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Figure 2. ORTEP plot (35% probability ellipsoids) of the barium coor- 
dination sphere showing the atom-labeling scheme. Barium and oxo 
oxygen atoms are represented by boundary ellipsoids, oxygen atoms of 
methoxyethoxide ligands are represented by large spheres, and carbon 
atoms are represented by small spheres. Selected average bond lengths 
(A) and bond angles (deg): Ba-O(ether), 2.908 (9); Ba-OR, 2.693 (9); 
RGBa-O(ether), 60.9 (3). 

Ti13042 core is coordinated to six, not four, oxygen atoms. Each 
barium atom interacts with twelve oxygen atoms, six from three 
chelating alkoxide ether ligands and six from oxo ligands (see 
Figure 2). The unique central titanium atom is octahedrally 
coordinated to six trigonal-bipyramidal oxo ligands. Each of these 
internal oxo ligands is axially coordinated to two barium atoms 
and equatorially coordinated to the central and two external 
titanium atoms. External titanium atoms are coordinated to one 
internal (p5)  and two bridging (p,) oxo ligands in addition to one 
terminal (pl-q') and two bridging ( ~ 1 , ~ ( 3 - 7 ~ )  alkoxide oxygen 
atoms. The distorted octahedral coordination geometry of each 
external titanium atom is on average trigonally compressed in the 
direction of its three alkoxide ligands and expanded in the direction 
of its three oxo ligands. The chelating nature of the twelve 
bridging alkoxide ligands entraps the barium atoms within the 
cluster, in sharp contrast with the structure reported for lead(I1) 
methoxyethoxide, which shows that methoxyethoxide ligands do 
not chelate through alkoxide ether oxygen atoms." 
Ba4Ti13018(OCH2CHZOCH3)24 was characterized by 'H and 

13C{'H} NMR spectroscopy in CD2CI2 at  293 K. The I7O NMR 
spectrum was recorded on material synthesized by hydrolysis with 
10 wt 5% "0-enriched water. Six resonances of 'H and I3C(IH) 
NMR spectra of this compound can be assigned to two types of 
methoxyethoxide ligands: terminal and bridging. The ''0 NMR 
spectrum of Ba4Ti13018(OCH2CH20CH3)24 shows resonances at 
6 651 and 487, which can be assigned, by analogy to other titanium 
oxide alkoxide systems,I2 to OTi2Ba and OTi3Ba2 oxygens, re- 
spectively. 

Thermal and X-ray powder diffraction analyses of the decom- 
position of Ba4Ti13018(C302H7)u in air indicate the decomposition 
of alkoxide ligands between 255 and 355 OC. Crysallization of 
the Ba4Ti13030 phase occurred at  670 oC.13a 

Preliminary results of experiments involving the partial hy- 
drolysis of BaTi(OCH2CH20CH3)6 suggest changes in powder 
stoichiometry at early stages of sol-gel processing. Heat treatment 

( 1  I )  Goel, S. C.; Chiang, M. Y.; Buhro, W .  E. Inorg. Chem. 1990,29,4640. 
(12) Day, V. W.; Eberspacher, T. A.; Klemperer, W. G.; Park, C. W.; 

Rosenberg, F. S. Submitted for publication in Chem. Process. Ado. 
Muter. 

(13) (a) Campion, J.-F.; Payne, D. A.; Chae, H. K.; Xu, Z. Cerum. Truns., 
in press. (b) Conventional crystallization temperatures for BaTiO, and 
Ba4TiI3Om from BaCO, andd Ti02 powder mixtures range between 
1050 and 1150 'C: Templeton, K.; Pask, J. A. J.  Am. Cerum. Soc. 
1959,42,212. OBryan, H. M.; Thomson, J. J .  Am. Cerum. Soc. 1985, 
68, C-70. A recent review about low-temperature synthesis and pro- 
cessing of the BaO-TiO, system: Phule, P. p.; Risbud, S. H. J.  Muter. 
Sei. 1990, 25, 1169. 

of gels formed by the addition of excess water to solutions of 
BaTi(OCH2CH20CH3)6 results in the eventual formation of the 
perovskite structure, BaTiO,, at  temperatures as low as 400 OC.I3* 
Both compounds, Ba4Ti13030 and BaTiO,, have significant ap- 
plications in electrical ceramics and now can be synthesized a t  
greatly reduced temperatures compared with those for conventional 
mixed oxide processing (e.g. 1100 oC).13b The implications with 
respect to integration with semiconductors are profound.I4 
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The Bis( methylcyclopentadienyl)titanium( IV) Molybdate 
Dimer: A Titanium(1V)-Molybdenum(V1) 
Eight-Membered Metal-Oxo Ring 

Complexation of organometallic cations by polyoxoanions was 
elegantly pioneered by Klemperer.I We found, however, a single 
report on simple anions like  MOO^^- or similar ones acting as 
ligands toward organometallic cations2 in complexes [($- 
RCsH4)2M204] (R = H, Me; M = Mo, W)., Compounds derived 
from such reactions may be suitable precursors of metal-oxo 
aggregates via the oxidation of the organic ligand under reductive 
coupling4 or acid-base condensation reactions.' We are concerned 
in this paper with the high-yield synthesis of the bis(methy1- 
cyclopentadienyl)titanium(IV) molybdate dimer and its structural 
characterization. 

An aqueous solution of [(qS-MeC5H4)2TiC12] was reacted with 
an aqueous solution of Na2MoO4.2H2OS (eq 1). The resulting 

( Q ~ - M ~ C ~ H ~ ) ~ T ~ C I ~  + Na2Mo04-2H20 - HP 
1 

[(sS-MeC~H4)2Ti(~2-Mo04)l (1 1 
2 
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G.; Yagasaki-Atsushi. Chem. Left. 1989, 112, 2041. Day, V. W.; 
Earley, C. W.; Klemperer, W. G.; Maltbie, D. J. J .  Am. Chem. Soc. 
1985,107,8261. Che. T. M.; Day, V. W.; Francesconi, L. C.; Frcdrich, 
M. F.; Klemperer, W. 0.; Shum, W. Inorg. Chem. 1985,21,4055. Day, 
V. W.; Klemperer, W. G.; Maltbie, D. J. Orgunometullics 1985,4, 104. 

(2) Stiefel, E. 1. In Comprehensiw Coordimtion Chemistry; Wilkinson, G., 
Gillard, R. D., McCleverty, J. A,, Eds.; Pergamon: Oxford, England, 
1987; Vol. 3, Chapter 36.5. 

(3) (a) Daran, J. C.; Rout, K.; Adam, G. J. S.; Green, M. L. H.; Sala-Pala, 
J. J .  Orgunomet. Chem. 1977, 131, C40. (b) Prout, K.; Daran, J. C. 
Acta Crystullogr. 1978, 838, 3586. 

(4) Roth, A.; Floriani, C.; Chiesi-Villa, A.; Guastini, C. J .  Am. Chem. Soc. 
1986, 108,6823. Carofiglio, T.; Floriani, C.; Chiesi-Villa, A.; Rizzoli, 
C. Manuscript in preparation. 

0020-1669/91/1330-3245$02.50/0 0 1991 American Chemical Society 



3246 Inorganic Chemistry, Vol. 30, No. 17, 1991 

t 6  

Communications 

/ I ,  . - I ,  y ,  211  - ’ = x ,  1-y, 1-2 ” s x. I - y ,  2 

Figure 2. Packing of the molecules along [OOI 1. 

bond compared with the same bonds in other organotitanoxanes?slo 
The structure of complex 2 is remarkably different from that of 
the stoichiometrically analogous molybdenum derivative 
( ~ p ’ ) ~ M o ~ 0 ~  (3)2b (cp’ = q5-MeC5H4), having the following 
skeleton: 

0 0  a/ /  

’ = X I  1-y. 1-i 

Figure 1. ORTEP view of [(rl,-MeC,H,)zTi(lrz-M~,)]z (30% probability 
ellipsoids). Bond distances (A) and angles (deg): Mo-O(l), 1.805 (3); 
Mo-O(2), 1.803 (3); M d ( 3 ) ,  1.711 (3); Mo-O(4), 1.702 (3); Ti-O(l), 
1.933 (3); Ti-0(2’), 1.936 (3); Ti-cp(l), 2.063 (5); Ti-cp(Z), 2.069 (5 ) ;  

( I ) - M d ( 2 ) ,  114.5 ( I ) ;  Mo-O(I)-Ti, 155.7 (2); O(l)-Ti-O(2’), 95.9 
( I ) ;  cp(l)-Ti-cp(Z), 130.6 (2); O(l)-Ti-cp(2), 106.4 (2); O(1)-Ti-cp 
( I ) ,  106.2 (2); 0(2’)-Ti-~p(2), 106.2 (2); 0(2’)-Ti-cp(l), 106.3 (2); 
Mo-O(l)-Ti, 155.7 (2); Md(2)-Ti ’ ,  161.5 (2)’. Primed atoms have 
equivalent coordinates -x, 1-y, -2. 

solid extracted first with CHC13 and then with CHzClz gave orange 
crystals of 2 (85%). Complex 2 shows a limited thermal stability 
depending on the nature of the solvent. Gentle heating of 2 in 
pyridine or dimethyl sulfoxide led to oxidation of the cyclo- 
pentadienyl ligand and formation of inorganic unsoluble materials. 
Attempts to form the corresponding chromate or tungstate de- 
rivative are so far unsuccessful, This is mainly due to the fact 
that an aqueous solution of (cp),TiClZ has a very acidic pH (Le. 
pH = 1.72 for a solution of 1.76 X 1r2 M). The acidic conditions 
cause the condensation of the M042- anions,’S6 so a mixture of 
different anions is expected to react with the aqueous solution of 
1. Furthermore, in the case of Cr042- a significant oxidation of 
the organic part is observed. The use of qS-MeC5H? rather than 
other substituted cyclopentadienyl ligands was mainly dictated 
by the solubility of 2 in the solvent sequence used. Complex 2 
has been analytically and spectroscopically characterized, including 
an X-ray analysis.’ 

Complex 2 has the cyclic tetranuclear eight-membered cen- 
trosymmetric structure shown in Figure 1. The four metal atoms 
are coplanar, with the oxygen atoms tilted up (01,02) and down 
(01’, 02’; f ,  1-y, 1-2) by 0.229 (3) and 0.238 (3) A, respectively. 
It resembles the structure of [(qS-MeC5H4Ti),O4C~]* Structural 
parameters concerning the M&Ti fragment are in agreement 
with a significant Mo-O multiple bond9 and a rather long T i 4  

0(3)-Mo-0(4), 106.2 (2); 0(2)-Mo-O(4), 107.1 (2); 0(2)-Mo-O(3), 
110.8 (2); 0(1)-Mo-O(4), 107.1 (2); 0(1)-Mo-O(3), 110.7 ( I ) ;  0- 

Preparation of [(rl’-MeCJH,)2Ti(az-M~,)], (2) is as follows. [ (q5-  
MeC5H,)2TiC12] (5.0 g, 18.05 mmol) was dissolved in water (250 mL) 
by refluxing for 15 min. By addition of an aqueous solution of Na2- 
Mo0,.2H20 (4.37 g, 18.05 mmol) to the red solution of 1, a salmon red 
solid suddenly formed. The solid was extracted with CHCI, and the 
resulting solution dried over M g S ,  and evaporated to dryness. The 
microcrystalline solid, extracted with CH2C12 (150 mL), gave 2 as 
orange crystals (85%). Anal. Calcd for CUH18M0200Ti2: C, 39.33; 
H, 3.82. Found: C, 39.29; H, 3.81. ’H NMR (200 MHz, CDCI,, ppm, 
room temperature): d 2.29 (s, 3 H, Me), 6.32 (m. 2 H, cp), 6.42 (m, 
2 H, cp). v(M-0) (Nujol): a very large envelope band in the 700- 
900-cm-’ region. 
Pope, M. T.: Heteropoly and Isopoly Oxometalates; Springer: Berlin, 
Heidelberg, 1983. 
Crystal data for complex 2 CHH=M%O8Ti2, M. = 732.2. monoclinic, 
s ce group P2,/n. a = 15.336 (1) A, 6 = 12.466 ( I ) ,  c = 6.756 (1) e@ 5 96.81 (1)O; Y =  1282.5 (2) A’, Z = 2, DE = 1.896 g cm-,, Mo 
Ka radiation (A = 0.71069 A), crystal dimensions 0.25 X 0.28 x 0.30 
mm. The structure was solved by the heavy-atom method and aniso- 
tropically refined by block full-matrix least squares. For 1673 unique 
observed structure amplitudes [I > 2a(l)] collected at room temperature 
on a Philip PW 1100 diffractometer in the range 6” < 28 < 50° the 
R value is 0.026 (R, = 0.029). All calculations were carried out by 
using SHELXX. 
Petersen, J. L. Inorg. Chem. 1980, 19, 181 and references therein. 
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3 

The major difference is seen in the structural parameters related 
to the Ti-0-Mo and Mo*-O-Mo fragments. The equivalent 
Mo-0 bond distances are much longer in 3, ranging from 1.86 
(1) to 2.1 1 (1) A, than in 2 (see caption of Figure 1). The 
Ti-0-Mo bond angles are much wider than the corresponding 
Mo-0-Mo in 3, ranging from 103.0 (5) to 113.5 (6)O. The 
presence of Mo(1V) in the (q5-MeC5H4)2Mo fragment does not 
allow the formation of an M-O multiple bond as much as in 
complex 2 and makes the bridging oxygen in 3 available for 
binding a further metal atom. The Md( te rmina1)  distances 
have double-bond character2q9 (see caption of Figure 1). The 
molecules of 2 are held together in chains parallel to the [OOl] 
axis by centrosymmetric Mo-*03” contacts [ M w 0 3 ”  = 3.307 
(3) A] (Figure 2). 
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