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Abstract: The reaction of Cp',Zr(O'Bu)Me (Cp' = CsHsMe) and [PhsC][B(CsFs).] yields the base-free complex
[Cp'2Zr(O'BU)][B(CsFs)4] (6), which exists as Cp’,Zr(O'Bu)(CIR)* halocarbon adducts in CD,Cl, or C¢DsCl
solution. Addition of alkenes to 6 in CD,Cl, solution at low temperature gives equilibrium mixtures of Cp',-
Zr(O'Bu)(alkene)t (12a—1), 6, and free alkene. The NMR data for 12a—I are consistent with unsymmetrical
alkene bonding and polarization of the alkene C=C bond with positive charge buildup at Ci,; and negative
charge buildup at Cm. These features arise due to the lack of d—s* back-bonding. Equilibrium constants
for alkene coordination to 6 in CD,Cl, at —89 °C, Keq = [12][6] *[alkene]~?, vary in the order: vinylferrocene
(4800 M%) > ethylene (7.0) ~ a-olefins > cis-2-butene (2.2) > trans-2-butene (<0.1). Alkene coordination
is inhibited by sterically bulky substituents on the alkene but is greatly enhanced by electron-donating
groups and the f-Si effect. Compounds 12a—I undergo two dynamic processes: reversible alkene
decomplexation via associative substitution of a CD,Cl, molecule, and rapid rotation of the alkene around
the metal—(alkene centroid) axis.
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Zirconocene-catalyzed polymerization of alkenes is an in-
dustrially important reaction that enables the efficient synthesis
of polyolefins with exquisite and predictable control of polymer

structurel Chain growth in this process occurs by coordination CFégan'ﬁeiés.Dewa'LChau model of metatalkene bonding in ¥metal
of an alkene to a UCp,ZrR™ metal-alkyl species, followed

by insertion into the metalalkyl bond? as shown in Scheme  Scheme 1

1. The intermediate Ggr(R)(alkene) species have not been ®_R ® _R ® R
detected, and computational studies predict that the alkene ©P?%" > CpaZr > Cpozr,

insertion step has a low barrier or is near barrierféss.
Analogous @ metal-hydride—alkene species are likely inter-
mediates irB-H elimination, an important chain transfer process
(Scheme 1). Studies of modél shetal-alkene complexes may

n—

A o @
prowd'e insight into many features of polymer!zatlop processes, @ H CpoZr R
including catalyst structure/performance relationships, insertion CpaZr_ n
regiochemistry, tacticity control, and monomer reactivity trends
in copolymerization.

The Dewar-Chatt model of 8 metat-alkene bondingr( =
2) comprises two componentsi-donation from the alkeng n @ H
orbital to a metal-acceptor orbital, andback-bonding from a Cp2Zr

p 9 A

metal d orbital to the alkeng* orbital (Figure 1)°> The d-x*

back-bonding strengthens the metalkene interaction and  resyits in symmetrical alkene coordination, i.e., nearly identical

M—Ciiny distances, even for unsymmetrical alkefd=or

(1) (a) Muhaupt, R.Macromol. Chem. Phy2003 204, 289. (b) Resconi, L.;

Cavallo, L.; Fait, A.; Piemontesi, FChem. Re. 200Q 100, 1253. (c)
Brintzinger, H. H.; Fischer, D.; Mbaupt, R.; Rieger,
M. Angew. Chem., Int. Ed. Endgl995 34, 1143.

(2) (a) Cossee, Fletrahedron Lett196Q 17, 12. (b) Cossee, B. Catal.1964
3, 80. (c) Arlman, E. J.; Cossee, P. Catal. 1964 3, 99. (d) Brookhart,

M.; Green, M. L. H.J. Organomet. Cheni983 250, 395. (e) Grubbs, R.

H.; Coates, G. WAcc. Chem. Red.996 29, 85.

(3) (a) Margl, P.; Deng, L.; Ziegler, TTop. Catal.1999 7, 187. (b) Fan, L.;
Harrison, D.; Woo, T. K.; Ziegler, TOrganometallicsL995 14, 2018. (c)
Lanza, G.; Fragald. L. Top. Catal.1999 7, 45.

(4) (a) Woo, T. K,; Fan, L.; Ziegler, TOrganometallics1994 13, 2252. (b)
Lauher, J. W.; Hoffmann, Rl. Am. Chem. Sod.976 98, 1729.
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metals, d-7* back-bonding is not possibleand therefore

(5) (a) Dewar, M. J. SBull. Soc. Chim. Fr.195], 18, C79. (b) Chatt, J.;
Duncanson, L. AJ. Chem. Soc1953 2939. (c) Hartley, F. RAngew.
Chem., Int. Ed. Engl1972 11, 596.

(6) Leading references: (a) Koelle, U.; Kang, B.-S.; Spaniol, T. P.; Englert,

U. Organometallics1992 11, 249. (b) de Klerk-Engels, B.; Delis, J. G
P.; Vrieze, K.; Goubitz, K.; Fraanje, @rganometallics1994 13, 3269.
(c) Pedone, C.; Benedetti, E. Organomet. Cheni971, 29, 443. (d) Proft,
B.; Parschke, K.-R.; Lutz, F.; Kiger, C.Chem. Ber1991, 124 2667. (e)
Chirik, P. J.; Zubris, D. L.; Ackerman, L. J.; Henling, L. M.; Day, M. W
Bercaw, J. EOrganometallics2003 22, 172.
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metal-alkene binding will be weak, and the complexes will be
susceptible to ligand substitution reactions. The rapid insertion
reactions and low metalalkene bond strengths of dnetal-

alkene complexes make these species challenging targets fof

study.

Jordan and co-workers reported detailed studies of chelated

zirconium and titaniumralkene complexes IM(OCMe,CH,-
CH,CH=CH)" (LM = CpZr (A); LoM = rac-(EBI)Zr (B);
EBI = 1,2-(1-indenyBethane; M = (CsH4SiMe;N'Bu)Ti (C);
LM = (CsMesSiMe;N'BU)Ti (D)) which are shown in Chart
18 An X-ray crystallographic analysis d@ showed that the
alkene is coordinated in a highly unsymmetrical fashion that is
essentially am-alkene binding mode. For this specidéZr—
Cierm) = 2.634(5) A,d(Zr—Ciny) = 2.819(4) A, andA\d = d(Zr—
Cint) — d(Zr—Ciermy = 0.185(6) A. The structure &k is similar.
Key NMR parameters forA—D include large downfield
coordination shifts for ki (A = dcoord — Oree = 0.7—1.6)
and Gy (Ad = 18—25), and a large upfield coordination shift
for Cierm (A0 = —11 — —22) with respect to the corresponding
LnM(OCMe,CH,CH,CH=CH,)(THF)" complexes in which the

alkene is not coordinated. These results imply that the alkene

is polarized with positive charge buildup omGnd negative
charge buildup on gmas a result of the unsymmetrical binding.
The Jch coupling constants of the vinyl unit are essentially
unchanged by coordination, which indicates that the alkene
structure is not significantly perturbed by coordination.

Casey studied chelated neutrdl gttrium—alkyl—alkene
complexes E)° and cationic zirconiumalkyl—alkene com-
plexes F),0 in which the chelate ring size prevents alkene

(7) (a) Back-bonding from a metaligand bonding orbital is possible. For
this effect in @ metak-carbonyl complexes, see: (b) Guo, Z.; Swenson,
D. C.; Guram, A. S.; Jordan, R. ®rganometallics1994 13, 766. (c)
Marsella, J. A.; Curtis, C. J.; Bercaw, J. E.; Caulton, K.JGAm. Chem.
S0c.198Q 102, 7244.

(8) (a) Wu, Z.; Jordan, R. F.; Petersen, J.JLAm. Chem. Sod995 117,
5867. (b) Carpentier, J. F.; Wu, Z.; Lee, C. W.;"Stlwerg, S.; Christopher,
J. N.; Jordan, R. FJ. Am. Chem. So®00Q 122 7750. (c) Carpentier,
J.-F.; Maryin, V. P.; Luci, J.; Jordan, R. B. Am. Chem. So@001, 123
898.

(9) (a) Casey, C. P.; Carpenetti, D. W., II; SakuraiJHAm. Chem. So4999
121, 9483. (b) Casey, C. P.; Carpenetti, D. W.,ditganometallics2000
19, 3970.
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insertion. Casey and Bercaw described chelafegirdonium—
alkyl—alkene complexes that incorporate SiMits in the
chelate arm to enhance coordination and prefeslimination
reactions G), and have studied the effects of alkene and Cp
ligand substitution on the dynamics of these compoudh&ayo
reported @ zirconium and hafniumalkyl—alkene complexes
in which af-Si-substituted alkene is tethered to a Cp or indenyl
ligand H).12 The NMR properties of-H are similar to those
of the structurally characterized examplasand B2 which
uggests that unsymmetrical alkene coordination and concomi-
ant polarization of the €C bond may be a general feature of
d° metal-alkene complexe®

As chelation may influence the structure, dynamics, and
reactivity of @ metal-alkene complexes, it is desirable to study
nonchelatedsystems to probe the fundamental features of the
d® metal-alkene interaction. Hess¥nand Greel reported
cationic vanadium and niobium-imido—alkene complexed (
andJ, Chart 2). The NMR coordination shifts of the propylene
adducts of V¥ and NI are similar to those of andB, again
suggesting similar unsymmetrical alkene coordination. Kress
observed several related tungstetkylidene-cycloalkene com-
plexes K) at low temperaturé?

Nonchelated & metal-alkyl—alkene species are very rare.
Casey studied the coordination of propylene, 1-butene, and

(10) (a) Casey, C. P.; Klein, J. F.; Fagan, M.JAAm. Chem. So200Q 122,
4320. (b) Casey, C. P. Fagan, M. A.; Hallenbeck, SOkganometallics
1998 17, 287. (c) Casey, C. P.; Fisher, JIdorg. Chim. Actal998 270,
5. (d) Casey, C. P.; Hallenbeck, S. L.; Wright, J. M.; Landis, CIJRAmM.
Chem. Soc1997, 119, 9680. (e) Casey, C. P.; Hallenbeck, S. L.; Pollock,
D. W.; Landis, C RJ. Am. Chem. Sod.995 117, 9770.

(11) (a) Brandow, C. G.; Mendiratta, A.; Bercaw, J.@ganometallic2001,
20, 4253. (b) Casey, C. P.; Carpenetti, D. W., II; Sakurai(tganome-
tallics 2001, 20, 4262.

(12) (a) Martnez, G.; Royo, POrganometallic2005 24, 4782. (b) Cano, J.;
Gomez-Sal, P.; Heinz, G.; Martez, G.; Royo, Pinorg. Chim. Acta2003
345, 15. (c) Galakhov, M. V.; Heinz, G.; Royo, Bhem. CommuriL998
17

Other chelatedmetal-alkene complexes: (a) Horton, A. D.; Orpen, A.

G. Organometallics1992 11, 8. (b) Erker, GAcc. Chem. Re001, 34,

309. (c) Dahlmann, M.; Erker, G.; Bergander, X.Am. Chem. So200Q

122 7986. (d) Karl, J.; Dahlmann, M.; Erker, G.; Bergander,JKAm.

Chem. Socl998 120, 5643. (e) Karl, J.; Erker, Gl. Mol. Catal. A: Chem.

1998 128 85. (f) Basuli, F.; Bailey, B. C.; Watson, L. A.; Tomaszewski,

J.; Huffman, J. C.; Mindiola, D. JOrganometallics2005 24, 1886. (g)

Ruwwe, J.; Erker, G.; Fidich, R.Angew. Chem., Int. Ed. Endl996 35,

80. (h) Yoshida, M.; Jordan, R. Prganometallics1997, 16, 4508. (i)

Evans, W. J.; Kozimor, S. A.; Brady, J. C.; Davis, J. C.; Nyce, G. W,;

Seibel, C. A;; Ziller, C. A.; Doedens, R.Qrganometallic005 24, 2269.

(j) Yamada, J.; Nomura, KOrganometallics2005 24, 3621.

(14) Witte, P. T.; Meetsma, A.; Hessen, B.; Budzelaar, P. HIMAmM. Chem.
So0c.1997 119 10561.

(15) Humphries, M. J.; Douthwaite, R. E.; Green, M. L.XChem. Soc., Dalton
Trans.200Q 2952.

(16) Kress, J.; Osborn, J. Angew. Chem., Int. Ed. Engl992 31, 1585.

(13)
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1-hexene to CpYR (Cp* = CsMes).r” Low-temperature NMR
spectra of mixtures of Cp¥R and alkenes contain one set of

exchange-averaged alkene signals that shift in same directions

as observed for chelated yttriuralkene compound<. These
results imply that CpfYR(alkene) adductd () are formed and
undergo fast intermolecular exchange with free alkene on the
NMR time scale. Resconi characterized an [(indei@ylyle]-
[indole:B(CsFs)3] ion pair (M), which NMR evidence implies

is held together by;?>-C=C indole coordinatior?

In addition to these Ytransition metatalkene complexes,
other alkene complexes in whiehback-bonding is absent have
been reported, including chelated metalkene adducts of alkalli
metals!® alkaline earth metal, Sm'" 2t and Al, Ga, and 1172
as well as norbornyl-type cations in which an alkene is
coordinated to Si, Ge, Sn, or PbThe ion pair [BuSn][H.C=
CHCH,B(CgFs)3], which is generated from B(Es); and Bu-
SnCHCH=CH,, may be viewed as an alkene complex of
BusSn™ and exhibits NMR properties that are similar to those
of d° transition metatalkene complexe¥' Metal—alkene
complexes in which back-bonding is very weak, such as Ag
systemg? are also knowr®

This paper describes the generation and properties of non-
chelated CpZr(O'Bu)(alkene} (Cp = CsHsMe) and CpZr-
(OBu)(alkenef complexes. These species are models for the
(CsRs)2Zr(polymeryl)(alkene) intermediates in Zr-catalyzed
alkene polymerization reactioss.

Results

Targets. The objective of this work was to study nonchelated
alkene complexes of thé’anetal species (§E14R)Zr(OBu)™
(R = H, Me), to probe the Z¥—alkene interaction. Theert-

Scheme 2. Anion = B(CgFs)a™
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species and characterization of exchange processes. THe;B(C
anion was chosen for its weak coordinating abifitsnd low
reactivity with zirconocene catior8.

(CsH4R)2Zr(O'‘Bu)Me Complexes.The reaction of Cp-
ZrMe; (1) with exces$sBuOH in benzene produces Gpr(O*-

butoxide ligand was used to provide stable, electrophilic Bu)Me (2) within 15 min at 22°C (Scheme 2§ No further
zirconocene species that cannot undergo alkene insertion, dugeaction of2 with 'BuOH to give CpZr(O'Bu), (3) occurs after
to the strong Zr-O bond?® and to enable direct comparisons 3 d under these conditions. However, treatment2oivith
with the chelated systenss andB.8 The Cp ligand provides a 'BUOH-dg resulted in an equilibrium mixture &, Cp,Zr(OC-
convenient symmetry probe to facilitate identification of reactive (CDs)s)Me (2-dg), 'BuOH, andBuOH-dg within 1 h K; = 0.99-

(17) (a) Casey, C. P.; Tunge, J. A;; Lee, T.-Y.; Fagan, MJAAm. Chem. Soc.
2003 125 2641. (b) Casey, C. P.; Lee, T.-Y.; Tunge, J. A.; Carpenetti, D.
W., II. J. Am. Chem. So€001, 123 10762.

(18) Bonazza, A.; Cumurati, |.; Guidotti, S.; Mascellari, N.; Resconi, L.
Macromol. Chem. Phy2004 205 319.

(19) (a) Evans, W. J.; Brady, J. C.; Fujimoto, C. H.; Giarikos, D. G.; Ziller, J.
W. J. Organomet. Chen2002 649, 252. (b) Hu, J.; Barbour, L. J.; Gokel,
G. W. Chem. Commur2001, 1858.

(20) Schumann, H.; Schutte, S.; Kroth, H.-J.; LentzADgew. Chem., Int. Ed.
2004 43, 6208.

(21) Evans, W. J.; Perotti, J. W.; Brady, J. C.; Ziller, J. WAm. Chem. Soc.
2003 125 5204.

(22) (a) Hata, GChem. Commuril96§ 7. (b) Dolzine, T. W.; Oliver, J. PJ.
Am. Chem. Sod.974 96, 1737. (c) Pietryga, J. M.; Jones, J. N.; Mullins,
L. A.; Wiacek, R. J.; Cowley, A. HChem. Commur2003 2072.

(23) (a) Steinberger, H.-U.; Mier, T.; Auner, N.; Maerker, C.; von Rague
Schleyer, PAngew. Chem., Int. Ed. Engl997, 36, 626. (b) Miller, T;
Bauch, C.; Bolte, M.; Auner, NChem. Eur. J2003 9, 1746. (c) Miier,

T.; Bauch, C.; Ostermeier, M.; Bolte, M.; Auner, N. Am. Chem. Soc.
2003 125 2158.

(24) (a) Blackwell, J. M.; Piers, W. E.; McDonald, R.Am. Chem. So2002
124, 1295. (b) Blackwell, J. M.; Piers, W. E.; Parvez, Mrg. Lett.200Q
2, 695.

(25) Hurlburt, P. K.; Rack, J. J.; Luck, J. S.; Dec, S. F.; Webb, J. D.; Anderson,
O. P,; Strauss, S. H. Am. Chem. S0d.994 116, 10003.

(26) (a) Krossing, I.; Reisinger, AAngew. Chem., Int. E@003 42, 5725. (b)
Dias, H. V. R.; Wang, Z.; Jin, Winorg. Chem.1997, 36, 6205. (c) Dias,

H. V. R.; Wang, X.J. Chem. Soc., Dalton Tran8005 2985. (d) Aris, K.
R.; Aris, V.; Brown, J. M.J. Organomet. Chenl972 42, C67. (e) Evans,
W. J.; Giarikos, D. G.; Josell, D.; Ziller, J. Wnorg. Chem.2003 42,
8255,

(27) For preliminary communications, see: (a) Stoebenau, E. J., llI; Jordan, R.
F.J. Am. Chem. So2003 125, 3222. (b) Stoebenau, E. J., Ill; Jordan, R.
F.J. Am. Chem. So2004 126, 11170.

(28) (a) Lappert, M. F.; Patil, D. S.; Pedley, J. Bhem. Commuri975 830.

(b) Schock, L. E.; Marks, T. 1. Am. Chem. Sod.988 110, 7701.
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(4), CsDe, 22 °C).32 This result shows that protonolysis of the
Zr—O'Bu bond of2 is favored over protonolysis of the Zr
CHs bond, probably due to the availability of the lone pairs on
the alkoxide ligand. Similar kinetic basicity effects have been
observed in reactions of zirconium alkoxides and zirconium
alkyls with hydroxylated Al and Si surfaces, and in the reaction
of MeAl(O-2,6{Bu-4-Me-Ph) with H,O33 The analogous
compound CgZr(O'Bu)Me (4) was generated from GprMe;
(5) on an NMR scale by the procedure usedZoCompounds
2 and4 are Cs symmetric in solution, and exhibit CMe; 13C
NMR signals atd 76.9 and 77.1, respectively.
(CsH4R)2Zr(O'Bu)* SpeciesCompound® and4 react with
[PheC][B(C6Fs)4]3% in CeDsCl or CgHe within 15 min at 22°C
to yield cationic Zr-alkoxide species [(EH4R)Zr(O'Bu)]-
[B(CsFs)4] (6: R = Me; 7: R = H), as shown in Scheme32.

(29) (a) Krossmg |.; Raabe,Angew. Chem., Int. EQ004 43, 2066. (b) Strauss,
H.Chem. Re. 1993 93, 927. (c) Chen E. Y.-X.; Marks, T. Them.

Re/ 2000 100, 1391. (d) Turner, H. W. Eur. Patent EP0277004, 1988. (e)
Massey, A. G.; Park, A. Jl. Organomet. Chen1.964 1, 245.

(30) (a) Krossing, I Raabe, Chem. Eur. J2004 10, 5017. (b) Chien, J. C.
W.; Tsai, W.-M.; Rausch M. DJ. Am. Chem. S0d.991 113 8570

(31) Brandow C. G. Zirconocenes as Models for Homogeneous Zielyizita
Olefin Polymerization Catalysts. Ph.D. Thesis, California Institute of
Technology, Pasadena, CA, 2001.

(32) Ky = [2-do]['BUOH][2] ~['BUOH-dg] 1.

(33) (a) Miller, J. B.; Schwartz, J.; Bernasek, S.1..Am. Chem. Sod.993
115 8239. (b) Stapleton, R. A.; Galan, B. R.; Collins, S.; Simons, R. S.;
Garrison, J. C.; Youngs, W. J. Am. Chem. SoQ003 125 9246.
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Compound6 was isolated as a pale-yellow, base-free solid by

washing with benzene to removeg®iMe, followed by washing
with hexanes and vacuum drying. Compléxvas generated
and used in situ. Th&C NMR OCMe; resonances in DsCl
of 6 (0 84.1) and7 (6 84.6) are shifted ca. 7 ppm downfield
from the corresponding signals @fand4.

Compound6 is a weaker Lewis acid than the related alkyl
cation CpxZrMet. Competition experiments show that THF

preferentially binds to CpZrMe™ over 6.35 In addition, the
dinuclear intermediatgECp ,Zr(O'Bu)} 2(u-Me)* is not observed
when reactions of2 and PRC™ are monitored by NMR
spectroscopy® while { Cp2ZrMe} »(u-Me)* is observed in the
reactions ofl with PhsC*.37

Compoundb6 is very stable in @DsCl solution at 22°C (no
decomposition after 7 d) and in the solid state-&5 °C (no
decomposition after 1 year). Compou6ds also stable for at
leag 8 h at —89 °C in CD.Cl,, but decomposes completely
within 17 h at 22°C in this solvent to unknown products.

Figure 2. ORTEP view (50% probability ellipsoids) of the structure of
the (CpZr)2(u-OH)2t dication of8. Hydrogen atoms on the Cp rings are
omitted.

® | ® _OBu
Cp'2Zr—O'Bu Cp'pZr,
~(F5Ce)4B
N o (F5Ce)a
tBlu
@ _o'Bu o)
Cpzrl Cp'ezr~ >ZrCp'
2 CIR P2 \O/ P2
P I
'Bu
Q

Figure 3. Possible solution structures fér

O—Zr angle (108.0(%) is 6—7° smaller than the corresponding
angles ir0—11, where an additional ligand is presépit.c There
is a close contact (2.24 A) between the hydroxide proton and a

Compound? is less stable thaf and decomposes completely  , fiyorine of the anion ir8, which is less than the sum of the

within 5 d at 22°C in CsDsCl solution to poly(isobutene) and
the dinuclear dicationic compleXCp,Zr} 2(u-OH),][B(CgFs)4l2
(8), which separates as yellow crystals. Compo@8ridrms by
net isobutene elimination from, as shown in Scheme 3. The

isobutene is cationically polymerized under the reaction condi-

tions, and CgZr(OH)* dimerizes ta8. A similar decomposition
reaction was observed for ¢4r(SBu)(THF)".38
Molecular Structure of { Cp,Zr}2(u-OH),2". The structure

hydrogen and fluorine van der Waals radii (2.67%A).

Solution Structure of (CsH4R)2Zr(O 'Bu)™ Cations. TheH
and!3C NMR spectra o6 in CD,Cl, each contain two CpCH
signals, even at-89 °C, indicative ofC,, symmetry. This result
suggests four possible solution structures GoiFirst, 6 may
contain a three-coordinate Gir(OBu)* cation in which the
alkoxide ligand occupies the central coordination site in the
zirconocene wedgé\(, Figure 3), similar to Cp3Sm(0-2,3,5,6-

of 8 was determined by X-ray crystallography. The dication \je,—ph)42 or exchanges rapidly between the sides of the
consists of two normal bent zirconocene units linked by tWo zirconocene wedge. Secorgimay be a contact ion pai€Y),

bridging hydroxide groups (Figure 3 The Zr0; core is planar.

The Zr—0 bond lengths (2.161(3) and 2.158(2) A) are similar

those in other complexes with Zr-OH), cores, such aCp,-
Zr(OCOCHR)(u-OH)}2 (9), (CpZr{imidazoleB(CsFs)3})2(u-
OH), (10), and [ CpZr(NC"Pr)} 2(u-OH),][BPhy]2 (11).4° The
O—Zr—0 angle in8 (72.0(1}) is 6—7° larger, and the Zr

(34) For related (6Rs)>Zr(OR)(L)* species, see: (a) Collins, S.; Koene, B. E.;
Ramachandran, R.; Taylor, N.QrganometallicsL991, 10, 2092. (b) Hong,
Y.; Kuntz, B. A.; Collins, S.Organometallics1993 12, 964. (c) Hong,
Y.; Norris, D. J.; Collins, SJ. Org. Chem1993 58, 3591. (d) Jordan, R.
F.; Dasher, W. D.; Echols, S. B. Am. Chem. Sod.986 108 1718.

(35) For the6 + Cp,ZrMe(THF)" = Cp,Zr(O'Bu)(THF)" + CpZrMe*
equilibrium, K, = [ZrOR(THF)][ZrMe][6] {ZrMe(THF)] % = 0.34(6) in
CsDsCl at 22°C.

(36) {Cp2Zr(O'Bu)}o(u-Me)* can be generated from a 2:1 mixture 2fand
[Pth][B(C(;F5)4] n C6D5C|

(37) (a) Bochmann, M.; Lancaster, S.Angew. Chem., Int. Ed. Engl994
33, 1634. (b) Wu, F.; Dash, A. K.; Jordan, R. F..Am. Chem. So2004
126, 15360.

(38) Piers, W. E.; Koch, L.; Ridge, D. S.; MacGillivray, L. R.; Zaworotko, M.
Organometallics1992 11, 3148.

(39) Cardin, D. J.; Lappert, M. F.; Raston, C.Chemistry of Organo-Zirconium
and —Hafnium Compound<llis Horwood Ltd: Chichester, U.K., 1986;
pp 68-75.

which undergoes fast site epimerization at Zr (i.e. fast exchange
of the tert-butoxide ligand and anion between the sides of the
zirconocene wedge). Coordination of Bfg),~ to electrophilic

Zr, Th, Al, and Sc cations is know#.Third, 6 may be a solvent
adduct P), which undergoes rapid site epimerization at Zr.
Several @ metal-haloarene complexes have been characterized,
including CpZr(CHyPh)(CIPhY, Cp*ZrCI(CIPh)", Cp*,;Sc-

(40) (a) Klima, S.; Thewalt, UJ. Organomet. Chen1988 354, 77. (b) Rdtger,
D.; Erker, G.; Fidlich, R.; Kotila, S.J. Organomet. Cheni996 518 17.
(c) Aslan, H.; Eggers, S. H.; Fischer, R. Dorg. Chim. Actal989 159
55. (d) Martin, A.; Uhrhammer, R.; Gardner, T. G.; Jordan, R. F.; Rogers,
R. D. Organometallics1998 17, 382.

(41) Porterfield, W. W.Inorganic Chemistry: A Unified Approact2nd ed.;
Academic Press: San Diego, 1993; p 214.

(42) Evans, W. J.; Hanusa, T. P.; Levan, K.IRorg. Chim. Actal1985 110,
191.

(43) (a) Goodman, J. T.; Schrock, R. Rrganometallics2001, 20, 5205. (b)
Yang, X.; Stern, C. L.; Marks, T. Organometallics1991, 10, 840. (c)
Korolev, A. V.; Delpech, F.; Dagorne, S.; Guzei, |. A,; Jordan, R. F.
Organometallic2001, 20, 3367. (d) Bouwkamp, M. W.; Budzelaar, P. H.
M.; Gercama, J.; Del Hierro Morales, |.; de Wolf, J.; Meetsma, A.;
Troyanov, S. I.; Teuben, J. H.; Hessen,BAm. Chem. So@005 127,
14310.
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(FPhY™, and Cp%Sc(c2-0-F,CgH,)™.370:43d.44Finally, 6 may be
a dinuclear dication with two bridginggrt-butoxide ligandsQ@)
analogous t®. Dinuclear yttrium and chromium complexes with
u-OBuU ligands are knowf and smaller alkoxides can bridge
between Zr center¥d

The reaction of a 1:1 mixture o2 and 4 with [PhsC]-
[B(CeFs)4] (1 equiv based on total Zr) gives onf/and 7. No

temperature. Addition of isobutene or styrene6toesults in
rapid cationic polymerization of the alkene-a78 °C, and the
target Zr-isobutene or Zrstyrene adducts were not detectéd.

In the case oftert-butyl vinyl ether, cationic polymerization
competes withz-complex formation, but ther-complex 12f
was observed. Finally, trace oxidation of vinylferrocene occurs
during the formation ofL.2h, probably due to the presence of

new resonances or line broadening effects are observed in NMRtrace PRC* in 6.47
spectra of the product mixture that can be ascribed to a mixed NMR Properties and Solution Structures of Cg,Zr(O Bu)-

CpoZr(u-0O'Bu),ZrCp 22t complex, which would be expected to
form if 6 and7 contained dinuclear dications. This result implies
that6 and 7 do not contain dinuclear dications of tyge
Differentiation between structurdd—P is more difficult.
Addition of PhCI or GDsCl to CD,Cl; solutions of6 at —89
°C leads to selective shifts in tHel NMR Cp'-CH and OBu
resonances d@. Moreover, the coordination of ethylene@an
CD,Cl; solution is perturbed by addition of PhCI but is not
affected by addition of [PC][B(CsFs)s] as an anion source
(vide infra). Finally, thel®F NMR spectrum of6 shows no
evidence of anion coordination to Zr down+t@9 °C, although
the effects of weak, labile anion coordination on e NMR

(alkene)™ Complexes. (A) General FeaturesTheH and*3C-
{H} NMR spectra of12aj,k, which contain symmetrical
alkenes, each contain four OpH resonances, one Cipso-C
resonance, and one Ofe resonance, consistent witGs
symmetric structures. Thigd and3C spectra ofl2a contain a
single coordinated-ethylene resonance, even&Q °C. This
result implies that the bound ethylene rotates around the Zr
(ethylene centroid) axis rapidly on the NMR time scale. The
NMR spectra of12j,k contain one set ofF=CHR resonances
(i.e. the ends of the alkene are equivalent) which, along with
the Cs symmetry, is consistent with fast rotation around the Zr
(alkene centroid) axis or a static structure in which the alkene

spectrum may be subtle. Collectively, these results are mostC=C bond is perpendicular to the-&r—(alkene centroid)

consistent witt6 and7 existing as halocarbon adducts of type
P in halocarbon solution.

Generation of Cp,Zr(O'Bu)(alkene)” Complexes. The
addition of excess alkene to a @Tl, solution of 6 at low
temperature produces an equilibrium mixture of BZp(O'Bu)-
(alkene)][B(GFs)4] (12a-1), 6, and free alkene, as shown in

plane, which is unlikely on steric grounéfs.

The NMR spectra o12b—h, which contain monosubstituted
alkenes, each contain eight' GpH resonances, two Cjpso-C
resonances, and two @e*® resonances at89 °C, charac-
teristic of C; symmetry. The Cprings are diastereotopic due
to the chiral center at;g of the bound alkene. The NMR spectra

eq 1. In atypical experiment, the alkene was added by vacuumof 12b—h contain a single set of alkene resonances, which is

transfer to a frozen solution & in CD,Cl, in an NMR tube.
The tube was thawed, stored-a¥8 °C, and transferred to a
precooled NMR probe with minimal transfer time1 min) to
minimize side reactions. Alkene complex&2a—| were char-

consistent with the presence of a single rotamer or, more likely,
fast metat-(alkene centroid) rotatioff

(B) Monosubstituted Alkene Adducts.The alkené3C NMR
resonances of monosubstituted alkene compl&Rbsh display

acterized by NMR spectroscopy. These species are thermallycharacteristic coordination shifts that are listed in Table 1. The

sensitive, which precluded isolation or ESI-MS analysis.

2 &

\_ «O'Bu \_ .OBu
@zf\ + @z&L + CDCl, (1)
S%Q CICD,CI ﬁ\'

6 12a-1

L
H2C=CH2
H,C=CHMe
H,C=CH"Bu
H,C=CHCH,CH,CH=CH,
H,C=CHCH,'Bu
H,C=CHO'Bu
HzC=CHCstiMe3
H20=CH05H4FeCp
HzC=C=CH2
cis-MeHC=CHMe
cyclopentene
H,C=CHCI

L

Q
o
o

anion = B(CgFs)4

_—x-=-SQ "0 a0 UTY

Side reactions complicated studies of the binding of certain
alkenes td. Ethylene polymerization occurs abové0 °C in
the presence @, most likely due to the presence of trace-Zr
alkyl species, though addud®a could be studied up to this

(44) Bochmann, M.; Jaggar, A. J.; Nicholls, J.Ahgew. Chem., Int. Ed. Engl.
199Q 29, 780.

(45) (a) Evans, W. J.; Boyle, T. J.; Ziller, J. V@rganometallics1993 12,
3998. (b) Chisholm, M. H.; Cotton, F. A.; Extine, M. W.; Rideout, D. C.
Inorg. Chem.1979 18, 120.
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Cint resonances shift downfield by £30 ppm, while the Gm
resonances shift upfield by @5 ppm, compared to the free
alkene positions. The vinyl region of th®C{IH} NMR
spectrum of propylene addut®b is shown in Figure 4 and
illustrates the divergent coordination shifts of the two vinyl
resonances.

The IH NMR resonances for the vinyl units d2b—h are
also strongly perturbed by coordination, as summarized in Table
1. The Hy signals shift far downfield A6 = 1.5—1.8) upon
coordination, while the Hnsand His resonances display smaller
coordination shifts. ThéJcy coupling constants of the vinyl
units of 12b—h are only slightly perturbed by coordination
(Table 2), and the vinylJyy coupling constants are essentially
unchanged the from free alkene values.

The NMR properties ofi2b—h are very similar to those of
structurally characterized chelated"Zralkoxide—alkene com-
plexesA andB,? and thus imply that the alkene is bound in a
similar unsymmetrical fashion (i.€l(Zr—Cin;) > d(Zr—Ciern))
and is polarized with positive charge buildup on,Gind
negative charge buildup ons, as shown in Figure 5. The

(46) n*Isobutene andy?styrene adducts of ¥ are known. Witte, P. T.
Vanadium Complexes Containing Amido Functionalized Cyclopentadienyl
Ligands. Ph.D. Thesis, University of Groningen, Groningen, The Nether-
lands, 2000.

(47) Trace oxidation of ferrocene also occurs in the presen6eaintler similar
conditions (CRCl,, —91°C). It is probable that trace BB" is the oxidant.

(48) To date, NOESY spectra have not enabled clarification of this issue.

(49) The!H NMR CpMe resonances af2b—h often overlap.
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ppm 150 140 130

120 110

Figure 4. Partial 3C{*H} NMR spectrum of an equilibrium mixture df2b, 6, and free propylene (CiZl,, —89 °C). Propylene coordination shifts are
shown by arrows. Assignments: 154 (12b Cin), 147 (d, anion), 137 (d, anion), 136 (d, anion), 134HECint), 129 6 Cipsq), 127 (2 s,12b Cipso), 123 (br,
anion), 117 (4 s12b Cp CH), 117 (large s6 Cp CH), 115 (GHg Cierm), 114 6 Cp CH), 114-111 (4 s,12b Cp CH), 103 (2b Cierm).

Table 1. NMR Coordination Shifts (Ad) for Monosubstituted
Alkenes Coordinated to 62

cpd alkene Cint Cem Calyic Hint Hirans Heis
12b propylene 196 —124 3.0 1.55 0.37 0.14
12c 1-hexene 175 -119 24 153 0.41 0.12

12d 1,5-hexadierfe 16.7 —11.3 2.2 1.46 0.38 %
12e 4,4-Me-1-pentene 18.8 —11.7 1.5 1.46 0.38 0.24

12f t-butyl vinyl ether 325 —23.8 — 158 —-0.26 —0.21
12g allyltrimethylsilane 31.6 —19.7 9.0 1.80 0.00 0.00
12h vinylferrocene 30.3 —27.8 — 1.77 —-0.56 -0.52

a In CDxCly, —89 °C; Ad = dcoord — Otree © Values for the bound vinyl

unit are shown; values for the pendant vinyl unit are essentially unchanged
from free substrate valueSResonance not detected due to overlap with

free alkene resonance.

Table 2. 1Jch Coupling Constants (Hz) for Monosubstituted
Alkenes Coordinated to 62

cpd alkene Cix coord free Ciem coord free

12b  propylene 156 153 156 155

12¢c  1-hexene 156 151 156 155

12d  1,5-hexadierfe 155 150 157 155

12e  4,4-Me-1-pentene 150 150 150 156, 154
12f  tert-butyl vinyl ether 173 174 154 161, 155
12g allyltrimethylsilane 150 150 153 157, 153
12h  vinylferrocene 156 155 153 159, 155

aValues from 13C{gated-'H} NMR spectra; in CBCl,, —89 °C.

b Values for the bound vinyl unit are shown; values for the pendant vinyl

unit are essentially unchanged from free substrate values.

oy 2.0 o OB c ,%9\\\0'5{
P2ZrN_ <> Cp'LZn = Cpadlr 3
R R 8/\R

Figure 5. Polarization of the &C bond of the alkene in CgZr(O'Bu)-
(alkene) complexes.

C=C polarization explains the downfield coordination shifts of
the G, Hint, and Guyic resonances and the upfield coordination

shifts of the Germ resonances. Th&)cy values imply that the
vinyl units of 12b—h are not significantly structurally distorted
(i.e. the hybridization at & and Gem is not significantly
perturbed) by coordinatiof¥.

As summarized in Table 1, the coordination shifts for the

Cint» Cierm, @nd Hy; of thetert-butyl vinyl ether (2f), vinylfer-
rocene {2h), and allyltrimethylsilane X2g) adducts are larger
than those for simple alkene complexE2b—e. Additionally,
the Hransand His resonances df2f—h are shifted less downfield
than those in12b—e, and in some cases exhibit upfield

(50) An alternative formulation of2a—I as insertion products with chelated
ether ligands, i.e., CZr(k?-C,0-CH,CHROBuU)" alkoxymetallocyclobu-

c ,?\\O'Bu oz O'Bu oz O'Bu
p 221 ~—> Cp'Zn, > Cp'2Zn
\
Bu By By

Figure 6. Resonance stabilization of GEr(OBu)(;72-H,C=CHOBu)"
(12f).

c ,?\\\O‘Bu corze OB
PN~ P
l|:e - f|:e
<42 <<L;
) I
Cp'zZr€i® o Zr\\\O'Bu
= 2
o Yol
Fe - e
<

Figure 7. Resonance stabilization of Ggr(O'Bu)(H,C=CHGCsH4FeCp)
(12Hh).

. (ZDCO‘Bu oz O'Bu oz O'Bu
b2 - Gz, > Cp'y2Zn,
~/ ® AV
SiMe; SiMe; ‘SiMe
@ 3

Figure 8. B-Si stabilization of CpZr(O'Bu)(H,C=CHCH,SiMe3)* (129).

coordination shifts. Enhanced polarization of the alkereQC
bond in12f—h due to resonance effects (Figures 6 ard @)

B-Si hyperconjugation (Figure 8f,which stabilizes the partial
positive charge on &, explains these coordination shifts. These
results support the proposed unsymmetrical binding and alkene
polarization model.

(C) Symmetrical Alkene Adducts. The alkene NMR coor-
dination shifts ofl2aj,k are listed in Table 3. The sy, and
Cauyiic resonances exhibit quite small coordination shifts, while
the Hiny and Huyic resonances show moderate downfield
coordination shift§3 The vinyl 1Jcy coupling constants of
123,k are unperturbed from the free alkene values.

(51) For stabilization of positive charge by a ferrocenyl substituent, see: (a)
Ceccon, A.; Giacometti, G.; Venzo, A.; Paolucci, D.; Benozzi, D.
Organomet. Cheml98Q 185 231. (b) Allenmark, STetrahedron Lett.
1974 15, 371. (c) Behrens, UJ. Organomet. Chen979 182 89. (d)
Prakash, G. K. S.; Buchholz, H.; Reddy, V. P.; de Meijere, A.; Olah, G.
A. J. Am. Chem. Sod992 114, 1097. (e) Koch, E.-W.; Siehl, H.-U.;
Hanack, M.Tetrahedron Lett1985 26, 1493. (f) Siehl, H.-U.; Kaufmann,
F.-P.; Apeloig, Y.; Braude, V.; Danovich, D.; Berndt, A.; Stamatis, N.

tane complexes, can be safely rejected. Related neutral azametallocyclobu- Angew. Chem., Int. Ed. Engll991 30, 1479. (g) Kreindlin, A. Z;

tane complexes formed by alkene addition to-#nido species exhibit

very large upfield coordination shifts for the “alkene” resonances, and much

higher “metat-alkene” rotation barriers. Walsh, P. J.; Hollander, F. J.;
Bergman, R. GOrganometallics1993 12, 3705.

Dolgushin, F. M.; Yanovsky, A. I.; Kerzina, Z. A.; Petrovskii, P. V;
Rybinskaya, M. 1.J. Organomet. Chen200Q 616, 106. (h) Koridze, A.
A.; Astakhova, N. M.; Petrovskii, P. V. Organomet. Cheni983 254
345.
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Table 3. NMR Coordination Shifts (Ad) for Symmetrical Alkenes
Coordinated to 62

de alkene Cvmy\ Ca\lyl\c vay\ HaHyIlc
12a ethylene -3.8 - 0.56 -

12j cis-2-butene 0.2 3.7 0.99 0.40
12k cyclopentene 1.8 1.7 0.78 0.34

aln CD,Cl; at —89 °C; A = dcoord — Ofree

Table 4. Equilibrium Constants for Alkene Coordination to 62

cpd alkene Keg (M7Y)
12h H,C=CHF¢ 4800(1100)
12f H,C=CHOBu large

129 H,C=CHCH,SiMe3 1700(400)
12a H,C=CH; 7.0(6)
12i HoC=C=CH, 6.7(3)
12b H,C=CHMe 5.4(2)
12¢ H,C=CH"Bu 4.8(8)
12d 1%-1,5-hexadiene 3.7(1.1)
12j cisMeHC=CHMe 2.2(1)
12k cyclopentene 2.1(1)
12e H,C=CHCH,Bu 1.9(1)
121 H,C=CHCI <0.1d

- H,C=CH'Bu xe

- H,C=CHSiMe; xe

- transMeHC=CHMe xe

- H,C=CHCH=CH, xe

- CeHe xe

- H,C=CMe, polyf

- H,C=CHPh poly

2 In CDCl, solution,—89 °C; Keq= [Zr-L][ 6] }[L] 7% L = alkene.” Fc
= ferrocenyl.c Complete coordination observed. See text for details.
d Adduct formation detected by line broadening of vinyl chlorié@ NMR
signals.c No complex formedKeq = 0.1 M™% f Cationic polymerization
rapidly occurs.

These data can be rationalized by the unsymmetrical coor-

dination/alkene polarization model proposed above for mono-

The coordination of ethylene ®to give 12awas probed in
detail. The equilibrium constant for ethylene coordinatiokds
= 7.0(6) M~1in CD,Cl, at —89 °C. Under these conditions, at
[6]initiar = 0.040 M~ and [GHglinitias = 0.20 M™%, ca. 55% of
the total CppZr(O'Bu)™ exists asl2a This equilibrium constant
is unchanged over the concentration rand®@gifa = 0.038-
0.080 M and [GH4initiar = 0.13-0.29 M1, consistent with
the equilibrium shown in eq 1. Addition of [RG][B(CsFs)4]

(2.4 equiv per total Zr) as an anion source does not afggt
at —89 °C. If 6 existed as the ion-pair structu€ (Figure 3),
addition of B(GFs)s~ would shift the equilibrium in eq 1 to
the left, sincel2ais unlikely to bind B(GFs)4~.5% In contrast,
when PhCI (8 equiv per total Zr) is added to mixture@nd
ethylene at-89 °C in CD,Cly, Keqis decreased to 5.0(3) M,
consistent with stronger binding of PhCl vs &I to 6. This
result supports the proposal th&éxists as a solvent adduct in
RCI solution @, Figure 3) and that the equilibrium in eq 1
involves substitution of CBCI;, by alkene.

The data in Table 4 show how steric and electronic effects
influence the binding of alkenes & Alkene binding strength
varies in the order ethylerre a-olefins > cis-alkenes> trans
alkenes (no coordination observed). There is only a small
difference in theKeq values for ethylene, propylene, and
1-hexenea-Olefins are bettes-donors but are more sterically
crowded than ethylene, and these effects compensate each other.
However, more dramatic increases in the steric bulk of the
alkene do inhibit binding; e.g. 4,4-dimethyl-1-pentene adduct
12eis significantly less stable than ethylene addi2s and
3,3-dimethyl-1-butenetért-butylethylene) and vinyltrimethyl-
silane do not bind t® at —89 °C. cis-Alkenes show decreased
Keq values due to increased steric crowding near the double
bond, andtrans-2-butene does not bind #© The reason for

substituted alkene complexes, coupled with fast exchange ofthe stronger binding ofis-2-butene vs that ofrans-2-butene

the two ends of the alkene, e.g. by rotation around the metal
(alkene centroid) axis. Under slow alkene rotation conditions,

to 6 is unknown. The relative binding abilities ois- andtrans
alkenes are highly system-dependgats®

one alkene carbon resonance of an unsymmetrically bound  Egjectron-donating groups on the alkene significantly enhance

symmetrical alkene would shift upfield, while the other would
shift downfield, as observed fdr2b—h. Exchange of the two

alkene coordination t6. tert-Butyl vinyl ether binds tdb very
strongly to givel2f, in which the partial positive charge on

ends of the €C bond would average these resonances, resulting c, . is stabilized by the @u group (Figure 6). In fact12f is

in the small, net coordination shifts observed fb2aj,k.
However, structurally characterized Agethylene adducts,
where back-bonding is minimal, contain symmetrically bound
ethylene ligandgéa—c

Thermodynamics of Alkene Binding to 6. Equilibrium
constants for alkene binding ® in eq 1,Keq = [12][6] -
[alkene] 1, were determined byH NMR and are listed in Table
454 The equilibria were studied directly fa2a—e,i—k. Alkene
complexesl2gh are formed quantitatively when 1 equiv of the
substrate is added ® and therefordcq values in these cases
were determined by competition experiments with propyne and
allyltrimethylsilane, respectively.

(52) Lambert, J. BTetrahedron199Q 46, 2677.

(53) Cyclopentene addui2k exhibits only one Hyic resonance, whereas two
resonances are expected if rotation around tﬁe médidene centroid) bond
is fast. Most likely the two Hyic resonances overlap. However, it is also
possible that the ki hydrogens are exchanged by nondissociative alkene
face exchange. This process has been invoked to exptaims1,3-
enchainment in Zr-catalyzed cyclopentene polymerization. Kelly, W. M.;
Wang, S.; Collins, SMacromolecules1997, 30, 3151.

(54) If the solvent term is included, the equilibrium expression for eqKeis
= KedCD:Cl;] where Keq is defined as in the text. If the solvent
concentration is assumea
AH°® is not affected, but the entropy term beconeS' = AS’ + R In-
[CD.Cl,], whereR In[CD,Cl;] ~ 5.5 eu.

8168 J. AM. CHEM. SOC. = VOL. 128, NO. 25, 2006

to be independent of temperature, the value of

stable without excedert-butyl vinyl ether in solution between
—89 and—69 °C in CD,Cly. TheKeqVvalue fortert-butyl ether
coordination to6 could not be determined but must be at least
600 times larger than that for the sterically similar alkene 4,4-
dimethyl-1-pentene. However, the bound alkene 12f is
displaced by PMgto give [CP,Zr(OBu)(PM&)][B(CsFs)4] (13)

and freetert-butyl vinyl ether.

Vinylferrocene also binds strongly ®to form 12h, despite
the presence of the large ferrocenyl substituent close to the
double bond. In fact, vinylferrocene binds almost 700 times
more strongly to6 than ethylene does. The partial positive
charge at ¢ in 12his stabilized by the ferrocenyl group (Figure
7).51 Allyltrimethylsilane also binds strongly t6 to form 12g
The equilibrium constant for the allyltrimethylsilane coordina-
tion is 900 times larger than that for the sterically similar alkene
4,4-dimethyl-1-pentene. The partial positive charge gpn i@
12gis stabilized by thes-Si group (Figure 8§?

(55) Control experiments confirmed thatdt does not interact with 1, or
6 under these conditions.

(56) (a) Liu, W.; Brookhart, MOrganometallic2004 23, 6099. (b) Muhs, M.
A.; Weiss, F. T.J. Am. Chem. S0d.962 84, 4697.



Nonchelated a° Zr-Alkoxide—Alkene Complexes ARTICLES

Table 5. Thermodynamic Data for Equilibria in eq 1 and
Activation Parameters for Decomplexation (k-1) for Ethylene and 0 -
Propylene?
AH° AS° AH_* AS_* AG_* E
adduct alkene (kcal/mol) (eu) (kcal/mol) (eu) (kcal/mol)® g -1
12a  H,C=CH;, —3.6(1) -16(4) 7.7(5) -15(2) 11.2(1) =3
12b  H,C=CHMe -3.8(2) -17(1) 8.1(9) -—12(4) 10.9(1) 2 -
aJn CD.ClI; solution.? At —39 °C.
-3 —
2 —
4 T T
-~ 0.0042 0.0047 0.0052
N 1T (K™
£ Figure 10. Eyring plot for ethylene (circles, solid line) and propylene
(triangles, dashed line) decomplexatién,j from 12ab in CD,Cl; solution.
The two rightmost data points for each line overlap.
0 —
of coordinated ethylene by free ethylene (eq 2) does not occur
to a significant extent. Instead, the data imply that ethylene is

T T T lost from 12ato give 6, and ethylene coordinates €oto give
0.0045 0.0(1?0 0.0055 12a(eq 1). An Eyring plot for ethylene decomplexation from
1T (K™) 12a is shown in Figure 10, and activation parameters for

Figure 9. van't Hoff plot for ethylene (circles, solid line) and propylene  ethylene decomplexation are listed in Table 5.
(triangles, dashed line) coordination 12ab in CD.CI; solution.

The presence of an electron-withdrawing group on the alkene @\ 0'Bu . &\ OBy
inhibits alkene binding t&. When vinyl chloride is added to a @Zr‘\/ s == @Zrk/ @
solution of 6 in CD.Cl, at —89 °C, the only evidence for S{;: Z Z

coordination is selective line broadening of the vinyl chloride
13C NMR signals, suggestive of minor formation 182 (Keq <

0.1 M1 and fast intermolecular exchange of free and bound propylene in CBCl, is warmed above-89°C, the NMR signals
vinyl chloride. An alternative formulation df2| as a Cl-bound of 12b broaden and eventually coalesce,with those afnd
halocarbon adduct cannot be rulgd out._V|_nyI chloride binds o propylene. First-order rate constants were found by line
much more weakly than the sterically similar substrate pro- shape analysis of the Jd resonance ofl2b using gNMRS
pylene. Propylene decomplexation rates are independent of the con-
) En.thalpy and Entropy of Ethylene and Propylene Coorj centration of free propylene over the rangeHig] = 0.070-
dination to 6. Keq values for ethylene and propylene coordina- 5 55 1. Therefore, as for ethylene, free propylene does not

tion to 6 were determined over a wide temperature range, gjectly displace coordinated propylene. The activation param-

enabling determin_ation_of binding enthalpies and en_trop_ies. eters for propylene decomplexation fratb (Figure 10 and
These_values are listed in Table 5. As the temperature is raisedy oo 5) are very similar to those for ethylene decomplexation
formation of the alkene complexd2ab become less favored 1 124

and the equilibria shift to free alkene a6dRepresentative van't The negativeAS_.* values for ethylene and propylene

Hoff plots are given in Figure 9. ThaH® andAS’ values are 4o omplexation suggest that these reactions proceed by associa-

both very similar for the two alkenes. Th&S® values are e mechanisms in which the coordinated alkene is displaced
modestly negative and would be less negative if a solvent term by a CD.Cl, molecule.

were included in théeq expressiort?

Alkene Decomplexation.The NMR resonances df2a, 6,
and free ethylene in an equilibrium mixture in g0, solution
broaden as the temperature is raised abe88 °C. The Cp
CH H NMR signals of12acoalesce with those @ between
—68 and—48°C, and the coordinated ethylene signal coalesces 4o small and exert compensating effects.

With the free ethylene signal at ca30 OC Study of this system Electronic effects strongly influence the rate of alkene
in thg f'ast exchange regime was dlfflgult due to the Iopsmed decomplexation and parallel the electronic effects Ky
equilibrium above-38 °C. These dynamic effects are consistent  pecomplexation of allyltrimethylsilane from2f is very slow,
with the exchange of2awith 6 and of coordinated and free with k_, = 0.046(3) s* at —89 °C in CD,Cl,, as determined

Ethylene' . from a'H EXSY spectrum. In contrast, the rate constants for
Flrst-orQer rate constants for e’ghylene decomplexation from ethylene and propylene decomplexation under the same condi-

12a (k-1 in eq 1) were determined from the excess line yiong arek ; = 1.5(1) and 2.3(1) € respectively, as calculated

broadening of the ethyleri¢i NMR signal of 12aunder slow 4 the corresponding activation parameters. Tewe-buty!

exchange conditions. Ethylene decomplexation rates f8en i ether adduct2f also has a high decomplexation barrier.
are independent of the free ethylene concentration over the range

[CoH4] = 0.045-0.23 M. Therefore, associative displacement (57) gNMR v. 4.1.2; Adept Scientific: Letchworth, U.K., 2000.

Similarly, when an equilibrium mixture af2b, 6, and free

A free energy diagram that compares propylene and ethylene
coordination to6 at —39 °C is shown in Figure 11. It is clear
that ethylene and propylene interact with the' ZpOBu)*
cation in a nearly identical manner. The reason for this is that
the steric and electronic differences between these two alkenes
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AG Table 6. NMR Coordination Shifts (Ad) for Vinyl Ethers and
Sulfides?

(kcal/mol)
A

6 + substrate 12b

Figure 11. Free energy diagram—39 °C) comparing ethylene and
propylene coordination t6 in CD,Cl; solution.

6

-69 °C

ppm 6.2 6.0 5.8

Figure 12. Variable-temperaturéH NMR spectra of a mixture af2f and

6 in CD,Cl solution. The CpCH region is shown. The sets of exchanging
resonances ofL2f are labeled ad and were established by EXSY
spectroscopy. The large resonance® #.36 labeled6 are from6. The
resonance ab 6.18 labeled x is an unknown impurity.

Line broadening of théert-butyl vinyl ether NMR resonances
of 12f is not observed up te-69 °C, and exchange between
12f and 6 is not observed by EXSY spectroscopy-a89 °C.
Moreover, no loss ofi2f is observed owe6 h at—89 °C in
CD.Cl,. If decomplexation otert-butyl vinyl ether from12f
occurred, the free alkene would likely be cationically polym-
erized, resulting in net conversion b2f to 6.

Dynamics of Cp,Zr(O 'Bu)(H,C=CHO'Bu)*. The’H NMR
Cp CH resonances df2f exhibit selective broadening between
—89 and—69 °C and start to coalesce in a pairwise manner at
—69 °C (Figure 12). AIH EXSY spectrum ofl2f (—89 °C)
contains cross-peaks for pairwise exchange of thé Cip
resonances but does not show cross-peaks for excharigd of
with 6. In addition, the 13C NMR ipso-Cp and CpMe
resonances df2f display line broadening at79 °C. The Zr
O'Bu and other alkene resonanced @f remain sharp between
—89 and—69 °C. The resonances @& also remain sharp in
this temperature range.

These results show that the two 'Gmgs of 12f exchange
with each othewithoutdecomplexation of theert-butyl vinyl
ether ligand anavithoutexchange of the two sides of a given

Cp ligand (site epimerization). The simplest exchange process

cpd substrate Cint Cierm Hint Hurans Has
14 H,C=CHOEt —5.4 143 —-0.54 0.77 0.97
15 HC=CHSMe —7.1 157  <0P 0.86 =>Q°

aln CDCl; at —89 °C; AS = dcoord — Otree. ® The resonances for the
coordinated substrate are obscured by Cig resonances, but the signs of
the coordination shifts can be established because;thand H;s resonances
of free methyl vinyl sulfide are downfield and upfield of the entire Cpl
region, respectively.

exchange, i.e. exchange of the'@p(O'Bu)* unit between the
two enantiofaces of the alkene without decomplexation.
Alkene enantioface exchange ¥r2f probably proceeds by
slippage of the alkene to an O-coordination mabi2f§, rotation
around the G-Cjy; bond, and slippage back to tteecomplex
isomer (eq 3). This process is a functional-group-assisted olefin
face exchange® As noted below, ethyl vinyl ether, which is
smaller thartert-butyl vinyl ether, forms a stable O-adduct with
6.

O'Bu gy Bu
@/ H .| @08 TP @
Cp ZZr\//““o Cpa2r’ _Bu| <= Cp'yZr— /l ”
| )\
'Bu H
s-12f 12 R-12f

An alternative possible mechanism for alkene face exchange
in 12f is rotation around the ‘€C double bond, which may be
weakened due to the G@r(O'Bu)(H.,CC*(H)OBu) carbo-
cation-like resonance form (Figure 6). This kind of mechanism
has been established for CpFe(@8}C=CHNRy)™ vinylamine
complexes$? In addition to alkene face exchange, this mecha-
nism results in exchange ofklwith Hyans0f the bound alkene.
However, for 12f, the Hans and His resonances are sharp
between—89 and—69 °C, ruling out the &C double bond
rotation mechanism.

Vinyl Ether and Vinyl Sulfide Adducts. The reaction ob
with ethyl vinyl ether or methyl vinyl sulfide yields the
corresponding [CpZr(OBu)(-RECH=CH,)][B(CsFs)4] ad-
ducts14 (RE = EtO) and15 (RE = MeS), as shown in eq 4.
The NMR properties o4 and15are very different from those
of 12f or the other monosubstituted alkene complekgb—
e,g,h. In particular,14 and15 displayupfield coordination shifts
for Hine and Gy, and downfield coordination shifts for m
(Table 6), which are opposite in sign to those 1&b—h. In
addition,14 and 15 display Cs symmetry at—89 °C instead of
the C, symmetry observed fat2b—h. These results show that
the alkenes inl4 and 15 are coordinated by the heteroatom
and not by the €&C bond. The putative O-bourdrt-butyl vinyl
ether adducl2f in eq 4 is probably electronically favored over
the G=C m-complex12f but is destabilized by steric crowding.

& O'Bu @

\ R \_ OB
@z P —— @ @
Qé *CICD,CI g E-R
= =)

14: ER = OEt
15: ER = SMe

Diene Adducts. It might be expected that 1,3-butadiene

that explains these results is nondissociative alkene facewould bind strongly td in ann2-fashion, as the positive charge
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Figure 13. Unobserved 1,5-hexadiene coordination modes.

Reactions of Cp,Zr(O 'Bu)* with Other Potential Ligands.
Neither N> (1 atm) nor B (1 atm) displaces CECl, from 6 at
—89 °C in CD,Cly. N, and H complexes of 8 metals are as
yet unknowrf485Hydrogenolysis of Z+alkyl bonds is thought
to involve transient Hicomplexe$ Neither benzene nor in situ
generated P}CMe coordinate to6 at —89 °C in CD)Cls.
Unfavorable steric interactions between the arenes anthe
butoxide and Cpligands may prevent coordination in this
system. Arene complexes of anetals are known in more
sterically open systenfg.

on Gy could be stabilized as an allyl-type cati#h-However,
1,3-butadiene does not coordinatéstd he lack of 1,3-butadiene
coordination may be due to conjugation. The conjugative Discussion
stabilization of 1,3-butadiene is—3 kcal/mol%1 while AH® of
coordination for nonconjugated alkenes is e&.7 kcal/mol NMR Properties and Structures of Cp>Zr(O 'Bu)(alkene)"
(Table 5). Thus, if 1,3-butadiene were to lose conjugation upon SpeciesThe close similarity of the NMR data for nonchelated
n?-coordination, perhaps due to rotation around tee G bond 12b—h and structurally characterized chelasand B pro-
to minimize steric crowding, there likely would be no enthalpic vides strong evidence that these species have similar unsym-
advantage to coordination. Therefore &8 is expected to be  metrical alkene binding modes. The lack efa* back-bonding
negativeKeqfor 1,3-butadiene coordination would be extremely and the shape of the alkemeorbital allow the coordinated
small. On the other handhelatedy?- andn*-cyclopentadiene  alkene to slide from a symmetrical to an unsymmetrical
Zr'V complexes are knowih-37o coordination mode to delocalize the positive charge from the
The NMR spectra of the 1,5-hexadiene addL@ti contain metal to the alkene. For monosubstituted-alkene complexes
one set of strongly perturbed vinyl resonances and one set of12b—h, the slippage occurs such that the charge is delocalized
only slightly shifted resonances, indicative of coordination of Primarily to Gy, which can stabilize the charge better thag.
only one alkene unit. There is no evidence for formation of @S secondary carbocations are more stable than primary
chelated bis-alkene compléor dinuclear comples (Figure carbocations. Incorporation off-Si, a-OR, or o-metal-
13)80 The inability of 1,5-hexadiene to coordinate to two Zr locene functionalities in the alkene results in additional charge
centers to forns reflects the weakness ofolefin coordination delocalization. _ .
to 6. Assuming that théeq value for formation ofS from 6 The NMR data for symmetrical-alkene compledgs; k can
and12d is the same as that for formation d2d from 6 and be accommodated by the unsymmetrical binding model, with
1,5-hexadiene, under typical NMR conditions the concentration fast rotation around the metafalkene centroid) axis on the
of S would be less than ca. 0.15 mM<Q.05[12d]), and NMR time scale. However, the observed coordination shifts for
therefore, this species would not be detectable by NMR. There Symmetrical alkene complexes are small (Table 3) and are also
is no evidence that the two ends of the 1,5-hexadiene ligand ofconsistent with symmetrical alkene binding, as has been
12d undergo an associative intramolecular exchange processestablished for Ag-ethylene adducts by X-ray crystallographic
(i.e. with R as a transition state or intermediat®). analysis?®®
Cp2Zr(O'Bu)(H,C=CHMe)*. The addition of excess pro- The proposed unsymmetrical alkene bindingl’@p—h is _
pylene to7 at —89 °C produces an equilibrium mixture of [Gp sypported by com.putatlonal results. DFT (?alculatlons predict
Zr(O'BU)(H.C=CHMe)][B(CsFs)4] (16), 7, and free propylene, highly qnsymmetrlcal propylene COOI’dInatISAd.(Zr—C) =
analogous to the formation of the Gpr analoguel2bin eq 1. 0.54 A_) in{H2Si(CsHa)o} Zr(CH3)(H.C=CHMe)", with the Zr—
The *H and 23C NMR spectra of16 each contain two Cp Ctermd_lstance (2.57 A) belng s_|gn|f|cantly shOfter than the-Zr
resonances, consistent with the expec@dsymmetry. The  Cint distance (3.11 Aj® Similar unsymmetrical propylene
NMR data for the bound propylene a6 are very similar to binding was predicted for the .several possible propylene
the data forl2b. The equilibrium constant for formation &, complexes in tfeac—Me2C{ 1—(31Bu-|ndenyI)}Zr(CH2C|6-|9MeEt)-
Keq= [16][7][H,C=CHMe] %, is 14.7(7) M (CD,Cl, ~89  (H2C=CHMe)" system Ad(Zr—C) = 0.27-0.73 A). ,
°C), almost 3 times greater than that for formatiori@b under Interesﬂ_ngly, DFT calculations also predict unsymmetrical
the same conditions (eq 1). This difference is due to the greater€thylene binding in GZr(CHs)(CzHa)" (Ad(Zr—C) = 0'242 A)
Lewis acidity of7 vs 6, which results from the weaker electron- and{ HzSi(CsHa)2} Zr(CHs)(CoHa)* Ad(Zr—C) = 0.24 A)f2in

donating ability of Cp compared to that of Cp.3 Steric factors which the calculated ZfCyinyi lengths are similar to those in
may also make a minor contribution to the difference in the calculated propylene adducts. Ab initio calculations predict

propylene binding strength ih6 vs 12b.

(58) The styrene complex §8,CH,CH,N'Pr)V(=N'Bu)(H,C=CHPh)" under-
goes a similar enantioface exchange by slippage-phienyl coordinated
transient intermediate’§.

(59) (a) Matchett, S. A.; Zhang, G.; Frattarelli, Drganometallics2004 23,

5440. (b) Chang, T. C. T.; Foxman, B. M.; Rosenblum, M.; Stockman, C.

J. Am. Chem. S0d.981, 103 7361.

(60) The formation of CpZr(OBu)(17*-H,C=CHCH=CH,)" or Cp,Zr(O'Bu)-
(alkene)" species are probably precluded by-@r zz-bonding.

(61) Wiberg, K. B.; Rosenberg, R. E.; Rablen, P.JRAm. Chem. Sod.991
113 2890.

(62) The pendant vinyl group of the 1,5-hexadiene may not be able to wrap

around correctly to displace the bound vinyl group.
(63) Wieser, U.; Babushkin, D.; Brintzinger, H.-Brganometallics2002 21,
920.

unsymmetrical ethylene binding in £8,SiHN'Bu)Ti(CHz)-

MacKay, B. A.; Fryzuk, M. DChem. Re. 2004 104, 385.

(64)

5) (a) Fryzuk, M. D.; Love, J. B.; Rettig, S. J.; Young, V. Sciencel997,
)
)

(6
275, 1445. (b) Basch, H. et all. Am. Chem. S0d.999 121, 523.

(66) Gell, K. I.; Posin, B.; Schwartz, J.; Williams, G. M. Am. Chem. Soc.
1982 104, 1846.

(67) (a) Hayes, P. G.; Piers, W. E.; Parvez, MAmM. Chem. SoQ003 125,

5622. (b) Green, M. L. H.; SassmannshauserGhkm. Commun1999

115. (c) SassmannshausenQdganometallics200Q 19, 482. (d) Gillis,

D. J.; Quyoum, R.; Tudoret, M.-J.; Wang, Q.; Jeremic, D.; Roszak, A. W.;

Baird, M. C.OrganometallicsL996 15, 3600. (e) Lancaster, S. J.; Robinson,

O. B.; Bochmann, M.; Coles, S. J.; Hursthouse, M.Bganometallics

1995 14, 2456. (f) Jia, L.; Yang, X.; Stern, C. L.; Marks, T. J.

Organometallics1997, 16, 842.

(68) Schaper, F.; Geyer, M.; Brintzinger, H. Brganometallic2002 21, 473.

(69) Moscardi, G.; Resconi, L.; Cavallo, Organometallics2001, 20, 1918.

J. AM. CHEM. SOC. = VOL. 128, NO. 25, 2006 8171



ARTICLES

Stoebenau and Jordan

(CzHa)* (Ad(Ti—C) = 0.29 A)7° However, DFT computations
predict more symmetrical ethylene binding in certainfGpMe-
(C2H4)]IMAO] ion pairs (Ad(Zr—C) = 0.05-0.27 A)7* Further
studies will be required to fully understand the coordination
mode of symmetrical alkenes to &(X)" species.

The NMR properties and proposed unsymmetrical alkene
binding of @ complexesl2a—k are significantly different from
those of related @dmetal-alkene complexes. For example, the
Zr'"—butene complexes Gpr(H,C=CHE?t)(THFdg) (T) and
CpZr(H,C=CHEL)(PMe) (U) exhibit large upfield NMR
coordination shifts forboth alkene carbonsAo = ca. —75)
and for the three vinyl proton&6 = ca.—5.0), in sharp contrast
to the coordination shifts df2a—k listed in Table 172 The 1Jcn
values for the alkene unit & (137—145 Hz) are significantly
decreasedrom the values of free alkenes ad@a—k (Table
2).”% An X-ray crystallographic analysis shows that the butene
ligand in U is coordinated symmetrically, withd(Zr—C) =
0.01(1) A7 The chelated Zr—phosphine-alkene complexes
Cp'2Zr(PPRCH,CH,CH=CH,) (Cp' = 1,2-GH3Me,) and Cp-
Zr(PPhCH,CH,CH,CH=CHy) also exhibit symmetrical alkene
binding (Ad(Zr—C) = 0.034(6), 0.058(4) AJ> The symmetrical
coordination in these Zrsystems provides good evidence that
the unsymmetrical coordination proposed ft2b—h and
observed inA andB does not result from steric crowding or
from chelation.

The Zi'—ethylene complexes, Gpr(H,.C=CH,)(THF) and
CpZr(H2C=CHy)(pyridine), exhibit large upfield alkene coor-
dination shifts, lowtJcy values (146-145 Hz), and symmetrical
ethylene binding £4d(Zr—C) = 0.04(1) A) in the solid state,
similar to what is observed for 2fH,C=CHR) adductg® The
upfield coordination shifts and symmetrical alkene binding in
Zr'"—alkene complexes are caused byt back-bonding in

and solvent adducts are observed the for nonchelated systems,
while A andB exist only as the alkene adduct even with the
less weakly coordinating MeB¢Es);~ anion®2PThis difference
is expected due to the more favorable entropy of coordination
in the chelated systems compared to that in nonchelated systems.

Alkene Exchange Alkene adductd2ab undergo reversible
displacement of the alkene by @Cl, solvent. Neither direct
displacement of the coordinated alkene by free alkene nor
displacement of the bound alkene by the B, anion is
observed inl2ab. However, these processes may occur in less
coordinating solvents.

Comparison of 12a-1 with d ® Metal—Alkene Complexes
of Group 3, 5, and 6 Metals. The enthalpies of propylene
binding in12band Cp%Y(R)(propylene) specids are similart’
However, 6 is stabilized by solvent coordination, G¥*R
compounds are stabilized by agostic CH interactiGhand the
Cp2Zr(OBu)* unit is less crowded than the G¥R units.
Therefore, the alkene binding enthalpiesl@b andL may not
accurately reflect the relative strengths ofZralkene and ¥ —
alkene interactions. Thi€.q for ethylene binding for 2¥ (123)
in chlorobenzene is much smaller than that for ethylene binding
to Nb¥ (J; 220(10) Mt at —30°C in CG¢DsCl), as12adoes not
form in this solvent® Alkene binding in 12ab is also
substantially weaker than alkene binding i somplexl, where
adduct formation is even favorable at ambient temperatufi®.
Additionally, cyclopentene binding ib2k is much weaker than
cycloheptene binding to Win K.16 A reasonable explanation
for the stronger alkene binding in the groups 5 and 6 systems
is that the V¥, NbY, and W' centers inl, J, andK are more
electrophilic than the 2f center in12a—k. Weak nonclassical
back-bonding from M=NR, M—NR;, or M=CR, bonding or
nonbonding orbitals to the alkem& orbital may also enhance

these @ complexes, and these species can be considered to belkene binding in the groups 5 and 6 systems.

metallocyclopropanes. The alkene=C distances in these
complexes are lengthened by coordination to ca. 1.44 A,
consistent with metallocyclopropane formulation. In contrast,
the absence of back-bonding ifl shecies results in divergent
alkene NMR coordination shifts consistent with unsymmetrical
alkene coordination.

Thermodynamics of Alkene Coordination to 6.Zirconium—
alkene complexe&2a—| exhibit weak metatalkene binding.
The AH® values show that the Zrethylene and Zrpropylene
bonds are only ca. 3.7 kcal/mol stronger than the ZICD,CI

Alkene decomplexation frorh and related ¥ systems is
much faster than fol2a—k, which may reflect the fact that
the displacing group is an incipient agostie-B bond on the
alkyl ligand in L.17 Alkene decomplexation barriers for J,
andK have not been reported. However, qualitative observations
strongly suggest that decomplexation is slower thanl&a—
[,14-16 which is consistent with stronger alkene coordination in
the groups 5 and 6 systems.

NMR line broadening indicative of hindered metdalkene
centroid) rotation is observed in the Nland W' compounds

bond, which underscores the weakness of alkene coordinationd andK ,1>18whereas in contrast, alkene rotation is fast on the

in these 8 metal complexes. The weak binding is due to the
lack of d—x* back-bonding. Consistent with a pusedonation
binding mode, coordination is enhanced by the introduction of

NMR time scale forl2a—k even at—89 °C. This difference
may be due to the presence of nonclassical back-bondidg in
andK, especially given the similar structures of the;Rp(=

electron-donating groups in the alkene and by incorporation of N'Bu)* and Cp,Zr(O'Bu)" cations. However, differences in

functional groups to stabilize the positive charge buildup on
Cint-

The metat-alkene interaction iri2a—1| is weaker than that
in the chelateé andB.8 Equilibrium mixtures of alkene adducts

(70) Lanza, G.; Fragald. L.; Marks, T. J.Organometallics2002 21, 5594.

(71) Zurek, E.; Ziegler, TFaraday Discuss2003 124, 93.

(72) (a) Dioumaeyv, V. K.; Harrod, J. ©rganometallics1997, 16, 1452. (b)
Negishi, E.-i.; Holmes, S. J.; Tour, J. M.; Miller, J. A.; Cederbaum, F. E.;
Swanson, D. R.; Takahashi, J. Am. Chem. S0d.989 111, 3336.

(73) Binger, P.; Miller, P.; Benn, R.; Rufiska, A.; Gabor, B.; Kiger, C.; Betz,
P.Chem. Ber1989 122, 1035.

(74) Goddard, R.; Binger, P.; Hall, S. R.;"Mar, P.Acta Crystallogr., Sect. C
199Q 46, 998.

(75) Yamazaki, A.; Nishihara, Y.; Nakajima, K.; Hara, R.; Takahashi, T.
Organometallics1999 18, 3105.
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metal-alkene distances may influence relative alkene rotation
rates.

Comparison of 12a-| with Cp ZrR ™ Species and Implica-
tions for Polymerization. A Cp,Zr(OR)" cation is a weaker
Lewis acid than an analogous £pR™ cation, due to G-Zr
s-donation34d.77.78This difference is reflected in the preferential
binding of THF to Cf»ZrMe" vs 6 in competition experiments.
Therefore, it is expected that alkene coordinatioi2a—| and
16 is weaker than what would be expected in similanZ3p
(R)(alkene} species. However, the effects of alkene structure

(76) Fischer, R.; Walther, D.; Gebhardt, P.;8p H. Organometallics200Q
19, 2532.
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on alkene binding strength should be parallel for bothZCR* propyne,cis-2-butene trans-2-butene, hydrogen, and vinyl chloride
and CQZr(OR)+ cations. were used as received. Cyclopentere;butyl vinyl ether, ethyl vinyl
Early transition metal catalysts are usually more active for €ther, vinyltrimethylsilane, 1-hexene, 4,4-dimethyl-1-pentene, and
ethylene polymerization than propylene polymerization (i.e. aIIyItnmethyI_sHane were dried over_CaI-before use. Styrene was
ethylene is consumed fastéfy.Furthermore, ethylenetolefin degassed prior to use. PYd,5-hexadiene, and 3,3-dimethyl-1-butene
. o . ’ . were dried ove3 A molecular sieves prior to use.
copolymerization reactivity ratios show that ethylene is pref-

erentially inserted vs the-olefin into a CpZr(copolymeryly Elemental analyses were performed by Midwest Microlab (India-
1ally | v i pZr(copoly y napolis, IN). ESI-MS experiments were performed with an HP Series

species, regardless of Wh!Ch monomer was _prewously IN- 1100MSD instrument using direct injection via a syringe pump (ca.
serted’®*#Finally, ethylene inserts much faster inte-¥i and 1073 M solutions). Good agreement between observed and calculated
Y—C bonds than propylene do&8.The present work shows sotope patters was observed, and the listézlvalue corresponds to
that ethylene and propylene bind @owith approximately the the most intense peak in the isotope pattern. NMR spectra were recorded
same strength and exchange on and off with very similar rateson Bruker DRX 500 or 400 spectrometers in Teflon-valved NMR tubes

in CD.Cl, solution. These results suggest that the general lower at ambient probe temperature unless otherwise ndtddand *3C

activity for propylene polymerization compared to that for
ethylene polymerization is not due to differential substrate

binding but rather arises because propylene insertion (from the

metal-alkene adduct) has a higher barrier than ethylene
insertion. The larger size of propylene would lead to a more
crowded insertion transition state and may explain this differ-
ence.

(CsRs)2ZrR™ polymerization catalysts typically have a strong
preference for 1,2-insertion ofolefins, i.e., the migrating 2R
group migrates to (z).1° The proposed unsymmetrical binding
in 12b—h and the resulting partial positive charge or @rovide

chemical shifts are reported relative to SiMand were referenced to
the residual solvent signal$® NMR spectra are reported and
referenced relative to external CRCI'B NMR spectra are referenced
to external BR-OEtL. 3P NMR spectra are reported to external 85%
HsPO, and are referenced to free PM& —61.0). NMR probe
temperatures were calibrated by a MeOH thermonfét&oupling
constants are reported in Hz. Whé#€-{ gated-'H} NMR spectra are
reported, standarfC{*H} NMR spectra were also recorded to assist
in interpretation and assignment. FosG+CHX substrates, ki is the
H that is cis to hh, and Heansis the H that is trans to H.

NMR spectra of ionic compounds contain BFg),~ resonances at
the free anion positions!®F NMR spectra were obtained for all

a simple explanation for this trend. The polarization should make compounds that contain this anion. Resonances f¢CHk are present

Cint more susceptible to nucleophilic attack thap.& Also,
unfavorable steric interactions between the alkyl group of the
a-olefin and the cyclopentadienyl ligands in £Zp(R)(H.C=
CHR)* species may favor the rotamer in which@ oriented
toward the metatalkyl bond, which may contribute to the
preference for 1,2 insertion.

Experimental Section

General ProceduresAll reactions were performed using glovebox
or Schlenk techniques under a purified &tmosphere, or on a high
vacuum line. N'was purified by passage through columns of activated
molecular sieves and Q-5 oxygen scavenger@HDCsDsCI, and GHs-

Cl were distilled from ROs. CsDs was distilled from Na/benzophenone.

when cationic compounds are generated witgPhand used in situ.
The data for B(GFs)s~ and PRCMe are given in the Supporting
Information.

Generation of CpZr(O'Bu)Me (4). An NMR tube was charged
with CpZrMe; (13.4 mg, 0.0533 mmol), andsDs (0.69 mL) andert-
butyl alcohol (0.0770 mmol, 1.445 equiv) were added separately by
vacuum transfer at 196 °C. The tube was warmed to 22, shaken,
and maintained at 22C for 30 min to afford a colorless solution. A
IH NMR spectrum was obtained that established thaiad formed
quantitatively. The volatiles were removed under vacuugs¢0.65
mL) was added by vacuum transfer-a196 °C, the tube was warmed
to 22°C, and NMR spectra were recorded. This species was used in
situ to preparer. *H NMR (CgDg): 0 5.77 (s, 10H, Cp), 1.02 (s, 9H,
O'Bu), 0.32 (s, 3H, ZrMe)*3C{*H} NMR (C¢Dg): 6 110.2 (Cp), 77.1

Benzene and hexanes were purified by passage though columns ofOCMe;), 31.8 (OQMle;), 17.6 (ZrMe).

activated alumina and BASF R3-11 oxygen removal catalyst;-Cp
ZrMe; (1), CpZrMe; (5), and methyl vinyl sulfide were synthesized
by literature procedure®.Other reagents were received from standard
commercial sourcesert-Butyl alcohol was dried over ¥CO; and stored
under vacuum or as a stock solution in benzene;CHB(CsFs)a],

Synthesis of [CP.Zr(O'Bu)][B(CeFs)4] (6). A flask was charged
with Cp2ZrMe; (1, 1.1826 g, 4.231 mmol) and benzene (40 mL). The
resulting solution was stirred at 2Z, andtert-butyl alcohol (3.6 mL
of a 2.1 M solution in benzene, 7.6 mmol, 1.8 equiv) was added by
syringe. Gas evolution occurred. The colorless solution was stirred for

vinylferrocene, isobutene, ethylene, propylene, allene, 1,3-butadiene, 1 25 the volatiles were removed under vacuum, and the product was

(77) For discussion of MOR mz-donation for early transition metals and
lanthanides, see: (a) Steffey, B. D.; Fanwick, P. E.; Rothwell, I. P.
Polyhedron199Q 9, 963. (b) Coffindaffer, T. W.; Steffy, B. D.; Rothwell,
I. P.; Folting, K.; Huffman, J. C.; Streib, W. B. Am. Chem. S0d.989
111, 4742. (c) Kerschner, J. L.; Fanwick, P. E.; Rothwell, I. P.; Huffman,
J. C.Inorg. Chem1989 28, 780. (d) Caulton, K. GNew. J. Chem1994
18, 25. (e) Howard, W. A.; Trnka, T. M.; Parkin, Gnorg. Chem.1995
34, 5900. (f) Hillier, A. C.; Liu, S.-Y.; Sella, A.; Elsegood, M. R. lhorg.
Chem.200Q 39, 2635. (g) Petrie, M. A.; Olmstead, M. M.; Power, P. P.
J. Am. Chem. S0d.991, 113 8704. (h) Russo, M. R.; Kaltsoyannis, N.;
Sella, A.Chem. Commur2002 2458. (i) Manz, T. A.; Fenwick, A. E;
Phomphari, K.; Rothwell, I. P.; Thomson, K. 7. Chem. Soc., Dalton
Trans.2005 668.

(78) (a) Marsella, J. A.; Moloy, K. G.; Caulton, K. @. Organomet. Chem.
198Q 201, 389. (b) Britovsek, G. J. P.; Ugolotti, J.; White, A. J. P.
Organometallics2005 24, 1685.

(79) (a) Mdhring, P. C.; Coville, N. JJ. Organomet. Chenl994 479, 1. (b)
Kaminsky, W.; Arndt, M.Adv. Polym. Sci1997 127, 143.

(80) For a recent example of preferentiglolefin incorporation vs ethylene,
see: Irwin, L. J.; Reibenspies, J. H.; Miller, S. A.Am. Chem. So004
126, 16716.

(81) (a) Couturier, S.; Tainturier, G.; Gautheron JBOrganomet. Chen198Q
195 291. (b) Samuel, E.; Rausch, M. D.Am. Chem. So&973 95, 6263.
(c) Doering, W. v. E.; Schreiber, K. Q. Am. Chem. Sod.955 77, 514.

dried under vacuum for 22 h, giving a clear, colorless oitFANMR
spectrum confirmed that the oil was pu2é! Data for 2: '"H NMR
(CsDg): 0 5.69 (m, 2H, CpCH), 5.65 (m, 4H, CpCH), 5.51 (m, 2H,

Cp CH), 2.01 (s, 6H, CiMe), 1.06 (s, 9H, Bu), 0.25 (s, 3H, ZrMe).

IH NMR (C¢DsCl): 6 5.78-5.73 (m, 4H, CpCH), 5.71 (m, 2H, Cp
CH), 5.58 (m, 2H, CpCH), 2.05 (s, 6H, CiMe), 1.07 (s, 9H, Bu),

0.13 (s, 3H, ZrMe)13C{*H} NMR (C¢Ds): ¢ 121.7 (Cpipso), 111.9
(Cp CH), 111.8 (Cp CH), 108.2 (Cp CH), 107.8 (Cp CH), 76.9
(OCMe3), 32.1 (OQVies), 19.6 (ZrMe), 15.1 (CiMe). Compound2 so
obtained was dissolved in benzene (20 mL). A separate flask was
charged with solid [PYC][B(CsFs)4] (3.8030 g, 4.123 mmol, 0.98 equiv)
and benzene (70 mL), giving a suspension of a yellow solid in a gold
solution. The solution 02 was added to the flask containing the Bk
[B(CeFs)4] suspension. The mixture was stirred for 2.5 h at°@0to

give a mixture of a dark oil and yellow supernatant. The supernatant
was removed by cannula. The oil was washed with benzene §8

(82) Van Geet, A. LAnal. Chem197Q 42, 679.
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mL); at each wash the supernatant was removed by cannula, leaving aTable 7. Summary of X-ray Diffraction Data for 8-C¢DsCl

yellow oil. The oil was then washed with hexanes{30 mL; 1 x 70 formula GegH29B205F 40712 CeDsCl
mL; 1 x 20 mL) yielding6 (3.30 g, 80%) as a yellow solfd.The fw 1952.51
product was stored at35 °C. Data for 6: *H NMR (CsDsCl): 6 5.86 cryst syst triclinic

(m, 4H, Cp CH), 5.83 (m, 4H, CpCH), 1.86 (s, 6H, CiMe), 1.02 (s, space group P1

9H, OBU). IH NMR (CsDsCl, —35°C): 6 5.83 (m, 8H, ChCH), 1.86 Eé’i; 2-29gg§)2()3)

(s, 6H, CpMe), 1.02 (s, 9H, @u). *H NMR (CD,Cl,, —89 °C): ¢ c(A) 14:111(3)

6.35 (br s, 4H, CpCH), 6.33 (br s, 4H, CpCH) 2.18 (s, 6H, CiMe), o (deg) 89.956(4)

1.22 (s, 9H, @Bu). 3C{*H} NMR (C¢DsCl): 6 129.2 (Cpipso), 117.7 S (deg) 85.384(4)

(Cp CH), 114.9 (CpCH), 84.4 (CCMej3), 31.3 (OQVies), 14.5 (CpMe). y (deg) 87.814(4)
13C{1H} NMR (CsDsCl, —35°C): ¢ 117.4 (CpCH), 114.5 (CpCH), Vv (AY 1704.5(7)

84.0 (OCMej3), 31.0 (OQVie;), 14.4 (CpMe). The ipso Cp peak is %(K) foo

obscured by solvent3C{*H} NMR (CD.Cl,, —89°C): § 129.4 (ipso cryst color, habit pale yellow, rod
Cp), 116.7 (CpCH), 114.2 (CpCH), 84.1 (GCMey), 30.9 (OQMey), GOF onF2 1048

14.8 (CpMe). Anal. Calcd for GoH.sBOFRoZr: C, 47.97; H, 2.31. Rindices ( > 20(1))? R1=0.0433
Found: C, 48.08; H, 2.51. ESI-MS {BsCl/PhMe solution): Major WwR2=0.1004
cation observed: [Cpzr(O'Bu)* — H] calcd mVz 320.1, found 320.0. Rindices (all dat&) \Tvéz_ 0851%3:11

Generation of [CpZr(O 'Bu)][B(CsFs)4] (7). A solution of CpZr-
(O'Bu)Me (4, 0.0533 mmol) was prepared as described above, and the
volatiles were removed under vacuum. Solid {E}iB(CgsFs)4] (49.3
mg, 0.0534 mmol) was added, andDzCl (0.48 mL) was added by
vacuum transfer at-196 °C. The tube was warmed to ZZ and
shaken, giving a deep yellow-orange solution’tA NMR spectrum
was obtained and showed thahad formed in 96% vyield versus Rh
CMe.H NMR (CsDsCl): 6 5.98 (s, 10H, Cp), 0.98 (s, 9H,'Bu). H
NMR (CD.Cl,, —89 °C): ¢ 6.50 (s, 10H, Cp), 1.19 (s, 9H,'Bu).
BC{H} NMR (CsDsCl): 6 116.0 (Cp), 85.0 (CMes), 31.1 (OQMey).
13C{ gated-H} NMR (CD,Cl,, —89°C): ¢ 115.5 (d.XJcn = 177, Cp),
84.6 (s, G@CMegs), 30.5 (q,"Jch = 126, OQViey).

Conversion of 7 to [ CpaZr } o(u-OH)][B(C 6Fs)4]2 (8). The above
NMR tube was maintained at 2Z for 5 d, during which time yellow
crystals separated from solution. ' NMR spectrum revealed the
complete disappearance®énd the formation of poly(isobutene) (54%
based on PJCMe) and unidentified metallocene products (total of 13%
based on PICMe). An X-ray crystallographic analysis revealed the
yellow crystals to be{[Cp.Zr(u-OH)} 2][B(CeFs)4] 2.

General Procedure for Generation of [CP,Zr(O 'Bu)(alkene)]-
[B(C6Fs)4] (12a—I). An NMR tube was charged with (25—50 mg),
and CDRCl, (0.5-0.7 mL) was added by vacuum transfer-at8 °.C. thermal parameters were noted.

The tube was shaken at this temperature, giving a yellow solution. The  Hotarmination of Thermodynamic Parameters and Exchange
tube was cooled t6-196 °C, and the alkene (excess) was added by pates (A) General Variable-Temperature NMR Procedure NMR
vacuum transfer. The tube was warmed-68 °C and shaken, yielding samples were prepared as described1f2a above. The NMR tube

a yellow solution. The tube was placed in an NMR probe that had | o< stored at-78°C and placed in a precooled NMR probe. The probe
been precooled te-89 °C. NMR spectra were obtained and showed 5 maintained at a given temperature for-30 min to allow the

that a mixture ofl2a1, 6, and free alkene was present. The detailed sample to reach thermal equilibrium, and then NMR experiments were
procedure and data for ethylene addi2a are given below. Data for conducted. When necessary, the temperature was raised 5 %€ 10

12b—k, and13-16 are given in the Supporting Information. and the procedure repeated until the desired temperature range had been

Generation of [Cp'2Zr(O'Bu)(H,C=CH,)][B(C¢Fs)4 (12a). An studied.
NMR tube was charged witB (26.8 mg, 0.0267 [,anD' and GDI, (B) Equilibrium Constant Measurements. Equilibrium constants,
(0.67 mL) was added by vacuum transfer-at8 C._ The tube was Keq= [12][6] Y[alkene] %, were determined by multiple (typically-24)
shaken at thlsotemperature, giving a yellow solution. The tube was 14 NMR experiments in which@inia and [alkeng}ia were varied.
cooled to—196°C, and ethylene (0-0183 mmol) was added by vacuum  gqr 124-gi—k, Ke, values were determined by direct study of the
transfer. The tube was warmed-t3'8 °C and shaken, yielding ayellow  gquilibria in eq 1. For the equilibrium involving2a, relative amounts
solution. The tube was placed in an NMR probe that had been precooledy 174 6 and free ethylene were determined from the integrations of
to —89 °C. NMR spectra were obtained and showed that a mixture of o cordinated ¢4, resonance of2a, the CpMe resonance B after
12a(0.022 M),6 (0.018 M), and foree ethylene (0.17 M) was present.  ihe contribution fromL.2awas subtracted, and the fregHG resonance,
Raising the temperature from89 °C has the effect of decreasing the  ogpectively. The number of moles b2aand6 were determined by
amount of12ain solution while increasing the amounts@#and free finding their respective mole fractions and multiplying by the original
ethylene, and broadening the signals¥éaand to a lesser extent those 5 maunt of6 used. The number of moles of free ethylene was determined
of 6 and free ethylene. The signals fibza.elventually coalesce With  fom the ratio of the integrations of free ethyleneln Concentrations
Ehose of6 and free ethyleneData for 12a: 'H NMR (CD:Cl,, —89 were then determined by dividing the number of moles by the solution
C): 0 6.35 (br m, 2H, CpCH, overlaps with signal fo6), 6.23 (br volume.Keq values were found betweer89 °C and—38 °C. TheKeq
m, 4H, Cp CH), 6.11 (m, 2H, CpCH), 5.92 (s, 4H, @Ha), 2.17 (s, values for formation ofl2b—e,i—k were determined similarly; details
are given in the Supporting Information.

The Keq value for allyltrimethylsilane coordination i12g was
determined by a competition experiment with free propyne and the

aR1= Y ||Fo| — |Fell/YIFol; WR2 = [Y[W(Fo? — FA)Z/ 3 [W(FA)?[]Y2,
wherew= q/[0%(F,?) + (aP)2 + bP].

6H, CpgMe), 1.22 (s, 9H, @u, overlaps with signal fof). 3C{'H}
NMR (CD,Clp, —89 °C): 6 127.1 (Cp ipso), 119.0 (t ey = 160,
C;Ha), 116.6 (Cp CH), 116.2 (CpCH), 114.3 (CpCH), 110.5 (Cp
CH), 84.8 (GCMej3), 30.7 (OQVie;), 14.7 (CpMe).

X-ray Crystallographic Analysis of 8. Single crystals oB were
obtained by the decomposition @f in CsDsCl solution after 5 d.
Crystallographic data are summarized in Table 7. Data were collected
on a Bruker Smart Apex diffractometer using MaiKadiation (0.71073
A). Repeated difference Fourier maps allowed recognition of all
expected non-hydrogen atoms as well as a disordegelgGT solvent
molecule. The bridging atoms between Zr atoms were determined to
be oxygen on the basis of bond lengths and thermal parameters. A
weak peak about 0.8 A from this oxygen was assigned to H to give an
overall neutral charge. Final refinement was anisotropic for non-
hydrogen atoms and isotropic for H atoms. The occupancy of the CI
atom of the solvent was refined to a value of 0.51 consistent with a
disordered @HsCl solvent molecule. No anomalous bond lengths or

(83) One crop of6 was contaminated with ca. 2% [1[B(CsFs)4]. Control
experiments showed that this contaminant does not influence alkene
coordination to6.
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propyne adduct, [CpZr(O'Bu)(HC=CMe)][B(CsFs)4] (17).272 The width in absence of exchange for the coordinated ethylene resonance

equilibrium constant for the reaction: at each temperature. First-order rate constants were determined by the
formulak-1 = (w — wo), Wherew is the line width at half-height of
17 + H,C=CHCH,SiMe, = 12g+ HC=CMe the coordinated ethylene peak amnel is the line width at half-height
of the benzene peak. All measurements were made in the slow-exchange
was defined to b&; = [12d[HC=CMe][17] }[H.C=CHCH,SiMes] *. region over the temperature rang@9 to —39 °C.
The relative amounts of2g 17, free allyltrimethylsilane, and free First-order rate constants for propylene decomplexation fi@im
propyne were found from the SiMeesonance ofl2g the Hem were determined by visually fitting simulated spectra to experimental

resonance o017, the SiMe resonance of free allyltrimethylsilane, and  spectra. Simulations were performed using gNMRhe average line
the methyl resonance of free propyne, respectively. The equili- width of the trityl cation resonances was used as the line width in the

brium constant for allyltrimethylsilane coordination 6ois Keqi2g = absence of exchange of the coordinated propylene resonances at each
[12d[6] H.C=CHCH,SiMes] * = K1-Kpro WhereKpo = [17][6] - temperature. Thekresonance of coordinated propylene was simulated.
[HC=CMe]™. Coupling constants ofl2b were determined directly, or when not

TheKeqVvalue for vinylferrocene coordination i2hwas determined possible, by using the coupling constants of free propylene. Coupling
by a competition experiment with allyltrimethylsilane. The equilibrium  constants were assumed to be temperature independent. The gNMR

constant for the reaction: program yields rates, which were converted to first-order rate constants
by the formula: rate= k_1[12b], wherek-; is the rate constant for
129+ H,C=CHFc= 12h + H,C=CHCH,SiMe, propylene decomplexation frof2b. All measurements were made in
the slow-exchange region over a temperature range88fto —39 °C.
was defined to beK, = [12h][H.C=CHCH;SiMes][12¢~*- For 12aand12b, first-order decomplexation rate constakts were
[H2C=CHFc] . The relative amounts df2h, 12g free vinylferrocene, determined in at least three experiments with different initial concentra-
and free allyltrimethylsilane were found from the.tiesonance of2h, tions of6 and alkene. Th&_; values were found to be independent of

the Hn resonance o12g the Hransresonance of free vinylferrocene,  the concentrations d, of free alkene, and of2, consistent with the
and the Hyic resonance of free allyltrimethylsilane, respectively. The  rate law rate= k_;[12]. Activation parameters for decomplexation were
equilibrium constant for allyltrimethylsilane coordination@@s Kegi2n determined from Eyring plots of 1k(:/T) versus IT. The reported

= [12h][6] [H2C=CHFc] * = Kz*Keqi2gWhereKeqogis defined above.  values are the weighted averages of results from at least thre&runs.

T’hermodynamlc parameterAfl®° and AS’) were determined from Acknowledgment. We thank the NSF (CHE-0212210) for
van't Hoff plots of InKeg) versus 1T. Reported values for each case fi ial t the Uni itv of Chi f Willi
are the weighted average of results from at least three runs in which lna.nCIa Support, the - niversity o ICago for a Wi Iam.
the initial concentrations o8 and alkene were varied. Rainey Harper fellowship (E.J.S.), Dr. lan Steele for determi-

(C) Exchange Rate Measurements/ariable-temperaturdH NMR nation of the crystal structure & and Drs. Orson Sydora and
spectroscopy was used to determine the kinetics of ligand exchangeChang-Jin Qin for the ESI-MS @&.
for 12aand12h. First-order rate constants for ethylene decomplexation Supporting Information Available: Full citation for ref 65b;
from 12a(k71) were determined by measuring the Iine_ width (inHz)  NMR data for free alkenesl2b—k, and 13—16: additional
at half-height of the coordinated ethylene peak. The line width of the experimental procedures; dynamics of allene complex

benzene peak (added as a line width standard) was used as the “n%etails of the crystal structure & (pdf, cif). This material is

(84) The weighted average is defined as Twix)/(sw;) and the weighted available free of charge via the Internet at http://pubs.acs.org.
standard deviatiow is defined byo? = {>wi(x — )3/ Sw} where the
weighing factors arev, = 1/02. JA0575225
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