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Introduction

The structure and bonding in isocyclopentadienide (isodicp)
containing iron organometallics,1 and in particular the evaluation
of the spin density in these complexes, have been the subject
of extensive investigation in the past several decades, and a
number of detailed studiessespecially those employing nuclear
magnetic resonance techniquesshave been reported in the recent
literature.2 In the present study, the Mo¨ssbauer spectra of bis-
(isodicyclopentadienyl)iron,1, and the corresponding ferroce-
nium hexafluorophosphate,2, have been determined over the
temperature range 90< T < 300 K and the resultant parameters
compared to those of the parent ferrocene,3, (dicyclopentadi-
enyl)(cyclopentadienyl)iron,4, bis(pentadienyl)iron,5, and bis-
(cyclooctadienyl)iron,6. The structures of these complexes are
summarized in Chart 1.

Experimental Section

The synthesis of the compounds examined in this study has been
reported earlier,2-4 except for6,5 as has the57Fe Mössbauer spectro-
scopic technique applied to ferrocene-related complexes.6-8 All isomer
shifts (IS) are reported with respect to the centroid of a room-
temperatureR-iron spectrum.

Results and Discussion

The Mössbauer spectra of all of the neutral complexes
examined in this study consist of well-resolved doublets in the
temperature range employed (90< T < 300 K), and a typical
spectrum of1 at 90 K is shown in Figure 1. In contrast, the
spectra of the cationic complex,2, shown in Figure 2, consist
of a broad resonance which can best be fitted by a spin-lattice

relaxation algorithm.9 The parameters extracted from these
spectra, and their temperature dependencies, are summarized
in Table 1.

The hyperfine interaction parameters of1 are very similar to
those reported for ferrocene,6-8 except for the temperature
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Figure 1. Mössbauer spectrum of1 at 90 K.

Figure 2. Mössbauer spectrum of2 at 90 K.

Chart 1. Structures Discussed in the Text
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dependence of the recoil-free fraction (-d ln A/dT) as sum-
marized in Figure 3. These data suggests a somewhat “softer”
lattice for1 compared to3, as reflected in the iron atom motion.
Of particular interest is the comparison of the quadrupole
hyperfine interaction parameter (QS) for1 and3 compared to
the mixed sandwich compound4 (Table 1) for which the room-
temperature Mo¨ssbauer data have been reported earlier,4 as well
as the corresponding values for5 and6. It is clear that the field
gradient at the metal center is much larger in the former than
in the latter. The temperature dependence of QS (-d QS/dT) is
slightly negative (-7.6× 10-5 mm s-1 K-1) over the range 90
e T e 300 K, as it is in3 above the 169 K phase transition.10,11

According to the generally accepted molecular orbital scheme
of ferrocene, the dxy, dx2-y2,and dz2 orbitals are filled, whereas
the dxz and dyz orbitals are largely empty, while in the Dicp-
(Cp) iron complex (4) the latter two are mixed in with the other
d orbitals, thereby increasing the symmetry of the d-electron
distribution and, hence, decreasing the QS interaction. Moreover,
the d-orbital mixing in4 is less than that in the pentadienyl
homologue5. There is, in addition, the observation that in
the mixed Dicp(Cp)iron complex (4) the Fe-C distances in the
Fe-Cp interaction are essentially the same as in the Fe-Dicp
bonding, wheras a considerable difference is encountered for
the distances between Fe and the best bonding planes of Cp
and Dicp (1.73 and 1.21 Å, respectively).12 The Fe-ring
distance clearly depends not only on the orientation of the
ligands but also on the exo,endo position of the methylene
groups. For a ferrocene that is very similar to1, Paquette et
al.1 have established an eclipsed arrangement of the ligands with
both CH2 groups pointing toward iron; the Fe-ring distance is

1.655 Å, very similar to the value of 1.651 Å found by Seiler
and Dunitz13 for the parent ferrocene,3.

The d-orbital involvement is also reflected in the IS parameter,
which is larger (by∼0.5 mm s-1) in 1 and3 compared to4,
indicating a smaller s-electron density in the former due to the
shielding effects of the d orbitals. It is interesting to note that
the IS parameter in the mixed complex,4, has been reported3

to be similar to that in the two pentadienyl complexes,5 and6.

The temperature dependence of the IS of1 shown in Figure
4, together with the corresponding data for3, and reflects the
similarity in the two data sets. Although there is some curvature
in the IS versusT data, assuming a linear dependence leads to
an effective mass (Meff)14 of 108 Da for1 as well as for3. The
departure of this parameter from the “bare atom” value of 57
Da is, of course, a reflection of the covalency of the Fe-ligand
bonding interaction. It is nearly identical in all of the compounds
summarized in Table 1 (as it is in fact for mostη5-ligand-Fe
complexes studied to date). It arises from the fact that the metal
atom experiences only theπ-electron density of the five-
membered ring and is relatively insensitive to the presence of
other σ-bonded alkyl or aryl substituents on the ligand. An
independent proof for the predominance ofπ-bonding is
provided by the57Fe,13C coupling constants. For ferrocene this
amounts to only 4.7-4.9 Hz,15 which is indicative of a very
small σ content of the Cp-Fe bond. Similarly,57Fe, 13C
couplings of 2.6. 5.2, and 6.0 Hz have been found for4.3

As noted above, the Mo¨ssbauer spectrum of2 (Figure 2)
consists of a broad resonance which is characteristic of a fast
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Table 1. Summary of Mo¨ssbauer Parametersa of the Compounds Discussed in the Text

Fe(Dicp)2 (1) Fe(Dicp)2PF6 (2) Fe(Cp)2 (3) Fe(Dicp)(Cp) (4) Fe(pentad)2 (5) Fe(cyclooct)2 (6) units

IS(90) 0.533(3) 0.546(25) 0.531(3) 0.447(10) 0.446(1) mm s-1

IS(300) [0.498] [0.501] 0.352 [0.401(10)] 0.360(1) mm s-1

QS(90) 2.415(1) 0.208(10) 2.419(1) 1.529(1) mm s-1

QS(300) 2.415(1) 2.408(1) 1.736(9) 1.40(2) at 78 K mm s-1

-dIS/dT 3.86 3.86 3.52 4.13 mm s-1 × 104

-d ln A/dT 3.505 5.66 3.505 5.13 7.20 K-1 × 103

Meff 108 108 118 100 Da
ΘM 143 143 160 177 K

a The values in brackets are those extrapolated from the low-temperature data.

Figure 3. Temperature dependence of the logarithm of the area under
the resonance curve for1 (filled circles) and3 (empty circles). The
data for ferrocene are taken from ref 7.

Figure 4. Temperature dependence of the isomer shift for1 (filled
circles) and3 (empty circles). The isomer shift scale is referenced to
R-iron at room temperature.
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(10-7-10-9 s on the Mo¨ssbauer time scale) spin-lattice
relaxation and is similar to a wide range of ferrocenium ion
spectra reported earlier.6,16,17 As a general observation, one-
electron oxidation of ferrocene derivatives with only aromatic
ring substituents leads to a (near) collapse of the QS parameter,
wheras the presence of nonaromatic ring substituents gives rise
to resonance spectra with an essentially undiminished QS
interaction. Due to the fact that only∼9.1 mg of2 (20 µmol)
was available for the present study, the experimental data could
not be extended above∼210 K due to the very small resonance
effect magnitude at higher temperatures. However, in the range
90 < T < 210 K, it is seen (Table 1) that the QS parameter is
∼0.208(10) mm s-1 and that the temperature dependence of
the recoil-free fraction (-d ln A/dT) is ∼5.7(5) × 10-3 K-1,
somewhat larger than that observed for the neutral complex,1.

Presumably this is due to a larger mean-square amplitude of
motion of the metal for which more space is available. The
reason is that the metal atom radius becomes smaller since one
d electron has been removed and that the Cp-Fe distance has
increased to 1.72 Å in22 from 1.651 Å in ferrocene13 and 1.655
Å in a related ferrocene very similar to1.1 The d-electron
removal is not, however, reflected in the IS of2 compared to
1, which are the same within experimental error.

Summary

Mössbauer spectra of a bis(isocyclopentadienyl)iron complex
and its one-electron oxidation product have been determined at
a number of different temperatures and compared to those of
ferrocene and related complexes. The temperature dependencies
of the hyperfine and lattice dynamical parameters are reported
in detail and discussed in terms of the molecular architecture
of these complexes.
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