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Is the n-Oxo-u-Peroxodiiron Intermediate of a Ribonucleotide Reductase
Biomimetic a Possible Oxidant of Epoxidation Reactions?

Sam P. de Visser*!?!

Abstract: Density functional calcula-
tions on a p-oxo-u-peroxodiiron com-
plex (1) with a tetrapodal ligand BPP
(BPP = N,N-bis(2-pyridylmethyl)-3-

aminopropionate) are presented that is
a biomimetic of the active site region
of ribonucleotide reductase (RNR).
We have studied all low-lying electron-
ic states and show that it has close-
lying broken-shell singlet and undecap-
let (§=0, 5) ground states with essen-
tially two sextet spin iron atoms. In
strongly distorted electronic systems in
which the two iron atoms have differ-
ent spin states, the peroxo group moves
considerably out of the plane of the u-
oxodiiron group due to orbital rear-
rangements. The calculated absorption

Introduction

Many enzymes utilize molecular oxygen on a diiron center
for a variety of biochemical functions."! As such, there is

spectra of "1 are in good agreement
with experimental studies on biomi-
metics and RNR enzyme systems.
Moreover, vibrational shifts in the
spectrum due to '®O, substitution of
the oxygen atoms in the peroxo group
follow similar trends as experimental
observations. To identify whether the
p-oxo-u-1,2-peroxodiiron or the p-oxo-
p-1,1-peroxodiiron complexes are able
to epoxidize substrates, we studied the
reactivity patterns versus propene.
Generally, the reactions are stepwise

Keywords: density functional calcu-
lations - enzyme catalysis - enzyme
models - nonheme models - oxygen

via radical intermediates and proceed
by two-state reactivity patterns on
competing singlet and undecaplet spin
state surfaces. However, both the p-
oxo-y-1,2-peroxodiiron and p-oxo-p-
1,1-peroxodiiron complex are sluggish
oxidants with high epoxidation barriers.
The epoxidation barriers for the p-oxo-
p-1,1-peroxodiiron complex are signifi-
cantly lower than the ones for the p-
oxo-p-1,2-peroxodiiron complex but
still are too high to be considered for
catalytic properties. Thus, theory has
ruled out two possible peroxodiiron
catalysts as oxidants in RNR enzymes
and biomimetics and the quest to find
the actual oxidant in the enzyme mech-
anism continues.

ilarities these enzymes have different biochemical functions,
that is, Hr is a dioxygen carrier, tyrosynyl radicals are gener-

great interest from the bioinorganic chemistry community to

create biomimetics based on the structural motif of these
metal centers for use as new and powerful catalysts. A
common pattern shared by these enzymes is a carboxylate-
bridged diiron center and has been observed, for instance, in
hemerythrin (Hr), ribonucleotide reductase (RNR), ferritin,
methane monoxygenase (MMO), and A’-stearoyl-acyl carri-
er protein desaturase (A’D).?>! Despite their structural sim-
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ated in RNR, methane is hydroxylated in MMO, and A°D
catalyzes alkane dehydrogenation. Figure 1 shows an exam-

Figure 1. The active site region of mouse RNR from reference [6]. All
amino acids are labeled as in the PDB file.
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ple of a typical enzyme active site region of mouse RNR
with labels taken from the Protein Databank (PDB) file.[!
Thus, the two iron atoms are held in position by interactions
with carboxylic acid groups of glutamate or aspartate resi-
dues as well as by two histidine side chains. There are two
bridging groups between the diiron moiety, namely an oxo
group and a carboxylic acid side chain of Glu,,. In many
nonheme enzymes, iron atoms are held in position by inter-
actions with carboxylic acid groups or histidine groups, and
a motif with two-histidines and one-carboxylate group is
very common and appears, for instance, in the a-keto acid
dioxygenases, a large class of enzymes involved in the bio-
synthesis of antibiotics as well as DNA base repair.*l

Thus, generally difficult oxidation reactions are catalyzed
by diiron enzymes and as a result there is a lot of interest in
generating synthetic analogues for the production of fine
chemicals. These synthetic analogues allow one to study the
active site region of these enzymes without perturbations of
the protein environment.”!! Synthetic biomimetic models
of MMO and RNR have been amply studied.”’ For instance,
the biomimetic complex [Fe,(6-HPA)(u-O)(H,0),]** (6-
HPA =1,2-bis[2-{bis(2-pyridylmethyl)aminomethyl}-6-pyri-
dyl]ethane) reacts with alkenes to generate epoxides effi-
ciently."!! More recent studies by Suzuki et al on peroxodi-
iron complexes with a bridging carboxylate ligand gave dif-
ferent reactivity patterns for a bridging Ph;CCOO™ versus
Ph;COO~ group.!'¥ In particular, the system with Ph;COO~
ligand gave regioselective phenyl hydroxylation, whereas
the one with Ph;CCOO™ ligand exhibited reversible deoxy-
genation. Therefore, seemingly small perturbations to the
ligand system bound to the diiron core can influence the in-
herent and catalytic properties of the system. Crystal struc-
tures and spectroscopic properties of synthetic (u-hydroxo)-
(p-peroxo)diiron and (p-oxo)(p-peroxo)diiron complexes
with a tripodal ligand (6-Me,-BPP = N,N-bis(6-methyl-2-pyr-
idylmethyl)-3-aminopropionate) were studied and the
system shows spectroscopic properties and vibrational
0,/"®0, isotope shifts at par with carboxylate-bridged
diiron enzyme complexes as appear in RNR, A’D, and ferri-
tin.! In this work we will describe the electronic and cata-
lytic properties of (p-oxo)(u-peroxo)diiron-BPP, complex
versus a typical substrate and make predictions of reactivi-
ties of analogous complexes in the RNR active site.

Extensive studies on diiron biomimetics have been per-
formed and crystal structures and spectroscopic parameters
of key intermediates after dioxygen activation deter-
mined." Thus, spectroscopic studies revealed that an initial
p-hydroxodiiron(II) complex reacts with molecular oxygen
to form an end-on dioxygen-p-hydroxodiiron(ILIII) com-
plex, which, via a proton-coupled electron transfer, is con-
verted into HOO(Fe)(O)(Fe")(OH).'"! The latter struc-
ture looses water to generate a p-oxo-p-1,2-peroxo complex.
Despite extensive studies on this and similar systems, it is
unknown which of these complexes is the actual active oxi-
dant in the catalysis of substrates. Recent studies on toluene
monoxygenase implicated that a peroxo-bridged diiron com-
plex could act as the active species of this enzyme.!"! How-
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ever, these studies contradict work on mononuclear iron
complexes for which the hydroperoxoiron species was
shown to be a sluggish oxidant toward epoxidation especial-
ly in comparison to the oxoiron system.'”! Therefore, to
shed light onto the mechanism by which diiron complexes
react with substrates we present here density functional
theory studies on the propene epoxidation by a p-oxo-p-per-
oxodiiron complex and try to elucidate whether this com-
plex can act as the active oxidant of substrates.

Synthetic complexes with oxo-bridged diiron units have
been known for quite some time for systems with porphyrin
ligands."! Recently, it was shown that nonheme oxoiron(IV)
complexes exchange the oxygen atom with other nonheme
iron complexes rapidly, at a rate proportional to the oxidiz-
ing power of the oxoiron(IV) catalyst."* Karlin et all"!
studied oxo, hydroxo, and peroxo dimetal complexes using
iron, cobalt, and copper mixtures with one metal atom locat-
ed in a porphyrinate ligand, and the other in a tris(2-pyridyl-
methyl)amine ligand. Crystal structures of p-oxodiiron and
p-oxocopper iron complexes were measured.

The earliest density functional theory studies of a peroxo-
bridged diiron biomimetic were carried out by Brunold and
Solomon et al.” These studies addressed the spectroscopic
properties of a p-peroxodi-p-carboxylate diiron complex.
The ligands bound to the metal were abbreviated with am-
monia molecules, and the carboxylic acid residues with
formic acid. Only the maximum spin structure with S=5
was calculated, but the results in general were in good
agreement with experimental work. Further computational
studies of diiron enzyme models have been reported for fer-
ritin, MMO, and RNR.*?*) Essentially, the active site struc-
tures of RNR and MMO are quite similar and the diiron
center is bound to five carboxylic acid groups of aspartate
or glutamate amino acids and two imidazole groups of histi-
dine residues. Furthermore, dependent on the oxidation
state of the system, the remaining ligand sites on the iron
atoms are occupied by water molecules, a p-oxo group, or a
hydroxo group. It was concluded that the O—O bond cleav-
age of dioxygen in MMO and RNR enzymes differs due to
a nearby tryptophan radical in RNR that facilitates a fast
electron transfer process and lowers the O—O bond-break-
ing barrier.”! A ferritin mimic containing a p-oxo-y-per-
oxodiiron core was shown to be stable in a protein environ-
ment.’!l Detailed studies on the reaction mechanism of
methane hydroxylation by MMO were done by Yoshizawa
and Yumura.” Possible reaction pathways were investigat-
ed as well as detailed vibrational analysis of possible inter-
mediates in the reaction process.

In the past we extensively studied oxoiron heme and non-
heme complexes and their reactivity patterns with respect to
typical substrates.™ It was shown that generally nonheme
oxoiron systems are stronger and more potent catalysts than
heme-type oxoiron complexes.*>*! To find out whether the
catalytic properties of diiron systems match ones of mono-
nuclear iron complexes or what their fundamental differen-
ces are we have performed DFT calculations on [Fe,-
(BPP),(0)(0,)] with BPP = N,N-bis(2-pyridylmethyl)-3-ami-
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nopropionate), see Scheme 1. BPP is a tetradentate ligand
that binds to iron through its two pyridine nitrogen atoms,
the amino nitrogen atom, and one of the oxygen atoms of

*
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Scheme 1. Chemical structure of the BPP ligand studied in this work. The
atoms labeled with a star bind to iron.

the carboxylate group (atoms labeled with a star in
Scheme 1). Although many experimental biomimetic studies
have been performed on similar complexes, their electronic
and catalytic properties are still shrouded in many mysteries.
Moreover, understanding the mechanisms of substrate oxi-
dation by typical diiron complexes will explain the nature of
diiron enzymes. Therefore, to gain insight into the reaction
of diiron complexes with oxygen and the possible subse-
quent monoxygenation of a substrate, we present here re-
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sults of the density functional theory study into the proper-
ties of [Fe,(BPP),(0)(0,)] and its monoxygenation of a typ-
ical substrate (propene). We will compare the results with
those of previous studies of diiron enzyme models and
mononuclear oxoiron catalysts.?>2>7]

Results and Discussion

Electronic properties of [Fe,O;(BPP),]: Diiron centers are
known to possess an extensive set of unpaired electrons on
both iron atoms.”*?! Indeed, also the p-oxo-p-peroxodiiron
(BPP), complex (1) has many close-lying electronic states
with different possible orbital occupations. Figure 2 shows a
schematic representation of the highest lying occupied and
low-lying virtual orbitals of 1. The orbitals are dominated by
the 3d atomic orbitals on the two iron centers, which split
into a typical f,,—e, type of system with three low-lying m*
orbitals (7*,,, T¥p.0, and m¥r.00) and two high-lying o* orbi-
tals (o* and o*.) (Figure 2a). The n*,, orbital is essen-
tially a nonbonding orbital on the metal in the plane of the
Fe,O; ring (the xy plane), while the w*g.o and g, Orbi-
tals represent the interactions of the 3d,,,, atomic orbitals
on iron with the 2p, , atomic orbitals on the oxo group and
the peroxo group, respectively. The two o* orbitals reflect
the antibonding interactions of the metal with the ligands in
the plane of the Fe,O; ring (0*,._,2) or perpendicular to this
plane (0*,.). Both metal centers have 3d® occupation in all
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Figure 2. a) Metal 3d block molecular orbitals of 1 with coefficients on metal Fe2. There is a similar set of orbitals on Fel (not shown). b) Orbital occu-
pation of ''1; orbitals on the left are on Fe2 and the ones on the right on Fel. c) Local spin character on each metal atom for '"*1. d) Distorted m*g.00

orbital as observed in '1.
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structures and hence the metals are in the oxidation state
Fe'™ in all spin states. To test the relative energies of the
possible spin-state structures we calculated 1 in the singlet,
triplet, quintet, septet, and undecaplet spin states. The unde-
caplet and open-shell singlet structures have the two metal
3d blocks completely singly occupied, and the five unpaired
electrons on each iron center are ferromagnetically or anti-
ferromagnetically coupled (Figure 2b). Thus, ''1 and '1 es-
sentially can be seen as two neighboring sextet iron atoms:
SFel-Fe2 (Figure 2c). By contrast, the septet spin state in
fact has a sextet spin orientation on Fe2 ferromagnetically
coupled to a doublet spin on Fel with orbital occupation
%2 T’ Moo~ In the quintet spin state, there is also a
doublet spin on Fel, but it is ferromagnetically coupled to a
quartet spin on Fe2 with %> %' k00’ 0%, occupa-
tion. Finally, the triplet spin state structure represents the
ferromagnetically coupled system with a doublet spin on
each metal atom, whereby one center has m*,’ T*o’
g0’ Occupation, whereas the other 7%, o' k00’
occupation so that the two radicals are on opposite sides of
the Fe,O; ring.

We ran a full geometry optimization of the (p-oxo)(p-1,2-
peroxo)(BPP),diiron complex (1) in the singlet, triplet, quin-
tet, septet, and undecaplet spin states. The open-shell singlet
state is the ground state and is 5.8 kcalmol™' lower in
energy than the undecaplet spin state. The other spin-state
structures are considerably higher in energy: "1 is 17.3 kcal
mol~! above '1, whereas the quintet and triplet spin states
are 30.0 and 40.1 kcalmol ™" higher, respectively. Therefore,
we will focus the remaining discussion on the broken spin
singlet and undecaplet spin states only; all other results can
be found in the Supporting Information. Since, '1 and 1
are close in energy, it is expected that 1 will react via two-
state reactivity (TSR) patterns on competing singlet and un-
decaplet spin-state surfaces. TSR has been shown to be very
dominant for heme-type oxoiron systems, such as the active
species of cytochrome P450 enzymes.”*?! The oxoiron spe-
cies of P450 has close-lying doublet and quartet spin states
with the same orbital occupation that are separated by less
than 1kcalmol™!. However, the electron transfer mecha-
nisms and reaction mechanisms differ sometimes on the two
spin state surfaces so that for example, on one spin state sur-
face rearranged products are formed, whereas on the other
one only unrearranged products are observed.”

Optimized geometries of '1 and ''1 are shown in Figure 3.
Owing to the same orbital occupation of these two spin
states their optimized geometries are very similar. Most
bond lengths in "1 are within 0.01 A, except the Fel—03
and Fe2—O5 distances that differ by 0.084 and 0.056 A, re-
spectively. As a result of that the Fel-O4-O5-Fe2 dihedral
angle is closer to planarity in 'l. Geometrically, the iron—
ligand distances show some fluctuations between the various
spin states due to differences in charge and spin populations
on the two iron centers. For instance, the m*g, orbital on
Fel is singly occupied in ''1, but doubly occupied in other
spin states; as a result a much longer Fe—O distance is ob-
tained in "1 than in **71. Furthermore, single occupation of
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Fel-Fe2: 3.250 (3.233)
Fel-04-05-Fe2: 10.9 (5.7)
AE+ZPE=10.0 (-5.8)

Figure 3. Optimized UB3LYP/B1 geometries of '"'1 with iron-ligand dis-
tances (in A). Also shown are the relative energies (in kcalmol™) with
respect to ''1, the dihedral angle Fel-O4-O5-Fe2 (in deg) and the inter-
atomic iron-iron distance.

the two o* orbitals in 71 leads to enhanced distances be-
tween Fe2 and its ligands due to more antibonding character
into these bonds, whereas the corresponding bonds on Fel
are much shorter. Therefore, the geometric features of the
different spin state structures follow the orbital occupation
of Figure 2.

The peroxo moiety is considerably displaced from the p-
oxodiiron plane in the septet and quintet spin states by
more than 45°, whereas it is almost in the plane (by 5.7°,
8.7°, and 10.9°, respectively) in the singlet, triplet, and unde-
caplet spin states. The large dihedral angle in the septet and
quintet spin states is the result of a doublet spin state on
one iron center with *,> T¥ro° T*roo  Occupation, which
shortens one Fe—O bond. At the same time the Fe—OO
bond opposite in the Fe,O; ring is weakened and the oxygen
atom of the peroxo group is displaced from the oxodiiron
plane. As a consequence, this changes the m*g.oo Orbital on
the sextet spin iron center (Figure 2d) considerably and pro-
vides bonding overlap between the 2p, atomic orbital on
oxygen with the 3d,, orbital on Fel rather than antibonding
character. Therefore, the ring will be close to planarity in
situations for which the two metal atoms are electronically
identical, that is, with similar orbital occupation on both
metal centers as is the case in ''1, '1, and *1, that is, '1 and
"1 contain two (anti)ferromagnetically coupled sextet iron
atoms, whereas in *1 two doublet spin iron atoms are cou-
pled (Figure 2¢). Thus, double occupation of the m*g., orbi-
tal on one center and single occupation on the other metal
center changes the spin and charge polarization in the
peroxo group, resulting in tilting of the peroxo group out of
the oxodiiron plane. Experimentally, also a small FeOOFe
dihedral angle of 14.5° is observed for a p-hydroxo-p-1,2-
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peroxodiiron complex,!"” which is close to the one we obtain
here for 1. Even though this dihedral angle shows consid-
erable differences between the various calculated structures,
the interatomic Fe—Fe distance is virtually the same in all
spin states (3.151-3.244 A). Generally, the optimized geome-
tries compare well with those from the crystal structure de-
termined by Suzuki et al.l'’

Vibrational spectra and isotopic replacement of the peroxo
group: It has been shown that peroxodiiron complexes have
a vibrational spectrum that undergoes some significant
changes when one (or both) of the atoms of the peroxo
group are replaced by a heavier isotope (Table 1).?*! Thus,
the O—O stretch vibrations are located at 870 cm™! in RNR,
at 898 cm ™ in A’D, and at 851 cm™! in ferritin, but replace-

Table 1. Selected vibrational frequencies (v) of peroxodiiron complexes and the change of the frequency (d)

after substitution of '°O, by *0,.[*"!
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Figure 4. a) Vibrational spectrum of 'Fe,(BPP),(0)(0O,) in the range of
200-900 cm ™" Highlighted are critical vibrations for the Fe,O5 core.

synthetic p-peroxodiiron com-
plexes and ferritin closely

(Table 1).51213315] The symmetri-

System % o] Vs OFe [ Vas.OFe o Ref. . . .
= st R cal stretch vibration (vigp.o0) 1S
enzymes: close to the one obse,rved for
RNR 870 —46 458 -16 499 -22 @ o R
A°D 898 _53 442 17 490 19 [sa] synthetic biomimetics and en-
ferritin 858 -51 485 -17 499 ~12 Gl zymes especially for ''1, but the
Eym?gtic mOdels):(O)(O . o “ o » - i u  cffect of 80 substitution is here
Fe,(6-Me,-BPP), ) 7 - 4 - 7 — : k i
[Fea(6-Mes-TPA),(0)(O) [+ 848 46 462 21 31 7 s much smaller. Finally, the asym
[Feo(LPh,)(Ph;CCOO)(O,)[* 873 _50 480 _16 12] metrical stretch V1brat10p in ‘1
[Fe,(LPh,)(PhCOO)(O,)]** 840 —45 459 -20 12l (Vasore00) as calculated is close
calculations: “ to the one observed for enzy-
1 C . .
IFGZ(BPP)Z(O)(OZ) 856 —48 380 -15 492 -19 matic systems but considerably
Fe,(BPP,)(0)(O>) 848 —48 434 -8 580 ~19 I

[a] Vibrational frequencies (in cm ') obtained at UB3LYP/LACVP. [b] ¢ is frequency shift in cm™! for °O,-

peroxide replaced by '®0, peroxide. [c] This work.

ment of the 0O, peroxo group with '®O, lowers these stretch
vibrations by a value d =46-53 cm™! (Table 1).>%! Synthet-
ic biomimetic complexes with a p-peroxodiiron core give a
peroxo stretch vibration (vo0) and subsequent *O, isotopic
change () of the same order of magnitude as the enzymatic
systems.'>'*13] The symmetrical (v,op00) and asymmetrical
(Vasore00) stretch vibrations in the Fe-O-O-Fe groups of the
enzymes are typically located between 442-485 cm™ and be-
tween 490-500 cm™', respectively. These two vibrations also
show sensitivity to isotopic substitution, but by a much
smaller degree than the O—O stretch vibration, that is, both
vibrations drop by 12-22 cm ™ after replacement of the '°O,
peroxo group by *O,.

We have calculated the vibrational frequencies of '1 and
1 and highlights of the results are shown in Figure 4 and
Table 1. Our calculated voo of 856 and 848 cm™! for '1 and
11, respectively, is in perfect agreement with the experimen-
tal value for [Fe,(6-Me,-BPP),(O)(0O,)] obtained by Suzuki
et al.™ and shows a similar sensitivity to 'O, substitution.
A comparable value for vo, was obtained in the septet spin
state, which implies that the O—O stretch vibration is not
sensitive to the Fe-O-O-Fe dihedral angle in the geometry.
The value also matches the O—O stretch vibration in other
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lower lying than the one in typi-
cal peroxodiiron enzyme sys-
tems. On the other hand, the
Vasoreoo Value of 1 is close to
that for the synthetic model de-
veloped by Suzuki et al.™™ and quite different from enzy-
matic systems. It may be anticipated that these v, ore00
values indicate that enzymatic systems are low-spin and bio-
mimetic complexes are high-spin but this needs to be tested
in further studies. The symmetrical (v g.or.) and asymmetri-
cal (v, reore) Stretch vibrations for the p-oxodiiron group are
located at 447 and 683 cm™!, respectively, for '1 and at 420
and 640 cm™' for 1. The differences between '1 and ''1 for
the symmetrical and asymmetrical oxoiron stretch vibrations
are due to the geometric differences of '1 and ''1 (Figure 3).
Needless to say, only minor changes are observed in these
oxoiron vibrations after isotopic substitution of the peroxo
group with '*0,.

Catalytic properties of [Fe,0;(BPP),]: Experimental studies
on RNR and MMO enzymes failed to elucidate the active
catalyst that performs the monoxygenation reaction.’” Thus,
it has been anticipated that the peroxo-bridged diiron(III)
complex in MMO is able to perform alkene epoxidation,
whereas a p-dioxodiiron complex might hydroxylate alkanes.
To establish whether a (pu-oxo)(p-1,2-peroxo)diiron complex
similar in structure to 1 is able to epoxidize C=C double
bonds, we have calculated the epoxidation mechanism of
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propene by 1. As shown in Figure 3 the broken spin singlet
spin state is the ground state with the undecaplet spin state
a few kcalmol ! higher. These two spin states are well sepa-
rated from the other spin states. Detailed geometry scans
starting from "1 for the C—O bond formation reaction be-
tween the peroxo group and the approaching propene mole-
cule led to a high-energy epoxidation pathway (with barriers
in excess of 35 kcalmol ™) (Figure 5). During these scans the

S ~+-HS Forward
30 -e-HS Backward
=BS Forward
20
AE
‘ -1 ¢
(kcal mol™) 10 1

0

-10 T T T T T T T T T )
1.5 1.8 20 23 25 28 3.0 33 35 38 40
C-0 Distance (A)

Figure 5. a) Forward and backward geometry scans for the C—O activa-
tion reaction. Each point corresponds to a full geometry optimization
with one degree of freedom (the C—O distance) fixed. All energies are in
kcalmol ™' relative to ''1 and are obtained at UB3LYP/B1 in Jaguar. The
forward scan started from '“'1, while the backward scan started from ''2.
b) Reaction mechanisms of propene epoxidation via a direct pathway or
via the p-oxo-p-1,1,-peroxodiiron intermediate (2).

Fe,O; ring stayed virtually intact right up until the C-O
bond formation, whereby a radical on the substrate moiety
was created. We then removed the geometric constraints
and did a full optimization of the epoxide radical intermedi-
ate (3), whereby the terminal oxygen atom of the peroxide
moiety forms a bond with propene and a radical center is
created on the substrate. Thus, a backward geometry scan
starting from the epoxide intermediate (''3) in the direction
of 1, showed that much lower barriers are encountered but
led to a side-on peroxodiiron complex or (p-oxo)(u-1,1-
peroxo) [Fe,O5(BPP),] complex (*'2) rather than 1. Thus,
the exploratory geometry scans implicated that the (u-
oxo)(p-1,2-peroxo)diiron complex (1) first is converted into
a (p-oxo)(p-1,1-peroxo) diiron complex (2) that is able to
react with substrates with much lower reaction barriers than
a direct epoxidation by 1. Therefore, we started the work
with studies of the ring-opening of the Fe,O; cluster in the
singlet, septet, and undecaplet spin states to form com-
plex 17112,

Detailed geometry scans for the conversion of 1 into 2 are
shown in Figure 6. Thus the conversion of 1 ('1) into 2
('2) encounters a barrier of 7.9 (8.8) kcalmol™' and is endo-
thermic by 5.7 (2.9) kcalmol ™. Indeed, this barrier is signifi-
cantly lower than that for the direct epoxidation mechanism,
as shown in Figure 5. Therefore, it may very well be that an
internal reorganization, that is, conversion of 1 into 2 pre-
cedes the catalytic mechanism.

Subsequently, we calculated the epoxidation of propene
by 75312 and the potential energy surface obtained is

4538 —

www.chemeurj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

- Undecaplet
15 = Septet

—Singlet

AE 5]
(kcal mol™)

-5

-10 T T T T T T T T T )
1.5 1.8 20 23 25 28 30 33 35 38 40
Fe-O Distance (A)

Figure 6. Geometry scan for the conversion of the p-oxo-p-1,2-peroxo
("'"'1) into the p-oxo-p-1,1-peroxo (2) complex. Each point corresponds
to a full geometry optimization with one degree of freedom (the Fe—O
distance) fixed. All energies are in kcalmol ' relative to ''1 and are ob-
tained at the UB3LYP/B1 level of theory in Jaguar.

shown in Figure 7, including optimized geometries of the
radical intermediate ('''3) and epoxide product complexes
("""'4). Optimized geometries of all structures are given in
the Supporting Information. Thus, the reactions occur in
stepwise fashion via an initial C—O bond formation transi-
tion state (TS1), which leads to a radical intermediate (3)
that via a ring-closure transition state (TS2) gives epoxide
products and a di-p-oxodiiron complex (4). All energies re-
ported are AE+ ZPFE values with energies obtained with B2
and ZPE corrections with B1 basis sets and calculated rela-
tive to ''1. The mechanism is similar to ones calculated for
mononuclear heme and nonheme catalysts.”>”! Note that
the ring-closure barriers (TS2) are of the same order of
magnitude as the C—O bond formation barriers (TS1) on all
four spin states, which implies that the reaction will be of
second order kinetics with a relatively long-lived radical in-
termediate (3). During the lifetime of this intermediate rear-
rangement may occur leading to cis—trans scrambling of ep-
oxides as shown before for the epoxidation of ethene and
styrene by P450 model complexes.®!] Although the exother-
micity of the overall reaction is large (36.4 kcalmol ™' for the
undecaplet spin state), the reaction encounters a large C—O
bond formation barrier. The lowest barrier is via '"TS1 with
the barrier via '"TS1 some 2.5 kcalmol ! higher. Thus, the p-
oxo-peroxodiiron complex reacts via two-state reactivity on
competing singlet and undecaplet spin state surfaces. How-
ever, the absolute barriers are significant, with 'TS1 being
29.4 kcalmol ! above 1. These barriers are too high to be
considered as a realistic oxidant of epoxidation reactions.
The bartriers passing 'TS1, TS1, and *TS1 are higher in
energy than ""TS1 by 11.8, 27.1, and 25.6 kcalmol~'. Thus,
with rate-determining epoxidation barriers of the order of
30 kcalmol™! or more, it is not expected that the p-oxo-p-
peroxo (BPP), diiron complex will be an efficient catalyst of
epoxidation reactions. In particular, with the same methods
and basis sets the epoxidation of propene by a cytochrome
P450 mimic gave barriers of 12.3 kcalmol !, whereas a non-
heme mimic of taurine/a-ketoglutarate dioxygenase gave a
barrier of 4.8 kcalmol™.?**3 Therefore, the (u-oxo)(p-1,1-
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the AE+ ZPE values with energies at the UB3LYP/B2 level of theory and ZPE corrections at the UB3LYP/B1 level of theory.

peroxo) and (p-oxo)(p-1,2-peroxo)diiron complexes are
sluggish oxidants that are unable to react with substrates.

As such, another intermediate in the catalytic cycle of
RNR and related biomimetics is responsible for substrate
hydroxylation and/or epoxidation. Nevertheless, the com-
plete reaction mechanism leading to epoxide products is still
exothermic by a large amount, so that there should be a
mechanism with lower barriers for this diiron system. The
catalytic cycle of this biomimetic contains many intermedi-
ates that could be alternative oxidants in this process. More-
over, it may very well be that the peroxodiiron species ab-
stracts a proton from its surrounding to create the active ox-
idant. Therefore, many possible oxidants in this catalytic
mechanism remain and the search to identify this elusive ox-
idant continues. Work is in progress in our group to estab-
lish the active oxidant in this reaction.

Thus, our calculations show that neither the p-oxo-p-1,2-
peroxodiiron complex nor the p-oxo-p-1,1-peroxodiiron
complex is likely to act as the active oxidant in hydroxyl-
ation or epoxidation reactions of substrates. As a conse-
quence of this, it is also unlikely that precursors of the p-
oxo--1,2-peroxodiiron complex in the catalytic cycle of this
system are active oxidants as that would prevent the occur-
rence of the p-oxo-p-peroxodiiron complex. Therefore, it
seems more likely that the p-oxo-p-1,2-peroxodiiron com-
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plex is an intermediate en route to the formation of the
active oxidant of RNR and biomimetics rather than the
actual catalyst itself. Thus, it may very well be that the
active oxidant is so reactive that it cannot be stabilized and
detected and that the p-oxo-u-1,2-peroxodiiron complex is
the last intermediate in the catalytic cycle which is inactive
and can be stabilized long enough to be detected and char-
acterized. This is, for instance, the case in the cytochromes
P450 for which the active oxidant is elusive and has never
been detected experimentally. However, indirect evidence
of the nature of the active oxidant was obtained through ki-
netic isotope effect studies and product distributions that
implicated the oxoiron species as the active oxidant in P450
catalysis, although controversies regarding possible alterna-
tive oxidants remain.*%

Conclusion

DFT calculations on a synthetic diiron model mimicking the
active site of diiron enzymes such as RNR, ferritin, and A’D
have been performed. The calculations predict electronic,
spectroscopic and structural features of the p-oxo-p-peroxo-
diiron complex. Thus, vibrational spectra are in excellent
agreement with experiment and the replacement of '°O, by
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80, in the peroxo moiety gives a spectroscopic downshift of
the peroxo O—O stretch vibration with —48 cm~' when both
oxygen atoms are substituted by '*O atoms. Subsequent, re-
activity studies of the p-oxo-p-1,2-peroxo species revealed
that it is a sluggish oxidant with high epoxidation barriers
with respect to propene. We then investigated an alternative
mechanism in which the p-oxo-p-1,2-peroxo is converted
into a p-oxo-p-1,1-peroxo species. This structural rearrange-
ment is a low-energy pathway that is slightly endothermic.
The epoxidation reaction from the p-oxo-p-1,1-peroxo spe-
cies gave substantially lower epoxidation barriers than the
pathway from the p-oxo-p-1,2-peroxo intermediate but the
barriers are still considerably higher than those obtained for
mononuclear heme and nonheme oxoiron catalysts. There-
fore, the p-oxo-p-peroxodiiron intermediate in biomimetics
and enzymatic systems cannot be regarded as an active oxi-
dant of epoxidation reactions. Research continues to search
for the catalytic active species in RNR enzymes.

Experimental Section

As before®?! all calculations employ the unrestricted hybrid density
functional method UB3LYP,* since this method has been shown to pro-
duce rate constants and kinetic isotope effects at par with experimental
data.®**! We used (p-oxo)(pu-peroxo)(BPP),diiron (Fe,Cs;Hy,NgO;) as
catalyst, and propene as substrate. Full geometry optimizations (without
constraints) were performed in Jaguar, but since Jaguar does not have
the possibility to calculate frequencies analytically these were done with
Gaussian-03.*% Previous work of ours has shown that a numerical fre-
quency in Jaguar gives energetics and frequencies similar to an analytical
frequency in Gaussian.””’ All transition states reported here had one
imaginary frequency for the correct mode, while all reactants, products,
and intermediates had real frequencies only. Initially we used a double-G
type LACVP basis set on iron (that contains a core potential) and a 6-
31G basis set on the rest of the atoms: basis set B1.**! Subsequent single-
point calculations on the optimized geometries using the triple-¢ type
LACV3P + basis set on iron and 6-3114+G* on all other atoms were per-
formed in Jaguar: basis set B2. All energies reported in this work were
taken from the UB3LYP/B2 energies with zero-point corrections at the
UB3LYP/BI level of theory. As is the case in most transition-metal com-
plexes,* the reactants appear in close-lying spin states; therefore, we cal-
culated the complete reaction pathway on the singlet, triplet, quintet,
septet, and undecaplet spin states, which are identified with a superscript
1, 3,5, 7, and 11 next to the label of the structure. In this work we fo-
cused on the lowest lying two spin states, namely the maximum spin state
and its antiferromagnetic counterpart with an overall spin of S=0. All
data on the remaining spin states can be found in the Supporting Infor-
mation. We ran extensive geometry scans between reactants, intermedi-
ates, and product complexes. These calculations were performed with
Jaguar and correspond to a full geometry optimization with one degree
of freedom fixed, that is, the reaction coordinate. These calculations were
used to confirm the reaction mechanisms between the various local
minima and to create starting points for the transition-state optimiza-
tions.
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