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A key objective of synthetic polymer chemists is the
development of new living polymerization systems.!
Emphasis is placed on this goal because it is only
through living systems that one can readily prepare
polymers with defined end groups, predetermined mo-
lecular weights, and molecular weight distributions and
prepare polymers and block copolymers of higher ar-
chitecture. Gaining the requisite control over the po-
lymerization of olefinic substrates by organometallic
complexes has proved most challenging in this regard.?
To this end, we report a highly air- and moisture-stable,
living 1,2-insertion polymerization of olefins initiated
by palladium(II) alkyl complexes and the use of these
complexes to prepare novel hydrocarbon—polyacetylene
block copolymers.

Although considerable effort has gone into studying
the insertion of olefins into Pd—C bonds,? as well as the
dimerization of olefins catalyzed by Pd(II) compounds
containing Pd—C bonds,* the majority of the work in
the area of Pd(II)-initiated olefin polymerizations has
utilized the cationic palladium(II) species [Pd(CH3;CN)4]-
[BF.]> which has been shown to initiate via a cationic
mechanism.?> Because of the needs to control the
polymer end groups and develop fast initiating systems,
we have been studying the polymerization of bicyclic
olefins catalyzed by palladium(II) alkyl complexes.
Unfortunately, the majority of literature palladium
alkyl complexes are stabilized by either chelation or
strong donor ligands® which often inhibit polymeriza-
tions. In order to eliminate these stabilizing ligands,
we have focused on alkyl groups containing an internal
olefin to stabilize the palladium center through chela-
tion.” We have looked at a number of these Pd(II)
complexes, focusing on variations of the o,7-bicyclic
structure (Figure 1), and have found them to be efficient
initiators for living polymerizations. In addition, they
produce very stable palladium end groups, so much so
that the polymers can be isolated and stored with the
Pd(II) center still attached and reused at a later time
as an active initiator.

In the presence of olefins such as ethylene, the
hexafluoroacetylacetonato o,7-bicyclic complex, I, was
shown to undergo tricyclic rearrangement of the o,7-
alkyl ligand in a reversible manner (eq 1).® This
suggested that the coordination site filled by the olefin
of the o,7-bicyclic ligand would be available for monomer
association after initiation.

Based on these observations, the monomeric o,7-
bicyclic complexes I7¢ and II° as well as the dimeric o,7-
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Figure 1. Palladium o,7-alkyl complexes used to initiate 1,2-
olefin-insertion polymerizations.
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bicyclic complexes ITL,7® IV, and V! were synthesized
and screened as initiators for the 1,2-olefin-insertion
polymerizations of a number of bicyclic olefins. We
found that bicyclo[2.2.1]hept-2-ene (1) and diethyl
7-oxabicyclo[2.2.1]hepta-2,5-diene-2,3-dicarboxylate (2)
(see Scheme 1) could be quantitatively polymerized by
these 0,7 initiators in less than 15 min using wet
solvents (THF or tetramethylurea (TMU)) in the pres-
ence of air. The importance of the preformed o-Pd—C
bond in determining the activity of these complexes can
be demonstrated by comparing the activity of I in control
experiments with analogous complexes lacking the ¢
bond. For example, polymerizations using (bicyclo-
[2.2.1]hepta-2,5-diene)PdCl; failed to polymerize 1 and
gave only 33% yields of poly-2 after 2 days. Other
monomers such as bicyclo[2.2.1]hepta-2,5-diene (8) and
diethyl bicyclo[2.2.1]hepta-2,5-diene-2,3-dicarboxylate
(4) can also be polymerized using these o,t complexes,
albeit with significantly attenuated rates.

Not surprisingly, the activities of these complexes
depend on both the solvent and the auxiliary anionic
ligand. Not all of these polymerizations are necessarily
living (vide infra) and/or well-behaved, and the outcome
of a polymerization is strongly dependent on these
aforementioned factors. More specifically, deactivation
of the chain ends (as evidenced by diminutive yields)
and mutation of the organometallic chain ends into two
types of independently propagating species (as evi-
denced by bimodal molecular weight distributions) are
both observed under less than ideal conditions. Polar,
coordinating solvents are preferred, but ethereal sol-
vents such as THF deactivate the more active cata-
lysts.!! This can be seen by comparing entries 5—7 in
Table 1. We have found TMU to be unusual in that it
acts to increase the rate of polymerization and suppress
catalyst decomposition and mutation side reactions
(Table 1, entries 7 vs 10). In TMU where decomposition
is suppressed, the anionic ligand activity trend, I > Br
> (Cl, is revealed.

Figure 1b shows a typical gel permeation chromatog-
raphy (GPC) trace of a bimodal polymer isolated from
the polymerization of 2. This bimodal character is
observed in THF with all these complexes and even in
TMU for initiators IIT-V. This bimodal profile evolves
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Table 1. Polymerization of Monomer 2 Initiated
Using Palladium ¢,7 Complexes at a Fixed
Monomer/Initiator Ratio®

yield M.b
entry initiator solvent time (%) living (x10% PDI*

1 I THF 2h 99 yes 69,434
2 I THF 20min 99 yes 8.1,364
3 I TMU 40h 99 yes 158 1.2
4 I TMU 4h 98 yes 158 L5
5 I THF 4h 95 yes 69,327
6 v THF 24h 53 no 9.8,282
7 M THF 24h 13 no
8 111 TMU 20min 99 yes 10.8,37.1
9 v TMU 4min 97 yes 13.2,40.0

10 A\ TMU 2min 99 yes 13.4,43.7

@[] = 1.9 M; [Catalyst] = 0.027 M; M/I = 70. ® My, is defined
as the molecular weights of the peak maximum. ¢ PDIs are not
calculated for samples showing bimodal distributions.

over the lifetime of the polymerization, and the distri-
bution of polymer between the two peaks is dependent
upon the initial concentrations of monomer and initia-
tor. This suggests that the active chain end mutates
into two types of propagating species in solution. The
exact nature of this process is not readily apparent and
is still under investigation. The presence of distinct
propagating species in solution does not detract from
the livingness (vide infra) of these polymerizations in
that the purported mutation constitutes neither a chain
termination nor a chain transfer side reaction.!> Nev-
ertheless, we found that complexes I and II would
initiate these polymerizations in TMU to yield mono-
modal polymer with PDIs as low as 1.2.

The most interesting aspect of these polymerizations
is the stability of the palladium centers. Not only are
these initiators air and moisture stable and thus suit-
able for bench top polymerizations (initiators I-V are
all atmospherically stable for more than 12 h, and no
variations are observed when the polymerizations are
conducted under an inert atmosphere) but they also
remain active as the chain ends, even after isolation and
storage in the solid state. These “polymeric reagents”
can be used for the preparation of block copolymers by
dissolving them in a solution containing the second
monomer (Scheme 1).

Living polymerizations are polymerizations lacking
kinetically significant chain-transfer and chain-termi-
nation steps. Of the several accepted ways to demon-
strate the absence of these two side reactions, the
preparation of well-resolved block copolymers is one of
the best,’2 and we use this approach here. Moreover,
the unusual stability of these organometallic chain ends
allows us to run either block or chain-extension poly-
merizations by isolating the living chains between
monomer additions. The GPC traces of an “AA” chain-
extension experiment of poly-2 (showing both fast and
quantitative initiation and also that all polymer chains
retain an active palladium center) conducted in the
presence of air and moisture are shown in Figure 2.
First, 5 equiv of 2 was added to the palladium(II)
initiator, and after isolation 90% yield of oligomer with
M, = 1100 (relative to polystyrene) was isolated as a
yellow powder (Figure 2a). This oligomer was then used
to initiate the polymerization of a second aliquot of
monomer. When an additional 65 equiv of 2 per
palladium (original initiator) was added to a solution
of the oligomeric initiator, a 90% yield of polymer was
obtained with M, = 16 000 (relative to polystyrene)
(Figure 2b).  These two GPC traces are fully resolved,
proving that the palladium(II) center remains living as
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Figure 2. GPC traces of poly-2. (a) Initial block of oligomeric

poly-2 (M/T = 5). (b) Poly-2 after addition of 65 equiv of 2 to a
solution of the oligomeric poly-2 shown in a.

the polymer chain end and is fully stable under atmo-
spheric conditions. With the exception of initiators IV
and V in THF (which undergo decomposition), all of
these complexes propagate polymerization in a living
manner.

We have previously shown that poly-2 and poly-4 are
actually “protected” polyacetylenes that will undergo
deprotection through retro-Diels—Alder reactions at 100
and 165 °C, respectively.!® Similarly, we have now
found that the diblock copolymers, poly<(2-b-4) and poly-
(2-b-1), prepared using these living systems,'* can be
heated at 115 °C to produce novel polyacetylene—
hydrocarbon diblock copolymers (Scheme 1). Heating
a sample of poly-(2-b-4) where the poly-2 block was large
(M/I = 65) and the poly-4 block was small (M/I = 5) at
115 °C in 1,24-trichlorobenzene produced a visible
absorbance that red-shifted over time, culminating in
an ultimate wavelength of 524 nm. Heating the same
sample of poly(2-5-4) at 115 °C under vacuum as a thin
film on NaCl plates produced a sample with an IR
spectrum that showed both the major stretches from the
poly-4 block and a signal at 1010 cm™? from the trans-
polyacetylene block. By shortening the size of the poly-2
block, we were able to produce copolymers with visible
absorbances in the yellow (400 nm) and orange (470 nm)
regions. Thus, this living system allows us to synthesize
diblock copolymers containing hydrocarbon segments
and polyacetylene segments of controlled size. Control
over the morphology and, hence, bulk properties of these
diblocks is currently being investigated.
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