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Abstract: The geometric and electronic structure of the untethered heme—peroxo—copper model complex
[(FeTPP)Fe"'—(02%")—Cu''(TMPA)](CIO4) (1) has been investigated using Cu and Fe K-edge EXAFS
spectroscopy and density functional theory calculations in order to describe its geometric and electronic
structure. The Fe and Cu K-edge EXAFS data were fit with a Cu-+-Fe distance of ~3.72 A. Spin-unrestricted
DFT calculations for the St = 2 spin state were performed on [(P)Fe"'—(0,2")—Cu"(TMPA)]" as a model
of 1. The peroxo unit is bound end-on to the copper, and side-on to the high-spin iron, for an overall u-n*:
n?2 coordination mode. The calculated Cu---Fe distance is ~0.3 A longer than that observed experimentally.
Reoptimization of [(P)Fe'—(0,2")—Cu'(TMPA)]* with a 3.7 A Cu---Fe constrained distance results in a
similar energy and structure that retains the overall u-5*:%?-peroxo coordination mode. The primary bonding
interaction between the copper and the peroxide involves electron donation into the half-occupied Cu d2
orbital from the peroxide z*, orbital. In the case of the Fe''—peroxide 72 bond, the two major components
arise from the donor interactions of the peroxide z*, and z*, orbitals with the Fe d, and dy, orbitals, which
give rise to ¢ and 6 bonds, respectively. The z*, interaction with both the half-occupied d orbital on the
copper (') and the dy; orbital on the iron (5?), provides an effective superexchange pathway for strong
antiferromagnetic coupling between the metal centers.

1. Introduction phate (ATP) synthase to form ATP from adenosine diphosphate
(ADP) and complete the transduction of energy available from
the reduction of @to H,O. In light of its key biological role,
CcO has been the subject of numerous biophysical and
spectroscopic investigations.

In the functioning form of €O, cytochromec transfers its
reducing equivalent, sequentially, to a bis-cysteine-bridged,
completely delocalized mixed-valence binuclear copper electron-
transfer center (Gi). Electrons are thereafter transferred to a

0,+4e + 8H+(in) —2H,0+ 4H+(0ut) low-spin hemea and then to the binuclear herag-Cug center,
where dioxygen reduction takes place (Figure 1). Detailed
generated provides the driving force used by adenosine triphos-structural information derives from a number of X-ray diffrac-
tion studies on different derivativés!®> Hemeas is a high-

Cytochromec oxidase (€0O), a member of the heme&opper
oxidase superfamily2is a membrane-bound multimetal center
enzyme that catalyzes the four-electron, four-proton reduction
of dioxygen to wate?;* and couples this reaction to a trans-
membrane proton gradient involving movement of four ad-
ditional protons across the mitochondrial membrane pgr O
molecule reduce®:” The electrochemical potential gradient

T Department of Chemistry, Stanford University.

 Department of Chemistry, The Johns Hopkins University. (8) Tsukihara, T.; Aoyama, H.; Yamashita, E.; Tomizaki, T.; Yamaguchi, H.;
§ Stanford Synchrotron Radiation Laboratory. Shinzawaitoh, K.; Nakashima, R.; Yaono, R.; Yoshikawe&5&8encel 995
(1) Calhoun, M. W.; Thomas, J. W.; Gennis, R.Bends Biochem. Sc1994 269 1069-1074.
19, 325-331. (9) lwata, S.; Ostermeier, C.; Ludwig, B.; Michel, Nature1995 376, 660—
(2) Garcia-Horsman, J. A.; Barquera, B.; Rumbley, J.; Ma, J. X.; Gennis, R. .
B. J. Bacteriol.1994 176, 5587-5600. (10) Yoshikawa, S.; Shinzawa-Itoh, K.; Nakashima, R.; Yaono, R.; Yamashita,
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(6) Boulatov, R.; Collman, J. P.; Shiryaeva, I. M.; Sunderland, Q. Am. Than, M. E.EMBO J.200Q 19, 1766-1776.
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the F&/=0 speciesR), and Cu'", with either a tyrosinate or
a tyrosyl radical, formed after the @0 bond cleavage,
depending on the enzyme form used for ther€luction?%-21
Rapid O-O cleavage seems an attractive mechanistic feature
] as this bypasses the formation of potentially cytotoxic superoxide
His 290 k‘ T or peroxide species. However, the presence of (hydro)peroxide
—4 metal-bridged or associated 'fFe OO(H)-+-Cug transients is
. ' speculated on the basis of structural, spectroscopic and theoreti-
- : ;{‘ cal consideration¥?223Reduction leads to intermediafe and
the resting oxidized stat€] is formed after the fourth gH™
J His 376 transfer to generate wat&Proton pumping is coupled to the
\,..& - formation of these late intermediate%
/ The study of dioxygen binding and reactivity with heme
] i ) ) copper assemblies is of great importatit&since the reductive
e o L e i Mlenr she of bovne,  cleavage of Qleads to intermediates where the oxygen atoms

generated using the program Rasmol, from Protein Data Bank coordinatesd€rived from Q are ligated to both the heme and copper centers.
(PDB ID 10CR). The Collman group has carried out extensive electrocatalytic

studies of @ reduction with hemecopper assemblies and

Reduced .
ecuee AlOxy P shown that the four-electron, four-proton-@duction process
. P " pr
N W"\(/)N ""”\(\/N can be achieved byd® model compound® Also, significant
Cu,,NJ OH 10y Cu./N OH —» Cu..,NJ .0 advancements have been made in the generation ati@ucts
o oH of discrete hemeCu complexes: (i) Collman et &l.and more
\\? 2 recently Naruta etal.?® have generated binuclear heme
—Fel— Fe' —Fel— superoxide-copper moieties. The hemsuperoxide moiety is
- e.H stable even in the presence of the Cu(l) center, which mimics
& H* the intermediaté\ in the GO O, reduction cycle. (i) Naruta
2H0 W+ Oxidized . et al2® have determined the crystal structure of a binuclear
N o A heme-copper complex, demonstratingeay’:n? Fe' — (02 ")—
. N L W S N Cu' coordination mode. (jii) Karlin et &2 have characterized
¢ ‘oM, C““\OH a number of hemeO,—Cu complexes in solution, formed by
OH o the reaction of a hemeFe(ll) and a Cu(l) tridentate or
S SV tetradentate species with dioxygen. Resonance Raman studies
Figure 2. Scheme showing the consensus ®duction mechanism for (21) Fabian, M.; Wong, W. W.: Gennis, R. B.; Palmer, Boc. Natl. Acad.
cytochromec oxidase. See text for details. Sci. U.S.A1999 96, 13114-13117.

(22) Proshlyakov, D. A.; Pressler, M. A.; Babcock, G Proc. Natl. Acad. Sci.
. | . . o . U.S.A.1998 95, 8020-8025.
spin Fd' center, with a proximal histidine residue. ThegCu  (23) Blomberg, M. R. A.; Siegbahn, P. E. M.; WikinoM. Inorg. Chem2003

i i i 42, 52315243,
cgn_te_r |s_located on the ‘?"St‘?" site of he@;a It has threg (24) Verkhovsky, M. I.; Jasaitis, A.; Verkhovskaya, M. L.; Morgan, J. E.;
histidine ligands, one of which is covalently linked to a tyrosine, Wikstrom, M. Nature 1999 400, 480-483.

; ~ ; At (25) Papa, S.; Capitanio, N.; Capitanio, G.; Palese, LBiochim. Biophys.
likely a result of a post-translational modification. In the ActaBioenergetic2004 1658 95105,

binuclear heme—Cug center, the irorcopper separation is  (26) Collman, J. P.; Boulatov, R.; Sunderland, C. J.; FuChem. Re. 2004

; ; ; At 104, 561-588.
n th_e ra”ge O_f 445.3 A’ d_epe_ndlng on the protein derivative (27) Collman, J. P.; Sunderland, C. J.; Berg, K. E.; Vance, M. A.; Solomon, E.
and its oxidation state. This distance would seem to preclude a 1. J. Am. Chem. So@003 125 6648-6649.

strong antiferromagnetic interaction, which is consistent with (28 Lt J. G- Naruta, Y. Tani, Fangew. Chem., Int. EE00S 44, 1836~

)
experimental resultsJ] < 1 cn1);1® however, some structures ~ (29) Chishiro, T.; Shimazaki, Y.; Tani, F.; Tachi, Y.; Naruta, Y.; Karasawa, S.;
)

h f ide bridai I db h Hayami, S.; Maeda, YAngew. Chem., Int. E®003 42, 2788-2791.
suggest the presence of a peroxide bridging ligand between th€zo) Ghiladi, R. A.; Ju, T. D.; Lee, D. H.; Mame-Loccoz, P.; Kaderli, S.;

heme and Cu centé?,and strong antiferromagnetic Coup"ng Neuhold, Y. M.; Zuberbhler, A. D.; Woods, A. S.; Cotter, R. J.; Karlin,
18 K. D. J. Am. Chem. S04.999 121, 9885-9886.
has also been reportéd: (31) Kopf, M. A.; Karlin, K. D. Inorg. Chem.1999 38, 4922-4923.
Based on extensive kinetic and spectroscopic investigations, (32) KXot “1”95\9';3%‘35382‘53{'()2"‘ Zuberbider, A. D.; Karlin, K. D. Inorg.
there is general agreement on some aspects, dir@ding and (33) Ghiladi, R. A.; Hatwell, K. R.; Karlin, K. D.; Huang, H. W.; Moee-
: _ : : : 9,20 Loccoz, P.; Krebs, C.; Huynh, B. H.; Marzilli, L. A.; Cotter, R. J.; Kaderli,
reduction at the hemes—Cus active site (Figure 2)22° An S.; Zuberbaler, A D.J. Am. Chem. So@001, 123 6183-6184.
initial Cug—O> species is formefiwhich then transfers £to (34) meE.; Hel}_on, M. EP.; \I/\/asser, l'cMB Ksﬂin, K.I(IJD.;ALE, ?_' Hua:(ng, ’\I;Ii
. . . ., Moénne-Loccoz, P.; Incarvito, C. D.; Rheingold, A. L.; Honecker, M.;
hemeag, formmg an observable Fue_SUperOXO intermediate Kaderli, S.; Zuberbhler, A. D. Proc. Natl. Acad. Sci. U.S.£2003 100,

(A). The next detectable intermediate in the reaction cycle is 3623-3628. .
(35) Kim, E.; Shearer, J.; Lu, S.; More-Loccoz, P.; Helton, M. E.; Kaderli,
S.; Zuberbuler, A. D.; Karlin, K. D.J. Am. Chem. So2004 126, 12716~

(15) Svensson-Ek, M.; Abramson, J.; Larsson, G.; Tornroth, S.; Brzezinski, P.; 12717.
lwata, S.J. Mol. Biol. 2002 321, 329-339. (36) Ghiladi, R. A.; Huang, H. W.; Ma®e-Loccoz, P.; Stasser, J.; Blackburn,
(16) Cheesman, M. R.; Oganesyan, V. S.; Watmough, N. J.; Butler, C. S.; N. J.; Woods, A. S.; Cotter, R. J.; Incarvito, C. D.; Rheingold, A. L.; Karlin,
Thomson, A. JJ. Am. Chem. So2004 126, 4157-4166. K. D. J. Biol. Inorg. Chem2005 10, 63—77.
(17) Hagen, W. RBiochim. Biophys. Actd982 708 82—98. (37) Kim, E.; Kamaraj, K.; Galliker, B.; Rubie, N. D.; Moee-Loccoz, P.;
(18) Day, E. D.; Peterson, J.; Sendova, M. S.; Schnoonover, J. R.; Palmer, G. Kaderli, S.; Zuberbuhler, A. D.; Karlin, K. Dnorg. Chem2005 44, 1238~
Biochemistry1993 32, 7855-7860. 1247.
(19) Kim, E.; Chufan, E. E.; Kamaraj, K.; Karlin, K. @Chem. Re. 2004 104, (38) Kamaraj, K.; Kim, E.; Galliker, B.; Zakharov, L. N.; Rheingold, A. L.;
1077-1133. Zuberbihler, A. D.; Karlin, K. D.J. Am. Chem. So003 125 6028~
(20) Babcock, G. TProc. Natl. Acad. Sci. U.S.A999 96, 12971+-12973. 6029.

11970 J. AM. CHEM. SOC. = VOL. 127, NO. 34, 2005



Electronic Structure of CcO Model Complex

ARTICLES

on these complexes reveal that th@®—0) can be changed
significantly by changing the copper ligand from tetradentate
to tridendate (a 4650 cnm! reduction iny(0O—0)).3* These

focusing mirror were used for beam line 9-3. The solid sample was
finely ground with BN into a homogeneous mixture and pressed into
a 1-mm aluminum spacer between X-ray-transparent Kapton tape at

peroxo complexes are characterized by strong antiferromagneticd?y ice temperature and under an inert &imosphere. The solution

coupling. (iv) Examples of imidazotephenol covalently linked
model complexes that mimic the histiding/rosine link of the
CcO active site have been synthesiZéé”3° Investigations on
these complexes reveal that a stable heperoxo-Cu species

samples £180uL) were transferred into 2-mm delrin XAS cells with
37-um Kapton tape windows at40 °C, immediately frozen thereafter,
and stored under liquid N During data collection, the samples were
maintained at a constant temperature of 10 K using an Oxford
Instruments CF 1208 liquid helium cryostat. Transmission mode was

is generated in the presence of the phenol which can act as ased to measure data ko= 14 A-* at the Cu K-edge and th= 17

possible electrorproton source. Interestingly, in the presence
of an axial ligand, an Fesuperoxide species is formé#.
Despite recent advances, only one of these hepeeoxo—

copper complexes has been characterized by X-ray crystal-

lography?® Furthermore, no description of the electronic
structure of these complexes, or the origin of the strong
antiferromagnetic coupling between the'Fand Cll centers,

has been published. In the present study we have used Cu an(i

Fe K-edge EXAFS (both in solid state and in solution) to probe
the structure of the untethered heaperoxo-copper complex
[(FeTPP)Fé —(0,27)—Cu'(TMPA)](CIO,) (1; FsTPP = tet-
rakis(2,6-difluorophenyl)porphyrinate; TMPA tris(2-pyridyl-
methyl)amine 340 Density functional theory calculations have
been employed on [(P)Pe-(0,2")—Cu'(TMPA)]* (P = por-
phyrinate) as a model fot, to describe its geometric and
electronic structure. The Cu-peroxo and Pé—peroxo bonds
have been compared with those obtained fortthasu-1,2-
[CU"(TMPA),(0,27)]2+ 41-43 and the side-on peroxo [(P)Fe-
(022)]~ complexes, respectively. The origin of the strong
antiferromagnetic couplingStor = 2, —J > 200 cnr?1)3344
between the high-spin Be(S= 5/,) and Cl (S= 1/,) has also
been defined for the FeO,—Cu center with au-7':5? peroxide
bridging mode.

71+

[(FsTPP)Fe!-(0,27)-Cu'(TMPA)]* (1)

I *
(FsTPP)Fe! + [(TMPA)CU'] v(0-0) = 808 cm™"

2. Experimental Methods

XAS Sample Preparation.Methods for the preparation of both solid
and solution samples df and L6 (solution only) are given in the
Supporting Information.

XAS Data Acquisition and Analysis. The X-ray absorption spectra
of [(FsTPP)Fé —O,—Cu'(TMPA)](CIO,4) in both solid and solution

forms were measured at the Stanford Synchrotron Radiation Laboratory

(SSRL) on the focused 16-pole 2.0-T wiggler beam line 9-3. A Si(220)
double-crystal monochromator was used for energy selection. A Rh-
coated harmonic rejection mirror and a cylindrical Rh-coated bent

(39) Liu, J. G.; Naruta, Y.; Tani, F.; Chishiro, T.; Tachi, €hem. Commun.
2004 120-121.

(40) Chufan, E. E.; Karlin, K. DJ. Am. Chem. So2003 125 16160-16161.

(41) Baldwin, M. J.; Ross, P. K.; Pate, J. E.; Tyek; Karlin, K. D.; Solomon,
E. I.J. Am. Chem. Sod.991 113 8671-8679.

(42) Tyekla, Z.; Jacobson, R. R.; Wei, N.; Murthy, N. N.; Zubieta, J.; Karlin,
K. D. J. Am. Chem. S0d.993 115 2677-2689.

(43) Chen, P.; Fujisawa, K.; Helton, M. E.; Karlin, K. D.; Solomon, EJ..
Am. Chem. So2003 125 6394-6408.

(44) Karlin, K. D., and co-workers, unpublished results.

A-1 at the Fe K-edge for the solid samples, and fluorescence mode
was used to collect data to= 13.4 A1 at the Cu K-edge and to=
16 A at the Fe K-edge by using a Canberra Ge 30-element array
detector. Internal energy calibration was accomplished by simultaneous
measurement of the absorption of the corresponding metal foil placed
between two ionization chambers situated after the sample. The first
inflection point of the foil spectrum was assigned to 8980.3 eV for Cu
nd 7111.2 eV for Fe. Data represented here are a 4-scan (Cu K-edge)
nd a 3-scan (Fe K-edge) average spectrum for the solid sample and
an 8-scan (Cu K-edge) and a 16-scan (Fe K-edge) average spectrum
for the solution sample. The data were processed by fitting a second-
order polynomial to the pre-edge region and subtracting this from the
entire spectrum as background. A three-region spline of orders 2, 3,
and 3 was used to model the smoothly decaying post-edge region. The
data were normalized by subtracting the cubic spline and by assigning
the edge jump to 1.0 at 9000 eV (Cu K-edge) and 7130 eV (Fe K-edge)
using the SPLINE program in the XFIT suite of prograth$heoretical
EXAFS signalsy(k) were calculated using FEFF (version 7%gyand
fit to the data using EXAFSPAKE The oxo complex [(ETPP)Fd' —
O—CU'(TMPA)]™ was chosen as the starting model to generate phase
and amplitude parameters. Several structures with the Fe atom 0.4
0.6 A above the plane were chosen to obtain theoretical parameters.
The fit was not particularly sensitive to different input parameters
generated from various structures with different—theme plane
distances, and the fit refined to the same parameter space in each case.
The structural parameters varied during the fitting process were the
bond distanceR and the bond variance?, which is related to the
Debye-Waller factor resulting from thermal motion and static disorder
of the absorbing and scattering atoms. The non-structural parameter
Eo, (the energy at whictk = 0) was also allowed to vary but was
restricted to a common value for every component in a given fit.
Coordination numbers were systematically varied in the course of the
fit but were fixed within a given fit.

Computational Details. Density functional theory (DFT) calcula-
tions of the model complex [(P)Pe-(02")—Cu'(TMPA)]*, as well
as transu-1,2-[CU'»(TMPA),(O27)]?" and the side-on [(P)He-
(0227)]~ peroxo complexes, were performed using the Gaussian98
03 package of prograntd.All calculations were spin-unrestricted,
allowing for an accurate description of the electronic structure of the
antiferromagnetically coupled system. Preliminary optimizations of the
model complex were performed using the 6-311G basis set for Fe, Cu,
and O atoms, 6-31G* for N, and STO-3G for C and H, and different
functionals: BP86%51B3LYP %2~ PW91PW9P5>56BLYP,505258%and
B3PW91%4-56 B3LYP predicts an intermediate spin for'Feincon-

(45) Ellis, P. J.; Freeman, H. Q. Synchrotron. Radiatl995 2, 190-195.

(46) Mustre de Leon, J.; Rehr, J. J.; Zabinsky, S. I.; Albers, RPIgs. Re. B.
1991 44, 4146-4156.

(47) Rehr, J. J.; Mustre de Leon, J.; Zabinsky, S. I.; Albers, R.. @m. Chem.

Soc.1991, 113 5135-5140.

(48) George, G. NEXAFSPAK Stanford Synchrotron Radiation Laboratory,
Stanford Linear Accelerator Center, Stanford University: Stanford, CA,
2000.

(49) Frisch, M. J.; et alGaussian 03revision C.02; Gaussian Inc.: Wallingford,
CT, 2004.

(50) Becke, A. D.Phys. Re. A 1988 38, 3098-3100.

(51) Perdew, J. PPhys. Re. B 1986 33, 8822-8824.

(52) Lee, C. T.; Yang, W. T.; Parr, R. ®hys. Re. B 1988 37, 785-789.

(53) Miehlich, B.; Savin, A.; Stoll, H.; Preuss, i&hem. Phys. Letl989 157,
200-206.

(54) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.
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Figure 3. Cu K-edge EXAFS data and non-phase-shift-corrected Fourier

transform (inset) ofL in the solid phase. Phase shift in the first shell is
~0.4 A. Data (black line); fit (red line).

sistent with experiment, while all other functionals reproduce the
antiferromagnetic coupling between high-spiti' ead CU, as observed
experimentally. On the basis of this and our previous experience, the
BP86 functional was chosen for this study. The structure of the model
complex [(P)F& —(0O2")—Cu'(TMPA)]* was then fully optimized
using the 6-311G* basis set for Fe, Cu, and O atoms, 6-31G* for N,

measured the XAS spectra dfin solution to account for any
structural change which could accompany precipitation or
crystallization. Figure S1 shows the EXAFS and FT (and the
corresponding fits) ofl in solution collected in fluorescence
mode. The data for the solution look very similar to those of
the solid (Figure S2, Supporting Information), indicating that
there is no significant change in the-F@,—Cu binding mode.
The best fit parameters are given in Table S1 (Supporting
Information). The solution spectrum, as expected, is noisier than
that of the solid. There is a larger disorder in the bond distances
in the solution form, resulting in the observed increase in the
02 value of individual paths in the fit. This can be observed
when the solution data are fit with the same number of SS and
MS components as solid data. The best fit parameters given in
table S1 correspond to the best fit situation, as estimated by
visual inspection of the fit and the fit index. The Cdre SS
contribution is linked to the corresponding MS path and is fit
at 3.72 A (compared to 3.71 A for the EXAFS spectrum of the
solid, obtained when the SS and MS contributions are linked);
since the error in Cu-Fe bond distance determinationi€).05

A, the fits to the solution and solid data give equivalent resglts.

and 6-31G for C and H. This structure was characterized as an energy 3.2. Fe EXAFS.The k3-weighted Fe K-edge EXAFS data

minimum (NImag= 0) by diagonalization of the analytically computed
Hessian. Figures and orbitals were drawn using Molekélhe
molecular orbital analysis was done using AOMX?

3. Results and Analysis

3.1. Cu EXAFS. The k3-weighted Cu K-edge EXAFS data
and their Fourier transforms (FT) are presented in Figures 3
and S1 (Supporting Information). Figure 3 shows the Cu EXAFS
and FT ofl in the solid form measured in transmission mode.
The EXAFS fit parameters are given in Table 1. The Cu K-edge
first-shell EXAFS was fit with one C4O/N contribution at
1.87 A and four Cu-N/O at 2.04 A0 The FT shows intense
peaks in thek = 2—3 A range, indicating a strong contribution
from the tris(2-pyridylmethyl)amine (TMPA) ligand. This
second-shell contributionR(= 2—3 A) was fit using single
scattering (SS) and multiple scattering (MS) contributions from
the TMPA ligand pyridine rings (Table 1). The intense peak at
R = 3—4 A was fit with a Cu:-Fe SS contribution at 3.68 A
and its corresponding MS pathway at 3.83 A when both
distances and the? value were allowed to float independently
for these paths; however, linking thé value for these paths
resulted in a fit with a Cu-Fe distance of 3.71 A. The intensity
betweenR = 4 A andR = 5 A was fit using SS and MS
contributions from the pyridine carbon atoms (C3, C4, and C5).

Since the U\~ visible, resonance Raman, NMR, and $8e
bauer spectroscopi®swere performed in solution, we also

(55) Perdew, J. P.; Burke, K.; Wang, FPhys. Re. B (Condensed Mattef)996
54, 16533-16539.

(56) Burke, K.; Perdew, J. P.; Wang, H. Xlectronic Density Functional
Theory: Recent Progress and New DirectipREenum: New York, 1998.

(57) Portmann, S.; Luthi, H. RChimia 200Q 54, 766—770.

(58) Gorelsky, S. I.LAOMix program Revision 6.05; Stanford University:
Stanford, CA, 2004 (http://www.sg-chem.net/).

(59) Gorelsky, S. I.; Lever, A. B. Pl. Organomet. Chen2001, 635 187—
196

(60) The phase and amplitude envelope of an EXAFS single scattering (SS)
contribution is nearly identical and indistinguishable by the fitting routines
for scatterers with atomic numbgrandZ + 1 located at the same distance
from the absorber. FeO/N refers to a SS contribution from either O or

N; however, the theoretical phase and amplitude parameters were calculated

for an Fe-O path.

(61) Penner-Hahn, J. Eoord. Chem. Re 1999 192 1101-1123.

(62) Teo, B. K.EXAFS: Basic Principles and Data Analys8pringer-Verlag:
Berlin, 1986.
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and their Fourier transforms (FT) are presented in Figures 4
and S3 (Supporting Information). Figure 4 shows the Fe EXAFS
and FT ofl in the solid form measured in transmission mode.
The EXAFS betweek = 2 and~10 A~ is strongly dominated

by single and multiple scattering contributions from the sym-
metrical heme moiety around the Fe(lll) center interfering with
signal deriving from the Fe-Cu interaction. However, the
EXAFS data fromk = ~10 to~17 A~ are dominated by the
Fe--Cu SS and MS contributions, since a metaletal EXAFS
amplitude envelope peaks at high Thus, it is important to
obtain data to high to confidently determine the metametal
vector in systems which also contain heme backscattering
ligands® The rich intensity pattern in the EXAFS data is
reflected in the FT, which consists of high-intensity peakRto

= ~4 A. The first backscattering shell was fit using one-Fe
OIN contribution at 1.94 A and four FeN/O contributions at

2.1 A5 Note that while a sixth FeO contribution might be
expected from the second oxygen in tine?-(0,2") bond to

Fe'" (vide infra), its inclusion resulted in a worse fit. The second
shell was fit using the porphyrin pyrroje carbon SS and MS
contributions, and the SS contribution from the meso carbons.
To test the reliability in the Fe-Cu distance determination,
theoretical phase and amplitude parameters were calculated for
seven structural models, varying the-#€u interaction from
3.41t0 4.0 A (in 0.1 A increments). The best fit to the data was
consistently obtained with an FeCu distance of 3.72 A for

all initial paths between 3.5 and 3.9 A, whereas models based
on 3.4 and 4.0 A distances did not fit the data. The MS-Fe
O—Cu path refined to 3.88 A. The intensity in tRe= 4—5 A

(63) The Cu--Fe SS and MS paths are strongly correlated. The disorder in the
MS path in solution is larger than that in the solid. This, in addition to the
higher noise level in the solution data, increases the error bar on the-metal
metal distance determination.

(64) Zhang, H. H.; Filipponi, A.; Di Cicco, A.; Lee, S. C.; Scott, M. J.; Holm,
R. H.; Hedman, B.; Hodgson, K. @norg. Chem.1996 35, 4819-4828.

(65) For speed of convergence, the structure of the model complex [(P)Fe
O,—CUu'(TMPA)]* with the Fe--Cu constrained at different values between
3.6 and 4.15 A'was calculated using the Jaguar program at the BP86 level
of theory, resulting in an energy difference between the fully optimized
structure and that with an FeCu distance constrained at 3.7 A of 7.1
kcal/mol. Details of these calculations are given in Supporting Information.
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Table 1. EXAFS Least-Squares Fitting Results for [(FsTPP)Fe!'—(0227)—Cu'(TMPA)](CIO,) in Solid Form61.62

Fe Cu
coord./path R(A) o? (Ryp AE, (V) Fe coord./path R(A) o? (Ryp AE, (V) Fe

1 Fe-OIN 1.94 249 1 CuOIN 1.87 270

4 Fe-N/O 2.10 278 4 CaN/O 2.04 497

8Fe-C 3.11 499 8 CuC 2.89 1037

4 Fe-C 341 253 16 CtC—N 3.18 1173 —8.78 0.06
1Fe-Cu 3.72 318 206 0.17 1Cu-Fe 3.68 258

2 Fe-O—Cu 3.82 727 : : 2 CaO—Fe 3.83 957

8Fe-C 3.93 259 4 CutC—N 4.80 230

16 Fe-C—N 4.17 687

4 Fe-C 4.85 690

8 Fe-C—Cd 4.94 690

aThe estimated standard deviations for the distances are in the orgt€r@? A (for the first shell)? The 02 values are multiplied by £0¢ Error is given
by 3 [(xobsd— ¥calcd k)3 [(x0bs9?kE]. @ The o? factor of the multiple scattering path is linked to that of the corresponding single scattering path. The estimated
errors in theAE, values aret0.29 eV for Fe and:0.19 eV for Cu (as estimated by EXAFSPAK). The estimated errors in the Dabadler factors are
between 5 and 12%.

i 4

o7 | b
2T <0
E 5
£ 05 | P
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E 0.3
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Figure 4. Fe K-edge EXAFS data and non-phase-shift-corrected Fourier
transform (inset) ofL in the solid phase. Phase shift in the first shell is

~0.4 A. Data (black line); fit (red line). o AR e RS
Fe-03-02-Cu = 163.8
range was fit with SS and MS components from the porphyrin Figure 5. Front and side views of the fully optimized (A) and-F€u =

pyrrole o andy carbon atoms. 3.7 A constrained (B) structures of the model complex [(P)YFE0,2)—
Figure S3 shows the Fe EXAFS and FT (and the correspond- ¥ (TMPA)™-

ing fits) of 1 in solution measured as fluorescence data. The Taple 2. Selected Bond Distances (&) and Angles (°) of the Fully

solution EXAFS spectrum is noisier at higtcompared to the ~ Optimized and the Constrained Structures (Fe---Cu = 3.7 A) of

spectrum of the solid (Figure S4, Supporting Information), and e Model Complex [(P)Fel~(0,*)~Cu'(TMPA)I"

there are small differences in the EXAFS peak intensities for DFTfuly  DFT structure EXAFS crystal
the data of the two forms which could not be subtracted through opimued i eonsnened - @ d(gF:) e
alternative splining approaches. Overall, the two data sets '
overlap reasonably well (Figure S4), indicating that there is no gg:%‘é ‘1‘:222 31-;3% 3.68 (3.71) 1?‘.1%10(?6)
major change in the FeO,—Cu core or in the molecule. The Cu—02 1.959 1.854 1.87 1.915(5)
first shell of the FT was fit using one F®/N contribution at Fe—02 2.072 1.900 2.031(4)
1.93 A and five Fe-N/O contributions at 2.09 A. The fit to the Fe-03 1.880 1891 (1.94)  1.890(6)
. ) . Fe-D1 1.846 1.752
solution spectrum can accommodate a fifth-&¥N ligand. The Fe-D2 0.534 0.585 0.534
Cu-++Fe contribution is fit at 3.75 A (compared to 3.72 A for Cu—O—Fe 170.1 160.6 149  166.3(3)
the solid EXAFS spectrum). Thus, both Fe and Cu EXAFS data  Cu-02-03 109.0 101.0 103.0(4)
indicate a Cu-Fe bond distance of 3.72 0.05 A. Fe-03-02-Cu ~1759 ~ —1638 178.0
3.3. DFT Calculations. 3.3.1. Geometric StructureSpin- aStructural data from Cu and Fe K-edge EXAFSIodnd from X-ray

unrestricted DFT calculations were performed on the complex structure of compleg are included for comparisofiFrozen.¢ Calculated
[(P)Fe! —(0,2")—CU'(TMPA)]*, as a model for, using the using MS 2(Cut02—Fel)= 3.83 (3.82) .

BP86 functional. Figure 5A shows two orientations of the final phenyl)porphyrinate]pheriyhicotinamide) of Naruta et 8. The
optimized structure. Selected bond distances and angles argperoxo unit is bound end-on to the Ceenter (Cu-O2 = 1.959
compared to experimental data in Table 2. The most relevantA), while the high-spin F& center, situated 0.534 A above the
feature of the optimized structure is the overalj?-n* peroxo plane formed by the nitrogen atoms of the porphyrin ring, has
coordination, which is very similar to that in the crystallo- the peroxide bound in a side-om? structure, with Fe O

graphically characterized tethered complex [(TMP)F¢02")— distances of 1.880 (03) and 2.072 A (02). The @ distance
Cu'(5MeTPA)I" (2) (TMP-5MeTMPA = 6-{[bis-(5-methyl- is 1.423 A, and the distance from the center of the@bond
pyridin-2-ylmethyl)amino]methyl-N-{ 2-[tris(2,4,6-trimethyl- to the Fe is 1.846 A. In general, these values are in good
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ARTICLES del Rio et al.

agreement with the structural parameters obtained. flsom
both Cu and Fe K-edge EXAFS (vide infra) and those obtained
by X-ray diffraction on2. However, while the calculated Fe
-Cu distance (4.006 A) is in good agreement with that observed
in the tethered compleg (i.e., with a chemically linked Cu
ligand moiety)?° it is ~0.3 A longer than that observed far
(3.7 A in both the solid state and acetonitrile solution).

To obtain further insight into this difference, a geometry
optimization of [(P)F& —(0O,?")—Cu'(TMPA)]™ was performed
with the Fe--Cu constrained at 3.7 & Selected bond distances
and angles for the fully optimized and the constrained partially
optimized structure are presented in Table 2. Figure 5B shows
two different views of the optimized structure with the 3.7 A
Fe--Cu constraint. The constrained optimized structure retains
the overall u:p?n* peroxo coordination to the Fe and Cu,
respectively. However, due to the shortening of the--fau
bond, the Cu-O and Fe-O distances become shorter (Table
2). Although the Fe-O3 distance increases slightly from 1.880
to 1.891 A, the Fe 02 distance decreases from 2.072 to 1.900
A, resulting in an overall decrease in the distance between the
Fe and the center of the-€@D bond (Fe-D1 = 1.846 A, Table
2). Additionally, the G-O bond becomes slightly longer and
the Fe is pulled out of the porphyrin plane to 0.585 A, from Figure 6. Molecular orbital contour plots for the fully optimized antifer-
0.534 A in the fully optimized structure. The major structural romagnetically coupledSr = 2 model complex [(P)PE—(0x2")—
change is the bending of the F&2—Cu and the FeO3— Cu"(TMPA)]*. The unoccupi_ed MO with predominant Cu character, and
02—Cu angles, from 170°lto 160.6 and from 175.9 to the five unoccupie@ MOs with predominant Fe 3d character, are shown.
163.8, respectively, resulting in the bent butterfly constrained
structure shown in Figure 5B. Also note that the constrained
3.7 AFe--Cu [(P)F¢'—(02")—CU'(TMPA)]* structure has a 4 -
more symmetrizy>-O,2~ coordination to the iron (FeO2 =
1.900 A and Fe03=1.890 A vs Fe-02=2.072 A and Fe
03=1.880 A for the fully optimized structure). However, the
energy difference between the two structures is very small (3.5 -5
kcal/mol). The limited difference between the EXAFS experi-
mental results and the computed complete geometry optimiza-
tion can be associated with some structural differences between
1 and the calculated model complex. In particular, the effects 6 1

of the fluorinated phenyl substituents on the porphyrin and the <
counterion are not included in these calculations. 9
3.3.2. Electronic Structure.In this St = 2 spin-unrestricted >
ipti 2y _ o)) + O .7 4
description of the [(P)Rt—(0,2")—Cu'(TMPA)]™ model com- o
plex, the high-spin P& and the Cti centers are antiferromag- Ifl

netically coupled. One unoccupiedspin is localized on the

Cu center, while five unoccupie@spins are localized on the

iron. The calculated antiferromagnetic exchange splitting be-

tween theS; = 2 andS; = 3 states®», J = —4950 cntl, is in

general agreement with experiment (vide supfafelected

molecular orbital (MO) contour plots and an energy level 9 -

diagram for the fully optimized structure are given in Figures

6 and 7, while those corresponding to the optimized structure

with a 3.7 A constrained FeCu distance are given as

Supporting Information. Table 3 shows the composition and Figure 7. Energy level diagram, and selected MO contour plots, for the

assignment of orbitals of particular interest. fully_optimized antiferromagnetically couple8r = 2 model complex
3.3.2-A. Nature of the Cu-Peroxide Bond. A general [F(Z)I,F%J,(gﬁd)&zquag“g':eéﬂnie“g?ﬁ r\ggh significant contribution from

bonding description of the end-on bonding of peroxide to the

Cu' center has been obtained using unrestricted DFT calcula-

tions. The antibonding molecular orbital corresponding to the the spin-up LUMOa-195 (Figure 6), is composed primarily of

Cu'—peroxide interaction on [(P)le-(0,2")—Cu!(TMPA)]*, the Cu ¢ (36.1%) and the in-plane peroxide*, (33.3%)

orbitals®” This orbital also contains some contribution from the

(66) Coupling constants calculated with pure DFT methods are normalBy 2 axial nitrogen of the TMPA Iigand and from the Fg @_1 2%)
times larger than the experimental values. ’ !
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Table 3. MO Composition, Energies, and Assignment for Selected Orbitals of the Fully Optimized and Constrained

[(P)Fe!'—(0,27)—Cu'(TMPA)]* Model Complex@

[(P)Fe"—0,~Cu"(TMPA)]* [(P)Fe"—(0,%7)~Cu'(TMPA)]* [(P)Fe"(O2)]~
fully optimized structure constrained structure (Fe++-Cu = 3.7 A) fully optimized structure
a 195 B 191 199 o195 191 o199 £ 102 B 107
energy (eV) —5.77 —5.81 —4.44 —5.75 —5.84 —4.40 0.53 2.04

Fe d. 11.2 0.0 47.9 8.2 0.0 48.2 0.0 59.6
Fe dy 0.0 69.6 0.0 0.0 63.9 0.0 50.1 0.0
total Cu 36.7 0.9 2.5 36.8 1.9 1.37 --- ---
o2p 0.0 8.5 0.0 0.4 8.6 0.0 24.0 0.0
o2 p, 17.8 0.0 4.0 15.7 0.0 5.6 0.0 16.3
O3 p 0.0 6.1 0.0 0.1 9.1 0.0 24.0 0.0
O3 p 14.6 0.0 11.8 12.2 0.0 12.2 0.0 16.3
Oy + 7*y Ay, + 7%, Oy + 7%y dy, + 7%, Oxy + 7*y Ay, + 7,

o bond o bond o bond o bond o bond o bond

aMO composition and assignment of selected orbitals of the [(P)Bg )]~ complex are included for comparison. A more complete version of this

table can be found in Supporting Information.

making it responsible for the observed strong antiferromagnetic
interaction (see belovff The CU —peroxide bonding in [(P)-
Fel'—(0,2")—CUu'(TMPA)] " is very similar to that described
in detail for the [CUx(TMPA),(0,27)]2" complex, in which the
Cu' centers are in an idealized trigonal bypyramidal environ-
ment bridged by a peroxide inteansu-1,2 geometry =43 In

this complex the primary bonding interaction involves electron
donation into the half-occupied Cuzdorbital from thes*
orbital of the peroxide. For [Cu(TMPA)(0,27)]2" the amounts

of Cu(1) dz (37.7%) and peroxider*, (36.6%) of the unoc-
cupied spin-up MO are slightly higher than those for [(F)Fe
(0227)—Cu(TMPA)] ".8970Also, the contribution of the Fecgd
orbital in the spin-up LUMO in [(P)Pt—(Ox2")—Cu'(TMPA)]

is somewhat larger (11.2%) than that of the Cu(2)dbital in
[CU'(TMPA)(0227)]2" (9.5%). This results in a stronger Eu
peroxo bond in the binuclear [ETMPA),(0,27)]?* than in
the heteronuclear [(P)Fe-(0,2")—Cu'(TMPA)]* complex, as
reflected in their calculated GtO distances, 1.92 and 1.96 A,
respectively.

3.3.2-B. Nature of thep?-Peroxide—Fée" Bond. (i) [(P)-
Fe'' —(0,27)]~. To better understand the nature of the
Fé''—peroxo bond in the model complex [(PJFe(0»2")—Cu'-
(TMPA)]*, geometry optimization was also performed on a
monomeric  side-on peroxo Méporphyrin) complex,
[(P)FE"—(0Ox27)], to generate a comparable bonding descrip-
tion. Anionic heme-Fé'' —peroxo complexes can be formed by
the reaction of Pewith superoxidé-72or chemical oxidatior®
DFT calculations were performed on the model complex [(P)-
Fe!'—(0227)]~ under Cy, symmetry using the same level of

(67) The highest occupied orbitals of the peroxide are the two degenerate
orbitals, which split in energy upon the interaction with the metal centers.
The peroxider*, is in the Fe-O,—Cu plane, while ther*, is perpendicular
to the Fe-O,—Cu plane.

(68) For this bonding description, the porphyrin is defined asyh@ane, with
thezaxis perpendicular to this plane and thaxis along the GO vector.

(69) The [CW(TMPA)2(O,)]?* complex has already been descrid&d? In this
study, geometry optimization of [GITMPA),(O,)]?* was performed at
the same level of theory as [(P)Fe O,—Cu'(TMPA)] " to provide a better
basis for comparison. Details are given in Supporting Information.

(70) In the broken symmetry descriptios & 0), each spin-up orbital is
energetically degenerate with a spin-down electron on the opposite site of
the molecule. Such spin-up and spin-down electrons are images of one
another under inversion.

(71) Burstyn, J. N.; Roe, J. A.; Miksztal, A. R.; Shaevitz, B. A.; Lang, G.;
Valentine, J. SJ. Am. Chem. S0d.988 110, 1382-1388.

(72) Selke, M.; Sisemore, M. F.; Valentine, J.JSAm. Chem. S04.996 118
2008-2012.

p-107 x*,—d,, o orbital

p-102 =*,—d,, 3 orbital

Figure 8. Selected spin-down unoccupied MO contour plots for the model
complex [(P)F& —(0227)]~, showing they andd components of the e
peroxide bond.

theory employed above for [(P)ite-(0,2")—Cu'(TMPA)] .73

A figure of the fully optimized structure, a table with selected
bond distances and angles, and a complete MO diagram are
given in Supporting Information. Mixing coefficients for selected
MOs are given in Table 3 for comparison to the [(P)Fe
(027)—CU"(TMPA)]* complex.

For this bonding description, the porphyrin is again defined
as thexy plane, with thex axis along the ©O vector. The two
major components of the He-peroxide bond arise from the
mixing of thes* , andzr*, orbitals of the peroxide with the Fe
dx; and dy orbitals which give rise tar and ¢ interactions,
respectively’*7>Figure 8 shows the corresponding unoccupied
spin-down MOs,$-102 andf-107. The$-102 MO (© bond)
consists of 50% Fe,d character and 48% of*,, while the
B-107 MO (g bond) consists of 60% Fegtharacter and 33%
of 7* ;. A small amount of mixing also occurs between the d
(81%) andm, (<5%) (5-103, 7 bond) and g (81%) ands,
(6%) (8-104, 0 bond)’6 Despite the higher mixing coefficient
of 5-102, theo bond in3-107 is stronger than thé bond, as
reflected by the larger splitting of its corresponding bonding

(73) The [(P)F¥ —0O,]~ model complex was also optimized using a larger basis
set containing diffuse functions. In particular, the basis set 6+&*was
used for Fe and O, and the basis set 6-G was used for N, C, and H.
The results are very similar to those presented here.

(74) Vanatta, R. B.; Strouse, C. E.; Hanson, L. K.; Valentine, J. 8m. Chem.
So0c.1987, 109, 1425-1434.

(75) Cramer, C. J.; Tolman, W. B.; Theopold, K. H.; Rheingold, APtoc.
Natl. Acad. Sci. U.S.A2003 100, 3635-3640.

(76) Neese, F.; Solomon, E.J. Am. Chem. S0d.998 120, 12829-12848.
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Figure 9. Schematic representation and selected distances and orbitals of

[(P)FE"—(0227)]~ (A), 3.7 A Fe:-Cu constrained [(P)Fe—(0,2")—Cul'-
(TMPA)]* (B), and fully optimized [(P)F—(0,2")—Cu'(TMPA)]* (C).

and antibonding orbitals (4.2 eV) compared with the 1.2 eV
splitting between the bonding and antibonding orbitals oféthe
interaction.

Note that the d orbitals of the [(P)e-(O?7)]~ complex
display an unusual energy level orderingy & dy, < d2 <
de-y? < dy, where the highest energy d orbital is not the @
but the d,—x*, hybrid. This is a consequence of two factors:
(i) the large out-of-plane displacement of the'Fatom (0.624
A) from the porphyrin, which lowers the energy of the g
orbital, and (ii) the strong Fexg-n*, interaction, which raises
the energy of the corresponding antibonding molecular orbital.

This geometric and electronic structure description accounts for

the high degree of rhombicity observed experimentally by EPR
for [(OEP)Fd' —(0,27)]~ (OEP= octaethylporphyrinate’f This
was also observed for the related [(PYMnr(O»27)]~ complex’

(i) [(P)Fe" —(0,2)—Cu"(TMPA)] ™. The Fd'—peroxide
bond for [(P)F&' —(O2")—CU'(TMPA)] " is very similar to that
presented above for the [(P)Fe O;]~ complex. A comparison
of the constrained [(P)le-(0,2")—Cu'(TMPA)]" structure
(3.7 A Fe:-Cu) and [(P)F¥ —O,]~ is considered first because
of the similarity in the Fe-O distances (compared to the fully
optimized structure) leading to a more symmetrit! Fey?-O,2~
structure (see Figure 9).

As in the case of the [(P)le-(0,27)]~ complex, the two
main bonding interactions between thé'Rend peroxide in the
constrained [(P)Fe—(0,2")—CU!(TMPA)]* (Fe:-Cu 3.7 A)
structure arise from the mixing of the Fg dvith the peroxide
7*, and Fe ¢, with the peroxider*,, which lead tooc ando
bonds, respectively. The unoccupied M€191, associated with
thed bond (see Figure S8, Supporting Information, for this and
other selected orbitals of the constrained [(P)F€0.27)—
CU'(TMPA)]* (Fe--+Cu 3.7 A) complex), has a total 75.2% Fe
d character (mainly,g) and 17.7%r*, (see Table 3 for details).
The o bond (3-199) has a total 59.7% Fe d character (mainly
dy,) and 21.2%n*,. However, due to the presence of the Cu

11976 J. AM. CHEM. SOC. = VOL. 127, NO. 34, 2005

center interacting with one of the oxygen atoms, the orbitals of
the peroxide moiety become somewhat polarized, with different
mixing coefficients of the two oxygen atoms. For tlie
interaction the coefficients are still quite similar, 8.6% (02) and
9.1% (03). However, in the case of thdond, the coefficients

on the O2 and O3 atoms are 9.0% and 12.1%, respectively.
Some of theo interaction with the O2 atom (3.5%) is also
localized in thg3-193 orbital (mainly Fe g, 58.9%, but with a
significant (14%) contribution from the Fedrbital; Table S4
and Figure S8).

The description of the He—peroxide bond for the fully
optimized [(P)F& —(O2")—Cu'(TMPA)] " structure is similar
to the one presented for the 3.7 A-F€u constrained complex,
with differences arising from the larger polarization of the @
bond due to the difference between the-f2 and Fe-O3
distances along with the interaction of the Cu center with one
of the oxygen atoms (Figure 9C). The main interactions are
still a combination ofo and 6 bonds, but now a larger degree
of polarization distributes these interactions among several
orbitals. Theu interaction 3-199, shown in Figure 6) is mainly
localized on the O3 atom (11.8% O3 grbital vs 4.0% O2 p
orbital). As in the case of the 3.7 A FeCu constrained
complex, some of the interaction with the O2 atom (6.2%
02 p) is mixed into the3-193 orbital (mainly ¢, 62.5%, but
with a significant (9.0%) contribution from thegbrbital). The
d interaction is also distributed between two orbitals: )91
(see Figure 6), with a total 78% Fe d character (mairjyske
Table 3) and 14.6% peroxide*, (8.5% O2 porbital and 6.1%
03 p, orbital), and (ii)5-192 (Figure 6), with 70% Fe d character
(mainly d 64.1%, but with 5% g) and 10%u, character,
strongly localized (9.6% O3,pon the O3 atom. The latter can
be considered assainteraction between the Fe and Q2192
in Figure 6).

The unusual energy level ordering of the Fe d orbitals for
[(P)FE"—(O,27)]~ is no longer observed for [(P)He-(02)—
CU'(TMPA)]™. This is due to (i) the smaller displacement of
the Fé' center out of the porphyrin plane (0.534 A vs 0.624 A
for [(P)FE"-O,] "), which raises the energy of theed orbital,
and (ii) the more limited interaction of the peroxid&, orbital
with the Fe ¢, (17% vs 33%t*, character for [(P)P&—0,] ).
The smaller mixing coefficient of the peroxide in the spin-down
antibonding orbitals of the [(P)Fe-(0x2")—Cu'(TMPA)]"
complex, as compared with those of [(P)FeO,] -, indicates
a weaker Fe-peroxide bond in the former, due to the bridging
interaction with the [Cl(TMPA)]™ moiety, and is reflected in
a longer Fe-peroxide distance: 1.846 A for [(P)te-(O2)—
CU'(TMPA)]* vs 1.783 A for [(P)F¥ —(O,27)]~ (distance from
the Fe to the center of the-@D bond).

4. Discussion

The Fe--Cu distance, obtained from Cu and Fe K-edge
EXAFS spectroscopy in both solution and solid state, of the
untethered complex [(FPP)Fd' —(02)—Cu'(TMPA)] (1)
is 3.72 A. This distance is-0.2 A shorter than that observed
by X-ray crystallography in a tethered complex, [(TMPYFe
(02)—(5MeTPA)CU]™ (2).2° Recently, EXAFS data for a
similar tethered complex, ()Fe" —(0x2")—Cu'|[B(CsFs)4]
(L6),3036were reported with an FeCu distance of 3.4 A. Here,
Cu and Fe K-edge EXAFS data fo6 have been remeasured
and analyzed. The best fit to the data resulted in an-Ea
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Figure 10. Spin-up unoccupied M@-195 (LUMO) of the fully optimized model complex [(P)ie-(O,2")—Cu'(TMPA)] " and a schematic representation
of its major contributions, showing the strong antiferromagnetic interaction between 'tharféeCl centers.

distance of 3.97 A (Figures S5 and S6), comparable to the Fe Fe—O, (x2) plane) and the,dorbital on the iron, giving rise to

--Cu distance of and that obtained from DFT calculatiofrs.

a strongo interaction. In addition, and in contrast to thé

Although the ligand architectures of the three complexes are peroxide non-heme iron complex [FEDTA)—(0,27)]3-,76

very similar, with a tetradentate TMPA chelate on the copper,

a heme group with no axial ligand, and an overpaih':;?

there is also @ bonding interaction involving the peroxide
orbital, perpendicular to the F€, plane. The strength of the

peroxide coordination mode, there are some structural ando interaction, which raises the energy of the corresponding
electronic changes between these complexes that could explairantibonding Fe g—x* , molecular orbital, and the displacement

their limited structural differences.

The difference 0f~0.2 A in the Fe:-Cu distance ofl as
compared to2 could reflect a combination of steric and
electronic factors. Fa?, the steric interaction between the 5-Me-
substituted TMPA ligand and the methyl groups of the mesityl
substituents of the porphyrin is larger than the interaction

of the Fe atom out of the plane of the porphyrin, which lowers
the energy of the,d 2 orbital, are responsible for the unusual
energy level ordering for the Fe d orbitalsy & dy, < dz <
de-y < dy, calculated for this complex and its observed
rhombicity.

In the 3.7 A Fe--Cu constrained [(P)Fe—(0,2")—Cu'-

between the unsubstituted TMPA ligand and the fluorine atoms (TMPA)]* complex, where the two FeO distances are very

of the 2,6-difluorophenyl substituent of the porphyrirLirAlso,

the reduced donating ability of the 2,6-difluorophenyl! substit-
uents of the porphyrin i1, compared with that of the mesityl
substituents ir2, could decrease the electron density on the

similar, the two main bonding interactions again reflect the
mixing of the Fe ¢ and dy orbitals with thex*, andxz*, of

the peroxide, giving rise to and 0 bonds, respectively. The
interaction of the Cu center with one of the oxygen atoms

porphyrin ring and allow the Fe and Cu centers a closer induces some polarization of the-@ bond, resulting in

approach. The structural differences betweérand1 are much

smaller, as the substituents on the porphyrin ring are the same

somewhat different coefficients on the two oxygen atoms.
In the fully optimized structure, the perturbation introduced

and there is no substituent on the TMPA ligand. The single by the [CU/(TMPA)]* moiety is larger. In this case, the two
difference between the two structures is the presence of a tethere—Q distances are different (Figure 9) and the-©@ bond

that links the porphyrin and one of the pyridine rings of the
TMPA. The presence of the tether might contribute to-te2
A longer Fe--Cu distance found im.6.

These small structural differences are reflected in theQO
stretching frequencies of these complex2endL6 have an
O—O0 stretching frequency of 790 and 788 Threspectively,
while the stretching frequency dfis shifted up in energy by
~20 cnT!to 808 cntl. The shorter Fe-Cu distance ol results
in shorter Fe-O bond distances and stronger-feeroxide

becomes much more polarized. The two main bonding interac-
tions are stillo ando, arising from the mixing of the Fe,gdand

dxy orbitals with the peroxider*, and =*,, but due to the
polarization of the @O bond, they are distributed among
several different orbitals. From Figure 6, thénteraction with

O3 is localized mainly in thg-199 orbital, while the interaction
with O2 is distributed between th&199 andg-193 orbitals.
Thed interaction is also distributed between two levés 91
and$-192. The former is fairly delocalized between the two

bonds. As the bonding between the Fe and peroxide involvesoxygen atoms, but the latter is almost completely localized on

donation from thet*, andz*, peroxide orbitals on the metal,
it results in a stronger ©0 bond.

To obtain a better understanding of the''Feperoxide
bonding in [(P)F# —(02")—Cu'(TMPA)]*, we have also
studied the [(P)Fe(0227)]- complex. We then include the
effects of the [Ci(TMPA)]™ moiety in [(P)Fé! —(O,2)—Cu'-
(TMPA)]™ as a perturbation on the 'Fe-peroxide bond in [(P)-

the O3 atom and can be described aslzond between the Fe
and O3. From the composition of the MOs in Table 3, the
amounts ofo andd bonding between the Fe and each O atom
are very similar. However, the additional interaction is
localized on the O3 center and is responsible for the shorter
Fe—03 bond (1.880 A) as compared with F@2 (2.072 A).
The o bonding interaction between the Cyg drbital and the

Fe—(O2*")]". Figure 9 shows a schematic representation of the peroxo in-planer*, is the dominant contribution to the €u
different structures as well as the orbitals associated with the peroxide bond in [(P)Ré—(0,2-)—Cu'(TMPA)]*. The bonding
major interactions. The main bonding interaction between the s similar, although slightly weaker, to that described previously

side-on peroxide and the high-spin'Feenter in [(P)Fe
(O227)]~ involves therr* , molecular orbital of the &~ (in the

(77) The EXAFS data o6 are different from previously reported d&faThe
reported Fe-Cu of 3.4 A has been reevaluated in this study, and the
EXAFS data are fit with an FeCu and Cur+Fe component 0f3.97 A.

This difference is likely due to differences in sample preparation, as the
EXAFS data inL6 are clearly different from those reported herein.

for [Cu'';(TMPA),(0,27)]%" due to the stronger interaction of
the peroxide with P& as compared to that with ¢4?

The significant participation of the Febrbital (11.2%) in
the copper-based-LUMO (a-195 in Figure 10) is responsible
for the strong antiferromagnetic interaction between the high-
spin F&' (S = %,) and the Cli (S = ,) center observed
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experimentally?341 The bridgingu-n':? peroxide provides a  Fé''—0,2—Cu' center that can affect reactivity. The description
strongo superexchange pathway (th#, orbital) between the  of the nature of the P&—0,2~—Cu' bonds emphasizes the
Cu dz and the high-spin & d,, for the antiferromagetic  contribution of theu-n%:n? peroxide bridging mode to the
coupling. Figure 10 gives the contour diagram of the Q@95 electronic structure of these complexes and provides a reference
and a schematic representation of its major contributions. The for studying the effects of differences in structure and bonding
correspondingo superexchange pathway for the spin-down on the physical properties and reactivity of related systems.
electron is localized mainly o-199 (Figure 10Y8

The study of the oxygen reactivity of hemeopper as-
semblies is of importance in understandinge©tivation in €O.
Although the observed FeCu distance in the €O enzyme
(ranging between 4.4 and 5.3 A) seems too long for the
formation of a discreet Feperoxide-Cu species, and the
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(G2")—CU(TMPA)](CIOq) is a key starting point in under EXAFS data, and Fourier transforms bfand L6 in solution

Sta?d.'ng_l_t:: N e;ctlvta tloln daf?d cleavagetof thet(?bond dml thz th and the corresponding fit parameters; comparison of EXAFS
protein. The structural differences between this model and e y . 40 Fourier transforms bin solid and solution; structural

?:rcgelPhlncludg the pr%sence Ofl antlaxtl)al Ilgda?d on t.h;a.dheme n parameters, molecular orbital contour plots, and energy level
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ligand (which may donate Hn the catalytic cycle, see Figure of [(P)Fé!—(O2-)]~ obtained from DFT calculations; and
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