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Strategies and Tactics

Edit Y. Tshuva and Stephen J. Lippard*

Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

Contents
1. Introduction—Nature’s Inspiration 987
2. Introduction to Model Chemistry 989

2.1. Ligand Synthesis and Complex Formation 989
2.2. Reactivity with Dioxygen and Formation of 990

Intermediates
2.3. The Oxidized Diiron(lll) Resting State 990
2.4. Functional Systems 990
2.5. Achieving Catalysis 990
3. Diiron(ll) Complexes 991
3.1, Dinuclear Complexes of Simple Carboxylate 991
Ligands
3.1.1. u-Formato and u-Acetato Complexes 991
3.1.2. Complexes of Polyamine and Polypyridine 994
Ligands
3.2. Complexes of Dinucleating Carboxylate 996
Ligands

3.2.1. Complexes of the Ligands DBA and XDK 996
and Its Analogues

3.2.2. Complexes of m-Terphenyl Carboxylate 996

Ligands
3.2.3. Syn N-Donor Ligands 997
3.3. Protein Design: Four Helix Bundle Models 997
4. Diiron(lll) Complexes 998

4.1. Direct Assembly of Diiron(lll) Complexes from 999
Ferric Salts and Appropriate Ligands

4.2. Diiron(lll) Compounds Prepared from 1000
Preformed Mononuclear Complexes
4.3. Complexes Containing Dendritic Units 1000
5. Formation of Oxygenated Intermediates 1000
5.1. Mixed-Valent Fe(Il)Fe(lll) Complexes 1001
5.2. Diiron(lll) Peroxo Complexes: Peroxo 1002
Intermediate Analogues
5.3. High-Valent Fe,(lll,IV) Complexes: 1005

Intermediate X Analogues

5.4. High-Valent Fe,(IV) Complexes: Intermediate 1006
Q Analogues

6. Functional Models 1007

6.1. Stoichiometric Substrate Oxidation by Defined 1007
Reactive Intermediates

6.2. “In Situ” Oxidation by Diiron(lll) Precursors 1007
with H,0, as the Oxidant

6.3. “In Situ” Oxidation by Diiron(ll) Precursors 1007
with O, as the Oxidant

7. Summary and Perspective 1008

* To whom correspondence should be addressed. E-mail: lippard@
lippard.mit.edu.

10.1021/cr020622y CCC: $48.50

Received August 13, 2003

8. Abbreviations 1008
9. Acknowledgments 1009
10. References 1009

1. Introduction—Nature’s Inspiration

Metalloproteins perform a variety of functions in
biological systems. The catalysis of several remark-
able chemical transformations occurs at metal cen-
ters embedded in the active sites of metalloenzymes.
Metalloproteins having carboxylate-bridged diiron
cores comprise an important class, with functional
versatility despite obvious structural similarities. 7
The functions performed by these proteins and their
significance have inspired a range of biomimetic
studies, which in turn suggest possible chemical,
biological, and pharmaceutical applications.*'1 The
development of small molecule synthetic model com-
pounds for non-heme dinuclear iron-based metallo-
proteins is a challenging field. In this article we
review two decades of progress in the area.

Table 1 lists metalloproteins that have now been
identified to share the carboxylate-bridged diiron
active site motif.>467 Their various roles in nature
are delineated. Some have been thoroughly investi-
gated, and their X-ray structures are available.
Examples include hemerythrin,'> methane monooxy-
genase,*®* and ribonucleotide reductase.'>1® Others
are assigned to the carboxylate-bridged diiron family
according to gene sequence analysis and, occasion-
ally, available spectroscopic data.

The first carboxylate-bridged diiron protein to be
discovered was hemerythrin (Hr), which has been
studied since the 1950s.'> Hemerythrins are dioxygen
carrier proteins found in marine invertebrates. They
are functional analogues of the mammalian proteins
myoglobin and hemoglobin. The active site of hem-
erythrin (Scheme 1) is composed of two iron atoms
bridged by two carboxylate ligands from glutamate
and aspartate residues. Five terminally bound his-
tidine units and a bridging hydroxo group complete
the coordination spheres of the two iron atoms, one
of which is six-coordinate and the other five-coordi-
nate in the reduced, diiron(ll) state of deoxy Hr. Upon
reaction with O,, deoxy Hr is converted to oxy Hr, in
which an »*-hydroperoxo group binds to the available
coordination site and forms a hydrogen bond to the
bridging oxo unit. Biomimetic studies of this protein
have advanced the understanding of the mechanism
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of dioxygen activation and transport in non-heme
diiron centers in living aerobic systems.
Ribonucleotide reductases (RNRs),'>'7 one of which
also contains a diiron active site in its R2 subunit
(Scheme 2), catalyze the conversion of nucleotides to
deoxynucleotides in the rate-determining step of the
biosynthesis of DNA. Four types of RNRs have been

Table 1. Diiron Metalloproteins®4

Tshuva and Lippard

Scheme 2
OH Glu
Asp\r )\O oj,Glu 0,
—/Fe Fe Da—
(His)N o\v(o N(Hls) H* e
Tyr Glu
Rzred
. Oy Glu
i Asp._0O-. ’ o )O]\
\\/ /HZO ' _0 Glu
—Fe—o—Tf Fe™
(Hls)N o\\/(o N(His)
yr Glu
Active R2

identified. The R2 active site of class | RNR, struc-
turally characterized by X-ray crystallography,'® has
a dinuclear iron center which, in the reduced state,
contains two bridging glutamate, one bidentate mono-
nucleating glutamate, one bidentate mononucleating
aspartate, and two terminal histidine ligands. Lo-
cated in close proximity to this unit is the phenol side
chain of a tyrosine residue. Upon reaction with
dioxygen, the enzyme is functionally activated through
the formation of a tyrosyl radical, and an oxo ligand
bridges the two iron(l11) atoms. The tyrosyl radical
participates in electron transfer with the R1 subunit
of RNR, initiating the eventual reduction of the ribose
ring. The role of RNR enzymes in DNA biosynthesis
makes them attractive targets for pharmaceutical
applications such as antiviral and anticancer agents.
Modeling their structure and reactivity through
biomimetic chemistry may therefore contribute to the
design of inhibitors based on carboxylate-bridged
diiron chemistry.

Methane monooxygenases (MMQOs)31819 are widely
investigated metalloenzymes that catalyze the oxida-
tion of methane to methanol by dioxygen. This unique
function achieves the first step in the metabolism of
methanotrophic bacteria, which consume methane
and dioxygen as their sole source of carbon and
energy. The active site of the hydroxylase component
(MMOH) of soluble MMO (sMMO) (Figure 1) features
a diiron center containing four glutamate and two
histidine residues. The reduced state (Hiq) is a
diiron(ll) form, whereas the oxidized, resting state
(Hox) houses a diiron(l11) unit that usually contains

method of

enzyme function characterization ref
hemerythrin dioxygen carrier X-ray 12
ribonucleotide reductase tyrosyl radical generator X-ray 15, 16
methane monooxygenase methane to methanol oxidation X-ray 13,14
purple acid phosphatase phosphate ester hydrolysis X-ray 158
ferritins iron storage X-ray 159
rubrerythrin putative peroxidase X-ray 160
A® desaturases alkane conversion to alkene X-ray 161
toluene monooxygenases toluene to cresol oxidation spectroscopy 4,162
phenol hydroxylase phenol to catechol oxidation spectroscopy 163
alkene monooxygenase alkene epoxidation spectroscopy 164
butane monooxygenase butane oxidation to butanol sequence analysis 165
w-alkane hydroxylase alkane oxidation to alcohol sequence analysis 166
DMQ monooxygenase quinone generation sequence analysis 167
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Figure 1. The active site of SMMO in its reduced (left)
and oxidized (right) states.
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two bridging hydroxo ligands. Scheme 3 depicts
minimal core transformations that occur during the
MMOH catalytic cycle. The first spectroscopically
characterized intermediate in the reaction of Hyx with
O, is a peroxo species (Hperoxo), Which subsequently
converts to a high-valent di(u-oxo)diiron(IVV) compo-
nent (Q). Intermediate Q reacts with methane,
releasing the product methanol and generating a
water molecule. The resulting resting diiron(l11) state
Hox is reduced back to H..q by NADH via a reductase
protein component MMOR, closing the cycle. A third
protein MMOB couples electron transfer with ef-
ficient methane oxidation.'?

The “monooxygenase” nomenclature is assigned to
proteins that function to oxidize substrates in such
a manner that one oxygen atom of the O, molecule
is transferred to the substrate, while the other is
reduced to form water. Thus, one molecule of sub-
strate overall consumes one molecule of dioxygen. By
contrast, oxidases are enzymes that catalyze the
4-electron reduction of dioxygen to water, and dioxy-
genases functionalize dioxygen such that the two
oxygen atoms are transferred to a substrate. Ther-
modynamically, the enthalpic difference between
reactions catalyzed by mono- and dioxygenases is, for
methanol oxidation, formation of water, as indicated
in eq 1. Since the free energy of formation of water
at 298 K is negative (AGs [H.O(l)] = —237.1 kJ/
mol?°), alkane oxidation by monooxygenases is facili-
tated by coupling the conversion of C—H to C—OH
bonds with water formation.

Monooxygenase CH4+0,+H, — CH;OH+H,O (1)
Dioxygenase CHs+1/2 O, —  CH3;OH
Difference H,+1/2 0, - H,O

In addition to methane, many other substrates
react with sSMMO. Included are long chain alkanes,
alkenes, halogenated and other substituted alkanes,
alkynes, sulfides, and others.?»~?> These reactions
afford the synthetic model chemist a variety of
possible substrates for which to mimic function.
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Chemical applications of functional MMO models are
of potentially great importance; for example, the
catalytic transformation of methane to methanol with
O, under ambient conditions would bring about an
economic revolution in the fuel industry.

Several other diiron metalloproteins are presented
in Table 1. Like the few specific examples discussed
above, their functions have also prompted synthetic
model studies. Non-heme iron, including carboxylate-
bridged diiron, chemistry in nature has, like heme
systems, inspired many biomimetic studies. Included
are ligand design, complex synthesis, structure elu-
cidation, magnetic and spectroscopic characteriza-
tion, and, of greatest interest, reactivity investiga-
tions, all integral components of bioinorganic chem-
istry. The body of this review is devoted to an
analysis of this undertaking.

2. Introduction to Model Chemistry

Modeling the chemistry of non-heme diiron pro-
teins is quite challenging.8211.26.27 In a typical protein,
the active site is buried in a cavity surrounded by a
heterophobic shield,?® and the synthesis of small
molecules capable of performing the same chemical
transformation is formidable. The purpose of syn-
thetic model chemistry is 2-fold. One goal is to mimic
the function of an enzyme that catalyzes an impor-
tant chemical transformation. The other is to gain
scientific insight into the biological system, by pro-
viding mechanistic, structural, and spectroscopic data
for comparison with those available for the macro-
molecule. This information may lead to better mim-
ics, or even better drugs, depending upon the enzyme
in question.?® Moreover, a spectroscopic feature of a
model compound that resembles one found for the
enzyme in an intermediate state may assist in
assigning its structure, advancing our understanding
of the biological mechanism.”1?

As model chemists, our objectives often begin with
organic synthesis and continue through several steps
toward the ultimate goal of catalytic reactivity. At
each stage there are difficulties, as described below.

2.1. Ligand Synthesis and Complex Formation

The initial goal in modeling the active site of a
metalloenzyme is to synthesize an inorganic com-
pound having structural and spectroscopic features
as similar as possible to the active site in one of its
stable states.®° For many carboxylate-bridged diiron
metalloenzymes, the reduced diiron(l1) state is a most
desirable target. Such compounds rarely assemble
spontaneously upon mixing an iron(ll) salt with
carboxylate and other ligands to complete the coor-
dination spheres.?! Designing and synthesizing suit-
able dinucleating organic ligand precursors can there-
fore be a crucial first step, in which the following
considerations must be addressed: (i) First and
foremost, the ligands should have bridging potential,
preferably through a carboxylate unit. The redox
properties of the ligands should be compatible with
diiron species in oxidation states Il, Ill, and IV.
Possible counterions need to be carefully chosen when
a charged complex results. (ii) The steric properties
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of the ligands are of great importance. Since the
active site of the natural protein is protected by the
polypeptide framework, one of the challenging tasks
absent such an environment is to achieve dinuclear-
ity, rather than mono- or polynuclear species.’!
Without sterically demanding groups, high nuclearity
clusters are often obtained, whereas too much steric
bulk will lead to mononuclear complexes. Steric
factors must therefore be carefully chosen to tune the
desired nuclearity. (iii) The coordination number of
each iron atom in the resulting compound is also of
importance. Since it is desirable that a diiron(l1)
complex react with dioxygen by coordination to the
metal center, the envisioned diiron(ll) compound
should either be coordinatively unsaturated, or con-
tain readily exchangeable ligands, such as water or
other solvent components.

2.2. Reactivity with Dioxygen and Formation of
Intermediates

Once a target dinuclear iron(11) complex is in hand
and demonstrated to be a reasonable structural and
spectroscopic mimic of a diiron metalloprotein active
site, the next objective is to explore its chemical
reactivity with an oxidant, preferably dioxygen. The
generation of intermediates similar to those encoun-
tered with the natural systems will not only help to
calibrate their assignment but may also ultimately
lead to functional reactivity.?®3? Several consider-
ations are important in this respect. Since reactivity
with dioxygen in biological systems often requires
structural flexibility, such as carboxylate shifts,*3334
this feature should be taken into account when
designing model compounds and in studies of the
mechanism of their dioxygen reactivity. Steric bulk
may again play an important role, by facilitating or
blocking such processes. Intraligand hydrogen bond-
ing can promote the desired chemical transformation.
Outside of the protein framework, it is possible that
interesting intermediates are kinetically unstable,
existing only at low temperatures. This problem may
again be addressed by increasing steric bulk and/or
H-bonding capacity to protect the metal center from
decomposition. Alternatively, experiments can be
performed at cryogenic temperatures. It is notewor-
thy that most aspects described above are not easy
to control. The problems encountered are rarely
anticipated, and the measures required to solve them
can be difficult to execute. Many successful studies
are the result of persistence.

2.3. The Oxidized Diiron(lll) Resting State

Intermediates obtained upon reaction of carboxy-
late-bridged diiron(Il) complexes with dioxygen typi-
cally convert ultimately to the diiron(l11) state. Under
favorable circumstances, the dinuclear structure is
preserved, having a geometry analogous to that of
the oxidized resting state of the protein. For RNR or
Hr models, this species is a carboxylate-bridged (u-
oxo)diiron(l11) complex, and for an MMOH model, a
di(u-hydroxo)diiron(111) species is desirable.? A dif-
ferent approach to these diiron(l11) target compounds
is their direct synthesis from iron(lll) precursors.
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Formation of diiron(l11) compounds from mononu-
clear starting materials upon exposure to a certain
reagent, for example, reaction of an iron(11) complex
with dioxygen or hydrogen peroxide, is also possible.

2.4. Functional Systems

A key objective is to model the reactivity of en-
zymes that catalyze substrate oxidation, such as
methane monooxygenase, toluene monooxygenase,
and related desaturases. Obtaining such a functional
system requires the generation of a reactive inter-
mediate with the redox potential and kinetic pathway
required to oxidize the substrate selectively. It is hard
to predict a priori which systems will have such
properties and challenging to elucidate the mecha-
nism of such a reaction when discovered. Knowledge
of the mechanism is important for comparison to the
ones taking place in the biological system. If the
desired reactivity with a chosen substrate is obtained,
elucidating the mechanism of that reaction is perhaps
of lesser significance, especially if the reaction pro-
ceeds catalytically. But often one is not fortunate
enough to oxidize the molecule of interest. For
synthetic MMOH analogues, for example, oxidation
of methane to methanol has yet to be achieved, and
instead, one has to rely on information obtained from
oxidizing alternative substrates. To the extent that
such chemistry is similar to that encountered with
the enzyme, however, valuable information can be
obtained that enables the design of new and im-
proved models.

Among several approaches to achieve functional
mimics are the following: (i) to react a diiron(ll)
compound with dioxygen in the presence of the
possible substrate; (ii) to react a diiron(l11) compound
with hydrogen peroxide for oxidation of the target
substrate;®® and (iii) to react a diiron(111) compound
with an alkyl hydroperoxide (ROOH) or similar
strong oxidant in the presence of substrate.®® These
approaches are listed in order of decreasing desir-
ability as true functional mimics of the enzymes, all
of which employ dioxygen under native conditions.
The substrate can either be provided externally or
tethered as a dangling fragment of a polyfunctional
ligand. In the former case, it is advantageous to
construct a substrate-binding cavity in the second
coordination sphere.

2.5. Achieving Catalysis

The next and final objective is to mimic the
catalytic activity obtained with the enzyme. For
MMOH models, catalytically oxidizing methane to
methanol would of course be the ultimate goal.
Equation 2 illustrates the overall reaction, which is
more general than eq 1 and does not require activa-
tion of H..

CH, + 0, + 2H" + 2¢” — CH,OH + H,0 (2)

Catalytic oxidation of alternative substrates is also
of interest, and MMOH offers many such opportuni-
ties including olefin epoxidation, arene hydroxylation,
and amine and sulfide oxidation. As mentioned in the
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previous section, a challenge is to determine whether
catalytic oxidation reactions of this kind bear any
similarities to those that occur in the natural sys-
tems. One major difficulty in designing such a
catalytic system for monooxygenases is the need for
a reductant in addition to the substrate (eq 2). In
MMOH, oxidation of unsubstituted alkanes requires
a high-valent di(u-oxo)diiron(lV) species, which then
converts to the diiron(l11) state of the resting enzyme
(Scheme 3).13 In the biological system, further reduc-
tion of this diiron(111) species to the diiron(ll) reduced
state is required in order to close the catalytic cycle.
This step involves oxidation of NADH, which binds
to a different protein (MMOR), thus avoiding contact
with the reactive diiron(lV) intermediate in the
hydroxylase. In synthetic model chemistry, however,
all components are typically present in solution.
Thus, use of a reductant that will not react with
oxygenated diiron intermediates presents a chal-
lenge. This problem may not arise when mimicking
dioxygenase activity, since the reduction step is
unnecessary.

Despite the difficulties and challenges just out-
lined, significant progress has been made in recent
years in the field of modeling carboxylate-bridged
diiron metalloenzymes, as discussed in the following
sections.

3. Diiron(ll) Complexes

An attractive way to approach diiron metallopro-
tein modeling is the synthesis of diiron(11) complexes
having the stoichiometry and geometric features of
the catalytic core of the protein. In this section, we
review diiron(ll) complexes with a variety of ligand
systems designed to meet these objectives. Figure 2
portrays a variety of carboxylate and N-donor ligands
that are cited here as well as their abbreviations;
additional abbreviations are supplied in a later
section of this review. Occasionally, solvent compo-
nents such as water, hydroxide, alcohol, THF, or
MeCN, as well as counterions, will coordinate to the
iron atoms in the complexes obtained. Table 2 sum-
marizes Fe---Fe distances in a variety of diiron
compounds in varying oxidation states, and Table 3
provides Mossbauer data. In the following discussion
we first review selected diiron(l1) complexes obtained
from simple carboxylate ligands and/or polydentate
amide ligands. We then cover compounds derived
from more complicated carboxylate ligands designed
to achieve dinuclearity.

3.1. Dinuclear Complexes of Simple Carboxylate
Ligands

3.1.1. u-Formato and u-Acetato Complexes

Many studies have employed the simplest carboxy-
late ligands, formate and acetate, to mimic the side
chains of aspartate and glutamate residues encoun-
tered at the active sites of diiron metalloproteins.
With the use of formate ion and the bidentate
terminal bis(imidazole) ligand BIPhMe, the triply
bridged diiron(Il) compound [Fe,(u-O,CH)3(0,CH)-
(BIPhMe),] was assembled (Figure 3).%637 The syn-
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thesis from Fe(O,CH),-2H,0 and free BIPhMe in
methanol afforded crystalline material. An X-ray
structure analysis revealed an asymmetric com-
pound, having three bridging carboxylate ligands,
two of which are bidentate and the third of which is
monodentate. In addition, there is one bidentate
BIPhMe ligand bound to each iron(l1) center and one
terminal monodentate formate unit. One of the iron
sites in the resulting complex is coordinatively un-
saturated. Exposure of this compound to air resulted
in a (u-oxo)diiron(111) compound,?® presumably via a
bimolecular pathway involving a tetranuclear di-
iron(IDdiiron(111) intermediate (Scheme 4).3¢ This
mechanism was deduced on the basis of dioxygen
uptake experiments, which indicated ca. 0.5 mol of
O, consumed per mol of (u-oxo)diiron(l11) compound
formed, EPR studies revealing the formation of a
mixed-valent species, and extensive kinetic data.

Scheme 4
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The first synthetic model to mimic the diiron core
of the reduced state of Hr is [Fe,(u-OH)(u-OAc)(Mes-
TACN),]", illustrated in Figure 4.3°~4! This compound
contains two bridging acetate ligands and one ter-
minal tridentate Me3;TACN ligand bound to each iron
atom. A hydroxo unit also bridges the two iron sites,
as observed in deoxy Hr, but the two iron atoms in
the model compound are identical, with neither
having the empty coordination site available for O,
binding in the protein (Scheme 1). The Mdssbauer
spectrum of the diiron(ll1) model (Table 3) and its
magnetic properties are similar to those of reduced
Hr. Air oxidation of [Fe,(u-OH)(u-OAc),(MesTACN),]*"
generates (u-oxo)diiron(l11) analogues, presumably
via a bimolecular mechanism similar to that of
Scheme 4.38 CV studies on the diiron(l1) complex in
methylene chloride solution indicated the formation
of a mixed-valent Fe(Il)Fe(lll) species.*® Additional
(u-hydroxo)diiron(11) complexes of Me;TACN ligands
with bulkier carboxylate units have been described.*?
A centrosymmetric cationic complex featuring two
bridging acetate ligands and one tripodal nitrogen-
based terminal ligand on each iron atom, [Fe(u-
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Figure 2. Ligands employed for carboxylate-bridged diiron protein model chemistry.

OAC)(TPA),)?", is illustrated in Figure 5.43 The TPA
ligands bind in a tetradentate mode, leaving no
empty coordination site. Frozen solution Mdssbauer
and EPR spectroscopic measurements conducted in
MeCN indicated a high-spin iron(ll) ground state.
Exposure of this compound to dioxygen led to the
formation of a (u-oxo)diiron(l1l) complex having
terminal monodentate acetate ligands, possibly by
prior decomposition into monomeric species. The
tetradentate N4 ligand MPED (Figure 2) can facilitate
the assembly of diiron(I1) compounds.* The complex
[Fes(u-OAc)(MPED),]** was obtained from the reac-
tion of the ligand with iron(ll) acetate and character-
ized crystallographically. Air oxidation led to the
formation of the («-oxo)diiron(l11) complex [Fe,O(u-
OAC)(MPED),]3".

Another asymmetric diiron(ll) synthetic model is
the anionic complex [Fe,(u-H20)(u-OAc)(OAC)s(Py)2]~
depicted in Figure 6.%546 Its structure features two
bridging acetate ligands and three nonbridging ones.
A water molecule also links the two iron centers,
displacement of which may open a coordination site
for O, binding. One pyridine ligand, representing the
imidazole side chain of histidine residues in the
natural systems, is terminally bound to each iron
atom. The two pyridine ligands are in a syn orienta-
tion relative to the iron—iron vector. A related but
geometrically different configuration occurs in MMOH
(Figure 1) and other diiron proteins, as discussed in
section 3.2.3 below. The two monodentate carboxylate
ligands, bound to one of the iron atoms, are hydrogen
bonded to the bridging water molecule, a common
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Table 2. Iron—Iron Distances in Selected Dinuclear Model Compounds

Tshuva and Lippard

compd Fe---Fe (A)  ref compd Fe---Fe (A)  ref
Fe(11)
[Fex(0,CH)(BIPhMe),] 3574 36 [Fex(OAC),(Ph,BDPTZ)J2+ 3479 55
[Fe,0(0AC)s(Py)2H-0]~ 3577 46 [Feo(OPr),(PhsBDPTZ)]2* 3569 55
[Fe2(OH)(OAC)(MesTACN),]* 3.32 40 [Fe2(0.CCH,Ph),(Ph.BDPTZ)J2+ 36908 55
[Fea(OAC)o(TPA),J2* 4288 43 [Feo(OH)(Ph,DBA)(DPE)»(OTH)] 3.267  56b
[Fe2(OAC)(MPED)]2* 4382 44 [Fex(ImH),(XDK)(OB2),(MeOH)] 3.609 60
[Fe2(H20)(OAC)s(TMEN),J2+ 3.653 47 [Fea(Py)2(BXDK)(O.CPhCy),] 3565 61
[Fex(H20)(0.CPh)s(TMEN),J2* 3.620 47 [Fea(Py)2(0.CArT,] 4219 65
[Fe2(OPr).(BPMP)]* 3.348 49 [Fea(Melm),(O,CArT,] 4203 65
[Fex(0,CPh)(Me,-TPDP)(H,0)]2* 3.684 52 [Fe2(DMEN),(0,CAr™),] 3.424 64
[Fe,(0,CPh)(Ph-TIDP)J2* 3592 50 [Fea(DMEN)3(0,CArT™),] 3125 64
[Fe>(0>CPh(p-Cl))(TPPDO)JZ* 3.732 53 [Fe2(DBEN),(0,CAr™!),] 4360 64
[Fe,(0,CPh)(HTPPDO)J3*+ 5018 53 [Fe2(MeCN),(0,CArMe),] 4.122 72
[Fex(0,CPhCy)2(BPMAN)]Z* 3.738 54 [Fex(Piv)2(OH)(Mes TACN),]* 3.424 113
[Fe,(OH)(0,CPhCy)(BPMAN)]2+ 3221 54 [Fex(0,CPh)(N-Et-HPTB)]?* 3.473 117
[Feo(0,CPhCy)s(BEAN)]* 2.849 54 [Feo(OH).(6-Mes-TPA),]2*+ 3.187 140
[Fe2(OAC)(OTH(BBBAN)J2+ 3504 54 [Fex(0.CArT™),(MesTACN),(MeCN);] 4713 156
Fe(IlFe(111)
[F820(02CCPh3)2(Me3TACN)2]+ 3.123 42 [Fez(OAC)z(N4(ArOH)2)]+ 2.741 112
[Fex(OPr).(BPMP)J]2* 3.365 49 [Fex(OH)(Piv)2(Mes TACN).J2* 3.400 114
[Fe2(O'Pr)(0,CArMes)] 2624 71 [Fe,O(Piv),(MesTACN),]* 3155 113
2.749
Fes(I11)
[Fex(0)2(6-Mes-TPA),J2* 2.716 102 [Fe:0(Piv).(MesTACN), ]2+ 3.123 114
[Fe;0(0,CH).(BIPhMe),] 3211 36 [Fe;O(OH)(6-Mes-TPA),J** 2948 103
[Fe,0(OAC)x(MesTACN),J2* 3.12 40 [Fe2(0)(OH)(H,0)(5-Ets-TPA) > 3.346  132b
[Fe;O(HBpz3)2(0AC).] 3.146 90 [Fe;O(OH)(BQPA) > 2.89 101
[Fe,O(TMIP),(OAC),J2+ 3158 92 [Fe;O(OH)(PEEN),]3*+ 2.84 101
[Fezo(l:“'l\/lF“'E)z(O/A\C)z]ZJr 3.142 93 [FezO(Hzo)(OH)(TPA)z]SJr 3.389 132a
[Fe;O(XDK)(OAC)(MeOH)s(H0)*  3.226 94 [Fe(u-OH)(u-O,CArTo))- 3.267 74
(BDPTZ)(MeCN)(OTH]*
[Fe;O(BIOMP),(OAC),]* 3567 100 [Fea(OH)2(Py)2(02CAr™),] 2.832 63
[Fezo(BHP\)Q(OCH3)2(O/A\C)]+ 3.105 99 [Fez(OH)z(t-Bu-Py)z(OZCArTO')4] 2.884 63
[Fe,0(0,CH)(Melm)s]** 3.285 104 [Fex(OH)2(DBEN)(BZEN)(O,CArT,] 2979 64
[Fe.O(OAc)(Melm)g]®* 3.29 104
Peroxo
[Fex(O—O0)(N-Et-HPTB)(PhsPO),J*+ 3462 118 [Fes(0—0)(0.CCH,Ph),(HB(3,5-Prpz)s);] ~ 4.000 124
[Fe,(0—0)(0.CPh)(Ph-BIMP)]2* 3327 122 [Fe,(0—0)(0)(6-Mes-TPA),J2* 2 14p 135
Fex(111,1V)
[Fez(o)z(S-'\/|e3-—|—PA)2]3Jr a 2.89° 132b |:(32(O)2(5-Et3-TPA)2]3Jr 2.683 134
Fex(1V)
[Fex(0)2(BPMCN),]** 2 2.810 141

a Postulated. ? Data obtained from EXAFS measurements; otherwise from X-ray crystallography.
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Figure 5. Structure of [Fey(u-OAc)(TPA),]>.43

-

Figure 6. Structure of [Fe,(u-H,0)(u-OAc)(OAC)s(Py),] 4546

feature in dimetallic u-aqua complexes. The appear-
ance of one sharp quadrupole doublet in the solid
state Mdssbauer spectrum of this compound (Table
3), which is unlikely to result from such an asym-
metric structure, implies that this complex adopts a

different geometry in solution. Magnetization studies
indicated that the compound is weakly antiferromag-
netically coupled in the solid state, and reactions with
dioxygen and H,O; lead to higher nuclearity com-
plexes.

3.1.2. Complexes of Polyamine and Polypyridine Ligands

The u-aqua complexes [Fez(u-H20)(u-O2CR),-
(O2CR)2(TMEN),] (R = Me or Ph) feature two TMEN
(Figure 2) ligands bound in a bidentate fashion.3%47
Both compounds exhibit hydrogen bonding interac-
tions between the bridging water molecule and the
nonbridging monodentate carboxylate units. The
Mossbauer spectra (Table 3) and magnetic interac-
tions are consistent with high-spin diiron(ll) com-
plexes.

Complexes having a non-water-derived single atom
bridge in addition to bridging carboxylate units were
synthesized by using dinucleating polydentate ligands
such as BPMP (Figure 2).484° A diiron(11) compound
having a (u-phenoxo)bis(u-carboxylato) core was ob-
tained with the ligand BPMP (Figure 2). Its crystal
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Table 3. Mossbauer Parameters of Selected Diiron Model Compounds

0, AEq, 0, AEq,
compd T, K mms?t mms? ref compd T, K mms?t mms? ref
Fex(11)
[Fez(O-CH)(BIPhMe).] 42 126 256 36 [Fe2(OAC)2(Ph,BDPTZ)J2+ 42 117 2.25 55
1.25 3.30 1.14 2.78
[Fe,O(OAC)s(Py).H20]~ 125 130 2.00 46 [Feo(OPr),(Ph,BDPTZ)]2* 42 114 2.14 55
[Fe2(OH)(OAC)2(MesTACN),]* 4.2 1.16 283 40 1.15 2.64
[Fez(H20)(02CPh)4(TMEN)_] 42 127 275 47 [Fe,(O,CCH,Ph),(Ph,BDPTZ)]?* 4.2 1.14 249 55
[Fe2(H20)(OAC)4(TMEN):] 4.2 1.25 311 47 1.17 2.85
126 2.70 [Feo(OH)(Ph,DBA)(DPE),(OTf)] 4.2 1.23 2.79 56b
[Fe2(OAC)(TPA),]>" 4.2 1.12 3.33 43 [Fe2(ImH)2(XDK)(O.CPh),- 4 1.35 3.04 60
(MeOH)]
[Fe2(OPr)(BPMP)]* 55 1.20 272 49 1.12 2.83
[Fe2(0,CPhCy)2(BPMAN)]2* 42 118 301 54 [Fex(Py)2(BXDK)(0,CPhCy),] 77 1.06 2.56 61
[Fe2(OH)(O,CPhCy),- 4.2 1.13 266 54 1.28 3.01
(BPMAN)]?*
1.18 2.93 [Fez(Py)2(02.CAr™,] 42 1.19 3.02 65
[Fex(0,CPhCy)s(BEAN)]* 42 105 195 54 [Fea(Melm),(0,CArT),] 42 119 3.01 65
1.08 2.79 [Fe2(DBEN),(O,CArT™),] 42 1.19 290 64
[Fe2(OAC),(OTf)(BBBAN)?>* 4.2 120 328 54 [Fez(py)2(O.CArmes), ] 42 1.14 3.23 73
1.24 3.03 [Fe2(O.CPh)(N-Et-HPTB)]?* 298 1.07 3.13 117
Fe(I)Fe(lll)
[Fe20(0:CCPh3)x(MesTACN),J* 4.2  1.09 245 42 0.94 2.6
0.6 2.35 [Fe2(OAc)2(N4-diphenol- 293 0.71 1.89 112
macrocycle)]*
[Fe2(OPr)(BPMP)]#+ 55 0.48 050 49 [Fe2(OAC)2(H20)((NH),- 293 0.95 3.17 112
diphenol-macrocycle)]*
1.13 2.69 0.50 0.71
[Fex(OPr),(0,CArMes);] 42 a076 20 71 [Fea(OH)(Piv),(MesTACN),]>* 300  0.80 112 114
b059 1.6 0.55 0.68
Fey(111)
[Fe2(0)2(6-Mes-TPA),]?" 42 050 1.93 102 [Fe2O(Piv)2(MesTACN),]>" 42 0.48 154 114
[Fe2O(OAC),(MesTACN),]2+ 42 047 150 40 [Fe,O(O-CAr™),(MesTACN),] 42 050 1.84 156
[Fe.O(HBpz3)2(0AC):] 42 052 160 90 [Fe2O(OH)(6-Mes-TPA), 3" 42 0.1 1.66 103
052 0.71 [Fe-O(OH)(5-Ets-TPA),]3+ 42 045 —1.70 132b
[Fe2O(TMIP),(OAC),1>" 42 052 165 92 0.45 —0.99
[Fe.O(PMPE),(OAC),]?* 42 052 179 093 [Fe2(OH),(t-Bu-Py),(0,CAr™),] 42 0.49 1.01 63
[Fe.O(BIOMP),(OACc).]" 295 0.41 1.08 100 [Fe2(OH)2(DBEN)(BZEN)- 42 048 0.61 64
(OgCArT°|)4]
[Fe2O(BHA)2(OCHj3)2(OAC)+ 115 0.47 0.80 99
Peroxo
[Fe2(O—0)(0,CPh)- 77 058 074 122 0.63 1.20
(Ph-BIMP)]?*
0.65 1.70 [Fea(O—0)(Py)o(02CDXL)4]? 42 0.5 127 73
[Fex(O—0)(02CCH,Ph),- 42 066 140 124 0.52 0.71
(HB(3,5-'PI’2DZ)3)2]
[Fe.O(0O—0)(6-Mes-TPA),]>" 2 42 054 1.68 135 [Fe.O(O—0)(OAc)(PPE)]+2 4.2 0.53 1.67 129
[Fe2(O—0)(Py)2(BXDK)- 77 0.47 0.88 61 [Fe.O(0O—0)(H,0)(PB)s*]2 42 0.49 0.62 130
(OzCPhcy)z]a
Fex(111,1V)
[Fex(0)2(5-Mes-TPA),J3+2 42 014 049 132b [Fey(O)s(6-Me-TPA)* 150  0.48 16 133
0.08 0.5
Fex(1V)
[Fe2(0)2(BPMCN),J*+2 42 010 175 141

@ Characterized spectroscopically rather than crystallographically.

structure and Modssbauer properties indicated sym-
metrical high-spin iron(ll) centers.

Various other alkoxo-type dinucleating ligands
were employed to assemble diiron(l1) compounds as
possible mimics for diiron metalloenzymes, including
HTPDP, HPTB, and others (Figure 2).5°752 For ex-
ample, the ligand HTPPDO (Figure 2) generates a
(u-alkoxo)(u-carboxylato) compound [Fe(TPPDO){ u-
0,CCsH4(p-CI}]%".5® The crystal structure revealed
two symmetrical iron centers, bridged by one ben-
zoate ligand and the alkoxide group, with both iron
atoms being seven-coordinate. Other diiron(l1) com-
plexes of this family, such as [Fe;(HTPPDO)-

(u-O2CPh)]?*, exhibit asymmetric structures. In these
the alkoxide group is bound to only one iron atom,
leaving the other six-coordinate.

A series of (u-carboxylato)(u-1,8-naphthyridine)-
diiron(Il) complexes were prepared by employing the
dinucleating ligands BPMAN, BEAN, and BBBAN
(Figure 2).5* These complexes were studied by CV and
Mossbauer spectroscopy (Table 3). The compound
[Fe2(BPMAN)(u-O,CPhCy),]?>" (Figure 7) exhibits two
reversible one-electron redox waves, assigned to the
Fe(l1D)Fe(ID)/Fe(Ih)Fe(ll) and Fe(lIh)Fe(l1l)/Fe(l11)-
Fe(ll) couples. This result suggests that diiron(l1)
sites bridged by carboxylate units in biology might
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Figure 8. Structure of [Fe,(u-O,CR),(Ph,BDPTZ),]?*.55

serve as one- or two-electron donors without a
significant change in geometry.

Another related ligand system used to synthesize
diiron compounds is derived from phthalazine (Figure
2).55  Complexes of the type [Fe(u-O.CR),-
(Ph4sBDPTZ),]?* (Figure 8) (R = Me, Et, CH,Ph, ‘Bu)
were prepared, where the pendant pyridine arms
coordinate to the metal atoms, providing additional
stability to the coordinatively unsaturated diiron(ll)
center. The phenyl rings form a hydrophobic pocket
in which additional ligands can be accommodated
and block possible formation of tetranuclear species,
which occurs in the BDPTZ analogues. The increased
steric bulk also shifts the carboxylate binding from
a syn, anti to a syn, syn mode. Mossbauer studies
(Table 3) are consistent with the formation of rela-
tively symmetric complexes.

3.2. Complexes of Dinucleating Carboxylate
Ligands

3.2.1. Complexes of the Ligands DBA and XDK and Its
Analogues

Interesting models of Hr were obtained from the
ligand Ph,DBA (Figure 2).5 For example, the com-
pound [Fe,(OH)(Ph,DBA)(DPE),(OTf)] was found to
contain the asymmetric coordination environment of
deoxyHr according to X-ray crystallography and
Mossbauer studies (Table 3). Oxygenation of this
compound with O, yields a u-oxo species, a model for
OXyHr.

XDK (Figure 2)° and its analogues have been
studied extensively as dinucleating ligands to afford
coordinatively unsaturated diiron(l1) complexes. In
the compound [Fe(u-H0)(u-O,CCF3)2(u-XDK)-
(TMEN),] (Figure 9a),%8 the XDK ligand is bound to
both iron atoms via its two carboxylate units, which
are also hydrogen bonded to a bridging water mol-
ecule. One TMEN ligand coordinates to each iron
center in a bidentate mode. With the water molecule
present, the compound is coordinatively saturated.
This compound and its analogues may be obtained
by exchange of the CF;CO;~ ligands in a complex of
the type [Fez(/l-HzO)(ﬂ-OzCCF3)2(02CCFg)z(TM EN)z]
with the XDK derivative.

Tshuva and Lippard
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Figure 9. Structure of complexes containing the ligand
XDK: (a) [Fea(u-H20)(u-0,CCF3)2(u-XDK)(TMEN),;%8 (b)
[Fez(u-O,CPh)(XDK)(ImH),(0,CPh)(MeOH)].59:60

Another member of this family is [Fex(u-O,CPh)-
(XDK)(ImH),(O.CPh)(MeOH)] (Figure 9b), featuring
monodentate terminal imidazole ligands.>*%° One iron
atom in this complex, as observed from its X-ray
structure, has a bound methanol solvent molecule
and is thus six-coordinate, whereas the other iron
atom is pentacoordinate and coordinatively unsatur-
ated. This diiron(ll) compound was the first to be
reported having four carboxylate units, two mono-
dentate terminal nitrogen ligands, and a solvent
molecule, similar to the composition of the reduced
state of MMOH. Several analogues were described,
with a variety of other bridging units, including
halides, triflate, or carboxylate ions.>%1 Magnetic
measurements indicated weak antiferromagnetic cou-
pling, and the frozen solution Mdssbauer spectrum
reflected the presence of two inequivalent iron cen-
ters (Table 3), demonstrating that similar structures
may be present in the solid and solution states.

3.2.2. Complexes of m-Terphenyl Carboxylate Ligands

Bulky ligands of the m-terphenyl carboxylate fam-
ily (Figure 2) have been used to prepare coordina-
tively unsaturated dinuclear iron(ll) complexes in the
absence of chelating N-donors.%27%° In addition to
supporting dinuclearity, these bulky ligands provide
a hydrophobic shield around the diiron core, which
is an advantage when attempting to model the
chemistry of the enzyme active sites. Complexes in
this family generally contain four carboxylate ligands
and two additional coordinating groups, such as THF,
pyridine, or Melm. They are thus similar in stoichi-
ometry to the active sites of non-heme diiron metal-
loenzymes in their reduced state, a typical complex
having the formula [Fe(u-O,CAr),(O,CAr),(L),]. These
complexes exist in solution as an equilibrium between
quadruply bridged “paddlewheel” and doubly bridged
“windmill” structures, as illustrated in Scheme 5.
Steric interactions between the carboxylate ligands
and/or the terminal groups determine which is the

Scheme 5
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Figure 10. Structure of [Fe,(u-OH)(u-O,CAr™)(BDPTX)-
(MeCN(OTf)]*.74

major species in solution. Crystal structures of com-
plexes having the windmill structure revealed a
relatively long Fe--Fe distance, of 3.96—4.22 A (Table
2), with the terminal carboxylate bound in either a
monodentate or bidentate mode. By contrast, com-
plexes exhibiting the paddlewheel structure feature
a shorter Fe--+Fe distance of 2.73—2.85 A, as expected
due to the four bridging carboxylate ligands. The
Mossbauer (Table 3) and magnetic properties of these
complexes are comparable to those of other high-spin
diiron(11) compounds. When employing the more
crowded carboxylate ligand ~O,CArMes (Figure 2), a
sterically encumbered dinuclear complex can be
obtained with MeCN as the terminal ligand.”0~72
Bulky N-donor ligands such as py or Melm lead to
mononuclear complexes with this carboxylate. To
overcome the difficulty and achieve the advantages
of the related m-terphenyl carboxylate ligands, an
additional methylene unit was introduced between
the aryl ring and the O,C— unit ("O,CDXL, Figure
2).7® This carboxylate ligand facilitated formation of
several diiron(l1) complexes having paddleweel struc-
tures, with a variety of terminal N-donor ligands.

F NMR studies of complexes containing p-fluo-
rophenyl substituted carboxylate ligands
(TO,CAr*FPh Figure 2), revealed the interconversion
of the windmill and paddlewheel structures to involve
carboxylate shifts, with the paddlewheel structure
being preferred at low temperature (Scheme 5).%°
Such a carboxylate shift process may assist in open-
ing a coordination site for dioxygen binding, as occurs
in the natural systems during catalysis.?3334

The bulky ~O,CAr™ ligand has also been employed
in combination with the pyridine-containing ligand
BDPTZ (Figure 2) to prepare [Fe,(u-OH)(u-O,CArT™"-
(BDPTZ)(MeCN)(OTH)]" (Figure 10).” This compound
converts to the (u-oxo)diiron(l11) analogue upon ex-
posure to dioxygen.

3.2.3. Syn N-Donor Ligands

It was recently revealed by density functional
theoretical calculations that the syn disposition of the
imidazole groups relative to the Fe—Fe vector in the
active site of MMOH?®® (Figure 1) facilitates C—H
bond activation by intermediate Q.”> No complex has
yet been reported that replicates this important
structural feature by enforcing syn stereochemistry
using a suitable dinucleating ligand. Recently, we
designed and prepared a family of 1,2-dipropargyl-
benzene ligands that afford the desired syn-N—N
structure.”® An example of such a complex is the
diiron(I1) species [Fes(u-OH)(u-O,CAr™)(O,CArT),-
(L)(H20)] (Figure 11), which was crystallographically
characterized. This compound has several interesting
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Figure 11. Structure of [Fe,(u-OH)(u-O,CAr™)(O,CArT!),-
(L)(H20)] exhibiting two syn-N-donor ligands.7%°

features; it exhibits syn coordination of the N-donor
groups relative to the diiron vector. It is asymmetric,
similar to the active site of MMOH, and it contains
a terminal water molecule, again as in the enzyme
MMOH. We have not yet fully explored its reactiv-
ity, but investigations of this and related compounds,
including ones derived from bis(N-donor)bis(carboxy-
late) ligands,’® are currently in progress.

3.3. Protein Design: Four Helix Bundle Models

A different approach to modeling enzyme active
sites is to synthesize small peptides with a defined
amino acid sequence having sufficient information for
proper protein folding.””~8° Such a “de novo” protein
design methodology affords models that are simpler
and smaller than the full protein and have the
potential to exhibit similar functional properties.

De novo design of diiron-based protein model
systems has focused on four-helix bundles, modeled
after the structures of diiron proteins such as Hr and
MMOH.882 |n several of these diiron proteins there
is a dimeric helix—loop—helix motif that generates
the bundle. Each unit provides two glutamate resi-
dues, one from each helix, and a single histidine
residue. A corresponding four-helix bundle diiron
model in this class, DF1, was designed and synthe-
sized. It exhibits the dimeric helix—loop—helix motif,
providing the requisite four glutamate and two
histidine residues needed to recapitulate the active
site.8378 The synthetic protein binds zinc(ll) in a
dimeric form, the crystal structure of which confirms
the positions of two bridging glutamate ligands, two
chelating ones, and two monodentate histidine resi-
dues. The metal center has a Zn---Zn distance of 3.9
A. The geometry closely reproduces that of the diiron
enzymes. The solid-state structure of the dizinc
complex also resembles the solution structure of the
apo bundle, which was determined by NMR spec-
troscopy. DF1 also binds manganese(ll), cobalt(ll),
and iron(ll), and may thus serve as a model for diiron
metalloenzymes.

The DF1 peptide model is insoluble in aqueous
buffer solution and has two hydrophobic side chain
units blocking access to the active site. An improved
model, DF2, was therefore designed.t8” It is highly
water soluble and binds metal ions reversibly. The
dimetallic center in the metal-bound protein is ac-
cessible to dioxygen, as suggested by the crystal
structure of the dimanganese form (Figure 12), which
reveals a geometry similar to that of dizinc-DF1.
Morover, the iron-bound DF2 exhibits ferroxidase
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Figure 12. Structure of the dimanganese form of DF2. At the right is a perpendlcular view, in which the helices are
omitted to reveal the dimetal binding site; the Mn---Mn distance is 3.64 A .86

Table 4. Resonance Raman Data of Selected Diiron Model Compounds

signal, signal shift

compd vibration cm~?t upon 80 labeling ref
[FGZO(OZCH)z(BlphMe)z] V(FBOFG)S 520 502 36
Fe,O(HB OAcC FeOFe 528 511 90
EFeiOEPiv)FZKBIZe(aTAC):ZI]\I)Z]Jf ZgFeOFeg; 711 675 113
[Fe20(0H)(6-Mes-TPA) 13+ »(FeOFe)s 591 564 103
[Fe,0(OH)(6-Mes-TPA),J3* V(FeOFe)as 675, 666 645, 634 103
[Fe20(0H)(BQPA)]** »(FeOFe)s 600 575 101
[Fe.O(OH(PEEN) > WFeOFO. 5% S67 101

es 2 v(Fe €)s

Fe,O(OH)(PEEN)]**" FeOH 504 497 101
EFeiOEOH;ES-Meg-)'IZ']PA)z]” ngeOFe)z;: 458 446 132b
[Fe(0—0)(02CCH,Ph)(HB(3,5-Pr2pz)s)] »0—-0) 888 842 124
[Fe20(0—0)(0AC)(PPE)]* »(0—0) 816 771 129
[Fe,0(0—0)(H20)2(PB)4]** »(0—0) 867 819 130
[Fe20(02H)(H20)2(PB)4]** 806 762
[Fe,0(0—0)(6-Mes-TPA) ]+ »(0—0) 848 802 135
[Fe2(O—0)(02CPh)(Mes-TPDP)(H,0)]2* v(Fe—0) 486, 450 479, 442 52
[Fe2(0—0)(0,CPh)(Me,-TPDP)(H,0)]2* »(0—0) 918, 891 889, 857 52
[Fe2(0O—0)(0,CPh)(HTPPDO)J3* »(0—0) 873, 887 825, 839 53
[Fe2(0—0)(Py)2(BXDK)(O2CPhCy),] »0-0) 861 811 61
Fe,(0—0)(MeCN),(O.,CDXL O-0 885 871 72
EFezgo—oggpy)z(olzc(Aer“)A] . 5§o—o§ 822 779 73
[Fea(O—0)(OH)2(6-Mes-TPA),]2* »(0—0) 848 802 140
[Fea(0)2(5-Mes-TPA)J3* »(Fe—0) 676, 656 634 132b
[Fea(0)2(BPMCN),]4* y(Fe—0) 686, 679, 653 658, 627 141

activity. Addition of O, generates the (u-oxo)di-
iron(l11) core with absorption bands at 300—350 and
400—700 nm. The diiron(l11) form appears to bind
azide and acetate anions, as suggested by spectro-
scopic changes that occur upon their addition. This
result implies that the coordinatively saturated diiron
center may alter coordination modes, undergoing
carboxylate shifts, in order to bind the additional
anion successfully, as is the case with natural met-
alloenzymes.®3

A related heterotetrameric four-helix bundle pro-
tein, A.A,B>, has also been synthesized, which self-
assembles into the desired tertiary structure through
noncovalent interactions.® Upon addition of iron(l1)
and dioxygen, a strong absorption band appears at
625 nm (e = 1000 M~ cm™?) in the spectrum, which
resembles those of diiron(l11) peroxo intermediates

in natural metalloenzymes and their synthetic mod-
els (Table 5, vide infra).

4. Diiron(lll) Complexes

Diiron(I11) complexes in this class are often ob-
tained from the reaction of iron(l1) precursors with
an oxidant. Alternatively, diiron(l11) complexes as
models for the oxidized state of the metalloprotein
can be generated directly from an iron(l11) precursor,
as described below. Most common are complexes
having an oxo bridge, which appears in Hr and RNR
(Schemes 1 and 2).1%8 Tables 2—5 summarize
Fe---Fe distances, Mdssbauer parameters, resonance
Raman data, and electronic absorption band maxima,
respectively.
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Table 5. Electronic Absorption of Selected Intermediates and Structural Motifs

a Kinetically detected intermediate, not fully formed.

structural absorption,
compd motif nm € ref

[Fe2(O—0)(0O,CPh)(Me,s-TPDP)(H,0)]?* u-1,2-peroxo 616 2000 52
[Fe2(O—0)(O,CPh(p-Cl))(TPPDO)]?* u-1,2-peroxo ~550 ~1500 53
[Fe»(O—0O)(O,CPh)(HTPPDO)]3* u-1,2-peroxo ~580 ~1300 53
[Fe2(O—0)(ImH),(XDK)(O.CPh),(MeOH)] u-1,2-peroxo 660 1702 60
[Fe-(O—0)(Py)(BXDK)(O,CPhCy)] u-1,2-peroxo ~580 ~1200 61
[Fe2(O—0)(MeCN),(O,CArMes), ] u-1,2-peroxo 540 2300 72
[Fe2(O—0)(Py)2(0O.CDXL)4] peroxo 500 1000 73
[Fe2(O—0)(0.CPh)(N-Et-HPTB)]?* u-1,2-peroxo 588 1500 117
[Fe»(O—0)(O.CPh)(Ph-BIMP)]?* u-1,2-peroxo 500—800 br ~1700 122
[Fe(O—0)(0,CPh)(HB(3,5-'Pr,pz)s)] u-1,2-peroxo 682 3450 123
[Fe(O—0)(0,CCH,Ph)(HB(3,5-Pr,pz)s)] u-1,2-peroxo 694 2650 124
[Fe.O(O—0)(6-Mes-TPA),]>* u-1,2-peroxo 494 1100 135

648 1200
[Fe.O(O—0)(OAC)(PPE)I* u-1,2-peroxo 510 1300 129

605 1310
[Fe,O(0—0)(H20)(PB)4]**/[Fe,0(02H)(H20)2(PB)4]** u-1,2-peroxo 680 2000 130

O0-0—H

[Fe2(O—0)(OH),(6-Mes-TPA),]*" u-1,2-peroxo 490 1100 140

640 1100
[Fe.O(OH)(PEEN),J** u-hydroxo-u-0xo 378 4800 101

430 2000

475 650

510 560

558 800

790 80
[Fe-O(OH)(6-Me3-TPA), 3" u-hydroxo-u-0xo 340 5000 103

396 4700

550 780

800 70
[Fe-O(OH)(BQPA),J*" u-hydroxo-u-oxo 308 17 000 101

396 4500

554 790

800 60
[Fe2(O)2(6-Mes-TPA),]>" bis(u-0x0) 320 4200 102

375 2000

470 560

760 80
[Fez(0)2(5-Mes-TPA),J*+ di(u-oxo) 336 7900 132b

616 5200
[Fe2(0)2(6-Me-TPA) 3" di(u-oxo0) 350 8000 133
[Fe2(0O)2(BPMCN),]** di(u-oxo) 656 ~4000 141

845 ~3500

4.1. Direct Assembly of Diiron(lll) Complexes
from Ferric Salts and Appropriate Ligands

At the active site of several metalloproteins in their
resting state is a (u-oxo)(u-carboxylato)diiron(l11)
unit.*! The first model compounds having this feature
were [Fe,(u-O)(u-OAc)(HBpz3),] and [Fez(u-O)(u-
OAC),(Me3TACN),]?t. The former is prepared from
iron(l111) perchlorate and sodium acetate, and it has
characteristic UV—vis bands of the («-oxo)diiron(l11)
motif.°%°1 Together with magnetic measurements,
these properties support the notion that the bridged
structure remains intact in solution. Other physical
measurements including Mdssbauer spectroscopy
(Table 3) defined the standard for (u-oxo)bis(u-car-
boxylato)diiron(111) complexes. Analogous diiron(l11)
compounds of similar structure and physical proper-
ties are the cationic species [Fex(u-O)(u-OAc)z(Mes-
TACN),]?", having one MesTACN ligand on each iron
atom,*® and [Fe(u-O)(u-OAcC)(TMIP),]?".%2 (u-Hy-
droxo)bis(u-carboxylato) diiron(l11) analogues have
also been synthesized and characterized.

Subsequently, a series of (u-oxo)(u-carboxylato)-
diiron(l11) complexes were prepared employing a

variety of dinucleating ligands, including PMPE,*
XDK,%* and PMAPB (Figure 2),°> or mononucleat-
ing ligands, such as PMMP,% EDTA derivatives,®6:%7
and BPMB (Figure 2).°5 Other diiron(l1l) com-
pounds reported incorporate different types of
bridges, such as hydroxo, phenoxo, or alkoxo
groups.%8-100

Diiron(I11) complexes of the TPA ligand and its
derivatives, having (u-0xo0)(u-hydroxo)- or di(u-
oxo)diiron(l11) cores, have also been synthesized
and extensively characterized.'°t"19 The Fe---Fe
distances in these complexes, 2.7—3.0 A, are rela-
tively short (Table 2), affording Fe—u-O—Fe angles
of 100° or smaller, distinctive UV—vis absorption
bands (Table 5), and characteristic vge—o-re Vibrations
(Table 4) and spin exchange coupling constants (J
values). The properties of the di(u-oxo) derivatives
are significantly different from those of mono(u-0xo)
complexes; for example, the UV—vis bands at 470 and
760 nm are shifted from ca. 550 and 800 nm (Table
5). These spectroscopic features may assist in iden-
tifying such a core structure in a metalloenzyme
active site.
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4.2. Diiron(lll) Compounds Prepared from
Preformed Mononuclear Complexes

A different approach to the synthesis of dinuclear
iron(l11) complexes is to prepare a mononuclear iron
compound already complexed with one or more of the
desired ligands for conversion into the desired di-
nuclear species upon addition of a suitable reagent.
For example, the iron(l11) compound [Fe(Melm)g]®*
converts to a (u-oxo)diiron(l11) complex upon reac-
tion with water in Melm. The resulting [Fe;(u-O)-
(Melm)o]** cation, when exposed to CO, or following
addition of a carboxylate ligand, afforded the methyl
carbonate [Fe,(u-0)(u-0,COCHz)(Melm)g]** or the (u-
oxo)mono(u-carboxylato)diiron(l11) [Fez(u-O)(u-O.CR)-
(Melm)s]®** (R = H, Me, Ph) species, respectively.14
Attempts to add a second carboxylate unit, however,
resulted in the formation of polyiron clusters. Nev-
ertheless, this approach allowed the synthesis and
evaluation of sterically unstrained (u-carboxylato)-
diiron compounds that were difficult to obtain by
other routes because of the formation of compounds
having high nuclearity.

Another way to obtain dinuclearity is to begin with
a mononuclear iron(l1) compound and allow it to react
with an oxidant to obtain a diiron(111) complex. For
example, the cation [Fe(6-Ph-TPA)(MeCN),]?>" reacts
with 'BuOOH to produce an equilibrium mixture of
mono- and dinuclear [Fe,(u-O)((6-O-CeHJ)TPA),)?*
compounds. The reaction proceeds via the formation
of a mononuclear alkylperoxo intermediate.1951% As
indicated from the formula of the final product, the
pendant phenyl groups of the 6-Ph-TPA ligand be-
come oxygenated at the ortho position, a feature
revealed by X-ray crystallography.

Recently we developed a synthetic method to
prepare diiron(l11) compounds by the reaction of
mononuclear iron(ll) complexes with molecular
oxygen.'” The complex [Fe(u-O)(u-O,CAr+Frh)-
(O2CAr*+FPm;(PzMe2),], which contains a (u-0xo)(u-
carboxylato)diiron(l11) core, was obtained when the
mononuclear precursor [Fe(O,CAr*FPh),(PzMe2),] was
treated with dioxygen in THF (Scheme 6). Reaction
of the closely related analogue [Fe(O,CArT™),(PzMe?),]
with dioxygen in toluene afforded a di(u-hydroxo)(u-

carboxylato)diiron(l11) complex, [Fez(u-OH),-
(u-O2CAIrT™)(0O,CAr™);(PzMe2),)(OHy)]. These results
demonstrate how the diiron(l11) structures in differ-
ent metalloproteins, namely, the u-oxo cores of Hr
(Scheme 1) and RNR (Scheme 2), and the di(u-
hydroxo) unit of MMOH (Figure 1), can be accessed
by subtle modifications in ligand composition.

4.3. Complexes Containing Dendritic Units

In order to imitate the hydrophobic environment
of the metalloprotein core, diiron complexes were
synthesized with ligands containing dendritic ap-
pendages.'®® Mononuclear iron(11) poly(benzyl ether)
dendrimers with TACN as the metal-binding unit
were prepared from iron(Il) chloride in the presence
of sodium acetate. Complexes of the type [Fe(?-OAc)-
(LisTACN)]*, where n is the generation number of
the dendrimeric unit, were obtained (Scheme 7).
Oxidation with O, gave dinuclear iron(l11) complexes
featuring a (u-oxo)bis(u-acetato) core, similar to the
Mes;TACN-based nondendritic complexes discussed
previously.*! Irradiation of the diiron(l11) complexes
in the presence of sodium acetate gave dinuclear
iron(11) compounds, which could be reoxidized by O,
to the diiron(lll) state. The diiron centers of the
largest compounds, generation n = 4, are totally
encapsulated by the large dendrimer framework. The
resulting diiron(l11) unit is highly robust toward
alkaline hydrolysis, demonstrating the importance of
the hydrophobic environment surrounding the diiron
site in maintaining stability.

5. Formation of Oxygenated Intermediates

In this section we describe the activation of dioxy-
gen by diiron(ll) compounds that lead to the forma-
tion of interesting intermediates. Related species
generated from reactions of diiron(l11) complexes with
other oxidants, such as hydrogen peroxide, are also
presented. Mixed-valent diiron(l1,111) compounds,
which can be obtained either by direct reaction of O,
with diiron(Il) complexes, or from monomeric precur-
sors by other methods, although not strictly “oxygen-
ated intermediates”, are also included in this section.
Tables 2—5 summarize selected Fe---Fe distances,
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Mossbauer parameters, resonance Raman data, and
electronic absorption band maxima, respectively.

5.1. Mixed-Valent Fe(ll)Fe(lll) Complexes

Mixed-valent Fe,(11,111) species can be accessed for
several carboxylate-bridged diiron proteins. Although
not usually physiologically relevant, these mixed-
valent forms have useful spectroscopic features that
help to identify the diiron motif. An example is the
EPR spectrum of mixed-valent MMOH,109-111 the
characteristic properties of which facilitated the
assignment of its non-heme diiron centers. These
units are normally antiferromagnetically coupled,
resulting in an S = 1/, ground state. Several mixed-
valent Fey(11,111) compounds have been synthesized
as models for this form of the metalloprotein cores.

One such compound, prepared directly from an
iron(l11) salt, is the crystallographically characterized
[Fe2(u-BPMP)(u-OPr),]?" cation featuring electronic
absorption maxima at 385, 554, and 1340 nm.*84° The
Maossbauer spectrum is consistent with mixed-valent
character (Table 3).

Two mixed-valent diiron(11)/(111) derivatives of the
tetraaminodiphenol macrocyclic ligands L' and L2
(Figure 2) were synthesized by reaction of an
iron(l11) precursor with an iron(11) compound.'*? The
complex [L'Fe,(u-OAc).]t (L' = Ns-diphenol macro-

OMe

cycle) displayed a single quadrupole doublet in its
Mossbauer spectrum (Table 3), establishing valence-
delocalized character. The complex [L2Fe,(u-OAc)-
(OAC)(H20)]" (L? = (NH)4-diphenol macrocycle), how-
ever, features two distinct doublets reflecting two
discrete iron sites (Table 3), revealing valence local-
ization and an S = %, ground spin state.

Other Fey(l1,111) complexes were obtained upon
reaction of a diiron(ll) precursor with dioxygen. For
example, the hydroxo-bridged [Fe,(u«-OH)(u-Piv).(Mes-
TACN)z]Z+ and u-0Xo0 [Fez(u-O)(u-02CCPh3)2(Me3-
TACN),]* cations having additional bridging carbox-
ylate ligands were prepared by reacting the diiron(l1)
analogues with dioxygen.#>113114 These complexes
were characterized crystallographically, as well as by
other physical measurements including magnetic
susceptibility, EPR, Mdossbauer (Table 3), and reso-
nance Raman (Table 4) spectroscopy. The results
indicate that these high-spin complexes have an S
= 1/, ground state and that outer-sphere oxidation
probably occurred during their synthesis, since the
bridging oxygen atom in the (u-hydroxo)diiron(ll)
precursor is not exchanged with the oxidant. The
vas(Fe—O—Fe) bending mode of the u-o0xo compounds
is characterized by a band at 700—850 cm™ in the
resonance Raman spectrum (Table 4), which may
serve as a useful tool for the identification of related
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Figure 13. Two structural conformations of [Fe,(u-O,-
CAIrMes)(4-O'Pr),(0,CAIrMes),], as revealed by X-ray crystal-
lography; all atoms of the carboxylate ligands, except for
the oxygen and o-carbon atoms, are omitted for clarity.”

structural motifs in synthetic model systems. Since
the mixed-valent species were more easily trapped
upon increasing the steric bulk of the carboxylate
ligands, it was proposed that steric crowding prevents
carboxylate shifts,3* processes that lead ultimately
to the formation of diiron(l11) complexes.*?

Formation of mixed-valent diiron(l1/111) complexes
also occurs with systems supported by bulky bridging
m-terphenyl carboxylate ligands.5? One-electron oxi-
dation of diiron(ll) compounds of the type [Fe,-
(O,CAr™h,L,], L = Py, ‘Bu-Py, or THF, was readily
apparent in CV traces.®” The resulting high-spin
Fe(11,111) iron centers are valence-delocalized, with
S =9/, ground states characterized by a g = 10 signal
in the EPR spectrum at 11 K. Direct metal—metal
interactions are proposed to play an important role
in facilitating spin delocalization by double exchange.
These compounds display optical absorption maxima
at 650—670 nm with ¢ = 1600—1700 M™! cm™,
features that are quite similar to those arising from
the LMCT bands of peroxide—iron(l11) units in per-
oxo-type intermediates (Table 5, vide infra). In this
case, however, the green color results from an inter-
valence charge-transfer (IVCT) band of the
diiron(I1,111) unit, serving as a reminder that assign-
ment of peroxo intermediates should not be made
solely on the basis of electronic absorption spectra.

Another complex having an S = 9, ground state
was obtained from the reaction of the coordinatively
unsaturated diiron(ll1) complex [Fex(O2CArVes),L,],
which has a bulkier carboxylate ligand, with dioxygen
at —30 °C in 2-propanol as the solvent.”* An X-ray
crystallographic analysis of the product revealed two
different structures, one completely valence-delocal-
ized and the other having a valence-trapped state
(Figure 13). One of the conformations can be repre-
sented by the formula [Fey(u-O2CAIrMes)(u-O'Pr),-
(O,CArMes),] with an Fe--+Fe distance of 2.62 A
(Table 2). Its metal—ligand bond lengths at 173 K
indicated valence delocalization. Different crystal-
lization conditions afforded a compound having a
similar formula, but a different conformation of the
bridging isopropoxide groups and an Fe---Fe distance
of 2.75 A (Table 2). An analysis of the metal—ligand
bond distances suggested valence localization. These
mixed-valent compounds were also characterized by
UV—Vis (Amax = 780), Mdssbauer (Table 3), EPR, and
magnetic susceptibility measurements.

Tshuva and Lippard

Figure 14. Structure of the peroxo-bridged complex [Fe,-
(4-1,2-0)(u-N-Et-HPTB)(Ph3PO),]3+ 118

5.2. Diiron(lll) Peroxo Complexes: Peroxo
Intermediate Analogues

The first well-characterized species observed in the
catalytic cycle of MMOH and related carboxylate-
bridged diiron metalloenzymes, formed upon reaction
of the diiron(ll) state with dioxygen, is a peroxo
diiron(l11) intermediate (Scheme 3).2 It is therefore
of great interest to obtain synthetic complexes that
mimic this dioxygen reactivity, affording (peroxo)-
diiron(111) units, the characteristics of which can be
compared to those formed at the enzyme active sites.
In this manner, one might both contribute to our
understanding of the biological systems and eventu-
ally mimic their reaction chemistry. Several di-
iron(l11) peroxo complexes have been prepared, as
described in this section.

The dinucleating ligand HPTB (Figure 2) supports
diiron(11) compounds having a (u-alkoxo)(u-carboxy-
lato) structure. Although not strictly reproducing the
protein diiron cores, the reactivity of these complexes
is of some interest. Introduction of O, into a meth-
ylene chloride solution of [Fex(u-N-Et-HPTB)-
(u-O2CPh)]?* or its HPTB-unsubstituted analogue at
—80 °C resulted in species exhibiting a visible
absorption band at ~600 nm (Table 5) and resonance
Raman features at 800—900 cm™1, characteristic of
u-peroxo species. This unit is stabilized by polar
aprotic solvents.'5-117 The use of various substituted
carboxylates indicated that these ligands remain
bound to the diiron center in the peroxo adducts.
Crystals were grown from a solution of the dioxygen
reaction product in the presence of PhzPO, and the
resulting X-ray structure revealed an Fe—O—0O—Fe
moiety, in which the peroxo ligand coordinates in a
cis u-1,2 fashion (Figure 14). The resulting Fe:--Fe
separation is 3.46 A (Table 2).118 The benzoate group,
however, was not observed in the structure, but was
replaced by two molecules of PhsPO, one bound to
each iron atom, leading to the complex [Fe,(u-1,2-O,)-
(u-N-Et-HPTB)(Ph3P0),]3*. Homolytic cleavage of the
O—0 bond, with concomitant formation of a high-
valent di(oxo) species, was proposed as a decomposi-
tion mechanism for the reactive intermediate.

Kinetic studies of the formation of peroxo-type
complexes involving dinucleating, single-atom bridged
ligands of this class revealed that steric factors can
affect dioxygen binding and thus the reaction
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rate.*'%120 When access to the diiron center is unhin-
dered, the reaction is first order in both dioxygen and
[Fex(11)]. Sterically crowded compounds lowered the
order with respect to dioxygen. In the latter case, a
two-step mechanism was proposed, involving either
ligand dissociation, or more likely, formation of a
different dioxygen adduct, such as a terminal super-
oxide (Scheme 8). The peroxo intermediates decom-
pose by a nonbiomimetic second-order rate-determin-
ing step, involving a bimolecular event, implying the
formation of a tetranuclear species in the transition
state.

Further investigation of complexes in this family
of dinucleating ligands revealed that ligand steric
and electronic effects strongly influence the formation
and stability of the peroxo species.®°-53121 The ther-
mal stability of the complexes toward irreversible
oxidation depends on the steric bulk of the dinucle-
ating ligand and its electron donating ability. Elec-
tron donors facilitate formation of Fe(1V) species but
inhibit return of the diiron(I11) peroxo species to the
diiron(ll) state. In addition, introduction of methyl
or phenyl substituents blocks irreversible oxidation,
possibly by precluding a bimolecular decomposition
pathway. Thus, weaker electron donors and sterically
bulkier ligands that form a hydrophobic pocket at the
O, binding site should stabilize the u-peroxo species.

The crystal structure of the peroxo compound [Fe,-
(#-1,2-0,)(u-Ph-BIMP)(0,CPh)]?*, which was ob-
tained in a reversible reaction of the corresponding
diiron(Il) complex with dioxygen at ambient temper-
ature, suggests that the phenyl groups of the Ph-
BIMP ligand induce both of these desired properties
(Figure 15).122 The 4-phenyl substituents on the
imidazole rings cause an elongation of the Fe—
N(imidazole) bonds, which weakens the electron
donor properties of the imidazole groups. The phenyl
rings, not shown in the figure, also form a hydropho-
bic pocket surrounding the coordinated peroxide ion.
The dioxygen affinity depends on the stereochemistry
of the bridging skeleton. Higher affinity was observed
for ligands containing the 2,6-bis(aminomethyl)phe-
nolate moiety, compared to those of the 1,3-diamino-
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Figure 15. Structure of the peroxo-bridged complex [Fe,-
(#-1,2-0,)(u-Ph-BIMP)(O,CPh)]?*; phenyl substituents are
omitted for clarity.??

2-propanoate type. Peroxo complexes were also ob-
tained in reactions of H,O, with diiron(l11) precursors
coordinated to dinucleating ligands of this class.®®
Kinetic studies indicated that the solvent strongly
affects the reaction rate and that peroxo species
persist in coordinating solvents. In addition, di-
iron(l11) peroxo complexes derived in this manner
from the reaction of diiron(I11) with H,O, were more
stable than those obtained from the reaction of the
analogous diiron(11) complex with O,.

Another ligand system that supports the formation
of peroxo diiron(lll) species is that based on the
hydrotris(pyrazolyl)borate framework. Mononuclear
iron(11) carboxylate compounds of the terminally
capping ligand HB(3,5-Pr,pz)s;, and its analogues,
convert upon exposure to dioxygen to dinuclear
peroxo intermediates, which are relatively stable
below —20 °C. At higher temperatures they decom-
pose ultimately to form trinuclear iron(l1l1) com-
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Figure 16. Structure of the peroxo-bridged complex [Fe»-
(u-1,2-05)(u-O,CCH,Ph){ HB(3,5-'Pr,pz)s} o]; 'Pr substitu-
ents are omitted for clarity.?

plexes.’?® The assignment of the nature of the inter-
mediates was based upon dioxygen uptake experi-
ments, which revealed a 2:1 Fe/O, stoichiometry,
UV—vis absorption spectral maxima around 690 nm
(Table 5), resonance Raman spectroscopic data re-
vealing vo—o at 876 cm™!, and EXAFS results
(Fe--Fe separation of 4.3 A). Subsequently, a peroxo
complex of this family, [Fez(u-1,2-O2)(u-O.,CCH,Ph),-
{HB(3,5-Pr,pz)s} -], was crystallized at —80 °C, and
its structure was determined (Figure 16).*?* The
peroxo unit bridges the two iron atoms in a u-1,2
mode, which, together with the two bridging carboxy-
late ligands, led to an Fe--Fe separation of 4.0 A
(Table 2). In the absence of a single atom bridge, the
Fe—O—0O—Fe dihedral angle is 52.9°, and not 0° as
observed for the previous examples.'18122

This compound was also examined spectroscopi-
cally. It displays a resonance Raman band corre-
sponding to the vo_o stretching vibration at 888 cm™1,
which shifted to 842 cm~* upon use of 0, (Table 4).
Its Mdssbauer spectral parameters in frozen toluene
solution at 4.2 K consist of a symmetric quadrupole
doublet (Table 3). The similarities of these param-
eters to those obtained for the Hyeroxo intermediate
of MMOH (6 = 0.66 mm s™%, AEq = 1.51 mm s™%)%3
are striking and support the assignment of the latter
as a (1,2-u-peroxo)diiron(l11) intermediate. A subse-
guent spectroscopic study performed on the synthetic
peroxo complex revealed that s-bonding between the
iron atom and the peroxide unit makes a significant
contribution to the interaction.'®® This study also
established that the peroxide ligand has rather basic
and nucleophilic character, and the authors con-
cluded that protonation and heterolytic cleavage of
the O—O0O bond accompany formation of high-valent
di(u-oxo)diiron(IV) species in related metalloproteins.
Such a conclusion is not in accord with recent DFT
calculations of Hperoxo to Q conversion in MMOH,
however, in which O—O bond homolysis is pre-
ferred.?6

Peroxo-type intermediates were also observed with
systems containing the XDK ligand and its ana-
logues.5%61 Exposure of these diiron(l1) complexes to
O, at —77 °C in nonpolar solvents yielded deep blue
solutions having Amax ~ 580 nm (Table 5). This
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irreversible oxidation reaction proceeds with 1:1 Fe,/
O, stoichiometry, and resonance Raman bands are
consistent with the formation of a peroxo diiron(l11)
unit (Table 4). Mdssbauer spectroscopy confirmed this
assignment and indicated the presence of two in-
equivalent iron atoms (Table 3). Kinetic experiments
revealed the reaction to be first order in both di-
iron(l11) and dioxygen, implying a rate-determining
bimolecular collision between the reactants. The rate
of peroxo formation varies inversely with the steric
demands of the carboxylate substituents, implying
that a carboxylate shift is involved in the rate-
determining step.®33* The oxygenation reaction is also
affected by the basicity of the N-donor ligand.

Diiron(Il) complexes of m-terphenyl carboxylate
ligands display similarly interesting reactivity with
dioxygen.®? The diiron(ll1) compound [Fe,(u-O,C-
ArMes),(0,CArMes),(MeCN);] reacts with O; in non-
coordinating solvents at —50 °C to give an EPR-silent
intermediate that absorbs at 540 nm (Table 5).7> The
conditions employed were somewhat different from
those leading to the formation of Fey(l1,111) com-
plexes.”™ The vo_o vibration at 885 cm™1 shifts by only
14 cm~* upon the use of 80, (Table 4), an unusually
small value compared to other Fe,(u-1,2-peroxo)
complexes and to theoretical expectations. This spe-
cies is stable for at least 12 h at —50 °C, presumably
because the steric bulk of the ligand inhibits decom-
position processes.

Complexes derived from similar ligands behaved
differently with dioxygen.®? Whereas compounds of
other relatively sterically crowded ligands in this
class (Figure 2, "O,CAr™) afford mixed-valent spe-
cies (vide infra), the paddleweel diiron(l1) complexes
derived from the sterically less demanding ligand
~O,CDXL (Figure 2) lead to unusual peroxo-type
compounds.” Compounds of general formula [Fe(u-
0,CDXL)4(L),] (L = Py, Melm, or THF) react with
O, at —80 °C yielding deep red-brown intermediates
with Amax at 500—550 nm (Table 5). These intermedi-
ates are stable for days at this temperature. Their
spectroscopic features include a resonance Raman
band, arising from the vo_o stretch, at 822 cm™
(Table 4), which is notably lower than those of known
(u-1,2-peroxo) diiron(l11) compounds, although closer
to the values obtained for mononuclear non-heme
iron 72-0O, peroxo compounds.*?” This band shifts by
43 cm~! upon the use of 0,. The Mdossbauer spec-
trum displays two doublets of equal intensity (Table
3), which may reflect either a mixture of two com-
pounds or, more likely, an asymmetric complex. On
the basis of these data, combined with those obtained
from magnetic measurements, the intermediates
were postulated either to adopt an unusual asym-
metrical [Fe(n?-O,)(L)(u-O,DXL)sFe(L)] structure, or
to be represented by the formula [Fe(O,DXL)(L)(u-
1,2-0,)(u-O,DXL)3Fe(L)] (Figure 17).

The reactivity of the diiron(ll) complex [Fez(u-OH),-
(6-Mes-TPA),]?t with dioxygen was also investi-
gated.'?8140 A peroxo-type intermediate was obtained
upon exposure of the complex to O, at low tempera-
tures (—80 to —40 °C). The reaction is first order in
both diiron(ll) and O, and uninfluenced by the
addition of water. An associative mechanism was
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Figure 17. Two proposed peroxo structures, [Fey(n?-
0,)(L)(u-0,DXL)4Fe(L)] (left) and [Fex(O,DXL)(L)(u-1,2-
0,)(u-O,DXL)sFe(L)] (right), for the product of the reaction
[Fea(u-O2DXL)4(L)2] (L = Py, Melm or THF) with O, at —80
OC.73
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Figure 18. Two proposed structures for the products of

the reaction of [Fe,(u-O)(PB)4(H,0).]*" with H,O, at —40
o(:.130,131

proposed for the rate-determining step of the oxy-
genation process, on the basis of the kinetic data
collected. An #*-O,~ superoxo Fe,(l1,111) species was
assigned as an intermediate in the reaction.

An example of a peroxo complex obtained upon
activation of a diiron(I11) compound with H,0O; is the
(u-oxo)(u-peroxo) species [Fex(u-O2)(u-O)(u-OAc)(PPE)]*
(Figure 2), which was characterized by UV-vis
spectroscopy (Table 5), elemental analysis of the
OTF~ salt, FAB-MS, resonance Raman spectroscopy
(816 cm™* for vo_o Which shifts to 771 cm~! with the
use of H,80,) (Table 4), and Mdssbauer spectroscopy
(one quadrupole doublet indicating a symmetric
species, Table 3).12° This peroxo species decays by a
first-order process, with a relatively long half-life of
7.7 h at 300 K.

Peroxo-type compounds may be similarly obtained
from the reaction of H,O, with the diiron(ll11) com-
plexes of the (—)4,5-pinene derivative, PB (Figure
2).130.131 When [Fe,(u-O)(PB)4(H.0),]*" was treated
with H,O, at —40 °C, a mixture of peroxo species
formed. Their characterization was based on UV—
vis (Table 5), EPR, Mossbauer (Table 3), and reso-
nance Raman (867 and 806 cm™?, shift to lower
frequency with the use of H,'80,) (Table 4) spectro-
scopic data. The products were postulated to be (u-
oxo0)(u-1,2-peroxo)diiron(l11) and asymmetric (x-0xo)-
diiron(l11) complexes, with the peroxo ligand in the
latter binding to one of the iron atoms in a mono-
dentate fashion (Figure 18). This species is unique
in having two different local spin configurations,
resulting from the binding of the hydroperoxide anion
to a pyridine-rich Fe(lll) center.

5.3. High-Valent Fe(lll,IV) Complexes:
Intermediate X Analogues

The R2 protein of RNR employs a formally high-
valent Fe,(I11,1V) species (S = /,),3? known as “in-
termediate X”, to generate a tyrosyl radical during
catalysis.” This unit is formed from a peroxo
diiron(I11) precursor in the catalytic cycle.? Model
compounds having such features are thus of interest
to study as biomimics of this chemistry.
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Figure 19. Structure of mixed-valent diiron(I11,1V) [Fe,-
(02)(5-Et3-TPA),J*; ethyl substituents are omitted for
clarity.134

A transient green species forms upon reaction of
the diiron(l11) complex [Fez(u-O)(5-Mes-TPA),(OH)-
(H20)]*" with H,O, at —40 °C.115132b This compound
exhibits electronic absorption bands at 366 and 616
nm (Table 5), an S = 3/, EPR spectrum with g values
of 4.45, 3.90, and 2.01, Mdssbauer parameters (Table
3) resulting from one sharp quadrupole doublet, and
an elemental analysis corresponding to the ClIO,~ salt
of the cationic complex [Fe,(0)2(5-Mes-TPA),]*". From
these data the compound was assigned as a valence-
delocalized di(u-oxo)Fe(l1)(S = Y)Fe(IV)(S = 1)
complex. This conclusion was further supported by
EXAFS and resonance Raman investigations.
The analogous 6-Me derivative yielded a similar
Feo(111,1V) complex, [Fe,(O),(6-Me-TPA),J**. This com-
pound is characterized by a nearly isotropic S = 1/,
EPR signal at g = 2.00, however, and is an antifer-
romagnetically coupled system with localized high-
spin Fe(111) and high-spin Fe(lV) sites.*3® In this case,
the 6-methyl group appears to induce steric strain
that prevents the formation of a short metal—ligand
bond required for the low-spin configuration. This
compound serves as a model for intermediate X in
RNR. Several members of this family have been
investigated. The crystal structure of the complex
[Fe2(0)2(5-Ets-TPA),J*t confirms the presence of the
di(oxo)diiron(111,1V) unit (Figure 19).134

Upon reaction of the di(u-oxo)diiron(l11) complex,
[FEZ(‘L{-O)Q(G-MEyTPA)z]:)ﬂL,102’115 with HzOz at —40 OC,
a dark green species was obtained. It has an absorp-
tion band at 648 nm (Table 5) and Mdssbauer
parameters (Table 3) indicative of a high-spin
iron(l11) sites that are antiferromagnetically coupled
to afford an S = 0 ground state.'® Isotope labeling
MS and resonance Raman experiments (Table 4),
together with EXAFS studies, assisted in assigning
this compound as a symmetrical («-o0xo)(u-1,2-per-
oxo)diiron(l11) species, which converts to the high-
valent [Fey(111,1V)(u-0)2(6-Mes-TPA),J3" complex hav-
ing an S = Y/, EPR signal at g = 2.00, Mossbauer
parameters nearly identical to those of [Fe,(I11,1V)-
(u-0)2(6-Me3-TPA),]*", Table 3, and the expected
mass spectrum. The system thus demonstrates that
adiiron(l11) peroxo-type intermediate can decompose
to form high-valent Fe,(111,1V) species, as may occur
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Scheme 9
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along the reaction pathway in RNR. Additional
kinetic studies of the reaction of the unsubstituted
analogue [Fe,(u-O)(TPA)(OH)(H.0)]*" with H,0,
confirmed rapid formation of the peroxo intermediate
leading to the high-valent Fe,(111,1V) compound.'36
The complex [Fex(111,1V)(u-0)2(6-Mes-TPA),]*" was
also obtained by one-electron oxidation of the
[Fe(111)Fe(111)(u-O)(6-Mes-TPA),]>" precursor. It was
further shown by resonance Raman experiments that
the Fe,(u-O), core isomerizes to give an Fe(l11)-0O—
Fe(1V)=0 structure, demonstrating its flexibility.*%’
Although this system appears to be the realization
of a model postulated for the high-valent Fex(1V)-
(u-0); core in MMOH intermediate Q, based on
computational studies that propose a similar isomer-
ization,*®® other evidence indicates that Q is a di(u-
oxo)diiron(1V) unit, especially the Fe---Fe distance of
2.46 A obtained from EXAFS spectroscopy.'® Inter-
mediate Q is directly responsible for substrate oxida-
tion in MMOH and does not appear to require
isomerization to a different structure.

Further progress toward mimicking the oxygen-
ation pathway in metalloenzymes was achieved when
the diiron(11) compound [Fex(u-OH)2(6-Mes-TPA),]**
was allowed to react with O; at —40 °C.'%° An EPR-
silent peroxo species, assigned on the basis of UV—
vis spectral (Amax = 640 nm) (Table 5), MS, and
resonance Raman studies (Table 4), initially forms
and then decays, giving rise to an EPR signal at g =
1.999, which is similar to the one obtained for the
Feo(111,1V) complex described above. In a manner
resembling RNR—R2, this system converts 2,4,6-tri-
tert-butylphenol to the phenoxyl radical. This ex-
ample represents a closer mimic of the natural
processes, because the precursor compound is a
diiron(l1) complex and dioxygen serves as the oxi-
dant.

An inherently different system for converting a
diiron(11) precursor with dioxygen to a mixed-valent
diiron(l11)(1V) species is one derived from the m-
terphenyl carboxylate ligand family (Figure 2).62.63.68
Upon reaction with dioxygen, diiron(l1) complexes of
the type [Fe,(O,CAr™),(L),], where L = Py or ‘Bu-
Py, convert ultimately to di(u-hydroxo)diiron(l111)
compounds. Dark green intermediates in this path-
way were characterized by low-temperature UV—vis
(Amax ~ 660 nm), EPR (g = 2, g = 10), and Mgdssbauer
spectroscopic studies. The spectra revealed the prod-
ucts to contain a 1:1 mixture of valence-delocalized
Fe,(11,111) and valence-trapped Fex(111,1V) species, the
rates of formation of which are identical. The pro-
posed chemical transformations are illustrated in
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Scheme 9. This system can also convert 2,4,6-tri-tert-
butylphenol to the phenoxyl radical, and 2,4-di-tert-
butylphenol to the corresponding biphenol. The chem-
istry is of significance as a structural and functional
model of the active site of the metalloenzymes in their
reduced states. The ligand composition matches that
of the enzymes, and the oxidation pathway, begin-
ning with the reaction of a diiron(ll) precursor and
dioxygen and possibly traversing the diiron(1V) state,
parallels that found in nature.

5.4. High-Valent Fe,(IV) Complexes: Intermediate
Q Analogues

The reactive species responsible for methane oxi-
dation in MMOH is assigned as a high-valent di(u-
oxo)diiron(IV) unit.*®32 The synthesis of analogous
small molecule model compounds has been a chal-
lenge. Recently, a diiron compound having such a
diiron(IV) core has been prepared in a nonbiomimetic
fashion from the mononuclear precursor [Fe-
(BPMCN)(OTf),] and the oxidant tBuOOH at —80 °C.
The reaction appears to proceed via the peroxo
species Fe(l111)-0—0— '‘Bu.! This “Q-type” com-
pound exhibits UV—vis absorption maxima (—80 °C)
at Amax Of 656 and 845 nm (Table 5), and a solid
sample was characterized by elemental analysis. Its
Mossbauer spectrum displays a single sharp quad-
rupole doublet (Table 3), comparable to that of other
S = 1 Fe(1V) sites, #2143 put unlike that of the S=10
intermediate Q.*® The resonance Raman spectrum
includes bands at 686, 679, and 653 cm™!, which
downshift to 658 and 627 cm~* when 'Bu'®O*0OH is
used (Table 4). These observed shifts are in good
agreement with the values calculated from Hooke’s
law for Fe—O vibrations, thus indicating incorpora-
tion of the terminal oxygen atom in the oxidant. An
Fe=O0 site is ruled out by the lack of a band in the
800—850 cm™! range.'®” EXAFS studies also support
the existence of a di(u-oxo)diiron(1V) core, with an
Fe---Fe distance of 2.81 A (Table 2). This high-valent
species is reactive in the oxidation of hydrocarbons
(vide infra). The compound, [Fe,(u#-O)2(BPMCN)]**,
although different from intermediate Q in MMOH
with respect to its ligand environment, electronic
spin, and mode of generation, is nonetheless the only
synthetic analogue of this intermediate reported thus
far that reproduces the oxidation states, bridging
units, and in part the hydrocarbon oxidation reactiv-
ity of the enzyme.
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6. Functional Models

The inspiration for synthetic model chemistry of
non-heme diiron metalloprotein cores is first and
foremost to mimic biological function. The purpose
of much basic research, including attempts to deter-
mine the structures and oxidation mechanisms of the
synthetic inorganic compounds described herein, is
to progress in a stepwise manner toward this ulti-
mate goal. Special interest thus derives from devel-
oping synthetic systems that not only model the
diiron proteins structurally, but which also can serve
as functional mimics, exhibiting substrate oxidation
activity. One must distinguish between processes
that proceed via dioxygen activation at the dimetallic
center in a biomimetic fashion, and radical reactions
that exclude actual participation of the metal active
site. The latter transpire especially when oxidants
such as hydrogen peroxide or alkyl hydroperoxides
are employed.®35 Since detailed descriptions of such
processes, including Gif chemistry44-146 and Fenton
type radical reactions,*’~1%0 are available elsewhere,
only selected systems that participate in substrate
oxidation, presumably in a metal-based fashion, are
described in the present section. Systems operating
in a stoichiometric manner with possible irreversible
decomposition of the metal complex will be ad-
dressed, as will those enabling full catalytic redox
cycles.

6.1. Stoichiometric Substrate Oxidation by
Defined Reactive Intermediates

The syntheses of several reactive intermediates,
made possible by the chemistry discussed in the
previous section, enabled an evaluation of their
oxidative reactivity. Consider, for example,
diiron(l1) complexes of dinucleating ligands that
produce (1,2-u-peroxo)diiron(l11) intermediates upon
reaction with dioxygen.'*® When the peroxo adduct
of one such complex, [Fe,(u-TPDP)(u-O,CPh)]?*, was
allowed to react with 2,4-di-tert-butylphenol, the
decomposition of the intermediate was accelerated
and a 50% vyield of the diphenol was obtained.
Similarly, reaction with Ph3P yielded 60% of the Phs-
PO. No reaction was observed with styrene or cyclo-
hexane.

High-valent diiron(111)/(1V) complexes are also ac-
tive oxidants.53140.151 The TPA-based system [Fex(u-
0),(TPA),]*" quantitatively oxidizes 2,4-di-tert-but-
ylphenol to the corresponding biphenol in a le~
oxidation process, with concomitant reduction of the
iron compound to the («-oxo)diiron(l11) state.'®* This
process resembles the oxidation reaction catalyzed
by RNR—R2, where the mixed-valent intermediate
X transforms to the (u-oxo)diiron(l11) resting state as
the active site tyrosine is oxidized to the tyrosyl
radical.’® In addition, hydrocarbons are oxidized by
similar 1e~ steps; cumene is converted ultimately to
cumyl-alcohol and 1-methylstyrene, and ethyl ben-
zene to 1-phenyl ethanol and styrene. The hydroxy-
lation reactions mimic those obtained with sMMO,*3
and the desaturation reactions those of A9D.* Cyclo-
heptane, however, was not oxidized. Kinetic studies
suggested that cleavage of the o-C—H bond is a
significant component of the rate-determining step
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of the reaction with hydrocarbons, with the desatu-
ration reaction involving asynchronous scission of the
two C—H bonds, as was reported for A9D.52

The Fe,(111,1V) complexes derived from the bulky
carboxylate ~O,CAr™ ligand also display oxidative
reactivity.5® The equimolar mixture of Fey(11,111) and
Fe,(111,1V) compounds oxidizes 2,4-di-tert-butylphenol
to the diphenol in 40% yield relative to the starting
diiron(ll) center, which amounts to quantitative
conversion based on the amount of Fe(IV) in solution.
The reactive species, a high-valent Fe,(I11,1V) com-
plex, thus mimics the chemistry of RNR—R2.15

The diiron(1V) compound [Fe,(u-O)2(BPMCN)]**,
the core of which is a structural mimic of intermedi-
ate Q,' has stronger oxidizing power.?*! This complex
can serve as a 2e~ oxidant, reacting with unactivated
aliphatic C—H bonds, such as that in adamantane,
yielding 56% of 1-adamantanol and 20% of 2-ada-
mantanone.

6.2. “In Situ” Oxidation by Diiron(lll) Precursors
with H,0, as the Oxidant

The (u-oxo)(u-acetato)diiron(l11) derivative of the
ligand MBEN (Figure 2) reacts with H,O, or O3 in
the presence of excess ascorbate to give a mono-
nuclear complex in which one of the aromatic rings
of the ligand is hydroxylated.®®-°” The oxidized ligand
could be isolated in 80% yield.

In related chemistry, a (u-oxo)(u-acetato)diiron(l11)
compound was obtained by allowing the mononuclear
iron(11) complex [Fe(MPED)(MeCN),] to react with
acetic acid in the presence of H,0,.1%% A mixture of
these components was able to catalyze the epoxida-
tion of a variety of olefins. Although detailed mecha-
nistic aspects of this reaction have not yet been
addressed, it was established that the diiron com-
pound could promote catalysis and afford better
yields than those derived from the mononuclear
compound in the absence of acetic acid. The nature
of the catalyst has not yet been determined, and
recent work has questioned whether a dinuclear
complex plays a role in the catalysis.'>%

Another example is a catalytic oxidation induced
by a diiron(l11) compound in the presence of H,0,
that occurs in an enantioselective manner.131.1% As
previously discussed, the diiron(I11) compound [Fe,-
(u-0)(PB),4]** converts to a peroxo-type species upon
reaction with H,O,. In the presence of the oxidant,
this complex is active in catalytic enantioselective
sulfoxidation of a variety of sulfides. Since the only
source of optical activity is the ligand coordinated to
the iron atoms, it was concluded that catalysis
proceeds via a metal-based process and that the
peroxo moiety is the actual oxygen atom donor to the
substrate. In addition, it was established that di-
nuclear catalysts are more reactive and enantio-
selective than their mononuclear counterparts.

6.3. “In Situ” Oxidation by Diiron(ll) Precursors
with O, as the Oxidant

Since the native systems activate diiron(l1) centers
with dioxygen, synthetic models that mimic such a
pathway are of great value. One interesting example
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of such in situ dioxygen activation of a diiron(ll)
precursor that leads to substrate oxidation is that
formed from the bulky ~O,CAr™ carboxylate
ligand.5264.65 As discussed above, diiron(l1) complexes
of the type [Fex(0O2CAr™),L,], where L is a terminal
N-donor ligand, convert, upon reaction with O, at low
temperature, to mixed-valent Fe,(111,1V) species. The
pathway for this conversion has been postulated to
include a di(u-oxo)diiron(IV) intermediate (Scheme
9). When L is N,N-dibenzyl-ethylenediamine, the
terminal ligand binds to the iron(ll) atom in a
monodentate mode via the unsubstituted, less steri-
cally crowded nitrogen atom. Upon introduction of
dioxygen, the complex converts to a di(u-hydroxo)(u-
carboxylato)diiron(l11) species (Scheme 10)%* that
precisely models the core in the resting, oxidized state
of MMOH. 3 Crystallographic characterization of this
diiron(111) compound reveals that one of the benzyl
substituents on one of the two N-donor ligands is
replaced with a hydrogen atom, leading to bidentate
binding of that ligand to one Fe(l11) center. Moreover,
benzaldehyde forms in 60% yield. This system thus
provides the first example of intramolecular oxidative
N-dealkylation by reaction of a diiron(ll) precursor
with dioxygen, presumably via an Fe(IV)Fe(lV) in-
termediate. In more recent work,*®® several other
ligands with appended substrate moieties were oxi-
dized in an intramolecular fashion, including benzyl-
amine, 4-methoxybenzylamine, and benzyl groups as
well as heteroatomic units such as sulfides and
phosphines attached to pyridine.

Another example of a catalytic reaction promoted
by a diiron(ll) precursor and dioxygen is one
based on the complex [Fea(u-O>CAr™),(Me;TACN),-
(MeCN),]?".1%6 This cation reacts with dioxygen and,
presumably via a peroxo intermediate, generates the
(u-oxo)diiron(l11) derivative. Both the diiron(l1) pre-
cursor and the resulting («-oxo)diiron(111) compound
catalytically convert PhsP to PhsPO in the presence
of excess dioxygen, with the highest turnover number
obtained thus far being >4000. Although experiments
performed in the presence of a radical scavenger,
EPR measurements, and other information suggested
that the reaction does not proceed via a radical
mechanism,®¢ additional studies of this oxidation
reaction are being undertaken and at present we do
not rule out such a possibility.*5”
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7. Summary and Perspective

Significant progress has been made in recent years
in the field of small molecule modeling of carboxylate-
bridged diiron metalloproteins. Many diiron(l1) sys-
tems have been synthesized that mimic certain
aspects of the structure of the protein active sites in
their reduced state. Several (¢-0x0)- and (u-hydroxo)-
diiron(l11) compounds are available that model the
resting, oxidized states of these proteins. Of greater
interest is that several high-valent intermediates
have been identified, which share similarities with
the activated diiron centers in the natural systems.
Some of these systems oxidize substrates in a metal-
based fashion. Although we have limited our discus-
sion mainly to complexes containing carboxylate-
bridged diiron units, other functionally relevant
systems are providing important insights into the
chemistry of such high-valent intermediates.*8

Despite these accomplishments, several important
goals of synthetic modeling chemistry remain to be
achieved. The need to mimic the hydrophobic envi-
ronment created in nature by the protein, by produc-
ing such an environment for the synthetic diiron
center, is expected to be a challenge for some time to
come. This requirement may be met by employing
different sterically hindered ligands, the generation
of dendritic units, or the use of 4-helix bundles. In
addition, closer inspection of the biological active
sites, and careful evaluation of differences between
these systems and the synthetic ones, may assist in
designing better models. One such example is the
need to develop systems featuring two N-donor
ligands in a syn configuration with respect to the
Fe—Fe axis. Moreover, we still do not fully under-
stand the exact mechanism of action of the diiron
metalloenzymes, and when this information becomes
available there will be additional challenges. Further
mechanistic studies of active intermediates and
oxidation reactivity are essential in order to compare
the synthetic systems to the biological ones.

From these considerations it is clear that much
remains to be discovered. The forthcoming years
should bring new molecules designed to fulfill the
ultimate goal of biomimetic diiron chemistry. Excit-
ing times lie ahead.

8. Abbreviations

BBBAN 2,7-bis{2-[2-(1-methyl)benzimidazol-
ethyl]-N-benzylaminomethyl}-1,8-2-
naphthyridine

BDPTZ 1,4-bis(2,2'-dipyridylmethyl)phthala-
zine

BEAN 2,7-bis(N,N-diethylaminomethyl)-1,8-
naphthyridine

BEN N,N’-dibenzylethylenediamine N,N'-
diacetic acid

BIPhMe bis(1-methylimidazol-2-yl)phenyl-
methoxymethane

BPMAN 2,7-bis[bis(2-pyridylmethyl)aminome-
thyl]-1,8-naphthyridine

BPMB 2-[(2,2-bipyrid-6-yl)-methoxy]benzoic

acid
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BPMCN
BQPA

Bulm
BZEN

Bzlm
(p-C)O,CPh
CVv

Cy

DBEN
DMEN
DPE

EDTA

EN

EPR
N-Et-HPTB

5-Et3-TPA
EXAFS

FAB
HBHA

HBIMEN

H;BIOMP

HB(3,5-iPI‘2pZ)3
HBPMP
HBpz;
H-EtOH-HPTB

H,HBAB
HMe,TPDO

HMe,TPDO

HO,CAr4+Frh
HO,CArMes
HOZCArtB“
HO,CArT!
HPh-BIMP

H,Ph,DBA
HPh-TIDP

HPTB
Hr
HTPDP
HTPPDO
H,XDK
ImH

Lut
MBEN

N,N'-bis(2-pyridylmethyl)-N,N’'-dime-
thyl-trans-1,2-diaminocyclohexane
bis(2-quinolylmethyl)(2-pyridylmeth-
yl)amine
butylimidazole
benzylethylenediamine
2-benzimidazole
para-chlorobenzoate
cyclic voltammetry
cyclohexyl
N,N-dibenzylethylendiamine
N,N-dimethylethylenediamine
dipyrrolidinoethane
ethylenediamine tetracarboxylic acid
ethylenediamine
electron paramagnetic resonance
N,N,N’, N’'-tetrakis(N'"-ethyl-2-benz-
ylimidazolylmethyl)-2-hydroxo-1,3-di-
aminopropane
tris[(5-ethyl-2-pyridyl)methyl]lamine
extended X-ray absorption fine struc-
ture
fast atom bambardment
[(2-hydroxybenzyl)(2-imidazol-2-yl)eth-
yllamine
N-(hydroxyethyl)-N,N',N,-tris(2-benz-
imidazolylmethyl)-1,2-diamino-
ethane
2,6-bis[((2-hydroxybenzyl)((1-methylim-
idazol-2-yl)methyl)amino)methyl]-4-
methylphenol
hydrotris(3,5-diisopropylpyrazol-1-yl)-
borate
2,6-bis[(bis(2-pyridylmethyl)amino)-
methyl]-4-methylphenol
hydrotris-1-(pyrazolyl)borate
N,N,N’,N'-tetrakis(N" (2-hydroxyethyl)-
2-benzylimidazolylmethyl)-2-hy-
droxo-1,3-diaminopropane
1,2-bis(2-hydroxybenzamido)benzene
N,N-bis(6-methyl-2-pyridylmethyl)-
N’,N’-bis(2-pyridylmethyl)-2-hy-
droxy-1,3-diaminopropane
N,N,N’,N'-tetrakis(6-methyl-2-pyridyl-
methyl)-2-hydroxy-1,3-diaminopro-
pane
2,6-bis(p-fluorophenyl)benzoic acid
2,6-bis(mesityl)benzoic acid
2,6-bis(p-tert-butyl-phrnyl)benzoic acid
2,6-bis(p-tolyl)benzoic acid
2,6-bis[bis{2-(1-methyl-4,5-diphenyl-
imidazolyl)methyl} aminomethyl]-4-
methylphenol)
dibenzofuran-4,6-bis(diphenylaceticacid)
N,N,N’,N’'-tetrakis{2-(1-methyl-4,5-
diphenylimidazolyl)methyl}-1,3-di-
aminopropan-2-ol
N,N,N’,N'-tetrakis(2-benzylimidazolyl-
methyl)-2-hydroxo-1,3-diaminopro-
pane
hemerythrin
N,N,N',N'-tetrakis(2-pyridylmethyl)-
2-hydroxy-1,3-diaminopropane
N,N,N’,N'-tetrakis(6-pivalamido-2-py-
ridylmethyl)-1,3-diaminopropane-2-ol
m-xylenediamine bis(Kemp's triacid)-
imide
imidazole
lutidine
N,N’'-bis(3,4,5-trimethoxybenzyl)eth-
ylenediamine N,N'-diacetic acid

Me,HPTB

Melm
6,6-Mey-6-Ph-TPA
MMO

MMOH

MMOR

MPED

MS
Me;TACN

6-Me-TPA
5-Mes-TPA
6-Mes-TPA
4,6-Meg-TPA
PB

PEEN
Ph,BDPTZ
6-Ph-TPA

Piv
PMAPB

PMEN
PMMP
PMPE
PPE

Py
PZMeZ
pziPr2
RNR
sMMO
TACN
THF
TMEN

TMIP
TPA
XDK
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N,N,N',N'-tetrakis(5,6-dimethyl-2-benz-
ylimidazolylmethyl)-2-hydroxo-1,3-di-
aminopropane

N-methylimidazole

[(6-phenyl-2-pyridyl)methyl]-bis[(6,6-
dimethyl-2-pyridyl)methyl]amine

methane monooxygenase

methane monooxygenase hydroxylase

methane monooxygenase reductase

N,N’-dimethyl-N,N’-bis(2-pyridylme-
thyl)-ethane-1,2-diamine

mass spectrometry

1,4,7-trimethyl-1,4,7-triazacyclono-
nane

[(6-methyl-2-pyridyl)methyl]-bis(2-
pyridylmethyl)amine

tris[(5-methyl-2-pyridyl)methyl]-
amine

tris[(6-methyl-2-pyridyl)methyl]-
amine

tris[(4,6-dimethyl-2-pyridyl)methyl]-
amine

(—)4,5-pinene derivative of 2,2'-bi-
pyridine

N,N’'-diethyl-N,N'-bis(2-pyridylmeth-
yl)ethane-1,2-diamine

1,4-bis[bis(6-phenyl-2-pyridyl)methyl]-
phthalazine

[(6-phenyl-2-pyridyl)methyl]-bis(2-py-
ridylmethyl)amine

pivalate

2,6-bis{[N,N-di(2-pyridylmethyl)ami-
no]-propoxyl}benzoic acid

N,N’-dimethyl-N,N’-bis(2-pyridylme-
thyl)ethane-1,2-diamine

2-(bis(2-pyridyl)methyl)-6-methylpyri-
dine

1,2-bis[2-(bis(2-pyridyl)methyl)-6-py-
ridyllethane

1,2-bis[2-bis(2-pyridyl)-6-pyridyl]e-
thane

pyridine

3,5-dimethylpyrazole

3,5-diisopropylpyrazole

ribonucleotide reductase

soluble methane monooxygenase

1,4,7-triazacyclononane

tetrahydrofuran

N,N,N’,N'-tetramethylethylenedi-
amine

tris(methylimidazol-2-yl)phosphine

tris(2-pyridylmethyl)amine

acid anion of H,XDK
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