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Abstract: Non-heme iron(III) com-
plexes of 14-membered tetraaza macro-
cycles have previously been found to
catalytically decompose hydrogen per-
oxide to water and molecular oxygen,
like the native enzyme catalase. Here

decomposition follows a homolytic
route with intermediate formation of
an iron(IV) oxo radical cation species
(L'*Fe™=0) that resembles Compound
I of natural iron porphyrin systems.
Along the whole catalytic cycle, no sig-

found for the reaction proceeding on
the doublet (S='4) or on the quartet
(S=°4) hypersurface, with the single
exception of the rate-determining O—O
bond cleavage of the first associated
hydrogen peroxide molecule, for which

the mechanism of this reaction is theo-  nificant
retically investigated by DFT calcula-
tions at the (U)B3LYP/6-31G* level,
with focus on the reactivity of the pos-
sible spin states of the Fe™ complexes.

The computations suggest that H,O,

lations -

Introduction

For several years we have been interested in the mecha-
nisms of cell injury caused by redox-active iron in combina-
tion with hydrogen peroxide.' A variety of diseases are re-
lated to oxidative cell damage, for which iron ions of the so-
called labile iron pool are held responsible.*” Living sys-
tems have developed strategies by which the noxious action
of redox-active iron(II)/(IIT) can be counteracted. Among
them, hydrogen peroxide, a ubiquitous metabolite in living
cells, is converted to water and oxygen by the family of cata-
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were  reaction via the doublet state is pre-
ferred. The sextet (S=74) state of the
Fe complexes appears to be unreac-

. ive in lase-like r ions.
fTem c tive 1n catalase-like reactions.

lase enzymes®®'% to avoid production of cell-damaging hy-
droxyl radicals via reaction with Fe"" ions (Fenton reaction).
Catalase degrades hydrogen peroxide according to the stoi-
chiometry of Equation (1) and thereby regulates the concen-
tration of hydrogen peroxide to physiological levels.

2H,0, — 2H,0 + O, (1)

The production of oxygen and water from the decomposi-
tion of two molecules of hydrogen peroxide by catalase is a
multistep reaction with an iron(IV) oxo porphyrin radical
cation (por'tFeV=0O, CompoundI) as a key intermedi-
ate.*') Compound I species, which vary in the proximal
axial ligand, are commonly accepted as intermediates in
oxygenation reactions catalyzed by a variety of other heme
enzymes, for example, peroxidases” and cytochro-
mes P450.1%1 The crucial mechanistic step in formation of
Compound I is generally believed to be an ionic, nonradical
step in which an intermediate hydroperoxyl (HOO™) Fe™
porphyrin complex is protonated at the hydroperoxide OH
group with spontaneous elimination of water. In native en-
zymes, including catalase, this protonation step is facilitated
by a distal histidine residue which acts as a general acid-
base catalyst. (Homolytic O—O bond cleavage of the hydro-
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peroxyl ligand, on the other hand, would lead to formation
of Compound II (porFe™V=0), the product of one-electron
reduction of Compound I).

In recent years, numerous computational studies were
published in which the mechanisms of formation of Com-
pound I-type ferryl oxo species and their role in heme- and
non-heme-catalyzed oxygenations have been investigat-
ed."*2l However, the detailed mechanisms of such reactions
are still a matter of debate. Noteworthily, ferryl oxo inter-
mediates have recently been produced also from non-heme
iron complexes.” ! Their spectroscopic properties clearly
show that they are structurally and electronically very simi-
lar to Compound I, and this highlights their key role in oxy-
genations mediated by iron complexes.

Low molecular weight, membrane-permeable mimics of
catalase may enhance and support the innocuous decompo-
sition of hydrogen peroxide, either in cases of pathological
concentrations of Fe'™ or where the hydrogen peroxide
concentration must be regulated. In recent years, we have
been interested in the development of such catalase mimics
based on macrocyclic non-heme Fe™ complexes, and we pre-
sented 1 (Scheme 1), the first enzyme mimic of catalase
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Scheme 1. Fourteen-membered tetraaza macrocycles and related Fe™

complexes as catalase mimics.

which, as the tetrafluoroborate or chloride salt, acts under
truly “physiological” conditions, that is, at ambient tempera-
ture and at low concentrations (micromolar) of H,O, and
catalyst in aqueous solution at a pH of around 7.”") Complex
1 decomposes hydrogen peroxide according to the catalase
stoichiometry [Eq. (1)]. Recently, it was also shown that not
only iron(IIT) complex 1, but also its free ligand L1 protects
cells against oxidative damage.! The positive antioxidative
effect of L1 has been attributed to the capability of the
ligand to penetrate cell membranes (as proven by ESI-MS),
as well as intracellular formation of a catalase-active iron
complex in situ by binding of free, redox-active iron.

In previous work, a variety of Fe'™ complexes analogous
to 1, that is, having a [N,] bonding motif similar to those of
porphyrins, have been prepared and tested for their cata-
lase-like activity.””) Mossbauer spectroscopy and susceptibil-
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ity measurements revealed that in the solid state the Fe™

center of the catalytically active preparations of the five-co-
ordinate complexes of type 1 resides in the intermediate
(S=3%4) spin state. Related high-spin (S=%,) complexes
turned out to be inert with respect to H,0, decomposition.

In addition to ongoing experimental studies on the mech-
anism by which the above catalase mimics decompose hy-
drogen peroxide, we studied the mechanism also by quan-
tum-chemical calculations utilizing density functional theory
(DFT). Here, we present our first results. Shortly after our
first report on the catalase-like activity of 1, a theoretical
analysis of the possible mechanism by DFT calculations was
published.FY This study, however, suffered seriously from
the restriction of using the bare, positively charged tetra-
coordinate Fe™ complex of ligand L1 as a model, that is, no
additional axial (proximal) ligand was taken into account.
The computations then predicted that such an Fe™ L1 com-
plex should not exist, but rather provided a Fe" complex of
the oxidized, radical cationic form of ligand L1, that is, an
electron has been transferred from the ligand to the iron
center. We obtained the same result for the Fe™ complex of
the unsubstituted ligand L2 (data not shown). This outcome,
of course, is a consequence of the square-planar coordina-
tion, which prefers Fe' in the low-spin state. Furthermore,
in buffered aqueous solution the complex must be expected
to be hexacoordinate, with two molecules of water occupy-
ing the axial positions or even complexed by water and a
negatively charged ligand such as OH™ or any other of the
anions present in solution. Thus, restriction of the calcula-
tions to an [N,] tetracoordinate complex is an oversimplifi-
cation which may lead to mechanistically misleading results.

The present investigation is based on the structural char-
acteristics of catalase.>'”! In native iron catalases, the fifth
(proximal) coordination site of the prosthetic heme group is
occupied by the phenolate anion of a tyrosine residue; the
sixth, distal coordination site is empty in the resting state of
the enzyme and is the site of coordination by hydrogen per-
oxide during the catalytic cycle. In the present computation-
al study we employed unsubstituted ligand L2 as a model
for L1 to reduce the computational effort. This is justified
because it was found that the Fe™ complex of ligand L2 (as
the chloride salt) exhibits catalase-like activity in aqueous
buffer at pH 7 similar to that of 1.°”) We therefore selected
Fe™ complex 2 as a model in which a hydroxide anion occu-
pies the proximal coordination site and thereby renders the
complex uncharged. Besides mimicking the tyrosinate of
native catalase,’” coordination of a hydroxide ion seems to
be realistic with respect to the observed catalytic action of
1. It is well known that coordination to Fe™ increases the
acidity of water molecules dramatically;®*3 hence, it is very
likely that in aqueous buffer at pH 7 a coordinated water
molecule will be (partially) deprotonated. Of special impor-
tance for the reactivity of Fe™ complexes is the spin state of
the iron center.”*?!! Hexacoordinate Fe'' prefers the low-
spin, doublet (S='4), state in strong octahedral fields,
whereas pentacoordinate Fe'' exists primarily in the high-
spin, sextet state (S=>4),F>* but some intermediate, quar-
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tet-state (S="7/,) complexes are also known.*’*? Therefore,
special attention will be paid to the reactivity of the differ-
ent spin states. Experimentally, decomposition of H,O, has
been performed in aqueous solution, whereas the computa-
tions refer to gas-phase processes. Since solvation (bulk po-
larity) effects can be very important, especially for spin-
state ordering, the energies of the starting complexes, the
transition states for the first, rate-limiting step of H,O, de-
composition, and the intermediate ferryl oxo species were
also computed for aqueous solution by employing the
CPCM continuum solvation model.

Computational Details

Density functional calculations were carried out with the Gaussian 03
suite of programs.”! All open-shell structures were calculated at the
UB3LYP/6-31G* level of theory; for closed-shell molecules B3LYP/6-
31G* was employed. A few small compounds were additionally calculat-
ed by the CBS-QB3 complete basis set approach.!! The iron complexes
were individually optimized for their different spin multiplicities. The
effect of diffuse functions and core potentials for Fe on the relative ener-
gies of the spin states were tested for a limited number of compounds by
single-point UB3LYP/6-31+4+G(d), LanL2DZ(Fe)+UB3LYP/6-31G(d),
and SDD(Fe)+ UB3LYP/6-31G(d) calculations. Below, the spin multi-
plicities of the iron complexes are indicated by a left-hand superscript.
Ground or transition state properties were established by frequency cal-
culations; the energies given below are corrected for zero-point vibra-
tional energy (ZPVE). ZPVEs were scaled by a scaling factor of 0.9806.
Starting orbitals of structures with three unpaired electrons were generat-
ed by a quartet single-point calculation, that is, these orbitals were also
taken as starting orbitals for the computation of the doublet state. This
provided electron distributions of lowest energy. For all structures the
stability of the wave function was checked by a pre-calculation with the
keyword STABLE; in case of initial instability, stable wave functions
were generated with STABLE =OPT. For a few structures (see below)
the effect of aqueous solvation was analyzed by performing single-point
calculations with the CPCM polarizable continuum solvation model in-
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corporated in Gaussian. Total energies and coordinates of optimized
structures are given as Supporting Information.

Results and Discussion
Spin states of Fe™ complexes 2: Geometry optimizations
were carried out for three possible electronic configurations
of 2—doublet (low-spin, S='/, *2), quartet (intermediate-
spin, S=24, “2), and sextet (high-spin, S="/, *2)—although
in reality a doublet (S='/) spin state of 2 appears to be
rather artificial for a five-coordinate Fe™ complex. Opti-
mized structures and related spin densities are displayed in
Figure 1. In the spin density distributions, shown below the
related molecular structures, the size of the circle at a given
center directly corresponds to the magnitude of the spin
density, and dark gray and light gray shading indicate posi-
tive and negative spin, respectively. For the macrocyclic
ligand, the numerical value is the algebraic sum over all
atoms. Relative energies were calculated with respect to the
energy of intermediate-spin complex 2 (plus the energies of
H,0, and/or H,0), because the S=3/, spin state was found
experimentally for the catalytically active complex in the
solid state.’” Relative energies are collected in Table 1; rela-
tive, zero-point-corrected electronic energies at 0 K are also
displayed in Figure 2; graphical schemes of the relative en-
thalpies and Gibbs free energies, respectively, are provided
in Figures S1 and S2 in the Supporting Information.

The high-spin structure 2 was found to be the lowest
energy complex, marginally stabilized, by 0.6 kcalmol™
compared to the intermediate-spin complex “2. The low-spin
structure 22 is destabilized by about 3.2 kcalmol™'. As the
total energy of complexes *2-°2 might to some extent be de-
pendent on the relative rotational orientation of the proxi-

Fe 0.689 A

2
1
62

Figure 1. Calculated structures (top) and spin densities (middle) of pentacoordinate complexes 2 and experimental (hydrogen atoms omitted)*" and cal-

culated structures of high-spin chloride complexes 3-5 (bottom).
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Table 1. Relative UB3LYP/6-31G* energies [kcalmol~'] for reaction of Fe'"" complex 2 with H,0,.1"!

Compound AE’ A(E°+ZPVE) AHY AGP¥ AE ™ A(E{cge+ZPVE)P
2+ H,0, 2.15 32 2.9 3.6 218 32
“24+H,0, 0.0 0.0 0.0 0.0 0.0 0.0
2+H,0, 0.32 —0.6 —0.3 -12 234 1.5
“24+H,0 (0.0) (0.0) 0.0) (0.0) (0.0) 0.0)
2glcl —8.03 —4.8 -57 52 —4.73 -15
46lcl —5.02 -39 -3.7 3.8 —1.00 0.2
o6lc! —4.69 —4.4 -39 3.1 1.75 1.9
*7a —6.88 —42 —48 75 0.39 3.1
b —6.89 —42 —48 73 1.18 3.9
47 —5.60 —45 —42 4.6 1.90 3.0
o7 —5.49 -53 —47 3.4 4.02 42
8a 5.93 6.4 5.7 18.0 12.06 12.5
8b 7.61 7.8 72 19.8 12.88 13.1
8 14.22 13.7 135 24.4 19.54 19.0
9 +"OH 14.91 12.5 12.8 152

%9 +"OH 8.68 6.7 7.0 9.3

%9 +"OH 30.41 26.0 26.8 28.0

10 -7.93 —7.4 -8.1 5.4

410 —7.88 -73 —-8.0 52

1 —6.50 -85 -9.5 4.6

‘1 —6.87 -84 -9.7 4.1

12 —24.18 —23.6 —23.5 —13.4

‘12 —24.28 -23.5 —-23.5 —13.7

12 —6.28 -72 —6.7 22

13+ H,0 —12.63 —13.9 —13.4 —12.0 —18.24 -19.5
13+ H,0 —12.76 ~13.8 —~13.5 -12.3 —18.19 -19.3
13+ H,0 4.60 1.8 2.6 27 0.82 -2.0
20 —4.87 —41 —4.6 7.6

21 —50.05 —46.3 —47.9 —32.4

21 —31.89 —30.4 —31.2 —~18.0

[a] Energies are given relative to “2+H,0, unless otherwise noted. [b] SCRF energies for aqueous solution

from CPCM solvation model. [c] Energies relative to “2+H,O0.
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Figure 2. Energy (0 K) scheme for reaction of Fe'!

Chem. Eur. J. 2007, 13, 4230-4245 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

complexes 2 with hydrogen peroxide. Encircled numbers
denote the spin multiplicities; the macrocyclic ligand is symbolized by solid horizontal bars.
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mal hydroxide ligand, we pin-
pointed the lowest energy ro-
tamers by starting the geometry
optimizations from various ini-
tial rotational orientations of
the OH group. In 22, the O—H
bond is aligned along the x axis,
which bisects the phenylene
groups of the macrocycle (see
Scheme 1). No other stable
rotamer could be found. The
orthogonal orientation, along
the y axis bisecting the meso-
carbon atoms represents a rota-
tional  transition  structure
5.5 kcalmol ™ higher in energy.
In contrast, the latter orienta-
tion is found for the lowest
energy ground-state structures
of 2 and 2, for which the or-
thogonal orientations along the
x axis are first-order saddle
points. The barriers for OH ro-
tation, however, are rather low
(0.8 and 0.4 kcalmol™', respec-
tively).

The macrocyclic ligand of
complex 22 is nearly planar with
the iron(III) ion displaced by
only 0.26 A toward the hydrox-
ide ligand out of the plane de-
fined by the four nitrogen
atoms of the macrocycle. The
macrocycle shows a slight
saddlelike deformation with
outward bending of the propyli-
dene units away from the OH
binding side. The iron—nitrogen
bond lengths are about 1.922 A,
and the iron-oxygen bond
length is 1.788 A. The displace-
ment by 0.26 A on attachment
of the axial hydroxide group
may be related to increased or-
bital overlap between the mac-
rocycle orbitals and the Fe—O
orbitals®! because removal of
this group leads to a perfectly
planar structure of the corre-
sponding tetracoordinate com-
plex (not shown). In complex “2
with quartet spin state, the
metal ion resides 0.41 A above
the plane of the four nitrogen
atoms and the macrocyclic
ligand assumes a distinctly
saddlelike structure. The iron-
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nitrogen bond lengths of 1.955 A are similar to those in 22,
but the iron—-oxygen bond is elongated to 1.857 A. An even
more pronounced saddlelike deformation is found in high-
spin complex 2. Here, the iron atom resides 0.69 A above
the reference plane; the iron-oxygen bond length (1.821 A)
is slightly increased compared to that in 22 (1.788 A), but
shorter than that in “2 (1.857 A). The energetic preference
for a high-spin, square-pyramidal structure is in line with
the resting Fe'!! state of native catalases (ferricatalase)./***’!

Noteworthily, the predicted energy differences of the spin
states of our complexes are strikingly similar to what has
been computed, at a similar theoretical level, for pentacoor-
dinate Fe™ porphyrin thiolate complexes, that is, modeling
the mechanisms of cytochrome P450 monooxygenase.”"*
For such complexes the doublet state was found to be 4.1-
4.3 kcalmol * less stable than the sextet state. Differently to
our system, however, Shaik et al.?!! reported destabilization
of the corresponding quartet state by the same amount,
whereas Guallar and Friesner™®! found only a minor differ-
ence between the quartet and sextet states. The energetic
order seems to be a manifestation of the different degree of
out-of-plane dislocation of the iron center in the quartet
state relative to the doublet state, which is only 0.04 A for
the complexes of Shaik et al. but 0.15 A for our structures
(see Figure 1).

The spin density in complexes 2 (Figure 1) is mainly locat-
ed on iron: pp.=1.02 in low-spin complex *2 and pp, =2.64
in intermediate-spin complex “2. In the latter, a spin density
of po=0.29 is found on the hydroxyl oxygen atom. In both
cases almost no unpaired spin density is transferred to the
macrocyclic ligand. This is different in the high-spin struc-
ture %2, where due to the strongly ruffled structure the
ligand m orbitals may significantly mix with the iron d.. orbi-
tal,®! providing a spin density of pr,=4.17 on iron and of
Po=0.29 on the hydroxyl oxygen atom. Sizeable spin deloc-
alization on the macrocyclic ligand is indicated by a total
spin density of p; =0.54, mainly concentrated on the four ni-
trogen atoms. This spin distribution is surprisingly close to
those computed for five-coordinate high-spin Fe™™ porphyrin
complexes.*’

How reliable can the computed structures of the Fe
complexes be considered? In 1976 Weiss and Goedken™”
published an X-ray structure of the high-spin (§="°/) Fe™"
chlorido complex ®3 (Figure 1, hydrogen atoms omitted), the
tetramethyl-substituted derivative of ligand L2. The experi-
mental structure is largely reproduced by the UB3LYP/6-
31G* optimized structure of ®4, as is evident from the bond
lengths and the out-of-plane displacement of the iron(III)
ion (0.67 A). The influence of the methyl groups on the ge-
ometry of the macrocyclic ligand is revealed by comparison
with the calculated structure of chlorido complex 5 where
the four methyl groups are omitted. The saddle-shaped dis-
tortion of the macrocycle is strongly reduced compared to
%4, but the displacement of the iron center (0.68 A) remains
virtually unchanged. Thus, a major fraction of the saddlelike
distortion of the ligand in ®3 and °4 is induced by steric inter-
actions of the four methyl groups. This is confirmed by

111
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the computed structures of the corresponding iron-free li-
gands, which are perfectly planar (not shown). We further
observe that the pertinent geometrical parameters of com-
plexes 2 compare nicely to those of five-coordinate Fe'
porphyrins.®>#! Thus, the UB3LYP/6-31G* procedure can
be assumed to provide reliable structures for these com-
plexes.

Water adducts of Fe™ complexes 2: In terms of their cata-
lase-like activity, the pentacoordinate Fe'' complexes 22-2
are unlikely to represent the actual “resting state” of cata-
lyst 2 in aqueous solution. Rather, in aqueous solution the
complexes are expected to be hexacoordinate, ligated by a
distal water molecule. This, however, might alter the relative
stability of the three spin states, and this is indeed the case.
The computations predict that the three spin states of aquo
complexes 6 (Figure 3) are very close in energy, differing by
only 1kcalmol™' (Table 1, Figure 2). Thus, coordination of
water leads to energetic stabilization relative to parent com-
plexes 2 by —3.9kcalmol™ for % and %, but by
—8.0 kcalmol™" for %6, so that the latter is just rendered the
most stable structure. This again nicely parallels the findings
from theoretical studies on P450 enzymes,**! which indi-
cate that a distal water ligand favors the doublet spin state
of the enzyme’s resting state. The short Fe—OH, distance of
2214 A and the small out-of-plane displacement of 0.12 A
of the iron(III) ion reflects essentially octahedral coordina-
tion of %6. Here, the water hydrogen atoms individually dis-
play OH-x contacts (both 2.531 A) to two adjacent nitrogen
atoms of the macrocycle. On the other hand, the long Fe—
OH, distances of 3.588 and 3.895 A in %6 and °6, respectively,
suggest that these structures should rather be regarded as
van der Waals complexes of pentacoordinate iron(III), be-
cause the square-pyramidal structure of the parent com-
plexes “2 and 2 with a strongly ruffled macrocycle remains
essentially unchanged. In both %6 and 6, the two water hy-
drogen atoms display a weak, bifurcated OH-n contact to
the same nitrogen atom (%6: 2.846 and 2.916 A; %6: 2.817 and
2.983 A) which induces some displacement (13-14°) of the
water ligand away from the vertical z axis. With regard to
the spin state that is actually responsible for the catalase ac-
tivity of the complexes, the energetic similarity of the spin
states opens the possibility that complexes 26, %6, and °6
might exist in thermal equilibrium in aqueous solution at
room temperature (see below).

In accord, when aqueous solvation was taken into account
by means of the CPCM solvation model, the overall picture
did not change much (Table 1 and Figure S3 in the Support-
ing Information). The parent, pentacoordinate, quartet-state
complex “2 now turned out to be the most stable structure,
lying 1.5 and 3.2 kcalmol ' below the sextet and the doublet
states, respectively. Addition of water again induced the
greatest stabilization for the doublet state (*6), whereas the
other two states were only marginally affected. The general
stabilization effect on structures 2 by complexation of water,
however, was 3.3-6.2 kcalmol™! smaller than computed for
the gas phase.

Chem. Eur. J. 2007, 13, 42304245
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Figure 3. Calculated structures and spin densities of complexes 6 and 7.

I

Hydrogen peroxide adducts of Fe™" complexes 2: The hydro-
gen peroxide complexes 7 are structurally very similar to the
aqua complexes 6 (Figure 3). In all three spin states, H,O,
coordinates “end-on” to the iron center. For the doublet
state, two energetically almost identical conformers with re-
spect to the arrangement of the axial H,0, ligand, ?7a, *7b,
were found. In these structures, the Fe™ ion is displaced by
0.12 and 0.13 A, respectively, toward the proximal hydroxide
ligand, similar to the displacement in the aqua complex 6.
The Fe—O,H, distances are 2.244 (*7a) and 2.227 A (*7b).
The adducts appear to be further stabilized by OH—x inter-
actions with the negatively charged nitrogen atoms of the
ligand m system. (For the sake of simplicity, hydrogen con-
tacts to the m system of the macrocycle will henceforth also
be termed “hydrogen bonds”). In *7a both hydrogen atoms
of the peroxide are singly hydrogen bonded (7, y=2.053,
Finner 1 = 2-995 A) to the adjacent nitrogen atoms of one dia-
minopropylidene unit of the macrocycle. In *7b the “inner”
hydrogen atom of H,O, points in the direction of a meso-
carbon atom and thus forms a bifurcated hydrogen bond

Chem. Eur. J. 2007, 13, 42304245
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Fe 0.685A

(r=2.681 and 2.704 A) to the geminal nitrogen atoms of a
diaminopropylidene unit. The terminal hydrogen atom is
singly hydrogen bonded (r=2.074 A) to a third nitrogen
atom. Interestingly, these arrangements allow the associated
hydrogen peroxide to largely retain its ground state (gas-
phase) conformation, as is evident from comparison with
the experimental and B3LYP/6-31G* and CBS-QB3-calcu-
lated data (Table 2). The O—O bond lengths are only slightly
longer (1.457 and 1.460 A, respectively) than the experimen-
tal gas-phase value (1.4556 APY), and this indicates only
minor weakening of the bond. Complexes 27 are stabilized
by —7.4 kcalmol™! with respect to isolated *24+H,0O,, some-
what less (0.6 kcalmol™) than water complex 26 (Table 1
and Figure 2).

The hydrogen peroxide adducts of quartet and sextet
states, *7 and %7, display long Fe—O,H, distances of 3.584
and 3.739 A, respectively, like in the related water com-
plexes “6 and %. Also, the displacement of the iron(III) ion
towards the hydroxyl group remains essentially the same. In
both complexes, the O—O bond length of the coordinated
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Table 2. cis rotational barrier and geometrical parameters of H,0O, in the ground state (GS), in the transition

11

state for rotation (TS), and in Fe'" complexes 7, 14a, and 14b.[?

(<0.7 kcalmol™")  change in

energy on association of H,O,

Compound  E,, (0-0) r(O-H) rO-H)® 0-O-Hangle O-O-Hangle®” Dihedral with %2, but destabilization of
[kealmol]  [A] [A] [A] '] ] angle [*]  the H,0, complexes **7 by 3.0
H,0, GS[] 1.4556 0.974 99.7 118.5 and 4.2 kcalmol™ versus the
H,0, GSE 14537 0.966 100.1 120.3 46
H,0, GS! 14556 0.967 102.3 113.7 parent components %2+ H,0,,
1.4645 0.965 99.4 1118 respectively, that is, replace-
H,0, TS 8.4 14653 0974 104.7 0.0 ment of H,O in complexes 6
H,0, TSE 7.1k 14616  0.966 104.9 0.0 by H,0, is 2.8-5.4 kcalmol ™'
§7a 14601 0982 0.976 982 100.5 124.7 uphill. Nevertheless, since struc-
7b 14573 0.982 0.975 98.5 101.0 115.4 7 agai tially de-
4 14533 0977 0.975 100.4 100.6 103.7 tures 7 again are essentially de
o7 14528 0976 0.976 100.5 100.7 1002 generate, rapid spin-state equi-
14a 1.4531 0.974 0.997 100.1 100.7 98.2 libration should also take place
“14a 14531 0974 0.997 100.1 100.7 98.7 in aqueous solution.
214p 14678  0.985 0.986 99.4 99.2 7.0
“14b 14679 0985 0.986 99.4 99.3 5.0

Formation of ferryl oxo

[a] B3LYP/6-31G*//B3LYP/6-31G* unless otherwise noted. [b] OH nearest to Fe. [c] CBS-QB3. [d] Experi-

mental data.®%! |

e] Experimental values: 7.11,/! 7.33 kcalmol 1!

hydrogen peroxide (1.453 A) corresponds to that of the iso-
lated molecule; the HOOH dihedral angles (104 and 100°)
are somewhat reduced compared to that in *7a,b or in free
hydrogen peroxide (Table 2). In contrast to *7a,b, the bind-
ing of H,0, in *7 and 7 (—4.5 and —4.7 kcalmol ™!, respec-
tively, versus parent 2) is slightly stronger than the binding
of water in %6 and %6, respectively. The stronger binding of
H,O or H,0, in the doublet state parallels native catalase,
in which the high-spin resting state changes to low-spin on
coordination of hydrogen peroxide as the sixth ligand.'”!
The spin densities on iron of all spin states of 7 are identical
to those in the aquo complexes 6 (Figure 3).

It is evident from Table 1 and Figure 3 that the stronger
binding of H,O or H,0, to complex 2 in its low-spin state
(®2) than in its intermediate- (*2) or high-spin state (°2) com-
pensates the higher intrinsic stability of the last two. This
fact suggests that the actual geometry in aqueous solution
and hence the spin state(s) required for hydrogen peroxide
decomposition might be achieved by equilibration, irrespec-
tive of the structure and spin state of the parent solid com-
plex. This view is supported by calculations of the energy of
the H,O, adducts 7 as a function of the Fe—O,H, distance
(see Figure S4 in the Supporting Information). Successive
decrease of the Fe—O,H, distance below the fully optimized
equilibrium structure and reoptimization of all other struc-
tural parameters results in reduced bonding energy until, at
Fe—O distances of 2.2 and 2.5 A, the Fe"-H,O, interaction
in the quartet (*7) and sextet states (°7), respectively,
become repulsive, that is, at distances close to the equilibri-
um distance (2.227/2.244 A) of the doublet-state structures
*7a,b. The doublet state becomes repulsive at a significantly
shorter distance of 1.8 A. The quartet and sextet potential
curves cross the doublet potential curve already at 2.8 and
3.2 A, respectively; hence, at these distances S=>,=8="/,
or S=°/=S="/, spin-state interconversion may take place
with low estimated barriers of 2-3 kcalmol .

Inclusion of aqueous solvation (Table 1, Figure S3 in the
Supporting Information) predicted only a negligible
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(FeV=0) intermediates: In
native enzymes, including cata-
lase, formation of Compound I
is facilitated by a distal histidine residue which acts as a gen-
eral acid-base catalyst. However, formation of Compound I
has also been proposed for enzymes which lack such a stra-
tegically positioned acid-base catalyst (e.g., P450,,,).**** In
such cases, a water molecule in the enzyme pocket has been
proposed to contribute to the protonation step.*! This has
been questioned, because it has been found that the termi-
nal oxygen atom of the hydroperoxyl ligand of Fe" porphyr-
ins has a much lower (by 30-40 kcalmol™') proton affinity
than the iron-bound (“inner”) oxygen atom,*” and thus pro-
tonation at the latter position to give a neutral H,O, ligand
is strongly favored. Furthermore, protonation of the inner
oxygen atom of the hydroperoxide group has been found to
strongly lower the barrier for O—O bond homolysis.?**2->4
In accord, it has been observed that O—O bond cleavage is
rate-limiting in some reactions, which would indicate partici-
pation of a neutral H,0, adduct.” Recently, measurements
of kinetic isotope effects provided further evidence that a
properly located histidine residue is necessary to enforce the
ionic mechanism of Compound I formation, whereas in its
absence a radical process might be feasible."!

Since the latter situation holds for our catalysts, we there-
fore have good reason to believe that H,0O, decomposition
follows a homolytic path in our case. To model the next
stage of the catalytic reaction, the O—O bond length of coor-
dinated H,0, in complexes 7 was taken as the reaction coor-
dinate. By this means, transition states (TS) for O—O bond
cleavage (8) on the doublet and quartet hypersurface could
be located, but not for the sextet (S=")) state (Figure 4). In
the last-named case, on transition-state search the energy
always increased continuously towards dissociation into the
quintet-state (S=2) dihydroxy complex 9 and free HO'
(31.3 kcalmol™" above ®7; Figure 2, Table 1) without con-
verging to a first-order saddle point. Hence, it appears
highly unlikely that H,O, decomposition proceeds on the
sextet hypersurface, and the sextet-state route was not fur-
ther pursued. Interestingly, on the doublet surface two tran-
sition states, *8a and *8b, were found in geometry optimiza-
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Figure 4. Calculated structures and spin densities of complexes 8 and 9.

tions starting from the two stable arrangements of the asso-
ciated hydrogen peroxide (*7a and *7b, respectively). The
two doublet transition states *8a,b differ in energy by about
1.4 kcalmol™' and are characterized by different distribu-
tions of the unpaired spin density (see below). In *8a, the
O—0 bond is stretched to 1.846 A, and the Fe—O(H)OH
bond shortened to 1.894 A, while in 28b these values are
1.892 and 1.950 A, respectively (Figure 4). Remarkably, on
the S=7/, surface, shortening of the Fe—O(H)OH distance is
much stronger, from 3.584 in *7 to 2.057 A in TS *8. This in-
dicates much stronger bonding of the H,O, unit on elonga-
tion of the O—0 bond (1.771 A). Frequency and spin-density
analysis confirmed that in fact the three transition structures
all represent a possible barrier for homolytic O—O bond
cleavage. The lowest barrier is predicted for *8a, which lies
just 10.6 kcalmol ™ above precursor complex *7a, followed
by 8b at 12.0 kcalmol ' above ?7b (Figure 2). The quartet-
state barrier “8 lies significantly higher, 18.2 kcalmol™'
above 7.

Since the rate-limiting bond-breaking step 7—8 appeared
to be crucial with respect to spin-state dependence (see
below), we checked whether basis sets or aqueous solvation
significantly influence the energies and ordering of the spin
states of these structures. As is evident from the data of Ta-
bles S2 and S3 in the Supporting Information, inclusion of
diffuse functions [B3LYP/6-31+G(d)] or using common
basis sets which include core potentials for iron (LanL2DZ,
SDD; all other atoms B3LYP/6-31G*) does not change the
general picture. In all cases, the energies of complexes *7a
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and *7b are almost the same (within 0.4 kcalmol™) in the
gas phase; in aqueous solution they differ by 1.3 kcalmol
at most. Inclusion of diffuse functions inverts the relative or-
dering of TSs ?8a and 28b, but not that of the doublet and
quartet states. The barrier heights are somewhat reduced, by
—0.2 and —1.7 kcalmol ™' for ?8a and *8b, respectively, but
slightly increased (+0.4 kcalmol™) for “8. The core-poten-
tial basis sets uniformly predict barriers that are about 1-
5 kcalmol ' higher than the all-electron basis sets, but again
the quartet state TS “8 lies significantly (9-10 kcalmol ™)
higher than the doublet states. Noteworthily, the doublet-
state barrier for O—O bond homolysis in the H,O, complex
of a P450 model (porphine thiolate) has been computed
(B3LYP/LACVP) to be in the range 16.3-19.2 kcalmol 1!
that is, quite similar to our data.

Considering aqueous solvation, the CPCM model predicts
that *7a should be the preferred ground-state structure in
aqueous solution, and all barriers are lower by 0.6—4 kcal
mol ™' than in the gas phase. However, the relative spin-state
ordering is preserved in aqueous solution, irrespective of the
basis set. Hence, the calculations suggest that (the kinetics
of) the first stage of the catalytic reaction, O—O bond ho-
molysis, is controlled by spin state and preferably proceeds
by the doublet-state route.

As is evident from the data presented below, the *7ab—
?8a,b barrier turned out to be the rate-limiting step for the
whole catalytic cycle. The related gas-phase Gibbs free ener-
gies of activation were computed as AG*=10.5/12.5 kcal
mol~! (Table 1, see Figure S2 in the Supporting Informa-
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tion). These can be compared with the experimental Gibbs
free energies of activation of AG:Xp:13.2—12.9 kcalmol ™ as
calculated from the experimental rate constants for H,O,
decomposition by complexes 1, 2 and their derivatives
(kexp=(1.3-2.3)x10°m's™" at 20°C).P") The strikingly close
correspondence of the experimental and computed activa-
tion free energies thus further supports a homolytic route
for the cleavage of the first associated molecule of H,O, in
the catalytic process.

The spin densities in *8a, 28b, and “8 (Figure 4) provide in-
formation on the electron redistribution during the bond-
breaking process. The unpaired spin density in the parent
complexes *7a,b and *7 is largely concentrated on iron (op =
0.98 and 2.64, respectively) with negligible contribution
from the ligands. On O—O bond elongation, in each case a
spin density of about po=0.5 evolves on the terminal OH
group of the coordinated H,O,. This indicates the onset of
homolytic bond cleavage with release of an HO" radical and
iron bonding of an hydroxyl anion. In *8a, the positive spin
density on the iron center is increased to pg.=1.31, but the
increase is largely compensated by a negative spin density
on the leaving OH group. Only a minor fraction of spin is
transferred to the macrocyclic ligand (o, =0.19). Contrarily,

1.703 A
O’ 1.009 A

P.1.675

A
1.012 A

Figure 5. Calculated structures and spin densities of complexes 10-13.
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in 28b the positive spin density of pp.=0.99 on the iron
center is retained, because the positive spin density of po=
0.5 on the terminal OH group is accompanied by develop-
ment of an equal spin density of opposite sign on the =
system of the macrocyclic ligand. This spin distribution is in-
dicative of one-electron oxidation of the ligand to its radical
cation. The oxygen atoms of both iron-bound OH groups in
’8a,b carry only negligible spin density, which shows their
hydroxide-anion character, whereas in 8 some spin density
(00=0.28) is found on the proximal OH ligand.

When the O—O distance in TS 28a was elongated to 2.1 A,
subsequent geometry optimization did not lead to a com-
plete expulsion of HO' radical and formation of the triplet-
state dihydroxy complex %9, but rather provided ground-
state product *10 (Figure 5), in which the released HO" radi-
cal remains closely associated with dihydroxy complex 9.
Formation of 210 is downhill by —3.1 kcalmol™! with respect
to the parent H,0, complex *7a. The *9-HO" interaction
(*9+HO"—*10), which energetically amounts to —14.1 kcal
mol™" (Table 1, Figure 2), is clearly reflected by the structur-
al parameters and the corresponding spin-density distribu-
tion (Figure 5), that is, 10 is not only stabilized by a rather
strong Fe(HO)--HO' hydrogen bond (r=1.703 A) but also

1.345 A
S 0120 A .$‘1‘%5_%11 A
2415 A 2425A
/ 1.733 A ; 1.734 A
11\.345 A hﬁaz A
11 444
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characterized by evolution of significant negative spin densi-
ty (op=-0.54) on the macrocyclic ligand. Simultaneously,
the spin density on iron is increased to pg.=1.75. Thus, the
spin density pattern in 210 indicates the onset of a one-elec-
tron oxidation of the macrocycle by the HO' radical. This is
supported by the transition structure *11, which was found
starting from 210. In ?11, the spin density on the macrocyclic
ligand is increased to pp =—0.74, concomitantly with a de-
crease of the spin density on the associated hydroxyl radical
(0o=—0.36). The distance of the HO" oxygen atom to the
hydrogen atom of the distal iron-bound hydroxyl group is
shortened to 1.345 A and the H-OFe bond length elongated
to 1.120 A . The shortest distance of the oxygen atom of the
hydroxyl radical to the macrocycle is found for the meso-
carbon atom of the isopropylidene group (2.415 A). These
data and the displacement vector of the imaginary eigenfre-
quency (#=957.5icm™") along the O--H--O direction
reveal that TS 11 corresponds to proton transfer from the
iron-bound OH group to the hydroxyl radical with simulta-
neous transfer of an electron from the [N,] macrocycle to
the HO" radical. Hence, TS 11 can be regarded as an exam-
ple of proton-coupled electron transfer (PCET) via a seven-
membered transition state. However, the associated barrier
is negligibly small; in fact, the ZPVE-corrected energy of
11 is even lower (by —1.1 kcalmol™!) than that of the pre-
ceding complex *10. This artifact is caused by the difference
in the computed ZPVEs and is a consequence of the har-
monic approximation and the “loss” of the imaginary fre-
quency mode corresponding to the reaction coordinate in
the TS. Without ZPVE correction *11 is found to be
1.4 kcalmol ™! higher in energy than *10. The PCET-type hy-
drogen-transfer process via TS 11 finally yields ferryl oxo
(Fe™Y=0) species *12, to which the produced water molecule
remains hydrogen-bonded.

Interestingly, the same aqua ferryl oxo complex *12 was
also reached from transition state *8b, in which the [N,]
ligand is already partially oxidized. After elongation of the
0O—0 bond to 2.1 A, subsequent optimization resulted in
barrierless rotation of the iron-bound OH group in the di-
rection of the oxygen atom of the leaving OH group, con-
comitantly with barrierless hydrogen-atom transfer to the
evolving hydroxyl radical. The failure to locate an HO® com-
plex similar to 10 may be related to weaker hydrogen-bond-
ing interaction of the liberated HO® group with the more
positively charged macrocycle. Alternative release of free
HO' radical and formation of the singlet-state (S=0) dihy-
droxy complex '9 (Figure 4) was computed to be uphill by
4.7 kecalmol .

Formation of 12 from ?7a,b is energetically downhill by
—19.4 kcalmol™ (—23.6 kcalmol™' from the starting com-
plex 24+H,0,), of which —9.8 kcalmol™" is provided by the
hydrogen bond between the produced water molecule and
ferryl oxo complex *13. This magnitude of hydrogen bond
strength is characteristic for sp*-O--HO hydrogen bonds
computed at the present DFT level®. The spin-density dis-
tributions in complex *12 and related free ferryl oxo species
213 clearly show that the Fe'V=O center is coordinated by a
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ni-type radical cation of the macrocycle. The system compris-
es three unpaired electrons, two of which reside in ¥, or-
bitals on the distal Fe=O group and one in an by, & orbital
on the macrocyclic ligand (see Scheme S1 in the Supporting
Information). The doublet spin multiplicity of the starting
complexes *7 is preserved in 12/*13 due to antiferromagnet-
ic coupling of the unpaired electrons, which induces negative
spin density on the macrocycle. Species 13 is electronically
equivalent to Compound I of the catalase or cytochrome
families of heme enzymes. As was pointed out by Shaik
et al., the spin distribution in the ferryl oxo species of iron
porphyrins can be considered to be the same as in triplet
oxygen.?*2:%8 The singly occupied b,, m orbital of the mac-
rocyclic ligand resembles the singly occupied a,, orbital of
the porphyrin ligand in Compound 1.7

On the quartet-state surface, the O—O bond-breaking pro-
cess via transition state 8 turned out to be structurally and
energetically very similar to the doublet pathway starting
from 27a. After O—O bond elongation, complex *10, inter-
mediate between HO' radical and the same triplet-state (S=
1) dihydroxy complex *9 as formed from 8a, was located.
Like for 210, further reaction proceeds by proton-coupled
electron transfer via transition structure *11 with a negligible
barrier (1.0 kcalmol™' at the SCF level, but —1.4 kcalmol™!
in terms of ZPVE-corrected energy). Differently to *11, less
spin density is transferred to the macrocycle (o, =0.49). The
PCET product, aqua complex *12, is energetically almost
identical to its doublet-state counterpart *12. Its formation is
exoergic by —23.5 kcalmol™' from the initial complex “2+
H,0, or —19.0 kcalmol ™' from the hydrogen peroxide com-
plex “7. The spin-density distribution in the triradicaloid
quartet-state complex “12 and the related free ferryl oxo
species “13 is similar to that computed for *12 and *13, re-
spectively, but now reflects ferromagnetic coupling between
the two unpaired electrons on the Fe"Y=0 group and the un-
paired spin on the ligand (see Scheme S2 in the Supporting
Information). The coupling between the m*y, orbitals and
the ligand m orbital, however, is very small. On the SCF
level, “12 and “13 were computed to be stabilized by —0.10
and —0.12 kcalmol !, respectively, over doublet species *12,
13, whereas after ZPVE correction a minuscule preference
for 12 and *13 (—0.06 and —0.02 kcalmol™" respectively)
was predicted. Hence, the doublet and quartet states of spe-
cies ?13 and “13 are essentially degenerate. A similar dou-
blet—quartet spin degeneracy has also been proposed for
ferryl oxo porphyrin species.”*?"! The computed structure of
the Fe™=0 moiety of 13 is comparable to that published re-
cently for heme and non-heme Fe'Y=O species by Decker
and Solomon,™ who showed that the geometry of this subu-
nit does not depend on the nature of the ligand, whether
heme or non-heme in character. In accord, our computed
Fe—O bond lengths (*13: 1.655, “13: 1.657, °13: 1.647 A)
match the experimental data of 1.62-1.7 A for horseradish
peroxidase Compound I excellently.'”! In any case, a sextet-
state (S=7/,) pathway for the first stage of catalase-like hy-
drogen peroxide decomposition is improbable, as deduced
from the failure to locate a corresponding transition state
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(°8; see above) and the higher energies of structures 9, 12,
and *13, which (hypothetically) would be produced via such
a route.

The general picture outlined above did not change when
aqueous solvation was considered. In correspondence with
the gas-phase data, Compound I analogues *13 and “13 were
found to differ by only 0.2 kcalmol ™, but ®13 was calculated
to be about 17 kcalmol ™ higher in energy (Table 1, see Fig-
ure S3 in the Supporting Information). The ferryl oxo spe-
cies 13 are predicted to be more stabilized in aqueous solva-
tion, by about 5-6 kcalmol™, than in the gas phase, that is,
formation of **13 plus water from the reference level 2+
H,0, is downhill by 19-20 kcalmol ..

The foregoing results strongly suggest that the first step of
hydrogen peroxide cleavage by our catalysts is in fact homo-
lytic in nature. The homolytic O—O bond dissociation en-
thalpy (BDE) of gaseous H,0, is 51.1+0.1 kcalmol*.[*)
The calculated values compare favorably with the experi-
mental data (see Table S5 in the Supporting Information).
Since the recombination of two HO" radicals is essentially
barrierless, the BDE should be very close to the activation
energy for O—O homolysis. Comparison with the 10.6/12.0
and 18.2 kcalmol™' activation energy required for O—O
cleavage in complexes *7a,b and 7, respectively, thus reveals
a strong catalytic effect of iron.**! As indicated by the spin-
density distribution in transition structures *8a,b and “8, this
can be related to electron transfer from the iron center and,
further, from the ligand = system to the iron-bound oxygen
atom, that is, H,0, is essentially cleaved to hydroxyl radical
and hydroxide anion. The origin of similarly low O—O bond
dissociation energies in iron(III) porphyrin hydroperoxide
complexes has recently been discussed more thoroughly by
Bach and Dmitrenko."

Reaction of the ferryl oxo species with hydrogen peroxide:
Since the foregoing calculations indicate that our catalase
mimic is likely to produce an intermediate ferryl oxo species
similar to Compound I of native catalase, which may exist in
two almost degenerate spin states (*13/*13), the computa-
tional modeling of its reaction with the second hydrogen

1.453 A 1.468 A

-0.02 ©
244a *14b

Figure 6. Calculated structures and spin densities of complexes 14 and 15.
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peroxide molecule was carried out for both spin states. Due
to the significantly higher energy of intermediate 13 (see
above), the sextet-state route was not further considered. As
13 and *13 solely differ in the relative spin of the unpaired
electron in the m-radical cation, thermal spin-crossover equi-
librium between the two species is conceivable. Thus, due to
the little energy required for spin flip, it was expected that
both reaction paths would be energetically equivalent. This
indeed turned out to be the case, as outlined in the follow-
ing.

As starting structures for the reaction of H,O, with the
ferryl oxo intermediate in its two spin states (**13), two pos-
sible arrangements of hydrogen peroxide relative to the oxy
ferryl group were considered: linear (“end-on”, **14a), in
which H,0, is singly hydrogen bonded to the ferryl oxygen
atom, and a cyclic (“side-on”, >*14b) in which hydrogen per-
oxide adopts a synperiplanar conformation and forms two
cooperative hydrogen bonds to the Fe™=0 group (Figure 6).
Energies are given relative to 213+H,0, (Table 3, Figure 7;
see Figures S5, S6 in the Supporting Information for enthal-
py and free-energy schemes). As is evident from the energy
data, the doublet and quartet pathways for oxygen produc-
tion are in fact equivalent; the energies of the two states
differ by not more than 0.2 kcalmol . Likewise, the geome-
tries of related structures are very similar. Therefore, in Fig-
ures 6, 8-10 only the doublet-state structures are repro-
duced; the quartet-state structures are given in Schemes S3,
S4 in the Supporting Information. In the following, the nu-
merical values for the doublet and quartet states are sepa-
rated by a slash.

In both spin states, the cyclic arrangements **14b are
slightly, that is, 0.9 and 1.0 kcalmol™!, higher in energy than
the linear structures >*14a. In >*14a an almost linear hydro-
gen bond between the ferryl oxo group and hydrogen perox-
ide (X (OHO)=174/169°) with an FeO—H distance of 1.723/
1.724 A is found. This hydrogen bonding results in a stabili-
zation of 11.6 kcalmol™! with respect to the isolated reac-
tants (Figure 7). An OH-x interaction of the peroxide ter-
minal OH group with the meso-carbon atom of the macro-
cyclic ligand (OH—C 2.533/2.538 A) is likely to contribute to

1.407 A

1418 Ag1.219A 1.184 A® 8 986 A
0974 A ©.1.194 A 1231 A7 9 139 A

1.849 ﬁ ST~

245b
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Table 3. Relative (U)B3LYP/6-31G* energies [kcalmol '] for reaction of
Fe'Y=0 species 13 with H,0,.1"!

Compound AE’ AE'+ZPVE AH?#E AG®*
24+H,0+0, —30.09 -31.8 -31.0 —40.8
“2+H,0+0, —32.24 -35.0 —33.8 —44.4
%6+ 0, —40.28 —-39.8 —39.6 —-39.2
%6+0, —37.26 —38.8 —37.5 —40.6
*9+'0O0H -10.97 -113 —114 115
13+H,0, 0.0 0.0 0.0 0.0
34 H,0, —0.12 0.0 —01 ~03
14a —13.16 —11.6 —11.7 -1.0
“14a —13.27 -11.6 -11.8 -1.6
*14b -12.13 -10.7 -10.7 -0.5
“14b —12.24 —-10.6 —-10.7 -0.7
15a —5.36 71 -7.6 4.2
“15a —5.48 -7.3 =77 3.7
*15b —5.83 -7.0 -7.8 4.9
“15b —6.01 71 -7.9 4.5
16a —19.94 —18.5 —18.8 -7.8
“16a -19.97 —18.6 —18.9 —-83
17a —27.56 -27.3 -27.5 —16.6
“17a —27.75 —-27.4 —-27.8 —-16.9
17b —26.63 —-253 —25.5 —14.9
“17b —26.67 —-254 -25.6 —-154
18 —27.50 —28.5 —29.2 —-17.3
18 —27.68 —28.7 —-29.4 —-17.7
19 —42.97 —41.8 —41.5 —-32.4
‘19 —43.00 —41.9 —41.5 —-32.8

[a] Energies relative to 213+ H,0,.
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respectively). Thus, it appears that the additional hydrogen
bond in the cyclic H,O, arrangement compensates for the
energy required for rotation of the gauche (111.8°62))
ground-state (gas-phase) conformation of H,O, into its syn-
periplanar conformation (cis barrier), which for gaseous
H,0, is in fact a rotational transition state with AE*=7.1-
7.4 kcalmol ™ (Table 2, footnote [e]).[*15

Association of H,O, with the parent **13 results in some
increase of the unpaired spin density on iron for both ar-
rangements and spin states (Apg =0.06-0.16, Figure 6), but
the spin on the macrocycle remains almost unchanged. No
unpaired spin density is transferred to the associated hydro-
gen peroxide.

Starting from elongated O—H bonds in **14a, transition
structures **15a for hydrogen-atom transfer to the ferryl oxo
group were located in which the hydrogen atom resides
almost symmetrically between the two oxygen atoms
(Figure 6), at distances of 1.219 and 1.194 A. The activation
barrier for this process is rather low, 4.5kcalmol!
(Figure 7), which in fact would be expected for the known
high (“OH-radical-like”) reactivity of Compound I-type spe-
cies."”?!l Complete transfer of the hydrogen atom is exoer-
gic by —18.5kcalmol™! and leads to complexes **16a in
which the produced hydroperoxyl radical remains hydrogen-
bonded to the dihydroxy-Fe'¥ complex *9 (Figure 8). The
stabilization energies of —7.2/
—7.3 kcalmol™' of the HOO
-~HOFe hydrogen bonds (2.027/

I e A 2.025A) in *16a (vs. 9+
HOO) seems to involve a con-

5 tribution froron OH-m contacts
(2.044/2.041 A) to a meso-C

10 4 atom of the macrocycle, similar

s to the bonding of H,O, in the
E 45 starting complexes **14a. The
;3 two iron-bound hydroxyl
= 20 - groups in **16a each form a
> single hydrogen bond to the
N 5 —Fel— two adjacent nitrogen atoms of
?\LJ_/ (‘;.H a phenylene moiety, and thus
< 30 4 H20 they are fixed in an 128-degree
F — -31.8 dihedral arrangement. The dou-

.35 “00H [ 2 OH -35.9 blet and quartet structures

oH \—Fe 2+H.0 simply differ by the sign of the

40 e | on /-9‘/ +0§ unpaired spin density on the

c{m —41.8\-®(4 6+0, evolving hydroperoxide radical/

-45 - 19 oxygen molecule. During the
hydrogen-transfer process the

Figure 7. Energy (0 K) scheme for reaction of Fe'¥ oxo species 13 with hydrogen peroxide. Encircled numbers
denote the spin multiplicities; the macrocyclic ligand is symbolized by solid horizontal bars.

the hydrogen-bond strength, as indicated by a reduced O—H
vibrational frequency (V(OH)mina=3675/3676 cm™') com-
pared to free H,0, (v(OH),=3708 cm™'). The hydrogen-
bond lengths to the ferryl oxygen atom in the cyclic struc-
tures >*14b are rather short (1.890/1.887 and 1.878/1.880 A,

Chem. Eur. J. 2007, 13, 42304245
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total unpaired spin density on
the HOFeV=0O moiety changes
only marginally in going from
*14a  (oyoro=2.0412.15) via
transition structures >*15a (0yop.0 =2.07/2.12) to complexes
216a (oporeo=2-10/2.10), but the relative spin distribution
within this group is shifted in favor of the Fe—~OH,,,, moiety.
On the way to TS *15a, some negative spin density (0go=
—0.33) evolves on the oxygen atoms of the hydrogen perox-
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Figure 8. Calculated structures and spin densities of complexes 16-18.

ide unit; in the quartet structure *15a the positive hydroper-
oxide spin density is of similar size (poo=0.37). These in-
creases are accompanied by a similar reduction of the spin
density on the macrocycle (App=0.27/0.32). In products
2*16a (nearly) two unpaired electrons reside on the iron
center (o, =1.78/1.79) and the hydroperoxyl radical carries
one unpaired electron (oyoo=—1.01/1.02), but only little
spin density (o, =—0.12/—0.12) is found on the macrocycle.
Thus, the development of the spin-density distribution again
indicates that a PCET process take places, that is, reduction
of the m-radical cation ligand via electron transfer from hy-
drogen peroxide simultaneously with transfer of a proton to
the ferryl oxo group.

To complete the formation of molecular oxygen, the asso-
ciated hydroperoxyl radical in >*16a must transfer a hydro-
gen atom to the distal OH group. In fact, on further optimi-
zation after elongation of the hydrogen bond in **16a by
0.2 A, the HOO' group underwent a barrierless “somer-
sault”®? rearrangement to the hydrogen-bonded structures
2417a, in which the hydroperoxyl radical now acts as the hy-
drogen donor to the distal OH group. Noteworthily, in struc-
tures >*17a the hydroperoxyl radical is 8.7/8.8 kcalmol™!
more strongly bound than in structures >*16a (Figure 7). The
strong hydrogen bond (—15.8 kcalmol ™! vs. *9+HOO") is re-
flected by a short ‘OOH-+OFe distance of 1.456 A, in line
with a high negative partial charge (qo=—0.86) on the
distal oxygen atom. The axial OH ligands in >*17a are now
found in a synperiplanar arrangement along the x axis, and
both form a bifurcated hydrogen bond to the same adjacent
nitrogen atoms of the macrocycle.

The spin-density distribution in >*17a shows rather sur-
prising features (Figure 8). Different to complexes **16a, in
which two unpaired electrons are located on iron, in **17a
only one unpaired electron is found on iron (op.=—1.00/+
1.00), but the macrocyclic ligand is predicted to be reoxi-
dized to its m-radical cation. In addition, in %17a the relative
signs of the spin densities are reversed compared to the
foregoing complexes, and now negative spin density is found
on iron, and positive spin on the macrocycle and on the hy-
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droperoxyl fragment. (Deeper insight into this dramatic
change in the electronic configuration on the way from the
local minimum *16a to the local minimum *17a could only
be achieved by use of configuration interaction methods,
which is beyond the scope of this paper.)

Decomposition of H,0, via cyclic complexes >*14b pro-
ceeded similarly, with the exception that no stable hydroper-
oxyl complexes like **16a could be located. The barriers
(3.7/3.5 kcalmol ™) for transfer of the first hydrogen atom
are smaller (0.8/0.9 kcalmol™) by just the difference in the
ground-state energies of the starting complexes, and thus
transition structures >*14b are on the same energetic level as
2*14a. On following the reaction path further, hydrogen
transfer and rotation of the hydroperoxyl residue occurred
continuously and led directly to the hydroperoxyl complexes
2417b. These complexes are 2.1/2.2 kcalmol ™' less stabilized
than the “a” structures, most likely due to the different ori-
entation of the axial hydroxyl groups giving rise to weaker
hydrogen bonding in the “b” conformations. Due to the oth-
erwise identical characteristics to the “a” path, further reac-
tion of these complexes was not pursued.

From hydroperoxyl complexes **17a, the bridging hydro-
gen atom is transferred essentially without barrier to the
distal OH group because the corresponding transition struc-
tures **18 were computed to be just 0.1 kcalmol™ above
2417a on the SCF level, and even lower in energy, by about
1.3 kcalmol !, after ZPVE correction (see above). Note that
the spin distribution of %18 is already preformed in *17a,
which helps to understand the low barrier in this case. In
TSs **18, the spin density on the hydroperoxyl group is
slightly increased with respect to **17a, similar to what was
found for TSs **15a. This again implies that the reaction
proceeds by a PCET mechanism. In fact, in the final reac-
tion products **19 the macrocycle is completely re-reduced
with one unpaired electron remaining on the iron center
(Figure 9). Oxygen remains weakly (—2.0/—3.0 kcalmol™)
associated with the water ligand (Figure 7). Noteworthily,
molecular oxygen is directly produced in its triplet ground
state rather than in the reactive singlet excited state, which
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Figure 9. Calculated structures and spin densities of complexes 19.

is harmful to living organisms. Although such a mechanism
of oxygen production as depicted here cannot be expected
to be that operating in native catalase (in which a distal his-
tidine residue is assumed to play a crucial role as a proton
shuttle®%), it is in line with the observation that both
atoms of the released oxygen molecule stem from the same
H,0, molecule.[*"!

The **17a—**19 hydrogen-transfer step is energetically
downhill by —14.5 kcal mol™, and this renders the overall re-
action from ?13+H,0, highly exoergic (—41.8 kcalmol™).
Dissociation of oxygen and water from **19 requires 2.0/
3.04+7.9/2.9=9.0/5.9 kcalmol ™" to regenerate the hexa- and
pentacoordinate starting complexes **6 and %2, respectively,
that is, the “resting state” of our catalase mimic is reestab-
lished.

At this point the total energy balance for reaction of 2
and “2 with two molecules of hydrogen peroxide can be de-
rived. In the first stage (Figure 2)—formation of the Com-
pound I-analogous ferryl oxo species *13, 13 and water—net
energies of —17.1 and —13.9 kcalmol ™' are released on the
doublet and quartet paths, respectively. The second stage
(Figure 7)—formation of water, molecular oxygen and re-
generation of 22 or “2—provides —31.8 and —35.9 kcalmol ',
respectively. The sum of both equals the reaction energy for
Equation (1) of A;E°+ZPVE)=—48.8 kcalmol™'. The cor-
responding enthalpy value is slightly lower, AH*®*¥=
—47.3 kcalmol™'. With regard to the known tendency of the
applied DFT procedure to underestimate heats of forma-
tion/bond dissociation energies, these values compare very
well with the experimental reaction enthalpy of A H-
(exp)?***=—50.6 kcalmol* (see Table S5 in the Support-
ing Information). For comparison purposes, values for hy-
drogen abstraction from hydrogen peroxide by hydroxyl
radical and for the dismutation of two hydroperoxy radicals
to hydrogen peroxide and oxygen are also listed in Table S5
in the Supporting Information, and they again show good
agreement with the corresponding experimental values.'*”!

Catalyst deactivation: The turnover numbers for H,O, de-
composition by complex 1 and its analogues have been de-
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termined to be in the range of 40-80 mol H,0, per mole cat-
alyst, that is, after these numbers of catalytic cycles the cata-
lysts become deactivated.”>" In view of the high reactivity
of the above-discussed intermediates, deactivation may rea-
sonably be related to self-destruction of the complexes by
oxidative attack on the [N,] macrocyclic ligand, similar to
the known oxidative degradation of iron porphyrins.F*®!
Fractional release of free HO" radicals (to give *9) may be
a viable side reaction, although in reality HO" should be ef-
fectively trapped by the large excess of H,O,. In fact, in the
presence of excess DMSO, products have been detected
which are very characteristic for the intermediacy of free
HO' radicals.”*! For cytochrome P450-mediated oxidations
it has recently been proposed that a hydrogen-bonded ferryl
oxo--HO" complex may be a viable active oxidant, which
can be expected to react like a freely diffusing HO" radi-
cal.’>%3! Thus, deactivation might more reasonably be as-
sumed to be due to intramolecular attack of HO" radicals
produced in the 7—12 process and locked in the coordina-
tion sphere of iron, that is, simply formed from complexes
10 by rotational reorientation. In line with this hypothesis, a
quartet-state structure (*20) was found in which the released
HO" radical forms a hydrogen bond to dihydroxy complex *9
(Figure 10). Complex “20 is only 3.2 kcalmol™' less stable

0.987 A
-.1.929 A

420

Figure 10. Calculated structures and spin densities of complexes 20 and
21

than complex “10. From *20, the HO" radical then undergoes
facile addition to the meso-carbon atom of the macrocycle
to give hydroxylated product “21. A corresponding doublet-
state HO® complex *20 could not be found. Rather, after
minor rearrangement of the HO" group of *10, subsequent
optimization directly led to barrierless addition of HO" to
the meso position of the macrocycle to give hydroxyl adduct
21. Thermochemically, this addition reaction is favorable; it
is exoergic by —30.4 kcalmol™! on the quartet surface (from
24 H,0,), and by as much as —49.5 kcalmol ' on the dou-
blet surface (from ?2+H,0,). This putative reaction again
would model the chemistry of native heme oxidases, for
which a similar mode of porphyrin-ligand oxidation has re-
cently been proposed.?*3>4
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Conclusion

The computational data presented here demonstrate that
hydrogen peroxide decomposition by the 14-membered
macrocyclic tetraaza Fe" complex 2 and its analogues large-
ly mimics the mechanism that has been established for H,O,
disproportionation by native catalase. The data predict that
the reaction may proceed on the doublet-spin (S='4) and
quartet-spin (S=7>/,) surfaces. In a rate-limiting first step, a
ferryl oxo ligand radical cation intermediate (L'*Fe™V=0) is
formed via homolytic O—O bond cleavage of a coordinated
H,O, molecule, followed by hydrogen transfer to the thus-
produced hydroxyl radical by means of a PCET mechanism,
with an exothermicity of —14 to —17 kcalmol . Remarka-
bly, the transition state for O—O homolysis is the only struc-
ture found for which a significant energetic preference for a
certain spin state is predicted: the doublet-state path is ki-
netically favored over the quartet-state path by 6-8 kcal
mol !, The ferryl oxo intermediate, which strikingly resem-
bles Compound I of native catalase, is predicted to exist in
nearly degenerate doublet and quartet spin states.

In a second, low-barrier and highly exoergic (AE=—32 to
—36 kcalmol ™) process, reaction of this CompoundI ana-
logue with a second molecule of H,0, again proceeds homo-
lytically to produce molecular oxygen directly in its triplet
ground state with regeneration of the resting state of the
Fe complex. Structurally and energetically, no significant
difference between the doublet- and quartet-state paths was
found.

The computations also suggest a viable mode for deactiva-
tion of the catalyst by addition of the released HO" radical
to the macrocyclic ligand of its precursor complex.
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