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Grinding crystals of 2,6-dihydroxynaphthalene–benzyl-
amine complex with FeCl3·6H2O powder in a mortar
resulted in the 1,5-oxidative-coupling polymerization of
2,6-dihydroxynaphthalene at room temperature

Solid-state polymerization is not a widely used technique, but,
unexpectedly, there are a number of polymerisations that take
place in the solid state: for instance, addition polymerization of
unsaturated monomers, ring-opening polymerization, poly-
condensation, and [2 + 2] polyaddition.1,2 In some cases, solid-
state polymerization is the method of choice, providing higher
or absolute polymerizability and selectivity arising from the
anisotropic arrangement of monomer molecules in the crystal.

Toda et al. have revealed that lots of organic reactions take
place in the solid state,3 which suggest that potentially solid-
state methods have wide applicability.4 Thus far, solid-state
polymerization5 exists as a largely uncultivated area but has
promising potential as a general methodology for polymer
synthesis. This idea prompted us to start our project of
developing new areas of solid-state polymerization.

Since a simple reaction is best for an initial study, we planned
to apply a known solid-state reaction to a bifunctional
compound for novel solid-state polycondensation.6 Herein we
have investigated the solid-state oxidative-coupling polymeri-
zation of 2,6-dihydroxynaphthalene (2,6-DHN) with
FeCl3·6H2O (Scheme 1),7 which is based on the report by Toda
et al. concerning the effective production of 1,1A-bi-2-naphthol
from 2-naphthol in the solid state.8

There are two reports dealing with the oxidative-coupling
polymerization of 2,6-DHN.9 One is about solution polymeriza-
tion with FeCl3, which, due to its poor solubility, yielded only
the dimer to tetramer forms.10 The other is about electrical

oxidation, which produced the heptamer as well as larger
oligomers.11

We have found that grinding crystalline 2,6-DHN (or its
amine-complex) with powdery FeCl3·6H2O using an agate
pestle and mortar produces poly(2,6-dihydroxy-1,5-naphthy-
lene), which was fully acetylated for characterization (Scheme
1 and Table 1).12 In the first attempt (runs 1 and 2), 2,6-DHN
was used as received (Aldrich). The oligomer was obtained by
heating the mixture at 50 °C, while the reaction at rt produced
a comparable oligomer, but only in low yield. The 1H NMR
spectrum of the acetylated polymer is informative to evaluate
the degree of polymerization (Table 1); the acetyl protons
located at the terminal (d 2.46) are distinguishable from the
internal ones (d 1.91 and 2.02).13 Purification of 2,6-DHN by
recrystallization as well as sublimation did not result in
improved polymerizability. Use of the more powerful oxidant,
anhydrous FeCl3, in place of FeCl3·6H2O induced further
oxidation producing the quinone moiety, as indicated by the IR
spectrum.

Therefore, it is essentially required to change the spatial
arrangement of 2,6-DHN molecules in the crystal for efficient
solid-state polymerization. For that purpose, we planned to use
an amine to complex with 2,6-DHN through hydrogen bonding
between the amine and the acidic hydroxy groups of 2,6-DHN.
The molecular packing of 2,6-DHN in the co-crystal could then
be varied using different amines. Several amine complexes
were prepared by crystallization from an amine–2,6-DHN
mixture in EtOAc or MeOH and these were then subjected to
solid-state polymerization with FeCl3·6H2O (runs 3–10 in Table
1). The polymerization of amine complexes was found to take
place more effectively, even at rt, than 2,6-DHN alone (run 2).
The benzylamine complex was found to give the highest
molecular weight polymer, and in good yield (run 6).

In order to clarify the higher polymerizability of 2,6-DHN in
the benzylamine complex, X-ray crystallographic analysis was
performed.14 Fig. 1 shows 2,6-DHN and benzylamine mole-
cules making alternating self-layers and 2,6-DHN molecules
orienting horizontally in the layer, which seems to be preferable
for the polymerization as compared with the reported crystal
structure of 2,6-DHN.15 The distance between the carbon atoms
that will be connected to each other and the dihedral angle
between two naphthalene ring planes are important for the
reaction. However, the alternately layered structure of the
benzylamine complex is probably essential to produce the
higher polymer. The benzylamine layer prevents the interlayer
reaction of 2,6-DHN so that the polymer chain should be
extended in the horizontal direction within the 2,6-DHN layer.
On the other hand, in the crystal of 2,6-DHN alone, the reaction
can take place in random directions, resultantly, causing the
growth of the polymer chains to be disturbed by each other.

Although the powder X-ray analysis indicated that the crystal
structure is rapidly collapsed by mixing with FeCl3·H2O, the
finding that the polymerizability is dependent on the amine
suggests that it is the original crystal structure that determines
polymerizability.

The amount of FeCl3·6H2O was reduced in run 10, since it
was expected to work catalytically due to air-oxidation.

† Electronic supplementary information (ESI) available: experimental
procedures, 1H, 13C NMR and IR spectra of the acetylated polymer, crystal
data of 2,6-DHN–benzylamine complex, and 3D graphics of the polymer
models and of the crystal cells (2,6-DHN and its benzylamine complex). See
http://www.rsc.org/suppdata/cc/b1/b107738d/
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Unfortunately, the reaction virtually stopped before the com-
plete conversion of 2,6-DHN, giving the polymer in only low
yield; its molecular weight, however, was comparable to that
produced in run 6.

The product polymers have a kind of tacticity, which arises
from atropisomerism due to the restricted rotation around the
1,1A-bond of the bi-2-naphthol moiety formed. The solid state
polymerization would be expected to control the tacticity by
ordered arrangement of the monomer molecules in the crystal.
However, the product polymers were unfortunately found to be
atactic (Table 1), as revealed by the 1H NMR spectrum. The
internal acetyl groups show two distinguishable peaks due to the
diad; the peaks at d 1.91 and 2.02 are ascribable to the racemo
and meso, respectively.16 The meso–racemo ratios shown in
Table 1 were evaluated by integral proportion using a curve-
fitting method.17 Further study is ongoing in order to obtain the
stereo-regular polymer.18

The authors express their grateful thanks to Professor Yuji
Ohashi, Associate Professor Hidehiro Uekusa, and to students
of their laboratory (Department of Chemistry and Materials
Science, Tokyo Institute of Technology) for performing the X-
ray crystallographic analysis.
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Table 1 Oxidative-coupling polymerization of 2,6-DHN in the solid statea

Run Amineb (DHN + amine) Temp./ °C
Time
(days)

Ac
yield (%)c Mw

d Mn
d Mw/Mn

d DPe m + rf

1 None 50 1 83 5300 2800 1.89 4.7
2 None rt 3 15 4700 3200 1.48 7.9
3 rac-DAC (1 + 1) rt 1 47 7400 4000 1.83 9.2
4 (R,R)-DAC (1 + 1) rt 1 67 9500 4000 2.34 8.4 38 + 62
5 EDA (1 + 1) rt 2 41 4900 3300 1.48 8.3 41 + 59
6 BnNH2 (1 + 2) rt 1 79 24500 9800 2.51 17.0 54 + 46
7 (R)-PEA (1 + 1) rt 1 83 9600 5100 1.89 14.3 50 + 50
8 m-XyDA (1 + 1) rt 1 42 8100 4600 1.77 9.6 43 + 57
9 p-XyDA (1 + 1) rt 1 > 99 5400 3600 1.50 9.1 37 + 63

10g BnNH2 (1 + 2) rt 5 23 25700 8700 2.96 11.2
a 2,6-DHN–FeCl3·6H2O = 1 + 3 except for run 10. 2,6-DHN was almost completely converted except for runs 2, 5, and 10. b rac-DAC: racemic trans-
1,2-diaminocyclohexane, (R,R)-DAC: (1R,2R)-1,2-diaminocyclohexane, EDA: ethylenediamine, BnNH2: benzylamine, (R)-PEA: (R)-a-phenylethylamine,
m-XyDA: m-xylylenediamine, p-XyDA: p-xylylenediamine. c Yield of the acetylated polymer.d Measured by GPC in CHCl3 (polystyrene standard). e Degree
of polymerization, calculated from 1H NMR spectrum (CDCl3 or CF3COOD), see text. f The ratio of racemo to meso, see text. g 2,6-DHN–FeCl3·6H2O =
1 + 1.

Fig. 1 The crystal structures of 2,6-DHN (upper) and 2,6-DHN–
benzylamine 1 + 2 complex (lower). The views from three directions along
a, b, and c axes are shown as A, B, and C, respectively.

163CHEM. COMMUN. , 2002, 162–163


