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ABSTRACT

Hydrogen bonds influence secondary coordination spheres around
metal ions in many proteins. To duplicate these features of
molecular architecture in synthetic systems, urea-based ligands
have have been developed that create rigid organic frameworks
when bonded to metal ions. These frameworks position hydro-
gen bond donors proximal to metal ion(s) to form specific chem-
ical microenvironments. Iron(Ill) and manganese(Il) complexes
with constrained cavities activate O, yielding M (Ml = Fe and
Mn) complexes with terminal oxo ligands. Installation of anionic
sites within the cavity assists the formation of complexes with
MH—QH and M"—O0 units derived directly from water. Opening
the cavity promotes M(u-0)M rhombs, as illustrated by isolation
of a cobalt(IIl) analogue, the stability of which is promoted by the
hydrogen bonds surrounding the bridging oxo ligands.

Introduction

Metalloproteins perform a wide range of chemical trans-
formations, most of which have yet to be achieved by
synthetic systems.!”® The range in function is partially
attributed to the unique properties found in metal-con-
taining active sites. From a structure/function perspective,
active sites serve two general roles: (1) they provide the
necessary ligands to connect the metal ion cofactors to
proteins, thereby defining the primary coordination sphere
of the metal centers, and (2) they control the secondary
coordination sphere (microenvironment) around the metal
ion(s). It is well established that the primary coordination
sphere impacts many properties of metal complexes,
including electronic structure and Lewis acidity. Moreover,
the ability of proteins to stabilize metal complexes with
unusual coordination geometries or coordinatively un-
saturated metal centers is an essential prerequisite for
many functions.

Reproducing properties associated with the primary
coordination sphere in metalloproteins has led to accurate
structural and spectroscopic synthetic models for metal
centers within active sites.* However, while notable ad-
vances have been achieved, most synthetic analogues do
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not duplicate protein function at room temperature, in
part because of their inability to regulate the secondary
coordination sphere. Structural and spectroscopic studies
on a variety of different proteins have shown that control
of the secondary coordination sphere is strongly correlated
with function.® The chemical microenvironment sur-
rounding metal ions results from the placement of func-
tional groups in precise locations within the active sites.

Hydrogen bonds (H-bonds) are the most common type
of interactions used by biomolecules to control the mi-
croenvironment around metal ions. These interactions
are relatively weak in the condensed phase, having
bond strengths ranging from 5 to 15 kcal/mol,® yet in
many metalloproteins H-bonds are used in conjunction
with metal—ligand covalent bonds to control activity.
H-bonds are found in heme proteins, such as hemo-
globin, cytochrome P450, and horseradish peroxidase
(Figure 1).7713 The structural biology for non-heme met-
alloproteins is not as well-defined, yet H-bonds have
been correlated to function in superoxide dismutases,'*~16
lipoxygenases,!” (Figure 2), and methane monooxyge-
nase.!®

These findings show that H-bonds affect an array of
biochemical transformations. Also evident is that the in-
corporation of these types of interactions into synthetic
compounds could lead to systems with new or improved
functions. Thus one challenge in synthetic bioinorganic
chemistry is the development of complexes having intra-
molecular H-bond(s) that assist chemical transformations.
Unlike in protein active sites, difficulties arise in synthetic
systems because their structures are often flexible, so
H-bonds form with various other species present within
the chemical milieu, such as solvent molecules or coun-
terions. These intermolecular H-bonds are often unwanted
and interfere with the desired function. Therefore, as in
metalloproteins, synthetic complexes must have H-bond
donors/acceptors placed within rigid frameworks lo-
cated near the metal center(s) to ensure intramolecular
H-bonds.

The structural requirements leading to intramolecular
H-bonds have led to the development of polydentate
ligands possessing a range of organic frameworks that
incorporate H-bond donors/acceptors. These include
porphyrins!®~2! and non-heme ligands that are used in
recognition processes.??~2* Examples relevant to the sys-
tems discussed in this Account are ligands with H-bond
donors appended from pyridyl,?~2" pyrazolyl,2$?® and
imidazolyl®® moieties. We have designed systems using
principles of molecular architecture outlined for metallo-
proteins to study the role of H-bonds in metal-based
chemical transformations. We reasoned that synthetic
systems incorporating these noncovalent effects would
allow access to new types of metal complexes or isolation
of species that are generally unstable at room temperature.
This Account describes our work on 3d transition metal
complexes with rigid H-bond frameworks and their reac-
tivity with dioxygen.
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FIGURE 1. Active site structure for oxyhemoglobin (A) derived from X-ray diffraction and proposed H-bonds in the active sites of cytochrome

P450 (B) and HRP (C).
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FIGURE 2. Active sites of Fe''(OH)SOD (A) and Fe'(OH,) lipoxyge-
nase (B).

Design Criteria

Figure 3 illustrates key design features of our initial system,
tris[ (V' -tert-butylureayl) - N-ethylene]amine (Hgbuea). This
compound has 3-fold symmetry with three N-ethylene-
N'-tert-butylurea groups radiating from an apical nitrogen
atom. Urea groups were chosen because of their propen-
sity to form H-bonds and their relatively high N—H bond
dissociation energies (>100 kcal/mol in DMSO),3! which
we assumed was sufficient to withstand oxidation. The
function of the ureas in the system differs from the norm
because the two NH moieties, denoted aNH and o/NH,
serve different roles within a metal complex. Coordination
of a metal ion requires the aNH groups to be deproto-
nated, producing the trianionic ligand [Hsbueal®~, that
binds a metal ion at the three aN~ sites and the apical
amine nitrogen.

The remaining portions of the urea groups serve as
scaffolds for a cavity that surrounds the coordinatively
unsaturated metal center. The ureayl scaffolds are posi-
tioned nearly perpendicular to the trigonal plane pro-
duced by the aN atoms, an arrangement that is supported

*Thermodynamically favored
six-membered rings are
formed during hydrogen
bonding with o'NH groups

« Rigid urea groups act as
scaffolds of the cavity
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FIGURE 3. Design aspects for Cz-symmetric H-bonding systems.

the aNH groups

by the five-membered chelate rings formed upon metal
coordination. The resulting cavity is rigid and relatively
constrained with the o/ NH groups, which remain proto-
nated, positioned inside the cavity. A maximum of three
intramolecular H-bonds can form between another
ligand (e.g., OH~, 0?7) within the cavity and the o'NH
groups of [Hsbuea]3~. The likelihood of intramolecular
H-bonds is reinforced by formation of thermodynamically
favored six-membered rings, which should aid in stabiliz-
ing these noncovalent interactions. Furthermore, this
design relies on the confinement of ligands within the
H-bond cavity, which is enhanced by using bulky R
groups. The tripodal ligand, [Hsbuea]3~, is distinct from
other ligands because it combines a highly electron-rich
metal binding site with the ability to H-bond to other
ligands. Deprotonated ureas should aid in the activation
of dioxygen through generation of high valent metal
intermediates, similar to reactivity observed for complexes
with amidate ligands.3>%

Dioxygen Activation by Non-Heme Metal
Species

We have investigated the influence of H-bonds on the
activation of dioxygen with synthetic Fe" and Mn' com-
plexes. Studies on metalloproteins suggested that H-bond
donors placed strategically within a metal complex could
lead to the new metal—oxygen species, including those
with terminal oxo ligands. We anticipated that the protec-
tive H-bond cavity of the [Hsbuea]®~ would sufficiently
protect oxometal units to prevent formation of com-
plexes with M—O—M motifs, the usual products from
reacting synthetic iron(II) and manganese(Il) complexes
with dioxygen. Prior to our work, the ferrate ion, FeO,",
was the only report of a stable iron complex with a
terminal oxo ligand.3* More recently, Que reported the
isolation of six-coordinate FeV=0 complexes, and the
molecular structure for one of these complexes was
determined by X-ray diffraction methods.?® Note that
these complexes were prepared using sources other than
dioxygen. However, dioxygen activation to form interme-
diary iron-oxo species is proposed in an array of non-
heme metalloproteins,*®* many of which contain mono-
meric, high-spin ferrous active sites that react with
dioxygen.
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Scheme 1. Preparative Routes and Molecular Structures for
[Fe"H;buea(0)]2~ and [Fe"Hs;buea(OH)] @
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@ Potassium counterions have been omitted. Conditions: (a) 4 equiv
KH, DMA, inert atmosphere (Ar), rt; (b) 3 equiv KH, DMA, Ar, rt; (c)
Fe(OAc),, DMA, Ar, rt; (d) 0.5 equiv O,, DMA, 1t; (e) HY,DMA rt; (f) base,
DMA, rt.

Formation of [Fe"H;buea(0)]2~ and
[Fe'"H;buea(0H)]

Scheme 1 illustrates the synthetic procedures used to
isolate [Fe'"Hsbuea(O)]?~ and [Fe''Hszbuea(OH)]~.37% Both
complexes were prepared from Fe(II) precursors generated
in dimethylacetamide (DMA) and 0.5 equiv of dioxygen.
The formation of these complexes is dependent on the
amount of base initially added to deprotonate Hgbuea.
Four equivalents of base were necessary to isolate
[Fe'™H3buea(O)]>~, whereas 3 equiv of base afforded
[Fe'"Hsbuea(OH)]~ as the product. [Fe"Hzbuea(O)]? is
converted to [Fe'™Hsbuea(OH)] ™ in the presence of 1 equiv
of acid (i.e., phenols or water) and to [Fe"Hsbuea(OMe)]~
when treated with 1 equiv of methyl iodide. These results
show the nucleophilic character of the coordinated oxo
group, as expected for the terminal oxo ligand coordinated
to an iron(IIl) center.

Dioxygen as the source of the oxo ligand in
[Fe"H3buea(0)]?~ was confirmed using %0, in the re-
action sequence shown in Scheme 1. The v(Fe'®0O) band
appearing at 671 cm™! shifts to 645 cm™! in
[FeHsbuea('®0)]?>~. Similarly, the O-atom of the OH
group in [FeHsbuea(OH)]~ originates from Oy:
[Fe"Hsbuea('®*OH)]~ displays a v(*®*OH) = 3632 cm™},
which shifts to 3621 cm™! in the '®0O-isotopomer.

Mechanistic Aspects

A proposed mechanism for the formation of
[Fe"Hsbuea(O)]?>~ is shown in Figure 4.3738 A trans-peroxo-
bridged species is consistent with the 1:2 ratio of O, to
Fe!l precursor. Homolysis of the O—0 bond produces an
FeV=0 intermediate that is sufficiently confined within
the H-bond cavity to prevent reactions with other hin-
dered iron complexes. The FeV=0 species, however, is
competent to abstract an H-atom from external reagents,
such as solvent, to produce an Fe"™-OH species. If this
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FIGURE 4. Proposed mechanism for the formation of
[Fe!"Hsbuea(0)]2~.

species has a basic site positioned near the coordinated
hydroxo ligand, we suggest that intramolecular pro-
ton transfer occurs between the coordinated hydroxo
ligand and the basic site to form the Fe™-O product,
[Fe'Hs;buea(O)]%~.

Two aspects of this mechanism have been explored:
(1) the formation of an Fe'V=0 intermediate and (2) the
deprotonation of an Fe—OH intermediate with an in-
ternal basic site. To probe the former, [Fe"Hsbuea(O)]?~
has been obtained by treating Fe"" precursor, [Fe"H,bueal]?",
with oxygen-atom transfer reagents, such as N-oxides,
sulfoxides, and hydroxylamine (denoted XO in Figure 5).
[Fe"Hsbuea(0)]>~ and the organic product (X) are ob-
tained in satisfactory yields: examples include morpholine
N-oxide — morpholine (70%), pyridine N-oxide — pyridine
(70%), and Ph,S=0 — Ph,S (65%). These results show the
strong oxophilic character of the iron complexes generated
with the [H,buea]*” ligand. Furthermore, it provides
indirect evidence for the participation of an FeV=0
intermediate in the formation of [Fe'Hs;buea(O)]2. The
transfer of the oxo group to [Fe"H,buea]?>~ would probably
first form an FeV=O0 intermediate, which is prone to
abstract an H atom. This idea is supported by the large
O—H bond dissociation energy (BDEo)*® of 115 kcal/mol
found for [Fe"Hsbuea(OH)]™, indicating that an FeV=0
species would have a strong thermodynamic driving force
to form an Fe"-OH complex (vide infra).*
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FIGURE 5. Reaction of the intermediate [Fe'H,bueal>~ with oxygen-
atom transfer reagents.



Bioinspired Hydrogen Bond Motifs in Ligand Design Borovik

2.065(4) A

2017(2) A

FIGURE 6. Primary coordination spheres and average bond
distances for [Fe"Hsbuea(0)]2~ (A) and [Fe"Hsbuea(OH)]~ (B).

The role of the basic ureaylate group in the mechanism
was probed by evaluating the pK, value for the Fe"-OH
when placed in the H-bond cavity. These studies were
done with [Fe'"Hsbuea(O)]?~ and [Fe'"Hs;buea(OH)]~, com-
plexes with fully protonated cavities.*® A pH titration in
DMSO gave a pK,(Fe—OH) of 25 for [Fe™Hsbuea(OH)] .
This suggests that a deprotonated o'N~ site within the
cavity is sufficiently basic (pK, ~ 30) to partake in intra-
molecular proton transfer for a coordinated hydroxo
ligand.

Structural Aspects

Single-crystal X-ray diffraction studies have been done
on the potassium salts of [Fe'Hsbuea(O)]>~ and
[Fe"Hsbuea(OH)]~. Their molecular structures and pri-
mary coordination are shown in Scheme 1 and Figure 6,
respectively.3”3 Both complexes have a trigonal bipyra-
midal coordination geometry, where the trigonal plane is
defined by the three aN~ atoms from [Hszbuea]®~. The oxo
ligand in [FeHsbuea(O)]>~ and the hydroxo ligand in
[FeHsbuea(OH)]~ are positioned trans to the apical
nitrogen. The Fe—O1 distance of 1.813(3) A in
[Fe'"Hsbuea(0)]2~ is shorter than the 1.931(3) A distance
found in the Fe"™OH complex. In addition, the Fe—N1
length of 2.280(3) A in [Fe'"H;buea(0)]2~ is more than 0.1
A longer than that in [Fe"Hsbuea(OH)]~ (Table 1). These
results are consistent with the oxo anion being a
stronger trans-influencing ligand than hydroxide. In
[FeIHHgbuea(O)]Z’, the Nurea_Fe_Nurea angles are nearly the
same (~117°), while in [FeHs;buea(OH)]~ these angles are
significantly different (e.g., N2—Fe—N4 = 128.2°%
N2—Fe—N6 = 109.4°). These large angular differences in
[Fe"Hsbuea(OH)]~ lead to a more distorted cavity struc-
ture resulting from the placement of the O—H vector
between the two urea groups. Thus, the cavity can flex to
accommodate nonspherical ligands, such a hydroxide.
Solution electron paramagnetic resonance (EPR) mea-
surements corroborate the structural differences between

Table 1. Bond Lengths (A) for [MHsbuea(0)]>~ and
[M'"Hzbuea(OH)] ¢

complex M-01 M-N1 O--a'N
[Fel'Hsbuea(O)]2~ 1.813(2) 2.276(4) 2.711(6)
[Fel"Hsbuea(OH)]~ 1.926(1) 2.180(2) 2.833(2)
[Mn"Hsbuea(O)]%~ 1.771(4) 2.144(5) 2.731(5)
[MnlTHzbuea(OH)]~ 1.872(2) 2.033(3) 2.849(3)

@ Two independent anions are in the asymmetric unit for the
complexes; average values are given.

[Fe"Hsbuea(O)]?~ and [Fe'Hsbuea(OH)]-, the Fel"-OH
complex having a significantly more rhombic signal.

The H-bonds within the cavities that surround
the Fe"-O(H) wunits in [Fe"Hsbuea(O)]>~ and
[Fe"Hsbuea(OH)]~ are formed by the urea groups of the
[Hsbuea]3~ ligand. The molecular structures of
[Fe"'H;buea(O)]?~ and [Fe"Hs;buea(OH)]~ reveal that the
three o' NH groups are directed toward the oxygen atoms.
The observed O--*Ny.. distances are indicative of in-
tramolecular H-bonding between the oxygen atom and
the o' NH groups (Table 1).

This description of intramolecular H-bonding in
[Fe"'Hs;buea(0)]?~ and [Fe'Hsbuea(OH)]~ is consistent
with solid-state Fourier transform infrared (FTIR) spec-
troscopic studies that show each complex has a broad
peak for the »(NH) signals centered at ~3100 cm'.
Density functional theory was also used to analyze the
placement of the H-bonds in [Fe™Hsbuea(0)]?~; calcula-
tions at the B3LYP/6-31+G* level of theory evaluated the
placement of a proton between the oxo ligand and one
of the a’N groups.® The calculations produced a double-
well energy profile where the FeO--*Ha'N description of
the H-bond with a discrete Fe™-oxo unit is nearly 7 kcal/
mol lower in energy than the Fe(III)—OH tautomer with
an FeOH---o’'N~ interaction. In addition, the optimized
structure for the FeO---Ha'N unit gave an Fe'—O distance
of 1.802 A, agreeing with the 1.813 A value obtained by
X-ray diffraction methods. In contrast, the optimized
structure for the FeOH---a'N~ complex gave an Fe"-O(H)
distance of 1.883 A, a value significantly longer than that
observed experimentally.3®

Formation of [Mn""buea(0)]2~ and
[Mn"H;buea(OH)]

The analogous Mn"—O(H) complexes, [Mn™Hzbuea(O)]?~
and [Mn"Hsbuea(OH)]~, have been isolated using pro-
cedures similar to those shown in Scheme 1.3%%! Like the
Fel"-O(H) complexes, these manganese complexes are
high-spin (S = 2 ground states) with trigonal bipyramidal
coordination geometries. A comparison of some structural
parameters for the M"—O(H) (M = Fe and Mn) complexes
are presented in Table 1, showing similar trends for the
M-0O(H) and M—N1 bond distances between the iron and
manganese complexes.

Nature of the M""—0 Interactions

Stable oxometal complexes are generally believed to have
multiple bonds between a metal ion and a terminal oxo
ligand.*® Because of this requirement, nearly all complexes
with M—O units involve early transition metal ions in high
oxidation states. In the mid-1980s, Mayer illustrated that
Cs;-symmetric, low-spin oxorhenium complexes with d*
and df electron configurations can support terminal oxo
ligation.*>*3 Since these studies, terminal oxo complexes
of " and Ru'v have been structurally characterized;**>
these complexes too are low-spin, and the recently
reported Fe'V=0 complexes have S = 1 ground states.*¢
In fact, other than our [M"'Hsbuea(O)]?>~ complexes (M

VOL. 38, NO. 1, 2005 / ACCOUNTS OF CHEMICAL RESEARCH 57



Bioinspired Hydrogen Bond Motifs in Ligand Design Borovik

= Fe and Mn), there are no examples of discrete high-
spin metal complexes with a terminal oxo ligand and at
least four d electrons. Thus preparation of [M™Hsbuea(O)]?>~
provided an opportunity to evaluate the bonding interac-
tion(s) within M—O units for high-spin complexes of 3d
metal ions.

DFT calculations at the B3LYP/6-31G(d,f) level showed
a number of different molecular orbitals that contribute
to the M™—0O bonds in the [M™Hzbuea(O)]?>~ complexes.®
The bonding description is complicated because none of
these molecular orbitals have pure metal-oxo character:
each has substantial electron density at different locations
throughout the complexes. Further studies using natural
bond order analyses suggested that single bonds are the
best representations for the M"—O interactions. While this
bonding description is unusual (vide supra),*”* it is
consistent with the magnetic, spectroscopic, and structural
properties of the complexes, such as their high-spin
ground states, low M—O vibrations, and relatively long
M"—0O bonds.

H-Bonds and Metal Oxo Complexes

The confinement of the M™—O units within rigid
H-bond cavities is one obvious difference between the
[MHsbuea(0)]?~ complexes and other oxometal systems.
The multiple intramolecular H-bonds undoubtedly affect
properties of the complexes, including the M"™—0 bonding
and distances. Strong intramolecular H-bonds to the M—0O
unit should lessen the z-basicity of the oxo ligands, which
in turn would lead to a reduction in metal oxo bond order
(i.e., few r-bonds) and longer bond distances—predictions
consistent with our findings for the [M™Hzbuea(0)]?>~ and
[MIVITH;buea(OH)]2~/~ complexes.

The possibility that H-bonds can modulate the prop-
erties of metal oxo complexes would have profound impli-
cations particularly in metalloproteins, where H-bond
networks are prevalent within active sites. Varying the
number or type of H-bonds to a M—O(H) unit could
modulate reactivity to ensure a desired function. For
instance, multiple H-bonds to a metal oxo center may
contribute to its cleaving C—H bonds, whereas a lower
number could promote oxygen-atom transfer processes.
Similarly, results from structural biology show that nu-
merous hydrolytic metalloenzymes have H-bond networks
surrounding the M—OH unit that may produce “hybrid”
metal hydroxo centers with enhanced reactivity.

Water as the Source of the Oxo and Hydroxo
Ligands

The mechanism for production of [Fe"Hsbuea(O)]?>~ in
Figure 2 proposes an anionic site within the H-bond cavity
that assists in the formation of the [MYHsbuea(O)]?~
complex. This concept led us to prepare M—O(H) com-
plexes directly from water as shown in Figure 7A;%7%! we
envisage this process to occur by the conversion of water
to hydroxide with concomitant protonation of the o'N~
group to restore its ability to donate an H-bond. As
outlined in Scheme 2 for [Mn"Hsbuea(OH)]2~, monomeric
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[M"Hzbuea(OH)1>~ (A) and [M"Hsbuea(0)]%~ (B) from water.

complexes with M"-OH motifs (M" = Co, Fe, Mn, and
7Zn) have been prepared. All the [M"Hzbuea(OH)]>~ com-
plexes were obtained in relatively high yields after recrys-
tallization. Each complex has the expected trigonal bipy-
ramidal coordination geometry with the M"-OH unit
placed within the cavities (Scheme 2). The O—H vectors
reside between two of the urea scaffolds, causing dis-
tortions in the cavities similar to those observed for
[Fe'Hsbuea(OH)]~. The Co'"-0OH, Mn!-OH, and
Fel'-OH complexes have relatively negative M'/'—OH
redox couples (less than —0.50 V vs SCE), allowing for the
convenient preparation of the corresponding Co™—OH,
Fe-OH, and Mn™-OH complexes. [Fe"Hsbuea(O)]>~

Scheme 2. Preparative Routes and Molecular Structures for
[Mn"H;buea(OH)]2—, [Mn'"'H;buea(OH)]~, and [Mn"'H;buea(0)]2~

from Water®
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e

R
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4 Potassium counterions have been omitted. Conditions: (a) 4 equiv
KH, DMA, inert atmosphere (Ar), rt; (b) 5 equiv KH, DMA, Ar, rt; (c)
Mn(OAc),, DMA, Ar, 1t; (d) 1 equiv H,0, rt; (e) 0.5 equiv of O, or I, or 1.0
equiv of CpyFe™, DMA, rt.
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and [Mn"H;buea(O)]?~ were also synthesized directly from
water when two anionic sites are placed within the cavity
(Figure 7B and Scheme 2). This methodology permitted
the isolation of a unique series of monomeric iron and
manganese complexes containing M'"'—OH and M"'-0O
units, all with the same primary and secondary coordina-
tion spheres.

0—H Bond Dissociation Energies and
Chemical Reactivity

The homolytic BDEoy's of the M™—QOH complexes were
evaluated as a prelude to investigating the reactivity of
the M""—0O complexes.*® Other researchers®»°? have shown
that BDEoy's are good predictors for hydrogen atom
abstraction processes.> Two thermochemical cycles were
developed that relied on measuring the M"™"—-0OH and
MMVT—Q redox potentials and pK,(M—OH) values for the
M"—OH complexes in DMSO. We obtained BDEgy's of
77(4) kcal/mol for [Mn"Hsbuea(O—H)]?~ and 66(4) kcal/
mol for [Fe'Hsbuea(O—H)]2~, while [Mn'"Hsbuea(O—H)]~
and [Fe"H;buea(O—H)]~ have BDEgy's of 110(4) and
115(4) kcal/mol, respectively. The BDEoy's for the
M"—OH complexes are sufficiently large to make their
corresponding MV=0 complexes exceptionally strong
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FIGURE 8. Reactivity of [M"Hzbuea(0)]2~ (M" = Fe (A) and Mn
(B)). The metal complexes are represented by their primary
coordination spheres, and the values in parentheses are the
BDEx_y's of the substrates.

Scheme 3. Preparative Route and Molecular Structure for
[Co"'(H,hade)(0)],2~ 2

+02
[Co(Hzbade)s(0,)*
+No Amay = 444 nm
DMA S=1/2
30 h
- ~2Hal

[Co''(H bade),]*
Amax () = 498 (90),
575 nm (160)
S$=3/2

[Co'(Hobade)(0)]2
Amax (1) = 435 (4500),
518 (5500), 1014 nm (370)
52%

4 Potassium counterions have been omitted.

H-atom abstractors, comparable to species such as hy-
droxyl radical (BDEoy = 119 kcal/mol in DMSO0).* The
large affinity of the MV=0 species for H-atoms may
explain why their isolation has so far eluded us.

The BDEgy's were evaluated further with reactivity
studies involving substrates having known X—H bond
energies. These studies are summarized in Figure 8. In
agreement with our BDEgy estimations, [Fe"™Hs;buea(O)]?~
and [Mn""Hzbuea(O)]?" react with a variety of substrates
having X—H bond strengths less than 80 kcal/mol. For
instance, treating the M'"—0O complexes with either 9,10-
dihydroanthracene or 1,4-cyclohexadiene in DMSO at
room temperature gave [M"Hzbuea(OH)]?>~ and the de-
hydrogenated products, anthracene and benzene, in yields
of greater than 80%. In general, the reactions with
[Fe'"H3buea(O)]? require an excess of substrate and are
slower than those with [Mn"Hsbuea(O)]%~; both observa-
tions are consistent with O—H bond formation in the iron
complex being energetically less favorable than that in the
manganese system. We also found that proton, rather
than H-atom, transfer is observed when [Mn"Hsbuea(O)]%~
and [Fe™Hsbuea(0)]?~ are treated with phenolic com-
pounds: the major products are the M""—OH complexes,
[Mn'"Hsbuea(OH)]~ and [Fe"Hsbuea(OH)]~. We have
argued that the high basicity of the terminal oxo ligands
makes protonation a more likely process.

Open Sesame: H-Bond-Supported Oxo Bridges

We recently developed other multidentate ligands that
produce less-constrained H-bond frameworks.>~% Metal
complexes of these ligands are also being used to probe
dioxygen activation: the more open structures should
produce metal complexes with a different arrangement
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of dioxygen-derived ligands. This is illustrated in Scheme
3 for the dioxygen chemistry of [Co"(H,bade),]>~ ([H,bade]>~
= bis[(tert-butyl)amino-carbonyl]-1,2-diaminatoethane).>
This tetrahedral, high-spin Co" complex reacts with an
excess of dioxygen to initially form a species with new
optical properties and a ground spin state of § = 1/,
indicative of a cobalt—dioxygen adduct. However, at
room temperature this complex is not stable: it converts
to the [Co"(u-0),Co™] complex, [Co"bade(0)],?", the oxo
ligands of which are derived directly from the cleavage of
dioxygen.

The molecular structure of [Co"bade(0)],?>~ (Scheme
3) is a rare example of a cobalt dimer containing a
[Co™(u-0),Co™] rhomb; each Co™ center is four-coordi-
nate with a distorted square planar geometry. In addi-
tion, the oxo ligands participate in two intramolecular
H-bonds with the o'NH groups of [H,bade]?>". We pro-
posed that this distinctive H-bond network, coupled with
the anion ligand field around the cobalt centers, suf-
ficiently stabilizes the [Co™(«-0),Co™] core at room tem-
perature to allow isolation of the complex. The thermal
stability of [Co™bade(0)],?>~ contrasts with that found for
IM"(4-0),M"] rhombs of most other late 3d transition
metals, which are only stable at temperatures below
—20 OC‘57,58

Summary and Prospects

The importance of the secondary coordination sphere in
metal complexes has been recognized since the time of
Werner.> Renewed interest in this concept has come from
structural biology, where H-bonds in the active sites of
metalloproteins are touted as essential components for
function. The systems described in this Account offer an
approach to designing bioinspired metal complexes hav-
ing rigid organic frameworks with H-bond donors. Several
new complexes have been generated through dioxygen
activation, including [Fe""Hs;buea(0)]?, the first structur-
ally characterized iron complex with a terminal oxo ligand.
Reactivity studies with oxygen-atom transfer agents impli-
cate an Fe'V=0 intermediate being formed along the reac-
tion path; however, this species has not yet been observed.
Our inability to isolate the FeV=0 complex may be related
to the large thermodynamic driving force that the FelV=
complex, [Fe'VHzbuea(O)]™, has for hydrogen atoms. Fur-
thermore, the reactivity of the putative [FeVHsbuea(O)]~
is different from that reported for other isolated Fe'V=0
complexes,® underscoring our view that higher valent
oxoiron complexes can have a range of reactivities.

The picture emerging for [Fe'"Hs;buea(O)]?~ and
[Mn'"H3buea(0)]?~ is a departure from the classical de-
scriptions of oxometal complexes. The presence of
three H-bond donors around the MM—O units in
[M"TH3buea(0)]?>~ produces unusual spectroscopic, struc-
tural, and bonding properties, supporting the intriguing
possibility that H-bonds can be used to regulate function
in complexes with terminal oxo ligands. The importance
of the secondary coordination sphere is further under-
scored by inclusion of anionic sites within the cavities (via
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deprotonation of the o'NH groups), which was instru-
mental in formation of [M™Hs;buea(0)]?>~ from dioxygen
and the MV"—-OH and M0 complexes from water.

Additionally studies are clearly needed to fully under-
stand the effects of H-bonds on the stability and reactivity
of metal complexes. H-bonds will also influence other
metal-based reactions, including transformations not
found in biology.%° For instance, we recently prepared
[FeHsbuea(E)]>~ complexes, where E represents terminal
sulfido and selenido ligands, by routes analogous to that
developed for [Fe'"H;buea(0)]?".%! Integrating these non-
covalent interactions within ligand frameworks should
enhance the performance of metal-based reagents and
catalysts.

Support for this work came from the NIH (Grant GM50781). 1
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MacBeth, R. Gupta, P. Larsen, B. S. Hammes, Z. Shirin, M. Zart,
M. Ray, M. Miller, K. Mitchell-Koch, M. Hendrich, V. Young, D.
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