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close agreement with values expected for geminal hydrogen 
atoms attached to sp2-hybridized carbon (typically 0-3 Hz; 
cf. 12-15 Hz for geminal hydrogens attached to sp3-hy- 
bridized carbon15). Finally, an olefinic C-H stretching 
band at  3055 cm-l is seen in the infrared spectrum (Nujol 
mull).l6 

The crystal structure of (C5Me3(CH2)2)Ta(H)z(PMe3)2 
has been determined in the orthorhombic space group 
Prima." The molecule is located on the mirror plane that 
contains the two phosphorus atoms and the tantalum atom 
and bisects the five-membered ring between the methylene 
groups (Figure 1). Important distances are shown in the 
figure caption. The tantalum atom is clearly displaced 
away from C(31) toward the C(33)-C(33') edge (0.44 A 
from the ring centroid as determined by a normal from the 
ring plane through the metal atom), presumably due to the 
additional bqnding interactions between the metal atom 
and the methylene carbon atoms C(36) and C(36'). The 
Ta-C(36) distance is more than 1 A shorter than the 
metal-methyl distance found in (q5-C5Me5)Ta com- 
p o u n d ~ . ~ ~  The methylene carbon atoms, which are closer 
to the metal atom partially by virtue of the 0.44 A ring 
displacement, are also bent below the plane of the ring by 
33.4O. Similar bending of a methylene group toward a 
metal atom has been observed in the molecular structures 
of related fulvene c o m p l e x e ~ . ~ ~ ~ ~  The inter ring-carbon 
distance C(31)-C(32) is short a t  1.407 (5) A, while C- 
(33)-C(33') is relatively elongated at  1.460 (8) A. Finally, 
the Wing)-C(methy1ene) distances are 1.429 (6) A, values 
consistent with coordinated double bonds. Thus, the de- 
scription of the C5Me3(CHJ2 ligand as an q4-butadiene/ 

(15) Emsley, J. W.; Feeney, J.; Sutcliffe, L. H. High Resolution Nu- 
clear Magnetic Resonance Spectroscopy; Pergamon Press: New York, 
1966; p 710. 

(16) A band at  3040 cm-' was observed for Cp*(C5Me4CHz)TiMe. See 
ref 4. 

(17) Crystallographic data: CleH3SPzTa, M, = 468.3, orthorhombic, 
h m a ,  a = 11.2309 (6) A, b = 11.9809 (5) A, c = 14.4881 (7) A, V = 1949.5 
(2) A3, and 2 = 4, D d d  = 1.595 g cm". Data were collected on a Siemens 
AED2 diffractometer in w/8 scan mode, with Mo Ka radiation (A  = 
0.71073&, 28, = 60', and on-line profile fitting;'& T = 295 K. A total 
of 8915 reflections (three equivalent sets) were corrected for Lorentz and 
polarization effects, absorption (p = 5.73 mm-', crystal size 0.25 X 0.3 X 
0.3 mm, transmission 0.11-0.16), and intensity drift (ca. 5%) of three 
standards, to give 2972 unique reflections, 2635 with F > 4u,(F) (uc from 
counting statistics only, R,,t = 0.019). The structure was solved by 
heavy-atom methods and refined by blocked-cascade least squares on F 
with all non-hydrogen atoms anisotropic. Methyl H atoms were con- 
strained to give C-H = 0.96 A and H-C-H = 109.5'; CH, and tantalum- 
bound H were freely refined; U(H) = 1.2U (C) except for the freely 
refined isotropic U for the hydrides.lSb R e s h a l s  of R = 0.0253, R, = 
0.0193, and S = 0.97 were obtained, with weighting'" w-l = u:(F) + 9 + 29G + 8G2 - 23s + 19Sz - 65GS, where G = FJF- and S = sin 8/sin 
Om,, for 116 refined parameters. 

(18) (a) Clegg, W. Acta Crystallogr., Sect. A 1981, 37, 22. (b) Shel- 
driek, G. M. SHELXTL, an integrated system for solving, refining, and 
displaying crystal structures from diffraction data, Revision 5; University 
of Gottingen: Gottingen, Germany, 1985. (c) Hong, W.; Robertson, B. 
E. Structure and Statistics in Crystallography, Wilson, A. J. C., Ed.; 
Adenine Press: New York, 1985; p 125. 

(19) In normal Cp*Ta complexes the ring-methyl carbon atoms are in 
excess of 3.5 A from the metal atom as calculated from the crystallo- 
EraDhic data eiven in the followine references: (a) CD*Ta- 
TCHCMe3)(CzH;)(PMe3): Schultz, A. J.; & o m ,  R. K.; Williams,j. M.; 
Schrock, R. R. J. Am. Chem. SOC. 1981, 103, 1691. (b) Cp*TaCl,- 
(PhCCPh): Smith, G.; Schrock, R. R.; Churchill, M. R.; Youngs, W. J. 
Inorg. Chem. 1981, 20, 387. (c) Mayer, J. M.; Wolczanski, P. T.; San- 
tarsiero, B. D.; Olson, W. A.; Bercaw, J. E. Inorg. Chem. 1983,22,1149. 

(20) Andrianov, V. G.; Struchkov, Y. T. Zh. Strukt. Khim. 1977,8,318. 
(21) Behrens, U. J. Organomet. Chem. 1979, 182, 89. 
(22) Bandy, J. A.; Mtetwa, V. S. B.; Prout, K.; Green, J. C.; Davies, C. 

E.; Green, M. L. H.; Hazel, N. J.; Izquierdo, A.; Martin-polo, J. J. J. Chem. 
SOC., Dalton Trans. 1986, 2037. 

(23) (a) Koch, 0.; Edelmann, F.; Behrens, U. Chem. Ber. 1982, 115, 
1313. (b) Lubke, B.; Edelmann, F.; Behrens, U. Chem. Ber. 1983, 116, 
11. 

(24) Schock, L. E.; Brock, C. P.; Marks, T. J. Organometallics 1987, 
6, 232. 

q3-allyl system would seem most appropriate. 
A potentially useful feature of 1 is the retention of the 

abstracted ring hydrogens within the metal coordination 
sphere, thus offering an opportunity to exploit reversible 
metal-to-ring hydrogen migrations for the generation of 
coordinatively unsaturated, electron-rich metal fragments 
of tantalum. For example, the migration of both metal 
hydride hydrogens to the C5Me3(CH2)2 ligand is demon- 
strated by the reaction of an inert solvent solution of 1 with 
carbon monoxide resulting in the formation of Cp*Ta- 
(PMe,),(CO), (70% by lH NMR), which has been char- 
acterized by comparison with data from an authentic 
sample.25 Reactivity studies are presently being extended 
to other substrate molecules, in addition to assessing the 
mechanism of formation and interrelationship of the tau- 
tomers 1 and 2. 
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Summary: The synthesis and single-crystal X-ray struc- 
ture determinations of the first salt- and solvent-free mo- 
nocyclopentadienyl lanthanide alkyl complex La($- 
C,Me,){CH(SiMe,),), and of its THF adduct precursor are 
reported. These complexes contain unusual agostic Si-C 
bonds that facilitate stabilization of the unsaturated lan- 
thanum center. We also report a novel and simple 
chemical method to remove coordinated THF from highly 
reactive, electrophilic organolanthanide complexes. 

Olefin polymerization is of considerable commercial in- 
terest. We have previously reported1 the synthesis, 
characterization, and molecular structures of some mo- 

(1) Van der Heijden, H.; Pasman, p.; de Boer, E. J. M.; Schaverien, 
C. J.; Orpen, A. G., submitted for publication in Organometallics. 
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tration-dependent decomposition rate in cyclohexane-dlz 
a t  25 "C. A t  40 mM the half-life is ca. 2 h, and La(v5- 
C5Me5)zCH(SiMe3)z and (Me3Si)&H, are observed in 25% 
and 75% yields, respectively, together with a yellow pre- 
cipitate. The mechanism and factors influencing this ap- 
parent pentamethylcyclopentadienyl migration are un- 
known. The lack of deuterium incorporation from the 
solvent or from coordinated THF7 suggests the possible 
i n v ~ l v e m e n t ~ , ~  of ($-C5Me5) C-H bonds. 

We sought to develop a strategy whereby the THF lig- 
and could be removed cleanly from 1 despite the high 
reactivity and electrophilicity of 1. Cyclic ethers are known 
to undergo electrophilic attack, with ring opening, by 
trimethylsilyl iodide.l0 We postulated that reaction of 
Me3SiI with the THF ligand" in 1 would lead to the for- 
mation of Me,SiO(CH,),I, which would be too sterically 
hindered to coordinate to the lanthanum center in puta- 
tive, THF-free La(v5-C,Me5) [CH(SiMe,),lz. This proved 
to be the case. Treatment of 1 with 6-10 equiv12 of Me3SiI 
in toluene at 0 "C does indeed afford salt- and solvent-free 
La(q5-C5Me5)[CH(SiMe,),], (2)13 in 60% yield, with con- 
comitant formation of Me3SiO(CH2)41. However, com- 
plexes 1 and/or 2 are decomposed by Me3SiI to give {La- 
( V ~ - C ~ M ~ ~ ) I , ] ~ .  In order to achieve rapid separation of 2, 
this transformation was attempted heterogeneously by 
using a -CHzSiMezI-substituted Merrifield polymer14 and 
a -SiMezI-substituted p01ystyrene.l~ These methods were 
somewhat successful; however, we were unable to purify 
the prepared polymers sufficiently to prevent decompo- 
sition of 1 and/or 2. 

A synthetically superior approach was discovered. Re- 
action of La(q5-C5Me5)I2(THF),2 with Me3SiI afforded 
THF-free {La(q5-C5Me5)12],.1s Treatment with KCH- 
(SiMe3), (2 equiv) in ether gave 2 in 75% yield. Reaction 
of 2 with THF (1 equiv in C&) regenerates 1 quanti- 
tatively. Unexpectedly, 2 exhibits considerably greater 
thermal stability than 1. This behavior may be analogous 
to the increased ionic character and reactivity shown by 
lithium alkyls17 on coordination of a donor ligand. At  25 
"C, the 13C NMR spectrum of 2 exhibits resonances a t  6 
= 58.35 ppm ['J(CH) = 100 Hz] and 6 = 3.62 ppm for the 
CH(SiMe3)2 groups, indicative of a symmetrical time-av- 
eraged trigonal-planar structure with equivalent tri- 
methylsilyl groups. At -90 "C, t w o  different quaternary 

Figure 1. Molecular structure of 1 with hydrogens omitted for 
clarity: La-C(6) = 2.651 (8) A, La-C(7) = 2.627 (10) A, La-0(8) 
= 2.547 (6) A, LaC(711)  = 3.241 (19) A, LaC(622)  = 3.265 (14) 
A, C(6)-La-C(7) = 126.9 (2)', C(6)-La-0(8) = 92.3 (2)', C(7)- 
La-0(8) = 108.1 (3)', La-C(6)-Si(62) = 102.9 (4)', La-C(6)-Si(61) 
= 134.8 (3)', La-C(7)-Si(72) = 131.1 (5)', La-C(7)-Si(71) = 103.6 
(4)', La-C(6)-H(61) = 81(5)", La-C(7)-H(71) = 106 (8)'. 

nocyclopentadienyl lutetium alkyl complexes. I t  was ex- 
pected that polymerization activity would be severely in- 
hibited, not only by the steric bulk of the alkyl groups but 
especially by the presence of coordinated THF. 

We report here the synthesis and molecular structures 
of La(v5-C5Me5)[CH(SiMe,)z]2 and of its THF adduct 
precursor L a ( ~ ~ - c , M e ~ )  [CH(SiMe,),],(THF). The removal 
of coordinated THF is achieved by a novel and potentially 
general, yet simple chemical method which leaves the 
highly reactive, electrophilic organolanthanide complex 
intact. 

Reaction of La(a5-C5Me5)12(THF)32 with 2 equiv of 
KCH(SiMe,), in hexaneldiethy1 ether affords salt-free 
La(v5-C5Me5) [CH(SiMe,),],(THF) (l), in 50-60% recrys- 
tallized yield. The 13C NMR spectrum for 1 recorded a t  
-20 "C indicated that the two methyne carbons are 
equivalent and the four SiMe, groups are equivalent, a t  
6 = 46.3 ppm [V(CH) = 92 Hz] and 6 = 4.1 ppm ['J(CH) 
= 117 Hz], respectively. In lH NMR and 13C NMR spectra 
recorded at -90 "C the C5Me5 resonances remain sharp but 
t w o  methyne resonances are observed., The molecular 
structure4 of 1 is shown in Figure 1. The coordination 
sphere around the lanthanum atom resembles a flattened 
three-legged piano stool [C(6)-La-C(7) = 126.9 (2)O, C- 
(6)-La-0(8) = 92.3 (2)", C(7)-La-O(8) = 108.1 (3)"]. Both 
bis(trimethylsily1)methyl (disyl) ligands are significantly 
distorted, in a manner that has been observed previously 
for the monoalkyl complexes M(v5-C5Me5)&H(SiMe3), (M 
= Y,5 Nd6) and is also seen for 2. 

As well as being exceedingly air- and moisture-sensitive, 
La(q5-C5Me5) [CH(SiMe,),],(THF) also displays a concen- 

(2) Hazin, P. N.; Huffman, J. C.; Bruno, J. W. Organometallics 1987, 
6, 23. 

(3) 'H NMR (C6D,, 25 "C): 6 3.55 (THF), 2.018 (C5Me5), 1.35 (THF), 
0.276 (SiMe,), -0.85 ppm (CH). 13C NMR (C7D8, -90 "C): 6 119.0 (s, 
C,Me,), 68.2 (THF), 45.2 (br, CH), 40.5 (br, CH), 23.7 (THF), 10.85 (8 ,  
C&fes), 5.2 (br, SiMe,), 3.3 ppm (vbr, SiMe3). 

(4) Crystal data for La(?5-CsMe5)1CH(SiMe3)z~z(THF) (1): C HBIO- 
Si4La, M,, 664, monoclinic, space group P2,/n, a = 17.056 (3)%, b = 

= 1.20 g ~ m - ~ ,  F(000) = 1288 electrons, T = 233 K, graphite mono- 
chromated Mo Ka radiation, A = 0.71069 A, p(Mo Ka) = 13.2 cm-'; 
current R = 4.4, R,  = 5.2, S = 0.86 for 4439 independent reflections with 
I > 3 4 ) .  

(5) 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. 

(6) Jeske, G.; Lauke, H.; Mauermann, H.; Swepston, P. N.; Schumann, 
H.; Marks, T. J .  J .  Am. Chem. SOC. 1985, 107, 8091. 

13.200 (2) A, c = 16.873 (4) A, = 106.17 (2)", U = 3648.7 A3, 2 = 4, D d d  

(7) Decomposition of La(&!5Me5)[CH(SiMe3)z]z(THF-d& yields only 
(Me3Si)2CH2. 

(8) Watson, P. L. J. Am. Chem. SOC. 1983,105,6491. 
(9) (a) Thompson, M. E.; Baxter, S. M.; Bulls, A. R.; Burger, B. J.; 

Nolan, M. C.; Santarsiero, B. D.; Schaefer, W. P.; Bercaw, J. E. J. Am. 
Chem. SOC. 1987,109, 203. (b) den Haan, K. H.; Teuben, J. H. J.  Chem. 
Soc., Chem. Commun. 1986,682. 

(10) Olah, G. A.; Narang, S. C. Tetrahedron 1982,38, 2225. 
(11) It seems unlikely that 1 is in equilibrium with 2 and free THF. 

(12) Excess Me3SiI is necessary for conversion to 2 at a rate greater 
However, free THF does exchange with coordinated THF. 

than the decomposition of 1. 
(13) 'H NMR (c&, 25 OC): 6 1.997 (C&fe5), 0.263 (SiMeJ, -0.75 ppm 

,flu\ 
I c . n i .  

(14) -CHzSiMe21-functionalized polystyrene was prepared by treat- 
of the Merrifield polymer (Fluka) with Mg(anthracene)(THF), 

in THF, followed by quenching with Me2SiCI2 After filtration, washing 
with toluene and drying, chloride-iodide exchange was achieved with BI, 
in t01uene.l~~ (a) Itauno, S.; Darling, G. D.; Stover, H. D. H.; Frechet, J. 
M. J. J. Org. Chem. 1987,52, 4645. (b) Wolfsberger, W.; Schmidbaur, 
H. J .  Organomet. Chem. 1971, 28, 301. 

(15) -SiMezI-substituted polystyrene was prepared analogously to a 
literature method. Farrall, M. J.; Frechet, J. M. J. J.  O g .  Chem. 1976, 
41, 3877. 

(16) Anal. Calcd for ClJ-I151zLa: C, 22.73; H, 2.84; I, 48.07: La, 26.33. 
Found: C, 22.54; H, 2.76; I, 48.24; La, 26.35. 

(17) RLi(so1vent) complexes may simply be more reactive than (RLi), 
because they are less highly associated. Decompition of 1 occurs by loss 
of CHz(SiMe3)z and formation of a pale, yellow-colored material which 
has broad 'H NMR resonances for the (+&Me5) and CH(SiMe3)2 
groups. 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

Ju
ly

 2
9,

 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

10
3a

03
7



Communications Organometallics, Vol. 8, No. 1, 1989 257 

2.627 (10) A in 11 and adopt conformations such that the 
a-CH groups are endo and exo with respect to the C5Me5 
ligand. This quasi-trigonal geometry at  lanthanum is 
distorted from regularity, having cp-La-C(11) = 109.2', 
cp-La-C(12) = 141.1', and C(11)-La-C(12) = 109.7O 
(where cp is the centroid of the C5 ring); these angles sum 
to 360.0'. The coordinative unsaturation a t  lanthanum 
in 2 (as in 1) is relieved by a variety of secondary inter- 
actions. A La(q5-C5Me5) dialkyl moiety has four available 
acceptor orbitals of mainly 5d character; thus two a-C-H 
and two 0-C-Si interactions are possible in 2. In 1, one 
of these orbitals is used by the T H F  ligand and this may 
explain the large difference in La-C,-H, angles observed 
in the solid-state structure of 1. Hence in 2, the a-CH 
bonds show strong distortions, having substantially re- 
duced La-C-H angles [La-C(ll)-H(ll) = 86 (3)', La-C- 

= 2.75 (5) A; cf. La-C(6)-H(61) = 81 (5)O, La-C(7)-H(71) 
= 106 (8)' in 11. In both 1 and 2 the disyl groups are 
distorted so that each has one Si-Me group in close 
proximity to the lanthanum atom. The resultant La-Si 
and La-C contacts are well within the sum of van der 
Waals radii and imply favorable interactions with the 
lanthanum center [La.-Si(2) = 3.353 (2) A, La-Si(4) = 

(6) A, cf, LwC(622) = 3.265 (14) A and LaC(711) = 3.241 
(19) A in 11. The conformations of the disyl ligands in both 
1 and 2 have their La-C,-Si-Me systems essentially planar 
with torsion angles La-C(11)-Si(2)-C(17) = 8.2' and La- 
C(12)-Si(4)-C(22) = -9.5'; cf. 12.3' and 14.3' in 1. Sur- 
prisingly, the methyl group hydrogens on C(17) and C(22) 
in 2 are n o t  oriented so as to place one hydrogen close to 
the lanthanum atom, in marked contrast to agostic P- and 
y-CH systems, in which one C-H bond is invariably di- 
rected toward the metal (methyl hydrogens were not lo- 
cated for 1). Similar distortions and conformations for 
P-Si-Me groups have been observed by X-ray diffraction 
in [TiCp2C(=CMePh)SiMe3]+,l9 N ~ ( T ~ - C , M ~ , ) , C H -  
(SiMe3),,6 N~[(V~-C~M~~)~S~M~,]CH(S~M~~)~,~~ and Y- 
(q5-C5Me5),CH(SiMe3)2 and, by ab initio calculations, for 
[TiC12C(CH2)SiH2Me]+.21 However, only in one casem did 
the structural data indicate a P-Si-Me interaction rather 
than a y-C-H-metal interaction.,, The best description 
of these interactions in 2 is of an agostic Si-C-metal bond, 
although there appears to be only a marginal lengthening 
of the interacting P-Si-C bond compared with the other 
Si-Me bonds [Si-C(622) = 1.910 (11) A, Si(71)-C(711) = 
1.945 (13) A; cf. mean Si-Me = 1.907 8, in 1; Si-C(17) = 
1.897 (8) A, Si-C(22) = 1.900 (7) A; cf. mean Si-Me = 1.874 
(4) A in 21. These species may be viewed as models for 
the early stages of the @-methyl elimination reaction,23 
analogous to P-C-H agostic species which model the P- 
hydride elimination reaction. The near planarity of the 
La-C-Si-Me system is reminiscent of the planar four- 
center intermediates postulated and observed24 in P-hy- 
dride elimination. 

(12)-H(12) = 85 (3)' and LWH(11) = 2.64 (5) A, LwH(12) 

3.400 (2) A, LwC(17) = 2.978 (6) A, and L ~ c ( 2 2 )  = 2.988 

Figure 2. Alternative perspective views of the molecular structure 
of 2. Methyl group hydrogens except those on C(17) and C(22) 
have been omitted for clarity: LaC(17)  = 2.978 (6) A, LaC(22)  
= 2.988 (6) A, La-Si(2) = 3.353 (2) A, La-vSi(4) = 3.400 (2) A; 
La-eH(11) = 2.64 (5)O, La-H(l2) = 2.75 ( 5 ) O ,  La-C(ll)-Si(l) = 
126.4 (4)O, La-C(11)-Si(2) = 99.6 ( 3 ) O ,  La-C(12)-Si(3) = 129.6 
(3)O, La-C(12)-Si(4) = 98.8 (3)'. 

C5Me5 resonances are observed at  6 = 120.85 ppm and 6 
= 119.91 ppm in ca. 2:3 ratio, as well as two methyne 
resonances a t  6 = 59.3 ppm and 6 = 54.3 ppm, together 
with inequivalent trimethylsilyl groups. The different 
quaternary resonances are possibly indicative of two iso- 
mers. Hindered rotation in an yttrium-bound CH(SiMe3), 
group has been ~ t u d i e d . ~  

The structure determinationla of La(q5-C5Me5) [CH- 
(SiMe,),], (Figure 2) was undertaken to define the struc- 
tural consequences of removal of the T H F  ligand. The 
geometries of 1 and 2 differ primarily in the conformations 
of the disyl ligands and in the pyramidalization of the 
L ~ ( T ~ - C ~ M ~ ~ ) [ C H ( S ~ M ~ , ) , ] ,  fragment in 1 which results 
from T H F  coordination. Small changes in La-C a-bond 
lengths are observable, and in the La-Si and L a 4  sec- 
ondary interactions, which are uniformly weaker in the 
more saturated T H F  adduct than in 2. 

In complex 2 the disyl ligands are bound to lanthanum 
primarily by La-C a-bonds [La-C(11) = 2.537 (5) A, La- 
C(l2) = 2.588 (4) A, cf. La-C(6) = 2.651 (8) A, La-C(7) = 

(18) Crystal data for La(~5-CSMe5)(CH(SiMe3)2)2 (2): CuHBSi2La, M, 
593.04, hexagonal, s ace group B3 (No. 173), a = 18.543 (5) A, c = 16.039 
(4) A, U = 4776 (2) i3, 2 = 6, Dw = 1.24 g cm4, F(OO0) = 1860 electrons, 
T = 200 K, monochromated Mo Ka  X-radiation, X = 0.71069 A, ~ ( M o  
Ka) = 15.04 cm-'; R = 0.026, R, = 0.032, S = 1.63 for 2722 unique, 
observed reflections with I > 340. All hydrogen atoms were constrained 
to idealized geometries except those on C(11), C(12), C(17), and C(22) 
which were allowed to refine freely. 

(19) Eisch, J. J.; Piotrowski, A. M.; Brownstein, S. K.; Gabe, E. J.; Lee, 
F. L. J. Am. Chem. SOC. 1985, 107, 7219. 

(20) Jeske, G.; Schock, L. E.; Swepston, P. N.; Schumann, H.; Marks, 
T. J. J .  Am. Chem. SOC. 1985,107, 8103. 

(21) Koga, N.; Morokuma, K. J. Am. Chem. Sac. 1988, 110, 108. 
(22) Similar distortions have been observed for lanthanide N(SiMe& 

 structure^.^ See also: (a) Tilley, T. D.; Andersen, R. A.; Zalkin, A. Inorg. 
Chem. 1984,23,2271. (b) Tdey, T. D.; Andersen, R. A.; Zalkin, A. J. Am. 
Chem. SOC. 1982,104,3725. (c) Evans, W. J.; Drummond, D. K.; Zhang, 
H.; Atwood, J. L. Inorg. Chem. 1988, 27, 575. (d) Boncella, J .  M.; An- 
dersen, R. A. Organometallics 1985, 4 ,  205 

mation of a Si=C bond is kinetically unfavorable. 

Chem. Commun. 1984, 326 and references cited therein. 
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Summary: Room-temperature reaction of CpM- 
(dmpe)(q4-butadiene)CI (1) [M = Zr, Hf; dmpe = 1,e-bis- 
(dimethylphosphino)ethane] with NaH,Al(OCH,CH,0CH3), 
[Red-AI] led to the new zirconium and hafnium hydrides 
CpM(dmpe)(q4-butadiene)H [M = Zr (2a), 60%; M = Hf 
(2b), 57%] as pale yellow crystals. 2a is monoclinic, 
space group P2,ln, with a = 8.175 (2) A, b = 15.706 

A3, and Z = 4. Fast insertion reactions of CH,CHR (R = 
H, Me, Et; 26 OC, 1 atm) into the Zr-H bond led to the 
formation of the corresponding alkyl derivatives CpM- 
(dmpe)(q4-butadiene)R [R = Et (3); R = n-Pr (4); R = 
n-Bu (5)] in good yield and crystalline form. 

(3) A, = 15.516 (2) a, p = 99.41 (I)o, v = 1965.4 (7) 

The chemistry of the M-H bond is continually receiving 
a great deal of attention in view of its involvement in many 
fascinating chemical processes.' In the chemistry of group 
IVB (group 4) metals, the synthesis and the reactivity of 
this functionality are well established for the bis(cyc1o- 
pentadieny1)titanium and -zirconium derivatives,2 while 
the analogous hafnium congeners remain much less 
characteri~ed.~ However, apart from these systems, this 
literature is surprisingly poor and limited to only two re- 
p o r t ~ . ~  We now report the synthesis and characterization 
of the novel zirconium and hafnium hydrides CpM- 
(dmpe)(q4-butadiene)H [M = Zr (2a); M = Hf (2b)l to- 

(1) (a) Halpern, J. Adu. Catal. 1959, l l ,  301. (b) Crabtree, R. H. Chem. 
Reu. 1985, 4, 245 and references cited therein. (c) Muetterties, E. L. 
Transition Metals Hydrides; Marcel Dekker: New York, 1971. 

(2) (a) Schwartz, J.; Labinger, J. A. Angew. Chem., Int. Ed. Engl. 1976, 
15, 333 and references cited therein. (b) Schwartz, J. Pure Appl. Chem. 
1980, 52, 733. (c) Manriquez, J. M.; McAlister, D. R.; Sanner, R. D.; 
Bercaw, J. E. J.  Am. Chem. SOC. 1976, 98, 6733. (d) Manriquez, J. M.; 
McAlister, D. R.; Sanner, R. D.; Bercaw, J. E. J.  Am. Chem. SOC. 1978, 
100, 2716. (e) Therkel, R. S.; Bercaw, J. E. J.  Am. Chem. SOC. 1981,103, 
2650. (f) Wailes, P. C.; Weigold, H. J .  Organomet. Chem. 1970,24,405. 
(g) Jones, S. B.; Petersen, J. L. Inorg. Chem. 1981, 20, 2889. 

(3) Cardin, D. J.; Lappert, M. F.; Raston, C. L. Chemistry of organo- 
zirconium and -hafnium compounds; Ellis Horwood Ltd.: 1986. 

(4) ZrH($'-cyclohexadienyl)(dmpe),: Fisher, M. B.; James, E. J.; 
McNeese, T. J.; Nyburg, S. C.; Posin, B.; Wong-Ng, W.; Wreford, S. S. 
J. Am. Chem. SOC. 1980,102,4941. CpTiH(CO)*(dmpe): Frerichs, S. R.; 
Kelsey-Stein, B.; Ellis, J. E. J.  Am. Chem. SOC. 1987, 109, 5558. 

0276-7333/89/2308-0258$01.50/0 

Figure 1. ORTEP drawing of CpZr(dmpe)(q4-butadiene)H, in- 
dependent molecule 1, showing the labeling scheme. Selected 
bond distances (A) and angles (deg): Zr(l)-H(23) = 1.80 (5); 
Zr(l)-C(G) = 2.418 (3); Zr(l)C(7) = 2.421 (3), Zr(l)-C(8) = 2.440 
(3); Zr(l)-C(9) = 2.443 (3); Zr(l)-P(l) = 2.725 (1); Zr(l)-P(2) = 

= 1.425 (6); P(l)-Zr(l)-P(2) = 71.55 (3); C(S)-C(7)-C(S) = 119.1 

gether with a preliminary study on their reactivity with 
a-olefins. 

The compounds CpM(dmpe)(q4-butadiene)Cl (M = Zr, 
Hf) (1)596 react with NaH,Al(OCH,CH,OCH,), (Red-Al) 
in toluene to give light brown solutions which, when cooled, 
produce pale yellow-crystals of 2 (Zr, 60%; Hf, 57%). 

2.704(1); C(8)-C(9) = 1.430 (5); C(7)-C(8) = 1.382 (5); C(6)-C(7) 

(3); C(7)-C(8)-C(9) = 118.8 (3). 

NaH.#J(OCH2CH,0CH,), 

CpM(dmpe) ( q4-butadiene)Cl 1 toluene 

CpM(dmpe)(q4-butadiene)H (1) 
2a: M = Zr 
2b: M = Hf 

An X-ray analysis carried out on a single crystal of 2a 
reveals the unit cell composed of discrete monomeric un- 
i t ~ . ~  The geometry around zirconium is distorted octa- 
hedral (Figure l) with the Cp ring centroid on the apical 
vertex and the dmpe ligand on two equatorial positions. 
The s-cis-butadiene ligand is symmetrically q4-bonded to 
the metal with the two terminal carbon atoms C(6) and 
C(9) occupying respectively one equatorial and the second 
apical position [Cp(centroid)-Zr-C(6) = 104.9 (1)'; Cp- 
(centroid)-Zr-C(S) = 167.6 (9)OI. No significant differences 
have been found between the Zr-C(diene) distances 
[ranging from 2.418 (3) to 2.440 (3) A], suggesting an al- 
most perfect q4-mode of coordination for this fragment. 
This bonding mode, which is common for the late tran- 
sition metals,8 has never been observed for the group IVB 
metals, the distortion around the coordinated butadiene 
being explained in terms of high contribution of u complex 
~ h a r a c t e r . ~  The hydride, which occupies the fourth 

(5) Gambarotta, S.; Chiang, M. Y. J .  Chem. SOC., Chem. Commun. 
1987, 698. 

(6) Wielstra, Y.; Gambarotta, S.; Roedelof, J. B.; Chaing, M. Y. Or- 
ganometallics 1988, 7, 2177. 

(7) 2a is monoclinic in the space group P2,/n. Cell data: a = 8.175 
(2) A, b = 15.706 (3) A, c = 15.516 (2) A, i3 = 99.41 (I)', V = 1965.4 (7) 
A3, Z = 4, R = 0.034, R ,  = 0.036, and GOF = 1.430 for a fit of 407 
variables to 4156 observations. Structure was solved by standard Pat- 
terson methods; hydrogen atom positions were located and refined iso- 
tropically. Supplementary material contains full details on structure 
determination. 

(8) Koerner von Gustorf, E. A,; Grevels, F. W.; Fischler, I. The Organic 
Chemistry of Iron; Academic Press: New York, 1978; Vol. 1. 
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