
Dalton
Transactions

COMMUNICATION

Cite this: DOI: 10.1039/c3dt53424c

Received 5th December 2013,
Accepted 13th December 2013

DOI: 10.1039/c3dt53424c

www.rsc.org/dalton

An unprecedented high nuclearity catecholato-
based Ti(IV)-architecture bearing labile pyridine
ligandsQ1 †

Clément Chaumont, Pierre Mobian* and Marc HenryQ2 *

We describe the synthesis and characterisation of a robust S4-sym-

metry titanium-based architecture bearing catecholato and

pyridine ligands. This neutral complex formulated as [Ti10O12-

(cat)8(py)8] displays a tetrahedral inorganic core decorated by

catecholato ligands with unusual coordination modes. In solution,

the pyridine ligands are labile as attested by DOSY studies at vari-

able temperature. The light absorption property in the visible

domain (λmax = 411 nm, ε = 10 800) was also characterised for the

complex.

In the field of materials science, crystalline coordination poly-
mers (CPs) or metal–organic frameworks (MOFs) are of crucial
importance owing to their high potentialities in separation,1

gas storage,2 drug delivery,3 catalysis,4 or magnetism.5 Mainly,
two synthetic routes have been explored to produce these
crystalline materials. Usually, CPs are prepared under solvo- or
hydrothermal conditions by reacting organic linkers with
metallic salts. In contrast to this direct approach, an alterna-
tive synthetic route has recently emerged involving a sequen-
tial self-assembly approach (SSA). The SSA concerns first the
preparation of self-assembled systems that are, in a second
step, self-assembled with organic connectors.6 These self-
assembled systems are coordination networks,7 polymetallic
architectures8 or metal–organic polyhedra (MOPs).9 In order to
realize a step-by-step synthesis of CPs from discrete inorganic
complexes, several requirements must be met: first, the archi-
tectures should be characterized by well-defined geometries,
high symmetries and excellent robustness. Second, the precur-
sors should preferably be neutral entities in order to generate
porous networks without the presence of counter-ions. Finally,
labile ligands should decorate the edges of the structures to
permit the formation of predictable structures through ligand
substitution.

In our effort to generate titanium(IV)-MOFs that absorb light
in the visible domain through a multistep approach, we report
herein the straightforward synthesis, structural characteris-
ation and behaviour in solution of a S4-symmetry titanium(IV)-
based architecture formulated as [Ti10O12(cat)8(py)8] (cat =
catecholato, py = pyridine).

[Ti10O12(cat)8(py)8] was synthesized according to eqn (1) by
reacting Q4the readily available [Ti2(cat)4(DMA)2]‡ (DMA =
dimethylacetamide) complex in hot pyridine (100 °C).10 After
48 hours of reaction, dark red crystals began to appear in the
medium. After one week, the crystals were collected in 53%
yield. This yield is highly reproducible if the pyridine used as a
solvent contains only traces of water. The reaction was
repeated by introducing an increasing excess of water in the
medium; in this case the [Ti10O12(cat)8(py)8] crystals were iso-
lated in very poor yields (see ESI†).

5½Ti2ðcatÞ4ðDMAÞ2� þ 12H2Oþ 8py

! ½Ti10O12ðcatÞ8ðpyÞ8� þ 12catH2 þ 10DMA ð1Þ

Crystal structure determination indicates the formation of
a nano-sized S4 symmetry architecture constructed around
a tetrahedral inorganic core composed of ten titanium
centres (see Fig. 1) that co-crystallised with six pyridine
molecules.

In this structure, two types of the rarely observed coordi-
nation mode for the catecholato ligand are noticed.11 The
purple coloured catecholato ligand in Fig. 1 concerns the four
ligands adopting a singly bridging chelate μ2-(O,O′,O′) mode,
whereas the singly bridging μ2-(O,O′) mode involves the four
catecholato ligands coloured in orange. Concerning the metri-
cal description of the complex the Ti1–N2 and Ti2–N1 bonds
are found to measure 2.2262 Å and 2.2288 Å respectively.
These bonds are much longer in comparison with no bridging

†Electronic supplementary information (ESI) available.Q3 CCDC 953666. For ESI
and crystallographic data in CIF or other electronic format see DOI:
10.1039/c3dt53424c
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Ti–O(catecholato) bonds (average length = 1.8666 ± 0.0050 Å) as is
usually observed in other titanium complexes.12 According
to the continuous shape measures (CShM) concept,13 the tita-
nium atoms are located in six-fold distorted octahedral
environments. For the two Ti3 atoms that lie along the S4-sym-
metry axis, their coordination polyhedron is close to the
perfect octahedral geometry in comparison with the coordi-
nation polyhedra of Ti1 and Ti2 (Ti1(CShM) = 2.016; Ti2(CShM)
= 1.430; Ti3(CShM) = 1.321). The percentage of residual TiO2

determined by thermogravimetric analysis, the determination
of N, C, H percentage and the X-ray powder diffraction analysis
allow us to undoubtedly conclude that the selected single
crystal used for the structure resolution was not a synthetic
artefact (see ESI†).

The behaviour in solution of the [Ti10O12(cat)8(py)8]
complex was evaluated by NMR techniques. The 1H NMR spec-
trum of [Ti10O12(cat)8(py)8]·(py)6 crystals dissolved in CD2Cl2
reveals the presence of two sets of signals. The three large
signals at δ = 8.40, 7.53 and 7.10 ppm are attributed to pyri-
dine highlighting an exchange process for these molecules.
This dynamic behaviour is probably linked to the exchange
between the pyridine ligands and free pyridine in solution. A
second set of rather complex well-defined signals corres-
ponding to the resonance of catecholato protons are observed
(see ESI†). The analysis of the 13C NMR spectrum is much
more straightforward since four signals with chemical shifts

typical to Ti–OC(catecholato) are observed (δ = 159.10, 157.24,
155.53, 153.66 ppm) (see ESI†). This 13C NMR signature is in
full accord with a S4-symmetry compound bearing two inequi-
valent catecholato ligands as determined in the solid-state for
[Ti10O12(cat)8(py)8].

A clear and unambiguous explanation of the [Ti10O12-
(cat)8(py)8] behaviour in solution was obtained from DOSY
(Diffusion Ordered Spectroscopy) measurements at two temp-
eratures. Fig. 2a and b show the DOSY maps of the [Ti10O12-
(cat)8(py)8]·(py)6 crystals in CD2Cl2 at 298 K and 223 K. At
room temperature, the DOSY experiment clearly suggests the
decoordination of all the pyridine ligands as their diffusion
(D = 1930 μm2 s−1) is very different from the one evaluated for the
complex (D = 660 μm2 s−1). Furthermore, the hydrodynamic
radius for the complex in solution calculated according to the
Stokes–Einstein equation (Rh = 7.2 ± 0.7 Å) is in good accord
with a theoretical one evaluated from a virtual [Ti10O12(cat)8]
complex using a standard set of van der Waals radii of Rh =

Fig. 1 Molecular structure of [Ti10O12(cat)8(py)8]. (a) View evidencing
the S4-symmetry of the complex. The two inequivalent cathecolato
ligands are differently coloured (in orange and light purple). The pyridine
ligands are coloured in green. The titanium atoms and the oxygen atoms
are in blue and red respectively. The hydrogens are omitted for clarity.
(b) View along the x-axis. (c) View of the inorganic core of the structure
where only the Ti–O bonds are represented. This inorganic core is com-
posed of ten titanium atoms, eight μ3-oxo bridges (two inequivalent μ3-
oxo bridges are present), and four μ2-oxo bridges, while the other
oxygen atoms belong to the catecholato ligands. (d) Polyhedral model
of the tetrahedral inorganic core of the complex.

Fig. 2 (a) 1H NMR DOSY spectrum of [Ti10O12(cat)8(py)8]·(py)6 and 1H
NMR spectrum in CD2Cl2 (600 MHz) at 298 K (aromatic region). Two
signals are observed, one attributed to pyridine molecules (D =
1930 μm2 s−1) and the other related to the complex where the pyridine
ligands are decoordinated. (b) 1H NMR DOSY spectrum and 1H NMR
spectrum of [Ti10O12(cat)8(py)8]·(py)6 in CD2Cl2 (600 MHz) at 223 K. This
DOSY map attests to the presence in solution of the titanium complex
coordinated by the pyridine (D = 165 μm2 s−1) and free pyridine mole-
cules (D = 770 μm2 s−1).
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8.1 ± 0.5 Å.14 At low temperature, the 1H NMR spectrum has
changed drastically. At 223 K, sharp signals are predominant
and resonances closely related to free pyridine in CD2Cl2 are
found (δ = 8.53, 7.69, 7.28 ppm). Moreover, the presence of
signals attributed to coordinated pyridine is noticed. Con-
cerning the DOSY analysis at 223 K, a single complex diffuses
in solution for which a hydrodynamic radius of Rh = 10 ± 1 Å is
calculated. In this case, this experimental value is in the same
range as the calculated one determined from the [Ti10O12-
(cat)8(py)8] structure (Rh = 8.75 ± 0.5 Å). Having proved no
alteration for the [Ti10O12(cat)8(py)8] complex upon dissolution
and the lability of the pyridine ligands, the question of the
[Ti10O12(cat)8(py)8] stability in solution was tackled. In CD2Cl2
or CDCl3 (not dried solvent), no modification of the spectrum
of [Ti10O12(cat)8(py)8] was noticed after several days. Even upon
addition of D2O (10 μml) in the CDCl3 solution of the
complex, no structural alteration of [Ti10O12(cat)8(py)8] was
noticed. Interestingly, this stability in solution contrasts
strongly with the usual behaviour of titanium-based poly-
nuclear aggregates.

It is noteworthy that in deuterated DMSO the stability of
the complex is rather moderate. Although in this solvent the
complex is undamaged for a period of four hours, after one
week no signal attributed to the initial molecule was observed.

A remarkable feature of the [Ti10O12(cat)8(py)8] complex is
its deep red colour, a rarely observed attribute for TiIV-based
complexes.15 Whereas catechol and pyridine are known to
absorb only in the UV-domain, the [Ti10O12(cat)8(py)8] complex
absorbs at a lower energy band (λmax = 411 nm, ε = 10 800) (see
ESI†). This band is responsible for the red colour of the
complex that may be attributed to charge transfers between
the lone pair of oxygen atoms and the empty 3d-orbitals of
the TiIV ions.

Preliminary ligand substitution studies with 4-phenylpyri-
dine and 4,4′-bipyridine are encouraging. By reacting [Ti10O12-
(cat)8(py)8] with a slight excess of 4-phenylpyridine (Phpy) in
chloroform, a complete substitution of the pyridyl ligands is
observed for the final product isolated by precipitation with
diethylether. The 1H and 13C NMR analysis attests to the
S4-symmetry of this new complex (Fig. 8 in ESI†). Microanalysis
is also in good agreement with a complex formulated
as [Ti10O12(cat)8(Phpy)8]. When 4,4′-bipyridine reacts with
[Ti10O12(cat)8(py)8] a dark red precipitate insoluble in common
organic medium is instantaneously obtained. By addition
of pyridine onto this recovered solid, the initial [Ti10O12-
(cat)8(py)8] complex is quantitatively reformed.

In conclusion, we have reported the synthesis and charac-
terisation of an original stable S4-symmetry titanium-based
architecture that incorporates both catecholato and labile
pyridine ligands. Now, we envisaged reacting the [Ti10O12-
(cat)8(py)8] with polypyridyl ligands to generate Ti–O based
CPs absorbing visible rather than ultra-violet light.16

This work was done at Université de Strasbourg with public
funds allocated by CNRS and the French government. We
thank Nathalie Kyritsakas for recording single-crystal X-ray
data and crystal structure determination.

Notes and references
‡The reaction was conducted under air. In a 10 mm O.D. glass tube was sus-
pended [Ti2(cat)4(DMA)2] (100 mg, 0.14 mmol) in pyridine (7.5 ml). The tube was
sealed under vacuum and heated at 100 °C for one week. Back to room tempera-
ture, small dark red crystals were isolated by filtration and dried under reduced
pressure to afford [Ti10O12(cat)8(py)8] (53%). 1H NMR (500 MHz, CD2Cl2): 8.42
(Pyr-H, broad s), 7.54 (Pyr-H, broad s), 7.18 (Cat-H, dd, 3J = 7.6 Hz, 4J = 1.7 Hz,
4 H), 7.12 (Pyr-H, broad s), 6.60 (Cat-H, complex, 8 H), 6.50 (Cat-H, complex,
4 H), 6.39 (Cat-H, complex, 12 H), 5.98 (Cat-H, dd, 3J = 7.6 Hz, 4J = 1.7 Hz, 4 H)
ppm. 13C NMR (125 MHz, CD2Cl2): 159.1 (C–O catecholato), 157.2 (C–O
catecholato), 155.5 (C–O catecholato), 153.7 (C–O catecholato), 148.9 (C–H (2,6)
pyridine), 136.5 (C–H (4) pyridine), 123.7 (C–H (3,5) pyridine), 120.7 (C–H cate-
cholato), 120.0 (C–H catecholato), 119.9 (C–H catecholato), 119.7 (C–H catecho-
lato), 119.4 (C–H catecholato), 117.5 (C–H catecholato), 115.0 (C–H catecholato),
112.1 (C–H catecholato) ppm. IR: 1604, 1475, 1442, 1437, 1291, 1254, 1212, 1149,
1102, 1069, 1040, 1012, 905, 880, 820, 770, 742, 696, 669, 649, 624, 602 cm−1.
Anal. calcd for C88H72N8O28Ti10, 2C5H5N (MW 2326.02): C 50.59; H 3.55; N 6.02.
Found C 50.60; H 3.76; N 6.21. X-ray data: empirical formula: C118H102N14O28Ti10
(C88H72N8O28Ti10, 6(C5H5N)); formula mass: 2643.14; crystal system: tetragonal;
space group: I4̄; unit cell dimensions: a = 18.8962(3) Å, b = 18.8962(3) Å, c =
16.0089(6) Å; V = 5716.2(2) Å3; Z = 2; density (calcd): 1.536 mg m−3; crystal size:
0.09 × 0.08 × 0.07 mm3; θ range for data collection: 2.16–29.08°; reflections col-
lected: 39 869; independent reflections: 7313 [R(int) = 0.0417]; refinement
method: full-matrix least squares on F2; data/restraints/parameters: 7313/0/385;
goodness-of-fit on F2: 1.035; final R indices [I > 2σ(I)]: R1 = 0.0388, wR2 = 0.0646;
R indices (all data): R1 = 0.0638, wR2 = 0.0670. CCDC: 953666.
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