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Selective Catalytic Cross-Coupling of Ethylene and 
2,3-Dimethyibutadiene by Titanium Aryioxide Compounds 
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Summary: The 2,3-dimethylbutadiene complex 
[(Ar"O),Ti(CH,CMe=CMeCH,)] (1) will catalyze the se- 
lective cross-coupling of ethylene and 2,3-dimethyl- 
butadiene to produce 4,5dimethylhexa- 1,4diene. 

The use of group 4 metal compounds to carry out se- 
lective carbon-carbon bond forming reactions has been and 
continues to be an extremely active area of research.'-6 
One of the important goals of this area of research is to 
develop ways of making these coupling reactions catalytic. 
We wish to report here upon our observation of the tita- 
nium aryloxide catalyzed cross-coupling of ethylene and 
2,3-dimethylbutadiene to produce exclusively 4,5-di- 
methylhe~a-l,4-diene.~*' The ability to carry out this 
catalytic dimerization appears to be linked to the structure 
of the titanacycloheptene intermediate. 

Hydrocarbon solutions of the titanacyclopentane com- 
plex [ (Ar"O),Ti(CH,),] (Ar"0 = 2,6-diphenylphenoxide)* 

(l).(a) Collman, J. P:; Hegedus, L. S.; Norton, J. R.; Finke, R. G. 
Principles and Applications of Organotransrtion Metal Chemistry, 2nd 
ed.; University Science Books: Mill Valley, CA, 1987; Chapter 9. (b) 
Ingroseo, G. In Reactions of Coordinated Ligands; Braterman, P. S., Ed.; 
Plenum Prese: New York, London, 1986; Vol. 1, p 639. (c) Chappell, S. 
D.; ColaHemilton, D. J. Polyhedron 1982,1,739. (d) Shore, N. E. Chem. 
Rev. 1988,88, 1081. 

(2) (a) Klabunde, U.; Tebbe, F. N.; Parshall, G. W.; Harlow, R. L. J. 
Mol. Catal. 1980,8,37. (b) Meinhart, J. D.; Anslyn, E. V.; Grubbs, R. 
H. Organometallics 1989,8,583. (c )  Grubbs, R. H.; Tumas, W. Science 
1989, 243, 907. 

(3) (a) Steigerwald, M. L.; Goddard, W. A., 111.; J. Am. Chem. SOC. 
1985,107,5027. (b) Cohen, S. A.; Bercaw, J. E. Organometallics 1985, 
4,1006. (c )  Buchwald, S. L.; Nielsen, R. B. Chem. Reu. 1988,88, 1047. 
(d) Buchwald, S. L.; Watson, B. T.; Lum, R. T.; Nugent, W. A. J. Am. 
Chem. SOC. 1987,109,7137, (e) Binger, P.; Miller, P.; Benn, R.; RufiAska, 
A.; Gabor, B.; Krtiger, C.; Betz, P. Chem. Ber. 1989,122,1035. (f) Alt, 
H. G.; Herrmann, G. S. J. Orgunomet. Chem. 1990,390,159. (g) Negishi, 
E. Chem. Scr. 1989,29,457. (h) Erker, G.; Engel, K.; Dorf, U.; Atwood, 
J. L.; Hunter, W. E. Angew. Chem., Znt. Ed. Engl. 1982,21, 914. 

(4) (a) Lee, J. B.; Ott, K. C.; Grubbs, R. H. J.  Am. Chem. SOC. 1982, 
104,7491. (b) Buchwald, S. L.; Grubbs, R. H. J. Am. Chem. SOC. 1983, 
105,5490. (c )  Seetz, J. W. F. L.; Schat, G.; Akkerman, 0. S.; Bickelhaupt, 
F. Angew Chem., Znt. Ed. Engl. 1983,22,248. (d) Erker, G.; Czisch, P.; 
KrOger, C.; Wallis, J. M. Organometallics 1986,4,2059. (e) Petersen, J. 
L.; Egan, J. W., Jr. Organometallics 1987, 6, 2007. (f) Doxsee, K. M.; 
Mouser, J. K. M. Organometallics 1990, 9, 3012. 

(5) (a) Lappert, M. F.; Martin, T. R.; Atwood, J. L.; Hunter, W. E. J. 
Chem. Soc., Chem. Commun. 1980,476. (b) Blenkers, J.; Heesen, B.; van 
Bolhuis F.; Wagner, A. J.; Teuben, J. H. Organometallics 1987, 6, 459. 
(c) Hessen, B.; Blenkers, J.; Teuben, J. H.; Helgeeeon, G.; Jagner, S. 
Organometallics 1989,8,2809. (d) Yamamoto, H.; Yaeuda, H.; Tatsumi, 
K.; Lee, K.; Nakamura, A.; Chen, J.; Kai, Y.; Kaeai, N. Organometallics 
1989,8,105. (e) Erker, G.; Knlger, C.; Miiller, G. Adu. Organomet. Chem. 
1985, 24, 1. (f) Erker, G.; Sosna, F.; Zwettler, R.; Kriiger, C. Organo- 
metallics 1989, 8, 450. (g) McDade, C.; Bercaw, J. E. J. Organomet. 
Chem. 1985, 279, 281. (h) Sikora, D. J.; Rausch, M. D. J. Organomet. 
Chem. 1984, 276, 21. (i) Negishi, E.; Holmes, S. J.; Tour, J. M.; Miller, 
J. A.; Cederbaum, F. E.; Swanson, D. R.; Takahashi, T. J. Am. Chem. Soc. 
1989,111,3336. (i) McDermott, J. X.; Wilson, M. E.; Whitesides, G. M. 
J. Am. Chem. SOC. 1976, 98, 6529. (k) Gell, K. I.; Schwartz, J. J. Am. 
Chem. SOC. 1981,103,2687. (!! Jensen, M.; Livinghouse, T. J. Am. Chem. 
Soc. 1989, 111, 4495. (m) Bocarsly, J. R.; Floriani, C.; Chiesi-Villa, A,; 
Guaetini, C. Organometallics 1986, 5,  2380. 
(6) (a) BogdanoviE, B. Ado. Organomet. Chem. 1979, 17, 105. (b) 

Buono, G.; Siv, C.; Peiffer, G.; Triantaphylides, C.; Denis, P.; Mortreux, 
A.; Petit, F. J. Org. Chem. 1985, 50, 1781. (c )  Brunner, H. In The 
Chemistry of the Metal-Carbon Bond; Hartley, F. R., Ed.; John Wiley 
and Sons Ltd.: New York, 1989; Vol. 5, p 135. 

(7) The selective oligomerization of conjugated dienes by titanium has 
been reported; see ref 5d. 
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Figure 1. ORTEP view of the titanacycle compound 1. Selected 
bond distances (A) and angles (deg): Ti-O(l) = 1.804 (2); Ti-O(2) 
= 1.843 (2); Ti-C(31) = 2.096 (4); Ti-C(32) = 2.299 (3); Ti4X33) 
= 2.290 (4); Ti-C(34) = 2.109 (5); C(31)-C(32) = 1.436 (5); C- 
(32)-C(33) = 1.384 (6); C(33)-C(34) = 1.442 (6); O(l)-Ti-O(2) 
= 115:2 (1); C(31)-Ti-C(34) = 87.0 (1); Ti-O(l)-C(ll) = 151.2 

react rapidly with 2,3-dimethylbutadiene to produce 2 
equiv of ethylene and the titanacyclopent-3-ene complex 
[ (Ar"O),Ti(CHZCMe===CMeCHz)] (1) (Scheme I)? Com- 
pound 1 can be obtained as dark purple crystals from a 
hexane solution. A single-crystal X-ray diffraction analysis 
of 1 (Figure 1)'O shows the metallacycle ring to be bent with 
a fold angle of 7 5 O . I '  The coordination of the butadiene 
unit to the [Ti(OAr"),] fragment is very similar to that 
reported for related group 4 metal diene complexes, e.g., 
CpzM(diene) and CpMX(diene) (M = Ti, Zr, Hf).wf The 
'H NMR spectrum of solutions of 1 show well-resolved, 
nonequivalent a-CHz protons indicating that the bent 
structure is maintained in solution and that flipping of the 
metallacycle ring is slow on the NMR time scale.O 

When exposed to an atmosphere of ethylene, compound 
1 undergoes a coupling reaction with 1 equiv of CzHl to 
produce a new metallacyclic compound 2. Both the 'H and 
13C NMR spectra of 2 indicate the presence of two isomers 
in solution.12 The major component (80%) of the mixture 

(1); T1-0(2)-C(21) = 143.6 (2). 

(8) Hill, J. E.; Fanwick, P. E.; Rothwell, I. P. Organometallics 1991, 
10. 1s. _ _ ,  

(9) Anal. Calcd for TiC4zHmOz (1): C, 81.28; H, 5.85. Found C, 80.87; 
H, 5.79. 'H NMR (CeD ,30 OC): b 6.87-7.60 (m, aromatics); b 3.02 (d), 
1.35 (d, CH,); 6 0.77 ( s , 8 H 3 ) .  Selected '9c NMR (CeDs, 30 'C): b 129.6 
(CMe); b 87.9 ('J(''C-'H) = 138.2, 160.8 Hz, Tl-CHd: b 22.4 ('J(l%-'H) 
= 127.6 Hz, CMe).  

(10) Crystal data for TiC4zH9801 (1) at 4 0  OC: a = 35.351 (3) A, b = 

g in space group Fdd2. A total of 3167 unique intensities were 
collected with use of Mo Ka radiation (4 S 28 S 50°). of which 2559 were 

37.927 (3) A, c = 9.755 (1) A, V 13079 (3) A', Z 16, e d  p+ = 1.261 

used in the final refinement. Final residuals are a = 0.032 and R, = 
0.039. 

(11) Fold angles of 75.0, 75.7, and 73.2' were reported for the other 
related structurally characterized titanium butadiene complexes.'d 
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Scheme 1 

R 

u): R=U 

(4): RICH, 

Scheme I1 

(2a) is formulated as containing a *-allylic metallacycle, 
while the minor component (2b) is its a-allylic (titanacy- 
clohept-3-ene) isomer. Similar isomers have been observed 
in the coupling of olefins and butadienes at  group 4 me- 
tallocene metal centem3e 

The addition of either butadiene or 2-methylbutadiene 
(isoprene) to the titanayclopentane [(Ar"O),Ti(CH,)4] was 
found to lead directly to coupled products (Scheme I).13 

(12) Anal. Calcd for TiCUH,,,Op (2): C, 81.47; H, 6.22. Found C, 
81.28; H, 6.41. Selected 'H NMR (CsDe, 30 OC): 66.78-7.53 (m, aro- 
matics); 6 2.13 (d), 1.10 (d, TiCH2CMe major isomer); 6 0.63 (a), 0.23 (8, 
CMeCMe major isomer); 6 1.33 (a), 0.94 (e, CMeCMe minor isomer). 
Selected NMR (C&, ,  30 OC): major isomer, 6 160.6,160.5 (Ti-0-C), 
143.8, 139.4 (CMe CMe), 140.8, 140.7 (ortho carbons on phenoxides), 
133.5,133.4 (ipso carbons on phenyls of phenoxides), 80.8,70.6 (Ti-CH,), 
45.2,36.4 (TiCH2CH2CH2), 21.2, 21.1 (CMe CMe); minor isomer, 692.1, 
75.6 (Ti-CH,)? 36.2, 36.0 (TiCHzCH2CHz), 16.1, 15.5 (CMeCMe). 

(13) A preliminary X-ray diffraction study on compound 4 confirms 
the stereochemistry of thw ring. Anal. Calcd for 'RC,2HaO2 (3): C, 81.28; 
H, 5.85. Found: C, 81.37; H, 5.92. 'H NMR (C D , 30 OC): 6 6.79-7.41 
(m, aromatics); 6 4.36 (td, V(trans) = 16 Hz, 'J(C!S)'= 8.5 Hz, TiCH2CH); 
6 3.21 (ddd, TiCH2CHCH); 62.25 (m), 2.20 (m, TiCH2CH2; 6 1.90 (dd), 
0.84 (dd, TiCH?CH); 6 1.77 (dtd), 1.57 (ddt, TiCH,CH,CH,); 6 1.69 (broad 

(Ti -04) ;  6 140.7, 140.4 (ortho carbons on phenoxides); 6 133.5, 133.4 
(ipso carbons on henyls of phenoxides); 6 136.3,135.6 (TiCH CHCH); 
6 77.7, 77.2 (Ti-tHZ); 6 45.3, 35.8 (TiCHzCHzCHz). Anal. haled for 
TiCUHaO2 (4): C, 81.38; H, 6.03. Found C, 81.27; H, 6.00. 'H NMR 
( c a s ,  30 OC): 6 6.78-7.55 (m, aromatics); 6 2.89 (dd, CMeCH); 6 2.18 (d), 
0.87 (d, TiCH,CMe); 6 2.12 (m), 1.9 (m, TiCH2CHzCH2); 6 1.9 (m), 1.26 
(m, TiCH CH CH,); 6 1.62 (m), -0.06 (m, TiCHzCHzCHJ; 6 0.70 (8, CMe). 

on phenyls of phenoxides); 6 143.6 (CMeCH); 6 131.8 (CMeCH); 6 82.3, 
72.0 (Ti-CH,); 6 43.9, 31.3 (TiCH2CH,CH2); 6 18.6 (CMe). 

d), 4.24 (dt, TICH&HZ). Selected 'T NMR ( c a s ,  30 OC): 6 160.4,180.3 

SebCbd % dm ( c a s ,  30 OC): 6 180.1 (Tim; 6 140.7 (Ortho carbons 

The product from the reaction of butadiene (3) exists in 
solution as only one detectable isomer, containing the 
?r-allylmetalla~ycle.*~ Similarly, only one isomer was ob- 
tained from the reaction with 2-methylbutadiene, the 
ethylene being coupled exclusively with the less sterically 
hindered portion of the diene. The NMR spectroscopic 
properties of 3 and 4 are very similar to those of the major 
isomer 2a formed using 2,3-dimethylbutadiene. Com- 
pounds 3 and 4 are stable in benzene solution for days at  
25 "C with almost no detectable ('H NMR) decomposition 
or rearrangements. Furthermore, neither compound will 
react with excess ethylene or added butadiene (for 3) or 
2-methylbutadiene (for 4). 

Solutions of the isomeric mixture 2a,b do change over 
time. Monitoring a 'H NMR solution of 2 in CsDs over 
hours showed the clean conversion of the isomeric mixture 
2a,b into a single new organometallic product 5." The 
spectroscopic properties of deep green solutions of 5 are 
consistent with its formulation as a new titanacyclopent- 
3-ene complex [ (Ar"O),Ti(CHEtCMe-CMeCH2)] (5) 

(14) 'H NMR of 6 (C&e, 30 OC): 6 6.81-7.67 (m, aromatics); 6 2.80 (d), 
1.18 (d, Ti-CH,); 6 1.82 (t, Ti-CHEt); 6 1.70 (dp), 1.42 (p, CHCHzCHs); 
6 0.68 (t, CH,CHa): 6 0.81 (e), 0.62 (8, CMeCMe). Selected NMR 
(C6De, 30 OC); 6 f60.7 (Ti-O-C); 6 141.1,140.3 (ortho carbone on phen- 
oxides); 6 134.2, 131.8 (ipso carbons on phenyls of phenoxides); 6 127.8, 
127.2 (CMeCMe); 6 108.4 (TiCHEt); 6 88.3 (TiCH,); 6 24.5 (CHzCH,); 6 
23.1 (CHzCH3); 6 16.1, 15.5 (CMeCMe). 'H NMR (CeDe, 30 OC) for 
l-ethyl-2,3-dimethylbutadiene: 6 5.59 (t, CHEt); 6 5.06 (e), 4.90 (e, 
CH2CMe); 6 2.01 (p, CH,CH3); 6 1.88 (a), 1.75 (8 ,  CMeCMe); 6 0.90 (t, 
CHzCH3). 
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(Scheme 11). Addition of 2,3-dimethylbutadiene to 5 leads 
to the regeneration of 1 and l-ethyl-2,3-dimethylbutadiene. 

In the presence of excess 2,3-dimethylbutadiene, solu- 
tions of 2a,b will absorb ethylene leading to the formation 
of 4,5-dimethylhexa-1,4-diene.l6 A t  25 "C this reaction 
is slow, but at  70 "C a mixture of 2a,b (25 mg; 0.039 mmol) 
and 2,3-dimethylbutadiene (150 &; 1.33 mmol) in C6D6 
(0.7 mL total volume) was found to produce 13.7 equiv of 
4,5-dimethylhexa-1,4-diene in 100 min when exposed to 
1 atm of ethylene,16 with greater than 95% of 2a,b still 
present in solution. 

We believe that both the rearrangement of 2 to 5 and 
the catalytic cross-coupling of 2,3-dimethylbutadiene and 
ethylene proceed via the a-allylic metallacyclic interme- 
diate 2b (Scheme 11). In the absence of 2,3-dimethyl- 
butadiene/CsH4, the dimethyltitanacyclohept-3-ene can 

(15) NMR data for 4,5-dimethylhexa-1,4-diene are as follows. 'H 
NMR (CsD6 30 "C): 6 5.74 (m, =CW; 6 5.00 (m, =CH,); 6 2.72 (broad 
d, CH,); 61.58 (broad s, Me,C=CMe). I3C NMR (CsDe, 30 "C): 6 137.1 
(=CH); 6 125.9, 125.7 (Me2C=CMe); 6 115.0 (=CHz); 6 39.4 (CH,); 6 20.7, 
20.3, 18.6 (Me2C=CMe). 

(16) The catalytic cross-coupling of ethylene and 2,3-dimethyl- 
butadiene can also be achieved using the titanacyclopentadiene complex 
[Ar"O)zTi(CIEtl)] as catalyst precursor. This complex has been shown 
to react with ethylene to produce [Ar"O),Ti(CH,),].* 

rearrange via a series of @-hydrogen abstractionlreinsertion 
steps to generate 5. However, the initial intermediate 
alkyl-hydride compound can eliminate 4,5-dimethyl- 
hexa-1,Cdiene directly in the presence of 2,3-dimethyl- 
butadiene/C2H4 to regenerate 2a,b. The fact that the 
entire mixture of 2a,b will cleanly convert to 5 suggests 
that 2a and 2b are in equilibrium with one another. We 
are currently investigating the scope and stereochemistry 
of this catalytic cross-coupling reaction." 

Acknowledgment. We thank the National Science 
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search. 

Supplementary Material Available: Text describing the 
data collection, structure solution, and refinement and listings 
of crystal data, fractional coordinates, anisotropic thermal pa- 
rameters, and full bond distances and angles for the X-ray dif- 
fraction study of 1 (20 pages); a table of observed and calculated 
structure factors (11 pages). Ordering information is given on 
any current masthead page. 

(17) The reaction of 2,3-dimethylbutadiene with propene has been 
shown to produce exclusively 2,4,5-trimethylhexa-1,4-diene in the pres- 
ence of 1. 

Stereoselectivity in the Catalytic Oligomerization of Phenylsilane 
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Summary: A variety of chiral and achiral zirconocene 
complexes were investigated for the stereoselective 
dehydrogenative coupling of phenylsilane. Polymerization 
of PhSiH, with rac-(EBI)ZrCl,lPBuLi or Cp,Zr(H)CI yields 
a stereoregular polymer by ,'Si NMR spectroscopy. 
These results suggest that the stereogenic centers of the 
growing polymer chain may play a role in the stereo- 
chemistry of phenylsilane polymerization. A syndiotactic 
microstructure for the polyphenylsilanes is tentatively as- 
signed on the basis of comparisons of their ,'Si NMR 
chemical shifts with those of known stereoregular cyclic 
oligomers. 

Polysilanes constitute a novel class of a-conjugated 
polymers with unusual electronic properties;' these ma- 
terials absorb strongly in the ultraviolet region, and their 
electronic properties are sensitive to both the chain length 
and conformation of the polymer.2 Because the stereo- 
chemistry of macromolecules strongly influences their 
conformational properties, stereoregular polysilanes should 
exhibit unique electronic and photochemical properties. 

(1) (a) Miller, R. D.; Michl, J. Chem. Reu. 1989, 89, 1359. (b) West, 
R. J. Organomet. Chem. 1986,300,327. (c) West, R. Organopolysilanes. 
In Comprehensive Organometallic Chemistry; Abel, E., Ed.; Pergamon: 
Oxford, England, 1982; Chapter 9.4. 

(2) (a) Miller, R. D.; Rabolt, J. F.; Sooriyakumaran, R.; Fleming, W.; 
Fickes, G. N.; Farmer, B. L.; Kuzmany, H. In Inorganic and Organo- 
metallic Polymers; ACS Symposium Series 360; Zeldin, M., Wynne, K. 
J., Allcock, H. R., Eds.; American Chemical Society: Washington, DC 
1987; p 43, and references therein. (b) Harrah, L. A,; Ziegler, J. M. 
Macromolecules 1987,20,601. (c) Miller, R. D.; Farmer, B. L.; Fleming, 
W.; Sooriyakumaran, R.; Rabolt, J. J.  Am. Chem. SOC. 1987, 109, 2509. 

Unfortunately, current synthetic methods, such as the 
Wurtz coupling of dichlorosilanes, show little stereose- 
le~t iv i ty .~  

Harrod's discovery4 of homogeneously catalyzed silane 
oligomerization reactions with group 4 metallocenes has 
stimulated considerable interest in the development of 
catalytic routes to silicon polymers.6.6 In view of the 
remarkable advances in stereospecific olefin polymerization 
with early-transition-metal metallocenes,' we were 
prompted to investigate the influence of metallocene 
structure on the stereochemistry of phenylsilane polym- 
erization. 

(3) (a) Maxka, J.; Mitter, F.; Powell, D.; West, R. Organometallics 
1991,10,660. (b) Wolff, A. R.; Nozue, I.; Maxka, J.; West, R. J. Polym. 
Sci.. Part A.: Polvm. Chem.. 1988.26. 701. --,-  , 
(4) (a) Aitken, 6.; Harrod, J. F.; Samuel, E. J. Organomet. Chem. 1986, 

279, C11. (b) Aitken, C.; Harrod, J. F.; Gill, U. S. Can. J.  Chem. 1987, 
65,1804. (c) Mu, Y.; Aitken, C.; Cote, B.; Harrod, J. F.; Samuel, E. Can. 
J. Chem. 1991, 69, 264 and references therein. 

(5) (a) Brown-Wensley, K. A. Organometallics 1987,6,1590. (b) Co- 
rey, J. y.; Zhu, x.; Bedard, T. C.; Lange, L. D. Organometallics 1991,10, 
924. (c) Chang, L. S.; Corey, J. Y. Organometallics 1989, 8, 1886. (d) 
Nakano, T.; Nakamura, H.; Nagai, Y. Chem. Lett. 1989,83. (e) Wataon, 
P. L.; Tebbe, F. N. U.S. Patent 4,965,386, Oct 1990. 

(6) (a) Tilley, T. D.; Woo, H.-G. J.  Am. Chem. SOC. 1989, 111, 8043. 
(b) Woo, H. G.; Tilley, T. D. Polym. Prepr. (Am. Chem. SOC., Diu. Polym. 
Chem.) 1990,31, 228. 

(7) (a) Ewen, J. A.; Jones, R. L.; Razavi, A,; Ferrara, J. D. J.  Am. 
Chem. SOC. 1988,110,6255 and references therein. (b) Kaminsky, W.; 
Kulper, K.; Brintzinger, H. H.; Wild, F. R. W. P. Angew. Chem., Int. Ed. 
Engl. 1986,24,507. (c) Kaminsky, W.; Moller-Lindenhof, N. Bull. SOC. 
Chim. Belg. 1990,99,103 and references therein. (d) Spalek, W.; Antberg, 
M.; Dolle, V.; Klein, R.; Rohrmann, J.; Winter, A. New J. Chem. 1990, 
14,499 and references therein. (e) Resconi, L.; Waymouth, R. M. J.  Am. 
Chem. SOC. 1990, 112,4953. 
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