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The spectroscopic properties and electronic structure of the four-coordinate high-spin [FeIII(L3)(OOtBu)]+ complex
(1; L3 ) hydrotris(3-tert-butyl-5-isopropyl-1-pyrazolyl)borate; tBu ) tert-butyl) are investigated and compared to
the six-coordinate high-spin [Fe(6-Me3TPA)(OHx)(OOtBu)]x+ system (TPA ) tris(2-pyridylmethyl)amine, x ) 1 or 2)
studied earlier [Lehnert, N.; Ho, R. Y. N.; Que, L., Jr.; Solomon, E. I. J. Am. Chem. Soc. 2001, 123, 12802−12816].
Complex 1 is characterized by Raman features at 889 and 830 cm-1 which are assigned to the O−O stretch
(mixed with the symmetric C−C stretch) and a band at 625 cm-1 that corresponds to ν(Fe−O). The UV−vis
spectrum shows a charge-transfer (CT) transition at 510 nm from the alkylperoxo πv

/ (v ) vertical to C−O−O
plane) to a d orbital of Fe(III). A second CT is identified from MCD at 370 nm that is assigned to a transition from
πh
/ (h ) horizontal to C−O−O plane) to an Fe(III) d orbital. For the TPA complex the πv

/ CT is at 560 nm while
the πh

/ CT is to higher energy than 250 nm. These spectroscopic differences between four- and six-coordinate
Fe(III)−OOR complexes are interpreted on the basis of their different ligand fields. In addition, the electronic structure
of Fe−OOPtn complexes with the biologically relevant pterinperoxo ligand are investigated. Substitution of the
tert-butyl group in 1 by pterin leads to the corresponding Fe(III)−OOPtn species (2), which shows a stronger
electron donation from the peroxide to Fe(III) than 1. This is related to the lower ionization potential of pterin.
Reduction of 2 by one electron leads to the Fe(II)−OOPtn complex (3), which is relevant as a model for potential
intermediates in pterin-dependent hydroxylases. However, in the four-coordinate ligand field of 3, the additional
electron is located in a nonbonding d orbital of iron. Hence, the pterinperoxo ligand is not activated for heterolytic
cleavage of the O−O bond in this system. This is also evident from the calculated reaction energies that are
endothermic by at least 20 kcal/mol.

Introduction

Non-heme iron enzymes are important catalysts for many
biological reactions. Most of them utilize dioxygen for
catalytic oxidations of a large variety of substrates.1-3

Mononuclear non-heme iron enzymes are involved in hy-
droperoxidation of substrates (lipoxygenase), hydroxylation

of aromatic rings (pterin-dependent enzymes), aliphatic
hydroxylation (R-ketoglutarate-dependent enzymes), and
aromatic ring oxidation and cleavage (Rieske-type dioxy-
genases; intra- and extradiol dioxygenases). In many of these
cases, high-spin ferrous and ferric alkyl- and hydroperoxo
intermediates have been postulated, although experimental
evidence for such species is rare.3 The only well-studied
systems are the high-spin Fe(III)-alkylperoxo (enzyme-
product) complex of lipoxygenase4-10 and activated bleo-
mycin, which is a low-spin Fe(III)-OOH complex that is
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capable of cleaving DNA.11-18 For the cofactor-dependent
enzymes, it has been shown in several cases that the presence
of the cofactor is required for reaction of the active ferrous
site with O2. Correspondingly, the postulated mechanisms
of both pterin- andR-ketoglutarate-dependent enzymes
include a reaction of the cofactor with dioxygen (free or
bound to iron) to form a reactive intermediate that subse-
quently attacks the protein-bound substrate.3 However, no
such intermediate has yet been identified.

In the case of the pterin-dependent enzymes, the cofactor
and the substrate are not directly coordinated to the ferrous
active site, but stored in a protein pocket close to the iron
center.19-22 Importantly, the presence of the tetrahydropterin
cofactor and substrate causes the ferrous site to become five-
coordinate.19,21 Thus, the site is now activated for reaction
with O2, which can attack either the ferrous iron (pathway
B in Scheme 1) or the tetrahydropterin (pathway A).3,23,26,27

Reaction with the metal would create an Fe(II)-O2 adduct,
which could then attack the pterin ring forming a bridged
Fe(II)-OOPtn intermediate as has been proposed on the basis
of 18O kinetic isotope data.28 Alternatively, pathway A leads
to the generation of hydroperoxo-pterin (PtnOOH), which
could itself be the hydroxylating intermediate29,30 or which
could coordinate to iron(II) forming the same Fe(II)-OOPtn
species as in pathway B. This latter intermediate could also
be the hydroxylating agent, or it could decay by heterolytic
cleavage of the O-O bond forming a reactive Fe(IV)dO

species and the experimentally observed pterin product Ptn-
OH. However, these are mechanistic speculations and the
exact nature of the hydroxylating intermediate in the pterin-
dependent enzymes is not known.

So far, model complexes have primarily been used to
explore the electronic structure and reactivity of Fe(III)-
alkyl- and hydroperoxo complexes.3 It has been shown that
low-spin Fe(III)-OOR (R) alkyl, H) complexes decay by
homolytic cleavage of the O-O bond,16,31-38 whereas this
reaction is orbital forbidden for corresponding high-spin
systems.39 This difference in reactivity is reflected by the
electronic structure and vibrational properties of these
systems. Low-spin Fe(III)-OOR complexes have strong
Fe-O and weak O-O bonds (typical force constants are
3.5 mdyn/Å for Fe-O and 2.9 mdyn/Å for O-O36), which
is opposite to the values obtained for corresponding high-
spin systems.39 In this study, the spectroscopic properties
and the electronic structure of the four-coordinate complex
high-spin [FeIII (L3)(OOtBu)]+ (1; L3 ) hydrotris(3-tert-
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butyl-5-isopropyl-1-pyrazolyl)borate;40,41 tBu ) tert-butyl) are
investigated in direct comparison to those of the six-
coordinate complex high-spin [Fe(6-Me3TPA)(OHx)-
(OOtBu)]x+ (TPA ) tris(2-pyridylmethyl)amine,x ) 1 or
2)39 using UV-vis absorption, resonance Raman, EPR, and
MCD spectroscopies combined with density functional (DFT)
calculations. The observed differences in the spectroscopic
properties are correlated with the different coordination
numbers of these complexes. DFT calculations are then
applied to explore the electronic structure of Fe(III)-OOPtn
systems by substitution of thetert-butyl residue in [FeIII -
(L3)(OOtBu)]+ by the electron rich pterin group, which
profoundly effects the electronic structure of the system.
Finally, the corresponding reduced Fe(II)-OOPtn system is
studied by DFT calculations and the reactivity with respect
to O-O heterolysis of this putative intermediate of the pterin-
dependent enzymes (cf. Scheme 1) is explored.

Complex1 has already been studied by UV-vis absorp-
tion, EPR, and Raman spectroscopy, but the obtained data
are incomplete and no spectral assignments have been
presented.42 In addition, no insight about the electronic
structure of this complex is given.

Experimental and Computational Procedures

The Fe(III)-alkylperoxo complex1 was prepared by adding 3
equiv of tert-butylhydroperoxide (tBuOOH; 80% in water) to a
solution of the ferrous precursor [Fe(L3)(OH)]40,41 in diethyl ether
at -80 °C (dry ice/MeOH). After 1 h at-80 °C, the solution has
turned red purple and the reaction is complete. Labeled compounds
for Raman spectroscopy were synthesized by the same procedure
but usingtBu18O18OH (50% in 25% of diethyl ether and 25% of
tert-BuOH; determined by NMR spectroscopy) andd9-tBuOOH
(15% in diethyl ether, determined by idometric titration). The
labeled alkylperoxides were synthesized usingtBuMgCl andd9-
tBuMgCl, respectively.43 For the MCD experiments, complex1 was
synthesized in a 1:1 mixture of diethyl ether and 2-methyltetra-
hydrofuran, which forms a glass when frozen.

UV-Vis Spectroscopy.Absorption spectra have been recorded
in diethyl ether solution at-80°C on an Otsuka Electronics MCPD-
2000 system with an optical fiber attachment (300-1100 nm) for
low-temperature measurements.

Raman Spectroscopy.Resonance Raman spectra were measured
at an excitation wavelength of 676 nm using a krypton ion laser
(Coherent 190C-K) at incident powers of about 25 mW and in a
∼135° backscattering geometry. A Spex 1877 CP triple mono-
chromator (equipped with 1200, 1800, and 2400 groove/mm
gratings) has been used together with a back-illuminated CCD
camera (Princton instruments LN/CCD-1100PB) as a detector.
Samples were prepared as diethyl ether solutions, transferred into
NMR tubes, and measured at 77 K in a quarz EPR dewar cooled
by liquid N2. Sample concentrations were in the range of∼20 mM.

EPR Spectroscopy.EPR spectra of1 were recorded at liquid
helium temperatures on a Bruker 220-D SRC spectrometer,

equipped with an Air Products Helitran liquid He cryostat.
Temperatures were measured with a carbon glass resistor mounted
in an EPR tube. Samples for EPR spectroscopy contained about 2
mM Fe.

MCD Spectroscopy.MCD spectra have been obtained on frozen
glasses of diethyl ether/isopentane solutions at liquid He temper-
atures (1.8-25 K). A CD spectropolarimeter (Jasco 810) with S1
and S20 photomultiplier tubes has been used where the sample
compartment was modified to accommodate an Oxford instruments
SM4-7T magnetocryostat. The samples were frozen in metallic
sample compartments between two Infrasil quartz disks separated
by 3 mm neoprene spacers. Typical sample concentrations were in
the range of 1.0 mM.

Data Analysis. Simulation of the VTVH MCD data of1 was
attempted as described in ref 44. The EPR spectrum of1 was
analyzed in terms of the spin Hamiltonian:

where theS are spin operators andD and E are the axial and
rhombic zero field splitting parameters, respectively.45a The EPR
spectrum of1 shows that for this complexE/D ) 0.33 (rhombic
limit). The absolute value of the ZFS parameterD has been
estimated from a simple Boltzmann fit45b of the temperature-
dependent EPR data.

Density Functional Calculations.Spin-unrestricted DFT cal-
culations using Becke’s three-parameter hybrid functional with the
correlation functional of Lee, Yang, and Parr (B3LYP46-48) were
performed using the program package Gaussian 98.49 The structures
of the Fe(III)-alkylperoxo model system high-spin [Fe(L)-
(OOtBu)]+ (1̃), of the Fe(IV)dO product [Fe(L)(O)]+, of hydro-
peroxo-pterin (PtnOOH), and of the corresponding alcohol anion
(PtnO-) were fully optimized using the LanL2DZ basis set. For
the Fe(IV)dO species, a total spin ofS ) 2 has been used which
is most stable for four-coordinate complexes with N/O ligation.
Note that, for corresponding six-coordinate sites, the Fe(IV)dO
species has comparable energies forS ) 1, 2 whereasS ) 0 is
unfavorable (see ref 36). In addition, the ferric model high-spin
[Fe(L)(OOPtn)]+ (2̃) has been partially optimized using LanL2DZ
keeping the Fe-O-O-C(Ptn) dihedral angle and the Fe-O-O
and C-O-O angles fixed at the values obtained for1̃. This is
necessary in order to prevent the pterinperoxo ligand from going
bidentate with the carbonyl oxygen of the pterin as an additional
donor which is not appropriate from the crystal structures of pterin-
bound enzymes.20,22 The structure of2̃ obtained from the partial
geometry optimization has a long C-O distance (1.76 Å) of the
peroxo group, which reflects a general weakness of this bond in
the DFT calculations. This is evident from calculations on tetrahy-
dropterin-O2 adducts,50 but is also indicated by the increased C-O
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bond length of the peroxo group in PtnOOH compared totBuOOH.
The corresponding ferrous high-spin [Fe(L)(OOPtn)] (3̃) complex
has been optimized accordingly keeping the Fe-O-O-C unit
frozen but allowingr(Fe-O) and r(O-O) to reoptimize. The
LanL2DZ basis set applies Dunning/Huzinaga full double-ú (D95)51

basis functions on first row and Los Alamos effective core potentials
plus DZ functions on all other atoms.52,53 Solvation effects were
included in the calculations using the polarized continuum model
(PCM).54 Acetonitrile (ε ) 37) and a continuum withε ) 10 were
used as the solvent to simulate the protein matrix. In all these
calculations, convergence was reached when the relative change
in the density matrix between subsequent iterations was less than
1 × 10-8. Force constants in internal coordinates were extracted
from the Gaussian output using the program Redong (QCPE 628).55

The MO diagrams of1̃-3̃ were obtained from spin-unrestricted
calculations that have been performed with the Amsterdam density
functional (ADF) program version 2.0.156,57using the local density
approximation (LDA) together with gradient corrections for ex-
change (Becke8858) and correlation (Perdew8659). An uncontracted
valence triple-ú Slater-type basis set was used (ADF basis set IV)
for all atoms with an additional set of f functions (exponentR )
1.5) on iron. Core orbitals through 1s (C, N, O) and 3p (Fe) were
frozen in the calculations. Orbitals were plotted with the program
Cerius2.

The donor orbitals of the freetBuOO- ligand have been described
in ref 36. The HOMO of tBuOO- is the π* orbital that is

perpendicular to the O-O-C3t plane, labeledπv
/ (v ) vertical).

The corresponding bonding combination,πv
b, is located at lower

energy. Both of these orbitals are potentialπ donors to the d
functions of iron(III). Next in energy to the HOMO is the in-plane
(relative to the O-O-C3t plane)π* orbital, which is labeledπh

/ (h
) horizontal). The corresponding bonding combinationπh

b is
located at low energy and strongly mixed withσb, which is the
bonding combination of the oxygen p functions oriented along the
O-O bond. The three orbitalsπh

/, πh
b, and σb are potentialσ

donors to the d functions of iron. In addition, thetBuOO- ligand
has one empty acceptor orbital which is labeledσ*. This is the
antibonding combination that corresponds toσb, and it is located
at high energy.

Results and Analysis

A. Spectroscopy and Electronic Structure of [Fe(L3)-
(OOtBu)]+.

A.1. Resonance Raman Spectra and Vibrational As-
signment.Figure 1 shows the preresonance Raman spectra
of high-spin [Fe(L3)(OOtBu)]+ (1) measured at an excitation
wavelength of 676 nm. Excitation into the absorption band
around 510 nm leads to fast photo-decomposition, and hence,
resonance profiles of1 could not be obtained. In the natural
abundance isotopes (nai) spectrum in the middle panel, six
bands are observed at 460, 604, 625, 746, 830, and 889 cm-1.
The 625 cm-1 mode shifts to 583 cm-1 on 18O substitution
(top panel) and to 592 cm-1 on deuteration (bottom panel).
The 830 and 889 cm-1 features are found at 797 and 868
cm-1 in the 18O-labeled compound, showing a distinct
redistribution of the resonance Raman intensity with the
mode at lower energy gaining intensity. On deuteration, the
opposite effect is observed. In this case, the two peaks are
located at 773 and 860 cm-1 and the one at higher energy is
more intense. The peak at 746 cm-1 only shows small shifts
of 8 cm-1 (18O) and 19 cm-1 (deuteration). These data
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Figure 1. Resonance Raman spectra of1. From top to bottom:18O-substituted ligand; natural abundance isotopes (nai) spectrum; ligand with fully deuterated
tert-butyl group.
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are very similar to the Raman spectra obtained for high-
spin [Fe(6-Me3TPA)(OHx)(OOtBu)]x+ and can be assigned
as shown in Table 1 on the basis of the analysis presented
in ref 39. Accordingly, the peak at 625 cm-1 is assigned to
the Fe-O stretch. The combined O-C-C/C-C-C bend
that has been observed for high-spin [Fe(6-Me3TPA)-
(OHx)(OOtBu)]x+ at 469 cm-1 is most probably identified
with the small shoulder at 460 cm-1 in the nai spectrum of
1 that shifts to 416 cm-1 on deuteration. The peaks at 889
and 830 cm-1 correspond to the O-O stretch that is strongly
mixed with the symmetric C-C stretch in the nai compound.
This situation changes on isotope substitution. In the18O
case,ν(OO) shifts down to 797 cm-1 and, correspondingly,
the mixing withνs(CC) at 868 cm-1 becomes small. Hence,
the latter mode loses most of its intensity. Alternatively,
deuteration of thetert-butyl group shiftsνs(CC) to 773 cm-1,
which becomes weak in intensity, whereasν(OO) is now
located at 860 cm-1. Importantly, these data provide new
insight into the mode mixing betweenν(OO) andνs(CC),
because all shifted components are visible in the Raman
spectra of1. This was not the case for high-spin [Fe(6-Me3-
TPA)(OHx)(OOtBu)]x+, and therefore, these results confirm
the vibrational assigment60 obtained in ref 39. The peak at
746 cm-1 is assigned as the C-O stretch.

The calculated force constants for high-spin [Fe(6-Me3-
TPA)(OHx)(OOtBu)]x+ 39 of 3.62 mdyn/Å forν(OO) and 3.05
mdyn/Åν(FeO) obtained from NCA are also appropriate for
1. This is evident from their similar vibrational energies: in
both compounds,ν(OO) is found at 860 cm-1 (in the
deuterated compound where mode mixing is small) and
ν(FeO) is located at 625 and 637 cm-1, respectively.
Therefore, the overall bonding in these compounds must be
similar and1 is also characterized by a strong O-O and a
weaker Fe-O bond, which is opposite to the values found
in low-spin Fe(III)-OOR systems.36,38

A.2. UV-Vis Absorption and MCD. Figure 2, top,
shows the absorption spectrum of1 recorded in diethyl ether
solution. A broad absorption band is observed around 19650
cm-1 (510 nm; ε ) 700 M-1 cm-1). At higher energy,
additional peaks are present at about 30500 and 36000 cm-1.
No further distinct absorption band can be identified from
the UV-vis spectrum. The low-temperature MCD spectrum
of 1 shown in Figure 2, bottom, was used to gain further
insight into the different absorption bands. Variable-tem-
perature variable-field (VTVH) MCD data obtained at 17240,

19760, and 21980 cm-1 energy positions (indicated with
arrows in Figure 2) along the envelope of the broad
absorption around 510 nm show an identical nesting behav-
ior. This indicates that this band is due to only one electronic
transition and, hence, has to be fitted with one Gaussian.
The MCD spectrum also resolves the broad absorption
around 30500 cm-1 into three bands as shown in Figure 2.
This emerges from the fact that the maximum of the MCD
spectrum in this energy region is located at 27000 cm-1 (370
nm) and, hence, is clearly not aligned with the maximum in
the UV-vis spectrum. Using this information, the absorption
and MCD spectra of1 in the <35000 cm-1 region have to
be simultaneously fitted with a minimum of four Gaussians
as shown in Figure 2. The resulting fit parameters are given
in Table 2.

EPR and VTVH MCD. Figure 3, left, gives the EPR
spectrum of1 obtained at 5 K. This complex has an intense
signal at geff ) 4.3 and a weak signal atgeff ) 9.8
corresponding to a rhombic spin system withE/D ≈ 0.33.
Temperature-dependent EPR data has been obtained, and
from a simple Boltzmann fit, a smallD value of about 0.3
cm-1 has been estimated.

VTVH MCD saturation data obtained for band 1 (at 19760
cm-1) and band 2 (taken at 26320 cm-1 to limit the
contribution from overlapping band 3; cf. Figure 2) are very
similar. Efforts to simulate these VTVH curves using the
methodology in ref 44 were unsuccessful due to the small
D value and a possibleB-term contribution precluding
saturation at accessibleH andT values.

Importantly, the very similar VTVH saturation behavior
of bands 1 and 2 indicates that both transitions are polarized
along the same molecular axis.44,61

From the DFT calculations and in comparison with related
Fe(III)-OOR complexes,36,38,39 band 1 is assigned as an
alkylperoxo (πv

/) to Fe(III) t2 charge-transfer (CT) transition
(vide infra). Hence, the identical VTVH data of bands 1 and
2 indicates that band 2 also has to be identified as an
alkylperoxo to Fe(III) CT.

A.3. Donor Strength of the CT States.The results from
Raman spectroscopy have shown that the overall Fe-O and
O-O bond strengths of1 and high-spin [Fe(6-Me3TPA)-
(OHx)(OOtBu)]x+ are similar. In addition, both complexes
show an intense transition in the visible region that in both
cases is assigned as an alkylperoxo (πv

/) to Fe(III) t2(g) CT
transition (vide infra and cf. ref 39). Hence, it is interesting
to compare the relative donor strengths of the different
transitions in1 and the six-coordinate TPA complex. Using
the formalism of Baldwin et al.,62 the donor strength of a
ligand is approximately given by

with f being the oscillator strength andν the frequency of

(60) Note that the observed shifts on18O substitution are larger for1
compared to high-spin [Fe(6-Me3TPA)(OHx)(OOtBu)]x+, because in
the latter case only one of the two oxygen atoms of alkylperoxide
was isotope labeled.

(61) Lehnert, N.; DeBeer George, S.; Solomon, E. I.Curr. Opin. Chem.
Biol. 2001, 5, 173-184.

(62) Baldwin, M. J.; Root, D. E.; Pate, J. E.; Fujisawa, K.; Kitajima, N.;
Solomon, E. I.J. Am. Chem. Soc.1992, 114, 10421.

Table 1. Experimental Resonance Raman Frequencies (Cf. Figure 1) of
[Fe(L3)(OOtBu)]+ in Diethyl Ether

frequency (cm-1)

mode nai 18O-18OtBu OOtBu-d9

ν(OO) 889/830 797 860
νs(CC) 868 773
ν(CO) 746 738 727
ν(FeO) 625 583 592
δ(OCC/CCC) 460 (?) not observed 416

(Cπ*
M )2 ) (9.22× 10-2[Å])∑

i

fi

νi|r |2
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the ith CT band;r is the transition vector that coincides with
the Fe-O bond and can be set to the Fe-O bond length.
This equation relates the metal d orbital contributions to the
ligand donor orbitals and therefore the strength of the metal-
ligand bond to the intensity of the resulting CT transition.
The donor strength is calibrated relative to the value obtained
for an end-on Cu-peroxide monomer (donor strength set to
1.0). For theπv

/ donor orbital corresponding to band 1 in
complex1, a low value of 0.21 is obtained compared to 0.5
for high-spin [Fe(6-Me3TPA)(OHx)(OOtBu)]x+ (cf. Table 3).
This seems to be inconsistent with the comparable Fe-O
bond strengths from Raman spectroscopy for these com-
pounds. However, with the help of VTVH MCD spectros-
copy, a second low-energy alkylperoxo to Fe(III) CT is
identified for1 that was not observed for the TPA complex.
This second CT transition should have a larger relative donor
strength for1 in order to allow for the similar Fe-O bond
strengths in the two compounds. Unfortunately, this transition

(a πh
/ to Fe(III) CT; vide infra) could not be observed for

the TPA complex (it is located at much higher energy due
to the octahedral ligand field; vide infra). This information,
however, can be estimated from density functional (DFT)
calculations as presented in the next section.

A.4. Electronic Structure of [Fe(L3)(OOtBu)]+. In order
to determine the electronic structure of1, DFT calculations
have been applied on the model [Fe(L)(OOtBu)]+ (1̃) where
the tert-butyl and isopropyl groups on the pyrazol rings of
the ligand L3 have been truncated leading to ligand L. Further
simplification is not possible, because removal of the closed
structure of the tris(pyrazolyl)borate ligand (for example by
truncating the borate group that holds the three pyrazol rings
together) leads to a very different coordination geometry
around iron. Figure 4 shows the fully optimized structure of
1̃ using B3LYP/LanL2DZ. As can be seen, the iron has a
trigonally distorted tetrahedral ligand field created by the
tris(pyrazolyl)borate ligand. The bond lengths obtained of
1.84 Å for Fe-O and 1.45 Å for O-O given in Table 5 are
in good agreement with the crystal structure of [Cu(L1)-
(OOCm)] (L1 ) hydrotris(3,5-diisopropyl-1-pyrazolyl)-
borate).63 The calculated frequencies of 618 cm-1 for ν(FeO)
and 847 cm-1 for ν(OO) are in good agreement with
experiment (625 and 860 cm-1, respectively). In the follow-
ing, the optimized structure from B3LYP/LanL2DZ of1̃ is
used for the calculation of the electronic structure of1 in
the coordinate system shown in Figure 4.

The molecular orbital diagram of complex1 (calculated
for 1̃ using the B88P86 functional and a Slater-type triple-ú
(valence) basis set; see Experimental Section) is schemati-
cally shown in Scheme 2. In an ideal tetrahedral ligand field,
the four ligands are located between the axes of the
coordinate system. Correspondingly, the five d functions of
the central metal are split into an e set (dx2-y2, dz2) at lower
energy, which undergoesπ interactions with ligand orbitals,
and a t2 set (dxy, dyz, dxz) at higher energy, which formsσ
bonds. However, in the trigonally distorted ligand field of1
(cf. Figure 4),the alkylperoxo ligand is located on the xaxis

(63) Kitajima, N.; Katayama, T.; Fujisawa, K.; Iwata, Y.; Moro-oka, Y.J.
Am. Chem. Soc.1993, 115, 7872-7873.

Figure 2. UV-vis (top) and MCD spectra (bottom; recorded at 5 K and
7 T) of 1 together with a simultaneous Gaussian fit (bands 1-4). The low-
energy range of the MCD spectrum (bottom, right) is enlarged by a factor
of 2. Arrows in the MCD spectrum indicate energies at which VTVH data
were recorded (17240, 19760, 21980, 26320 cm-1).

Table 2. Result of the Simultaneous Gaussian Fit of the Absorption
and MCD Spectrum

band
νmax

(cm-1)
εmax

(M-1 cm-1)
∆εmax

(M-1 cm-1) f a |∆ε/ε|
1 19650 665 19.5 0.02074 0.029
2 26880 800 51.7 0.01665 0.065
3 29740 1026 6.3 0.01614 0.006
4 31650 693 (?) 19.1 0.0082 0.03

a f: Oscillator strength.

Figure 3. On the left the EPR spectrum of1 is depicted (recorded at 5 K)
together with an inset showing a fit of the intensity of the EPR signal at
1600 G (geff ) 4.3) as a function of temperature. On the right the VTVH
MCD data recorded at 506 nm are shown (cf. Figure 2).
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and, hence, forms aπ bond with a t2 orbital (dxz) and aσ
bond with an e function (which is therefore labeled dσ). The
ground state electron configuration of1 (from EPR) is [e]2-
[t2]3 with all five spins aligned giving rise to a high-spin
system. In a spin-unrestricted scheme, this corresponds to a
situation where all fiveR-spin d orbitals are occupied
whereas theâ-spin d orbitals are empty. Hence, onlyâ-spin
d orbitals contribute to bonding with donor ligands, and the
â-spin MOs will exclusively be analyzed below.

Theπv
/ orbital of thetBuOO- ligand forms aπ bond with

the â-dxz orbital of iron(III). The corresponding bonding
combination,πv

/
•dxz (â〈63〉, cf. Figure 5),64 is the HOMO

of complex 1̃. As given in Table 4, this orbital has about
28% metal contribution, which corresponds to a very covalent
interaction. The antibonding combination, dxz•πv

/ (â〈68〉),
is found at very high energy, which is due to the fact that
dxz is of t2 type and thus shows aσ antibonding interaction
with two of the pyrazolyl nitrogen donors (see contour plot
in Figure 5). The energy of the corresponding CT transition
from πv

/
•dxz to dxz•πv

/ can be estimated from the orbital
energy differences of these MOs. The value obtained of
17035 cm-1 is in accordance with the experimentally
determined energy of band 1 in Figure 2 (19650 cm-1; cf
Table 2). Therefore, band 1 can be assigned as theπv

/
•dxz

to dxz•πv
/ CT.65 The other important interaction between

iron(III) and alkylperoxide in 1̃ is mediated by theπh
/

orbital, which forms aσ bond with one of the e-type d
functions. The corresponding bonding combination,πh

/
•dσ

(â〈56〉), is shown in Figure 5 and has about 12% metal
contribution (cf. Table 4), indicating a strong bond. This is
also reflected by the antibonding combination, dσ•πh

/ (â-
〈66〉; cf. Figure 5), which has 16% peroxide character. The
energy of the corresponding CT transition fromπh

/
•dσ to

dσ•πh
/ is estimated from the MO energies to be at 24250

cm-1, which matches with the energy of band 2 in Figure 2
at 26880 cm-1. Taking into account the results from VTVH
MCD spectroscopy (vide supra), band 2 can therefore be
assigned as theπh

/
•dσ to dσ•πv

/ CT. The otherσ donor
orbitals of thetBuOO- ligand,πh

b andσb, are nonbonding to
the metal. The unoccupied orbitalσ* is mixed with the empty
â-dxy function of iron and, hence, does not contribute to net
bonding.

Scheme 2, left, shows a simplified representation of the
bonding scheme of1 with the two CT transitions indicated

(64) Regarding the nomenclature: “πv
/
•dxz” denotes an MO that is a

mixture of the orbitalsπv
/ and dxz; the one with the larger contribution

to the MO comes first (in this exampleπv
/). â〈63〉 refers to MO no.

63 with â-spin.
(65) Note that the unoccupied d orbital dyz also has an admixture ofπv

/,
but the resulting MO “dyz + πv

/(nb)” (â〈65〉; cf. Table 4) is
nonbonding. The orbital energy difference for the transition from
πv
/
•dxz to dyz + πv

/(nb) is 9350 cm-1, indicating a low-energy CT in
1. However, a corresponding transition is not observed experimentally
and this orbital mixing appears to be overestimated by the calculation.

Table 3. Comparison of Relative Donor Strengths and Fe-O Force Constants of Fe(III)-Peroxo Complexes

complex
π* f d CT

(cm-1)
donor strength
(Cπ*

M )2 ratio a
νFe-O

(cm-1)
kFe-O

(mdyn/Å)
νO-O

(cm-1)
kO-O

(mdyn/Å) ref

ls-Fe(TPA)OOtBu
16000

0.5 696 3.53 796 2.92 36
17364

ls-Fe(N4Py)OOH
17542

0.23 632 3.62 790 3.05 38
19149

hs-Fe(6-Me3TPA)OOtBu 18123 0.5 637
2.87

860b 3.55
39

(2.10)c (3.69)c

hs-Fe(L3)OOtBu
19650 0.21

625 (2.19)d 860b (3.93)d e
26880 0.12

a Corresponds to the charge donation of peroxide to the metal. This value is relative to the donor strength of theπ* f d CT transition of a Cu-peroxo
end-on monomer (set to 1.0).72 b The O-O stretching frequency in the deuterated compound where mode mixing withνs(CC) is small.c Taken from the
DFT calculation on high-spin [Fe(NH3)4(OH)(OOtBu)]+ whereν(FeO)) 590 cm-1 andν(OO) ) 876 cm-1. d Taken from the DFT calculation on high-spin
[Fe(L)(OOtBu)]+ whereν(FeO)) 618 cm-1 andν(OO) ) 847 cm-1. e This work.

Figure 4. Fully optimized structure (B3LYP/LanL2DZ) of the simplified
model 1̃ in which the side chains of the tris(pyrazolyl)borate ligand L3
have been truncated leading to ligand L. The coordinates of1̃ are given in
Supporting Information Table 1. Important structural parameters (bond
length in Å, angles in degrees):r(Fe-O) ) 1.843;r(O-O) ) 1.446;r(C-
O) ) 1.542; Fe-O-O, 116; C-O-O, 111; Fe-O-O-C, 180.

Table 4. Charge Contributions (in Percent) of Importantâ Orbitals of
1̃ Calculated with B88P86/Triple-ú Basis

O2 O3

no. label
energy

(hartree)
Fe
d s p s p

C3t

s + p
∑pyrazole

s + p

â〈72〉 σ*•dxy -0.1413 5 4 33 4 33 2 2
â〈68〉 dxz•πv

/ -0.2507 65 0 15 0 4 0 11

â〈67〉 dxy -0.2624 71 0 1 0 3 0 12
â〈66〉 dσ•πh

/ -0.2732 70 0 15 0 1 0 3

â〈65〉 dyz + πv
/(nb) -0.2858 61 0 12 0 10 0 14

â〈64〉 dnb (LUMO) -0.3001 82 0 0 0 1 0 14

â〈63〉 πv
/
•dxz (HOMO) -0.3284 28 0 14 0 41 0 8

â〈56〉 πh
/
•dσ -0.3837 12 0 29 2 23 4 10

â〈46〉 πv
b -0.4694 4 0 24 0 17 0 3

â〈33〉 πh
b -0.5309 0 0 18 2 21 15 2

â〈30〉 σb -0.5529 0 0 16 2 17 12 12
â〈28〉 σb -0.6114 0 3 14 1 22 15 1

Electronic Structure of Fe-Pterinperoxo Complexes

Inorganic Chemistry, Vol. 42, No. 2, 2003 475



by arrows. Note that the lowest half-occupied orbital of
complex1 (the LUMO in theâ-MO scheme; cf. Table 4) is
the second e-type d function which is located within theyz
plane (in the coordinate system in Figure 4) and, hence, is
essentially nonbonding and therefore labeled dnb. The overall
bonding describtion of complex1 is very similar to that
obtained for the six-coordinate model system high-spin [Fe-
(6-Me3TPA)(OHx)(OOtBu)]x+ 39 (cf. Scheme 2, right). Dif-
ferences are mainly due to the different d orbital splittings
in the four- and six-coordinate ligand fields of these
complexes, respectively. The calculatedπv

/ covalency of
both compounds is similar, which, however, is in disagree-
ment with experiment. From the relative donor strengths of
the corresponding CT transitions (vide supra and cf. Table
3), the covalency should be distinctly higher for the six-
coordinate system. Therefore, theπv

/ covalency is overesti-
mated in the calculation of1̃. The smaller donation in the
case of1 is in agreement with the observed higher energy
of the πv

/
•dxz to dxz•πv

/ transition in this complex (19650
vs 18120 cm-1 in TPA). This trend in CT energies reflects
the higher energy position of the dxz orbital in 1 due to itsσ
antibonding interaction with two pyrazolyl nitrogen donors.
This leads to a larger energy difference between theπv

/

donor and dxz in 1 compared to the six-coordinate TPA
complex and, hence, reduced covalency. On the other hand,
theσ interaction betweenπh

/ and dσ is stronger in1 as these
orbitals are much closer in energy. This is reflected by the

lower energy of theπh
/
•dσ to dσ•πh

/ CT in this complex.
This is also in agreement with the calculatedσ covalency
(the πh

/ admixture to dσ is 16% in 1 vs 9% in the TPA
complex) and the experimental observation that the overall
bonding is comparable in both compounds (similar Fe-O
and O-O vibrational properties), yet theπv

/ donation is
lower in 1. The weakerσ interaction in the six-coordinate
complex high-spin [Fe(6-Me3TPA)(OHx)(OOtBu)]x+ is due
to the stronger ligand field and greater charge donation
compared to1, which shifts both e(g)-type d orbitals to
distinctly higher energies and the corresponding CT out of
the spectroscopically accessible range (cf. Scheme 2, right).

B. Electronic Structure of Pterinperoxo Complexes [Fe-
(L)(OOPtn)] n+ (n ) 0, 1).

B.1. Description of the Electronic Structure of the Free
Pterinperoxo Ligand. The fully optimized structure of
hydroperoxo-pterin (PtnOOH) is shown in Figure 6 together

Table 5. Calculated (B3LYP/LanL2DZ) Geometries and Properties of High-Spin [Fe(L)(OOR)]+ Complexes

geometric parameters (Å) spin densities

Molecule r(Fe-O) r(O-O) r(C-O) r(Fe-N)a Fe O2 O3
tBuOOH 1.516 1.496
PtnOOH 1.493 1.570

hs-[Fe(L)(OOtBu)]+ (1̃) 1.843 1.446 1.542 2.01 +3.86 +0.49 +0.16
hs-[Fe(L)(OOPtn)]+ b (2̃) 1.878 1.404 1.757 2.02 +3.81 +0.52 +0.26

hs-[Fe(L)(OOPtn)]b (3̃) 1.857 1.471 1.757 2.11 +3.62 +0.19 +0.03

a Average of all Fe-N distancesb Geometries are only partly optimized; see Experimental Section.

Scheme 2

Figure 5. Contour plots of the molecular orbitals of1̃ (cf. Scheme 2 and
Table 4) corresponding to the most important interactions of the alkylperoxo
orbitals with the d functions of iron(III) (see text).
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with the usual numbering of the ring atoms. Geometric
parameters are given in Table 5. Importantly, whereas the
O-O bond length obtained is comparable totBuOOH, the
C-O distance of peroxide is distinctly longer for PtnOOH.
However, this seems to be related to the DFT calculations
and is not an intrinsic feature of the hydroperoxo-pterin
molecule (cf. Experimental Section). The MO scheme of the
corresponding pterinperoxo ligand of2̃ (calculated using the
B88P86 functional and a Slater-type triple-ú (valence) basis
set) is shown in Figure 7. The HOMO of PtnOO- (〈41〉) is
of peroxideπ* character and has no contribution from C4a

or other ring atoms. In analogy to the HOMO of the free

tBuOO- ligand, this MO is therefore labeledπv
/. Next in

energy is the secondπ* orbital, πh
/ (〈40〉), which is bonding

toward C4a (cf. Figure 6). These are the most important donor
orbitals of the PtnOO- ligand, and they are very similar to
the π* orbitals of tBuOO-. To lower energy, the MO〈39〉
corresponds to an in-plane pterin ring orbital with CdO
(carbonyl) antibonding character and is therefore labeled [Cd
O]*. Importantly, it has some peroxide character as shown
in Figure 7. The peroxideπ bonding orbitalsπv

b andπh
b as

well as theσ bonding orbitalσb are located at low energy
and do not participate in bonding to high-spin Fe(III) centers
as described above for1. The LUMO (〈42〉) of the pterin-
peroxo ligand is an out-of-plane pterin ring orbital labeled
π*(Ptn). As shown in Figure 7, it has a strong admixture of
the peroxideπh

/ orbital and, hence, could potentially form a
back-bond with the metal. Another potentially back-bonding
orbital is σ*, which, however, is located at high energy as
in the case oftBuOO-.

B.2. Electronic Structure of [Fe(L)(OOPtn)]+. The
structure of model system2̃ (cf. Experimental Section) is
shown in Figure 8 together with the appropriate coordinate
system, and structural parameters are given in Table 5. The
spin density on the peroxide unit is distinctly higher for2̃
(+0.78) compared to1̃ (+0.65), which indicates that the
covalency between Fe(III) and peroxide is increased in the
Fe(III)-OOPtn system. This effect can be evaluated more
quantitatively from the MO diagram of complex2̃ shown in
Figure 9 (calculated with the B88P86 functional and a Slater-
type triple-ú (valence) basis set). Due to the high-spin [e]2-
[t2]3 electron configuration of Fe(III), onlyâ-spin orbitals
contribute to bonding with donor ligands (vide supra), and
hence, theâ-MO diagram of2̃ is exclusively discussed.

Importantly, the overall bonding scheme of2̃ is very
similar to that obtained for1̃ (cf. Scheme 2). The pterin-
peroxide orbitalπv

/ interacts with dxz forming aπ bond. The
corresponding bonding combination,πv

/
•dxz, is split by

interaction with pterin ring orbitals giving rise to MOsâ-
〈84〉 andâ〈83〉 (cf. Figure 9 and Table 6). The antibonding
combination, dxz•πv

/ (â〈90〉), is found at high energy due to
an antibonding interaction with the pyrazolylσ donors (cf.

Figure 6. Fully optimized structure (B3LYP/LanL2DZ) of hydroperoxo-
pterin (PtnOOH). Important structural parameters (bond lengths in ang-
stroms, angles in degrees):r(O-O) ) 1.493;r(C-O) ) 1.570; C-O-O,
108; O-O-H, 103; C-O-O-H, 61.

Figure 7. Molecular orbital diagram of the free pterinperoxo ligand
(PtnOO-; structure fully optimized with B3LYP/LanL2DZ) calculated with
B88P86/triple-ú basis. Insets show contour plots of important molecular
orbitals as indicated.

Figure 8. Partially optimized structure (B3LYP/LanL2DZ) of model2̃
corresponding to an Fe(III)-OOPtn complex. The coordinates of2̃ are given
in Supporting Information Table 2.
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contour plot in Figure 10) as in the case of1̃. This orbital
has about 15% charge contribution from the peroxide unit
(cf. Table 6), which is reduced compared to1̃ (peroxide
admixture: 19%). Hence, the covalency of the Fe-O π bond
is somewhat smaller in2̃. Alternatively, theσ donor orbital
πh
/ interacts more strongly with iron(III) in the case of2̃.

Again, the bonding combination,πh
/
•dσ, is distributed over

several MOs (â〈81〉, â〈79〉, â〈73〉) due to interaction with
pterin ring orbitals (cf. Figure 9 and Table 6). The antibond-
ing combination, dσ•πh

/ (â〈88〉; cf. Figure 10), has 26%
charge contribution from the peroxide unit (cf. Table 6)
compared to only 16% in the case of1̃, which represents a
dramatic increase of covalency.

Figure 9. Molecular orbital diagram of2̃ (in the coordinate system given
in Figure 8) calculated with B88P86/triple-ú basis. The nomenclature “a•b”
indicates that orbitala interacts withb and thata has a larger contribution
to the resulting MO. Important MOs corresponding to the donor orbitals of
the pterinperoxo ligand are marked with a box.

Table 6. Charge Contributions (in Percent) of Importantâ Orbitals of 2̃ Calculated with B88P86/Triple-ú Basis

O2 O3

no. label
energy

(hartree)
Fe
d s p s p

C4a
s + p

∑pyrazole
s + p

∑pterin
s + p

â〈91〉 [Ptn(π*) + πh
/] + dσ -0.1989 5 0 33 0 9 7 1 68

â〈90〉 dxz•πv
/ -0.2307 64 0 11 0 4 1 9 3

â〈89〉 dxy -0.2429 70 1 3 0 3 0 11 2
â〈88〉 dσ•πh

/ -0.2574 59 0 19 0 7 1 2 3

â〈87〉 dyz + πv
/(nb) -0.2670 64 0 9 0 8 0 12 1

â〈86〉 dnb (LUMO) -0.2798 82 0 0 0 1 0 13 1

â〈85〉 [CdO]* + dσ (HOMO) -0.2957 16 0 0 0 6 8 1 59
â〈84〉 πv

/
•dxz -0.3089 10 0 05 0 12 1 2 64

â〈83〉 πv
/
•dxz -0.3126 11 0 8 0 20 1 2 53

â〈81〉 πh
/
•dσ + Ptn -0.3279 4 0 3 0 11 1 3 69

â〈79〉 πh
/
•dσ + Ptn -0.3328 3 0 3 0 8 1 0 74

â〈73〉 πh
/
•dσ -0.3724 8 0 23 0 7 8 6 37

â〈71〉 πh
b
•dσ + Ptn -0.4138 1 0 15 0 3 2 0 69

â〈64〉 πv
b -0.4505 2 0 21 0 17 0 6 43

â〈48〉 πh
b -0.5101 0 0 24 4 25 4 10 21

â〈44〉 σb -0.5384 0 1 13 1 15 9 5 47
â〈40〉 σb -0.5726 0 1 7 0 9 8 0 73

Figure 10. Contour plots of the molecular orbitals of2̃ (cf. Figure 9 and
Table 6) corresponding to the most important interactions of the pterinperoxo
donor (πv

/, πh
/, [CdO]*, πh

b) orbitals with the d functions of iron(III).
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In addition to the peroxide donor orbitalsπv
/ and πh

/

which are present in bothtBuOO- and PtnOO-, the pterin-
peroxo ligand has two more orbitals of interest for bonding
to iron(III) (vide supra). In complex2̃, the HOMO corre-
sponds to the pterin carbonyl orbital [CdO]* (vide supra)
with about 16% admixture of the e-type d-function dσ (â-
〈85〉; cf. contour plot in Figure 10). The fact that [CdO]* is
higher in energy thanπv

/ andπh
/ in complex2̃ but not in the

free ligand (cf. Figure 7) is due to two effects: (a) the strong
interaction of bothπ* donor orbitals with d functions of iron
leads to a large shift of these orbitals to lower energy; and
(b) there is a rehybridization of [CdO]*. In the free ligand,
[CdO]* has some admixture ofπh

b, but with a very small
coefficient on O3 (for labeling see Figure 8) such that it
becomes weakly O-O bonding and weakly C-O antibond-
ing. On complexation to Fe(III), the polarization of the
peroxide group is reversed and the coefficient on O3 becomes
large whereas that on O2 is almost zero. Hence, [CdO]* is
now O-O nonbonding and stronger C-O antibonding (cf.
Figure 10) and actually shifts to slightly higher energy. Since
the electronic matrix element between [CdO]* and the e-type
d orbital is small due to low overlap, the strong mixing of
these orbitals is a consequence of the high energy of [Cd
O]* and, therefore, the low ionization energy of PtnOO-.66

This allows a transfer of electron density directly from the
pterin ring to Fe(III). Another interesting orbital is the LUMO
of the free PtnOO- ligand, labeled “π*(Ptn) + πh

/” (vide
supra), which is low in energy. However, it does not mix
with any of the occupiedR-d orbitals of iron (cf. Figure 9,
left). Hence, as expected, the PtnOO- ligand has no back-
bonding properties.

In summary, in going from thetBuOO- to the PtnOO-

ligand in high-spin Fe(III) systems, the overallπ* covalency
increases. Additional electron density is transferred to the
metal from the pterin ring, which reflects the low oxidation
potential of the pterin system. Despite these differences in

bonding, the overall ligand fields in2̃ and1̃ are very similar
and, hence, the same splitting pattern of the d orbitals results,
which is depicted in Scheme 2, left. Correspondingly, the
LUMO of 2̃ is still the nonbonding e-type orbital dnb which
is located in theyz plane.

B.3. Electronic Structure of [Fe(L)(OOPtn)] and Het-
erolytic Cleavage of the O-O Bond. The optimized
structure of the high-spin ferrous Fe-OOPtn complex3̃ (cf.
Experimental Section) is very similar to that of2̃ shown in
Figure 8. Structural parameters are given in Table 5.
Importantly, the spin density on the peroxide unit is low in
3̃, indicating that covalency is greatly reduced compared to
2̃. This is consistent with a decrease in the effective nuclear
charge (Zeff) on the metal in going from ferric to ferrous iron.
The MO diagram of3̃ has been calculated with the B88P86
functional and a Slater-type triple-ú (valence) basis set. It is
very similar to that obtained for2̃ and shows the d orbital
splitting given in Scheme 2, left. It is included in the
Supporting Information Figure 1, and charge contributions
are presented in Table 7. Theπv

/ covalency is reduced in
the case of the ferrous system, as evident from the peroxide
contribution to dxz•πv

/ (â〈91〉 in Table 7), which decreases
from 15% in 2̃ to only 8% in 3̃. In parallel, the peroxide
character of dσ•πv

/ (â〈89〉 in Table 7) is reduced from 26%
in 2̃ to 15% in 3̃. Finally, the transfer of electron density
from the pterin ring to iron manifested in the admixture of
an e-type d orbital (dσ) into [CdO]* is no longer present in
the case of3̃. Thus, the PtnOO- ligand donates much less
electron density to the ferrous than the ferric site. Importantly,
the extra d electron in the case of3̃ occupies the nonbonding
dnb orbital (â-HOMO of 3̃; shown in Figure 11) which is
the â-LUMO of 2̃ (cf. Figure 9 and Scheme 2).Thus, the
additional electron does not contribute to actiVation of the
peroxide unit for heterolytic cleaVage of the O-O bond.For
this purpose, it would have to occupy the dxy orbital (located
at 0.065 hartree in Scheme 2, left) which is capable of
forming a back-bond withσ*.39 Therefore, the d orbital
splitting in the trigonally distorted tetrahedral geometry of
the four-coordinate tris(pyrazolyl)borate complex is unfavor-
able toward activation of peroxo ligands.

(66) From the DFT calculations, PtnOOH has a lower vertical ionization
energy thantBuOOH by about 1.2 eV. This is due to the fact that
one-electron oxidation oftBuOOH leads to removal of one electron
from the peroxide unit (forming a superoxide species), whereas in
the case of PtnOOH the hole is distributed over the pterin ring.

Table 7. Charge Contributions (in Percent) of Importantâ Orbitals of 3̃ Calculated with B88P86/Triple-ú Basis

O2 O3

no. label
energy

(hartree)
Fe
d s p s p

C4a
s + p

∑pyrazole
s + p

∑pterin
s + p

â〈91〉 dxz•πv
/ -0.0606 67 0 7 0 1 0 17 0

â〈90〉 dxy -0.0795 46 0 1 0 7 1 2 30
â〈89〉 dσ•πh

/ -0.0875 61 0 10 0 5 0 2 8
â〈88〉 dyz + πv

/ -0.1041 70 0 11 0 4 0 12 0
â〈87〉 dσ + [Ptn(π*) + πh

/] -0.1056 41 0 2 1 4 4 1 33

â〈86〉 dnb (HOMO) -0.1283 87 0 0 0 1 0 8 1
â〈85〉 πv

/
•dxz -0.1663 16 0 24 0 44 1 1 9

â〈84〉 [CdO]* + πh
/
•dσ -0.1916 3 0 7 0 16 6 0 62

â〈82〉 πh
/
•dσ + Ptn -0.2065 2 0 7 0 11 4 0 66

â〈75〉 πh
b/πh

/
•dσ -0.2401 5 0 34 0 2 7 11 31

â〈71〉 πv
b -0.2893 2 0 43 0 34 0 1 15

â〈60〉 πh
b -0.3533 0 0 10 2 15 4 5 54

â〈57〉 σb -0.3670 0 0 8 1 7 0 53 18
â〈55〉 σb -0.3702 0 0 8 1 6 1 37 36
â〈54〉 πh

b -0.3733 0 0 8 1 11 2 10 56
â〈45〉 σb -0.4114 0 1 8 0 13 14 0 55
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This is also evident from the very unfavorable reaction
energies calculated for O-O heterolysis in complex3̃. As
described in the Introduction, a reaction mechanism for the
pterin-dependent enzymes has been postulated where an
Fe(II)-OOPtn species undergoes heterolytic cleavage of the
O-O bond,

where∆G′ ) ∆G - ∆Gprot and ∆Gprot can be calculated
from the pKA value of PtnOH:

The free reaction energy∆G can be estimated from DFT
calculations. For this purpose, the structures of the product
species Fe(IV)dO (S ) 2) and PtnO- have been fully
optimized with B3LYP/LanL2DZ (see Experimental Sec-
tion). Using the LanL2DZ basis set, a reaction energy∆E
of +136 kcal/mol is obtained as shown in Table 8. The large
endothermicity is due to the charge separation which is very
unfavorable in the gas phase. Including a solvent sphere in
the calculations with a dielectric of 10 reduces the reaction
energy to about+55 kcal/mol. This seems to be a reasonable
estimate for the substrate pocket in pterin-dependent hy-
droxylases.20,22 Using water with a dielectric of 78 leads to
a value of only+20 kcal/mol (cf. Table 8), which demon-
strates how strongly reaction energies can be dependent on
solvation when charged species are formed. Due to the fact
that the structure of3̃ is not fully optimized, the zero-point
correction to the reaction energy and the entropy cannot be
obtained. However, their contribution can be estimated for
a cleavage of the O-O bond to about-15 kcal/mol.36,38

Therefore, the resulting free reaction energy∆G is about
+40 kcal/mol for a dielectric of 10, and, hence, this reaction
is thermodynamically not accessible. However, a further
energy gain is obtained if the Fe(II)-OOPtn species is
initially protonated. Assuming a pKA of about 10-15 for
PtnOH, which corresponds to∆Gprot ≈ 15-20 kcal/mol, the
free reaction energy∆G′ obtained is about+20 kcal/mol.
Compared to the enzyme species, this number is most likely
an overestimate since it can be expected that a six-coordinate
high-spin Fe(III) species is present which would be more
potent in stabilizing an Fe(IV)dO intermediate compared
to a four-coordinate site.67 In any case, these numbers indicate
that initial protonation of the Fe(II)-OOPtn species would
be important in enabling the heterolytic cleavage of the O-O
bond. Taking this into account, the DFT calculations show
that O-O heterolysis to produce an Fe(IV)dO (S) 2) and
PtnOH (which is the primary product of pterin oxidation
observed experimentally) is a thermodynamically accessible
reaction pathway for pterin-dependent enzymes.

Discussion

Using resonance Raman, UV-vis absorption, EPR, and
MCD spectroscopies correlated to DFT calculations, the four-
coordinate complex high-spin [FeIII (L3)(OOtBu)]+ (1) has
been investigated. Vibrational features at 625 and 830/889
cm-1 have been assigned as the Fe-O and O-O stretch,
respectively (the latter is split due to mixing with the
symmetric C-C stretch of thetert-butyl group; see ref 39).
UV-vis spectroscopy shows a broad absorption band at 510
nm that is assigned to the alkylperoxo (πv

/) to Fe(III) (dxz)
CT. The corresponding Fe-O π bond is found to be highly
covalent in the DFT calculations with 28% metal d character
mixed into πv

/. However, from the low intensity and thus
donor strength of the 510 nm band, this seems to be an
overestimate compared to other Fe(III)-OOR complexes as
shown in Table 3. With the help of MCD spectroscopy, an
additional electronic absorption is located at 370 nm that is
polarized along the Fe-O bond and, hence, is assigned to
the alkylperoxo (πh

/) to Fe(III) (dσ) CT. This is in agree-
ment with the estimated transition energies from DFT. The
corresponding Fe-O σ bond is calculated to be less covalent
than theπ bond having 12% metal d contribution mixed into
πh
/. From the DFT calculations, no further orbital inter-

actions between the alkylperoxide ligand and Fe(III) d
orbitals are of importance for the bonding description of1.
The lowest singly occupied orbital of1 is an e-type d function
of iron, which is nonbonding to all ligands (labeled dnb in
Scheme 2).

This bonding description is very similar to that obtained
for the six-coordinate complex high-spin [Fe(6-Me3TPA)-
(OHx)(OOtBu)]x+.39 Differences arise from the different d
orbital splittings in the octahedral and trigonally distorted
tetrahedral ligand fields of the TPA complex and1,
respectively, as shown in Scheme 2. In particular, this is

(67) For example, the reaction energy for O-O homolysis is about+15
kcal/mol higher for the four-coordinate Fe(III)-OOtBu system1̃
compared to that in six-coordinate species,39 which is due to
destabilization of the Fe(IV)dO intermediate formed upon cleavage.

Figure 11. Contour plot of theâ-HOMO of 3̃ (cf. Table 7) which
corresponds to the doubly occudied d orbital of high-spin Fe(II) (cf. the
MO diagram of 3̃ in Supporting Information Figure 1). This orbital is
occupied on addition of one electron to the high-spin Fe(III) model system
2̃.

Table 8. Thermodynamics of Heterolytic Cleavage of the O-O Bond
in 3̃ (Calculated with B3LYP)

∆E (kcal/mol)

reactant producta LanL2 + solvb (ε ) 10) + solv (water)

[Fe(L)(OOPtn)]
3̃ (S) 2)

S) 2 +136 +55 +20

a Spin state of the Fe(IV)dO complex; the-OPtn anion hasS′ ) 0.
Total spin: Stot ) 2. b Solv: including a solvent sphere in the calculation
using the polarized continuum model (PCM). For the water calculation on
3̃, convergency could not be achieved because of numerical problems. This
value is therefore only estimated.

PtnOH+ H2O f PtnO- + H3O
+; ∆Gprot ) -RT ln KA
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evident from the different CT energies of theπv
/ andπh

/ to
Fe(III) CT in these systems. Importantly,the twoπ* donor
orbitals of alkylperoxide interact with the same types of d
orbitals in both the four- and the six-coordinate complex;
i.e., πv

/ forms a π bond with a t2(g) function and πh
/

undergoes aσ interaction with an e(g) orbital. However,
whereas t2(g) orbitals are alsoπ antibonding to the additional
ligands in an octahedral environment, they areσ antibonding
to the pyrazolyl donors in the tetrahedral ligand field of1
and hence, shifted to higher energy in the four-coordinate
complex (cf. Scheme 2). Therefore, theπv

/ to Fe(III) CT is
at higher energy in1 and the correspondingπ bond is less
covalent compared to the TPA complex. Alternatively, the
e(g) d orbitals of iron areσ antibonding to the additional
ligands and high in energy in the octahedral TPA complex,
whereas they areπ antibonding to the pyrazolyl donors and,
hence, at low energy in1. Therefore, theπh

/ to Fe(III) CT is
at much higher energy in the TPA complex and could not
be observed spectroscopically.39 Correspondingly, the Fe-O
σ bond mediated byπh

/ is more covalent in1. The totalπ*
covalency from both theπv

/ and theπh
/ orbital is compa-

rable in 1 and high-spin [Fe(6-Me3TPA)(OHx)(OOtBu)]x+

reflected by their similar Fe-O and O-O vibrational
energies (cf. Table 3).

In order to explore the electronic structure of pterinper-
oxide complexes, the model system high-spin [FeIII (L)-
(OOPtn)]+ (2̃) has been studied with DFT in direct com-
parison to high-spin [FeIII (L)(OOtBu)]+ (1̃) described above.
The MO description obtained for2̃ is extremely similar to
that calculated for Fe(III)-OOtBu shown in Scheme 2, left.
Importantly, the electron rich pterin group leads to increased
charge donation to Fe(III) in the Fe(III)-OOPtn complex.
This is evident from the increasedσ donation mediated by
the πh

/ orbital of the pterinperoxo ligand and an additional
transfer of electron density directly from the pterin ring to
Fe(III). The lowest singly occupied orbital is dnb as in the
case of1. Reduction of2̃ by one electron leads to the
corresponding ferrous high-spin [FeII(L)(OOPtn)] complex
(3̃), which is a model for the potential Fe(II)-OOPtn
intermediate in pterin-dependent enzymes (see Scheme 1 and
Introduction). Again, the bonding scheme obtained is ex-
tremely similar to that calculated for1̃ (cf. Scheme 2, left)
and 2̃. Due to the decreased effective nuclear charge (Zeff)
on the metal when going from Fe(III) to Fe(II), the Fe-O
covalency is greatly reduced in Fe(II)-OOPtn compared to
the ferric complex2̃. This affects both theπv

/ and theπh
/

donor orbitals of the pterinperoxo ligand whose covalencies
are reduced by about 50% in3̃. In addition, the direct
donation of electron density from the pterin ring to iron as
observed in2̃ no longer occurs. In this sense, the pterinperoxo
ligand is less activated by the metal in the ferrous compared
to the ferric complex.

Activation of the peroxide ligand in the ferrous compound
could still be achieved by the extra electron. However, in
the four-coordinate complex3̃, this electron occupies the
nonbonding orbital dnb (which corresponds to the lowest
singly occupied orbital in1̃ and 2̃; cf. Scheme 2, left) and,
hence, does not participate in bonding. Correspondingly, the
O-O bond is not weakened in3̃ and calculated free reaction
energies for O-O heterolysis (the proposed decay pathway
of this intermediate; cf. Scheme 1) of about 20 kcal/mol,
which includes protonation of the peroxide prior to cleavage,
are unfavorable. However, the potential enzymatic Fe(II)-
OOPtn intermediate is most probably six-coordinate, which
would assist in peroxide activation. In an octahedral ligand
field, the extra electron occupies aâ-t2g type orbital which
could undergo aπ interaction with theσ* orbital of the
pterinperoxo ligand, thus weakening the O-O bond.68 This
pathway has been shown to mediate electron transfer in the
homolytic cleavage reaction of the O-O bond in low-spin
Fe(III)-alkylperoxo complexes where theâ-t2g orbitals are
partly occupied.36,39 In addition, work of Baerends et al. on
Fenton type catalysts have shown that, in the proposed six-
coordinate Fe(II)-OH-OH primary intermediate, there is
a strongπ interaction betweenσ* of peroxide and a t2g

function of iron, prior to homolytic cleavage of the O-O
bond.69,70 Further studies on six-coordinate Fe(II)-OOPtn
species that model the active site of pterin-dependent
enzymes are in progress which will address the question of
how O-O heterolysis may work in these systems.71
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