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Dinuclear iron clusters bridged by an oxo or hydroxo ligand €\>e|1/0\,:eﬂu/{j
have been identified as cofactors in the metalloproteins hem- N \No__o7 N
erythrin, methane monooxygenase, and ribonucleotide reductase / o] 7: o]
where they catalyze the reversible binding or activation ot O
Each of these proteins has been trapped in a mixed-valence state, Ph 2
ascribed to an Pe-OH—F€" intermediate from the appearance Ph™ oy ~

of a rhombic EPR signal with all threg values below 2.6.

Although crystal structures have been determined for several Figure 1. Conve

of these enzymésand numerous model compouAds both
diiron(Il) and diiron(lll) states, the mixed-valence species
proposed as reaction intermediates are mainly amenable t
spectroscopic detection.
reported for a hydroxo-bridged complex, P (u-piv),L ]2,

L 1,4,7-trimethyl-1,4,7-triazacyclononane, in a trapped-
valence FeFe! state? Using the same L terminal ligand, but
replacing the two pivalate bridges with bulkier triphenylacetates
we have obtained the first stable oxo-bridged &' complex

and determined its crystal structure. The unusual domination

of its resonance Raman (RR) spectrum by an asymmetric Fe
O—Fe stretch at 711 cm provides strong evidence for a class
Il trapped-valence condition.

The hydroxo-bridged diiron(ll) compound [F@H(O.-
CCPh),L](BPhy) (1-BPhy) was isolated under anaerobic
conditions from an acetonitrile solution of the triflate sdlt (
CF3S0s)° by metathesis with NaBRR The reaction ofl with
O, in dry CHsCN yields the green mixed-valence compound
[FEXO(O,CCPh),L,]" (2). The BPh salts of 1 and 2 are
considerably less soluble in acetonitrile than the triflate salts;
exposure ofl-BPh, to O, affords crystalline2-BPh,® within
minutes at room temperature (Figure 1). Further oxidation by
the HO, byproduct from the formation ¢ affords the orange
diiron(Ill) complex, [FeO(O,CCPh),L,]%" (3).5 The second
step is prevented by using stoichiometric amounts gd4br
a trialkylamineN-oxide as the oxidant fot.

The crystal structures df-BPh, and2-BPhy are isomorphous

with no imposed symmetry (Figures 1 and S1). In the former,

the metrical parameters are similar to the analogous hydroxo-

bridged diiron(ll) acetate and trifluoroacetate complekéhe
monocation oR-BPhy is nearly isostructural to the dication of
3-BPhy. However, the core distances2BPhy, including Fe-

(1) (a) Oregon Graduate Institute. (b) Emory University.
(2) (a) Feig, A. L.; Lippard, S. JChem. Re. 1994 94, 759-805. (b)
Nordlund, P.; Eklund, HCurr. Opin. Struct. Biol.1995 5, 758-766.
(3) Bossek, U.; Hummel, H.; Weyhefither, T.; Bill, E.; Wieghardt, K.
Angew. Chem., Int. Ed. Endl995 34, 2642-2644 and references therein.
(4) (a) Chaudhuri, P.; Wieghardt, Rrog. Inorg. Chem1987, 35, 329-
436. (b) Kurtz, D. M., JrChem. Re. 1990 90, 585-606.

(5) Payne, S. C.; Day, E. P.; Wang, D.; Chen, S.; Orsz, R.; Hagen, K.
S., Manuscript in preparation.

(6) X-ray analysis ofL.-BPhs: colorless crystals, orthorhombiebca a
= 20.418(2) Ab’=19.279(1) A,c = 37.606(2) AV = 14803(2) B,
= 8, R = 8.2%, and GOF= 1.02. 2-BPhy: dark green crystals,
orthorhombicPbca with a = 20.5573(9) Ab = 19.3176(8) Ac = 37.744-
(1) A v=149891) B, Z=8,R = 7.2%, and GOF= 1.02.3-BPh
yellow/orange dichroic crystals, triclini®1, with a = 12.937(2) Ab =
14.977(3) A,c = 25.627(5) A,a = 93.84(1}, p = 91.12(1}, y = 96.26-
(1), V ="4923(2) B, Z=2, R= 6.6%, and GOF= 1.02.
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Recently, a crystal structure was

rsion ofl to 2 (R = CPh, RsNO = 4-methylmor-

pholineN-oxide) showing isotope distribution. A second equivalent of

each oxidant convert to 3. Selected interatomic distances (A) and
g@ngles (degy:1-BPhy, Fe--Fe 3.424(2) A, Fe(1yOH 2.007(8), Fe(2y
OH 2.002(7), Fe(yO,CR 2.115(6), 2.127(6), Fe(200.CR 2.112-
(6), 2.141(6), and FeOH—Fe 117.3(4). 2-BPh,, Fe--Fe 3.155(1),
Fe(1>-0 1.818(4), Fe(2YO 1.844(4), Fe(1yO,CR 2.089(4), 2.111-
(4), Fe(2)-OCR 2.154(4), 2.109(4), and F©—Fe 119.0(2). 3-BPh,,
Fe--Fe 3.160(1), Fe(+)O 1.796(3), Fe(2y0O 1.792(3), Fe(yO.CR
2.032(4), 2.069(4), Fe(2)O.,CR 2.028(3), 2.053(3), and FO—Fe
123.4(2).

u-oxo, are at least four standard deviations longer than the
corresponding distances BBPh,.. Magnetic susceptibility
measurements and EPR spectra indicate 2Hads anS = Y/,

spin staté, but the similar Fe-u-oxo bond lengths of 1.818(4)
and 1.844(4) A cannot distinguish between a delocalized or a
trapped-valence classification.

The Raman spectrum @fprovides more definitive evidence
for a trapped-valence species on the vibrational time scale. It
exhibits a strong band at 711 cithat undergoes a 36-crth
downshift withu-180 (Figure 2). This peak is assigned to the
asymmetric stretch of an F€®©O—Fe moiety on the basis of its
frequency being close to the value of 720 ¢rpredicted for a
diiron(11) complex and its180-shift being close to the value
of —34 cnt calculatef for a complex with an FeO—Fe angle
of 119°. An additional band at 1416 crh shifts —71 cnt?
with 4-180 and is assigned tog{Fe—O—Fe). Since overtone
progressions are frequently observed ir-Be-Fe complexe4?
this provides further support for thgd Fe—O—Fe) assignment.
Finally, the RR spectrum ¢ has no'O-sensitive vibrational
mode in the 406-550-cnT? range that could correspond to the
Fe—O—Fe symmetric stretch (Figure 2). This behavior is
reminiscent of the diiron(lll) [N5SFeOFe" complexes (X=
CI~ or Br) where ligand asymmetry results ig{Fe—O—Fe)
being~3x more intense than(Fe—O—Fe)1! In contrast, the
symmetric Fe-O—Fe structure in compound results in an
intensevyFe—O—Fe) at 519 cm! that shifts—20 cnt ! with
u-180, similar to other tribridged diiron(lll) complexes.
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Figure 2. Raman spectra of solid-BPh, with a (A) O or (B) 80
bridge. Compound. was synthesized in G&N with stoichiometric
H.%0 or H,*¥0 and then oxidized witFfO, under anhydrous conditions

to form 2. Each spectrum was obtained with 413.1-nm (25 mW)
excitation on a 0.67-m spectrograph equipped with a cooled CCD
detector on two separate samples (above and below 60f) ensealed
capillaries at 298 K. Inset: Absorption spectrum in O (—) and

RR enhancement profile of solid®f for intensity of 711-cm? v,¢
(Fe—O—Fe) relative to 1003-crmt phenyl mode.

Compouna? exhibits major absorption bands at 322650),
385 ( 1930), and 685 nme(435 M1 cm™1). The Raman
enhancement profile far,{Fe—O—Fe) shows greatest intensity
upon excitation within the 385-nm absorption band (Figure 2,
inset), in agreement with its assignment as exée CT. The
selective enhancement of thrgs mode is explained by asym-
metry in the oxo— Fé' transition, with the structural change
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The nature of the bridging carboxylate ligands appears to play
a major role in determining whether oxidants such aseact
with the diiron site via an inner-sphere or an outer-sphere
mechanism. The enzyme ribonucleotide reductase quantitatively
incorporates an atom fromxinto theu-oxo group, indicating
that the conversion from diiron(ll) to diiron(lll) involves an
inner-sphere reaction with £3% and the diiron site has been
shown to undergo carboxylate shifts upon change in oxidation
state?® The acetate analogue of coordinatively saturatg¢Be,-
(OH)(OAC)L,]™, has been proposed to undergo an inner-sphere
reaction with Q, where dissociation of a bridging carboxylate
provides an open coordination site fos Bnding* In contrast,
the bridging oxygen ofl itself is conserved during oxidation
with 180,, H,%0,, or RsNO as demonstrated by the near
guantitative recovery of Fel®80—Fe in both2-BPh, (Figure
2B) and2-CF3SQ0s. It is possible that the bulkier triphenylac-
etate ofl may prevent the carboxylate shift, thereby directing
the reaction to adopt a slower outer-sphere path with respect to
the iron. This pathway could involve a hydrogen-bonded
complex between thg-OH of 1 and an oxygen atom of the
oxidant. The unusual stability of mixed-valerZe most likely
due to steric effects from the bulkier bridging ligands which
constrain it to an outer-sphere oxidation.

The tendency of asymmetric diiron complexes to produce a
strongly enhanced,{Fe—O—Fe) mode at 708850 cnt?! has
implications for the identification of reaction intermediates by
RR spectroscopy. The lower end of the range overlaps with
vibrations of dig-oxo diiron complexes which have been
proposed as models for compound X of ribonucleotide reductase
and compound Q of methane monooxygertasehereas the
upper end of the range overlaps with h(@®—0) vibration of
coordinated peroxide and théFe=Q) vibration of high-valent
iron intermediate3® Thus, careful analyses and isotopic
substitutions are required to achieve conclusive vibrational
assignments for dinuclear iron species.
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in the electronic excited state corresponding to the atomic JA9638871

displacements of the asymmetric stretch. The 685-nm band is

likely to have metal-to-metal CT character based on its
additional enhancement of theF©®—Fe stretch, its large half-
width (fwhm) of 3500 cm?, and itse of 435 M1 cm™t. A

similar assignment has been made for the 740-nm electronic

transition in the mixed-valence complex, pF@H)s(L),]%".12

(11) Ganez-Romero, P.; Witten, E. H.; Reiff, W. M.; Backes, G.;
Sanders-Loehr, J.; Jameson, G.B.Am. Chem. So0d989,111, 9039-
9047.

(12) Gamelin, D. R.; Bominar, E. L.; Mathom& C.; Kirk, M. L;
Wieghardt, K.; Girerd, J.-J.; Solomon, Elhorg. Chem1996 35, 4323~

(13) Ling, J.; Sahlin, M.; Sjberg, B.-M.; Loehr, T. M.; Sanders-Loehr,
J.J. Biol. Chem1994,269, 5595-5601.

(14) Feig, A. L.; Masschelein, A.; Bakac, A.; Lippard, SJJAm. Chem.
So0c.1997 119 334-342.

(15) Que, L., Jr.; Dong, YAcc. Chem. Red.996,29, 190-196.

(16) Oertling, W. A.; Kean, R. T.; Wever, R.; Babcock, G. lforg.
Chem.1990, 29, 2633-2645.

(17) Wilkins, R. G.; Harrington, P. CAdv. Inorg. Biochem.1983 5,
51-85.



