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Summary: The reaction of (CO)9Co3(µ3-CCOOH) with Ti-
(OR)4 results in the formation of Ti(IV) oxo alkoxy
carboxylates exhibiting new structural forms: R ) Et,
Ti6(µ3-O)4(µ-OEt)4(OEt)8{µ-(CO)9Co3(µ3-CCO2)}4 (1); R )
Pri, Ti4(µ3-O)4(OPri)4{µ-(CO)9Co3(µ3-CCO2)}4 (3); R ) Ph,
Ti4(µ3-O)4(OPh)4{µ-(CO)9Co3(µ3-CCO2)}4 (5); reaction with
Ti(OPri)2(1,2-O2C6H4) yields Ti6(µ3-O)2(µ-O)2(µ-OPri)2-
(OPri)2(O2C6H4)4{µ-(CO)9Co3(µ3-CCO2)}4 (4). Observed
stoichiometries and structures reflect the effects of a
metal cluster relative to organic substituents.

Metal alkoxides serve as precursors for the formation
of oxide networks via inorganic polymerization reac-
tions.1,2 Ongoing efforts to elucidate the fundamental
chemistry taking place have resulted in the isolation of
compounds that define possible molecular models for the
sol-gel process, e.g., the structural characterization of
Ti16O16(OEt)32.3 Solution spectroscopic studies, particu-
larly 17O NMR, in combination with structural studies
have permitted the direct investigation of this polym-
erization process relative to the role of discrete oxo
alkoxides in the growth pathways.4-9 This network
formation, which lies at the heart of the sol-gel process,
can be modified by the addition of compounds such as
acetic acid or acetylacetone. The additives perturb
network formation and permit the isolation of new
species such as Ti6O4(OR)8(O2CMe)810-14 and related
compounds.
As the equilibria leading to these species should be

sensitive to the properties of the acid, we have now

explored the effects of a cluster-substituted15,16 acid,
(CO)9Co3(µ3-CCOOH), on the stoichiometry and struc-
ture of Ti(IV) oxo alkoxy carboxylates that can be
isolated from the reaction of the cluster acid with Ti-
(OR)4. Previous work with this cluster ligand has
provided cluster metal carboxylate coordination com-
pounds with new properties17,18 and new structures19,20
that serve as precursors for new heterogeneous cata-
lysts21,22 with unusual activities and selectivities for
demanding hydrogenations.23
The reaction of (CO)9Co3(µ3-CCOOH) with Ti(OEt)4

proceeds smoothly, and a single product, 1, is isolated
by crystallization from CH2Cl2/EtOH in good yield.24
The compound is soluble in THF, toluene, and CH2Cl2,
and the infrared spectrum exhibits bands characteristic
of the CO ligands of the cluster substituent, bridging
carboxylates,25 and alkoxide groups.26 The 1H and 13C
solution NMR spectra show only a single type of ethyl
group.
In the solid state 1 is a hexanuclear titanium species,

i.e., a dimer of Ti3 fragments (Figure 1, Chart 1a)27 with
a molecular formula Ti6(µ3-O)4(µ-OEt)4(OEt)8{µ-(CO)9-
Co3(µ3-CCO2)}4.28 Two Ti3O4 units, each of which can
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be derived from a Ti4O4 cubane by removing one Ti
atom, are linked by TiO edges oriented head-to-tail such
that the Ti3O4 units are related to each other by a center
of symmetry. There are two types of µ3-O ligands,
planar and pyramidal, with the former constituting the
interfragment connections. Each Ti3O4 unit is bridged
by two cluster ligands and the remaining ligand sites
of the approximately octahedral Ti(IV) centers are
occupied by 6 ethoxide ligands, two of which are
bridging. Comparison of the solid-state and solution
infrared spectra provides no evidence of dissociation in
the solvents examined, but the 1H NMR spectrum shows
the EtO ligands to be fluxional in solution.
Although the molecular formulas are analogous, the

structure of 1 is distinctly different from that of Ti6(µ3-
O)2(µ-O)2(µ-OPri)6(OPri)6{µ-CH3CO2}4 (2).11,12 The known
compound contains two additional bridging in place of
terminal OEt ligands and two µ2-bridging in place of
µ3-bridging oxo ligands. In terms of geometric structure,
the difference can be appreciated by comparison of
structural representations consisting of linked octahe-
dra, each of which represents the oxygen coordination
sphere of a six-coordinate Ti atom (Chart 1a,b). Both

compounds contain Ti3O4 units related by an inversion
center of symmetry, but the dimer in the new compound
is formed by edge-sharing octahedra whereas in the
known compound it is by vertex-sharing octahedra.
The origin of the differences in the two structures

must be related to the differences between the cluster
vs a methyl group and an ethyl vs an isopropyl group,
i.e., a metal cluster substituent effect. To reduce the
number of variables in the comparison, we have ex-
plored additional reactions. First, the reaction of the
cluster acid with Ti(OPri)4 yields Ti4(µ3-O)4(OPri)4{µ-
(CO)9Co3(µ3-CCO2)}4 (3),29 which exhibits a single,
complete Ti4O4 cubane core (Figure 2, Chart 1c).30
Second, the reaction of the cluster acid with Ti(OPri)2-
(1,2-O2C6H4), prepared in situ, yields Ti6(µ3-O)2(µ-O)2-
(µ-OPri)2(OPri)2(O2C6H4)4{µ-(CO)9Co3(µ3-CCO2)}4 (4) (Fig-
ure 3) with a structure similar to that of 2 including
the positions of the bridging carboxylates.31 The cat-
echol ligand has one oxygen bridging and the other
terminal. Finally, Ti4(µ3-O)4(OC6H5)4{µ-(CO)9Co3(µ3-
CCO2)}4 (5) was prepared and shown to have the cubane
structure of 3.32
A comparison of the syntheses and structures of the

cluster derivative with those of related compounds
reveals aspects of the cluster substituent effect. All of

(27) Crystal data for 1: MW ) 2831.72, C68H60Ti6O60Co12, monoclinic
P21/n, a ) 15.814(2) Å, b ) 16.215(2) Å, c ) 21.149(3) Å, â )
92.718(12)°, V ) 5417.0(2) Å3, Z ) 2, Dc ) 1.736 g/cm3, T ) 293 K.
Full-matrix refinement (based on Fo

2, SHELXL-93) converged to R1 )
0.0527 for 5286 unique reflections with I > 2σ(I).

(28) A hexanuclear titanium oxo alkoxy carboxylate with the same
core structure as 1, [Ti6O4](O2CCH2CMe3)4(OPri)12, has been recently
reported: Boyle, T. J.; Tafoya, C. J.; Scott, B. Presented at the 211th
National Meeting of the American Chemical Society, New Orleans, LA,
1996; 062. Boyle, T. J. Private communication.

(29) 3 was prepared with a similar procedure as for 1; the yield is
74% based on total Ti. Crystal data for 3: MW ) 2431.54, C56H28-
Ti4O52Co12, monoclinic C2/c, a ) 15.197(1) Å, b ) 19.139(1) Å, c )
29.006(2) Å, â ) 92.073(4)°, V ) 8300(2) Å3, Z ) 4, Dc ) 1.736 g/cm3,
T ) 130 K. Full-matrix refinement (based on Fo

2, SHELXL-93)
converged to R1 ) 0.0413 for 7108 reflections with I > 2σ(I).

(30) A tetranuclear titanium oxo alkoxy carboxylate with the same
core structure as 3, [Ti4O4](O2CPri)4(OBut)4, has been structurally
characterized: Charnick, S. G.; Day, V. W.; Klemperer, W. J. Private
communication.

(31) The yield is 45% based on Ti. Crystal data for 4: MW ) 2959.71,
C80H44Ti6O60Co12, triclinic, a ) 11.6126(9) Å, b ) 14.482(2) Å, c )
17.865(3) Å, R ) 109.39(1)°, â ) 94.873(6)°, γ ) 106.59(1)°, V ) 2661.7-
(6) Å3, Z ) 1, Dc ) 1.846 g/cm3, T ) 130 K. Full-matrix refinement
(based on Fo

2, SHELXL-93) converged to R1 ) 0.0489 for 10 160
reflections with I > 2σ(I).

(32) The yield is 60% based on Ti. Crystal data for 5: MW ) 2656.76,
C74H26Ti4O53Co12, monoclinic P21/c, a ) 13.560(3) Å, b ) 48.679(4) Å,
c ) 16.031(3) Å, â ) 111.28(2)°, V ) 9860(6) Å3, Z ) 4, Dc ) 1.793
g/cm3, T ) 293 K. Full-matrix refinement (based on Fo

2, SHELXL-93)
converged to R1 ) 0.0596 for 7753 reflections with I > 2σ(I).

Figure 1. Molecular structure of Ti6(µ3-O)4(µ-OEt)4(OEt)8{µ-
(CO)9Co3(µ3-CCO2)}4 (1).

Chart 1

Figure 2. Molecular structure of Ti4(µ3-O)4(OPri)4{µ-(CO)9-
Co3(µ3-CCO2)}4 (3).
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the cluster-substituted compounds are quite soluble, and
3 and 5 even dissolve in hexane. Unlike derivatives of
organic acids,12 the number of cluster ligands found in
a product is independent of whether the Ti/cluster acid
reaction stoichiometry is 1:1 or 1:2. The solution- and
solid-state IR spectra suggest the cluster-substituted
compounds are largely intact in solution.
These phenomenological differences undoubtedly lie

in the electronic and/or steric properties of the cluster
substituent relative to those of an organic moiety. We
have already pointed out the greater ligating ability of
the cluster acid vs an organic acid,18 but these results
suggest an important role of steric effects as well.
Perhaps this is not surprising as, in the case of oxo
alkoxides, Klemperer et al.5,33 have suggested the pos-
sibility that a decrease of steric repulsion between
organic substituents as the degree of condensation

increases might in general lead to a significant increase
in stability (degree of condensation is y/x for [TixOy]-
(OR)4x-2y).
There is considerable free space in the cubanelike

structures 3 and 5, but in the hexameric structures less
room is available. Comparison of 2 vs 3 or 5 suggests
that the larger steric demands of the cluster substituent
relative to CH3 fosters the cubane structure. However,
if the size of the substituent on the alkoxide is changed
from isopropyl to ethyl, then the hexamer is again
favored. Alternatively, the same result is achieved if 8
isopropyl groups are replaced with 4 catechol groups.
The different connectivity of the Ti3O4 units in 1 and 4
is most likely caused by the restricted coordination
possibilities of the bidentate catechol ligand forcing an
alternate placement of the cluster ligands. As shown
in Figure 2, the relative disposition of the bridging
cluster ligands in 4 is the same as that of the acetate
ligands in 2, and coupling the two Ti3O4 units as in 1 is
not possible.
The magnitude of the energy differences between

structure types is unknown, and these steric factors, as
well as other factors, can only be more quantitatively
assessed as more examples of cluster-substituted com-
pounds are examined. Nonetheless, the set of com-
pounds isolated illustrates the unique way a metal
cluster can perturb these coordination equilibria.
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Figure 3. Molecular structure of Ti6(µ3-O)2(µ-O)2(µ-OPri)2-
(OPri)2(O2C6H4)4{µ-(CO)9Co3(µ3-CCO2)}4 (4).
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