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Three-component coupling polymerizations have produced ver-
satile sequence-ordered polymers with easily tunable polymer
backbones.1-7 Successful three-component coupling polymeriza-
tions have been achieved by the combinations of “condensation
and addition” or “condensation and condensation” reactions, or
sequential additions8 because the sufficiently chemoselective reac-
tions typically require formations of a stable byproduct, such as
salts, in either or both of the primary reactions, to give thermody-
namic advantages to the first reactions. The condensation reactions
unfortunately reduce the atom economy.9 However, the aforemen-
tioned requirement impedes three-component polyaddition reactions,
because the first additions typically consume the two reactive
monomers and the resulting thermodynamically stable products may
not attack the remaining most stable monomers. To construct three-
component polyaddition by overcoming the thermodynamic prob-
lem, the polyaddition should involve two primary additions based
on differing mechanisms, e.g., nucleophilic and radical additions.
Accordingly, we focused on a nucleophilic addition of amines to
cyclic dithiocarbonates affording mercaptothiourethanes,10-12 whose
mercapto group may react either nucleophilically or radically. This
reaction gives the primary products the radical addition abilities in
place of the decreased nucleophilicities.

We have chosen a diyne 1,4-diethynylbenzene (DEB) as a
monomer for the radical addition process, because of its electron-
sufficient character avoiding Michael-type nucleophilic additions
of amines. A mixture of 5-phenoxymethyl-1,3-oxathiolan-2-thione
(POTT, 1.20 mmol), 4,4′-trimethylenedipiperidine (TMDP, 500
µmol), DEB (500 µmol), and 2,2′-azobisisobutyronitrile (AIBN,
10 µmol) was heated at 60 °C in chlorobenzene (2.0 mL) for 48 h
under a nitrogen atmosphere (Scheme 1, Table 1 run 1). A pale
yellow polymer, which can be assignable to the desired structure
composed from the addition of the three monomers (see Supporting
Information, SI), was obtained in quantitative yield.13 The amount
of AIBN affected the yields and the solubility. The lower AIBN
amount resulted in the lower yield (run 2), and the too high AIBN
amount resulted in giving insoluble products (AIBN > 40 µmol).
We attributed the formation of the insoluble polymers to the addition
of the thiyl radicals to the double bond moieties in the main chain
that competitively took place with the desired reactions. When the
mixture was reacted for 24 h at 35 °C, the nucleophilic addition of
TMDP to POTT took place to afford a bismercaptourethane
quantitatively, although DEB was not consumed at all. The
subsequent reaction at 60 °C for 24 h resulted in the addition of
the mercapto group to DEB to produce alkenyl sulfide structures,
which leads to production of the poly(thiourethane-phenylenevi-
nylene sulfide) having the identical structure with the polymer

obtained in run 1 [yield ) 98%, Mn (Mw/Mn) ) 6000 (2.64)]. The
high selectivity of the polymerization was confirmed by the model
reactions (see SI). First, the selectivity of the primary reactions is
confirmed by the reactions of each of the two components under
conditions similar to those for the polyaddition. As expected, only
POTT and TMDP reacted to give the corresponding bis(mercap-
tourethane), while the mixture of POTT and DEB and that of TMDP
and DEB did not react at all. The reaction of piperidine, which is
a monofunctional analogue of TMDP, with POTT obeying second-
order kinetics, and both reactants were consumed at identical rates.
Second, the selectivity of the second radical addition was confirmed
by the reaction of DEB with n-hexanethiol, which also obeyed
second-order kinetics by identical consumption rates of the triple
bond and the thiol moieties.

The use of primary diamines, 1,3-diaminopropane (DAP) and
1,12-diaminododecane (DAD), also gave corresponding polymers,
although the molecular weights were lower (runs 6 and 7). These
polymers were also confirmed to have structures originating from
the three-component polyaddition. The lower molecular weights
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Scheme 1. Three-Component Polyaddition of Five-Membered
Cyclic Dithiocarbonate, Diamine, and Diyne

Table 1. One-Pot Three-Component Polyaddition of
Five-Membered Cyclic Dithiocarbonate, Diamine, and Diynea

run
R in

dithiocarbonate diamine
AIBN

(µmol)
temp
(°C)

yield
(%)b

Mn

(Mw/Mn)c

1 PhOCH2 TMDP 10 60 >99 11 000 (5.13)
2 PhOCH2 TMDP 5 60 85 3200 (2.43)
3 PhOCH2 TMDP 20 60 >99 12 000 (6.81)
4 PhOCH2 TMDP 40 60 37d 2400 (1.45)
5 PhOCH2 TMDP 10 80 >99 8800 (4.52)
6 PhOCH2 DAP 10 60 >99 3500 (2.57)
7 PhOCH2 DAD 10 60 94 4500 (2.66)
8 PhCOOCH2 TMDP 10 60 94 6200 (2.61)

a DOX: 1,4-dioxane, TMDP: 4,4′-trimethylenedipiperidine, DAP:
1,3-diaminopropane, DAD: 1,12-diaminododecane. b Isolated yield after
precipitation with methanol. c Estimated by SEC (THF, polystyrene
standard). d THF soluble part. Insoluble product was also produced.
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may be ascribed to the slower first addition of the primary amines
than the cyclic secondary amines (see SI). A polymer carrying the
ester group in the side chain was also obtained using the corre-
sponding dithiocarbonate, (2-thioxo-1,3-oxathiolane-5-yl)methyl
benzoate, without TMDP attacking the ester moieties (run 8). The
resulting poly(thiourethane-phenylenevinylene sulfide)s have high
refractive indexes (the nD value of the film of the polymer obtained
in run 1 is 1.61 at 23.8 °C), photoluminescent properties (λem )
400 nm by excitation with 336 nm of UV light in DMF), and rare-
metal extraction ability.

Specific ligation with soft metals is a unique character of sulfur
containing groups.14-19 Accordingly, we examined the metal
absorpotion ability of the polymer obtained using POTT, DEB, and
TMDP (Mn ) 5100, Mw/Mn ) 2.30). When an aqueous 1 N HCl
solution of PdCl2 (30 mL, 2.0 mmol/L) was mixed with a
chloroform solution of the polymer obtained in run 1 (30 mL, 2.0
mmol-unit/L, [Pd]/[CdS] ) 0.5), a precipitate formed between the
layer and the color of the aqueous solution originating from the Pd
salt disappeared. The total transportation efficiency of the Pd salt
from the aqueous phase to the solid and the CHCl3 layer was 96%
(Figure 1). The yield of the insoluble product was also 96%, and
a negligible amount of solid was isolated by pouring the CHCl3

solution to n-hexane. This fact demonstrated that most of the
transported palladium complex was in the precipitated product and
that the Pd salt in the aqueous phase was easily collected by simple
mixing and filtration. The absorbed Pd atom in PdCl2 to the polymer
was 129 mg/g (1.22 mmol/g), which is much higher than the case
for commercial Pd absorbing polymers.19 When a more dilute PdCl2

solution (30 mL, 1.0 mmol/L) was used, the transportation efficiency
exceeded 99%. A gold salt (NaAuCl4) was also absorbed, and the
transportation efficiency was quantitative. We attributed the better
efficiency of the gold salt to the improved solubility of the complex
in CHCl3 that forms a negligible amount of precipitate between
the layers.

In summary, the transformation of the addition process from
nucleophilic to radical enabled the one-pot three-component
coupling polyaddition. The appropriate choice of the three-

components will afford polymers with desired functions such as
solubility and luminescence, especially owing to the variety of
dithiocarbonates easily prepared from CS2 and epoxides.20 The
resulting polymer extracted Pd and Au salts from their aqueous
solution in a facile manner, and the efficiencies are high. The
advantages as metal scavenger are variable solubility, high absorp-
tion ability, and ease of the isolation process.

Supporting Information Available: Experimental procedures,
details of the model reactions, and spectroscopic data. This material is
available free of charge via the Internet at http://pubs.acs.org.
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Figure 1. Photo images of the reaction mixture of PdCl2 in 1 N HClaq (30
mL, 2.0 mmol/L) and a polymer obtained from POTT, DEB, and TMDP
in CHCl3 (30 mL, 2.0 mmol-unit/L) (a) after mixing, (b) after stirring for
2 h, and (c) after filtration.
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