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The iron(m)-copper(Ir) complex derived from a covalently 
modified deuteroporphyrin at both carboxylate ends of the 
two propionic acid side chains is described as a model for 
the dioxygen reduction site of cytochrome c oxidase; it 
exhibits a weak coupling between the metal centres, and 
its fully reduced FeIICuI form reacts smoothly and 
nondestructively with dioxygen at room temperature to 
produce the FeIIICuII species. 

Cytochrome c oxidase is the terminal oxidase of the electron- 
transfer system coupling the exergonic four-electron reduction 
of dioxygen with vectorial proton translocation across the 
membrane. 1 The three-dimensional X-ray structures at 2.8 8, 
resolution of the enzyme from bovine heart2 and from 
Paracoccus denitrifcans3 are now available. They contain five 
catalytically active metal centres which comprise a bis(imidaz- 
ole)-coordinated haem a, an unprecedented [ ~ C U - ~ S - C ~ S ]  
cluster as the CuA site, and a dinuclear haem a3/CuB centre 
consisting of a five-coordinate haem, with an axial imidazole, 
and a tris(imidazo1e)-ligated copper atom. The CuA and haem a 
centres act as simple electron delivery sites, while the haem a3/ 
CuB couple is the site of dioxygen r ed~c t ion .~  Some recent 
advances in the biomimetic chemistry of the haem/Cu site 
focused on p-0x0 bridged (porphyrin)iron(m)-copper(Ir) com- 
plexes, where the bridge assembles two mononuclear Fe”1 and 
CuII precursors, as mimics of the ‘resting’ oxidized form of the 
enzyme.5 More recent reports described dinuclear haem-copper 
complexes derived from covalently modified, dinucleating 
porphyrin ligands.6.7 The former6 undergoes irreversible oxy- 
genation to give a stable dioxygen adduct, while the complex 
reported by us is oxidized by dioxygen nondestructively at 
-45 “C to produce the Fe1JQ.P species? We report here a novel 
dinuclear haem-copper complex derived from a natural por- 
phyrin which, besides the arm carrying the nitrogen donors for 
the copper atom, contains a covalently linked L-histidine 
residue as the iron axial ligand, thereby improving the 
significance of the current models for the cytochrome c oxidase 
active centre. 

The deuterohaemin derivative DH-HisBB 2 was obtained 
from deuterohaemin-2( 18)-~-histidine methyl ester (DH-His, 
l )8 ,9  by condensation with N,N-bis-[2-( l’-methyl-2’-benzimi- 
dazolyl)ethyl]amine (BB)lO to the remaining propionic acid 
substituent of the porphyrin ring.? The FABMS spectrum of 
DH-HisBB shows the molecular ion cluster centred at mlz 1030 
in perfect agreement with the simulated spectrum. The presence 
of the imidazole group intramolecularly bound as the iron axial 
ligand promotes the preferential folding of the arm carrying the 
two benzimidazole groups towards the opposite part of the 
porphyrin plane, as shown for related deuterohaemin-L-histi- 
dine-peptide complexes. 8 This is reflected by reduced affinity 
for exogenous imidazole by DH-HisBB (K = 1600 dm3 mol-1 
in MeOH) with respect to DH-His (K = 2300 dm3 mol-1). 

Binding of Cu2+ to DH-HisBB produces the dinuclear 
complex DH-HisBB-Cu. The EPR spectral parameters ob- 
tained from a frozen Me2S0 solution at 123 K (811 = 2.289, g, 
= 2.068, All = 167 X 10-4 cm-1) are indicative of a tetragonal 
stereochemistry with N,O ligation for the Cu” ion. The ‘H NMR 
spectrum of DH-HisBB in (CD&SO dramatically changes 
upon Cu2+ binding. The haem methyl resonances in the range 6 
45-55, for the high-spin Fe”1 centre, shift to 6 22 (broad signal) 
in the presence of Cu2+. The FABMS spectrum of the DH- 
HisBB-Cu complex (p-nitrobenzyl alcohol matrix) shows a 
prominent cluster of peaks centred at mlz 1093, which 
presumably corresponds to the reduced Fe*ICul form, together 
with a minor cluster of peaks at mlz 1109, corresponding to an 
0x0 or hydroxo adduct of the complex. 

The Mossbauer spectrum of DH-HisBB-Cu in the solid state 
at 4.2 K consists of a quadrupole doublet with isomer shift of 
0.45 mm s-l and quadrupole splitting of 0.80 mm s- typical of 
high-spin ferric haem. 11  The absence of magnetic hyperfine 
interactions at 4.2 K (in zero field) suggests that the high-spin 
iron(Ii1) ion is coupled to CU” to yield a complex with an integer 
spin system.$ At temperatures >20 K the quadrupole doublet 
gradually becomes broad and asymmetric. This temperature 
behaviour indicates that the iron(1rr) and copper(I1) centres are 
no longer tightly coupled above 20 K, which means that the 
coupling constant in the dimer system is very weak. The current 
data, therefore, bring experimental support to the weak coupling 
model that can be used, as an alternative to the strong coupling 
model,1*,12 to interpret the magnetic properties of cytochrome c 
oxidase. We are currently investigating the temperature depend- 
ence behaviour of the FeWuII complex by EPR, Mossbauer 
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and magnetic susceptibility to gain a better understanding of the 
spin coupling problem and its relevance to cytochrome c 
oxidase. 

Preliminary investigation of the redox properties of DH- 
HisBB-Cu elicits an interesting behaviour. The CuII ion can be 
selectively reduced by ascorbate as shown by disappearance of 
its EPR signal and thus, like for cytochrome c oxidase,' its 
redox potential must be higher than that of the iron centre. 
Anaerobic treatment of a Me2S0 solution of DH-HisBB-Cu 
(ca. 5 X 10-6 mol dm-3) with a small amount of aqueous 
dithionite yields the fully reduced FeIICuI complex. When this 
solution is exposed to dioxygen a smooth oxidation reaction to 
the oxidized FeIIICuII species is observed at room temperature 
without significant porphyrin destruction (Fig. 1). This behav- 
iour is very unusual for iron porphyrins which lack aromatic 
substituents at meso positions and, in fact, when the iron(I1) 
form of DH-HisBB is subjected to the same reaction, complete 
porphyrin degradation occurs. In the haem-copper system a 
rapid two-electron transfer from the FeITCul couple to dioxygen 
can occur, releasing hydrogen peroxide, which in turn may be 
reduced by a second FeWuI molecule (Scheme 1) 

By contrast, the proton-assisted autoxidation pathway under- 
gone by reduced DH-HisBB leads to degradative porphyrin 
oxidation, 13 probably through odd-electron reduced oxygen 
species. It is therefore anticipated that the smooth reactivity of 
the reduced DH-HisBB-Cu complex towards dioxygen de- 
pends on the formation of a peroxide-bound intermediate 
complex. Our current efforts are attempting to characterize such 
a relevant intermediate species. 
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European colleagues, under contract ERBCHRXCT20014, and 
by the Italian CNR. 

1.20 1 1 
0.96 

8 0.72 
2 
% 8 0.48 

c a 

0.24 

0.00 
300 400 500 600 700 

Fig. 1 UV-VIS spectra recorded during the oxidation of the reduced FeIICur 
form of the DH-HisBB-Cu complex, obtained upon treatment of a Me2S0 
solution (ca. 5 x 10-6 mol dm-3) of the complex with aqueous dithionite, 
with air at room temperature 

h l n m  

FelICul + O2 - FeillCull + H202 

FeI1Cui + H202 - Feli'Culi + 2H20 

Scheme 1 

Footnotes 
-t A mixture of deuterohaemin-L-histidine methyl esters (300 mg, 0.39 
mmol) and dried hydroxybenzotriazole (126 mg, 0.93 mmol) was dissolved 
in dry dmf (5 cm3) and cooled to 0°C. Then, N,N-dicyclohexylcarbo- 
diimmide (190 mg, 0.93 mmol) and, after 1 h, NS\r-bis[2-(1'-methyl-2'- 
benzimidazolyl)ethyl]amine"J (3 10 mg, 0.93 mmol) were added under 
stirring. The reaction was continued for 4 h at 0 ° C  and 20 h at room 
temp. The mixture was then poured into diethyl ether (250 cm3) under 
vigorous stirring and the precipitate thus formed was collected by filtration. 
The crude product was purified by chromatography on a silica gel column 
(4 X 20 cm). Using a mixture of acetic acid-n-butanol-water (4 : 2 : 1 v/v/v) 
as eluent the unreacted deuterohaemin-L-histidine methyl ester was eluted 
first, while the product was retained by the column. The product was then 
eluted with methanol-dichloromethane (1 : 1 v/v) (yield ca. 40%). UV-VIS, 
h,,,/nm (Me,SO) 358 (~/dm-3 rnol-' cm-I 25500), 394 (97500), 498 
(5800), 618 (2700). 
$ Small amounts of low-spin iron(m) species due to an aggregated 
porphyrin complex are detected in the Mossbauer (quadrupole doublet with 
isomer shift 0.24 mm s-1 and quadrupole splitting 2.30 mm s-') and EPR 
spectra (g = 2.98, 2.27 and 1.96) at 4.2 K. 
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