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Abstract: Cp*ZrMe; reacts with silica pretreated at 800 °C, SiO,(so0) through two pathways: (a) protolysis
of a Zr-Me group by surface silanols and (b) transfer of a methyl group to the surface by opening of strained
siloxane bridges, in a relative proportion of ca. 9/1, respectively, affording a well-defined surface species
[(=Si0)zrCp*(Me)], 3, but with two different local environments 3a, [(=SiO)ZrCp*(Me),][=Si—O—Si=],
and the other with 3b,

o——
[(=Si0)ZrCp*Me,][ =Si-Me]

The reaction of the species 3 with B(CsFs)s is controlled by this local environment and gives three surface
species [(=SiO)ZrCp*(Me)] [MeB(CsFs)s]~ [=Si—O—Si=], 4a (20%), [(=SiO)ZrCp*(Me)]"[(Me)B(CsFs)s]~
[=Si—Me], 4b (10%), and [(=Si0).ZrCp*]*[(Me)B(CeFs)s] [=Si—O—Si=], 5 (70%). On the contrary, the
reaction of Cp*Zr(Me)s, Cp2Zr(Me), with [=SiO—B(CsFs)s] [HNEt:Ph]*, 6, leads to a unique species
[(=SiO)B(CsFs)s] [Cp*Zr(Me)2*NEtPh]*, 7, and [(=SiO)ZrCp.]*[(Me)B(CsFs)s] , 9 respectively. The com-
plexes 4 and 7 are active catalysts in ethylene polymerization at room temperature, 93 and 67 kg PE mol
Zrt~ atm~! bar™%, respectively, indicating that covalently bounded Zr catalyst 4 is slightly more active than
the “floating” cationic catalyst 7.

Introduction center with a “noncoordinating” ability once transformed into
the corresponding anion. In such, BHs); has been found to

In the recent years, one of the most exciting developments .
in the pluridisciplinary area of catalysis organometallic science be an excellent cocatalyst with precursors of the tyngﬂP :
The active species is a kind of ion pair of the type Joe™]-

has been the new polymerization technologies based on “single- A
site” metallocene chemistfy? [MeB(CeFe)d] o _ _ _
This methodology implies the reaction of a metallocene ~ When applying this methodology to the design of “single site
precursor (typically CEZrCl,) with a multifunctional cocatalyst heterogeneous catalysis” based on group 4 complexes attached
(usually MAO for methylalumoxane). The reaction of the ©ON aneutralsurface, such as silica, two different strategies may

precursor with metallocene is (i) create a metalkyl bond be used:™®
necessary for the propagation of the chain in the polymerization (1) graft first a precursor complex directly with the silica
process and (ii) create on the metal a cationic charge to rendersurface in order to create a covalently bonded complex of
the system more electrophilic and hopefully more active. This the type ESIO—MR,] followed by the action of a external
last step occurs by removing with a Lewis acid either the Lewis co catalyst C leading to the hypothetidal [=SiO—
remaining anionic chloride or the alkyl resulting from the MRn-1]T[CR]™
previous alkylatior?:* (2) graft first the Lewis acid cocatalyst C directly to the
The methodology has been simplified, at least at the university surface in order to create a covalent bond with the surface of
level, by starting with a preformed metal alkyl, in which case the type £SiO—C'] and then react this supported Lewis acid
the primary role of the cocatalyst would be only that of a Lewis cocatalyst with the molecular complex in order to achieve the
hypothetical2 [=SIO—C'R] [ MRp-1] .

(1) Kaminsky, W., EdMetalorganic Catalysts for Synthesis and Polymerisa-

tion: Recent Results by ZiegleNatta and Metallocene krestigations If both surface single site complexes could be synthesized
Springer-Verlag: Berlin, 1999. i i i i i

(2) Chen E. ¥ X Marks, T. XChem. Re. 2000 100, 13911434, and fully characterized, as |1_1f?1nd 2, an interesting question

(3) Soga, K.; Kaminaka, MMakromol. Chem., Macromol. Sym93 194, would be to compare the activity dfand2. Is the presence of
1745-1755. ; ; ;

(4) Kaminsky, W.: Renner, Pakromol. Chem., Rapid Commut993 14, the surface ligand, as ifh, an advantage to achieve the best

239-243. activity in olefin polymerization?
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Figure 1. IR spectra of (a) Si@-(ooy (b) SiO:—(800) + Cp*Zr(Me)s, 3; () SiO;—(s00) + Cp*Zr(CDs)3, 3p; (d) = (b) + B(CsFs)3; (€) = () + B(CeFs)a.

In this context, we report here the preparation of two series deviation from the “single site” target, we have used a silica
of neutral or cationic surface complexes: surface dehydroxylated at 80C (SiOx-(s00) (containing 0.6

In the first series, as describedinthe zirconium is directly + 0.1 OH/ nn?). The grafting reaction of Cp*Zr(Me)with
linked to the silica surface and the following surface organo- SiO,-@goo) Was performed in the same experimental conditions

metallic complexes are FSiO)ZrCp*(Me)], 3, [(=SiO)- as those used for Sis00) (dry pentane, at room temperature,
ZrCp*(Me)]"[(Me)B(CeFs)3] ~, 4, and the unexpected=fSiO),- 3 h)’
ZrCp**[(Me)B(CeFs)3] ~, 5. 1. Analytical Data on the Grafting. The elemental analysis

In the second series, various precursors leading to a zirconiumef the solid samples indicate that the zirconium content (2.22
“floating” above the silica anionic structure are<giO)B- wt %) corresponding to a surface zirconium concentration (0.81
(CeFs)a] [HNELPH", 6, [(=SiO)B(CeFs)s] [Cp*Zr(Me)- Zr/nm?) is significantly higher than the silanol concentration
NELPh]*, 7, as well as [=SIO)ZrCp] *[(Me)B(CeFs)s] -, 9. (0.6/nn?) (grafted Zr/S+OH = 1.16). Chemical analysis

The characterization tools of surface organometallic chemistry indicates that 90% of the ZiMe reacts with the silanols leading
are elemental and gas-phase analyses, spectroscopic methods methane and zrO—Si (evolution of 0.9 mol of CH per
(infrared, multinuclear solid-state NMR), and labelifg(**C)./ grafted Zr). Since no Cp*H is evolved during the grafting, most
Comparative results were achieved by studying catalytic activi- of the Cp* are on the surface (most likely linked to Zr). This is
ties of each of these complexes in ethylene polymerization.  confirmed by the elemental analysis (carbon/zirconium molar
ratio varying between 12.2 and 12.4.) and the subsequent
hydrolysis of the surface, which liberates ca. 2.0 mol of methane

I. Reactivity of Cp*Zr(Me) 3 with SiO2-(gog) We have found per grafted Zr.
recently that.t.he reaction of Cp*Zr(I\/te)vyith part!ally dehy- These results show that on SiQooy as on SiQ. (say ONe
droxylated silica at 500C, afforded mainly {=SiO)ZrCp*- Cp* and two Me groups per zirconium atom are present on the

(Me)z_], 3_.7 However, the close examin_atior? of the analytical ¢, f5ce likely as EESIO)ZrCp*(Me)]. (Note that the mass
data indicates that the percentage of zirconium grafted (1.1 Zr/\, o206 is not perfect for methane 0.9 mol instead of 1 mol

Emz) is Ilower that the maxin#Jm concentraticl)n of _s#rz;\ce and the ratio Zr/SiOH is higher than expected.) The grafting
ydroxyl groups (1.4 OH/nf). This observation along with the p/av is ot only due to a simple protonolysis of-Ele by

fact that all §ilanols were cqnsumed ?’””"9 grafting means .that the surface silanols but also probably a quite significant reaction
even if [ESIO)ZrCp*(Me)] is the major species obtained via with the strained £Si—O—Si=] bridges

protonolysis of one methyl group by surface silanols (quanti-
tatively evidenced by the evolution of ca. 1.1 equiv of methane),
a secondary reaction could occur with some free surface silanol
groups leading to fESIO)LZrCp*(Me)] (up to ca. 10%). In an

attempt to avoid this phenomenon which leads to a smal

Results

I.2. Spectroscopic Data of the Grafting Reaction.The
results of infrared spectroscopy are represented in Figure
la—c. Upon grafting, one observes total disappearance of the
| v(O—H) band at 3747 cmi attributed to isolated silanol groups,

Figure 1a and b, and the concomitant emergence of bands at
(5) Walzer, J.; Flexer, J. In U.S. Patent 5,643,847; Exxon Chemicals, 1997. 3100-2700 cnr! and 1506-1350 cnt? regions which are
(6) :I???;:D:rlré%nn, M.; Pindado, G. J.; Lancaster, Sl. Mol. Catal. 1999 144, ascribed tOV(C—H), V(C=C), andé(C—H) vibrations of Cp*
(7) Jezequel, M.; Dufaud, V.; Ruiz-Garcia, M. J.; Carrillo-Hermosilla, F.;  and methyl group1%11Under the same experimental condi-

Neugebauer, U.; Niccolai, G. P.; Lefebvre, F.; Bayard, F.; Corker, J.; Fiddy, tions, infrared spectra recorded after reaction of Cp*Zri)SD

S.; Evans, J.; Broyer, J. P.; Malinge, J.; Basset, JJMAm. Chem. Soc. i 1 X B
2001, 123 3520-3540. with pellets of SiQ-gog) showr(C—D) and 2(C—D) vibrations
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Figure 2. 300 MHz solid statéH MAS NMR of (a) 3, (b) 3*, and (c)3*
after hydrolysis, spinning speed 10 kHz, recycle delay 2 s.

at 2193, 2175, 2077, and 2021 chronsistent with the presence
of surface Z+-CDs groups, Figure 1c. Subtraction of the spectra
of deuterated surface complex&s from those of3 allows us

to assign the bands at 2932, 2911, 2852, and 2757 ¢m
respectivelyy,d C—H), v{(C—H), and &,{C—H) vibrations of

the methyl groups bound to the zirconium center. Those at 2980

2954, 2920, and 2869 crh are, respectively, assigned to
vadC—H), v{(C—H), and 2,{C—H) vibrations of the Cp*
methyl groups.

The solid statéH NMR spectrum of3 shows two peaks at
1.7 and—0.25 ppm characteristic, of Me groups on the Cp*
ligand and the zirconium methyl groups, respectively, Figure
2al2714 Solid state3C NMR spectra show the presence of three

peaks at 121, 38, and 9 ppm attributed to carbons of Cp* ring

and carbons of methyl groups bound to zirconium and Cp*
ligand, respectively, Figure 34The3C labeled surface species
[(=SiOg)ZrCp*(*3CHs),], 3*, resulting from the reaction of
Cp*Zr(*3CHs)s, with SiO,—(g00) exhibit a doublet at-0.3 ppm
(Mc-n = 112 Hz) in solid-statéH NMR spectra, Figure 2b,
and a very intense signal at 39 ppm in solid-st&@ NMR
spectra due to the Z3CH; groups. It is worth noting that a
small signal is observed i®*C NMR spectra at-4.5 ppm,
Figure 3b. The intensity of this latter is weak in the spectrum
of the labeled specie®* and is not visible in the spectra 8f
After hydrolysis of3*, the peak at 39 ppm, Figure 3c, and the
doublet at—0.3 ppm, Figure 2c, respectively, #C andH
NMR spectra, disappear totally. FBC NMR spectra, only the

(8) Millot, N.; Cox, A.; Santini, C. C.; Mollard, Y.; Basset, J.-NChem—
Eur. J.2002 8, 1438 and references therein. (b) Millot, N.; Santini, C. C.;
Baudouin, A.; Basset, J.-MChem. Commur2003 2034-2035.

(9) Hlatky, G. G.; Upton, D. J.; Turner, H. W. PCT Int. WO 91/09882, 1991,
Exxon Chemical Co. (b) Yang, X.; Stern, C. L.; Marks, T.Qrgano-
metallics 1991 10, 840-842. (c) Bochmann, M.; Lancaster, S. J.
Organomet. Chen1992 434, C1. (d) Hlatky, G. G.; Eckman, R. R.; Turner,
H. W. Organometallics1992 11, 1413-1416.

(10) Siedle, A. RJ. Organomet. Chen1995 497, 119.

(11) (a) McGrady, G. S.; Downs, A. J.; Hamblin, J. MrganometallicsL995
14, 3783-3790. (b) McQuillan, G. P.; McKean, D. C.; Torto, 0.
Organomet. Chenfl986 312 183-195.

(12) Wang, Q.; Quyoum, R.; Gillis, D. J.; Tudoret, M. J.; Jeremic, D.; Hunter,
B. K.; Baird, M. C. Organometallics1996 15, 693—703.

(13) Baxter, S. M.; Ferguson, G. S.; Wolczanski, PJTAm. Chem. So4988
110 4231-4241.

(14) Antiholo, A.; Carrillo-Hermosilla, F.; Corrochano, A.; Fernandez-Baeza,
J.; Lara-Sanchez, A.; Ribeiro, M. R.; Lanfranchi, M.; Otero, A.; Pellinghelli,
M. A.; Portela, M. F.; Santos, J. VOrganometallics200Q 19, 2837
2843.

Figure 3. 75 MHz solid state CP-MASC NMR of (a) 3, (b) 3*, and (c)
3* after hydrolysis, spinning speed 10 kHz, recycle delay 2 s, contact time
5 ms.

signal due to Cp* ligand (9 ppm) and the peak-&t.5 ppm

are still present, Figure 3c. This latter resonance is unambigu-
ously ascribed to a surfaeeSi—13CH; moiety which is known

to be completely unreactive with water.

1.3. Interpretation of the Data. There are several evidences
'which indicate that Cp*ZrMegreacts with SiQ-goo) via two
pathways: (@) protolysis of a ZMe group by surface silanols
and (b) transfer of a methyl group to the surface by opening
siloxane bridges:

(i) 0.9 equiv of methane evolved instead of 1 per grafted
zirconium,

(il) The Zr/Si—OH ratio is higher than 1 for saturated supports
(that is supports for which all silanols have been consumed),
(iii) The presence of surfaceeSi—3CHjs groups evidenced

by 13C NMR.

This kind of opening of £Si—O—Si=] bonds has already
been reported. For example alkyl or halogen derivatives of
boron!®1aluminum?!® and rheniuni? An alkyl transfer reaction
on a silica surface, evidenced by solid-st&®€ NMR spec-
troscopy, has been reported in the case of thorium and zirconium
complexes>22This kind of reaction is generally favored with
pretreated silic@oo-1200c). The high dehydroxylation temper-
ature causes the condensation of isolated hydroxyl groups, giving
rise to highly strained and reactivefi—O—Si=] bridges with
a density of 0.1FSi—O—Si=]/nm? at 800°C and a maximum
of 0.15 ESi—O—Si=]/nm? at 1200°C 182021

In conclusion, on silicgoo), One reaches two types of surface
sites, one similar td3 but with two different environments
(=Si—OH and ESi—O—Si=]) and one with a bipodal zirco-
nium. In contrast, the reaction of Cp*ZrMevith SiO,-(goq),
the two pathways (a) and (b) shown in Scheme 1 are present in
a relative proportion of ca. 9/1, respectively, affording a well-
defined surface speciesg§GiO)ZrCp*(Me))], 3, in two different

Toscano, P. J.; Marks, T. Uangmuir1986 2, 820-823.

Morrow, B. A.; Devi, A.Chem. Commurl971, 1237-1238.

Morrow, B. A.; Devi, A.J. Chem. Soc., Faraday Trans1972 68, 403—

422.

(18) Bartram, M. E.; Michalske, T. A.; Rogers, J. W.Phys. Cheml991, 95,
4453-4463.

(19) Scott, S. L.; Basset, J.-M. Am. Chem. Sod.994 116, 12069-12070.

(20) Morrow, B. A.; Cody, I. A.J. Phys. Chem1976 18, 2761-2767.

(21) Morrow, B. A.; Cody, I. A.J. Phys. Chem1976 18, 1998-2004.

(22) Nicholas, C. P.; Ahn, H.; Marks, T.J. Am. Chem. So2003 125 4325~

4331.

(15)
(16)
a7
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Scheme 1 . Comparison of the Grafted Species Obtained on Silicasogy and Silicasoo)
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local environments. On&ain which a siloxane bridgesfSi—
O—Si=] is close to the Zr center, depicted as=RiO)ZrCp*-
(Me);][=Si—O—Si=]. Another one,3b, in which, due to the
transfer of a methyl group to the surface, highly strained and
reactive ESi—O—Si=] bridges of ESi—Me] are close to the

Zr center.

0o——
[(=Si0)ZrCp*Me,][ =Si-Me]

Il. Reactivity of 3a and 3b with B(C¢Fs)s. To generate
electronically and coordinatively unsaturated cationic alkyl-
zirconium centerd324 homogeneously dispersed on a silica
surface and potentially active in olefin polymerization catalysis,
the reaction of B(GFs)s, with the neutral surface precurs@,
was investigated.

I1.1. Analytical Data. Impregnation of the white solid, with
a slight excess (1.1 equiv) of B{Es)s in pentane/toluene 95/5
solution fa 3 h atambient temperature, was followed by the
removal of unreacted starting materials. Washing the solid with
the same solvents afforded a pale yellow salidElemental
analysis indicated a percentage of zirconium of 2.2 wt %;
(0.81 Zr/nn?) similar to those of the starting compleX

Ay

v(C=C) vibrations of the @Fs rings, Figure 1&¢>28 In the
3000-2700 cn1? region, the pattern of the(C—H) absorptions
due to methyl groups bound respectively to zirconium and Cp*
ligand was modified after reaction & with B(CgFs)s. One
should note that the bands attributed to methyl groups present
on the Cp* ligand obscured th€C—H) vibrations of zirconium
methyl groups. To solve this problem=giO)ZrCp*(CDs),]
was prepared3p. As already mentioned the(C—D) and
20(C—D) vibrations of Zr—CDj3 appear at 2193, 2175, 2077,
and 2021 cm. After reaction of3p with B(CsFs)3, thev(C—D)
vibrations were shifted at 2225, 2209, and 2136 &nAs
expected, the bands ascribed #¢(C—H) vibrations of Cp*
methyl groups in the 30062700 cnT? region for complexes
3p and 4p were unaffected, Figure le. By subtracting the IR
spectrum of the deuterated surface comglgxrom that of4,
it is possible to assign the bands corresponding@—H) and
20(C—H) vibrations of the Zr-Me groups at 2969, 2936, 2921,
and 2879 cm! of 4 which were also shifted as compared to
the vibrations of the methyl groups B (2932, 2911, 2852,
and 2757 cml). In the 15006-1300 cnt! region,»(C=C) and
0(C—H) vibrations of Cp* ligand and methyl groups are hidden
by the strong absorptions ofgks ligands.

The solid stat¢éH NMR spectra of4 showed only a strong

There is no detectable leaching of zirconium during the reaction. peak at 1.8 ppm characteristic of the methyl groups of the Cp*
No significant quantity of methane and pentamethylcyclo- ligand, Figure 4. A small shoulder was observed between 0 and
pentadiene was observed in the gas phase. Unexpectedlyl ppm, but the signals were not sufficiently well-resolved to be
hydrolysis of4 gave 0.6 mol of methane per zirconium instead unambiguously ascribed to ZMe or B—Me groups. In the
of 1 mol. solid state''B NMR spectra, Figure 5b, a single peak-ai8

I.2. Spectroscopic Data.The IR spectra of the pale yellow Ppm was present, characteristic of the tetrahedral anionic boron
pellets4, obtained after impregnation 8fwith a small excess  center [(Me)B(GFs)s] ~.% 2429
of B(CeFs)3 in toluene, exhibited all the bands attributed to

(25) Massey, A. G.; Park, A. J. Organomet. Chen1.964 2, 245-250.
(26) Chambers, R. D Chlvers J. Chem. Socl964 4782-4790.
(23) Yang, X.; Marks, T. JJ. Am. Chem. S0d.991, 113 3623-3625. (27) Chambers, R. D.; Chivers, Drganomet. Chem. Re1966 1, 279-304.
(24) Yang, X.; Stern, C. L.; Marks, T. J. Am. Chem. S0d994 116, 10015~ (28) Berngst C.; Brldgewater B. M.; Harlan, C. J.; Norton, J. R.; Friesner,
10031. ; Parkin, G.J. Am. Chem. SoQOOQ 122 1058%10590.
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Figure 4. 300 MHz solid state'H MAS NMR spectrum of 5*;
[(=SiORZrCp*] *[(*3CHz)B(CsFs)] ~ spinning speed 10 kHz, recycle delay
2s.
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Figure 5. 96 MHz solid staté'B MAS NMR spectra of (ay and5; (b)
7; (c) 9; spinning speed 10 kHz, recycle delay 1 s.

Solid state'3C NMR spectra of nonlabeletidisplayed peaks
at 125, 129 ppm for the Cp* ligand, suggesting two different
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Figure 6. 75 MHz solid state CP MAS3C NMR of (a) [(=Si0)ZrCp*-
(Me);] + B(CsFs)3; (b) (=SiO)ZrCp*E3CHs)2; (€) [(=SIO)ZrCp*(E3CHs)]

+ B(CsFs)s; (d) [(=SiO)ZrCp*(3CHs),] + B(CeFs)s after hydrolysis;
spinning speed 10 kHz, recycle delay 2 s, contact time 5 ms.

ance of all the peaks (at 55, 11, and 8.3 ppm ascribed-tdv&
and B—Me) except the one corresponding to tFegi—Me]
group at—4.5 ppm (Figure 6d). Hydrolysis also resulted in the
evolution of only 0.6 equiv of methane/Zr instead of 2 equiv
expected for EESiOgog)ZrCp*(Me)] [(Me)B(CsFs)s] ~ (1 equiv
for the Zr—Me bond and 1 equiv for the BMe bond);
hydrogenolysis ofl, or 4*, gave 0.3 mol of methane/Zr instead
of 1 mol for [(=SiOgo)ZrCp*(Me)]*[(Me)B(CsFs)3] ~ (for one
Zr—Me bond).

These results indicate that only ca. 30% of the zirconium
corresponds effectively to the expected structureSiOsog)-
ZrCp*Me]*[(Me)B(CsFs)3] ~. Unexpectedly 70% of the surface
zirconium complex has no methyl ligands!

I1.3. Conclusions. The data can be interpreted by the
coexistence of three different species that we shall4zl4b,

species or chemical environments. The peak at 11 ppm is dueand5. These structures are derived from the known structures
to the methyl groups of the Cp*, Figure 6a. The carbons of of 3aand3b, Scheme 24aand4b present the same “designed”

Zr—Me, B—Me, and ESi—Me] groups could not be resolved
on these spectra. In tHéC NMR spectrum of E=SiO)ZrCp*-
(*3CHa),], 3*, Figure 6b, two signals attributed to ZMe and
[=Si—Me] groups were present at 39 andt.5 ppm, respec-
tively (vide supra). After reaction with B¢Es)s, the peak at

and “expected” cationic structure but in two different environ-
ments: ESi—O—Si=] and E=Si—Me] functionalities. Unfor-
tunately for the catalytic purpose, these are minor species. The
most abundant species is the bipoBathich results from the
transformation of the starting monopodal complerby transfer

39 ppm was shifted to 55 ppm, as expected for a methyl group of one methyl from the Zr to the surface. This occurs by opening
bound to a cationic zirconium center, as in a well-characterized of [=Si—O—Si=] bridges. The resulting speciésloes not bear

homogeneous analogue, for example, ,ZB3CHs" CH3B-
(CoFs)3~.2
Interestingly the intensity of the signal-a#.5 ppm increased

any methyl group. We propose that the methyl transfer to the
surface is due to the highly electrophilic and oxophilic character
of the cationic zirconium. EXAFS data obtained on similar

significantly, suggesting that some Me groups were transferred systems have suggested the presence, in the coordination sphere
to an adjacent silicon atom, Figure 6¢. Simultaneously, two new of hafnium and tantalum, an oxygen atom at 2.706 and 3.024
peaks appeared at 8.3 and 11 ppm, assigned to the methyl grou@\, respectively, which can be assigned to a siloxane bridge

of [MeB(CgFs)3], in two different chemical environments23:30.31
Since the presence of two Cp resonances inttfespectra

acting as a two-electron donor ligand to stabilize the otherwise
highly electron deficient surface complex. The oxophilicity of

of 4 has been evidenced by NMR, we have performed two types Zirconium favors the cleavage of tregi—O—Si=] bond and
of experiments: one was the hydrolysis, and the other one, theconcomitant formation of a new=Si—O—Zr and =Si—Me

hydrogenolysis oft. Hydrolysis of4 resulted in the disappear-

(29) Hill, G. S.; Manojlovic-Muir, L.; Muir, K. W.; Puddephatt, R. J.
Organometallics1997 16, 525-530.

(30) Gillis, D. J.; Tudoret, M. J.; Baird, M. Cl. Am. Chem. Sod.993 115
2543-2545.

(31) Thorn, M. G.; Etheridge, Z. C.; Fanwick, P. E.; Rothwell, I. P.
Organomet. Chenil999 591, 148-162.

bonds. Consequentl, is the major (70%) surface species.
These results clearly show that this route does not afford

single site heterogeneous catalysis. Similar reaction path-

ways were reported for molecular analog&&@nly 30% of3

(32) Metcalfe, R. A.; Kreller, D. I.; Tian, J.; Kim, H.; Taylor, N. J.; Corrigan,
J. F.; Collins, SOrganometallics2002 21, 1719-1726.
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Scheme 2. Grafted Species Formed after Addition of B(CeFs)3 on 3a and 3b
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was converted to the designed catalyst$(O)ZrCp*(Me)]"-
[(Me)B(CeFs)s] ~, 4

Ill.  Reactivity of Cp*ZrMes with [(=SiO)B(Cs-
Fs)3] [HNEt ,Ph]. It has been previously shown that the reaction
of tris(pentafluorophenyl)boron, B§Es)s, with surface silanol
(=Si—OH) of silica occursonly in the presence of Brgnsted
base diethylaniline, ENPh, which does not form a complex
with B(CgFs)3, and affords selectively a well-defined ionic entity
[(=Si0)B(CsFs)3] [HNEt,PhT".5689Without a base B(€Fs)3
does not react with==Si—OH) and is only physisorbed. The
interaction of B(GFs)s with silica in the presence of BE{Ph
yields [(=Si—)0)B(CsFs)s] [HNEtPh]", 6.33:34

Recently we have reported that the reaction of the well-
defined heterogeneous activateeRiO)B(GsFs)s] [HNEtPh],
6, with Cp*Zr(Me)s, affords the unique and fully characterized
surface species$HSiO)B(GsFs)s] [Cp*Zr(Me) (NELPh)T, 7,
in which the surface is indeed a noncoordinating asion.

Typically, the preparation of was achieved by stirring for
1 h at 25°C a mixture of 1.50 g ob (0.31 mmol of surface
anilinium) with 102 mg of Cp*Zr(Mej (0.38 mmol) in pentane
and led to the evolution of 0.36 mmol of methane as the only
gaseous product detected. This corresponds té&r D1 methane
formed/initial available surface fragments =§iO)B-
(CsFs)s] [HNEtPh]". The resulting pale yellow surface organo-
metallic species?, obtained after washing the excess of
Cp*Zr(Me); and drying under a high vacuum at 25, contains
1.77 wt % of Zr (0.64 Zr/n). This elemental analysis is in
agreement with the grafting of one Zr per initial surface

9366 J. AM. CHEM. SOC. = VOL. 128, NO. 29, 2006

fragments fESIO)B(GsFs)3] [HNEtPh]" available or6. These
numbers are further confirmed by the hydrolysisradt 25°C
which produces 1.97% 0.2 equiv of methane per Zr. No
pentamethylcyclopentadiene is detected in the impregnation
filtrates or in pentane extracts. Therefore, the surface complex
7 is a zirconium complex monografted to the modified silica
surface 6 and surrounded by two methyl and one penta-
methylcyclopentadienyl ligands. Infrared studies confirm that
Cp*Zr(Me); reacts primarily with the surface anilinium cation
as shown by the disappearance of #{ld—H) vibration at 3232
cmtinitially present in the spectrum éf Activation of neutral
metallocenes via irreversible protonolysis reaction with am-
monium cations has been reported for molecular analoyues.
Simultaneously, new bands characteristic of alkyl groups appear
at 2983, 2957, and 2740 cth Moreover, IR spectra of surface
complex7p obtained by reaction of Cp*Zr(C, with 6, exhibit
bands at 2199, 2133, 2091, 2038 ¢nascribed to Z+CDs
fragments, which unambiguously attests to the subsistence of
surface Zr-Me groups on7 after the grafting step.

Solid-state CP-MASS3C NMR spectra of7 give two signals
at 9 and 42 ppm attributed to methyl groups bound to the Cp*
ligand and zirconium atom, respectively. The peak at 42 ppm
whose intensity strongly increased for tH€ labeled enriched
species 7* (99% labeled), is characteristic of a cationic
Zr—13CH3; moiety23 Additionally, the second peak < 9 ppm)
present in7* can be independently attributed to the Cp* ligand
or to the free [BCHg)B(CgFs)3] ~ anion.!H—13C HETCOR solid
state NMR experiments permit us to unambiguously assign the
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latter peak to methyl groups of the Cp* ligand. The existence Scheme 3 . Grafted Species Formed during the Addition of
of surface Zr13CH; groups is also confirmed after hydrolysis ~ CP22"(Me)z on 6

of 7* leading to the complete disappearance of the resonance g, cF;|° ® CeFs CeF's ®
at 42 ppm. Only peaks representative of the ring carbons (120 HNEGPh] oF /‘é\ CpsZiMe]
ppm) and methyl groups (9 ppm) of the Cp* ligand are still CeFs \? + CpaMe, o <|)
present orv* after hydrolysis. The fact that nearly 2 equiv of Si, Si
. . . . . N CHy, Et;NPh ZIN 8
methane per zirconium are liberated after hydrolysis, combined
with the13C NMR spectra recorded fat* after hydrolysis, also
supports the presence of a surface [Cp*Zr(pfte)fragment. CefFy =C6F;v[ ® CoFyg CofFs
Solid state'’B NMR spectra of7, Figure 5, display a strong — B i({(erpz CéFs/éi N
and sharp resonance-a8 ppm indicating that the surface anion © (I) ’ — (I)/ZGCz 0
=Si 5)3] ~ is still present after reaction of Cp*Zr Sicuuy Sicou,
SiO)B(GsF till t aft t f Cp*Zr(Me A S

with 6. However, all the data indicate that the aniline ligand

remains in the coordination sphere of the zirconium.
P for neutral Zr—Me the resonances are expectedoat 22

ppm722 The solid staté’B NMR spectra of8 displayed two

®
o ™ ® o ?‘j strong and sharp resonances, one-8tppm and the other at
CGofg \Csﬂ AN CoZiMes Cefs *C“’F:‘ PN —17 ppm indicating the simultaneous presence of the surface
S L ~ oo | M e anions [ESiO)B(CsFs)s]~ &%nd [MeB(GFs)s]~, Figure
23,24,29,3 i
/S“W e /Sli ,,,,,, , 5c: 5The presence of a methyl group linked to the boron

atom suggests there is a metathetical exchange between B
O—Si and Zr—Me, due to the higher oxophily of the zirconium
IV. Reactivity of CpaZr(Me)2 with [(=SiO)B- atom in [CpZr(Me)]™ compared to that of the boron atom in
(CeFs)s] [HNEtPh]*. The fact that the aniline ligand remains  [(=SiO)B(CsFs)3]
coordinated could be due to an insufficient steric hindrance in - 1o summarize the results, the interaction betweeaZEp
the cationic moieties [Cp*Zr(Me)*. With (5-CsHs),Zr(Me), (Me), and [ESiO)B(GeFs)s] [HNELPh]" leads to a thermo-
as starting material, the presence of two Cp groups increasesjynamically stable product %SiO)ZrCp]*[(Me)B(CeFs)s] ™,
both the steric hindrance in the coordination sphere of zirconium g

and the electronic density on the zirconium atom, therefore ) the spectroscopic and analytical data are supporting this
hindering the coordination of NE®h. final undesired structure.

IV.1.1. Analytical Data. The reaction of CgZr(Me), [124 The looked-for structur8 [(=SiO)B(CsFs)s] “[Cp2Zr(Me)]*
mg, 0.49 mmol] with6 [2 g, 0.31 mmol of surface anilinium] s not observed. The intermediate showing a resonance at 22
was achieved in pentan2 h at 20°C, and led to the evolution ppm can correspond either to the neutral surface complex
of 0.48 mmol of methane as the only gaseous product detected{ESi_o_ZrMesz] or to a bimolecular surface complex with
The resulting pale yellow surface speciwas obtained after 5 pridged methyl group between the atoms of boron and
washing the excess of gfr(Me), and drying under a high  zjrconjum [E=SiO)B(CeFs)s++-Me++-ZrCp,].2 Finally these
vacuum at 25C. Elemental analysis showed 1.07 B/grafted Zr ransjent complexes are transformed ifto
and 27 C/grafted Zr (Th. 29 for 2Cp 1Zr IMe andgB¥) (0.23, These successive steps affording a stable and probably
2.09, and 7.8 w % of B, Zr, and Cyespectively) and the ratio  jnactive complex have also been established with the molecular
N/grafted Zr being close to 0. The elemental analysis was in analogues derived from silsesquioxafeand by a DRIFTS

agreement with the elimination of 1.07 equiv of methane/Zr g4y for silica-supported zirconocene perfluorophenylborate
during the grafting process and the grafting of one Zr per initial catalyst”

surface fragment #SiO)B(CGsFs)s] [HNEtPh]" available on
6 and with a complete elimination of aniline. No cyclopentadiene this work was to compare the catalytic activity of cationic

was detected in the impregnation filtrates or in pentane extracts. i onium complexes covalently bonded to a silica surface, such
IV.1.2. Spectroscopic DataSolid state'H NMR spectra of as [ESi0)ZrCp*(Me)]"[(Me)B(CeFs)s] -, 4, with “floating”

8 exhibited two peaks at 7 and 0.7 ppm ascribed, respectively, cationic zirconium complexes such &$i0—C'R] [ MRy_1]*.

to the protons of the Cp ligand and to a methyl group bonded ynfortunately we have shown that it was impossible to stabilize,

either to a zirconium atom or to boron. In accordance with at |east in our conditions, such a complex. Instead we have been

element_al analysis, no peak due to bt was detected  gple to prepare ¥SiO)B(CsFs)s] [Cp*Zr(Me)NELPh]', 7.

supporting the fact that NERh had been eliminated upon — opjy two “relatively well-defined” compounds grafted on

grafting. The CP-MASS3C NMR spectra o8 showed only one SiO,- (@00 [(=SIO)ZrCp*Me]*[(Me)B(CeFs)d -, 4, and [ESIO)B-

peak at 115 ppm attril:_)uted to the Cp Iigand.l The CP-MAS (CeF=)3] - [Cp*Zr(Me).NELPh]" , 7, could be tested in ethylene
NMR spectra of8* (using CpZr(*3CHs),) exhibited one peak
at_ l_l ppm. The species responsible _for this peak is slowly (33) willot, N.: Santini C. C.; Fenet, B.; Basset, J.-Bur. J. Inorg. Chem.
eliminated under water atmosphere, which strongly suggests that(34 ﬁﬁ§t3£2%§$?5c C.; Lefebre, F.; Basset, I R. Chimi2004 7
it is not a Zr—Me group (we shall see later that a water sensitive 725-736. ' s ' '

)

transient peak at 22 ppm is quickly transformed under vacuum (35) Gillis, D. J.; Quyoum, R.; Tudoret, M. J., Wang, Q.; Jeremic, D.; Roszak,
)
)

V. Catalytic Polymerization of Ethylene. The objective of

. . . A. W.; Baird, M. C.Organometallics1996 15, 3600-3605.
into the peak at 11 ppm). This hypothesis is corroborated by (36) Siedle, A. R.; Newmark, R. A.; Lamanna, W. M.; Huffman, J. C.

iAni 1 i Organometallics1993 12, 1491-1492.
the fact that for the cationic Zr'*CHs moiety the resonances (37) Panchenko, V. N.; Danilova, I. G.; Zakharov, V. A.; Paukshtis, EJA.

are expected at = 46 ppm and NDR 0.46 ppni);2:30:35and Mol. Catal. A2005 225 271-277.
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100000 1 depicted in Table I.Comparison of the activities of our silica
90000 1 0704 supported cationic systems with the previously prepared alumina
= 80000 .y one, Table 1, measured under strictly identical experimental
E 10000 1 "7 conditions, shows thatand7 seem the most efficient systems.
4 ¥ 66504 If one considers that i only 30% of zirconium keeps its
g 60000 "o methyl group (70% o#a gives spontaneousl§ vide suprg
E 50000 | (see Scheme 2)4 presents the highest intrinsic activity.
2 40000 "'. However, further studies on these catalytic systems to confirm
£ 30000 % this result are currently under study.
< 20000 k Conclusion
10000 SEEmEm

| The reaction of Cp*ZrMe with SiO,- (o0 affords a well-

0~ ' defined surface species§6i0)ZrCp*(Me)], 3, but with two
0,0 0.5 1o LS 20 2,5 different local environments3a [(=Si0)ZrCp*Me][=Si—O—
Reaction time (h) Si=] and the other witt8b,

Figure 7. Infrared monitoring of ethylene polymerization activity with
reaction time ford and7 (25 °C, ca. 100 mg of solid catalyst 200 Torr of 0] >
dry ethylene at initial timeto). [(=SiO)ZrCp*Me" ][ =Si-Me]

polymerization. Their intrinsic catalytic activities, without through two pathways, (a) protolysis of a Zr-Me group by
cocatalyst, have been monitored by IR spectroscopy of the gassurface silanols and (b) transfer of a methyl group to the surface
phase. by opening siloxane groups, with a relative proportion of ca.
V.1. Initial Activity by IR Spectroscopy. The activity of4 9/1, respectively.
and 7 toward ethylene polymerization catalysis was first ~ The reaction o3 with B(CgFs)s is controlled by these local
qualitatively studied by following the appearance of poly- environments. EESIO) ZrCp*(Me)['[(Me)B(CsFs)s] ~, 4, is in
ethylene vibrations on silica pellets. The latter were exposed to two different environments: one witFESi—O—Si=] groups,
ethylene pressure (200 Torr) and introduced into the infrared 4a, and the other with£Si—Me], 4b. Unfortunately these are

cell at ambient temperature, for 4 h. After exposurd aind7 minor species (30%). The most abundant species is the bipodal
to ethylene, intense bands appeared at 2970, 2850, and 138)=SiO)ZrCp*]*[(Me)B(CsFs)s] ~, 5 (70%), resulting from the
cm™! corresponding, respectively, to(C—H) and 6(C—H) transformation o#a by transfer of one methyl from the Zr to
vibrations of polyethylene. These results confirm that béth  the surface through the opening e£$i—O—Si=] bridges.

and7 were active catalysts for ethylene polymerization. The reactions Cp*Zr(Mg)and of CpZr(Me), with [(=SiO)B-

V.2. Rate of Ethylene Polymerization.The initial rates of (CeFs)3] [HNEtPh]" afford [(=SiO)B(GsFs)s] "[Cp*Zr(Me),-
4 and 7 toward ethylene polymerization were qualitatively NEtPh]", 7, and [ESiO)ZrCp] T[(Me)B(CsFs)3] ~, 9, respec-
evaluated by measuring the disappearance of the monomer irtively. 9 results from a metathetical exchange betweetrCB-
the gas phase in infrared spectroscopy. The solid catalysts (100Si and Zr—Me, due to the higher oxophilicity of zirconium in
mg) were placed in a closed glass tube connected to a high[Cp2Zr(Me)]* compared to that of B in #SiO)B(GsFs)3] .
vacuum infrared cell via a break-seal. The disappearance of All complexes have been fully characterized by elemental
ethylene was monitored through the integration of the entire and gas phase analyses, spectroscopic methods (infrared,
v(C—H) spectral region (33062700 cnT?) of the gas phase.  multinuclear solid state NMR), and isotopic labelirfgi (13C).
The reactions were performedrabm temperaturender a low [(=Si0)ZrCp*(Me)[T[(Me)B(CeFs)3]~, 4, and [ESiO)B-
pressure (200 Torr) of dry ethylene (note that the ethylene (CeFs)s] [Cp*Zr(Me)-EtNPh]™, 7, are active catalysts toward
pressure was not maintained constantly during the course ofethylene polymerization at ambient temperature. Rapid deactiva-
the reaction). The initial timeto, was determined when the tion of the catalytic systems is observddexhibits the highest
sealed reactor containing the catalyst was broken. Severalintrinsic activity.
experiments were carried out in these conditions with the  These results can be a first step in the comprehension of the
catalysts4 and 7 on SiQ-(go0) at various zirconium loadings;  deactivation of supported cationic zirconium in the catalytic
the maximum activities are reported in Figure 7. polymerization of olefins with supported metallocenes. There
For both catalysts, fast deactivation was observed with time is successive opening of the siloxane bridge with concomitant
(activities were halved after 3 min). Several factors might formation of ESi—Me] and of a supplementary bong§Hi—
explain this phenomenon: decrease of the concentration of O—Zr]. Consequently, the Zr atom is “stripped” of its Me groups
ethylene in the gas phase as the polymerization proceedsand progressively buried into the oxide surface. Current research
inaccessibility of the active sites covered by the resulting is directed toward preventing this deactivation using either a
polyethylene and/or unfavorable mass transfer of ethylene to partially modified silica with a £Si—R] bond or a second
the active site in our conditions. The introduction of an alkylating cocatalyst to regenerate a metalkyl bond from a
additional pressure of ethylene at the end of a catalytic test for [=Si—O—Zr] bond.
7 (not performed or¥) led to the continuous consumption of
the monomer, thus showing that active sites were still presen
in the system. MAS and CPMAS solid-state NMR spectra were recorded on
Previous results obtained in the laboratory concerning similar a Bruker DSX-300 spectrometer equipped with a standard 4 mm
systems grafted on alumina pretreated at 500 and 1G0&re probe head and operating at 75.47, 96.31, and 300.18 MHZ@or

t Experimental Section

9368 J. AM. CHEM. SOC. = VOL. 128, NO. 29, 2006
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Table 1. Comparison of the Maximum Activity for 4, 7, and Supported Analogues?

Catalysts % Zr | Activity
[c]
Cp* Cp* Cp* p*
er | + I + | +
o {&Me o~ {;/IIMe o~ ';;’lMe M & l\l,le
| © fe | e, H
| % 2 Me |-
LAl Al LAl oAl AL 1.8 13
N J N J
Y .
Major Minor
AlO3-500°C
Cp* Cp* Cp* Cp*
Z|r I + ZI + Lr+
< NMe / \/Me A Me M™%
(l) Me | \M; 0 Me, _ I\%I I\|4e
’4 2, € -
Al A AL TN Al 1.4 20
SN NS @ IN SN
N J N J
Major Minor
Al03-1000°C
ot [MeB(CéF5)s] oot cp*
Zth Me [+ [MeB(CeFs)T Zr|+ [MeB(CgFs)sT
o 0 ouusSi_ o e O' “IMe  Me
omy \Sl |v1$/ (l) 0“\\.wéi O\Si‘\\‘o S~ o Sl oM Sl
“$/ I oo~ o od e LF/ I 07 o | 22 93
Rale~ W bt
5 (70%) 4(20%) 4 (10%) ~
C6F5 LoFs
o /ﬁ Cp*ZrMeZ(NEtZPhﬂ@
57N\
(l) 1.7 67
7
Slwl

aExperimental conditionsPcons = 200 Torr; Vieactor= 320 mL; NcandNze = 170; Mearar, = 100 mg.

1B, andH, respectively. Chemical shifts are given relative to external
references'{, °C, TMS at 0;1'B, BF;*OEt, at 0). The samples were
packed in the zirconia rotor in a glovebox and tightly closed. Infrared

The surface area measured byadsorption and treatment of data using
a BET method was 180y for SiO,—(so0) Preparation 06 and7 was
as previously described.

spectra were recorded under a vacuum on a Nicolet 550 FT spectrometer Synthesis of Silica Surface Complexes=SiO)ZrCp*(Me) 4], 3,

by using an infrared cell equipped with Gakindows. Typically 16

[(=Si0)ZrCp*(CD 3)3], 3o, and [(=SiO)ZrCp*( **CH3).], 3*. Prepa-

scans were accumulated for each spectrum. Elemental analyses wereation of 3. General procedure A for infrared experiments a

performed by the Central Analysis Service of the CNRS at Solaize.

glovebox, a pellet of typically 30 mg of compacted silica, previously

All operations were performed in the strict absence of oxygen and dehydroxylated at 800C, was impregnated under argon dgrid h at
water under a purified argon atmosphere using glovebox (Jacomex orambient temperature with a solution of 5 equiv of Cp*Zr(M3.5
MBraun) or vacuum-line techniques. Toluene and pentane were distilled mg — 0.03 mmol) in 10 mL of dry pentane. The white pellet was then
from a Na/K alloy, degassed, and stored under argon over Na (toluene)washed with three fractions (10 mL) of dry pentane, introduced in the
or 3 A molecular sieves (pentane). Ether was distilled under nitrogen infrared cell, and dried fol h under a high vacuum (1®Torr). IR:

from sodium benzophenone ketyl and used immediately. INEt
(Aldrich Chemicals, 98%) was dried over KOH, distilled under vacuum,
and used immediately. B¢Es)s (Merck Chemicalsy 97%) was dried

on MeSiC} purified by vacuum sublimation, and the purity is checked
by *%F NMR before use. Cp*ZrGl(99%) and CgZrCl, were purchased
from Strem Chemicals; MeMgkCHsl (99%), and CRMgl (>99%)
were purchased from Aldrich Chemicals and used without further
purification. **CHsMgl Cp*ZrMez*® and CpZrMe,** were prepared
according to literature procedures. @yl and *3CH3;Mgl were used
for the preparation of the labeled compounds Cp*Zr{lsDCp*Zr-
(**CHz)s, and CpZr(*3CHg),. Silica support (Aerosil Degussa, 206/m
g) was pretreated at 40C in air for 4 h and dehydroxylated at 800
°C under a high vacuum (18 Torr) for 12 h (referred as SiOgoo)-

2980 (m,vadC—H)Cp*), 2954 (m,va{C—H)Cp*), 2920 (m,v{C—
H)Cp* and vodC—H)Zr—Me), 2869 (m, 2.{C—H)Cp* and v{(C—
H)Zr—Me), 2781 (w), 2767 (w), 2757 (w,R{C—H)Zr—Me), 2740
(w), 1492 (w, »(C=C)Cp*), 1459 (w, 0.{C—H)Cp*), 1439 (w,
v(C=C)Cp*), 1392 (W,0a{C—H)Zr—Me), 1383 (w,04(C—H)Cp* and
v(C=C)Cp*).
General procedure B for larger scale preparation (NMR and

elemental analysis samplesn a Schlenk tube2 g of SiQ-goo) Were

(38) Lancaster, S. J.; O’'Hara, S. M.; Bochmann, MMatalorganic Catalysts
for SyntheS|s and Polymerlsatlphamlnsky W Ed.; Springer, 1999.

(39) Hlatky, G. G.Chem. Re. 200Q 100, 1347-1376.

(40) Wolczanski, P. T.; Bercaw, J. BrganometalhcleSZ 1, 793-799.

(41) Wailes, P. C Welgold H.; Bell, Al. Organomet. Chenl972 34, 105—

164.
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impregnated durig 3 h atambient temperature with a solution of 136

mg (0.5 mmol— 1.2 equiv) of Cp*ZrMg in 10 mL of dry pentane.

Me and GFs groups), 1384 (wo{(C—H)Cp* — »(C=C)Cp* and GFs
groups), 1337 (m), 1314 (w)- medium to strong absorptions

The impregnation supernatant was then vacuum transferred at 73 K incharacteristic of two different types ofsks groups appeared at 1646
a large glass flask of known volume (for quantification of the volatile (m), 1517 (spy(C=C)), 1462 (vs,»(C=C)), 1391 (m) and 1634 (m),
and gaseous products), and the solid was washed 4 times with 15 mL1507 (s,»(C=C)), 1449 (vs,»(C=C)), 1384 (m).

of dry pentane. A white powder was obtained after dryinglfta under
a vacuum (10° Torr) and at room temperature. Wt % Zr: 1.35%.
Preparation of 3p. Procedure Afrom Cp*Zr(CDs)s [8.8 mg (0.03
mmol — 5 equiv)] pentane (10 mL). IR: 2981 (m.{C—H)Cp*), 2956
(m, vad C—H)Cp*), 2920 (m,y(C—H)Cp*), 2870 (m, D.{C—H)Cp*),

2819 (w), 2782 (vw), 2769 (vw), 2749 (vw), 2739 (W), 2225 (W),

2193 (W,va{C—D)Zr—CDs3), 2175 (W,vad C—D)Zr—CDs), 2137 (vw),
2077 (w,v(C—D)Zr—CDsg), 2021 (vw, D.{C—D)Zr—CD3), 1491 (w,
v(C=C)Cp*), 1457 (W,0.{C—H)Cp*), 1437 (w,»(C=C)Cp*), 1429
(w), 1390 (vw,»(C=C)Cp*), 1382 (w,0s(C—H)Cp*).

Preparation of 3*. Procedure Bfrom Cp*Zr(*3CHs)s [55 mg (W =
0.2 mmol — 0.7 equiv)] pentane (10 mL) SiQeoo0) (1.5 g) pentane
(10 mL); white solid; wt % Zr: 1.121.08%.

Hydrolysis of Compounds 3 (3*).An excess of water (relative to

Zr content) was condensed at 73 K under a vacuum onto 100 r8g of

Procedure Bfrom 3 (2 g), B(GFs)s [236 mg (0.46 mmol 1.1

equiv)] pentane or pentane/toluene (95/5) (15 mL), pale yellow powder;

wt % Zr: 1.08-1.42%. Solid statéH NMR (9): 6.6 (s, residual aromatic
protons of toluene), 1.8 (s, MeCp*), —0.1 to —0.3 (s,=Si—Me),
Zr—Me, and B-Me not well-resolved.

Hydrolysis of Compounds 4 and 5.The same procedure as that
for compound3. (GC): 0.4-0.5 CHy/Zr. Solid state'H NMR (0): (5*%)
1.6 (s, Me—Cp*). Solid staté*C NMR (9): (5*) 12 (s, Cp*Me), —4.5
(s, =Si—°CHz), neither Zr—Me nor B—Me observed.

Hydrogenolysis of Compounds 4 and 5The same procedure as
that for compound. (GC): 0.27 CH/Zr. Solid state'H NMR (9): 6.4
(s, residual toluene), 1.6 (s, M&€p*), 0.0 (s,=Si—Me). Solid state
13C NMR (0): 129.1 (s, Gog—Cp*), 10.7 (s, Cp*=Me).

Preparation of 9. Procedure Bfrom 8 [0.49 mmol— 1.2 equiv],
1(2 g), pentane (15 mL); wt % Zr: 1.74..81%. Gas phase analysis

(3*). The white solid was then allowed to warm to room temperature. (GC): 1.0+-1.22 CHYZr.

No color change was observed under a vapor pressure of water. Gas

phase analysis (GC):-2.3 CHy/Zr. Solid state'H NMR (9): 3 (3%)
1.5-2.1 (s, Me-Cp*), no Zr—Me observed at-0.25 ppm. Solid state
13C NMR (0): (3*) 122 (s, Gng—Cp*), 11 (s, Cp*~Me), —5.7 (s, S~
BCHg); (3) 122 (s, Gng—Cp*), 10 (s, Cp*=Me).

Hydrogenolysis of Compounds 3.Under a vacuum at ambient
temperature, a pressure of 20060 Torr (46-50 equiv relative to Zr
content) of hydrogen was introduced onto 100 mg3ofrhe reactor

Ethylene Polymerization Tests Gas Phase Polymerization Runs
on Silica Pellets.A known pressure of dry and deoxygenated ethylene
(200 Torr, 300 equiv) was introduced on silica pellets4adr 7 (30

mg) at ambient temperature. The formation of the polyethylene was

followed on the silica disk by infrared spectroscopy during 1 day and
at room temperature.
Gas Phase Polymerization Runs on Powdefl.he catalystgl or 7

(100 mg) were placed in a break-seal glass high vacuum reactor
connected to an infrared cell. A pressure of dry and deoxygenated
ethylene (200 Torr, 190 equiv) was introduced in the cell at ambient

was then warmed to 75C for 15 h. The initially white color of the
solid turned to light yellow. Gas phase analysis (GC): 1.6/ZH Solid

state’H NMR (9): (3) 9.5 (s, Zr-H), 1.7 (s, Me-Cp*), —0.34 (s,
residual Zr-Me). Solid stat&®C NMR (0): (3) 121 (s, Gng—Cp*), 9
(s, Cp*—Me), no Zr—Me observed.

Reaction of Silica Surface Complexes [(SiO)ZrCp*(Mej], 3,
[(SIO)ZrCp*(CD 3)3], 3o, and [(SIO)ZrCp*(*3CH3),], 3* with B(C jFs)s.
Preparation of 4 and 5.Procedure Afrom a pellet of3, B(CsFs)s3 (16
mg — 0.03 mmol), and toluene (10 mL); IR: 2964 (mgC—H)Cp*),
2924 (myy{C—H)Cp* andvadC—H)Zr—Me), 2873 (m, 2.{C—H)Cp*
and v(C—H)Zr—Me), 2741 (w), 1601 (w), 1553 (w), 1483 (w.sh.,
»(C=C)Cp*), 1432 (m.sh.y(C=C)Cp*), 1391 (w.sh.).{C—H)Zr—
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temperature, and a spectrum of the gas phase was recdsfiethe

sealed reactor was then broken, and the consumption of the ethylene
was followed by infrared spectroscopy of the gas phase as a function

of time at room temperature.
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