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Recent investigations2'3 have sought to elucidate the principles 
governing metallacyclobutane formation by the regioselective 
addition of nucleophiles to the central carbon of transition-metal 
??3-allyl complexes.4 Based on this experimental work, previous 
molecular orbital calculations,5 and the potential for developing 
synthetically practical systems for the alkylative metallacyclo­
butane formation, we considered cationic, Lewis base-free 
zirconium and titanium ?;3-allyl complexes, [(CsRs)2M-
(7j3-allyl)]+X-, to be strong candidates for further investigation. 
Cationic group IV metallocene complexes, however, are strongly 
electron deficient, lacking the conventional metal-ligand d —• ir* 
back-bonding thought necessary to direct nucleophiles to the »?3-
allyl central carbon.4"'6 Theory notwithstanding, in this com­
munication we report that permethylmetallocene jj3-allyl cations 
are converted to metallacyclobutane complexes by the regiose­
lective addition of nucleophiles to the allyl central carbon. 

To inhibit competitive nucleophilic addition to the unsaturated 
and highly electrophilic metal center, the sterically significant 
bis(pentamethylcyclopentadienyl) series was selected for this 
investigation. Two previous reports of cationic group IV met­
allocene allyl complexes have appeared, each involving allene 
insertion into zirconium hydride or alkyl bonds.7 Several 
alternative methods for the synthesis of cationic coordinatively 
unsaturated metallocene jj3-allyl complexes are included in this 
report. 

Unsolvated permethylzirconocene j;3-allyl cation (2)8'9 is 
prepared in high yield by either oxidative cleavage73'10 or 
protonolysis1' procedures, well-precedented methodology for the 
synthesis of related cationic alkyl zirconocene complexes (Scheme 
I). Oxidation of bis(allyl) complex I12 using 1,l'-dimethylfer-
rocenium tetraphenylborate7" in THF at -35 0C leads to the 
precipitation of cation 2, isolated as a red crystalline solid after 
trituration of the dimethylferrocene with toluene and crystalli-
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zation from CH2Cl2 layered with toluene at low temperature.13 

In contrast to the related 1,l'-dimethylzirconocene ?j3-allyl 
complex,73 tetrahydrofuran is not retained by the coordinatively 
unsaturated metal center. Neither the use of stronger oxidants, 
such as AgBPh4 or (CsHs)2Fe+BPh4", nor protonolysis of the 
bis(allyl) complex yields an appreciable quantity of the cationic 
allyl complex. In contrast, however, protonolysis of the "tuck-
in" allyl complex 48 using Et3NH+BPh4- in THF at low 
temperature provides complex 2 cleanly, after isolation and 
crystallization as above. Although the yields are similar, the 
oxidation of bis(allyl) complex 1 is preferable to the protonolysis 
route, which is both less direct and requires the separation of 
cationic complex 2 from residual ammonium salt. The NMR 
spectroscopic data for complex 2 are consistent with a fluxional 
allyl ligand at room temperature, with the allyl central proton 
resonance strongly deshielded and the terminal methylene signal 
broadened into the baseline. In CD2Cl2 at -77 0C, however, the 
allyl ligand is nearly static and clearly ^-coordinated. 

Nucleophilic addition to cationic allyl complex 2 proceeds 
regioselectively either to the metal or, as anticipated, to the allyl 
central carbon, depending on the steric profile of the nucleophile. 
Thus, addition of MeMgCl, MeLi, or allyl Grignard in THF at 
low temperature yields (C5Me5)2Zr(7;3-allyl)Me12 and bis(allyl) 
complex 1, respectively, in high yield, with no detectable 
zirconacyclobutane formation. 

Sterically significant nucleophiles, however, add regioselectively 
to the allyl central carbon (Scheme I). The addition of 
diphenylmethylpotassium8 or 1-phenylethylpotassium8 to a sus­
pension of cation 2 in THF at low temperature leads to the isolation 
of ^-substituted zirconacyclobutane complexes 58 and 6.8 No 
intermediates or substantial byproducts are observed when the 
reaction with 1-phenylethylpotassium in THF-rf8 is monitored 
by NMR spectroscopy at low temperature. At room temperature, 
however, deprotonation of the CsMes ligand becomes competitive, 
returning the "tuck-in" allyl complex 4 as a byproduct. The 
infrared and NMR spectroscopic data for the bright yellow 
complexes 5 and 6 are fully consistent with known zirconacy­
clobutane complexes.12'14 

Using benzylpotassium, a nucleophile of intermediate steric 
profile, a kinetic partitioning is observed, leading to mixtures of 
allyl benzyl complex 7 and /3-benzylzirconacyclobutane complex 
8.12 Although the allyl complex rearranges quantitatively to the 
zirconacyclobutane slowly above room temperature,12 the kinetic 
formation of zirconacyclobutane 8 has been established by 1H 
NMR spectroscopy in THF-^8 at -78 0C, a temperature at which 
the thermal rearrangement does not proceed. At low temperature, 
complexes 7 and 8 are formed in an approximately 1.5:1 ratio, 
shifting at higher temperature in favor of the metal adduct. With 

(8) Complete experimental, spectroscopic, and analytical data are included 
as supplementary material. 

(9) Partial data for complex 2: IR (CH2Cl2) 1580 (m, u'-allyl), 1480 (s, 
7)3-allyl) cm-'; 1H NMR (-77 0C, 300 MHz, CD2Cl2) d 7.73 (m, IH, H0), 
4.60 (br d, J = 14.7 Hz, 2H, H„), 2.09 (s, 15H, C5Me5), 2.05 (signal partially 
obscured, H5 2.05 (s, 15H, C5Me5);

 13C NMR (gated, -77 0C, 75 MHz, 
CD2Cl2) 5 160.7 (br d, J= 151.0 Hz, C0), 82.5 (td, / = 152.0, 6.0, C,). 

(10) See: Borkowsky, S. L.; Jordan, R. F.; Hinch, G. D. Organometallics 
1991, 10, 1268, and references therein. 

(11) (a) Bochmann, M.; Jagger, A. J.; Nicholls, J. C. Angew. Chem., Int. 
Ed. Engl. 1990, 29, 780. (b) Taube, R.; Krukowka, L. J. Organomet. Chem. 
1988, 347, C9. (c) Hlatky, G. G.; Turner, H. W.; Eckman, R. R. / . Am. 
Chem. Soc. 1989, / / / , 2728. Hlatky, G. G.; Turner, H. W.; Eckman, R. R. 
Organometallics 1992, ; / , 1413. (d) Eshuis, J. J. W.; Tan, Y. Y.; Teuben, 
J. H. J. MoI. Catal. 1990,62,277. (e) Amorose, D. M.; Lee, R. A.; Petersen, 
J. L. Organometallics 1991, 10, 2191. (f) Crowther, D. J.; Jordan, R. F.; 
Baenziger, N. C. J. Am. Chem. Soc 1991, 113, 1455. See also ref 10. 

(12) Tjaden, E. B.; Stryker, J. M. / . Am. Chem. Soc. 1993, 115, 2083. 
(13) Thermally stable but highly air- and moisture-sensitive complex 2 

decomposes over several hours in CH2Cl2 at 23 0C but is recrystallized without 
appreciable decomposition at -35 0C in CH2Cl2/toluene. 

(14) (a) Feldman, J.; Schrock, R. R. Prog. Inorg. Chem. 1991, 39, 1. (b) 
Tikkanen, W. R.; Liu, J. Z.; Egan, J. W.; Petersen, J. L. Organometallics 
1984, 3, 825. (c) Seetz, J. W. F. L.; Van de Heisteeg, B. J. J.; Schat, G.; 
Akkerman, O. S.; Bickelhaupt, F. / . MoI. Catal. 1985, 28, 71. 

0002-7863/93/1515-9814$04.00/0 © 1993 American Chemical Society 



Communications to the Editor 

Scheme I 

& 

J. Am. Chem. Soc, Vol. 115, No. 21, 1993 9815 

F ^ Cp' = C9H4I 

^ V " ^ 1 - ' 

Scheme II 

Pri MgCI 
/ THF, 6h 

/SjJL BPh/ -780C -»RT 

A ^ A 76% 

0"K* 

THF, 9h 
-78°C -» RT 

88% 

all three anions, the formation of either transient or persistent 
green solutions is observed, suggesting that electron transfer may 
be mechanistically relevant to the formation of intermediates 
and/or side products. 

In the titanium series, the unsaturated permethyltitanocene 
allyl cation (1O)8 is prepared by oxidation of the Ti(III) allyl 
complex 915 using the l,l'-dimethylferrocenium cation (eq I).16 

Cp'2Fe*BPh4-
THF, 12h 

-78°C -» RT 

Cp' = C5H4Me 
78% 

(D 

Complex 10, isolated by extraction into CH2Cl2 after trituration 
of the ferrocene with toluene, is purified by crystallization from 
CH2Cl2/toluene at -35 0C, giving dark purple crystals in 78% 
yield. As observed for zirconium, the use of stronger oxidants 
is not effective. In contrast to the zirconocene cation, the fluxional 
allyl ligand in complex 10 rigidifies to static ^-coordination at 
just -18 0C but is otherwise spectroscopically very similar.8 

Nucleophilic addition to the titanocene cation 10 proceeds 
regioselectively to the central allyl position (Scheme II). The 
smaller ionic radius and the lower electrophilicity associated with 
titanium mitigates competitive addition to the metal, giving 
titanacyclobutane complexes l l8 and 128 as exclusive products 
on addition of benzyl Grignard and the enolate of propiophenone, 
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respectively.17 In contrast to the zirconium series, the use of 
benzylpotassium returns an intractable product mixture con­
taining significant amounts of both titanacycle 11 and 1,2-
diphenylethane, the latter presumably arising from reduction at 
titanium and dimerization of benzyl radicals. Complexes 11 and 
12 are thermally stable and spectroscopically analogous to 
previously reported examples of this structural class.18 

Thus, highly reactive cationic permethylmetallocene jj3-allyl 
complexes undergo regioselective nucleophilic addition to the allyl 
central position, with addition to the unsaturated metal center 
observed only for nucleophiles of low steric demand in the sterically 
less shielded zirconocene series. Competitive addition to the allyl 
terminal position is not observed in this series, suggesting that 
pseudotetrahedral rj3-allyl complexes are, in general, strong 
candidates for kinetic central carbon alkylation, regardless of 
d-orbital occupancy.19 Although these results tend to support 
the dominance of molecular orbital control in determining the 
position of kinetic nucleophilic addition to ij3-allyl complexes, 
bonding in the early metal-allyl fragment may be significantly 
polarized, resulting in anionic character at the terminal allyl 
positions and consequent charge-controlled nucleophilic attack 
at the relatively electron deficient central position. 

A comprehensive investigation of the coordination chemistry 
and reactivity of cationic 7j3-allyl metallocene complexes20 and 
further investigation of metallacyclobutane formation and re­
activity in synthetically promising early metal systems are 
currently in progress. 
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