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The palladium-catalyzed allylic substitution reaction is a
versatile carbon-carbon bond-forming process that proceeds
under mild conditions (eq 1). Under the appropriate conditions,

very high regio- and stereoselectivities can also been achieved.1

Nonetheless, no application of this reaction for polymer formation
has been reported yet. In general, polymerization reactions that
proceed viaπ-allylpalladium intermediates are rare.2-5 Thus, the
importance of developing a new polymerization reaction using
this chemistry to form Csp3-Csp3 bonds is highlighted by the
fact that most well-established C-C bond-forming polymeriza-
tions take advantage of the high reactivity of unsaturated carbons
(Scheme 1).6,7 In this Communication, we describe applications
of the palladium-catalyzed allylic substitution reaction for a
general polymerization reaction via polycondensation between bis-
allylic monomers and malonate-type carbanions (eq 2).

We examined polymerization between (Z)-1,4-diacetoxybut-
2-ene (1) and diethyl malonate (2a, E ) CO2Et) in the presence
of 1 mol % of Pd2(dba)3 (eq 2). After extensive scouting of
reaction conditions, we found that the condensation polymeriza-
tion was successful when 1,4-bis(diphenylphosphino)butane
(dppb) was used as a ligand andN,O-bis(trimethylsilyl)acetamide

(BSA) as a base in CH2Cl2.8 Polymerization at 25°C was followed
by 1H NMR and SEC9 analysis of the crude reaction mixture.
This bis-acetate1 was completely consumed after 7 h by1H NMR
analysis, andMn reached 19 000 after 96 h.10 The regioselectivity
of this reaction was exclusive, and no vinyl groups which could
be formed via the internal attack of the allylpalladium complex
by the malonate anion (Scheme 2) were detected by1H NMR.
At the elevated temperature (40°C), polymerization proceeded
more effectively. The exclusive regioselectivity was retained, and
Mn reached 21 800 after 11 h.10 The 1H NMR spectrum of the
polymer suggested polymerization was terminated by a trace
difference of molar ratio between1 and2a, because the only acetyl
group was detected as termini of the polymer chain. Although
the stereochemistry of3 was not confirmed,13C NMR indicated
high stereoregularity, and on mechanistic grounds anE-config-
uration could be proposed for the double bonds of the polymer
backbone.3

Table 1 illustrates the scope of the polymerization using various
combinations of monomers. Each polymer was isolated in a good
to excellent yield, and the polydispersity index (Mw/Mn) was
generally around 1.5, except for entry 9. The substituted malonate
4 was not problematic for polymerization and afforded5 with
alternating unsaturated and saturated segments (entry 2). Sharing
a double bond in two allylic moieties was not necessary (entries
3-8 and 10). Although the low regioselectivity of the cinnamyl-
type substrate has been reported,11 in our case high regioselectivity
was observed in all cases (entries 3-6). Several nucleophiles were
examined using6, and the present system of polymerization
appeared to be general. The substrate8, which is a regioisomer
of 6, was also polymerized under the same conditions (entries 7
and 8). As we expected for this substrate, theR/γ-regioselectivity
completely reversed to form the polymer with the same structure
pattern as7. The stereochemistry of7a-d was unambiguously
confirmed asE-configuration by the coupling constant of the
olefin (J ) 15.8 Hz) by 1H NMR, and within the limits of
detection 13C NMR also suggested that the selectivity was
exclusive. In one of the most intriguing applications of this
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Scheme 1.Representative Patterns of C-C Bond-Forming
Polymerization

Scheme 2
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polymerization, we examined the reaction of some allylic deriva-
tives from natural sources.12 The polymerization reactions were
sluggish under the same conditions, probably because of steric
hindrance at trisubstituted olefin in the initial oxidative addition
to Pd(0). Changing the leaving group from AcO- to EtOCO2-
enhanced the reactivity on the substrates, and the polymerization
proceeded with excellent regioselectivity (entries 9 and 10). Since
the terpenes were not symmetrical, head-to-head, head-to-tail, and
tail-to-tail couplings occurred at random in the two-component
system (entry 9). The diester10, with an internal allylic carbonate,
derived from geraniol was synthesized and polymerized. Exclusive
R-regioselectivity and almost quantitative yield were obtained
(entry 10). Very highE,E-configuration for the double bonds was
suggested by13C NMR.13

In conclusion, we have developed a palladium-catalyzed allylic
substitution polymerization. The characteristics of the polymer-
ization are as follows: (1) It offers a versatile method of C-C
bond-forming polymerization by linkage between Csp3 and Csp3

of monomers, which had rarely been successful. (2) It takes
advantage of carbon-carbon double bonds of monomers to form
π-allylpalladium intermediates, with all double bonds retained
in the polymer chain. (3) The polymerization system tolerates
various functional groups, such as carbonyl and ether groups. (4)
Readily available allylic alcohols of terpenes could be used as
monomers, and this may be important for the development of
new type of ecofriendly materials based on renewable natural
resources.12 Further studies directed toward the optimization of
reaction conditions and the utilization of terpene-derived com-
pounds for the polymer applications are currently under investiga-
tion.

Supporting Information Available: Experimental details, spectro-
scopic data (1H, 13C, IR) of each polymer in Table 1, and DSC charts of
3, 5, and7a for Tg andTm (PDF). This material is available free of charge
via the Internet at http://pubs.acs.org.
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Table 1. Palladium-Catalyzed Regioselective Allylic Substitution Polymerizationa

a The reactions were carried out using each monomer (0.50 mmol) and BSA (3 mmol) in the presence of Pd2(dba)3 (0.005 mmol) and dppb (0.01
mmol) at 40°C for 11 h in CH2Cl2 unless otherwise noted.b Isolated yield.c By 1H NMR. d Estimated by SEC (CHCl3, polystyrene standard).e No
vinyl groups ofγ-selectivity were detected by1H NMR. f Reaction conditions: 25°C for 2 h and then 40°C for 9 h. g Reaction conditions: 40°C
for 24 h.
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