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para-Substituted aromatic condensation polymers have high Scheme 1
mechanical strength and are useful as tough organic fabrication ma-
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o}
terials, engineering plastics, and so on. However, these polymers lnductlve Effect @,}Soph
are generally insoluble in organic solvents because of strong inter- reactive
molecular interaction based on the high symmetry of the polymers. HNQ\[( R2_base /©\'(
To improve the solubility while maintaining the excellent mechan- IV a: R = Hor 3b: R = Mo
ical properties, long alkyl chains are introduced into plaea-sub- Strong EDG 2 |éss reactive
stituted monomers, or theara-substituted monomers are copoly-
merized withmetasubstituted ones. We have succeeded in control- i T"I0R2 2 i OR?
ling the molecular weight and polydispersity of soluble aromatic J@/Hﬂ 1o — E* 0
condensation polymers, such as polyamideslyetherg2and poly- R’ R4 reactive Re "
esters® by chain-growth polycondensation péra-substituted AB- 12: R" = Cghyy, R2= Me, 1b: R' = gy, R2= Et, 1c: R = Me, R% = Me

type aromatic monomers having long alkyl chains. In all of these
polymerizations, the nucleophilic site of the monomer is the anion
formed by deprotonation of an amino or a hydroxyl group, and
this strongly electron-donating anion deactivates the electrophilic
site at thepara-position through the resonance effe¢tR effect).

This deactivation results in suppression of self-condensation of the
monomer, but selective reaction with an initiator and the propagating
end, leading to chain polymerization. Therefgpara-substituted
monomers are necessary for chain-growth polycondensation.

We now report successful chain-growth polycondensation of
metasubstituted monomers, 3-(octylamino)benzoic acid esters
which yield polyfn-benzamide)s with well-defined molecular
weights and low polydispersitiesM(,/M, =< 1.1). This result
demonstrates that the inductive effett effect) of the nucleophilic
site on the reactivity of the electrophilic site at theetaposition
of the monomer is as applicable to chain-growth polycondensation
as is theR effect of thepara-substituted monomefsin general,
thel effect is weaker than thi effect, but a functional group with
a negative charge is expected to showl a&ffect as strong as the
R effect. Thus, the aminyl anion & would deactivate the acyl
group at themetaposition through the strongr| effect, resulting
in suppression of the self-polycondensatior2ofhe anior2 would
then selectively react with an initiat8rand the polymer chain end,
the acyl group of which is more reactive than that of the monomer
with the aminyl anion, and growth would continue in a chain-
polymerization manner (Scheme 1).

The methyl ester monomdra was first polymerized with 1.1
equiv of LDA, the basicity of which is higher than that of the base
(N-octyl-N-triethylsilylaniline/CsF) that we used for the polymer-
ization of thepara-counterpart?in the presence of initiat@a* at
—78°C to yield a polymer with a rather narrow molecular weight
distribution, implying that the polymerization had proceeded in a
chain-polymerization manner (Table 1, entry 1). However, LDA
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Table 1. Polymerization of 1 with 32
entry 1 3 base T(°C) [1]o/[3]p time conv.?(%) M,caled M,® MJM,¢
1 1la 3alLDA —78 19.6 8h 85 3990 3940 1.24
2 LiTMPP 193 5h 74 3540 2820 1.11
3 LiN(i-PryBu 189 5h 87 3780 3250 1.09
4 LiIHMDS¢ 19.1 5h 98 4100 3700 1.08
5 LiIHMDS 345 6h 96 7750 4560 1.10
6 LIHMDS —30 398 1h 96 8930 7210 1.12
7 LiIHMDS 0 47.3 5min 98 10800 9690 1.18
1h 98 9790 1.25
8 1b 3b LIHMDS 0 471 5min 100 10800 10000 1.05
2h 100 10000 1.05

a Polymerization ofl with 3 in the presence of 1.1 equiv of base in
THF ([1]o = 0.40 M)." Lithium 2,2,6,6-tetramethylpiperididé Lithium
hexamethyldisilazide! Determined by GCe Determined by GPC based on
polystyrene standards (eluent: THF).

seemed to gradually react with the propagating chain end to
terminate the polymerization because theNMR spectra of the
obtained polymer showed a weaker signal of the terminal methyl
ester moiety. Thus, the polymerization was performed with lithium
amides having bulkier alkyl substituents to give polymers with
narrower molecular weight distributions (entries-4). When
lithium hexamethyldisilazide (LIHMDS) was used, the conversion
of 1lawas almost 100%, although tiM, values of the polymers
were lower than the calculated values (entries 4, 5). When the
polymerization ofla was carried out at higher temperature than
—78°C, theM, values of the polymers were close to the calculated
values (entries 6, 7). However, prolongation of the polymerization
time at 0°C after consumption afaresulted in a broad molecular
weight distribution due to a small shoulder of the GPC chromato-
gram in the higher molecular weight region (entry 7). This implies
that there was a small amount of self-polycondensation polymer,
which might react with the chain end of the chain-growth polymer
after 1a was consumedl.

To prevent self-polycondensation, the ethyl ester mondtber
was used because lower reactivity of the ethyl ester moiety is

10.1021/ja052566z CCC: $30.25 © 2005 American Chemical Society
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Figure 1. (A) 'H NMR spectrum of pol¢b obtained by the polymerization
of 1b with 3bin the presence of 1.1 equiv of LIHMDS in THF afG. (B)
M, and My/M, values of poliLb, obtained with 1.1 equiv of LIHMDS in
the presence d3b in THF ([1b]o = 0.40 M) at 0°C, as a function of the
feed ratio oflb to 3b. The lines indicate the calculatéd, values assuming
that one polymer chain forms per unit 8b.
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Figure 2. GPC profiles of block copolymerization dfb and5 by the
monomer addition method: (a) pdly as a prepolymer {b]o/[3b]o = 20,
100% monomer conversionM, = 4600, M/M, = 1.09; (b) polylb-b-
poly5 as a postpolymer ([addégy/[3b]o = 23, 94% monomer conversion),
M, = 11 000,M,/M,, = 1.12.
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expected to suppress the reaction between the deprotohbted
monomers (self-condensation). Thus, monofiepolymerized with
LIHMDS at 0 °C to yield a polymer with a defined molecular
weight and a very low polydispersity (entry 8). Furthermore, the
M, value and thévl,,/M, ratio were not changed en@ h afterlb
was consumed. ThtH NMR spectrum of the polib obtained
shows the signaa of the methyl group of the initiatdgb unit and
the signals of the terminal monomer urlitsc, andd. The integral
ratio of a:b:c:d is 3:1:1:2, indicating that one initiator molecule
formed one polymer chain (Figure 1A). When the polymerization
of 1b was carried out with various feed ratios 1 to initiator 3b
([1b]o/[3b]o), the observedvi, values of the polymers increased
linearly in proportion to thelb]o/[3b], ratio, and the polydispersity
was quite narrow, maintaining a,/M, ratio of less than 1.1 over
the entire range of thelp]o/[3b], ratio. Moreover, the ratio of the
initiator unit to the end group was consistently 1.0, irrespective of
the [1b]o/[3b]o ratio (Figure 1B). This polymerization behavior is
consistent with the features of living polymerization and is
consistent with the chain-growth polycondensation of plaea-
substituted counterpaft.

With this established polymerization method, we tried to synthe-
size a well-defined diblock copolymer nfeta-andpara-substituted
poly(benzamide§. Thus, 1b was polymerized in the presence of
3b ([1b]¢/[3b]o = 20) and 2.2 equiv of LIHMDS to give a
prepolymer (Figure 2 (aVl, = 4600 Mn(calcd)= 4790),M,/M,
= 1.09). A fresh feed of methyl 4-(octylamino)benzo&tavas
added to the prepolymer in the reaction mixttihe added feed
was smoothly polymerized. The GPC chromatogram of the product
(Figure 2 (b)) was clearly shifted toward the high molecular weight
region, while retaining a narrow molecular weight distributi®fy,
=11 000 Mn(calcd)= 9700),M\/M, = 1.12), indicating successful
production of the block copolymer dfb and>5. It should be noted
that excess LIHMDS in the polymerization @b as the first step

did not react at all with the terminal ester moiety of gdy which
was able to initiate the polymerization Bfas the second step.

Finally, density functional theory (DFT) calculations were
performed to understand the present polymerization. The results
indicate that successful chain-growth polycondensation afnibie
substituted monomers is based on the different reactivity of the
ester moieties between the polymer end group and mon@imer
as we expected; the polymer end group is much more reactive than
2b, which is deactivated by the| effect of the aminyl anion at
the metaposition. To address the different reactivity (electrophi-
licity) in question, we examined the propagation reactiodafR®
= H) with 2c and the self-condensation @c as model reac-
tions using the DFT (B3LYP/6-31G#)method. The activation
energies for the propagation and self-condensation are 21.6 and
27.0 kcal/mol, respectively. On the basis of the geometries, energies,
and vibrational frequencies obtained, the theoretical rate constants
were then evaluated at 298.15 K and 1 atm. The reaction rate
constant (1.1x 103 s7%) for the propagation is 8.6« 10*-fold
greater than that for the self-condensation (£.30°7 s71) and,
hence, is consistent with the experimental finding that propagation
was observed exclusively over self-condensation; that is, successful
chain-growth polycondensation ofetasubstituted aminobenzoic
ester monomers proceeded.

In conclusion, our present results demonstrate that notpark
substituted AB-type aromatic monomers but aisetasubstituted
ones undergo chain-growth polycondensation by virtue of different
inductive effects between monomer and polymer. Theffect-
assisted polycondensation should enable us to extend the synthesis
of well-defined condensation polymers fropara-substituted
aromatic polymers to a variety ghetasubstituted ones, which
possess higher solubility. Furthermore, this polymerization method
should be applicable to chain-growth polycondensation of even
aliphatic monomers, such as amino acid and lactic acid derivatives,
and so on. Experiments along these lines are in progress.

Supporting Information Available: Synthesis of monometraand
1b, polymerization procedure, the synthesis of diblock copolymer of
1b and5, and computational methods (PDF). This material is available
free of charge via the Internet at http://pubs.acs.org.
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