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ABSTRACT: The first example of a lanthanide metal-
locenophane complex has been isolated as [Li(THF)4]-
[DyFc3Li2(THF)2] (1). The molecular structure of
complex 1 differs dramatically from those of main group
and transition metal ferrocenophane complexes and
features a distorted trigonal prismatic geometry around
the Dy(III) ion and close intramolecular Dy···Fe distances.
Furthermore, complex 1 exhibits all characteristics of a soft
single-molecule magnet.

Metallocenophanes, or ansa-metallocenes, are an intrigu-
ing class of compounds that attract significant attention,

especially with respect to organometallic catalysis. Within the
class of metalloarenophane compounds,1 ferrocenophanes are
being most intensively investigated. The isolation and structural
characterization of ferrocenophanes is a challenging yet
intriguing task for synthetic chemists. The highly strained
molecular structures of especially [1]ferrocenophanes2 typically
result in characteristic reactivity patterns that are driven
thermodynamically by release of the ring strain associated
with small ansa-bridges.3 Consequently, [1]ferrocenophane
complexes have found ample use in homogeneous catalysis and
in ring-opening polymerization (ROP) chemistry, where they
have been employed as the monomeric unit in route to high
molecular weight metallopolymers.4

To date, several examples of [1]ferrocenophanes have been
reported that feature bonds to either main group elements or
transition metal ions. Structurally characterized examples
include compounds with bridging atoms from group 13 (B,
Al),2b,5 group 14 (Si, Ge, Sn),6,2d,7 group 15 (P, As),2d,8 group
16 (S, Se),2c,9 as well as diamagnetic (Zr, Ni, Pd, Pt)10 and
paramagnetic (Fe, Mn)11 transition metal complexes (see
Figure 1 for selected examples). Importantly, [1]-

ferrocenophanes possessing f-block elements in the bridgehead
have remained largely unexplored. Ephritikhine et al. reported
the only known actinide [1]ferrocenophane complex,
[Li2UFc3(py)3]·py, in which the paramagnetic U(IV) ion is
surrounded by three diamagnetic ferrocenophane moieties in a
distorted C3 geometry.12 The molecular structure of
[Li2UFc3(py)3]·py is distinct from those of traditional main
group [1]ferrocenophanes in that the typical distortion of the
carbocyclic rings is not observed. The distortion, and thus the
degree of ring strain, is quantified by the angle formed by the
intersection of the planes of the carbocyclic rings (α) as well as
the CpC−Fe−CpC (CpC = Cp centroid) angle (δ) (see Scheme
1). In detail, [Li2UFc3(py)3] features δ values of around 178.5°

indicating a lack of significant ring strain that is most likely due
to the less efficient orbital overlap between the U ion and Cp-
ring C atoms. Another intriguing structural detail are the close
direct through space distances (d(U···Fe) = 3.14(2) Å)
between the central U(IV) ion and the surrounding low-spin
Fe(II) ions that led the authors to hypothesize that
heterometallic dative interactions between these centers are
possible. The structural variation of [Li2UFc3(py)3]·py from
traditional [1]ferrocenophanes opens up new avenues in
studies of the reactivity and physical properties of novel f-
block-[1]ferrocenophane complexes.
Inspired by these observations, our group became interested

in expanding f-block-[1]ferrocenophane chemistry to include
lanthanide ions into the bridgehead with a particular focus on
the development of new classes of heterometallic lanthanide-
transition metal based single-molecule magnets (SMMs). Over
the last 2 decades, discrete molecules containing one or more
lanthanide ions have received significant interest in the field of
molecular magnetism due to the large single ion anisotropy and
the unquenched orbital angular momentum of lanthanide
ions.13 Bistability of the maximum mJ ground states and large
energy separations to first and higher excited states has led to
lanthanide complexes possessing high effective barriers to
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Figure 1. Representative examples of structurally characterized
[1]ferrocenophane complexes.

Scheme 1. Preparation of 1
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magnetization reversal (Ueff) and consequently significant
magnetic hysteresis, lending them to potential use in data
storage and processing.
Herein, we report the synthesis, structural, and magnetic

characterization of [Li(THF)4][DyFc3(THF)2Li2] (1), which
represents the first example of a lanthanide-[1]ferrocenophane
complex. The synthesis of 1 is accomplished via the salt
elimination reaction between DyCl3 with 1.3 equiv of [Fe(η5-
C5H4)2]3Li6(TMEDA)2

14 (TMEDA = tetramethylethylendi-
amine) in THF at room temperature (Scheme 1). Separation of
the salt byproducts via filtration and removal of the THF from
the filtrate, affords crude 1 as a red-orange powder that can be
further purified by washings of hexanes. Recrystallization from
THF/pentane mixtures at −27 °C allows for the isolation of
compound 1 as pyrophoric orange plate crystals in 20% yields.
Notably, 1 can also be prepared using DyI3 as the lanthanide
precursor but the higher solubility of LiI(THF)x salts (as
compared to LiCl) impedes the isolation of pure 1.
Compound 1 crystallizes in the monoclinic space group P21/

c with an exceptionally anisotropic unit cell (a = 11.3810(9) Å;
b = 63.671(5) Å; c = 13.7280(11) Å). The molecular structure
of 1 (Figure 2, Table S1, S2) shows the central Dy(III) ion

surrounded by three ferrocenophane moieties each coordinated
in the 1′1′ fashion, promoting a distorted C3 geometry. Two
Li+ ions reside in the axial positions above and below the
equatorial plane inside a tricoordinate “pocket” formed by the
C1-atoms of the carbocyclic rings and are coordinated by an
additional THF ligand. The unit cell of 1 contains two
crystallographically unique Dy(III) sites (Dy(1) and Dy(2)),
each having subtle differences in the ligand field geometry. Both
Dy(1) and Dy(2) have similar average Dy−C distances (Dy−
Cavg: 2.547[5] Å for Dy(1)); 2.544[5] Å (for Dy(2)) ranging
between 2.532(5)−2.564(5) Å and 2.536(5)−2.552(5) Å,
respectively. The average CCp−Dy−CCp angles are 81.02° for
Dy(1) and 80.98° for Dy(2), respectively. Coordination of Li+

is also comparable between the two molecules with average Li−
C bond distances of 2.21[1] and 2.22[1] Å. Most interesting
are the intramolecular Dy···Fe distances that are in the range of
3.185(4)−3.262(4) Å. These values represent some of the
shortest Fe···Ln distances reported for heterometallic Fe−
lanthanide complexes. Inspection down the approximate local
C3 axis of 1 (Figure 2 bottom), displays the six C1 donors of the
three ferrocenophane ligands are arranged in a distorted
trigonal prismatic geometry around the Dy ion. The average
twist angle of 12° and 9° for Dy(1) and Dy(2), respectively,
suggests significant distortion from ideal trigonal prismatic
geometry but is notably less than the twist angle observed for
[Li2UFc3(py)3]·py (23°).
The amount of distortion of the carbocyclic rings can be

directly correlated to the amount of strain present in
[1]ferrocenophane complexes. Similarly to [Li2UFc3(py)3], 1
does not display large distortions of the carbocyclic rings with
very small α (<1°) and linearity approaching averaged δ
(178.3°) values, indicating very little ring strain. These values
deviate dramatically from those of highly strained main group
[1]ferrocenophane complexes, FcSiPh2 (δ = 167.3°) and
FcBN(SiMe3)2 (δ = 155.2°) and are indicative of significantly
less efficient orbital overlap between Dy and Cring atoms.
The temperature dependence of the static magnetic

properties of 1 were probed by direct current (dc) magnetic
susceptibility measurements under an applied field of 1000 Oe
in the temperature range from 2 to 300 K (Figure 3). The χMT

value at 300 K of 14.54 emu·(K/mol) is slightly higher but
close to the expected value (14.17 emu·(K/mol)) for a single
noninteracting Dy(III) ion (6H15/2, S = 5/2, L = 5, g = 4/3).
Upon decreasing the temperature, the χMT value remains
nearly constant until 65 K, below which a slight decrease is
observed. A more rapid decrease is observed around 5 K,
reaching a minimum value of 8.45 emu·(K/mol) at 2 K. The
low temperature decrease in the χMT value is commonly
observed for mononuclear lanthanide-based SMMs and can be
attributed to depopulation of the stark sublevels and/or weak
intermolecular antiferromagnetic coupling. Steep decreases may
be indicative of blocking of the magnetization (lowest
temperature regime). To probe the occurrence of magnetic
blocking in 1, a zero field cooled (ZFC) magnetization
measurement was performed under an 1000 Oe applied dc
field (Figure 3 inset). The ZFC and FC curves nearly coincide

Figure 2. Molecular structure of one monoanionic [DyFc3(THF)2-
Li2]

− molecule in crystals of 1 (top) and view down the Li−Dy−Li
axis (bottom, coordinated THF molecules removed). Teal = Dy,
orange = Fe, blue = Li, gray = C, red = oxygen. Hydrogen atoms and
countercation have been omitted for clarity.

Figure 3. Temperature dependence of χMT for 1 (1000 Oe; 2−300
K). Inset: Temperature dependence of field cooled (black) and zero
field cooled (red) magnetization for 1 (1000 Oe).
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until 4 K, below which the ZFC magnetization displays a sharp
decrease, reaching a value of 0.4 μB at 2 K. The location of the
maximum in the ZFC magnetization curve suggests the
presence of magnetic blocking in 1 up to temperatures (TB)
of around 3.5 K.13g,15 Variable temperature magnetization vs
field measurements (Figure S1) indicate that magnetic
saturation is approximately reached at 4 T were the
magnetization reaches a value of 5.45 μB (maximum 5.58 μB
at 7 T). The value is smaller than the expected 10 μB,
suggesting that the degeneracy of the 6H15/2 ground states has
been broken by crystal field effects. Furthermore, the
magnetically highly anisotropic nature of the Dy(III) ion
results in the observed nonsuperposition of the M vs H/T
curves (Figure S2).
The dynamic magnetic properties of 1 were probed by

variable temperature alternating current (ac) magnetic
susceptibility measurements in the absence of an applied dc
field between 1 and 1000 Hz. The out-of-phase component of
the molar ac susceptibility (χM″) (6−20 K Figure 4; see Figure

S3 for χM′ and χM″ for 1.8−20 K) shows a single peak within
the frequency range, indicating that the reversal of the
magnetization of 1 is slower than the oscillation of the
alternating magnetic field. The frequency of the out-of-phase
signal remains temperature independent up to 4 K, upon which
the signal begins to shift toward higher frequencies, eventually
moving past the experimental 1000 Hz limit at 20 K. The
temperature independent nature of χM″ below 6 K is indicative
of significant contributions from thermally unassisted quantum
tunneling processes to the reorientation of the magnetic spin
states. To minimize quantum tunneling through intermolecular
interactions, magnetically dilute samples of 1 were prepared
(compound 3) (Dy:Y = 1:11.7) (see ESI for details). In fact, for
compound 3, no temperature independence of the ac
susceptibility was observed (χM″ maxima moved below 1 Hz
at temperatures below 8 K; Figure S4).
The relaxation times of the magnetization (τ) were extracted

by fitting Cole−Cole curves (χ″ vs χ′) for each temperature
with the generalized Debye equation (Figure 5 inset). The
relaxation time distribution parameter, α, lies within the range
of 0.241−0.438 for all temperatures, which suggests a fairly
wide distribution of the relaxation times. The large α parameter
and asymmetry of the Cole−Cole curves at some temperatures
might suggest the overlap of multiple relaxation processes in 1.
This observation could be due to the two crystallographically
unique Dy(III) sites in the solid state structure of 1 having
slightly different magnetization dynamics. Additionally, it has

recently been emphasized that multiple relaxation events can
occur also for single lanthanide sites and can contribute to said
asymmetry.16 The thus extracted relaxation times were used to
construct Arrhenius plots (T = 1.8−20 K (for 1) and 8−17 K
(for 3); Figure 5). The data for 1 was fit (dashed line) including
contributions from quantum tunneling, Raman scattering, and
Orbach processes according to τ−1 = τQTM

−1 + CT5 + τ0
−1

exp(−Ueff/kBT). For 3, no contributions from quantum
tunneling were included (solid line). These fit models resulted
in a value for the effective barrier to magnetization reversal Ueff
of 110 cm−1 (159 K) for 1 (τQTM = 0.14 s; C = 2.9 × 10−4 s−1

K−5; τ0 = 6.0 × 10−8 s) and 108 cm−1 (155 K) for 3 (C = 2.1 ×
10−4 s−1 K−5; τ0 = 3.3 × 10−8 s).
The observed slow magnetic relaxation for 1 in ac

susceptibility measurements would be expected to result in
magnetic hysteresis at low temperatures. Magnetization studies
of 1 at temperatures between 1.8 and 4.5 K (Figure 6) were

carried out using scan rates of 0.9 mT/s. At 1.8 K, compound 1
displays a waist restricted hysteresis loop, approaching magnetic
saturation at 4 T and featuring a step like decrease of the
magnetization at zero field. The absence of a coercive field is
indicative of QTM processes outpacing the magnetic field
sweep rate as has been previously observed.17 This observation
is in good agreement with the temperature independent nature
of the χM″ between 1.8 and 4 K. The opening in the hysteresis
loop steadily decreases upon increasing the temperature and
remains only slightly open at 4.5 K.

Figure 4. Temperature dependence of the out-of-phase component
(χM″) of the ac susceptibility of 1 under 0 Oe applied dc field in the
temperature range 6−20 K.

Figure 5. Arrhenius plot of magnetization relaxation time data for 1
(open circles) and 3 (solid circles) in zero dc field. The dashed and
solid lines correspond to fits for 1 and 3, respectively (see text). Inset:
Cole−Cole plots for 1 under zero dc field. Solid lines are the best fits
to the experimental data, obtained with the generalized Debye model.

Figure 6. Variable field magnetization data for 1 collected from 1.8 to
4.5 K at a sweep rate of 0.9 mT s−1.
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In conclusion, we introduced the first example of a
lanthanide metallocenophane complex. The utilization of this
unique ligand for lanthanide binding allows for an approximate
trigonal prismatic geometry around the Dy(III) ion in
compound 1 as well as short intramolecular distances to Fe(II)
ions. Compound 1 displays all characteristics of a soft single-
molecule magnet with an effective barrier to magnetization
reversal of ∼110 cm−1. We are currently investigating potential
interactions between the Dy(III) ion and the ferrous sites as
well as expanding our studies to other highly anisotropic
lanthanide ions. Furthermore, complexes of this new type of
heterometallic SMM have the potential to display redox-
switchability of their magnetic properties and these inves-
tigations will be subject of future studies.
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