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The purple hydrogenperoxo species [Fe(bztpen)(OOH)]?* (1)
can be generated in methanol solution by treatment of
[Fe(bztpen)Cl]3* with a large excess of hydrogen peroxide
[A. Hazell, C. J. McKenzie, L. P. Nielsen, S. Schindler, M.
Weitzer, J. Chem. Soc., Dalton Trans. 2002, 310-317]. Addi-
tion of 30 equivalents of triethylamine to a solution of
[Fe(bztpen)(OOH)]?* gives the [Fe(bztpen)(O,)]* (2) species,
in which it has been proposed that the peroxo ligand is co-
ordinated in the n? mode. We have synthesized both 100%
S7Fe-enriched non-heme Fe peroxo species and studied
them by EPR and Moéssbauer spectroscopy. Species 1 dis-
plays a typical S = 1/2 low-spin ferric EPR spectrum, the g
values of which have been analysed in terms of the Griffith
model [J. S. Griffith, Proc. R. Soc. London, A 1956, 234,
23-36]. We have thus obtained insight into the electronic
structure of 1. The EPR spectrum of 2 is characteristic of a
high-spin Fe species in a nearly axial ligand field. We have
determined all Méssbauer parameters for both complexes by
a numerical treatment of applied field Mdéssbauer data. Spe-
cies 1 exhibits an isomer shift §,z, = 0.16 mm/s and a quadru-
pole splitting AEq = —2.08 mm/s (T = 4.2 K). In the case of 2,

we obtain an isomer shift 8,5, = 0.63 mm/s and a quadrupole
splitting AEq = 1.12 mm/s (T = 4.2 K). These values are close
to those published very recently by Bill et al. for
[Fe(trispicMeen)(OOH)]?* (3) and [Fe(trispicMeen)(n?-00)|*
(4) species, where bztpen and trispicMeen ligands differ by
a noncoordinating group [A. J. Simaan, F. Banse, J.-J. Girerd,
K. Wieghardt, E. Bill, Inorg. Chem. 2001, 40, 6538—-6540]. We
have also used the extension of the Griffith model developed
by Lang et al. for Mdssbauer spectroscopy [W. T. Oosterhuis,
G. Lang, Phys. Rev. 1969, 178, 439-456] to evaluate the 5’Fe
hyperfine tensor of 1 and reproduce the experimental data.
On comparison with the Méssbauer data available for n2-per-
oxo Fe! complexes, our Méssbauer study of 2 agrees well
with a high-spin Fe! side-on peroxo complex. Very charac-
teristic ,r. and AEq ranges for hydrogenperoxo and side-on
peroxo Fell species are now available, which should aid in
the detection of comparable species formed in biological
systems.

(© Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

Introduction

There is currently great interest in non-heme peroxo spe-
cies, since they are suspected to be key intermediates in sev-
eral enzymatic or metabolic processes.['l Detailed spectro-
scopic characterizations of peroxo species for diiron en-
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zymes such as ribonucleotide reductase and methane
monooxygenase are available in the literature.['” Where
non-heme mononuclear peroxo intermediates are con-
cerned, a well known example is the antitumor drug bleo-
mycin: when this protein is exposed to dioxygen, a transient
activated form involved in DNA-cleaving activity is formed.
This has been demonstrated to be a hydrogenperoxo
FeOOH species.[’! Peroxo species have also been proposed
for mononuclear, non-heme, Fe-based superoxide dismuta-
sePl and more recently, from pulsed radiolysis studies, for
the product of superoxide reductase reaction with superox-
ide.¥ In the recent past, several non-heme mononuclear
peroxo model complexes, generated in solution, have been
described in the literature.l’) Raman spectroscopy has been
fruitful for gaining insight into the peroxo ligand binding
mode; hydrogenperoxo and side-on (n?) peroxo coordina-
tion geometries have been characterized.’ These two spe-
cies have very different reactivities. Hydrogenperoxo species
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are believed to intervene in oxidation and hydroxylation re-
actions of substrates, and are likely to operate by the cleav-
age of the activated O—O bond to generate a catalytically
active high-valent iron intermediate. In contrast, the O—O
bond in a side-on peroxo complex is not activated for direct
cleavage and the species is relatively stable, but can react
as a nucleophile towards protonation, probably to produce
highly reactive species.[) No 1?-FeO, peroxo species has yet
been characterized by Mdssbauer spectroscopy in biological
systems. A well known example of an n?-FeO, peroxo
model complex is [Fe(edta)(O,)]*~, which has been studied
by many spectroscopic techniques, including a recently
detailed Mossbauer spectroscopy study.l”)

Indeed, Md&ssbauer spectroscopy is particularly well ad-
apted for the study of iron compounds.!® Nevertheless, few
Mossbauer data for non-heme peroxide species are cur-
rently available in the literature.[’->! We therefore decided to
study the hydrogenperoxo complex [*’Fe(bztpen)(OOH)]>*
(1) and its deprotonation product [>"Fe(bztpen)(0,)]>" (2)
[bztpen stands for N-benzyl-N,N’, N'-tris(2-pyridylmethyl)-
ethane-1,2-diaminel'”l] by Mdossbauer spectroscopy. The
two complexes 1 and 2 can be interchanged by a pro-
tonation-deprotonation sequence as shown in Scheme 1.
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Scheme 1

While this work was nearing completion, Bill et al. pub-
lished a detailed Mossbauer study of non-heme Fe'! hydro-
genperoxo [Fe(trispicMeen)(OOH)>** (3) and n>-peroxo
[Fe(trispicMeen)(0,)]" (4) complexes [trispicMeen stands
for  N-methyl-N,N’, N'-tris(2-pyridylmethyl)ethane-1,2-di-
amine].°]

In this article we report the complete Mdssbauer spectro-
scopy study of complexes 1 and 2. The characteristic
Mossbauer parameters obtained for each compound are in
full agreement with Bill’s results®® and give clear
Mossbauer signatures for both non-heme mononuclear hy-
drogenperoxo and side-on peroxo species. This should aid
in the detection of comparable species formed in biolo-
gical systems.

Results

The ligand bztpen was prepared as described previ-
ously.l' For the synthesis of [>’Fe(bztpen)Cl](CIO,)-,
STFeCly6H,0O was used as a starting compound. Addition
of NaClO4H,O resulted in the immediate precipitation of
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the complex [*’Fe(bztpen)CI]|(ClO,),. The purple hydro-
genperoxo complex 1 was generated in solution by treat-
ment of [¥’Fe(bztpen)CI]>* with a large excess of hydrogen
peroxide. Addition of 30 equivalents of triethylamine to this
solution gave 2, in which it has been proposed that the per-
oxo ligand is coordinated in the 2> mode.['? Both species
were studied in detail by EPR and Mdssbauer spectroscopy
as described below.

EPR Spectroscopy

The hydrogenperoxo species 1 was studied by X-band
EPR spectroscopy at low temperature. Figure 1 shows the
EPR spectrum of 1 in methanol at 7 = 6.3 K; it is typical
of a § = 1/2 low-spin Fe'" species, with g values observed
at gnax = 2.22, Giner = 2.18 and g, = 1.97.

*
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Figure 1. X-band EPR spectrum of 1 in methanol. EPR conditions
: temperature 6.3 K, microwave frequency 9.678 GHz, power 2 mW,
modulation 1.0 mT/100 kHz. The asterisks denote the components
of a minor amount of [*’Fe""'(bztpen)(OCH;)] >*.

The stars in Figure 1 denote the components of the EPR
signal arising from a minor amount (less than 1%) of a
precursor species, which corresponds to the low-spin
[Fe"(bztpen)(OCH;)]?*.[1%

The 4.2 K X-band EPR spectrum of 2, shown in Fig-
ure 2, exhibits signals at g = 7.6 and g = 5.8 and a broad
unresolved signal in the g = 4.5 region.
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Figure 2. X-band EPR spectrum of 2 in methanol. EPR conditions:
temperature 6.3 K, microwave frequency 9.678 GHz, power 20 mW,
modulation 1.0 mT/100 kHz.

In addition, an EPR signal arising from a high-spin Fe'™

contaminant in a rhombic ligand field is seen at g = 4.3,
but the EPR signal of 1 has completely disappeared, indic-
ating its quantitative transformation upon addition of tri-
ethylamine (data not shown). The spectrum of 2 is charac-
teristic of a S = 5/2 Fe''! complex in a nearly axial ligand
field and was analyzed by the rhombogram method.[''l For
an S = 5/2 spin multiplet, observation of resonances at g =

3279
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Table 1. Mdssbauer parameters for 1 and 2 at 7' = 4.2 K; published spin Hamiltonian parameters for non-heme Fe

1T peroxo complexes

with nitrogen ligands are also given for purposes of comparison; for 1, with g, = —2.18, g, = 222 and g. = —1.97, 4, =430 T, 4, =
6.26 T and A. = 42.26 T are obtained in the fitting procedure (n.a.: not available)

Compound 1 3 [Fe(N,P,)OOH)P* 2 4 [Fe(N,P)(Oy)]"  [Fe(edta)(O,)P~

Spin 1/2 1/2 1/2 512 512 512 512

D (cm™") ~0.90 -17 n.a. ~1.0

EID 0.08 0.08 n.a. 0.21

g 2.18 2.12 2.16 2.0 2.0 2.0 2.0

g 2.22 2.19 2.11 2.0 2.0 2.0 2.0

g- 1.97 1.95 1.98 2.0 2.0 2.0 2.0

A /g,B, (T) —4.31 7.77 —6.63 -20.3 —-22.71 -21.5 —-23.1

Alg,B, (T) 6.62 —-3.65 4.45 —-22.4 —-22.09 -21.6 —-21.4

A.lg,B, (T) —42.26 —41.09 —38.42 -20.3 —-20.40 -20.3 —20.8

AEq (mm/s) -2.07 —-2.01 1.62 +1.12 +1.37 n.a. +0.72
0.26 0.4 n.a. 0.0 0.98 n.a. 0.4

O/pe (Mm/s) +0.17 +0.19 +0.17 +0.63 +0.64 +0.61 +0.65

Euler angles o = 64° o = 43° n.a. n.a.

reference this work [9b] [a] this work [9b] [9a] 171

7.6, 5.8 and 4.5 is consistent with E/D = 0.08. In particular,
the signal at g = 7.6 arises from the M, = *=1/2 Kramers
doublet and the signal at g = 5.8 arises from the M, = =3/
2 Kramers doublet. The temperature dependence of these
signals is consistent with the M, = *=1/2 doublet being the
highest in energy (Supporting Information; see also foot-
note on the first page of this article). Consequently, the
zero-field splitting parameter D must be negative for 2, as
for [Fe(edta)O,]*~ and 4 (Table 1).

Mossbauer Spectroscopy

The hydrogenperoxo complex 1 was studied by
Mossbauer spectroscopy at low temperature in one low and
two high magnetic fields applied parallel to the propagation
direction of the Maossbauer vy-rays. Figure3 shows
Maossbauer spectra of 1 at 7 = 42K (H = 50mT, H =
3T and T= 10K (H = 7T).
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Figure 3. Mossbauer spectra in 1 in methanol. The experimental
spectra taken at 7" = 4.2 K in an applied parallel field of 50 mT
(A)and 3 T (B) and at T = 10 K in an applied parallel field of 7.0
T (C), were fitted (solid curves) with the parameters set of Table 1.
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The rather featureless spectra obtained can be fitted
simultaneously in the slow relaxation limit within the spin
Hamiltonian formalism using a unique set of parameters.
We were not fully able to reproduce the shape of the feature
at velocity of about —1 mm/s in the 7 T spectrum (Figure 3,
curve C). No high-spin Fe'" impurity was detected on a
higher velocity scale (data not shown). The minor amount
of precursor species [Fe'''(bztpen)(OCH;)]>" discernible in
the EPR spectrum of 1 was not taken into account in the
Maossbauer fitting data. The g-values were taken as positive
and fixed to the values obtained by EPR spectroscopy, with
gy = 2.18, g, = 2.22 and g. = 1.97 (vide infra). This is not
a restriction, as a Mdssbauer spectrum is only sensitive to
the sign of the products A4,.g;, i = x, y, z!'?l The Mdssbauer
parameters obtained from the fit are listed in Table 1.

At T = 4.2 K, complex 1 exhibits an isomer shift &,z =
0.17 mm/s. This parameter, which is typical for a low-spin
Fe' complex, is similar to those published for hydro-
genperoxo complexes with nitrogen ligands (Table 1). The
quadrupole splitting AEq = —2.07 mm/s is large and nega-
tive, and the asymmetry parameter 1 = 0.26 is low. Our fit
was improved by introducing an Euler angle a = 64° be-
tween the [A] and [V] tensors. This means that the [A], [g]
and [V] tensors share the same principal z axis. These ex-
perimentally ascertained values are close to those obtained
for 3°" and for the hydroperoxo complex
[Fe(N4Py)(OOH)]**, where N4Py stands for N-[bis(2-pyrid-
yl)methyl]- N, N-bis(2-pyridylmethyl)amine. %

Complex 2 was studied by Mdossbauer spectroscopy at
low temperature in one small and one high magnetic field
applied parallel to the propagation direction of the
Maossbauer y-rays. Figure 4 shows the Mossbauer spectra
obtained at H = 50 mT (7= 4.2 K and 10 K) and at H =
7T (T =42K).

These spectra were simultaneously fitted at the slow re-
laxation limit within the spin Hamiltonian formalism using
a unique set of parameters. The Mdssbauer parameters ob-
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Figure 4. Mossbauer spectra in 2 in methanol. The experimental
spectra taken at 7= 4.2 K (A) and 7 = 10 K (B) in an applied
parallel field of 50 mT, and at 7= 4.2 K in an applied parallel
field of 7.0 T (C), were fitted (solid curves) with the parameters set
of Table 1. A Fe'' impurity (9.4 %) is also present. The solid curves
located above the experimental spectrum show the contribution of
both species (dashed lines).

tained from the fit are given in Table 1. The spectra of 2 are
superimposed by the sextuplet spectra of a minor (9.4%)
high-spin Fe'" component (D = +2.9 cm™!, E/D = (.33,
g=20,[A)g.B, = —18.0 T), probably a degradation prod-
uct of the peroxo complex.

At T = 4.2 K under a small applied field (H = 50 mT),
complex 2 exhibits a sextuplet Mossbauer spectrum. The
internal field can be evaluated from its overall splitting and
is about 54 T. This is typical for a high-spin Fe™ complex.
The axial zero-field parameter D is found to be of the order
of —1 cm™!, and is close to the D values already published
for [Fe(edta)(O,)]?~ and for 4 (Table 1). For E/D = 0.08
(zero-field splitting parameter D <0), the lower Kramers
doublet M, = *5/2 is uniaxial (it has an easy axis of mag-
netization along z) and yields a sextuplet Mdssbauer spec-
trum.l'3 At T = 4.2 K, the levels of population of the upper
doublets are much smaller than that of the ground doublet.
Therefore, the observed Mossbauer spectrum at 7= 4.2 K
is attributed to the M, = *5/2 doublet and measures the
V.. component of the electric field gradient tensor [V]. It
can be seen from the experimental spectrum that V. is pos-
itive, as the inner transitions are shifted to the left of the
spectrum, and so AEq is positive for 2.1 A Méssbauer
spectrum of 2 recorded at higher temperature should give
an insight into the other components of the electric field
gradient V', and V), and allow the asymmetry parameter
N = (Vi — V,)/V.. to be determined.l’”-'*! The spectrum
recorded at 7= 10 K and H = 50 mT is shown in Figure 4,
part B: several additional features appear as the contribu-
tions of the middle and upper Kramers doublets (which are
not uniaxial) increase. By simultaneous fitting of the three
experimental spectra, a value of 1 = 0 and a large positive
quadrupole splitting AEg = +1.12 mm/s were determined
for 2. A large isomer shift value 6;p. = 0.63 mm/s is ob-
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tained for this high-spin Fe''' complex. The hyperfine cou-

pling tensor of 2 is negative (A4,,/g,B, = —21 T) because of
the main contribution of the Fermi contact term and
slightly anisotropic, as for [Fe(edta)(O,)]*~, 4 and the n>-
peroxo complex [Fe(N4Py)(O,)]" (Table 1).

Discussion

The theoretical model developed by Griffith! and
adapted by Taylor(!3 is commonly used to evaluate the tet-
ragonal and rhombic field parameters A/A and V7/A, respect-
ively (where A is the spin-orbit coupling constant), of low-
spin ferric complexes from their g-values determined by
EPR spectroscopy. Such a calculation assumes a symmetry
not lower than rhombic, a condition not always met, as
discussed below for 1. Therefore, in this model the elec-
tronic [g] tensor, the magnetic hyperfine [A] tensor and the
electric field gradient [V] tensor are assumed to have a com-
mon axis system.!'?l Moreover, the orbital reduction factor
k is taken to be equal to 1.['¥1 Following the proposal of
Girerd et al. for 3, the product g,.g,.g. is taken to be posi-
tive (with g, = —2.18, g, = 2.22, g. = —1.97),5 as initially
shown by Burger et al.l'® We selected the system of axes
described by Taylor, such that | V] <(2/3)|A|, where the three
real coefficients a, b and ¢ of the ground Kramers doublet
are given by the following Equations:[!3]

a=(g.+g)8g +g g "
b=(g-—glg-+g — g " )]
c=(g — &g +g g "

From the experimental g values, we obtain: a = 0.0567,
b = 0.0476 and ¢ = 0.9979, which in turn give the field
parameters A/A = —10.10 and V/A = 1.85.5&3.151 This set
of values implies that the unpaired electron is located in an
orbital with a predominant d,, character, which is strongly
destabilized by an antibonding interaction with the ©* or-
bital of the OOH ligand.5&31 The field parameters of 1 are
close to those obtained by Girerd et al. for the hydrogenper-
oxo complex 3 involving a nitrogen ligand with a similar
coordinating environment.[®>1 These results agree with a
(dy-)*(d,.)*(d,,)" low-spin Fe' electronic configuration,
which gives a large negative V. value (and a large negative
AEg) and a small asymmetry parameter, as found experi-
mentally (Table 1).

By use of the extension of the Griffith model developed
by Lang et al. for Mdssbauer spectroscopy, one can evalu-
ate the >’Fe hyperfine tensor; the hyperfine tensor values
are given by:[!7]

A, = —P[—4bc — (1 + ¥)(a® — b*> — ?) +
3/7(a*> — 3b*> — 3¢* + 2ab + 2ac)]

A, = —Pldac — (1 + ¥)@ — b + &) +
3/7(3a> — b*> + 3¢* — 2ab — 2bc)]

A. = —Pldab — (1 + x)(@®> + b*> — A) + 3/73a> +
3b*> — ¢ — 2ac — 2bc)]

where a, b and ¢ are given by Equation (1), x is a para-
meter characterizing the isotropic contact contribution (k =

3281
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0.35 for low-spin ferric heme proteins) and P is a scaling
factor accounting for the radial distribution of the valence
electrons of the Fe ion (P/g,B, = —62 T for low-spin fer-
ric heme proteins).['8 It was possible to reproduce the an-
isotropic experimental [A] tensor by choosing k = 0.35 and
Plg,B, = —503 T.

[AVg,.B, (—3.92; 6.09; 42.15) was obtained (A4;s./g,p, =
14.8 T). The low value obtained for P indicates higher cova-
lency for the low-spin iron ion in 1 than for low-spin ferric
ions in heme proteins and activated bleomycin.!®!

It is worth noting that different approaches are used in
the literature to deal with the signs of the g-values to be
employed within the Griffith model. In the case of “acti-
vated bleomycin” Fe™OOH, Solomon et al. concluded that
the three g-values should be taken to be positive.['”] Indeed,
they argued that other signs of the g-values would produce
crystal field parameters  and A that would not allow the
experimentally determined higher-energy intra-t,, trans-
ition to be reproduced (Ee, = 3800 cm™'). They used an
axis system in which the z-axis (which corresponds to the y-
axis in this paper) was taken along the Fe—hydrogenperoxo
bond. On the other hand, different signs (g, = —2.17; g, =
2.26; g. = —1.94) were obtained by Girerd et al.l*! for “ac-
tivated bleomycin” under the same assumption as made by
Scholes et al.?% that g.g.g. is positive. Moreover, upon
using the crystal field parameters determined from the latter
g-values, one obtains a higher-energy intra-t,, transition at
3900 cm ™! (using a covalently reduced spin-orbit coupling
constant!?! of 380 cm™! for Fe'''). This value is very close
to that of 3950 cm™! predicted from field parameters with
g+ & and g. taken to be all positive,!'”) and not in contra-
diction with the near IR MCD results. To probe this point
further, we carried out simultaneous fitting of the
Mossbauer data for 1 with g,, g,, and g. all positive, z being
along the Fe—hydrogenperoxo bond. Identical fits were ob-
tained, but with Mossbauer parameters expressed in the
new coordinate system.

As noted by Miinck et al.['8t] and reemphasized in the
case of 3 by Bill et al.,®® the Griffith-Taylor model might
not be fully valid when the symmetry is less than rhombic.
It can be seen in the EPR spectrum of 1 (Figure 1) that the
g. = 1.97 resonance does not exhibit any 3’Fe magnetic
hyperfine splitting. On the other hand, a large component
of the hyperfine coupling tensor along the z-axis of the [A]
proper axis system is determined experimentally. These con-
flicting observations can be reconciled if the principal axis
frames of the [A] and [g] tensors of 1 are rotated relative to
each other. Such a case has already been observed for the
low-spin Fe'! centre in the active nitrile hydratase.['8b]

Finally, it must be noted that the isomer shift and the
quadrupole splitting of 1 are within the range observed for
hydrogenperoxo Fe' complexes (8;z. = 0.16—0.19 mm/s
and a large and negative AEg = —2.0 mm/s at 7' = 4.2 K).
These parameters match those of activated bleomycin
e = 0.16mm/s and AE, = —296mm/s at T =
4.2 K),I'®l substantiating the proposition that 1 is a relevant
model for these biological hydroperoxo non-heme iron spe-
cies.
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The isomer shift value 6, = 0.63 mm/s obtained for 2
is large for a high-spin Fe'' complex but is located in the
0.61—0.65 mm/s range that characterizes high-spin Fe'l-
n20, complexes, as shown in Table 1. The side-on peroxo
complexes in Table 1 are also characterized by positive AEq
values in the 0.72—1.37 mm/s range (T = 4.2 K). Isomer
shifts above 0.60 mm/s up to 0.68 mm/s have also been re-
ported in the literature for dinuclear Fe'!! peroxo complexes,
which generally exhibit AEg values greater than 1.50 mm/s,
although some exceptions exist.??! An isomer shift §z. =
0.67 mm/s (T = 4.2 K) has also been reported for the high-
spin porphyrin Fe''! n2-O, complex [Fe(OEP)(O,)]” (OEP
stands for the octaethylporphyrin dianion ligand).*3! In ad-
dition, a large quadrupole splitting is observed for 2, as for
the series of side-on peroxo complexes in Table 1. This spe-
cific feature is probably due to the 3d anisotropy introduced
by the n>-FeO, binding mode, as suggested by theoretical
calculations.*#

Conclusion

The Mossbauer parameters obtained for 1 and 2 in this
study agree with the proposal of McKenzie et al. that 1 is
a hydrogenperoxo complex and 2 an n2-peroxo Fe!'' com-
plex.l'% The coordination number of Fe'™ in 2 (7 or 6) still
remains unknown, the latter being obtained with the deco-
ordination of a picolyl arm of bztpen; the isolation and
crystallization of such a species would be useful.

Table 1 shows that non-heme hydrogenperoxo and side-
on peroxo Fe'l complexes exhibit very characteristic and
unambiguous isomer shift values, and 6, and AEq ranges
are now available for both types of mononuclear peroxo
complexes. In particular, no confusion is possible between
a mononuclear Fe'" species of biological interest with nitro-
gen/oxygen or sulfur ligands and a mononuclear Fe'™'-n,0,
species. This should make the Mossbauer identification of
such species possible in biological systems.

In addition, the Méssbauer parameters obtained here re-
emphasize both the peculiarity of peroxo Fe!'! derivatives
among ferric complexes and their similarity with their
nitrosyl analogues. Indeed, mn,-O, iron complexes and
[FeNO]’ (S = 3/2) species display high isomer shifts, and
theoretical descriptions show in both cases that the metal-
ligand bond involves a strong ¢ bonding and a weak addi-
tional IT interaction.[?423]

Experimental Section

EPR spectra were recorded on a Bruker EMX spectrometer. For
low-temperature studies, an Oxford Instruments continuous-flow
helium cryostat and a temperature control system were used.

All Mossbauer measurements were performed with a constant ac-
celeration spectrometer calibrated with hematite, and isomer shifts
are reported relative to an Fe metal standard at room temperature.
Variable-temperature experiments were carried out with the sample
placed in the tail section of a variable-temperature cryostat. The

Eur. J. Inorg. Chem. 2002, 3278 —3283
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temperature of the sample was regulated to within 0.2 K with a
conventional PID system. The samples for Mossbauer spectro-
scopy contained = 4mm 3’Fe in a 200 pL nylon cell. The
Maossbauer spectra were analysed with the WMOSS (WEB Re-
search, Edina, MN) software package. For the analysis, the Hamil-
tonian H describing the system is used:

H = D[S2 — (1/3)S(S + 1) + (E/ID)S2 — S2)] +
BeS[e]B + <S>1[A]T — g,B,B1 + Hg

where D and FE are the axial and rhombic zero field splitting para-
meters, respectively, B, the electronic Bohr magneton, [g] the elec-
tronic g-tensor, <S> the appropriately taken spin expectation
value, [A] the magnetic hyperfine tensor, g, the nuclear g-factor, f,,
the nuclear Bohr magneton and Hg, the quadrupolar interaction
Hamiltonian.

Synthesis of [*"Fe(bztpen)Cl](ClO,), and of Complexes 1 and 2

Caution. Although no problems were encountered in the preparation
of the perchlorate salts, care should be taken when handling such
potentially hazardous compounds.

The ligand bztpen was synthesized as previously described.['”) The
STFeCly*6H,0 starting compound was obtained as recently pub-
lished.[”! Methanol was purchased from Prolabo, NaClO4 from
Sigma, hydrogen peroxide and triethylamine from Aldrich, and all
were used without further purification. For the synthesis of
[>’Fe(bztpen)CI]|(C10,),, 3’FeCly*6H,O (53.2 mg, 0.197 mmol) in
dry methanol (1 mL) was added to a solution of bztpen (83.3 mg,
0.197 mmol) in 2 mL of dry methanol. A yellow precipitate formed
immediately and redissolved spontaneously after 2 minutes. Addi-
tion of NaClOy, (72.6 mg, 0.591 mmol) resulted in precipitation of
a yellow product, which was isolated by filtration. Treatment of
this yellow compound, dissolved in dry methanol, with hydrogen
peroxide (30%, 300 equivalents) generated the purple species 1. Ad-
dition of triethylamine (99%, 30 equivalents) produced a blue solu-
tion of 2.
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