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The reaction between dicarbonyltitanocene (1) and hexafluoro-2-butyne in benzene solution in a sealed system at 5 5  OC 
has produced an orange air-stable titanoxane, [($-C5H5)2Ti(CF3C=C(H)CF3)]20, in 30-35% yield. The product has 
been characterized by ‘H NMR, I9F NMR, IR, and mass spectrometric techniques, and its crystal structure has been 
determined from three-dimensional X-ray data as measured by counter techni ues. The compound crystallizes in the triclinic 
space group Pi with a = 11.522 ( 5 )  A, 6 = 15.015 (6) A, c = 17.959 (6) 1, a = 77.52 (4)”, /3 = 77.93 ( 4 ) O ,  y = 70.27 
(4)O, and paid = 1.64 g cm-3 for Z = 4. Full-matrix least-squares refinement led to a final R value of 0.041 based on 
4888 reflections. The two independent molecules in the asymmetric unit display similar bond distances and angles but 
exist in different rotational conformations about the Ti-0-Ti bond: the C(o)-Ti-.Ti-C(a) torsional angles are +54.1 and 
-53.7O. The Ti-0-Ti linkage is nearly linear (170°), and the Ti-0 bond distance, 1.856 (6) A, is larger than normal. 
This is attributed to steric effects, as are the elongated Ti-C(sp2) distance, 2.239 (3) A, and the Ti-C($) distance, 2.421 
(23) A. 

Although dicarbonyltitanocene [his($-cyclopentadieny1)- 
dicarbonyltitanium] (1) was first obtained by Murray in 1958,2 
the chemistry of this unique metal carbonyl has been slow to 
develop, due primarily to the considerable experimental dif 
ficulties and low yields incurred in its preparation by the 
original literature method. Recently, however, several greatly 
improved methods for the synthesis of 1 have been reported,3” 
and a variety of reactions involving displacements of the 
carbonyl ligands by diphenylketene, trimethylphosphine, 
TCNE, 2,2’-bipyridine, alkyl halides, acyl halides, 9,lO- 
phenanthroquinone, etc. have been de~cribed.~J An X-ray 
structural determination of 1 has also recently been completed 
in our laboratories.6 

In contrast to the rich and varied chemistry resulting from 
reactions of the metal carbonyls and acetylenes,’ however, at 
the present time there exist only two on the inter- 
action of 1 with acetylenes. As part of our continuing joint 
program on the formation and structure of organometallic 
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(3) P. C. Wailes, R. S. P. Coutts, and H. Weigold, “Organometallic 

Chemistry of Titanium, Zirconium and Hafnium”, Academic Press, 
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(4) M. D. Rausch and H. Alt, J.  Am. Chem. Soc., 96, 5936 (1974); B. 
Demerseman, G. Bouguet, and M. Bigorne, J.  Organomet. Chem., 101, 
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products derived from metal carbonyls and acetylenes, we 
report herein on the reaction of 1 and hexafluoro-2-butyne, 
as well as on the results of a single-crystal X-ray crystallo- 
graphic study which together with spectral measurements fully 
characterize the organometallic product produced as a novel 
titanoxane (4). 
Results and Discussion 

Formation of 4. It was our original expectation that the 
interaction of dicarbonyltitanocene (1) with hexafluoro-2- 

1 2 

3 4 

butyne would lead either to a titanole (2) or to an q2-acetylene 
complex (3),1° in analogy with earlier reported reactions of 
1 with diphenyla~etylene.~.~ Accordingly, 1 was allowed to 
react with an excess of hexafluorc-2-butyne in benzene solution 
at  55 “C in a sealed system for 16 h. Chromatography of the 
dark orange reaction mixture on silica gel under argon pro- 
duced an orange solid, which upon crystallization from tolu- 

(10) Formation of a product such as 3 would be less likely under our reaction 
conditions, since the analogous diphenylacetylene complex was produced 
only under conditions in which carbon monoxide was removed as it 
formed. 
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Figure 1. Molecular structure and atom numbering scheme for the 
two crystallographic independent molecules of [ ( V ~ - C ~ H ~ ) ~ T ~ -  

ene-hexane afforded bright-orange, air-stable crystals, mp 
222-225 OC. Elemental analyses and spectroscopic studies 
were not in agreement with either 2 or 3, however, and a 
definitive structure assignment could not be made on the basis 
of the data available at that time. We then decided to un- 
dertake a single-crystal X-ray structural investigation of the 
product, which revealed it to have a novel titanoxane structure 
(4) as is described below. 

Crystallographic Structure of 4. The molecular structure 
and atom numbering schemes are shown in Figure 1, while 
the bond distances and angles are listed in Table 111. There 
are two independent molecules in the asymmetric unit, and 
they differ in rotational conformation about the T i U T i  bond. 
This is shown most clearly in Figure 1, where the right halves 
of both molecules are plotted in an equivalent orientation. The 
C(12)-Ti(l).-Ti(2)-C(17) torsional angle is +54.1°, while 
that of C(4O)-Ti(3)--Ti(4)-C(45) is -53.7O. However, in- 
dividual bond distances and angles do compare favorably 
between molecules and between halves. A comparison of the 
aspects of the Ti-0-Ti bridge with related  structure^^^-^^ is 

( I f )  P. Corradini and G. Allegra, J .  Am. Chem. SOC., 81, 5510 (1959). 
(12) H. Stoeckli-Evans, Helu. Chim. Acta, 57, 684 (1974). 
(13) U. Thewalt and G. Schleussner, Angew. Chem., Inf. Ed. Engl., 17,531 

(1978). 
(14) U. Thewalt and G. Schleussner, J .  Organornet. Chem., 150,69 (1978). 
(15) K. Prout, T. S. Cameron, R. A. Forder, S. T. Critchley, B. Denton, and 

G. V. Rees, Acta Crystallogr., Sec!. B, 830, 2290 (1974). 

(CF$=C( H)CF3)] 20. 

Y 

Figure 2. Stereoscopic view of the unit cell packing. 

Table 1. Crystal Data 

molecular formula Tiz~,zOCz,H,z 
molecular wt 698.2 
cell constant% u, A 11.522 (5) 

b, A 15.015 (6) 
c, A 17.959 (6) 
0, deg 71.52 (4) 

Y, deg 70.27 (4) 
P ,  deg 77.93 (4) 

cell vol, a' 2824.0 
linear abs coeff, m-' 6 3 7  
space group P1 
molecules/unit cell 4 
max cryst dimens, mm 
calcd density, g 1.64 

0.25 X 0.28 X 0.35 

Mo Ka radiation, h = 0.710 69 A. Ambient temperature of 
23 t 1 'C. 

given in Table IV. The average angle at the oxygen atom 
bridge, 170°, is close to 180' but nevertheless exhibits the 
largest deviation from linearity of any organotitanium struc- 
ture. The 0-Ti< angle, 95.0', is near the previously reported 
values. Steric effects associated with the bulky olefin in 4 are 
probably responsible for the largest Ti-0 bond length yet 
reported for a bridging situation, 1.857 (6) A. 

Another effect of the size of the a-bonded moiety is the long 
Ti-C(sp2) average bond length, 2.239 (4) A. In (q5- 
C5H&Ti[C4(C6H5)4] the distances 2.141 (5) and 2.172 (5) 
A are relatively free of steric effects and fit in well with the 
established values for T i - c ( ~ p ~ ) . ' ~  

The Ti-C(q5) bond lengths range from 2.372 (5) to 2.457 
(6) A and average 2.421 (23) A. This is considerably larger 
than the 2.366 (22) A average in (q5-CgH5)2Ti[C4(C6H5)4]18 
and the 2.385 (20) A in ([(q5-C5H5)2Ti(H,0)]20)(C104)2~ 

A stereoscopic view of the unit cell packing is presented in 
Figure 2, and the closest intermolecular nonbonded approaches 
are listed in Table 111. 

Spectral Properties of 4. The 'H NMR spectrum of 4 in 
acetone-d6 solution exhibits a singlet at  7 3.63 ppm assignable 
to the q5-cyclopentadienyl protons and a quartet (JH- em CF, 
= 10.1 Hz) centered at  7 3.75 ppm, arising from coupfing of 
the vinylic protons with the geminal CF3 groups. A portion 
of this quartet resonance overlaps with the q5-cyclopentadienyl 
proton resonance. The I9F NMR spectrum of 4 in acetone-d6 
exhibits an apparent quintuplet due to two overlapping quartets 
centered at 105.5 ppm, assignable to the CF3 groups geminal 
to the vinylic protons, and a quartet (JF+ = 12.9 Hz) at 113.0 
ppm assignable to the CF3 groups geminal to the titanium 

2 ~ ~ 0 . 1 4  

(16) J. F. Clarke and M. G. B. Drew, Acta Crystallogr., Sect. B, B30,2267 
(1974). 

(17) J. L. Petersen, J .  Organornet. Chem., 166, 179 (1979). 
(18) J. L. Atwood, W. E. Hunter, H. Alt, and M. D. Rausch, J .  Am. Chem. 

Soc., 98, 2454 (1976). 
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with the crystallographic structure of 4 as discussed above. 
The 13C NMR spectrum of 4 in acetone-d6 exhibits a reso- 
nance at 1 1  5.6 ppm which can be assigned to the .r15-cyclo- 
pentadienyl carbon atoms. 

The IR spectrum of 4 recorded as a KBr pellet contains 
intense bands at 1340, 1250, 1200, and 1 130 cm-' assignable 
to C-F stretching vibrations of the CF3 groups and bands at 
1440 (m), 1 1  10 (s), 1015 (s), and 825 (s) cm-' which can be 

atoms. No coupling between the latter CF3 groups and the 
vinylic protons was observed, although the spectrum was well 
resolved. This result is in accord with a cis configuration for 
the two nonequivalent CF3 groups in 4. Both 'H and 19F 
NMR spectra are consistent with many other organometallic 
compounds containing cis-(CF3)C=C(CF3)H groups19-22 and 

(19) H. C. Clark and W. S. Tsang, J .  Am. Chem. Soc., 89, 533 (1967). 
(20) B. L. Booth and A. D. Lloyd, J .  Organomet. Chem., 35, 195 (1972). 
(21) T. Blackmore, M. I. Bruce, and F. G. A. Stone, J .  Chem. SOC., Dalton 

Trans., 106 (1974); see also references cited therein. (22) S. Otsuka and A. Nakamura, Adu. Organomer. Chem., 14,251 (1976). 
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attributed to C-C and C-H vibrations of the $-cycle- 
pentadienyl substituents. A strong band at 800 cm-' is most 
likely the C-H out-of-plane bending mode for the two tri- 
substituted vinylic groups present in 4. A medium intensity 
band at 1600 cm-' can be assigned to the C=C stretching 
vibration in 4. Although a broad, intense band is present at  
665 cm-l in the IR spectrum of 4, surprisingly, no absorptions 
are observed between 700-775 cm-I, a region where bands 
characteristic of M-0-M bonds (M = Ti, Zr, Hf) normally 
occur .23-29 

The mass spectrum of 4 did not exhibit a parent ion peak, 
in analogy with other compounds containing metalloxane (M- 
0-M)  linkage^.*^*^^ However, a number of strong fragmen- 
tation peaks representing ions which incorporate the titanoxane 
linkage and in which the titanium atoms are partially fluo- 
rinated are observed at m l e  391, 345, 326, 299, and 280 (see 
Experimental Section for assignments). Peaks assignable to 
( C5H5) *TiF2+, ( C5H5)2TiF+, ( C5H5)2Ti+, C5H5TiF2+, 
C5H5TiF+, C5H5Ti+, and C5H5+ ions were also present. The 
formation of organometallic fluoride ions during the mass 
spectral fragmentation of fluorinated organometallics has been 
observed in related systems.30 

Reaction Pathways Leading to 4. Although a detailed 
mechanism to account for the formation of titanoxane 4 from 
1 and hexafluoro-2-butyne under the reaction conditions in- 
volved cannot be fully developed on the basis of data presently 
available, several comments can be put forth. In order to 
determine whether or not the solvent benzene was responsible 
as the source of the vinylic hydrogens, the reaction was run 
under identical conditions as above except that anhydrous 
benzene-d6 was used as solvent. Both IR and 'H NMR spectra 
of the reaction product proved to be identical with the spectra 
obtained from reactions carried out in benzene. More spe- 
cifically, the quartet due to the vinylic protons was still present 
in the 'H NMR spectrum, and no shift to lower frequency was 
observed for the C-H out-of-plane bending vibration at 800 
cm-' in the IR spectrum. These results thus rule out the 
possibility that the vinylic hydrogens in 4 arise from solvent 
molecules. 

The pathway by which the Ti-0-Ti linkage in 4 is formed 
is difficult to reconcile. Caulton and co-workers31 have recently 
isolated and characterized a novel metal cluster complex of 
composition Cp6Ti6Os from reactions of 1 with H2. The h3-o 
bridging ligands in this product were presumed to be derived 
from the carbonyl ligands of 1. Metal-oxygen bonds are 
known to be readily formed in other similar reactions of group 
4B metallocene d i~a rbony l s .~~  On the basis of these results, 
( Q ~ - C ~ H ~ ) ~ T ~ ( C ~ ~ O ) ~  was synthesized and allowed to react with 
hexafluoro-2-butyne under normal conditions. Analysis of the 
reaction product by mass spectrometry indicated that the ions 
incorporating the titanoxane linkage did not contain "0. We 
therefore conclude that the oxygen atom in 4 is not derived 
from the carbonyl ligands o f  1 out from some other source. 
Additional studies to delineate the mechanism of formation 
of 4 are in progress. 

Rausch et al. 

~~ 
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Chem., 18, 173 (1965) 
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(27) J. R. Surtees, Chem. Commun., 567 (1965). 
(28) E. Samuel, Bull. Sot. Chim. Fr., 3548 (1966). 
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and M. D. Rausch, Inorg. Chem., 15, 2284 (1976). 
(30) T. R. B. Jones, J. M. Miller, S. A. Gardner, and M. D. Rausch, Can. 

J .  Chem, 57, 335 (1979). 
(31) J. C. Huffman, J. G. Stone, W. C. Krusell, and K. G. Caulton, J .  Am. 
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Table 111. Bond Distances (A) and Angles (Deg) for 
01-0) (11 '-C, H, Ti (CF, (H)C=CCF,)I 

Distances 
Ti(1)-C( 12) 
Ti(2)-C(17) 
Ti(3)-C(40) 
Ti(4)-C(45) 

Ti(l)-C(l) 
Ti(1)-C(2) 
Ti(l)-C(3) 
Ti(1)-C(4) 
Ti(1)-C(5) 
Ti(l)-C(6) 
Ti(l)-C(7) 
Ti(1 )-C(8) 
Ti(1)-C(9) 
Ti(1)-C(10) 

Ti(2)-C(19) 
Ti(2)-C(20) 
Ti(2)-C(21) 
Ti(2)-C(22) 
Ti(2)-C(23) 
Ti(2)-C(24) 
Ti(2)-C(25) 
Ti(2)-C(26) 
Ti(2)-C(27) 
Ti(2)-C( 28) 

C(1 l)-C(12) 
C(12)-C(13) 
C(13)-C(14) 
C(15)-C(16) 
C(16)-C(17) 
C(17)-C(18) 

2.242 (5) 
2.241 (4) 
2.239 (5) 
2.234 (4) 

av 2.239 (3) 
2.443 (6) 
2.439 (6) 
2.429 (5) 
2.386 (6) 
2.41 2 (5) 
2.402 (6) 
2.441 (6) 
2.450 (6) 
2.434 (5) 
2.423 (5) 

av 2.426 (19) 
2.420 (5) 
2.443 (5) 
2.432 (5) 
2.375 (5) 
2.415 (5) 
2.436 (5) 
2.440 (5) 
2.41 9 (4) 
2.390 (5) 
2.407 (5) 

av 2.418 (21) 
1.506 (7) 
1.332 (6) 
1.503 (7) 
1.483 (7) 
1.326 (6) 
1.503 (6) 

Ti(1)-O(1) 
Ti(2)-0(1) 
Ti(3)-0(2) 
Ti(4)-0( 2) 

Ti(3)-C(29) 
Ti( 3)-C( 3 0) 
Ti(3)-C(31) 
Ti( 3)-C( 32) 
Ti(3)-C(33) 
Ti(3)-C(34) 
Ti(3)-C(35) 
Ti (3)-C (3 6) 
Ti(3)-C( 3 7) 
Ti( 3)-C( 38) 

Ti(4)-C(47) 
Ti(4)-C(48) 
Ti(4)-C(49) 
Ti(4)-C(50) 
Ti(4)-C(51) 
Ti(4)-C(52) 
Ti(4)-C(53) 
Ti(4)-C(54) 
Ti(4)-C(55) 
Ti(4)-C(56) 

C(39)-C(40) 
C(40)-C(41) 
C(41)-C(42) 
C(43)-C(44) 
C(44)-C(45) 
C(45)-C(46) 

1.848 (3) 
1.856 (3) 
1.856 (3) 
1.865 (3) 

av 1.856 (6) 
2.442 (6) 
2.401 (6) 
2.387 (6) 
2.426 ( 5 )  
2.457 (6) 
2.450 (6) 
2.441 (6) 
2.426 (6) 
2.411 (5) 
2.398 (6) 

av 2.424 (23) 
2.432 (5) 
2.455 (5) 
2.444 (5) 
2.372 (5) 
2.403 (5) 
2.429 (5) 
2.443 (5) 
2.405 (5) 
2.375 (5) 
2.407 (5) 

av 2.416 (27) 
1.509 (7) 
1.316 (7) 
1.502 (7) 
1.497 (7) 
1.337 (6) 
1.505 (7) 

Angles 
Ti(l)-O(l)-Ti(2) 171.0 (2) Ti(3)-0(2)-Ti(4) 169.0 (2) 
O(l)-Ti(l)-C(l2) 94.3 (1) 0(2)-Ti(3)-C(40) 94.1 (2) 
O(l)-Ti(2)-C(17) 94.8 (1) 0(2)-Ti(4)-C(45) 96.5 (1) 
Cent(1 bTi(1)- 129.6 Cent(SjTi(3)- 129.7 

Cent(2) Cent(6) 
Cent(3)-Ti(2)- 129.9 Cent (7)-Ti(4)- 130.2 

Cent (4) Cent (8) 
a Other bond lengths and angles may be found in the supple- 

mentary material. 

Experimental Section 
All reactions were conducted under an argon atmosphere. The 

argon was dried with P2O5 and HzSO4, and trace oxygen was removed 
by using BTS catalyst (BASF). Benzene, hexane, and toluene were 
dried over CaH2 and freshly distilled under argon. Benzene used as 
the reaction solvent was additionally distilled from LiAlH4 under argon 
into the reaction vessel. Column chromatography was carried out 
under argon by using silica gel which had been dried and degassed. 
'H and I9F NMR spectra were taken on a Varian XL-100 spec- 
trometer and were referenced to internal MeSi  and C6F6, respectively. 
13C NMR spectra were obtained on a Varian CFT-20 spectrometer 
and were referenced to internal Me4Si. IR spectra were recorded on 
a Perkin-Elmer 237-B spectrometer and were calibrated vs. polystyrene. 
Mass spectra were obtained at 80 eV on a Hitachi Perkin-Elmer RMU 
6L instrument. Microanalyses were performed by the Microanalytical 
Laboratory, Office of Research Services, University of Massachusetts. 
Hexafluoro-Zbutyne was purchased from PCR, Inc., Gainesville, F1, 
and was dried by means of activated molecular sieves before use. Both 
dicarbonyltitanocene and its "0-enriched analogue were prepared 
by a literature method4 and were recrystallized from hexane before 
use. Carbon monoxide-l'O (99%) was obtained from Stohler Isotope 
Chemicals, Inc. 

Thermolysis of Dicarbonyltitanocene and Hexafluoro-2-butyne. In 
a typical run, 175-200 mg (0.74-0.85 mmol) of dicarbonyltitanocene 
(1) was placed in a heavy-walled Schlenk tube (2.2 X 18 cm) which 
was fitted with a 15-mm threaded connector and Nylon plug (Ace 
Glass) and a pressure stopcock (Eck and Krebs). Approximately 16 
mL of freshly distilled benzene was added, the tube was capped, and 
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Table IV. Comoarison of Structural Parameters for Oxo-Bridged Early Transition-Metal Comoounds 

compd 
dihedral angle 

M-0, A M-0-M, deg 0-M-X, deg (X-M- .M-X) ref 

the solution was then frozen by immersing the tube into liquid nitrogen. 
Once frozen, the tube was evacuated and ca. 0.5-1 mL of hexa- 
fluoro-2-butyne was bled into the vessel through the stopcock. The 
tube was allowed to warm to room temperature and subsequently 
placed in an oil bath maintained at 55 "C for 16 h. After this period, 
the color had changed from a deep red to a greenish orange. The 
pressure was then carefully released from the tube by connecting it 
to a vacuum line. The solution was concentrated to ca. 5 mL, and 
0.75 g of silica gel was added. The remaining solvent was removed 
in vacuo, and the resulting solid was added to a column of silica gel 
(1.5 X 37 cm) which had been packed dry under argon. Elution with 
2: 1 benzene-hexane brought down a yellow-orange band which was 
collected under argon. Subsequent removal of the solvent under high 
vacuum gave the titanoxane 4 as a bright orange powder in yields 
of 30-35%. An analytical sample of 4 was prepared by crystallization 
of the product from toluene-hexane at  low temperatures: orange 
crystals; mp 222-225 OC dec under argon. 

Anal. Calcd for Cz8Hz2Fl20Ti2: C, 48.16; H, 3.17; F, 32.64; Ti, 
13.72. Found: C, 47.91; H, 3.02; F, 31.94; Ti, 13.93. 

The mass spectrum of 4 exhibited principal peaks at m / e  391 [ 5 ,  
(C5H5)4FOTi2f], 345 [87, (C5H5)3F20Ti2+], 326 [5,345 - F'], 299 
[ 11, (C5H5)2F30Ti2+]r 280 [7,299 - F+], 216 [6, (C5H5),F2Ti+], 197 
[loo, (C5H5)2FTiC], 178 [91, (C,H,),Ti+], 151 [39, C5H5F2Ti+], 132 
[87, C5H5FTi+], 113 [19, C5H5Ti+], and 65 [70, C5H5+]. Other 
spectral properties of 4 are given in the Results and Discussion. The 
molecular weight of 4 (osmometric in benzene) was 723 (calcd 698). 

In a modification of the above experiment dicarbonyltitanocene 
(1.00 g, 4.3 mmol) was dissolved in 150 mL of pentane in a Schlenk 
tube, and the solution was cooled to -78 "C. Hexafluoro-2-butyne 
(1.5 mL) was condensed into a second evacuated Schlenk tube and 
then added to the pentane solution. The reaction vessel was fitted 
with a dry-ice reflux condenser, and a mercury overpressure valve 
was attached. The reaction mixture was stirred at  room temperature 
for 3 h during which time steady gas evolution occurred, the solution 
lightened in color, and a yellow precipitate formed. The reaction 
mixture was concentrated under reduced pressure to 50 mL. and filtered 
over a glass frit. The resulting orange powder was shown to be 4 by 
means of 'H NMR, IR, and mass spectral analyses. 

X-ray Data Collection and Structure Determination for 4. Single 
crystals of the orange, air-stable compound were sealed in thin-walled 
glass capillaries. Final lattice parameters as determined from a 
least-squares refinement of [(sin 8)/AI2 values for 15 reflections (0 
> 16"), accurately centered on the diffractometer, are presented in 
Table I. The crystal system is triclinic, and subsequent structure 
determination and refinement showed the space group to be Pi [Ci, 
No. 21. 

Data were collected on an Enraf-Nonius CAD-4 diffracometer in 
the usual manner.33 

One independent hemisphere of data was measured out to 28 5 
50'; a slow scan was performed on a total of 4888 unique reflections. 
Since the data were scanned at a speed which would yield a net count 
of 4000, the calculated standard deviations were all very nearly equal. 

(33) J. L. Atwood and K. D. Smith, J .  Am. Chem. Soc., 95, 1488 (1973). 

180 104 (2) 11 
180 1 2  
177.0 (3) 95.1 74.1 13 
175.8 (5) 94.3 14 
171.0 (2), 169.1 (2) 94.6, 95.3 -53.7, +54.1 this study 
169.3 (8) 96.2 72.5 15 
168.9 (8) 98.0 74.3 16 
165.8 (2) 100.9 61.1 11 

No reflection was subjected to a slow scan unless a net count of 10 
was obtained in the prescan. On the basis of these considerations, 
the data set of 4888 reflections (used in the subsequent structural 
determination and refinement) was considered observed and consisted 
of those for which I > 30(I). The intensities were corrected for Lorentz 
and polarization effects but not for absorption. 

Full-matrix, least-squares refinement was carried out by using the 
Busing and Levy program ORFLS.~~  The function w(lFoI - was 
minimized. No corrections were made for extinction. Neutral atom 
scattering factors for Ti, F, 0, and C were taken from the compilations 
of Cromer and Waber;35 those for H were from ref 36. 

Since 2 = 4 in the space group Pi, it was necessary to locate two 
complete molecules. Efforts to position the titanium atoms via 
Patterson methods proved fruitless, and the metal atoms were even- 
tually found with the aid of the program MULTANU3' At this point 
R1 = C(IFol - IFcl)/CIFol = 0.54. The positions of the remaining 
82 nonhydrogen atoms in the asymmetric unit were deduced by the 
repeated application of difference Fourier techniques. Least-squares 
refinement of the nonhydrogen atoms with isotropic temperature 
factors led to a reliability index of R,  = 0.1 1. Conversion to anisotropic 
thermal parameters and further refinement led to Rl = 0.064. The 
hydrogen atoms were then placed at calculated positions 1 .OO A from 
the bonded carbon atom, and their parameters were not refined. 
Further refinement of the nonhydrogen parameters yielded a final 
R1 value of 0.041 and R2 = (Cw(lFol - lFc1)2/C(Fo)2)1/2 = 0.041. 
The largest parameter shifts in the final cycle of refinement were less 
than 0.05 of their standard deviations. The esd of an observation of 
unit weight was 1.54. No systematic variation of w(lF,J - lFc1)2 vs. 
lFol or (sin 8)/A was noted. The final values of the positional and 
thermal parameters are given in Table 11. 
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Crystallographic programs used on a Univac 1110 include ORFLS 
(structure factor calculation and least-squares refinement, by W. R. 
Busing, K. 0. Martin, and H. A. Levy), ORFFE (distances and angles 
with esd's, by W. R. Busing, K. 0. Martin, and H. A. Levy), ORTEP 
(thermal ellipsoid drawings, by C. K. Johnson), FOURIER (D. J. Hodg- 
son's version of Dellaca and Robinson's program), and BPL (least-squares 
planes, by W. E. Hunter). 
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