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Abstract

The THF-soluble bis(methoxyethyl)zirconocene dihydride 3 displayed novel reactivity patterns and was
used to reductively couple alkenes, dienes, and enynes. A plausible mechanism involves the formation of
a 14-electron zirconium(II) and zirconacyclopentane species. © 2000 Published by Elsevier Science Ltd.
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The reductive coupling of two unsaturated substrates can be mediated by low-valent metals
from the two extremes of the transition series (Ni, Ti, Zr).1 The intermediate metallacycle can
be transformed into a variety of useful products.2 The reductive coupling of alkenes mediated by
a zirconocene(II) equivalent provides fairly stable zirconacycles, which react with protons,
halogens,3 isocyanides,4 oxygen,5 carbon monoxide,6 ketones7 and other electrophiles8 to afford
mono- and bicyclic organic compounds with high regio- and stereoselectivities.9 Ligands and
ligand substituents strongly effect the reactivity of zirconocene complexes. The modification of
the cyclopentadiene ring of polymeric and insoluble zirconocene dihydride changes its solubility
and promotes new reaction pathways. While Cp2ZrH2 is essentially unreactive toward alkenes
and alkynes, the reaction of (h5-C5Me5)ZrH2 with propyne to form monocyclic zirconacy-
clopentenes was reported in 1985.10 In this paper, we report the reaction of alkenes with
zirconocenes containing alkyl ether attachments to the Cp ring that increase solubility and
reactivity of the early transition metal complex and promote a reaction manifold reminiscent of
zirconocene(II) chemistry.
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Scheme 1. Preparation of bis(methoxyethyl)zirconocene dihydride 3

After reaction of the known zirconocene dichloride 111 with aniline and water, the resulting
oxo-bridged compound 2 was reduced with 1 equiv. of LiAlH4 to give the zirconocene
dihydride complex 3 (Scheme 1).12 As expected, the 1H NMR of 3 showed two resonances for
the hydride protons at 4.07 and −2.86 ppm. Treatment of terminal alkenes, dienes, and
enynes with 3 in THF led to the formation of acyclic and cyclic coupling products in
moderate to high yields after quenching with Br2, D2O or H2O (Table 1). For 1-octene,
different solvents such as toluene, 1,2-dichloroethane, 1,4-dioxane, N-methylmorpholine, and
10% oxetane/THF were tested, but THF was found to be superior. In the conversion of
1,7-octadiene, additives such as PPh3, AsPh3, and P(OPh)3 also failed to improve cyclization
yields. Only products derived from coupling at the internal alkene positions could be
observed for substrates 4, 6, and 8 (entries 1–3). cis-Cyclohexane 11 was formed exclusively
in the coupling of a,v-diene 10 after quenching with Br2 (entry 4). Homoallylic diamine 12
provide the tetrasubstituted cyclohexyl diamine 13 as a single stereoisomer (entry 5), in
contrast to a recent literature protocol for the formation of this compound.13 Interestingly,
trans-alkene 16 showed a higher diastereoselectivity in the coupling reaction than the corre-
sponding cis-alkene 18 (6:1 vs 1.7:1), but the yield was considerably higher for the cis-sub-
strate (entries 7 and 8). The reason for the differential stereoselectivity is not yet clear, but it
is possible that the slower reacting 16 experiences more severe steric interactions in the
transition state of the process. In general, intramolecular coupling reactions, which were
carried out under moderate dilution conditions, required longer reaction times, and in the
case of enynes, slight heating was necessary to effect reasonable turnover. Yields are based on
reactants, and since one full equivalent of alkene is used for zirconocene generation (vide
infra), they are based on a maximum conversion of 50%.14 Significant amounts of reduced
compounds were indeed isolated from all reaction mixtures.

A possible mechanism for these novel coupling reactions is shown in Scheme 2. Based in
part on analogies to Bercaw’s studies,16 we propose that the THF-soluble zirconocene dihy-
dride 3 adds to alkene to produce the alkyl hydride complex 20 via hydrozirconation.17

Subsequently, this complex reacts with another alkene to give the transient complex 21.
Reductive elimination of RCH2CH3 from 21 produces zirconacyclopropane 23, which ring
expands to zirconacyclopentane 24 in the presence of another olefin. Metallacycle 23 could
also be formed via zirconocene 22 by reductive elimination of RCH2CH3 from 20, followed
by insertion into an alkene. Zirconacyclopentane 24 is quenched with suitable electrophiles to
give the final isolated products. Both pathways are possible according to our experimental
results.



8239

Table 1
Coupling of unsaturated substrates with dihydride 315

Treatment of Cp2ZrCl2 with two equivalents of nBuLi generates a ‘Cp2Zr’ equivalent that is
particularly useful for cyclization of enynes and a,v-dienes.9 However, substrates containing
terminal alkynes cannot be used in this protocol, presumably due to the ready oxidative addition
of the electron-rich metallocene into the acidic acetylenic carbon�hydrogen bond.18 Barluenga et
al. used a b-hydrogen activation process, followed by insertion of unactivated unsaturated
molecules for the intramolecular coupling of terminal alkynes.19 In the latter method, two
equivalents of tBuLi were used to remove the acidic acetylene hydrogen before the coupling
reaction. However, in our protocal, terminal a,v-enynes can be used directly to give cyclic
products. Disubstituted alkenes lead to a moderate level of diasteroselectivity even with remote
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Scheme 2. Proposed mechanism for the activation of 3 and reductive coupling reactions

1,6-stereoinduction, whereas excellent stereocontrol can be achieved with homoallylic substitu-
tion. Intermolecular reductive alkene–alkene couplings proceed in an analogous fashion. In
conclusion, the introduction of ether side chains on the Cp ligands of zirconocene dihydride 3
led to a THF-soluble early transition metal complex that displayed a novel reactivity pattern.20

Monoenes, dienes, and enynes with terminal alkynes and internal alkenes can be reductively
coupled with 3 in moderate to good yields. A plausible mechanism involves the formation of a
14-electron zirconium(II) species and zirconacyclopentane 24 that is trapped by electrophiles to
give functionalized derivatives.

Acknowledgements

This work was supported by the National Science Foundation (CHE-9453461).

References

1. (a) Tsuji, J. Transition Metal Reagents and Catalysts ; Wiley: Chichester, 2000. (b) Okamoto, S.; Livinghouse, T.
J. Am. Chem. Soc. 2000, 122, 1223 and references cited therein.

2. (a) Negishi, E. In Comprehensive Organic Synthesis ; Trost, B. M.; Fleming, I., Eds.; Pergamon Press: Oxford,
1991; Vol. 5, pp. 1163–1184. (b) Tamao, K.; Kobayashi, K.; Ito, Y. Synlett 1992, 539. (c) Berk, S. C.; Grossman,
R. B.; Buchwald, S. L. J. Am. Chem. Soc. 1994, 116, 8593.



8241

3. (a) Takahashi, T.; Aoyagi, K.; Hara, R.; Suzuki, N. J. Chem. Soc., Chem. Commun. 1993, 1042. (b) Takahashi,
T.; Aoyagi, K.; Kondakov, D. Y. J. Chem. Soc., Chem. Commun. 1994, 747. (c) Aoyagi, K.; Kasai, K.;
Kondakov, D. Y.; Hara, R.; Suzuki, N.; Takahashi, T. Inorg. Chim. Acta 1994, 220, 319.

4. (a) Berk, S. C.; Grossman, R. B.; Buchwald, S. L. J. Am. Chem. Soc. 1993, 115, 4912. (b) Davis, J. M.; Whitby,
R. J.; Jaxa-Chamiec, A. Tetrahedron Lett. 1994, 35, 1445.

5. (a) Nugent, W. A.; Taber, D. F. J. Am. Chem. Soc. 1989, 111, 6435. (b) Taber, D. F.; Louey, J. P.; Lim, J. A.
Tetrahedron Lett. 1993, 34, 2243. (c) Taber, D. F.; Wang, Y. Tetrahedron Lett. 1995, 36, 6639.

6. (a) Negishi, E.; Holmes, S. J.; Tour, J. M.; Miller, J. A. J. Am. Chem. Soc. 1985, 107, 2568. (b) Negishi, E.;
Swanson, D. R.; Cederbaum, F. E.; Takahashi, T. Tetrahedron Lett. 1987, 28, 917. (c) Lund, E. C.; Livinghouse,
T. J. Org. Chem. 1989, 54, 4487.

7. Enders, D.; Kroll, M.; Raabe, G.; Runsink, J. Angew. Chem., Int. Ed. Engl. 1998, 37, 1673.
8. (a) Takahashi, T.; Kotora, M.; Hara, R.; Xi, Z. Bull. Chem. Soc. Jpn. 1999, 72, 2591. (b) Ura, Y.; Li, Y.; Tsai,

F.-Y.; Nakajima, K.; Kotora, M.; Takahashi, T. Heterocycles 2000, 52, 1171. (c) Fagan, P. J.; Nugent, W. A.;
Calabrese, J. C. J. Am. Chem. Soc. 1994, 116, 1880.

9. 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.

10. (a) McDade, C.; Bercaw, J. E. J. Organomet. Chem. 1985, 279, 281. See also: (b) Chirik, P. J.; Day, M. W.;
Bercaw, J. E. Organometallics 1999, 18, 1873. (c) Edelbach, B. L.; Rahman, A. K. F.; Lachicotte, R. J.; Jones,
W. D. Organometallics 1999, 18, 3170.

11. Van der Zeiden, A. A. H.; Mattheis, C. J. Organomet. Chem. 1998, 555, 5.
12. Wailes, P. C.; Weigold, H. J. Organomet. Chem. 1970, 24, 405. Bis(1-(2-methoxy-ethyl)-cyclopenta-

dienyl)zirconium dihydride (3). To a solution of 2 (1.14 g, 1.50 mmol) in THF (10 mL) was added dropwise at
room temperature a solution of LiAlH4 (1.0 M in Et2O, 1.50 mL, 1.50 mmol). The resulting mixture was stirred
overnight. After removing solvents in vacuo, dry toluene (20 mL) was added. The filtrate was dried in vacuo to
yield 3 as a pink solid (1.05 g, quant.): IR (mineral oil) 3063, 1579, 1216, 1186, 1165 cm−1; 1H NMR (C6D6) d

6.10–5.33 (m, 8H), 4.07 (bs, 1H), 3.52–3.38 (m, 4H), 3.15 (s, 6H), 2.87–2.80 (m, 4H), −2.86 (bs, 1H); 13C NMR
(C6D6) d 122.1, 104.6, 102.8, 99.2, 74.3, 58.1, 31.6.

13. Grepioni, F.; Grilli, S.; Martelli, G.; Savoia, D. J. Org. Chem. 1999, 64, 3679.
14. Somewhat surprisingly, the use of 1 equiv. of ‘sacrificial’ alkenes such as norbornene, cis-1,2-dichloroethene,

3,3-dimethyl-1-butene or 3-hexyne before addition of 1-octene did not provide any desired product formation.
15. All new compounds were fully characterized by 1H NMR, 13C NMR, HRMS and IR. 7,8-Bis-bromomethyl-tetra-

decane (5). To a solution of 3 (170 mg, 0.500 mmol) in THF (2.5 mL) was added dropwise at room temperature
1-octene (112 mg, 157 mL, 1.00 mmol). After stirring for 4 h, the reaction mixture was cooled to 0°C and Br2 (80
mL, 1.60 mmol) was added. The resulting mixture was stirred at 0°C for a further hour, diluted with Et2O and
H2O, and extracted with Et2O. The combined organic layers were washed with Na2S2O3 (10% aqueous solution)
and brine, dried (MgSO4), and concentrated. The residue was purified by chromatography on SiO2 (hexanes) to
yield colorless oily 5 (79.4 mg, 82%): IR (neat) 2956, 2926, 1465, 1378, 1259, 1235, 1153 cm−1; 1H NMR (CDCl3)
d 3.61–3.48 (m, 4H), 1.79–1.77 (m, 2H), 1.46–1.30 (m, 20H), 0.90 (t, 6H, J=6.5 Hz); 13C NMR (CDCl3) d 41.0,
37.0, 31.8, 29.4, 29.1, 27.4, 22.7, 14.2; HRMS (EI) m/e calculated for C16H32

79Br2: 382.0871, found: 382.0858.
16. McAlister, D. R.; Erwin, D. K.; Bercaw, J. E. J. Am. Chem. Soc. 1978, 100, 5966.
17. Wipf, P.; Jahn, H. Tetrahedron 1996, 52, 12853.
18. Nugent, W. A.; Thorn, D. L.; Harlow, R. L. J. Am. Chem. Soc. 1987, 109, 2788.
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