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Electron paramagnetic resonance (EPR) spectra are presented for iron complexes of catecholate, tironate, and a
3,4-dihydroxyphenylalanine (DOPA)-containing peptide of sequence Ac-Ala-DOPA-Thr-Pro-CONH2 (“AdopaTP”).
This peptide was prepared to model potential metal−protein cross-links in the adhesive used by marine mussels,
Mytilus edulis, for affixing themselves to surfaces. Spectra are shown for iron bound to each ligand in mono, bis,
and tris coordination environments. For example, the catecholate complexes {Fe(cat)}, {Fe(cat)2}, and [Fe(cat)3]3-

are provided. Detailed simulations are presented to describe the origin of spectra for the iron−catecholate and
iron−peptide species, which show that the spectral features can be accounted for only with the inclusion of D- and
E-strain. The spectroscopy of each compound is shown under both anaerobic and aerobic conditions. When exposed
to air, the high-spin Fe3+ signal of [Fe(AdopaTP)3]3- decreases and an organic radical is formed. No other sample
exhibited an appreciable radical signal. These data are discussed in light of the biomaterial synthesis carried out
by marine mussels.

Introduction

The common blue mussel,Mytilus edulis, affixes itself to
surfaces by generation of an impressively strong adhesive.
This marine holdfast is produced by surface application of
proteins containing the unusual amino acid 3,4-dihydroxy-
phenylalanine (DOPA, Scheme 1).1-4 Extensive cross-linking
of these DOPA-containing proteins yields the final, cured
adhesive matrix.1-4 At this time, the exact mechanism and
products of these cross-linking processes remain to be identi-
fied unambiguously.

The transition metal content of mussel glues is typically
elevated relative to surrounding waters. In particular, iron,
zinc, and copper levels in adhesive plaques5,6 can be well

over 100 000 times that found in open seawaters.7 Our
laboratory is interested in the possibility of metal ions
bringing about protein-protein cross-links. The potential for
metals, in particular iron, to play a role in forming mussel
glues has been proposed and explored.8-10
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In a series of studies, we extracted the DOPA-protein
precursor to adhesion from marine mussels. This adhesive
precursor was reacted with various reagents in order to
compare curing abilities.11-13 Of all the biologically available
metal ions examined, Fe3+ and Mn3+ brought about the great-
est degrees of curing.11,12An electron paramagnetic resonance
(EPR) spectroscopy study of intact glue produced by live
mussels revealed a prominent high-spin (hs) Fe3+ signal and
the presence of an organic radical in this material.13 Similar
hs-Fe3+ and radical signals were also found in a solid pro-
duced by cross-linking the DOPA-containing protein pre-
cursor of mussel glues with Fe3+.13

To better understand the bonding and spectroscopy of
marine biomaterials, we have employed comparisons with
model complexes. Although interactions between iron and
catechol-like ligands have been studied extensively, and to
some degree by EPR spectroscopy, a systematic and descrip-
tive EPR spectroscopic investigation has not been reported.14-30

Herein, we present EPR spectroscopic data and simulations
for iron bound to catecholate, tironate, and a DOPA-
containing peptide designed to mimic mussel adhesive pro-
teins. Each iron-ligand system is shown in the mono, bis,
and tris Fe(L)n (n ) 1-3) coordination environments, both
anaerobic and aerobic. Simulated spectra show that experi-
mentally observed differences arise from changes in the
rhombic character of the zero-field tensor (D). In addition
to providing comparisons for biomaterial spectroscopy, we
find interesting reactivity with oxygen. The generation of
organic radicals occurs only in the DOPA-peptide models,
not the catecholate or tironate analogues, and only when
binding iron in a tris Fe(DOPA)3 coordination environment.
These spectroscopic, reactivity, and simulations insights may
help to understand the cross-linking processes involved in

marine mussel adhesive synthesis. More broadly, this study
may aid the understanding of iron interactions with other
catechol-containing molecules found in siderophores,31,32

melanin,33,34and the enzymatic degradation of organic com-
pounds by enzymes such as the intradiol35,36and extradiol37,38

dioxygenases.

Experimental Section

Sample Preparation. Anaerobic samples were prepared by
standard Schlenk techniques under an argon atmosphere. In a typical
preparation, 100 mL of water was added to a 250 mL Schlenk flask
and sparged with argon for at least 30 min. Ligand was then added
to the water, followed by iron(III) nitrate. Different binding modes
(mono, bis, tris) were obtained by titration of metal-ligand solutions
with base (NaOH). In two previous papers, we provided details on
how each complex was generated in solution and assigned.39,40

Briefly, the catecholate complexes were formed by starting with a
mildly acidic 3:1 mM catechol/Fe(NO3)3 solution. Two equivalents
of base (NaOH) per iron were added to maximize UV-vis
spectroscopic changes (λmax ) ∼700 nm), fully deprotonate one
catechol, and yield the mono [Fe(cat)]+ complex. Four total
equivlents of base per iron deprotonated two catechols and maxi-
mized formation of bis [Fe(cat)2]- (λmax ) 576 nm). Excess base
(7.5 equiv) then provided the tris [Fe(cat)3]3- species (λmax )
483 nm). Isosbestic points showed clean conversion between
discreet species. Analogous titrations were performed in reverse,
starting with basic solutions of [Fe(cat)3]3- and adding in acid (HCl).
Identical species were observed when data were compared to the
base titrations. Potentiometric titrations were also performed and,
again, the same complexes were observed. Last, our data and
assignments of Fe(cat)n (n )1-3) are in agreement with a prior
study in which these compounds were formed by base titration.14

Aerobic samples were prepared by two methods, both exposing
anaerobic samples to air and also generating the complexes from
fully aerobic solutions. More consistent results were obtained with
complexes prepared from fully aerobic solutions. Thus, the aerobic
samples described below are of compounds prepared in air. Base
titrations of aerobic iron-ligand solutions provided UV-vis spectra
with similar λmax values to the analogous titrations performed
anaerobically. Reverse titrations of acid (HCl) into basic solutions
of Fe(L)3 also yielded similar data when comparing anaerobic versus
aerobic samples.

Model complexes of the ligands 1,2-dihydroxybenzene (catechol,
Scheme 1), 4,5-dihydroxy-1,3-benzenedisulfonic acid (tiron, Scheme
1), and the DOPA-containing peptide Ac-Ala-DOPA-Thr-Pro-
CONH2 (“AdopaTP”, Scheme 1), were prepared in 3:1 ratios of
ligand/metal concentrations. For catechol and tiron, the ligand
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concentrations were 30 mM and the Fe(NO3)3 concentrations were
10 mM.39 The AdopaTP peptide was synthesized by methods
reported previously.41 Owing to the difficulty of obtaining large
quantities of peptides, the DOPA-peptide models were prepared
in a 3:1 ratio with a peptide concentration of 3 mM and an Fe(NO3)3

concentration of 1 mM.40 Our previous report discusses formation
of each{Fe(pep)n} complex in detail.40 For direct comparison to
the peptide systems, a set of Fe-catecholate complexes were also
prepared at 3 mM catechol and 1 mM Fe(NO3)3 concentrations to
ensure that the behavior of the compounds did not change with
concentration. No significant differences were observed when
comparing the 30:10 and 3:1 mM catechol/Fe(NO3)3 systems.
Glycerol was added to each sample to a final concentration of 10%
to act as a glassing agent. Samples were then frozen and stored in
liquid nitrogen.

Throughout this paper, metal-ligand complexes will be presented
in braces to indicate that part of the coordination environment which
is known. In this format{Fe(cat)}, for instance, designates one
bound catecholate ligand but does not identify the remaining ligands,
which are likely to be either water or hydroxide.39 On the basis of
spectroscopic titrations, complete formulations of the catecholate
complexes, for example, may be Fe(cat)(OH)(OH2)3 for mono,
[Fe(cat)2(OH)(OH2)]2- for bis, and [Fe(cat)3]3- for tris.39

Instrumental Parameters. Experiments were performed on a
Varian E-line Century Series EPR spectrometer with E102 micro-
wave bridge at the University of Illinois, Urbana-Champaign. All
data presented herein were taken at 15 K, unless otherwise stated.
Bridge frequency was tuned to∼9.078 GHz with a microwave
power of 0.2 mW. Gain settings were determined starting with the
respective tris Fe(L)3 complexes, with the most intense signals in
the g ≈ 4.2 region. After saturation was observed, the gain was
reduced to yield full spectra. This gain setting was then used,
unchanged, for the mono and bis complexes of a given ligand. The
gain settings were 250 for all catecholate samples, 125 for the
tironates, and 2000 for the peptide complexes. Most experiments
were run with a sweep width of 4000 G, centered at 2205 G. When
looking at the organic radical region, a sweep width of 2000 G,
centered at 3205 G, was used. The modulation amplitude was 10 G.
Where provided, resonance intensities are in arbitrary units.

Simulations. Simulation and fitting of electron paramagnetic
resonance spectra used the automated simulation program SIM-
PIPM,42 which is based on QPOW.43 The spin Hamiltonian:

is solved by exact diagonalization. Because 98% of naturally
abundant Fe has no nuclear spin, the nuclear Zeeman and hyperfine
terms are neglected. The spin Hamiltonian parameters are varied
using the SIMPLEX method to minimize the RMS deviation
between experimental and calculated spectra.44

The frequency-swept spectrum obtained upon diagonalization is
transformed into a field-swept spectrum by iterative, Newton-
Raphson solving of the eigenfield equation for each desired
transition. However, iterative methods do not always converge and
have trouble for nearly degenerate solutions. To improve the accu-
racy and speed of convergence, the DIIS (direct inversion of the
iterative subspace) method of Pulay is used.45 This method works
by effectively improving the guess Hessian.

The effects ofD-strain can be included with a joint distribution
functionP(D,E) and performing a discrete summing or integration
of possible values ofD (3/2Dzz) andE ((Dxx - Dyy)/2). AsD-strain
can be attributed to random dislocations of atoms around the metal
ion center,P(D,E) is usually taken as a 2-D Gaussian distribution.
The contours for this 2-D error function will be ellipses. If the
correlation betweenD andE is zero, the major and minor axes of
the ellipses will lie along theD andE andP(D,E) can be written
as a product of two Gaussian functions. If the correlation coefficient,
ε, is not zero, the major and minor axes will be rotated. This rotation
is given by diagonalization of the error matrixR:

Note the factor ofx3 that appears because (D2 + 3E2), not (D2 +
E2), is invariant to coordinate transformation. The vectors corre-
sponding to the major and minor axes of the error ellipses will be

where

The length and width of the ellipse corresponding toP ) 1/2 are

TransformingP(D,E) to the system whereR is diagonal gives a
distribution function,P(F,G), which can be represented as the
product of two uncorrelated Gaussians:

Where∆F or ∆G represent the half-width at half-height of their
respective distributions. Note that, ifε is equal to one, either∆F
or ∆G is zero andP(F,G) reduces to a single Gaussian.

Because integration ofF and G is accounted for by discrete
summing of spectra over a large number of possible values, compu-
tational times are long and spectra show noise or graining due to
the finite stepping of values forF andG.46 If the variances inD
and E are small, the effect ofD-strain can be accounted for by
using a Gaussian line width that is proportional to the dispersion
of the spin Hamiltonian with respect to the strained variable, i.e.,
the partial gradient of the energy. SIMPIPM can calculate this
Gaussian broadening analytically, and this gradient method can
reproduce very well the variation in line width for discrete transi-
tions.47,48However, for the systems studied here, the strain inD is
on the same order ofD itself; such calculations will not accurately
reproduce the overall spectral line shape when individual transitions
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collapse into a non-Gaussian line shape. To reproduce the line shape
accurately and eliminate the graining due to the summing over finite
values ofF and G, we have used a hybrid method. Because the
distribution inF andG is Gaussian, we can calculate the strain in
F andG as a convolution of two Gaussians, one that is large and
calculated by discrete summing and the other that is smaller and
incorporated in the line width calculated by the gradient method.

The ratio of the splitting into discrete and gradient components is
optimized to give the best compromise between spectral fidelity
and noise/graining.

Results

Spectra of Anaerobic{Fe(cat)n} (n ) 1-3) Catecholate
Complexes. {Fe(cat)}. In the case of iron(III) mono-
catecholate,{Fe(cat)}, several features were observed which
are similar to those when iron is chelated with catechol and
catechol-like ligands.16 As can be seen in Figure 1a, a pair
of well-defined features were found atg ) 8.10 and 5.45,
as well as a broader feature aroundg ≈ 3.2-2.6. High-spin
iron(III) centers with an intermediate rhombic character (E/D
≈ 0.1-0.15) often give rise to signals of this nature.16,17,19,49-52

In addition to these resonances was an isotropic but some-
what asymmetric feature atg ) 4.24 similar to that typically
found for hs-Fe3+ in a completely rhombic environment (E/D
) 1/3).16,17,20,23,29,49-52 A set of weak peaks in the region from
g ≈ 2.2 tog ≈ 1.9 was just discernible above the noise level.
With an apparent splitting of around 90 G, these features
are most likely due to Mn(II). The appearance of ag ) 4.3
peak in addition to the peaks atg ) 8, 5, and 3 could suggest
that there may be the presence of more that one type of metal
center.16

We point out a marked similarity between the EPR spectra
of {Fe(cat)} and another iron-catecholate complex, [Fe(HDA)-
(DBC)]2-, prepared to mimic an enzyme active site.16 The
coordination environment of [Fe(HDA)(DBC)]2- is com-
prised of the two oxygens of 3,5-di-tert-butylcatecholate
(DBC) and the donors of the HDA ligand: two carboxylates,
one phenolate, and one amine.16 Given that an iron coordina-
tion environment comprised of predominantly oxygen donors
has been shown previously to provide a similar spectrum,
we conclude that the coordination environment of{Fe(cat)}
contains the two catecholate oxygens, as well as the oxygens
of water or hydroxide ligands to complete the coordination
sphere.

{Fe(cat)2}. Iron(III) bis-catecholate,{Fe(cat)2}, exhibited
a spectrum that appeared quite different from that of the
mono counterpart (Figure 1a). The rhombicg ) 4.22 signal
now dominates the spectrum, but in the low-field wing, a
pair of features atg ≈ 8.1 and 5.5 can still be distinguished.
Closer examination of theg ) 4.22 signal showed a distinct
splitting (Figure 1b). Unlike{Fe(cat)}, no other features were
apparent in regions of the spectrum beyond that ofg ≈ 4.3
in the {Fe(cat)2} sample. Like the{Fe(cat)} spectrum, the
appearance of peaks at g≈ 8 and 5, in addition to the g≈
4.3 peak in the spectrum of{Fe(cat)2}, suggests that there
may be two components present.

[Fe(cat)3]3-. Figure 1a shows that the spectrum of iron-
(III) catecholate in the tris coordination environment,
[Fe(cat)3]3-, is typical of completely rhombic (E/D ) 1/3)
hs-Fe3+. In addition to the nearly isotropic though somewhat
asymmetricg ) 4.22 signal, which arises from the middle
Kramer’s doublet, we observed an edge in the low-field wing
of the g ) 4.22 signal atg ≈ 9.6. This signal atg ≈ 9.6
arises from the two other Kramer’s doublets, which unlike
the middle doublet, give rise to rather anisotropic features.
There was no observable evidence of splitting in theg )
4.22 signal of the tris environment, as opposed to that present
in the bis environment.

Simulations of Anaerobic {Fe(cat)n} (n ) 1-3) Cat-
echolate Spectra.The differences in EPR spectra observed
for iron-catecholate complexes can be ascribed primarily
to differences in the rhombic character of the zero-field
tensor,D. The spectra are typical of high-spin iron(III) for
which the magnitude of the zero-field tensor,D(1 + 3λ2)1/2/
h (λ ) E/D) is larger than the microwave frequency,ν. In
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Figure 1. EPR spectra of anaerobic iron(III) catecholate complexes of
(a) the full spectral region and (b) an expansion of theg ≈ 4.2 signal only.
The vertical scales of each spectrum are adjusted as labeled to allow
comparisons. Here the spectrum of the mono species is expanded 10-fold
vertically relative to the tris complex. The bis compound is expanded 8-fold
relative to [Fe(cat)3]3-.

∆Ftot
2 ) ∆Fdiscrete

2 + ∆Fgradient
2
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this low-field limit, the energy levels can be described by
three doubly degenerate Kramer’s doublets each having an
effective spin of 1/2.49,53 If the zero-splitting is larger than
the microwave energy, transitions between the three doublets
cannot occur.

If the temperature is larger thanD/k, transitions involving
all three doublets can occur. However, in most cases, only
one or maybe two of the Kramer’s doublets are readily
observed in the EPR spectrum. For the case of axial
symmetry withλ ) 0, only the lowest doublet with effective
g values ofg ) 6 andg⊥ ) 2 is observed (assuming the true
g value of 2 andD > 0; for D < 0, the ordering of the three
doublets is reversed). The other two doublets have effective
g principal values ofg ) 6 andg⊥ ) 0 andg )10 andg⊥ )
0.49,53 Because the intensity of the first-derivative spectrum
will vary as the inverse square of the spectral width, these
two highly anisotropic doublets will have an extremely small
intensity. In the case of rhombic symmetry,λ ) 1/3, there
is one doublet, the middle one, which will have an isotropic
g of 4.29. The lower and upper doublets are anisotropic with
values ofgx, gy, and gz at 0.86, 0.61, and 9.68 and 0.86,
9.68, and 0.61, respectively. Again, because the spectral
width of the anisotropic doublets is much greater than that
of the isotropicg ) 4.3 doublet, usually only theg ) 4.3
feature is readily observed. For symmetry between axial and
rhombic symmetry, it is possible to observe features from
both the low and middle doublets.

In the low-field limit, the EPR spectrum depends only
upon the asymmetry parameter,λ, and is independent of the
value of D. If the value ofD/h is close to the microwave
frequency, the effectiveg values will show a second-order
shift proportional to the ratio of the microwave energy to
the value ofD. The effectiveg values will also depend
slightly upon the principal values of the trueg matrix. If the
value of D is further decreased, one approaches the high-
field limit where D , hV. Here there are five putatively
allowed transitions. Thems ) -1/2 to 1/2 will be atg ) 2
(or the trueg value), while the other four,ms ) -5/2 to
-3/2, ms ) -3/2 to-1/2, ms ) 1/2 to 3/2, andms ) 3/2 to
5/2 transitions, will be distributed aroundg ) 2. The spacing
of the multiplet pattern aroundg ) 2 is now dependent upon
D to the first order.

The ability to observe spectral features also depends on
D-strain. In general, there is a random spread ofD and E
values which arise from random distortions of ligand
geometry around the iron atom. For metal complexes in
solution, this is often attributable to hydrogen bonding of
the solvent to the metal or ligand atoms and/or poor glassing
of the solvent when the sample is frozen. The effect of
D-strain will be to broaden features, particularly those for
which their values ofgeff are sensitive to the value ofD and
E. In the low-field limit, the spectra are dependent primarily
on the asymmetry parameter,λ ) E/D, and as such, line
broadening of a specific feature will depend primarily on
its sensitivity toE/D rather thanD. Because different features

show differing sensitivity to the values ofD and E, the
overall shape of the spectrum can be highly dependent upon
D-strain and unlessD-strain is considered, a proper analysis
of the spectrum cannot be made.

{Fe(cat)}. The EPR spectrum of the 1:1 complex of iron
and catecholate (Figure 1a) gives rise to features that can be
interpreted at first sight to have anD tensor with a inter-
mediate value ofλ around 0.1 and a second component with
λ ) 1/3 (g ) 4.3). The simulated features atg ) 8.10 and
5.52 (Figure 2) are due to thegy feature for the middle
doublet andgz feature of the lowest doublet, respectively.
Thegx andgz features of the middle doublet and thegx and
gy features of the lowest doublet are not resolved due to
D-strain. The effect ofD-strain upon the spectrum is shown
in the simulations of Figure 2. For the top spectrum with no
strain (Figure 2a), three of the other four features are visible
(the fourth feature atg ) 1.52 is just out of spectral range).
When D-strain is included (Figure 2b), the feature atg )
2.14 is completely washed out and the two features atg )
2.67 and 3.22 are heavily broadened but still resolved. To a
first approximation, the smaller the effectiveg value, the
greater will be the line broadening. As theD-strain is
increased (Figure 2c and d) the high-field part of the EPR
spectrum for the two doublets collapses to a single broad
(1200 G peak to peak) line at aboutg ) 3.5 and only the
two low field components are resolved. In addition, a peak
at g ) 4.3 grows in. This peak appears because the distri-
bution of D andE will give rise to the possibility of sites
having λ ) 1/3 (g ) 4.3), as well as sites having a broad
range of other values ofλ. Though theg ) 4.3 peak repre-
sents only a small fraction of sites, it is relatively intense
since atλ ) 1/3 the anisotropy for the middle doublet com-
pletely collapses. The simulations clearly show that, in order

(53) Wickham, H. H.; Klein, M. P.; Shirley, D. A.J. Chem. Phys.1965,
42, 2113-2117.

Figure 2. Simulated and experimental spectra of{Fe(cat)}. (a-d)
Simulated spectra with varying amounts of strain; remaining parameters as
listed in Table 1. (a) No strain inD or E. (b) ∆D ) 0.048 cm-1 ∆E )
0.005 cm-1. (c) ∆D ) 0.143 cm-1 ∆E ) 0.015 cm-1. (d). Best fit;∆D )
0.191 cm-1 ∆E ) 0.019 cm-1. (e) Experimental.

Weisser et al.

7740 Inorganic Chemistry, Vol. 45, No. 19, 2006



to fit the experimental spectrum, particularly the width and
position of the broad peak atg ) 3.5, a relatively significant
D-strain (∆D/D0 ) 0.23;∆E/E0 ) 0.20) has to be included
and that suchD-strain is large enough to produce ag ) 4.3
peak.

Parameters used in the simulation of the spectrum of
{Fe(cat)} are listed in Table 1. Because we are near the low-
field limit where the spectrum depends primarily onE0/D0,
∆D/D, and ∆E/E, the accuracies of the values ofD0, E0,
∆D, and∆E are limited, and the values determined forD0

andE0 probably represent lower limits. The sign ofD andE
is indeterminate. To obtain more accurate values ofD0 and
E0, as well as their sign, other experiments (higher frequency
and/or lower temperature) would be needed.

{Fe(cat)2}. From a first look the spectrum of{Fe(cat)2},
which is dominated by a peak atg ) 4.3, we might assign
the spectrum to a rhombic system withλ ) 1/3 (Figure 1).
However, close inspection and simulation show this initial
analysis is not the case (Figure 3). Not only are there wings
on theg ) 4.3 signal extending out 500 G or so, but there
are a low field peak atg ) 8.1 and a sharp shoulder atg )
5.5. Even though the two anisotropic doublets forλ ) 1/3
are expected to give rise to a very weak feature atg ) 9.6,
we find something different. Instead, the features atg ) 8.1
and 5.5 are those that are expected whenλ is in the ranges
of 0.10-0.15. As such, on second sight, one may consider
this spectrum as being due to two species, one withλ ) 1/3
and another withλ around 0.12. Simulations of the spectrum
show something different (Figure 3). Rather, a single species
with a median value ofλ ) 0.25 and a very large strain in
D (∆D/D0 ) 0.77;∆E/E0 ) 0.17) will reproduce the spec-
trum. Also noticeable under closer inspection is the 25 G

splitting of theg ) 4.3 peak. IfD is in the low-field limit,
asλ approaches the value of 1/3, thex, y, andz components
of the middle doublet collapse to a single peak. IfD[(1 +
3λ2)]1/2/h is decreased away from the low-field limit, two
principal values of the effectiveg matrix will start to move
toward the trueg value faster than the third one, resulting in
a splitting of the line. The net effect is that the sharp peak
at g ) 4.3 will be diminished and sites with small values of
D, which are more readily split, are more pronounced in the
spectrum. The observed splitting, which is found to be
dependent uponD and λ, can be used to approximate the
value of D. The splitting of theg ) 4.3 line will also be
dependent upon the anisotropy of the trueg matrix and the
quartic splittingsa and F.54 In our simulations, we have
assumed that the anisotropy in the trueg matrix, as well as
the values ofa and F, are zero. Although these terms are
small, the inability to determine them independently limits
the accuracy of the values ofD and E obtained from the
simulations.

In our initial report on EPR spectra of mussel adhesive
plaques, protein, and models, we found this splitting of the
g ) 4.3 signal for bis complexes.13 We used this splitting to
help distinguish bis coordination from mono and tris, in
which no splitting was observed. These simulations show
that, indeed, splitting atg ) 4.3 appears to be characteristic
for iron bound by two catecholates. Consequently, this
spectral feature may prove to be useful for future studies in
which EPR spectroscopy is used to identify the coordination
environment of iron in biological samples.

[Fe(cat)3]3-. The spectrum of [Fe(cat)3]3- consists of a
peak atg ) 4.3 and a peak atg ) 9.6 (Figure 1). Both peaks
can be assigned to sites withλ ) 1/3. However, to reproduce
the wings about theg ) 4.3 feature and the wing extending
from the g ) 9.6 feature to higher fields, considerable
D-strain must be included (∆D/D0 ) 0.42; ∆E/E0 ) 0.32,
Figure 4). The median value ofλ ) 0.30 is close to 1/3.
Similar spectra have been observed for iron in borate glasses,
and such spectra have been interpreted in terms ofD-
strain.46,55 While theg ) 4.3 feature shows distinct asym-
metric line shape, there is no splitting as is seen in the 1:2
complex. This occurs for two reasons. First, the median value
of λ is much closer to 1/3, and as such, there are more sites
having conditions necessary for an isotropic or nearly
isotropic g matrix, that is,λ ) 1/3 andD in the low-field

(54) Golding, R. M.; Kestigian, M.; Tennant, C. W.J. Phys. C: Solid State
Phys.1978, 11, 5041-5049.

(55) Berger, R.; Kliava, J.; Yahiaoui, E.-M.; Bissey, J.-C.; Zinsou, P. K.;
Beziade, P.J. Non-Cryst. Solids1995, 180, 151-163.

Table 1. EPR Simulation Parameters for{Fe(cat)n} and{Fe(pep)n}

D0 (cm-1) E0 (cm-1) λ ∆D (cm-1) ∆E (cm-1) ε giso Wr (Gauss)

Fe(cat) 0.817 0.098 0.120 0.191 0.019 -0.675 1.997 24.0
Fe(cat)2 0.421 0.104 0.247 0.324 0.018 -0.925 1.989 12.1
Fe(cat)3 0.319 0.095 0.299 0.135 0.030 -0.638 1.992 35.1
Fe(pep)a 0.157 0.023 0.146 0.163 0.010 0.186 1.991 42.4

0.440 0.105 0.243 0.341 0.037 -0.016 1.981 22.0
Fe(pep)2b 0.427 0.106 0.248 0.326 0.016 -0.921 1.983 12.4

0.138 0.021 0.155 0.102 0.009 0.0 1.984 40.6
Fe(pep)3 0.312 0.098 0.313 0.130 0.041 -0.362 1.984 26.2

a Two components or double distribution. Ratio of components is 4.3:1.b Two components or double distribution. Ratio of components is 4.4:1

Figure 3. Simulated and experimental spectra of{Fe(cat)2}. Inset shows
g ) 4 region at higher resolution.
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limit. Second, the distribution inD and E is not as well
correlated as that for the 2:1 complex, which decreases reso-
lution. The values ofD0 ) 0.32 cm-1 andλ ) 0.31 are fairly
typical for tris chelation to oxygen or nitrogen bidentate
ligands to iron.56,57

Reviewing the simulation parameters in Table 1, the most
visible trend is that of the increase in the median value ofλ
as the number of coordinated catecholates increases. The
[Fe(cat)3]3- complex is expected to have a trigonally distorted
octahedral geometry for which the median value ofλ ) 0.31
is quite reasonable. Unlike the tris coordinated complex, the
mono and bis complexes require the coordination of water
or buffer molecules to complete the coordination sphere. As
such, there should be a definite axial component to the ligand
field around the iron atom, particularly for the mono complex
where a strong axial component is expected along the bisector
through the two oxygen-iron bonds of the metal-ligand
complex. While the accuracy of the absolute values ofD0

andE0 is limited, it is seen that the value ofE0 is roughly
the same for all three catecholate complexes and the value
of D0 is found to decrease with increasing coordination
number. This is consistent with the picture of the bis and
especially the mono complex having a strong axial ligand
field component as a result of the catecholate ligand(s) not
forming a complete coordination sphere.

Spectra of Anaerobic{Fe(tiron)n} (n ) 1-3) Tironate
Complexes. {Fe(tiron)}. The mono-tironate complex,
{Fe(tiron)}, displayed a spectrum quite similar to that of
{Fe(cat)}, as shown in Figure 5a. The well-defined hs-Fe3+

features are seen atg ) 8.10, 5.44, and 4.26, as well as the
broad feature aroundg ) 3. Unlike the analogous{Fe(cat)},
no extra features were apparent in later regions of the
spectrum of{Fe(tiron)}.

{Fe(tiron)2}. The iron(III) bis-tironate,{Fe(tiron)2} (Fig-
ure 5a), appeared similar to{Fe(cat)2} (Figure 1a). Again, a
very weak hs-Fe3+ feature is seen nearg ≈ 8.1, as well as
the strong resonance centered atg ) 4.22 (Figure 5b). The
bis complex showed more spectral intensity atg ) 4.22
compared to the mono species, indicating an increase in

rhombic character.51 Figure 5b displays an expanded view
of this spectral region, yet does not show signs of splitting
in {Fe(tiron)2} like that seen in{Fe(cat)2}. A spectrum of
this same sample obtained at a temperature of 77 K (data
not shown), rather than the 15 K used for all spectra shown
here, exhibited clear splitting similar to that seen for{Fe-
(cat)2}.

[Fe(tiron)3]9-. The EPR spectrum of [Fe(tiron)3]9-, like
that of [Fe(cat)3]3-, was dominated by ag ) 4.24 hs-Fe3+

feature (Figure 5a). Unlike [Fe(cat)3]3-, the [Fe(tiron)3]9-

spectrum was more symmetrical than either the mono or bis
compounds. Similar to the spectrum of [Fe(cat)3]3-, we found
no evidence of splitting in the center of the signal and
observed a flat baseline.

Spectra of Anaerobic {Fe(pep)n} (n ) 1-3) Peptide
Complexes.After studying the EPR spectra of catecholate
and tironate complexes, we move to iron complexes of a
DOPA-containing peptide. The peptide examined here is of
sequence Ac-Ala-DOPA-Thr-Pro-CONH2 (AdopaTP), cho-
sen to represent the amino acid composition of Mefp-3, a
protein employed by marine mussels in adhesive synthe-
sis.4,58-61 This peptide was synthesized by our methods pub-

(56) Biaso, F.; Duboc, C.; Barbara, B.; Serratrice, G.; Thomas, F.;
Charapoff, D.; Beguin, C.Eur. J. Inorg. Chem. 2005, 467-478.

(57) Collison, D.; Powell, A. K.Inorg. Chem.1990, 29, 4735.

(58) Warner, S. C.; Waite, J. H.Marine Biol. 1999, 134, 729-734.
(59) Vreeland, V.; Waite, J. H.; Epstein, L.J. Phycol.1998, 34, 1-8.
(60) Papov, V. V.; Diamond, T. V.; Biemann, K.; Waite, J. H.J. Biol.

Chem.1995, 270, 20183-20192.
(61) Rzepecki, L. M.; Chin, S.-S.; Waite, J. H.; Lavin, M. F.Mol. Marine

Biol. Biotech.1991, 1, 78-88.

Figure 4. Simulated and experimental spectra of [Fe(cat)3]3-. Inset shows
g ) 4 region at higher resolution.

Figure 5. EPR spectra of anaerobic iron(III)-tironate complexes of (a)
the full spectral region and (b) an expansion of theg ≈ 4.2 signal only.
The vertical scales of each spectrum are adjusted as labeled to allow
comparisons.
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lished previously.41 Note that the N-terminus of the peptide
was acetylated and the C-terminal acid was changed to an
amide. These modifications were made to prevent metal
binding from the termini and to focus chemistry on the amino
acid side chains. Since it is known that DOPA is necessary
for cross-linking and adhesion to occur in mussel adhe-
sives,4,61,62such models should give us a better indication of
potential iron-binding modes in mussel adhesives. These
spectra can be compared to those taken of the marine
biomaterial.13

{Fe(pep)}. A spectrum of iron(III) mono-peptide,{Fe-
(pep)}, contained several noticeable differences in compari-
son to the catecholate and tironate model analogues, as shown
in Figure 6a. The pair of features atg ) 8.10 and 5.45 in
the catecholate complex were replaced with broader features
at g ) 7.90 andg ≈ 5.4. Also seen is a rhombic hs-Fe3+

signal centered atg ) 4.23, a value comparable to other
Fe-DOPA complexes.9,63,64A small degree of splitting was
observable in this somewhat asymmetrical resonance. A
major distinction between this{Fe(pep)} spectrum and those
of {Fe(cat)} and{Fe(tiron)} was the occurrence of an intense,
highly unsymmetrical signal centered atg ) 1.985. Such a
signal may arise from either hs-Fe3+, low-spin Fe3+, or iron-
iron coupling.9,52,65-67

{Fe(pep)2}. As shown in Figure 6a, iron(III) bis-peptide,
{Fe(pep)2}, exhibited a spectrum similar to those of the
{Fe(cat)2} and{Fe(tiron)2} complexes, with a typical rhom-
bic hs-Fe3+ signal, centered atg ) 4.22, with a wing
stretching down to a broad peakg ≈ 8. Theg ) 4.22 signal
was found to be both more intense and narrower than in
{Fe(pep)}. This signal is unsymmetrical and comparable to
those of the catecholate and tironate bis complexes. Also
similar to the{Fe(cat)2} and{Fe(tiron)2} spectra,{Fe(pep)2}
displayed splitting of theg ) 4.22 signal, shown more
conspicuously in the expansion provided in Figure 6b. A
weak signal atg ≈ 1.98 was also observed.

[Fe(pep)3]3-. The tris-peptide model complex, [Fe(pep)3]3-,
exhibited a spectrum similar to those of the [Fe(cat)3]3- and
[Fe(tiron)3]9- complexes with a typical rhombic hs-Fe3+

signal, centered atg ) 4.23, with a wing down tog ≈ 9
(Figure 6a). When compared to theg ) 4.22 signal of
{Fe(pep)2}, this tris signal revealed no splitting. The intensity
at g ) 4.23 was greater than for either the mono- or bis-
peptide complexes, a situation similar to that found for the
catecholate compounds.

Simulations of Anaerobic{Fe(pep)n} (n ) 1-3) Peptide
Spectra. {Fe(pep)}. The spectrum of the 1:1 complex for
iron peptide (Figure 6) is quite different than that of the 1:1
complex of iron and catecholate (Figure 1). While the
features atg ) 8.1, 5.5, and 4.3 are still seen, they are much
more diffuse. The most significant difference is a sharp
feature atg ) 2 that has long tails on each side. Spectra
with features both atg ) 4.3 andg ) 2 have been observed
for iron in glassy states where theD-strain and average value
of D are such that there are sites that are near the low-field
limit, as well as those near the high-field limit.46 In the high-
field limit, the spectrum will now be centered around the
true g value, that is,g ) 2. Figure 7 shows several
simulations forλ ) 0.15 for various values ofD0. When
D/h is greater than the microwave frequency (9.0 GHz or
0.3 cm-1), a spectrum with features atg ) 8.1, 5.5, and 4.3
that is similar to that for the 1:1 complex of iron and
catecholate is observed. If the value of D0 is decreased below
the microwave frequency, the features atg ) 8.1, 5.5, and
4.3 become weaker and more diffuse and a broad feature(s)
aroundg ) 2 appears. AsD is further decreased, the center
of the broad feature(s) atg ) 2 sharpens. This feature is
due to thems ) -1/2 to 1/2 transition; the other four fine
structure transitions will also contribute in the limit thatD
goes to zero. While the simulation withD0 ) 0.15 (Fig-
ure 7d) gives a reasonable fit to the experimental spectrum,
the g ) 4.3 feature is much broader than that seen in the
experimental spectrum. The fit could be improved if a
contribution from a second distribution withD0 ) 0.44 and
λ )0.24 was added in a 5:1 ratio. Because the distribution
patterns significantly overlap each other, it is difficult to
ascertain if the second distribution arises from a chemically
distinct species or if our choice of distribution function does
not accurately describe the actual distribution ofD and E
for the 1:1 complex. The simulation reproduces the features
in the experimental spectrum quite well, except that simula-

(62) Waite, J. H.Int. J. Biol. Macromol.1990, 12, 139-143.
(63) Smith, J. J.; Thomson, A. J.; Proudfoot, A. E. I.; Wells, T. N. C.Eur.

J. Biochem.1997, 244, 325-333.
(64) Taylor, S. W.; Luther III, G. W.; Waite, J. H.Inorg. Chem.1994, 33,

5819-5824.

Figure 6. EPR spectra of anaerobic iron(III) AdopaTP complexes of (a)
the full spectral region and (b) an expansion of theg ≈ 4.2 signal only.
The vertical scales of each spectrum are adjusted as labeled to allow
comparisons.

EPR Spectroscopy of Iron-Catecholates

Inorganic Chemistry, Vol. 45, No. 19, 2006 7743



tion predicts a weak feature atg ) 1.75 on the high-field
tail of theg ) 2 feature, which is not seen in the experimental
spectrum.

Aside from the much smaller values ofD0 andE0, the 1:1
peptide spectrum differs in that a much smaller correlation
coefficient betweenD andE is needed. Not only is it smaller
than those of any of the three catecholate complexes but also
it is opposite in sign. This suggests that the origin of the
strain in the 1:1 peptide complex is more complicated than
for the catecholate complexes and may arise from multiple
sources. The ratio ofD0 andE0 of 0.15 is similar to that for
the 1:1 catecholate complex implying that the 1:1 peptide
complex is indeed a 1:1 complex.

{Fe(pep)2}. The spectrum of the 1:2 iron peptide complex,
which is shown in Figure 8, is dominated by ag ) 4.3 feature
which shows a 25 G splitting. While the spectrum is very

similar to that of the 1:2 iron catecholate complex, there are
a couple of differences. First, theg ) 8.3 and 5.6 features
are more diffuse, and second is the appearance of a weak
but distinct feature atg ) 2. Simulation showed that the
experimental spectrum could be well accounted for with a
double distribution. The major component hasD0 and λ
values that are similar to those for the 1:2 catecholate com-
plex. The minor second component hasD0 and λ values
similar to the major component in the 1:1 peptide complex.
As the distributions for the two components overlap, it may
be that the correct distribution ofD andE for the 1:2 complex
is so large that it includes sites whereD is close to zero.
However, because the values ofD0 and λ for the second
component are similar to those for the primary component
for the 1:1 complex, it is more likely that there is some 1:1
complex present in the putatively 1:2 complex and vice versa.
Each of the compounds discussed in this paper were gener-
ated from base addition to solutions of metal and ligand. As
discussed previously, each compound was considered fully
formed when UV-vis absorption changes maximized during
a titration.39,40 However, we cannot rule out the possibility
of incomplete formation for any given complex.

[Fe(pep)3]3-. The spectrum of the 1:3 peptide complex,
which is shown in Figure 9, is very similar to that of the 1:3
catecholate complex. The values ofD and E are, within
experimental error, the same for both systems. The only
significant difference between the two is that the residual
line width for the catecholate complex is greater than that
for the peptide complex.

Spectra of Aerobic {Fe(cat)n} (n ) 1-3) Catecholate
Complexes.Thus far we have examined only samples pre-
pared anaerobically. Marine mussels often synthesize their
glues in the turbulent and aerated waters of the intertidal
zone. We wish to compare spectra of these iron complexes
in the presence and absence of oxygen. The compounds
described below were prepared in air. The descriptions below
focus on differences in the anaerobic versus aerobic com-
plexes.

{Fe(cat)}. For the aerobic mono-catecholate sample,
{Fe(cat)}, we found a spectrum similar to that seen under
anaerobic conditions with hs-Fe3+ peaks atg ) 8.05, 5.50,
and 4.24. The intensity of this highly strained rhombic (λ )

Figure 7. Simulated and experimental spectra of Fe(pep). (a-d) Simulated
spectra with differing values ofD0 but keepingE0/D0 (λ ) 0.15),∆D/D,
and∆E/E constant; parameters as listed in Table 1. (a)D0 ) 0.63 cm-1.
(b) D0 ) 0.32 cm-1. (c) D0 ) 0.24 cm-1. (d) D0 ) 0.16 cm-1. (e) Same as
(d) except with an addition of a second minor species (4:1 ratio) withD0

) 0.44 cm-1 λ ) 0.24; other parameters as in Table 1. (f) Experimental.

Figure 8. Simulated and experimental spectra of Fe(pep)2. Inset shows
g ) 4 region at higher resolution.

Figure 9. Simulated and experimental spectra of Fe(pep)3. Inset shows
g ) 4 region at higher resolution.
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0.12) hs-Fe3+ spectrum was weaker than that occurring under
anaerobic conditions, and a new feature atg ) 2.068 was
seen (Figure 10a).

{Fe(cat)2}. Aerobically prepared{Fe(cat)2} samples showed
spectra that were similar to those prepared anaerobically.
While the feature atg ≈ 8.1 was observed, that at g≈ 5.5
was not (Figure 10a). Theg ≈ 8 feature in this spectrum
was less intense than that seen in the complimentary anaero-
bic sample of{Fe(cat)2}, while theg ) 4.24 signal intensity
was significantly greater, suggesting some small change in
the magnitude of theD- andE-strain. No evidence was seen
for a signal in theg ≈ 2.0 region.

[Fe(cat)3]3-. The EPR spectrum of [Fe(cat)3]3-, which is
very similar to that of the anaerobic counterpart (Figure 10a),
was dominated by ag ) 4.22, which is better shown in
Figure 10b, indicating that like the anaerobic systemλ is
close to 1/3.

Spectra of Aerobic {Fe(tiron)n} (n ) 1-3) Tironate
Complexes. Spectra taken of aerobically prepared{Fe-
(tiron)}, {Fe(tiron)2}, and [Fe(tiron)3]9- (Figure 11) were all
similar to those seen under anaerobically prepared conditions
(Figure 5). For the aerobic{Fe(tiron)} spectrum, a very weak
signal atg ≈ 2.0 is seen. Unlike the anaerobically prepared
bis sample, aerobic{Fe(tiron)2} showed a well-defined
splitting of theg ≈ 4.22 feature, seen in Figure 11b.

Spectra of Aerobic Mono, Bis and Tris Fe-Peptide
Complexes.{Fe(pep)}. The EPR spectrum of aerobic, mono

{Fe(pep)} (Figure 12) appeared quite different than that of
anaerobic{Fe(pep)} (Figure 6). This aerobic spectrum
showed hs-Fe3+ signals atg ) 7.62 and 4.35. Theg ) 4.3
resonance was significantly broader than the anaerobic
counterpart (Figure 6b) with theg ) 5.4 feature being no
longer resolved. These results suggest that there are small
but significant differences in the distribution ofD and E
values between the anaerobic and aerobic samples. A major
change occurred in theg ≈ 2.0 region of the spectrum for
this sample. Whereas in anaerobic{Fe(pep)} we observed
one highly unsymmetrical signal, which results from hs-Fe3+

sites with values ofD smaller than the microwave frequency,
here with aerobic{Fe(pep)} we found the region split into
two distinct features. The first of these signals occurred at
g ) 2.08 and the second was atg ) 1.96. Theg ) 1.96
arises from hs-Fe3+ sites with small values ofD, while the
origin of theg ≈ 2 signal is not clear. Possibilities include
low-spin Fe3+ or iron-iron coupling.9,52,65-67

{Fe(pep)2}. The EPR spectrum of aerobically prepared
{Fe(pep)2} exhibited characteristics much like those of the
anaerobic sample. The spectrum in Figure 12a is dominated
by a signal atg ) 4.24 with a wing stretching down to a
broad peak aroundg ≈ 8. Splitting was again apparent in
the g ) 4.24 peak (Figure 12b). Weak signal(s) were also
observed betweeng ≈ 2.2 and 1.9. Theg ) 1.9 signal is
similar to those seen in the anaerobically prepared{Fe(pep)2}
and probably also arises from sites which have very small
values ofD andE.

Figure 10. EPR spectra of aerobic iron(III)-catecholate complexes of
(a) the full spectral region and (b) an expansion of theg ≈ 4.2 signal only.
The vertical scales of each spectrum are adjusted as labeled to allow
comparisons.

Figure 11. EPR spectra of aerobic iron(III)-tironate complexes of (a)
the full spectral region and (b) an expansion of theg ≈ 4.2 signal only.
The vertical scales of each spectrum are adjusted as labeled to allow
comparisons.
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[Fe(pep)3]3-. The spectrum for the aerobic [Fe(pep)3]3-

complex, shown in Figure 12a, appeared quite similar to the
anaerobic counterpart. Theg ) 4.22 signal was slightly
sharper and more intense then the same signal in the anaero-
bic spectrum. Another difference was the appearance of a
small, sharp signal atg ) 2.000, which is expanded in Fig-
ure 12c. This signal was not present in the anaerobic
counterpart. The narrow width and location of this signal
are both characteristic of organic radicals.68-74 Furthermore,

growth of thisg ) 2.000 signal in air coincides with a loss
of hs-Fe3+ intensity relative to this same sample when
anaerobic. Control solutions of the peptide in base, but with-
out any iron, did not display the clear presence of a radical
species.

Discussion

Examination of EPR spectra for the anaerobic Fe-
catecholate model complexes showed sufficient differences
to distinguish among the mono, bis, and tris binding modes.
The g ≈ 4.3 hs-Fe3+ signal became progressively more
intense during the progression from mono to bis to tris
compounds. For example, the three catecholates of [Fe(cat)3]3-

yielded the most intenseg ≈ 4.3 resonance, whereas for the
mono species{Fe(cat)}, the smallest signal was observed
in this region. In general, simulations showed that differences
in these spectra could be attributed to differences in the
rhombic character of the zero-field tensor (D), with the
rhombic character (λ ) E/D) increasing in the series mono
< bis < tris. Simulations also showed that the spectra for
the Fe-catecholate and Fe-tironate samples could be
explained in terms of a single hs-Fe3+ species having a broad
distribution ofD andE values. These spectra are typical of
hs-Fe3+ in which the magnitude of the zero-field tensor is
greater than that of the microwave frequency (ν).

EPR spectra of the peptide complexes were generally
similar to both the analogous catecholate and tironate samples
with regard to hs-Fe3+ signals. The same splitting patterns
and general arrangement of signals were observed in all bis
and tris samples, indicating a similarity in the rhombic
character (E/D), as well the magnitude of strain inD andE,
among the catecholate, tironate, and peptide samples for these
two coordination environments. The intensity and shape of
features in{Fe(pep)}, however, were less well defined than
those of{Fe(cat)} and{Fe(tiron)}.

The most significant difference between the catecholate
and peptide spectra is the appearance of a 1:1 complex for
which a large portion of the distribution contains a significant
number of sites outside of the low field-limit, that is, the
appearance of ag ) 1.9 peak resulting from sites having
low values ofD andE. In the 1:1 complexes, the coordination
sphere is most likely completed by bound solvent (water or
hydroxide). In the case of the peptide complex, weak
coordination to other groups on the peptide could also occur
and this binding may give rise to the atypical values ofD0

andE0. To bring about these low values ofD0 andE0, the
symmetry around the iron would have to be closer to
octahedral or the strength of the ligand field reduced. The
bis and tris catecholate and peptide species were much more
similar. Also, unlike the Fe-catecholate or Fe-tironate
complexes, simulation of the mono and the bis peptide
spectra required the use of two separate distributions ofD
andE values, suggesting the presence of two distinct species.

Of the EPR spectra observed for the catecholate, tironate,
and peptide complexes prepared under an inert atmosphere,
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Figure 12. EPR spectra of aerobic iron(III)-AdopaTP complexes of (a)
the full spectral region, (b) an expansion of theg ≈ 4.2 signal only, and (c)
an expansion of the organic radical region in [Fe(pep)3]3-. The vertical
scales of each spectrum are adjusted as labeled to allow comparisons.
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the tris species showed the greatest rhombic character relative
to the mono and bis analogues. Splitting of the anaerobic
and aerobic hs-Fe3+ signals of the bis-coordinated samples
may prove to be a characteristic spectral feature useful for
identification of this coordination environment in biological
samples. Consequently, these model spectra show that dis-
tinct features can be found among the coordination modes
examined. In the case of adhesive plaques isolated from live
mussels, we found a relatively simple spectrum predominated
by ag ≈ 4.2 signal.13 We can now say with more confidence
that the plaque spectrum is that of a tris [Fe(DOPA)3]3-

complex. Furthermore, [Fe(pep)3]3- appears to be the pre-
dominant observable Fe3+ species contained in mussel
adhesive plaques.

When comparing either iron(III)-catecholate or iron(III)-
tironate samples generated anaerobically versus in air, both
preparation methods yielded complexes with similar EPR
spectral characteristics. By contrast, the Fe-peptide com-
plexes brought to light some interesting differences when
comparing the samples prepared in air versus under an inert
atmosphere with regard to formation of organic radicals. A
radical was observed for the [Fe(pep)3]3- complex prepared
in air but not the analogous [Fe(cat)3]3-. These results are
consistent with an earlier report in which no radical was
observed in the analogous tris catecholate complex [Fe-
(cat)3]3-.14 Neither{Fe(pep)} nor{Fe(pep)2} formed a radical
when prepared aerobically. The radical signal in the tris
peptide complex was weak. This lack of intensity may indi-
cate that formation of the radical species is low or that sub-
sequent reactivity such as radical-radical coupling may have
decreased the observable resonance. In contrast to anaerobic
samples, these results indicate that aerobic iron-catecholate
complexes do not provide suitable models for DOPA-
containing biological models. If [Fe(cat)3]3- was taken to
be a good model for [Fe(DOPA)3]3-, the oxygen reactivity
might have been missed.

Interestingly, a radical was also observed in iron- and
DOPA-rich whole adhesive plaques taken from live mussels
atg ) 1.997.13 Thus, an [Fe(DOPA)3]3- species and oxygen
appear to be required for radical generation in this biological
material. At this time, the identity of these radicals is un-
known. Although valence tautomerism processes can directly
generate ligand-based radicals,24,73 we disfavor such an

assignment given that oxygen is required to form this radical.
Perhaps a multistep process is at hand in which an Fe3+-
catecholate species can first undergo valence tautomerism
to yield an Fe2+-semiquinone. Subsequent reaction of this
oxidized ligand with O2 may then generate an oxygenated
and radical-bearing ligand. However, we do not observe any
significant radical in anaerobic [Fe(pep)3]3-, thus disfavoring
the initial valence tautomerism. A similar valance tautom-
erism process was proposed to take place for intradiol cat-
echol dioxygenases.15,28A possible mechanism of action for
this enzyme involves catechol binding to an Fe3+ center fol-
lowed by valence tautomerism to an Fe2+-semiquinone.15,28

Reaction with oxygen then yields a ligand-based peroxy
radical.15,28 Prior to oxygen exposure, model complexes of
this enzyme active site displayed no radical species by EPR
spectroscopy.15,28More work must be performed in order to
identify the origin and identity of such radical species in
enzymes and biological materials.

Conclusions

The EPR spectra of iron bound by catecholate, tironate,
and the AdopaTP peptide in mono, bis, and tris coordination
environments have been presented. These spectra may
provide useful data for identification of bonding motifs in
biological systems. Such models of potential metal-protein
interactions allow comparisons with data collected from
marine mussels. Prior studies showed that adhesive plaques
and an iron cross-linked protein solid both contained an
organic radical. Data presented here indicate that Fe(DOPA)3

moieties and oxygen are required to generate such radical
species. Protein-based radicals may provide a route to
radical-radical coupling for the generation of organic cross-
links or protein-surface binding for the creation of surface
bonding.
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