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Abstract: Quantum mechanical/molecular mechanical (QM/MM) methods have been used in conjunction
with density functional theory (DFT) and correlated ab initio methods to predict the electron paramagnetic
resonance (EPR) and Mossbauer (MB) properties of Compound | in P450.am. For calibration purposes, a
small Fe(IV)—oxo complex [Fe(O)(NHs)4(H20)]?* was studied. The 2A; and %A; states (in Cs, Symmetry)
are found to be within 0.1—0.2 eV. The large zero-field splitting (ZFS) of the (FeO)?" unit in the A, state
arises from spin—orbit coupling with the low-lying quintet and singlet states. The intrinsic g-anisotropy is
very small. The spectroscopic properties of the model complex [Fe(O)(TMC)(CHsCN)]?t (TMC = 1,4,8,-
11-tetramethyl-1,4,8,11-tetraazacyclotetradecane) are well reproduced by theory. In the model complexes
[Fe(O)(TMP)(X)]™ (TMP = tetramesitylporphyrin, X = nothing or H,O) the computations again account for
the observed spectroscopic properties and predict that the coupling of the 5A; state of the (FeO)?* unit to
the porphyrin radical leads to a low-lying sextet/quartet manifold ~12 kcal/mol above the quartet ground
state. The calculations on cytochrome P450..m, with and without the simulation of the protein environment
by point charges, predict a small antiferromagnetic coupling (J ~ —13 to —16 cm™%; Fupw = — ZJE‘AEB)
and a large ZFS > 15 cm™! (with E/D ~ 1/3) which will compete with the exchange coupling. This leads to
three Kramers doublets of mixed multiplicity which are all populated at room temperature and may therefore
contribute to the observed reactivity. The MB and ligand hyperfine couplings (**N, *H) are fairly sensitive
to the protein environment which controls the spin density distribution between the porphyrin ring and the
axial cysteinate ligand.

1. Introduction The experimental characterization of this putative species for
P450 proved to be difficult due to the fast reaction steps
occurring after @binding. Cryogenic X-ray diffractiodas well

as low-temperature-trapping spectroscopic technitfuas the
bacterial enzyme cytochrome P45Q(CYP101), has provided
indirect evidence, but could not unambiguously identify Com-
pound |. The conclusion from these studies thus is that
Compound | of P45Q,, does not accumulate at a detection
temperature of 200 K (or even below this temperature). On the
other hand, the characterization of short-lived enzymatic
intermediates is still making progress by virtue of rapid
developments in spectroscopic technigti&ectron paramag-
netic resonance (EPR), electron nuclear double resonance
e(IENDOR), and Masbauer (MB) spectroscopy, particularly in

Cytochrome P450 enzymes are a family of ubiquitous
metabolizing heme proteins that perform a variety of functions
including biosynthesis of, for example, steroid hormones, as
well as detoxification of xenobioticsThe remarkable capability
of P450 enzymes to catalyze oxidations, such a$i@ydrox-
ylation or G=C epoxidation, with potentially high regio- and
stereoselectivity, has generated considerable interest in clarifying
the details of the mechanisms involvedt least for C-H
hydroxylation, the active oxidant is generally assumed to be
Compound I 1),3 an oxoiron(lV) porphyrin radical cation (see
Scheme 1). However, while the intermediacy of its precursor
in P45Q.rmediated hydroxylation, a hydroperoxy complex (see
Scheme 1), has recently been ascertained spectroscopically und
turnover condition$, there is still no definitive experimental (5) (a) Shaik, S.; de Visser, S. P.; Ogliaro, F.; Schwarz, H.; Swd.Curr.

. : . Opin. Chem. Biol2002 6, 556. (b) Shaik, S.; Cohen, S.; de Visser, S. P;
evidence for Compound I, and the mechanism of hydroxylation Sharma, P. K. Kumar, D.; Kozuch, S.; Ogliaro, F.; DavinovichEDr. J,

remains controversial® Inorg. Chem.2004 207. ) )
(6) Newcomb, M.; Hollenberg, P. F.; Coon, M. Arch. Biochem. Biophys.
T ) 2003 409 72.
Max-Planck-Institut fu Kohlenforschung. (7) Schlichting, I.; Berendzen, J.; Chu, K.; Stock, A. M.; Maves, S. A.; Benson,
* Max-Planck-Institut fu Bioanorganische Chemie. D. A.; Sweet, R. M.; Ringe, D.; Petsko, G. A.; Sligar, S.Sience200Q
(1) Ortiz de Montellano, P. R. EdGytochrome P450: Structure, Mechanisms 287, 1615.
and Biochemistry2nd ed.; Plenum Press: New York, 1995; Vol. 2. (8) Denisov, I. G.; Makris, T. M.; Sligar, S. Q. Biol. Chem2001, 276, 11648.
(2) Ortiz de Montellano, P. R.; De Voss, J.Nat. Prod. Rep2002 19, 1. (9) (a) Meunier, B.; de Visser, S. P.; Shaik, Ghem. Re. 2004 104, 3947.
(3) Groves, J. T.; Watanabe, ¥. Am. Chem. Sod.988 110, 8443. (b) Slep, L. D.; Neese, FAngew. Chem., Int. EQR003 42, 2942. (c)
(4) Davydov, R.; Makris, T. M.; Kofman, V.; Werst, D. E.; Sligar, S. G; Trautwein, A. X.; Bill, E.; Bominaar, E. L.; Winkler, HStruct. Bonding
Hoffman, B. M.J. Am. Chem. So@001, 123 1403. 1991 78, 1.

5840 = J. AM. CHEM. SOC. 2005, 127, 5840—5853 10.1021/ja0424732 CCC: $30.25 © 2005 American Chemical Society
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Figure 1. Structures of model systems studied in this wdrke Compound
I, 2 = [Fe(O)(NH)4(H20)]?t, 3 = [Fe(O)(TMC)(CHCN)J?, 4—=7 =

[Fe(O)(P)(X)I" (4: X = nothing, R= CgHs; 5: X = H,0, R= CgHs; 6:
X = nothing, R=H; 7: X = H,0, R= H). Hydrogen atoms are omitted
combination with rapid freeze quench techniques, are most for clarity.
successful in this regard and will most likely be the key
techniques in future studies. For example, it was EPR,and
1“N-ENDOR studies on P45, that have recently identified
the ferric peroxy anion and the ferric hydroperoxy intermediate ~ The accurate prediction of EPR and MB data of transition
of this enzymé. If the ongoing efforts to detect Compound | metal complexes by quantum mechanical calculations is a
should succeed, an interpretation of the experimental spectrachallenge to contemporary computational chemita.Con-
may be difficult (e.g., due to the presence of impurities or simply sequently, it is necessary to test the accuracy of our approach
because of the complexity of the spectra). The analysis of by comparison to available experimental data. To this end, we
experimental data can be significantly facilitated by theoretical have carried out density functional theory (DFT) and ab initio
predictions for the corresponding spectroscopic param&té¥s.  calculations on (i) a recently reported non-heme oxoferryl
The purpose of the present article is the calculation of such complex [Fe(TMC)(O)(CHCN)J?*, TMC = 1,4,8,11-tetrameth-
parameters to assist experimentalists in the ultimate detectiony!-1,4,8,11-tetraazacyclotetradecdfieand (i) oxoferryl por-
of this species. phyrin 7 cation radical complexes as models for native
In this study, we focus on the prediction of exchange coupling Compound I, that is, tetramesitylporphyrin (TMP) and tetrakis-

constants, hyperfine coupling (HFC) and nuclear quadrupole (2,6-dichlorophenyl)porphyrin (TDCPP) derivatives, where
coupling (NQC) tensors, th&Fe MB isomer shift, the zero-  results from EPR and MB studies are availatfl@he model
field spliting (ZFS), as well ag-values for Compound | of ~ systems investigated presently are shown in Figure 1.
P45Q,m Because we aim at realistic predictions for the species  There are many previous computational studies on Compound
in the enzyme environment where, for example, long-range | species that have most recently been comprehensively
electrostatic effects are important, we have chosen a hybrid reviewed!® Most relevant to the present work are previous QM/
quantum mechanical/molecular mechanical (QM/MM) ap- MM studies of Compound!f—18 as well as DFT calculations
proach? to model the full enzyme in a solvent environment. In  of gas-phase models that address the electronic structure and
QM/MM calculations, a confined region that is crucial for the properties of Compound | speci&s?! in particular hyperfine
chemical and spectroscopic properties of a system is treated atoupling constants as well as MB paramet@r&. On the
a high level of theory (by quantum mechanics, QM), while the
environment is taken into account explicitly by a classical force (13) Rohde, J.-U;; In, J.-H.; Lim, M. H.; Brennessel, W. W.; Bukowski, M. R.;
field (molecular mechanics, MM). By treating the entire SyStem  (14) Mandon. b Weiss, 5.: Jayaral, K. Gold, A Ternor 0o Bil £ Trautein,
with this combined approach, accurate predictions of the active A. X. Inorg. Chem.1992 31, 4404. )

. . . . .. (15) Shaik, S.; Kumar, D.; de Visser, S. P.; Altun, A.; Thiel, Ghem. Re,,
site geometric and electronic structure are possible, while

published online March 17, 2005, http://dx.doi.org/10.1021/cr030722.

realistically accounting for the influence of the environment on (16) Schmeboom, J. C.; Lin, H.; Reuter, N.; Thiel, W.; Cohen, S.; Ogliaro, F.;
y 9 Shaik, S J. Am. Chem. So@002 124, 8142.
the computed properties at a manageable cost. We also compar@7) Sctimeboom, J. C.; Cohen, S.: Lin, H.; Shaik, S.; Thiel, WAm. Chem.

i i i i S0c.2004 126, 4017.
the'results ob_talned from calculations mcludm_g the enzy_me (18) (a) Guallar. V.. Friesner, R. Al Am. Chem. S0@004 126 8051 (b)
environment with those of pure quantum mechanical calculations Guallar, V.; Baik, M.; Lippard, S. J.; Friesner, R. Rroc. Natl. Acad. Sci.

for the isolated Compound | complex in the gas phase. In doing ;o %é)si_Adgv(\)/?é.la(.)'; g%?ﬁé’ D. LChem. Re, 2000 100, 407. (b) Loew, G.

H. Int. J. Quantum ChenR00Q 77, 54. (c) Rydberg, P.; Sigfridsson, E.;

S0, we can assess the influence of the protein environment on
the calculated values.

(10) Neese, FCurr. Opin. Chem. Biol2003 7, 125.

(11) Neese, F.; Solomon, E. |. Magnetoscience: From Molecules to Materials
Miller, J. S., Drillon, M., Eds.; Wiley: New York, 2002; Vol. 4, p 345.

(12) (a) Warshel, A.; Levitt, MJ. Mol. Biol. 1976 103 227. (b) Field, M. J.;
Bash, P. A.; Karplus, MJ. Comput. Chenml99Q 11, 700. (c) Gao, J. In
Reviews in Computational Chemistriipkowitz, K. B., Boyd, D. B., Eds.;
VCH: New York, 1996; Vol. 7, p 119. (d) Mordasini, T. Z.; Thiel, W.
Chimia1998 58, 288. (e) Monard, G.; Merz, K. MAcc. Chem. Re4.999
32, 904.

Ryde, U.J. Biol. Inorg. Chem2004 9, 203. (d) Antony, J.; Grodzicki,
M.; Trautwein, A. X.J. Phys. Chem. A997 101, 2692.

(20) (a) Green, M. TJ. Am. Chem. So@001, 123 9218. (b) Green M. TJ.
Am. Chem. Socl999 121, 7939.

(21) (a) Green, M. T.; Dawson, J. H.; Gray, H. 8cience2004 304, 1653 (b)
Green, M. T.J. Am. Chem. S0d.998 120 10772

(22) Zhang, Y.; Oldfield, EJ. Am. Chem. So@004 126, 4470.

(23) Kuramochi, H.; Noodleman, L.; Case, D. A.Am. Chem. S0d997, 119,
11442,

J. AM. CHEM. SOC. = VOL. 127, NO. 16, 2005 5841
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experimental side, Que and co-workers were the first to
structurally characterize the (FE®)motif in non-heme iron

systems:324 Decker et al. reported absorption and magnetic
circular dichroism (MCD) spectra of such a non-heme complex,

. . . 14
made spectral assignments, and discussed the electronic structur@ent

of the Fe=O bond based on DFT calculatioffs.

The present article is the first comprehensive theoretical study
on spin Hamiltonian parameters for Compound | of P450 cpppp)

DFT Calculations on 4 and 5.Geometry optimizations were carried
out without symmetry constraints and employed the SV(P) basfs set.
The quartet and the doublet spin state were separately optimized with
tight convergence criteria. In agreement with the experimental assign-
we found the quartet state to be the ground state, being more
stable than the doublet by ca. 0.1 kcal/mol (see discussion in sections
3C and 3D). The hyperfine tensor and the MB properties were obtained
from subsequent single-point calculations with the triply polarized
basis sén iron. In these calculations, the other atoms were

enzymes, presenting results from density functional theory and assigned the SV(P) basis g&thowever, the inner s-functions were

correlated ab initio calculations. To the best of our knowledge,
it is also the first time that QM/MM calculations have been

left completely uncontracted. For the iron atom, an enhanced integration
grid was used, and the overall integration accuracy was increased to

used to calculate EPR and MB data of a metalloenzyme. The 7.0 as explained in ref 34. Thgtensors as well as the exchange

article is organized as follows. We first calibrate the theoretical

coupling constants were computed with the TZVP Fdsisall atoms.

methodology on the smallest reasonable model of a prototype DFT (Gas Phase) and DFT/MM Calculations on Compound |

(FeO¥* core @) where high-level ab initio calculations are still
feasible. The calculations on the recently reported comBlex
allow for comparison with experimental data. The extensions
to models4—7 address the influence of a porphyrin radical on
the properties of the (Fe®) unit. Finally, the calculations are
extended to the Compound | modelin Figure 1, which is
investigated both with external point charges simulating the
electrostatic field of the surrounding protein and without these
interactions.

2. Computational Details

A. Ab Initio Calculations. The ab initio calculations employed the
iron basis set devised by Wacht®rg14s11p6d3f contracted as
{62111111/332111/3111/P1and the aug-cc-pVDZ basis 3&on the
oxo group (18s5p2d contracted{&811/311/1}). In the small (FeCG)
model [FeO(NH)4(H20)]* (2) the ligands were described by the SV(P)
basis set® For the larger porphyrin mode® and 7 the polarization

(1). Optimized geometries of Compound | in the gas phase as well as
in the protein environment were taken from a previously published
QM/MM study*® on Compound | of cytochrome P45Q QM/MM
optimizations were carried out separately for the doublet and quartet
states. The isolated QM regiorté\(@nd“A state) were then reoptimized

in the gas phase at the B3LYP level with the same basis set. The former
calculations will be abbreviated & (system in the protein environ-
ment) and the latter aS; (system in the gas phase). In the QM/MM
calculations, an electronic embedding sch&mes used, that is, the
fixed MM charges (CHARMM22) were included into the one-electron
Hamiltonian of the QM calculation and the QM/MM electrostatic
interactions were evaluated from the QM electrostatic potential and
the MM atomic charges. No cutoffs were introduced for the nonbonding
MM and QM/MM interactions. Spectroscopic parameters of the species
in the protein (gas phase) were obtained from single-point calculations
at the B3LYP/CHARMM22 (B3LYP) level, with the same basis sets
described above for the model compounds (i.e., iron CP(PPP) and
decontracted SV(P) basis set in the MB and HFC calculations; TZVP

functions on the ligands had to be deleted. However, in the Compound basis for g-value andJ parameter computations). The calculated

| models1 and4—7 the directly coordinating nitrogen atoms and the

hyperfine- andg-tensors of the broken-symmetry (BS) doublet state

sulfur ligand could still be described with the larger and more accurate were corrected by spin projection as described in the Supporting

TZVP basis?® Ab initio calculations of excitation energies were carried
out with the spectroscopy oriented configuration interaction (SORCI)
method® These calculations were done with the threshadlds= 107¢

En, Tore = 1075, andTha: = 107° at which stage excitation energies are
converged within~0.1 eV of the SORCI limif! Details of the
difference dedicated configuration interaction (DDCI) implementation

used in the present study can be found in ref 30. The input orbitals for o
d the ORCA 2.2.74 and ORCA 2.4.10 program pack&gése ab initio

the SORCI calculations were spin-restricted DFT orbitals generate
with the BP86 functional. Experience indicates that the precise form
of the functional is not of importance but that DFT orbitals are usually
more suitable than Hartred-ock orbitals for starting correlated
calculations on transition metal complexésg3

B. DFT and DFT/MM Calculations. Unless noted otherwise, all
DFT calculations employed the B3LYP density functional. This hybrid

functional often gives better results for transition metal compounds than

pure gradient-corrected functionals, especially with regard to metal
ligand covalency?

(24) Costas, M.; Mehn, M. P.; Jenser, M. P.; Que, L.,Clnem. Re. 2004
104, 939.

(25) Decker, A.; Rohde, J.-U.; Que, L., Jr.; Solomon, El.IAm. Chem. Soc.
2004 126, 5378.

(26) (a) Wachters, A. J. Hl. Chem. Phys197Q 52, 1033. (b) Hay, P. JJ.
Chem. Phys1977 66, 4377. (c) Bauschlicher, C. W.; Langhoff, S. R;
Barnes, L. A.J. Chem. Phys1989 91, 2399.

(27) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007.

(28) Schiter, A.; Horn, H.; Ahlrichs, RJ. Chem. Phys1992 97, 2571.

(29) Schiger, A.; Huber, C.; Ahlrichs, RJ. Chem. Phys1994 100, 5829.

(30) Neese, FJ. Chem. Phys2003 119, 9428.

(31) Wanko, M.; Hoffmann, M.; Strodel, P.; Koslowski, A.; Thiel, W.; Neese,
F.; Frauenheim, T.; Elstner, M. Phys. Chem. B005 109 3606.

(32) Hupp, T.; Engels, B.; Della Sala, F.;"@og, A. Chem. Phys. Let2002
360 175

(33) Neese, I':Magn. Reson. Chen2004 42, S187.
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C. Calculation of Spectroscopic ParametersThe calculation of
the various MB and EPR spectroscopic parameters is associated with
a substantial number of technical details, which are summarized in the
Supporting Information.

D. Programs. All spectroscopic parameters were calculated with

electronic structure calculations were carried out with the multireference
configuration interaction (MR-Cl) module of ORCA. For the DFT
treatment in the DFT/MM as well as in the pure DFT geometry
optimizations, we employed the TURBOMOLE progréhfor the QM/

MM coupling, we used the ChemShell pack&§éhe force field
parameters for the MM part were taken from CHARMM22:Coupled
cluster calculations were done with tBaussian03ogran?

(34) Neese, Flnorg. Chim. Acta2002 337, 181.

(35) Bakowies, D.; Thiel, WJ. Phys. Chem1996 100, 10580.

(36) In contrast to the spin density, the electron density of the antiferromagnetic
state is well described by the broken symmetry formalism; thus no spin
projection had to be applied in the calculation of thédgloauer parameters.

(37) Neese, F.ORCA version 2.4, revision 10; Max-Planck Institutrfu
Bioanorganische Chemie: Nheim a. d. Ruhr, Germany, 2004.

(38) (a) Ahlrichs, R.; Bg M.; Haser, M.; Horn, H.; Kémel, C. Chem. Phys.
Lett.1989 162 165. (b) Ahlrichs, R.; Ba M.; Baron, H.-P.; Bauernschmitt,

R.; Bocker, S.; Ehrig, M.; Eichkorn, K.; Elliot, S.; Furche, F.;'s&a, M.;
Horn, H.; Hatig, C.; Huber, C.; Huniar, U.; Kattanneck, M.; Ko, A.;
Kélmel, C.; Kollwitz, M.; May, K.; Ochsenfeld, C.; Bm, H.; Sctiéer, A.;
Schneider, U.; Treutler, O.; v. Arnim, M.; Weigend, F.; Weis, P.; Weiss,
H. TURBOMOLE 5.5; University of Karlsruhe: Karlsruhe, Germany, 2002.

(39) Sherwood, P.; de Vries, A. H.; Guest, M. F.; Schreckenbach, G.; Catlow,
C. R. A.; French, S. A.; Sokol, A. A.; Bromley, S. T.; Thiel, W.; Turner,
A. J.; Billeter, S.; Terstegen, F.; Thiel, S.; Kendrick, J.; Rogers, S. C.;
Casci, J.; Watson, M.; King, F.; Karlsen, E.; Sjovoll, M.; Fahmi, A.; Seha
A.; Lennartz, C.J. Mol. Struct. (THEOCHEMRO003 632, 1.
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Figure 2. The most important orbitals (from B3LYP DFT calculations) of the (Pe@otif in the upper valence region (analyzed under approxirGate
symmetry) and term symbols arising from elementary single excitations. The indicated orbital occupation pattern reféfs,tgrthand state.

3. Results

A. Study on [Fe(O)(NHs)4(H20)]%" (2). Electronic Struc-
ture. The initial study on modeR ([Fe(O)(NHs)4(H20)]?")
focused on the term scheme of the FeO unit and the contribu-
tions of the various excited states to the spectroscopic param-

to understand the origin of the local contributions to the
observable properties of the spin-coupled system which may
to a reasonable approximation be constructed using vector
coupling proceduréd** and (b) the ab initio results serve to
calibrate the DFT methods used for the larger systems. We have
deliberately not employed a thiolate ligand in order to keep the
analysis simple since the thiolate ligand, due to its very soft
character, significantly adds to the complexity of the electronic
structure.

(40) CHARMM22 force field: MacKerell, A. D., Jr.; Bashford, D.; Bellott, M.;
Dunbrack, R. L., Jr.; Evanseck, J. D.; Field, M. J.; Fischer, S.; Gao, J.;
Guo, H.; Ha, S.; Joseph-McCarthy, D.; Kuchnir, L.; Kuczera, K.; Lau, F.
T. K.; Mattos, C.; Michnick, S.; Ngo, T.; Nguyen, D. T.; Prodhom, B.;
Reiher, W. E., lll; Roux, B.; Schlenkrich, M.; Smith, J. C.; Stote, R.; Straub,
J.; Watanabe, M.; Wiorkiewicz-Kuczera, J.; Yin, D.; Karplus, MPhys.
Chem. B1998 102, 3586.

(41)

structures, nonstandard force field parameters, and QM/MM geometry

optimizations, see ref 16 and Supporting Information thereof.

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.

A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K. N.;

Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V

Mennucci, B.; Cossi, M.; Scalmanl G,; Rega N.; Petersson G.

Nakatsuji, H.; Hada, M.; Ehara M.; Toyota Fukuda R.; Hasegawa

J.; Ishida, M.; Nakajima, T, Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.;

Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo,

J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;

Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A,;

Salvador, P Dannenberg, J. J.; Zakrzewskl V.G, Dapprlch S, Danlels

A. D; Straln M. C.; Farkas, O.; Malick, D. K Rabuck, D.;

Raghavacharl K.; Foresman J. B.; Ortiz, J. V.; CUI Q.; Baboul ‘A G

Clifford, S.; CIOS|OWSkI J.; Stefanov B. B.; L|u G, Llashenko A.; Plskorz

P.; Komaromi, 1.; Martin, R. L.; Fox, D. J.; Keith, T.; AI—Laham, M. A.;

Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,

B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian 03

revision B.05; Gaussian, Inc.: Pittsburgh, PA, 2003.

(43) Bencini, A.; Gatteschi, DEPR of Exchange Coupled Syster@pringer:
Heidelberg, 1990.

(44) Slep, L. D.; Mijovilovich, A.; Meyer-Klaucke, W.; Weyheritter, T.; Bill,

E.; Bothe, E.; Neese, F.; Wieghardt, K.Am. Chem. So2003 125 15554.

(42)

For details about the generation and geometric features of the snapshot,

The orbital structure of the FeO unit (see Figure 2) is well-
known and follows the general expectations for metado
complexeg2:23.4546The possible ground-state multiplicities in

the low-symmetry split ticonfiguration areS= 0, S= 1, or

S= 2. The majority of (Fe3)" complexes show §= 1 ground

State even thoug8= 2 has been observed in a model comffex

and more recently also as a reaction intermediate in the catalytic
cycle of the TauD enzymt Here we focus on th& = 1
manifold since this is the relevant local spin for Compound |
and also the dominant spin state observed in model compiéxes.
In this spin state, six electrons occupy three orbitals that describe
a strong Fe-O g-bond and two Fe O z-bonds. The primarily
metal-centered orbitals in the distorted octahedral environment
are made up of threegderived orbitals and twogederived
orbitals. The 4g-set is strongly split by the interaction of the
central iron with the oxo group into an essentially nonbonding,
doubly occupied 1ifdy)-based orbital (in approximat€s,
symmetry) and the two 2e(g,)-based orbitals, which are
stronglyz-antibonding with the oxo,g orbitals and which are
both singly occupied. The ful)/2e(d.y,) splitting is usually
in the range of +2 eV in other metal oxo complexé3#6The
ey;-based orbitals are made up of the lower energydidb.2)-
based orbital which is-antibonding with the equatorial ligands
while the higher-lying 2gd2)-based orbital is strongly-anti-
bonding with the oxo group.

(45) (a) Jorgensen, C. Kicta Chem. Scand.957, 11, 73. (b) Ballhausen, C.
J.; Gray, H. B.Inorg. Chem.1962 1, 111. (c) Paine, T.; Bothe, W.; Bill,
E.; Weyherniller, T.; Slep, L.; Neese, F.; Chaudhuri,IRorg. Chem2004
43, 7324.

(46) (a) Harris, D. L.; Loew, G. HJ. Am. Chem. Sod.998 120, 8941. (b)
Neese, F.; Zaleskl J. M.; Loeb, K. E.; Solomon, EJ.IAm. Chem. Soc.
2000 122 11703. (c) Lehnert N Ho, R.Y. N.; Que L., Jr.; Solomon, E.
1. J. Am. Chem. So2001, 123 8271. (d) Siegbahn, P. E. M.; Crabtree, R.
H. In Metal-Oxo and Metal-Peroxo Species in Catalytic Oxidatjons
Meunier, B., Ed.; Springer: Berlin, 2000; Vol. 97, p 125. (e) Wirstam,
M.; Blomberg, M. R. A.; Siegbahn, P. E. M. Am. Chem. S0d999 121,
10178.

(47) Kostka, K. L.; Fox, B. G.; Hendrich, M. P.; Collins, T. J.; Rickard, C. E.
F.; Wright, L. J.; Minck, E.J. Am. Chem. S0d.993 115, 6746.

(48) Price, J. C.; Barr, E. W.; Tirupati, B.; Bollinger, J. M.; Krebs, C.
Biochemistry2004 43, 1134.
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Table 1. Energies (in eV) of Different Spin States Relative to the
A, State of 2 Calculated with Different Methods at the
B3LYP-Optimized Geometry of the 3A, State

5A 1E 15,
SORCI(4,5) 0.06 0.70 1.07
SORCI(20,13) -0.11 0.71 1.14
B3LYP 0.75 1.31
UccsD 0.02 0.80
UCCSD(T) 0.22 0.59

The polarity of the FeO double bond is essentially determined
by the composition of the lef and 2e(g,, n*-orbitals.
Furthermore, the spin density distribution is dominated by the
two singly occupied 2egdy,) w*-orbitals. Thus, the higher the
spin population on the central iron the more ionic the bond with
the polarity F&*O2~, while the spin density on the oxo ligand
reflects the oxo-to-iron charge donation, which is expected to
be large. In the B3LYP calculations one finds spin populations
of 1.15 and 0.87 (Lwdin partitioning) on the iron and oxo
groups, respectively, thus showing the expected high degree o

covalency. These numbers are in good agreement with the

SORCI values, which are 1.11 and 0.87. We note in passing
that our interpretation of the large spin density in the (P&O)
system is identical with that proposed by Decker e®dlhat

is, the large spin density on the oxo ligand arises purely from
covalent delocalization, as opposed to genuine Fe(lll)-oxyl
diradical charactet®

Low-Lying Electronic States. The lowest triplet state has
3A, symmetry (Figure 2). The lowest quintet state is®af
symmetry and arises from the i(8,,) — 1b;(d«-?) excitation.
The lowest singlet states arise from singlet spin coupling in the
2e(dyy,) shell which yields'E and!A; states in analogy to the
situation found in the lowestAy and 'S states of the @
molecule which also arise from singlet spin coupling of two
m* electrons. As long as no perturbation splits the 2edg)
set, the singlets can never be the ground state due to Hund’
rule. The energies of the three states relative tefeground
state were calculated using the SORCI, spin-unrestricted B3LYP,
and spin-unrestricted coupled cluster methods with single,
double, and perturbative triple excitations (UCCSD(T)) at the
B3LYP-optimized geometry for théA, ground state. With
single reference methods (DFT, CC) the proper multiplet
splitting in the singlet state is difficult to obtain, and only the
lowest closed-shell solution representing a mixturéAof and
1E states was computed in the present work.

The calculated splittings are collected in Table 1. The highest
level multireference calculation that we are presently able to
perform is the SORCI calculation with tight thresholds and a
complete active space with 20 electrons in 13 orbitals (SORCI-
(20,13)). The 13 MOs are the five metal d-based MOs, the three
Fe=0 bonding MOs, and the five metaligand bonding MOs
which describe the-bonds to the equatorial ligands. The results

of this calculation are expected to be balanced and show a slight

preference for théA; state (0.11 eV belowA,, Table 1), which

is, however, geometry-dependent as will be elaborated later in
the article. The SORCI(4,5) treatment, which correlates the four
electrons in the metal d-shell in five MOs, puts fifg state
slightly above the3A, state (by 0.06 eV). Both SORCI

(49) Balland, W.; Charlot, M. F.; Banse, F.; Girerd, J. J.; Mattioli, T. A.; Bill,
E.; Bartoli, J. F.; Battioni, P.; Mansuy, (Eur. J. Inorg. Chem2004 2,
301.
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calculations give very similar results for the energies of the first
excited singlet states. The B3LYP method is obviously biased
in favor of the3A; state (0.75 eV belowA,). It is well-known

that relative spin state energies from hybrid DFT results are
strongly (but approximately linearly) dependent on the amount
of HF exchange mixed into the hybrid functiot&The UCCSD

and UCCSD(T) calculations also show preference for3the
state, with results being within 0.3 eV of the largest SORCI
calculation. However, it should be noted that there are some
large cluster amplitudes>(.2 in magnitude) in the UCCSD
wave function, which limits the reliability of these calculations.
We believe that the best estimate will probably lie between the
SORCI and UCCSD(T) results, and consequently we cannot
be sure whether th#\; or 3A; state is lowest ir2.

Since the results fo2 were obtained with a relatively small
basis set, which is also applicable to larger molecules, it is
important to test whether basis set incompleteness is a major
source of error. We have therefore carried out additional SORCI

fcalculations with two much larger basis set#t the SORCI-

(4,5)/LARGE-I level, the tripletquintet gap was calculated to

be —0.02 eV, which is within 0.08 eV of the result in Table 1.

At the even more accurate SORCI(4,5)/LARGE-II level, the
triplet—quintet splitting was 0.07 eV, in almost quantitative
agreement with the gap obtained with the small basis set (Table
1)52 Thus, these results confirm that the computed relative
energies are not much affected by the size of the employed basis
set and that, at the SORCI level, tha, and®A; states are
nearly degenerate i2. This will also turn out to be important

for the analysis of the spectroscopic parameters below. The order
of such nearly degenerate states, which arise foifierent
orbital configurations, is difficult to predict since all known
guantum chemical methods that are applicable to molecules of
this size are only accurate t00.1—0.2 eV. Small variations in

the geometry and electronic structure of the (PéQ)nit are
expected to give rise to significant changes of the relative
energies ofA, and®A; and consequently also to significant
changes in the spectroscopic parameters as will be described
later in the article.

Optical Properties. Detailed SORCI calculations on the
expected ligand field and LMCT transitions @fhave been
performed and are fully documented in the Supporting Informa-
tion. The calculations lead to good agreement with the assign-
ment of Decker et al. 08.2°

Magnetic Properties. To interpret theg-tensor and the
D-tensor of the (FeGJ unit, it is important to know the
selection rules of the spirorbit coupling (SOC) operator. Under
C4, symmetry, thez-component transforms as,And thex,y-
components as E. Thus, th&, ground state has nonzero SOC

(50) Reiher, M.; Salomon, O.; Hess, B. Aheor. Chem. Acc2001, 107, 48.
(51) The first calculation (LARGE-I) employed the Wachters basis on iron as
before; however, the aug-TZVPP basis was applied to the-oxggen
and the TZVPP basis to the remaining heavy atoms. The hydrogens were
described with the TZVP basis. The second calculation (LARGE-II)
replaced the Wachters basis with a quadruplesis from the TurboMole
library (Weigend F.; Furche, F.; Ahlrichs, H. Chem. Phys2003 119,
12753). In addition, a second set of polarizing p-functions were added to
the hydrogens. All polarization exponents were taken from the TurboMole
library accessible at ftp://ftp.chemie.uni-karlsruhe.de/pub/basen (March
2005).
(52) The largest calculation that we have done was at the SORCI(20,13)/
LARGE-I level with tight thresholdsTse= 1077 Ep, Tore = 1075, andThat
= 1079). This calculation led to up to-1500 reference configuration state
functions (CSFs) and first-order interacting spaces of up 0'° CSFs
from which up to 9x 10° were variationally treated. At this level, the
quintet state is predicted to be 0.14 eV lower than the triplet state.



EPR and Mdsshauer Calculations of Compound |

ARTICLES

with A; states via the-component and with E-states via tke
andy-components. The details of a qualitative model emphasiz-
ing the critical importance of the low-lying triplet, quinteind
singlet excited states for causing the very large ZFS character-
istic of the (FeO¥™ motif are presented in the Supporting
Information. It is most important to point out that, in contrast
to the ZFS tensor, the anisotropy of thegensor contain$io
contributions from the low-lying singlet and quintet stateés.
The g-tensor calculated with the B3LYP method shows
surprisingly small deviations from the free electiggmalue with
a small positive shift oAg, = 3.7 ppt along the FeO bond
and a slightly larger shift oAgy = +13.7 ppt perpendicular to

Table 2. Comparison of Experimental and Optimized Bond
Distances (in A) for 3

it. These results suggest that thgo-value is dominated by
the contributions from théE(1k, — 2e) state since this is the

only one of the three-tld-based excited E-states that is expected
to give rise to a positivg-shift since it is a transition from a
doubly occupied to a singly occupied orbit&p3

More relevant for the present study is the origin of the ZFS
splitting tensor since its value will dominate the EPR behavior

expt? BPW912 BP86° B3LYP® LDA®
R(Fe=0) 1.646 1.650 1.645  1.625  1.632
R(Fe-Na)  2.057 2.075 2076 2131 1.963
R(Fe-Ny) 2.068 2.130 2123 2124 2.057
R(Fe-N,) 2.110 2.162 2157 2135  2.092
R(Fe-N3) 2.116 2.162 2155 2157  2.091
R(Fe-Ny) 2.066 2.130 2123 2124 2.054

of the § = %/, state in Compound I. Quantitative predictions of
the D-tensor were carried out with a recently proposed quasi-
restricted DFT method for the ZFS (see Supporting Information).
At the BP86 level we arrive at B-value of+11.9 cn® for 1
(E/D = 0). Our limited experience indicates that this methodol-
ogy tends to give reliable signs and orders of magnitudes for
the ZFS while somewhat underestimating its absolute values.
A detailed inspection of the results shows that 6.3 €%3%)

of the D-value comes from the spin-conserving excitations into
and from the SOMOs and the remaining 47% from the spin-
forbidden excitations. The spin singlet states contribb85
cm, while the quintets giver2.1 cntl. On the basis of the
analysis of the ZFS i presented in the Supporting Information,
the latter value is expected to be strongly underestimated.

B. Study on the Non-Heme FeO Model Complex 3Que
and co-workers have recently succeeded in preparing and
characterizing a number of high-valent Fe@) com-
plexes!324This important contribution opens a fascinating view
of the electronic structure of the F© unit in the absence of
coupling radicals or porphyrin ligand&24Oldfield et al. have
used the model complexto calibrate their DFT MB calcula-
tions against experimeft.To make a fair comparison to their
results we have also included the comp&in our study and
have computed its MB and EPR properties.

Geometry. The predicted structure at the BP86 level is in
favorable agreement with the experimental observations (Table
2). In particular, the crucial FeO distance is reproduced very
well in the calculations (calcd: 1.645 A, expt: 1.646(3) A)
consistent with other DFT calculations on high-valent metal
species'® By contrast, the average equatorial bond distances to
the more weakly bonding nitrogens are overestimated @5
A (calcd: 2.140 A, expt: 2.090 A), while the distance to the
weakly coordinating acetonitrile molecule in the axial position
is predicted well (calcd: 2.076 A, expt: 2.057 A). These results
are very similar to the BPW91 resuféThe B3LYP-optimized
structure is similar to the BP86-optimized structure with the
exception of the axial ligand distance, which is overestimated
by ~0.07 A. We note that somewhat better equatorial bond
distances (average2.07 A) are predicted with the local density
approximation (LDA) perhaps due to a fortunate cancellation

(53) Neese, F.; Solomon, E.lhorg. Chem.1998 37, 6568.

aReference 13?2 Reference 22¢ This work.

Table 3. SORCI and B3LYP Energies (in eV) of Different Spin
States Relative to the 3A, Ground State of 3, Calculated at
Various Geometries Obtained for the 3A, State

geometry 5A; 1E A
SORCI(4,5) BP86-opt —0.40 0.77 0.90
B3LYP-opt —-0.47 0.77 0.98
LDA-opt —0.07 0.80 0.97
X-ray? —-0.12 0.78 0.96
B3LYP BP86-opt 0.38 1.24
B3LYP-opt 0.38 1.25
LDA-opt 0.76 1.21
X-ray? 0.65 1.25

a2The experimental structure was obtained under code WUSJOJ from
the Cambridge Structural Database.

of errors that involves the well-known overbinding of the LDA
method. However, the distance to the axialC&N, which is
well-predicted by BP86, is clearly too short in the LDA-
optimized structure. The FeO bond is very similar in all
calculations, perhaps because it is quite stiff.

Electronic Structure. The overall electronic structure f&r
is analogous to that obtained for the small modein the
previous section. The calculatedwdin spin populations at the
B3LYP level are 1.29 on Fe and 0.79 on the oxo ligand,
indicating an oxo-to-iron charge donation slightly lower than
that in the simplified mode. Again, the agreement with the
SORCI values is good (1.17 on Fe and 0.82 on O).

Low-Lying Electronic States. The energies of the different
spin states are expected to follow the same patter@ &ord3,
but there will be quantitative differences due to changes in the
ligand field (Table 3). The ground state is computed tG¢Ae
by SORCI andfA, by B3LYP. However, the splitting of the
two states depends noticeably on the geometry. With the BP86
(or B3LYP)-optimized structure, the equatorial ligand field must
be underestimated since thesF@ bond is predicted accurately
while the Fe-N bonds are predicted to be too long, thus leading
to an underestimation of theinteraction and of the energy of
the o-antibonding 1i(d,>-,?) MO. With the LDA-optimized or
X-ray structures this is not the case, and since the splitting of
the 1y(dyy) and 1h(de-?) MOs determines the position of the
5A; state relative t¢A, the SORCI calculations give a more
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Table 4. Electric and Magnetic Hyperfine Parameters of 3: Comparison of B3LYP Values Computed at Four Different Geometries and

Experimental Values!3

BP86-opt B3LYP-opt LDA-opt X-ray structure expt
5 (mm/s) 0.17 0.16 -0.01 0.02 0.13
AEq (mm/s) 0.96 1.11 0.67 1.21 1.24
" 0.12 0.09 0.19 0.09 -
Ao (57Fg) (MHZ) -20 -21 —26 —26 —20
Ad (3Fe) (MHz) -8,-8,+16 -8,-8,+16 -9,-8,+17 -9,-8,+18 —11,-5,+16
Als0 (170) (MHz) -17 -15 -17 -16 -
Ad (T70) (MHz)?2 —34,-31,+65 —34,-31,+65 —34,-31,+65 —36,-29,+65 -

a|sotropic contact term scaled with the factor 1.81 determined in ref 54. Both isotropic and anisotropic contributions contaihispaupling contributions.

realistic result. Th€A; and®A, states are now calculated to be
nearly degenerate, but the order relative to experitiénis
still reversed.

As expected, the B3LYP value of 0.38 eV for the splitting
between5A; and %A, for the BP86- or B3LYP-optimized

optimized structures. This is not surprising since the correlation
was established for geometries optimized using the BP86
functional® We note in passing that, as expected from the small
anisotropy of theg-tensor, the SOC contribution to the HFC
tensor is quite small{+0.6 MHz |l to Fe=O and+1.3 MHz

structures is smaller than the value of 0.56 eV calculated by 0 to Fe=O based on the BP86-optimized structure), and
Decker et aP® using the BP86 functional, since the absence of consequently, the spin-dipolar term dominates the anisotropy
Hartree-Fock exchange in BP86 favors low-spin states. The in the HFC tensor.

B3LYP calculations appear to give a reasonably realistic picture

of the spin-state energetics in this case.
Mossbauer Properties.The calculated MB parameters are

Owing to the large spin density on the oxo group, the
calculated values for the HFC tensor'd® are quite large and
nearly structure-independent (Table 4). To the best of our

surprisingly sensitive to the geometry employed (Table 4). The knowledge, experimental values are not available for this

calculated isomer shift varies between-0.01 and+0.17 mm/
s, which bracket the experimental valéief 0.13 mm/s. The

quantity.
g- and D-Tensor.Theg-tensor of3 is comparable to that of

reason for this sensitivity is the steep dependence of the isomerthe small modeR with a smallg-anisotropy: the calculated
shift on the iron-ligand bond distance¥. Thus, the LDA g-values are 2.015I(to Fe=0), 2.024, and 2.026({to Fe=
structure strongly underestimates both the distance to the axialO). Theseg-values are much closer to the free electron value
acetonitrile ligand (Table 2) and the isomer shift. The best value (ge = 2.002319) than those quoted in the experimental afticle.
is obtained for the BP86- and B3LYP-optimized structures However, it must be emphasized that the experimental analysis
despite their significant error in the computed equatorial bond is based on a ligand field model that assumes proportionality
distances. This is, however, not surprising since the correlation between theg-shift and the ZFS tensép. This assumption is
between electron density at the iron nucleus and isomer shift not generally valid, since only excited states of the same total
has been made at theoretical geometries optimized using thespin (AS= 0) contribute to they-shift while states withAS =
BP86 functionaf* The calculated quadrupole splittid=, also 0, 1 contribute to theD-tensor?® As pointed out for2, the
varies strongly with geometry and is underestimated in the D-tensor of the (Fe@J unit has major contributions from the
calculations based on the LDA-optimized geometry. The firstlow-lying S= 2 andS= 0 ligand field excited states, which
calculations on both the experimental structure and the BP86-are primarily responsible for the large positive value of the ZFS
or B3LYP-optimized structures provide results in reasonable parameterD. Thus, the ligand field model is invalid in the
agreement with experiment. The calculated asymmetry param-present case, and therefore a reliable experimental value for the
eter n is small as expected for a complex of effecti@g, g-tensor of the (FeGJ unit is still lacking.
symmetry. This is the case for mononuclear ir@xo com- The calculated ZFS tensor is qualitatively similar to the one
plexes where the bonding is strongly dominated by the strong calculated for the small model. Since the experimentally
Fe=O double bond with considerable anisotropic covalency. determined ZFS value is extremely large, we consider it likely
Hyperfine Tensors.The calculated magnetic hyperfine tensor that higher than second-order terms may contribute to the ZFS.
of the 5’Fe MB absorber is nearly axial and depends only to a Nevertheless, our second-order results are collected in Table 5.
limited extent on the particular structure. In a systematic study The BP86-calculated values are reasonable but clearly under-

it was found that the complet€Fe hyperfine tensor can be

estimate thé-value. The individual contributions to tlizvalue

fairly accurately predicted with the B3LYP method once the are very similar to those discussed for the small madh

systematic error in the contact term is accountecPfdrhus,
multiplication of the calculated contact term fofFe by 1.81
and use of the dipolar and spiorbit contributions as calculated

the Supporting Information we give a semiquantitative estimate
estimate of theD-value based on a ligand field model that
predicts aD-value of+22.5 cntt if the low-lying quintet state

by coupled perturbed B3LYP yield good predictions for a wide is assumed to be at0.3 eV above théA, ground state. In this
variety of valence and spin states of different iron complexes; model, the quintet state makes the largest contributieh5(
scalar relativistic corrections using the zero-order regular cm™1). A comparison with the results from the quasi-restricted
approximation merely make the scaling factor a little smaller, DFT approach indicates that the latter fails to provide suf-

but the overall quality of the correlation is not improv&d.
Accordingly, the present calculations yield a reali&tfee tensor

ficiently accurate energy denominators. This is particularly true
for the energies of the spin-forbidden excitations which are

with the best agreement found for the BP86- and B3LYP- poorly estimated in the quasi-restricted scheme.

(54) Sinnecker, S.; Slep, L.; Bill, E.; Neese, IRorg. Chem.2005 44, 2245.
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(55) Oosterhuis, W. T.; Lang, @. Chem. Phys1973 58, 4757.
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Figure 3. Essentially singly occupied natural orbitals of the DDCI2 wave functiorbfor the quartet ground state.

Table 5. ZFS Parameters for 3: Comparison of BP86 Values Table 6. B3LYP/SV(P)-Optimized Geometries of the Iron—Oxo
Computed at Four Different Geometries and Experimental meso-Tetraphenyl Model Compounds 4 and 5 in the Quartet
Values!3:18 State?

BP86-opt  B3LYP-opt ~ LDA-opt  X-ray structure expt
D (cm™) +12.0 +13.0 +11.5 +12.3 +262+2%
E/D 0.01 0.01 0.0 0.0 small

aMCD study?> ® MB study!3

C. Studies on Fe(TPPFO Models. As the next step in
calibration, we have studied two oxo porphyrin radical models
spectroscopically characterized by Weiss, Trautwein, Bill, and
co-workerst* These model complexes show reasonably strong
(J = 38—43 cn1?) ferromagnetic coupling between the spins
of the FeO unit&eo= 1) and the porphyring. = 1/,) resulting
in a quartet ground staté&s(= 3/,). This is in contrast to all

calculations on computational models for the actual Compound 4 5

[, which predict an antiferromagnetically coupled doublet ground R(Fe=0) 1.596 1.612
staté® with potentially important consequences for multistate Egizﬁax))b 5029 22-1063%
reactivity® However, the previously published conclusions are Q(N_Fep_er)b 89.0 89.4

based on single-determinantal BS-DFT calculations, which are
incapab|e of providing a proper description of the |0W_Spin _aThe calqulated geometry of the BbS doublet species is virtually identical.
(doublet) state. It is therefore desirable to extend the calculationsP'StancesRin A, anglea in degrees? Averaged value.

to the multireference ab initio domain.

Unfortunately, crystal structures of these complexes are not
available. Since it is not known from experiment whether the
studied complexes possess an axial ligand, we have constructe
two models, without4) and with &) a water ligand in the axial
position (Table 6).

Geometries.The geometries of both models were optimized
in the quartet state using the B3LYP functional and the SV(P)
basis set. Truncated model énd 7) were constructed from
the optimized structures by replacing the phenyl substituents
with hydrogen atoms in a standard geometry. Both systems
exhibit the expected short & bond (1.612 A irb and 1.596
A'in 4) in reasonable agreement with the value of 1.64 A derived
from extended X-ray absorption fine structure (EXAFS) mea-
surement§’ 58 The axial water irb stays bound, although at a
fairly long distance of 2.17 A in our calculations, which would
have been difficult to detect by EXAFS.

Exchange Coupling.In addition to the DFT calculations of
the magnetic coupling parameters, we have also carried out
correlated ab initio calculations on the exchange coupling
parameter (using kbhy = —2JS\Sg) at the DDCI2 level as
described under Computational Details. These calculations hav
the advantage that they yield pure spin eigenfunctions and are
therefore expected to be more reliable than the BS-DFT
approach. The reference space for the DDCI2 calculations had
to be kept at a minimum to stay tractable. It is evident that the

spin density of the Fé=0 unit is located in the two singly
occupied FeG* orbitals, which therefore must be in the active
3pace. On the porphyrin, two alternative SOMOs exist that are
Usually classified as;gand a, under effectiveD4, symmetry2®

In our calculations, it is theya (Figure 3) orbital that is singly
occupied in accord with the DFT results and experiniéfg.
This choice results in a minimal active space of three electrons
in three orbitals (CAS(3,3)) which was later also chosen for
Compound I.

Our best estimat® for the doublet-quartet splitting of the
six-coordinate (6C) specidsis 208 cnr?, which corresponds
to a ferromagnetic exchange couplinglof& +69 cntl. This
number can be compared with the experimental estimates of
38—45 cnt! and the B3LYP prediction 0116 cnT?. For the
five-coordinate (5C) speciet the DDCI2 calculations predict
a small antiferromagnetic coupling € —25 cnt?), while the
B3LYP prediction stays ferromagnetid £ +57 cnt?). Thus,
the B3LYP method predicts more positive values than the
DDCI2 method.

Spin Densities. For 5 (4) the calculated Ledin spin
epopulations at the B3LYP level in the quartet ground state are
1.20 (1.26) on Fe and 0.87(0.78) on the oxo ligand, indicating
a slightly higher oxo-to-iron charge donationSrcompared to
4 or the non-heme moded. Again, the agreement with the

(59) Terner, J.; Gold, A.; Weiss, R.; Mandon, D.; Trautwein, AJXPorphyrins
Phthalocyanine2001, 5, 357.
(56) Ogliaro, F.; de Visser, S. P.; Cohen, S.; Kaneti, J.; Shaikh&8mBioChem (60) To prove that our individually selecting MRCI program is indeed

2001, 2, 848. providing converged results for the doubtefuartet splitting, the doublet
(57) Penner-Hahn, J. E.; Eble, K. S.; McMurry, T. J.; Renner, M.; Balch, A. quartet gap has been computed as a function of the selection threshold
L.; Groves, J. T.; Dawson, J. H.; Hodgson, K..DAm. Chem. S0d.986 Tser=10"E,(n=5, 6, ..., 10), which yields gaps of 1915, 565, 272, 217,
108 7819. 206, and 208 cnt, respectively. It is evident that the splitting is a sensitive
(58) Fuijii, H. Coord. Chem. Re 2002 226, 51. function of the selection threshold and requires tight values for convergence.
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Table 7. Calculated MB Parameters and >’Fe as Well as 170
Hyperfine Coupling Constants (B3LYP level) for the Quartet
Ground States of Untruncated 5C and 6C Models in Comparison
with Experimental Results for Two Closely Related Model
Complexes

5C species, 4 6C species, 5 expt
o (mmst 0.08 0.11 0.06,0.08
AEq (mm s 2.21 1.16 1.481.62
i 0 0 oaqr
Ais0 (57Fg) (MHZ) —18° —18° —18.32-18.3
Ax,yd(57Fe) (MHz) —6.5 —-5.9 —8.52—-9.»
ASA(Fe) (MHz) 13.0 11.7 17.818.4
Aiso (170) (MHz) —-11.2 —-12.3 -
Ax,yd ("0) (MHz) —20.1 —22.6 -
A4 (A70) (MHz) 40.3 43.8 -

a[FeO(TDCPP)T, ref 14.b [FeO(TMP)J", ref 14.¢ Contact contribution
scaled with the factor 1.81 determined in ref 54. Both isotropic and
anisotropic values contain spiorbit coupling contributions.

DDCI2 values of 1.11 (1.13) on Fe and 0.87 (0.83) on O is
reasonable. Evidently the highly covalent (F&Ogore is not
grossly perturbed in a heme environment compared to a non-
heme one. In all cases, the spin density on the (FeQjit is
approximately two unpaired electrons. The third unpaired
electron is located on the porphyrin ring with high spin densities
at the methine bridges+0.23). In the B3LYP calculations, the
pyrrole nitrogens also receive significant spin population8.1

electron each), which are compensated by some negative spin

populations throughout the ring system.

Mossbauer ParametersThe calculated MB parameters for
4 and5 are shown in Table 7. Both models give reasonable
agreement with the experimentally determined isomer sbijfts
which consequently do not allow us to discriminate between
the two alternatives. However, the quadrupole splitihig, for
4 is predicted to be very large, as might be expected for a 5C
species with approximat€,, symmetry. It is more than 0.5
mm s! larger than the experimentally determined value. This
deviation would appear to be outside the error bounds of the
DFT methods used for the prediction of quadrupole splittiigs.
Thus, the calculations favdr as the experimentally observed
species. As found for the model compl@xthe predicted’Fe
HFCs are of excellent quality after scaling is applied to the
contact part and SOC contributions are taken into account. In
this case, botl and5 have similar HFC values.

EPR Parameters.Since theg-tensor of a porphyrin radical
will reflect that of a typical organic radical with small deviations
from the free electrog-value, one may neglect the contribution
of the porphyrin radical to the-shift Ag.52 Thus, Ags, is
expected to be equal #Agreo While that of the doublet state
should equaf/3Agreo (based on standard spin-coupling alge-
brat3). Our calculations indeed predigtshifts on the order of
0.01 with limited rhombicity, and therefore they closely parallel
the results obtained for the (FEO)Model systems. Again, this
deviates from the “experimental” numbéfsHowever, the
experimental analysis is inflicted with the same problem as in
the case of the model compourddin the previous section.

(61) Godbout, N.; Havlin, R. H.; Salzmann, R.; Debrunner, P. G.; Oldfield, E.
J. Phys. ChemA 1998 102, 2342.

(62) The calculated-values of [Zn(porphyrin)] using the BP86 functional are
2.003 @) and 2.012¢;). Experimentally, this species shogalues that
depend markedly on the environment of the radical and vary between 2.004
and 2.01 and thus confirm our statement. See, for example: (a) Dave, P.
C.; Srivinas, D.J. Porphyrins Phthalocyaninez00Q 4, 192. (b) Dave, P.

C.; Srivinas, DJ. Porphyrins Phthalocyaning997, 2, 243 and references
therein.
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Table 8. Calculated Intrinsic Zero-Field Splitting Parameters for
the (FeO)?" Unit of 6 and 7 (BP86 level)

5C species, 6 6C species, 7 expt?
D (cm™ —19.6 8.5 +18
E/D 0.11 0.19 <0.1

aMB study, ref 14.

W'\
L2
i _“' £140 #140

Figure 4. Singly occupied spin-unrestricted natural orbitelis étate) of

the Compound | model without the external field (A) and in the field of

the protein point charges (B).

Consequently, a reliable experimental number is not available.
However, since the-tensor is almost isotropic and close to
the free electrog-value, it will not have a pronounced influence
on the shape of the EPR spectrum compared to the combined
effects of exchange coupling and zero-field splitting.

Much more important is the computed ZFS tensor of the
guartet state (Table 8), which dominates the EPR specttum.
The calculated-tensor of theS = 3/, state was multiplied by
the factor of 3 to account for the spin coupling between the
(FeOY+ core and the porphyrin radical to give a value of 8.5
cm~! for Dreo in the 6C case but aegatie value of —19.6
cm1 for the 5C case. Since the experimentally determined ZFS
is positivel* these calculations again favor the formulation of
the observed species asThe quantitative accuracy of the DFT
values is limited with the error exceeding a factor of 2 in this
case. In addition, the calculations predict an intermediate
rhombicity that is not observed experimentally.

D. Results for Compound | in the Protein Matrix.
Electronic Structure and MO Populations. The singly oc-
cupied natural orbitals from spin-unrestricted DFT calculations
on modell for Compound | are shown in Figure 4 without
(Figure 4A) and with (Figure 4B) the polarizing field of the
protein point charges. It is observed that two of the natural
orbitals (#138 and #139) closely resemble the teSOMOs
of the (FeOJ" unit and change very little upon embedding of
1in the protein matrix. However, as discussed previotfstiie
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Table 9. Calculated Principal g-Values and Heisenberg Exchange
Coupling Constant J (cm~1) for Compound | of P450c,m at the
B3LYP Level?

Table 10. Calculated MB Isomer Shift 5(°’Fe), Quadrupole
Splitting AEy, and Asymmetry Parameter » for Compound | of
P450cam?

state system g Jem—! spin state system AEJ/mms! n O("Fe)/mm st

2A S 2.016, 2.009, 1.982 (2.020, 2.012, 1.918) —16 2A S 0.67 0.09 0.13
S 2.015, 2.008, 1.980 (2.020, 2.007, 1.916) —27 S 1.34 0.06 0.09

A S 2.045, 2.012, 2.006 A S 0.64 0.10 0.13
S 2.045, 2.013, 2.006 - S 1.33 0.03 0.09

a S, refers to the system in the enzyme environm&gtp the system in
the gas phasé.Spin-projected values (in parentheses).

third natural orbital with unit occupation (#140), which repre-

sents the porphyrin hole, changes significantly in the protein
environment. In the gas-phase calculations (Figure 4A), the

orbital is mainly located on the axial thiolate ligand, while in
the protein (Figure 4B) it is essentially a porphyrip-bke
orbital. By the same time, the sulfur contribution changes from
predominantlyz-type to pseudaertype, which shows that the
protein affects the orientation of the sulfur lone pair orbital.
On a more quantitative level, the"walin population analysis

shows a decrease of the sulfur spin population by more than a

factor of 2 (from 0.60 to 0.28) when going from vacuum to the

protein environment, while the iron (1.17 1.19) and oxo

(0.88— 0.85) spin populations stay almost invariant.
Exchange Couplings Calculated Heisenberg exchange cou-

pling constants for the exchange coupled system are given in

Table 9, together witlg-values. Previous QM/MM calculatiots

with the same QM region and a smaller basis set predicted the

a g refers to the system in the enzyme environm&gtp the system in
the gas phase.

The spin populations calculated at the DDCI2 level for the
guartet state are almost identical to the ones from the B3LYP-
DFT calculations. However, the spin populations of the doublet
ground state necessarily differ substantially due to the multi-
configurational character of the doublet state that cannot be
described properly by broken symmetry DFT. The DDCI2 spin
populations on Fe, §o, S, and the pyrrole nitrogens (average)
are 0.75, 0.54;-0.08, and—0.03, respectively, which are all
substantially lower than the B3LYP values of 1.30, 079,30,
and —0.13. Thus, the broken symmetry solution as such can
certainly not be used to calculate spin-dependent properties of
Compound I, and one needs to at least apply spin projection to
arrive at reasonable properties from DFT (as has been done for
all spectroscopic properties as described in the Supporting
Information, but not for the populations).

Coupling to the Sreo = 2 State. Since the calculations on

antiferromagnetic doublet to be the ground state, being more the (FeOJ* core on2 and 3 revealed the importance of the

stable than the quartet state by only 11¢ér@d = —4 cnr'1).16

first low-lying quintet state, we have also considered the

This assignment is confirmed by the present single-point possibility of coupling this: statg to the porphyrin rad;cal (Spheme
calculations that employ a larger basis set (TZVP) and lead to 2)- Ferromagnetic coupling gives a total spinS#= */, while

similar values,) being—16 cnt. In the gas-phase calculations,
we obtain a coupling constant df= —27 cnt. This value
may be compared to the experimental datum-8f7 cnt? for
Compound | in chloroperoxidagéLikewise,J is also negative,
but smaller in Compound | of horseradish peroxid&s@ur

antiferromagnetic coupling results & = 3/, but with a different
orbital occupation pattern compared to the= 3/, ground state.
The coupling of the local quintet state of the (FEQ)nit with
the porphyrin radical was studied at the B3LYP level for both
1(S) and1(Sy). The corresponding results on modélsnd 7

calculations thus correctly reproduce the intriguing experimental e documented in the Supporting Information, while those for

finding that the sign ofl is reversed in the native Compound |

species as opposed to Compound | model complexes, like the

1 are given here.
In the gas phase, the sextet state is calculated to be 0.64 eV

ones discussed above, which all show ferromagnetic coupling.a@Pove the ground state ii(S;) and is coupled by a small

Weiss et al. suggest&dthat this effect is a result of the

delocalization of one oxidizing equivalent not only over the
porphyrin, but also over the proximal axial ligand. Specifically,
interactions of orbitals on sulfur and the oxoferryl moiety are
thought to provide the overlap of magnetic orbitals that would
give rise to the observed antiferromagnetic coupling. Similar

antiferromagnetid of —38 cn1! to the porphyrin radical. The
protein effect is moderate: fot(S,), the sextet state of is
calculated to be 0.52 eV above the ground state, and the
antiferromagnetic coupling decreases#6 cnt!. These results
show that there is a manifold of states in Compound I, within
~12 kcal/mol of the ground state, which differs qualitatively

ideas have also been brought forward by Green on the basis ofin the orbital occupation pattern. While it appears unlikely that

DFT calculationg?

For Compound | model in the presence of the protein point
charges §), the DDCI2 treatment yields an antiferromagnetic
doublet-quartet splitting of—39.2 cnt?® corresponding to an
exchange coupling parameter df~ —13 cnt?, which is in

this manifold becomes the ground state, it may play a role as
the system moves toward a transition state. This needs to be
investigated more closely in future work.

MdOssbauer ParametersThe calculated MB data for Com-
pound | of P45@,are collected in Table 10. We compare the

excellent agreement with the B3LYP value. Despite repeated parameters from the QM/MM treatment in the enzyme environ-
attempts, a suitable spin-restricted reference state as input forment &) to those of isolated system in the gas ph&g The

the correlated calculation could not be obtained fan the
absence of the point charges.

(63) Rutter, R.; Hager, L. P.; Dhonau, H.; Hendrich, M.; Valentine, M.;
Debrunner, PBiochemistryl984 23, 6809.

(64) Schultz, C. E.; Rutter, R.; Sage, J. T.; Debrunner, P. G.; Hager, L. P.
Biochemistryl984 23, 4743.

(65) Weiss, R.; Mandon, D.; Wolter, T.; Trautwein, A. X.; kher, M.; Bill,
E.; Gold, A,; Jayaraj, K.; Terner, J. Biol. Inorg. Chem199§ 1, 377.

gas-phase results are very similar to those obtained for the model
complexest and5 (section C). Comparing only the equivalent
quartet states, the quadrupole splitting (isomer shift) is 1.34
(0.09) mm st as compared to 1.48 (0.06) mmlsin 4 and

1.62 (0.08) mm st in 5. The spectral features of Compound |
are, however, significantly changed in the enzyme environ-
ment: AE, is reduced to 0.64 mnmr$andd(®’Fe) is increased
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Scheme 2
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Table 11. Calculated Intrinsic Zero-Field Splitting Parameters for
the (FeO)2* Unit of 1 (BP86 level)?

“A,S, “A, S,
D (cm™Y) 24.9 33.6
E/D 0.32 0.27

aNote that the ZFS of th& = 3/, state is obtained by division @ and
E by 3.

to 0.13 mm s?, which indicates a decrease of charge at the
iron nucleus in the protein. In fact, all irerigand bonds except
for the already fairly long FeS bond become slightly longer
in the protein environment, which may serve to explain this
effect1® The quartet and doublet states exhibit nearly identical

significant changes in thg-values are observed between the
isolated gas-phase syste®)(and the system in the enzyme
environment §)).

Hyperfine Couplings. Table 12 summarizes the calculated
hyperfine coupling constants on the ferryl atom, as well as on
the oxo and pyrrole nitrogen ligands. Comparing again the data
on the quartet with those for the synthetic compouh@sd5
(Table 7), it is obvious that the overall features of the hyperfine
tensor are very similar in these compounds. Thus, the HFCs of
both the central iron atom and the oxo ligand are the same to
within a few megahertz.

Comparing the theoretical results for the doublet ground state
with those for the quartet state (Table 12), the metal and oxo

MB parameters. This is reasonable because they depend onlyHFCs appear to have enhanced hyperfine interactions that are

on the total electron density, which is very similar in both spin

mainly due to the spin projection coefficient &k for the

states. Note also that, for the doublet state, no spin projectionmajority spin fragment in the spin-coupled system. The HFCs
is necessary in the case of MB parameters since the brokenof the ligand nuclei on the minority spin fragment change sign
symmetry formalism is expected to yield reasonable electron and are of similar magnitude for the doublet and quartet states.

densities but unphysical spin densities.
Zero-Field Splittings. The ZFS values obtained fdr are

Qualitatively, the resonance patterns are, however, very similar.
It is noted that thé>N—HFCs for Compound | are different

collected in Table 11. The calculated ZFS is larger than that from those of the resting state which have been measured to be

for the model compoundé—6 and more in line with the results
typically found in experiments on irefoxo porphyrins.

The effect of the protein matrix is significant: the ZFS is
reduced by~40%. This may be rationalized by the altered spin
distribution in the protein environment. Thus, spin density is
taken away from the thiolate ligand, which may significantly

contribute to the SOC effects in the quartet state. Surprisingly,

the calculated ZFS tensor is almost perfectly rhombic, in which
case the sign dd becomes insignificant. This result is consistent
with a low electronic symmetry in Compound |. Apparently
the axial contribution of the (Fe®) unit to the ZFS is altered

5-6 MHz, in agreement with preliminary calculatioffsin
Compound I, the dipolar part prevails over the isotropic contact
contribution. Thus, thé“N ENDOR signals are a potentially
valuable source of information for Compound | should it become
amenable to experimental study. The relatively large dipolar
couplings are explained by the large out-of-plane spin density
in thesr*-orbitals of the (FeQY* unit which will strongly interact
with the p orbitals of the nitrogen donors and thereby induce
the rather large calculated dipolar couplings (cf. Figure 4, orbital
#140).

The largest hydrogen HFCs of Compound | are listed in Table

by the presence of the porphyrin hole such that the principal 13. The most notable interaction is found with fixrydrogen

axes system is significantly rotated.
g-Shifts. The g-shifts computed for Compound | are rather

atoms on the cysteinate ligand, one of which shows isotropic
coupling constants of§y/S;) —8/—17 MHz and 6/16 MHz in

small, similar to the situation in the model complexes discussed the ?A and “A states, respectively. These couplings are a
above. However, in going to the cysteinate ligated system, thereSensitive reporter of the spin density on the adjacent sulfur atom

is a slight tendency toward a nonaxial pattern. In particular,
there is now oneg-shift predicted that is significantly below

the free electrog-value from the doublet state species, pointing
to the presence of a low-lying unoccupied spin-down level which
is available for efficient SOC. Nevertheless, the effects of
g-anisotropy on the shape of the spectrum will remain limited

owing to the competing ZFS and exchange interactions. No

5850 J. AM. CHEM. SOC. = VOL. 127, NO. 16, 2005

as has been worked out in great detail for typeand Cy%8

(66) Schimeboom, J. Ph.D. Thesis, Universiiiisseldorf, Dgseldorf, Germany,
2003.
(67) Werst, M. M.; Davoust, C. E.; Hoffman, B. H. Am. Chem. Sod.991,
3 1533.
(68) (a) Neese, F.; Kappl, R.; Zumft, W. G.; #lermann, J.; Kroneck, P. M. H.
J. Biol. Inorg. Chem.1998 1, 53. (b) Epel, B.; Slutter, C.; Neese, F,;

Kroneck, P. M. H.; Zumft, W. G.; Pecht, I.; Farver, O.; Lu, Y.; Goldfarb,
D. J. Am. Chem. So2002 124, 8152.
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Table 12. Calculated 5Fe, 170, and 1*N Hyperfine Coupling Constants (MHz) in Compound | for the 2A and “A States from B3LYP

Calculationsa?

%A state® “A state 2A state® “A state
SP SQ SP Sg SP SQ SP Sg

Fe Also —28.5 —29.4¢ —-17.8 —17.F NB Also —2.1 —-0.3 1.8 1.2
Ad —-14.0 —-13.3 —6.0 -5.9 Ad 2.1 1.2 =21 -1.1

A —13.2 —13.0 —5.6 —5.7 A 1.5 0.5 -15 -0.4

d 23.3 22.5 11.7 11.6 A —3.6 —-1.6 3.6 1.6

od Also —-21.5 —-21.7 —12.5 —-11.7 NE Also —-1.9 -0.5 3.0 2.4
Ad —43.9 —43.5 —20.5 —20.4 Ad 2.1 1.4 —-2.2 —-1.4

Ayd —40.6 —41.3 —18.4 —19.6 A,d 1.5 0.7 —-1.4 -0.6

d 84.5 84.8 38.9 40.0 A —3.6 —2.1 3.6 2.0

NA Also —-1.8 —0.6 2.4 1.9 N Also —2.7 —3.6 2.4 5.0
xd 1.3 0.6 —-2.0 -1.3 Ad 2.3 2.4 —-2.3 —-2.5

Ayd 1.9 1.3 —-1.3 —-0.5 Ayd 1.7 1.8 -1.7 -1.7

d —3.2 —-1.9 3.2 1.9 Ad —4.0 —-4.2 4.0 4.2

a5, refers to the system in the enzyme environm&to the system in the gas phagézor explanation of the labels”N-NP see inset in Scheme 1.
¢ Spin-projected value$.Oxo ligand.e Contact term scaled by 1.81 according to ref 54.

Table 13. Calculated *H Hyperfine Coupling Constants (MHz) Compound | for the 2A and “A State (B3LYP Level)2

2A state? “A state 2A state? “A state
SD SQ SD SQ SP SQ SP SQ

HAy Also —7.6 —-17.0 6.4 16.4 [ese Also 3.6 1.9 —3.6 —-1.8
Ad —0.6 -1.1 -1.1 —-1.4 Ad —-1.7 -0.7 -3.0 —-1.8

Af 0.0 -0.0 -0.6 —-0.8 Af —-0.2 -0.0 -0.7 —-0.6

A 0.6 1.1 1.7 2.2 M 1.9 0.8 3.6 2.4

HA, Also —2.7 —6.8 1.9 6.1 Hesy Aliso 3.6 2.0 —-3.7 —-2.0
Ad -1.1 1.7 -1.5 1.7 Ad —-1.8 -0.9 -3.1 —-2.0

Af -0.5 -0.0 -1.0 -0.7 Af —-0.1 -0.0 -0.7 —-0.6

A 1.5 1.7 2.5 2.4 A 2.0 0.9 3.8 2.6

Hmesq Aliso 3.4 1.9 —-3.4 -1.9 Hmesg Aliso 3.2 1.8 —-3.2 —-1.8
Ad -1.6 -0.9 —-2.8 -1.9 Ad —-1.4 -0.8 —-2.8 —-1.8

Ay -0.1 0.1 -0.7 -0.6 Af —-0.2 0.1 -0.7 —-0.6

A 1.7 0.8 34 2.5 i 1.6 0.7 34 2.4

a G, refers to the system in the enzyme environm&yto the system in the gas phas8epin-projected values.

copper centers. They also show a pronounced dependence o#. Discussion and Conclusions
the H-C—S—Fe dihedral angle, which is potentially very useful
for conformational analysis. The large differencefgctor 2)
between the gas-phas&) and protein §) results can be
attributed to the faéf that the spin density on the sulfur drops
by almost a factor of 2 upon explicit modeling of the protein
with the QM/MM approach. Thus, in the gas-phase calculations < '~ X X
Compound | appears as a sulfur radical-like species, while in calibrated on experimentally known species and on small
the protein environment most of the ligand spin density is shifted hypothetical models where higher level calculations can be done.

to the porphyrin ring. This is attributable to the polarizing effect '€ ultimate goal of this contribution is to provide a set of
of the protein environment which reduces the donor capability calibrated spectroscopic parameters that may be used to identify
of the cysteinate ligant The large changes occurring in the COmpound I in future experimental investigations.
ligand spin density distribution are nicely reflected in the strong T the best of our knowledge, this is also the first time that
isotropic (and anisotropic) HFCs of the cystein protons, QM/MM methods have been combined with DFT for the
which should be a prime target for ENDOR analysis of calculation of EPR spectroscopic parameters and also the first
Compound I. time that correlated ab initio theory has been applied to a large
The other significant couplings arise from timesehydrogen open-shell transition metal complex in the presence of a protein
atoms, which have resonances in the range:&-6) MHz in matrix. The most important conclusions of the present study
the 2A and %A states. These HFCs are also very sensitive to Mmay be summarized as follows.
environmental factors. They become larger when moving from  The magnetic response of Compound | and related species
the gas phase to the protein because the porphyrin radicalis dominated by the combination of the reasonably weak
character increases dramatically upon inclusion of the protein exchange coupling between the porphyrin cation radical and
environment. Thus, there is a concentration of spin density in the (FeOj" unit as well as the large and positive ZFS of the
the p-orbitals at thenesecarbon atoms, which contribute to  (FeO}" core. The exchange coupling of Compound | is
the singly occupied @ orbital. Hence, analogous to the consistently calculated to be small and negative. At the highest
calculated MB data, accounting for the steric and electronic level available to us (DDCI2), a coupling constantlof —13
influence of the protein environment leads to non-negligible cm™!is obtained, leading to the prediction of the quartet state
effects on the spectral features. being only 39 cm?® above the doublet ground state. Thus, this

In the present study we have predicted a fairly complete set
of magnetic spectroscopic parameters (EPR, ENDOR, and MB)
of the elusive Compound | species in cytochrome R45h
the presence of the protein matrix using density functional theory
and correlated ab initio methods. The calculations have been
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state should be populated even at low temperatur@&3 K) in is strongly influenced by the protein environment. The effects
magnetic resonance or MB experiments, while at cryogenic of the protein matrix on the spectroscopic parameters are clearly
temperatures~<4 K) the system should quantitatively reside in  visible in our results and can be quite dramatic. As the protein
the doublet (antiferromagnetic) state. The DFT (B3LYP) predic- environment strongly controls the spin distribution between the
tion of J = —16 cntl is in excellent agreement with the ab axial sulfur ligand and the porphyrin ring, a number of
initio value. spectroscopic features respond sensitively to the presence of
The ZFS of Compound | was found to be larger than that of the protein environment. These are especially the ligand
comparable model systems by a factor of 2 or more. Since the hyperfine couplings, but the MB properties and ZFS values are
quasi-restricted BP86 method used in this work tends to also significantly influenced.
underestimate the value &f, we conservatively estimate the In agreement with other studié%?*7273MB parameters are
intrinsic ZFS of the (Fe@) unit in Compound | to be-+20 reliably predicted by DFT methods for the type of species
cm™ L. The ZFS tensor was calculated to be nearly rhombic so considered. Our results for the Compound | in the protein matrix
that the sign oD becomes insignificar®® The combination of indicate an isomer shift that is on the high side for a high-valent
a large ZFS and a smaltvalue leads to the conclusion that species (0.13 mm/s) and a quadrupole splitting that is on the
the low-lying doublet and quartet states will be heavily mixed low side (0.64-0.67 mm/s), with both values being essentially
such that the notion of a well-defined ground-state multi- independent of the overall spin state befag= 1/, or § = 3/,.

plicity partially loses its meaning. If the valuek= —13 The protein effect on both quantities is significant: the
cM™L, Dreo = 24.9Ach1, ang E/E) = 0.32 are inserted in the  quadrupole splitting is distinctly lowered by the interaction with
spin Hamiltonian H= —2JSecS + DFed:s;FeO - 20+ the protein environment while the isomer shift is increased. This

Epedﬁ;peo - Sf;peolj the resulting three Kramers doublets are is associated with a slight lengthening of all metidand bonds
located at 0, 36.4, and 57.8 cfprespectively. They haveR] except the Fe'S bond which is already long.

values of 1.05, 3.56, and 3.63, respectively, and are thus already The (FeO3* unit will usually have &S= 1 ground state as
far from representing pure spin stat€dhe Boltzmann popula-  has been observed for most, but not“al{(FeO¥" species to
tion of the lowest Kramers doublet is 100% at 4 K54% at date. However, the first quintet staté\) is not much above

77 K, and~38% at 298 K. Thus, at ambient temperature, the the ground state in these specie®(5 eV). Its coupling to the
three Kramers doublets have almost equal populations and mayporphyrin radical in Compound I-like species creates another
serve as starting point for reactions. That such a scenario islow-lying quartet/sextet manifold that has not previously been
realistic follows from the classic experimental and theoretical discussed. Since this manifold may be less than 10 kcal/mol
work of Debrunner and co-workers on the spin-Hamiltonian apove the ground state (the B3LYP value~ef2 kcal/mol is
parameters of Compound | spect$*"1Thus, for horseradish  likely to be an overestimate based on our ab initio results) it
peroxidased = 22.2 cnt* was found E/D ~ 0) together with  may open another channel for multistate reactivity that needs

a very small and anisotropicJ2> —2 cn L. For chloroperoxi-  to be explored in future work. In particular, since the crossing
dase, Debrunner and co-workers determiflee= 35.8 cnv! from one quartet surfac&{o = 1 ferromagnetically coupled
(E/D ~ 0) and a ratig2J/D| ~ 1.02, which comes reasonably to S = ¥/5) to another &0 = 2 antiferromagnetically coupled
close to the values calculated for P450in this work. to S = /) is not spin-forbidden and since the two states differ

The hyperfine and superhyperfine couplings of Compound | by a d—d-orbital excitation, their SOC is expected to be efficient.
were found to be sensitive reporters of the Compound | species  Clearly, this study cannot be all-comprehensive, especially
itself and its geometric and electronic structure: (a) e in view of the extremely large amount of work that has been
hyperfine and*’O hyperfine interactions are expected to be done in the field of cytochrome P450. We hope that it motivates
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