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Abstract

ROMP and retro-acyclic diene metathesis (ADMET) were used for the synthesis of new functional polymers and func-
tional oligomers, respectively. Pureixoand enantiomerically pure norbornene and 7-oxanorbornene derivatives were pre-
pared using stereospecific synthesis, effective fractionation and high yield condensation reactions. Successful ROMPs of
those monomers were performed using either the new carbenic Schrock’s or Grubb’s catalysts or in some cases a classi-
cal bicomponent catalyst. New functional polymers such as optically active poly(norbornene-2-carboxylic acid), reactive
poly(norbornene-2-azlactone), and side-chain liquid crystal polyoxanorbornenes were fully characterized. On the other hand,
successful depolymerizations of 1,4-polyisoprene and of epoxidized 1,4-polybutadiene via cross-metathesis with 4-octene
were performed using a stabilized bicomponent catalyst and the Grubb’s catalyst, respectively. Conditions for the controlled
synthesis of epoxidized oligobutadienes and of epoxydienic monomers via retro-ADMET were clearly defined.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords:Metathesis; ROMP; Retro-ADMET; Reactive polymers; Functional oligomers

1. Introduction and Wagener's acyclic diene metathesis polymer-
ization (ADMET) [6,7]. These advances have been
Applications of metathesis to the polymerization mainly based on well-characterized metal alkylidene
of olefins have been expanded considerably, largely catalysts, mostly molybdenurfil] and ruthenium
due to the work of Schrock and co-workef,2], alkylidenes[3].
Grubbs and co-workerE3,4] and Stumpf et al[5], ROMP has been known for over 35 years and re-
in ring-opening metathesis polymerization (ROMP) cently has been extended to living systems to pre-
pare block and graft copolymers. With the advent of
* Corresponding author. well-defined Grubbs and Schrock catalysts, a large
E-mail addressfontaine@aviion.univ-lemans.fr (L. Fontaine). variety of monomers has been addressed. Owing to
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their tolerance towards functional groups, these ini-
tiators are useful in the ROMP of functional strained
ring systems, especially norborne@gs Well-defined
initiators allow the synthesis of highly functionalized
polymers derived from complex biological molecules
such as carbohydrat§®-12], nucleic acid bas€gd.3],
amino acidg14-16] or antibiotics[17].

ADMET polymerization, which is a step propaga-

tion, condensation type reaction, provides the opportu-

nity to expand metathesis polymerization beyond the
well-known ROMP chemistry.

Improvements in the synthesis of monomers and
polymers with reactive or physical functionality lead
to consider the new developments in organic and
macromolecular chemistry. Thus, the improvements
in the knowledge of metathesis, Diels-Alder and con-

2. Results and discussion

2.1. The Mitsunobu reaction in the synthesis of
new functional monomers and polymers

We were interested in high yields MitsunoFilB8]
reaction using diazodicarboxylate (DAD) and triph-
enylphosphine for the condensation of norbornene
derivative containing an acidic hydrogeNE-R-H)
with molecules containing an alcohol and the targeted
functional group FG-R'OH; Scheme 1

This reaction was considered for the synthesis of
initiators containing a polymerizable group. Such
initiators are able to produce: (1) well-defined poly-
mers with terminal functionalities; (2) polymers with
polymerizable groups in the side-chains and (3) poly-

densation (Mitsunobu) reactions make possible the mers with initiating species in the side-chains, all

polymerization of new isomerically pure functional

norbornene derivatives. A large range of functional
polymers with varying properties is therefore, acces-
sible by varying the side-chain attached functional
group, the nature and the length of the linking and
even the carbon configurations of the polymer back-

of them being of interest for the control of varying
macromolecular architectures.

In this field, norbornene derivatives containing
species such as nitroxide able to initiate a “living”
free radical polymerization of varying monomers
[19] could produce polymers with polymerizable nor-

bone. In the same manner, the improvement in the bornene group at the chain-end and polynorbornenes

knowledge of metathesis makes possible the ADMET
depolymerization of functionalized unsaturated poly-
mers such as chemically modified polydienes or poly-
alkenamers. New functional oligomers, monomers

with nitroxide initiating species in the side-chains.
As an example §cheme 2 a previously described
alcohol-functionalized 2,2,6,6-tetramethylpiperi-
dine-oxy (TEMPO-ROH) [20] was successfully

and their polymers can therefore, be synthesized by condensed with a phenol-functionalized norbornene

varying the chemical modification of the polydiene or
polyalkenamer and the degree of ADMET depolymer-

dicarboxamide N\B-PHOH) to produce the initiator
(TEMPO-NB). Studies of nitroxide-mediated living

ization. We describe in this paper some examples of polymerization and of ROMP of EM PO-NB are in
functional monomers and polymers we have prepared progresq21].

in our laboratory using both ROMP and ADMET
depolymerization.

The Mitsunobu reaction was also found very useful
for the synthesis of monomers containing a mesogenic
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group linked to the polymerizable center through an
alkylidene spacer with an increasing number of methy-
lene[22]. In this field, beside the nature of the meso-
genic group and the length of the spacer, the liquid
crystal behavior of the polymers is highly dependent
of the backbone microstructure. In the monosubsti-

alkan-1-ols HO-R,CB, n = 2-8) were success-
fully condensed withONBN-H and the resulting
N-[n-(4-cyanobiphenyl-4yloxy) alkyl]-7-oxanorbor-
nene-5,6-dicarboximidesONBN-R,CB, n = 2-8)
were obtained in the purelgxoform (Scheme h

The ROMP of ONBN-R,,CB with a ruthenium-

tuted norbornene series, one must take into accountbased catalyst (ftcymene)RuCl]2/(CgH11)3P) [5]

that ROMP of isomers mixture leads to backbone
microstructure which can exhibit head (H)/tail (T) iso-
merism cig/transdouble-bond isomerism and ring tac-
ticity. Those structural features can afford up to 16
different diads $cheme 3

Polymer stereoregularities can be obtained by a noticeable

stereospecific ROMP or by an isomeric purity of
the monomers as shown in the purelyo or purely
endob,6-disubstituted norborneng23-25] ROMP
of which can afford only four different diads depend-
ing on the double-bond isomerisntigtrans) and
tacticity (mesdracemq Scheme %

In this context, derivatives of 7-oxanorbornene-5,6-
dicarboximide ONBN-H) which can be obtained
in pure exoform are of interest due to the possible
Mitsunobu condensations of imides with alcohols.
Indeed, the mesogenie(4-cyanobiphenyl-4yloxy)-

S’R @

2 endo,exo

o¢C\OR

4 stereoisomers
(x) exo
(x) endo

ROMP
_>

R,S

failed, probably because of a deactivating effect of
the cyano group. In this case, the commercial Schrock
catalyst, (2,6-di-isopropylphenylimido) (neophyli-
dene) molybdenum-bisputoxide), was shown ef-
fective when the polymerization was performed at a
high  monomer concentration (130
mmol I-1) with a monomer/catalyst mole ratio equal
to 10 and with reaction time of 12h at room tem-
perature plus 2h at 6@. Spectroscopic analysis
(*H and 13C NMR, IR) of the resulting polymers
indicated a predominantrans structure. Accord-
ing to the model proposed by Ivin et gk6] for

the norbornene ring-opening which predicts that
mesediads are formed whenevéans double-bonds
are produced, we can assume our polymers ap-
proach a stereoreguldrans isotactic microstructure
(Scheme B

cis,trans
R,S S, R,S
CH C CH=
R,S
}\ HT  HT ;S\
O OR (o) OR

16 different diads

Scheme 3.
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The polystyrene standardized number average 2.2. The influence of endo/exo
molecular weights {Z,, = (10-12 x 10%) were sim- isomerism upon the polymerizability of
ilar whatever the number of methylene in the spacer 2-(norbornen-5-yl)-4,4-dimethyl-5-oxazolone
(n = 2-8). However, the polydispersity indexes=£
1.5-16) were higher than expected due to a bimodal ROMP is an area of great interest for macromolec-
distribution that revealed the presence of a side pop- ular engineering and various architectures have been
ulation (less than 10%\,, = (20-25 x 10%) whose prepared using this methodolofg]. In this area, nor-
molecular weight was approximately the double of bornenylazlactone (2-(norborn-2-en-5-yl)-4,4-dime-
that measured for the main population. Heating the thyl-5-oxazolone,Scheme Y may be regarded as a
polymerization mixture in order to speed up the rate precursor of a new reactive polymer and graft copoly-
of propagation also increased the probability of deac- mers since azlactone rings are known to be reactive
tivation by coupling and the amount of the population towards nucleophiles such as amino end-groups of
of double molecular weight. primary amines[29,30] and peptideg31] without
Differential scanning calorimetry and optical mi- by-product elimination.
croscopy analysis have shown that the glass transition Endostereocisomers are known to be less reac-
temperatureTg) of the polymers decreases from 144 tive or reluctant to polymerize via ROMP com-
to 61°C with increasing the spacer length from 3 to pare to theirexocounterparts. We recently investi-
8 methylenes. Farther away from the backbone the gated ROMP of both racemiende(NB-Az-a) and
bulky mesogenic group, easier the main chain motions exe2-(norborn-2-en-5-yl)-4,4-dimethyl-5-oxazolone
and higher the plasticizing effef27]. However, prob- (NB-Az-b) using Grubbs’ catalyst in order to com-
ably because of the low main chain flexibility, liquid pare the polymerizability of the two diastereocisomers
crystal mesophase did not appear, and isotropic fluid and to evaluate the tolerance of this catalyst towards
phases were observed abdig only slight and fuga-  the azlactone ring31].
cious birefringence were seen for spacer length of 4,5 MonomersNB-Az-a and NB-Az-b were prepared
and 8 methylenes in the temperature range 122-140,according toScheme 7Diels-Alder reaction between
112-125 and 109-12Q, respectivel\j28]. cyclopentadiene and 2-vinyl-4,4-dimethyl-5-oxazo-

1h30, 1 10°C E ;
o O [0} )__O +
}% 94% /
o) Nﬁ

O

50

(x)-NB-Az-b (x)- NB-Az-a

(o]
s I~

ROMP

_— — N
/ 83% R S
N7<¥O g™
n

(#)- NB-Az-b EXO P(NB-Az-b)

Scheme 7.



122 V. Lapinte et al./Journal of Molecular Catalysis A: Chemical 190 (2002) 117-129

catalyst is always present during the reactions at

20000 A 20.0ppm while growing species are observeds at
IS 18.9-19.2 ppm. Therefore, this polymerization system
10000 4 can not be called truly “controlled” in its narrowest

sense, as not all the chains started at the same time.
The difference in reactivity betweeende and

0 0 5') 1&1) exaisomers has been ascribed to the catalyst inhibi-
M) tion by chelatl'on of the propagating metal' center by
the endoefunctional group and/or to the differences
Fig. 1. Linear relation betwee®, and [M)/[C] for ROMP of in steric interactions of the ring substituents on go-
NB-Az-b using Grubbs’ catalyst. ing from monomer to polymefi32,33] The presence

of the azlactone group near the propagating metal
lone (VDM) gaveNB-Az as a mixture ofende and center in monomeNB-Az-a (endg Scheme B pos-
exostereoisomers (76/24 as determined by GC-MS sibly coordinates the chain-end and slows down the
and 'H NMR) in 94% yield. Diastereoisomers polymerization.

NB-Az-a [(+)-endd and and NB-Az-b [(£)-exd The azlactone ring survives intact during the poly-
were separated using column chromatography and merization and may be used for further reactions with
fully characterized. Polymerization MB-Az (mix- nucleophiles, allowing polymer analogous reactions.
ture of diastereoisomerd)B-Az-a andNB-Az-b by In order to examine the potential applications of the

Grubbs’ catalyst was carried out in refluxing chloro- resulting product the reactive polymer so obtained was
form or 1,2-dichloroethane for 24 h with various ratios reacted with various nucleophiles. Quantitative yields
of monomer to catalyst ([M]J/[C]; no reaction occurs were obtained for the reaction with agueous NaOH
at room temperature and monomers were recovered(in THF/water mixture) and diethylamin&¢heme 9

unreacted at the end of the reaction). at room temperature leading to polymers bearing an
It was found thatende and exomonomers react  a-methylalanine residue in the side-chain.

differently; using [M]/[C] = 100, the excisomer Reaction with 1,4-diaminobutane in chloroform so-

NB-Az-b gave a polymer with a 83% yield arld,, = lution led to cross-linking and immediate precipitation

21,500 while theendeisomerNB-Az-a gave only a of the polymer. These reactions suggest that the reac-
17% yield andM,, = 5800 under the same conditions. tive polymer prepared by ROMP could be used, e.g.
Polymers showed unimodal SEC traces and the re- as a scavenger for solid phase synthesis.
lationship between thé1, (found) and the number ROMP ofNB-Az can also be used to prepare a wide
of equivalents of monomeNB-Az-b added to the  variety of copolymers. Block copolymers were pre-
catalyst under a given set of conditions is approxi- pared by sequential copolymerizationB-Az with
mately linear (sedig. 1). In-situ 'H NMR spectra norbornene with good yields. The azlactone groups
of polymerization mixture with [M]/[C]= 3 shows can be used for further reactions as described for the
that propagation is much faster than initiation. The homopolymer.

Polymer~=Ru*
> =N

0

Polymer~— —Ru*

R S

(#)- NB-Az-a (ENDO)

Scheme 8.
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2.3. Enantiospecific Diels-Alder reaction for the different diads depending on the double-bond iso-

synthesis of optically active monomers and polymers merism €is/trans) and head (H)/tail (T) isomerism. In
this case, it can be noticed that, as showcheme 10

In the monosubstituted norbornene series, ROMP tacticity is determined by the HT isomerism. On
of enantiomerically pure monomers can afford eight this basis, we were interested in the diastereofacial

R s 1 pure endo
enantiomer

HH, racemo

8 different diads

Scheme 10.
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selectivity of the TiCj-catalyzed Diels-Alder re-

action which makes possible the asymetric synthe-

sis of homochiral 2%)(-)-endep-pantolacton©-yl
norbornene-2-carboxylate (NB-Pl [34] and of the
homochiral 2-(S)(-) norbornene-2-carboxylic acid
(-)NB-CA (Scheme 1L

The enantiomeric purity of (NB-Pl was checked
by TH/3C (2D) NMR correlation experiments and its
Sconfiguration was checked from the specific rotation
of the previously described (NB-CA resulting from
LiOH hydrolysis.

In a first approach WG@ISnMe; which is known

boxylate]s P(NB-PI)] were obtained with reasonable
yields and molecular weight&S¢heme 1P[36]. Fur-
ther LiIOH hydrolysis ofP(NB-PI) into poly(2-©)(-)
norbornene-2-carboxylic acid)P(NB-CA)] has al-
lowed to show that botHP(NB-PI) and P(NB-CA)
are optically active with significant values for specific
rotation. These results show that the monomer purity
allows to cumulate irP(NB-PI) the chirality of the
pantolactonyl side-chain and the chirality of tHg (
C2 backbone carbon.

The most useful and detailed structural charac-
terization of the stereoregularities P(NB-PI) was

as the classical metathesis catalyst for olefinic esterscarried out using high resolution 6#C NMR spec-

[35] was tested for the ROMP of (NB-PI. Poly-
[2-(9(-)-endebp-pantolacton®-yl norbornene-2-car-

troscopy andH/*3C (2D) correlation experiments. A
predominantcis microstructure ¢is/trans = 70/30,

H
S WClg/Sn Me4 co-O LIOH
H
Chlorobenzene
/C& 0 HZO
P[(-} NB-CA ]
P[(-) NB-PI ]
() NB-PI _
ap = - 106° Mn = 16000 op = + 80°
I,=5
Op = + 39°

Scheme 12.
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i.e. oc 0.70) was observed. However, no cor-
relation with the structure and isomeric purity of
the monomer can be drawn. Indeed, swi$ pre-
dominances were previously observed when methyl
norbornene-2-carboxylate is polymerized and when
WClg/SnMeg, is used for ROMP[37]. In contrast,
P(NB-PI) showed an unusual predominant HT direc-
tional regularity(HT + TH)/(HH + TT) = 62/38,
i.e. B = 1.6 corresponding to emmesastereoregularity
in the diads $cheme 18

This regiospecificity in the norbornenyl ring-
opening during propagation could be due to both
steric hindrance and asymmetric induction of the
p-pantolactonyl side-group. Therefore, the chirality
of P(NB-PI) would be the result of the optical purity
of the monomer unit and probably to the monomer
directional regularity.

2.4. ADMET depolymerization for the synthesis of
liquid natural rubbers

Metathesis depolymerization using simple alkenes
as depolymerizing agent (DA) was extensively used

125

for analyzing the microstucture of the unsaturated
polymers [38]. Metathesis depolymerization has

gained much more importance to prepare oligomers
and telechelic oligomers from polydienes and

polyalkenamers, by the use of varying )29—-41]

When excess of DA is used, a dienic monomer can
be obtained and the process is seen as retro-acyclic
diene metathetical polymerization (retro-ADMET).
In the polydienes field, depolymerization afis
andtrans-1,4-polybutadiene produces deca-3,7-diene
with more than 90% vyield using 200-fold excess of
hex-3-ene as DA and WEEHSN/EbO as catalytic
system[42,43]

Similarly, the vyield of 1,6-hexadiene increased
with increasing the pressure of ethylene by using
Grubbs’ benzylidene catalyst for depolymerization
of cis-1,4-polybutadiend44]. However, few works
on metathesis degradation of polyisoprene are de-
scribed in literature. With bicomponent Wgzthased
catalytic systems, cationic secondary reactions are ob-
served, leading to loss of double-bonds by cyclization
(Scheme 13[45-47]

Preliminary tests for depolymerization with
dimethyl-3-hexene-1,6-dicarboxylate (DMHM) as
DA and WCE/SnMe, as catalyst have shown that
for the highest values of DMHM to catalyst ratios,
no cyclization occur$48]. Clearly the diester makes
the metathesis/cyclization competition in favor of
metathesis. Therefore, the specific metathetic degra-
dation of polyisoprene with 4-octene as DA was per-
formed using methyl acetate-stabilized W(ShMe
catalyst. It should be noted that the molecular weights
of the resulting polyisoprenes are far from the expected

SO SOS

n

high molecular weight polyisoprene

L catalyst
Cyclization

partially cyclized polyisoprene

\9\ Metathesis
epolymerization

R
n

low molecular weight polyisoprene

Scheme 14.
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\ Chemical
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Metathesis

Depolymerization

FG-CH=CH-FG

FG-CH CH-FG
comonomer unit
n N'<< N

Scheme 15.

ones according to the DA mole ratio and for the higher are aimed towards the polymer waste management.
level of cyclization prevention, the decrease in molec- Thus, the metathesis depolymerization of unsaturated
ular weight slowed down. Conditions for controlled polymers and copolymers with alkene containing a
cross-metathesis would need further studies. However, functional groups KG) as DA makes possible the
low molecular weight polymers (average molecular synthesis of telechelicss€¢heme 1p
weights between 10,000 and 35,000) were obtained by Moreover, the metathesis depolymerization of
applying metathetic catalyst (W§g5nMey/MeOAC) chemically modified polydienes allows the prepara-
to a syntheticcis-1,4-polyisoprene (initial molecular  tion of low molecular weight polymers containing
weights between 200,000 and 300,000) in the pres- functional groups along the chain and the synthesis
ence or not of a transfer agent. Introduction of ester of functionalized dienic monomers. As an example,
groups in the catalytic system allows suppression we have run metathesis depolymerization of epoxi-
of the cationic secondary reactions and ttie-1,4 dized cis-1,4-polybutadiene REB) with the aim of
structure was maintained. But when ester groups are preparing epoxydienes monomers and low molecular
introduced at high molar ratios, the catalyst stabiliza- weight epoxidized polymersSgcheme 185
tion and subsequent deactivation make the molecular With the aim of preparing 8,9-epoxy-4,12-diene, a
weight decreasing not as important as expected. PEB with a low mole ratio of butadiene monomer unit
(BU) to epoxidized monomer unit (EU) (BU/El:
2.5. ADMET depolymerization for the synthesis of  80/20) was selected. The metathesis depolymer-
functionalized oligomers and monomers ization was carried out usingis-4-octene as DA
and bis(tricyclohexylphosphine)benzylidene ruthe-
The constructive approach of metathesis depoly- nium(lV) dichloride as catalyst (Grubbs’ catalyst, C)
merization can be broadened to the preparation of at 60°C. In this casg50], cross-metathesis of BU with
new organic target molecules of potential utility by DA occurs. As shown by size exclusion chromatog-
choosing suitable DAs and unsaturated copolymers raphy (SEC), the major factors controlling the molec-
[49]. Beside the synthetic interest, studies in this field ular weight of the depolymerization products were
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REESVAZ N1

high molecular weight EB copolymers

R _/_\_ R Metathesis

in excess Depolymerization in default
A
et N T RWR
X X n'<<n
mixture of dienic compounds low molecular weight EB copolymers

Scheme 16.

found not to be only the DA/BU mole ratio and the the DA/BU mole ratio from 2 to 6Kig. 23 but, for a

C/BU mole ratio, but also the solvent effeétid. 2). given C/BU mole ratio, the molecular weight can not
As expected the average molecular weight of the de- be reduced by increasing DA/B from 6 up to 10. In our
polymerization products was decreased by increasing opinion, the reason for this limitation would be due to

a) b)
[D&)/[BU] = 10 Decreasing Molecular weight

[Da)/[BU] = 8 [EU]/[<]=50

s
(5

[Dal/[EU] = 6

[E/[Cl=100
[Da)/[EU] = 4

[Dal/[EU] = 2 [BU]/[C]=200

L LA LA R L L B — T T T T T

22 24 26 28 30 32 34 22 24 26 28 30 32 34
Elution Volume Elution Volume

Fig. 2. Change in the size exclusion chromatography traces of the depolymerization product: (a) reaction in chloroBEBzen20(g 1)
with varying DA/BU mole ratio at BU/C= 100; (b) reaction with no solvent added and varying BU/C mole ratio at DA/BLD.
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g . [DA]/[BU] = 10
= 1"

60 -
g A
= J
§ i [DA]/[BU] = 8
E -
L 507
-~ . [DA]/[BU] = 6

L T T T T

L] v 1 | L]
100 200 300 400 500
(BU+DA)/C mole ratio

Fig. 3. Change in the relative content of the 8,9-epoxy-4,12-diene in the oligomers mixture with increasing catalyst to double-bond ratio
at different DA/BU.

the excess of DA. Indeed, if the actual number of cat- [(BU + DA)/C decreases, the yield in epoxydi-
alytic species is constant whereas the octene contentene (8,9-epoxy-4,12-diene) increases linearly. For
is increased, unproductive metathesis between DA DA/B = 10, the most efficient (B4- DA)/C ratio was
(4-octene in our example) makes the turnover of the the intermediate value. In this case, 4,8-dodecadiene
catalyst less efficient in degradative cross-metathesis.and 8,9-epoxy-4,12-diene were detected as the major
Indeed, the average molecular weight of the depoly- depolymerization products. However, further increase
merization products was decreased by decreasing thein catalyst concentration was found to be ineffective
BU/C mole ratio at a given DA/BFKig. 2. to increase the yield.

It should be noted that the SEC traces shown in
Fig. 2b correspond to depolymerization which was
performed without adding any more solvent that nec- References
essary for the catalyst solubilization. Comparison of
Fig. 2a and bshowed that, surprisingly, the depoly- [1] J. Feldman, R.R. Schrock, Prog. Inorg. Chem. 39 (1991) 1.
merization with solvent is more efficient than without E} z:s ',\IS;:;ZE"('L'TS?:E:;EE,Ssﬁzgi)bi?iw Ziler. 3. Am.
solvent. This fact is very clear when we compare traces Chem. Soc. 115 (1993) 9858.
of sample obtained with BU/E 100 inFig. 2bwith [4] M.S. Sanford, J.A. Love, R.H. Grubbs, J. Am. Chem. Soc.
traces of sample obtained for DA/BY 10 inFig. 23 123 (2001) 6543.
the only difference between these two samples is the [5] A.W. Stumpf, E. Saive, A. Demonceau, A.F. Noels, J. Chem.

: g Soc., Chem. Commun. (1995) 1127.
n f solvent in th lymerization pr r
absence of solvent in the depoy erization p ocedure [6] K.B. Wagener, J.M. Boncella, J.G. Nel, Macromolecules 24
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