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ABSTRACT

This Account focuses on our recent developments in synthetic
heme/copper/O, chemistry, potentially relevant to the mechanism
of action of heme—copper oxidases (e.g., cytochrome c oxidase) and
to dioxygen activation chemistry. Methods for the generation of
0, adducts, which are high-spin heme(Fe™)-peroxo-Cu" com-
plexes, are described, along with a detailed structural/electronic
characterization of one example. The coordination mode of the
O,-derived heme-Cu bridging group depends upon the
copper-ligand environment, resulting in u-(0,%") side-on to Fe™
and end-on to Cu" (u-»*n") binding for cases having N, tetraden-
tate ligands but side-on/side-on (u-7%n? u-peroxo coordination
with tridentate copper chelates. The dynamics of the generation
of Fe'"'-(0,%)-Cu" complexes are known in some cases, including
the initial formation of a short-lived superoxo (heme)Fe'(0,™)
intermediate. Complexes with cross-linked imidazole-phenol “co-
factors” adjacent to the copper centers have also been described.
Essential investigations of heme-copper-mediated reductive O-O
bond cleavage chemistry are ongoing.

Introduction

The allure of the highly pigmented heme prosthetic groups
found in our own blood oxygen-carrier hemoglobin and
cytochrome P450 monooxygenases (P450) has historically
stimulated interest in heme/O, chemistry.! While there has
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been a long time interest in copper ion (and complexes) as
reagents for oxidative transformations of synthetic utility, the
probing of copper(I) complex dioxygen reactivity with a
relevance toward copper proteins (e.g., O,-carrier hemocya-
nins, copper monooxygenases, or oxidases) is more recent.*™

This Account, in a sense, focuses on a melding of these
two subjects, heme/O, and copper/O, coordination chem-
istries. From (a part of) our own research programs, this
has led to the generation of a series of heme—copper/O,
adducts, in fact, Fe"—peroxide(0,?")-Cu" complexes (1-5
in Chart 1). Such heterobinuclear assemblies are inher-
ently interesting entities, because they comprise new
classes of species made up of two redox-active metal ions
bridged by an O,-derived ligand.

The inspiration for our studies comes from the existence
of ubiquitous aerobic organism heme-copper oxidases,
including cytochrome c oxidase (Cc0).®” These possess a key
binuclear active site, with heme (a;) and a proximal (~4.4-5.3
A) copper ion (Cug) (see Chart 1), where the reduction of
dioxygen is coupled to enzyme proton translocation across
the membrane (eq 1) in which the enzyme resides, with the
resulting proton/charge gradient utilized by ATP synthetase.
In short, metabolism of foodstuffs (respiration) leads to the
production of reducing equivalents (reduced cytochrome ¢),
which react with dioxygen breathed in and is transported
to the CcO active site; the overall result is the transduction
of the thermodynamically available energy (from O, reduc-
tion to water), leading to the biosynthesis of ATP as the
critical form of transportable and utilizable energy for the
organism.

0, +4e (cyt o+ 8H;1—’2H20 + 4H§ut (1

As for any metalloprotein, the reactions occurring at
this heme—Cu center cannot be divorced from the inherent
chemistry of the metal ions. Our interests,® as well as that
research coming from complementary investigations by
Collman et al.” and Naruta et al.,*? consist of the design,
generation, and interrogation of small-molecule model
systems. Their study may serve to sharpen or focus
relevant questions (and answers) about the protein active-
site structure and mechanism of the reaction. Elucidation
of the synergism between Cu/O, and heme/O, chemistries
as pertains to CcO O, binding and reduction is a signifi-
cant goal. How/why is the CcO active site perfectly suited
for O,-reductive cleavage? Why are there three N;igazole
ligands (Chart 1) for copper; what is the purpose/function
of the His-Tyr cross-link; and why are the active-site iron
and copper juxtaposed at ~5 A (Chart 1)? How is CcO
chemistry the same or different than seen for multicopper
oxidases (affecting the four-electron reduction of O,) or
heme-only P450s or peroxidases?!

Practical or fundamental considerations pertaining to
heme/Cu/0O, chemical studies relate to fuel-cell applications,
i.e., the reductive cleavage of O, to water at a cathode with
a catalyst; such efforts have been promulgated by Collman
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[(TMP)Fel'-(0,%)-(5Metpa)Cu'll* (6)
vo.o = 790 cm™ (ref. 33)

X-ray structure of fully reduced
bovine cytochrome c oxidase (ref. 6).

Peroxo-bridged CcO binuclear model used in
calculations of O-O bond cleavage chemistry (ref. 12).
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et al.” Further, dioxygen activation,'®!! including metal-ion-

mediated enhancement of the substrate oxidation/oxygen-
ation reactivity of ground-state (triplet) O,, necessarily
involves eventual O-O bond reductive cleavage. Thus, any
research leading to insights into this process has consider-
able fundamental importance.'

Initial Heme— Fe"/ngand Cu'/0, Reactivity;
Fe'"-0xo—Cu" Complexes

Historically, attempts at modeling the CcO heme-copper
active site typically focused on structural models for the
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oxidized “resting” state and the generation of Fe™-Cu"
complexes with various bridging ligands.'® Our own initial
discovery involving dioxygen chemistry came when we
reacted a porphyrinate-iron(II) complex, (Fs)FeH or
(Fg)Fe'(pip), (pip = piperidine), with O, in the presence
of 1 equiv of [(TMPA)Cu'(MeCN)]" (Scheme 1); the latter
was chosen because we had separately established its
independent Cu'/O, chemistry.'* The product was the
novel u-oxo complex [(Fg)Fe''-O-Cu''(TMPA)] " (7), with
the u-oxo ligand derived from molecular oxygen; a new

isotope-sensitive infrared band appeared at 856 cm™.51%1¢
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Table 1. Core Structural Parameters (A) for Heme-X-Copper Complexes (X = 0,27, 0%, or OH")

heme—X—copper compound method Fe---Cu Fe-O Cu-O Fe-X-Cu reference

[(Fg)Fe!'~(0,*")-Cu'(TMPA)]* (1) EXAFS 3.72 1.94 1.87 150 26

[(P)Fe™ (0, )-Cu™(TMPA)]* DFT 4.01 1.88 1.96 170 26
2.07

[(P)Fe™~(0,2)-Cu(TMPA)] " DFT? 3.70 1.89 1.85 161 26
1.90

[(Fg)Fe™-O-Cu™(TMPA)I* (7) X-ray 3.60 1.74 1.86 178 15

[(Fe)Fe™-O0-Cu(TMPA)]" (7) EXAFS 3.55 1.72 1.83 176 19

[(F)Fe™(OH)-Cu(TMPA)I?* (8) EXAFS 3.66 1.87 1.89 157 19

[(TMP)Fe™—(0,*)-Cu'(5Metpa)l " (6) X-ray 3.92 2.03 1.92 166 33
1.89

[(CL)Fe™—(0,2)-Cu']" (2) EXAFS 3.97 1.84 1.84 26, 34

[(L)Fe™~(0,*)-Cu"]* (5) EXAFS ~3.6 ~1.9 1.90 35

‘ Density functional theory (DFT) fully optimized structure. * Structure with constrained Fe -+ Cu = 3.7 A.

The finding was surprising, given the substantial thermo-
dynamic stability of widely known u-oxo complexes
(P)Fe-O-Fe™(P) (P = porphryinate). In fact, we and Lee
and Holm'” have shown that such u-oxo heme-copper
complexes are kinetically stable and can also be formed
by self-assembly synthesis, such as by adding (Fg)Fe™-OH
to [(TMPA)Cu"(MeCN)]?" plus triethylamine (Scheme 1).°

The X-ray structure of [(Fg)Fe™-O-Cu'(TMPA)]* (7)
reveals a linear Fe"™-O-Cu" coordination (OFe-O-Cu =
178.2°), with very short Fe-O (1.740 A) and Cu-O (1.856
A) bonds.'® Méssbauer spectroscopy and magnetic sus-
ceptibility measurements indicate that 7 is a S = 2 system,
with high-spin iron(Ill) strongly antiferromagnetically
coupled [J = -87 cm™! (solid), where H = -2JS,S,] to a S
=1/, Cu ion center.'® A 'H nuclear magnetic resonance
(NMR) spectrum of 7 at room temperature exhibits
resonances ranging from +65 ppm downfield to —-104 ppm
upfield. From detailed 'H and/or ?H NMR spectroscopic
studies,'® the upfield (from the diamagnetic region and ¢
= 0 ppm) resonances are assignable to the Cu'(TMPA)
ligand hydrogen resonances, while the pyrrole hydrogens
on the iron-porphyrinate shift downfield, and this behav-
ior is ascribed to a S = 2 molecular ground state.

[(Fg)Fe™-O-Cu"(TMPA)]* (7) and other u-oxo ana-
logues [with L, LM®N, or L™ ligands; see Chart 1 or
Scheme 4 (L"), below] reversibly protonate to give cor-
responding u-hydroxo analogues.® For the acid-base
conjugate pair [(Fg)Fe-(OH)-Cu(TMPA)]** (8) and 7,
the apparent pK, for the acid form is estimated to be 8 +
2.5 in a MeCN solvent.® For the related complexes, with
binucleating °L ligand, [(°L)Fe™-O-Cu"]"/[(°L)Fe"™-
(OH)-Cu"J**, and with tridentate ligand LY, [(Fg)Fe'-
(OH)-Cu'(LH)]2*/ [(Fg)Fe"-O-Cu(LH)]*, pK, values are
~9 and ~9.6, respectively.® Thus, the u-oxo groups in these
complexes are very basic, but measurable differences were
observed depending upon the ligand architecture or
copper-ligand denticity.

The protonation of [(Fg)Fe™-O-Cu'(TMPA)]" (7),
[(CL)Fe™-0-Cu']", and [(Fg)Fe™-O-Cu'(L™)]" is slow
relative to the NMR timescale. Thus, the addition of less
than 1 equiv of acid reveals resonances (e.g., porphyri-
nated pyrrole) because of the individual #-oxo and u-hy-
droxo forms. Protonation causes bending (see Scheme 1)
and rehybridization (i.e., sp for oxo and sp? for hydroxo)
of the M-u-oxo-M' core, consistent with relatively slow

proton-transfer chemistry.'®?° The bending/rehydridiza-
tion is accompanied by bond elongation [see for example
Table 1 for Fe™-O(H) and Cu"-O(H) bond lengths in 7
versus 8]. The extent of antiferromagnetic coupling in the
S =2 systems 7 and 8 is as a consequence also influenced;
complex 7 (with OFe-O-Cu ~ 180° and shorter/stronger
M-0O bond distances) possesses a greater electronic
interaction (via the u-oxo ligand) between iron and copper
ions than complex 8.° The proton itself makes the oxygen
ligand a poor donor because its valence orbitals are greatly
lowered in energy, and this would significantly lower J.

Generation/Characterization of the Heme/Cu
?1i;1xygen Adduct [(Fg)Fe"—(0,27)—Cu" (TMPA)] *

In fact, our real interest was in dioxygen chemistry and
O, adducts. It seemed likely that such an entity would
precede the formation of [(Fg)Fe™-O-Cu''(TMPA)]" (7).
In fact, our first success came with the use of the ligand
5L and the low-temperature solution detection and char-
acterization of [(°L)Fe™-(0,>)-Cu"]* (2) (Chart 1).%!
Meanwhile, Collman et al.??> had earlier described the first
heme-copper-dioxygen adduct with a superstructured
porphyrin possessing a triazacyclononane chelate for
copper. Naruta et al.>® also earlier published results on
an adduct similar to 1 (and 6; Chart 1), possessing a
modified TMPA moiety.

Going back, we found that when a 1:1 mixture of
(Fg)Fe' and [(TMPA)Cu'(RCN)]* were reacted with dioxy-
gen at —40 °C, [(Fg)Fe™-(0,%)-Cu'(TMPA)]* (1) (Chart 1)
is cleanly generated;** no homonuclear peroxo products,
such as [{(TMPA)Cu'},(0,%)1?" or [(Fg)Fe—(0,%)-
Fe''(Fg)], form. The subsequent peroxo-oxo complex
transformation, 1 — [(Fg)Fe™-O-Cu™(TMPA)]* (7) (Scheme
1) involves the evolution of 0.5 equiv of dioxygen, indica-
tive of a peroxide disproportionation reaction,?* for which
we still have little insight. Complex 1 possesses moderate
stability at room temperature in a MeCN solvent; it can
be isolated as a solid.?*?® Further characterization includes
the fact that (a) its formation occurs in a Fe/Cu/0O, = 1:1:1
ratio (spectrophotometric titration with O,), (b) solution
mass spectral data give the correct O,-derived moiety (for
which m/z increases by four when formed using '20,),
(c) frozen solution resonance Raman (rR) spectroscopy
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indicates that v5_o = 808 cm™ and A'%0, = 46 cm™ (413
nm excitation),>”?® (d) typical high-spin ferric Méssbauer
spectroscopic parameters (AE, = 1.14 mm/s; 6 = 0.57
mm/s) are observed, and (e) NMR spectroscopic data (40
°C, MeCN) giving a pyrrole peak at 68 ppm downfield and
pyridyl-H resonances at —11 and -20 ppm upfield are
reminiscent of the u-oxo complex [(Fg)Fe™-O-Cu'-
(TMPA)]* (7) and characteristic of S = 2 species; in
addition, an Evans method magnetic moment determi-
nation gave up = 5.1.%*

In low-temperature oxygenation reactions of (Fg)Fe
with [(TMPA)Cu'(RCN)] ", stopped-flow UV-vis spectroscopy
revealed the presence of heme-superoxo [(S)(Fg)Fe!'-
(0,)] (9) intermediates, (1,,,,, 537 nm; S = acetone; vo_g
= 1178, and vp. o = 568 cm™! for S = THF) (Scheme 2),
identifiable from separate studies;?*?° this formed within the
mixing time (1 ms) prior to the formation of [(Fg)Fe"-(0,%)-
Cu(TMPA)]™ (1).2* The known'*?*! copper superoxo species
[(TMPA)Cu"(0,™)]" may also form, but its detection (A5
410 nm) is made very difficult by the presence of the strong
heme-based absorptions. A complementary study carried
out in EtCN indicates that the heme and copper complexes
undergo independent O, chemistry (i.e., with known kinetic
behavior) and the formation of the heterobinuclear u-peroxo
species 1 occurs as indicated in Scheme 2.2

Alternative Synthesis of [(Fg)Fe"'—(0,%)-
Cu"(TMPA)]* (1)

As depicted in Scheme 1, 1 can be also generated in
solution or isolated as a solid via a Lewis-acid/Lewis-base
reaction. Cobaltocene reduction of the heme-superoxo
complex [(THF)(Fg)Fe™(0,7)]) affords a n?-peroxo por-
phyrinate-Fe™ complex [(Fg)Fe''(0,%)]™ of the type de-
scribed by Valentine and coworkers.>* The addition of
[(TMPA)Cu (MeCN)]?* with labile MeCN ligand affords
the adduct [(Fg)Fe'"-(0,27)-Cu''(TMPA)] " (1).2°

Structural/Electronic Descriptions of [(Fg)Fe"'-
(0,2)-Cu"(TMPA)1* (1) and Analogues

The core structure of [(Fg)Fe-(0,%)-Cu(TMPA)]" (1)
was investigated using extended X-ray absorption fine
structure (EXAFS) spectroscopy on solid as well as in
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solution samples, in collaboration with Solomon and
coworkers.?® The Cu K-edge first shell was fit with one
short (strong) Cu-O/N bond contribution at 1.87 A, while
the second shell was fit to four Cu-N/O contributions at
2.04 A; these correspond to the Cu—peroxo and Cu'-
TMPA moieties, respectively. The heme environments
could be described from Fe K-edge EXAFS with one
Fe—O/N contribution (a peroxo O atom) at 1.94 A and four
Fe-N heme-nitrogen contributions at 2.1 A. From further
outer-shell analysis of both Cu and Fe K-edge data, the
Fe -+ Cu distance was determined to be 3.72 A. From
knowledge of Naruta’s 2003 breakthrough X-ray structure
of the close analogue [(TMP)Fe™-(0,*)-Cu"(5Metpa)]™
(6), having u-7*n' peroxo ligation (i.e., side-on bound to
Fe'" and end-on bound to Cu'; Chart 1),%*® the expecta-
tion was that 1 was likely to have a similar structure. Our
EXAFS analysis indeed was consistent with this structural
formulation and was further supported by theoretical
calculations (vide infra).

As it turns out, the EXAFS derived Fe .-+ Cu distance
in [(Fg)Fe™-(0,%)-Cu™(TMPA)]* (1) is 0.2 A shorter than
that observed for the close analogue [(°L)Fe™-(0,*")-
Cul* (2)%® and [(TMP)Fe-(0,%)-Cu"(5Metpa)]* (6)
(Table 1). Apparently, the presence of an ether linkage to
the 6-pyridyl position of the TMPA-like ligand in 2 and
an amide linkage to the 5-pyridyl position of the copper
ligand in 6 (Chart 1) for both complexes imposes archi-
tectural constraints that lead to a preferred Fe---Cu
distance of ~4.0 A. In the case of [(TMP)Fe™(0,%)-
Cu'"(5Metpa)] ™ (6), the steric (and/or electronic) effects
created by the presence of methyl groups at the 5-Me-
substituted TPA ligand as well as at the mesityl substitu-
ents of the porphyrin ring (Chart 1) may also contribute
to the larger Fe - - - Cu distance {Note, we have shown for
u-oxo complexes [(L')Fe™-0O-Cu"]* with varying ligand
constraints (i.e., L' = °L or a variation with 5-pyridyl
linkage to the TMPA-like moiety) that structural and
physical properties can be measurably altered}.®

Spin-unrestricted density functional theory (DFT) cal-
culations were performed on the “model” complex
[(P)Fe'-(0,%")-Cu(TMPA)]* (P = unsubstituted porphy-
rinate).?® The peroxo ligand was found to be coordinated
to iron with a side-on ligation, while the copper binds in
an end-on fashion, for an overall u-peroxo-5%#' coordina-
tion mode. In the optimized structure, the calculated
Fe -+ Cu distance was ~0.3 A longer than that observed
experimentally for complex [(Fg)Fe™-(0,%)-Cu (TMPA)]*
(1) (see Table 1). However, calculations on the same
[(P)Fe-(0,2)-Cu™(TMPA)]* compound but with a 3.7 A
Fe - - - Cu constrained distance resulted in a similar energy
(i.e., with only a 3.5 kcal/mol difference), and importantly,
the overall u-y*n'-peroxo coordination mode was re-
tained. The differences found in the optimized calculated
structure with respect to the EXAFS experimental results
(vida supra) were attributed to the fact that the 2,6-
difluorophenyl substituents on the porphyrin ring and the
perchlorate counterion were not considered in the
calculations.
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FIGURE 1. (Top) Electronic description for the antiferromagnetic
coupling between Fe" and Cu" in [(P)Fe"'—(0,2")}Cu"(TMPA)]" (P
= unsubstituted porphyrinate).? We show only the spin-up unoc-
cupied molecular orbital (MO) o-195 (LUMO) of the fully optimized
model complex [(P)Fe"'—(0,2)-Cu"(TMPA)I* and a schematic rep-
resentation of its major contributions. (Bottom) Depiction of the ¢
bond of the ;*-peroxo—Fe'" moiety.

Solomon’s DFT calculations also provided an electronic
description of the interactions/bonding within such a
[(P)Fe'—(0,%)—Cu™(TMPA)]" complex with u-peroxo-
n*m" moiety.?® The Cu"-peroxide bond was found to be
dominated by electron donation from the z*, orbital of
the peroxide into the half occupied Cu d,? orbital (Figure
1). In fact, there are similarities of the Cu"-peroxide
bonding to that previously described for [{(TMPA)Cu"},-
(0,%)12*,%¢ with peroxide in a trans-u-1,2 geometry. In the
case of the side-on bound #?-peroxo-Fe moiety, the
main interactions are a combination of ¢ and 6 bonds,
with the former arising from the donor interaction of the
peroxide z*, with the Fe d,, orbital, with the ¢ bond
resulting from the mixing of the peroxide =*, with the Fe
dxy orbital (Figure 1); the electronic structure here (such
as in 1) is in fact very similar to that also calculated for
previously well-known mononuclear [(P)Fe™-(372-0,%7)]~
complexes.*”*# An important finding from the DFT cal-
culations was the description of the origin of the antifer-
romagnetic coupling between the high-spin Fe' (5= °/,)
and Cu'" (S =/,) through the u-5*#" peroxide ligand for
[(P)Fe-(0,27)-Cu(TMPA)]*. The peroxide z*, interac-
tion with both the half-occupied Cu d,? orbital (') and
the high-spin Fe d,, orbital (3% provides an effective
superexchange pathway (Figure 1).

Structural Changes Due to Tridentate N,
Ligation for Copper

Because the presence of tri- versus tetradentate chelates
profoundly influences the copper-O, adduct structure,
spectroscopy, and reactivity,”~> we sought to probe such
effects in heme/Cu/0O, chemistry. As discussed above,
[(Fg)Fe™O-Cu™(TMPA)]* (7) possesses a near-linear bridg-
ing Fe-O-Cu" unit. However, the geometry is very

Cu
| 1.856 A
P 3596 A O
! | 1.740A
bR » Fe

£Fe-0-Cu=1782"°

4= Cu
\1.851 A
Y 3.417A o)
QP{?. Q;QD 13 I:e/1.747 A
® ‘Pz& £Fe-0—-Cu=1435°

& [+]
[(FB)FeIII_O_CUII(LMezN)]+

Scheme 3
-|+ _|+
ST G 0, S e
. — " /\

[[C“"LM”N)r + (FoFel [(Fa)Fe=(0.)-Cul(LVem* (4)]

or or
[LFe'Cul* [CLF"-(0-")-Cul* (8)

different for the analogue with tridentate LM®N chelate,
complex [(Fg)Fe™-O-Cu™(LMeN)]*, which is formed either
from an acid-base synthesis or thermal transformation
and the loss of '/, equiv O, from u-peroxo complex
[(FB)FeIH—(Ozz_)—CuH(LMezN)]Jr (4)%° (Chart 1); [(FS)FeIH—O—
Cu(LMeM)]* has a severely bent metal-oxo core (Chart
2).

Pophyrinate—Fe"'—(0,%")-Cu" Complexes with
Tridentate Cu Chelates

As indicated in Chart 1, heme—peroxo-copper complexes
also form with three N ligands bound to copper. These
are generated in the same manner as discussed for 1 or
2, by the oxygenation of reduced component mono-
nuclear heme and copper complexes [producing
[(Fg)Fe'"—(0,27)—-Cul(LMeN)]* (4)]%° or binuclear Fe'-Cu'
assemblies [giving [(*L)Fe'"-(0,2)-Cu]* (5)1*>39 (Chart
1 and Scheme 3). These peroxo complexes are also S = 2
spin systems, with high-spin Fe coupled to Cu". In
Figure 2, NMR and 1R spectroscopic data are highlighted
for [(’L)Fe™-(0,2)-Cu™" (5). The latter confirms the
peroxo formulation, with v5_g = 752 and 747 cm™, for 4
and 5, respectively (Chart 1). The striking finding is that
these values are considerably reduced from those ob-
served for 1 and 2 with tetradentate Cu chelates, with
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FIGURE 2. (A) Resonance Raman spectra of [(°L)Fe"'—(0,%)-Cu'"T*
(5), formed by the oxygenation of [(2L)Fe" - -+ Cu'T* with ®0, and '®0,,
respectively. The lower part represents the difference spectrum
showing v o = 747 cm™" and A('®0,) = —40 cm™'. "H NMR spectra
(acetone-dg) of (B) [(LFe" -+ CuT" (Opyoe ~ 50 ppm; room
temperature) and (C) [PLIFe" 0, -Cu"l" (5) (Spyrroie ~ 110 ppm;
—90 °C).

values lowered by 50-60 cm™ (Chart 1). This indicates a
weakened O-O peroxo bond, because of a different
heme-peroxo—copper core structure (vide infra).

Side-0n/Side-0On Peroxo Ligation with
Tridentate Ligands for Copper

Chemical reasoning/logic and preliminary EXAFS data
reveal that [(Fg)Fe"-(0,27)-Cu'(LMeN)]* (4) and
[CL)Fe"-(0,2)-Cu"]* (5) possess a u-n*n*-peroxo liga-
tion (Chart 1 and Scheme 3). In peroxo-dicopper(II)
complexes, tetradentate Cu ligands lead to end-on
u-1,2-peroxo ligation, but with tridentate chelates, side-
on u-n%n?-peroxo coordination is common (Chart 3).34
The former possesses relatively normal v,_o values,
typically above 800 cm™ (Chart 3). However, the latter
side-on complexes have reduced (<760 cm™) vq o
values (Chart 3), ascribed to back bonding from copper
to the peroxo antibonding #* orbital, which consider-
ably weakens the O-O bond.*° Thus, the u-1*n'-peroxo
ligation (end-on to Cu') now established for complexes
1 and 6 (vide supra) possessing tetradentate chelates
is in accordance with the expectations. Further, high-
spin heme-Fe™ peroxo complexes [(P)Fe™(0,%7)]" ex-
hibit v4_q stretching frequencies very close to 800 cm™
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Chart 3

Cu Cu

C Cu

tridentate Cu chelate
Voo : 716 — 760 cm™

tetradentate Cu chelate
Vo-o : 805 — 830 cm™!

Cu.Cu=~44A Cu..Cu=35-36A
0-0 ,
[,  [PFe"m>0 )
& Voo =~ 800 cm™!
Ccu' cu'
\ A\

|

0=0

\ /m _) Il

L a—
u-n%n"-peroxo

1,2,3&6 (Chart1)
tetradentate Cu chelates
Voo = 788 - 808 cm™

u-n%:n?-peroxo

4 & 5 (Chart 1)
tridentate Cu chelates
Voo = 747 - 767 cm™’

Chart 4

(11)
VFe.o = 574 cm™
A('80,) =-26 cm™!

VFe.0 = 570 cm™!
A('80,) = —26 cm™

(Chart 3).3” Thus, to achieve a lowering of the O-O

stretching frequency from the 800 cm™ region [for 1

and 6 or [(P)Fe™(0,2)]7] to near 750 cm™! as seen in 4
and 5, these latter complexes likely possess side-on/
side-on u-n*5?-peroxo heme—copper coordination (Chart
3). EXAFS spectroscopic analysis carried out on
[(*L)Fe'-(0,*)-Cu™]™ (5) gives a Fe + -+ Cu distance of
3.6 A, consistent with this conclusion; this distance is
typically observed for u-1*%? dicopper(Il) complexes.*

Dynamics and Intermediates in Heme—Peroxo—
Copper Complex Formation

Collman et al.*! and more recently Naruta et al.” have
generated heme-superoxide (Fe™-0,™) moieties, which
are stable in the presence of a neighboring Cu' complex
(Chart 4); they do not readily “close” with further electron
transfer to give u-peroxo products. Compound 10 (Chart
4) was generated by the oxygenation of the fully reduced
heterobinuclear Fe"/Cu' complex and is relatively stable
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at room temperature; this then may model the initial O,
intermediate observed in CcO (referred to as “Oxy” or
intermediate A).*' Complex 11 formed after conversion
of a u-peroxo Fe™-(0,?")-Cu" intermediate initially ob-
servable at =70 °C.°

In low-temperature stopped-flow kinetic/spectroscopic
studies, we also observe short-lived Fe™-0,"~ +++ Cu' spe-
cies or mixtures forming prior to the generation of
u-peroxo Fe-(0,%7)-Cu" products 1,>4?% 2,>! 4,3° and 5
(Chart 1).3° A particularly nice comparison of complexes
and data (Scheme 4) comes from studies employing a
variety of tridentate ligands for copper.

The reaction of (Fg)Fe' and [(LM*2N)Cul]* with O, leads
first (<90 °C) to the heme-superoxo complex [(EtCN)-
(Fg)Fe™(0,™)] (9).>° This subsequently decays to form
[(Fg)Fe'"—(0,2)—-Cu'(LMeN)]* (4) (Scheme 4).%° For the
case of [((L)Fe''Cu]™, the Fe!'/O, reaction is measurably
faster (because of an increase in AS"); a transient Fe''-
superoxo/Cu' species  [(EtCN)(*L)Fe-(0,™) + -+ Cul-
(EtCN)]" (12) then decays via the reaction with the
Cu'-ligand moiety to give [(PL)Fe'-(0,2)-Cu"]* (5)
(Scheme 4). The kinetics of the formation of [(solvent)-
(P)Fe™(0,™)] (e.g., 9) are independent of the presence of
any copper complex.®® The activation enthalpies for the
formation of 4 and 5 are essentially the same (~36 kJ/
mol); both involve electron-transfer reduction and binding
by Cu' (Scheme 4). This is despite the formation of 4 being
an intermolecular reaction but in particular involving a

1 (9)

strongly reducing ligand-copper(I) complex [(LM¢N)-
Cu(EtCN)]* (with dimethylamino 4-pyridyl substituents),
while the other reaction to form 5 involves the intramo-
lecular reaction of the much less electron-donating (to
copper) bis[2-(2-pyridylethyl]amine moiety (Scheme 4).3%42

A heme-peroxo—copper complex analogue to 4 or 5
does not form when a mixture of (Fg)Fe!' and [(L')Cul
(EtCN)]* is oxygenated (Scheme 4).° Nitrile solvent
binding inhibits the O, reaction and makes such a
complex with the L chelate a poor reductant; in contrast,
LMeN renders [(LMN)Cu!(EtCN)]* a sufficiently good
reductant to lead to u-peroxo product [(Fg)Fe™-(0,>)-
Cu'(LMeN)|* (4). However, if the L™ chelate is tethered
to the porphryin periphery (as in °L), the intramolecular
nature of the subsequent reaction of the [(L™)Cu'(EtCN)]*
fragment with the heme-superoxo moiety leads to
successful redox chemistry, giving [(°L)Fe™-(0,%")-Cu"]*

(5).

Heme—Peroxo—Copper Complexes with the
Imidazole—Phenol Cross-Link

Because the His-Tyr moiety bound to copper in the CcO
active site appears to play a key role in the reductive O-O
cleavage process,® we designed and introduced imida-
zole-phenol moieties within either tri- or tetradentate
chelates for copper.”®> For example, low-temperature
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oxygenation of [Cu'(LN*OR)]* with (Fg)Fe leads to the
formation of heme-peroxo-copper species [(Fg)Fe™-
(0,27)-Cu™(LN*OR)] ™" 3 or 13 (Scheme 5),** which possess
similar vy_o values, also close to that seen for
[(Fg) Fe''~(0,2)-Cu(TMPA)]* (1) (vo_o, = 808 cm ™ %; Chart
1), without any imidazole-phenol group. Thus, the phenol
moiety in [(Fg)Fe—(0,>)-Cu(LN*OH)]" (3) does not
interact with the u-peroxo group. Also, we have not
observed O-O cleavage products (i.e., phenoxy radical or

Fe™V=0), with those possibly facilitated by the phenol
donatlon of a hydrogen atom within 3.

Other research groups have also generated interesting
imidazole-phenol or similar copper chelates for
study,®>*€ as relevant to CcO active-site chemistry.® For
Naruta’s complex 11 (Chart 4), O-O cleavage also is not
triggered.®

Reductive Cleavage of the 0—0 Bond

Thus, heme-copper/O, reactivity studies should also
aim to probe reductive O-O cleavage chemistry. In CcO,
this takes place between the detectable A (“Oxy”,
Fe"—superoxo complex) and Py; (Fe'V=O0, i.e., ferryl)
enzyme states (Scheme 6). Four electrons are required
to break an O-O bond, eventually producing two water
molecules (eq 1). However, only three electrons are
readily available from the reduced bimetallic site (two
from iron, Fe™ — Fe', and one from copper, Cu' —
Cu'l). The tyrosine cross-linked to the Cuy histidine-
imidazole ligand (see Chart 1) or a nearby tryptophan
may provide the fourth electron.®*? Calculations'?
suggest that an “unstable” u-peroxo or (protonated)
hydroperoxo heme-copper structure that forms (having
an associated water network from the tyrosine; Chart 1
or Scheme 6) is reduced by the tyrosine, leading to O-O
bond cleavage.

Thus, can synthetic Fe'"'-(0,%)-Cu" or Fe"'-(0,") -+
Cu' assemblies, such as those described in this Account,
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be subjected to conditions that lead to reductive O-O
bond cleavage, to probe this reaction that is key to CcO
function and important in general for metal-ion-mediated
O, activation (vide supra)? As described above, syntheti-
cally appended imidazole-phenol “cofactors” adjacent to
copper centers have not yet yielded O-O reductive cleav-
age chemistry. However, Collman et al.*® recently reported
that their Fe™-(0,™) -+ Cu' complex 10 (Chart 4) reacts
with exogenously added hindered phenols, leading to
phenoxyl radicals and the formation of a Fe'™V=0 (ferryl)
species, as observed in the enzyme. We have also recently
described very similar chemistry advances,*® as well as the
fact that the addition of a reductant [a copper(I) complex],
proton source, and bulky imidazole (as an axial heme
ligand) to [(Fg)Fe™(0,2)]~ (Scheme 1) triggers O-O bond
cleavage, resulting in ferryl and cupric hydroxide forma-
tion. Systematic investigations aimed at obtaining detailed
insights into these kinds of O-O cleavage chemistries are
in progress.

Summary/Conclusions

In this Account, we have tried to overview our work and that
of others in the generation and characterization of heme/
copper/0, adducts, studied to provide basic insights into
dioxygen reactivity at heme—Cu centers. Information ob-
tained may be relevant to CcO enzyme active-site chemistry.
A number of Fe™(0,%)-Cu or Fe(0,™)::-Cu' as-
semblies have been generated; dynamics of their formation
have been studied; and physical and electronic structures
and bonding have been elucidated in some cases. Consider-
able future efforts are needed to firm up structural formula-
tions discussed, fully elucidate electronic structure, and
compare and contrast reactivity patterns for heme/copper/
O, adducts as influenced by copper-ligand denticity, bi-
nucleating ligand architectural variations, or the presence
of a heme axial “base” (i.e., an imidazole or a pyridine
donor). While we now have some notions of the heme—
Cu-0, structure in high-spin environments, what structures
form as low-spin systems and how do high-spin versus low-
spin systems react? Such considerations are likely relevant
to the O-0 reductive cleavage process, and indications are
that such heme-Cu-mediated chemistry is amenable to
detailed investigation.

Note Added in Proof New chemistry relevant to the
above discussion on O-O bond cleavage was recently
published by Collman and coworkers {Science 2007, 315,
1565-1568; J. Am. Chem. Soc. 2007, 129, 5794-5795}. These
reports describe synthetically derived heme-copper as-
semblies possessing a copper—ion ligated imidazole—phe-
nol moiety. The authors ascertain from their chemical and
spectroscopic data that O,-reactions of their fully reduced
complexes lead to reductive O-O cleavage, affording a
ferryl-copper(Il)-phenoxyl radical species, as proposed for
cyt. c oxidase turnover chemistry.
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