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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. 
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F i g u r e  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); Z r ( 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 d i s to r t ion  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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equatorial position, was located by difference Fourier 
methods and satisfactorily refined [Zr-H = 1.80 (5) A; 
Cp(centroid)-Zr-H = 97.4 (3)"]. 

In the 'H NMR spectrumlo the characteristic terminal 
hydride resonance appears as a low-field triplet [ 6  = 7.20 
ppm (Jp-H = 5.2 Hz) (2a); 6 = 7.27 ppm (Jp-H = 5.2 Hz) 
(2b)l. A broad and intense band in the IR spectrum is 
tentatively assigned to the M-H stretching mode [1420 
cm-' (2a); 1460 cm-' (2b)l. 

Compound 2a rapidly reacts with a-olefins (1 atm, room 
temperature) to give terminally bonded alkyl derivatives 
CpM(dmpe)(~~-butadiene)R in crystalline form and good 
yieldlo (eq 2). Internal olefins such as cis-2-butene and 
terminally disubstituted olefins like isobutene fail to react 
with these hydride complexes. 

CpM(dmpe)(~~-butadiene)H + CHzCHR - toluene 

2a 
CpM(dmpe)(v4-butadiene)CH2CH2R (2) 

3: R = H  
4: R = M e  
5: R = E t  

A puzzling question arises from the possible insertion 
pathway into the Zr-H bond because no empty orbitals 
are available on 2a for the necessary olefin pre- 
coordination." However, dissociation of one of the two 
phosphorus atoms of the chelating phosphine might pos- 
sibly provide the empty coordination site (eq 3).12 In a - - n 

( 3 )  
// \\ cn2cm Y 1 I \  

CD-Zr-H - Cp-Zr-H - Cp-Zr-CH2CH2R 

6 

li 
o l e f i n  exchange 

subsequent step, hydride transfer to the coordinated olefin 
transforms intermediate 6 into the final insertion product. 
Preliminary evidence for the formation of 6 is provided 
by the ability of the alkyl derivatives 3, 4, and 5 to re- 
versibly transform into each other by reaction with an 
excess of the corresponding a-olefin (1 atm, room tem- 
perature) (eq 4). The equilibrium shown in eq 4 can be 
approached from both sides of eq 4 and is easily shifted 
by adding or removing an olefin. 

The present results suggest that the hydrozirconation 
reaction might in fact be an equilibrium. The situation 
should be similar to the insertion of olefins into the Nb-H 

(9) (a) Erker, G.; Wicher, J.; Engel, K.; Rosenfeldt, F.; Dietrich, W.; 
Kruger, C. J. Am. Chem. SOC. 1980,102, 6344. (b) Erker, G.; Berg, K.; 
Kruger, C.; Muller, G.; Angermund, K.; Benn, R.; Schroth, G. Angew. 
Chem., Int. Ed. Engl. 1984,23,455. (c) Erker, G.; Muhlerbemd, T.; Benn, 
R.; RuFinska, A.; Tsay, Y.; Kruger, C. Angew. Chem., Int. Ed. Engl. 1985, 
24, 32. (d) Kruger, C.; Muller, G. Organometallics 1985, 4, 215. (e) 
Blenkers, J.; Hessen, B.; van Bolhuis, F.; Wagner, A. J.; Teuben, J. H. 
Organometallics 1987, 6, 459. (f) Yasuda, H.; Nakamura, A. Angew. 
Chem., Int. Ed. Engl. 1987, 26, 723. 

(IO) The structure of all the complexes has been assigned on the basis 
of their spectroscopic and analytical details (available as supplementary 
material) and direct synthesis from 1 and the corresponding alkyllithium 
or Grignard reagents. The presence of terminally bonded alkyl chains 
has been demonstrated by NMR techniques [attached proton test 

(11) See, for example: (a) Lauher, J. W.; Hoffmann, R. J.  Am. Chem. 
SOC. 1976,98,1729. (b) Doherty, N. M.; Bercaw, J. E. J. Am. Chem. SOC. 
1985, 107, 2670. 

(12) Whereas the possibility of slippage of the Cp ring cannot be ruled 
out, a q'-butadiene F! $-butadiene rearrangement process seems quite 
improbable on the basis of the simple consideration that $-butadiene 
should react not dissimilarly from a normal +bonded a-olefin. The 
insertion or exchange products expected in this case have never been 
observed. 

(APT-NMR)]. 

( 4 )  
n C W H R  

Cp-Zr-CHzCHR' Cp-Zr-CH2CHR 
/ \  C H ~ C ~ R '  \ 

P' 'P P' 'P w W 
bond of permethylniobocene(II1) olefin hydride complex- 
es,llb where the presence of @hydrogens in the alkyl chain 
is a prerequisite for exchange. In agreement with that, 
CpZr(q4-butadiene)(dmpe)CH3 does not react with olefins 
(ethylene, propylene), even after long reaction times and 
using severe reaction conditions (5 atm, 80 "C). 

Further study of the chemistry of these hydrides is in 
progress. 

Supplementary Material Available: Tables of crystal data, 
anisotropic thermal parameters, atomic coordinates, and bond 
lengths and angles and spectroscopic and analytical da ta  (14 
pages); a listing of calculated and observed structure factors (20 
pages). Ordering information is given on any current masthead 
page. 
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Summary: Pseudooctahedral chromium diene complexes 
react with trialkylborohydride reagents to give allylic an- 
ions resulting from addition of H- at the least crowded 
position and then rearrangement to the syn isomer. The 
product allylic anions can be isolated as tetraethyl- 
ammonium salts and they react in CD,CN solution with 
electrophiles to give free olefins. 

There are relatively few examples of isolable diene 
complexes that can be conveniently made in large quan- 
tities and manipulated to give functionalized products., 
We have begun research on the easily prepared chromium 
diene complexes of the stoichiometry Cr(CO),(P- 
(OMe),)(v4-diene) and find that it is possible to convert 
the dienes into trans-olefins stereospecifically. 

The required starting materials are made photolytically 
with a reaction developed by Kreitera4 The diene com- 
plexes react with trialkylborohydrides MBHR, (M = Li, 
K; R = ethyl, ~ec-buty l )~  in THF at reduced temperature. 
The use of potassium as a counterion permits the isolation 
of good yields of pure, crystalline derivatives after coun- 
terion exchange with tetraethylammonium bromide in 
THF at  -20 "C (eq l).6,7 
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