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1. Introduction

Cytochrome c oxidases, or more generally heme—
copper oxidases (see section 2), have for a consider-
able time attracted the interest of modeling chemists.
This is due to the importance of these enzymes in
biological respiration and the dioxygen “activation”
chemistry that occurs here and the presence of redox-
active iron (heme) and copper centers. The metal ion
properties are of particular interest to inorganic
chemists, especially because they possess exception-
ally interesting physical properties or spectroscopic
features, in fact, due to their novel coordination
environments.

For synthetic bioinorganic chemists, the metal
center that has attracted the most attention is the
heme—copper binuclear site (discussed below), where
a heme and a proximate (~4.4—5.3 A, sections 2 and
4.1) copper ion center effect dioxygen binding and
O—0 reductive cleavage. Whereas the earliest and
most common biomimetic efforts focused on the
oxidized or “resting state” form of this center pos-
sessing a porphyrinate—iron(l11) and copper(ll), more
recent efforts have been directed at modeling the
reduced state and carrying out relevant reaction
chemistry; the porphyrinate—iron(l1) with copper(l)
binds carbon monoxide (as dioxygen surrogate) and
initiates O, chemistry. The so-called Cu, center, now
known to be a thiolate-bridged dicopper site that can
readily exist in a delocalized mixed-valent state
(section 6.1), effects electron transfer (ultimately) to
the heme—Cu active site; this dicopper complex has
also been of interest to synthetic modelers. This was
originally thought to be a modified type 1 “blue”
mononuclear copper electron-transfer center, with its
known thiolate Cu'" ligation. Thus, in fact, it is
“modified” and is binuclear with an additional copper
ion.

The late Nobu Kitajima reviewed the modeling of
cytochrome c oxidase in 1992, when essentially only
models for oxidized enzyme forms were known and
discussed. Collman and co-workers? have recently
reviewed the area, including considerable coverage
of dioxygen reactivity studies, either in electrochemi-
cal functional modeling efforts or with investigations
focusing on isolation and characterization of meta-

© 2004 American Chemical Society

Published on Web 01/28/2004



1078 Chemical Reviews, 2004, Vol. 104, No. 2

Eunsuk Kim, a native of Korea, received her B.S. in chemistry from
Sangmyung University in 1994. She then obtained a M.S. degree in
inorganic chemistry at Korea University under the supervision of Professor
Ho Gyeom Jang in 1996, where she was first exposed to bioinorganic
chemistry doing synthetic modeling studies of non-heme diiron enzymes.
She is currently working toward her Ph.D. at Johns Hopkins University in
the research group of Professor Kenneth D. Karlin, focusing on the
reactions of dioxygen with synthetic heme—copper complexes. After
completing her doctoral research in 2004, she will be pursing postdoctoral
studies in the laboratory of Professor Bruce Demple in the Department of
Genetics and Complex Diseases at the Harvard University School of Public
Health.

Eduardo E. Chufan was born in San Juan, Argentina, in 1967. He
graduated in biochemistry in 1993, and in 1999 he received his Ph.D.
degree from the National University of San Luis (Argentina) under the
direction of Professor José C. Pedregosa working on metal—drug
complexes. He then collaborated with Professor Joaquin Borras at the
University of Valencia (Spain). Also, he was an inorganic chemistry lecturer
at the University of San Luis for 10 years. In 2000, he was awarded a
CONICET (Research Council of Argentina Government) postdoctoral
fellowship to join the research group of Professor Kenneth D. Karlin at
Johns Hopkins University to work in the field of synthetic model compounds
for the active site of heme—copper oxidases.

stable O, adducts in heme—copper synthetic as-
semblies. The present review is updated and offers
a different perspective, also with some different and
new material covered, but also placed in the context
of this Chemical Reviews thematic issue on bioinor-
ganic modeling. Included are summaries of the
relevant biochemistry, that is, structural, reactivity,
and spectroscopic. Modeling efforts discussed include
O, and CO chemistry of reduced heme—copper as-
semblies (section 3) and synthetic complexes mimick-
ing or attempting to model aspects of the oxidized
enzyme resting state of the heme—Cu center (section
4); discussions are also included of the novel and
important histidine—tyrosine cross-link found as a
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Cug ligand (at the heme—copper active site) and
recent efforts in modeling both the organic and
inorganic aspects of this cofactor (section 5) and
models for Cup (section 6).

The chemistry of metal ion sites in proteins cannot
be separated from the inherent fundamental chem-
istry of the particular metal. Thus, the study of small
molecule well-defined and characterized active-site
synthetic models is useful.® Because models cannot
by definition ever produce ultimate conclusions about
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Cytochrome Oxidases

aag-type (cow, P. denitrificans, yeast, Rb. sphaeroides)

bas-type (Thermus thermophilus)
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Figure 1. Schematic representation of subunits I and Il of the two major classes of the heme—copper oxidase superfamily,
indicating the important metal centers, the general pathway for electron transfer, and the reactions’ stoichiometry and

proton translocation chemistry.

an enzyme mechanism (only enzyme studies can do
that), the purpose of models is not necessarily to
duplicate natural properties or reactivity. Rather,
biomimetic model investigations serve to sharpen or
focus relevant questions. The goal is to elucidate
fundamental aspects of structure, spectroscopy, mag-
netic and electronic structure, reactivity (e.g., plau-
sibility of metal-based reactive intermediates and
their kinetic competency), and thus chemical mech-
anism. A synergistic approach to the study of met-
alloenzymes can yield crucial information, because
the synthetic analogue approach can be used to
investigate the effects of systematic variations in
coordination geometry, ligation, local environment,
and other factors, often providing insights that can-
not be easily deduced from protein studies. For
example, although heme—0,*5 and copper—dioxy-
gen®° chemistries are separately now reasonably
well studied, the reactivity of O, in a heme and
copper environment is just now rapidly developing
(section 3); fundamental advances in heme/Cu/O,
reaction dynamics, structure, spectroscopy, and O,
reduction and O—O cleavage chemistry are sorely
needed.

2. Overview of Heme—Copper Oxidases

Heme—copper oxidases (HCOs)!!! are the termi-
nal respiratory enzymes that catalyze the reduction
of dioxygen to water without the release of superoxide
or peroxide. This exergonic reaction is coupled to
proton translocation across the mitochondrial or the
cytoplasmic membrane (Figure 1). During the O,
reduction reaction, a total of eight protons are taken
up from the inner side of the membrane. Four of
these are utilized to form the water molecules, and

the remaining four protons are released to the outer
side. The resulting electrochemical proton gradient
is subsequently used by ATP synthase, leading to the
conversion of ADP and inorganic phosphate to ATP.
Thus, in the larger framework, HCOs facilitate the
generation of ATP as a chemical energy source (i.e.,
via ATP hydrolysis), by transduction of the energy
available from O, reduction to water.

8H;, + 4e” + O, — 4H_,

out

+ 2H,0

Most respiratory oxidases are members of the
heme—copper oxidase superfamily, defined by two
criteria:*?%3 (1) a high degree of amino acid sequence
similarity in the largest subunit (subunit I) and (2)
a unique bimetallic center composed of a high-spin
heme and a copper. The superfamily can be divided
into cytochrome c¢ oxidases and quinol oxidases, on
the basis of the identities of the electron donors
utilized (see Figure 1). As indicated from their names,
the former obtain reducing equivalents from cyto-
chrome c as substrate, whereas the latter use quinol
molecules (ubiquinol or menaquinol) as their electron
source. Cytochrome c¢ oxidases are found in the
mitochondria of all eukaryotes and in many aerobic
bacteria, whereas ubiquinol oxidases are found only
in some prokaryotes. These two main branches can
be further divided into several subclasses, depending
on the presence and the types of heme groups
associated with the enzymes. Three different hemes
(heme B, heme O, and heme A, see Figure 2) are
found among members of the HCO superfamily, with
the oxidase subclass names originating from these.'?
A subscript 3 is also used in their nomenclature to
indicate the O,-binding heme site. For example, the
bas-type CcO from Thermus thermophilus has two
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Figure 2. Structures of heme B, heme O, and heme A.

heme groups, a heme b and a heme a, indicating that
the B heme occupies the low-spin site and the A heme
is found at the binuclear center for O, binding (note
that lower case letters are used for the protein-bound
heme species).

In the absence of protein X-ray structural informa-
tion, a considerable body of biochemical and biophysi-
cal research was directed to try to elucidate the
structure and spectroscopic properties of the metal
ion centers.'* Such work in fact prompted synthetic
modeling efforts to mimic or shed light on the
spectroscopically more accessible fully oxidized (“rest-
ing”) heme—copper binuclear center (see section 4).
In the same week in the summer of 1995, significant
breakthroughs occurred, with reports of the X-ray
crystal structures of the oxidized cytochrome ¢ oxi-
dases from Paracoccus denitrificans'®> and bovine
heart.'® These were soon followed by improved higher
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resolution or further refined structures, as well as
fully reduced, CO-bound, and various oxidized deriv-
atives.t”~20 Surprisingly, the structures from bacterial
and mammalian systems have essentially identical
metal centers and three-dimensional structures of the
common subunits (subunits I, II, and Ill). The
structure of the 13 subunit bovine cytochrome c
oxidase and the redox active metal centers are shown
in Figure 3. A copper ion and two heme groups are
located in subunit I. The two hemes (heme a and
heme ag) are “connected” through their axial histidine
ligands (His-Phe-His linker), having a heme—heme
interplanar angle of 104° and an Fe---Fe distance of
13.4 A. Heme a is a low-spin heme with two axial
histidine ligands, whereas heme a3 is high-spin heme
bound by one histidine, found in close proximity to
Cug, thus comprising a binuclear site for O, binding
and reduction. Cug has a tridentate chelation with
three histidine ligands; one of these is linked to a
tyrosine via a covalent bond between the N, of His?*°
and the C.; of Tyr?* (see section 5). The origin and
function of this modified tyrosine has provoked
considerable interest; it has been proposed to provide
an additional site for electron/proton transfer during
the O, reduction catalytic cycle?>~22 (see sections 3
and 5). The Fe---Cu distances vary in the range of
4.9-5.3 A, depending on the redox states and protein
derivative (see further discussions in section 4).
Another redox active copper center (Cu,) is found
in subunit Il (Figure 3). It has two copper atoms
bridged by two thiolate ligands with a Cu'---Cu'
distance of 2.58 A in this fully reduced structure. This

Figure 3. (Left) Overall structure of cytochrome c oxidase from bovine heart, where the 13 subunits are shown in different
colors. Heme a (blue), heme a3 (light green), and Cug (purple) are located in subunit | (yellow), whereas Cua (red) is
positioned in subunit Il (green). The binding site for the cytochrome c substrate is also located in subunit Il (green) relatively
close to Cua. (Right) Expanded view of the redox active metal centers. Cua:--Fe, = 20.6 A: Cup++Fens = 23.2 A; Fege--
Feas = 13.4 A; Cug'*-Fess = 5.2 A. Figures were generated from PDB ID 10CR coordinates using Rasmol and Swiss-

PdbViewer.
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center acts as a one-electron redox center, and the
oxidized form is a fully delocalized mixed-valent
Cu'---Cu" < Cu'---Cu' site. Each copper ion is
essentially three-coordinate, with two bridging cys-
teines and one histidine. A further weakly bound
(with a long Cu—ligand distance) methionine and
carbonyl oxygen (from the backbone of a glutamate
residue) are present (see also section 6). Cua is about
20.6 A away from heme a and 23.2 A away from heme
as. It is generally accepted that Cua is the initial
electron acceptor from cytochrome c,?*~2% the latter
binding relatively nearby?”?® (Figure 3). From Cua,
an electron is transferred to heme a and subsequently
passed on to heme a3 at the binuclear site for O,
reduction.?® Thus, the electron “flow” is

cyt c — Cu, — heme a — {heme a;—Cug}

After the reports on P. denitrificans and bovine
heart enzymes, three additional oxidized heme—
copper oxidases structures have been described.
These are the bas-cytochrome c¢ oxidase from T.
thermophilus,®® the aaz-cytochrome ¢ oxidase from
Rhodobacter sphaeroides,3! and the ubiquinol oxidase
from Escherichia coli,®? which were determined at
2.4, 2.3/2.8, and 3.5 A resolutions, respectively. The
bas-oxidase from T. thermophilus shows a clear but
distant homology to other members of the superfam-
ily, where a direct electron-transfer pathway from
Cua to Cup was suggested.®® The structures of a wild-
type and an EQ(subunit 1-286) mutant cytochrome ¢
oxidase from R. sphaeroides show a conformational
change and relocation of a water molecule upon
mutation, indicating that structural rearrangement
around E(1-286) could play an important role in the
proton-transfer machinery of the enzyme. Cyto-
chrome bos oxidase from E. coli is the first structure
of a ubiquinol oxidase. It is overall quite similar to
what it is for cytochrome c oxidases, but it has a
unique subunit I quinone binding site that is not
present in cytochrome ¢ oxidases. The similarities
and differences found in the binuclear site of these
various heme—copper oxidases will be discussed in
section 4.

3. Reduced Heme—Copper Complexes and
Reactivity

3.1. Dioxygen Reactivity of the Enzyme: O,
Reduction Mechanism

A variety of biochemical and spectroscopic methods
have been applied to study the O, reduction chem-
istry of cytochrome c¢ oxidase (CcO), which occurs at
the heme az—Cug binuclear center®%33 (Figure 4).
Reduced heme az has a structure very reminiscent
of that of deoxymyoglobin or deoxyhemoglobin, with
an open distal O;-binding site, but which also is
adjacent to Cug (Figure 4).

Typically, three different redox states (fully re-
duced, mixed-valence, and fully oxidized) of the
enzyme are employed for investigation of O, reactiv-
ity. The fully reduced enzyme (FR) has four more
electrons than the fully oxidized enzyme, and the
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Figure 4. Structure of the fully reduced (Fe''---Cu') bovine
cytochrome c oxidase structure; Cu---Fe = 5.19 A.

mixed-valence (MV) CcO is a two-electron reduced
form in which the reducing equivalents are localized
at the heme a;—Cug binuclear center. The fully
reduced ({Cu'Cu'} a, Fea'!, Feas", Cug') and the mixed-
valence ({Cu'Cu"} 4, Fea'", Feas', Cug') enzymes have
been used for dioxygen reactivity studies, whereas
the fully oxidized form ({Cu'Cu'}a, Fea", Fegs'",
Cug") is employed for probing reactions with hydro-
gen peroxide. Because MV—CcO stores only half of
the required electrons for the complete reduction of
dioxygen to water, it carries out the O, reduction
reaction only to the intermediate “P” (i.e., with only
two electrons provided by the metal sites), halfway
through the catalytic cycle, in the absence of external
electrons (Figure 5). Thus, it provides rather conve-
nient experimental conditions for enzyme mechanis-
tic studies.

The reactions of MV or fully reduced enzymes with
dioxygen are so fast that these processes require
study by the flow-flash technique in which the O,
reacts with the reduced heme a;—CO. The heme/Cug
site is initiated by CO photodissociation from the
enzyme in the presence of 0,.3573 A more recent
alternative approach developed by Einarsdottir and
co-workers avoids any presence of CO in the system,
by employing the FR enzyme and obtaining dioxygen
by its photodissociation from a dicobalt—0O, adduct.3®

Reactions of either the mixed-valence® or the fully
reduced* proteins with O, produce an oxy intermedi-
ate A with 595 nm absorption, with a rate constant
k =1 x 10°s7! (Figure 5). Time-resolved resonance
Raman spectroscopy identifies this intermediate as
a “ferrous-oxy” species, revealing an Fe—0, stretch-
ing vibration at 571 cm~1,4744 where the O, binds to
the iron in an end-on configuration, like that in
myoglobin or hemoglobin.*® Transient absorption
visible region spectroscopic changes observed on a
faster time scale lead to the suggestion that there is
a prior (to the formation of A) interaction of dioxygen
with Cug, k = 3.7 x 108 M~ 57146748

The second intermediate found in the catalytic
cycle has been the subject of intensive discussions.
It is generated from a MV—CcO/O; reaction (P, see
Figure 5) and has an absorption at 607 nm that was
initially thought of as a heme-bound “peroxo” species
Feas'''-0,2", thus designated P.1#4394950 However,
more recent investigations have shown that the O—0O
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Figure 5. Schematic diagram showing one of the proposed O, reduction mechanisms for cytochrome c oxidase. The rate
constants for each step are from a reaction with R. sphaeroides enzyme.3* Proton uptake and translocation are not shown
in the scheme. The exact identity of the bridging ligand (if any) in the oxidized enzyme (O) is not known. See text for

further discussion.

bond is already broken at this stage.?>51~%5 Interme-
diate Py has an isotope-sensitive Raman band at 804
cm™%, assigned as a v(Fe'V=0) vibration.?! Indepen-
dent mass spectroscopic studies show that only one
oxygen atom (from Cug'"—OH or Cug'"'—OH;) per
equivalent of Py, is exchangeable with solvent water,
supporting the assignment of Py as a O—O bond-
cleaved species.>* Because four electrons are required
to break an O—0 bond and only three electrons are
readily available from the binuclear site (two from
iron, Fe'' — Fe'V, and one from copper, Cu' — Cu'"),
it is suggested that the tyrosine cross-linked to the
Cug imidazole ligand is the source of the fourth
electron for the reductive O,-bond cleavage, leaving
a tyrosyl radical (Figure 5; see also section 5).21723
Tryptophan 236 (in bovine CcO) has also been
considered as another source of the fourth electron.5®
It is a highly conserved HCO residue, and it w-stacks
with one of the Cug histidine ligands.>®

When the starting point is the fully reduced
enzyme, dioxygen binding (A) is followed by fast
formation of a transient intermediate Pr (Figure

5).57-60 By comparison, generation of Pr occurs ~5—6
times faster than that of Py,.5! The optical absorption
spectra indicate that Pgr also has a ferryl—oxo
(Fe'V=0) moiety, as found in Py,%? but the fourth
electron for generation of Pg is suggested to come
from the heme a site, not from the His—Tyr tyrosine
residue (Figure 5). Both Raman®® and optical?450.62
spectroscopies support this idea, indicating that the
decay of oxy (A) corresponds to the oxidation of the
low-spin heme a center. The structure of the heme
asz—Cug binuclear site in Pr is believed to be the same
as that of Py,%? but the exact nature of Pk is not fully
understood.

In studies employing the fully reduced enzyme, it
has been shown that Pr decays to produce another
ferryl—oxo intermediate F (see Figure 5). The reduc-
ing equivalent required for this conversion does not
derive from the binuclear center, but rather partial
electron transfer from Cua to heme a occurs, resulting
in an equilibrium mixture of two redox states of heme
a and Cu, sites (see Figure 5).506384 Intermediate F
has a broad absorption at ~580 nm, and it also
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contains a well-established v(Fe'V=0) stretching
vibration at 785 cm 14565 Compared to Pgr, the
binuclear center in F is suggested to have an ad-
ditional proton with a hydrogen-bonded ferryl—oxo
moiety (Fe'V=0).2* However, the exact site for this
protonation (e.g., tyrosinate, OH— bound to Cusg, or
other residues) is not known. The rates of both the
Pr — F transition and the Cua — heme a electron
transfer are pH dependent,®®67 and this transition is
accompanied by proton translocation (proton pump-
ing).68-70

The final ferric hydroxide intermediate (O") forms
as the fourth electron enters the binuclear center. It
is characterized by time-resolved resonance Raman
spectroscopy showing a v(Fe'''-=0OH) stretching mode
at 450 cm~1,454871-73 Hydroxide is presumably bound
at both the heme a3 and Cug centers (Figure 5). One
of them is released with a rate of ~1 x 102 s7* to
yield the fully oxidized enzyme (O).86.7475 Wikstrém
and co-workers suggest that O’ is relevant to the
catalytic cycle but that O is not.5® There are several
possibilities [e.g., H,O--*OH™, u-0,2~, u-0?~, u-(OH)",
etc.] for the bridging ligand of the fully oxidized
enzyme, if there is one, but the precise identity of
the bridging group(s) needs to be resolved (see further
discussions, section 4). The formation of intermediate
O' is pH dependent, and the transition of F — O’ is
also coupled to proton pumping.88-70

Hydrogen Peroxide Reactions. Investigations
employing hydrogen peroxide (H.O,) and its reactions
with the oxidized (i.e., Fea3®™—Cug?") CcO support the
general picture and have been useful in a variety of
studies.?15175376 In fact, the pioneering optical and
resonance Raman investigations revealing the O—0O
bond cleavage in the P intermediate were originally
carried out in this manner.>~53 Later, resonance
Raman?! and optical absorption®® spectroscopic stud-
ies of the reduced enzymes with dioxygen confirmed
that the intermediate generated from the reaction of
oxidized CcO/H,0; is indeed identical with Py from
the MVV—CcO/O, reaction.

Theoretical studies on O, intermediates or the
O—0 cleavage process are ongoing, especially focused
on the dramatic transition, the A to Py conver-
sion.5677=7° They generally propose that the O—0O
cleavage is facilitated by protons (or water) through
hydrogen-bonding networks (see section 5).

Although significant advances have been made in
detecting and identifying the O, intermediates of the
CcO catalytic cycle, further details are needed.
Proposed reaction schemes continue to evolve, and
especially the relationship of O, intermediates to the
proton-pumping process still requires considerable
insight.

3.2. Dioxygen Reactivity in Heme—Copper
Assemblies

3.2.1. Synthetic Fe''-Cu' Complexes and O, Reactions

In this section we summarize the chemistry ad-
vanced with respect to heme—copper/dioxygen reac-
tions employing synthetically derived binucleating
ligands, or even mononuclear components, leading to
heme—Cu/superoxo, heme—Cu/peroxo, or O—O cleaved

Chemical Reviews, 2004, Vol. 104, No. 2 1083

products of relevance to the chemistry involved. The
ligand complexes employed are summarized in Fig-
ure 6, and data pertaining to spectroscopic or struc-
tural characterization of O,-derived adducts are
provided in Table 1. To help the reader, we state here
our compound numbering method: Each ligand—
metal(s) complex, in order of its discussion in the text,
is given an Arabic number assignment, 1, 2, 3, etc.
A suffix a, b, ¢, etc. (e.g., 2a, 4c), then refers to other
derivatives of the ligand—metal(s) complex that are
discussed, such as the reduced heme—copper com-
plex, an O, adduct, etc.

In most cases, the dioxygen intermediates turn out
to be bridged heme—peroxo—copper complexes; such
a peroxo moiety was originally suggested for the
intermediate P in the enzyme catalytic cycle (P is
now generally accepted as an O—O bond cleaved
Fe'V=0 species, see section 3.1). Although an Fe—
O,—Cu bridged intermediate is not observed or
established in the enzyme, it is suggested to exist in
a protein X-ray crystal structure (see below),'® and
it cannot yet be ruled out. A bonded peroxo species
(Fe—O—0-—Cu) or one weakly interacting with Cug
(Fe—0O—0---Cu) may be an important transient spe-
cies in the O, reduction chemistry of heme—copper
oxidases, and its significance has been discussed in
theoretical studies (see also section 5.1.4).

Systems Employing Tetradentate Chelates
for Copper. The earliest observations of dioxygen
reactivity with a synthetic Fe''/Cu' complex were
made in the early 1980s by the research groups of
Gunter and Murray.®® They prepared a binuclear
heme—copper complex (compound la, Figure 6),
adapting the concept of the “picket-fence” porphyrin
(from the group of J. P. Collman)®® in their ligand
design. In the presence or absence of an axial ligand
(Me,SO or 1-methylimidazole) at ambient tempera-
ture, the binuclear complex [(P)Fe'"'Cu'(N4)]" (1a) and
the copper-free complex [(P)Fe"(N,)]" (1b) react with
dioxygen to yield oxidized compounds (Scheme 1).
The reactions were monitored by UV—vis and EPR
spectroscopies and magnetic moment measure-
ments, and the final products were determined to
be a terminal hydroxy [(P)Fe'"'-OH(N,4)] and a bridg-
ing hydroxy [(P)Fe"'—OH—Cu'"(N,)]?* (1c) complex
(Scheme 1). No electronic/magnetic interaction be-
tween iron and copper was observed in 1c. Although
the researchers did not observe any significant role
of copper ion complex in the reaction of 1a/O,
compared to the 1b/O, system, this was important
pioneering work that examined the reaction chem-
istry of the reduced Fe''/Cu" complex with dioxygen.

Major advances in the understanding of the heme/
Cu/O, chemistry have been made over the past few
years through the isolation and characterization of
the O, intermediates, especially from the research
groups of Collman, Karlin, Naruta, and Boitrel.
Collman, Boitrel, and their co-workers especially
have emphasized electrocatalytic studies, and these
are reviewed in detail in another paper authored by
Collman, Boulatov, Sunderland, and Fu, in this
issue.®

The focus of Karlin's research group has been to
elucidate fundamental aspects of the O, interactions
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Figure 6. Synthetlcally derived heme—Cu assemblies possessing reduced iron(l1) and copper(l) metal ions. The diagrams
are meant to clearly depict the ligand structures, and overall complex charge is not indicated. The formulations for binuclear

complexes are [(ligand)Fe!'Cu']".

Table 1. Physical Properties of the Dioxygen Adducts of Heme—Copper Model Complexes

compound Amax, NM v(0—0) (A80,), cm~? magnetism ref
[(FsTPP)Fe!''—(0,27)—Cu'(TMPA)]* (4a) 412,558 808 (—46) S = 2 (uert = 5.1 g)? 80
[CL)Fe"'—(Oz27)—Cu"* (5b) NAP 809 (—53) diamagnetic 81
[(CL)Fe"'—(0,2-)—Cu"]* (6b) 418,561,632 787 (—43) S=2 81
[tpaCu'"—(0,2)—TPPFe'']* (7b) 419, 560 803 (—44) EPR silent 82
[5-MetpaCu''—(0,?")—TPPFe!"']* (8b) NA 793 (—42) NA 83
[(TMP)Fe!"'—(0,27)—(5MeTPA)Cu''T* (9b) 420,557,612 790 (—44) S =2 (uers = 4.65 ug)° 84
[(DHIM)(asTACNoAcr)Fe'''—(0227)—Cu''T* (10b) 428 758 (—18) diamagnetic 85
[(aczcNMePrSImepne)Fe'"'—(0;7)---Cu'l™ (18b) 422,542 NAd diamagentic 86
[(FsTPP)Fe!'—(0,27)—Cull(LMe2N)]+ (23a) 420, 540, 567 767 (—41), 752 (—45) S=2 87

2 Spolution Evans method. » NA = not available. ¢ Magnetic susceptibility measurement from solid. ¢ Iron—oxygen vibrational

data are available, exhibiting v(Fe—0) = 570 cm™! (A0, =

—26 cm™Y).

with heme—copper centers. Much of their efforts have
been directed to understanding the influence of Cu
ion on the heme/O, chemistry and/or the effects of
hemes on the Cu/O; reactivity, employing the sys-
tems in which the dioxygen chemistry of the indi-
vidual heme and copper components are well under-
stood or being simultaneously studied.

In their initial attempts to mimic the O, reduction
chemistry of CcO, Karlin and co-workers utilized
TMPA—copper complexes, where TMPA = tris(2-
pyridylmethyl)amine.®*%? They observed that an oxo-

bridged heme—copper complex [(FsTPP)Fe!''—(0?")—
Cu'(TMPA)]" (4b) could be generated from the O,
reaction with an equimolar mixture of [(TMPA)Cu'-
(RCN)]* (2a) and (FgTPP)Fe" (3a) [or an analogue
with axial piperidine ligands, where FgTPP = tet-
rakis(2,6-difluorophenyl)porphyrin] (Scheme 2). La-
beling experiments indicate that the O-bridging atom
in 4b is derived from dioxygen.

Upon further investigation of this reaction, they
found a heme—peroxo—Cu complex as a low-temper-
ature stable O, intermediate.®? Remarkably, mixing
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Scheme 1

[(P)Fe"(N4)] (1b)

Scheme 2

1+
v
\ S _]1+
{ N’C“ 28
- U’N—

[(TMPA)Cu!(RCN)]* (2a) s

[(FgTPP)Fe"-O-Cu'(TMPA)]* (4b)

A
~0.50,

[(FgTPP)Fel-(0,2)-Cul(TMPA)]* (4a)

of dioxygen with Fe and Cu mononuclear components
led to the heteronuclear peroxo complex [(FsTPP)-
Fe''"—(0,27)—Cu"(TMPA)]" (4a) (Scheme 2), in pref-
erence to the homonuclear u-peroxo heme-only or
copper-only products. The formulation of 4a is sup-
ported by various spectroscopic methods. Dioxygen
uptake measurements (through spectrophotometric
titration) and MALDI-TOF-MS reveal that 4a is a
dioxygen adduct with a stoichiometry of 2a:3a:0, =
1:1:1. Resonance Raman spectroscopy further sup-
ports the peroxo formulation, exhibiting a v(O—0)
stretching vibration at 808 cm™! (A%0, = —46 cm ™%,
A180, = —23 cm™1). Solution magnetic moment
measurements and 'H NMR investigations indicate
that 4a has an S = 2 spin state (uer = 5.1us,

Kim et al.
Scheme 3
pon
s o
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[(FgTPP)Fe'"-(0,27)-Cu'(TMPA)]* (4a) [(FsTPP)Fe'-(0,2)]™ (3¢c)

—40 °C), arising from the antiferromagnetic coupling
between the high-spin iron(l11) and the copper(ll)
centers. Modssbauer spectroscopy reveals that AEq =
1.14 mm/s and 6 = 0.57 mm/s (4.2 K, zero field); thus,
the high-spin ferric ion possesses an electron-rich
peroxide ligand. Formation of 4a has been studied
by stopped-flow UV —vis spectroscopy in the temper-
ature range of —94 to —75 °C in acetone as solvent.
It reveals that a heme—superoxide intermediate (S)-
(FsTPP)Fe'"'—(027) (3b) (Amax = 537 nm, S = solvent)
is generated within the mixing time (~1 ms) prior to
reaction with the copper complex and formation of
[(FsTPP)Fe"'—(02%27)—Cu'"(TMPA)]" (4a) (Amax = 556
nm). This transformation of 3b to 4a can be described
by a first-order rate constant with AH* = 45 + 1 kJ/
mol, AS* = —19 4+ 6 J/mol-K, and k = 0.007 s7!
(at —90 °C).

As implied by the earlier observations,®>%? the
u-peroxo complex 4a thermally transforms to the
u-oxo complex 4b in a slow reaction (ty, = 1015 +
20 s, room temperature). Separate measurements
indicate that ~0.5 equiv of dioxygen is released
during the u-peroxo to u-oxo conversion, indicating
this process involves a disproportionation reaction,
2 [(FsTPP)Fe'"'—(0,2")—Cu'(TMPA)]" (4a) — 2
[(FsTPP)Fe"'—(027)—Cu"(TMPA)]*" (4b) + O,. Such
chemistry has also been observed in non-heme diiron-
(1) reactions with O,,% where peroxo complexes form
as low-temperature-stabilized species, which then
thermally transform to u-oxo diiron(l11) products. The
mechanism of the heme—peroxo—copper dispropor-
tionation chemistry is as yet not understood, but is
of future interest, because O—0O bond-breaking reac-
tions (which are of fundamental interest) occur.

The Karlin group has also described an alternative
way to generate the heme—peroxo—Cu intermediate
[(FsTPP)Fe"'—(0O2%")—Cu'(TMPA)]* (4a), utilizing a
ferric—peroxo complex [(FsTPP)Fe'"'—(0,?7)]*" (3c)
and a copper(ll1) compound [Cu'(TMPA)(MeCN)]?*
(2b) (Scheme 3).%4 They have developed a new method
to synthesize the key heme—peroxo component
[(FsTPP)Fe'"—(0227)]* (3c¢), by reduction of a heme—
superoxide complex (S)(FsTPP)Fe!''—(0,7) (3b) [S =
tetrahydrofuran (THF) or acetonitrile solvent, acting
as heme axial ligand] with the one-electron reductant
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cobaltocene (CoCpy). Similar ferric—peroxo complexes
were previously prepared and characterized by Val-
entine and co-workers® through a different synthetic
approach, reaction of porphyrinate—Fe'"'—Cl com-
plexes with 2 equiv of potassium superoxide. Such
complexes are known to be nucleophilic and to
possess a side-on (7?-mode) peroxide ligand bound to
a high-spin iron(l11) atom, as depicted in Scheme 3.
The formulation [(FsTPP)Fe!"'—(0227)]*~ (3c) has been
confirmed by observation of characteristic UV—vis,
IH NMR, and EPR spectroscopic parameters. Upon
addition of a copper complex 2b to a solution of 3c
at —95 °C, formation of [(FsTPP)Fe'''—(0,2")—Cu''-
(TMPA)]* (4a) occurs immediately (Scheme 3), and
the complex generated in this manner could be
isolated as a solid. A notable difference occurs when
the reactivity of the strong reductant CoCp, with
[(FeTPP)Fe"'—(0O,2")—Cu"(TMPA)]* (4a) is compared
with that of [(FsTPP)Fe'"'—(027)]*" (3c). Excess
CoCp;, does not react with 3c, but it does reduce
heme—Cu complex 4a to yield the u-oxo species
[(FsTPP)Fe"'—(0O%")—Cu'(TMPA)]" (4b) (Scheme 2).
This implies that peroxo coordination to copper(ll)
plays a significant role in facilitating the reductive
O—0 bond cleavage reaction.

Another system that provides insights into heme-
containing Fe'/Cu'/O, reactions is a group of bi-
nuclear complexes, in which a Cu—TMPA moiety is
tethered to a (TPP)Fe'-derivatized porphyrin
(TPP = tetraphenylporphyrinate; compounds 5a, 6a,
7a, 8a, and 9a, Figure 6, Scheme 4).81784% The
research groups of Karlin and Naruta have indepen-
dently studied these rather similar complexes using
a variety of spectroscopic techniques. As expected
from their ligand architectures (Scheme 4), the
majority of these complexes show very similar O,
reactivities and spectroscopic features. Upon oxygen-
ation, all of them form low-temperature-stable high-
spin “heme—peroxo—copper” complexes possessing
strong magnetic coupling between iron and copper.

As an analogue of the [(TMPA)CU'(RCN)]*/(Fg-
TPP)Fe'" (2a/3a) system (Scheme 2), Karlin and co-
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workers have developed binuclear complexes in which
a Cu—TMPA moiety is covalently attached to the
periphery of the porphyrin through either the 5-posi-
tion (°L) (reduced Fe'!'Cu' compound 5a, Figure 6) or
the 6-position (L) (reduced Fe''Cu' compound 6a,
Figure 6) of the pyridine arm.8% When [(L)Fe"'Cu'l*
(6a) reacts with O, in MeCN solvent, the 1:1 dioxygen
adduct [((L)Fe"'—(0,2")—Cu'"l* (6b) forms, as deter-
mined by spectrophotometric titration and MALDI-
TOF-MS. This dioxygen adduct shows significant
thermal stability in MeCN or acetone (ty; = ~60 min,
room temperature). The resonance Raman spectrum
of 6b reveals a peroxide O—O stretching vibration
at 787 cm™! (A0, = —43 cm™1). 'H and 2H NMR and
EPR spectra of 6b indicate that it is a high-spin
(Stotat = 2) heme—copper dioxygen adduct, where a
high-spin Fe (S = %,) and Cu (S = 1/,) are antiferro-
magnetically coupled. Stopped-flow kinetic studies of
the [((L)Fe''Cu']" (6a)/O; reaction reveal that a new
short-lived intermediate (Amax = 538 nm, thought to
be a superoxo species [(°L)Fe'"'(O,7)---Cu']" and/or a
bis adduct [((L)Fe"!(O,7)-+-Cu"(0,7)]"), plus the per-
oxo complex 6b (Amax = 561 nm), are independently
produced within a mixing time (~1 ms), and the ratio
of these two species is dependent on temperature and
O, concentration. The 538 nm intermediate is favored
at low temperatures, and it converts to the peroxo
complex 6b in a first-order reaction (—94 to —60 °C),
where AH* = 37.4 £ 0.4 kJ/mol and AS* = —28.7 +
2.3 J/mol-K.

Complex [(°L)Fe"'Cu'l" (5a), a constitutional isomer
of 6a, also reacts with O, to form a peroxo intermedi-
ate (5b) with »(O—0) stretching vibration at 809 cm™*
(A0, = —53 cm™1). However, this reaction shows a
significantly different behavior from 6a/O,. *H NMR
spectroscopy indicates that 5b is a diamagnetic
compound, and further spectrophotometric titration
experiments reveal that the stoichiometry of the
reaction is 5a:0, = 2:1. The nature of 5b is not
understood, but the contrasting features between 5b
and 6b are believed to originate from the differences
in their ligand architecture.®” Such ligand influences
are also seen in their u-oxo structures and acid—base
chemistry (see section 4.2.1 for further discussion).

Independently, Naruta and co-workers have been
carrying out studies using an approach very similar
to that of Karlin and co-workers. They have empha-
sized the synthesis and characterization of heme—
copper complexes and their O, reactivity, using a
series of binuclear complexes where a Cu—TMPA
moiety is attached to an iron porphyrin through a
5-pyridyl amide linkage (compounds 7a, 8a, and 9a,
Figure 6, Scheme 4).8278 All three reduced heme—
copper complexes react with O, and give very stable
u-peroxo intermediates (7b, 8b, and 9b).

The formulation of [tpaCu''-O,—TPPFe"'l* (7b)
(Scheme 4) is supported by various spectroscopic
evidence.®28 Electrospray ionization mass spectro-
scopic (ESI-MS) data generated for 7b with 0, and
0, confirm this product forms by addition of 1 mol
of O, per complex, where the magnetically coupled
bridging heme—peroxo—Cu moiety is further con-
firmed by resonance Raman and EPR spectroscopy
(Table 1). Formation of 7b from [tpaCu'-TPPFe'']*/
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O, (7al0y) (tpa = TMPA) studied by benchtop UV—
Vis spectroscopic monitoring can be analyzed as a
pseudo-first-order reaction (i.e., excess dioxygen),
where AH* = 12.8 + 0.3 kJd/mol, AS* = —220 + 2
J/mol-K, and k =2.73 x 10~3s7* (at —90 °C, toluene).
These parameters have been compared with those of
the known [(TMPA)CU'(RCN)]* (2a)/O; reaction (EtCN
solvent: [(TMPA)CU'(RCN)]* (2a) + O, — [(TMPA)-
Cu''(O0)] + RCN),* in which AH* = 32.4 + 4 kJ/
mol, AS*=14 4+ 18 J/mol-K,and k =2 x 10* M 1s!
(=90 °C). On the basis of the observed slow 7a/0O,
reaction rate (compared to 2a/O,) and the observed
large negative AS* value, the researchers suggest
that the rate-limiting step for the formation of
[tpaCu"—(0,2")—TPPFe""']* (7b) is the intramolecular
coupling between the covalently linked [(TMPA)-
Cu'(O2)]* and (TPP)Fe!' components.

A related complex with 5-methyl substituents on
the TMPA tether, [5-MetpaCu'-TPPFe!']* (8a) (Fig-
ure 6 and Scheme 4), exhibits similar O, reactivity
as is observed for 7a, yielding a heme—peroxo—
copper complex [5-MetpaCu''—(0,2")—TPPFe''"|* (8b)
(Table 1). The reduced »(O—0) value of 8b (compared
to that of 7b) has been explained by the electron
donation effect from methyl substituents of the
ligand. However, other spectroscopic features (i.e.,
UV-vis, ESI-MS, NMR) of 8b are not yet described,
and the exact nature of 8b is unclear.

In the complex [(TMP)Fe!''—(5MeTPA)CuU'l* (9a)
(Figure 6 and Scheme 4), four mesityl (= 2,4,6-
trimethylphenyl) groups are introduced to the por-
phyrin ring, in addition to the methyl substituents
on the TMPA ligand.®* Dioxygen reaction yields
[(TMP)Fe'''—(02?7)—(5MeTPA)Cu"]1BPh, (9b). The
multiple methyl group steric effects increase the
thermal stability of 9b compared to 7b or 8b.
Complex 9b has been fully characterized (Table 1),
including its Mossbauer properties [AEq = 1.17 mm/
s, 0 = 0.56 mm/s, which are very similar to those for
[(FsTPP)Fe'"'—(0,2")—Cu'(TMPA)]* (4a) described
above]. Thus, 9b is an S = 2 spin state system with
strong antiferromagnetic coupling between a high-
spin iron(111) and copper(ll) atoms through the bridg-
ing peroxide ligand.

One of the most remarkable recent achievements
in heme/Cu/O, chemistry and elucidation of dioxygen
reduced metal-bound products comes from a Naruta
and co-worker’s X-ray crystal structure determina-
tion of the complex described above, [(TMP)Fe'"'—
(0227)—(5MeTPA)CU"]" (9b) (Figure 7).8* The bridg-
ing peroxide ligand is coordinated to the iron(l11) and
copper(ll) ions in an asymmetric u-p%n* fashion. In
this mode, both oxygen atoms are ligated to Fe,
whereas only one oxygen atom [O(2) in Figure 7] is
bound to Cu. The O—O bond length is 1.460(6) A,
exactly in the range expected for a peroxide O—0O
bond distance. The iron atom is 0.595(10) A out of
the porphyrin plane (least-squares plane based on the
pyrrole nitrogen atoms) toward the peroxide ligand.
One of the iron—oxygen bonds [Fe—0(2), 2.031(4) A]
is significantly longer than the other [Fe—0O(1), 1.890-
(6) A]. The Fe(1)—0O(2)—Cu(l) bond angle is 166.0-
(3)°, similar to that of a related u-oxo complex
[CL)FeM—O—Cu'l" [Fe—O—Cu = 171.1(3)°,°¢ see

Kim et al.

Figure 7. X-ray crystal structure of 9b, the O, adduct of
9a. Selected interatomic distances (angstroms) and bond
angles (degrees); Fe---Cu, 3.92, O(2)—0(3), 1.460(6); Cu—
0(2), 1.915(5); Cu—0(3), 2.657(7); Fe—0(2), 2.031(4); Fe—
0O(3), 1.890(6); Cu—0O(2)—Fe, 166.0(3); Cu—0(2)—0(3),
103.0(4).84

Figure 8. Chem 3D representation of the dioxygen
complex [{ Cu(TMPA)},(0,)]?".99100 Selected bond distances
(angstroms) and angles (degrees): Cu---Cu’, 4.369(1); O1—
01'; 1.432(6); Cu—01, 1.852(5); Cu—01-01', 107.7(2).
section 4.2.1]. The structure of the Cu—O—0 unit in
9b is similar to that of [{(TMPA)Cu"}»(0,)]?*, a trans-
(u-1,2-peroxo)dicopper(ll) complex whose structure
has also been determined through X-ray crystal-
lography by Karlin and co-workers,?*1%° where the
copper ion has a distorted trigonal—bipyramidal
geometry having three pyridyl nitrogens at the
equatorial positions (Figure 8).

The wu-p?n* structure observed for the Naruta
complex 9b makes it likely that the same or similar
(porphyrinate)Fe'"'—peroxo—Cu'!(ligand) structure, or
perhaps an end-on Fe—O—0O—Cu u-1,2 connectivity,
is present in Karlin's analogues, [(FsTPP)Fe'"'—
(0,27)—Cu'(TMPA)]™ (4a) and [(°L)Fe''—(0,?")—
Cu''T* (6b) (see above).

Analysis/Discussion of the Bovine Peroxo CcO
Structure. In the X-ray crystallographic studies of
oxidized (“resting” state) bovine CcO, a u-peroxide
ligand giving a heme az—0,—Cug structure is sug-
gested to be present (Figure 9).*® The researchers
have also tested the possibility of a water—hydroxide
bridge (H,0---OH") instead of 0,2~ in their refine-
ment of data, but the bridging peroxide model is
found to give significantly better fits. Such a bridged
peroxo species has not as yet been seen in other
heme—copper oxidases (see section 4.1), and, more
importantly, there is no supporting spectroscopic
evidence for such a peroxo species.
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Table 2. Core Structures of Oxidized Bovine CcO and u-Peroxo Complexes

Ox-binding mode Fe-:Cu, A 0-0,A

Fe—-O,A Cu-0OA ref

heme a;—0,—Cug? (Figure 9) trans-u-1,2 491 1.63 2.52 2.16 18

[(TMP)Fe"'—(02%>")—(5MeTPA)Cu"1*" (9b) (Figure 7) u-nZnt 3.92 1.460(6) 2.031(4) 1.915(5) 84
1.890(6)

[{ Cu(TMPA)},(02)]?* (Figure 8) trans-u-1,2 4.359(1)> 1.432(6) 1.852(5) 99,100

[Fez(OZ)(OQCCHzph)g{ HB(pZ')g} 2] trans-u-1,2 4.004° 1408(9) 1885(12) 101

a The structure is determined at 2.3 A resolution. ® Metal---metal distance.

His 240
| His 291

His 290

His 376

Figure 9. Crystal structure of heme az—Cug site of the
fully oxidized bovine cytochrome c oxidase.'® Coordinates
were taken from the Protein Data Bank (PDB 20CC) and
displayed using the program Rasmol. See text for further
discussions about the nature of this putative peroxo-
bridged heme—Cu structure.

Furthermore, a detailed examination of structural
data known for coordination complexes brings in-
sights that would seem to make the bovine enzyme
peroxo formulation unlikely. Table 2 shows compari-
sons of the core structures for the oxidized bovine
heme az;—Cug center and u-peroxo-bridged binu-
clear coordination complexes. [(TMP)Fe!''—(0,2")—
(5MeTPA)Cu'T" (9b), the only available crystal struc-
ture for synthetic heme—peroxo—copper species, has
a different O,-binding mode from that claimed for the
enzyme, making a direct comparison between 9b and
the heme as/Cug site difficult. However, the combined
structural information obtained from 9b and other
complementary trans-u-peroxo dicopper(11)°?1% and
diiron(111)1%* complexes provides ranges for the ex-
pected metal—metal and metal—oxygen and O—0O
distances in a bridging-peroxo situation. Synthetic
compound peroxide O—0O bond distances are all
almost identical with the expected value, varying
between 1.4 and 1.5 A (Table 2); however, the O—0
separation in bovine CcO is 1.63 A (Table 2). The
synthetic complex Fe—O and Cu—O distances are
also within the tight range of 1.8—2.0 A. However,
the metal—0O distances in bovine CcO are signifi-
cantly longer. Thus, it is unlikely that the heme as
and Cug are bridged through a peroxide ligand.

Of course, the resolution of the protein X-ray
structure has to be carefully considered to make such
conclusions. However, the observed Fe:--Cu distance
at the binuclear site, which can be measured rela-
tively accurately, is also significantly longer than
those found in any synthetic peroxo-bridged model
complexes. On the other hand, the oxygen atoms
(assigned as peroxide in the protein X-ray structure)

Scheme 5

2 0% + 4 [Cp,Co]*

4 CpoCo

[(DHIM)(azTACNaAcr)Fe!lCull"  [(DHIm)(agTACNoAcr)Fe!-(0,27)-Cu''T
(10a-DHim) (10b)

are still at a metal—0 distance (2.52 to Fe and 2.16
A to Cug, Table 2), which can be considered as
possessing a weak interaction with the heme—iron
and Cug metal ions. In conclusion, other possibilities
for a bridging ligand, including water and/or hydrox-
ide, or even dioxygen, need to be reconsidered in an
assignment of the ligation/coordination at the bi-
nuclear site in this oxidized bovine CcO X-ray struc-
ture. [Note: In a copper amine oxidase X-ray struc-
ture, a diatomic species is observed; it is noted as a
dioxygen molecule but further described as a peroxide
(product).102.103]

Systems Employing Tridentate Chelates for
Copper. As will be shown, tridentate nitrogen ligands
chelating copper ions in heme/Cu assemblies show
interesting and potentially important differences in
some properties of their O, chemistry and derived
products (i.e., O, adducts).

Collman’s research group reported the first ex-
ample of a well-characterized discrete dioxygen ad-
duct in a heme/Cu assembly using a sophisticated
superstructured “capped” porphyrin with appended
triazacyclononane (TACN) tridentate ligand for cop-
per.851%\When a solution of [(asTACNoAcr)Fe''Cu'l*
(10a) is mixed with 500 equiv of 1,5-dicyclohexylim-
idazole (DHImM) and subsequently exposed to dioxy-
gen, rapid and irreversible formation of a dioxygen
adduct [(DHIM)(csTACNoAcr)Fe!''—(0,27)-Cu'']* (10b)
occurs (Scheme 5). In contrast, the analogous Fe-only
complex, [(asTACNaAcr)Fe''l*, binds O, reversibly
under the same conditions, implying that copper
plays a fundamental role in dioxygen binding. The
formulation of 10b comes from various spectroscopic
techniques. Electrospray mass spectrometry supports
10b as being a 1:1 adduct of 10a and dioxygen.
Resonance Raman spectroscopy confirms the peroxo
formulation, with a »(O—O0) stretching vibration at
758 cm™1, which gives an isotope shift of —18 cm™!
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upon 20, substitution (Table 1). Although this
isotope shift is not in the expected range for a typical
peroxide, further studies on 10b generated from 7O,
reveal the presence of vibronic coupling that can
account for this abnormal behavior.** Furthermore,
the diamagnetic features in 'H NMR spectroscopy
suggest the presence of an antiferromagnetic coupling
between the low-spin Fe(ll1) and the Cu(ll) center
through a peroxide bridge. A similar diamagnetic
intermediate, [(pyridine)(asTACNoAcr)Fe!''—(0,27)-
Cu"l*, can also be generated from 10a/O, reaction
in pyridine-ds solvent. A redox titration of [(DHIm)-
(0 TACNoAcr)Fe!"'—(0,27)—Cu''l™ (10b) with cobal-
tocene (CoCpy), a one-electron reductant, reveals that
4 equiv of CoCp; (four electrons) are required for the
complete reduction of 10b to generate [(asTACNaACcr)-
Fe!'Cu'lt (10a). The gas titration also shows that the
fully reduced complex 10a consumes 1 equiv of O, to
regenerate 10b. The cycle of redox titration and O,
binding could be repeated several times (Scheme 5).

The Collman group has further developed a series
of capped porphyrin complexes, in which an imidazole
or pyridine axial base is covalently bound to one side
of a porphyrin, whereas a TACN or N,N',N"-triben-
zyltris(aminoethyl)amine (TBTren) copper ligand is
attached to the opposite side (11a, 12a, 13a, and 14a
in Figure 6, Scheme 6).1%5-197 AJl of these Fe''/Cu'
complexes irreversibly bind O, to form a bridging
peroxo intermediate, Fe!''—(0,2")—Cu", with diamag-
netic H NMR spectra supporting the formulation;
more detailed characterization has not been de-
scribed. Most of these complexes demonstrate an
efficient four-electron, four-proton electrocatalytic
reduction of O, to H,O at physiological pH. However,
depending upon the ligand environments of the metal
centers, they exhibit different chemical reactivity. For
example, when the peroxo complexes [(as TACNSIMy)-
Fe'''—(0,27)—Cu'"l" (11b) and [(asTrenpnSImay)Fe!''—
(0227)—Cu"]" (14b) are titrated with Cp,Co, 11b
requires only 2 equivalent of Cp,Co to regenerate
11a, whereas 14b needs 4 equiv to form 14a.104106
Differences in behavior between 11a and 14a are also
observed in electrocatalytic reactivities, carried out
through the use of rotating ring-disk voltammetry
(Scheme 6). Complex 14a catalyzes the 4e~ reduction
of O, to H,O, whereas 11a predominantly catalyzes
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the 2e~ reduction of O, to H,O,. Interestingly, a
cobalt analogue of 1la, [(0sTACNSIMg)Co''Cu'l"
(11c), catalyzes the 4e~ reduction of O, with very
little H,O, leakage.1% Such observed differences can
be attributed to their redox behavior. Cyclic voltam-
mograms of 11c and 14a show that Co""" or Fe"'/!!
redox potentials are higher (more positive, i.e., easier
to reduce) than Cu'"" potentials. In contrast, a more
positive Cu'" potential (as compared to Fe"''") is
observed for 11a, allowing Cu to be reduced before
Fe in the electrocatalytic cycle. The researchers
suggest!® that prior O, binding to copper(l) [rather
than iron(I1)] could lead to a Cu—0O;, moiety which
resides nearer the outside of the porphyrin—macro-
cycle cavity, resulting in a 2e~ reduction pathway in
which only Cu is involved. On the other hand, in
complexes 11c or 14a, prior reduction of the Co or
Fe center would direct the O,-binding site inside the
bimetallic cavity (because the other side of the
porphyrin is blocked by an axial ligand), and it could
further react with Cu as the copper center is (elec-
trochemically) reduced. Studies of this series of
complexes suggest that both copper and a heme-axial
base are important in the 4e~ reduction of O, and
that the catalytic properties of these complexes can
be fine-tuned through small structural ligand modi-
fications.

In more recent investigations from the Collman
group,8:108.109 the copper ion is bound by three imid-
azole ligands instead of a TACN or TBTren moiety
(compounds 15a, 16a, 17a, 18a, and 19a, Figure 6);
the authors suggest this is more biomimetic, as
imidazole donors are employed, and there are only
three N-ligands for copper, as in the enzymes. Similar
to previous models, these complexes are also found
to be very efficient 4e~ catalysts, but they show
rather different O, reactivities. One of the intriguing
findings is the observation of a room temperature
stable “heme—superoxide/Cu' intermediate” from the
Fe"/Cu'/O, reaction (Scheme 7; Table 1).8¢ Thus,
when [(asNMePrSImepne)Fe!'Cu'lt (17a) is exposed to
dioxygen, a fast formation of a 1:1 ratio of the
complex/dioxygen intermediate occurs. This dioxygen
adduct is diamagnetic, as shown by NMR and EPR
spectroscopies. Resonance Raman spectroscopy fails
to detect a v(O—O0) vibration, but the oxygen isotope
sensitive v(Fe—0O) vibration is observed at 570 cm~?
(A0, = —26 cm™). This »(Fe—0) value is well-
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matched with those of other known heme—superoxide
complexes, suggesting that the intermediate is indeed
an iron—superoxo species [(csNMePrSlmpne)Fe!!'—
(O27)-++Cu'l* (17b) (Scheme 7; Table 1), rather than
a u-peroxo heme—Cu complex. This formulation is
further supported by the oxygen reactivities of a
cobalt analogue [(csNMePrSImpne)Co''Cu'l™ (17¢) and
the iron-only complex (asNMePrSImpne)Fe!! (17d), in
which they unambiguously form superoxo intermedi-
ates upon oxygenation. Dioxygen adduct 17b is
claimed to resemble intermediate A, the first O,-
derived heme—copper oxidase enzyme intermediate.
Even though the copper ion in 17b does not seem to
have any redox activity, there is a clear difference in
the dioxygen affinity between [(acsNMePrSImepng)Fe''-
Cu'l* (17a) and iron-only analogue (asNMePrSImpyg)-
Fe'' (17d). In fact, Cu' in the distal site strongly
enhances dioxygen binding to iron and makes the Fe/
Cu—superoxide species more stable than a “Cu-free”
iron—superoxide in this particular ligand framework.
Interestingly, complexes 15a and 16a, which also
contain three imidazole copper ligands (Figure 6),
yield a “short-lived” peroxo Fe'''—(0,>")—Cu'! species
rather than a superoxo species from the Fe''/Cu'/O,
reaction.%® Much of the research on complexes 15a,
16a, 18a, and 19a is at this time limited to electro-
catalytic studies, and the exact nature of dioxygen
intermediate(s) that may form in these reactions of
reduced Fe''-:-Cu' complexes with O, is not fully
understood.

Karlin and co-workers also expanded their studies
with tridentate ligands, to compare and contrast the
chemistry with that for systems possessing tetraden-
tate TMPA-containing ligands. Extensive previous
(and ongoing) Cu'/O, chemical investigations have
shown that even subtle differences in ligand/denticity
can dramatically change the nature of the copper—
dioxygen adduct and its reactivity toward sub-
strates.”10111 Tetradentate ligands, such as TMPA,
induce formation of end-on (x«-1,2) peroxo dicopper-
(I1) structures (Figure 8), whereas tridentate ligands
generate side-on (u-1%nr?) peroxo dicopper(l1) species,
which can be in equilibrium with bis-u-oxo dicopper-
(I11) isomers (see also articles by T. D. P. Stack and
colleagues in this issue).® In their initial O, reactivity
studies of a heme/tridentate—Cu system, Karlin and
co-workers have utilized a PY2 moiety for a copper
ligand, where PY2 = N,N-bis[2-(2-pyridyl)ethyl]-
amine (20, 22, 24a, and 25a, Figure 6).87112113 The
Cu'/O, reactivity with this particular chelate, includ-
ing variants with substituents and binuclear ana-
logues, had been separately studied.

Preliminary stopped-flow kinetic studies!!? on the
dioxygen reaction of 1:1 mixture of (FsTPP)Fe!'' (3a)
and [(MePY2)Cu'(MeCN)]* (20), where MePY2 =
N,N-bis[2-(2-pyridyl)ethyllmethylamine (Figure 6),
have shown that dioxygen reacts with iron first to
form the heme—superoxo complex (S)(FsTPP)Fe!!'—
(O27) (3b) (S = acetone or THF), which subsequently
reacts with copper chelate 20 to generate a presumed
bridging peroxo intermediate [(FsTPP)Fe'''—(0,2")—
Cu''(MePY2)]* (21a). However, complex 21a, or other
intermediates whose presence was indicated by
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stopped-flow spectroscopy, are not stable even at low
temperatures, precluding further investigations in
this system. The mixture of 3a/20/0O, eventually
transforms to an isolable and characterizable u-oxo
complex [(FsTPP)Fe!"'—(0%")—Cu''(MePY2)]" (21b)
(see section 4.2.1).

Further insights into O, reactivity with a heme/
tridentate Cu system come from the study of the
(FsTPP)Fe!" (3a)/[(LMe2N)Cu']" (22)/O, reaction, where
LMe2N js an MePY2 analogue that has dimethylamino
substituents on the para positions of the pyridine
groups (Figure 6 and Scheme 8).87 Spectroscopic
investigations reveal that low-temperature oxygen-
ation of 3a and 22 in CH,CI,/6% EtCN or THF/6%
EtCN leads to rapid formation of a “short-lived”
heme—superoxo species (S)(FsTPP)Fe!''—(0,") (3b)
(S = THF or propionitrile), which subsequently reacts
with 22 to form a bridging peroxo intermediate
[(FsTPP)Fe'''—(0227)—Cu'(LMe2N)]* (23a) (Scheme 8).
From other studies, it is known that the presence of
the nitrile (from solvent) in the system precludes
independent O, reaction with [(LMe2N)Cu'l* (22) or
other closely related pyridyl-alkylamine-containing
tridentate Cu'—ligand complexes. To assist the as-
signment of the short-lived species, the researchers
have separately prepared (S)(FsTPP)Fe!''—(0,7) (3b)
from iron-only reactions, 3a/O,. The formulation of
3b is supported by resonance Raman spectroscopy,
revealing »(O—0) = 1178 cm™* (A®0, = —64 cm™%)
and v(Fe—0) =568 cm™! (A80, = —24 cm™?) for this
low-spin six-coordinate heme—superoxo moiety, con-
sistent with other chemical and spectroscopic stud-
ies.!1* Formation of 3b in the presence or absence of
copper complex 22 has been analyzed through stopped-
flow kinetic studies. The rate constants and activa-
tion parameters for (S)(FsTPP)Fe'''—(0O,") (3b) for-
mation obtained show that the presence of 22 has
essentially no effect. [In THF/6% EtCN: 3a/22/0,,
AH* = 20 + 1 kJ/mol, AS* = =25 + 6 J/mol-K, k =
3.05 £ 0.14 x 10° M1 s71 (—90 °C); 3a/0,, AH* =
21.0 £ 0.6 kd/mol, AS* = —19 + 4 J/mol-K, k =
4.21 +0.08 x 10° M1 s71 (=90 °C).] However, in the
presence of copper, the iron—superoxo complex 3b is
short-lived because it reacts further to give u-peroxo
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species [(FsTPP)Fe!''—(0,27)—Cu"(LMe2N) ]+ (23a)
(Scheme 8).

The u-peroxo formulation for 23a is supported by
°2H and 'H NMR spectroscopic properties, whose
characteristic hydrogen resonance patterns are con-
sistent with those for an antiferromagnetically coupled
S = 2 system, arising from the bridged high-spin
Fe(l11) and Cu(ll) centers. Direct evidence for the
peroxo ligand in 23a is provided by resonance Raman
spectroscopy. Two distinct peroxo species (suggested
as arising from isomer or conformer forms) are
detected with v(O—0) vibrations at 767 and 752 cm™?
(A0, = —41 and —45 cm™, respectively). These
v(0O—0) values are significantly lower than those
observed for tetradentate systems (Table 1). Karlin
and co-workers propose that the reduced »(O—0)
vibrations are attributable to the presence of a u-52:
n? side-on bound heme—peroxo—copper structure,
induced by the structural preferences of the Cu—
tridentate moiety in Cu—LMe2N (see further discus-
sion, below). Complex 23a thermally converts to a
u-0xo complex [(FsTPP)Fe!''—=O—Cu''(LMe2N)]+ (23b)
(Scheme 8), as seen for other related systems. How-
ever, 23b contains a severely bent Fe—O—Cu core
(compared to other tetradentate systems), and the
differences observed in the metal core structures are
also suggested to originate from copper ligand influ-
ences (see section 4.2.1).

Karlin and co-workers also have developed bi-
nuclear systems that possess a tridentate PY2 che-
late for copper ion and a covalently linked pyridyl
axial base for iron (24a and 25a in Figure 6, Scheme
9).113 Complexes [((L)Fe''Cu'l* (24a) and [(*L)Fe''-
Cu'l* (25a) have the same ligand donor sets, but they
contain different linkers to the PY2 and heme axial
base, and the effects of these subtle changes in the
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ligand superstructures are exhibited in their dioxy-
gen reactivities. The iron-only complex (3L)Fe'" binds
O, reversibly, whereas only irreversible O, binding
is observed with (*L)Fe!' (Scheme 9). For the Fe''Cu'
complexes, both 24a and 25a react with O, irrevers-
ibly to form low-temperature stable dioxygen adducts
(Scheme 9). The formulation of [(*L)Fe''—(0,2")—
Cu"l* (25b) is supported by a spectrophotometric
titration (i.e., one O, per complex) and NMR and EPR
spectroscopies. Complex 25b is a magnetically coupled
peroxo-bridged species, whose features are analogous
to Collman’s several low-spin peroxo complexes.
Warming of the O, adducts 24b and 25b leads to
different thermal products. For 25b, the major ther-
mal product (>70%) is the u-oxo complex [(*L)Fe''—
O—Cu"1*. In contrast, no u-oxo final species has ever
been observed from O, reaction of [CL)Fe''Cu'l™ (24a),
showing the importance of the ligand architecture on
heme/O, and heme/Cu/O, chemistry.

Ligand Influences on the O—O Stretching
Vibration in Heme—Peroxo—Cu Complexes. The
presence of a u-peroxo (porphyrinate)Fe'''—(02")—
Cu'"' species has not been detected in the enzyme
catalytic cycle. However, such a bridged u-peroxo or
(protonated) hydroperoxo heme—copper species has
been suggested or even presumed by workers such
as Babcock, Blomberg, Siegbahn, and Wikstrom,?156.77
as it may facilitate reductive O—O bond cleavage
[Scheme 10 and Figure 21 (section 5.1.4)]. Labeling
studies suggest that the hydroxide (or water) that
ends up on Cug after O, reaction is derived from
dioxygen, consistent with a Cug association with an
O-derived moiety during the O—O cleavage pro-
cess.56115 As (porphyrinate)Fe!''—(0,2")—Cu" com-
plexes have now been characterized in just the past
few years, one can discuss what trends thus far
observed may contribute to eventual O—O bond
cleavage. In fact, the research groups of both Karlin
and Naruta observed that the O—O bond strengths
in the heme—peroxo—copper complexes can be weak-
ened by controlling the metal—ligand environments.

Karlin and co-workers have especially focused on
the copper—ligand influences on heme/Cu/O, reac-
tivities. As discussed above, the chemistry of the
heme/Cu with tridentate ligands (Scheme 8) is simi-
lar to the u-peroxo and u-oxo chemistry with tet-
radentate CuL systems (Schemes 2 and 4). However,
a striking decrease of >40 cm™ in the u-peroxo
v(0—0) stretching vibration is observed over the
range of complexes 4a, 5b, 6b, and 23a (Table 1).
The researchers have made an analogy of the ob-
served differences in v(O—0) vibrations with those
known from Cu,/O, chemistry, where u-127? side-on
peroxo (vs u-1,2 end-on peroxo, Chart 1) ligation
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considerably reduces the »(O—O) values (805—830 —
710—760 cm™1). 111116117 \With the data obtained and
with the known preference in copper—dioxygen chem-
istry (vide supra), the authors favor the view that
the tetradentate containing systems 4a—6b (Schemes
2 and 4) possess either end-on Fe'''—(u-1,2-peroxo)—
Cu" or Fe'"—(u-n?nt—peroxo)—Cu" (i.e., like 9b)
structures, whereas the tridentate Cu—ligand con-
taining systems such as 23a (Scheme 8) possess side-
on Fe"'—(u-p?:n?>—peroxo)—Cu'! structures. In a dif-
ferent approach, Naruta and co-workers®® have also
observed a decreased v(O—O0) stretching vibration (by
13 cm™?) by introduction of electron-donating methyl
groups into either the porphyrinate (mesityl instead
of phenyl for the aryl group of a tetraarylporphyrin)
or copper ligand (5-pyridyl substituents) complexes
7b—9b (Table 1).

Several other factors may also contribute to the
O—0 bond weakening and eventual cleavage, such
as the influence of axial heme ligands and/or hydro-
gen bonding networks. Babcock and co-workers?!
suggested that the basicity of the axial histidine
ligand might change during the CcO catalytic cycle,
yielding the different spectroscopic features observed
in comparing the P and F intermediates. It seems
highly likely that the heme axial base participates
in tuning the CcO reactivity, but exactly how this
occurs is not understood and represents an area in
which model compound chemistry can contribute to
our fundamental understanding.

In the Karlin and Naruta synthetic models, a
weakly basic axial ligand (i.e., a nitrile or THF or
acetone, but in concentrations as high as the solvent)
is present, and Karlin’'s work shows that it promotes
formation and stabilization of (solvent)(heme—Fe)—
0O, iron—superoxo species;®” however, it is not bound
to the heme upon further reaction with a copper
complex, when a bridging peroxo complex forms (e.g.,
see Scheme 8).80818487 Thus, even the presence of
weak and untethered solvent ligands in these sys-
tems provides a “biomimetic” heme axial base, pro-
moting strong O,-to-iron(l1) coordination, as in CcO
intermediate A (Figure 5). It will be exciting to see
future investigations in the Karlin and Naruta
systems exposed to external donors (e.g., 1,5-dicyclo-
hexylimidazole), to systematically study the effects
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of such a “strong” heme ligand on heme—peroxo—Cu
structure and physical properties. This approach
contrasts and will eventually nicely complement the
systems from Collman and Boitrel, which possess
covalently tethered pyridine or imidazole groups as
heme axial donors (vide supra). Because the key step
in heme—copper oxidase function and mechanism is
the reductive O—O cleavage, the study of model
systems in which this process can be investigated by
examining the influences of Cu—ligand denticity, type
of heme axial ligand, and presence of protons will be
very pertinent.

3.2.2. Dioxygen Reactivity of Models Derived from Natural
Hemes

As a different approach to mimicking the features
of the dinuclear center in CcO, a few research groups
have generated new model systems, in which natural
heme groups are utilized for generating an analogue
of a heme a3 site. One such approach by Casella and
co-workers!18-120 js the use of a “covalent peptide—
porphyrin system”. In the initial models, they have
attached a polybenzimidazole as chelate for copper
ion to a propionic acid side chain of deuteriohemin
[(3,7,12,17-tetramethylporphyrin-2,18-dipropionate)-
iron(111)] (Figure 6, compounds 26 and 27).1?! Later,
the system was modified, and a heme—axial base was
attached to the second propionic acid chain of the
porphyrin, using an L-histidine (Figure 6, compound
28) or a glycyl-L-histidine residue (Figure 6, com-
pound 29).11°120 For all of this series of the complexes,
the redox potential of copper seems to be experimen-
tally higher than that of heme center, allowing the
researchers to generate a partially reduced Fe'"'Cu'
or a fully reduced Fe''Cu' form by utilizing various
reductants such as ascorbate or dithionite.

Upon exposure of the fully reduced heme—copper
complexes 26—29 to dioxygen at —45 °C, direct
oxidation occurs to give the fully oxidized Fe'"'Cu"
species without generating any O, intermediates, as
determined by UV—vis spectroscopy.'811% No degra-
dation of the porphyrin is involved in this oxidation
process at —45 °C, but 26 and 27 show rather
different O, reactivities at higher temperatures,
where complete porphyrin degradation occurs, as
monitored by loss of intensity of the strong Soret
absorption. However, for 28 and 29, which contain a
heme—axial base, the room temperature oxygenation
results in little or no porphyrin degradation. The
researchers also have studied the O, reactivity of
copper-free analogues of 27—29, finding that oxygen-
ation reactions for all three complexes lead to com-
plete bleaching of the porphyrin. On the basis of all
of these observations, the authors suggest!?° that
formation of an intramolecular heme—peroxo—copper
complex could play a role in preventing the porphyrin
degradation chemistry otherwise observed.

Another new approach for the modeling CcO active
site is through the use of “protein engineering”,
which also has been important in studies of the
binuclear Cua electron-transfer site (see section 6).
Several engineered proteins containing a model for
the heme—copper oxidase heme a;—Cug site start by
employing cytochrome c peroxidase or myoglobin
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(Mb).1227124 |_u and co-workers'?* have reported the
first example of Fe''/Cu'/O, and Fe'"'/(Cu")/H,0,
reaction chemistry of such a protein-based model
system. They have engineered a copper-binding site
into a sperm whale myoglobin by utilizing the already
present distal histidine and adding two more such
residues by carrying out specific mutations, namely,
Leu-29 — His and Phe-43 — His. This new protein
is named CugMb, which retains the heme iron and
possesses a potential tridentate copper-binding site,
but in fact it does not contain any copper ion. Upon
exposure of O, to reduced CugMb, formation of a
heme-derived dioxygen adduct (oxy—CugMb) occurs.
The presence of the engineered copper-binding site,
in the absence of a metal ion, decreases the O,-
binding affinity of the heme relative to that in wild-
type (WT) Mb. However, addition of Ag(l), a redox
inactive mimic of Cu(l), is found to enhance the O,-
binding affinity of CugMb.

The researchers have further studied a reaction of
oxy—CugMb in the presence of added Cu(l) [in the
form of 2 Cu(l1) plus excess dithionite reductant, with
added catalase to get rid of any hydrogen peroxide
generated] (Scheme 11). Oxy—CugMb (Amax = 418,
545, 586 nm) plus Cu(l) ion results in a rapid change
in UV—vis spectra, indicating the formation of the
porphyrin oxygenated product verdoheme (Amax = 678
nm), whose presence in the reaction mixture is also
confirmed by electrospray mass spectrometry. Be-
cause this reaction product is similar to that gener-
ated by the heme oxygenase (HO) enzyme reaction,
the researchers propose that the O, reduction in Cu'/
oxy—CugMb proceeds through a heme—peroxy—cop-
per intermediate, followed by porphyrin attack and
heme degradation, as seen in the HO reaction path-
way (Scheme 11). However, when H,0, is reacted
with Met—CugMb, with or without Cu(ll) present, a
detectable ferryl—heme (Amax = 419, 546, 581 nm)
species is formed, instead of verdoheme (Scheme 11).
The researchers explain this behavior by an effect of
the hydrogen-bonding network in the distal pocket
of the engineered heme protein. The reason that the
putative heme—peroxo—Cu species in CugMb under-
goes heme degradation like that in HO, rather than
ferryl—heme formation as in CcO, is that the engi-
neered protein may not have the hydrogen-bonding
network found in CcO to deliver extra protons to the
peroxy species. When H;0O, is employed for the
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reaction, it itself carries protons to the active site,
thus allowing CugMb to switch from an HO reaction
to a CcO-like pathway involving O—O cleavage and
production of a high-valent ferryl species. On the
basis of the observed different reactivities of O, and
H,0O,, the researchers propose that proton delivery
would be critical in determining the reaction pathway
of CugMb with O,, as is known with many other heme
proteins. Further studies on this Mb mutant, which
elucidate more detailed aspects of proton delievery
in this system, would seem to be required.

3.3. Heme—Copper Carbon Monoxide (CO)
Reactivity

As a structural or reactivity surrogate for dioxygen,
generally stable carbon monoxide derivatives of O,-
binding heme proteins and heme copper oxidases
have been extensively studied over the decades
through various spectroscopic methods (optical, FTIR,
resonance Raman, etc.).11:35125-141 The distinct spec-
tral features of the CO adducts of iron and copper
have been widely used to analyze structural informa-
tion of the catalytic center in heme—copper oxidases
and also to understand dynamic changes occurring
in the heme periphery, such as effects on the proxi-
mal and distal side of the heme upon CO binding. In
addition to gaining insight into the nature of the
active site environment, CO photodissociation studies
have been extremely useful in probing the dynamics
and coordination chemistry of the heme—Cug binding
pocket after CO photolysis.129134-136,138,140 Eyrther-
more, time-resolved spectroscopic measurements on
the photolysis of the CO inhibited enzyme have been
utilized to measure electron-transfer between cyto-
chrome ¢ and the binuclear active site and within the
heme—copper center.140-142 Although a large amount
of information is available for CO adducts of heme—
copper oxidases!:125-127.129-133,135-143 and the carbon-
monoxy complexes of simple iron porphyrin synthetic
complexes,1#4145 only a few recent papers describe
studies on carbon monoxide adducts of heme—copper
binuclear model compounds.199146.147 This may per-
haps be due to the requirement of a suitably con-
structed porphyrin ligand for iron with a covalently
appended tridentate or tetradentate chelate ligand
for copper, to obtain binucleating heme—copper bio-
mimics for these studies. The construction of such
ligand systems involves considerable investment of
effort, due to the multistep organic syntheses re-
quired.

3.3.1. Heme—Copper Enzyme CO Adducts

The preparation of carbon monoxide adducts of
heme—copper oxidases, leading to histidine—heme-
Fe!'-CO---Cusg' species, typically involves incubation
of dithionite-reduced enzyme with CO. Carbon mon-
oxide binds strongly to heme a3 but transfers to Cug
upon photolysis, as described in pioneering work of
Woodruff, Einarsdottir, and co-workers (Figure
10).64134148 Thus, enzyme Cug—CO vibrational prop-
erties are determined from these dynamic photo-
chemically initiated studies.!33-132.143.148 Djoxygen
reactivity studies initiated in this way are mentioned
in section 3.1.
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Table 3. C—0O Stretching Frequencies of the a, , and y Forms of the CO-Bound Heme—Copper Oxidases

Fe Cu
type o, cmt B,cm™t y,cm~t o, cm™t B, emt ref

aas

bovine 1965 1952 2065 20432 130, 134, 148, 157

R. sphaeroides 1966 1955 20642 20392 126

B. subtilis 1963 1975 128

P. denitrificans 1966 1956 1971¢ 132, 137

1966°¢ 1952¢ 2061 2038¢ 132

bos 1960 2065P 158
cbbs 1956 2065 139
bas 1967 1973/1982 1975 2053 159
caas 1967 1958 2062 143

a Measurement at 10 K. ® Measurement at 15 K. ¢ Measurement at 84 K. All other values reported are from measurements at

300 K.

Table 4. Heme—Copper Oxidase Soret Absorption Maxima for Heme—CO Species and Vibrational Frequencies for

Fe—His, Fe—CO, and Fe—C—-0O Moieties

type Soret, nm v(Fe(Il)—His), cm™? v(Fe—CO), cm™ o(Fe—C—0), cm™ ref
aas
bovine 430 214 520 578 125
P. denitrificans 430 220 517 578 137
R. sphaeroides 430 ~213 519/493 573 126
bas 429 193/209 160
bos 416 208 524 577 126, 161
aas-600 194/214 520 575 128, 162
chbs 415 235 495 574 126, 128, 163
caas 429 211 143
: - ) iron—carbon stretch, the 6(Fe—C—0) bend, and iron—
His | NHis-Tyr His NHis-Tyr nitrogen(histidine) v(Fe2*—His) vibrational modes, as
. ""C l ‘ . "'Cﬁ measured by FTIR or resonance Raman spectroscopy.
His | —=CU hv His = co The data are summarized in Tables 3 and 4. Mixtures
co of (major and minor) C—O stretching modes have
—l|=e"— —F !l m— been identified and assigned to arise from different
b ' conformations believed to occur at the active site. The
NHis NFis two major conformers generally are found among
heme—copper oxidases and are termed a- and
B-forms,129.136.137,143,154-156 The C—O stretching fre-
+COH -CO guencies of both Fe—C—0O and Cug—C-O in the
o-form have been identified to have significantly
His NHis-Tyr higher values than those of their g-forms. In addition,
-, two other very rare conformations (0- and y-forms)
O, | His N_ACUI have also been identified in some oxidases under
Intermediates -~ certain conditions.137.156

NHis

Figure 10. Photolability of CO in heme—copper oxidases
and generation of Cug—CO adducts and O, reaction with
fully reduced enzyme.

Values for v(Fe—C—0) and »(Cu—CO) are given in
Table 3, as determined from a wide variety of heme—
copper enzyme investigations. The »(CO)Cu values
observed are in fact very low by comparison to well-
characterized copper(l)—carbonyl complexes derived
from the synthetic (bio)inorganic literature.149-153
This point is discussed further in section 3.3.2.

Heme—CO Properties and Implications for
the Heme—Copper Active Site. The vibrational
properties of the histidine—heme—Fe—CO---Cug unit
of different types of heme—copper oxidases have been
determined from the frequencies and intensities of
the v(Fe?*—C—0) carbonyl stretch, the v(Fe?t—CQO)

The functional significance for the presence of
different conformations at physiological pH and the
origin for the splitting of the C—O stretching fre-
guency into distinct major and minor components are
not fully understood. The special steric and/or elec-
tronic structures of the enzyme binuclear active site
have been considered a possible cause for the unusual

Fe—C—0O modes observed in cytochrome c oxi-
dase'129,137,156

The a-, -, and y-conformational states have been
suggested to originate from the changes in the
distances of the heme a3 iron atom and Cug, which
varies over a range of 4.4—5.3 A in the different
enzyme derivatives characterized by X-ray crystal-
lography (see Table 5, section 4). The most stable
conformer in many oxidases is the a-form.126.128129.132
Large steric factors and a restricted heme pocket are
anticipated because of the reasonable proximity of
Fe and Cu and the fact that ligands bound to either
metal ion “face” each other. Thus, heme a; CO
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Figure 11. Some possible structures for heme—CO ad-
ducts.
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Figure 12. Crystal structure of the carbon monoxide
adduct of cytochrome c oxidase from bovine heart.'® Coor-
dinates (10CO) were taken from the Protein Data Bank
(Brookhaven) and displayed using the program Rasmol.

coordination likely cannot occur without strong distal
polar or steric interactions between CO and Cug. In
the a-conformer, the Fe—C—0O moiety might be
significantly bent or tilted (Figure 11). However, as
per recent discussions'#414% updating and analyzing
heme protein (and synthetic complex) Fe—CO struc-
tures and binding energetics, such severe distortions
are unlikely, as the Fe—CO moiety should be nearly
linear. In the alternate conformation (3-form), lower
Fe—CO and Fe—C-—O vibrational frequencies have
been observed and attributed possibly to a less tightly
structured binuclear center, that is, having an “open
pocket”. In this case, Cug (5-form) is moved a little
further away than in the a-form.%7

In 1998, Yoshikawa and co-workers reported the
X-ray structure of a CO-bound form of the bovine
enzyme (Figure 12 and Table 5). Here, the Fe—
carbonyl unit is reported as being bent with OFe—
C—0O = 146°. As mentioned above, this seems un-
likely in terms of basic bonding considerations, and
an alternative description of the structure should be
considered. The heme as iron and Cug distance is 5.3
A in this fully reduced CO-bound state, and the CO
oxygen atom is 2.5 A away from Cug, therefore
suggesting a weak interaction.'® The authors do not
mention possibly which form (o, S or other) this
structure may represent.

Several factors may govern the modulation of the
distance between the heme iron atom and Cug. Das
et al.*?® have recently identified a pH-dependent
mixture of o and 5 conformers in the aa; type oxidase
from R. sphaeroides. It has been postulated that the

Kim et al.

different conformations may vary slightly in struc-
ture, from a change in the position of Cug with
respect to the heme-bound CO. The modulation of the
Feas—Cug distance may arise from protonation/
deprotonation of one or more ionizable residues close
to the active site. This may be the covalently cross-
linked tyrosine or one of the histidine ligands coor-
dinated to Cug.'®® The involvement of His-290 (a Cug
ligand) in the protonation/deprotonation events is
also suggested from resonance Raman experiments
in an aas type quinol oxidase from Acidophilic ar-
haeon.'64

Das et al.*® also carried out molecular simulation
studies using the crystal structure parameters re-
ported for the bovine oxidase, observing that as a
result of varying the Fe---Cu distance from 4.7 t0 6.0
A, the Fe—C—O angle increases from 143° to an
orientation nearly perpendicular (178°) to the heme.
Thus, in the s-form the Fe—C—0 bending angle has
been suggested to be less than that of the a-form and
therefore slightly lowers the vibrational frequency.
In a similar study by Rousseau and co-workers with
a CO complex of the cbbs-type oxidase from Rhodo-
bacter capsulatus, a proposed open structure exists
lacking the distal interactions; thus, heme b; bound
CO adopts a perpendicular conformation with respect
to heme.16®

Varotsis and co-workers!®® studied the CO adduct
of the bas-type oxidase from T. thermophilus and
noticed that the Cug—CO stretch is invariant in the
pH range 5.5—9.7. It also remains unaffected by H/D
exchange. On the basis of the argument that if one
of the Cug—Hlis ligands is capable of cycling through
imidazolate (i.e., deprotonated), imidazole, and im-
idazolium (doubly protonated imidazole cation) states,
then the »(CO) frequency is expected to vary; how-
ever, this is not observed. Thus, they propose that
the Cug—His environment is very rigid and not
subject to conformational transitions associated with
Cug—His ligand protonation/deprotonation events.*>
In a similar study on the CO adduct of aaz-600 quinol
oxidase, a single conformer has been detected, which
is essentially the a-form, exhibiting v(Fe—CO), 6(Fe—
C—0) and v(C—0) modes at 520, 575, and 1963 cm™2,
respectively. On the basis of this observation and the
existence of an inverse correlation between the
frequencies of the Fe—CO and Fe—His modes, they
suggested that the effects exerted by Cug and the
proximal His-376 (which is hydrogen-bonded to the
peptidyl carbonyl of Gly-351) are the key determi-
nants for the observed Fe—CO and C—O stretching
modes in heme—copper oxidases. In a separate FTIR
study on a CO adduct generated from a mixed-valent
state of bovine CcO, (CuaFe,)®tFeas? Cug!™, a distinct
Cug—C—0 stretching band at 2040 cm~! was noted,
in addition to those corresponding to the o/g-forms
(Table 3); it was assigned to the (CuaFes)*" Feas®*-
Cupg!t—CO species generated by back electron-
transfer.166

As mentioned, photolysis of the reduced heme-
bound CO of the enzyme at low temperatures results
in the dissociation of iron-bound CO followed by
binding to Cug (Figure 10). The formation of Cug—
CO is completed within 1 ps,’®® and CO remains
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bound only for ~1.5—2 us and subsequently dissoci-
ates and either escapes (to solvent) or rebinds to the
heme.133148.167 Transient binding of CO to Cug has
also been reported to be dynamically linked to
structural changes of carboxylic acid groups of amino
acid residues nearby Cug in the binuclear active
site.129138.166 For example, there are changes in the
hydrogen bonding at the functionally important
residue glutamic acid-286 [E(1-286)] of subunit I,
positioned in the D-pathway for proton translocation,
~25 A from the protein surface on the proton-input
side [D(1-132)] and ~10 A from the binuclear heme—
Cu center.’38 In this way, a role for Cug in the pro-
ton translocation pathway can be implicated or
tracked_129,137,138,166

In summary, investigations utilizing CO binding
to heme—Cu enzymes have been and continue to be
an incredibly useful tool and probe.

3.3.2. Heme—Copper CO Complexes

As described above (section 3.2) for O,-reactivity
studies, biomimetic approaches have utilized systems
with 1:1 mixtures of porphyrin—iron(ll) and L,—
copper(l) (where L, = tridentate or tetradentate
chelate ligands) and/or the employment of hemes
with covalently appended chelates for copper, gen-
erating binuclear heme—copper systems. Because
reduced dioxygen species such as peroxide (0.2~ when
deprotonated) are good bridging ligands, the use of
mononuclear copper and porphyrinate iron compo-
nents to generate heme—Cu assemblies is a reason-
able strategy, and it has been successful (section 3.2).
Heterobinucleating ligands for the generation of
heme—Cu assemblies, however, would seem to be
necessary for studies on heme—Cu carbon monoxide
complexes, because CO is unlikely to be a bridging
ligand from a porphyrinate—iron(ll) to copper(l)
complex; there are no such examples. Properly de-
signed heme—Cu complex assemblies with bound CO
may then possess iron—copper separations similar to
that observed in the enzyme structures (~4—5 A
away) in order to study the influence of Cug in
proximity to the heme-bound CO.

Carbon monoxide derivatives of heme—Cu complex-
es have in fact been only recently described.109147.168
Collman and co-workers'® have studied the CO
adducts of tris(imidazole) copper picket containing
binucleating models (Scheme 12) and iron-only de-
rivatives (i.e., without copper). The use of NMR
spectroscopy on such diamagnetic derivatives, in-
cluding in some cases zinc-containing analogues, has
allowed for detailed structural and conformational
comparisons of these superstructured compounds;
valuable insights have been obtained. In the absence
of copper bound within the tris(imidazole) picket, the
v(CO)ge 0f (0sNMePriMgIMepng)Fe!'-CO (17f) and
that of (asNMelMHpIMphe)Fe!'—CO (18f) are ob-
served at 1978 and 1979 cm™1, respectively, ~10 cm™!
higher in value than in a similar compound where
the imidazole picket is replaced by acetyl amide
groups. The high CO stretching frequency is postu-
lated to arise from electrostatic interactions of the
heme-bound CO with negative dipoles such as those
of aromatic rings or lone pairs. With the addition of
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Scheme 12

17a : Mg = Cu'

17e : Fe!'-CO, Mg = CU'

17d : Mg = no metal ion

17f : Fe'-CO, Mg = no metal ion

18a : Mg =Cu!

18¢ : Fe'-CO, Mg = cu!

18d : Fe'-CO, Mg = Cu-cO

18e : Mg = no metal ion

18f : Fe'-CO, Mg = no metal ion

a copper(l) source into the distal imidazole picket, the
iron-bound CO stretching frequencies decrease ~29
cm~! compared to the iron-only analogues, suggesting
that the positive charge of copper stabilizes back-
bonding to the CO ligand, which leads to weakening
of the C—0O bond. In addition, under an atmosphere
of CO (asNMeHIMBIMgpe)Fe!'—CO/Cu' (18c), an ad-
ditional carbonyl stretch is observed at 2085 cm™1,
which is in the range of CO bound to Cu' in a variety
of N3—Cu coordination environments,149-152169.170 Thys,
the large frequency shift ascribable to the presence
of copper(l) (compared to iron-only carbonyl deriva-
tives) suggests that in the heterobinuclear structure,
the copper ion in the tris(imidazole) environment
resides in close proximity, over the iron—CO moi-
ety.19 Similar frequency changes in addition to the
substantial loss of copper were noted for an H333A
mutant enzyme where one or more copper-binding
His residues were modified.1"*

Karlin and co-workers!#’ have also recently char-
acterized carbonmonoxy adducts of reduced Fe'' heme
and Fe''Cu' heme—copper binuclear complexes. UV—
vis spectral changes that are analogous to those of
other heme complexes and proteins are observed
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Scheme 13
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Scheme 14

(*®L)Fe'-co

(®8L)Fe'-co

upon addition of CO to the reduced iron—porphyrin
complex (¥6L)Fe'", lacking copper in the proximal
chelate. Carbonylation produces a six-coordinate
(low-spin) species (*SL)Fe!'—CO, with either a solvent
molecule or a pyridine arm occupying the sixth
coordination site (Scheme 13). The v(CO)g, stretching
frequencies for (*6L)Fe"—CO varied from 1968 to
1980 cm™! as a function of solvent (such as THF,
CH_.Cl,, acetone, and toluene).

Additional studies on the products of carbonylation
of [(®SL)Fe''Cu'l* (5a/6a, Figure 6) identify both
(CO)re and v(CO)c, vibrational frequencies. The
latter occur in the range 2091—2094 cm™?, which are
typical of Cu—CO complexes, although these are ~30
cm™! higher in energy than those observed for
Cu—CO moieties found in heme—copper oxidases (see
Table 3). Interestingly, an additional shoulder at
~2070 cm™! is also observed in these [(*fL)Fe'—
CO---Cu'-COJ" (5c/6c) complexes. On the basis of the
relative intensities of two Cu—CO (major and minor
shoulder) infrared stretches and comparison of known
Cu—CO stretching frequency values for close copper
(only) complex analogues with either tetradentate or
tridentate pyridylalkylamine ligand donors, it is
postulated that the major isomer form [with higher
2090—2094 cm~! »(CO)c, value] possesses a “dan-
gling” pyridine arm and tridentate nitrogen coordina-
tion (Scheme 14). The minor product, with a ~2070
cm~! shoulder, perhaps involves an additional weak
coordination of the third pyridyl arm (i.e., fourth
nitrogen ligand) to the copper(l) ion (Scheme 14).147

Low v(CO)cy Values: Comparison to Other
Copper Proteins and Synthetic Complexes. An
examination of v(CO)c, values in heme—copper oxi-
dases (Table 3) reveals that stretching frequencies
observed (Table 3, 2038—2065 cm™!) are comparable
to or lower than those found for copper proteins such
as hemocyanins (2043—2063 cm™1),172 amine oxidases
(2064—2085 cm™1),173174  peptidylglycine glycine
monooxygenase (2033 cm™1),1"> dopamine S-hydrox-
ylase (2089 cm™1),76 and nitrite reductases (2041—
2060 cm™1).177 These are strikingly low compared to
well-characterized copper(l)—carbonyl complexes ob-
served in the synthetic (bio)inorganic literature. Ny-
Cu'—CO complexes (N, a nitrogen donor ligand; x =
2—4) have been studied to model the poly(imidazole)
binding sites of copper-containing proteins,49-153.178
and they generally exhibit v(CO)c, values >2070
cm~1, some even exhibiting stretching frequencies
>2100 cm™%, for example, »(CO) = 2123 cm™* for [Cu-
(CO)(pzs)]*, where pzs is a thioether- and pyrazole-

B Arf 8 Arf
[(58L)Fe!-CcO...cul-COJ* (Major)
(5c/6¢)
' ,\N,’/T/b—l * ' —\N,’/T ) \_] 1+
N N
(foe = (o=
\ P \
x<; Ag or i oar g
Al
0, @ /(') ;‘ F, O, a /B ?\l F,
\:‘N‘ Fe\iN \i‘N‘,Fe\ZN
7 F I 7 F
B AF 8 ArF
[(¥8L)Fe'-CO...Cu-COJ* (Minor)
(5¢/6¢)

containing tridentate ligand.'®® Coordination com-
plexes that possess unusually low »(CO) values are
a series with nonchelating imidazoles, such as [(1,2-
dimethylimidazole);Cu(CO)]* (2062 cm™1),15% and those
with anionic tris(pyrazolylborate) ligands, [(TpR)Cu'—
CO] (2059—2067 cm™1),149.150 at |east somewhat com-
parable to heme—copper oxidase values (Table 3).
Renaud and co-workers'’® have discussed the trends,
indicating that ligand flexibility (in the nonchelating
imidazole case) most likely allows metal—ligand
geometries which maximize ligand overlap and dona-
tion to copper(l), lowering the carbonyl stretching
frequency. The exceptionally low values found for
certain heme—copper oxidase forms or derivatives are
notable and certainly must indicate very unusual
environments for Cu'g; implications for enzyme func-
tion are not clear and should be the subject of future
investigations.

When 5c/6¢ are bubbled with Ar at room temper-
ature, carbon monoxide is lost from the copper ion,
but not the heme, and complexes of the type [(*6L)-
Fe!'—CO---Cu'l" (5d/6d) are generated (see following
diagram). Thus, the Cu'-CO moiety is more labile
than the heme—CO group. Future studies comparing
the thermodynamics of CO binding to the heme and
Cu in such model systems will be of interest. In
heme—copper oxidases, it is clear that the heme—
CO is more thermodynamically stable, as indicated
by the return of CO to the heme after it is photo-
ejected and transfers to Cug (see section 3.3.1).
Collman and co-workers!® have reported equilibrium
constants for CO binding to 18c and 18f (with or
without Cu), observing clear influences. In the study®®
involving CO binding to 17a, steric effects limit CO
binding to the copper ion (see Scheme 12).
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[(5®L)Fe"-CO...cu-COJ*
(5¢/6¢)

[(58L)Fe"-CcO...Cu'l
(5d/6d)

The presence of copper(l), that is, in complexes 5d/
6d, does not shift v(CO)ge values compared to those
observed in the iron-only complexes [(>¢L)Fe''—CO]™.
Thus, in contrast to Collman’s complexes (vide su-
pra), there is little or no influence of copper(l) on CO
bound to the heme. Karlin and co-workers suggest
that either the Fe-:-Cu distance in these more flexible
binucleating ligands (which have only a one-point
attachment to the tethered chelate for copper) is
much greater than in 17a and 18a (Scheme 12) or
CO binding occurs on the heme face opposite the side
where the copper-chelate resides (Scheme 14).147
Because in the enzymes the proximity of Cu to the
heme is relatively fixed, the protein CO chemistry
clearly will differ from what is found in the 5L- and
6L-containing systems.

4. Oxidized Heme—Copper Models

Prior to the information and insights obtained from
X-ray crystallographic characterization of heme—
copper oxidase enzyme derivatives (sections 2 and
4.1, vide infra), knowledge concerning the protein
metal ion centers, and particularly the heme—copper
binuclear center, came from more indirect spectro-
scopic data and reaction chemistry performed. This
led to a “picture” of the heme—copper active-site
structure, which in turn inspired (bio)inorganic chem-
ists to try to generate synthetically derived model
compounds for the purpose of more detailed struc-
tural and spectroscopic characterization.

4.1. Enzyme Structural, Spectroscopic, and
Magnetization Studies

Oxidized mitochondrial cytochrome aaz can exist
as a mixture of forms called fast and slow, defined
as such according to the rate of reaction of the
enzyme with exogenous anionic ligands such as flu-
oride (F), cyanide (CN™), and formate (HCOQO™).180.181
A fast form predominates when the enzyme is iso-
lated under mildly alkaline conditions, whereas a
slow form dominates in preparations exposed to low
pH. The fast form of the enzyme has been proposed
to consist of an EPR-silent Fe'''—=X—Cu'' moiety,62183
where X represents a bridging ligand that modulates
antiferromagnetic coupling. Naturally occurring X
groups, which have been proposed, include oxide
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(0?7), hydroxide (OH™), carboxylate (RCOO™), chlo-
ride (CI), sulfide (S27), cysteinato, or an imidazolate
group. The magnetic state of heme az within this
coupled site has been deduced from Mdssbauer
spectroscopy (see parameters in Table 7, section
4.2.1) and concluded to be a high-spin iron(lll)
center.184185 However, the magnitude of the exchange
coupling between the heme az and the Cug remains
unclear. Magnetic susceptibility studies of mam-
malian CcO indicated that the high-spin S = 5/, ferric
heme az has strong antiferromagnetic coupling to the
spin S = 1/, Cug, yielding a net spin S = 2 ground
state for the heme az;—Cug center.'8 However, later
saturation magnetization studies showed that a
strong coupling model (J > 100 cm™) as well as a
weak coupling model (J < 4 cm™?) fit the magnetic
data.®”

In the slow preparation, the coupling between the
heme az; and the Cug also leads to an S = 2 ground
state.’®® However, the magnetic coupling and the
zero-field-splitting parameters are quantitatively dif-
ferent from those of the fast enzyme and result in
the observation of an active EPR spectrum.83.186 A
similar situation was found for the quinol oxidase
cytochrome boz from E. coli, in its oxidized state.
Perpendicular mode X-band EPR spectra of oxidized
qguinol oxidases as well as the slow form of CcO show
broad, fast relaxing features with a similar pattern
of bands: a weak derivative signal below 100 mT
(g ~ 12 region) and a broad band in the region 200—
250 mT (g ~ 3.2).1% In the parallel mode spectrum,
only the low-field signal is present. Furthermore,
studies simulating dual-mode EPR spectra of fluoride
cytochrome bos showed only a very weak exchange
interaction (J ~ 1 cm™!) between the two ions and
also suggested that any intervening exogenous ligands
(e.g., fluoride, formate, azide) play only a minor part
in mediating the interaction.'®®

Prior to the post 1995 single-crystal X-ray struc-
tures, X-ray absorption spectroscopic (XAS) methods
provided heme—copper oxidase active-site insights.
Henkel et al. reported an Fe,3---Cug separation of
3.96 A for the native CcO from bovine heart mito-
chondria (by analysis of the K edge region of copper,
iron, and zinc).*®* They suggested that the most
probable bridge is a chlorine or sulfur atom, because
an iron—sulfur or an iron—chloride contact could be
identified on evaluating the fine structure of the iron
edge. A slightly shorter Feus+--Cug distance (3.70 A)
was reported by Powers et al. for the resting state of
cytochrome aas-600 from Bacillus subtilis; again a
Cl or S scatterer was seen bridging Fe and Cu.'%?
Furthermore, a similar Fe,3—CI(S)—Cug core (Fe---
Cu = 3.75 A) was found for the fully oxidized
“resting” form of bovine heart enzyme by EXAFS
studies.’®® Between Cl and S, it is possible that the
bridging ligand is Cl rather than S, because no
conserved cysteines or methionines can conceivably
provide a sulfur atom,®*~1% and of course in the light
of the subsequent X-ray single-crystal studies. Thus,
the possibility of Cl contamination during protein
purification and manipulation cannot be ruled out.'%
A reinvestigation of the B. subtilis enzyme by both
Cu EXAFS and ENDOR detected the presence of an
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Table 5. X-ray Crystallographic Data Obtained for Mammalian and Bacterial Heme—Copper Oxidases in
Different Situations: Fully Reduced, Carbon Monoxide Bound, Azide-Bound, and Fully Oxidized Forms of the

Enzyme
bovine heart P. dentrificans  R. sphaeroides T. thermophilus
reduced CO bound Nszbound oxidized oxidized oxidized oxidized

resolution, A 2.35 2.8 2.9 ) 2.7 2.3/2.8 2.4

Cug ligand 3 His 3 His, O 3 His, N 3 His, O 3 His, OH(?) 3 His, O 3 His, O

heme as ligand His His, C His, N His, O His, H,O(?) His, O(?) His(?), O
Fe---Cu distance, A 5.19 5.27 5.3 4.5 4.8 4.4

bridging ligand CcO N3 H,0--OH~ OH~ or H,O 027, OH~, or H,O
Fe---X distance, A 1.90 1.97 n.a. 3.6 2.3

Cu--+Y distance, A 2.47 1.90 n.a. 2.0 2.3

Fe---His distance, A 1.9 2.0 1.9 2.1 2.2 3.3

His—Tyr cross-link yes yes yes yes not clear yes

ref 18 18 18 19 31 30

O/N Cu(ll) ligand with an exchangeable proton.1%
The authors thus suggested an Fe!''—(OH)—Cu"
group at the active site of the enzyme, but on the
basis of some X-ray crystallography results® (see
below) it is probable that the OH™ group is not a
bridging ligand and is bound only to Cue.

In the past 10 years, the X-ray structures of
cytochrome ¢ oxidase from P. denitrificans,*>° bovine
heart,'618 T. thermophilus (bas—CcO),®* and R.
sphaeroides®! were determined for the fully oxidized
form of the enzyme (see Table 5). Also, Yoshikawa
et al. determined the structures of the bovine enzyme
at the fully reduced and azide- and carbon monoxide-
bound (section 3.3) states.’® The heme az;—Cug dis-
tances were found in the range of 4.4—4.91 A for the
fully oxidized form, but the identity of the electron
density and, hence, the nature of ligands between the
metal ions are still unclear. For the P. denitrificans
enzyme, Michel and colleagues®® favor the possibility
of a water molecule as a heme az—iron ligand and a
hydroxy ion as a Cug ligand. For the bovine fully
oxidized form, Yoshikawa et al. tested the model
proposed by Michel et al.*° [heme az—(H,0)-+<(OH™)—
Cug], but instead, they fit their data proposing this
crystal derivative possesses a peroxide bridging
ligand.'® However, as discussed in section 3.2 (vide
supra), we judge this is unlikely to be the case. The
structure of the baz;—CcO from T. thermophilus
revealed the presence of one oxygen atom (u-0X0
species, u-hydroxo species, or water molecule) bridg-
ing Feas to Cug.®® In this case, the metal—oxygen
distance found in the active site (2.3 A) is long to be
considered as a real coordination bond in light of the
known well-characterized u-oxo and u-hydroxo coor-
dination compounds (see discussion in section 4.2.1).
For the R. sphaeroides enzyme, an OH™ ligand (or
water) was assumed to be coordinated to Cusg, al-
though it could not clearly be identified.3! At the level
of refinement available, this OH™~ ligand is definitely
not coordinated to heme az but probably weakly
interacting.

So, with all the biophysical studies, and now the
X-ray crystal structures, the nature or identity of a
bridging ligand that would mediate magnetic cou-
pling (strong or weak) between heme a; and Cug is
still unclear.

4.2. Heme—Copper Fe''-X—Cu' Complexes

As indicated by the above discussions on the
enzyme spectroscopic and structural properties, the

enigmatic nature of the heme—copper binuclear
moiety has provoked considerable efforts by coordi-
nation chemists to generate synthetically derived
models. The above-mentioned magnetic coupling is
thought to be mediated by a bridging ligand, the
nature of which is still under debate. Furthermore,
the identification of the “correct ligation at the
oxygen-binding site in the oxidized state” of the
enzyme is critical for the ultimate elucidation of the
details of the proton-pumping mechanism.®’

While in the past 10 years many efforts have been
directed toward O, reactivity with (P)Fe'" and Cu'
complexes (see section 3.2), the first biomimetic
modeling studies have concentrated upon oxidized
(porphyrinate)Fe'"'-Cu''L heterobinuclear compounds.
Synthetic approaches include (i) the use of porphyrins
modified with covalently linked chelates for copper
(i.e., a binucleating ligand) and (ii) (porphyrinate)-
Fe'""—X—Cu'"L complexes made through self-assem-
bly strategies.

Although covalently linked systems frequently
require lengthier synthetic procedures, they exhibit
interesting features. They favor intramolecular het-
erobinuclear chemistry (rather than intermolecular
Fe/Fe and/or Cu/Cu chemistry) and allow fine struc-
tural tuning in order to investigate relationships
between structure and function. The majority of
porphyrins used in the synthesis of binucleating
ligands are based on TPP derivatives. The reasons
are the advantages implicated in the synthesis and
stability of meso-phenyl-substituted porphyrins, as
well as the availability of o-phenyl substitution sites
for adequate positioning of appended functional
groups over the porphyrin ring.2 Typical porphyrins
used in self-assembled systems include octaethyl-
porhyrin (H,OEP), tetraphenylporphyrin (H,TPP),
and tetrakis(2,6-difluorophenyl)porphyrin (H.FsTPP),
and a large number of copper complexes have been
used.

Efforts in the synthesis of Fe!'—X—Cu" model
complexes include compounds with X =
02 87,88,92,96,112,198—200 OHf 112,201,202 CN 203—-207 RC(O)
O 208 209 F 210 le 211 SZ 212,213 and imidazolate
groups.214 216 Also, Boitrel and co-workers?!” have
recently described a nonbridged Fe"'---Cu'' complex
using a cyclam-strapped porphyrin binucleating
ligand, where the Fe---Cu distance is 4.5 A (as
evaluated by EPR and NMR spesctroscopic methods),
in the range of the known enzyme structures; this
will not be further discussed. The model compounds
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[(OEP)Fe!!-O-Cu'l(Megtren)]* (33a)

—I 1+ (24)

[(FgTPP)Fe!-O-Cu'(TMPA)]* (4b)
[(FgTPP)Fe'l-(OH)-Cu"(TMPA)I?* (4c)

Me
N ‘l 1+ (2+)

[(FgTPP)Fe!l-0-Cu'(MePY2)]* (21b)
[(FsTPP)Fe!l-(OH)-Cu''(MePY2)]2* (21c)

[(SL)Fe!l-O-Cu''T* (5e)
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[(OEP)Fe'-(OH)-Cu'/(Mesdien)(CIO,)]* (30a)

[(6L)Fe"'-O’Cu"]+ (Ge)
[(BL)Fe"!-(OH)-Cu'"12* (6f)

[(FsTPP)Fe"-O-Cull(LMe2N)}* (23b)

Figure 13. Oxo- and hydroxo-bridged heme—copper oxidase model complexes: 33a,?° 30a,%° 4b,%? 4¢,%0? 5¢,% 6e,% 6f,%7
21b,112 21¢,112 23b.87 X-ray structures of 33a, 30a, 4b, 6e, and 23b are available. Also, see Table 6.

could represent different states and situations for the
enzyme. For example, the Fe!'"'-X—Cu" oxo- and
hydroxo-bridged complexes could represent enzyme
“resting-state” models or even turnover intermediates
following O—0O cleavage. Cyanide-bridged compounds
may represent species responsible for cyanide poison-
ing.2%* Aside from the development of basic coordina-
tion chemistry of heme—copper complexes as possibly
relevant to enzyme structure and spectroscopy, new
types of compounds are the outcome of such studies.
These may be of interest for their structures, spec-
troscopy, electronic coupling interactions, and acid—
base behavior.

4.2.1. Oxo- and Hydroxo-Bridged Complexes

As discussed, in the past some authors have
proposed an oxide ligand as possibly mediating the

antiferromagnetic coupling in the heme/copper site
for the fully oxidized enzyme.%?21821% This proposal
was consistent with spectroscopic and magnetization
studies on the enzyme and also supported by general
knowledge concerning the coupling between metal
ions known for u-oxo dimetal complexes. Further-
more, the X-ray crystal structure of T. thermophilus
basz—CcO shows an oxo or hydroxo species between
the heme az and Cug sites (a water molecule is also
possible).%0

Just in the past decade, a number of oxo- and
hydroxo-bridged heme—copper complexes have been
synthesized and characterized. The molecular struc-
tures are shown in Figure 13; most of them are
supported by X-ray diffraction on single crystals. All
oxo- and hydroxo-bridged adducts exhibit strong
antiferromagnetic coupling between the two metals.
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Figure 14. Different synthetic routes to generate u-oxo and u-hydroxo heme—copper oxidase models. The ellipse around
the iron represents a porphyrin compound. See text for further discussion.

Synthesis. Syntheses of Fe!''-O—Cu" and Fe'"'—
(OH)—Cu'" adducts following self-assembly strategies
or using binucleating ligands have been carried
employing four different routes.

(1) Equimolar quantities of Cu' complex and (por-
phyrinate)Fe!' are combined in solution followed by
oxygenation at low temperature and subsequent
warming to room temperature (Figure 14). Addition
of a coprecipitation solvent yields the complex as a
solid sample.®? [(FgTPP)Fe—O—Cu(TMPA)]" (4b),%?
[(FsTPP)Fe—O—Cu(MePY2)]" (21b),'*? [(FsTPP)Fe—
O—Cu(LMe2M]*+ (23b),%” [((L)Fe—O—Cu]* (6e),°¢ and
[(°(L)Fe—O—Cu]* (5e)% were successfully synthesized
following this route. For the (FsTPP)Fe/Cu(TMPA)
system, it was proven that a u-peroxo complex is
formed as an intermediate, and this decomposes by
disproportionation to the corresponding u-0xo com-
plex and molecular oxygen.& In general, subsequent
addition of 1 equiv of acid yields the u-hydroxo
product [i.e., [(FsTPP)Fe—(OH)-Cu(TMPA)]?* (4c),2%?
[(FsTPP)Fe—(OH)—Cu(MePY2)]?* (21c),**? [(°L)Fe—
(OH)—CuP** (61)”].

(2) Acid—base reaction of a ligand—Cu'"' complex
and [(P)Fe''"'-0H] yields the u-hydroxo adduct. In the
presence of a base such as triethylamine, the u-0xo
compound is formed [i.e., [(FsTPP)Fe—(O/OH)—Cu-
(MePY2)]™ (21b/21c),**? [((L)Fe—O—Cu]* (6€),%" [(°L)-
Fe—O—Cu]" (5e)"].

(3) Acid—base coupling of an axially labile [(P)-
Fe'"—X] and copper—hydroxo [LCu'(OH)] species
produces the u-hydroxo complex. [(OEP)Fe—(OH)—
Cu(Mesdien)(OCIO3)]* (30a) was prepared by reaction
of 2 equiv of [(OEP)Fe—(OCIO3)] (31a) with 1 equiv
of [(Mesdien)Cu(OH)]2(ClOy,), (32a).2% If this type of
reaction is performed in the presence of a suitable
base, the product is a u-oxo complex; [(OEP)Fe—0O—
Cu(Megtren)]t (33a) was prepared following this
route using [(OEP)Fe—(OCIO3)] (31a), [(Mestren)Cu-
(OH)]* (34a), and lithium 2,6-di(tertbutyl)-4-meth-
ylphenolate as a base.'%°

(4) There is one mention in the literature of a
reaction between a Cu(l) complex and [(TPP)Fe'V-
(O*)(py)] (35) reported to yield a u-oxo complex
(Scheme 15).198 See discussion below in the present
section.

Structural Studies. In general, oxo-bridged bi-
metallic cores of complexes exhibit near-linear Fe—
O—Cu linkages with an Fe-:-Cu distance of 3.57—3.60
A (see Table 6). The metal—oxygen distances are

Chart 2
—_ Cul! Cul! Cull —_—
| “ ~ 145°u<\o
~36A o -/ ~ 155°< OH ~384
L Fell
- Felll Y
32a, 4c¢, 6¢ 24c, 5¢ 33a,4d
- Cull Cull cul Cu!
| / | |
N N _> 147° C C
-sa |l Il Al
C (o] ~ 165° \ N N
—Y [lzelll ,lzem Felll ,!-en
32b, 33b, 33c, 40a 41 334,43 40b

typically short for u-oxo adducts; as one might expect,
the Fe'-O distances are ~0.1 A less than the
Cu"—-0 bond lengths (Table 6). Comparison of Fe—
O—Cu X-ray data with those of the u-oxo dimers
[(OEP)Fe],0,2%° [(TPP)Fe],O, and [(FsTPP)Fe],0%
reveals small differences in Fe—O—M angles, Fe—0O
distances, average Fe—N distances, and Fe—Npjane
deviations (where Fe—Npiane means the distance of
the iron atom from the mean plane of the four pyrrole
nitrogens). The structures are all consistent with the
presence of high-spin Fe(l1l) porphyrinates.??* With
respect to Cu—0O distances, even though there are no
X-ray structural data on u-oxo dimer Cu''-O—Cu"
complexes, the Cu—0O bond distances are in the range
of the values observed for now well-known higher
valent bis-u-oxodicopper(l11) complexes [which origi-
nate from the reaction of {2(ligand—Cu') + O,},
where Cu—0O = 1.80—1.86 A].7

Two exceptions have been reported for the linearity
of the Fe—O—Cu moiety (see Chart 2). One of these
is a recently reported u-oxo compound featuring a
tridentate ligand for Cu, [(FsTPP)Fe—O—Cu(LMe2N)]*+
(23b)?" (see Figure 13). It exhibits an Fe—O—Cu core
that is severely bent (143°) and a shorter Fe---Cu
distance (3.42 A) (Table 6). Whereas linear u-oxo-
bridged dimetal compounds in general feature strong
magnetic coupling,?>3 23b in any case also possesses
this property.®” The other exception to Fe—O—Cu
linearity is exhibited by [(’L)Fe'"'-O—Cu"]* (5e),%”
where 5L is a binucleating ligand that possesses the
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Table 6. Core Structural Parameters (Angstroms or Degrees) for Fe!''-X—Cu'' Complexes (All Are Binuclear
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Complexes, and Oxidation States Are Fe'" and Cu'" unless Otherwise Noted)

bridge (X) compound Fe:-«Cu Fe—X Cu—Y(X) Fe—X—Cu Fe—C—N Cu—N-C ref
0X0 [(OEP)Fe—O—Cu(Mestren)]".MeCN (33a.MeCN) 3.57 1.75 1.83 175 199
[(OEP)Fe—O—Cu(Mestren)]".THF (33a.THF) 358 1.75 1.83 178 199
[(OEP)Fe—O—Cu(Megtren)]* (33a)? 3.58 1.74 1.84 180 229
[(FsTPP)Fe—O—Cu(TMPA)]" (4b) 360 174 1.86 178 92
[(FeTPP)Fe—O—Cu(TMPA)]* (4b)? 355 1.72 1.83 176 202
[(FsTPP)Fe—O—Cu(LMe2N)]*+ (23b) 342 175 1.85 143 87
[(6(L)Fe—O—Cu]" (6e) 3.59 1.75 1.85 171 96
[((L)Fe—O—Cu]* (6e)? 358 1.75 1.84 177 97
[CL)Fe—O—Cu]* (5e)? 340 177 1.84 141 97
hydroxo [(OEP)Fe—(OH)—Cu(Mesdien)(ClO4)]** (30a) 3.80 1.93 1.95 157 201
[(OEP)Fe—(OH)—Cu(Mesdien)(ClO,4)]*" (30a)? 380 1.93 1.99 153 229
[(FsTPP)Fe—(OH)—Cu(TMPA)]2* (4c)? 3.66 1.87 1.89 157 202
cyanide [(py)(OEP)Fe—CN—Cu(Mestren)]?* (33b) 4.94 1.92 1.88 179 174 207
[(py)(OEP)Fe—CN—Cu(Mesdien)(OCMe,)]?*(30c) 4.98 191 1.94 176 173 206
[(py)(OEP)Fe—CN—Cu(Mesdien)(OTf)]*(30b) 4.98 1.90 1.95 177 170 207
[(py)(OEP)Fe—CN—Cu(bnpy,)(OTf)]" (37a) 494 186 2.02 176 163 206
[(py)(OEP)Fe—CN—Cu(TMPA)]?* (38a) 4.96 191 191 174 175 204
[(py)(FsTPP)Fe—CN—Cu(TMPA)]?* (4d) 1.90 1.95 175 164 203
[(py)(OEP)Fe—CN—Cu(TIM)]>" (39) 5.02 191 2.17 179 147 206
[(py)(OEP)Fe—CN—Cu(cyclops)]* (40) 5.11 1.92 2.13 179 160 206
(OEP)Fe—[CN—Cu(Mestren)], (33c) 4.99 1.94 1.94 173 172 207
trinuclear complex
(FeTPP)Fe—[CN—Cu(TMPA)]; (4€e) 5.03 1.98 1.92 177 175 203
trinuclear complex
495 198 1.89 173 168
[{ (py)(OEP)Fe—CN},—Cu(cyclam)]?* (42) 515 191 245 177 140 206
trinuclear complex
[(OEP)Fe—NC—Cu'(Mesdien)]* (30d) 490 2.00 1.86 165 169 206
[(OEP)Fe—NC—Cu'(MeNpy,)]* (41) 495  2.00 1.87 162 177 204
[(OEP—CH,CN)Fe""—NC—Cu'(TMPA)]* (38b) 505 203 187 176 175 204
carboxylate [(OEP)Fe—(0,CH)—Cu(Mesdien)(CIO4)]" (33€e) 5.86 1.97 1.98 208
[(OEP)Fe—(OAc)—Cu(Mesdien)]?t (33f) 4.43 1.96 1.94 208
[(DPA-Por)zn"—(OAc)—zn"(Cl)] (45)° 4.6 2.14 1.99 230
(OEP)Fe—[(O,CH)—Cu(Mestren)], (33d) 542 210 1.92 208
trinuclear complex
fluoride [(OEP)Fe—F—Cu(bnpy.)(OCIO3)]* (39b) 3.96 1.87 2.10 172 210
[(OEP)Fe—F—Cu(bnpy,)(MeCN)]* (39c) 405 186 2.22 166 210
chloride [(H20)(P)Fe—CI—Cu(N4)]*" (1e) 4.9 2.55 2.41 211
sulfur [(THF)(TPP)Fe—Cu(mnt),]— (47) 394 241 2.31 113 213
[{(p-CI,TPP)Fe}.—Cu(MNT) 2] — (48) 3.83 248 2.25 108 231
trinuclear complex
imidazolate (TPP)Fe—{Cu(Im)}. (52) 1.98 1.98 232

trinuclear complex

a parameters determined by XAS methods. ® Dizinc(l1) complex, (porphyrin)Zn—0, and (non-porphyrin)Zn—0O distances are

shown in Fe—X and Cu—Y(X) columns, respectively.

TMPA moiety covalently tethered to the periphery
of the FgTPP?~ porphyrinate (Figure 13). The Fe—
O—Cu unit is severely contorted (141 + 6°, from
EXAFS studies), and the Fe---Cu separation is short
(3.40 A). It is noteworthy that the tethered close
structural analogue [((L)Fe"'-O—Cu"]" (6e), which
differs only in the position of the porphyrin—TMPA
linkage (6-pyridyl instead of 5-pyridyl) (see Figure
13), presents an almost linear Fe—O—Cu moiety.%%7
This demonstrates that small variations in the lig-
and architecture can produce significant structural
changes.

Comparison between the structural properties of
the u-oxo and u-hydroxo compounds reveals distinc-
tive trends (see Chart 2). On going from Fe!''-O—
Cu'" to Fe'"—(OH)—Cu", the Fe—0O bond distances
lengthen considerably, from ~1.74 to 1.90 A (these
distances are average values from all of the reported

structures, see Table 6). The corresponding Cu—0O
distances also increase from 1.84 to 1.92 A (average
values), and they compare well to several X-ray
crystal structures on Cu''—(OH)—Cu'' complexes, in
which Cu""—OH distances are in the range of 1.85—
1.96 A 222227 Also, they compare closely to the value
found in the mononuclear complex [Cu(Megtren)-
(OH)]* (34a) (1.88 A).1%° The M—O distance incre-
ments (comparing u-oxo and u-hydroxo adducts) are
attributed to a diminution of oxygen atom anionic
charge (from 2— to 1-). However, in the case of Fe—0O
distances, an added dominant contributing feature
to bond lengthening is the implicit loss of some O-to-
Fe z-bonding, according to the requirements of re-
hybridization about O [from the implicit “sp” of linear
Fe—O—Cu, toward “sp®” in bent Fe—(OH)—Cu].?%?
The detailed nature of bonding and electronic struc-
ture in those complexes with highly bent Fe—O—Cu
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Table 7. Mossbauer Data Obtained for Some Fe—O—Cu, Fe—(OH)—Cu, and Fe—(0O,CR)—Cu Heme—Copper Oxidase

Model Complexes and for Some Enzymes

complex AEg, mm/s 0, mm/s Dge, cm™? ref
[(FsTPP)Fe—O—Cu(TMPA)]* (4b) -1.26 0.46 45 92
[(OEP)Fe—0O—Cu(Mestren)]* (33a) -1.18 0.48 4.1 233
[(FsTPP)Fe—(OH)—Cu(TMPA)]* (4c) 0.71 0.39 234
[(OEP)Fe—(OH)—Cu(Mesdien)(ClO,4)]* (30a) 1.05 0.41 13.2 233
beef heart CcO 1.0 0.48 184
T. thermophilus CcO 1.3 0.41 ~3 (sc), 8 (wc)? 185
[(py)(TPP)Fe—O—Cu(L)]* (36a) 2.06 0.23 198
[(OEP)Fe—(0,CH)] (31c) 0.95 0.41 7.6 233
[(OEP)Fe—(0,CH)—Cu(Mesdien)(ClO4)]* (30e) 1.56 0.41 17 233
[(TPP)Fe—Cu(aibs)] (44) 1.04 0.51 209

asc = strong coupling; wc = weak coupling.

moiety, [(FsTPP)Fe—O—Cu(LMe2V)]* (23b) and [(°L)-
Fe—O—Cu]* (5e), yet still possessing very short
metal—0O bonds, requires future elucidation.

The structural properties of u-hydroxo compounds
compare well with those observed for an enzyme
preparation from the quinol oxidase aas-600 from B.
subtilis.??® A detailed EXAFS and ENDOR investiga-
tion of the Cug site of the isolated enzyme was carried
out by preparing three different samples: (i) by
standard procedures, (ii) with precautions to elimi-
nate chloride (to avoid possible contamination), and
(iii) at high pH (8.8) where the Fe—Cu magnetic
coupling is broken and leads to observable EPR
signals from Fe,3 and Cug. The results supported a
Cusg coordination of three histidines and one O-donor
ligand carrying an exchangeable proton or protons
such as water or hydroxide. The best fit for the three
N(imidazole)/one O(hydroxyl) structure required a
Cu—0O(hydroxyl) bond distance of 1.90 + 0.02 A,
closely resembling the Cu—0O bond length found for
u-hydroxo model compounds discussed above (see
Table 6). In addition, no intense outer-shell scattering
is observed in the Fourier transform Cug EXAFS, in
the same way that it was noted for u-hydroxo heme—
copper complexes.?9222° However, Fe---Cu distances
in these u-hydroxo compounds (3.7—3.8 A, Table 6)
are short in comparison to the heme az---Cug dis-
tances found in the X-ray crystal structures of
oxidized heme—copper oxidases (4.4—4.9 A, see Table
5). Thus, an OH~ ligand only coordinated to Cug
rather than bridging the Fe,; and Cug is a more
plausible formulation for an “as-isolated” structure
of this quinol oxidase.

These hemeas ++Cug distances (4.4—4.9 A) are also
significantly longer than those found in the u-oxo
synthetic models (3.4—3.6 A, Table 6). However, in
the crystal structure report of the baz—CcO from T.
thermophilus, the authors’ proposal was that electron
density ascribed to an oxygen atom located between
the heme a; and Cug sites could be a u-oxo or a
u-hydroxo species (or also a water molecule).3° How-
ever, the oxygen atom is at a distance of 2.3 A from
each of the two metals, which is long to be considered
a metal—oxygen coordination bond, certainly for an
oxide or hydroxide molecule. Indeed, metal—oxo and
metal—hydroxo distances are not longer than 2.0 A
in Fe''"-O(H)—Cu'' compounds (Table 6). Of course,
protein X-ray structure derived metal—ligand bond
lengths may be somewhat in error, due to the

resolution of the experiment (2.4 A here). Neverthe-
less, with the metal—0O distance reported, and the
more accurate Fe---Cu distances observed (i.e., 4.4
A, the shortest of any enzyme structure, Table 5), it
is clearly not possible for an oxide or hydroxide ligand
to bridge with true metal bonding, according to
known inorganic (coordination) chemistry.

By EXAFS studies, linear Fe—O—Cu model com-
plexes exhibit strong multiple scattering at both Fe
and Cu K-edges, because of the near-linear three-
atom arrangement.?222° This typical feature has not
yet been observed in any EXAFS study made on
heme—copper oxidases.

Mdssbauer Spectroscopy and Magnetization
Studies. Mossbauer spectroscopy has been used to
characterize the ground-state electronic structure of
Fe—0O—Cu and Fe—(OH)—Cu complexes. The data
unambiguously indicate that iron is high-spin ferric
Ske= 5/, for all cases, except u-oxo complex 36a (see
below). Isomer shifts (J) are higher for u-oxo than for
u-hydroxo complexes (Table 7), reflecting a more
electron-rich bridging ligand for the u-oxo compounds.
The sign of quadrupole splitting (AEg) for oxo-bridged
species is negative, opposite that observed for the
hydroxo-bridged species, and the zero-field splitting
(Dre) for [(OEP)Fe—(OH)—Cu(Mesdien)(CIO4)]* (30a)
is significantly greater than those of u-oxo com-
pounds. Despite the fact these comparisons are made
from only a few compounds (Table 7), it would appear
that oxo- and hydroxo-bridged compounds are dis-
tinguishable by their Méssbauer data.?®

As is noted above (section 4.1), Mossbauer spec-
troscopy has also been applied to the study of the
coupled heme a3z—Cug site in cytochrome c oxidase,
and spectral properties similar to that of the reported
model complexes were observed. Mdssbauer isomer
shift (6) and zero-field splitting (Dre) parameters for
[(FsTPP)Fe—O—Cu(TMPA)]* (4b), [(OEP)Fe—O—Cu-
(Megtren)]* (33a), and [(OEP)Fe—(OH)—Cu(Mesdien)-
(CIOg]* (30a) compare well with those observed for
the ferric heme a; of beef heart® and cjaa; T.
thermophilus!® heme—copper oxidases (see Table 7).
The quadrupole splitting (AEg) values also compare
in an absolute sense, but only the u-OH~ complexes
compare in the positive sign for AEq (Table 7). For
the case of T. thermophilus, the coupling between
heme a3z and the Cug was found to be antiferromag-
netic, and the Mdssbauer spectra were satisfactorily
simulated using either a weak or a strong coupling
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Table 8. Magnetic Moment (ues, #s) and Coupling
Constant (J, cm™) for u-Oxo and p-Hydroxo Model
Complexes of Heme—Copper Oxidases

complex et —J ref

[(FsTPP)Fe—O—Cu(TMPA)]" (4b) 5.1 174 92
[(OEP)Fe—O—Cu(Mestren)]* (33a) 5.03 =200 233
[(FsTPP)Fe—O—Cu(MePY2)]" (21b) 5.15 112
[(6L)Fe—O—Cu]" (6€) 5.0 >200 97,234
[CL)Fe—O—Cu]" (5e) 4.9 97
[(FsTPP)Fe—(OH)—Cu(TMPA)]*" (4c) 5.5 144 202, 234
[(FsTPP)Fe—(OH)—Cu(MePY2)]?+ (21c) 5.6 112
[(OEP)Fe—(OH)—Cu(Mesdien)(ClO.)]* 170 201

(30a)
[(py)(TPP)Fe—O—Cu(imidH,-DAP)]*  4.23 198

(36a)

scheme. In the weak coupling scheme (|J| ~ 1 cm™3),
the Dge was determined to be 8 cm™2, whereas a value
of ~3 cm~! was found for the strong coupling scheme
(131 > 10 cm™1). Unfortunately, saturation magneti-
zation measurements were not available to determine
the strength of the exchange coupling. However, the
observed Dg. value for the u-oxo synthetic model
complexes is small and comparable to that deter-
mined for the strong coupling situation, indicating
that it would be possible for a strongly coupled
heme—Cu system to have a small value for Dg..
However, all of these discussions and interpretations
remain somewhat unclear, as we have noted above
that structural considerations would suggest that
u-0x0 bridging in heme—copper oxidase active sites
is unlikely.

For most complexes, room temperature magnetic
moments have been determined, whereas more de-
tailed variable temperature magnetic studies have
been carried out for [(FsTPP)Fe—O—Cu(TMPA)]*
(4b),%? [(OEP)Fe—O—Cu(Megtren)]™ (33a),2%% and the
hydroxo-bridged [(OEP)Fe—(OH)—Cu(Mesdien)(CIO,)]*
(30a)?3 (Table 8). The results indicate strong anti-
ferromagnetic coupling between the ferric and cupric
sites, yielding an S = 2 ground state for all com-
plexes. The magnitude of the exchange coupling
found for all solids occurs in the interval of 140 to
>200 cm™! [based on a Hamiltonian for antiferro-
magnetic coupling (—JS;-S,)] (see Table 8).

Although multifield saturation magnetization stud-
ies for the u-hydroxo complexes [(FsTPP)Fe—(OH)—
Cu(TMPA)J?" (4c) and [(FsTPP)Fe—(OH)—Cu(Me-
PY2)]?* (21c) have not been reported, ue could be
determined by the Evans NMR method, giving values
of 5.5 and 5.6 ug, respectively.'2292 Thus, the implicit
antiferromagnetic coupling in [(FsTPP)Fe—X—Cu-
(L)@ seems to be of lesser magnitude for X = OH~
versus X = 0?7, although both bridging assemblies
are considered to be of strong coupling. This conclu-
sion is also supported by a recent variable temper-
ature magnetic study on [(FsTPP)Fe—(OH)—Cu-
(TMPA)J?* (4c) in which a J value of —144 cm~* was
found.?34

A different ground-state electronic description has
been described for the u-oxo compound [(py)(TPP)-
Fe—O—Cu(L)]* (36a), which is synthesized according
to the interesting method shown in Scheme 15.
Variable temperature magnetic studies and Moss-
bauer measurements (Table 7) indicate strong anti-
ferromagnetic coupling between Fe''' (S = 3/,) and
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Scheme 15
imidHx-DAP

Ly
=L L

[(TPP)FeV(O%)(py)]

o (ImIde-DAP)Cu" N

[(py)(TPP)Fe"- O~Cu"(lmldH2 -DAP)J*
(36a)

Cu' (S = 1/,) to give an S = 1 ground state.'®® The
complex formulation has not been confirmed by
single-crystal X-ray diffraction, but by comparison to
all of the other u-oxo heme—Cu complexes now
known, the presence of a pyridine (as axial ligand?)
may be making the difference.

NMR Spectroscopy. This is a versatile technique
to elucidate the spin and oxidation state of the metal
in iron—porphyrinate complexes.?®-237 Pyrrole proton
NMR signals are diagnostic in gauging the extent of
magnetic interactions because a wide range of chemi-
cal shifts are exhibited in accordance with the iron
ion’s oxidation and spin state.

Low-spin Fe(lll) porphyrins generally exhibit a
pyrrole signal around —20 ppm [e.g., [(py)(FsTPP)-
Fe'"'(CN)] (3d), —19.6 ppm],2°® whereas axially sym-
metric five-coordinate high-spin Fe(lll) porphyrins
[e.g., (TPP)Fe—CI] show a pyrrole signal at ~80
ppm.2%8 [(FgTPP)Fe—O—Cu(TMPA)]" (4b) and [(Fs-
TPP)Fe—O—Cu(MePY2)]" (21b) exhibit pyrrole sig-
nals at 65 and 67.7 ppm, respectively.?3623 The
upfield-shifted signal observed for the u-oxo com-
pounds with respect to the high-spin Fe(l11) porphy-
rins is consistent with reduction in the net paramag-
netism, due to the antiferromagnetic coupling between
the high-spin iron(l11) (S = %) and copper(ll) (S =
1/,), which yields an S = 2 electronic ground state.?3¢
The possibility of intermediate spin (S = %/,) mixing
for Fe(lll) (as has been found for (TPP)Fe—ClIlQ,,
which has weak axial ligand) is ruled out on the basis
of the above-discussed structural parameters, Mdss-
bauer spectroscopy, and magnetization data. The
downfield shifting to ~70 ppm observed in the
u-hydroxo complexes [(FsTPP)Fe—(OH)—Cu(TMPA)J?*
(4c) and [(FsTPP)Fe—(OH)—Cu(MePY2)]?t (21c) sug-
gests somewhat weaker coupling in these species, in
agreement with the magnetic data (vide supra).?36.23°

Although *H NMR spectra of mononuclear Cu(ll)
complexes are typically precluded because of slow
electronic relaxation (rs = 107° s) with consequent
broad usually unobservable bands, antiferromagnetic
coupling to Fe(lll) promotes enhancement of the
electron relaxation rate at the Cu(ll) site.®® This
results in sharper bands such that the Cu(ll) ligand
protons become observable. Furthermore, these Cu-
(I)—ligand protons become upfield-shifted at lower
temperatures, owing to the increased population of
the S = 1 ground state. Thus, the above-mentioned
u-0xo and u-hydroxo complexes offer excellent ex-
amples of heterobinuclear S = 2 copper-containing
complexes that, due to their inherent strong coupling,
illustrate the upfield- and downfield-shifted peak
“signature”?* over an unprecedently large chemical
shift range.
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[(Fe-TPP)Fe'!-0-Cu"l* (4b)
/Fe-O-Cu=178° Fe..Cu=358A

[(eL)Fe"-0-Cu"T* (6e)
£Fe-O-Cu=171° Fe..Cu=358A

[(CL)Fe'-0-Cu'}* (5e)
£Fe-O-Cu=141° Fe..Cu=3.40A

CHLCN | H*(OTF)

[(Fe-TPP)Fe''-OH-Cu'"]* (4c)

Protonation gives p-OH" complex
8 (pyrrole) ~ 69 ppm; upfield Py H's

CHLCN | H*(OTF)

[(CL)Fe"-OH-Cu'* (6f)

Protonation gives p-OH™ complex
3 (pyrrole) ~ 72,76 ppm; upfield Py H's

CH4CN | H*(OTF)

[CL)Fe"-OH ... TfO-Cu'l]*

Protonation breaks p-oxo bridge
PFe"-OH, 8pyrmote) ~ 80 ppm

Morpholinium triflate (pKa = 16.6)
no protonation

N-methyimorpholinium triflate

Both Acids Effect p-Oxo Protonation
A (pKa) ~ 1

Both Acids Cause
Bridge-Breaking

Kim et al.

(pKa = 15.6)

Figure 15. Binucleating ligands influence protonation of [(L)Fe'"'-O—Cu"]*. Complexes [(FsTPP)Fe—O—Cu(TMPA)]*
(4b) can be protonated by N-methylmorpholinium triflate (pK, = 15.6 in MeCN) but not by morpholinium triflate, giving
a u-hydroxo complex [(FsTPP)Fe—(OH)—Cu(TMPA)]?* (4c).2%2 However, both acids protonate [(sL)Fe'''-O—Cu'']* (6e) to
give [((L)Fe'''—(OH)—Cu'"]?* (6f), indicating that 6e is about 1 pK, unit more basic than is 4b. [(°L)Fe!"-O—Cu'""]?* (5e),
with a more bent Fe—O—Cu moiety, appears to be even easier to protonate, but a pK, value could not be determined
because the protonation is irreversible, leading to bridge breaking.®’

Acid—Base Properties of Fe''"-O(H)—Cu"
Heme—Copper Complexes. Protonation of u-oxo
iron—copper compounds is of possible importance in
heme—copper oxidase function, because protons ei-
ther are taken up to produce water from O, (scalar
protons) or are translocated through cell membranes
(vectorial protons).l®” Reversible acid—base equilib-
rium of u-oxo and u-hydroxo groups has been proven
by 'H NMR and UV-uvis titration for the systems
[(FeTPP)Fe—O(H)—Cu(TMPA)]*" (4b/4c),?°? [(5L)-
Fe—O(H)—Cu]™@" (6e/6f),°” and [(FsTPP)Fe—O(H)—
Cu(MePY2)]H (21b/21c).2? Titrations with various
acids having established acid/base properties in ac-
etonitrile were carried out to determine pK, values
for these u-hydroxo compounds (see Figure 15). The
Fe!''—(OH)—Cu'" complexes are unstable in water, as
they hydrolyze and break, affording mononuclear
products, including (P)Fe'"'—(OH) species. Literature
citations?®*! suggest that one can estimate an aqueous
pKa, being 7.5 + 1 pK; units lower than that in
acetonitrile. From this approach, the aqueous pK, ~
8 £ 2.5 for [(FsTPP)Fe—(OH)—Cu(TMPA)]J?* (4c),2%?
pKa ~ 9 for [((L)Fe—(OH)—Cu]* (6f),°” and pKa, ~
9.6 & 2 for [(FsTPP)Fe—(OH)—Cu(MePY2)]?" (21c)**?
were determined. Thus, from the complementary
perspective, the u-oxo moiety in all of the Fe'"'-O—
Cu'"' adducts investigated is quite basic, and this
finding contrasts with the lower basicity shown for
other known u-oxo Fe, Mn, and Ru complexes.?41-243
This relatively high basicity may be explained by the
presence of the copper(ll) ion, which is a metal with
lower oxidation state and therefore decreased Lewis

acidity (in comparison to Fe, Mn, and Ru in those
complexes).

The protonation process has been monitored by 'H
NMR spectroscopy for [(FsTPP)Fe—O—Cu(TMPA)]**
(4b) and [(FsTPP)Fe—O—Cu(MePY2)]** (21b), and an
interesting phenomenon has been observed. When a
u-0xo adduct solution is titrated with small amounts
of acid (<1 equiv), two distinctive sets of resonances
(i.e., the pyrrole and/or the m- and p-phenyl hydro-
gens) are observed, one set from the u-oxo compound
and the other from its conjugate acid, rather than a
single averaged peak.?°22% This phenomenon is plau-
sible because the exchange process is slow on the
NMR scale. Such (relatively) slow protonation reac-
tions, also confirmed in stopped-flow kinetic stud-
ies,?** have also been observed in other oxo-bridged
metal ion species, for example, bis(u-oxo)—diman-
ganese(l11)?*> and (u-oxo)—diiron(I11) complexes, in-
cluding for (OEP)Fe'''-O—Fe!"'(OEP).?** Protonation
usually results in bending of the previously near-
linear M—O—M'’ core (see Chart 2). The required
rehybridization around the u-oxo atom to yield a
u-hydroxo product and concomitant structural rear-
rangement are generally seen to be the causes for
the relatively slow proton-transfer reactions.?*

The demonstration here of slow protonation of
u-0xo0 heme—0O—Cu assemblies possibly could extend
to putative protonation of heme—peroxo, heme—
hydoperoxo, or heme—0,(H)—Cu enzyme intermedi-
ates. This has been discussed*®¢ in the context of
the enzymatic catalytic cycle; slow protonation may
provide for the accumulation of certain intermediates
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during turnover, allowing coupling of proton trans-
location chemistry.

4.2.2. Cyanide-Bridged Complexes

The lethal toxicity of cyanide has been traced to
rapid and irreversible binding to CcO at the binuclear
site, at which point it terminates the reduction of
dioxygen to water catalyzed by this enzyme.?*¢ This
has led to extensive thermodynamic and Kinetic
cyanide binding studies.?*’724% It is accepted that
cyanide binds very slowly to the oxidized enzyme but
rapidly and with high affinity to partially reduced
forms. The number of electrons the enzyme must
accept before cyanide may bind rapidly and the
location of these within the set of redox sites available
(Cua, cytochrome a, Cug, and cytochrome ag) remains,
however, under discussion.?°

The mode of cyanide binding to the binuclear site
heme az;—Cusg is also under debate.?>* The location
of cyanide as a bridge connecting Cug and heme a3
has become more acceptable, based in part on the
observation that cyanide converts cytochrome az from
the high-spin to the low-spin state and substantially
modifies the magnetic coupling to Cug.?5* However,
proposals including terminal metal binding (heme or
Cug) also exist.?52253 Structural propositions have
been based largely on the position and intensity of
cyanide stretching frequencies vcy (see discussion
below).

Efforts to provide a molecular basis for cyanide
toxicity have also come from synthetic chemists
devoted to modeling such enzyme—inhibitor com-
plexes. These synthetic efforts and studies, largely
due to Holm and co-workers, have afforded a data-
base of bridged structures in which the structural
parameters show correlation to the vcy.2%

Synthesis. Synthetic model complexes for the
heme—Cu cyanide adduct with fully oxidized bridged
Fe'"—CN-—Cu'"" moiety and for the reduced forms,
Fe!'"-NC—Cu' and Fe'"-NC—Cu', have been synthe-
sized. Examples are shown in Figure 16. Most of
these derive following self-assembly strategies, and
they were derived starting from the iron—cyanide
heme complex [(B)(P)Fe"'(CN)] (B = py or 1-Melm)
by reaction with the appropriate Cu(l,Il) com-
plex.204.206.207 The jron—cyanide precursor was pre-
pared in all cases from the corresponding x-oxo dimer
[(P)Fe'],0 and trimethylsilyl cyanide in the presence
of base.?® The formation of the cyanide-bridged
adducts proceeds by substitution of a labile ligand
(water, acetonitrile, acetone, triflate) from the copper
complex, by the free N terminus of the (P)Fe—CN
precursor.

There is only one reported Fe'''-CN—Cu'' complex
generated using a binucleating ligand, although the
molecular structure could not be proven by X-ray
crystallography.?% It consists of a “picket-fence” heme
with four nicotinamido groups positioned above the
same face (1d, Figure 16). The synthesis for this
u-cyanide complex was carried out in the manner
described above, with the Fe!""CN moiety formed
first, followed by addition of a copper(ll) salt.
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The use of a mononuclear cyanide—copper(ll) com-
plex instead of a cyanide—iron species as a precursor
affords highly interesting but not biologically relevant
trinuclear species Cu'""NC—Fe!""CN—Cu" (Figure
17)_203,207

Structural Studies. Largely due to the relatively
recent work from the R. H. Holm laboratories, many
Fe—(CN)—Cu complexes have been described and
their X-ray crystal structures determined. Cyano
(M—CN) versus isocyano (M—NC) bonding has been
differentiated only by means of X-ray crystal struc-
ture refinement. Structural parameters for com-
pounds are provided in Table 6.

In considering linkage isomerism and the metal
center oxidation states, three different bridge as-
semblies are recognized in u-cyanide heme—copper
complexes:?%4

(i) [Fe""-CN—Cu'"]. Most complexes belong to this
category (Figure 16). In all binuclear complexes,
structure refinement indicates that the carbon atom
of the cyanide group is iron-bound. The bonding
parameters of the heme fragment are consistent only
with a low-spin iron(lll) configuration.??! Further-
more, they are essentially congruent with those of
the heme fragment precursor [(py)(OEP)Fe"'(CN)]
(31b)?%5 (with the exception that in the heme—copper
complex, the iron is just out of the porphyrinate plane
toward the cyanide ligand, whereas the opposite is
true for the iron-only complex).2%

The cyanide-bridging ligand is bound to copper by
the N atom with Cu—Ncy distances ranging from
1.88 to 2.17 A. The Fe—C—N angles are essentially
linear throughout; however, Cu—N—C angles vary
significantly (175—147°, Chart 2). Hodgson et al.
demonstrated that it is possible to differentiate a
linear and a bent four-body geometry (Fe—C—N-—Cu)
by XAS spectroscopy (using GNXAS analysis), due
to different multiple-scattering effects.?*® Signifi-
cantly, there is a trend of decreasing Cu—N—C angle
with increasing Cu—NC bond length.?% In general,
there is no large structural change in the Cu''-CN
fragments when known mononuclear Cu—CN species
are compared with the corresponding Fe'"-CN—-Cu"
complex.?%* The reported cyanide-bridged complexes
exhibit a varied stereochemistry on the Cu fragment,
from trigonal bipyramidal [e.g., [(py)(OEP)Fe—CN-—
Cu(Megtren)]?>* (33b)] to distorted square pyramidal
[e.g., [(py)(OEP)Fe—CN—Cu(Mesdien)(OSO,CF3)]**
(30b)].

(ii) [Fe'"=NC—Cu']. Two complexes featuring this
moiety with reduced copper ion have been synthe-
sized: [(OEP)Fe'"-NC-Cu'(Mesdien)]™ (30d) and
[(OEP)Fe'"-NC—Cu'(MeNpy2)]*" (41) (Figure 16).2%
They are composed of a five-coordinate iron—porphy-
rinate, a nonlinear bridge (see Chart 2), and an
irregular Cu(l) fragment. The mean Fe—N,; bond
lengths (2.04 and 2.05 A, respectively) and displace-
ment of the iron atom from the porphyrin mean plane
(0.34 and 0.38 A, respectively)204206 gre consistent
with high-spin iron(ll1) species.??* This particular
Fe—N—C—Cu linkage isomer is preferable from X-ray
refinement;?** remarkably, cyanide inverts its se-
guence with respect to the first configuration [i.e.,
in ()] in which copper presents a 2+ oxidation state.
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[(py)(OEP)Fe!'-CN-Cu''(Mesdien)(L)]™ L

= (OSO,CF3)' (30b) L = (Me,CO) (30¢c)

[(py)(OEP)Fe"-CN-Cu'(bnpy,)(OTH]'* (37a) [(py)(OEP)Fe"-CN-Cu'(TMPA)I?* (38a)  [(py)(FsTPP)Fe'-CN-Cu'(TMPA)]>* (4d)

[(py)(OEP)Fe!"-CN-Cu'(TIM)[2* X=(CHy); (39) (PIFON-CUNE* (1d)

[(py)(OEP)Fe'"-CN-Cu'(cyclops)]?* X=0BF,0 (40) \ X

I\'/Ie
oo U oo
/N\'CU/N\ \/N\CI:U/N\

[(OEP)Fe!-NC-Cu'(Mesdien)]* (30d) [(py)(OEP)Fe"-NC-Cu'(MeNpy,)I* (41) [(OEP-CH,CN)Fe'-NC-Cu(TMPA)]* (38b)

Figure 16. Binuclear cyanide-bridged heme—copper model complexes: 33b,2°7 30b,27 30c¢,2% 37a,2% 38a,2%* 4d,20% 39,206
40,206 1d,205 30d,206 41,204 38b.294 All structural formulas are supported by X-ray crystallography with the exception of 1d.

It is notable that synthesis of these unique complexes the synthesis involves a linkage isomer transforma-
starts with a carbon-bound Fe'"'-CN moiety; thus, tion.
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[(OEP)Fe!"-{CN-Cu''(Megtren)},]** (33c)

—|3+

[(OEP)Fe!"-{(O,CH)-Cu'(Megtren)},]** (33d)

N N=
9

[(FeTPP)Fe'-{CN-CU"(TMPA)},]** (4e)

o

®
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[{(py)(OEP)Fe"-CNj,-Cu'(cyclam)]?+ (42)

[{(p-Cl,TPP)Fe},-Cu'(MNT),]~ (48)

[(TPP)Fe-{Cu"(Im)}o]* (52)

Figure 17. Trinuclear cyanide-, formate-, imidazolate-, and sulfur-bridged heme—copper model complexes: 33c,?%7 4e,203
42,206 33d,208 52,232 48,231 All structural formulas are supported by X-ray crystallography.

(iii) [Fe'"-NC—Cu']. Only one compound has been
reported featuring this bridge assembly, [([OEP—CH.-
CN)Fe'"-NC—-Cu(TMPA)]* (38b) (Holm and co-
workers employ the notation Npys; to refer to the
TMPA ligand).?®* The complex contains a five-
coordinate N-alkylated iron(l1) porphyrinate and an
irregular three-coordinate Cu'(TMPA) fragment with
one unbound pyridyl group (Figure 16). Here also,
the Fe—N—-C—Cu atom sequence is the preferred
structural assignment, from X-ray refinement. On
the basis of the well-known heme stereochemistry
structural effects due to metal ion spin-state and
radius, the complex is concluded to possess a high-
spin porphyrinate—iron(ll) fragment.2%

From the data observed for the large series of
model complexes, Holm and co-workers have been
able to generalize structural/isomerism relationships.
For Fe'"-X—Y—Cu, if the angle involving the iron
atom is very close to or within the range of 175—180°

and the angle involving the copper atom is not, then
the bridge is most likely Fe—C—N-—Cu. If the con-
verse is true, the bridge is probably Fe—N—C—Cu, a
situation that is common for copper(l)—cyanide com-
plexes.?04

Mussbauer Spectroscopy and Magnetization
Studies. The u-cyanide complex [(py)(OEP)Fe—CN—
Cu(Megtren)]?>" (33b) (Figure 16) was characterized
by Mossbauer spectroscopy.?®* The zero-field spec-
trum at 4.2 K consists of a doublet with AEq = 1.23-
(2) mm/s (1.07 mm/s at 200 K) and dg. = 0.22(2) mm/
s. These data are similar to those of the heme
precursor [(py)(OEP)Fe(CN)] (31b) (see Table 9). The
complex is concluded to possess an integer spin, S =
1, with u-cyanide-mediated ferromagnetic coupling
between low-spin iron(l11) and copper(ll). Supporting
evidence includes the observation of a quadrupole
doublet in applied fields <0.1 T for frozen solutions
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Table 9. Mtssbauer Data Obtained for Some
Fe—(CN)—Cu Complexes and Cyanide—Enzymes

AEg, 9,
complex mm/s mm/s ref
[(py)(OEP)Fe(CN)] (31b) 133 0.23 254
[(py)(OEP)Fe—CN—Cu(Megtren)]?* (33b) 1.23 0.22 254
[(P)Fe—CN—Cu(N4)]?* (1d) 1.87 0.24 205
CN—CcO from beef heart 1.13 0.26 184
CN—CcO from T. thermophilus 1.25 0.28 185

as well as polycrystalline samples and compound
EPR silence.?*

The Mdssbauer data found for the Gunter/Murray
compound [(P)Fe—CN—Cu(Ny4)]?>" (1d), the very first
well-characterized (but not by X-ray) heme—cyanide—
copper enzyme model complex, are also typical for
low-spin Fe'"-CN complexes (see Table 9).2° The
bulk magnetic susceptibility, EPR and Mdssbauer
data were interpreted in terms of a weak ferromag-
netic coupling (J = 0.25 cm™3).

A comparison of AEq and Jg. vValues for all of these
model compounds and the cyanide-treated enzyme
derivatives is given in Table 9. The data clearly
reveal that these are excellent synthetic models,
which very well mimic the cyanide-treated enzymes.

Infrared Spectroscopy. Infrared and Raman
spectroscopies are powerful techniques useful in
characterizing inorganic complexes, especially those
possessing ligands with distinctive vibrational prop-
erties. Thus, structural propositions concerning
cyanide derivatives of heme—copper oxidases have
been based largely on the position and intensity of
cyanide stretching (vcn) and metal—cyanide vibra-
tions (vm-ccny and dm—c—ny), in particular for bovine
heart CcO?53257-259 and several bacterial ubiquinol
Oxidases_258,260,261

Caughey and Yoshikawa concluded that in oxidized
CN-—CcO, cyanide is coordinated to copper(ll) (ven =
2151 cm™?) but not as a bridging ligand.?>® The same
authors reported that the IR band at 2058 cm~* found

Kim et al.

for the fully reduced enzyme is due to an Fe,3—CN
moiety. In contrast, the feature at 2151 cm™* for the
fully oxidized form has been assigned to the Fe'''—
CN unit whose nitrogen end is perturbed by hydrogen
bonding.?®® Kitagawa and co-workers carried out a
comparative study on the multiple CN-isotope-sensi-
tive Raman spectra of CN~ adducts of hemoglobin
(Hb), myoglobin (Mb), and CcO.?" Thus, they as-
signed the vge_cn at 478 cm™! (452 cm™* for Hb and
Mb) and the vcy at 2150 cm™? (2122 and 2126 cm™?
for Hb and Mb, respectively) for CcO. The higher
frequencies observed for the oxidase were attributed
to the presence of a close-by copper, although they
do not propose a cyanide-bridged situation.

The existence of structurally proven Fe—(CN), Cu—
(CN), and Fe—(CN)—Cu entities in well-characterized
coordination compounds represents important sup-
port in assessing the presence or absence of these
molecular arrangements in the enzyme. Infrared data
are also available for several linear and nonlinear
cyanide-bridged model complexes containing the unit
Fe'"'-CN—Cu". Two examples have been reported for
the reduced bridge Fe!'""-NC—Cu' and only one for a
fully reduced Fe''-NC—Cu' species. Table 10 shows
ven data for free cyanide, copper—cyanide complexes,
an iron—cyanide complex, bridged assemblies, and
cyanide—oxidases in different oxidation states. These
IR data were obtained in solution; small differences
compared to solid sample data (not provided in Table
10) indicate that bridged structures of model com-
plexes are maintained in solution.?%*

Oxidized Centers. [(py)(OEP)Fe(CN)] (31b) ex-
hibits a vey = 2121 cm™1, where the cyanide group is
bound to iron(111) through the carbon atom.?%* Liga-
tion of copper(ll) to the nitrogen end of cyanide in
the linear bridged assemblies [(py)(OEP)Fe—CN—Cu-
(Megtren)]?* (33b) and [(py)(OEP)Fe—CN—Cu(TM-
PA)J?* (38a) raises vcy by ~50—60 cm™ (see Table
10). This increase is attributed to electron donation

Table 10. Cyanide Stretching Frequencies Found in Cyanide Oxidases and in Model Complexes (All IR Data Are

in Solution unless Otherwise Noted)

group/bridge compound/enzyme ven, Mt ref
CN-~ NaCN 2080 263
Cu'-CN [Cu(HB(Mezpz)3(CN)] (43) 2077 204
Cu"-CN [Cu(TMPA)(CN)]* (2¢c) 2142 204
Fe'"-CN [(py)(OEP)Fe(CN)] (31b) 2121 204
Fe'"-CN—-Cu" [(py)(OEP)Fe—CN—Cu(Mestren)]>* (33b) 2179 204
[(py)(OEP)Fe—CN—Cu(TMPA)]?>*(38a) 2172 204
[(py)(OEP)Fe—CN-—Cu(bnpy,)(OTf)]"(37a) 2164 206
[(py)(OEP)Fe—CN—Cu(cyclops)]*(40) 2153 206
[(py)(OEP)Fe—CN—Cu(TIM)]?*(39) 2143 206
[(P)Fe—CN—Cu(N4)]?*(1d) 2143 205
Fe'"-NC-Cu' [(OEP)Fe—NC—Cu'(Mesdien)]* (30d) 2082 204
[(OEP)Fe—NC—Cu'(MeNpy2)](41) 2080 204
Fe''-NC—Cu' [(OEP—CH,CN)Fe""-NC—Cu'(TMPA)]*(38b) 2107 204
fully oxidized CcO (bovine heart) 2150—-2152 252, 253, 257
Cyt. bo (E. coli) 2146 260
Cyt. a; (A. aceti) 2147, 2146 262
partially reduced CcO (bovine heart) 2131, 2093 252, 253
fully reduced CcO (bovine heart) 2058, 2045, 2037 252
cyt. bo (E. coli) 2035 261
cyt. a; (A. aceti) 2051 262
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from the filled 50* molecular orbital of cyanide to
copper and kinematic coupling.?°* These elevated vy
model compound values are rather different from
those reported for the fully oxidized enzymes, 2146—
2152 cm™! (see Table 10).252253.257.260.262 However,
when the Cu—N-—C angle decreases to near 150° for
certain copper—ligand situations, the Cu—N bond
length increases and vcn decreases (Tables 6 and 10).
This situation can be explained in terms of the
electronic structures A and B, shown below. As the

Fe—C=N—Cu Fe=C=N

A B

-
u

Cu—N-—C angle decreases and the bridge deviates
from linearity in A, the cyanide triple bonding
diminishes as the contribution from B increases in
the presence of a 7-donor atom such as low-spin iron-
(111). Consequently, the vcy values are lower for the
nonlinear assemblies [e.g. [(py)(OEP)Fe—CN—Cu-
(cyclops)]™ (40) and [(py)(OEP)Fe—CN—Cu(TIM)]?>*-
(39)], closely approaching the values found for the
fully oxidized enzymes (see Table 10).2%4

The low-spin ferriheme—(CN)—Cu complex re-
ported by Murray and co-workers, [(P)Fe—CN—Cu-
(N4)]?*(1d), has vey = 2143 cm™t (in MeOH—CHCl;
solution),?% also in close agreement with the fully
oxidized enzyme results (Table 10). Without an X-ray
structure, it is hard to conclude whether this complex
has a linear or bent [at the copper(11)] Fe—C—N—Cu
unit. The “picket-fence” ligand architecture might
suggest a linear arrangement is likely, but perhaps
one of the pyridine donors (Figure 16) does not ligate
and allows a bent u-cyanide configuration. The more
compelling data would seem to come from the data
discussed for [(py)(OEP)Fe—CN-—Cu(cyclops)]™ (40)
and [(py)(OEP)Fe—CN—Cu(TIM)]?>" (39) (vide infra),
and because all three complexes (1d, 39, and 40)
closely match the enzyme data in vcy values (Table
10), a bent u-cyanide heme—Cu moiety seems to be
quite plausible for the enzyme.

Reduced Centers. In Fe'"-NC—Cu' assemblies
in model compounds (30d and 41, Figure 16), the
bridge has isomerized upon coordination to copper-
(1) resulting in Cu—C rather than Fe—C binding and
ven frequencies ~40 cm™! lower than that of [(py)-
(OEP)Fe(CN)] (31b) and ~90 cm™* below those of
fully oxidized Fe'"'-CN—Cu" (see Table 10). Also, the
observed values are very close to that of the Cu'—
CN complex [Cu(HB(Mezpz)3(CN)]~ (43). These facts
strongly suggest that electron donation from copper-
(1) to the vacant 2z* molecular orbital of cyanide
dominates in this type of assembly and that Kine-
matic coupling and the presence of iron(lll) at the
nitrogen end are minor factors in determining C—N
stretching frequencies.?%*

Fully Reduced Complex. With the assistance of
only one compound (38b), it is difficult to determine
the effect of the oxidation state of iron (111 vs I1) on
ven In Cu(l) bridged, in comparison to model com-
plexes containing an Fe''"'-NC—Cu' versus an Fe''—
NC—Cu' moiety. Nevertheless, the higher stretching
frequency observed for [[OEP—CH,CN)Fe''-NC—Cu'-
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(TMPA)]" (38b) is consistent with more linear ar-
rangement (175—176°) (see structures A and B
above).20

Thus, bridges containing the Cu'-CN fragment are
clearly distinguishable from those with Cu''-NC.
However, the two types of bridges [i.e., iron(l1l) vs
iron(11)] containing copper(l) are not necessarily
distinguishable by IR spectroscopy.

NMR Spectroscopy. NMR spectroscopy is also
(see section 4.2.1) useful in the characterization of
cyanide-containing heme or heme—copper complexes.
A precursor in the synthesis of copper—(u-CN)—iron
complexes, [(py)(FsTPP)Fe!"'(CN)] (3d), exhibits a
pyrrole resonance at —19.6 ppm,?°® which is typical
for a low-spin iron(l11) situation.?®® After reaction
with [Cu"(TMPA)(CH3;CN)]J?* (2b) and formation of
[(py)(FsTPP)Fe—CN—Cu(TMPA)]?* (4d), the pyrrole
resonance moves downfield to —11.1 ppm. This shift
is consistent with a low-spin Fe"'' (S = 1/,) ferromag-
netically coupled to a Cu" (S = 1/,), giving rise to an
S = 1 ground-state spin system. This characterization
is also supported by the room temperature magnetic
moment, e = 2.7 ug.?®

In a phenomenon similar to that observed for
antiferromagnetically coupled copper(Il)—iron(lII)
systems (see section 4.2.1), ferromagnetic coupling
in copper(l1)—(u-CN)—iron(l11) complexes enhances
the electronic relaxation time of copper(ll). Thus, it
becomes possible to see sharper protons signals in
[(py)(FsTPP)Fe—CN—Cu(TMPA)]?* (4d), for copper-
(11 ligand hydrogens, relative to the mononuclear
complex [Cu'(TMPA)(CN)]" (2c).2%

4.2.3. Carboxylate-Bridged Complexes

Exogenous ligands such as formate [HC(O)OT],
cyanide, carbon monoxide, nitrogen monoxide (NO),
and azide have been used as probes of the binuclear
site of the heme—copper oxidases. Among those,
formate binding has been extensively studied and
shows a distinctive property.t8.189.264.265 Incubation of
the fast preparation of the enzyme (see discussion
about fast and slow forms in section 4.1) with formate
in alkaline medium produces a form of the enzyme
virtually indistinguishable in kinetics and spectro-
scopic properties from the slow preparation.5::26¢ The
behavior has not been fully explained but has pro-
voked important discussions. Explanations from per-
turbations in protein tertiary structure to specific
binding of formate at the binuclear site have been
put forward.?®® Furthermore, it has been suggested
that endogenous carboxylate (i.e., amino acid residue
derived) might bridge heme a; and Cug, as the
enzyme formate derivative possesses physical prop-
erties similar to those of the slow form.265267.268 Thys,
the structural and spectroscopic characterization of
formate or carboxylate adducts of oxidized heme—
Cu coordination complexes is of interest.

Synthesis. As in the synthesis of Fe'''-O(H)—Cu"
(see section 4.2.1) and Fe'""'—(CN)—Cu'" (see section
4.2.2) compounds, condensation of an iron(l11) por-
phyrin and a copper(ll) complex, one carrying the
bridging species and the other a labile ligand, proved
to be successful. For instance, [Fe!'"'(OEP)(OCIO3)]
(31a) was used as a heme precursor and copper(ll)
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[(OEP)Fe'"-(0,CH)-Cu''(Mesdien)(OCIO3)]%*

(33e) (anti—anti)

[(TPP)Fe'/Cu'(aibs)] (44)

Kim et al.

[(OEP)Fe'"-(OAc)-Cu''(Mesdien)]?*

(33f) (syn—anti)

[(DPA-Por)Zn'-(OAc)-Zn'(Cl)]

(45) (syn—anti)

Figure 18. Carboxylate-bridged heme—copper model complexes: 33e,208 33f,208 44,209 45230 Under the formulas are
indicated the bridge modalities. See below for further explanation.

complexes [i.e., [(Mesdien)Cu'"(carboxylate)](Cl0O,)]
carried the eventual bridging carboxylate ligands
(formate and acetate). Complexes [(OEP)Fe'"'—(O2-
CH)—Cu'(Mesdien)(OCIO3)]* (33e) and [(OEP)Fe!!'—
(OACc)—Cu''(Mesdien)]?t (33f) (Figure 18) were suc-
cessfully prepared in this manner. Such syntheses
of u-carboxylate adducts proceeds only in low yields,
as different subproducts are generally formed, for
example [Fe'"'(OEP)(0O,C—R)] (R = —H, —CHj3) and
Fe!''-(OH)—Cu'" species. However, the desired u-car-
boxylate compounds could be isolated as pure samples
by multiple recrystallization.?%8

Another binuclear compound that appears to con-
tain a u-carboxylate bridge between a heme and a
copper(ll1) complex is [(TPP)Fe"'—Cu'(aibs)] (44)
(Figure 18).2%° It was prepared by addition of 1 equiv
of Cu"'(aibs) (aibs = tripeptide of a-aminoisobutyric
acid) to a THF solution of Fe!'(TPP). However, it
could not be isolated as a solid because of the
thermal, photochemical, and oxygen instability.?%°
Following a binucleating ligand strategy, a u-acetate
complex bridging two zinc(l1) ions was synthesized
to structurally model the CcO active site.?3° The
complex, [(DPA-Por)Zn'"—(0OAc)—Zn'(CD)] (45) (Fig-
ure 18) was characterized by *H NMR and single-
crystal X-ray diffraction.?3°

An interesting trinuclear assembly, Cu''—(O,CH)—
Fe'"'—(0O,CH)—Cu", was generated by equimolar (or
1:2 molar ratio) reaction of [([OEP)Fe'"'(O,CH)] (31c)

and [Cu"(Meetren)(O,CH)]" (34b)?°® and closely re-
sembles the trinuclear cyanide-bridged analogues
reviewed in section 4.2.2 (Figure 17).

Structural Studies. Carboxylates act as mono-
and bidentate terminal ligands and can assume the
four bridging modes depicted below.20828°% Struc-
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tural features of the copper and iron fragments in
[(OEP)Fe'"'—(0,CH)—Cu'"(Mesdien)(OCIOs)]* (33e)
and [(OEP)Fe!"—(OAc)—Cu''(Mesdien)]?t (33f) do not
significantly vary in comparison to the relevant
mononuclear precursor or analogue. In both cases,
iron(111) exhibits high-spin configuration.2%8
[(OEP)Fe'"'—(0,CH)—Cu'"(Mesdien)(OCIOs3)] (33€)
exhibits an anti-anti bridge configuration, which
explains the long Fe:--Cu distance of 5.86 A (see
Table 6). The same structure is observed in the
formate-bridged polymeric species [Mn(TPP)(O,-
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CH)J]n.?"% In contrast, the related heme—copper bi-
nuclear u-carboxylate complex [(OEP)Fe'""'—(OAc)—
Cu'(Mesdien)]?t (33f) and the dizinc(l1) complex 45
exhibit a syn-anti acetate-bridging coordination. Thus,
the M---M separation is considerably reduced (4.43
A for 33f and ~4.6 A for 45) compared to that in 33e.

A number of researchers have suggested that a
formate (or endogenous carboxylate) can or does
bridge the heme az and Cug enzyme binuclear
center.265267.268 In Jight of data on the relevant
coordination complexes (vide supra), it might be
reasonable to expect that formate could be positioned
in an enzyme syn-anti configuration. This affirmation
is based on the Fe---Cu distance found in 33f and 45,
which compares well with the distances found in the
oxidized forms of the oxidase for bovine heart and
for bacterial derivatives (Fe:*Cu = 4.4—4.9 A see
section 4.1). The anti-anti-configured complex [(OEP)-
Fe!l'—(0,CH)—Cu'"(Mesdien)(OCIO3)]* (33e) places
the two metal centers ~1 A farther apart than the
separation found for the oxidized mammalian enzyme
(4.9 A), the longest metal—metal separation yet
observed (see Table 5). In conclusion, if formate or
an endogenous carboxylate bridges the heme—copper
oxidase binuclear center metal ions, model compound
studies suggest it would do so in the syn-anti con-
figuration. In light of the now known X-ray structures
and knowledge of the identity of amino acid residues
near the heme—Cu active site, a protein-derived
carboxylate is an unlikely possibility. Also see the
discussion on Mossbauer spectroscopy and magneti-
zation studies below.

Mussbauer Spectroscopy and Magnetization
Studies. Mdssbhauer spectroscopy and magnetization
measurements were performed to elucidate the
ground-state electronic structure of the carboxylate-
bridged assemblies [(OEP)Fe'"'—(0O,CH)—Cu'(Mes-
dien)(OCIO3)]™ (33e)?® and [(TPP)Fe'"'—Cu''(aibs)]
(44).2°° Unfortunately, [(OEP)Fe"'—(OAc)—Cu'(Mes-
dien)]?* (33f), which better represents a hypothetical
carboxylate-bridged situation in CcO due to its syn-
anti bridge mode, was not studied by these tech-
niques. Data obtained for the carboxylate-bridged
complexes together with those of the mononuclear
species [(OEP)Fe"'—(0,CH)] (31c) are provided in
Table 7. Isomer shift and quadrupole splitting values
of all three complexes are in the range observed for
five-coordinate high-spin porphyrinate—iron(l11) com-
pounds.?

The large difference in magnitude for the antifer-
romagnetic exchange coupling observed for [(OEP)-
Fe!l'—(0,CH)—Cu'"(Mesdien)(OCIO3)]* (33e) (anti-
anti conformation, J = 18 cm~1)?% and u-oxo(hydroxo)
compounds (J = 140 cm™?!, see section 4.2.1) is
noteworthy. Furthermore, it was concluded from the
solution magnetic moment (5.5 + 0.2 ug, Evans
method) and EPR and Mdssbauer spectroscopic data
that [(TPP)Fe'""—Cu'(aibs)] (44) also exhibits a weak
heme—copper antiferromagnetic coupling.?®® How-
ever, the magnetic moment seems to be too low to be
considered as weak coupling. Nevertheless, the u-car-
boxylate group appears to be a less effective propaga-
tor of exchange coupling than u-oxo or u-hydroxo
groups in heme—Cu assemblies; this would be ex-
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pected given the increased number of atoms bridging
the paramagnetic metal ion centers. One would
expect that the exchange interaction depends to some
extent on the bridge conformation (syn-syn, syn-anti,
anti-anti). However, the observed J value for [(OEP)-
Fe'l'—(0,CH)—Cu'"(Mesdien)(OCIO3)]* (33e) is ~1
order of magnitude smaller in comparison with x-0xo
and u-hydroxo complexes. Thus, one can make the
general conclusion that heme—copper u-carboxylate
electronic interactions are weak.

Interesting observations are made when the physi-
cal properties of oxidized formate-bound and slow
forms of the enzyme are compared with those of
[(OEP)Fe"'—(0,CH)—Cu'"(Mesdien)(OCIO3)]+ (33e).
First, Day et al.’®” have reported a negative zero-field
splitting (Dre = —7 cm™?) for the slow form of bovine
heart CcO. In contrast, the Mdssbauer studies on 33e
show an unusually large value for the zero-field
splitting (Dre = 17 cm™1).233 Second, oxidized formate-
bound bovine heart CcO and E. coli cytochrome bos
yield EPR signals,'8272 whereas Munck and co-
workers have reported failing to observe any EPR
signal at X-band frequencies in either the parallel
or perpendicular mode for the u-carboxylate model
compound 33e.2%® Third, Dye and co-workers'®® re-
ported a J value >200 cm™? for the formate-bound
bovine heart CcO, which contrasts with the small
value found in the model complex (anti-anti confor-
mation, J = 18 cm™!). With these data, it is most
unlikely that the formate-bound enzyme as well as
the slow form of the enzyme contains a carboxylate
group (endogenous carboxylate for the slow form)
bridging the heme a; and Cug sites through a u-nt:n*
conformation (see diagram above). However, the
possibility of a formate or endogenous carboxylate
bridging the metal centers by u-1? mode (utilizing a
single oxygen atom, diagram) could be considered.
Perhaps such a moiety would exhibit strong coupling
between heme and copper metal centers, because it
has only one atom between metal ions, but there are
no models (i.e., well-characterized coordination com-
plexes) to corroborate such a conclusion.

4.2.4, Other X-Bridged Complexes

In sections 4.2.1—4.2.3 we examined u-oxo and
u-hydroxo complexes as possible candidates of the
oxidized form of the enzyme, u-cyanide complexes as
mimetic compounds of the cyanide-inhibited form of
the enzyme, and u-carboxylate as a possible repre-
sentative of the slow form. Other ions such as CI-,
F~, S, and N3 may bridge the heme az and Cug
site in determined situations such as after certain
isolation procedures'®® or after the addition of exog-
enous ligands to the enzymatic preparation. On the
other hand, histidine imidazolate and cysteine thio-
late had emerged as a heme/Cug bridge candidate in
the 1970s and 1980s,%7® stimulating the bioinorganic
community on the preparation of such model com-
pounds. However, this hypothesis lost consensus in
the past decade, in light of the X-ray structures
determined for the fully oxidized enzyme. Here we
review reported model complexes that exhibit these
other bridge entities, as they often reflect intense
synthetic efforts and the molecules obtained and
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[(OEP)Fe-F-Cu'(bnpy.)(L)]*
L= OCIO;™ (37b) L =MeCN (37c)

[(L)(TPP)Fe'-Cu'\(imidH-DAP)]*
L = CI~ (36b) L = (OSO,CF3)~ (36¢)

Kim et al.

[(THF)(TPP)Fe-Cu'(MNT),]~ (47)

[(TPPS)Fe'-Cu(GGH)] (51)

[(UroTPP)Fe-Cu'(acac),] (50)

Figure 19. Binuclear fluoride-, chloride-, sulfur-, and imidazolate-bridged heme—copper model complexes: 37b,?10 37¢,210
1le,?11 47,213 36b,%14 36¢,%14 50,215 51.216 Structural formulations for 37b, 37c, 1le, and 47 are supported by X-ray diffraction.

characterized are novel heterobinuclear species with
interesting electronic or structural features.
Fluoride-Bridged Complexes. There are two
u-fluoride heme—copper compounds reported in the
literature, from Holm and co-workers. These are
[(OEP)Fe!"'—F—Cu'"(bnpy,)(OCIO3)]* (37b) and [(OEP)-
Fe'"—F—Cu''(bnpy,)(MeCN)]" (37c) (Figure 19).210
Both complexes were synthesized by reaction of
(OEP)Fe'"'(OCIO3) (31a) and the fluoride-bridged
complex [Cu'';F;(bnpy.).]*" (46), with the only dif-
ference of the solvent used for the synthesis; the first
was prepared in acetone, whereas the second one was
prepared in acetonitrile. X-ray structures were de-
termined for both complexes. The two are similar and
contain high-spin five-coordinate iron(l11) porphyri-
nate moieties. The Fe!''-F—Cu'" bridges are slightly
bent, 172° for 37b and 166° for 37c, and the Fe:--Cu
distances are 3.96 and 4.05 A, respectively (see Table
6). These structural parameters resemble those ob-
served for the u-hydroxo compound [(OEP)Fe!'—
(OH)—Cu"(Mesdien)(OCIO3)]" (30a) [X-ray: Fe'''—
(OH)—Cu", 157°, Fe---Cu, 3.80 A].2°2 However, the
authors ruled out the possibility of a misidentifica-
tion, that is, having a hydroxo ion as the bridge
ligand (instead of fluoride), following in-depth testing
of the oxygen atom in X-ray refinement procedures.
Compounds 37b and 37c exhibit a weak magnetic
coupling through the fluoride bridge,?'° in contrast

with the strong antiferromagnetic interaction ob-
served for u-oxo and u-hydroxo heme—copper com-
pounds (see section 4.2.1).

Chloride-Bridged Complexes. Reaction of (P)-
Fe'""—CI [P = meso-aoao-tetra(o-nicotinamidophen-
yl)porphyrinate] with 1 equiv of copper(ll) perchlo-
rate yields the u-chloride compound [(H,0)(P)Fe!"'—
CI—=Cu"(N4)J?" (1e) (Note: P and N, represent the
coordinate sites of a binucleating ligand).?! The X-ray
structure was determined, although crystal quality
prevented a high-resolution structure. The iron atom
is octahedrally coordinated, with a water molecule
in the sixth coordination site [Fe—O = 2.081(13) A].
Considering the Fe—N, distances [2.01 (7) A] and
magnetic studies, the electronic situation for the iron-
(111) seems to be that for a high-spin state. However,
the possibility of an admixed (S = 3/,, 5/,) spin state
is not ruled out. Note that in the pre-X-ray structure
protein EXAFS studies, where a chloride was pro-
posed as a bridging ligand, the data were interpreted
to give an iron---copper distance of 3.7—4.0 A 191-193
much shorter than the ~4.9 A observed here for 1e
(see Table 6).

As it is observed for fluoride (vide supra), chloride
ion produces a weak exchange coupling between an
iron(111)—porphyrinate and a copper(ll) complex. This
fact is supported by the active EPR spectrum ob-
served for 1le, which exhibits typical signals for high-
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spin iron(l11)—porphyrinate (g ~ 6) and for copper(l1)
(g ~ 2). However, the magnetic behavior was unusual
and could not be interpreted in terms of the usual
—2JS;-S; exchange-coupled Hamiltonian. Mdssbauer
and variable temperature magnetic studies indicated
an iron(I11) in some form of S = %/, and S = 3/, spin
equilibrium (or admixed spin state S = %/,, 5/,), where
spin contributions vary with temperature.??

Sulfur-Bridged Complexes. There are three very
similar binuclear sulfur-bridged heme—copper com-
pounds, each of which contains the same u-sulfur
anion [(THF)(TPP)Fe'"-Cu'"(MNT),]™ (47, Figure 19)
and a different porphyrin cation [(TPP)M"(THF)(L)]*
(M = Fe, Ga, Al).?*3 Their preparation was inspired
by enzyme EXAFS studies that suggested a thiolate
sulfur atom as a heme az;—Cug bridging ligand.'%
Reaction of (TPP)Fe'" and [Cu''(MNT),]~ was re-
ported to yield the anionic u-sulfur complex 47.212 All
three compounds were characterized by single-crystal
X-ray diffraction; structural data for one of them are
shown in Table 6. The assignment of the iron spin
state based on the metrical parameters was quite
difficult; however, Mossbauer data indicated an
intermediate spin state for the iron(l11) of all sulfur-
bridged anions. After careful analysis, the authors
concluded that the u-sulfur heme—copper complex 47
is EPR silent. As the exchange coupling between the
metal ions was found to be weak, they proposed a
“relaxation broadening mediated by a small degree
of exchange coupling through the bridging sulfur
atom” to explain the silent EPR spectra. Further-
more, inspired by the unusual behavior of this and
other trinuclear u-sulfur complexes,?31274 Elliott and
Akabori?’> proposed an alternative mechanism to
explain heme az;—Cug oxidase enzyme EPR silence.
They suggested that a combination of dipolar cou-
pling and a small exchange coupling between the
copper(l1) and the rapidly relaxing S = 3/, iron(lllI)
would cause sufficient EPR broadening so as to make
any signal nonobservable. However, there has not
since been any consensus concerning such a proposal.

Three u-sulfide trinuclear complexes having an
Fe'''-S—Cu"'—-S—Fe'"" connectivity are structurally
similar to the u-cyanide complex 42 (see compound
48, as an example, in Figure 17), in the sense that
two iron(l11)—porphyrinate units sandwich a copper-
(1) moiety. Variable temperature magnetic studies
showed a weak antiferromagnetic coupling for all
three complexes (J ~ —2 cm™1). “Weak” EPR signals
observed were interpreted as being due to the above-
mentioned relaxation broadening mechanism.?!

Imidazolate-Bridged Complexes. A couple of
u-imidazolate heme—copper complexes with the for-
mula [(L)(TPP)Fe"'—Cu''(imidH-DAP)]* (36b, L =
chloride, 36¢, L = triflate) (Figure 19) were prepared
by equimolar reaction of the corresponding iron(l11)—
porphyrinate [(TPP)Fe'''—(L)] complexes and [Cu'-
(imidH,DAP)]?", in the presence of 1 equiv of base.?*
The compounds were isolated as solid samples and
characterized by elemental analysis, EPR, Mdssbauer
spectroscopy, and magnetization techniques. The
latter carried out on [(CI)(TPP)Fe'"'—Cu"(imidH,-
DAP)]* (36b) show uer = 2.0 ug, consistent with a
weak antiferromagnetic coupling between low-spin
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iron(l111) (spin state determined by EPR and Mdss-
bauer spectroscopies) and copper(ll) mediated by the
imidazolate bridge. In contrast, the magnitude of the
exchange for the analogue [(OSO,CF3)(TPP)Fe!''—
Cu''(imidH,DAP)]" (36c) was interpreted as being a
significantly large, strong coupling based on EPR
silence and the observed magnetic behavior. How-
ever, the reasons for the different behaviors in the
two compounds are not clear.

For a related u-imidazolate complex [(TPP)Mn!'—
Cu"(imidH-DAP)]* (36d), strong antiferromagnetic
coupling between S = 5/, manganese(l1)—porphyri-
nate (a spin mimic of heme a3) and S = 1/, copper(ll)
was claimed.?’® This interpretation is supported by
the compound EPR silence and observation of a
depressed magnetic moment (5.11 ug at room tem-
perature, decreasing to 4.17 ug at 20 K). However, a
similar imidazolate-bridged compound [(TPP)Mn'!""'—
Cu''(imid)]* (49) exhibits weak exchange coupling
(J =—6.0cm™%, where H = —2JSs,-Sy)2), suggesting
that probably Mn'"!' rather than Mn'"' is present in
complex 36d and that the magnetic data should be
re-evaluated.?”” Furthermore, Reed and co-workers?’’
raised the question of whether different iron(l11)—
imidazolate—copper(ll) complexes could exhibit ex-
tremely different magnetic behaviors, judging that
this situation is unlikely.

Using an appended-tail porphyrin possessing a
terminal imidazole group, an imidazolate-bridged
complex can be prepared by reaction of the iron(l11)—
porphyrinate and a copper(ll) complex, in the pres-
ence of 1 equiv of base. The magnetic and EPR
characterization carried out on the isolated solid
(compound 50, Figure 19) indicates that there is
essentially no exchange coupling between the high-
spin iron(ll1l) and the copper(ll) ions.?*> Another
heme—copper complex prepared in agueous solution
that appears to contain an imidazolate group as a
bridging ligand was synthesized by the addition of 1
equiv of copper(ll) complex [Cu'(GCH)] (GCH =
glycyl-glycyl-L-histidine-N-methylamine) to a (TPPS)-
Fe''' (TPPS = tetra(p-sulfophenylporphyrinate)] solu-
tion at pH 4.8. The formation of the complex (51,
Figure 19) was monitored by electrochemical methods
and visible and EPR spectroscopies. The authors’
interpretations included the suggestion of coupling
between a low-spin iron(111) and copper(ll), although
magnetic studies to confirm this hypothesis were not
reported.?16

Beyond the fact that it is not clear whether imid-
azolate is a weak or a strong propagator of exchange
coupling between heme and copper(ll) complexes, the
nature of the exchange for most of the imidazolate-
bridged complexes described is antiferromagnetic.
Surprisingly, a trinuclear Cu'"—Im—Fe""'—Im—Cu"
species (compound 52, see Figure 17) whose structure
resembles those found for trinuclear cyanide- and
formate-bridged heme—copper(ll) complexes (also
Figure 17), exhibits a ferromagnetic interaction be-
tween metal centers.?®> The complex was prepared
by reaction of [(TPP)Fe'''](B12CH>) and Cu(Im), where
Im represents a Schiff base generated by sequential
condensation of 5-chloro-2-hydroxobenzophenone, 1,2-
diaminobenzene, and imidazole-4-carboxaldehyde.
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Figure 20. Cyclic pentapeptide-containing histidine—
tyrosine cross-link. X is an amino acid residue.

EPR spectroscopic and magnetic studies on 52 and
a nickel(ll)-containing analogue lead to the conclu-
sion about this unusual ferromagnetic behavior,
which was interpreted in terms of the symmetries of
the magnetic orbitals. The unpaired electron of iron-
(111) located in the dy, (or dy;) orbital, which exhibits
m symmetry with respect to the iron—imidazolate
bond, would be orthogonally interacting with the
dy>—y2 unpaired electron of copper(ll), which has o
symmetry with respect to the copper imidazolate
bond.*?

5. Histidine—Tyrosine Cross-Link at the
Heme—Copper Center

In recent years, copper and heme/copper-containing
enzymes have been shown to possess post-transla-
tionally modified redox active amino acid cofactors
at or near their active sites.?’87282 These pairwise
cross-linked structural motifs, for example, histi-
dine—tyrosine (for heme—copper oxidases, discussed
here),15719.30.283 histidine—cysteine (in binuclear cop-
per active sites in tyrosinase,?®* hemocyanins,?® and
catechol oxidase?®), and tyrosine—cysteine (in the
copper enzyme galactose oxidase?®’), are integral
parts of the ligand architecture of the metal center,
where the crucial redox-induced chemical reactions
take place. These cross-linked amino acids have been
identified to possess significantly altered physical
properties (i.e., pK,, redox properties) from their
individual amino acid constituents.?®8-2% The modi-
fications have typically involved an unusual or
interesting organic transformation of the amino acid,
which remained unanticipated prior to high-resolu-
tion X-ray crystallographic structural characteriza-
tion of the enzyme active site. After these findings,
efforts have focused on the mechanism of formation
of the cofactor, that is, the biosynthesis of the novel
cross-link,?°2 and of course an understanding of the
contribution or role of the cross-link in enzyme mech-
anism_19,23,56,2937295

At the site for heme az/Cug binuclear center where
O,-binding, O—0 cleavage, and coupling to mem-
brane proton translocation occurs is found the unique
post-translationally modified covalent cross-link be-
tween Cg of tyrosine-244 (in bovine heart enzyme
nomenclature) and N, of the histidine-240 imidazole
group;!® the latter is one of the endogenous ligands
of Cug. [Note: Tyr-280 is cross-linked to His-276 in
P. denitrificans,'® whereas it is Tyr-237 and His-233
in T. thermophilus.]?® Thus, the His—Tyr cross-link
is a cyclic pentapeptide (Figure 20), originating from
a protein o-helix in enzyme subunit I, and is located
at the end of the so-called K-channel for proton

Kim et al.

translocation.?%¢:2%7 Since its discovery and due to the
proximity to the binuclear active center, a number
of functional as well as structural roles have been
proposed.18:56.137.2% nyestigations on biomimetic sys-
tems have just begun in very recent years, aimed at
gaining insight into the exact beneficiary role(s) of
the novel histidine—tyrosine cross-link.288-291.298 |n
this section, we focus on the histidine—tyrosine cross-
link that has been characterized by crystallographic
and biochemical studies, their proposed roles in the
O, reduction at the active site, and the recent
advancements in histidine—tyrosine model chemis-
try.

5.1. Characterization and Roles of the
Histidine—-Tyrosine Cross-Link

5.1.1. Structural Characterization of the Cross-Linked
Histidine—Tyrosine at the Active Site

The crystal structures of cytochrome c oxidase from
P. denitrificans was initially reported in 1995 to a
resolution of 2.8 A and was later improved to 2.7 A
for the four- and two-subunit enzymes, respec-
tively.'51° Initially, the His—Tyr cross-link was not
identified. Iwata and co-workers*® found that the His-
276 Cug ligand was in van der Waals contact with
Tyr-280 and suggested that these two residues may
be hydrogen bonded, possibly stabilizing the Cug site.
In the later structure (2.7 A resolution) containing
only the subunits I and Il, it was concluded that a
covalent cross-link between these two residues ex-
ists.!® Yoshikawa's bovine cytochrome c oxidase struc-
ture was also solved initially at a 2.8 A resolution6.17
and later refined to 2.3 A,*® whereupon it was also
concluded that there was a covalent bond between
N, of the His-240 imidazole group and C., of Tyr-
244. Confirmation for this linkage came from the
solved X-ray structures of the fully reduced, fully
reduced CO-bound, and fully oxidized azide-bound
form.1® More recently, the cross-link has been also
verified from X-ray structures on cytochrome c oxi-
dase from T. thermophilus.®® The crystal structure
of the CcO from R. sphaeroides is not clear on this
point, as the distance between C, of Tyr-288 and the
N.. of His-284 was refined to 2.5 A, too long for a
covalent bond, yet too close to assume a honbonding
distance; it was suggested to possibly represent a
mixture of enzyme populations with and without the
His—Tyr N—C bond linkage.3!

5.1.2. Biochemical Evidence for the Histidine—Tyrosine
Cross-Link

Although the published crystal structures have
presented the supporting evidence for the presence
of the covalent cross-link between histidine and
tyrosine, protein chemical analysis is required to
firmly confirm and establish the covalent cross-link
formation was not from the treatment of high energy
X-ray treatment of the crystals in the presence of Oy,
copper, iron, and the susceptible histidine and tyro-
sine amino acid side chains.

Buse and co-workers?®? have used the 13-subunit
bovine and the 2-subunit P. denitrificans aaz cyto-
chrome c oxidases and the caas- and baz cytochrome
¢ oxidases from T. thermophilus to carry out protein
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chemical analysis. C-terminal half-fragments of the
polypeptides obtained by the acid hydrolysis method
were subjected to biochemical analysis, leading to the
finding that the His and Tyr residues were unavail-
able for phenylthiohydantoin derivatization. This is
explained by the presence of the covalent cross-link
through the C—N bond, thus establishing it as a
functional natural unit.

The mass of the purified 42-mer, that peptide
fragment used for the derivatization analysis men-
tioned above, has been determined by electrospray
ionization mass spectrometry (ESI-MS) with a reso-
lution of +2 mass units. The average mass calculated
is 4816.76 Da, and the determined molecular weight
is 4814.8 £+ 0.4 Da. The decrease of 2 mass units from
the theoretical value (assuming a linear normal
peptide) is then explained by the His—Tyr N—C
covalent bond, as two hydrogen atoms are removed
(one from histidine NH and one from tyrosine CH)
as a result of the oxidative coupling (formally) that
has occurred.

In all, these studies biochemically confirm the
presence of the His—Tyr cross-link at the binuclear
active site, thus suggesting it has a natural role in
enzyme function and that it most likely results from
a post-translational modification process.

5.1.3. Spectroscopic Studies

Recent multifaceted spectroscopic investigations on
heme—copper oxidases have been focused on the
identification of the spectral features identified with
the cross-linked histidine—tyrosine group and their
changes associated with active-site dynamic confor-
mational changes, protonation/deprotonation as well
as redox or chemical events occurring at the binuclear
Center_129,137,154,166,299,300

In one effort, Hellwig and co-workers'>* have ap-
plied a combined electrochemical and FTIR spectro-
scopic technique to identify the vibrational modes of
tyrosine in cytochrome c oxidase from P. denitrificans
through Tyr isotopic labeling and study of a mutant
in which Tyr-280 is replaced by a histidine. The
variations of a band observed at 1270/1268 cm™! at
different pH values have been attributed to Tyr-280,
and it has been suggested that these reflect a pH-
dependent change in extinction coefficient upon
variation in the direct environment close to the Tyr
residue; alternatively, it might reflect a change of the
protonation state of Tyr-280. A downshift of ~95mV
in the heme a; redox potential has been estimated
for the Tyr-280 mutant of the enzyme as compared
to that of the wild-type enzyme from the observed
triphasic redox titration curve. The shift in the redox
potential has been interpreted to arise from the
substantial structural changes in the environment
of heme a3 accompanying the Tyr-280/His mutation.
In addition, loss of Cug (~50%) from the active site
is also reported. Thus, the histidine—tyrosine cofac-
tors at the Cug site of bovine heart CcO and also
bacterial homologues have been suggested to be
“electrostatically coupled to the binuclear active
site”.301

In a closely related low-temperature CO photolysis
FTIR study, spectroscopic signatures of the covalently
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cross-linked histidine—tyrosine of the cytochrome bos
quinol oxidase from E. coli have been identified.2%°
Among the several infrared features identified in the
region of the imidazole and phenol stretching modes
(1350—1650 cm™1), two of these at ca. 1480 and 1550
cm~! have been definitively assigned to arise from
the His-284/Tyr-288 bi-ring structure. The vibration
at 1549 cm™! has been seen in both a histidine—
tyrosine model compound (vide infra) and cytochrome
bos and cytochrome aas from P. denitrificans; thus,
all are assigned as being unique to the His—Tyr
cross-link, with a substantial contribution from the
inter-ring covalent C—N bond.1%42% Despite the lack
of conclusive evidence for the covalent cross-link
between His-284 and Tyr-288 from the crystal struc-
ture of cytochrome c oxidase from R. sphaeroides, IR
spectral features (for example, 1479, 1528, 1517, and
1587 cm™1) similar to that observed for the cross-
linked His—Tyr in cytochrome boz and cytochrome
aaz confirm the presence of a His—Tyr moiety in this
oxidase.3%?

5.1.4. Proposed Role of the Cross-Linked
Histidine—Tyrosine Active Site Cofactor

Since its discovery, there have been several sug-
gestions for the role of the His—Tyr cross-link in
heme—copper oxidases.1921:137293-2% |nijtjally, the gen-
eration of the cross-link has been proposed to modu-
late one or more of the properties of either residue.®

Full reduction of dioxygen requires four electrons
and four protons. We now discuss a O, reduction
mechanism that includes consideration of the His—
Tyr cofactor (Figure 21), taken from various recent
discussions.18:23:56.77.278,282,303 Ag hefore, the essential
elements are that dioxygen binds to the heme az—
Cug binuclear center, leading to a spectroscopically
detectable Fe—0O, intermediate (A), which subse-
guently converts to P and F intermediates, before the
oxidized form of the enzyme is regenerated. Reduc-
tion of P and F intermediates is limited by proton
transfer. The P state has been conclusively identified
as an oxoferryl species [Fe(1V)=0]; thus, the forma-
tion of P requires four electrons.

Three of the electrons are clearly provided by heme
az—Cug [where iron(ll) converts to iron(IV) and Cug
goes from copper(l) to copper(ll)], where the remain-
ing one electron must be provided from other enzyme
groups. The source of this final electron required for
O—O0 cleavage is less certain. There are a number of
possibilities that could be considered, in light of
precedent from other heme enzymes or consider-
ations: (a) In peroxidases®®* and catalases®53% the
source of this electron is often the heme macrocycle
resulting in the formation of porphyrin m-cation
radical. Neither optical®"—3% nor resonance Raman
spectroscopic evidence3!? at this time provides any
support for the occurrence of this process in heme—
copper oxidases. (b) Oxidation of heme iron from iron-
(1V) to iron(V) has been recently proposed,’®2°* but
this possibility is unprecedented among other heme
enzymes and supporting evidence has not yet emerged.
(c) Another potential source of the additional reduc-
ing equivalent is Cug, which conceivably may be
oxidizable to the 3+ valence state, and there have



1118 Chemical Reviews, 2004, Vol. 104, No. 2

His\: =
His —Nx
\/CIJI x/
- HO =
H H Ho
o H H
o !
T O<
——fell—""H
I
His
A(Oxy)
His = His =
. . N
HIS\(\:u"/NN HlS\Cun/NQ/
iH-gH 8 |77 o oM u-ce
o, H oM H HHy g
o H / B
s O |
OH N (0]
Felll_/ FelV_/
| |
— His - His
Ip Py

Figure 21. That part of the heme—copper enzyme O,
reduction mechanism indicating the possible important role
of the tyrosine of the His—Tyr cross-link cofactor, adapted
from recent discussions (see text for references). A, oxy
species; Ip, an as yet undetected transient ferric hydro-
peroxide or u-peroxo Fe!''—(0,2)—Cu'' species; Py, the
O—0 cleavage an oxy—ferryl spectroscopically observed
intermediate, with electron provided from the Tyr of the
His—Tyr cofactor, where a key active site water molecules
facilitates proton transfer and stabilization. See text for
further discussion.

been suggestions?33% that trivalent copper might be
stabilized by the His—Tyr cross-link. However, the
occurrence of copper(ll1l) has never been demon-
strated in copper enzymes. It is known in inorganic
chemistry, but only with deprotonated amide or oxide
ligands present,®7:3117313 not anything like the His;
ligand environment in heme—copper oxidases. (d)
Another possible source of the additional electron
may be an amino acid residue, such as is established
for the heme proteins cytochrome ¢ peroxidase3®*
(a tryptophan) and prostaglandin H synthases
(a tyrosine).

It is of course most compelling to think the electron
can or does derive from the tyrosine of the His—Tyr
cross-link, as mentioned in section 3.1 and depicted
here in Figure 21. We start with intermediate A, the
O, adduct of the reduced enzyme, an oxymyoglobin
analogue. Although never having been detected, a
further one-electron-reduced peroxo species derived
from oxidation of copper(l) to copper(ll) could lead
either to a ferric hydroperoxo intermediate or to a
bridged Fe"'—peroxo—Cu' Ip. The key O—O0 cleavage
then occurs through net hydrogen-atom transfer (but
with the electron from tyrosine and proton from a
water), leading to Py. [Note: The protons necessary
in this process may be derived from the shortest
pathway (K-channel) proposed among other path-
ways, which includes a hydrogen-bonding network
with the farnesyl side chain of the heme as, His-276—
Tyr-280 (the cross-linked His—Tyr), Ser-291, Lys-
354(*K”), and Thr-351 (P. denitrificans number-
ing).]296:297
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Evidence for the His—Tyr® Radical. Thus, a
His—Tyr radical is proposed to form in dioxygen
reduction from the mixed-valent (MV) enzyme, ac-
companied by formation of Pw.?2*"2% However, the
EPR signals expected have not been observed. If it
were present, its absence could be attributed to spin
coupling between the S =/, Cug?" and the S =1/,
tyrosyl radical. A suggestion?® made is that spin
coupling might serve to delocalize the oxidizing
equivalent so that Cug assumes a partial 3+ char-
acter, leaving a tyrosinate anion. A recent report
indicates a radical EPR signal can be detected (at
80 K, giso ~ 2.0055) from a H,O,-treated (pH 6.0) fully
oxidized cytochrome c oxidase. Although the yield of
radical is low (20%), it was assigned as a His—Tyr
radical, following perturbation of the EPR signal
resulting from selective deuteration of the tyrosine.”®
The researchers suggest that the lower yield of
radical may represent a partial uncoupling of the
Cug/His—Tyr moiety.2%76

Through infrared spectroscopic studies on the R.
sphaeroides CcO O; reaction, spectral features char-
acteristic of a neutral tyrosyl radical (1479 cm~1) and
tyrosinate (1455 and 1515 cm™) at the Py and P
level intermediates were identified.3%? Optical spec-
troscopic (UV—vis and IR) differences for intermedi-
ates have been recently elucidated and were deter-
mined to arise from a different number of redox
states of the binuclear center, proposed as [Feas-
(IV)=0 Cug(I)-OH— (Tyr0O°)] for Py and [Feas-
(IV)=0 Cug(I1)—OH-— (TyrO)] for Pg, with heme a
being in the oxidized ferric state in both forms.55:315
In addition, through a perfusion-induced attenuated
total reflection FTIR spectroscopic investigation on
the intermediates (Pw, F, O) generated from bovine
and P. denitrificans CcO, spectral features charac-
teristic of tyrosyl radical have also been identified.36
In particular, the 1542/1547 and 1313/1314 cm™!
troughs were observed in the Py spectra but were
absent in the F state, suggesting that the tyrosyl
radical is most likely formed in the Py, state.?'6 The
vibrations can be associated with the tyrosine, on the
basis of model studies (vide infra). Evidence has also
been presented for the presence of His—Tyr radical
at the Cug site in the Py state in an experiment
where a Tyr® radical (which is generated as part of
the His—Tyr cofactor) could be specifically labeled
with radioactive 21~ and then identified by peptide
mapping procedures.??

Studies on simple organic cofactor histidine—tyro-
sine models (vide infra) also suggest that the covalent
modification could facilitate hydrogen atom donation
to heme-bound dioxygen by modulating the phenolic
pK,.2887291 Theoretical studies®®’® suggest that O—O
cleavage and tyrosyl radical formation cannot occur
unless a base (suggested to be the farnesyl hydroxyl)
assists the phenol proton removal (Figure 21). It is
also interesting to note that mutants which lack the
His—Tyr group (including, for example, a Tyr-280/
Phe mutant) have been shown to lose a heme a;
farnesyl H-bonding interaction, and there is loss of
copper and alteration of the heme az redox poten-
tial;'% many of the mutants are catalytically inactive.
A contrasting report indicates that a P. denitrificans
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Y280H mutant which lacks the His—Tyr cross-link
at the Cug site in fact does lead to the generation of
the oxygenated intermediates (oxoferryl species) with
spectroscopic features similar to those observed for
the wild-type enzyme.'®” These studies suggest our
lack of a complete understanding of the mechanistic
role of the His—Tyr unit in O, reduction.

Other Possible Roles. Other roles, besides in the
O—O0 cleavage process, have been suggested for the
active site His—Tyr moiety.'37:2% |t has been shown
that approximately half of the charge is translocated
in each of the phases of the heme—copper oxidase
enzyme mechanism, the oxidative phase O is re-
duced and cleaved where the metal centers are left
in their oxidized state, and the reductive phase four-
electron reduction occurs, giving back fully reduced
enzyme.3” The redox energy must be stored in the
protein after O, reduction is completed, requiring the
existence of metastable conformations.3!"318 There
are suggestions that there are protein sites such as
the His—Tyr moiety, which must be redox sensitive
and undergo protonation/deprotonation events (i.e.,
at the His N—H or Tyr O—H) associated with the
catalytic activity, playing essential roles in function-
ally important conformational changes and redox-
linked proton pumping.t?®

These suggestions come in part from XAS studies
revealing that there is a Cug His ligand which is
labile, dissociating from the metal ion in its reduced
state.31°320 (Note, however, that protein X-ray struc-
tures do not “see” such differences around Cug in
oxidized vs reduced enzyme forms.) From a recent
copper model compound study (described further
below), it has been suggested that His—Tyr oxidation
to a Tyr* radical should make the imidazole a weaker
ligand for copper ion (see diagram below); thus,
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imidazole dissociation from Cug (cupric?) would
facilitate binding of other ligands such as hydroxide
(or water), the latter produced via the O—O cleavage
process (Figure 21).29

Thus, ligand lability in either or both the reduced
and oxidized states of Cug, including possibly the Cug
deligation of the His—Tyr moiety, may greatly con-
tribute to redox-driven and proton-linked conforma-
tional (or ligation) changes, contributing importantly
to enzyme function. A dissociated His—Tyr moiety
may drive helix distortion, providing a means for
energy storage (to be used in the later reductive
phase) and/or facilitation of protonation—deprotona-
tion steps important in translocation chemistry.?%®
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5.2. Histidine—Tyrosine Model Compound
Chemistry

Since the discovery of the histidine—tyrosine co-
valent cross-link, there have been a number of
reports of simple organic cofactor mimics as well as
copper-containing chelate models that bear covalently
linked imidazole—phenol structures.'54288-291,298,299
The major goal in all cases is to produce synthetic
mimics of the cross-linked His—Tyr structure and to
elucidate their physiochemical properties. It is hoped
that such investigations would pave the way for an
in-depth understanding of the function and benefit
of this novel cofactor in the dioxygen reduction event
and perhaps its coupling to proton translocation.

5.2.1. Synthetic Methodology

Synthesis of N-substituted o-hydroxyphenyl-imid-
azole as a model for the cross-linked histidine—
tyrosine requires N-arylation of imidazoles. N-Arylim-
idazoles have usually been constructed by two types
of direct coupling, that is, nucleophilic aromatic
substitution®?1=324 or Ullmann-type coupling.325326
Construction of covalently linked imidazole—phenols
through an aromatic substitution method would
require the use of substrates with an electron-
withdrawing substituent in both the imidazole and
phenol moieties; this method might not be widely
applicable when the synthesis of a suitable mimic
with an appropriate biomimetic substituent (i.e.,
4-alkylimidazole or 4-alkylphenol) is considered. Ull-
mann-type couplings are usually carried out at high
temperatures, which also limits its application to only
thermally insensitive compounds.

Buchwald®?” has demonstrated condensation be-
tween aryl halides and imidazoles with catalytic
amounts of (CuOTf),-benzene/1,10-phenanthroline-
(phen)/trans,trans-dibenzylidene acetone (dba)/Cs,-
CO; at temperatures in the range of 110—125 °C
(Scheme 16). The necessity for base and the elevated
temperatures are expected to limit this approach.3?8
Other efficient methods have been established for
generating N-arylimidazoles, via coupling of arylbo-
ronic acid and aryllead reagents (instead of aryl
halides) with imidazoles; these reactions occur under
relatively mild reaction conditions.3?®330 Chan and co-
workers®! have described a Cu(OAc),-promoted N-
arylation of commercially available arylboronic acids
with imidazoles at room temperature. Collman et
al.329332 extended this method and have demonstrated
that same N-arylation can be accomplished in the
presence of a catalytic amount of [Cu(OH)-TME-
DA].Cl, (TMEDA = N,N,N’,N'-tetramethylethylene-
diamine) without the addition of any base at room
temperature (Scheme 17). However, both the Coll-
man and Buchwald procedures have been reported
to afford mixtures of regioisomers when the coupling
is performed on 4-substituted imidazoles.327:329
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Table 11. Reported Simple Organic Cofactor Models
for the Histidine—Tyrosine Cross-Link in
Heme—Copper Oxidases

Covalently cross-linked Imidazole- Numbering of the models and its

phenol model compounds substituents

RS R*
53 (R'=COMe, R*~ R’ =H)
R’ OH
H1\(N R 54 (R*=COMe, R', R’ - R” = H)
\_/

55 (R*=COMe, R', R>, R* ~R" = H)

1 7 _
Models 53-62 56 (R'~R"=H)

S
N \
f(N—\ H/\Q
Nz
~ CHs
OH

Copper chelating model-63

57 (R°= Me, R'-R’, R” = H)

58 (R*=R°=Me,R', R*-R*, R"=H)
59 (R” = CH2-C(NHAG)(COOMe). R,
R*-R" = H)

60 (R' = R® = Me, R%-R’, R” = H)

,/(\N/\@ 61 (R'-R* =D, R® = CDy, R™-R, R” = H)
= P _
N™ (7 ‘ 62 (R'-R* = H, R°= CDs, R, R>, R7 =
X
OH Dy
63 =1"°0H
Copper chelating model-64
64 = LNOH

Elliot et al.33° have reported the coupling of imid-
azoles with arylleadtriacetate (Scheme 18) in the
presence of catalytic Cu(OAc),, resulting in exclusive
formation of 1,4-disubstituted imidazoles. Aryllead-
triacetate is usually prepared either by direct plum-
bation of aryl halides or through the intermediacy of
aryltin compounds.333334 They have extended this
method to obtain a suitably protected version of the
histidine—tyrosine dipeptide found in the active site
of the enzyme.?®® Kamaraj et al.?® have recently
accomplished the construction of tridentate and tet-
radentate chelate ligands (Table 11, compounds 63
and 64) for copper including an imidazole—phenol
donor, and the preliminary results on the dioxygen
reactivity of the Cu(l) complexes have been reported
(discussed further below).
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Figure 22. Dissociation equilibria for histidine—tyrosine
models. See Table 12.

Table 12. pK, Values of Histidine—Tyrosine Models

compound pKa (imidazole) pKa (phenol) ref
53 4.05 6.58 291
54 4.25 6.80 291
55 4.30 6.89 291
56 6.12 7.86 291
57 5.54 8.60 288
59 5.54 8.34 289
imidazole 7.10 290
histidine 6.00 335
p-cresol 10.3 290
tyrosine 9.21 336

5.2.2. Physicochemical Studies

One major aspect of interest is to establish the
properties of the models of the cross-linked histidine—
tyrosine unit and closely compare those with corre-
sponding properties of the individual imidazole and
phenol components. A number of physical methods
have been employed, including electrochemical and
FT-IR, UV-resonance Raman (UVRR), and EPR
spectroscopies, etc., to probe the effect of cross-link
on the property of the imidazole—phenol models (53—
62, Table 11) with an objective to extend the infor-
mation obtained to understand the mechanistic role
of the cross-linked histidine—tyrosine cofactor in
enzyme catalysis. For the organic His—Tyr models,
that is, in the absence of copper ion, measurement
of imidazole and phenol pK, values and identification
of spectroscopic features for the histidine—tyrosyl
radical are of interest.154288-291,299

Spectrophotometric and titrimetric studies on im-
idazole—phenols 53—57 and 59 (Table 11) have
revealed two pK, values (Table 12), which were
assigned to protons on the e-nitrogen of the imidazole
and phenolic hydroxide (Figure 22).288-291 Sjgnifi-
cantly reduced values for the pKj, of the phenol and
imidazole are observed as common characteristics of
the cross-link models. The modulation of the phenol
pK, varies over a significant range (6.6—8.6, Table
12), which may be due to the effect of substituents.
The increased acidity apparently due to the cross-
link, both at the imidazole and phenol (Table 12),
suggests an increased sz-delocalization, which would
depend on the coplanarity of the phenol and imida-
zole rings.?®8-2%0 The pK, of the substituted phenolate
may be lowered via resonance stabilization of the
conjugate anion by the N-linked imidazole or by
stabilization of the phenolate through an inductive
electron withdrawing effect.?®® An additional reduc-
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tion of pK, could be expected when the imidazole was
coordinated to a copper ion (as in the enzymes) and
should depend also on the oxidation state and coor-
dination geometry.?°® However, no such experimental
data are yet available. The cross-link of the imida-
zole—phenol model compounds also lowers the imid-
azole pK,, which might significantly weaken its
copper-coordinating ability. Again, no investigations
yet bear on this point.

UVRR studies on the cross-linked imidazole—
phenol models 56, 57, and 60—62 and their isotopi-
cally substituted (*30) analogues have demonstrated
that some imidazole vibrations are resonance en-
hanced upon excitation of phenol 7—x* transitions,
whereas they are absent for corresponding equimolar
mixtures of imidazole and p-cresol.?®® This indicates
delocalization of w-electrons between the imidazole
and phenol. A significant intensity change occurs
when neutral and anionic phenolic forms are com-
pared [note, for example, that the Y8a band of the
anionic form is much stronger (~4 times) than that
of the neutral form upon excitation, and its frequency
is lower in the anionic form], and there is a resulting
closer approach to data obtained for an enzyme pH
difference spectrum. The authors suggest that imid-
azole Cug ligation may serve to stabilize a closer to
coplanar His—Tyr situation.?®®

Although imidazole/neutral-phenol ring dihedral
angles are known in heme—copper oxidases (44°, 66°,
57°; all presumed to be neutral phenol form),18.19.30
organic cofactor models (36.3°, 42.2°),289337 and cop-
per-containing complexes (83.1°, 73.0°; see below),2%
corresponding values for deprotonated forms are not
available. Dihedral angles may be different in crystal
forms versus solutions and may vary with redox
state. Theoretical studies suggested that the effect
of imidazole substitution on phenol acidity for an
imidazole—phenol moiety can vary significantly.33833°
The pK, difference relative to unsubstituted phenol
decreases from —9.4 to —4.9 to —3.5 units for gas
phase, protein, and water solution, respectively. This
calculated dielectric dependency has been rational-
ized to arise from the changes in dihedral angle. In
the calculations the neutral species has an angle of
~59°, whereas the anionic form corresponding value
is ~27°. This study also suggests that the pK, value
of the cross-linked phenol can be further lowered by
a low dielectric protein environment and would be
affected by the nature of the specific surrounding
residues. A small decrease of ArO—H bond dissocia-
tion energy of ~1 kcal/mol in a cross-linked phenol
has been estimated by comparison to an unmodified
phenol.®3° A similar magnitude of decrease in the
oxygen—hydrogen bond strength (0.7 kcal/mol) has
been directly measured (electrochemically) in the
imidazole—phenol model compound 57 (Table 11).288

Cyclic voltammetric studies on 57 and p-cresol
displayed irreversible behavior. The observed anodic
peak was 66 + 3 mV greater than that measured for
p-cresol, which has been attributed to the electron-
withdrawing effect of the imidazole substituent.?88
Differential pulse voltammetry studies revealed three
dissociation constants for the pH dependence of the
midpoint potential for a one-electron oxidation of the
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model compound 57. Among the three pK, values, the
former two have been assigned to protonation of
imidazole and phenol, respectively (Table 12). On the
basis of the direction of the change in slope at the
third pK, at ~4.80, it has been suggested to be
associated with the protonation of the imidazole of
the cross-linked phenol oxidized radical species (see
diagram below).288

o° o°
M v K =\
NVNH

Phenoxyl Radicals. Radical species generated by
UV photolysis within several cross-link models (57—
59)288-2%0 gnd tyrosine-containing dipeptides®4® have
been identified as phenoxyl ring radicals by EPR and
UV—vis spectroscopy. Significant mixing of the im-
idazole and phenoxyl electronic states occurs, and a
small delocalization of spin density onto the imidazole
ring has been suggested, on the basis of the observa-
tion of a significant shift (~100 nm) in the radical
UV—visible spectrum, compared with an unmodified
tyrosyl radical.?®® With simple tyrosine-containing
dipeptides (Tyr—His, Tyr—Pro, and Pro—Tyr) lacking
the covalent cross-link, phenoxyl radicals produced
by UV photolysis indicate conformationally sensitive
delocalization of spin density onto the dipeptide
amino and carboxylate groups occurs. The authors
suggest that this property, which may also occur with
other functional groups, may have important impli-
cations for electron-transfer pathways in proteins.34°
As it may pertain to heme—copper oxidases, other
researchers?®8-2% suyggest that the His—Tyr covalent
bond may enable enhanced migration of an electron
between the two rings.

UVRR studies on imidazole—phenol models 56, 57,
and 60—62 show that the presence of an imidazole
C, substituent appreciably increases the C—0O double-
bond character in the phenoxyl radical state. It was
suggested that in the absence of a C, bulky group,
the cross-linked structure may better approach co-
planarity.?®® A C—O stretching RR band was observed
at 1530 cm™* for the radical state of 56, 57, and 60—
62. The g values of the radical-generated 56—59 vary
over the range 2.0045—2.0058. The authors suggest
that a tyrosyl radical generated during heme—copper
oxidase turnover would need only to have a transient
existence and stability so that the subsequent one-
electron reduction is highly favorable.?78288

Copper-Containing Model Complexes. In an
attempt to model and understand the redox-linked
conformational gate to proton translocation, Colbran
and co-workers?® have investigated the copper coor-
dination chemistry of tris(pyridylmethyl)amine ligands
with one of the pyridine arms having a hydroquinone
(H2L?) or a quinone substituent (L% at the sixth
position (Figure 23). They demonstrated that two-
electron oxidation of a square planar complex [Cu-
(kN—H,L?)Cl;] is linked to the loss of two protons
accompanied by a conformational change (i.e., bind-
ing of the previously “dangling” hydroquinone-
containing pyridine arm to the copper and simulta-
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Figure 23. Oxidation of [Cu(k3N—H,L?)CI;] (top) to [Cu-
(k*N—L3)CI]* (bottom), a model for a copper—ligand com-
plex redox-linked conformational transformation (i.e., li-
gation and geometric changes), also accompanied by proton
movement (i.e., l0ss).

(66)

Figure 24. ORTEP diagrams showing the cationic por-
tions of [Cu'(LN*OH)](B(CeFs)s) (65) (top) and [Cu'(LNs3-
OH)(MeOH)(OCIO;7)](OCIO37) (66) (bottom).

neous loss of 2H* to form a quinone), affording a
trigonal bipyramidal product [Cu(k*N—L8®)CI]" (Fig-
ure 23). Thus, this system provides a crude but quite
interesting example for a critically important step in
a proton-pumping cycle.

Kamaraj et al.??® prepared first-generation models
of the Cug—His—Tyr moiety, employing ligands 63
and 64 (Table 11), synthesizing copper (I/11) com-
plexes. The X-ray structures of copper(l) complex
[Cu'(LN*OH)]* (65) and the cupric compound [Cu''-
(LN3OH)(MeOH)(OCIO37)]* (66) are shown in Figure
24. For mononuclear complex 65, the copper(l) ge-
ometry is distorted trigonal pyramidal with three
aromatic nitrogens (pyridine and imidazole) in the
basal plane, whereas the copper(ll) ion in 66 is
pentacoordinate, possessing ligation from the three
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nitrogen donors of the tridentate chelate plus metha-
nol and perchlorate ligands. The imidazole—phenol
moiety in both complexes enjoys nitrogen—copper
ligation, also yielding a phenol proximate to the
copper ion, similar to that seen in the natural enzyme
active sites. The resulting Cu---(O) distances are in
the range of 5—6 A, analogous to those in the protein
crystal structures.'81930 The observed phenol/imida-
zole dihedral angles in these model compound (65
and 66) structures are larger than observed for the
proteins (vide supra), suggesting only a minimal
electronic interaction exists between the copper ion
and the phenol through the C—N covalent cross-link,
at least in the solid state. The measured Cu(l1)/Cu-
(1) redox potentials for [Cu'(LN*OH)](B(CeFs)4) (65),
its anisole analogue, and [Cu'(TMPA)(MeCN)]CIO,
(2a, Figure 6) are nearly identical (E1», = —0.42 V vs
FeCp./FeCp,t in acetonitrile), indicating that the
imidazole—phenol cross-link does not directly influ-
ence the redox properties. This is of course consistent
with the large imidazole—phenol dihedral angles
(vide supra) resulting in an apparent minimal elec-
tronic communication of the copper ion and the
phenol part of the ligand.

Initial dioxygen reactivity studies of the copper(l)
forms of the ligand—Cu complexes were carried out
to see if phenoxyl radical species might form. No such
chemistry was observed. Both the tridentate and
tetradentate chelate copper(l) complexes react with
dioxygen at low temperatures to give spectroscopi-
cally (UV—vis) peroxo—dicopper(ll) Cu—0O,—Cu in-
termediates, apparently preorganized for subsequent
deprotonation of the cross-linked imidazole—phenol
moiety and subsequent phenolate dimer product
formation. It was suggested that the phenol moiety
acted as a proton donor toward the basic peroxide
intermediate species formed.?%®

Summary. Models for the histidine—tyrosine cross-
link have led to new or newly applied synthetic
organic chemistry development and the determina-
tion of how the cross-link effects modify pK, values,
phenol-bond dissociation energies, properties of the
phenoxyl radicals, and other physical properties.
Only a few examples of copper complexes with an
imidazole—phenol moiety exist and, as of this writing,
none with a heme—copper complex with the cross-
link of interest (but see 9. Note Added in Proof).

6. Models for the Dicopper Cua Electron-Transfer
Site

Most cytochrome c oxidases have the primary
electron acceptor Cua site in subunit Il (Figure 3 in
section 2), mediating one-electron-transfer (ET) pro-
cesses from cytochrome c to the low-spin heme a
site.’® Cua was once thought to be a mononuclear
redox center, analogous to the type 1 centers in blue
copper proteins, but is now known to consist of a
thiolate-bridged binuclear site, as illustrated in Fig-
ure 25. The electron transfer facilitated by Cua is
remarkably fast, both for the intramolecular ET
(k =1 x 10* s7%, Cua — heme a)?*3* and for the
intermolecular ET (k =6 x 10* s, cytochrome ¢ —
Cua),®*? considering the fact that the metal centers
are separated by ~20 A8 (Figure 3) and ~18 A (as



Synthetic Models for Heme—Copper Oxidases

Figure 25. Chem 3D representation of the Cup site in
bovine cytochrome c oxidase, as taken from the X-ray
coordinates (PDB 10CR).

predicted by modeling studies),?” respectively. Un-
derstanding the unique structure of Cua with respect
to its ET functionality has been a focus of intense
research, and synthetic modeling chemistry, in par-
ticular, has made considerable contributions in elu-
cidating the geometric and electronic structures of
CUA.

6.1. Cua Site in Cytochrome ¢ Oxidase

Physical studies of the Cua site in CcO were
previously hampered by the presence of the heme
groups, whose dominant spectroscopic features often
interfered with those from the copper centers. Such
difficulties have been overcome relatively recently
through a genetic-engineering approach, in which the
water-soluble Cup CcO domains from B. subtilis,®*
P. denitrificans,3** and T. thermophilus®*® can be
separately expressed. In addition, protein engineer-
ing has led to the reconstitution of the Cup, site into
the CyoA subunit of quinol oxidase from E. coli,346:347
and into a copper-binding site of Pseudomonas aeru-
ginosa azurin®® and Thiobacillus versutus amicy-
anin.3* A great deal of insight has been obtained
from studies using these constructs; these are rel-
evant or related to the very similar electron-transfer
copper A site of nitrous oxide reductase (N,OR), the
terminal denitrification enzyme that catalyzes the
reduction of N,O (N,O + 2H* + 2e~ — N, + H,0).3%

Cup exists in two redox states. The reduced form
has two cuprous ions (Cu'---Cu'), whereas the oxi-
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dized form has a fully delocalized mixed-valence core
(Cu'"Cu' < Cu'Cu'" = Cul®---Cu?®) in which the
unpaired electron gives rise to an EPR spectroscopic
seven-line hyperfine pattern, expected for delocal-
ization over two copper ions, each possessing a
nuclear spin | = 3/,. Although controversial at the
time, a binuclear structure was in fact first (correctly)
proposed by Antholine and Kroneck, following their
multifrequency EPR observations and analyses.3%0.351

Several CcO193031 and N,OR2:3%2 crystal struc-
tures and that for the engineered Cua-containing
proteins3%4-3% are now available, confirming the Cua
binuclear structure suggested by the spectroscopic
methods. The geometry of the Cua site from reduced
bovine cytochrome c oxidase'8 is shown in Figure 25.
The two copper ions are bridged by the sulfur atoms
of Cys-196 and Cys-200, forming a planar diamond
core with a short metal-to-metal distance of 2.58 A.
Each copper ion is terminally coordinated by histi-
dine ligands that are trans to each other. One copper
atom is also weakly coordinated by a methionine
sulfur ligand, whereas the second copper ion is also
weakly bound to a backbone carbonyl oxygen of a
glutamic acid residue. These structural features are
generally conserved in the natural and the engi-
neered Cua sites (Table 13). The short distance
between the two copper centers is in good agreement
with that observed from XAS and EXAFS stud-
ies,3573%8 in which a direct Cu—Cu bond has been
proposed, whereas the presence of the weak ligands
(Met and Glu) could not be detected by EXAFS
analyses. Only minor changes in the core Cu,S;
structures are observed between the oxidized and the
reduced forms, where the reduced form has slightly
longer Cu—Cu and C—S bond lengths (Table 13). The
robust Cup cluster, which is essentially unchanged
upon one-electron redox change, has been suggested
to provide a structural framework for the low reor-
ganization energy of Cua, 4, which can be directly
related to its fast ET rate.3%8

The MV “oxidized” form of the Cua center has a
number of distinctive spectral features (Table 14). In
addition to its characteristic EPR spectroscopic prop-
erties (see above), MV—Cua exhibits an intense
purple color with strong absorption bands around 480
and 530 nm, originating from the S(Cys) — Cu
charge-transfer transitions.3%°~361 Resonance Raman
spectroscopy also reveals a large number of vibra-

Table 13. Comparisons of the Bond Distances (Angstroms) for the Different Forms of Cua

bovine heart T. thermophilus Cua azurin
reduced oxidized reduced oxidized oxidized oxidized

method X-ray X-ray EXAFS EXAFS X-ray X-ray
resolution (A) 2.35 2.30 a a 1.6 1.65°
Cu---Cu 2.58 2.45 251 2.43 251 2.39
Cu—S(Cys) 2.21-2.34 2.17-2.27 2.33 2.29 2.2-2.42 2.16—-2.43
Cu—N(His161) 1.96 1.93 1.96 1.97 211 2.05
Cu—N(His204) 1.97 1.93 1.88 2.16
Cu—S(Met) 2.67 2.66 NAc° NA 2.46 3.07
Cu—0(Glu) 2.41 2.39 NA NA 2.62 2.16
ref 18 18 357 357 354 355

a Distances are accurate to £0.02 A; coordination numbers are accurate to +£25%; the coordination numbers in the simulations
were fixed at 1 N, 2 S, and 1 Cu scatter per Cua absorber (ref 357). ® Two independent Cua azurin molecules are in the asymmetric
unit with root-mean-square deviation of 0.27 A between them (ref 355). ¢ Not observed.
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Table 14. Physical Properties of the Mixed-Valence Cua Site
spectroscopic method data ref
EPR? hyperfine pattern 7 lines 350
Ox 2.00
Oy 2.03
g 2.18
ACY Guass Ay 22.70
Ay 24.50
A, 38.00
ENDOR®? AN, MHz 7-11 362
15.6—20.3
UV—vis, MCD,” nm (¢, M~ cm™?) S—CucCT 480 (3000) 359—-361
S—CuCT 530 (2600) 363
— P> ~800 (1600)
Raman,” cm~! (A%4S) Cu,S; breathing 339 (-5.1) 359—-361
Cu—S/Cu—N stretching 260 (—4.1)
Cu—S twisting 270
Cu,S; accordian bending ~130
reduction potential 250 mvd 364

a From bovine CcO. P From P. denitrificans Cua domian CcO. ¢ From B. subtilis Cua domain CcO. 9 Potential vs NHE.

tional modes from the Cu,S,(Im), core, providing
further information and insights concerning the
coordination and bonding in Cua.35°362

The electronic structure of Cua has also been
studied using both experimental and theoretical
approaches. Solomon,361.365366 Thomson,%” Kroneck,368
and their co-workers carried out detailed spectro-
scopic and molecular orbital calculations on both Cua-
containing enzymes and a MV model compound
(discussed below). The research group of Solomon
suggests that the elongated axial ligands (Met sulfur
and oxygen donor from Gln or Glu) leads to Cu—Cu
compression, which then produces strong orbital
overlap and valence delocalization, a lower reorga-
nization energy, and thus efficient ET. In addition,
the importance of the short and highly covalent Cua
Cys—Cu bonds was highlighted, as contributing to
efficient long-range ET, allowing multiple ET path-
ways, as a S(Cys) path is competitive with a shorter
N(His) pathway. However, in a separate study using
DFT calculations [on the molecule (Im)(S(CH3),)Cu-
(SCHy3),Cu(Im)(CH3CONHCHyg), representing the Cua
center], Ryde and co-workers3%® conclude that varia-
tion in the axial ligand does not likely change the
structure or reduction potential of Cua significantly.
The authors rather suggest a small change in stiff
bonds (of the core structure) in Cus as a more
important factor.

6.2. Cua Site Synthetic Models

The characteristic features of the binuclear Cua
electron-transfer center are its fully delocalized MV
(Cu'"Cu' < Cu'Cu" = Cut®---Cul®) nature, a so-called
class Il nature,®° meaning from the inorganic
chemistry literature that it is delocalized even at low
temperatures. Further, the extremely short Cu---Cu
distance and apparent metal—metal bonding, with
thiolate bridging, makes the heme—copper oxidase
and nitrous oxide reductase Cua electron-transfer
center unique. In the past 10 years, there have been
considerable inorganic chemistry advances, especially
in the generation of class 111 dicopper complexes, also
possessing very short Cu---Cu separations. Included

in these are systems that employ macrobicylic
polyaza, 3737 4-1,3-carboxylate,?6738 and deproto-
nated urea®! ligands.

Nelson,®"* Barr,®”* Thomson and McGarvey,*#? and
their co-workers have synthesized MV dicopper com-
plexes with the formula [Cu,L]®*" (67a, 68, 69a)
(Figure 26), each using very similar macrobicyclic
octaaza ligands. Compound 67a contains an unsatur-
ated Schiff base ligand, whereas the ligand in 68 is
the saturated reduced form. Complex 69a is a varia-
tion of 67a with a longer alkyl chain between
nitrogen atom donors. These appear to be the first
examples of complexes with short Cu—Cu distances
as in Cua.

The structures of 67a, 68, and 69a have been
determined by X-ray crystallography, revealing that
each copper ion has almost identical trigonal bipyr-
amidal geometry, with Cu—Cu distances of 2.380(5),
2.364(1), and 2.419(1), respectively. EPR38 and elec-
tronic absorption3®? spectroscopies have revealed the
presence of a Cu—Cu bond between the two metal
ions through direct orbital (d;2) overlap (Table 15).
EPR spectra obtained for these complexes display the
characteristic seven-line pattern arising from spin
delocalization over the two copper (I = 3/;) ions. The
hyperfine couplings Ap in 67a, 68, and 69a are
relatively large compared to that found for the Cua
site of CcO (Table 14), indicating that these model
complexes do not have the extensive delocalization
of spin density onto the ligands found in Cua.38
Despite the differences in unsaturation of the ligand
skeleton, 67a, 68, and 69a have similar electronic
absorption spectra, with quite intense (¢ > 1000 M~
cm™1) features in the near-IR region (Table 15). MCD,
resonance Raman, and theoretical studies confirm
that the visible and near-IR absorption bands origi-
nate from d—d transitions of coupled metal centers,
and the most intense feature of the near-IR absorp-
tion corresponds to a o — ¢* transition.®®* Resonance
Raman studies®”® also show that the Cu—Cu bonds
in 67a, 68, and 69a are much stronger than that in
the natural Cu, site, suggesting that the weaker Cu—
Cu interaction in the enzyme reflects the bonding
interaction between copper and the thiolate bridging,
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Figure 26. Mixed-valence dicopper(l,11) complexes.
Table 15. Spectroscopic Features of the Selected Mixed-Valence Cua Model Complexes
67a 68 73 77 79
Cu—Cu distance, A 2.385(5) 2.364 2.4246(12) 2.39 2.9306(9)
EPR 7 lines 7 lines 7 lines 7 lines 7 lines
g = 2.004 gy =2.02 g1 = 2.030 g=2.023 g1 = 2.010
go = 2.148 go=2.15 g2 = 2.158 g = 2070 g2 = 2.046
gs = 2.312 g=2.197 gs = 2.204
A=11G A=22G Al 20.0G A=14G A2 36.3G
Ap=111G Ap=115G =55.0G A=38G =499G
A3 =1225G A=147G
UV-vis, nm (¢, M cm™)  600—650 (1500—3500) 662 (2900) 536 (1600) 466 (1600) 358 (2700)
750—780 (5000) 736 (4500) 923 (1200) 568 (1400) 602 (800), 786 (sh)
707 (4000) 1466 (1200)
ref 371, 372 374 376 381 386

which may play an important role in its ET func-
tionality. In a separate Raman excitation profile and
calculation study,®”® the existence of the isomeric
forms of 68 is revealed, in which the torsional
coordinate Neg—Cu—Cu—Ngq is strongly coupled to

the Cu—Cu bond stretch, influencing electronic struc-
ture and the potential energy surface of the complex.
Although such behavior is not yet apparent in the
CcO Cua site, the authors®”® suggest that the pos-
sibility of such control by a subtle change in the
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ligand environment could be important in the enzyme
function.

The one-electron-reduced form of the MV com-
plexes 67a and 69a, dicopper(l) compounds [Cu',-
(imBT)J?* (67b), and [Cu'y(imbistrpn)]>* (69b) have
also been synthesized.3”® The X-ray crystal structures
of 67b and 69b reveal considerable elongation in the
Cu—Cu bond distances: 2.380(5) — 2.448(1) A for
67a — 67b; 2.491(1) — 2.928(4) A for 69a — 69b. A
similar trend in the Cu—Cu distance change is also
observed in the enzyme Cu, Site (see Table 13).

Another group of class 111 MV dicopper complexes
contain carboxylate-bridging ligands (compounds 70—
76, Figure 26). Lippard and co-workers®® have
utilized the m-xylenediamine bis(Kemp’'s triacid
imide) (H2XDK) or the propyl derivative of H,XDK
(H,PXDK) as bridging ligands, in which the effects
of steric hindrance and preorganization of the ligating
carboxylate groups stabilize the mixed-valence core.
In this system, the copper ions are coordinated by
oxygen atom ligands, including negatively charged
carboxylate and neutral oxygen atom from THF, in
contrast to the octaazacryptand chelates, which
provide only neutral nitrogen donor atoms for copper
(vide supra). Despite the quite different ligand en-
vironment, the MV complexes 70—74 reveal physical
properties very similar to those in 67a, 68, and 69a.
X-ray crystal structures of [Cu,(XDK)(u-OTf)(THF),]
(70), [Cuz(XDK)(u-O2CCF3)(THF)] (72), and [Cuz-
(PXDK)(THF)4] (74) reveal that each copper ion has
a square pyramidal geometry with short Cu---Cu
distances of 2.4093(8), 2.3988(8), and 2.4246(12) A,
respectively. EPR studies demonstrate that the com-
plexes 70—74 have fully delocalized electronic struc-
tures, again exhibiting seven-line signals (Table 15).
Molecular orbital calculations on simplified models
of 70—74 have also been carried out, revealing a Cu—
Cu-bonding interaction in SHOMO and SOMO, which
comprise o-type overlap between the two dy2-2 orbit-
als. In a complementary approach, Tolman, Que, and
co-workers have prepared similar class 111 MV di-
copper compounds [Cu,(ArCO,),(THF),]" (75 and 76),
employing a self-assembly strategy with sterically
hindered benzoate ligands (Figure 26).38 Both 75 and
76 have characteristic spectroscopic features for the
fully delocalized Cu'>Cu®® cores, including a short
Cu---Cu distance [e.g., 2.3876(12) A for 76] and the
seven-line EPR spectral pattern. An unusually large
solvent dependence of UV—vis maxima in the low-
energy regions is observed (e.g., for 75, 736 to 788 to
941 nm for CH,Cl,, toluene, and THF, respectively).
The researchers explain this behavior by a perturba-
tion of the metal—metal interactions caused by the
solvent or counterion binding. Using the concept of
“u-carboxylate bridging” in synthesizing fully delo-
calized MV dicopper complexes, several other ex-
amples have also been reported.377-379.38

Borovik and co-workers®8! have prepared their MV
dicopper complexes, utilizing the tripodal ligand tris-
[(N'-tert-butylureayl)-N-ethyl)Jamine (Hs77), which
has three N-ethylene-N'-tert-butyl urea arms at-
tached to an apical nitrogen atom (Figure 26). The
fully delocalized MV complex 77 has been character-
ized by X-ray crystallography, revealing that the two
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(LN5Cual* (80)  [Cuy(L)(HOMe),(NOG)T* (81)
(ref 387) (ref 388)
Figure 27. Thiolate-bridged dicopper(ll) complexes.

copper ions are linked through two mono-depro-
tonated urea ligands, which coordinate as a u-1,3-
(kN:xO) ureate bridge to produce a Cu---Cu distance
of 2.39 A (Table 15). A similar type Ill copper
complex, 78, has been also prepared with the analo-
gous bidentate ligand (Figure 26). The structural
properties of the Cu'SCu'® core in 78 are nearly
identical to those in 77. Both complexes also have a
fully delocalized electronic structure, as judged by
EPR spectroscopy.

Tolman and co-workers®¢ have reported the first
example of dithiolate-bridged MV complex [(LiPrdacos.
Cu);](0O3SCF3) (79) (Figure 26) that closely mimics
the MV-Cu, geometry and other spectroscopic fea-
tures. Complex 79 is synthesized from a reaction
mixture with a 3:2 ratio of NaLPrdacS and Cu(Os-
SCF3),, where the extra half-equivalent of NaL Prdacos
provides a reducing equivalent for copper(ll), afford-
ing the MV complex. The X-ray crystal determination
of 79 reveals a planar MV Cu,S; core with a Cu---Cu
distance of 2.92 A, which is considerably longer than
that found in protein Cup structures (Table 15). The
MV description of 79 is further supported by X-band
EPR spectroscopy, exhibiting the seven-line hyperfine
pattern (Table 15). Complex 79 has less intense and
red-shifted visible bands compared to Cua, seen by
UV—vis spectroscopy. The class 111 (fully delocalized)
MV y — y* transition of 79 is also observed at 5600
cm~! by near-IR resonance Raman spectroscopy, at
a much lower energy than that observed for Cua
(~13000 cm1),361.365.366 The electronic structure of 79,
in comparison with that of Cua, has been further
studied through absorption, MCD, and X-ray absorp-
tion spectroscopies, and an MO-splitting description
has been provided.261.365366 The conclusion is that
valence delocalization in 79 is mediated by the
bridging thiolate ligands rather than by direct Cu—
Cu overlap; in Cua (with direct short Cu—Cu bond),
electron delocalization is provided by both Cu—Cu
and Cu—S interactions.

Although homovalent dicopper(ll) species are not
observed in enzyme Cu, sites, studies of such com-
plexes can increase the understanding of the geo-
metric and electronic structures of related MV Cu,S;
cores. As an analogue of [(LiPrdacoSCu),](0sSCF3) (79),
Tolman and co-workers®®’ have also synthesized a
thiolate-bridged dicopper(I1) complex [{(LN®S)Cu},]>"
(80) (Figure 27), utilizing a 1,4-diisopropyl-1,4,7-



Synthetic Models for Heme—Copper Oxidases

triazacyclononane (LN®®) ligand. The X-ray crystal
structure of 80 reveals a distinct “butterfly” distortion
of the Cu,(u-SR), core with a Cu---Cu distance of 3.34
A, which is significantly longer than the core struc-
ture of the MV analogue 79. Complex 80 is EPR
silent, suggesting magnetic coupling between the two
Cu(ll) ions, and further variable temperature vari-
able field (VTVH) magnetic circular dichroism (MCD)
intensity measurements reveal that 80 hasan S =1
ferromagnetic ground state.3! Low-temperature solid-
state absorption and MCD spectra of 80 have been
also obtained, exhibiting spectral features similar to
those from MV analogue 79, with the dramatic
exception of the latter possessing the intense near-
IR feature typical of MV systems (vide supra).

Schroder and co-workers®®8 have synthesized a
dicopper(I1) complex [Cu,L(HOMe),(NOs7)]* (81) (Fig-
ure 27), utilizing a binucleating ligand that contains
two thiolate-bridging groups for copper. Complex 81
is prepared from a metal displacement process in-
volving Cu(NOg), reaction with a ligand—dizinc(ll)
complex [Zn,L(O,CMe)]*. The structure of 81 has
been determined by X-ray crystallography, revealing
the Cu-+-Cu distance of 3.26 A with a Cu,S, core that
is distorted in a manner similar to that found in 80.
Complex 81 shows two reversible one-electron reduc-
tions by coulometry, at —0.605 and —0.805 V (vs Fc/
Fct), assigned to the formation of corresponding
[Cu'"Cu'] and [Cu'Cu'] complexes. No interactions
between the two copper ions in 81 are observed from
magnetochemical measurements (uesr = 1.8 ug) and
EPR spectroscopy.

7. Concluding Remarks

Great strides have been made in the synthetic
modeling of heme—copper oxidases. The overall pur-
pose of such studies is to elucidate fundamental
aspects of the relevant coordination chemistry, metal
ion ligation, coordination structures, spectroscopy
and spectroscopic structural correlation, and reactiv-
ity. Interests and approaches have changed some-
what since the 1995 and subsequently reported
enzyme X-ray structures, which of course have given
a much stronger basis for any conclusions about
spectroscopy, reactivity, and function. Nonetheless,
there are many unresolved issues and new questions
and directions to consider.

As mentioned, many modeling investigations have
focused on synthetic approaches for generating bridged
and oxidized form Fe''"'-X—Cu" assemblies, trying to
get at a possible identity for X, and to resolve issues
about magnetic coupling between the heme and
copper(ll) centers. In fact, we conclude that these
issues are not yet resolved. In resting state oxidized
enzyme, water, and/or hydroxide would appear to be
bound both to iron and to copper ions, and with >4.3
A (minimally) heme a3 Fe and Cug distances observed
thus far, it seems most likely that there is at best
weak magnetic coupling between the metal centers,
as has been suggested from a few of the magnetic or
spectroscopic studies (see section 4.1). Other ques-
tions are, what are the “fast” and “slow” forms of the
enzyme (see section 4.1) in terms of metal ion
ligation, coordination geometries, or other factors? It
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does not appear either model studies or the enzyme
X-ray structural have yet revealed relevant insights.

Perhaps one of the most successful model investi-
gations comes from Holm and co-workers, with a
series of cyanide-bridged heme—copper assemblies
(section 4.2.2). The systematic approach and thor-
ough structural and physical characterization lead
to the strong conclusion that cyanide binding and
cyanide toxicity can or do involve a cyanide bridging
between heme as iron and Cug. Although the biologi-
cal relevance is clear, additional benefits come by way
of the new contributions to basic inorganic chemistry.

Recent significant advances also have come in the
discovery and characterization by the groups of Holm
and Karlin of u-oxo and u-hydroxo heme—Cu as-
semblies, derived either from acid—base chemistry
or from the dioxygen reactivity of reduced species
[reactions of iron(ll) and copper(l) complexes and
subsequent O—O cleavage via disproportionation].
The relevance to actual enzyme chemistry is unclear,
but these heterobinuclear heme—Cu compounds are
remarkable in their Kinetic stability, as (porphyri-
nate)Fe'"'—OH and especially u-oxo [(porphyrinate)-
Fe''"l,—O complexes are thermodynamic sinks. Again,
new coordination chemistry advances, synthetic,
structural, and spectroscopic, have come about from
these studies intended to shed light on heme—copper
oxidase chemistry. The chemistry of the u-oxo heme—
copper assemblies will have continuing interest with
respect to enzyme modeling. We suggest that, for
example, these compounds may be excellent precur-
sors for reactions with hydrogen peroxide, potentially
leading to species of interest (i.e., compound P or F
or other relevant transients) and relevance to the
enzyme O, reduction pathway.

The newest directions in heme—copper oxidase
modeling have come from examination of compounds
with reduced heme and copper ion complex 1:1
mixtures or heterobinuclear constructs. Thus, gen-
eration and characterization of carbon monoxide
adducts of heme and/or copper provide preliminary
insights into the binding of this O, surrogate and
allow probing of the heme—copper environment.
However, it is dioxygen reactivity that has really led
to exciting developments, including biomimetic func-
tional modeling studies using electrochemical ap-
proaches (see paper by Collman et al.),’® and O,
reactivity studies leading to discrete superoxo—heme
(with copper present) and heme—peroxo—copper as-
semblies. The latter may be directly relevant to an
enzyme transient intermediate or may be a precursor
to such (i.e., by protonation giving a heme hydro-
peroxo Fe'""-OOH:-:-Cu'" moiety). Collman reported
the first example of a heme—peroxo—copper complex
in 1994, and Karlin's group has greatly developed
this area, reporting a variety of examples also
demonstrating that peroxo spectroscopic signatures
(and perhaps structures) can be influenced by bi-
nucleating ligand superstructure and copper-ligand
denticity. Naruta recently reported the first X-ray
structure, confirming the nature of such species, with
an example of an unsymmetrically bridged peroxo
moiety bound to the heme in a side-on #? fashion,
whereas it is ' to copper (section 3.2.1). Thus, there
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are very promising future prospects for successful
model compound study of dioxygen reactivity in a
heme—copper environment. Much still needs to be
done in characterizing these O,-derived complex
structures, including electronic/spectroscopic studies.
Does side-on and end-on peroxo ligation exist, and
what are the structural—spectroscopic implications
and consequences for reactivity? Most of the com-
plexes studied by Karlin and Naruta are high-spin;
what will happen in the presence of a strong axial
base ligand (as is present as the His proximal group
at heme a3) in terms of spin-state of the heme model?
Will this alter peroxo structure and subsequent
reactivity? Very importantly, reactivity studies of
these heme—peroxo complexes with electrons/protons
will need to be carried out, attempting to mimic the
enzyme O, reduction pathway(s) and the O—0O-bond
cleavage process.

Another exciting new direction for modeling comes
from the relatively recent revelation concerning the
heme—copper oxidase Cu—ligand covalent histidine—
tyrosine cross-link. Model studies have begun, but
much remains for the future in order to understand
how this alters Cug or Tyr redox potential or the
acid—base (pK) behavior of the His or Tyr or Cug
ligand(s) present. And what is the connection to the
O—0 bond cleavage? Is the His—Tyr group an elec-
tron and/or proton source, or other? We should
shortly see model compounds that incorporate a heme
and copper in a binucleating ligand assembly, along
with a model for the His—Tyr cross-link. A very
interesting question that should be addressed is how
in fact does the His—Tyr cross-link form in the first
place? Does the oxidative coupling (formally) of a His
and Tyr residue require O, or hydrogen peroxide?
Does it require only Cug or both heme and Cu metal
centers? Is the proenzyme first reaction turnover (i.e.,
the post-translational modification step) evolved to
form the His—Tyr link and can models be designed
to help elucidate the mechanism of this process?

The Cua dicopper center is a relatively exciting new
species or prosthetic group in bioinorganic chemistry,
as a one-electron transfer conduit for many heme—
copper oxidases and nitrous oxide reductase. It has
novel features, probably the first with a copper—
copper bond, a stable mixed-valent delocalized (for-
mally) Cu'®—Cu®® redox state, and cysteine-bridging
ligands. Some beautiful molecules have been de-
scribed in the past 10 years, possessing very short
Cu---Cu distances and quite probably metal—metal
bonds. With its sulfur thiolate bridges and its stabi-
lized mixed-valent delocalized state, the Tolman and
co-worker model compound (section 6.2) is very
elegant and an achievement in bioinorganic synthetic
modeling. Yet, it is imperfect as it does not shuttle
(electrochemically) between the mixed-valent and
fully reduced dicopper(l) state, nor does it possess a
short Cu---Cu distance. Thus, to fully elucidate its
chemical nature, still better Cua models are needed,
and the considerable challenge will be to find a way
to synthesize this dicopper entity, which is surely
kinetically stabilized by its biological environment.
Researchers must find a synthetic kinetic pathway
to generate a model with thiolate bridges, accessible
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fully reduced and mixed-valent states, and a copper—
copper bond.

Although synthetic modeling of the redox-active
heme—copper oxidase metal centers and His—Tyr
cross-link has considerably advanced, significant and
exciting future challenges remain.

8. Abbreviations

HCO heme—copper oxidase

CcO cytochrome ¢ oxidase

MV mixed valence

FR fully reduced

TMPA tris(2-pyridylmethyl)amine

TPP tetraphenylporphyrinate

FsTPP tetrakis(2,6-difluorophenyl)porphyrinate
OEP octaethylporphyrinate

TMP tetramesitylporphyrinate

CoCp, cobaltocene

THF tetrahydrofuran

ESI-MS electron spray ionization mass spectrometry

EXAFS extended X-ray absorption fine structure
EPR electron paramagnetic resonance

XAS X-ray absorption spectroscopy

MCD magnetic circular dichroism

TACN triazacyclononane

DHIm 1,5-dicyclohexylimidazole

PY2 bis(pyridylethyl)amine

MePY?2 N,N-bis[2-(2-pyridylethyllmethylamine
HO heme oxygenase

1,2-Me,IM 1,2-dimethylimidazole

aibg tripeptide of a-aminoisobutyric acid
OTf triflate

GcH glycyl-glycyl-L-His-methylamine
TMEDA N,N,N’,N’'-tetramethylethylenediamine
phen 1,10-phenanthroline

dba trans,trans-dibenzylideneacetone

ET electron transfer

N,OR nitrous oxide reductase

9. Note Added in Proof

After submission of this paper, Naruta and co-
workers (Liu et al. Chem. Commun. 2004, 120)
reported a new porphyrin with a covalently appended
copper chelate possessing a cross-linked imidazole—
phenol group; the iron(ll)—copper(l) complex with
this ligand reacts with dioxygen to form a low-
temperature stable peroxo species.
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