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Abstract: Studies on the electronic structure of the two physiologically relevant forms of hemerythrin (Hr),
i.e., deoxyHr (possessing a hydroxo-bridged diferrous site) and oxyHr (having an oxo-bridged diferric site
with a terminal hydroperoxide), are presented and discussed. SQUID magnetic susceptibility data for deoxyHr
confirm that the two ferrous ions are weakly antiferromagnetically coupled —14(2) cnt! (H = —2JS;-

), indicating that at 300 K the entire manifold of ground-state spin sublevels is available for the reaction
with O,. From density functional calculations on deoxyHr, evaluated on the basis of experimental data, the
redox active orbital on the five-coordinate iron (Fe2) is favorably oriented fobanding interaction with @
approaching along the open coordination site of that center, and reorientation of the redox active orbital on the
six-coordinate iron (Fel) for electron transfer tptrough superexchange with Fe2 is energetically accessible.
Analysis of existing spectroscopic data for oxyHr using Heller’'s time-dependent theory leads to the proposal
that the peculiar behavior of the UV resonance Raman excitation profile for the symmet@-fee stretching
modev(Fe—0) to peak with fairly minor absorption features arises from interference effects between oxo-
to-Fe charge-transfer excited states. From density functional calculations on oxyHr and related structures the
low frequency of the Feoxo stretch is ascribed to the hydrogen bond between the hydroperoxide and the
bridging oxide, whereas the small value appears to be due primarily to the strong hydroperoxidee2
m-donor interaction that reduces FelFe2 electron delocalization.

1. Introduction Chart 1. Reversible @ Binding to Hr

Binuclear non-heme iron active sites occur in a variety of H NeHis73

different enzymes and proteins whose functions involve dioxy-
gen binding or activation for further reactiohs The diversity
of the reactions carried out by this class of proteins, such as  His5¢N

His25eN

~c—o NeHis101 dGOXYHI’

reversible dioxygen binding to hemerythtigHr, dioxygen Fe2(ll Ferqy
transport) and @ activation by methane monooxygenéase 0\0/0
(hydroxylation of hydrocarbons), ribonucleotide reductase Gluss
(generation of a tyrosyl radical), and fatty acid desatufases
(reduction of saturated fatty acids), parallels that known for the
well-studied heme proteirts. NeHis73
Hemerythrins were the first characterized binuclear non-heme
iron proteinst®11 They constitute one of the three major classes His25eN o] Nehis 101
of metalloproteins capable of reversible KInding, which also ) ~c—o
oxyHr His54:N Asp106 NeHis77
(1) Feig, A. L.; Lippard, S. JChem. Re. 1994 94, 759. Fe2(Ill) Fe1(ll)
(2) Holm, R. H.; Kennepohl, P.; Solomon, E.Chem. Re. 1996 96, o\C,O
2239.
Glus8

(3) Wallar, B. J.; Lipscomb, J. DChem. Re. 1996 96, 2625.
(4) Stenkamp, R. EChem. Re. 1994 94, 715.

(5) Logan, D. T.; Su, X.-D.; Aerg, A.; Regnstim, K.; Hajdu, J.; Eklund include the hemoglobiA3 (possessing a heme iron active site)

H.; Nordiund, P.Struct. Bonding (Berlin)L99§ 4, 1053. and hemocyanir$ (having a binuclear Cu active site). The two
(6) Lindqvist, Y.; Huang, W.; Schneider, G.; ShanklinEMBO J.1996 physiologically relevant forms of Hr are the deoxygenated
15, 4081. -
(7) Babcock, G. T.; Floris, R.; Nilsson, T.; Pressler, M.; Varortsis, C.; (deO).(gHr) and ox;lllgenati?é(oxylﬂr) stfaﬁe{é:hart 1%' Spe?]tro
Vollenbrock, E.Inorg. Chim. Actal99§ 243 345. scopi and.crys.ta ograp studies o dequHr ave shown
(8) (a) Wilkins, P. C.; Wilkins, R. GCoord. Chem. Re 1987, 79, 195. that the active site consists of two ferrous ions that are bridged
(b) Klotz, I. M.; Kurtz, D. M., Jr.Acc. Chem. Red.984 17, 16. by two carboxylates and a water-derived ligand. The coordina-

(b)(%)e(:r%Rsené‘ .Rs'ggmsé’rlogoff;ﬂ‘ éraéghgrgdggggl%zlfglgszs_ tion spheres of the two irons are completed by five -Nis

(10) Reem, R. C.; McCormick, J. M.; Richardson, D. E.; Devlin, F. J.; ligands, three binding to the six-coordinate (Fel) and two to

Steph%gz, P.J.; Musselman, R. L.; Solomon, B. Am. Chem. S04989 the five-coordinate (Fe2) metal centers (Chart“lAnalyses
111 4 .

(11) McCormick, J. M.; Reem, R. C.; Solomon, EJI.Am. Chem. Soc. (13) Solomon, E. I.; Baldwin, M. J.; Lowery, M. BChem. Re. 1992
1991, 113 9066. 92, 521.

(12) Niederhoffer, E. C.; Timmons, J. H.; Martell, A. Ehem. Re. (14) Holmes, M. A.; Le Trong, |.; Turley, S.; Sieker, L. C.; Stenkamp,
1984 84, 137. R. E.J. Mol. Biol. 1991 218 583.
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of variable-temperature magnetic circular dichrdisamd H
NMR datd® revealed that the two ferrous ions of deoxyHr are
weakly antiferromagnetically couplee;J ~ 12—38 and 16-
20 cnT?, respectively H = —2JS;-S;), consistent with a
hydroxo bridge at the active site.

In the reaction of deoxyHr with dioxygen one electron from

Brunold and Solomon

as the basis for evaluating and calibrating density functional
calculations from which significant insight is obtained into the
key geometric features with respect to the electronic structure
of oxyHr. The bonding descriptions of deoxyHr and oxyHr
generated in this study provide the basis for developing a
detailed understanding of the fascinating reaction pbi@ding

each Fe(ll) center and the proton from the bridging hydroxide to Hr described in the following paper in this issue.

are transferred to £binding to Fe2, yielding the oxo-bridged

diferric site of oxyHr possessing a terminal hydroperoxide (Chart 2. Experimental Section

1)# The two-electron reduction of On oxyHr is confirmed
by the appearance of an intense absorption featur&a0 nm,

DeoxyHr Magnetization Studies.Hr was isolated from the coelomic
fluid of Phascolopsis gouldibbtained live from the Marine Biological

assigned to a hydroperoxide-to-Fe charge-transfer (CT) transition|_aporatory, Woods Hole, MA. After standard purificatiéthe protein

on the basis of resonance Raman thagmd polarized single-
crystal electronic absorption spectfd’ The presence of an oxo
bridge at the active site of oxyHr gives rise to strong antifer-
romagnetic coupling between the two ferric centdrs; —77
cm~1.18 Compared to other oxo-bridged diferric sites, however,
the coupling strength is weak&20 Also, the vibrational
frequency of the symmetric F€D—Fe stretching mode(Fe—

O) is lower in oxyHr than in oxo-bridged diferric model
complexes and metHr derivativésThese results were inter-
preted as indicating a perturbed-Fexo bonding interaction in

was dialyzed against 0.2 M Tris(30), pH 7.7. Stock solutions of
deoxyHr were prepared by dialyzing the protein anaerobically first
against~10 mM NaS,0, for at least 12 h and subsequently against
buffer to remove excess dithionite. The deoxyHr concentration was
determined spectrophotometrically after air oxidation to oxy5Q0

nm) = 2200 M* cm™1).2” Apoprotein was prepared following initial
conversion of oxyHr into metHr, as described in ref 28. Magnetic
susceptibility data were collected using a SQUID magnetometer
(Quantum Design Model MPMS). About 10 of ~4 mM protein
solution was transferred into a gelatin capsule and immediately frozen
in liquid N2. To eliminate contributions from the protein moiety and

oxyHr, ascribed to the strong hydrogen bond between the the buffer, a sample of apoprotein in 0.2 M Tris(3Q buffer was
hydroperoxide and the bridging oxide (Chart 1) that was measured under identical conditions and subtracted from the deoxyHr

identified by Loehr et at®22using resonance Raman spectros-
copy. Yet Mssbauer dafddo not appear to be consistent with
a weakened Feoxo interaction: though the quadrupole splitting
of one iron is small AEq ~ 1.0 mm/s), consistent with a weak
Fe—oxo bond, the quadrupole splitting of the second irdi&g

~ 2.0 mm/s) is among the largest observed values for Fe(lll)

in oxo-bridged sited* Another puzzling feature of oxyHr and

oxo-bridged ferric dimers in general concerns the UV resonance

Raman excitation profile for(Fe—0) that tends to peak with
fairly minor features in the corresponding CT absorption
spectrum?!

data?® The susceptibility data were analyzed using the following spin
Hamiltonian?:3°

2

H =-2JSS, + {Di(szi2 - 2354- 1)) +

E(Si*— SO+ ﬁH'gi'S«} @

Jis the exchange coupling constadt,andE; are the axial and rhombic
ZFS parameters argl are the principag) values of the two Fe(ll) ions
(i = 1, 2), andH represents the magnetic field. The magnetization

In this paper, detailed studies on the electronic structure of was calculated using the formalism developed by Vermaas and
deoxyHr and oxyHr are reported. SQUID magnetic susceptibility Groeneveld and fitted to the experimental data to obtain the spin
experiments on deoxyHr are presented that permit an accurateHamiltonian parameters. To test the sensitivity of the fitlaclue to
determination of the ground-state spin sublevel splitting, an the other parameters, fits were perfomed viXrandE; kept constant
important factor with respect to spin conservation in the reaction Wwithin reasonable limits, and the principal axes of theensors on the

of Hr with O,. Density functional calculations, evaluated on

two ferrous ions were rotated relative to each other.

the basis of experimental data, are utilized to explore the nature ©*yHr Data Treatment. A normal coordinate analysis (NCA) of

of the redox active orbitals on the two ferrous centers of the
reduced site. For oxyHr, existing spectroscopic data are analyze

in a unified way using Heller's time-dependent theory of
electronic absorption and resonance Raman spectro¥ctupy

the vibrational data of oxyHr was performed on Besymmetrized
O,—Fe—0O—Fe unit of oxyHr (structural parameters were taken from
he geometry-optimized oxyHr model; see below). The analysis was
based on a Wilson FG matrix method using a Ur8yadley force
field as implemented in a modified version of the Schachtschneider

identify the origin of the unusual spectral features as well as to programs?

obtain experimental estimates of the relative donor strengths
of the hydroperoxide and the bridging oxide. These results serve

(15) Maroney, M. J.; Kurtz, D. M., Jr.; Nocek, J. M.; Pearce, L. L.; Que,
L., Jr.J. Am. Chem. Sod.986 108 6871.

(16) Shiemke, A. K.; Loehr, T. M.; Sanders-LoehrJJAm. Chem. Soc.
1984 106, 4951.

(17) Gay, R. R.; Solomon, E. 0. Am. Chem. Sod.978 100, 1972.

(18) Dawson, J. W.; Gray, H. B.; Hoenig, H. E.; Rossman, G. R;
Schredder, J. M.; Wang, R. HBiochemistry1972 11, 461.

(19) Kurtz, D. M., Jr.Chem. Re. 199Q 90, 585.

(20) From susceptibility measuremeéhitthe J values for oxyHr <77
cm-1) and metHr 134 cn1?) are substantially different; howevéH NMR
datd® appear to indicate that this difference is less pronounced.

(21) Sanders-Loehr, J.; Wheeler, W. D.; Shiemke, A. K.; Averill, B. A;;
Loehr, T. M.J. Am. Chem. Sod.989 111, 8084.

(22) Shiemke, A. K.; Loehr, T. M.; Sanders-LoehrJJAm. Chem. Soc.
1986 108 2437.

(23) Clark, P. E.; Webb, Biochemistryl1981 20, 4628.

(24) Que, L., Jr.; True, A. E. IrProgress in Inorganic Chemistry:
Bioinorganic ChemistryLippard, S. J., Ed.; John Wiley & Sons: New
York, 1990; pp 97200.

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

(26) Klotz, 1. M.; Klotz, T. A.; Fiess, J. AArch. Biochem. Biophys.
1957, 68, 284.

(27) Garbett, K.; Darnall, D. W.; Klotz, I. M.; Williams, R. J. Rrch.
Biochem. Biophysl969 135 419.

(28) Zhang, J. H.; Kurtz, D. M., Jr.; Xia, Y.-M.; Debrunner, P. G.
Biochemistry1991, 30, 583.

(29) While qualitatively very similar results were obtained from different
samples, some variations in absolute intensity were observed, reflecting
varying amounts of oxyHr and denatured protein in our samples. Because
of the largeJ value for oxyHr, however, the formation of oxidized protein
will primarily result in a reduction in magnetization intensity by a constant
factor (due to a decrease in deoxyHr concentration), and iron released upon
protein denaturation will predominantly perturb the low-temperature
susceptibility data. Thus, the presence of oxyHr and denatured protein in
our samples of deoxyHr should only weakly affect the qualitative behavior
of the T curves.

(30) Kennedy, B. J.; Murray, K. Snorg. Chem.1985 24, 1552.

(31) Vermaas, A.; Groeneveld, W. Chem. Phys. Lettl974 27, 583.

(32) (a) Schachtschneider, J. H. Technical Report No. 57-65, Shell
Development Co., Emeryville, CA, 1966. (b) Fuhrer, H.; Kartha, V. B.;
Kidd, K. G.; Krueger, P. J.; Mantsch, H. H. Computer Programs for Infrared
Spectroscopy, Bulletin No. 15, National Research Council of Canada, 1976.
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Table 1. Experimental Band Maxim&yex, and Calculated

Transition Energiesycar, for DeoxyHr (cnm?) 4
six-coordinate Fel five-coordinate Fe2
Vexp yz— Vealc yz— Veale
11600 Xy 11500
10350 z 10910
8800 b2 9500
~5000 X2 —y? 3820
Xz 1610 Xy 2920
X2 — y? 390 Xz 1550

Simultaneous fits of the absorption and resonance Raman excitation
profile data of oxyHr were performed using the time-dependent theory

= -1
of electronic spectroscopy®® implemented in a script for Mathcad 2|/|=28 cm

PLUS 6.0. A direct modeling approach as described in ref 34 was used §=0 —Y—

to search for the set of excited-state parameters that produce the best

simultaneous fit of the absorption and resonance Raman profile data. —— T
Electronic Structure Calculations. Density functional calculations 50 100 150 200

were performed on IBM 3BT-RS/6000 work stations using the TE

Amsterdam Density Functional (ADF) program version 2.0.1 developed
by Baerends et & A triple-C Slater-type orbital basis set (ADF basis ~ Figure 1. Magnetic susceptibility data for deoxyHr. The solid lines
set IV) with a single polarization function was used for each atom. Were obtained using the spin Hamiltonian in eq 1 with —14 cnt*,
Core orbitals were frozen through 1s (N, O) and 3p (Fe). All calculations 9 = 2.0, andD; = E = 0 cnrt.
were performed employing the local density approximation of Vosko, . . . . .
Wilk, and Nusaif® and the nonlocal gradient corrections of Beéke ~ ferrous ions and consistent with the hydroxide bridge at the
and Perdevi® The active site structures of deoxyHr and oxyHr (Chart deoxyHr site'*
1) were approximated by models in which formates replace the  Electronic Stucture Calculations and Comparison to Data.
carboxylates and NHligands replace the histidines. The coordinates An energy level diagram obtained from a broken symmetry (BS,
were taken from the Brookhaven Protein Data Bank (files IHMD and Mg = 0) density functional calculation on deoxyHr is shown in
1HMO, respectively), averaged for the four molecules in the asymmetric Figure 2, and the energies and compositions of the relevant Fel
unit,* and adjusted to the more accurate EXAFS bond lerffilesause  and Fe2 d-based molecular orbitals (MOs) are given in Table 2
of the large distribution in possible positions of ir®(H) bridge and 1o mojecular (primed) and local (unprimed) coordinate frames
the hydroperoxide, the coordinates of the corresponding atoms were . . . . -

are defined! in Figure 2, top). To validate a more detailed

obtained® through energy minimization by using the algorithm of . . g
Versluis and Ziegle®? Complete coordinates of all the models employed  consideration of the calculated MO descriptions, the computa-

for the calculations presented in the text are included in the Supporting tional results are first evaluated on the basis of experimental

Information. data. (i) Using the formalism developed by Noodlemathe
ground-state exchange coupling constbran be estimated from

3. Results and Analysis the energiesH) of the high-spin (HSS = Snax = 4) and BS
states

3.1. Deoxyhemerythrin. Data and Analysis.In previous
studies of deoxyHr employing absorption, circular dichroism 2
(CD), and magnetic CD (MCD) spectroscopfestotal of four J=—(Bus — Egg)/Spax 2)
ligand field (LF) transitions could be identified in the near-IR

. . 1 . . .
region (Table 1), consistent with the presence of one six- yleldlng_J B +7'cm : Th_us, Wh'l_e the calculanon gives Fhe
coordinate (Fel) and one five-coordinate (Fe2) ferrous ion wrong sign ofJ, it is consistent with the experimental finding

(Chart 1). From variable-temperature MERNd *H NMR of weak exchange coupling & —14 cnt™). (ii) The energies
experiment® the two irons are antiferromagnetically coupled, of the spin-allowed ligand field (LF) transitions of each Fe were
—J ~ 12—38 and 16-20 cnr, respectively. calculated from the differences in total energies of the excited

To obtain a more direct estimate §fSQUID magnetization ~ States and the ground state at convergence (Table 1). The
data were taken on deoxyHr (Figure 2)While simulations correspondence with the experimental results is satisfactory: the
using the spin Hamiltonian in eq 1 revealed that the experimental calculation predicts two transitilons forFelanda singlae transition
data do not permit an accurate determination of the single-sitefor Fe2 in the 800612000 cn* region, as observetf* Thus,

ZFS parameters, the value dbbtained from fits of T curves a more detailed analysis of the calculated electronic structure

is well determined by the susceptibility data. Reasonable fits deScription of deoxyHr is justified. _
are obtained with) = —14(2) cm® (Figure 1, solid line), Bonding Description. Nature of the Fe d-Based Orbitals.

indicating weak antiferromagnetic coupling between the two From crystallographic StUdiéJSthe ligand environment of the
: _ five-coordinate Fe2 was described as distorted trigonal bipy-
(33) Zink, J. I.; Shin, K. S. KAdv. Photochem199], 16, 119. ramidal with a pseud@; axis oriented along the Hiso{—

Spg‘tlr)o'\ggggég'rf ';TMgthl'Eedst svilAe'y_'rﬁ?\'félv?lg\'(%arLAfggg?{'/%TSZOL'F_‘ES%""” Fe2-Asp1060 vector (Chart 1), consistent with the calculated

(35) (a) Baerends, E. J.; Ellis, D. E.; Ros,Ghem. Phys1973 2, 42. splitting pattern of the LF excited states of that iron (Tablé*1).
(b) te Velde, G.; Baerends, E. lnt. J. Comput. Phys1992 99, 84. In the ground state the extra electron occupiey/#eased spin-
(36) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.
(37) Becke, A. D.J. Chem. Phys1986 84, 4524. (41) The local coordinate systems on each Fe center are defined by the
(38) Perdew, J. PPhys. Re. B 1986 33, 8822. principal axes of the respectigtensors that were calculated as described.
(39) Selected distances (A) and angles (deg) for deoxyHr-B1= Neese, F.; Solomon, E. Inorg. Chem.1998 37, 6568.
2.07, Fe2-O" = 2.02, Fe+-O—Fe2= 110, and oxyHr, Fe2O = 1.85, (42) Noodleman, LJ. Chem. Physl981 74, 5737.
Fe2-O = 1.88, Fe2-Oa = 2.00, Oa-Ob = 1.41, Fet O—Fe2= 125, (43) The relative energies of the Fe d-based MOs (Figure 2, Table 2)
Fe2-Oa—Ob = 116. and the corresponding LF excited states (Table 1) differ substantially,

(40) Versluis, L.; Ziegler, TJ. Chem. Physl988 88, 322. indicating that electronic relaxation effects upon excitation are important.
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Figure 2. Energy level diagram obtained from a BM{ = 0)

calculation on deoxyHr. Spin-up and spin-down levels are shown by

solid and broken lines, respectively. Top portion: deoxyHr model
employed, along with the molecular (primed) and local (unprimed)
coordinate frames.

down molecular orbital (MO) that is largely stabilized in energy
relative to its four unoccupied partners (Figure 2).

The splitting pattern of the quintet LF states of Fel (Table
1) is typical of a distorted octahedral ligand environment with
a weak axial LF component, consistent with the long His73
N—Fel-Glu580 bond$* (Chart 1). In the ground state the
extra electron of Fel occupies the-based spin-up MO;
however, theyz— x? — y? LF excited state is only390 cnr?
higher in energy (Table 1).

Interaction with the Bridging Hydroxide. The low hydrox-
ide (O") orbital character in the Fe d-based MOs (Table 2)
indicates that the Fehydroxide bonding interaction is weak.

Brunold and Solomon

Table 2. Relative energiese (eV), and Compositions (%) of the
Relevant Fe d-Based MOs Obtained from a BS Calculation on
DeoxyHr (Figure 2, top)

Spin-Up Orbitals Localized on Fel

level Erel Fel o' Fe2 ¢} N
Unoccupied
z? 2.223 83 0 0 3 3
Xy 1.730 78 2 0 2 3
Xz 0.551 92 2 0 1 0
X2 —y? 0.464 93 1 0 1 0
Occupied
yz 0.000 94 0 0 1 0
Spin-down Orbitals Localized on Fe2
level Eel Fe2 a Fel ) N
Unoccupied
72 2.298 66 1 0 4 3
X2 —y? 0.855 83 1 0 3 1
Xy 0.664 87 5 1 2 1
Xz 0.584 93 3 0 1 0
Occupied
yz 0.000 93 0 0 2 0

aFe d, O' (u-hydroxo) p, and total Qformate) and N (Nk) orbital
contributions.

Fe2

Fel

Figure 3. Boundary surface plots of the redox active orbitals containing
the extra (spin-up) electron of Fel and the extra (spin-down) electron
of Fe2, obtained from a BSVs = 0) calculation on deoxyHr. Also
indicated is the favorable orientation of the Fe2-centered orbital for a
m-bonding interaction with one of the* orbitals of O, approaching
along the open coordination site of that center.

the O p orbitals, in particular the pevel as this is involved in

a strongo-bonding interaction with the proton. The bridging
hydroxide is therefore a poor mediator of exchange coupling,
and the Fe d-based MOs localized on one iron exhibit very little
orbital contributions from the other metal, consistent with the
small experimental value.

Redox Active Orbitals. Of particular interest with respect
to the reactivity of deoxyHr toward £are the orientations of
the redox active MOs containing the extra electron on each iron
relative to the dimer structure. Thybased spin-down orbital
localized on the five-coordinate Fe2 is properly oriented for a
sm-bonding interaction with one of the two half-occupied
orbitals of dioxygen approaching along the open coordination
site (Figure 3). The redox active orbital on the six-coordinate
Fel is oriented perpendicular to the F&d" bond that might

From Figure 2, the weakness of this interaction can be attributedbe anticipated to play a key role for electron transfer from Fel

to the large energy difference between the Fe d- ahg-Oased
MOs. The proton of the bridging hydroxide greatly stabilizes

(44) (a) Solomon, E. |.; Pavel, E. G.; Loeb, K. E.; Campochiaro, C.
Coord. Chem. Re 1995 144, 369. (b) Pavel, E. G.; Kitajima, N.; Solomon,
E. 1. J. Am. Chem. S0d.998 120, 3949.

to O, binding to Fe2. Theyz— x2 — y2 excited state of that
iron is only ~390 cnt! above the ground state (Table 1),
however, and the — y2based spin-up MO has a good
orientation for az-bonding interaction with ©. Thus, rehy-
bridization of the Felzandx? — y? orbitals to properly orient
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data do not necessarily appear to be consistent with this
assignment: (i) both the oxo-relate@Fe—0O) and the hydro-
peroxide-relatedy(Fe—O,H) modes are resonance enhanced
under band A and (ii) the corresponding rR excitation profiles
steadily decrease on approaching band B despite the increase
in absorption intensify (Figure 4). The peculiar behavior of
the UV IR excitation profile fow(Fe—0) is not unique to oxyHr.
From an extensive study of oxo-bridged diferric sites in proteins
and model complexes Sanders-Loehr eéidhund that the rR
excitation profile forv(Fe—QO) generally peaks with fairly minor
features in the corresponding absorption spectrum.

In this section, the spectroscopic data in Figure 4 and Table
3 are used to determine the—@ bond strength of the
hydroperoxide, to quantitate the hydroperoxigeFe charge

Solution Absorption

eM 'lcm'l)
2000

/A
O w(0-OH) JE donation, to define the relative strength of the-lRgdroperoxide

Raman ;XSZZ%H) / RN sw-bonding interaction, and to evaluate and calibrate electronic

N x% , \ structure calculations on oxyHr. The major goals of this study

are to identify the origin of the unusual spectral features, to
explore the nature of the Fdydroperoxide and Feoxo bonds,
and to evaluate the effects of the hydroperoxide and its hydrogen
bond to the bridging oxide on the electronic structure and
exchange coupling.
Normal Coordinate Analysis. To obtain the eigenvectors
of the normal modes associated with the HBe—0O—Fe unit
and to determine the -©0 bond strength of the hydroperoxide,
a normal coordinate analysis (NCA) was performed on the
vibrational data of oxyHr (Table 3). A UreyBradly force field
was chosen to facilitate comparison with the results obtained
NN L AL for a well-characterized cig-1,2 peroxide diferric model
16000 20000 24000 28000 32000 complex4” To reduce the number of parameters, the,HO
Energy (em ) Fe—0 bending mode and the torsional modes were not included
Figure 4. Experimental (300 K) and simulated absorption, CD, and in the ana|ysisy and the proton of the hydroperoxide was
resonance Raman excitation profile data for oxyHr. Top: solution ombined with the terminal O. Further, the HO—Fe and Fe-
absorption and CD spectra (solid lines, adapted from ref 10) and band 5_ e penging force constants and the nonbonded interaction
shape simulations for transitions 1, A, and B (dotted lines). Center: constants were assigned fixed values (see Tabie e force

experimental rR excitation profiles (symbols, adapted from ref 16) and P .
corresponding simulations (broken lines). Bottom: single-crystal constants of the three remaining interal coordinates, the Fe

absorption spectra fcE polarized parallel (dotted line) and perpen- O F&~O2H, and O-OH stretches, were fitted to the experi-
dicular (solid line) to the Fe-Fe vector (adapted from ref 10). mental frequencies (Table 3).
The correspondence between calculated and experimental

the redox active orbital for efficient superexchange to Fe2 is frequencies for all isotopomers is excellent (Table 3), lending
energetically accessible. credence to the normal mode descriptions given in Table 4. The
3.2. Oxyhemerythrin. Data Analysis. Published solution ~ Potential energy distribution (PED) contributions indicate that
absorption and CD specttaresonance Raman (rR) excitation ¥(O~OH) involves almost pure ©OH stretching motion,
profiles for the symmetric FeO—Fe, the Fe-hydroperoxide, whereas the FeO,H and the Fe-O stretches are significantly
and the G-OH stretching modé8 (denotedv(Fe—0), v(Fe— mixed* The fitted O-O force constank(O—0) = 3.3 mdyn/
OzH), andy(O—OH), respectively), and polarized single-crystal A i larger t?f‘n the value reported for the pid,2 peroxide
electronic absorption spectfeof oxyHr are shown in Figure ~ Fe(lll) dimer”k(O—0) = 3.1 mdyn/A, where the high ©0
4, and vibrational data for several isotopoméf@are listed in ~ Stretching frequency of 876 cthresults from significant mixing
Table 3. Three dominant features denoted 1, A, and B are Petween the ©0 and Fe-O; stretches! Possible sources of
observed in the absorption spectra. Band 1 peakingl@B800 the high G0 force constant in_oxyHr, including prc.)tonati.on
cm~!was previously assigned to a hydroperoxide-to-Fe charge- of the peroxide and hydroperoxide Fe charge donation, will

transfer (CT) transitiol16:17 because it is primarilyE O c be evaluated below. _ o ]

polarized (i.e., perpendicular to the-F&e vectot) and greatly Excited-State Analysis.While the rR excitation profiles and
enhances the/(Fe-O,H) and »(O—OH) modes in the R polarized single-crystal absorption data in Figure 4 indicate that
spectrum. By analogy, band 2-681000 cn1* that is alscE [ (46) Reem, R. C. Thesis, Stanford University, 1986.

¢ polarized and not present in the spectra of metHr deriva-  (47) Brunold, T. C.; Tamura, N.; Kitajima, N.; Moro-oka, Y.; Solomon,
tives'%% is assigned to a second hydroperoxide-to-Fe CT & (I4g) ?rrg\%?ferglussg%%’e%elggsggoﬁ the results of NCAs on thelcis

transition. Though extenglve °Ve”a|_° with other absorption peroxide Fe diméf and oxo-bridged diferric complexes. Changing these
features prevents a detailed analysis, band 2 appears to b&alues within reasonable limits did not significantly affect the fitted values

weaker than band 1. of the other force constants.
. . (49) A detailed NCA has been reported fqu-@xo-bridged diferric model
Bands A and B are predominantyll c pqlgnzed and were complex. In that dimew(Fe—0) is observed at 530 cm, and the force
therefore assigned to oxo-to-Fe CT transitidhapwever, IR constant obtained for the F© stretch isk(Fe—0) = 3.00 mdyn/A,
indicating that the relatively low frequency ofFe—0O) in oxyHr reflects
(45) Kurtz, D. M., Jr.; Shriver, D. F.; Klotz, I. MJ. Am. Chem. Soc. a weak Fe-O bond. Czernuszewicz, R. S.; Sheats, J. E.; Spiro, T.G.
1976 98, 5033. Am. Chem. Sod 987, 26, 2063.
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Table 3. Experimentalf4>and Calculated Vibrational Frequencies for Five Isotopomers of OxyHr

160,H 180,H 160180H 180160H 180(ox0)
normal mode obs calc obs calc obs calc obs calc obs calc force const
v(O—OH) 844 843 796 796 824 824 817 817 843 k(O—0)=3.29
v(Fe—0O;H) 503 504 479 477 503 502 479 478 502 k(Fe-0;) =1.91
va{Fe—0) 753 754 754 754 754 720 717
v(Fe-0) 486 487 492 487 492 472 471  k(Fe-0)=2.88

a Frequencies are in crhand stretching force constarksn mdyn/A (obtained with Fe O—Fe and Fe-O—OH bending force constants of 0.28
mdynA/rad and Fe--Fe and Fe-OH Nonbonded Interaction Constants of 0.08 mdynidife—0) andv.d{Fe—0) are the symmetric and antisymmetric
Fe—O—Fe stretching modes, respectively.

Table 4. Normal Mode Descriptions for OxyHr

eigenvectors (PED)

normal mode S(60H) s(Fe-OzH) s(Fe-0) b(Fe-O—0OH) b(Fe-O—Fe) et

v(O—0OH) 0.35 (94) —0.11 (6) 0.00 (0) —0.06 (0) 0.01 (0) 7.4
v(Fe—OH) 0.04 (4) 0.24 (76) 0.05 (11) —0.18 (6) —0.10 (2) 9.2
vadFe—0) 0.00 (0) 0.00 (0) +0.24 (100) —0.02 (0) 0.00 (0) 8.6
v(Fe—0) —0.01 (0) —0.09 (10) 0.14 (80) 0.10 (2) —0.17 (6) 11.6

aMass-weighted eigenvectoks, and potential energy distribution (PED) contributions (%) in parentheses féf@hid isotopomer expressed
in terms of a sum of stretching (s) and bending (b) internal coordinatf$ective reduced masses (g/mol), obtained from rediagonalization of the
G matrix in the normal coordinate space.

Table 5. Excited-State Parameters from a Simultaneous Fit to the Chart 2. Distortions in the Excited States Corresponding to

Absorption and rR Data of OxyHr (Figure®) Bands 1 and A (Figure 4)
band Eo(cm™) e (M tcm?) A(Fe-O,H) A(O—OH) A(Fe-0)
: -0.10 A(0) +0.01A(0)
1 16550 1760 25 -1.8 0.0 0 G) @ B
A 24600 3490 1.9 0.0 2.9
B 27900 3350 1.9 0.0 2.9 +0.20 A +0.05 A e
aEnergies of the zero-phonon transitior®, molar extinction N/ @ N/
coefficients,e, and dimensionless displacements relative to the ground +0.03 A +0.13 A
state,A.
band 1 band A

band 1 has primarily hydroperoxide-to-Fe CT character, the behavior is due to interference effetbetween the oxo-to-Fe

number of transitions contributing to this feature is uncertain . . .
because the absorption and rR profile peaks are shifted reIativeCT excited states assigned to bands A and B. By analogy it

to each othet? Also, the origin of the peculiar behavior of the appears that the peculiar b(_ahavior_of the L.JV R exci_tation profile
IR excitation profiles fow(Fe—0) andw(Fe—0; H) in the region for v(Fe—0) of other oxo-bridged diferric sitésalso arises from

of bands A and B is poorly understood. Therefore, a detailed interference effects among oxo-to-Fg CT excited states. .
analysis of the spectroscopic data of oxyHr in Figure 4 was To further characterize the CT excited states corresponding

undertaken within the framework of the time-dependent Heller to ban_ds 1 and A the ””C'?’ar dlstort|ons_of thegH_Ge—O—
theory?® First, the solution absorption and CD spectra were Fe unit Were.estlmated using the follow[ng rel_atlon .between
Gaussian fitted to resolve bands 1, A, and B in the absorption internal coordinate changest; (A), and the fitted dimensionless

spectrum. The corrresponding band shapes were then simulta-normal coordinate displacements, (Table 5)¢

neously fitted with the rR excitation profiles (a three-mode/

three-state problem) to obtain the excited-state parameters listed Ar, = 5.80652 Li,n(An/ﬁ) (3)
in Table 5. Simulated absorption and rR excitation profile data n

are shown in Figure 4.

The correspondence between the experimental and simulatedvhereLin is theith element of the mass weighted eigenvector,
absorption spectra is satisfactory (note that overlap with Ln for thenth normal mode (Table 4). From Chart 2 the major
additional absorption bands complicates an experimental estj-distortions in the hydroperoxide-to-Fe CT excited state (band
mate of the intensities of bands A and B), and the experimental 1) occur along the FeO;H and O-OH modes. The decrease
rR excitation profiles for all three modes are very well in the O-OH bond length is consistent with removal of
reproduced by the simulation. In the region of band 1, inclusion @ntibonding charge density from the hydroperoxide and dem-
of more than one band led to considerably poorer fits of the rR Onstrates the CT character of this transition. The nuclear
profiles, indicating that this feature is due to a single dominant distortions associated with band A indicate that the correspond-
hydroperoxide-to-Fe CT transition. The red shift of the rR Ing excited state has predominantly oxo-to-Fe CT character
excitation profiles relative to the absorption maximum of band because the FeO,H bond length increase is insignificant and
1 is due to the fact that the Raman intensities were quantitatedmMerely reflects a decrease in effective nuclear charge on iron
relative to an internal standat®l,which eliminates thein* upon oxo-to-Fe CT excitation. The strong enhancement of
dependence, whereas the absorption intensity scales linearly wit’(Fé—O2 H) under band A@ in Figure 4) can be attributed to
v. Remarkably, the simulation also reproduces the experimen-Significant out-of-phase coupling between the-&¥oxo) and
tally observed decrease in the IR excitation profilesi@re— Fe—OH stretch motions (Table 4), proposed previously on the

0) and »(Fe—O,H) above 27000 cri, indicating that this  Pasis of qualitative consideratiofsThe normal mode descrip-
tions for the®0 isotopomer (not shown) suggest that this mixing

(50) Wootton, J. L.; Zink, J. 13. Am. Chem. Sod997 119, 1895. decreases upoffO — 180 isotope exchange of the bridging
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oxide, consistent with a drop in intensity by 55% wfFe—
O;H) relative tov(Fe—0) in resonance Raman spectra obtained
on u-180 substituted oxyHr using 27490 crhexcitation??

In summary, analysis of the spectroscopic data of oxyHr in
Figure 4 supports assignments of bands A and B to oxo-to-Fe
CT transition$®16-21and suggests that the rR excitation profile
for v(Fe—0) in that region is distorted by interference effects.
Further, it permits identification of two hydroperoxide-to-Fe CT
bands split by~11500 cnt®: a moderatly intense band centered
at 19320 cm? (band 1) and a weaker feature-a81000 cnm?!
(band 2). In the excited state corresponding to band 1 the Fe
O,H bond length increases b#0.20 A (Chart 2), indicating
that a dominant Fehydroperoxide bonding interaction is
eliminated upon excitation. Strikingly similar results were
obtained for the cig-1,2 peroxide ferric diméf where the most

intense CT feature associated with the peroxide ligand peaks at

14600 cm?, separated by~11000 cm?! from two closely
spaced weaker bands centered around 255001.crfihe
dominant low-energy transition formally eliminates the—e
peroxider-bonding interaction, giving rise to an Feeroxide
bond length increase by0.20 A. By analogy (and supported
by the calculations below), band 1 in the spectra of oxyHr
(Figure 4) is assigned to a hydroperoxide-to-Fe CT transition
that removes the Fehydroperoxider-bonding interaction. The
large increase in the F&O,H bond length accompanying this
transition (Chart 2, band 1) suggests thattheontribution to
the Fe-hydroperoxide bond is significant because a dominant
o-bonding interaction would greatly reduce distortions along
this coordinate.

Hydroperoxide — Fe Charge Donation The donor strength
of a ligand can be estimated from the sum of the integrated
absorption intensities of all CT transitions associated with this
ligand5! While extensive overlap in the region of band 2
prevents a direct quantitation of the total donor strength of the
hydroperoxide, ther charge donation from ther’ donor
orbital into the Fe2 gdacceptor orbital can be estimated from
the intensity of band %!

Craq, = k(fVr 1)

4)
wherex is a constant (9.22 102 A), f and vmax are the
oscillator strength (0.029) and the peak position (19320%m
of band 1, andr| is the hydroperoxideFe2 bond length (2.00
A). While the calculated value o, ., is not a quantitative
measure of covalency, it permits a correlation with similar
complexes?! thus, a ratio of 1:1.8 is obtained for tlreedonor
strengths per Fe of the hydroperoxide in oxyHr and the peroxide
in the cisu-1,2 dimer (wherd = 0.072,vmax = 14620 cn?,
and|r| = 1.885 A7). In the corresponding absorption spectra
the intensity distributions among the CT transitions associated
with these ligands are similar and the excited-state distortions
upons: — d, excitation are virtually identical, suggesting that
the relative # contributions to the donor interactions are
comparable. Thus, the hydroperoxigeFe charge donation in
oxyHr is ~3—4 times lower than the total peroxide charge
donation to both irons in the cig-1,2 dimer. Since electron
density is primarily removed from the peroxid# orbitals that
are antibonding with respect to the-@ bond, the stronger
O—0 bond in oxyHr can be ascribed to protonation of the
peroxide.

Electronic Structure Calculations and Comparison to
Data. The relevant part of an energy level diagram obtained

(51) Baldwin, M. J.; Root, D. E.; Pate, J. E.; Fujisawa, K.; Kitajima, N.;
Solomon, E. I.J. Am. Chem. S0d.992 114 10421.
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Figure 5. Energy level diagram obtained from a BM{ = 0)
calculation on oxyHr. Spin-up and spin-down levels are shown by solid
and broken lines, respectively. The hydroperoxide-to-Fe CT transitions
corresponding to bands 1 and 2 in Figure 4 are indicated by arrows.
Top portion: oxyHr model employed, along with the molecular
(primed) and local (unprimed) coordinate frames.

from a BS calculation on oxyHr is shown in Figure 5 (note
that the local coordinate systems on each Fe center (top) have
orientations different from those in the deoxyHr structure), and
the energies and compositions of the unoccupied Fe d-based
MOs are given in Table 6. As for deoxyHr above, the calculated
electronic structure description of oxyHr is first evaluated on
the basis of experimental data. (i) Using eq 2, a valud of
—214 cnr! is obtained for the exchange coupling constant,
roughly a factor of 3 larger than the experimental v J

= —77 cnt! but within the expected error range of density
functional calculation4’52-54 Significantly, both the experi-
mental and calculated exchange coupling constants for oxyHr
are~35% smaller in magnitude than the values obtathetP>

for the oxo-bridged diferric complex [F@(OAc)(tmtacn}]?+
(Jexp= —120 cm andJcac = —342 cnt for the corresponding

(52) Brown, C. A.; Remar, G. J.; Musselman, R. L.; Solomon, Edrg.
Chem.1995 34, 688.

(53) Zhao, X. G.; Richardson, W. H.; Chen, J.-L.; Li, J.; Noodleman,
L.; Tsai, H.-L.; Hendrickson, D. Nlnorg. Chem.1997, 36, 1198.

(54) McGrady, J. E.; Stranger, R. Am. Chem. Sod.997, 119, 8512.
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Table 6. Relative energiese (€V), and Compositions (%) of the
Fe d-Based Unoccupied MOs Obtained from a BS Calculation on
OxyHr (Figure 5, top)

Spin-Up Orbitals Localized on Fel

level Erel Fel e} Fe2 Oa Ob
2 2145 71 9 p 0 0 0
Xy 1.192 79 0 0 0 0
Xz 0515 52 19 p 12 6 1 g
yz 0.407 74 15 p 4 1 2
x> —y? 0.000 91 0 1 0 0
5P 43 17 7 3

Spin-Down Orbitals Localized on Fe2

level Erel Fe2 Oa Ob o Fel
7 1444 67 11 2 7 4 p 2
X —y?>  1.263 74 0 0 4 p 0
yz 0.206 57 25 12 i 2 0
Xz 0.033 79 1 1 9 p 3
Xy 0.000 78 4 2 10 p 2
SP 41 17 29 5

aFe d and O p orbital contributions. Oa (Ob) are the Fe2-bound
(terminal) hydroperoxide oxygens, and O denotes the bridging oxide.
bSum of the orbital contributions from each ligand and the other Fe
ion.

FeO(O,CH),(NH3)s]?™ model referred to agi-O,Me; tacn
below) in which both Fe ions possess ligand environments
similar to that of Fel in oxyHr. Exchange coupling in these
dimers is primarily mediated by the bridging oxide, indicating
that the calculated Feoxo bonding description for oxyHr is

reasonable. (ii) The calculated orbital descriptions (Table 6) can

be evaluated on the basis of the electronic absorption spectru

the ligand orbital character in the corresponding donor and
acceptor MO$® From Table 6 (bottom) two dominant hydro-
peroxide-to-Fe2 CT bands are expected in the absorptio
spectrum of oxyHr, as observed (Figure 4), permitting assign-
ment of band 1 tar, — yz (hence, the g orbital in eq 4
corresponds tg2) and band 2 tor;, — z? indicated by arrows

in Figure 5 (ther* orbitals are defined in Bonding Description).

The corresponding transition energies were calculated using the

Slater transition-state meth&@yielding 10920 and 29790 crh
respectively. While the value obtained for th€ — 2
transition compares reasonably well with the peak position of
band 2 (31000 cm?), the calculated energy for the — yz
transition is 43% lower than the maximum of band 1 (19320
cm ). Thus, the calculated splitting between th& andyz
orbitals (see Bonding Description) is too small, andAtaonor
strength of the hydroperoxide in oxyHr is overestimated by the
calculation: the computeds contributions to the Fe¥z
based MOs in oxyHr (Table 6) and the ¢isl,2 dimef’ are
comparable, yet the experimental ratio is 1:Li8l¢ suprg. In
summary, the calculated bonding description of oxyHr is fairly
reasonable although the hydroperoxitle-e2 r-donor interac-
tion is overestimated by45%.

Bonding Description. Nature of the Fe d-Based Orbitals.

Brunold and Solomon
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Figure 6. Boundary surface plots of the relevant iron d-based
unoccupied orbitals localized on Fe2 (A, spin-down MOs) and Fel
(B, spin-up MOs), obtained from a B8g= 0) calculation on oxyHr.

cupied “minority-spin” counterparts and, consequently, to
significant mixing with ligand orbitals. In the following analysis
the dominant metatligand bonding interactions are therefore
inferred from the compositions of the unoccupied minority-spin
MOs that reflect the primarily metal-centered excess (i.e.,
uncompensated) majority-spin density.

The splitting pattern of the Fel d-based unoccupied spin-up
MOs (Figure 5, right) is characteristic of Fe(lll) in bent oxo-

) : B thcao? ehital e NN .
because intensities of CT transitions are primarily governed b;]prldged dimers”*2thez orbital is involved in ax-antibonding

interaction with the oxo p orbital, and thexz andyz orbitals
exhibit strongz-antibonding interactions with the oxg and

nPr orbitals, respectively (Figure 6B). In contrast, the splitting

pattern of the Fe2 d-based unoccupied spin-down MOs (Figure
5, left) reflects a fairly octahedral LF environment. The
o-antibonding interaction with the hydroperoxidé orbital
located in the GH plane is sufficiently strong to reorient tlzé
orbital toward the Fe20,H bond vector (Figure 6A, top). The
yzorbital is involved in a strong-antibonding interaction with
the second hydroperoxide* orbital, designatedr’ (Figure
6A, bottom), and thexz and x2 — y2 orbitals exhibit strong
m-antibonding interactions with the oxo, @mnd g orbitals,
respectively (Table 6). As a result thg, orbital splitting of
Fe2 is unusually small for Fe(lll) in an oxo-bridged dirtter
(cf. Figure 5, left (Fe2ys right (Fel)).

The large difference in calculated electronic structures for
Fel and Fe2 is compatible with dsbauer data. Typically, the
strong axial LF component associated with the bridging oxide
in oxo-bridged diferric sites gives rise to a large quadrupole
splitting, AEqg = 1.5-2.0 mm/s?* In oxyHr the quadrupole
splitting of one iron is also largeAEq ~ 2.0 mm/s?2 whereas
the second iron exhibits an unusually smsitg value of~1.0
mm/s23 consistent with less distorted electronic surroundings
of that iron. Thus, although a direct experimental link between

In the BS ground state, the five unpaired electrons on each ironthe Messbauer parameters and the Fe centers in oxyHr has yet

occupy Fe d-based “majority-spin” MOs, leading to a large
exchange stabilization of these orbitals relative to their unoc-

(55) Hartman, J. R.; Rardin, R. L.; Chaudhuri, P.; Pohl, K.; Wieghardt,
K.; Nuber, B.; Weiss, J.; Papaefthymiou, G. C.; Frankel, R. B.; Lippard, S.
J.J. Am. Chem. S0d.987 109, 7387.

(56) (a) Ros, P.; Schuit, G. C. Aheor. Chim. Acta (Berlin1966 4, 1.

(b) Van der Avoird, A.; Ros, PTheor. Chim. Acta (Berlin1966 4, 13.

(57) Slater, J. CThe Calculation of Molecular Orbitajslohn Wiley &
Sons: New York, 1979.

to be established, it appears reasonable to assign the smaller
guadrupole splitting in oxyHr to Fe2.

Nature of the Fe2-Hydroperoxide Bond and the Effects
of the Proton. The Fe2-hydroperoxide bonding interactions
can be inferred from the Fe2 d-based unoccupied spin-down
MOs (Figure 6A) as these orbitals correspond to the metal
ligand antibonding counterparts of the ligand-based bonding
MOs. Thus, the dominamt ands -bonding interactions involve
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the Z/n), and yZz, orbitals, respectively. From Table 6, the
contributions from the hydroperoxide;, (even scaled by 45%,
vide suprg andz7, orbitals to the Fe2 d-based MOs ard0%
larger than the oxo p orbital contributions. Though this result
does not necessarily imply that the Fe®/droperoxide bonding
interaction is dominant (i.e., the stabilization energy and the

J. Am. Chem. Soc., Vol. 121, No. 36, 5285

mixing coefficients scale linear and quadratic, respectively, with 1Fel - X -
the energy separation between interacting orbitals), it suggests @50_ 7 T=Xu0
that the hydroperoxide is at least an equally strong donor as 3 | po®~
the bridging oxide. £ 407
In comparison with the peroxide in the cisl1,2 dimer, 2 ]
however, the donor strength of the hydroperoxide in oxyHr is ‘g 307
lower (vide suprg. Nevertheless, the ©0 force constant is = ]
higher in the protein, consistent with a recent study afh1 E27 ke -
hydroperoxide Cu(ll) dime? Protonation was found to increase 2 Tt~ Ll m-----""" M Fe2
the electrophilicity of the peroxide, thereby decreasing the 510- 020>
charge donation to the metal by40%. The proton stabilizes 1 ob ®-::::::j ............ Oa
the orbitals on the oxygen to which it is bound (cf. the small 0 L T Ob ,
orbital cqntrlbutlons from Ob relative to Oa in the .Fe2 d-basgd ox§Hr u_o)(l)zHrot p-o,lvie3tacn
unoccupied MOs of oxyHr, Table 6), and both the intraperoxide
m-bonding ands-antibonding interactions are disrupted by {Fe2
protonation, the net result being an increase i@ bond 501 X 10
strength?8 S o
Effects of the Hydrogen Bond.In this section the effects of g 404 02O -7
the hydrogen bond in oxyHr between the hydroperoxide and & | ""/":».’._%Oa
the bridging oxide, believed to be responsible for the reduced g 304 po - -
ground-state exchange coupling and the low frequeneyre— § 1
O) relative to other oxo-bridged diferric complexes, are explored P
through density functional calculations by correlating between £ | ob® o Fel
the experimentally calibrated electronic structure descriptions = | e ®0b _ - -~ -
of oxyHr andu-O,Mestacn. The models used for this correlation £ o -
include (top of Figure 7) oxyHy-O,Mestacn, angi-O,O,H™, | Fel®-
the latter having the peroxide rotated so as to eliminate the 0] ; ; ;
hydrogen bond with the bridging oxief{energy level diagrams oxyHr p-0,0,H p-O,Mejtacn

for u-0O,0,H™" and u-O,Mestacn are shown in Figures S1 and
S2, respectively, Supporting Information). From the difference
in calculated total energies for oxyHr apdO,0O,H™!, a value

of 5.5 kcal/mol is obtained for the hydrogen bond energy in
oxyHr. This value is reasonable in magnitude and consistent
with Raman data that reveal the presence of a strong hydroge
bond in oxyHr?2 The relevant part of a qualitative MO diagram
defining this hydrogen bond interaction is presented in Figure
S3, and boundary surface plots of the key orbitals are shown in
Figure S4.

n

Figure 7. Total O p- and Fe d-orbital contributions from the
hydroperoxide (Oa, Ob), the bridging oxide-©), and the adjacent

iron to the Fel and Fe2 d-based unoccupied MOs for the three structures
shown on the top.

comparable, suggesting that the extent of FeFe2 electron
delocalization in oxyHr is only slightly affected by the hydrogen
bond between the hydroperoxide and the bridging o%ide.

The dominant superexchange pathways in oxyHr involving
the Fe2-based MOs are similar in nature to the Fel-derived
pathways, but the lower orbital contributions from the oxo and

T_he effective_ness Of_ th? Fe d-based MOs in mediat_ing the second iron indicate that their effectiveness is greatly reduced
antiferromagnetic coupling is governed by the extent of orbital (Figure 7, Table 7). Elimination of the hydrogen bond in

contributions from the bridging oxide and the second iron , _~ O.H"t increases the total oxe Fe charge donation at the
(Figure 7, Table 7). Thus, the dominant Fel-derived superex-‘,, .

change pathways in oxyHr involve the andyzbased spin-
up MOs that arer-antibonding to the bridging oxide (Figure

6B). Since these orbitals are unoccupied, their Fe2 character

relates to the extent of hole delocalization from Fel onto Fe2
and, therefore, to the extent of electron delocalization from Fe2
onto Fel. The total oxo and Fe2 orbital contributions to the
Fel d-based MOs in oxyHy-O,0,H™, andu-O,Mestacn are

(58) Root, D. E.; Mahroof-Tahir, M.; Karlin, K. D.; Solomon, E Ihorg.
Chem.1998 37, 4838.

(59) The coordinates of the Oa, QbQO, and H atoms were reoptimized
with the remainder of the model kept frozen.

(60) An experimental verification of the minor effect of the hydrogen
bond upon one Feoxo bonding interaction in oxyHr is provided by
Mossbauer data. From studies of hydroxo-bridged diiron(lll) models, the
guadrupole splitting of Fe centers possessing ligand environments similar
to that of Fel is smallAEq = 0.3—0.7 mm/s?* The quadrupole splitting
of one iron in oxyHr AEq ~ 2.0 mm/s)® however, is even among the
largest observed values for Fe(lll) in oxo-bridged din#rs.

expense of the hydroperoxide Fel charge donation because
the proton is no longer shared with the bridging oxide. The
increase in Fel orbital contributions to the Fe2 d-based MOs is
insignificant, however, corresponding to the small change in
Jeaic (Table 7). Alternatively, replacement of the hydroperoxide
ligand on Fe2 by Nk (a weaker donor) im-O,Mestacn results
in a significant increase in oxo and Fel orbital contributions to
the Fe2 d-based unoccupied MOs (Figure 7) and, consequently,
in a substantially largejd.ad value (Table 7). Thus, the weak
exchange coupling in oxyHr relative to-O,Mestacn appears
to be due primarily to the presence of two strong donors (i.e.,
the hydroperoxide and the bridging oxide) bound to Fe2 that
lower the effective nuclear charge on that iron and reduce Fel
— Fe2 electron delocalization.

Along the series of dimers in Figure 7, the total oxoFe
charge donation summed over both metal ions increases by 27%
from oxyHr to u-O,0,H™, but only 5% fromu-O,O,H™! to
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Table 7. Compositions (%) of the Fe d-Based Unoccupied MOs Obtained from BS Calculations on the Three Complexes in Figite 7 (top)
Spin-Up Orbitals Localized on Fel

OXyHr u-0,0,Hrt u-0O,Mestacn
level Fel (@) Fe2 Oa Ob level Fel (e} Fe2 Oa Ob level Fel O Fe2

2 71 9 0 0 0 2 68 11 0 0 0 2 67 11 0

Xy 79 0 0 0 0 Xy 79 0 0 0 0 Xy 72 0 0

XZ 52 19 12 6 1 XZ 52 24 10 2 0 XZ 53 22 14

yz 74 15 4 1 2 yz 75 20 1 0 0 yz 79 16 1

X2 —y? 91 0 1 0 0 X2 —y? 91 0 1 0 0 X2 —y? 90 0 0

>P 43 17 7 3 55 12 2 0 49

Spin-Down Orbitals Localized on Fe2
oxyHr u-O,0H™ u-O,Mestacn
level Fe2 Oa Ob (e} Fel level Fe2 Oa Ob (0] Fel level Fe2 (@] Fel

2 67 11 2 5 0 Z 65 9 1 8 0 Z 67 11 0

X2 —y? 74 0 0 4 0 xX—y 75 2 0 2 0 xy 72 0 0

yz 57 25 12 2 0 xz 67 20 6 2 0 «xz 53 22 14

XZ 79 1 1 9 3 xz 70 0 1 15 5 yz 79 16 1

Xy 78 4 2 10 2 xy 79 4 2 11 1 xX—y 90 0 0

b 41 17 30 5 35 10 38 6 49 15

v(Fe-0) 486 na 540
Jeard —214 —232 —342
Jexid -77 na -120

aFe d and O p orbital contributions. Oa (Ob) are the Fe2-bound (terminal) hydroperoxide oxygens, and O denotes the bridgirguaxide.
the orbital contributions from each ligand and the other Fe i&xperimental frequencies of the symmetric-f@—Fe stretching modé&>52in cm™?
(na: not available)? Calculated and experiment&? exchange coupling constants in tn

u-O,Mestacn because the weaker F&Q bonding interaction marized below, and their relation to reversible dioxygen binding
in u-0,0,H™" is largely compensated by the stronger F&l is discussed.

bond. From a NCA on the FeO—Fe unit, reducing one FeO Analysis of the magnetic susceptibility data of deoxyHr
force constant while increasing the other has little effect on (Figure 1) indicates that the two ferrous ions of the active site
v(Fe—0), suggesting that elimination of the hydrogen bond in are weakly antiferromagnetically coupleti= —14(2) cnt?,
oxyHr would raise the frequency of(Fe—0). This model is in good agreement with earlier restit& This value is consistent
supported by experimental data for hydroxy-metHr where a with the presence of a hydroxo bridge at the deoxyHr4ite
mixture of two distinct conformers exist$For the hydrogen- and implies that at 300 K the entire manifold of ground-state

bonded cis conformer(Fe—0) peaks at 492 cm, shifting to spin sublevels is thermally populated (i.e., the entire exchange
506 cn1? upon elimination of the hydrogen bond in the trans splitting is 280 cn?) and can thus participate in the reaction
conformer. with O,. The redox active orbital containing the extra electron

In summary, the BS calculations on the three models in Figure of the five-coordinate iron (Fe2) is properly oriented for a
7 suggest that the relatively weak exchange coupling in oxyHr s-bonding interaction with one of the half-occupigtiorbitals
is due primarily to the strong donor interaction of the hydro- of dioxygen approaching along the open coordination site
peroxide with Fe2 that localizes this center and reduces the Fel(Figure 3). The redox active orbital on the six-coordinate iron
— Fe2 electron delocalization. The fairly strong hydrogen bond (Fel) is oriented perpendicular to the Féiydroxide bond;
between the hydroperoxide and the bridging oxide appears tohowever, its separation from the lowest unoccupied orbital that
be of minor importance with respect to the reduced exchangeis -antibonding to the hydroxide is very small, and reorientation
coupling; however, it produces a substantial reduction in the of the redox active orbital on Fel for electron transfer to O
total oxo— Fe charge donation which is reflected in the small through superexchange with Fe2 is energetically accessible.

Fe—O force constant (Table 4). Theu-oxo diiron(lll) structural motif has been under intense
study because of its occurrence in several metalloprotein active
4. Discussion sites!® Several unique spectral features of oxyHr have been

poorly understood, however. Analysis of the resonance Raman
excitation profile for the symmetric FeO—Fe stretching mode
v(Fe—0) using the time-dependent Heller the®r$? leads to

the proposal that the peculiar behavior in the UV region to peak
with fairly minor absorption featuré$ (Figure 4) can be
attributed to interference effeétdbetween the oxo-to-Fe charge-
transfer (CT) excited states corresponding to bands A and B.

Over the past 40 years the two physiologically relevant forms
of hemerythrin (Hr), deoxyHr and oxyHr, have been spectro-
scopically and crystallographically well characteriZetiheir
interconversion, involving an electron transfer (ET) from each
Fe(ll) of deoxyHr to Q binding at a single metal center coupled
with a proton transfer (PT) to yield the oxo-bridged oxyHr site
with a terminal hydroperoxide (Chart 1), however, is rather
poorly understood. In an effort toward obtaining molecular level  (61) The substantial reduction in the total oxe Fe charge donation
insight into this fascinating reaction mechanism, we have be&augfhof thethygfogTen Sondt!n OXyHrt (Flguret 72hmlght bbe_ gmg%t_?d to
H . H R pertur € 0XO0-10-Fe apsorption spectrum, yet other oxo-bridge: Irerric
'r?veStlgated the electronic structures of the reduced and OXIdlzedsites exhibit fairly similar absorption spectra in that region. According to
sites of Hr. Advantage has been taken of the large body of the valence bond configuration interaction (VBCI) moéEthe low energy
spectroscopic data that exist for deoxyHr and oxyHr, which has of the oxo-to-Fe CT transitions in these dimers contributing to the absorption
permitted evaluation and calibration of density functional SPectrum below 40000 criarises from large antiferromagnetic coupling

. . o . in the corresponding excited states and involves oxo p orbitals that are
calculations on §|mp||f|ed models of these sites. The key features griented perpendicular to the hydrogen bond in oxyHr and thus should not
of the electronic structures of deoxyHr and oxyHr are sum- be strongly affected by this interaction.
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The low frequency of/(Fe—O) in oxyHr® (Table 3) reflects sr* orbitals that are antibonding with respect to the-O bond,
the fairly strong hydrogen bond between the hydroperoxide and this bond is stronger in oxyHr. Similar results were obtained
the bridging oxide (Figure S4) that produces a substantial by Root et aP® from an electronic structure study ofial,1
reduction in the total oxe>~ Fe charge donation (Figure )52 hydroperoxide Cu(ll) dimer and its deprotonated analogue,
The contribution from this hydrogen bond to the unusually small suggesting that a strong-@ bond and low peroxide donor
exchange coupling constaht= —77 cnt!in oxyHr'®20seems strength are general features of hydroperoxigetal com-
minor, however, contrasting previous proposals. Rather, the plexes.
weak exchange coupling appears to be due to the strong donor |n principle, protonation can activate the peroxide for further
interaction of the hydroperoxide with Fe2 that localizes this reduction?® However, the presence of@O diiron(lll) core at
center and reduces Fet Fe2 electron delocalization (Figure the oxyHr site stabilizes the diferric oxidation state, and the
7, bottom). Alternatively, electron delocalization from Fe2 onto associated large antiferromagnetic exchange coupling between
Fel through the mixedr/w pathway (Figure 6B, top) is  the Fe(lll) centers significantly lowers the energy of the singlet
substantial. Significantly, this superexchange pathway involves ground staté3 Two-electron reduction of the hydroperoxide in
an Fel-centered unoccupied orbital thatssrather than oxyHr would result in the formation of a-O diiron(1V) site.
o-antibonding to the bridging oxide and thus may serve as an In isoelectronicu-O dimanganese(lll) complexes, exchange
ET pathway between Fe2 andaw-lying orbital on Fel. coupling is very wea because the Me-based orbital pointing
The calculated electronic structure of Fel in oxyHr (Figures toward the bridging oxide is unoccupied (cf. the dominant
5 (right) and 6B) indicates that the ligand field (LF) felt by this  superexchange pathway in oxyHr, Figure 6B, top). Thus, two-
iron is dominated by the bridging oxide, which is typical for electron oxidation of the~-O diiron(lll) core to generate an
Fe(lll) in oxo-bridged dimer§? In contrast, the bonding  oxo-bridged diiron(IV) species would have to overcome a
interactions of Fe2 with two strong donor ligands (the hydro- significant energy barrier associated with the reduction in the
peroxide and the bridging oxide) give rise to net fairly singlet ground-state stabilization due to a large decrease in
symmetrical electronic surroundings for that iron (mingy t  antiferromagnetic exchange coupling.
orbital splitting, Figure 5 (left)). The large differences in
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