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Electronic Coupling in a Synthetic Model of the Cu–Cofactor Unit 
of the PM State in Cytochrome c Oxidase 

Sang Tae Leea, Christopher G. Baileyb, c, Daniel A. Santosa, Mohan Bhadbhaded, Heejin Kime*, and 
Dong Jun Kima* 

 

A hydroquinone–imidazole–Cu(II) complex reproduces the Tyr–

His–Cu unit of cytochrome c oxidase. Laser-induced EPR and DFT 

reveal a semiquinone radical electronically isolated from Cu(II) by 

orthogonal orbital alignment. The weak magnetic exchange 

underscores how geometry governs coupling, providing insight 

into transient states of metalloenzymes and their synthetic 

analogues. 

Energy conversion in biological systems is driven by orchestrated 

sequences of electron and proton transfer events. This process is 

driven by cytochrome c oxidase (CcO), the terminal respiratory 

enzyme that catalyses the four-electron reduction of dioxygen to 

water while translocating protons across a membrane. This dual 

function underlies the generation of the electrochemical gradient 

used for adenosine triphosphate synthesis, with CcO accounting for 

the majority of energy conserved through oxidative metabolism. At 

its core, the binuclear centre (BNC), comprising heme a3 and CuB, 

coordinates redox transformations and proton pumping.1-3 

Within the catalytic sequence, the PM intermediate arises 

immediately following O–O bond cleavage, preceding proton 

transfer steps that yield water.4-10 The histidine–tyrosine (His–Tyr) 

crosslink, first identified in crystallographic studies of bovine CcO, 

remains a distinctive feature of the active site.1 A wide range of 

synthetic strategies have sought to reproduce this crosslink and 

explore its role in redox chemistry, yielding insights but often 

limited by instability.11-27 Raman and crystallographic studies 

provided clear evidence for a ferryl–oxo FeIV=O unit accompanied 

by a CuII centre and a tyrosyl radical on the covalently crosslinked 

His–Tyr residue.28, 29 This finding reframed the question of how the 

three redox-active sites—FeIV, CuII, and Tyr•—communicate 

electronically. Magnetic exchange between CuII and the tyrosyl 

radical within PM has been the focus of significant recent progress. 

Computational modelling with spectroscopic interpretation by 

Schaefer and co-workers30 suggested that the Cu–Tyr pair could 

exhibit ferromagnetic coupling under certain geometries. More 

recently, high-resolution magnetic circular dichroism 

measurements by José et al.31 established that PM is best described 

as a three-spin system, FeIV=O (S = 1), CuII (S = ½), and Tyr• (S = ½), 

with overall antiferromagnetic behaviour. Their analysis assigned 

specific pairwise couplings within this triad, including 

antiferromagnetic exchange between Cu and Tyr. However, 

because these couplings are defined in the context of the full Fe–

Cu–Tyr system, the intrinsic Cu–Tyr interaction cannot be 

disentangled from Fe-mediated superexchange or protein-imposed 

geometry. This leaves open the question of how these two centres 

interact in isolation.  

Here, we report a hydroquinone–imidazole–Cu(II) complex as a 

synthetic subunit analogue of the Tyr–His–CuB subunit in CcO 

that provides a platform for characterising the intrinsic 

electronic coupling between Cu(II) and the cofactor. Using 

laser-induced electron paramagnetic resonance (EPR) 

spectroscopy, we detect the formation of a stable 

semiquinone-radical coordinated to Cu(II), in a geometry that 

density functional theory (DFT) calculations indicate yields 

orthogonal spin densities, resulting in weak exchange. This 

Fig. 1 Synthetic route to cofactor and Cu(II) complexes. Yields for 
each step are shown in red. 
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result aligns with earlier interpretations of minimal Cu–Tyr 

coupling in model systems30, while complementing the three-

spin topology determined in the intact PM state.31 By resolving 

the behaviour of the Cu–cofactor, this platform provides a 

mechanistic reference point for understanding how protein 

constraints modulate exchange in CcO.  

Binding of O2 to the reduced binuclear centre gives the oxy 

intermediate (A).32-33 Subsequent O–O bond cleavage, driven 

by proton and electron transfer from the His–Tyr cross linked 

residue, produces the PM state, formulated as an Fea3(IV)=O, 

CuB(II)–OH, TyrO• triad.34 The computational study of 

Blomberg indicates that in this PM state the TyrO• unit accepts 

electron density and carries substantial spin density in a 

phenoxyl like π system centred on the oxygen atom.35 To 

capture this local electronic structure we use the Im–Hq/Im–

Sq platform. Deprotonation and one electron oxidation of Im–

Hq give an O centred semiquinone (Im–Sq) that behaves as a 

phenoxyl radical strongly coupled to Cu(II) through the 

imidazole–aryl framework, providing a synthetic model for the 

TyrO•–CuB(II) fragment in the PM state. 

 

Synthetic analogues of the His–Tyr cofactor have 

conventionally relied on phenol scaffolds to mimic the tyrosyl 

radical, yet these constructs are often limited by oxidative 

instability.13, 30, 36-39  To overcome this, we employed a 2-

acetyl-1,4-hydroquinone to generate an imidazole–

hydroquinone (Im-Hq) ligand (Fig. S1). Coordination to Cu(II)–

terpyridine afforded [CuII(terpy)(Im-Hq)]2+, with in situ 

oxidation yielding the quinone analogue [CuII(terpy)(Im-Q)]2+ 

(Fig. 1). Yields and characterisation data are provided in the 

Supplementary Information. 

 

Fig. 2 a–c, The chemical structure (left) and single-crystal X-ray structure 
(right) of ligand 3, Im–Hq, Cu(II) complex 4, [CuII(terpy)(Im-Hq)]2+, and 
oxidized Cu(II) complex 5, [CuII(terpy)(Im-Q)]2+ are shown. All structures are 

depicted with thermal ellipsoids at the 50% probability level; hydrogen 
atoms and counterions are omitted for clarity. For cofactor 3, selected bond 
distances (in Å) include N(1)–C(6) = 1.434, O(1)–C(1) = 1.352, and O(2)–C(4) 

= 1.353. For complex 4, the bond distance N(1)–C(6) is 1.415, and the Cu–N 
distances range from 1.854 to 2.024 Å. In complex 5, N(1)–C(6) measures 
1.396 Å, and the Cu–N bond lengths range from 1.910 to 2.031 Å. The 

dihedral angle between the imidazole and quinol/quinone planes decreases 
progressively across the series, measured as 88.75° in 3, 74.05° in 4, and 
48.19° in 5. 

Fig.  3 a, EPR spectra of (Im–Sq) measured at 100 K in acetonitrile under 
laser irradiation at varying power densities: 0.28 W/cm2 (3.6 mJ), 0.56 
W/cm2 (7.2 mJ), and 0.84 W/cm2 (10.8 mJ). Spectra collected in the 

absence of laser irradiation (W/O laser) are also included for 
comparison. b, Corresponding spectra for [CuII(terpy)(Im–Sq)]2+ 
collected under identical conditions, displaying the spectrum with laser 

irradiation (green), without laser (red), and the subtracted difference 
(black). 
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Single-crystal X-ray diffraction of Im-Hq, [CuII(terpy)(Im-Hq)]2+, 

and [CuII(terpy)(Im-Q)]2+ revealed a progressive geometric 

evolution across the redox series (Fig. 2). Oxidation of the 

hydroquinone to quinone was marked by C–O bond 

contraction (1.360 → 1.206 Å), shortening of the N(imidazole)–

C bond (1.415 → 1.396 Å), and elongation of the Cu–

N(imidazole) bond (1.854 → 1.967 Å). The most notable trend 

was in the dihedral angle between the aromatic and imidazole 

planes, decreasing from 88.7° in the free ligand to 74.0° in 

[CuII(terpy)(Im-Hq)]2+ and 48.2° in [CuII(terpy)(Im-Q)]2+. This 

systematic reduction highlights how redox chemistry 

reorganises the geometry of this motif, potentially 

underpinning conformational control in the native His–Tyr 

crosslink of CcO. As dihedral angle directly governs orbital 

overlap, it provides a quantifiable parameter linking redox 

events to electronic coupling and frames the interpretation of 

subsequent EPR studies. 

In order to probe radical formation and the electronic structure for 

[CuII(terpy)(Im-Hq)]2+ and its oxidised analogue [CuII(terpy)(Im–

Sq)]2+, we performed EPR spectroscopy under laser excitation. 

Triethylamine (3 equiv.) was added prior to measurement to 

facilitate semiquinone generation at 100 K without inducing full 

deprotonation. UV–vis spectra recorded before and after 

triethylamine addition showed no significant shift (Fig. S2), 

confirming that the hydroquinone remains protonated under 

ambient conditions. Samples were flash-frozen in liquid nitrogen 

and analysed by EPR at 100 K under variable laser excitation. The 

quinone complex, [CuII(terpy)(Im-Q)]2+ (5), is used only to establish 

the redox-dependent structural trend and is not an intermediate in 

the laser-induced generation of the semiquinone radical. 

Laser-irradiated EPR spectra of Im-Hq (Fig. 3a) reveal the formation 

of a semiquinone-radical, with a g-value of 2.0057, characteristic of 

a phenoxyl-type radical localised near the oxygen atom. This value 

lies within the range reported for tyrosyl radicals (g ≈ 2.005 – 

2.0058) and suggests that the spin density remains largely confined 

to the aromatic ring system.40 The electronic structure inferred 

from this g-value is consistent with a scenario in which the unpaired 

electron is localised within the semiquinone π-system with minimal 

delocalisation onto adjacent groups. As will be discussed in the DFT 

section below, this localisation likely arises from a twisted geometry 

between the semiquinone and imidazole rings, limiting π-

conjugation and orbital overlap.  

In the [CuII(terpy)(Im-Hq)]2+ complex (Fig. 3b), the EPR spectra 

features characteristic of an elongated octahedral-square pyramidal 

Cu(II) coordination environment.41 Upon laser excitation, a new 

radical signal with g = 2.0050 emerges, while the Cu(II) peak (g|| = 

2.26, g┴ = 2.08) remains unaltered. Subtraction of the pre-

excitation spectrum confirms independent generation of the radical 

signal. The slightly lower g-value compared to the free cofactor 

reflects subtle differences in the local environment, but the absence 

of major spectral changes indicates minimal spin delocalisation into 

the ligand or metal orbitals. Spectral simulations using EasySpin 

yielded comparable fits for both ferromagnetic (FM) and 

antiferromagnetic (AFM) coupling models, indicating the exchange 

interaction near the resolution limit of the technique. 

To further examine the electronic arrangement, we performed 

DFT calculations on the semiquinone–imidazole–Cu(II) 

([CuII(terpy)(Im-Sq)]2+) complex, incorporating acetonitrile as 

the solvent. Spin density maps in Fig. 4a visualised at different 

isovalues of 0.15, 0.06, and 0.03, together spin population 

analysis (Fig. S3), reveal that the up-spin density is 

concentrated on the Cu(II) centre and its four planar nitrogen 

ligands, while the down-spin density is largely confined to the 

π-system of the semiquinone. It indicates that both the Cu(II) 

and semiquinone centres have weak spin interactions with the 

bridging imidazole. The spin communication between Cu(II) 

Fig. 4 a, Spin density isosurfaces of the antiferromagnetic state at a torsional angle of 65°, displayed at isovalues of 0.15, 0.06, and 0.03. Blue, red, grey, and 
white bars represent N, O, C, and H atoms, respectively. Green and yellow surfaces indicate excess up and down spin density, respectively. b, Relative 

electronic energies of the AFM and FM states, referenced to the minimum for each spin state, plotted as a function of torsion angle. c, AFM–FM energy 
difference (ΔE = EAFM–EFM) as a function of angle for [CuII(terpy)(Im–Sq)]2+ (blue) and [O-(Im-Sq)]+ (green). 
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and the imidazole ligand occurs through σ-type interactions 

between Cu(II) dx2–y2 orbital and the lone pair of the imidazole 

nitrogen. These specific orbitals are orthogonal to the π-

system, which in turn restricts spin interaction between the 

Cu(II) and imidazole. On the other hand, between the 

semiquinone and imidazole ligand, the spin localisation is 

associated with a twisted geometry (dihedral angle ~65°) 

between their planes, which limits π-overlap and through-

space conjugation. These spin and geometry arrangements 

yield a weak spin coupling between the Cu(II) and semiquinone 

centres, consistent with the EPR observations.  

DFT scans of the dihedral angle between the semiquinone and 

imidazole support the above interpretation. When rotating the 

angle (Fig. 4b), the spin interaction between the two moieties 

varies, but the aforementioned orbital orthogonality between 

the Cu(II) and imidazole restricts the spin coupling over the 

entire complex. This leads to only ~0.2 kJ mol–1 energy 

difference between AFM and FM states across the range (black 

line in Fig. 4c). To examine the impact of the dihedral angle, 

we next explored a system in which Cu(II) was replaced by an 

oxygen-centred radical (Fig S4), i.e., [O-(Im-Sq)]+, as the O• has 

an excess electron in p-orbital and can make π-overlap with 

the imidazole depending on a dihedral angle. In a sharp 

contrast to the [CuII(terpy)(Im-Sq)]2+ case, [O-(Im-Sq)]+ system 

exhibits a strong angle-dependent energy profile. The energy 

difference between AFM and FM states is ~8 kJ mol–1 (green 

line in Fig. 4c) at two endpoints, where the π-systems are 

aligned, while it approaches zero at orthogonal geometries 

(around 90°), where orbital overlap is suppressed. This result 

confirms that the dihedral angle primarily acts as a structural 

gate that keeps the spin coupling weak. In the protein context, 

modest conformational changes at the His–Tyr motif could 

therefore modulate proton-coupled electron transfer at the PM 

state without altering the underlying oxidation states of the 

metals and cofactor. In this light, the His–Tyr motif in CcO may 

function as a conformationally regulated electron–proton 

transfer gateway. Together with the EPR results, these findings 

demonstrate that orthogonal orbital symmetry electronically 

isolates the Cu(II)–cofactor pair, providing a subunit-level 

complement to the three-spin topology of PM. 

In summary, we have developed a hydroquinone–imidazole–

Cu(II) complex as a structurally defined analogue of the Tyr–

His–Cu subunit in CcO. Structural analysis revealed redox-

dependent flattening of the ligand framework, while laser-

induced EPR and DFT studies demonstrated that the 

semiquinone radical and Cu(II) centre remain electronically 

decoupled by orthogonal orbital alignment. The small AFM–

FM energy differences (<0.2 kJ mol–1) underscore the 

intrinsically weak magnetic exchange within this Cu–cofactor 

pair. These findings provide a subunit-level perspective that 

complements multi-spin descriptions of the PM state and 

highlight dihedral angle and orbital orientation as design 

parameters for controlling coupling in redox cofactors. Beyond 

enzymatic modelling, this approach offers opportunities to 

control spin topology, enabling architecturally programmed 

proton-coupled electron transfer in responsive, bioinspired 

systems.  
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The data supporting this article have been included as part of the Supplementary 
Information. Supplementary crystallographic data are available from the CCDC 
under deposition numbers 2432274 (3), 2432390 (4), and 2432275 (5).
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