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Abstract: The spectroscopic properties, electronic structure, and reactivity of the low-spin +alkl)peroxo

model complex [Fe(TPA)(OR(OOBU)*" (1; TPA = tris(2-pyridylmethyl)amine!Bu = tert-butyl, x =1 or

2) are explored. The vibrational spectrabEhow three peaks that are assigned to theQOstretch (796
cmY), the Fe-O stretch (696 cml), and a combined ©C—C/C—C—C bending mode (490 cm) that is

mixed with »(FeO). The corresponding force constants have been determined to be 2.92 mdyn/A for the
O—0 bond which is small and 3.53 mdyn/A for the-F® bond which is large. Complekis characterized

by a broad absorption band around 600 nm that is assigned to a charge-transfer (CT) transition from the
alkylperoxo ), to a by d orbital of Fe(lll). This metatligand =z bond is probed by MCD and resonance
Raman spectroscopies which show that the CT state is mixed with a ligand field gtateeg} by configuration
interaction. This gives rise to two intense transitions under the broad 600 nm envelope with CT character
which are manifested by a pseudoterm in the MCD spectrum and by the shapes of the resonance Raman
profiles of the 796, 696, and 490 ctvibrations. Additional contributions to the F© bond arise fronmu
interactions between mainly-80 bonding donor orbitals of the alkylperoxo ligand and grdeorbital of

Fe(lll), which explains the observed-«® and Fe-O force constants. The observed homolytic cleavage of
the O-0O bond ofl is explored with experimentally calibrated density functional (DFT) calculations. The
O—0 bond homolysis is found to be endothermic by only 15 to 20 kcal/mol due to the fact that the=F&(IV)
species formed is highly stabilized (for spin sta®es 1 and 2) by two strongr and a strongr bond between
Fe(lV) and the oxo ligand. This low endothermicity is compensated by the entropy gain upon splitting the
O—0 bond. In comparison, Cu(Halkylperoxo complexes studied before [Chen, P.; Fujisawa, K.; Solomon,
E. l.J. Am. Chem. So200Q 122, 10177] are much less suited for-@ bond homolysis, because the resulting
Cu(lll)=0 species is less stable. This difference in metalo intermediate stability enables the-O homolysis

in the case of iron but directs the copper complex toward alternative reaction channels.

Introduction on Fe(lll)—peroxo reactive species. However, for the non-heme
iron enzymes no reaction intermediate has yet been character-
ized. In the case of Lipoxygenase, a stable high-spin Fe(lll)
alkylperoxo complex is formed either as an enzyrpeoduct
complex or in a side reactich® The only peroxo-level
intermediate that has been studied in the field of non-heme iron

Mononuclear non-heme iron enzymes are involved in many
different types of oxidation reactions of substrates including
hydroxylation and hydroperoxidation of-@4 bonds, cleavage
of aromatic rings, and oxidative ring closure. The anti-cancer
drug bleomycm (BLM), which has anon-hemg like coordination is activated bleomycin (ABLM), which is a low-spin Fe(H)
sphere of iron, catalyzes H-atom abstraction from th¢ C OOH complex-13
position of DNA ribose sugdar.Many of these reactions are :
believed to proceed via Fe(llhalkylperoxo or—hydroperoxo (3) De Groot, J. J. M. C.; Garssen, G. J.; Veldink, G. A.; Vliegenthart,
intermediateg. For the cofactor-dependent hydroxylases (for ' (FA)GS'b:a(\);I)iIrTgEf j.FEAESvlé%ithlkwé 5:,. ?_?e_fﬁghs T. 3: Viiegenthart, J
example, phenylalanine hydroxylase or clavaminate synthase),r. G’; Kay, C. M. Biochim. Bioph)’,s_ Actd979 574, 301-311. T
Fe(ll)—OOR species are possible reaction intermediates where (5) Slappendel, S.; Veldink, G. A.; Vliegenthart, J. F. G.; Aasa, R;
R is the organic cofactor (pterin om-ketoglutarate). The  Malmstrian, B. G.Biochim. Biophys. Acta983 747, 32-36.

. . . . 6) Nelson, M. J.; Chase, D. B.; Seitz, SBfochemistryl 995 34, 6159
hydroxylation reactions performed by Rieske-type dioxygenases, 61((33). ' IstryL993

on the other hand, are thought to involve Fe(HQOH or side- (7) Burger, R. M.; Peisach, J.; Horwitz, S. 8.Biol. Chem1981, 256,
11636-11644.
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Three different mechanisms have been discussed for thethe unsubstituted TPA ligand, low-spin [Fe(TPA)(QH

H-atom abstraction reaction of ABLM: (a) heterolytic cleavage
of the O-0O bond generating a catalytically active formally
Fe(V)=0 species; (b) homolytic cleavage leading to a reactive
Fe(IV)=0 intermediate; or (c) direct H-atom abstraction by the
hydroperoxo complex. The formally Fe®0 species formed
by heterolytic cleavage (a) of the-@ bond of the protonated
hydroperoxo ligand has been observed in heme systérifs.
This intermediate is stabilized by oxidation of the porphyrin
ligand (P) leading to a (P)Fe(IV)=0 species (“compound
I"),20-25 which is catalytically active in H-atom abstraction.
Heterolytic cleavage of the-©0 bond has been shown by DFT
calculations to be highly favorable for porphyrin systems with
a reaction energy of about80 kcal/mol'326However, the BLM

(OOBU)I*" (1, x =1 or 2) was obtained and spectroscopically
studied. This compound is characterized by an intense absorption
at 600 nm, Raman features at 796, 696, and 490'cmand
g-values of 2.19, 2.14, and 1.98 from EPR spectroséégy.

In addition,1 has been characterized by electrospray ionization
mass spectrometry. Importantly, this method does not allow the
determination of whether water or hydroxide is bound to iron,
hence the sixth ligand df is denoted as (Ofl. In addition, a
large number of low-spin Fe(Ilyhydroperoxo complexes with
N-donor ligand systems have been synthesized as models for
ABLM. 313444 None of these iron(lll) complexes has been
structurally characterized, but crystal structures have been
obtained for related C® 0 and C%* > systems. Detailed

ligand is much harder to oxidize compared to a porphyrin, hence studies on the reactivity of complek with alkanes yielding

it is much less suited to stabilize a high-valent Fef@) species.
Correspondingly, the ©0 bond heterolysis for ABLM has been
calculated to be endothermic by80 kcal/mol with DFT and,
therefore, highly unfavorablé.Homolotic cleavage (b) of the
O—0 bond, which leads to the generation of a ft@él radical
along with an Fe(IVj=O species, has been ruled out for ABLM
based on the high specificity of the reaction of ABLM with
DNA.27-29 On the basis of these results, the direct reaction (c)
of ABLM with the C—H bond of the DNA sugar to abstract an
H-atom has been proposé&tThis reaction has been calculated
with DFT to be close to thermoneutral. Here, the emgty
orbital of the hydroperoxo ligand is low in energy and causes
the peroxide to be electrophilic. Attack of the-€l bond by
o* could then lead to a (BLM)Fe(I\AO intermediate, a water
molecule, and the DNA radical.

While no other peroxo level intermediate of a non-heme iron

biological system has been spectroscopically characterized!?

besides ABLM, a number of Fe(IHalkylperoxo and-hydro-

alcohols and ketones have shown tthaindergoes homolytic
cleavage of the ©0 bond?®>5°
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The alkoxy radicatOR is then capable of cleaving- bonds

by abstracting an H-atom. The resulting €dical initiates
radical chain reactions leading to the observed products. The
Fe(IV)=0 species may also be capable of H-atom abstrattion
or insertion of its oxygen atom into a-@4 bond®° The well-
defined reactivity of compleg allows us to study the homaolytic
cleavage of the ©0 bond (mechanism (b), vide supra) in
relation to the electronic structure of this complex, which is
the focus of this paper.

A simplified picture of end-on alkylperoxo binding to Fe(lll)
has been givef? This description is now extended to the 0.10 =
electronic structure of low-spin Fe(IHalkylperoxo complexes.

Figure 1 shows the frontier orbitals of thert-butylperoxo anion

with the nomenclature for the different molecular orbitals (MOs).

The unoccupied* orbital is at high energy and consists of the 0.05
antibonding combination of the two p functions along the@

bond. The lowest unoccupied molecular orbital (LUMO) is

diffuse with some GH antibonding character and does not
participate in bonding to iron. The highest occupied molecular

o
(V)
(=]

12
-
15y

orbital (HOMO) of the tert-butylperoxo anion A, v = 0.00 i
vertical) is the antibonding combination of the two p-functions J
which are perpendicular to the-@ bondandto the O-O— -
Cs; plane. Note thatz] is a pure oxygen-based MO with no 1
contribution from the carbons. In contrast th§ (h = hori- '0'05'_
zontal) orbital, which is the antibonding combination of p i
functions perpendicular to the-€@D bond andvithin the O-0O— N
Csi plane, is polarized toward the remote oxygen by interaction L

with a p function of the central carbon. The bonding counterparts ~ =0.10 =
of these MOs are found at lower energy in Figure 1. Note that 1

nﬁ and ¢® are close in energy and strongly mixed (both lie _
within the O—0—Cg; plane). When complexed with iron, the 4
out-of-planeorbitals 7% and - are oriented to formz bonds -0.15 4

with the metal 44 orbitals whereas*, =}, and the mixedzrﬁ
and ¢® orbitals (all in-plang are potentially involved inc
interactions with the gtype d functions of the metal. Note that
the shapes of the in-plane orbitals change (especirﬁllynd

b i i ida i Figure 1. Molecular orbitals of the fre@BuOO™ ligand. For all the
o)l u?ﬁ.n b:)nddlng todlr;)n (Yldetlr?fra)' t . i f orbitals that lie within the ©0—Cs plane (G: denotes the central
n this study we determine the Spectroscopic propertes ot ,q,qn of thetert-butyl group), the positions of these three atoms are

the low-spin (Is) model complex [Fe(TPA)(QOOBU)I" (1, indicated by black spheres. The direction of interaction with iron is
x = 1 or 2) using resonance Raman, bVis, and MCD given by the arrow (note that in the geometry optimized structures, the
spectroscopies. Applying normal coordinate analysis (NCA), we Fe-O—O—Cgy dihedral angle is about 18@uch that these four atoms
derive experimental force constants and fully assign the Ramanform a plane).

spectra ofl. The UV—vis and magnetic circular dichroism

(MCD) spectra ofl are analyzed in relation to the resonance comparison of Fe(I{rO to Cu(ll)=O provides insight into
Raman profiles of the assigned vibrations. This enables us toWhy homolytic cleavage is more favored for the non-heme iron
identify a charge-transfer (CT) transition in the YVis systems compared to Cu complexes.

spectrum which probes one bonding interaction between iron(lll)
and alkylperoxide. To complete the description of the electronic
structure ofl, density functional (DFT) calculations have been The Fe(llly-alkylperoxo complexl was prepared in different
performed on possible structural modelslofThe DFT results solvents following the general procedure described in ref 32 as required
are related to the available experimental data to estimate theby the different spectroscopic methods (vide infra).

geometric and electronic structure of this complex. Finally, we UV~ Vis Spectroscopy Absorption spectra have been recorded in
examine the observed reactivity &f(vide supra) using the acetonitrile solution at-40 °C on a Hewlett-Packard 8452 diode array
experimentally calibrated DET calculations and evaluate the spectrophotometer. For the Iow-temperature measurements, an immer-

. . - . . sion dewar equipped with quartz windows and filled with methanol
electronic structure of the putative Fe(f¢Q intermediate which cooled by liquid N was used.

Experimental and Computational Procedures

results from the homolytic cleavage of the-O bond. A Raman SpectroscopyThe resonance Raman spectra presented in

: ; ; Figure 2 (vide infra) have been measured at an excitation wavelength
AnSISEé)hhe/Irich:SagéigF;?Ai,lg%%lgéilléégvgayner, D-D. M. Que, L., Jr. of 600 nm (615 nm for th&*Fe data) in frozen acetonitrile solutions at

(60) Lange, S. J.; Miyake, H.; Que, L., J..Am. Chem. Sod999 121, 77 K. A Spex 1403 double monochromator interfaced with a Spex

6330-6331. DM3000 data system was used together with a Spectra Physics 2030-
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15 argon ion laser to pump a 375B CW dye laser (rhodamine 6G).

Samples were frozen onto a gold-plated copper coldfinger in thermal FeIH(TPA)-OOR © S
contact with a dewar containing liquid ;" and measured in a (m.ai) © ©
backscattering geometry. 5 2

For the resonance Raman profiles (Figures 4 and 5), a series of
excitation wavelengths of a krypton ion (Coherent 190C-K) and an
argon ion (Coherent Sabre 25/7) laser have been used at incident powers

of about 25 mW and in 135 backscattering geometry. A Spex 1877 FeIH(TPA)—lgOOR Q
CP triple monochromator (equipped with 1200, 1800, and 2400 groves/ o e )e
mm gratings) has been used together with a back-illuminated CCD x o
camera (Princton instruments CCD-1100PB) as a detector. Samples 2

were prepared in acetonitrile in NMR tubes and measured at 77 K in

a quarz EPR dewar cooled by liquid.NRaman intensities were 11

internally calibrated to the intense 922 chvibration of the solvent Fe (TPA)_OOR_dzo §
acetonitrile. Sample concentrations were in the range @ mM. N

MCD Spectroscopy.MCD spectra have been obtained on frozen
glasses of butyronitrile solutions at liquid He temperatures—{28
K). A CD spectropolarimeter (Jasco 810) with S1 and S20 photomul-
tiplier tubes as detectors has been used where the sample compartment
was modified to accommodate an Oxford instruments SM4-7T mag-

g
LAl
<

698

732
E ) 63 )

4Fe!y(TPA)-OOR

netocryostat. The samples were frozen in metallic sample compartments 2

between two Infrasil quartz disks separated by 3 mm neoprene spacers.
Typical sample concentrations were in the range of-0.D mM.

Data Analysis.Normal coordinate calculations were performed using . . ‘ , .
the QCPE computer program 576 by M. R. Peterson and D. F. 400 500 600 700 800 900
Mclintosh, which involves solution of the secular equat@fL = AL Raman Shift (cm™)
by the diagonalization procedure of Miyaza®¢a he calculations are
based on a general valence force field; force constants are refined with
the nonlinear optimization routine of the simplex algorithm according
to Nelder and Meaé The simplex optimization was always used to
refine onlyselectedorce constants according to the quantum-chemical
assisted normal coordinate analysis that has been agplieere, a
force field from DFT calculations is used as a starting point to generate nary frequency|f| < 20 cnm?) corresponding to an FeNHs rotation
initial force constants and a subset of these is fit to reproduce the known which, however, is not significant for the analyses presented here. The
experimental frequencies. LanL2DZ basis set applies Dunning/Huzinaga full doublé®95)

For the Heller simulatiort§™*® of the resonance Raman profiles and  pasis functions on first row and Los Alamos effective core potentials
absorption bands a MathCad 7.0 script written by Dr. Thomas Brunold pjys DZ functions on all other atonis76For the calculations of reaction
was used? energies, a triplé-valence basis set of Ahlrichs and co-worké(zV;

Density Functional Calculations.Spin-unrestricted DFT calcula- used as imp|emented in the G98 program package) has also been app“ed
tions using Becke’s three-parameter hybrid functional with the cor- on the LanL2DZ structures. TZY adds additional diffuse functions

Figure 2. Resonance Raman spectraloFrom top to bottom: natural
abundance isotopes (n.a.i.) spectrifiQ substituted ligand at the
coordinating oxygen; ligand with fully deuteratestt-butyl group; and
5Fe substitution. The spectra were recorded at 77 K at an excitation
wavelength of about 600 nm in acetonitrile.

relation functional of Lee, Yang, and Parr (B3L¥P?) were performed  on the heavy atoms. Solvation effects were included in the calculations
using the program package Gaussian 9498e structures of the three  ysing the Polarized Continuum Model (PCK¥tand with acetonitrile
Fe(lll)—alkylperoxo model systems (cf. Table 6), the thre¥F&(OH) as the solvent. In all these calculations, convergence was reached when
(=0, 1, 2; cf. Table 10) and two Fe=O(OH,) (S = 1, 2) the relative change in the density matrix between subsequent iterations
intermediates, theO'Bu radical, and KO, “OOH, (G;)*", HOOBU, was less than k 10°8. Force constants in internal coordinates were

and~OOBu (cf. Table 7) were fully optimized with the LanL2DZ basis  extracted from the Gaussian output using the program RéGPE
set and frequencies and force constants as well as thermodynamicg2g).

parameters have been calculated. Note that the obtained structure for  Spin-unrestricted calculations to obtain the MO diagrands(&igure

model system low-spin [Fe(N§i(OH.)(OOBU)J?* (1) has one imagi- 6 and Table 8) an@l (Figure 9 and Table 11) were performed with the
(61) Czernuszewicz, R. C.; Johnson, M. Kppl. Spectrosc1983 37, Amsterdam D?nSIty Fun_ctlonal (ADF) program Version 25‘.@f?1usmg
297-298. the local density approximation (LDA) together with gradient correc-
(62) Miyazawa, T.J. Chem. Phys1958 29, 246. tions for exchange (Becke®B and correlation (Perdew8%. An
(63) Nelder, J. A.; Mead, RComput. J.1965 7, 308. uncontracted valence tripeSlater-type basis set was used (ADF basis
(64) Lehnert, N.; Tuczek, Anorg. Chem.1999 87, 1659-1670. set 1V) for all atoms with an additional set of f functions on iron. Core
(65) Lee, S. Y.; Heller, E. JJ. Chem. Phys1979 71, 4777. orbitals were frozen through 1s (C, N, O) and 3p (Fe) in the calculations.

(66) Tannor, D. J.; Heller, E. J. Chem. Phys1982 77, 202.

(67) Myers, A. B.; Mathies, R. AResonance Raman Intensities: A Probe
of Excited-State Structure and Dynami&piro, T. G., Ed.; John Wiley: Results and Analysis
New York, 1987; Vol. 2, pp £58.
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Table 1. Calculated (B3LYP/LanL2DZ) and Experimental
(QCA-NCA) Force Constants

low-spin
[Fe(NHs)4(OH,)(OOBu)**
calc calc QCA-NCA
no. force constaft x=2) x=1) x=2)
1 X Fe-O 3.3830 2.8869 3.5281
22 7 o0 3.3853 3.4692 2.9181
23 Y c-0 2.4314 3.4604 2.8301
g ( ’ ) of th iied 24 3, 0O-0/C-O 0.3319 0.2783 0.2687
Figure 3. Optimized structure (B3LYP/LanL2DZ) of the simplifie -
model systent in which the TPA ligand (having three pyridines and i? g |C:: % o E:;Zi[l @i4??§46 45832;125
one tertiary amine donor) has been replaced by four ammonias. A water e-U— : : :
is used as the sixth ligand to the iron center. The coordinatésaoé 28 R c-0-0 1.1710 1.2957 1.2344
given in the Supporting Information, Table 1. Important structural 58 D1 O-C-GCs 1.0964 1.1153 1.0964
parameters (bond lengths in A, angles in deg)Fe—0) = 1.818; gg B% gg:gﬁ }8;?2 igggg ig;;’g
A(O—0) = 1.488;A(C—0) = 1.565; Fe-O—0 = 111; G-0—-0 = 61 El G-C—Co 08871 09157  0.8871
112; Fe-O—0—C =176, The 12 heavy atoms of this system comprise g5 E2 G-C—-C, 0.8852 0.9223 0.8852
the model used for NCALj with the indicated numbering of the atoms. 63 E3 G-C-C; 0.8055 0.8326 0.8055
67 Seo Fe-0/0-0O 0.5283 0.2690 0.4163

shows the resonance Raman spectra of low-spin [Fe(TPA)- 69 S.c Fe-0O/C-O 0.0181 0.0521  -0.1158
(OH,)(OOBU)]*" (1) recorded with a laser wavelength of 599.5 70 32  G-0O/C-C 02759  [0.2803  0.2900

nm exciting into the broad absorption band around 600 nm (vide 1 Be Fe:O/ Fe—O:O 0.9094 0.6944 0.7745
. . g 73 Breo O—O/Fe-0O-0O 0.5875 0.3620 0.4259
infra, UV—vis spectrum in Figure 4). In the natural abundance 74 B.. C-0O/Fe-0-0O 0.0287 0.0400 -0.0391

isotopes (n.a.i.) spectrum (top panel), three features are observed 75 Bgee Fe-0O/C-0-0 0.0063 0.0513  -0.0450

at 796, 696, and 490 crthat shift down to 778, 672, and 488 76 Bco 8—855—8—8 g-igég 8-%822 8-%47123

cm~1 on 180 substitution of the coordinating oxygen. The two " Be O:O/C_C_ 0-0 o (‘)600 0 : .
iti ; i 112 K1 —Cs —0.0574 —0. -0.117

additional features at 657 and 638 chin the isotope pertubed 113 K2 O-0/C—Cop 00123 013 00900

spectrum are also present in the n.a.i. data but with much lessji, k3 Fe0/0-C-Cy; MOIT8 3-0.0038 00391
intensity. When the 696 cm feature shifts to 672 cni the 127 K4 Fe-0/0—C—Cs 0.0011 0.0073  -0.0081
energy dlfferenC(_e to_the two peaks at .6.57 and 638’cgets aUnits of force constants are mdyn/A for stretching, mdiyrior
much smaller Wh'ch Increases mode mixing and allows the two bending, and mdyn for stretetbend interactions? Effective force
weak peaks to gain intensity from the 672 thhmode. On constant used to adjust the-C stretches (otherwise they are too low
deuteration of théert-butyl group the three features in the n.a.i. in energy since masses of 15 have been used for the carbons in the
spectrum shift to 803, 700, and 450 chand new features ~ NCA; this strategy was preferred to adjusting the carbon masses to
appear at 732 and 668 ch These results have been previously \égll’l:gss between 14 and 1510 force constant averaged over all
. ponding coordinates.

reportec®? The bottom panel shows the spectrum where the iron
has been substituted with t%Fe isotope. Small shifts are  chemical derived force field df is used as a first approximation
observed for the two lower energy features placing them at 698 in NCA and then selected force constants are fitted to reproduce
and 491 cm?. On the basis of the assignment of the 600 nm the experimental results. Table 1 gives the force constants of
absorption as an alkylperoxo to Fe(lll) charge-transfer transition the Fe-O—0O'Bu subunit of1 before (column labeled: cala (
(vide infra), one would expect that the excited state distortions = 2)) and after (QCA-NCAX = 2)) fitting to the experimental
mainly occur along the ©0 and Fe-O stretching coordinates. data and, for comparison, the calculated force field of the
This would lead to two resonance enhanced vibrations rather complex with hydroxide as the sixth liganils calc k= 1) in
than the three observed in the n.a.i. spectrum in Figure 2. Table 1). The potential energy distributions (ped) from the QCA-

To address this problem, a normal coordinate analysis (NCA) NCA fit of 1 for the n.a.i. complex and the twert-butylperoxo
has been performed on a simplified modellofAs the crystal isotope substituted species are given in Table 2 along with a
structure ofl is not known, a structure was estimated from comparison of the experimental and predicted vibrational
density functional calculations that will be presented in Part B. energies.
A simplified model ofl having the three pyridine donors of The results from NCA unequivocally allow the assignment
the TPA ligand substituted by Ng-and a water molecule as  of the three features observed in the resonance Raman spectrum
the sixth ligand {) was geometry optimized and the resulting of 1 in Figure 2, top. In the n.a.i. compound, the 796 ¢ém
structure is shown in Figure 3. For the NCA, all hydrogen atoms feature is assigned to the-@ stretching vibration/(OO) and
are neglected leading to modelconsisting of the 12 heavy  the 696 cm! band to the FeO stretchy(FeO). The peak at
atoms ofl (cf. Figure 3). Effective masses reflecting the TPA 490 cntlis identified as a combinet{OCC)#(CCC) bending
ligand are used for the nitrogenis! (= 50 for No, M = 74 for vibration that is mixed withu(FeO) and this mixture is the
N1o—Ni2) of 1 and masses of 15 have been applied to the source of the resonance Raman intensity of this mode. As
carbons of the CH groups (G—C;). Additional problems indicated in Table 2 (n.a.i.), there are fodfOCC)(CCC)
associated with the NCA of this system are that the vibrations bends located in the region between 470 and 550'dmthe
of the tert-butyl group strongly mix with the 60 and Fe-O NCA (in square brackets), whereas in the DFT calculation of
vibrations and that the €0 stretching vibration will also model1 the first mode appears at 469 chusing the same set
interact with these modes, but all the corresponding coupling of diagonal force constants in tlienatrix (cf. Table 1. D+
elements of thé matrix are unknown. To solve the NCA for D3 and EX-E3). This is due to the fact that the NCA simulation
this highly coupled system, a Quantum Chemistry Assisted lacks the hydrogens at the three terminal carbon atoms. The
Normal Coordinate Analysis (QCA-NC&)approach has been  DFT calculations show that the-@C—C and G-C—C bends
applied. In this method, a simplified form of the quantum also mix with C-C—H bends. Since these coordinates are
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Table 2. Comparison of Experimental and QCA-NCA (and DFT) Frequencies and Potential Energy Distributions

QCA-NCA potential energy distribution
exp. freq (DFT) AFe-0O AO-0O AC-0 AC—C AFe-0-0 AC—-0-0 Jo-c-C gc—-Cc-C
Fe—160—-1%0—-C(**C); (n.a.i.)
883 0 2 27 55 1 0 9 5
796 796 5 72 11 1 1 2 5 0
~750 756 9 1 33 17 17 18 3 1
696 696.00 61 0 16 6 4 6 3 1
490 [551]bJ 13 0 2 6 2 6 42 24
[512] 0 0 0 8 0 0 50 28
[501] 2 1 0 4 20 1 14 14
[477P 0 0 0 1 0 0 3 10
DFT 469 8 0 9 2 1 8 35 18
44T 0 0 0 3 1 0 45 20
Fe—180—1%0—-C(**C);
882 0 1 28 56 1 0 9 5
778 777 3 72 14 0 0 2 5 0
— 750 3 3 37 19 15 17 3 1
672 673 65 0 9 5 5 8 4 1
488 [549p 16 0 2 6 2 6 41 24
[611pP 0 0 0 8 0 0 51 29
[496]° 2 1 0 3 19 0 11 13
[475]P 1 0 0 2 0 0 4 13
DFT 46F 10 0 9 2 0 6 35 19
44T 0 0 0 3 1 1 47 21
Fe—160—1%0—C(*8C);
854 0 2 37 40 2 1 11 6
803 796 5 70 13 1 1 1 5 0
732 736 21 2 13 20 20 21 2 0
685 684 57 0 20 16 1 2 1 0
450 [528{ 9 0 3 11 2 6 40 22
[492] 1 0 0 2 15 1 7 3
[488] 1 0 0 7 0 0 35 15
[469]° 1 0 0 4 1 1 14 11
DFT 419 5 0 7 2 5 9 25 7
401° 0 0 0 2 1 1 52 10

aExperimental (and NCA) results fFe—1%0—60—C(*°C); are (in cnt¥/n.o.= not observed): n.o. (883)/796 (796)/n.0. (756)/698 (698.01)/
491 ([552, 512, 504, 481]). For Fé80—180—C(*°C);, the following energies are predicted by NCA (the type of stretching vibration is in parentheses):
880 (C-C)/ 752 (O-0)/ 728 (C-0)/ 671 (Fe-0)/[543, 504, 494, 475P Not fit; this region is cleaned up by interaction of the-O—C/C—C—-C
bends with G-C—H bends which causes th§OCC)H(CCC) modes to shift to lower energy as can be seen from the DFT resiiis. two
O—C—C/C—C—C bends at highest energy in the DFT calculatiorLofThe remaining bends at lower energy do not show any admixture from

AFe—0 andAO—-O.

missing, the NCA cannot accurately describe the@-C/C—

bending vibration at 469 cm is mixed withv(FeO) whereas

C—C bending modes and therefore they are not included in the the modes at lower energy are not (a representative mode at

fitting procedure (only nondiagonal elemerks and K4 are
floated, cf. Table 1). Altogether, six ©C—C and C-C—-C

447 cmr! is included in Table 2). Nevertheless, the large
experimental intensity of the 490 cthpeak shows that the

coordinates are needed corresponding to five actual vibrationsmixing of 8% AFe—0O calculated with DFT is an underestimate
and one redundacy. The fact that only one of these five modes(from the Heller analysis of the resonance Raman profiles the
is experimentally observed in the Raman spectra indicates that,admixture is about 39% (vide infra)).

while the intrinsic G-C—C and C-C—C coordinates have no
resonance intensity, the 490 chwvibration selectively mixes
with v(FeO) (and/(OO0); this, however, is small due to the large

The observed shifts of boti(OO) and »(FeO) on 80
substitution of the coordinating oxygen are well reproduced by
the NCA. Because of the shift @fFeO) to lower energy, mode

energy separation) to get intensity. Further support for this mixing with »(CO) gets smaller (only 3%A\Fe—0), which
assignment comes from the isotope-labeled spectrum with theexplains why this mode~750 cnt?) disappears in thé®O

deuteratedert-butyl group (cf. Figure 2, panel 3 and vide infra)
where the vibration at 490 crhis shifted by—40 cnm . Other
important features in the NCA (cf. Table 2) are the symmetric
C—C stretch and the €0 stretch which are strongly mixed.
The feature at 883 cnt has more G-C stretching character
and is therefore designatedagCC) whereas(CO) is located
at 756 cnt!in the simulation. Note that there is a weak feature
around 750 cm! in the Raman spectrum that can tentatively
be assigned t@(CO) and whose intensity arises from mixing
with v(FeO) (9% in the NCA).

The assignment of the 490 cvibration as an @ C—C/
C—C—C bend is in agreement with the DFT calculationlof
Since the calculation was performed on the whigg-butyl

labeled spectrum. The shift of tBOCC)H(CCC) bend is also
reproduced in the simulation. As already indicated, the modes
at 657 and 638 crt gain intensity o8O substitution because
of the shift of¥(FeO) to lower energy.

In addition to the low-energy shift of the 490 cfmode,
two new features appear in the spectrum at 732 and 668 cm
(cf. Figure 2) upon deuteration of thert-butyl group. The
presence of the 668 crh feature reflects the fact that the
C—C—H bending vibrations shift down into the 76000 cnt?!
region on deuteration. One of these modes which is close in
energy tov(FeO) could strongly mix with this vibration and
gain intensity. The true position @{FeO) for the NCA is then
the intensity weighted average position of the bands at 668 and

group including the hydrogen atoms, a more accurate describtion700 cnt?. This putsy(FeQ) in the region of 685690 cntl.

of the five 6(OCC)H(CCC) modes is obtained. Here, the

The fact thaty(OO) shifts up in energy by 7 cm is also
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Figure 4. UV—vis (top) and MCD spectra (bottom, recorded at 5 K
and 7 Tesla) ol together with simultaneous Gaussian fits (band8)L
The low energy range of the UWis spectrum (top, right) is enlarged
by a factor of 10 ¢ = 2200 M~ cm™1). This panel also contains the
resonance Raman profiles efFeO) @&; 696 cn1?), v(OO) (@; 796
cmt), andd(OCC/CCC) #; 490 cnr?).

consistent with a shift of the-€C—H bends from higher energy
into the 706-900 cnT! region. In this case, a small interaction
shifts the G-O stretch to 803 cmt whereas the corresponding
bend is located around 780 cfnoverlaying the solvent peak
at 770 cnt! as indicated in Figure 2. As the-C—H bends
are not included in the simulation (vide supra), the NCA shifts
v(FeO) to 684 cm! in agreement with the averaged position
in the Raman spectrum, whereas no shift occurgfoO). Note
that the C-O stretch gains significant intensity on deuteration
since it shifts down to 736 cni in the simulation and mixes
with »(FeO) (21% vs 9% in the n.a.i. case, cf. Table 2). This is
in agreement with the observed new feature at 732%dmthe
Raman spectrum (Figure 2, panel 3). The large shift on
deuteration observed for the 490 chpeak is well reproduced
by the DFT calculation. Note that this feature loses intensity in

the deuterated spectrum compared to the n.a.i. case due to th

larger energetic separation igFeO) which decreases mode
mixing.

The 2 cnt! shift of v(FeO) to higher energy in the*Fe
complex is well reproduced in the NCA as given in the footnote
of Table 2 (here, the potential energy distribution (ped) matrix
does not change relative to the n.a.i. case).

(b) Analysis of Force ConstantsTable 1 gives a list of the
force constants of the FEO—O—C(C3) subunit of 1 (the
completef matrix is given in the Supporting Information, Tables
4 and 5). The starting point for the NCA is modg| the
calculated force constants of which are shown in Table 1, left
(calc: x 2), and the final values after fitting to the
experimental data are given in Table 1, right (QCA-NCA=
2). The changes for diagonal elements are withih5 and for

J. Am. Chem. Soc., Vol. 123, No. 34, 28017

nondiagonal elements withif:0.15. The most striking result
from the QCA-NCA is that complek has a very strong FeO
bond k = 3.53 mdyn/A) whereas the-€0 (k = 2.92 mdyn/

A) and C-0 (k = 2.83 mdyn/A) bonds are weak. Both the
Fe—0O—0 and the CG-O—0 angle bends have force constants
of about the same magnitude< 1.38 vs 1.23 mdyiR). The
large nondiagonal element between the-Beand the G-O
stretch illustrates the sensitivity of the +© bond strength to
changes along the -©0 coordinate: when the ©0 distance

is varied during the time course of the—@ stretch, the
peroxide-based donor orbitals change in energy and this directly
influences the FeO bond. Other large off-diagonal elements
of the f matrix are found between the F®—0 bend and the
Fe—O and the G-O stretch: a change in the F©—0 angle
mainly leads to changes in thebond between iron(lll) and
the peroxide ligand by altering the overlap of the corresponding
orbitals and this has a large influence on the-Eeand G-O
bond strength. All the other nondiagonal elements from the
QCA-NCA procedure (cf. Table 1) have absolute values smaller
than|0.3].

A.2. UV—Vis Absorption, MCD, and Resonance Raman
Profiles. The absorption spectrum dfis shown in Figure 4,
top. One broad absorption is observed in the visible region
around 16800 cm (600 nm;e = 2200 M~! cm™1). Above
25000 cn1! the extinction continuously increases with two
shoulders around 26 000 and 31 000 émbut no distinct
absorption feature appears at higher energy. The MCD spectrum
shown in Figure 4 (bottom) is much better resolved and allows
the identification of three transitions under the broad envelope
of the 600 nm absorption band. In the high-energy region, five
more transitions can clearly be identified in the MCD data. The
eight dashed Gaussian bands in Figure 4 are simultaneous fits
of the absorption and MCD spectra using the same band
positions but different half widths since the spectra have been
recorded at different temperatures and under different conditions
(solution vs frozen glass, cf. Experimental Section). Table 3
lists the resulting parameters of the eight fitted Gaussians. The
two intense MCD features at lower energy (bands 1 and 2) have
very similar MCD intensities but show a sign change frem
to — like a derivative shaped MCB term signal. Nevertheless,
these two bands are temperature dependent and therefore clearly
have MCDC term character and correspond to two electronic
transitions (vide infra). Such a MCD feature has been designated
as pseudd term8-87 The third, much weaker MCD signal
(band 3) in the region of the 600 nm absorption has a negative
sign and is centered at 19723 chin the fit. At higher energy,
four positiveC terms are required between 25 000 and 35 000
cm™! (bands 4-7) followed by a negative feature (band 8)
centered at 36173 crh

Figure 4 (top) also contains the resonance Raman profiles of
fhe O-0O stretch (796 cmt), the Fe-O stretch (696 cmt),
and the OCC/CCC bend (490 ch), which has a large(FeO)
admixture (vide supra). All three vibrations are clearly resonance
enhanced with respect to the 600 nm absorption. Hence, the
main displacement of the excited state (relative to the ground
state) occurs along th&O—0O andAFe—0 stretching coordi-
nates. In accordance with the DFT calculations (vide infra), the
600 nm absorption can therefore be assigned as a charge-transfer
transition from the alkylperoxo HOM@, (cf. Figure 1) to the
singly occupied4 orbital of low-spin Fe(lll) ([kg® ground state
electron configuration). From the simultaneous fit of the

(84) Stephens, P. J. Chem. Physl97Q 52, 3489.

(85) Stephens, P. Annu. Re. Phys. Chem1974 25, 201.

(86) Stephens, P. Adv. Chem. Phys1976 35, 197.

(87) Neese, F.; Solomon, E.lhorg. Chem.1999 38, 1847-1865.
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Table 3. Result of the Simultaneous Gaussian Fit of the 2500 —

Absorption and MCD Spectrum | HeflecFt B
E1=14100 cm
Vmax €max A€max 2000 — E2=14900 cm’’
band (cm™®) (M7cm?) (M~lcm™) fa |Aele| Ee .
1 16000 1008 39 001607 0039  5'°°7
2 17364 1438 -35 0.02255  0.024 s )
3 19723 308 -9 0.00333  0.029 10007
4 26513 2014 21 0.03272  0.010 1
5 29107 2680 18 0.03280  0.007 500
6 31316 5246 35 0.07289  0.007 :
7 33556 3701 19 0.04870  0.005 0= .
8 36173 5416 -19 0.10556  0.004

Heller-Fit:

2500 i ;

af = oszillator strength. E1=13100 cm’’; {=0.5; A1=1.0ed 719

] ) 2000 _|E2=13900 om”; f=0.6; A2=1.18+d, 696 om™ 78

absorption and MCD data, the 600 nm absorption has been __ =600 175
resolved into two intense and one weak transition (bane3)1 "< 1500 Z(o-o>=-o.97 Je2

. . (Fe-O)=+1.81 1 g
This result together with the broad appearance of the resonance .© d(bend)=+0.65+d(Fe-0) 5%
profiles indicates that the CT character is distributed over bands 1000 4 é
1 and 2. Further evidence for this assignment comes from the 138
Heller fit of the resonance profiles: these have asymmetric 500 J28
shapes (cf. Figure 5) that can only be reproduced when fit with J 1
two absorptions having about the same CT character (vide infra). 0 s oSSR & bed
Therefore, two transitions with CT character contribute to the 24000 22000 20000 18000 16000 14000 12000 10000
600 nm absorption band which give rise to a pseAdsignal wavenumbers (cm'1)
in the MCD spectrum. Figure 5. Heller fit of the absorption spectrum (top; the dashed lines

(a) Analysis of the Pseudo-A Term.The mechanism that  are bands 1 and 2 from the simultaneous fit of the absorption and MCD
leads to the equal distribution of the CT intensity over two bands data) and the resonance Raman profiles (bottom)(B€0) @; 696
and the pseudd-term in the MCD spectrum is now evaluated. cm?), »(OO) (@; 796 cn?), and 5(OCC)IH(CCC) (®; 490 cnr?).
In the domain where the MCD signal is a linear function of the The following parameters were used: energy of the electronic origin

applied magnetic field, the total MCD intensity for samples of E (band 1,E1; band 2,E2); relative oscillator strength (for the
randomly oriented molecules is given B¢ simulation only the ratio between band 1 and 2 is important, not the

absolute magnitude); dimensionless displacemAnighich are given
Ae —3f (E) in terms of three & for the three normal modes; and intrinsic line

C
—_— = V'ﬁ'B[Al(—) + (Bo + —O)f (E)] width T'. For the fit of the absorption spectrum, the energies of the
E oE KT, electronic origins have been shifted and the intensities of the two

. . . . simulated bands have been scaled to the extinction coefficients obtained
with y being a collection of constantg;is the Bohr magneton  rom the fit of the absorption data.

andB is the magnetic flux density is the Boltzmann constant;

T is the absolute temperature; the, Bo, andCoy terms define Scheme 1
three different types of MCD mechanisms and fHE) is a E
band shape functiorC term intensity arises from species with — |K>]
paramagnetic ground states and usually dominates the low- 7y >
temperature spectra of such systems due to #iedEpendence.
For an S = 1/, (orbitally nondegenerate) ground state and K> U
including an explicit treatment of spin-allowed transitions, the IA> |A>J 8
Co term intensity is defined b¥*

s . J>
v

JMeD A_,é, (5“1@ XD;U ) l_/f! o NA—l}A (D“A! XEVJK ) ZfA
_ -1/~ KA NAX T KJ
CO_ _é €umBw {AKJ(Du X DUJ)'LW +
uow K=AD L=ar =k kA excited state]J0(Scheme 1, left) spinorbit couples to an
A(Dy™ x D)Ly} (1) intermediate stat i i i i
Ka\My v )hw intermediate stat@[] For MCD intensity to arise, the spin
orbit coupling has to be effective in a direction orthogonal to

for a transition from the ground statA[Jto the excited state the plane formed by the two transition dipole momebts

[JO Here,eyw is the Levi-Civita symbol with (,,w) = (x,y,2); Moreover, if these transition dipole vectors are collinear, the
gw are theg-values of the molecule; thEx runs over all other  MCD intensity vanishes. Besides these strict selection rules for
excited stategk 0= |JOwhich are intermediate statedi; = C terms resulting from the vector produd( x D,):Ly, the

Ex — E is the energy denominator (from second-order energy of the statéK(is important because of the energy
perturbation theory); [, for example, is the transition dipole  denominator—tin eq 1. Importantly, only the first mechanism

moment for a transition between the statésland |[KUin in eq 1 (cf. Scheme 1, left) where the intermediate stéfds
directionu and close in energy taJOgives rise to pseudé-terms in the MCD

B spectrun®® Here, the two excited stat¢dland|K Ospin—orbit

LI = ImIKSME|H o d ISMT couple and the two transition dipole moments correspond to

the two actual transitions frofAto |J0and [KO(Scheme 1,

for example, is the spinorbit coupling (SOC) matrix element — -
between statef Cland |J0] Equation 1 describes two different (88) In the case of the second mechanism in eq 1 (Scheme 1, right), the
second transition dipole moment (in addition t@J[ﬂJr the transition from

mechanisms contributing t€ term intensity as shown in  |Ario |0 corresponds to a virtual transition from the intermediate state
Scheme 1. Either the ground st@#é](Scheme 1, right) or the  |KOto |J0) which usually is not observed spectroscopically.
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left). If one alternatively considers the transition frghto Scheme 2

|KCJ |JCbecomes the intermediate state, and because of the signE E E E

change in the denominata? that occurs wherK Oand |JO o % —4—=5

are exchanged, the resultifyterm signal changes sign. This

corresponds to a pseudoterm that is created by the spin —4—d,

orbit coupling of excited statesland |K[J ﬁd;
The resonance Raman data ofequire the presence of a

peroxid_e &) to Fe(lll) charge-transfer transition in the 600 _ e, a0 e,

nm region of the absorption spectrum. If one assumes that this IA> ¥ > P> K>

CT state is one component of the psedd®CD signal, |J] | 1 2 |

then there are two possibilities for stake it can either be an ==[>, [J>

overlap-forbidden charge-transfer transition from the in-plane

peroxide 7* orbital (s}, vide infra) or a ligand field (LF) ~ Scheme 3

excited staté? If |K[is this second alkylperoxo to Fe(lll) CT — K>

state, however, botliCand|K Chave transition dipole moments E 8

that are oriented along the +& bond. Therefore, the vector I | @

product D" x D% is zero and there is no MCD intensity. =

Alternatively, if KOs identified with a LF excited state {t—

g transitions are located in this energy region as has been found

for Is-[Fe(lll)-BLM] and Is-[Fe(l11)-BLM(OOH)] (ABLM)13),

the spin-orbit coupling matrix elemerit’” is zero because the |A>

determinants representing_and|KCdiffer by two excitations,

but H3oc is a one-electron operator. The psewlcsignal

could formally be explained with botlidand|KObeing bg to

g LF excited states, but related low-spin Fe(lll) complexes (e.g.

—=

dyy Ty —_— —4
> ST ETAS
—N—

>4 xy

PO

»
>

by more than one excitation), this expression reduces to

[Fe(ll)-BLM] or ABLM 13) do not show a pseudad- MCD =L[:I:[K|u|ADx AW, K| Heod W,0H
feature. In summary, the pseudosignal in the MCD spectrum 20y,
of 1 cannot be explained with either of these two-state models. KIUJADx A|y|¥, K|Hgod P,0 (2)

The simultaneous fit of the absorption and MCD data together
with the Heller analysis (vide infra) of the resonance Raman ' . "
profiles provides strong evidence that the CT character of the Ir.1 eq 2, the ,f'rSt term dominates because of the large transition
600 nm band is actually distributed over two states giving rise diPole matrix elementA|v|W,lithat corresponds to the CT
to the two intense absorption bands 1 and 2 in Figure 4. A transition. Experimentally, the lower energy transition has a
mechanism for this observation could be strong configuration POsitive sign and the higher energy feature a negative one. This
interaction (CI) mixing of the charge-transfer state with one of means that the vector produst|u]ACx [(Aly|W1[K|Hsod W2l
the ligand field states that are located in the 600 nm energy is positive and the coefficient from the CI mixing then induces
region. In Scheme 2, the Slater determinants of the ground statethe observed sign change between the transitions flonto
|AQand the CT statg¢Wi[are diagramed together with one |J;00(+ sign) and/ALto |J,0(— sign), respectively, wheBy >
determinant that represents a ligand field st&f,[().° If we E,,, E3, (Scheme 3). For the third stali&[] one obtains for the
assume equal mixing af;0Jand WL two new states result:  mcD intensity:

1

13,0= —=¥; + W, 1
NG =A—[B1P1+1P2|U|AD>< A KO W,; + W, Hgod KO+
J,K
1
= I — W {0, — WJuIAD o KW, — Wl Hgod KO
3K
By coupling both of these to a second ligand field st&tEas AJZK + AJlK WUl A A I K AW H K+
shown in Scheme 3 (a representative determinanfiKafis TN [CWolUlADX [AY] 2lHsodKI
shown in Scheme 2), these two states give rise to a psAudo- ! AZ A
pattern. Starting from the first sum in eq 1 (cf. Scheme 1, left) KT RIK
and insertingJ0= 1/v/2|W; + W] one obtains: A B [EW 1 JUIADx CAvKEW I Hsod KT

110 ~ AHBS x B = - _
1 1 1 taking into account thaf'1|Hsod K= 0. Since|lAgk + Agk/

A [K|u]AOx TB\M‘Pl + WZE}-TD}QHSO(A‘Pl £+ ¥,0 AgirAgx| > Ak — AsklAsk-Askl, the second term in the
KJ 2 2 above expression can be neglected. Using the relatigrn—

SinceX|Hsod W11= 0 (both determinantK Cand| W, [differ —Axs, one obtains for the MCD intensity of stafi¢(]

(89) Charge-transfer states from the other ligand$ GFPA and water AKJ + AKJ
or hydroxide) can be ruled out f@K[1UV—vis absorption studies performed > 1

on the related iron(l11) complex [Fe(TPA)gt show that the charge-transfer ~ = W[ [W,|ulAUX [AJv|KEW,HgodKD  (3)
transitions from the TPA ligand are below 350 Afin addition, absorption K 7K,

spectra of the active form of Soybean lipoxygenase which contains a high-

spin Fe(lll) —OH complex do not show hydroxide to Fe(lll) charge-transfer

transitions at wavelengths above 350 fim. This shows that the stat&[has less MCD intensity than the
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pseudoA from the two|J(states, because in eq 3 both transition The electronic origin of band 2 is at 13 900 chiThis transition
dipole moments correspond to LF transitions whereas in eq 2 has slightly larger displacements than band\2 & 1.18A1)
for transitions tolJ;Jand|J.[] the larger dipole moment of the  which is in agreement with the fit of the absorption spectrum
CT state contributes. In the MCD spectrum in Figure 4, negative where band 2 has more intensity than band 1 (cf. Figure 5, top).
band 3 can be associated with stg{el This indicates that band 2 actually has more CT character than
In summary, the three-state model presented above (cf.band 1. However, the intensity ratio of these bands from the fit
Scheme 3) has several consequences for the\id/and MCD of the absorption and MCD spectra (about 1.4) as well as from
spectrum. The broad 600 nm absorption consists of a minimumthe Heller fit (about 1.2) has some flexibility and cannot be
of three bands: one alkylperoxo to Fe(lll) CT state (from determined with high accuracy. Figure 5 (top) shows the
resonance Raman spectroscopy) that is Cl mixed with a LF state.experimental absorption spectrum together with the fitted bands
A second ligand field state spirorbit couples to these two states 1 and 2 (dashed lines; cf. Figure 4, top) and the corresponding
creating the pseudA-pattern in the MCD spectrum (cf. Scheme Heller simulation of the absorption bands 1 and 2 (solid line)
3). Therefore, the 600 nm absorption feature has to be fit with which shows good agreement. The same set of parameters has
two intense [Ji) and one weak |[KD) band as required by  been used for the Heller simulation of the resonance Raman
experiment in Figure 4. Because of the large transition dipole profiles and the absorption bands with the exception of the
momentlA|v|W,of the CT state, the pseudosignal has much energies of the electronic origifsEl andE2 which shift by
more MCD intensity than the negative signal from stgdél about 1000 cm! due to the different experimental conditions
(b) Heller Analysis of the Resonance Raman Profiles.  (solution (40 °C) vs frozen solution (77 K); cf. Experimental
Further support for the assignment of bands 1 and 2 to an Section).
alkylperoxo to Fe(lll) charge-transfer state mixed with-add From the dimensionless displacementsthe Huang-Rhys
transition can be obtained from a Heller analysis of the parameters; for excited statgJJand normal mode can be
resonance Raman profiles in terms of excited-state distoffioifs. calculated: S; = 1/2(A‘;)2_ Absolute displacements along the
Figure 5 (bottom) shows the three resonance profiles of the internal coordinaté (in A) can be obtained with the formuf&:
1(00),v(FeO), andd(OCC)b(CCC) vibrations. The shapes of
these profiles are clearly asymmetric which cannot be repro- A
duced when simulated with only one excited state. Using a Ar(A) = 5_8065Z| o (5)
model with two excited states that have CT contributions, the ' .
fit obtained for the profiles resembles the halfwidths and the
shapes of the experimental data well. Importantly, the fit of the ) .
shapes of the profiles imposes important restrictions both on With lp; being the eigenvector from NCA for normal moge
the energetic separation of the two states and on the ratio of2p IS its dimensionless displacement anis the vibrational
their displacements. From the Heller simulation, the two €nergy (in cm?). For bond distances, the eigenveclgris
transitions with CT character are separated by about 1306,cm  directly related to the change in bond length, hence eq 5 gives
which was used as a further restriction to fit the absorption and the absolute displacement along the bond. Table 4 lists the
MCD spectra (vide supra). Furthermore, both transitions have dlstompns c_alculated_wnh eq 5 for bands 1 and 2 from the Heller
about the same dimensionless displacemeéntshich means ~ @nalysis using the eigenvectors from QCA-NCA. No accurate
that the CT character is about equally distributed over the two description with NCA has been obtained for the bending
states. This is in agreement with the interpretation of the Vibration at 490 cm' (vide supra), which is therefore not
pseudoA term MCD signal (vide supra). Figure 5 (bottom) included in Table 4. Thls mode_has a significant d|spI§cement
shows the Heller fits of the profiles together with the fit @long the Fe-O stretching coordinate, hence the total displace-
parameters. The electronic origin of band 1 is at 13 100%cm Ment in this direction can be expected to be larger than listed
and the dimensionless displacements for the different normalin Table 4. The distortions along the F©@—-0 and C-O-O
modes areA1(0—0) = —0.97,A1(Fe-0) = +1.81, andA1- angle bending coqrdmates calculated Wl_th eq_5 are obtalnec_i in
(bend)= +0.65A1(Fe-0). Note that the Heller analysis does ~angstroms. Applying the method described in the Appendix,
not give the sign ofA; this information is obtained from the the distortions along the bends are transformed into grad units.
assignment of the CT transition (cf. Section B). Since the 490 As can be seen from Table 4, the angular distortions obtained
cm-! bending vibration gains its intensity by mixing with ~are very small. - o _
v(FeO), the displacement of this mode is related igFe—0). Since absorption bands 1 and 2 gain intensity from the CT
The coefficient of 0.65 corresponds to an admixture of about contribution, adding up their distortions should give the total
39%v(FeO) intod(OCC)H(CCC) and is in agreement with the displacement of th(_e CT_ state relative to the ground state.
estimated coefficient of 0.550.60 calculated with the prereso- However, the total distortion of bands 1 and 2 along the Ge

Yo

nance formul£8-91.92 bond ¢-0.24 A) is too large compared to the low donor strength
(vide infra) of the CT transition. Importantly, the LF states in

I((Fe— Q) [A(Fe—0)-v(FeO)2 this energy region involveyd to g excitations and also have

I(bend) = A(bend)r(bend) (4) large distortions along metaligand bonds even though their

extinction coefficients are low. Therefore, the total-f&

wherel is the integrated resonance Raman peak intensity at adistortion given in Table 4 reflects the CI mixing of the CT
specific excitation wavelength andis the vibrational energy.  State with a LF state which both contribute with their individual
distortions. Spectroscopically, the Cl mixing of the CT and LF

(90) In general, the ligand field states corresponding to theot &
excitations are linear combinations of several Slater determinants. Since (93) In Heller theory, the displacement parametedetermine the shapes
the analysis presented here does not require a specific assignment of thef the Raman profiles and absorption bands as well as the shifts of their
d—d transition, single determinants are sufficient to develop the three-state maxima relative to the energies of the electronic origins. However, the

pseudoA model. energetic difference between the Raman profile and absorption band maxima
(91) Tang, J.; Albrecht, A. C.; Szymanski, H. A., Eds. Plenum Press: does not vary much with tha values. Therefore, the relative shifts of the
New York, 1970; Vol. 2, pp 3368. electronic origins in the two fits cannot be compensated without strongly

(92) Warshel, A.; Dauber, B. Chem. Phy4977, 66, 5477. affecting the shapes of the Raman profiles and absorption bands.
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Table 4. Excited State Distortions Calculated from the Simultaneous Heller Fit of the Resonance Raman Profiles and Absorption Bands 1 and
2

v(em?l)  AFe-OJA] AO—-0[A] AC—0 [A] OFeOO[A] OCOO [A] OFeOO [deg] OCOO [deg]

E1l 796 +0.0164 —0.0685 +0.0269 +0.0108 +0.0155 +0.2 +0.4
696 +0.0938 +0.0015 —0.0544 -0.0364 -0.0483 -0.8 —-1.7
4902

E2 796 +0.0193 —0.0809 +0.0317 +0.0127 +0.0183 +0.3 +0.5
696 +0.1106 +0.0018 —0.0642 —0.0430 —0.0567 —0.9 -2.0
4902

El1+E2 796 +0.0357 —0.1494 +0.0586 +0.0235 +0.0338 +0.5 +0.9
696 +0.2044 +0.0033 —0.1186 —0.0794 —0.1050 -1.7 —-3.7
4902

total +0.2401 —0.1461 —0.0600 —0.0559 —0.0712 —-1.2 —2.8

aValue not accessible since NCA does not provide a reasonable fit for this mode.

Table 5. Comparison of Relative Donor Strengths and-8 Force Constants of Cuand Fe-Peroxo Complexes

a* —dCT donor strength YM-o Kv—o Voo Ko-o
complex (cmr) (C¥)2 ratio® (cm™) (mdyn/Ap (cmr ) (mdyn/Ay ref
Cu end-on monomer 19880 1.0 488 1.94 (1.89) 803 2.90 (2.86) 117
Cu end-on dimer 19085 1.9 561 1.99 (1.94) 832 3.17 (3.10) 118
Cu side-on dimer 26570 37 572 1.54 (1.42) 763 2.43 (2.43) 95
14620
Fe(lll) end-on dimer 24650 1.4-1.8 421 1.99 876 3.07 69
26200
L3CuOOCnd 16590 11 645 3.03 843/809 3.22 94
L3CuOOH 16560 >0.3 624 2.94 843 3.51
18800
. 21700
side-on hs-Fe(EDTA)O 25250 0.7-1.2 459 1.56 816 3.02 119
31050
16000
Is-Fe(TPA)OCBu 17364 0.5 696 3.53 796 2.92 c

aCorresponds to the charge donation of peroxide to the metal relative to the end-on monomer (sef tdréy8)Bradley force constants in
parentheses, cf. ref 94This work. Cm = Cumene.

state is directly reflected in the MCD pseudosignal (vide been set to 1.0. For compléxa low value of 0.5 is calculated

supra). The total distortion along the-@ bond (-0.14 A) is for combined bands 1 and 2 corresponding to the alkylperoxo

reasonable for a CT stat@? (%) to Fe(lll) CT transition. Table 5 contains the relative
A.3. Donor Strength of the Charge-Transfer State.The donor strengths of a series of compounds. Most useful is the

above analysis of the UWvis, MCD, and resonance Raman comparison betweehand the Cu-alkylperoxo complex [(L3)-
data shows that both bands 1 and 2 gain their intensity from an Cu(OOCm)], which has arger relative donor strength of 1.1
alkylperoxo to Fe(lll) charge-transfer transition. Assuming that than 1 but asmaller meta-O force constant. This is a clear
the contribution to the intensity from the Cl mixed LF state jygication that in addition to the FEOOBuU * bonding

. . . \
(vide supra) is small, the oscillator strengths of bands 1 and 2 jnteraction reflected by the 600 nm CT transition, there must

(Table 3) can be used to estimate the relative donor strength ofye gther Fe(l11y-O0BU bonding interactions it that contribute
the alkylperoxo ligand orbitalr; corresponding to this CT  {g the strong FeO bond.

transition. Using the formalism of Baldwin et &%.the donor

strength of a ligand is approximately given by: B. Density Functional Calculations. The analysis of the

spectroscopic data has shown that there is a CT transition in

£ the 600 nm region of the absorption spectrumlothat is
C"2=9.22x 10°4A : distributed over two bands. The mechanism for this distribution
(Cz) * Al Zv_mz is a Cl mixing of the CT state with a LF state which is
I

manifested in a pseudd- MCD signal, the shapes of the
resonance Raman profiles, and the large distortions obtained
from the Heller fit. The relative donor strength of the corre-
sponding Fe-O bond of 0.5 is low, which is in contrast to the
large Fe-O force constant corresponding to a strong-Ee
bond. But whereas the metdigand force constant contains
contributions to the metalligand bond from all the different
valence orbital interactions, the relative donor strength observed
experimentally for the 600 nm absorption is a selective measure
_ of the strength of thet] orbital interaction. This is a clear
1259‘1‘)0%‘;“ P.; Fujisawa, K.; Solomon, E.J. Am. Chem. So@00q indication that forl there must be additional contributions to
(95) Baldwin, M. J.; Root, D. E.; Pate, J. E.; Fujisawa, K.; Kitajima, N.; the Fe-O bond. To gain further inside into the nature of the
Solomon, E. 1.J. Am. Chem. S0d.992 114, 10421. 600 nm CT state and to identify these additional contributions

with f being the oscillator strength andthe frequency of the

ith charge-transfer band andhe transition vector that coincides
with the Fe-O bond and which can be set to the-R@ bond
length. This equation relates the metal d orbital contributions
to the ligand donor orbitals and therefore the strength of the
metat-ligand bond to the intensity of the resulting CT transition.
The donor strength is calibrated relative to the value obtained
for an end-on Cuperoxide monomer whose donor strength has
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Table 6. Calculated (B3LYP/LanL2DZ) Geometries and Properties of Three Models for Low-spin [Fe(TPAJ@»Bu)]** (1)

Lehnert et al.

geometric parametefs

molecule r(Fe-0) r(0—-0) r(C-0) r(Fe—OHy) r(Fe—N)® OFeOO Jcoo
Is-[Fe(NHs)(OH)(OOBU)J2 (1) 1.818 1.488 1.565 2.024 2.045 111 112
Is-[Fe(NHs)(OH)(OOBuU)]* (1a) 1.835 1.505 1.510 1.884 2.054 111 110
Is-[Fe(Ime}(NH3)(OH,)(OOBu)** ¢ 1.825 1.483 1.552 2.014 2.007 112 112
Mulliken charges spin densities
molecule Fe 02 03 £ SOOR O(H) Fe 02 03 G O(HY
Is-[Fe(NH;)4(OH)(OOBu)?* (1) +0.51 -0.29 -0.33 +0.36 -0.12 —0.74 +0.77 +0.24 +005 O 0
Is-[Fe(NHs)(OH)(OOBU)]* (1a) +0.43 -0.36 -0.30 +0.40 -0.30 -0.71 +0.95 +0.11 +0.01 0 -—0.02
Is-[Fe(Ime}(NH3)(OH,)(OOBu)]2*e  +0.50 —0.29 —0.30 +0.37 —0.12 -0.69 +0.73 +0.26 +0.06 0 —0.01

aBond lengths in A Averaged over all FeN bonds.c For the model with three imines, the average-Rgy bond length is 2.001 A, and the
remaining Fe-Naw is 2.023 A.9 Charge and spin density on the oxygen of the water or hydroxo ligand, respectively= imine ligand H-N=CH,
as a model for pyridine.

Table 7. Calculated (B3LYP/LanL2DZ) and Experimental Frequencies and Force Constants

force constant (mdyn/A) frequency (ci)

calculatedéxperimental Fe-O O-0 Cc-0 Fe-O O-0
calc: HOOH 4.40 905
NCA: HOOH 2 4.01 880
calc: HOO 3.08 750
exp: HOO® 775
calc: ~O-0O~ 1.94 641
calc: '‘BUOOH 3.92 3.81 900
exp: '‘BUOOH—NCA: CH;O0CH;® 4.07 4.56 884 (?)
calc: 'BUuOO 3.13 4.46 810
calc: Is-[Fe(NH)4(OH,)(OOBU)I* (1) 3.38 3.39 2.43 626 843
calc: Is-[Fe(NH)4(OH)(OOBu)]" (1a) 2.89 3.47 3.46 625 877
calc: Is-[Fe(Im)(NH3)(OH,)(OOBuU)?+ 3.13 3.38 2.63 630 815
NCA: Is-[Fe(TPA)(OH,)(OOBu)]** 3.53 2.92 2.83 696 796

2 Measured in the gas pha$8.” Determined with photoelectron spectroscopy in the gas piéses error of this value ig=250 cnt*. Calculations
(GVB—CI) lead to values of 777820 cn1? for v(OO). ¢ The IR spectrum (gas phase)'BUOOH in ref 122 has not been assigned; the@and
C—O force constants have been calculated for;GEICH;'22 wherev(OO) = 779 cnt! (see text)d Raised in energy by interaction with the
Fe—OH stretch ¢(Fe—OH) = 575 cnm?; k = 2.623 mdyn/A).

to the Fe-O bond, density functional (DFT) calculations have 3.47 mdyn/A). This is due to the better donor capability of the
been performed. hydroxo ligand inla which leads to less donation from the
The crystral structure df is not known and the sixth ligand  'BuOO™ group. These results strongly indicate that the electronic
could either be water or hydroxide. To determine a reasonablestructure of model systerh better resembles the situation in
structure forl, two possible model systems, low-spin [Fe(®U- complex1.
(OH,)(OOBW)?+ (1) and low-spin [Fe(NH)4(OH)(OOBu)]* Both 1 and1a have four NH donors replacing the TPA ligand
(1a), have been fully geometry optimized and evaluated based of 1. To test the validity of this approximation, a model system
on the spectroscopic data. was constructed where starting frdimthree of the ammonias
B.1. Geometry and Evaluation based on Calculated have been substituted by imines (Ime:-N=CHy), which better
Spectral Features.Table 6 compares the calculated structures model the pyridine donors in the TPA ligand (cf. Supporting
for 1 (Figure 3) andla (Supporting Information, Figure 1). Since  Information, Figure 1). The calculated bond lengths, charges,
water is a worse donor than hydroxide, the remaining ligands spin densities, and vibrational properties of this system (fully
(especially alkylperoxide) donate more charge to Fe(lll) in the optimized) closely resemble the results obtained f(f. Tables
case ofl, which is manifested in shorter F& (L = OOBu, 6 and 7), which shows that ammonias are reasonable ap-
NHa) bond lengths compared fa. The structural parameters  proximations for pyridines in electronic structure calculati®hs.
of 1 are consistent with the crystal structure of [C)(DOCm)], Thus, modell is supported by the spectroscopic results and
wherer(Cu—0) = 1.816 A, r(0—0) = 1.460 A, andr(C—0) will be used to analyze the electronic structure lof The
= 1.457 A5! Nevertheless, this comparison has limited signifi- thermodynamics of the homolytic cleavage readfiéhhave
cance since it involves Cu(ll) rather than low-spin Fe(lll). A been calculated for botlh and 1a to account for the possible
better comparison between the model systems is provided bychange in protonation on oxidation (vide infra).
the calculated force fields which are a direct reflection of the  B.2. Description of the Electronic Structure of 1.The spin-
electronic structure. Table 7 shows the calculated frequenciesunrestricted molecular orbital diagram of complefcalculated
and force constants df and 1a in comparison to the experi-  for 1 using the B88P86 functional and a Slater-type triple-
mental (QCA-NCA) values. Importantly, while both model (valence) basis set; see Experimental Section) is shown in Figure
systems do not accurately reproduce the spectroscopic results
of a strong Fe-O (k = 3.53 mdyn/A) and weak 60 (k =
2.92 mdyn/A) bond, fod both force constants have about the
same magnitudek(~ 3.4 mdyn/A), whereas forla the
calculated trend is reversed from experiment with the-Ge
being weaker K = 2.89 mdyn/A) than the ©0 bond k =

(96) The imines give rise to shorter 8l bond lengths (2.00 A average;

cf. Table 6) which reflect the fact that-HN=CH, is a weakero donor

than NH;. Since this decreased donor strength is compensated by the shorter
bond distances, the extended model system does not offer improved results
for the Fe(lll)—-alkylperoxo bond. Experimentally, the low-spin complex
[Fe"(5-MesTPA)(acac)}" 32 has an average FéN distance of 1.96 A,
which is in agreement with the calculation.
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Figure 6. Molecular orbital diagram ofl (the structure of which is
shown in Figure 3 together with the applied coordinate system)
calculated with the B88P86/triple-basis. The orbitals of the alkyl-

peroxo ligand are labeled as shown in Figure 1. The nomenclature

“a_b' is used for Fe andBuOO™ MOs and indicates that orbita
interacts withb and thata has a larger contribution to the resulting
MO. Important MOs corresponding to the donor orbitals of the
alkylperoxo ligand are marked with a box. F#spin-orbitals included

in Table 8 and the correspondirgspin-orbitals, the continuous MO

numbers (as they appear in the calculation) are given on the left side

of the horizontal lines. Thick lines correspond to MOs with large iron
d contributions ¢ 50%).

6. In an octahedral environment, the five d orbitals of iron are
split into a 3-fold degenerategt (dyy, dy, Oy, and a 2-fold
degenerategset (42, de-y?), where the 44 orbitals mediater
interactions with the ligands and thg @rbitals formo bonds.

In the case of low-spin iron(lll), the4 orbitals are occupied
by five electrons and thegerbitals are empty (ground-state

J. Am. Chem. Soc., Vol. 123, No. 34, 28243

-0.3110 a.u, B<49>

Figure 7. Contour plots of the molecular orbitals &f(cf. Figure 6

and Table 8) corresponding to the most important interactions of the
alkylperoxo donor 4%, 7%, b, anda®) and acceptord) orbitals with

the d functions of iron(lIl).

7Oy, (B1430,%8 as shown in Figure 7. The corresponding
antibonding combination, d 7, (460, is the LUMO of
complexl. The orbitalz}__dy, has about 30% metal character
(cf. Table 8), which indicates that this bond is very strong.
This is also reflected by the large shift of tifeantibonding
orbital d,_7}, to higher energy compared to the othey t
orbitals (d, and dy) in Figure 6, right. In addition, since
occupieda andf spin functions are similar for the bonding
MOs (vide supra), the net spin density is a very sensitive probe
of the strength of ther bond. As shown in Table 6, there is no
appreciable spin density on the water/hydroxo ligand, which
means that indeed the hole in thg set points toward the
alkylperoxo group. The total spin density on tBeOO ligand

electron configuration). In a spin-unrestricted scheme, this is ;¢ 1 29 for1 (from the B3LYP/LanL2DZ calculation, cf. Table

equivalent to having all three tyg orbitals occupied and one
orbital unoccupied in th@ tyq set (the LUMO). TheéBuOO™
ligand has low-lyingr and o donor orbitals but no accessible
acceptor MO, hence this ligand forms donor bonds with empty
d orbitals of Fe(lll). Since there is only one unoccupigg t
function available (in the coordinate system shown in Figure 3
this is thep-dy; LUMO), only the -spin MOs will contribute

to  bonding. The gset is unoccupied such that bath and
f-spin MOs patrticipate i bonding. Since the spin-polarization
effect on the d orbitals is sma&l,o bonding is almost identical
for the a and 8 set and the corresponding and 5 MOs are
very similar. This leads to the overall similar appearance of the
o- andg-spin MO diagrams in Figure 6. Therefore, {hespin
MOs will be analyzed below.

The HOMO of théBuOO™ ligand, 7}, acts as a donor and
interacts with thes-dy, orbital of iron(lll) which represents the
hole in the 44 set as described above. The resultingond is
manifested in the bonding combination of these orbitals,

6) again indicates a strong interacti¥nThe calculated excita-
tion energy ASCF performed with ADF) for the transition from
7,0y, to e,z is 15 600 cmi?, which is in good agreement
with the observed charge-transfer band in the absorption
spectrum that is centered around 16 670 &nThis together
with the spectroscopic data allows the assignment of the 600
nm CT absorption feature as thé__dx, to d,_s transition
associated with the FeO x bond. However, the calculated large

(97) For low-spin Fe(lll), the difference of the number @fand 5 d
electrons isu — f = 1. This is in contrast to high-spin iron(lll) where
— [ d electrons= 5. In this case, bonding is very different in theand
MOs.

(98) Regarding the nomenclature:x,<_dy,’ denotes an MO that is a
mixture of the orbitalst) and d the one with the larger contribution to
the MO comes first (in this exampl&). f@30refers to MO #43 with3
spin. _

(99) For modella with the hydroxo ligand, the alkylperoxide carries a
spin density of+0.12 (cf. Table 6). This indicates that the model with the
water ligand 1) has a distinctly stronget bond thanla.



8284 J. Am. Chem. Soc., Vol. 123, No. 34, 2001

Table 8. Charge Contributions of Importagt Orbitals of 1
Calculated with the B88P86/Triple-Basis

energy ¢ 92 03 G O8 >N
no. label (hartree) d s p s p "dp stp stp
A0 o*_d, -03110 322522 1 0 3
p[@a8d d,_N(p)+ O2(pp —0.3679 62 1 11 0 2 1 0 17
pA7T0 d,—_N(p) -03799 71 0 10 0O O 4 16
prael Oz_7" (LUMO) —0.4243 60 0 26 0 10 O O O
p@50 dy,(HOMO) —-04612 92 0 00 0O O 3 O
pa40 dyy -04638 891 10 4 0 0 O
pE30 + g —0.4836 30 0 13 039 2 0 O

v—"Yxz

praon at_d? -05366 3019025 4 1 3
p380 n\?/ni_dxz —05495 20110 2 1 O 1
p360 nﬁ/oh_dxy —-05730 20211 3 2 7 11
p350 ftﬁlﬂ’f,_daa -05809 2 0110 0 1 42 23
pro0 JTS —0.6330 1 0 11 0 24 14 1 4
pr70 2_d? —-06605 3114 013 16 2 8
pR260 ¢°_d2 —-0.6862 4 0 22 3 24 7 2 8

aThe charge contributions are the average.afndg orbitals (both
are very similar) to illustrater bonding.

covalency of this bond is not in agreement with the low donor
strength and small extinction coefficient of the corresponding

Lehnert et al.

different donor orbitals. The overall strong Fe(HPOBuU o
interaction leads to the observed large—f force constant
corresponding to a strong F®© bond. No experimental
absorption bands can be identified with the-f&¢ bond. The
energies of CT transitions can be estimated from the orbital
energy differencé&® Ae. The first actualo transition from
ar_ds to d,_N(p) (61480 hasAe = 37020 cm! (270 nm),
which is far in the UV region. Thus, for the low-spin ferric
complex1 the Fe-O o bonding interaction is not experimentally
accessible with absorption, MCD, and resonance Raman spec-
troscopies.

The threes donor orbitalst}, nﬁ, ando® of the alkylperoxo
ligand interact with Fe(lll) as described above. Importantly, the
main contributions to the FeO ¢ bond emerge from the ©0
and C-O bondingorbitalsnﬁ and ¢°. Donation out of these
orbitals will therefore weaken the-@D and G-O bonds. Hence,
the smaller -0 (2.92 mdyn/A) and €0 (2.83 mdyn/A) force
constants oflL compared to the frelBuOO™ ligand ko-o =
3.13 mdyn/A andke_o = 4.46 mdyn/A; cf. Table 7) are a direct
reflection of the strongs interaction between iron(lll) and
alkylperoxide. Note that while the-©0 force constant also has
a contribution from ther interaction (donation out of will
partially strengthen this bond), the-© force constant is only

absorption band, indicating that the calculation overestimates dependent on the donor interaction and therefore serves as a

this covalency. This can be quantified by comparison with a
Cu(ll)—alkylperoxo complex ([(L3)Cu(OOCm)], cf. Table 5)
that has a relative donor strength of about 10=< 5400
M~1cm™?) for the corresponding bond betweent; and gz
of copper(ll). For this complex, the covalency could be
determined experimentally (from EPR spectroscopy) to be
38%24In the spin-unrestricted formalism, this can be interpreted
in the sense that th@—de-y2 function of Cu(ll) has a total
admixture of ligand donor orbitals of 38% corresponding to a
metal contribution of 62%. In comparisony,dz, has about
36% 7, character (cf. Table 8), hence the calculated
covalency forl is comparable to that of the Cu(ll) complex.
However, the experimental donor strengthldé only 0.5 (cf.
Table 5). Thus, thet covalency ofl must be lower than
calculated forl and can be estimated from its CT intensity to
be about 20%. In the B3LYP/LanL2DZ calculation bf the
7, covalency is also overestimated-a80% (data not shown).
All the spectroscopic methods applied 1o(vide supra)
monitor thiszt bond between iron(lll) and the alkylperoxo ligand
with the exception of the FeO force constant (obtained from
the vibrational data) which is a measure of the total bonding.
However, as determined above, the large-Beforce constant
of 3.53 mdyn/A is not in agreement with the observed donor
strength of ther bond. Therefore, additional bonding interac-
tion(s) between iron and tHBuOO™ ligand must be present in
1. Sincex? does not mix much with the iron d orbitals (cf.
Table 8;3290), these additional contributions must beodype.
The three availabler donor orbitalsz}, f, and o® interact
with one of the gtype functions (which are denoted, since
dz and gz-y2 are mixed). Each of the resulting bonding MOs,
7i_d, (BA0D), 22_d, (8270, ando®_d, (B26L) (cf. Figure
7), has about 3 to 4% metal character. Although the total
covalency is small compared to the highly covalanbond,

these have to be doubled to account for contributions from both

a- andg-spin orbitals (i.e. the gset is unoccupied in Is%y In
addition, levels that are further away in energy contribute more
to the bond strength for the same mixing coefficient. The e
orbital 3[48lls directed toward the alkylperoxo ligand and has
about 15% contribution from théBuOO™ ligand (mainly
localized on 02), which sums up theinteractions with the

probe fore bonding. This can be used to understand the trend
in the force constants betweeh and 1a in Table 7101
Experimentally, the FeO is larger than the ©0 force constant
which is in contrast td where both are of the same magnitude
(cf. Table 7). Since the experimental data indicate thatithe
covalency is overestimated in the calculationd ¢¥ide supra),
the calculated interaction appears to be underestimated: using
the force constants df as a starting point and extrapolating
their changes upon weakening of thdond and strengthening
of the o interaction leads to a minor change of the-&& bond
strength but a distinct weakening of the-O bond in agreement
with the experimental force constants.

Another possible mechanism to reduce the-@ force
constant would be a strong back-bonding interaction between
the O-0O antibonding orbitab* and an occupied§ function
of iron. Althougho* is low in energy because of interaction
with thetert-butyl group attached to oxygen and the longO
bond distance, there is little evidence for such an interaction in
the calculations. In facy* mainly mixes with one of the iron
gy orbitals. The resulting antibonding combinatiosr__d,
(A9, is shown in Figure 7 and has about 3% metal
contribution. Since theg@rbitals are unoccupied, this interaction
does not contribute to bonding. Note that althougldoes not
participate in bonding, it is low in energy and activated for
electrophilic reaction.

B.3. Thermodynamics of the Homolytic Cleavage of the
O—0 Bond. The low-spin Fe(lll)>-OOBu complexl has been
shown to undergo homolytic cleavage of the O bond forming
an iron(IV)—oxo intermediate and an alkoxy radi¢®® (see

(100) For ther bond, for exampleAe = 13010 cnt! compared to 15600
cm! calculated for the transition from,_dy, to d,_s. Next in energy
is the CT transition fromr;,_d, to dk,_, with Ae = 24650 cn1?, which,
however, is overlap forbidden and does not have much intensity.
_ (101) Complexed andla (cf. Table 7) show an interesting trend where
1 has a stronger FeO and weaker €0 force constant thafia, but both
have about the same-@D bond strength. The magnitude of the-O force
constant clearly indicates thathas a stronges bond thanla. Combined
with the strongerr bond in1 (from the spin densities, vide supra), this
explains why the FeO force constant ofl is larger. The increased
donation in1 should also lead to a strengthening of the @ bond, but
this is compensated by the increaseihteraction that weakens the—®D
bond. Both effects cancel leaving the-O force constant almost unchanged.
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Table 9. Thermodynamics of the Homolytic Cleavage of the-@ Bond in1a and1 (calculated with B3LYP)

AE (kca/mol) AE (kca/molp AE (kca/molp
reactant produgt  LanL2 + Solv TZV + Solv TZV+ + Solwv —T-DS(kcal/mol) ZPCE (kcal/mol)
ia (S=1y) S=0 56.7 47.4 51.2 41.9 50.4 40.6 —12.2 —-2.5
S=1 30.3 21.7 24.8 16.0 23.9 14.6 —13.2 —2.6
S=2¢ 32.3 25.6 23.6 16.7 22.6 15.0 —15.8 —4.4
AE (kca/mol) AE (kca/moly
reactant produdt LanL2 + Solvd TZV + Solvd
1(S=1y) s=1 48.7 28.4 425 22.0
S=2° 50.6 33.8 41.0 23.9

a Spin state of the Fe(IVO complex; theOR radical hasS = Y/,. Total spin: St = S+ S. P Shifts of the energies of the different spin states
relative to each other are observed with TZV and HZVTlhis is due to the fact that the used geometriesnateptimized for TZV und TZW.
¢ Spin-forbidden reactiorf! Solv: including a solvent sphere in the calculation using the polarized continuum model (PCM) and acetonitrile as
solvent; entropy T = 298 K) and zero point correction energy (ZPCE) were calculated using the LanL2DZ basis set.

Introduction). This is in agreement with the electronic structure [Fe—OH]* — [Fe—OH]"(solv);
of 1 having a strong FeO and weak G-O bond which activates AG (Fe—OH) ~ AE (Fe—OH)
this intermediate for ©0O bond homolysis. To explore the oLV oLV

thermodynamics of this reaction, DFT calculations (B3LYP) e, the solvation energies in acetonitrile are used (calculated
have been performed on the homolytic cleavage of thé&dO \ith the PCM modéP) neglecting the entropy contributions
bond. The spectroscopic studies together with the calculationsyhich can be expected to be one order of magnitude smaller
have shown that modéimore closely resembles the properties o these charged ions. For the proton, a theoretical value of
of 1 (vide supra).°2 Therefore, it is likely thafl has a water as AGsoLv(Ht) = —262.23 kcal/mol T = 298 K) is used which

the sixth ligand. Experimentally, theKp value of 1 is not 55 peen determined by large scale ab initio calculations on

known. OtherlFe(III) complexes hav&p values of 2 to 6 in small water clusters (30)n.195 With these numbers, the free
aqueous solution (see, for example, refs 103 and 104). The factgpergy of reaction 6 can be determined:

that acetonitrile (even when small amounts of water are present)
is not as good a solvent for the proton is consistent with the AG AGgps + AGgq, (Fe—OH) + AGgo (HT) —
model thatl has a water molecule bound. However, the AG (Fe-OH,) (7)
Fe(IV)=0 species produced in the homolysis reaction can be SoLv
expected to be much more acidic.

To estimate thel§a change upon oxidation of iron fromlll
to +1V on homolysis of the G-O bond, the relativelga values 1
of 1 and the corresponding Fe(I¥0 intermediates have been PKa = 2 3(R-|AG
calculated. The structures of the possible products '
[Fe(NHz)4(OH,)(0)]?* (in total spin statess = 1, 2; from ) Using the results from the B3LYP/LanL2DZ calculations (the
and [Fe(NH)4(OH)(O)]* (2) (S = 1, 2; from 1a) have been  larger TZV basis set (applied on the LanL2DZ structures) leads
fully optimized using B3LYP/LanL2DZ and total energies have to similar results), the s value of1 is calculated to be 12.9
been obtained. TheoreticaKp values have been determined whereas for the [Fe(NL(OH,)(0)]?* systems, values of 8.0

and the K4 is defined:

corresponding to the reactions: (S=1) and 6.9 § = 2) are obtained. Although the absolute
magnitude of the calculatedKp values is unreliable in these

[Fe—OH,]*" + (H,0), — [Fe—OH]" + [H(H,0),]"; AG types of calculation&®it is noteable that the Fe(I¥J0 species
(6) are more acidic thaf by 5 to 6 orders of magnitude. Note that

this ApKa value is independent of the applied value of
This is achieved by formally dividing this reaction into several AGsopy(H™). Assuming that the g value of1 is in the range
steps and summing up their free energies. The first step is theof 2 to 6, it is likely that an [Fe(Ok)(O)] intermediate species

deprotonation of the acid in the gas phase: gets deprotonated during its formation under reaction conditions.
To avoid complications due to the deprotonation reaction, the
[Fe—OH2]2+ — [Fe—OH]" + H™; complete energetics of the homolytic-@ bond cleavage have
AGgps ~ AEgps — T-AS, T =298 K ggf[ehn V\;::}I/culated fdra where no change occurs along the reaction

The other steps describe the free solvation energies of the species 12ble 9 shows the results obtained et The homolysis of
involved: the O-0O bond is endothermic in the calculations with the

LanL2DZ basis set by-30 kcal/mol forS= 1 and 2. The&s=

Fe—OH,J?" — [Fe—OH.]>"(solv): 0 spin state of the Fe(I¥5O complex is energetically very
[ 2 [ A ( ) N unfavorable by an additionat26 kcal/mol (9200 cm?) in all
AGso(Fe~OH,) ~ AEgq(Fe~OH,) the different calculations and therefore, can be excluded from

(102) Modell has an overly covalent bond which is not unusual for further ConSiderati_on' The rea(_:tion energie_s an_e Ic_)wered by a_bOUt
transition metal electronic structure calculations. Since the Fe{@)  25% when solvation of the different species is included using

intermediate is treated at the same level of theory, this effect can be expectethe PCM model and acetonitrile as solvent. This is important
to cancel in the reaction energy calculations.

(103) Huheeyinorganic ChemistryHarper & Row: Publishers: New (105) Tawa, G. J.; Topol, I. A.; Burt, S. K.; Caldwell, R. A.; Rashin, A.
York, 1972. A. J. Chem. Phys1998 109, 4852-4863.
(104) La, T.; Miskelly, G. M.J. Am. Chem. Socl995 117, 3613- (106) Li, J.; Fisher, C. L.; Chen, J. L.; Bashford, D.; Noodleman, L.

3614. Inorg. Chem.1996 35, 4694-4702.
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and shows that the solvent contributes to the reaction. Using a
larger triple€ valence basis set (TZV) for the energy calculations
(on the LanL2DZ structures) and including solvation, the
reaction energies drop further to abeti6 kcal/mol. Table 9
also contains the reaction energies calculated with TZV adding
diffuse functions (TZ\+; on the LanL2DZ geometries) and
including the solvent effect. A small further decrease of 1 kcal/
mol is obtained for the reaction energies compared to the TZV
calculation. Therefore, the homolytic cleavage of the@bond

in 1 is endothermic by about 15 kcal/mol. However, this da2 p,
unfavorable value is fully compensated by the entropy gain
(about —14 kcal/mol at 298 K) and the zero-point energy |-0.2641 p<31>
correction (about-3 kcal/mol) as shown in Table 9. Summing
up these different contributions, the homolytic cleavage is a
thermoneutral reaction in terms of free energy driven by the
entropy gain upon splitting of the -©0 bond.

Only small changes of the reaction energy of the@bond
homolysis occur when water is used as the sixth ligand of
instead of hydroxide (starting fror) and the proton is kept
bound to the Fe(I\5-O product. The calculation with the
LanL2DZ basis set including solvation is endothermicb30
kcal/mol for theS= 1, 2 spin state&’ and with TZV (on the
LanL2DZ geometries) the reaction energies are lowered28
kcal/mol (cf. Table 9). Since the energies obtained fer@
homolysis ofl are comparable to those fiia, the free energies
can be expected to be very similar for both systems. Taking
into account deprotonation of the Fe(FD species, the actual
homolytic cleavage reaction becomes:

-0.2093 B<33=> p<32>

-

N\

[Fe(OH)(OOR)F" (1) —
[Fe(OH)(O)]" (2) + -OR+ H*; AE

d,, OH(p,)

Figure 8. Contour plots of the molecular orbitals &f(S = 1) (cf.
Here, AEHC corresponds to the energy of the—O bond Figure 9 and Table 11) showing the interaction of the five d functions
e - h - f iron(lV) with ligand donor orbitals. Bottom right: Optimized
homolysis of1 as given in Table 9 plus the energy that would © < .
derive)lirom the de%rotonation éfaccgrding to eq 69)I/n aneutral  Sructure (B3LYP/LanL2DZ) of model syste(S= 1) which results

uti his | b . df * | from homolytic cleavage of the ©0 bond inla. The coordinates of
solution, this latter energy can be estimated from g yalue. 2 are given in the Supporting Information, Table 6. Important structural

With the calculated KA of about 7 for the Fe(I\A/FO species, parameters (in A):A(Fe-0) = 1.648; A(Fe—OH) = 1.900.
this would add about+10 kcal/mol to the reaction energies

given in Table 9. However, since the calculatéthvalues are  compound I shows an FeD bond length of 1.65 A? For (TPP)
too large compared to known experimental values (vide supra), F€Y=0, which contains a five-coordinate iron(IV) wif= 1,
the additional energy due to the deprotonation can be expectedthe Fe-O stretching frequency is found at 853 thcorre-
to be much lower. For an < 0 where deprotonation would ~ Sponding to an FeO force constant of 5.32 mdyn/&:2° For

be highly favorable, this energy would be negative and & non-heme binuclear Fe(IO—Fe(IV)=0 model complex,
contribute to the driving force of the reaction. v(Fe=0) is located at 840 cr.198 Although the iron is formally

In summary, the 0O homolysis is approximately a ther- in the oxidation state-4 in é, a comparison with Table 6 shows
moneutral reaction in terms of free energy driven by the entropy that the Mulliken charges on the metal are about the same as
gain upon breaking of the ©0 bond. Importantly, the reaction ~ those inl andla, which are formally+3. In the following, the
energy is surprisingly low at-15 to 20 kcal/mol. Therefore,  electronic structure of the Fe(I¥)O intermediate2 will be
the highly oxidized Fe(lV) ion is strongly stabilized in the @analyzed for theS= 1 ground state. On the basis of this, the
Fe(IV)=0 complex as analyzed below. properties of thes= 2 and 0 states a2 will be evaluated.

B.4. Electronic Structure of the Fe(IV)=0 Intermediate. Figure 9 shows the MO diagram Bf(S= 1) calculated with
Figure 8 shows the optimized geometry (B3LYP/LanL2DZ) of the B88P86 functional and a Slater-type trifglé+alence) basis
[Fe(NHs)4(OH)(O)" (2) (S= 1). TheS = 1 ground state has  Set (see Experimental Section). Iron(IV) in tBe= 1 state has
a very short FeO bond (1648 A) Corresponding to a |arge a [t2g]4 electron Configuration where two of th@brbitals are
Fe—O force constant (5.7 mdyn/&; = 902 cmr'l; cf. Table singly occupied and one is doubly occupied. Therefore, gnly
10). The calculated FeO bond length, stretching frequency, d orbitals contribute tar bonding whereae. and/ d functions
and force constant are in good agreement with experimentalform o bonds with the ligands since thg erbitals are empty.
data determined for Feporphyrin systems witts = 1 on This situation is analogous tb(vide supra) and the discussion
Fe(IV). The Fe-O distance for horseradish peroxidase com- of the MO diagram focuses on thfespin orbitals. Since the
pounds | and Il has been estimated to be 1.64 A from EXAFS OXO0 group is a very strong donor using its pand g functions

spectroscopy® A crystal structure of Cytochrome P450cam (in a coordinate system with the @ bond along the axis,
cf. Figure 8), the two singly occupieg,tfunctions are directed

(107) Note that the solvation energy is much larger for the complexes
with the water ligand. This is due to the fact that these systems have atotal (108) Zheng, H.; Yoo, S. J.; Mk, E.; Que, L., JrJ. Am. Chem. Soc.
charge of+2 compared tot1 for the deprotonated systems. 200Q 122, 3789-3790.
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Table 10. Calculated (B3LYP/LanL2DZ) Geometries and Properties of [FefiBH)(O)]* (2) with S= 0, 1, 2 (coordinates are given in the
Supporting Information, Table 6)

geometric parametefs Mulliken charges spin densities
molecule r(Fe-0) r(Fe-OH) r(Fe-N)* »(FeO) k(FeO) k(Fe—OH)* Fe O O(HY Fe O O(HY

[Fe(NH)4(OH)(O)I", S=0  1.664 1.834 2.079 878 5347 2943 +0.40 —0.38 —0.66
[Fe(NH)4(OH)(O)]*, S=1 1.648 1.900 2.073 902 5699 2558 4+0.38 —0.33 —0.71 +1.21 +0.87 —0.05
[Fe(NHy)o(OH)(O)]", S=2  1.650 1.850 2212 895 5640 2774 +0.58 —0.34 —0.68 +2.98 +0.70 +0.15

aBond length in AP Averaged over the four FeN bond lengths¢ The corresponding FeOH stretching frequencies are in the range of 550
580 cntl. 4 Charge and spin density on the oxygen of the hydroxo ligand.

o-Spin B-Spin Table 11. Charge Contributions of Importagit Orbitals of2 (S =
24 arp 1) Calculated with the B88P86/TripleBasis
33 '72_Ps
2 | dep, @ A2 NP) energy Fe _© OMHF sn
w no. label (hartree) d s p s p stp
e G Np) . 330 dz_p, ~0.2093 53 0 21 0 5 11
LUMO % dipy B@20 de—p2_N(p) —0.2299 66 0 1 0 7 20
1 N LUMO BBI0 dpx -02641 59 0 35 0 0 1
0301 ¢ HOMO BB@0O0 dy._p, (LUMO) -0.2693 56 0 38 0 1 1
] HOMO 2 d,,_OH(p,) 290 dy_OH(p,) (HOMO) —0.3147 76 0 0 0 19 O
—_— d.n . 280 py_tk,+ OH(p,) —0.3803 27 0 36 1 27 4
d + p +OH[p£| 2g
1 o TR B270 OH(py)_dyy -03833 20 0 1 0 67 5
0357 260 p,_dy, -0.3926 40 0 49 0 1 4
1 rOHE) B250 p,—dz2+ N(p) —04179 5 2 55 0 6 24
o o B Oy A240 OH(p,) + POy -0.4218 15 0 22 1 47 7
wvsd T TR 210 N(p)/p,_ds —04830 27 2 13 0 1 47
] LA @ Contribution from the oxygen atom of the hydroxo ligand.
l — p,datNp) OH{pg)+p, dy
045 _———‘gv—gvzigm)] in po—dz2 (8250 and N(p)/p-d, (B210). A clearer description
1 e of the strength of this interaction is available from the anti-
Nip).d bonding counterpart, d_p, (3033 cf. Figure 8), which has
050] NP)_d, - 53% metal and 21% oxo character corresponding to a siwong
o bond. Since thegorbitals are also unoccupied farspin, there
is a second contribution to this bond from therbitals which
; N(R)_d, N, is of about the same magnitude. The remaining iron d orbital,
-0.55 - +OH(py) +CHipy)

_ de-y?, forms ac bond with the NH and OH donors giving rise
Figure 9. Molecular orbital diagram o (S = 1) (the structure is to de—y2_N(p) (80320 which is shown in Figure 8.

given in Figure 8 together with the coordinate system) calculated with |, summary, the Fe(I\&O bond is very covalent with one
the B88P86/triples basis. The labels,pp,, and p refer to the donor strongo and two strongz interactions (note that the bonds

functions of the oxo group with ppointing along the FeO bond. . . . .
The p donors on the oxygen of the hydroxo ligand are designated asonly count half because in this case ofilyrbitals contribute

OH(p,) (within the Fe-O—H plane) and OH(p (perpendicular to the to bonding). This corr_esponds_ to a large amount of charge
Fe—O—H plane), which give rise to & and interaction with the d  transfer from the oxo ligand to iron(IV) due to covalency and
orbitals of iron(IV), respectively. The third p function of the hydroxo leads to a charge on the iron2which is similar to that in the
ligand is O-H bonding and at very low energy and is labeled Ofi(p ~ Fe(lll) complexesl and 1a (cf. Mulliken charges in Tables 6
For g-spin-orbitals included in Table 11, the continuous MO numbers and 10 and NPA and Voronoi charges in the Supporting
(as they appear in the calculation) are given on the left side of the Information, Table 7J%° There is experimental evidence,
horizontal lines. Thick lines correspond to MOs with large iron d npowever, that the covalency is somewhat overestimate? in

contributions ¢ 50%). (see Discussion). The large stabilization of the iron(1V) by the
oxo group lowers the reaction energy of the-O bond
toward the oxo ligand. The bonding combination gfxth d, homolysis. In the case of th8 = 1 ground state, the spin

py_dy, (B[260), has 40% metal and 49% oxo character as given polar_iza_tion is not very p_ronounced such thatmﬁeterqctions_

in Table 11. The second bonding MO, p_dy, (32818245, are similar f(_)ra- an_dﬂ-spln. Hence, the calculated spin der_15|ty
is split by interaction with the OH() orbital, which is thes on the oxo ligand is a direct measure for theovalency as in
donor function of the hydroxo ligand within the F®—H plane, the case ofl. In comparison, ther interaction in2 is distinctly
and has about 40% metal contribution distributed over these Stronger with a spin density (taken from the B3LYP/LanL2DZ
two levels. Bothr interactions between Fe(IV) and the oxo Calculations) of-0.87 on the oxo group (cf. Table 10) compared
ligand correspond to very covalent bonds. This is also reflected t0 +0.29 on the oxygens of tHBuOO" ligand (cf. Table 6) in

in their corresponding antibonding combinationg. gb, (3300 - ) )

and d,_py (83310, which comprise the LUMO of (S = 1). _ ThesS=1 grounq state is followed by tHe= 2 state which
Both have~60% metal and-40% oxo character (cf. Table 11 iS only 700 cnm* higher in energy (B3LYP/LanL2DZ). The
and Figure 8). The thirdy§ orbital, the HOMO ¢,_OH(p,) optimized structure o (S= 2) has a very short FeO bond
(BT290), is occupied, hence it has no net bonding. Thieipction (109) The Voronoi charge analysis is electron density based and, hence,
of the oxo ligand undergoesainteraction with the ¢ orbital more useful here relative to the orbital based Mulliken analysis. Using the

; ; ; i Voronoi analysis as implemented in ADF, the calculated change of the
of iron and is therefore labeled.pThe corresponding bonding charge on iron when going from Fe(ll) to Fe(lll) in a simple hexaqua model

combination is located at low energy and is mixed with other compjex is about-0.4. This is about twice as large as the change between
molecular orbitals. Major contributions to tleebond are found Fe(ll)—OOBu and Fe(IV¥=O (cf. Supporting Information, Table 7).
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corresponding to a large F® force constant (cf. Table 10)
indicating that the FeO bond is comparable to ti&= 1 case.
TheS= 2 spin state has a[}%[eg]* electron configuration where
all three 4 orbitals are singly occupied. The fourth electron
occupies one of thegéunctions. Due to the stronginteraction
between iron(IV) and the oxo ligand, the drbital is raised in
energy compared to,dy?, hence the latter orbital becomes
occupied in théS= 2 case. In Figure 9, the splitting of thg e
orbitals is about 4500 cm. Importantly,the de—,? function does
not interact with the oxo ligand, but the energetic position of
this orbital determines the spin state2fS= 1 or 2). Therefore,
the spin of the ground state does not depend on the Fe(IV)

Lehnert et al.

spectrum. Analysis of the spectroscopic data shows that there
are two intense transitions hidden under the broad envelope of
the 600 nm band that correspond to the two components of the
pseudoA signal. These two excited states are displaced along
the Fe-O and O-O bonds relative to the ground state, hence
both are of CT type. On the other hand, the DFT calculations
clearly show that there is only one intense CT transition in the
visible region of the absorption spectrum. Therefore, the CT
state corresponding to thebond is mixed with a ligand field
state by Configuration Interaction (Cl), giving rise to two excited
states with significant CT character in agreement with the
analysis of the pseud&-MCD signal. The integral sum of the

oxo group, but on the donor properties of the equatorial ligands intensities of the two corresponding absorption bands can then

to iron. This is reflected by the very similar properties of the
Fe=O bond in theS= 1 and 2 case. In a weak ligand field, the
de-y2 orbital will be low in energy and th& = 2 state is

be used to calculate the relative donor strength of thizond
between the alkylperoxo ligand and Fe(lll). In comparison with
a related alkylperoxo complex of Cu(ll) (cf. Table 5), the relative

energetically more favorable whereas a stronger ligand field donor strength of ther bond is relatively weak irl, which is

favorsS = 1. The applied N@OH~ donor set in2 creates a
ligand field of intermediate strength, and correspondingly, both
states $ = 1 and 2) are very close in energy.

TheS= 0 state is strongly destabilized by 9200 ¢melative
to the ground stateS(= 1) which is due to the loss of exchange

inconsistent with the large Fe force constant determined from
vibrational spectroscopy. Since the force constant probes the
total bonding between the metal and the alkylperoxo ligand,
there must be bonding contributions in addition to thbond

in 1 that lead to the large FeO force constant. With the help

stabilization energy because of spin pairing and the reducedof the DFT calculations, these additional contributions to the

Fe(IV)=0 bond strength which is reflected by a longerfe
bond and smaller FeO force constant. In th8= 0 spin state,
which has a [g]* electron configuration, two of the thregyt

Fe—O bond arise from the interactions between the}, nﬁ,
ando® orbitals of the alkylperoxo ligand and ag feinction of
Fe(lll). Importantly, theo interaction from the ©O bonding

orbitals are doubly occupied, hence they do not contribute to grhitals 72 and o dominates, which is in agreement with the

net bonding. Therefore, one of theedonor orbitals of the oxo
group is oriented toward a fully occupieg orbital which leads
to lone-pair repulsion and hence a longer& bond.

Discussion

The resonance Raman spectrum of low-spin [Fe(TPA)-
(OHY(OOBU)*" (1) is assigned using isotope perturbation
experiments. The ©0 stretch is identified at 796 cm and
the Fe-O stretch is found at 696 cri. An additional band at
490 cnr! is assigned to a mixed -©C—C/C—C—C bending
vibration of thetert-butyl group that gains resonance enhance-
ment from a large admixture of the F© stretch. Since the
isotope perturbations in Figure 2 show that the vibrations of
the Fe-O—0O—C(CH)s unit are strongly mixed, the observed

observed trend in force constants: whereas exclusive donation
from O—O antibondingz* orbitals should lead to a strong+©

and O-0 bond, theo interaction from G-O bonding orbitals
leads to a strengthening of the F® and weakening of the
O—0 bond. This leads to the low experimentat-O force
constant of 2.92 mdyn/A. The DFT calculations overestimate
the covalency of ther bond and seem to underestimate the
strength of theo interaction, hence the experimental force
constants are not accurately reproduced (cf. Table 7).

The experimentally probed electronic structurelofives
insight into the observed reactivity of this complex: the strong
Fe—0O and weak ©G-O bond represent a step in the direction of
the experimentally observed homolytic cleavage of theGD
bond. With the help of DFT calculations, the thermodynamics

vibrational frequencies are not proper reflections of the corre- of this reaction are evaluated in detail. The homolytic cleavage
sponding bond strengths. These can only be determined in theof the O-O bond is endothermic by about 20 kcal/mol.
form of vibrational force constants from a normal coordinate This number includes solvent effects which are important for
analysis (NCA). However, since only three normal modes have this reaction because they strongly stabilize the products. The
been found experimentally, the matrix of force constants for endothermicity is compensated by the entropy contribution at
the NCA is highly underdetermined. To address this problem, room temperature (about14 kcal/mol) and the zero-point
an initial force field has been obtained from density functional correction energy (about3 kcal/mol). Therefore, the reaction
theory and selected force constants have been fitted to theis overall thermoneutral in terms of free energy and entropy
experimental data following the QCA-NCA schefteUsing driven.
this procedure, the force constants have been determined to be |tis remarkable that the homolytic cleavage of the@bond
2.92 mdyn/A (G-0) and 3.53 mdyn/A (FeO). These show s only endothermic by 15 to 20 kcal/mol. This means that the
that 1 has a very strong FeO and weak G-O bond. To Fe(IV)=0 bonding must greatly stabilize the formal oxidation
understand the electronic structure that leads to the observedstate-+IV of iron. This is achieved by a very covalentF@®
bond strengths, several spectroscopies and DFT calculationshond as shown in Scheme 4, left. The three p functions of the
have been applied to probe the Fe(Hglkylperoxo bond irl. oxo group form two very covalent bonds with the g and d,
Electronic structure calculations drshow the presence ofa  orbitals of iron (in an orientation with the F&© bond along
7 bond between the;, orbital of the'BuOO™ ligand (HOMO) thez axis) and a bond with @2 The calculated Mulliken charge
and a g orbital of iron. Thisz bond gives rise to a moderately ~ of iron in the Fe(IVi=0O intermediate (Table 10) is close to
intense CT transition around 600 nm, which is probed by that of the Fe(lll}-alkylperoxo complex (Table 6), which
absorption, MCD, and resonance Raman spectroscopies. Bothindicates that there is little net oxidation of iron in the
the Fe-O (696 cmt) and O-O (796 cn?l) stretches are  Fe(IV)=0 species due to the strong donor ability of the oxo
resonance enhanced with respect to this broad 600 nm absorptiotigand (cf. also Supporting Information, Table 7). In fact, this
band, which corresponds to a pseutlcsignal in the MCD bonding description is somewhat closer to Feftibkyl than
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Fe(IV)—oxo. This can be experimentally probed by X-ray
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age of the G-O bond in the related four-coordinate Cuftl)
alkylperoxo complexes. This is reflected by the observation that
these systems undergo different reactihScheme 4 shows
the basic MO diagram for such a Cu(HJD species in
comparison to Fe(I\AO. In the copper case, the combination
of the trigonally distorted tetrahedral ligand field and one
stronglyzr bonding ligand leads to an electronic structure where
the de—2 orbital (quantization along the trigonal axis) is highest
in energy. This is very similar to the electronic structure of blue
copper proteind!? The unoccupied,d-, orbital of the Cu(lll)
species forms a bond with the oxo ligand!® and therefore
no change to the metabxo i interaction occursi bond order

= 1) compared to Fe(lV). In fact, a strongerinteraction can

be expected for Cu(lll) since the d manifold of Cu is lower in
energy by about 0.6 eV (determined for Cu(ll) vs Fe(lll); see
ref 114). Correspondingly, the Cu(H)O intermediate has been
described as a Cu(Hoxyl species based on DFT calculatidfis.
On the other hand, the bond that is present in the Fe(F#D
intermediate is eliminated in the case of Cu@). This leads

absorption (XAS) and Mesbauer spectroscopies. The energies g 3 oss of charge donation from the oxo ligand to Cu(lll) and

of metal K-edge preedge transitions (corresponding to excita-
tions of core 1s electrons to empty d orbitals) are sensitive

a weaker meta+O bond?!® and, correspondingly, to a large
energetic destabilization of the Cu(HHO species. Therefore,

probes for the oxidation state of the metal as they shift to higher 1,4 homolytic cleavage reaction of the-© bond will be much

energy by +1.4 eV per one-electron oxidation. This has been

observed for iron, copper, and titanidi?. For horseradish

more endothermic for Cu(Halkylperoxo complexes compared
to Fe(lll). In the case of Cu, the favorable entropy term would

peroxidase, K-edge preedge spectra have been recorded for thfot compensate this endothermicity and the homolytic cleavage

Fe(lll) form of the enzyme and compounds | and Il which
contain Fe(IVFO (S= 1).22 The observed shift of the preedge
feature in going fromt+-3 to +4 is about+-0.5 eV or less, which
is consistent with the Fe(lltyoxyl description. Alternatively,

of the O-0O bond is overall energetically unfavorable.
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bond which appears to be overly covalent in the DFT calcula-

tions. The electronic structure of the Fe(#) (S= 1) unitin
corresponding heme systefH<has similarities to the description

obtained here for non-heme environments. Similar atomic
charges and spin-densities are obtained, which indicates tha

the covalency of the Fe(I¥O bond is similar.
The Fe(IVy=0 intermediate can exist in two spin stat&s (

= 1, 2) and their relative energies depend on the ligand

environment of iron. With ligands of intermediate donor
strengths, both spin stat8s= 1 (electron configuration: (g)>
(dypX(dy)% cf. Scheme 4) an® = 2 (electron configuration:
(dyy) (0 (dy)Y(de—y?)Y) of the Fe(IV)=0 intermediate are close
in energy. This is due to the fact that the energy of tizeyd
orbital, which gets occupied in tife= 2 case, does not depend
on the Fe(IV)-oxo interaction but rather on the equatorial ligand
field that determines the ground state. Thus, the- ®ebond
has similar properties in th®= 1 and 2 spin states (cf. Table
10). In contrast, th& = 0 spin state where twodorbitals are
doubly occupied has a distinctly weaker Fe@Q bond and
is energetically unfavorable.

An even weaker metadO bond is expected for the putative
Cu(lll)=0 intermediate that would arise from homolytic cleav-
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Definition of angle bends in the B Matrix vectors'y, Vg and . Projecting’¢ onVa and g leads to

and Vg which are no longer perpendicular to the corresponding
A—C and B-C bonds. Using eq 5, the absolute displacement
; o along V4 and Vg is calculated and the distortion in grad is
/1% =[T|tana estimated with the equation:

[V'| = |T|-tana

which is only strictly valid if V is orthogonal to'rbut the small
grad, the effective displacement alofvg| and [V for a unit deviatic_)n is neglected here. Even if the applied approximations
displacement of the corresponding normal coordinate has to begeostps:'g::lfybtonigr:mgel ro:Jagdh, the calculated values should
calculated. This information can be obtained from the atomic y grad.

displacement matrid, which is calculated by:° Supporting Information Available: Figures of the fully

optimized structures of low-spin [Fe(NJ4(OH)(OOBuU)]* (1a)
and low-spin [Fe(ImefNH3)(OH,)(OOBuU)]?>", Cartesian co-
ordinates of the optimized structures of all three FedOBu
model systems, complete force field Gf used for NCA,
Cartesian coordinates of the optimized structures of [FefiNH
OH)(O)]* (2) for S= 0—2, and NPA and Voronoi charges for
, 1a, and2 (S= 1, 2) (PDF). This material is available free of
charge via the Internet at http://pubs.acs.org.

A=M'BFLA™? (A1)

with M~1B being the mass-weigthesl matrix; F is the matrix

of force constantd, is a matrix that consists of the eigenvectors
from NCA, and theA~!is a unit matrix with the reciprocal of
the eigenvalues as the diagonal elements. Here, an approximat
version of eq Al was applied using only the column of Bie
matrix defining the respective bending coordinate and only their
diagonal force constant. This gives a rough estimate of the JA010165N



