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Abstract.  The structure-property relationships were compared for the iron and iron-copper 

complexes of two functional cytochrome c oxidase models, 1 and 2, both constructed upon a 

phenanthroline-strapped porphyrin bearing respectively pyridyl or picolinyl built-in proximal and 

distal ligands.  The behavior of these heme models in the absence and in the presence of copper 

was studied by 1H NMR, UV-visible absorption, EPR, Raman and FTIR spectroscopies, 

electrochemistry in solution and deposited on a rotating ring-disk graphite electrode. The distal 

binding site within the phenanthroline pocket of both 1 and 2 is available for the coordination of 

exogenic ligands, yet the oxygen binding affinity is higher for all complexes of 2 than for 1. 

Despite this difference, [1FeIICuI] more efficiently reproduced the electrocatalyzed reduction of 
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oxygen to water than [2FeIICuI]. The oxygenated complexes of both iron(II)-copper(I) species 

mimic the ability of cytochrome c oxidase to reversibly bind O2, as shown by competitive 

binding studies in the presence of CO. Differences in the binding and electrocatalytic properties 

of these models stem from difference in rigidity of scaffolds upon binding of both the proximal 

and distal ligands, as well as from the bulkiness of the distal ligand.  

KEYWORDS Cytochrome c oxidase, heme protein models, porphyrin, phenanthroline, oxygen 

binding, carbon monoxide binding.  

Introduction 

Cytochrome c oxidase (CcO) is the terminal enzyme in the anaerobic respiration of 

mitochondria and aerobic bacteria and performs the four-electron reduction of oxygen into water. 

This redox process is fueled by four cytochrome c cycles and coupled to ATP synthesis [1].  The 

active site for oxygen binding comprises a ferrous heme (heme a3) and a cuprous copper center 

(CuB) separated by 5 A in the fully reduced active site of the enzyme [2,3].  Several functional 

and structural mimics have been studied to establish the respective roles of iron, copper and the 

influence of amino acids such as tyrosine located in the vicinity of the proximal site, mostly by 

comparing the functional behavior of the models with that of the enzyme [4,5,6,7,8].  In general, 

the function of hemoproteins is fine tuned by the distal residue that controls the approach, 

position and polarization of exogenic axial ligands.  Several groups have successfully reproduced 

such a controlled environment by using porphyrin derivatives that bear caps or straps, which 

mimic amino acid functions [4,7,9].  

In the particular case of functional models of CcO, special attention has been devoted to 

ligands able to bind copper in both +1 and +2 oxidation states.  Depending on the history of each 
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research group in this field, imidazoles, N-alkylimidazoles or pyridines were utilized as pendant 

ligands for copper(II/I) and were linked to the porphyrin architecture via various connectors. 

[8,10,11]   As a result of these numerous variations, a rational comparison of each model's 

behavior is still very difficult.  Over the years, our group has used a phenanthroline-strapped 

porphyrin [12] as a multi-purpose starting material to explore fields ranging from enzyme mimics 

to self-assembled porphyrin wires [13].  Because of the unique features of the phenanthroline-

strapped architecture, it has been possible to compare CcO models in which the copper binding 

site is almost constant [14]. The work described hereafter shows how small architectural 

variations of the organic scaffolding affect both the exogenic ligand binding and the reactivity of 

the iron center.  

 

Figure 1. Cytochrome c oxidase models built around a phenanthroline-strapped porphyrin. The phenanthroline pocket 

provides the distal binding site, whereas the open face of the porphyrin is the proximal site.  

In the presence of molecular dioxygen, the previously reported ditopic ligand 1 [15] (Figure 1) 

provided a realistic mimic of the first oxygenated intermediate in the catalytic cycle of CcO [16].  

However, although the iron-copper complex [1FeIICuI]+ catalyzed the reduction of oxygen to 

water by a predominant four-electron mechanism, our attention was caught by the apparent 

lability of the proximal pyridyl ligand that was observed during titration experiments with 

various imidazoles (vide infra) and assigned to tension in the pendant ligands.  To reduce this 
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constraint, model 2 (Figure 1) [17] was designed such that the proximal and distal ligands moved 

independently of one another.  In addition, the alkyl chains, from the meso-phenyl rings to the 

picoline ligands, were lengthened by one methylene unit to provide a fully flexible scaffolding.  

A major drawback of compound 1 was the coordination of the distal pyridine to iron(II) within 

the phenanthroline pocket, giving a hexacoordinated iron(II) that was relatively inert towards 

oxygen binding.  Replacing the pyridines with a bulkier picoline in 2 would hopefully favor the 

formation of a pentacoordinated iron(II) complex and in turn vacate the distal site for oxygen 

binding within the phenanthroline pocket.  Hereafter, the coordination geometries, as well as the 

binding properties at the distal site of iron and iron-copper complexes of models 1 and 2 towards 

a series of exogenic ligands, including imidazoles, oxygen and carbon monoxide, are compared 

by NMR, EPR, IR  spectroscopies and electrochemistry.   

 

Results and Discussion 

FeIII complexes 

The iron(III) complex [2FeIII]Cl and the previously reported [1FeIII]Cl [15] were prepared 

quantitatively, according to a modified literature procedure [18], by treatment of the 

corresponding free base ligands with FeCl2, followed by oxidation with air. The 

pentacoordination of both iron(III) complexes, [1FeIII]+ and [2FeIII]+, was confirmed by 1H 

NMR, EPR and UV-visible absorption spectroscopies. 1H NMR spectra clearly showed 

paramagnetic high spin iron(III) complexes with the β-pyrrolic protons near 80 ppm. The 

paramagnetic, high spin pentacoordinated nature of both complexes was confirmed by 

characteristic effective g values (5.86-5.89) and (2.05-2.06) values in the EPR spectra of frozen 

samples.  Finally, the Soret region of electronic spectrum displayed absorptions typical of 

iron(III) complexes, with an absorption at 424 nm for [1FeIII]+ [15] and 428 nm for [2FeIII]+. 
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The availability of the distal coordination site on the central FeIII core was studied by both 

UV-visible absorption spectroscopy and EPR by adding imidazole derivatives to [1FeIII]+ and 

[2FeIII]+.  Large changes of the electronic spectra upon the addition of imidazole, 2-

methylimidazole or N-methylimidazole to solutions of each iron(III) complex in CH2Cl2 at 298 K 

(see supporting information) suggested the formation of hexacoordinated iron(III) species.  Job 

plots for [1FeIII]+ with each imidazole clearly confirmed the hexacoordinated geometry, with two 

imidazoles per iron porphyrin. For [2FeIII]+, absorption spectral changes were minimal after the 

addition of 1 equivalent of each imidazole derivative. Even in the presence of a large excess of 

the imidazole guest, there was no evidence for the formation of 1:2 [2FeIII]+:imidazole 

complexes. The coordination of imidazole or 2-methylimidazole within the distal pocket of both 

[1FeIII]+ and [2FeIII]+ was further demonstrated by modifications of the phenanthroline's 

absorption band near 280-290 nm due to the formation of hydrogen bonds between the imidazole 

NH and the nitrogen atoms of the phenanthroline [16]. No such spectral variation was observed 

during the titration of [1FeIII]+ with N-methylimidazole, for which hydrogen bonding within the 

phenanthroline pocket is unlikely.  

 

Table 1. Binding constants for 1/1 and 1/2 ligand/substrate (L/S) complexes determined from UV-visible absorption 

titrations of [1FeIII]+ or [2FeIII]+ with imidazole derivatives in CH2Cl2 at 298 K. 

 

Successive association Log K  

imidazole N-methylimidazole 2-methylimidazole 

L:S L:S2 L:S L:S2 L:S L:S2 

[1FeIII]+ 

(a) 
 

log β =11.9± 0.6 

4.2 ± 0.6 

 

3.6 ± 0.8 

log β =7.8± 0.7 

6.9 ± 0.3 

 

6.5 ± 0.6 

log β = 13.4± 0.5 

[2FeIII]+ 5.40 ± 0.07 (b) 5.63 ± 0.09 (b) 6.2 ± 0.1    (b) 

The errors are given as 3 with  = standard deviation. (a) Not determined. (b) Not observed. 
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The binding constants of [1FeIII]+ and [2FeIII]+ with imidazole guests (Table 1) were then 

calculated by statistical processing of the titration data sets. Porphyrin [2FeIII]+ forms only 1:1 

complexes with all three imidazoles, indicating that one of the two pendant picoline arms 

remains tightly bound to the iron(III) center and is not exchanged by the competing imidazole 

substrates. For [1FeIII]+, the competing formation of both 1:1 and 1:2 ligand:substrate complexes 

was systematically observed. The formation of 1:2 complexes is attributed to a relatively labile 

coordination of the built-in pyridyl ligand due to strain within the pentacoordinated iron scaffold 

of the 1:1 complex. Only the binding constant of a 1:2 complex of [1FeIII]+ with imidazole could 

be determined, possibly because the first equivalent of imidazole binds indifferently at the distal 

or proximal site.  At both sites, binding is stabilized by the formation of a hydrogen bond of the 

imidazole's NH with the nitrogen atoms of either the phenanthroline in the distal pocket or the 

built-in proximal pyridine.  

Evolution of the EPR spectra upon addition of various imidazoles to [1FeIII]+
 and [2FeIII]+ are 

provided as supporting information. Addition of one equivalent of nitrogen base led to the 

formation of the hexacoordinated ferric species with the superimposed high-spin 

pentacoordinated species for [1FeIII]+ (see supporting information). The “large-gmax” feature [19] 

observed at g = 3.21 and g = 2.24 and the peak at g = 4.29 suggest a mixture of S = 3/2 and 5/2 

spin states, respectively. As the number of equivalents of ligand increased, the intensity of the 

fourth peak at g = 5.89 decreased; the decrease was more pronounced for the imidazole and 2-

methylimidazole ligands. The high spin signal disappeared completely after the addition of only 

three equivalents of imidazole and 2-methylimidazole. In contrast, addition of 10 equivalents of 

N-methylimidazole merely reduced the peak's intensity by roughly half (see supporting 

information). This difference suggests a better stabilization of the imidazole-iron complex by 

hydrogen bonding between the NH proton of imidazole or 2-methylimidazole and the two 



 

7 

nitrogen atoms of the phenanthroline binding site. In contrast, the binding of N-methylimidazole 

is less favorable due to the absence of an NH proton. This result satisfactorily follows the same 

trend as the association constants obtained from UV-visible absorption titrations.  

In contrast, for [2FeIII]+
 the intensity of the EPR signal assigned to high spin 

pentacoordinated species decreased significantly upon addition of only one equivalent of the 

various imidazoles (see supporting information).  This result highlights the role of the picoline's 

methyl substituent that prevents binding of the distal picoline to the iron(III), thus facilitating the 

coordination of the nitrogen ligand. The more basic character of the proximal picoline ligand also 

precludes its displacement by the competing imidazole, which is consistent with the UV-visible 

titration observations. Overall, the EPR and UV-visible absorption binding studies with both 

iron(III) complexes were particularly useful to confirm the availability of the distal binding site 

for small exogenic ligands.  Oxygen binding was subsequently investigated with the iron(II) 

derivatives. 

 

FeII complexes 

The pentacoordinated, high spin (S = 5/2) iron(III) complexes were reduced to their 

corresponding iron(II) complexes by treatment with sodium dithionite. The 1H NMR spectrum 

(see supporting information) of [1FeII] was typical of a diamagnetic, low spin (S = 0) species and 

suggested a hexacoordinated iron(II) in which both the proximal and distal pendant pyridines 

were coordinated to the central ferrous center (see supporting information).  In contrast, for 

[2FeII], the broad 1H NMR spectra displayed a signal for the β-pyrrolic protons at 40 ppm that is 

characteristic of a high spin, pentacoordinated iron(II) center (see supporting information).  

Binding of the distal picoline to the iron(II) must therefore be hindered by the picoline's methyl 

substituent that does not fit within the phenanthroline strap.  
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The hexacoordinated low spin (S = 0) [1FeII] complex was relatively inert to air exposure but 

persistent oxygen bubbling into the solution yielded a new diamagnetic species.  The broad 

signals in the 1H NMR spectrum of the oxygenated species suggested that the oxygenated (S = 0) 

form was in slow equilibrium with the original hexacoordinated [1FeII] complex bearing the two 

pyridines as axial bases (see supporting information).  Coordination of carbon monoxide on 

[1FeII] was thus used to identify the preferred coordination site (distal or proximal) for a small 

exogenic ligand.  Upon exposure to CO, two peaks, assigned to the coordinated distal pyridine of 

the original [1FeII] complex, disappeared and thus confirmed the replacement of this distal 

ligand by the exogenic CO (supporting information).  

In contrast to [1FeII], porphyrin [2FeII] was very sensitive to even trace amounts of oxygen, 

making it difficult to observe absorption spectrum of the oxygen-free iron(II) complex [2FeII].  

This observation qualitatively suggests that [2FeII] has a higher affinity than [1FeII] for oxygen 

binding. Upon bubbling of oxygen into a CHCl3 solution of [2FeII], the signals of the 1H NMR 

spectrum (Figure 2) were relatively well resolved and appeared between 0-15 ppm, indicating a 

diamagnetic [2FeII(O2)] complex.  To demonstrate the reversible binding of oxygen, CO was 

bubbled into the solution of [2FeII(O2)], causing a rapid color change from red to green.  



 

9 

 

 

Figure 2. 1H NMR spectra (300 MHz, CDCl3) of [2FeII] in the presence of O2 (left) and CO (right). 

 

In the presence of CO, the NMR spectrum remains relatively sharp, although the peaks could not 

be attributed (Figure 2). In the electronic spectrum, the intensity of the Soret band increased and 

was blue-shifted by 4 nm compared to the Soret band of [2FeIIO2] (supporting information).  

Both features are characteristic of a hexacoordinated iron(II) with CO bound as an exogenic 

ligand. 

To summarize the reactivity of the two iron(II) complexes towards oxygen, porphyrin [2FeII] 

more readily binds oxygen than [1FeII] due to the different type of built-in distal ligand present in 

each complex. In [2FeII], the methyl substituent of the picoline inhibits coordination of the distal 

picoline within the phenanthroline pocket and favors a pentacoordinated iron(II) complex with an 

available distal binding site. The less bulky pyridyl ligand of [1FeII], on the other hand, fits in the 

distal pocket and binds at the distal site of the iron(II) to afford a hexacoordinated species.  Thus, 

for oxygen to bind at the distal site, decoordination of the pyridine must first occur. 
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FeIII-CuI and FeII-CuI complexes 

The previous experiments indicate that whereas the distal pyridine of [1Fe] is not coordinated 

in the ferric state, it is bound to the central Fe core in the ferrous state, which induces a slow and 

incomplete binding of molecular dioxygen to [1FeII].  One possibility to prevent this unwanted 

coordination feature in [1FeII] is to divert the distal pyridine to the coordination sphere of a 

copper atom located within the phenanthroline binding site, thus completing an entire CcO 

model.  The heterobimetallic iron-copper complexes of both 1 and 2 were synthesized by 

addition of one equivalent of [Cu(CH3CN)4]PF6 to [1FeIII]+ or [2FeIII]+.  The coordination of 

copper(I) was monitored by UV-visible absorption spectrophotometry, especially in the UV 

region where modifications of the phenanthroline’s absorption bands were clearly seen upon 

coordination of copper(I) (supporting information).  Reduction of the pentacoordinated ferric 

complexes [1FeIIICuI]2+ or [2FeIIICuI]2+ in biphasic medium with aqueous sodium dithionite 

immediately produced the sharp red-shifted Soret band of the ferrous analogues [1FeIICuI]+ and 

[2FeIICuI]+. 

The formation of these complexes was also monitored by 1H NMR. The initial spectrum of 

[1FeIICuI]+ is typical of a high spin (S = 2) pentacoordinated FeII complex, with the β-pyrrolic 

protons appearing in the range of 40 to 50 ppm and the spectrum spread over 70 ppm (Figure 3).  

Although it is difficult to interpret the modifications induced by the introduction of CuI due to the 

lack of a reference spectrum, the paramagnetic behavior of the reduced complex [1FeIICuI]+ was 

strikingly different from that of the diamagnetic ferrous complex [1FeII] obtained in the absence 

of CuI.  Clearly, the presence of the copper in the phenanthroline binding site prevents the distal 

pyridine from approaching the FeII core and thus preserves the high spin (S = 2) state of the heme 

model. In [1FeIICuI]+, the distal pyridyl ligand is probably coordinated to the copper(I). 
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Figure 3. 1H NMR spectral evolution of [1FeIICuI] during the reduction of FeIII to FeII and successive oxygen and 

carbon monoxide bindings (300 MHz, CDCl3, 298 K). 

 

Upon exposure to oxygen, the [1FeIICuI]+ complex instantly lost its paramagnetic features to 

yield a diamagnetic spectrum; however, the spectrum was too complex to be interpreted (Figure 

3). Although the diamagnetic character of the species may result from a strong antiferromagnetic 

coupling of FeIII and CuII through a µ-peroxo bridge, the disappearance of the downfield -

pyrrolic protons is also highly characteristic of the formation of an oxygenated heme model and 

was previously assigned to the formation of a [FeIIIO2
-] species [20]. Several data indicated the 

probable formation of such an intermediate.  First, the reversibility of the oxygen binding in the 

heme model was verified by exposure to a CO atmosphere that generated a new diamagnetic 

[1FeII-CO-CuI]+ species.  Second, when a [1FeII] species was generated in the presence of N-
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methylimidazole, which binds within the strap, exposure to oxygen provided an oxygenated 

species within minutes (see supporting information).   

The 1H NMR spectrum of [2FeIIICuI]2+ was similar to that of its [2FeIII]+ precursor.  Upon 

reduction, the spectrum of [2FeIICuI]+ was relatively well resolved, indicating a diamagnetic, 

hexacoordinated species that contrasts with the paramagnetic species observed for [1FeIICuI]+. 

Little change was observed after bubbling O2 into the solution. These observations suggested that 

reduction of [2FeIIICuI]2+ to its iron(II) analogue generated a partially oxygenated species, 

probably due to the presence of trace amounts of oxygen during the reduction and a high affinity 

of the iron(II)-copper(I) complex for oxygen. The reversible binding of oxygen was demonstrated 

by the subtle changes in the 1H NMR spectrum in the presence of CO (see supporting 

information). 

Raman spectroscopy provided further confirmation of the high affinity of [2FeIICuI]+ for 

oxygen (Figure 4). The Raman spectrum of [2FeIIICuI]2+ (spectrum A) exhibited structure-

sensitive bands at 1362 (4 mode) and 1551 cm-1 (2 mode), which are expected for a high spin 

FeIII complex [21]. Upon reduction of the complex (spectrum B), two sets of signals could be 

seen: the main signals at 1343 and 1539 cm-1 and the shoulders at 1362 and 1558 cm-1. The main 

signals are characteristic of high spin FeII species and the shoulders of low spin hexacoordinated 

FeII species. Upon exposure to O2 (spectrum C), the signals at 1362 and 1558 cm-1 increased in 

intensity. Dithionite reduction of the [2FeIIICuI]2+ complex generated partially oxygenated 

[2FeIICuI]+ species, again confirming the high affinity of the complex for oxygen and its ability 

to bind traces of oxygen present in common grade commercial inert gases. The Raman data did 

not show the contribution of the Fe-O, Cu-O or the OO vibrational modes; thus, precise 

coordination form of the oxygen molecule could not be determined. Although the [1FeIICuI]+ 

was also studied by Raman spectroscopy, the ill-resolved signals could not be interpreted.  
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Figure 4. Raman spectra at 457 nm of: (A) the complex [2FeIIICuI]2+, (B) [2FeIIICuI]2+ after dithionite reduction and 

(C) [2FeIIICuI]2+ after dithionite reduction and exposure to O2. 

 

Electrochemical studies of the iron-copper complexes 

The redox properties of the iron and iron-copper complexes of 2 were investigated, both in 

solution and adsorbed onto a rotating ring disk electrode (RRDE). The redox behavior of 1 was 

previously reported [16] but will be discussed in comparison to the metal complexes of 2. The 

[1FeIII/II]+/0 redox couple exhibits a slightly broadened reoxidation peak, (-0.63V/Fc+/Fc, IPa/IPc = 

0.65) which is consistent with the coordination of the distal pyridine that probably competes with 

the distal binding of residual water, residual oxygen or a chloride anion present in solution. The 

[2FeIII/II]+/0 redox couple exhibits a strikingly different behavior with an ill-defined reoxidation 

peak (Epa2 = -0.67 V/Fc+/Fc, Epa2 = -0.48 V/Fc+/Fc) that illustrates the five coordinate behavior of 

these complexes and the presence of an empty distal pocket. (Figure 5) in which slow, partial 

coordination/decoordination of the distal ligand and possibly subsequent coordination of residual 

water or a chloride occurs [15,22]. The coordination of the distal pyridine in [1FeII] can be 
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prevented by the insertion of copper(I) in the phenanthroline and the subsequent vacancy of the 

distal pocket can be confirmed by the broadening of the reoxidation peak of [1FeII]. Although 

not necessary in the case of [2FeII], the incorporation of copper was clearly established after the 

addition of one equivalent of [Cu(CH3CN)4PF6] dissolved in acetonitrile. Thus, the shapes of the 

return peak in the FeIII/II couple of [2FeIIICuI]2+ (Figure 5) and [1FeIIICuI]2+ [16] confirmed that 

the FeII core remained pentacoordinated after reduction. In the case of [2FeIIICuI]2+, despite 

degassing the solution by argon bubbling, a notable enhancement of the cathodic current and a 

reduction of FeIII at a less reductive potential are observed (Figure 5a). Again, this behavior is 

explained by the extremely high affinity of [2FeIICuI]+ for oxygen and the subsequent reduction 

of oxygen traces present in the solution. This observation explains the difficulties encountered in 

characterizing the deoxygenated FeII species by EPR, UV and NMR spectroscopies under our 

conditions. Upon intentional exposure of [2FeIIICuI]2+ to oxygen, the voltammogram displays a 

similar enhancement of the cathodic current, suggesting a catalytic process and an only slightly 

facilitated FeIII reduction process (Figure 5a, Epc1 = -0.54 V, Epc2 = -0.66 V).  In addition, the 

deliberate exposure to oxygen also affects the CuII/Iredox couple (without O2: +0.31 V/Fc+/Fc, 

IPa/IPc = 1; with O2: + 0.19 V/Fc+/Fc, IPa/IPc = 0.3) in [2FeIIICuII]3+. This effect can be tentatively 

explained by the presence of exogenic ligands (Cl- or H2O, HO- or HOO-) in the distal cavity. 
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Figure 5. Cyclic voltammograms of complexes of (a) 2 and (b) 1 in CH2Cl2+TBAPF6. Gray traces: FeIII complexes; --

---: [2FeIII]+ in the presence of O2; ____: FeIIICuI complexes; …….. : FeIIICuI in the presence of O2. Working electrode: 

glassy carbon, counter electrode: Pt wire, pseudo reference Pt wire with Fc+/Fc used as an internal standard, V = 0.1 

V/s. 

 

As reported earlier [16], in the presence of O2, [1FeIIICuI]2+ displayed a catalytic behavior as 

soon as the FeIII/II potential was reached, as shown by the significant increase of the cathodic 

current (see Figure 5b) whereas in a degassed solution only the reduction of FeIII is observed. The 

redox potentials of the reduction of iron(III) as well as the oxidation of copper(I) of [1FeIIICuI]2+ 

were unaffected by the presence of oxygen (Epc = -0.62 V/Fc+/Fc; ECu(II)/Cu(I) = 0.12 V/Fc+/Fc, 

Ipa/Ipc = 1). These observations suggest that the behavior of each model is drastically affected by 

the difference in the rigidity or flexibility of their respective organic framework. Whereas 

concerted motions of the two pendant pyridyl side arms allow a better controlled electrochemical 

reactivity of [1FeIIICuI]2+ in the presence of oxygen, the sterically controlled coordination 

induced by the use of fully independent picolinyl side arms yields a much higher reactivity. 

Another significant difference is the essential role played by the copper to ensure a vacant distal 

site in the case of structure 1, whereas with 2, a higher affinity for oxygen is inherent to the 
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sterically encumbered structure and the insertion of copper is not a prerequisite to the binding of 

oxygen, or other distal exogenic ligands. Cyclic voltammetry does not provide information 

regarding the dielectronic or tetraelectronic nature of the oxygen reduction; hence, rotating ring 

disk electrode experiments were performed to gain deeper insight into the reactivity of each 

structure. 

 

Electrocatalytic RRDE studies 

For models [1FeII] and [1FeII-CuI]+, it was previously reported that the presence of copper(I) 

in the latter facilitated the reduction of oxygen [16]. In addition, hydrogen peroxide production 

was lower in the presence of copper than in the model containing just iron(II).  However, for 

models [2FeII] and [2FeII-CuI]+, the rotating ring-disk electrode (RRDE) studies [10,23] 

described below showed that both models were less efficient than [1FeIII]+ and [1FeIIICuI]2+ in 

the electrocatalytic reduction of O2.  

The catalyst precursors [2FeIII]+ and [2FeIIICuI]2+ were adsorbed by drop-casting a 1 mM 

solution in CH2Cl2 onto the edge oriented pyrrolitic graphite (EOPG) disk of the RRDE to 

prevent contamination of the platinum disk devoted to hydrogen peroxide oxidation.  The RRDE 

was then immersed in an aqueous phosphate buffer saturated with oxygen (pH = 7).  The non-

catalyzed reduction of oxygen on bare EOPG was recorded as a reference. Figure 6 summarizes 

the evolution of the reduction catalytic current/voltage curves for the edge-oriented pyrolitic 

graphite (EOPG) disk (bottom graph) and the concomitant detection of hydrogen peroxide at the 

platinum ring for which the potential was set at 0.8 V (vs. AgCl/Ag) (top graph).  With both 

[2FeII] and [2FeIICuI]+, O2 was reduced at nearly the same potential as in the noncatalyzed 

reduction. Production of H2O2 was low with [2FeII] and even lower with [2FeIICuI]+ (top graph 

in Figure 6), but allowed us to estimate the contribution of the two-electron reduction of oxygen. 
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In the presence of [2FeIII]+, 30% of the reduction of O2 occurred via a two-electron mechanism 

and 70% by a four-electron mechanism. The contribution of the latter mechanism increased to 

75% in the presence of [2FeIICuI]+. 

 

Figure 6. RRDE electrocatalytic studies of O2 reduction on pure edge-oriented pyrolitic graphite (black) and in the 

presence of [2FeII] (solid red), [2FeII-CuI]+ (solid green), compared with [1FeII] (dashed red) and [1FeII-CuI]+  

(dashed green) deposited on the graphite disk.   

 

Comparison of the respective behavior of complexes of 1 and 2 in terms of tetra-electronic 

efficiency shows that [2FeII-CuI]+ (solid green line in Figure 6) is the most efficient with the 

least H2O2 produced at the EOPG electrode and detected at the ring electrode, confirming the 

previous observation of the higher four-electron efficiency of our models in the presence of CuI. 

Comparison of the reduction potentials for oxygen  of [1FeIICuI]+ and [2FeIICuI]+ shows that the 

more electron donating picolinyl side arms is detrimental to the efficiency of both [2FeII]2+ (solid 
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red) and [2FeII-CuI]+  as the dominant four-electron reduction occurs with no gain in potential, 

which is not the case when pyridinyl auxiliary ligands are use in [1FeII] and [1FeIICuI]+.  

 

CO binding  

Structural changes in the environment of metalloproteins also affect the binding of carbon 

monoxide. In heme proteins, as well as their superstructured iron porphyrin models, the CO 

stretching band frequencies and the bandwidth highly depend on the nature of the environment of 

the binding pocket [24]. The reactivity of the iron and iron-copper complexes of 2 towards CO 

was thus examined by ATR-FTIR at room temperature and compared to previous studies [16] 

carried out for [1FeII] and [1FeIICuI]+ (Figure 7). The [1FeII-CO] and [2FeII-CO] complexes 

(black plots) exhibited very similar CO stretching frequencies (1981 and 1980 cm-1 respectively). 

These values are typical for stretching frequencies of CO coordinated to FeII porphyrins 

possessing a proximal axial base [16].  

In contrast, the binding of CO was very different for the two bimetallic complexes (gray 

plots). Whereas [1FeIICuI-CO]+ exhibited two CO stretching bands at 1977 and 1947 cm-1, only 

one broad band centered at 1972 cm-1 was observed for [2FeIICuI-CO]+. The absence of other 

stretching bands at higher frequency for both complexes indicates that CO is bound to the iron 

rather than to the copper center [25]. It thus appears that changing the position of the two 

pyridine ligands drastically alters the coordination of CO in the two bimetallic complexes. It is 

likely that the tension created within the pyridyl arms, which are on the same phenyl ring in 

[1FeIICuI]+, induces a net tilt of the phenanthroline strap upon copper coordination. The CO 

ligand is then blocked in two different orientations on the distal side of the porphyrin. In one of 

the two orientations, CO interacts strongly with the charged copper center, causing a significant 

downshift of its stretching frequency to 1947 cm-1. In the more flexible [2FeIICuI]+ complex, the 
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proximal and distal pyridines can move independently of one other. There is thus less restriction 

to the movement of the bound CO.  

 

 

Figure 7: ATR-FTIR CO stretching bands of the [1FeII-CO] and [1FeII-CO-CuI]+ complexes (bottom) and the 

[2FeII-CO] and [2FeII-CO-CuI]+ complexes (top).  

 

Conclusion 

Comparative studies of 1 and 2, which differ by only small changes in their distal binding site, 

highlight how architectural constraints as well as the nature of the built-in proximal and distal 

ligands influence the affinity of cytochrome c oxidase models for oxygen and their subsequent 

ability to electrocatalytically reduce oxygen to water. The higher affinity of [2FeII] than [1FeII] 

for oxygen arises from the use of a bulky picoline as auxiliary ligand that is unable to enter the 

phenanthroline pocket, thus ensuring an accessible distal binding site in [2FeII]. The bimetallic 

iron-copper complexes showed the same trend in oxygen affinity as their iron precursors. 

Moreover, both bimetallic complexes reversibly coordinate O2, making their oxygenated 

complexes acceptable mimics of the first intermediate in the catalytic cycle of cytochrome c 

oxidase. Despite the ease with which [2FeIICuI]+ binds oxygen, this complex less efficiently 
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catalyzed the four-electron reduction of O2 than [1FeIICuI]+ in terms of overpotential, but was 

more efficient regarding the undesired production of reactive oxygen species  These results 

demonstrate how very small changes in the structure of cytochrome c oxidase functional models 

drastically modify their behavior in the presence of both oxygen and carbon monoxide. In both 

ligands studied during the course of this work, the basic framework that determines the distance 

between the ferrous iron and the cuprous center is maintained. The only differences in the series 

of models are the basicity of the axial base and the overall flexibility of the pendant side arms. 

The main conclusion of this work is that rationalizing the behavior of hemoprotein models in 

drastically different families of ligands is a very difficult task. Further structural refinements are 

in progress to specifically address the influence of each parameter and optimize the 

electrocatalytic properties of these models. 
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