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ABSTRACT: Sulfated alumina nanoparticles (n-AlS) have been prepared as a high-
surface-area support/activator for organozirconium catalysts. The large external @
surface area allows chemisorption of ca. 3 times more organozirconium catalyst per

square nanometer than previously possible on bulk sulfated alumina. It is found that

Cp*ZtMe,/n-AlS (Cp* = 1°-(CH;)sCs, Me = CH;) and ZrBzs/n-AlS (Bz = —0-RZ®

527
CH,CgHs) are active catalysts for arene hydrogenation as well as for olefin )
polymerizations. The less sterically encumbered ZrBz;/n-AlS exhibits higher TN
polymerization activity and a greater arene hydrogenation turnover frequency than z RN

the slightly more encumbered Cp*ZrMe,/n-AlS. Catalyst ZrBz;/n-AlS also displays ~5nm AIs
a larger tolerance for sterically demanding hydrogenation substrates as well as
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increased 1-hexene incorporation in ethylene/1-hexene copolymerizations.
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B INTRODUCTION

At the interface between traditional homo- and heterogeneous
catalysts, single-site supported catalysts have generated much
academic and industrial research interest in recent years.' © In
parallel, there has also been intense recent interest in using
nanometer-sized particles as catalyst supports.” > Such nano-
particle supports may offer advantages over bulk supports, such
as increased surface area, better heat and mass transfer, and
decreased internal surface area.'*”'® The latter point is parti-
cularly important in the case of olefin polymerization, where
steric crowding around the metal center and the growing
polymer chain may lead to decreased activities, adverse mass
transport effects, or both.'”'® Heterogenizing molecular catalysts
also allows the use of slurry reactors,"” >* which are advanta-
geous owing to their excellent heat transfer, amenability to
efficient online catalyst addition or withdrawal, and ease of
construction.”® Chemisorption of discrete organometallic com-
plexes on metal oxide supports has been shown to yield catalysts,
which have reasonably well-defined active sites, greater catalyst
stability, and lend to decreased reactor fouling versus the
analogous homogeneous systems.”*** These supported catalysts
have been shown to exhibit very high activity for a-olefin
polymerizations>®~>* as well as for catalytic hydrocarbon trans-
formations.>*~

Previously, this laboratory investigated the chemisorption
pathways of "*C-enriched organogroup 4*~*” and organoacti-
nide®* >’ metal hydrocarbyls on various metal oxides surfaces. It
was demonstrated that the acidity and related surface chemical
properties of the support determine which of three distinctive
chemisorption pathways is operative. Heterolytic M—C bond
scission, in which an alkide group is transferred to a surface Lewis
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acid site and affords a “cationic” adsorbate species, (e.g., structure
A) is the primary chemisorptive pathway for Lewis acidic
surfaces, including MgCl,, as well as for highly and partially
dehydroxylated alumina (Figure 1).°°"%” This reaction finds
strong chemical analogy (and chemical/spectroscopic similarity)
to analogous heterolysis processes effected in solution by organo-
Lewis acids such as perfluoroaryl boranes and MAO (e.g,
eq 1).** 7% For weakly Bronsted acidic surfaces, such as partially
dehydroxylated silica and MgO, M—CHj; protonolysis yields
catalytically less active “u-oxo” species (e.g., structure B). This
process also has close homogeneous phase analogies (e.g.,
eq 2).” The depressed activity of species B versus A can be
attributed to the formation of the strong oxo conjugate base of
the weak surface Bronsted acid site, which coordinates strongly
to the hard Lewis acidic metal center, saturating the coordination
sphere and depressing the electrophilicity.
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Cp,ZrMe, + B(CgFs), — Cp,ZtMe " MeB(C¢Fs), (1)
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Figure 1. Computed energy-minimized structure of Cp,ZrMe ™" cation
coordination to a ¢3-O alumina surface site.*

Cp,ZrMe; + HOAr — Cp,ZtMe(OAr) + CH;  (2)

CpsZrMe, + RsNHBPh,~ — Cp; ZrMe "BPh,~ + MeH + NR;

(3)

Recent studies of metal hydrocarbyl chemisorption on highly
Bronsted acidic sulfated metal oxides, including sulfated
zirconia®® ~7* and sulfated alumina,”™ 76 indicate that M—C o-
bond protonolysis occurs readily at the strong Brensted acidic
sites. This reactivity is analogous to the solutlon protonolysis
effected by ammonium aryl borates (e.g., eq 3).”” The product of
this chemisorptive process is a highly reactive “cation-like”
surface organometallic electrophile (e.g,, structure C) with nearly
100% of the surface sites displaying catalytlc activity for ethylene
polymerization and arene hydrogenation.*” Theoretical studies
have shown that the organometallic cation—oxo anion interac-
tion in C is nondirectional and largely electrostatic in nature
(Figure 2).*”7® One of the great attractions of sulfated metal
oxides as catalyst supports is the low cost and ease of preparation,
while at the same time they provide sufficient acidity to simulta-
neously activate and immobilize the catalyst. This immobiliza-
tion-based activation eliminates the use of expensive cocatalysts,
such as MAO, or noncoordinating anions, such as B(C4Fs),
while simultaneously suppressing complications such as catalyst
leaching associated with these organic cocatalysts in heteroge-
neous systems.

Sulfated metal oxides are so-called solid “super acids”, mean-
ing that their Bronsted acidity is greater than that of sulfuric
acid.”® A variety of bulk solid super acids have been studied,
lncludm% sulfated ALO5, %% Fe,0,,% HfO,,* $i0,,”° $n0,,”' ™~ %
TiO, **° and ZrO,,”® and the sulfate modification of these
metal oxides has been shown to greatly enhance hydrocarbon
skeletal rearrangement rates. Alumina is of great importance as a
high-surface-area support in industrial catalysis, and therefore,
increased understanding and implementation of sulfated alumina
as a catalyst support is particularly relevant. There has been
limited research into the catalytic properties of nanosized
sulfated metal oxides,”” and little is known about the properties
of nanosized sulfated alumina. Lima, et al. reported efforts to
control the acidity of nanocapsular sulfated alumina synthesized
by the sol—gel method; however, they achieved limited control
over the morphology of the alumina.”®

In this contribution, we report the facile surface modification
of preformed y-alumina nanoparticles with sulfuric acid as a
preferred synthetic route to nanosized sulfated alumina. We
describe here the synthesis, microstructural characterization, and
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Figure 2. Computed energy-minimized structure of Cp,ZrMe " cation
coordination to an S=O fragment of an AIS surface sulfate group,

showing the electrostatic interaction between the deprotonated surface
Bronsted acid site and the cationic zirconium metal center.”®

heterogeneous catalytic implementation of these sulfated alumi-
na nanoparticles. It will be seen that sulfated alumina nanopar-
ticles offer a high-surface-area catalyst support/activator for
organozirconium catalysts and that the supported catalysts are
active for olefin polymerization and arene hydrogenation.

B EXPERIMENTAL SECTION

All procedures for air- and moisture-sensitive compounds
were carried out with rigorous exclusion of O, and moisture in
flame- or oven-dried Schlenk-type glassware 1nterfaced to a dual
manifold Schlenk line or a high-vacaum (10~ S —107%Torr) line
or in a nitrogen-filled M-Braun glovebox with a high capacity
recirculator (<1 ppm O,). Argon (Airgas, prepurified) was
purified by passage through MnO/vermiculite and Davidson
4A molecular sieve columns. Oxygen (Airgas) was purified by
passage through Drierite (Hammond Co.). All hydrocarbon
solvents (n-pentane, toluene, benzene) were distilled from Na/
K alloy. All organic starting materials were purchased from
Aldrich Chemical Co, and used without further purification
unless otherwise noted. Deuterated benzene was purchased from
Cambridge Isotope Laboratories (>99 atom % D), dried over
Na/K alloy, and stored in resealable flasks. The substrate m-
xylene (Aldrich) was dried over CaH, and vacuum-transferred
into a storage tube containing activated 4A molecular sieves. The
organometallic complex Cp*ZrMe; was synthesized by the
literature procedure.” The "*C-labeled complex Cp*,Zr"*Me,
was synthesized from "*CHjLi-Lil prepared from “CH,I'""
(99% '3C, Cambridge Isotope Laboratories) using analogous
methods. The organometallic complex ZrBz, was purchased
from Strem and used without modification.

Physical and Analytical Measurements. Solution NMR
spectra were recorded on either a Varian Inova-400 (FT, 400
MHz, 'H; 100 MHz, "*C) or an Inova-500 (FT, 500 MHz, 'H;
125 MHz,"*C) spectrometer. 'H and '>C NMR experiments on
air-sensitive solution samples were conducted in Teflon valve
sealed sample tubes (J-Young). "*C CPMAS solid-state NMR
spectra were recorded on a Varian VXR400 (FT, 100 MHz, "*C).
For '*C CPMAS solid-state NMR spectroscopy, air-sensitive
samples were loaded into cylindrical zirconia rotors in the
glovebox and capped with a solid Teflon cap. For routine spectra
of organozirconium adsorbates, the cross-polarization contact
time was 2 ms, and the recycle time was 5 s. For adsorbed
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complexes, 16000 scans were required to obtain satisfactory
signal:noise ratios, with a spinning rate of 10 kHz, depending on
peak location versus the location of spinning sidebands. BET
surface area measurements were performed on a Micromeritics
ASAP 2010 instrument. Inductively coupled plasma (ICP)
spectroscopy was conducted on a Varian model ICP spectro-
meter equipped to cover the spectral range from 175 to 785 nm.
An aliquot of concentrated acid solution was diluted to 5% with
DI H,O and analyzed for S (181.972 nm) and Zr (343.823 nm)
content as compared with standardized solutions. GC data were
collected on an HP6890 GC/MS equipped with an HP5972
detector and an HP-SMS (5% phenyl methyl siloxane, 30 m x
250 um X 025 um) capillary column. TEM imaging was
performed on a Hitachi HF-2000 analytical electron microscope.
Powder XRD data were recorded on a Rigaku DMAX-A dif-
fractometer with Ni-filtered Cu Ko radiation (1.541 84 A°).

Synthesis of Nano-Sized Sulfated Alumina. Nanosized
sulfated alumina was synthesized by a modification of the
literature procedure.*” y-Alumina nanoparticles (25 nm, Nano-
structed and Amorphous Materials Inc.) were calcined at S50 °C
for 3 h in 100 mL/min flowing O,. To 15 g of this material was added
150 mL of 3.2 M H,SO,, and the resulting slurry was stirred for
1 h. The slurry was then centrifuged (8000 rpm, 10 min), the
supernatant was decanted, and the solid was washed with
deionized water until the supernatant was no longer acidic. Next,
the sample was dried overnight at 120 °C, crushed to <80 mesh,
then calcined at 550 °C for 3 h in flowing O, (100 mL/min).
Finally, the sulfated alumina was activated under high vacuum
(5 x 10 ° Torr) at 450 °C for 45 min and stored under a dry N,
atmosphere. The BET surface area was 237 m?/g, consisting
exclusively of external surface area. ICP analysis of the sample
digested overnight in HF indicated that the sulfur loading was
2.81 atoms S/nm”.

Chemisorption of Organozirconium Complexes on Nano-
Sized Sulfated Alumina. In a two-sided flip-fritted reaction
vessel, 25 mL pentane was condensed onto carefully weighed
quantities of organometallic precursor and nanosized sulfated
alumina support. The slurry was then stirred at 25 °C for 1 h
and filtered. The supported catalyst was collected on the frit,
washed five times with pentane to remove any physisorbed
catalyst, then dried in vacuo for 1 h. The prepared catalysts were
stored in sealed containers under a dry N, atmosphere at —40 °C
until used. If greater than saturation coverage of the organozir-
conium complexes was used, excess unreacted organozirconium
complex could be detected in the opposite flask after washing.
The supported catalyst was checked by slurry-phase NMR
spectroscopy in C4Dg to ensure that no physisorbed catalyst
remained on the support after the pentane washing. When a
sample synthesized in this manner was analyzed by ICP spec-
troscopy following digestion overnight with 48% HF, the max-
imum loadings of organozirconium complexes and sulfur
present were 0.87 atom of Zr/nm” (342 x 10"/ mol Zr/mg
n-AlS) and 2.94 atoms of S/nm>.

Arene Hydrogenations. In a typical experiment, a 15 mL
water-jacketed Morton flask, dried overnight in a 160 °C oven,
was charged in the glovebox with 60—100 mg of supported
catalyst and 2.0 mL of dry substrate. The closed reactor was then
removed from the glovebox, interfaced to the high vacuum line,
and freeze—pump—thaw-degassed at —78 °C. The reactor was
then connected to a constant temperature circulating pump and
equilibrated for 15 min at 31.0 °C. The flask was agitated using a
vortex mixer (2000 rev/min), and hydrogen was added to the

flask and maintained at 1.0 atm with a Hg bubbler. To determine
the catalytic turnover frequency, aliquots of the reaction solution
(5 uL) were removed at designated times, and conversion was
monitored by GC/MS.

Ethylene Homopolymerizations. In a typical experiment, a
300 mL, medium-pressure, glass reaction vessel dried overnight
in a 160 °C oven was charged in the glovebox with 30—60 mg of
supported catalyst, a magnetic stirbar, and 10 mL of dry toluene.
The closed reactor was removed from the glovebox, interfaced to
the high-pressure line behind a blast shield, and freeze —pump—
thaw-degassed at —78 °C. The reactor was then warmed to the
desired temperature using an external bath and equilibrated for 5
min, charged with 75 psi ethylene pressure, and stirred rapidly
(>1500 rpm) to minimize mass transport effects. After 10—60
min, the pressure was released, and the polymerization was
quenched with methanol. The polymeric product was collected
by filtration, dried overnight in vacuo at 60 °C, and weighed.

Ethylene +1-Hexene Copolymerizations. In a typical ex-
periment, a 300 mL, medium-pressure reaction vessel, dried
overnight in a 160 °C oven, was charged in the glovebox with
30—60 mg supported catalyst, a magnetic stirbar, and 10 mL of
dry toluene. The closed reactor was removed from the glovebox,
interfaced to the high-pressure line behind a blast shield, freeze—
pump—thaw-degassed at —78 °C, and warmed to the desired
temperature with an external bath. Ethylene was added to the
reactor and maintained at 1.0 atm, while 2.0 mL of 1-hexene
comonomer was immediately added to the reactor by gastight
syringe, with rapid stirring. The reactor was then pressurized to
7S psi ethylene and stirred rapidly (>1500 rpm) to minimize
mass transport effects. After 30—60 min, the pressure was
released, and the polymerization was quenched with methanol.
The polymeric product was collected by filtration, dried over-
night in vacuo at 60 °C, and weighed.

B RESULTS AND DISCUSSION

This section begins with discussion of the synthesis and
characterization of nanosized sulfated alumina (n-AlS) supports,
including SS-NMR spectroscopy of the supported catalysts.
Next, arene hydrogenations mediated by Cp*ZrMe,/n-AlS and
ZrBz;/n-AlS will be discussed. Finally, the ethylene homopo-
lymerization as well as ethylene/1-hexene copolymerization
properties of Cp*ZrMe,/n-AlS and ZrBz;/n-AlS are investi-

gated.
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Support Preparation and Characterization. There are sev-
eral preparative methods for sulfated alumina that have been
reported in the literature.*”'*>'** For the present study, the
surface modification of commercially available 25 nm y-alumina
nanoparticles with sulfuric acid was used as the preferred method
of sulfated alumina preparation. In contrast to bulk y-alumina,
nanosized y-alumina requires a presulfonation calcination at
550 °C to remove residual surfactants present from the
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Figure 3. X-ray diffraction pattern of nanocrystalline y-AlL,O3 (a) and nanocrystalline y-sulfated alumina (b). Intensity is in arbitrary units.

Figure 4. TEM image of nano AlS.

nanoparticle synthesis. For the present n-AlS, the BET surface
area was 237 m?/g, with almost exclusively external surface area.
XRD analysis of the alumina nanoparticles before and after
sulfonation reveals that the alumina is predominantly present
as the y phase, and there is no change in phase resulting from
the harsh sulfonation/calcination conditions (Figure 3). Fit-
ting of the diffraction peak widths at half-maximum to the
Debye—Scherrer equation reveals the n-AlS to have average
crystallite sizes of ~4 nm. TEM analysis of the nanoparti-
cles indicates that the nanoparticles are loosely aggregated
nanorods with radii of ~5 nm and lengths of ~10—30 nm
(Figure 4).

Catalyst Synthesis. All organozirconium catalyst precursors
used in this study were synthesized as described elsewhere.”””®
To determine the effects of ancillary ligation and sterics on
catalytic activity, mono(pentamethylcyclopentadienyl) and
homoleptic hydrocarbyl zirconium complexes were employed
as adsorbates on the present sulfated alumina nanoparticles
(n-AlS). Bulk AlS as prepared previously has been reported to
be “super acidic” with the ability to simultaneously support
and activate organozirconium complexes.*>*” Chemisorption
of the precursors was carried out under rigorously anhydrous/
anaerobic conditions, and the supported catalysts were washed
repeatedly with pentane to remove any physisorbed/weakly bound
neutral species.

Structural Characterization of Adsorbate Species. Chem-
isorption of 0r§anozirconium complexes onto n-AlS was studied
by solid-state °C CPMAS NMR spectroscopy using the *C-
labeled probe complex Cp*,Zr'*Me, and monitoring the fate of
the "*C-labeled methyl groups originally coordinated to Zr.

Cp*,Zr"*Me, was used as a model complex owing to its good
thermal stability over the time frame necessary for the NMR
experiment (24 h) as well as to compare the chemisorption
reaction of Cp*,Zr'*Me, on n-AlS to that on bulk AlS and the
homogeneous metallocenium species reported in the literature.
As can be seen in Figure 5, the *C CPMAS NMR spectrum of
Cp*ZZrlsMe/n-AIS exhibits major resonances at 0 123.3, 43.0,
9.0, and —9.8. Data and assignments are summarized in Table 1.
The resonances at 0 123.3 and 9.0 are readily assigned to Cp ring
carbon atoms and Cp-CHj carbon atoms, respectively, and are
analogous to the solution phase NMR data (Table 1.) The minor
resonance at O —9.8 can be attributed to a '*C-labeled methyl
group that is transferred to a Lewis acid site on the surface
forming an Al—"*CH, moiety (structure A).*” The intense
resonance at O = 43.0 is assignable to a “cation-like”, electron-
deficient Cp*,Zr'°Me " species (structure C), as evidenced by
the marked downfield shift of the resonance from the neutral
molecule (0 36.8), and finds analogy in the 0 (Zr—CHj;)
downfield shift of the well-characterized homogeneous analogue
Cp*Zr'*Me"Q ™ at 0 = 50.4 for @ = CH;3B(CgFs); . The
present chemisorption pathways for organozirconium com-
plexes supported on n-AlS are then very similar to previous
results on bulk AlS,*” with the only difference observed being
the small amount of methide transfer to the Lewis acidic sites
(0 = —9.8) seen in the n-AlS sample (structure A, above).
Formation of the y-oxo species (structure B, & ~ 32 ppm) is
not evident.*” ICP characterization of the supported catalysts
indicates that surface coverage of the organozirconium is 0.87
Zr atom/nm> for ZrBz;/n-AlS, and 0.77 Zr atom/nm” for
Cp*ZrMe,/n-AlS. For the same catalysts supported on bulk
AlS, 0.25 Zr atom/nm?” is the highest coverage obtainable.*’
Thus, the nanosized alumina has greater than 3 times more
catalyst supported per nanometer. This increase can be attrib-
uted to the minimization of internal surface area on the alumina
nanoparticles, therefore increasing surface area available to the

catalyst (eq 4).
_ﬁz 3Me %‘SME
zr e, " 2 %'I @)
e * _— 13,
e Xy, X I
7

Nano-Sized Sulfated Alumina (n-AlS)
Al* = Lewis Acidic Site Minor Product

Major Product

Arene Hydrogenation Experiments. Arene hydrogenation
experiments employing Cp*ZrMe,/n-AlS and ZrBz;/n-AlS were
carried out in the reactor described in the Experimental Section.
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Figure 5. *C CPMAS NMR spectrum (100 MHz) of Cp*,Zr'*Me/n-AlS (16 000 scans, repetition time = 5 s, contact time = 2 ms, spinning speed = 10

kHz).

Table 1. Solid-State ">*C NMR Chemical Shift Data in Parts
per Million for Neat and Supported Organometallic
Complexes”

complex Cp'ring M—-"C, Cp'—CH; Al-CH,
Cp*,Zr'*Me," 117.4 36.8 12.1
Cp*,Zr"*Me/Als™ 123.0 46.0 9.1
Cp*Zr'*Me/n-AlS* 1233 43.0 9.0 —9.8

“ In parts per million downfield from Me,Si; referenced to the solid-state
3¢ spectrum of adamantane. *Measured in C4Dg solution, Cp* =
17°-(CH;)sCs. “Ref 47. % AlS = sulfated alumina. °n-AlS = nanosized
sulfated alumina

Table 2. Arene Hydrogenation Catalyzed by Organozirconium
Complexes Supported on Nano-Sized Sulfated Alumina at
31.0 °C, Py, = 1 atm

entry catalyst substrate Ny*h!
1 Cp*ZrMe,/n-AlS benzene 15
2 Cp*ZrMe,/n-AlS toluene 3
3 Cp*ZrMe,/n-AlS m-xylene ~0
4 ZrBz;/n-AlS benzene 36
S ZrBz3/n-AlS toluene 16
6 ZrBz3/n-AlS m-xylene 3

“ N, values determined by GC/MS

Results are summarized in Table 2. These catalysts were chosen
because of their steric openness as well as on the basis of previous
research, which showed that similar catalysts supported on bulk
sulfated alumina are active for arene hydrogenation.*” Note that
these cationic catalysts are electrostatically bound to the support
so that catalyst leaching is extremely improbable in hydrocarbon
solvents. Neither has it been reported previously for these types
of catalysts.'”"**>*” Moreover, the neutral precursors are not
active for the present hydrogenation processes. In this study, the
benzene turnover frequency for ZrBz;/n-AlS at 31 °C, 1 atm H,,
was 36 h™ ' (Table 2, entry 1). Arene hydrogenations mediated
by these supported catalysts display complete hydrogenation of
benzene to cyclohexane, toluene to methylcyclohexane, etc., with
no GC/MS evidence of partially hydrogenated products, such as
cyclohexene, etc. For all substrates studied, ZrBz;/n-AlS is found
to be significantly more active than Cp*ZrMe,/n-AlS. We propose
that the decreased coordinative saturation of ZrBz;/n-AlS versus
Cp*ZrMe,/n-AlS is responsible for the increased activities
for ZrBz;/n-AlS as well as the ability of ZrBz;/n-AlS to

hydrogenate more sterically demanding substrates, such as
m-xylene. As the steric requirements of the substrate increase,
there is a decrease in catalyst turnover frequency and, in the
case of m-xylene, negligible hydrogenation observed with
Cp*ZrMe,/n-AlS.

Olefin Polymerization Experiments. Ethylene homopo-
lymerization studies employing the present organozirconium
catalysts on nanosized sulfated alumina were carried out at 150
psi ethylene and 25 °C in a medium-pressure batch reactor with
rapid stirring to minimize mass transport effects. Results are
summarized in Table 3. It is found that for these supported
catalysts, polymerization activities follow the order ZrBz;/n-
AlS > Cp*ZrMe,/n-AlS, which tracks the approximate coordi-
native saturation of the catalysts and repeats the trend seen in the
above arene hydrogenation experiments. Polymerizations run
with less-coordinating heptane as the reaction solvent were 3—
10 times more active than identical polymerizations run in
toluene. It is important to note that although solvent choice
significantly affects the activity of the supported catalysts, the
melting point characterization of the polymeric products by DSC
shows that the T,,, does not change significantly with a change in
reaction solvent and that all products are high-molecular-weight
crystalline polyethylene. Attempts to separate the polymer from
the supported catalyst were unsuccessful, even at 140 °C in 1,2,4-
trichlorobenzene. The formation of such high-molecular-weight
polyethylene has also been reported for ethylene polymerizations
mediated by related catalyst systems, such as organozirconium
adsorbates on alumina,'® on sulfated zirconia,™ and on sulfated
alumina.*’

Ethylene/1-hexene copolymerization studies employing
Cp*ZrMe,/n-AlS and ZrBz;/n-AlS were performed under reac-
tion conditions identical to those of the ethylene homopolymer-
izations discussed above with the addition of 1-hexene
comonomer (1.6 M). The results of these polymerizations can
be seen in Table 4, and activities follow the trend ZrBz;/n-AlS >
Cp*ZrMe,/n-AlS at 25 °C. Again, the activity of these catalysts is
substantially increased on switching from toluene to heptane as
the reaction solvent. DSC melting point characterization of the
polymeric products shows that for the polymers produced by
Cp*ZrMe,/n-AlS, T,,, does not significantly decrease from the
homopolymer, indicating limited 1-hexene incorporation,106
whereas for ZrBz;/n-AlS, the T,'s decrease from 134 to
128 °C, indicating greater 1-hexene incorporation. The less
coordinatively saturated the catalyst precursor is (ZrBzs/n-
AlS < Cp*ZrMe,/n-AlS), the more active it is for ethylene/
1-hexene copolymerization, as well as for enhanced comonomer
incorporation selectivity.

dx.doi.org/10.1021/cs100119w |ACS Catal. 2011, 1, 238-245
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Table 3. Summary of Ethylene Homopolymerization Data for Organozirconium Complexes Supported on Nano-Sized Sulfated

Alumina
entry” catalyst” [Zr] (umol) reaction solvent
1 Cp*ZrMe,/n-AlS 13.8 toluene
2 Cp*ZrMe,/n-AlS 17.7 heptane
3 ZrBz3/n-AlS 10.3 toluene
4 ZrBz;/n-AlS 12.0 heptane

reaction time (min) PE yield (g) activity® (x10*) T, (°C)
60 0.42 0.6 135
60 0.75 5.6 13§
30 1.64 6.4 134
10 1.93 19.3 133

“ Carried out at 75 psi ethylene, 10.0 mL of solvent, 25 °C. *n-AlS = nanosized sulfated alumina. ¢ Units: grams of polymer/(mol Zr X h X atm).

Table 4. Summary of Ethylene/1-Hexene Copolymerization Data for Organozirconium Complexes Supported on Nano-Sized

Sulfated Alumina
entry” catalyst” [Zr] (umol) [1-hexene] (M) reaction solvent reaction time (min) PE yield (g) activity® (x10%) T, (°C)
1 Cp*ZrMe,/n-AlS 16.0 1.6 toluene 60 0.45 0.6 133
2 Cp*ZrMe,/n-AlS 18.0 1.6 heptane 60 0.73 0.8 134
3 ZrBz3/n-AlS 13.5 1.6 toluene 30 2.38 7.0 129
4 ZrBz3/n-AlS 10.6 1.6 heptane 20 2.16 19.3 128

“ Carried out at 75 psi ethylene, 10.0 mL of solvent. ” n-AlS = nanosized sulfated alumina. < Units: grams of polymer/(mol Zr x h X atm).

Bl CONCLUSIONS

This contribution provides a straightforward synthesis of
sulfated alumina nanoparticles as a support for organozirco-
nium-based heterogeneous arene hydrogenation and olefin
polymerization catalysts. The nanosized AlS has a much greater
surface area than bulk aluminas previously investigated, as well as
minimal internal surface area, which should limit mass transport
effects associated with catalysts chemisorbed in pores. The
minimization of internal surface area also accounts for the
3-times-greater catalyst loading per square nanometer versus
that of bulk alumina because more of the surface area is accessible
to the catalyst for chemisorption as well as during catalytic
turnover.

3C CPMAS NMR spectroscopy employing "*C-enriched
organozirconium compounds indicates that electrophilic, “ca-
tion-like” organozirconium species are formed by two chemi-
sorption pathways on the highly Bronsted acidic nanosized
sulfated alumina. Chemisorption occurs primarily via a proto-
nolytic M—CHj; scission pathway at Brensted acidic sites,
whereas a small percentage reacts instead via methide transfer
to the Lewis acidic sites. In either case, similar cationic organo-
zirconium centers are formed, consistent with previous results on
bulk AIS,*” and are active catalysts for both olefin polymerization
and arene hydrogenation. We also present here arene hydro-
genation and olefin polymerization data for these organozirco-
nium complexes supported on n-AlS. We conclude that nano-AlS
provides a high-surface-area support-based activator for organo-
zirconium complexes, forming cationic zirconium centers active
for facile arene hydrogenations and production of high-molecu-
lar-weight polyethylene.
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