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ABSTRACT: (R)-1,1′-Bi(2-naphthol) was reacted with 1,4-
phenylene diisocyanate leading to a mixture of linear
polyurethane and cyclic compounds including a cyclic dimer
and a cyclic trimer. The structure of the cyclic dimer was
elucidated by X-ray crystal structure analysis. The polymer was
proposed to possess a rather stiff, π-stacked, 2/1-helical
conformation on the basis of NMR, CD, and UV spectra and
molecular dynamics simulations. The conformation was stable
in the range of temperature of 0−60 °C.

Urethane bond is readily formed through a reaction
between alcohol and isocyanate even without a catalyst,

and a reaction between diol and diisocyanate leads to
polyurethane. Polyurethane is an important class of polymer
which can be applied for a wide variety of chemical products,
including various types of foams, elastomers, fibers, coatings,
and adhesives.1 Further, aiming at more advanced functions,
chiral polyurethanes have been prepared2 since chirality plays
an important role in attaining useful polymer properties.3

Herein we report the synthesis of a chiral polyurethane from
optically active (R)-1,1′-bi(2-naphthol) (R-BINOL) and 1,4-
phenylene diisocyanate (PDI). Binaphthyl is one of the most
effective chiral organic groups in inducing a specific structure to
a polymer, and a series of binaphthyl-based polymers were
prepared and found to exhibit various functions, such as
catalysis and light emission.4 Although a BINOL-PDI reaction
product was once reported,5 its structure and reaction details
have never been examined. This work focuses on the two
aspects of the synthesis, that is, (i) chain topology (cyclic or
linear) and (ii) chain conformation. As for chain topology, in
general, a cyclic chain can form in addition to a linear chain in
polyaddition or polycondensation. Formation of cyclic
compounds has been explored for polyamides6 and poly-
lactones,7 but not for a chiral polyurethane system. We found
that both cyclic and linear chains are produced where their ratio
can be controlled by tuning reaction conditions. As for chain
conformation, a π-stacked, 2/1-helical conformation is
proposed for the linear polymer. Such a conformation has
been known only for limited polymers, including syndiotactic
polystyrene and poly(p-methylstyrene) and some polydienes in
the solid state.8

Reactions between R-BINOL and PDI were conducted in
tetrahydrofuran (THF) in the presence of triethylamine (TEA)
at a reagent concentration, [BINOL] = [PDI] = 0.031, 0.154,
or 0.931 M and [TEA] = 0.48 M, at a temperature of 0, 23, or
60 °C for reaction durations from 5 s to 24 h (Scheme 1). The
reactions were terminated by adding MeOH or by exposure to
air. In all reactions examined in this study except for those for 3
min or shorter time, the monomers were almost completely
consumed. The reaction products were found to include linear
poly(BINOL-PDI), as well as oligomeric species, such as 1−3,
indicated in Scheme 1.
Figure 1 shows the SEC curves of the polymerization

products obtained by changing reagent concentration (A),
temperature (B), and reaction time (C). In Figure 1A, the
products obtained at 23 °C for 24 h at different monomer
concentrations indicated noticeable, sharp peaks at around 19.5
min; the corresponding component was isolated by preparative
SEC from the product obtained at [BINOL] = [PDI] = 0.154
M (Figure 1A (ii)), recrystallized from an ethyl acetate solution,
and found to be a cyclic dimer (1) by X-ray crystallography
(Figures 2 and S24 in the Supporting Information (SI)) and 1H
NMR spectrum (Figure 3A). The crystal of 1 contained ethyl
acetate molecules that were also observed in the NMR
spectrum. The NMR spectrum of 1 indicated a singlet signal
of the -C6H4- group, indicating that 1 has rather high symmetry.
The component corresponding to the signal at 18.8 min was

also isolated by preparative SEC from the product shown in
Figure 1A (ii); this component indicated a mass number of
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1361 corresponding to a cyclic trimer (2; exact mass: 1338.38)
ion associated with sodium. In the 1H NMR spectrum of 2, the
signal of the -C6H4- group is not singlet, which is in line with
the fact that 2 has lower symmetry compared with 1 (Figure
3B).
In Figure 1A, the dimer content varied depending on

concentration and was estimated to be 55, 54, and 27% by peak
area at [BINOL] = [PDI] = 0.031 (iii), 0.154 (ii), and 0.931 M
(i), respectively. At 0.931 M, a broad signal which may
correspond to longer polymer chains was observed, indicating
that the cyclic dimer formation is preferred at a lower
concentration.
The molar mass distribution indicated in Figure 1A (i) is not

normal, consisting of the polymer signal centered at 16.8 min
and the oligomer mixture signals with the cyclic dimer as the
highest one at 19.5 min. These results suggest that the polymer
and oligomers may be formed through distinctive mechanisms.
A polymer sample (Mn = 6240, Mw/Mn = 1.19, determined

by SEC with right-angle light scattering detection) isolated by
preparative SEC from the product in Figure 1A (i) indicated
mass numbers corresponding to polymer chains having a
terminal -NCO group in MALDI-mass spectra (SI, Figure S15).
Further, a polymer prepared under the same conditions as
those for Figure 1A (i) and terminated using MeOH indicated
mass numbers corresponding to chains having both -NCO and
-NHCOOCH3 groups at terminal (SI, Figure S16). These
results indicate that the polymer samples contain linear chains,
although a macrocyclic structure cannot be completely ruled
out only with the given information.
The results shown in Figure 1B where the reaction

temperature varied at [BINOL] = [PDI] = 0.154 M indicate
that a higher temperature is suited to produce the cyclic dimer.
On the basis of the effects of temperature and monomer
concentration described so far, two extreme conditions were
tested, namely, a reaction at 60 °C at [BINOL] = [PDI] =
0.031 M aiming at the cyclic dimer, and that at 0 °C at

[BINOL] = [PDI] = 0.93 M aiming at polymer; the former led
to 76% of the cyclic dimer and the latter to 75% of polymer (SI,
Figures S20 and S21).
Further, time course of reaction was monitored in the range

from 5 s to 24 h at [BINOL] = [PDI] = 0.154 M at 23 °C
(Figure 1C). BINOL was completely consumed and changes in
SEC profiles ended within 10 min. In the SEC curve at 5 s, 16%
of BINOL is still remaining, and a component is observed
between the cyclic dimer and BINOL. This fraction isolated by
preparative SEC showed a mass number of 693 (MALDI-mass
spectrum) corresponding to a linear dimer (3; exact mass:
670.2064) ion associated with sodium. The 1H NMR spectrum
of 3 indicated a clear -OCH3 signal at 3.71 ppm supporting the
linear structure (Figure 3C). Compound 3 is clearly observed
only in the 5 s reaction, suggesting that BINOL reacts first with
two PDI molecules, independently or simultaneously, to form a
diisocyanate compound corresponding to 3, and the
diisocyanate rapidly reacts with BINOL to form 1 or to grow
to a longer, linear chain. Through such a mechanism, 1 and a
linear polymer could have similar conformations stemmed from
the same diisocyanate corresponding to 3, where the BINOL
moiety makes the main chain switch its direction.
Figure 3 compares the 1H NMR spectra of 1, 2, 3, and the

polymer. The polymer spectrum indicated far broader signals of
the main chain compared with those of 1−3, suggesting that
the polymer has a very rigid conformation. In addition, the
spectrum of the polymer exhibited upfield shifted aromatic
signals in the range of 5.5−7 ppm, which indicates that the
aromatic groups of the polymer are π-stacked.
Chiral conformational features of 1, 2, 3, and the polymer

were next investigated. Figure 4 shows the UV-CD spectra of 1
(A), 2 (B), 3 (C), the polymer (D) along with those of BINOL
(E). In the CD spectrum of 1, an intense, negative Cotton
splitting centered at 228 nm was observed in addition to less
intense, two positive Cotton bands at 244 and 291 nm and a
negative band at 264 nm. The former splitting is very similar to

Scheme 1. Polyaddition Reaction of BINOL with PDI Leading to a Polymer and Related Compounds
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Figure 1. SEC curves for the products obtained by reactions at different monomer concentrations at 23 °C for 24 h (A), at [BINOL] = [PDI] =
0.154 M at different temperatures for 24 h (B), and at [BINOL] = [PDI] = 0.154 M at 23 °C for different reaction durations (C). The reactions in A
and B were quenched by exposure to air, and those in C by the addition of MeOH.

Figure 2. Crystal structure of cyclic dimer (1); top and side views
where gray, blue, red, and white objects correspond to C, N, O, and H
atoms. Figure 3. 1H NMR spectra of 1 (A), 2 (B), 3 (C), and poly(BINOL-

PDI) (D; 400 MHz, CDCl3, 23 °C, Me4Si).
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that in the spectrum of BINOL (Figure 4E) in pattern but is
blue-shifted compared with BINOL by 9 nm, while the latter
three bands are missing in the BINOL spectrum. These results
suggest that the former CD bands mainly reflect chirality of the
BINOL moiety in 1 and the latter bands arise mainly from
chirality of the two -CO-NH-C6H4-NH-CO- moieties, which is
supported by the fact that dimethyl 1,4-phenylenedicarbamate,
prepared separately as a reference compound, indicated a UV
band in the range of 225−275 nm peaked at 255 nm (SI, Figure
S12). The -CO-NH-C6H4-NH-CO- moieties may contribute to
the CD spectra due to axial chirality around the single bonds
connecting CO, NH, and benzene fragments and also chiral
alignment between the two moieties.
The fact that the BINOL-based splitting is blue-shifted for 1

suggests that the dihedral angle of the BINOL moieties of 1 is
greater than that of BINOL. This is supported by the fact that
the averaged dihedral angle of 1 in crystal and the angle of
BINOL according to molecular mechanics calculations
(COMPASS force field) were −92.2° and −64.0°, respectively.
The CD spectra of 2 and 3 appear similar to each other, with

the BINOL-based splitting centered at around 233 nm. In the

longer-wavelength range, the spectra of 2 and 3 had positive
peaks at around 255 nm and monotonously decreased in
intensity to zero as the wavelength increased to 350 nm. Such
spectral characters are not observed in the R-BINOL spectrum,
indicating that CD spectra in this range mainly reflect chirality
of the -CO-NH-C6H4-NH-CO- moieties. Further, the spectral
patterns of 2 and 3 were largely different from that of 1 in the
fact that they lack the negative band at 264 nm and the positive
band at 291 nm. In order to assess this point, the structures of 2
and 3 were examined by molecular dynamics simulations
(COMPASS force field; SI, Figures S22 and S23) and
compared with the structure of 1 in crystal. The most
noticeable difference in conformation of the three compounds
is that the two -C6H4- groups in 2 and two of the three -C6H4-
groups in 3 are rather parallel to each other, while they are
rather perpendicularly aligned in 1. The intense CD bands at
264 at 291 nm may arise from the perpendicular alignment of
the two -C6H4- groups.
In the CD spectrum of the polymer, the BINOL-based

splitting is centered at 231 nm, and the longer-wavelength
bands appear more similar to those of 1 in the range of 245−
280 nm, rather than those of 2 and 3. The spectrum of the
polymer has a positive peak at 250 nm and a trough with a
minimum at 271 nm, although the intense positive peak of 1 at
291 nm was not seen for the polymer. These results suggest
that there are similarities between conformations of the
polymer and 1. The -CO-NH-C6H4-NH-CO- moieties in the
polymer are in chiral environment though their alignment and
internal rotation may not be as strongly restricted as those in 1.
The UV spectra of 1, 2, 3, the polymer, and BINOL provide

important information on conformations of these species. The
BINOL-based bands of the polymer had lower intensity
(hypochromicity) than those of 1, 2, 3, and BINOL, where ε
at 224 nm of the polymer was 11280 L mol−1 cm−1, while ε at
229 nm of 1 was 145400 L mol−1 cm−1, ε at 225 nm of 2 was
140940 L mol−1 cm−1, ε at 225 nm of 3 was 146010 L mol−1

cm−1, and ε at 229 nm of BINOL was 148040 L mol−1 cm−1.
Hypochromic effects of the polymer were also observed at
around 260 nm with respect to 1 and 3, though the extent was
smaller at 224 nm. These observations suggest that aromatic
groups in the polymer are π-stacked. Hypochromicity is well-
known for stacked base pairs of DNAs.9 π-Stacking is further
supported by the NMR spectrum, as discussed earlier. Relations
between a π-stacked conformation with hypochromic effects in
UV spectra and upfield shifts in NMR spectra have been
established for vinyl polymer systems.10

Considering the findings discussed so far and viewing 1 and 3
as embryonic structures of the linear polymer, we propose a π-
stacked, 2/1-helical conformation in which the BINOL units
are “turn” moieties changing the direction of the main chain
(Figure 5). The structure in Figure 5 was created on the basis
of the structure of 1 and was optimized by molecular dynamics
simulations at 298 K for 21 ns followed by molecular mechanics
minimization; it accounts for the stacking and chirality of the
-CO-NH-C6H4-NH-CO- moieties. The alignments of -C6H4-
groups in the main chain are not completely parallel, which may
explain the CD pattern of the polymer in the range of 245−280
nm.
The average spacing between neighboring BINOL units and

that between neighboring phenylene units, as measured as C1-
to-C8 (naphthyl moiety) distance and C1-to-C4 (phenylene
moiety) distance were about 7.6 and 4.5 Å, respectively, in the
model shown in Figure 5 (SI, Figure S25). Although the former

Figure 4. CD-UV spectra of 1 (A), 2 (B), 3 (C), poly(BINOL-PDI)
(D), and R-BINOL (E) (top) and expanded CD spectra of 2 (B), 3
(C), poly(BINOL-PDI) (D), and R-BINOL (E) (bottom; THF, 23
°C, [BINOL] or [3] or [residue] = 1.0 × 10−4 M, cell path 1 mm).
Residues for 1 and 2 means a unit consisting of a BINOL and a -CO-
NH-C6H4-NH-CO- moieties.
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spacing is greater than typical distances of π-stacking, closer
alignments of BINOL units can occur in conformational
dynamics of the rather restricted conformation and may
contribute to the hypochromicity in the averaged absorbance
spectra in Figure 4. The latter spacing may be reasonable for π-
stacking because interchain π-stacking distance of 4.4 Å has
been reported for a conjugated polymer.11

The proposed conformation seemed to be stable in the range
of temperature of −5 to 60 °C. No clear changes in shape and
intensity in CD and 1H NMR spectra were observed in this
range of temperature (SI, Figures S3 and S10). The stability
was also supported by molecular dynamics simulations at 398 K
for 21 ns where the 2/1-helical conformation was maintained.
Although properties of polyurethanes are often based on their
hydrogen bond formation between chains,1 hydrogen bonding
may not have a crucial contribution in forming and maintaining
the proposed conformation on the basis of the conformational
stability in the wide range of temperature.
In summary, we found that cyclic oligomers and linear

polymer are formed in the reaction between BINOL and PDI.
Selectivity of linear chain or cyclic compounds can be tuned by
changing reaction conditions. The linear polymer appears to
possess a novel, π-stacked 2/1-helical conformation. 2/1-
Helical conformation has been known only for limited types of
polymers, including syndiotactic polystyrene, poly(p-methyl-
styrene), and some polydienes in the solid state,8 and is
unprecedented for other polymers. Further, because π-stacked
conformation is known to facilitate charge mobility and
photoelectronic properties,10,12−15 the polymer prepared in
this work may find novel applications for which polyurethanes
have never been used. Further, the design of the polymer chain
based on a rigid diol and diisocyanate may be expanded to a
wider variety of polyurethanes having a π-stacked, helical
conformation.
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