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quency (991 cm1) is also within the given range (948-1109 
c m " 5 ) . 

The fact that the 51V NMR spectrum of 2 reveals an increase 
in shielding for the solution state (C6D6, 78.86 MHz: -240.9 ppm 
relative to external OVCl3) versus the solid state (MAS 78.86 
MHz: -205.5 ppm) may be taken to suggest that the V-Na< bond 
is stronger in the solution state, in conformity with the relatively 
strong rigidity of the metallatrane frameworks of 2 (and 3) found 
in solution. Interestingly, the 13CI1H) spectrum" of 2 reveals 
clearly resolved V-C couplings (rarely observed17) for which the 
7.2-Hz two-bond coupling involving C2 is the largest. The 
properties of 2 and 3 as CVD agents and the applicability of 
transmetalation reaction 1 to other transition metals as well as 
other ligand systems are currently under investigation. 
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Asymmetric catalytic reactions using functionalized substrates 
such as the epoxidation of allylic alcohols' or hydrogenation of 
dehydroalanincs2 have had spectacular successes over the past 
decade, yet the development of catalysts for asymmetric reactions 
involving relatively unfunctionalized substrates remains an im­
portant challenge. Although catalysts have been reported for the 
highly enantioselective double-bond isomerization of allylic 
amines,3 similar success using an isolated double bond have not 
been reported. We report here the development of the new chiral 
bisi indenyl(titanium catalyst 1 containing a chiral bridging group 
and its application in the first highly enantioselective isomerization 
of an isolated double bond. 

1 2 
Chiral a/wa-bis(indenyl)metal complexes are emerging as an 

important class of catalysts for asymmetric hydrogenation43 and 

' Department of Chemistry. Boston University, Boston, MA 02215. 
11) (a) Hanson, R. M.; Sharpless, K. B. J. Org. Chem. 1986. 51. 1922. (b) 

Gao, Y.; Hanson, R. M.: Klunder, J. M.: Ko, S. Y.; Masamunc, H.; Sharpless. 
K. B. J. Am. Chem. Soc. 1987, 109. 5765. 

(2) Review: Koenig, K. E. In Asymmetric Synthesis: Morrison, J. D.. Ed.; 
Academic: New York, 1985; Vol. 5, p 71. 

(3) (a) Review: Otsuka, S.; Tani, K. In Asymmetric Synthesis; Morrison. 
J. D., Ed.; Academic: New York. 1985; Vol. 5, p 171. (b) Miyashita, A.; 
Takay, H.; Toriumi, K.; ho, T.: Souchi, T.; Nopyori, R. J. Am. Chem. Soc. 
1980. 102. 7932. (c) Inoue, S.; Takaya. H.; Tani, K.; Otsuka. S.; Sato, T.; 
Noyori, R. J. Am. Chem. Soc. 1990, 112. 4897. 

Scheme I" 

(1R.2R,4R,5R)-1 6 

"Reagents and conditions: (a) MsCI, Et,N, 0 "C; (b) indenyl-
lithium, Et2O, 0-23 0C, 12 h (60% of 4); (c) (i) n-butyllithium, THF 
-78 to 0 °C. 0.5 h, 23 0C, 0.5 h; (ii) TiCI,, -78 to 65 0C. 12 h; (iii) 6 
N HCI, CHCI,. air. -78 to 23 °C, 2 h; (d) 280 0C, 24 h. 

Figure 1. Solid-state structure of 1 determined by X-ray diffraction. 

stereoregular polymerizations4b and as a reagent for the asym­
metric synthesis of allylic amines.40 The most common complexes 
of this type are the ethylene-bridged ansa-bis(tetrahydro-
indenyl)zirconium and -titanium dichlorides 2 prepared from the 
1,2-ethylenebis( 1 -indenyl) ligand by Brintzinger.5 Since the two 
faces of each indenyl ligand are enantiotopic in the ethylene-
bridged ligand, metalation generally produced a mixture of meso 
and dl isomers from which the desired C2-symmetric complex had 
to be separated and resolved. In an effort to simplify the synthesis 
of enantiomencally enriched bis(indenyl)meta) complexes, we have 
developed a/ua-bis(indenyl)metal complexes containing chiral, 
enantiomencally pure bridging groups.6 By introducing chirality 

(4) (a) Waymouth. R.; Pino, P. J. Am. Chem. Soc. 1990. 112. 4911. (b) 
Ewen. J. A. J. Am. Chem. Soc. 1984.106. 6355. Kaminsky. W.; Kulper, K.; 
Brintzinger, H. H.; Wild, F. R. P. Angew. Chem.. Int. Ed. Engl. 1985, 24, 
507. Kaminsky, W.; Bark. A.; Spiehl. R.; Moller-Lindenhof, N.; Niedoba. 
S. In Transition Metals and Organometallics as Catalysts for Olefin Po­
lymerization; Kaminsky. W., Sinn. H.. Eds.; Springer-Verlag: Berlin. 1988; 
p 291. (c) Grossman. R. B.; Davis, W. M.; Buchwald, S. L. J. Am. Chem. 
Soc. 1991. / / J , 2321. 

(5) (a) Wild. F. R. W. P.; Zsolnai. L.; Huttner. G.; Brintzinger. H. H. J. 
Organomei. Chem. 1982. 232. 233. (b) Wild. F. R. W. P.; Wasiucionek. M.; 
Huttner. G.; Brintzinger, H. H. J. Organomei. Chem. 1985, 288, 63. 

(6) Burk. M. J.; Colletti, S. L.; Halterman, R. L. Organometallics 1991, 
10, 2998. 
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Table I. Asymmetric Alkene Migration Catalyzed by 1° 

( ^ S 2% (1R,2R,3R,4R)-1 j ^ S + r ^ 

Sf 8% LiAlH4 Sp J 

7 5-8 R-% 

temp 
(0C) 

180 
180 
80 
80 
50 
23 
23 

time 
(h) 

2 
12 
12 
24 
17 

120 
67 

yield 

100 
100 
100 
100 
100 
100 
2¥ 

%ee4 

of (S)-S 

44 
14 
65 
55 
74c 

76 
80 

"Reaction procedure: (\R,2R,4R,5R)-1 (5.1 mg, 0.010 mmol) and 
LiAlH4 (Fluka 97%, 1.6 mg, 0.04 mmol) in mesitylene (0.3 mL) were 
heated in an ampule at 164 0C for 30 min and then cooled to 23 0C. 
trans-1 in n-decane as internal standard (0.2 mL, 0.5 mmol) was added 
and the sealed ampule heated at the indicated temperature for the in­
dicated time. 'Determined by chiral gas chromatography (50 m CP-
cyclodex /3-236, 80 0 C isothermal, 15 psi, Rf (R)-S 77.02 min, (S)-S 
77.74 min). c [a]23

D +11.5° (c 3.01, 27:1 mesitylene/decane) indicates 
formation of the S isomer, ref 11. dtrans-l recovered in 76% yield. 

in the bridging group, we convert the previously enantiotopic faces 
of the indenyl ligands into diastereotopic faces and can theoretically 
favor the formation of a single stereoisomer of a single diaste-
reomeric bis(indenyl)metal complex, eliminating the need for 
separating and resolving the complex. 

The facile preparation of bis(indenyl)titanium complex 1 from 
the known (15,2J?,45,5/?)-2,5-diisopropylcyclohexane-l,4-diol (3)7 

is shown in Scheme I. Addition of indenyllithium to the bis-
(methanesulfonate) ester of diol 3 yielded either the spiro-
annulated indene 5 or the desired bis(indene) 4, depending on the 
reaction conditions. Addition of indenyllithium in THF to the 
dimesylate of 3 in the presence of HMPA gave almost exclusively 
the spiro product 5, which could be thermally converted7'9 to the 
novel fused indene 6. Carrying out the displacement in Et2O gave 
a 60% yield of the desired C2-symmetric bis(indene) 
(\R,2R,4R,5R)-4 as a mixture of double-bond isomers. Addition 
of the n-butyllithium-generated dianion of bis(indene) 4 to TiCl3 
followed by oxidation with HCl/air in CHCl3 gave an 80% yield 
of a single isomer of arcsa-bis(indenyl)titanium dichloride 1. The 
solid-state structure of this complex was determined by X-ray 
diffraction of a suitable single crystal and is shown in Figure 1.8 

We rationalize the very high yield of a single isomer of metallocene 
1 as being due to the highly preferred placement of the indenyl 
moieties away from the isopropyl groups on the bridging cyclo-
hexane ring. 

(7) (a) Chen, Z.; Eriks, K.; Halterman, R. L. Organometallics 1991,10, 
3449. (b) Chen, Z.; Halterman, R. L. Synlett 1990, 103. 

(8) X-ray data for racemic 1: C30H34TiCl2, 513.40 g/mol, monoclinic, 
Pl1Zc (No. 14), Z = 4, temperature = 20 0C, number observed (>3<r) = 2518, 
a = 8.464 (2) A, b = 32.059 (4) A, c = 9.812 (1) A, 0 = 106.98 (1)°, V = 
2546.5 (7) A3, Dalai = 1.339 g/cm3, X = 1.541 78, R = 0.043, R, = 0.051, 
GOF = 1.40. See the supplementary material for full data. Physical data 
for 1: dark green crystals, mp 264-265 0C (hexane, CH2Cl2); [a]"D +2.9 
x 1030 (c 0.0202, CH2Cl2); IR (KBr) 3058, 2957, 2866, 1611, 1535, 1384, 
843, 813, 740 cm"1; 1H NMR (400 MHz, CDCl3) S 7.78 (d, J = 8.5 Hz, 2 
H), 7.71 (d, J = 8.5 Hz, 2 H), 7.39 (dd, / = 8.5, 6.5 Hz, 2 H), 7.23 (dd, J 
= 8.5, 6.5 Hz, 2 H), 6.56 (d, J = 3.5 Hz, 2 H), 5.79 (d, J = 3.5 Hz, 2 H), 
3.86 (dd, J = 9.0, 2.0 Hz, 2 H), 2.67-2.54 (m, 4 H), 1.97-1.83 (m, 4 H), 1.08 
(d, J = 6.5 Hz, 6 H), 0.83 (d, J = 6.5 Hz, 6 H); 13C NMR (100 MHz, 
CDCl3) S 132.34, 129.56, 128.91, 128.23, 126.89, 126.34, 122.26, 120.23, 
111.92, 43.36, 33.18, 32.27, 31.20, 22.25, 21.09; MS mjz (EI, 70 eV, rel 
intensity) 516 (M+ + 4, 13), 515 (M+ + 3, 19), 514 (M+ + 2, 50), 513 (M+ 

+ 1, 31), 512 (M+, 68), 479 (M+ - Cl + 2, 35), 478 (M+ - Cl + 1, 61), 477 
(M+ - Cl, 86), 476 (M+ - HCl, 100), 440 (31), 141 (50), 115 (36). Anal. 
Calcd for C30H34TiCl2: C, 70.16; H, 6.68. Found: C, 69.94; H, 6.66. 

(9) (a) Mironov, V. A.; Ivanov, A. P.; Kimelfeld, Ya. M.; Petrovskaya, L. 
I.; Akhrem, A. A. Tetrahedron Uu. 1969, 3347. (b) Colletti, S. L.; Hal­
terman, R. L. Tetrahedron Lett. 1989, 30, 3513. (c) Colletti, S. L.; Hal­
terman, R. L. Organometallics 1991, 10, 3438. 

The catalytic isomerization of achiral alkenes using prereduced 
achiral titanocene dichlorides has been developed previously and 
is postulated to occur via an (V-allyl)- or (?j3-allyl)titanium hydride 
intermediate.10 In order to study an asymmetric version of this 
isomerization, we chose to examine the conversion of the achiral 
meso ?/wtr-4-/ert-butyl-l-vinylcyclohexane (7), a molecule devoid 
of any functionality other than the single vinyl group, into the 
chiral axially dissymmetric ethylidenecyclohexane 8. In our case, 
we reduced our precatalyst, a/wa-bis(indenyl)titanium dichloride 
(IR,2R,4R,5R)-1, with LiAlH4 and then introduced 50 equiv of 
trans-1 at various temperatures. As shown in Table I, the chiral 
alkene product (S)-S was formed in up to 80% enantiomeric excess 
in generally quantitative yield. The rate of the reaction and the 
enantiomeric purity of the product are strongly dependent on the 
reaction temperature. The lower enantiomeric purity obtained 
at the higher temperatures is apparently due to racemization by 
equilibration of the product, a process which should be enhanced 
with longer reaction times (as evident from entries 1-4). Isolated, 
enantiomerically enriched 8 was resubjected to the reaction 
conditions at 50 0C, affording a slightly diminished enantiomeric 
purity of 8 (74 to 71% ee after 24 h), which indicates probable 
slow equilibration of the ethylidenecyclohexane at this lower 
temperature. Further studies on the origin of enantioselectivity, 
the scope, and the mechanism of this unique asymmetric isom­
erization of an unfunctionalized alkene are in progress. 
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(10) (a) Mach, K.; Antropiusova, H.; Hanus, V. Transition Met. Chem. 
(London) 1985, 10, 302. (b) Mach, K.; Turecek, F.; Antropiusova, H.; 
Petrusova, L.; Hanus, V. Synthesis 1982, 53. (c) Lehmkuhl, H.; Qian, Y. 
Chem. Ber. 1983, 116, 2437. (d) Akita, M.; Yasuda, H.; Hagasuna, K.; 
Nakamura, A. Bull. Chem. Soc. Jpn. 1983, 56, 554. 

(11) Hanessian, S.; Delorme, D.; Beaudoin, S.; Leblanc, Y. J. Am. Chem. 
Soc. 1984, 106, 5754. 

Electron Transfer to Triplet C60 

James W. Arbogast, Christopher S. Foote,* and 
Michelle Kao 

Department of Chemistry and Biochemistry 
University of California, Los Angeles 
Los Angeles, California 90024-1569 

Received December 9, 1991 

The recent isolation of fullerenes such as C60 and C70 has led 
to several studies of the reactivity and physical properties of their 
excited states.1"10 We recently reported that triplet C60 (

3C60) 
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