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isolated lanthanide chlorotrialkylmetallate complexes 
[Li(THF),] [MCl(CH(SiMe3)2)3], where M = Er and Yb, 
using a similar preparative pr~cedure.~'  

Single crystals of 1-C6Hi4 were grown from a concen- 
trated hexane solution at  -40 OC and the structure de- 
termined from diffraction data collected at -70 0C.28 The 
structure consists of ordered trigonal-pyramidal UR3 units 
which lie on a crystallographic threefold axis of symmetry, 
imparting rigorous C3 .symmetry to the molecule. The 
solvent molecules are disordered about a threefold axis (0, 
0, z )  in the unit cell. An ORTEP drawing of the UR3 unit 
is shown in Figure 1. The uranium is 0.90 81 out of the 
plane of the methyne carbon atoms, and the C(4)-U(1)- 
C(4') angle is 107.7 (4)O. The U(l)-C(4) distance is 2.48 
(2) 81, which may be compared to the U-C(alky1) bond 
length of 2.43 (2) 81 in the U(1V) complex C P ~ U ( ~ - C ~ H ~ ) ~  
and the U-N bond length of 2.320 (4) 81 in the U(II1) 
monomer U[N(SiMe3)2]3.30 The hydrogen atoms were not 
located in the final difference Fourier map. 

The molecular structure also features short contacts to 
three symmetry related silyl methyl groups [U(l)-C(7) = 
3.09 (2) A; all other U-C contacts 24.31 (2) R]. Similar 
y-agostic interactions have been observed previously in 
f-element complexes containing (SiMe3I2N- and 
(SiMe3)2CH- ligands. These interactions are weak, and 
static structures have not been observed in solution via 
low-temperature NMR  technique^.^' 

Further research on the chemistry and spectroscopic 
properties of 1 is in progress. 
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(26) 'H NMR in benzene-de (22 OC): 6 -3.8 (8 ,  Si(CH3)J, 6 -1.6 (s, 
THF), -0.7 (s, THF). Anal. Calcd for U03LiClS&C33H8,: C, 40.6; H, 8.4; 
Li, 0.7; C1, 3.6. Found: C, 39.5; H, 8.1; Li, 0.7; C1, 3.5. 

(27) (a) Atwood, J. L.; Hunter, W. E.; Rogers, R. D.; Holton, J.; 
McMeeking, J.; Pearce, R.; Lappert, M. F. J. Chem. SOC., Chem. Com- 
mun. 1978,140. (b) Atwood, J. L.; Lappert, M. F.; Smith, R. G.; Zhang, 
H. J. Chem. SOC., Chem. Commun.  1988, 1308. 

(28) 1C6H , crystallizes in the trigonal space group P31c with a = b 
= 16.389 (7) A, c = 8.575 (9) A, V = 1995 (4) A3, 2 = 2, and d d d  = 1.34 
g cm". The data were collected at  -70 OC to a 28 angle of 45O on an 
Enraf-Nonius CAD4 automated diffractometer using Mo Ka radiation. 
The data were corrected empirically for absorption by using the average 
relative intensity curve of azimuthal scan data. The structure was solved 
by using standard Fourier techniques and refined by full-matrix least 
squares by using anisotropic thermal parameters on uranium, carbon 
(ligand), and silicon. The disordered solvent molecule was modeled by 
defining an idealized hexane molecule (C-C = 1.54 A and C-C-C = 
109.5') and allowing the rigid body to refine to its preferred orientation. 
The position of the hexane was then fixed, with isotropic thermal pa- 
rameters approximately equal to the largest equivalent isotropic thermal 
parameter for a carbon atom in the UR3 molecule. The solvent molecule 
was included in the structure factor calculation in the final least-squares 
cycle, but not refined. Hydrogen atoms were not located. The final 
residuals for 876 reflections with I t 2 4  were RF = 0.041 and RWp = 
0.049. 

(29) Perego, G.; Cesari, M.; Farina, F.; Lugli, G. Acta Crystallogr., 
Sect. B 1976, 32, 3034. 

(30) Andersen, R. A.; Stewart, J. L., personal communication. 
(31) (a) Tilley, T. D.; Andersen, R. A,; Zalkin, A. J. Am. Chem. SOC. 

1982,104,3725. (b) den Haan, K. H.; de Boer, J. L.; Teuben, J. H.; Spek, 
A. L.; Kojic-Prodic, B.; Hays, G. R.; Huis, R. Organometallics 1986, 5, 
1726. (c) Mauermann, H.; Swepston, P. N.; Marks, T. J. Organometallics 
1985,4, 200. (d) Tilley, T. D.; Andersen, R. A.; Zalkin, A. Inorg. Chem. 
1984, 23, 2271. (e) Gilbert, T. M.; Ryan, R. R.; Sattelberger, A. P. Or- 
ganometallics 1988, 7, 2514. 
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Summary: The "half-sandwich" thorium(1V) complex 
(C,H,)ThCI,(THF), (1) reacts with (C,Me,)MgCI.THF in 
toluene at 100 OC to give the white, air-sensitive, mixed- 
ring complex (C8H,)(C5Me5)ThCI(THF), (2-THF (x 5 1). 
Treatment of 2-THF with Me3CCH,MgCI in THF/Et,O gives 
the ten-coordinate Grignard addition product 
(C,H,)(C,Me5)Th(p-CI),Mg(CH,CMe3)(lHF) (3). The adduct 
2-THF loses THF quantitatively at 100 OC under high 
vacuum, providing the base-free dimer [(C,H,)(C,Me,)- 
ThCI], (2). Metathesis of the chloride ligand in 2 with 
LiCH(SiMe,), gives the monomeric alkyl complex 
(C,H,)(C,Me,)Th [CH(SiMe,),] (4). The analogous amido 
complex (C,H,)(C,Me,)Th [ N(SiMe,),] (5) was prepared 
from 2 and NaN(SiMe,), in toluene at 100 OC. Alkyl 
complex 4 reacts slowly with H, in alkane solvents to 
yield a sparingly soluble compound formulated as the 
oligomeric hydride [(C,H,)(C,Me,)ThH], (0). The X-ray 
structures of 3 and 4 are described. 

The cyclooctatetraenyl (C8H8-rRx2-) and cyclo- 
pentadienyl (C,H,R,'-) ligands have each played a major 
role in the development of actinide organometallic chem- 
istry,' but, surprisingly, these two ring systems have never 
been used in combination on a single 5f-metal center.2 We 
are interested in early actinide (An) complexes of the type 
(C8H,Rx) (C5HkRx)AnX (X = halide, alkyl, hydride, etc.) 
because they present a new opportunity to study reactions 
at a single site,3 i.e., a t  the X ligand, on an actinide(1V) 
center. We report here our preliminary results on the 
synthesis and characterization of the first mixed-ring 

(1) For recent reviews, see: (a) Marks, T. J.; Day, V. W. In Funda- 
mental and Technological Aspects of Organo-f-Element Chemistry; 
Marks, T. J., Fragala, I. L., Eds.; D. Reidel: Dordrecht, Holland, 1985; 
p 115. (b) Streitwieser, A.; Kinsley, S. A. Ibid; p 77. (c) Marks, T. J.; 
Ernst, R. D. In Comprehensioe Organometallic Chemistry; Wilkinson, 
G. W., Stone, F. G. A., Abel, E. A., Eds.; Pergamon Press: Oxford, 1982; 
Chapter 21. (d) Marks, T. J.; Streitwieser, A., Jr. In T h e  Chemistry of 
t he  Actinide Elements; Katz, J. J., Seaborg, G. T., Morss, L. R., Eds.; 
Chapman and Hall: New York, 1986, Vol. 2, Chapter 22. (e) Marks, T. 
J. Ibid. Chapter 23. 

(2) Transition-metal"* and lanthanidezd mixed COT-Cp complexes 
have been reported. (a) Highcock, W. J.; Mills, R. M.; Spencer, J. L.; 
Woodward, P. J. Chem. SOC., Dalton Trans. 1986,821. (b) Segal, J. A.; 
Green, M. L. H.; Daran, J.-C.; Prout, K. J. Chem. Soc., Chem. Commun.  
1976,766. (c) Kroon, P. A.; Helmholdt, R. B. J. Organomet. Chem. 1970, 
25, 451. (d) Jamerson, J. D.; Masino, A. P.; Takats, J. J. Organomet. 
Chem. 1974, 65, C33. 

(3) (a) Sonnenberger, D. C.; Mintz, E. A.; Marks, T. J. J. Am. Chem. 
SOC. 1984, 106, 3484. (b) Rosetto, G.; Paolucci, G.; Zanella, P.; Fischer, 
R. D. Proc. IUPAC Symp. Organomet. Chem., 2nd, Dijon Aug, 1983. 
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Figure 1. Top: ORTEP drawing (50% probability ellipsoids) of 
one of the independent molecules of (C8HB)(C5Me5)Th(p 
C1)2Mg(CH2CMe3)(THF).0.5C6H5CH3. Selected distances and 
angles: Th(1)-C8H8(l)(centroid), 2.02 A; Th(l)-CsMe6(l)(cen- 
troid), 2.54 A; Th(1)-Cl(1)-Mg(l), 96.0 (3)O; Th(l)-Cl(a)-Mg(l), 
95.7 (3)'. Bottom: ORTEP drawing (50% probability ellipsoids) 
of (C8HB)(CsMes)Th[CH(SiMe3)2]. Selected distances and angles: 
Th-C8H8(centroid), 2.03 A; Th-C5Me5(centroid), 2.54 A; C(1)- 
Si(1,2), 1.86 (1) A; Si(l)-C(l)-Si(2), 119.6 (5)O. 

thorium(1V) complexes of this class. 
Treatment of the "half-sandwich" complex (C8H8)Th- 

Cl,(THF), ( 1)4 with (C5Me5)MgC1.THF5 in toluene at 100 
"C provides, after unexceptional workup, the white, air- 
sensitive complex (C8H8)(C5Me5)ThC1(THF), (2.THF ( x  
I 1)) in high yield (eq 1). We believe this complex is 

(C8H8)ThC12(THF)2 + (C5Me5)MgC1.THF D, 
PhMe 

1 
(C8H8)(C5Me5)ThC1(THF), + MgClz (1) 

monomeric because the base-free complex 2 is dimeric (see 
below). The solubility of 2.THF in hydrocarbon solvents 
depends on the value of x ,  decreasing as x decreases. In 
addition, the ring resonances in the 'H NMR spectrum 
vary with x . ~  We do not observe separate resonances for 
(C8H8)(C5Me5)ThC1(THF) and [ (C8H8)(C5Me5)ThClI2, 
which suggests that THF dissociates and intermolecularly 
recoordinates (with concomitant dimerization/mono- 
merization of the thorium complex) rapidly on the room- 
temperature NMR time scale. 

2.THF 

(4) (a) LeVanda, C.; Solar, J. P.; Streitwieser, A. J. Am. Chem. SOC. 
1980,102, 2128. (b) Zalkin, A.; Templeton, D. H.; LeVanda, C.; Streit- 
wieser, A. Znorg. Chem. 1980,19, 2560. (c) Gilbert, T. M.; Ryan, R. R.; 
Sattelberger, A. P. Organometallics 1988, 7, 2514. 

(5) Fagan, P. J.; Manriquez, J. M.; Maatta, E. A.; Seyam, A. M.; 
Marks, T. J. J. Am. Chem. SOC. 1981, 103, 6650. 

(6) Complexes 2-6 gave satisfactory elemental analyses. Freshly pre- 
pared samples of 2.THF show approximately one THF per CsHs by 'H 
NMR spectral integration. Selected 'H NMR data (ppm, 25 "C, 200 
MHz): (a) for 2-THF ( c a s ) ,  6 6.60 (8 ,  CsHs), 2.00 (8, CbMe,), 3.66 (m, 
THF), 1.35 (m, THF); (b) For 3 (C&), 6 6.59 (8 ,  C,&), 1.97 (8 ,  C&e6), 
1.43 (s, CMe3), 0.38 (8 ,  CH2), 3.55 (m, THF), 1.13 (m, THF); (c) For 2 
(CD2Clp); 6 6.62 (8, CSH& 2.03 (8, CsMe6); (d) for 4 (c&& 6 6.45 (8,  CsH& 

1.85 (s, C6Me6). See supplementary material for %C(~HJ NMR data. 

1.77 (S, C&&), 0.27 (8 ,  SiMea), 4 . 5 9  (8 ,  CH); (e) for 6 (C&), 6 6.38 (S, 
CsHs), 1.84 (8 ,  C S M ~ ~ ) ,  0.25 ( 8 ,  SiMe3); (0 fO' 6 (C& ), 6 6.45 (8 ,  CsHa), 

2-THF does not react cleanly with alkyllithium reagents; 
no spectroscopically observable (C8H8) (C5Me5)ThR com- 
plexes are obtained in these reactions. Treatment of 2. 
THF with a milder alkylating agent, Me3CCH2MgC1, in 
THF/EtzO at 25 "C followed by solvent removal and re- 
crystallization of the solid residue from toluene at  -40 "C 
yields a white, crystalline solid, 3, in ea. 20% yield.6b 

The structure of 3 was determined from diffraction data 
collected at 0 "C.' There are two crystallographically 
independent, structurally very similar, thorium complexes 
and one molecule of toluene in the asymmetric unit. An 
ORTEP drawing of one of the former is shown in Figure 1. 
This formally ten-coordinates thorium compound is best 
described as a "Grignard adduct" of (C8H8)(C5Me5)ThC1. 
We are unaware of any transition-metal, lanthanide, or 
other actinide complexes of this type, although alkali-metal 
halide adducts of lanthanide (Ln) organometallics, e.g., 
(C5Me5)2Ln(p-Cl)2Li(OEt2)2, are well-known? The for- 
mation of a Grignard adduct is surprising given the fact 
that that many (C5H5),ThR complexes are readily pre- 
pared from RMgX and (C5H5)3ThC1.1CJo 

The C8H8 and C5Me5 ligations in 3 are unexceptional 
compared to those of (C5Me5)zTh(X)Y ,11 (C5Me5)Th- 
(CH2Ph)3,12 (C8H8)2Th,13 and 1,4b and the C5Me5(cen- 
troid)-Th-C8H8(centroid) angle is 138.0". The Th-Cl bond 
lengths of 2.884 (7) and 2.895 (7) A are ca. 0.2 A longer than 
those found in several (C5Me5)2Th(X)C1 systems1411d*e and 
in 1 but are comparable to the four "long" Th-Cl distances 
(2.907 (3) A) in ThC4, where thorium is dodecahedrally 
c00rdinated.l~ The Cl(l)-Th-C1(2) and Cl(l)-Mg-C1(2) 
angles are 74.4 (2)" and 92.8 (4)O, respectively; the planes 
defined by these sets of atoms are nearly coincident, with 
a dihedral angle of 10.9". The geometry about magnesium 
approximates a distorted tetrahedron; the Mg-C1( 1,2), 
Mg-O(l), and Mg-C, bond distances are 2.41 (11, 2.05 (2), 
and 2.10 (3) A, respectively. Treatment of toluene solu- 
tions of 3 with dioxane does not result in clean loss of 
MgCl,(dioxane) and formation of (CaHa) (C5Me5)Th- 
(CH2CMe3). 

2.THF slowly desolvates at 100 "C under high vacuum, 
yielding the base-free dimer [ (C8Hs)(C5Me5)ThC1l2 (2) (ca. 
70% overall yield based on 1). This material is best pu- 
rified by Soxhlet extraction with toluene. Elemental 
analyses of samples of 2 purified in this way demonstrate 
that only trace amounts (50.01%) of magnesium are 

(7) 3 crystallizes in the monoclinic space group P2Jn with a = 19.726 
(4) A, b = 13.232 (4) A, c = 25.328 (5) A, ,9 = 97.30 (2)', V = 6557.6 AS, 
d d d  = 1.53 g ~ m - ~ ,  and 2 = 8. The limits of data collection were 0 5 20 
5 45O (Mo Ka). The structure was solved by Patterson and Fourier 
techniques and refined by full-matrix least squares. Final discrepancy 
indices were RF = 6.3% and R,R = 8.5%. The high R values are likely 
a result of absorption effects; no disorder problems were encountered. 

(8) The cyclooctatetraenyl dianion is considered to occupy five coor- 
dination sites. See: Baker, E. C.; Halstead, G. N.; Raymond, K. N. 
Struct. Bonding (Berlin) 1976,25, 23. 

(9) (a) Tilley, T. D.; Andersen, R. A. Inorg. Chem. 1981,20,3267. (b) 
Watson, P. L.; Whitney, J. F.; Harlow, R. L. Znorg. Chem. 1981,20,3271. 
(c) Jeske, G.; Lauke, H.; Mauermann, H.; Swepston, P. N.; Schumann, 
H.; Marks, T. J. J. Am. Chem. SOC. 1985,107, 8091. 

(10) Marks, T. J.; Wachter, W. A. J. Am. Chem. SOC. 1976, 98, 703. 
(11) (a) Bruno, J. W.; Smith, G. M.; Marks, T. J.; Fair, C. K.; Schultz, 

A. J.; Williams, J. M. J. Am. Chem. SOC. 1986,108,40. (b) Bruno, J. W.; 
Marks, T. J.; Day, V. W. J. Am. Chem. SOC. 1982,104,7357. (c) Broach, 
R. W.; Schultz, A. J.; Williams, J. M.; Brown, G. M.; Manriquez, J. M.; 
Fagan, P. J.; Marks, T. J. Science (Washington, DC) 1979,203,172. (d) 
Fagan, P. J.; Manriquez, J. M.; Marks, T. J.; Vollmer, S. H.; Day, C. S. 
J. Am. Chem. SOC. 1980,102, 5393. (e) Manriquez, J. M.; Fagan, P. J.; 
Marks, T. J.; Day, C. S.; Day, V. W. J.  Am. Chem. SOC. 1978,100,7112. 

(12) Mintz, E. A,; Moloy, K. G.; Marks, T. J.; Day, V. W. J. Am. Chem. 
SOC. 1982,104,4692. 

(13) Avdeef, A.; Raymond, K. N.; Hodgson, K. 0.; Zalkin, A. Inorg. 
Chem. 1972.11. 1083. 

(14) Mucker,' K.; Smith, G. S.; Johnson, Q.; Elson, R. E. Acta Crys- 
tallogr. 1969, B25, 2362. 
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present. In CD2C12, 2 shows only 'H NMR resonances 
appropriate for the C8H8 and C5Me5 rings.6c The dimeric 
formulation is based on an isopiestic molecular weight 
de t e rmina t i~n '~~  and on a cryoscopic molecular weight 
determination in benzene of the more soluble analogue 
[ (C8H7SiMe3) (C5Me5)ThC1] 2.15b 

Metathesis of the chloride ligand of 2 in toluene at  100 
"C with [bis(trimethylsilyl)methyl]lithi~m,'~ gives the 
monomeric, heptane-soluble alkyl (C8H8) (C5Me5)Th[ CH- 
(SiMe,),] (4) in ca. 50% yield (eq 2). Spectroscopic dataa 

[(C8H8)(C5Me5)ThC1I2 + 2 L i C H ( S i M e 3 ) 2 ~  
PhMe 

2 
2(C8H8)(C5Me5)Th[CH(SiMe3)z] + 2LiC1 (2) 

4 

are consistent with a pseudo-nine-coordinate formulation, 
and elemental analyses demonstrate the lack of lithium 
and chlorine. A single-crystal X-ray diffraction study has 
confirmed both the monomeric formulation and the 
presence of a a-bound alkyl group. 

The structure of 4 was determined from diffraction data 
collected at  -50 'C,l7 and an ORTEP drawing of the molecule 
is shown in Figure 1. The C8H8 and C5Me5 ligations in 4 
are very similar to those found in 3, and the C8H8(cen- 
troid)-Th-C5Me5(centroid) angle is essentially identical 
at  138.1". We note that the thorium-a-carbon distance 
(Th-C(l) = 2.54 (1) A) is comparable to the thorium-alkyl 
carbon bond lengths in, for example, (C5Me5)Th(CH2Ph), 
(2.58 (2) (C5Me5)2Th(CH2But)2 (2.478 (4) and 2.546 
(4) A),18 and Th(CH,Ph),(dmpe), (2.55 (2) The 
primary Th-hydrocarbyl interaction in 4 is supplemented 
by a secondary interaction to the a-hydrogen H(l) ,  which 
is distorted toward the thorium with a Th-C(l)-H(l) angle 
of 91 (6)". This arrangement results in a Th-H(l) distance 
of 2.71 (9) A. The present case differs somewhat from that 
of (CsMe5)Nd[ CH(SiMe3)2] ,9cp20 where the secondary in- 
teraction involves one of the silyl methyl groups. In 4, the 

Organometallics, Vol. 8, No. 3, 1989 859 

(15) (a) Clark, E. P. Ind. Eng. Chem., Anal .  Ed.  1941, 13, 820. In 
CHaClz at 25 OC: Calcd for C&iaCl2Th2: 1014. Found 840 f 120 (some 
decomposition noted). (b) Calcd for C12H&1~izTh2: 1158. Found 1220 
f 240. 

(16) (a) Cowley, A. H.; Kemp, R. A. Synth. React. Inorg. Met.-Org. 
Chem. 1981, 11, 591. (b) Davidson, P. J.; Harris, D. H.; Lappert, M. F. 
J .  Chem. Soc., Dalton Trans. 1976, 2268. 

(17) 4 crystallizes in the monoclinic space group E 1 / n  with a = 8.945 
(2) A, b = 30.644 (3) A, c = 9.633 (1) A, 6 = 95.15 (1)O, V = 2629.9 A3, 
ddd = 1.59 g cm", and 2 = 4. The limits of data collection were 0 6 28 
S 45O (Mo Ka). Diffraction data were corrected for absorption effects. 
The structure was solved by Patterson and Fourier techniques and re- 
fined by full-matrix least squares. The position of H(1) was clearly 
indicated in the Fourier difference maps and refined to a reasonable 
position and isotropic temperature factor. Final discrepancy indices were 

(18) Bruno, J. W.; Smith, G .  M.; Fair, K.; Schultz, A. J.; Marks, T.  J.; 
Williams, J. M. J .  Am. Chem. SOC. 1986, 108, 40. 

(19) Edwards, P. G.; Andersen, R. A.; Zalkin, A. Organometallics 1984, 
3, 293. 

(20) Mauermann, H.; Swepston, P. N.; Marks, T. J. Organometallics, 
1985, 4, 200. 

RF = 3.0% and R w ~  = 3.9%. 

Th-C(l)-Si(l,B) angles are nearly equal at  116.9 (5)" and 
115.6 (5)", respectively. 

An analogous amido complex, (C8H8)(C5Me5)Th[N- 
(SiMe3)z] (5), has been prepared (50% yield) from 2 and 
NaN(SiMe3)2 in toluene at  100 "C (eq 3)." Data from an 

[ (C8H8)(C5Me5)ThC1I2 + 2NaN(SiMe3I2 7 PhMe 

2 
2(C8H8)(C5Me5)Th[N(SiMe3)2] + 2NaC1 (3) 

5 

X-ray diffraction study2' confirm the monomeric formu- 
lation. 

Alkane solutions of alkyl complex 4 react slowly with 
Hz to yield a sparingly soluble, diamagnetic white com- 
pound formulated as an oligomeric hydride, 
[(C8H8)(C6Me5)ThH], (6) (eq 4). The IR spectrum of 6 

(C8H8)(C5Me5)Th[CH(SiMe3)2] + H2 - C d 1 4  

4 
[(C&b)(C5Me5)ThH1, + CHz(SiMe3h (4) 

is complex; we tentatively assign a broad band a t  1147 
cm-', which shifts to 843 cm-' upon deuteration ( vHIvD = 
1.36) to an antisymmetric Th-H-Th stretching mode. No 
bands corresponding to Th-H(termina1) modes were de- 
tected. We have not been able to locate a hydride reso- 
nance in 'H NMR experiments.6f One possibility is that 
the hydride ligand in 6 exchanges rapidly with the deuteria 
of NMR solvents. This problem has been encountered 
with (C5Me5),LnHS" and MezSi(C5Me4)zLnH complexes.22 
An alternative explanation, suggested by a reviewer, is 
broadening of the hydride resonance due to the presence 
of a monomer-dimer (or monomer-trimer etc.) equilibrium 
of appropriate rate. 

Experiments concerned with insertion of small organic 
molecules into the thorium-a-ligand bonds, as well as the 
use of substituted cyclooctatetraenyl ligands to improve 
the solubility characteristics of selected derivatives, are in 
progress. 
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