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Zirconium(lV) alkene and alkyne complexes, s&g).Zr(R)-
(substrate), are probable key intermediates in zirconocene-
catalyzed alkene polymerizatiband alkyne oligomerizatiohbut
little is known about their structures and properties. These species
may exhibit unusual features due to the absence-ot*dback-
bonding. Several dgroup 5 and 6 metal alkeheand alkyné
complexes have been observed by NMR, aehdlatedd® group 3
and 4 metal alkerteand alkyné® complexes have been studiéd.
In particular, X-ray and NMR studies of chelatedRg),Zr(OCMe--
CH,CH,CH=CH,)* complexes show that the alkene binds to
Zr(IV) unsymmetrically (d(Zr-Cierm) < d(Zr—Ciyy)) and suggest
that the G=C bond is polarized with positive charge om, &P

Table 1. Equilibrium Constants for Eq 2 for Selected Ligands?
Keq Keq
L (-89 °C,MY) L (-89 °C, M)
CO >1500 allene 6.7(3)
propyne §) 360(70) propylene4) 5.4(2)
2-butyne 6) 52(3) 1-hexene 4.8(8)
phenylacetylene 22(1) cis-2-butene 2.2(1)
ethylene B) 7.0(6) vinyl chloride <0.1

?Keq = [Zr—L][2]7HL]

Table 2. Thermodynamic Data for Equilibria in Eq 2 and
Activation Parameters for Decomplexation (k-1) of L from Adducts
3-6

However, it is not yet clear how the properties of these species are

influenced by the chelation, and therefore nonchelated analogues

are highly desirable. Here we report the synthesis of base-free
(CsRs)2Zr(OBu)* cations, the observation aionchelatecalkene

and alkyne adducts of these cations, and studies of the thermody-

namic and dynamic properties of these novel species.

The alkoxide complex [Cer(O‘Bu)][B(CBFs)4] (1, Cp =
CsHsMe) was synthesized in a one-pot procedure (eq 1). Reaction
of Cp,ZrMe, with tert-butyl alcohol followed by [P§C]-
[B(CeFs)4] in benzene cleanly yieldd. The PRCMe byproduct
can be removed by washing with benzene and hexanes to
afford 1 as a bright yellow solid (80%). The analogous complex
[Cp.Zr(OBU)][B(CeFs)4] (2) was generated in a similar manner.

s 1) 'BUOH, -CH,
\_ «CH, 2 [PhsClIB(CeFs)a] &\ /ok
: -PhsCMe ®zr )

- <

B(Cer)?
1

% "™NCH,

Compound1l is soluble in halocarbon solvents, forms an oil
in benzene or toluene, and is insoluble in alkanes. Fhend
13C NMR spectra ofl in C¢DsCl at 23 and—35°C, and in CRCl,
at —89 °C, contain two CH resonances for the'Gmgs indica-
tive of a C,,-symmetric cation. These data are consistent with
either a dinuclear [CZr(«-O'Bu)],?* dicatior? or a labile mono-
nuclear ion pair or solvent adduct with fast site epimerization at
Zr. The'H NMR spectrum of a 1:1 mixture of QEr(O‘Bu)Me
and CpZr(O'Bu)Me after treatment with 2 equiv of [R@]-
[B(CeFs)4] in CgDsCl exhibits sharp resonances fbrand 2 but
no resonances or line broadening effects indicative of a mixed
[Cp,Zr(u-O'Bu),ZrCp,]2* dimer. The!®F NMR spectra ofl show
no evidence of anion coordination down+@&9 °C.° Additionally,
ethylene coordination t@ in CD,Cl; is influenced by @HsCI but
not by [PRC][B(CsFs)4] (vide infra). These results strongly suggest
that 1 forms CgZr(O'Bu)(CIR)" adducts in chlorocarbon solu-
tions10

Addition of ethylene to a CECI, solution of1 at—89 °C affords
an equilibrium mixture of, free ethylene, and the ethylene complex
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AH° AS° AHF AS* AG*
adduct (kcal/mol) (eu) (kcal/mol) (eu) (kcal/mal)?
—3.6(2) —16(4) 7.7(5) —15(2) 11.1(2)
—3.8(2) =17(2) 8.1(9) —12(4) 11.0(2)
5 —4.1(3) —-11(1) 8.5(3) —14(1) 11.8(1)
6 —3.6(3) —-11(1) 13.8(5) 4(2) 12.9(2)
aAt —39°C.

[Cp,Zr(O'BU)(CH,)IB(C¢Fs) ] (3, €q 2). TheC NMR spectrum

of 3 contains four CpCH resonances, consistent withsymmetry.
The'H and®*C NMR spectra each contain one coordinated ethylene
resonance indicative of fast ethylene rotation. The ethyfg¢he
resonance d 5.92) is shifted 0.56 ppm downfield, and tA&
resonanced 119.0) is shifted 3.8 ppm upfield from the free ethylene
resonances. Thidcy value for ethylene is virtually unchanged upon
coordination.

z\ \\o)< ky Z \ O
@z +L @ zr CD,Cl, (2
</ ool ks </ L RS @
% % 3: L = ethylene
1 _ ) 4: L = propylene
anion = B(CgFs)s 5: L = propyne
6: L = 2-butyne

Taking the concentration of GG, to be constant, we define
the equilibrium constant for ethylene coordination in eq 2<ay
= [3][1] YCsH4 1 = 7.0(6) M1 (—89 °C, Table 1). This value
is unaffected by changing the initial concentrationslqD.038—
0.080 M) or ethylene (0.130.29 M) or by addition of
[PhsC][B(CeFs)4] as an excess anion source. However, addition of
30 equiv of GHsCI shifts the equilibrium to the left, possibly due
to GsHsCl coordinationt® Raising the temperature also shifts the
equilibrium to the left. A van't Hoff plot givesAH® = —3.6(1)
kcal/mol andAS’ = —16(4) eu for substitution of CETI, by
ethylene (Table 2)t

The NMR resonances fdt, 3, and free ethylene broaden and
coalesce as the temperature is raised fre89 °C, consistent with
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the exchange of and3 and of free and coordinated ethylene. The
line widths for3 are independent of the free ethylene concentration,
which implies that coordinated ethylene is not directly displaced
by free ethylene. Analysis of VT NMR spectra provides first-order
rate constants(;) and activation parameters (Table 2) for ethylene
decomplexation. The negativaS' value suggests that GDI,
displaces the coordinated ethylene in an associative mech&hism.
Addition of propylene tol results in partial conversion to the
propylene adduct [CJZr(OtBu)(HZC=CHMe)][B(CGFS)A] (4, eq
2). The3C NMR spectrum of4 contains eight CpCH and two
Cp Me resonances, consistent with symmetry. The'H NMR
Hint resonance of the coordinated propylen€r(34) is shifted far
downfield from the free propylene resonancé %.79). The
propylene 3C G resonance { 153.5) is shifted 19.6 ppm
downfield, and the @, resonanced 102.6) is shifted 12.4 ppm
upfield by coordination. The propylen&;y and Jcy values are
virtually unchanged by coordination. These data are very similar
to the data for chelated {Rs),Zr(OCMeCH,CH,CH=CH,)" olefin
complexes, which suggests that the propylene ligartisnbound

presence of. Finally, tert-butylacetylenetrans-2-butene, benzene,
N2, Hz, and, interestingly, 1,3-butadiene do not displace,CIp
from 1.

The [CQZr(O‘Bu)][B(C6F5)4] system enables, for the first time,
direct study of alkene and alkyne coordination to a cationic Zr(IV)
center in the absence of chelation. The’ZZIpO‘Bu)(aIkenei
complexes are models for {Rs),ZrR(alkeney species in zir-
conocene-catalyzed alkene polymerizatibibe use of an alkoxide
instead of an alkyl ligand is expected to decrease the metal Lewis
acidity, so alkene binding in GAr(O'Bu)(alkenej may be weaker
than in CQZrR(aIkeneT species$? Future studies of alkene
coordination to a broader set of {&),Zr(O'Bu)™ complexes will
enable us to probe how the 4&s),Zr structure influences olefin
coordination, and may provide new insights to the factors which
underlie structure/reactivity trends in zirconocene-catalyzed alkene
polymerization.
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unsymmetrically and is polarized in the same manner as proposed

for the chelated complexé3? VT NMR studies show that
propylene and ethylene bind with similar strengtiitand that the
barrier to propylene decomplexation is nearly identical to that for
ethylene decomplexation fro@(Tables 1, 2).

Similarly, addition of propyne ta yields an equilibrium mixture
of 1, free propyne, and [Qﬁr(O‘Bu)(HC,ECMe)][B(CeF5)4] (5,
eq 2). ThelH and3C NMR spectra ofs contain four Cp CH
resonances, consistent wiy symmetry. The propyné3C G
resonance d 89.1) is shifted 8.9 ppm downfield, and the.fz
resonanced 64.2) is shifted 2.8 ppm upfield upon coordination.

These results suggest that the coordinated propyne is unsymmetri-
cally bound and polarized in a similar manner as the propylene

of 4.

The C+symmetric 2-butyne adduct [GEr(O'Bu)(MeG=CMe)]-
[B(CeFs)4] (6, €q 2) is generated by addition of 2-butyneltoAt
—89 °C, the'H and 3C NMR spectra of6 each contain one
2-butyne /e resonance, which is broadened due to restricted

rotation of the in-plane-bound 2-butyne ligand. These resonances

sharpen as the temperature is raised-&9 °C due to 2-butyne
rotation, and then broaden and coalesce with the free 2-begyne

CMe resonances at higher temperatures due to the exchange in eq

2. VT NMR studies show that 2-butyne binds more weakly than

propyne, but the barrier to 2-butyne decomplexation is higher than
that for propyne decomplexation. These results, and the more

positive AS" value for 2-butyne decomplexation fro, are

suggestive of a greater degree of dissociative character in the

substitution of 2-butyne by CITI, vis-&Vis ligand decomplexation

of 3—5. Significant steric crowding is expected in the transition

state for associative GBI, displacement of 2-butyne.
Compoundl forms adducts with a wide variety of other ligands,

and equilibrium constants for eq 2 for selected cases are summarized

Supporting Information Available: Experimental procedures, data
for new compounds, and VT NMR spectra (PDF). This material is
available free of charge via the Internet at http://pubs.acs.org.
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