A\C\S

ARTICLES

Published on Web 03/15/2003

Synthesis, Spectroscopy, and Catalytic Properties of Cationic
Organozirconium Adsorbates on “Super Acidic” Sulfated
Alumina. “Single-Site” Heterogeneous Catalysts with Virtually

100% Active Sites

Christopher P. Nicholas, Hongsang Ahn, and Tobin J. Marks*

Contribution from the Department of Chemistry, Northwesternsersity,
Evanston, lllinois 60208-3113

Received September 30, 2002; E-mail: t-marks@northwestern.edu

Abstract: Sulfated alumina (AIS), a highly Brgnsted acidic sulfated metal oxide, is prepared by the
impregnation of y-alumina with 1.6 M H,SO,, followed by calcination at 550 °C for 3 h. 13C CPMAS NMR
spectroscopy of the chemisorbed 13C,-enriched organozirconium hydrocarbyl Cp',Zr(*3CHs), (2*)/AIS (Cp’
= 1%-(CH3)sCs) reveals that the chemisorption process involves M—C o-bond protonolysis at the strong
surface Brgnsted acid surface sites to yield a “cation-like” highly reactive zirconocenium electrophile, Cp',-
Zr'3CHs*. In contrast, chemisorption of 2* on dehydroxylated alumina (DA) yields a similar cation via methide
transfer to surface Lewis acid sites, while chemisorption onto dehydroxylated silica yields a u-oxo Cp's-
Zr(*3CH3)—OSi= species. Two complementary active site kinetic assays for benzene hydrogenation show
that, unlike typical heterogeneous and supported organometallic catalysts, 97 + 2% of all Cp'ZrMe; (3)/
AIS sites are catalytically significant, demonstrating that the species identified by 3C CPMAS NMR is indeed
the active species. 3/AIS mediates benzene hydrogenation with a turnover frequency of 360 h™! at 25
°C/1.0 atm H,. Active site assays were also conducted for ethylene polymerization and reveal that 87 +
3% of 3/AIS sites are catalytically active, again demonstrating that nearly all zirconium sites are catalytically
significant. Relative rates of ethylene homopolymerization mediated by the catalysts prepared via Cp,Zr-
(CH3)2 (1), Cp’zZI’(CH3)2 (2), Cp'ZI’(CHg)Q, (3), ZI’(CHzTMS)4 (4), and ZI’(CHzph)4 (5) (Cp = 775-CsH5)
chemisorption on AIS are 5/AIS > 4/AIS > 3/AIS > 2/AIS > 1/AIS for ethylene homopolymerization at 150
psi CzH4, 60 °C. Under identical conditions, the polymerization rate for 3/DA is ~/1o that for 3/AIS.

Introduction number of cases, the structural nature of these adsorbates has
been studied by various combinations of magnetic resonance,
vibrational, and X-ray spectroscopies, as well as by evolved
Sproduct analysis. While such studies have provided an informa-
tive picture of the surface chemisorption/coordination chemistry,
their link to theactual catalytic specieemains tenuous, because
the percentage of sites which are catalytically significant has
in most cases remained undefined and is likely to be sifrafef

In previous research, we employ&t-enriched organoactinides
and early transition metal hydrocarbyls as model adsorbates and
studied their chemisorptive reaction pathways on various metal
oxide surface$? It was demonstrated that intrinsically strong

Chemisorption of discrete metal-organic complexes on metal
oxide surfaces has been shown to yield molecular adsorbate
with exceptional catalytic activities in a variety of hydrocarbon
transformations and olefin polymerization processesn a
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Lewis acidic surfaces such as highly dehydroxylated alumina sulfate-modified metal oxide cataly&tsuch as sulfated ADs,

(DA), partially dehydroxylated alumina (PDA), and Mg@an Si0,12 SNG, 18 Fe0s,14 TiO,,15 and HfGQ® have received
activate metallocenes and related hydrocarbyls via heterolytic considerable attention because sulfate modification frequently
M—C bond scission, transferring an alkide group to surface acid induces significant activity enhancement for hydrocarbon
sites and forming “cationic” structures (e.g., structaje! This skeletal rearrangements and is usually accompanied by surface
functional group and morphological changes. In this respect,

L, MR L . . . .
2% R L:K/I/R alumina is of particular interest due to its enormous importance
;77’77777}7 \"‘RA as a high-surface area support in industrial catalysis and for
comparison to our chemisorption studies on DA. In this
A B

contribution, we report on the chemisorptive properties of
structural model is strongly supported by the synthesis, isolation, several classes of organozirconium hydrocarbyls on sulfated
and structural characterization of single-crystal molecular y-alumina (AIS), characterize the surface chemistry by high-
analogues (e.g., structu where A= organo-Lewis acid§. resolution’3C CPMAS NMR spectroscopy, assess the catalytic
However, the percentage of catalytically significant metal sites activities with respect to benzene hydrogenation as well as
for olefin hydrogenation on these surfaces was shown to be only ethylene homopolymerization, and perform kinetic active site
~8% on DA (accompanied by high catalytic activity) ar80% counting measurements. The latter reveal, via several comple-
on MgCh (accompanied by modest activity) by kinetic poison- mentary assay techniques, an unprecendented level of catalyti-
ing experiments. It was also established that metal hydrocarbyl cally significant sites. We show that highly electrophilic, “cation-
chemisorption on conventional weakly Brgnsted acidic surfaces like” organozirconium species are formed on AIS and that such
such as partially dehydroxylated silica (PDS) and MgO vyields Species exhibit high olefin polymerization activity, as well as

catalytically less active -oxo0” structures via M-CHl proto-
nolysis (e.g., structur€).4>4.95Here the strong oxo conjugate

R L, M—R
- v
by o} ¢ _R
C|’ L LM
TT7 77 7 /7777 \‘~~A.
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appreciable benzene hydrogenation actility.

Experimental Section

All procedures were performed in Schlenk-type glassware interfaced
to a high-vacuum (16—107° Torr) line or in a nitrogen-filled Vacuum
Atmospheres glovebox (0:5L ppm Q). Argon (Matheson) was purified
by passage through MnO/vermiculite and Davison 4A molecular sieve
columns. Oxygen (Matheson) was dried by passage through Drierite

base of the weak surface Brensted acid strongly coordinates to(Hammond Co.). Ethylene (Matheson) was purified by passage through
the cationic metal center. In marked contrast, recent studies of2n 0xygen/moisture trap (Matheson, model 6427-2S). All solvents were

group 4 metallocene hydrocarbyls supported on sulfated zirconia
(ZrSY reveal that organoactinide and organo-group 4 complexes

undergo facile M-C og-bond protonolysis at the strong surface
Bronsted acid sites to yield highly reactive “cation-like”
organometallic electrophiles (proposed strucijeThis reac-
tivity mode finds analogy in the solution phase protonoly-
tic activation of metallocene alkyls by cocatalysts such
as ArNMeH'B(CeFs)s~ (e.g., structureE where A~ =
B(CeFs)47).628 For CPZr(CHs)a/ZrS (CP = 7°-(CH3)sCs), the
percentage of sites active for benzene hydrogenatior6&s%.
In addition to sulfated zirconi&which is thought to be one

of the most “superacidic” high surface area oxides known, other (1)
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distilled from Na/K alloy. The organometallic complexes,ZgCHs).
(1), Cp2Zr(CHy)2 (2),"° CPZr(CHs)s (3)*° [Cp = #°-CsHs, CP = 7°-
(CH3)sCs), Zr(CH2TMS), (4)?1 [TMS = Si(CH)s], and Zr(CHPh), (5)%
were prepared by the literature procedures. The labeled compléx, Cp
Zr(*3CHg), (2*), was synthesized fromi®CHsLi-Lil prepared from
13CHal (99% °C, Cambridge Isotopes) using analogous methods. Highly
dehydroxylated silica (DS) was prepared from Davidson grade 62 silica
gel (60-80 mesh, previously washed with 0.1 M Hi@nd dried) by
calcining it in a stream of CO (flow rate 100 mL/min) at 950°C for

1 h, calcining it in a stream of Ar (flow rates 100 mL/min) at 950

°C, and, finally, heating it under high vacuum #5107 Torr) at 800
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°C for 15 h® Dehydroxylated alumina (DA, American Cyanamid
y-alumina, 99.99% purity) was prepared as previously descfitied.
Physical and Analytical MeasurementsThe following instruments
were used in this studytH, 3C NMR (Varian Mercury 400 and Varian
INOVA 500), 13C CPMAS solid-state NMR (Varian VXR300), BET/
pore size distribution (Omnisorb 360), ICP (Thermo Jarrell Ash), GC/
MSD (Hewlett-Packard 6890), and IR (Biorad FTS-68). and *°C

actuated. Next, 1.0 mL of substrate was introduced after waiting 5 min
for equilibration. Vortex mixing was then initiated-2000 rpm), and
the H, pressure was recorded as a function of time.

Reactor B.In a typical experiment, a 60 mL GriffinWorden quartz
medium-pressure reactor (Kontes Corp., Vineland, NJ), connected to
a 500 mL metal gas ballast tank, was flamed under high vacuum and
charged in the glovebox with 50 mg of supported catalyst and 1.0 mL

NMR experiments on air-sensitive solution samples were conducted (1.1 x 1072 mol) of benzene dried over Na/K. The apparatus was

in Teflon valve-sealed sample tubes (J-Young). F6rCPMAS solid-

removed from the glovebox and attached to the high-vacuum line. After

state NMR spectroscopy, air-sensitive samples were loaded into thorough evacuation (18 Torr) of the reactor at-78 °C, the reactor

cylindrical silicon nitride rotors in the glovebox with O-ring sealed
Kel-F caps. Typically, spinning rates af6.2 kHz could be achieved
with the Doty Scientific 5 mm supersonic probe using boil-off nitrogen

was warmed to room temperature and pressurized to 1.0 atm.of H
The reactor was then immersed in an oil bath maintained at 25(0.1)
and stirred rapidly$ 1500 rpm). The consumption of;kvas measured

as the spinning gas to prevent sample exposure to air. Because thavith an Omega PX425-300GV digital pressure transducer.

samples are extremely air- and moisture-sensitive, rotors were loaded Ethylene Homopolymerization Experiments.The supported cata-
and packed with catalyst samples inside the glovebox under an lyst was charged into reactor B along with 2.5 mL of dry toluene. The
anaerobic nitrogen atmosphere. For routine spectra of organozirconiumreactor was then degassed-at8 °C, after which time the reactor was
adsorbates, the optimum cross-polarization contact time was found toimmersed in an oil bath maintained at 80 and charged with ethylene

be 0.55-0.86 ms, and the optimum recycle time was found to bé 4
s. The®C 90 pulse width and the HartmarmiHann condition were

to the desired pressure, and the slurry was rapidly stirred. After 15
min, the polymerization was quenched with methanol, and the polymeric

determined by a parameter-arrayed experiment for each measurementproduct was collected by filtration, dried overnight under high vacuum

In general, 270610 000 scans were required to obtain satisfactory
spectra of the supported organometallic samples.

Preparation of Sulfated Alumina (AIS). Using a modification of
a literature proceduré?we impregnated 2.0 g of-alumina (American
Cyanamid, BET surface area 94 n¥/g) with 20 mL of 1.6 M H-
SOt After being stirred 30 min, the slurry was filtered, and the solid
was dried at 120C for 18 h. Next, the sample was crushed, sieved to
mesh 66-80, and subsequently calcined at 5%&Dfor 3 h inflowing
O, (100 mL/min). Finally, the sulfated alumina was activated under
high vacuum (5x 1076 Torr) at 450°C for 15 min and stored under
a dry N, atmosphere. A sample of this sulfated metal oxide was
analyzed by BET techniques §Nesorption) using an Omnisorb 360

at 80°C, and weighed.

Active Site Counting Experiments.A 9.338 x 10~ M solution of
H20 in GHe was prepared by thoroughly drying 935.03 g of benzene
over Na/K and vacuum transferring to a separate flask wheyd i§
H,O was syringed in under an Ar flush. This solution was then used in
poisoning experiments. Additionally, to investigate the effect of other
poisons, a 3.76% 10~* M solution of neopentyl alcohol in benzene
was prepared by twice vacuum subliming the neopentyl alcohol to purify
it, followed by adding 29.9 mg (3.3% 10* mol) of it to 790.22 g
(0.9016 L) of benzene. This solution was used for a batch poisoning
study of olefin polymerization active sites. Active site counting was
carried out in reactor A during benzene hydrogenation by titration, and

instrument, which showed the sulfated alumina to have a surface areain reactor B in a batchwise fashion for both benzene hydrogenation

of 94 n¥/g and a most frequent pore size of 2.5 nm.
Chemisorption of Organometallic Complexes on Prepared Sup-
ports. In a two-sided fritted reaction vessel interfaced to the high-

vacuum line, 10 mL of pentane was condensed onto well-mixed,

and ethylene polymerization. Titration experiments were carried out
in the same manner as the catalytic hydrogenation reactions in reactor
A. The catalyst was introduced into the reactor in the glovebox, followed
by removal from the glovebox and evacuation on the high-vacuum line.

measured quantities of the organometallic complex and support. TheNext, 1.0 atm of hydrogen was introduced before 1.0 mL of substrate
resulting slurry was next stirred for 45 min and filtered. The impregnated Solution was titrated in. After the hydrogenation rate was monitored
support was collected on the frit, washed three times with pentane, for 20 min, a measured quantity of poison solution (typically 0.4 mL)

and finally dried in vacuo for 30 min. When a sample synthesized in

was titrated in as substoichiometric aliquots, and the consumption of

this manner was analyzed by ICP spectroscopy following digestion with Hz was monitored for 1530 min before another aliquot was titrated

48% HF, 0.25 Zr atom/ni(3.9 x 108 mol Zr/mg AlIS) and 3.02 S
atom/nn? were the maximum quantities of metal hydrocarbyl and sulfur

in.
Batch poisoning experiments using benzene hydrogenation as the

present. If more than the maximum coverage of organozirconium test reaction were carried out by injecting measured quantities of
precatalyst is used, excess reagent is visible in the other end of thedegassed ¥ in GDg directly into reactor B during the hydrogenation
fritted vessel after the pentane evaporation. The prepared catalysts werdrocess, followed by measuring the catalytic activity. Batch poisoning

stored under a dry Natmosphere at-40 °C until used.
Benzene Hydrogenation Experiments.Catalytic hydrogenation

experiments using ethylene polymerization as the test reaction were
carried out in a manner similar to that described above. In place of the

studies were performed with two different types of reactor as described 2.5 ML of toluene usually added to the reactor during ethylene

below.
Reactor A. A glass reaction vesserL0 mL in volume) with

polymerization experiments, substoichiometric aliquots of poison
solution (either HO or NpOH) were added with enough toluene to

Morton-type indentations was fitted with a high-speed vortex agitator maintain the solvent volume at a constant 2.5 mL. The usual ethylene

(American Scientific MT-51 vortex mixer) to ensure efficient mixing,

polymerization conditions were then followed. The percentage of active

a water jacket connected to a recirculating pump, a Haake constant-Sites was determined by measuring the activity, and then plotting the

temperature bath (25.0(£C), calibrated burets for the addition of

activities as a function of added poison, calculating the linear least-

reagents, and a large diameter flexible stainless steel connection to s5uares best fit line for the data and extrapolating to the zero activity

high-vacuum line. The consumption of as measured with an Omega
PX425-300GV digital pressure transducer.

point.
In all cases, active site calculations are based on the assumption

In a typical experiment, the reaction vessel was dried under high that each molecule of either,8 or NpOH reacts with/poisons one

vacuum (5x 1077 Torr) for >2 h prior to experimentation. In the

active catalytic site.

glovebox, the reaction chamber was charged with catalyst, and the Resylts and Discussion

burets were loaded with substrate/poison. The vessel was then

transferred to the vacuum line, evacuated, and filled witl2-D atm).

This section begins with a discussion of the chemisorptive

The thermostated water circulating system was then connected andsyntheses of the heterogeneous catalysts derived from orga-
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nozirconium precursors and the support of interest, sulfated
alumina (AIS). We then discuss the structural characteristics of
Cp2Zr(*3CHs) (2*) as a probe molecule supported on AlS vis-
avis the results foR* supported on DS (dehydroxylated silica)
and DA (dehydroxylated alumina) as deduced'y CPMAS
NMR spectroscopy. Third, benzene hydrogenation mediated by
3/AIS as well as active site counting experiments will be
discussed. Last, we investigate the ethylene homopolymerization
properties of a selected group of AlS-supported organozirconium

hydrocarbyls that offer variations in cyclopentadienyl ligand
substitution as well as in number and type of hydrocarbyl
ligands.

Catalyst SynthesesAll organometallic catalyst precursors
used in this study were prepared as described elsewhére.
To examine the effects of precatalyst ancillary ligation on the
catalytic properties, bis(cyclopentadienyl) @), mono(cyclo-
pentadienyl) 8), and homoleptic hydrocarby#(5) zirconium

complexes were employed as adsorbates on sulfated alumina,
(AIS). AIS prepared as described in the Experimental Section

\ ..nCHj

ﬁ%\ wCH \@\’
pAp |

b4
r‘CH;, I"(:H3 2.
< "\"CH
H,c” \ CHs
8 CH,
1 2(2%) 3
HsC,, SHs
HacfSI\: Haci "‘.CH:; \
i = 0
H3C's3“ 3 ,CHs \
HeC CHy Si,,
HyG CHs
4

has been reported to exhibit “superacidic” reactivity patterns
such as rapid hydrocarbon skeletal isomerizadfiorand
benzoylation-1d

Structural Characterization of Adsorbate Species.Orga-
nometallic molecule adsorption chemistry on AlS was examined
by solid-state'3C CPMAS NMR techniques using the labeled
probe complex2*, Cp'>Zr(*3CHs),, and comparing/contrasting
the fate of théC labeled methyl group, originally coordinated
to Zr, with that of2* on DS and DA (Figure 1). We desired to
use complexes derived from compl@% but due to the lower
coordinative saturation of compleX, 3*/AlS decomposes in
the NMR in the time necessary to obtain a meaningly resolved
solid-state CPMAS NMR (overnight). In Figure 1A, tReéC
CPMAS spectrum o2*/DS exhibits resonances at119.0, 31.0,
9.0, and—6.0. The resonances at119 and 9.0 are readily
assigned to Cp ring carbons and-GpH3 carbons, respectively,
in analogy to solution phase NMR data (edqy117.4 and 12.1
for Cp,Zr(CHg); Table 1). The weak resonanced@t=6.0 is
assigned to a surface-SCHj; functionality in close analogy to
the Si-CHj3 signal atd —5.4 of Cpg,Th(CHg)./DS, which forms
via Si—0 bond cleavage to form&oxo species (eq Pi The
major resonance for CZr(*3CHj;),/DS appears at relatively

high field, 6 31.0, and strongly supports the same reaction mode

for 2* to form Si—13CH; and CpZr(*3CH3)OSE species. This
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Figure 1. 13C CPMAS NMR spectra (75.4 MHz) of (A) CZr(*3CHz)2-
(2*)/DS (3000 scans, repetition tinre 6.0 s, contact time= 0.55 ms,
spinning speed- 6.3 kHz), (B)2*/DA (2700 scans, repetition time 4 s,
contact time= 0.55 ms, spinning speed 6.2 kHz), and (CR*/AIS (9850
scans, repetition times 4 s, contact time= 0.55 ms, spinning speed 6.3
kHz) (x = spinning sideband).

Table 1. Solid-State 13C NMR Chemical Shift Data for Neat and
Supported Organometallic Complexes?@

complex® Cp'ring M-¥C, Cp'-CH, others
Cp2Zr(*3CHg)2 (2% ¢ 117.4 36.8 121
2*/DS 119.0 315 9.0 —6.0 (Si-CHs)
2*/DA 121.0 49.2 9.1 —12.8 (Al-CHjy)
2*/AIS 123.0 46.0 9.6

a|n ppm downfield from MgSi, referenced to the solid-stdf€ spectrum
of adamantane (see Experimental Section for detdilSpy = 1°-(CHs)sCs;
DS = highly dehydroxylated silica; DA= highly dehydroxylated alumina;
AIS = sulfated alumina® Measured in €D solution.

s \
% _.wCH Th=cts
=t 3 L o
3
|

TGy
%\ TRIRIRII, s
VU

assignment (structuré)?® is supported by data for well-
characterized homogeneous analogues such 'a&rgH3)OR

[0 27.9, R = CH,CH,SPh]?* The relative Si13C:Zr—13C
intensities suggest that ZCHz protonolysis via residual surface
Si—OH group$®to yield a structure such dds the predominant
chemisorptive process. As expected from the poorly electrophilic
character of such speci&s9> compound 2*/DS exhibits
marginal olefin polymerization and hydrogenation activity.

In Figure 1B, thel®C CPMAS NMR spectrum oR*/DA
exhibits four resonances &t121.0, 49.3, 9.1, and12.849 The
two bands at 121.0 and 9.1 are straightforwardly assigned to
Cp ring carbons and CpCHs carbons, analogous to the case

M

(23) Because the Si3CHjs signal ¢ —6.0) is relatively weak as compared to
the Zr—13CHj; resonanceq 31.0), it cannot be totally excluded that the
major chemisorption pathway involves protonolysis of compléxby
residual surface silanol groups to foproxo species.

(24) Fandos, R.; Hefmalez, C.; Otero, A.; Rotjuez, A.; Ruiz, M. J.; Terrerus,
P.J. Organomet. Chen200Q 606, 156-162.

(25) Dehydroxylated silica still contains residual surface hydroxyl groups:
McDaniel, M. P.; Welch, M. BJ. Catal. 1983 82, 98—109.
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appear in common with the spectra’fDS and2*/DA. Also
g noteworthy is an intens€C methyl signal in the far downfield
\Zr_CH3 Zr—CHj region @ 46) which is straightforwardly assigned to a cationic
\%\ (\) Cp2Zr(*3CH3)™ species in close agreement wi/DA and
P (,:H3 / . . solution phase models (vide supfAYXhat there is no detectable
T Y A signal atd 31 argues that the formation of@oxo species is at
I J best a minor pathway (vide supra). Importantly, the intensity

of the 2*/AIS Al —13CHj3 signal isfar weakerthan that of the
of 2*/DS. An intense, broad, upfield resonancejat12.8 can Zr—CHs group, in sharp contrast t@*/DA. These results
be assigned to a surface-APCHs functionality, for example, jndicate that comple®* reacts almost exclusively via ZICHs
a labeled methyl group transferred onto a DA surface Lewis protonolysis by the surface Brgnsted acid sites on AlS to form
acid center. Such a feature is observed in the spectra of other.gtionic structurev (eq 3) in a way analogous to zirconium
organo-zirconium and -actinide complexes chemisorbed on DA gjalky| surface chemistry on sulfated zircorfiélote that the
[e.g.,0 —12.8 for CpZr(**CHy),/DA* and6 —13 for CPoTh-  yeak conjugate bases of the strong Brensted acid sites behave
(**CHg)o/DA*%9. Note that a low field displacement of the Zr  (pjausibly) as “weakly coordinating” anions. Further support
*CHs resonance 01*/DA is observed § 49.2), as compared  for this suggested protonolytic pathway comes from the
to the data for nea* or 2/DS (Table 1). Thus, a “cation-  gpservation of a methane signdl@.15 in GDg) in theH NMR
like” electron-deficient CgZr'SCHs* species is reasonably  spectrum during in situ slurry phase chemisorptiof of AlS.
suggested, supported by th€Zr—CHjz) downfield shift of a For a-methyl13C-enriched compleg* chemisorbed on weakly
well-characterized homogeneous analogue, for example, grgnsted acidic, partially dehydroxylated alumina (PDA4
Cp2Zr*CH3 Q™ atd 50.36 for Q = CH3B(CeFs)s .5 There- OHsurtacdnm?4h), large quantities of-oxo species are observed
fore, structureK is suggested as the major adsorbate species by 13C CPMAS NMR along with methane evolution arising
for 2*/DA. Species2/DA was previously reported to exhibit  from protonolytic ZrCHj cleavage (structur€). Interestingly,
high catalytic activities for propylene hydrogenation (0:2' s nhowever, significant surface densities of cationic species are
at —63 °C) and ethylene polymerizatidhwhich are in good 150 formed via methide transfer to the surface as evidenced by

agreement with the present structural assignme#tOELPMAS a significant A-CHs signal (structured).4/28 In contrast, the
NMR spectroscopy. present observations with AlS show that the-ZHs linkage
reacts almost exclusively with the stronger Brgnsted acid sites
\Q‘ and virtually no methide transfer to surface Lewis acid sites is
A evident.
(l:H3 It is unlikely that the Zr center oxidation state in the present
1,777777777- | adsorbates is lower thah4 because (i) only~1 x 107%% of
7 K W Zr sites in1/DA exist as ESR-detectable Zr (Ill) species after

He treatment, and only ca. 8 107%% exist even after K

While sulfated alumina has been reported to be “superacidic”, treatment?d and (ii) sulfated alumina is known to be a
the exact structures of the acidic centers are presently un-significantly more oxidizing surface than that of alumf§a.
resolved. However, adsorption/desorption studies employing Benzene Hydrogenation ExperimentsBenzene hydrogena-
small probe molecules such as jHP pyridine 1o or CH;CN?!1a tion studies employin@/AlS were carried out in both types of
suggest that sulfation enhances Lewis acidity as well as thereactor described in the Experimental Section. Results were
strong Lewis acid site population density (the acidity of which indistinguishable in the two types of reactor. The catalyst system
has been explained in terms of sulfate anion inductive effects) 3/AIS was chosen for more detailed studies because all other
and also creates strong Brgnsted acid sites on the aluminacatalysts formed (bis-Cp type or homoleptic) displayed signifi-
surface. On the basis of these observations, two plausiblecantly lower hydrogenation rates, similar to trends observed in
organozirconium chemisorption pathways can be suggested aghe sulfated zirconia supported systéwhereass/AlS is a much
illustrated in eqs 2 and 3, and insight into the present more active catalyst. The turnover frequency for benzene

organometallic surface chemistry of AlS is provided ¢ hydrogenation at 28C, 1 atm H was determined to be 360
CPMAS NMR spectroscopy. (mol benzene)(mol Zrt h=1. This rate is~%/; that of the
sulfated zirconia systen8/ZrS8 which mediates benzene
7/&?/ ‘Q hydrogenation at an unprecedented rate of 960 (mol benzene)
YraChe . Z:rLCFh o @ (mol Zr)™t h™! at 25°C, 1.0 atm H. For comparison, other
-% *T () /|\|/;7 molecule-derived early transition metal silica-supported catalysts
(Al* : strong Lewis acid site) L (i mediate benzene hydrogenation at ZY) 100-120 atm H
with turnover frequencies of 351400 T1.2” The present rate
;ﬁ;z law data can be fit to zero-order response in [substrate] and
Ir ®
ﬁ\/\w OH %Z o (26) (a) Przystajko, W.; Fiedorow, R.; Dalla Lana, . &pl. Catal 1985 15,
A /777777'/77777 - - 0. 265—-275. (b) Fiedorow, RBull. Acad. Pol. Sci., Ser. Sci. Chi974 22,
iy cH, SO S 325-331.
7 (27) Profilet, R. D.; Rothwell, A. P.; Rothwell, I. RI. Chem. Soc., Chem.
M Commun.1993 42—44.
(28) Jezeqléel, M.; Dufaudl, V., Ruiz-(“?atr)cia, M. J.; C?jrrillo-(lj-lei(mosilla, (’i:d
* H H ; Neugebauer, U.; Niccolai, G. P.; Lefebvre, F.; Bayard, F.; Corker, J.; Fiddy,
In th_e spectrum 02*/AIS (Flgure 1C)’ Slgnals aSSIQnable to S.; Evans, J.; Broyer, J.-P.; Malinge, J.; Basset, JJMAm. Chem. Soc.
a Cp ring carbon ad 121 and to a CpCHj3 group atd 9.6 2001, 123 3520-3540.
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Table 2. Summary of Ethylene Homopolymerization Data for 350
Organozirconium Complexes Supported on Sulfated Alumina
(AIS)2
: : — = 300
[21] reaction PE yield activity® = \
entry catalyst® («mol) time (min) (mg) x 10° i- 250
1. CpZr(CHa)2 (1)/AIS 1.17 60 94 0.80 S \
2. Cp2Zr(CHg)3 (2)/AIS 1.17 60 184 1.6 T 200
3. CpZr(CHg)3 (3)/AIS 1.17 10 228 11 E
4. Zr(CH,TMS)4 (4)/AlS 117 10 241 12 2 >
5. Zr(CHPh) (5)/AIS 1.17 8 324 21 ﬁ 150
[
aCarried out at 60C, 150 psi of ethylene, 5.0 mL of tolueneCp = % 100 \\
17°-CsHs; Cp' = 15-(CHs)sCs; AIS = sulfated aluminat Units: grams of £ y=-342.79x + 3315
total polymer/(mol Zrth). = R? = 0.9974 0

50

first-order response in [Hias observed previously for benzene

hydrogenation mediated [8/ZrS° and propylene hydrogenation 0 ‘ ‘

mediated by CpThMe,/DA3, 0.0 0.2 04 06 08 10

Olefin Polymerization Experiments. Ethylene homopolym- Equivalents H,0 Added

erization studies employing the present organozirconium cata- Figure 2. Plot of turnover frequency versus equivalents of adde® H
. . - during titration poisoning of benzene hydrogenation mediate@/AiS at

lysts SUPportEd .On AIS were carried out In.a.hllgh pres;ure batd’]l.o atm H, 25 °C showing the linear best-fit line. Solving for the zero

reactor with rapid stirringX 1500 rpm) to minimize olefin mass  turnover point yields 92 2% active sites.

transport effects, at 150 psi ethylene and°€) Results are

summarized in Table 2. It has been reported that organozirco- ~ 2-500E+06

nium complexes such & and 3 supported on pure alumina

exhibit moderate ethylene homopolymerization activifi@8.

Under identical polymerization conditions (150 psi ethylene,

60 °C), the ethylene homopolymerization activity&JAIS (1.1

x 10° g PE/mol Zrh) is almost10 timesthat of 3/DA (1.2 x

10° g PE/mol Zrh). Moreover, ethylene polymerization activities

follow the order: 5 > 4 = 3 > 2 > 1, a trend which

approximately parallels decreasing coordinative saturation.

Efforts to separate the polymer from the support were unsuc-

2.000E+06

1.500E+06 \
\
1.000E+06

y =-2.18E+06x + 1.91E+06

Activity (g PE / mol Zr h)

cessful even by extracting with 1,2,4-trichlorobenzene at 140 5.000E+05 R =oereor ®

°C. The formation of such high molecular weight polyethylene

has been also reported for the ethylene polymerization mediated

by related catalyst systems such as organozirconium adsorbates ~9-000E+00 ‘ ' ‘ '

supported on sulfated zircorifaor alumina® However, IR 00 02 04 06 08 10
spectra of the present polymeric products as hot-pressed films Equiv. H,0 added

exhibit all of the characteristic, intense bands of ultrahigh- Figure 3. Plot of polymerization activity versus equivalents of adde®H
molecular weight high density/linear polyethylefiefor ex- during batch poisoning of ethylene homopolymerization mediate/Als

ample,»(CH,) at 2933-2841 cnry, 0(CHy,) at 1464 cm?, a at 150 psi ethyle_ne, 6_30: showing the_linea_r best-fit line. Solving for the
CH, wagging mode at 1362 cr, and a CH rocking mode at zero turnover point yields 8% 3% active sites.
716 cntl, respectively.

Active Site AssaysActive site kinetic poisoning studies were
carried out to determine the percentage of active sites that
contribute significantly to the rate of catalytic benzene hydro-
genation or olefin polymerization. In the relatively few cases
where assays have been performed, most heterogé#€ans
supported homogenecdticatalysts have been found to exhibit

very low active site percentages. That is, most of the surface = _ = . . . ,
metal sites are catalytically insignificant “spectators”. For Titration of an HO poison solution was carried out during

example, lttel reports that6% of zirconium sites in the system slurry benzene hydrogenation experiments “S"‘Q the F’Te_se”t
Zr(CH,CMe;Ph)/PDA are activélafor olefin polymerization. ~ JAIS catalyst system. From previous protonolytic reactivity
Similarly, Tait and Awdza found that 20% of the zirconocene studies (including those utilizing isotopic labeling) of chemi-

sites in a CpZrCl, supported on SIGMAO polymerization sorbed. zirconium hydrocarby’r?;ﬁh we infer that.the. present
system are catalytically significant as measured by analysis of poisoning process involves rapid, catalyst-deactivating cleavage
of Zr—H/Zr—R bonds with concomitant release ob/R—H.

(29) Tashiro, T.; Sasaki, S.; Kobayashi, Macromolecules996 29, 7460~ This reactivity pattern is also in accord with well-documented
7469 and references therein.
(30) Bouart, M.J. Mol. Catal. A1985 30, 27—37.

tritiated methyl groups generated by quenching WitpCOH 310

The hope for the ideal “single-site” supported catalyst is that
100% of the sites would be catalytically significant as in the
case of typical homogeneous cataly@tbut would retain the
beneficial characteristics of a heterogeneous catalyst. In this
regard, the3/ZrS system was found to have a relatively high
active site count;~65%¢ versus~12% for 3/DAS.

(31) (a) Ittel, S. JJ. Macromol. Sci., Chenl99Q A27, 1133-46. (b) Tait, P. (32) Experimental evidence is beginning to suggest that even homogeneous
J. T.; Awudza, J. A. M. InOrganometallic Catalysts and Olefin Polym- catalysts do not have perfect activation: (a) Liu, Z.; Somsook, E.; Landis,
erization: Catalysts for a New MilleniunBlom, R., Follestad, A., Rytter, C. R.J. Am. Chem. So2001, 123 2915-2916. (b) Liu, Z.; Somsook, E.;

E., Tilset, M., Ystenes, M., Eds.; Springer-Verlag: Berlin, 2001; pp414 White, C. B.; Rosaaen, K. A.; Landis, C. R.Am. Chem. So2001, 123
426. 11193-11207.
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Figure 4. Catalytic pathways for benzene hydrogenation and ethylene polymerization medigd&adl ylerived species.

solution phase characteristics of such cationic hydrocafyls. formed chemisorptively on a relatively simple, alumina-derived
That the stoichiometrically excess quantities of hydrocarbyl used strongly Brgnsted acidic surface, sulfated alumina (AIS). In
in the chemisorption process have doubtlessly consumed theanalogy to the surface chemistry of the model complex on DS
great bulk of the accessible AlS acid sites argues that little water and DA, and known model compounds in solution, highly
is captured/inactivated in acitbase reactions with AlS. electrophilic “cation-like” organozirconium structures are formed
Figure 2 shows the linear response achieved by plotting on the AIS surface via a Zr-hydrocarbyl protonolytic pathway

measured hydrogenation turnover frequency versus the percent-— a very different reaction mode than that (alkide abstraction)
age of sites poisoned and making the reasonable assumption ajhich gives rise to similar cationic species on dehydroxylated
the present Zr coverage-0.25 Zr/nnf) that each HO molecule  ajumina. The conclusions of this structural study are supported
deactivates a single active site. Estimating the zero turnoverpy the appreciable benzene hydrogenation and ethylene homo-
frequency point by extrapolation reveals that872% of Zr nolymerization activities of the supported catalysts. Additionally,
sites are catalytically significant. Parallel batch poisoning studies | atic active site poisoning experiments show thé&7% of
for benzene hydrogenation are in excellent agreement and showy, . 7, sites are catalytically significant iB/AlS-mediated
that 9.7i 3% of sites are catalyticqlly signif?cant (Figure S1). benzene hydrogenation and37% active in3/AlS-mediated
C’“.‘”y.'”g out the same bgtch experiment using ethylene polym- ethylene polymerization. Such high populations of catalytically
erization as the test rea9t|on for MB catalyst system reveals significant sites are, to our knowledge, unprecedented and also
that 87+ 3% of the Zr sites are significant. The linear response . ; .

reveal that the same sites are active for these very different

of polymerization activity to poison is shown in Figure 3. The . . . .
. . . . ._transformations (or at least derive from a common intermediate).
results of this experiment were also duplicated using monoprotic e
Furthermore, the spectroscopy demonstrates that the cationic

neopentyl alcohol as the poison (Figure S2). The results are . . ; b din #@ CPMAS NMR i
equivalent, demonstrating that regardless of the molecular size0rganozirconium Species observea in 'S

of the poison or proton content, one poison molecule reacts with/ mde_ed th_e precursor to _the c_atal_ytlcally active sites. These
poisons one active site. relationships are summarized in Figure 4.

Importantly, these results show that the same sites are active
for arene hydrogenation and ethylene polymerization, that nearly
all of these organozirconium sites are catalytically significant,
and that they are directly derived from those cationic species
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NMR techniques employing &C,-enriched model complex
that highly electrophilic, cationic organozirconium species are JA0212213
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