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Biomimetic studies employing well-characterized small-molecule
heme/Cu complexes have been aimed at shedding light on funda-

mental aspects of dioxygen chemistry of porphyriraten(ll)—
copper(l) assemblig<s: Such investigations are inspired by the pres-
ence of a hemeza-Cug binuclear active site in hemeopper oxi-
dases (such as cytochronceoxidase) which catalyze the four-
electron/four-proton reduction of 335 The first spectroscopically
observable intermediate is a hen®, adduct (a Fé—0,™ moiety)
which undergoes a reductive-® cleavage assisted by electron
transfer (ET) from Clg. Calculations suggest ET may proceed
through an iron(lll)-(hydro)peroxo moiety (which may interact
with Cu'g) where C-O cleavage leads to subsequent ghinding

of a water/hydroxide O atom derived fromp.&°

In this report, we describe a system which mimicks the initial
O, binding to the heme, followed by interaction with the neighbor-
ing copper(l) ion to give a hemeperoxo-copper product. The
tridentate copper chelate employed effects considerabl® Gond
weakening of the @derived peroxo ligand, and a newn21,? (side-
on to both heme and copper) structural type forms.

The binucleating ligandL was metalated, and the resulting
complex was reduced, forming2[)Fe'Cu]* (1).” Laboratory
benchtop reactions with dioxygen &80 °C in CH,Cl,/6%EtCN
demonstrate the immediate transformatiod ¢fnax 426, 530 nnd
to [((L)FE"—(O2)—CU"]™ (3) (Amax 419, 488, 544, 575 nnd),
formulated as a hemeperoxo-copper complex, Scheme iH
NMR spectroscopy 90 °C, acetonads) reveals that3 has the
distinctive characteristics of a8 = 2 system, with the high-spin
iron(lll) center strongly magnetically coupled to €through a
peroxo bridge:1° Consistent with this are pyrrole resonances at
110 ppm, and diagnosfi&® upfield and downfield copper-ligand
hydrogen resonances (e.g.,&31, —27,—11, -8, 29, 37, and 39
ppm), characteristic of th& = 2 spin systeni!

Resonance Raman spectroscopic investigatidhooihfirms the
peroxo assignment and rules out the presence of feoxt (Fe=
0) and Fe-O—Cu entities. A single ©0O stretching frequency is
observed at 747 cm (A(*0O,) = —40 cntY) (Figure 1)4121n a
160—180 mixed isotope experiment (Figure 1) a single band is
observed at 730 cm, between thé®0—160 and'®0—180 stretching
bands. The very low(O—0) and the absence of a splitting of the
730 cn! band are indicative of a symmetrical binding of the
peroxide group in a side-on-n%n? geometry; see also further
discussion below.

Formation of3 from reaction ofl with O, in CH,Cl,/6%EtCN
was monitored by low-temperature WWis stopped-flow spec-
troscopy’ Rapid generation of an intermediate, formulated as
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Figure 1. Resonance Raman spectra3pformed by the oxygenation of
1 with 160, (A), a scrambled isotope gas containing 25%,, 50% 60—
180, and 25%'80, (B), and 80, (C). Difference spectra are also shown.

All spectra were obtained at 90 K with 413 nm excitatién.
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superoxo complex JL)Fe" —(0,7)++-CU(NCED]" (2) (Amax= 544
nm), is observed at105°C (Scheme 1k; = 5.234 0.09 x 10*
M~1 s71). The UV-vis spectrum of the closely related dioxygen
adduct [(R)FE"(0,7)]*2 in CH,CI/6%ELCN is essentially the
saméC {andv(0O—0) = 1178 cnt! in THF}.10 Our description of
2 is further supported by the knowledge that copper(l) complexes
with the bis(2-(2-pyridyl)ethyl)amine moiety (as found herélin
are known tanot react with Q in nitrile solventst? Intramolecular
reaction of copper(l) with the superoxo moiety to produce peroxo
complex3 occurs withk, = 2.744+ 0.04 x 10 st at —105°C.

X-ray absorption spectroscopic studies also support a side-on/
side-on peroxo-ligand binding structure iA]Fe" —(02")—Cu")]
(3).7 Copper K-edge EXAFS is most consistent with a five-
coordinate metal center with two N scatterers at 2.028(7) A, 2 O
scatterers at 1.898(7) A (as expected fot €0peroxo distancesy?
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Chart 1

v(0-0) = 790 cm™'
Fe..Cu=392A

[(TMP)Fe"(0,*)-(5MeTPA)CU"]" (4)

3:%

v(0-0) : 805 - 830 cm™  w(0-0) : 716 - 760 cm-'
Cu.Cu=~44A Cu..Cu=35-3.6A

oo_|_

[(P)Fe"(OT (5)
v(0-0) = ~ 800 cm™

NH_AG P . ¥(0-0) = 747 cm™!
N-faN Fe..Cu=~36A
TN NS h, This work
Arf

[FLIFe"(0,")-Cu'T" (3)

and one longer N scatterer at 2.171(12) A. A well-ordered outer-
sphere Fe scatterer is also found at 3.62(1) This distance is
close in line with those known from EXAFS studies %% 7?-
peroxo dicopper(ll) moieties found in synthetically derived com-
plexest*15as well as in oxy-hemocyanin, a copper-containing O
carrier proteint®17 The iron center K-edge EXAFS fits to either a
five- or six-coordinate metal center with four N(pyrrole) scatterers
at ~2.1 A and one or two O at-1.9 A7 Unfortunately, the
Cu---Fe vector could not be reliably located at the Fe edge due to
the multitude of outer-sphere scattering pathwiyan analysis

of the preedge feature, which corresponds to an Fe18e(3d)
transition, also suggests a side-on peroxo coordination to iron. In
3, this feature at 7113.2(2) eV is-2 times weaker and-1.5 eV
lower in energy than those found in five-coordinate (P)Fe
complexes with nominaC,, symmetryt®20 However, this weak
preedge feature resembles that ofg]fe! (0,27)],"1321 which
contains a side-oryf) bound peroxo ligand.

Side-on peroxo binding to a heme iron(lll) moiety has been
recently observed in the crystallographically characterized keme
copper assembly [(TMP)fe-(0,2")—(5MeTPA)CU]" (4);%2this
has an overalki-%n*-peroxo coordination, with end-on ligation
to the copper with a tetradentate chelate, Chart 1. However, we
formulate3 as having a new-,%#? side-on/side-on structure, Chart
1. This is supported by the EXAFS spectroscopic analysis com-
parisons and the!®0—180 resonance Raman data. Perexo
dicopper(ll) structures withu-p%#5? ligation occur when using
tridentate (or bidentate) nitrogen chelaté$hey possess consider-
ably diminished G-O stretching frequencies compared to end-on
bound u«-1,2-peroxo-dicopper(ll) complexes which form with
tetradentate chelates (Chart'4}3Yet, 4 andn?-peroxo ferric heme
complexes [(P)P&—(0,27)]~ (5) possesy(O—0) ~ 800 cnrt
(Chart 1)?224The significantly reduced ©0 stretching frequency
and weaker &0 bond in [EL)Fe" —(0,27)—Cu")]* (3) must be
due to the imposed tridentate copper ligand environment, strongly
preferring a side-on copper peroxo binding (Chart 1).

In conclusion, a reduced e Cu heme-copper complex, with
new heterobinucleating ligarilL, reacts with dioxygen to give a

heme-superoxo and then an 'fe-(O,27)—Cu' product. The latter
possesses an-aD bond stretching which is 40-to-60 cflower
compared to those of eight other known herperoxo-copper
complexes possessing tetradentate ligands for cdgpéf.This
result is the consequence of the tridentate copper chelate employed
(within 2L), which strongly prefers a side-on peroxo ligation and
which is well-known to weaken the peroxide-@ bond?3 While
peroxo-bridged comple3 possesses an FeCu distance{3.6 A)
that is not likely to occur in hemecopper oxidases, new insights
into how reductive G-O cleavage can be facilitated as a function
of Fe—peroxo-Cu structure will be derived from future investiga-
tions, most likely employing a tridentate chelate for copper.
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