
2560 Organometallics 1991, 10, 2560-2563 

Preparation and Properties of ( Q-C~H~)~TICI(  SeH), 
(vC5H5)2Ti(SeH)2, [ ( Q - C ~ H ~ ) T ~ ] ~ ( E . ~ ~ - S ~ ) ~ ( E . ~ ~ - S ~ ) ~ ,  and Related 

Cyciopentadienyi Selenides of Titanium 

Frank Bottomley’ and Robert W. Day 

Depertment of Chemistry, University of New Bruns wick, Fredericton, New Bruns wick, Cane& €36 5A3 

Received January 15, 799 1 

The reaction between (q-C6H,J2TiC12 and H2Se in tetrahydrofuran as solvent and in the presence of 
(C2H6)3N gave [ (rl-C6Ha)TiIr(p2-Se)S(c( Se)3. The strccture of the product was determined by X-ray 
diffraction (crystal data for (C6H6),Ti4~e6.(C2H6)3N: P1; a = 10.971 (l), b = 11.148 (21, c = 13.943 (1) A; 
(Y = 88.38 (l), /3 = 78.29 (7), y = 81.17 (1)O; 2 = 2; R = 0.070 for 335 variables and 2961 observed reflections). 
The cluster has one six-coordinate Ti atom linked to three p3-Se’s (average Ti-Se = 2.389 (3) A) and three 
seven-coordinate Ti atoms liked to three p3-Se’s (average Ti-Se = 2.700 (3) A) and to three p2-Se’s (average 
Ti-Se = 2.508 (3) A). The cluster is diamagnetic, since it contains four Ti(IV) centers. The reaction between 
(q-C,H,) TiC12 and H2Se in tetrahydrofuran and in the presence of pyridine gave a mixture of (7- 
C&Id2Ti&l(SeH) and (q-C&Is)Ti(SeH)2. When the reaction was conducted in the presence of 02, the product 
was [ (q-C6H6)2TiC1]2(p-Se2). The reactions are compared to those between ( T - C ~ H ~ ) ~ T ~ ( C O ) ~  and H2Se. 

Introduction 
We have previously reported the preparation of [(a- 

C6H6)Ti]6(p3-0)8 and [ (q-C,H6)Ti]6(p3-S)6 from the reac- 
tions between (q-C6H6)2Ti(CO)2 and H201 and H2S,1*2 re- 
spectively. Extension of these reactions to H2Se showed 
that clusters of the type [(q-C6H5)Ti],(p3-Se), (m, n = 6,  
8; 5,6; and 4,4) were formed, but the yields were low. The 
major products were [ (a-C6H6)2Ti(p-Se)]2 and [ (a-  
C6Hs)2Ti(p-Se)2Ti(q-C5H6)]2(p-Se).3 We therefore turned 
to other methods in order to prepare [(q-CgH6)TiIm(p3-Se),,. 
Floriani and co-workers showed that [ ( S - C ~ H ~ ) T ~ ] ~ ( ~ ~ - O ) ~  
could be obtained by reduction of [ (~pC,H,)TiCl(p-o)]~ or 
[ (&H6)TiC12]2(p-O) with zinc, followed by hydrolysis of 
the (n  = 0, 2, 4) p r ~ d u c t . ~  
We have used a similar reaction to obtain [(q-C5H6)TiI5- 
(p3-S)s  and related clusters by reduction of ( V - C ~ H ~ ) ~ T ~ -  
(SH), with zinc! In order to obtain [(a-C6H6)Ti],(p3-Se), 
by a similar route, we required reproducible, high-yield 
syntheses of (q-C6H6)zTi(SeH)2 and [ (a-C6H6)2Ti(p-Se)12 
or other suitable starting materials. The results of our 
attempts a t  such syntheses have been the preparation of 
[(tl-C6Hs)Ti14(c12-Se)3(~3-Se)3, ( . I I - C ~ H ~ ) ~ T ~ C ~ ( S ~ H ) ,  (a- 
C6H6)2Ti(SeH)2, and [(a-C6H6)2TiC1]2(p-Se2), which are 
reported here. Recently, Fenske and Grissinger obtained 
[(rl-C6H4Me)Ti]6(p3-Se)6 from the reaction between (a- 
C6H4Me)2TiC1z or (a-C6H4Me)TiCl3 and (Me3Si)2Se.6 

Results and Discussion 
Reaction between (q-C6H6)2TiC12 and H2Se. Kopf 

and Schmidt first showed that ( T - C ~ H ~ ) ~ T ~ ( S H ) ~  could be 
prepared from the reaction between ( V - C ~ H ~ ) ~ T ~ C ~ ~ ,  H2S, 
and (C2H6)3N in ethanol,’ according to eq 1. They also 
( V - C ~ H ~ ) ~ T ~ C ~ ~  + 2H2S + 2(C2H5)3N - 

(a-C6H6)2Ti(SH)2 + 2(C2H5)3N.HC1 (1) 
noted that the analogous reaction with H2Se did not 

(1) Bottomley, F.; Drummond, D. F.; Egharevba, G. 0.; White, P. S. 
organometallics 1986,5, 1620. 

(2) Bottomley, F.; Egharevba, G. 0.; White, P. S. J. Am. Chem. SOC. 
1986, 107, 4353.- 

D. A.; White, P. S. Organometallics 1988, 7, 1214. 
(3) Bottomley, F.; Chin, T.-T.; Egharevaba, G. 0.; Kane, L. M.; Pataki, 

(4) Roth. A.; Floriani. C.; Chiesi-Villa, A.; Guaetini, C. J. Am. Chem. 

proceed? Shaver found that reaction 1 gave a higher yield 
of ( V - C ~ H ~ ) ~ T ~ ( S H ) ~  when it was conducted in tetra- 
hydrofuran We observed a smooth reaction be- 
tween ( T ~ C , H , ) ~ T ~ C ~ ~ ,  H2Se, and (C2H5)3N in thf. The 
product was not ( V - C ~ H ~ ) ~ T ~ ( S ~ H ) ~  but [(q-C5H,)TiI4- 
( ~ ~ - S e ) ~ ( p ~ - S e ) ~  (Figure l), according to eq 2. There was 
no evidence for ( V - C ~ H ~ ) ~ T ~ ( S ~ H ) ~  or [(a-C5H5)2Ti(p-Se)12, 
nor for any intermediates in the reaction. 
~ ( T - C ~ H ~ ) ~ T ~ C ~ ~  + 6H2Se + 8(C2H6)3N - 4C6H6 + 

8(C2H6)3N.HC1 + [(a-C5H6)Ti14(~2-Se)3(~3-Se)3 (2) 

Because of the unexpected reaction 2, we decided to 
change the base to pyridine, retaining thf as the solvent. 
In this case a mixture of products was obtained. These 
were derived from the equilibria (3) and (4). Even with 
(q-C5H5)2TiClz + H2Se + C5H5N + 

(7-C5H5),TiC1(SeH) + C5H6N-HC1 (3) 

(s-C5H5),TiC1(SeH) + H2Se + C5H5N == 
( T ~ C ~ H ~ ) ~ T ~ ( S ~ H ) ~  + C6H6N.HC1 (4) 

high concentrations of H2Se a mixture of (~pC,H~)~Tic l -  
(SeH) and ( V - C ~ H ~ ) ~ T ~ ( S ~ H ) ~  was obtained, and small 
quantities of ( V - C ~ H ~ ) ~ T ~ C ~ ~  were also present. The dif- 
ferent base strengths of (C2H5),N and C5H6N may be re- 
sponsible for the different products, but it is also possible 
that the different solubilities of (C2H6)3N.HC1 and C5- 
H6N.HC1 in thf influence the course of reactions 2-4. The 
constituents of the equilibria could be conveniently de- 
tected by using the ‘H NMR spectra of the various com- 
plexes. 

It would be expected that ( T - C ~ H ~ ) ~ T ~ ( S ~ H ) ,  would be 
in equilibrium with [ (.rl-C6H6)2Ti(p-Se)]z, according to eq 
5.1° In fact [(q-C6H6)2Ti(p-Se)J2 was obtained from the 
reaction between (~-C6H5)2Ti(C0)2 and H2Se (eq 6). 

~ ( V - C ~ H ~ ) ~ T ~ ( S ~ H ) ~  + [(a-C5H5)2Ti(p-Se)]2 + 2H2Se 
(5) 

[ (T-C~H,) ,T~(P-S~)]~  + 2H2 + 4CO (6) 
~ ( T - C ~ H ~ ) ~ T ~ ( C O ) ~  + 2HzSe - 

SOC. 1986, 108,6823. 
(5) Bottomley, F.; Day, R. W. Submitted for publication in Can. J. 

Chem. 
(6) Fenske, D.; Grissinger, A. Z. Naturforsch. 1990,45B, 1309. 
(7) Khpf, H.; Schmidt, M. Angew. Chem. 1966, 77,965. 

0276-7333/91/2310-2560$02.50/0 

(8) Kopf, H.; Block, B.; Schmidt, M. Chem. Ber. 1968, 101, 272. 
(9) Shaver, A.; McCall, J. M. Organometallics 1984, 3, 1823. 
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Figure 1. ORTEP plot of the structure of [(&,H,)Ti],(p,-Se),- 
(rs-Seh. 

There was no evidence for ( V - C ~ H ~ ) ~ T ~ ( S ~ H ) ~  in that m e a 3  
It was suggested that [(&5H5)2Ti(p-Se)]2 was formed via 
reactions 7-9 rather than via reactions 7, 10, and 5.3J1 
(.rl-C5H5)2Ti(CO)2 + HzSe - 

( T C ~ H , ) ~ T ~ ( S ~ H ) ( H )  + 2CO (7) 
(v-C5H5)2Ti(SeH)(H) + (v-C5H&Ti(C0)2 - 

[(v-C,H5)2Ti(H)12(cc-Se) + 2CO (8) 
[(v-C5H5),Ti(H)I2(~-Se) + H2Se - 

[(a-C5H5)2Ti(~-Se)12 + 2H2 (9) 
(7-C5H5),Ti(SeH)(H) + H2Se - 

(v-C5H5)2Ti(SeH)2 + H2 (10) 
This conclusion is strengthened by the present work, since 
no [(s-C5H5),Ti(p-Se)12 was observed in the reaction be- 
tween (+25H5)2TiC12, H2Se, and C5H5N. This may be 
because the equilibria (3) and (4) lie to the left and rea- 
sonable quantities of ( T - C ~ H ~ ) ~ T ~ ( S ~ H ) ,  are only formed 
under conditions of high H$e concentration, which in turn 
prevents formation of [ (v-C5H5),Ti(p-Se)12. Because 
high-yield syntheses of ( T ~ C ~ H ~ ) ~ T ~ ( S ~ H ) ~  and [ (v-  
C&Q2Ti(p-Se)I2 have not been found, we have been unable 
to further investigate the formation of [ (q-C5H5)TiI4(p2- 

The reactions between (.rl-C&15),TiC1,, H$e, and C5H5N, 
or between ( T C ~ H ~ ) ~ T ~ ( C O ) ~  and H$e, must be conducted 
in the rigorous absence of air. In the presence of traces 
of 02, the first reaction gave [(v-C5H5),TiCl],(p-Se2) (Figure 
2) as single crystals. This compound is the selenium 
analogue of [ (s-C5H5)2TiCl]2(p-S2) prepared by Mau6 and 
Fenske12 and is related to [ (s-C5H5)2Ti(p-Se2)]2 described 
by Rauchfuss.13 Traces of O2 in the reaction between 
(+25H5)2Ti(CO)2 and H2Se lead to the formation of (7- 
C,H5)2Ti(t$Se,),4*8 which was identified by comparison of 
the cell dimensions and space group with the published 
values.14 Large-scale syntheses of [ (+25H5)2TiC1]2(p-Sez) 
and (&,H6),Ti(v2-Se6) were not attempted. It has been 
shown previously that oxidation of S2- ligands on titanium 
leads to SZ2-  derivative^.'^ 

Se)3(~3-Se)3. 

(11) Hillhouse, G. L.; Bercaw, J. E. J.  Am. Chem. SOC. 1984,106,5472. 
(12) Mad, P. G.; Fenske, D. 2. Naturforsch. 1988,434 1213. 
(13) Giolando, D. M.; Papavassiliou, M.; Pickardt, J.; Rauchfuss, T. 

(14) Fenske, D.; Adel, J.; Dehnicke, K. 2. Naturforsch. 1987,42B, 931. 
(15)  Zank, G. A.; Rauchfuss, T. B. Inorg. Chem. 1986,25, 1431. 

B.; Steudel, R. Inorg. Chem. 1988,27, 2596. 
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Figure 2. Structure of [ (9-C5H,)2TiCllz(crz-Sez). 

Table I. Distances (A) and Angles (deg) in 
[(9-CsH~)Tilc(pr-Se)a(pa-Se)~ 

Ti(l)-Se(l) 2.672 (3)" Ti(4)-Se(2) 2.392 (4) 
Tiilj-Se(3) 2.521 (4j 
Ti(l)-Se(5) 2.498 (3) 
TiWSe(6) 2.722 (3) 
Ti(2)-Se(2) 2.711 (4) 
Ti(2)-Se(3) 2.523 (4) 
Ti(2)-Se(4) 2.504 (3) 
Ti(2)-Se(6) 2.703 (4) 
Ti(3)-Se(l) 2.665 (4) 
Ti(3)-Se(2) 2.729 (3) 
Ti(3)-Se(4) 2.494 (4) 
Ti(3)-Se(5) 2.510 (3) 
Ti(4)-Se(l) 2.387 (3) 

Se(l)-Ti(l)-Se(3) 141.7 (1) 
Se(l)-Ti(l)-Se(5) 78.9 (1) 
Se(l)-Ti(l)-Se(G) 86.1 (1) 
Se(B)-Ti(l)-Se(B) 93.8 (1) 
Se(3)-Ti(l)-Se(6) 76.9 (1) 
Se(5)-Ti(l)-Se(6) 142.2 (1) 
Se(2)-Ti(2)-Se(3) 142.1 (1) 
Se(2)-Ti(2)-Se(4) 78.3 (1) 
SeWTi(2)-Se(6) 85.6 (1) 
Se(3)-Ti(2)-Se(3) 94.6 (1) 
Se(3)-Ti(2)-Se(6) 77.2 (1) 
Se(4)-Ti(2)-Se(6) 141.9 (1) 
Se(l)-Ti(S)-Se(S) 85.3 (1) 
Se(l)-Ti(B)-Se(4) 142.1 (1) 
Se(l)-Ti(3)-Se(5) 78.8 (1) 
Se(2)-Ti(3)-Se(4) 78.1 (1) 
Se(2)-Ti(3)-Se(5) 142.1 (1) 

Tii4j-Sei6j 2.389 i3j 
Ti(l)-Ti(2) 3.306 (4) 
Ti(l)-Ti(3) 3.270 (4) 
Ti(l)-Ti(4) 3.453 (4) 
Ti(2)-Ti(3) 3.289 (4) 
Ti(2)-Ti(4) 3.461 (4) 
Ti(3)-Ti(4) 3.471 (4) 
Ti(l)-Cp(l)b 2.084 (21) 
Ti(2)-C~(2)~ 2.085 (21) 
Ti(3)-Cp(3)* 2.073 (17) 
Ti(4)-C~(4)~ 2.073 (19) 

Se(4)-Ti(3)-Se(5) 
Se (1 )-Ti (4)-Se( 2) 
Se(l)-Ti(l)-Se(G) 
Se(2)-Ti(4)-Se(6) 
Ti(l)-Se( 1)-Ti(3) 
Ti(1)-Se( i)-Ti(4) 
Ti(3)-Se( i)-Ti(4) 
Ti(2)-Se(2)-Ti(3) 
Ti(2)-Se(2)-Ti(4) 
Ti(3)-Se(2)-Ti(4) 
Ti(l)-Se(3)-Ti(2) 
Ti(2)-Se(4)-Ti(3) 
Ti(l)-Se(5)-Ti(3) 
Ti(l)-Se(G)-Ti(2) 
Ti(l)-Se(6)-Ti(4) 
Ti(2)-Se(6)-Ti(4) 

93.7 (1) 
99.8 (1) 

100.9 (1) 
100.7 (1) 
75.6 (1) 
85.9 (1) 
86.6 (1) 
74.4 (1) 
85.1 (1) 
85.1 (1) 
81.9 (1) 
82.3 (1) 
81.5 (1) 
75.1 (1) 
84.7 (1) 
85.4 (1) 

OEstimated standard deviations in parentheses. * Cp denotes 
the centroid of the C5 ring of 7-C5H,. 

Structure of [ (q-C5H5)Ti]4(cc2-Se)3(p3-Se)3. An OR- 
T E P ~ ~  plot of [ (v-C5H5)Ti]4(p2-Se)3(p3-Se)3 is shown in 
Figure 1, and important distances and angles are given in 
Table I. The Ti4(p2-Se)3(p3-Se)3 core can be regarded as 
a combination of a [Ti(p,-Se)], cubane with a [Ti4(p2-Se)6] 
adamantane. In [ (~pC~H~)Til~(p~-Se)~0C~-Se)~ one titanium 
(Ti(4) in Figure 1) is six-coordinate, the other three being 
seven-coordinate. The average distance between Ti(4) and 
the p3-Se atoms is 2.389 (3,3) A." The average distance 

(16) Johnson, C. K. Report ORNL-5138; ORTEP-II: A FORTRAN 
Thermal Ellipsoid Plot Program for Crystal Structure Illustrations; Oak 
Ridge National Laboratory: Oak Ridge, TN, 1976. 
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between the seven-coordinate Ti(2)-(4) atoms and the  
p3-Se atoms is 2.700 (3,35) A, and that between Ti(2)-(4) 
and the p2-Se atoms 2.508 (3, 15) A. T h e  effective sym- 
metry of t h e  [Ti4(p2-Se)3(p3-Se)3] core is C u' T h e  Ti-C5 
ring-centroid distances average 2.081 (20) 1 to the three 
seven-coordinate T i  atoms and 2.054 (19) A t o  t he  six- 
coordinate Ti(4) atom. The Ti-Se and Ti-C5 ring-centroid 
distances are in the  range generally observed for cyclo- 
pentadienyl selenides of titani~m(IV).~~~J~J~J~J~ 

T h e  NMR spectra of [ (a-C5H5)Ti]4(p2-Se)3(p3-Se)3 are  
in accord with the structure shown in Figure 1. Both the  
'H and I3C spectra show two singlets, one for t he  a-C,H, 
rings attached to the three seven-coordinate titanium at- 
oms and one for t h e  7-C5H5 ring attached to the  single 
six-coordinate titanium. T h e  I7Se spectrum showed res- 
onances at 1162 and  2066 ppm relative t o  Me2Se. T h e  
former is assigned to  the pz-selenium by comparison with 
t h e  literature.m Spectra of p3-selenium coordinated t o  
t i tanium do not appear to have been reported. 

There  appears t o  be only one other example of a [M4- 
( P ~ - A ) ~ ( ~ ~ - A ) ~ ]  core (A = group 16 element), this being 
[ M o ~ ( ~ ~ - O ) ~ ( ~ ~ - O ) ~ ]  in (a-C5Me5)sMos016.21 However, 
[(a-C5H5)Ti],(p,-Se)3(p3-Se)3 will probably prove to be the 
first of many such molecular species. It has nine cluster 
orbitals, which are unoccupied since the formal oxidation 
state of t i tanium is IV. Since t h e  nine orbitals may be 
occupied by up to 18 electrons, we may anticipate [(a- 
C5R5)M]4(p2-A)3(p3-A)3 clusters for metals, M, from groups 
4 to 8. 

Bottomley and  Day 

Experimental Section 
General Techniques and Reagents. All experiments were 

carried out under argon or vacuum by using standard vacuum-line 
techniques. Volumes of gaseous reactants were measured by using 
a manometer and calibrated bulb. Solvents were predried, stored 
over MeLi, and distilled under vacuum. The starting material 
(7-C6HS)2Ti(C0)2 was prepared by the literature method;22 (7- 
c.&H,)2Tic12 was purchased from Strem Chemicals and H a e  from 
Matheson, Toronto, Canada. Triethylamine (Sigma) and pyridine 
(Anachemia) were refluxed over and distilled from KOH under 
argon. All other chemicals were reagent grade and used as re- 
ceived. Instruments used in this work were a Perkin-Elmer 683 
infrared spectrophotometer (spectra measured as KBr disks), a 
Varian XL-200 NMR spectrometer, and a Kratos MS50 mass 
spectrometer. Microanalyses were by Beller Laboratorium, 
Gottingen, Germany. 

Reaction of (?pC6HK)2TiC12 with H2Se in the Presence of 
(C2H6),N: Formation of [ (~-C6Hs)Ti]4(~2-Se)3(~3-Se)3. To a 
solution of (&5H6)2TiC12 (1.5 g, 6.0 mmol) in thf (125 cm3) was 
added (C2H6),N (1.17 cm3, 6.0 mmol). The solution was incubated 
with H2Se (12.0 mmol), with stirring, for 48 h. The initial red 
color of the solution rapidly turned to deep purple and eventually 
to dark green. Filtration of the mixture gave a green filtrate and 
a pale red solid. The residue was washed with CHC13 (25 cm3), 
giving a red residue that contained selenium and was insoluble 
in thf, and a colorless filtrate. Addition of hexane (25 cm3) to 
the filtrate precipitated white (C2H6)3N.HCl (yield 1.37 g, 9.95 
mmol,83% based on eq 2). The product was identified by infrared 
and mass spectrometry. 

To the green filtrate was added (CzH&O (50 cm3), and the 
mixture was set aside for 12 h. After this time, filtration gave 
green, cryatdine [ (.?-CKH6)Ti]4(r2-Se)3(r3-Se)3 (0.85 g, 0.90 mmol, 
60%, based on eq 2). The crystals were identified as [(q- 

(17) The first figure is the average esd. The second figure is the 

(18) Cozak, D.; Melnik, M. Coord. Chem. Reu. 1986, 74,53. 
(19) Riekel, C. J .  Solid State Chem. 1976, 17, 389. 
(20) Granger, P.; Gautheron, B.; Tainturier, G.; Pouly, S. Org. Magn. 

(21) Harper, J. R.; Rheingold, A. L. J. Am. Chem. SOC. 1990,112,4037. 
(22) Demerseman, B.; Bouquet, G.; Bignorgne, M. J. Organomet. 

maximum deviation from the average. 

Reson. 1984, 22, 701. 

Chem. 1975,101, C24. 

Se(1) 0.60419 (18) 0.06687 (15) 0.41278 (13) 2.84 (8) 
Se(2) 0.92545 (18) 0.13285 (15) 0.33178 (14) 2.98 (9) 
Se(3) 0.61951 (18) 0.39714 (16) 0.17243 (14) 3.24 (9) 
Se(4) 0.88198 (18) 0.14483 (16) 0.10439 (13) 3.14 (9) 
Se(5) 0.56042 (17) 0.08162 (15) 0.18609 (13) 2.84 (8) 
Se(6) 0.66328 (19) 0.38385 (15) 0.39746 (14) 3.31 (9) 
Ti(1) 0.5322 (3) 0.25428 (25) 0.30285 (22) 2.43 (14) 
Ti(2) 0.8220 (3) 0.3148 (3) 0.22663 (23) 2.74 (14) 
Ti(3) 0.7660 (3) 0.03263 (24) 0.24184 (21) 2.24 (13) 
Ti(4) 0.7432 (3) 0.1909 (3) 0.45719 (23) 2.84 (15) 
C(11) 0.3292 (22) 0.337 (3) 0.2772 (19) 7.0 (16) 
C(12) 0.3174 (18) 0.2293 (20) 0.3185 (20) 4.8 (11) 
C(l3) 0.3345 (18) 0.234 (3) 0.4083 (17) 5.6 (12) 
C(14) 0.3620 (22) 0.345 (4) 0.4252 (22) 8.0 (18) 
C(15) 0.3587 (25) 0.4096 (21) 0.340 (4) 8.5 (22) 
C(2l) 0.981 (3) 0.415 (3) 0.2652 (24) 7.7 (20) 
C(22) 0.884 (3) 0.5074 (23) 0.247 (3) 8.0 (18) 
C(23) 0.883 (3) 0.497 (3) 0.147 (3) 7.7 (19) 
C(24) 0.975 (3) 0.403 (3) 0.1110 (18) 6.2 (15) 
C(25) 1.0347 (20) 0.3549 (20) 0.179 (3) 6.1 (16) 
C(31) 0.7679 (22) -0.1545 (17) 0.1640 (19) 5.3 (13) 
C(32) 0.7252 (21) -0.1728 (15) 0.2624 (19) 4.9 (12) 
C(33) 0.8166 (24) -0.1595 (16) 0.3117 (14) 4.4 (12) 
C(34) 0.9217 (17) -0.1411 (15) 0.2454 (14) 3.1 (8) 
C(35) 0.8938 (19) -0.1366 (15) 0.1538 (14) 3.8 (9) 
C(41) 0.8024 (23) 0.0817 (18) 0.5924 (13) 4.3 (11) 
C(42) 0.6766 (22) 0.1261 (19) 0.6216 (14) 4.4 (12) 
C(43) 0.6700 (18) 0.2503 (19) 0.6212 (14) 4.1 (10) 
C(44) 0.7862 (22) 0.2831 (17) 0.5944 (15) 4.5 (11) 
C(45) 0.8704 (19) 0.1792 (22) 0.5759 (14) 4.7 (11) 
N(1) 0.6555 (15) 0.2268 (12) 0.9387 (11) 4.1 (8) 
C(1) 0.525 (3) 0.205 (3) 0.9388 (19) 8.6 (19) 
C(2) 0.4184 (19) 0.2944 (19) 0.9947 (17) 4.8 (11) 
C(3) 0.673 (3) 0.3450 (23) 0.8944 (20) 8.1 (17) 
C(4) 0.7990 (24) 0.3842 (21) 0.8902 (19) 6.9 (15) 
C ( 5 )  0.743 (3) 0.132 (3) 0.8777 (17) 9.2 (20) 
C(6)  0.7365 (24) 0.0047 (21) 0.9080 (19) 6.6 (14) 
"Esds refer to the last digit printed. *Bi, is the mean of the 

principal axes of the thermal ellipsoid. 

C5H6)Ti]4G1Z-Se)3~3-Se)3.(C2H6)3N by X-ray diffraction (see below) 
and by the following data. Anal. Found: C, 30.5; H, 3.5; Ti (as 
TiO,), 18.6. Calcd for C26H2BNSeSTi,: C, 30.4; H, 3.4; Ti, 18.8. 
Infrared 1300 cm-' (u(C-N)); 405, 370 cm-' (v(Ti-Se)). 'H NMR: 
(200 MHz, 2Hl CHC1, solution): 6.23 ppm, s, 15 H; 6.00 ppm, 
s, 5 H. 13C NMR (50 MHz, 2H1 CHCl, solution): 110.56 ppm, 
s; 105.16 ppm, s. ?3e NMR (38 MHz, %Il CHCl, solution, relative 
to (CHd8e): 1162 ppm, s (Aul12 17 Hz), 3 &e; 2006 ppm, s (Au1/2 
103 Hz), 3 k3-Se. 

Reaction of (q-CsHs)2TiC12 with H,Se in the Presence of 
Pyridine: Formation of (q-C5H5)2TiCI(SeH) a n d  (q- 
C5H6)2Ti(SeH)2. (1.14 g, 4.6 mmol) was dissolved 
in thf (125 cm3) and pyridine (2.22 cm3, 27.5 mmol) added. The 
mixture was incubated with HzSe (41 mmol) while being stirred 
for 4 days. The initial red color slowly changed to purple, and 
a white precipitate of CsH5N.HCl (0.716 g, 6.2 mmol) was de- 
posited. The CSH5N.HCl was removed by filtration and the 
solution evaporated to dryness. The purple residue was extracted 
with toluene (100 cm3), giving a purple solution and a purple 
precipitate (0.64 g) that was a mixture of (q-C5H5)2TiCI(SeH) 
(55%) and ( T ~ C ~ H ~ ) ~ T ~ ( S ~ H ) ,  (45%), with a trace of (7- 
C5H5),TiC12, as judged by 'H NMR spectroscopy. Hexane (50 
cm3) was layered onto the toluene solution, giving a purple pre- 
cipitate (0.36 g) of ( T - C ~ H ~ ) ~ T ~ C I ( S ~ H )  (60%) and (+26Hs)2Ti- 
(SeH)2 (40%). Total yield: 83%. Infrared: 2280 cm-l (v(SeH)); 
415, 380, 353 cm-' (u(Ti-Se)) (all weak). 'H NMR (CsD6): 5.78 
ppm, s, 10 H, (q-CSH5)2TiCl(SeH); 2.68 ppm, s, 1 H, (7- 
C5H5),TiC1(SeH)); 5.65 ppm, s, 10 H, N(C2HS),); 1.06 ppm, s, 2 
H, (q-C5H5)2Ti(SeH)2. Mass spectrum: (EI): m / e  341 
([(C5H5)2Ti(80SeH)2H]+),  248 ([(C5H5)zTi36C12]+), 213 
([ (C5H5)2Ti35C1]+). 

Determination of the Structure  of [(~-CsH6)Ti],(~c,-Se)3- 
(p3-Se), by X-ray Diffraction. Crystal data for [(?)-C&,). 
Ti]4(r2-Se)3(cc3-Se)3: M,(C2,HSNSe6Ti4) = 1026.98; triclinic, P1; 
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a = 10.971 (l), b = 11.148 (2), c = 13.943 (1) A; a = 88.38 (l), @ 
= 78.29 (7), y = 81.17 (1)O; V = 1650.0 (4) A3; cell dimensions 
determined from 25 reflections with 35 < 20 < 45; 2 = 2; D, = 
2.07 Mg m-3; X = 0.70930 A; p(Mo Ka) = 7.50 mm-’; F(000) = 
980 electrons. Crystal dimensions were 0.25 X 0.20 X 0.10 mm. 

The intensities of a total of 6112 reflections were measured by 
the 0120 method to 20, = 47.5O. These were reduced and 
averaged to yield 5061 unique reflections, of which 2961 were 
judged observed ( I  > 2.0a(n. An empirical absorption correction 
(DIFABS~ was applied. Final refinement (by full-matrix methods) 
used 335 parameters (including an extinction coefficient) and a 
weighting scheme of the form w = l/(aF2 + 0.001F2). The final 

= 0.073, and GoF (=xw(Fo  - FJ2/(number of reflections - number 
of parameters) = 1.474. All non-hydrogen atoms were refined 
anisotropically; hydrogen atoms were included as fixed contri- 
butions (r(C-H) = 0.96 A, and sp2 (C5H5) or sp3 (N(C2H5)3) ge- 
ometry), with fixed isotropic thermal parameters equal to that 
of the C atom to which they were attached. A final difference 
Fourier had a highest peak of 0.44 e A-3 (located in the Ti4Se6 
core) and a deepest valley of 43.31 e A-3. Table I1 gives the atomic 
positions for the non-hydrogen atoms; Table I gives important 
distances and angles. The hydrogen atom positions, the thermal 
parameters, a comprehensive list of distances and angles, some 
mean planes, and a list of IF,I and IF,I are available in the sup- 
plementary material. 

X-ray diffraction experiments were made on an Enraf-Nonius 
CAD4 diffractometer operating under the control of the NRCCAD 
 oftw ware.^' The structure was solved and refined by using the 
NRCVAX program packageaz6 Scattering factors, corrected for 
anomalous dispersion except in the case of hydrogen, were taken 
from ref 26. 

R (=ziw/ziFoi) = 0.070, R,  (=((z(mo - m/zw0)2m 

(23) Walker, N.; Stuart, D. Acta Crystallogr. 183, A39, 158, 
(24) LePage, Y.; White, P. S.; Gabe, E. J. Annu. Meet. Am. Cryst. 

ASSOC., Hamilton, Ontario, Canada, 1986. 
(25) Gabe, E. J.; Lee, F. L.; LePage, Y. In Crystallographic Comput- 

ing; Sheldrick, G. M., Kmaer, C., Goddard, R., Ede.; Clarendon Press: 
Oxford, U.K., 1986; Vol. 3;p 167. 

Birmingham, U.K., 1974; Vol. IV. 
(26) International Tables for X-ray Crystallography; Kynoch Press: 

Determination of the Structure of [ ( V C @ H , ) ~ T ~ C ~ ] ~ ( ~ , S ) .  
Crystal data for [(?-C5HS)2TiCl12(~2-Se2): M, = 585.02; ortho- 
rhombic, Pbca; a = 13.3242 (71, b = 13.9334 (121, c = 22.5441 (18) 
A; V = 4185.3 (5 )  A3 (from 24 reflections with 30 < 20 < 40O); 
2 = 8; D, = 1.86 Mg m-3; p(Mo Ka) = 4.46 mm-’; F(OO0) = 2287.6 
electrons. Crystal dimensions were 0.35 X 0.35 X 0.15 mm. 

The intensities of a total of 5019 reflections were measured to 
20” = 50’. These were reduced and averaged to yield 3675 
unique reflections, of which only 1734 could be judged as observed 
by the criteria that I > 2.0a(n. The structure was readily solved 
in the space group Pbca but could not be refined below R = 0.17. 
A difference Fourier map showed peaks of up to 2.65 e A-3 in the 
region of the Se and C1 atoms. No better solution was found in 
the space groups Pbcm or Pbma. It should be noted that the cell 
dimensions, space group, and atomic positions found for [ (v -  
C5H5)2TiC1]2(p2-Se2) are very similar to those of the analogous 
sulfur compound, the structure of which was refined to R = 0.081 
with no apparent difficulty.12 The poor quality of the crystal and 
the low number of observed reflections (47%) is the probable 
reason for the inability to refine the structure. It is considered 
that the diffraction experiments clearly define the major con- 
stituent of the crystal as [ ( V - C ~ H ~ ) ~ T ~ C ~ ] ~ ( ~ - S ~ ~ ) ,  but further 
conclusions are not warranted. Accordingly, a list of atomic 
parameters and other details are given in the supplementary 
material only. 
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Supplementary Material Available: Tables of hydrogen 
atom positions, thermal parameters for Ti, Se, and C atoms, 
comprehensive bond distances and angles, and relevant mean 
planes and atom-numbering diagrams for [ (q-C5H5)Ti],(p&3e),- 
( P ~ - S ~ ) ~ * ( C ~ H ~ ) ~ N  and tables of atomic parameters and thermal 
parameters and an atom-numbering diagram for [(?- 
C5H,)2TiCl]2(p-Se2) (13 pages); tables of lFol and IF,I for both 
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The molecular organization and dynamic behavior in crystals of c6& and CsMe6 and of the mononuclear 

means of packing potential energy calculations and computer graphic analysis, showing that analogies and 
differences can be rationalized in terms of the shape of the molecules or constituent molecular fragments. 
Precise relationships are found not only between the crystal packings of these species but also between 
the shape of the arene fragments and the occurrence of dynamic behavior in the solid state. 

Complexes (C&)2Cr, (C&)Cr(C0)3, (C6Me&r(C0)3, and (1,3,5-C6H3Me3)Mo(CO)3 are investigated by 

Introduction 
In spite of the wealth of information contained in the  

thousands of crystal structures of organometallic com- 
pounds characterized up to date, very little is known about 
the  factors that control the organization of organometallic 
molecules in their crystals and their solid-state properties. 
While solid-state properties of organic materials have been 
studied for more than  30 years**2 (and are  a matter of 
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continuing investigation), no  systematic study of organo- 
metallic crystal structures has, until now, appeared in the 
scientific literature. 

(1) Organic Solid State Chemistry; Desiraju, G. R., Ed.; Elsevier: New 

(2) Kitaigorodsky, A. I. Molecular Crystal and Molecules; Academic 
York, 1987. 

Press: New York, 1973. 
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