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Silsesquioxane-bonded zirconocene complexes; soluble models for
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Silsesquioxane tethered fluorene ligands [R,SigO0;,X]-9-Flu(H) (R = ¢-C¢H;;, X =—(1); R = ¢-CsHy, X = CH, (2),
(CH,); (3), C¢H,CH, (4)), (c-C5H,),S130,,CH,-9-Flu(9-EMe;) (E = Si (5a), Sn (5b)) and zirconium dichlorides
Cp"[(c-CsHy),S150,,CH,-9-Flu]ZrCl, (6b, Cp” = 1,3-CsH;(SiMe;),), Cp*[(c-CsH,),S150,,-X-9-Flu]ZrCl, (X = CH,
(6a), (CH,); (7), C(H,CH, (8)) and [(c-CsH,),Si30,,CH,-9-Flu],ZrCl, (9) have been applied as models for silica-
tethered ancillary ligands and silica tethered-zirconocenes. Immobilization of zirconocenes containing a pendant
anchorable functionality, Cp"[Me,(EtO)SiCH,Flu]ZrCl, (10) and Cp[CsMe,SiMe,OFEt]ZrCl, (11) was considerably
hampered by competitive Zr—Cl and Si—OEt bond splitting. When activated with MAO (methylalumoxane), 6-9 yield

active ethylene polymerization systems.

Introduction

At present there is considerable academic and commercial
interest in the immobilization of well-defined homogeneous
olefin polymerization catalysts.' The goal is to marry the advan-
tages of homogeneous catalysts with those of heterogeneous
ones.”> Homogeneous catalysts are well-defined, single-site
catalysts that can be fine-tuned to produce tailor-made poly-
mers.® Heterogeneous catalysts, however, have the technologic
advantages of good morphology control, high polymer bulk
density and lack of reactor fouling.? Since most of the existing
polymerization plants run as slurry or gas phase processes with
heterogeneous catalyst, homogeneous catalysts must be hetero-
genized on a support for their application in these processes.

One of the most common methods to immobilize the
catalytic system consists of physisorption of metallocenes on a
silica support that is pretreated with MAO.* Whereas this
method results in heterogeneous catalysts, leaching and loss of
activity are persistent problems.* Consequently, improvement
of this and alternative immobilization techniques, such as
(co)catalyst grafting>® and tethering,”® remains a topic of great
importance. Chemical tethering of organometallic compounds
is, with respect to leaching, probably the best method to anchor
a homogeneous catalyst to the support. Although it is the most
laborious route, tethering is a versatile method to anchor virtu-
ally any homogeneous catalysts onto oxide or polymer sup-
ports, and is gaining more and more attention in the recent
literature.™

While several studies on tethering of olefin polymerization
catalysts to silicas are reported, only little information is avail-
able on the effectiveness of the applied immobilization method
as well as the steric and electronic effects of the support on
these immobilized catalysts. Suitable homogeneous model
systems for silica surface silanol sites, such as (poly)siloxides '

+ Electronic supplementary information (ESI) available: 'H, *C{1H}
and ¥Si{IH} NMR data of silsesquioxane compounds (1-5a/b =
CDCl,, 6-9 = C¢Dq) (Table S1); crystal data for 1, 5b, and 6b (Table S2);
and experimental section for compounds 4, 5b, and 6b and crystal
structure analysis of 1, 5b, and 6b. See http://www.rsc.org/suppdata/dt/
b3/b300698k/
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and silsesquioxanes,'' could provide more insight in the
stability and possible leaching processes. In the past, silsesqui-
oxanes have successfully been used to model various silica
surface silanol sites,!! group 13 element doped silicas,™?
silica-grafted perfluoroborato cocatalysts,'® surface-supported
(half-)metallocenes and organometallic complexes,** and trad-
itional heterogeneous (Ziegler—Natta and Phillips type) olefin
polymerization catalysts (Fig. 1)."> We argued that these model
supports could also be useful (i) to optimize the synthetic strat-
egies for preparing chemically tethered systems, (if) to assess the
electronic and local steric interactions of the tethered catalyst
with the support and (iii) to understand the effect of different
spacers between catalyst and support applied.

There are two general routes applied to prepare chemically
tethered catalyst systems: building-up the ligand and sub-
sequently the metal complex at the surface,” and immobiliz-
ation of a pre-synthesized catalyst precursor containing an
anchorable functionality.® Both routes clearly have their limit-
ations and advantages.

Using silsesquioxane model supports, we tried to explore the
advantages and drawbacks of both approaches. The intention
was to optimize the synthetic procedures for silica-tethered
metallocene catalysts as well as to study what steric and elec-
tronic effect the silsesquioxane, and hence the silica support,
has on the catalytic activity of the pre-catalysts generated from
these tethered ancillary ligands. Part of this work has been
communicated.'®

Results
Silsesquioxane-tethered fluorenyl ligands

Four silsesquioxane-tethered fluorene ligands with different
spacers have been synthesized; three with a varying number
(0, 1, 3) of methylene units, and one with the more rigid benzyl
spacer between the silsesquioxane and the C9 carbon of the
fluorene. Several different immobilization protocols have been
attempted on the homogeneous models to obtain the optimum
reaction conditions to use on a silica support. The most com-
monly applied method to tether organic substituents onto silica
surfaces is by treating the silica with tris(alkoxy)silyl functional-
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Scheme 1  Synthetic methodologies to silsesquioxane-tethered fluorenyl ligands containing different spacers.

ized substrates.””'” Likewise, treating the trisilanol species
(¢-CsHy),S1,04(OH); with (EtO);Si-X-9-Flu(H) (X CH,,
(CH,),) afforded the corner-capped silsesquioxane-substituted
fluorene ligands (c-CsH,),S130,,X-9-Flu(H) (X = CH, (2),
(CH,); (3), Scheme 1) in moderate yield (=55%). Substitution of
all three ethoxy groups proved difficult, and prolonged heating
was required for the reactions to go to completion. The ligands
1-4 (Scheme 1) were obtained in better yields (=80%) when
(c-C5sH,),S1,04(OH); was treated with CL;Si-X-9-Flu(H) (X =
CH,, (CH,);, CH,CH,) in the presence of triethylamine.
Unexpectedly, the silsesquioxane substituents (R = cyclopentyl,
cyclohexyl) in R,Si;O4(OH), strongly influence the reaction
with Cl;Si-9-Flu(H). For the cyclopentyl-substituted silses-
quioxane, the yield was low and side products dramatically
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hampered purification. In contrast, the cyclohexyl-substituted
silsesquioxane-fluorene ligand 1 was isolated in good yield. The
ligands 2-4 can also be prepared in two steps by first react-
ing (¢c-CsHy),S1,04(OH); with (EtO),;Si-X-Cl or Cl;Si-X-Cl
in the presence of an amine affording (c-CsH,),Sig0,,XCl,
followed by reaction with fluorenyllithium (Scheme 1). The
propyl spaced silsesquioxane-fluorenyl ligand 3 has also been
synthesized by hydrosilylation of the cuboctameric silane
(c-CsH,),Si30,,H with 9-allyl-fluorene (Scheme 1). Although
the yield was reasonably good (71%), purification of the sticky
crude product was cumbersome.

Si—O bond breaking by nucleophiles such as BuLi or NaOMe
is a well-known reaction for silsesquioxanes and silicas.'® There-
fore, the occurrence of possible side reactions during the



deprotonation of 1 and 2 was carefully examined. First, the
ligands were reacted with BuLi in THF at 0 °C and sub-
sequently treated with trimethylsilylchloride and trimethyl-
stannylchloride. When ligand 1 was reacted with BuLi, instead
of the characteristic red color for fluorenyl anions, a pale yellow
solution was formed. Quenching with Me;ECI (E = Si, Sn)
exclusively gave unidentifiable products. In 1 the sterically
demanding silsesquioxane substituent is directly bonded to the
fluorene, which probably hampers the deprotonation of 1 and
allows nucleophile-induced Si-O bond breaking to become
competitive. Treatment of 2 with BuLi in THF at 0 °C afforded
a cherry red colored solution," characteristic of a fluorenyl
anion. Subsequent treatment with either trimethylsilylchloride
or trimethylstannylchloride cleanly afforded the corresponding
colorless silyl- and stannyl-substituted products, (c-CsH,),Sig-
0,,CH,-9-Flu(9-ESiMe;) (E = Si (5a), Sn (5b), Scheme 2) in
high yield. This indicates that competitive Si-O bond breaking
does not occur under these conditions. In analogy to 2, ligands
3 and 4 were also readily deprotonated when treated with BuLi.
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Scheme 2 Deprotonation of 1 followed by reaction with Me,ECI
(E =Si, Sn).

The *C and ®Si NMR spectra of 1-5a/b show the expected
resonances for the CH-CsH, (1 : 3 : 3 ratio) and (=0),SiCH,,
and (=20);SiCH, (1 : 3: 3: 1 ratio) resonances of a C; symmetric
silsesquioxane ligand, respectively.

The solid-state structures of 1 and 5b as derived from single-
crystal X-ray diffraction studies are illustrated in Fig. 2. As
expected, the silsesquioxane frameworks of both ligands are
very similar. In both ligands the Si-O distances (1: 1.596(3)—
1.631(3) A, 5b: 1.607(5)-1.635(6) A) and Si—-O-Si bond angles
(1: 143.0(2)-161.3(2)°, Sb: 147.3(4)-152.0(4)°) are normal
within the wide range of Si-O distances and Si-O-Si angles
found for silsesquioxanes. To reduce the steric hindrance
between the fluorenyl group and silsesquioxane-cyclopentyl
substituents in Sh, the Sil-C1-C90 angle is slightly opened to
117.9(5)°. The Sn1-C90 (2.227(7) A), C1-C90 (1.545(10) A)
distances and C1-C90-Sn1 angle of 108.2(5)° in Sb compare
well with those (1.554 A, 2.245 A and 109.02°, respectively) in
9-Me-Flu(9-SnMe;).*°

Silsesquioxanes are known to be strongly electron withdraw-
ing substituents.”! To assess the actual electronic influence of

Fig. 2 Molecular structures of (¢c-C¢H,,),SigO,Flu(H) (1) and
(¢-CsHy),Sig0,,CH,-9-Flu(9-SnMe,) (5b). Only the methyne carbons of
the cycloalkyl groups are shown for clarity. Displacement ellipsoids are
drawn at the 40% probability level. Only one of the two independent
molecules of 5b is shown. Selected bond distances (A) 1: Sil-Ol,
1.596(3); Sil-02, 1.617(3); Si1-03, 1.618(3); Si1-C1, 1.863(5); Si2-O1,
1.626(3); Si3-02, 1.631(3); Si4-03, 1.632(3). 5b: Sil1-0O14, 1.616(5);
Si11-020, 1.621(6); Sil1-011, 1.614(6); Sil1-C1, 1.851(7); C1-C90,
1.539(10); Sn—C90, 2.228(7). Selected angles (degrees) 1: Sil-O1-Si2,
156.9(2); Sil-02-Si3, 144.5(2); Sil-03-Si4, 142.8(2); C1-Sil-Ol,
109.2(2); C1-Si1-02, 108.6(2); C1-Sil-0O3, 108.4(2). 5b: Sil1-O14—
Sil4, 149.6(4); Sill-020-Sil6, 148.1(4); Sill-O11-Sil2, 148.8(4);
014-Sil1-C1, 110.8(3); 020-Sil1-C1, 105.6(3); O11-Sil1-Cl,
110.8(4); Sil1-C1-C90, 118.2(5); C1-C90-Sn11, 108.5(5).

the silsesquioxane substituent in 2, a comparative acidity
experiment was carried out using equimolar amounts of 2,
9-Me-Flu(H) and n-BuLi. The silsesquioxane containing
fluorene 2 was found to be considerably more acidic than 9-Me—
Flu(H) (ApK, > 1.5 by '"H NMR). In spite of the methylene
unit, the silsesquioxane substituent has a significant electron-
withdrawing effect on the fluorene ligand and consequently on
the metal center. Hence, longer isolating spacers are required to
block the electronic influence of the (model) support.

Silsesquioxane-tethered zirconocenes

Initial attempts to form silsesquioxane-tethered zirconocene
complexes concentrated on the reaction of the trimethylsilyl
(5a) or trimethylstannyl (5b) containing fluorenes with (substi-
tuted) cyclopentadienyl zirconium trichloride.”> Although reac-
tions were observed for all, purification of the final product
proved very difficult. Deprotonation of the fluorenes (2-4) with
butyllithium in THF, followed by reacting with the appropriate
zirconium precursor in toluene proved to be a more successful
strategy. In agreement with the earlier observed difficulty to
cleanly lithiate 1, reaction of the in situ prepared fluorenyl-
lithium salt of 1 with Cp"ZrCl; (Cp” = 1,3-CsH;(SiMey),) did
not give a well-defined product. In contrast, lithiation of 2-4
followed by reaction with Cp*ZrCl,, Cp"ZrCl; and ZrCl,
afforded the corresponding zirconocene dichlorides 6-9 in
moderate to good isolated yield (Scheme 3). The NMR data of
the mixed zirconocenes correspond well with each other. The
13C NMR chemical shifts for the fluorenyl-C(9) carbons of 6-9
(96.72-114.32 ppm) indicate that in solution the fluorenyl
moieties in these complexes adopt an n’-bonding mode
(m® = ca. 100 ppm, 1* = ca. 78 ppm and n' = ca. 68 ppm).*

The solid-state structures of 6b as derived from single-crystal
X-ray diffraction study is illustrated in Fig. 3. The structure
consists of a standard metallocene in which the tetrahedrally
surrounded zirconium atom is m’-bonded to the cyclo-
pentadienyl and fluorenyl ligands, while the coordination
sphere is filled with two additional chlorides. The Zr—Cp,enroia
and Zr-Flug, . distances in 6b (2.217 A, 2.269 A) are
comparable to the bond distances for example found for the
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Scheme 3 Synthesis of silsesquioxane containing zirconocenes.

complexes Cp",ZrCl, (2.20 A)* Cp*(Cp)ZrCl, (2.219 A)%*
and 9-substituted-fluorenyl metallocenes, Cp[9-R-Flu]ZrCl,
(R=i-Pr,2.294 A, R = ¢-CgH,, =2.253 A; R = +-Bu, 2.278 A)®
and [C,H(CsMe,)(Flu)]ZrCl, (2.21(8) A).?® The Cl-Zr—Cl and
the Cp’—Zr—Flu bond angles of 6b (Cl-Zr—Cl, 96.00(4)°; Cp" —
Zr-Flu, 128.8(1)°) are very similar to the corresponding bond
angles for the literature complexes Cp[9-i-Pr—Flu]ZrCl, (Cl-Zr—
Cl, 97.23(5)°; Cp—Zr-Flu, 129.8(5)), Cp[9-¢-C¢H,;—Flu]ZrCl,
(Cl-Zr-Cl, 96.3(1)°; Cp-Zr-Flu, 129.8(2)), Cp[9-t-Bu-Flu]-
ZrCl, (Cl-Zr-Cl, 95.5(1)°; Cp-Zr-Flu, 129.7(2)** and in
C,H,(CsMe,)(Flu)ZrCl, (Cl-Zr-Cl, 96.77(3)°; Cp—Zr—Flu,
128.2(9) A).>* This suggests that, although the silsesquioxane
is a very large substituent, the effective steric bulk of the
methylene-silsesquioxane substituent is not excessive. The
average Si-O distances (1.616(3) A) and Si-O-Si bond angles
(149.2(2)°) are normal within the wide range of Si-O distances
and Si—O-Si angles found for silsesquioxanes.

Tethering of zirconocenes containing an anchorable functionality

The second strategy to tether homogeneous catalysts to a sup-
port consists of treating the support with a catalyst precursor
containing an anchorable functionality.® This route probably
has the highest chance of forming a uniform surface metal
complex. However, several side reactions can result in decom-
position of the catalyst precursor. Furthermore, synthesis of
such metal complexes containing a pendant anchorable,
reactive functionality is often not trivial. To get better insight in
the possibilities and bottlenecks of this method, we synthesized
two zirconocene complexes containing an anchorable pendant
functionality Cp”[FluCH,Si(OEt)Me,]ZrCl, (10) and Cp[Cs-
Me,Si(OEt)Me,]ZrCl, (11), and treated them with the silses-
quioxane trisilanol. Reacting Cp"[FIuCH,Si(OEt)Me,]ZrCl,
with (c-CsHy),Si;09(OH); resulted in loss of the fluorenyl
ligand and both of the chlorides, affording the corner-capped
zirconium silsesquioxane, [(c-CsHy),Si,0,,]ZrCp” (Scheme 4)."
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Fig. 3 Molecular structures of Cp”[(¢c-CsH,),Si30,,CH,Flu]ZrCl,
(6b). Only the methyne carbons of the cyclopentyl groups are shown for
clarity. Displacement ellipsoids are drawn at the 40% probability level.
Selected bond distances (A): Zr1-Cl1, 2.4262(11); Zr1-CI2, 2.4288(12);
Zr1-CPentroiar 2-217; Zr1-Fluggpiroiar 2.269; C1-C90, 1.508(5); Sil-Cl,
1.841(4), Sil-Ol1, 1.615(3); Si2-0O1, 1.626(3); O-Si,,, 1.616(3). Selected
angles (degrees): Cp”centroia=Z11-FlUcenioias 128.8(1); Cl1-Zr1-CI2,
96.00(4); Sil-C1-C90, 116.4(3); SilO1-Si4, 146.84(19); O1-Sil-Cl,
109.55(17); 04-Sil-Cl1, 109.23(17); 010-Sil-Cl, 108.15(15); Si-O-—
Si,,, 149.2(2).

avs

Clearly, the pendant silylether functionality is protonated
considerably slower than both the chlorides and the fluorenyl
ligand. Protonolysis of chloride- and cyclopentadienyl ligands
in group 4 metal systems by silsesquioxane silanols has been
reported before.”” Generally, reactions of the chloride substit-
uents of the metallocene precursors are amine assisted. In our
case the chlorides are readily displaced even without an amine,
which is probably caused by the formation of the favorable
corner-capped structure [(¢-CsH,),Si,0,,]ZrCp".

To favor the reactivity of the pendant silylether functionality,
a zirconocene with more protonolysis-stable cyclopentadienyls
compared to the fluorenyl ligand in 10, Cp[Me,(EtO)SiCs-
Me,]ZrCl, (11), was applied. When (¢-CsHy),Si,04,(OH); was
reacted with 11 (Scheme 5), a positive chlorine test on the vola-
tiles proved that the chloride substituents were readily elimin-
ated while the SiOEt functionality remained intact (based on
NMR). Prolonged heating to 80 °C (toluene, 24 h) was required
to activate the SiOEt bond and to form ethanol (based on
NMR and GC). The NMR (*H, C, *Si) spectra were very
complicated, probably as the result of the presence of several
oligomeric structures of [(¢-CsHy),Si,04(0,ZrCp)(CsMe,-
SiMe,0-)],. Clearly, the chloride substituents on zirconium are
still more reactive than the silyl-ether functionality. Hence,
introducing less reactive substituents to zirconium before
tethering the zirconocene onto a support is probably the best
strategy to ensure a selective tethering reaction.

Olefin polymerization

Olefin polymerization experiments have been carried out
using the homogenous silsesquioxane-substituted zirconocene
dichlorides (6a/b-9). When activated with MAOQ, all complexes
generated active single site ethylene polymerization catalysts.



Table 1 Ethylene polymerization results“

Compound Time/min Yield/g Activity/g (mmol [Zr] h)™ Mw/g mol ™! Mw/Mn
Cp*[FluMe]ZrCl, 5 9.44 5664 156,000 2.5
6a 5 3.91 2346 367,000 3.5
7 5 4.66 2796 173,000 3.1
8 5 4.07 2442 279,000 3.4
6b 10 6.21 3860 409,000 49
Cp'[FluMe]ZrCl, 10 8.34 5554 122,000 2.9
9 10 4.12 2570 7,000 22
[FluMe],ZrCl, 10 6.28 3920 12,000 2.5

“ Conditions: toluene (100 mL), MAO (10 mmol), Zr (10 umol), 2 bar ethylene, 10 min, 25 °C.

R\
0'3;___0H
OH
R\s’iJO—SﬁR
33
‘%’SI\O-'—Sl
Sl-O-Sl’o N\
R/ \
R

H  CH,Si(OEt)Me,

Hose

\ ‘ O L
RS9 ./
¢ 0',_1'\
i O e S R
\
R

Scheme 5 Competitive tethering and grafting of zirconocenes.

The polymerization activities of 6-9 are somewhat lower
than of the corresponding non-silsesquioxane complexes
Cp*[9-Me-Flu]ZrCl,, Cp"[9-Me-Flu]ZrCl, and [9-Me-Flu],-
ZrCl, (Table 1), respectively. Alt and coworkers found that elec-
tron withdrawing substituents in the 9-position of the fluorenyl
ligand in Cp[9-R-FIu]ZrCl, give rise to lower activities than
electron donating ones, while steric effects influenced the activ-
ity much less.?® This argument might explain the lower activity
of 6al/b, 8 and 9 but not that of 7, which contains a truly
isolating spacer between the fluorene and the silsesquioxane.

Discussion

Three general routes have been applied to tether cyclo-
pentadienes to surface supports. They consist of (i) grafting of
a silylchloride or silylether functionalized cyclopentadiene, (ii)

salt elimination reaction of a cyclopentadienyl alkali-metal salt
with an alkylchloride group previously tethered onto the
surface by method i or e.g sol-gel synthesis and (iif) hydro-
silylation of an olefin substituted cyclopentadienyl (Scheme 1).
Once the cyclopentadienyl ligand is attached to the silses-
quioxane it can be deprotonated and treated with the metal
precursor (Scheme 3). The most successful route to silses-
quioxane-tethered fluorenes proved to be the reaction of
(c-CsHy),S1,04(OH); with CL;Si-X-9-Flu(H) (or CLSiXCl
followed by salt metathesis with FluLi) in the presence of an
amine. The alcohol elimination reaction of (c-CsH,),Si;04-
(OH); with (RO);Si-X-9-Flu(H) (or (RO),SiXCl, followed by
salt metathesis with FluLi) is considerably slower, as heating is
required for the reaction to go to completion. When the salt
metathesis route would be applied on a solid support, the neces-
sity to remove the ammonium salt formed by the former
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method might be a disadvantage. Furthermore, although
crucial for obtaining clean silsesquioxane-based products,
substitution of all three OR groups of the (RO),;Si-X-9-Flu(H)
ligand is probably not necessary to tightly anchor the ligand to
a silica support. Hydrosilylation between (c-CsH,),SigO,,H and
9-allyl-fluorene proved to be a useful reaction to the desired
product. However, hydrosilylation of ancillary ligands or
catalysts onto silica supports requires that the supports are
covered with Si-H moieties. The presence of silane function-
alities during polymerization is not always desirable since
silanes are known to be effective chain-transfer agents.”® The
selectivity of both anchoring the fluorene ligand to the silses-
quioxane support and introduction of the zirconium is moder-
ate. For silsesquioxanes this synthetic strategy is convenient
only because the silsesquioxane-bonded ancillary ligand and
the metal complexes thereof can be purified reasonably easy.
More importantly, there are no adjacent silanol functionalities
that can interfere with the intended reactions. Using this multi-
step approach to form silica-tethered zirconocene systems
is therefore likely to result in more than one type of surface
metal sites. Immobilization of catalyst precursors containing
an anchorable functionality has a higher chance of forming
a single-site supported catalyst. However, even with this
route side reactions such as protonation of the ancillary
ligands and competitive grafting of the metal center to the
support are hard to avoid. Nevertheless, as long as the cyclo-
pentadienyl ligands remain attached to the zirconium
competitive grafting of zirconium to the support does not
necessary prevent the formation of a uniform silica-tethered
metallocene catalyst. As was reported earlier, silsesquioxane-
grafted zirconocenes form active olefin polymerization
catalysts after activation with MAOQO, as the latter effectively
splits Zr-OSi bonds.'* Hence, complexes of the type [(c-CsHs),-
Si,0,(0,ZrCp)(CsMe,SiMe,0-)], can be activated in the same
way; the metal-siloxy bonds will be cleaved by the MAO, while
the metallocene remains attached to the surface by the tethered
cyclopentadienyl group (Scheme 5).

While a methylene tethering-unit is large enough to effect-
ively avoid close contact between the metal site and the silses-
quioxane model support, it seems to be insufficient to block the
strong electron withdrawing effect of the silsesquioxane moiety.
The rigid benzyl spacer in 8 effectively forces the zircono-
cene away from the model support, but still allows inductive
electronic influence from the silsesquioxane. To truly block the
electron withdrawing effect of the silsesquioxane fragment, an
insulating spacer unit such as the propylene bridge in 7 is
required. Unexpectedly, compound 7 also shows a lower activ-
ity than Cp[9-Me-Flu]ZrCl, suggesting that the catalytic activ-
ity of these species is not affected by electronic effects alone.
Probably the steric hindrance of the adjacent silsesquioxane
fragment still affects the catalytic behavior of these complexes
somehow.

Concluding remarks

These results demonstrate that using silsesquioxane model
supports to determine the most promising reaction method-
ology for tethering ancillary ligands to silicas, proved to be very
beneficial. Although no ideal tethering strategy was found, this
study clearly demonstrated various difficulties than can be
encountered when oxophilic and hydrolysis-sensitive metallo-
cenes are being tethered onto oxidic supports. For these
silsesquioxane systems, the most successful route to silses-
quioxane-tethered zirconocene species proved to be the sequen-
tial synthesis of first the silsesquioxane-fluorene ligand followed
by introduction of zirconium. Although, the selectivity of both
anchoring the fluorene ligand to the silsesquioxane support and
introduction of the zirconium is moderate, this synthetic strat-
egy is convenient only because the silsesquioxane-bonded ancil-
lary ligand and the metal complexes thereof can be purified.
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More importantly, there are no adjacent silanol functionalities
that can interfere with the intended reactions. Although tether-
ing of catalysts containing an anchorable functionality was
expected to have the highest chance of yielding uniform surface
metal complexes, even for these well-defined silsesquioxane
model supports complex mixtures were obtained. Competitive
grafting of the zirconium onto the silsesquioxane proved to be
the main problem.

Experimental
General comments

All manipulations were performed under an argon atmosphere
using glove box (Braun MB-150 GI) and Schlenk techniques.
Solvents were distilled from Na (toluene), K (THF), Na/K alloy
(hexanes), Na/benzophenone (Et,0) or CaH, (CH,Cl,), stored
under argon and freeze-thaw degassed twice before use. NMR
solvents were dried over Na/K alloy (benzene-dg) or 4 A
molecular sieves (CDCl;). NMR spectra were recorded on
Varian Mercury 400 (‘H 400 MHz, *C, 100.5 MHz) and Varian
Indigo 500 (*Si, 100 MHz) spectrometers. Chemical shifts are
reported in ppm and referenced to residual solvent resonance
("H, C NMR) or internal TMS (¥Si NMR). GC’s were
recorded on a Carlo Erba GC 6000 chromatograph (column:
DB-1, 30M). Elemental analyses were carried out at the
University of Groningen (The Netherlands) and H. Kolbe
Mikroanalytisches laboratorium Miilheim (Germany). V,0;
was added to improve combustion and to reduce the often-
observed formation of silicon carbide. (¢c-CsHy)Si,04(OH);,"
(c-C5Hy),Si50,,(OH),™ Flu(H)SiCl;* and Cp”ZrCl, (Cp” = 1,3-
C,H,(SiMe,),)* were prepared by the following literature
procedures. Cp*ZrCl; (Cp* = CsMes; DSM Research B.V.),
trichlorosilanes (Gelest), CsMe,(H)SiMe,Cl (Aldrich) and
methylaluminoxane (Witco) were used as purchased. Zir-
conium tetrachloride (Lancaster) was freshly sublimed (twice)
prior to use. Experimental details for the synthesis of 4, 5b and
6b and NMR data for all compounds, as well as crystal data
and experimental details on the crystal structure determin-
ations of 1,5b and 6b can be found in the Electronic supple-
mentary information (ESI). f

CCDC reference numbers 201605 (6b), 201606 (5b) and
201607 (1).

See http://www.rsc.org/suppdata/dt/b3/b300698k/ for crystal-
lographic data in CIF or other electronic format.

(c-C¢H,,);Si50,,-9-Flu(H) (1). To a stirred solution of
(c-C4H;y),Si,(OH); (1.12 g, 1.2 mmol) in THF was added
9-C,3H,SiCl, (0.35 g, 1.2 mmol) at room temperature. Triethyl-
amine (0.5 mL, 3.6 mmol) was then added dropwise to the solu-
tion, forming a white suspension. The mixture was stirred for
16 h and then filtered to remove NEt;(H)Cl. The NEt,;(H)Cl
was washed twice with 10 mL of THEF, and the filtrate was
evaporated. The resultant foam was then extracted with hot
hexane (ca. 40 mL) and filtered to remove the last traces of
NEt;(H)CI. The solution was concentrated and allowed to cool
and slowly evaporate, affording complex 1 as clear crystalline
solid (1.14 g, 1.0 mmol, 80%). (Found: C, 56.56; H, 7.77.
CssHoyOy,Sig requires C, 56.23; H, 7.81%)).

(¢-C5sH,),Sis0,,CH,-9-Flu(H) (2). Method I: 9-trisethoxysil-
ylmethyl-fluorene (1.1 g, 3.2 mmol) was added to a suspension
of (¢-CsHy,),S1,04,(OH), (2.8 g, 3.2 mmol) in toluene (100 mL).
A reflux condenser was fitted and the mixture was heated to
reflux, at which point the reaction mixture became clear and
slightly yellow in color. Heating was continued for a further
6 days, volatiles were then removed in vacuo leaving a waxy solid
residue. This residue was taken up in hot hexane (40 mL) and
then pumped to dryness. This process was repeated a further
two times to leave a fine off white precipitate, which when



washed with acetone (20 mL) and dried afforded compound 2
as a free flowing white solid (2.0 g, 1.9 mmol, 59%). Method II:
(a) To a stirred solution of (c-CsHy),Si,04(OH); (1.5 g,
1.7 mmol) in THF (100 mL) was added CICH,SiCl; (0.32 g,
1.7 mmol) at room temperature. Triethylamine (0.75 mL,
5.4 mmol) was then added dropwise to the resultant solution
forming a white suspension. The mixture was stirred for 16 h,
filtered to remove Et;N(H)CIl and evaporated. The resultant
solid was then extracted with hot hexane and filtered to remove
the last traces of Et;N(H)CI. The filtrate was concentrated and
allowed to cool affording (¢c-CsH,),Si30,,CH,Cl as a crystalline
solid (1.25 g, 1.32 mmol, 78%). 'H NMR (CDCl,, 6): 2.78 (s,
2H, (=0),SiCH,Cl), 1.78 (m, 14H, CH,-C,H,), 1.55 (m, 42H,
CH,-CHy), 1.04 (m, CH-C;Hy). “C{'H} (CDCl,, ¢): 27.26,
27.24, 27.00, 26.95 (s, CH,~CsH,), 24.45 (s, (=0);SiCH,CI),
22.19,22.16,22.03 (s, CH-CsH,, 1 : 3: 3). Si NMR (CDCl,, 9)
—65.83, —66.41, —77.01 (3 : 4 : 1). (b) At 0 °C, n-BuLi
(0.48 mL, 2.5 M in hexanes, 1.2 mmol) was added to a stirred
solution of fluorene (0.19 g, 1.2 mmol) in THF (30 mL). After
the mixture was stirred for 0.5 h at room temperature, solid
(c-C5H,),S130,,CH,CI1 (1.0 g, 1.1 mmol) was added and stirring
was continued for a further 16 h. The solution was then treated
with EtOH to neutralize the excess fluorenyl lithium. Volatiles
were removed in vacuo yielding a sticky white solid. The solid
was extracted with hexanes and evaporation of the volatiles
affording a white powder. Subsequent washing with acetone
yielded 2 as a white free flowing powder (0.97 g, 0.9 mmol,
82%). (Found: C, 54.50; H, 6.91. C,,H,,0,,Si, requires C, 54.17;
H, 7.09%).

(¢-CsH,),Sig0,,(CH,)Flu(H) (3). Method I: (a) (c-CsHy),Sig-
0,,(CH,);Cl was prepared in a similar way as (c-CsH,),SizO,-
CH,CI, starting from (c-CsH,),S1,04,(OH); (6.32 g. 7.2 mmol)
and Cl;Si(CH,);Cl1 (1.53 g, 7.2 mmol) and was isolated as a
white powder (5.77 g, 5.9 mmol, 82%). (b) (c-CsH,),SigO,-
(CH,);Flu(H) (3) was prepared in a similar way as 2, starting
from (c-CsH,),Sig04,(CH,);Cl (3.12 g, 3.2 mmol) and FluLi
(prepared from fluorene (1.60 g, 9.6 mmol) and »n-BuLi
(3.85mL, 2.5M, 9.6 mmol) and was isolated as a white powder
(1.88 g, 1.7 mmol, 53%). Method II: To a toluene solution
(60 mL) of (¢-CsHy),Sig0,H (1.24 g, 1.4 mmol) and (H,C=
CHCH,)-9-Flu(H) (1.04 g, 5 mmol) a catalytic amount of
H,PtCl, was added and the resultant solution heated to reflux.
Heating was continued for a further 4 days after which time the
volatiles were removed. The sticky residue that remained was
stripped once with heptanes (40 ml) followed by hexanes (2 X
50 mL). Washing several times with acetone afforded 3 as white
free flowing solid (1.10 g, 1.0 mmol, 71%) free of (H,C=
CHCH,)-9-Flu(H). Method III: (a) (H,C=CHCH,)-9-Flu(H)
(6.12 g, 29 mmol) was added to a toluene solution (10 mL) of
trichlorosilane (6.0 mL, 120 mmol). A catalytic amount of
H,PtCl, was added and the reaction heated to reflux. Aliquots
were taken at regular intervals, the solvent was removed from
each aliquot and the residue was analyzed by 'H NMR. Heat-
ing was continued until all (H,C=CHCH,)-9-Flu(H) was con-
sumed (4-5 days). On completion, all volatiles were removed
in vacuo and the residue distilled under high vacuum to afford
(C13Si(CH,)3)-9-Flu(H) (8.5 g, 25 mmol, 86%) as a viscous pale
yellow oil. (b) To a stirred solution of (Cl,Si(CH,);)-9-Flu(H)
(0.97 g, 2.8 mmol) in THF (100 mL) was added (c-CsHy),-
Si,04(OH), (2.48 g, 2.8 mmol) at room temperature. Triethyl-
amine ( 1.6 mL, 11.5 mmol) was then added dropwise to the
resultant solution forming a white suspension. The mixture was
stirred for 48 h, filtered to remove Et;N(H)CI and evapor-
ated. The resultant solid was then extracted with toluene and
filtered to remove the last traces of Et;N(H)CI. The toluene
solution was evaporated to dryness and the product was
stripped with hexanes (2 X 60 mL) and washed with acetone to
afford compound 3 (2.30 g, 2.1 mmol, 74%) as a free flow-
ing white solid. Method IV: (a) 3-Chloropropyl-trisethoxysilane

(13.3 mL, 55 mmol) was added dropwise to a THF (100 mL)
solution of FluLi, prepared in situ via reaction of fluorene
(10 g, 60 mmol) and BuLi (2.4 mL, 60 mmol). The reaction
mixture was stirred at room temperature for 16 h. Volatiles were
roomed in vacuo affording a milky oil, which on the addition of
hexanes produce a yellow solution and a white precipitate,
believed to be LiCl. Subsequent filtration and evaporation
in vacuo gave ((EtO);Si(CH,),)-9-Flu(H) (16.0 g, 79%) as an
orange oil. (b) (CsH,),Si;0,(OH); (3.85 g, 4.4 mmol) was
added to a stirred solution of ((EtO);Si(CH,),)-9-Flu(H)
(1.64 g, 4.4 mmol) in toluene (100 mL). Triethylamine (0.6 mL,
4.3 mmol) was added to the suspension and heated to
reflux. After approximately one hour the suspension clarified,
heating was continued for a further 8 days. Volatiles were
removed in vacuo and the resultant product was twice dis-
solved in hexanes (2 X 20 mL) and subsequently dried in
vacuum to afford a waxy solid. The solid was freeze-dried three
times to afford 3 as a free flowing solid (2.70 g, 2.5 mmol, 57%).
(Found: C, 55.29; H, 7.10. Cs;H,40,,Sig requires: C, 55.05; H,
7.09%).

(c-C5H,),Sig0,,CH,-9-Flu(9-SiMe;) (5a). Complex 2 (1.00 g,
0.93 mmol) was dissolved in 30 mL of THF and chilled to 0 °C.
n-BuLi (0.35 mL, 2.5 M in hexanes, 0.9 mmol) was added
dropwise to the stirred solution, producing a dark cherry red
solution. The solution was stirred for 0.5 h at which time tri-
methylchlorosilane (0.13 mL, 1.0 mmol) was added affording a
colorless solution. Volatiles were removed in vacuo and the
remaining off-white solid was extracted with hexane. Slow
evaporation of the hexane solution yielded colorless needles of
5a (0.79 g, 0.69 mmol, 74%). (Found: C, 54.22; H, 7.18.
Cs,Hg,04,S1, requires: C, 53.98; H, 7.21%).

Cp*[(c-CsH,),Sig0,,CH,-9-Flu]lZrCl, (6a). Ligand 2 (0.97 g,
0.90 mmol) was dissolved in 30 mL of THF, chilled to 0 °C and
n-BuLi (0.35 mL, 2.5 M in hexanes, 0.9 mmol) was added
dropwise to the stirred solution, producing a dark cherry red
solution. After stirring for an additional 0.5 h, the volatiles were
removed in vacuo and the resultant red solid was heated to ca.
50 °C for 1 h. Toluene (15 mL) was added and the solution
cooled to ca. —80 °C. Cp*ZrCl; (0.31 g, 0.90 mmol) was added
as a solid, in one portion. The suspension was allowed to slowly
warm to room temperature and stirred overnight. Volatiles
were then removed in vacuo to afforded 6a as an orange solid
(1.06 g. 0.8 mmol, 83%). Crystals were grown, by slow cooling
of a saturated hexane solution. (Found: C, 51.49; H, 6.45.
CsoHgCl,04,S1,0Zr requires: C, 50.98; H, 6.53%).

Cp*[(c-CsH,)-Siz0,,(CH,);-9-Flu]ZrCl, (7). Ligand 3 (1.50 g,
1.35 mmol) synthesized using method II was dissolved in
ca. 20 mL of THF, chilled to —40 °C and n-BuLi (0.54 mL,
2.5 M in hexanes, 1.35 mmol) was added dropwise to the stirred
solution, producing a dark cherry red solution. After stirring
for an additional 1 h at —40 °C, the volatiles were removed
in vacuo and the resultant red solid was heated to ca. 50 °C for
40 min. Toluene (15 mL) was added and the solution cooled to
ca. —80 °C. Cp*ZrCl; (0.55 g, 1.35 mmol) was added as a solid,
in one portion. The suspension was allowed to slowly warm
to room temperature and stirred overnight. Volatiles were then
removed in vacuo to afforded an orange solid, which was
washed with hexane (2 X 5 mL). Dichloromethane (15 mL) was
added giving a bright orange solution with a white precipitate.
Filtration and slow cooling to —30 °C of the dichloromethane
solution yielded 7 (0.79 g, 0.56 mmol, 42%) as bright orange
feather like crystals. (Found: C, 52.18; H, 6.60. C4H,,Cl,0,,-
SigZr requires: C, 51.84; H, 6.58%).

Cp*[(c-CsHy),Sis0,,CH,CH,-9-FlulZrCl, (8). Using the
same procedure as for 6a, with addition of Cp*ZrCl; (0.31 g,
0.9 mmol) yielded 8 (1.06 g. 0.8 mmol, 83%) as a yellow solid.
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(Found: C, 53.76; H, 6.39. C¢sH,,C1,04,Si3Zr requires: C, 53.31;
H, 6.43%).

[(¢-CsHy),Sig0,,CH,-9-Flu],ZrCl, (9). Ligand 2 (2.94 g,
2.72 mmol) was dissolved in THF (50 mL) and chilled to 0 °C.
n-BuLi (1.10 mL, 2.5 M in hexanes, 2.7 mmol) was added
dropwise to the stirred solution, producing a dark cherry red
solution. After stirring for an additional 1 h, the volatiles were
removed in vacuo. Toluene (40 mL) was added and the solution
cooled to ca. —80 °C. ZrCl, (0.32 g, 1.37 mmol) was added as a
solid, in one portion via a transfer tube. The suspension was
allowed to warm to room temperature and stirred overnight.
Volatiles were then removed in vacuo to afford a bright red
solid, which was washed with hexane (2 X 10 mL). Dichloro-
methane (20 mL) was then added giving a bright red solution
with a white precipitate. After filtration and concentration, the
saturated dichloromethane solution was cooled to —30 °C to
yield 9 as bright red platelets (1.34 g, 0.58 mmol, 43%). (Found:
C, 50.74; H, 6.34. CygH,4C1,0,,5i1,,Zr requires: C, 50.33; H,
6.17 %).

Cp'[FluCH,SiMe,OEt]ZrCl, (10). (i) Ethanol (3.22g, 70
mmol) was added dropwise to a stirred solution of chloro-
methyl-dimethylchloro-silane (10 g, 70 mmol) and triethyl-
amine (11 mL, 80 mmol) in THF (200 mL), upon which a white
precipitate immediately formed. The resultant suspension was
then heated to reflux for 2 h. The suspension was allowed to
cool and filtered to remove [NEt;HCI]. The solution was frac-
tionally distilled to afford CICH,SiMe,OFEt as a clear liquid
(bp 404407 K, 8.22 g, 77%). '"H NMR (CDCl,, 9), 3.74 (q, 2H,
3Jun = 8 Hz, O-CH,CHy,), 2.79 (s, 2H, CICH,Si), 1.20 (t, 2H,
3Jun =8 Hz, O-CH,CH,), 0.24 (s, 6H, Si-CH,;). *C{'H} NMR
(CDCl,, 9): 58.99 (s, O-CH,CHj;), 29.59 (s, CICH,Si), 18.43
(s, O-CH,CHys;), —3.49 (s, Si-CHy). (i) Sodium bis(trimethyl-
siyl)amine (6.04 g, 33 mmol) as a solid was added over a period
of 20 min to a stirred solution of fluorene (5.48 g, 33 mmol) in
THF (50 mL). The cherry red solution was stirred for 4 h,
at which point 5 g (33 mmol) of CICH,SiMe,OEt was added.
Stirring was continued overnight affording a green solution
(which turns yellow on exposure to air) and a clear precipitate.
The volatiles were removed in vacuo yielding an oily residue.
Heptane (50 mL) was added and the resultant suspension was
filtered. The volatiles were thoroughly removed in vacuo to
afford an orange oil. The oil was then vacuum transferred
yielding Me,(EtO)SiCH,-9-Flu(H) as an orange oil (4.93 g,
17 mmol, 53%). '"H NMR (CDCl,, 5): 7.80 (d, 2H, 3/ = 7 Hz,
Flu-CH), 7.62 (d, 2H, *Jy_ = 8 Hz, Flu-CH), 7.40 (m, 4H,
Flu-CH), 4.22 (t, 1H, *Jy_y = 7 Hz, Flu-CH-9), 3.53 (q, 2H,
3 n = 8 Hz, O-CH,CH,), 1.58 (d, 2H, 3Jy_ = 7 Hz, FluCH-9-
CH,Si), 1.14 (t, 3H, 3Jyy = 8 Hz, O-CH,CH;), —0.21 (s,
Si-CH;). "C{'H} NMR (CDCl,, 9): 148.88 (s, Flu-GC,),
140.53 (s, Flu-C,,), 126.85, 126.79, 124.64, 119.70 (s,
Flu-CH), 57.94 (s, O-CH,CH,;), 43.19 (s, Flu-C-9), 19.84 (s,
O-CH,CHj;), 18.39 (s, Flu-CH,Si), —0.93 (s, Si-CH,;). (iif)
Sodium bis(trimethylsilyl)amine (0.45 g, 2.5 mmol) was added
as a solid to a stirred solution of Me,(EtO)SiCH,-9-Flu(H)
(0.69 g, 2.5 mmol) in THF (50 mL). The solution turned dark
red and stirring was continued overnight. The THF was then
removed in vacuo affording a sticky red solid. Toluene (30 mL)
was then added and the solution cooled to —78 °C at which
point Cp"ZrCly (1.0 g, 2.5 mmol) was added. The suspension
was allowed to warm to room temperature and stirring con-
tinued overnight affording a yellow solution with a clear pre-
cipitate. Volatiles were removed in vacuo affording a yellow oily
residue. The oil was heated to 100 °C in vacuo for a further 4 h
to remove traces of solvent. Heptane (20 mL) was then added
and the resultant suspension filtered. The heptane was evapor-
ated affording a yellow low melting solid. This procedure was
repeated with another three portions of heptane at which point
the residue was dried in vacuo at 373 K for a further 3 h yielding
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10 as a yellow solid (1.15 g, 1.8 mmol, 72%). EI MS (70 eV) M™*
631. (Found: C, 55.74; H, 6.77. C,,H,,Cl1,081,Zr requires: C,
55.33; H, 6.82%).

Cp(CsMe,SiMe,OEt)ZrCl, (11). (i) To a solution of
CsMe,(H)SiMe,Cl (2.50 g, 11.7 mmol) in THF (ca. 50 mL), a
THF (40 mL) solution of ethanol (0.55 g, 11.7 mmol) and tri-
ethylamine (2 mL, 14.4 mmol) was added via syringe and the
reaction mixture was stirred overnight at room temperature.
The ammonium chloride salt was removed by filtration under
argon and the solvent was removed in vacuo. The crude product
was taken up in petroleum ether 3040 (ca. 40 mL) and filtered
once more to remove the remaining ammonium chloride salt.
The volatiles were evaporated and the product was then
warmed in vacuo at 313 K for a further 16 h to remove traces of
solvent. Yield: (2.25, 10 mmol, 86%). '"H NMR (C¢Dj, ) 3.52
(q, 2H, *Jyy = 8 Hz, O-CH,CH;) 2.62 (m, 1H, CsMe,(H )-
SiMe,OEt), 1.89 (s, 6H, Cs(CH;),—), 1.78 (s, 6H, Cs(CHj)4-),
1.56 (t, 6H, 3Jyy = 8 Hz —SiMe,OCH,CH;), —0.29 (s, 6H,
—Si(CH;),0Et). BC{'H) NMR (C¢Ds, J) 55.27 (s, ~SiMe,O-
CH,CH;), 41.22 (s, -SiMe,OCH,CH,;), 25.50(s, CH-Cp),
13.97 (s, Cs(CH3)4-), 11.48 (s, Cs(CH;)4-), —1.23 (s, —Si(CH;),-
OEt). (if) A total of 0.85 g (3.8 mmol) of C;Me,(H)SiMe,OEt
as a toluene solution (10 mL) was added via syringe to sodium
bis(trimethylsilyl)amide (0.70 g, 3.8 mmol) dissolved in toluene
40 mL. The mixture was stirred overnight to yield a pale red
solution. The solution was cooled and CpZrCl, (1.00 g,
3.8 mmol) added as a solid in three portions. The suspension
was stirred overnight to afford a pale green solution with a
white precipitate. The volatiles were evaporated and twice
the residue was dissolved in petroleum ether 30-40 and
subsequently dried in vacuo. Hexane was then added and the
suspension filtered hot. Volatiles were then removed to afford
11 as a pale green solid (1.62 g, 95%, 3.6 mmol).

Reaction of 10 with (c-C¢Hy;),Si,05(OH);. Complex 10
(0.400 g, 0.6 mmol) and (c-CsH,),Si;04(OH); (0.536 g,
0.6 mmol) were charged into a vessel along with 10 mL of
toluene. The solution was then heated to 100 °C for 16 h, after
which time the reaction was cooled and 20 mL of acetonitrile
was added to precipitate the silsesquioxane-containing fraction.
The off-white precipitate was collected and analyzed and was
confirmed by 'H NMR to be [(¢-CsH,),Si,0,,]ZrCp” (0.58 g,
0.5 mmol, 81%). '"H NMR (CDCl,, J): 6.86 (t, 1H, CsH;-
(SiMe,),, “Juu = 2 Hz), 6.82 (d, 2H, CsH,;(SiMe;),, “Jyy =
2 Hz), 1.76 (m, 14H, CH,-C;H,), 1.54 (m, 42H, CH,-CsH,),
0.96 (m, 7H, CH-CsH,), 0.36 (18H, CsH;(Si(CH,),),). “C
NMR (CDCl,, 9): 129.94 (s, Ci,s0—CsH;(SiMe;),), 128.82 (d,
CsH;(SiMey),, Je iy = 170 Hz), 123.34 d, CH,(SiMe;),, "o g =
168 Hz), 27.78 (t, CH,~CsH,, 'Jo iy = 131 Hz), 27.34 (t, CH,~
CsH,, 'Jeg = 130 Hz), 27.11 (t, CH,~CsH,, 'Je g = 129 Hz),
22.78 (d, CH-CsH,, 'Je_y = 119 Hz), 22.41 (d, CH-CsH,, "J
= 117 Hz), 22.34 (d, CH-C,H,, 'Jo 5 = 117 Hz), —0.34 (q,
CsH;(Si(CH,);),, Yo = 119 Hz). 2Si NMR (toluene, 6): —9.17
(SiMe,), —64.32, —66.53, —68.29 (1 : 3 : 1 : 3). The toluene/
acetonitrile solution was then evaporated to yield a sticky
yellow oil, which when analyzed by 'H NMR was found to
contain the free fluorene ligand.

Reaction of 11 with (c-C¢H,,),Si;O4(OH);. Cp(CsMe,SiMe,-
OEt)ZrCl, (0.23 g, 0.5 mmol) and (c-C¢H;,),S1,04(OH); (0.5 g,
0.5 mmol) were charged into a vessel along with 10 mL
of toluene. The solution was then heated to 100 °C for 16 h.
Volatiles were then vacuum transfer to a separate vessel and a
sample of the volatiles was treated with a few drops of aqueous
AgNO;. The formation of a white dispersion proved the pres-
ence of chloride ions. Twice the white waxy residue was dissol-
ved in heptane (5 mL) and subsequently evaporated. The thus
obtained dry solid was analyzed by NMR and the silylethoxide
moiety was found to be intact. The sample was then redissolved



in toluene and heated for a further 24 h at 373 K. Once more the
volatiles were vacuum transferred and an aliquot was taken for
GC analysis. The rest was tested again for the presence of chlor-
ide ions. The chloride test was inconclusive, though, GC
showed the presence of EtOH.

Comparative acidity experiment. (c-C;H,),Sig0,,CH,-9-
Flu(H) (2) (0.50 g, 0.46 mmol) and 9-Me-Flu(H) (0.09 g, 0.49
mmol) were dissolved in THF (20 mL). The solution was chilled
to 0 °C and n-BuLi (0.2 mL, 2.5 M in hexanes, 0.5 mmol) was
added to the stirred solution. The reaction mixture was then
allowed to warm to room temperature, producing a dark red
solution. After stirring for 1 h, the volatiles were removed
in vacuo and the remaining dark red solid was dried at 50 °C
in vacuo for 2 h. The '"H NMR (benzene-d;) spectrum of the
products exclusively showed the quartet at 4.01 ppm assigned to
the 9-Me-FI(H ) proton (literature?* value 5.03 ppm) and the
singlet (2.78 ppm) of the lithium salt of 2, [(¢-CsH,),Sig0,,CH,-
9-Flu]Li. The characteristic (c-CsH,),Si30,,CH,-9-Flu(H)
triplet and (c-CsH,),Sig0,,CH,-9-Flu(H) doublet were not
observed.

Ethylene polymerization experiments. Ethylene polymeriz-
ation experiments were carried out at room temperature in
a 200 mL glass Biichi autoclave equipped with a mechanical
stirrer. In a typical experiment, the cocatalyst (MAO, 10 mL,
10 wt.% solution in toluene) was added into the ethylene pre-
saturated autoclave charged with toluene (85 mL) and stirred
vigorously for 5 min before the catalyst precursor was injected
(10 pmol Zr, in 5 mL toluene). After the addition the pressure
of ethylene was increased to 2 atm. After 10 min, the poly-
merization was terminated via addition of methanol. The
polymer, methanol and toluene mixture was carefully poured
into a vessel containing hydrochloric acid. The subsequent
mixture was then filtered, washed with methanol and dried
overnight at 90 °C.
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