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bstract

Addition polymerization of 5-trimethylsilyl- and endo-, exo-5,6-bis(trimethylsilyl)-norbornenes was studied in the presence of Ni-based catalytic
ystems: [�-C5H9NiCl)2]-Et3Al2Cl3, Ni(II) naphtenate-methylaluminoxane (MAO) and (�-C5H9NiCl)2-MAO. Completely saturated and soluble
n aromatic solvents poly(5-trimethylsilyl-2-norbornene) was obtained with the yields up to 80%. In the course of the reaction exo-conformer was

onsumed much faster than endo-form independently of the type of catalytic system employed.

Exo-,endo-5,6-bis(trimethylsilyl)-2-norbornene was practically inactive in the presence of the studied Ni-catalysts. At the same time its addition
opolymerization with norbornene and 5-n-hexyl-2-norbornene could be readily realized.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Earlier we have shown that norbornenes (and norborna-
ienes) bearing Me3Si-groups can be easily polymerized via
etathesis route (ROMP) in the presence of simple little-defined

atalytic systems on the basis of Ru, W and Re compounds
Scheme 1) [1,2].

Polycarbosilanes obtained had good film-forming and gas
ransport properties [2–5]. Systematic physico-chemical inves-
igations of a series of metathesis polynorbornenes bearing dif-
erent side substituents evidenced that exactly Me3Si groups
inked up directly with the main chain were responsible for high

embrane parameters [2]. However, the presence of a double
ond in each monomer unit imparts to these polymers some dis-
dvantages in particular a rather high chemical activity and poor
hermooxidative stability.

The goal of this work was a synthesis of completely saturated
olynorbornenes having Me3Si-substituents as side groups. For

his aim we have used the addition polymerization of corre-
ponding Me3Si-containing norbornenes. In general addition
olynorbornenes are of interest as highly transparent materials
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uitable for various optical applications [6,7]. Their gas transport
arameters are also actively investigated [8].

. Experimental

.1. Materials

All manipulations involving air- and moisture-sensitive
ompounds were carried out under an atmosphere of dried
nd purified argon using standard Schlenk and vacuum-line
echniques. Toluene was dried over sodium metal and then
istilled under argon. Methylaluminoxane was received from
ldrich and used as commercial 1.4 M solution in toluene.
thylaluminum sesquichloride (Et3Al2Cl3) was purchased from
ldrich and used as a toluene solution. Pentenylnickel chloride

(�-C5H9NiCl)2] was prepared according to literature procedure
9]. Nickel naphtenate [(Nph)2Ni] was received from synthetic
ubber plant in Yefremov (Russia). Norbornene (99%, Aldrich)
as dried over sodium metal and used as a solution in toluene. 5-

-Hexyl-2-norbornene (endo/exo = 78/22) was received as a gift
f BF Goodrich Co. and distilled over CaH2. 5-Trimethylsilyl-
-norbornene was synthesized by Diels–Alder reaction of
icyclopentadiene and vinyltrimethylsilane according to the

dx.doi.org/10.1016/j.molcata.2006.04.035
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Table 1
13C NMR assignments for copolymer of 5-trimethylsilyl-2-norbornene
(NBSiMe3) and norbornene (NB)

NBSiMe3 NB

Carbon δ (ppm) Carbon δ (ppm)

1, 4, 2, 3 38–56 2, 3 46–56
7 34–38 1, 4 38–46
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nene and norbornene: 1H NMR (CDCl3) (ppm): 2.0–3.0
(C1H,C4H); 0.5–2.0 (C2H,C3H,C5H,C6H2,C7H2), 0.07, 0.00
(SiMe3); For details of 13C NMR (CDCl3) see Table 2.

Table 2
13C NMR assignments for copolymer of endo-,exo-5,6-bis(trimethylsilyl)-2-
norbornene (NB(SiMe3)2) and norbornene (NB)

NB(SiMe3)2 NB

Carbon δ (ppm) Carbon δ (ppm)
Scheme 1. ROMP of silyl-containing norbornenes.

iterature procedures [10]. Endo-,exo-5,6-bis(trimethylsilyl)-
-norbornene was prepared according to the previous reported
ethod [2]. The Si-containing monomers were passed through

urification column with neutral aluminum oxide for chro-
atography (Fluka) and distilled over CaH2 in vacuum before

se. All monomers were stored under argon atmosphere.

.2. Characterization

NMR spectra were recorded on a Bruker MSL-300 spectrom-
ter operating at 300 MHz for 1H and on a Varian Unity Inova
00 operating at 125 MHz for 13C. Each polymer sample was
issolved in CDCl3 up to a concentration of 10%. Chemical
hifts values are reported in ppm using chloroform as an inter-
al reference (1H: 7.24 ppm for residual protons; 13C: 77 ppm
or central peak). Model spectra for all of investigated polymers
ere calculated with Scientific Software ACD/HNMR DB.
IR spectra were obtained with a Specord M-82 spectrometer

n KBr plates. Gel-permeation chromatography (GPC) analy-
is of the polymers was performed on a Waters system with a
ifferential refractometer (Chromatopack Microgel-5, toluene
s the eluent, flow rate 1 ml/min). Molecular mass and poly-
ispersity were calculated by standard procedure relative to
onodispersed poly(styrene) standards. Differential scanning

alorimetry (DSC) was performed on Mettler TA 4000 system
t a heating rate 20 ◦C/min. The exo- and endo-5-trimethylsilyl-
-norbornene isomers composition in the final polymeriza-
ion mixture was determined using gas–liquid chromatography
GLC). GLC data were obtained on capillary column SE-30
50 m) and a FID detector. (The sample was preliminary dis-
olved in 1 mL of methanol.)

.3. Polymerization of Si-containing norbornenes and
opolymerization with norbornene in the presence of
atalytic system (π-C5H9NiCl)2-Et3Al2Cl3

Polymerization was carried out in a 10 mL glass ampoule
quipped with a magnetic stirrer. The ampoule was preliminary
urged in vacuum and filled with argon, and then the appro-
riate amounts of (�-C5H9NiCl)2 and Et3Al2Cl3 as solutions in
oluene were introduced into ampoule. In standard runs the Al/Ni
atio was 3. The mixture was kept at polymerization temperature

or 10 min before the addition of the monomer. After stirring in
arkness for a time needed, the polymers were precipitated by
cidified ethanol (ethanol–HCl, 10:1). The resulting polymers
ere separated, washed by several portions of ethanol and dried

1
7

5

, SiMe (−2)–3 7 34–38
5, 6 31–36

n vacuum at 80–90 ◦C up to a constant weight. Copolymeriza-
ion runs were carried out in the same way with equimolar mix-
ures of norbornene and appropriate Si-containing norbornene.

.4. Polymerization of Si-containing norbornenes and
opolymerization with norbornene or
-n-hexyl-2-norbornene in the presence of catalytic systems
π-C5H9NiCl)2-MAO and (Nph)2Ni (II)-MAO

In a typical procedure, the toluene solution of nickel com-
lex and monomers were introduced into a round-bottom glass
mpoule (10 mL). Polymerization was initiated by adding of
oluene solution of MAO (Al/Ni was 100). The reaction mixture
cquiring red-brown color was continuously stirred in darkness
or an appropriate period at ambient temperature. Polymeriza-
ion processes were stopped with adding of the acidic ethanol.
olymers were separated as showed above. Copolymerization
uns were carried out on the same way with equimolar mixtures
f norbornene or 5-n-hexyl-2-norbornene and Si-containing nor-
ornene.

Poly(5-trimethylsilyl-2-norbornene): 1H NMR (CDCl3)
ppm): 2.0–3.2 (C1H,C4H); 0.8–2.5 (C2H,C3H, C5H,C6H2,
7H2), 0.05 (endo-SiMe3); −0.03 (exo-SiMe3); 13C NMR

CDCl3) (ppm): 48–60 (C2,C3); 40–48 (C1,C4); 28–44 (C6,C7);
–4 (C5, SiMe3).

Copolymer of 5-trimethylsilyl-2-norbornene and nor-
ornene: 1H NMR (CDCl3) (ppm): 2.0–3.0 (C1H,C4H); 0.5–2.0
C2H,C3H,C5H,C6H2,C7H2), 0.00 (endo-SiMe3); −0.05 (exo-
iMe3). For details of 13C NMR (CDCl3) see Table 1.

Copolymer of endo-,exo-5,6-bis(trimethylsilyl)-2-norbor-
, 4, 2, 3 36–56 2, 3 44–56
32–34 1, 4 38–42

, 6, SiMe (−2)–3 7 36
5, 6 30–33
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Table 3
13C NMR assignments for copolymer of endo-exo-5,6-bis(trimethylsilyl)-2-
norbornene (NB(SiMe3)2) and 5-n-hexyl-2-norbornene (NB)

NB(SiMe3)2 NBC6H13

Carbon δ (ppm) Carbon δ (ppm)

1, 4, 2, 3 34–46 1, 4, 2, 3 34–46
7
5

n
1
0
(

3

s
n
i
c
i
a

p
d
b
l
n
t
c
d

(
t
t
p
r
S
u
i
n
o
r

T

t

S

m
a

o
p
c
a
i
h
p
(

2
u
b
p

c
5
s
t
u

m
c
c
n
a
b

d
d
o
m
n
c
p

f

L

32–34 5, 6, 7 28–34
, 6, SiMe (−2)–3 C6H13 14, 22, 30–34

Copolymer of endo-,exo-5,6-bis(trimethylsilyl)-2-norbor-
ene and 5-n-hexyl-2-norbornene: 1H NMR (CDCl3) (ppm):
.8–3.0 (C1H,C4H); 0.5–2.0 (C2H,C3H,C5H,C6H2,C7H2),
.86, 1.25 (C6H13), 0.05, 0.00 (SiMe3); For details of 13C NMR
CDCl3) see Table 3.

. Results and discussion

We studied a behavior of silicon-containing norbornenes,
uch as 5-trimethylsilyl- and endo-,exo-5,6-bis(trimethylsilyl)-
orbornenes under the conditions of addition polymerization
nitiated by some Ni- and Pd-containing catalytic systems. The
atalysts of this type have already demonstrated high activity
n addition polymerization of unsubstituted norbornene and its
lkyl derivatives [6,7].

The norbornenes bearing one or two Me3Si-groups were
repared by using Diels–Alder reaction of cyclopenta-
iene either with trimethylvinylsilane or with trans-1,2-
is(trichlorosilyl)ethylene (in this case Diels reaction was fol-
owed by methylation of endo-,exo-5,6-bis(trichlorosilyl)-2-
orbornene obtained first). GLC analysis indicated that 5-
rimethylsilyl-2-norbornene had 1:1 ratio of endo- and exo-
onformers, whereas 5,6-bis(trimethylsilyl)-2-norbornene was
efined as pure endo-, exo-isomer.

The known Pd-containing catalytic systems: {(�3-allyl)Pd-
SbF6)} [11] and �,�-bicyclic complex [NB(OMe)PdCl]2 [12]
urned out to be practically inactive in polymerization of 5-
rimethylsilyl-2-norbornene. On the contrary, Ni-based com-
lexes displayed a real activity in respect to this monomer. As a
esult saturated cyclolinear polymers were formed according to
cheme 2 of addition polymerization. The absence of any unsat-
ration in these polymers was confirmed by both IR (no bands
n 1620–1680 cm−1 region) and 1H NMR spectroscopy (no sig-
als at 5–6 ppm). Assignment of 1H and 13C NMR resonances
f synthesized polymers was made with the help of assignments
eported in [13] and model spectra (see Section 2).
Some details of polymerization process are represented in
able 4.

GLC analysis of the final polymerization mixtures indicated
hat in the course of the reaction exo-conformer was consumed

cheme 2. Addition polymerization of 5-trimethylsilyl-2- norbornene.
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uch faster than endo-form independently of the type of cat-
lytic system employed.

Addition poly(5-trimethylsilyl-2-norbornenes) were
btained with the yields up to 80%. All of them were com-
letely soluble in aromatic solvents. Among the Ni-based
atalytic systems presented in Table 4 Ni(II)naphtenate-MAO
nd (�-C5H9NiCl)2-MAO are more active. Polymers prepared
n the presence of Ni(II)naphtenate-MAO catalyst had the
ighest molecular weights and demonstrated good film-forming
roperties. They did not show any glass transition up to 300 ◦C
DSC).

It should be noted that polymerization of 5-trimethylsilyl-
-norbornene proceeded substantially slower than that of
nsubstituted norbornene. At the same time endo-,exo-5,6-
is(trimethylsilyl)-2-norbornene was practically inactive in the
resence of Ni catalysts presented in Table 4.

Nevertheless, both mentioned monomers turned out to be
apable to take part in copolymerization with norbornene and
-n-hexyl-2-norbornene (Table 5). According to its 1H NMR
pectrum, the copolymer prepared from equimolar mixture of 5-
rimethylsilyl-2-norbornene and norbornene contained 42 mol%
nits of silyl-derivative.

Unlike the total inactivity of endo-,exo-5,6-bis(tri-
ethylsilyl)-2-norbornene in addition homopolymerization, its

opolymerization with norbornene and 5-n-hexyl-2-norbornene
ould be readily realized in the presence of catalytic system Ni
aphtenate-MAO (see Table 5). Copolymers with norbornene
nd 5-n-hexyl-2-norbornene contained 32 and 25 mol%
is(trimethylsilyl)-units respectively.

GPC analysis confirmed the formation of copolymers by
emonstrating unimodal and rather narrow molecular weight
istribution for all the polymers obtained in this study. The data
f Tg for the majority of synthesized polymers are not infor-
ative (Tg ≥ Td). However endo-,exo-5,6-bis(trimethylsilyl)-2-

orbornene, incapable to give addition homopolymers, could
opolymerize with 5-n-hexyl-2-norbornene giving polymer
roduct with Tg = 212 ◦C.

The structures of copolymers obtained can be depicted as
ollows:

ower activity of 5-trimethylsilyl-2-norbornene as compare
ith that of unsubstituted norbornene and a total inactiv-

ty of endo-,exo-5,6-bis(trimethylsilyl)-2-norbornene in addi-
ion polymerization can be explained by steric hindrances
nduced by Me3Si-groups in endo-conformation. It is known
hat norbornene derivatives produced by Diels–Alder reaction
re enriched, as a rule, by endo-forms. Usually the conforma-

ion of substituted norbornene does not have any considerable
ignificance for ROMP process. However, for addition type pro-
ess, the possibility of polymerization as well as its rate to
great degree depends on the presence of monomer in exo-
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Table 4
Addition polymerization of 5-trimethylsilyl-2-norbornene by Ni-based catalytic systems at 20 ◦C

Catalytic system [M]/[cat] mol/mol [M], mol/L Time (h) Yield (%) Conversion of isomers %a Mw
b Mw/Mn

exo endo

(�-C5H9NiCl)2-Et3Al2Cl3, Al/Ni = 3 600 2.25 120 47 77 17 29200 2.0
600 5.35 48 56 83 28 41000 1.7
1000 5.43 120 8 15 1 – –

(�-C5H9NiCl)2-MAO; Al/Ni = 100 600 2.86 96 80 98 61 104000 1.8
1000 3.49 19 64 100 28 152000 1.7

(Nph)2Ni-MAO, Al/Ni = 100 600 2.89 27 63 86 40 270000 2.4
1000 3.53 24 56 69 27 290000 2.0
1500 3.98 24 55 – – 324000 2.9
3000 4.55 24 32 40 24 270000 2.9

a Determined by GLC of final polymerization mixture.
b Determined by GPC relative to polystyrene standards.

Table 5
Addition copolymerization of Me3Si-containing norbornenes with norbornene hydrocarbons on Ni-based catalytic systems at 20 ◦C

Catalytic system Monomers [М1]/[M2]/
[cat]mol/
mol/mol

[M]mol/L Time,
h

Yield
%

Copolymer
compositiona, mol %

Mw
b Mw/Mn

M1 M2 M1 M2

(�-C5H9NiCl)2-Et3Al2Cl3, Al/Ni = 3
NBSiMe3 NB 200/200/1 1,54 96 51 42 58 28570 2,0

NB(SiMe3)2 NB 200/200/1 1,38 48 35 20 80 16730 1,55

(Nph)2Ni-MAO, Al/Ni = 100
NB(SiMe3)2 NB 200/200/1 1,1 144 56 32 68 64800 1,86
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NB(SiMe3)2 NBC6H13 200/2

a Determined by NMR-spectra.
b Determined by GPC relative to polystyrene standards.

onformation. The mechanistic reasons of this dependence were
iscussed by Sen and co-workers [14] on the example of simple
-alkyl-2-norbornenes polymerization. It is possible that sub-
tituted norbornenes with 100% of endo-form are incapable at
ll of polymerizing via addition scheme. But when the mixture
f different conformers is present, a part of endo-form could
articipate in copolymerization with exo-form. Because it we
ould obtain sufficiently high yields of poly(5-trimethylsilyl-2-
orbornene) from a monomer with nearly equal amounts of exo-
nd endo-form. In the case of endo-,exo-5,6-bis(trimethylsilyl)-
-norbornene one of substituents is always in the disadvanta-
eous endo-conformation. This fact excludes the possibility of
omopolymerization for this monomer but does not exclude
he proceeding of its copolymerization with norbornene itself
r with its substituted exo-derivative. The data on the transport
haracteristics of new polymers obtained will be published else-
here.

. Conclusion

First addition polymerization of 5-trimethylsilyl- and endo-
exo-5,6-bis(trimethylsilyl)- norbornenes was studied. The Ni-
ased catalytic systems: (�-C5H9NiCl)2-Et3Al2Cl3, Ni(II)

aphtenate-(MAO) and (�-C5H9NiCl)2-MAO were used. Com-
letely saturated and soluble in aromatic solvents poly(5-
rimethylsilyl-2-norbornene) was obtained with the yields up
o 80%. In the course of the reaction exo-conformer was con-
1,1 166 43 25 75 51200 2,49

umed much faster than endo-form independently of the type of
atalytic system employed. Polymers prepared in the presence
f Ni(II)naphtenate-MAO catalyst had the highest molecular
eights and demonstrated good film-forming properties.
Exo-,endo-5,6-bis(trimethylsilyl)-2-norbornene was practi-

ally inactive in the presence of studied Ni-catalysts. At the
ame time its addition copolymerization with norbornene and
-n-hexyl-2-norbornene could be readily realized.
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