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The development of methods for the synthesis of very large
molecules such as dendrimers, supramolecules, and nano-
structures with specific functions has increasingly become the
center of attention in recent years.[1, 2] We have developed a

synthetic strategy which is based on a directed tetramerization
of basic building blocks in the final synthetic step.[3] With this
method it is possible to obtain large and uniform molecular
structures in one step from small molecules.

We could recently demonstrate that the quinodimethane
derivative 1 assembles itself to a spherical cyclic tetramer in
high yield.[3, 4] This spontaneous self-assembly process is
driven by the four weak Csp3ÿCsp3

bonds between the fluorene units
that are formed during the tetra-
merization, and also by the gauche
arrangement of these units to one
another.[3, 5] Furthermore, these
products have a remarkable prop-
erty: Upon addition of energy they
undergo a reversible color change
to blue-violet as the reverse reaction to form the quinodi-
methane units occurs to a certain extent.[3]

We have tested this synthetic strategy towards the con-
struction of highly branched systems as well as multifunc-
tional metallocenes, which combine the reversible color
change with the potential applications of side chains. We
report herein the preparation of metallocene 3 containing 16
ferrocene units on the periphery of the molecule, as well as the
synthesis of dendrimer 5.

The key compounds for the synthesis of 3 and 5 are diol 2
and dichloride 4, respectively.[6] These compounds can be
obtained in only a few steps from the corresponding
substituted fluorenone derivatives and 1,4-dilithiumbenzene.

Reduction of diol 2 with a SnCl2/HCl solution at room
temperature in THF as the solvent led to the macrocycle 3 in
82 % yield (Scheme 1). The results of the molecular mass
determination using the analytical ultracentrifuge are in
agreement with the molecular formula of C448H400Fe16.
NMR spectroscopic data confirm the structure of 3.[7] Owing
to the S4 symmetry of the molecular conformation, the
13C NMR spectrum of 3 shows two characteristic signals at
d� 65.45 and 65.24 for the C9 atoms of the fluorene units.
Important information about the constitution of the macro-
cycle can be obtained from the 1H NMR spectrum, which
shows two signals for the protons of the inner phenyl rings at
d� 8.70 and 8.26 (broad doublets) and two singlets each at
d� 5.93/5.90 and 7.85/7.72.[8] Because of the S4 symmetry of
the molecule, the protons on the unsubstituted Cp ring of the
ferrocenyl groups show up as four singlets at d� 4.09, 4.07,
3.98, and 3.97.

It was determined by cyclovoltammetry that all ferrocene
units of 3 are reversibly oxidized at E1/2� 0.49 V.[9] A redox
splitting of consecutive electron transfer processes was not
observed. The number of electrons transferred per molecule
of 3 was determined by addition of [(h6-C6H6)2Cr] in a
ratio of 1:16 and comparison of the respective peak currents,
which showed an approximate ratio of 1:1. The deviation in
the peak currents is caused by the different diffusion
coefficients of the two molecules, which result from the
differences in size.

The principle of the synthesis of 3 was applied towards the
preparation of 5. In this case, the synthesis started from
dichloride 4, which afforded 5 in 63 % yield upon reaction
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Scheme 1. a) 3.7m SnCl2/conc. HCl solution, THF, 4 h, reflux.

with SnCl2 ´ 2 H2O (Schema 2). The molecular mass of 12 642
Dalton was confirmed with matrix-supported laser desorp-
tion/ionization time of flight(MALDI-TOF) mass spectrom-

etry. As in the previous example, the large substituents did not
prevent or alter the desired tetramerization process. Owing to
the substitution pattern at the fluorene ring, the intramolec-
ular dynamics of the molecule leads to the observation of a
time-averaged NMR spectrum for 5, which, as a result,
appears to have a molecular symmetry twice as high as the
symmetry of 3. Thus, two of the four protons of the inner
phenyl ring appear as a broad singlet[8] at d� 8.06 in the
1H NMR spectrum, and the signals for H2/H7 and H1/H8 of
the fluorene units appear at d� 6.52 and 6.06.[10] Additional
NMR spectroscopic indications for the seemingly higher
symmetry of 5 in comparison to that of 3 are the number of
signals for the protons of the tert-butyl groups (d� 1.39 and
1.37), the methoxy groups (d� 3.65 and 3.63), and the C9
atoms of the fluorene units (d� 64.97).

We assume that during the reduction of 2 or 4 with SnCl2

the corresponding substituted quinodimethane derivative of
type 1 is formed first. This derivative subsequently tetramer-
izes selectively to give 3 and 5, respectively, in a stepwise
process. We believe that these macrocycles are formed in very
high yields because the newly formed, relatively weak CÿC s

bonds are reversibly cleaved during the cyclization process.[11]

This would mean that errors in the construction process can
easily be reversed and corrected. In addition, steric factors
that lead to the gauche arrangement of the fluorene
units linked at the 9-position facilitate a ring closure to 3
and 5.

Analogous to the parent system, 3 and 5 turn blue-violet
upon heating above about 50 8C in a solvent such as cyclo-
hexane (3 : lmax� 582 nm; 5 : lmax� 587 nm). Upon cooling the
solution becomes colorless. Under an inert atmosphere, this
process can be repeated infinitely. The blue-violet color also
appears upon grinding of these compounds.

Scheme 2. a) SnCl2 ´ 2H2O, benzene, 30 min, RT.
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The herein discussed principle of self-assembly of four basic
units to form one large macrocyclic molecule can be used as a
basis for the synthesis of novel macromolecules which also
exhibit the characteristic to change their color reversibly upon
mechanical impact.

Experimental Section

3 : Diol 2 (150 mg, 88 mmol) was dissolved in degassed THF (20 mL) in a
Schlenk tube. A SnCl2/HCl solution (2 mL, 5.3 mmol) was added, and the
resulting mixture was stirred under reflux for 4 h. After removal of the
solvent, the residue was suspended in CH2Cl2 (5 mL) and purified by
chromatography on silica gel with CH2Cl2/petroleum ether (1/2 ± 1/1). A
yellow powder (120 mg, 18 mmol, 82%) was obtained; m.p. 150 8C (de-
comp.). 1H NMR (400 MHz, CDCl3): d� 8.70 (br d, J� 7.70 Hz, 4H), 8.26
(br d, J� 7.70 Hz, 4 H), 7.85 (br d and s, 8 H), 7.72 (s, 4H), 7.48 ± 6.55 (m,
84H), 6.14 (s, 16H), 5.93 (s, 4H), 5.90 (s, 4 H), 4.12 ± 3.80 (m, 64H), 4.09 (s,
20H), 4.07 (s, 20H), 3.98 (s, 20H), 3.97 (s, 20H), 2.95 ± 2.15 (m, 128 H);
13C NMR (100 MHz, CDCl3): d� 147.93 ± 137.11 (22 signals for C), 133.08 ±
118.19 (22 signals for CH), 89.22 ± 67.20 (13 signals for Cp), 65.45 (C), 65.24
(C), 38.56 ± 31.21 (14 signals for CH2); molecular mass calcd for
C448H400Fe16: 6677.7; found: 7200� 800 (analytical equilibrium ± ultracen-
trifugation); elemental analysis calcd for C448H400Fe16: C 80.58, H 6.04;
found: C 80.28, H 6.00.

5 : Dichloride 4 (161 mg, 50 mmol) was stirred for 30 min with SnCl2 ´ 2H2O
(1 g)in degassed benzene (5 mL) under argon in a Schlenk tube at room
temperature. After that, the mixture was allowed to stand for about 14 h.
The solution was filtered through ALOX (basic) and the filtrate was
evaporated. The residue was filtered through silica gel with CH2Cl2/n-
pentane (1/1). A light orange solid (100 mg, 7.9 mmol, 63%) was obtained;
m.p. 180 8C (decomp.). 1H NMR (400 MHz, CD2Cl2): d� 8.06 (br s, 8H),
7.63 ± 7.58 (m, 24H), 7.56 (d, J� 1.4 Hz, 16 H), 7.51 (d, J� 1.3 Hz, 16H),
7.46 ± 7.30 (m, 112 H), 7.21 (br s, 8H), 7.18 (d, J� 8.1 Hz, 16 H), 7.02 (d, J�
8.2 Hz, 16H), 6.95 (d, J� 7.6 Hz, 8H), 6.52 (d, J� 7.5 Hz, 8 H), 6.06 (d, J�
7.5 Hz, 8H), 3.65 (s, 48 H), 3.63 (s, 48 H), 3.07 ± 2.84 (m, 32H), 2.83 ± 2.64
(m, 32 H), 1.39 (s, 288 H), 1.37 (s, 288 H); 13C NMR (100 MHz, CD2Cl2): d�
160.86 ± 140.80 (11 signals for C), 133.85 ± 129.03 (6 signals for CH),
124.78 ± 120.60 (5 signals for C), 119.32 (CH), 117.41 (C), 91.85 ± 86.74 (8
signals for C�C), 64.97 (C), 64.76 (OMe), 64.75 (OMe), 38.37 (CH2), 37.95
(CH2), 36.05 (C), 36.03 (C), 32.12 (Me); MS (MALDI-TOF): m/z : 12643.9;
elemental analysis calcd for C928H976O32 ´ 3 CH2Cl2: C 86.71, H 7.67; found:
C 86.69, H 8.10.
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