 0 0
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Table 3

Page 28

The calculated relative free energies [kcalmol™1] for the catalytic cycle of dioxygen activation of the different
spin state using the simplified model.

B3LYP CCSD(T)
Fe0,}® 0.2 15
5{Fe0,}® 0 0
TS1 9.9 5.4
5TSl 9.9 no convergence[a]
"(FeO)?>*  -59.4 -57.5
5(FeQ)2*  -T74.2 -836

[

5TS1 should be nearly isoenergetic with 7751 as indicated by its electronic structure.
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Table 4

Page 29

The key geometric parameters for the optimized geometries of the O, adducts on the septet, quintet, and triplet

surfaces.

TauD-{FeO,}8 Septet  Quintet  Triplet
AE [kcalmol™1] 04 11 0
Fe-O [A] 2317 2110 2.298
0-0[A] 1247 1289  1.260
Fe-0-O [°] 1246 1176 120.6
0(0,)-C2 (aKG) [A] 2.842 2205 4.438
C1-C2 (aKG) [A] 1557 1544 1561
C2=0 (carbonyl in aKG) [A]  1.231 1.256 1.224
8 [mms™] 0.83 0.56 1.02
AEq [mms™] 091  -0.96 2.85
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Comparison of the geometric features of TS1 on the septet and quintet surface.

TS1 Septet  Quintet
Fe-O [A] 1.961  2.043
0-0[A] 1434  1.367
Fe-0-O [] 1117 1104
0(02)-C2 (aKG) [A] 1.340  1.455
C1-C2 (aKG) [A] 2.549 1.721
C2-0 (C=0inaKG) [A] 1557  1.317
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