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Abstract

The ring-opening polymerization of bicyclo[2.2.1]-hept-2-ene (norbornene, NBE) is carried out with the metathesis catalysts
WClg/RLi, where R= Me-, n-Bu-, sec-Bu-, tert-Bu-, sec-Bu,-Cgo” ~, sec-Bu-CH,—C(Ph}~, PS™. The bulkiness of the R
chain of the co-catalyst, combined with the coordination of side substituents of R chain on the metal, increases the degree of
cis-stereoselectivity of poly(NBE), beyond those of the systems based op Whith are of intermediateis-content. The
range of the fraction ofis-double bonds varies from,. = 0.47 to an alleis-polymer ¢. = 0.96), and all the polymers
derived exhibited a blocky distributiom.{; > 1) of the double-bond dyads. In case oERPS™ an allcis-poly(NBE) was
formed. The observed order for this-stereoselectivity is:

PS™ > sec-Bu-CH,—-C(Ph)2~ > sec-Bu- > tert-Bu- > n-Bu- > sec-Bu,-Cgo*~ > Me-
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction on WCk is the WCE/n-BulLi first proposed by Wang
and Menapacd3] in the metathesis reaction of 2-

It is well known that ring-opening metathesis poly- pentene. The same catalytic system was used by Ivin
merization (ROMP) catalysts display a wide range of et al. in the ring-opening metathesis polymerization
stereoselectivity in bicyclo [2.2.1]-hept-2-ene (nor- (ROMP) of norbornene with a mole ratio of Wgbh-
bornene, NBE) polymerization affording polymers BulLiranging from 1/2 to 1/6 and the fraction of dou-
whose steric configurations at the double bondCC  ble bond havingis-structure g, varying from 0.48 to
varies from nearly altis to nearly allirans. The cat- 0.74, respectively2]. Beyond then-BuLi a series of
alytic systems most commonly used are based on W, co-catalysts have been used. Between them the most
Re and Ru halide compounds. Alls-polymers were ~ common is the W@SnRy (R = Me, Et, Bu, Ph)1].
produced from ReGl and alltrans-polymers were As it is referred in literature the nature of R group
produced from RuGl[1]. Polymers of intermediate  of the WCk/SnR, catalyst influences the stereoselec-
cis-content were produced from WiEbased systems  tivity of polymers produced. In the polymerization of
[1,2]. One of the most common catalytic system based cyclopentene the catalytic system W@EnR, for R =

Me, gaves, = 0.2 (+20°C), for R = Et gaveo, =
" * Corresponding author. Tels 30-6510-98392; 0.63 (~10°C), for R= Bu gaveo. = 0.75 (-10°C),
fax: +30-6510-98795. and for R= Ph gaves, = 0.88 (—20°C) [4]. Also,
E-mail address: ebokaris@cc.uoi.gr (E.P. Bokaris). the same catalytic system at ambient temperature in
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the polymerization of norbornene for R Me gave Aldrich Chemicals, methylalumoxane (MAO) from
o. = 0.49, and for R= Ph gaves, = 0.60[5]. To all Witco, and used without further purification. Bicyclo
these systems the nature of R group forming the metal- [2.2.1]-hept-2-ene (norbornene, NBE) (Aldrich) and
locarbene active center must be correlated with stere- styrene (Aldrich) were refluxed over Cakhnd dis-
oselectivity. Kress et al6] for the metathesis reaction, tilled under argon. Toluene was refluxed over metallic
reported that the activity and stereoselectivity of the Na, distilled and stored under argon. ‘iJiphenyl-
well defined complexes W(CHR)Lchanges with the  ethylene (DPE) (Aldrich), was used as received. The
L ligands and also changes with the structure of the Cgo (>99% from TechnoCarbo) was kindly supplied
R group in the order of R= Me > Et > iPr. These by Dr. C. Mathis (Institut C. Sadron, CNRS, Stras-
results are also consistents with Benzce’s theoretical bourg, France) and was stirred for several hours in
studieq7]. Recently, higltis (>90%)-polynorbornene  pure THF and recovered by centrifugation. This pro-
was obtained using WgISnMe, in dioxan [8], at- cedure was repeated until the THF remained colorless.
tributed to stereocontrol caused by the solvent. The Gsg was then dried under vacuum at 15D,
According to Ivin’s theory2] among the most se-
vere determining factors of selectivity of poly(NBE) 2.2. Polymerizations
which lead to the followingcis-double bond forma-
tion: All  polymerizations were conducted at room
temperature in a Schlenk tube under argon. The
catalyst/co-catalyst ratio was in the range from 1/2 to
1/4 for the BuLi isomers, 1/1 for BuCgo®~(Li ™),
(x = 6) and 1/2 for all the other co-catalysts used.
The WCk/monomer ratio was 1/50.
In a typical polymerization procedure of NBE with
the catalytic system Welsec-BuLi, 0.4 g (103 mol)
of WClg were added to the flask followed by injec-
In this work, we investigate extensively the influ- tion of 10ml of toluene and 1.5ml (2 103 mol)
ence of the substitutent R of the metallocarbene for of sec-BuLi (1.3 M). When the catalytic system was
an increase of theis-content of poly(NBE) carried  activated 4.7 g (506< 10~3mol) of norbornene, dis-
out with WCl/RLi systems. The results related to the solved in toluene, was injected. The reaction mixture
oxidation state of the metal center depend on the de- instantly turned to dark brown and became viscous.
termining factors of selectivity refereed above and are The polymer was precipitated with excess of methanol.
in agreement with Ivin's theor{2]. The stereoselec-  The precipitated polymer was collected, dissolved in
tivity of the poly(NBE) until now produced with the  a small amount of chloroform, and precipitated again
WClg-based systems, was of intermedieitecontent, as mentioned above. The methanol poured off and the
while our effort leads to an allis-poly(NBE). The polymer was dried under vacuum at &D.
catalytic systems used are based on Yvé&itivated
by the co-catalystsn-BuLi, sec-BuLi, tert-BulLi, 2.3. Synthesis of butyl-1,1-diphenyl-ethyleny
Bu-CH,—C(Ph}-Li, PS-Li, Bu-Cgo(Li)» (x = 6), lithium (Bu-CHo—C(Ph),~—Li™)
SnMe, and MAO, where the R group is direct coor-
dinated to the metal diminishing practically the role  The polymerization was carried out in a Schlenk

(a) Steric crowding at the metal center by ligands
other than the olefin favors the orientation of com-
plexed olefin and leads tws-double bond forma-
tion.

(b) The oxidation state of metal center. The higher
oxidation state favors the formation cs-double
bonds[1,3,4].

of the nature of the metal of co-catalyst. tube under argon. A total of 10ml of toluene
was added to the flask followed by 1.6 ml ¢
2. Experimental 10-3*mol) of sec-BuLi and 0.36ml (2x 10-3mol)
of 1,7-diphenylethylene (DPE) under efficient stir-
21. Materials ring. The color of the reaction mixture turns deep
red which is characteristic of the diphenylethylene
Organolithium compounds-Buli, tert-BulLi, sec- carbanions in toluene and was allowed to stir for

BuLi, SnMe and WCE were purchased from 1h.
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2.4, Synthesis of polystyryllithium (PS™—Li™) 3. Results and discussion

The polymerization was carried out in a Schlenk 3.1. The polymerization of NBE with the catalytic
tube under argon. A total of 10 ml of toluene was added system WCIg/RLi

to the flask followed by 1.1 ml (8 x 10-3mol) of

sec-BuLi. Then 4.4 ml of styrene was introduced tothe  According to Ivin's theory[2] poly(NBE)'s with
Schlenk tube under efficient stirring. The color turns  fraction ofcis-double bondg, up to 0.35, showed ran-
red—orange (yellow) which is characteristic of styrene qom distribution otis- andtrans-structures.r, = 1)
carbanions in toluene. The reaction lasted for 2h. Af- \yhjle polymers having, = 0.35-0.85 showed blocky
ter reaction, the solution of living anionic polystyrene gjstribution ¢.r, > 1) with r.r, values >5 in some
species in toluene was divided in two parts. One was cases. Also an increase @f increases or reduces
deactivated by methanol and characterized by GPC, ang /, values, respectively. For the interpretation of

the other was added to a toluene solution of WCl these results it was proposed that steric crowding of
the active sites leads both to high valuespfand to
2.5. 9ynthesis of Bu,-Cgo”~ (LiT), (x = 6) restriction of rotation about the metal-carbene bond
of the propagating metallocarbene species. This gives
A dark purple solution of 31.5mg (04375 x rise to kinetically distinct conformations which tend

10-3mol) of Cso in 30ml of toluene was prepared in o regenerate their own kind on addition of monomer.
a Schlenk tube, equipped with a magnetic stirrer, un- The fractiono,, of cis-double bond, the reactivity ra-
der argon atmosphere. After complete dissolution of tios, r. andr;, andr.r; values f.r; = 1 andrer; > 1
Cso, 0.3ml (035 x 10~ mol) of sec-BuLi (mol ratio  correspond to random and blocky distributionsisé
sec-BuLi/Ceo = 8/1), with a gas-tight syringe, was  andtrans-double bonds, respectively) in the polymer-
injected. According to Ederle and MatHB] because jzation of NBE with the catalytic system WERLi

of the stoichiometry ofec-BuLi/Ceo = 8/1 six butyl  are shown ifTable 1 Valuesr. andr,, express the dis-

groups add on gp. The excess of BuLi was used to tripution of thecis (c)- andtrans (t)-double bonds in
kill any impurities. The color turns to dark-brown and  the polymer chaint. = ttitc, r; = cc/ct [10]. As it is

the mixture was allowed to stir for 0.5h. seen from this table the catalytic systems used gave:
0.49 < o, < 0.96 (allcis-poly(NBE)) andr.r; > 1.
2.6. Measurements Plots ofr,, r, andr.r, against the fractiong . of dou-

_ ble bonds havingis-structure are shown iRig. 1. As
'H and 3C NMR spectra were obtained on a it shown inFig. 1 the dependence of, r, andr.r,
Bruker 250 MHz FT spectrometer operating at 250 on o, is consistent with Ivin’s theory for theis- and
(*H) and 62.89 MHz {3C). CDCk solvent provided  trans-directing metallocarbene species. The existence
the deuterium lock frequency. FGH NMR spectra  of cis-directing species, derived by the catalytic sys-
and'H-decoupledC spectra the conditions and the tems used, seems to be based on steric crowding of
procedure of calculations were those described by Ivin R group in the beginning of the reaction. This is also
etal.[2]. The results obtained BYC and"H NMR on consistent with Kress’§6] and Benzce’§7] experi-

the same sample gave the same value for the percenimental and theoretical studies mentioned before. As
of cis-double bonds. GPC data were obtained using it comes out fromo, values able 1 the observed

a Waters Associates 401 Liquid Chromatography ap- order ofcis-selectivity is:
paratus equipped with both, a Varian UV-50 detector
and a differential refractometer detector. The eluent
was CHC4 and ultrastyragel HR3 and HR2 columns
in series were used. Molecular weight calibrations > tert-Bu- > n-Bu- > sec-Bu,-Cgo' ™~ > Me-

were run against a polystyrene standard. ESR spectra

were performed on a Varian E-109 spectrometer at The order ofcis-selectivity parallels the order of
room temperature. Thg-values were estimated using bulkiness of R group. But two defects are observed.
1,1-diphenyl-2-picrylhydrazyl (DDPH) as reference. The first is with thesec-Bu,-Cgo*~ group which

PS> sec-Bu-CH—C(Ph),~ > sec-Bu-
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Table 1

Microstructure of the poly(1,3-cyclopentylenevinylene)’s obtained with }Mgzlsed catalytic systems

Run Catalytic system o re r rels Type of doule

bond distribution

1 W(Clg/n-BulLi (1/2) 0.54 1.80 1.39 2.50 Blocky

2 W(Clg/sec-BuLi (1/2) 0.62 2.95 1.47 4.34 Blocky

3 WClg/tert-BuLi (1/2) 0.56 1.97 1.35 2.65 Blocky

4 WClg/n-BuLi (1/4) 0.68 4.34 1.52 6.60 Blocky

5 W(Clg/sec-BuLi (1/4) 0.71 4.60 1.32 6.07 Blocky

6 W_Clg/tert-BuLi (1/4) 0.69 4.29 1.43 6.13 Blocky

7 WClg/Bu-CH—C(PhyLi (1/2) 0.80 7.05 1.02 7.19 Blocky

8 W(Clg/sec-Bu,-Cgo(Li) . (X = 6) (1/2) 0.52 1.56 1.38 2.15 Blocky

9 WClg/PSLi (1/2} 0.96 - - - Blocky
10 WCE/MAO (1/1.5) 0.49 1.37 1.48 2.02 Blocky
11 WCk/SnMe; (1/2) 0.47 1.40 1.71 2.39 Blocky
12 WCly 0.81 8.5 1.24 10.54 Blocky

aIn polymers witho, = 0.85-1.00, ther.r, value is difficult to determine because of thepeak becomes lost in the side of tbe
peak in thecis-olefinic region[2]. All polymerizations were carried out in ambient temperature and finished in few minutes. In all cases
consumption of monomer was 100% except in cases of M@H WCk/sec-Bu,-Cgo(Li)» finished in 16 and 2h and yield of polymer
produced was 16 and 45%, respectively.

should be aftersec-Bu-CH,—C(PhY~ and before W, (Cl5); (x = 6). This effect works to the opposite
sec-Bu-. The second is between the BuLi isomers. direction because it makes difficult the insertion of the
Let us first examine the case eéc-Bu,-Cgp*~ monomer to the bond W-g. The reaction is not fast,
(x = 6) group. This result is really surprising because the yield falls, and the monomer insertion facilitates
a bulky substituent as thsec-Bu,-Cgo”~ does not
lead to highcis-content of poly(NBE). This, is ex-
plained by the very crowding environment which sur-
rounds the W—gg coming as it is shown iScheme & @)
and b, from the star architecture efc-Bu,-Cgp®~

Fe, rt! rcxrt
[e)]

0.4 05 0.6 0.7 0.8
O

Fig. 1. Plots ofr. (@), r, (J) and r.r, (A) against the frac-
tion of double bonds havings-structure,o . for WCle/RLi-based
systems. Values aof,, r, andr.r, are shown inTable 1 Scheme 1.
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the formation of arans-intermediate. The formation
of the sec-Bu,-Cgo”~ W, (Cls), is evaluated through
the addition of BuLi on @o. There are six symmet-
rical places on the buckminsterfullerenes{for the

addition of BuLi. The addition of BuLi forms six
symmetrical, Go® (Lit)g ion pairs[9]. In this ion

pair bond the WG is added forming the W—C bond.

267

association, free BulLi is released, and the initiation
rate was faster for theec-BuLi than thetert-BulLi,
because of the greater stability of the ion pair in the
latter[12].

The same factors explain the order of BuLi con-
cerning cis-stereoselectivity. The dissociation of the
sec-BuL.i takes place more easily than the correspond-

The six symmetrical W—-C bonds present the same ing tert-BuLi. So the initiation rate for theec-BuLi/

possibility for an endo- or exo-addition of norbornene
forming equal amounts otrans- and cis-double

WClg increases relative ttert-BuLi/WClg, favoring
the cis-selectivity. The slower formation of the active

bonds. The detailed study of these species is in center to the systemert-BuLi/WClg facilitates the ro-

progress.

As mentioned before, in the case of PSLi and sec-

Bu-CH,—C(Ph}Li, high cis-stereoselectivities are ob-

tation of the monomer from the favoringjs-position
to thetrans, relative to the active center which is more
stable. Finally, theis-selectivity for then-BulLi is nor-

tained. This could be explained by means of both, the mally lower than thesec-BuLi andtert-BuLi because

steric crowding around the metallocarbene species butof the higher degree of association and probably the
also by the coordination of the metal by one aromatic lower steric effect on the intermediate metallocyclobu-
double bond of the polystyryl groupgS¢heme a), tane. The degree of association explains the increase
which occurs in the beginning of the reaction. This is of the cis-selectivity when the ratio of W@IBuLi in-
similar to thecis-directing species§cheme B) pro- crease from 1/2 to 1/4Téble 1) because this favors
posed by Ivin et al[2] favoring thecis-addition of the decline of the ratio of W@IBULI to the real ratio
monomer. The coordination of the aromatic double which is necessary for the formation of active center.
bond on the metal, concerning the Ziegler—Natta type The results for the ratio 1/4 is quite parallel to that
catalysts, is also assumgt]. of 1/2.

The latter case, concerns the BuLi isomers. Asitis  Finally, in case of R= Me, with both the co-
observed the series is reversed betwssrBu- and catalysts SnMgand MAO theos . is 0.47 and 0.49, re-
tert-Bu-. The same order was observed by Hsieh and spectively. Thes. value for the system W@ISnMey
Quirk [12] concerning the relative reactivities of BuLi is close to that found for the same system by Greene
isomers, used as initiators, in the anionic polymer- et al. . = 0.48)[5]. Theses . values were expected
ization of dienes. The reactivity there was explained as result of the low bulkiness of Me group. In case of
on the basis of degree of association of alkyllithi- MAO as co-catalyst, which is an oligomer, it could be
ums. The degree of association for théBuLi is 6 a steric agent but as it was supported the co-catalyst is
and for thesec-BuLi and tert-BulLi is 4. Also aro- not coordinated directly at the metal so it cannot influ-
matic solvents tends to decrease the average degree oénce the choice of the monomer entering the cage be-
ing unable to dictate the type of metallacycle formed
[8]. An opposite case is that &ficheme a.

3.2. The formation of active center

The formation of the active center of the above
mentioned catalytic systems follows the series shown

” /H\ in Scheme 3The 'H NMR resonances during the
w = activation of the catalytic system WgBULI, sup-
ported the findings of other researchgt8]. The 1H
NMR of sec-BuLi gave the resonances of the methy-
lene and methine protons at 1.50-1.56 pfid]. By

the addition of WG} broad resonances appeared at
2.1-2.3, 2.7-2.9 and 3.7 ppm which were attributed

(b)

Scheme 2.
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BuLi

WClg —® BuWCls—® WCls——® BuWCl,

-BuCl
BuLi

WCl, v
BUQWC14

-Bu

v

metallacarbene

Scheme 3.

to BwpWCly, BUWCl, and BuWCE, respectively

3.3. Oxidation states of the W atom in ROMP

[13d,13€] Also the resonances appeared at 3.4 and catalysts based on WClg

1.7 ppm attributed to the methine and methylene pro-
ton of sec-BuCl, respectively, and a peak at 5.3 ppm
attributed to the methine proton of double bond
of 2-butene. Analogous results were obtained with
n-BulLi. In case ofn-BuLi a peak obtained at 9.9 ppm
attributed to the methine proton of metallocarbene.
The 'H NMR results confirms the metallacarbene
product of Scheme 3Between the reaction products
during the activation of catalytic system lies WCI
(Scheme Band we have to take into account its stere-
oselectivity. According to Balcar and coworkgis$],
the presence of W¢lyield high content otis-double
bonds. InTable 1 the fraction ofcis-double bonds,
in the polymerization of norbornene with the catalyst
WCly is 0. = 0.81. But the catalytic activity of WG|
is very low and slowly reaches a yield of 16% after
16 h. Since the polymerizations of norbornene with
the catalytic systems Wg/RLi were carried out im-
mediately the slow catalytic activity of WgFormed
does not affect the selectivity of our catalytic systems.
In case of the R groupgert-Bu, sec-Bu-CHy,—C-
(Phy~, sec-Bu,-Cgp®~ without ana-H to form the
metallocarbene, as it is concluded frém NMR out-
comes, the first step is the insertion step, the addi-
tion polymerization of monomer on active center and
then the metallocarbene is generat8dieme % The
ratio of [Haliphatid/[H doublebond for a pure metathesis
polymerization of norbornene is 1/4, and in case of
sec-Bu-CH,—C(Ph)~, tert-Bu andsec-Bu,-Cgo®~ is
1/4.1, 1/4.2 and 1/6, respectively.

A second factor, as mentioned above, affecting
the cis-stereoselectivity is the oxidation state of the
transition metal. Some authors assumed that the prop-
agating species resulting from Wgbased catalytic
systems are in the IV oxidation state? @ectron con-
figuration)[16] and others that they are in the V state
[4,15,17] According to the Dragutan’s findingsgl]
the WCk-based catalysts, when the W atom are in a
high oxidation state (V-VI) areis-directing species,
while when W are in the low oxidation state (lll)
they aretrans-directing species. The former exhibits
an octahedral configuration which has low electron
density at the transition metal centet @d & elec-
tron configuration, respectively) and consequently, the
electron deficiency at the orbital level,(d d,, dy;)
imposes severe restrictions upon bond rotation and
geometry relaxations. The low oxidation state (lll) on
the other hand exhibits a trigonal—-pyramidal configu-
ration which permits olefin rotation as a result of the
relatively high electron density at the metal centé (d
configuration) and the diminished character of the
W-carbene bond.

In Table 2 the ESR investigation of the catalytic
systems is presented. In these systems W(V) param-
agnetic species are generated. The correspondence of
the g-values of the catalytic system to the oxidation
state of the metal followed the Dragutan and cowork-
ers assignmentgl,17]. They supported that the exis-
tence and the intensity of W(V) paramagnetic species
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V4

O

Scheme 4.

correlated fairly well with the catalysis-stereoselec-  initially considerable, decreased dramatically during
tivity [4]. They correlated directly the appearance the first moments of interaction. In our case of the
of these species with the polymerization process be- norbornene, being a very active monomer, metathesis
cause these species detected during the interactionpolymerization process is carried out in seconds, is
of cyclopentene with the catalytic system. They also impossible these species during polymerization to be
mentioned that concentration of these species, thoughdetected.

Table 2

The g-factors and formal oxidation state of catalysts derived from y\W@id RLi compounds

Run Catalytic system Factog)( Oxidation state
1 WClg/sec-BulLi (1/1) 1.866 \

2 WClg/n-BuLi (1/2) 1.966, 1.806 V, V

3 WClg/tert-BuLi (1/2) 1.962, 1.806 V, V

4 WClg/PSLi (1/2) 1.880 \

5 W(Clg/sec-Bu-CH,—C(PhLi (1/2) 1.963, 1.806 vV, Vv

6 WClg/Bu,-Co(Li)x (x = 6) (1/2) 1.960, 1.806 Vv, V
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As it is shown inTable 2the catalytic systems
used exhibits a high oxidation state, the metal is in

the W(V) state and a variety a@is-stereoselectivities

of the poly(NBE) produced is obtained, with,
values from 0.52 to 0.96. The W(V) paramagnetic
species produced seems to be consistent with metal-
lacarbene formationgcheme 3B confirmed by NMR
results. Our results are in agreement to those findings
which accept that the W(V) paramagnetic species are
cis-directing species. The above mentioned data prove
clearly that beyond the oxidation state of the metal,
the action of R group is important for determining the
stereoselectivity.

3.4. The polymerization of norbornene with the
catalyst WClg/PLi

The ring-opening metathesis polymerization
(ROMP) of cyclopentene with the catalytic system
WClg/PSLi was reported by Amass and coworkers
[18] and was used for the transformation reaction
from anionic to metathesis to prepare block copoly-
mers of styrene and acetylene, and in this way to
synthesize soluble conducting polymers. Investiga-
tions of Thorn-Chanyi et al[19] found that the
polystyryl group of the co-catalyst is only incorpo-
rated in insignificant amount, if at all, in the high
molecular weight polypentanamers. Though the poly-
mer contained only up to 0.4 mol% styrene units it
still remains a very promising catalytic system for the
preparation of block copolymers of acetylef].
However, the system Wg/PSLi has never been used
for the polymerization of NBE.

Our interest is to investigate the ROMP of nor-
bornene with the system W§IPSLi and study the in-
fluence of polystyryl group in theis-stereoselectivity
of norbornene.

In Fig. 23 the results of exclusion chromatography
of polystyryl group which in turn is complexed with
the WCk are exhibited. IrFig. 2k the chromatogram
of polymers produced with the catalyst W(RSLi is
presented. Determination of molar masses are shown
in Table 3

By fractionation of the products with GG®H/CHCL
(/1) shown inFig. 2h the products ofFig. 2c
and dwere obtained. Thé*C NMR spectrum of the
product fraction ofFig. 2c exhibits its resonances at
134.27 with traces at 133.42 ppm (olefinic region), the

Catalysis A: Chemical 192 (2003) 263-273

RI Detector

PS
a
4 1 I
PS-NBE
2
=
=)
g P-NBE
£
=
<
b
P-NBE
¢
L
PS-NBE
d
i 1 i
20 15 10

Elution Volume (ml)

Fig. 2. GPC elution curves: (a) PSLi produced with BuLi; (b)
a mixture of PS, PS—-PNBE, PNBE obtained with WeSLi
catalyst. In parts ¢ and d is shown the fractions obtained after
treatment of products of chromatogram b with CE/CH3;OH
(1/1); part c is attributed to PNBE and part d to PS (peak I) and
PS—PNBE (peak ).

methylene resonances at 42.89 and 33.27 ppm, and the
methine resonances at 38.84 ppm which confirms that
an allcis-poly(NBE) is produced. More informations
for the microstructural features of polynorbornene
produced, and the mechanism of polymerization,
were obtained after the examination of %€ NMR
spectra of thdrans-olefinic region Fig. 3.
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Table 3
Determination of molar masses produced by reactingL®$ with
WClg

Polymer Sec (RI) D
Mw Mn Mw/Mn

PS 1,030 930 11 -

PNBE 305,400 224,000 1.36 -

PS—-PNBE 6,030 4,920 1.22 3

D is the ratio$;/S, whereS; andS, are the areas under the Bi¢
traces for the PS (parent) and PS—PNBHg( 3d), respectively.

In Fig. 33 the 13C NMR spectra of double bond
region of poly(NBE) produced by Re£J1] which is
also acis-directing catalystd{. = 0.81) is presented
while in Fig. 3k the corresponding olefinic region of
poly(NBE) produced by WGIPSLi is shown.

In catalytic systems promoting poly(NBE) with
high cis-content there is a tendency forans-double

tct/cce
b
a
et gerete
ctt
ttc
L) T R I J _l I
135 134 133 135 134 133

Fig. 3.13C NMR spectra (double bond region) of PNBE’s produced
with (a) ReCk, 20°C [1]; (b) WCls/PSLi, 20°C.
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bond to occur in pairs, i.ectt sequences tend to be
preferred tacte. So in13C NMR spectrarans-olefinic
carbons have a high proportion ¢t and ctt car-
bons relative tottt and ctc. This was explained by
Ivin and coworkerg5] with the proposed mechanism
(Scheme §} by the two main modes of metallacy-
clobutaneB rupture which have been postulated to
explain the stereoselectivity of reaction products.
MetallacyclobutaneB is derived fromcis-directing
metallacarbené\(c). According to the first mode of
rupture Scheme % (conrotatory or parallel align-
ment of carbon double bond formed to metallacar-
bene) leads to the formation of chiral conformations
C(c) of the intermediate metallacarbene, similar to
A(c), and seems to be characteristic of more elec-
tronegative transition metals. This rupture leads to
high cis-polymers. The second mode of rupture
(Scheme b (disrotatory or orthogonal alignment of
carbon double bond formed to metallacarbene) leads
to the formation of achiral conformatiori3(t), E(t)

of the intermediate metallacarbene which #rans-
directing and seems to prevail for less electronegative
metals.

In our case Fig. 3b) it is shown thattt/ctc line is
not smaller but it is approximately of the same in-
tensity withttc/ctt lines. To explain this we make the
assumption that, in the beginning steps of the reaction,
the bulkiness of polystyryl group and the coordina-
tion of double bond of phenyl group on the metal
(Scheme 2) inhibits the formation ob(t), at least in
the extension of the corresponding cas&oheme 5
Moreover, the existence of three peatts, ttt/ctc,
ctt indicate that the microstructure of poly(NBE) is
cis-syndiotactic[2,8] proving the stereocontrol of the
reaction.

In chromatogram,Fig. 2d peak | is attributed
to the initial polystyrene produced (PSLi) and then
complexed to WGQ. The 13C NMR spectrum of the
product ofFig. 2d consist of three major absorptions,
147.2, 146.8 and 146.3 ppm, which were assigned to
the mm, mr andrr triads of the aromatic Ccarbon
of polystyrene[20]. The 3C NMR spectrum also
exhibits an absorption at 133.88 ppm attributed to
cis-poly(NBE). In addition broadening of the peak is
observed in the methine and methylene region (40.9
and 43.2 ppm, respectively) indicating that the poly-
mer is not a mixture of polystyrene and poly(NBE)
but a copolymer between them. The content of NBE
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Scheme 5.

unit in the copolymer was calculated from théC 4. Conclusion
NMR spectrum, comparing the aromatic and olefinic
region of polystyrene and poly(NBE), respectively, In the polymerization of norbornene with the cata-
and taking into account the ratid (Table 3, esti- lysts WCE/RLI, the bulkiness of R chain and the co-
mated to be 7%. ordination of side substituents of R chain on the metal
Finally, the resultant molecular mass distribution is proved determing factors ofkis-stereoselectivity.
the familiar bimodal one referred to poly(NBE)’s pro- Although, with all the catalytic systems used, a
duced with WC}-based catalytic systenjg1]. This W(V) paramagnetic species is produced leading to
does not indicate that there are two different catalyt- cis-poly(NBE), the variety of theis-stereoselectivities
ically active species but the oligomer/polymer ratio obtained depend on the above mentioned two factors.
controlled by a ring chain equilibrium. The narrow This is confirmed in the case of the catalytic system
molar mass distribution of 1.36 for poly(NBE) and WClIg/PSLiwhich leads to an allis-poly(NBE) and in
the shape of chromatogram indicate that the very fast the case of WG@/sec-Bu-CH,—C(Ph)Li which leads
reaction favors the competition between the propa- to a highcis-content poly(NBE). Less bulky groups
gation and the intramolecular reaction in equilibrium as the Bu and the Me groups leads to poly(NBE)
amounts of polymer and oligomer of standard compo- with less cis-content, respectively. Contrary, in the
sition excluding a large series of various oligomers. case of W(G/sec-Bu,-Cgo(Li)x (x = 6), although a
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bulky group appears, theis-content of poly(NBE)
obtained, is not similar to that of WgPSLi and
W(Clg/sec-Bu-CH,—C(PhLi. This was attributed to
two factors: the first being the very strong crowding
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[5] R.M.E. Greene, J.G. Hamilton, K.J. Ivin, J.J. Rooney, Makro-
mol. Chem 187 (1986) 619.

[6] J. Kress, M. Wesolek, J.A. Osborn, J. Chem. Soc., Chem.
Commun. (1982) 514.

[7] L. Bencze, R. Szilagyi, J. Organomet. Chem. 81 (1995) 505.

surround the metal which does not permit the easy ac- [g] B. Al Samak, V. Amir-Ebrahimi, D.G. Corry, J.G. Hamilton,

cess of the monomer to the metal because of the star

architectures formedScheme L The second is the
destroyed conjugated structure afg@vhich does not
permit the formation of intermediate &cheme 2.
Finally, steric factors ofcis-stereoselectivity also
explain why, the highcis-content poly(NBES) pro-

duced with the catalytic systems used, does not give

the tendency to the centralans-peak of the olefinic
region to diminish. This last point is confirmed BC
NMR (Fig. 3b.
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