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Superoxide is a potent cellular poison.1 As such, organisms
have evolved a number of pathways to degrade superoxide before
it can cause cellular damage. The best understood are the
superoxide dismutases (SOD), which catalyze the disproportion-
ation of superoxide.2 In some anaerobic organisms a different
protection scheme has evolved. These organisms utilize super-
oxide reductases (SORs), which catalyze the reduction of super-
oxide to peroxide, thus eliminating the production of dioxygen.3

Two different SORs have recently been structurally characterized;
neelaredoxin (from the hyperthermophilic archeon,Pyrococcus
furiou) and rubreodoxin oxidoreductase (Rbo, also known as
desulfoferredoxin, fromDesulfoVibrio desulfuricans).3,4 The active
sites of both of these enzymes contain a cysteinate-ligated iron
center that cycles between the+2 (active form) and+3 (resting
form) oxidation states. These lie near the surface of the protein
exposed to solvent. In both enzymes, the metal center is five-
coordinate in the reduced form and is ligated by four equatorial
histidines and one axial cysteinate (Scheme 1). Upon oxidation
by a protonated superoxide anion, a nearby glutamate residue
binds to the metal center in the sitetransto the cysteinate (Scheme
1). Presented below is a five-coordinate Fe(II) complex which
models the reactive properties of SORs.

X-ray quality crystals of [FeIISMe2N4(tren)](PF6) (1) were grown
from acetonitrile/diethyl ether (1:10) at-30 °C.5,6 The iron center
of 1 is in a distorted triganol bypyramidal environment with the
sulfur trans to an amine nitrogen in the apical position (Figure
1). All of the bond lengths are typical for an Fe(II) complex in
this ligand environment and compare well with those found in
the reduced iron center of Rbo.4a,f Complex1 is five-coordinate,
suggesting that small molecules such as HO2 could possibly bind
to, and potentially oxidize the metal center.

Upon exposure to a wet acetonitrile solution of potassium
superoxide and sodium hexaflurophosphate, the pale yellow-green
solution of1 changes to deep blue (Figure 2).7 Furthermore, the
resulting solution’s electronic absorption spectrum is reminiscent
of the oxidized high-pH form of SOR with aλmax at 582 nm (ε
) 1975 M-1 cm-1), suggesting that the solution contained the
oxidized form of1, possibly with a sixth ligand in the open site.4

When this reaction is performed at low temperatures, an inter-
mediate is observed. We are currently in the process of character-
izing this intermediate by EXAFS and resonance Raman. This
method of generating oxidized1 was not suitable on a preparative
scale, because complete decomposition of the product occurs after
a few minutes. This occurs presumably as a result of degradative
ligand oxidation by hydrogen peroxide produced in the reaction.8

The oxidized form of1 was rationally synthesized starting from
an Fe(III) source. Addition of FeCl3 in methanol to a methanolic
solution of 3-methyl-3-mercaptobutanone and tris(2-aminoethyl)-
amine instantly produces a deep blue solution. Exchange of
chloride for tetraphenyl borate followed by crystallization from
MeCN/Et2O afforded blue needles. These crystals produced a dark
blue solution with an electronic absorption spectrum identical to
that of the solution containing1 and superoxide, and a spectrum
similar to that of neelaredoxin and Rbo. The IR spectrum of the
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(5) Compound1 was prepared by combining 2 equiv of 3-methyl-3-
mercapto-2-butanone with ferrous chloride in methanol, adding 1 equiv
of tris(2-aminoethyl)amine (tren) followed by stirring for 24 h.

(6) Crystal data for1 (FeC11H25N4SPF6): brown plates, 0.28× 0.16× 0.16
mm, orthorhombic, space groupP21212, a ) 8.209(2) Å,b ) 12.742(1)
Å, c ) 18.090(2) Å,R ) â ) γ ) 90°, V ) 1892(1) Å3, Z ) 4, Mo
radiationλ ) 0.7107 Å. For 5636 unique reflections collected at 161 K,
the current discrepancy indices areR ) 0.046 andRw ) 0.097 (direct
methods using SIR92 software).

(7) Complex1 readily reacts with dioxygen to afford aµ-oxo dimer which
has been characterized by X-ray crystallography: Shearer, J.; Kaminsky,
W.; Kovacs, J. A. Unpublished results.

(8) The reaction of1 with superoxide in wet DMSO shows high catalase
activity, suggesting that hydrogen peroxide is produced during the
reaction. Such high activity is not observed in the absence of1 and in
the presence of2. Addition of H2O2 to solutions of2 results in its rapid
and complete decomposition.

Figure 1. ORTEP of [FeIISMe2N4(tren)]+ (1) showing 50% probability
ellipsoids and atom-labeling scheme. All H atoms have been omitted for
clarity. Selected bond lengths for1: Fe-N(1), 2.091(3) Å; Fe-N(2),
2.268(3) Å; Fe-N(3), 2.131(3) Å; Fe-N(4), 2.117(3) Å; Fe-S, 2.329-
(1) Å.

Scheme 1
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solid isolated from this reaction contains a nitrile stretch at 2243
cm-1 (vs 2253 cm-1 for free MeCN) indicating that the complex
is most likely six-coordinate with a bound MeCN ligand. To
unambiguously confirm this, X-ray quality crystals were grown
from acetonitrile/diethyl ether.

The X-ray crystal structure of [FeIIISMe2N5(tren)(MeCN)]-
(Ph4B)2‚MeCN (2) shows that the iron center is contained in a
distorted octahedral environment, with one acetonitrile bound trans
to the imine nitrogen (N(1), see Figure 3).9 The Fe-NCMe
distance in2 is 1.95 Å, indicating that there is significant bonding
interaction between the Fe and MeCN. The bond lengths in2 are
short for thiolate-ligated Fe(III) complexes, suggesting that it is
low-spin (S ) 1/2). Solid-state magnetic susceptibility measure-
ments indicate2 has a room temperatureµeff ) 2.00µB, which is
consistent with a low-spin state. In contrast, both neelaredoxin
and Rbo contain Fe(III) in a high-spin state (S ) 5/2),4 which is
what one would expect for weak-field biological ligands. In
solution the bound MeCN of2 rapidly exchanges with bulk MeCN

as shown by NMR kinetics (kex ) 1.21(2)× 10+1 s-1 at 20°C).10

Preliminary results indicate that the MeCN ligand is easily
exchanged by coordinating solvents, such as methanol and
pyridine, and anionic ligands, such as azide and cyanide. We are
currently investigating the effects of the sixth ligand on the
spectroscopic and structural properties of derivatives of2. The
EPR spectrum of2, recorded at 120 K in an acetonitrile/toluene
glass, appears axial withg-values typical for low-spin Fe(III) (g⊥
) 2.12 andg| ) 1.98). A cyclic voltammogram of2 recorded in
acetonitrile shows a reduction wave that is quasi-reversible with
E1/2 ) -223 mV vs SCE, indicating that the Fe(II) state can be
accessed through reasonably mild reducing agents.

The possibility that these complexes will act as an SOD was
also investigated. Complex2 shows no immediate reaction with
KO2 in wet MeCN. Instead, the gradual decomposition of2 is
seen after several minutes, affording complete decomposition after
about 1 h at room temperature. Also this solution (2 + KO2)
shows no catalase activity above that of the control reaction
(superoxide in wet DMSO). If the oxidized Fe(III) complex was
acting as an SOD, thereby generating a reduced Fe(II) complex,
this would readily react with protonated superoxide to afford
hydrogen peroxide. If O2 were forming in an SOD reaction, one
then would expect to see [[FeIIISMe2N4(tren)]2(µ2-O)]2+, a µ-oxo
dimer shown to readily form upon exposure of complex1 to trace
amounts of dioxygen.7 The fact that noµ-oxo dimer is detected
provides further evidence that neither dioxygen nor the Fe(II)
product1 is being produced in the reaction2 + KO2. Therefore,
it seems likely that no superoxide oxidation chemistry is taking
place. This is despite the fact that superoxide could potentially
bind to the metal center of2 since it has an exchangeable MeCN
ligand.

In SORs, SOD activity is probably avoided due to lack of a
nearby basic residue to effectively deprotonate superoxide. Basic
residues found in the cavities of SODs facilitate the dispropor-
tionation reaction. In contrast, SOR active sites rest at the bottom
of a shallow cavity near the protein surface, making a proton
source readily available, ensuring that superoxide will be proto-
nated throughout catalysis. Also, these models show that SOR
activity can occur despite the fact that there is no apparent binding
site trans to the thiolate sulfur (as is found in the Rbo and
neelaredoxin). All iron-containing synthetic systems reported to
react with superoxide lack thiolate sulfurs, and most display SOD
activity.11 Only a small number of these systems have been
reported to display SOR activtiy.11a The fact that our thiolate-
ligated system displays SOR activity suggests that the Scys of
SORs plays an important role in promoting SOR activity.
However, the placement of this Scys relative to the open site (trans
(enzyme) vscis (model compound1)) does not appear to be
critical.
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Figure 2. Electronic absorption spectrum of [FeIISMe2N4(tren)](PF6) in
MeCN before and after superoxide addition. The spectrum after super-
oxide addition is identical to that of [FeIIISMe2N5(TREN)(MeCN)](BPh4)2

in the 300-1100 nm region. Inset shows the electronic absorption
spectrum of Rbo at pH 9.2 (provided courtesy of Emerson and Kurtz).

Figure 3. ORTEP of [FeIIISMe2N5(tren)(MeCN)]2+ (2) showing 50%
probability ellipsoids and atom-labeling scheme. All H atoms have been
omitted for clarity. Selected bond lengths for2: Fe-N(1), 1.911(2) Å;
Fe-N(2), 2.026(2) Å; Fe-N(3), 2.001(2) Å; Fe-N(4), 2.018(2) Å; Fe-
N(5), 1.948(2) Å; Fe-S, 2.146(1) Å.
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