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Cytochrome ¢ oxidases (CcO) and the related prokaryotic
terminal oxidases are indispensable components in the biochemical
machinery of aerobic life on Earth, exergonically coupling the
reduction of atmospheric dioxygen to the oxidation of molecular
foodstuffs.2 In specific function, these membrane-bound enzymes
catalyze the reduction O, + 4H* + 4e-— 2H,0, with concomitant
proton translocation against a transmembrane concentration
gradient. Structurally, they possessseveral metal centers, of which
a binuclear iron—copper assembly is the site of dioxygen binding
andreduction. The copper (Cup) coordination sphere is believed
to be minimally defined by at least three histidine imidazoles,
while the iron occurs as a heme (heme a;) with imidazole ligation
on the face distal to Cug; the oxygen chemistry occurs in the
space intervening the two metals.

Although current evidence remains inconclusive for bimetallic
bridging interactions in the catalytic cycle,? there is general
agreement onan intimately bridged heme a3/Cug dimer in purified
preparations of the oxidized enzyme (the “as-isolated” state).
This bridged site remains tentatively defined by spectroscopic
deduction despite extensive investigation; studies of the binuclear
site are complicated by the presence of other, spectroscopically
interfering metal centers in the enzyme and the existence of
multiple conformations of the “as-isolated” state. Support for
the bridged model depends largely on magnetic susceptibility
data® and the absence of odd-spin EPR signals® of the oxidized
site, both of which suggest a strongly antiferromagnetically
coupled interaction (estimated J = 200 cm-!) between the Fe-
(III) and Cu(II) sites to yield an S = 2 system spin state. Site
probes with certain exogenous ligands have also produced results
indicative of bridged interactions implicating these ligands.$

Wearecurrently pursuing the directed syntheses of asymmetric,
bridged metal assemblies of biological relevance. Previously, all
synthetic compounds considered related to the CcO binuclear
site have failed the necessary criterion of strong electronic coupling
between metal centers.” To promote this condition, we have chosen
an oxo-bridged heme—copper mciety as a plausible synthetic
target.? Our approach has been implemented in Scheme I.

A blue solution of [Cu(Megtren)(OH,)](Cl0O,),° (1 equiv) was
treated with lithium 2,6-di-tert-butyl-4-methylphenoxide (2 equiv)
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in acetone to give a dark green solution.!® Addition of Fe(OEP)-
(OClIO3)!! (1 equiv) afforded a dark purple-red solution.!2
Introduction of ether produced a microcrystalline precipitate
which was isolated, redissolved in THF, and filtered to remove
insoluble copper residues. Volume reduction followed by ether
addition afforded [(OEP)Fe-O-Cu(Megtren)](C1O,) (1)1213 as
violet microcrystals (50%).

The structure!4 of 1 establishes the unprecedented Fe—~O—Cu
unit linking a square-pyramidal iron porphyrin to trigonal-
bipyramidal copper (Figure 1). Two independent molecules
crystallize in the asymmetric unit with essentially identical
dimensions. The Fe-N and Fe-O (mean 1.747(6) A) bond
distances are consistent with those of five-coordinate high-spin
and u;-0x0 Fe(III) porphyrins.!s The Cu-N distances are also
normal, with the axial distance slightly shorter than the equatorial
distances, as well precedented.!$ While no structurally proven
examples exist of u;-oxo Cu(II) bridges, Cu—O distances do
compare favorably with like distances in nonbridging copper
alkoxide moieties (1.90(3) A).}7 These distances, taken together
with the charge of the complex (1+) and the Cu—O-Fe angle
(mean, 176.0°), allow the unambiguous assignment of the atom
asa bridging 0x0.!8 The (Megtren) ligand exhibits a large degree
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Figure 1. The structures of [OEP)Fe-O-Cu(Megtren)]* (1, left) and [(OEP)Fe-F-Cu(bnpy;)(OClO3)]* (2, right) showing 50% thermal ellipsoids
and selected atom-labeling scheme. Averaged distances (A) and angles (deg) for two independent molecules of 1: Fe(1)=Cu(1), 3.571(2); Fe~O,
1.747(6); Fe~N porpn, 2.109(7); Ct'-~Fe, 0.67; Cu—0, 1.827(6), Cu~Nyy, 2.050(8); Cu-Ng, 2.14(2); Fe~0—Cu, 176.0(7). Distances (A) and angles (deg)
for 2: Fe(1)«Cu(l1), 3.956(1), Fe(1)-F(1), 1.865(3); Fe(1)~Nporph, 2.049(4), Ct'-Fe(1), 0.36; Cu(1)~F(1), 2.101(3); Cu(1)-0O(11), 2.139(3), Cu-
(1)~N(5), 1.972(4); Cu(1)~-N(6), 1.985(4); Cu(1)-N(7), 2.041(4); Fe(1)-F(1)-Cu(1), 171.9(1). Ct’ is the centroid of the 24-atom (C,N) porphyrin

core; Ny and N, represent equatorial and axial positions, respectively.

of thermal motion; ellipsoids are elongated in the trigonal plane,
and the N-C-C-N chelate rings are nearly planar instead of
puckered. We attribute the disorder to the close interligand
contact enforced by the oxo-bridge. Given the present iron—
copper separation, calculation of distances between the porphyrin
plane and an idealized (Megtren) ligand (using the puckered arm
conformation generally found for this ligand) shows contact
between the methyl groups and the porphyrin ring at slightly less
than the van der Waals minimum. We take the nearly linear
Fe—O—-Cu angle as further indication of the steric demands of the
ligand set. This relatively strong interligand repulsion probably
prevents the flexible (Megtren) from adopting one clear lowest
energy conformation; instead, the ligand can only assume a range
(dynamic and/or static) of higher energy orientations.

The magnetic susceptibility behavior of 1 is well-described by
Curie-Weiss law, with only a minor deviation to higher suscep-
tibility above 200 K; the curvature is sufficiently slight that the
complete temperature range (4-300 K) can be accurately fitted
inits entirety by xM = 3.15/(T + 2.03). This firmly establishes
compound 1 as a tightly coupled, S = 2 system.!* The EPR
spectrum of 1, silent at 125 K, is also consistent with this
assignment. Further indication of the strong electronic coupling
is evidenced by the paramagnetically shifted !H NMR signals!?
of the OEP ligand which occur in regions previously unencountered
for Fe(III) porphyrins. This, along with the presence of
diastereotopic methylene protons (split by 2.6 ppm), is strong
evidence for retention of the bridge structure in solution. The
zero-field spectrum of 1 at 4.2 K consists of a quadrupole doublet
with § = 0.48 mm/s and AE; = 1.20 mm/s, supporting the
structural formulation of high-spin (S = 3/,) heme2®and implying
antiferromagnetic coupling with Cu(II) (S = '/2) to achieve the
S = 2 state. The absorption spectrum exhibits a strongly red-
shifted Soret band (427 nm, as compared to 385 nm for [Fe-
(OEP)]),0). An increase in negative charge on the axial ligand
has been correlated with a decrease in Soret transition energy;?2!
this interpretation is consistent with our expectation of a weaker
Cu(II) affinity for oxo as compared to Fe(III).

(19) For S = 2, the Curie constant C = 3.00 emu K/mol assuming g, =

' (20) Sams, J. R.; Tsin, T. B. In The Porphyrins; Dolphin, D., Ed.; Academic
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Other Cu(II)-Fe(III) bridged species are accessible by similar
means. Thus, reaction of Fe(OEP)(OCIOs) (2 equiv) with
[Cu,F2(bnpy,).] (PFs),22 (1 equiv) in acetone initially gives a
black-brown solution; diffusion of Et,O yields black crystals of
[(OEP)Fe-F-Cu(bnpy,)(OCl03)] (PFs) (2). Structuralcharac-
terization! reveals an asymmetric fluoride bridge (Cu-F, 2.101-
(3) A;Fe-F, 1.865(3) A) linking five-coordinate high-spin Fe(III)
to square-pyramidal Cu(II) (Figure 1). The bridging ability of
unsupported fluoride appears poor in this environment; in essence,
the fluoride has been nearly completely abstracted by Fe(III)
from Cu(II) inasmuch as the Fe-F distancein Fe(OEP)Fis 1.834-
(2) A.23 While the fluoride ligates strongly to the heme, a weaker
axial interaction is observed for Cu(II); unexpectedly, the poorly
ligating perchlorate occupies the vacant strong-field equatorial
position, a situation unique to our knowledge. Related behavior
is noted for CcO, where added fluoride ion uncouples the EPR-
silent bridged assembly of CcO by binding to heme a;.2¢

The synthesis of 1 allows the first detailed spectroscopic
comparisons between the spin-coupled enzyme site and a struc-
turally defined, electronically congruent synthetic analogue.
Moreover, the reaction chemistry has proven viable for the
formation of bridges both strong and weak. The physical
characterization of assemblies 1 and 2 and the construction of
other relevant bridges are the focus of our continuing studies.
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