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Abstract-The dimethylmetallocenes Cp2Zr(‘3CH3)2, (MeSCp)2Zr(‘3CH3),, (indenyl), 
Zr( 13CH3)2, Me2Si(CSH4)2Zr(13CH3)z and Cp2Hf(13CH3)2 undergo degenerate methyl 
exchange with the methyl-acceptor materials Me,Al,, (MeAlO), and MeA1(2,6di-t- 
butyl-4_methylphenoxy),. Free energies, enthalpies and entropies of activation for these 
processes have been obtained in two solvents by 13C NMR. Increased steric hindrance at 
zirconium increases the free energy of activation. There appears not to be a correlation 
with electronic effects as assessed by gas phase appearance potentials for the (P - CH3)+ 
ions. 

The role of cationic, coordinatively unsaturated zir- 
conium(IV) compounds, as the active species in the 
catalytic polymerization of ethylene, has recently 
received considerable attention. 1,2 The cation 
Cp,ZrCH: is of special interest. In fluid solution, 
it may be generated by oxidation or protonation 
of Cp,ZrMe, but it has been characterized only 
in solvated form, for example, as Cp,ZrMe(S)+ 
(S = CH3CN or THF).la In the gas phase, suc- 
cessive detachment of methyl groups occurs upon 
electron impact ionization to afford Cp,ZrMe+ and 
Cp2Zr+.3 It is open to question whether Cp,ZrMe+ 
is stable in solution in the absence of coordinating 
solvents and if it is, whether it might not exhibit an 
agnostic Zr-H-CH2 interaction involving the CI- 
hydrogen on the methyl group.4 Previously, we 
reported that Cp,ZrMe, readily exchanges methyl 
groups with Me6A12 and that it reacts with 
(Me2A1Et)z in neat Me6A12 to form Cp,Zr&-CH3) 
(p-1,2-CH2CH2)A1Me2.’ We surmise that methyl 
exchange may proceed via an ionic intermediate as 
shown conceptually (i.e. complexation by solvent 
or by A12Me6 is neglected) in eq. (1) : 

Cp2ZrMe2+ Me,Al e Cp,ZrMe+AlMe; . (1) 

This equilibrium lies far to the left. In principle, eq. 
(1) is generally applicable to any Lewis acid capable 
of (formally) accepting a CH; group. In order to 
gain further understanding of the interaction of 
Cp,ZrMe, with such Lewis acids, we have under- 
taken a study of methyl exchange reactions with 
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dimethylzirconocene and related compounds with 
a series of methylaluminium reagents. 

RESULTS AND DISCUSSION 

Rates of methyl exchange in the systems reported 
here were studied in two ways ; Cp,Zr(’ 3CH3)2 was 
combined with the methylaluminium compound in 
toluene and diminution of the Zr-CH, signal was 
followed as a function of time by 13C NMR spec- 
troscopy. In some cases, equilibrium was reached 
in too short a time (< 5 min) for this technique to 
be useful. In these situations, rates usually could 
be obtained by total line-shape analysis of the 
Zr-CH, resonance which was exchange-broad- 
ened. The methylaluminium compounds were used 
in large excess, typically 10-20 fold (cf. Exper- 
imental), so that kinetics of the exchange reactions 
are pseudo-first order with respect to the zirconium 
compound. Toluene was selected as the least inter- 
active solvent capable of producing requisite 
concentrations of the reactants notwithstandiqg 
that it may weakly solvate three-coordinate alu- 
minium(II1) (Gde infru). In the context of eq. (l), 
we refer to Cp,ZrMe, and its congeners as methyl 
donors, and to Me3A1 and its congeners as methyl 
acceptors. This allows one to view methyl transfer 
processes in the framework of more generalized 
acid-base chemistry. The reactions studied are fully 
reversible and, in the kinetic experiments, no new 
products are detectable by NMR. 

The aluminium-containing methyl acceptors 
employed in this work are Me,AI,, MeAl(BHT), 
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(BHT = 2,6-di-t-butyl-4-methylphenoxy) and 
(MeAlO),. The first of these, Me6A12, exists pri- 
marily as a methyl-bridged dimer. Nevertheless, the 
energetics of bridge-terminal methyl exchange in 
the dimer are quite solvent-dependent, differing sig- 
nificantly even between cyclopentane and toluene. 
It is thought that toluene may behave as a n-base 
toward AlMe and thus lead to higher steady-state 
concentrations of solvated monomer.6 We believe 
that it is with monomeric, i.e. solvated, Me3Al that 
methyl exchange occurs and that the presence of 
three-coordinate altmrinium is necessary for this 
reaction (ride infru). For this reason, we refer below 
to Me3AI and express aluminium concentrations 
in terms of this monomer. Methylaluminoxane, 
(MeAlO),, is a substance produced by the con- 
trolled hydrolysis of Me6Al3. It is difficult to purify 
and characterize. Even today, its nature remains an 
enigma; it is not established whether it is a single 
substance or whether it has a static or a dynamic 
structure. However, acting with Cp,ZrMe,, it is a 
powerful if not unique, co-catalyst for the poly- 
merization of ethylene. ’ Its inclusion in this study 
is warranted on technological grounds alone. 
Methylaluminoxane represents a special case of 
methyl acceptor molecules in two regards. First, its 
reaction with Cp,ZrMe, in toluene leads to slow 
phase separation ; a denser, orange layer contains 
all the (MeAlO),. A kinetic study in such a het- 
erogeneous system is fraught with difficulty. Of the 
compounds studied, only Cp,HfMe3 remained 
homogeneous in toluene in the presence of 
(MeAlO),. Methyl exchange chemistry involving 
(MeAIO), was, therefore, examined in di- 
chloromethane. This choice of solvent limits the 
accessible temperature range so that only free 
energy data are available (vi& supra and Exper- 
imental). Second, (MeAlO), (unlike other organo- 
aluminium compounds studied) and Cp,ZrMe3 
undergo a non-equilibrium reaction that is much 
slower than the methyl exchange chemistry and 
which, therefore, does not affect the kinetic results. 
This reaction is still under investigation and will 
be described in detail elsewhere. Midway between 
Me3Al and (MeAlO), is MeAl(BHT),. The steric 
effects of the BHT groups prevent dimerization and 
this compound has been shown to be monomeric 
by X-ray crystallography (in the solid state)’ and 
*‘Al NMR spectroscopy (in solution).’ It is an 
uncommon and unambiguous example of a 
material containing three-coordinate aluminium 
for which reason it has been studied here. We con- 
sider, notwithstanding the ability of aryloxy groups 
to x-backbond, that it may be a heuristically useful 
model for (MeAlO), for it features a MeAl moiety 
bonded to two oxygen atoms. 

The dimethylmetallocene compounds employed 
include Cp2Zr(‘3CH3)2, (Me,Cp)2Zr(13CH3)2, 
(indenyl),Zr(’ 3CH3)2, Me2Si(C5H4)2Zr(‘3CH3)2, 
(Me3SiCp),Zr(‘3CH3)2 and Cp2Hf(‘3CH3)2. Using 
dimethylzirconocene as a reference point, the penta- 
methylcyclopentadienyl analogue is expected to be 
considerably more sterically hindered. Also, X-ray 
photoelectron spectroscopic studies indicate that 
the metal centre is much more electron-rich in this 
compound, perhaps approaching zirconium(III).‘O 
The q5-indenyl ligand can, optionally, “slip” or 
move laterally so that C9H7 becomes a four-elec- 
tron donor but in a < 16-electron system, it is more 
probable that the q5 structure is more stable and 
that the annelated benzo ring will be electron-with- 
drawing. I1 On the basis of a curious shielding of 
the C, (ipso) carbon atom in Me2Si(C5HJ2ZrC12 
(this shielding is also seen in the ZrMe2 analogue) as 
well as cyclic voltammetry results, it was concluded 
that the bridging Me,Si group is electron-with- 
drawing. ’ * Chemical and structural studies on 
[Me2Si(Me4C5)2ThH2]2 indicate that Me,Si ring 
chelation significantly opens the thorium co- 
ordination sphere and is associated with enhanced 
reactivity of Th-H and Th-C rr bonds lying in 
the equatorial girdle. I3 Thus, the structural modi- 
fications to Cp2ZrMe2 available in the series under 
study here can alter relative reactivity through 
either steric or electronic effects. We shall argue 
below that the former is more important. It is 
difficult to predict with confidence the relative re- 
activity of Cp,ZrMe, and Cp2HfMe2 towards a 
methyl acceptor. It has been noted that the metal- 
carbon c bonds in the latter are shortI and per- 
haps, therefore, more stable than in the zirconium 
analogue. 

The free energies, enthalpies and entropies of 
activation of reversible methyl exchange between 
these materials and Me3A1 (vide supra) and MeAl 
(BHT)* in toluene are shown in Table 1. All of 
the reactions exhibit large, negative entropies of 
activation. This indicates that the transition state 
has a substantial loss of translational and rotational 
freedom, consistent with the bimolecular nature of 
the reaction. 

The trends in free energies of activation reveal 
several correlations between reactivity and struc- 
ture. First, the relative order of strength of methyl 
acceptors decreases in the order (MeAlO), 
> Me,Al > MeAl(BHT),. This is in agreement 
with the expectation that two adjacent, electro- 
negative oxygen atoms will increase Lewis acidity, 
and with the finding that, based on ‘H NMR 
chemical shifts and changes in vCN in benzonitrile 
complexes, that (Me*Al)*O is a stronger Lewis 
acid than Me3Al.15 The alkoxide derivative MeAl 
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Table 1. Free energies,” enthalpies and entropies of activation of methyl exchange in 
tolueneb 

Methyl donor 

Cp,ZrMe, 

(Me$p),ZrMe, 

Methyl acceptor 
Me,Al, MeAl(BHT), 

AG’ 16.7 AGf 22.4 
AH’ 11 AH’ 5 

AS$ -21 ASf -59 

AGf 22.3 No exchange 
AH% 9 < 80°C 
ASf -46 

Me,Si(CSH,),ZrMe, AGf 14.3 
AHf 8 
AS’ -22 

AGf 21.5 at 22°C 

(indenyl),ZrMe, 

(Me$iCp),ZrMe, 

Cp,HfMe, 

c 

No exchange <81” 

AGf 20.4 
AHf 12 
AS* -30 

AGf 27.7 at 81°C 

AGt 27.7 at 81°C 

No exchange 

“At 22°C. 
b Free energies and enthalpies in kcal mol- ‘, entropies in cal K- ’ mol- ‘. 
‘Too slow for DNMR, too fast for kinetics; AG* = 17-19 kcal mol-’ at 22°C. 

(BHT)* is especially interesting. A,!? for methyl 
exchange is unusually large, -59 e.u., but AH’, 
5 kcal mol-‘, is quite small. We interpret these 
data as meaning that a large fraction of the free 
energy of activation goes towards twisting the 2,6- 
di-t-butyl-4-methylphenoxy groups so that the per- 
ipheral alkyl groups do not, as the transition state 
is approached, block access to aluminium. This alu- 
minium atom, being three-coordinate, is expected 
to be a powerful Lewis acid and accordingly, the 
activation enthalpy for transfer of a methyl group 
to it should be, and is, very low. 

Again using free energies of activation to illus- 
trate trends, methyl donor strength decreases in the 
order Me2Si(CSH&ZrMe2 > (indenyl),ZrMe, > 
Cp,HfMer > (MeJp),ZrMe,. 

Free energies of activation at 22°C for methyl 
exchange between some dimethylmetallocenes and 
(MeAIO), in dichloromethane are shown in Table 
2. In contrast to data for Me3Al in toluene, they are 
very similar, ranging from 13 to 15 kcal mol- ‘. 
We interpret this as a levelling effect; that is, the 
tendency of a very strong Lewis acid to make all 
bases appear to be of equal strength. This phenom- 
enon has been long recognized in proton donors 
and acceptors. I6 

With a weak methyl acceptor, solvent effects are 
manifest. It would be expected that going from 
toluene to the more polar solvent dichlorometh- 

Table 2. Free energies of activation for methyl exchange 
with (MeAlO), in dichloromethane at 22°C 

Compound AGf (kcal mol- ‘) 

Cp,ZrMe, 13.9 

(Me&p),ZrMe, 13.4 
(indenyl),ZrMe, 13.8 
Me,Si(CSH,),ZrMez 13.0 
Cp,HfMel 15.4 
(Me,SiCp),ZrMe, Irreversible reaction 

ane should accelerate methyl transfer between 
Cp,ZrMe, and MeAl(BHT), if the transition state 
involved appreciable charge separation ; otherwise, 
the solvent change should have minimal effect. In 
fact, the exchange rate in CHzClz is immeasurably 
slow. We suggest that this striking change is due to 
weak complexation between MeAl(BHT), and the 
lone electron pairs on chlorine in CH2C12. Organo- 
metallic complexes containing halocarbon donors 
are now well known. I7 Solvent effects exhibited by 
the stronger methyl acceptor (MeAlO), are much 
less pronounced. For Cp,HfMe,, AGf at 22°C is 
15.3 kcal mol- ’ (AHt = 7 kcal mol- ‘, AS* = - 29 
e.u.) in toluene and 15.4 kcal mol- ’ in dichloro- 
methane. 
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In order to help estimate the relative roles of 
steric and electronic effects in these methyl exchange 
processes, we have measured the gas phase appear- 
ance potentials for ions formed by loss of CH; 
from dimethylmetallocenes as illustrated in eq. (2) : 

Cp,ZrMe, + Cp,ZrMe+ + CH; . (2) 

This was carried out in a mass spectrometric exper- 
iment by plotting the integral of the (P- CH,)+ ion 
as a function of ionizing voltage and extrapolating 
the linear portion of the curve to zero intensity, at 
which point the intercept is the appearance poten- 
tial. The reaction in eq. (2) can be viewed as pro- 
ceeding in several steps. These are (1) homolytic 
cleavage of a Zr-CH, bond, (2) ionization of the 
resulting Cp,ZrCH; radical and (3) electron cap- 
ture by CH;. If it is assumed that, in the group 
of structurally similar compounds studied, the 
Zr-CH 3 bond dissociation energies are essentially 
constant, then trends in these appearance potentials 
reflect relative stabilities of the (P - CH 3)+ ion, that 
is, the ability of a Cp,ZrR group to support a posi- 
tive charge. Typical data for Me2Si(CSH.&ZrMe2 
are shown in Fig. 1 and appearance potentials are 
collected in Table 3. Their estimated uncertainties 
are &- 0.15 eV. In the zirconium compounds, there 
is no apparent correlation between appearance 
potentials for (P - CH 3)+ and free energies of acti- 
vation for methyl exchange. (MeSCp)tZrMez 
should, because of the electron-releasing effect of 
the 10 ring-methyl groups, form a more stable 
(P - CH3)+ ion than Cp,ZrMe*, lo and this ion does 
have, accordingly, a 0.5 eV lower appearance poten- 
tial. But in fact, (Me$p),ZrMe2 undergoes methyl 
exchange with both Me3Al and MeAl(BHT), more 
slowly than does Cp,ZrMez. As noted above, 
(MeSCp),ZrMez is sterically more hindered than 
Cp,ZrMez and Me2Si(CSH&ZrMe2 less so, and 
this is reflected in values of AGt for methyl 

-12 -10 43 4 4 -2 0 
IONIZING VOUAGE, eV 

Fig. 1. Plot of integrated ion current of (P-13CH3)+ from 
(“CH3)$i(C,H,),Zr(“CH3), vs ionizing voltage. 

Table 3. Gas phase appearance potentials for (P-CH,)+ 
ions and metal-carbon stretching frequencies 

Compound VM-C (as> “M-C 6) &pp 
(precursor) (cm- ‘) (cm ‘) (ev) 

Cp,ZrMe, 462 422 8.5f0.15 

(MeKp),ZrMe, 458 427 8.0 
Me,Si(CsH,),ZrMez 458 Not resolved 8.1 
(indenyl),ZrMe, 464 439 8.1 
(Me,SiCp),ZrMe, 462 Not resolved 6.9 
Cp,HfMe, 470 441 6.9 

exchange. Conspicuous is (Me,SiCp),ZrMe+ 
which has a quite low appearance potential, yet 
(Me,SiCp),ZrMe,, which contains two large, bulky 
trimethylsilyl groups, has a large AGt for exchange 
with MeAl(BHT),. This raises the question of 
whether this ion might not be stabilized in the gas 
phase by intramolecular Zr-H-C agnostic inter- 
actions. We believe that the major determinant of 
methyl donor ability of a dimethyl zirconium metal- 
locene is comprised of steric effects. The hafnium 
compound Cp,HfMez forms a (P-CH3)+ ion with 
a lower appearance potential than any of the zir- 
conium compounds studied, except (MeJSiCp)z 
ZrMe*, yet it exchanges more slowly. This may 
be associated with a higher Hf--CH3 bond energy 
noted above. In qualitative agreement with this, 
we find that the asymmetrical and symmetrical 
M-CH, stretching frequencies in Cp,MMe* are 
462 and 422 cm- ‘, respectively (M = Zr) ; and 470 
and 441 cm-’ (M = Hf), cf. Table 3. 

What chemical and structural features of alu- 
minium are needed to observe rapid methyl ex- 
change? The issue of reactivity and solvation of 
MesAl has been mentioned above. Aluminium 
compounds in which four-coordination is main- 
tained by strong bridge bonds, e.g. (EtzA10Et)2 
and {[N(CH2CH20)s]A1,Me,},‘g are unreactive 
toward Cp,ZrMe2. In contrast, methyl exchange 
does occur in compounds in which aluminium 
participates in weak bridge bonds, e.g. (Me2A1C1)2 
(Cp,ZrC12 is produced) or where dissociation of 
an ancillary ligand is possible, e.g. Me*Al(BHT)* 
PMe3.’ We therefore suggest that three-coord- 
inate aluminium acts as a methyl acceptor with 
Cp,ZrMe* and its analogues. 

Another way of assessing electronic effects, one 
that leads to the same general conclusions, is X-ray 
photoelectron spectroscopy (XPS). lo Here, chloro- 
rather than methylzirconocenes were studied 
because the former are less volatile and less sus- 
ceptible to air oxidation. We consider it probable 
that zirconium core levels in the two types of 
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compounds would parallel one another. The 
Zr(3dsi2, 3d,,,) binding energies in Cp,ZrClz, Me2 
Si(C5HJ2ZrC12 and (Me,SiCp),ZrCl, are 182.0, 
184.4; 182.7, 185.1 ; and 181.8, 184.1 fO.l eV, 
respectively. This is consistent with the NMR 
data which indicate that introduction of a MezSi 
bridge into Cp,ZrC12 reduces electron density at the 
metal centre. l2 The electron-releasing effect of the 
MeSi group as assessed by XPS is almost insig- 
nificant. The C1(2p& binding energies in the same 
series of compounds, 199.0, 199.7 and 198.5 eV, 
parallel the zirconium core energies. Again, if elec- 
tronic effects contributed significantly to activation 
energies for methyl exchange, it would be difficult 
to explain why (Me,SiCp),ZrMe, exchanges as 
slowly as it does. 

We have also investigated by NMR the reactions 
of Cp,ZrMe2 with other, potential, Group III 
acceptor compounds. No alkyl exchange is 
observed with Me,Ga or Et3B. Reasoning that sub- 
stitution of alkyl by alkoxy on boron might increase 
methyl acceptor strength, Et,BOMe was examined, 
but another reaction, methyl-methoxy exchange, 
eq. (3), supervenes. It is calculated to be exothermic 
by 44 kcal mol-‘.18 

Cp,ZrMe,+2Et2BOMe 

+ Cp,Zr(OMe), + 2EtzBMe. (3) 

The product Et,BMe may be recognized by its ’ ‘B 
chemical shift, 86 ppm;20 Cp2Zr(OMe)221 has 613C 
61.3, 111.9 and 6”Zr -447 ppm (w/2 6500 Hz at 
55°C). In neat Et,BOMe, the kinetics of the above 
reaction are pseudo first-order in Cp,ZrMe, and 
k = 1.5x low4 min-’ at 22°C; AH* = 15 kcal 
mol- ’ and AS* = - 33 e.u. This exchange reaction 
involves as an intermediate Cp,Zr(OMe)Me which 
can be recognized by its NMR spectra: 6’H 5.77, 
3.65 (OMe), 0.23 (Zr-CH,); 613C 111.9, 63.3 
(OMe), 19.0 (Zr-Me); 6”Zr- 127 (w/2 2500 Hz). 
Cleavage of B-O bonds by Cp,ZrMe, appears 
to be a general reaction and also occurs with 
(CsH14B)20, (MeBO), and (CF3S03)3B. It emerges 
that Cp,Zr(OMe), undergoes facile exchange of 
methoxy groups with Et,BOMe. In neat Et,BOMe, 
i.e. under pseudo-first order conditions, thermo- 
dynamic parameters determined by r3C DNMR 
spectroscopy are AHt = 7 kcal mol- ’ and 
ASf = -21 e.u. 

Dimethylzirconium and -hafnium metallocenes 
are thus seen to undergo facile exchange of alkyl 
groups with methylaluminium reagents. 22 This 
exchange is general in that other (for example ethyl- 
aluminium) compounds may be used, but in this 
case the products are unstable because Cp2ZrR2, in 
which the R group has a-hydrogens, undergoes /I- 

elimination to form olefin and numinous zirconium 
hydrides. A survey of the kinetics of degenerate 
methyl exchange reactions indicates that steric 
effects are important determinants of the free energy 
of activation relative to electronic effects. We sug- 
gest that, according to Hammond’s postulate, the 
transition states in the endothermic equilibrium 
reactions of the type depicted in eq. (1) lie close 
along the reaction coordinate to the products. If we 
assume that a linear free energy relationship of 
the Brijnsted type obtains (a reasonable postulate 
given the deliberately narrow structural range of 
the compounds studied), then the activation par- 
ameters for methyl exchange can provide insight 
into the effects of modification of the metallocene 
ligand set, as well as the choice of Lewis acid, on 
the position of the equilibrium depicted in eq. (1). 
This in turn may reflect the relative amounts of 
catalytically active metallocene cations formed in 
these systems. 

EXPERIMENTAL 

‘H, ’ ‘B, 13C and “Zr NMR spectra were 
recorded on a Varian XL-400 instrument, with 
a ‘H/multinuclear switchable probe, whose ‘H 
operating frequency is 400 MHz. External neat 
BF3 - 0Et2, (CH3)4Si in CDC13 and 1 M Cp2ZrBr2 
in THF were used as references with positive shifts 
being to lower field. Appearance potential measure- 
ments were made using a Nicolet model 2000 
Fourier transform mass spectrometer and asso- 
ciated software. In some cases [(Me,Cp)2ZrMe2, 
Me2Si(CSH4)2ZrMe2] the Zr-13CH3 derivatives 
were used to ensure that ions actually derived 
from the loss of the Zr-Me group were observed. 
Integrals of the “Zr isotopomers were measured. 
Because no significant ion current at 1 mass unit 
lower was seen, one can be confident that the ions 
observed were not due to loss of 12CH3 from the 
“Zr isotopomer. In the case of (Me,Cp),ZrMe,, 
the (P - 2CH3)+ ion cluster appears to contain ions 
from loss of ring-methyl groups. 

X-ray photoelectron spectra were obtained on a 
Surface Science Laboratories SSX-100-l instru- 
ment using monochromatic Al-K,, z radiation. For 
high resolution spectra, the concentric hemispheri- 
cal analyser was operated at 25 eV pass energy. The 
binding energy scale is such that the A~(4f?,~) 
photoelectron line occurs at 83.96 f 0.1 eV and the 
difference between the Cu(2p3,J and 3s photo- 
electron lines is 810.0 f 0.1 eV. The C(ls) spectra 
showed only one component and, for charge 
referencing purposes, it is assigned an energy of 
285.0 eV.23 

The solvents toluene and 1,2_dimethoxyethane, 
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methylcyclohexane yielded 6.2 g (48%) pure pro- 
duct. Found : C, 43.7 ; H, 5.9. Calc. C, 44.0 ; H, 

6.0%. Mass spectrum (11 eV) : 436 (P’), 421 
(P-cl+). 

New NMR data for zirconium metallocenes are 
listed below : MezSi(CSH4)2ZrMe2 : ‘H : 0.17 
(SiCH& 0.14 (ZrCH,), 5.39 (m), 6.65 (m). 13C: 
120.9, 112.5 (Cp), 101.3 (Cipso), 30.0 (Zr-CH,), 
-5.30 (Si-CH3). 9’Zr: 440 (w/2 8100 Hz) 
(toluene-d,). (C9H7)2ZrC12 : 13C : 127.3 (C3a,7a), 
126.7, 125.6 (C,,), 122.2 (C,), 104.4 (C,,,) 
(CD&I,). (C9H7)2ZrMe2 : 13C : 125.1 (C,,), 124.5 

(C,,), 124.2 (C3a,,a), 115.0 (C,), 100.0 (Cl,,>, 35.8 

(ZrCH,). “Zr: 500 (w/2 2500 Hz) (toluene-ds). 
(Me,SiCp),ZrC12 : ‘H: 6.39, 5.94 (Cp), 0.32 
(SiCH3). 13C: 126.3 (C&), 126.0, 115.3 (Cp), 0.06 
(SiCH3). 9’Zr: -85 (w/2 . 1300 Hz) (C,D,). 
(Me3SiCp),ZrMe,: ‘H: 6.07, 5.93 (Cp), 0.18 
(SiCH3), -0.16 (ZrCH3). 13C : 119.3 (C,,), 118.2, 
113.5 (Cp), 31.0 (ZrCH,), 0.36 (SKI-I,). 9’Zr: 420 
(w/2 3600 Hz) (toluene-ds). 

Acknowledgements-We are grateful to members of the 
3M Analytical and Properties Research Laboratory for 
physical data, John Babin for the IR spectra, Dr G. A. 
Korba for the XPS data and to Dr G. V. D. Tiers for 
helpful discussions. 

1. 

2. 

3. 

4. 

5. 
6. 

7. 

REFERENCES 

(a) R. F. Jordan, J. Chem. Ed. 1988,65,295 ; (b) R. 
F. Jordan, C. S. Bajgur, R. Willett and B. Scott, J. 
Am. Chem. Sot. 1986, 108, 7410; (c) R. F. Jordan, 
R. E. LaPointe, C. S. Bajgur, S. F. Echols and R. 
Willett, J. Am. Chem. Sot. 1987, 109, 4111; (d) R. 
F. Jordan and S. F. Echols, Inorg. Chem. 1987, 26, 

383; (e) R. F. Jordan, C. S. Bajgur, W. E. Dasher 
and A. L. Rheingold, Organometallics 1987,6, 1041 ; 
(f) R. F. Jordan, W. E. Dasher and S. F. Echols, J. 
Am. Chem. Sot. 1986, 108, 1718 ; (g) A. R. Siedle, 
R. A. Newmark and W. B. Gleason, submitted for 
publication. 
P. G. Gassman and M. R. Callstrom, J. Am. Chem. 
Sot. 1987,109,7875. 
C. S. Christ and D. E. Richardson, J. Am. Chem. 

Sot. 1988,110,4038. 
(a) M. Brookhart, M. L. H. Green and L.-L. Wong, 
Prog. Znorg. Chem. 1988,36,1; (b) cf. (Me,Cp),ScR: 
M. E. Thompson, S. M. Baxler, A. Bulls, B. J. 
Burger, M. C. Nolan, B. D. Santarsiero, W. P. Shafer 
and J. E. Bercaw, J. Am. Chem. Sot. 1987,109,203. 
A. R. Siedle and R. A. Newmark, submitted. 
J. J. Eisch, Comprehensive Organometallic Chemistry 
(Edited by G. Wilkinson, F. G. A. Stone and E. W. 
Abel), Vol. 1, p. 593. Pergamon Press, New York 
(1982). 
(a) W. Kaminsky and H. Hahnsen, U.S. Pat. 
4,544,762 ; (b) W. Kaminsky and M. Miri, J. Polym. 
Sci. Polym. Chem. Ed. 1985,23,2151; (c)W. Kamin- 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

sky, K. Kulper, H.-H. Brintzinger and F. R. W. P. 
Wild, Angew. Chem. Int. Ed. 1985, 24, 507; (d) H. 
Sinn and W. Kaminsky, Angew. Chem. Znt. Ed. 1985, 

19, 390. 
M. D. Healey, D. A. Wierda and A. R. Barron, 
Organometallics 1988,7,2543. 
A. R. Siedle and R. A. Newmark, manuscript in 
preparation. 
P. G. Gassman, D. W. Macomber and J. W. Hersh- 
berger, Organometallics 1983, 2, 1470. 
(a) This is supported by the much greater reactivity 
of (C9H,),ZrCl, towards water (but not aqueous 
HCl) than Cp,ZrCl,; (b) J. W. Faller, R. H. Crabtree 
and A. H. Habib, Organometallics 1985, 4, 929; 

(c) J. L. Atwood, W. E. Hunter, D. C. Hrcir, E. 
Samuel, H. Alt and M. D. Rausch, Znorg. Chem. 

1975,14, 1757. 
C. S. Bajgur. W. R. Tikkanen and J. L. Peterson, 
Inorg. Chem. 1985,24,2539. 
C. M. Fendrick, L. D. Schertz, V. W. Day and T. J. 
Marks, Organometallics 1988, 7, 1828. 
W. E. Hunter, D. C. Hmcir, R. V. Bynum, R. A. 
Pentilla and J. L. Atwood, OrganometaNics 1983, 2, 

750. 
S. Pasynkiewicz, M. Boleslawski and A. Sadowik, J. 
Organomet. Chem. 1976,113,303. 

J. Hine, Physical Organic Chemistry, p. 48. McGraw- 
Hill, New York (1956). 
(a) R. J. Kulawiec and R. H. Crabtree, Organo- 

metallics 1988, 7, 1891 and refs cited therein; (b) T. 
D. Newbound, M. R. Colsman, M. M. Miller, G. P. 
Wulfsberg, 0. P. Anderson and S. H. Strauss, J. 

Am. Chem. Sot. 1989, 111, 3762; (c) An extreme 
example is the reaction of CH,Cl, with SbF, which 
produces [(ClCH2)2-~-Cl][Sb2F,0Cl]. G. A. Olah, A. 
Wu and 0. Farooq, J. Org. Chem. 1989,54, 1463. 
Calculated using the following bond dissociation 
energies (kcal mol-‘): E-CH3 = 132 [E. L. Muet- 
terties, The Chemistry of Boron and Its Compounds, 

p. 13. Wiley, New York]; B-OCH, = 118 [D. C. 
Bradley, R. C. Mehrotra and D. P. Gaur, Metal 

AZkoxides, p. 54. Academic Press, New York (1978) ; 
Zr--CH3 = 74 and Zr--OCH3 = 132 [M. F. 
Lappert, D. S. Patil and J. B. Pedley, J. Chem. Sot., 

Chem. Commun. 1975,830]. 
M. D. Healy and A. R. Barron, J. Am. Chem. Sot. 
1989,111,398. 
E. J. Stampf and J. Odom, J. Organomet. Chem. 

1977,131,171. 
D. R. Gray and C. H. Brubaker Jr, Znorg. Chem. 

1971,10,2143. 
Simple exchange of alkyl groups between zirconium 
and aluminium has apparently not been reported. 
Exchange of Zr-Cl and Al--C*H, is known, cf. H. 
Sinn and G. Opperman, Angew. Chem. Znt. Ed. 1966, 
5, 962 and W. Kaminsky and H.-J. Vollmer, Ann. 
Chem. 1975, 438. In contrast, benzyl exchange has 
been reported not to occur on the NMR time scale 
in the red 1: 1 complex of (PhCH,),Zr and 
(PhCH,),Al : U. Zucchini, E. Albizzati and U. Gian- 
ini, J. Organomet. Chem. 1971,26, 357. 



308 A. R. SIEDLE et al. 

23. A. R. Siedle, R. A. Newmark, G. A. Korba, L. H. 26. E. Samuel and M. D. Rausch, J. Am. Chem. Sot. 
Pignolet and P. D. Boyle, Znorg. Chem. 1988, 27, 1973,95,6263. 
1593. 27. E. Samuel, J. Organomet. Chem. 1965, 4, 156. 

24. A. L. van Geet, Analyt. Chem. 1971,43,679. 28. M. F. Lappert, C. J. Pickett, P. I. Riley and P. I. W. 
25. W. Fenzel and R. Koster, Znorg. Synth. 1983, 22, Yarrow, J. Chem. SOL, Dalton Trans. 1981, 805. 

190. 


