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Redox-Switchable Lithium Trap

[1.1]Diborataferrocenophane: A Highly Efficient
Li+ Scavenger**

Matthias Scheibitz, Rainer F. Winter, Michael Bolte,
Hans-Wolfram Lerner, and Matthias Wagner*

In various cases, electrophilic substitution reactions of
ferrocene are known to proceed via precomplexation of the
iron atom by the electrophile.[1] Moreover, direct iron-to-
metal bonding appears to influence the complexation behav-
ior of certain ferrocene-based redox-switchable cryptands,[2]

as well as the properties of catalytically active 2-metalla[3]-
ferrocenophanes (metal=TiIV, PdII, PtII).[3] The interaction of
ferrocene with Li+ was studied theoretically by Ugalde
et al. ,[4] who located two minima on the energy surface. In
the lower energy structure, the lithium cation is h5-coordi-
nated on top of one of the cyclopentadienyl rings (I ;
Scheme 1). The second minimum structure II is 8 kcalmol�1

higher in energy and has the Li+ ion bonded laterally to the
iron atom. We recently reported the synthesis and structural
characterization of a ferrocene/gallium(i) cation complex with
essentially the same structural motif as I.[5] Here we report on
the isolation of a ferrocene/lithium complex that provides
experimental evidence for the existence of structure II.

When a slurry of 1,1’-dilithioferrocene (1)[6] in hexane is
treated with a solution of 1,1’-bis(dimethylboryl)ferrocene (2)
in THF,[7] the cyclic dinuclear aggregate 32� is formed in good
yield (Scheme 1). X-ray quality crystals of [3-Li]Li([12]crown-
4)2 were grown by gas-phase diffusion of diethyl ether into a
solution of the crude material in THF after addition of
[12]crown-4.

The 11B NMR spectrum of [3-Li]Li([12]crown-4)2 reveals
one signal at d(11B, [D8]THF)=�21.8 ppm, which testifies to
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the presence of tetracoordinate boron atoms.[8] In the
1H NMR spectrum, only one signal is observed for all four
methyl groups (d(1H, [D8]THF)=�0.25 ppm). The signal is
broad and has a doublet line shape due to partially resolved
2J(B,H) coupling. The cyclopentadienyl rings give rise to two
well-resolved pseudotriplets at d(1H, [D8]THF)= 3.86 and
3.99 ppm; the corresponding carbon resonances appear at
d(13C, [D8]THF)= 69.8 and 74.0 ppm. Both the 1H and the
13C NMR patterns indicate a high average symmetry of the
molecule in solution. This observation can be explained by a
degenerate syn–syn isomerization of the [1.1]ferrocenophane
framework, which leads to fast exchange of the methyl groups
in the exo and endo positions of the BMe2 bridges (the anti
conformation of [1.1]ferrocenophanes with small bridging
atoms is disfavored for steric reasons).[9]

Most interestingly, the 7Li NMR spectrum displays two
signals at d(7Li, [D8]THF)=�0.19 and 4.29 ppm with an
integral ratio of 1:1. Comparison with the spectra of LiCl
(d(7Li, [D8]THF)= 0.30 ppm) and Li([12]crown-4)2Cl (d(7Li,
[D8]THF)=�0.21 ppm) clearly shows that the signal at
higher field must be assigned to a [Li([12]crown-4)2]+ cation.
The signal at 4.29 ppm obviously corresponds to the second
lithium cation, which appears to be surrounded by a distinctly
different ligand sphere. At ambient temperature, any ex-
change of Li+ between the two coordination sites is clearly
slow on the NMR timescale. The 7Li NMR spectrum does not
change when more [12]crown-4 is added to the NMR tube.

The structure of [3-Li]Li([12]crown-4)2 in the solid state
was finally established by X-ray crystallography (Figure 1).[10]

The molecule contains a [1.1]ferrocenophane ring in a twisted
syn conformation (dihedral angles: C1–C5//C31–C35 21.38 ;
C11–C15//C21–C25 23.18).[11] In agreement with the NMR
data, one of the lithium cations is coordinated by two crown
ether molecules and forms the well-known complex [Li([12]-
crown-4)2]+. The second lithium cation is located inside the
ferrocenophane cavity, most likely trapped by the electro-
static field originating from the two anionic dimethylborate
bridges (Li1···B1 2.314(6), Li1···B2 2.309(6) K; B1···Li1···B2
179.2(3)8 ; Li1 is not located on a special position). The

distances between the Li+ ion and the iron
centers are somewhat larger than the value
calculated for structure II (II : Li···Fe 2.4 K; [3-
Li]� : Li1···Fe1 2.720(6), Li1···Fe2 2.706(5) K;
Fe1···Li1···Fe2 128.2(2)8). As was predicted by
Ugalde et al. ,[4] the close vicinity of the Li+ ion
does not lead to a major distortion of the
ferrocene structure (COG-Fe1-COG’ 175.68,
COG-Fe2-COG’ 174.98 ; COG: center of gravity
of a C5H4 ring). We observe only little bending
of the boron centers out of the planes of the
attached Cp rings (av COG-C(ipso)-B
167.3(3)8), and the distances between the car-
bon atoms C1, C11, C21, C31 and the Li+ ion are
rather large (av C(ipso)···Li1 2.361(5) K). These
findings suggest that there is no substantial
degree of charge transfer from the Cp rings to
the lithium cation. The question thus arises
whether the function of the diborylated ferro-
cenophane is adequately described as merely

providing an anionic macrocycle in which Li+ is trapped. [3-
Li]� containing a naked lithium cation in close proximity to a
ferrocene moiety represents a reasonable approximation of
II, as it was predicted to exist under gas-phase conditions.
Ugalde et al. calculated the lithium cation basicity (LCB) of
ferrocene at T= 298 K for structure II and obtained a value of
29.4 kcalmol�1,[4] which, in comparison with other LCB data
determined both theoretically and experimentally by Burk
et al.,[12] leads to the conclusion that ferrocene behaves as a
moderately strong base toward the lithium cation. Since [3-
Li]� has two ferrocene moieties which, in addition, are much
more electron-rich than ferrocene itself (see below and also
ref. [13]), a contribution from bonding Fe···Li interactions to
the stability of the aggregate should be considered.
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Scheme 1. a) THF/hexane, RT; b) excess [12]crown-4, RT.

Figure 1. Molecular structure and numbering scheme of [3-Li]Li([12]-
crown-4)2 (thermal ellipsoids shown at the 50% probability level,
Li([12]crown-4)2+ fragment and hydrogen atoms omitted for clarity).
Selected atom–atom distances [I], bond lengths [I], angles [8] , and
torsion angles [8]: B1-C1 1.651(5), B1-C31 1.651(5), B2-C11 1.646(5),
B2-C21 1.659(5), Li1···B1 2.314(6), Li1···B2 2.309(6), Li1···Fe1 2.720(6),
Li1···Fe2 2.706(5); C1-B1-C31 115.7(3), C11-B2-C21 114.8(3),
B1···Li1···B2 179.2(3), Fe1···Li1···Fe2 128.2(2); C2-C1-B1-C1’ �38.9(4),
C2-C1-B1-C1’’ 78.1(3), C25-C21-B2-C2’ �38.7(4), C25-C21-B2-C2’’
78.5(4).
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In cyclic voltammetry experiments (CH2Cl2, 0.2m
NBu4PF6) [3-Li]Li([12]crown-4)2 was irreversibly oxidized at
a peak potential of �0.58 V (vs FcH/FcH+, u= 0.1 Vs�1;
Figure 2a).[14] This sizable cathodic shift with respect to
ferrocene reflects the high electron density in the anionic
[1.1]ferrocenophane.[15] When, after oxidation, the sweep is
continued into the cathodic regime, two partially reversible
waves emerge at even more negative half-wave potentials

(E1/2=�1.02,�1.33 V; DEp= 84 and 111 mV, respectively).[16]

These waves are not observed if the cathodic scan is
performed first and are thus assigned to electroactive
product(s) arising from a chemical step following oxidation.
On bulk electrolysis at �0.38 V the electroactive product(s)
mentioned above were cleanly produced. Voltammetric scans
after electrolysis reveal both cathodic waves to be only
partially reversible, and this again indicates a chemical
process following electron transfer. If after the cathodic scan
the sweep is taken back into the more anodic regime, the
oxidation wave of the parent [3-Li]Li([12]crown-4)2 reappears
(Figure 2b). In accordance with the voltammetric data, bulk
reduction at �1.20 V gives back the starting material as the
principal product. We conclude that the oxidation/reduction
sequence constitutes an overall chemically reversible cycle
connected by irreversible individual steps. Considering the
pronounced cathodic shift of both reduction potentials
relative to the oxidation potential of parent [3-Li]� , a
plausible scenario is that upon oxidation of [3-Li]� the
encapsulated Li+ ion is expelled from the macrocycle.

[3]2� is a novel type of redox-switchable lithium scavenger.
Contrary to other functionally related complexes,[17] the
lithium ion in [3-Li]� is not coordinated by main-group Lewis
bases. We therefore suggest that [3-Li]Li([12]crown-4)2 could
be used as an easily accessible model system to study the
interaction of ferrocene with the unperturbed naked lithium
cation.

Experimental Section
[3-Li]Li([12]crown-4)2: A solution of 2 (0.29 g, 1.09 mmol) in THF
(5 mL) was added to a slurry of 1·2 tmeda (0.47 g, 1.09 mmol; tmeda=
N,N,N’,N’-tetramethylethylenediamine) in hexane (20 mL) with stir-
ring at ambient temperature. The reaction mixture was stirred for 2 h.
After filtration, the remaining solid was triturated in hexane (2 M
10 mL) and dried in vacuo. A solution of the crude product in THF
was treated with [12]crown-4 (0.37 g, 2.20 mmol) and then slowly
layered with diethyl ether by gas-phase diffusion to yield X-ray
quality crystals of [3-Li]Li([12]crown-4)2. Yield: 0.39 g (44%).

11B NMR (128.4 MHz, [D8]THF): d=�21.8 ppm (h1/2= 20 Hz);
7Li NMR (155.5 MHz, [D8]THF): d=�0.19 ([Li([12]crown-4)2]+),
4.29 ppm ([3-Li]�); 1H NMR (250.1 MHz, [D8]THF): d=�0.25 (br,
12H; CH3), 3.61 (s, 32H; CH2), 3.86, 3.99 ppm (2M t, 2 M 8H,
3J(H,H)= 4J(H,H)= 1.7 Hz; C5H4); 13C NMR (62.9 MHz, [D8]THF):
d=not observed (CH3), 69.8 (C5H4), 72.0 (CH2), 74.0 ppm (C5H4), not
observed (C5H4-ipso). 11B and 7Li NMR spectra are reported relative
to external BF3·Et2O and LiCl/D2O, respectively. Elemental analysis
(%) calcd for C40H60B2Fe2Li2O8 (816.08): C 58.87, H 7.41; found: C
58.55, H 7.51.
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Li-Intercalated Oxometallocubanes

Intercalation of Alkali Metal Cations into Layered
Organotitanium Oxides**
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and Cristina Santamar=a

Dedicated to Professor Pascual Royo
on the occasion of his 65th birthday

Species with a metallocubane structure constitute an inter-
esting building block in inorganic solids, and considerable
effort has been invested in selecting the composition and
geometry of the precursor complexes to obtain specific
characteristics and properties.[1] Some examples of the wide
variety of inorganic materials whose structures are based on
molecular cubane-like motifs are the molybdenum[2] and
aluminum phosphates,[3] MvMoxPyOz (M=metal cation), or
various hydroxometalates [MxOy(OH)z]L (M=Ge, Ln,…).[4]

We have reported the formation and structure of
the oxoheterometallocubanes [{(CO)3Mo}(m3-O)3{Ti3-
(h5-C5Me5)3(m3-CR)}] (R=H, Me)[5] , which were obtained
from the preorganized organometallic oxides [{Ti(h5-C5Me5)-
(m-O)}3(m3-CR)] (R=H (1), Me (2)).[6] Once we observed that
the latter might be involved directly as macrocyclic tridentate
ligands in encapsulation processes of different metals, we
became interested in incorporating diverse metal complex
fragments at the free vertex of the m3-alkylidyne oxo
derivatives to build up the corresponding oxoheterometallo-
cubanes.

As part of these ongoing studies, here we present the
intercalation of alkali metal ions into layered organometallic
titanium oxides by treatment of the alkylidyne complex 1with
different alkali metal alkyl and amide reagents.

The one-pot reaction of the tripodal starting material 1
with MR (M=Li, R=CH2SiMe3, CH2CMe3, nBu; M=Na,
R= nBu; M=K, R= nBu, CH2Ph) in toluene/hexane at
room temperature leads to the oxoheterometallodicubanes 3–
5 in good yields. These compounds can be also obtained by
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