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Abstract

RuCl PxH O has been used commercially in butanol as a solvent for several decades for the ring-opening metathesis3 2
Ž .polymerization ROMP of norbornene. Different alcohols have now been tested as solvents and the effect of added epoxides

studied. The systems using benzyl alcohol or its derivatives with RuCl PxH O are up to 50 times more active than3 2

RuCl PxH Orn-butanol. It has been shown that benzyl alcohol reacts with RuCl to yield quantitatively benzaldehyde and3 2 3

a ruthenium hydride, which, by reaction with the monomer leads to the ruthenium carbene initiating species. In the case of
added epoxides or using tertiary alcohols as solvent, an increase in the rate of polymerization is observed which is attributed
to the formation of a ruthenium carbene via an oxaruthenacycle intermediate. Such simple catalytic systems can be used with
functionalized norbornenes. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The ring-opening metathesis polymerization
Ž .ROMP of cyclo-olefins is widely used for the
synthesis of polymers containing double bonds
which, in a second step, can be hydrogenated or

w xtransformed into other functionalities 1–3 . The
catalysts are usually transition metal carbene
complexes, obtained in situ or synthesized and
characterized elsewhere. The metal is usually
tungsten or molybdenum, and numerous car-
bene complexes of these metals were described
and have high catalytic activity for the metathe-

w xsis reaction 4–6 . Recently, the synthesis and

) Corresponding author.

characterization of ruthenium carbene com-
w xplexes was reported 7,8 . However, they dis-

play a smaller catalytic activity than the tung-
sten and molybdenum complexes for the
metathesis of non-functional olefins but, in con-
trast to the latter, they are not sensitive to the
oxygenate or nitrogen functions. This property
allowed them to be used for the metathesis of

w xfunctional olefins 9–11 and to realize the
w xmetathesis of olefins even in water 12 . In

presence of cyclo-olefins, they lead, as the other
carbene complexes, to polymers but their insen-
sitivity towards the oxygen functions allows
them to be used to catalyze the ROMP of
functionalized monomers. Unfortunately, the
cost of these catalysts prevents their use in the
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industry. Recently, an improvement has been
made. Indeed, it has been shown that a simple
procedure, consisting of the addition to the reac-

w Ž . xtion mixture of Ru p-cymene Cl , tricyclo-2 2

hexylphosphine and a diazo compound, leads to
in situ formation of a ruthenium carbene which
has similar catalytic activity to the previously

w xreported ruthenium carbenes 13,14 . However,
this simple method has not been applied indus-
trially. The only case where a ruthenium com-
pound is used industrially is the synthesis of

Žpolynorbornene by CdF Chimie now a part of
.Elf . The resulting material is sold under the

w Ž .tradename Norsorex Scheme 1 . The catalyst
is ruthenium trichloride, RuCl PxH O, in solu-3 2

tion in n-butanol. The industrial plant, operating
since 1976, has a capacity of 5000 tons per year

Ž .and is located at Carling France . The resulting
polynorbornene has a very high molecular

Ž 6.weight higher than 3=10 and a very high
Ž . w xtrans content at least 90% 1 . It is used both

for noise and vibration dampening and as a
sponge for oil spills.

The process is straightforward. Norbornene
Ž .and the catalyst RuCl PxH O in n-butanol3 2

are directly mixed in the extruder. It operates
very simply in air. However, the rate of poly-
merization can vary by a large factor, due to the
presence of small amounts of epoxynorbornane
in the reaction mixture, formed by reaction of

w xnorbornene with atmosphere. Ivin et al. 15 also
observed a drastic enhancement of the metathe-
sis activity in the polymerization of norbornene

w Ž . x 4 yca ta ly z ed b y R u C l P P h o r2 3
w Ž . Ž .x2yRuCl py PPh upon addition of molecu-2 2 3

lar oxygen and attributed it to the formation of
metallaoxacyclobutane intermediates which, by

Scheme 1.

a concerted mechanism, gave the initiating met-
allacarbenes. However, the mechanism in ab-
sence of oxygen is not fully understood. We
therefore decided to study more extensively the
influence of the oxygenated molecules on the
polymerization of norbornene. We began by
looking at the influence of the alcohol alone so
as to understand the reaction mechanism in the
absence of epoxide. Then the effect of epoxides
was studied. In this paper we will describe the
results which relate to the initiation mechanism
itself.

2. Experimental

Ruthenium trichloride, norbornene, alcohols
and epoxides were purchased from Aldrich.
When necessary, the products were purified by
distillation, while the alcohols were treated be-
forehand by calcium hydride and then by sodium
hydrogen sulfite. The functional norbornenes
were also purchased from Aldrich and were

Žalways mixtures of endo- and exo-isomers ex-
cept for 5-norbornene-2,3-dicarboxylic which

.was purely endo .

2.1. Influence of alcohols on the rate of poly-
merization

ŽA solution of 20 mg of RuCl PxH O 0.023 2
.mmol in 5 ml of the desired alcohol was

prepared in a Schlenk tube under argon and was
heated to 608C for 20 min. Meanwhile, a solu-

Žtion of norbornene 2 g, 21 mmol;
. ŽnorbornenerRus500 in the same alcohol 15

. Ž .ml with an internal standard octane, 0.5 ml
was prepared in another Schlenk tube equipped
with a septum also maintained under an argon
atmosphere. After heating the monomer solution
to 1008C, the catalyst solution was introduced
via the septum. The kinetics of the polymeriza-
tion was followed by GPC analysis of samples
of the solution taken at regular intervals and
stored at y128C.
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2.2. Reaction of RuCl PxH O with alcohol3 2

One milliliter of the desired alcohol was in-
troduced in a Schlenk tube under argon and
heated to 808C. Ruthenium trichloride was then

Ž .added 40 mg, 0.13 M together with an internal
Ž .standard dioxane or octane . During the reac-

tion, samples of the solution were analyzed by
GPC after various reaction times.

2.3. Reaction of cis-2-butene

For the metathesis of cis-2-butene, the cat-
alytic solution RuCl PxH Orbenzyl alcohol3 2

Ž .was prepared as above interaction time 50 min
Žat 808C. cis-2-Butene was then introduced cis-

.2-butenerRus200 and the system was heated
at 1008C for 10 h.

2.4. Addition of epoxides to the reaction mixture

Ž .Norbornene 2 g, 0.021 mol was dissolved
Ž .in n-butanol 20 ml in the presence of octane

Ž .0.5 ml as an internal standard. The solution
was heated, in a Schlenk tube, to 1008C under

Ž .argon. Solid RuCl PxH O 20 mg, 0.07 mmol3 2

and the epoxide were then quickly added to the
Schlenk tube under vigorous stirring. Samples
of the reaction mixture were analysed by GPC
at regular time intervals.

3. Results and discussion

3.1. Influence of the nature of alcohol on the
conÕersion of norbornene

Depending on the nature of the alcohol used,
wide variations in the induction period and the

Ž .rate of polymerization were observed Table 1 .
With phenols, no activity is observed in the
ROMP of norbornene. This is probably due, at
least in part, to the low solubility of RuCl P3

xH O in these media. Use of t-butanol led to a2

slightly more active system, comparable to that
of the primary alcohols, such as n-butanol. Bet-

Table 1
Effect of the nature of the alcohol on the polymerization rate of
norbornene by the RuCl PxH Oralcohol system3 2

ter results were achieved with secondary alco-
hols where an increase of activity by a factor 8
could be observed. However, the best reaction
media were obtained using benzyl and p-
chloro-benzyl alcohols, for which the activity
was more than 50 times greater compared to
that using n-butanol.

The induction period probably corresponds to
the build-up of a steady concentration of the
initiating carbene during the initial stages of
reaction.

3.2. The reaction of RuCl with alcohols3

In order to better understand these results, we
studied the reaction mechanism via the determi-
nation of the reaction products of the alcohols
with ruthenium trichloride.

We determined the evolved products formed
during the interaction of RuCl PxH O with3 2

benzyl alcohol, n-butanol and t-butanol. For
benzyl alcohol the formation of benzaldehyde
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Scheme 2.

Ž . Ž0.7 eq. per Ru , benzyl chloride approx. 0.1
. Žeq. per Ru and benzene less than 0.05 eq. per

.Ru was observed. When n-butanol was used,
Ž .n-butanal 0.2 eq. per Ru , n-butyl chloride

Ž . Ž0.08 eq. per Ru and propane 0.002 eq. per
.Ru were formed. In the case of t-butanol, only

isobutene was detected in the gaseous phase
together with acetone in the liquid phase. Their
amounts were relatively small and difficult to
measure precisely.

The formation of the products with benzyl
alcohol and n-butanol is easily explained if an
hydride mechanism such as that depicted in
Scheme 2 is assumed.

This mechanism was proposed by Chatt et al.
w x w x16 and Chatt and Shaw 17 a long time ago

for the decarbonylation of alcohols. It leads to
the formation of an hydride species which is
necessary for initiating the ring-opening poly-

w xmerization 1 . The first step of this mechanism
is the coordination of the alcohol to the ruthe-
nium, forming a ruthenium alkoxy complex, in
agreement with the works of Tanielian et al.
w x18,19 . The evolution of hydrochloric acid,
suggesting the loss of at least one chlorine
ligand, can be easily evidenced by putting a pH
paper at the top of the reactor flask. The unsta-
ble alkoxy complex decomposes rapidly by b-H
elimination to give an hydrido–acyl complex
which can be considered as the initiating species
of the reaction. This complex can undergo a
decarbonylation reaction, as proposed by Chatt

w x w xet al. 16 and Chatt et al. 17 leading to the
formation of small amounts of benzene and
propane, which are the products of decomposi-
tion of benzyl alcohol and n-butanol, respec-
tively. Nevertheless, under our experimental
conditions, the decarbonylation pathway is not
completed and the formation of benzaldehyde
and n-butanal is preferred.

Scheme 2 shows how these oxidised products
may be formed from hydride abstraction by the
metal. Hence, the presence of oxidised products
of the corresponding alcohol in active systems
is associated with the formation of a ruthenium

Scheme 3.
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hydride species. Measurements by chromatogra-
phy showed that there are two to three times
more benzaldehyde formed than n-butanal. The
main difference in behaviour for the reactions in
benzyl alcohol and n-butanol can be therefore
explained in terms of greater quantities of ruthe-
nium hydride species being rapidly formed in
the first case, thus leading to a higher catalytic
activity.

Note also that in this mechanism it is neces-
sary to have a b-H elimination in order to form
the metal–hydride species. This can also ex-
plain why the phenols are inactive, as they do
not have hydrogen atoms in b-position.

The situation is more complicated for t-
Ž .butanol as i it does not have hydrogen atoms

Ž .in b-position and ii it leads to very different
Ž .products isobutene and acetone . This can be

rationalized as depicted in Scheme 3. As previ-
ously, the initial coordination of t-butanol to
ruthenium leads to an alkoxy derivative. How-

ever, the absence of hydrogen atoms in the
b-position favours decomposition of the unsta-
ble alkoxy species by g-H elimination to form
an oxametallacycle. Metathesis of the
oxaruthenacyclic intermediate thus leads to
isobutene and a ruthenium-oxo species, or, to
acetone and a ruthenium-methylidene carbene
which can directly initiate the polymerization of
norbornene.

3.3. The RuCl rPhCH OHrcis-2-butene sys-3 2

tem

In order to obtain further proof of the hydride
mechanism, we carried out the metathesis of
cis-2-butene with the more active ruthenium
trichloriderbenzyl alcohol system. cis-2-Butene
was introduced into the reactor and heated to
1008C. The gaseous phase was periodically ana-
lyzed. After a few minutes, butane, 1-butene

Scheme 4.
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Scheme 5.

and trans-2-butene were evolved and small
amounts of 3-methyl-2-pentene detected.

The formation of all these products can again
be easily explained by assuming an hydride

Ž .mechanism Scheme 4 . cis-2-Butene reacts
firstly with the ruthenium hydride to give a
ruthenium butyl complex. Several reactions are
then possible. b-H elimination of this alkyl
complex would give either cis- or trans-2-
butene while 1-butene could be obtained by
isomerization. Hydrogenolysis of the Ru-alkyl
moiety can also lead to butane. However, this
ruthenium alkyl complex can also undergo an
a-H elimination to form a ruthenium-alkylidene
species. This carbene complex can then undergo
metathesis with a second molecule of cis-2-
butene to give the observed 3-methyl-2-pentene.
The fact that only small amounts of the
metathesis product are detected confirms that
compared to a-H abstraction, the b-H elimina-
tion step is strongly favoured.

The mechanism of the norbornene poly-
merization can now be proposed on the same

Ž .basis as for cis-2-butene Scheme 5 . Nor-
bornene reacts with the ruthenium hydride, lead-
ing to the corresponding norbornyl derivative.
This compound can undergo, as cis-2-butene, a
b-H elimination, restoring the starting products,

or a a-H elimination, leading to the initial
propagating carbene.

3.4. Effect of epoxides on the reaction rate

Small amounts of epoxynorbornane, detected
in the industrial reactor, were shown by the
plant engineers to increase the rate of poly-
merization. We therefore studied the effect of
the molar ratio epoxiderRu on the norbornene
polymerization rate. As the purpose of these
experiments was to understand the industrial
results, the catalytic system used here was
RuCl rn-butanol. Fig. 1 shows that for a nor-3

bornenerRu ratio of 300 addition of epoxynor-

Fig. 1. Norbornene polymerization rate by the RuCl P3

xH Orepoxynorbornane system as a function of the epoxynor-2

bornanerRu ratio.
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bornane increases the rate of norbornene poly-
merization by a factor up to 4. There is in fact
an optimum ratio epoxiderruthenium, near
epoxiderRus6. When another epoxide is used,
the kinetic behaviour is qualitatively the same
but the highest polymerization rate is obtained

Žat a different epoxiderRu ratio for example ca.
.1.0 for epoxyoctane . The epoxide thus pro-

motes the reaction. This observation is in agree-
w xment with the results of Ivin et al. 15 ; how-

ever, in our case, addition of molecular oxygen
did not increase significantly the polymerization
rate, showing that the formation of the epoxide
from molecular oxygen and norbornene was
very slow.

Ivin et al. proposed a mechanism involving
the formation of metallaoxacyclobutanes by re-
action of the epoxide with the ruthenium com-
plex. By using epoxynorbornane or epoxyoc-
tane, we were unable to observe evidence for
such a mechanism, probably due to difficulties
in analysis of the reaction products. We studied
then the reaction of 1,2-epoxybutane with
RuCl PxH O both at 30 and 658C. At the two3 2

temperatures, the same products evolved: bu-
tanone, n-butanal, 1-butene, propanal and for-
maldehyde. Their relative amounts are given in
Table 2.

The formation of all these compounds can be
explained easily by assuming that the reaction

Table 2
Products formed by interaction of epoxybutane with RuCl PxH O3 2

at various temperatures

Scheme 6.

passes through the formation of metallaoxacy-
Ž .clobutanes Scheme 6 .

Depending on which C–O bond of the epox-
ide is broken, two metallaoxacyclobutanes can
be formed. By metathetic opening, these cy-
clobutanes lead to formaldehyde, 1-butene and
propanal and to the initiating ruthenium car-
benes. However, the most important pathway
Ž .for this epoxide seems to be a b-H elimination
which leads to butanone or n-butanal. Even if
most of these products could be formed via
other mechanisms, these results are consistent

Scheme 7.
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Fig. 2. Polymerization of 5-norbornene-2-methanol by RuCl in3

the presence of various alcohols.

with a mechanism passing through metallaoxa-
cyclobutanes.

3.5. Application to the polymerization of func-
tionalized norbornenes

The polymerization of various functionalized
norbornenes by RuCl P xH O was studied3 2
Ž .Scheme 7 . The best results were obtained with
5-norbornene-2-methanol and 5-norbornene-2-
carboxaldehyde. However, in presence of alco-
hols, the reaction was very slow, and not quanti-
tative. As an example Fig. 2 gives the conver-
sion of 5-norbornene-2-methanol as a function
of time with various alcohols. 5-Norbornene-2-
carboxaldehyde gives similar results. In con-
trast, in absence of alcohol the polymerization is
very rapid and quantitative. This shows that the
alcohol and aldehyde functions can react di-
rectly with the metallic center, leading directly
to the active species.

Polymerization of 5-norbornene-2,3-di-
carboxylic anhydride is more difficult, probably
due to the presence of protons formed during
the reaction of the alcohol with ruthenium
trichloride. Indeed, the anhydrides decompose
into carboxylic acids in acidic media. However,
a relatively slow polymerization is observed
with the RuCl PxH Orp-chlorobenzyl alcohol3 2

system.

4. Conclusion

We have shown that the nature of the alcohol
has a great influence on the catalytic perfor-
mances of the RuCl PxH Oralcohol system in3 2

the polymerization of norbornene. The best re-
sults were achieved with benzyl or p-chloroben-
zyl alcohols: the resulting systems are up to 50
times more active than the original RuCl P3

xH Orn-butanol catalyst, used industrially. The2

reaction mechanism involves the formation of a
ruthenium alkoxide which decomposes into a
hydrido–acyl complex via a b-H elimination
reaction. In the last step this complex trans-
forms into the active ruthenium hydride species
by loss of an aldehyde molecule. In the pres-
ence of epoxides or tertiary alcohols, the reac-
tion mechanism is completely different and
passes through metallaoxacyclobutanes, which,
by metathetic opening, give directly the ruthe-
nium carbene complexes.

The polymerization of oxygen-containing
Žfunctionalized norbornenes alcohol or aldehyde

.functions occurs very rapidly in presence of
RuCl PxH O alone.3 2
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