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ABSTRACT: Asymmetric alternating copolymerization of �-olefins (mono-substituted ethenes) with CO provides

chiral polyketones in their optically pure forms. Conformation of the polyketones is elucidated in a solution and in a

solid state. Studies on the chemical transformation of the functional group, the ketone moiety, are also described.
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Asymmetric synthesis of a chiral polymer from
achiral monomer(s) is one of the most challenging
stereocontrol in polymer synthesis. Several reports ap-
peared for the asymmetric polymerization of achiral
monomers by controlling the newly created chirogen-
ic centers;1 examples are, asymmetric polymerization
of alkyl sorbate,2 maleimide,3 epoxide or episulfide,4

and so on. The synthesis of a helical polymer by con-
trolling its plus or minus helicity has been another ma-
jor area of interest in asymmetric polymerization.1,5

We got involved in the asymmetric alternating
copolymerization of �-olefins (mono-substituted eth-
enes) with CO as an extension of our previous studies
on the asymmetric carbonylation of olefins.6 Copoly-
merization of ethene with carbon monoxide using
transition metal catalysts provides a �-polyketone,
poly(1-oxo-trimethylene), which possesses engineer-
ing plastic property, high crystallinity, excellent me-
chanical property, and chemical resistance. Drent and
his coworkers in Shell made great contribution to the
development of efficient catalyst for the copolymer-
ization.7 Unlike the ethene/CO copolymer, the alter-
nating copolymer of an �-olefin with CO provides a
polyketone having stereogenic centers in the main
chain. Thus, if the catalyst discriminates one of the
two enantiofaces of an �-olefin at the stage of its
incorporation, an optically active polyketone, one of
the possible two enantiomers of Figure 1, can be pro-
duced starting from achiral monomers, an �-olefin and
CO. Successful examples of the asymmetric alternat-
ing copolymerization of �-olefins with CO appeared
in literature in middle 1990’s, coincidentally from
four research groups including us, employing palladi-
um complexes with chiral ligands.8,9 Cationic palladi-
um complexes bearing cis-bidentate ligands were the
catalysts of choice for the copolymerization and thus

several chiral cis-bidentate ligands have been exam-
ined by now.10,11

The �-olefins may be classified into aliphatic 1-
alkenes and vinylarenes because these two families
of monomers require the use of different types of li-
gands; phosphorus-based ligands for 1-alkenes and ni-
trogen-based ligands for vinylarenes, respectively.7,10

When an achiral catalyst is employed for the copoly-
merization, namely under chain-end control, propene/
CO alternating copolymer is either atactic or slightly
rich in isotactic, while styrene/CO alternating copoly-
mer is rich in syndiotactic. In contrast, catalyst site-
control with a chiral ligand provides isotactic alternat-
ing copolymer both from propene/CO and styrene/
CO. Ideally, a single enantiomer of the chiral catalyst
gives the corresponding single enantiomer of an iso-
tactic polyketone.11

SYNTHESIS OF OPTICALLY ACTIVE
POLYKETONES

We employed a cationic palladium complex bear-
ing a chiral phosphine-phosphite as a ligand. Using
Pd complex 1, we have obtained completely alternat-
ing and completely isotactic poly(propene-alt-CO)
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Figure 1. Enantiomers of polyketone.
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and poly(4-tert-butylstyrene-alt-CO) whose structures
were determined by 13C NMR spectroscopy (Figure
2). It should be noted that 13C NMR gives no informa-
tion about the enantiomeric excess of chiral polymers;
in other words, enantiomerically pure (R)- or (S)-poly-
(propene-alt-CO) and a racemic mixture of (R)- and
(S)-isomers show exactly the same NMR charts. In or-
der to determine the enantiomeric excess, we made an
alkylpalladium species which resulted from the first
propene insertion, and cleaved the palladium-carbon
bond to prove the enantiofacial selection of propene
proceeded with over 95%ee (Scheme 1).12

Taking advantage that the catalyst system is ap-
plicable to both aliphatic 1-alkene and vinylarene,
the asymmetric terpolymerization of propene, 4-tert-
butylstyrene, and CO was successfully performed
(Scheme 2).13 The Unit A and B existed in a rather ran-
dom fashion in the chains and the a/b ratio varied in
the range of 0.8–24 depending on the monomer ratio.
It is notable that catalyst 1 is the only exception of a
phosphorus ligand which is applicable to the vinyl-
arene/CO copolymerization. This unique feature was

attributed to the 1,2-insertion of vinylarene to acylpal-
ladium species, that hardly takes place with other cat-
alysts regardless to nitrogen-ligands or phosphorus-
ligands.14

When an �,!-diene is used as the alkene moiety,
cyclocopolymerization proceeds if the two C–C dou-
ble bonds are separated with an adequate distance.15

As an example, the copolymerization of 1,4-penta-
diene with CO is described in Scheme 2. A probable
cyclization process is also drawn. Complete cycliza-
tion has been achieved but the cis/trans relative con-
figuration between the two substituents on the cyclo-
alkanone was not controlled.

STRUCTURE OF OPTICALLY ACTIVE
POLYKETONES

Due to their isotactic nature, the formation of heli-
cal conformation would be anticipated for the optical-
ly active polyketones. However, by optical rotation8b

or CD spectrum,16 no evidence has yet been obtained
indicating the presence of stable helical conformation
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Figure 2. Asymmetric alternating copolymerization of propene/CO and 4-tert-butylstyrene/CO.
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Scheme 1. Determination of the enantiomeric excess in the asymmetric copolymerization.
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in solution. Meanwhile, extended conformation was
estimated for isotactic poly(propene-alt-CO) by static
light scattering measurement, which might correspond
to a helical structure.16 In one of the possible helical
conformations, a carbonyl oxygen of a polyketone
comes close to the neighboring carbonyl carbon, which
may result in the formation of spiroketal (Figure 3).
In fact, Sen reported the observation of reversible

interchange between polyketone and polyspiroketal.8b

Spiroketal structure is stable only in the solid state for
propene/CO copolymer and pure polyketones were
detected when they were dissolved in CDCl3 as was
shown in Figure 2. The spiroketal formation is unique
for highly isotactic copolymer mostly generated from
propene or other higher aliphatic 1-alkenes. Some of

the polymers maintained the spiroketal structure even
in solution. The higher population of spiroketal struc-
ture was reported for polyketones bearing fluorine
atoms in the side chain,17 and thus, spiroketal was the
single detectable species for an isotactic poly(C4F9-
CH2CH=CH2-alt-CO) not only in a solid state but
also in a C6F6 solution.18

When an isotactic polyketone bearing azobenzene
groups in the side-chains was reprecipitated from
CHCl3/MeOH, a mixture of polyketone and polyspi-
roacetal units was obtained. It was suggested by CD
spectrum that the side-chains were arranged in a hel-
ical structure radiated from the spiroketal axis when
dissolved in CHCl3.

19 As shown in Figure 4a, isotacic
poly(CH2=CH(CH2)4O–C6H4–N=N–Ph-alt-CO) of
ketal/ketone ratio of 3/1 exhibited the splitted exiton
coupling in its CD spectrum. It is noteworthy that the
exiton coupling completely invisible in Figure 4b for
the polyketone structure in the same solvent as Figure
4a, that is CHCl3. The pure polyketone structure was
generated by dissolving the polymer of ketal/ketone
ratio of 3/1 in (CF3)2CHOH and then stripping out
of the solvent.
In a solid amorphous state, a helical structure is sug-

gested below Tg for optically active methylstyrene/
1-decene/CO terpolymer but it is not clearly stated
whether the spiroketal structure is involved or not.20

A single enantiomer of a side-chain liquid crystalline
polyketone forms a chiral nematic phase, that might
be attributes to a helical structure of the main chain.21

Only one example was reported for crystal structure
of the alternating propene–CO copolymer. High mo-
lecular weight propene–CO copolymer with random
regio- and stereoregularity exhibits elastomeric be-
havior. A 31 helical structure was proposed by an
X-ray investigation of an elastic film of the copolymer
at 650% elongation.22 For isotactic poly(styrene-alt-
CO), s(2/1) helical conformation was confirmed by
powder X-ray diffraction for optically pure styrene/
CO polyketone.23

A stereocomplex was suggested to be formed from
racemic mixture of enantiomeric polyketones derived
from propene, 1-butene, and allylbenzene using Pd-
(S)-Me-DUPHOS and its enantiomer based on the
higher Tm for the racemic mixture than for enantiomer-
ically pure sample.24 Chiral recognition and the stereo-
complexation between two different polyketones, such
as (þ)-propene/CO and (�)-1-butene/CO, were also
confirmed.

REACTIONS OF OPTICALLY ACTIVE
POLYKETONES

Chemical transformation of optically active poly-
ketone opens a new route to various functionalized
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optically active polymers. Apart from optical activity,
chemical modification of either non-alternating eth-
ene/CO copolymer or atactic alternating propene/CO
copolymer has been extensively studied25 but, before
our study, nothing was known about the reaction of
optically active, isotactic polyketones. The optically
active polyketone derived from propene/CO copoly-
merization has a chilarity center at the �-position of
each carbonyl group. It is of much interest whether the
configuration is maintained under the reaction condi-
tions. In addition, another interest focuses on the dia-
stereoselectivity when a chirogenic center is newly
created in the main-chain though the chemical trans-
formations.
In organic chemistry, diastereoselective reduction

of �-chiral carbonyl compounds has been studied
since 1950’s. Although the arguments have been ex-
panded to more complicated systems, such as �-, �-,
and �-diketones which contain multiple reactive cen-
ters, the chemistry still stays in molecular size of so
called low molecular weight compounds after half a
century. We studied the diastereoselective reduction
of poly(propene-alt-CO), a �-polyketone. Using tetra-
butylammonium borohydride as a reductant, polyke-
tone (S)-2 was reduced into the corresponding polyol
with the S=R ratio of 70/30 for the absolute configura-
tion of the newly created chirogenic center (eq 1).26

The local structure was determined by the unambigu-
ous synthesis of four diastereomers of 3-methyl-2,5-
hexanediol. Comparison of 13C NMR spectrum of
the polyol with those of the model diols indicated that
no epimerization occurred on the �-carbon atoms. The

S-selectivity contradicts to the conventional Cram-
selectivity with which R-configuration is predicted
from (S)-1. Considering that free-rotation around the
C–C bond between the carbonyl carbon and the �-
carbon is a prerequisite for the Cram rule, the present
S-selectivity should be attributed to the restricted free
rotation around the C–C bond.
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Baeyer-Villiger oxidation of (S)-2 with m-chloro-
perbenzoic acid provided poly(ketone/ester) in a
ratio of ketone/ester = 82/18 in 73% isolated yield
(eq 2).27 An ester unit likely exists to distribute ran-
domly in the product rather than to form a block co-
polymer of a polyketone and a polyester. This was
suggested by methanolysis of the product polymer to
give oligomers rather than methyl 3-hydroxybutyrate.
Because poly((R)-3-hydroxybutyrate) (PHB), the ester
part of the current polymer, is a well-known biode-
gradable polymer,28 further improvement of this oxi-
dation is highly desired.
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Figure 4. CD spectra of polyspiroketal and polyketone bearing azobenzene side-chains.

K. NOZAKI

874 Polym. J., Vol. 37, No. 12, 2005



successfully proceeded without epimerization at the
�-carbon although carbanions may possibly cause side
reactions, such as deprotonation of �-proton followed
by epimerization or aldol reaction. We reported the
methylenation of the polyketones (S)-2 using dizinc-
titanium reagent, CH2(ZnI)2–TiCl3, to give the corre-
sponding methylenated polymer (eq 3).29 The reaction
proceeded without any significant epimerization and
the product was highly isotactic. This was confirmed
by comparison of 13C NMR spectrum of the product
polymer with that of an atactic analog. The products,
a new class of hydrocarbon polymers with main-chain
chirality, are attainable only by this transformation but
not by any other methods, such as ring-opening poly-
merization of 2-alkyl-1-methylenecyclopropanes.
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CONCLUSIONS

Unlike the polymerization of vinyl monomers, not
only tacticity but also chirality becomes a critical is-
sue of stereocontrol in the alternating copolymeriza-
tion of �-olefins with CO. Employing chiral palladium
catalyst 1, asymmetric copolymerization with CO was
performed both with propene and with 4-tert-butyl-
styrene. The polyketone itself did not show any evi-
dence for the higher order structure but helical confor-
mation was suggested for polyspiroketal which arise
from the isomerization of the polyketone. Chemical
transformation of the optically active polyketone, such
as reduction, oxidation, and methylenation provided
several new types of new polymers with optical activ-
ity. Through out the studies, we confirmed that the
new methodologies continuously developed in the
field of organic synthesis can be effectively applied
in the field of polymer synthesis.
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