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Ethylene polymerization using catalysts derived from activation of zirconocene aluminohydride
complexes with either methyl aluminoxane or BEg); is reported. Variable-temperature NMR spectra
of mixtures of Cp3ZrH;AIH, or Cp,ZrH;AIH, and excess B(fFs)s reveal the formation of di- or
polynuclear metallocenium ion-pairs featuring terminal or both terminal and bridging borohydride
counteranions HB(gFs)s arising from hydride abstraction. At high&r ion-pairs featuring the terminal
HB(CsFs)s counterion decompose, and the Althat is liberated degrades Byfs)s to furnish mixtures
of (CsFs)nAlH3-, and, in the case of CpZrH3;AIH,, a new ion-pair partnered with the diborohydride
counteranion [Cp3ZrH][(u-H)2B(CsFs)2]. The latter compound was independently prepared fromyCp*
ZrH; and HB(GFs), and is active in ethylene polymerization; however it is 1000 times less active than

the catalyst formed from CpZrH3;AIH, and B(GFs)3

and so cannot account for the multisite behavior

of the latter combination. There is evidence of chemical exchange between “free” or terminafg)B(C
and excess B(gFs)s in these mixtures, and on the basis of model studies Wihs;N][HB(CeFs)3] and
B(CsFs)s, this involves reversible formation offusN][(CsFs)sB)(u-H)B(CeFs)s], which can be detected

by °F NMR spectroscopy in solution at loii.

Introduction

There is considerable interest in the use of single-component

cocatalysts for the activation of metallocene complexes toward
olefin polymerization, as these activators obviate the need for
the use of a large excess of methylaluminoxane as cocatalyst.
A particularly attractive approach involves in situ alkylation and
ionization using metallocene dichlorides, tri-isobutylaluminum,
and, for example, [PJC][B(CeFs)4],2 while preformed dialkyls
are necessary in the case of Lewis acidic organoboranes.
Surprisingly, there has been comparatively little study of the
activation and utility of other types of potential catalyst pre-
cursors that might be derived from prior, or ideally in situ,
derivatization of metallocene dichlorides. In particular, the use
of metallocene dihydride complexes as precursors to cationic

hydride complexes has been practically restricted to the study

of sterically hindered, mono- or dinuclear and thus soluble
complexes of this typé.Cationic hydride complexes can be
generated in situ via hydrogenolysis of the corresponding
alkylmetallocenium iorfsand are thus involved in polymeriza-

metallocene complexes of group 4 with Bg)s,> but no
systematic studies of the use of these complexes in olefin
polymerization to our knowledde.

It had occurred to us that the use of aluminohydride com-
plexes of zirconocenes (generically ZpH3zAIH,)” might be
convenient for in situ activation, as they can be readily prepared
from metallocene dichloride complexes and LiAlFhe coor-
dinated alane in these complexes might help to stabilize the
resulting cationic hydrides generated in situ. A complicating
feature of this class of compounds, compared with, for example,
borohydride complexes, is their limited thermal stability and
variable state of aggregation both within the solid Stated in
solution/® and this was anticipated to affect their activation
chemistry.
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Table 1. Polymerization of Ethylene Using Metallocene Complexés

entry catalyst (C)«M) activator (A) (mM) A:C T(°C) activity? My (K) Mw/M,
1 ("BuCp)yZrCl, (4.2) MAO (33.8) 8000 50 11.8 275 34
2 ("BuCp)yZrCl, (4.2) MAO (33.8) 8000 75 144 43.0 1.9
3 ("BuCp)ZrHsAIH; (3.0) MAO (33.8) 11500 50 16.5 511 3.6
4 ("BuCpyZrHsAIH; (3.0) MAO (33.8) 11500 75 24.0 91.1 2.3
5 (TMSCp)ZrCl, (1.1) MAO (44.2) 40000 50 43.6 56.8 3.7
6 (TMSCp)ZrCl, (1.1) MAOQO (44.2) 40000 70 48.0 65.1 3.3
7 (TMSCp)ZrHzAIH »(1.1) MAO (44.2) 40000 50 58.1 81.4 3.2
8 (TMSCpRZrHzAIH »(1.1) MAO (44.2) 40000 70 56.3 51.5 3.1
9 (TMSCp)pZrHs;AIH, (510) B(GFs)s° 1.0 25 0.16 172 24
10 (TMSCp)ZrHsAlH ; (260) B(GFs)s° 3.0 25 0.65 137 2.6
11 (TMSCp)ZrHsAIH; (5.4) B(GsFs)s° 3.0 50 1.8 199 2.4
12 (TMSCp)ZrHsAlH » (5.4) B(GsFs)3° 10.0 50 3.4 180 2.3
13 (TMSCp)ZrHzAIH,(2.7) B(GsFs)s° 10.0 50 4.9 247 3.3
14 (TMSCp)ZrHzAIH, (2.7) B(GsFs)s° 10.0 50 5.5 378 2.4
15 (TMSCp)ZrHzAlH; (1.6) B(GsFs)5° 10.0 50 6.6 410 24
16 Cp*ZrHzAIH, (3.2) B(GsFs)4¢ 1.0 0 1.3
17 Cp*ZrHzAIH, (6.4) B(GsFs)4¢ 1.0 0 1.8 124 6.8
18 Cp*ZrHzAIH, (6.4) B(GsFs)3d 3.0 0 15 80 4.6
19 Cp*ZrHsAlH, (6.4) B(GsFs)3t 1.0 25 3.7
20 Cp*ZrHzAIH, (6.4) B(GsFs)3d 1.0 50 1.3 89 4.0
21 Cp*ZrH(u-H)2B(CsFs)2 (100) 25 4.310°3 219 22

aConditions: iso-octane (200 mL), 2.7 atmHG, 30 min.? Activity = 10° g

PE/mol Zrx h. ¢ The ion-pair was preformed in toluene solution at°’25

and then injected into iso-octane with TIBAL (0.5 mL) added as scavenger €/A]9 mM) in the presence of ethylerfeThe ion-pair was preformed in
a mixture of bromobenzene and toluene-&0 °C and then injected into a solution of iso-octane, ethylene, and TIBAL at the indi¢ated

In this paper we report that a number of ZmH3zAIH,
complexes [Cp= MesCs = Cp*, TMSCp= Cp, "BuCp] can
be activated using methylaluminoxane for ethylene polymeri-

summarized in Table 1. The activity dlBuCpyZrHsAIH , is
about 40% higher than that of its dichloride analogue atG0
when activated by MAO (entries-14). Also, the MW of the

zation where polymerization activity is superior to conventional PE formed is significantly higher (i.e., double) despite the use
activation involving the corresponding dichlorides and methyl- of larger amounts of MAO to activate the catalyst. This result
aluminoxane. In addition, we have investigated the activation is intriguing, as it suggests that the tendency toward chain

chemistry of two of these complexes with Bif&s)s, which
highlights the complexity of this process.
Results and Discussion

In most cases, the GHrH3AIH, complexes were prepared
from the metallocene dichloride and LiAlHn Et,O; crude

transfer is reduced using these catalyst precursors.

Similar results were observed using the more hindered
(TMSCp)ZrHsAIH, catalyst (entries 58). At 50 °C, the
activity of the aluminohydride complex is nearly 50% greater
than that of the corresponding dichloride complex, while the
MW of the polymer formed was increased by a similar amount.
From a practical perspective, the increased activity and MW

material was then extracted into benzene and the extracts WErtre attractive and justify the prior derivatization of these

concentrated in vacuo to provide stock solutions that were used
directly for polymerization experiments. Spectroscopic analyses

of these stock solutions indicated little to no contamination with
Et,O, although variable amounts of (Adl4 were present and

in dynamic exchange with the grHsAIH, complexes. This
was particularly evident in the case of (TMSGIH3AIH »,
which when free of alane shows a characteristic four-signal
pattern in the Cp region of th#H NMR spectrum, consistent

metallocene complexes.

The (TMSCp)ZrH3AIH, complex was also activated using
various amounts of B(§Fs)s in toluene solution at 28C and
then added to an iso-octane solution of ethylene containing tri-
isobutylaluminum (TIBAL) as a scavenger at the indicaled
The activity of the B(GFs)s-activated catalyst is much lower
than that of the MAO-activated complex (entries-11b vs 7,

8) at 50°C. Although B(GFs)s-activated catalysts are frequently

with the unsymmetrical nature of the aggregated Species|ggg active than MAO-activated catalysthe difference here

present? In contrast, even small amounts of (A result in
fluxional behavior, where at room temperature, the Cp region

(ca. 15-50 times less active depending on conditions) is quite
pronounced.

consists of two line-broadened signals whose appearance was | js tempting to attribute this lowered activity to degradation
concentration and temperature dependent. On cooling to lower ¢ 2qded B(GFs); by excess TIBAL present as scavenger.

temperature, these signals decoalesce and the low-temperatur

spectrum is consistent with that of pure (TMS&ZH3AIH .80
We attribute the observed behavior to (A)mediated

Flowever, these experiments involved the use of a preformed
ion-pair (vide infra), and generally speaking metallocenium ion-
pairs are less susceptible to degradation by alkylaluminum

exchange of terminal and bridging Zr-hydrides as suggested incompounds than B(Es).1° Further, as shown in Table 1,

eq 1. The mechanism of this process is undoubtedly more
complicated due to the polynuclear nature of both (TMSZp)s-
AlH> and (AlHg)n.

TMS
Zr—H,  +AfH; =——

%\\ AlH,

T™S

™S
a‘\\H7AI*H2

\
Zr—H +AlH;

Q/\H

T™™S

ey

Ethylene polymerization experiments using these stock solu-
tions were conducted in iso-octane solution at varidasmdP
using MAO or B(GFs)s as activator, and the results are

experiments at lower [Zr] but constant TIBAL resulted in
significantly higher activities and MW (entries £15). These

(8) (a) Sizov, A. I.; Zvukova, T. M.; Belsky, V. K.; Bulychev, B. M.
Organomet. Chem2001, 619 36—42 (b) Etkin, N.; Stephan, D. W.
Organometallicsl998 17, 763-65. (c) Etkin, N.; Hoskin, A. J.; Stephan,
D. W.J. Am. Chem. S0d.997 119, 11420-11421. (d) Khan, K.; Raston,
C. L.; McGrady, J. E.; Skelton, B. W.; White, A. l@rganometallicsL997,
16, 3252-3254.

(9) (@) Klosin, J.; Roof, G. R.; Chen, E. X.-Y.; Abboud, K. A.
Organometallics200Q 19, 4684-4686. (b) Bochmann, M.; Sarsfield, M.
J. Organometallics1998 17, 5908-5912.

(10) (a) Bochmann, M.; Lancaster, SAhgew. Chenil994 106 1715~
1718. (b) Collins, S.; Dai, C.; Li, Z.; Mohammed, M.; Tian, J.; Tomazsewski,
R.; Vollermhaus, RPolym. Mater. Sci. Eng001, 84 921—922.
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Figure 1. (a)'H (top) and'H{!B} (bottom) NMR spectra ({Dg/CsDsBr, 1:1; —50 °C) of a mixture of Cp3ZrHsAIH, and B(GFs)s. (b)
IH NMR spectra (GDg/CsDsBr, 1:1) of a mixture of CpsZrH3zAIH, and B(GFs)s as a function of temperature.

findings are inconsistent with TIBAL degrading either BFg)3

or the ion-pair. Thus, the lower activities must be viewed as
intrinsic and may reflect either inefficient ionization or thermal
instability of the ion-pairs.

It can be seen that there is a2-fold increase in activity
when using higher amounts of Bf&s)s; with respect to Zr at
25 and 50°C (entries 9-12). This effect has been noted
elsewhere in propene polymerization experiments involving
preformed metallocenium ion-pairs such as pRIECp)IndZr-
Me][MeB(CqFs)3]. 1t In that case, excess Bf)s activates these
ion-pairs toward initial insertiocd@Pand also activates [ME-
(Cp)IndZrMe][(«-H)B(CsFs)3], the principle product of chain
transfer, for further insertiof® Since an ion-pair featuring the
u-HB(CgFs)3 anion is also generated from (TMSGP)H3AIH »
and B(GFs)s (vide infra), it is probable that the effect of excess
B(CsFs)3 is similar here.

The sterically hindered, dinuclear aluminohydride complex
[Cp*2ZrH3AIH 5] 2, which was obtained and used in pure form,
showed different behavior on activation with B)s. These
experiments were conducted by mixing this complex and
B(CsFs)3 together at-50 °C in a mixture of bromobenzene and
toluene and then injecting the solution of the resulting thermally

(11) (a) Al-Humydi, A.; Garrison, J. C.; Youngs, W. J.; Collins, S.
Organometallic2005 24, 193-196. (b) Al-Humydi, A.; Garrison, J. C;
Youngs, W. J.; Collins, SOrganometallic2005 24, 1784. (c) Al-Humydi,
A.; Garrison, J. C.; Mohammed, M.; Youngs, W. J.; CollinsP8lyhedron
2005 24, 1234-1249.

unstable ion-pair (vide infra) into iso-octane and ethylene at
the indicatedT. The activity of this catalyst was largely
unaffected in the presence of excess &, although the
stability and thus activity of the catalyst are lower at higher
Also, a polymer with a broad and bimodal MWD was obtained,
suggesting the formation of more than one type of active species.
Alternately, time-dependent chain transfer to'A4 process that

is expected to be important at lower temperatdfesyuld be
invoked.

To gain insight into the nature of the active species produced
on activation with B(GFs)s, the reactions of (TMSCpXrHs-
AlH, and Cp%ZrHsAlH, with B(CesFs)3 were studied by
variableT, multinuclear NMR spectroscopy.

The reaction of Cp3ZrHzAIH, with excess B(@Fs)s was
initially studied in toluenedg. Unfortunately, the ion-pair formed
(vide infra) has limited solubility in this solvent at lowand is
unstable in solution above20 °C. The major Zr product formed
from these two compounds at room temperature is the novel
complex Cp3ZrH(u-H2)B(CsFs)2 (eq 2). Although this com-
pound could not be isolated in pure form from these mixtures,

(12) Britovsek, G. J. P.; Bruce, M.; Gibson, V. C.; Kimberley, B. S.;
Maddox, P. J.; Mastroianni, S.; McTavish, S. J.; Redshaw, C.; Solan, G.
A.; Stroemberg, S.; White, A. J. P.; Williams, D. J. Am. Chem. Soc.
1999 121, 8728-8740.

(13) Mogstad, A. L.; Waymouth, R. MMacromoleculed992 25, 2282~
2284.
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Scheme 1
Mes Mesg Me
H 5
g\ WH, A H /s @\ oH
g™ AN B [2HBCF el 2 i, + 2 (CeFslAlH,
% H % ?9 %\ H=—B(CqFs)2
Mes I Mes Mes 1
[Cp*2ZrH(p-H)2AIHl, === 2 Cp*,ZrH, + 2 AlH3 == 2 Cp*pZrH, + 2 HB(CgF5)2
+ + +
2 B(CeFs)s 2 B(CeFs)s 2 (CgF5)AlH,
it was independently generated from the reaction ofZgH, reversible process (eq 3). The structure of this ion-pair was
and HB(GFs)2,1° so its identity is not in doubt.
Mes Mes
H
Mes Mes 2 B(CgFs) g\ WH VU H /%
ooty 25°C 1 . [Cp*aZH(H Al - == e A A 7| 2IHB(CsFsl (3)
. — _nH, = ZH o+ (CoFgAHy = (CoFlAH (2) -50 °C @‘\ RO W ;@
B(CoFs)s QS rncor &K, TH—B(CHa Mes Meg
e Mes

M

: o L deduced from itstH and % NMR spectra at—50 °C. In
In particular, a characteristic, line-broadened 1:1:1:1 quartet particular, the dication is dinuclear, based on Zr, as revealed

(Jus = 75 Hz) atd —0.84 appears in théH NMR spectrum  p the presence of two differentses signals in a 1:1 ratio
(Figure 1b), along with a broadened singletda6.57. These (ota] 60 H), two different signals due to bridging hydridesat
signals are present in an integral ratio of 2:1 along with a Cp* _5 g4 (2 H) and-2.13 (2 H), which are mutually coupled, but
resonance integrating to 30 protons. Evidently, this compound |ine-proadened doublets) & 14 Hz), and a signal due to a
must be fluxional such that the two bridging B-H undergo rapid tgrminal hydride a® 4.16 (2 H) in thelH NMR spectrum at
exchange, between central and lateral positions (eq 2), but_ggec (Figure 1a). There is a broad featur@d.4 integrating
neither exchange with the terminal Zr-H. A mechanism thatis {g 3 total of two protons, which represents the remaining
consistent with this finding involves a zwitterionic [GZrH]- bridging Al-H required for the structure shown in eq 3 (or its
[(1-H)BH(CeFs)2] intermediate. In the correspondiftF NMR C,-symmetric isomer). The appearance of this signalTis
spectrum, a set of signals at—130.0, ~157.8, and—163.8 dependent: it sharpens at high&r as the ion-pair also
are characteristic of a tetrahedrajB{CsFs),~ moiety that is decomposes (see Figure 1a vs b). The B-H of the HB{G
coordinated to Zr£6 = 6.0 ppm):® counteranion resonates at 4.4 ppm in th¢{1!B} NMR

The other products formed are a mixture of perfluorophenyl- spectrum (Figure 1a), in agreement with data reported for this
alanes [Al(GFs)nHz-n]m (n = 1 and possibly 2) and their adducts  anion in the literatureand also by comparison to an authentic
with Cp*,ZrH, analogous to that shown in eq 2. Mixed sample of [BusN]J[HB(CeFs)3]*® in the same solvent mixture
perfluorophenylalanes of this type have not been reported in at thisT.

the literature, except as ether or amine compléx@smixture The °F NMR signals of this counterion are sensitive to
consisting primarily of [Al(GFs).H]m was independently gener-  whether it is bridging!® or terminal®> and only one principal
ated in situ from the reaction of CIAI¢Es).'® and CpZrHCI. species is seen with chemical shifts characteristic of a terminal

This compound exhibits reasonably sharp, but multiple reso- HB(CgFs)3 anion até —133.0,—163.2, and—166.3. It should
nances, in the regioh —122,—152, and—161 ppm, presumably ~ be mentioned that the appearance of tHéBeNMR spectra at
due to compounds of differing nuclearity. In addition, the low T was dependent on the presence of excesgmJ£ signals
adducts formed from this alane and GprH, exhibit multiple due to the HB(GFs); anion were exchange broadened along
signals in the same regions (see the Supporting Information). with those due to excess B{Ez)s. This exchange process will
These signals do not exactly coincide with those present in abe commented upon later.

mixture of Cp*%ZrHsAlH; and B(GFs)s, but then the principal The 1B NMR spectrum of this ion-pair was somewhat
alane byproduct [(€Fs)AIH 7], is different. Thus, although the  uninformative. A single line-broadened singletat-24.3 was
spectra of these mixtures are complicated, the actual net reactiorpbserved in either thEB or 1'B{H} spectra of these mixtures
chemistry is simple, as shown in eq 2. at low T, which is at the correct shift for this anidnThe lack

Atlow T and in more polar 1:1 bromobenzedgtolueneds of B-H coupling is partly due to quadrupole relaxation induced

(B/T) solution, predominantly one ion-pair is formed in a B-Hdecoupling as the temperature is decreased“BisIMR
spectrum of [BuN][HB(CgFs)3] shows similar behavior. At 25

°C a doublet is observed witdgy = 95 HZ versus a

(14) Parks, D. J.; Spence, R. E. v H.; Piers, WABgew. Chem., Int.

Ed. Engl.1995 34, 809. line-broadened doublet where coupling is barely detectable at
(15) Manriquez, J. M.; McAlister, D. R.; Sanner, R. D.; Bercaw, J.E. —50°C.

Am. Chem. Socl976 98, 6733-6735. As indicated in Figure 1, on warming these solutions,
(16) lon-pairs featuring this counteranion have been reported: (a) Chase, - . . .

P. A.; Piers, W. E.; Parvez, NDrganometallic200Q 19, 2040-2042. (b) decomposition of thg ion-pair occurs, forming the same prqduc_ts

Spence, R. E. v. H.; Piers, W. E.; Sun, Y.; Parvez, M.; MacGillivray, L.  that are generated in toluene solution. In essence, as ionization

R.; Zaworotko, M. JOrganometallics1998 17, 2459-2469. (c) Sun, Y.; is reversible, then at highdr, alane that is reversibly liberated

Piers, W. E.; Rettig, S. Drganometallics1996 15, 4110-4112.

(17) Uson, R.; Iranzo, FRRev. Acad. Cienc. Exactas, Fis., Quim. Nat.
Zaragozal973 28, 481-487; cf. Chem Abstr81:91620.

(18) Chakraborty, D.; Chen, E. Y.-Xnorg. Chem. Commur2002 5, (19) Blackwell, J. M.; Morrison, D. J.; Piers, W. Eetrahedron2002
698—-701. 58, 82478254.

from the neutral precursor can degrade 8)s to form (GsFs)2-
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Figure 2. 1%F NMR spectra (384 MHz) of a mixture of GrH;AIH, and ca. 1.0 equiv of B(§Fs); in 1:1 bromobenzends/tolueneeds
at (a)—50, (b)—25, and (c) O°C. The signals due to the terminal and bridging borohydride anions are highlighted in dark and light gray,
respectively.

BH and (GFs)AIH .. The latter material can further dispropor- due to theo-F atoms of this anion is at coalescence-&0 °C
tionate to form different species at elevafedThis reaction is and sharpens at highdr In contrast thep-F andm-F signals

thus analogous to that documented for Ajnd B(GFs)s,® are largely unaffected over the entifeange; we attribute this
although in that case the ultimate B-containing product is BMe behavior to interaction of the-F with the metal center in this
Here the (GFs)2BH initially formed is sequestered by Cp* ion-pair, as has been observed with other complexes that feature

ZrH; to form the observed product (Scheme 1). Neither the latter this type of interactiod2¢2°We were unable to access the slow
dihydride complex nor (6Fs),BH was detected in these exchange limitin this mixed solvent system due to the freezing
reactions, suggesting that binding of this borane to 2, point of this mixture (ca—60 °C).

occurs irreversibly, as verified by independent synthesis from At higherT it is evident that the species with a terminal HB-
these two compounds. (CgFs)3 anion is in chemical exchange with excess B4

As mentioned previously, activation of this aluminohydride (compare the top two spectra where excess borane is still
complex with B(GFs)s produces PE with a bimodal MWD, present), while the complex with the bridging borohydride anion
implying inter alia the existence of two different active species. iS not or to a lesser extent. Interestingly, the thermal stability
Since we could independently prepare the principle decomposi-of the two anions (and by extension the corresponding cations)
tion product of the initially formed ion-pair (Scheme 1), we appears different; the ion-pair with a bridging HBf&)s anion
evaluated this complex in ethylene polymerization. As might is thermally stable at room temperature, while that with the
be expected from the strongly coordinating nature of yne (  terminal borohydride anion decomposes between 0 and
H)2B(CsFs)2 “anion”, Cp*,ZrH(u-H2)B(CeFs)> was not very 25°C.
active in ethylene polymerization (entry 21, Table 1). Thus,  Unfortunately thé'H NMR spectra were uninformative over
polymerization activity was modest at cax410® g PE/mol Zr  the entireT range studied; multiple SiMeand hydride signals
h at 25°C and 2.7 atm, but this catalyst did exhibit single-site were present, while the Cp-H region consisted of a set of
behavior M, = 218 K with PDI= 2.1). It can be concluded  Overlapping multiplets (see Supporting Information). However,
that the multisite behavior of the B{Es)s-activated CpsZrHs- in the *H{*!B} NMR spectrum at low temperature signals due
AlH, catalyst, which is roughly 1000 times more active under t0 a terminal and bridging B-H were observeddat.27 and

similar conditions, does not arise from competing polymerization —1.39, in an approximate 1:2 ratio, respectively, thus cor-
by this species. roborating the analysis of thH8F NMR spectra.

In the case of the less hindered (TMS&ZsHsAIH » precursor Thus, the structure of the countercations can 'only be
similar, though more complex, behavior was observed (Figure specula_ted upon. !t is known that the neutral precursor is present
2). At low temperatures in 1:1 B/T solution, ionization proceeds &S tWo, isomeric dinuclear complexes [(TMS&ZiHs]AlH and

and at least two different ion-pairs are formed, one of which, ©ne trinuclear complex [(TMSCgJrHs]sAl in the solid state
on the basis of thé%F NMR spectra, features a terminal HB- 1N 2 1:1:1 ratic® Presumably these species are also present in

(CeFs)s anion and the other has a bridging HEEg)s anion in (20) (a) Sun, Y.; Spence, R. E.; Piers, W. E.; Parvez, M.; Yap, Q. P.

aratio of 1:1.9 at-50°C. The species with the bridging anion  am_Chem. Soa997 119,5132-5143. (b) Karl, J.; Erker, G.; Frochlich,
is fluxional in solution at lowT, and in particular the signal ~ R.J. Am. Chem. Sod997, 119,11165-11173.
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Figure 3. 1°F NMR spectra (388 MHz, CELl,) of a 4:1 mixture of B(GFs)z and [BwN][HB(CgFs)s]. Signals due to the latter compound
are highlighted in gray, while signals attributed to jBi[(CeFs)3B(u-H)B(CsFs)s] are indicated with an asterisk at loW The signal due
to the p-F nuclei of this species is barely resolved from that due tontkfe nuclei of B(GFs)s.

solution [along with coordinated Alisince their stoichiometry  tion of such dinuclean-H specie$? and the equilibrium appears
does not correspond to (TMSGHEYH3AIH ;). Since the former favorable hereK ~ 9.3 M~1 at —90 °C).

dinuclear complexes are less hindered than the trinuclear

complex, it is possible they could form dinuclear ion-pairs with (CgFs)3B + HB(CyFs); == (CgF5)sB—H—B(CgFs); (4)
bridging borohydride anions, while the latter gives a trinuclear

ion-pair with terminal borohydride anions. This leads to the  \y/e nave been unable to detect thisd species in thé1B
prediction that these anions would form in a ratio of 1.33:1 (as NMR spectrum at lowT. The only signal detected at loWis
opposed to 1.9:1 that is observed) if the solid-state stoichiometry ihat due to the terminal HB@Es)s anion® it is present as a

corresponds to that in solution. line-broadened singlet at allstudied [B(GFs)s is not detectable

It has been noted that the appearance ofthReéNMR spectra at low T due to efficient quadrupolar relaxation]. While
of the ion-pairs formed at low with a terminal HB(GFs)3 T-induced decoupling of!B and!H is responsible for part of
anion in both the Cp* and Cpsystem was dependent on the this behavior (vide supra), the additional line-broadening seen
presence of excess B{)s. Signals due to B(§Fs); and HB- in the presence of excess Bf&)s is likely due to chemical

(CeFs)s were exchange broadened, where the rate of the exchange between this anion and the unobsenveldspecies
exchange process was sensitive to concentration (both relativethat is still fast on thé'B NMR time scale.
and absolute) and@. Control experiments using [BN][HB- The correspondingH or H{'B} NMR spectrum was also
(CeFs)3] and B(GsFs)3 in mixed CD:Cl,/CFCk solution revealed not informative since the region where a bridging hydride might
identical behavior, and the slow exchange limit was accessible appear was obscured by the intef8 resonances of the
at T below —80 °C in this solvent. countercation. We thus prepared the analogous [PPN][HB-
At this low T (Figure 3), the principal components are the (CeF5)a] salt. At the lowesT investigated, ?nly_a single "!’e'
two starting materials. A third set of weak signals is evident broadened resonance was observed for’thesignal of this

Lo . : . d in the presence of Bftg)3; the identification of the
(indicated by an asterisk), which are still line-broadened, perhapscomr.)Oun
due to hindered rotation of thegk; groups. The intensity of species detected BjF NMR spectroscopy as the ¢&)sB(u-

these signals, relative to [BN][HB(CeF=)s], was sensitive both H)B(CsFs)3 anion must therefore be viewed as tentative.

to the ratl_o of B(QF_5)3 to H_B(CGFS){ an_d _the absolute (21) (a) Zhou, J.; Lancaster, S. J.; Walker, D. A.; Beck, S.; Thornton-
concentration, becoming less intense on dilution. Pett, M.; Bochmann, MJ. Am. Chem. So001, 123 223-237. (b)

i i i i Lancaster, S. J.; Rodriguez, A.; Lara-Sanchez, A.; Hannant, M. D.; Walker,
We attrlb_ute the be_hawor_ seen to reversible formation of the D. A Hughes. D. H. Bochmann. MOrganometalic&2002 21, 451
unknown diborohydride anion [@Es)sB(u-H)B(CeFs)s] from 453.

the two mononuclear components (eq 3). THechemical shifts (22) (a) Matsui, Y.; Taylor, R. CSpectrochim. ActaPart A: Mol.

of this species are very similar to analogous dinuclear anions Biomol. Spectrosc1992 48A 225-228. (b) Brown, H. C.; Khuri, A
P y 9 Krishnamurthy, SJ. Am. Chem. Sod977, 99, 6237-6242. (c) Saturnino,

[(CeFs)sB(u-X)B(CeFs)s] (X = NHz CN) reported by the D. J.; Yamauchi, M.; Clayton, W. R.; Nelson, R. W.; Shore, SJGAm.
Bochmann groupg! There is literature precedent for the forma- Chem. Soc1975 97, 6063-6070.
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Conclusions

Zirconocene aluminohydride complexes are useful catalyst
precursors, which when activated by MAO offer advantages
with respect to both polymerization activity and polymer MW.
On the other hand activation with discrete Lewis acids such as
B(CsFs)3 is, unsurprisingly, complicated by the presence of alane
in these formulations. Thus, there is limited utility for these

GolemHerrnandez et al.

a Waters 150-C chromatograph eluting with 1,2,4-tricholorobenzene
at 135°C. Narrow MWD polystyrene standards were used for GPC
calibration.

Synthesis of CpZrH ;AIH ; Complexes [Cp= Cp*, TMSCp,
"BuCp]. Complexes (TMSCpXrHzAIH, and (BuCp)ZrH;AIH ,
were synthesized using the methods reported by Stephan and co-
workers8b: varying the solvent and temperature of reaction. A
solution of the corresponding metallocene dichloride (TMSZQ)l,

catalyst precursors when compared with the correspondingor ("BuCp)ZrCl, (4.57 mmol) in diethyl ether (25 mL) was stirred

metallocene dialkyls and this discrete Lewis acid.

The multisite behavior exhibited by the Bdfs)s-activated
Cp* catalyst at lowerT can be viewed as arising from two
different catalysts. The model studies indicate that the initially
formed dinuclear ion-pair is thermally unstable, consistent with
multisite behavior. The ultimate decomposition product [&p*
ZrH][u-H2B(CgFs)2] formed in the absence of monomer is much
less active and thus cannot account for the multisite behavior.
Given the propensity of zirconocene hydride complexes to
engage in reversible-€H activation of the Cp* group& it is
possible that the multisite behavior results from formation of
“tuck-in” complexes during propagation.

The (TMSCp)ZrHsAIH , complex gives rise to a more active
(and single-site) catalyst at elevatddwhen activated with
B(CsFs)s. It is reasonable to attribute this to the higher thermal
stability of the species partnered with the bridging HER&)s
anion. Certainly, discrete mononuclear complexes with this
bridging counterion are quite robust. Further, the increased
activity seen in the presence of excess &)z may be related
to activation of this otherwise dormant species, as seen with
other structurally characterized ion-pairs that feature a bridging
borohydride aniorlc

Given the tentative detection of a [{&s)3B(u-H)B(CeFs)3]
anion in solution at lowr in the present study, it is plausible to
invoke reversible, though transient, formation of an ion-pair

partnered with this counteranion as a possible mechanism for

this activation, and this will be the subject of future work.

Experimental Section

General Data. All operations were carried out on a standard
high-vacuum line or in a drybox under inert atmosphere. Toluene,

at 0°C, and 2.2 equiv of LiAIH (10.05 mmol) in diethyl ether
was added. The formation of a fine white powder was observed
when the mixture was allowed to warm to room temperature (30
min), and the solution was filtered through Celite. The diethyl ether
was evaporated to provide the aluminohydride complexes in
quantitative yield, which were dissolved in benzene, to obtain a
known concentration solution for each complex, which were stored
frozen at—30 °C.

The preparation of the CpZrHs;AlH, aluminohydride was
similar to the procedure described by Stephan in PMHFCp*,-
ZrCl; (1.02 mmol) was dissolved in THF (6 mL), LiAlH(2.2
mmol, 2.0 M in THF) was added at room temperature, and the
solution was stirred for 1.5 h. The solvent was partially evaporated,
and the residue was extracted with hexane and filtered through
Celite. A white powder was obtained on concentrating the extracts
to dryness (98% crude yield) and was recrystallized from a mixture
of benzene and hexane at low temperature.

Synthesis of Cp%ZrH( u-H)2B(CeFs).. Cp*2ZrH, (0.18 g, 0.49
mmol) was added to a suspension of HEf&), (0.17 g, 0.49 mmol)
in 5 mL of toluene a room temperature. After all the solids
dissolved, volatiles were removed in vacuo. A yellow solid was
obtained. Yield: 0.33 g, 95%H NMR (300 MHz, 25°C, CsDg):

0 6.64 (s, 1H), 1.63 (s, 30 H}-0.73 (1:1:1:1 quartet)sgy = 75
Hz, 2H).1%F NMR (288 MHz, 25°C, CsDg): ¢ —130.3 (br do-F),
—157.6 (t, p-F), —163.6 (m,mF). IR (Nujol, NaCl): 2139m,
2091m and 2018mutH-B), 1639m, 1510s (Zr-H), 1377s, 1325s,
1096s, 1024m, 960s, 882m, 802m, 725m, 631mimnal. Calcd
for CsHasFi0BZr: C, 54.15; H, 4.65. Found: C, 54.01; H 4.48.

Formation of HAI(C ¢Fs).. R-AICI (0.4 g, 0.1 mmol) and Cp
ZrHCI (0.26 g, 1 mmol) were mixed at room temperature in 20
mL of toluene. The mixture was stirred for 4 h, and all volatiles
were removed in a vacuum. Benzene (10 mL) was added and the
suspension filtered to remove &Cl,. An oil was obtained after
the solvent was remove#H and'°F NMR spectra show a mixture

diethyl ether, benzene, and bromobenzene were reagent gradepf HAI(C4Fs), with residual zirconium impurities. By comparing

distilled from the appropriate drying agents under Ar atmosphere.
Deuterated solvents were dried ovesOP and distilled from
potassium and benzophenone. The {3 obtained from Aldrich

Co. was recrystallized from pentane or hexane solution atTipw
after being treated with a solution of B{h heptane to remove
traces of water. Tri-isobutylaluminum (Aldrich), MAO (10%
toluene, Aldrich), and LiAIH (1M, EtO, Aldrich) were used as
purchased. The compounds HBIEg),'°> Cp*,ZrH,,1* CIAI(CgFs)2,'8
(n-BuCp)ZrCl,,?* and (TMSCp)ZrCl,?> were prepared by literature
methods.

TheH and!'B NMR spectra were recorded on a Varian Inova

the intensity offH and*°F signals of a weighed amount of this oil
to those of a weighed amount of TFX in[Qs the estimated purity
of this compound is about 95 mol %H NMR (tolueneds:/
bromobenzenes, 1:1, 300 MHz): 6 6.11 (br, Al-H). 1%F NMR
(tolueneds:/bromobenzeneés, 1:1, 300 MHz): 6 —122.3,—122.6,
—152.1,—-152.4,-161.3,—161.8.

The 1% NMR spectra and those obtained on the addition of a
small amount of Cp3ZrH, to this material are included as
Supporting Information.

Activation of Cp,ZrH 3AIH , Complexes [Cp= Cp*, TMSCp,
"BuCp]. The activations with MAO were carried out dissolving

400 MHz instrument and were referenced to residual deuteratedihe ajuminohydride in toluene, adding the prescribed amount of

solvent and external BFEt,0, respectively. Thé’F NMR spectra
were obtained on a Varian Inova 400 or Mercury 300 MHz
instrument using 2,3,5,6-tetrafluoroxylene (TFX) as an internal
reference atd —145.69 relative to CFGI Polymer molecular
weights were determined by gel permeation chromatography using

(23) Bernskoetter, W. H.; Pool, J. A.; Lobkovsky, E.; Chirik, P. J.
Organometallics2006 25, 1092-1100, and references therein.

(24) Davis, J. H.; Sun, H.-N.; Redfield, D.; Stucky, G.DMagn. Reson.
198Q 37, 441—-448.

(25) Lappert, M. F.; Riley, P. I.; Yarrow, P. |. W.; Atwood, J. L.; Hunter,
W. E.; Zaworotko, M. JJ. Chem. Soc., Dalton Tran$981, 814—821.

MAO, and then the activated complexes were transferred to the
polymerization reactor by syringe. The activation of the alumino-
hydride complexes with B(§Fs)s was carried out in toluene solution
at—30°C or in bromobenzene/toluene (B/T) (1:1) mixtures-&0

°C. As for activations in toluene, the GArAlHs complex was
sealed in a vial. The corresponding equivalents of thesB{g
dissolved in toluene were added-a80 °C. The reaction mixture
was allowed to warm at room temperature and added by syringe
to the polymerization reactor. In B/T mixtures, the GHFAIH s,
dissolved in 1:1 bromobenzene/toluene, was added5&t°C to

the corresponding equivalents of B&); in bromobenzene/toluene
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solution previously cooled te-50 °C. The solution was then added The polymerization was stopped by rapid depressurization of
to the polymerization reactor using a precooled syringe. The samethe reactor and quenching with methanol fopZpizAIH o/B(CeFs)3
procedure in bromobenzemg#olueneds at —50 °C was also systems and acidified methanol (10 wt % HCI) for,ZgHzAIH »f
carried out in NMR tubes for the characterization of the species MAO. Then the polymers were washed several times with methanol,
present. filtered, and dried in a vacuum oven for 4 h.

Polymerization Procedure. The aluminohydride complexes
were activated with B(gFs); or MAO in toluene or bromobenzene/ .
toluene (1:1) mixtureé, ag described above, and in all the cases the Acknc_)wledgment. The_ authors would like _to thank the
solutions were transferred by syringe to the reactor. Polymerizations UNiVersity of Akron for financial support of this work; J.C.
were carried out in a 600 mL Parr reactor equipped with mass flow 8cknowledges the American Chemical Society, Petroleum

meter and temperature control. Before each reaction, the reactorRe€search Fund, for partial stipend support. In addition, R.G.H.
was heated fol h to 90°C with AlMes/toluene to remove all  and R.C. acknowledge the financial support of CONACYT for

moisture traces. doctoral fellowships and travel funds to visit the University of
Polymerization conditions for all the runs were as follows: Akron.

ethylene pressure of 40 psig, 200 mL of iso-octane, polymerization

temperature at 25, 50, or 7%C. The monomer flow rate was Supporting Information Available: Variable-temperaturéH,

continually monitored through the mass flow meter, and polymer- 118, and!% NMR spectra of mixtures of aluminohydride complexes

izqtions were carried out fo_r 30 min_. For ethylene polymerizations and B(GFs)s. This information is available free of charge via the
using catalytic systems activated with BFg)s, 0.5 mL of TIBAL Internet at http://pubs.acs.org.

was added previously to the iso-octane as scavenger before
saturating with monomer. OM0604730



