
charge transfer states. In particular, it has
been demonstrated that inertial solvation dy-
namics likely play a key role in the process of
charge localization after photo-induced charge
transfer. It is unclear to what extent these
results can be extended to other, more com-
plex chemical and biological systems. How-
ever, given the desirability for vectorial
charge transport in various contexts, we be-
lieve that medium-induced localization dy-
namics may be important in a wide range of
settings.
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O2 Activation by Nonheme Iron
Complexes: A Monomeric

Fe(III)–Oxo Complex Derived
From O2
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Iron species with terminal oxo ligands are implicated as key intermediates in
several synthetic and biochemical catalytic cycles. However, there is a dearth
of structural information regarding these types of complexes because their
instability has precluded isolation under ambient conditions. The isolation and
structural characterization of an iron(III) complex with a terminal oxo ligand,
derived directly from dioxygen (O2), is reported. A stable structure resulted
from placing the oxoiron unit within a synthetic cavity lined with hydrogen-
bonding groups. The cavity creates a microenvironment around the iron center
that aids in regulating O2 activation and stabilizing the oxoiron unit. These
cavities share properties with the active sites of metalloproteins, where func-
tion is correlated strongly with site structure.

The activation of O2 by Fe(II) complexes is
of fundamental importance in biology.
Heme and nonheme iron enzymes use O2 as
the primary oxidant in various biochemical
transformations (1–3). In many of these
enzymes, iron species with terminal oxo
ligands are proposed as key intermediates
in the catalytic cycle. Spectroscopic and
structural (4, 5) results are consistent with
these species being high valent iron centers

having formal oxidation states of $41. In
synthetic porphyrin systems, spectroscopic
and mechanistic evidence suggests that
these oxoiron species can be generated at
temperatures ,240°C (6 ), but these com-
plexes have yet to be structurally charac-
terized by x-ray diffraction (XRD) meth-
ods. There is considerably less information
on synthetic nonheme iron species with
terminal oxo ligands—their existence is of-
ten inferred from mechanistic consider-
ations alone (7, 8). Efforts to model mono-
nuclear heme and nonheme oxoiron species
derived from O2 are hindered by the strong
thermodynamic preference of Fe(III) com-
plexes to form m-oxo bridged diiron spe-
cies, Fe(III)-(O)n-Fe(III) (9).

Metalloproteins overcome these obstacles
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by using microenvironmental effects within
their active sites to influence function (10, 11).
Noncovalent interactions, such as hydrogen
bonds (H-bonds), are instrumental in regulating
chemical processes, including those observed in
respiratory proteins (12) and metal-containing
hydrolases (13). Recent XRD studies (2.2 Å
resolution) on compound I of cytochrome c
peroxidase show that H-bonding occurs be-
tween an active-site arginine (Arg48) and the
Fe(IV)5O center (4). Spectroscopic measure-
ments on compound II of horseradish peroxi-
dase (14) and theoretical studies of models for
bleomycin (15) further suggest that activity is
partially regulated by H-bonding to oxoiron
units. We have used these principles of molec-
ular design to develop synthetic systems that
regulate structure and function around metal
ions by creating biomimetic microenviron-
ments (16, 17). The tripodal ligand tris[(N9-tert-
butylureaylato)-N-ethyl)]aminato ([H31]32)
can stabilize monomeric M–O and M–OH
complexes by forming a H-bonding cavity
around vacant coordination sites when bonded
to a metal ion (16 –22). Reported herein is
the formation, structure, and properties of
[Fe(III)H31 (O)]22, a mononuclear oxoiron
complex in which the terminal oxo ligand is
derived directly from dioxygen (23). Also
presented are the properties of the Fe(III)–
OH and Fe(II)–OH analogs, [Fe(III)H31
(OH)]12 and [Fe(II) H31(OH)]22.

The syntheses of [Fe(III)H31(O)]22 and
[Fe(III)H31(OH)]12 are outlined in Fig. 1
(24). Both Fe(III) complexes were generated
from Fe(II) precursors and 0.5 equivalents
(equiv) of O2 dissolved in dimethylacetamide
(DMA). The formation of these complexes
depends on the amount of base used during
the initial deprotonation of H61. [Fe(III)H31
(O)]22 was isolated after crystallization in
50% overall yield when 4 equiv of KH was
used. In contrast, the use of 3 equiv of KH
affords [Fe(III)H31(OH)]12 as the major
product (55% yield). When these reactions
were performed in the presence of 9,10-dihy-
droanthracene (25–27), [Fe(III)H31(O)]22

and [Fe(III)H31(OH)]12 were produced in
crystalline yields of 62 and 90%, with con-
comitant formation of anthracene in ;90%
isolated yield. Moreover, [Fe(III)H31(O)]22

was converted to [Fe(III)H31(OH)]12 in the
presence of 1 equiv of H2O and to [Fe(III)
H31(OMe)]12 when treated with 1 equiv of
methyl iodide.

The formation of the oxo ligand in
[Fe(III)H31(O)]22 from O2 was confirmed by
labeling studies. We synthesized the Fe(III)–
18O complex following the procedure shown
in Fig. 1 using 18O2. The n(Fe16O) band
appears at 671 cm21 in the Fourier trans-
form infrared (FTIR) spectrum of [Fe(III)
H31(16O)]22. This band shifts to 645 cm21 in
[Fe(III)H31(18O)]22 [FTIR: n(Fe16O)/n(Fe18O)
5 1.05; calculated (calcd.) 1.05]. Moreover, the

O atom of the OH group in [Fe(III)H31(OH)]12

also originates from O2. [Fe(III)H31(16OH)]12

displays a n(16OH) 5 3632 cm21, which shifts
to 3621 cm21 in [Fe(III)H31(18OH)]12 [FTIR:
n(16OH)/n(18OH) 5 1.003; calcd. 1.004]. The
n(OH) band is absent in [Fe(III)H31(O)]22.

A proposed mechanism consistent with
these observations involves a dinuclear peroxo-
bridged species (Fig. 2). Homolysis of the O–O
bond produces an oxoiron(IV) intermediate
whose oxo moiety is sufficiently buried inside
the cavity to prevent reactions with other hin-
dered iron centers. This oxoiron(IV) species is
competent to abstract Hz from external reagents
(such as solvent or 9,10-dihydroanthracene) to
produce Fe(III)–OH complexes. [Fe(III)H21
(OH)]22 is formed when 4 equiv of base are
used in the reaction (Fig. 2). This complex has
a basic ureaylate group within the cavity, dis-
posed near the coordinated hydroxo ligand. In-
tramolecular proton transfer between this basic
site and Fe-OH unit is likely and results in the
observed Fe(III)–oxo product, [Fe(III)H31
(O)]22. In the absence of this basic site with-

in the cavity, as occurs when only 3 equiv
of KH are used in the reaction, [Fe(III)
H31(OH)]12 is the major product.

The monomeric character of [Fe(III)H31
(O)]22 was established by an XRD study
(24). The K2[Fe(III)H31(O)] salt crystallized
with two independent, but nearly identical,
anions ([Fe(III)H31-a(O)]22 and [Fe(III)H31-
b(O)]22) in the asymmetric unit. These two
anions have a trigonal bipyramidal coordina-
tion geometry around the Fe(III) centers, as
shown in Fig. 3 for [Fe(III)H31-b(O)]22 (28).
In both complexes, the trigonal plane is
formed by three urea nitrogens from [H31]32

with an average Fe–Nurea distance of 2.056 6
0.002 Å. The oxo oxygen is positioned trans
to the apical nitrogen in each complex with
an Fe1–Ooxo distance of 1.813 6 0.003 Å.
These distances are similar to those found in
complexes with Fe(III)–O–Fe(III) cores (9)
but are 0.147 Å longer than those found in
[FeO4]22, an Fe(VI) complex that is the only
other structurally characterized iron complex
with terminal oxo ligands (29). Spectroscopic

Fig. 1. Conditions: a, 4 equiv KH, DMA,
inert atmosphere (Ar), room tempera-
ture; b, 3 equiv KH, DMA, Ar, room
temperature; c, Fe(OAc)2, DMA, Ar,
room temperature; d, 0.5 equiv O2,
DMA, room temperature; e, H2O, room
temperature.

Fig. 2. Proposed mechanism for
the formation of [Fe(III)H31
(O)]22 in the presence of 9,10-
dihydroanthracene.
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and structural measurements show that
Fe(IV)-oxo porphyrin complexes in proteins
also have shorter Fe–Ooxo bond lengths (4, 5,
30, 31). For example, Fe–Ooxo distances of
;1.65 Å are found from extended x-ray ab-
sorption fine structure experiments for heme
enzymes and related synthetic porphyrin sys-
tems with oxoiron(IV) centers.

We also synthesized the related Fe(II)–
OH complex [Fe(II)H31(OH)]22 (24 ) by
the route shown in Fig. 1. K2[Fe(III)
H31(O)] and K2[Fe(II)H31(OH)] have the
same charge-to-mass ratio and crystallize
in the monoclinic space group P21/n, with
unit cell parameters that differ by ,2%.
However, large differences are observed in
the iron-ligand bond lengths and angles for
[Fe(III)H31(O)]22 and [Fe(II)H31(OH)]22

that are consistent with their respective
Fe(III)–O and Fe(II)–OH centers. In
[Fe(II)H31(OH)]22, the average Fe1–Ohydroxo

and Fe1–Nurea distances, 2.048 6 0.002 and
2.103 6 0.002 Å, respectively, are significantly
longer than those found in [Fe(III)H31(O)]22.
Furthermore, a monomeric Fe(III)–OH com-
plex with a similar H-bonding cavity as in
[Fe(III)H31(O)]22 has been reported recently
(22). As expected, this ferric hydroxo complex
has a longer Fe–Ohydroxo bond length (1.876 6
0.002 Å) than the Fe(III)–Ooxo bonds in
[Fe(III)H31-a(O)]22 and [Fe(III)H31-b(O)]22.

The H-bonding cavity that surrounds the
Fe(III)–Ooxo unit in [Fe(III)H31(O)]22 is
formed by the urea groups of the [H31]32 li-
gand. The molecular structures of [Fe(III)H31-
a(O)]22 and [Fe(III)H31-b(O)]22 show that the
three NH groups are directed toward the oxo
oxygen. Intramolecular H-bonds between the
oxo oxygen and the NH groups are suggested
by the observed Ooxo

. . .Nurea distances. For ex-
ample, in [Fe(III)H31-a(O)]22, these distances
are 2.732 6 0.005 Å for O1a. . .N3a; 2.702 6
0.006 Å for O1a. . .N5a; and 2.686 6 0.007 Å
for O1a. . .N7a (32, 33). This description of
intramolecular H-bonding in [Fe(III)H31

(O)]22 is consistent with solid state FTIR stud-
ies that show one broad peak for the n(NH)
signals centered at 3130 cm21. Preliminary ab
initio calculations further support the assign-
ment of an Fe(III)–O unit being surrounded by
a H-bonding cavity (34). The optimized struc-
ture reveals that the urea nitrogens N3, N5, and
N7 are protonated (Nurea–H distance of 1.06 Å)
with each urea hydrogen positioned 1.57 Å
from the oxo ligand and a N–H. . .O angle of
165°. The calculated charges on the urea hydro-
gens and oxo oxygen are 10.46 and 21.30,
showing that the [H31]32 ligand produces a
positively charged cavity around the Fe(III)–O
unit. This cavity effect is illustrated by the
electron density surface in Fig. 3. The calcula-
tion also predicts an Fe–O single bond in
[Fe(III)H31(O)]22, which shows that multiple
bonding is not always necessary to stabilize
M—O units (35, 36).

The Mössbauer spectrum of a powder
sample of [Fe(III)H31(O)]22 at 4.2 K exhibits
a paramagnetic six-line pattern, whereas a
distinctly different paramagnetic six-line
pattern is observed for the Mössbauer spec-
trum of [Fe(III)H31(OH)]12 at 4.2 K. The
spectra of both complexes collapse to quad-
rupole doublets at 77 K with Mössbauer
parameters of d 5 0.30 and DEQ 5 0.71
mm/s for [Fe(III)H31 (O)]22 and d 5 0.32
and DEQ 5 0.92 mm/s for [Fe(III)H31
(OH)]12. These values fall within the range
of the parameters of known high-spin
Fe(III) heme and nonheme complexes (37,
38). [Fe(III)H31(O)]22 in DMA displays an
axial electron paramagnetic resonance
(EPR) spectrum with spectroscopic split-
ting parameter (g) values of 5.5 and 1.98,
indicating a rhombic splitting parameter
(E/D) of zero. The spectrum originates
from the 61/2 doublet of the S 5 5/2
multiplet and quantifies to 100% of the iron
in the sample. The temperature dependence
of the EPR signal indicates that the axial
zero-field splitting parameter is D 5 21

cm21; thus, the EPR spectrum is from the
second excited doublet. The spectrum of
[Fe(III)H31(OH)]12 is more complicated with
features at g 5 8.9, 1.3 and g 5 5.3, 3.4. These
two set of resonances originate from the first
(63/2) and second (61/2) excited doublets,
respectively, of an S 5 5/2 center with E/D 5
0.17; thus, [Fe(III)H31 (OH)]12 has a substan-
tially more distorted ligand geometry.

Stable monomeric oxometal complexes
having greater than four d electrons are rare
(1). The only structurally characterized ex-
amples are Mayer’s d6 oxorhenium(I) com-
plex (39) and the d5 oxoiron(III) complex,
[Fe(III)H31(O)]22, reported here. The syn-
thesis and properties of [Fe(III)H31(O)]22

and [Fe(III)H31(OH)]12 resemble those
found for [Mn(III)H31(O)]22 and [Mn(III)H31
(OH)]12 (17). The similarity between these
sets of iron and manganese complexes empha-
sizes the importance of the microenvironment
created by the H-bonding cavity of [H31]32 in
regulating chemistry. The success in isolating
systems like [Fe(III)H31(O)]22 allows for con-
tinued structure-function investigations of the
role that noncovalent interactions have in metal
ion reactivity.
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Folds on Europa: Implications
for Crustal Cycling and

Accommodation of Extension
Louise M. Prockter1 and Robert T. Pappalardo2

Regional-scale undulations with associated small-scale secondary structures
are inferred to be folds on Jupiter’s moon Europa. Formation is consistent with
stresses from tidal deformation, potentially triggering compressional instability
of a region of locally high thermal gradient. Folds may compensate for extension
elsewhere on Europa and then relax away over time.

Since 1979 when the two Voyager spacecraft
began their survey of the outer solar system’s
icy satellites, abundant extensional tectonic
structures but only tentative examples of
compressional structures have been identified
(1–3). Suggested explanations for this conun-
drum include expansion during freezing of
ice I, differential cooling of surface and inte-
rior, and displacement of high-density ice
polymorphs during differentiation of the larg-
est satellites; however, these mechanisms can
account for at most a few percent areal ex-
pansion (1, 4, 5). Early Galileo spacecraft
observations found examples of extreme
extension (tens of percent regionally) on
Europa and Ganymede (6–8), yet no sub-
duction zones or large-scale compressional
features were recognized (9). Thus, the
problem of compensating icy satellite ex-
tension has been compounded.

The most dramatic and extreme examples
of extension on any icy satellite are Europa’s
dark and gray bands, sites of complete sepa-
ration of the icy lithosphere above a mobile
substrate that has moved up from below to fill
the newly created gap (3, 10–12). Morpho-
logic features identified in high-resolution

images suggest that the process is in many
ways analogous to terrestrial oceanic rifting
and spreading (12), though corresponding
subduction zones are absent.

Morphologic evidence for a series of undu-
lations is found in the region of Astypalaea
Linea, a smooth, dark band imaged by Galileo
at 43 m/pixel (Fig. 1) (13). Astypalaea is in-
ferred to have formed through strike-slip and
oblique opening in response to tidally induced
stresses (14, 15). The high-resolution Galileo
images reveal subtle shading variations cross-
ing Astypalaea Linea almost perpendicular to
its trend (Fig. 1A). When a low-pass filter is
applied to the image mosaic (16), a series of
anticlines (fold crests) and synclines (fold
troughs) becomes apparent, with wavelength
;25 km (Fig. 1B). These are most evident
within the smooth material of Astypalaea itself,
but continue into the ridged plains surrounding
the band; thus, the folds postdate the band and
the adjacent ridged plains.

Corroborative evidence for the fold inter-
pretation comes from small-scale structures
along the inferred anticline and syncline axes.
In general, anticline crests are sites of local
tensile stress whereas synclines are sites of
compressive stress, and corresponding small-
scale structures are expected. Three discrete
sets of small-scale fractures (troughs) are ob-
served to cut across Astypalaea Linea, many
continuing into the surrounding terrain (Figs.
1C and 2). These fractures occur along the
crests of the regional-scale anticlines inferred

from shading. The troughs are somewhat
anastomosing and less linear than typical Eu-
ropan troughs and are unusual in that they
occur in fracture sets.

We also find four well-separated sets of
small-scale subparallel ridges (Fig. 2). The ridg-
es are short (;2 to 3 km), narrow (;0.5 km),
and quite irregular in planform. These small
ridges occur within the inferred synclinal lows,
trending subparallel to the fold axes (Fig. 1).
The ridges are inferred to be compressional
structures (folds and/or thrust blocks) formed
within regional-scale synclines. They are found
within Astypalaea but not within the surround-
ing ridged plains, perhaps because the band
material is more easily deformable or because
the structures are more easily identified within
the smooth band material.

The identification of folds is significant to
the geological history and resurfacing style of
Europa, because we can now begin to under-
stand how the satellite’s ubiquitous extension
(specifically, band formation) is compensated
by compression. In the Astypalaea region, we
estimate that crest-to-trough fold height is at
least ;100 m (in order to be perceived) but no
more than ;1 km [which is the greatest topog-
raphy observed on Europa (17)]. If the folds
have a perfect sinusoidal form and volume was
conserved during folding, this height range im-
plies a local compressional strain ε between
–0.004% and –0.4%; if the fold limbs are
straight in the manner of kink folds, then ε can
be up to –0.9% (18). Some degree of exten-
sional strain has been accommodated by re-
gional-scale folding of the lithosphere, but this
relatively small degree of compressional strain
is not sufficient to accommodate Europa’s
abundant extensional deformation.

Several lines of evidence suggest that Euro-
pa’s shell has been tidally deformed in response
to a combination of diurnal and nonsynchro-
nous rotation stresses, which predicts specific
surface patterns of compressive and tensile
stress that shift on the time scale of each cycle
(19–22). The long-period nonsynchronous ro-
tation stress in the Astypalaea area builds by
;80 kPa per degree of rotation (a period of
.104 years if occurring today) (19, 21). The
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