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Redox-responsive molecular helices with highly
condensed p-clouds
Eisuke Ohta1, Hiroyasu Sato2, Shinji Ando1, Atsuko Kosaka1, Takanori Fukushima1*,

Daisuke Hashizume1, Mikio Yamasaki3, Kimiko Hasegawa3, Azusa Muraoka4, Hiroshi Ushiyama4,

Koichi Yamashita4 and Takuzo Aida1,2,5*

Helices have long attracted the attention of chemists, both for their inherent chiral structure and their potential for
applications such as the separation of chiral compounds or the construction of molecular machines. As a result of steric
forces, polymeric o-phenylenes adopt a tight helical conformation in which the densely packed phenylene units create a
highly condensed p-cloud. Here, we show an oligomeric o-phenylene that undergoes a redox-responsive dynamic motion.
In solution, the helices undergo a rapid inversion. During crystallization, however, a chiral symmetry-breaking phenomenon
is observed in which each crystal contains only one enantiomeric form. Crystals of both handedness are obtained, but in a
non-racemic mixture. Furthermore, in solution, the dynamic motion of the helical oligomer is dramatically suppressed by
one-electron oxidation. X-ray crystallography of both the neutral and oxidized forms indicated that a hole, generated upon
oxidation, is shared by the repeating o-phenylene units. This enables conformational locking of the helix, and represents a
long-lasting chiroptical memory.

H
elical motifs play crucial roles in many biological functions.
This notion has inspired chemists to design a wide variety
of helical molecules1, not only to investigate their inherent

molecular chirality but also to use them for practical applications.
For example, helical polymers with a high conformational stability
have been used as separation media for optically active com-
pounds2,3 and asymmetric catalysts4–7. Dynamic molecular helices
capable of responding to external stimuli by conformational
changes can also serve as chiroptical sensors8 and actuators9.
Examples of external stimuli that have been extensively studied so
far include chiral compounds8,10–16, solvents17,18, metal ions9,19 and
light20–23. Redox-active helical polymers that change conformation
in response to an electrochemical signal have been proposed to
offer interesting potentials24, but examples of such polymers are cur-
rently limited to polyisocyanides with redox-active units in their
side chains25,26 that show a chiroptical response to oxidation.

In this Article, we describe a helix with a redox-active main chain
that responds to electrical inputs by a conformational change. We
first took note of an old work by Wittig and colleagues on the syn-
thesis of oligomeric o-phenylenes27–29. This molecular motif con-
sists of multiple phenylene units that are linked together at their
ortho positions (Fig. 1). Because of the heavily angled aromatic con-
nection, polymeric o-phenylenes are forced to adopt a helical struc-
ture. In fact, a hexameric o-phenylene in the crystalline state was
proven to form a one-handed 31-helical conformation, in which
three repeating monomeric units constitute a single helical
pitch30. However, it should be noted that oligomeric o-phenylenes,
on oxidation, are easily subject to cyclization31, which has made
their chemistry difficult to study. Here we demonstrate that this
problem can be solved by nitration of the terminal aryl units. We

prepared the octameric o-phenylene OP8NO2 (Fig. 1) and were
able to show that it did not undergo oxidative cyclization.
Moreover, we coincidentally noted that OP8NO2 undergoes a
chiral symmetry-breaking process during the purification process
by recrystallization, affording enantiomerically pure crystals
(Fig. 2). Crystals of both enantiomeric helices (right- and left-
handed) are formed, but not in equal quantities, so the overall
sample is not a racemic mixture. Finally, we show that the confor-
mational rigidity of oligomeric o-phenylenes can be dramatically
altered by electrical inputs (Fig. 2). In solution, the OP8NO2
helices undergo rapid helical inversion. Following one-electron oxi-
dation, however, they are converted into OP8NO2

†þ helices, which
adopt a more compact conformation and do not interconvert as
easily, thus locking the helix into one conformation.

Results and discussion
Polyphenylene is one of the most fundamental p-conjugated archi-
tectures. In sharp contrast to the extensively studied p- and m-con-
nected analogues9,32,33, however, polymeric o-phenylenes have been
recognized as an elusive class of p-conjugated compounds34.
Because they are difficult to synthesize, only a few reports on the
preparation of short-chain o-phenylene oligomers30,31,35 have been
made since the first synthetic trial by Wittig in 195727–29.
Furthermore, their physical and chemical properties have largely
remained unexplored. In the present work, we adopted an iterative
synthetic method involving copper-mediated oxidative coupling of
lithiated precursors. This method allowed for the incorporation of
a variety of terminal functionalities, including Br (OP8Br), H
(OP8H) and NO2 (OP8NO2) (Fig. 1). OP8Br can be converted
into longer o-phenylenes that include 16, 24, 32, 40 and 48 aromatic
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rings (Fig. 1). We would like to emphasize here that the use of this
octameric derivative as the precursor has been essential for obtain-
ing such long o-phenylenes. When shorter-chain precursors such as
the tetrameric homologue OP4Br were used (see Supplementary
Information), the chain extension reaction was accompanied by
an undesired intramolecular cyclization.

As described above, in an attempt to purify octameric o-pheny-
lene derivatives OP8Br, OP8H and OP8NO2 by recrystallization,
we noticed that OP8NO2 gives optically active single crystals
(Fig. 2). Each of the crystals formed was pulverized by
grinding with KBr. The resulting solid was moulded into a
pellet and subjected to circular dichroism (CD) spectroscopy,
which revealed a CD band at 265 nm (Fig. 3a). We initially
thought that this observation could be explained by spontaneous
optical resolution, which allows for the formation of single crystals
consisting of either right-handed or left-handed enantiomers with
equal probability. In a spontaneous optical resolution process,
each single crystal is therefore optically active, but the whole
system is a racemic mixture of the enantiomers and remains
optically inactive.

However, a sample prepared by grinding together all the single
crystals of OP8NO2 formed in a single batch proved to be optically
active (Fig. 4a). Furthermore, we observed that the optical purity
was significantly enhanced when the crystallization was carried
out with mechanical stirring (Fig. 4b). The intensity and sign of
the CD spectra of the samples thus obtained changed every
time, but the CD spectral features were very intense, sometimes
even almost comparable (�98%) to those of single crystals of
OP8NO2. These chiroptical features clearly demonstrate the occur-
rence of chiral symmetry-breaking in the crystallization of
OP8NO2 and the formation of enantiomerically pure crystals,
which can consist of either enantiomer. This parity-breaking
event in crystallization, which leads to the emergence of optical
activity, has long been a subject of particular interest in physics
and has attracted attention in relation to the origin of homochir-
ality in nature. However, rational understanding of this phenom-
enon still remains a challenge36–38. Although several examples of
‘chiral symmetry-breaking’ have been reported39–41, no molecular
helices had so far been observed to undergo this parity-
breaking event.
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Figure 1 | Synthesis and schematic structures of OPnH (n 5 8, 16, 24, 32, 40 and 48) and OP8NO2. Top: synthesis of the o-phenylene oligomers OPnNO2

from the brominated derivative OP8Br. Bottom: using the octameric oligomer as a precursor is crucial to obtain longer polymers that remain linear rather

than undergoing cyclization.
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Under optimized conditions, yellow-coloured prismatic crystals
suitable for X-ray crystallography were obtained. The crystals have
a chiral space group C2, where OP8NO2 adopts a perfect

31-helical conformation (Fig. 5a,b) with interplanar distances
between the cofacially oriented phenylene units of 3.232–3.285 Å
(Fig. 5c). For comparison, we note that these values are much
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Figure 2 | Schematic representation of the helical inversion dynamics of OP8NO2 in solution and in the solid state. Dynamically inverting OP8NO2

crystallizes in either a right-handed (blue) or a left-handed helical form (orange) through chiral symmetry-breaking, affording crystals with a permanent

chiroptical memory in the solid state (left, top to bottom panels). Although OP8NO2 undergoes a rapid helical inversion in solution, this dynamic process

becomes very slow after one-electron oxidation of the helices (green, right-handed; red, left-handed), thereby allowing OP8NO2
†þ to acquire a long-lasting

chiroptical memory (top, right and left panels).
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Figure 3 | Chiroptical features and helical inversion dynamics of the neutral and oxidized forms of OP8NO2. a, Circular dichroism (CD) spectra in a KBr

pellet at 25 8C of single crystals of OP8NO2 with right-handed (blue) and left-handed (orange) helical conformations (determined by X-ray crystallography).

b, Time-dependent CD spectral change (135-s intervals) at 210 8C of a single crystal of OP8NO2 dissolved in MeCN. c, Time-dependent CD spectral change

(6-h intervals) at 210 8C of a single crystal of OP8NO2 dissolved in MeCN in the presence of the one-electron oxidant (4-BrC6H4)3N†þ[SbCl6
2]. The black

arrows in b and c represent the evolution of the CD intensities over time. d, Decay profiles of the CD intensities at 265 and 273 nm in spectra b (blue) and c

(green), respectively. The linear decay profiles indicate that the racemization events of OP8NO2 and its oxidized form follow a first-order kinetics, where the

helical inversion rates (kinv) at 210 8C are determined as 9.84 × 1024 and 2.18 × 1026 s21 in the absence and presence of the oxidant, shown in blue and

green, respectively.
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shorter than the intersheet distance of graphite (3.35 Å). When
viewed along the longer axis of the molecule, the proximal pheny-
lene units overlap with one another almost perfectly. As shown by
a crystal packing diagram (Supplementary Fig. S4b), a single
crystal consists exclusively of the right-handed or left-handed
helical conformer of OP8NO2. The crystallographic data (see
Supplementary Information) allowed us to confirm that a single
crystal composed of the right-handed helical conformer of
OP8NO2 shows a negatively signed Cotton effect at 265 nm
(Fig. 3a; blue). As expected, a CD spectrum that is a perfect
mirror image to the above was observed for a single crystal consist-
ing of the left-handed helical conformer (Fig. 3a; orange).

The single crystals of OP8NO2 , upon heating, remained optically
active up to its phase transition temperature at 191 8C
(Supplementary Fig. S6), indicating a high conformational stability
of OP8NO2 in the crystal lattice. However, once the crystals were
dissolved in acetonitrile (MeCN) at 25 8C, the characteristic
optical activity disappeared almost instantaneously, indicating the
occurrence of a rapid helical inversion in solution. The helical inver-
sion took place even at 210 8C in MeCN, where the half-life (t1/2) of
the CD intensity at 265 nm was only 352 s (Fig. 3b). The time-
dependent CD spectral change thus observed obeyed a first-order

kinetics with a rate constant of 9.84 × 1024 s21 (Fig. 3d; blue). A
detailed kinetic analysis at different temperatures revealed that the
activation energy for the helical inversion of OP8NO2 is
88.3 kJ mol21 (Supplementary Fig. S9a).

Before the exploration of its redox-responsive conformational
behaviour, we investigated the electrochemical properties of
helical OP8NO2. In cyclic voltammetry (CV), OP8NO2 showed a
substantial stability against oxidation and released up to four elec-
trons at þ0.62, þ0.82, þ1.01 and þ1.22 V (versus Ag/Agþ, in
MeCN) in a stepwise manner. The resulting multiply oxidized
species in turn accepted electrons to revert to its neutral form
(Supplementary Fig. S7). Encouraged by this unusual electrochemi-
cal stability, we attempted to oxidize OP8NO2 using a one-electron
oxidant such as tris(4-bromophenyl)ammoniumyl hexachloroanti-
monate [(4-BrC6H4)3N†þSbCl6

2]. We pulverized a single crystal of
OP8NO2 and added the resulting powder at 220 8C to an MeCN sol-
ution of (4-BrC6H4)3N†þ[SbCl6

2], whereupon an instantaneous
colour change from yellow to green took place. Electron spin reson-
ance (ESR) spectroscopy of the resulting solution showed a single
broad line (Supplementary Fig. S2), indicating the formation of a
radical cation of OP8NO2 (OP8NO2

†þ). This solution was CD
active, with a partly different spectral pattern from that of neutral
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Figure 4 | Chiral symmetry-breaking in the crystallization of OP8NO2. a,b, Helical handedness data and enantiomeric excess (e.e.) values of various
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Figure 5 | Crystal structures of OP8NO2 and OP8NO2
†1[SbF6

2] adopting a heavily twisted 31-helical structure. a–c, Top view (a) and side view (b) of

OP8NO2 with interplanar distances between cofacially oriented phenylene units (c). For comparison, the observed distances are much shorter than the

intersheet distance of graphite (3.35 Å). d–f, Top view (d) and side view (e) of OP8NO2
†þ[SbF6

2] with interplanar distances between cofacially oriented

phenylene units (f). The observed distances are noticeably shorter than those for OP8NO2 due to a decrease in p-electronic repulsion, so that the

interconversion between helices of opposite handedness is much slower.
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OP8NO2 (Fig. 3c). Of particular interest was the fact that the optical
activity lasted for a very long period of time (Fig. 3d; green); the half-
life at 210 8C (t1/2¼ 44 h), for example, was 450 times as long as that
observed for neutral OP8NO2 (t1/2¼ 352 s at 210 8C, vide ante)
(Fig. 3d; blue). Again, the racemization profile followed a first-order
kinetics with a rate constant at 210 8C of 2.18 × 1026 s21, where
the activation energy for the helical inversion of OP8NO2

†þwas eval-
uated as 96.6 kJ mol21 (Supplementary Fig. S9b). This value is higher
by 8.3 kJ mol21 than that of its neutral form.

We also succeeded in obtaining the crystal structure of one-elec-
tron oxidized OP8NO2

†þ. When ether vapour was allowed to diffuse
at 25 8C into an MeCN solution of OP8NO2

†þ[SbF6
2], once isolated

from the reaction mixture of OP8NO2 and NO†þ[SbF6
2], single

crystals suitable for X-ray crystallography formed. As is clearly
shown in Fig. 5d,e, OP8NO2 , on oxidation, was able to preserve its
31-helical conformation. Importantly, the observed interplanar dis-
tances between the proximal phenylene units (3.192–3.252 Å,
Fig. 5f ) in one-electron oxidized OP8NO2

†þ are 0.02–0.07 Å
shorter than those of the neutral form of OP8NO2 (Fig. 5c). We
also noticed that all the C–O bonds in OP8NO2

†þ (1.340–
1.365 Å) are noticeably shorter than the corresponding bonds in
the neutral form (1.358–1.381 Å) (Supplementary Table S1). The
structural characteristics thus observed for OP8NO2

†þ allowed us
to conclude that a hole, generated by one-electron oxidation, is delo-
calized extensively over the helically twisted p-electronic array.

The geometrical shrinkage of OP8NO2 on oxidation was sup-
ported by a theoretical calculation of its simplified model
OP8NO2m (Fig. 6a) using density functional theory (DFT) at the
B3LYP/6-31G(d) level. Figure 6b,c shows the highest occupied mol-
ecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) distributions, respectively. This optimized structure of
OP8NO2m clearly showed that its neutral form adopts a
31-helical conformation, with a helical pitch of 4.35 Å (that is, the
average centre-to-centre distance between the proximal phenylene
units). We also calculated one-electron oxidized OP8NO2m†þ

and found that it adopts a 31-helical conformation with a reduced
helical pitch of 3.95 Å (Fig. 6d,e). Therefore, the geometrical shrink-
age of OP8NO2 on oxidation, as observed crystallographically, may
not be attributable to the effect of crystal packing, but is most prob-
ably an intrinsic feature of the molecule. Although the HOMO of
optimized OP8NO2m is localized on the four internal phenylene
units (Fig. 6b), the SOMO (singly occupied molecular orbital) of
OP8NO2m†þ distributes at the outer six phenylene units (Fig. 6d).
This result supports the suggestion from the crystal structure of
OP8NO2

†þ that a hole, generated in the molecule by the removal
of one electron, is shared by the repeating o-phenylene units.

Overall, we can conclude that the oxidized form of helical
OP8NO2 is conformationally locked by an attractive force operating
among the densely packed phenylene units (Fig. 2). On removal of

electrons, a repulsive interaction that operates between condensed
p-clouds42 can be reduced, or can even become attractive43–50.
This is a fundamental subject of molecular science and has been
well documented in cofacially assembled noncovalent and covalent
p-systems. However, these studies highlight only the static aspect of
p-bonding interactions. In contrast, through investigations on the
conformational change of an electrochemically stable oligomeric
o-phenylene (OP8NO2) with helically condensed p-clouds, the
present work sheds light on the dynamic aspect of p-bonding.

Methods
Spontaneous symmetry breaking of OP8NO2 in crystallization. An MeCN
solution (5 ml) of OP8NO2 (30 mg, 25 mmol) was refluxed for 2 h, then allowed to
cool to 25 8C. The resulting solution was filtered with a polytetrafluoroethylene
membrane, and the filtrate was divided into five samples of 1 ml each and allowed to
stand. After 24 h, the formed crystals were thoroughly collected by filtration and
dried under reduced pressure. The crystals were then pulverized by grinding, and a
small portion (0.1–0.2 mg) of the resulting powder was pressed with KBr powder
(100–150 mg) into a transparent pellet, which was subjected to CD spectroscopy.
Following the CD spectral measurement, the pellet was dissolved in a mixture of
MeCN and water (5 ml; 1:1 v/v), and the resulting solution was subjected to
electronic absorption spectroscopy. The exact amount of OP8NO2 in the pellet was
quantified by an absorbance at 290 nm. The e.e. value for all the crystals (Fig. 4a) was
determined on the basis of a calibration curve (Supplementary Fig. S8), given by a
correlation between the CD intensity and absorbance of single-crystalline OP8NO2
(100% e.e.). Similarly, e.e. values of crystalline OP8NO2 samples, isolated by
recrystallization under mechanical stirring, were determined (Fig. 4b). For sample
preparation, an MeCN solution (10 ml) of OP8NO2 (59 mg, 50 mmol) was refluxed
for 2 h while stirring using a magnetic stirrer bar. The resulting solution was allowed
to cool to 25 8C with continuous stirring. After 2 h, the microcrystals that were
precipitated were corrected by filtration and dried under reduced pressure.

Kinetic study on helical inversion of OP8NO2. An arbitrarily chosen single crystal
of OP8NO2 was pulverized and dissolved in MeCN (3.5 ml) at a given temperature,
and the resulting solution was immediately subjected to CD spectroscopy at the
same temperature. For the preparation of its one-electron oxidized form
(OP8NO2

†þ), a single crystal of OP8NO2 was pulverized and dissolved in MeCN
solution (3.5 ml) containing an excess amount of (4-BrC6H4)3N†þ[SbCl6

2]
(typically 0.4 mg), and the resulting mixture was also subjected to CD spectroscopy.
The observed decay profiles of OP8NO2 and OP8NO2

†þ both satisfied first-order
kinetics, where the rate constants of racemization (krac) and helical inversion (kinv)
were obtained from equation (1):

ln[(CDt/CD0) × 100] = −kract = −2kinvt (1)

The half-life (t1/2) of the CD intensity was obtained from equation (2):

t1/2 = ln 2/krac = ln 2/2kinv = 0.693/2kinv (2)

The kinv values obtained at various temperatures were plotted (Supplementary Fig.
S9a,b) and analysed according to the Arrhenius equation (3):

ln kinv = ln A − Ea/RT (3)

where A, Ea, R and T are frequency factor, activation energy, gas constant and
absolute temperature, respectively.

HO OH

NO2O2N

6

OP8NO2m

a b c d e

Figure 6 | Density functional theory (DFT) calculation of a model compound of OP8NO2 (OP8NO2m) at the B3LYP/6-31G(d) level. a, Molecular structure

of OP8NO2m. b,c, An optimized geometry of the neutral form of OP8NO2m with its highest occupied molecular orbital (HOMO; b) and lowest unoccupied

molecular orbital (LUMO; c). d,e, Optimized geometry of the one-electron oxidized form (radical cation) of OP8NO2m with its singly occupied molecular

orbital (SOMO; d) and LUMO (e). These orbitals are drawn with an isosurface value of 0.04. The oxidized form of OP8NO2m adopts a more compact

conformation, where a hole generated in the molecule distributes at the outer six phenylene units. For b–e: grey, C; white, H; green, N; red: O.
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32. Geerts, Y., Klärner, G. & Müllen, K. Electronic Materials: The Oligomer Approach
Ch. 1 (Wiley-VCH, 1998).

33. Goto, H., Furusho, Y., Miwa, K. & Yashima, E. Double helix formation of
oligoresorcinols in water: thermodynamic and kinetic aspects. J. Am. Chem. Soc.
131, 4710–4719 (2009).

34. Voisin, E. & Williams, V. E. Do catechol derivatives electropolymerize?
Macromolecules 41, 2994–2997 (2008).

35. Ibuki, E., Ozasa, S. & Murai, K. Studies of polyphenyls and polyphenylenes. I.
The syntheses and infrared and electronic spectra of several sexiphenyls. Bull.
Chem. Soc. Jpn 48, 1868–1874 (1975).

36. Viedma, C. Chiral symmetry breaking during crystallization: complete chiral
purity induced by nonlinear autocatalysis and recycling. Phys. Rev. Lett. 94,
065504 (2005).

37. Noorduin, W. L., Vlieg, E., Kellogg, R. M. & Kaptein, B. From Ostwald ripening
to single chirality. Angew. Chem. Int. Ed. 48, 9600–9606 (2009).

38. Uwaha, M. & Katsuno, H. Mechanism of chirality conversion by grinding
crystals: Ostwald ripening vs crystallization of chiral clusters. J. Phys. Soc. Jpn 78,
023601 (2009).

39. Kondepudi, D. K., Kaufman, R. J. & Singh, N. Chiral symmetry breaking in
sodium chlorate crystallization. Science 250, 975–976 (1990).

40. Kondepudi, D. K. & Asakura, K. Chiral autocatalysis, spontaneous symmetry
breaking, and stochastic behavior. Acc. Chem. Res. 34, 946–954 (2001).

41. Sakamoto, M. et al. Breaking the symmetry of axially chiral N-aryl-2(1H)-
pyrimidinones by spontaneous crystallization. Angew. Chem. Int. Ed. 42,
4360–4363 (2003).

42. Hunter, C. A. & Sanders, J. K. M. The nature of p–p interactions. J. Am. Chem.
Soc. 112, 5525–5534 (1990).

43. Milosevich, S. A., Saichek, K., Hinchey, L., England, W. B. & Kovacic, P.
Coordination in benzene dimer cation radical. J. Am. Chem. Soc. 105,
1088–1090 (1983).

44. Hiraoka, K., Fujimaki, S., Aruga, K. & Yamabe, S. Stability and structure of
benzene dimer cation (C6H6)2

þ in the gas phase. J. Chem. Phys. 95,
8413–8418 (1991).

45. Graf, D. D., Duan, R. G., Campbell, J. P., Miller, L. L. & Mann, K. R. From
monomers to p-stacks. A comprehensive study of the structure and properties
of monomeric, p-dimerized, and p-stacked forms of the cation radical of
3′ ,4′-dibutyl-2,5′ ′-diphenyl-2,2′ :5′ ,2′ ′-terthiophene. J. Am. Chem. Soc. 119,
5888–5899 (1997).

46. Itagaki, Y., Benetics, N. P., Kadam, R. M. & Lund, A. Structure of dimeric radical
cations of benzene and toluene in halocarbon matrices: An EPR, ENDOR and
MO study. Phys. Chem. Chem. Phys. 2, 2683–2689 (2000).

47. Yamazaki, D., Nishinaga, T., Tanino, N. & Komatsu, K. Terthiophene radical
cations end-capped by bicyclo[2.2.2]octane units: formation of bent p-dimers
mutually attracted at the central position. J. Am. Chem. Soc. 128,
14470–14471 (2006).

48. Song, C. & Swager, T. M. p-Dimer formation as the driving force for
calix[4]arene-based molecular actuators. Org. Lett. 10, 3575–3578 (2008).

49. Chebny, V. J., Shukla, R., Lindeman, S. V. & Rathore, R. Molecular actuator:
redox-controlled clam-like motion in a bichromophoric electron donor. Org.
Lett. 11, 1939–1942 (2009).

50. Das, T. N. Monomer and dimer radical cations of benzene, toluene, and
naphthalene. J. Phys. Chem. A 113, 6489–6493 (2009).

Acknowledgements
This work was supported by KAKENHI (21350108). The authors thank S. Ohkoshi and
K. Nakabayashi (University of Tokyo) for the measurement of the ESR spectrum.

Author contributions
T.F. and T.A. designed the work. E.O., T.F. and T.A. wrote the paper. E.O., H.S., S.A. and
A.K. performed the experiments. Single-crystal X-ray diffraction studies were carried
out through the collaboration of D.H., M.Y. and K.H., A.M., H.U. and K.Y. were
responsible for DFT calculations.

Additional information
The authors declare no competing financial interests. Supplementary information and
chemical compound information accompany this paper at www.nature.com/
naturechemistry. Reprints and permission information is available online at http://npg.nature.
com/reprintsandpermissions/. Correspondence and requests for materials should be addressed
to T.F. and T.A.

NATURE CHEMISTRY DOI: 10.1038/NCHEM.900 ARTICLES

NATURE CHEMISTRY | VOL 3 | JANUARY 2011 | www.nature.com/naturechemistry 73

http://www.nature.com/sifinder/10.1038/nchem.900
http://www.nature.com/cifinder/10.1038/nchem.900
www.nature.com/naturechemistry
www.nature.com/naturechemistry
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
mailto:fukushima@riken.jp
mailto:aida@macro.t.u-tokyo.ac.jp
http://www.nature.com/doifinder/10.1038/nchem.900
www.nature.com/naturechemistry

	Redox-responsive molecular helices with highly condensed π-clouds
	Results and discussion
	Methods
	Spontaneous symmetry breaking of OP8NO2 in crystallization
	Kinetic study on helical inversion of OP8NO2

	Figure 1  Synthesis and schematic structures of OPnH (n = 8, 16, 24, 32, 40 and 48) and OP8NO2.
	Figure 2  Schematic representation of the helical inversion dynamics of OP8NO2 in solution and in the solid state.
	Figure 3  Chiroptical features and helical inversion dynamics of the neutral and oxidized forms of OP8NO2.
	Figure 4  Chiral symmetry-breaking in the crystallization of OP8NO2.
	Figure 5  Crystal structures of OP8NO2 and OP8NO2•+[SbF6−] adopting a heavily twisted 31-helical structure.
	Figure 6  Density functional theory (DFT) calculation of a model compound of OP8NO2 (OP8NO2m) at the B3LYP/6-31G(d) level.
	References
	Acknowledgements
	Author contributions
	Additional information


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue true
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    35.29000
    35.29000
    36.28000
    36.28000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50000
    8.50000
    8.50000
    8.50000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (NPG PRINT PDF Job Options. 4th September 2006. PDF 1.3 Compatibility. Adds Trim and Bleed boxes top Nature pages where none exist.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [665.858 854.929]
>> setpagedevice


