Copper and iron complexes containing the M,(u-O), core:
syntheses, structures, and reactivities
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Bis(u-oxo)dimetal “Diamond” Cores in Copper and Iron Complexes

Relevant to Biocatalysis

Lawrence Que, Jr.* and William B. Tolman*

-

Although quite a familiar feature in
high-valent manganese chemistry, the
M,(u-O), diamond core motif has only
recently been found in synthetic com-
plexes for M = Cu or Fe. Structural and
spectroscopic characterization of these
more reactive Cu,(u-0), and Fe,(u-0),
compounds has been possible through
use of appropriately designed support-
ing ligands, low-temperature handling
methods, and techniques such as elec-
trospray ionization mass spectrometry
and X-ray crystallography with area
detector instrumentation for rapid data
collection. Despite differences in elec-
tronic structures that have been re-

oretical studies, Cu,(u-O), and Fe,(u-
0), cores exhibit analogously covalent
metal - oxo bonding, remarkably con-
gruent Raman and extended X-ray
absorption fine structure (EXAFS)
signatures, and similar tendencies to
abstract hydrogen atoms from sub-
strates. Core isomerization is another
common reaction attribute, although
different pathways are traversed; for
Fe, bridge-to-terminal oxo migration
has been discovered, while for Cu,
reversible formation of an O—O bond
to yield a peroxo isomer has been
identified. Our understanding of bio-
catalysis has been enhanced signifi-

~

prehensive characterization of the
Cu,(u-O), and Fe,(u-O), complexes.
In particular, it has led to the develop-
ment of new mechanistic notions about
how non-heme multimetal enzymes,
such as methane monooxygenases, fat-
ty acid desaturase, and tyrosinase, may
function in the activation of dioxygen
to catalyze a diverse array of organic
transformations.

Keywords: bioinorganic catalysis
copper - iron - metalloenzymes -
metal —oxo complexes < oxygen acti-
vation

vealed through experimental and the-

\

cantly through the isolation and com-

/

1. Introduction

Metal-promoted oxidations of organic compounds are of
fundamental importance in organic synthesis, industrial
catalysis, and enzymatic reactions. Chemists have long sought
to unravel the mechanisms of such oxidations, with the
ultimate objectives of inventing new reagents and exerting
control over reactivity and selectivity. A key issue concerns
the nature of the oxidizing species that is directly responsible
for effecting the reaction. In some cases the oxidant is not
metal-based (e.g. an organic radical derived from an autox-
idation process), while in others a metal —oxygen species of
some sort is implicated as the reactive intermediate.l!
Thorough characterization of such metal—oxygen species is
critical for obtaining detailed mechanistic insights, but by
their very nature as reactive oxidizing molecules they are

[¥] Prof. Dr. L. Que, Jr., Prof. Dr. W. B. Tolman
Department of Chemistry and Center for Metals in Biocatalysis
University of Minnesota
207 Pleasant Street SE
Minneapolis, MN 55455 (USA)
Fax: (+1)612-624-7029
E-mail: que@chem.umn.edu, tolman@chem.umn.edu

Angew. Chem. Int. Ed. 2002, 41, 1114-1137

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

difficult to isolate or even observe directly. The problem is
exacerbated for oxidants comprising metal ions from the mid-
to-late first-row transition series, such as iron and copper, that
are particularly labile and active in many biochemically
significant processes. These attributes are exemplified by
heme —iron proteins and complexes, extensive studies of
which have provided the mechanistic paradigm for dioxygen
activation at a metal center.?!

Recent work has centered on non-heme iron and copper
sites in biology, in particular those with two proximal metal
ions that yield novel oxidizing intermediates capable of
performing diverse organic functionalizations.’] Notable
examples of these sites and corresponding structures for
selected intermediates that have been postulated to be
involved in their reactions are listed in Table 1.4 Significant
insights into these dimetal systems have been attained
through the synthetic modeling approach,’) whereby the
detailed characterization of O, adducts or derived species
provides fundamental spectroscopic, structural, and reactivity
benchmarks for understanding the metalloprotein sites and,
ultimately, developing new catalysts.’l Of particular conse-
quence in this regard is the recent discovery of a new class of
iron and copper complexes that contain the simple “diamond-
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Table 1. Examples of enzymes with non-heme diiron or copper active sites and key intermediates involved in catalysis.

Enzymes Reaction catalyzed

methane monooxygenase CH,+0O,+2H"+2e~ — CH;OH+H,O

fatty acid desaturase

ribonucleotide reductase FellFe!' + Tyr122-OH+ O, + H* +e~ —
(cofactor generation) Fe'-O-Fe' + Tyr122-0* + H,O

ferritin (ferroxidase activity) 4Fe"'+O,+4H* — 4Fe'4+2H,0

Tyrosine+O,+2H"+2e” —
DOPA +H,0 — dopaquinone +2e~

tyrosinase

R(CH,),,CH,~CH,(CH,),COOH + O, + 2H" + 2¢"
— R(CH,),,CH=CH(CH,),COOH + 2 H,0

Intermediates observed and postulated 1*) Ref.
MMOH-P: (u-peroxo)diiron(Iit,ir) [3a,b,h]
MMOH-Q: bis(u-oxo)diiron(tv,Iv)

(u-1,2-peroxo)diiron (i), bis(u-oxo)diiron(1v,rv) [4a]
RNR-R2-P: (u-1,2-peroxo)diiron(i1t,r) [3a,c, 4b]

RNR R2-X: (u-oxo)iron(iir)iron(1v)
(u-1,2-peroxo)diiron(tit, ) [4c.d]
(u-n?mp?-peroxo)dicopper(iL,it), bis(u-oxo)dicopper(m )  [3d,£i, 99]

[a] See Scheme 3 for illustrations.

shaped” [M,(u-O),]"t core structure (Figure 1, M = Fe or Cu).
While this bis(u-oxo)dimetal motif is known for many
complexes of metal ions from the early half of the first-row
transition metal series (e.g. M=Ti1 VB Cr,) Mnl') for
which the complexes are usually quite stable, it had only been
a figment of chemists’ imaginations for complexes of the
latter-half ions M =Fe, Co, Ni, or Cu until the recent

successful synthetic work. New notions about how non-heme,
multimetal enzymes function have arisen as a result of studies
of these compounds.

In this Review we take a specific view towards uncovering
general underlying chemical principles and drawing compar-
isons among the synthetic bis(u-oxo)dimetal systems com-
prising iron and copper centers, with mention of species with

-~
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Figure 1. Range of selected interatomic distances and angles in bis(u-0xo0)-
dimetal cores (see Table 3).

cobalt and nickel as well. These aims will be addressed
through discussion of the extensive efforts to characterize the
complexes by experimental and theoretical methods and to
understand their reactivity. We then con-
sider the relevance of these results to
dioxygen activation processes in biological

catalysis. Aspects of the chemistry pre- R\m R
sented here have been reviewed.[''13]
Rstacn

2. Synthetic Considerations
2.1. General Comments

As mentioned above, complexes with
the [M,(u-O),]"* core have been known for N
many years for M=Mn with oxidation
states (i, im), (Liv), and (v,1v).' These
[Mn,(u-O),]"* compounds are thermody-
namically quite stable, and they typically
are isolated as crystalline solids that en-
dure for long periods under ambient con-
ditions. The situation for the latter half of
the first row transition metal ions M = Fe,
Co,™ N, or Cu is rather different,
insofar as these bis(u-oxo)dimetal cores 7\
tend to be rather reactive and unstable at
room temperature. The successful isola- R—N
tion and characterization of complexes of
these metals was made possible by the use &
of two key synthetic strategies: a)low-
temperature handling of solutions and
solids to slow undesired decomposition
reactions, and b) use of chelating support- ~_N |
ing ligands, usually with alkyl substituents, N
that facilitate crystallization and inhibit
intermolecular interactions (Scheme 1).
These methods have precedents, in partic-
ular for the isolation of heme-iron and
copper complexes with oxo, superoxo, or
peroxo groups. % 18 Technological advan-
ces also have been critical for the recent
successful characterization of the [M,-
(u-0),]"* M =Fe, Co, Ni, Cu) com-
pounds; the availability of electrospray
ionization mass spectrometry (ESI-MS)[] sp
and area detector X-ray diffraction instru-
mentation for rapid data collection on
temperature-sensitive solutions and crys-
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tals, respectively, has been of particular value. Finally, the
development of reproducible preparations of suitably de-
signed precursor molecules is a key prerequisite in most
synthetic endeavors, and extensive efforts toward this end
were necessary to obtain the target bis(u-oxo) complexes in
sufficient purity and quantity for thorough characterization.

The methods used in attempts to prepare the bis(u-
oxo)diiron and -dicopper compounds have involved reactions
of the generalized type shown in Equations (1)—(3) (not all
balanced). In the reaction in Equation (1) four-electron
reduction of O, is accomplished by a Cu! precursor, which

2LCu'+ 0, — [(LCu™),(u-0),] @

X

O,

NN <\N/\N R R—NAN_R
ij N=-N RN~
X (X-Bn)stacn Ratacd Rpdaco
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TN NN N
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Scheme 1. Ligands used to prepare complexes with [M,(u-O),]** cores, with abbreviations that are
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results in incorporation of both O atoms into the bis-
(u-oxo)dicopper core. This method has been the major one
used for the isolation of the copper compounds, although it
has been examined in a few instances in attempts to prepare
iron congeners and in one case for nickel.l'”l The route in
Equation (2) involves the reduction of H,O, by a diiron(i1)

[(LFe™),(u-0)] + H,0, + le- — [(LFe™)(LFe'V)(u-O),] + H,O )

precursor, and resembles the so-called “shunt” pathway used
in heme iron enzymes and complexes for the generation of
monoiron-oxo intermediates.?l A similar method has been
used to convert bis(u-hydroxo)dinickel(ir,11) and -dicobalt(ir,1)
complexes into their respective bis(u-oxo)dimetal(11Li) rela-
tives.'41¢1 Equation (3) depicts another route involving de-
protonation of a bridging hydroxide ligand in a diiron(iry,1)
precursor. Specific details of the preparations used for the Cu
and Fe cases are summarized in the following section.

[(LFe™);(u-O)(u-OH)] + base — [(LFe™),(u-O),] 3)

2.2. Specific Syntheses

2.2.1. Bis(n-oxo)dicopper (i, i11)

Treatment of LCu!' complexes with O, (1 atm) at low
temperatures (< — 40°C) is the usual method for the synthesis
of the bis(u-oxo)dicopper compounds, which have been
prepared using a wide range of ligands (Schemes1 and
2).2937 Product identification was accomplished through

Oz
[LCu(donor)™] [LCuO ™
low T
l [LCu(donor)]*
(@) 2n+ l0) 2n+
e, cul] {LCU( | >CUL}
\O/ (o)

Scheme 2. Generalized course of the formation of bis(u-oxo)dicopper
complexes through the oxygenation of copper(1) precursors with supporting
ligands L (Scheme 1). Donor = CH;CN or CH,=CH,. Charges (n) are 1 for
L =Rstacn (R=Me, iPr, aryl ether dendrimer), (X-Bn)stacn, "2iPr,dtne,
Y iPr,-p-XY, R,daco, R,Richd (R, R'=Me, Et), RIR%pda, RiR%eda,
MePy2, EtPhPy, 6-R,tpa, and ArPyNEt,; n=0, L =Bu,P(ntms),".

spectroscopic studies and, in selected instances, by X-ray
crystallography and low-temperature ESI-MS. Mechanistic
data for the oxygenation reaction are available in several
instances from variable-temperature stopped-flow kinetics
experiments.?! 2324271 The data support the pathway shown in
Scheme 2 involving initial formation of a 1:1 Cu:0, adduct,
presumably a (superoxo)copper(il) species akin to previously
identified examples (Scheme 3).1'8: 3] This step is followed by
trapping by a second Cu! species to yield a (u-peroxo)dicop-
per(iL11) intermediate that subsequently undergoes O—O bond
breaking to afford the final bis(u-oxo)dicopper (i) product.
Product solutions and/or solids comprising only peroxo, only
bis(u-0x0), or mixtures of both have been identified, with the
implication that the nature of the supporting ligand L is
critical for determining whether or not the O—O bond breaks.

1118
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or -peroxo or -peroxo
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M/ \O/

trans-u-1,2-peroxo

0—O0 o}
/ \ M/ \M
M M \O/

cisu-1,2-peroxo  p-n>:n2-peroxo

Scheme 3. Nomenclature for common metal —dioxygen adduct structures.

Direct evidence in support of the equilibrium in Scheme 2
between peroxo- and bis(u-oxo)dicopper complexes is avail-
able in a few instances,?": 33531 but in others the evidence is
indirect or not available. These issues are further discussed
below in Section 6.1.

Although the overall pathway drawn in Scheme 2 appears
to be general, differences in the relative rates of the individual
steps have been observed. For the series of macrocyclic
ligands L =R,R'tacn (R=R’=iPr; R=iPr, R"=Bn; tacn=
1,4,7-triazacyclononane), iPr,-m-XY, and iPrs-p-XY, and
Y% iPr,dtne  (dtne =1,2-di(1,4,7-triaza-1-cyclononyl)ethane),
the kinetic data show that 1:1 Cu:O, adduct formation is
rate-determining, so that the rate of product (P) formation is
described by the expression: d[P]/dt=k[O,][Cu' complex].
Selected activation parameters for this step are listed in
Table 2. Mixtures of peroxo and bis(u-0x0) species that must

Table 2. Selected activation parameters for oxygenations of Cu' com-
plexes.

Supporting ligand ~ AH* AS* Rate lawl? Ref.
[kJmol™!']  [Jmol'K™!]

iPrstacn 37.2(5) —-62(2) k[O,][complex]  [21]

iPr,-m-XY 39.4(5) —-30(2) k[O,][complex]  [24]

iPr,dtne 39.4(1) —32.0(4) k[O,][complex]  [23]

[a] Rate law for the formation of bis(u-ox0)- and/or peroxodicopper
products.

rapidly equilibrate to explain the observed kinetics are seen
for L =iPrstacn, but sole bis(u-oxo) complex generation
occurs for L =Bnstacn, 2 iPr,dtne, and iPr,-p-XY (as well as
for other ligands for which oxygenation kinetics data are not
available). For iPr,-m-XY the situation is more complicated
because of competition between intramolecular peroxo and
intermolecular bis(u-0x0) complex formation after the initial
O, binding step (Scheme 4).

Different kinetic behavior is observed for L = EtPhPy or
RPy2 (R =PhCH,CH,; for structures see Scheme 1), where
the rates of product formation have second-order depend-
encies on [LCu!].*> ) These findings suggest that the trapping
of LCuO, by LCu! is rate-controlling in these instances. Note
that the observable product for the RPy2 case is the (u-1%:1%-
peroxo)dicopper complex and that a derived bis(u-0x0)

Angew. Chem. Int. Ed. 2002, 41, 1114-1137
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and/or oligomers

Scheme 4. The two products observed upon oxygenation of the dicop-
per(Ll) complex of iPr,-m-XY, with the “intramolecular” adduct (top)
favored in dilute solution (<0.1 mm) and the “intermolecular” species
(bottom) predominant at high concentrations (>2.0 mm).4

species is only implicated from decomposition kinetics results.
At this juncture, it is not clear what controls the relative rates
of 1:1 adduct formation and subsequent trapping by Cu'in the
complexes that yield bis(u-oxo) products, but these issues
have been addressed for alternate copper-containing systems
that form other types of oxygenated intermediates.[*!]

2.2.2. Bis(n-oxo)diiron (1L, 111)

The synthesis of the first crystallographically characterized
bis(u-oxo)diiron complex, a diiron(tiLin) species,?l was based
on the facile acid/base/aquation chemistry outlined in
Scheme 5.1 The relative stabilities of the various species
shown differ with the capping ligand L, and examples of each
type have been structurally characterized. The complexes

O - H* O
N 3+ ~ 2+
LFe< /FeL-| LFe< /FeL
e} O
H
X-ray for X-ray for
L = 6-Megtpa, bpeen, L = 6-Mestpa
bgpa, 6-Me;bpg
or
H,O o
3+
Lre” Fell
o
Lre” \FeL-|3+ I ‘
| O_ O(H)
H/O\H//O\H LFe
X-ray for
X-ray for L = 5-Etstpa, 6-Meybpg

L = 6-Metpa, bpmen

Scheme 5. Interconversions observed for various aqua, hydroxo, and oxo—
iron species. Those that have been characterized by X-ray crystallography
are so noted.[*> 7]

[L,Fe,(u-O)(u-OH) ]** are noteworthy because of the novelty
of their core structure (previously seen only for M = Mn!Vl*4
and Cr'"™I) and their utility for drawing comparisons to bis-
(u-oxo0) species. They were prepared by oxidation of Fe' salts
by rBuOOH in the presence of LBl or by reaction of

Angew. Chem. Int. Ed. 2002, 41, 1114-1137

[L,Fe,(1-O)(OAc)]*" with Et;N in MeOH (L = 6-Me,bpg; see
Scheme 1).#] These compounds serve as useful precursors of
oxo-bridged polyiron(irf) compounds by deprotonation reac-
tions (pK, values ~16-18 in CH;CN). In particular, for L = 6-
Mestpa or 4,6-Megtpa, (for structures see Scheme 1) treatment
of [L,Fe,(u-O)(u-OH) J** (pK, 15.9 and 16.3, respectively, in
CH;CN) with Et;N yielded [L,Fe,(u-O),)*". With other
ligands that lack the 6-Me substituents, trinuclear complexes
form instead, [L;Fe;(u,-O);]*t (L =>5-Etstpa) or [L;Fes(uy-
0),(u-OH)]* (L = 6-Me,bpg; Scheme 5).147]

2.2.3. Bis(u-oxo)diiron(i,1v) and Related Species

Reaction of [L,Fe,(u-O)(OH)(H,O) ]** (Scheme 6; L =tpa,
5-Mestpa, or 5-Etstpa) with H,0O, at T=—40°C leads to the
generation of a deep green species.*! On the basis of
extensive data from spectroscopic, ESI-MS,* and X-ray
crystallographic (L =5-Etstpa) studies,*! this species was
identified as [L,Fe,(u-O),]**. As described in greater detail
below, it is best described as a valence-delocalized molecule
comprising a magnetically coupled low-spin (S = %) Fe'/low-
spin (S =1) Fe!¥ pair that yields an overall § =% ground state.

o ‘l 3+
LFe FeL'  H20 OO0 T3+
| LFe Fel

—40°C o~

H/O\H/ /o\
valence delocalized
FelFelV, s =3,

L = tpa, 5-Megstpa,
5-Etstpa

Scheme 6. Synthesis of [L,Fe,(u-O),]**, where L=tpa, 5-Mestpa, or
5—Et3tpa.[4gb' 49]

A related diiron(uriv) complex with L =6-Metpa was
accessed in a similar way, but the relatively small difference
in the ligand substituent pattern (6-H —6-Me on one pendant
pyridine) resulted in important electronic structural and,
apparently, geometric changes (Scheme 7).F% While the
product formulation for L =6-Metpa is [L,Fe,(O),]**, EPR

5
N 2+
LFe< /FeL-|
(6]
H
L =6-Megtpa | O,

o 2+ H,0 O T2
LFe< >Fel:| 222 e Fel
o —40°C o—d

L = 6-Megstpa
w 2H*, e~
0) 3+ O,
3
LF?/ \Teﬂ HO:  re” Vrell
| Il
H/O\H,xO\H —40°C  H,0 o
L = 6-Metpa valence localized

FellFelV, s =,

Scheme 7. Formation of diiron(ii,1v) complexes supported by 6-Metpa or
6-Mestpa ligands.[ 52 53
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and Mossbauer spectroscopic results indicate that it contains a
valence localized, antiferromagnetically coupled high-spin
Fe"/high-spin Fe!V pair with an S=1% ground state. Its
spectral features resemble those of a key biological inter-
mediate, compound “X” in ribonucleotide reductase (see
Section 7).l A species with similar properties results from
treatment of [L,Fe,(u-0),]** (L =6-Mestpa) with H,0,.5" In
this instance, the high-valent species formed via an
intermediate with a (u-peroxo)(u-oxo)diiron(liLin) core
(Scheme 7). Oxygenation of a bis(u-hydroxo)diiron(iii1) pre-
cursor capped by 6-Mestpa led to the same peroxo inter-
mediate and high valent product.*? In more recent work, this
S§=1 product also was generated from chemical or electro-
chemical oxidation of [L,Fe,(u-O),]** (L = 6-Mestpa) and the
accumulated evidence indicated that it has one bridging and
one terminal oxo unit derived from ring-opening isomer-
ization of the bis(u-oxo)diiron(iiLrv) core.*

An §=1% FelllFe!V complex is also accessible with quite
different supporting donors from those supplied by the tpa
frame. Treatment of a CH,Cl, solution of the paddlewheel
complexes [Fe,(O,CAr),(4-tBuPy),] with O, at —78°C led to
the formation of a metastable green solution which decom-
posed upon warming to yield a bis(u-hydroxo)bis(u-1,3-
carboxylato)diiron(ir,ii) compound (Scheme 8).54 On the
basis of EPR and Maossbauer spectroscopic data, it was
suggested that the green solution contained a mixture of three
species: 1) an antiferromagnetically coupled diiron(uii)
complex, 2) an §=9% Fel'Fe!" compound that is the green
chromophore,” and 3) an S =% Fel''Fe!Y complex. The latter
species was postulated to contain a bis(u-o0xo) motif on the
basis of the literature evidence available at the time, but the
recent identification of the isomeric bridging/terminal oxo
arrangement for at least one of the S=1' species (L =6-
Me,tpa, derived from chemical oxidation)P?l suggests that this
alternate structure should be considered.

Ar

O7X0 A

/N | .‘\\\O/ﬁo C>_§
N—Fe Fe—N
= o’\l_/o/' /
o
Ar N~
h

Ar

O,
—-78 °C

green
solution

warm

Ar
Ar—l//o N 7\

o7/ X0
o, | & |.N=
T

\ Vi Ox=0 )'\Ar
T

Scheme 8. Oxygenation of a diiron(iLi1) complex supported by a sterically
hindered carboxylate ligand.** %
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3. X-ray Structures

Characterization of the bis(u-oxo)dicopper and -diiron
complexes by X-ray crystallography has been critical for
conclusively identifying their novel cores, enabling detailed
analysis of spectroscopic and physicochemical data, and
providing a solid foundation for the drawing of comparisons
to data acquired on relevant metalloproteins. The thermal
instability of the complexes rendered such characterization
difficult, but application of low-temperature handling techni-
ques and rapid data-collection methods by using area detector
instrumentation resulted in a number of successful structure
determinations. Selected interatomic distances and angles for
all complexes with [M,(u-O),]"* (M=Cu or Fe) cores
reported to date are listed in Table 3. For comparative
purposes, data for selected compounds with Nill% 13171 and
Col" cores and those with related core structures (e.g.,
hydroxo-bridged) also are listed.

A survey of the parameters shown in Table 3 reveals a
general similarity among a wide variety of complexes with the
bis(u-oxo)dimetal motif; this is summarized in the schematic
representation in Figure 1. In spite of differences in the metal
ions, their oxidation level, and the supporting ligands, a
relatively narrow range of distances and angles is observed for
the [M,(u-O),]"" unit. This lack of variation in structural
parameters with differences in metal oxidation state and
ligands was previously noted for M = Mn,['” but must now be
extended to include disparate metal ions with differing
coordination numbers as well. As shown in Figure 1, the
important general characteristics of the core that in combi-
nation distinguish it from related structures are the short
intermetal and metal-oxo distances, essentially planar M,0,
arrangement, and acute M-O-M angles. Replacement of a u-
oxo bridge(s) with a u-hydroxo unit(s) usually results in core
expansion as reflected in lengthened M---M and M—-O
distances and larger M-O-M angles, although the presence
of additional bridging ligands such as carboxylates can
counteract this effect.’® 71 Specific comparisons are described
in greater detail below.

3.1. Copper

Representations of the X-ray structures reported to date of
bis(u-oxo)dicopper complexes are shown in Figure 2. While
they have analogous [Cu,(u-O),]** core metrical parameters
(Table 3, entries 1 -4 and 6), differences in metal coordination
numbers and geometries correlate with the number of
N-donors in the different supporting ligands. Thus, each
copper ion is four-coordinate square planar with the bidentate
Me,Et,chd? or Bu,P(ntms), ! (for structures see Scheme 1)
ligands, five-coordinate square pyramidal with the facially
coordinating tridentate Bnstacn and iPr,dtne,?'?¥! ligands and
six-coordinate distorted octahedral with the tetradentate
tripodal 6-Me,tpa ligand.’® The neutral complex sup-
ported by the Bu,P(ntms), 2 ligand is somewhat anomalous
with respect to its core geometry, as it exhibits rather
long Cu---Cu and Cu—O distances (Table 3, entry 6). As
would be expected for copper in the +11 or +11 oxida-
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Table 3. Structural data for bis(u-oxo)dimetal and related complexes.!?]
Entry Core Supporting ligands!®! M--M M-O XM-O-M Ref.
1 CulM(4-0), Me,Et,chd 2.743(1) 1.814(6) 98.9(3) 26]
1.809(6) 98.8(3)
1.796(6)
1.804(6)
2 Bnstacnl® 2.794(2) 1.803(5) 101.4(2) 21, 22]
1.808(5)
3 iPr,dtneld 2.793(1) 1.827(4) 99.3(2) [23]
1.836(4) 99.0(2)
1.824(4)
1.823(4)
4 6-Me,tpa 2.758(4) 1.806(9) 99.8(4) [30]
1.799(8)
5 MePy2ld! 3.445(2) 1.905(5) 128.4(3) 28]
1.922(6)
6 Bu,P(ntms),” 2.906(1) 1.865 (3) 102.3(2) [32]
1.864(3)
7 Et,edal 275 1.80 [77a]
8 Me,pdal! 2.85 181 [34]
9 Fe"FeV(4-0), 5-Etstpa 2.683(1) 1.805(3) 94.07(1) [49]
1.860(3)
10 5-Me,tpale! 2.59 1.77 [48b]
1.94
11 Fell'(4-O), 6-Me;tpa 2716(2) 1.844(3) 92.5(2) [42, 43]
1.916(4)
12 Fel'(1-0)(u-OH) bpeen 2.835(1) 1.850(3) 91.1(2) [42]
1.976(4) 100.2(2)
1.846(3)
1.993(4)
13 Me,bpg 2.899(2) 1.873(8) 91.5(3) [47]
1.962(6) 103.9(4)
14 Fel'(4-OH), 4-Me,Ndipicl? 3.118(3) 1.937(6) 105.3(4) [61b]
1.986(9)
15 ArCO,, Bn,en/Bnen#! 2.9788(6) 1.9726(17) 96.97(7) [56]
1.9977(17) 97.64(7)
1.9852(17)
1.9805(16)
16 ArCO,-, pyridine® 2.8843(9) 2.012(2) 92.33(10) [57]
1.986(2)
17 Ni¥'(1-0), TpMeli 2.882(3) 1.841(7) 101.93) [14]
1.870(8)
18 6-Mestpa 2.924(1) 1.888(6) 102.8(3) [15]
1.854(7)
19 PhTtBul 2.83 1.82 [17]
20 Coll(4-0), TpMe2lil 2.728(2) 1.783(4) 99.3(2) [14]
1.796(5)
21 Gall(4-0), Ldivnlil 2.5989(3) 1.8536(9) 88.18(4) [64]
1.8485(9)

[a] Except where indicated, data are from X-ray crystal structures, distances [A], angles [°], and estimated standard deviations indicated in parentheses.
[b] Except where indicated, ligand abbreviations correspond to structures shown in Scheme 1. [c] Ligands with perdeuterated substituents were used.
[d] Structural data (e.g. O -+ O =1.666(12) A) indicates compositional disorder (solid solution) of bis(u-0x0)- and u-12:172-peroxodicopper isomers. [¢] Data
are from EXAFS results. [f] 4-dimethylamino-2,6-dicarboxylatopyridine. [g] ArCO,” =2,6-ditolylbenzoate, with [Fe,(u-OH),(1,2-u-ArCO,),]** core.
[h] ArCO,~ =2,6-ditolylbenzoate, Bn,en = N,N-dibenzylethylenediamine, Bnen =N-benzylethylenediamine, with [Fe,(u-OH),(1,2-u-ArCO,)]** core.
[i] TpMe2 = tris(3,5-dimethylpyrazolyl)hydroborate. [j] L4 =2 4-bis(2,6-diisopropylphenylimido)pentane.

tion levels, distances between the metal ion and the axial
donors in the square-pyramidal and distorted octahedral-
geometries are elongated relative to the equatorial metal -
ligand separations (data not listed). The axial donors adopt an
anti arrangement in the Bnstacn-supported case, but they are
syn in the complex with iPr,dtne as a result of the constraints
of the ethylene tether between the macrocycles in this ligand.
The iPr,dtne tether also appears to induce a slight distortion
of the bis(u-oxo) core from planarity, as indicated by the

dihedral angle between the O-Cu-O and Cu-O-Cu planes of
~13°.[23]
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It is useful to compare the structural features common to
the [Cu,(u-O),])** cores to those of related [Cu,(u-OH),]*" and
[Cu,(u-7*:17>-O,) ** units supported by similar ligands (Fig-
ure 3).22 %1 As noted above, the intermetal and metal — oxy-
gen distances are increased in the [Cu,(u-OH),]** core.
However, caution should be exercised in differentiating
bis(oxo0)- from bis(hydroxo)dicopper cores on the basis of
intermetal separations alone, since a long Cu--- Cu separation
of 2.906(1) A was seen in the neutral bis(u-oxo)dicopper
complex supported by Bu,P(ntms),” ions.’? The Cu---Cu
separation in the (u-7*:;>-peroxo)dicopper isomer of the
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Figure 2. X-ray crystal structures of a) [([D],-Bnstacn),Cu,(u-O),]**,24221  b) [([D],s-iPrydtne)Cu,(u-O),]*+,2  ¢) [(6-Me,tpa),Cu,(u-O),]*+,1*

d) [(Me;Etychd),Cuy(u-0),]+ and e) [ (Bu,P(ntms),),Cuy(u-0),].F

3.560(3)

Figure 3. Comparison of prototypical [Cul!(u-O),]** (top), [Cu'y(u-
OH),]** (middle), and [Cul(u-1*:1?-O,)]** (bottom) cores from the re-
spective  X-ray structures of [([D]y-Bnstacn),Cu,(u-O),](SbFy),,2" 2
[ (iPr,Htacn),Cu,(u-OH),](BPh,),,?? and [Tp¥2Cuy(u-n*:2?-0,)].5% Se-
lected interatomic distances [A] are indicated, with estimated standard
deviations given in parentheses.
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bis(u-oxo0) core is much larger™ and this difference is
accompanied by a decreased O—O distance indicative of a
bond between these atoms.’® % The metal-ligand bond
distances in the [Cu,(u-OH),]*" and [Cu,(u-17*:5?-O,) |** cores
are generally longer than in the bis(u-oxo)dicopper com-
pounds, a fact which is consistent with the Cul! assignment for
the two former species and Cul" for the latter (see Section 5).

3.2. Iron

Figure 4 illustrates features of the cores found in several
representative diiron complexes with bridging oxo and/or
hydroxo ligands. Only one X-ray structure of a bis-
(u-oxo)diiron (L) complex, [(6-Mestpa),Fe,(u-0),](ClO,),,
is available.*> ¥*] While its overall topology closely resembles
those of the bis(u-oxo)dicopper and -nickel complexes
supported by the same 6-Mestpa or similar 6-Me,tpa ligands
(Figure 2),11> 3 several unique aspects of the diiron core
structure are worth noting (Table 3, entry 11). First, the Fe-u-
O bond lengths differ significantly, with one short bond trans
to the ligand amine N atom (1.844(3) A) and a longer bond
trans to a pyridine donor atom (1.916(4) A). This pronounced
asymmetry in the core (Ar=0.076 A) is mirrored in [Fe,(u-
OR),]** complexes (R = H or alkyl/aryl),’!l but contrasts with
the more similar distances observed in bis(u-oxo)dimetal
compounds with M = Cu, Mn, V, or Cr. The Fe-u-O distances
are notably longer than in diiron(iLin) complexes with a

Angew. Chem. Int. Ed. 2002, 41, 1114-1137



Copper and Iron Complexes with M?(u-O)? Cores

REVIEWS

a)
am
Ry 2.194(4)
o 2.244(4)
o oy
S —
2.716(2)
1.850(3)
b) 1.846(3) o
am
(@) P ©
[ ] N
” @ ®
W el 1:999(4)
2 835(1)
¢} 0 §20122)

/

& %
e — |
2 888(3)
d)
a py
2.025(3)

2.045(3)

)

Py 1.805(3)!-860(3)
2 683(1)

Figure 4. Comparison of the cores a) [Fel'(u-O),]**, b) [Fel'(u-O)(u-
OH) J**, ¢) [Fel(u-OH),(O,CR),]**, and d) [Fe"Fe!Y(u-O),]** from the
respective  X-ray structures of [(6-Mestpa),Fe,(u-0),](ClO,),,14 #
[(bpeen),Fe,(u-O)(u-OH)|(CIO,);,* [(py)2(O,CAr),Fe,(u-OH),(u-
0,CAr),] (O,CAr=26-ditolylbenzoate),’” and [(5-Etstpa),Fe,(u-
0),](C10,);.¥) Selected interatomic distances [A] are indicated, with
estimated standard deviations in parenthesis. The blue N atoms labeled
“am” and “py” are amine and pyridyl donors, respectively.

single u-oxo bridge (range 1.73-1.83 A),[?l an observation
that may be rationalized by invoking lessened Lewis acidity of
the Fe'' ions as a result of the second u-oxo bridge and greater
steric interactions inherent in the compact [Fe,(u-O),]** core.
This core is contracted compared to that of protonated
forms ¢l (in the absence of additional bridgesP 337  as
reflected in the trend in Fe---Fe distances: [Fe,(u-O),]*t <
[Fe,(u-OH)(u-O) |** < [Fe,(u-OH),]** (Table 3, entries 11—
14). A similar trend has been noted for a series of Mn!!!
complexes.®® In addition, the Fe-u-O-Fe angles are smaller
than the Fe-u-OH-Fe ones. Finally, it is noteworthy in the
current context that a recently prepared bis(u-oxo)digalli-
um(uLin) complex supported by bidentate [-diketiminate

Angew. Chem. Int. Ed. 2002, 41, 1114-1137

ligands has a particularly short metal—metal distance and
acute Ga-O-Ga angle (Table 3, entry 21).[64

Consistent with its higher oxidation level and its spin state,
metal —ligand bond distances in the low-spin diiron(iLv)
complex [ (5-Etstpa),Fe,(u-O),](ClO,); are shorter than in the
high-spin bis(u-oxo)diiron(uiin) compound (Table 3, en-
tries 9—11).1 Nonetheless, the Fe --- Fe distances and Fe-O-
Fe angles are similar in the two compounds, again attesting to
the relative structural invariance of the bis(u-oxo)dimetal
unit. Another similarity is the asymmetry in the core Fe-u-O
distances [Ar=0.055 A for the diiron(iL1v) case], further
corroborating the aforementioned generality of this feature in
diiron(tir and/or 1v) systems.

4. Spectroscopic Signatures

In the absence of X-ray crystallographic information, the
presence of an M,(u-O), core structure may be deduced by
spectroscopic methods, of which the most directly diagnostic
are extended X-ray absorption fine structure (EXAFS) and
resonance Raman (rR) spectroscopies. The EXAFS region
(above the edge jump) of an X-ray absorption spectrum of a
metal complex contains information regarding the nature of
the atoms surrounding the metal center and their distances
from the metal center.[®] The r'-space EXAFS spectrum of a
complex with an M,(u-O), core generally contains two
prominent features,[7 21 22,28, 34, 46,480, 49.66]  exemplified for
M =Fe in Figure 5a, b. One is typically found at r~2 A and
corresponds to the first coordination sphere (white arrow).
This feature consists of the short (1.8 A) M—O bonds that
make up the core and the longer (2.0-2.1 A) M-O/N bonds of
the terminal ligands. Because of their >0.2 A difference, these
two shells can usually be resolved in the EXAFS fitting
protocol. The second feature is typically found at r=2.6—
2.9 A (black arrow) and is associated with scattering between
the two metal centers in the M,(u-O), core. Because of the
presence of the two oxo bridges, the metal — metal distance is
constrained to be less than 3 A and the M-O-M angle
approaches 90°. These properties distinguish the M,(u-O),
core from other dinuclear motifs found in metalloproteins
such as M,(u-7*:1>-0,), M,(u-O)(O,CR),, and M,(O,CR),
cores, which usually have metal - metal distances greater than
3 A and much larger M-O-M angles. Furthermore, indepen-
dent movements of the two metal ions in the M,(u-O), unit are
significantly limited. Thus, their motions are highly correlated,
which leads to an intensity for the outer-sphere feature (black
arrow) that is comparable to that arising from the first
coordination-sphere atoms. This effect is operative even when
the oxo bridges are protonated (Figure 5c¢ and d). Note
however that no outer-sphere feature is readily discerned for
the paddlewheel complex [Fe,(O,CtBu),(pyridine),] (Fig-
ure Se), despite the fact that it has an Fe —Fe distance shorter
than [(6-Mestpa),Fe,(u-O)(u-OH)]** (Figure 5¢). The ab-
sence of the outer-sphere peak may be rationalized by the
presence of a much less rigid core structure in [Fe,(O,C-
Bu),(pyridine),], in which the metal ions are held together
only by flexible, bidentate carboxylate bridges. Based on the
examples shown, the presence of at least two single-atom
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Figure 5. EXAFS spectra plotted in r' space (r=r + 0.4) for a) [Fe,(u-
0),(5-Mestpa),]*t,  b) [Fey(u-0),(6-Mestpa),[**, ) [Fey(u-O)(u-OH)(6-
Me;tpa),|**,  d) [Fe,(u-OH)s(Mestacn),]**,  e) [Fe,(O,CR),(pyridine),].
First-shell features are indicated by the white arrow and the second-shell
features (Fe — Fe scattering) are noted with a black arrow (a—d). Adapted
with permission from ref. [49].

bridges are necessary to give rise to the strong intensity of the
outer-sphere metal scattering. These principles also apply to
complexes with M =Cu and Ni.l'720:22.28.34 Thus, such an
intense outer sphere feature is a convenient spectroscopic tool
to determine the presence of an M,(u-O), core.

The M,(u-O), core also exhibits characteristic oxygen-
isotope-sensitive features in vibrational spectra that are useful
for identification purposes. Such vibrations are observed in
Raman spectra upon excitation into an electronic absorption
band having oxo—metal charge-transfer (CT) character
(Section 5).-91 Simple symmetry considerations indicate
that the M,(u-O), core has six core vibrations, three of which
have the appropriate symmetry to be Raman active (Fig-
ure 6). In practice however, only the totally symmetric (A,)
modes are observed. Thus, for complexes with D,, and C,,
(with the z axis in the M,0, plane) symmetry, there are two
vibrations with A, symmetry; one involving significant M—O
stretching called the “breathing” mode and the other a core
bending mode. For complexes with C,, symmetry where the
z axis is perpendicular to the M,O, plane, there is a third
A, mode designated the “pairwise” stretching mode.
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Figure 6. Frequencies and symmetry representations of important vibra-
tional modes of bis(u#-oxo)dimetal cores in different point groups.

Complexes with Fe,(u-O), cores exhibit a prominent oxy-
gen-isotope-sensitive Raman feature at 650 —690 cm =11 Qur
understanding of this vibration derives from the large amount
of structural and Raman information available for oxo-
bridged diiron complexes.[®>7 An Fe-O-Fe unit has two
stretching vibrations that arise from the two Fe—O bonds. The
extent to which the two vibrations are coupled depends on the
M-O-M angle, with the strongest coupling found for linear Fe-
O-Fe complexes. In these complexes, the symmetric combi-
nation V,,,(Fe-O-Fe) is observed in their Raman spectra at
around 350 cm™' and the asymmetric combination Vg, (Fe-O-
Fe) is observed at approximately 850 cm™! in their IR spectra,
consistent with the respective symmetries of the vibrations
and the selection rules associated with the two spectroscopic
techniques. As the Fe-O-Fe angle becomes more acute, the
coupling interaction weakens and the two vibrations start to
converge to a common value.[” Figure 7 displays the current-
ly available vibrational data for structurally characterized
oxo-bridged diiron complexes (open and closed circles) and
demonstrates the correlation between the M-O-M angle and
the V,,(Fe-O-Fe) and ¥,,,(Fe-O-Fe) values. Note that at an
M-O-M angle of 90°, where the two Fe—O bonds are
orthogonal and the two Fe—O vibrations are independent of
each other, the v(Fe-O-Fe) values approach 650 cm~'. The
recent report of a v(Fe—O) of 671 cm™' for a mononuclear
iron(it) —oxo complex supports this prediction.l”!]

The symmetry of the Fe-O-Fe core plays an important role
in determining the intensities of the Fe-O-Fe vibrations in the
Raman spectrum. In complexes where the two iron coordi-
nation environments are essentially identical, only the al-
lowed v,y,,(Fe-O-Fe) mode is observed as an intense peak. The
forbidden v,,.,(Fe-O-Fe) mode would at best be observed as a
very weak peak, so the intensity ratio /,gm/ly» wWould be close
to zero. As the asymmetry of the Fe-O-Fe unit increases, the
Vasym(Fe-O-Fe) mode becomes more easily observed in the
Raman spectrum. For example, for the tpa complexes with a
(u-oxo)(u-carboxylato)diiron (1,1 core such as the [(tpa),-
Fe,(1-O)(O,CCH;) " ion the Iyl ratio is around 0.2
because the oxo bridge is trans to the N atom of a pyridine
group on one metal center and frans to an amine group
N atom on the other.” A more dramatic example of an
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Figure 7. a) Plot of M-O-M angle versus 7, (0) and #,,, (@) for a series of
complexes containing Fe-O-Fe cores. Data for structurally characterized
complexes with Fe,(u-O), and Fe,(u-O)(u-OH) cores are represented by v
and for Cu,(u-O), cores by e. b) Expanded region of the plot in Figure 7a
with labels refering to specific vibrations and complexes: 1: v, of
[(6-Mestpa),Fe,(u-O)(u-OH) (ClO,);, 2: Vuym (top) and vy, (bottom) of
[(4,6-Megtpa),Fe,(u-O)(u-OH) [(CIO,);, 3: vVuym of [(5-Mestpa),Fe,-
(1-0),](ClO,)5, 4: vy, of [(6-Mestpa),Fe,(u-0),](ClO,),, 5: vy, of
[(bpeen),Fe,(u-O)(u-OH)](CIO,);,  6:  [([D]i-Bnstacn),Cu,(u-O),]-
(ClOy),, 7: [(6-Me,tpa),Cuy(u-0),](PFe),, 8: [([Dlys-iPridtne)Cu,-
(u-0),](ClOy),, 9: [(Me,Et,chd),Cu,(u-0),](CF;S0;),. Adapted with per-
mission from refs. [43, 67, 70], with additional data from ref. [67—69].

asymmetric Fe-O-Fe core is that of the [(N5)Fe-O-FeCl;]*"
ion, [ which features an octahedral metal center on one side
and a tetrahedral metal center on the other. For this complex,
the Iyw/lym ratio jumps to 4.2. The Fe-O-Fe™ unit of the
mixed-valent [(Mejtacn),Fe,(u-O)(0O,CR),]* compound may
be considered an extreme example of an asymmetric Fe-O-Fe
core," and only the v, (Fe-O-Fe) mode is observed. Clearly,
the Raman properties of the Fe-O-Fe core serve as sensitive
probes of its symmetry properties.

The entries at low M-O-M angle in Figure 7 (red triangles,
labeled specifically in Figure 7b) comprise compounds with
diamond-shaped diiron cores; the introduction of a second
single-atom bridge restricts the size of the M-O-M angle to
100° or less. For complexes with an Fe,(O)(OH) core, the
M-O-M angle is about 100°. Interestingly the bpeen (for
structure see Scheme 1) complex has its v(Fe-O-Fe) feature at
596 cm™!, while the 6-Mestpa complex has its feature at
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675 cm~ L8] As indicated in Figure 7, the feature for the bpeen
complex falls near the line for v, (Fe-O-Fe), while that for
the 6-Mestpa complex is closer to the line for v, (Fe-O-Fe).
The difference between the two complexes can be rational-
ized by considering their structures. The bpeen complex has a
symmetric Fe-O-Fe unit with the oxo bridge trans to amine
nitrogen atoms on both irons, so it displays an intense vy, (Fe-
O-Fe) band. On the other hand, the oxo bridge is trans to an
amine nitrogen atom on one iron and frans to a pyridine
nitrogen atom on the other in the 6-Me;-tpa complex, which
results in greater intensity for v, (Fe-O-Fe). Consistent with
the fact that they have structures quite similar to that of [(6-
Mestpa),Fe,(u-O),]**, the high valent [L,Fe,O,]** complexes
(L =tpa, 5-Mestpa, and 5-Et;tpa) each exhibit just one major
Raman peak with values that fall on the v,,,(Fe-O-Fe) line.
Thus, the correlation in Figure 7 applies not only to oxo-
bridged diiron(iiin) complexes but also to oxo bridged
Fel'lFe' and Fe''Fe!¥ complexes as well.

The fact that the Raman features of Fe,(u-O), complexes fit
well into the correlation of v(Fe-O-Fe) with M-O-M angle
raises the question of whether the observed vibration is
triatomic or is instead associated with a mode of the entire
tetraatomic core. This question may be probed by introducing
just one '#0 isotope into the Fe,O, core. The assignment of the
Raman feature to a triatomic vibration would be confirmed by
the observation of two features in the spectrum of the mixed-
labeled complex arising from v(Fe-'°O-Fe) and v(Fe-*O-Fe)
vibrations, with relative intensities reflecting the populations
of the two isotopomers (e.g., equal intensities for a 1:1 ratio of
160:180). In contrast, a vibration that is tetraatomic in nature
would exhibit a single feature with a value intermediate
between the two °0!°0- and *O'¥O-labeled extremes. For
[ (tpa),Fe,(u-0),]**,1") the *0Q'°0 isotopomer exhibits a Ram-
an peak at 666 cm~! that shifts 28 cm~! to lower energy in the
800 isotopomer. When B0 is incorporated into only one
oxygen atom of the Fe,(u-O), core, a single peak with an
isotope shift of 22 cm™! is observed. Thus, the iron-oxo
vibration observed for [(tpa),Fe,(u-O),]*" and related com-
plexes derives from motion of the entire tetraatomic core.

Assignment of the 650-690 cm~' band for the Fe,(u-O),
complexes rests on their having C,, symmetry with the C, axis
perpendicular to the M, O, core, such that there are two modes
with totally symmetric A, representations that are thus
Raman allowed (Figure 6). One, designated the “breathing”
mode, is analogous to the v,,,(Fe-O-Fe) band of the triatomic
Fe-O-Fe complexes. The other, designated the “pairwise”
mode, is analogous to V,y,(Fe-O-Fe). Normal coordinate
analysis predicts both modes to be at similar frequencies, but
the pairwise mode assignment is favored on the basis of
several arguments.[] There appears to be a weaker feature,
observed at 655 cm™! as a low-energy shoulder of the 666 cm™!
peak in the tpa complex, which is tentatively assigned as the
breathing mode.

Similar considerations apply to the Raman spectra of
complexes with Cu,(u-O), cores.? % 91 Those with symmetric
bidentate ligands such as, R,R5chd, RiR%eda, and RiR3pda
have D,, core symmetry and exhibit two core vibrations
(Figure 6). The Raman data for the complex [(Me,Et,-
chd),Cu,(u-0),]** is illustrative (Figure 8).1 An intense
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Figure 8. Resonance Raman spectra of [(Me,Et,chd),Cu,(u-O),]-
(CF;S053), in CH,Cl,, derived from 'O, (blue) and '®O, (red). Asterisks
denote solvent peaks. Adapted with permission from ref. [68].

feature at 609 cm~! corresponds to the core breathing mode;
upon 80 substitution it moves to lower energy by 24 cm~!, in
close agreement with the calculated value of 28 cm~!. This
intense feature is flanked by two much weaker features
separated from the central peak by 118 cm~! that move to
lower energy by the same amount as the central feature when
80 is incorporated. Examination of the low-frequency region
reveals a feature at 118 cm~!, which is assigned to the core
bending mode. Thus, the features flanking the intense
609 cm~! peak are combination and difference bands of the
fundamental core breathing and core bending modes. Com-
plexes of the other symmetric diamine ligands exhibit the
same features at comparable energies. The fact that the two
fundamental modes exhibit frequencies that are essentially
independent of the nature of the ligand emphasizes the notion
that these are indeed vibrations of the Cu,(u-O), core.

Replacement of the supporting diamines in the bis(u-
oxo)dicopper complexes with tridentate Rstacn ligands lowers
the point-group symmetry of the complexes to C,,, as the
copper ions adopt a square pyramidal geometry. Although the
principal axis in these cases is coincident with the O—O axis,
the symmetry designations for the core vibrations remain
unchanged, so the same two totally symmetric Raman modes
found for the D,, complexes are expected for these C,,
complexes.[®) Indeed, all the Rjtacn complexes exhibit an
intense 'O isotope-sensitive vibration near 600 cm™! that is
assigned to the core breathing mode. However, no effort was
made to observe the core bending mode in the low-frequency
region. A notable difference between the data acquired for
the Rstacn and diamine complexes is an apparent sensitivity
of the core breathing mode of the former to the mass of the
supporting ligand alkyl substituents, with larger energy
decreases as the mass of the alkyl substituent increases.

In Cu,(u-O), complexes with unsymmetric bidentate N-do-
nor ligands the core symmetry also is C,,, but the principal
axis is perpendicular to the Cu,O, core. For such complexes,
both breathing and pairwise stretching modes belong to the
totally symmetric A, representation, which leads to the
expectation of two observable features in the Raman spec-
trum. Indeed, two 'O isotope-sensitive Raman features are
observed in the 600 cm™! region for the complexes [(EtPh-
Py),Cu,(u-O),]** and [(ArPyNELt,),Cu,(u-O),].?>? The ap-
pearance of two Cu—O stretching peaks is reminiscent of the
two v(Fe-O) features observed in the Raman spectra of Fe-O-
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Fe complexes with similarly unsymmetric ligands, as discussed
above.¥l However, another complex which belongs to this
class, [ (6-Me,tpa),Cu,(u-O),]*", exhibits only one '*O isotope-
sensitive Raman feature in the 600 cm™! region. The appear-
ance of only one peak may be rationalized by the crystal
structure of this complex, which shows a Cu,O, core with four
Cu—O bonds nearly equal in length, so the pairwise mode may
not have much intensity. Unfortunately, X-ray crystal struc-
tures are not available for the two complexes that exhibit both
core breathing and pairwise stretching modes.

When the core breathing modes observed for the Cu,O,
complexes are placed on the plot in Figure 7 (blue circles),
they essentially fall on the v,,(M-O-M) line, which is
consistent with the notion that the core breathing mode is
the tetranuclear equivalent of the symmetric M-O-M stretch-
ing vibration. It may be surprising that the correlation derived
from a database of iron compounds should also apply to
copper complexes. Separate analysis of the latter is not
possible because there is no database available for mono-oxo
bridged dicopper complexes; few of these complexes exist,!'s]
none have been characterized structurally, and no Raman
data have been reported. Nevertheless, there are a number of
Fem-O-Cu" complexes that have been synthesized to model
the dioxygen binding and activation site of cytochrome c¢
oxidase.['®" One of these exhibits an Fe-O-Cu angle of 178°
and a V,y,(Fe-O-Cu) at 855 cm ™! in good agreement with
the correlation in Figure 7. Thus, the differences in the atomic
weights of Fe and Cu and in the relative strengths of the M—O
bonds appear not to be large enough to affect the correlation
in Figure 7 significantly.

In summary, EXAFS and resonance Raman spectroscopy
represent two valuable tools that may be used to determine
whether an M,(u-O), core is present in a sample. Indeed,
these spectroscopic signatures were recognized in the EXAFS
and Raman spectra of [(Rjtacn),Cu,(u-O),]** and [(tpa),-
Fe,(u-O),]** complexes prior to their characterization by
X-ray crystallography.?» 1 Similar approaches have been
used to determine whether an M,(u-O), core is present in the
reactions of other dicopper and diiron complexes with O, or
H,0, .

5. Electronic Structures

Not surprisingly, despite their similar geometric and vibra-
tional properties the bis(u-oxo)dimetal cores comprising iron
and copper have differing electron inventories that result in
divergent electronic structures. These structures have been
probed by both experimental and theoretical methods. The
Cu,(u-O), complexes are best characterized as having Cu'™
ions bridged by two oxide ions. The Cu' oxidation state
description is supported by a bond valence sum (BVS)
analysis of the crystallographic datal® 7 and an analysis of
X-ray absorption pre-edge energies.””l In the BVS analysis,
values for the copper-ion oxidation level consistently much
larger than +2 were obtained when the structural data were
analyzed using parameters derived from Cu" complexes,
while values close to +3 were obtained using parameters
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associated with known Cu'™ complexes. More direct informa-

tion was gleaned from the X-ray absorption edges. Through
an analysis of a large series of complexes, a clear distinction
between those that contain Cu!! and those with Cu' was
drawn. While Cu'" complexes exhibit a 1s —3d pre-edge peak
at 8979£0.5 €V that is quite insensitive to changes in the
ligand environment, the corresponding feature for Cu™
complexes is observed at 8981 +0.5¢€V, consistently 2 eV
higher in energy than its Cu" counterpart. This shift to higher
energy is as expected because of the higher nuclear charge of
Cul! centers that makes it more difficult to excite a core
electron.

Analysis of magnetic and absorption spectroscopic datal®!
in conjunction with a number of theoretical stud-
iesl?22%:32.78. 7] have led to a detailed picture of the bonding
within the Cu,(u-O), core. Complexes with this core are
diamagnetic, which is consistent with the d® electronic
configuration of Cu and the tetragonal nature of the
coordination sphere. In their optical absorption spectra, these
complexes are characterized by two intense bands near 300
and 400 nm (¢ ~10000-25000M~'cm™"). Attribution of the
longer wavelength band to an oxo —copper(ur) CT transition

is supported by its intensity and by resonance Raman

shape for the 400 nm absorption with the 8O-sensitive-band

intensities in the Raman spectrum.[®*! More detailed assign-

ments of the absorption features, as well as other electronic

structural insights, have come

a) from computations that have

% ‘ defined the core bonding in

m : Two key frontier orbitals calcu-

_ a ‘. ‘ lated  for  the  model

[(NH;)¢Cu,(u-O),)** are shown

in Figure 9;?% 7 similar orbitals

b) have been calculated for mole-

% * cules with similar N-donor li-

1y.1% 71 The filled, lower energy

MO (Figure 9a) comprises 0Oxy-

gen p orbitals that are antibond-

Figure 9. Key filled (a) and ing with respect to each oth.er,

empty (b) frontier molecular DUt Which have strong bonding

orbitals  calculated  for interactions with the Cu dy_p
[(NH;)sCuy(u-O),J*".  Adapt-

ed with permission from A pntihonding  interactions be-

ref. [11a].

tween all of the metal and oxy-

gen orbitals are present in the

empty, higher lying MO (Figure 9b). Electronic excitation

from the filled to the empty MO is thought to give rise to the

lower energy optical transition (400 nm),[! with the inten-

bond covalency illustrated by the MO drawings. This large

covalency also accounts for the strong enhancement observed

for the Cu—O vibrations in resonance Raman spectra

(Section 4). The higher energy UV absorption feature corre-

sponds to one of similar energy and intensity found in (u-7?:1?-

peroxo)dicopper(iLi) units (peroxo n¥ —Cud, LMCT)®! and

excitation profiles, which show close correlation of the band
molecular orbital (MO) terms.
gands at varying levels of theo-
sTe
orbitals (e.g. high covalency).
sity of this band arising from the high degree of metal —ligand
has been assigned analogously.[*®]
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Because Fe' and Fe!V centers can adopt different spin
states, the electronic structures of the Fe,(u-O), complexes
are more varied than those of their copper counterparts. The
diiron(tr1) complexes with Fe,(u-O), and Fe,(u-O)(u-OH)
cores characterized to date all have high-spin Fe'! ions and
they exhibit electronic spectra similar to those of (u#-oxo)di-
iron(iLin) complexes. The latter compounds exhibit two
moderately intense absorption features in the 500-—700 nm
region (e~200-500M~'cm™') that have been assigned to
transitions that have both LMCT and ligand-field charac-
ter.’-- 82 Corresponding features for the Fe,(u-O), and Fe,(u-
0O)(u-OH) complexes are observed at 500 and 800 nm, with
the latter band significantly red-shifted as a result of the acute
Fe-O-Fe angles found in these cores.[*¥l Excitation into the
500 nm band gives rise to the core vibrations in the Raman
spectra discussed in Section 4.

Like the (u-oxo)diiron(iiLi) complexes, the high-spin
iron(t) centers in the [Fe,(u-O),]** and [Fe,(u-O)(u-OH) ]**
cores are antiferromagnetically coupled, but the strengths of
the coupling interactions differ. Compounds with (u-oxo)di-
iron(t,I) units have J values that range from 180 cm™! to
250 cm~! (H=JS,8,) and that appear to be rather insensitive
to Fe-O-Fe angles between 120° and 180°.1l While introduc-
tion of a second efficient exchange pathway in complexes with
[Fe,(u-O),]** and [Fe,(u-O)(u-OH)** cores may lead to the
expectation of an even stronger coupling interaction, these
complexes actually exhibit weaker antiferromagnetic cou-
pling. For example, J =+ 110(10)cm™! for [ (6-Me;tpa),Fe,(u-
O)(u-OH)P** and J=+54(8)cm™! for [(6-Mestpa),Fe,(u-
0),]*".12 These smaller J values have been ascribed to the
rather small Fe-O-Fe angles (90-105°) and the longer Fe-u-O
bonds associated with these complexes. Indeed, the J values
found for these complexes fit well into a published correlation
that relates J values to the average Fe-¢-O bond length of the
shortest superexchange pathway between two iron(ir) ions.[s!
The inclusion of data from these complexes refines and
further validates this correlation by providing needed values
for complexes with intermediate Fe—O bond lengths.

The electronic properties of the higher valent bis(u-
oxo)diiron(ii,1v) complexes divide them into two subsets,
depending on whether the iron ions are high or low spin.
Those with high spin iron centers exhibit S =5 ground states
and have Mossbauer spectra consisting of two quadrupole
doublets, one with an isomer shift 6 of about 0.5 mms,
characteristic of high-spin Fe'"! centers, and the other with a d
value of around 0.1 mms~!, associated with Fe!V centers
(Table 4).13 Consistent with the high-spin assignment, the
hyperfine parameters of the Fe!'! ion are isotropic, while those
of the Fe!v ion exhibit significant anisotropy. The S =Y state
thus must arise from the antiferromagnetic coupling of S =%
Fe™ and S =2 Fe! ions (Figure 10, left). Nine out of the ten
d orbitals of the diiron(i1L1v) center are magnetic, and super-
exchange causes antiparallel alignment, which can readily
occur through single-atom bridges. The S =14 spin state is also
manifested in the EPR spectra as an isotropic signal at g=2 at
X-band frequency.[ 31 53 54

The other subset of bis(u-oxo)diiron(liLlv) complexes
consists of three closely related compounds with L=tpa,
5-Me;-tpa, or 5-Ets;-tpa that have S=3% ground states, as
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Table 4. Mossbauer parameters for diiron(iiLv) complexes.

L or protein Electronic description o(Fe!) AE(Fe') O(Fe'lh) AE(Fe''l) Ref.
5-Me;-tpa valence delocalized S =% 0.14(2) +0.49(3) - - [48b]
6-Me;-tpa valence localized S =" 0.10 1.14 0.50 13 [51, 53]
6-Me-tpa valence localized S =" 0.08(3) 0.5(1) 0.48 1.6(2) [50]
Ar™'CO, valence localized S =" 0.12 0.6 0.55 1.1 [54]
RNR R2-X valence localized S =" 0.26(4) —0.6(1) 0.56(3) -0.9(1) [84a]
MMOH-Qy valence localized =1 0.14(6) —0.6(1) 0.48(6) —0.9(1) [84b]
Spin States of [Fe!'Fe'V(0),]3* Complexes o3
Fe_ _Fe
s=12 s=3n2 o
antiferromagnetically coupled double exchange coupled
valence localized valence delocalized c

high-spin Fe"-high-spin Fe'V low-spin Fe"-low-spin Fe'V

4 — — —
+ - -
+  + +_f
+  + >t
+ o+ + 4

Figure 10. Overview of magnetic interactions and spin states in
[L,Fe"Fe!V(O),]** complexes.

indicated by EPR spectra with g values at 4.3, 3.7, and 2.14"]
The metal ions in the Fe,(u-O), core supported by 5-Et;-tpa
were shown by X-ray crystallography to be in essentially
equivalent environments.l*) Méssbauer spectra of the series
of complexes consist of only one quadrupole doublet (d ~
0.14 mms~!) showing that the Fe!'Fe'V center is valence
delocalized.! The S=3% ground state derives from the
parallel alignment of the single spin on the §=1 Fe'! center
and the two spins of the S=1 Fe!V ions that is enforced by a
double exchange mechanism (Figure 10, right).

Density functional theory (DFT) calculations have provid-
ed an MO description that rationalizes the observed S =%
ground state.®® As shown in Figure 11, the frontier MOs of
[Fey(u-O),(tpa),]** with predominant metal 3d character
consist of two groups well separated in energy. The low-
energy set comprises six MOs derived from various combi-
nations of the metal t,, orbitals. Filling these six MOs with
nine 3d electrons following Hund’s rule results in the ob-
served S=% ground state, consistent with the low-spin
description implied by the experimental data. Mulliken
analysis of the unpaired spin populations show that the three
unpaired electrons are fully localized on the [Fe,(u-O),]**
core and are distributed between the iron and the oxygen
atoms in a 4:1 ratio. The fact that neither the iron nor the
oxygen atoms have integral spin populations indicates sig-
nificant covalency in the bonding within the [Fe,(u-O),]**
unit.

The valence delocalized [L,Fe,(u-O),]** complexes were
first observed because of their characteristic green color
arising from an intense visible absorption band at 616 nm (& ~
5000M~tcm~!).[*#! Since oxo —iron CT transitions for oxo-
bridged diiron complexes are usually found in the near UV
region,®" 82 such an intense band at low energy is atypical and
hinted at the unusual valence delocalized electronic structure
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Figure 11. Frontier molecular orbitals of the S =% [Fe,(u-O),]** core, with
the indicated irreducible representations indicated for the D,, point group.
Adapted with permission from ref. [85].

that was subsequently established. The sharpness of this band
and its insensitivity to solvent argue against a LMCT
designation and support its assignment as an intervalence
(metal-to-metal) transition."s!

To summarize, the parent tpa ligand and its two 5-alkyl
substituted derivatives give rise to valence delocalized S =%
complexes, while its two 6-methyl substituted derivatives form
valence trapped S=1" complexes. It is remarkable how the
introduction of one 6-methyl group can so dramatically alter
the electronic structure of the [Fe,(u-O),]** core.P Clearly,
these results emphasize the important influence of ligand
structural features on the physical properties of such metal
centers.

6. Reactivity

Two major modes of reactivity are exhibited by the
thermally unstable bis(u-oxo)dicopper and/or -diiron com-
plexes: a) core isomerization, which involves O—O bond
formation in a conversion into a u-1?:np>-peroxo core (Cu) or
bridge-to-terminal oxo migration (Fe), and b) oxidation of
organic functional groups, in either intra- or intermolecular
processes. The core isomerization and hydrocarbon C—H
activation reactions are of fundamental importance in oxida-
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tions performed by non-heme enzymes or synthetic catalysts,
and as a result much effort has been expended to understand
associated mechanistic issues.

6.1. Core Isomerization

The separate isolation of u-7?:n>-peroxo- and bis(u-oxo)di-
copper complexes with different supporting N-donor ligands
(e.g., TpRR versus Bnstacn; Tp = tris(pyrazolyl)hydroborate)
suggested that under suitable conditions these two isomeric
cores might interconvert in an unprecedented process. Studies
of the oxygenation of Cu' complexes of iPrstacn a) led to the
identification of both peroxo and bis(u-oxo) isomers support-
ed by the same N-donor ligand and b) provided the first
experimental evidence that these particular isomers could
indeed participate in a facile equilibrium.!'-2! Important
evidence included the identification by UV/Vis and resonance
Raman spectroscopy of [(iPrstacn),Cu,(u-1?:7*0,)]>* upon
performing  the  low-temperature  oxygenation  of
[ (iPrstacn)Cu(CH;CN)]* in CH,Cl, and the finding of spec-
tral features arising from the bis(u-oxo) core when the
oxygenation was performed in concentrated THF solutions.
Solvent-mixing experiments involving dilution of concentrat-
ed CH,CI, solutions with THF and vice versa resulted in
spectral changes indicating transmutation of the isomers.?" 3]
In acetone, spectral signatures of both forms were seen. These
initial discoveries showed that the two cores supported by
iPrstacn have similar thermodynamic stabilities, such that
changes in solvent are sufficient to result in formation of one
or the other form. Consistent with the energetic similarity
between the isomers, X-ray diffraction and resonance Raman
spectroscopic data obtained on crystals isolated from CH,Cl,
solution suggested the existence of both forms, composition-
ally disordered, in the solid state.!'!]

Evidence for a rapid isomerization equilibrium between the
compounds supported by iPrjtacn came from the results of
low-temperature stopped-flow kinetics experiments.?!! The
formation of a ~4:1 mixture of the peroxo and bis(u-0x0)
isomers from the reaction of [LCu(CH;CN)]* with O, in
acetone was found to have a first-order dependence on the
concentration of the Cu' complex. Activation parameters
(Table 2) are consistent with formation of [LCu(O,)]* in the
rate-determining step. In addition, the spectral features of
each isomer grew at identical rates at a range of temperatures
(—83°C to —50°C). Identical rates of decomposition because
of intramolecular C—H bond activation (Section 6.2) also
were observed. These findings are best rationalized by the
involvement of an equilibrium between the isomers that is
more rapid than the 1:1 Cu- O, adduct formation or decom-
position steps (Scheme 1). The results of a recent detailed
study of the solvent and temperature dependence of the ratio
of the isomers are consistent with this equilibrium, and yield
thermodynamic parameters for solutions in THF of AH=
4 kJmol! and AS =25 Jmol~! K-

Subsequent to the discovery of the peroxo/bis(u-oxo)
equilibrium in the system with iPrstacn, evidence for similar
equilibria in systems supported by other ligands has been
reported.?” 28.30.331 On the basis of UV/Vis, resonance Raman,
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and X-ray absorption spectroscopic data (X-ray absorption
near-edge spectroscopy (XANES) and EXAFS) it was shown
that oxygenation of [ (MePy2)Cu]* yields a mixture of u-1?:n?-
peroxo- and bis(u-oxo)dicopper isomers in solution (CH,Cl,)
and in the solid state (ratio ~4:1).2% Stopped-flow kinetic
data were found to be consistent with a rapid equilibrium
between the isomers. In addition, a compositionally disor-
dered X-ray crystal structure akin to the one obtained for the
system comprising iPrstacn was obtained. Interestingly, only
the peroxo core was observed (UV/Vis, Raman) for the
system supported by PhCH,CH,Py2, which differs from
MePy2 only with respect to the alkyl substituent.*” Kinetics
data for the decay of this u-1*:n?-peroxo complex suggested
that isomerization to a bis(u-0x0) core occurs prior to
intramolecular C—H bond activation (see Section 6.2). Iso-
merization of the bis(u-oxo)dicopper unit supported by
6-Me,tpa to a u-n*:y*-peroxo core was implicated by the
observation of reversibility in the oxygenation process.[!
Thus, bubbling N, through a solution of [(6-Me,tpa),Cu,(u-
0),]** in CH,Cl, at —80°C or addition of PPh; to a solution in
acetone caused ejection of O, and formation of monomeric
Cu! species, presumably via a peroxo intermediate which was
not observed. More recently, mixtures of peroxo and bis(u-
ox0) isomers were observed upon oxygenation of Cu! com-
plexes of a range of peralkylated diamine ligands RiR3%eda
and RIR3pda, with equilibrium constants that were sensitive
to the ligand structure, solvent, counterions, and temper-
ature. Interestingly, and in contrast to all other cases, for the
system with L=¢Bu,Me,eda in MeTHF solvent, isomer
interconversion was slow relative to decomposi-
tion, and differential reactivity of the two isomers both with
respect to decay and to oxidations of added substrates was
observed.

Taken together, the data indicating the existence of the
peroxo/bis(u-oxo) equilibrium with a range of N-donor
ligands point to the potential general significance of the
isomerization process in reactions that involve the making or
breaking of the dioxygen O—O bond. We note that no
examples of the (u-#*:;*-peroxo)diiron or -dimanganese core
have been identified in synthetic complexes or in biological
systems. Nonetheless, and despite theoretical arguments to
the contrary,®! it remains conceivable that such species may
be involved as intermediates in bis(u-oxo)dimetal complex
generation through an O—O bond breaking process (or the
opposite) now with a precedent in copper-containing systems.

The finding of either or both isomeric cores in copper
complexes with divergent ligands raises questions concerning
what ligand structural features are the most important in
controlling which isomer predominates. Examination of the
existing data suggests some general rules: bis(u-oxo) complex
formation is favored when the supporting ligand a)is
bidentate, b) has strongly o-donating amine donors, ¢) is less
sterically hindered (smaller N-donor ligand substituents),
and/or d) has a constraining tether between donor portions
(e.g., iPrydtne). These features may be understood in an
intuitive way by considering the core shapes and formal
oxidation states of the copper ions in the two forms. There is a
long distance (~3.5 A) between Cu! ions in the peroxo
isomer versus a short distance (~2.8 A) between more
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electron deficient Cu™ jons in the bis(u-oxo) form. Thus,

strongly electron-donating ligands that best enable (or only
allow) a short intermetal separation and a square-planar
coordination geometry favorable to d® Cu centers tend to
support bis(u-oxo) core formation. Conversely, tridentate
ligands with sterically encumbered substituents or spacers
that inhibit close approach of the metal ions and/or poorer
electron donors tend to favor the (u-1?:n>-peroxo)dicopper-
(1Lm) core. It has been suggested that another factor is the N-
Cu-N, bite angle; the smaller the angle, the greater the
stability of the bis(u-oxo) form that is characterized by more
acute Cu-O-Cu and correspondingly more obtuse O-Cu-O
angles than the peroxo isomer.8 This simple angular depend-
ence was evaluated by a theoretical analysis of [(NH;),Cu,-
(u-O),]** units and was suggested to arise from differences in
the energetics of the interactions between Cu and O orbitals
in the two forms."!

Particularly subtle effects come into play when comparing
systems that have identical donor sets. For example, oxygen-
ation of [ (iPrstacd)Cu(CH;CN)]* in CH,Cl,, THF, or acetone
yields only the peroxo core, in contrast to the aforementioned
behavior of the iPrstacn system (both isomers accessible) that
differs only with respect to the deletion of a single -CH,-
group within the macrocycle.?”! A comparative analysis of the
X-ray structures of the Cu! precursors supported by these two
ligands, in conjunction with integrated molecular orbital/
molecular mechanics calculations on the complete peroxo and
bis(u-ox0) complexes, showed that the steric clashes between
the /Pr groups in the bis(u-oxo) form are enhanced for the
case of the larger tacd macrocycle. These clashes ultimately
result in a relative quantum mechanical destabilization of the
bis(u-oxo) core that is manifested in sole experimental
observation of the other (peroxo) form. Similar steric effects
were invoked to explain differences in the equilibrium
constants between peroxo and bis(u-oxo) forms with biden-
tate peralkylated amine ligands RI}R%eda and RiR3pda, with
larger K., = [peroxo]/[bis(u-oxo)] for systems supported by
ligands with the same backbone but larger substituents
(Me,iPr,pda > Me,pda) and with larger backbones and the
same substituents (e.g. Me,iPr,pda > Me,iPr,eda).?!

The u-n?:m*-peroxo/bis(u-oxo) equilibration has not been
observed in diiron systems, although the possibility of such a
conversion has been raised in calculations of mechanisms
postulated for methane monooxygenase (MMO) catalysis to
account for the formation of the Fe,O, core of intermedia-
te Q.7 The synthetic (peroxo)diiron(iiLi) intermediates
reported to date do not contain the u-1?:7*peroxo unit, but
instead are of the u-1,2-peroxo type (Scheme 3), and most
retain their structural integrity at the temperatures at which
they are characterized.['” '8 X ray crystal structures of three
such (peroxo)diiron(iiLiiy) complexes are known.® Subse-
quent decomposition by raising the temperature has usually
afforded no other discernible intermediate species prior to the
formation of diiron(iLiin)) or polyiron(ii) decay products. In
one example, however, a (u-oxo)(u-1,2-peroxo)diiron(11L111)
species derived from either the reaction of O, with
[(6-Mestpa),Fe,(u-OH),]** or H,0, with [Fe,(u-O),-
(6-Mestpa),J*+ converted in moderate yield into a high-valent
species minimally formulated as [ (6-Mestpa),Fe,(O),]>*.: 3
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The mechanism of the conversion of the peroxo to the high-
valent oxo complex is still not established.

Core isomerization of a different type has been implicated
by the results of studies of the oxidation of the bis(u-0x0)-
diiron(uiii) complex supported by 6-Mestpa (Scheme 7).
Addition of (NBu,),[Ce(NOs;)4] to a solution of the complex
in CH;CN at —40°C (characterized by E;,=0.41V versus
ferrocene) afforded in high yield a species that was formu-
lated as [(6-Mestpa),Fe,(O),(H,O)]** on the basis of ele-
mental analysis and ESI-MS data. The two oxygen atoms in
the complex were found to be distinct on the basis of their
different rates of exchange with isotopically labeled H,O as
revealed by resonance Raman spectroscopy. In the resonance
Raman spectrum, a feature at 840 cm~! was attributed to the
Vre_o Of a terminal Fe™=0 unit that was not prone to solvent
water exchange, with a small contribution from the v, of an
Fe-O-Fe unit that does exchange with water. In corroboration
of this structural hypothesis, EXAFS spectra of the oxidized
species show that the outer-sphere scattering between the Fe
atoms characteristic for the diamond Fe,(u-O), core is
absent.® A nearly isotropic signal with g=1.999 in the
EPR spectrum in conjunction with Mdssbauer data indicate
that the system contains a Fe™Fe! pair with S=". Taken
together, the evidence supports the structure shown in
Scheme 7 with an Fe! center linked by an oxo bridge to a
FeY=0 moiety. The overall conversion from a bis(u-oxo)di-
iron(1L11) complex into this product involves a coupled one-
electron oxidation and bridge-to-terminal oxo migration,
which suggests a flexibility of the bis(u-oxo)diiron motif that
may be of biological and catalytic significance.

6.2. Oxidations

The bis(u-oxo)dicopper and -diiron complexes isolated so
far are capable of oxidizing various organic functionalities in
reactions of biological relevance, and in several cases
mechanistic information is available. In general, the copper
compounds are one or two-electron oxidants, whereas the iron
species mainly perform one-electron oxidations.

Best studied are the ubiquitous decomposition reactions of
the bis(u-oxo)dicopper compounds, which generally proceed
by attack of the C—H bonds of a supporting-ligand substituent
by the oxidizing core. As illustrated for the Rstacn system in
Scheme 9, C—H bonds a to an N donor of the supporting
ligand are the most common targets in these reactions. The
final products are bis(u-hydroxo)dicopper(iLi) compounds,
which in several cases were shown to contain capping ligands
in which an N—R group of the original ligand is replaced by an
N—H moiety.??) The overall N-dealkylation reaction was
quantified by removal of the copper ions from the product
mixture and identification of the resulting organic products by
NMR spectroscopic and gas chromatography (GC)/MS meth-
ods. An intramolecular pathway was shown to be operative on
the basis of a) observed kinetics that uniformly are first-order
in the bis(u-oxo)dicopper complex concentration and b) a
classical double-labeling experiment in which benzaldehyde
product was analyzed upon allowing a mixture of
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Scheme 9. Oxidative N-dealkylation reaction with postulated mechanism
for an illustrative bis(u-oxo)dicopper complex. R=R'CH,, where R'=
alkyl and or aryl groups (see Table 5 for kinetic data).

[ (Bnstacn),Cu,('°O),])** and [(Bnjtacn),Cu,(**0),]** (Bn' =4-
tert-butylbenzyl) to decompose.’® Comparison of activation
parameters (Table 5) reveals a general similarity across an
array of systems, with negative AS* values consistent with an
ordered transition state. Importantly, large H/D kinetic
isotope effects (KIEs) were uncovered that indicate C—H(D)
bond scission in the rate-determining step. Indeed, the
magnitude of these KIE values and their temperature
dependencies implicate a tunneling contribution akin to that
seen in several biological oxidations.[’" 2 Finally, a plot of the
rate constants for the series of complexes supported by (X-
Bn)stacn (X =MeO, Me, tBu, H, CO,Me, and CF;) versus o+
values yielded p=—0.4,% a small negative value similar to
those measured for H-atom abstractions by electrophilic
radical reagents and heme —iron oxidants.*l

Taken together, the experimental evidence is consistent
with a mechanism for the N-dealkylation reaction (Scheme 9)
that involves rate-controlling attack of the bridging oxo unit
on the o C—H bond, either by H-atom abstraction or a
concerted insertion process (not shown).’™ For the former,
the resulting radical would be trapped by internal OH*
transfer in a fast “rebound” stepl! to yield the same
intermediate carbinolamine that would result from the latter
direct insertion. Fast N-dealkylation of the carbinolamine
intermediate would yield the final carbonyl fragment and
amine. The available experimental data does not allow
distinction between the “rebound” and “direct insertion”
routes, a dichotomy that parallels that which is under debate
for oxidations mediated by heme and non-heme iron en-
zymes.” It is noteworthy that recent calculations on the
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Table 5. Selected activation parameters and H/D kinetic isotope effects
(KIE) for decomposition reactions of [Cu,(u-O),]*" complexes.

Supporting ligand AH* AS* H/DKIE Ref.
[kImol™']&  [IJmol'K'&l  (T[°C))
Me;tacn 53(1) —75(12) - [26]
iPrstacn 55(2) ~59(8) 26 (—40)  [90]
Bnstacn 54(2) —54(8) 40 (-40)  [90]
Rjtacn (n=2) 60 -23 - [31]
Ritacn (n=3)" 62 -39 - [31]
Me,TACD 51(2) ~100(8) - [29]
iPr,dtne 56(2) ~59(8) 40 (—40) 23]
iPr-m-XYlel 31(1) —151(5) - [24]
iPr,-p-XYH 38(2) —108(7) - [24]
Et,Me,chd 49(1) —105(4) [d] [26]
Me,chd 56(1) —100(4) - [26]
EtPhPy 39.1(4) ~73(2) 35(-80) [27]

[a] Approximate estimated error in the measured value is indicated in
parenthesis. [b] Rstacn refers to tacn ligand with aryl ether dendrimer
substituents, with n=number of aromatic layers of dendron subunits.
[c] Data reported for kg, the first of two consecutive rate constants that
characterize the decay of the complexes that contain two [Cu,(u-O),]**
units. [d] A KIE value of 3.0 (extrapolated to 20 °C) was measured by using
ligand deuterated only at the ethyl groups to obtain a “kp”. However,
because involvement of C—H bond attack at the nondeuterated Me groups
in this Et-deuterated ligand was not conclusively ruled out, this value may
not necessarily reflect the actual KIE.

complete system supported by Bnstacn using a integrated
molecular orbital/molecular mechanics method yielded a
transition state for the rate-determining step that is consistent
with H-atom abstraction (Figure 12), with reasonable agree-
ment between the calculated and experimentally determined
kinetic parameters.’]

Figure 12. Structure of the transition state for the C—H bond breaking step
of the N-dealkylation reaction of [(Bnstacn),Cu,(u-O),]*" as determined
from integrated molecular orbital/molecular mechanics calculations.!*!

The H-atom abstraction reactivity that is implicated in the
well-studied N-dealkylation pathway of the bis(u-oxo)dicop-
per core also is manifested in oxidations involving other types
of C—H bonds in ligand substituents and external reagents, as
well as heteroatom X—H (X =0 or S) bonds in phenols or

1131



REVIEWS

L. Que, Jr. and W. B. Tolman

thiophenols. For example, intramolecular benzylic hydroxy-
lation occurs upon decomposition of [ (EtPhPy),Cu,(u-O),]**
(Scheme 10).21 On the basis of kinetic studies that enabled
determination of activation parameters (TableS) and a
Hammett p value (— 1.48, by varying the X group) similar to

N
/O\Cu/
~N A \
@j\/N>
1. warm
2. NH4OH
N N OH
+

Scheme 10. Intramolecular benzylic hydroxylation observed upon decom-
position of the bis(u-oxo)dicopper complex of EtPhPy.!

those observed in the N-dealkylations, a mechanism directly
analogous to the one postulated for the N-dealkylations was
proposed. In this instance, however, the product resulting
after “rebound” is a stable alcohol. A similar benzylic
hydroxylation occurs for the system supported by
PhCH,CH,Py?2, but a u-5*:n>-peroxo —bis(«-0x0) conversion
was proposed to be rate limiting (instead of C—H bond
attack).l’l Stereoselective hydroxylations of prochiral sub-
stituents in copper systems supported by other RPy2 ligands
also have been reported, although direct evidence for involve-
ment of a bis(u-oxo)dicopper intermediate was not provid-
ed.”

Conversion of phenols into phenoxyl radicals is a general
reaction of bis(u-oxo)dicopper complexes, which yields cou-
pled products or directly observable radicals depending on the
substituent pattern of the phenol used. Formation of
(u-hydroxo)dicopper(iLin) species as coproduct has been
observed for the Cu systems.”! Oxidation of catechols also
is commonly observed for dicopper systems,* %! although the
nature of the product isolated depends on the supporting
N-donor ligand (Scheme 11). Thus, with Me,pda complexes
ortho-quinone formation was observed, but with Rstacn
derivatives, Cu'-semiquinonato complexes were generated.
Other interesting contrasts have been observed in the
reactions of bis(u-oxo)dicopper complexes of Me,pda and
Rjtacn that have been suggested to arise from differences in
the accessibility of the core to external reagents.PY Of
particular note is the unique capability of the Me,pda complex
to oxidize alcohols to aldehydes or ketones and benzylamine
to benzonitrile. Binding of substrate to the Cu'™ center(s) in
this complex as a first step is implicated from preliminary
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Scheme 11. Differences in reactivity of bis(u-oxo)dicopper complexes with
catechols.? !

mechanistic studies. Corroborating the ability of the metal
centers to coordinate exogenous ligands, EXAFS results have
been interpreted to suggest that a perchlorate anion bridges
the core.P4

There are also a few instances of intermolecular H-atom
abstraction by [Cu,(u-O),]** complexes from weak aliphatic
C—H bonds such as those of cyclohexadiene or dihydroan-
thracene.’>*l One study involves a system with a rapid
Cu,(u-n?:m7*-0,)/Cu,(u-0), equilibrium, so it is not clearly
established precisely which moiety is responsible for the
H-atom abstraction event.?® 3] In another study where the
[Cu,(u-O),]** isomer is clearly the only one present, H-atom
abstraction of 10-methyl-9,10-dihydroacridine was ob-
served.B! Interestingly, the observed rate law has a second-
order dependence on the concentration of the bis(u-oxo)
complex. This unusual kinetic behavior requires either a
ternary transition state or conproportionation of the [Cu,-
(u-O),)** core to form an even more highly oxidized species
that is responsible for the subsequent H-atom abstraction.
These examples demonstrate that some of the mechanistic
intricacies with respect to H-atom abstraction by Cu,(u-O),
complexes remain to be unraveled.

Another unresolved mechanistic issue concerns the nature
of the copper/oxygen species responsible for arene hydrox-
ylations in biological and synthetic systems.l'®®! For example,
while a u-12:17%-peroxo unit has been identified in tyrosinasel3!
and catechol oxidase,’2*! the observation of the peroxo/
bis(u-0x0) equilibration in synthetic compounds implicates its
possible occurence in the enzyme mechanisms, and raises the
possibility that a bis(u-0xo0) intermediate (yet to be observed
directly) may in fact be the oxidizing species during enzymatic
catalysis. Intra-['"> 8] and intermolecular!®! arene hydroxyla-
tions have been observed upon decay of several (peroxo)di-
copper complexes, and evidence has been presented that
argues against the intermediacy of a bis(u-oxo) isomer.['"!]
Although H-atom abstraction has been the predominantly
observed reaction for bis(u-oxo)dicopper complexes, arene
hydroxylation was seen when the [Cu,(u-O),]** core support-
ed by ArPyNEt, decomposed (Scheme 12).5] Rate-control-
ling electrophilic attack at the aromatic m system was
supported by the observation of lower rates of decay for
derivatives with electron withdrawing groups on the arene
and the absence of a rate effect when the ring was
perdeuterated. Although these results provide important
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Scheme 12. Aromatic hydroxylation observed upon decomposition of the
bis(u-oxo)dicopper complex of ArPyNEt,.*’]

precedent for the possible involvement of the [Cu,(u-O),]**
core in aromatic hydroxylations, fast pre-equilibration with a
trace, but unobserved, amount of a reactive peroxo isomer
cannot be ruled out. Thus, conclusive proof that the bis(u-
oxo)dicopper unit is capable of aromatic hydroxylation has
yet to be obtained.

Like their dicopper(iiLiil) counterparts, the bis(u-oxo)di-
iron(ii,iv) complexes also carry out H-atom abstraction
reactions. All three types of such compounds (S=7% with
tpa, S = with 6-Mestpa, and S =" with ArCO,") quantita-
tively oxidize 2,4-di-fert-butylphenol to the corresponding
biphenol via a phenoxyl radical intermediate (Sche-
me 13a).52 54192 The two tpa complexes are reduced to (u-
oxo)diiron(iLir) complexes, so the phenol —phenoxyl radical
reactions mimic the key step in the formation of the active
diiron(tr,1n)-tyrosyl radical cofactor of ribonucleotide reduc-
tase.B

tBu

tBu
[FeIIIFeIV]
a) tBu—< E}—OH — > tBu Oe
NEalV-
0 O O

R=H, CH,
0, \[Fe”'Fe'V]

N
e A
o] R R
Scheme 13. Reactivity of Fe''Fe!V complexes with a phenol (a)P> % 1%l and
hydrocarbons (b).[?]

Oxidations more relevant to the catalytic chemistry of
MMO and fatty acid desaturases have thus far been inves-
tigated only for [(tpa),Fe,(u-O),]**.?l This complex reacts
with hydrocarbons such as ethylbenzene and cumene to afford
products that correspond to the hydroxylation of the benzylic
carbon or the dehydrogenation of the a- and -CH bonds
(Scheme 13b), conversions analogous to those catalyzed by
MMO and fatty acid desaturases, respectively.?*> 121 The
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stoichiometry for these reactions requires the consumption of
two molecules of [ (tpa),Fe,(u-O),]** per molecule of product
formed. Thus, unlike the diiron sites of the enzymes which
effect two-electron oxidations of the substrate, the synthetic
diiron(11L,1v) complex is a one-electron oxidant. Furthermore,
it can only cleave benzylic C—H bonds, not the unactivated
C—H bonds that are typical of substrates for the above
enzymes. Perhaps not surprisingly, the oxidizing power of the
bis(u-oxo)diiron(liL1v) core appears to be considerably less
than that of the diiron(1v,1v) center generated in the MMO
reaction cycle and presumed to be formed in the catalytic
cycle of the fatty acid desaturases.

Mechanistic studies of the C—H bond cleavage reactions
have provided revealing insights.'”l The kinetics of ethyl-
benzene oxidation at —40°C monitored by the disappearance
of the green chromophore associated with [ (tpa),Fe,(u-O),]**
showed that the reaction is first order in substrate and in the
dinuclear complex (second order overall) and exhibits a large
KIE value of 20. This value was corroborated by measure-
ment of the relative amounts of protio- and deutero-products,
which yielded KIE values of 22 for phenethyl alcohol
formation and 28 for styrene formation. These product
isotope effects show that the cleavage of the a-C—H bond is
a major component of the rate-determining step for both
hydroxylation and desaturation of ethylbenzene, and the
larger number for styrene formation reflects the additional
isotope effect (ca. 1.3) arising from the cleavage of the f—H
bond of ethylbenzene. These data are consistent with a rate-
determining H-atom abstraction to generate an intermediate
benzylic radical, which then reacts with a second equivalent of
[(tpa),Fe,(u-O),** to form either the C—O bond of the
alcohol product or lose a fB-hydrogen en route to styrene.
These second steps are relatively slow as the intermediate
radical can be intercepted by O, to afford products derived
from the decomposition of alkylperoxy radicals, for example,
acetophenone. These results show that, while the isolation and
characterization of a bis(u-oxo)iron(i)iron(1v) complex rep-
resented an important step forward in establishing the
viability of an Fe,(#-O), diamond core in non-heme iron
oxidation chemistry, there is still more to be accomplished in
biomimetic efforts, not the least of which is the generation and
study of the reactivity of a bis(u-oxo)diiron(1v,1v) species that
would correspond to MMO intermediate Q (see addendum).

Finally, recent studies of bis(u-oxo)dinickel and -cobalt
complexes have shown that the oxidizing capability of the
M,(u-O), unit is not limited to M= Cu and Fe.l''®l Decom-
position of [(TpM?),M,(u-O),] M=Ni or Co) and
[(6-Mestpa),Ni,(u-O),]** resulted in oxidation of either a
supporting ligand methyl group to its respective alcohol or
N-dealkylation.' 5] An H-atom abstraction pathway was
implicated by a further functionalization of the ligand of the
[(6-Me;tpa),Niy(u-O),)** complex to yield a carboxylate
group when the reaction was performed under an O,
atmosphere. Consistent with this H-abstraction mode of
reactivity, the 6-Mestpa-supported dinickel complex also
effectively couples 2,6-di-tert-butylphenol. Similar reactivity
with phenols was manifested by [ (EtPhPy),Ni,(u-O),]*".['l In
addition, the decomposition of this compound in the absence
of added substrate resulted in benzylic hydroxylation of the
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supporting EtPhPy ligand in a process shown by mechanistic
studies to involve rate-determining benzylic H-atom abstrac-
tion much like that observed for the bis(u-oxo)dicopper
analogue.™ In sum, the high-valent bis(u-oxo)dimetal com-
plexes of the later first row transition series generally display
similar reactivity, most notably involving substrate oxidation
by H-atom abstraction pathways.

7. Relevance to Metalloenzymes

High-valent metal centers with M,0O, diamond cores figure
prominently in oxygen activation mechanisms currently
proposed for non-heme enzymes with bimetallic active sites
(Figure 13).13 611121 These mechanisms follow the well-estab-
lished heme paradigm, wherein an iron(i) porphyrin center

heme diiran dicopper
Il 1l ™~ -
T Fe Fe ~d '
reduced < Fell” L ! e CU Cu’..
enzyme el 0. .0 -
H*s &7+ ._;;?\{ 05 5\1 05 #
metal- ) el _Felt o
peroxo E\O 'b/ Cull--; - cu'
species e =
high valent N-—"T'x _ |y |||-:-x i
metal-oxo Fe '~o~F® Cu's~Cu
intermediate O\'I/O

Figure 13. Unified scheme for dioxygen activation in the catalytic cycles of
heme —iron and non-heme —diiron and —dicopper enzymes.

binds O,, picks up an electron and a proton to form a
hydroperoxoiron(iil) intermediate, and then undergoes O—O
bond cleavage to afford an oxoiron(iv) porphyrin radical
species that is primarily responsible for the oxidation of
substrates.”) In the dinuclear context, the corresponding
intermediates are a peroxo-bridged dimetal unit and a high-
valent M,(u-O), species. Notably, a firm experimental basis
for the notion that the latter may be involved in biological
oxygen activation has been provided by the synthesis and
characterization of synthetic complexes that contain the
M,(u-O), core.

Although intermediates with the isomeric [Cu,(u-1%:5%-
0,)]** corel®! have been identified for the metalloproteins
hemocyanin, tyrosinase, and catechol oxidase,?f %1 direct
spectroscopic evidence for an enzyme species with the
isomeric [Cu,(u-O),]** core is not yet available. Nevertheless,
the demonstration in some synthetic complexes of a facile
equilibrium between these two cores lends support to the
postulate of a [Cu,(u-O),]*" species as a possible reactive
intermediate. Certainly the observation of an intramolecular
oxygen-atom transfer, in a synthetic [Cu,(u-O),]** complex, to
a pendant arene on the ligand!''™™?] serves as a reasonable
model for tyrosinase chemistry and makes the proposed
involvement of a Cu,(u-O), core plausible.!'%’]
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In non-heme iron chemistry, the availability of complexes
with Fe,(u-O), cores led to the design of experiments that
shed light on the diiron core structure of high-valent
intermediate Q of methane monooxygenase (MMOH-Q).
EXAFS analysis of MMOH-Q showed that the diiron(1v,1v)
core has an Fe—Fe distance of 2.5 A.5!l This rather short
metal —metal distance is unique and requires the presence of
at least two single-atom bridges with short metal-ligand
bonds, attributes easily accommodated by the oxo bridges of
an M,(u-O), core. Since the metal-metal distances in
synthetic M,(u-O), complexes (Table3) are minimally
(0.2 A) longer than that observed for MMOH-Q, it has been
proposed that at least one other bridge is present that further
constrains the metal —metal separation. This third bridge has
been suggested to be a carboxylate, which is a recurring
feature (E144) in all the active site structures of MMOH
reported thus far.’h1% Although no carboxylate-bridged
M,(u-O), complex has thus far been characterized, structural
studies of synthetic bis(u-hydroxo)diiron(iiLin) complexes
have shown that the Fe-Fe distance progressively shrinks
from 3.11 to 2.88 A with the addition of carboxylate bridges
(Table 3, entries 14—16).5¢57 %121 The proposed M,(u-O),(u-
1,3-O,CR), (n=1 or 2) core formulation also has been
supported by DFT calculations.!'*!

Our understanding of the nature of high-valent interme-
diate X of the diiron ribonucleotide reductase, the species
responsible for the formation of the catalytically essential
tyrosyl radical, has also been enhanced by the synthesis and
characterization of the Fe,O, complexes. This intermediate
was described initially as a diiron(iiii) unit coupled to a
ligand radical,l'® but was better formulated later as an
iron(tm)iron(tv) complex.'"? This reformulation coincided
with the availability of the iron(i)iron(iv) complex [(6-
Metpa),Fe,(0),]**," which exhibited similar EPR and M&ss-
bauer properties and supported the reinterpretation of the
spectroscopic data. EXAFS analysis of the iron(ir)iron(tv)
core of intermediate X revealed an Fe — Fe distance as short as
that for MMOH-Q,['®! consistent with the presence of an
Fe,(u-O), core. However, 0 electron nuclear double reso-
nance (ENDOR) studies indicated a different structure
comprising only one oxo bridge and a terminal hydroxide,['*]
which may derive from a ring-opening core isomerization
similar to that established for [(6-Me;tpa),Fe,(O),]*".*! To
rationalize the short Fe-Fe distance, it is thought that
an additional single-atom bridge from another ligand is
present. The most plausible formulation consistent with
the accumulated data is an [Fe,(u-O)(u-1,1-O,CR)(u-1,3-
O,CR)J** core.

Lastly, Mn,(u-O), cores are almost certainly components of
the tetramanganese cluster involved in the conversion of
water into O, in the oxygen-evolving complex of photo-
system II, as indicated by the presence of Mn—Mn distances of
2.7 A in the various EXAFS analyses of this system.*] The
fact that a M,(u-n*:7*0,)/M,(u-O), core isomerization can
occur in copper chemistry has led to the speculation that such
a process may serve as the initial step towards oxygen
evolution. Although quite attractive, this intriguing mecha-
nism remains to be demonstrated for synthetic manganese
complexes and for the biological entity.
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In summary, we have surveyed the range of iron and copper
chemistry that provides access to novel high-valent complexes
with M,(u-O), cores. Although they have different electronic
structures, the cores are generally structurally analogous and
have in common a high degree of covalency in their metal —
oxo bonding. In addition, the cores have remarkably similar
Raman and EXAFS signatures, which have served as useful
spectroscopic probes. They also exhibit analogous reactivity,
particularly with respect to their capability to abstract hydro-
gen atoms from substrates. Some copper complexes have the
thus far unique property of undergoing a rapid core isomer-
ization that reversibly forms an O—O bond between the oxo
bridges, while for iron a bridge-to-terminal oxo migration
process has been identified. These core isomerizations
illustrate how flat the oxygen activation reactivity landscape
can be. The synthesis of complexes with Fe,(u-O), and Cu,(u-
0), cores has opened up a new chapter in bioinorganic
enzymology; it is an effort that demonstrates the important
role biomimetic studies can play in advancing our under-
standing of metalloenzyme systems.

8. Addendum

Since submission of this manuscript, several publications
have appeared that describe relevant work. Full descriptions
of the properties and reactivity of several bis(u-oxo)dicobalt-
(ur,in) and -dinickel(tir,in) complexes with tridentate N3
ligands have been reported.''* "l Intermolecular oxo transfer
to sulfides from a bis(u-oxo)dicopper(ii,im) unit has been
discovered,['l but the role of this core in aromatic hydroxy-
lation by tyrosinase was questioned in a theoretical study.['"*]
A new example of a neutral Cu,(u-O), complex was reported
with the use of sterically hindered f-diketiminate ligands.!''4]
Finally, a novel bis(u-oxo)diiron(1v,lv) complex relevant to
MMO intermediate Q was isolated and identified on the basis
of Mossbauer, resonance Raman, and EXAFS data.['*!
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