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Lithiation of p-tBu-calix[4]arene followed by reaction with
titanocene dichloride affords a novel tetranuclear titaniu-
m(IV) monocyclopentadienyl complex, wherein a single
calix[4]arene in a cone conformation provides O-phenoxy
coordination to four titanium atoms, with additional m-oxo
bridging between titanium centres in an eight membered
ring.

Metal complexation of calix[n]arenes has revealed their
capacity to form multimetallated species through various
coordination modes. In particular, the extensive exploration of
calix[4]arene metal complexation chemistry has shown that, in
the majority of complexes, calix[4]arene binds in the cone
conformation.1,2 Notable exceptions include the tetranuclear
aluminium and gallium complexes.3 In the cone conformation a
preorganised set of four pendant oxygen atoms is available for
metal chelation. This generally leads to the formation of
molecular assemblies where the metal atoms bridge two
calix[4]arene molecules via phenolate complexation.1 Mono-
calix[4]arene metal complexes have been made using partially
O-alkylated derivatives.4

For titanium calix[4]arene complexes, reaction of under-
ivatised calix[4]arenes with titanium sources such as TiCl45 or
Ti(NMe2)4

6 leads to the formation of dimeric titanium bridged
complexes. The tendency of these titanium sources to form
metallo-bridged dimers can be rationalised by the easy
elimination of all four ligands from the titanium precursor by
the acidic protons of the calix[4]arenes. In the light of these
considerations, we sought a pathway to titanium calix[4]arene
complexes with terminal titanium moieties, through the use of a
titanium precursor containing less labile ligands.

Herein we report the use of titanocene dichloride, [TiCp2Cl2],
in the synthesis of a novel tetranuclear titanium calix[4]arene
complex 1, equation 1, containing p-tBu-calix[4]arene.† The

(1)

complex represents the first structurally characterised titanium
complex of an underivatised calix[4]arene where the titanium
does not form metallo-bridges between calix[4]arenes. It is also,
to our knowledge, the first phenolato bound cyclopentadienyl
titanium calix[4]arene complex. Moreover, although there are
numerous structurally characterised examples of two or more

calix[4]arenes binding several transition metal ions simultane-
ously,1 the binding of four transition metal atoms by one
calix[4]arene, as found in 1, is unprecedented.

Complex 1 crystallises from toluene in the space group C2/c,
with the molecules residing on C2 symmetry axes, although the
overall symmetry is C4v, excluding the toluene molecule in the
cavity (see below), Figure 1.‡ The phenoxide groups of the
calix[4]arene are in the cone conformation, and each is
coordinated to one titanium atom. Four m-oxo groups link
adjacent pairs of the four titanium atoms. Thus, at the base of the
calix[4]arene, there is an eight membered ring of alternating
titanium and oxygen centres. Similar ring structures have been
reported previously, e.g. [{TiCl(m-O)(h-C5H5)}4].7 Coordina-
tion around each Ti(IV) centre is completed by a perhapto-
cyclopentadienyl ligand, and is a distorted tetrahedron, at least
counting the hydrocarbyl group as occupying one coordination
site. The presence of one cyclopentadienyl ligand on each
titanium in 1 undoubtedly prevents the bridging coordination
between different calix[4]arene molecules that is more com-
monly observed.5,6 The symmetrical coordination of the four
titanium atoms results in a highly symmetrical cone conforma-
tion for the calix[4]arene. This C4v symmetry is reflected in the
1H NMR spectrum, which contains one sharp signal for each of
the sets of tBu protons, the aromatic protons and the cyclopenta-
dienyl protons. The oxo-groups presumably derive from
adventitious water in the reaction mixture.

Fig. 1 Molecular projection of complex 1. Selected interatomic distances
(Å) and angles (°): Ti(1)–O(1, 3, 4A) 1.8209(14), 1.8159(14), 1.8160(16),
Ti(2)–O(2, 3, 4) 1.8224(14), 1.8164(14), 1.8165(16), Cp–Ti(1, 2), 2.059,
2.062, O(1)–Ti(1)–O(3, 4A) 102.57(6), 102.02(7), O(3)–Ti(1)–O(4A)
105.17(8), O(2)–Ti(2)–O(3, 4) 102.52(6), 102.07(7), O(3)–Ti(2)–O(4)
104.92(8). Cp–Ti(1)–O(1, 3, 4), 115.51, 115.68, 114.223, Cp–Ti(2)–O(2, 3,
4) 114.79, 115.04, 115.76. Cp are the centroids of the C5H5 rings.
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The extended structure shows two interesting features: (i)
Molecules of 1 stack into columns such that two of them shroud
a molecule of toluene, and thus 1 is acting as a novel divergent
receptor, Figure 2. (ii) The columns in (i) are packed side-by-
side into layers, and these layers are separated by layers of
toluene molecules, Figure 3.

Complex 1 was prepared by the addition of two equivalents
of nBuLi to p-tBu-calix[4]arene in toluene followed by the
addition of a deficit of [TiCp2Cl2] in THF/toluene, as outlined
in equation 1. Despite the modest yield based on calix[4]arene,
the method is reproducible. Surprisingly, attempts to add the
logically suggested four equivalents of TiCp2Cl2 to fully alkali
metallated calix[4]arene gave a poorer yield of 1. The formation
of 1 requires some base in solution to cleave one Cp group from
each metal centre, however the cleavage of the second Cp group
must not occur before coordination. Amongst many un-
successful attempts to improve the yield, we tried sterically
hindered bases, thinking to attenuate the rate of Cp cleavage.
Since the reaction in equation 1 redeposits substantial calix-
[4]arene starting material, we speculate that calix[4]arene itself
may act as the base required to mediate the formation of 1. Other
efforts to improve the yield using alternative titanium metal-
locene sources such as [CpTiCl3] and [CpTiCl2OMe] were
unsuccessful, as were experiments where the identity or ratio of
the alkali metal was varied. Furthermore, we were not able to
obtain any calix[4]arene-TiCp2 complexes where both Cp
ligands remained intact. This finding is not surprising consider-
ing reports that the formation of TiCp2-bis-alkoxides is
complicated and often results in products where one Cp ligand
is cleaved.8 Our present results concur with our other recent
findings that p-tBu-calix[6]arene reacts with [TiCp2Cl2] to give

either mono- or bi-nuclear monocyclopentadienyl titanium(IV)
complexes.9

The lack of reactivity of [TiCp2Cl2] with alkali-metallated
forms of calix[4]arene could be ascribed to the low Lewis
acidity of the titanium centre in [TiCp2Cl2] coupled with the low
nucleophilicity of the alkali-metallated calix[4]arene inter-
mediates. Reactions of cyclopentadienyl transition metal
sources with calix[4]arenes have been previously reported,7
however this has been through the use of considerably stronger
Lewis acids such as [CpTaCl4].10 Although it is not clear how
1 forms, it is probably reliant on the partial hydrolysis of
[TiCp2Cl2] to form an intermediate that is a stronger Lewis
acid.

We have prepared a remarkable tetranuclear calix[4]arene
complex, the calixarene being effectively a cluster builder under
the conditions and reagents employed. The structure has
implications in host–guest chemistry, potentially as a divergent
receptor, and as a model for the binding of calix[4]arenes to
metal oxide surfaces.

Notes and references
† Synthesis: To a suspension of p-tBu-calix[4]arene (1.0 g, 1.5 mmol) in
dry toluene (40 ml) at RT, was added nBuLi (1.4 ml, 2.5 M, 3.5 mmol) under
argon. The suspension cleared momentarily, then a white solid precipitated.
The suspension was treated with a solution of [TiCp2Cl2] (0.38 g, 1.5 mmol)
in dry THF (30 ml) and toluene (30 ml). A red solution formed, which was
stirred at room temperature for 2 days. During this time, the colour of the
solution became more yellow. The solvent was removed in vacuo. Beyond
this point operations were performed without precautions to exclude air or
moisture. The product was extracted from residual calix[4]arene and side
products with CH2Cl2 (3 3 10 ml) and the combined extracts were
evaporated to give 1 as a bright yellow powder, 0.20 g, 45% based on the
limiting reagent. Crystals suitable for X-ray analysis were obtained by slow
cooling of a toluene solution of 1. 1H NMR (C6D6, 300 MHz, 298 K): 1
d7.35 (s, 8 H, aryl), 6.20 (s, 20 H, Cp) 4.45 (d, 4 H, J = 12Hz, CH2), 3.49
(d, 4 H, J = 12Hz, CH2), 1.35 (s, 36 H, tBu)
‡ X-ray crystal data: Structural data was collected at 150(1) K on an
Enraf-Nonius Kappa CCD diffractometer with Mo–Ka radiation. The
structure was solved by direct methods (SHELXS-97) and refined with a
full matrix least-square fit refinement on F2 (SHELXS-97). 1
C99H112O8Ti4, M = 1621.49, monoclinic, a = 35.1810(4), b = 13.3310(2),
c = 21.8260(2) Å, b = 122.6460(10)°, U = 8619.20(18) Å3, T = 150(2)
K, space group C2/c, Z = 4, m(Mo–Ka) = 0.413 mm21, 67155 reflections
measured, 8460 unique (Rint = 0.098). The final R = 0.0459, and wR =
0.1206 (observed data). CCDC 203236. See http://www.rsc.org/suppdata/
cc/b3/b301313h/ for crystallographic data in .cif or other electronic
format.
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Fig. 2 Columnar stacking of 1.

Fig. 3 Extended structure of 1, showing the layering arrangement of the
columns and toluene molecules.
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