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Not only the diverse functionalities but also the aesthetic
pleasures of highly symmetrical molecules fascinate chemists.
In 1952, Eiland and Pepinsky reported the molecular
structure of ferrocene in the solid state ([Cp2Fe], Cp = h5-
C5H5) which represents the first example of an attractive
sandwich molecule.[1] To date, numerous metallocene com-
plexes have been synthesized and found wide application.[2] In
2006, Vollhardt and co-workers reported the syntheses and
molecular structures of hexaferrocenylbenzene (C6Fc6, Fc =

(h5-C5H4)FeCp)[3] and the penta(ferrocenyl)cyclopentadienyl
tricarbonyl manganese complex [(h5-C5Fc5)Mn(CO)3].[4] They
emphasized the great interest of these molecules with
potential applications in electronics, optics, and catalysis.
Similar attractive molecular structures are found in com-
pounds like hexakis(4-ferrocenylphenyl)benzene (C6-
(C6H4Fc)6), hexakis(ferrocenylethynyl)benzene (C6(C�CFc’)6,
Fc’= substituted ferrocenyl) and [(FeCp)3(trindenyl)].[5] In
2011, super-crowded ferrocenyl-substituted five-membered
heterocycles (cC4Fc4X, X = O, S, NR) were added to this
family of compounds.[6] Their interesting electronic properties
were studied in detail by spectroelectrochemistry.

Our interest in small and highly strained metallacycles of
Group 4 metallocenes led us to consider the accessibility and
stability of analogous ferrocenyl-substituted complexes with
novel electrochemical properties.[7] The smallest example is
the metallacyclopropene complex formed formally by alkyne
addition to a metal center.[8] To date, the structures of several
monoferrocenyl-substituted acetylenes coordinated to differ-
ent metal carbonyls have been described.[9] In 1967, King and
co-workers reported a diferrocenylacetylene cobalt carbonyl
complex,[10] but its molecular structure was not verified by X-
ray analysis. Mach and co-workers synthesized and charac-

terized titanocene complexes with the monoferrocenyl-sub-
stituted alkynes FcC�CR (R = SiMe3, Ph).[11]

We report herein on the synthesis and structural and
electrochemical properties of complexes 1 and 2 which were
obtained by addition of diferrocenylacetylene (FcC�CFc)[12]

and 1,4-diferrocenylbuta-1,3-diyne (FcC�CC�CFc)[13] to tita-
nocene complexes. Their physical and chemical properties are
studied and discussed in detail along with density functional
theory computations.

Scheme 1 shows the synthesis of complex 1, which was
obtained either by reduction of [Cp2TiCl2] with Mg in the
presence of FcC�CFc or by alkyne exchange of [Cp2Ti(h2-
Me3SiC2SiMe3)][14] in a slower reaction. Recrystallization
from toluene at �78 8C gave brown single crystals of 1
suitable for X-ray crystal structure analysis (Figure 1). The
central carbon atoms C1 and C2 of the coordinated alkyne
form a titanacyclopropene. Both ferrocenyl groups point
parallel in the same direction, resulting in a symmetric
arrangement out of three metallocene fragments. The long

Scheme 1. Synthesis of ferrocenyl-substituted titanacyclopropene 1.

Figure 1. Molecular structure of 1. Hydrogen atoms are omitted for
clarity. The thermal ellipsoids correspond to 30% probability. Selected
bond lengths [�] and angles [8]: C1–C2 1.288(8), C1–C13 1.460(7), C2–
C23 1.446(7), Ti1–C1 2.076(5), Ti1–C2 2.088(5); C1-Ti1-C2 36.0(2) Ti1-
C1-C13 142.2(4), Ti1-C2-C23 144.4(4).
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Ti–Fe distances of 4.9 � exclude direct intermetallic inter-
action.

The central C1�C2 bond of 1.288(8) � is in the range of
typical C=C bonds in cyclopropenes.[15] The ferrocenyl groups
shorten the Ti�C distances, as can be seen by the comparison
of 1 (d(Ti�C) = 2.076(5), 2.088(5) �) with [Cp’2Ti(h2-
FcC2SiMe3)] (2.073(2) (Fc), 2.115(2) (SiMe3); Cp’= h5-
C5Me4H)[11] and [Cp2Ti(h2-Me3SiC2SiMe3)] (2.136(5),
2.139(4)),[16] which indicates a stronger coordination of the
alkyne to 1.

In the 13C{1H} NMR spectrum the central atoms C1 and
C2 in 1 are magnetically equivalent and are observed at dC =

191.8 ppm. The ferrocenyl groups show three 13C signals (dC =

68.1, 69.2, 86.3 ppm), whereas the signal of the rotating C5H5

groups falls together with the CH groups in the C5H4 moiety,
thus indicating a free rotation of the C�Fc bonds in solution.
Compared to [Cp’2Ti(h2-FcC2SiMe3)] (dC = 210.9,
217.8 ppm)[11] and [Cp2Ti(h2-Me3SiC2SiMe3)] (dC =

244.7 ppm),[14] the 13C{1H} NMR signal in 1 is strongly shifted
to higher fields owing to the exchange of the SiMe3

substituent by ferrocenyl groups.
Encouraged by the availability of complex 1, we were

interested in the synthesis of a Fc-substituted titanacyclo-
penta-2,3,4-triene (2), which would result in an enlargement
of the conjugated system. To the best of our knowledge such
Fc-substituted cumulenes have not been structurally charac-
terized to date, but complexes in which 1,4-diferrocenylbuta-
1,3-diene coordinates to M2(CO)6 (M = Fe, Ru), W(CO)3

(forming a dimer), or RuCpBr are known.[17] Furthermore,
complexes of FcC�CC�CFc with trinuclear metal carbonyls
(M = Co, Ru, Os) were reported, but small metallacycles were
not formed in this case.[18]

The alkyne exchange reaction of [Cp2Ti(h2-
Me3SiC2SiMe3)] with FcC�CC�CFc in toluene resulted in
the formation of metallacycle 2 (Scheme 2). Recrystallization
from toluene at ambient temperature gave red single crystals
of 2 suitable for X-ray structure analysis (Figure 2). The
titanium atom forms a planar five-membered ring with the
four central carbon atoms of the ligand. Unlike in 1, the
ferrocenyl substituents in 2 are oriented antiparallel on
opposite sides. The central C2�C3 bond corresponds to a
C=C bond,[15] whereas the adjacent C1�C2 and C3�C4 bonds
are shorter but are still in the range of a double bond. Thus,
the central ring can be best described as a metallacyclocu-
mulene with three connected C=C bonds.[19] All four Ti�C
distances are typical for single bonds (cf. 2.213(2) � in [(h5-
C5Me4SiMe3)2TiMe][20]). The important bond lengths and
angles are not significantly different than in [Cp2Ti(h4-
tBuC4tBu)].[19]

One singlet in the 1H NMR spectrum of the titanocene Cp
rings (dH = 5.20 ppm) and two signals in the 13C{1H} NMR
spectrum for the quaternary carbon atoms in the metallacycle
(dC = 97.7 and 169.7 ppm) indicate a symmetric structure. The
four 13C signals of the Fc groups (d = 70.1, 70.2, 72.7,
81.1 ppm) in solution reveal free rotation of the C�Fc bond
as in complex 1.

The calculated minimum-energy structures of 1 and 2
have Cs and C2 symmetry, respectively, and their optimized
structural parameters agree very well with those from X-ray
structure analysis (see the Supporting Information). The trans
form of 1 is slightly more stable than the cis form (DG =

�2.05 kcalmol�1), while both trans and cis forms of 2 are
nearly isoenergetic (DG =�0.02 kcalmol�1). These small
energy differences support the results from the
13C{1H} NMR spectroscopy measurements, which reveal a
structural flexibility of 1 and 2 in solution. Therefore, the
different orientation in the solid state might be explained by
packing effects.

The redox properties of 1 and 2 were studied by cyclic
voltammetry utilizing 0.1m [NnBu4][B(C6F5)4] in dry THF as
supporting electrolyte. The results carried out at a scan rate of
100 mVs�1 are shown in Figure 3 and Table 1. All potentials
are referenced to the FcH/FcH+ redox couple as recom-
mended by IUPAC.[21] Complexes [Cp2Ti(h2-Me3SiC2SiMe3)]
and [Cp2Ti(h4-tBuC4tBu)] were measured as non-Fc-contain-
ing analogues for which only one irreversible metallacycle-
based oxidation could be detected. The potential of this
process seems to be highly dependent on the nature of the
substituents and on the geometry of the complex itself.
Complexes 1 and 2 could be oxidized in three consecutive
redox processes. The differences between the oxidations and
respective reduction events (DEp) for the redox processes in 2
are in the range between 61 and 90 mV, confirming their
reversibility, while those of 1 possess DEp values of 110 to
140 mV. Furthermore, multicyclic experiments revealed that 1
decomposes during the measurement and deposits at the
electrode. The irreversibility of the redox processes of 1 and
especially the broad wave of the third oxidation step leads toScheme 2. Synthesis of complex 2.

Figure 2. Molecular structure of 2. Hydrogen atoms are omitted for
clarity. The thermal ellipsoids correspond to 50% probability. Selected
bond lengths [�] and angles [8]: C1–C2 1.283(2), C2–C3 1.326(2), C3–
C4 1.282(2), C1–C15 1.435(2), C4–C25 1.435(2), Ti1–C1 2.230(2), Ti1–
C2 2.218(2), Ti1–C3 2.213(2), Ti1–C4 2.249(2); C1-Ti1-C4 101.74(6),
C1-C2-C3 146.1(2), C2-C3-C4 147.6(2), Ti1-C1-C15 146.60(11), Ti1-C4-
C25 147.02(12).
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the conclusion that 1 is unstable and decomposes, at least as
the dication 12+. Calculations of the radical cations 1+C and 2+C

reveal that 1+C is not stable in THF. The alkyne ligand can be
replaced by THF to form [Cp2Ti(thf)2]

+C (DG =�3.20 kcal
mol�1), which has been synthesized and structurally charac-
terized.[22] Unfortunately, complexes 1 and 2 are not stable in
halogenated solvents. In contrast, 2+C and 22+ are stable in
THF (DG =+ 6.93 and 27.11 kcalmol�1, respectively), and 2+C

still retains the metallacycle structure as shown in Figure 4.
Furthermore, the preparative oxidation of 2 with different
ratios of [Ag(toluene)3][B(C6F5)4] (1:1 and 1:2) and AgPF6

(1:4), respectively, did not result in the formation of FcC�
CC�CFc. Therefore, complex 2 is stable under oxidizing
conditions, unlike complex 1, which decomposes to FcC�CFc.

Unfortunately, we did not succeed in the isolation or
characterization of the cationic species. Owing to the
instability of complex 1 during the measurements, further
investigations on the mechanism of the oxidation were limited
to compound 2.

The first two oxidation steps of complex 2 most likely take
place at the ferrocenyl groups. Computations reveal strong
structural changes after the second oxidation. As shown in
Figure 4, the five-membered ring is destroyed and the C4

carbon chain becomes linear. The geometry optimization of
22+ from the cyclic form results directly in the open-chain
form without any barrier. Moreover, the low-lying triplet state
of the dication complex is very close in energy to the singlet
state (DH = 1.63 kcalmol�1 or DG =�0.51 kcalmol�1).

The third oxidation is a simultaneous two-step, one-
electron redox process, as demonstrated by deconvolution of
the square wave voltammetric measurements (see inset
Figure 3). Computations on the tetracation 24+ show that
the minimum-energy structure has a triplet ground state 2T4+

with spin densities at the two iron centers (1.208), and the
corresponding singlet state 2S4+ is higher in energy by
52.86 kcalmol�1. The structure of 2 T4+ resembles that of
22+. For comparison, the triplet state of the FcC�CC�CFc
dication is 11.37 kcalmol�1 more stable than the singlet state.

These results, together with the cyclic voltammetry
measurements and the natural bond orbital analysis (see
natural charge and Wiberg bond index in the Supporting
Information), make it possible to propose a simplified
oxidation mechanism of complex 2 (Scheme 3). On the basis
of the computed spin density and the natural charge on the Fe
and Ti atoms, the first oxidation step takes place at the iron
centers. After the second oxidation step, the five-membered

Figure 3. Cyclic voltammograms at 25 8C; supporting electrolyte:
0.1 molL�1 [NnBu4][B(C6F5)4] in dry THF: A) molecule 1 (black) and
[Cp2Ti(h2-Me3SiC2SiMe3)] (blue) for comparison; B) molecule 2 (black)
and [Cp2Ti(h4-tBuC4tBu)] (blue) for comparison. Inset: the square-wave
voltammogram of 2 ; the different peak areas reveal a 1:1:2 ratio.

Table 1: Electrochemical data of 1, 2, and [Cp2Ti(h2-Me3SiC2SiMe3)],
[Cp2Ti(h4-tBuC4tBu)], FcC�CFc, and FcC�CC�CFc for comparison.

Compound E0
1 [mV]

(DEp [mV])
E0

2 [mV]
(DEp [mV])

E0
3 [mV]

(DEp [mV])

1 �85 (110) 40 (140) 520[a]

[Cp2Ti(h2-Me3SiC2SiMe3)] 150[a] – –
FcC�CFc 20 (65) 265 (72) –
2 30 (71) 130 (61) 280 (90)
[Cp2Ti(h4-tBuC4tBu)] 750[a] – –
FcC�CC�CFc 135 (64) 291 (76) –

[a] Irreversible oxidation.

Figure 4. BP86/TZVP optimized structures of 2+ and 22+.
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ring in 22+ collapses spontaneously and the C4 chain becomes
linear. Furthermore, the singlet 22+ can be considered as the
combination of a {Cp2Ti2+} fragment and FcC�CC�CFc with
reduced triple-bond character. This structural change is
supported by an observed C�C vibration mode for 22+ in
the in situ IR measurements (Supporting Information Fig-
ure S2) and plausibly explains the much lower oxidation
potential for 2 than for [Cp2Ti(h4-tBuC4tBu)]. In the final
oxidation state 2T4+, the spin densities, natural charge, and
bond index analysis reveal a {Cp2Ti2+} fragment and a
C+FcC�CC�CFc+C chain that mimics the oxidation of FcC�C-
C�CFc into the dication (see the Supporting Information).

In situ UV/Vis/NIR measurements did not show an
intervalence charge transfer (IVCT) band for 2 in any
oxidation state (Supporting Information Figure S1). There-
fore, the interferrocenyl interactions seem to be limited to
electrostatic effects, and the mixed-valence compound is
charge localized. It is therefore appropriate to classify
compound 2+ as class I species according to Robin and
Day.[23] In contrast to the cyclic voltammetry and in situ UV/
Vis/NIR results, the minimum-energy structure of 2+C has C2

symmetry, thus indicating that the unpaired electron in 2+C is
delocalized over the system; this situation represents a mixed-
valence state. The atomic spin densities are found mainly at
the two iron centers (0.420/Fe), and the spin density at the
titanium center is very low (0.03). Breaking the symmetry
(C2!C1) does not result in a more stable state. Probably a
solvent effect destabilizes the mixed-valence state, as
reported in the literature.[24]

In conclusion, the reaction of in situ generated titanocene
with diferrocenylacetylene and 1,4-diferrocenylbuta-1,3-
diyne results in naked C2 and C4 units surrounded by three
metallocene groups. These compounds are unique examples
of diferrocenyl-substituted small ring systems that were
analyzed by X-ray crystallography. The aromatic substituents
allowed for the electronic interaction between different
metals to be studied. (Spectro-)electrochemical measure-
ments reveal a stepwise oxidation of the iron centers and the
metallacycle, respectively. Compound 1 is not stable under
oxidizing conditions. The two ferrocenyl groups in compound
2 are oxidized, whereas an electron transfer from the metal-
lacycle to the iron centers leads to linearization of the ligand.

Interestingly, the complexation of the conjugated diferrocenyl
compounds by titanocene reduces the charge delocalization
between the two iron centers. Further investigations regard-
ing the influence of the Group 4 metal on the reactivity and
electrochemical properties are in progress.
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