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There has in recent years been considerable research into the In a typical experiment GZrMe(u-Me)B(CsFs)s, generated by
use of metallocene catalysts of the type f@yMe]* for propene reacting CpZrMe; with 1.1 equiv of B(GFs)s, was reacted with
polymerization} and it is generally accepted that initiation and 1.5 equiv of 2,4-dimethyl-1-pentene iR@sCl at 21°C; the reaction
propagation involve alkene coordination to the vacant site to give was monitored byH NMR spectroscopy over several hours. During
[Cp2Zr(Me)(n?-propene)i. Following a series of 1,2-insertions, the course of the reaction, which was slow, there appeared a singlet
chain transfer followg-hydrogen migration to release a polymer at 6 0.25 (attributable to methane) and a series of exchange-

with a terminal vinylidene end group (eq 1). broadened resonances tentatively attributable to the [BMe$F
. . salt of the allylic compleXA. In order to better identify this product,
CpZZrWP - CpZi—H + NY™P (1) the sample was cooled to @C where an improvedH NMR

spectrum facilitated the identification 8f (see Supporting Informa-
However, attempts are still being made to detect and characterizetion [SI]).
alkyl alkene intermediates of the type [&Zp(Me)(p2-alkene)T,
which are generally quite short-lived because of their pronounced

proclivity to undergo insertion and which therefore have never been 2

observed.Indeed, the only ¥izirconocene-alkene complexes which % Y

are known are chelated complexes in which the coordinated alkene CH,CHMe;

is also tethered to the metal via a heteroatérhand the complexes A

[Cp2Zr(CgFs)(alkene)] and [CpZr(OBuU)(alkene)l (alkene =

1-alkenes, allyltrimethylsilane, vinylferrocertert-butyl vinyl ether) In two complementary but much more rapid NMR experiments
in which migratory insertion cannot occtfrf [Cp2Zr(Me)(CsDsCl)][B(CeFs)4], generated in ¢DsCl by reacting

There is also considerable interest in related observations thatCp,ZrMe, with 1.1 equiv of [PRC][B(C¢Fs)4],62was combined with
some propene polymerization processes are affected adversely byl.5 equiv of 2,4-dimethyl-1-pentene at 0 and°ZL Both experi-
slow degradation of catalysts to dormant species. It is thought that ments were complete within 10 min, the resonances of the reactants
active catalysts can convert to unreactive allylic species of the type being replaced smoothly by those of methane and thedBj&~
[CpoZr(;73-allyl)] * via transfer of a methyl hydrogen atom from a  salt ofA. Similar results were obtained during the course of (much
coordinated propene to a polymeryl or hydride ligénalterna- slower) NMR experiments run at40 °C (see Figure S1 of the SI
tively, compounds of the type [GArMe]* are found to react slowly for a representative spectrum). Interestingly, at the lower temper-
with vinylidene compounds Ci+CMeR to form methane and  ature a very weak, broad resonance at3.5 appeared during the
cationic allylic complexes [GZr(i73-CH,C(R)CH,)]*,2d4and it has first few minutes of the reaction (shown as an inset in Figure S1),
been suggested that polypropene-containing vinylidene end groupsbut because it was one of several minor, seemingly extraneous
CH,=CMe~P (P= polymeryl) (eq 1) may react in the same way resonances which could not readily be assigned, it was ignored until
(eq 2) rather than just behaving as spectators of the polymerizationa 2D NOESY spectrum was also run -a#0 °C as part of the

procesgce structural study of the allylic product. In this spectrum (SI, Figure
p c S2), the resonance &t~3.5 was observed to exhibit cross-peaks
CopZi—Me +)\ -CH, szzfﬁ( @) with the two olefinic resonances of unreacted 2,4-dimethyl-1-

b pentene ab 4.82 and 4.75. The phase of these cross-peaks was

confirmed in a series of complementary 1D NOESY experiments
As part of an ongoing study of the nature of dormant species (Figure S3 shows a representative example) and aay be
during alkene polymerization processesye are investigating interpreted in terms of exchange between free alkene and the species
reactions of [CpZrMe]* with, e.g., 2,4-dimethyl-1-pentene, a model  giving rise to the resonance at~3.57 Thus, the latter must be
compound for propene macromonomers containing vinylidene end attributed to the pair of hydrogens on C(1) of a coordinated 2,4-
groups. We report here that [eZyMe]" does indeed react with  dimethyl-1-pentene molecule in a zirconium complex of some kind.
2,4-dimethyl-1-pentene to form methane and an allyl complex-[Cp Although we cannot as yet identify unambiguously the new
Zr(n3-CH,C(CH,CHMe,)CHy)]*, but the reaction involves the  alkene complex, several lines of evidence suggest that it is the highly
unprecedentedy’-vinylidene or nearp!-vinylidene intermediate novel species [CZr(Me)(CH,=CMeCH,CHMe,)]* (B). For in-
[Cp2Zr(Me)(n*-CH,CMeCH,CHMe,)] ", detected by low-temper-  stance, NMR monitoring of the reaction showed that the peak at
ature one- and two-dimensional (1D and 2B)NMR spectroscopy. ~3.5 was present from the onset, attaining a maximum, albeit very

As an unanticipated corollary, the existence of tevinylidene low, level of intensity (2-5% of that of the total alkene) during
complex suggests an alternative and possibly general route to allylicthe first few minutes of the reaction. However, as the resonances
species, one which has not heretofore been considered. of [Cp.Zr(Me)(CsDsCI)]+ and 2,4-dimethyl-1-pentene were replaced
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over 2 h bythose of A and methane, the resonancedat-3.5

steadily decreased in intensity until it was barely visible above the

baseline. Thus, the species giving rise to the resonanée~&5
behaves as an intermediate in the formatioptonsistent with

its identification adB. Apparent support for this conclusion comes
also from observation in the 2D NOESY spectrum (Figure S4) of
a cross-peak between the-Zvle resonance of [CZr(Me)(CsDs-
CDh][B(CeFs)4] at 0 0.63 with a very weak resonance éat~0.25
which is attributable to the ZMe group of B][B(CeFs)4)- As [B]-

[B(CgFs)4] was present in very low concentrations, its Cp resonance
could not be distinguished among the several very weak singlets

present in the regiow 5.6—6.0 (Figure S1). As a result of the
very low intensities of the resonancesbat-3.5 and~0.25, it was
impossible to relate their integrated intensities as formatiodpf [
[B(CéeFs)4] proceeded.

To our knowledge, our findings concernirg][B(C¢Fs)4] provide
the first experimental evidence for & dirconocene alkyl alkene

complex, detectable apparently because migratory insertion does

not readily occur with vinylidene ligandsindeed an alternative
explanation, that the observed exchange of=#eH, hydrogens

of free and coordinated 2,4-dimethyl-1-pentene involves reversible

migratory insertion and formation of the alkyl complex [Zp
(CH.CMe,CH,CHMe,)]*, is ruled out by the lack of a cross-peak
between the methyl resonance of pZgVe]* at 6 0.63 and the
2-methyl resonance of 2,4-dimethyl-1-pentené 4t63 in the 2D
NOESY spectrum (Figure S5).

We note tangentially that the 2D NOESY spectrum of Figure
S4 also exhibits a cross-peak between theMe resonance ai
0.63 and a very weak resonanc@d.46. The latter is also present

«Me + ..,..Me
CpoZr” CpoZr™  Me
chGMe N\ ~CHzCHMe;
27"~ ~CH,CHMe, H,C”
B(1) ? B

As a test of this hypothesis, the temperature of the solution was
lowered to—53 °C, at which point the onset afecoalescencef
the broad singlet was observed. On further lowering of the
temperature to-60 °C, decoalescence resulted in the appearance
of two separate resonances (Figure 1) consistent with and unam-
biguous evidence for the presence of the illustragkstinylidene
complex.

5 360 350 340

Figure 1. *H NMR spectrum of the vinylidene resonanceB®#t (a)—50
°C, (b) —55 °C, (c) —60°C.

Although the slow exchange limit could not be reached because
of freezing of the solution below60 °C 2 AG* for rotation about
the C(1)-C(2) bond was estimated to have an upper limit-@f7
kJ mol1.10a

A consequence of the observed mutual exchange of the vi-
nylidene hydrogens ofB and exchange betwee and its
precursors, [CgZrMe]t and 2,4-dimethyl-1-pentene, is that the
vinylidene hydrogens of the free olefin should also be undergoing

in 1D and 2D NOESY spectra of a solution generated as above atmutual exchange. That this is in fact so is apparent from the 1D

—40°C in GsDsCl (but in the absence of alkef¥pand is attributed
to the GDsCl-free ion pair [CpZrMe][B(CeFs),].6¢

For most of the above-mentioned cationic complexes;p
(CeFs)(alkene)t and [Cp.Zr(OBU)(alkene)t,2efthe resonances of
the terminal CH groups of the alkenes are found to shift downfield
on coordination; an exception is tkert-butyl vinyl ether complex
[Cp'2Zr(OBW)(CH,=CHOBU)] ", for which the CH resonances
shift upfield as is the case witB. Vinyl ethers are, of course, of
a type of alkene which readily undergoes carbocationic polymeri-
zation which CH,=CHOBU does indeed do in the presence of
the [CP,Zr(CeFs)]" cation? Thus, an upfield shift of a Ch+

NOESY experiment shown in Figure S3, and thus J@Me]" can
be said to catalyze the degenerate exchange of the vinylidene
hydrogens of 2,4-dimethyl-1-pentene. We are unaware of precedents
for this type of behavior.

No evidence for B][BMe(CgFs)3] was observed in low-temper-
atureH NMR spectra of the reaction of GrMe(u-Me)B(CsFs)3
with 2,4-dimethyl-1-pentene. Presumably the fact that the anion
[B(CsFs)4] ~ is more weakly coordinating than [BMefks)s] ~ is
an important facto¥ as the [BMe(GFs)s]~ anion is expected to
compete more effectively with the alkene for the coordination site.
Consistent with this hypothesisnd with our suggestion of the

resonance is perhaps to be expected on coordination of an alkendntermediacy ofB in the formation ofA, a preliminary kinetics

which is readily polymerizable via a carbocationic mechanism, i.e.

which can support a significant degree of positive charge on C(2).

study of the reactions of both gfrMe(u-Me)B(CsFs)s and [Cp-
ZrMe][B(CgFs)4] with 2,4-dimethyl-1-pentene to formA][BMe-

This would in general be the case with vinylidene compounds such (CsFs)s] and [A][B(CeFs)s] gives activation energies of 50.9 kJ
as isobutene and 2,4-dimethyl-1-pentene; thus, the upfield shift from mol™* and 46.4 kJ mol', respectively:* Thus, the tight ion pair

0 4.82 and 4.75 of free 2,4-dimethyl-1-pentenejte-3.5 for the
coordinated olefin oB is reasonable.

Of further interest, however, is the fact that the vinylidene
hydrogen resonances Bfare not observed as individual singlets,
as is expected and as is the case for the@Hresonances of the
complexes [CpZr(Ce¢Fs)(y2-alkene)] and [Cp.Zr(OBU) (52
alkene)f.?ef Instead, observation of an apparently exchange-
broadened singlet @t ~3.5 suggests that the vinylidene hydrogens
of B are undergoing mutual interconversion via rotation about the
C(1)-C(2) bond, and this could only be the case if the olefinic

bond of the coordinated 2,4-dimethyl-1-pentene had undergone

sufficient reduction in poverlap on coordination that its bond order

had been reduced significantly. A reasonable conclusion is that the

coordinated alkene iB assumes a negt structure close t&(1),
in which C(2) is almost carbocationic in nature, rather than the
conventionaly? structure.

CpZrMe(u-Me)B(CsFs)s does indeed react more slowly with 2,4-
dimethyl-1-pentene.

The postulated neay® interaction involves a mode of bonding
for which there are few precedents although the @(2) bonds of
complexes of the types [Cr(CeFs)(n2-alkene)} and [Cp.Zr-
(OBU)(n*-alkene)] are believed to be significantly longer than the
Zr—C(1) bondgefHowever, we note that initiation of carbocationic
isobutene polymerization by metallocene cations occurs via a
process in which the alkene is activated by binding to the Lewis
acid as follows (eq 3j.

Cp22r+—Me + CHy=CMe; — Cpozr:" '

e @
Ne

Ho—C< e

Propagation during isobutene polymerization then involves a
sequence of successive nucleophilic attacks by isobutene molecules
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on the carbocationic center, which migrates along the growing
polymer chain as in Scheme®a.

Scheme 1
CHz=CMe. Me e ;
Me / 2 2 CpoZel CHyCMe, +X
CpaZr Me T CH,CMe,
=S lnCH2=CMe2
Etc

Of importance to the thesis being developed here, chain transfer
during isobutene polymerization occurs via either methyl end group
deprotonation by a molecule of isobutene, to give terminal
unsaturation (Scheme 2), oICH,C*Me, methylene deprotonation
to similarly result in internal unsaturation.

Scheme 2

+ CH,=CMe,
CpozrMe M2 s Mectx (@)
(CH2CMe2)rCH,C

Me

A structure such a8(1) therefore has major implications for
the mechanism of formation of allylic complexes. As isobutene is
an extremely weak base, it follows that the protons on the three
carbon atoms bonded to the carbocationic end growprimust be
strongly acidic The same would be true fofl-vinylidene com-
plexes in general, and since Zalkyl bonds are sufficiently
polarized as Zr—R~ that they are readily cleaved by a variety of
protic reagents to form alkanes RHit is expected that formation
of species such aB(1) would result generally in intramolecular
proton transfer to the adjacent methyl group to give methane and
an allyl complex, as is observed here with 2,4-dimethyl-1-pentene.

As noted above, chain transfer during propene polymerization
results in the formation of vinylidenes G#C(Me)CH,CHMe~P
which may well coordinate in a neagt fashion to cationic Cp
Zr—H or CpZr-polymeryl complexes. It follows that the close
proximity of the resulting strongly acidic “allylic” hydrogens to
readily protonated hydride (formed as in eq 1) or polymeryl ligands
would result in facile proton transfer to the hydride or polymeryl
groups to give the corresponding allylic complex anel3Hor
saturated (polymeryl) hydrocarbon, respectively. To our knowledge,

this carbocationic mechanism has heretofore not been considered

as a rationale for the formation of allylic zirconocene cation{Cp
Zr(n3-allyl)] *.
In an effort to synthesize ayi-vinylidene complex which would

be more amenable to study, we reacted 2,4-dimethyl-1-pentene with ©

[Cp2Zr(CsFs)1 1,2 mentioned above as forming relatively stapfe
alkene complexes; an improved synthetic procedure for the precur-
sor, CpZrMeGCsFs,1 is described in the SI. We anticipated that
the metat-vinylidene bonding interactions would be stronger than
with [Cp,ZrMe]™ and, hence, that the correspondipgvinylidene
complex would be more readily observable. Also, of course, there
would be no complications arising from conversion to allylic
species. Unfortunately [Ggr(CeFs)] T was found to be an excellent
initiator for the carbocationic oligomerization of 2,4-dimethyl-1-

pentene. However, research continues with other zirconocene and

Note Added after ASAP Publication. After this paper was
published ASAP October 2, 2007, changes were made at the
request of the authors, with the approval of the Editor, in
paragraphs 11, 13, 15, 16, 19, and 20, as well as ref 9 and the
abstract. The updated version was published December 20, 2007.

Supporting Information Available: Synthetic procedures aritl
and *C NMR data. This material is available free of charge via the
Internet at http://pubs.acs.org.
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