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We report that internal electron transfer (valence tautomerism) 0
within a Cu'—imidazolyl-phenolate anion system can lead to a E'Q
substitutionally labile Cu-imidazolyl-phenoxyl radical system. N“:N Buf
These results inform about the potential reactivity of a'Cu = °
histidine-tyrosinate intermediate in the catalytic center of cyto- Im-q*

chromec oxidase (€O). _ _ _ The CU —imidazolyl-hydroquinone complex [(tpa)Clni—

In the final steps of the aerobic respiratory transfer chain, hg*H)](OTs), (L tpa = tris(2-pyridylmethyl)amine, OTs =
dloxygen_ls reduced to water within thg heme-€Cug catalytic p-toluenesulfonate anion) was prepared by additiotmethgH »
center (Flgure 1) of @0. Free energy is conserved_ by coupled to [(tpa)Cu(MeCN)](OTs)in anhydrous methanol/etheBeparate
translocation of protons throughcO and across an inner mito-  geprotonations o were carried out under anaerobic, anhydrous
chondrial or bacterial membrane, thereby maintaining the proton ¢ongitions in two solvents, acetonitrile or tetrahydrofuran, and using
electrochemical gradient that drives ATP synthesis. The scission g different bases, KOBwor LDA. Addition of 2 equiv of base
of dioxygen occurs in the very first step of the@ catalytic cycle results in bleaching of the—d bands forl (Amax 865 Nm) and the
and requires four electrons donated under turnover conditions byappearance of the intense, characteristic bandimetg* at 320
Fed', Cug', and Tyr244, affording the so-called,Rntermediate  and 435 nm (Figure 2 and Supporting Information). In the EPR
comprising ferryl FgV=O0, cupric Cy"—OH, and, more contro-  spectrum, the axial signal df in MeCN is replaced by a sharp
versially, tyrosyl radical TyrOcenters:® Microsecond freeze hyper-  signal atg = 2.0051 for an organic radical. At room temperature,
quenching experiments suggest the$tate forms upon dioxygen  the EPR spectrum is identical to that for fiee—sq*~ radical (see
scission regardless of the initial oxidation level of the enzyrime. above). The estimated conversion to the frae-sq*~ radical anion
the next (and the first proton-pumping) step of the catalytic cycle, in these experiments is 7B0%? The H NMR spectrum after
the tyrosyl radical is the electron acceptor, leading to the possibly double deprotonation df shows sharp peaks for the Giomplex,
obligatory intermediacy of a tyrosinate gu-His—TyrO~ species. [Cu(tpa)(L)]" (L = solvent, HNP% from LDA or HOBU from

Mimics for Cus"'—His—TyrO* and Cy"—His—TyrO~ centers KOBU),'? the residual protio-solvent, the base, and no others.
would provide valuable physicochemical information for compari- Entirely analogous behavior is observed in THF solufiofhe
son with biophysical dat&®” One major problem with the models  copper-containing species in acetonitrile solution were also char-
thus far investigated is that the imidazehghenoxyl radicals acterized by ESI-FT-ICR mass spectroscopy: before and after
derived from them are only transiently staBfe’ In contrast, adding KOBU (2.0 equiv) tol, the prominent ions were [(tpa)Cu-
semiquinone anions (i.e., phenoxyghenoxide radicals), whichmay  (Im—hg*H)]?* (m/z 306.61752 (major isotopomer); calad/z
be generated by one-electron reduction of quinones or, conversely,306.61761) and [(tpa)Ct](m/z 353.08192 (major isotopomer);
by one-electron oxidation of hydroquinone dianions, are stable, calcdnvz 353.08094), respectively.

Im-sg*

long-lived species under anaerobic, basic conditfoHgnce, to
avoid the limitations due to decomposition reactions of imidazolyl

In toto, these results provide unequivocal evidence for formation
of the free Im—-sqg* radical and [Cu(tpa)(L)] upon double

phenoxyl radicals, we have targeted copper complexes of the deprotonation ofl. The probable mechanism involves an internal

semiquinone radicalm—sqg*~. In this work, the hydroquinone/

electron transfer (valence tautomerism) producing a coordinatively

semiquinone group acts as a surrogate for the phenol/phenoxyl
radical side chain of the cross-linked tyrosine ioGC

Akin to an ordinary hydroquinonén—hg*H, readily undergoes
two-electron oxidation to the corresponding quindme-g* (e.g.,
with phenylidosodiacetate, A@, or 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone). One-electron oxidation of the hydroquinone dianion,
Im—hqg*?~ (from Im—hg*H; and lithium diisopropylamide (LDA,
2.0 equiv) or KOBU (2.0 equiv)), and one-electron reduction of
Im—qg* are chemically reversible processes and afford the semi-
quinone radical aniorign—sg*~.° The distinctive U\-vis and EPR
spectrd’ of Im—sg*~ epitomize those of a semiquinone or phenoxyl
radicali! in the EPR spectrum, thi-superhyperfine coupling is
notably small ¢-0.5 G), indicative for only slight inter-ring spin Figure 1. View of the binuclear hemesa:Cus catalytic center of

delocalization and in line with theoretical predictions for the cytochromec oxidase (coordinates and residue numbering for oxidized
histidine—tyrosyl radical in @035 bovine enzyme, pdb accession no. 1V54, ref 5).
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100 [T . AN ™ acceptor is finely balancéti(although a presumption that the tyrosyl
s (€) // E radical is the electron acceptor pervades the liter&ttte1"). Thus,
z o I'. : if a tyrosinate Cy'—His—TyrO~ center occur@nywherein the
S sf @k . catalytic cycle-for example, if the reduction of the tyrosyl radical
Xa0kb '| in the R, state is not strictly concerted with the transfer of a proton
150F '|I fl E to the tyrosyl oxygen atom thereby affording the tyrosinate
200 Bt ! it anion~71417—yalence tautomerism may lead to a (transient)-Cu

His—TyrO* center. Dissociation of the labile histidine ligand from
the thus formed Ggl center could have important ramifications such

EN (vs Fc Fc) HIG
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' ] 2“““;‘ 100 ET NN ll ) E as the redox-linked opening of a pathway during turnover for egress
] z [ 8L |“||| ﬂlr —: [P of pumped protons and/or product waters from thezF€ug
1 8 of °oF '“ u'| |||| f—__..' P catalytic center.
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Supporting Information Available: Details of preparations and
measurements plus additional electrochemical, NMR, EPR;- %~
NIR spectra and data. This material is available free of charge via the
Internet at http://pubs.acs.org.
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Figure 2. (a) Cyclic voltammogram of [(tpa)CG@m—hcgH2)]J(OTs), 1
(2 mM) in MeCN-0.1 M [Bu"sN][PFg]. (b) UV—Vis—NIR (at 296 K) and
(c, d) X-band EPR spectra for a solution b{1.2 mM) in MeCN before
(blue, —) and after (cyan;—) the addition of base (KOBu2.0 equiv).
Simulatior? of the 296 K EPR spectrum gives= 2.0051,a4/G = 1.805
(1 H) and 1.375 (2 H)an/G = 0.490 (1 N).
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