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The palladium-catalyzed allylic substitution reaction
between allylic esters and malonic esters is a versatile
carbon-carbon bond-forming reaction, which is well-
known as the Tsuji-Trost reaction1 (Scheme 1). Al-
though there are some already known polymerizations
including the partial process of this reaction,2-4 the
polymerization reaction via the typical Tsuji-Trost
reaction has not been reported in polymer synthesis
until recently5 (eq 1). We believed that great diversity
of the Tsuji-Trost reaction should be a potential
methodology for designing functional polymers aimed
at novel environmentally benign materials. Specifically,
some of the ubiquitous natural terpene alcohols (Chart
1) could be utilized after simple derivatization. Only two
polymers with relatively lower molecular weights (Mn
e 7600), which were consisted of carbon-carbon bonds
in the main chains, were reported,5a and hence estab-
lishment of the efficient polycondensation system be-
tween terpene derivatives and malonic esters has been
highly desired. In this report, we optimized the polym-
erization conditions and succeeded in the general syn-
thesis of some terpene-derived polymers with higher
molecular weights. We also examined the functional
group tolerance in the system, and the present polym-
erization conditions appeared compatible with various
functional groups such as ether, amine, and even ester
groups in the polymer main chains.

We first synthesized the bifunctional monomer 1
derived from geraniol (Table 1). An AB-type monomer
such as 1 is suitable to elucidate the optimized condi-
tions, for an accidental material imbalance in the two-
component polycondensation determines the degree of
polymerization without reflection of the polymerization
conditions. The main chain of the polymer consisted of
only C-C and CdC bonds, and cleavage of the main
chain was not considered possible during the polymer-
ization.6 The polymerization reactions were catalyzed
by 1 mol % Pd2(dba)3-2 mol % dppb in CH2Cl2 at 40 °C
in the presence of N,O-bis(trimethylsilyl)acetamide
(BSA) as a base. It was reported that the polymerization
reaction of the acetate ester of the terpene alcohol
derivative is sluggish under these conditions, while the
carbonate 1a was polymerized under the same condi-
tions and the desired polymer was obtained in good
yield5a (entry 1). The benzoate ester 1b was superior to
1a for the synthesis of the higher molecular weight
polymer (entry 2). The E-stereochemistry of the mono-

mer was retained in each case (1H and 13C NMR). To
synthesize the polymer with a higher Mn, we screened
some polar cosolvents to enhance the nucleophilicity of
the malonate anion, and 1,3-dimethyl-2-imidazolidinone
(DMI) appeared the most effective7 (entry 3). The
narrow polydispersity indices (PDIs) throughout the
polymerization in entries 1-3 indicated that allylation
under these conditions was not reversible and that C-C
bond cleavage of the main chain did not occur. Monomer
2, which is an allylic regioisomer of 1b, gave the polymer
with the same structure pattern as that from 1b (entry
4). The higher Mn was obtained from the terminal
olefinic substrate 2, while stereoselectivity of the olefin
was moderate (E/Z ) 8/1). Under these optimal condi-
tions, the scope of this polymerization was examined
using various combinations of monomers. Monomer 3,
which was synthesized from citronellol, gave the desired
polymer. The higher flexibility of 3, compared with that
of 2, might have produced the higher Mn because it is
well-known that the π-allylpalladium complexes are
extremely sensitive to steric effects of both the nucleo-
philic and allylic moieties.1 The two-component poly-
condensation between 4 and diethyl malonate (5) af-
forded the corresponding polyether 6 in high yield. The
tetramethylene-linked dual malonate 7 was also a good
nucleophile (entry 7). On the contrary, the rigid nucleo-
phile 8 revealed the steric sensitivity of this catalysis,
and only oligomerization occurred (entry 8). It is con-
sistent with the results of entries 4 and 5. The ethereal
monomer 9 derived from the hemiterpene prenyl alcohol
showed an interesting reactivity (entries 9-11). The
Mn’s of the obtained polymers from 9 were higher than
those from 4, which indicated that the degrees of
polymerization using 9 were apparently higher, espe-
cially when the nucleophile 8 was used (entry 11).
Coordination of the oxygen atom in the appropriate
position of 9 to the palladium center was likely to
accelerate the coupling process. The tosylamide mono-
mer 10 was also polymerized without any difficulty
(entry 12). We then prepared the monomer 11 to
synthesize the corresponding polyester. Since ester
functional groups are easily cleaved under both acidic
and basic conditions, it is a challenging topic to intro-
duce ester functions into the polymer main chains via
carbon-carbon bond formation.3c To our delight, the
polymerization of 11 afforded the corresponding poly-
ester 12 in the same procedure. On the basis of the
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Scheme 1. Palladium-Catalyzed Allylic Substitution
Reaction (Tsuji-Trost Reaction)

Chart 1. Some Ubiquitous Terpenes
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obtained Mn with the relatively small PDI in a high
yield, no or scarce cleavage of the acyl-oxygen bonds
in the main chains occurred during the polymerization
and the workup procedure. Since few methodologies for
functional polyesters have been reported in the litera-
ture,8 this process is attractive for this purpose. Mono-
mer 13, which is the allylic regioisomer of 11, led to the
higher Mn, while the stereoselectivity was moderate as
expected. Monomer 14, which has two electrophilic sites
and one nucleophilic site, was polymerized under the
same conditions. The 1H NMR spectrum indicated a
relatively similar structure to that of 12, while the 13C
NMR spectra suggested the hyperbranched structure
based on the multiple peaks.

The π-allylpalladium intermediates in all entries of
Table 1 have â-hydrogens, which easily cause the â-H-
Pd(II) elimination2,4 (Scheme 2a). In our system, how-
ever, such a side reaction was diminished to the
undetectable level by 1H and 13C NMR analyses, and

the polymerization reaction effectively proceeded as
illustrated in Table 1. As a matter of fact, the present
system is also applicable to the polyaddition reported

Table 1. Pd-Catalyzed Allylation Polycondensation between Terpene Derivatives and Malonic Estersa (E ) CO2Et)

a X ) OCOPh unless otherwise noted. The polymerization conditions: each monomer, 0.50 mmol; CH2Cl2, 0.90 mL; DMI, 0.10 mL;
Pd2(dba)3, 5.0 µmol (1.0 mol %); 1,4-bis(diphenylphosphino)butane (dppb), 10 µmol (2.0 mol %); BSA, 1.5 mmol (entries 1-5 and 13-15)
or 3.0 mmol (entries 6-12); temperature, 40 °C. b Isolated yield. c By 1H NMR. d Polydispersity index (Mw/Mn) by SEC. e Only CH2Cl2
(1.0 mL) was used as the solvent, and DMI was not added. f Reference 5a. g Not determined.

Scheme 2. â-H-Pd Elimination vs Nucleophilic
Addition
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by Koizumi and Endo, which suffered from â-H-Pd
elimination.4 Although incident â-H-Pd elimination
terminated the polymerization in their conditions (Mn
e 9200, PDI ) 1.96), we obtained the desired polymer
with a higher molecular weight as TMS ether under our
optimal conditions9 (Scheme 2b). Treatment of TMS
ether with 1 N HCl(aq) in THF for desilylation afforded
an insoluble material in common organic solvents
because of higher molecular weight. The PDIs of the
obtained polymers in Table 1 were relatively small
considering the conventional polycondensations as well
as the palladium-catalyzed polymerization via π-al-
lylpalladium intermediates.10

All of the polymers obtained in Table 1 were amor-
phous.11 This might be reasonable when thinking of
natural rubber that consists of isoprene units. Because
the polymers contain the terpene derivatives, we ex-
pected some of these polymers to be biodegradable.
Biochemical oxygen demand (BOD) measurements on
polyether 6 and polyester 12 were carried out in an
activated sludge.12 Polyether 6 showed a slow but
apparent biodegradability that reached 8% after 28 days
(Figure 1). To our surprise, polyester 12, which we had
expected to be readily biodegradable, was not degraded
at all (0% after 28 days). The quaternary bulky R-car-
bons of the ester functional groups might have inter-
fered with degradation.

We have reported the versatile carbon-carbon bond-
forming polycondensation between terpene derivatives
and malonic esters via the Tsuji-Trost reaction. The
highly incident â-H-Pd elimination was diminished,
and the relatively higher polymers were synthesized
using various types of the monomers with some func-
tional groups in the polymer main chains. The studies
of biodegradation of the synthesized polymers and also
asymmetric polymerization are now under investigation.
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Figure 1. BOD measurements of polyether 6.
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