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â-Hydrogen eliminations/abstractions within neutral and cationic
zirconium d0 dialkyl and alkyl complexes, respectively, play
fundamental roles in a number of important chemical transforma-
tions that include the: (1) Ziegler-Natta polymerization of
R-olefins,1 (2) hydrozirconation of terminal and internal olefins,2

and (3) metal-mediated cyclization ofR,ω-nonconjugated enynes
and diynes.3 Accordingly, an elucidation of the steric and electronic
factors that can be used to controlâ-hydrogen eliminations/
abstractions is of paramount importance for the continued evolution
of these, and possibly yet-to-be-discovered, synthetic methods.4

Unfortunately, due to the generally low thermal stability of
zirconium complexes bearing alkyl substituents withâ-hydrogens,
such information has been difficult and slow to come by. Herein,
we now report the series of titled compounds,1-8, that are
remarkably resistant toâ-hydrogen eliminations/abstractions, in-
cluding thetert-butyl derivatives3 and4, the former of which is
stable in solution to temperatures of at least 100°C. We further
document two striking examples of an apparent preference for
alternative hydrogen atom abstractions in which complexes1 and
7/8 that bear isomeric dibutyl substituents are transformed at
elevated temperatures to complexes9 and10/11 that contain the
isomeric butadiene and trimethylenemethane (TMM) C4 fragments,
respectively, according to Scheme 1.

Compounds1-8 were prepared by conventional methods using
the dichlorides12-14 (R3 ) R4 ) Cl in 1, 2, and8, respectively)
and either an alkyllithium or an alkyl Grignard reagent as the
alkylating reagent.5 In every instance, except for2 and 8, the
crystallinity of the product allowed for analytically pure material
to be obtained through recrystallization at-30 °C. This same
crystallinity also allowed each compound to be structurally
characterized by single-crystal X-ray analysis, and Figure 1 displays
a subset of these structures that serves to highlight two of the
different alkyl group classes (i.e.,n-butyl, iso-butyl, andtert- butyl).5

In all of these structures, noR-, â-, or γ- hydrogen agostic

interactions of the butyl substituents with the zirconium center are
observed in the solid state.6 For compounds3 and 4, strong
nonbonded steric interactions between the ligands are manifested
as a substantial tilting of thetert-butyl group away from theη5-
C5Me5 ring as indicated by the reduced Zr(1)-C(25)-C(27) bond
angle of 92.6(2)° in 3 and a corresponding value of 96.73(15)° for
4.5 Not surprisingly, variable temperature1H NMR (500 MHz,
toluene-d8) studies also revealed the existence of a substantial barrier
to rotation about the zirconium-carbon bond of thetert-butyl group
as evidenced by three distinct methyl resonances being observed
for this substituent in the slow exchange limit spectra recorded at
213 K (Tcoal ) 298 and 238 K for3 and4, respectively).5

All the compounds1-8 share the interesting property of being
moderately to extremely robust in solution, thereby establishing
the η5-C5Me5/acetamidinate ligand set as one of the few geo-
metrically unconstrained environments that have been found to
impart such stability to alkyl zirconium complexes bearing
â-hydrogens.4a,b,jOf particular interest are thetert-butyl complexes,
3 and4, that do not isomerize at elevated temperatures in solution
to the correspondingiso-butyl derivatives.4k,7 Indeed, compound3
resists both isomerization and decomposition up to temperatures
of 100 °C in toluene. Finally,C1-symmetric3 and4, and the less
hinderediso-butyl bromide derivative,5 [t1/2(dec) ) 365 min at
50 °C], were all found to be configurationally stable at zirconium
on the NMR time frame even at elevated temperatures. Regarding
the origin of the unexpected thermal stability of3-5, it is known
that steric congestion within the ligand sphere of a complex can
retardâ-hydrogen abstraction/elimination of alkyl substituents.8,9

It is also known that in zirconocenes, the order of stability is: Cp2-
ZrRCl > Cp2ZrRR or Cp2ZrRH (Cp ) η5-C5H5).7b We were
surprised to find, however, that even the di(n-butyl) compounds1
and2 are moderately stable in solution, with similar half-lives of
∼48 h at 30°C. Further, the mixed methyl,iso-butyl complex6
(prepared from5 using methyllithium) and the di(iso-butyl)
derivative7 are even more robust in solution with the latter having
a t1/2(dec) value of 107 min at 50°C. This increase in stability of* To whom correspondence should be addressed. E-mail: ls214@umail.umd.edu.

Scheme 1

Figure 1. Molecular structures (30% thermal ellipsoids) of (a)1 and (b)
3. Hydrogen atoms have been removed for the sake of clarity.
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the iso-butyl over that of then-butyl compounds may be due, along
with steric considerations, to the known trend inâ-hydrogen stability
of alkyl substituents whereâ-methine> â-methylene> â-methyl.4c

With the di(n-butyl) compounds1 and 2 in hand, we were
interested in determining whether they could shed any additional
light on the still unsettled mechanism by which Negishi’s in situ-
formed Cp2Zr(n-Bu)2 reagent produces Zr(II) products that can
engage in cyclization reactions.3,10 Thus, the first-order decomposi-
tion of 1 was followed by1H NMR (toluene-d8) in a flame-sealed
tube at 50°C with the quite unexpected result that it was observed
to cleanly convert to the zirconacyclopentene9 as the final product.
Figure 2a presents the molecular structure of9 as derived from a
single-crystal X-ray analysis, and in this structure, the observed
geometrical parameters are indicative that it is best represented as
being a Zr(IV) metallacyclopentene of theσ2, π-type.5,11Regarding
a possible mechanism for its formation, we note that the addition
of reagents that can potentially trap Zr(II) intermediates, such as
alkynes, dienes, or PMe3,3,12 had no apparent effect on either the
rate or the nature of the end product of this process. We have further
never observed the production of free 1-butene under any condi-
tions. On the other hand, growth of a singlet centered at 4.5 ppm
was observed in the NMR spectrum that can be confidently assigned
to the resonance for dihydrogen.9b,c On the basis of these facts, we
suggest that formation of9 proceeds through a mechanism that is
based largely on that presented by Harrod and co-workers10b for
the decomposition of Cp2Zr(n-Bu)2. Thus, as depicted in eq 1

a zirconacyclobutane intermediate (A) is first formed through
γ-hydrogen abstraction and this subsequently undergoes deinsertion
to produce an allyl hydride (B) that may then undergo direct
hydrogen abstraction by the hydride to generate dihydrogen and
9.13 Intriguingly, during attempts to purify the di(iso-butyl) deriva-
tive 8 through crystallization, its solution in toluene became deep
red in color, and X-ray analysis of the red crystalline material that
was obtained upon cooling to-30 °C revealed it to be the TMM
derivative10 (see Figure 2b). Once more, the observed bond lengths
of 10 are consistent with aσ2, π-type of bonding interaction of the
TMM moiety with the metal center.14 In solution, however, a1H
NMR spectrum revealed that all three CH2 centers of the TMM

ligand are equivalent at 25°C, thereby presenting evidence for a
facile dynamic process that serves to “rotate” the TMM fragment
about the Zr(1)-C(19) “bond”. With the identity of10established,
a reinvestigation of the thermolysis of7 revealed that it too produced
the corresponding TMM derivative11 that possesses a TMM-
bonding pattern similar to that of10 as revealed by single-crystal
X-ray analysis.5 Mechanistically, however, the pathway for de-
composition of7/8 appears to be quite different than that for1 in
that, while being first-order under identical conditions, the produc-
tion of dihydrogen is never observed, generating instead only
isobutane and a relatively small amount of isobutylene. Further, in
both cases,10 and11 are not the final products of thermolysis, but
rather, after reaching a maximum concentration, they are subse-
quently consumed with time through an as-of-yet unidentified
process. Studies to further clarify and confirm the nature of these
decomposition pathways are currently in progress.
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Figure 2. Molecular structures (30% thermal ellipsoids) of (a)9 and (b)
10. Hydrogen atoms have been removed for the sake of clarity.
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