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Carboxylate-bridged non-heme diiron(II) centers occur in 
several metalloenzymes involved in the biological utilization of 
dioxygen.1-5 X-ray structural information is now available for 
three proteins in this class, hemerythrin (Hr),6 the R2 protein of 
Escherichia coli ribonucleotide reductase (RR),7 and the hy
droxylase protein of soluble methane monooxygenase (MMO).8 

In each of the three biological systems, O2 binds to the reduced 
diiron(II) core. The resultant diiron(III) peroxide species is 
stabilized in Hr through hydrogen bonding, whereas, in the other 
proteins, it reacts further through a series of not yet fully 
characterized steps.9-11 In order to understand the chemical 
reactivity and structural nature of species corresponding to 
spectroscopically identified intermediates in the reaction of the 
reduced proteins with O2, we have initiated a program to 
investigate the corresponding reactions of known diiron(II) model 
complexes with dioxygen. Here we present kinetic studies of the 
reaction of dioxygen with three well-characterized and analogous 
alkoxo-bridged diiron(II) compounds (Figure 1)'. An analysis of 
the rate laws and activation parameters reveals how ligand steric 
factors modify the reaction pathway to the (/x-peroxo)diiron(III) 
species and strongly implies the need for inner sphere electron 
transfer chemistry. 

All threediiron(H) complexes studied, [Fe2(HPTMP)(OBz)]-
(BPIu)2 (la),12-13 [Fe2(HPTP)(OBz)](BPh4)2 (2a),14 and [Fe2-
(Et-HPTB)(OBz)] (BF4)2 (3a),14 were previously reported,'5 and 
all react with dioxygen at low temperature generating reactive 
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Figure 1. Scheme depicting the ligands, compounds, and reaction 
investigated here. 

diferric peroxides. Resonance Raman experiments12'14'16'17 reveal 
a symmetric structure consistent with either /t-lW or M-'?2.'?2 

bridging geometry, although the former is preferred.14 Peroxide 
complexes lb-3b differ in their temperature sensitivity as well as 
in their ability to oxidize substrates. The reactions of la-3a with 
dioxygen were investigated by low-temperature stopped-flow 
spectroscopy.18 Compounds 2a and 3a reacted cleanly with 
dioxygen and followed a second-order rate law (eqs 1 and 2, 
Figure SI).1 ̂ 21 A partial order with respect to dioxygen of 0.65 

A + O2 — B 

d[B] 
d; = A:0J2a,3a][0,] 

(D 

(2) 

± 0.1 was measured for la (Figure Sl). Whereas this value 
might be rounded to 1, it may also imply a mechanism slightly 
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Table 1. Activation Parameters for the Reaction of Compounds la, 2a, and 3a with Dioxygen-Saturated Propionitrile 

la 

2a 
3a 
Hi-* 

AH*»(kJ mol-1) 

42.2 ±1.6 

16.5 ±0.4 
15.4 ±0.6 
16.8 

AS* «(J mol-1 K-1) 

-63 ± 6 

-114 ± 2 
-121 ± 3 
-46 

AH*»(kJ mol"1) 

39.2 ±1.6 
39.6 ± 2.4 

AS* * (J mol"1 K-1) 

-65 ± 6 
-114 ± 9 

/1/2 (s-1) at-60 0C 
221 ± 28c 

0.317 ±0.007 
0.367 ± 0.004 

" Activation parameters in this column are derived from Eyring plots of observed second order rate constants (Figure 2). * Activation parameters 
for la correspond to the composite rate constant KTauk'ox (top value) and C (bottom value) derived from Figure S3. cThis value is for -45 0C. 
'From Themiste zostericola in Tris buffer, pH 8.2, / = 0.1 M.23 
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Figure 2. Eyring plotfor the reactions of0.16-0.25 mM la-3a with «4.4 
mM dioxygen in propionitrile based on second-order rate constants (Tables 
S3-S5). 

more complex than indicated by eq 1. A reasonable alternative 
is given in eqs 3 and 4, where an internal rearrangement step is 
introduced. Steady state analysis yields the modified rate law 

A * = * A' 
*-rewr 

A' + O2 — B 

(3) 

(4) 

in eq 5, which reveals that a partial order between 0 and 1 in 
dioxygen concentration can be obtained when fc_rearr ~ A;'ox[02] ^ 

d[B] 

dt 

JW,*'.!!*] [OJ 
k + k' ,[O2] 

(5) 

The rate laws given in eqs 2 and S can be differentiated by 
plotting 1/A:0b8 vs 1/[O2]. In the former case, the plot is linear 
with a zero intercept on the ordinate, whereas a non-zero intercept 
corresponding to l/kTa„ is obtained for the latter case. When 
the appropriate double reciprocal plots were made from kinetic 
data for the reaction of la with varying concentrations of dioxygen, 
the rate law was clearly seen to be that of eq 5. A similar analysis 
for the reaction of 2a with dioxygen revealed the rate law given 
by eq 2 (Figure S2). 

An Eyring analysis of kinetic data collected over the tem
perature range -75 to 20 0 C (Figure 2) afforded the activation 
parameters listed in Table 1. The AH* and AS* values for Hr 
are provided for comparison.23 Tables of pseudo-first-order and 
observed rate constants are available as supplementary material. 
For the more complicated reaction of la, the activation parameters 
for fcrearr and ^rearr^ox, derived from Figures S2 and S3, have 
been separated. Compounds 2a and 3a have activation enthalpies 
quite similar to those of Hr and indicate a simple addition 
mechanism. The parameters for la differ substantially from 
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those of the other two compounds. The much larger AH* value 
reveals a significant dissociative component to the mechanism. 
Although strictly speaking the Eyring equation applies only to 
elementary reactions, the linearity of the plot in Figure 2 reveals 
that, to a first approximation over the experimental temperature 
range, the observed rate constant corresponds to a single activation 
barrier. For la, the observed barrier is dominated by the internal 
rearrangement step, although the fractional order in dioxygen 
implies the existence of a temperature regime where the 
rearrangement and oxidation steps are both partially rate-limiting. 

Because the basicity of the nitrogen donor atoms differs only 
slightly across this series, the different activation parameters for 
the dioxygen reactivity of la compared with those of 2a and 3a 
are unlikely to have a sizable electronic component. We suggest 
instead that the significant increase in the activation barrier for 
la corresponds to a structural rearrangement required to allow 
inner sphere coordination of O2 to the metal center. Such a 
process could arise from substantial elongation or cleavage of an 
Fe-ligand bond.24 Differences among activation entropies of Hr 
and the model compounds (Table 1) probably reflect solvent effects 
and will be discussed in detail elsewhere. 

Inner sphere binding of dioxygen to metal centers is required 
for many metal-dioxygen reactions.25 The mechanistic shift 
observed in the reaction of la-3a with dioxygen underscores its 
importance in the context of non-heme iron oxidation or 
hydroxylation systems. Although la has a vacant coordination 
site for dioxygen binding, it is sterically impeded. In order to 
react with dioxygen, it must partially or completely dissociate 
one of its methylpyridyl or carboxylate arms. In the less sterically 
encumbered complexes, 2a and 3a, there is sufficient space to 
allow access of O2 without significant reorganization of the 
coordination sphere and attendant higher activation barrier. 

The reaction of dioxygen with the diiron(II) complexes 2a and 
3a studied here mimics the first step in the chemistry of Hr, 
namely, coordination of one end of the O2 molecule to the 
dimetallic center. In these systems, binding of the second oxygen 
atom to form the peroxide-bridged diiron(III) unit presumably 
occurs more rapidly. This chemistry models only the first step 
of RR and MMO, in which the 0 - 0 bond is subsequently 
cleaved.9-1' The fate of the (^-peroxo)diiron(HI) species in both 
the enzymes and the model compounds and the identification of 
intermediates along the reaction pathway are currently under 
investigation. 
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