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phosphine (22 pmol) in HzO (3 mL) in a Schlenk tube was stirred 
under argon for 1 h. The tube was attached to the vacuum line, 
and hydrogen was admitted. The tube was then agitated at room 
temperature under a positive pressure of hydrogen for 2 h. The 
hydrogen was then removed, the tube sealed under argon, and 
the 31P NMR spectrum recorded. 

Tetrasulfonated BDPP Rhodium(1) Adduct of (Z)-a- 
Acetamidocinnamic Acid, 12. The aqua complex 10 was pre- 
pared as above from 4d (78 mg, 20 pmol) in HzO (3 mL). This 
solution was carefully transferred under argon into an NMR tube 
containing (2)-a-acetamidocinnamic acid (30 mg, 30 pmol) in water 
(0.5 mL). The tube was sealed under argon and the 31P NMR 
spectrum recorded. 

Hydrogenation. [Rh(COD)Cl], and an appropriate amount 
of the sulfonated phosphine were mixed together in water (5 or 
10 mL) for 2 h. This solution was added to the unsaturated 
substrate dissolved in the organic solvent (ethyl acetate, methylene 
chloride, or benzene). The two-phase liquid mixtures were 
transferred to hydrogenation apparatus and shaken until ab- 
sorption of the theoretical amount of hydrogen when working 
under atmospheric pressure or for 12 h when working under 
hydrogen pressure. The organic phase was separated, and in the 
case of recycling, a solution of the unsaturated substrate was again 
injected into the apparatus. After reaction, the organic solvent 
was evaporated, the reaction products were analyzed by 'H NMR, 
and the ee was determined by polarimetry using the following 
rotations for the optically pure compounds: N-acetyl-@)- 
phenylalanine, [ct]20D = +46.0" (c = 1, EtOH);= N-acetyl-(S)- 
phenylalanine methyl ester, [a Iz0D = 101.3' (c = 1, CHC13);57 
N-benzoyl-@)-phenylalanine, [(ulZoD = -40.3" (c = 1, MeOH);53 
N-acetyl-3-(4-acetoxy-3-methoxyhenyl)-(S)-alanine, [a]"OD = 40.7' 

(56) Dang, T. P.; Poulin, J. C.; Kagan, H. B. J. Organomet. Chem. 
1975, 91, 105. 

(57) Glaser, R.; Geresh, S. Tetrahedron 1979, 35, 2381. 

(c = 1, MeOH);58 (S)-methylsuccinic acid dimethyl ester, [(YlZoD 
= 6.75" (c = 6, EtOH);% N-acetyl-(S)-phenyl-1-propylamine, [a]"OD 
= -137.8' (c = 2.4, MeOH);GO (R)-1-phenylethyl-N-benzylamine, 
[.]'OD = +56.2" (c = 1.07, EtOH);,l (S)-1-phenylethanol, [aImD 
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Summary: The reactions of [SiMe,(C,H,),] [(C,H,)ZrCI,] 
and [ SiMe,(C,H4),] [(C,H5)ZrCI],(p-O) with stoichiometric 
amounts of LiAl(0-t-Bu),H and LiAIH,, respectively, in THF 
afford convenient routes for the preparation of the cor- 
responding binuclear zirconocenophane hydrides 
[SiMe,(C,H,),] [(C,H,)ZrCI(p-H)], (1) and [SiMe2- 
(C5H4),] [(C,H,)ZrH(p-H)] , (2). The molecular structure of 
2 has been established by X-ray diffraction. Preliminary 
results obtained from reactivity studies of 1 with C2H4 and 
13C0 are described. 

The  bridged bis(cyclopentadieny1) ligand [X(C6R4),I2- 
[X = (CH,), (n  = 1-3), SiMe,; R = H, Me] has been em- 
ployed as both a chelating' and a bridging2 ligand in or- 

ganometallic chemistry. An effort has been undertaken 
in our laboratories to prepare binuclear zirconocenophane 

(1) (a) Hillman, M.; Weiss, A. J. J. Organomet. Chem. 1972, 42, 123. 
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Chem. SOC. 1976,98,3713. (e )  Smith, J. A.; von Seyerl, J.; Huttner, G.; 
Brintzinger, H. H. J. Organomet. Chem. 1979,173,175. (f) Fendrick, C. 
M.; Mintz, E. A.; Schertz, L. D.; Marks, T. J. Organometallics 1984, 3, 
819. (9) Wochner, F.; Zsolnai, L.; Huttner, G.; Brintzinger, H. H. J. 
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110, 976. 
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V. W. J. Am. Chem. SOC. 1977,99,4846. (d) Bergman, R. G. Acc. Chem. 
Res. 1980,13, 113 and references cited therein. (e) Nelson, G. 0.; Wright, 
M. E. J. Organomet. Chem. 1981, 206, C21. (f) Cassens, A.; Eilbracht, 
P.; Nazzal, A.; Prossdorf, W.; Muller-Westerhoff, U. T. J. Am. Chem. SOC. 
1981, 103, 6367. (g) Wright, M. E.; Mezza, T. M.; Nelson, G. 0.; Arm- 
strong, N. R.; Day, V. W.; Thompson, M. R. Organometallics 1983, 2, 
1711. (h) MacLaughlin, S. A.; Murray, R. C.; Dewan, J. C.; Schrock, R. 
R. Organometallics 1985,4, 796. (i) Werner, H.; Scholz, H. J.; Zolk, R. 
Chem. Ber. 1985,118,4531. 0') Walter, A.; Heck, J. J. Organomet. Chem. 
1986,302,363. (k) Scholz, H. J.; Werner, H. J. Organomet. Chem. 1986, 
303, C8. (1) Bitterwolf, T. E. J. Organomet. Chem. 1986, 312, 197. (m) 
Hock, N.; Oroschin, W.; Paolucci, G.; Fischer, R. D. Angew. Chem., Int. 
Ed. Engl. 1986, 25, 738. (n) Bitterwolf, T. E.; Rheingold, A. L. Organo- 
metallics 1987, 6, 2138. 
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hydride complexes in which two electron-deficient do Zr- 
(IV) centers are held in close proximity by a [X(C5H4),I2- 
ligand. Wailes, Weigold, and co-workers3 originally pre- 
pared the  organozirconium hydride complexes 
[(C5H5),ZrHL], (L = C1, H) by the reaction of zirconocene 
dichloride with L ~ A ~ ( O - ~ - B U ) ~ H  and by the treatment of 
[ (C5H5),ZrC1],0 with an equimolar amount of LiA1H4, 
respectively. Although the reactivity displayed by these 
and related zirconocene hydrides has been examined ex- 
tensively," the inherent insolubility of [ (C5H5),ZrHL], has 
hindered efforts to determine their molecular structures. 
Our X-ray diffraction analyses of [ (C5H4R),ZrH(p-H)I2 (R 
= Me,5a CMegSb) have confirmed unequivocally the pres- 
ence of bridging and terminal hydrides in these related 
binuclear zirconium complexes. Herein, we present the 
synthesis and characterization of two new binuclear zir- 
conocenophane hydride complexes, [SiMe2(C5HJ2]- 
[(C5H5)ZrCl(cc-H)12 (1) and [SiMe2(C5H4)J [ ( C ~ H ~ ) Z ~ H ( P -  
H)I2 (2). The molecular structure of 1 and preliminary 
results of its reactivity with C2H4 and CO are described. 

The addition of two equivalents of LiAl(0-t-Bu),H to 
a T H F  solution of [SiMe2(C5H4),] [ (C5H5)ZrC12]26 affords 
1, whereas the reaction of 1 equiv of LiA1H4 with 
[SiMe2(C5H4),] [ (C5H5)ZrCl]z(p-0)6 provides a convenient 
route to  2. Both of these zirconocenophane hydride com- 
plexes are sparingly soluble in benzene and have been 
characterized by elemental analysis, hydrolysis, and in- 
frared and 'H NMR measurements.* The Zr-H stretching 
frequencies of 1390 cm-' for 1 and 1310 and 1535 cm-' for 
2 are comparable to those reported for [ (C5H5)2ZrHL],.3 
The hydride resonance in the 'H NMR spectrum of 1 is 
a singlet a t  b -0.06, whereas the two hydride resonances 
of 2 appear as two apparent triplets a t  6 3.61 and -3.89, 
consistent with the presence of two bridging and two 
terminal hydride  ligand^.^ 

Direct structural information about the molecular con- 
figuration of 1 has been provided by an X-ray diffraction 
a n a l y ~ i s . ~  The solid-state structure, as shown in Figure 
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(3) Wailes, P. C.; Weigold, H. J .  Organomet. Chem. 1970, 24, 405 and 
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(c) Fachinetti, G.; Floriani, C.; Roselli, A,; Pucci, S. J.  Chem. SOC., Chem. 
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G.; Kruger, C. J. Am. Chem. Soc. 1983, 105, 3353. (i) Erker, G. Acc. 
Chem. Res. 1984, 17, 103. (i) Erker, G.; Fromberg, W.; Atwood, J. L.; 
Hunter, W. E. Angew. Chem. 1984,96,72. (k) Fromberg, W.; Erker, G. 
J .  Organomet. Chem. 1985, 280, 343, 355. (1) Jones, S. B.; Petersen, J .  
L. Organometallics 1985,4, 966. (m) Gambarotta, S.; Strologo, S.; Flo- 
riani, c.; Chiesi-Villa, A.; Guastini, c. J. Am. Chem. SOC. 1985, 107,6278. 
(n) Bocarsly, J .  R.; Floriani, C.; Chiesi-Villa, A.; Guastini, C. Organo- 
metallics 1986, 5, 2380. 
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(6) Complete details regarding the synthesis and characterization of 
this and related binuclear zirconocenophane complexes are given else- 
where.? 

(7) Reddy, K. P.; Petersen, J. L. Organometallics, submitted far 
publication. 

(8) (a) [SiMe2(C5H4)2][(C5H5)ZrC1(fi-H)]2: 'H NMR (C6H6-ds) 6 6.49, 
6.09, 5.61, 5.26 (C5H4, m), 5.92 (C5H5, s), 0.37 (SiCH,, s), -0.06 (Zr-H-Zr, 
s); IR (KBr disk) u z r ~  1390 cm-l; hydrolysis, hydride/Zr ratio = 0.95:l. 
Anal. Calcd for Zr2C12SiC22H26: C, 46.20; H, 4.58. Found: C, 46.01; H, 
4.92. (b) [SiMeZ(C5H,),][(C5H5)ZrH(fi-H)]2: 'H NMR (C6H6-d6) 6 6.72, 
5.90, 5.40, 4.88 (C5H4, m), 5.59 (C5H5, s), 3.61 (Zr-H, t, JH-H = 7.5 Hz), 
0.47 (SiCH,, s), -3.89 (Zr-H-Zr, t, J H - H  = 7.5 Hz); IR (KBr disk) uZr-H 
1310, 1535 cm-'; hydrolysis, hydride/Zr ratio = 1.94:l. Anal. Calcd for 
Zr2SiCZ2Hz8: C, 52.53; H, 5.61. Found: C, 51.31; H, 6.04. 

-I; 

Figure 1. A perspective view of the molecular configuration of 
[ SiMez( C5H& [ (s5-C5H5)ZrCl(p-H)] with the atom-labeling 
scheme for the non-hydrogen atoms. The thermal ellipsoids were 
scaled to enclose 50% probability. For clarity the radii of the 
spheres for the hydrogen atoms were reduced arbitrarily. Per- 
tinent interatomic distances (A) and angles (deg) within the 
[ZrCl(pc-H)lz core: ZrlC11,2.526 (1); Zr2<12,2.521 (1); Zrl-H1, 
1.75 (4); Zrl-H2, 2.05 (4); Zr2-H1, 2.08 (4); Zr2-H2, 1.84 (4); 
Zrl-Zr2, 3.4502 ( 5 ) ;  Hl-Zrl-H2, 53 (1); Hl-Zrl-Cll, 127 (1); 
H2-Zrl-Cll, 77 (1); Hl-Zr2-H2, 52 (1); H2-Zr2-Cl2, 128 (1); 
Hl-Zr2-Cl2, 78 (1); Zrl-H1-Zr2; 128 (2); Zrl-H2-Zr2, 125 (2). 

1, illustrates that 1 exists as a discrete binuclear zirconium 
complex with two hydride ligands bridging the two Zr 
centers. The Zr...Zr separation of 3.4502 (5) A is only 0.01 
A shorter than that found in [ (C,H,R),Z~H(~L-H)]~.~ The 
central ZrzC12(p-H)2 moiety deviates significantly from 
planarity with a Cll-Zrl-Zr2-Cl2 torsional angle of 36.9 
(1)". Presumably, this feature is a consequence of the 
bridging [SiMe2(C5H4),I2- ligand, which prevents a mutu- 
ally planar alignment of the three frontier orbitahlo 
available for each of the two canted "zirconocene-like" 
centers. The relatively long Zr-C1 bonds of 2.523 A (av) 
reflect the reduction of r-donation from the C1 p, orbitals 
to the Zr atoms. Although the X-ray determined hydride 
positions are inherently inaccurate, they offer qualitative 
insight into the nature of the zirconium-hydride interac- 
tions. The Zr-H bonds arising from the interaction of each 
H Is orbital with an inner Zr hybrid orbital are signifi- 
cantly longer than the Zr-H bonds which utilize one of the 
remaining outer Zr hybrid orbitals. The nonplanarity of 
the Zr,Cl,(p-H), core leads to a less favorable orbital 
overlap for the internal Zr-H bonds, thereby producing 
asymmetric three-center, two-electron Zr-H-Zr bonding 
interactions in 1. 

Reactivity studies of 1 have led to several interesting 
preliminary observations. The reaction of 1 equiv of 
ethylene with 1, for example, proceeds slowly at 85 "C with 

(9) Crystal data for [SiMe2(C5H4) [(C5H5)ZrCl(fi-H)]2: space group 
R 1 / c ,  a = 13.282 (4) A, b = 9.642 (2) %, c = 17.896 (5) A, /5' = 100.21 (2)', 
V = 2256 (1) A3, Z = 4, ddd = 1.684 g/cm3. All 2968 unique reflections 
(+h,k,l), which were collected on a Picker goniostat controlled by a Krisel 
Control automation system within a detector range of 5' < 28 < 45' with 
Zr-filtered Ma K, radiation, were used in the structure determination. 
Data collection, reduction, and refinement procedures have been de- 
scribed previously.5a Full-matrix least-squares refinement (based on F:) 
with anisotropic temperature factors for the 27 nonhydrogen atoms and 
isotropic temperature factors for the 26 hydrogen atoms converged with 
final discrepancy indices of R(FJ = 0.035, R ( F 2 )  = 0.043, and R,(F:) = 
0.069 with u1 = 1.62 for the 2668 data with Fo2 > u(F2).  

(10) Lauher, J. W.; Hoffmann, R. J .  Am. Chem. Soc. 1976,98, 1729. 
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the evolution of ethane" and the formation of [SiMe2- 
(C5HJ2] [ (C5H5)Zr(p-Cl)]2 (3).12 Alternatively, thermolysis 
of 1 in toluene at 130 "C quantitatively eliminates 1 equiv 
of H2 within 12 h, producing only this diamagnetic binu- 
clear Zr(II1) species 3.13 The reaction of 1 with 13C0 at 
85 "C proceeds with the reductive coupling of two mole- 
cules of I3CO resulting in the formation of a cis enediolate 
bridge.15 The 16-line ABXY splitting patternI6 observed 
for this C2 fragment in the gated-nondecoupled 13C NMR 
spectrum, however, indicates an unsymmetrical mode of 
coordination which might correspond to one of the oxygen 
atoms being bound to both Zr atoms, such as ZrOC(H)- 
=C(H)OZr. Current efforts are aimed a t  further evalu- 
ating the use of mechanically linked, binuclear zirconocene 
hydride complexes for the sequential hydrogenation or 
reductive coupling of these and related substrates. 

Support for this research was 
provided by the West Virginia Energy and Water Research 
Center. J.L.P. would like to thank Emilio Bunel for his 
helpful suggestions. Computer time for the X-ray struc- 
tural analysis was provided by the West Virginia Network 
of Educational Telecomputing. 

S u p p l e m e n t a r y  Material Avai lab le :  Summary  of crystal 
data and data collection parameters and tables of positional and 
thermal  parameters,  interatomic distances and  bond angles for 
hydrogen atoms, and least-squares planes of [SiMe2(CsH4)2]- 
[(C,H,)ZrCl(p-H)], (10 pages); a listing of observed and calculated 
s t ruc ture  factors (11 pages). Ordering information is given on  
any  cur ren t  mas thead  page. 
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CH, dq, 169.7), 103.3 (C5H5, d qt, 172.1), -0.66 (SiCH,, q, 119.7); UV A, 
474 nm. Anal. Calcd for Zr,C12SiCzzH24: C, 46.36; H, 4.25. Found: C, 
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(13) A structurally similar binuclear fulvalene Zr(II1) species, ($:7j6- 

C,HB)[(C,H5)Zr(p-Cl)1,, has been prepared by the comproportionation 
of (CSH5),ZrC1, and (C5H5)2Zr(PMe3)2.14 

(14) Gambarotta, S.; Chiang, M. Y. Organometallics 1987, 6, 897. 
(15) (a) Manriquez, J. M.; McAlister, D. R.; Sanner, R. D.; Bercaw, J. 

E. J .  Am. Chem. SOC. 1978, 100, 2716. (b) Wolczanski, P. T.; Threlkel, 
R. S.; Bercaw, J. E. J. Am. Chem. SOC. 1979, 101, 218. (c) Erker, G.; 
Kropp, K.; Kruger, C.; Chiang, A. P. Chem. Ber. 1982, 115, 2447. 

(16) The two '3c resonances appear at 6~ 136.9 and 6~ 130.8 with ' J C ~  
= 82.3 Hz. The corresponding proton coupling constants are 'Jc-H = 178 
Hz and 'Jc-H = 20.4 Hz for carbon A, 'Jc-H = 185 Hz and 'Jc-H = 25.0 
Hz for carbon B, and 3JH-H = 1.3 Hz. 

A New Catalyst for the Efficient and Selective 
@-Hydrosilylation of Acrylonitrile. Effect of 
Ultrasound 
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Summary: The hydrosilylation of acrylonitrile to give ex- 
clusively the @-adduct was effected in yields of 70-100% 
under mild conditions using a new two-component cata- 
lyst system consisting of tetramethylethylenediamine and 
cuprous oxide. Ultrasonic waves significantly increase 
the rate of hydrosilylation over room-temperature stirring. 
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Table I. Hydrosilylation of Acryloni t r i le  Cata lyzed  by  
Cu20 a n d  Tetramethylethylenediamine 

expt silane conditnsa product yield,* 70 
1 HSiC13 10 min, reflux C13SiCH2CH2CN 95-100 
2 HSiC1, 2 h, ))) C13SiCH2CH2CN 80 
3 HSiCl, 4 h,  stir C13SiCH2CH2CN 30 
4 HSiMeCl, 45 min, reflux MeC12SiCH2CH2CN 98-100 
5 HSiMeCl, 6 h,  1)) MeClzSiCHzCHzCN 60 
6 HSiMeCl, 18 h, stir MeC12SiCH2CH2CN 11 
7 HSiMe,Cl 24 h, reflux no reaction 
8 HSiMezCl 10 h, ))) no reaction 
9 HSiMezCl 10 h, stir no reaction 

10 HSiPhC1, 30 min, reflux PhClzSiCHzCHzCN 98-100 
11 HSiPhCl, 4 h, ))) PhC1,SiCH2CH2CN 70-75 
12 HSiPhCl, 2 1  h, stir PhC12SiCH2CH2CN 32 
13 HSiPh,Cl 24 h,  reflux Ph2ClSiCH2CH,CN 5-10 
14 HSiPhzCl 12 h,  12 h no reaction 
15 HSiPh2Cl 18 h, stir no reaction 

"All reactions, except runs 1, 4, 7, 10, 13, and were run a t  30 "C 
by using a 0.04:0.06:0.0069:0.019 mol ratio of acrylonitrile/silane/ 
Cu20/TMEDA, while reactions 1, 4, 7, 10, and 13 were run with 
0.04:0.05:0.0069:0.019 mol ratios. All reactions were run in the ab- 
sence of solvent. *Yields are based on product isolated by distil- 
lation. 

While there is an abundance of catalysts that are useful 
in promoting the addition of the Si-H bond across alkenes 
and alkynes,l relatively few agents efficiently catalyze the 
hydrosilylation of acrylonitrile. In particular, catalysts that 
lead to exclusively 6-addition to the double bond in 
acrylonitrile are rare and generally give low yields. These 
include tertiary amines,2 platinum on ~ a r b o n , ~  Raney 
n i ~ k e l , ~   amide^,^ and phosphines.6 

The two most effective catalysts are a three-component 
system (CuCl/n-Bu,N/N,N,N',N'-tetramethylethylene- 
diamine (TMEDA)) developed by Bluestein which requires 
temperatures of 50-126 "C for 40 h to give 75% yields of 
p-adduct7 (7.5:1:1.2 mol ratio of reactants/CuCl/amines) 
and a binary system of a copper compound (Cu20, CuCl, 
or Cu(acac)2) and an isocyanide developed by Svoboda et 

which requires heating to 120 "C for 2 h to give 
70-75% yields of @-adduct (9:0.1:0.3 mol ratio of reac- 
tants/ Cu catalysts/ isocyanide). 

In this communication we report a new two-component 
catalyst consisting of cuprous oxide and TMEDA that 
promotes exclusively 6-hydrosilylation of acrylonitrile in 
high yields under mild conditions. We also observed that 
ultrasound, which is often used to promote heterogeneous 
reactions: is very effective in accelerating this reaction. 

CH,=CH-CN + R3SiH cu,o, TMEDA* 
))) 

R3Si-CH2-CH2CN 

R3 = C13, Cl,Me, C12Ph, ClPh, 
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