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Many natural polymeric materials are perfect monodisperse
macromolecules and are produced by the successive condensation
of monomers with polymer end groups that are activated by
enzymes.1-4 Although these syntheses proceed via many com-
plicated and tightly controlled processes, the overall process could
be regarded as a kind of chain-growth polycondensation. In the
polycondensation of artificial monomers, however, macromol-
ecules with a wide range of molecular weights have been
synthesized, because there is little difference of reactivity between
monomers and polymer end groups, and step-growth polymeri-
zation occurs. If the polymer end groups become more reactive
than monomers and the reaction of monomers with each other is
prevented, chain-growth polycondensation would take place to
yield artificial condensation polymers having well-defined mo-
lecular weights and narrow molecular weight distributions
(MWD). Kinetic studies showed that some polycondensations
involve more reactive polymer end groups than monomers, but
the MWD of polymers were not evaluated.5 The synthesis of poly-
(2,6-dimethyl-1,4-phenylene oxide) by oxidative polymerization
of 2,6-dimethylphenol6 and by phase transfer catalyzed polycon-
densation of 4-bromo-2,6-dimethylphenynol7 also involved the
reactive polymer end groups and did not show the behavior of a
classic polycondensation. Percec conducted this polycondensation
in the presence of chain initiators and obtained well-defined
polyphenylene oxides.7 However, the molecular weight values
were much higher than the calculated values based on the
[monomer]/[initiator] ratios, and polymers having a narrow MWD
were obtained after precipitation; the crude polymerization mixture
had a broad MWD. In the polycondensations of bifunctional
nucleophilic monomers with bifunctional electrophilic monomers,
polymers having a low polydispersity (Mw/Mn < 1.3) were also
prepared by phase transfer catalyst (PTC) techniques when
polymer end groups were more reactive than monomers.8-10 This
type of polycondensation, however, could not control the mo-
lecular weight.

Our previous work has shown that the Pd-catalyzed polycon-
densation of 4-bromo-2-octylphenol and carbon monoxide un-
derwent chain-growth polycondensation from an initiator in the
initial stage.11 Another approach to chain-growth polycondensation
was the polycondensation of solid monomer with PTC in organic
solvent containing an initiator, where the reaction of monomers
with each other was prevented.12 The molecular weight was
controlled but the MWD was a little broad (Mw/Mn < 1.3). We
now report the successful chain-growth polycondensation of
phenyl 4-aminobenzoate derivatives1 for aromatic polyamides
having precisely controlled molecular weights and quite narrow
MWD (Mw/Mn < 1.12), where all of the experimental criteria of
a living polymerization are exhibited even in polycondensation.

The expected course of polymerization of silylated1a with
CsF in the presence of a small amount of reactive initiator2
bearing an electron-withdrawing group is shown in Scheme 1.
Thus,1a would react with2 to yield amide3 faster than with the
acyl group of desilylated1a having the strong electron-donating
aminyl anion group. Monomer1awould now react with3 to yield
a dimeric amide faster than with1a itself, because the amide group
of 3 is the much weaker electron-donating group than the aminyl
anion group of the monomer, and the acyl group of3 would be
more reactive than that of the monomer. Growth would continue
in a chain polymerization manner with the conversion of the
strong electron-donating aminyl anion of1a to the weak electron-
donating amide group in polymer.

To estimate the reaction selectivity of monomer1a with the
polymer end group (resulting in “chain-growth polymerization”)
or with 1a itself (resulting in “step-growth polymerization”), the
reaction of monomer amino group model6 with the 1:1 mixture
of polymer terminal phenyl ester model4 and monomer phenyl
ester model5 was carried out in the presence of CsF and 18-
crown-6 in THF at room temperature (Scheme 2). The conversion
ratio4/5 was 95/5. Furthermore, the reaction of6 with 4 and that
of 6 with 5 were carried out, respectively. The reaction of6 with
5 did not proceed when the reaction of6 with 4 was completed.
The results of model reactions indicate that monomer1a would
react with the polymer end group with high selectivity and
undergo chain-growth polycondensation.
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The polymerization of1a was carried out in the presence of
1.0 equiv of CsF, 2.0 equiv of 18-crown-6, and phenyl 4-nitro-
benzoate2 as an initiator in THF at room temperature to yield a
polyamide quantitatively, which was soluble in THF, chloroform,
dichloromethane,N,N-dimethylformamide (DMF), and even
toluene. In the polymerization with varying the feed ratio ([1a]0/
[2]0), the MWD of polymers was narrow (Mw/Mn ) 1.16-1.20)
when the [1a]0/[2]0 ratios were 10 or less but gradually increased
up to 1.47 after that. Broad MWD in high [1a]0/[2]0 ratios may
be interpreted in terms of the hydrolysis of the silyl group of
monomer1a with a very small amount of water coming from
CsF and/or 18-crown-6. Hydrolyzed1b would not react as a mon-
omer but eventually worked as an initiator, and the amount of
1b could not be neglected in high [1a]0/[2]0 ratios. Accordingly,
we carried out the polymerization of1b by usingN-triethylsilyl-
N-octylaniline 6 as a base generated by CsF. Thus, the aminyl
anion generated from6 would abstract the proton of the amino
group of1b, followed by polymerization in a similar manner of
1a. If the reaction mixture was contaminated with a small amount
of water, only6 would be hydrolyzed and not affect monomer
1b. In addition, the purification of1b and 6 was much easier
than that of1a.

The polymerization of1b was carried out by using 1.1 equiv
of 6 (Figure 1). The MWD of polymers was quite narrow and
close to a monodisperse distribution, maintaining theMw/Mn ratio
below 1.1 over the whole [1b]0/[2]0 range. TheMn values of
polymers13 were in agreement with the calculated values assuming
that one polymer chain forms per unit2 until Mn ) 22 000. This
result implies that the polycondensation of1b proceeded from
initiator 2 in a chain-growth polymerization manner like living
polymerizations of vinyl monomers and cyclic monomers.14 To
elucidate whether chain-growth polymerization takes place in this
polycondensation, the polymerization of1b was carried out in
the presence of 5 mol % of2, and theMn values and theMw/Mn

ratios were plotted against monomer conversion (Figure 2A). The
Mn values increased in proportion to conversion, and theMw/Mn

ratios were less than 1.12 over the whole conversion range. This
polymerization behavior agrees with the features of living poly-

merizations.14 In general polycondensations that proceed in a step
polymerization manner, the molecular weight does not increase
much in low conversion of monomer and is accelerated in high
conversion, and theMw/Mn ratios increase up to 2.0. Consequently,
Figure 2A shows that the polycondensation of1b proceeds in a
chain-growth polymerization manner. The character of chain-
growth polymerization of this polycondensation was further dem-
onstrated by so-called “monomer-addition” experiments where a
fresh feed of1b and6 was added to the prepolymer (Mn ) 4500
(Mn(calcd)) 4780),Mw/Mn ) 1.09) in the reaction mixture. The
added1b feed was smoothly polymerized. The GPC chromato-
gram of the product (Figure 2B (b)) clearly shifted toward the
higher molecular weight region, while retaining the narrow
distribution (Mn ) 10 000 (Mn(calcd)) 9970),Mw/Mn ) 1.12).15

This experiment implies that this polycondensation will enable
us to synthesize block copolyamides having different aminoalkyl
side chains and well-defined sequences. Furthermore, we antici-
pate that this polycondensation will provide new approaches for
the design of nanoarchitectures, which have been achieved by
living polymerizations of vinyl and cyclic monomers14 and by
stepwise synthesis of dendritic macromolecules16 and linear
oligomers.17 Experiments along these lines are in progress.
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Figure 1. Mn andMw/Mn values of poly1b, obtained with6 and CsF/
18-crown-6 in the presence2 in THF at 25°C, as a function of the feed
ratio of 1b to 2.

Figure 2. Demonstration of chain-growth polycondensation. (A)Mn and
Mw/Mn values of poly1b, obtained with6 and CsF/18-crown-6 in the
presence2 in THF at 25°C, as a function of monomer conversion. (B)
GPC profile of the monomer addition experiment in THF at room
temperature: (a) prepolymer ([1b]0/[2]0 ) 20), conversion) 98%, Mn

) 4500; (b) postpolymer ([added1b]0/[2]0 ) 24), conversion) 187%,
Mn ) 10000.
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