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A large number of transition-metal compounds are
known to catalyze the ring-opening olefin metathesis po-
lymerization (ROMP) of norbornene.! The correspond-
ing polymer, poly(1,3-cyclopentylenevinylene), contains
one carbon-carbon double bond for each repeat unit.
However, some catalysts based on Ti and Pd compounds??
produce a saturated polymer, poly(2,3-bicyclo[2.2.1]hept-
2-ene) (1;eq1). Sofar,onlyafew examples of this addition
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polymerization have been examined. Another mode of
polymerization is the cationic polymerization of nor-
bornene, resulting in moderate yields of oligomeric poly-
(2,7-bicyclo[2.2.11hept-2-ene). Gaylord et al.® showed
that structural rearrangements of the bicyclic unit take
place during this reaction.

We used [Pd(CH;CN),J[BF,]; for the preparation of
poly(2,3-bicyclo[2.2.1]hept-2-ene) (1). Solubility in un-
saturated halogenated hydrocarbons, such as trichloro-
ethylene, tetrachloroethylene, chlorobenzene, 1,2-dichlo-
robenzene, and bromobenzene, enabled us to conduct
molecular weight analyses by gel permeation chromatog-
raphy (GPC) and vapor phase osmometry (VPO). Poly-
(2,3-bicyclo[2.2.1]hept-2-ene) samples with molecular
weights M, (VPO)4 between 3500 and 6200 were obtained,
when norbornene/Pd?* ratios ([M]/[I]) ranging from 40/
1to 91/1 were used in nitromethane as a solvent.® These
values of M,(VPO) were in reasonably good agreement
with theoretical molecular weights calculated for a po-
lymerization reaction free of chain transfer and chain
termination. However, higher molecular weight samples
(M(GPC)4between 24 000 and 70 000) had relatively high
polydispersities, My/M, in the range of 1.3-1.5. The
limited solubility in nitromethane caused poly(2,3-bicyclo-
[2.2.1)hept-2-ene) to precipitate before all of the monomer
had been consumed.

We achieved nearly homogeneous polymerizations with
a solvent mixture of nitrobenzene and chlorobenzene
(volume ratio = 1/2) and with [Pd(CH3;CH,CN)4][BF4]2¢
as the catalyst. Polymer chain growth was found to
continue after renewed monomer additions, indicating rare
chain transfer and chain termination. The initial molar
ratio of norbornene to Pd?* compound ([M]/[I]) was 50/
1. After more than 90% consumption of the monomer,
another 50 equiv of norbornene were added, and continued
chain propagation was observed. The molecular weight
increased from M,(GPC) = 5400 to M,(GPC) = 11 600
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Figure 1. Gel permeation chromatographic analyses of poly-
(2,3-bicyclo[2.2.11hept-2-ene) samples obtained following sub-
sequent additions of norbornene. Molar ratio of norbornene to
Pd2+ compound ([M]/[I]): (a) 50/1; (b) (50 + 50)/1; (¢) (50 + 50
+100)/1. Calibration with polystyrene; eluent = chlorobenzene.
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Figure 2. Gel permeation chromatographic analyses of poly-
(2,3-bicyclo[2.2.1]hept-2-ene) samples prepared at 0 °C ([M)/
[11) = 250/1); 0.044 mmol of [Pd(CH3;CH;CN) J[BF,];, 10.8 mmol
of norbornene, 5 mL of dichloromethane, 12 mL of chloroben-
zene, 6 mL of nitrobenzene. (a) 35% conversion (after 6 min),
M. (GPC) =11 200, M/M, = 1.07. (b) 54% conversion (after 20
min), My (GPC) = 21 400, M/M, = 1.07. (c) 80% conversion
(after 60 min), M,(GPC) = 29400, M,/M, = 1.12. d) 100%
conversion (after 15 h), Mn,(GPC) = 35 900, M./M, = 1.34.

(Figure 1a,b). The addition of another 100 equiv of nor-
bornene led to a further increase of molecular weight to
M,(GPC) = 22 300 (Figure 1c).

Poly(2,3-bicyclo[2.2.11hept-2-ene) samples with poly-
dispersities M,/ M, as low as 1.07 were obtained when the
polymerization was run to 35 and 54 % conversion at 0 °C
(IMY/{I]) = 250/1; Figure 2).2 Polydispersities were well
below 1.2 for monomer conversions up to 80%. The high
molecular weight sample (100% conversion; Figure 2d)
was bimodal due to partial precipitation of the polymer.
Similar studies were conducted for norbornene/Pd?* ratios
[M1/{1] of 500/1. Approximately linear plots of molec-
ular weight versus conversion were obtained (Figure 3).
These results indicate that the addition polymerization of
norbornene proceeds in a well-behaved manner with rare
chain transfer and chain termination, when reaction
conditions are carefully controlled.
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Figure 3. Plots of molecular weight versus conversion for
addition polymerizations of norbornene starting from [M]/[I] =
250/1 and 500/1.

Scheme I
Suggested Chain Propagation in the Addition
Polymerization of Norbornene
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The well-behaved nature of the [Pd(CH3;CH;CN),]-
[BF]o-catalyzed polymerization of norbornene suggests
an insertion type mechanism (Scheme I) in preference to
a cationic mechanism.? Pd?*-catalyzed intramolecular
insertion reactions typically proceed by cis insertion, !0 thus
resulting in structure 2, when applied to norbornene.!!

([Pd] = [P(CHsCN),I")

R = alkyl or polymer chain

Decomposition of species 2 via 8-hydride eliminationi? is
unfavorable, as both 8-hydrogen atoms H! and H2 are not
easily accessible for a Pd-H bond-forming process.

The Pd-C bond of the polymer end group remained
intact after all of the monomer had been consumed. It
was possible to cleave the Pd~C bond by insertion of carbon
monoxide and subsequent addition of methanol. Pd(0)
precipitated, and poly(2,3-bicyclo[2.2.1]1hept-2-ene) with
methyl ester end groups was formed.13:14

The polymerization of norbornene still occurred, when
1000 equiv of water (molar ratio of HyO to Pd?* = 1000/1)
was added to a monomer solution containing 200 equiv of
norbornene (molar ratio of norbornene to Pd2+ = 200/1).
Water is known to trap free carbocations, thus reducing
the likelihood of a cationic polymerization mechanism.1%

We prepared the addition polymer of endo-dicyclopen-
tadiene.l® The 'H NMR spectrum of this polymer shows
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a signal at 2.97 ppm, which can be assigned to the allylic
bridgehead proton (He in 3). The intensity corresponds

3 4

to one proton per repeat unit. The absence of structural
rearrangements indicates that free carbocations are not
involved in chain propagation. For comparison, endo-
dicyclopentadiene was subjected to cationic polymeriza-
tion initiated by BFs-etherate.l” This reaction produced
a different polymer with the predominant structure 4; no
1H NMR signal at 2.97 ppm could be detected.

It is notable that the double bond of the considerably
less strained five-membered ring remains intact during
the Pd?+-catalyzed addition polymerization. A similar
result was obtained for the Pd?*-catalyzed polymeriza-
tion of exo-dicyclopentadiene.18

At present, further work is in progress to apply this
Pd2*-catalyzed addition polymerization to different nor-
bornene derivatives and to the synthesis of block copol-

ymers.
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