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ABSTRACT: Immobilized decamethylzirconocene methyl cation on a
silica support was generated by treatment of Cp*2ZrMe2 with tethered
borate activator [(SiO2)x(Al(iBu)n(OC6H4B(C6F5)3)2−n][R2R′NH]
(NEt: R = R′ = Et or NPh: R = Me; R′ = Ph). The concentration of
[Cp*2ZrMe]+ on the support was quantified using a newly developed
and straightforward method that involves trapping and releasing the
active species by subsequent treatment with vinyl methyl thioethers
(CH2CH(CH2)nSMe, n = 1, 2) and ammonium bromide, [Bu4N]Br,
followed by quantification using simple 1H NMR spectroscopic tools.
Reaction of [Cp*2ZrMe]+ with the trapping agent results in formation
of stable metallacycle [Cp*2Zr(CH2CHMe(CH2)nSMe)]+ (n = 1, 2);
ion exchange in Cp*2Zr(Br)(CH2CHMe(CH2)nSMe) (n = 1,2). This
affords a measure for the number of ionic species that were initially present on the support. In this particular case, full conversion
of the decamethyl zirconocene precursor to the corresponding cation, [Cp*2ZrMe]+, was observed. Whereas trapping with allyl
methyl thioether renders a species that is not active in olefin polymerization catalysis, using butenyl methyl thioether as trapping
agent provided a species that is catalytically active in the polymerization of olefins. Furthermore, this study shows that the fate of
ionic [Cp*2ZrMe]+ is the same on the support as it is in solution phase.

■ INTRODUCTION

Polyolefins represent one of the major commodities applied in
our everyday life.1 Ever since the first Ziegler−Natta catalysts
were applied in olefin polymerization catalysis, homogeneous
catalysts have been studied,2 constructing families of metal-
locenes,2 postmetallocenes,3 and late-transition metal catalysts.4

The development of homogeneous catalysts has improved the
control over the final polymer product with respect to e.g.,
molecular weight of polymers and its distribution and control
over polymer tacticity (in the case of α-olefins).1,2 Despite
these advantages, homogeneous catalysts have shown limited
applicability industrially due to their lack of activity under
operational conditions such as gas-phase or slurry polymer-
ization.
The immobilization of molecular organometallic catalysts on

a solid support material enables its application in gas-phase
polymerization processes.5 Common supports include inor-
ganic solids5 (silica, alumina, and magnesium halides) and the
derived metal sulfated oxides,6 fluorinated silicas7 in addition
with nanostructured materials8 (zeolites and mesoporous
silicas), as well as covalent supports like polymers9 and carbon
nanotubes9b and more recently crystalline tunable supports.10

However, the immobilization alters their catalytic performance
and the properties (molecular weight, polydispersity) of the
resulting polymer.5 Therefore, developing methodologies for

the quantification and characterization of active sites is highly
desirable.
Current studies include a comprehensive characterization of

heterogeneous11 and homogeneous12 model systems, as well as
stopped-flow experiments13 to gain insights into the kinetics of
the polymerization process and EDS, XPS, or solid-state
NMR5e,11,14 spectroscopy studies. Here, we describe a method
for the quantification of activated single-site olefin polymer-
ization catalysts on a solid support using standard 1H NMR
spectroscopic studies. In addition, the study provides valuable
insights in the decomposition pathways of supported
[Cp*2ZrMe]+ and a new approach to extend the shelf life of
olefin polymerization catalysts.

■ RESULTS AND DISCUSSION

Support Synthesis. As stated above, the main objective is
to develop a methodology to quantify the number of active
species for supported olefin polymerization catalysts. In order
to verify this technique, we need a well-defined support
material. This requires that the support material will be
chemically and physically robust and with a known number of
functional groups. For this, a well-defined supported Brønsted
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acidic ammonium borate activator was selected, with a known
amount of activator per surface area.
In this study, a tethered borate activator is used, as initially

introduced by Jacobsen et al.15a The general procedure is
described in Scheme 1 and involves the pacification of partially

dehydroxylated silica with aluminum alkyls. These aluminum
alkyl functionalities also act as anchoring groups for the
chemical tethering of phenolic ammonium or anilinium borate
activators [p-HOC6H4B(C6F5)3][R2R′NH] (NEt: R = R′ = Et
or NPh: R = Me; R′ = Ph).15b

Silica was used as inorganic support because the surface
silanol content can be modified by thermal treatment, allowing
control on the concentration and distribution of functional
groups. The determination of hydroxyl content on calcined
silica Sylopol 948 (surface area 300 m2 g−1, 20 nm pore
diameter, and 50 μm particle size; calcination at 600 °C for 3 h)
was performed with two methods: (i) titration with excess
trimethylaluminum16 and measurement of the amount of
methane generated using a Toepler pump; (ii) treatment of
silica with hexamethyldisilazine17 and determination of carbon
content in resulting (SiO2)xOSiMe3 by elemental analysis. The
amount of silanol groups was determined as 1.32 mmol of
hydroxyl groups per gram of silica in both methodologies. The
concentration of silanol groups is higher than expected for a
“perfect” surface given the porosity of the silica particles that
correspond to a mesoporous material and thus containing a
higher amount functionalities.18

As depicted in Scheme 1, triisobutylaluminum (TIBA) was
used as tethering agent. This is not by coincidence. The borate
reagents used in this study contain both an hydroxyl
functionality as well as a tertiary ammonium ion, both of
which are reactive toward aluminum alkyl species. Whereas the
reaction with the hydroxyl functionality results in the desired
product, a tethered borate activator, reaction with the latter
results in formation of [R2Al]

+. Formation of cationic
aluminum alkyl species causes decomposition of the perfluori-
nated borate anion.19 Therefore, we assessed the reactivity with
two aluminum alkyls, trimethylaluminum (TMA), and TIBA
toward [p-HOC6H4B(C6F5)3][Et3NH] in toluene-d8 to study
the relative reactivity of the aluminum species with either the
OH or NH functionality. At room temperature, [p-HOC6H4B-
(C6F5)3][Et3NH] and excess TMA readily react resulting, after
1 h, in 2 equiv of methane (as determined by Toepler pump)
and a mixture of AlMe(3‑x)(C6F5)x species (as observed by 19F
NMR spectroscopy). The formation of AlMe(3−x)(C6F5)x is
triggered by the initial formation of [AlMe2]

+, the result of the
reaction of TMA with the NH functionality of the phenolic
ammonium borate.18

The reaction of [p-HOC6H4B(C6F5)3][Et3NH] and excess of
TIBA in toluene at room temperature, on the other hand,
resulted in the quantitative formation of [(iBu)2AlOC6H4B-
(C6F5)3][Et3NH]. Only after heating the mixture at 80 °C for 3
h was the formation of AlMe(3‑x)(C6F5)x observed.

Treatment of calcined silica (1.32 mmol OH grSiO2
−1) with

a 1 M n-hexane solution of TIBA resulted, overnight, in the
formation of TIBA-pacified silica with an aluminum content of
1.17 mmol Al grSiO2

−1 as determined using elemental analysis.
The aluminum coverage is lower, compared to the number of
hydroxyl groups available on the support material. We attribute
this to the reaction with vicinal silanol groups as well as to the
higher steric hindrance of TIBA compared to TMA used for the
quantification of silanol groups as described above.
Physisorpotion of the borate activator has to be avoided as

this may result in leaching of borate species during activation of
olefin polymerization catalyst precursors. Therefore, the
amount of activator that can be chemically tethered to the
support was determined using NMR-tube experiments. The
pacified silica described above (1.17 mmol Al grSiO2

−1) was
treated with equimolar amount of the phenolic triethylammo-
nium or dimethylanilinium borate reagents, [p-HOC6H4B-
(C6F5)3][R2R′NH]. This resulted in the release of 30% of the
theoretically expected isobutane, as quantified using 1H NMR
spectroscopy using an internal standard (Cp2Fe). To be
conservative, an B:Al ratio of 1:5 was, therefore, used in the
eventual preparation of the well-defined supported activator.
The final supported activators, NEt and NPh (Scheme 1),

were synthesized on a preparative scale by contacting pacified
silica (1.17 mmol Al grSiO2

−1) with a toluene solution of the
phenolic borate activators [p-HOC6H4B(C6F5)3][R2R′NH] in
a 1:5 ratio to aluminum. The final amount of chemisorbed
borate was determined by elemental analysis corresponding to
the values calculated considering 20% chemisorption of the
borate activators.

Quantification of Active Sites. In this study, the
decamethylzirconocene dimethyl complex Cp*2ZrMe2 (1,
Cp* = C5Me5)

20 was employed as transition-metal alkyl
precursor (Scheme 2). Treatment of catalytic precursor 1 with
NEt or NPh in bromobenzene resulted in the formation of
methane and, presumably, the cationic decamethylzirconocene
active species, [Cp*2ZrMe]+ (2), confined to the support by
electrostatic interactions. Previously, we have reported on a
number of catalyst deactivation reactions, involving active
species 2,21 based on C−H bond activation reactions with the
solvent, the amine byproduct or the pentamethylcyclopendienyl
ligand, depending on the reaction conditions. In order to
prevent these C−H bond activation reactions and to be able to
determine the initial concentration of the active species,
cationic decamethylzirconocene species 2 was generated in
the presence of trapping agent allyl methyl thioether (AMT) or
butenyl methyl thioether (BMT). Addition of AMT is known
to generate a stable, 5-membered chelate complex, [Cp*2Zr-
(CH2CHMeCH2SMe)]+ (3), after insertion of the olefinic
moiety of AMT into the Zr-Me bond in cationic
decamethylzirconocene species 2.22 Trapping of the active
species, followed by an ion exchange reaction with tetrabutyl
amine bromide [Bu4N]Br, allows quantification of the initially
generated active species 2, as the neutral trapped species
Cp*2Zr(Br)(CH2CHMeCH2SMe) (4).
The reaction of the support with catalyst precursor 1 in an

equimolar ratio was performed in the presence of trapping
agent ATM in 2-fold excess with respect to catalyst precursor.
The immobilization was accompanied by a color change on the
support to orange, as well as generation of 1 equiv of methane,
measured using a Toepler pump experiment. The overall
activation took 4 h for supported borate activator NEt and 5 h
for NPh. After completion of the reaction, a 2-fold excess of

Scheme 1. Synthesis of Activator Support NEt or NPh
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[Bu4N]Br, with respect to catalyst precursor 1, was added, and
the color of the support changed from orange to pale yellow.
1H NMR spectroscopy revealed the formation of 1 equiv of
neutral trapped species 4 in solution, relative to the amount of
catalyst precursor that was initially added. This indicates full
conversion of catalyst precursor 1 to active species
[Cp*2ZrMe]+ and a concentration of active sites of 0.23
mmol gSiO2

−1.
Alternatively, we used butenyl methyl thioether (BMT) as

trapping agent during the activation of catalyst precursor 1.
This reaction generated 6-member ring chelate complex
[Cp*2Zr(CH2CHMeCH2CH2SMe)]+ (5) that, after ion

exchange reaction with [Bu4N]Br, resulted in quantitative
release from the support of the neutral species Cp*2Zr(Br)-
(CH2CHMeCH2CH2SMe) (6). Again quantitative formation
of species 6 was observed.

Identification of Species Generated on Borate
Support NEt or NPh. Although the quantification of the
number of active species is very interesting in itself as it offers a
new tool in the area of supported olefin polymerization
catalysts, we were also interested in the fate of species 2 in the
absence of ethylene or trapping agent. Previously, we addressed
the deactivation of the decamethylzirconocene methyl cation 2
in solution.21

To this end, catalyst precursor 1 was treated with supported
borate activators NEt or NPh in bromobenzene-d5 and toluene-
d8. Each individual sample was treated with AMT and
[Bu4N]Br after specified time intervals (see Table 1),
subsequently, to trap and release the species at and from the
support. The resulting reaction mixtures were analyzed using
1H NMR spectroscopy. The results are listed in Table 1, and
identified species are depicted in Scheme 3.

Activation in the Presence of AMT (Entries 1, 4, 7, and
10, Table 1). Contacting catalyst precursor 1 with the
supported activators NEt or NPh in the presence of AMT in
either bromobenzene-d5 or benzene-d6, resulted in the
disappearance of the 1H NMR signals of compound 1, a
corresponding decrease of signal intensity of AMT (1 equiv of
AMT per 1), the appearance of methane and the quantitative
formation of Et3NH and PhNMe2H, respectively. Subsequent
addition of [Bu4N]Br to release the generated species from the
support resulted in the quantitative formation of trapped and
released species 4, as determined, again, by 1H NMR
spectroscopy. This not only underlines the applicability of
this technique, but also, these experiments act as a baseline for
the experiments below, in which deactivation of this supported
olefin polymerization catalyst is studied. It is good to note that
these experiments also show that the amount of AMT
consumed in these reactions corresponds to the concentration
of 4 in solution after trapping and release. This indicates that
the trapping agent is exclusively reacting with the metallocene
cation 2.

Bromobenzene-d5 C−D Bond Activation (Entries 1−6,
Table 1). Contacting 1 with the supported borate activators
NEt or NPh in bromobenzene-d5 in the absence of the trapping

Scheme 2. Quantification of Immobilized Active Sites
Experiment

Table 1. Identification of Species Generated on Borate Support NEt or NPha

run
no.

contact
time (h)

AMT added at
t = (h) activator solvent

amount of 1
(μmol)

amount of 4
(μmol)

amount of 8-d4
(μmol)

amount of 11
(μmol)

amount of 13
(μmol)

unidentified
species

1 5 0 NPh C6D5Br 0 7.0 0 - - -
2 2.5 2.5 NPh C6D5Br 1.3 4.2 1.1 - - 0.4
3 24 24 NPh C6D5Br 0 4.2 2.1 - - 0.7
4 4 0 NEt C6D5Br 0 7.0 0 - - -
5 2 2 NEt C6D5Br 1.3 0 5.7 - - -
6 24 24 NEt C6D5Br 0 0 7.0 - - -
7 5 0 NPh C6D6 0 7.0 - 0 - -
8 2.5 2.5 NPh C6D6 1.4 2.0 - 2.8 - 0.8
9 24 24 NPh C6D6 0 0.6 - 5.2 - 1.2
10 4 0 NEt C6D6 0 7.0 - - 0 -
11 2 2 NEt C6D6 0.8 0 - - 4.2 2.0
12 24 24 NEt C6D6 0 0 - - 5.2 1.8

aCp*2ZrMe2: immobilized borate activator: AMT in a ratio 1:1:2; ion exchange reaction with [Bu4N]Br after 30 min of AMT addition. All species
were quantified by comparison with internal standard Cp2Fe by

1H NMR after 30 min of [Bu4N]Br addition.
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agent, followed by the addition of AMT at selected time
intervals and release of the ionic metallocene species from the
support, revealed the formation of Cp*2Zr(Br)(2-C6D4Br-κC)
8-d4, irrespective of the borate activator. This indicates that, on
the support and in bromobenzene-d5 slurry, the decamethyl-
metallocene cation 2 decomposes through C−D bond
activation of the solvent, similar to the solution phase
decomposition of [Cp*2ZrMe]+. In the case where NEt was
used as an activator, the formation of 8-d4 was achieved in a
shorter contact time compared to NPh (entries 2 and 5 in Table
1, respectively). This is in full agreement with our previous
observation of the amine-catalyzed C−H/C−D bond activation
of bromobenzene by cationic decamethylzirconocene species
2.21 After 24 h of contact time, the reaction mixture showed, for
both borate activators, mainly neutral aryl species 8-d4 with a
small amount of unidentified species.
Pentamethylcyclopendienyl Ligand C−H Bond Acti-

vation (Entries 7−9, Table 1). Activation of 1 with NPh in
benzene-d6 and in absence of AMT, followed by the addition of
trapping agent AMT and release from the support using
[Bu4N]Br resulted in a mixture of metallacycle 4 and
Cp*2Zr(Br)(CH2SCH2CHCH2) (11), together with small
amounts of unidentified species characterized by singlets in
the 1H NMR spectrum of the reaction mixture at δ 1.73 and
1.87 ppm. On the basis of our previous studies,21 we suggest
that species 11 is the result of a C−H bond activation reaction
of tucked-in compound [Cp*{η5:η1-C5Me4(CH2)}Zr]

+ (9)
with AMT. The formation of 9 was also observed in the

solution phase of the deactivation of [Cp*2ZrMe]+ in benzene-
d6 and is the result of an intramolecular C−H bond activation
reaction of one Cp*-Me group. Complete characterization in
solut ion of neutral trapped species Cp*2Zr(Br)-
(CH2SCH2CHCH2) (11) was achieved by the activation of
the double tucked-in compound Cp*AdZr with [Me2PhNH]-
[B(C6F5)4] in the presence of AMT (Scheme 4), resulting in
the cationic species [Cp*2Zr(CH2SCH2CHCH2)]

+ (10).
Subsequent addition of [Bu4N]Br generated neutral species
11 (see Experimental Section).

Double C−H Bond Activation and C−N Bond
Cleavage of Residual Triethylamine (Entries 10−12,
Table 1). The activation of catalyst precursor 1 with supported
activator NEt in benzene-d6 and in the absence of AMT,
followed by trapping and release using AMT and [Bu4N]Br,
resulted in the formation of Cp*2Zr(Br){C(Me)NEt-κC,N}
(13) and a mixture of unidentified species with 1H NMR
chemical shifts of δ 1.88, 1.91, and 1.96 ppm. This indicates the
initial formation of iminoacyl species [Cp*2Zr{C(Me)NEt-
κC,N}]+ (12), the result of an overall double C−H bond
activation and C−N bond cleavage of triethyl amine, generated
in the initial activation reaction.21 Iminoacyl species 12 showed
no reactivity toward AMT. After a contact time of 2 h between
1 and NEt in benzene-d6 and in the absence of AMT (Entry 11,
Table 1), neutral iminoacyl species 13 was observed as the
main component of a mixture of unidentified species with
chemical shifts in 1H NMR at δ 1.88, 1.91, and 1.96 ppm. After
24 h, the concentration of neutral iminoacyl species 13
increased slightly, and the unidentified species did not
significantly change in intensity (Entry 12, Table 1).

Vinyl Thioethers To Improve the Shelf Life of Olefin
Polymerization Catalysts. Whereas AMT is very effective as
a trapping agent for olefin polymerization catalysts, it renders a
species that is inactive in the polymerization of olefins (see
entries 2, 5, and 8, Table 2), irrespective of solvent and contact
time. This can be attributed to the formation of a highly stable
5-membered chelate. The use of butenyl methyl thioether
(BMT), on the other hand, offered different results. Activation
of 1 in the presence of BMT in both toluene or bromobenzene
(entries 3, 6, and 9, Table 2), resulted in BMT-trapped species
[Cp*2Zr(CH2CHMe(CH2)2SMe)]+ (5) that shows high
activity toward ethylene polymerization. At short contact

Scheme 3. Identified Species during Activation of 1 with NEt

or NPh in Bromobenzene-d5 or Benzene-d6

Scheme 4. Formation of Cp*2Zr(Br)(CH2SCH2CHCH2)
(11) from Compound Cp*AdZr
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times (3 h), the activity of 5 was similar, though slightly lower,
compared to that attained by the catalytic systems in absence of
BMT trapping agent (entries 4 vs 6 in Table 2). The reduced
activity observed using 5 compared to that attained by 2 is
probably caused by the rate-limiting initial insertion of ethylene
required to open-up the chelate. When comparing the activities
at 3 h and after a 27 h contact time with NPh (entries 7 vs 9,
Table 2), a beneficial effect of the trapping agent BMT was
observed, where the productivity of the chelate after 27 h is
very similar to that after 3 h (entries 3 and 9, Table 2,
respectively). In contrast, experiments in absence of BMT trap
at 3 and 27 h (entries 1 and 7, Table 2, respectively) showed a
considerable decrease in polymerization activity.

■ CONCLUSIONS
This study presents a new addition to the toolbox to study the
behavior of olefin polymerization catalysts using supported
borate activators. Using a sequence of trapping and releasing of
the active species, the number of active sites can be quantified.
For the decamethylzirconocene catalyst precursor, Cp*2ZrMe2,
this study shows that quantitative activation of the precursor is
obtained, using a silica-bound ammonium or anilinium-based
borate activator.
In addition to the quantification of the number of active sites

on the support, this study also revealed that the mechanisms
responsible for the deactivation of [Cp*2ZrMe]+ in solution are
also active on the support, albeit slower. In bromobenzene, C−
H bond activation of the solvent is observed (catalyzed by
amines), whereas the deactivation of the active species in
benzene involves C−H bond activation of the Cp* ligand or of
Et3N, depending on the cocatalyst.
Whereas the trapping experiments with AMT provided

valuable insights into the behavior of the active species on the
support, the resulting species were rendered inactive in the
polymerization, as a result of the stable 5-membered chelate.
Using BMT, on the other hand, provided a species that showed
similar productivities as the parent species, [Cp*2ZrMe]+. The
interesting thing is, though, that the formation of the chelate
increased the shelf life of the polymerization catalyst.

■ EXPERIMENTAL SECTION
All manipulations of air- and moisture-sensitive compounds were
performed under a nitrogen atmosphere using standard Schlenk and
vacuum line techniques or in an MBraun glovebox. Reagents were
purchased from commercial providers and used without further
purification, unless stated otherwise. Calcined silica Sylopol 948
(Grace AG) was kindly donated by Prof. J. C. Chadwick (Technische
Universiteit Eindhoven). Solvents were dried by percolation under
nitrogen atmosphere over columns of alumina, molecular sieves, and

supported copper oxygen scavenger (BASF R3-11). Toluene was
additionally passed over a column of a 1:1 mixture of alumina
(granules, 2−5 mm, Fluka) and molecular sieves and stored under
nitrogen in a vessel directly connected to the polymerization reactor;
benzene-dn THF-d8 and toluene-d8 (n = 0, 6) were dried over Na/K
alloy; bromobenzene-dn (n = 0, 5) was dried over CaH2. All solvents
were distilled under reduced pressure. Ethylene (AGA, Polymer grade)
was passed over a column of supported Cu scavenger (BASF R3−11)
and molecular sieves before being injected in the reactor.
Cp*2ZrMe2,

20 Cp*ZrAd (Ad = η7-C5Me3(CH2)2),
23 [Et3NH][B-

(C6F5)4],
24 [p-HOC6H4B(C6F5)3][PhNMe2H] and [p-SiMe3O-

(C6H4)B(C6F5)3][MgBr(THF)2],
15a and butenyl methyl thioether

(BMT)25 were prepared following literature procedures. [p-
HOC6H4B(C6F5)3][Et3NH] was synthesized by a modified reported
procedure.15a NMR spectra were recorded on Varian Inova 500,
Varian Gemini VXR 400, Varian VXR 300, and Varian Gemini 200
instruments. 1H chemical shifts were referenced to residual protons in
deuterated solvents and are reported relative to residual solvent. GC
analysis were performed on a HP 5890 instrument with a PORAPAK
column (2m length, 0.25 mm i.d.). GC/MS analyses of the reaction
products were performed on a HP 5973 mass-selective detector
attached to a HP 6890 gas chromatograph equipped with a flame
ionization detector and a HP-5MS capillary column (30 m length, 0.25
mm i.d., 0.25 μm film thickness). Elemental analyses were performed
by H. Kolbe (Mikroanalytisches Laboratorium, Mülheim an der Ruhr),
the results were the average of at least two independent
determinations. Polymers were analyzed by GPC and were performed
at 135 °C on 1,2,4-trichlorobenzene solutions of the polymer with a
Polymer Laboratories PL-GPC210 instrument.

Determination of the Surface Hydroxyl Content on Silica.
Method A. A flask containing a suspension of silica (100 mg, Sylopol
948, Tcalc = 600 °C, surface area = 304 m2/g) in dry toluene (5 mL)
was attached to a vacuum line. AlMe3 (TMA, 0.5 mmol, 0.05 mL) was
transferred in vacuum into the reaction flask. The mixture was stirred
at room temperature until gas evolution had ceased. The amount of
methane generated was measured using a Toepler pump. The
measurement was repeated three times. The silica surface hydroxyl
content (0.82 ± 0.017 mmol OH/gSiO2) was calculated using the
ideal gas law. Method B. Silica (100 mg, Sylopol 948, Tcalc = 600 °C,
surface area = 304 m2/g) was slurred in dry toluene (5 mL). Then,
hexamethyldisilazine (0.15 mmol, 0.032 mL) was added via syringe.
The reaction flask was placed in an oil bath and heated to 50 °C. The
slurry was stirred at this temperature for 5 h. The slurry was dried
under reduced pressure until a free-flowing powder was obtained. The
amount of Si−OH groups was deduced from carbon elemental analysis
(0.83 ± 0.0039 mmol OH/gSiO2). The measurement was repeated
two times. Anal. Calcd (experimental) for SiOSi(CH3)3 (exp. 1): C,
3.01%; H, 0.75%. (exp. 2): C, 2.99%; H, 0.77%.

Synthesis of [p-HOC6H4B(C6F5)3][Et3NH]. In a double Schlenk
vessel, [p-SiMe3O(C6H4)B(C6F5)3][MgBr(THF)2] (1.1 mmol, 1 g)
was treated with an excess of [Et3NH]Cl (1.7 mmol, 0.23 g) in
distilled and degassed water and stirred for 16 h at room temperature,
resulting in the formation of a viscous precipitate. The resulting

Table 2. Polymerization of Heterogeneous Systemsa

run no. precursor supported activator contact time (h) solvent preactivation polymer TOFb Mwc (× 103) Mnc (× 103) PDI

1 1 NPh 3 C6H5Br 409 270 130 2.1
2 1/AMT NPh 3 C6H5Br trace amount of polymer
3 1/BMT NPh 3 C6H5Br 319 206 97 2.1
4 1 NPh 3 toluene 552 259 93 2.78
5 1/AMT NPh 3 toluene trace amount of polymer
6 1/BMT NPh 3 toluene 488 243 103 2.36
7 1 NPh 27 C6H5Br 104 230 97 2.4
8 1/AMT NPh 27 C6H5Br trace amount of polymer
9 1/BMT NPh 27 C6H5Br 352 216 70 3.06

aReaction conditions: toluene (250 mL), [Zr] = 5 μmol, TIBAO Al/Zr = 40, 5 bar ethylene, 80 °C, 30 min run time. bkg(PE)xmol Zr−1 xbar−1 xh−1.
cDetermined by GPC kg mol−1
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aqueous solution was carefully decanted, and the remaining viscous
solid was washed with degassed and distilled water (3 × 10 mL) and
rinsed with pentane (3 × 5 mL). The solvents were removed under
reduced pressure until a white solid was obtained. The white solid was
dissolved in 20 mL of diethyl ether, and 20 mL of pentane was added.
The mixture was stirred for 30 min. After this time, stirring was
stopped, and a viscous precipitate was observed. The solvents were
decanted, and the remaining precipitate was further washed with
pentane (3 × 20 mL). The viscous solid was then dried under vacuum
to obtain a white powder. Yield: 55% (0.6 mmol, 0.43 g). The 1H, 13C
and 19F NMR spectra were consistent with those previously
reported.15a 1H NMR (400 MHz, THF-d8, δ): 7.61 (br, OH, NH,
2H), 7.03 (d, JHH = 7.9 Hz, C6H4, 2H), 6.32 (d, JHH = 8.2 Hz, C6H4,
2H), 3.11 (q, JHH = 7.4 Hz, NCH2CH3, 6H), 1.27 (t, JHH = 7.4 Hz,
NCH2CH3, 9H).

13C{1H} NMR (75 MHz, THF-d8, δ): 155.8 (C6H4),
150.5 (d, JCF = 235 Hz, o-CF C6F5), 140.0 (d, JCF = 245 Hz, p-CF
C6F5), 138.7 (d, JCF = 230 Hz, m-CF C6F5), 136.0 (C6H4), 130.0 (br,
C6H4), 115.1 (C6H4), 49.1 (NCH2), 11.2 (NCH2CH3).

19F NMR
(375 MHz, THF-d8, δ): −129.9 (d, JFF = 20.3 Hz, o-F, 6F), −166.7 (t,
JFF = 19.9 Hz, p-F, 3F), −168.9 (t, JFF = 18.4 Hz, m-F, 6F).
Reaction of [p-HOC6H4B(C6F5)3][Et3NH] with AlMe3. In an

NMR tube, [p-HOC6H4B(C6F5)3][Et3NH] (20 μmol, 14 mg) in 0.5
mL of toluene-d8 was treated with an excess of AlMe3 (200 μmol, 20
μL). Immediately, evolution of gas (methane) was observed. After 1 h
at room temperature, signals for AlMe3−x(C6F5)x started to appear.
After 2 h, they became the major C6F5-containing species. The NMR
tube was placed in an oven at 60 °C. After 2 h, solvents and volatiles
were evaporated under reduced pressure, and [p-HOC6H4B(C6F5)3]
[Et3NH] was completely converted into a mixture of Al-
(C6F5)3(Et3N): AlMe2(C6F5): AlMe2(C6F5) (Et3N): AlMe(C6F5)2 in
a ratio 4:4:2:1. The 1H and 19F NMR spectra were consistent with
those previously reported.19 1H NMR (400 MHz, toluene-d8, δ): 2.27
(q, JHH = 7.3 Hz, NCH2CH3, 6H, AlMe2(C6F5) (Et3N)), 2.52 (q, JHH
= 7.3 Hz, NCH2CH3, 6H, AlMe2(C6F5) (Et3N)), 0.60 (t, JHH = 7.2 Hz,
NCH2CH3, 9H), 0.59 (t, JHH = 7.2 Hz, NCH2CH3, 9H), 0.05 (s,
AlCH3, 3H, AlMe(C6F5)2), −0.08 (s, AlCH3, 6H, AlMe2(C6F5)),
−0.28 (s, AlCH3, 6H, AlMe2(C6F5) (Et3N)).

19F NMR (375 MHz,
toluene-d8, δ) of AlMe2(C6F5) (Et3N)): −119.3 (d, JFF = 19.7 Hz, o-F,
2F), −155.7 (t, JFF = 19.7 Hz, p-F, 1F), −162.5 (br, m-F, 2F).
AlMe(C6F5)3(Et3N)): −119.6 (d, JFF = 20.6 Hz, o-F, 6F), −154.2 (t,
JFF = 18.5 Hz, p-F, 3F), −162.0 (JFF = 20.9 Hz, o-F, 6F). AlMe2(C6F5):
−122.7 (d, JFF = 20.9 Hz, o-F, 2F), −150.5 (t, JFF = 20.0 Hz, p-F, 1F),
−160.7 (br, m-F, 2F). AlMe(C6F5)2: −122.3 (br o-F, 4F), −150.7 (t,
JFF = 19.3 Hz, p-F, 2F), −160.9 (br, m-F, 4F).
Reaction of [p-HOC6H4B(C6F5)3][Et3NH] with Al(i-Bu)3. In an

NMR tube, [p-HOC6H4B(C6F5)3][Et3NH] (11 μmol, 8 mg) in
toluene (0.5 mL) was treated with 1 equiv of TIBA (11 μmol, 2.85
μL). After 30 min, the solvent was evaporated, and the product was
dissolved in 0.5 mL of C6D5Br. NMR data indicated formation of [p-
(CH2CHMe2)2AlO(C6H4)B(C6F5)3][Et3NH].

1H NMR (400 MHz,
C6D5Br, δ): 7.55 (d,

3JHH = 7.7 Hz, C6H4, 2H), 6.97 (d,
3JHH = 7.6 Hz,

C6H4, 2H), 4.18 (br, NH, 1H), 2.40 (q, 3JHH = 6.7 Hz, NCH2CH3
6H), 1.91 (m, 3JHH = 6.9 Hz, AlCH2CH, 2H), 0.88 (d, 3JHH = 6.9 Hz,
AlCH2CHCH3, 12H), 0.72 (t,

3JHH = 7.2, Hz, NCH2CH3 9H), 0.28 (d,
3JHH = 6.9 Hz, AlCH2CH, 4H).

19F NMR (375 MHz, C6D5Br, δ):
−132.1 (d, 3JFF = 20.1 Hz, o-F, 6F), −164.0 (t, 3JFF = 21 Hz, p-F, 3F),
−167.4 (t, 3JFF = 19.3 Hz, m-F, 6F).
Preparation of TIBA-Modified Silica Support. Silica (1g,

Sylopol 948, Tcalc = 600 °C, surface area = 304 m2/g) was slurred
in n-hexane (5 mL). Subsequently, TIBA (1.66 mol, 0.61 mL) was
added while stirring using a dropping funnel, and the slurry was
allowed to stand overnight at room temperature. The silica was washed
with n-hexane (3 × 10 mL) and dried under reduced pressure until a
free-flowing powder was obtained. The Al-content was determined by
Al elemental analysis. Anal. Calcd: Al, 2.23% (0.82 mmol/gSiO2); C,
7.93 (6.6 mmol/gSiO2); H, 1.49% (14.8 mmol/gSiO2) Found: Al,
2.15% (0.80 mmol/gSiO2); C, 7.76% (6.5 mmol/gSiO2); H,
1.41%(14.0 mmol/gSiO2). These values were calculated assuming
that each Al bears two i-Bu groups.

Immobilization and Quantification of [p-HOC6H4B(C6F5)3]-
[R2R′NH] on Al(i-Bu)3-Modified Silica Support in C6D5Br (NMR
Experiment). Al-charged silica (38 mg, 31 μmol of Al) was reacted
with a C6D5Br solution of [p-HOC6H4B(C6F5)3][R2R′NH] (22 mg)
containing Cp2Fe (28 μmol, 5 mg) as internal standard. Formation of
isobutane was immediately observed. Evolution of isobutane had
ceased after 4 h, at which point an amount had been produced
equivalent to 30% of the Al present on the support. After this initial
phase, a slow further decrease in the concentration of borate activator
without an accompanying increase of isobutane in solution was
observed, indicating that a slow physisorption process occurs. After 20
h, 30% of the initial borate was chemically tethered to the support,
50% was left unreacted in solution, and 20% was physisorbed on the
silica support. (R = R′ = Et): 1H NMR (400 MHz, C6D5Br, δ): 7.44
(d, 3JHH = 7.3 Hz, C6H4, 2H), 6.45 (d,

3JHH = 8.4 Hz, C6H4, 2H), 4.63
(br, OH, 1H), 4.42 (s, NH, 1H), 2.30 (q, 3JHH = 7.3 Hz, N(CH2CH3)3,
6H), 1.63 (m, CH3CH, 1H), 0.83 (d, 3JHH = 6.6 Hz, CHCH3, 9H),
0.64 (t, 3JHH = 7.3 Hz, N(CH2CH3)3, 9H). (R = Me; R′ = Ph): 1H
NMR (400 MHz, C6D5Br, δ): 7.05 (m, NC6H5 and C6H4, 7H), 6.81
(m, C6H4, 2H), 2.33 (s, N(CH3)2, 6H), 2.18 (s, free N(CH3)2Ph) 1.61
(m, CH(CH3)3,1H), 0.83 (d, 3JHH = 6.6 Hz, CH(CH3)3, 9H).

Synthesis of SiO2/Al(i-Bu)3/[p-HOC6H4B(C6F5)3][R2R′NH] (NEt,
R = R′ = Et; NPh, R = Me, R′ = Ph) on a Preparative Scale. In a
double Schlenk vessel, Al-modified silica (1 g, 0.96 mmol Al/gSiO2)
was mixed in a slurry with toluene (20 mL) at room temperature. To
the slurry, 20% (with respect to the amount of supported Al) of [p-
HOC6H4B(C6F5)3][R2R′NH] (0.11 g) was added. The reaction
mixture was heated to 70 °C for 1 h to facilitate dissolution of the
borate in solution and left to react overnight at room temperature. The
resulting white solid was filtered, washed with warm toluene (5 × 20
mL), and dried under reduced pressure until a white flowing powder
was obtained. The amount of supported borate was determined by
elemental analysis. For both supported activators (NEt, NPh), the
elemental analyses were calculated assuming that 80% of Al centers
bears two i-Bu groups and 20% of Al centers bears one i-Bu group and
one boronate group. The activator tethering was corroborated by 1H
NMR, slurring 20 mg of the proper supported activator in 0.5 mL of
C6D5Br, in which no signal of [p-HOC6H4B(C6F5)3][R2R′NH] was
observed.

NEt Anal. Calcd: Al, 2.58%; C, 15.22%; H, 1.95%; N, 0.27%; B,
0.21%. Found: Al, 2.58%; C, 15.40%; H, 1.81%; N, 0.30%; B, 0.22%.

NPh Anal. Calcd: Al, 2.58%; C, 15.67%; H, 1.88%; N, 0.27%; B,
0.21%. Found: Al, 2.58%; C, 16.80%; H, 1.75%; N, 0.28%; B, 0.20%.

Generation of [Cp*2Zr(CH2CHMeCH2CH2SMe)][MeB(C6F5)3]
(5[MeB(C6F5)3]) in C6D5Br. In an NMR tube, a C6D5Br solution of
Cp2*ZrMe2 (60 μmol, 23 mg) and butenyl methyl thioether (BMT)
(60 μmol, 7.7 μL) was treated with 1 equiv of B(C6F5)3 (60 μmol, 31
mg), resulting in a red solution. After 30 min, solvent and volatiles
were removed under vacuum. The compound 5[MeB(C6F5)3] was
readily formed (54 μmol, 54 mg, 90% yield). 1H NMR (500 MHz,
C6D5Br, δ): 2.53 (t,

2JHH = 12 Hz, ZrCHH, 1H), 2.38 (t, 2JHH = 11 Hz,
SCHH, 1H), 2.3 (t, 2JHH = 11.2 Hz, SCHH, 1H), 2.07 (m, CHCH3,
1H), 1.60 (s, Cp*, 30H), 1.52 (m, SCH2CHH, 1H), 1.47 (s, SCH3,
3H), 0.84 (d, 3JHH = 6.4 Hz, CHCH3, 3H), 0.45 (q, 2JHH = 13 Hz,
SCH2CHH, 1H), −3.17 (d, JHH = 12.3 Hz, ZrCHH, 1H). 13C{1H}
NMR (125.7 MHz, C6D5Br, δ): 124.11 (C5Me5), 123.90 (C5Me5),
93.12 (ZrCH2), 39.92 (CHCH3), 36.12 (SCH2CH2), 34.23
(SCH2CH2), 29.94 (CHCH3), 15.60 (SCH3), 11.25 (C5Me5), 10.92
(C5Me5).

Generation of Cp*2Zr(CH2CHMeCH2CH2SMe)Br (6) in C6D5Br.
In an NMR tube, a C6D5Br solution of 5[MeB(C6F5)3] was treated
with 1 equiv of [Bu4N]Br (60 μmol, 20 mg) to yield an orange
solution. Solvent and volatiles were evaporated under reduced pressure
until a dark yellow solid was obtained. Benzene (0.5 mL) was added to
dissolve the solid. Addition of pentane (3 mL) resulted in the
precipitation of a white solid identified as [Bu4N][MeB(C6F5)3]. The
solution was carefully decanted, washed with pentane (4 mL), and
dried under vacuum. Compound 6 was obtained as a yellow solid (47
μmol, 26 mg, 79% yield). Anal. Calcd: C, 55.88%; H, 7.76%. Found: C,
55.66%; H, 7.75%. 1H NMR (500 MHz, C6D5Br, δ): 2.47 (m, SCHH,
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1H), 2.38 (m, SCHH, 1H), 2.02 (s, SCH3, 3H), 1.91 (m, SCH2CHH,
1H), 1.85, 1.84 (s, Cp*, each 15H), 1.78 (m, CHCH3, 1H), 1.13 (m,
SCH2CHH, 1H), 0.93 (d,

3JHH = 6.2 Hz, CHCH3, 3H), 0.17 (dd,
3JHH

= 6.5 Hz, 2JHH = 13.3 Hz, ZrCHH, 1H), 0.05 (dd, 3JHH = 6.5 Hz, 2JHH
= 13.3 Hz, ZrCHH, 1H). 13C{1H} NMR (125.7 MHz, C6D5Br, δ):
120.45 (C5Me5), 120.40 (C5Me5), 65.41 (ZrCH2), 41.60 (SCH2CH2),
33.52 (CHCH3), 32.63 (SCH2CH2), 24.10 (CHCH3), 15.32 (SCH3),
12.14 (C5Me5), 12.12 (C5Me5).
Immobilization of [Cp*2Zr(CH2CHMe(CH2)nSMe)]+(3, n = 1; 5,

n = 2) and Subsequent Release in Solution of Cp*2Zr(Br)-
(CH2CHMe(CH2)nSMe) (4, n = 1; 6, n = 2). In an NMR tube, the
supported activator NEt (30 mg, bearing 7 μmol of borate activator)
was contacted with a C6D5Br or C6D6 solution (0.5 mL) of
Cp*2ZrMe2 (1, 7 μmol, 3 mg), an excess of vinyl thioether (AMT
or BMT, 14 μmol) and Cp2Fe (21 μmol, 4 mg) as internal standard.
Immediately, the support turned deep orange, indicative for the
formation and immobilization on the silica of the cationic trapped
species 3 or 5. After 4 h, all of 1 and 1 equiv per Zr of vinyl methyl
thioether (AMT or BMT) had been consumed. Release of 1 equiv of
Et3N was observed. An excess of [Bu4N]Br (28 μmol, 9 mg) was
added to the NMR tube. Immediately a discoloration of the support to
pale yellow was observed. After 1 h quantitative recovery of 4 or 6 in
solution was observed. Compound 3 has been previously reported,21

characteristic 1H and 13C NMR for compounds 4 in C6D5Br is
described, for 5 and 6 see above.
4: 1H NMR (400 MHz, C6D5Br, δ): 2.86 (d,

2JHH = 9.5 Hz, SCHH,
1H), 2.05 (s, SCH3, 3H), 1.98 (dd, 2JHH = 9.9 Hz, 3JHH = 4 Hz,
SCHH,1H), 1.96 (m, CHCH3, 1H), 1.84 (s, C5Me5, 30H), 1.16 (d,
3JHH = 5.5 Hz, CHCH3, 3H), 0.12 (m, ZrCH2, 2H).

1H NMR (300
MHz, C6D6, δ): CHCH3 overlapping with SCHH, 2.98 (d, 2JHH = 8.8
Hz, SCHH, 1H), 2.13 (d, 2JHH = 8.5 Hz, SCHH, 1H), 2.07 (s, SCH3,
3H), 1.81 (s, C5Me5, 30H), 0.88 (d, 3JHH = 6.5 Hz, CHCH3, 3H), 0.2
(m, ZrCH2, 2H).
Formation of Cp*2Zr(Br)(2-C6D4Br-κC) (8-d4) (NMR Tube

Experiment). A C6D5Br solution of 7-d4 (generated by reaction of 1
with [Et3NH][B(C6F5)4] in C6D5Br) was contacted with 1 equiv of
[Bu4N]Br (40 μmol, 13 mg), resulting in the quantitative formation of
the neutral complex 8-d4.

1H NMR (400 MHz, C6D5Br, δ): 1.86 (s,
C5Me5, 30H).

13C{1H} NMR (75 MHz, C6D5Br, δ): 195.7 (Zr−C),
140.0 (CBr), 134.9 (s, Ar CH), 133.3 (Ar CH), 129.6 (Ar CH), 123.4
(Ar CH), 123.1 (C5Me5), 12.7 (C5Me5).
Formation of Cp*2Zr(Br)(CH2SCH2CHCH2) (11). A benzene

solution (0.5 mL) of Cp*AdZr (100 μmol,35 mg) was reacted with 1
equiv of [Me2PhNH][B(C6F5)4] (100 μmol, 80 mg) affording a red
oily precipitate. To the reaction mixture an excess of AMT (110 μmol,
12.1 μL) was added. After 1 h, the reaction mixture was contacted with
an excess of [Bu4N]Br (200 μmol, 64 mg), resulting in an orange
solution. Addition of 3 mL of pentane to the reaction mixture resulted
in the precipitation of a white solid which was identified by 1H and 19F
NMR spectroscopy as [Bu4N][B(C6F5)4]. The yellow solution was
carefully decanted. Solvent and volatiles were removed under reduced
pressure to give compound 11 as a dark yellow solid. Yield: 75% (75
μmol, 40 mg). Anal. Calcd for C24H37BrSZr: C, 54.52%; H, 7.05%.
Found: C, 53.90%; H, 6.95%.26 1H NMR (300 MHz, THF-d8, δ): 5.72
(m, CH, 1H), 4.95 (dd, 3JHH = 10 Hz, 2JHH = 16 Hz, CHCH2, 2H),
2.85 (d, 3JHH= 7.2 Hz, SCH2, 2H), 1.99 (s, C5Me5, 30H), 1.23 (s,
ZrCH2, 2H).

13C{1H}NMR (75 MHz, THF-d8, δ): 136.1 (CH), 121.8
(C5Me5), 116.0 (CHCH2), 46.1 (ZrCH2), 44.1 (SCH2), 12.6 (C5Me5).
Formation of Cp*2Zr(Br){C(Me)NEt-κC,N} (13) (NMR Tube

Experiment). In an NMR tube compound [Cp*2Zr{C(Me)NEt-
κC,N}(THF)][B(C6F5)4][12(THF)][B(C6F5)4] (5 μmol, 5 mg) was
contacted with 1 equiv of [Bu4N]Br (5 μmol, 3.2 mg) in C6D6. After
few minutes, the solution became pale yellow. The neutral species 13
was formed. 1H NMR (300 MHz, C6D6, δ): 3.37 (q, 3JHH = 7.3 Hz,
NCH2, 2H), 2.03 (s, CCH3,3H), 1.73 (s, Cp*, 30H), 1.06 (t, 3JHH =
7.3 Hz, NCH2CH3, 3H).

13C{1H} NMR (125 MHz, C6D6, δ): 234.9
(CN), 117.1 (C5Me5), 41.6 (NCH2), 18.6 (CCH3),15.6 (NCH2CH3),
12.5 (C5Me5). IR (KBr): 1644 cm-1 (s, υCN).
General Procedure for Polymerization Experiments with

Supported Catalysts. Polymerization experiments were carried out

in a thermostated 1L stainless steel autoclave, equipped with solvent
and catalyst injection systems. The autoclave was dried in vacuum at
120 °C before use for 2 h. After cooling to the desired temperature,
200 mL of toluene was injected. Ethylene (5 bar) was introduced in
the reactor, followed by injection of 0.1 mL of a 0.1 M TIBA/toluene
solution. The silica-supported activator was precontacted with a
toluene solution containing the precatalyst and the trap (where
appropriate) for 4 h and then injected into the reactor under nitrogen
pressure as a toluene suspension (6 mL). At the end of the catalytic
reaction, the reactor was vented and opened to air. The polymer was
collected on a frit and rinsed repeatedly with ethanol and dried at 70
°C in vacuum for several hours.
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