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ABSTRACT: Cycloaliphatic polyolefins with functional groups were obtained by Pd(l1)-catalyzed homo-
and copolymerizations of norbornene derivatives. Bicyclo[2.2.1]hept-5-ene-2-carboxylic acid, the corre-
sponding methyl ester, 2-(hydroxymethyl)bicyclo[2.2.1]hept-5-ene, and the corresponding octanoate and
decanoate were used as the monomers in these addition polymerizations. Pd(Il)—nitrile catalysts [Pd-
(RCN)4][BF4]2 (with R = CH3 and C;Hs) quite selectively polymerized the exo isomers of the esters of
2-(hydroxymethyl)bicyclo[2.2.1]hept-5-ene. Monomer mixtures containing an 80/20 ratio of endo/exo
isomers were converted into polymers containing more than 50% of exo units. *H NMR studies showed
that the predominant fraction of the endo isomer remained unreacted. The nitrile based Pd catalysts
were not sufficiently active to polymerize the monomers with electron-withdrawing substituents linked
to the bicyclic unit at ambient temperature. In-situ prepared (;3-allyl)palladium complexes with associated
tetrafluoroborate and hexafluoroantimonate ions were found to be substantially more active. They were
able to catalyze the addition polymerization of norbornene derivatives containing a large proportion of
endo isomers. Quantitative monomer conversions were achieved for aliphatic esters of 2-(hydroxymethyl)-
bicyclo[2.2.1]hept-5-ene. Random copolymers of norbornene and the latter esters with molecular weights
Mn(GPC) above 100 000 were prepared. The (%-allyl)palladium compounds were suitable for the
polymerization of bicyclo[2.2.1]hept-5-ene-2-carboxylic acid methyl ester; high molecular weight materials
were obtained via copolymerization with norbornene. Furthermore, addition polymers containing 0.2
carboxylic acid group per repeating unit were prepared by the copolymerization of norbornene and bicyclo-
[2.2.1]hept-5-ene-2-carboxylic acid. The hexafluoroantimonate-based (3-allyl)Pd(11) catalyst had a higher
polymerization activity than the Pd compound with the smaller BF,~ counterion which was rationalized

by a slightly stronger association of BF,~ with the (3-allyl)Pd(11) unit.

Introduction

The incorporation of functional or reactive groups into
polymer chains can provide enhanced intra- and inter-
molecular interactions (e.g., polar, hydrogen-bonding,
or ionic interactions). These interactions modify specific
properties of materials, such as glass transition, rubbery
modulus above the glass transition, dynamic mechanical
behavior, melt rheology, relaxation behavior, dielectric
properties, and solution behavior.! For example, the
presence of ionic groups leads to improved mechanical
strength and increased glass transition temperatures
in ionomers.2 Functional groups can promote miscibility
or compatibility of polymer blends;® in adhesion and
coatings applications, they can be responsible for ad-
hesive bonding to surfaces of various substrates such
as inorganic solids, organic polymers, pigments, and
dyes.*

Polyolefins pepared by transition metal catalyzed
processes are important materials, as they make up a
substantial proportion of the commercially available
thermoplastics.> However, most transition metal cata-
lysts rapidly react with functional groups and become
inactive for polymerization, which restricts their uses
for monomers with functional groups.®

Compounds based on late transition metals such as
Mo, Os, and Ru have been found useful for ring-opening
olefin metathesis polymerizations (ROMP) of cycloole-
fins with functional groups.” A precursor method has
been reported for transition metal catalyzed addition
polymerizations (Ziegler—Natta polymerizations), which
involves the synthesis of polymers with 9-borabicy-
clononane substituents and their subsequent conver-
sions into polyolefins with hydroxyl groups.2 Advances
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toward the direct polymerization of polar monomers via
Ziegler—Natta catalysis have been described with cat-
ionic catalysts of the type Cp*,ZrCHz*-+-X~ with X~ =
B(CsFs)s~ or H3CB(CgFs)s~. These zirconocene com-
plexes have been found to tolerate trialkylsiloxy and
dialkylamino substituents.®

PdClI, and several nonionic Pd(l1)—halide complexes
catalyze the addition polymerization of norbornene
derivatives with functional groups at reaction temper-
atures above 100 °C. Moderate yields of products with
molecular weights generally below 10 000 have been
reported.1’® High molecular weight addition polymers
of norbornene derivatives with carboxylic ester groups
were recently obtained with [Pd(CH3CN)4][BF4], at
ambient temperature!® and with palladium(l1)—alkyl
complexes.’?2 However, good polymer yields (above 70%)
were produced with [Pd(CH3CN)4][BF4]. only when pure
exo isomers were used as the monomers. The present
contribution describes subsequent investigations on the
different reactivities of exo- and endo-substituted nor-
bornene derivatives in these addition polymerizations.
(m3-Allyl)palladium(1l) catalysts with weakly coordinat-
ing counterions are presented which have a substan-
tially increased activity for the polymerization of endo-
substituted norbornene derivatives.

Results and Discussion

Pd(I1)-Catalyzed Homopolymerizations of Nor-
bornene Derivatives. We previously reported initial
investigations about the olefin addition polymerization
of carboxylic esters of bicyclo[2.2.1]hept-5-enyl-2-metha-
nol 1a—h (eq 1).1* These reactions were carried out with
[Pd(CH3CN)4][BF4]2 as the catalyst in nitromethane at
20 °C. Ester-substituted cycloaliphatic polyolefins, poly-
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Figure 1. (a) *H NMR spectrum of the octanoic acid ester of 2-(hydroxymethyl)bicyclo[2.2.1]hept-5-ene (1c) (exo/endo = 20/80)
in CDCl3, the monomer used for the polymerization with [Pd(C,HsCN)4][BF4].. Characteristic signals corresponding to the exo
isomer are marked by “&”. (b) *H NMR spectrum of the low molecular weight fraction isolated after the addition polymerization
of the monomer mixture of (a) with [Pd(C2HsCN)4[BF4]2; exclusively the endo isomer is recovered from the filtrate after precipitation
of the addition polymer poly-1c (no. 2 of Table 1).

Table 1. Pd(ll)-Catalyzed Homopolymerizations of Bicyclo[2.2.1]hept-5-enyl-2-methyl Carboxylates 1c and 1d

no. Mma [M]/[Pd(11)] Pd(l)catal® t/hd Mn(GPC)e Mu/Mp yield/%
1 lc 100/1 [Pd(CH3CN)4][BF4]2 16 7200f 1.67 25
2 lc 100/1 [Pd(C2H5CN)4][BF.]2 120 6800f 1.28 40
3 1d 50/1 [PA(CH3CN)4][BF4]2 16 3900 1.56 22
4 1d 50/1 {(3—allyl)Pd(BF4)} 6 17800 1.68 39
5 1d 50/1 { (73-allyl)Pd(BF4)} 18 9700 2.18 74
6 1d 50/1 { (7%-allyl)Pd(BF4)} 48 9600 2.40 97
7 1d 150/1 { (73-allyl)Pd(BF4)} 48 8800 2.46 100
8 1d 50/1 { (73-allyl)Pd(SbFe)} 18 25000 2.19 99

a Norbornene derivative used for the addition polymerization. ® Mole ratio of monomer to monomeric Pd(l1) species (a 50/1 ratio of
monomer to (53-allyl)Pd catalyst corresponds to a 100/1 mole ratio of norbornene derivative to [(53-allyl)PdCI]; used for the in-situ catalyst
preparation). ¢ Palladium catalyst. 9 Reaction time at 20 °C; solvent was nitromethane for polymerizations 1 and 3, nitrobenzene/
dichloromethane, volume ratio of 4/1 for 2, and chlorobenzene for 4—8. ¢ M,(GPC) and M/M;, are the relative number-average molecular
weight and the polydispersity index, respectively, determined by GPC, calibration with polystyrene standards. f Concentrations of 1c in
chlorobenzene as high as 0.7—0.8 g/dL were used for the GPC analysis because of the small difference in refractive index between polymer
and solvent.
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isomer as the major component. The product yields
ranged only from 20 to 32% for norbornene derivatives
with an endo/exo isomer ratio of 80/20.

la-h The yield of poly(5,6-bicyclo[2.2.1]hept-5-ene) deriva-

CH,-O-C-R
I tive poly-1c increased only slightly from 25% to 40% (2,
poly-la-h O Table 1) with the use of [Pd(C2Hs)4][BF4]2 in a solvent
1, poly-1| a b ¢ d e £ g h mixture of nitrobenzene/dichloromethane, volume ratio

R | CH; n-C4Ho n-CsHys n-CoHygn-Cy\Hyy CeHs 4-Cl-CgHy 3-NO,-CeHy

la,b,f, with molecular weights M, as high as 163 000
had been prepared from the pure exo isomers of nor-
bornene derivatives 1a,b,f. The polymer yields were
generally above 70%.11 Considerably lower yields were
obtained from monomers 1a—h which contain the endo

4/1 (instead of nitromethane) after a reaction time of
120 h (instead of 16 h). The soluble low molecular
weight fraction recovered from the filtrate after pre-
cipitation of the polymer with methanol contained
exclusively unreacted endo isomer. The 'H NMR spec-
trum of Figure 1b does not show any signals corre-
sponding to the exo isomer. (Characteristic signals of
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Figure 2. 'H NMR spectra (CDCly) of (a) the addition polymer
poly-1c prepared from the octanoic acid ester of 2-(hy-
droxymethyl)bicyclo[2.2.1]hept-5-ene) (1c) (exo/endo = 20/80)
with [Pd(CH3CN),][BF]z in nitromethane (no. 1 of Table 1);
(b) the addition polymer poly-1c obtained from the reaction
with [Pd(C;HsCN)4[BF4]. in a solvent mixture of dichlo-
romethane/nitrobenzene, volume ratio 1/4 (no. 2 of Table 1);
(c) the addition polymer poly-1d prepared from the decanoic
ester of 2-(hydroxymethyl)bicyclo[2.2.1]hept-5-ene) (1d) (exo/
endo = 20/80) with {(53-allyl)Pd(BF,)} after 18 h at 20 °C (no.
5 of Table 1); (d) the addition polymer poly-1d prepared with
{(*-allyl)Pd(SbF¢)} after 18 h at 20 °C (no. 8 of Table 1).
Characteristic is the region of 6 = 4.3—3.7 ppm.

the exo-derivative are marked in the TH NMR spectrum
of the original monomer mixture (Figure 1a).)

The 'H NMR spectrum of poly-1c prepared in ni-
tromethane (no. 1, Table 1) confirms that predominantly
the exo-derivative has been incorporated into the poly-
mer chain. Figure 2a shows a broad signal between 6
= 3.7 and 3.9 ppm which corresponds to the CH,OCO
protons of incorporated exo units.1® A second, partially
overlapping broad signal of weaker intensity at 6 = 3.9—
4.3 ppm is assigned to the CH,OCO group of incorpo-
rated endo units. Cycloaliphatic polyolefin poly-1c
prepared with [Pd(C,HsCN)4][BF4]> in nitrobenzene/
dichloromethane (2, Table 1) contains only a slightly
higher amount of endo-substituted repeating units
(Figure 2b). The intensity of the signal corresponding
to the endo-linked substituents is slightly increased.

Three possible causes for the lower reactivity of the
endo derivatives can be discussed:

(a) The endo isomer might act as a chelating ligand
with the olefin and the ester group coordinating to
palladium. This means that the bicyclic olefin unit
binds to Pd(I1) with its endo face, which is an inconve-
nient configuration for chain propagation.

(b) A growing chain with two neighboring endo-
substituted norbornene units linked to the transition
metal might be sufficiently sterically demanding to
restrict access and m-coordination of a new incoming
norbornene ligand.
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Chart 1. Weak Repulsive 2,6-Interaction

L,Pd \%&

H) (R

(c) The cis—exo addition of Pd and the previously
o-bonded polymer chain converts the olefin hydrogens
into axial aliphatic hydrogens which encounter a weak
unfavorable 2,6-steric interaction with the endo-linked
substituent (Chart 1).

Also 5-hexyl-2-norbornene with an endo/exo ratio of
80/20 was only partially converted into poly(5-hexyl-2,3-
bicyclo[2.2.1]hept-2-ene) (poly-1k) upon reaction with

CeH3
poly-1k

[PA(CH3CN)4][BF4]2. The yields of poly-1k were typi-
cally in the range of 25—50%. No coordinating effect
would be expected from the pure hydrocarbon substitu-
ent CgHis. This indicates that effects other than che-
lation mentioned in (a) have a significant influence on
the reduced polymerizability of endo-substituted nor-
bornene derivatives.

Usually, the endo-substituted isomer is predominant
in a large number of norbornene derivatives which are
accessible by Diels—Alder reactions. The synthesis of
the pure exo isomers often requires additional experi-
mental operations.”™11.14 Therefore, it was desired to
develop catalysts with a higher activity for endo-
norbornene derivatives.

The activity of the tetrakisnitrile palladium(l1) cata-
lysts is affected by the presence of the electron-donating
nitrile ligands. The addition of 4 equiv of acetonitrile
to a mixture obtained from the reaction of [(33-allyl)-
PdCl], and AgBF, (mole ratio 1/2) produces a catalyst
composition with a drastically reduced polymerization
activity. No poly(2,3-bicyclo[2.2.1]hept-2-ene) was ob-
tained after the reaction with 100 equiv of norbornene
for 4 h at 20 °C. Palladium complex | was formed,
which contains just a single unit of norbornene inserted
into the Pd allyl unit.

7P
(CH3CN)2Pd

I

Two highly effective in-situ prepared (»3-allyl)Pd(l1)
catalysts Ila and I1b were obtained by the reaction of
the (i72-allyl)palladium chloride dimer with silver hexaflu-
oroantimonate or silver tetrafluoroborate in the absence
of any additional potentially coordinating compound
other than the solvents dichloromethane or chloroben-
zene (egs 2a and 2b, Scheme 1).15 Gravimetric deter-
mination of the AgCl liberated in these reactions showed
that all of the chlorine of the allylpalladium chloride
dimer is removed upon reaction with the silver salts.

The Pd(n3-allyl) compounds Ila and Ilb showed a
considerably higher activity for the polymerization of
endo-substituted norbornene derivatives than the previ-
ously discussed Pd—nitrile complexes. A 74% monomer
conversion of 1d with an endo/exo ratio of 80/20 was
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Scheme 1. Preparation of (#3-Allyl)Pd(l1) Catalysts for
the Addition Polymerization of Norbornene
Derivatives
AgSbF
6H5C|

C
[(m*-allyl)PdCl], o

{(m*-ally)Pd(SbFg)} (insitu)  (2a)
gCl

IIa
AgBF,

3 L
“AgCl {(n’-allyl)Pd(BF,)} (in situ) (2b)

IIb

Table 2. 'H NMR Shifts of (3-Allyl)palladium Complexes
in CD,CI; (at 20 °C)

Hsy®
= Hanti
H @\ Hanu
| Hsyn
Pd
o/lppm
Pd complex CHa(anti) CHa(syn) CH
[(allyl)PdCI], 2.98 4.05 5.40
{(allyl)Pd(BF4)} (11b) 3.52 4.64 5.93
{(ally)Pd(ShFe)} (I1a) 3.74 4.87 6.08

obtained with I1b after 18 h at 20 °C (5, Table 1). The
Pd(n3-allyl) catalyst with the bigger hexafluoroanti-
monate counterion, lla, was even more active and led
to a quantitative polymerization of the same monomer
after 18 h at 20 °C (8,Table 1). For comparison, a
reaction time of 48 h at 20 °C was required to produce
a quantitative polymer yield with catalyst I1b (6, Table
1).

The molecular weights My(GPC) of poly-1d prepared
with I1b decreased from 17 800 to 9600 and the molec-
ular weight distributions M,,/M,, became broader, as
reaction time and thus monomer conversions was
increased (4—6, Table 1). These results indicate that
propagation is faster than initiation, and chain transfer
and termination occur quite readily. The latter side
reactions become more prominent with decreasing
monomer concentrations and with an increasing ratio
of endo to exo-substituted monomer. (The endo/exo ratio
increased from 80/20 to 86/14 after 39% total monomer
conversion of 1d.)

Traces ¢ and d of Figure 2 show that the broad signal
at 6 = 3.9—4.3 ppm is becoming more intense than the
signal at 6 = 3.7—3.9 ppm with increasing amounts of
monomer conversion, reflecting higher proportions of
endo-substituted norbornene repeating units in samples
of poly-1c obtained with I1b and Ila, respectively.

The charge density and the electrophilicity of the (3-
allyl)Pd unit increases upon removal of the chlorine
ligands from [(3-allyl)PdCI],. This is reflected in a
downfield shift of the 'H NMR signals of the allyl
protons (Table 2). The signals assigned to the terminal
anti and syn CH; protons and the internal >CH proton
of the n3-allyl ligand move from 6 = 2.98, 4.05, and 5.40
ppm to 0 = 3.52, 4.64, and 5.93 ppm, respectively, when
[(3-allyl)PdCI]; is converted into the (;3-allyl)palladium
tetrafluoroborate complex I1b. A further downfield shift
of these proton signals to 6 = 3.74, 4.87, and 6.08 ppm
is recorded for palladium complex Ila with the larger
counterion SbFg~. The different NMR shifts of I1a and
Ilb indicate a weak Pd—F interaction for the smaller
anion BF4~ in 11b.1617

Further indications for an associative interaction
between Pd and BF;~ come from 1°F NMR spectroscopic
studies. Two relatively broad singlets in a 1/4 intensity
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Scheme 2
FB(F,F s FBF; s
<(— Pd/ \Pd —)> —— 2 <(— Pd/ —~_S 2 <(— ;d/ BF,
ey’ Ns N
ITba 1Ibb (contact ion pair)

IIbe
(S = solvent, i. e., CH,Cl, or PhCl)

ratio were recorded at 6 = —150.25 and —150.31 ppm
(471 MHz at T = —80 °C) corresponding to the fluorine
atoms of the 1°B and !B isotopomers of BF,~ associated
with the (n3-allyl)Pd" unit. A sharp set of two small
singlets due to coexisting free BF,~ was detected at
slightly lower field, 6 = —147.1 ppm (~2% of the
intensity of the upfield signals). The absence of any
additional fine structure in the main upfield signals
indicates either rapid exchange between the bridging
and the terminal fluorine atoms of coordinated BF,~
(anion “spinning”) or the presence of a tightly associated
contact ion pair.

The presence of the solvent is important for the
stability of complexes Ila and I1b. Both complexes were
stable in solution for ~1 h at 20 °C, and then small
amounts of black Pd particles began to form, indicating
the onset of decomposition. The decomposition was only
slightly accelerated in the presence of air. Both Pd
catalysts rapidly decomposed during attempts to isolate
them as solids upon removal of the solvent in vacuum.
We would like to suggest an equilibrium of the rapidly
exchanging Pd species Ilba, I1bb, and Ilbc (Scheme
2) present in solution. (The solvents we used in these
studies were dichloromethane and chlorobenzene.) The
X-ray crystal structure of an Ag/Pd-based transition
metal complex containing dichloromethane as a weakly
coordinating ligand was recently reported by Strauss
et al.’® It has been proposed that CH,CI, can also act
as a ligand in other transition metal complexes.17¢.19

The difference in the coordinative strength (or as-
sociation) of BF,~ and SbFg~ is also reflected in the
higher activity of complex Ila, which leads to quantita-
tive polymer formation of poly-1d within a shorter
reaction time than with Ilb. Both Pd catalysts Ila and
I1b were used for the polymerization of 5-norbornene-
2-carboxylic acid methyl ester (exo/endo = 20/80, [M]/[1]
=50/1). After 90 h at 20 °C, the addition polymer poly-3
with a molecular weight M(GPC) = 7100 (My/M,, = 1.7)
was obtained in a 68% yield with the hexafluoroanti-
monate-based catalyst Ila. A 59% yield of poly-3 with
Mn(GPC) = 4600 (M\/M,, = 2.2) was isolated from a
polymerization with the tetrafluoroborate-based catalyst
I1b under otherwise identical reaction conditions. The
catalysts based on [Pd(RCN)4][BF4]. were not suf-
ficiently reactive to produce any poly-3 at ambient
temperatures.

n
C(0)OCH;

poly-3

Copolymerizations of Norbornene and Nor-
bornene Derivatives with (3-allyl)Pd(Il) Catalysts
Containing Weakly Coordinating Counterions.
The number of functional groups per repeating unit was
varied by copolymerizing norbornene derivatives con-
taining ester, hydroxyl, and carboxylic acid groups with
norbornene (eqs 3 and 4). In-situ prepared (n3-allyl)-
palladium hexafluoroantimonate (11a) and (n3-allyl)-
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Table 3. Pd(l1)-Catalyzed Copolymerizations of Norbornene and Norbornene Derivatives with Functional Groups
(X = CH,0OC(0)CgH;9, CH,OH, C(O)OMe, C(O)OH in egs 3 and 4)

no. Pd(Il) catal? [MY/[Pd(11)]P t/he Mn(GPC)d Muw(GPC)d al%:® yield/%
(a) Comonomer: Decanoic Ester of 2-(Hydroxymethyl)bicyclo[2.2.1]hept-5-ene!
10 b (BF47) 125/1 3 48 000 112 000 0.17 94
11 lla (SbFg™) 125/1 0.2 164 000 960 000 0.18 65
12 lla (SbFe™) (+ 10 equiv of H20) 125/1 18 185 000 524 000 0.15 78
13 la (SbFg™) (+ 15 equiv of H,0) 125/1 18 152 000 368 000 0.16 84
14 Ila (SbFg~) (+ 10 equiv of H20) 250/1 1 213 000 563 000 0.14 73
(b) Comonomer: 2- (Hydroxymethyl)blcyclo[z 2.1]hept-5-ene'
15 lla (SbFg™) 50/1 18 500f 27 000f 0.15 79
16 Ila (SbF¢™) (+ 5 equiv of H20) 50/1 71 13 200f 20 500f 0.14 64
(c) Comonomer: Bicyclo[2.2.1]hept-5-ene-2-carboxylic Acid Methyl Ester!
17 lla (SbFe™) (+ 10 equiv of H20) 100/1 24 64 000 184 000 0.08 79
18 Ila (SbFg~) (+ 10 equiv of H,0) 50/1 15 60 000 233000 0.10 83
19 b (BF47) 50/1 25 10 500 51 000 0.18 97
(d) Comonomer: Bicyclo[2.2.1]hept-5-ene-2-carboxylic Acid Methyl Ester!
20 lla (SbFg™) 50/1 69 25 000 102 000 0.38 76
no. Pd(Il) catal? [MY/[Pd(11)]® t/he ninn/dL/g9 a/%h yield/%
(e) Comonomer: Bicyclo[2.2.1]hept-5-ene- 2 -carboxylic Acidi
21 Ila (SbFe™) (+ 20 equiv of H20) 100/1 0.52 0.20 49

a Pd(l1) catalysts used for the copolymerizations were (i73-allyl)palladium hexafluoroantimonate (11a) or (3-allyl)palladium tetrafluo-
roborate complex (11b), prepared in situ. ® Molar ratio of monomers to monomeric Pd(11) species ([MJ/[Pd(I1)] of 250/1 corresponds to a
500/1 mole ratio of comonomers (norbornene plus norbornene derivative) to [(;73-allyl)PdCI]. (used for the in-situ catalyst synthesis).
¢ Reaction time at 20 °C, solvent chlorobenzene. ¢ My(GPC), My(GPC), number- and weight-average molecular weights determined by
GPC calibrated with polystyrene standards. ¢ a, number of functional groups per repeating unit in copolymers prepared from monomers
2 and 3 according to eq 3 (determined by *H NMR spectroscopy). f Number- and weight-average molecular weights determined by GPC
in chlorobenzene at 20 °C after conversion of the hydroxyl groups into decanoate substitutents. 9 Inherent viscosity determined for a 3
g/L solution in THF at 25 °C. " a, number of functional groups per repeating unit according to eq 4 determined by IR spectroscopy (1702
and 804 cm™1). i For (a): (X = CH,0C(O)CgH19, 1d; molar ratio of 1d to norbornene, 20/80, exo/endo ratio of 1d, 20/80). For (b): (X =
CH,0H, 2; molar ratio of 2 to norbornene, 20/80. exo/endo ratio of 2, 20/80). For (c): X = C(O)OCHj3, 3; exo/endo ratio of 3, 20/80; molar
ratio of 3 to norbornene, 20/80. For (d): X = C(O)OCHgs, 3; exo/endo ratio of 3, 20/80; molar ratio of 3 to norbornene, 50/50. For (e): X

= C(O)OH, 4; 100% endo, molar ratio of 4 to norbornene, 50/50.

;b ;% Maortlp. @) @

1d,2,3
(exo/endo = 20/80)

X = CH,0-C(0)-CoH, o (1d)
CH,OH (2)
C(O)OCH; (3)

4 COOH
(100% endo)

(1-a)

RIS

H (1-a)
CO

palladium tetrafluoroborate (I1b) were used as the
catalysts. The functional monomers were the decanoic
acid ester of 2-(hydroxymethyl)bicyclo[2.2.1]hept-5-ene
(1d), 2-(hydroxymethyl)bicyclo[2.2.1]hept-5-ene, 2, bicyclo-
[2.2.1]hept-5-ene-2-carboxylic acid methyl ester (3), and
bicyclo[2.2.1]hept-5-ene-2-carboxylic acid (4). The endo/
exo-ratio of monomers 1d, 2, and 3 was 80/20 (eq 3).
The pure endo-acid 4 was used for the preparation of a
copolymer with free carboxylic acid groups (eq 4).

A comonomer feed ratio of 20/80 was selected for the
copolymerizations of decanoic ester 1d with norbornene.
The resulting copolymers (10—14, Table 3) contained
between 14 and 18% of ester units incorporated, which
corresponds t0 0.14 < a < 0.18 in eq 3. The number of
ester side chains per repeating unit was determined
from the intensity of the 'TH NMR triplet at 6 = 0.88
ppm corresponding to the terminal CH3; group of the
decanoate chain and from the intensity of the broad
signal at 6 = 3.7—4.2 ppm corresponding to CH,OC(O)
protons. The small difference to the theoretical value

of a = 0.20 reflects a slightly higher reactivity of the
unsubstituted norbornene in the addition polymeriza-
tion.

The copolymerization reactions led to higher molec-
ular weight products than the homopolymerizations of
the norbornene derivatives. The molecular weights M-
(GPC) of copolymers 11—14 (Table 3) prepared with the
hexafluoroantimonate-based catalyst Ila were in the
range of 152 000—213 000. These values are noticeably
higher than M,(GPC) = 40 000 of polymer 10 (Table 3)
synthesized with the tetrafluoroborate based-catalyst
I1b. The copolymerization with catalyst Ila (11, Table
3) was stopped after 12 min in order to prevent
uncontrolled gelation of the polymerization mixture.?°
The very high acitivity of 11a was sufficiently reduced
by the addition of 10—15 equiv of water to the polym-
erization mixture to allow the preparation of high
molecular weight products which remained soluble after
longer reaction times (12—14, Table 3). Monomer
conversions above 70% were reached for polymerizations
with Ila in the presence of 10 eq of H,O after 1 h (14,
Table 3). These copolymers remained soluble after a
reaction time of 18 h (12 and 13, Table 3).2*

Polymers 10—14 (Table 3) were soluble in chloroben-
zene, chloroform, and toluene (polymer 10 was also
soluble in THF), which contrasts with a more limited
solubility of unsubstituted poly(2,3-bicyclo[2.2.1]hept-
2-ene). The solubility of the latter polymer prepared
via Pd catalysis is restricted to chlorobenzene, other aryl
halides, and polyhalogenated olefins.

The copolymerization of a 80/20 mole ratio of nor-
bornene and 2-(hydroxymethyl)norbornene (2) pro-
ceeded more slowly than the previous copolymerizations.
A 79% vyield of a copolymer with 0.15 hydroxyl group
per repeating unit (determined via 'H NMR spectros-
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copy) was obtained after 71 h at 20 °C (15, Table 3).
The resulting copolymer was soluble in chlorobenzene
and chloroform at a slightly elevated temperature of 50
°C. A molecular weight M, of 18 500 was determined
by GPC in chlorobenzene at 20 °C after converting the
hydroxyl groups into decanoic ester substituents. The
addition of 5 eq of H,O to the polymerization mixture
led to a slightly reduced yield of a copolymer (16, Table
3) with M,(GPC) = 13 200 (of the decanoate derivative).
Cycloaliphatic polyolefins with methyl carboxylate
side chains were obtained from the copolymerization of
norbornene and 5-norbornene-2-carboxylic acid methyl
ester (3; 17—20, Table 3). The molecular weights of
these copolymers with M,(GPC) values between 10 500
and 64 000 were considerably higher than the molecular
weights of poly-3 obtained by the homopolymerization
of 3. As for the previous samples, 10—16 of Table 3,
the molecular weight distributions are quite broad,
which indicates a nonliving polymerization system.
The ester derivative 3 is slightly less reactive than
norbornene in the addition polymerization which leads
to copolymers with a lower number of ester-substituted
repeating units than expected from the comonomer ratio
of the feed (a < g/(g + m) in eq 3). The level of
comonomer incorporation of 3, ain eq 3, was determined
from the intensity of the 1H NMR signal at 6 = 3.5—3.7
ppm corresponding to the CH3OC(O) protons.
Copolymers 17—19 (Table 3) with less than 20% of
ester-substituted monomeric units incorporated were
soluble in chlorobenzene and chloroform. A higher level
of methyl ester substitution such as a = 0.38 in 20 of
Table 3 led to additional solubility in toluene and THF.
A norbornene-based copolymer with 0.20 carboxylic
acid group per repeating unit was obtained from the Pd-
(IN)-catalyzed polymerization of norbornene and endo-
5-norbornene-2-carboxylic acid (4), using a 50/50 mole
ratio of norbornene to 4. The resulting copolymer 21
(Table 3) was soluble in THF but insoluble in chloroben-
zene due to the protic polar substituents. The inherent
viscosity in THF was 0.52 dL/g.?22 No polyelectrolyte
effect was observed. The solution viscosity increased
only marginally upon further dilution.

Conclusions

In-situ (y%-allyl)palladium complexes with weaky
coordinating tetrafluoroborate and hexafluoroanti-
monate ions were found to be highly active catalysts for
the addition polymerization of norbornene derivatives
with functional groups. The activity of the palladium
catalyst increased with increasing size of the counterion
and decreasing association with Pd(I1). In contrast to
two ionic palladium—nitrile complexes, the (3-allyl)-
palladium complexes were also effective catalysts for the
polymerization of the endo isomers of norbornene de-
rivatives. Homo- and copolymers of polycycloolefins
with ester and hydroxyl groups were prepared. A
product with 0.2 acid group per repeating unit was
obtained from the copolymerization of norbornene and
bicyclo[2.2.1]hept-5-ene-2-carboxylic acid.

Experimental Section

General Procedures and Materials. All work involving
air- and/or moisture-sensitive compounds was carried out by
using standard high-vacuum, Schlenk or drybox (M. Braun)
techniques. NMR spectra were recorded on Jeol GX270
(270.05 MHz) and Varian Unity 500 (499.8 MHz) instruments.
Inherent viscosities were determined for polymer solutions (0.3
g/dL) in THF at 25 °C. Gel permeation chromatographic (GPC)
analyses utilized a Polymer Standards Service column (10 um
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gel, SDV linear, 60 cm), a Knauer HPLC Pump 64, and a
Waters differential refractometer (R 401). All GPC analyses
were performed on solutions in chlorobenzene (0.4—0.8 g/dL).
Calibration was based on five polystyrene standards ranging
from M, 5200 to 580 000 (Mw/M, < 1.1). Dichloromethane and
chlorobenzene were dried over CaH, and distilled. Pyridine
was distilled from KOH. Nitrobenzene and nitromethane were
dried by stirring over P4O50 and then vacuum-distilled. Di-
ethyl ether was vacuum transferred from sodium benzophe-
none ketyl and stored under nitrogen. Toluene (Aldrich), THF
(Merck), methanol (BDH), and nitrosonium tetrafluoroborate
(Aldrich) were used as obtained from the suppliers. Acetoni-
trile, propionitrile, and dichloromethane-d, were dried over
CaH; and then vacuum-transferred. Nitromethane-ds; (Ald-
rich) was dried over 4 A molecular sieves and then vacuum-
transferred. Octanoyl chloride and decanoyl chloride (Aldrich)
were used without further purification. 2-(Hydroxymethyl)-
bicyclo[2.2.1]hept-5-ene (exo/endo = 20/80) (Aldrich) was
vacuum-distilled. The corresponding octanoic and decanoic
acid esters were prepared as previously described.** Bicyclo-
[2.2.1]hept-5-ene-2-carboxylic acid methyl ester (3) (exo/endo
= 20/80) was prepared by a Diels—Alder reaction of cyclopen-
tadiene and methyl acrylate.’® endo-Bicyclo[2.2.1]hept-5-ene-
2-carboxylic acid (4) was prepared and separated from the exo
isomer according to procedures by Roberts et al.'*2 and Ver
Nooy and Rondestvedt.** All monomers were dried over CaH;
and vacuum-distilled. [Pd(CH3;CN)4][BF4]. was prepared ac-
cording to a procedure published by Schramm and Wayland.??
(p3-Allyl)palladium chloride dimer?* was synthesized from
sodium tetrachloropalladate, allyl chloride, and carbon mon-
oxide, all from Aldrich.

Preparation of Tetrakis(propionitrile)palladium(ll)
Bis(tetrafluoroborate). A 100-mL Schlenk flask was charged
with 563 mg (5.29 mmol) of palladium sponge, 1.50 g (12.84
mmol) of nitrosonium tetrafluoroborate, and 4.5 mL (81.7
mmol) of propionitrile. A green solution formed upon stirring
at ambient temperature. The NO formed was removed by
applying a slight vacuum. After 10 min, 7.5 mL of ni-
tromethane was added (under nitrogen). The mixture was
kept stirring at 20 °C, and NO was removed by applying a
vacuum at 30—45-min intervals for 4 h. The color of the
solution gradually changed from green to yellow. After a total
reaction time of 16 h at 20 °C, the solution was filtered from
unreacted NOBF, and then added to 18 mL of diethyl ether
to precipitate the cationic palladium nitrile complex. The
product was filtered and dried at 0.01 Torr and 20 °C for 7 h.
Yield: 2.0 g (76%). *H NMR (CD3NO): 6 3.01 (g, J = 7.5 Hz,
2H, CH,), 1.39 (t, J = 7.5 Hz, 3H, CH3). 13C NMR (CD3NO,):
0 129.30 (CN), 13.47 (CH,), 9.51 (CHs3). IR (Nujol): 2341 (m),
1152 (S), 1089 (S), 1005 (S) cm~L. Anal. Calcd for C12H2082F8N4-
Pd: C, 28.81; H, 4.03; N, 11.20. Found: C, 28.75; H, 3.94; N,
11.39.

In-Situ Preparation of Pd Complex Ilb for NMR
Analysis. [(%-allyl)PdCI]; (22 mg, 0.060 mmol) and 37 mg
(0.190 mmol, 58% excess) of AgBF4 were stirred in 1.3 mL of
CD,Cl,. After 30 min at 20 °C, the yellow mixture was passed
through a Whatman PTFE syringe filter with 0.45-um pore
size to remove the AgCl formed. 'H NMR (CD.Cly): 6 5.93
(tt, 3, = 12.1 Hz, J, = 6.8 Hz, 1H, CH), 4.64 (d, J = 6.8 Hz,
2H, CHy(syn)), 3.52 (d, J = 12.1 Hz, 2H, CH,(anti)). *C NMR
(CD.Cl,): 6 116.2 (CH), 67.0 (CH>).

A solution for F NMR spectroscopy was prepared simi-
larly: 52.8 mg (144 umol) of [(13-allyl)PdCI], and 56.2 mg (289
umol) of AgBF, in 1.5 mL of CD,Cl,, 30 min at 20 °C. °F
NMR: (CDCl;, 20 °C), 6 —148.0 (br s, free BF,~ and unknown
side product, 5%), —153.9 (br s, BF,~ of Pd(allyl) complex,
95%); (0 °C), —147.0 (br s, unknown side product, 3%), —147.9
(free BF4~, 2%), —153.2 (br s, BF,4~ of Pd(allyl) complex, 95%);
(=40 °C), —146.6 (br s, side product, 3%), —147.35 (s, free
0BF,), —147.41 (s, free 'BF,7), —151.73 (br s, °BF,~ of
Pd(allyl) complex), —151.79 (br s, **BF,~ of Pd(allyl) complex);
(=80 °C), —146.1 (br s, side product, 3%),—147.08 (s, free
1°BF,7), —147.14 (s, free *'BF,7), —150.25 (br s, °BF,~ of
Pd(allyl) complex), —150.31 (br s, **BF4~ of Pd(allyl) complex).
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In-Situ Preparation of Pd Complex Ila for *H NMR
Analysis. [(y%-allyl)PdCI], (22 mg, 0.060 mmol), 50 mg (0.145
mmol, 21% excess) of AgSbFs, and 1.3 mL of CD,Cl, were
stirred for 30 min at 20 °C and filtered. 'H NMR (CD.Cly): ¢
6.08 (tt, J; = 12.3 Hz, J, = 6.8 Hz, 1H, CH), 4.87 (d, J = 6.8
Hz, 1H, CHy(syn)), 3.74 (d, J = 12.3 Hz, 1H, CHy(anti)).

In-situ preparation of 5a for 33C NMR analysis: 42.4 mg
(0.116 mmol) of [(»3-allyl)PdCI],, 86.0 mg (0.259 mmol, 8%
excess) of AgSbFs, and 1.3 mL of CD,Cl,, 30 min at 20 °C. 13C
NMR (CD:Cl): 118.5 (CH), 70.4 (CH2).

Gravimetric Determination of AgClI Liberated in the
Preparation of I1b. [(3-allyl)PdCI], (24.7 mg, 0.068 mmol),
32.2 mg (0.165 mmol, 22% excess) of AgBF,4, and 2 mL of CH,-
Cl, were stirred for 30 min at 20 °C. The mixture was filtered
through a Whatman PTFE syringe filter with 0.45-um pore
size to capture the AgQCl formed. The syringe filter was
thoroughly washed with dichloromethane, methanol (to re-
move unreacted AgBF,), and again with dichloromethane. The
filter was dried (in the dark) at 40 °C and 0.01 Torr until the
weight remained constant. Weight increase of the filter due
to AgCl formed: 18.7 mg corresponding to 96.6% of the
theoretical value (assuming that all of the chloride has been
abstracted).

Preparation of Polymers. Homopolymerization of
Bicyclo[2.2.1]hept-5-enyl-2-methyl Octanoate (1c) (Endo/
Exo = 80/20) with [Pd(CH3CN)4][BF.]. in Nitromethane.
Preparation of Poly-1c (1, Table 1). A 25-mL Schlenk flask
was charged with 17 mg (0.038 mmol) of [Pd(CH3sCN)4][BF.]2
and 5 mL of nitromethane. The norbornene derivative 1c (957
mg, 3.83 mmol) was added with a syringe. After 16 h at 20
°C, the viscous solution was poured into a mixture of 30 mL
of methanol to precipitate the polymer. The cloudy mixture
was left standing for 24 h, and the polymer settled in the form
of an oil on the bottom of the flask. The supernatant was
decanted off, and the oily polymer was carefully washed with
methanol (twice) and dried at 80 °C and 0.01 Torr. Yield: 239
mg (25%); Mn(GPC) = 7200, M,(GPC) = 12 000. *H NMR
(CDCl3): 6 4.3—3.9 (br m, CH,OC(O) endo), 3.9—3.7 (br m, CH,-
OC(O exo), 2.3—2.2 (br m, 2H, OC(O)CHy), 2.20—1.95 (br m,
H!, H*, partial overlap with 2.3—-2.2), 1.9—1.5 (br m, H®, HS,
H2x, H3*, partially resolved), 1.60 (br m, 2H, OC(O)CH,CHy,),
1.4-1.0 (br m, H™sa, H2, H3", partially overlapped by 1.27),
1.27 (br m, 8H, C(O)CHchz(CH2)4), 0.88 (br t, 3H, CH2CH3).
13C NMR (CDCls): 6 173.8—173.5 (C=0), 67.9—66.3 (CH,OC-
(0)), 34.4 (OC(O)CHy), 31.7 (CH,CH,CHj3), 29.2 (CH,(CHy,)-
CHg), 29.0 (C(O)(CH2).CH,), 25.0 (C(O)CH.CHy), 22.6 (CH,-
CHy3), 14.1 (CH3), in addition an unresolved set of signals due
to several triad structures between 6 = 53 and 30 (C"—CY).

Polymerization of 1c (Endo/Exo = 80/20) with [Pd-
(C2HsCN)4][BF4)2 in Nitrobenzene/Dichloromethane (Vol-
ume Ratio 4/1) (2, Table 1). The catalyst solution was
prepared from 21 mg (42 umol) of [Pd(C2HsCN)4][BF4]. in 1
mL of dichloromethane. A monomer solution of 1.01 g (4.0
mmol) of monomer 1c in 4 mL of nitrobenzene was added.
After 120 h at 20 °C, the polymer was isolated as described
above. Yield: 400 mg (40%), M,(GPC) = 6800, M(GPC) =
8700. H NMR (CDCls) is presented in Figure 2b. 3C NMR
(CDCls) as above.

The clear supernatant liquid decanted off the precipitated
polymer was subjected to a vacuum of 0.4 Torr at 20 °C to
remove the methanol and the nitrobenzene. A residue of 580
mg remained which consisted exclusively of unreacted endo
monomer 1c as shown by the *H NMR spectrum in Figure 1b.

Homopolymerization of Bicyclo[2.2.1]hept-5-enyl-2-
methyl Decanoate (1d) (Endo/Exo = 80/20) with In-Situ
@@3-Allyl)palladium Tetrafluoroborate (I11b). Prepara-
tion of Poly-1d (6, Table 1). A sample vial was charged with
13.2 mg (3.6 x 1075 mol) of (3-allyl)palladium chloride dimer,
20 mg (10.3 x 107 mol) of silver tetrafluoroborate, and 2 mL
of chlorobenzene. The catalyst mixture was stirred for 20 min
at 20 °C. The silver chloride formed was filtered off with a
syringe filter (0.45 um). The clear yellow solution was added
to 1 g (3.6 x 1073 mol) of the decanoic acid ester of 2-(hy-
droxymethyl)-5-bicyclo[2.2.1]heptene. The reaction mixture
was stirred for 48 h at 20 °C, and the polymer was isolated by
precipitation with methanol. The product was dried at 79 °C
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for 12 h. Yield: 0.97 g (97%); M,(GPC) = 9600, My(GPC) =
23 000. 'H NMR (CDCls): shifts identical with those of poly-
1c, the intensity of 6 = 1.27 corresponds to 12H. *C NMR
(CDCly): shifts identical with those of poly-1c, in addition: ¢
29.5 (C(0)(CH,)sCHy>), 29.3 (C(O)(CH2)4CHy).

Homopolymerization of Bicyclo[2.2.1]hept-5-enyl-2-
methyl Decanoate (1d) (Endo/Exo = 80/20) with In-Situ
(y3-Allyl)palladium Tetrafluoroborate (I1a). Prepara-
tion of Poly-1d (8, Table 1). The same procedure as above
was used with 13.2 mg (3.6 x 107> mol) of [(3-allyl)PdCl],,
33.0 mg (9.6 x 107 mol) of AgSbFs, and 1.00 g (3.60 x 1073
mol) of monomer 1d, 18 h at 20 °C. Yield: 99%; M,(GPC) =
25 000, M,(GPC) = 55 000.

The other polymerizations of Table 1 were carried out in a
similar fashion.

Copolymerization of Norbornene and Bicyclo[2.2.1]-
hept-5-enyl-2-methyl Decanoate (1d) (Endo/Exo = 80/20)
with Ila (12, Table 3). A mixture of 29.4 mg (8.04 x 1075
mol) of [(#3-allyl)PdCI],, 85 mg (2.47 x 10~* mol) of AgSbFs,
and 5 mL of chlorobenzene was stirred for 20 min at 20 °C.
The yellow catalyst mixture was filtered and added to a
monomer solution which contained 1.5 g (16.0 mmol) of
norbornene, 1.1 g (4.0 mmol) of 1d, 29 xL (1.6 mmol) of H,0,
and 20 mL of chlorobenzene. The polymerization was carried
out at 20 °C for 18 h. The copolymer was precipitated by
addition to 150 mL of methanol, filtered, washed with MeOH,
and dried at 70 °C for 12 h. Yield: 2.0 g (80%); M,(GPC) =
184 000, My(GPC) = 524 000. 'H NMR (CDCls): ¢ 4.3—-3.7
(br m, CH,OC(0)), 2.27 (br m, OC(O)CHy), 1.57 (br m, OC(O)-
CH,CHy), 1.26 (br m, (CH)sCHz3), 0.88 (t, CHs). All of these
signals are superimposed over a set of very broad unresolved
signals between 2.3 and 1.0 ppm (H! to H3). From the
intensity of the signals at 6 = 0.88 and 4.3—3.7 the mole
fraction of 1d incorporated in the copolymer was determined
as 15% (a = 0.15 in Table 3). 3C NMR (CDCl3): 6 173.9—
173.5 (C=0), 67.8—66.5 (CH,OC(0)), 34.4 (OC(O)CHy), 31.7
(CH,CH,CH3), 29.5 (C(0O)(CH,)sCHy>), 29.3 (C(O)(CH,).CH,),
29.2 (CH(CH>)>CHs), 29.0 (C(O)(CH2).CHy>), 25.0 (C(O)CH.CHy,),
22.6 (CH,CH3), 14.1 (CHj3), in addition an unresolved set of
signals due to several triad structures was observed between
0 = 53 and 30 (C"—C?Y).

Palladium-containing end groups were removed by a reduc-
tion reaction with NaBH,4. Polymer (0.5 g) was dissolved in
25 mL of chlorobenzene. Methanol was added dropwise until
the solution became slightly turbid (~1 mL of MeOH). Then
0.1 g of NaBH, was added, and the mixture was stirred for 3
h at 20 °C. The mixture was kept standing for 16 h for the
black Pd(0) particles to coagulate and then filtered. The
volume of the solution was reduced in vacuum to approxi-
mately one third of its volume, and then the polymer was
precipitated with methanol, filtered, and dried. This sample
was used for elemental analysis. Anal. Calcd for
(C7H10)0,85/(013H3002)0,15: C, 85.36; H, 10.69. Found: C, 85.76;
H, 10.72.

Polymerizations 10, 11, 13, and 14 (Table 3) were carried
out in a similar fashion.

Copolymerization of Norbornene (nbe) and 2-(Hy-
droxymethyl)bicyclo[2.2.1hept-5-ene (2) (Endo/Exo = 80/
20) with lla (15, Table 3). A catalyst solution was prepared
from 20 mg (5.5 x 1075 mol) of [(3-allyl)PdCl],, 45 mg (1.3 x
10~* mol) of AgSbFs, and 2 mL of chlorobenzene. The polym-
erization was carried out with 0.411 g (4.4 x 102 mol) of nbe
and 0.136 g (1.1 x 1073 mol) of 2 (endo/exo = 80/20) in 2 mL
of chlorobenzene. The copolymer was isolated after 1 h at 20
°C. Yield: 0.43 g (79%). The polymer was soluble in chloro-
form and chlorobenzene at elevated temperatures. It remained
mainly insoluble in these solvents at room temperature. 'H
NMR (bromobenzene-ds, 60 °C): 6 3.8—3.2 (br m, CH,0O and
CH,0H), 2.4-2.1 (br m, H([2]), H*([2]), H>([2]), H([nbe]), H*-
([nbe])), 1.9—1.6 (very broad multiplet, partially overlapping
with neighboring signals, H5([2]), HS([2]), H?([nbe]), H3([nbe])),
1.5—1.3 (br m, unresolved, H?"([2]), H™s3([2]), H3>*([2]), H>*-
([nbe]), H&([nbe]), HS([nbe])), 1.2—1.0 (br m, overlapping with
previous signal, H3"([2]), H>"([nbe]), H®"([nbe]), H"3([nbe])).
From the intensity of the signal at 6 = 3.8—3.2 the mol fraction
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of incorporated hydroxymethyl derivative was calculated as
15% (a = 0.15 in eq 3).

For molecular weight analysis, the hydroxyl groups of the
copolymer were converted into the corresponding decanoic
ester groups. A mixture of 204 mg of copolymer 15 (Table 3),
10 mL of pyridine, and 2 mL of decanoyl chloride was heated
to 80 °C for 3h. The product was precipitated with methanol,
filtered, washed with methanol, and dried. Yield: 271 mg of
decanoic ester derivative (which contained traces of pyridine
hydrochloride and decanoic acid); Mn(GPC) = 18 500, M(GPC)
= 27 000. The *H NMR and *C NMR chemical shifts were
identical with those of copolymer 12 (Table 3).

Copolymer 16 (Table 3) was prepared and analyzed in a
similar fashion.

Copolymerization of nbe and Bicyclo[2.2.1]hept-5-ene-
2-carboxylic Acid Methyl Ester (3) (Endo/Exo = 80/20)
with lla (18, Table 3). The catalyst solution consisted of 60.2
mg (16.5 x 107% mol) of [(»3-allyl)PdCI];, 113 mg (32.9 x 1075
mol) of AgSbFs, and 5 mL of chlorobenzene, filtered and added
to a monomer mixture of 1.24 g (13.2 mmol) of nbe, 0.5 g (3.3
mmol) of 3, 59 uL (3.3 mmol) of water, and 10 mL of
chlorobenzene. The reaction mixture was stirred for 15 h at
20 °C. The polymer was isolated and dried as described above.
Yield: 1.44 g (83%); M,(GPC) = 60 000, M\(GPC) = 233 000.
1H NMR (CDCls): 6 3.6 (br s, C(O)OCHg3), 2.8—2.6 (br m, H>*-
([3])), 2.4—2.0 (very broad unresolved m, overlapping with
neighboring signals, H2"([3]), H([3]), H*([3]), H([nbe]), H*-
([nbe])), 1.9—-1.6 (very broad m, overlapping with neighboring
signals, H¥([3]), H5([3]), H8([3]), H?([nbe]), H3([nbe])), 1.55—
1.25 (br m, overlapping with neighboring signals, H7s3([3]), H3"-
([3]), H¥([nbe]), H®*([nbe]), H™S([nbe])), 1.2—1.0 (very broad m,
overlapping with previous signal, H>"([nbe]), H®"([nbe]), H"2-
([nbe)).

From the intensity of the signal at 6 = 3.6, the mol fraction
of incorporated ester derivative was determined as 10% (a =
0.10 in eq 3).

Copolymers 17, 19, and 20 (Table 3) were prepared in a
similar fashion.

Copolymerization of Norbornene and Bicyclo[2.2.1]-
hept-5-ene-2-carboxylic Acid (100% Endo) (4) with lla
(21, Table 3). A catalyst solution containing the following
was used: 17.5 mg (4.8 x 107> mol) of [(»%-allyl)PdCl],, and
32.9 mg (9.8 x 107% mol) of AgSbFs in 3 mL of chlorobenzene.
A monomer solution containing the following was used: 450
mg (4.78 mmol) of nbe, 660 mg (4.78 mmol) of 4, and 17.5 uL
(9.7 mmol) of H,O. The reaction was carried out for 1 h at 20
°C. The copolymer was isolated and dried as described above.
Yield: 49%, 5inn = 0.52 dL/g in THF.

Palladium of the end groups was removed by bubbling a
mixture of argon and hydrogen (volume ratio of 90/10) through
a polymer solution in THF for 3 h. Palladium(0) precipitated
and was removed by filtration over silica gel. *H NMR (THF-
dg): 6 11.0—10.2 (vbr, COOH), 2.7—2.5 (br m, H>([4])), 2.4—
2.0 (very broad unresolved m, overlapping with neighboring
signals, H2"([4]), H([4]), H*([4]), H*([nbe]), H*([nbe])), 1.9—1.6
(very broad m, overlapping with neighboring signals, H3*([4]),
H5([4]), H&([4]), H3([nbe]), H3([nbe])), 1.55—1.25 (br m, overlap-
ping with neighboring signals, H™>3([4]), H3"([4]), H>*([4]), H5*-
([nbe]), Hs([nbe])), 1.2—1.0 (very broad m, overlapping with
previous signal, H"([nbe]), H®"([nbe]), H"3([nbe])). IR (KBr):
3500—2500 (m), 2949 (s), 2865 (s), 1702 (s), 1452 (m), 1150
(w), 1337 (w), 1298 (m), 1260 (m), 1223 (m), 1110 (m), 937 (w),
804 (m), 705 cm~* (w). The mol fraction of incorporated acid
4 was determined from the intensity of 1702 and 804 cm™*: a
= 0.20 (eq 4); calibration with mixtures of the hompolymers
of poly(2,3-bicyclo[2.2.1]hept-2-ene) and poly(5,6-bicyclo[2.2.1]-
hept-5-ene-2-carboxylic acid). (A low molecular weight hom-
polymer of the acid 4 (with #i,n = 0.08 dL/g in THF) was
prepared from 3.8 x 107° mol of [(#3-allyl)PdCl], 7.7 x 1075
mol of AgSbFs, 7.7 mmol of 4, and 3 mL of chlorobenzene, 68
h at 20 °C, precipitation with n-hexane, 45% yield).
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