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The mechanism of H,0, dismutation catalyzed by the dibenzotetraaza[14]annulene—Fe(lll) complex ([Fe(CaqH22N404)]*)
which was recently reported (Paschke, J.; Kirsch, M.; Korth, H. G.; de Groot, H.; Sustmann, R. J. Am. Chem. Soc.
2001, 123, 11099) has been investigated by density functional theory using the B3LYP hybrid functional. The
quartet potential energy profile of the catalytic reaction has been explored. In the whole catalytic cycle, the rate-
determining step is found to be the O—0 bond homolytic cleavage, without the assistance of solvent molecules in
the second coordination shell. The calculated free energy barrier for this step is 10.8 kcal/mol, which is in reasonable
agreement with the experimental facts. The calculations also show that the hydroxyl and hydroperoxyl radicals
may be generated in the reaction processes, but they can be efficiently quenched in strongly exothermic steps.
This study provides a satisfactory explanation to the observed efficiency of the H,0, dismutation catalyzed by this
complex.

1. Introduction functional enzymes that exhibit both catalase and peroxidase
activity.® Manganese catalases have an active site with a
bridged binuclear mangnese clustétatalase peroxidases
and heme catalases have similar active sites, which consist
of a iron(lll) core coordinated by a porphyrin and a protein
residue, depending on the type of catatageroxidases and
heme catalases. In catalageeroxidases, like in most per-
oxidases, the axial ligand of the iron is a histidine, while, in
heme catalases, this ligand is a unique tyrodiAmong the
three types of catalases, only heme catalases have been
catalase described for higher organisrfs.
2H,0, O, +2H,0 (1) It is very important and interesting to know how heme
catalases act in 4D, dismutation reactions. There have been
Catalases are commonly classified into three classes ingytensive studies on the mechanism ofObl dismutation
prokaryotes: (i) heme catalases; (ii) catataperoxidases;  reaction catalyzed by heme catalases. A commonly accepted
(i) manganese catalasésn fact, peroxidases are different  nechanise-1 involves two steps: (i) The resting iron(ll)

from heme catalases and manganese catalases in that thgy heme catalases is oxidized to an oxyferryl (i state
catalyze the reduction of hydrogen peroxide to water but

without oxygen evolutiori. Catalase-peroxidases are bi-

Hydrogen peroxide is a ubiquitous metabolite in living
cells! Excess hydrogen peroxide may oxidize cellular
componentd.Thus, it is very important for cells to remove
the hydrogen peroxide. To protect the cells from the toxic
effects by HO,, nature has developed many different
enzymatic systems. Among them, catalase is a very highly
effective species, which can catalyze the decomposition of
hydrogen peroxide into oxygen and water as in the following:
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by a HO,, and the macrocycle component is simultaneously AN
oxidized to a porphyrim-cation radical (por'), which yields m
the so-called compound | and a® molecule. (ii) A second ><° 7z O,
H,0, is oxidized by compound | to generate adHand G, o\ | e\j@i ><
and heme catalase is recovered. While, for peroxidases, the | ©
first step is the same as described above, in subsequent K)
reactions compound | oxdizes organic substrates to form so-gig,re 1. structure of complest.
called compoud Il, and one electron reduction of compoud
Il then regenerates the native enzythé catalase model, a non-heme dibenzotetraaza[14]anntlene
Though there are large amounts of experimental investiga-Fe(Ill) ([Fe(CaaH2N404)]"; Ann—Fe(lll) in short) complex
tions on catalases, the details of the two steps are not(Figure 1). The structure of this complex was confirmed by
completely understood yét. To understand the reaction analytical and spectroscopic data (its crystal structure was
mechanisms by heme catald$éeyanganese catala¥é’and not available}s This catalase model was found to catalyze
heme peroxidas¥,some quantum chemistry and molecular the H,0, dismutation at micromolar concentrations, with the
dynamics calculations have been performed previously. release of @in high yield from low concentrations of 4,
Kalko et al** have investigated the mechanisms of substrate in phosphate buffer solution at pe 7.225 Compared to
recognition by catalases using a variety of molecular dynam- other non-porphyrin Fe(lll) complexes reported beft§ré4
ics methods. The importance of channels connecting thethe Ann—Fe(lll) complex is relatively effective in its
heme group and the exterior of proteins was analyzed in their catalase-like activity under physiological conditions. The
work. For heme peroxidases, Wirstam, Blomberg, and reaction catalyzed by this complex is about 4000 times less
Siegbah¥ have studied the mechanism of—@ bond efficient than that catalyzed by native catalds&but several
cleavage using hybrid density functional theory (DFT). Their orders of magnitude faster than that catalyzed by "free”
calculations suggested that the mechanism of the formationferrous ions in aqueous solutih?? which is often called
of compound | consists of three steps. First, hydrogen the Fenton reactioff For the Fenton reaction, a widely
peroxide is bound to the active site. Second, the nearbyaccepted mechanism is that free hydroxyl radicals are the
histidine abstracts a proton from the peroxide. Then the key intermediated’ However, increasing experimental evi-
proton is donated back from the histidine to the other oxygen dencé® has also suggested another alternative mechanism
of the peroxide, with a simultaneous-@ bond breaking  that a high-valent oxoferryl ([Fé0]?*) complex acts as the
to form water and compound |. The calculated barrier of key intermediate. This mechanism is also supported from
10.4 kcal/mol is in reasonable agreement with the experi- recent DFT calculations reported by Baerends’s gféigith
mental barrier of 6.5 kcal/mol. For manganese catafa¥e, a hexa-aqua F& complex as a catalyst, they showed that
a DFT study has revealed that the-O bond is homolyti- after the addition of KD, to the Fe(ll) center the ©0 bond
cally cleaved in a spin-forbidden process with a calculated is homolytically cleaved with a barrier of only 6 kcal/n#ét.
barrier of 15 kcal/mol, which is a rate-limiting step in the Moreover, they found that the generated OH radical can be
entire cycle. “trapped” in the complex to form a new water molecule,
To probe the molecular mechanism of®4 dismutation ~ and the formation of the Fe(IWWoxo intermediate is
by catalases, chemists have also synthesized a series of modehergetically favorable in water. Thus, ferrous ions in
complexes to mimic the catalytic reaction of catalases. A aqueous solution and ferric heme catalases (or peroxidases)
lot of catalase models have been reported to exhibit “catalasecatalyze the @O bond cleavage in different ways but

+

BF;

like” activity.'® 25> Recently, Paschke et #reported a new
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generate the similar oxidizing intermediate (an oxoferryl

buffer solution, which contains only 6-:2% DMSO, water is taken

species) for the subsequent step. The reaction of hydrogerio be the solvent in calculations. In addition, the binding energies

peroxide with hexaaqua iron(ll) is somewhat relevant to
that with iron(lll) in heme-containing peroxidases and
catalases.

To our knowledge, the mechanism of the reaction cata-
layzed by the Ana-Fe(lll) complex is almost unknown. In
this paper, we will use density functional theory (DFT)
calculations to explore the potential energy profiles gDkl
dismutation catalyzed by this Antfe(lll) complex. For

larger systems containing transition metals such as metal-

loenzymes, hybrid density functional theory, especially

between van der Waals complexes are corrected for basis set
superposition error (BSSE) using the BeBernardi counterpoise
method?#!

To obtain more accurate energetics of potential energy profiles,
we also perform single-point calculations with a larger basis set
(basis set Il). In basis set Il, all Fe-bound nitrogen atoms as@h H
are described with the 6-3FH-G(d,p) basis set and all the other
atoms are described with the 6-31G(d) basis set. Unless stated
specifically, the energies of all species discussed in the following
sections are obtained with basis set Il including the ZPE corrections
obtained with basis set I. All calculations have been performed with

B3LYP, has been established as the most useful theoreticathe Gaussian 98 package of progréfhs.

tool for quantum chemistry calculatiosAlthough there
are reports on the quantitative even qualitative failures of
DFT in predicting activation barriers for some problematic
cases>2*in most cases studied so far the calculated B3LYP
barriers are satisfactory in interpreting available experimental
observation$? Thus, all our calculations will be carried out
with B3LYP. Several alternative routes at different stages
of the studied reaction will be investigated, and the results
will be compared to each other and with related experimental
and theoretical studies. Finally, a possible mechanism for
the catalytic cycle of the studied reaction is suggested.

2. Computational Details

In all calculations, density functional theory (DFT) is employed
with Becke’s three-parameter nonlocal exchange funct®eaid
the Lee, Yang, and Parr nonlocal correlation functional (B3L¥P).
The relativistic effective core potential (ECPjor iron is employed
in all B3LYP calculations. The basis set for iron is a modified
LANL2DZ double< basis set plus an f-type polarization functiSn,
in which the two 4p functions of the standard LANL2DZ have been
replaced by the optimized 4p functions from Couty and Ffdllhe
standard 6-31G(d) basis set is employed for all Fe-bound nitrogen
atoms and the substrate,® (or oxygen and hydrogen atoms
derived from it). For all the other atoms, the 6-31G basis set is

3. Results and Discussion

3.1. Electronic Structure of the Model Catalyst. The
model catalystl used in our calculations is structurally
almost identical with the experimental Anfre(lll) complex,
except that four methyl groups being distant to the active
site of the catalyst are replaced by four hydrogen atoms. The
optimized structures of the model catalyistat its lowest
guartet and doublet state/4,and?1, are shown in Figure 2.

In both#1 and?1, the annulene macrocycle is nearly planar
and symmetrical, and the four F&l bond lengths are almost
the same. Thus, the catalysts a good delocalized system
with D2, symmetry, which is similar to the highly delocalized
porphyrin ring in native catalases. Although in the literature
there are some crystal structures and spectroscopic studies
on a few five-coordinated and six-coordinated Attre(ll)
and Ann-Fe(lll) complexes? no crystal structures are
available for four-coordinated AnrfFe(lll) complexes or
their derivatives for direct comparison to the calculated
results of*l and?1. To better judge the reliability of our
calculations, we have performed calculations on a four-
coordinated Ana-Fe(ll) compound (7,16-dihydro-6,8,15,-

used. All together, the basis set described above is called basis Se_g.?-tetramethyld|benzb[ﬂ[1,4,8,11]tetraazacyc|0tetra(_1eC|nato)-

| for simplicity. The geometries of reactants, intermediates, transi- IoN(l)}, whose crystal structure and spectroscopic information
tion states, and products are fully optimized using the unrestricted €Xist** The optimized structure of this ArrFe(1l) complex
B3LYP (UB3LYP) method with basis set | described above. For IS in good agreement with the corresponding crystal structure
each species, the harmonic vibrational frequencies are calculated

to obtain the zero point energies (ZPE) and verify whether it is a

minimum or a transition state on the potential energy surfaces (PES).

The temperature-dependent enthalpy corrections and the entrop
effects are computed at 298 K and 1 atm of pressure. To take into
account the solvent effects on the reaction, we perform single-point

calculations on some species with the gas-phase-optimized geom-

etries using a reaction field with the conductor-like screening
solvation model (COSMO) methdd.As the reaction happens in
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V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Clifford, S.; Ochterski, J.; Petersson, A. G.; Ayala, Y. P.; Cui, Q.;
Morokuma, K.; Malick, K. D.; Rabuck, D. A.; Raghavachari, K.;
Foresman, B. J.; Cioslowski, J.; Ortiz, V. J.; Stefanov, B. B.; Liu, G.;
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Figure 2. Optimized structures of the model catalyisat its lowest doublet and quartet stattéssand21. The bond distances are in A, and bond angles,

in deg.

Chart 1. Qualitative Molecular Orbital Picture Describing the
Electronic Structures ofl and?1
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(see Figure S1 of the Supporting Information). The ground
state of this species is calculated to be a triplet state with
two unpaired electrons on iron, and its lowest singlet state
is about 34 kcal/mol higher in energy than the triplet state.
These results are also in accord with the related experimenta
facts? Thus, one may expect that our calculations should
give satisfactory descriptions on geometries and electronic
structures of the AnnFe(lll) catalyst and other related
species under study.

Interestingly,*1 and?1 have identical electronic energies
within 0.1 kcal/mol (see Tables S1 and S2 in the Supporting
Information). For both electronic states, their singly occupied
orbitals are illustrated in Chart 1. In both spin states, three
orbitals for unpaired electrons consist of g, Brbital of the
annulene ring, which is the HOMO of the whole system,
and two 3d orbitals (dand d,) of iron. As one can see, an
unpaired electron in the annulene macrocycle is coupled to
two unpaired electrons on the iron center antiferromagneti-
cally in 21 but ferromagnetically irfl. The near degeneracy
of both electronic states implies that the magnitude of spin
coupling between the unpaired electron in ring and two
unpaired electrons on iron is quite weak. The natural
population analysis shows that, at the two spin states, the
annulene ligand is already oxidized and the iron atom is
actually in Fe(ll). This result is in contrast to the similar
porphyrin—Fe(lll) complex, where the porphyrin ligand is
not oxidized and the iron atom is in Fe(I.The reason
the annulene ligand can reduce Fe(lll) to Fe(ll) may be partly
attributed to the fact that the anion of the annulene with the

(45) Oliveira, K. M. T.; Trsic, M.J. Mol. Struct. (THEOCHEMRO001,
539 107.

6482 Inorganic Chemistry, Vol. 43, No. 20, 2004

geometry as irfl and?1 is about 49.4 kcal/mol more stable
than the dianion of the annulene, while, for the porphyrin
ligand in the porphyrirFe(lll) complex, our calculations
show that its anion is only 32.8 kcal/mol lower in energy
than its dianion. As a result, the resting state of the
tetraazaannulene ferric catalyst in fact consists of a ferrous
iron plus a “cation-radical” ligand.

Considering the fact that the studied catalase model works
in phosphate buffer solution at pk 7.2, it is worth
investigating whether the electronic structure of the model
catalystl is significantly affected by two water molecules
axially coordinated to the iron. We have optimized the
corresponding structures at both doublet and quartet states.
These two structures (not shown) are also found to be nearly
degenerate, and the charge and spin densities of these two
species show that the spatial distributions of unpaired
electrons are quite similar to those*hand?1. In both spin
Istates, we found that the energy required to dissociate an
axial water to form a five-coordinated species (after BSSE
corrections are included) is about 4.8 kcal/mol. Thus, it is
easy to create an open coordination site, allowing fgdH
to exchange with a water ligand. On the other hand, once
an axial ligand is bound to the iron center (as in all stationary
points studied hereafter), the loss of another water ligand
would be facile. Therefore, for simplicity we neglect the axial
ligation of a water molecule to the iron in all intermediates
and transition states studied below.

3.2. Quartet Potential Energy Profile. For all species
involved in the catalytic cycle, their lowest quartet and
doublet states are found to have very close energies (as
shown in Tables S1 and Table S2 of the Supporting
Information). The bonding difference in both electronic states
for all these species is very similar to that*thand?d, i.e.,
an unpaired electron in the ring couples to unpaired electrons
on the iron center antiferromagnetically in the doublet state
but ferromagnetically in the quartet state. We notice that the
calculated spin contamination is small for all quartet species
but quite severe for all doublet species. This result indicates
that the species at the doublet state have significant multi-
reference character, while the corresponding quartet species
do not. Since the current single-determinant DFT method is
more reliable for electronic states with dominant single-
reference character than for electronic states with significant
multireference character, in the following only the results
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Chart 2. Possible Pathways of the Reaction in Stages 1 and 2 cleavage and the proton-transfer with the assistance of an
1) O-0O bond homolytic cleavage additional HO in the second coordination shell. In stage 2,
the reaction also may start toward two different directions:
hydrogen abstraction and-@ bond formation. Our calcula-
tions showed that in stage 1 the—@ bond homolytic
o cleavage is more energetically favorable than the proton-
H transfer pathway, while in stage 2 the hydrogen abstraction
ii) Proton-transfer H pathway is preferred. For compactness, the results of two
energetically favorable pathways will be discussed first, and
I H then the other two pathways will be compared and discussed
Fe(l)===0 briefly.
Y The quartet potential energy profiles of stages 1 and 2 are
H shown in Figures 3 and 4, respectively. The optimized
geometries of intermediates, transition states, and products
are displayed in Figure 5.
Hereafter we will discuss the potential energy profiles
Fe(IV)=0, using the ZPE-corrected relative energies. In stage 1, initially,
“u o the catalyst1 attracts a HO, molecule to form an FgH,O0,)
\t/ AN complex“2, which is 13.1 kcal/mol below the isolated
) H and HO, molecule. As the oxygen atom ob8, approaches
iv) 0-O bond formation the iron center, the ©0 bond of the complef2 is broken
directly to form an intermediate B¢OH---OH) complex‘4
/H through a transition statt8ts. This step is an ©0 bond
Fe(IV)=0==~~0 homolytic cleavage step with an activation barrier of 10.3
N kcal/mol. The intermediat&} can release the weakly bound
/0 hydroxyl radical to generate an'I©OH) intermediaté5 and
H a hydroxyl radical. The free hydroxyl radical can attract the
ydroxyl ligand of%5 by adjusting its orientation to form a
ew Fé'(OH:--OH) complex*s, which is 3.6 kcal/mol lower

/H
Fe(I)===0/

iii) Hydrogen abstraction

obtained for the quartet species are reported and discusse
Although restricted ensemble-referenced KS-DFT (REKS) in energy thars and a hydroxyl radical6 could convert

or CAS-DFT'" methods have been developed for tackling 5 Fé&'(O---H,0) complex’8 through a hydrogen atom
multl_re_ft_'-:rence electronic states, they are still computationally transfer transition stat&ts. Without the ZPE correction, the
prohibitive for large systems under study hé&&. The barrier of 46 — 48 is 1.7 kcal/mol. But when the ZPE
optimized structures for all doublet species and the doubletCorrection is included, the energy 6Tts is 0.2 kcal/mol

potential energy profile are shown in Figures S5, 53, and lower than that of thé6.’ Thus,*6 could readily convert into

S4 of the Supportlng Information. . the Fé'(O---H,0) specied8. This step is strongly exothermic
Thg mechamsm of the whole reactpn can be assumeq toby 26.1 kcal/mol. Therefore, the formed hydroxyl radical
be similar to the prop;?sed mechamsm of the reaction can be efficiently quenched. The last step of stage 1 is the

catalyz_ed by ca_talis;%f and _by ferrou_s lons fro”? recent  yissociation of the weakly coordinated® from “8 to form
theoretical Stgd'eg' ’ Accordmg _to th'.s assumption, the an oxoferryl specie49, which is endothermic by 6.4 kcal/
whole (_:atalytlc cyc_le can be divided into two stages, as mol. The overall process of stage 1 is exothermic by about
shown in the following: 32.2 keal/mol.
0 In stage 2, first, a second,f, is added td'9 to form an
|| FéV(O-+-H,0,) complex*10 with a energy lowering of 8.5
Stage (1) ===Fe (I)==+ H,0, ——» m=fe(IV)== + 1,0 () kcal/mol. By a hydrogen atom transfer, an'fg@H-+-O,H)
intermediate¢12is formed from*10through a transition state
Stage (2) wmmFe (IV)mum + H,0, ——» mmm Fc (I === 4 0, 41,0 (3) 411ts with a barrier of 9.7 kcal/mol*12 can release a
hydroperoxyl radical to form an E¢OH) species13 with
In stage 1, the catalydtis oxidized by HO, to become a energy increase of 3.4 kcal/mol. Then, the free hydroper-
the oxoferryl complex, generating ® molecule. In stage ~ Oxyly radical interacts with the oxygen &3 from another
2, the oxoferryl species oxidizes the secon®rhand accepts ~ Orientation to yield a new FOH::-O,H) complex *14,
two electrons to recover the resting form, yielding gOH which is 8.8 kcal/mol more stable thali2. Next, the
and Q. As shown in Chart 2, in stage 1 there are two possible hydrogen atom of the hydroperoxyly group could transfer

pathways for the first step: the @ bond homolytic  to the hydroxyl ligand to generate an'gig,O-+-Oz) complex

416 through a transition stat&l5ts This hygrogen atom

(46) 's}lﬁl)_FSilﬁtqlx(/, g/l(h Shaik|5 rft:hzimt.fZFE)fcllys-3;et12€3)£2:)9 304F, _712t9- (t'J\BI l_:ilsar:m{(, transfer step is a low barrier but strongly exothermic process.
S, Phys. Chem /2000 104 000 332 409. (c) Filatov, M.; Shalk, - gjince for the Fé(H,0-++05) complex, its ground state is a

(47) Grdenstein, J.; Cremer, IChem. Phys. LetR00Q 316, 569. sextet staté16, which is 9.1 kcal/mol lower in energy than
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Figure 3. Quartet potential energy profile of stage 1. The ZPE corrections calculated with basis set | are included in the relative energies. The ZPE-
corrected energy ofl + H,0, is taken to be zero, which is1565.022 23 au.
416, 416 could convert intd?16 by surface crossing, which

hydronium ion to some extent but has insignificant effect
has the spin population similar to that in cataiistFinally,
a H,O molecule and a ground-state &re dissociated from

on decreasing the proton transfer barrier. Of course, in the
discussions above we implicitly assume that under the

616to regenerate the catalydt The whole process of stage experimental conditions (phosphate buffer solution atpH
2 is exothermic by about 24.0 kcal/mol. 7.2) water exist primarily in the form of . If the

As mentioned above, the first step of stage 1 may also behydroxide anion is present in the second coordination shell
the transfer of the hydrogen atom of®} to an additional to accept a proton from the Fe-bound®d, the proton
H,O in the second coordination shell. First, the optimized transfer pathway may be energetically favored. Since even
structure of the PEH,O,---H,0) complex*17, as showed
in Figure 5, suggests that,8 is strongly hydrogen-bonded

at pH~ 7 hydroxide ions are still nonnegligible compared
to the F&(H,0,) complex*2. However, we failed to locate

to the model compound, it is possible that the reaction of

H,0, with some model compounds may proceed through
a stable intermediate with a proton transferred from the Fe- the proton-transfer pathway, as in peroxidases and catdlases.
bound oxygen to KD. When optimizing the structure of this However, under the experimental conditions, the reaction is
intermediate, we find that in a few steps the proton jumps more likely to go though the ©0 bond breaking pathway
back to the OOH ligand. By fixing the G3H2 bond distance  instead of the proton-transfer pathway. We notice that the
to 0.988 A in free HO* and the bond angle of 31H2—03

same situation occurs for,B, to attack the hexaaqua Fé
to 171.2 in 417 and optimizing all the other degrees catalyst'2
of freedom, we see the resultant structure of thé-Fe
(OOH-+-H30") species*18 (in Figure 5) is 32.2 kcal/mol

To investigate whether the first step of stage 2 would
higher in energy thafdl7. Obviously, the energy required

proceed along the ©0 bond formation pathway, we find a
transition state for this ©0 bond formation?19ts(in Figure

to promote this proton transfer is even higher than this value. 5). As seen from the structure of this transition state, the
Our preliminary calculations show that the addition of O—O bond of HO, is being broken and the new-€D bond
another water molecule in the second coordination shell maybetween Fe-bound oxygen and an oxygen gdHs being
stabilize the hydronium ion ¥D* by 10.0 kcal/mol, but the ~ formed. The spin distributions of this species reveal that the
corresponding proton transfer barrier is still at least 22.2 kcal/ O—0O bond of HO, is homolytically broken. The energy of
mol, significantly higher than the corresponding barrier along #19tsis 26.8 kcal/mol higher than the total energies of the

the O-O bond homolytic cleavage step. One may expect free reactant F€O specie$9 and HO.. Clearly, this barrier

that adding more water molecules further stabilize the is much higher than the barriers of all steps along the
6484 Inorganic Chemistry, Vol. 43, No. 20, 2004
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Figure 4. Quartet potential energy profile of stage 2. The ZPE corrections calculated with basis set | are included in the relative energies. The ZPE-
corrected energy ofd + H,0; is taken to be zero, which is1640.212 00 au.

hydrogen abstraction pathway, as described above. Thereforeaccording to the calculated Gibbs free energy barriers, the
the reaction of stage 2 would proceed through the hydrogenO—0 bond cleavage with a barrier of 10.8 kcal/mol at 298
abstraction pathway instead of the-O bond formation K is the rate-determining step in the whole catalytic cycle
pathway. on the quartet reaction pathway.

To conclude from discussions above, the overall reaction The effect of the bulk solvent on the barriers should be
may undergo the ©0 homolytic cleavage pathway in stage taken into account. If this is done, we obtain a little lower
1 and the hydrogen abstraction pathway in stage 2. A free energy barrier of 10.7 kcal/mol for the-@ bond-
combination of stages 1 and 2 shows that the overall reactionbreaking step. For the other three hydrogen atom transfer
at the quartet pathway is strongly exothermic by 56.2 kcal/ steps'6 — 48, 410 — 412, and*14 — 416, the solvent effect
mol. The rate-limiting steps are the-® bond cleavage in  leads to the decrease of Gibbs free energy barriers by 2.1,
stage 1 and the dissociation of®land Q from 616in stage 0.6, and 0.7 kcal/mol, respectively. This result shows that
2, respectively. The electronic energy barriers of these two the bulk solvent effect on the barriers of various steps in the
steps are 10.3 and 13.7 kcal/mol, respectively. However, tostudied reaction is insignificant. However, one should
get more reliable information on the rate-limiting steps, we remember that if the reaction is in aqueous solution with
have to rely on the calculated relative enthalpy and Gibbs different pHs the solvent may directly participate the reaction,
free energies at 298 K for all species occurring on the quartetlike hydroxide ions described above.
pathway, which are collected in Table 1. For the @ bond Finally, although previous experienééshow that the
cleavage step, the calculated Gibbs free energy barrier aB3LYP method is appropriate for studying the present
298 K is 10.8 kcal/mol, implying that the temperature and reaction, it is also worthwhile to compare the performance
entropy effects are very small for the step. However, one of the B3LYP and CCSD(T) methods in studying some small
can see from Table 1 that the entropy term plays a very molecules relevant to the key intermediates or transition

important role in the dissociation steps of®1 For example, states in the present reaction. The model systems chosen
a large entropy effect makes the dissociation gdrind Q

from 616 to be facile Similarly the entropy effect could (48) The discussions on the accuracy of the B3LYP method in studying

g - = some reactions similar to the present reaction are given on p S5 in
cause the facile dissociation ob® from 48 to form“9. Thus, the Supporting Information.
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Figure 5. Optimized structures of intermediates and transition states along the quartet reaction pathway. The bond distances are in A, and bond angles in
deg. The annulene rings of all species are omitted for clarity. For all species, their geometries in Cartesian coordinates can be found in tige Supporti
Information. The Fe-N bond distance listed in the figure is the average of fourReébond distances. 1f18, the O3-H2 bond distance is fixed to be 0.988

A, which is the calculated ©H bond length in free ED*, and the bond angle of @H2—03 is fixed to be 171% as in“17.

Table 1. Calculated Relative Enthalpieékcal/mol) and Gibbs Free Energies (kcal/mol) for All Species at 298 K

species Hags Gaoos species Hagg Goog
41 + H,0, 0.0 0.0 49 + 1H,0, 0.0 0.0
42 —13.0 -3.3 410 —8.3 1.2
43ts —2.9 7.5 411ts 0.6 10.8
4 —6.7 2.3 412 —5.6 1.1
35 + 2HO» 8.1 —6.6 313+ 2HO,. —2.7 —-3.3
6 —11.8 —-3.9 414 —14.9 —5.5
4Tts —12.8 —-2.0 415ts —-14.7 —4.6
‘8 —38.4 —28.5 416 —27.5 —21.9
49 + 1H,0 —31.8 —30.6 616 —36.9 —30.1
41+ 1H,0 + 30, —22.9 —-33.9

aFor stage 1, the enthalpy and Gibbs free energiief H,O, are taken to be zero, respectively. For stage 2, thod® #f H,O, are taken to be zero.
b The thermal corrections are calculated with basis set |. The corresponding electronic energies are obtained from the single-point caltubzBiasetit
1.

to approximately represent specit® “3ts, %6, and *7ts be the same as those of the corresponding fragments in
are Fé"---H,0,, F&"+-:OH:--OH, (FeOH--OH)**, and optimized structure$2, “3ts, 6, and*7ts. More computa-
(FeO--H---OH)?*, respectively. Their geometries are setto tional details are presented on p S5 in the Supporting
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Scheme 1. Proposed Mechanism of, Dismutation Catalyzed by
the Ann—Fe(lll) Complex
P HO0+o0,
o (1) mumm
\\\\ 1
H\O){ H\O/O\H
1 1
] 1
| i
n F e (1) mumm e (11—
16 A 2
_n° AN
mm Fe(IV)mum mEe(]V)
10 8

mmbe(1V
,0, 9 H,O

Table 2. Spin Densities on Atoms of All Species and the Squared
Magnitude of the Total Spi

species Fe N ring 9] 0O, O3 0

41 2.08 0.07 0.92 3.77
42 2.05 0.10 0.93 0.02 0.0 3.79
43ts 1.61 0.07 0.79 -0.06 0.66 3.93
44 2.55 0.10 1.02 0.29 -0.90 4.73
35 238 -0.10 -0.73 0.35 2.66
6 234 -0.09 -0.75 0.38 1.03 4.36
4Tts 218 -0.05 -0.33 0.62 0.57 4.08
“8 1.39 0.07 0.82 0.78 0.0 3.79
“9 1.28 0.08 0.82 0.90 3.79
410 1.42 0.07 0.81 0.76 0.01 0.0 3.79
411ts 1.27 0.07 0.78 0.51 036 0.14 381
412 1.07 0.08 0.84 0.09 0.72 0.30 3.82
313 1.11 0.08 0.82 0.07 2.07
414 1.26 0.06 0.70 0.03 0.70 031 384
415ts 1.49 0.02 0.24 0.04 0.79 045 394
416 0.02 0.12 0.98 0.01 1.03 096 4.66
616 2.04 0.10 0.92 0.02 1.02 096 8.79
419ts 1.16 0.07 0.82 0.56 -0.21 069 3.88

a For the nitrogen atom, the value listed is the average of spin densities
on four nitrogen atoms.

to 1.99 A, and the distance between O2 and H3 decreases

Information. Single-point calculations show that the energy from 1.91 to 0.98 A

difference between PRe---H,O, and F@&"---:OH---OH
calculated from B3LYP is smaller by 4.5 kcal/mol than
that from CCSD(T). For two species (Fe®HDH)** and
(FeO--H---OH)**, their energy difference obtained from
B3LYP is only 0.6 kcal/mol below the corresponding CCSD-

(T) value. The closeness of the B3LYP and CCSD(T) energy
differences may suggest that the accuracy of the B3LYP

method for the G-O cleavage step*? — “3ts) and the
hydrogen atom transfer stefs(— 47ts) is satisfactory. Thus,

one may expect that higher level calculations would not
change the qualitative conclusions on the basis of this B3LYP

study.

To summarize the discussions above, one can see thaberoxyl

along the quartet pathway two,8, molecules can be readily
converted into two KO molecules and one nolecule by

The F&O specied9 is structurally similar to compound
I in the enzymatic reaction. If9, the Fe-O bond length is
about 1.61 A, showing the double bond character. In thé Fe
(O+++H,0,) complex*10, the hydrogen bond G%:H4—-02
is even stronger than the BIH3—02 hydrogen bond in
the FeV(O---H,0) complex“8, as reflected by the &H
distances and the binding energies in these two complexes.
Thus, HO, can be attracted by the ferryl iron more easily
than HO. In 412, the hydroperoxyl group is weakly
coordinated to the hydroxyl ligand bound to the iron
center.The P&(OH:--O;H) complex 414 is structurally
similar to 412, but the hydrogen bond between the hydro-
group and the Fe-bound hydroxyl ligand is much
stronger in*14 than in412, as seen from their structures. In
fact, the BSSE-corrected binding energies between the

catalystl. For the overall reaction, our proposed mechanism hydroperoxyl group and the hydroxyl ligand 4b2 and“14

is shown in Scheme 1.

3.3. Optimized Geometries of Species along the Quartet
Reaction Pathway. For all species fronf2 to #16, their

annulene rings are also nearly planar. The bond lengths of

rings are quite similar to those .

42 is an encounter complex di and HO,. The bond
lengths of HO; in 42 are almost the same as those in free
H.O.. In #3ts, the Fe-O distance is shortened considerably
and the G-O bond length is noticeably lengthened relative
to those in*2, indicating that the &0 bond is breaking. In
the Fé'(OH---OH) complex?*4, the distance between two
oxygen atoms is 2.33 A, implying that the—-@ bond is

are 2.2 and 9.8 kcal/mol, respectively. Thus, the free
hydroperoxyl radical generated froM2 could be easily
“trapped” by313 to form a more stable speciés4.

In 415ts the transferred hydrogen atom is almost on the
middle way between two neighboring oxygen atoms. In the
Fe'(H,O:+-0,) complex 416, the O2-03 bond length is
almost the same as that in fé@, and the large O3H5
distance (2.15 A) means that the oxygen molecule is ready
to leave. The PEH,O---0,) complex €16 is structurally
analogous td'16, but its Fe-O bond is somewhat longer
than that in*16.

3.4. Spin Densities and Electronic Structures for Spe-

almost broken. The hydrogen atoms bound to both oxygencies at the Quartet State.The spin densities on atoms of

atoms do not directly play a role in cleaving the-O bond.
Thus, this G-O bond-breaking picture is different from that
in the proposed mechanism of,®, catalyzed by heme
peroxidasé’

In the Fé'(OH---OH) complex*6, the hydroxyl radical is

all species are listed in Table 2. For the-O bond cleavage
step from the PEH,0,) species’2 to the F&'(OH---OH)
complex 44, the spin densities on the O1 and O2 atoms
change from (0.02, 0.0) to (0.29,0.90) and the total natural
charge on the O1H3 and O2-H4 fragments changes from

hydrogen-bonded to the Fe-bound hydroxyl ligand. The (0.01, 0.04) to {0.39,—0.09). These results show that the

distance between 02 and H3 is 1.91 A. Frégo %8 through

formed O2-H4 is a radical. Thus, this step is an-Q bond

47ts, the distance between O1 and H3 increases from 0.98homolytic dissociation.
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In the step from the POH-+-OH) species'6 to FeV-
(O-+-H,0O) complex“8, the natural charge on H3 remains
almost unchanged and the spin density on the-B2

Wang et al.

shows that there is only an unpaired electron in the annulene
ligand and the O203 group is in the triplet state. The
difference between electronic configurations'b® and®16

fragment decreases from 1.01 to 0.0. Clearly, this step is ais that the iron atom is in the triplet state §h6 but in the
hydrogen atom transfer process and not a proton-transfersinglet state irt16. The spin population ifi16 clearly shows
process. that the removal of KD and Q would recover the catalyst
The Fd'(OH) species5 and313 are chemically identical, 41
with the same stoichiometry, charge, and spin state, although 3.5. Comparisons with Experimental Results and
their structures are slightly different. This geometrical Related Theoretical StudieslUnder the experimental condi-
difference leads to different electronic configurations¥®r  tions, the catalytic reaction proceeds at room temperature,
and?®13, as seen from their spin distributions in Table 2.  and the apparent rate constaki,{ = kea/Km) is about 1.5
In the F&/(OH---OH) complexeg's, the spin distribution x 10° M~1 s Since the value oK, (Michaelis constant)
is very similar to that in®5, in which an unpaired electron was only estimated to be larger than 1.0 M in the experi-
in the annulene is antiparallel to two unpaired electrons on ments?® one can infer that the catalytic constdat should
the iron. We also found another quartet state of the&- Fe not be less than 1.5 10° s™1. According to our calculations,
(OH---OH) species with an unpaired electron in the annulene the free energy barrier for the rate-determining step with the
ferromagnetically coupled to the unpaired electrons on the bulk solvent effect included is about 10.7 kcal/mol. This
iron. However, its energy is 5.5 kcal/mol higher than that of barrier corresponds to 8:9 10* s for the rate-determining
6. step according to transition state theory. Thus, the mechanism
The spin density on the annulene ring of all species from we proposed for the studied reaction is reasonably consistent
42 to “8 indicates that there always exists an unpaired electronwith the experimental facts.
in the macrocycle ligand in stage 1. This result suggests that According to our proposed mechanism, hydroxyl and
the annulene ring does not provide electrons in the reactionhydroperoxyl radicals are formed in reaction processes, which
of stage 1. Hence, the electrons for the oxygen reduction in may lead to the occurrence of side reactions. This is also in
stage 1 are from the iron center. Comparing compound | in accord with the experimental facts that free hydroxyl radicals
catalases and the ®® intermediate’d obtained here, we  were detected in the reactiéhSince the generated hydroxyl
note that in compound | the porphyrin ligand is able to radicals oxidize the annulene ligand of the catalyst, the
provide an electron for the oxygen reduction, while in the catalyst is deactivated after a turnover of about 79 mol of
present case both electrons are provided by the iron atom.hydrogen peroxide/mol of cataly¥t.This fact is also in
However, since the annulene ring has been oxidized in theagreement with our calculations that the formed radicals can
resting state of the catalyst, one electron in fact formally be effectively quenched in strongly exothermic steps. In
originates from the annulene ring. recent DFT investigations on the mechanism of manganese
In the oxoferryl specie49, the spin densities on iron and catalase, a similar mechanism for the-O bond homolytic
oxygen are 1.28 and 0.90, respectively, while the spin densitycleavage was reportéél.The formed hydroxyl radicals can
on the macrocycle is 0.82. This result indicates that there also be efficiently quenched to keep the high activity of
are twoa electrons in Fe O s* orbitals and ao electron in manganese catalase.
the annulene macrocycle ligand, which is similar to the It is also interesting to compare our results on the@
molecular orbital picture describing the electronic state of bond cleavage with those from experimental and other
compound 50 The oxidation state of iron iff is likely to theoretical studie¥:>*>¢ In free HO,, our calculations show
be Fe(lV), as in the compound | in native catalases. that the G-O homolytic cleavage requires 54.2 kcal/mol,
From the F&(0O---H,0,;) complex 410 to the Fé'- which is significantly larger than the electronic energy barrier
(OH---O;H) speciest12, the spin densities on the O1 atom of 10.8 kcal/mol (from*2 to “4) we obtained in this study.
and the O203—H5 fragment vary from (0.76, 0.01) to  An alternative way to break the-@D bond of HO; is that
(0.09, 1.02), respectively. Thus, the ©@3—H5 fragment a proton first transfers from one oxygen to another oxygen
in 412 is a hydroperoxyl radical. This step is clearly a atom, and then the ©0 bond is heterolytically broken to
hydrogen atom transfer process. The structurd 8fs very form water and oxygen atom. The first proton-transfer step
close to that of the FeOH moiety of#12, and the spin  was calculated to has a very high barrier of 57.1 kcal/mol,
density on the iron center if13 is close to that irf12. and the second step involves a barrier of 30.6 kcalfhol.
From the F&(OH---:O,H) species“14 to the Fé- The O-0 cleavages of kD, assisted by metal ions such as
(H20-+-0,) complex*16, the spin density on iron decreases
from 1.26 to 0.02 and the spin density on the -€23
fragment increases from 1.01 to 1.99. So the hydrogen atom(s,)
is transferred from the G203—H5 fragment to O1 and the
iron atom is reduced. The spin population ‘46 clearly

(51) Nam, W.; Han, H.-J.; Oh, S.-Y.; Lee, Y.-J.; Choi, M.-H.; Han, S.-Y;

Kim, C.; Woo, S. K.; Shin, WJ. Am. Chem. So200Q 122, 8677.

Rodfguez-Lgez, J. N.; Lowe, D. J.; Hefnaez-Ruiz, J.; Hiner, A.

N. P.; Garta-Canovas, F.; Thorneley, R. N. H. Am. Chem. Soc.

2001 123 11838.

(53) Hiner, A. N. P.; Raven, E. L.; Thorneley, R. N. F.; Gar@aovas,
F.; Rodfguez-Lgez, J. N.J. Inorg. Biochem?2002 91, 27.

(54) Filizola, M.; Loew, G. HJ. Am. Chem. SoQ00Q 122, 18.

(49) Yoshizawa, K.; Shiota, Y.; Yamabe, J.Am. Chem. S0d998 120,

564. (55) Meredith, C.; Hamilton, T. P.; Schaefer, H. F., UL. Phys. Chem.
(50) Shaik, S.; Filatov, M.; Schder, D.; Schwarz, HChem—Eur. J.1998 1992 96, 9250.
4, 193. (56) Woon, D. E.; Loew, G. HJ. Phys. Chem. A998 102 10380.
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Fet and Mg" have also been investigated theoreticéily. heme peroxidases and heme catalases. In the present case,
Calculations showed that with the assistance of metal ionsthe coordination of hydrogen peroxide to the iron center of
the proton-transfer barrier could be reduced to some extentthe catalystl makes the GO homolytic cleavage occur
but is still quite high. Recently, Baerends’ group has carried directly without first releasing a proton. The main reason
out extensive calculations to investigate the mechanism of for accounting for this difference may be that the resting
hydrogen peroxide with a [FéH,0)e]>" complex3'2€ The state of the present ferric catalyst in fact consists of a ferrous
mechainsm we obtained here for the studied catalase modelron plus a “cation-radical” ligand, but most of heme
is very similar to that obtained by them. For example, the peroxidases and heme catalases feature a ferric resting state.
reaction catalyzed by the [IH¢1,0)s]>t complex also consists  Thus, this work reveals an exciting hybrid of ferretmeroxo
of two stages, with the Fe(I\¥)oxo species as the key and ferric-peroxo chemisty, as also supported by recent
intermediate, being in contrast to the widely accepted theoretical calculations on some ferreusand ferric-
mechanisrt that a free hydroxyl radical is the key inter- hydroperoxo heme models.
mediate. For this reaction, the first stage also proceeds along4 Conclusions
the O-O bond homolytic cleavage path rather than the
proton-transfer path. Especially, the energy barrier of this DFT calculations have been performed to investigate the
O—0 bond breaking is calculated to be about 6 kcal/mol, mechanism of the D, dismutation catalyzed by the Ann
close to the value 10.8 kcal/mol we obtained here. The Fe(lll) complex. From our study, the rate-determining step
mechanism for the Qevolution stage of this reaction is also  in the HO, dismutation by this complex is found to be the
almost parallel to the mechanism we obtained for the current O©—O bond homolytic cleavage. This step has a calculated
model. However, the mechanism of quenching the generatedree energy barrier of 10.8 kcal/mol at the quartet state, which
OH radicals in the reaction processes is different for thé-[Fe  is in reasonable agreement with the experimental facts. The
(H,0)e]?" species and the AntFe(lll) complex. For the O—0 bond homolytic cleavage, without the assistance of
ferrous ion in water, once the OH radical forms through an additional water molecules in the second coordination shell,
O—0 homolytic cleavage from the reactant [fAe.0)s- is an important finding of this study, which is different from
(H,0,)]?, it can abstract a hydrogen from the neighboring those suggested in B, dismutation reactions catalyzed by
water ligand to form a new water molecule (an intermediate heme peroxidases and heme catalases.
[FEV(H,0)4(OH),]2" is simultaneously formed). While, for Another interesting part of the mechanism suggested here
the current model, the OH radical has to rotate so that its for the catalytic cycle of the AnnFe(lll) complex is that
oxygen can approach the hydrogen of the Fe-bound OH the hydroxyl and hydroperoxyl radicals are generated in the
ligand to form an intermediate H¢OH-+-OH) (6). reaction processes. However, our calculations show that the
For heme peroxidases, two mechanisms for breaking thehydroxyl and hydroperoxyl radicals can be efficiently
O—0 bond were proposed.In the heterolytic mechanism, duenched in strongly exothermic steps.
the first step is that the distal histidine (His42) abstracts a N summary, the calculated low free energy barrier for the
proton from hydrogen peroxide. Then the proton is donated rate-determining step and the facile quenching of the
back from the histidine to the other oxygen of the peroxide, 9enerated hydroxyl and hydroperoxyl radicals provide a
and simultaneously the-60 bond is heterolytically broken, satisfactory explanation to the observed efficiency of the
forming water and compound I. The DFT calculated barrier H202 dismutation catalyzed by the Anife(lll) complex.
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Apparently, the picture of the ©O cleavage in the
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