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Abstract: Spectroscopic and theoretical studies of a binucleap€is? peroxide-bridged Fe(lll) complex,
[Fex(O2)(OBz){ HB(pZ)3} 2], where HB(p2); represents hydrotris(3,5-diisopropyl-1-pyrazolyl)borate and OBz

is benzoate, are presented and discussed. It is shown that the hi@hs@etching frequency of 876 crh

does not reflect a strong-60 bond ko-o = 3.1 mdyn/A) but rather results from substantial mechanical
coupling between the FeO and O-O stretch motions. The coupling strengthrl,2 peroxide-bridged
complexes is mainly determined by the met@-—0O bond angle, and this angle is larger in the three structurally
characterized Feperoxide dimers than in related Cu and Co dimers due to a stramanding interaction in

the former. Using absorption, magnetic circular dichroism, and resonance Raman spectroscopies we can identify
four peroxide-to-Fe charge transfer (CT) transitions contributing to the optical absorption spectrum below
35 000 cntl. These transitions give rise to two similarly intense bands centered4600 and 26 200 cm

(e ~ 3800 M1 cmY) and to weaker features at 12 500 ©n{~400 M~ cm™1) and 24 650 cm! (~1600
M~1cm™1). A complete band assignment based on the experimental data and assisted by density functional
calculations is presented and provides significant insight intepéeoxide bonding. From a quantitative analysis

of the optical absorption and resonance Raman data within the framework of time-dependent theory of electronic
spectroscopy it follows that the contribution to the peroxide> Fe charge donation amounts to-586%.

The o contribution, however, is smaller than in the well-characterized trah® peroxide-bridged Cu(ll)

dimer, and the charge on peroxide is thus similar in the two complexes, suggesting that the bridging peroxide
in [Fex(O2)(OBz){HB(pZ)s} 2] has a rather basic/nucleophilic character. The mechanistic implications of these
results for the conversion of the putative gidl,2 peroxide-bridged diiron(lll) intermediat® Or Hperoxg Of
methane monooxygenase to a high-valent diironivjo species are discussed.

Introduction form a binuclear Fe(lll) complex with a terminal hydroperox-
Dioxygen binding and activation for further reactions are key 1de* The reduction of dioxygen to the peroxide level is
processes in biological systems carried out by a number of confirmed by.the appearance of a new intense absgrptlon band
metalloproteins. In addition to the well-studied hemoprotéins, &t ~500 nm in the optical spectrum of oxyHr, assigned to a
a class of proteins participating in these processes with car-hydroperoxide-to-Fe charge transfer (CT) transition on the basis
boxylate-bridged binuclear non-heme iron active sites has Of resonance Raman d&end polarized single-crystal absorption
received much interest in the past decadeThe diversity of ~ SPectré In contrast to Hr, reduced MMO reacts with @ an
dioxygen-dependent reactions carried out by this class of irreversible process formlngaper_omde |ntermed|at_e (designated
proteins parallels that known for hemoproteins. Reversible P°) that was trapped and studied spectroscopicéllyrhe
dioxygen binding to the diferrous active site of hemerythrin (Hr), MOssbauer data show that both ions are ferric and suggest that
a dioxygen carrier protein in invertebratesjay be contrasted ~ Peroxide binds in a symmetric end-grL,2 or side-onc-y%7?
with the dioxygen activation by the diferrous sites of methane mode. The optical absorption spectrum exhibits an intense band

monooxygenase (MM®ribonucleotide reductase (RRpnd centered at~625 nm ¢ = 1500 M* cm™), assigned to a
fatty acid desaturasés. peroxide-to-Fe CT transition by reference to a similar feature

Binding of O, to Hr is a reversible process in which two - - - - - - -
electrons from the diferrous active site are transferred;ttoO 15(3)()'5'fquv'3t’ Y. Huang, W.; Schneider, G.; ShankiinEMBO J.1996

T Stanford University. (7) Shiemke, A. K.; Loehr, T. M.; Sanders-LoehrJJAm. Chem. Soc.
* Tokyo Institute of Technology. 1986 108, 2437.
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Vollenbrock, E.Inorg. Chim. Actal996 243 345. (9) This species has also been terntedr Hperoxo in the literature®10
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Spectroscopic Study of [F€,)(OBz}{ HB(p2)s} 2]

in the spectra of Fe(ll)-peroxide model complexé8. There
are also preliminary Mgsbauer data suggesting that a peroxide
intermediate similar té& occurs by the reaction of the reduced
RR with O, supporting recent proposals of a common
mechanism for dioxygen activation by MMO and Rf&13
Studies of binuclear iron model complexes have contributed
much to the current understanding of the spectroscopic and
catalytic properties of the active sites in non-heme iron profeins.

X
Much effort has been undertaken to design synthetic non-heme

iron(ll) complexes that can bindAf&s peroxide and thus mimic
the reactions of MMO and RR with dioxygen. Many proposed
u-1,2 peroxide-bridged Fe(lll) dimers have been characterized
in solution, and they all exhibit an intense absorption band at
~600 nm and an unusually high-D stretching frequency of
850-900 cnT13 Recently these efforts culminated in the first
crystal structures of binuclear Fe(Hperoxide complexes. In
the three structurally characterized complexes known to'¢zie,
peroxide coordinates to the two Fe(lll) atoms in a gig,2
bridging mode, with Fe O—O—Fe dihedral angles varying from

0 to 53. The O-0O bond lengths are-1.42 A, characteristic

of peroxide, and the average F© bond length of 1.88 A is
comparable with terminal Fe(IHOH bond lengths. Interest-
ingly, the Fe-O—0 angles of 126129 are significantly larger
than the metatO—0O angles found ine-1,2 peroxide-bridged
Cu(ll) and Co(lll) dimers £110°).1718 All three complexes
exhibit an optical absorption spectrum similar to the one reported
for MMO intermediateP, and the Masbauer parameters for
one of the complexes, [F2)(02CCH,CgsHs)o{ HB(pZ)3} 2], 16

and P are practically identical and very unusual for carbox-
ylate-bridged Fe(lll) dimers. Therefore, a ¢isl,2 peroxide
diiron(lll) core structure is currently favored for the peroxide
intermediateP.31219 This proposal is supported by recent
theoretical studies that addressed the nature of the intermediate
in the MMO reaction cycle. Both extended ekeP° and density
functional calculatior®d-22suggest that a cjg-1,2 bridging mode

is the most favorable binding mode of peroxide to the active
site of MMO. In one case, the model used had a low
coordination number of 4 for each Fe atom which would favor
further peroxide coordination, and a lowest-energy structure for
P was obtained with one Fe atom exhibitingcoordination to
peroxide?!

In the following we report a detailed vibrational and optical
spectroscopic study of the qis1,2 peroxide-bridged diiron(l11)
complex [Fe(02)(OBz){ HB(pZ)3} ] (see Chart 1 for a sche-
matic illustration of the dimer core structure). A normal

coordinate analysis (NCA) is presented that addresses the origirﬁ2

(11) Tong, W. H.; Chen, S.; Lloyd, S. G.; Edmondson, D. E.; Huynh,
B. H.; Stubbe, JJ. Am. Chem. S0d.996 118 2107.

(12) (a) Que, L., Jr.; Dong, YAcc. Chem. Re4.996 29, 190. (b) Que,
L., Jr.J. Chem. Soc., Dalton Tran&997, 3933.

(13) Edmondson, D. E.; Huynh, B. thorg. Chim. Actal996 252, 399.

(14) Ookubo, T.; Sugimoto, H.; Nagayama, T.; Masuda, H.; Sato, T.;
Tanaka, K.; Maeda, Y.; Okawa, H.; Hayashi, Y.; Uehara, A.; Suzuki, M.
J. Am. Chem. S0d.996 118 701.

(15) Dong, Y.; Yan, S.; Young, V. G., Jr.; Que, L., 2dmgew. Chem.,
Int. Ed. Engl.1996 35, 618.

(16) Kim, K.; Lippard, S. JJ. Am. Chem. S0d.996 118 4914.

(17) Jacobson, R. R.; TyeklaZ.; Farooq, A.; Karlin, K. D.; Liu, S;
Zubieta, JJ. Am. Chem. S0d.988 110, 3690.

(18) Niederhoffer, E. C.; Timmons, J. H.; Martell, A. Ehem. Re.
1984 84, 137.

(19) Valentine, A. M,; Lippard, S. J. Chem. Soc., Dalton Tran%997,
3925.

(20) (a) Yoshizawa, K.; Hoffmann, Rnorg. Chem1996 35, 2409. (b)
Yoshizawa, K.; Yamabe, T.; Hoffmann, Rlew J. Chem1997, 21, 151.

(21) Siegbahn, P. E. M.; Crabtree, R. H.Am. Chem. S0d.997, 119
3103.

(22) Yoshizawa, K.; Yokomichi, Y.; Shiota, Y.; Ohta, T.; Yamabe, T.
Chem. Lett1997 587.
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Chart 1. Core Atoms of [F&O,)(OBz){HB(pZ)s} 2] and
Coordinate Frames

of the unusually high 80 stretching frequency generally
observed in cisu-1,2 peroxide-bridged Fe(lll) dimers. A
complete assignment of the peroxide-to-Fe CT absorption
spectrum is given and used to separatettlh@do contributions

to the Fe-peroxide bonding interaction. To obtain further
insight into the electronic structure of gisl,2 peroxide-bridged
Fe(lll) dimers, the experimental data are complemented by
density functional calculations. A description of-Hgeroxide
bonding is developed and compared with-eroxide bonding

in a series of well-characterized Cu(Hperoxide models. The
source of the large metalD—O bond angles in Fe(lly
peroxide dimers is discussed in the light of the unique-ron
peroxide bonding interaction involving a significamtcontri-
bution. The negative charge on peroxide infi&)(OBz),-
{HB(pZz)3} ] is evaluated relative to the series of €peroxide
complexes, and the mechanistic implications for the conversion
of the putative cig:-1,2 peroxide-bridged intermediaketo a
high-valent diiron(IV}-oxo species are discussed. Finally,
differences in the effectiveness of peroxide and oxo bridges in
mediating antiferromagnetic coupling in Fe(lll) dimers are
explored.

S
Experimental Section

A microcrystalline precipitate of the blue-green dioxygen complex
[Fex(O2)(OBz){ HB(pZ)s} 2], where HB(p2); = hydrotris(3,5-diisopro-
pyl-1-pyrazolyl)borate and OBz benzoate, was obtained from the
reaction of the ferrous precursor ff¢B(pz)s} (OBz)] with dioxygen
in a pentane solution at78 °C, according to Kitajima et & The
complex is thermally unstable and was maintained bet&@ °C. For
the preparation ofO,-substituted samples used for Raman experiments,
the solid was dissolved in toluene-a20 °C, and the resulting solution
was deoxygenated by purging with, as, reoxygenated witfO,,
and slowly frozen in liquid N

Variable temperature absorption spectra were measured on a double-
eam spectrophotometer (Cary 17) using a liquid helium cryostat (Janis
esearch Super Vari-Temp). Magnetic circular dichroism (MCD) data
were collected on CD spectropolarimeters (JASCO J500, S1 and S20
PM tubes for UV/vis/near-IR regions, and JASCO J200, InSb detector
for near-IR region) with sample compartments modified to accom-
modate magnetocryostats (Oxford Instruments, SM4-7T). Mulls were
prepared in a glovebag purged with nitrogen gas by grinding the solid
material in a mortar embedded in dry ice. The fine powder was
suspended in Nujol mulling agent and spread between precooled quartz
disks. For the preparation of toluene solution and glass samples, cold
solvent (~—50 °C) was injected into a precooled sample cell containing
small amounts of solid material finely divided between two quartz disks
that were separated by a Viton O-ring spacer.

Raman spectra were obtained using a series of lines'of@sherent
190C—K) and Ar" (Coherent Sabre 25/7) ion lasers with incident power
in the 5-25 mW range using arv135° backscattering arrangement.
The scattered light was dispersed by a triple monochromator (Spex
1877 CP, equipped with 1200, 1800, and 2400 grooves/mm gratings)

(23) Kitajima, N.; Tamura, N.; Amagai, H.; Fukui, H.; Moro-oka, Y.;
Mizutani, Y.; Kitagawa, T.; Mathur, R.; Heerwegh, K.; Reed, C. A.; Randall,
C. R.; Que, L., Jr.; Tatsumi, KI. Am. Chem. S0d.994 116 9071.
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and detected with a back-illuminated CCD camera (Princeton Instru- B
ments ST-135). Attempts to obtain a resonance Raman spectrum from -
solid and solution samples spun in sealed quartz capillary or electron -
paramagnetic resonance (EPR) tubes and cooledlf0 K using a 6 —
nitrogen gas flow system were unsuccessful because of rapid photo-
decomposition of [F£O,)(OBz){ HB(pZ)s}2]. The decomposition rate el
could be greatly reduced by freezing the sample, and the Raman spectra g 4 T
presented here were measured in a toluene glass at 77 K using an EPR "-2 ]
dewar filled with liquid No. Profiles were obtained by measuring the = ]
Raman spectra of at least five samples, first with excitation at 799 nm 3
to scale the intensities, then at the wavelength of interest, and
subsequently again at 799 nm to monitor sample integrity. Background
spectra of pure toluene were measured under the same conditions and |
were used to correct the Raman intensities for reabsorption of the i
scattered light by the sample. Peak intensities were determined relative 0
to the~620 cnr? band of the toluene solveftt.

A normal coordinate analysis (NCA) was performed d@yéealized 10000 20000 1 30000
geometry of the F£0,) unit in the crystal structure of [F602)(O- Energy (cm )
CCH,CeHs)o{ HB(p2)3} 2]:1**°Fe-O = 1.885 A, 0-O = 1.408 A, Fe- Figure 1. Solid-state mull absorption spectra of j@,)(OBz),{ HB-

O—-0 angley = 129.T, and Fe-O—O—Fe dihedral angle = 52.9. (p2)3}4] at 15 K (solid line) and 200 K (dotted line).
The analysis was based on a Wilson FG matrix method using atrey

Bradley force field as implemented in a modified version of the region. two stronaer bands of comparable intensity peak at
Schachtschneider prograh. gion, g p y P

1 1 em-L 1 1
Density functional calculations were performed on an IBM 3BT- 279100 cm (5_900 M™* cm™) and 33 000 Cm (6300 M- .
RS/6000 computer using the Amsterdam Density Functional (ADF) CM ), respectively, and the onset to a very intense absorption

IIIIIIIll[llllllll"l]ll'll]'l‘l‘rr'_l

program version 2.0.1 developed by Baerends &t dlhe structure of is observed above 35000 cf In the spectrum obtained at
[Fex(0,)(0OBz){ HB(pZ)s} 5] was approximated by a model of idealized 200 K, the bands are slightly broader, but their peak positions
C, symmetry with formates replacing the benzoates and lands and integrated intensities are practically the same as at 15 K.
replacing the HB(p; ligation. Two different views of this [F€0,)(O-- The temperature dependence of the absorption spectra in Figure

CH)(NH3)e]* model together with the molecular (primed) and local 1 provides important information about excited-state exchange
(unprimed) coordinate frames used throughout this study are shown injnteractions between the two Fe atoms in the dimer. From a
Chart 1. The F4O,) core is identical to the one used for the NCA. g1, mann analysis with a ground-state exchange-coupling
Note that compared with the commonly used axes orientationx the constant of) = —33 cnt! (H = —2JS,S;) reported for solid

andy axes are rotated aroudyy 45’; thus, the gset of Fe d orbitals . .
comprises the? andxy orbitals. Complete coord%ates of all the models  LF€2(02)(OB2z):{HB(pZ)s} 2], ** the relative population of th&
used for the calculations presented in the text are included in the = O component of the ground state decreases from 99% at 15
Supporting Information. K to 22% at 200 K. The intensities of the singlainglet

A triple-¢ Slater-type orbital basis set (ADF basis set IV) with a transitions are thus expected to decrease-B9% between 15
single polarization function was used for each atom. Core orbitals were and 200 K, accompanied by an increase in intensity of the
frozen through 1s (C, N, O) and 3p (Fe). All calculations were triplet—triplet (1>41%) and quintetquintet (6--22%) transi-
performed using the local density approximation of Vosko, Wilk, and " tions. Hence, the weak temperature dependence of the three
Nusaif® for the exchange and correlation energy and the nonlocal phands in Figure 1 allows us to exclude large antiferromagnetic
gradient corrections of Beckeand Perdew’ Geometries were energy splittings in the observed excited stafes.

optimized by using the algorithm of Versluis and Ziegtgorovided .
in the ADF package and were considered converged when the changes The resonance Raman spectrum in a toluene glass at 77 K

in bond lengths between subsequent iterations fell below 0.01 A. obtained with excitation at 647 nm (15 454 this dominated

Graphical output of the computational results was generated with the DY two bands at 421 and 876 cf respectively, shown in the
Ceriug software program developed by Molecular Simulations Inc.  insets of Figure 2. In samples prepared with,, these features
shift to 409 and 828 crit (broken lines). Similar results were
Results previously obtained in toluene solution and led to the assignment
of the two bands to the symmetrigfFe—0O) and »(O—0)
stretching modes, respectively, of the ) core2® In the
spectrum of thé®0, derivative, an additional weak band peaks
at 832 cn1l, which we assign to the first overtone afFe—0)
(vide infra). The fundamental-to-overtone ratio~gl/1 and
constant for different excitation wavelengths in the visible region
A r(124)' Wg f?unol2 tghsa(t) E)Oh:’gne and C@xhibit the same Raman scattering ~ where the overtone carries sufficient intensity to be observed.
enhavior below cm. i i i i i
(25) In view of the moderate resolution of the crystal structiRe=( Note that in th618021derlv§1tlve, the corresponding featlure IS
0.142%), we assume that th€, idealized FgO,) unit derived from expected at-815 CnT_ and is thus obscured by the broad intense
[Fex(O2)(02CCHyCeHs)o{ HB(pZ)3} 2] is similarly appropriate for NCAs of v(O—0) band peaking at 828 cth
the(Zbg)”éc)’atsecﬁgghgshfh”gé?;;tatf d:”‘%a;::"hensiéal Revort No. 57.65. Shell " Figure 2, the resonance Raman excitation profiles for the
Development Company, Eme’ryv'ille,' CA, 1966. (b) IF:)uhrer, H Kartﬁa, v, Symmetric v(Fe-0O) and V(O_O), fundamental bands in a .
B.; Kidd, K. G.; Krueger, P. J.; Mantsch, H. H. Computer Programs for toluene glass at 77 K are superimposed on the corresponding
Infrared Spectroscopy, Bulletin No. 15, National Research Council of absorption spectrum. Both features are greatly enhanced under

Ca(”z""?c;"’}é)lgﬁrends E. 3. Elis, D. E.; Ros,Ghem. Phys1973 2, 42 the visible absorption band and much less under the lower

Spectroscopic. Figure 1 shows the solid-state mull absorp-
tion spectra of [F&O,)(OBz),{HB(pZ)s},] at 15 and 200 K.
At 15 K, an intense broad band with a maximum at 14600%cm
(e = 3850 M1 cm™1) extends from~10 000 to 19 000 crt,
giving rise to the blue-green color of the complex. In the UV

(b) te Velde, G.; Baerends, E. it. J. Comput. Phys1992 99, 84. energy UV band. There is no discernible intensity enhancement
(28) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200. in the origin region of the second UV band. Thée-0O)/
(29) Becke, A. D.J. Chem. Physl986 84, 4524.
(30) Perdew, J. PPhys. Re. B 1986 33, 8822. (32) Brown, C. A.; Remar, G. J.; Musselman, R. L.; Solomon, Fdrg.

(31) Versluis, L.; Ziegler, TJ. Chem. Physl988 88, 322. Chem.1995 34, 688.
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) ) . Figure 3. MCD spectra of [FgO,)(OBz),{ HB(pzZ)3}-] in a mull at
Figure 2. 77 K absorption spectrum and resonance Raman excitation 4 5 (dotted line), and 30 and 55 K (solid lines). The 30 and 55 K
profiles for thev(Fe—O) (@) and»(O—0) (O) fundamental bands of  gpacira were corrected for @ = 5/2 paramagnetic impurity that
[Fe(O2)(OBz){ HB(pZ)s} 2] in a toluene glass. Npte the scale change  jominates the 4.2 K spectrum. Inset: calculated temperature dependence
for the Raman profiles above 20 000 chinsets: resonance Raman ¢ the MCD intensities for transitions from each spin sublevel of the
spectra of the/(Fe-0O) and»(O—0) fundamental bands for 647 nm  4qn state (solid lines) and sum of experimental band intensities of
(15 454 cn?) excitation: solid and broken lines f6fO, and 10, bands 1 and 2 (*).
derivatives, respectively.

Energy (cm'l)

. . _ . . . from species other than the primary decomposition product. The
v(0—O0) intensity ratio is essentially constant in the visible 34 504 55 K spectra consist of two pairs of bands of similar
spectral region £1/1.3), but exhibits a strong wavelength magnitude but opposite sign centered at 13 000%bands 1
dependence under the lower energy UV band. The ratio reaches, 2) and 25 000 cri (bands 3 and 4), and a stronger band
a maximum of~2/1 ?t 22500 cm* and gradually decreases () ith a positive maximum above 32 000 cinall of which
to~1/3 at 27 000 cm', demonstrating that this band is actually  j,crease in intensity between 30 and 55 K. The spectra obtained

composed of at least two components. at higher temperatures (not shown) closely resemble the 55 K
A representative 4.2 K MCD spectrum of [f@,)(OBz),- spectrum.
{HB(pz)3}2] in @ mull'is shown in Figure 3 (dotted line). This In exchange-coupled dimers, the temperature dependence of

spectrum is practically identical in general appearance and Ti?mthec-term MCD intensity of transitions originating from each
dependence to the spectrum of the thermal decompositiong,in syplevel of the ground state is approximately given by the
product of [F(O2)(OBz){ HB(pZ)s} ] (not shown), and itis  hroquct of the respective Boltzmann population and Brillouin
therefore assigned to traces of this species. With increasingqrve. The corresponding curves for pE@,)(OBz){ HB-
temperature, however, the spectra of Jf®)(OBz){HB- (p2)3} 2], calculated with] = —33 cnT1,23 along with the sum
(PZ)s} 2] samples and those of the thermal decomposition product o¢ intensities of bands 1 and 2 (asterisks), are shown in the inset
become strikingly different. Normalized variable-temperature of Figyre 3. The experimental intensities closely match the
variable-field MCD band intensities of the decomposition ¢re calculated for transitions originating from the triplt (
product are well fit by the Brillouin function for an isolatel = 1) state with deviations above 55 K. These deviations are
= 5/2 ground staté® This result is consist_ent with a high-;pin due to transitions from th& = 2 andS = 3 spin states of the
Fe(lll) monomer or the crystallographically characterized, ground state contributing to the observed MCD intensity at
strongly antiferromagnetically couple&d = 5/2) trinuclear higher temperatures. Thus, on the basis of their temperature
ferric complex thgt is formed in low yield from [D,)(OBz),- dependence, bands-5 are assigned to [HO,)(OBz){ HB-
{HB(pz)s}2] at higher temperature?. (pZ)3}2]. The lack of isosbestic points at zero intensity above
In the spectra of [F£02)(OBz){ HB(pZ)s} 2], new bands start 25 000 cm? indicates that the paramagnetic impurity is not
growing in at temperatures~20 K. The shapes of these bands  completely compensated for in the UV range. In the lower
can be estimated by subtracting the 4.2 K spectrum scaledgnergy, near-IR region (not shown), no MCD bands attributable
according to theS = 5/2 Brillouin function to eliminate to [Fex(O2)(OBz){ HB(pZ)s} 5] were observed.
contributions from the decomposition product. The results are  The MCD spectra of [F£0,)(OBz){ HB(pz)3} 7] in a toluene
shown in Figure 3 for 30 and 55 K (solid lines). In this giass suffer from a much poorer baseline than the mull data.
approach, the 4.2 K spectrum becomes a straight line at zeropoyever, spectra of good quality were obtained in liquid toluene
intensity, and the features observed at higher temperatures arisgq|,tion at 180 K (Figure 4, lower trace). At this temperature,
(33) Kittel, C. Introduction to Solid State Physicsth ed.; Wiley & the contribution from the decomposition product with&r
Sons: New York, 1986; pp 46€402. 5/2 ground state is negligible, and the fact that the solution




5678 J. Am. Chem. Soc., Vol. 120, No. 23, 1998

absorption, 77 K

[vv—r|r1—r|| 1T

10000 15000

[ T
20000
Energy (em™)

T 1 1 I

25000

i
30000

Figure 4. 77 K glass absorption spectrum (top) and 180 K solution
MCD spectrum (bottom) of [F£0,)(OBz){ HB(pZ)s} 2] (solid lines).
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Figure 5. Energy level diagram obtained from a HS calculation on

[Fex(O2)(0O,CH),(NH3)g)?" (Chart 1). The orbitals are grouped according
to their transformation behavior with respect to t@g axis of the
complex: symmetric, aff); and antisymmetric, b). The peroxide-

The Gaussian resolved bands obtained from a simultaneous fit of the!0-Fe CT transitions corresponding to bands 2 and 4 in Figure 4 are
absorption and MCD spectra and their sums are shown by the dottedindicated by arrows.

and broken lines, respectively.

Table 1. Fit Parameters from Simultaneous Gaussian Resolutions
of the Absorption and Correpsonding MCD Spectra in a Mull (55
K) and a Toluene Glass (Absorption, 77 K) and Solution (MCD,
180 Ky

sample  band  vmax Vi €max 1 (MCD) 1Cf
mull 1 12450 2500 300 1200 3
2 14630 4500 3780 —1415 78
3 24400 3850 2200 2130 39
4 27250 4600 4370 —1650 92
5 33150 7580 6475 3400 226
toluene 1 12500 2660 420 800 5
2 14620 4180 3730 —350 72
3 24650 3830 1600 4430 29
4 26200 4400 3850 —2650 78
5 32000 7740 6600 2400 235

aBand maximavmax and bandwidths at half-maximum,, in cm2,
molar extinction coefficientsmax in M~* cm™, MCD intensities
1(MCD) in arbitrary units (different scales for mull and toluene data),
and oscillator strengthls
spectrum is similar in general appearance to the 55 K mull
spectrum in Figure 3 supports our approach to resolve the MCD
bands of [F&(O,)(OBz){ HB(pZ)s} 7] in the solid-state spectra.
In both cases, good simultaneous fits of the MCD and absorption

spectra are obtained with a set of five Gaussian bands. This is

shown in Figure 4 for the toluene spectra and provided as
Supporting Information for the mull data (Figure S1). The high

resemblance of the two sets of fit parameters (Table 1) indicates

that the structure of [F£€0,)(OBz)x{HB(pZ)s}2] in the solid
state is maintained in solution. From the similarity of the
solution absorption and Raman data of this complex and the
crystallographically characterized phenylacetate derivitive
conclude that [F£€O,)(OBz),{ HB(pZ)3} 2] has an analogous cis
u-1,2 peroxide dj-1,3 carboxylato tribridged structure.
Computational. To further elucidate the electronic structure
of binuclear cisu-1,2 peroxide-bridged binuclear Fe(lll) com-
plexes the experimental data are complemented by full sym-

metry, high spin (HS), and broken symmetry (BS) spin
unrestricted density functional calculations. The HS or ferro-
magnetic state wittgo = 5, [Mgl = 5 is the only pure spin
state in Fe(lll) dimers that can be described by a single
determinant. The relevant part of the energy level diagram
obtained from a spin unrestricted HS calculation for(Bg)(O.-
CH)2(NH3)g]?" (Chart 1) is shown in Figure 5. The orbitals
are grouped according to their transformation behavior with
respect to theC, axis of the complex: symmetric, a§, and
antisymmetric, b{). The 10 Fe d-based MOs arise from)(

and () combinations of the five monomeric d orbitals with
equal single-site contributions and additional ligand contribu-
tions of the appropriate symmetry. In the ferromagnetic ground
state, the five d electrons on each Fe atom fill the 10 spin-up
orbitals, leading to a large stabilization of these orbitals by spin
polarization relative to their unoccupied spin-down counterparts.
The splitting is large enough to displace the spin-up orbitals
below the occupied peroxide* orbitals (Figure 5, left-hand
side). As aresult, the Fe d-based spin-up MOs are delocalized
onto the neighboring ligands and spread over a large energy
range. A good description of the metal d-based MOs is obtained
from the 10 lowest energy unoccupied spin-down orbitals that
reflect the primarily Fe-centered excess (i.e., uncompensated)
spin-up density. Energies and compositions of these orbitals
and the peroxider*-based occupied spin-down MOs are given
in Table 2.

In the BS approach developed by Noodlerdargll the
symmetry elements connecting the two metal ions in a dimer
are removed, permitting the spin-up and spin-down densities
to localize on opposite sides of the molecule. This approach
introduces valence-bond concepts into density functional cal-
culations and allows dimers to be treated as two weakly
interacting antiferromagnetically coupled monomers. Although
the BS single determinantal wave functions are not proper dimer
functions, they provide an intuitive picture of electron delocal-

(34) Noodleman, L.; Norman, J. G., Jx.Chem. Physl979 70, 4903.
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Table 2. Energies (eV) and Compositions (%) of the Relevant Spin-Down Molecular Orbitals from a HS Calculation on
[Fe2(02)(O2CH)o(NHg)e] **

Fe O(peroxide)
level energy X2-y? Xz yz Xy z X y z orkP N,O tot°
Unoccupied
2 () 29b —8.850 0 3 0 5 53 2 1 23 a* 10
2 (+) 30a —8.898 1 1 1 5 58 4 5 2 o, % 15
Xy (—) 28b —9.454 0 0 1 64 4 0 0 3 21
xy (+) 29a —9.538 0 0 3 67 6 0 0 0 15
yz(+) 28a —10.104 0 5 42 3 4 2 39 1 T 3
xz (=) 27b —10.615 36 2 7 0 3 0 3 5 8
X2-y2 (—) 26b —10.757 48 2 7 0 3 0 2 5 9
xz(+) 27a —10.808 13 @ 9 1 2 0 0 3 2
X2-y2 (+) 26a —11.061 78 1 2 0 0 0 0 1 2
yz(-) 25b —11.080 0 11 76 1 1 3 1 1 2
Occupied

* 25a —12.054 0 7 33 1 1 3 40 0 12
m* 24b —12.206 0 17 0 0 11 0 0 51 17

2Fe d and O(peroxide) p orbitals are labeled using an abbreviated notationxzestgnds for ¢ (see Chart 1 for axes orientationgNature of
peroxide orbital interacting with the corresponding Fe d-based orbitaital contributions from N(NkK) and O(formate).

Table 3. Energies (eV) and Compositions (%) of the Unoccupied  isotopic substitution are in good agreement with the shifts
?:plln-l:l)ciwn Orb|'t:alsOL08agz|:>d ﬁa Fel, aObtamEd from a BS calculated for an isolated ©0 oscillator. This result would
alculation on [FEO)(O2CH).(NHs)e] appear to indicate that mechanical coupling can be excluded as

left peroxide right a source of the high ©0 stretching frequency, implying that

level energy NO Fel Ol 02 orb Fe2 N/O the O-0 force constant is high. To correlate the high-O
2 8921 11 67 8 4 - 0 0 stretching frequency to the bond strength, we performed a NCA
Xy 9373 16 73 1 1 0 1 of the Fe(Oy) unit in [FexO2)(OBz){ HB(pZ)s}2] using the
yz —10.393 0 61 22 10 x*r 32 0 Raman data presented in Figure 2 and the structural parameters
xe-y?  —10.672 6 8 3 2 0 2 of the phenylacetate analé§2> A Urey—Bradly force field
Xz —10.861 2 79 5 4 ax 37 3 was chosen to facilitate comparison with the results from NCAs

aFe d, O1,02(peroxide) p, and total N(MHO (formate) orbital performed on Cuperoxide complexes using this type of force
contributions. field.38

. . . The Fe(0Oy) unit has 6 vibrational degrees of freedom. To
ization in exchange-coupled systems. Energies and composi-eqyce the number of parameters, the torsional mode was not
tions of the Fel d-based unoccupied spin-down orbitals obtainednqjuded at the first stage of the analysis, leaving three symmetry

from a spin unrestricted BS calculation on {f@,)(0,CH)- inequivalent internal coordinates: the-F® and O-O stretch-
(NHz)e]2" in C1 symmetry are given in Table 3, and an energy jhq coordinates and the F©—0 bending coordinate. The
level diagram is shown in Figure S2 _(Supporting Informz_ition)._ corresponding force constants, together with arr-Benon-

The BS state, represented by a single Slater determinant, isyonded interaction constant required by the UrByadly force
a weighted average of thés= 0 components of the pure spin  fig|g were fitted for best reproduction of the experimental
statesSet = 0, 1, ..., 5. Using the formalism developed by  frequencies. The results from the fit are summarized in Table
Noodlemar?® the ground-state exchange-coupling constant 4~ For comparison, Table 4 includes the-f@ and O-O force
can be calculated from the energi&s,of the HS Got = Snax constants, along with the stretching frequencies for @
= 5) and BS states: derivative, calculated in the limit of isolated £& and G-O

) harmonic oscillators. In this approximation, the force constant
J=—(Eys — Ez9d/Snax (1) k (mdyn/A) is given by

With the calculated total energies of the HS and BS states, a k=5892x 107 1/2#
value ofJ = —128 cn1!is obtained, which is roughly a factor
of 4 larger than the experimental valtfe. The overestimation

of exchange-coupling constants by a factor efd2is typical

of density functional calculatiorf;36:37and the significance of
this result is that the calculation predicts the correct sigrdfor
that is, that the two Fe atoms are weakly antiferromagnetically

)

wherev is the vibrational frequency (cm) andu is the reduced
mass (g/mol) of the diatomic oscillatofireo = 12.44 g/mol
anduoo = 8.00 g/mol.

Table 4 shows that both calculations reproduce the experi-

counled mental frequencies equally well, although the two sets of force
pled. constants are strikingly different. Similar results were obtained
Analysis from an analysis of the vibrational data of the phenylacetate

analogue where the-©0 and Fe-O stretches occur at 888 and
415 cn1l, respectively® The fitted O-O force constants are

3.72 mdyn/A (harmonic oscillator model) and 3.18 mdyn/A
(NCA) (Table S1, Supporting Information). Interestingly, the
O—0 force constants from the NCAs are practically identical

Normal-Coordinate Analysis. A striking feature of cig:-1,2
peroxide-bridged diiron(lll) complexes is their high—@
stretching frequency, typically observed in the range-8300
cm 13 In most cases, the shifts occurring upt®, — 180,

(35) Noodleman, LJ. Chem. Phys1981, 74, 5737. to the one obtained from a NCA on a transl,2 peroxide-
(36) Zhao, X. G.; Richardson, W. H.; Chen, J.-L.; Li, J.; Noodleman,
L.; Tsai, H.-L.; Hendrickson, D. Nlnorg. Chem.1997, 36, 1198. (38) Baldwin, M. J.; Root, D. E.; Pate, J. E.; Fujisawa, K.; Kitajima, N.;

(37) McGrady, J. E.; Stranger, R. Am. Chem. S0d.997, 119, 8512. Solomon, E. 1.J. Am. Chem. S0d.992 114, 10421.
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Table 4. Observed and Calculated Vibrational Frequencies fos({Pg(OBz){ HB(pZ)s}2]*

obsd frequencies harmonic oscillgtor NCAc
normal mode 160, 180, 160, 180, force constants 160, 180, force constants
r(0—-0) 876 828 876 826 ko-o = 3.62 877 828 ko-o = 3.07
vad Fe—0) 550 524
v(Fe—0) 421 409 421 402 kre-0 = 1.30 423 406 kre-0 = 1.99
0a{Fe—0—0) 282 268
o(Fe—0-0) 142 136 0.31 (0.10)

a Frequencies are in crthand stretching force constarksn mdyn/A. ® Assumes isolated ©0 and Fe-O harmonic oscillatorst From normal
coordinate analysis (NCA) of the {&,) unit. ® Fe—O—0 bending force constant (mdynA/fgFe --O nonbonded interaction constant (mdyn/A)

in parentheses.

Table 5. Normal Mode Descriptions for the {©.) Unit

normal eigenvectors PED

mode OO Fe-O Fe-O—0O O-0 Fe-O Fe-0O—0 pues®
v(0O-0) -0.35 0.14 0.05 81 18 0 6.0
va{Fe—0) 0.00 £0.20 +0.18 0 88 11 7.1
»(Fe-O) 0.07 0.14 011 13 76 7 144

2 Mass-weighted eigenvectoris,. ® Potential energy distribution
(PED) contributions (%) Effective reduced masses (g/mol), obtained
from rediagonalization of th& matrix along the normal coordinates.

bridged Cu dimerko—o = 3.10 mdyn/A3° although the G-O
stretching frequency is only 832 ctin the Cu complex.
Because the ©0 bond strength can play an important role in
determining the reactivity of metaperoxide complexes, a series
of calculations were performed to determine the sensitivity of

It is important to note that while mechanical coupling was
found to be negligible in the trans1,2 peroxide-bridged Cu
dimer2? it turns out to be significant in [F€0)(OBz){ HB-
(pZ)s}2]. To identify the factors that govern the mechanical
coupling strength inu-1,2 peroxide-bridged complexes, we
systematically varied the structural parameters of th€@g
unit and calculated the vibrational frequencies using the force
constants of Table 4. In Figures 6A and 6B, the calculated
0O—0 and Fe-O stretching frequencies and their respecti@

— 180, isotope shifts are plotted as a function of the-fee-
O—Fe dihedral angle and the Fe-O—0O angley (for 7 = 0°),
respectively. Upon cis> trans conversion, the Fe stretching
frequency increases from 416 to 506 dmbut the G-O
stretching frequency is practically constant (Figure 6A, top). It
is thus very unlikely that the different coupling strengths in the
trans Cu dimer and [R€0,)(OBz){ HB(pZ)3} 2] arise from the

ko-o to changes in the other force constants and structural structural variation along the torsional coordinateln contrast,

parameters, and to explore the origin of the high@stretching
frequency in cisu-1,2 peroxide-bridged Fe(lll) dimers.

both the G-O and Fe-O stretching frequencies exhibit a strong
dependence op (Figure 6B, top). Betweep = 90° and 140,

In a first set of calculations, one of the force constants was the O-0 stretching frequency increases from 815 to 90rtm

kept fixed and the rest of the force field was allowed to refine.
Varying kee-o by £10% or the Fe-O—0O bending force constant
by +50% led to changes iko—o of <0.03 mdyn/A (Figures

due strictly to mechanical coupling effects. The coupling
strength is reflected in the corresponding potential energy
distributions that show the ©0 stretch contribution to decrease

S3 and S4, Supporting Information). If, on the other hand, the from 98 to 77% with a concomitant increase of the-Eestretch
O—0 force constant was assigned a fixed value, reasonable fitscontribution from 0 to 22%. In the traps1,2 peroxide-bridged

to the experimental frequencies were obtained onkg.it; was
kept <3.30 mdyn/A, and the quality of the fits decreased with
increasingko-o.

Inclusion of the FeO—O—Fe torsional mode did not
improve the quality of the fits or allow for values kf-o >3.30
mdyn/A. To monitor the effect of this mode, the corresponding
force constant was increased from 0 to 0.25 mdyn/&irakhis
led to significant mixing between the torsional mode and the
Fe—0O—0 bending mode, but the changeskin o were <0.08
mdyn/A, demonstrating that the torsional mode and theQD
stretching mode are essentially uncoupled.

From these results, it is concluded that the-@ force
constant is well determined by the four observed vibrational

Cu dimer, the Ca-O—0 angle is only 1087 as compared with
y = 129 assumed for [F£O,)(OBz){ HB(pZ)3} ] based on
the structure of the phenylacetate andi®g. We conclude that
it is this difference in structure rather thar-Q bond strength
that causes the €0 stretching frequency to be 44 cihigher
in the Fe compleX243 Interestingly, coupling between the-@
and Fe-O stretches is not apparent from #@, — 180, isotope
shifts. In particular, fon(O—0), the shifts obtained from the
NCA for variations in bothy andz barely differ from the shifts
expected for an isolated-aD oscillator (Figures 6A and 6B,
bottom). This is due to the fact that the F@ stretch
contributing tor(O—0) also primarily involves oxygen motion
and thus exhibits a similar dependence'#, — 180, isotopic

frequencies and only exhibits a weak dependence on the othersubstitution as does the-@D stretch.

force constants. Thus, the high-@ stretching frequency of
876 cnl in [Fex(0)(0OBz){HB(pZ)s},] does notreflect a
strong OG-0 bond. An explanation of this result is provided

by the eigenvectors of the normal modes and the correspondin

potential energy distribution (PED) contributions given in Table
5. The G-O and symmetric FeO stretching motions are
significantly mixed because of mechanical coupling. As a
consequence, the effective reduced magsfor v(O—O0) is
lowered from 8.0 g/mol in @to 6.0 g/mol in [Fe(O2)(OBz),-
{HB(pZ)3} 7] (last column in Table 5), leading to the high-@
stretching frequenc§f-4!

(39) Baldwin, M. J.; Ross, P. K.; Pate, J. E.; Tyekla.; Karlin, K. D;
Solomon, E. I.J. Am. Chem. S0d.991, 113 8671.

(40) Note that the effective reduced massg for each normal mode is
determined by th€& matrix elements that depend on the spatial arrangement
of the atoms (see ref 41).

9 (41) wilson, E. B., Jr.; Decius, J. C.; Cross, PMulecular Vibrations

McGraw-Hill: New York, 1955.

(42) For comparison, the ©0 force constanko-o for the crystallo-
graphically characterized complex pas-Et-HPTB)(PRPOX(02)]3" 1S was
estimated from a NCA of the vibrational data in solutioff@—0) = 900
cm~Y] where the two P§PO ligands are thought to be replaced by a bridging
benzoatt?® (Table S1, Supporting Information). We obtainesl.o = 3.82
mdyn/A (harmonic oscillator, eq 2) and 3.26 mdyn/A (NCA), suggesting
that mixing between the FeO and O-0 stretch motions likely contributes
to the high G-0O stretching frequency in this complex, similar to the case
of [Fex(O2)(OBZz){ HB(pZ)s} 2].

(43) Dong, Y.; Meage, S.; Brennan, B. A; Elgren, T. E.; Jang, H. G;
Pearce, L. L.; Que, L., Jd. Am. Chem. S0d.993 115, 1851.
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Figure 6. Calculated G-O (O) and symmetric FeO (®) stretching frequencies (top) and their respecti@ — 80, isotope shifts (bottom) as
a function of (A) the Fe:O—0O—Fe dihedral angle and (B) the Fe-O—0 angley (for T = 0°). The dotted lines in the lower graphs show @,
— 180, isotope shifts calculated in the limit of isolated-® and Fe-O harmonic oscillators.

In summary, the results obtained from the normal coordinate
analysis demonstrate th¥0D, — 180, isotope shifts do not, in

use an abbreviated notation for p and d orbitals; gastanding
for dy») Note that in Ct- and Co-peroxide complexes, this

general, allow mechanical coupling to be excluded as a sourcecorresponds to the} orbital, which is only weakly interacting

of the high O-0O stretching frequency in cig-1,2 peroxide-
bridged binuclear complexes. The high—O stretching
frequency observed for [D,)(OBz),{HB(pZ)s},] does not
reflect a strong GO bond, but rather results from mechanical
coupling between the ©0 and Fe-O stretch motions. The
coupling strength critically depends on the meta—0O bond
angle, and this angle is larger in the structurally characterized
Fe—peroxide dimerg—16 than inu-1,2 peroxide-bridged Cu and
Co dimers®®18 The origin of this structural difference will be
explored in theDiscussion

Nature of the Fe—Peroxide Bond. One major goal of this
study is to explore the nature of the -Hgeroxide bond in
binuclear cig:-1,2 peroxide-bridged Fe(lll) complexes. In view

with fully occupied metal d orbitals. Here, the designation

is introduced to indicate the stromgbonding interaction with

Fe. Thes? orbital is oriented in the plane containing tle

axis and iso bonding with the Fexzandz? orbitals (level 24b

in Table 2). The small energy splitting between te and

mr* orbitals (Figure 5, Table 2) suggests that thrdoonding
interaction between Fe and peroxide produces a significant
contribution to the Feperoxide bond.

The Fe-peroxide-bonding interactions are reflected in the
iron d-based unoccupied orbitals that are antibonding to
peroxide. Surface plots of the relevant MOs obtained from the
HS and BS calculations on [H{©,)(O.CH)(NH3)e]?™ are
shown in Figure 7 (top) and Figure 8, respectively. The

of the good correspondence between the experimental anddominant bonding interactions involve the ¥#8¢ peroxide-

calculatedJ values and transition energies (vide infra), it is
appropriate to use the results from the calculations off{EEO,-
CH)2(NHz3)g]?" (see Computationalsection) to identify the
dominant bonding interactions between Fe and peroxide. In
the following sections, the computational results will be

(*) and Feg?)—peroxidefr®) orbitals (Table 2, levels 28a and
29b, and Table 3), leading to a large destabilization of the Fe
yz andz?-based MOs, consistent with peroxide being a strong-
field ligand. Note that ther® orbital is more strongly stabi-
lized than thex® orbital (Figures 5 and S2) although the

complemented by the spectroscopic data to obtain quantitativeperoxides* character in the/zbased MOs is higher than the

information about Fe peroxide bonding in [F£0,)(OBz),{ HB-
(PZ)s}2)-

When peroxide bridges between two Fe(lll) ions, the highest
energy occupied peroxide* orbitals split into two nondegen-
erate levels, designatedt and 2% in Figure 5. The corre-
sponding boundary surface plots (Figure 7, bottom) indicate that
boths* orbitals are involved in bonding interactions with iron.
The % orbital lies in a plane perpendicular to tk® axis of
the complex X'y’ plane in Chart 1) and has a stronghonding
interaction with the symmetric{) combination of the Fez
orbitals (level 25a, Table 2). (Throughout this study we will

a* character in thez-based MOs (Tables 2 and 3). An
explanation for this result is found from perturbation theory:
The mixing coefficients exhibit a quadratic dependence on the
energy separatiom\E, between interacting orbitals, whereas
the stabilization energy scales linearly witte.

The Fe2 and peroxide* character in the Fel d-based orbitals
obtained from the BS calculation (Figure 8, Table 3) reflects
the effectiveness of these MOs as superexchange pathways.
Hence, the “crossed” Fejld)—peroxidefr*)—Fe2¢?) and Fel-
(x2—peroxidefr*)—Fe2@?) pathways, involving different d
orbitals on the two Fe atoms, make the dominant contribution
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T

Figure 7. Surface plots of the peroxide*-based occupied spin-down MOs (bottom) and relevant Fe d-based unoccupied spin-down MOs (top)
obtained from a HS calculation on [£8,)(O,CH)(NH3)¢]?".

to exchange-coupling in [R€D2)(OBzx{HB(pZ)s}2]. In an of the cisu-1,2 peroxide bridge to mediate antiferromagnetic
effort to understand the influence of the-F@—0O and Fe- coupling in Fe(lll) dimers rather than a specific structural
O—0-—Fe angles on the exchange-coupling consiadensity feature. The lower effectiveness of the peroxide bridge relative
functional calculations were performed on two additional to the oxo bridge in mediating antiferromagnetism will be

models. The first model was constructed from Jff&e)(O,- addressed in thBiscussion

CH)x(NH3)e]*" by changing the FeO—O—Fe dihedral angle Spectral Assignments. The d— d transitions in octahedral

v from 53" to 07, and the second model was derived from the high-spin ferric complexes are all spin forbidden and exhibit
first one by reducing the F€O—O angley from 129 to 120", molar extinction coefficients in the range between 0.1 and

Structural changes in the Fe ligation were reduced to a minimum 1 g -1 cr14546 On the basis of their high extinction

t:%rfwa;)cei\lrifeas:[ethzorrglﬂ?/gi??egmtznf%rt?hee 'E[Errzz ;Ta?giiljé s-lt—ratjtélteurg S;oefficients, the five Gaussian resolved bands in the optical
; bsorption and MCD spectra of [{6)(OBz){HB(pZ)s}]
-0XO- 2 . ; : :

algd aob_elr:w X0 Frld%enge(lll)hmcr)ldel, [FO(OLCH), (Nrge]f.Jr q (Figure 4 and Table 1) are thus readily assigned to ligand-to-

(Fe- € angie 9 0, which serves as a well-define metal CT transitions. The Raman profiles for the peroxide-

refere_r;ce tcorrtwple%. Th_e (_:lalctulateth vtilues Lor thehlthrefe N related Fe-O and G-0O stretching modes (Figure 2) indicate
peroxide structures are simiiar o each other and roughly a factory, ; 1,544g 44, in contrast to band 5, are all associated with

of 3 smaller in magnitude than te/alue obtained for the-oxo peroxide-to-iron CT transitions. For the assignment of band 5,

i = _ 13
dimer [J(exp) 120 cnT* ¥, The weak dependence df a comparison with the absorption spectrum of ghkydroxo-

on the dihedral angle of the peroxide models results from the : .
; ) bridged complex [FEOH(O.CCHa){ HB(pz)} 2]t 47 is useful.
F.M *) — 2
interplay between the crossed (peroxidefr;) ~Fe2¢”) In the visible and near-IR regions, the corresponding spectrum

and Felxz—peroxider)—Fe2¢?) pathways, which mini- e . ]
: . t diff t | te that in the bl exhibits qnly weak bands witla values <5 M e In
mize and maximize at different angles [note that in the planar contrast, intense features ¥ 1000 M1 cm~1) assigned to

structures, the Feff)—peroxidef*)—Fe2¢?) pathway is . .
liminated b tvl. In the bl ide-bridaed pyrazole-to-Fe and carboxylate-to-Fe CT transitféogcur in
eliminated by symmetry]. - In the planar peroxide-bridge the UV with maxima above 27 500 crhand tail into the visible.

models, the low sensitivity ol to changes in the FeO—0O lude that band 5 in th - ; f
angle y derives from the fact that the Fed®(—peroxider*) We conclude that band 5 in the spectra in I_:_|gure 4 arises from
OBz-to-Fe and/or pyrazole-to-Fe CT transitions.

interaction maximizes foy = 180, whereas the peroxide-
(7*)—Fe2¢?) interaction maximizes foy = 90°. We con- An important aspect of singly excited states in dimers is their
clude that the weak exchange-coupling inf®)(OBz).{ HB- two-fold degenerac¥-°that arises from the fact that either one

(p2)3} 2] (3= —33 cn1?) primarily reflects the general efficiency

(45) Lehmann, GZ. Phys. Chem. Neue Fold®7Q 72, 279.

(44) A detailed theoretical and spectroscopic studyuafxo-bridged (46) Lever, A. B. PInorganic Electronic Spectroscopgnd ed.; Elsevier
diiron(lll) complexes is presented in ref 32. However, to facilitate Science: Amsterdam, 1984; Chapter 6.
comparison with the peroxide models, the calculations were repeated using  (47) Turowski, P. N.; Armstrong, W. H.; Liu, S.; Brown, S. N.; Lippard,
the ADF program version 2.0.1. S. J.Inorg. Chem.1994 3, 636.
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MOs50 Thus, the MO compositions obtained from the HS
calculation on [FgO2)(0,CH)>(NH3)e]2" greatly assist in the
assignments of the peroxide-to-Fe CT bands. By inspection of
Table 2 it is noted that only two of the Fe d-based MOs have
a high peroxide character; that is, levels 28&+) mixed with

a*] and 29b P’(—) mixed with 7*]. The two dominant
peroxide-to-Fe CT bands in the absorption spectrum of-[Fe
(Ox)(0OBz){ HB(pZ)3} 2] (Figure 4) are thus assigned g —
yZ+) (band 2) andt* — Z2(—) (band 4), indicated by arrows

in the energy level diagram of Figure 5. The surface plots of
the corresponding donor and acceptor orbitals (Figure 7) provide
insight into the different resonance Raman enhancement be-
havior of v(Fe—O) andv(O—0O) for excitation within bands 2
and 4 (Figure 2). Ther® — yZ+) transition strongly affects
the Fe-O bond: it formally eliminates the-bonding interac-
tion. This gives rise to comparable enhancement o {ke—

0O) andv(O—0) modes, indicating that the excited state is mainly
distorted along the FeO stretching coordinaté (vide infra).
Upon z* — Z%(—) excitation, on the other hand, significant
electron density is removed from the peroxia# orbital,
leading to a substantially stronger-@ bond in the excited
state and thus predominant enhancement(@—0O) in the
resonance Raman spectrum.

The MCD activity of [Fe(Oy)(OBz){HB(pZ)s} ;] arises from
Boltzmann population differences in Zeeman split sublevels of
the ground state and is thus typical @term behavior.
Expansion of theC-term MCD intensity expression yields a
sum of three contributions, each of which will vanish as orbital
degeneracies are lifted unless some mechanism exists for mixing
polarization$253  Spin-orbit coupling between two excited
states gives rise to two perpendicular transition moments of the
transitions to the coupled states, thus providing a mechanism
for MCD intensity in complexes of low symmetry. In this case,
the sum of the MCD intensities over the two spin-orbit-coupled
excited states vanishes, which would lead to characteristic
derivative-shaped pseudeterm features, as observed in the
MCD spectra of [FgO2)(OBz),{ HB(pZ)s},] in Figures 3 and
4 (note that the crossover of bands 3,4 is displaced from zero
intensity due to the paramagnetic impurity).

In the approximate&, symmetry, both ther* — yZ+) and
a* — Z(—) transitions are polarized along tke (z') axis. The
two pseudoA-term features comprising bands 1,2 and bands
3,4, respectively, thus indicate that the transitions associated
with bands 1 and 3 are polarized perpendicular toBecause
of its weakness and large number of possible assignments, we
do not attempt here to assign band 1 to a specific peroxide-to-
Fe CT transition. The high absorption intensity of band 3 and
of the two metal ions can be excited. The locally excited its close vicinity to band 4 indicate that the corresponding
configurations are not eigenfunctions of the dimer Hamiltonian, transition is eitherr* — 22(+) or ¥ — z%(—), because both the
and the proper wave functions are given by the symmetric and symmetric and antisymmetric combinations of thexFerbitals
antisymmetric combinations of these configurations. The HS have practically no peroxide character (Table 2). The two
wave functions, in contrast to the BS wave functions, do have possible assignments for band 3 can be evaluated on the basis
proper dimer symmetry and, given the weak exchange interac-of the Raman profiles in Figure 2. Th&(+) orbital has only
tions in the ground and excited states of f®)(OBz),{ HB- little peroxide character (Table 2), part of whichd$onding,
(pZ)3}2], it is reasonable to use the results from the HS and promotion of an electron from peroxidg to Z>(+) should
calculation in the following analysis of the peroxide-to-Fe CT result in a large distortion along the—<® coordinate and
transitions. therefore preferentially enhaneéO—0). In contrast, the?(—)

Calculations have shown that the intensities of CT transitions orbital is substantially mixed withr*, and thex* — 2%(—)
can be approximated by a sum of overlaps of individual ligand transition should primarily enhaneg¢Fe—0). Thus, the strong
orbital contributions in the corresponding donor and acceptor

Figure 8. Surface plots of the relevant Fel d-based unoccupied spin-
down MOs obtained from a BS calculation on jf&a,)(O.CH).-
(NH3)g]?*.

(50) (a) Ros, P.; Schuit, G. C. Aheor. Chim. Acta (Berlin]966 4, 1.

(48) Eickman, N. C.; Himmelwright, R. S.; Solomon, EProc. Natl.
Acad. Sci. U.S.A1979 76, 2094.

(49) Gidel, H. U.; Weihe, H. IrMolecular Magnetism: From Molecular
Assemblies to the De&es; Coronado, E.; et al., Eds.; Kluwer Academic:
Netherlands, 1996; pp 17397.

(b) Van der Avoird, A.; Ros, PTheor. Chim. Acta (Berlinl966 4, 13.
(51) The relative displacemenk of an excited state along a resonance
enhanced mode can be estimated from the Raman interisifyA? v2.
(52) Gerstman, B. S.; Brill, A. SJ. Chem. Phys1985 82, 1212.
(53) Gewirth, A. A.; Solomon, E. lJ. Am. Chem. S04988 110, 3811.
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Table 6. Energies (eV) and Compositions (%) of the Relevant Fel Centered Unoccupied Spin-Down BS Orbith\éaues Calculated
for [Fex(O,)(OCH)a(NH3)e]?t, Two Related Structures, anduaoxo-bridged Fe(lll) Dimer

y =129, 7 =53 y =129, 7=0° y=12C¢,7=0° u-0xo dimer
level Fel o1 02 Fe2 Fel o1 02 Fe2 Fel o1 02 Fe2 Fel o Fe2
z 67 8 4 0 66 10 5 0 67 11 4 0 67 13 0
yz 61 22 10 3 67 22 8 lyz 63 21 8 lyz 79 16 lyz
Xz 79 5 4 32 72 6 6 522 63 4 6 1022 53 22 1422
N —128 —121 —143 —342

aTotal contributions from Fe d, O1,02(peroxide) p, and O(oxo) p orbitaBalculated exchange-coupling constants imtgiH = —2JS,S,).

Table 7. Comparison of Experimental and Calculated Transition  coincides with the O(peroxide)Fe bond vector in [F£O,)-
Energies (cm") (OBz)Y{HB(pz)3}2]. The donor ability of peroxide corresponds
band transition pot obs calc to the total amount of Fe d character in the peroxide-baged
2 7 = yAt) 7 14 620 15 445 orbitals, and eq 3 thus relates the charge donation by peroxide
3 7t — 2(-) Xy 24 650 24 445 to the intensities of the peroxide-to-Fe CT transitions. The
wt— 2(+) z 24 705 spectral assignments in Table 7 differentiate between transitions
7y — Z(+) Xy’ 26 585 originating fromsz* ands%, therefore allowing us to separate
4 7~ 2(-) z 26 200 26 965 and ¢ donor interactions. However, this requires that we

aBand designations relate to Figure 4 and TableRolarizations
are given in the approximaig; point group.

enhancement af(Fe—O0) relative tov(O—0O) (Figure 2) allows
us to assign band 3 tor* — Z¥(—) which is polarized
perpendicular t&', as required by the pseudeterm feature.

Because bands 4 and 3 are associated with electronic

excitations fromr} andz*, respectively, to the same acceptor
orbital, Z2(—), their energy separation allows us to estimate the
¥ splitting, A(r: — ¥). Using the band positions from

the better resolved toluene spectra (Figure 4, Table 1), a value

for A(n* — a*) of ~1550 cnvt is obtained, which is in good
agreement with the calculated value &% — %) = 1225
cmt (Figure 5, Table 2).

For comparison, the energies of the transitions associated with

bands 2-4 were calculated from the difference in total energy

of the excited and ground states at convergence. The result
are presented in Table 7. The correspondence between the
experimental and calculated transition energies is excellent,
which strongly supports the aforementioned assignments. The
calculations can thus be used to obtain a reasonable estimat

of the energies of tha* — Z4(+) andz* — Z(+) transitions

(Table 7) that are not observed in absorption but could affect

the Raman intensities in the UV region (vide infra).
Peroxide-to-Fe Charge Donation. In this section, the CT

absorption and Raman data shown in Figure 2 are used to obtain

guantitative experimental estimates of tbeand & donor
strengths of peroxide in [R€02)(OBz){ HB(pZ)3}2]. In gen-

eral, the donor strength of a given ligand can be related to the -
g g g h the excited states, then the wave packet oveldg(t)[] takes

integrated intensities of all the CT transitions associated wit

S

guantitate the absorption intensity associated with the peroxide-
to-Fe CT transitions relative to other contributions in the UV
region.

The weak Raman enhancement of the peroxide-reldfest-
0O) andv(O—0) modes in the UV region (Figure 2) suggests
that only part of the observed absorption intensity above 25 000
cm ! is associated with peroxide-to-Fe CT transitions. Using
the resonance Raman intensities to quantitate this contribution
is complicated for two reasons. First, the close vicinity of bands
3 and 4 (Figure 4) indicates that the corresponding electronic
states can interact, which would give rise to constructive and
destructive interference, leading to large and unexpected changes
in the Raman intensiti€s. Second, the variation of theFe—
0)/v(O—0) resonance Raman intensity ratio as a function of
the excitation wavelength shows that each of the three excited
states associated with bands4£ exhibits different distortions
along these modes.
This two-mode/three-states problem is ideally suited for an
analysis within the framework of time-dependent theory of
electronic absorption and resonance Raman spectroSéapy.

Shis formalism, the absorption spectrum for an electronic

transition to an excited stateis given by’

(4)

where I[(v) is the absorption intensity at energy If it is
assumed that the ground- and excited-state vibrational frequen-
cies are identical and that the normal modes are not mixed in

I(v) Ov [~ [l explivt] dt

this ligand® Because bonding interactions between peroxide the form

and Fe primarily involve the peroxide* and Fe d orbital$? 2 .

the peroxide-to-Fe CT bands in the absorption spectrum of _ Any . ot
Figure 4 permit a good estimate of the charge donation by [Pl = ex Z B 7(1 — expliviD) - o

peroxide to Fe in [F£O,)(OBz){ HB(pz)s}2].

Using the formalism of Baldwin et at the contribution from
each of the half-occupied iron d orbitals, t the peroxider*
orbitals is approximately given by

f

di\2 _ i

(Cr) =Kk—7 3)
vilrl
wherex is a constant (9.2% 102 A), f; andv; are the oscillator
strength and transition energy of the peroxide-to-FeQiIr

transition, respectively, and is the transition vector that

(54) Contributions from the Fe 4s and 4p orbitals &¥%.

iEq, t — I,2%| (5)

wherevy, is the vibrational frequency of theth normal mode
andA is the dimensionless displacement of statelative to
the ground state along mode The paramete,, is the energy
of the zero-phonon transition to stateand I'; is a damping
factor that governs the resolution of the vibrational structure.

(55) Wootton, J. L.; Zink, J. IJ. Am. Chem. S0d.997 119, 1895.
(56) Myers, A. B.; Mathies, R. A. IiBiological Applications of Raman

SpectroscopySpiro, T. G., Ed.; Wiley: New York, 1987; Vol. 2, pp-B8.
(57) Tannor, D. J.; Heller, E. J. Chem. Phys1982 77, 202.
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To simulate a spectrum with several overlapping absorption

J. Am. Chem. Soc., Vol. 120, No. 23, 1995685

bands, the full spectrum can be expanded in terms of a sum ofAbsorption and Resonance Raman Data of Figire 4

individual spectra calculated with eq 4.

In the low-temperature limit, the Raman polarizability of a
system withk electronic excited states can be written as a half-
Fourier transform

; k
04(1) = é L""(Zufwmtm exp[—iEq,t — I'f]] x
expliv, f] dt (6)

where y, is the transition dipole moment for the electronic
transition from the ground state to the excited stafe? O f;)
andv, is the energy of the incident laser radiation. The time-
dependent overlap is given by

A, 2 ivt

= ——(1 —exp[-iv ) - —| x
Blot)T] |'| ex 2( exp[—iv,f]) .

(_ 1)ann rCIn
(1- eXp[_iVn'f])q"(2(1—01’/2 (7)
"

whereg is the final vibrational level of the electronic ground
state. This level differs from the vibrational ground state,
corresponding to the initial state in the Raman process (low-
temperature limit), byqg, quanta in normal moden. The
intensity of the Raman transitian— f is then obtained from

8)

wherevs is the energy of the scattered radiation. For example,
the Raman profile for the fundamental of normal mades
obtained from eqs 68 with gy=m = 0 andQn=m = 1.

3, 2
Lt Ovpgl oy

Table 8. Excited-State Parameters from Simultaneous Fit to the
band Eo, cm ! A(Fe-0) A(0O-0) Uref °
2 10 000 3.68 —-1.98 1.00
3 20 150 4.39 —-1.20 0.24
4 21600 2.95 —2.55 0.60

a Obtained with eqs 48 andI', = 500 cnT?, ¥»(Fe—0) = 421 cnT?,
and »(O—0) = 876 cntl. " Obtained withu? O f/lvma and the
parameters of Table 1.
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Figure 9. (A) 77 K absorption spectrum of [F&,)(OBz),{ HB(pZ)s} 2]

7/

-

In the present case, the analysis involves three excited statesin a toluene glass (solid line) and simulated spectrum (broken line),

corresponding to bands-2 in Figure 4, and two normal modes,
v(Fe—0) andv(O—0). To include the information derived from

obtained from a sum of bands-2 calculated with the fitted parameters
in Table 8 and the Gaussian absorption bands 1 and 5 (not shown)

the MCD data, we required that each of the three simulated from Figure 4. (B) Corresponding experimental resonance Raman
absorption spectra reproduces the relative intensities, peakexcitation profiles for the/(Fe—O) (®) and»(0—0) (O) fundamental

maxima, and widths of one of the Gaussian resolved bands 2

in Figure 4. This allowed us to place severe constraints on the

values ofu?, A, and E,. The signs of the dimensionless
displacementsA were assigned on the basis of the orbital
compositions obtained from the electronic structure calculations
(seeNature of the Fe-Peroxide BopdA(Fe—0) > 0 (elonga-
tion of the Fe-O bond) andA(O—0O) < 0 (contraction of the
O—0 bond) for each excited state. Further, a valud'of=

500 cnt?, typical of transition metal complex&%was assigned

to each damping factor. A direct modeling approach, as
described by Myers et &l was then used to search for the

complete parameter set that generates the best simultaneous fié
to the experimental 77 K glass absorption and resonance Raman

Tt —

data (Figure 2). The refined parameters are given in Table 8.
In Figure 9A, the simulated absorption spectrum, obtained

from a sum of the three individual spectra calculated with the

fitted parameters in Table 8 (bands-2) and Gaussian bands

1 and 5 from Figure 4, is superimposed on the 77 K glass

absorption spectrum. The corresponding Raman profiles of

v(Fe—0) and v(O—0) for bands 24, scaled for best cor-

respondence with the experimental data in the visible spectral

region, are shown in Figure 9B. Below 21 000 ¢mthe

agreement is excellent, whereas in the UV region, the calculated

(58) Zink, J. 1.; Shin, K. S. KAdv. Photochem1991, 16, 119.

bands and simulated profiles for bands4(broken lines), scaled for
best correspondence in the visible region. (C) As in B, except that the
simulated profile was calculated with bands 3 and 4 scaled to 55%.

Raman intensities are significantly higher than those observed
experimentally. Given the good correspondence in the visible
region, the parameters in Table 8 can be used to estimate the
overtone-to-fundamental intensity ratio fefFe—O) to verify

our tentative assignment of the Raman feature at 832! ¢m
2v(Fe—0). The calculated ratio 0f0.3 agrees well with the
experimental value of0.25, lending support to our assignment.
There are several possible sources of the weak Raman
nhancement in the UV region: (i) Both the — 2(+) and

* — Z(+) transitions could also contribute to the observed
absorption intensity in this region (Table 7). Because the
resonance Raman intensity of a given madés roughly
proportional to the square of the absorption intensity Apdl

the presence of more than two, accordingly weaker and sharper

bands in the UV range would greatly reduce the resonance
Raman enhancement in this region. (ii) The x* — 22(+)
excited states are sufficiently close in energy to sfjesn* —

7°(—) excited states corresponding to bands 3 and 4 to cause
resonance deenhancement. (iii) Only part of the absorption
intensity above 20 000 cm is associated with peroxide-to-Fe
CT transitions, as might be anticipated from the presence of
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intense UV absorption bands in the optical spectrum of-[Fe Chart 2. Experimental and Calculated Ground amfl—
OH(O,CCHg){ HB(pz)s} 7] that tail into the visible regiof’ yZ+) Excited State Geometries of the,F8;) Core

The Gaussian bands-# in Figure 4 thus represent an upper
limit of the peroxide-to-Fe CT absorption intensity. A lower
limit is obtained, in any case, by assuming that contribution exp.
(iii) is solely responsible for the weak Raman enhancement in
the UV region. The intensities of bands 3 and 4 were therefore
varied by floating the corresponding values gt in eq 6 for
the best fit to the experimental Raman profiles over the full
spectral range. The simulated Raman profiles, obtained with
bands 3 and 4 scaled to 55% according to the fitted scaling calc-
factor, are compared with the experimental data in Figure 9C.
The correspondence is very satisfactory, and we conclude that
bands 1 and 2, together with bands 3 and 4 scaled to 55%,addition to the one shown in Chart 2. Therefore, the geometry
provide a reasonable lower limit of the peroxide-to-Fe CT of the Fg(O,) four-atom core, with the remainder of the
absorption intensity in [F£0,)(OBz){ HB(pZ)s} 2]. [Fey(O2)(02CH)x(NH3)g]2 model kept frozen, was optimized

Having determined upper and lower limits for the peroxide- using ADF calculations in both the ground ant — yz+)
to-Fe CT transition intensity, we can now estimate the peroxide excited states. The computationally optimized geometries are
— Fe donor strength in [R602)(OBz),{ HB(pZ)s} 7] for the two shown in Chart 2, bottom. The correspondence with the
limiting cases using eq 3. The absolute values are not expectetexperimentally determined structures (Chart 2, top) is good,

to be quantitatively accurate, but this method allows us to |ending justification to the choice of phase combination in Chart
compare the relative ando donor interactions and providesa 2,

useful measure for a comparison with the known series of Cu As expected from the orbital plots in Figure 7, the major

peroxide complexé8 (see Discussiol. Because thez’(—) distortion in thes* — yZ+) excited state occurs along the
orbital haso-bonding interactions with both peroxie orbitals, Fe—O bonds, whereas the-@D bond is less affected. The
bands 3 and 4 (and we assume band 1) reflectthad band  0—0 bond length of 1.35 A in the excited state is typical of
2 thes donor interactions. Using eq 3, the parameters in Table syperoxidé® and reflects the CT character of this transition. The
1, and|r| = r(Fe-O) = 1.885 A, we estimate that the Fe—0O bond length change dfrre_o = 0.20 A is substantial
contribution to the donor strength by peroxide lies between 50% and unusually large for a low-energy CT excitation. This
and (with bands 3 and 4 scaled to 55%) 65%. These numbersgemonstrates the importance of thebonding interaction
agree well with the computational results that also suggest thathetween Fe and peroxide in [K6,)(OBz){HB(pz)s}-] be-
the sz donor interaction is dominant (Tables 2 and 3). cause the presence of a dominarttonding interaction would
Excited-State Distortions. The major feature in the absorp-  greatly reduce the distortion along the-R@ coordinate. The
tion spectrum of [FEO2)(OBz),{HB(pZ)s}2] is the prominent  |arge distortions accompanying th& — yz(+) transition also
band in the visible region (band 2 in Figure 4) assigned to the provide some insight into the high photoinstability of §6@y)-
7, — yA+) peroxide-to-Fe CT transition (Table 7). Because (OBz),{HB(pz)s}o]. From Chart 2 we would expect that the
this feature is characteristic of all quil,Z perOXide'bridQEd excited state may decay by release Qf Ohis corresponds to

Fe(lll) dimers, it serves as their spectral fingergtiabd can 3 photoinduced deoxygenation process and was observed for
play an important role in the detection of +peroxide some Co(lll)-peroxide complexe®.

intermediates in the catalytic cycle of non-heme iron enzythes.

The boundary surface plots of the& donor andyZ+) acceptor Discussion

orbitals (Figure 7) indicate that this transition formally eliminates ) ) ] ] )

the Fe-peroxiden-bonding interaction. Thus, an excited-state _1N€ interaction of binuclear non-heme Fe(lll) proteins with

distortion analysis was undertaken to obtain further information dioxygen has been the subject of much recent work in

about the relative strength of the peroxigee s-bonding bioinorganic chemistrg:2 However, surprisingly little is known

interaction in [Fe(O2)(OBz){ HB(pZ)3} 2. about the nature of Feperoxide bonding in cig-1,2 peroxide-
The excited-state distortion can be expressed in terms of Pridged Fe(lll) dimers, although this bridging mode haslobeen

internal coordinates using the eigenvectors obtained from the Proposed for the putative peroxide intermedigtef MMO.

NCA (see Normal Coordinate AnalysjsTable 5) and the In contrgst, previous spect'roscoﬁand theoreglcgl studié

dimensionless displacements from the quantitative Raman©f @ series of Cu(lh-peroxide complexes exhibiting several

analysis (se®eroxide-to-Fe Charge Donatioifable 8). The blndln_g modes_of peroxide proylded significant insight |_ntchu

internal coordinate changedr; (R), are related to normal peroxide bonding. A comparison of the results obtained here

TRyz(+)

1.34 A

coordinate displacementd,, bys® Witht parallel data reported for the Cu complexes is presented
next.
A, Comparison of Fe—Peroxide and Cu—Peroxide Bonding.
Ary = 5.80652 Lin 9) In Cu—peroxide complexes, the bonding interaction between
n v Cu(ll) and peroxide involves the peroxidé orbitals and the

" single half-occupied Cu d orbit&!. The #* orbital is oriented

whereLi, is theith element of the mass-weighted eigenvector, in the Cu-O—0 plane and is stabilized by a strongdonor
Ln, for the nth normal mode. A schematic illustration of the interaction with copper. The other* orbital, 7} (designated
nuclear distortions of the &D,) core accompanying the: — 7* in [Fex(O2)(OBz){ HB(pZ)s} 2] because it now participates
yZ+) transition is shown in Chart 2 (top). in o bonding), is oriented vertical to the €®—0 plane and

Because the signs of the displacemehtare ambiguous in (59) Maecke, H. R.; Williams, A. F. IPhotoinduced Electron Transfer

the harmonic approximation, there are three other phasergy M. A., Chanon, M., Eds.; Elsevier: Amsterdam, 1988; Part D, p 28.
combinations of the distortions alomgFe—0) andv(O—0) in (60) Ross, P. K.; Solomon, E. J. Am. Chem. Sod.991, 113 3246.
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Table 9. Comparison of PeroxideMetal Bonding in In u-1,2 peroxide-bridged dimers an interesting correlation
[Fex(O,)(OBz){ HB(pZ)s} 2] and Three Cu(lly-Peroxide Complexés is found between the metaD—O bond angle’ and the nature
complex 51, SEMYP (€2 koo Voo of the metat-peroxide bonding interaction. In Cu(ll) and
0.183 944 18 Co(lll) dimers, the corresponding angles are similar to each
Fe cisu-1,2 (0:135) (760) (1:4) 31 876 other, that is, 108for the end-on trans copper diméand 112
Cu end-on monomer  0.105 537 1.0 2.9 803 averaged for a total of 22 cis and trans Co dimers (covering a
Cu trangu-1,2 0.252 1350 1.9 31 832 range between 109 and 1886162 Both Cu(ll)*® and low-
Cu side-onu-n*1? 0479 1730 3.7 24 763 spin Co(ll1¥*3 have a fully occupiedb set of d orbitals in these
af, (v) is the oscillator strength (peak position) of tite peroxide- ~ cOmplexes, and only-bonding interactions with the peroxide

to-metal CT traﬂsitionl QBI*)Z is the relative Charge donation by .77:3 0I’b|la| Con'[l’lbu'[e to the net bond|ng Reorientation Of the
peroxide, andko-o and v_olo are the force constant (mdyn/A) and  corresponding O(peroxide) p orbitals would require mixing with
frequency (cm?), respectively, of the ©0 stretching mode(O—0). the unoccupied* orbital, which is much higher in energy. Thus,
Data for the series of Cu complexes were taken from ref38. intraperoxide bonding places severe constraints on the metal
units. ¢ The two parameter sets represent upper (lower) limits (see text). - . . ;

O—0 angle in Cu- and Co-peroxide dimers; a value of ~

110 appears to maximize thebonding interaction. A different

exhibits only weakr interactions with occupied Cu d orbitals. ~ Situation exists in cig-1,2 peroxide-bridged Fe dimers where

From the intensities of the peroxide-to-Cu CT transitions, a ratio the F&-0—-0 anglfs in ltshe three lﬁtructurally characterized
of 1:1.9:3.7, or~1:1:2 per Cu, was derived for the relative Ccomplexes are 1244123 ,%and 129.1° The strongz-bonding
charge donation by peroxide to Cu in an end-on monomer a interaction between Fe and peroxide involves half-occupied Fe
trans 4-1,2 dimer, and a side-op-y%n? dimer3® Thus, a " " d orbitals and thus effectively contributes to the net bonding.

roughly linear increase is observed in the relative charge 1NiS interaction is fairly independent of the +©—O bond

donation with increasing number of peroxie€u o-bonding angley and thus allows for more structural flexibility: while a
interactions. A comparison of the results for the series of cu Smaller angle permits betterbonding interaction, a larger Fe
complexes and those obtained for §f@,)(OBz){ HB(pz)3} 2] O-0 angle is favored for steric and electrostatic reasons. A

is given in Table 9. Despite the strongbonding interaction, ~ comparison of the StrUCtlZJI%iOf_ [kBh-bimp)(OBz)(Q)]?"
the charge donation by peroxide in F®,)(OBz){ HB(pZ)s} 5] anl [Cg(b|mp)(OBz)(Q)] is |nterest|ng.. Given the fairly
is not greater than in the trapsl,2 Cu dimer, and the bridging ~ 119id bridging skeleton, the metametal distances are not
peroxide can thus be considered as equally negative in the twoP€'Mitted to differ by much; that is, FeFe = 3.33 A and
complexes. Hence, a similarly strong-@ bond would be ~ €0"C0 = 3.15 A. However, the metalO—O angles are
expected in these dimers, because electron density is primarinSUbStam'a”y different: 120and 110, respectively. The small

removed from ther* orbitals that are antibonding with respect Co-0-0 angle_in ikl aoccomplished by a large
to the O-O bond. Co—0—-0—Co dihedral angle of = 51°, as compared with

. . = 10° in the Fe complex. There exist a number of gi4,2
The O-O bond strength is reflgcted In the—C(D. force peroxide-bridged Co dimers for which the G€o separation
constantko—o, and the corresponding values obtained from

o is ~3.3 A 82 similar to the Fe-Fe separation in [R¢Ph-bimp)-
NCAs of the vibrational data of [R€0,)(OBz),{HB(pZ)s}] ot - : .
and the three Cuperoxide complexé&8 are included in Table (OB2)(Q)]*". Nevertheless, the GdD—0 bond angle is again

i . ~110° accomplished by an even larger dihedral angle of
9. As_dex%e%teda tEe eOdbgndd|_s equallydstrong in thﬁl’z_ h 61°. For comparison, in monobridged trand.,2 cobalt dimers,
peroxide-bridged Fe and Cu dimers and stronger than In the oo the monomeric units are permitted to rotate about the
end-on Cu monomer, reflecting the higher electron density in

. ; . O—0 bond, the CeO—0—Co unit is ususally planar. This
the antibonding pero_mdar orb|tal_s of thg monomer. Note, suggests that a large dihedral angle in theuels2 Co dimers
howeyer, that the s[de-on .CU dlmer_ ‘_N'th four strong-Cu results from the dominance of thebonding interaction that
peroxide o-bonding interactions exhibits the lowest—Q

. . S . maximizes whery is small.
stretching frequency because in this dimer the unoccupied The different nature of Feperoxide and Ctperoxide
peroxideo* orbital acts as ar acceptof?

bonding is reflected in the energy splitting of the peroxide
Table 9 shows that the €0 stretching frequencies for the  orhitals. Due to the large contribution to the peroxide- Fe
u-1,2 peroxide-bridged Fe and Cu dimers differ substantially, charge donation in [R€0)(OBz){ HB(pZ)s} 2], antibonding
although the G-O force constants are identical. The keyto an electron density is shifted from the peroxid# orbital to the
understanding of this result is provided by Figure 6B, which half-occupied Fe() d orbitals, which arer bonding to peroxide
shows a plot of the ©0 stretching frequency as a function of  (see Figure 7). This bonding interaction greatly reduces the
the metat-O—O bond angley, calculated using a UreyBradly energy of ther*-based MO and leads to a smafi/* splitting
force field and the set of refined force constants for,(Be)- of <2000 cml. In Cu—peroxide complexes, the peroxide
(OBz){HB(pZ)s}2. Fromy = 90° to 140, the frequency  z* orbital can only interact with fully occupied Cu d orbitals,
increases from 815 to 901 ctbecause of mechanical coupling and ther*-based MO is thus primarily localized on peroxfe.
between the metalO and G-O stretch motions. In the trans As a result, thet:jﬂ;t splitting is large;~4000 cnt! observed
u-1,2 copper complex, the GtO—O angle is 108 and and calculated for the end-on Cu monofiéf and ~10 000
mechanical coupling is thus unimportant. In contrast, in the ¢cm~ calculated for the trang-1,2 Cu dimef where the
Fe dimer y equals 129 (based on the structure of the experimental situation is complicated by strong antiferromag-
phen;ﬂacetate éznag@ a;nd v(0—0) involves 18"/; Feﬁo netic exchange interactions in the CT excited states.
stretch motion (Table 5). As a consequence, the effective 5 5
reduced mass is greatly lowered, leading to the high observed17v(gé)1§érradough’ C.G.;Lawrance, G. A; Lay, P.lorg. Chem1978

O—O0 stretching frequency for [RED,)(OBz){HB(pZ)s}2]. (62) Kayatani, T.; Hayashi, Y.; Suzuki, M.; Uehara,Bull. Chem. Soc.
Note that this coupling is not apparent from #i®; — 0, Jpr(]éé?%cfszgkzglégpéolomon E. Inorg. Chem.1992 31, 944
isotope shifts (Figure 6B, bottom) because the-Bestretch (64) Pate, J.E. Cruse, R. W.. Karlin, K. D.: Solomon, Bl IAm. Chem.

also primarily involves oxygen motion. S0c.1987, 109, 2624.
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Chart 3. Proposed Mechanism for the ConversionFofo a conversion oP to a high-valent Feoxo species. Two-electron
High-Valent Diiron(IV)—Oxo Species reduction is favored because it involves a large thermodynamic
OH driving force that is required to overcome the large Franck
H+ | H+ Condon barrier associated with reductive cleavage of th©O
/O_O\ - 0) o o bond’? Hence, in the reaction scheme in Chart 3, the second
7N\ 2 7/ \ Fe of the active sites of MMO and RR fulfills the role of the

1[] n 1] 1l L . .
Fe Fe Fe Fe FelV. Felv porphyrin in supplying the second electron. This Fe serves the

further role of providing a coordination site for the bridging
peroxide that will be unstable toward formation ofuzoxo
bridge in a high-valent intermediate due to the high stability of
the Fe-O(ox0) bond®? Alternatively, in Hr, au-oxo bridge is

Mechanistic Implications. In reactivity studies it was found
that the trang:-1,2 Cu dimer possesses a peroxide ligand that
is relatively basi®® Thus, the similar charge donation by

peroxide in this dimer and [€0;)(OBz),{ HB(pz)s}2] (Table already present in the peroxide bound form (oxyHr), and hence

9) suggests that the bridging peroxide in the Fe complex also, .~ .7 " o
has a rather basic/nucleophilic character. This result has somethls site is stable toward further oxidation. The fact that there

- S e e )
important implications with respect to dioxygen activation by Iriscﬁolgle?t%rx :;']ISI\TI\/III(g}?“aonTjIrF]{IgSr’C(I)rL]jIgoglggs(t:otgt:irt])itzx'i)g?f?e
MMO and RR. The CD and MCD studies of reduced MO . . g T

and RF’ have indicated that there is an open coordination d!fferefnceos_lg rgacgwtly of theste) sﬂé’st.Fort_l\/lMOf, t?] msqga.'
position on each Fe(ll) and that both ferrous ions are capablenlsm _(cj)r is al on (_:?av?gt_sth z pr? ogatlofn Oth 3 n gl?g
of exogenous ligand binding. The initial steps in the reactions peroxide 1S also consistent with Kinelic data for the e_c_d?.o

of MMO and RR with dioxygen involve the two-electron F(on‘{ the large activation entropy that!ndlcatesatran3|t|on state
reduction of Q by the diferrous active site affording a peroxide- vc\;liholrl;cregsled degrees Ofb freedom, it W?ijCOHf|Uded fthat tr:e
bridged diiron(l1l) intermediate and the subsequent cleavage of on74 cleavage may elaccompqnle yreiease of a water
the peroxide GO bond to form a high-valent Feoxo molecule’* Note that_from_ 8Oz-labe_llr_1g experiments it is
species:® Several binding modes for peroxide in the enzyme known that _the oxo bridge In the oxidized form O.f Rrand
intermediates have been proposed, of which side-gA,2 and the oxygen in the hydroxylation product of MM@erive from

cis 4-1,2 binding modes are considered to be the most dioxygen, Wh.ereas the fate of th.e sec.ond oxygen has not yet
likely.31219 Support for a side-on structure is provided by recent been determined. Furt_her studies will be_ required to fully
work on a binuclear Cuperoxide model complex that shows Understand the conversion frofnto the putative Fe(lVyoxo

reversible cleavage and formation of the-O bond, thereby ~ dimeric species.
interconverting between a side-on peroxide and @-dko core Exchange Coupling. Itis striking that the exchange-coupling
structure®® However, it is noted that the electronic structure constant in [FEO2)(OBz){HB(pZ)s}2] is only —33 cnr?
of the side-on Cu complex is unique in that the unoccupied compared with—J > 300 cntt in 4-1,2 peroxide-bridged Cu
peroxideo* orbital acts as ar acceptor, weakening the-@D dimers38:3260 |n homonuclear dimers with half-filled orbitals
bond® Studies are underway to explore whether a similar ~ on each metal cented,can be expressed in terms of a sum of
back-bonding interaction can occur in analogous side-on Fe(lll) individual contributionslag, as follows?®
dimers.

On the basis of Mssbauer daté and supported by recent 1
calculationg®-22 a cisu-1,2 bridging mode is currently favored J= _ZZJABi (10)
for the peroxide intermediafin MMO.3121° Given the rather -
nucleophilic character of the cig-1,2 bridging peroxide
evaluated relative to the series of €peroxide complexes, it
would appear reasonable that protonation and heterolytic

cleavage of the ©0 bond could lead to a binuclear Fe(v) ’ . i > Hc !
netism (Figure 8), and their contribution will be scaled by?1/

oxo species (Chart 3). This mechanism parallels the one '™ X | b
proposed for the heme-containing monooxygenase cytochrome— 1/25 (€ 10). In binuclear Ceperoxide complexes, the single

P-450, where heterolytic cleavage of peroxide produces an(n = 1) superexchange pathway involves the half-occupied d

Fe(IV)=0 porphyrin radical intermediaf&.® Support for this orbital on each Cy atom that strongly interacts ywth the peromde

scheme is provided by recent spectroscopic and electronic™s orbital®® leading to large antiferromagnetic coupling be-

structural studies of a hydroperoxoopper model comple®. ~ tween the two coppers.

It was found that protonation activates the peroxide for further ~ More insight into the effectiveness @f1,2 bridging peroxide

reduction by a large stabilization of the peroxide orbitals, in mediating antiferromagnetism between Fe(lll) atoms is

including the unoccupied* orbital. Thus, in the case of MMO,  obtained from a comparison with the berbxo-bridged Fe(lll)

protonation of the bridging peroxide would facilitate the dimer. The experimental values for [Fe(O)(OBz){HB-
— - — - - (p2)3}2] and [FeO(OAc)k(tmtacn))?" (Fe—O—Fe angle of

, SSUFoCS I K D ietie Ogen n Bochenlebyelenive, 15 are 33 and--120 G, respectivelyS From our

& Professional: Glasgow, 1995; pp 18231.
(66) Pulver, S.; Froland, W. A.; Fox, B. G.; Lipscomb, J. D.; Solomon, (72) Shin, W.; Sundaram, U. M.; Cole, J. L.; Zhang, H. H.; Hedman,

whereA andB refer to the two metal ions aridandj to their
respective d orbitals. There are only a few of the 25 pathways

in peroxide-bridged Fe(lll) dimers that promote antiferromag-

E. I.J. Am. Chem. S0d.993 115 12409. B.; Hodgson, K. O.; Solomon, E. 0. Am. Chem. Sod.996 118 3202.
(67) Pulver, S. C.; Tong, W. H.; Bollinger, J. M.; Stubbe, J.; Solomon, (73) However, a series of membrane-bound monooxygenases and de-
E. I.J. Am. Chem. S0d.995 117, 12664. saturases have recently been identified that appear to be rich iN His
(68) Halfen, J. A.; Mahapatra, S.; Wilkinson, E. C.; Kaderli, S.; Young, ligation but still activate dioxygen (see Shanklin, J.; Achim, C.; Schmidt,
V. G.; Que, L.; Zuberbhler, A.; Tolman, W.Sciencel996 271, 1397. H.; Fox, B. G.; Minck, E.Proc. Natl. Acad. Sci. U.S.A997 94, 2981).
(69) Ortiz de Montellano, P. R. ICytochrome P-450 Structure, (74) Liu, K. E.; Valentine, A. M.; Wang, D.; Huynh, B. H.; Edmondson,
Mechanism, and Biochemistr@rtiz de Montellano, P. R., Ed.; Plenum:  D. E.; Salifoglou, A.; Lippard, S. J. Am. Chem. Sod.995 117, 10174.
New York, 1986; pp 217271. (75) Ling, J.; Sahlin, M.; Sjberg, B.-M.; Loehr, T. M.; Sanders-Loehr,
(70) Sono, M.; Roach, M. P.; Coulter, E. D.; Dawson, JGhem. Re. J.J. Biol. Chem.1994 269, 5595.
1996 96, 2841. (76) Ferguson, J.; Guggenheim, H. J.; Tanabel. Phys. Soc. Jpri966

(71) Root, D. E.; Karlin, K. D.; Solomon, E. I., unpublished material. 21, 692.
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calculations on a series of three gisl,2 peroxide-bridged
Fe(lll) models (Table 6), we conclude thatexhibits only a Fe-0O-0O-Fe
weak structural dependence. In good agreement with the :
experimental results, the calculations predict that the magnitude
of Jincreases by a factor of3 in going to theu-oxo-bridged
dimer. Thus, a more detailed consideration of the computational
results is appropriate. The compositions of the relevant Fel-
centered unoccupied MOs obtained from BS calculations for
the three peroxide models and th@xo-bridged dimer are given
in Table 6% The Fe2 and peroxide (01,02) or oxo (O)
character in these MOs reflects their effectiveness as super-
exchange pathways to mediate antiferromagnetic coupling.
Accordingly, the crossed pathway involving the orbital on
Fel and the? orbital on Fe2 makes the dominant contribution
to the ground-state exchange-coupling in all four complexes [in
the nonplanar peroxide structure, the absence of a mirror plane
allows for a second, similarly effective crossed pathway; that
is, Felf2)—peroxidefr*)—Fe2@)].

The dominance of crossed superexchange pathways which
was experimentally verified for beptoxo-bridged dimer&78
can be understood as follows. In the antiferromagnetic ground
state, spin polarization causes the occupied spin-down orbitals
on Fe2 to be largely stabilized below their unoccupied coun-
terparts on Fel (and conversely for the spin-up orbitals; see
Figure S2). This effect greatly reduces delocalization of the ]
Fe2-centeredzg orbitals onto Fel (Table 6). Th% erbitals Figure 10. BS_contourpIots_of the_ dominant superexchange pathways
on Fe2, however, are sufficiently destabilized by the ligand field " 2 planarl Cisu-1,2 peroxide-bridged model (top) and theoxo-
to shift close in energy to the unoccupiegldrbitals on Fel. In bridged analogue (bottom).
the planar structures, only the Fedz orbital has proper
symmetry and orientation to mix with the Fe2and peroxide

Fe-O-Fe

O—Fe plane. In the peroxide-bridged dimer, the major super-
or oxo orbitals, leading to the dominance of the B&ifoxo/ exchange pathway has a similar, although slightly perturbed

peroxide-Fe2(?) superexchange pathway (Table 6). Note that mixed /o character. In this case, reorientation of the peroxide
this spin polarization effect on exchange-coupling is not orbitals by combining the in-plane p orbitals requires mixing

accounted for in the model developed by Hay, Thibeault, and Petween thes® andy orbitals which are largely separated in

Hoffmanrf® to estimate the ground staevalue of dimers. energy. Thus, mtraperox_lde bonding opposes proper reorienta-
The BS contour plots of the dominant superexchange tion o_f the oxygen p orbitals _fpr better m_terqctlon with the Fe

pathways (i.e., FeXzbased unoccupied spin-down MOs) for d orbitals, produpmg an ad¢nona] contribution to the Weal_<er

the planar peroxide model wih= 120° and theu-oxo-bridged excha_nge-cou_pllng in peroxide-bridged Fe(lll) dimers relative

dimer are shown in Figure 10. Although the F8Xharacter !0 their oxo-bridged analogues.

is similar in both cases, delocalization onto the bridging ligand

is more pronounced in the oxo dimer than in the peroxide dimer symmary and Conclusions

(see also Table 6). This result indicates that the-G¢xo)

bond is more covalent than the F@(peroxide) bond, which Thex-bonding interaction between Fe and peroxidg-i,2

is reflected in the higher intensity of the oxo-to-Fe CT peroxide-bridged Fe(lll) complexes makes a significant con-

transition$? relative to the peroxide-to-Fe CT transitions. The yripytion to the Fe-peroxide bond. This interaction gives rise

difference in covalency arises from the higher charge on O(0x0) {4 |arger metatO—0 angles in the three structurally character-

relative to O(pero>7<|de), leading (i) to a shorterf@bond [1.79 74 diiron(I11)—peroxide complexes than in related Cu and Co

A for Fe~O(oxo)'” versus 1.89 A for FeO(peroxide)?] that complexes where the-bonding interaction makes the dominant

allows for better ligandmetal orbital overlap, and (i) to ashift .,n4iption to the metaiperoxide bond. As a result, mechan-

of the oxygen p orbitals to higher energy and thus closer to the ical coupling between the FeO and O-O stretch motions

Fed orblta_ls. Figure 10 _|nd|cates that_ an additional factor will becomes significant and the-@ stretching frequency becomes
also contribute to the different effectiveness of the oxo and unusually high

eroxide bridges in mediating exchange-coupling. In#uxo-
P g g g ping. Ik The similar charge donation by peroxide in {f@,)(OBz)-

bridged dimer, the Fegz orbital isxz antibonding to an oxo p s X /
hybrid orbital, which is favorably oriented far-antibonding {HB(pz)3}] and the trang-1,2 peroxide-bridged Cu dimer

interaction with the Fe2? orbital, representing a mixea/o suggests that the peroxide ligand in j&,)(OBz){ HB(pZ)s} ]
pathway. The oxo hybrid orbital is formed from a linear Should have a rather basic/nucleophilic character. Thus, pro-
combination of the two initially degenerate p orbitals in the-Fe ~ Vided a cisu-1,2 binding mode occurs in the peroxide
: : : intermediates of MMO and RR, it would appear reasonable that
K.,(Lﬁ)b:frgﬁme ‘i]s'sRiRS;ﬂQéfTﬁyLm"ifuhaé’.dgH”F’rZ'r;k'Z?hr'é.'E'}VLViL?F?Qr?dé’. protonation and heterolytic cleavage of the-O bond could
J.3. Am. Chem. S0od987 109, 7387. ’ ' ' "7 lead to the putative high-valent diiron(I\¥pxo species. It will
(78) Hotzelmann, R.; Wieghardt, K.; Fie, U.; Haupt, H.-J.; Weath- now be important to extend these studies to other diiror{lIl)
ig%uzmi o & Bonvoisin, J.; Blondin, G.; Girerd, JJ.Am. Chem. Soc. peroxide structures and high-valent-F@xo intermediates to
(79) Hay, P. J.: Thibeault, J. C.; Hoffmann, R.Am. Chem. Sod975 obtain molecular level insight into the mechanism of dioxygen

97, 4884, activation by binuclear non-heme iron enzymes.
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