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Cyclophanes are versatile ligands and are capable of
including metals, as shown in A and B. Such endohedral
metallocenophanes are known mostly for five- or six-mem-

bered-ring p systems, with transition metals or main group
elements. Two methods have been described for the prepa-
ration of endohedral metallocenophanes:[1] the reaction of a
cyclophane with metals or metal salts, or the stepwise
assembly of the bridge from a metallocene. Examples for
the first strategy are the preparation of bridged titanocenes,
zirconocenes (m� 4), and ferrocenes (m� 2) [Eq. (1)][2, 3] as
well as of chromocene derivatives (n� 2, 3) [Eq. (2)],[4] and
complexes of Group III and IV metals with cyclophanes.[1, 5]

In the second strategy [Eq. (3)], the tethers are built stepwise
on the metallocene.[1, 6]

Our new protocol makes use of an intramolecular metal-
catalyzed oligomerization of alkynes that are tethered to a p

ligand (Scheme 1). This method is especially suited for
constructing cyclobutadienes, cyclopentadienones, and ben-
zene rings as p units, which are formed in a template reaction.
We report herein the first synthesis of endohedral cobaltacy-
clophanes with cyclopentadienyl and cyclobutadiene rings as
p units (Scheme 2 and 3). The key compounds in our protocol
are the disubstituted dicarbonyl(h5-cyclopentadienyl)cobalt
derivatives 5 a ± c in which two triple bonds are tethered to the
Cp ring through an alkanediyl bridge. To synthesize the
corresponding ligands 4 a ± c, we treated 3-ethoxycyclopent-2-
en-1-one (2)[7] with the Grignard reagents[8] derived from the
w-haloalkynes 1 a ± c[9] and magnesium to yield the cyclo-
pentenones 3 a ± c. A second Grignard reaction gave the

(4), 293 K (5), SADABS[8] for absorption correction, structure
solution with direct methods (SHELXS-97[9]), refinement against F 2

(SHELXL-97[10]) with anisotropic thermal parameters for all non-
hydrogen atoms, hydrogen positions with fixed isotropic thermal
parameters (Uiso� 0.08 �2) on calculated positions. The PLATON[11]

program was used for the geometric analysis of the structures. Data
collection for 4 : crystal dimensions 0.42� 0.30� 0.24 mm, orthorhom-
bic, space group Pbca, a�25.2916(7), b�16.8904(5), c�10.9754(3) �,
V�4688.5(2) �3, Z�8, 1calcd�1.503�103 kgmÿ3, m�0.720 mmÿ1,
F(000)�2192, 3.28� 2q� 52.08, ÿ31� h� 29, ÿ20� k� 12, ÿ13�
l� 13, 29774 data collected, 4597 unique data (Rint�0.0996), 3439
data with I> 2s (I), 271 refined parameters, GOF(F 2)�1.110, final R
indices (R1�S j jFo jÿ jFc j j/S jFo j , wR2� [Sw(F 2

o ÿF 2
c �2/Sw(F 2

o�2]1/2)
R1�0.0483, wR2�0.0949, max./min. residual electron density
0.842/ÿ0.829 e �ÿ3. Data collection for 5 : crystal dimensions
0.76�0.58�0.42 mm, monoclinic, space group P21/c, a�9.1647(1),
b�22.9299(6), c�9.3960(2) �, b�111.067(1)8, V�1842.55(7) �3,
Z�4, 1calcd�1.076�103 kgmÿ3, m�0.183 mmÿ1, F(000)�648, 3.68�
2� 50.08, ÿ10� h� 7, ÿ27� k� 26, ÿ11� l� 11, 11114 data collect-
ed, 3206 unique data (Rint�0.1493), 1833 data with I> 2s (I),
187 refined parameters, GOF(F 2)�1.045, final R indices
(R1�S j jFo jÿ jFc j j/S jFo j , wR2� [Sw(F 2

o ÿF 2
c �2/Sw(F 2

o�2]1/2) R1�
0.0903, wR2�0.2057, max./min. residual electron density 0.519/
ÿ0.445 e�ÿ3. Crystallographic data (excluding structure factors) for
the structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publica-
tion nos. CCDC-158204 (4) and CCDC-158205 (5). Copies of the data
can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail :
deposit@ccdc.cam.ac.uk).
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Scheme 1. General protocol for the synthesis of endohedral metalloceno-
phanes by a template reaction.

Scheme 2. Synthesis of 5. n� 3 (a), 4 (b), 5 (c).

Scheme 3. Thermolysis of 5. n� 3 (a), 4 (b), 5 (c).

cyclopentadienes 4 a ± c in 25 % yield over two steps. This
stepwise assembly facilitates the synthesis of cyclopentadienes
with chains of different length. To obtain the metallocenes
5 a ± c, we followed a protocol introduced by Rausch and co-

workers[10] by treating the lithium salt of 4 with an equimolar
mixture of [Co2(CO)8] and I2 in THF (60 ± 65 % yield).[11]

The synthesis of the second p ligand was achieved by
heating 5 a ± c in cyclooctane at reflux (Scheme 3). Com-
pounds 5 a and 5 b gave only one intramolecular reaction
product, 6 a and 6 b, in yields of 35 % and 39 %, respectively.
Treatment of 5 c under the same conditions gave a mixture of
6 c and 7 (1:1, 10 % yield).[11] We ascribe this to the longer
alkanediyl chains which allow the formation of two different
metallacycles as intermediates. The composition of the 6 c/7
mixture was determined by NMR spectroscopy. In the
1H NMR spectrum we find three signals (1:4:1)[11] for the
protons of the cyclopentadienyl rings. The tert-butyl groups
give rise to three upfield signals (1:1:2).[11] From these
observations we conclude that there is a 1:1 mixture of 6 c
and 7, which is corroborated by the 13C NMR spectroscopic
data of the mixture. Moreover, the data assigned to 6 c are
close to those found for 6 a and 6 b.

In the case of 6 a and 6 b, we were able to isolate single
crystals that allowed an X-ray diffraction study.[12] The
molecular structure of 6 a in the solid state is shown in
Figure 1. The planes of the two p ligands are not parallel but

Figure 1. Structure of 6 a (ORTEP plot; thermal elipsoids at 50%
probability level; H atoms have been omitted for clarity). Selected
distances [�]: C1-C2 1.441(3), C1-C5 1.424(3), C2-C3 1.443(3), C3-C4
1.420(3), C4-C5 1.420(3), C12-C13 1.482(2), C12-C15 1.463(3), C13-C14
1.476(3), C14-C15 1.469(2), Cpc-Co 1.604(2), Co-Cbdc 1.645(2).

slightly inclined (68) to each other. The atoms C7 and C10 of
the propanediyl bridges are bent out of the C1-C6-C8-C12
and C3-C6-C11-C14 planes (see Figure 1), respectively, to
avoid eclipsed conformations. The distances between the
center of the Cp ring (Cpc) and Co (1.604 �) and the between
the center of the cyclobutadiene (Cbd) ring (Cbdc) and Co
(1.645 �) are slightly shorter than those reported for non-
tethered metallocenes (CpcÿCo 1.660 �, CoÿCbdc

1.681 �).[13] In the case of 6 b, in which both p ligands are
tethered with two tetramethylene bridges, the distances
between the cobalt atom and the centers of the Cp and Cbd
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Nitrogen oxides are man-made pollutants, emitted from
mobile and stationary sources, that greatly contribute to the
formation of smog, acid rain, and ozone. Automobiles are the
primary mobile sources of NOx emissions, while the stationary
sources consist of oil and coal-fired power stations and nitric
acid production plants. The direct health hazards related to
NOx are bronchitis, pneumonia, viral infections, and hay fever.
Selective catalytic reduction (SCR) of NO with ammonia in
the presence of oxygen [Eq. (1)] is the proven technology for

4NO� 4 NH3�O2 ÿ! 4 N2� 6 H2O (1)

ligands are larger than in 6 a (6 b ; CpcÿCo 1.670 �; CbdcÿCo
1.692 �) and close to those found for the parent system.[13]

The new protocol reported herein for the synthesis of
endohedral metallocenophanes has several advantages: it is
not limited to stable cyclophanes as starting materials, and the
length of the bridges and their substitution pattern on the first
ligand are variable.
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