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ABSTRACT: The synthesis of the highly stereorigiesofnorbornane-7,7-bis(indenyl)]titanium dichloridaé¢se

1) is described. The stereorigidity of this newsametallocene is due to the inclusion of the norbornane skeleton
as the bridge, since ldxoof norbornane hinders the rotation of the C7-indenyl bonussel shows very high
activity in ethylene-styrene copolymerizations, yielding copolymers with unprecedented homogeneous chemical
compositions. In addition, UHMWPE is obtained when a mixtureaaf1:mesel (2.8:1) is used as catalyst in
ethylene homopolymerization reactions.

Introduction norbornane and the study of its catalytic activity in ethytene
styrene copolymerization. We also report the analysis of some

The design of new catalysts with enhanced catalytic properties ) . )
g y ytic prop molecular details of the materials obtained.

remains a challenge in polymer science mainly due to the
increasing need by the industry to obtain materials with modified Results and Discussion
properties (chemical, physical, mechanical, and electronic), ease
of processability, compatibility with several additives and low
costl2 A wider scope of different polymers can be prepared in
copolymerization reactions and, therefore, the development of
catalysts capable of copolymerizing two different monomers is
highly desirable.

A large number of catalysts, such as conventional heteroge-
neous ZieglerNatta catalysts, fail to obtain copolymers and
normally induce homopolymerization of each of the monomers
or a very low incorporation of the comonomer, due to the
different reactivity shown by the monomers. The efficient
copolymerization of ethylene with styrene became possible only
with the use of metallocene catalysts. T3, which are very
active styrene homopolymerization catalysts, show low activity
in ethylene homopolymerization or ethylergtyrene copolym-
erization® However, constrained geometry catalysts (CGC), in
which an alkylimido ligand is introduced, are very active in
the copolymerization of ethylene with a variety of comonomers,
including styrené:®> The first example of ethylerestyrene
copolymerization using this type of half-sandwich metallocenes

[Cp*SiMex(N-t-Bu)|TiCl, was reported by Dow compatijihe of 12.5 kcal/mok4 Consequently, unlike other diphenylmethane

reason for the high activity of CGC lies in the constrained, more . N o
) . . derivatives, the most stable conformation in DPN and derivatives
open and less sterically hindered reactive center as well as the

. . - is the cofacial gable disposition. Therefore, DPN’s show two
weakerr-donating character of the amido groliphe introduc- . S .
: . ; : : . important characteristics that makes these compounds differ-
tion of different substituents in the Cp ring and the amido group

e . X . " ent: preorganization and aromatic homoconjugation between
modifies the incorporation of styrene during the copolymeri- 2 .
NP . . g the aryl groups# In previous works we have shown that these
zation® This is very important since modifying the styrene

. . . : .~ features can be the basis for the design of molecular clocks,
content in the copolymer, materials with different properties homoconiuaated polvmers and chromonhores with NLO broper-
can be obtaineéf-8911 Very recently, the first example of Iug POy P prop

efficient living copolymerization of ethylenestyrene catalyzed ties as well as model compounds for the study of aromatic face-
by (cyclopentadienyl)(ketimide)titanium(V) complex-MAO to-face and edge-to-face interactidfi$Ve have now used 7,7-

. . disubstituted norbornane to obtain a n@msametallocene
catalyst system has been reportédh this work we describe o o . .
. - catalystmese[norbornane-7,7-bis(indenyl)]titanium dichloride
the synthesis of a neansametallocene catalyst derived from

(1) and tested its activity in ethylerestyrene copolymerization.
It is well-known that small variations in the structure of the

In recent years, we have focused our attention on the homo-
and copolymerization and properties of ethylene with different
comonomers, both from experimental and computational points
of view.13We have carried out the copolymerizations employing
ansametallocenes as well as CGC. As expected, a higher
activity was found using geometry constrained [Cp*Sjfie
t-Bu)]TiCl, Dow catalyst. Whemac-Et(HsInd),MCl, (M = Ti,

Zr) were used, a very low activity, even for ethylene homo-
polymerization, was observed for the titanium system, while
the zirconium system achieved monomer polymerization, in-
corporating small amounts of styrene. Our density functional
computations show a good agreement between the experimental
and computational results.

In the present paper we have used a ra@wametallocene
catalyst derived from the rigid bicyclic system norbornane.
When aryl substituents are introduced in position 7 of norbor-
nane, the mobility of these groups is sterically hindered by the
exchydrogens of the bicyclo. As a result, 7,7-diarylnorbornanes
show high conformational stability, with a barrier to rotation
of phenyl groups, in the case of 7,7-diphenylnorbornane (DPN),
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Scheme 1. Synthesis afac- and mesel Table 1. Ethylene/Styrene Copolymerizations Data

o] u ' styrene
" . KOH / DME O Q entry catalyst [styrenk] yield® activityd content M. Mu/My
H —_—
H d A b mesel 000 1400 24138 00 560 1.7

1
2 033 16.06 11727 14 560 23
2 (34%) 3 076 1274 5138 25 560 2.4
4 0.76 1024 4251 2.9 340 2.0
5 129 11.86 2998 41 325 1.9
a) 1. n-Buli/ 6 6 racl 0.00 959 16534 00 790 8.3
2. TICI3/THF 7 0.76 1.75 1038 3.6 niH. ndh
2 cl <l 8 rac-L 000 972 9975 0.0 2300 25
1N ANy meseol (2,8:1)

b) 1 n-BuLi/48h

2. TiCly / THF 0.33 4.06 740 1.0 610 29

0.33 3.40 621 17 660 26
0.76 3.56 359 24 395 20
1.28 4.92 313 35 450 21

9
10
11
a) 36% rac-1/meso-1 = 68:32 12
13 CGO 000 884 2540 00 273 26
14
15
16
7

b) 40% rac-1/meso-1=26:74 0.06 8.44 1941 04 212 22
0.20 5.38 859 09 173 21
0.33 9.11 1108 22 170 22

skeleton as the bridge iansametallocene catalysts should 126 1075  a4= 53 164 23

increase the conformational stability of the ligands, fixing the

geometry of the reactive site all along the catalytic process andAI ;Po'énaggzgt(iot”h ﬁon‘i;t:i%n;f t?'uegse é(’?( mL, [Cta_t] =}2g ?mglllz_é
; : . Ti = , P(ethylen ar,T=35°C. Key: entries +6,t=0.

influencing the_ reaC.tIVIty Of.the c.:atalySt' . h; entry 7,t = 0.17 h; entry 8t = 0.42 h; entries 912,t = 1 h; entries
The synthesis ot is described in Scheme 1. The reaction of 1317t = 1.5 h. Styrene concentration in the feed in molAUnits are

7-norbornanon® with indene/KOH following the procedure  given in g.¢ Monomer concentration is total olefin concentration (ethylene
described in the literatufe afforded the corresponding 7,7- + styrene). Units are given in kg of polymer/[mol of -fi(mol/L)mor.
bisindenylnorbornane 2] in moderate yield (34%).ansa fl\sﬂty’e”e content in mol % in the copolymer determined'iy NMR 2%
: . . . olecular weights in kg/mol were determined by gel permeation chro-

Metallocenel was obtained in 40% yield as a mixture rafc/ matography (GPCY Referenced dat&? "n.d. = not determined.
mesoisomers (26/74) according to the procedure described by
Haltermar?! Controlling the reaction conditions it is possible conclusion. The reason for the different behavior of riese
to obtain mixtures enriched in thrac- or meseisomer.mesoi isomer is actually under investigation.
was separated and purified by recrystallization from toluene. The most important results of this work arise upon the

To gain information about the conformational stabilitylof comparison of the catalytic properties nfesel and CGC
we determined the librational barrier of the indenyl group in (Dow) catalyst (entries 2/16 and 5/17, Table 1). As can be seen,
the case of ligan® by DNMR, studying the coalescence of mesel shows a very high activity in ethyleretyrene copo-
the methylenic indenyl protons. A value of 14.5 kcal/mol was lymerization, 6.7-10.6 times higher than the activity of CGC.
obtained, which is ca. 2 kcal/mol higher than the librational Also the yields and molecular weights are higher, while styrene
barrier of the aryl rings in 7,7-diphenylnorbornaiésd22  content is slightly lower in the case ofesel. The activity of
Therefore, the high norbornanédenyl rotational barrieristhe  mesel is also considerably higher than the observed in other
main differential characteristic of ligan2lwhich, as a conse-  ansatitanocenes an@nsazirconocenes studied by us previ-
quence, shows a remarkable conformational stability, since smallously3¢a result that seems to indicate that the activity of these

variations in the torsional angle C1Ne€7Nor-C1Ind—C2Ind catalysts is controlled mainly by geometrical factors and not
lead to considerable increases in the energies of the correspondsy the nature of the central metal atom. Finally, it should be
ing conformations due to steric hindrance with #eH of pointed out thamesel also shows a higher activity than CGC

norbornane. Itis then to be expected that metallocenes derivedin ethylene homopolymerization reactions (entries 1 and 13,
from ligand 2 should have a high restricted rotation of the Table 1).
norbornane-indenyl bonds. The effect of this characteristicis A very interesting result is obtained for the homopolymer
the fixing of the reactive center geometry during polymerization (entry 8) synthesized from the mixture of isomeais-1:mesel
reactions. (2.8:1). In this case, a very high molecular weight polymer
We have carried out ethyleastyrene copolymerizations with  (higher than 18 g-mol=1) is obtained. This is an ultrahigh
1 activated by MAO at several monomer-feeding ratios. The molecular weight polyethylene (UHMWPE), which is especially
results are summarized in Table 1. Data of copolymerizations interesting for specific applications. Indeed, UHMWPE has a
with CGC are also included in Table 1 for comparison. The unique combination of properties for its use under the strongest
copolymerizations have been carried out using both toluene andwear and environmental conditions. In fact, this polymer is
n-heptane as solvents but we obtained higher activities in known as the thermoplastic material with both highest impact
toluene, while styrene contents were comparable. Therefore,strength and resistance to abrasion. This combination of
only reactions in toluene are included in Table 1. properties makes UHMWPE an exceptional material for indus-
As expected, the styrene content in the polymers increasestrial applications and for its use as a wear face in orthopedic
with the concentration of styrene in the reaction conditions in implants in joint replacements.
all cases, but the incorporation of styrene is slightly higher when  The development of (metallocene) single-site catalysts has
CGC is used as catalyst (entries 2, 9, and 16 or 5, 12, and 17 ,made possible the examination of the relationship between the

Table 1). microstructure and the physical and chemical properties of
We have compared the catalytic propertiesnafsel, rac-1, polyolefins since these catalyst systems are able to produce

and a mixturerac-1:mesel = 2.8:1. As can be seemesel materials with homogeneous chemical composition distributions

shows higher activity, styrene content and yield thac1 or (CCD). In this context, crystallization analysis fractionation

mixtures of both isomers, being the differences in activity (CRYSTAF) is a powerful methodology to resolve the chemical
especially remarkable. In contrast, comparison of molecular composition of polymeric samplé$The CRYSTAF profiles
weights and polidispersity index do not lead to a clear ofthe samples obtained by norbornatedenyl catalyst syster&DV
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tested the activity of this catalyst in ethylengtyrene copo-
lymerization reactions and compared the results with those
obtained with CGC (Dow) catalyst. Although incorporation of
styrene in the polymer is slightly higher with CGC, we have
found thatmesel is, e.g., 1 order of magnitude more active
that CGC and also much more active than otivesatitanocenes
andansazirconocenes studied by us previously. Further work
in order to explore the relation between activity and stereori-
gidity in norbornane-indenyl metallocenes is actually under
way. With this catalyst system is also possible to obtain very
high molecular weight polyolefins, as UHMWPE, with very
interesting industrial and medical applications. In addition, the
CRYSTAF profiles of all the ethylenee-styrene samples

32
284 ;
24
20

dC/dT

20 30 40 50 60 70 80 90
T(°C)

Figure 1. CRYSTAF profiles of poly(ethyleneo-styrene) samples
obtained from the norbornanéndenyl catalyst systems exhibiting a

range of styrene comonomer incorporatiom) éntry 1 (0.0 mol), @) obtained from the qorbornaﬁmdenyl c_atalyst§ are narrower
entry 9 (1.0 mol), 4) entry 10 (1.7 mol) &) entry 11 (2.4 mol), ¥) and more symmetric than those obtained with other catalyst
entry 4 (2.9 mol), k) entry 12 (3.5 mol), and€) entry 5 (4.1 mol). system, which is related to unprecedented homogeneous chemi-

The inlet to the figure shows a linear correlation between the
crystallization temperature (peak of the distribution) and the styrene
content in the copolymers.

cal composition of the materials.

Experimental Section

241 All experiments were carried out under argon atmosphere using
= 1% ) .
3 22-24% flame-dried glassware and standard Schlenk techniques. Anhydrous
o 204 een A solvents were distilled under argon from sodium/benzophenone

ketyl. IH and?3C NMR spectra were recorded at 22 on Bruker
Avance 200-AC (200.1 and 50 MHz) spectrometéC NMR
spectra of the polymers were recorded at 10®n a Bruker DRX
500 spectrometer operating at 500 MHz. The samples were
dissolved in hot 1,2,4-trichlorobenzene (TCB) and benzgne-
Carbon signals and styrene contents were assigned according to
the literature referenc®.Chemical shifts are given in ppm relative
- ™ ~ e o to TMS (H, 0.0 ppm) and CDGI (*3C, 77.0 ppm). Coupling .
T (C) constants are given in hertz. IR spectra were ta_ken on a Perkin-
) i Elmer 781 spectrometer. Average molecular weidWisand M,
Figure 2. CRYSTAF profiles of poly(ethyleneo-styrene) samples  and molecular weight distributions were determined by gel per-
obtained from the CGC (open symbols) and norborraneeny! (close meation chromatography (GPC) using refractive index RI and
symbols) catalyst systems exhibiting a range of styrens Comonomerviscosity detectors in a Waters 150 CV Gel Permeation Chromato-
Incorporation. graph. The solvent used for the analysis was TCB, the flow rate
was 1.0 mL/min and the temperature was 145 The SEC-

mesel are shown in Figure 1. The distribution profiles are all yiscosity system was calibrated using monodisperse polystyrene
unimodal and extremely narrow. The narrow and symmetrical standards.

CRYSTAF prodfiles illustrated in this figure indicate that no drift Indene was distilled under argon before use. All other com-
takes place during the polymerization reactions irrespective of mercially available compounds were used without further puri-
styrene composition with the norbornariadenyl catalyst fication. 7-Norbornanone was prepared according to literature
system. This feature of the polymerization reaction points to proceduré? 7,7-bis(indenyl)norbornane was prepared from 7-nor-
an interesting homogeneity in the chemical composition of the bornanone following a general procedure described in the litera-
copolymers obtained. In addition, the correlation between the fture?

i ati ; [P Data for 7,7-Bis(indenyl)norbornane (2): IR (KBr) 3099,
crystallization temperature and the chemical composition is
clear. As it can be observed in the inlet to Figure 1, the 3065, 3043, 2959, 1456, 1392, 1286, 968, 768, 715'cH NMR

crystallization temperature, defined at the peak of the distribu- f_|220 OZI\I_AI)H 27‘.;:0D((t: ?;67.73'7'_1{2((1‘2‘3_{): ;ioH(i] 2=H)737 E’;‘; (gJH): 67 '636

tion, Ty, decreases linearly as the amount of styrene in the 1 j—21 Hz, 2H), 3.36-3.21 (m, 6H), 2.28-1.73 (m, 4H), 1.46-
copolymer increases. 1.10 (m, 4H);13C NMR (50 MHz, CDC}) 6 144.7, 144.4, 143.5,

On the other hand, the shape of the CCD of copolymers is 131.2, 125.3, 123.8, 123.4, 121.6, 57.6, 41.5, 37.4, 28.5; MS (EI)
also different from that obtained in the materials synthesized Mz 324 (M*, 45), 209 (60), 141 (82), 132 (41), 115 (100), 91 (30),
with CGC. In Figure 2, three pairs of copolymers obtained from 81 (54). o o _
both catalyst systems are compared. As it is clearly observed, .drac- and rr(]jeso[Norbornanel]7h7-bls(lndenyl)]ﬂtanlum Dichlo-
the copolymers synthesized from norbornairelenyl catalyst 2 883(:‘;‘;;;' wrzgsaodléé r(]:I-BbL;/tyS)I/triI!llgne] E)l\}nglg‘ m(iar)w(atgeé‘ls%ﬁjg:)l_n' of
mesel S:OW af veLy kk]l_orr’?ogeneous d|str|tl)ut|gn, Whlcrf] Clsé 1.006 g (3.11 mmol) o2 in 25 mL of THF at 0°C. After 30 h at
preserved even for the high styrene content. In the case of CGCyg o¢ the resulting solution was cannulated over a suspension of
system, the CCD broadens as the comonomer content increases;7g mg (3.11 mmol) of TiGlin 25 mL of THF at 0°C and the

) mixture was stirred 24 h at 25C. The solvent was evaporated in

Conclusion vacuo and the residue was taken up in 25 mL of CHThen 50
. . : mL of 6 N HCI were added at 78 °C and the mixture was stirred
t'tm this Wortk IW? ddegcrl(;)tfe the SygthESIS O'T'ha pa:vsa} f at 25°C during 30 min while air was bubbled through. The organic
ltanocene catalyst derived Irom norbornane. The inciusion o layer was separated and the aqueous solution extracted withsCHCI
the bicycle in the structure of the metallocene hinders the (5", 20 mL). The combined organic solutions were dried over
movement of the indenyl ligands and, as a result, a highly Mgso, and the solvent was removed under vacuum. The residue
stereorigid catalyst is obtained and the geometry of the reactivewas washed with hexane (variable amount of soluble unre&cted
center remains fixed all along the catalytic process. We have is recovered) yielding 0.54 g (40%) df (rac:meso= 26:74).CDV

16

124
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mesol is separated and purified from the mixture of isomers by References and Notes
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(m, 4H); °C NMR (50 MHz, CDC}) 6 134.7, 128.3, 127.4, 126.6, (3) (@) Longo, P.; Grassi, A.; Oliva, LMakromol. Chem199Q 191,
124.8, 124.7, 124.1, 117.6, 93.9, 59.3, 44.8, 40.0, 28.6, 26.4; MS 2387-2396. (b) Pellecchia, C.; Oliva, Rubber Chem. Techndl999
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. P N olym. Sci., Par 35, - . ernetz, F. G.; Nhaupt,
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